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Abstract

We explore procedures to approximate the reduced dynamics of open qubit systems,
to understand the construction of effective open theories in more general systems. We
provide constructions both for infinitesimal time-evolution i.e. master equations, and for
discrete time-evolution through random ensembles of quantum channels. An argument is
made that the ensemble approach is a much better suited method to tackle the open
dynamics experienced in more novel open systems, such as those with time-dependent
boundaries that are found in quantum cosmology. We also explore the idea that quantum
subsystems may appear through a process of spontaneous symmetry breaking, which
serves as the prequel to the appearance of an open quantum system.
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Chapter 1
Introduction

1.1 The theory of open quantum systems

Quantum mechanics is arguably the most successful set of physical laws yet uncovered
by the scientific community. It describes physical phenomena from the microscopic (e.g.
molecular, atomic, and sub-atomic processes) to the macroscopic (e.g. formation of
neutron stars). And despite the wide applicability, the framework used to build quantum
mechanics is remarkably simple. It includes the quantum state |¢)) which contains all
information about the probabilistic outcome of measuring observable quantities, as well

as the (possibly time-dependent) Hamiltonian which governs time-evolution as

W}t) = U(tato)‘wto>

U(t, to) ZTeXp(—i/H(t’)dt’> (1.1)

where T is the time-ordering operator and U(t, ) is the unitary time-evolution operator.
Unitarity is sufficient to ensure that probability is conserved under time-evolution i.e.
(Uelh) = (g, [1hy,) = 1. Or stated differently, given a complete set of outcomes for an
experiment when a measurement is performed one of these outcomes must occur.

However, unitarity alone cannot explain all phenomena that emerge from quantum
mechanics. Notable non-unitary processes are projective measurements, for example the
measurements that appear in Stern-Gerlach setups. Further, since unitary processes are
completely reversible (i.e. invertible), any irreversible process requires some degree of non-
unitary. Such processes include decoherence and thermalization, which are fundamentally
important for a classical universe to exist. Therefore, non-unitary dynamics is necessary
for classicality to emerge from quantum mechanics.

To produce non-unitary operations, the unitarity of quantum mechanics need not be



fully broken, only the construct of quantum subsystems needs to be introduced [1-3].
That is the Hilbert space, the space of quantum states, decomposes as Hg ® Hg. The
subspace Hg contains the degrees of freedom of interest, and Hg contains the residual
degrees of freedom. The label S denotes system, and for historical reasons the label £
denotes environment, but note that these degrees of freedom are not always a thermal
reservoir. By coupling system and environment through an interaction Hamiltonian
and tracing out the environment degrees of freedom, the system degrees of freedom will
undergo non-unitary time-evolution. These types of quantum mechanical systems are
referred to as open quantum systems, and they play a central role in this dissertation.

To appreciate the full set of non-unitary dynamics possible, the quantum state must
be promoted to an object known as the density matrix (p). The density matrix is a
statistical mixture of quantum states. If the mixture contains only a single state, then
the density matrix is called pure, otherwise it is referred to as a mixed state. Any
mixed state can be constructed as a convex combination of pure states, although such
a construction is not unique. However, the minimum number of pure states required
in such a construction equals the matrix rank of the density matrix. For a given open

quantum system, the set of density matrices are the Hermitian operators such that

trs (ps) =1

trg (pé) <1. (12

These inequalities imply that a density matrix must be a positive operator with eigenvalues
between 0 and 1. The second inequality is only saturated in the case that the density
matrix is a pure state. In a given matrix representation of a density matrix, the diagonal
elements are called populations and the off-diagonal elements are called coherences. And

finally, the expectation of an observable (Og) with respect to the state pg is

<Os> = tl"s (OSPS) . (13)

The action of a non-unitary map will transform the density matrix associated to an
open system. The notable example is that of a projective measurement, but the notion
can be extended to so called generalized measurements. A generalized measurement is
equivalent to acting on the reduced density with a non-unitary operation known as a

quantum channel (&)
ps — Eps] . (1.4)



At a technical level a quantum channel is a completely-positive trace-preserving map
(CPTP). The trace preservation is equivalent to probability preservation. Complete-
positivity guarantees that the post measurement state remains a density matrix, no matter
the input state. Further, if a quantum channel only mixes the populations of a density
matrix it is referred to as a classical channel or stochastic matrix. Perhaps the most
important property of quantum channels is that they never increase the trace-distance of

any pair of input states
D(& [ps], € [os] ) < D(ps, 05) (1.5)

Physically speaking, a quantum channel never makes pairs of states more distinguishable.

This is precisely why non-unitary processes are said to destroy information.
Complete-positivity of a quantum channel is equivalent to a few properties that we

detail here. Most famously, complete-positivity of an quantum operation is equivalent to

the existence of a Kraus decomposition [4]

Z KiPSKiT = & [ps]

(1.6)
S KK, = 1s
i
where the K; are known as Kraus operators. Note that the Kraus decomposition is not
unique, but there is a minimal number of Kraus operators required to decompose a given
quantum channel, referred to as the Kraus rank. The Kraus rank is equal to the matrix
rank of the Choi matrix, which we define shortly.

The Kraus decomposition is useful for constructing and distinguishing quantum
channels. For example, the unitality of a quantum channel may be deduced from the
Kraus decomposition. A channel is said to be unital if € [1g] = 1g, that is it fixes the
maximally mixed state. Distinguishing channels based on their unitality is helpful for
the following reasons. First, any non-unital channel increases the purity of certain initial
states, most obviously the maximally mixed state. Further, non-unital channels are
strictly contracting over the space of states, therefore their fixed points are unique [2].
We provide examples of non-unital qubit channels in Chapter 2 and Chapter 3.

From the conditions for complete-positivity and the unital condition, it follows
that a channel is unital iff a Kraus decomposition exists consisting entirely of normal
operators. Recall that an operator is called normal if it commutes with its Hermitian
conjugate. A natural construction of unital channels in any open system is to average

over unitary channels. It is clear that such a construction satisfies the conditions of a



Kraus decomposition. However in the case of open systems larger than a qubit, unitary
averages are not the only form of unital channels.

Another method to determine the complete-positive of a non-unitary map, is by
determining if the Choi matrix is positive [5]. To define the Choi matrix associated to a
non-unitary map, consider a composite quantum system H = Hg ® Hg and construct

the maximally entangled state

1

) = —— S i,4), 1.7
W) = Sl (1.7
where N=dimHs. Then the Choi matrix is defined as

Ce = (E@1)|U) (V| (1.8)

and the non-unitary operation is completely-positive iff C¢ is positive. The utility of
the Choi matrix is that positivity of a matrix is a simple property to verify. Further,
the Choi matrix may be used to determine the space of quantum channels for simple
systems as was done for qubit channels in [6]. Connecting to the Kraus decomposition,
the matrix rank of Cf is equal to the Kraus rank of the channel £.

And perhaps the most physically relevant property of completely-positive maps is
that of the Stinespring dilation [7]. That is £ is completely-positive iff a composite
unitary (V') and ancillary pure state (1) exist such that

€ [ps| = tre [Vps @ (|ve) (sl ) V] - (1.9)

The pure state g must reside in a Hilbert space with at least as many dimensions as
the Kraus rank of the channel. From the physics point of view one often starts with the
R.H.S of Eq.(1.9), where the unitary transformation is replaced with the time-evolution
operator. Further, the auxiliary system is allowed to be in mixed state, however the
resulting map will be completely-positive. To see this notice that Eq.(1.9) is invariant
change of basis over the auxiliary Hilbert space, therefore the channel may be computed
in an eigenbasis of the mixed state. The resulting expression is then a convex linear
combination of quantum channels. From the Kraus decomposition it may be deduced
that convex combinations of quantum channels remain completely-positive.

Performing the replacement V' — U(t, ) in Eq.(1.9) we have

A(t,0) [ps(0)] = trp Ut 0) (ps(0) @ pis(0) ) U (2, 0) (1.10)



which is a 1-parameter family of quantum channels known as a dynamical map. We
have changed symbols here to emphasis the difference between a quantum channel and
a dynamical map. The dynamical map is a non-unitary generalization of the unitary
time-evolution operator from closed quantum systems. Besides of course the non-unitary
features previously mentioned, it differs from a time-evolution operator in the possible
lack of divisibility. Recall that the unitary operator defined in Eq.(1.1) may be split into

products of unitary operators
Ulta, to) = Ulta, t1)U(ty, o) (1.11)

for any values of time such that ¢ty < t; < t5. The process of dividing unitary time-
evolution may be repeated indefinitely, used for example in the derivation of the path
integral formulation in quantum mechanics. But for dynamical maps, the process of
dividing the time-evolution into smaller pieces must be done with more care. The
time-evolution over intermediate times is governed by the propagator, or interweaving
map

A(ta, to) = P(ta, t1)A(t1, o) (1.12)

which is not guaranteed to be positive let alone completely-positive. Dynamical maps
where @ is positive for all intermediate times are known as P-divisible, and are CP-
divisible if ® is a quantum channel for all intermediate times [8]. For example, unitary
channels are always CP-divisible which follows from Eq.(1.11).

CP-divisible dynamical maps are a widely used generalization of classical Markovian
stochastic processes. There is however not a consensus on the correct definition of
the quantum Markov property, as there is no true quantum analogue of the classical
propagator [9-11]. Dynamical maps that are P-divisible are called weakly non-Markovian,
and processes that are not even P-divisible are called strongly non-Markovian [12]. The
physical relevance of the divisibility of a dynamical map is that it constrains the equations
of motion that can generate a given process. The dynamical map may be thought of as a
non-perturbative description of an open systems dynamics, where as the equations of
motion or master equation is often a tool to obtain approximate solutions for the open
system dynamics.

The most commonly employed master equation is that of the time-dependent Lindblad

equation

Qus(t) = ~i [0, ps(6] + X () Lipst] — SLILops(})  (113)



with H(t) the effective Hamiltonian, L; the Lindblad or jump operators, and ~;(t) the
time-dependent rates. In the case that the rates are constant and positive this equation
is known as the Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) equation [13,14]. The
rates are crucial in determining the divisibility of the dynamics. For rates that are
non-negative at any time, the obtained dynamical map is CP-divisible, but note this is
only a sufficient condition. In Chapter 2 we provide examples of CP-divisible dynamics
with negative rates in the case of an open qubit system.

However, a time-local description must include divergent rates in the case that the
reduced dynamics is irreversible at some finite time. Such a divergence is unphysical and
thus a suitable master equation in these settings must be non-time-local. A non-time-local

master equation takes the general form

Ops(t) = Ko (8) [ps(8) + || Foema(7) los(r)) dr- (1.14)

A well known example of such a master equation is the Nakajima-Zwanzig equation [15,16].
The issues with non-time-local equations is that being integro-differential equations they
are difficult to solve. Further while the Nakajima-Zwanzig equations is an exact master
equation, it is only formally so as it uses the formal solution to the total system Schrodinger
equation. Actual solutions still must be obtained perturbatively, for example using the

cumulant expansion.

1.2 Effective descriptions of open quantum systems

The main approach to study open systems thus far is to derive, either from first principles
or propose through other means, a master equation of the form given in Eq.(1.13). There
are certainly cases where equations that are non-time-local have been used, for example
the post-Markovian equation proposed in [17]. More typical though is a non-time-local
equation derived perturbatively from the Nakajima-Zwanzig equation, from which a
time-local equation is derived in certain limits. And while there are certainly similarities
between how an effective time-local equation can be derived in a variety of open systems,
there is still no general procedure for obtaining such a result.

There are several obstacles to construct such an effective master equation in open
quantum systems. One obstacle is the initial state of the environment, which for a given
open system can be generic. One may already see that the state of the environment

plays a crucial role at the level of unitary effective theories. For example, in quantum



field theory when the ultra-violet degrees of freedom form a vacuum state, they may
be integrated out by re-normalizing Hamiltonian parameters. However, when the ultra-
violet degrees of freedom are in a higher temperature thermal state the description can
dramatically change as excitations not present in the low energy effective theory become
relevant. So it is reasonable to suspect that the initial state of the environment plays an
important role in determining the form of an effective master equations, which is seen
from results derived in Chapter 2.

The other major obstacle is the potential for time-locality breaking. That is to say
building an effective master equation requires more than determining the allowed set
of jump operators, and an approximate form for the time-dependent rates. One must
also determine if a non-time-local generator is necessary, and the shape of the memory
kernel. However, it is difficult to address this question non-perturbatively, although
the presence of non-invertibilities may be deduced from trace-distance measures over a
sufficient number of initial states, if such measurements are possible.

So far the difficulty in using non-time-local master equations has lead much of the
investigation of open quantum cosmology to remain in the time-local domain (a non-
exhaustive list [18-23]). In most of these works an argument is made that the late-time
dynamics will be governed by a time-local master equation, which may be true in the
scenarios considered. But we find in Chapter 2 that an open system coupled to a changing
landscape of environmental degrees of freedom requires a non-time-local description. And
depending on the details of the changing landscape, the locality breaking can persist to
late-times.

Because of the sheer difficultly met when trying to derive the reduced dynamics in
quantum cosmology (see for example [24]), we choose to pursue effective theories in open
systems through analytic studies of open qubit networks. Ostensibly, one may argue that
such models may be too simple to say anything useful about quantum gravity or open
quantum cosmology, but it is known in the literature that non-perturbative quantum
gravity will be described using a Type I Von-Neumann algebra (take for example quantum
spin-foams).

We construct our effective theory in the following manner. In Chapter 2 we construct
exact dynamical maps for a three qubit network, where two of the qubits serve the role
of a growing environment. We study two aspects that are relevant for the construction of
effective master equations. First, when only two of the qubits are interacting we determine
in detail how the Hamiltonian parameters and initial environment state conspire to form

non-time-local reduced dynamics. We find that there is both a strong-coupling condition



and special class of initial states required for non-time-local reduced dynamics.

We further consider making the active degrees of freedom in the environment time-
dependent. We consider the case where the third qubit breaks a symmetry of the
interaction between the previous pair at a point during their evolution. We find that in
the presence of phase-covariance breaking, the reduced dynamics of the system qubit
becomes non-time-local for all times afterwards. We take this as evidence that in an
open quantum system with a changing environmental landscape, a non-time-local master
equation is necessary to approximate the reduced dynamics.

In Chapter 3 we pivot towards a different construction of effective open theories that
moves away from the master equation. To make the construction simple, but still widely
applicable, we consider only phase-covariant reduced dynamics, which is generated over a
qubit network. That is each 1-qubit dynamical map is phase-covariant, no matter which
qubit is chosen to be the system or focal qubit. In this way we are able to obtain an
exact ensemble of phase-covariant dynamical maps. From these ensembles we extract
out how the network and long time averaged channel approaches its steady value. From
the form of the steady channel, and its approach to equilibrium, we construct random
distributions of phase-covariant channels that approximate the network dynamics at
late-times.

And finally in Chapter 4, we explore a model of spontaneous generation of qubit
subsystems, which serve as a potential prequel to the models considered in the previous
chapters. The motivation is to understand how quantum subsystems emerge in a
dynamical process, and what drives the form of typical interaction, say the propensity
towards many-body and local interactions. In principle, the model allows for the eventual
tuning of subsystems that appear, through both the subsystem decompositions and the

form of typical interactions.



Chapter 2
Pursuit of Effective Master Equa-
tions

2.1 Preamble

This chapter is a reprint of [25]. In this work we studied the types of master equations that
describe the exact reduced dynamics of a triplet of qubits. We show how the non-time-local
vs. time-local nature of the master equation depends both on the Hamiltonian parameters
and the class of the initial environment state. Further, we show that when breaking the
phase-covariance of the reduced dynamics by activating a dormant environmental qubit,
the reduced dynamics becomes eternally non-time-local. We take this as a justification
for the need of non-time-local master equations in open quantum systems with time-

dependent boundaries, such as those encountered in quantum cosmology.

2.2 Introduction

The evolution of quantum systems coupled to unobserved or unobservable degrees of
freedom can be much more complex than the evolution of closed systems [1]. Information
may flow back and forth between the observed and unobserved parts of the system, leading
to equations of motion that may not be local in time, and that give rise to non-unitary,
non-Markovian evolution [26]. While formal expressions for the evolution of open systems
exist, and exact expressions can be derived in particular cases where the unobserved
physics is known, there is not yet a procedure for systematically constructing effective
theories of open systems that can encapsulate the full range of possible phenomena.

A particular class of complex open systems appears in cosmology, where the volume



of the universe accessible to a single observer is generically bounded. An open-systems
approach in cosmology has been advocated by some researchers for decades [27, 28],
and recent theoretical developments have led to a resurgence of interest in these ideas.
For example, the possibility of detecting primordial non-Gaussianity in the statistics
of the cosmic microwave background fluctuations [29] motivated to a comprehensive
study of the effects of interacting fields during or after inflation. Those interactions can
couple Fourier modes of different wavelengths in different ways. The finite extent of
the observable universe means that very long wavelength modes are irretrievably in the
‘environment’. Modes with very short wavelength are practically unobservable as well.
Tracing out either, or both, sets of unobservable modes generates an effective description
for the observable modes, which form an open system [30]. The appropriate framework
for understanding the space of models that generate the data is that of an open effective
theory. Moreover, the field or fields relevant for inflation are expected to be accompanied
by many other degrees of freedom which may move from passive to active as inflation
proceeds. Indeed, it is postulated that if the inflationary field explores too large of a range,
a large number of fields will become relevant, limiting the validity of the original model
as an effective description [31-33]. Using an open system effective theory for the inflaton,
rather than a traditional low-energy effective theory, one can treat these light degrees of
freedom as a time-dependent environment. These open systems are complex, since many
results that are known require non-perturbative techniques [34] and the associated open
systems are frequently non-Markovian [35]. However, one has symmetry constraints to
guide the effective theory [36]. A similar story of complexity restricted by symmetry
applies to another well-studied system where open effective theories are applicable, black
holes [19, 20, 37—41]. Cosmologists, then, would like to understand how to construct
effective theories of open systems that are non-perturbative and non-Markovian, with
time-dependent environments, but constrained by symmetries.

To address these questions requires a non-perturbative understanding of the evolution
of the reduced system. For finite-dimensional quantum systems this can be addressed
using the dynamical map, the operator that governs the dynamics of the reduced degrees
of freedom. Of course, determining the dynamical map is as difficult as solving the
Schrodinger equation governing the system/environment dynamics. Thus for this work
we consider simple open systems, constructing dynamical maps for a single system qubit.
In this setting the dynamical map can be determined as an analytic function of the
Hamiltonian parameters, for a generic initial environment state.

Due to their relative simplicity, much is understood about the general structure of
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qubit dynamical maps [6,42-44]. Such maps appear frequently in quantum computational
settings, where they model noisy interactions of qubits with the environment. Optimal
dynamical maps have been found for performing communication tasks that leverage qubit
entanglement to transmit quantum information securely [45-49]. So, while interacting
qubits are far simpler systems than those found in cosmology, it is an appropriate starting
point to connect the questions of interest to cosmologists to the recent advances in
the understanding of open systems that have been driven by laboratory and quantum
computational considerations.

We begin by investigating a solvable example of coupled qubits to explore how non-
Markovianity and the non-time-local aspects of the master equation for one qubit depend
on the initial state of the unobserved qubit and on the symmetries and coupling constants
of the full Hamiltonian. The first Hamiltonian we consider has (1) a conserved quantity,
and (2) a block-diagonal structure of two equal-size pieces, allowing additional symmetry
structures at special points in parameter space. Since non-time-local master equations
can be particularly difficult to work with, we examine how much of the parameter space
requires a time non-local equation, and the perturbations or approximations in both the
Hamiltonian or the state of the unobserved qubit that will generate time-local equations
of motion.

We then extend the study of the two qubit model, using a subset of the Hamiltonian
family and initial environment states that allow for the appearance of additional degree
of symmetry. We introduce a third qubit that remains a spectator for a time and is later
switched on using an interaction that explicitly breaks the extra symmetry appearing in
the two qubit interaction. The study focuses on the radical change in the invertibility of
the dynamical map obtained by tracing out the two qubits that act as the environment,
indicating that a time-local master equation cannot be used after symmetry breaking.

In the rest of the introduction we briefly review the formalism for open system
dynamics and master equations in the context of our goals and model. Then, in Section
2.3, we introduce the example systems. In Section 2.4 we derive the reduced dynamics
for a single-qubit systems, tracing out the environment qubit(s). Section 2.5 derives
the conditions for non-time-local dynamics via the non-invertibility of the dynamical
map and discusses several features we use to classify the dynamical map including the
non-Markovianity, divisibility, and symmetries of the Hamiltonian. We determine how
these depend on Hamiltonian parameters, in particular whether it is strongly coupled or
not, and what role the initial environment state plays in non-time-locality. In Section 2.6

we use perturbed initial environment states to construct approximate time-local master
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equations. And we conclude in Section 3.7.

2.2.1 Open system evolution

For some open systems, the master equation governing the evolution of the density matrix
for the observed system, ps(t), is [13,50-52]

Oips(t) = —i[Hpee(t) + Hopen(t) )+ Z% (Lsz (t)Lf — ;{LLLk,PS(t)}> - (2.1)

Here Hpee(t) + Hopen(t) = Hes(t) is the effective Hamiltonian of the system, containing
both the original system Hamiltonian Hi.e.(t) and a piece, Hopen(t), generated by the
coupling to an environment. The Lj are operators acting on the system, and the ()
are functions describing the flow of information between the system and environment.
The 7x(t), which control the subset of all possible operators Lj, that appear with non-zero
coefficients, depend on the system-environment coupling and the state of the environment.
Hes(t) and ~,(t) are given by environment correlation functions calculated using the
initial environment state pg(0).

If the environment and full Hamiltonian are unknown, one might begin constructing
an effective theory for the system by writing all possible L, and a generic Heg from
the complete set of operators that act on the system. Then, the work in the effective
theory comes in specifying some structure for the dissipation functions v, (), determining
any approximations that may allow some possible terms in H.g to be discarded, and
in determining consistency between effects captured in Hopen(t) and in the non-unitary
part of Eq.(2.1). Some broad guidelines for this process are known: the simplest choice
would be all 7, > 0 and constant, restricting the system to non-unitary however time-
independent, Markovian evolution. Time-dependent Markovian dynamics would be
described by () > 0 at all times. Finally a restricted set of non-Markovian dynamics
would be captured by considering generic functions ().

However, the most general case allows the master equation to be non-local in time.
Then, in addition to the time-local part one adds an integral term. This is the Nakajima-

Zwanzig equation [15,16],

0ips(t) = Kru(t)ps(t) + [ Knalt. ) ps(r)dr. (22)

where the time-local piece, Ky, (t), generates the same action on pg(t) as given in Eq.(2.1).

The integral is over the history of the evolution [ty, f] where t; is a time where the system

12



and environment are uncorrelated and t is the time where one is interested in calculating
ensemble averages. In constructing a parameterized effective theory for the open system
dynamics, one would like to know how to systematically address whether a non-local
equation is necessary. In addition, which qualitative aspects of information flow can be
captured in either the v(¢) or the time non-local kernel Kxz(t,7), and how they should
be implemented?

To address these questions in a simple case, we explore the relationship between
the full Hamiltonian for system and environment, together with the initial state of the
environment, to several features of the reduced dynamics. We consider measures of
non-Markovianity and the conditions under which time non-local evolution is required.
We do this by first computing the exact reduced dynamics via the dynamical map. This
is a non-unitary generalization of the time evolution operator, a completely positive and
trace preserving (CPTP) map from the initial density matrix to the density matrix at a

later time ¢,
ps(t) = A(t,0) 0 ps(0). (2.3)

For qubit dynamical maps the complications arising from non-Markovianity are less
severe. Non-Markovian qubit dynamical maps can be tractably studied, more so than
their master equation counterparts. For example the divisibility (how the time evolution
can be broken into steps) and how it relates to non-Markovianity has been exhaustively
studied in the case of qubit dynamical maps [9-11,53]. For the model we consider it is
therefore possible to make detailed statements about the relation between properties of
the dynamical map and its non-Markovianity.

Dynamical maps do not have to be invertible; maps with DetA(7;) = 0 for some times
7; require either a time-local description that diverges at each 7; or a non-time-local
integral kernel, as written in Eq.(2.2) [54]. For a simple system, we will use the non-
invertibility of the dynamical map to derive the conditions on the full Hamiltonian and
the environment that make a non-time-local master equation necessary. We find that,
independent of the Hamiltonian, there are always a set of initial environment states which
support time-local reduced dynamics. This allows a time-local, approximate, master
equation to be constructed by shifting the initial state of the environment. For an initial
environment state, pg(to), and dynamics that requires a non-time-local piece, there exist

environment states nearby in trace distance norm, {pg(to)}, which can be used to define

13



a master equation of the form

Oips(t; pe(te)) = Kri(t; p(te))ps(t; pe(to))

2.4
n / Krw(t, 75 6pi)ps (73 pa(to))dr . 24

Here the non-time-local component is linear in dpg = pg(ty) — pg(to), and the integral is

over the evolution history [to, t].

2.3 The system-environment Hamiltonians and the uni-

tary dynamics

This section introduces both the family of two-qubit Hamiltonians considered, as well
as a more restrictive family of three-qubit interactions. The two-qubit model has an
associated parity symmetry, which splits the Hamiltonian into two equal-sized blocks.
Such models are interesting as they have an intermediate level of symmetry: more than
the class with no non-trivial symmetries, however not as much as Hamiltonians that
preserve the total angular momentum of the two qubits. Physically, dynamics of the
type we use here describe a pair of non-interacting qubits, most clearly seen through a
change of meronomic frame [55]. We also characterize features of the non-Markovianity

of the single-qubit evolution, according to parameter choices in the full Hamiltonian.

2.3.1 Two-qubit family

The two-qubit Hamiltonian that we study is

H :Hfree + Hint

(2.5)
=ws(Zs ® 1g) + wr(ls ® Zr) + kse(Ys @ Xg) + rps(Xs ® Yr) .

The free parameters wg and wg provide the time scales associated to the free dynamics
of each individual qubit (with & = 1), and the parameters ksg and kgg are coupling
strengths. H has a symmetry, [H, Zs ® Zg| = 0, so the eigenstates have definite parity
associated to P,, = Zs ® Zg. This Z, symmetry allows H to be split into even and odd
blocks, where the even block is spanned by states with correlated spins (e.g. | 71)) and
the odd block is spanned by states with anti-correlated spins (e.g. | TJ)).

The block diagonalization is achieved by splitting H into symmetric and anti-
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symmetric parts under exchange of system and environment operators. Defining new

parameters,
2AL = wg +w
+ S E (2.6)
2K+ = KSg T KES
the Hamiltonian can be written as
H=A(Zs®1g +1s® Zg) + Ky [Ys ® Xg + X5 ® Y|
—|—A,(ZS K1 —1s® ZE) + K [YS QR Xg —Xg® YE] (27)

=H,+ H_,

where the 4 labels correspond to the Z, (parity) eigenvalues of each block. The block
diagonalization of H introduces a subspace decomposition H = Q, & Q_, where the
spaces Q. are spanned by the eigenstates of H.. As we show below, there is also a
tensor product decomposition for which the two subsystems decouple.

Using |0) and |1) to label the eigenstates of Zs and Zg, the stationary states of H are

|04) = cos (b2+|05, Og) + isin Q;Jr]ls, 1g)
|1,) = sin ¢2+\Os, Og) — i cos (b2+]13, 1g)
|0_) = cos qb2_|05, lg) + isin gz52_|1S, Og)
|1_) =sin gbz_\Os, 1g) —icos q;_]ls,()@ :

with eigenvalues
twy = +24/A2 + k1. (2.9)

In Equation (2.8), the angles

¢+ = arctan = (2.10)
Ay

indicate the relative size of the interaction and free Hamiltonian parameters, and if either
provide a dominate contribution to the energy eigenvalues w,. As long as at least one of
the blocks is interacting i.e. kK # 0, the stationary states in the subsystem decomposition
H = Os ® Qp are entangled, and maximally entangled as Z—i — Fo0.

We will see below that the reduced dynamics may acquire a non-time-local component

if ¢, +¢_ > 7. Since this condition requires that one or both of ki > AL, the part of
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parameter space where non-time-local master equations can be required coincides with
strong coupling, although not all strongly coupled Hamiltonians will have non-time-local
dynamics.

So far, we have defined subsystems assuming a laboratory-based notion of locality for
operations on qubits, established by the system/environment labels. However, the block-
diagonal structure of the Hamiltonian suggests that we also consider a re-organization of
the Hilbert space into degrees of freedom that decouple. That is, we can define qubits
A and B, with orthonormal basis states {15,045} and {1g,0p}, so that H = Qs ® Op.
This is a change of meronomic frame [55]. Explicitly, a (non-unique) mapping between

these bases is given by

04) =[0a, 08)
[14) =[1a,18)

2.11
0-) =10, 18) 2
[1-) =[14,08)

One finds H = w; (|04)(04| — |14)(14]) + w_ (J0_)(0_| — [1-)(1_]), it is straightfor-

ward to change to the frame given in Eq.(2.11), where
Hip=waZy ® 1 +wplas ® Zp. (2.12)

Here wy = 1 (wy +w_), wp = 3(wy —w_), and Za = |04)(0a| — [14) (1], etc. Comparing
to Eq.(2.7), the two terms in Eq.(2.12) are just the A/B frame expressions for H, and
H_. An advantage of this frame is that it is easy to characterize the regions of parameter

space with extra symmetry. A particularly useful region of parameter space is
wy =w_ < wp =0 (the degenerate family) (2.13)

which is symmetric under local rotations on the B qubit subsystem. Since symmetries
are clearest in the A/B frame, we will continue to use it for that purpose in Table 2.1
below, where we classify the reduced system dynamics possible with this Hamiltonian,
Eq.(2.5).

Returning to the system /environment frame, we characterize the entangling properties

of the time evolution. Using the computational basis for system and environment qubits,
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the time evolution operator, U(t), is

ay (1) 0 0 —B4+(t)
U(t) e—th — 0 o (t) —_ﬁ, (t) 0
B_(t) a_(t) 0 (2.14)
Bet) 0 0 a(t)

where

a4 (t) = coswit — 1 cos ¢4 sinwit,
(¥ (2.15)

B+(t) = sin ¢4 sinwyt,

and a(t) is the complex conjugate of ay(t). The pair of functions from each doublet
satisty |ax(t)]® + B+ () = 1.

The functions 4 (t) are generated by the interaction between system and environment,
so they determine both the entanglement and, as we see below, the invertibility of the

reduced dynamics for the system.

2.3.2 Three-qubit model of dynamical symmetry breaking

We further study a model where the reduced dynamics is phase covariant. Reduced

dynamics is phase covariant or time translation symmetric if the following constraints

hold [56]
I [Hfreea Hint] =0

IT [HfreeapE(O)] =0.

These constraints have thermodynamic implications. The first constraint is a strict energy
conservation condition i.e. energy is not built up between the system and environment
boundary. The second assumption is that the initial environment state is a Gibbs’ state
defined with respect to the free environment Hamiltonian. If these assumptions hold, then
the set of time evolution operator generated by the free system Hamiltonian commutes
with the action of the dynamical map. Hence the designation as a time translation

symmetry. To incorporate phase-covariance breaking into our model we consider the
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Hamiltonian

H(t) :Hfree + Hint (t)
wWZs@1g @1y +1s®@ Zp @ 1g) +w [ Xs @ Vg ® 1y — Ys ® Xg ® 1g] (2.16)
+70(t —7) [Xs ® 1g ® Xw/]

where O(t) is the Heaviside theta function. The choice of the time-independent portion of
the Hamiltonian satisfies strict energy conservation. The second assumption is satisfied
if the initial state of the E qubit is restricted to the form pg(0) = 3(1g + 25(0)Zg). For
what follows I—L<T is the Hamiltonian for ¢ < 7 and f{tZT is the Hamiltonian for ¢t > 7,
as we can note the Hamiltonian is a piece-wise defined function.

fItZT is chosen to break the phase covariance of the reduced dynamics, but in the
process also breaks the parity symmetry. But other global symmetries appear for t > 7,
which we can exploit to determine the stationary states when the interaction changes.
Using the Pauli anti-commutation relations, it is not difficult to see [thm ZsQRIpR Zy| =
0. But from the block structure in the eigendecomposition of the Hamiltonian, one can

note the presence of another symmetry. We find that the observable,

commutes with ﬁtz‘r- Therefore I:ItzT splits into four 2 x 2 blocks with definite values of
Ol and (92
Thus a familiar path may be taken to determine the time evolution generated by

ﬁ[tzﬁ which we denote by UtZT(t). We begin with the eigenvalues which are found to be

4O, = /42 £ 22w + 4w? (2.18)

and are doubly degenerate. We shall start the computation in the eigenbasis of Oy (called
the polarized basis), and then go back to the computational basis. To this end define the
angles,

tan gy = 1+ 2v2% (2.19)
Y

from which we obtain the time dependent functions (note the similarity to the previous
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section),

Gy (t) = cosQit —icosy sin Qit
+(t) + (7 + (2.20)

ﬁi(t) = sin Q/Ji sin Qit

With these functions one can construct the unitary operator Ugs,(t) in the polarized

basis. In the computational basis, the following combinations of functions will be most

useful
as(t) = ;m(a+ La)
b () = £3(a, +a.)
> (2.21)
g+(t) = 5(5+ +45)
he(t) = ;(&-‘r +a)

We have all we need to compute the total time evolution operator, which is given by the

following time ordered exponential
. t
0(t,0) = T exp [—i / H(T)dr] | (2.22)
0

Breaking the time interval into N pieces, and using the Baker-Campbell-Hausdorft
relation, one can show that in the limit N goes to infinity the time ordered exponential

approaches
U(t,0) =[0(t) = O(t = 7)] Uper (£) + Ot = 7)Upzr (t = 7)Uir (7) (2.23)

where we have just seen how to compute Uss,(t), and we can use the results of the

previous section to determine Uy, (t).

2.4 The reduced dynamics

The reduced dynamics of the system is obtained from the full dynamics by tracing out the
environment. Restricting to factorized initial states ensures that the reduced dynamics is
completely positive [13]. In that case, the density matrix of the system qubit alone, at
time ¢, is

ps(t) = tre[U(t)ps(0) @ pe(0)UT(1)]. (2.24)
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The state of the system qubit at any time can be found using the dynamical map,
represented by a matrix acting on the vectorization of the reduced density matrix [26].

For a qubit density matrix this is the Bloch representation
1 — —
ps(0) = 5(15 +75(0) - 7s), (2.25)

where 75(0) is a real, 3-dimensional vector with Euclidean norm ||75(0)|| < 1. The evolved

density matrix can then be written as
ps(t) = A(t,0) o ps(0). (2.26)

where A(t,0) is a 4 x 4 matrix. Note that as the Hamiltonian is time independent, the
dynamical map depends on the initial and final times only through the difference ¢ — t,,
so for what follows we can simply write A(f) and suppress the initial time dependence.
It is helpful to further define a 3 x 3 matrix with components 7% = A% and a 3-vector

d" = AY [6], so that the action of the dynamical map can be written

ps(t) :;(18 +75(t) - 0s)

: B} . (2.27)
= (1S 4 (T(t) o 75(0) + d(t)) .55) .
This presentation has the advantage that the trace fixing requirement is immediate. For
A to be physical, T and d must be real so that ps(t) is Hermitian. Unlike unitary maps,
dynamical maps need not be divisible. For example, one is generally unable to split the
time evolution as A(t+7) = A(7)A(t). The reduced dynamics further differs from unitary
dynamics by exhibiting hallmark features of open systems, including purity change and
decoherence.
As with ordinary operators, we can define components of the dynamical map with

respect to an operator basis on Qg,
1 1
A™(t) = Strs[oA(t) o og] = Str((0§ @ 1e)U(1) (05 @ pe(0))U (1)) (2.28)

where a and b can take the values 0, z,y, z where 0% = 1.

20



2.4.1 Two-qubit family

Carrying out this calculation, we find the non-zero dynamical map components, in
terms of the environment qubit’s initial state, 7z(0), and the functions a(t) and (4 (t)

appearing in the time evolution operator, Eq.(2.15), to be

A(e) =5 [las (OF = 18 (P ~ la— () + 8- (1)) 2500
A% (4) =Rl (B (1) — 54 (63 ()]
A (1) =S (Do (1) + B (1)5- (1)
AT (1) =Rfow (D5 (1) + 0 ()84 (1](0) — Slar (D)5 (1) — ()5 (1 )ys(0)
AV (1) = = Sla (o (1) — B4 ()5 (1)
AW(t) =Rla, () (1) + 6, ()5 (1)
AP(1) = — S (0B-(0) + a— () ()s(0) — Rloe (1)B_(1) — ()34 (1))y(0)
A (1) = = Rl ()B4(0) + o (D3] (0) + Sae (1)B4(1) — ()3 ()]y(0)
A1) = — S0 (084 (0) + a— (OB ())s(0) — Rloe (134 (1) — ()3 ()]y=(0)
A (1) = [ra+<t>12 B + la-(®) = 1B-(1)] -

(2.29)

Note the difference in how the components of the initial environment state enter, with
2g(0) appearing separately from zg(0) and yg(0). It is instructive to see how the symmetry
of the full Hamiltonian simplifies the dynamical map dependence on the initial state
of the environment qubit, 7g(0). To that end, define the partial components of the

dynamical map by

ab __ 1 abcrc
AT = A(0) (2.30)
A = tr{(0% @ 1)U (£)(0% @ o) U (1)

The parity symmetry P,, = Zs ® Zg, essentially halves the number of non-zero A%, and

separates the xy and z components of initial environment state in the dynamical map.
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Then, since P,, commutes with U(t) and satisfies P2 = 1, we see that

A% = tr[P2, (0§ @ 1g)U(t) (0§ ® of)UT ()]
= (=) ™ et [P,, (0§ @ 1)U (1) (04 ® of)UT(t) Pesl (2.31)

(_ 1)7ra +mp+7e Aabc

where the T4 are deﬁned such that,
P (O’e®0f) = (— ) ¢ f(Je(X)Uf)P (232)
zz\Us E S E/L zz - .

Considering the cases where either e=0 or f=0, allows one to speak of the parity of
local system and environment operators. For example the parity of the operator 1g ® oé
is determined by 7. The condition 7, + m, + 7. = 1 (mod 2) if satisfied implies that
A% vanishes. This is equivalent to the following: given A% if the parity of (m, + m)
is even (odd) then the only contributing partial components have 7, even (odd). A***
also vanishes as a consequence of the parity symmetry. However this is obviously not a
consequence of the previous argument. Instead it follows using the P,, symmetry and
that trs(Zs) = 0.

Several additional partial components vanish, although not enforced by Eq.(2.31).

For example,

Amtz — Axty =0
(2.33)
AV — AV —
which imposes that the shift d must be parallel to the z axis. Finally,
APZ = APV = AV*2 = AV = 0. (2.34)

Important to mention is that the shift of the dynamical map is restricted to having
only a non-zero z-component. Thus the dynamical map is unital if 25(0) = 0. A

dynamical map is unital if

At)ls = 15, (2.35)

which requires d = 0. These maps have the distinct property that they never increase
the initial purity (frp?) of any state. When restricting to qubit dynamical maps, they
can always be Kraus decomposed using unitary Kraus operators. That is the reduced

dynamics generated by unital channels may be constructed by averaging over unitary
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channels.

It is worth noting that for the 2-qubit model there is a connection between the free
Hamiltonian and the magnitude of the shift. The magnitude of the shift is zero iff the
state Qp = %(15 ® pe(0)) and Hpge are orthogonal operators i.e. Tr(QgHpeo)=0. But as
we see in the next section, there are special choices of Hamiltonian parameters that make

the dynamical map unital independent of the choice of initial environment state.

2.4.2 Three-qubit model of dynamical symmetry breaking

The reduced dynamics for the three qubit model is computed from
- 1 . .
A®(t,0) = i 08 @ 15 ® LpU(t,0)08 @ (1g + 22(0) Zs) ® per (0)U(,0)]  (2.36)

where we assume that the second qubit is in an initial state compatible with phase
covariance. For this reason we do not include initial correlations between subsystems F
and E’, although this is not necessary for the reduced dynamics to be CP.

For t < 7, we claim that the dynamical map is phase covariant. Using the results of

the previous section we find

1 0 0 0
~ 0 cos? 2wt — cos 2wt sin 2wt 0
Ricrlt) = _ ; (237
0 cos 2wt sin 2wt cos” 2wt 0
2g sin? 2wt 0 0 cos? 2wt
If we now focus on the unital action of /~\t<T
cos2wt —sin2wt 0| |cos2wt 0 0
Tyer(t) = |sin2wt cos2wt 0 0 cos 2wt 0 , (2.38)
0 0 1 0 0 cos? 2wt

it is evident that any rotation about the z-axis will commute with Ty, (t). Since the

shift is left fixed by rotations about the z-axis, it follows that
]\t<T<t>[67ithspseiths} — efz'thS [/N\t<7(t)ps]€mzs 7 (239)

i.e. the reduced dynamics is phase covariant as it has a time-translation symmetry

generated by wZg. The phase-covariant map presented here is known as the generalized
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amplitude damping channel, which appears in quantum information to describe dissipative
processes [42].
For t > 7, where we introduce the phase covariance breaking into the interaction, the

dynamical map is found to be

1 000
. d,(t) 0 0 0
At27’<t)_ Czy(t) 00 0 ) (2'40)
d,(t) 0 0 0
where
d,(t) = ﬁ [(g+g_ — Rb_g.] — Slg_h_] + Rla;]R[h_] - @R[b_mh_])

+ <g+g_ —SQ[gshy +9-h_]+ ifﬁ[h+h_]> cos 4wt

+ <%[h+h_] — Rlg hy + g_h_]> sin 4w7']

~ ZETE!

dy<t> = \/5

- <3?[g+h+] + R[g_h_] + %[hJJ—z]) cos 4w
[

K@R[g_h_] ~ Rlasg.] + RIb_JR_] + %[a+]%[h-]>

—g+9- +Slgrhy] +Slg-h ] + %[h+h—]> sin 4W7’]
_*E 2 2 2 2 o~
) = 5| (= 1 57 2300001+ (42 = a2 = 230000 costor

2
+2 (3% g_hy] — ]%[h_]> sin 4w7']
(2.41)

and ax, by, g+, and hy are defined in Eq.(2.21), and are all evaluated at ¢t — 7. The
dynamical map after phase covariance breaking is a time-dependent SWAP operation,
mapping all initial states to c?(t) The transition of the reduced dynamics is continuous iff
T=g-(n+ %) for some positive integer n; i.e. only if 7 coincides with a time when A,
is non-invertible. If 7 is not finely tuned, the image of Ay, (7) will suddenly collapse to

the point (17(7') = zg(0)2.
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2.5 Features of the reduced dynamics

This section reviews important non-unitary features of the dynamical map families that
we have found in the previous section. We begin with a look at the invertibility of the
dynamical maps, as this determines the structure of possible master equations used to
generate the reduced dynamics. We also look at the classes of dynamical maps for the

2-qubit model, which we characterize by their degree of symmetry.

2.5.1 Invertibility

Of paramount interest is the invertibility structure, which determines when time-local
master equations are viable for use as generators. In the case of the 3-qubit example it is
clear that the map is always non-invertible as Tj>,(t) = 0.

But the invertibility of the dynamical map for the two-qubit is non-trivial, and we
show in this section how it depends on the Hamiltonian and the state of the environment.
We find that there are in fact three independent ingredients that play a role in defining
the invertibility: the strength of the system/environment coupling, the ratio between
eigenenergies, and the initial environment state. The fact that these are distinct criteria

is seen from the special row structure of A
Det A(7) = Det T(7) = |To(7)|? (2.42)

where T; is the third row of 7. This now leads to three conditions that determine when

the dynamical map is non-invertible as we have
Det A(T) =0 To(1) = 0. (2.43)
Starting with the z-component, A**(7) = 0 implies
sin® ¢, sin®*(w,7) +sin® ¢_sin*(w_7) = 1. (2.44)

Eq.(2.44) may only be satisfied at a discrete set of times, and only if sin? ¢, +sin® ¢p_ >
1. The set of ¢4 that satisfy this condition constitute the strong coupling regime of
parameter space. Figure 2.1 shows that this region of parameter space partially overlaps
with the space where U(t) is a perfect entangler.

However, strong coupling between system and environment is not a sufficient for the

map to be non-invertible. Eq.(2.44) also depends on the energy eigenvalues. For example
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Figure 2.1: The (¢4, ¢—) plane split into regions based on the non-local properties of the
dynamics. The light gray region contains Hamiltonians that are not perfect entanglers,
whereas the other regions (black+dark grey) are perfect entanglers. The entire gray region
supports time local dynamics. The black region is the strong coupling region and contains the
only Hamiltonians that may have DetA = 0.

consider the boundary between the dark gray and black regions of Figure 2.1 where
sin? ¢, + sin? _ = 1 (excluding the corners where either ¢, = 0 or ¢_ = 0). In this
region Eq.(2.44) is satisfied iff,

sinw, T =sin*w T=1. (2.45)

In order for this to be possible integers k and [ must exist such that,

— = . 2.4
w_ 20 +1 (2.46)

Defining v such that w, = (2k + 1)v and w_ = (2] + 1)v; for any positive integer n a

non-invertiblity can appear in the reduced dynamics at times given by,

2n+1)m .

5 (2.47)

Tn =

So on this boundary only Hamiltonians with commensurate eigenenergies require time-non-
local dynamics (although incommensurate Hamiltonians on the boundary can generate
dynamical maps with small determinant). On the other hand, away from the boundary,
farther into the blue region, most frequency pairs will generate dynamics with non-time-

locality for some initial environment states.
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So far, we have considered only one of the conditions for non-invertibility, A**(7) = 0,
which imposes conditions on the Hamiltonian that must be satisfied for the map to
be non-invertible. However, constraining the Hamiltonian to be in the strong-coupling
regime is not sufficient: the initial environment state also plays a role. The class of initial
states of the environment that lead to non-time-local dynamics is found by setting the

remaining components of 7,(7) to zero,

AF(7) = A (n)ap + A (T)ye = 0,

(2.48)
A (1) = A (1)xp + N (1)yg = 0.

We can characterize the set of initial states for which non-invertibility will occur by

finding the vector 77(7) in the zy plane associated to the environment qubit state for
which both

VR = | e ﬁ:jg;] ir) =0 (2.49
and Det V(1) = 0 at some fixed 7. The solution is
(1) = A ()% — A**(7)7, (2.50)
and the orthogonal direction is
(1) = N (1)2 + A**¥(7) . (2.51)

A non-invertibility at time 7 can be removed by shifting the initial state to contain
a component in the direction 7 (7). Furthermore, there can only be a discrete set of
times, 7; < T, where the condition A**(7;) = 0 can be satisfied. Assume there are N
non-invertible times,

O<m<..<mn<T, (2.52)

with the associated initial environment states that preserve the non-invertibility {7, ..., 7 }.
Single out 7; and note that so long as 7 - )i- # 0, then the non-invertibility at 7, is
eliminated by the presence of N~ in 7z(0). The remaining directions all must satisfy
A - Hi = 0. Since these initial environment states lie in a two dimensional space, all the
remaining 7);- must equal 7);. The question of removing all non-invertibilities up to 71" is

then equivalent to finding a € such that,
ni- - (cos 09 + sin 07, # 0, (2.53)
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for all i € {1, N}.

We have demonstrated that certain off diagonal components (coherences) of the initial
environment state in the eigenbasis of the free environment Hamiltonian (Hpg,free) control
the appearance of time-non-locality in the reduced dynamics. In Section 2.6 we use this
knowledge of the time-local environment states in order to construct exact non-local

master equations as well as approximate time-local master equations.

2.5.2 Dynamical map families

We saw above how the invertibility of the dynamical map can be dramatically changed by
symmetry breaking during the dynamics. On the other hand, for the time-independent
Hamiltonian, non-invertibility only occured in a subset of the parameter space. In this
section we classify all the dynamics possible with the Hamiltonian in Eq.(2.5). This
classification illustrates the relationship between symmetry, non-invertibility, and two
other key properties of open system dynamics: non-Markovianity and unitality.

Table 2.1 lists the various dynamical map families contained in this model, together
with each family’s characteristics that we derive below. The largest family is the non-
commensurate family (N'), with two independent frequencies. If we consider the time
evolution in the Bloch ball, the trajectories generated are dense for any initial state
75(0). As mentioned previously, we use the (AB) frame to discuss the symmetries as
they are simplest in this frame. For example the symmetries present in the entire family
of Hamiltonians are Z, ® 1y and 1, ® Zg. Of course these are equivalent to H and P,.,
however we find that this frame compresses the discussion of Hamiltonian families that
have additional symmetries beyond these two.

The Hamiltonians which generate the family D have more symmetries than those
corresponding to N; these Hamiltonians commute with all rotations performed in the
B subsystem. The apparent symmetry between A and B in Eq.(2.12) is broken by the
relationship to the S/E frame. The presence of more symmetries simplifies the time-
dependence of the dynamical map, thus less complicated trajectories are generated and
the non-Markovian measures are periodic. The witnesses of non-Markovianity become
periodic even in the case that the eigenfrequencies of the Hamiltonian are commensurate
(C). A € D are not structurally different than those in A i.e. no additional components or
partial components vanish. D does not have conserved quantities at the level of reduced
dynamics.

There are special subfamilies of D that support conserved quantities at the level of

reduced dynamics. These families D4 contain dynamical maps that are phase damping
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channels, which are unital channel with the additional condition that A, = 1 and
Ay = A, = A. They are generated from the Hamiltonians with parameters such that
¢+ = £¢_. These families are simple to study and allow us to easily determine the set
of initial environment states that yield invertible dynamics. For example in the family
D., there is only 1 distinct direction 7j(7) that allows non-invertibility namely 77 = §.
Restricting further the allowed set of initial environment states uncovers a set of
Markovian families M. These families contain the maps in Dy generated using 75 (0) =
Z (M4) and 7g(0) = § (M_). This is simply explained by looking at the Kraus
decomposition of these channels. To illustrate this take an element of D,. The minimal

Kraus decomposition has the form

14+ 2k
2

Aips = = EI0U, psUL 4~ (26U, Zs)os (25U 25) (254)
thus when the initial environment state is pure and in the z-direction the channel becomes
unitary. We say the dynamics is Markovian as the dynamical map is unitary and thus
generated by a time-dependent Lindblad equation with non-negative rates. Note that
unitary reduced dynamics is the only kind of Markovian dynamics possible, since the
environment Hilbert space is of finite dimension, so necessarily has a free Hamiltonian
that is bounded from below [8]. As in all Markovian open systems, the initial environment
state remains fixed under the time evolution in M.

So far we have not mentioned the family of maps that are phase covariant i.e. the
generalized amplitude damping channels A, often referred to by the acronym GADC.
These families do not neatly fit within the previous families, but instead have non-zero
overlap with N/, C, and D. These maps have singular values satisfying \, = \2 = )\Z, and
are non-unital with the only non-zero component given by d, = zg(1 — \,). For zg = 1
the maps are simply known as amplitude damping channels. These maps are generated
when either A_ =k, =0 (A;) or A, =k_ =0 (A_) and 7(0) = 25(0)2.

It is worth noting that the families D, , A ,and ML consist entirely of extreme
channels; i.e. channels that live in the boundary of the set of qubit channels [6]. The
extreme channels form a tetrahedron, and consist of minimal rank Kraus operators, where
maps on the interior have non-minimal Kraus rank. The families M are contained in
the corner representing the trivial channel. The families D4 live on an edge connected to
the trivial channel. And the families A+ live on a face of the tetrahedron.

The method we devise later for constructing effective master equations relies on there

being a set of fundamental time scales that can be used to determine all non-invertible
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Dynamical Map Families

Family Time Evolution Extra Symmetries Unital
Non-Commensurate Aperiodic None If 2g(0) =0
(N) Non-Markovian
Wi F qu-
Commensurate (C) Periodic None If 2g(0) =0
Wy = qw_ Non-Markovian
Degenerate (D) Periodic {IA®Xp, 1a®YE} | If 25(0) =0
Wy = w_ Non-Markovian
Phase Damping(D.) || Periodic {1A®Xp, 1A®Ys} | Any 7£(0)
o =+¢_ Non-Markovian
Markovian (M) Markovian {Ia®Xp, 1A®Yp} | Always
me(0) = 2(+) or §(-)
Amplitude Damping || Aperiodic NM (ALNN) None If 2z5(0) =0
(.A:t) Periodic NM (AiﬂD) {1A®XB, 1A®YB}

Table 2.1: Here various dynamical map families are defined for the 2-qubit model. They
are distinguished by the Hamiltonian parameters and initial environment state used in
their generation.

times of the reduced dynamics. Such a task is especially simple for the families D1 and
A+ ND, where only one such time scale exists. But for the set of Hamiltonians where
the parameters are not carefully chosen (N'), such a construction is unfavorable as the

non-invertible times behave as essentially random.

2.5.3 Entanglement generation and non-Markovianity

For the range of parameters possible in the two-qubit Hamiltonian, we can characterize the
flow of information between system and environment by examining the non-Markovianty
and the degree to which the system and environment can become entangled.

The parameters required for the time-evolution to be (periodically) perfectly entan-
gling can be found using the criteria of Makhlin [57,58], that the convex hull of the
eigenvalues of the matrix m(U) = (QTUQ)TQTUQ contains zero, where @ is the operator
that changes to the Bell basis. Evaluating the eigenvalues of m(U), the convex hull

condition becomes (see details in Appendix A.1)

cos® pB3(t) + sin® B2 (t) = ; : (2.55)

where ¢ € [0, 27) parameterizes the remaining convex combinations. This can be satisfied

30



- — — =3
x | - 0= = WU s/ & NS /) 0] e — OT
§ b=1
?"}\ AAAAAAAAAA ozﬂ'
2.0

_ wt

X="7

Figure 2.2: The fidelity and trace distance between time evolved reduced states using

the initial conditions 7 (0) = & and 75(0) = cos 6% + sin 07 are plotted. The parameters

used are w = wy =w_ = ¥, tan¢, = tan¢_ = 2, and 7x(0) = 0. The non-Markovian

nature of the reduced dynamics is evident from the oscillations of D and F.

iff the largest of 32 (t) and (2 (t) is greater than or equal to 3, which will hold at some
times as long as Max(¢,,¢_) > 7. This condition on the parameter space of the
Hamiltonian is shown in Figure 2.1, compared with other conditions we derive below
related to properties of the reduced dynamics.

For nearly all parameter values in the Hamiltonian, Eq.(2.7), and initial states, the
dynamical map is non-Markovian. This is expected since the system and environment are
the same (small) size. The non-Markovianity is diagnosed by information back-flow into
the system from the environment [59], with standard indicators being non-monotonicity
in the evolution of trace distance and fidelity. For any two states on the reduced system,

71(t) and 75 (¢), the trace distance (D) and fidelity (F) are [60],

2D (7 (1), (1) = [[m(t) — (D)

(2.56)
2F (7 (1), a(t) = 1+ Fi(t) - 7(t) + /(1 — r2(0) (1 - r3(t)).

Generically these measures are oscillatory, and aperiodic unless w, = qw_ for some ¢ € Q.

The degenerate family, Eq.(2.13), always has periodic measures of non-Markovianity
and is a useful case to look at in more detail. Figure 2.2 shows the trace distance and
fidelity in the degenerate family, demonstrating the non-Markovian character of the
reduced dynamics. The dimensionless parameter y = ‘“;t (w = w; = w_) is used to
construct these plots, and the environment memory time-scale can be read off as Ty ~
O(Z).

Figure 2.2 is generated with ¢, = ¢_ allowing for interesting features to appear in F.
If ¢4 are perturbed so that ¢ # ¢_, these interesting features also vanish. First note the

plateaus, which indicate there is a unitary phase (i.e. F=constant) if we further require
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that 75(0) = &. Additionally, preceding the plateaus are discontinuities in F. In some
other finite open systems, such discontinuities indicate dynamical phase transitions [61].

Non-Markovianity of the dynamics has been equated to the indivisibility of the
dynamical map into channels (CPTP maps) [59], however the actual relationship is more
complicated as non-Markovian dynamical maps can be CP divisible [9-11]. To study the
divisibility of the dynamical map one looks at the interweaving maps (®), defined using
two times 7 > 71 > 0,

A(r2) = (72, 71)A(71) . (2.57)

For invertible reduced dynamics the interweaving map is computed as
D (19, 71) = A(m2)A7Y(71), although ® may still be defined even when A~! does not
exist [10].

The degree of positivity of ®(7,, 71) determines the divisibility class of the map A(7),
as A(7) is completely positive by construction. It is important to note that divisibility
is meant in a holistic sense i.e. the reduced dynamics is considered CP divisible up
to time 7o only if ®(m, ) is completely positive for all 77 < 7. A qubit channel is
(infinitesimally) P-divisible if DetA(¢) > 0 for all ¢ > 0 [8]. We have shown this to be true
for the 2-qubit family studied. So the dynamical maps presented here may be arbitrarily
split into positive maps, each made close to the identity channel.

The question of CP divisibility is in general more subtle. For qubit dynamical maps
of full rank, these maps are CP divisible if s1s953 > 0, where s; are the singular values of
the Lorentz normal form of the channel [11]. For unital channels, this is equivalent to
requiring DetA(t) > 0. We are able to find many examples of such maps. Take A(t) € N/
and zg(0) = 0. As long as the initial environment state is not pure, A(f) will be a
full Kraus rank unital channel. Therefore it will be CP divisible iff it is invertible. Of
course these maps generate oscillation in non-Markovian measures, so do not constitute
Markovian reduced dynamics. In Appendix A.2, we study the CP divisibility of deficient
Kraus rank maps in D,. We find that even when these maps are invertible, there typically

exist time intervals s.t. for 7 € [1,, 7] the map ®(m, 7) fails to be CP.

2.6 Master equations

We present the standard master equations that can be associated to any A(¢,0), both
local and non-local in time. We find that by changing 7z(0), different partitions of the
singularity between non-local and local terms can be achieved. We show that we can

capture some non-unitarity features of the reduced dynamics just using the local term.
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Figure 2.3: TrKty, (scaled by 7-) and DetA are plotted with 7(0) = 0. a) Uses parameters
W=wy =w_ = @ and tan ¢4 = tan¢_ = %; the dynamics is invertible with DetA separated

from zero. b) Uses parameters w = w; = w_ = /5 and tan ¢, = tan¢_ = 4; DetA=0 has
solutions, where the dynamical map becomes a projection onto the (1 (7) direction in the Bloch
ball.

2.6.1 Standard master equations

The dynamical map can be used to construct the time-local, although possibly singular,

generator for the master equation

Oups(t) = K (t)ps(t) = M)A (t)ps(t). (2.58)

Since the inverse dynamical map is

1 T2 0 0 0
AN = — S 2.59
®) T2 |\ —d.T. T,xT. T.xT, T. (2:59)

the time-local generator is expressed in terms of the dynamical map components as

0 0 0 0
K () = | |—d(T. - T.) T.-(T,xT.) T.-(I.xT,) T, (T) (260)
U T, T T, (T, xT) T, (ToxT,) T, (T) |
_dz<_;: z) z'(ﬁyx_,)z) :(zXf) _)z (z)

Fig (2.3) contains plots of DetA and Tr Ky, using A(t) € D, which demonstrate that
singularities in Ky, occur where DetA = 0.

The generator K, can be put into Lindblad form,

Oups(t) = —ill (1) - 35).ps(D] + 33 (0 obps(t)0s — S{oiodps(O]) . (261

=1 j=1
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Figure 2.4: Plotted are the real and imaginary parts of the off diagonal Lindblad coefficients.

Plots are generated using the parameters wy = w_ = 75 and tan ¢ = tan ¢_ = 2. Included
in the plots is the trace distance evaluated using the same parameters and initial states
71(0) = —72(0) = #. We include the trace distance to demonstrate that experimentally
accessible quantum information measures can constrain the parameters that appear in effective
master equations; in this case oscillation frequencies of the Lindblad coefficients.

where ﬁeﬂ‘(t) = ws,§+ﬁ0pen(t) generates unitary evolution on Qg with a contribution from
internal parameters and a portion that knows about the environment and interaction,
ﬁopen(t). The coefficients +;;(¢) are the Lindblad coefficients which generate the non-
unitarity that appears in the reduced dynamics.

Obtaining the Lindblad form of the master equation amounts to a change of basis,

for example the effective Hamiltonian has components

. 1.
() = §€”kKjk(t) ; (2.62)

and similar expression exist for the ~;;(¢), though we do not include them here. Figure
2.4 shows how we can use the quantities such as the D(t) to determine the oscillation
timescales that appear in the Lindblad coefficients, which is useful to set a scale for
environment memory timescales that will inevitably appear in effective master equations.

In the strong coupling region where the time-local description has singular behavior,
we instead use an integral master equation known as the Nakajima-Zwanzig equation.
The Hamiltonian being time independent allows the NZ generator to take the form

Kynz(t,7) = Knz(t — 7). Thus the NZ equation is a convolution,

astt) = | " Kt — T)ps(r)dr (2.63)

The convolution kernel may be obtained from the dynamical map using the Laplace
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transform of the dynamical map ®(s) (as in [62]),
Knz(s) = s1y — @71(s) (2.64)

The form of the functions a. (t) and f4(t) restrict the dynamical map components to
having few Fourier components. That is each A% has a Fourier decomposition of the

form,

Aab(t) _ C«ab+F1¢zbe—i2w+t + F2ab6—i2w,t + F;be—i(w++w7)t + Ffbe_i(w+_w*)t

| | | , (2.65)
+G({‘b612w+t + ngeﬂwft + ngez(wju&—w,)t + szez(uur—w,)t

If ab is even (odd) then the component A% involves only even (odd) time dependent
functions. It is now simple to go to the frequency domain, where we can write the generic

Laplace transformed components,

Cab Fab Fab Fab Fab
(s) = —+—— 2 — —
s  s+i2wy  s+i2w.  s+i(lwytw) s+i(wy —wo) (2.66)
Gt G5’ G G4 '
. + . + . + .
s—i2wy  s—i2w_  s—i(wytw) §—i(wy—w_)

In principle one can use these formulae to construct the exact non-time-local master
equation associated to the reduced dynamics, although the expressions involved are

cumbersome. Instead for what follows we devise a method to expand the NZ kernel,
KNz(t—T) = 5<t—T)KTL(t) +KNTL(t,T). (267)

Such an expansion is available for each time-local initial environment state (7rr,), where
the relative importance of the time-local vs non-time-local component is controlled by

the magnitude of 7ry, — 75 (0).

2.6.2 Effective master equation

An exact time local master equation without singularities exists as long as either of the

following conditions are met

I The Hamiltonian parameters are in the weak coupling region, i.e. sin? ¢, +sin? ¢_ <
1.

IT 75(0) has off diagonal elements in the eigenbasis of Hgfee along certain directions
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described in Section IIIB.

However, when neither of the above holds only a non-local equation can capture the
exact time evolution of the reduced state. Such a master equation can be found using
reduced dynamics from the time-local region.

Consider the case where the Hamiltonian parameters are in the strong coupling region
and 7(0) = 7nxTL, yielding non-invertibilities in the reduced dynamics. By choosing a
shifted initial environment state (7), we can engineer the time local component of a
non-time local master equation. By using the exact non-time local dynamical map we
can also determine the corresponding non-time-local component for the master equation.
As the non-time-local piece is linear in 07 = T'NT1, — Fé, the choice of shifted initial state
controls its relevance.

We can choose 7, by considering states near to 7z(0) that are shifted along the
direction(s) nt as defined in Eq.(2.51). The time derivative of ps(t;7xr,) may be

expanded as,

ps(t L) = Qups(t; 7 + ) = 0, | At 75) + (A(t; 07) — At 0))] ps(0)

_ o [oA®; o7
= Kn(ti)ps(tirg) + o7 [ 2D o)
00T
, ON(t; o7) . ON(t; 0F)
— K t P t 7 or- | /27 _ K ) —2 7
1 (t; 7) ps (8 L) + 07 [ 957 (6 7s) 5= | ps(0)
(2.68)
Note that since the dynamical map is linear in the initial environment state, we can
replace % in the above equation with %
65
o o . RN L ON( T
ps(t; "nrL) = Krw(t; 7g) ps(t; "nrL) + 07 [M — Ky (t; TE><_,/E)] ps(0).
2 Org

(2.69)

This can be further simplified noting that A(t; 7y) — Koy (t; 7)A(t; 7y) = 0, yielding the

final expression

OKTL(t; 77]:3) ’

ps(t§ FNTL) = KTL(t§ Fﬁ)ﬁs(t; FNTL) + o7 l o7 A(t; FE)] PS(O) . (2-70)
E

We have now explicitly isolated a time-local component which is evaluated at the

. . N .. . _
same Hamiltonian parameters as A(t; 7rnr,), but uses the initial environment state 7y
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instead of ryrr,. How large 07" is compared with 7ryp, determines the maximum value of
Tr Ky (t; 75), which in turn determines how relevant the integral term is in capturing
the non-invertibility.

An effective time local description is obtained keeping only the zeroth order term,

Orps(t; L) ~ Ko (¢; F];])pS(tQ TNTL) (2.71)

Using this equation to generate the reduced dynamics is equivalent to exchanging
the dynamical map A(t, 7xrL) for the dynamical map A(t;7), so obviously defines a

completely positivity master equation.

2.7 Conclusions

For a two-qubit system with symmetry, we have classified how the non-Markovianity,
unitality, and time non-locality depend on the system/environment Hamiltonian and
the initial state of the environment. We also considered a three-qubit example with a
time-dependent interaction that broke a dynamical symmetry.

The oscillatory character of the reduced dynamics demonstrates that there is a
continuous flow of information flow back and forth between system and environment. For
sufficiently symmetric Hamiltonians, special initial environment states exist that support
Markovian reduced dynamics, where the information flow becomes one-way. While this
is not surprising, it is a reminder that the assumption of a Markovian master equations
is not consistent with typical interacting Hamiltonians. This is true in the cosmological
context as well [24,63].

In typical effective theories of open systems, then, we need some guidance for how
to parameterize the possible non-Makovian behavior. In the qubit model, whether
the flow of information between system and environment was periodic or aperiodic
depended on the degree of symmetry present in the Hamiltonian. There was no reason to
assume that any of the parameters in the Hamiltonian take related values (for example,
commensurate frequencies in the system/environment free Hamiltonians). In some
cosmological contexts, however, there are effects that connect parameter values. For
example, in inflation all modes undergo a common squeezing driven by the background
expansion. This squeezing can determine a significant part of the time-dependence in the
dissipative coefficients v(t) [24], including the periodicity. The background expansion

may suggest the appropriate scale to use in an effective open model.
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A further wrinkle in open effective theories is that the master equations need not
be local in time. Most constructions in cosmology restrict to time-local equations for
simplicity [22,35,64] although work in the context of black holes has shown that non-time-
local evolution can be required [41]. Our work here explores the conditions necessary for
time-local dynamics in small qubit models. We find that even in the regions of parameter
space with the largest degrees of symmetry, it can be necessary to use a time-non-local
master equation. We make this determination based on the non-invertibility of the
dynamical map, which depends both on the Hamiltonian and the initial environment
state. Strong coupling is a necessary condition for non-invertibility, however so is a
rather restricted set of initial environment states. Those states are defined largely by
the dynamics of the free Hamiltonian for the environment. Diagonal initial environment
states in the eigenbasis of Hp.fee are the most non-local, as their dynamical maps are
non-invertible in the presence of strong coupling.

In cosmology, the Hamiltonian is generically time-dependent, so it is not uncommon
for the relevant (active) degrees of freedom and couplings to evolve over time. We used
a 3-qubit model to investigate how such a time-dependence effects the nature of the
dynamical map. We found that introducing a degree of freedom that does not respect
the symmetry of the initial interaction drastically altered the reduced dynamics. The
dynamical map became non-invertible at all times after the activation of the spectator
qubit. This strongly suggests that the framework of open effective theories in cosmology

should include a time-non-local component.
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Chapter 3
Effective Dynamics via Quantum
Channel Ensembles

3.1 Preamble

This chapter is a reprint of [65]. From the previous chapter we determined that in
open quantum system, such as those encountered in quantum cosmology, any effective
master equation should include a non-time-local component. This does not rule out the
master equation approach, but it certainly makes it much more challenging. Therefore
instead of focusing on effective master equations, in this chapter we develop a method
to approximate the long-time dynamics of open systems using ensembles of quantum
channels. In order to narrow our focus, we consider open systems that may be described

by phase-covariant dynamical maps, although we expect that this is not too restrictive.

3.2 Introduction

Most of the quantum systems used for measurement and computation are open, rather
than isolated, systems. We are frequently interested in understanding the dynamics of
an ensemble of such systems, such as the set of evolutions of some quantum state under
many trials of a noisy circuit [66,67]. An ensemble of noisy circuits is an approximate
description of some more complex, closed system, and more generally ensembles of
open systems provide an alternative description of closed systems. In that case, the
ensemble is generated by a partition of the closed system into a set of subsystems, with
the evolution of each subsystem described by an open-systems equation. The set of

sub-system evolutions is constrained by conservation laws and symmetries of the closed,
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unitary evolution. One might in practice be primarily interested only in the evolution of
some special subsystems, for example the computational qubits or the probe systems for
a measurement task. For other questions, such as studying thermalization, it may be
useful to define a typical or average open evolution together with the deviations from
the average.

In this work, we derive and characterize ensembles of open-system qubit evolutions. We
consider cases where either all members of the ensemble are phase-covariant dynamical
maps [68,69], or ensembles whose average map is phase covariant. Prior work on
random ensembles of open-system dynamics has largely been restricted to evolution
that is time-homogeneous, Markovian and unital [70-79]. Phase-covariant maps provide
a well-characterized way to consider more complex open-system evolution with none
those restrictions [56, 80, 81], making them appealing for phenomenological studies of
thermalization, quantum homogenization, dephasing process, quantum metrology and
quantum optics [80,82-84]. For computational questions, they carry the advantages of
non-unitality [67,85,86].

The most general phase-covariant qubit channel can be parameterized as

1 0 0 0
0 A @ —MXisinf 0
Ap = 1 c?s 1 8in | (3.1)
0 Aisin€ Ajcosf O
T3 0 0 )\3

where A1, A3, 0, and 73 are all real numbers and complete positivity imposes some
restrictions on the parameters, discussed below. The action of this class of channels
includes translations and xy-symmetric deformations of the Bloch sphere that commute
with rotations about the z-axis. Phase covariant maps provide agnostic noise models,
since they describe a combination of pure dephasing with energy absorption and emission.
An additional useful property of phase-covariant channels is that they need not have the

maximally mixed state as a fixed point. That is, they need not be unital. The state that is

invariant under the action of the phase-covariant map, Eq.(3.1), is p. = % (1 + (113)\3> A ),

where Z is the Pauli matrix. This state is different from the maximally mixed state (the
Gibbs state at infinite temperature) whenever 73 # 0, but it is still diagonal and can

be understood as a classical ensemble or Gibb’s state with £, = log L_Qa} > 0, where

73

=X
Markovian regime [69].

Gy = This simple steady state is useful for studying thermalization beyond the

Evolution under a phase-covariant dynamical map (a smooth, time-parameterized
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sequence of phase-covariant channels) can be generated for a system with free Hamiltonian
Hg by coupling it via an interaction term Hgg to an environment with free Hamiltonian

Hy, in initial state ps ® pg, with the restrictions

These relations imply that (i) no energy builds up within interactions and (ii) the initial
environment state is a Gibbs state with respect to Hy, and plays the role of a classical
reservoir in the case that the reduced dynamics is Markovian. But, these maps are
generically non-Markovian, allowing much richer dynamics [87].

By choosing Hamiltonians for N coupled spins with initial states that obey the
conditions above, we can construct ensembles of open-system evolution where each
member of the ensemble is a phase-covariant map for a single spin degree of freedom.
Except in special cases, the full set of maps is time-consuming to derive for large V.
However, we can take a useful limit that effectively averages over the oscillatory behavior
associated with the finite system size. We will find that in useful cases this average map
provides a stationary channel that depends only on the initial state and the symmetries
of the interaction terms in the Hamiltonian.

To construct these channels from example systems, we first average over the set
of individual dynamical maps at fixed time ¢ associated with the evolution of the ith

subsystem, A;(¢'), and then take the limit of a long time-average:

— 11 &
Ay = lim i) lN ;Ai(t’)] dt' . (3.3)
In useful cases, the limit of the long-time and ensemble averaged map will be a time-
independent channel. Furthermore, for disordered Hamiltonians, Ay(¢) (and the map
averaged over the N sub-systems at any time) may be phase-covariant even when
individual maps are not. This is most directly seen by working with the distribution of
map parameters, inherited from the Hamiltonian disorder, over the N sub-systems. Then
K?\f may again be a time-independent, phase-covariant channel. We will demonstrate
these points with specific examples below.
In the rest of the paper, we establish a procedure for generating ensembles of phase-
covariant maps with a long-time average that is time-independent and with fluctuations
about the average that mimic those found in finite-size spin networks. We begin in

Section 3.3 by constructing ensembles of maps for spin networks where every division into
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sub-system and environment satisfies Eq.(3.2). That is, every map is phase-covariant and
differences in the map come from the inhomogeneity of the initial state. We derive the
K]OVO for those ensembles. In Section 3.4 we provide a perturbative calculation justifying
the use of Ay as defined in Eq.(3.3) as a large-N limit for at least some kinds of systems.
Next, in Section 3.5, we consider a case where different members of the ensemble may
also have different dynamics, for example as generated by different values for couplings
within the full, closed Hamiltonian. There we show how moving from a distribution over
Hamiltonian parameters to a distribution over map parameters facilitates the construction
of additional scenarios whose average dynamics are phase covariant. We put these pieces
together in Section 3.6, and provide a prescription for generating ensembles of open-
system evolution that we conjecture to be useful for studying the ensemble of subsystems

of large-N, closed systems. We conclude in Section 3.7.

3.3 Phase-covariant ensembles from XXZ networks

In this section we consider several examples of XXZ spin-networks in external magnetic
fields, which we use as benchmark examples of the phase-covariant ensembles. We are
interested in extracting features that can be usefully generalized to a construction that
can be carried out using only the parameters of the maps in Eq.(3.1), without reference
to an explicit Hamiltonian, although we will see how properties of the Hamiltonian are
recognizable in the maps. The phase-covariant restrictions on XXZ models have a simple
late-time averaged behavior, described by single phase-covariant channel (since these
channels are closed under convex linear combinations [88]). Besides characterizing this
channel, we use these models to extract a typical scaling with N of how maps vary
around the average, which can be used to inform more general probability distributions
over map parameters.

To begin, the dynamical map associated to the i*" qubit in the network is defined as
(D) [pi(0)] = by [e7Hpi(0) @ i, ()™ (3.4)

where H is the full Hamiltonian describing the network dynamics. A;(t) depends on
time, the Hamiltonian parameters, and the initial state of the remaining qubits. To
obtain phase-covariant dynamical maps for a given qubit network, we must ensure the
thermodynamic constraints from Eq.(3.2) are satisfied. Therefore, we choose initial

global states that are totally uncorrelated and diagonal in the computational basis (as
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appropriate for XXZ type Hamiltonians)

2(0) = ;V ® (L+27). (3.5)

The initial state must be totally uncorrelated so that for all possible choices of focal qubit
the reduced dynamics is completely positive. Then, all maps are of the form Eq.(3.1)

and satisfy the following inequalities [6]

)\i+72‘ <1
Pod + < 56

3.3.1 XXZ-networks

In this section, we consider homogeneous XXZ-networks with two different topologies.
The first has nearest-neighbor interactions and periodic boundary conditions (a ring),

with Hamiltonian

H%E = hz Z; + Z XiXi1 + YY) + Z Zig1 . (3.7)
i=1 =1
Here X, Y, Z are the usual Pauli matrices and the qubit indices take integer values mod N.
The coupling constants .J and J, determine the class of the model. For J, =0, Hxxz
reduces to the (anti)-ferromagnetic Ising model with Jy < 0 (J; > 0). When J; = J) the
model reduces to the XXX model. These models belong to different universality classes
as they flow to distinct fixed points under renormalization.
Second, we consider completely connected networks, with all possible pairwise inter-
actions:
XXZ_hZZ+ ZXX +YiY)) ”ZZZ (3.8)
i
Technically, the computation of the dynamical maps via Eq.(3.4) involves exponen-
tiating the Hamiltonian and tracing over most of the system. This is easiest to do if
the Hamiltonian is first diagonalized. Both topologies have a number of symmetries
that can be exploited to perform this diagonalization. A detailed description can be
found in Appendix B.1, but we summarize the key points here as they provide a helpful
organization to understand some of the structure in the maps.

First, Hxxz for either connectivity has a U(1) symmetry generated by the charge
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operator Qn = >; Z;. Therefore Hxxy is block-diagonal in an excitation basis,
PnHxxzPly = Hyy @ Hixy ® ... & HY | (3.9)

with dim Hyy, = (];7 ) and Py is a 2V x 2V permutation matrix taking the computational
basis to a chosen excitation basis. There are many choices of excitation basis, as one can
always reorder computational basis states within a given ¢-block to obtain a new basis.

Next, one can leverage the translation symmetry of the models. For homogeneous
couplings and the two topologies considered here, the Hamiltonian is invariant under
relabelings like ¢+ — ¢ — 1. That is, the translation operator over N spins, Ty, satisfies
[Tn, Hxxz| = 0. Thus the next stage in block-diagonalization for both models is achieved

by using a Fourier basis, with blocks labelled by a:

N N-1
I'vPx (Hxxz) PN = P P HE, - (3.10)
q=0 a=0
See Appendix B.1 for additional details and examples.

However, for N > 3, even these symmetries are not enough to achieve exact diago-
nalization (see, for example, Eq.(B.11) in the Appendix). The additional degeneracy in
the eigenstates of Ty increases with N, and so eigenstates of Hxxy are superpositions of
these Fourier modes. That is, if eigenstates of the Hamiltonian are labelled by a complete

set of quantum numbers {q,a,l}, and the index k runs over the Fourier modes in each
block a, then

kmax
[ESD) = > CH|F& k). (3.11)
k=kmin

Whenever k.. = kmin, the stationary states are just Fourier modes i.e. |Eg; Emin) =
|.7:g; Emin). For small (kpax — kmin), the time evolution may be computed analytically.
That is the procedure we will follow in the examples below, but the maximum degree of
degeneracy amongst Fourier modes grows linearly with N, and it becomes more difficult

to perform the diagonalization.
To make this a bit more explicit, consider the ¢ = 1 block for an XXZ-network with N
qubits. The block has dimension N and Ty is non-degenerate within it, so diagonalization

of HL,,, is achieved through an N-dimensional discrete Fourier transformation. Explicitly
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the eigenstates are given as discrete plane waves

1 N-1

|F50) = — Z e™eoif]1...1) (3.12)
where 0, = 2%“ and o; flips the kth spin from 1 to 0 and acts as the identity every
where else. The ¢ = N — 1 block has essentially identical eigenstates, expect with the

replacement
o |1..1) = 0,|0...0) . (3.13)

For other values of ¢, the translation operator becomes more degenerate. In these cases
an appropriately sized discrete Fourier transformation must be performed to reach the
next step of block-diagonalization.

In the remainder of this subsection, we go through the computation of the dynamical
maps for three qubits in detail. Then, in the rest of the section, we report map parameters

and average maps for N > 3, leaving details of the process to Appendix B.1.

3.3.1.1 3-qubit XXZ-network

We shall now demonstrate how we compute the ensemble of phase-covariant maps and
the average map, and characterize the fluctuations, for the example of a 3-qubit network.
In this case, the ring and completely connected topologies are equivalent. We begin by

diagonalizing Hxxz, going first to the canonically ordered excitation basis
PsHxxz P = Hixy @ Hyxy @ Hyxy @ Hixy . (3.14)

This example is especially simple as the only interacting blocks, Hyy, and Hzy,, are
both diagonalized through discrete Fourier transformation. The other blocks are non-
interacting, and consist of the computational basis states |1...1) (¢=0) and |0...0) (¢=N).
Using the exact diagonalization of the Hamiltonian, we determine explicit expression for

the parameters appearing in the phase-covariant dynamical maps when the initial state
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is of the form Eq.(3.5). We find

Ai(t,3) = /a2 (t,3) + B2(t, 3)
0;(t,3) = 2ht + ¢i(t,3)

1

As,i(t,3) = 9 (5 + 4 cos SJLt) (3.15)
2

730(t,3) = (O z) (1 — cos 3J1t)
9 ki

where we have made the definitions
1
a;(t,3) = 15 ((1 — kl;[zzk) (7 + 2 cos 3Jﬂf)
+ (1 +1] zk) (3 cos (2J) —2J )t + 6.cos (J) + QJL)t))
i (3.16)

Bi(t,3) = i(z 2 ) (Bsin (2J) — 2J1)t + 6sin (J) + 2J1)t)

18 =
Bi(t,3)
ai(t, 3) '

¢i(t,3) = tan™* (

Notice that the strength of the external magnetic field, h only enters into the rotation
angle 6.
There are two relevant time scales in these maps, determined by J and J,. For

simplicity, we will illustrate results in Figure 3.1 for .Jj = J., and define a single time-scale

27

ty==.
J 7

(3.17)
While a simplifying assumption, we do not expect this reduction to drastically change

the primary aspects of our results for the average phase-covariant maps computed below.

For example, the late-time average values of both A3 and 73 are independent of the ratio

Ji
Jj

steady-state values of \; are also independent of the coupling ratio.

Further, if we avoid certain commensurate values of Hamiltonian parameters, the
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Figure 3.1: Examples of ensembles of two of the dynamical map functions, A ;(t) and
73,(t). Each panel shows results for all spins (i = 1,2,3) in the network. Plots on the
left are for initial state z1=1, 2, = % and z3 = % (hierarchical), while those on the right

had 2y = 23 = —2, = 1 (Néel). Both cases assume Jj = J, which is used to define the

time scale ¢t; = %

We now turn to the computation of the steady-channel, K§° and the normalized
fluctuations. For generic values of h (i.e. not commensurate with J, or J)), Az (t),
Agy(t), Ays(t), and Ay, (), vanish under long-time averaging. Therefore we assume that

h is generic, precluding this situation. Choosing to define the time average of A\;(t) as

Xlt) = AL+ A%, (3.18)
we then find
AM(t=00,N=3)=0,
Ns(t =00, N =3) = 3 (3.19)
T3t = 00, N = 3) = gelgzi)

Anticipating results for larger N, we express 75 in terms of elementary symmetric
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polynomials in the initial state ex(z;). These polynomials are defined for any N by the

equation
N

H(z + 2;) = eo(2) 2 +er(z)2V T+ Fen(z). (3.20)

i=1
Examples and related applications of the polynomials can be found in [89].
Before we move on to the next topic, it is useful to point out a few features of the

dynamical map ensembles for the various N we consider.
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Figure 3.2: The ensembles of non-unitary parameters are plotted for the 4 and 5 qubit
XXX-model for hierarchical initial states. The top set of plots are generated using the
the initial state with z; = 1, 2o = %, 23 = %, and 2, = 2. The bottom set of plots are

4
generated using the initial condition 23 =1, 20 = £, 23 %, 24 = g, and z5 = %'

(S
e

Figure 3.2 emphasizes the non-time-local nature or non-invertibility of our ensembles,
following from the existence of zeros in the A3(¢) plots. The top left panel shows that
while not every individual map is time-local for the N = 4 hierarchy state, the average
dynamics will be. While not plotted here, the Néel serves as a maximal example of
locality breaking, as even the average dynamical map is time-non-local.

We may also use these plots to draw a point of distinction between the two topologies
of networks. In the completely connected case A3(t) and 73(¢) are always periodic over

some multiple of ¢;, while in the case of the XXX-ring the dynamics need not be periodic,
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as can be seen from the lower panel of Figure 3.2. Of course if N is a perfect square then
periodicity occurs, as can be seen for the case of N = 4. Equations (B.42) and (B.54) in
Appendix B.2 makes this point clear, showing that for the XXX-ring v/N.J, appears in

the various frequencies comprising the dynamical map components.

3.3.2 Long-time averaged channels

The individual maps and steady-channels for N > 3 require a similar, but longer
computation. the two topologies of XXZ-clusters for. We also discuss features of the
reduced dynamics found for the computed ensembles, i.e. whether they are time-local for
certain initial states and other average properties. Details of the map components as a
function of time, and some additional plots of that time-dependence, can be found in
Appendix B.2.

3.3.2.1 Complete connectivity

Turing our attention to the completely-connected XXZ-network we compute the late-time

network averaged quantum channels. For N = 4 we find

(N =4)=0
Ay (N =4) = 17680(122) + 136%(6%) (3.21)
For N =5 we find
M (N=5)=0
As (N =5)= 17580(1%) + ;gwl(gi) (3.22)
and for N = 6 we find
A (N =6) =
(N = 6) — 549490(21‘) 152921(?) _ 458341(?) (3.23)
#2(N = 6) 85 ei(zi)  5oes(z) | 5 oes() .

T 1446 12 20 48 6
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The relationship appearing between X;o and 75° are in part due to constraints that must
be satisfied. Namely if all z; = 41, the total global state is a fixed point of the unitary

evolution therefore
+

—=00
T3

= +1. (3.24)
Ziiﬂ:l

Our results taken together with these constraint leads us to make the following conjectures

for the values of any N where for odd values

AN =odd) =0
TV = odd) = ) 4 20 4 g, Ss(z)
(2> (N_3> (325)
e1(Z; e3( 2 eN—Q(Zi)

(N = odd) = (1 — ag) 1

and for even values

A(N =even) =0
22(2’1’) 6N72(Zi)
TN () (3.26)

N—-2

o o(zi)

Ay (N =even) = aoe +as—75
b ()
T5(N = even) = (1 — ap) (%) °(%) 1)

O ) R A

Another property of these long time averages, and in fact of the dynamical map compo-

nents in general, is that A3 is an even function of {z;} while 73 is an odd function. This

is a consequence of the symmetry generated by
P=1]%. (3.27)

which is a symmetry for both models considered, therefore A\3(t) and 73(¢) have definite
values of P in the ring topology as well.

To conclude the discussion, notice that the average map depends only on the initial
state and symmetry of the Hamiltonian. We note that in this case the long time averages
are invariant under any permutation of the initial z;. Comparing the fully connected
case to the ring, shown next, illustrates this dependence. In addition, notice that the
invariant state of the average map is not the average of the initial states, but any explicit

dependence on coupling strength is gone. As expected from the individual maps at any
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time, there is also no dependence on magnetization. In the case of non-phase covariant
maps, there will be terms depending on h, and, just as in the case of A\, special values of
the coupling lead to different long time average values.

3.3.2.2 Ring connectivity

Computing the late-time and ring-averaged quantities we find for N =4

A (N=4)=0
NN =4) = 176 + 136 eal2) — 4zéz‘°’ — e (3.28)
(N =4y = uta), Lol
and for N =5
A (N=5)=0
A3 (N=5)= 27215 + 425221((?) (3.29)
7o (N = 5) = 15de(z) 2 eslz)

T 9225 5 45 10

Comparing to the complete connectivity, Eq.(3.26) and Eq.(3.25), demonstrates how the
interaction structure appears in the maps. For example taking N = 4, the long-time
average is only invariant under cyclic permutations of the initial state while in the fully
connected case the invariance was with respect to the full permutation group. However,
for N = 5 the full permutation symmetry is recovered in the infinity time limit. But
we do not expect this to be a generic feature for larger N, and in principle only cyclic
polynomials of the initial state should appear. As before, the invariant state of the

average map does not correspond to the average initial state.

3.3.3 Fluctuations about the average channel

We now consider physical data to constrain the variance we expect in the distributions
at late-times. We do this by considering the maximum distance from the finite-time

average to the steady value. We define the fluctuations at finite-time about these average
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quantities, estimated by the normalized fluctuations

o e (3.30)
ATg = 77-3 (tz; i .
T3

These quantities will be used to calibrate the second moments of the phase-covariant
measures developed in Section 3.6. The normalized fluctuations are generally initial-state
dependent. But to determine an approximate size of the fluctuations, we may simply
consider a class of initial states that have essentially initial state independent fluctuations.
To see that such a class of states exists, consider the completely connected network and

assume that each qubit satisfies 0 < z; < Z < 1. Then we may notice that
ek(Zl')

N

(%)

therefore for small enough Z, only the first terms in A\3(¢) and 73(¢) are relevant. In such

< z* (3.31)

a class the fluctuations about the long time average will be initial state independent.
In Figures 3.3 and 3.4, we have plotted the fluctuations about the long time averages
for the completely and ring connected networks, using only the lowest order terms in the
initial state from A3(¢) and T3(¢). We confirm in Section 3.6 that these approximations
do provide a good estimate of the fluctuation size, even when considering a generic initial

state.
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Figure 3.3: The normalized fluctuations of A3(t) and 73(¢) considering only lowest order
terms are plotted for the completely-connected XXZ network. The bounding hyperbolas
estimate the size of the late-time fluctuations, as in Eq.(3.32).

From these plots the late-time fluctuations are found to scale as

CCtJ

AC ~
(L

(3.32)

where t; = % is the dynamical timescale defined in Eq.(3.17) and C; is an order one
constant. The completely connected network, for a fixed N, approaches the steady
channel more quickly than in the case of the ring. Comparing the N = 6 completely
connected network and the N = 5 ring network, we see that the fluctuations persist at
least four times longer in the case of the ring. Note that the scale of the vertical axis of

all plots are identical.
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Figure 3.4: The approximate normalized fluctuations of \3(t) and 73(t) considering only
lowest order terms are plotted for the XXZ ring. The bounding hyperbolas estimate the
size of the late-time fluctuations, as in Eq.(3.32).

3.4 Physical relevance of the long-time averaged channel

Consider a qubit network that consists of N¢r, clusters, each containing N qubits,
where we assume N¢p, > N. For simplicity, each cluster is assumed to have the same

connectivity. The spin-averaged dynamical map for the I/th cluster is

(D) = L A0). (3.1

Suppose at some very early time there are no interactions and the state of the network
is entirely uncorrelated. Interactions within each individual cluster are turned on via
a quenching mechanism, but that not all clusters are quenched at the same time. Let
the time-scale for over which the cluster quenching is (uniformly) staggered be longer
than that set by the interaction time-scale within each cluster. The time-dependent
Hamiltonians considered (and initial states) are such that the conditions for phase

covariance are satisfied for each cluster. For example, this scenario can be modeled by a
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Hamiltonian of the form

Ncr, N

Hi) =Y (hI > 2+ J0(t — 1) 3 (Xi. Xy, + Vi + ZIiZIj)) (3.2)

I=1 i=1 i,j

where 6(t) is the Heaviside step function, and ¢; are the various quench times associated
with the clusters. If the timing of the quench varies over a time-scale longer than that
set by J, and the large number of clusters ensures that all oscillation scales of the
single-cluster Hamiltonian are smoothly sampled, then the clusters will be at varying
points in their evolution and the average map at late times will be given by

li !
m —
NCL%OO NCL

S = [ (halt) = B () 33
In fact, as long as there are many clusters with any given initial state, which experience
the quench at offset times, one can imagine a further average over steady channels with
different initial states to match the full complexity of the initial system of size > N.
That is, one could average over the initial states appearing in the steady channels.
Under such a quenching scenario, even for relatively small clusters, we obtain average
dynamical maps that approach a steady-channel, denoted as K})VO, in the limit ¢ — oo.
We are then able to construct distributions of channels that have the steady channel as
their average. By studying the approach to the steady channel, we able to constrain the

second moment of the distributions.

3.5 Phase-covariance on average from disordered Hamil-

tonians

While in the staggered quench example above we imposed that each cluster had the same
Hamiltonian and an initial state from the phase-covariant set, the regime of applicability
of the phase-covariant steady channel is actually larger. In this section we show that
constrained Hamiltonian disorder, or noise, can be rather naturally consistent with
phase-covariant, average reduced dynamics. We show this by considering ensembles of
qubit pairs, which serve as a simple model of the paradigm set forth at the end of the

previous section.
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3.5.1 An ensemble with non-phase-covariant elements

To begin we start with a physical setting where distributions of maps that are not
necessarily phase-covariant appear. We consider a Hamiltonian that governs the time
evolution of N¢y, pairs of spins, where each pair evolves independently, and conserves the
total excitation number () = Y Z;. This can be compactly written as

2NcL 2NcL Jii 14 (=1 i+1
H=3 hzi+ ) = [ <2 ) ][Xixmmm]
=1 =1

2NcL i+1 (3.4)
== E ﬁflivi""l — H172 + H374 + + HQN_LZNCL
P 9 XX XX XX XX .

The 2N¢y, qubits are taken to be in a completely uncorrelated initial state. For each pair,
we allow this example to break both phase-covariant conditions from Eq.(3.2). First,
allowing h; # h; means that the interaction term will not commmute with the free
Hamiltonian. In addition, we do not impose any restriction on the initial state.

As the Hamiltonian is block diagonal in the qubit pairs, we can determine both the
1-spin and 2-spin dynamical maps obtained for a single pair. The 2-qubit maps describe
unitary evolution, and this example may be viewed as an generalization of the noisy
qubit models proposed in [70] to a larger system size. However, at the single-spin level
the evolution is non-unitary and richer than what can be found with noisy Hamiltonians
alone.

To write the single-spin dynamical map, it is convenient to decompose the unitary

evolution in terms of
Ui = Ztr {(O’i ® 0'%)6_1(H>102<)t (Ji ® a§) e’(Hii)t} : (3.5)
The Hamiltonian parameters enter in the unitary evolution in the following combinations:

hy+h
h12 - 5 2 , Wig = Sgn(Am)m

(3.6)

Further details can be found in Appendix B.2. Then the evolution of the first spin in the

first pair, for example, is given by

pr(t) = tr [e 0, (0) @ pa(0)e’ ] =ty [U(1)p(0)] = As(£,0)p1(0). (3.7)
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Using the Bloch parameterization for the second spin (which provides the initial envi-

ronment state for the first spin) as py = %(1 + 29Xo + Y2 Y2 + 2975), and defining partial

components
AR =uy, (3.8)

the dynamical map is

1 0 0 0

0 Ame AxyO o ATZE + A‘sz
Al(tao) = ;xO gl;y[) ( i glJz:E - glyzy) : (39>

0 A A ($2A1 + 2 Ay )

20 (22A577 4 pAT) (AT + AT A7

The dynamical map is non-unital so long as 25(0) # 0.

The dynamical map As(t,0) for the second spin can be obtained directly from Eq.(3.9).
From the Hamiltonian it is easy to see that we need only exchange the values of h;, so
Ay(t,0) is directly obtained by exchanging the initial states and sending Ajs — —Ajs.

In terms of map components, this is accomplished by
AFH(t, Ara) = Ut Ara) = Ui (t, —Arz) = AR (t, —As) . (3.10)

The dynamical maps associated to the second qubit pair are obtained through the
replacement 12 — 34 in the initial states, h; and J;;41. In this way we obtain an
ensemble of non-unital 1-qubit dynamical maps and unitary 2-qubit dynamical maps.
Given the collection of disjoint qubit pairs, and the associated 2-qubit unitary channels,
it is possible to construct their ensemble averages. Both averages will be non-unitary,
since convex combinations of unitary channels may be non-unitary. This provides a useful
means to efficiently simulated non-unitary evolution [90]. If each pair is assumed to be in
the same uncorrelated 2-qubit state, the following non-unitary ensemble averaged 2-qubit

dynamical map may be defined

4O [(0) 0 0] = X (0 0 D) )

clusters

At this point we have a physical representation of the sort of noisy Hamiltonians
that have appeared in numerous works. Now conceptually we may view the the previous

ensemble as an instantiation of some noise distribution over Hamiltonian parameters.
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Therefore in the limit of large N¢r, the network average is equivalent to
U(t) [p1(0) @ pa(0)] = <€7iHXti1 0)® p2<o)eiHXXt>disorder (3.12)

where we have dropped the superscripts on Hxx to emphasis the conceptual difference
with the network of clusters.

Now instead of considering a disorder distribution directly over the parameters in the
Hamiltonian, we consider the distributions directly over its eigenvalues and eigenvectors.
That is, we take the fundamental parameters to be those on the left hand side of Eq.(3.6),
e.g. h (from hyy), w, and ¢, rather than (hy, ha, J,). This approach allows for a closer

connection to the dynamical map components. For example, the following component
AT xsing, (3.13)

which is compactly expressed in terms of the mixing angle ¢ from Hxx eigendecomposition.
Notice that such a component vanishes if the noise distribution is an even function of ¢,
where tan ¢ = %. The other dynamical map components that break phase-covariance
also vanish under the same assumption. We understand this as the phase-covariant
constraints in Eq.(3.2) being satisfied on average.

We can apply a similar procedure to other non-phase-covariant maps. In particular,
for more general non-unital quantum channels with non-zero shift in the x and y direction
(1 # 0 and 75 # 0), the invariant state can have coherences and therefore cannot be
represented as a Gibbs state in the computational basis. However, ensembles of such
general non-unital maps can be generated such that the shift in the x and y directions
are eliminated, resulting in a Gibbs-like state for the ensemble-averaged map. We will

demonstrate this with an example.

3.5.2 Phase-covariance via disorder averaging

We begin by considering independent Gaussian distributions for h and w,

e 2% (3.14)
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and two different examples of probability distributions over ¢,

1 & tanh[a¢]?

Po(d) = ———e 75, pr(@) = ol (3.15)
N (W—@tanh [TD

2mo?

©-

where for pr(¢) the range is restricted to be —w/2 < ¢ < 7/2. Both distributions have
(¢) = 0 to ensure that the 1-qubit dynamical maps are phase-covariant. We consider
multiple ¢-distributions as the average values of 73 and A3 are strongly tied to this choice.
Certain ¢-distributions restrict the range of allowed average values of map parameters,
and we see from Figure 3.5 that the Gaussian distribution cannot generate large enough
73 to be compatible all examples from Section 3.3.

Using these distributions, the partial components of the effective focal dynamical

map are
“ZT - _x (o2 +407)t?
A} "= Alfyo = (cos Qtcos2Bt — e 2¢° sin ) sin 2Bt> ez
—yz0 —zy0 _ a2 (02 +403)t?
A=A = (cos Otsin2Bt + e 2¢* sin Q4 cos QBt) e 2 (3.16)

AN” =1 K" = i(l - 6‘25*;) (1 = cos (20t)e=275) .

Figure 3.5 shows the non-unitary phase-covariant parameters of the map A;(¢,0). For

plotting purposes we have defined the dimensionless quantity x = %t.

1.0F; ' ' ‘ ] 1.0F
0.8 ] 0.8
0.61 1 0.6r 1
= — %
0.4 ] 0.4 ]
_ /13 _ /\3
0.2} \ 3 T3 0.2 \ ] T3
0.0, , i i ; 0.0, ‘ : i -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
X X

Figure 3.5: The non-unitary parameters of A;(¢,0) are plotted for o, = 0, = 1, p = 3,
and the traced out qubit has z = 1. For large enough (), revivals appear in the non-
unitary parameters. In either case, the x and y components of the focal Bloch vector
fully decohere before { = 1.

We have introduced the additional truncated distribution over ¢ to demonstrate that

disorder distributions can capture the larger values of 73 found above. For example, in
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the truncated hyperbolic tangent distribution the maximum allowed value of 73 is found
to be
6 + >

1 w/2
ai—>0 T - 2 tanh[a(bﬂ/ﬂ /2 Sin [M an [a¢¢] 0] 52 0.8 (3 7)

3.6 Phase-covariant dynamics from channel ensembles

In the final section of this work we construct measures over phase-covariant channels
that capture key features of the long-time averaged channels derived from XXZ networks.
However, the time-evolving ensemble can be considered on its own, characterized by
its thermodynamic properties without reference to a particular Hamiltonian. From the
Gaussian examples considered in Section 4, we are motivated to considered a phase-
covariant measure consisting of truncated Gaussian distributions over the non-unitary
parameters. We use the physical constraints from Section 2 to fix the mean (x) and scale

(o) parameters.

3.6.1 Phase-covariant measures

The key point in defining a measure over channels is determining the domain of integration.
This depends on the constraints imposed by complete positivity, which are especially
simple in the case of phase-covariant qubit channels. Then, a phase-covariant measure
may be defined by supplying a joint probability distribution py (A1, 73, As; t) which satisfies

the normalization condition

1 _/ v 73, Ag: £)d A drsd s

/ /1 A3 \/(1+)\3)2—7'3
1-X3) %\/ 14+X3)2 —7‘

1

2

1+)\3) 77’5

PN (A1, T3, Ags 1) dArdT3dAs (3.1)

14+A3
+// M1, 73 Mg ) dAdrsd)s
(1439) %WPN(133)133
where the order of integration follows from the form of the constraints in Eq.(3.6). For
more general quantum systems it may not be possible to determine the boundary of
integration, but restricting the reduced dynamics to be G-covariant potentially makes

the problem tractable for larger quantum channel.
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The above measure allows us to define the average dynamical map,

(AN)(1) = / v, 75 Aas DA, T3, A )dAdrsd g - (3.2)

Tpc

We choose to introduce time-dependence into the probability distribution, instead of
directly into the dynamical map, as the time-dependence of the dynamical map becomes
quite complicated for large clusters.

This form of the map ensemble can be usefully compared to prior explorations of
random open system dynamics, and to compare the phase-covariant class to the larger
class of channels.

We compare the distribution of eigenvalues for a non-unital phase-covariant ensemble
to those of the more general class of dynamical maps, treated for example in [77]. To do

S0, it is helpful to diagonalize the phase-covariant channel and define

1 0 0 0
0 \e? 0 0

Da,. = | , 3.3

e o 0 ae® 0 (3:3)
0 0 0 N

where 1 = M\e™™. Note that 75 does not appear in the eigenvalues but only in the
eigenvectors. The dynamical map parameters (restricted by complete positivity) are
uniformly sampled and plotted on the left panels of Figures 6 and 7.

To make a comparison with the more general class of dynamical maps in [77], we
consider a minimal breaking of the phase-covariance through the introduction of a new

parameter \,

1 0 0 0
reak |0 A 0 —Xysinf 0
APC H} 1 COS 9 S11 (34)
PC 0 A sin€ Agcosf 0
T3 0 0 )\3
The eigenvalues of the non-phase-covariant map are
()\1 + )\2) cos 6 & ()\1 + )\2)2 cos2 6 — 4)\1)\2

2

The dynamical map parameters are uniformly sampled (again restricting to complete

positivity) and the eigenvalues of the non-phase-covariant ensemble are plotted on the

61



right panels of Figures 6 and 7. This simple breaking of phase covariance introduces
additional structure seen in Figure 6 (right), several of which match those in Figure 1 of
the slightly more general treatment of [77]. For example, there is agreement in the empty
parts of the plane, and the apparent ‘repulsion’ of the points away from the real axis.

Note also that a significant number of u, eigenvalues become real when phase covariance

is broken.
o Phase-Covariant non-Phase-Covariant
0.5 1
N ° M+
S 00 T u_
lir) A3
—0.5 A :
71.0 T 1 T T 1 T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Re(2) Re(2)

Figure 3.6: The distribution of eigenvalues, u+, A3, for a non-unital phase-covariant
ensemble (left) and non-unital non-phase-covariant ensemble (right) in the complex plane.
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Figure 3.7: Plotted are histograms of the distribution of the eigenvalue, A3, for a non-
unital phase-covariant ensemble (left) and non-unital non-phase-covariant ensemble
(right).

Finally, we end by defining the uniform distribution over phase-covariant channels

16

_ + - V= (2 _Z L _ =

vol(FpC> = vol(ch> + vol(FPC) = ( 5 6) + 5= (3.6)

where we have separated the integral into two regions based on the sign of A\3. The
positive region has a larger volume than that of the negative region, which is confirmed
in Figure 7 (left). Therefore when sampling the phase-covariant channels using a uniform
distribution, we expect there to be a bias towards positive A3. Our results are consistent

with, although scaled differently from, those found in [81].

3.6.2 Example distribution: Truncated-Gaussians

There are of course many other non-uniform distributions to use to define a phase-
covariant measure, and making an appropriate choice allows one to more easily capture
the behavior of the long time average channels determined in Section 2. Although a
time-dependent uniform distribution could be used, this is a more difficult to define from
the data gathered from the average and late-time fluctuations. Ostensibly, the results
of Section 4 indicate that using truncated Gaussian distributions could be a fruitful
approach. We consider phase-covariant measures defined in this way for the remainder

of this section.
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A truncated Gaussian distribution over a single random variable (X) is given by

_(x-p?
e 202

pra(X;n) = NG (3.7)

where 77 stands in for the parameters of the distribution and N is the normalization

factor

N (i) = / e (3.8)

There are four total parameters associated to a two-sided truncated Gaussian, the mean
parameter (u) , the scale parameter (¢), and the end points of the interval that define
the truncation. For our purposes the end points of each distribution are set by the
complete-positivity constraints. For example the truncated Gaussian associated with A3
may take values between -1 and 1, while the other distributions have intervals depending
on the values of As.

The remaining parameters we set through the use of the physical constraints found

in the previous section. For example the scale parameter (assumed real) takes the form

C tref
where the constant C'is O(1). We define the mean of each parameter by
i (N) = X7(N) = 0
in(N) = X5 (N) (3.10)

where we have seen that py ~ ag and p, =~ (1 — ag)Z are approximations that are valid
for a non-empty set of initial states. Notice that these parameters do not correspond to
the mean and variance of the truncated Gaussians, and in general they will be larger
than these values.

In order to construct instances of these distributions and how they change over time
we use the following procedure. First, we choose a sampling time, set by the time-scale
tef =15 = % We then sample the distribution prg (A3, 73) at each time step, where
the scale parameter is changed according to Eq.(3.9). In this way we obtain an ordered
list of values that A3 during each time-step. From these values of A3, we may construct
the distribution prg(7s,7;), as recall the end-point parameters for a given time-step

depend explicitly on obtained values of A3. The procedure then carries on in the same
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manner as for A3, a successive list of values for 73 are generated for each time-step.
Finally, using the outcomes of the previous steps a list of values for A\; may be generated
from the distribution prg (A1, 7). Figure 8 illustrates the results of this procedure. One
could define a smaller sampling time, as it is clear that the sampling procedure does
not capture the smaller scale fluctuations. However, these fluctuations do not carry
additional physical information about the convergence toward the steady channel, for
single-qubit dynamics, at least.

Care must be taken into the above procedure, as the endpoints for the distribution
over 73 depends explicitly on the sign of A\3. One way around the potential issues is
to simply take the 73-interval to be set by the sign of the late-time limit of A3. This
guarantees that at late-enough times, no positivity breaking occurs. Of course one may
just consider the sign of A3 in the above procedure and take care to use the correct

interval for 73 at a given time-step.
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Figure 3.8: The time and network averaged A3(t) are plotted for the completely-connected
XXZ-cluster with N = 3 and N = 5, assuming each is in their respective hierarchical
initial states. Additionally, there are instantiations of the time-dependent truncated
Gaussians plotted, given by the red dots within each plot. As expected, at small % the
distribution fails to capture the dynamics, but better approximates the dynamics as
L 5 0.

ty

3.7 Conclusions

In this work we have defined phase-covariant ensembles in two different ways. The first
approach was to construct ensembles directly from a time-independent Hamiltonian, and
consider the individual reduced dynamics for all possible subsystems of the smallest size.
We constructed examples where each dynamical map in the ensemble was phase-covariant,

and examples where only the network averaged reduced dynamics was phase-covariant.
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From these examples, we are able to conjecture the form of the map parameters in terms
of the initial state and connectivity, as shown in Eq.(3.25) and Eq.(3.26) for completely
connected maps and Eq.(3.28) and Eq.(3.29) for one-dimensional rings with only nearest
neighbor interactions. While we are unable to conjecture the general form of the long-time
average for the ring connectivity, we do see that in general only the translation symmetry
should be imposed.

The resulting time-independent, phase-covariant channels generate a notion of ther-
malization associated with each Hamiltonian and initial state, since under many repeated
applications of the steady channel, every single-spin state will be driven toward the Gibbs
1i3X§°’
such maps has also found a role in the simulation of open quantum systems [91], although

state associated with g, = log |—== |, where @° = The repeated application of

2
i—a

so far restricted to systems described by stationary Lindblads. Our results may open up a
similar route to efficient simulation of a broader class of open systems. This is especially
interesting as quantum simulators may have an exponential advantage for simulating
open-system evolution [92]. The procedure in Section 5 could be used in this direction.
The phase-covariant dynamics of 1-qubit subsystems do not seem to differ based

on the integrable vs. non-integrable nature of the spin-chain Hamiltonian considered.
In principle, such a characterization should be crucially important in determining the
nature of a random distribution over channels, similar to how it constrains the form of
random unitary dynamics in various large systems. It will be interesting to expand this

study to both larger subsystems and more explicit breaking of phase-covariance.
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Chapter 4
Emergent Quantum Subsystems

4.1 Preamble

This chapter is a reprint of [93]. In this chapter we explore the idea of quantum subsystem
emergence. We find this to be an important aspect of any effective theory of open system,
as the subsystems found in nature are not arbitrary and often the boundaries found are
set by dynamical features, such as the form of the metric etc. But what mechanisms
can be responsible for the appearance of physical subsystems? We further explore the
ideas developed in [94-96], where they leveraged the geometry of the space of unitary
operators to deduce a subsystem structure. Here we explore further the action principle
that determines the metric or geometry over the space of unitary operators of a quantum

system.

4.2 Introduction

Although the notion of emergent gravity has been studied from a variety of perspectives!,
a simpler but still illuminating question to consider is the emergence of locality. A
formal structure to pose that question, at least for toy systems described by large,
finite-dimensional quantum systems, was recently suggested by Freedman and Zini
[103-105]. They introduced functionals of geometry on the evolutionary operators of
high-dimensional quantum systems and asked whether the geometries that minimize
those functionals correspond to dynamics of a many-body quantum system with a notion
of local interactions. The tools to answer this question are inner products on the Lie

algebra su(N), corresponding to left-invariant metrics on the associated manifold of the

LA non-exhaustive list of examples includes [97-102].
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Lie group SU(N) [106-108]. Those inner products, or metrics, can be used to construct
probability distributions over Hamiltonians that give preference to different classes of
dynamics on a Hilbert space of dimension N.

Here, we expand in two technical ways on the examples considered in the original
statement of this program [103]. First, we consider a new set of geometrically motivated
loss functionals which have critical points corresponding to a qubit structure decomposi-
tion. Reference [103] labeled critical points of that type as KAQ since they ‘know about
qubits’. Motivated by the critical point structure of the Ricci scalar, we consider loss
functions built from higher-order curvature terms. The exact equations of motion for
such actions already exist in the literature [109-112]. Secondly, we provide a construction
for classes of KAQ metrics that generalize those recovered in [103] and originally found
in [113]. We use this construction as an ansatz for critical points of our loss functionals.
In this way we are able to determine potential KAQ critical points in the space of our
ansatz metrics, which then may be checked against the equations of motion. We do
not need to search in the full space of left-invariant metrics, we only need to search in
the exponentially reduced space of our ansatz KAQ metrics. Although still numerically
intensive, this is a promising approach to apply to systems larger than those we treat in
this article.

In the rest of this section, we lay out in more detail the statement of the problem
and the tools to be used, including the new loss functionals. Section 4.3 then describes
in detail the parameterizations of KAQ metrics we find useful. In Section 4.4 we
present the equations of motion that must be solved to find critical points and apply the
parameterizations to find new critical points, presented in Section 4.5. We conclude with

implications and further directions in Section 4.6.

4.2.1 Distributions over Hamiltonians

Rather than searching for some dynamics that picks out a specific Hamiltonian, it is
natural to ask for a distribution over Hamiltonians that assigns a higher likelihood
to a particular class with interesting behavior. A simple and familiar choice for a
distribution over dynamics of a quantum system of dimension N is the Gaussian Unitary
Ensemble [114,115], where each independent real number of the N x N Hermitian matrix
that defines the Hamiltonian, H, is independently drawn from a Gaussian distribution.

Equivalently,
PGUE (H) o e_tr(HZ) . (4.1)

68



This distribution is invariant under unitary transformations, H — UHU' (as is clear
from the cyclic property of the trace). It does not give preference to Hamiltonians that
have the many-body local structure typical of spin systems frequently observed in nature,
where the many entries in the large matrix H that correspond to interactions among
nearly all the degrees of freedom would be suppressed. A different distribution that
would support a many-body local structure when N = 2¢ would, for example, have a

basis constructed from Pauli words for qubits, ®§l:10§‘])

, where each o) is any of the
Pauli matrices or the 2 x 2 identity. A choice of weights assigned to operators in this
basis could define a distribution favoring some subset of operators, for example words of
shorter length (measured by the number of non-identity Pauli matrices).

To formalize distributions that are different from GUE, consider the set of inner
products on the space of operators, which for quantum systems with Hilbert space of
dimension N is the algebra g = su(N). The Lie algebra comes equipped with the Lie
bracket, but the bracket itself does not assign an inner product. The GUE arises from
the most symmetric choice of metric, given by the Killing form K : g x g — C, which
defines a map that is invariant under a basis change. Using K defines the Killing-Cartan

metric for X, Y elements of the algebra
I(X,Y) = tr(adX * adY) : (4.2)

where ad X is the map defined by adX (Y') = [X, Y] for all Y. General inner products on
the algebra correspond to left-invariant metrics on the group manifold for G = SU(N),
while the Killing-Cartan metric is special in that it is both left and right invariant i.e.
bi-invariant. Although from the manifold point of view one can imagine more complex
metrics that depend on some choice of coordinates, the set of left-invariant metrics is
sufficient for constructing a larger class of distributions over Hamiltonians. The more

general distributions over Hamiltonians can be written
prz(H) oc e 9HH) (4.3)

where ¢ is a strictly left-invariant metric over SU(N). To construct a left-invariant metric,
one need only supply its value over the Lie algebra. This is equivalent to supplying the

Lie algebra with an inner product i.e.

(w):gxg—C (4.4)
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which may be propagated to the rest of the Lie group through use of the differential
of left-multiplication [106]. Defining the metric in this way guarantees that it is indeed
left-invariant. For a left-invariant metric to be bi-invariant, its associated inner product

must be adg invariant i.e.

([0, A],10, B]) = (4, B) (4.5)

holds for all O, A, B € su(N). In Section 4.3 we construct several classes of strictly
left-invariant metrics, and one may demonstrate they are strictly left-invariant by finding
any particular O for which Eq.4.5 fails to hold.

In fact the Killing-Cartan geometry is the only bi-invariant geometry over SU(N)
(up to overall scale) and so considering strictly left-invariant geometries allows for more
structure. Left-invariant metrics can be distinguished using their principal axes, which
correspond to the elements of the orthonormal basis (X,) of an associated inner product.
These operators are orthonormal in the sense that (X,, X;) = 0, where d,, is the
Kronecker delta and the indices take values between 1 and 4% — 1. In general, the
orthonormal basis of an inner product produces a non-holonomic or non-coordinate basis
over the manifold since the structure constants (C¢, ) are non-zero. Recall that the

structure constants of a basis are given by
(X, Xo] =D C X, (4.6)

Therefore, one may not use the standard formulas from general relativity when computing
curvature functionals. For example, in a non-holonomic basis the Christoffel connection
picks up a term proportional to the structure constants. See Appendix C.1 for all relevant

formula of the curvature functionals expressed in a non-holonomic basis.

4.2.2 Many-body dynamics via preferred geometries

Although one can construct any distribution over Hamiltonians by hand, it is interesting
to ask if there may be a geometrical means of picking out interesting classes, which
perhaps could be dynamically realized as a spontaneous symmetry breaking process that
fragments a large "single-particle" quantum system into an ensemble of small quantum
systems interacting in a way that resembles local, many-body physics. Freedman and
Zini [103-105] considered a family of functionals of the group geometry, parameterized
by the metric and the structure constants, and explored whether the minima of these

functionals select out KAQ metrics.
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Here, we explore this idea a bit further by looking at functionals £[g] that are natural

on the group manifold, defined by the set of two-derivative curvature tensors

L[g] = R+ aR? + BRu4R™ + v Rapea R

(4.7)
=R+ aRo+ SRy +7Ry.

The critical points of just the Ricci scalar, R, were first studied by [113], and the same
results were recovered by [103]. The larger class of functionals in Eq.(4.7) is especially
tractable to study since the conditions for a metric to be a critical point are already
known [112,116]. We return to this in Section 4.4. While [103] used numerical techniques
to find all critical points of some loss functionals and then determine if they corresponded
to KAQ or non-KAQ metrics, we take a different approach and instead explore whether
or not KAQ metrics occur as critical points (and ideally minima) of an expanded set of
loss functions. To do so, we next introduce parameterizations of KAQ metrics, including
generalizations of those that correspond to the KAQ critical points found in [113] for
L[g] = R. This allows us to explore the structure and properties of the KAQ metrics in
more detail, although with the drawback that we cannot determine the relative frequency
of KAQ vs non-KAQ minima.

4.3 KAQ parameterization schemes

Among the (N ; 1) distinct metrics on SU(N), only some will have a structure that is
compatible with a tensor product decomposition into d qubit operators when N = 2.
This notion can be expanded to apply to tensor decompositions of more general large
N spaces that can include factors of dimension other than two (qudits) [104,105]. The
KAQ property of a metric g is decoded from its (possibly non-unique) principle axes.

An observable E, is said to be a principle axis of the metric if
gabEa = )\bEb (48)

that is F, is an eigenvector of the tensor g% = ¢4,0°*, where d, is the Killing-Cartan
metric. The location of indices in the previous equation matter; they are chosen so that
we may compute eigenvectors. Later on we compute only the components of tensors in
an orthonormal basis of the metric, therefore placement of indices becomes essentially
irrelevant. In Eq.4.8 the index placement is relevant, as we require a tensor that maps

vectors to vectors.
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The principal axis {E,} need only be orthogonal, hence the need for a distinct from
an orthonormal basis which are denoted by {X,}. A left-invariant (but not bi-invariant)

metric is said to be KAQ if a basis of principal axis exist such that

OE, = e ..® ac(lad)

4.9
[Ea’ Eb] = 7DcabEc ( )

where @ is a Lie algebra isomorphism i.e. a bijective linear map which preserves
commutation relations and the tensors P¢, are the structure constants of 5<u(2)®d),
the Lie algebra u(2)®? with the generator 1¥¢ removed. While our definition is slightly
different than that given in [103], they are in fact equivalent. Taking a given Pauli
word to a linear combination requires using unitary conjugation which will not affect
commutation relations. It is important to stress that the metric will typically have
many possible bases of principle axes, and only one needs to satisfy the KAQ condition.
Furthermore, among that restricted set of KAQ metrics, not all will generate many-body
local dynamics by suppressing the contributions from Pauli words with length close to d.

The degeneracy pattern of metric determines the freedom there is in choosing a
KAQ basis. In the case of no degenerate eigenvalues, the metric is KAQ iff all principal
axes already align with some Pauli word basis. This is clearly a special case. More
generally, a degenerate eigenspace may be decomposed into a basis that aligns with
Pauli words, although some “decoding" may be required. Decoding here means that the
degenerate principal axes are mixed using an element of SO(4¢ — 1) which is not an inner
automorphism of su(2?). Such transformations keep distinct degenerate axis orthogonal,
but they do not preserve commutation relations. Later in this section we give an explicit
example of such a decoding process, where we demonstrate that Gell-Mann matrices may
serve the role of a KAQ basis for certain metrics.

An obvious structure to make use of in searching for KAQ metrics is the so(2¢)
subalgebra of su(2¢), which one might expect contains a set of axes decodable to the
length-one Pauli words, the single-qubit operators [117]. In the case of su(4), the
construction is simple: if one starts with the natural basis of Gell-mann matrices, the
single-qubit operators can be recovered by identifying linear combinations of matrices in
the sub-algebra that have a tensor product form and then making a rotation to align
those linear combinations with length-one Pauli words. On the other hand, the other
obvious subalgebra decomposition, sp(2?71), contains degenerate subspaces that must
align with Pauli word basis, and others which may require decoding. Operationally, we

consider this case in detail below to illuminate the relationship between known critical
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points of the Ricci scalar, which carry this subgroup structure, and critical points with
KAQ structure.

In order to construct parameterizations of KAQ metrics, which can then be used as
ansatze for critical metrics, we use the fact that a left-invariant metric over a Lie group
is entirely specified by an inner product over the corresponding Lie algebra. In this way
instead of referring to the metric, one may just as well refer to an orthonormal basis
of the associated inner product. For excellent reviews of the Lie algebra and geometric

background needed for these constructions, see [106-108].

4.3.1 Riemannian geometry of compact symmetric Lie algebras

Consider first the Killing-Cartan geometry naturally available to SU(4). It is the unique
(up to scale) bi-invariant geometry over the special unitary group, and describes color
dynamics (in 0+1 dimensions) mediated by 15 gluons. The generalized Gell-Mann
matrices, G, provide an orthonormal basis, where we use the definitions provided in [118].
However, we include an additional factor of ¢ in our construction of generalized Gell-Mann
matrices therefore taking them to be anti-Hermitian operators. This is more in keeping
with standard notation in differential geometry. We further consider a non-standard

normalization

(GlGy) = ;6@, (4.10)

which will enter the structure constants
(Ga, Gy) = K, G, . (4.11)

Denoting K, as the matrix of structure constants with entries K<, in the Gell-Mann
basis we then have
tI‘KaKb = _45ab (412)

and bi-invariance implies that K = —K, i.e. the structure constants are totally anti-
symmetric. This equation is negative definite due to the compactness of the special
unitary group. The normalization choice here leads to a convenient normalization later
on in the loss functionals, where the Ricci scalar takes the value R = 15 = N? — 1 when
evaluated over the Killing-Cartan geometry.

The Killing-Cartan geometry serves the role of a simple fiducial metric, as well as
the assumed unstable starting point for spontaneous symmetry breaking. Instead of

studying a more complicated left-invariant metric directly, one may look at the linear
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transformation (w) relating one of its orthonormal bases to that of the Killing-Cartan
geometry [113]. The transformation w is required to fix the determinant, which we
impose in order to use the equations of motion referenced in Section 4.4. The linear
transformation is related to the metric when expressed in the Gell-Mann basis as g = w™2.
One may check such transformation certainly maps Gell-Mann letters to an orthonormal
basis of g.

Assume we have related a new orthonormal basis to the Gell-Mann matrices by a

special linear transformation Ga = >, wWaGp. Then the structure constants are related
by

f(a = Zwab[w_lew] ) (413)
b

where K} is the matrix with kjth entry K{fj. For these calculations the location of an
index (up or down) is unimportant, as the metric is always an identity matrix. The
preceding equation makes explicit the matrix multiplication that must be performed to
determine the new structure constants. That is, the transformation law may be written
equivalently as

f(cad = Kcad = Zwabwc_elKebfwfd- (4.14)
bef

The utility is that now curvature functions may be expressed in terms of Killing-Cartan
tensor networks, where the total anti-symmetry can be leveraged.

We shall end with a final bit of notation, which simplifies the construction of KAQ
metrics. As the metrics are considered over the Lie algebra, it is helpful to use the adjoint
representation (adg). Here observables themselves become operators acting over g. For
example, we can define kets from the Gell-mann matrices G, € su(2¢), denoted |G,). We

then define dual vectors with respect to the Killing-Cartan metric i.e.
(G| = 2tr |GI()] - (4.15)

Defined in this way {|G,)} is an orthonormal basis of g, with inner product (G,|Gp) = dap.

Projectors are defined in the standard way

Iy = [Ga)(Gal , (4.16)
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and the action of the observables becomes (4.11)
adG,|Gy) = K4|Gy) = |[Ga, Gb)) =D Kea|Ge) - (4.17)

We also obtain a matrix representation for the action of any metric over g. For example

the linear transformation w takes the form
w =" wap|Ga)(Gh| (4.18)
ab

where wg,, = Wy, and wgy € R.

4.3.2 Jensen geometries over SU(4)

In [113] the author searched for the critical points of the Ricci scalar curvature (R) in the
space of left-invariant metrics with fixed determinant. It was shown that for unimodular
Lie algebras (tr [C,] = 0), Einstein metrics are precisely the critical points of R. While the
proof was not constructive for general unimodular Lie groups, by specializing the author
was able to construct several classes of Einstein metrics, now called Jensen metrics. These
were found over symmetric Lie algebras i.e. those Lie algebras with at least one Cartan
decomposition. The Cartan decomposition plays a crucial role in forming the ansatz
metric used in [113] to find Einstein metrics. Further exploring the algebraic structures
of these decompositions is an interesting point we return to later. We find it useful to
first explore the algebraic properties of Jensen metric through explicit constructions of
two classes relevant for this work.

Further assuming that the manifold is compact guarantees the existence of a strictly
left-invariant Einstein metric. The Lie algebra su(4) is compact and symmetric. Thus it
may be Cartan decomposed into a subalgebra and its orthogonal complement with respect
to the Killing-Cartan form, allowing for non-trivial Ricci critical metrics. There are two
inequivalent ways to do this, corresponding to the two non-isomorphic subalgebras so(4),
and sp(2) the compact symplectic Lie algebra.

The heart of the Cartan decomposition is to break the Lie algebra into the subalgebra
and the orthogonal complement with respect to the Killing-Cartan form. That is, given

a subalgebra R C g we decompose g as

g=ROM (4.19)
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where 0(A, B) =0 for all A € R and B € M. We say the pair (g,R) forms a Cartan

decomposition if the following are satisfied
R,R]CR, RMCM ,and [, M| CR. (4.20)

The commutation relations above are equivalent to the existence of a certain kind of Lie
algebra isomorphism, known as the Cartan involution (6). Explicitly a Cartan involution

is a Lie algebra automorphism 6 : g — g such that [119]

1, O
§ = [O —lm] (4.21)

where r = dimR and m = dim9. In what follows we construct the two types of Jensen
metrics that exist for su(4). To do so, we construct the transformation w, which takes
an orthonormal basis of the Killing-Cartan metric to an orthonormal basis of the given

critical metric. These transformations are generated by the symmetric, traceless operator

11, 0
B=|" 4.22
0 i1, (4.22)
yielding the linear transformation
w=expTh. (4.23)

The metric corresponding to w(7) is a non-trivial critical point of the Ricci scalar iff

m 2r+m
T = In .
2(r+m) 2r—m

(4.24)

These metrics are KAQ due to the following. First, the subalgebras which are pulled out
for these two Cartan decompositions are generated by known sets of Pauli-words. This
in conjunction with the large degeneracy in the Cartan blocks that ensures a KAQ basis
may be defined. We do this explicitly in the next section.

Before moving to our more general sets of KAQ parameterizations, it is worth
explaining the algebraic structures we leverage. To begin we simply note that the Jensen
metrics have a reduced symmetry structure compared to the Killing-Cartan metric.
Using the form of Jensen metrics, defined by Eq.(4.22)-Eq.(4.24), and the commutation

relations, one may show that the Jensen metrics are only bi-invariant with respect to fR.
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Thus since Jensen metrics are not adg invariant, they cannot support GUE dynamics.
However the ad®R invariance allows for the creation of Gaussian ensembles over smaller
sets of matrices. For example the s0(4) Jensen metric gives dynamics via the Ricci scalar
where the GUE spontaneously breaks down to a model which approximates a lower

dimensional Gaussian orthogonal ensemble (GOE),
p = peue(HY V) = p~ paop(HVN-D/2), (4.25)

It does not exactly yield the GOE as there is a non-negligible probability for observables
outside of the so(4) subalgebra to contribute to the Hamiltonian. Similarly, the sp(2)
Jensen metrics generate an approximate Gaussian Symplectic Ensemble (GSE).

But there are other known examples of Einstein metrics over SU(N), which have more
varied structure than Jensen metrics. Most of these metrics are naturally reductive like
the Jensen metrics. Naturally reductive metrics are more general than Jensen metrics,
but they remain ad®R invariant. The more varied structure is obtained by decomposing
the Lie algebra further, isolating certain algebraic structures of JR. Given a Lie algebra
with an orthogonal (but not necessarily Cartan) decomposition, one further decomposes
it as

g=ROM=C03..0T,oM (4.26)

where € is the center of R (|€, R]=0) and J;(i > 0) are simple ideals satisfying
R, TJ;] C7J;. (4.27)
Using this decomposition, a general form of naturally reductive metrics is given in [120],
(1Y = (Ve + My, + o+ Ady, + plm (4.28)

where (| )¢ is a general inner product over €, and \; and p are non-negative. The authors
used these parameterization to find examples of naturally reductive (non-Jensen) Einstein
metrics, which are also critical points of R. The critical points of R found in [103-105]
were only of Jensen type. We find evidence later for why the non-Jensen type critical
points were not found during the evolutionary search done by Freedman and Zini.

It has recently been shown that non-naturally reductive Einstein metrics exist over
SU(N) [121], but we do not yet know how large the overlap is with KAQ metrics.
With that said, we shall also consider metric parameterizations which are non-naturally

reductive. We motivate our construction by considering metrics with a reduced bi-
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invariance compared with the Jensen metrics. That is we consider metrics which are
bi-invariant with respect to a Cartan subalgebra of JR. Explicitly we decompose the Lie
algebra as

g=ROM=ROR ... CR, M (4.29)

where Ry is a Cartan subalgebra of R, and R; are subspaces satistying
[Ro, Ri] C R . (4.30)
Using this decomposition we define the following metrics

("

< | >9’\0 + )‘119?1 + ...+ )\qliﬁq + ,Ulzm (431)

where \;, u > 0. It is simple to show these metrics are indeed adR, invariant using the

preceding commutation relations.

4.3.3 Cipher classes

In this section we introduce our KAQ parameterizations, which we break into cipher
classes. These classes are distinguished by the existence of non-isomorphic KAQ bases.
A given cipher class will have a basis of principal axes that is mixed between Gell-Mann
letters and Pauli words. The smallest of these classes are the untranslated KAQ (UKAQ)
metrics. These metrics have a KAQ basis consisting entirely of Gell-Mann letters. Such
metrics are the most difficult to decode the KAQ property. The next biggest class are
the partially translated KAQ metrics (PKAQ), followed by the fully translated KAQ
metrics (FKAQ). The FKAQ metrics only have KAQ bases consisting entirely of Pauli
words, thus they require no decoding when checking the KAQ property. We have the
inclusion relation

UKAQ C PKAQ C FKAQ. (4.32)

For what follows we assume the basis principal axes maps to pure tensor Pauli words i.e.
O [E] =00, @ ... ® 0, (4.33)

where F, represents the bases of principal axes post possible decoding process. It is

useful to introduce some additional notation for the generalized Gell-Mann matrices,
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splitting them into three groups

{Ga} = {{i A}, {iSi}, {iDp}} (4.34)

which are the anti-symmetric matrices, the off-diagonal symmetric matrices, and the

diagonal matrices respectively. For a generic N these indices take values in

<< () uss

I<p<N-1

How we label the Gell-Mann matrices follows the notation from [118], although we use a

different overall normalization.

4.3.3.1 Untranslated KAQ metrics

We consider first the class of untranslated KAQ metrics (UKAQ). As a natural example,
we use generalizations of the so(4) Jensen metrics that are considerably less degenerate.
To begin the construction we choose an orthonormal basis of the Killing-Cartan metric.
We define generalized s0(4) Jensen metrics as those with an orthonormal basis compatible
with the involution #[X] = —X™ i.e. an orthonormal basis constructed from eigenvectors
of #. Notice that

0[A)] = A
0[S] = -5, (4.36)
G[Dp] =-D,

thus Gell-Mann letters are a good fiducial basis that can be used to construct generalized
s0(4) Jensen metrics.

Now notice that the eigen-spectra of Gell-Mann letters do not match those of the
Pauli words. Therefore it is impossible to relate these bases through unitary conjugation
i.e. inner automorphism. But in order to serve as a basis of principal axes, a Lie
algebra homomorphism to Pauli words must exist. See also [117,122]. Having ruled out
the existence of an inner automorphism (unitary conjugation) that accomplishes the
translation to Pauli words, the only remaining isomorphisms are the outermorphisms.
But the only non-trivial outermorphism of su(n) is complex conjugation. Complex

conjugation combined with unitary conjugation can never match the eigen-spectra of
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Gell-Mann letters and Pauli words.

Therefore we need to be able to decode the Gell-Mann matrices for the constructed
metrics to be KAQ. It is straightforward to show that they may serve as a basis of
principal axis, so long as we assume certain degeneracy patterns exist in the metric. To
elucidate this concept, we construct the following dictionary that translates Gell-Mann

letters to Pauli words

1 1

(A +4) = 5 (Lo Ya), (4-4)=;(ZeY)
1 1

(Aot As) = 5 (Vi@ La), (4e—45) = 3(Vi® 2) (4.37)
1 1

(A3+A4)=2<Y1®X2>, (A3—A4)=2<X1®Y2>-

We may further construct Pauli words from 9t

1 1
(S +5) = 5 (11 ® Xg), (51— 55) =5 (Z1 ® XQ)
1 1
(SQ+S5) - 2<X1®12), (52—55) — 2(X1®ZQ)
1 1
(S5 +51) = 5 (X, ®X2), (54— Sy) = 2(Y1 ®Y2>
1 5 1
Dy — §D2 + 3D3) =5 (11 ® Zz> (4.38)
1 5 1
Dyt /5D 3D3) _ 2(21 ® ZQ)
1 |
0D1 + /5 Dz + 3D3> - (Z1 ® 12)

Therefore it is possible for Gell-Mann letters to form a KAQ basis, so long as the
metric has appropriate degeneracy patterns. These degeneracies are required to be
able to translate Gell-Mann letters to Pauli words using more general maps than inner
automorphisms. As an example consider A; and Ag. Their weights must be the same to

construct the words F; and FEs. It is these considerations that lead us to the following
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UKAQ metrics

wukaq (7, m) A (Ar] + | Ag) (Al ) + e (\AQ (As| + |A5)<A5]>

+eT3<\A3 (As| + |Ag) A4> +em1<\51 (S1] + |S6) (Sd)
(4.39)
+ €m2 <‘SQ SQ‘ + ‘55 S5 > + €m3 <|53 Sg| + |S4 <S4|>

A(|D1>(D1| 4 Do) (Dol + rD3><Dgr) |

where we fix the determinant by setting A = %Zi(ﬁ' + m;). Now we may see that
the UKAQ parameterization is compatible with a many-body structure. A physically

interesting structure arises when

r; >0
A>0,

where a many-body structure exists if an inner automorphism ®ygp exists mapping R to
the set of 1-string Pauli words. The inner automorphism for this example is constructed

by the unitary

Unise — exp [Tm ® Yg] (4.41)

which maps computational states to Bell states. Therefore, with a few assumptions about
the singular values, we have shown that many-body KAQ metrics exist which generalize
the s0(4) Jensen metrics. For further exploration in the more complex loss functionals,
we make the simplifying assumption that m; = —A and ry = r3. This results in a class

of adR, invariant metrics

Quraql(t, s) = ef <|A1><A1| + |A6><A6|> +es (|A2><A2| + [As)(As| + [As) (A3 + |A4><A4|>

t+25

+e (’50(51’ + 186) (S6| + [S2) (Sa| + [S5)(S5| + [S3)(Ss| + [Sa)(S4l

+ DD + Da)(Ds] + D) (Ds])
(4.42)
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where Rp=span(A;, Ag). Notice that Qukaq(,t) corresponds to the class of s0(4) Jensen
metrics, and all metrics off of this line are non-Jensen. We note this as over R the metric

contains two unequal weights whenever ¢ # s.

4.3.3.2 Partially translated KAQ metrics

The partially translated or PKAQ metrics have a KAQ basis which is mixed between
Gell-Mann letters and Pauli words. They will be simpler to decode than UKAQ metrics,
but still require some work. A natural class of PKAQ metric structures appear from
a generalization of the sp(2) Jensen metrics. The KAQ basis in this case must be
compatible with the involution §[X]| = JX T 7 where the matrix J is defined as

0 12“] (4.43)

J = [—12d_1 0

A critical difference appearing for this choice of # is that most Gell-Mann matrices are

not eigenvectors. For example

(4.44)

thus <A1 — A6) is an eigenvector of # that lives in R and <A1 + AG) is an eigenvector of
6 that lives in 9. So we must use an orthonormal basis of the Killing-Cartan metric
that is mixed between Gell-Mann letters and Pauli words to be compatible with 6. Using

the same dictionary, but a different Cartan decomposition, the Pauli words in R are

1 1
(SI_SG):Q(Z1®X2)7 (Al_A6):2<Zl®Y’2)
1 1
(SQ+S5):2<X1®12), (A2+A5):2<5/1®12)
1 1
(S3+S4):2<X1®X2), (54—53)=2<Y1®Y2>
1 1 4.45
(A3+A4):§ Y1®X2>, (A3—A4):2(X1®Y2) ( )
1 2 1
Dl - \/;DQ + gDS - 2(11 ® ZQ)
4 2 1
0D + gDQ + §D3 = 2<Zl ® 12) )
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and the Pauli words constructed from 99 are

1
(S1+ Se) = 2<11 ®X2)7 (A1 + Ag) =

(11 ® Yz)

1
2
! Yi®Z

2( 1® 2) (4.46)

(82 — S5) = 1 (X1 ® 22) (Ay — As) =

Dﬁ\[D2 ng Zl®22)

Each word constructed from the same pair of Gell-Mann letters living in different Cartan
blocks must be pre-translated into the Killing-Cartan basis to be compatible with 6. For
each of these pre-translated words, we may assign an independent weight in the metric.
Only the pairs (S3,54) and (A3, A4) have the same weights, as we do not require them
to be translated to achieve the Cartan decomposition. We are thus lead to the following

parameterization for generalized sp(2) metrics

wprAQ(Tis Ma) = €| Z1Xo)(Z1 Xo| + €| Z1Y2)(Z1 Yo | + €| X1 ) (Xq| + €™ Y1) (V1]
" (S50 (Ss] + 1S4} (Sal) + €™ (| As) (sl + | Aa){Aul)
+ €| Z2)(Zo| + €[ Z1)(Z1] + €™ [ Xo) (Xo| + €™ [Y2) (Y
+ ™3| X1 Zo ) (X1 Zs| + €™|Y1 Zo) (Y1 Zo| + € 2| 21 Z)( 21 7|

(4.47)

where again A is chosen such that det (wPKAQ) = 1. Here we clearly see that a few
principle axes are still untranslated, but there is far less translation to be done than in
the UKAQ example. Note as well that there are many other ways to construct a PKAQ
parameterization that are not compatible with the Cartan involution.

Again we take a simpler PKAQ parameterization for further investigation. We reduce
to two parameters as this is the minimal number necessary to search for non-Jensen
type critical points. We take the following non-naturally reductive adR, invariant

parameterization

_ 3t+42s

Qpraq(t,s) =e~ 2 (|X2><X2| + €™ Ya) (Ya| + [ X1 22) (X1 Zo| + |Y122) (Y1 25| + |le2><le2|>

+ets (12060 20| + 1 YN 205 + X0 + Y]+ 122)(Zal + 12024 )
—|—@10(

) (Sl +150) (Sl + 4s) (As] + [ 4:)( Al
(4.48)

which is bi-invariant with respect to RRo=span(Z, Zs). When ¢t = s the parametrization
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reduces to that of sp(2) Jensen metrics, therefore any critical points found along the line
t = s in the t — s plane are Jensen metrics for the given parameterization. Otherwise the

other metrics in the ¢ — s plane are all non-Jensen.

4.3.3.3 Fully translated KAQ metrics

The final cipher class we consider is the class of fully translated KAQ (FKAQ) metrics.
These metrics have no degeneracy, therefore to know about qubits the principal axes

must already agree with a set of Pauli words. We use the following parameterization for
FKAQ metrics

wrkaq(wi, Wa) = e[ X1) (Xa| + €2 [Y1) (V1] + €[ Z1) (Z1]
+ | Xo) (Xo| 4 €™ Vo) (Ya| + €| Z2) (25|
+ M X Xo) (X1 Xo| + €2 [ X0 Vo) (X1 Vs + "2 X1 Zo) (X1 Zo| - (4.49)
+ e VX)) (VX + e ViYa)(ViYa| + e V1 25) (V1 2,
+ V| Z1 X)W (20 X | + W3 | 20 Yol (21 Y| + e8| 21 Z5)( 21 2,

where we have assumed that all the principal axes are pure tensor. We have reduced
the number of parameters by choosing a set of lab frames for the qubits, i.e. a choice
of zyz-axes. But notice that this choice has no effect on the shape of the curvature
functionals, changing the definition of axis or even meronomic frame comes only at the
cost of performing an inner automorphism. The parameter A is chosen such that wrkaq
has unit determinant. In this class no decoding needs to be done, only the commutation
relations need to be checked to confirm the KAQ property.

Again we reduce the number of independent weights to simplify the search. First

we consider a naturally reductive example based upon a penalty metric [123-126]. We
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define the biased penalty metric

Qor () = e (1X0) (Xl + V) (] + 1200 ) + e (1Xa) (] + [Ya)Yal + |22

e (|X1X2><X1X2| + X1 Ya) (X1 Ya| + | X1 Zo) (X1 Zo|
+ [Y1Xo) (V1 Xo| + [Y1Y2) (V1Yo + [Y125) (Y12,
+ | Z1 Xo)(Z1 Xo| + [ Z1Y2)(Z1Ya| + lez2><le2’) :
(4.50)

Motivated by the construction in [127] we define a class of non-naturally reductive class

of metrics, referred to as Abelian breakdown (AB)
wag(ti) = _A(|Zl><Zl| +Z2)(Za| + |21Z2><le2|)
e (1X0) (0] + X020 2] ) + € (1Y) (] + M Za) (Vi Za))
+ (16Xl +1 20X ) + (%) (%] + | 20212

et (|X1X2 (X1 + |Y1Y2><Y1Y2|) + et6(|X1Y2><X1Y2| + |Y1X2><Y1X2|> .
(4.51)

The name is chosen as all degenerate eigenspaces form Abelian subalgebras. We may

reduce to two parameters for further investigation

Qun(t, s) = e "5 (|22 + | Zo)(Za| + 121 22)( 21 2o

+eto (|X1><X1| + Y1) (Y] + | Xo) (Xa| 4 |Y2) (Y2
X1 Z0) (X Zo| + [ViZo) (Vi Za| + | Z1 X} (21X + |ZIYQ><ZIYQ|)

+eh (|X1X2><X1X2\ - YViXo) (ViXa| + | X Ya) (X1 Ya| + |Y1Y2><Y1Y2|) .
(4.52)

Notice that when ¢t = s, a 1-dimensional space of naturally reductive metrics is obtained.
But none of the contained naturally reductive metrics are Jensen metrics. To see this note
that while the 3 dimensional subspace does form a subalgebra, the final commutation
relation [90T, M] € R does not hold.
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4.4 Equations of motion

We turn our attention now to the loss functionals we consider in this work, which may only
depend on the metric and structure constants. We consider loss functionals derived from
curvature functionals which are essentially tensor networks of the Christoffel connection.
These classes of loss functionals contain structure constant networks not appearing
in [103-105] at the same order in "perturbation" (defined by the number of structure
constants in the contraction). We find it appealing to construct the loss functional from

curvature functionals as
I R[g] is the lowest order term in many natural classes of such actions.
IT R[g] always has two distinct classes of KAQ critical metrics.

A larger, natural class of loss functionals is

E[g] =R —+ OéR2 + ﬂRabRab -+ ’)/RabcdRade

(4.53)
= R+ aRo+ SRy + Ry

An additional improvement on the pure Ricci theory is that this loss functional contains
order parameters, allowing for the appearance of quantum subsystems through sponta-
neous symmetry breaking. The results of [112,116] provide the equations of motion that
must be satisfied in order for g to be a critical metric of the loss functional L[g; a, 8,7],
over a compact manifold while enforcing a fixed volume element. The last point is why
the determinant of the metric must be fixed for our purposes.

Performing the variation of these functionals (in an orthonormal basis of the metric)

yields the following "stress-energy" tensors
1
7O — 9RR, + 2VFV,(Roy) — 2ViV, R — ~R%
ij = ij T k(R0ij) = 2ViV;R — S 70
1 1
TP = 2Ry R* + VFV Ry + 5v’fv,ﬂ(ﬁasij) — V.V,R — §Rklela,-j
1
TP = 2Rium R + ARy R* + AV*VRy; — 2V, VR — 4Ry R*, — 5R,m,mR’““m517»

It is important to note that using our definition of R;;x (see Appendix A), leads to

different indicies being contracted in the Riemann-Ricci terms than those found in [112].
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Muto [111] proved that a given metric is a critical point iff
Ty =Ty + aTS) + BT + 4T = Ady; (4.54)

where A is a real constant depending on the parameters of the problem, namely m, r, and
the coupling constants. Note to reduce the calculation, we may move all the terms already
proportional to the metric to the RHS. Further, as we are considering homogeneous
spaces the covariant derivatives of the Ricci scalar vanish. The "stress-energy" tensors

simplify to

Tij = Ry

0
T = 2RR;; + 2RV, Vi (3y)
1

7;(3'4) = 2Rikim Rk + 4Riji By + 4V Vi (Rij) — 4Ry Ry,
where, as we are working in an orthonormal basis, we are free to lower all the indices.
Summation over repeated indices is still implied. The last simplification available is

to compute the terms involving the covariant Laplacian. The Laplacian of the metric

vanishes

which is equivalent to metric compatibility of the connection. We need to also compute
the Laplacian of the Ricci tensor, but notice if we take a particular choice of the coupling
constants the contribution from this term cancel. This particular combination is in fact

the Gauss-Bonnet term yielding the loss functional
‘CGB(’}/) =R+ ’Y(RO — 4R2 + R4) . (456)

We should emphasis that the Gauss-Bonnet term is not topological in this theory; the
dimension of the space is 4¢ — 1 > 15, thus clearly never 4. The equations of motion for

the chosen loss functional are
Tij = Rij + 7<2RRU + 2Rkt Rjkim — 4Rk Ru, — 4RikRkj) = Agpdij - (4.57)

where indeed we see the V?R;; term vanishes. In the next section we provide much
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evidence that the Gauss-Bonnet functional has the Killing-Cartan geometry as an unstable
critical point. We suspect that the general class of loss functionals contained in Eq.4.53
are concave about the Killing-Cartan geometry for the same reason as found in [103],
who examined the behavior of individual diagrams contributing to the functionals (see
their Appendix C and our Appendix C.2).

And while ostensibly we have made a restrictive choice of coupling constants, by using
a graphical method developed in Appendix C.2 we in fact see that the loss functional in
Eq.(4.56) has general properties of the larger family, as no special cancellations appear in
the graphs. As further evidence we may also contrast the Gauss-Bonnet loss functional
with those introduced by Freedman and Zini. Besides the Ricci scalar, they considered
non-Gaussian functionals for example the Euclidean integral

F[G;FL]:/R

dyldyzdyge[_'{ S b8y +Cabeyiviys] ‘ (4.58)
3(4n-1)
The use of three integration variables is necessary to construct a non-vanishing scalar from
the structure constants. Considering perturbed Gaussian integrals allows for a systematic
approach to the perturbative calculation. In this way a series of trivalent tensor networks
is obtained that determines the loss functional at a given order in perturbation parameter
K.

Now consider the graphical representation of the types of terms is given in Appendix
C.2. The diagrams help illuminate a few important points of comparison between the
loss functionals in Eq. (4.53) compared to Eq. (4.58). First, the family of curvature terms
depends on diagrams with only at most four structure constants in the contraction. In
contrast, the perturbed Gaussian of [103] contains a series out to infinite order, which
was computed up to terms of order six for the analysis. At the level of fourth order
terms, the Gauss-Bonnet combination does not induce any special cancellation between
diagrams appearing in R, Ro, and R4. The individual curvature terms contain somewhat
symmetric combinations of diagrams with a different relationship from that imposed by
Eq. (4.58). This family of loss-functionals is well-suited to a geometrically illuminating
study that may be able to connect KAQ structure to other known and interesting classes

of metrics, including the naturally reductive metrics.
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4.5 Results for SU(4)

The equations of motion allow us to search for solutions in the space of each 2-parameter
KAQ metrics defined in Section 4.3. These parameterizations include both naturally and
non-naturally reductive metrics. To yield a solution, a given w must generate a diagonal

stress energy tensor satisfying

T =Ti = Acs (4.59)

where 1 <7 < 15 and Agg is real. Thus for a given parameterization, we first determine
the number of independent 7;. By setting s = at, we simultaneously plot the independent
T;, allowing us to vary a and check if any critical points appear for non-zero values of t.

By making contour plots of the loss function, we systematically find potential critical
points and check if they are indeed true critical points. Further, while we do not have
access to the second variation of the loss functional, we still obtain information about the
second derivative by comparing contour plots which agree along the line ¢ = s. Doing so
affords us a glimpse at the stability of the loss functional around certain Jensen type
critical points. The straightforward but lengthy evaluation of the second variation could

be performed to fully check stability.

4.5.1 FKAQ critical points

Here we collect our results for the two FKAQ parameterizations given in Section 4.3.
These include the naturally reductive parameterization Qgp defined in Eq.(4.50) and
the non-naturally reductive parameterization (2xp defined in Eq.(4.52). Using two
parameterizations allows us to compare the type of critical metrics that appear in the
naturally reductive vs. non-naturally reductive cases.

We show results with the help of two types of figures. First, to demonstrate the
technique, we plot the equations of motion for an example, at fixed values of the weighting
parameters in the metric (s,t). But, to visualize the space of solutions in the weighting
parameters, we show contour plots of the loss functionals for varying s,t. It is important
to stress that not all critical points that appear in these plots are critical in the space
of left-invariant metrics. All that can be learned from these plots is whether they are
critical in the considered parameterization space. In order to determine true criticality

we always appeal to the equations of motion.
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4.5.1.1 Biased penalty metric

There are only three independent 7; for the biased penalty metric ansatz, Qgp from
Eq.(4.50). The equations that must be satisfied are

7'1 — 65(770’710)15 <—3’Y€(§t + 18.757€%(a+1)t 4 976§<a+2)t . 1.125,}/65(2a+11)t + 1.125,}/66(8a+5)t
10.375ves (100 H13)t 4 75¢5(atDt 4 () 9505(Tat1d) 1.1257&/3)

:AGB,

Ti = eé(—lﬂa—7)t<_1.125fye(§t + 18_757€%(a+1)t X 1'125765(5a+8)t B 1‘125,}/6%(11a+2)t
+O'375,}/e$(13a+10)t +9,Ye§(2at+t) + 0.75¢38 (a+1)t + 0.95¢5 (13a+7)t

—37€t/3) = Ags,

T, = e~ (at)t (2’}/62? + 1.576%(‘”1)'5 + 51.57(3%(“+1)t + 376(“+§)t — 18.75765(4“+7)t

4at

_0.75766(5a+11)t . 18.7576%(7a+4)t . 0.75'}/6%(11(1—"_5” + 3,Y€T+t
_O.5e%(Sa+8)t . O.5€%(Ba+5)t 49ttt 4 276%/3)

=Agp. (4.60)

With only three independent diagonal elements, this parameterization is only slightly
more complicated than the Jensen type. For Jensen metrics there are only 2 independent
T;. Recall that we want to find non-Jensen type critical points, as for larger number of
qubits Jensen metrics are highly non-local and do not give a typical many-body structure.

In Figure 4.1 we plot the set of 7; for two different values of a. The left plot shows
that for most values of a (here 0.1), the only solution that appears is the trivial non-KAQ
solution s = at = 0. But for special values of a, non-trivial solutions do appear. We
unsurprisingly find Jensen type critical points for a = 1, which is expected due to
the simplicity of the equations of motion. Figure 4.2 however, shows an example of a

non-Jensen type critical points, of which several exist.
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Figure 4.1: Here the equations of motion (Eq.4.56) are plotted for the biased penalty
metric ansatz Qpp (Eq.4.50), which includes a Gauss-Bonnet with v = 1. The left plot
shows the line ¢ = s, and for the biased penalty metric these are Jensen-type. In fact
we find an additional solution (relative to pure Ricci scalar) for ¢ < 0. The second plot
demonstrates that for most a strictly left-invariant solutions do not exist.
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Figure 4.2: Here the equations of motion for Qgp are plotted for a =~ —2.06. We see that
there is a non-Jensen type solution for t ~ —1.67.

In Fig 4.3 we present a holistic view of the critical points that appear through the use
of contour plots of the loss functional. We see that even for the Ricci scalar, non-Jensen
naturally reductive critical points are present. The shapes of the contour near the
origin show why evolutionary searches performed in [103] likely missed out on the more
structured critical points. Evolutionary searches begin with the choice of an initial parent
point. The natural choice here is the Killing-Cartan metric, or a randomly selected

nearby point. The search then casts a small net around the parent point, and the loss
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functions is computed for each of these points. The point with the lowest value serves as
the new parent point in the following step. The topography of these plots demonstrates
that such a method can fail to find the saddle points, instead settling on the Jensen-type

critical point(s).

14877 3157
-14.268 261.8
13.659 207.9
“ 13.050 154.0
12.441 100.1

11.832 46.2

11.223 -7.7
10.614 -61.6

t t

Figure 4.3: Contours of the loss functional are plotted for Qpp, Eq.(4.50), with v = 0
(the Ricci scalar only) and v = 1. All red points marked on the plots are critical in the
space of left-invariant metrics with fixed determinant. Critical points residing on the line
t = s are Jensen type, while all others are non-Jensen appealing to the form of Qgp(¢, s).

4.5.1.2 Abelian breakdown metric

Moving to the non-naturally reductive FKAQ parameterization, Qap from Eq.(4.52),
we plot the set of independent 7; in Fig 4.4, where there are 4 such elements. We find
solutions only for a = 1, the potential meeting point in the left plot never actually
becomes a crossing. In this case the solution is naturally reductive but not of Jensen
type, even though the corresponding critical metric only has two distinct weights, as the

weights do not distinguish blocks that belong to a Cartan decomposition.
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Figure 4.4: Plotted are the equations of motion for the Abelian breakdown metric ansatz,
Qap of Eq.(4.52), which is non-naturally reductive. Again, we have taken v =1 for the
amplitude of the Gauss-Bonnet term. The first plot shows the behavior for a typical a;
no non-trivial solutions exist. The second plot shows the existence of a non-Jensen type
critical point for a = 1 and ¢ ~ 1.45.

We have plotted contour plots in Fig 4.5, where we find only one non-trivial solution.
Comparing to the biased penalty example we may make two comments. First, there
are far fewer critical points along these directions in the space of left-invariant metrics.
Further, the critical point we obtained is rather interesting. The KAQ critical metric puts
distinct weight on Cartan subalgebra distinguishing it from the remaining observables.
While a small step, it is evidence that curvature-based loss functionals may support KAQ

critical points with many-body local structure.

4

325.6
273.8
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Figure 4.5: Contours of the loss functional Lgg is plotted for Qap, Eq.(4.52), with v =0
(the Ricci scalar only) and 4 = 1. The red points marked on the plots are critical points
in the space of left-invariant metrics with fixed determinant. As explained in Section
4.3.3.3, no metric in this class, regardless of parameter values, is of the Jensen type.
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4.5.2 UKAQ critical points

Turning to our UKAQ parametrization, Qukaq from Eq.(4.42), we may perform the
same search for critical points. The equations of motions are much more complex for this
example, where there are 6 independent 7;. While certain choices of a reduce the number
of independent 7;, only for a = 1 do we obtain non-trivial solutions to the equations of
motion.

By comparing Figure 4.3 and Figure 4.6 we obtain some evidence about the preference
of naturally reductive metric. Notice that these figures exactly agree on the line ¢t = s, so
we can see how the value of the functional changes in naturally reductive vs. non-naturally
reductive direction. We see that Figure 4.3 clearly contains more true critical metrics,
and that the only critical metrics contained within Figure 4.6 are naturally reductive as
well. This provides some evidence that naturally reductive metrics may be favored over
non-naturally reductive metrics when weighed by curvature based functionals.

Some understanding about the stability of the Jensen type critical points common
to both examples can be obtained by comparing these figures. The Jensen type critical
point with s, < 0 appears to be a stable critical point, where as the solution for positive
t and s is clearly a saddle point. Although there are many different cross sections one

must consider to truly determine the stability.
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Figure 4.6: Contours of the loss functionals are plotted for the Qukaq parameterization,
Eq.(4.42). The red points located along the line ¢ = s are critical points in the space
of left-invariant metrics. All other points (green) are only critical in the considered
parameterization space.

We do not fully understand the propensity towards Jensen metrics in our examples.
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It could simply be a preference for naturally reductive metrics. There is however another
possibility. At such a low dimension (two qubits) the Jensen metrics and penalty metrics
are essentially the same. So, the loss functions investigated here may simply be favoring

penalty structures. It would be enlightening to study su(8) to illuminate this point.

4.5.3 PKAQ critical points

For the final parameterization, we investigate Qpxaq defined in Eq.(4.48). We only find
Jensen-type critical points, and note that this direction seems the least fruitful in the

search for critical metrics.
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Figure 4.7: Contours are plotted for the Qpkaq parameterization, Eq.(4.48). The red
points indicate true critical points, which are all Jensen type. The green point, in the
second plot, is only critical in the parameterization space.

4.6 Conclusions

In this work we have found critical points of curvature-based loss functionals that are
KAQ and include metrics which are compatible with many-body physics. All of the
critical points we have found are naturally reductive, although we cannot rule out the
existence of non-naturally reductive KAQ metrics. From the examples we tried we found
no adfR, invariant critical metrics which were not Jensen. We also have found that most
critical points are saddle points, with the potential for a few stable Jensen critical points.

While we have only analyzed detailed examples for su(4), it is straightforward,
although numerically intensive, to generalize these constructions to larger N. What we

have presented is evidence that the KAQ ansatz is a useful tool both for finding critical
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metrics among the large set of left-invariant metrics and for better understanding the
structure of KAQ critical points. Even going to su(8) would be helpful in determining
more about the structure of the critical points of curvature-based loss functionals. For
example with three qubits, penalty metrics are not Jensen, allowing for more exploration
in what exactly drives the value of the loss function; the algebraic properties of the
principal axes or structure of the weights?

These constructions for KAQ metrics we provide may also be used to explore a
much broader family of functionals depending on curvature tensors. However, as this
construction cannot find non-KAQ minima, we cannot study the relative frequency of
KAQ vs non-KAQ. Ideally, one would like functionals with only KAQ minima, or related
structure for N # 24,
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Chapter 5
Conclusions

In this work we presented analytic descriptions of several types of open qubit systems,
and along the way we derived several results that can aid in the development of open
effective theories. Among these results, we have found that time-dependent environmental
landscapes have a dramatic effect on the form of an effective master equation, making
necessary the use of a non-time-local kernel in the master equation. From these results
we determined that an effective approach constructed from quantum channels may be
more fruitful, and is much simpler in principle to develop. Along these lines we explored
an ensemble approach to an effective theory, by studying the ensemble of phase-covariant
dynamics that appears in qubit networks interacting under XXZ-Hamiltonians. We found
that the long-time dynamics may be approximated using a phase-covariant ensemble of
channels, needing only some information about the symmetry of the interaction governing
the network dynamics, and information about how fluctuations scale with time and
system size. Finally, we have explored a model for the spontaneous emergence of qubits
from featureless quantum systems. We found that natural geometrically motivated loss
functionals have a plethora of KAQ minima, and show promise to contain minima that
are both many-body and local.

There are several routes towards future work from what was presented in this disser-
tation. Most relevant for understanding open quantum cosmology, is more sophisticated
studies of the dynamic environmental landscape. Perhaps most glaring, can we un-
derstand the role phase-covariance breaking plays in the models we set forth. At the
moment it is not clear if the features we derived, namely the eternal non-time-local
nature of the dynamics, persist for different configurations of system and environments.
Another interesting model to consider is the spreading of time-non-locality from local
phase-covariance breaking, that is introduced phase-covariance breaking locally in a

spin-network and determine what the time-local nature of the dynamical map near and
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far from the phase-covariance breaking site. A final consideration past our simple model
is to consider a mosaic environment where degrees of freedom may activate and deactivate.
By taking the times of activation and deactivation to be random an interesting, and
perhaps solvable model in some instances, emerges. The interesting question to ask what
typical duration of environmental degrees of freedom yield time-local vs. non-time-local
dynamics.

The random ensembles of quantum channels and certain generalizations of phase-
covariant ensembles are another promising direction of research. The first obvious
direction is to consider larger sized dynamical maps, taking the minimal step to 2-qubit
dynamical maps can provide useful information. As two-point correlation functions find
vast uses in modern physics, and they can be probed in certain models to understand
certain phase-transitions. Therefore it seems plausible that some features of these kinds
of transitions in say spin-chains could be discerned from features or late-time behavior of
the dynamical map.

Further, by exploring larger dynamical maps we can ponder another potential con-
nection to thermodynamics. From random matrix theory it is well known that integrable
models, that is the most symmetric theories, fully resist thermalization in the ther-
modynamic limit. An idea we can investigate is whether the G-covariance of a given
dynamical map relates at all to these thermodynamic notions. For example we see that
phase-covariance at the level of qubit maps is ostensibly uninteresting in these regards.
The integrable vs. thermalizing nature of the full Hamiltonian is obfuscated in the 1-qubit
dynamical maps. However this does not mean that for larger maps phase-covariance still
hides these features. In principle one can imagine that a certain size of group relative
to the size of the dynamical map may allow for interesting thermodynamic features to
appear.

And the most open is the possible extension of the KAQ metrics. From the work done
so far it looks promising to explore the set of KAQ Einstein metrics, which are critical
points of the Ricci scalar. The appeal of this approach is that the search for critical
points is much less numerically intensive than that of the high order curvature terms.
Ultimately one is interested in taking a large N limit for these theories and showing
(or not) that in these scenarios many-body local Hamiltonians are favored then there

non-local counterparts.
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Appendix A
Effective Master Equations

A.1 Derivation of the maximally entangling parameter
space

Following [57,58], we find the essential non-local properties of U by changing to the Bell

basis using the unitary operator,

1 0 0 =2
1 10 2 1
- Al
Q\/io@—l (A1)
1 0 0 —2

The choice of Bell states is made so that the entanglement quadratic form Ent maps

to the identity matrix. The operator Ent is defined as,

Detlc(|¥)) = oot — Yortbio = [)T Ent|y) (A.2)

where I¢ is the Choi isomorphism Ic : H — Mat(2,C), and one sees upon further
inspection that Ent = —%Yg ® Yg and QT(EAnt)Q = %15 ® 1g. At the level of observables
@) takes the subalgebra of local observables su(2)s @ su(2)g to the generators of 4D

rotations on the Bell space s0(4)pen.
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The time evolution operator is expressed in the Bell basis as,

cos w4t 0 0 e+ sinw, t
0 cosw_t —e-sinw_t 0
Ugen(t) = . A.3
( ) 0 e ginw_t cosw_t 0 ( )
—e "+ sinw, t 0 0 cosw,t

The non-local properties of the time evolution in the reduction frame are determined by

the eigenvalues of UL Uy found to be,

Uy = cos®wyt + (cos2py + z'\/sin2 20, + sin? ¢ ) sin® w, t
(

u_ = cos? wyt + (cos2¢p, — i\/sin2 20, +sin? ¢, ) sin® w, t

(A4)

)
)

v, = cos®w_t + (cos2¢p_ + i\/sin2 2¢_ + sin® ¢_) sin® w_t
( )

v_ = cos®w_t + (cos 2p_ — z'\/sin2 2¢_ +sin ¢_)sin®w_t

Assume we are given a linear combination of these eigenvalues au, + bu_ + cvy + dv_
such that a,b,c,d > 0 and a + b+ ¢+ d = 1. For this combination to be real we must

have a = b and ¢ = d. Setting a = cos? ¢ and ¢ = sin® ¢ we have,

0 = cos® p(cos® wyt + cos 2¢, sin® w,t) + sin p(cos? w_t + cos 2¢_ sin® w_t)

(A.5)
= cos” p(la [*(t) — BL(t)) +sin® p(|a—*(t) — BZ(1))
A little bit of algebra and we find,
cos® B3 (t) + sin® B2 (t) = ; . (A.6)

This condition may only be satisfied iff the largest of 5% (¢) and (2 (t) is greater than

or equal to %, or equivalently Max(¢;,¢_) > 7. That is maximally entangled states
may only be generated when U has large enough off diagonal components, which we see

becomes one of the conditions that non-invertibilities appear in the reduced dynamics.

A.2 Divisibility in channels

In this appendix we establish the divisibility of the dynamical map family D, . For
simplicity we assume that 75(0) = 0 although the results derived apply even if 7(0) =

xg(0)2. We are interested in when the map ® (7, 71) fails to be completely positive, and
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how this depends on 7, and ¢. To that end, the dynamical map has the structure,

1 0 0
0 Aa(t) Agy(t
At) = ( ol (A.7)
0 Ay(t) Ayt
0 0 0 At
with determinant DetA = A?_ and inverse,
1 0 0 0
0 b o
71 zZz t zZz t
AT () = 0 _Auwe(®)  Aw(t) 0 g (A.8)
Aa(t)  Aaa()
1
0 0 0 o)
and the (possibly singular) interweaving map is,
1 0 0 0
O Amc(7'2)Ayy(7/'\1)—(Ax)y(7'2)Ayw(7'1) _Aa:ac(7'2)Amysle)?'A)xy(TﬂAxw(Tl) 0
@(7'277'1) - 0 Aym(72)Ayy(le)Z—A1yy(72)Aym(7'l) Ayy(72)Amm(le)z—1\1ym(T2)Amy(7'1) 0 : <A9>
Azz('rl) Azz(Tl)
0 0 0 NI

zz (Tl )

N.B. that the map ®(7, 71) can have a restricted domain, where instead of the Bloch
ball the interweaving map only acts on the image of A(7y).

The criterion in [6] asserts that ® (72, 71) is completely positive if,

l/\m(Tz)Ayy(ﬁ) — Nuy(72) Ay (11) n Ay (12) A (11) = Ay (72) Ay (1) |
A.. (1) A..(m)
(A.10)

Azz(7_2) ?

The + inequality is saturated at all times, so the components of A satisfy the relation
(recall Ay, (t) = —Ayy(t)),

Aaa(T2) Mgy (1) + 2800y (T2) Ay (1) + Ay (T2) Az (1) = Az (72) + Asa(m) . (A1)
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Thus ® is completely positive if,

(Aza(m2)Ayy (1) — Ayy(72>Am(7—1))2 < (Aza(m2) — AZZ<71))2' (A.12)

We already see that if 7,, = 5=, then ®(7,, 1) is CP as the above inequality reduces to a
CP condition satisfied by A(71). Therefore, special times 75 exist where the dynamics is
CP divisible. This condition is not dependent on what particular values are chosen for
w and ¢. However for other values of 75, the CP inequality will fail to be satisfied for
certain values of 7. The size of this interval is not dependent on w, but depends on ¢

and 7.
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Appendix B
Quantum Channel Ensembles

B.1 N-qubit Fourier modes

In this appendix we lay out the symmetries that are useful in computing exact dynamical
maps. The first of these symmetries is the charge, or equivalently the excitation number,

operator

Qn = ZZZ (B.1)

Throughout the article the excitation number is labeled as ¢, but note this is not the
eigenvalue of (. Each block with a given value of ¢ has dimension m :(];[ ), simply the
number of ways to pick ¢ qubits to be excited.

Hamiltonians satisfying [H, Qx] = 0 will be block diagonal in any excitation eigen-
basis. Since () is already diagonal in the computational basis, block diagonalizing the
Hamiltonian at most requires a permutation matrix that reorders computational basis
states by excitation number. For this article we chose Py so that the computational
states within the same ¢-blocks are ordered based on their binary representation. For
example when N = 3, in the ¢ = 1 block the computational state |001) comes before
|100). The next symmetry available to the models we consider is the translation operator

(T'v). The translation action on computational basis states is
Tylajas...an) = laya...ay_1) (B.2)
and the adjoint action on Pauli matrices is
TyolTh = o2, . (B.3)
where a tensor product of the Pauli with the identity operator on all other spins is
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implied. Since [@y, Tn] = 0 the translation operator is block diagonal in any excitation-
ordered computational basis. Further noting that T% = 1, it is not hard to see that its
eigen-spectrum consists entirely of N*® roots of unity. Combining these results we may

label the eigenstates of Ty as

Tn|Fo k) = % | Fa; k)

B.4
QuIFg k) = (2q = N)|Fgs k) B

where ¢ is the excitation number, and £ is a label that removes any remaining degeneracy
of the eigenstates. In a given g¢-block, Fourier modes corresponding to subgroups of the
cyclic group Zy may appear, which happens when N is a composite integer. In the

remainder of this appendix we give constructions of the Fourier modes for N < 6.

B.1.1 3-qubits

IF0;0) = [111) | F2;0) = |000) (B.5)
1
7.0 :<011 + [101) + 110)
|13 0) 73 011) + |101) + [110)
1 2mi dmi
FLo) = \/§<|011> + B 101) + €5 |110>> (B.6)
1 dmi 2mi
| F2,0) = \/§<|011> +e3 |101) +e’3 |110>>
1
7.0 :<oo1 +[010) + 100)
|73 0) 7 |001) +{010) + [100)
1 274 4mi
|F230) = (|001> +e73(010) + €3|100>>
2 V3 (B.7)
1 4mi 2mi
| F3:0) = \/g(|oo1> +e5 |010) + e !100>>
B.1.2 4-qubits
| F9;0) = |L1111) | FL;0) = [0000) (B8
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1
| F7;0) = - <|0111> + 1011) + |1101) + |1110>>
1
| F1;0) = <|0111>+z|1011) ]1101>—z’|1110>)
4
1 (B.9)
| FE0) = 4(|0111> \1011>+|1101>—y111o>)
1
|F2,0) = 4<|0111>—z|1011> \1101>+z|1110>>
1
| F5;0) = = (|0001> +10010) + |0100) + |1000))
1
| F3:0) = 4<|0001>—|—z|0010) |0100>—¢|1000>>
1
[F350) = 4(|0001> |001o>+|0100>—y1000>) (B.10)
1
20y = 4<|0001>—z|0010> \o1oo>+z~|1ooo>)
1
75:0) = = <|0011> +10110) + [1001) + |1100))
1
| Fy;0) = 4<|0011>+z|0110) ]10()1>—z’|1100>)
1
| F2;,0) = 4(|0011> \o11o>+|1001>—]1100>)
1 (B.11)
| F5;0) = 4(|0011>—z|0110> |1001>+i|1100)>
1
0.
| F95 1) = 2(|0101> 1010))
1
2,
| F2:1) = 2(|0101> 1010))

B.2 Glossary of dynamical maps

In this Appendix we present the exact formulae for the dynamical maps considered in

this work. We have the following form of phase-covariant maps

(B.12)
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where for the Hamiltonians considered, the various components all may be decomposed

as
Az (t) = af(t) cos 2ht — B(t) sin 2ht = A (t) cos (2ht + ¢(t))
Ay (t) = B(t) cos 2ht + a(t) sin 2ht = A\ () sin (2ht + ¢(t))
(B.13)
A (t) = As(t)
AzO(t) = Tg(t) s
with the remaining components determined by the relations Ay, = A, and A,y = —Ay,.

To perform the minimum amount of computations, we only provide explicit formulas for

T3, A3, «, and [ for each model.

B.2.1 Completely-connected XXZ-network

We present the exact dynamical map components for the completely-connected and

homogeneous XXZ-network. We present all the non-unitary parameters defined in
Eq.(B.13).

B.2.1.1 4-qubits

For 4-qubits the Hamiltonian has the block diagonal structure
774Hxxz731 = H%XZ ® H)l(XZ © H)2<XZ ® H?(XZ ® Hglixz (B.14)

The only non-trivial diagonalization occurs in the ¢ = 2 block. Restricting to this sector,

we now invoke the translation symmetry of the model
2 2,0 2,1 2,2 2,3
TyHyx,Th = HyRz @ Hyxy ® Higy ® Hixz (B.15)

where I'y is a unitary transformation that diagonalizes T,. The a = 1,3 blocks are
singlets, while a = 0,2 are doublets (see Eq.(B.11)). Only for a = 0 do the Fourier
modes mix, although the mixing angle is parameter independent. But obviously the

eigenvalues depend on the Hamiltonian paramters. We find the non-unitary parameters
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of the dynamical map to be

7 1 5
A3i(t,4) = (16+4 oS QJLH—E oS 4Jﬂf)

, , . (B.16)
+ (16 okt cos2Jt+ = cos 4Jﬂf) kzd Zk2

ko

3 1 )
TS,i(t, 4) (16 E COS 2Jlt_Z8 COS 4JJ_t> Z 2L

. (B.17)

3 1 1
(16 4COS2JJ+16 cos4JLt) lgzk

1
a;(t,4) = (1?% cos (3JL+J||)2€+T6 cos 3(JL—J))t
3 1
+§ cos (JL—|—3JH)t+1 cos (J + J)t

3 1
+§ CcoS (JJ_—JH)IH—@ CcoSs (5JJ_—J||>t>
; 1 (B.18)
+ (16 COS (3JJ_+J||)t + 16 COs B(JJ__JH)t

1 1
35 008 (JL"H)’JH)LL—E cos (JL+J))t

1 1
—gcos(Jl JH)t—%cos (5JL—=J))t Z 252

k<l
k,l#1

107



3 . 1 .
Bi(t,4) = (16 sin (3Jl+<]\l)t_ﬁ sin3(J.—J))t
1 . .
+§SIB(JL+3JH)F‘FESIH(Jl—f—(]“)t

1 1
_gsln(JL J“)t—%sm (5J1—J)) )sz

w7 (B.19)

3 . 1 .
—1—(16Sm(3Jl—|—J|)t—16sm3(JL—J||)t

3 . 1.
—3g Sin <JL+3‘]H>t_Z sin (J+J))t

3 1
+—sin (JL JH)t-‘r* sin 5JL JH H 2k
8 32 o

B.2.1.2 5-qubits

As the exact diagonalization is more complicated for the 5-qubit network, we shall go
through the steps more explicitly than the 4-qubit case. Again we may change to the

canonical excitation basis
7D5HXXZP§ - H)O(XZ D H>1<xz D H)Q(XZ D Hg’(xz D H?(XZ D H)5(XZ : (B-QO)

As with the ring topology, we further go to the basis of translation eigenstates. Again

the only excitation number blocks that are not diagonalized trivially at this stage are

TsHixz ® HXXZPT @ H)Q&Z S H}%}%z . (B.21)
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And as for the ring-topology, we obtain a set of ten 2x2 matrices that require further

computation to diagonalize. The ¢ = 2 blocks are found to be

—h—J +2J, 4J,
H}%’)%Z =
4], —h—Jy+2J,
—h—Jy+ (Y52 L —Je %]
Hyxy = (B.22)
i —Jes —h—Jy = (¥5E2)
—h =g = (Y5) L g
Hygg =
_ —J e —h—Jy+ (571) Jo

T

With the remaining blocks determined by the relations Hyy, = (H>2<>3<z) and Hyy, =
T

(Hi’f(z) . The matrix representations for the ¢ = 3 block are obtained through the

replacement h — —h, affecting only the eigenvalues and not the form of the associated
eigenvectors. Again to due to large degree of symmetry of the model, the eigenvectors

are parameter independent. The resulting map parameter functions are:

7 1 1
Asi(t, D) (5+ cosSJlt—l—5 cos 5Jﬂf)
(B.23)
+ 8 053Jt+1cs5JtZ
— —c —Co L%
225 18 50 ) e
kel
2 3T0t— & cos5Lt >
73.4( — —cos cos z
3, 5 =50 i 2 k
4 5 (B.24)
(75 — —cos3J t+ — 100 CoS 5Jj)k<zl:<jzkzlzj

kg
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157 1 3 3
a;(t,5) = (600 + p cos3J t + — 100 cosHJ t + 0 cos (3J. +2J))t

1 1

@0034(JL Jy)t + Tog < (7JL —2J))t
9 1

+% cos2(J. — Jy)t+ 7 608 (Jo+2J))t

1
+E Ccos (JJ_+4J||)t)

157 1 1 1
<—|—COS3JJ_t+ cos5J t — —cosd(J — J)t

1800 36 100 40
) (B.25)
——cos (JL +4J))t Z 262
10 k<l
ke, I
157 1 3 1
— 4+ — 3Jt+— 5J t+ — J 40t
+<600+12COS i —1—100005 i —I—lOCOS(L—F 1)
1 3
—7 o8 (Jo+2J))t - =g 0 (3JL +2J))t
1 9
~T0g (7JL —2J))t — %0052((& — )t
1
—cos4(J, — J|| szzkzlzm
40 j<k<l<m
g,k lm#£i
3 1
Bi(t,5) :(100 sin (3.J +2J||)t — ESIHZL(J J||)t
L in (770 — 200t — > sin2(J, — J))t
200 S1n 1 I 100 S1n 1 I
1 1
+— Sln(JJ_—{—QJ”)t—l-fSln JJ_+4J|| sz
8 10 o
; ) (B.26)
(100 sin (3JJ_ + 2J||)t + 10 sin 4(JJ_ - J||)t

1 9 .
~300 sin (7J1 —2J))t — Tog 50 2(J = Iyt

1 1
+<sin (JL +2J))t — —sin (J 4+ 4J))t Zz]zkzl
8 10 ’-“Elljﬁ
JK, 2
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B.2.1.3 6-qubits

Repeating the procedures of the previous sections we may block diagonalize the 6-qubit

XXZ-network. Going to the Fourier basis we have the remaining blocks to diagonalize
N ry2 3 4
Ls <H>2<xz © Hixz © H)4(XZ>FIS = P Hyky, ® Hyxy @ Hyxy (B.27)
a=0

which provides more of a challenge than the previous examples as now 4 x 4 blocks
and 3 x 3 blocks appear. But the example still retains a degree of simplicity, as the
eigenvectors do not contain any parameter dependence. The computation may be further
reduced by noting that once Hysw, is diagonalized, a similar transformation may be used

to diagonalize Hys,. As for the size of the various blocks we have for ¢ = 2

Cpr20 e pr22 g opr2d
dimHyxy, = dimHyy, = dimHyx, = 3

2,1 2,3 2,5 (B28)

where the same holds for ¢ = 4. All of these blocks create superpositions amongst the
Fourier modes except Hyy,, which is comprised of two singlet states |F3,0) and | F3,1).

The same conclusion applies for ¢ = 4. For ¢ = 3 we have

o pr30 . 7733
dimHyxy, = dimHyy, = 4

(B.29)
dimHyy, = dimHyy, = dimHyy, = dimHyy, = 3

and there are mixtures created among all the Fourier modes except |F3,0) and |F3,0).

59 5 5 35
Mai(t,6) = | 222 cos 2 t4+—= cos 4, t + — cos 6.t
3.i(t,6) (144+32cos ¢+16COS J_+288COS ¢>

1 1 1 7
—_——— 2J t—— 4]t + — 6Jt
+ (24 25 Cos2J1t— o cos 4], + 180 <561 ) kzd 252

s

(B.30)

1 1 1 1
_ (48_32 cos QJLH—% cos4J t — 180 cos 6Jﬂf)j<kz<l ;anzkzlzm

Jk,lmA
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17 1 1 7
734(t,6) = ——== cos2J, t—— cos4J, t — —— cos 6Jlt> Z 2

144 32 16 288 i
1 1 2J t 1 4]t ’ 6J,t
— ﬂ—g—QCOS 1 —Ecos 1 +@COS L kg;jzkzlzﬂ (B.31)
k,l,j#i

48 32 16 96 o

The expressions for «(t) and [(t) are lengthy, therefore we shall express our results using
the partial components. The remaining non-zero partial components are obtained using

the permutation symmetry, for example a??00 = #0700 = 400220 ot We find
) 7 1 )

i

5 5 1 1
+| ———cos2J,t+-—cos4dJ t — COS6JJ_1€) sz

1
@?0000(t7 6) :9523 cos (JJ_ —+ 5J||)t —+ % COS 5(:]J_ - JH)t

3 25
—|-T6 COS (JJ_ + 3J||)t + 233 COS 3<<]J_ — J||)t

1 1
—I—@ cos (9JL — 3JH)t + @COS (5JL + J”)t

3 5 (B.32)
—l—@ cos (3J + J))t + 35 €08 (Jo+ )t

5) 1
+T6 COs (JJ_ — J||)t + 3§COS (5JJ_ — J||)t

1 5
—l—% cos (7J — Jy)t + i cos3(JL + J))t

S 1
a0 (¢ ) =55 ¢ (JL+5J))t+ 9g o 5(JL — Jy)t

3 1
—l—@ cos (J1 + 3J))t — 220 8 (5JL + J))t

3 1
~ g0 <8 (3JL+ J))t — 35 €08 (Jo+ It

) 1
+% COS S(JJ_ — JH)t + TKLO COSs (9JJ_ — 3J||)t

1 1
BT cos (J — Jy)t — ﬁcos(&h — Jy))t

(B.33)

1 1
~ 230 8 (7JL — Jpt+ Taz °°8 3(JL+ J))t
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(2

5 1
a;zzzO(t7 6) :% cos (J, + 5J||)t + % cosb5(J, — JH)t

2 cos (J + 3J))t — 956 cos 3(JL — J))t

80
_4;0 cos (9J, — 3J))t + 21110 cos (5J + J))t (B.34)
+120 cos (3JL + Jy)t + 312 cos (J1 + Jj)t |
+116 cos (J. — J)t + 1(130 cos (5J1 — Jy)t
+4;0 cos (TJ. — Jy)t — 418 cos 3(J1 + Jj)t

1

00004 6) :956 sin (7, + 5J))t — o sin5(] — It
9 5

+% sin (JJ_ + 3J||)t — % Sin?)(JJ_ — JH)t

1 1
C sin (97, — 3J)t + —— sin (5], + Jy)t
280 0 (01 = 3t + 55 sin (3]0 + Jj) 55

3 . 1 .
—l—@ sin (3J, + J))t + 3 Sin (JoL+ It

1 1
16 sin (J, — JH)t — ﬁsin (5J, — J||)t

1 . 1 .

—@ Sin <7JL — ‘]H)t + @ sin 3(JL + J||)t
1

szzoo(t, 6) :956 sin (J, + 5J||)t ~ % sin5(J, — J”)t

3 . 5
—%sm(JL—i-SJ”)t—i-Q—%SmS(JL—JH)t

1 1
——sin(9J, — 3J))t — —=sin (5J, + Jj)t
g O =3I g s (5T i) 536
3 . 1. '
—@sm(?)Jl—l—J”)t—ﬁsm(JL—l—J”)t

1 . L.
—1—1—6 sin (J. — Jy)t + Teg 50 (5JL = J)t

1. I
+@ sin (7J, — Jy)t — Taz S0 3(JL+ )t
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RRZZZ 5 : 1 :
B; (t,6) :% Sln(JJ_—i-E)JH)t— %Slnf)((h_— J||)t
3 . 25
—E S1n (JJ_ + BJH)t + ﬁ S1n 3(JJ_ - JH)t
1 1
+——sgin (9JJ_ 3J||)t+ &sin (5JJ_ +J||)t

2388. 5 | (B-37)
—1—3—2 sin (3J. + J))t + 35 510 (JoL+ It

S . 1.
—1¢ Sin (Jo—=Jpt = 3 50 (5JL = J)t

5!
7Sin3(JL + JH)t

1
% sin (7J. — J)) i

B.2.2 Ring-connected XXZ-network

Turning to the more difficult model, the homogeneous XXZ-ring. Due to the more
complicated structure of this model we only investigate the XXZ model for N = 4, and
use the XXX model for N = 5, where we only present the computations for A3(¢) and

T3 (t) .
B.2.2.1 4-qubits
For 4-qubits the Hamiltonian has the block diagonal structure

7D4HXXZ7D:{ = Hyxz ® Hixz ® Hixz ® Hixz ® Hxxz (B.38)

The only non-trivial diagonalization occurs in the g=2 block. Restricting to this sector,

we may reduce it to smaller blocks by invoking the translation symmetry
Ty Hix,Uh = Hyyy ® Hyxy ® Hygy ® Hyyy (B.39)

where 'y is a unitary transformation that diagonalizes T;. The a = 1,3 blocks are
singlets, while a = 0,2 are both doublets. Mixing only occurs within the a = 0 block,
which in this case does depend on the parameters of the Hamiltonian. Theses stationary

states of Hyyy, are determined to be

129:0) = cos 22| 7:0) + sin 2791 1)
B8:1) = sin S 170 — cos |7 1) (B.40)

W4+ = J|| :ESgH(JH>JX
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where the Hamiltonian dependent parameters we have introduced are

B.41
Py = —tan_12%£. ( )
[

7 1 1 1
A3 i(t,4) = (16 + 7 608 2Jt + 6 cosdJ t + 7 608 Jyt cos Jyt
1
+ 1 COS @ sin Jt sin JXt>
1 1
+ (16 + cosdJ t — gcos Jytcos Jyt (B.42)
1
— g COS be sin JHtSln th) (Zi—lzi-i-Q + Zi+1zi+2>
3 1 1
— (16 1 cos2J t+ 6 cos 4Jlt> (zi_lziH)
(t4)—<1 L oS 271t — = cos A1t + - cos it cos Tt
73,(t,4) = 6 1 cos2J | T cos4dJ | 1 cos J)t cos Jy
1

+ — cos ¢ sin Jt sin th> H 2k
ki

3 1 1
+ ( —cosdJ t — 3 COS @y sin Jyt sin J ¢ (B.43)

=~

16 16
1
~3 cos J|t cos th> (zic1 + ziv1)

3 1 1
2 _ = 92 il 4 .
+ (16 4cos Jit+ 16 cos Jﬂf)zﬁg

As seen in the previous section, the expression for a(t) and §(t) are more cumbersome

than the other non-unitary parameters. Therefore we again split them into their partial

components. For the ring topology we only need to consider the reflection symmetry to

generate additional partial components as will be clear in the following equations. We
find

1 143cos2Jt 1+3cos2J,t

16 16 cos J)t cos Jxt

2
— \g_sin ¢y sin2J t cos Jjtsin Jt (B.44)

14 cos ¢y sin J tsin Jt
—( - 3 - ) sin? Jjt
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005 (1.4) = cos? J t

(cos 2J)t— cos J)t cos Jt+ cos ¢y sin Jt sin th>
(B.45)

2
+\1/6_ sin @y cos Jytsin 2J ¢ sin Jyt = af*(t,4)

1  cos?J,t sin? J,

3
20z = < .
i (t,4) = g + 1 (1-1—2 cos 2J||t)
14+3cos2J;t
4+

16

cos J|t cos Jt
(B.46)

COS @ sin Jyt sin Jy

cos? Jt

6;00(757 4) =

(3 sin 2.J)t+ sin J)t cos Jy t+ cos ¢y cos J)t sin Jﬂf)
(B.47)

2
+ £ sin ¢y sin Jyt sin 2., tsin Jyt = 8% (¢, 4)

16
14+3cos2J t 2]t
Bzg)zo(t’ 1) = 1tocos 2/t oS ¢ cos J)t sin th_cos L% gin 2Jyt
16 (B.48)

sin? J t

sin J)t cos Jyt

in®J, ¢t 2 J ot
B (t,4) :Sln8 =" coS Pyt cos Jytsin Jyt — COSTLsin 2Jt

+1+30052JLt
16

sin Jyt cos Jt (B.49)

2
_\1/6_ sin ¢y sin Jyt sin 2.J, t sin Jy

B.2.2.2 5-qubits

As with the previous examples we change from the computational basis to the canonically

ordered excitation basis. We achieve this by using a permutation matrix
PsHxxzP} = Hyxy ® Hyxz © Hyxz ® Hixy ® Hyxz © Hyxz (B.50)

and we are interested in finding the stationary states of the middle two blocks, as the
others may be found trivially. Now we can go further by changing to a translation

eigenbasis

4
IsHixz ® H)?)(XZFE =P Hy$y & Hyy (B.51)
a=0
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where the ¢ = 2 blocks take the form

_ 6mia

—h—i—%JH (2COS GW“JL) 5
H}%}%z - (B.52)
(2 cos G“aJL) G- %J” + 2 cos 6’mJL

and the ¢ = 3 blocks are obtained by sending h — —h. We thus obtain the following

parameterization of the non-trivial stationary states

6ma
t . = —
an 3
fan 2 cos 67raJ
an ¢, =
(J” — cOS 67raJJ_) (B53)

6 6
J, = \/(J| — oS %QJL)Z + 4 cos? %an

Due to the length of the expression obtained, we must report the non-unitary parameters

by the partial components defined in the main text. Setting J, = J we find

71 13 3—5 1 5—+5
12,0000 (4. 19 P
30 (1:0) = 5oz +'90 08 (——5 ) ut + g cos (T
-5

32
)JLt+—COS\/3JLt
13 3+3/' 225 5++/5 (B.54)
— t+ — t
+ 90 os ( 5 )L + os ( 5 )L
\/_
2

)it

1
+ gcos?)(

2 1
+—COSQ\/_JLt+—COSB(

225 45 )Jut

.. 6v/5+25 3+V5 6v/5—25 3—v5
N (1,5) = — s cos (S )t cos (S )t
1 5+5 1 5—+/5
100 COS(T)JJJ—F 100 cos ( i ).t (B.55)
NG 1-+/5 V5 14—x/§>J .

1TVo STV

_ V9 083 Jit 0s3
150 €835 ) ut 4 g cos (5

2 2
_ 2 = — 00'zz
595 cos 2V5.J  t + I cosVbhJ, t = Az (t,5)
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5—+/5 65 + 25 3—5
C

A0, 5) :1(1)0 cos ( 5 )t — 900 os ( 5 ).t
+ ZIggocos 3(1 Qﬁ)JLt - 4\2(5) cos B(HQ\/E)JJ
" 6\/506  cos (?)Jrzf)‘]lth 100 S(E)Jrz\/g)‘u
— 235 cos 250, t + 425COS V5.t = A3Z%(t,5)
AZO(t,5) = 415 + 3\/3_00_ L cos (3 _2\/5)JL15 + 715 cos 2v/5.J

+1—¢SC 5-5 5—V5 1=V

100 os ( 5 ).t — 50 os 3( 5 )t
_ 3\/350; > cos (3 +2\/5)Jﬁ 41 Yog/g cos (> +2\/S)Jﬂf
_5 15(‘)/5 cos 3(* +2\/5)Jﬁ
A8, 5) = 415 3\?{535 cos (3_2\/5)Jlt+ 110? cos (5_2\/5)Jlt

5++5 1—+5 3v5—5 3+\f
T cos 3( 5 )it + 200 cos ( )it

1-v5 545
+ 100 cos ( )Jlt+7—50052\/_Jlt

2
5—+5 1++5
TG 3( 5 )Lt
77 145 5+v/5 1-v/5 5—/5
- cos ( )L t—
450 40 2 40
1—+5 1—+5 1++vV5 1++5
cos 3( )t — co
180 2 180
13+ 3v6 3 + V5 13—3v5 3—/5
— cos ( ) t— Ccos
360 360 P)

1 8
~ 150 €% N 97, 08 V5.t = 32 (t;5)

T 1-V5 f 1+v5 55
450 40 )t cos (F5 )t

(
1+v5 \/_ 1-v5 1+v5
72 )Jlt— 180 cos 3( 5

13—3+/5 3 5 13+3+/5 3
_ 133V +2I)Jg—;60f s ( f)m

1 8
~ 150 8 N 395 €08 V5.t = 597 (t;5)

+

rI(155) -

0(1;5) =
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1 3-V5 5+v5 3+v5 5—/5
C CO

T:szo(t;f)) =~90" 200 os ( 5 ) t— 200 s ( 5 )J ot
5+3v/5 1—-v5 5—3v5 1+v5
3 Jit 3(—E0) Tt
g o83l Mt g oS3 (B.61)
65+3v/5 3+v5 65—3v/5 3—V5
Jit Jit
M T T S e S v e e a
1 2 ZZZ
+ 150 °%° 2V/5J, t — 15 8 (\/gJLt) = 7'3071. 0(t; 5)
1 3+V5  5+V5 3—v5  5—5
7597 (t;5) =~90""200 cos ( 5 )J t— 500 cos ( 5 )t
5—3v5 1—/5 5+3v/5 1+V5
3 Jit 3(—X5)J ¢
Fgo0 8By )ty cos3l5 ) (B.62)
65—3v/5 3+v5 65+3v5 3—V5
Jit Jit
T s00 0% (T Mt Tggp s )
1 2
- 2 “ — 220z (4.
+45O oS \/5JﬂH—45 cos (V/5J . t) T5: (1)

B.2.3 Disconnected XX-network

In terms of the following parameterization of the eigendecomposition of Hyz

hy+h
h12 = ! B 2 W12 = sgn(Alg) A12 + J122
Jio (B.63)
Ay =hy —hy tan¢giy = AL
12
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the Pauli components of the unitary channel may be expressed as

LIZ? - Jg - Z/{Z?f = ox; = _uga(c) =-Ug = _U;Sg = —U{, = sin ¢1psinwist cos 2hyt

L{(‘)f’ = %j = U;S = UJS = gf == é’f = _Ug(c); = —U@?; = COS @12 8in P19 sin’ wiot
1

U =UL =U =UY = —Up? = UL = -UL) = Uy = 5 Sin @12 8in 2wpot

U =UY =Us: = Uy =UZ) =UY) = UL = Uyg = sin ¢ya sinwyat sin 2hot

L{gg = —Z/{;(? =UY = —LI;ZZ = oS wiat Sin 2h ot + €OS P13 Sin wiat cos 2h ot

MS;’ =— 8; = U] = —U;,; = coswiat sin 2hyat — cos P12 sinwiat cos 2hyat

0 . .
U= = Uy = U = UYZ = coswiat cos 2hat — cos ¢rg sin wyat sin 2hy9t

Uy = 85 = Uz, = UZ) = coswiat cos 2hyat + cos d1g sinwyat sin 2h ot
1

UL = UY = —UsT = Ut = 5 (sindhuat + cos dra sin 2wt
1

Upd =UT = —Uy, = —U) = i(sin 4hiat — cOS (1o Sin 2w12t)

1
Uy =Uu,, = 5( — cos 4hiat + cos? p1a cOS 2wiat + sin? gblg)

1
Uy =UY = 5 ( cos 4hiat + cos? ¢1o cos 2wiat + sin® ¢12>
U =Yy = l( Ahyat + cos 2wiat)
zy — Wyz = 9 COS 12 COS z2W12
Uy =Usr = 1(cos4h t — cos 2w t)
yr — Yoy T 2 12 12
uzzé) = u(())zz =1- SiIl2 ¢12 Sil’l2 wlgt

Z/{OZS = U% = SiIl2 §b12 Sil’l2 wlgt

(B.64)

Constructing the 1-qubit dynamical map, a non-unital dynamical map is obtained as
given in Section 2. But enforcing a noise-distribution over ¢ that is an even function,

the noise-averaged dynamical map takes the form Eq.(B.12).

120



Appendix C
Emergent Quantum Subsystems

C.1 Curvature functionals from the structure constants

To begin, a non-holonomic basis is a choice of basis over the tangent manifold that is

non-commutative. Assume that {X,} forms a basis for the tangent manifold with
[ X, Xp] = C° X (C.1)

defining the structure constants associated to the chosen basis. The Christoffel connection
(the unique connection that is torsion-less and compatible with the metric) in a non-

coordinate basis is
1
I‘abc = 5 [acgab + abgac - aagbc + Oabc - C(bca - cha] . (02)

Assuming { X, } is an orthonormal basis of the metric and that the metric is left invariant,

the terms involving the metric vanish leaving
1
Fabc - §(Cabc - Cbca - cha) . (03)

Notice that I'p. = —I'pe. The components of the Christoffel connection in an orthonormal,
non-holonomic basis are referred to as the Ricci rotation coefficients [128]. The Riemann

tensor and its various traces are computed as functions of the Christoffel connection and
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structure constants [129]

Rabcd :Fedbrace - Fecbrade - Cech

aeb
R, —=— 1 C Cced +C Cced o 10 Cecd
ab — 296b dac cad 9 acd (C4)
_ 1 cba 1 abc
R = 9 OabcC 4 Oabco .

Using the graphical method described in Appendix C.2, we compute the second order

curvatures functionals in terms of structure constant networks. We have found

1
RQ [g] _ Egefglk (Cdbf {4Cacecdbkcacl _ 4Cacecbdkccla _ 8Cacecdbkccla}

+Cap | CeaCHCI** — 4C 10 CMC! 4 AC,0 CFP C] )

1 -
R4 [g] — ggdglk (Cdbf 4Cacecdbk0acl _ 4Cacecbdkccla _ 8Oaceodbkocla]

+Cfdb 3C€ca0kdbclca 4 8Cace debcacl + SCacecrkdbclca‘|

_Cfcd C«ebaokdbclca + 2Caebcdbkclca + 4Caeb0bdk0acl

8Caeb0kdbclca - 8Caeb0kdbcda + 28Caebckdbca611) .

C.2 Graphical representation of structure networks

The fundamental information about the group structure and the metric on the manifold
is carried in the structure constants, organized into the connection, and the metric. Any
functionals one might want to define, including the Ricci scalar R, Rs[g], and Ry4[¢]

m

can be built from the totally contracted combinations of Cyj., C7% ¢ and gp,. A
diagrammatic representation of the terms is useful, where each Cjj; is represented by a
node and contractions are indicated with edges. The line style of the edge carries relevant

information about the contraction, i.e., whether it involves the metric and any symmetry
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information.

We define the following notation for the placement and style of nodes and edges:
Cijk is a node with edges emerging upward, while C%* is a node with edges emerging
downward. Contractions via the metric will then always be represented by horizontal
lines, while others appear as vertical or diagonal lines. Since the C;j; are antisymmetric
in the last two indices, we differentiate contractions between indices in different positions.
Contractions of indices both in the first position are drawn with a solid line, both indices
in the second or both in the third position with a dashed line, and contractions between
an index in the first position and one in the second or third is a solid line with arrows
pointing from the node containing the first-position index to the node containing the
second- or third-position index.

For example, the two terms contributing to the R = —%C’abCC’d’“ — iC’abcC’“bc can be

drawn as

Cabc Cfcba Cabc Cabc

These are similar to the theta diagrams defined in [103]. The remaining curvature
structures we consider, Ry and Ry, have terms containing four structure constants, so
all additional graphs have four nodes. There are two classes of graphs, depending on
whether each node is connected to two others (“tin cans") or to three (“tetrahedra'). Ry
contains only tin cans while R4 has both types of graphs.

Tin can terms from the product of four Christoffel symbols have a symmetry structure

that helps to simplify the large number of terms. Consider, for example, the term

1
debracé — *gefgﬂk(cfdb . Cdbf o def) (Ck:db o Odbk o Obdk)raceracﬂ ] (05)

gefgékrfdbrace 4

Here there are two pairs of terms that cancel, among the nine terms coming from
expanding T4, due to the anti-symmetry of the full contraction under permutations
of indices. On the other hand, there are two pairs of terms that add, containing Cg,C%*

and CygrC* | for example. There are therefore three sets of nine diagrams that remain
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to be evaluated. For example, one such term is

QEfQEdebfcdbk [Cacecad - Cachda - Cacecgca (06)
- Cceacace + Cceacha + Cceacfca
_Cecacad + C(ecacwﬁa + Cceacﬁca C gengkadeacerkdeacé .

The nine terms in this sum can be represented diagramatically as:

=<
.-

=<
.-

mmmmm-

As the graph structure (and colors) indicate, the nine terms contain only four distinct
constructions. Note that the graph structure does not directly indicate the relative sign
between graphs related by a rotation of the structure nodes, for example between the
upper right diagram and the lower left diagram. Furthermore, the signs of the terms are
inherited from the signs in the expansions I'y. = %(Cabc — Cpea — Cepa)- Collecting all
relative signs, the two identical (green) diagrams in the right column cancel, as do the
two identical (green) diagrams in the bottom row. The other pairs add so that there
are three distinct diagrams. Within the four-gamma term that contains the above set,
g¢! ggkffdeacedebF“d, there are two other sets of nine terms that must be evaluated.
The pattern of colors (identical graphs) and cancellations repeats in each of the nine sets
of nine graphs, and there are ultimately three additional types of diagrams.

A different contraction structure occurs in terms like g gpCreglaep ¥, This
term can be represented by tetrahedron diagrams. Among the (seven) terms that do not

cancel, there are just three diagrams:

124



LEREN LA | LEREN k4 -~ 04
[] s~ " 1 [] s~ ’0 s~ ’0
' v 1 ' v v
L} N [] L} N N
' CAERRY 1 ' CAERRY LR Y
. .~ . - . -
1 o L | 1 o . . .
N . . .

One can certainly consider other loss functionals. For example, the function primarily
studied in [103], given by Eq.(4.58), contains terms with all even numbers of Cj;;,. That
work considered an expansion of terms up to third order, giving rise to graphs with two,
four, and six nodes. However, only a subset of the four-vertex graphs appeared. The set

of four-vertex graphs needed for the curvature terms is larger.
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