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Finding the consequences of symmetry for open-system quantum dynamics is a problem with broad
applications, including describing thermal relaxation, deriving quantum limits on the performance of amplifiers,
and exploring quantum metrology in the presence of noise. The symmetry of the dynamics may reflect a symmetry
of the fundamental laws of nature or a symmetry of a low-energy effective theory, or it may describe a practical
restriction such as the lack of a reference frame. In this paper, we apply some tools of harmonic analysis together
with ideas from quantum information theory to this problem. The central idea is to study the decomposition
of quantum operations—in particular, states, measurements, and channels—into different modes, which we call
modes of asymmetry. Under symmetric processing, a given mode of the input is mapped to the corresponding
mode of the output, implying that one can only generate a given output if the input contains all of the necessary
modes. By defining monotones that quantify the asymmetry in a particular mode, we also derive quantitative
constraints on the resources of asymmetry that are required to simulate a given asymmetric operation. We present
applications of our results for deriving bounds on the probability of success in nondeterministic state transitions,
such as quantum amplification, and a simplified formalism for studying the degradation of quantum reference

frames.
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I. INTRODUCTION

Extracting nontrivial information about a system’s dy-
namics based on its symmetries is a standard technique in
physics. Noether’s theorem is a prime example: It allows one
to infer conservation laws from symmetries of closed-system
dynamics. As it turns out, however, for mixed quantum states,
the Noether conservation laws do not capture all of the
constraints on state transitions that arise from symmetries.
Furthermore, for open-system dynamics, there are nontrivial
constraints on state transitions arising from symmetries even
though Noether’s theorem does not imply any [1].

The symmetry of a closed-system dynamics is simply the
symmetry of the Hamiltonian that describes the dynamics.
In an open-system dynamics, the system is not isolated but
interacts with its environment. Then, if the total Hamiltonian
of the system and environment respects a symmetry, and
furthermore if the initial state of the environment also respects
that symmetry, then the effective evolution of the system will
also have that symmetry.

Finding the set of all constraints on state transitions that are
implied by symmetries of the dynamics (open or closed) is an
important open problem. Solving it motivates the development
of a general theory of the asymmetry properties of states,
that is, the properties which describe the manner in which a
state breaks symmetries, because these are the properties that
determine the possibility of state transitions under symmetric
dynamics.

Developing such a theory is also important for the study
of quantum references frames (see [2] for a review). In a
context where the only experimental operations that can be
freely implemented by an agent are symmetric, an asymmetric
state becomes a resource because it can be used to simulate
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asymmetric channels and asymmetric measurements [3—11]
(see Fig. 1). The restriction to symmetric operations can be
understood as the result of lacking a reference frame, and an
asymmetric state can be understood as a quantum token of
the missing reference frame, allowing the agent to simulate
measurements and transformations that are defined relative to
the frame. So this provides another motivation for developing
a general theory of asymmetry, one that characterizes not
only the asymmetry properties of states, but of channels and
measurements as well.

There has been significant progress towards this goal
in recent years, in particular, on the asymmetry properties
of pure states [12—-16]. For instance, Ref. [14] provides a
characterization of the equivalence classes of pure asymmetric
states and the necessary and sufficient conditions for one pure
state to be converted to another by symmetric processing
for any symmetry corresponding to a compact Lie group.
In the case of general mixed states, however, the problem is
much harder and much less is known. Furthermore, there has
been very little work on developing a unified framework for
characterizing the asymmetry properties of quantum channels
and measurements for arbitrary symmetry groups.

The theory of asymmetry also provides a framework for
understanding quantum coherence as a resource. Coherence
is considered in many cases to be the signature of quantum
behavior. Famous quantum phenomena such as the wave
nature of particles, superconductivity, and superfluidity can
all be interpreted as manifestations of quantum coherence. To
understand the relation between asymmetry and coherence,
consider the following example from quantum optics. Suppose
|n) is the state with n photons in a given mode and |0)
is the vacuum state. Consider the coherent superposition
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FIG. 1. (Color online) Circuit diagrams depicting how an asym-
metric state on one system can be used together with symmetric
operations to simulate an asymmetric channel or an asymmetric
measurement on another system.

%2(|0) + |n)) and the incoherent mixture %(|O) (0] + |n){(n)).
One way to understand the difference between these two states
is that the coherent superposition is sensitive to phase shifts
while the incoherent mixture is not. As such, coherence can be
defined as asymmetry relative to phase shifts. This connection
is explored further in Appendix A.

This article develops the theory of asymmetry by focus-
ing on Fourier decompositions of quantum states, quantum
measurements, and quantum channels.

To give the flavor of our approach, we begin by recalling
the significance of harmonic analysis (equivalently, Fourier
analysis) for classical signal processing. If a processing is
both linear and symmetric under time translations (one says
that the system is linear time invariant in this case), then
one can decompose the input and output signals to different
Fourier modes, i.e., different frequencies, such that a signal
with frequency o at the input can only generate a signal with
the same frequency w at the output (see Fig. 2).

We here consider an analogous decomposition of quantum
states, measurements, and channels into different modes.

The key mathematical tool is the notion of irreducible
tensor operators. Using these, one can develop a notion of
a decomposition into modes for any symmetry described by a
finite or compact Lie group.

We refer to the modes appearing in such a decomposition
as modes of asymmetry. Roughly speaking, different modes of
asymmetry of a state (or measurement or channel) are different
characteristic ways in which it can break a given symmetry. If
for a given symmetry group a state does not have a particular
mode of asymmetry, then under a symmetric dynamics it can
never evolve to a state which has that mode of asymmetry.
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FIG. 2. (Color online) Any linear time-invariant process trans-
forms an input signal of frequency w to an output signal of the same
frequency. In other words, linearity together with time invariance
implies that the process cannot change the frequency of the input. It
follows that any linear time-invariant system can be uniquely specified
by a complex function f(w) specifying the change in amplitude and
phase of the mode w. This explains why Fourier analysis is extremely
useful for the study of these processes.

Similarly, it cannot be used as a quantum reference frame for
simulating measurements or channels which have that mode of
asymmetry. We also introduce some measures of asymmetry
(i.e., asymmetry monotones) that can quantify the amount of
asymmetry associated with a particular mode.

This approach provides us with a powerful tool for the
study of asymmetry, one that is particularly well adapted to un-
derstanding asymmetric quantum states of finite-dimensional
systems, i.e., quantum reference frames, as physical resources.
For example, these tools allow one to determine which
aspects of the quantum reference frame are relevant for the
degree of success that can be achieved in a reference frame
alignment protocol and more generally in covariant quantum
estimation problems. Similarly, they allow one to determine
which aspects of the quantum reference frame state are relevant
for being able to simulate asymmetric channels or asymmetric
measurements.

Previous work has sometimes identified, for certain tasks
such as simulating measurements and channels, which proper-
ties of a quantum reference frame are relevant for performing
that task, but these insights were achieved in an ad hoc manner
and only for particular groups (see, e.g., [3—6]). The framework
presented in this paper provides a unified and systematic way
of determining what aspects of an asymmetric state are relevant
for any such task, and it can also be applied to any finite or
compact Lie group.

In the following we provide a couple of examples of results
that one can derive with this framework.

A. Some examples of applications
1. Spin-j system as quantum reference frame

Many authors have considered the example of a spin-j
system as a quantum reference frame for direction (see, e.g.,
[2-11]). In particular, one interesting question which has
been studied in several works is the problem of simulating
measurements and channels that break rotational symmetry
using rotationally invariant interactions and the resource of a
spin-j system as a quantum reference frame.

For instance, Ref. [6] considers this problem for the special
case of simulating channels and measurements on a spin-%
system using a spin-j system as resource. To simplify the
problem, it is assumed that the state of the spin-j system is
invariant under rotations around a direction 7, which is to say
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that it merely acts as a reference direction rather than as a
full Cartesian frame. Using this assumption, Ref. [6] argues
that the state of the quantum reference frame can be uniquely
specified by 2j real numbers corresponding to 2j moments
of Ly, ie., {tr(pLy): 1 < k < 2j}, where p is the state of
the quantum reference frame and where L; is the angular
momentum operator in the 7 direction. This characterization
is then used to quantify how well a given measurement or
channel on a spin—% system can be simulated.

As an example of the applications of our general results,
we reconsider this problem in Sec. VI and we show how our
approach leads to a great deal of simplification. In particular,
we show that the quality of simulating a measurement
(channel) on a spin-1/2 system only depends on tr(pLj)
[(trpLj;) and tr(pLﬁ )]. In other words, all the higher moments
are irrelevant in this problem. More generally, we consider
the problem of simulating measurements and channels on a
spin-/ system instead of a spin-%. In this case we show that
the quality of simulating a measurement (channel) depends
only on 2/ (4l) real parameters corresponding to the moments
{r(pLXy : 1 <k <21 Qu(pLl) : 1 <k < 4l)).

Finally, we consider the general case where the spin-j
system does not have any symmetries, and hence can act as a
full Cartesian frame. In Theorem 2 we show that in this general
case the quality of simulating a measurement (channel) is
determined uniquely by the expectation value of all irreducible
spherical tensor operators with rank less than or equal to 2/
@0, i.e., by (21 +1)> — 1 [(4l + 1)*> — 1] real parameters.

This example exhibits the power of the simple idea of mode
decompositions of states, measurements, and channels.

2. Bounds on nondeterministic amplifiers

An interesting application of the theory of asymmetry is to
study the quantum noise generated by optical or electronic
amplifiers. Such noise is inevitable in any amplification
process and has a quantum origin. The traditional explanation
is based on commutation relations together with the linearity
of the equations of motion [17]. However, this approach cannot
be applied to study the noise generated in nonlinear amplifiers.
Also, nondeterministic amplifiers, which were introduced in
[18], fall outside the scope of applicability of this approach. A
nondeterministic amplifier is defined as one that is allowed to
only succeed with some nonzero probability (it must, however,
produce a flag specifying whether it has succeeded or not),
and this makes it possible to achieve amplification which
produces less noise than would a deterministic amplifier when
it succeeds.

It turns out that the quantum noise generated in an optical
amplification process can be explained as a consequence of
a U(l) symmetry of the amplifier. This is the symmetry
corresponding to the phase shifts of the input and output
signals. So a phase-insensitive amplifier can be thought as
an open-system dynamics with U(1) symmetry (amplification
is necessarily an open-system dynamics because it requires
a source of energy). Therefore, we can apply the general
theory of asymmetry to find the consequences of symmetry in
this open-system dynamics. In particular, we can explain the
origin of quantum noise in the following way: A symmetric
dynamics cannot increase the amount of asymmetry. If a
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phase-insensitive amplifier did not generate noise and, for
example, perfectly transformed a coherent state to another
coherent state with larger amplitude, then the asymmetry of
the output signal would be larger than the asymmetry of the
input. This statement can be made quantitative using the notion
of asymmetry monotones (see Sec. IL A).

In this paper, we introduce a particular type of asymmetry
monotone, one which quantifies the amount of asymmetry in
a particular mode. Under a phase-insensitive amplifier, the
amount of asymmetry in each mode is nonincreasing. There-
fore, for every mode of asymmetry, we get an independent
constraint on the output signal. The advantage of this approach
for explaining the origin of the noise is that it can be applied to
a much broader range of amplification processes. In particular,
it can be applied to nonlinear and nondeterministic amplifiers.
In the following, we present an example of some results which
can be obtained in this way.

Let N be the number operator with eigenvectors {|n),n =
0,1, ...} such that N|n) = n|n). Here the eigenvalue n corre-
sponds to the number of photons (excitations) in the input
and/or output signals. This means that a phase shift ¢ is
described by the unitary /"

Consider a general input state described by the density
operator p =Y Pum|n)(m|. Suppose that under a phase-
insensitive nondeterministic amplification process this state
is transformed to p' =3} p;.In)(m| with probability of
success p. Then, we show in Sec. Il A that the following
inequalities hold:

< Zn |lon+k,k|

VkeN: pg=t——m
h 2o |pi/1+k,k|

(1.1)

The kth such inequality is a constraint derived from the
nonincrease of asymmetry in the kth mode. In particular, these
inequalities imply that if p = | )(¥| and p’ = |¢¥')(Y'| are
pure states and [/) = ), ¥, |n) and [¢') = >, ¥, |n), then

X Wil Wl

VkeN: pgantmklin
2 Wl

(1.2)

To see an example of the consequences of these con-
straints, assume the input is a coherent state |«)=
e P23 (" //nl)|n). There have been speculations that a
nondeterministic quantum amplifier might be able to transform
a coherent state |«) to a coherent state |«’) for |&’| > || with
a nonzero probability [18]. Then, using Eq. (1.2) we find

5 3l Sl + k)]
S Pk )l TR

el || k
e 2 .
lo'|

Inthelimitk — oo, we can easily see thatif |&’| > |«|, then the
probability of transforming the coherent state |«) to |&”) is zero.
The conclusion that the probability of achieving a nontrivial
amplification of a coherent state is strictly zero was also found
in Refs. [19] and [20] by completely different arguments.

VkeN: p<

e

(1.3)
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B. The structure of this paper

We begin by explaining the main ideas of the article using
the simple example of a U(1) symmetry associated with a
(nonprojective) unitary representation. Then we present the
generalization to the case of an arbitrary finite or compact
Lie group with arbitrary projective representations. In the
following we present an overview of the contents of the article.

In Sec. II, we present the idea of a mode decomposition
for the special case of the group U(l). In Sec. ITA, we
introduce asymmetry monotones which quantify the amount
of asymmetry in each mode. Then in Secs. II B and IIC we
present some applications of the idea of mode decompositions
in the context of phase references.

To generalize the concept of modes of asymmetry to
arbitrary finite and compact Lie groups, we use the notion
of irreducible tensor operators. We provide a short review of
this subject in Sec. IIT A. In Sec. III B, we use this notion to
introduce a representation of G-covariant quantum operations,
i.e., quantum operations which have symmetry relative to
a unitary representation of group G. This representation of
G-covariant operations basically characterizes them in terms
of how they act on the irreducible tensor operators. We use this
representation to define the notion of modes of asymmetry of
states for arbitrary finite and compact Lie group in Sec. IV,
and we introduce the notion of asymmetry monotones that
quantify the amount of asymmetry in a particular mode.

In Sec. V A, we generalize the idea of mode decompositions
to quantum channels and measurements. The main motivation
for this generalization is to study the problem of simulating
quantum channels and measurements using quantum reference
frames. This is done in Sec. V B, where we show how the mode
decomposition of a quantum reference frame determines the
measurements and channels which can be simulated by it.
Finally, in Sec. VI, we apply these results to the important
example of a spin-j system as a directional quantum reference
frame.

II. MODES OF ASYMMETRY FOR THE GROUP U(1)

Let ¢! — U(#) be an arbitrary unitary representation of
the group U(1). Let {|n,«)} be an orthonormal basis in which
the representation e’ — U(6) is decomposed into irreducible
representations as

U©) =y "y Ina)inal,

@2.1)

where the integer n specifies the irrep of U(1) and « is the
multiplicity index.

Let B(H) be the space of linear operators on H, which is
clearly spanned by {|n,a)(m,B|}. Consider the subspace in
B(H) spanned by operators {V¥ n,a,8 : |n+ k,a)(n,B|}. We
denote this subspace by B*. We call any operator in this
subspace a mode k operator.

Suppose A® is a mode k operator, i.e., it lives in B*). We
may then write it as

A® =" n+ k.a)(n.pl t(Aln.B)(n + k.al).  (2.2)

n.a,p
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It also follows that
U@)APUT ) = AP, V6 € [0,27). (2.3)

On the other hand, if an operator A satisfies Eq. (2.3), then
by virtue of the linear independence of functions {¢/*’} we
can conclude that A necessarily lives in the subspace B®).
Therefore, we have

AP e BP  — vo: UBGAPUIO) = AP, 24)

For an arbitrary operator A, we can express it as a decompo-
sition A = Zk A® where A® € B Here A® is called the
component of A in mode k. Note that for all K # 0 we have
tr(A®) = 0. Furthermore,

U@AUTO) =) " A®. 2.5)
k
So to decompose a given operator A to its modes we can use
the following relation:
Vik: AW = %/d@ e U®)AU ). (2.6)
N(ot% that for any Hermitian operator A it holds that A®' =
A Su.ppose £ is a U(1)-covariant superoperator, i.c.,

YO: EUO)UO) =UW®EC)U®).

Then, if both sides of this equation act on an arbitrary operator
A® e BB we get

X EAYY = UBGEAP)YUT ). 2.7)

We can then infer from Eq. (2.4) that £(A®) also lives in BYX.

Note that this result did not require £ to be a completely
positive map nor to be trace preserving, but it certainly applies
in these cases. We use the term quantum operation to refer
to a completely positive trace-nonincreasing superoperator
and quantum channel to refer to a deterministic (i.e., trace-
preserving) quantum operation. We infer that U(1)-covariant
quantum operations cannot change the mode of a state; they
just map an operator in one mode to another operator in the
same mode. In particular, if a U(1)-covariant channel £ maps
state p to o, then

E®)=o®, (2.8)
where
o= Z p® with p® e B and (2.9)
k
o= Za(k) with o ® e B®, (2.10)

k

are the mode decompositions of p and o.

This suggests that we can interpret different k as different
modes of asymmetry: They cannot be interconverted to each
other under U(1)-covariant quantum channels. In particular, if
the initial state does not have a particular mode, then the final
state of a U(1)-covariant dynamics also does not have that
mode. (Of course, a mode can be eliminated if the associated
component is mapped to zero by the dynamics.) Furthermore,
a state p is U(1)-invariant if and only if it contains only mode
k=0.
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Let Modes(p) = {k : p© # 0} be the set of all integer k’s
for which the state p has a nonzero component in mode k (this
will always include k = 0). So using this notation the above
observation can be summarized as follows.

Proposition 1. Assume a state p can be transformed to
another state o under a U(1)-covariant operation (deterministic
or stochastic). Then

Modes(o) € Modes(p). 2.11D)

This proposition can be understood as a refined version
of the simple fact that if the initial state of a U(1)-covariant
operation is invariant under a U(1)-subgroup, then the final
state will also be invariant under that U(1) subgroup. To see
this, first recall that under the action of the symmetry group,
state p transforms as

U®)pUT©) = Z e p®, (2.12)
k

Now suppose a state p is invariant under the unitary U (27”) for
some integer / such that U(zT")pUT(ZT”) = p. Using Eq. (2.12)
and noting that the set {p®} are all linearly independent, we
can conclude that for all modes k which are not equal to an
integer time /, p® must be equal to zero. On the other hand, if
for all k’s which are not equal to some integer times [, p®) = 0,
then the state is invariant under U (27”). So we conclude that
Modes(p) uniquely specifies the symmetries of p, i.e., all U(1)
subgroups which leave p invariant.

Example 1. Consider a pure state |[¢/) = ), Ynoln,a).
Let A(y) be the difference between the highest and lowest
n for which )", |¥.«|? is nonzero. Then clearly, A(¥) =
max{Modes(y)}. Now Proposition 1 implies that if there exists
a U(1)-covariant channel which transforms a pure state |y)
to another pure state |¢) with a nonzero probability, then
Modes(¢) € Modes(v). This implies that max{Modes(¢)} <
max{Modes(yr)} and therefore A(¢) < A(y). This result has
been obtained in Ref. [12] using a totally different argument. !
So the above proposition captures this result as a particular
case.

We finish this section by providing a list of useful facts
about modes of asymmetry.

(1) Modes of asymmetry of a joint system. Suppose p; and
02 are two states with the mode decompositions

k k 1 k
p1=Zp§):p§>eB(") and p2=2p§):p;)63(k)'
k 1

We denote the mode decomposition of p; ® p2 as p1 ® p2 =
Zj (1 ® ,02)(/). Then we can easily see that

(o1 ® ) =" p" @ py . (2.13)
k

The proof in Ref. [12] proceeds by first finding a characterization
of the Kraus operators of U(1)-covariant channels and then finding
which pure state transformations are possible under quantum channels
with this type of Kraus decomposition.
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(2) Mode decomposition for a weighted twirling operation.
Let p(0) be an arbitrary probability density and

o= /d@ p(O) U@O)pUT®). (2.14)
Let
o= Zpac) o® e B9 and o = Za(k) Oy )
k k
be the mode decomposition of p and o. Then
o™ = p_ip®, (2.15)

where py = [ d6 p(9)e~"%* is the kth component of the Fourier
transform of p(0).

A. Quantifying the degree of U(1) asymmetry in a given mode

Asymmetry monotones are functions from states to real
numbers which quantify the amount of symmetry breaking
of any given state, such that the value of these functions are
nonincreasing under symmetric dynamics. The intuition is that
since symmetric dynamics cannot generate asymmetry, any
measure of asymmetry should be nonincreasing under this
type of dynamics. We take this as the defining property of

asymmetry monotones. Introducing the notation p G% 510
denote the fact that there exists a G-covariant channel which
transforms state p to state o, the definition is as follows [3,12].

Definition 1. A function F from states to real numbers is an

asymmetry monotone if p M) o implies F(p) > F(o).

Recently, several examples of asymmetry monotones have
been proposed [1,12,13,21-23].

In this section, we consider the problem of quantifying
the amount of asymmetry in each mode. In other words, we
find asymmetry monotones which only measure the degree of
asymmetry associated with some specific mode of asymmetry.

One family of such monotones can be constructed from the
trace norm. Recall that for an arbitrary operator X the trace
norm of X is || X| = tr(v X X). This norm is nonincreasing
under quantum channels (trace preserving, completely positive
linear superoperators). So for any arbitrary quantum channel
&, we have

IECON < I1X1I-

In the previous section we saw that if £ is a U(1)-covariant
channel which maps state p to o (with the mode decomposition
p=Y,p®:p® eBY and o= ,00:c0 e B
thenV k : £(p®) = ¢®. Now the monotonicity of the trace-
norm implies

. k k
Vi: Jo®I <1090

So we can think of ||p®]| as a measure of the amount of
asymmetry of the state p in the mode k.

Now suppose a given state p can be transformed to another
state o under a U(1)-covariant channel with probability p.
If this is possible, then there exists a U(1)-covariant channel
which maps state p to

I
6 = p o ® |succ)(succ| + (1 — p)g ® |fail) (fail|,

062110-5



IMAN MARVIAN AND ROBERT W. SPEKKENS

where |[succ),|fail) are two orthonormal states which are
invariant under the symmetry transformations and ﬁ is the
completely mixed state on the Hilbert space of o and is
clearly invariant under all symmetry transformations. Now
the fact that this channel is U(1)-covariant implies that for all
k|&®] < |p®|. However, because states |succ),|fail) and %
are invariant under the symmetry transformations, this implies
that for all k # 0 it holds that

1 ,
LA ”2— / dee—”"Uw)&UT(e)‘ = pllo®l < o1
T

So to summarize, we have shown the following.

Proposition 2. Suppose there is a U(1)-covariant channel
which maps a state p to state o with probability p. Then it
holds that

Yik: pla®) <% (2.16)

This proposition can be thought of as a quantitative version
of Proposition 1.

Using a similar argument, one can prove the following more
general proposition about transforming a state to an ensemble
of states.

Proposition 3. Suppose there is a U(1)-covariant channel
that maps the state p to the ensemble consisting of states o;
with probabilities p;, where the value of i becomes known at
the end of the process. Then it holds that

Vi o pillol < 1Y 2.17)
L
This result subsumes Proposition 2 as a special case
because Eq. (2.17) implies that for any given value of i,
Vi pillo Il < 1ol
In the following, we calculate || p®|| for arbitrary state p in
the case where the representation is multiplicity free, so that
U@®) =Y, e |n)(n|. (Note that all the previous results work
for any representation of U(1) no matter if the representation
has multiplicity or not.) Consider an arbitrary density operator
£ = pm Pumln)(m|. Then

PO = Pueinln + k(.
n

Therefore,

16% = (/0@ = 3™ |opsial.
n

In particular, if the state is pure, i.e., p = |¥) (Y|, where |{) =
>, Yuln), then

(2.18)

™1 =" Wl l¥ul. (2.19)
Also, note that if the state is pure, then
Ip® < 1, (2.20)

where the bound follows from the Cauchy-Schwartz inequal-
ity.

It is also worth noting that the sum of this monotone over
all modes, >, [p®|| = > kn |Pntkkl, is also an asymmetry
monotone. It is equivalent to the asymmetry monotone pre-
sented in Eq. (44) of Ref. [24], with the equivalence manifest
when the expression is worked out for pure states in Eq. (49).
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Example 2. Consider the sequence of states

1 N
ilmeﬁ;m):NeN . 2.21)

One can easily see that for any given state |¢) there is a
U(1)-covariant channel £y which transforms |yy) to a state
arbitrary close to |¢) in the limit of large N. Ey is given by

Enlp) = /d9 U©®)p)(¥n|U'O) p U@y} (BIUT®).
(2.22)
The sufficiency of |¢y) for forming approximations to any
other state in the limit of large N suggests that |{y) has the
maximal possible asymmetry in this limit. This can be made
precise as follows:

Ik

How) Wl @] =D Wl =1 = — k| < N

N

=0 otherwise.

So for all modes k for which |k| << N, the state | ) has almost
the maximal value of asymmetry for mode k& with respect to
this monotone [namely, the value 1, as shown in Eq. (2.20)].

B. Effect of misalignment of phase references

To be able to measure a quantity with high precision, one
fundamental requirement is to have a precise reference frame,
for instance, in the case of measuring a time interval, a high-
precision clock. Any uncertainty in the configuration of the
reference frame will limit the precision of the measurements
that one can perform.

In this section, we consider the problem of misalignment of
phase references. So we assume the system under considera-
tion carries a nontrivial representation of the group U(1) given
by ¢/ — U(#). The U(1) group may have different physical
interpretations: It may describe a rotation around some axis or
a phase shift between states with different numbers of photons.

We assume there is an ideal perfect reference frame
possessed by Alice and there is a noisy reference frame
possessed by Bob. For example, Bob can be on a satellite
and so has access to a clock with low accuracy while Alice is
on Earth and has access to a high-precision atomic clock.

Assume they know that the phase shift relating Bob’s
reference frame to Alice’s is 6 with probability p(0). If 6
were known, then a state which is described by p relative to
Alice’s reference frame would be described by U(0)pU ()
relative to Bob’s reference frame. Given that 6 is only known
to be distributed according to p(6), it follows that the state is
described relative to Bob’s reference frame as

p= / do pO)U©)pU' (), (2.23)
which is generally a mixed state. This explains how the lack
of a perfect reference frame can limit Bob’s ability to get
information about an unknown state p.

By Eq. (2.15), the state p can be rewritten in terms of the
mode decomposition of p as

p=)_ p-inr®. (2.24)
k
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where p® is the kth component of the mode decomposition
of p and

Pk = / do p(©)e % (2.25)
is the kth component of the Fourier transform of p(6).

So to understand how the uncertainty about the phase
reference can affect Bob, it is helpful to consider the Fourier
transform of the probability distribution p(6). For example,
if the Hilbert space of the system under consideration carries
a finite number of irreps of U(1), then there will be a finite
set of modes in which a state can have nonzero components.
Then any quantity which quantifies the effect of misalignment
described by the probability distribution p(8) should only
depend on the Fourier component of p(6) in those particular
modes.

Example

Consider the representation of U(1) given by ¢!’ — U(#),
where

an\X

Uu@)= Y e”nnl.

N=Nmin

Assume the phase difference between Alice and Bob’s local
reference frames is 6 with probability p(6). Now, to quantify
the effect of this misalignment on the description of an arbitrary
state of this system we only need to consider the Fourier
components of p(@), denoted py, for 0 < k < Nmax — Pmin-
For example, suppose Bob wants to estimate the phase ¢ of
the state
1 ”

ﬁ(|n 0) +¢e'?n l)).
The information about this phase lives only in the modes I, —
I. So the only property of the probability distribution p(6)
which is relevant for this estimation problem is its /th Fourier
component. In particular, if this component is zero, then Bob
cannot get any information about the phase ¢. This can happen
even if the two phase references are highly correlated. For
example, if

p©) = 18(00)+ 180 — /1) + 180 + /1),

(2.26)

then p(@) has no component in the mode / and therefore Bob
cannot get any information about the phase ¢. This simple
observation shows that a measure of the alignment of two
reference frames should be chosen based on the specific task
to which the reference frames are being applied.

In many practical situations we can assume that the
probability distribution p(6) is almost Gaussian. In particular,
this is the case if Bob’s knowledge of 6 is obtained by averaging
over many independent estimations. Let 66 be the standard
deviation of 6. Then, for Gaussian distributions we know that
for all modes with |k| < 1/86, | px| = 1 and therefore for these
modes the distribution is effectively a § function over 8. So
in the case of the above example where Bob is interested in
estimating the phase ¢ of the state 1/v/2(|n = 0) + ¢|n =
1)), if 660 < 1/1 then the imperfectness of Bob’s local frame
does not put any significant limitation on his performance.
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C. Alignment of phase references using U(1)-asymmetric states

If Alice wishes to ensure that Bob’s reference frame is
aligned with her own, she can send him a quantum reference
frame, i.e., a quantum system prepared in an asymmetric
state which carries information about her reference frame.
For example, Alice can send Bob many copies of the state
described by (1/ V2)(10) + |1)) relative to her reference frame
and also tell him the description of this state relative to her
reference frame. Then Bob can use these quantum systems
to obtain information about the relative phase between his
reference frame and Alice’s.

Assume Alice and Bob’s prior knowledge about the phase
difference between their local phase references is described by
the probability distribution p(6). Consider an arbitrary state
described by p relative to Alice’s reference frame. As we have
seen before, the lack of information regarding the relation of
Bob’s reference frame to Alice’s prevents him from obtaining
as much information about the unknown state p as Alice could.
Now assume that Alice also sends Bob a quantum reference
frame in the state 7 and assume that the representation of phase
shifts on this system is given by ¢! — V().

To find more precise information about p, Bob can first
use the quantum reference frame t to align his reference
frame with Alice’s and then perform some measurement on
p. However, this procedure does not describe the most general
process that Bob can implement. The most general process is
to perform a joint measurement on the state p and the quantum
reference frame t. In this case the information Bob can obtain
about the unknown state p is the information he can extract
from the state

/dG pPOIVEO)RUB)T @ p[VIO)@UO)]. (2.27)

This state is equal to

Z P—klf(_kZ) ® p(k|+k2)’
ki,ka

(2.28)

where T = Y, ® is the mode decomposition of 7 and py is
the kth Fourier component of p(@). This shows precisely how
the information Bob can obtain about different modes of p
is determined by which modes are present in the state of the
quantum reference frame and in the probability distribution
p(0) describing the misalignment.

Example

Suppose Alice and Bob’s local reference frames are initially
uncorrelated and therefore the prior distribution p(0) is
uniform.

Assume Bob wants to find information about the phase ¢
of the state

L
V2

Note that here the information is encoded in the modes 2 and
—2. So to enable Bob to encode this information, Alice should
send him a quantum reference frame which has modes 2 and
—2. In particular, the reference frame should not be invariant
under U (xr), because if U(m)tUT(r) = t, then the state T
will not have any component in mode 2. However, lack of this

(n = 0) +€®n = 2)). (2.29)
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symmetry does not imply that the quantum reference frame has
mode 2. For example, assume Alice sends Bob the quantum
reference frame

10) +11)
V2

This state is not invariant under any subgroup of U(1).
However, it still does not have any component in the mode
k = 2 and so it does not help Bob to obtain information about
the phase ¢ of the state (2.29).

) = (2.30)

III. REPRESENTATION OF G-COVARIANT CHANNELS IN
THE IRREDUCIBLE TENSOR OPERATOR BASIS

In this section we first present a short review of irreducible
tensor operators (see, e.g., [25] and [26] for more information
on this subject). Then we introduce a new representation of
G-covariant channels which basically describes a G-covariant
channel by specifying how it acts on an irreducible tensor
operator basis.

A. Review of irreducible tensor operators

Let B(H) be the space of all bounded operators acting on the
Hilbert space H. For any unitary V € B(H) the superoperator
V(-)VT preserves the Hilbert-Schmidt inner product on B(H),
defined as (A, B) = tr(ATB) for arbitrary A, B € B(H). So the
superoperator V (-)V' can be thought of as a unitary acting on
the space B(H).

Suppose g — U(g) is a projective unitary representation
of a finite or compact Lie group G on the Hilbert space
‘H. Then g — U,, where U,[-] = U(g)(-)U'(g) is a unitary
representation of G on B(H). Note that this representation is
always nonprojective,

V21,82 € G : Uy oly =Uyy,. 3.1)

Let {T,}*} be a basis of B(H) in which the representation
g — U, decomposes to the irreps of G such that

U[TY0) = ulh) () T, 3.2)
where
) () = {,m'|UP(g)|u,m), (3.3)

are the matrix elements of U*)(g), the unitary (nonprojective)
irreducible representation of G labeled by . We choose this
basis to be normalized such that

(Tt ) = 34

Here, o can be thought of as a multiplicity index. We call
the basis {T,f,“’a)} the irreducible tensor operator basis. Also,
the elements of the set {7/} for a fixed 1 and « are called
components of the irreducible tensor T"% . We call the irrep
label y the rank of the tensor operator T,/ .

Consider the Hermitian conjugate of both sides of Eq. (3.2),
U [T =t [T = Y al (o) T, (3.5)

5# u’aa o 5m m’

m

where u(“ ) (&) denotes the complex conjugate of u(“ ) . (&). This
implies that for any component T,Y"* of a tensor operator of
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rank u, its Hermitian conjugate 7Y is in the subspace
spanned by rank f irreducible tensor operators, where i
denotes the irrep equivalent to the complex conjugate of irrep
. In particular, in the case of SO(3) [or equivalently SU(2)]
where the complex conjugate of any irrep u is equivalent to
the irrep u, the Hermitian conjugate of a component of an
irreducible tensor operator with rank w is in the subspace
spanned by the irreducible tensor operators with rank u.

To find an irreducible tensor operator basis in B(H) it is
helpful to use the Liouville representation of operators in
which an operator will be represented by a vector formed
by stacking all the rows of its matrix representation (in some
specific basis defining the representation) in a column vector
[6]. This is equivalent to the Choi isomorphism between
operators on H and vectors on H & H.

Then the Liouville (or Choi) representation of the su-
peroperator U, will be U(g) ® U(g), where U(g) denotes
the complex conjugate of U(g) in the basis that defines the
representation. So the ranks of all tensor operators which show
up in the space B(H) correspond to the set of all irreps of
G which show up in the representation g — U(g) ® U(g).
Furthermore, to decompose a particular operator in B(H)
to irreducible tensor operators we can write the Liouville
representation of that operator and find out how it decomposes
into the irreducible basis of G defined by the representation
g—~>UR®UQ).

One can construct higher ranks of irreducible tensor
operators by decomposing the product of irreducible tensor

operators with lower ranks. Let {T,,(,“ l)} be the components

of a rank pu; tensor operator and {R,(,’,‘ ’)} be the components
of a rank w, tensor operator. Finally, let C};’7, », be the
Clebsch-Gordon coefficients (see, e.g., [26]). Then the set of
operators {S'"*} defined by

Sr(nll-ya) — Z

my,ma, Ly, 12

CHasms T(Ml)R(Im)

p,my g, my T my

(3.6)

are components of a rank p3 irreducible tensor operator.
Finally, we present the Wigner-Eckart theorem which gives
a useful tool to find the irreducible tensor operator basis (see,
e.g., [25)).
Theorem 1: Wigner-Eckart. Let G be a finite group or a
compact Lie group. Let T,,(ff ) pe an element of a tensor
operator. Then

(3. m3| T, | g, may="> " (Clomsh ) (us| T9 | 1),
B
3.7

where B is a multiplicity index that counts the number of
copies of the w3 irrep that can be formed by composing irreps
1 and o, C ,’ffffﬂf;’ﬁz,mz are the Clebsch-Gordon coefficients
for this composition, and (143|T%1¥)|,)g is a number which
is independent of m,m,, and ms.

Note that the left-hand side of the equality can be interpreted
as the matrix elements of the unitary acting on B() which
transforms the orthonormal basis {|w3,m3){u2,mz|} to the

orthonormal basis {T,*"*}.
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Example: SO(3)

In the case of SO(3), the complex conjugate of any repre-
sentation is unitarily equivalent to the original representation:
Suppose U(g) is the complex conjugate of U(g) in the basis
in which L, is diagonal and all the matrix elements of L, are
real numbers. Then

V g €S0B3) U(g) =e ™rU(g)e™. (3.8)

Let g — U(g) be an arbitrary projective unitary representation
of SO(3) on H. The above discussion implies that one way to
find the ranks of tensor operators and their multiplicities for
the basis {T,,(l" ’O‘)} which spans B(H) is to find the irreps and
their multiplicities which show up in the representation

g—> U@@®U(y.

An important special case, which we use later, is when H
carries a spin-j irrep of SO(3). Then the above observation
implies that B(H) is spanned by

(T30 (um) 1 0< < 2j, = <m <

and there is no multiplicity. In other words, the maximum rank
of the irreducible tensor operators on this space is 2.

Note that the operators {T,,(,’”L )} are uniquely defined only
when we fix the basis we use to represent the matrix elements
uiff,fn (g) in Eq. (3.2). In the case of SO(3), we always use the
basis in which the matrix representation of L, is diagonal and
the matrix elements of L, are all real numbers.

Then it follows that in this basis

w=0: THO =,
_ _ 1
p=1: TV =cL, TVZ) =+c;—Ly,

m==1 «/E

where I is the identity operator on H, Ly = L, & iL,, and
co,c are normalization factors [26].

One can generate all higher rank tensor operators on
this space, by considering the products of To/="T,*=V ...
and decomposing them to irreducible tensor operators using
Eq. (3.6). Following this method one can show that the rank-2
irreducible tensor operators are
T(M=2)

_ 2
meta = C25 L%,

=2:
H 2

= +1
T = 027(14114: + L L),
= 1
TV = ¢;—(3L% — L?),
m=0 %( z )

where L? = L2 + Li + L2 is the total angular momentum and
¢, is a normalization factor (see, e.g., [26]).

B. A representation of G-covariant superoperators

In this section, we introduce a representation of G-covariant
superoperators which are useful in the rest of this paper.

Recall that a superoperator £ is G covariant if it commutes
with the superoperator representation of the group G,

VgeG: Eolly=U,oE. (3.9)
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Then Schur’s lemma implies that £ should be block diagonal
in any basis of the operator space B(H) which decomposes
the representation g — U, into the irreps of G. But, this is
exactly the definition of an irreducible tensor operator basis
and therefore G-covariant channels are block diagonal in the
irreducible tensor operator bases. The following lemma states
this result.

Lemma 1. Let g — U (g) and g — U,y (g) be projective
unitary representations of the group G on the Hilbert spaces
Hin and Hyy. Let {T,f,“’a)} and {S,(# ) } be the corresponding
normalized irreducible tensor operator bases for B(H;,)
and B(H,y). Consider a linear superoperator & : B(Hi,) —
B(How) which is G—cqvariant, ie, VgeG: E[Un(g)-
Uh(@)] = Uau(8)€ (-) Uj(g). Then

EX) =Y w(TPTx) [ Y e su-P

TNN% B

(3.10)

where cg;) = tr[SY“PTE(TY*)] (which turns out to be inde-
pendent of m).

The proof is straightforward and is presented in Ap-
pendix B. This representation simply means that under G-
covariant superoperators, an input operator in the mode (,m)
can only be mapped to an output operator in the same mode
(for a general linear superoperator there is no such constraint
on the output).

Lemma 1 implies that any linear G-covariant superoperator
can be uniquely specified by specifying the set of matrices
{c™} for the set of all ;& which show up as ranks of irreducible
tensor operators in both input and output spaces. In the next
chapter we use this representation of G-covariant superoper-
ators to study the asymmetry properties of quantum states. It
can also have applications in other fields such as tomography
of G-covariant channels or equivalently tomography of the
symmetrized version of a channel (see [27,28]).

Example 3. Consider a rotationally covariant superoperator
from B(H;,) to B(H,), where the input and output spaces Hj,
and H;, are spin-j; and spin- j, irreps of SO(3), respectively.

Then, from Sec. IIl A we know that the tensor operators
for both input and output spaces do not have multiplicity
and their rank varies between u™" =0 and p™ =2j; in
the input space and between pJ" =0 and pJ™ =2j, in
the output space. So Lemma 1 implies that an arbitrary
rotationally covariant superoperator from B(H ;) to B(H},)
can be described by coefficients '™, where  varies between
M(min) — 0 and M(max) — min{ullnax’uanaX}

If this superoperator is a channel, i.e., it is trace preserving
and completely positive, then we can put more constraints on
the coefficients ¢, First, we use the fact that any completely
positive superoperator maps Hermitian operators to Hermitian
operators. This implies that all the coefficients {c‘*)} should
be real. On the other hand, the fact that a quantum channel is
trace preserving fixes one coefficient, namely, ¢“=%. So any
SO(3) covariant channel on these spaces can be described by

Zmin{jl,jz}

real numbers. The special case of this result for j; = j, has
been observed previously in [6].
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In particular, if the input space is a spin-% system, the
channel can be described by just one real parameter. Note that
in the absence of symmetry the number of parameters one
needs to specify the channel scales as j? j3.

Let {T,%"} and {S%"} be the irreducible tensor operator basis
for B(H;,)and B(H;,) and {¢™W : w = 1,...,2min{ji, j»}} be
the coefficients describing the rotationally invariant superop-
erator £ from B(H ;) to B(H ,). It follows from Lemma 1 that
if £(p) = o, then

tr(o S,Si‘)f) = c(“)tr(ang"”).

Finally, recall that the trace norm is nonincreasing under
positive and trace-preserving superoperators. This implies that
if the superoperator £ is positive and trace-preserving, then
Y (om) : |ETI)) < ITY|l, which by virtue of Lemma 1
implies

@3.11)

115
IS4

In particular, if the input and output spaces are the same, i.e.,
J1 = Jj2, then

Y (u,m) : [e] < (3.12)

Y (u,m): |c™] < 1. (3.13)

Consider the case where the output space of the G-covariant
superoperator £ matches the input space of & such that the
composition & o & is well defined. If & is described by
the set of matrices {c"W} and &, is described by the set of
matrices {d"¥}, then &, o &) is described by the set of matrices
{d"WcW}. This implies that in cases such as the example above,
where all tensor operators are multiplicity free and ¢* and
d" are scalars, then all G-covariant superoperators commute
with each other. Furthermore, this observation implies that a
master equation which describes a G-covariant dynamics can
be decomposed to a set of uncoupled differential equations for
each of these matrices.

IV. MODES OF ASYMMETRY FOR AN ARBITRARY
GROUP

With the framework of irreducible tensor operators in hand,
we can now generalize the notion of modes of asymmetry,
which we have thus far only defined for the case of U(1), to
the case of arbitrary finite groups and compact Lie groups.

Consider the subspace spanned by {T,/“* : V a} for a fixed
m and . Then Lemma 1 implies that any G-covariant superop-
erator maps an operator in this subspace to another operator in
this subspace. This suggests the following definition of modes
of asymmetry.

Definition 2. The (i,m) mode component of an operator X,
denoted X ™ is defined by

x(m) — Z T(”’a)tr(T(“’a)TX).
m m
o
We call the decomposition X = _ X" the mode de-
composition of operator X.
Note that in the above definition we have assumed that the
basis {T,{*} is an orthonormal basis, i.e.,

(T T ) =

4.1)

S 8y, ot
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Lemma 1 has a simple interpretation in terms of mode
decompositions of operators: A G-covariant superoperator £
maps an operator in a particular mode of asymmetry to an
operator in the same mode of asymmetry; i.e., if Y = £(X),
then

You,m o YHM = g(xwmy, 4.2)

So we can think of different pairs (u,m) as different indepen-
dent modes which cannot be mixed under a G-covariant linear
superoperator. In particular, if an input X has no component in
a particular mode then the corresponding output Y also cannot
have any component in that mode.

The above definition is independent of the choice of the
tensor operators basis, (T4}, In the following lemma, we
present another way to define modes of asymmetry which is
explicitly basis independent.

Let {g — u“(g)} be the (nonprojective) set of all unitary
irreps of a finite or compact Lie group G and {uw ) (g)} be
the matrix elements of these unitary irreps. Recall that these
matrix elements satisfy the orthonormality relations,

4.3)

12,08my,ms Oma,my -

f dg i, (@), (8) = —
n
where in the case of finite groups the integral is replaced by
the summation over all group elements. Then one can easily
see that the following lemma holds.
Lemma 2. Let X =3 X (M) be the mode decomposi-
tion of operator X. Then
xem =d, / dg @) (g) Us(X), “.4)
where d,, is the dimension of the irrep u, dg is the uniform
measure over the group G and the bar represents complex
conjugation.
Proof. We start with Eq. (3.2),

Z (/t) (g)T(M ,o)

m'

U (TY) =

We multiply both sides by i{")(g) and integrate over G. Now
we use the orthonormality relations, Eq. (4.3). This implies
that

Ya: d, / dg @) Uy (TYY) = 818 THHY. (4.5)

The lemma follows from this equality together with the
definition of mode decompositions given by Eq. (4.1). ]

This lemma gives us an alternative method to find the mode
decomposition of a given operator.

It is worth emphasizing an important difference between
the mode decomposition for the case of non-Abelian groups
and the mode decomposition for the case of Abelian groups
such as U(1). This difference concerns the result of symmetry
transformations on operators in different modes. Since

T(M at) Z u(u) (g)T(“ ,a)

(4.6)

it follows that modes (u,m) and (u',m’) for which u # '
do not mix together under the action of the group, but modes
for which u = ¢/ and m # m’ can mix together under this
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action. This can happen because, in general, a symmetry
transformation {{, is not a G-covariant operation, unless the
group G is Abelian. In the Abelian case, modes are just
specified by an irrep label p.

A. Quantifying the degree of asymmetry in a given mode

As we saw in the specific case of the group U(1), one can
quantify, for a given state, the amount of asymmetry in each
mode in terms of the trace norm of the component of the state
in that particular mode. By a similar argument, it follows that
for each mode (u,m) the function defined by

Fum(X) = | X% 4.7

is an asymmetry monotone.

The constraint on state to ensemble transformations, de-
scribed in Proposition 3 for the U(l) case, generalizes as
follows.

Proposition 4. Suppose there is a G-covariant channel
which maps the state p to the ensemble containing states o;
with probabilities p;, where the value of i becomes known at
the end of the process. Then

Vemy: Y pille™ | < 1p™ . 48)

1

Using Definition 2 we can rewrite this bound as

Y (wm): Y pi Ztr(\/m)hr(mﬂ-“’aﬂ
i

o

< YT ()|

a

As asimple corollary of Proposition 4, if a nondeterministic
G-covariant operation maps state p to state o with probability
p, then

¥ (uam): pllo®m < Jlp" ) (4.9)
B. Example: Spin-j system

Consider the case of a spin- j representation of SO(3). Then,
as we have seen before, all the modes are multiplicity free and
o)

Y (wm) : Fum(p) = 101 = te(y TT) [ir(Tp) .

Now if a state p of the spin-j system evolves under a
rotationally invariant dynamics to a state o; of the spin-j
system with probability p;, then for all modes (u,m) it holds
that

> pile(TP0)] < Jwe(T80p)]. (4.10)

So, for example, in the case of mode (1 = 1, m = 0), where
TO(I) = cL, for some constant ¢, we find

> piltr(L.0p)| < |tr(L.p)].
i
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Note that here the direction Z is chosen arbitrarily and so for
any direction 7 it holds that

> pilte(Laoy)| < [tr(Lip)).- (4.11)

This result is very intuitive. If a spin-j undergoes a deter-
ministic or stochastic rotationally covariant dynamics, the
average of the absolute value of the expectation value of
angular momentum cannot increase. Note that the sign of
this expectation value can change, i.e., a state whose angular
momentum is negative in the Z direction can evolve to a state
whose angular momentum is positive in this direction.

In this example we have assumed that the initial and final
spaces are both spin-j systems. On the other hand, one can
easily show that the absolute value of angular momentum can
increase if the final space is allowed to have a higher spin.
In the following we find a bound which applies to the cases
where the initial and final spaces have different spins. Before
this, we present another consequence of Eq. (4.10) for the case
where both input and output spaces are spin-.

Although in a rotationally covariant dynamics of a spin-
Jj system the absolute value of angular momentum can-
not increase, nevertheless the expectation value of higher
powers of angular momentum can increase. However, using
Eq. (4.10) we can find nonincreasing functions which involve
the expectation value of higher powers of angular momentum.
For instance, consider the case of (u = 2, m = 0). Then, as we
have seen in Sec. IIT A, for a spin-j representation of SO(3),

TH=2m=0 = (3L — L),
where c is a normalization factor. Then Eq. (4.10) implies that

p tr(aL?) tr(pLg) — @ ,

_ f(j_; 1)‘ < (4.12)

where we have used the fact that for all spin-j systems
the expectation value of L? is j(j + 1). Note that the 2
direction is chosen arbitrarily. So, for arbitrary direction 7,
|tr(,oL,21) — j(j 4+ 1)/3] is nonincreasing under rotationally
covariant dynamics, even though tr(pL%) can increase.

Now we find a bound on the change of the absolute value
of the expectation value of angular momentum when the input
and output spaces have different spins.

To achieve this goal, we calculate |lo*™ | for the mode
(u =1, m = 0) in the case of a spin-j system. Using the fact
that T"=17=9 —= ¢[_ for some constant ¢, we find

vy
(L)

_ 3tr(y/L2)

tr(L?)

0| =

Fu—t.m=o(p) = llp |te(Lp)l

lte(Lop)l,  (4.13)

where we have used the normalization condition, i.e.,
|c|2tr(L§) = 1. One can easily see that tr(L?) = j(j + DQ2j +

1) and
[\ _ JJj(+1) integer j,
u(yL2) = {(j + 1/2)* half integer j. @.14)
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So

3 [tr(L;p)| . .

“ (110)” _ 3 i1/2 1nteger 7>
P = 3 linLp)IG+1/2)

27 jG+D

4.15
half integer ;. (4.15)

So [|p9] is less than or equal to 3/2 and at the limit of j
going to infinity it tends to 3/2.

Now we can find an analog of the bound of Eq. (4.11) for
the case where the input and output systems have spins j and
J’, respectively. If, for example, both j and j’ are integer then

pltr(Lﬁa)I [tr(L;p)]
JH12 T 4127
[tr(L.p)|

In Proposition 7 below, we show that the quantity i
admits of an operational interpretation: It quantifies the ability
of the state p to act as a quantum reference frame for the task
of distinguishing, on a spin—% system, the two eigenstates of
L,|lj=1/2m=—1/2)and|j =1/2,m = 1/2).

(4.16)

V. SIMULATING QUANTUM OPERATIONS BY QUANTUM
REFERENCE FRAMES

Consider the situation where we are restricted to those
Hamiltonians which all have a particular symmetry. Then it
is still possible to simulate a dynamics which breaks this
symmetry if we have access to a state which breaks the
symmetry, i.e., a source of asymmetry. As we have mentioned
earlier, this symmetry-breaking state is called a quantum
reference frame. By coupling this quantum reference frametoa
system via a symmetric dynamics, we can effectively generate
an asymmetric dynamics or measurement on this system. In
this section we are interested in finding the set of asymmetric
dynamics and measurements which can be simulated using a
given quantum reference frame.

As a simple example, consider the case where we are
restricted to the rotationally invariant Hamiltonians. Then by
coupling a quantum system to a large magnet with magnetic
field in the Z direction via a rotationally invariant Hamiltonian,
we can effectively simulate a rotation around the Z axis on
that quantum system (note that a rotation is not a rotationally
invariant operation and so cannot be performed without having
access to a system which breaks the rotational symmetry).
In this case, we can model the magnet by a spin-j system
in a large coherent state polarized in the Z direction, i.e., in
the maximum weight eigenstate of L;, |j,m = j);. Then by
coupling the quantum system to this quantum reference frame
one can realize a quantum channel on the system such that
this channel at the limit where j goes to infinity approaches
a perfect (unitary) rotation. In fact, one can show that, using
a spin-j in the coherent state in the Z direction, at the limit
of large j any arbitrary dynamics which is invariant under
rotation around  can be simulated on the system [7].2

Note that by having access to this quantum reference frame
we still cannot simulate a rotation around X or any other

2Furthermore, it is shown in Ref. [7] that if, in addition, one has
access to a similar quantum reference frame in a coherent state
polarized in the % direction, then one can simulate arbitrary dynamics
on the system.
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dynamics which is not invariant under rotation around Z. More
generally, for a given quantum reference frame, only those time
evolutions and measurements can be simulated which have all
the symmetries of the quantum reference frame. In this section
we generalize this simple observation by finding a relation
between the modes of asymmetry of the quantum reference
frame and the modes of asymmetry of a time evolution or
measurement that can be simulated using it.

A. Modes of asymmetry of quantum operations

The notion of modes of asymmetry naturally extends to
the superoperators. Let g — U(g) be the projective unitary
representation of G on the Hilbert space H. Also, let U, () =
U(g)()U'(g). Then g — U, is a (nonprojective) unitary
representation of G on B(H). Similarly, we can define a
representation of G on the space of all linear superoperators:
Consider the linear space of all superoperators from B(Hjy,) to
B(Hoyu)- Then a natural representation of G on this space is
given by the map

VeeG: WUlEl=UM ool (5.1

for arbitrary £ : B(Hin) = B(How), Where ¢ — U;" and g —
Z/{;’“‘ are the representations of the symmetry on B(H;,)
and B(H,u), respectively. This representation has a natural
physical interpretation: Suppose the representation g — U(g)
describes a change of reference frame, such that a state which
is described by |¢) in the old reference frame is described by
U(g)|¥) in the new reference frame. Then an observable or a
density operator which is described by an operator A relative
to the old reference frame will be described by U, [A] relative
to the new reference frame. Similarly, a superoperator which
is described by & relative to the old reference frame will be
described by il,[£] relative to the new reference frame.

Now, following the same logic we used to define modes of
asymmetry of operators based on the representation g — U,
of group G on the space of operators, we can define the
notion of modes of asymmetry of superoperators based on
the representation g — il, of group G on the space of super-
operators. One way to do this is by defining the analogs of the
irreducible tensor operators for superoperators. Alternatively,
we can define modes of asymmetry for superoperators using
the analog of Lemma 2 .

Definition 3. The mode (u,m) of the superoperator &,
denoted by £#™ is defined by

g0 =d, / dg iy (8) Uy [€], (5:2)
where d,, is the dimension of the irrep w. We call the
decomposition £ =3 E¥™ the mode decomposition of
the superoperator £ and %™ the (j1,m) modal component of
E.

Note that this definition implies that a G-covariant super-
operator only has a nonzero component in the mode which
corresponds to the trivial representation of the group, denoted
by u =0.

Let g — U(g) be the representation of the symmetry group
on the Hilbert space H. As we have seen before, we can find
the set of all modes of asymmetry that an operator X € B(H)
can possibly have, by decomposing the representation g —
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U ® U (g). Similarly, we can find all modes of asymmetry
that a superoperator £ : B(Hi,) — B(Hou) can possibly have
by decomposing the representation

8 — Uoul(g) 02y Uoul(g) 02y Uin(g) & Uin(g)

to irreps of G. Here g — Uiy(g) and g — Uyy(g) are the
representations of the symmetry group on Hi, and Hoy,
respectively.

Example 4. Consider the group of rotations in R?, i.e.,
G = SO(3), and assume the input Hilbert space carries a jj
irrep and the output Hilbert space carries a j; irrep. Then any
superoperator from B(H;,) to B(Hey) can have modes (j,m)
with u < 2(j; + j»). In particular, if the input and output
spaces of a superoperator are both spin-% systems (i.e., j; =
Jo = 1/2), then the superoperator can only have modes (u =
0, (u=1,m=-1,0,1),and (u =2, m = -2, — 1,0,1,2).
On the other hand, if the input space Hi, is a spin—% irrep of
SO(3) and the output space is invariant under rotation (i.e.,
j1 =1/2 and j, = 0), then the superoperator can only have
modes (u = 0),(u =1, m = —1,0,1). These latter kind of
superoperators can describe, for example, measurements on
a spin-% system where the postmeasurement state is always
rotationally invariant.

In this example, we found all modes of asymmetry that a
measurement performed on a spin—% system can possibly have.
In the following we study the notion of modes of asymmetry
of measurements more closely.

Modes of asymmetry of measurements

In the study of the modes of asymmetry of measurements,
we focus on the aspect of a measurement that is relevant for
making inferences about the input, that is, its informative
aspect, and neglect the aspect that is relevant for making
predictions about future measurements on the system, that
is, its state-updating aspect.

Let {M, } be the positive operator-valued measure (POVM)
describing an arbitrary measurement. Define the channel

M(X) =

D (X M)A (A, (5.3)
A

where the set {|A)} consists of orthogonal and G-invariant
states. Then any measurement whose statistics is described by
the POVM {M, } can be realized by first applying the channel
M(-) to the state and then measuring the output system in the
{|1)} basis. But, this latter measurement is G covariant and
so one does not need a quantum reference frame to realize
it. So to find the asymmetry resources required to implement
a measurement of the POVM {M,}, it suffices to find the
asymmetry resources required to implement M.

One can easily show the following.

Lemma 3. M%™_ the (;,m) modal component of M, is
equal to

MEMX) = (X M) ) (A,

A

(5.4)

where M. f\” " is the (u,m) modal component of the operator
M,;.
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Proof. First note that, by Definition 3,

MM (X) = / dg ) () U™ o Mo UM (X). (5.5)
Here the representation of symmetry on the output system is
trivial and so

MEmx) = / dg i, () Ug" o Mo UL (X)

=d, Z IA) (A / dg al (U (X)M,)

_dMZIA (A] / dg i) ()t (XUN (M)

= (XM 1) (A

A

]

Further on, we use this observation to infer the asymmetry

resources which are required to implement a given measure-
ment.

B. From modes of quantum reference frames to modes
of quantum channels

As described above, under the assumption that all symmet-
ric dynamics are free, we can use a quantum reference frame,
which breaks the symmetry, as a resource of asymmetry which
enables us to simulate dynamics which break the symmetry.

Definition 4. Let Hys and Hgr be Hilbert spaces with pro-
jective unitary representations g — Usys(g) and g — Urp(g)
of group G. We say that a channel £ : B(Hsys) — B(Hsys)
can be simulated using the resource state pgp if there exists
a channel & : B(Hsys ® Hre) = B(Hgys ® Hgp) which is G
covariant, i.e.,

VegeG: EoU@UY) = U U)o,

such that

E(X) = trgelE(X ® prr)]- (5.6)

Now one can easily prove the following result.

Lemma 4. Suppose the channel £ can be simulated using
a quantum reference frame in the state p and a G-covariant
channel € such that £(X) = trre[E(X & p)]. Then

ERM(X) = el E(X ® pH™)]. (5.7)
Proof. First, note that

Uy [E1(X) = ogol/{ -1(X)

= U, o trrp{E[U,-1(X) ® pl}.
Then, because £ is G-covariant, we have

U E1X) = tre{E[X @ Uy (p)]}.

By multiplying both sides by s (g) and taking the integral

over G, we prove the lemma. |

In the previous section, we defined Modes(p) to be the
set of all modes in which state p has nonzero components.
Similarly, we define Modes(£) to be the set of all modes in

062110-13



IMAN MARVIAN AND ROBERT W. SPEKKENS

which a channel £ has nonzero components. Then the above
lemma implies the following.

Proposition 5. If a quantum reference frame p can simulate
a quantum channel &, then

Modes(€) € Modes(p). (5.8)

So if a quantum reference frame does not have a particular
mode of asymmetry, it cannot simulate a time evolution
or measurement which has that mode of asymmetry. Also,
the lemma implies that to specify whether a given quantum
reference frame p can simulate a quantum channel £ or not we
only need to know the components of p in modes contained
in Modes(£). So, as we will see in an example, although
the Hilbert space of the quantum reference frame might be
arbitrarily large, the number of parameters required to specify
its performance for some specific simulation can be very small.

Furthermore, for any given finite-dimensional Hilbert space
Hys, there is a finite set of modes in which a channel acting on
B(Hsys) can have nonzero components. So for a given quantum
reference frame pgrp on an arbitrarily large Hilbert space and
having amplitude over arbitrarily many representations of the
group, the properties of the quantum reference frame which
are relevant for simulating arbitrary channels acting on B(Hys)
can be specified merely by specifying the components of prr
in that finite set of modes.

Example: Reference frames of unbounded size may
still lack modes

In the case of G = SO(3), consider the family of quantum
reference frames defined by

N

D li=N"+2km=N+k).

1
Wy) = «/_W 2

One can easily show that, at the limit of large N these states
are very sensitive to rotations around Z and also rotations
around any axis in the %-y plane. In other words, for any
small such rotation, |Yy) is almost orthogonal to the rotated
version of |¥n). So, one may think that at the limit of
large N this quantum reference frame completely breaks the
symmetry and so it can be used to simulate any arbitrary
measurement on a spin-% system. This is not the case, however.
Indeed, it turns out that even though at the limit of large N
these states are very sensitive to rotations around Z (that is,
they break this symmetry), nonetheless they cannot simulate
any measurement on a spin—% system which is not invariant
under rotations around Z. To see this, first note that if the
POVM elements of a measurement on a spin-% system are
not invariant under rotations around Z, then they have nonzero
components in the modes (u = 1, m = £1). Then Lemma
3 implies that the channel describing that measurement will
have modes (u =1, m = £1). Now Proposition 5 implies
that to be able to simulate any such measurement a quantum
reference frame needs to have a nonzero component in the
modes (u = 1, m = x1). However, using the Wigner-Eckart
theorem, one can easily show that none of the states in
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the above family have a nonzero component in the modes
(w=1m==%13

The conclusion is that there are measurements that break
rotational symmetry that cannot be simulated by this family of
quantum reference frames.

VI. EXAMPLE: SPIN-;j SYSTEM AS A QUANTUM
REFERENCE FRAME

The problem of using a spin-j system as a quantum
reference frame to simulate dynamics or measurements which
are not invariant under rotations has been studied in several
papers (see, e.g., [2-11]). In this section, we show that the
mode decomposition of states provides an extremely powerful
insight into this problem. In particular, we show that using this
approach some of the previously known results which have
been achieved in an ad hoc manner can be reproduced and
generalized in a systematic way.

A. Simulating measurements and dynamics on a spin-% system

We start with the problem of simulating measurements on
a spin-% system. Here the assumption is that we are restricted
to use rotationally invariant unitaries, ancillary systems in
rotationally invariant states, and measurements whose POVM
elements are all rotationally invariant. Under this restriction,
we are given a spin-j system in an arbitrary state p as
a quantum reference frame and our goal is to simulate a
noninvariant measurement on a spin—% system. Here we focus
on the informative aspect of the measurement; that is, we are
not concerned with how the state of system is updated after
the simulated measurement.

For an arbitrary measurement on a spin-% system, consider
the channel which describes the informative aspects of this
measurement, as defined in Eq. (5.3). Then consider the set
of all modes {(u,m)} in which this channel can have nonzero
components. We can conclude from Lemma 3 that this set
is equal to {(u = 0),(u =1, m = —1,0, 4+ 1)} (This is also
shown in Example 4.).

Then it follows from Lemma 4 that the only properties
of p that are relevant for its performance in simulating a
measurement on a spin-% system are its components in the
modes {(x=0),(u =1, m=—1,0,+ 1)}, ie., p*=0 and
{p®=1m ;= —1,0,1}. Furthermore, since the irreducible
tensor operator basis on a spin-j system is multiplicity-free,
each of these components is determined by only one parameter,
namely, the Hilbert-Schmidt inner product between p and the

3Consider the terms in the decomposition

N

1
Wl =5 D 1i=N>+2%km=N>+k)

kk'=1
x (j'=N*+2k',m' = N> + k.

Any term in this decomposition with k =k’ is invariant under
rotations around Z and so it only has components in modes (,m = 0).
On the other hand, terms with k # k’ have no components in any of
the modes (u = 1, m = —1,0, 4 1) because j and ;' always differ
by at least 2.
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corresponding component of the irreducible tensor operator
basis,

C1
V2
where ¢y and ¢; are normalization factors. It follows that
the components of p in the modes {(u =0),(u =1, m =
—1,0, + 1)} are uniquely specified by the vector of expectation
values of angular momentum for p, i.e., ({(Lx),{L),(L;)).

So we conclude the following.

Proposition 6. Consider a spin-j system in state p as
a quantum reference frame. Its performance in simulating
(informative aspects of) measurements on a spin—% system
is uniquely specified by the vector of expectation values of
angular momentum of p.

This result has been previously obtained in [5] using a
totally different and rather ad hoc argument. However, using
our approach we can easily generalize it to the case of
measurements on systems supporting arbitrary representations
of SO(3) (as opposed to just the spin—% representation).
Before presenting this generalization we investigate some
implications of Proposition 6.

An interesting consequence is the following: Suppose the
system is spin-j and the vector of expectation values of angular
momentum of p is polarized in the 7 direction. In general, for
Jj # 1/2, such a state need not be invariant under rotations
around 71. Now consider the symmetrized version of p, i.e., the
state

TW=0 _ col, TIEL“:T)I) =cL;, and Trglllzill) =+ L.,

1 a7 A 7
Psym = E/de e—zOL.np etOL.n7

which is invariant under rotations around 71. One can easily
see that this state has the same vector of expectation values
of angular momentum as the original state p. Therefore, any
measurement on the spin—% system which can be simulated
using p can also be simulated using pg, and vice versa.
However, since pgyn is invariant under rotations around 7, it
can only simulate those measurements whose POVM elements
are invariant under rotations around 7i. This argument implies
the following.

Corollary 1. Consider a spin-j system in state p as a
quantum reference frame for direction. If p has a vector of
expectation values of angular momentum that is polarized in
the 7i direction, then it can only simulate those measurements
ona spin-% system for which the POVM elements are invariant
under rotations around 7.

So, even at the limit of large j, a single spin-j system cannot
act as a perfect reference frame for direction even if it does not
have any symmetries.

As an example of simulating measurements on a spin—%
system, consider the following problem: suppose one uses a
spin-j system in the state p as a quantum reference frame
to measure the angular momentum of a spin-% system in the
Z direction, that is, to measure the observable o,. It can be
shown that this measurement cannot be simulated perfectly
with a quantum reference frame of bounded size. This result
is known as the Wigner-Araki-Yanase theorem [29-31] and
is quite an intuitive result in the context of the resource
theory of asymmetry [10,11]. Now the question is as follows:
Using the spin-j system in the state p as a quantum reference
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frame, how well can one simulate this measurement? In other
words, using this quantum reference frame, what is the highest
precision attainable in a simulation of a measurement of
0,7 We evaluate the precision of the realized measurement
using the following figure of merit: the highest probability of
successfully distinguishing an unknown eigenstate of o, when
we are given each of the two eigenstates with equal probability.

The answer, which we prove in an appendix, is as follows.

Proposition 7. Suppose we are restricted to the rotationally
invariant measurements but we have access to the state p
of a spin-j system as a quantum reference frame. Then the
maximum probability of successfully distinguishing the two
eigenstates of o, fora spin—% system, |j = 1/2, m = 1/2) and
|j =1/2, m = —1/2), when the prior probabilities of the two
are equal, is given by

1 tr(pL
Psuce(p) = §|:1 + %}

So, as we expected from Proposition 6, this probability
only depends on the expectation value of the vector of angular
momentum (in this case, just the Z component). Note that,
as one may expect intuitively, in the limit where j becomes
arbitrarily large, the coherent state |j,j) can be used as a
quantum reference frame to simulate the measurement of o,
perfectly.

Finally, it is worth mentioning that if the Hilbert space
of the quantum reference frame under consideration carries
different irreps of SO(3) or if it has more than one copy of an
irrep, then the vector of angular momentum of the reference
frame state alone is not sufficient to specify the measurements
it can simulate on a spin-% system. For example, suppose the
quantum reference frame is formed from a spin-j system and
a qubit whose states are invariant under rotation. This means
that the total Hilbert space of the quantum reference frame has
two copies of irrep j of SO(3). Suppose the quantum reference
frame is in the state

1

E(Ij,m =)A= +]jm=—j)r=2),
where A labels different orthogonal states of the qubit. Then,
one can easily show that at the limit of large j this reference
frame can simulate any arbitrary measurement which is
invariant under rotation around Z. However, the expectation
value of angular momentum for this state is zero in all
directions. So, for a general representation of SO(3), these
expectation values cannot characterize the ability of the state
to simulate measurements on a spin-% system.

Proposition 6 can be easily generalized to the problem of
simulating arbitrary dynamics on a spin-% system.*

Recalling Example 4, it is clear that the modes of asym-
metry appearing in the modal decomposition of a channel
ona spin—% system are {(©u = 0),(u =1, m = —1,0,1),(n =
2, m=-2,—1,0,1,2)}. So, Lemma 4 implies that to specify
the ability of a particular state p of the spin-j system to
simulate an arbitrary dynamics on a spin-% system, we merely

6.1)

“This includes, as a special case, the problem of simulating
measurements when we are concerned with simulating not just their
informative aspect, but the particular update rule as well.
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need to specify these modes of asymmetry of p. Again from
the result of Sec. III A we can see that the components of p in
these modes are uniquely specified by the following eight real
parameters:

w=1modes: (Ly),(Ly),(L;),

u = 2 modes : (Li),(Li),(LxLy +L,Ly), (6.2)

(LyL,+L.L,), (LyL,+ L.Ly).

So to summarize, we have shown the following.

Proposition 8. Consider a spin-j system in state p as
a quantum reference frame. Its performance in simulating
channels on a spin-%. systgm is uniquely specified by the eight
real parameters specified in Eq. (6.2).

B. Generalization to arbitrary systems

In the previous section we considered the problem of
simulating measurements and channels on spin—% systems. In
this section we generalize these results to arbitrary systems.
We start with a generalization of Propositions 6 and § .

Theorem 2. Consider a spin-j system in state p as a
quantum reference frame. Its performance for simulating a
measurement (channel) on a system with Hilbert space H
is uniquely specified by (2/ + 1?2 —1 [(4 + 1) —1] real
parameters, where / is the largest angular momentum quantum
number which shows up in the decomposition of H into irreps
of SO(3). These parameters of p correspond to the expectation
values of all the nontrivial irreducible tensor operators with
rank less than or equal to 2/ (41).

The proof is presented in Appendix B. Note that an arbitrary
state p of a spin-j system is specified by (2j + 1)* — 1 real
parameters. However, the above result implies that the number
of parameters of p that are relevant for its performance in the
simulation task depends only on [/, the size of the system to
which the measurement or channel is applied, and not on j,
the size of the quantum reference frame.

An important special case is where the state p is invariant
under rotations around some axis 7. This special case has been
previously considered for example in [6]. From Theorem 2 we
get the following.

Corollary 2. Consider a spin-j system in state p as a
quantum reference frame, and suppose that o is invariant
under rotations around the direction 7i. Its performance in
simulating a measurement (channel) can be uniquely specified
by 2/ (4l) real parameters corresponding to the moments
{tr(pL%) : 1 < k <21} ({tr(pLk) : 1 < k < 41}), where Lj is
the angular momentum operator in the 7 direction.

Note that to specify an arbitrary state p of a spin-j system
which has the relevant symmetry property (invariance under
rotations around direction 7i), one needs 2 j real parameters. An
instance of these parameters is {tr(,oLz) 11 < k < 2j}. This
particular characterization of states is used in [6] to specify
how the quality of a quantum reference frame degrades after
using it to simulate a channel or measurement.

In particular, they use this characterization to study the
problem of simulating channels on a spin-% system and
of simulating measurements on a spin-1 system. However,
from the result of Corollary 2 we know that to specify the
performance of the quantum reference frame in both of these
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cases, we only need to specify two real parameters, namely,
tr(pL;) and tr(pL2). As we see next, this can lead to a
significant simplification of the problem of characterizing how
a quantum reference frame degrades when used to implement
measurements and channels on another system.

C. Degradation of quantum reference frames

Using a quantum reference frame to simulate a symmetry-
breaking measurement or channel will inevitably degrade
it. This degradation of quantum reference frames can be
understood as a manifestation of the fact that obtaining
information about a quantum system will necessarily disturb
it.

For example, in the case of rotational symmetry, consider
a quantum reference frame which specifies an unknown
direction in space. We can use this quantum reference frame
to simulate a rotation around this unknown direction on an
object system. Then, by comparing the initial and final states
of the object system we can obtain some information about
the unknown direction. So using a quantum reference frame
for simulating a rotation can be understood as performing a
measurement on the quantum reference frame and since we
thereby obtain some information about the quantum reference
frame, its state is necessarily disturbed in the process.

Different aspects of the degradation of quantum refer-
ence frames have been studied in several papers (see, e.g.,
[3-6,10,11,32,33] and the references in [2]). A central question
studied in these papers is how the performance of the quantum
reference frame for simulating the measurement or channel
drops as a function of the number of implementations of the
latter.

A natural special case of the degradation problem, consid-
ered in [3,4,6], is where the average of the state of the system
to which the measurement or channel is applied is symmetric.
In other words, each time we use the quantum reference frame
to simulate an operation on the object system, the initial state
of the object system is chosen at random from an ensemble the
average state of which does not break the symmetry. So, for
example, in the case of rotational symmetry, which we study in
this section, the average state of the object system is assumed
to be rotationally invariant.

Then it follows that under this assumption the degradation
of the quantum reference frame will be described by a
rotationally covariant channel. In other words, the state of
the quantum reference frame after k uses, denoted py, will be

Pr = Epeg(Pk—1), (6.3)

where Epeg is a G-covariant channel. This implies that, under
this assumption about the distribution of the states of the
object system, different modes of asymmetry of the quantum
reference frame degrade independently, i.e.,

V(uom): p™ = Epeg(p").

This simple observation can greatly simplify the analysis.
Consider the case of spin-j quantum reference frames
for direction. First, note that this observation together with
Theorem 2 implies that the quality of simulation of a channel
or measurement on an object system after using the quantum
reference frame for arbitrary number of times only depends on

(6.4)
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a fixed number of parameters of the initial state of the quantum
reference frame and this number is independent of the size of
the quantum reference frame.

Furthermore, from Example 3 we know that since the
channel £p, which describes the degradation of the quantum
reference frame is rotationally covariant it holds that

VY (em) s pt" =W pt, (6.5)

where {c™} is a set of real coefficients which describe the
channel Epee and V w : [c"| < 1. Then, since, for a spin-j
representation of SO(3), the elements of the irreducible tensor
operator basis {7’} are multiplicity-free it holds that pi*" =

tr(pe T TY and, therefore,

Y (u,m): tr(ka(M)T) — c(’”tr(pk_lT,f,’“‘”).

m

(6.6)

So if p and p; are respectively the initial state of the quantum
reference frame and its state after k uses, then it holds that

Y (um) (o TYT) = () (o TOT). (6.7)
Since |¢"| < 1 we can conclude that each of the modal
components of the state of the quantum reference frame either
remains constant or decays exponentially.

Example 5. Here we consider the scenarios studied in [6],
where a spin-j system is used as a quantum reference frame to
simulate channels on a spin-% system and measurements on a
spin-1 system. Furthermore, it is also assumed that the average
of the state of the object system is rotationally invariant. This
implies that the channel which describes the degradation of
the quantum reference frame is also rotationally covariant. It
is also assumed in [6] that the state of the quantum reference
frame is initially invariant under rotation around an arbitrary
direction which we denote by Z. Note that since the degradation
of the quantum reference frame is described by a rotationally
covariant channel, the state of the quantum reference frame
will remain invariant under rotations around Z.

Now from Theorem 2 and Corollary 2 we know that the
performance of the state p of this quantum reference frame for
these simulations is uniquely specified by two real parameters:
The components of p in modes (u =1, m =0) and (u =
2, m = 0). These are specified by

w(pT 45 1) = Ayt(pLy),

m=0
and tr(pTrfl”“:T)z)Jf) = Aytr[p(3L% — L?)],

where A; and A, are independent of p.°> Note that since the
state p by assumption is confined to the irrep j of SO(3), it
follows that tr(pL?) = j(j + 1) and so

(o7 57T = Ao[3u(pL?) — j(j + D]

In other words, the quality of simulation is uniquely specified
by the expectation values of the first and the second moments
of L, for p.

Now using Eq. (6.7) we can conclude that if the initial
state of the quantum reference frame is p and if we have used

SAl_I = \/U(Tf)and Az_1 = Ju(BLZ - L7P).
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the quantum reference frame k times, then the quality of the
(k + 1)th simulation is uniquely specified by

tr(prL;) = (VY tr(pL,) (6.8)

and

tr(pkL2) = [cPVtr(pL2) + [1 — (C(W]@’ (6.9)
where {c™)} is the set of coefficients which describe the
degradation channel £peg. So, in the example studied in [6],
the only properties of the channel £p, which are relevant to
specify the drop in the quality of simulation after many uses
are the two real coefficients ¢V and ¢®. Finally, note that
since (V| < 1 then Eq. (6.8) implies that the absolute value
of tr(px L) is either constant or decays exponentially with k.
Similarly, since |¢®| < 1, then Eq. (6.9) implies that tr(ox L?)
is either constant or exponentially saturates to j(j + 1)/3,
which is the expectation value of Lg for the completely mixed
state.
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APPENDIX A: QUANTUM COHERENCE AS ASYMMETRY
RELATIVE TO PHASE SHIFTS

We here argue that quantum coherence, considered as a
resource, is simply the resource of asymmetry relative to phase
shifts.

Consider the case of coherence between the eigenspaces
of a number operator N. For the phase complementary to N,
the group of phase shifts is represented by the set of unitaries
{€?N : 6 € (0,2]}. Clearly, the set of states that are invariant
under phase shifts are those that are block-diagonal relative to
the eigenspaces of the number operator, i.e., precisely those
that have no coherence relative to these eigenspaces. Hence, a
state with coherence is one that has some asymmetry relative
to phase shifts.

Another observation which supports this view of coherence
is that phase-insensitive operations, that is, operations that
commute with all phase shifts, cannot generate coherence.
In other words, under a phase-insensitive time evolution,
incoherent states such as |n)(n| or %(|O) (O] 4 |n){n|) cannot
evolve to states which have coherence. From the point of view
of the theory of asymmetry, this is a special example of the
more general fact that for any given symmetry, symmetric
time evolutions cannot take symmetric states to asymmetric
states. Therefore, the problem of quantifying and classifying
coherence can be considered as a special case of the theory of
asymmetry where the group under consideration is U(1). The
theory of asymmetry is more general, however, because it also
concerns non-Abelian groups, such as SO(3), where there is
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no preferred set of subspace coherences between which imply
asymmetry.

A slightly different approach to the study of coherence
was recently proposed in [34]. Instead of focusing on phase-
insensitive operations, the focus is on a class of incoherent
operations, which is defined as the set of all operations
that transform every incoherent state to another incoherent
state. One can easily show that incoherent operations are a
proper subset of phase-insensitive operations: For instance, for
any n # m and n’ # m’, the transformation «|n) + gjm) —
a|n’) + Blm’) can be realized via an incoherent operation,
while it is forbidden under phase-insensitive operations unless
n —m = n’ — m’. In other words, incoherent operations allow
arbitrary permutations among the number eigenspaces. It
follows that all states of the form «|n) + B|m) for n # m are
equivalent (i.e., reversibly interconvertible) under incoherent
operations, whereas they are not all equivalent relative to
phase-insensitive operations.

To decide which of these two subsets of quantum oper-
ations is best suited to define coherence as a resource, one
should consider whether there is some realistic restriction on
experimental capabilities that would imply the realizability
of only this subset. In other words, we ask whether one can
provide an operational interpretation of either subset. Just an
interpretation exists for phase-insensitive operations: These
arise from the restriction that is imposed on a pair of parties
when they lack a shared phase reference [2]. For instance, if
the phase describes the configuration of an oscillator that is
acting as a clock, then if two parties fail to have synchronized
clocks, they lack a shared phase reference. In these situations
the transformation «|n) + Blm) —> «a|n’) 4+ B|lm’) cannot
happen unless n — m = n’ —m’. On the other hand, it is not
clear if there is any operational scenario which motivates the
study of incoherent operations.

This analysis is bolstered by considering a similar distinc-
tion in entanglement theory. The subset of quantum operations
that is taken to define the resource of entanglement is the
set of local operations and classical communication (LOCC).
This is distinct from the set of nonentangling operations,
the operations which map unentangled states to unentangled
states. The latter set in particular includes nonlocal operations
such as swapping two separated systems. There is no obvious
restriction on experimental capabilities that would permit
swapping without also permitting the use of a quantum
channel. In other words, while the set of LOCC operations
has a clear operational meaning, the set of nonentangling
operations does not. Nonlocal operations such as swap are the
counterpart, within the set of nonentangling operations, of the
general permutations within the set of incoherent operations:
Neither seems to admit of a good operational interpretation.

APPENDIX B: PROOFS
1. Proof of Lemma 1

Since {SY"*} is a basis for B(Hou), then for any map €

E(TV) = 3 cpmwmmapSy”

w,m',p

(BI)
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for some coefficients c¢(u,u’;m,m’;a, ). Now we apply the
superoperator U, to both sides of the above equation. Applying
U, on the left-hand side and using G covariance of £, we get

Ug(é'(ﬂfj‘ ) = E(U,( T(" a) ) = Z o) (@) &( Tn(lu a))

(B2)
On the other hand, applying U/, to the right-hand side of
Eq. (B1) we get

(n',B)
Uy Z Clu, ' sm,m’ s, B) Sy

w,m’,p
Z Clu,u'sm,m';a, B) Zu(l ;) (g)S,(,fo"ﬁ)‘
w.m',p

Equating the right-hand sides of the above two equations and

using the orthogonality of the functions {u(" ) ,(g)}, we find
that ¢, ;/:m,m",a, ) €an be written as

Clu, ' sm,m’ s, B) = ‘SmM"SMM’C;(Sl;)- (B3)
So we conclude that
T(M a) Z C(M)S(u B (B4)

Note that the orthonormality of the basis {S5“*"} implies
1 = w(SePTe(T0)),

which holds for all m. Finally, we notice that the orthonormal-
ity of the basis {7/®} together with linearity of & implies

(BS)

EX)= > (T TX)ETI). (B6)

wom,o

These last three equations together prove the lemma.

2. Proof of Theorem 2

We start by the proof in the case of measurements. This
proof follows exactly the same as the proof in the special case
of spin-% systems. Suppose H is the Hilbert space of the system
on which we simulate the measurement. Then by assumption
the largest irrep of SO(3) showing upin His/l.Let g — U(g)
denote the projective representation of SO(3) on H.

Then, as we have seen in Sec. III A the set of possible
ranks of the irreducible tensor operators acting on H is the
same as the set of all irreps of SO(3), which show up in the
representation g — U(g) ® U(g). However, from Sec. Il A
we know that in the case of SO(3) this set is equal to the set of all
irreps which show up in the representation g — U(g) ® U(g).
Now since the maximum irrep in the representation g — U(g)
is [ then the maximum irrep in the representation g — U(g) ®
U (g) is 21. Therefore, we conclude that the maximum rank of
an irreducible tensor operator acting on H is 2/.

Now from Lemma 3 we know that the channel describing
the informative aspect of an arbitrary measurement on this
space has mode in the set {(u,m): u < 2I}. This together
with Lemma 4 implies that to specify the performance of
state p of quantum reference frame to simulate measurements
on this system, we only need to specify the components of
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p in all modes with p < 2/. However, since the irreducible
tensor operators acting on the space of spin-j system have no
multiplicity, there is only

2l

Z(Zk +1)= Q2 +1)?

k=0

independent irreducible tensor operators with rank less than
or equal to 2/. Furthermore, the rank O tensor operator is
proportional to the identity operator and so the component
of p in this mode is fixed by the normalization. This implies
that the performance of the quantum reference frame is
determined by specifying at most (2/ 4+ 1)> — 1 complex
numbers corresponding to the expectation values of the density
operator p for all nontrivial irreducible tensor operators with
rank less than or equal to 2/. Furthermore, in the case of
SO(3), as we have seen in the discussion after Eq. (3.5), the
Hermitian conjugate of a component of an irreducible tensor
operator with rank g is still in the subspace spanned by rank
w irreducible tensor operators. This implies that this subspace
has a basis which is formed only from Hermitian operators.
This together with the fact that the density operator p itselfis a
Hermitian operator imply that the components of p for modes
with rank less than or equal 2/ are uniquely specified by at
most (21 + 1)> — 1 real parameters. This completes the proof
of Theorem 2 in the case of measurements.

Proof in the case of channels follows in the same way.
The only difference is that the set of all possible modes that
a quantum channel acting on the system with Hilbert space
‘H can have is determined by irreps which show up in the
representation

g~ U@RUERUER®UQY

of SO(3). Now, since the highest angular momentum which
shows up in the representation g — U(g) is [, then the
highest angular momentum which shows up in the above
representation is 4/. So an arbitrary channel acting on H can
have mode in the set {(;t,m) : u < 4l1}. So, from Lemma 4 to
specify the performance of the quantum reference frame for
simulating channels acting on this space we need to specify
the components of p for all modes with rank less than or equal
to 4l. The rest of argument follows exactly the same as the
argument for the case of measurements.
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3. Proof of Corollary 2

We present the proof for the case of measurements. The
proof for the case channels follows exactly in the same way.

From Theorem 2 we know that to specify the performance
of state p as a quantum reference frame we need to specify all
components of p for all modes {(u,m) : 1 < u < 21}

Without loss of generality, we assume state p is invariant
under rotations around Z. Now for each mode (u,m # 0), the
corresponding component of the irreducible tensor operator
basis, i.e., T,fl“ ), is not invariant under rotation around Z. Then
it follows that for all modes (u,m # 0) the component of p in
those modes is zero, i.e.,

Y (om #0): p%m = uw(pTT) = 0.

So we conclude that if the state p is invariant under rotation
around Z, then to specify it as a quantum reference frame we
only need to specify its components in modes {(,0): 1 <
u < 21}, Now using Eq. (3.6) we can easily show that the
subspace spanned by

is the same as the subspace spanned by
U(T) 1< k< 21),

To see this we use Eq. (3.6) to decompose the product
of irreducible tensor operators to the sum of irreducible
tensor operators. Then Eq. (3.6) implies that the problem of
decomposing (Tn?;o)k to irreducible tensor operators is exactly
equivalent to the problem of decomposing state |j = 1,m =
0)®* to irreps of SO(3). It follows that that (i) (Tnglz)o)" has a

nonzero component in mode (u = k,0) and (ii) (Tn(llz)o)k does
not have any nonzero component in modes (© > k,0).

So it follows that the span of {Tn(f:)0 :1 < <21 is the
same as span of {(Trffz)o)k : 1 < k < 2I}. So to specify all
the components of p in modes {(u,0):1 < u < 2/} one
can specify all the moments of {tr[p(T,ElI:)O)"] 1 <k <20
or equivalently the moments {tr(pL’Z‘): 1 < k < 2I}. This
completes the proof of Corollary 2.
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