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To what extent does Noether’s principle apply to quantum channels? Here, we quantify the degree to
which imposing a symmetry constraint on quantum channels implies a conservation law and show that this
relates to physically impossible transformations in quantum theory, such as time reversal and spin
inversion. In this analysis, the convex structure and extremal points of the set of quantum channels
symmetric under the action of a Lie group G becomes essential. It allows us to derive bounds on the
deviation from conservation laws under any symmetric quantum channel in terms of the deviation from
closed dynamics as measured by the unitarity of the channel £. In particular, we investigate in detail the
U(1) and SU(2) symmetries related to energy and angular momentum conservation laws. In the latter case,
we provide fundamental limits on how much a spin-j, system can be used to polarize a larger spin-jz
system, and on how much one can invert spin polarization using a rotationally symmetric operation.
Finally, we also establish novel links between unitarity, complementary channels, and purity that are of

independent interest.
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I. INTRODUCTION

A. Symmetry principles versus conservation laws

Noether’s theorem in classical mechanics states that for
every continuous symmetry of a system there is an
associated conserved charge [1-3]. This fundamental result
forms the bedrock for a wide range of applications and
insights for theoretical physics in both nonrelativistic and
relativistic settings. Quantum theory incorporates Noether’s
principle at a fundamental level, where for unitary dynam-
ics generated by a Hamiltonian H we have that an
observable A is conserved, in the sense of (y|A|y) being
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constant under the dynamics for any state |y), if and only if
[A,H| = 0. In quantum field theory, Noether’s theorem
gets recast as the Ward-Takahashi identity [4,5] for n-point
correlations in momentum space.

In all of the above cases, a continuous symmetry
principle is identified with some conserved quantity.
However, the most general kind of evolution of a quantum
state, for relativistic or nonrelativistic quantum theory, is
not unitary dynamics but instead a quantum channel. This
broader formalism includes both unitary evolution and
open system dynamics, but also allows more general
quantum operations such as state preparation or discarding
of subsystems. It is therefore natural to ask about the status
of Noether’s principle for those quantum channels that obey
a symmetry principle.

A quantum channel £ [6] takes a quantum state p, of a
system A into some other valid quantum state oz = E(p,)
of a potentially different system B. The channel respects a
symmetry described by a group G, if we have that
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FIG. 1. Disconnect between symmetries and conservation laws
for open quantum dynamics. Every continuous symmetry of the
closed unitary evolution implies a conserved charge, but under
the same symmetry constraints, quantum channels may change
the expectation value of such charges.

E(UA(9)paU}(9)) = Up(g)osUj(g) (1)

for all g € G, where U(g) denotes a unitary representation
of the group G on the appropriate quantum system.

However, even in the simple case of the U(1) phase
group U(6) = N generated by the number operator N,
we know from quantum information analysis in asymmetry
theory [7] that situations arise in which the symmetry
constraint is not captured by (N) := tr(Np) being constant
[8]. Indeed, even if we were given all the moments (N*) of
the generator N of the symmetry, together with all the
spectral data of the state p,, this turns out to still be
insufficient to determine whether p, may be transformed to
some other state op while respecting the symmetry.
Conversely, given a symmetry principle, there exist quan-
tum channels that can change the expectation of the
generators of the symmetry in nontrivial ways. These facts
imply that a complex disconnect occurs between sym-
metries of a system and traditional conservation laws when
we extend the analysis to open dynamics described by
quantum channels; see Fig. 1. Given this breakdown of
Noether’s principle, our primary aim in this work is to
address the following fundamental question:

Q1. What is the maximal disconnect between symmetry
principles and conservation laws for quantum chan-
nels?

Surprisingly, we shall see that this question relates to the
distinction between the notion of an active transformation
and a passive transformation of a quantum system.

B. Active versus passive: Forbidden
transformations in quantum mechanics

In quantum mechanics, the time-reversal transformation
t — —t is a stark example of a symmetry transformation
that does not correspond to any physical transformation that

could be performed on a quantum system A [9]. More
precisely, within quantum theory, time reversal must be
represented by an antiunitary operator ®, and so it cannot
be generated by any kind of dynamics acting on a quantum
system. Instead, time reversal is a passive transformation,
namely, a change in our description of the physical system.
On the other hand, active transformations, such as rotations
or translations, are physical transformations with respect to
a fixed description (coordinate system) that can be per-
formed on the quantum system A. Time reversal, therefore,
constitutes an example of a passive transformation that is
without any corresponding active realization. This is in
contrast to spatial rotations of A which admit either passive
or active realizations.

If A is a simple spin system, then the action of time
reversal on the spin angular momentum J degree of
freedom coincides with spin inversion, which transforms
states of the system as py — 7 (p,) = ©p,0O7. In the
Heisenberg picture, this transformation sends J — —J.
Indeed, while spin inversion is seemingly less abstract
than time reversal, it constitutes another symmetry trans-
formation in quantum theory that is forbidden in general—
a passive transformation with no active counterpart.

The strength of this prohibition on spin inversion
actually depends on the fundamental structure of quantum
theory itself. This can be seen if we ask the question: What
is the best approximation to spin inversion that can be
realized within quantum theory through an active trans-
formation, given by a quantum channel &£, of an arbitrary
state p, to some new state E(p,)? If we restrict to the
simplest possible scenario of A being a spin-1/2 particle
system, we have that spin inversion coincides with the
universal-NoT gate for a qubit. It is well known that such a
gate is impossible in quantum theory [10], and the best
approximation of such a gate is a channel S_ that trans-
forms any state p with spin polarization P(p,) = tr(Jpy4)
into a quantum state S_(p,) such that

P(rs) = PS_(p1) = =3P ()

We refer to S_ as the optimal inversion channel for the
system.

It is important to emphasize that the prefactor of —1/3 is
fundamental and cannot be improved upon. Its numerical
value can be determined by considering the application of
quantum operations to one half of a maximally entangled
quantum state; anything closer to perfect spin inversion
would generate negative probabilities and would thus be
unphysical. Indeed, if we remove entanglement from
quantum theory, by restricting to separable quantum states,
then there would be no prohibition on spin inversion of the
system [11].

While this limit is easily determined for spin-1/2
systems, it raises the more general question:
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Q2. What are the limits imposed by quantum theory on
approximate spin inversion and other such inactive
symmetries?

Here, an inactive-symmetry transformation simply
means a symmetry transformation that is purely passive
and does not have an active counterpart. More precisely,
and focusing on spin inversion, the question becomes the
following: Given any quantum system A, what is the
quantum channel &£ that optimally approximates spin
inversion on A? For a d = 2 qubit spin system, this analysis
essentially coincides with looking at depolarizing channels.
However, for a d > 2 spin system, this connection with
depolarizing channels no longer holds, and a more detailed
analysis is required to account for the spin angular
momentum of the quantum system.

C. Structure and scope of the problem

In this paper, our main focus is on the maximal
disconnects between symmetry principles and conservation
laws. We focus on symmetries corresponding to Lie groups,
and the dominant case is the SU(2) rotational group. This
provides an illustration of the nontrivial structures involved,
but it also shows that the problem of performing an optimal
approximation to spin inversion arises naturally. We do not
consider more general inactive symmetries, but leave this to
future work.

We first fully solve Q2 for the case of spin inversion and
show that this can be better and better approximated at a
state level as we increase the dimension of the spin.
However, this has an information-theoretic caveat that
things look quite different at a quantum channel level.
The solution of spin inversion also connects with a
seemingly paradoxical ability to perform spin amplification
under rotationally symmetric channels. We diagrammati-
cally present these results in Fig. 2.

Spin inversion

Spin - j4 system  s@is 1)

T UatD@2iat1

) Spin - jp system

N

Spin amplification
Jjp+1
Jja+1

Ky <

FIG. 2. Spin inversion and amplification. There exist quantum
channels that can invert or amplify the polarization of a spin
system while exactly respecting SU(2) rotational symmetry. The
values x. provide the ultimate limits of such processes and
depend only on the dimension of the spin systems involved.

Both spin inversion and spin amplification turn out to be
two extremal deviations from Noether’s principle and thus
lead to the central question Q1. Here, we derive general
bounds on deviations from conservation laws for general
groups and systems. These describe the trade-off between
allowed deviations and the departure from closed unitary
dynamics as schematically portrayed in Fig. 3. Crucially,
the quantity we use to measure the departure from closed
unitary evolution is extremely well suited to physical
scenarios: not only does it have a clean theoretical basis,
but also it is experimentally measurable and avoids the
exponential cost of full tomography of a quantum channel.

The nature of the considered questions requires one to
understand the structural aspects of the set of symmetric
quantum channels and, in particular, to have a strong
handle on the extremal points of this set. One also needs
an operationally sensible way to cast questions Q1 and Q2
into quantitative and well-defined forms. To these ends, we
extend previous results on the structure of symmetric
channels [12-16] and derive novel relations for the unitarity
of a quantum channel [17], both of which are of indepen-
dent interest to the quantum information community. Our
primary methodological advances lie in combining the
concept of unitarity, which is efficiently estimable, with
harmonic analysis tools for quantum channels. The value of
this new methodology is that it provides the means to
address abstract features of covariant quantum channels
normally expressed in terms of irreducible tensor operators,
diamond norm measures, resource measures, etc., with
quantities that are readily accessible via experimental
methods.

Since our results provide general bounds on the behavior
of expectation values of observables under symmetric
dynamics, we believe that they may be of relevance to
scientists working in quantum open systems, decoherence
theory, and quantum technologies [18]. We explain in more

Deviating
charges

Deviation from
conservation law

Conserved
charges

Closed Open
dynamics dynamics

Level of decoherence

FIG. 3. Robustness of Noether’s principle and trade-off rela-
tions. A qualitative description of trade-off relations between
deviation from conservation laws and level of decoherence under
the dynamics of a symmetric channel. While the red upper bound
exists for all symmetries described by connected Lie groups, the
lower bound is present when quantum systems have multiplicity-
free decompositions.
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detail how our work connects with the problem of bench-
marking quantum devices [19,20], how it can be applied to
improve error mitigation in quantum simulations [21], how
it could be extended to study quantum-measurement theory
[22], and how it bounds the thermodynamic transforma-
tions of quantum systems [23]. In each of these cases, we
specify how concrete applications of our results can be
made. Moreover, as Noether’s principle is fundamental
and far-reaching, our studies are of potential interest to
people investigating foundational topics and relativistic
physics [24,25].

The structure of the paper is as follows. In the next
section, we give a detailed overview of our main results,
and then in the rest of the paper, we gradually introduce all
the necessary ingredients that allow us to rigorously
address the questions posed here and derive our results.
In Sec. III, we introduce the notation and provide prelimi-
naries on covariant quantum channels. Next, in Sec. IV, we
define quantitative measures of the departure from con-
servation laws and from closed unitary dynamics.
Section V contains the technical core of our paper with
a detailed analysis of the convex structure of the set of
symmetric channels. In Sec. VI, we then use these
mathematical tools to address the problem of spin inversion
and amplification, while in Sec. VII we derive trade-off
relations between conservation laws and decoherence.
Section VIII is devoted to potential applications of our
results to various fields of quantum information science.
Finally, Sec. IX contains the conclusions and outlook.

II. OVERVIEW OF MAIN RESULTS

The central message of our work is that we extend
Noether’s principle and the general relationship between
symmetry and conservation laws to arbitrary quantum
evolutions with a natural regulator to measure the openness
of the dynamics, which can be efficiently estimated
experimentally. We thus provide a concrete methodology
to answer questions Q1 and Q2 that is framed in terms of
experimentally accessible quantities and can be directly
applied to the developing field of quantum devices and
technologies. In what follows, we describe the key specific
features of this framework.

A. The optimal spin inversion channel

We first address question Q2 by studying in detail the
problem of approximating spin-polarization inversion for
spin-j4 system A with (2, + 1)-dimensional Hilbert space
‘H4. The higher-dimensional spin angular momentum
observables J, = (J%,J,J3) along the three Cartesian
coordinates generate rotations corresponding to elements
g € SU(2), which act on the system via the unitary
representations U, (g) describing the underlying symmetry
principle. A channel £:B(H,) — B(H,) is symmetric
under rotations, or SU(2) covariant, if it satisfies Eq. (1)

for all states py € B(H,) and g € SU(2) (since the input
and output systems are the same, we have B = A). Now,
rotational invariance ensures that the symmetric channel £
acts on single-spin systems isotropically. As a result, spin-
polarization vector Pf(p,) of an initial state p, is simply
scaled by the action of &, i.e.,

P(E(pa)) = F(E)P(pa) (3)

for a single parameter f(£) that is independent of p, or the
spatial direction. The question Q2 thus amounts to deter-
mining the symmetric quantum channel S_ with coefficient
f(S_) that is as close as possible to —1 (which can be
achieved only by the unphysical spin inversion operation).

As the set of all symmetric channels is convex, this
becomes a convex optimization problem whose solution is
attained on the boundary of the set. The convex structure of
SU(2)-symmetric quantum channels on spin systems has
been previously examined by Nuwairan in Ref. [14], where
a characterization of extremal channels is given. We review
these results in Sec. V A and extend the analysis in terms of
the Liouville and Jamiotkowski representations of channels
(see Sec. III for details). This, in turn, allows us to directly
compute the scaling factors f(€) for any symmetric
channel.

The convex set of SU(2)-covariant quantum channels
on a spin-j, system forms a simplex with 2j, + 1
vertices, each corresponding to a completely positive
and trace-preserving (CPTP) map £ labeled by an integer
L €{0,...,2j,}. Therefore, any such symmetric channel £
is a convex combination of these extremal covariant
channels:

2ja

£=Y pE, (4)
L=0

where {p; }ijio forms a probability distribution.

The following result gives the best physical approxima-
tion to spin inversion and is proved and generalized to
different input and output systems in Theorem 9 of
Sec. VIB.

Result 1. The optimal spin-polarization inversion chan-
nel is achieved by S_ := £%/4, the extremal point of SU(2)-
covariant channels with the largest dimension 2j, + 1 of
the environment required to implement it. It results in an
inversion factor

Ja .
f8) == Hg==1400/i). )
This generalizes the previous result on optimal approx-
imations of a universal-NOT gate under rotational symmetry
and determines a fundamental limit that quantum theory
imposes on the specific task of (universally) inverting the
spin of a quantum system. The higher the dimension of the
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system, the larger the maximal spin inversion factor.
Specifically, the optimal channel S_ in the limit j, — oo
approaches f(S_) — —1, which is the value obtained under
the inactive spin inversion transformation. However, this
feature alone does not imply that the channel S_ behaves
more like spin inversion as the dimension of the system
increases. As shown previously [8], once one goes beyond
unitary dynamics, the angular momentum observables do
not provide a complete description of symmetry principles
and information-theoretic aspects become crucial.

To explicitly quantify this aspect, in Sec. VIC we
compare the fidelity between the output of an active
symmetric channel versus the passive transformation of
spin inversion 7. We restrict to input states p, within the
convex hull of spin-coherent states, as these behave
classically in the sense of saturating the Heisenberg bound.
We find that the output fidelity is given by

FEw). T = (1-124-) ©)

which is maximized whenever p,; =1, i.e., whenever &
coincides with the optimal spin inversion channel S_.
Notice that while f(S_) approaches —1 as we increase j,
the fidelity achieves only F(S_(p4),7 (p4)) — 1/2 in the
limit, with the highest bound occurring for j, = 1/2. In
other words, the actions of the symmetric channel £ and the
passive transformation 7 on quantities beyond P(p,)
distinguish the two and limit the fidelity at the state level.

B. Spin amplification

The simple structure of the extremal points of SU(2)-
covariant channels generalizes to the situation where the
input and output spaces correspond to different irreducible
spin systems. We discuss all these aspects in Sec. VA and
extensions to general compact Lie groups in Sec. V B. The
convex set of symmetric channels £:B(H,) — B(Hp),
where H, and Hjp are Hilbert spaces for spin-j, and spin-
Jp systems, forms a simplex now with 2max(jyu, jz) + 1
extremal points. In this scenario, it also holds that the spin
polarization of any input state is scaled isotropically by a
constant parameter f(€), which depends only on the
particular symmetric channel £. While for j, = jp, it
was always the case that f(£) < 1, this no longer holds
true for jp > j4, and the spin can be amplified under a
symmetric open dynamics. The ultimate limits of this are
derived in Theorem 10 and are summarized as follows.

Result 2. Let us denote by x, = max¢ f(£), where the
maximization occurs over the convex set of SU(2)-
covariant channels £:B(H,) — B(Hjp). Then the maximal
spin amplification factor x, is given by

Ky = J._B for j, > j, (7a)
JA

_Jjpt1
Tjat+1

for j4 < jg. (7b)

The above result may initially seem paradoxical: Using
purely rotationally invariant transformations on a quantum
system, we are free to arbitrarily increase the expectation
value of angular momentum. This provides a dramatic
example of the disconnect between symmetry principle and
conservation laws. This surprising spin amplification effect
requires that the dynamics is not unitary but is instead given
by a quantum channel with nontrivial Kraus rank, and the
intuitions we acquire while dealing with unitary evolution
fail badly when we look at more general open quantum
dynamics.

But where does this new angular momentum come from?
Here, the ability to perform approximate spin inversion
comes in. Any symmetric quantum channel can be purified
to a Stinespring dilation involving a symmetric unitary V
and an environment F in a pure state |7) . with zero angular
momentum [26-28],

E(pa) = trcV(pa @ In)e(n) V", (8)

where we have that AE and BC denote the two different
ways of factoring the global system. Since angular momen-
tum is exactly conserved across the joint system AE, we see
that we must have

P(ps) = P(E(pa)) + P(E(pa)). )

where & denotes the complementary channel to £ obtained
by tracing out B after the action of the global unitary V [6].
We now see that spin inversion and spin amplification are
complementary to each other. Namely, given any spin
amplification for which f(£) > 1, Eq. (9) necessarily
implies that the complementary channel must have
f(€) <0, and thus is a spin inversion channel. Some of
these features have been discussed previously from the
perspective of asymmetry theory [29] and earlier in relation
to optimal cloning and the universal-NOT gate [30]. In
particular, the complementary channel of the optimal spin-
polarization inversion channel S_ will be the maximal spin
amplification S_:B(H,) — B(Hjp) between a spin-j,
system and a spin-jz = 2j, system. This generalizes to
optimal spin-polarization inversion channels between spin
systems of different dimensions.

From the perspective of asymmetry theory, every re-
source measure is monotonically nonincreasing under
symmetric channels, and thus, the fact that polarization
can be increased implies that spin polarization cannot be a
proper measure of asymmetry [29]. The polarization may
increase, but its ability to encode a spatial direction must
become inherently noisier. This is also in agreement with
the no-stretching theorem [31] for spin systems.
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C. Conservation laws vs decoherence:
Quantitative trade-off relations

Starting from Q2, we analyze to what degree a spin
inversion is possible within quantum theory. This leads us
to consider symmetric quantum channels, and we find that
both spin inversion and spin amplification are directly
related and can be approximately performed under the
symmetry constraint. These two examples are maximal
disconnects between symmetric dynamics and conservation
laws and thus bring us to the broader issue of question Q1.

In order to address it properly, we first need to define
measures quantifying the deviations from conservation
laws and from unitary dynamics. We also generalize the
discussion to symmetries described by an arbitrary compact
Lie group G and introduce quantitative measures for
probing how much the conserved charges associated with
symmetry generators {JX}7_ and {J§}"_, can fluctuate
between initial and final states p, and &(p,) for a
G-covariant channel €. To that end, in Sec. IV we introduce
the notion of average total deviation from a conservation
law, which we define as the average L, norm of the
difference in expectation values between y = |y 4) (w4 | and
E(y) of the generators. Explicitly,

8= [ lew)sh—wstiPar.  (10)
k=1

where the integration is with respect to the standard Haar
measure on pure states.

To quantify how close a channel £ is to a unitary
dynamics, we employ the notion of unitarity first defined
in Ref. [17]. It is defined as the average output purity over
all pure states with the identity component subtracted, i.e.,

da I \?
YL )
and satisfies (&) < 1 with equality if and only if £ is a
unitary channel. Note that previously this was defined only
for channels between the same input and output spaces but,
as we explain in Sec. IV, the definition can be generalized.
We also provide a simple characterization of unitarity in
terms of the complementary channel describing the back-
flow of information from the environment and relate it to
the conditional purity of the corresponding Jamiotkowski
state. These results, which may be of independent interest,
can be summarized as follows.

Result 3. Let u(&) be the unitarity of an arbitrary
quantum channel £ from input system A to output system
B, then

(1) Purity representation:

u(€) =

2
W)= (T E). (12

where y415(p) = 7(pan) — (1/da)y(ps) is the condi-
tional purity of a bipartite state with y(p) := tr(p?),
and J(&) is the Jamiotkowski state of quantum
channel &.

(2) Complementary channel representation:

W(E) = A (A E(L /) - WIEW /)]
A
(13)

where & is the complementary channel to £ in any
Stinespring dilation.

(3) Zero decoherence: We have that u(€) =1 if and

only if £ is an isometry channel.

Thus, unitarity can be understood both as a purity-based
measure of correlations in the Jamiotkowski state, or
alternatively, as a trade-off between the output purities
for the channel and its complement. This result is inde-
pendent of symmetry-based questions and holds for arbi-
trary quantum channels.

When do conservation laws hold? For a unitary sym-
metric dynamics, the corresponding conservation laws will
always hold, but generally this is no longer true for
symmetric quantum channels. There will be situations,
however, when the degrees of freedom that decohere
through interactions with the environment have no effect
on the expectation values of the generators. In Sec. VII B,
we give the most general form of such a covariant channel
that is unital and for which conservation laws always hold.
Such behavior would require the presence of decoherence-
free subspaces so that the information is protected from
leaking into the environment. It follows that conservation
laws will hold for symmetric dynamics that protects the
degrees of freedom associated with the symmetry gener-
ators from leaking the information into the environment.
More precisely, suppose that {Jﬁ}}jzl generate a unitary
representation U, acting on the Hilbert space H, that
describes the quantum system. Any symmetric channel
E:B(H,) — B(H,) for which A(E) = 0 will protect the
subspace @ := span{l, JA} C B(H,), so E(ps) = ps for
any state p, in ©. In this sense, conservation laws may be
viewed as a form of information-preserving structures [32].

Consider also a simple example of a two-qubit system
AA’, where only A carries spin angular momentum, so the
symmetry generators are J4 ® Iy, J3 ® Ly, and J§ & L.
Any channel of the form €44 =7, ® &4 is symmetric,
with Z, the identity channel on system A and &£, an
arbitrary quantum channel on system A’. Moreover, & 44/
satisfies A(E44) = 0 so that the associated conservation
laws hold despite the fact that £,4 can be arbitrarily far
from unitary dynamics. This example illustrates that prob-
ing conservation laws for a physical realization of sym-
metric dynamics will not always be sufficient to decide
whether there are decoherence effects present. In other
words, robustness of conservation laws does not occur for
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all types of systems. Nevertheless, there are regimes that
guarantee robustness for conservation laws. In such cases,
approximate conservation laws hold if and only if the
dynamics is close to a unitary symmetric evolution. For
example, whenever B(H,) contains a single trivial sub-
space, then there is no symmetric channel other than
identity for which conservation laws hold [which is the
case, e.g., when H 4 carries an irreducible representation of
SU@2)].

What does it mean for conservation laws to be robust
under decoherence? If for all channels £ obeying a given
symmetry principle, it holds that A(£) ~ 0 if and only if
u(€) ~ 1, we say that the associated conservation laws are
robust. This can be established by finding upper and lower
bounds on the deviation A(E) that coincide when
u(€) - 1. In Sec. VIIA, we show in Theorem 11 that
for all types of symmetries described by connected compact
Lie groups, one can find such an upper bound (and the
result extends to different input and output systems).

Result 4. Given any connected compact Lie group, for a
symmetric channel £ approximating a symmetric unitary,
the associated conservation laws will hold approximately.
In other words, there exists an upper bound on the deviation
from conservation law in terms of unitarity:

A(E) < M(1 - u(€)) (14)

for some constant M > 0 that is independent of &£, and
depends only on the dimensions of the systems involved
and the symmetry generators.

In order to obtain lower bounds, however, additional
assumptions are required. It is clear from the previous
discussion that conservation laws can hold beyond unitary
dynamics, and in those situations, we cannot expect to
obtain lower bounds on the deviation in terms of unitarity.
However, there exist symmetries for which conservation
laws hold only for symmetric unitary dynamics and then
robustness is achieved. This happens in the case of a spin-j
system with symmetry generators given by higher-dimen-
sional spin angular momenta generating an irreducible
representation of SU(2). We prove the following result
in Theorem 13 of Sec. VII B.

Result 5. For a spin-j system, spin angular momentum
conservation laws are robust to noise described by a
symmetric channel £ and the following bounds hold:

1/2

VA( Z\Q —u(&)), (15a)
3/2

A < 32\1/,?1 = u(®)]. (15b)

More generally, we prove in Theorem 12 that whenever
the quantum system carries a representation U, of a Lie
group G for which U, ® U, has a multiplicity-free

decomposition, then the associated conservation laws are
robust under any open system dynamics given by the
symmetric channel £:B(H,) — B(H,).

Finally, in Sec. VII D we obtain specific upper bounds on
the deviation from a conservation law for energy that
generates a U(l)-symmetry constraint in terms of the
unitarity of the U(1)-symmetric channel. We also explain
why a lower bound cannot hold because of the many
multiplicities that appear in the decomposition of B(H,).
This analysis relies on the structure of convex set of U(1)-
covariant channels, which we expand on in Sec. V C.

III. NOTATION AND PRELIMINARIES

A. Quantum channels and their representations

A state of a finite-dimensional quantum system A is
described by a density operator p, € B(H,), with B(H,)
denoting the space of bounded operators on a d4-dimen-
sional Hilbert space H, that also satisfies p, >0 and
tr(ps) = 1. The space B(H,) is itself a Hilbert space with
the Hilbert-Schmidt inner product (X,Y) = tr(X'Y).
General evolution between d,-dimensional and dg-dimen-
sional quantum systems is described by a quantum channel
& given by a linear superoperator £: B(H,) — B(Hp) that
is CPTP. More broadly, we also consider CP maps, i.e.,
linear superoperators that are only CP but not TP. A
quantum channel &' is called the adjoint of & if for all
X € B(H,) and Y € B(Hjp) we have

r[E(X)Y] = w[XET(Y)). (16)

Closed dynamics is described by a unitary channel
V(-) = V(-)V', where V is a unitary operator.

The Liouville representation of X € B(H,) is defined by
a unique column vector |X)) € C% (as opposed to vectors
in H, denoted by |-)) with entries given by the inner

2
product tr(T;X), where {Tk}ZA: , is a fixed orthonormal
basis of B(H,). By analogously denoting a fixed ortho-
2
normal basis of B(Hp) by {Sk}Zil, the Liouville repre-
sentation of the superoperator £:B(H,) — B(Hp) is a d3
by d% matrix L(£) defined uniquely via the relation

LEIX) = EX)D (17)

for any X € B(H,). It is then straightforward to show that
the entries of L(&) are given by

L(E)ji = (S;ILENT) = (S;ET)) = tr[S}S(Tk)].

(18)
Note that, in the Liouville representation, the composition

of quantum channels becomes matrix multiplication,
ie., L(Eo F)=L(E)L(F).
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One can also represent a quantum channel £ via its

Jamiotkowski state J(E) € B(Hp) ® B(H,) defined by

ds
JE=ERT @, 19 ===l (19
=1

where Z, denotes the identity channel acting on B(Hy,).
The condition for complete positivity of £ is equivalent
to the positivity of (&), while the trace-preserving
property of £ corresponds to trg[J(€)] =1,/d,. We note
that we may pass from the Liouville representation to the
Jamiotkowski representation via

L(&)F = T(E). (20)

where R is the reshuffling operation defined as the linear
operation for which |ab){cd|® = |ac)(bd| for all computa-
tional basis states.

Finally, any quantum channel, £ admits a Stinespring
representation in terms of an isometry V:H, — Hp ® Hg
with H describing the environment system such that

E(X) = trg(VXVT) (21)

for all X € B(H,). The isometry V that defines the
quantum channel £ is unique up to a local isometry on
the environment. Note that, using the above, the adjoint
channel £ is given by

EY)=vi(reIly)V (22)

for all Y € B(Hp).

The Stinespring representation allows one to introduce
the concept of a complementary channel: A quantum
channel £ is complementary to £ defined by Eq. (21) if
its action is given by

E(X) = trg(VXVT). (23)

We also note that the adjoint of the complementary channel,
which we denote by &' is given by

ENX)=Vi{; ® X)V (24)
for all X € B(Hg).

B. Symmetries and G-covariant channels

Consider a group G that acts on H, and Hjp via unitary
representations g — Uy(g) and g — Up(g) so that the
group action on quantum states is given by unitary channels
UG() = Ua(9)(-)UL(g) and  UR() = Up(g)(-)Up(g).
Recall that every finite-dimensional unitary representation
on a Hilbert space is the direct sum of irreducible
representations, or irreps. We say that a quantum system

A is an irreducible system if H 4 carries an irrep of G, i.e., if
‘H, has no nontrivial subspace closed under the action
of Uyu(9g).

We say that a quantum channel £: B(H,) — B(Hjg) is G
covariant (or simply that it is a symmetric channel when the
group G is fixed) if it satisfies

VgeG: Uy o Eolls =E. (25)

To explain how the covariant constraint affects different
representations of quantum channels, we rely on the
following well-known result [33].

Lemma 6. [Schur’s lemma]. Let U(g) be an irreducible
representation of a group G on a Hilbert space H. Then,
any operator X € B(H) satisfying [X,U(g)] =0 for all
g is a scalar multiple of identity on H. Moreover, if
V(g) is another inequivalent representation of G, then
U(g)YVT'(g) =Y for all g implies ¥ = 0.

Let us start with the structure of the Liouville represen-
tation of G-covariant channels.

Theorem 2. Let U,(g) and Upg(g) be the unitary
representations of G on H, and Hp. Then, the Liouville
representation of a G-covariant channel £:B(H,) —
B(Hp) is given by

L) = @]Ii ® L&), (26)

where 1 ranges over all irreps that appear in both irrep
decompositions of tensor representations U, (g) ® Uj(g)
and Ug(g) ® Uy(g), I* are the identity matrices acting
within the irrep subspaces, and L* denote nontrivial m?% x
m’, block matrices acting on the multiplicity spaces.

Proof.—First, using the Liouville representation, the
covariance condition is equivalent to

VgeG:LUY)LELWUS) = L(E). (27)

Note that L(U%) = U(g) ® Ui(g) is itself a (tensor)
representation of G, and an analogous statement holds
for L(U%). Therefore, we can decompose them into
irreps as

Ua(9) ® Ui(g) = @W(g) ®Ls..  (283)

Up(g) ® Up(g) = @V‘ (9) ® L, (28b)

where A ranges over all irreps that appear in each decom-
position, and the group acts trivially on the multiplicity
spaces of dimensions mfx and m’};. Now, since the covari-
ance condition means that L(£) commutes with group
representations having the above decompositions, Schur’s
lemma implies that L(£) acts nontrivially only on the
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multiplicity spaces, leading to the decomposition given
in Eq. (26). ]

Next, let us proceed to the Jamiotkowski representation
of a covariant channel £.

Theorem 3. Let U, (g) and Ug(g) be the unitary repre-
sentations of G on H, and Hp. Then, the Jamiotkowski
representation of a G-covariant channel £:B(H,) —
B(Hp) is given by

J(E) = @Hﬂ ® JHE), (29)

where A ranges over all irreps that appear in the irrep
decomposition of tensor representation Ug(g) ® U%(g), I*
are the identity matrices acting within the irrep subspaces,
and J* denote nontrivial square matrices of size m’}g 4 X
m’, that act on the multiplicity spaces.

Proof.—The covariance condition means that for all
g € G we have

[Us(9) ® LT (€ o U[Us(9) @] = T(E).  (30)

By employing the fact that for any unitary U we have
UQIQ) =1Q® UT|Q), we get

J(Eouy) = [l ® Uy (9)]T(E)Is ® Uilg)].  (31)

Combining the above two equations, we find that the
covariance of &£ is equivalent to J(&) satisfying the
following commutation relation:

VgeG:[J(E). Uplg) @ Uplg)l =0.  (32)

As in the proof of Theorem 2, we can decompose the tensor
representation appearing in the above commutator into
irreps,

Us(g) ® Uslg) = G?Vi(g) ® 1L, (33)

Once again, by using Schur’s lemma, we arrive at the block-
diagonal decomposition of 7 (&) given in Eq. (29) ]

Finally, there is also a very particular form of the
Stinespring representation of a G-covariant channel given
by the following theorem.

Theorem 4. Given a G-covariant channel £, there exists
an environment system E, with a Hilbert space Hj and a
unitary representation Ug(g), together with a G-covariant
isometry V:H, - Hp ® Hg, such that

E(X) = trp(VXVT) (34)

for all X € B(H,).
The proof of the above result can be found in Ref. [27].

C. Irreducible tensor operators

The set of operators {T i‘“}m’k in B(H,) are called
irreducible tensor operators (ITOs) if they transform
irreducibly under the group action,

UGTEY) = vl (9)TH (35)

k'

where 4 labels irreducible representations of G with matrix
elements vﬁ » and a denotes multiplicities. From the above
property, it can be deduced via Schur’s orthogonality
theorem that the set of ITOs must be orthonormal,

w[(TH" ) TE] & 8 6aq S (36)

Throughout the paper, we denote the normalized ITOs for the
input system, living in B(H,), by 7% and the normalized
ITOs for the output system, living in 5(Hj), by Si"’.

These yield symmetry-adapted bases for B(H,) and
B(Hp) that are particularly useful for the studies of
G-covariant channels. More precisely, by employing the
block-diagonal structure of the Liouville representation for
such channels stated in Theorem 2, and using the defining
property of ITOs, we have

LEITE™) = Y Li, (OIS (37)
p

Moreover, since ITOs are orthonormal, any density matrix
in B(H,) [and analogously for B(Hjz)] can be written as

S e Wt L (38)

where we denote the vector of ITOs transforming under a 4
irrep by T+ = (T}, ..., Tﬁ’f’), with d; being the dimension
of the A irrep.

D. Continuous symmetries and conserved charges

Continuous symmetries of the system A are related to
compact Lie groups. The representation of such a group G
can be generated by infinitesimal generators {J%}:_,. For
simply connected Lie groups, representations of the group
are in a one-to-one correspondence with representations of
the Lie algebra g via the exponentiation map. More
precisely, we have

Up(g) = eae (39)

with g, € R continuously parametrizing the group action.
In such a Lie algebraic setting, by considering infinitesimal
group action g, — 0, one can show that the covariance of a
linear map £:5(H,) — B(Hp) specified by Eq. (25) is
equivalent to
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TABLE L

Definitions of symmetric dynamics and charge conservation for closed and open systems that are used throughout. For

closed systems, 1 © 2 < 3 < 4, while for open systems, 2 < 3 < 4, but there is no such equivalence with respect to 1 (i.e., defining
symmetry). A symmetric dynamics is one that commutes with the action of the generators. Here, ad[J;] represents the adjoint action

given by Eq. (40).

Closed unitary evolution U

Quantum channel evolution £

Level

1 [U,J,]=0 (&, ad[J;]) =0 Defining symmetry

2 UtJ.U = J, ENJL) = Ji Dynamical charge conservation

3 Tr(pJy) = Tr(UpUTJ,) ¥ p Tr(pJy) = Tr[E(p)Ji] ¥ p Charge conservation law

4 AU)=0 AE)=0 No average deviation from conservation
[E(X), 5] = (X, J4]) (40) (3) Expectation values of generators remain constant

forall k € {1,...,n} and X € B(H,), with [X, Y] denoting
a commutator.

By taking the Liouville representation of the operators
on both sides of the above equality and employing the
identity |XYZ) =X ® Z*7|Y)), one can alternatively
express the covariance condition as

LE) I, @5 -TA®L,) =[5 -5 ®Ip)L(E)  (41)

for all k. In particular, for a unitary G-covariant channel
V:B(H,) — B(H,), the condition becomes simply
[V,JK] = 0. As a result, for all k and for all quantum
states p, € B(H,), we have

trV(pa)JX] = tr(padk); (42)

ie., the generators of the symmetry {JX}7_, give the
conserved (Noether) charges.

To be more precise, we can talk only about “symmetry”
when we have a set of generators (or representations) that
determine exactly what that symmetry principle is.
Traditionally, both in quantum and classical mechanics,
charge operators are generators of particular symmetry.
Mathematically, charge operators act on the system forming
a representation of a particular Lie algebra. For unitary
dynamics U, conservation of charges happens if and only if
U commutes with the charge operators. Equivalently,
viewed in the Heisenberg picture, charge operators are
fixed points of the unitary evolution. The problem is that
while for closed systems all these formulations are the same
and often interchangeable in the literature, this is no longer
the case for open systems. This calls for a precision of
language, and so we require that

(0) Charge operators are generators that define a sym-

metry group action.

(1) Dynamics commutes with the generators to define a

symmetry principle.

(2) Generators are fixed points of the dynamics in the

Heisenberg picture and define (dynamical) charge
conservation.

under the dynamical evolution of every input state
and define charge conservation.
(4) A(E) = 0 defines no average total deviation from a

conservation law.
One should note that these distinctions have also been made
for dissipative dynamics described by Lindbladian master
equations [34], with different terminology in other works
where the symmetry described here was called weak
symmetry in Refs. [35,36]. As we see from Table I, the
equivalence of charge conservation in either the Heisenberg
or Schrodinger picture with no average deviation from a
conservation law motivates our focus on this quantity.
Therefore, unless one starts talking about particular states
for which the expectation value of the generators remains
unchanged under dynamics, then there is no pressing need
to differentiate between formulations 2—4. Whether one
would like to talk about charge conservation for particular
states that is a different question altogether, one that cannot
be equivalently related to the state-independent defini-
tions above.

IV. DEVIATIONS FROM CLOSED DYNAMICS
AND FROM CONSERVATION LAWS

The main aim of this paper is to quantitatively investigate
the deviation from conservation laws as the symmetric
dynamics deviates from being closed. In order to achieve
this, we obviously need to understand the structure of
covariant quantum channels that model symmetric open
dynamics, and we pursue this task from Sec. V onward.
However, there is also one more crucial ingredient needed
for our analysis; namely, we need quantitative measures of
how much a given dynamics deviates from being closed
and how much it deviates from satisfying the conservation
law. In this section, we introduce such measures and
provide their basic properties.

A. Quantifying the deviation from closed dynamics

In order to quantify how much the dynamics generated
by a given quantum channel £ deviates from the closed
unitary dynamics, we employ the notion of unitarity. It was
originally introduced in Ref. [17] as a way to quantify how
well a quantum channel preserves purity on average. We
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extend these results to allow for distinct input and output
system dimensions for a quantum channel £:B(H,) —
B(H3p).

Definition 5. Unitarity of a quantum channel
E:B(H,) — B(Hjp) is defined as the average output purity
with the identity component subtracted:

u(€) = —=

dAd—1/ [‘g("’_%) }d"” (43)

where the integral is taken over all pure states y =
lw)(y| € B(H,) distributed according to the Haar
measure.

As we prove in the Appendix A, the above extension
of unitarity satisfies the original condition u(€) <1 with
equality if and only if the operation is an isometry
(as opposed to a unitary in the original formulation).
This means u(£) =1 is equivalent to the existence
of an isometry V:H, — Hjy such that E(p) = VpV'.
Furthermore, as shown by the authors of Ref. [17], unitarity
can be efficiently estimated using a process similar to
randomized benchmarking and can be calculated using the
Jamiotkowski representation of £. This characterization
through (&) carries over to the extended version we
discuss here, and, moreover, we find a novel characteriza-
tion of u(€) in terms of the output purity of £ and its
complementary channel €. These results are summarized in
the following lemma (see Appendix A for the proof).

Lemma 6. Unitarity of a channel £:B(H,) — B(Hjp)
can be equivalently expressed by the following relations:

dy

ué) =y

(dar(T(€)) —7(E(La/da))),  (44)

u(E) = A (el Ay ) - WEW /), (45)

d;

with y(p) = tr(p?) denoting the purity of a state p.
Finally, let us remark that Eq. (44) suggests defining the

notion of conditional purity for a bipartite system,

voa(Paz) = 1(0a5) —im). (46)

Then, unitarity of a channel is simply expressed by the
scaled conditional purity of its Jamiotkowski state:

d;

7Ba(T(£)). (47)

B. Quantifying the deviation from conservation laws

Typically, the expectation values of symmetry generators
{Jk}4_, are not constant under nonunitary G-covariant
dynamics. In order to quantify this deviation from

conservation laws, we need to introduce appropriate
measures. For any quantum operation £, we define the
directional deviation A, for the expectation value of the J*
generator with respect to the state p, as

Ap(pa. €) = tr[€(pa) Tl — pali)- (48)

Note that by introducing the finite deviation operator

815 = £1(J%) - Jh, (49)
with €T denoting the adjoint of £ that describes its action in
the Heisenberg picture, we can rewrite Eq. (48) as

Ar(pa. E) = tr(padJ). (50)

As we are equally interested in the deviation from a
conservation law for all conserved charges, we define the
total deviation A as the [, norm of directional deviations
for all generators:

n

D 1Apas E) (51)

k=1

Atot(pAv 8) =

Finally, since we aim to quantify how much a channel
deviates from conservation law, independent of the input
state, we introduce the average total deviation A(E):

Z / dylwlss W) (52)

where we integrate with respect to the induced Haar
measure over all pure states y € H,.

The above expression for the average total deviation A
can clearly be rewritten in the following form:

A(E) = / dy A (. €

2= [ iy @y o)) (53
k=1

Next, we can employ the identity [37]

Jame -G o

where 7 is any permutation on N symbols, and P, is the
corresponding Hilbert space unitary. In our case, N = 2, so
we have only the identity Z and the flip unitary operation
F. Thus,

1 n

A(E) = RO tr[(Z + F)(8J% ® 6J%)]

2
1 n

= T o T @I (59
A k=1
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V. CONVEX STRUCTURE
OF SYMMETRIC CHANNELS

We now proceed to investigate the convex structure of
the set of symmetric channels £: B(H,) — B(Hp), with a
particular focus on its extremal points. We start with a
specific example of SU(2)-covariant channels, the convex
structure of which was investigated before in Ref. [14].
In this case, we provide a full characterization of the
extremal symmetric channels between irreducible systems,
i.e., with Hilbert spaces of the input and output systems H 4
and Hjp corresponding to spin-j, and spin-jz systems
with dy =2j, + 1 and dg = 2j5 + 1. We refer to SU(2)-
symmetric channels between irreducible systems as
SU(2)-irreducibly-symmetric (covariant) channels in order
to differentiate from the more general SU(2)-covariant
channels, which need not have the extra irreducibility
assumption. The technical results derived here are then
employed in Sec. VI to study optimal covariant channels
for spin inversion and spin amplification. Next, we switch
to a generic case of a compact group G. Here, we describe a
useful decomposition of symmetric channels, which are
crucial in Sec. VII to analyze the trade-off between
deviations from conservations laws and deviations from
closed symmetric dynamics. Under the assumption of
multiplicity-free decomposition, we also explain how this
leads to a complete characterization of the extremal points
of G-covariant channels: The corresponding Jamiotkowski
states are then given by normalized projectors onto irre-
ducible subspaces. Finally, we investigate the U(1) group,
which is the extreme example of a group that does not have
a multiplicity-free decomposition [i.e., since U(1) irreps are
one dimensional, all the nontrivial dynamics happens
within the multiplicity spaces]. In this particular case,
which is physically relevant due to its connection with
conservation law for energy, we find an incomplete set of
extremal channels, which is, however, large enough to
generate arbitrary action on the multiplicities of the trivial
irrep A = 0 (which physically encodes the action of the
channel on energy eigenstates).

A. Extremal SU(2)-covariant
channels between irreducible systems

The Lie group related to rotations of a system A in
physical three-dimensional space is the SU(2) group. It has
three generators {J%,J},J5} corresponding to angular
momentum operators along three perpendicular axes,
which generate general rotations. The unitary representa-
tion of such a rotation on the Hilbert space H, is given by

Ux(g) = e, (56)
with g, € [0, 27| parametrizing the rotation angles.

Irreducible representations of the SU(2) group can be
classified according to total angular momentum j, which is

either an integer or half-integer. The j, irrep is (2j, + 1)
dimensional, and the corresponding subspace of H, is
spanned by {|j4, m)}

m——j,» Which are the simultaneous
eigenstates of total angular momentum, J3 = (J%)’+
(J3)? + (J4)?, and J§, with eigenvalues j, and m, respec-
tively. Here, we focus on systems whose Hilbert space H 4
carries a j, irrep; i.e., H, is spanned by d, = 2j, + 1
vectors |j4, m) that transform as the j, irrep [also meaning
that there is no subspace of H, that is left invariant under
the action of Uy, (g)]. Physically, this corresponds to a
simple spin-j, system rather than to the one composed of
many spin-j systems.

The set of SU(2)-covariant channels between a system
whose Hilbert space carries a j, irrep and a system whose
Hilbert space carries a jp irrep has a particularly simple
structure. This is because the representations Ug,(g) ®
Uji(g) and Ug(g) ® Ug(g) on Hy @ Hy and Hp ® Hp
have a multiplicity-free decomposition into irreps. More
precisely, the tensor representation U, (g) ® U’ (g) can be
decomposed into [ irreps with / varying between 0 and 2j4.
In other words,

2ja
Ha @ Hy=DH, (57)
=0

where H! is a (21 + 1)-dimensional Hilbert space carrying
irrep [. An analogous statement holds for the output system
B. This means that the symmetry-adapted basis of ITOs for
the input and output systems have no multiplicities and are
given by

(!}, with me{-1...1}, 1€{0,...2j}.

(58a)

1€{0,....,2j5}.
(58b)

(SL},, with me{-I .1},

We note that we can choose T and Sj) corresponding to the
trivial irrep [ = 0 to be given by I, /+/d4 and I /+/dg, and
T!, to be related to the angular momentum operators in the
following way:

J: JE il
Tl: A , Tl — A A i (59)
O (Mall/V3) “V2(041/V3)
where

I all = [3(J3)%F = Vija(ja + D(2ja + 1), (60)

and with analogous expressions for the output system B
with S},

Moreover, as the multiplicity spaces are one dimen-
sional, the operators L*(€) from Eq. (26) of Theorem 2
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become scalars f;(£). Therefore, the block-diagonal
decomposition of the Liouville representation of an
SU(2)-covariant channel between irreducible systems has
a simple block structure given by

2 min(ja.jp)

L(&) = ﬂ% filEr. (61)

Employing the symmetry-adapted basis of ITOs through
Eq. (37), we can equivalently express the above by

E(T1) = f1(€) S (62)

In other words, the covariant channel & transforms irre-
ducible systems by simply scaling ITOs with irrep-
dependent magnitudes encoded in the scaling vector
f(E). As a result, the initial state p, given by Eq. (38)
(without the sum over multiplicities @) is transformed into

I 2 min(js.jp)

Ep) =L+ S fEF-S,(63)

=1

where we use the fact that ITOs T and S) are given
by identities and due to the trace-preserving condition
fo(€) =1.

At this point, we know that the action of an SU(2)-
covariant channel £ between irreducible systems is fully
described by a scaling vector f(£) through Eq. (63), but
to understand the relation between deviations from con-
servation laws and unitarity of &£, we need to find the
constraints on f(£). In particular, we are interested in
possible values of f;(&), since this number quantifies
how much the angular momentum of the system changes
under the action of £. To achieve this, we look at the
Jamiotkowski state 7 (), enforce its positivity (to ensure
CP condition), and trg[J(€)] =1,/d, (to ensure the TP
condition), thus finding constraints on f(€) which ensure
that it corresponds to a valid quantum channel.

Using Theorem 3, we find that the Jamiotkowski state is
also block diagonal, and the structure of the blocks is again
very simple. This is because the tensor representation
Up(g) ® U} (g) can be decomposed into L irreps with L €
{lja —Jjgls+--»ja + jg} and no multiplicities. In other
words,

Jatis
o H (64)

L=|ja~j|

HB®HA:

where H’ is a (2L + 1)-dimensional Hilbert space carrying
irrep L. As the multiplicity spaces are one dimensional, the
operators J*(€) from Eq. (29) become scalars, and thus we
have

Jatis l
7= 3 nEIE IE)- o (69)

Crucially, each 7 (EL) corresponds to a valid Jamiolkowski
state: It is clearly positive semidefinite, and the trace-
preserving condition can be shown as follows. First,
observe that for all g we have

Ua(9)tes[T(EMUL(9) = wplT (€M) (66)

Then, since trz(J(EX)) € B(H,) commutes with an irrep
Uy (g) for all g, we can use Schur’s Lemma 1 to conclude
that trg[7(EL)] must be proportional to identity. Finally,
normalization of 7 (EL) ensures that trz[J (EF)] =14 /d,.
Moreover, since the supports of J(EL) are disjoint, -
correspond to extremal channels,

£= S ploEn. (67)

L=|ja—jsl
Clearly,
Jatis

Y. puES(E) (68)

L=|ja=jsl

f(&) =

so that in order to find constraints on f(£), we need only to
find the values of f(EL) for all L. More precisely, the set of
allowed f(£) is then given by a convex set with extremal
points given by f(EL).

We find f(EL) by deriving the explicit action of L on the
basis elements {|j,, m)(ja. n|} with m,n € {—ja, ... ja}
First, note that I” appearing in the expression for 7 (£F) is
given by

L

=>"

k=L

LKLk

. (69)

Next, using Clebsch-Gordan expansion for the above total
angular momentum states |L, k) in terms of the angular
momentum states of H, and Hp, we write

B Ja
IL.k) = Z Z<jB»m;jAvn|L7k>|jB’m;jA’n>' (70)

m=—jg n==j

Now, employing the identity
E(X) = dutra[T(€)(Iz ® X)) (71)

that holds for all X € B(H,), as well as the following two
properties of Clebsch-Gordan coefficients,
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<j3,m;jA,n L7 k> ocfsm.t,_n’k, (728_)
(jg.m; ja,n|L, k)
; 2L+ 1
= (=1 Jja—L+m . ,—m;L,k i), 72b
(1t [ aon), (720)

we arrive at
EX(lja> ) (jar ml)
L
=" (Upn—kL.k

k=L
X |jg.n = k) (i, m = kl). (73)

jasn)(jasmljg,m—k; L, k)

Note that the action of an extremal channel £ can be
physically interpreted as first splitting the original system
with total angular momentum j, into two subsystems
with total angular momenta jz and L (using Clebsch-
Gordan coefficients) and then discarding the second sub-
system. These extremal channels have been examined in
detail in previous literature under the name of EPOSIC
channels [14].

Finally, using Eq. (62) and noting that there exist m’, n’,
and k such that (jz,n'|St|jg, m') # 0, we can write

(g W'[EE(TY)jp. m')

fi1(EF) = - -
(&) == ST )

(74)

We emphasize that the quantity above is independent
of m',n’, and k. Now, by expanding T} in the basis
m,n € {—ja, ..., ja}, using Eq. (73), and employing the
Wigner-Eckart theorem, we can derive the following
expression for f;(EL):

f(((/’L):<JA||TII||.]A> Z <.]A’.]B +k,l7OJA7.]B+k>
(llS'llis) == (i Js:1,0ljs. jn)

X (jg jps Lo kljas jg + k)2, (75)
where (j4||T||js) and (jg||S!||js) are reduced matrix

elements independent of n’, m’, or k. It simplifies signifi-
cantly when j, = jp = J:

Jj.J+k)

— joj+ k)2
JJ) )

(J,Js L.k

L ..
(j,j+ k1,0

fi(EF) = —
2o

(76)

We provide the step-by-step derivation of the above
expressions in Appendix B, where we also show how to
obtain the explicit formula for £ (%),

i (JaUa+1)+jp(jp+1)=L(L+1)
en) = (MR )

y Jelp +1)(2ja +1)
\/jA<jA+1><2jB+1>’ 7

which is crucial for our analysis of spin inversion and spin
amplification.

Let us conclude this section by reiterating the main result
in the form of the following theorem.

Theorem 7. An SU(2)-covariant channel £ between two
irreducible systems carrying irreps j, and jp is fully
specified by a probability distribution p(£) of size
2 min(j,, jg) + 1. Its action on X € B(H,) is then given
by

Jatie
E(X) = pL(E)EH(X)
L:‘./‘A_jBl
Jatjs  Ja

1
= > 3 S p@fENSL (78)

e ==
where x| = tr(T}'X) and f,(E") are specified by Eq. (75).

B. General decomposition of G-covariant channels

Let U, and Up be unitary representations of a compact
group G acting on H, and Hp, respectively. We are
interested in quantum channels £:B(H,) — B(Hyp) that
are symmetric under these actions. As we explain in
Sec. TII B, the corresponding Jamiotkowski state J(&)
will commute with the tensor product representation
Up ® U}, which decomposes the Hilbert space Hp ®
‘H, into

Hp @ Hy = PH @ C™. (79)

AEA

Here, A is a subset of all nonequivalent irreducible
representations labeled generically by A that appear with
multiplicities m, (denoting the dimension of the multiplic-
ity space).

From Theorem 3, we know that under such a decom-
position the Jamiotkowski state of a symmetric channel has
a block-diagonal structure:

]Il
T(E) = B4 8 THE). (30)
1end;
Note that in the above, J*(€) are bounded operators on an
m,-dimensional complex space, and I* acts as identity on
the A-irrep representation space H*. Let us now define

_JE)

rE =

pi(&) = u[THE).  (81)
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Since &€ is completely positive, we have J(€) > 0 and thus,
p*(€) > 0. Moreover, the trace-preserving property of &
implies that >, p;(€) = 1. Therefore, p,(€) is a prob-
ability distribution and p*(€) is a valid quantum state on
GL(C™). One should keep in mind, however, that there
will be additional constraints on p*(£) coming from the
trace-preserving condition.
We can thus write

A
T(€) = Drile)  ® ). (52
AEA A

Now, recall that any state p*(€) € GL(C™) can be viewed
as a probability distribution over all pure state such that

ﬂa:/w%wwww% (83)

where |y*) € C™ integration is over all such pure states
(according to the Haar measure) with [ dy’re(y*) = 1 and
re(y*) > 0. We can then define the following operators,

7=l

5= —
4 d,

® ly*) (. (84)

which should be viewed as elements of B(Hz ® H,) that
are positive and have trace one. Therefore, any symmetric
Jamiotkowski state 7 (&) can be written as follows:

7 = S pile) [ avirs) T (69

AeA

This directly leads to the following decomposition of any
G-covariant channel:

e= >l [avrwhe,. )

AEA

Here, 5;1/ , are CP maps corresponding to Jamiotkowski
states J- ./,1/ .- Note, however, that although the above resem-
bles a convex decomposition over extremal channels 8;1/ i

these are not necessarily trace preserving. Therefore, the set
of extremal G-covariant quantum channels may be much
more complicated, e.g., with [y#) (y*| in Eq. (84) replaced
by a mixed state.

More can be said about the structure of extremal
channels under additional assumptions. The particular case
we consider here is given by these symmetries for which
representations U, and Uy of a compact group G (acting on
the input and output Hilbert spaces H, and Hp) are such
that Hp ® H,, with the tensor product representation
Up ® U}, has a multiplicity-free decomposition,

Hp @ Hy = @Hl (87)

AEN

Moreover, we also require that U, is an irrep. One example
of a group satisfying these assumptions is the SU(2)
symmetry with the input system being irreducible, which
we study in detail in Sec. V A. For completeness, we remark
that previous works [38] have fully characterized under
what conditions tensor products of irreducible representa-
tions have a multiplicity-free decomposition for all con-
nected semisimple complex Lie groups. In particular,
if G is a simple Lie group [e.g., SL(d)], then either Up
or U} must correspond to an irrep with the highest weight
being a multiple of the fundamental representation. For
example, for the group SU(3) with the fundamental irrep
labeled by 3, we have a multiplicity-free decomposition
3 ® 3 =8 @ 1. This stands to show that the assumptions
can still include a large class of symmetries beyond the
canonical SU(2) example; e.g., Ref. [16] studies covariant
channels with respect to finite groups with multiplicity-free
decomposition.

For groups satisfying these conditions, Eq. (82) sim-
plifies significantly and takes the following form:

A
TE) = ®pE)TE).  TEY =1 (88)

JEA d,

Here, by the same argument as in Sec. VA, p,(€) is a
probability distribution and each (&%) is a positive
operator satisfying trz(7(E*)) =14/d,. Therefore, each
J (&%) will uniquely correspond to a CPTP map
E*:B(H,) = B(Hp) and, since J(E*) act on orthogonal
subspaces, they will be linearly independent operators.
Equivalently, this ensures that £ are extremal points of the
set of G-covariant channels. We can thus characterize £ in
terms of Jamiotkowski states, Kraus operators, and
Stinespring dilation through the following theorem.

Theorem 8. Let G be a compact group with representa-
tions U, and Up acting on Hilbert spaces H, and Hp.
Suppose that Uz @ U7, is a multiplicity-free tensor product
representation with nonequivalent irreps labeled by elements
of a set A, and that U, is an irrep. Then, the convex set of
G-covariant quantum channels £: B(H,) — B(Hp) has |A|
distinct isolated extremal points given by channels £* for
A € A. Bach & can be characterized by the following:

(1) A unique Jamiotkowski state

]Il
J(E) =—. (89)
d;
(2) Kraus decomposition {Eﬁ}f‘: , such that
Ep) = ) _Eip(E}", (90)
X

with E* forming a A-irreducible tensor operator
transforming as Ug(9)E*Ua(9)" = > p v}, (9)Ef
where vi,k are matrix coefficients of the A irrep.
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(3) A symmetric isometry W*:'H, — Hz ® H* such
that

Ep) = trya[Wp(WH)T]. (91)

Also, the minimal Stinespring dilation dimension for
& is given by d,.
The details on how to obtain characterizations 2 and 3
from 1 can be found in Appendix C.

C. Decomposition of U(1)-covariant channels

We now proceed to the simplest example of a compact
group that does not satisfy the multiplicity-free condition—
the U(l) group. As we see in a moment, channels
symmetric with respect to the U(1) group do not satisfy
this condition in the strongest possible way: They act
trivially on the irrep spaces (since those are one dimen-
sional) and are fully defined by their action within the
multiplicity spaces. In that sense, the example we inves-
tigate in this section is the exact opposite of SU(2)-
irreducibly-covariant channels studied in Sec. VA, where
the action within multiplicity spaces is trivial and channels
are defined by their action within irrep spaces.

The U(1) group has a single generator J},

Uslg) = eukg» (92)

where g € [0,2x]. For a finite-dimensional system [39]
described by a Hilbert space H,, the U(1) group can be
related to time translations by choosing the generator to be
given by the system Hamiltonian H ,,

Hy = EAE;)(EL], (93)

with E’} denoting different energy levels, and where we
restrict ourselves to nondegenerate Hamiltonians for the
clarity of discussion. Indeed, substituting J} — H, and
g — —t, we see that the group action

Ua(t) = e7tat (94)

evolves the system in time by 7. The representation of the
group on Hp is defined in an analogous way with the
Hamiltonian Hp. Recall that, by Noether’s theorem,
closed unitary dynamics symmetric under time translations
generated by H, conserves energy represented by
Hamiltonian H,.

As U(1) is an Abelian group, its irreducible representa-
tions are one dimensional, meaning that the symmetry-
adapted basis composed of ITOs satisfies

ufq (Tll,a)

— ,Uﬂ(t)Tzl,a — e iMTAa (95)

It follows that we can choose

T = [E;ER|. S =|ER)(ER|  (96)
with 1= E} » —E:’{/B and a enumerating multiplicities
arising from the degeneracy of the Bohr spectrum
of H, and Hyp, i.e., various pairs n, n’ satisfying the same
A=E} s —EL b

We consider a U(l)-covariant channel &, with the
representations of the U(1) group on the input and output
spaces H, and Hjp being given by U,(t) and Ug(?), i.e.,
with the Hamiltonians of the input and output systems
being H, and Hp. Employing Theorem 2, we then get that
the Liouville representation of £ is block diagonal,

L(&) = DL (&), (97)
7
and from Eq. (37) we find that
L}, (€) = (EFIE(ELELDIER ). (98)

with A= E? —E! = Ej —E% and a,  enumerating
degeneracies, i.e., various pairs of n, n’ and m, m’ with
the same energy difference A.

We see that the block 4 = 0 describes the evolution of
populations (in the energy eigenbases), while the remaining
blocks describe the evolution of coherence terms between
energy levels differing by 4. Therefore, L*=%(£) contains
the full information needed to study deviations from the
energy conservation induced by &, while L**0(€) define
how coherent £ is, i.e., how close it is to a closed unitary
dynamics. We note that the relation between L*=°(€) and
L*#9(&) has played a crucial role in the previous studies of
optimal processing of coherence under thermodynamic
[40] and Markovian [41] constraints. Here, we use this
relation to constrain the unitarity of a general U(1)-
covariant channel inducing energy flows (deviating from
energy conservation) described by a given stochastic
matrix. Since L*=°(€) is crucial for our studies, we use
a shorthand notation P¢ for it,

Pry = (ER|E(|EZ)(ERIER). (99)

and note that it is a dy x d, stochastic matrix, P, >0
and Y, PS5, = 1.

Asouraimis to study the relation between deviations from
conservation laws and unitarity of U(1)-covariant channels,
we need to understand what the constraints are on L*(€). To
answer this question, we look at the Jamiotkowski state 7 (€)
and, by enforcing its positivity and trz[ T (E)] = 1y/d,s, we
find constraints on matrices L* ensuring that they correspond
to a valid CPTP map. From Theorem 3, we get that the
Jamiotkowski state is also block diagonal,

J(E) = @J‘(f;). (100)
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Moreover, the support of each [7#(&) is spanned by vectors
|E, E%) that transform as irrep A under Ug(1) ® U’ (1);
i.e., they satisfy E} — E;{' = A More precisely, we have

1

THE) = a, Z(E’"Ig(IE'” A)(Ep = A|)|ER)
X |Em,Em — AV (ER, E% — A, (101)
where |E} — 1) is a shorthand notation for | E%") with m’ such

that E% = E}
over the indices m, n for which E%
spond to valid energies of H .

The positivity of 7 (&) is now equivalent to the positivity
of J*(&) for all A, while the partial trace condition is
fulfilled automatically as long as P¢ is a stochastic matrix.
Importantly, the diagonal of J*(€) is given by P¢ .

(m — A is such m' that satisfies EZ" = E% — 1), while the
off-diagonal terms describe transformation of coherences.
One can now construct extremal U(1)-covariant channels
by simply coherifying any stochastic matrix I to a quantum
channel with the constraint of preserving the block-
diagonal structure [42]. More precisely, for every stochastic
matrix I" and a set of phases {¢,,,}, one can construct
an extremal U(l)-covariant channel &E'® with the
Jamiotkowski state given by

J () = le”’

— A, and the summation is performed only
— A and E% — A corre-

(102)

with
W) = e S B B ). (109

where I describes P€ * and the same notation applies to its
elements I',,,. It is a straightforward calculation to show
that the corresponding map is CPTP. Moreover, since its
Jamiotkowski state is proportional to a projector on each
block, it is extremal.

We want to note, however, that the above construction in
general does not produce all extremal U(l)-covariant
channels. As a counterexample, consider the following
Jamiotkowski state:

Sl—v ¢I Iv¢/ | + pl* '

]

AF A

(104)

Since the above is extremal on each block A # A,, the
possibility of decomposing it as a convex combination of
Jamiotkowski states from Eq. (102) is equivalent to the
possibility of decomposing p, as

Py = / dyu( )y ) (). (105)

In other words, it would need to hold that every density
matrix of size d can be decomposed into a convex
combination of pure states with the same diagonal. This,
however, is not true in general (it holds for d = 2, but
counterexamples can be found already for d = 4).

VI. SPIN INVERSION AND AMPLIFICATION
A. Setting

The scenario we investigate in this section is as follows.
We consider input and output systems described by Hilbert
spaces H, and Hjp to be spin-j, and spin-jz systems. We
denote the spin angular momenta operators (with respect to
a Cartesian coordinate frame) by

Ja = (T4 10, T3), (106)
and analogously for Jg. These are traceless and for every
ke {x,y,z} satisfy

1Jall®

ul(74)%) = "4 (107)
where [|J4|| is defined in Eq. (60). Analogous conditions
hold for system B. We recall that these spin operators are
generators for the SU(2) irreducible representations on H 4
and Hjp, and they span the adjoint irrep (i.e., the three-
dimensional 1 irrep) in the decomposition of the operator
spaces B(H,) and B(Hp). In other words, J4 and J% are
(unnormalized) ITOs T} and S}; see Eq. (59). Now, for the
input and output state p € B(H,) and E(p) € B(Hp), we
can define spin-polarization vectors P(p) and P(E(p)) to be
given by expectation values of the spin operator along
different Cartesian axes:

Py(p) = te(J5p),

and similarly for the system B with p replaced by £(p).

Our aim is to investigate operations that isotropically
invert or amplify the spin operator, so that under their action
the polarization vector scales with either some negative
factor x_ or a positive factor k, > 1. In particular, we want
to determine channels S_ and S, representing the optimal
spin inversion and spin amplification, which are those that
achieve the largest values of |x_| and x:

(108)

P(S.(p)) = «:P(p), k. <0, ky > 1. (109)

Equivalently, S, may be defined in terms of their action on
the generators:

o 1Al

Sy Jk J .
V) =rels g, P

(110)

First, we take the above equations as really defining S
without specifying their action outside of the subspace
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spanned by the generators JX. This, in principle, corre-
sponds to a large class of operations that we need to
optimize over. However, since S, acts isotropically on all
states, in the next section we show that without loss of
generality one may restrict considerations to SU(2)-
covariant channels. This allows us to employ the results
of Sec. VA to determine optimal inversion and amplifica-
tion factors k. and to relate x_ to the maximal allowed
deviation from conservation law under covariant dynamics.
Finally, we focus on the decoherence induced by the
optimal inversion channel by comparing the action of this
channel with the action induced by time-reversal symmetry.

B. Optimal transformations of spin polarization

We want to analyze channels £:8(H,) — B(Hjp) that
send P(p) to «P(p) for all p and some independent real
constant x, while performing arbitrary transformation on
the other irreducible subspaces (ITOs). As we now show,
for every such &£ there exists an SU(2)-covariant channel
that has the same action on the polarization vector. By
assumption,

Vp: ulJhE(p)] = ktr(J5p). (111)

Now, with U, denoting the SU(2) representations on
B(H,), recall that the angular momentum operators trans-
form under rotations as
Us(J%) (112)

!
g v (9) Ik

where v,‘(, ,(g) are matrix entries of the 1 irrep. An analogous
statement holds for system B. Therefore, it follows that

[ty (J5)E ka, L E(p)]
= Kka, )tr(J% p)
— k(). (113)

Using the cyclic property of the trace and the fact that the
above must hold for all p, particularly for % (p), we arrive
at

w[Uy o €0 Uy (p)] = kr(Jhp),  (114)
or equivalently,
PUF o £ oUs(p)) = kP(p). (115)

We note that the above could also be simply deduced from
the fact that P transforms under SU(2) as a three-dimen-
sional vector in real space, so that for all g € SU(2) and all
p, we have

=P(p).

Next, by taking the group average and noting that P is
linear [since it is defined through trace in Eq. (108)], we
obtain

P(p) = P(U,(p)) = P(U}(p)) (116)

P(G[E](p)) = xP(p), (117)
where G[€] is the twirling of € over all rotations,
gle) ==/dgu§; o & o U, (118)

The twirled channel G[€] is SU(2) covariant (by construc-
tion), and it has the same scaling factor « as £. Therefore,
one may assume without loss of generality that the optimal
spin inversion and -amplification operations are symmetric
under SU(2).

In Sec. VA we fully characterize SU(2)-covariant quan-
tum channels for irreducible systems, and we now employ
these results. First, recall that a symmetric channel
E:B(H,) — B(Hp) acts on any ITO {T%},, by a scaling
factor depending only on the particular irrep (and the
channel itself) such that

E(T}) = f1(€)S;

Taking into account the particular normalization of the spin
operators, it follows that

(119)

A
1951

EVR) = f1(E)T% - (120)

Moreover, recall that every such SU(2)-covariant £ decom-
poses into extremal channels according to Eq. (67), which
results in

Jatis

Z pLfi(E"),

L=|js~Js|

N1(€) = (121)

where f(EL) are the scaling factors explicitly given
by Eq. (77).

Now, we can compare the transformation of angular
momentum operators under a general covariant channel,
Egs. (120) and (121), with the transformation under spin
inversion and spin amplification, Eq. (110). We see that
every SU(2)-covariant channel can act as a spin inversion or
amplification with

AN
Ky = : Z prfi(ER), (122)
”JA” L=|ja—jsl

as long as k, > 1 or k_ < 0. Our aim is thus to maximise
and minimise the above expression over all probability
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distributions p;. Since we are optimising over a convex
region, the optima will be attained by one of the extremal
points so that

Izl
K_opt _ ||
Sl

- f1(E) (123)

for some L. These can be easily found, as we derive
explicit expressions f;(EL).

We thus arrive at the following:

Theorem 9. The maximal spin-polarization inversion
P(p) - k_P(p) with k_ <0 is achieved by an SU(2)-
irreducibly extremal channel £Ua+/s), The inversion factor
k_ is given by

__ sCist)
T TGeen@en

It follows that the maximal spin inversion is achieved by
the extremal channel that requires the largest environment
to be realized. Indeed, for every extremal channel £, its
minimal Stinespring dilation (and thus, the minimal num-
ber of Kraus operators) has dimension 2L + 1.
Consequently, this means that the larger the environment,
the more we can invert the spin. Note that in the classical
macroscopic limit of input and output systems given by
massive spins j, = jp — o0, we get k_ — —1 correspond-
ing to perfect spin inversion. While for finite-dimensional
systems, quantum theory does not allow for perfect spin
inversion P — —P, the above result yields a fundamental
limit on maximal spin inversion.

Moreover, the optimal spin inversion coincides with the
channel leading to the largest allowed deviation from the
conservation law under the constraint of SU(2) symmetry.
To see this, note that the total deviation resulting from the
action of £ on a given input state p [defined in Eq. (51)] can
be expressed by

Awlp. €) = [P(E(p)) = P(p)|*. (125)
Using the fact that covariant dynamics can scale only ITOs,
we get
Bu(p.€) = Ik = 1PI[P(o)|I%, (126)
and thus, the deviation is maximized for smallest negative
k, which is specified by Eq. (124). From the equation
above, it is clear that also the average total deviation A(E)
will be maximized by the optimal spin inversion channel.
Of course, since we deal with symmetric channels, this
deviation can come only from the price of decoherence (as
the conserved charge can come only from an incoherent
environment). In the next section, we quantify this
decoherence by comparing the action of the optimal spin
inversion channel with the transformation induced by time-

reversal symmetry, while in Sec. VII, we analyze in detail
the trade-off between deviations from conservation laws
and decoherence for general SU(2)-covariant operations.

Finally, we can obtain an analogous bounding result for
spin amplification captured by the following theorem.

Theorem 10. The maximal spin-polarization amplifica-
tion P(p) — k. P(p) with k. > 1 is achieved by an SU(2)-
irreducibly-symmetric extremal channel £(a=/sl), The
amplification factor x, is given by

s
K. — Ja
+ jptl

Ja+l

for ju = Jjp,
(127)
for j, < jp.

We remark that upper bounds on x, have been pre-
viously reported in Ref. [29], where the authors used
resource monotones based on modes of asymmetry to

show that k. < f(jz)/f(ja) with

y :={j+1/2
=G+ 0/G+172)

. integer j, (128)
. half-integer j.

Note that, according to Theorem 10 that provides the
optimal amplification channel explicitly, these bounds are
loose; i.e., the upper bound cannot be achieved by any SU
(2)-covariant channel. In this sense, our result can be seen
as an ultimate improvement over the previously known
bounds.

C. Optimal spin inversion and time-reversal symmetry

So far, we considered the action of a channel on spin-
polarization vector as the defining property of the spin-
inversion channel. We have thus focused on the maximal
deviation from the conservation law but ignored the
decoherence induced by such a channel, which is described
by the action of the channel on the remaining ITOs. Here,
we quantify this decoherence by comparing the action of
the optimal spin inversion channel to the action of a passive
symmetry that naturally realizes spin inversion—the time-
reversal symmetry 7.

Under the action of 7 : B(H,) — B(H,), the spin of a
single particle flips sign and, generally, an odd number of
particles will experience a sign change, while an even
number will not. This manifests itself at the level of ITOs,
which are mapped according to whether they correspond to
even- or odd-dimensional irreducible representations of the
rotation group:

T(T}) = (~1)'T%,. (129)
This fully captures the action of time reversal on general
mixed states of spin-j, systems described by the Hilbert
space H,. In particular, the spin degrees of freedom under
time reversal will acquire a minus sign:
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TJK) =-Jk. (130)
Therefore, for a single particle, time-reversal symmetry
induces perfect spin reversal, as for any p € B(H,) the
spin-polarization ~ vector satisfies P(7(p)) = —P(p).
Moreover, 7 does not induce any decoherence, since it
leaves the eigenvalues of p unchanged. It is thus mean-
ingful to compare the optimal physical spin inversion
channel £2/4) from Theorem 9 with the perfect unphysical
spin inversion operation realized by time-reversal sym-
metry 7. We see that £%4), although it inverts spin
polarization almost perfectly in the limit of large j,, is
always far away from realizing 7, and thus induces
unavoidable decoherence as expected.

In order to measure the distance between £2/4) and 7, let
us introduce the concept of a spin-coherent state. It is
simply given by a rotation of |j4,js), the state with
maximal angular momentum along the z axis. Suppose
that the group element g € SU(2) is characterized by the
Euler angles 6, ¢ corresponding to a spatial direction 7.
Then the spin-coherent state associated with this direction
is given by

Ja
1a) = Ua(9)ljasja) = E u (9)ja- k).
k=—ja

(131)

The behavior of spin-coherent states under time-reversal

symmetry is particularly simple and reads
T (|Aa)(Aal) = | = fin)(=Pal. (132)

In order to quantify how much the optimal spin inversion

channel £(4) resembles the passive symmetry transforma-
tion 7, we employ the notion of quantum fidelity,

Flp.o) = tr(\/ Vpo/p) -

Namely, we calculate the fidelity F between the outputs of
the two channels averaged over all input spin-coherent
states. Notice that the fidelity between two states is a
unitarily invariant measure, so that

(133)

F(ER(p). T (p)) = FIUL(EX (). UL (T (p))].  (134)
and, since both £%4) and T are SU(2) covariant, it follows
that the considered fidelity remains the same for all spin-
coherent input states. Therefore, it suffices to analyze the
fidelity for the input state |/, j4), i.e.,

F = (ja, =ial€® ) (ljas ja)GasjaDlia- —ja).  (135)
Now, we can use the explicit form of £/4) given in Eq. (73)
to arrive at

F=1(a.—jas2ja.2jaliasja)l*- (136)

Finally, employing Clebsch-Gordan coefficient identities,
we obtain

1—|—2jA_1 2ja

F= S=1- —.

(137)

The above fidelity is monotonically decreasing as a
function of j,, and in the limit j, — oo it converges to 1/2.
Therefore, despite the fact that for macroscopic spins it is
possible to almost perfectly invert their polarization vector,
the channel that achieves this is far from realizing time-
reversal symmetry. We remark that the above calculation
assumes only that the action of 7 on the spin-coherent state
|ja,Ja) gives |ja, —ja) and that it is rotationally invariant.
Therefore, the same result will hold for a general perfect
and unphysical spin inversion operation which satisfies
these two constraints (without committing to the full exact
form that the time-reversal operator takes). Moreover, note
that the rotational invariance and linearity [43] ensure that
the expression for F remains unchanged for any state in the
convex hull of spin-coherent states.

VII. TRADE-OFF RELATIONS BETWEEN
CONSERVATION LAWS AND DECOHERENCE

Building on the results developed so far, we now address
the core questions of interest: How much can open
symmetric dynamics deviate from conservation laws? Do
small perturbations from closed symmetric dynamics result
in small corrections to the conservation laws? When does
the converse also hold?

Our aim is therefore to analyze when each of the
following two qualitative statements holds given an a priori
symmetry principle:

(1) If £is close to a symmetric unitary, then the average

total deviation from conservation law A(E) is small.

(i) If the average total deviation A(E) is small, then & is

close to a symmetric unitary.

Whenever both of the above properties hold for any
dynamics with the appropriate symmetry, we say that the
conservation laws are robust with respect to decoherence.
Quantitatively, we can analyze such robustness by deriving
bounds on the average deviation induced by a channel in
terms of its distance from a symmetric unitary process. In
what follows, we first derive general upper bounds on the
deviation in terms of the diamond distance (for arbitrary
dimension of input and output spaces, d4 and dg) and
unitarity (for dg < d,), showing that the first property
holds in general. Then, we argue why a lower bound does
not need to exist for a general group G, and so the second
property does not need to hold. Nevertheless, we show that
for symmetries with multiplicity-free decomposition, the
lower bound can also be derived for d4 = dp, and thus,
conservation laws are robust under decoherence in such
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cases. Finally, we analyze in detail the two special
examples investigated in Sec. V: SU(2)-irreducibly-covar-
iant channels and U(1)-covariant channels.

A. Upper bounds on deviating charges
for G-covariant open dynamics

Before we present our main result upper bounding the
average total deviation A(E) as a function of the departure
from unitarity [1 —u(€)], we want to present a simple
argument showing that open dynamics that is close to
symmetric unitary (isometry) must approximately conserve
relevant charges. Consider p € B(H,) and a G-covariant
channel £:B(H,) — B(Hp) with the symmetry generated
by {J}#_, for the input system and {J%}?_, for the output
system. Now, take any isometry W:H, — Hp that is
symmetric, i.e., WJ% = JLW. Since the conservation laws
hold under a dynamics generated by W, we have

A(pa, €) = t[E(pa)Th — path]

— e{[E(pa) — Woa WO}, (138)

Using Holder’s inequality for the Hilbert-Schmidt inner
product,

tr(A*B) < [|BI|, |A]] - (139)

with ||B||, = tr(VB'B) and ||A||, the operator norm, we
obtain the following bound:

Ar(pas &) < ||(5—W)(PA)||1||J]§||W

where W(-) = W(-)WT. Thus, the total deviation for a
given input state p, is bounded by

(140)

n

Ai(pas €) < IE=W)(pa)IF D IV

k=1

(141)

Finally, we can get a state-independent bound by employ-
ing a diamond norm,

ICII3 = r/r}1a/x||CA ® Zu(pan)ll (142)

so that we arrive at the bound for the average total deviation

AE) < [lE=WIRD K. (143)
k

Operationally, the above can be interpreted as follows: The
more indistinguishable a given covariant channel becomes
from any symmetric isometry, the smaller the deviations
from conservation laws.

Obviously, the above simple analysis has significant
drawbacks. Not only is the diamond norm particularly
difficult to calculate, but also Eq. (143) involves either an

unknown symmetric isometry ¥V or a minimization of the
quantity ||€ — W||, over all such isometries . The latter is
generally difficult to estimate from the properties of the
channel £ alone, leading to very loose upper bounds on the
average total deviation. For these reasons, in the following
theorem we provide an explicit inequality that captures the
robustness of conservation laws in terms of the unitarity of
a symmetric channel.

Theorem 11. Let G be a connected compact Lie group
with unitary representations U, and Up acting on Hilbert
spaces H, and Hp and generated by traceless generators
{Jh}r_, and {J%}7_,. For every G-covariant quantum
channel £:B(H,) —» B(Hpg) with d4 > dp, the following
holds:

A(€) < 2nda(dy = Dmax([[p[l + [[V5411)? x [T - u(€)].

(144)

Moreover, the above also holds for d, < dp whenever
tr[E(T/dn)?] 2 (1/dy).

To prove the above theorem, one starts from Eq. (82)
that yields the general decomposition of a G-covariant map
into a convex mixture of CP maps £ with probabilities
p;(E). Employing this decomposition and Lemma 6,
one can then lower bound the deviation from closed
dynamics [1 — u(E)], with a dimensional constant times
[1 — p,—o(&)]%. Next, one notes that £4=° conserves charges
(generators), and thus, using standard inequalities (e.g., the
triangle inequality) the deviation can be upper bounded by
a dimension-dependent constant times [l — p;_o(&)]%.
Finally, one combines both inequalities to bound A(E)
with [1 — u(€)] as in Eq. (144). The details of necessary
calculations can be found in Appendix D.

B. Lower bounds on deviating charges
for G-covariant open dynamics

We now like to find a lower bound on the average total
deviation in terms of unitarity. First, however, we need to
note that decoherence does not need to lead to the deviation
from conservation law. In other words, there may be open
(nonunitary) symmetric dynamics that nevertheless con-
serves charges (generators) for all input states. To illustrate
this, let us start with the following semitrivial example of
a nonunitary symmetric dynamics £ for which all con-
servation laws relevant for the symmetry hold. Consider
a two-qubit system where the first qubit transforms under
the 1/2 irrep of SU(2) and the second transforms trivially.
The conserved charges generating the symmetry are the
spin operators on the first system. Let E,3(p ® o) :=
p ® Eg(o). This is covariant under the symmetry, and
the conservation laws hold for all states; however, it is not a
unitary operation, as we are free to choose any CPTP £ on
system B.

041035-21



CIRSTOIU, KORZEKWA, and JENNINGS

PHYS. REV. X 10, 041035 (2020)

More generally, there may exist whole families of
nontrivial symmetric channels that are not unitary but
preserve conserved charges for all input states. For exam-
ple, itis relatively simple to find such a family among unital
covariant channels. Theorem (4.25) from Ref. [6] tells
us that for a unital CPTP map £:B(H,) — B(H,) with
Kraus operators {K;};, we have £(X) = X if and only if
[X.K;] = 0 for all i. Extensions of this result to rotating
fixed points may also be found in Ref. [44]. Recall also
that any symmetric channel £ admits a Kraus decompo-
sition consisting of ITOs {E&"} ama» Where 4 labels
irreducible representations in B(H,) of multiplicity «
and vector component m. Then, it follows that £7(JX) =
> ima(En)TIKER® for all symmetry generators JX. Now,
since we assume that & is a unital CPTP map, £ is also a
unital CPTP map. Thus, we can use the result quoted above
and conclude that £F(J%) = J% if and only if [E5, J%] = 0
for all A, m, a, and k. However, E%4® transform as ITOs and
only 4 =0 corresponding to the trivial representation
commutes with the generators. Therefore, for unital sym-
metric channels &, conservation laws hold if and only if £
takes the general form

£() = S E0e() (B0,

a

(145)

where each Kraus operator E*~%% commutes with the group
action. In general, it may also be possible for conservation
laws to hold for nonunital operations, but a full charac-
terization of the dynamics for which this happens
remains open.

As the examples above conserve charges despite
decoherence by acting on the multiplicity spaces of the
trivial representation 4 = 0, one could hope that for groups
with multiplicity-free decomposition such a situation will be
impossible (and so the conservation law would be robust to
decoherence). However, this is not the case. To see this,
recall thatin Sec. VI we find the extremal SU(2)-irreducibly-
covariant channel £Va~/s! that allows for spin amplification
whenever dp > d4. At the same time, we show that there
also exists an optimal spin-reversal channel £/4%/5. Thus,
one can always find a parameter g € [0, 1] such that
qEVa=isl 4- (1 — q)&/a+Js preserves all spin components,
while at the same time being far from unitary evolution.

The above discussion illustrates that probing conserva-
tion laws for a physical realization of a symmetric dynam-
ics is usually not sufficient to decide if there are
decoherence effects present. In other words, robustness
of conservation laws does not occur for all types of
symmetries. Nevertheless, there are particular conditions
that guarantee a certain robustness of conservation laws. In
such cases, approximate conservation laws hold if and only
if the dynamics is close to a unitary symmetric evolution. In
particular, for channels with equal input and output
dimensions d, = dy, whenever B(H,) contains a single

trivial subspace, then there is no symmetric channel other
than an identity for which conservation laws hold. This is
the case, for example, when H, carries an irreducible
representation of SU(2). More generally, however, we have
the following theorem that provides lower bounds on the
deviation from conservation laws in terms of the unitarity.

Theorem 12. Let G be a connected compact Lie
group with unitary representation U, acting on a Hilbert
space H, and generated by traceless generators {Jf\}Z:]-
Moreover, assume that B(H,) has a multiplicity-free
decomposition in terms of irreducible representations.
Then, for every G-covariant quantum channel £: B(H,) —
B(H,), the following holds:

(dy —1)(dy +1)"/2

AE) = K|l (1 = u(&)) Vi
A

,  (146)

where K is a constant independent of &, defined by

K = min |1 — f(1)],

14
A#0EN ( 7)

with f(1) being constant coefficients such that the extremal
isolated channel &* satisfies E4(JX) = f(4)JX.

The proof of the above theorem can be found in
Appendix E.

C. Bounds on deviating charges
for SU(2)-covariant open dynamics

We now turn to investigating the robustness of con-
servation laws for SU(2)-irreducibly-covariant channels.
We focus on a particular case of covariant quantum
channels between spin-j systems, i.e., for j, = jp = J.
In this case, it is possible to deduce both upper and lower
bounds on the average total deviation in terms of unitarity.
One of the reasons for this is that dissipation, as given by a
symmetric channel £ that is not a unitary, cannot hide in the
multiplicity subspace of the trivial representation, as U, ®
U’, has a multiplicity-free decompositions into irreps.

1. Expressions for unitarity and deviations

The structure of general SU(2)-irreducibly-covariant
channels £:B(H,) — B(Hp) presented in Sec. VA gives
a simple way to calculate their unitarity. Employing Lemma
6, using the decomposition of the Jamiotkowski state given
in Eq. (65), and the fact that irreducibly covariant channels
are unital [so that £(I,/d,) = Iz/dg], one obtains

Jatir .
pL(E)’ 2ja+1
w©) = (@17 3 .
L 2Lt C2jp+ 1
1

B 148
G IP=T (148)

where p(&) characterizes a given SU(2)-covariant channel
according to Eq. (67). In the particular case when
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ja = Jjp =Jj, so that both input and output dimensions
d =2j+ 1, the above yields

2j 2
1 &

u(e) = (@S 2eE”

-1\ =2L+1
Now, in order to get an expression for the average
deviation from a conservation, we first look at
SJK = E1(JK) — JK, where k€ {x,y,z} correspond to
the spin angular momentum operators J,, J,, J.. We start

by noting that, due to Eq. (62) and the fact that ITOs are
orthonormal, we have

(149)

ENSm) = [1(E)T). (150)
Next, using the relation between angular momentum
operators and ITOs from Eq. (59), we can rewrite the

above expression to arrive at

AP
1Tall™

ENTE) = f1(€) (151)

where we recall that [|Jg|| = \/js(jp +1)(2jp + 1) and
analogously for input system A. Next, we use convex
decomposition of € into extremal channels £X, Eq. (67), to get

gT(Jk) — <||JB|| jijB
5 Al

L=|ja~jsl

PL(E)F: <5L>)sz (152)

However, we determine specific closed formulas for f, (EF)
inEq. (77), so that combining with the above relations we end
up with

. ]k Jatis
oJ —a E)L(L+1 ),
A= 2jaGa 1 ><AB L UA_jB‘PL( ) ( )
(153)
with
Pag = jplip +1) = jalja +1). (154)

Finally, the spin angular momenta satisfy the following
relations (and similar ones for system B):

w(J5) =0, (V5] =

[l
SN (ER)

Combining the above with Eq. (153) and substituting to
general expression for the average total deviation Eq. (55)
leads to

Jatis

2
A(€) = pr(E)L(L + 1)) .

1
8ja(ja+ 1) < A

L=|ja~jsl

(156)

In the particular case when j, = jp = j, the above yields

(ZpL L+1)>2 (157)

A(€) =

2. Deriving trade-off relations

We now show how the unitarity and deviations from
conservation laws are related and obtain both lower and
upper bounds on the average deviation from a conservation
law of spin angular momenta under a rotationally invariant
irreducible channel in terms of its unitarity.

Theorem 13. Let £:8(H,) — B(H,4) be an SU(2)-
irreducibly-covariant quantum channel acting on a j-spin
system. Then, the average total deviation A(E) from the
conservation law for spin angular momenta is bounded by
the unitarity of the channel u(&) via the following trade-off
inequalities:

12

VAE) > 2\in [1—u()]. (158a)
3/2

AE) 532‘1,511 [1—u(&)]. (158b)

Proof.—First, using Eq. (157), we note that given a fixed
po the deviation A(E) is maximized for p,; =1~ p,.
Therefore,

J@2j+1)? 2
AlE) <z—— (1= , 159
© <3711 (=) (159)
resulting in the following bound:
J+1 [2A(E)
l—py>——i|——= 160
Po 2 211 (160)

To shorten the notation, we now use d =2j+ 1 and j
simultaneously. Using Eq. (148), we have the following
series of equalities and inequalities:
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u(€) =

d21—1<d2 ) 21111 1)
Sdzl-l[f(f’%*%ip?)-l]
{ s (30) ]}
[dz(p+ =) -

=1- 3d2 1(1 Po)(1 +2po)
2 &
<1———1—
1 2J+1
<1- 3 VAG) (161)

where the second inequality comes from the fact that the
sum of the squares of positive numbers is upper bounded by
the square of the sum, and the final one from Eq. (160).

On the other hand, using Eq. (157) again, we note that
given a fixed p, the deviation A(E) is minimized for
p1 = 1 — pg. Therefore,

1
AE) > ———(1—=py)?, 162
resulting in the following bound:
1—po < (j+ 1)\/2jA(E). (163)

To shorten the notation, we use d = 2j + 1 and j simulta-
neously, and introduce A = 2j(4j + 1). We then have the
following series of equalities and inequalities:

N
— d —1
i)

2j
1
2 2
+— E -1
Po 4]+11=1 pl) i|

1 1 (1=po)?
> 2 2 . ) —
_d2—1[d <p0+4j+1 2j !
& (A+1)py+(A=1)

u(€)

71_d2—1 A (1_170)
24
Zl_dg_l(l_po)
1 (2j+1)2
2 1= L VA, (164)

with the second inequality coming from the fact that the
sum of squared probabilities, given a constraint on the total

probability, is minimized for uniform distribution, and the
final inequality coming from Eq. (163). [

3. Examples

Consider first the simplest example of a covariant
channel for j = 1/2. In this case, the unitarity is given by

) =5 (4 +50-peP -1). (169
and the deviation by
AE) =511 - m(©). (166)

A straightforward calculation then yields a direct relation
between u(€) and A(E),

E)=1-4/AE)[1 —\/A(E)],

while the bounds from Theorem 13 read

(167)

0.6 *

u(€)

0.2 R

0 02 04 06 08 1
A8)

FIG. 4. Trade-off between the deviation from angular momen-
tum conservation A(E) and unitarity u(€) for SU(2)-irreducibly-
covariant channels. The middle blue line in the top panel (spin-
1/2 system) and the blue dots in the bottom panel (spin-1 system)
represent [A(E), u(E)] pairs realized by covariant channels. The
top red and bottom green curves give the upper and lower bounds
specialized to the case of SU(2) symmetry.

041035-24



ROBUSTNESS OF NOETHER’S PRINCIPLE: MAXIMAL ...

PHYS. REV. X 10, 041035 (2020)

J—uE) < VAE < (1w (16)

-lklw

We present the above dependence and bounds in Fig. 4.
The next simplest case concerns the spin-j system with
j = 1. We then have

u(€) :% [9 <p0(5)2 +%€>2+%5)2> - 1], (169)

where p,(E) =1 — py(E)
given by

—p1(€), and the deviation is

L 20160 + 6p2(8)7).

Alf) = 32

(170)
Unitarity u(€) and deviation AE are no longer directly
related, but they constrain each other, so that only some
pairs [A(E), u(€)] are realized by SU(2)-covariant chan-
nels. Our bounds then take the form

g[l—u(é’)] < VA(E) < V21 —u(8)], (171)

and again we plot them in Fig. 4 together with possible
pairs [A(E), u(€E)].

D. Bounds on deviating charges for
U(1)-covariant open dynamics

We now turn to our final example of U(l)-covariant
dynamics and the corresponding trade-off between devia-
tions from energy conservation and unitarity of the channel.
Throughout this section, we employ the notation intro-
duced in Sec. V C while studying the convex structure of U
(1)-covariant channels. For simplicity, we focus on the
input and output systems of the same dimension d, =
dp =d and described by the same Hamiltonian
H, = Hg = H. As we shortly explain, in this case it is
impossible to lower bound unitarity u(€) given the
deviation A(E), and thus, our aim is to upper bound
the unitarity (&) given the deviation A(E), i.e., to find
the minimal allowed departure from a closed symmetric
dynamics that can explain a given deviation from energy
conservation.

1. Expressions for unitarity and deviations

Substituting the decompositions given in Eq. (100) to
Eq. (44), one obtains the following expression for unitarity
of a general U(1)-covariant channel &:

(dZZy (5)—b5> (172)

u(€) =

where

(173)

g ()

m

describes how far P¢ is from a bistochastic matrix, i.e.,
b® = 1 when P¢ is bistochastic and b€ > 1 otherwise.

The expression for the average total deviation A is given
by Eq. (55),

(tr(8H)? + tr(5H?)).

A(E) (174)

1
S d(d+1)
Moreover, since H is diagonal in the energy eigenbasis, the
expression for £'(H) involves only the A = 0 block, and so
O0H can be easily calculated explicitly. More precisely, one
gets

tr(6H)? = (Zmpﬁm(En - Em))z, (175a)

tr(6H?) Z(ZP E,I—Em)>2.

(175b)

2. Deriving trade-off relations

First of all, we note that the deviation A(€) depends only
on Pf, while the unitarity u(€) depends both on P¢
[forming diagonals of 7 (£)] and on L¥#9)(&) [forming
the off-diagonal terms of 7 (&)]. Therefore, it is impos-
sible to lower bound unitarity given the deviation. To see
this more clearly, consider the following family of partial
dephasing channels [which are U(1) covariant]:

D, =pD+ (1-p)I (176)

with

D() = Y (Es|()E)|En)(E,|. (177)

Clearly, P = Sy, and so A(D,) = 0. However, the
unitarity varies between 1 (for p =0) and 1/(d+1)
(for p = 1). This is in accordance with our discussion in
Sec. VIIB concerning the general nonexistence of the
lower bounds. Thus, we focus on deriving upper bounds.

We start by noting that each purity term in Eq. (172) is
upper bounded by tr[7% ()] [this simply corresponds to
JW(E) being unnormalized projectors]. Using this obser-
vation, as well as the fact that b > 1, we get

= (Y1)

(178)

with

(179)

— £
q, = zpn+ﬁ,n
n
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corresponding to the (unnormalized) probability of energy
A flowing into the system due to the action of £. Note that
Eq. (178) yields a bound on unitarity that is expressed
purely in terms of P¢.

Now, the crucial point is that for 1 # 0 we have ¢, < g,
with g denoting the largest number of pairs of energy levels
separated by the same energy difference. The minimal
value of g is 1 corresponding to a Hamiltonian H with
nondegenerate Bohr spectrum, while the maximal value is
(d — 1) achieved for a Hamiltonian with an equidistant
spectrum. Since ), g, = d, this means that the upper
bound in Eq. (178) will be strictly smaller than 1 if g, < d.
In other words, as soon as there is any energy flow induced
by & (captured by P, < 1 for at least one ), unitarity u(&)
will be strictly smaller than 1.

Let us now relate this observation to a concrete bound on
u(€) involving A(E). First, we introduce the width of the
energy spectrum:

E=E,-E,. (180)

This allows us to get the following bound:

< > P,,m> = E2(d—q)% (181

m,n#m

Similarly,

w(8H?) < E2Y (1= P5,)? <EX(d—qp)?.  (182)

n

with the second inequality coming from the fact that the
sum of squares of positive numbers is upper bounded by the
square of the sum. Combining these two bounds, we
arrive at

72
A(€) < 2k

<T@+ D (183)

(d - 510)2-

Next, we rewrite Eq. (178) in a more convenient form as

dZ q2 q2
u() <1 — (1 —d—g—zd—g>. (184)

770

For a fixed g, the right-hand side of the above equation is
maximized when for some A’ we have gy = d — g, and
q, = 0 otherwise. However, this may not be possible due to
a constraint ¢; < g. Thus, we need to consider two separate
cases. First, assume that gy > (d — g), so that d — gy < g
and the constraint is satisfied. We then have

were1- (1=

d> -1 &? &2
2 2(d —
:1—J2_190(d—610)ﬁl—c(12 )(d 90)
2(d—g) 1) VA(
<I=p 2 E ’ (185)

where the final inequality comes from Eq. (183). On the
other hand, if gy < (d — g), then we can upper bound the
unitarity by choosing the maximal allowed value g, = g,
and the remaining energy flows to gy = d — g — q¢ [45].
This means that

d? 2 (d—a—a)? &
u(E) <1-— (1_%%_%)
2
_l_dz_l[g(d 9) +qo(d = g—qo)]
<l- 29(d ) <1- 29(d g)d 610

<1 29 (d—g) [d( \/
- dd*-1)
As we do not know what the value of ¢ really is [we know

only what A(E) is], we need to choose the weaker of the
two bounds, and thus we end up with

(186)

u(g)gl—gf_‘l d(d+ )VE . (187)
3. Example

Consider a qubit system with unit energy splitting £ = 1.
The average total deviation is then given by
(Pl = P§L + (1= P + (1 = P\

AE) = . ,

(188)

while the optimal unitarity (obtained by choosing the
blocks of the Jamiotkowski matrix to be unnormalized
projectors) for a fixed matrix P¢ is given by

u(E) = (P§o + P1)* + (1= P%))Z + (1= Pf)* = b(€)
(189)
with
b(E) =1+ (P§, — P5,)%. (190)

In Fig. 5, we present the region of all achievable pairs
[A(E), u(€)] (i.e., for each matrix PE we plot the corre-
sponding deviation from energy conservation and the
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FIG. 5. Trade-off between the deviation from energy conser-
vation A(€) and unitarity u(€) for U(1)-covariant channels Each
blue dot represents a [A(E), u(E)] pair for a qubit channel with
fixed P¢ and optimal unitarity (the two parameters defining P¢,
0 < P§,, P§, < 1 are taken as points from the lattice [0, 1] x [0, 1]
with lattice constant 0.02). The orange solid line is the upper
bound from Eq. (191).

optimal unitarity of the quantum channel transforming
energy eigenstates according to P®), together with our
bound from Eq. (187) that for this example reads

1 /AE)

m&s1—%f77< (191)

VIII. DIRECTIONS OF APPLICATION

In this section, we list and discuss potential applications
of our results. The basic philosophy is that symmetry
constraints (or the lack thereof) lead to simple conse-
quences for easily estimated physical quantities, and thus,
by tracking these concrete quantities, one can probe
symmetry structures in the quantum dynamics. This gen-
erality suggests a range of applications, and so we briefly
outline the following:

(i) Symmetry analysis for benchmarking of quantum

devices for quantum technologies.

(i) Development of universal bounds for the thermo-

dynamics of quantum systems.
(iii) Applications in the foundations of measurement
theory and quantum tomography.

(iv) Use in symmetry checking for Hamiltonian simu-

lations.

(v) Specialization to continuous-time (Markov) dynam-

ics of open quantum systems.
Concerning the last point, the discrepancy between sym-
metries and conservation laws for open systems has been
used in the context of Lindblad master equations to
examine the structure of nonequilibrium steady states
[34-36,44,46]. Our work is phrased in terms of general
quantum channels, but this can be readily adapted to
continuous-time master equations involving dissipative

dynamics, which corresponds to a one-parameter family
of quantum channel {&,} . It is therefore of interest to
specialize our analysis to this regime and determine if the
bounds derived here can be tightened under the assumption
of Markovian dynamics. We leave these to future work and
now give a more detailed description of the other possible
directions mentioned above.

A. Tools for benchmarking quantum devices

Currently, a major theoretical and experimental focus is
to develop devices that can process quantum information
for future quantum technologies, e.g., for communication,
metrology, or computing. A central challenge is to assess
the degree to which one has good coherent control over the
quantum device, which generically undergoes complex
dynamics. One could, in principle, answer this question
with full quantum process tomography; however, it scales
exponentially with the system size, requires strong assump-
tions on state preparation and measurement errors, and
thus, in many cases is infeasible [19]. Therefore, approxi-
mate methods have been developed that are based on easily
estimated physical quantities to shed light on the level of
control over the quantum device. As such, this provides a
target for applying the results developed in the cur-
rent work.

For example, there is a major push to develop a quantum
computer that would provide computational abilities that
surpass those of traditional classical computers, e.g., in the
simulation of highly correlated quantum systems, for
quantum chemistry, etc., [21]. Here, it is crucial to assess
the degree to which a device can approximately realize a
computational gate set. Among various methods devel-
oped, randomized benchmarking (RB) is probably the most
prominent one [19,20]. Randomized benchmarking of a
quantum device can be achieved by applying a random
sequence of noisy gates G, G,, ..., G,, from the gate set to
some initial quantum state p and then estimating the
expectation value (Q) of some observable Q on the system.

From the theory of RB, we find that the expectation value
averaged over randomly selected gate sequences of length
m decays as [17]

(Q*) = A+ Bu(&)™ !, (192)
which holds for an arbitrary observable Q on the system.
The central role played by the unitarity of a quantum
channel in both the present analysis and the RB scenario
suggests the following application. One may analyze the
noise channels through the lens of particular unitary
subgroup actions, which would allow a finer description
of the device, essentially due to harmonic analysis.

More concretely, consider a noisy n-qubit system A whose
gate set is subject to some noise model described by a
quantum channel £ on A (assume for simplicity gate-
independent noise). We like to study the structure £, and
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we might have prior information that suggests it weakly
breaks only some symmetry group G; e.g., it might be
expected that the quantum device respects rotations about
the z axis ofits physical qubits. Our analysis provides asimple
way to test this. Let {J4 }7_, be the generators for this unitary
subgroup on A. Now, Theorem 11 tells us that if it is the case
that £ is covariant with respect to this subgroup, then the
following relationship between A (&) and u(€) must hold:
A(€) < 8ndy(dy — Dmax|[JE[[F[1 —u(&)].  (193)
Note that both the unitarity u(€) and A(€) can be estimated
efficiently. Thus, if A(&) violates the above bound, then we
deduce that the noise model strongly breaks this particular
subgroup. From a Stinespring dilation, we can further infer
that the noise presentinvolves nontrivial G couplings with the
environment. In a similar vein, one can exploit the multi-
plicity-free lower bound condition from Theorem 12,
VAE > c(dy, TE)[1 = u(E)], (194)
where c(dg, J%) is a constant depending on the dimension of
B. Employing it, one can assess how well the noise channel
respects symmetries on multiplicity-free (sub)systems of the
quantum device.

Thus, estimating A(E) for a choice of subgroup supple-
ments the existing toolkit of randomized benchmarking.
Obviously, such constraints should be refined and special-
ized to the task at hand, but such general bounds can help
one circumvent full process tomography and address
abstract structural questions of quantum channels through
a simple set of expectation values of observables and in a
manner that links naturally with modern randomized
benchmarking techniques.

B. Thermodynamics of general quantum systems

The reduction of a potentially complex quantum process
to a small set of distinguished quantities is squarely in the
spirit of thermodynamic methods. Indeed, unitarity u(&)
clearly captures the degree to which the quantum channel £
is irreversible [42]. Therefore, our analysis can be used to
further develop recent works on thermodynamics from a
quantum information perspective [23]. There, one models
thermodynamic transformations by a distinguished set of
quantum channels known as thermal operations [47],
which do not inject any free energy into the system or
ordered quantum coherence. More precisely, a thermal
operation &£ describes the evolution of a system with a
Hamiltonian Hg prepared in a state pg due to the energy-
preserving interaction U with a bath described by a
Hamiltonian Hy and prepared in a thermal equilibrium
state yp:

E(p) = trp[U(ps @ 75) U] (195)

with [U,Hg+ Hp] = 0. The standard tools within this
theory are based on a continuous family of single-shot
entropies [48] that are quite unwieldy for describing the
coarse-grained thermodynamic behavior of the system.
However, the channels defined in Eq. (195) naturally
exhibit a time-translational symmetry [49]; i.e., they are
covariant with respect to the U(1) group generated by the
system’s Hamiltonian Hg and thus fall under the scope of
our results.

As a consequence, the results we present here have direct
thermodynamic consequences and offer a novel approach
to studying conserved charge flows and the decoherence
they induce. In particular, the bound in Eq. (187) relates
averaged energy flows into the system (measured by A)
during a thermodynamic process to the amount of irre-
versible decoherence this process induces (measured by u).
This means that in order to change the system’s energy
during a thermodynamic protocol, one has to pay the
unavoidable price of deteriorating the quantum superposi-
tions present in the system. We emphasize that this trade-off
is universal; i.e., it does not depend on the structure of
the thermodynamic bath or the particular interaction
Hamiltonian. Instead, it is based on the fundamental
concept of energy conservation. However, it is reasonable
to expect that these bounds will be most useful in the
regime where the effective bath degrees of freedom
involved in the process are small. Moreover, our results
can also be used to investigate thermodynamics of quantum
systems with multiple conserved quantities [50]; e.g.,
Theorem 13 can be used to upper and lower bound the
decoherence induced by transferring angular momentum
from the bath to the system. We thus see that one could use
this work as a starting ground to develop general thermo-
dynamic trade-off relations that, on the one hand, are based
on directly measurable physical quantities (conserved
charges), and on the other hand, capture the unavoidable
thermodynamic irreversibility (and related quantum
decoherence).

C. Measurement theory and the WAY theorem

One motivation for the above thermodynamic models
can be provided by the measurement theory in the presence
of conservation laws. In particular, if one considers an
additively conserved quantum Ag (such as energy or
momentum), then the celebrated Wigner-Araki-Yanese
theorem, or WAY theorem [51-53], tells us that the only
observables that can be measured in a repeatable manner
are those commuting with Ag. Otherwise, a measurement of
some observable Bg with [Bg, Ag| # 0 unavoidably dis-
plays a form of irreversibility, which the resource-theoretic
thermodynamic framework can capture.

However, one could equally well extend the present
analysis for such WAY theorem scenarios beyond thermo-
dynamics to general measurement theory. It is well known
that approximate measurements of Bg in a state |y) can be
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designed, but these require the measuring apparatus to be
prepared in a state |£) with large variance of the apparatus
observable A,, corresponding to the conserved charge.
More precisely, the root-mean-square error ¢(Byg) in the
measurement of By is lower bounded by [22]

> [(w[[As. Bs]lw)[?
CB5) 2 32000 + ao Ag)

(196)

where 6(Ag) and o(Ay,) denote the variances of observ-
ables Ag and A, in the initial states |y) and |£). However,
the original derivation of the bound [22], as well as further
designs of optimal measurement protocols [54], assume a
perfectly closed unitary evolution of the joint SM system.
In this context, a natural extension of the work here would
be to provide a general analysis of the second-order
moments of the conserved quantities as a function of the
unitarity of the channel. One can then, for example, take
into account the charge-conserving coupling of the mea-
sured system and apparatus with the environment and
establish universal resource bounds on measurement
schemes in the presence of noise. Specifically, such
analysis would connect the measurement error of observ-
ables under symmetry constraints with both the unitarity of
the joint system-apparatus evolution and the variance of the
conserved observables for the apparatus. In effect, we
envision that the suggested extensions would lead to a
finer-grained inequality similar to Eq. (196) that would also
take into account the leakage of information outside the
system-plus-apparatus setup, and which in the limit of
unitary evolution would reduce to the WAY formulation. In
this manner, one could obtain unitarity-based generaliza-
tions of measurement-error trade-off relations under sym-
metry constraints.

Beyond this second-order analysis and motivated by
resource measures, another interesting direction to be
explored in the context of tomography is to develop a
more unified treatment of the nth-order moments, which
could provide greater insight into the degree to which one
can perform efficient tomography of quantum channels that
are covariant with respect to some symmetry constraint.

D. Hamiltonian simulations and
error-mitigation via symmetry checking

Current quantum hardware is plagued by noise that in the
regime of a few hundred qubits with relatively short
coherence time cannot be feasibly corrected via fault-
tolerant methods of encoding information [55]. However,
these noisy intermediate-scale quantum devices are capable
of demonstrating quantum advantage [56] and, while it is
still a major open question, they may possibly lead to
computational advantages. Therefore, it is important to
devise methods of characterization, mitigation, and bench-
marking of noise accumulated during a quantum informa-
tion processing task. Such methods are useful not only for

near-term applications, but they may very well pave the
way for improved error-correction techniques.

In many instances, the problem we aim to solve on a
quantum device has a specific structure, so that during the
computation only a particular subspace of the full Hilbert
space is explored. A major application is Hamiltonian
simulation, where the underlying physical system often has
many symmetries (particle conservation, rotational sym-
metry, etc.) that need to be enforced to prepare a time-
evolved state or an appropriate Ansatz for energy estimation
(via the variational quantum eigensolver or other methods
[57,58]). For example, one may want to enforce conserva-
tion of particle number for a lattice gauge theory simu-
lation, or prepare states with a fixed number of spin orbitals
and enforce that wave functions resulting from chemistry
simulations lie in the antisymmetric subspace. However,
noise will affect such state preparation, and so the resulting
state will be outside of the feasible subspace determined by
the symmetry constraints.

Our results find a natural application in obtaining bounds
on the unitarity of the global noise associated with the
entire (symmetric) circuit from directly evaluating the
strength of the conservation violation. Unitarity, together
with average process fidelity (which may be determined via
cycle benchmarking [59]), can then be used directly to
obtain the bounds (or, in some restricted multiplicity-free
cases, estimates) for the diamond norm distance between
target symmetric unitary and the actual noisy channel
implemented by the quantum device. One should note that
this information about the unitarity of the noise across the
entire circuit is not accessible via the randomized bench-
marking protocol for unitarity; by analogy, the difference
here is the same as between the error rate computed via RB
giving an estimate of average fidelity and process fidelity,
which is more challenging to evaluate. This also raises the
question of how the benchmarking unitarity protocol can be
extended to estimate the unitarity of noise across an entire
specific computation.

We can provide the following simple toy-model experi-
ment to illustrate our point. Suppose yo = |yo) (Wl is a
two-qubit initial state prepared with support on the
{|01),[10)} subspace. Let J=Z QI +1Q® Z be a gen-
erator of symmetry, with Z standing for the Pauli Z
operator. The state y then undergoes an evolution by a
(parametrized) unitary V(0) = ¢/?®7%, which is a symmet-
ric unitary as it commutes with the generator. These types
of unitaries appear, for instance, in Ansdtze for quantum-
chemistry simulations [60], and the chosen subspace can be
viewed as a restriction to a fixed-particle-number subspace.
One can check that tr(Jy() = 0. Under the symmetric
unitary, |y,) gets mapped to a target state [yy) = V(0)|wy),
which also satisfies tr(Jyy) =0 due to the symmetry.
However, should we want to prepare such a state on an
actual device, the effective map will be a noisy approxi-
mation described by a channel V. The resulting noisy state
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W9 = V(y,) may not conserve J if, for instance, the noisy
state leaks outside the subspace {|01),|10)}. A measure-
ment in the computational basis allows us to evaluate
A(yo, V) = |tr(Jiry)|?, which puts a direct lower bound on
the distinguishability between V and the target computation
V, via Eq. (143).

IX. CONCLUSION AND OUTLOOK

We study the relationship between symmetry principles
and conservation laws for irreversible dynamics that goes
beyond Noether’s principle. We establish that the two
questions posed in the Introduction are fundamentally
related. On the one hand, we provide the optimal active
transformation approximating spin-polarization inversion,
but this turns out to be the symmetric channel that achieves
maximal deviation from the conservation law of spin
angular momenta. Both of these limitations arise as
fundamental constraints imposed by quantum theory on
the connection between symmetry principles and conser-
vation laws. At the core of these statements lies the convex
structure of symmetric channels.

Generally, classifying the structure of extremal (sym-
metric) channels [61] is a difficult problem that remains
open in the general setting [62]. For particular symmetries,
the structure simplifies significantly, and in several sit-
uations all extremal channels become isolated, forming a
simplex. This was the case of symmetries described by
irreducible representations of SU(2) analyzed in detail in
Refs. [14,15], but it can occur also for finite groups [16] and
Weyl groups [63]. Channels that are symmetric under an
irreducible representation of some compact group are of
particular importance in quantum information as their
classical capacity is related to their minimal output entropy
[12,16,64,65]. This simpler structure is also crucial to our
analysis of the robustness of conservation laws under
symmetric irreversible dynamics.

This work broadly addresses structural aspects of
Noether’s theorem for general quantum processes, a feat
that connects with several important developments that aim
to understand the constraints symmetry imposes on mea-
surements via the Wigner-Araki-Yanase theorem
[54,66,67] on state transformations [7,68] or the conse-
quences of global symmetries to gauging dissipative
dynamics of multipartite systems [69]. Moreover, we
discuss in more detail the relevance of our work to the
development of quantum technologies (benchmarking of
quantum devices, quantum thermodynamics, and simula-
tions), emphasizing the importance of the fact that the
central measure we use in our results is easily accessible
experimentally.

We restrict our analysis of Noether’s principle to
symmetric dynamics described by completely positive
maps. Violations from conservation laws can occur in a
variety of situations, including classical systems with

dissipation leading to modified conserved currents and
extensions of Noether’s theorem for classical Markov
processes [2,3]. In using the formalism of CPTP maps,
there is an assumption that the quantum system of interest is
initially fully decoupled from its environment. A further
direction to explore can be the situation when the system is
coupled to the environment. This would lead to a local
dynamical map corresponding to non-CP noise. We expect
the stability of conservation laws under such dynamics to
be difficult to characterize solely in terms of the local
dynamics on the main system; we conjecture that in such a
case, the upper bounds on a deviation from conservation
law in terms of unitarity of the (now non-CP) dynamics will
no longer hold due to a strong dependence on the initial
system-environment interaction.

Finally, we speculate on the relevance of this work to
relativistic quantum information theory, where decoherence
induced by relativistic effects [70] can have an impact on
probing conservation laws for the quantum systems
involved.
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APPENDIX A: UNITARITY OF QUANTUM
CHANNELS: ALTERNATIVE FORMULATIONS

Lemma 14. For any channel £:B(H,) — B(Hp), the
unitarity satisfies

u(€) <1 (A1)

with equality if and only if there exists an isometry

V:H, — Hp such that E(p) = VpV7 for all p € B(H,)
Proof.—We illustrate the proof idea with d4, = 2 (and no

restriction on dp), in this case the unitarity is given by
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I
u(€) —2/tr{5<y/—3> :|dl// (A2)
For each y € B(H,), we are free to write the decom-
position of identity in many ways such that
Ly = )yl + [w ) (w ], (A3)
where |y1) is the orthogonal complement of the pure state

ly) such that {|w), |y*)} form an orthonormal basis for
B(H,). Thus, we can rewrite the unitarity in the form

w)/2)*dy (A4)

u(€) :2/tr[5((w—

=2 [ulew) - euh)PAdy (a9

=3 / ()] + wl€y )] - 2r{EW)EW ) dy (A6)

However, for any y and its corresponding - we have
tr[€(w)?] < 1 and or[E(y+)?] < 1. Since & is a CPTP map,
then E(w) and E(wt) are positive operators so that
tr[€(w)E(wt)] > 0. Putting everything together, it follows
that

u€) <3 [ wletw)] + ulewPay <1 (a7

with equality if and only if () is a pure state for all pure
states y. Therefore, £ is an isometry.

More generally (for arbitrary d, and dg), we have a lot
more freedom in rewriting the identity in terms of and
orthonormal basis containing y. Suppose that for every
pure state w we extend it to an orthonormal basis
{w.w1....,wy,_1 }. With respect to this, we can write
(A8)

Ly = ly)(w| + lw)wal+ - Flwa, ) (Wa, - -

Therefore, the unitarity can be written as

u(€) = —2

i o ((-g)e-a ) o

(A9)

and the above can be expanded since £ is convex linear so
that

u) = dAdi i / ! KdAd; ) - %dz_:] 5(””')ﬂ ‘

Or equivalently, we get that

u(E) = / <dA - L lew) +mi €

WL () E(w))
23 “an-1 )

The above holds equally well for any pure state y (which
is in fact a dummy variable), so the integration remains

5 da]

——Z wl€W)EW)] +

invariant under v — y; = U,-z//Uj for some unitary U,
with the rest of the basis states remaining invariant. This
comes from the fact that the Haar measure is a unitarily
invariant measure. In this manner, we can write u(€) in d,
different ways. For instance, it also holds that

dy—1
ue)= | (d’*d‘lrr{é‘m)zhm > ul€ly,)]

A

J#iLj=1
1 dy—1
I dA—1>“[5("’)2]‘E,;I [Ew)EW;)]
2 ClEw)Ew))]
—d—tr[ W)E(w:) H;;elm
daz ltr
+2) dy.

The above holds for all basis states, so we have a total of d,
equations. Summing all together, we notice that we obtain
the following:

dy—1

dyu(e) = / (tr[so,u)ﬂ DI

2 S ule) f:m)])

/kV/

In the above, each term tr[€(y;)E(wy)] appears d, —2
times with coefficient 2/[d4(d4 —1)] and twice with
coefficient 2/dy, the latter arising from the equations for
which i = j and i = k and the former from the rest of the
equations, where we consider the j, k label to include
w as well. Putting it all together, —(4/d,) + 2{d, —2/
[da(ds — D]} ={[2(ds) =4 —4(ds — 1)]/ds(ds - 1)} =
—[2/(d4 — 1)]. The quadratic terms tr[€(y;)?] will appear
once with coefficient (d, — 1)/d, and then with coefficient
1/]lds(dy — 1)] in each of the d, — 1 equations, which
sums up to 1.

Now it is always true that tr[€(y;)?] < 1 for all i, and
also since £ is a CPTP map, then E(y;) is a positive
operator so tr[E(y;)E(wy)] > 0. Therefore, it follows that
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dy—1

dulé) < [ <tr[5(w)2}+ztr[5(wi)2}> <dy (ALD)

with equality holding for tr[€(y)?] = 1; that is, whenever

E(y) is a pure state or equivalently when & is an isometry.
& Conversely, if £(X) = VXVT for some isometry

V:H, — Hpg, then VIV =1, and in this case we get

dy I)2
&) = tr|V(iy——) Vi|d
u(€) dA—l/r[ ("’ d) ]"’
dA /8 I 5
dA—lfr[ (v dﬁdﬁ) } Y
dA 178 I
= tr|V -2+ — |dyV*
dA—lr{ /("’ dﬁdi) Y ]
dy I I
= tr|V{——— | VT s
ner (@ a)]
where we use the fact that [ wdy = I/d,. Collecting terms, it
follows that if £ is an isometry then u(&)={[tr(VVT)]/d4}.
However, the trace-preserving condition implies that
tr[E(1/dy)]|=tr(VVT)/dy=1 so that u(§) = 1. "

Lemma 15. Given a channel £:B(H,) — B(Hj), then
the unitarity can be equivalently expressed by

() () = 7 (a7~ wlelra/an)?).

() ) = 2 (A0, ) - e/, ).

Proof.—
(i) Directly from the definition of unitarity, we get

)= ([ wiewrian

el
+ [wig/ayian). (A12)

We note that when the Haar measure over pure states
is properly normalized, then the following hold:
Jwdy = (I,/dy) and  [y®dy = {1/[dx(ds+
D]}HI, ® Iy + SWAP,), where y € B(H,) and
SWAP, € B(H, ® H,) is the SWAP operators
defined via SWAPA = le |lA>|JA><JA|<lA| We
also have the following relation: tr(p?) =
tr(SWAP,p ® p) for all p € B(H,). One can sim-
ilarly define the SWAP operator for system B.
Therefore, it follows that the average output purity
is the purity of the Jamiotkowski operator:
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/ t[E () dy = / [SWAP,E(y) ® E(y)]dy
= /tr[ST ® ET(SWAPzy @ y)|dy

=tr {ST ® ET(SWAPy) /l//‘g’zdlp]
1
T dy(dy+ 1)
x (I, ® I, + SWAP,)
1
T dy(dy+ 1)
QR E((Iy ®I, + SWAP,)),

tr(£' @ ET(SWAPy)

tr(SWAPBE

where SWAP, € B(Hp ® Hjp) is the SWAP oper-
ator on system B. One can also show that tr(J[£]?) =
tr(SWAPzE ® E(SWAP,) by expanding in terms

of basis for A and B. To check directly, denote by

|em)ff:1 an orthonormal basis for system B. We get

that

tr[SWAP,E ® E(SWAP,)]
==Y w(SWAPE(i)(j]) ® E(L)){il))

i.j

= D (el (iDlen)(enl€(L) i) len)

i,j,m,n

= > (€D UDEN (i) = du(TEP).
i
Putting everything together, it follows that

/ [y dy

:m{”[ﬂw+Jitr<ﬂe]2>}. (A13)

Similarly, we have by linearity that

/ tr[E(w)EW/dy))dy = t[€ ( / wdv/> E(l/dy)]
= tr[E(1/d,)?).

Therefore, we get that the unitarity is given by

A([r(EW/dy)?) + ulT[EP)
(d3—1)

dutr[E(1/d,)?)

o (dy-1)

u(&) =

(Al14)
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and rearranging we obtain

{d3te(TEP) — dat[E(1/da)’]}-

(A15)

ué) =z

(i) To show the second part, we just need to check
that tr(7[€]?) = tr(£(1/d4)?). First suppose that
ViH, ® Hy ® Hg is a Stinespring dilation for
the channel £. Then the adjoint channel is £7(Yj) =

V'I; ® YzV. Moreover, suppose that |e,, )" WL s an
orthonormal basis for system B and that
SWAP; = >, . len)|en)(enl{e,|. The result then

follows from the following argument:
Bt (TE?) = ul€" @ ET(SWAPR)SWAP,]
= Ztr € (lew) (eal)
® gT(|e >< m‘)SWAPA]
= Ztr [E¥(lew) (ea)E7(Je) (em])]

= Ztr(vﬁlg ® le,)

X (e, VV'IE ® ley)(en|V)
=u[Viag(VV') @ V]
= dytr[Vitg (VI /dy V) @ I5V]
[VIE(4/ds) @ T5V]
[E7(E(Ma/ds))]
= djulE(1,/dy)?).

= dAtr

= dAtr

APPENDIX B: IRREDUCIBLE SU(2)-COVARIANT
CHANNELS

1. Liouville representation for extremal
SU(2)-irreducible covariant channels

In Sec. VA, we see that the set of SU(2)-irreducibly-
covariant channels between spin-j, and spin-j systems is
fully characterized by its extremal points EL:B(H,) —
B(Hp) with L ranging from |j, — jg| to j4 + jp in incre-
ments of 1. Since the input and output spaces carry
irreducible representations j, and jz of SU(2), this means
that the decomposition of the operator spaces into irreduc-
ible components is multiplicity-free, and therefore, the
results on the structure of the corresponding Liouville
operators holds. For each extremal channel EL there is a
unique vector f(EL) of coefficients that fully determines it.
Moreover, for SU(2) symmetries, we can always construct
a basis of irreducible tensor operators that are Hermitian,

which implies that these coefficients are real for any
covariant quantum channel. Therefore, each of the vectors
f(EL) represents one of the extremal points that form a
simplex in RY, where d = 2 min(j4, jg).

Since we have a full characterization of the channels £,
we can give closed-form formulas for the vectors f(£L) in
terms of Clebsch-Gordan coefficients. In doing so, we
make use of the Wigner-Eckart theorem. As before, let
{T}}, and {S{};, be ITO bases for B(H,) and B(Hp),
respectively. We have that EX(T}) = f,(EF)S8,; for any
L, A, u, and k. The vector f(EL) has entries f,;(EL) with 1
ranging from 1 to min(2j4,2jz); for 1 =0, the trace-
preserving condition implies that f((EL) = [1/(2j5 + 1))
1s constant for all covariant channels, so we do not include
it further in the vector definition of f(EL).

Concerning the angular momentum states that form the
basis for H, and Hp as in Sec. VA, for any 4 irrep there
exists labels m', n’, and k such that (jg, n'|St|jz. m') # 0.
Therefore, we can conveniently rewrite each coefficient as

(g n'[EH(TP)ip. m')
(o 1'|SEligm')

fa(&h) = (B1)

where we reiterate that at the core of our analysis is that the
quantity above is independent of m', n’, and k, and this is
solely as a consequence of the covariance of £F. The
numerator can be written in an equivalent form by a basis
expansion

(g n'|EX(T)jp, m')
= Z(jA, n|T|jasm) (s 0'|EX(|jas n) (Gas m|)|jg. m').

(B2)

Therefore, by using the specific action of £ on angular
momentum states given in Eq. (73), we obtain that

f(EF)
_ i (a1 TR ja.1m) g1 |EF (| 1) (G m]) g ')
mn=—j, <jB’n/|S£|jB’ml>
(Ja-n|Tgja, . .
5o 30 Gt )
mn=—j, s=—L -]B’ |S |]B m>
X <JB’n n>5n’~n—55m’,m—s
_ <jA’n/+s‘Ti|jA’ml+s>
s—L <jB’n/|S£|jB7ml>
X (jg,m'sL,s|ju,m +s)(jg,n'; n'+s). (B3)

To simplify the above expression further, we can employ
the Wigner-Eckart theorem, which states that the matrix
elements of an irreducible tensor operator depend on the
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vector component labels only trough the Clebsch-Gordan
coefficients. In particular,

G2’y = (i m's Aokl ) (IS ). (B4)
where (jg||$*||jg) is the reduced matrix element which is
independent of n',m’, or k. We can also write down
Wigner-Eckart for the 7% irreducible operator. This leads

to the following form for the vector of coefficients for the
extremal channel labeled by L:

fg(gL _ <]AHT1||]A> i <jAa m’ +S;Aaija n +S>
UsllS*is) &= (p.m's 2. kljp.n")
X <jB’ m/;L’ S|jA’ m/ + s><jB’ n/;La s|jA7 n/ + S>'
(B5)

In particular, since the above factor has no dependence on
the labels m’, n’, and k, without loss of generality we can
take k=0, m' =n' = jz. We thus end up with the
following expression:

. Tll . L . ) . ,/1,0 . , .
f,l(gl‘) _ <JAH /1||J.A> Z <]A ]1{3 +.S. |]‘A J.B +s>
(sllSNis) &= (j- i 4 0lj. jB)

S <ijjB;L7s

Jasis +8)% (B6)

In the particular case when the input and output spaces
have the same dimension and both carry the same irrep of
SU(2), ja» = jg = j, we obtain the following:

L . . . ..
f,{(gL) — Z <J7J+S’A7OJ7.]+S>

— — (j,jsL,s|j,j+ s)*
= (.0:4004,)

(B7)

2. Maximal inversion and amplification of spin-
polarization vector for SU(2)-covariant channels

Here, we characterize the range of values that the
coefficient f;(EL) takes while varying over all extremal
channels L. This factor corresponds to how much the spin
polarization can scale (up or down) under a covariant
operation. As we see, due to the particular choice of irrep
A =1, we can significantly simplify the expressions with
Clebsch-Gordan coefficients appearing in Eqs. (B6) and
(B7). We first analyze the simpler case of same input and
output dimension, and then proceed to the general case. In
the former case, we find that while the spin polarization
cannot increase, the spin can be inverted up to a factor that
is always greater than —1. In other words, we show that
—[j/G+1)] < fi(EF) <1, where the upper bound is
attained for L = 0, i.e., the identity channel, and the lower
bound is attained for L = 2, i.e., the extremal channel with
the maximal number of Kraus operators. In the latter case,

when the output dimension is larger than the input one, we
show that the spin-polarization vector can actually be
amplified.

a. Input and output systems of the same dimension

From the explicit formula for £,(EL) Eq. (B7), we have
that

L .. ..
(J,j+s: L0, j+s) . . . 5
fi(&F) = — — JJiL.slj. j+ )%
(B8)
Moreover,
.. 1010 i .
R L)
(J,7: 1,01}, j) J
and
(J.JsLslj.j+s)*
B (27 + DN2j+ )L —s)! (B10)
(2= L)L +2j+ DL +5)!(=s)!
is nonzero for s < 0. As a result, we have
2j+1)!
L) = (
G (2j = L)Y(L +2j+1)!
L . .
—s5)(2j—=s)!(L !
— J(L —s)!s!

It turns out that the above expression can be easily
evaluated in terms of products of binomial coefficients,
so that

nen= ("7 [i@—_) o

L))

We can compute each of the two sums above separately by
using combinatorial identities

S0

SENE) = ()

s=0

(B12)

(B13)

to obtain a closed-form formula for f,(EL):
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L+1/L+2j+1\/L+2j+1-1
Ey=1-——— =1
[
L(L+1
. (B14)
2j(j+1)

Therefore, under any SU(2)-covariant channel, the spin
polarization can either remain the same (whenever L = 0,
which corresponds to the identity channel), decrease by
0 < f1(EF) <1, or get inverted by f,(EF) < 0. However,
in this scenario the spin polarization will never increase.
The maximal deviation from a conservation law is achieved
by the extremal channel L = 2j, which also achieves the
maximal spin inversion of polarization:

; J
fiEy =-—.

o (B15)

b. Input and output systems of different dimensions

We now proceed to the case j, # jg. From Eq. (B6), for
A =1 we have the following:

£1(E) (sllS'lljg) _ zL: (Ja,jp +5;1,0j4, jp + 5)

<jA||T1||jA> s—1 (/g»Jps 1,0ljg, jB)

X <jB7jB;L7SjAva+S>2' (B16)
For operators on the carrier space H, for the j, irrep (and
similarly for jg), the decomposition of B(H,) contains
each irreducible representation with multiplicity at most 1.
For any j, > 0, the 1 irrep will appear once, and the
corresponding subspace will be spanned by the ITOs
{T}},. The reduced matrix element is independent of
the vector label component k. Therefore, due to the
uniqueness of the 1 irrep, the quantity (j,||T"||j) will
be uniquely associated with the irreducible subspace of
B(H,) that transforms under the 1 irrep. This implies that
(jal|lT"||ja) is independent of the choice of orthonormal
ITO basis. An analogous relation holds for (jz||S!||jz). In
fact, we can fairly easily determine what the constant factor
(gllS'jg)/ (iallT | ja) is. For this, we again use the
Wigner-Eckart theorem together with the standard form
for ITOs S} and T} to evaluate a particular matrix element.
We then get

<]B||Sl||]B>: <]va|S(l)|]B’m> — \/§
<j3,m;1,0j3,m> V2j3+1’

where the above makes no assumption on the ITOs S other
than it forming an orthonormal basis for the 1-irrep
component. Therefore, the ratio of the reduced matrix
elements S' and 7' is \/(2j4 + 1)/(2j5 + 1).

Now, in order to arrive at a closed-form formula for
f1(EL), we need to combine the above with binomial

(B17)

expansions for the Clebsch-Gordan coefficients. First
notice that one of the terms in the expression for f, (L)
is given by

Jja.jg+s)?

Uil _2jA+1(1+jA+jB+L>—1
BsJBs L ~ . 4

S 2jp+1 Ja—Jjp+L

X(jA+jB+s>< L-s >
L+S jA_.jB_S '

(B18)

We remark that for the coefficients to be nonzero, we
need that —L > s> L and j, —jp—s >0, where we
recall that L takes one of the positive values in the set
{lja = JBl:lja — jl + 1, ..., ja + jg}. Therefore, we get

9

£1(E8) = JUp +1)(2ja + 1)<1 +Ja +jB+L)_1
: Jala +DQ2jp+ 1D\ ja—Jjg+L

Ja=ip - . . L —
XZ]B.+S<JA+JB+S)<. .S >7
== B L+s Ja—Jp—S

(B19)

where in the summation only the terms for which the two
binomials exist contribute, i.e., j4 — jp — s > 0 (note that
these correspond exactly to nonzero values of the relevant
coefficients in the previous summation). Changing the
dummy summation variable from s to w=s+L, we
obtain the alternative formulation:

Fi(EL) = Tl +1)(2j4 +1) <1 +ja+ijp+ L>_1
Jala +1)(2jg+1)\ ja—Jjg+L
“‘f:“jg—uw(jﬁjg—mw)
] w

X
w=0 JB

( 20 —w )
x| . i .
Ja—Jjgt+L—w

To compute the above, we make use of the following
combinatorial property:

z“: (a " fv+ W) <2 _ :Vv> - (2I1a++bb++cj3!

) o

_(l14+a+b+c
o a

for ¢ > a, and similarly,
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()
_(I+a+b+c)(14+a+b)
(a=1)!12+b+c)!

l+a+b+c\a(l+a+b)
2+b+c

(B21)

a

for a#0 and ¢ >a (if a =0, the latter sum clearly
becomes zero). Now, employing this we obtain

£ = \/j3<j3+1><2jA+1>

JaGa+1)(2jp +1)
g — L
x (j £~
JB
and after some simplification, we arrive at

Fi(EL) = \/jB(jB +1)(2ja+ 1)

(Ja—Jjs+ L)1+ ja+js —L)>
2jp(1+ jg) ’
(B22)

Jala+1)(2jp + 1)

« <jA(jA +1)+jp(jp+1) = L(L + 1))
2jg(jp +1) ‘

(B23)

For different extremal channels with L between |jg — j4|
and j, + jp, the maximal value is attained for the closest
valid value of L to (j4 — jg + 1)/2. This maximal value is
attained for L =|j, — jz|- We then have two cases. If
jA > j37 then

aishy —  [9BUA +1)(2ja +1)
£1(Elia=inl) \/jA(jB+1)(2jB+1)’ (B24)
and if j4 < jp, then
amisly — 44l +1)(2ja +1)
e \/js(jA+1)(2jB+1)‘ (B25)

The minimal value, in turn, will always be attained by
L = j, + jg, which gives

Fi(Eintiny = — Ja \/jB(jB +1)(2ja+1) (B26)

Jp+ 1\ jaGa+1)(2jp+ 1)

Note that for jz > j,, there may exist an extremal channel
for which the scaling coefficient will be less than —1. In
other words, the spin polarization can be effectively
inverted in this case.

APPENDIX C: CONVEX STRUCTURE OF
SYMMETRIC CHANNELS

Theorem 16. Let G be a compact group with repre-
sentations U, and Up acting on Hilbert spaces H, and Hp.
Suppose that Up @ U7, is a multiplicity-free tensor product
representation with nonequivalent irreps labeled by ele-
ments of a set A, and that Uy is an irrep. Then, the convex
set of G-covariant quantum channels £:B(H,) — B(Hp)
has |A| distinct isolated extremal points given by channels
& for 1€ A. Bach & can be characterized by the
following:

(1) A unique Jamiotkowski state

T
J(EY = 4 (C1)
(2) Kraus decomposition {E}}¢, such that
(€2)

&) = S Elp(ED'.
k

with E* forming a A-irreducible tensor operator
transforming as Up(9)EtU4(9)" = > p v (9)EL,
where vi,k are matrix coefficients of the A irrep.
(3) A symmetric isometry W*:'H, — Hz ® H* such
that
E4p) = tryu[Wp(WH)']. (C3)
Also, the minimal Stinespring dilation dimension for
& is given by d,.

Proof—1 = 2 Any square-root factorization of the
Choi-Jamiotkowski state gives a set of Kraus operators.
In this case, it is trivial to compute the square-root opera-
tor R of J(€*) =R'R, and this is given simply by
R = (I*/\/d}). Note that R is not unique, and any R =
WR for arbitrary unitary W will also result in a valid square-
root factorization. This freedom is then reflected in the
nonuniqueness of Kraus operators. Since R is suppor-
ted only on the A-irrep subspace of dimension d;, this
implies there will be only d; nonzero row vectors in R. The

nonzero row vectors of R will be given by {(r;|}%,, such

that 7 () = S°% ;) (r,|. In particular, |r;) € Hp ® Hy
and they will form an orthogonal basis for the A-irrep
subspace of ‘Hp ® H, under the tensor product represen-
tation Up @ Uj. This is enough to ensure that they
transform irreducibly such that Ug(g) @ Ui(9)|ri) =
Sw vh,(9)|ry), where v}, are the matrix coefficients for
the A irrep. Under the inverse of the vectorization operation,
there exists a set of operators E? represented by dp x d4
matrices such that |vec(E?)) = |r;), and therefore,
{E*}; = 1% will give a particular Kraus decomposition
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of £*. Moreover, since |r¢) transform as a A irrep, then
{E}} | will form a A-irrep ITO. Moreover, since the rank
of J (5’1) is d,, this gives a minimal Kraus representation
of &

2 = 1 Conversely, given a Kraus decomposition as in
Eq. (C2), its corresponding Choi operator will take the form
T(EY) =% | |vec(EL)) (vec(EL)|. Moreover, this is non-
trivial only on the A-irrep subspace of Hpz ® H, under
the tensor product Ug @ U}, where it acts as the identity
since this A-irrep subspace is spanned by an orthonormal
basis {|vec(E})) i,

3 = 2 Given a Stinespring dilation W of £ on an envi-
ronment H* carrying V* the A-irreducible representation of
G, then without loss of generality, , >}Z‘: |
forms an orthonormal basis for H*. Then, define E} =
(A, k|W*. This is a linear operator from H, to Hp.
Moreover, W* is symmetric so Ug(g) ® VA (g)W U, (g9) =
W4 for all ge€G. Therefore, Ug(g)EiUs(9) =
U(9)(2 KW' U4 (9) = Up(9)(4. k|Us(9) ® Vﬁ(g)Wi
(2, k|V*(g)|A, k') (2, K'|W*. This implies that { EZ}% | trans-
form as ITOs under the group action.

2 = 3 Conversely, we show that there exists a sym-
metric isometry W* defined by E} = (1, k|W* with
W*:H, — Hp ® H, where H, has a standard orthonormal
basis |4, k) that transforms under the 4 irrep. Since &£ is
CPTP, then > (E})'E} =1, then > (WA k)(4,
k|W* =1. However, |4, k) form complete orthonormal
basis for H, so >, |4 k){A, k| =T on H*. As such,
(WH)'W* =1, and therefore, W” is indeed an isometry.
Moreover, W# is symmetric because Ei transform as
an ITO. L]

APPENDIX D: PROOF OF THEOREM 11

Proof.—Since £ is a G-covariant channel, it follows from
Eq. (82) that its corresponding Jamiotkowski state can be
written as

76 =@ o

1
® o (D1)
AEA dll
We start by bounding unitarity in terms of p,. From Lemma
6, the unitarity can be evaluated in terms of J7(&):

- u[E(l/dy)*)}. (D2)

W) = g el e

As purity remains invariant under a unitary change of basis,
we can compute tr[7(€)?] by using its block-diagonal
structure:

ZP& Zm

AEN ISHN

Therefore, we get

_ d pa€)
u(&) = Al{d,,;%t (p*)?

Now, since we assume that the output purity for the
maximally mixed input state is lower bounded by 1/d4
and because purity of a density matrix is always upper
bounded by 1, it follows that

u(€) < da {dAZ“ ——} (D5)
-1 JEA
or, equivalently,
1—u(€) > [ Z” } (D6)
FETN

Furthermore, recall that p,(€) is a normalized probability
distribution, so

P,1

pa(€)? + ZPA

JEA JEA A
(D7)

Finally, for connected compact Lie groups, there is a single
one-dimensional irreducible representation that is given by
the trivial irrep. We denote it by A =0 for convenience.
Then, for 4 # 0, we have [(d; — 1)/d;] > 5 and so we can
obtain the following lower bound:

1-u(@) 2 2 (33 ner 5 3 memte) )
770 ,1;&,4;&0
(D8)
which can be conveniently rewritten as
d2
1—ul)>—7524—(1- . D9
«) 2zt =pol (9)

We now proceed to bounding the average total deviation
A(E) in terms of p,. First, we simplify the expression for
A(€) given in Eq. (55),

Z {tr[(8J%)?]

AE) = +[tr(87k,)2}  (D10)
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with 6J% = E7(J%) — JX. Since JX and J% are generators
of the unitary representation of the compact Lie group G,
they are traceless and Hermitian. Moreover, they live in
the irreducible representation of B(H,) and B(Hjp) that
is isomorphic to the adjoint representation (note that, unless
‘H, and Hp are trivial representations, the bounded
operator spaces will always have a trivial and adjoint
representation). Thus,

tr(6J8) = w[ET(JK)] —uw(JX) = w[€7(JX)] =0.  (DI11)
The last equality comes from the fact that £ is a symmetric
operation, and it will map onto operators in B(Hjy) fully
supported on the adjoint irreducible representations (and
multiplicities thereof). This subspace is orthogonal (relative
to the Hilbert-Schmidt norm) to the trivial representation in
B(Hg) where the identity lives. So the deviation from
conservation laws reduces to

A(E) =

Ztr{ [EF(JE) —JK12). (D12)

dA(dA +1)

Next, since J(€) has the block-diagonal form given in
Eq. (D1), we can construct CP maps £*: B(H,) — B(Hg)
associated with each block 4 € A; i.e., their Jamiotkowski
states J*(€) are given by (I*/d,) ® p* with p*(€) acting
on the multiplicity space. The original channel is then
simply given by the convex combination,

£= pi&)Er

AeA

(D13)

Consequently, there is a Kraus decomposition for each &*
such that

(D14)

& =3 Elp(E)!

where E? transform irreducibly under the group action and
span an irreducible A subspace with multiplicity at most m,,
so that i can range from 1 up to d;m;. In general, a given £*
will be a trace nonincreasing CP operation, and the original
trace-preserving property of £ can be written as

> pil€ Z (EN'E} =1L

JEA

In terms of the above considerations, we can rewrite the

crucial term appearing in the expression for A(E) as
follows:

(D15)

Jfa = ZPA

Z (EXTJKEr
VIS

— (EN'EWS =) _pa(€)

ISIN

MM (D16)

(S|

(D17)

Because J% and JX are the generators of the symmetry, it
follows that whenever 4 = 0 (the trivial representation), the
Kraus operators E4=0 transform trivially under the group
action, and so J% E’1 0 = E#=0JK (where i in this case may
label the p0s51ble multlpllcltles of the trivial representa-
tion). We remark that this condition is equivalent to the
definition of irreducible tensor operators in terms of the
generators of the symmetry. Therefore, in Eqs. (D16) and
(D17), the terms with 4 = 0 vanish. Now, recall that the
Schatten p norm of a linear operator A between Hpg and H 4
is defined as ||A||} := tr(JA|P) with |A| = VATA. Using
Holder’s inequality followed by a triangle inequality,
we get

2
T <ZAEAP/1(5)MM€> ]
Mﬂ,kulHZ#opz(ﬁ)MA,k )

< pr )| MAA|y pr

i#0 770

(D18)

)M (D19)

(Z#opl )(maX#olM“‘H )2, (D20)

with the last inequality coming from || - ||, < || - ||;- Since
p;(E) forms a probability distribution over A € A, we get
the following bound on the deviation:

A(E) € ———— (1 = po)X(maxg o ||MH]|,)2. (D21)
da

dy+1)

Furthermore, we can bound the term ||M**||, for any A and
k. This follows from triangle inequality and submultipli-
cativity of the Schatten p norms:

My < ZH (ED'TREL + (B ELTA]L

< ZIIE*H (51 + IS ). (D22)
However,
&2, = Zs(\/EfEi) (D23)

with s(A) denoting the singular values of operator A. Since
EYE} >0, then it follows that ||EZ|? < dutr(ESED).
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We also have that 3, tr(E7T E?) = d,, as the Jamiotkowski
states J(EY) satisfy [T (EY)] =1, or equivalently,
tr[€4(1/d4)] = 1. Then we get the following upper bound
on M**:

1Ml < dgmax([|71 + 40D (D24)

Therefore, we get the following upper bound on the
deviation from a conservation law:

d3

<n
Al¢) dy + 1

(1= po?max([| 751y + I74111),  (D25)

where we recall that n is the number of generators and
Po = Po(€). Combining the above with Eq. (D9), we
finally obtain

A(E) < 2n(dy — Ddamax(|[/5[l + [V4]1)2[1 - u(&)].
(D26)

APPENDIX E: PROOF OF THEOREM 12

Proof—First, note that since B(H,) has a multiplicity-
free decomposition, in particular, there will be exactly
one A= 0 irrep in the decomposition of U,y @ U}, and
it will correspond to the identity operator in B(H,).
Consequently, any such symmetric channel £ will neces-
sarily be unital. Moreover, U, in this case must be an irrep.
Otherwise, for each irrep appearing in the decomposition of
U,, there would be a trivial irrep in the decomposition of
Uy ® U and, by assumption, there is just one such
trivial irrep.

Recall that the deviation takes the form

Ztr JE)A.

Moreover, from Theorem 8 it follows that £ has a
decomposition in terms of isolated extremal channels

:B(H,) — B(H,), with corresponding Jamiotkowski
states J(E*) = (I*/d,) acting as identity on the A-irrep
subspace of U, ® U}. Therefore,

&= Zm(g)ﬁ‘,

AEA

A(E) = (E1)

dy( dA

(E2)

with p,(€) being a probability distribution that depends on
E. Now, the multiplicity-free decomposition also ensures
that E(JX) = f(2)JX for some fixed real coefficient f(4)
that is associated with the fixed extremal point & and
independent of k. Thus,

Al

A
(€)= ds(dy+1

<Zl (1= f(2) ) . (E3)

where analogous to the previous considerations, we
introduce

Jall? = (E4)

S ir((4)?)
k=1

It is clear that f(4) =1 if and only if 1 = 0. This is
because for 4 = 0 we deal with the identity channel and so
f(4) = 1; conversely, A = 1 means that the J;, operators are
fixed points of the unital CPTP map, and so they commute
with the Kraus operators, and this happens only for Kraus
operators transforming as 4 = 0. Moreover, without loss of
generality, we may assume that |f(1)| < 1. This follows
from a result of Ref. [71], which states that for unital trace-
preserving channels the induced p norm is contractive for
all 1 < p < oo. That means that

1(E9)(X)
sup —————+

I
||(€M||p = ||X|| L <1,
p

(ES)
XeB(H)

because & are unital CPTP maps due to the fact that we
deal with an irrep system. Then, it follows that

134l B 3 )
A(E) > m (1 PO) A;r(l)lenA“ f(4)]
S Y P (E6)
dy(d,+1) 0

Since K arises from minimization over all A # 0, it is
strictly greater than zero, leading to a nontrivial lower
bound on the deviation. The coefficient K will be fixed for
any given symmetry principle described by the representa-
tion Uy of G.

Now, according to Eq. (44) and using the decomposition
from Eq. (88), unitarity can be expressed in terms of the
probability distribution p; as follows:

i (42 )
YISIN

where we use that the channel £ is unital. We can then
bound it using Cauchy-Schwartz inequality in the follow-
ing way:

u(€) =

(E7)

u(é) >

1 1= po)?
—ﬁ(dfxp%erfxﬂ—l)- (E8)
g

ZA;EO dﬁ

Equivalently,

041035-39



CIRSTOIU, KORZEKWA, and JENNINGS

PHYS. REV. X 10, 041035 (2020)

< 2d;
-1

I-u(&) < (1= po).

(E9)

/% <1_p2_(1_p0)2>
di—-1 O Y s0ds

Combining the two relations results in

(dy —1)(dy +1)'/2

VAE) = K||Jall[1 — u(E)] 22

(E10)
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