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Abstract

Transmitting quantum information across quantum channels is an important task. However
quantum information is delicate, and is easily corrupted. We address the task of protecting
quantum information from an information theoretic perspective — we encode some message
qudits into a quantum code, send the encoded quantum information across the noisy
quantum channel, then recover the message qudits by decoding. In this dissertation, we

discuss the coding problem from several perspectives.

The noisy quantum channel is one of the central aspects of the quantum coding problem,
and hence quantifying the noisy quantum channel from the physical model is an important
problem. We work with an explicit physical model — a pair of initially decoupled quantum
harmonic oscillators interacting with a spring-like coupling, where the bath oscillator
is initially in a thermal-like state. In particular, we treat the completely positive and
trace preserving map on the system as a quantum channel, and study the truncation of
the channel by truncating its Kraus set. We thereby derive the matrix elements of the
Choi-Jamiolkowski operator of the corresponding truncated channel, which are truncated
transition amplitudes. Finally, we give a computable approximation for these truncated
transition amplitudes with explicit error bounds, and perform a case study of the oscillators

in the off-resonant and weakly-coupled regime numerically.

In the context of truncated noisy channels, we revisit the notion of approximate error
correction of finite dimension codes. We derive a computationally simple lower bound on
the worst case entanglement fidelity of a quantum code, when the truncated recovery map
of Leung et. al. is rescaled. As an application, we apply our bound to construct a family
of multi-error correcting amplitude damping codes that are permutation-invariant. This
demonstrates an explicit example where the specific structure of the noisy channel allows

code design out of the stabilizer formalism via purely algebraic means.

We study lower bounds on the quantum capacity of adversarial channels, where we
restrict the selection of quantum codes to the set of concatenated quantum codes. The
adversarial channel is a quantum channel where an adversary corrupts a fixed fraction

of qudits sent across a quantum channel in the most malicious way possible. The best
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known rates of communicating over adversarial channels are given by the quantum Gilbert-
Varshamov (GV) bound, that is known to be attainable with random quantum codes. We
generalize the classical result of Thommesen to the quantum case, thereby demonstrating
the existence of concatenated quantum codes that can asymptotically attain the quantum
GV bound. The outer codes are quantum generalized Reed-Solomon codes, and the inner
codes are random independently chosen stabilizer codes, where the rates of the inner and

outer codes lie in a specified feasible region.

We next study upper bounds on the quantum capacity of some low dimension quantum
channels. The quantum capacity of a quantum channel is the maximum rate at which
quantum information can be transmitted reliably across it, given arbitrarily many uses of
it. While it is known that random quantum codes can be used to attain the quantum
capacity, the quantum capacity of many classes of channels is undetermined, even for
channels of low input and output dimension. For example, depolarizing channels are
important quantum channels, but do not have tight numerical bounds. We obtain upper
bounds on the quantum capacity of some unital and non-unital channels — two-qubit Pauli
channels, two-qubit depolarizing channels, two-qubit locally symmetric channels, shifted
qubit depolarizing channels, and shifted two-qubit Pauli channels — using the coherent
information of some degradable channels. We use the notion of twirling quantum channels,
and Smith and Smolin’s method of constructing degradable extensions of quantum channels
extensively. The degradable channels we introduce, study and use are two-qubit amplitude
damping channels. Exploiting the notion of covariant quantum channels, we give sufficient
conditions for the quantum capacity of a degradable channel to be the optimal value
of a concave program with linear constraints, and show that our two-qubit degradable

amplitude damping channels have this property.
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Chapter 1

Introduction

1.1 Motivation

The central object of this thesis is the quantum channel, which is a map from quantum
states to quantum states. Quantum channels are building blocks of quantum computers
and quantum networks. There are many explicit examples where the abstract notion of
the quantum channel can be applied. For example, the perfect storage and transport of
quantum information can also both be modeled using the trivial quantum channel, which
is the identity map. Storage of quantum information necessarily occurs when there is
idle time in the quantum information processing task, and quantum transport necessarily

occurs when we have to move quantum information from one location to another.

However in most practical situations, quantum channels are noisy. Quantum infor-
mation once exposed to the environment, often decoheres. The type of decoherence
the quantum information undergoes determines the form of the noisy quantum channel.
In a quantum cryptographic setting, an eavesdropper can eavesdrop on the quantum
information that is transmitted between two parties, thereby introducing quantum noise
into the communication channel. Even if the eavesdropper does not exist, two parties that

are communicating quantum information may assume that their quantum channel belongs



to a family of quantum channels, and then concoct strategies to protect their quantum

information against all quantum channels from that family.

Hence we consider the canonical problem of quantum coding, where Alice wants to send
quantum information to Bob over a noisy quantum channel. Alice’s goal is to maximize her
rate of transmitting quantum information reliably to Bob, given arbitrarily many identical
uses of the noisy quantum channel. This rate is known as the quantum capacity, and is the
direct quantum analog of the Shannon capacity. The advent of quantum information theory
addressing the possibility of dealing with quantum channels and quantum information has
greatly deepened our understanding on the limits of how one might harness the additional

power that quantum mechanics offers us.

Unlike the classical setting however, the evaluation of the quantum capacity is an opti-
mization problem of potentially unbounded dimensions, and the exact quantum capacity of
even many low dimension quantum channels remains unknown. A notable example is the
depolarizing channel which replaces the channel’s input with the maximally mixed state
with some probability, where tight bounds on its quantum capacity are still not available.

Hence there is a need to obtain upper and lower bounds of the quantum capacity.

In a practical setting, determining the quantum capacity is even harder, because we
often do not have precise knowledge of the exact form of the noisy quantum channel
corrupting our quantum information. Evaluation of the transition amplitudes of a quantum
channel in a specified basis is non-trivial, even for simple physical models. Thus, the
optimization of quantum error correction procedures with respect to physical noise models

that are not fully quantifiable is a problem.

These difficulties motivate the work of this thesis. In the first part of the thesis, we study
the quantum dynamics of the simplest textbook model, the coupled harmonic oscillator,
with the goal of approximating the dynamics on one of the quantum harmonic oscillators
with error bounds. In particular, we discuss the utility of truncating a quantum channel
to get a quantum operation. We also show how approximate knowledge of the truncated

channel can give us worst case bounds on the performance of quantum error correction.

In the second part of the thesis, we study upper and lower bounds on the quantum



capacity of various quantum channels. Adversarial quantum channels are those for which
an adversary is permitted to corrupt a fixed fraction of blocks of quantum information in the
worst way possible. We study the lower bounds of the quantum capacity of the adversarial
quantum channels using concatenated codes. We also study upper bounds on quantum
capacities of some low dimension quantum channels using the coherent information of

other quantum channels.

1.2 Outline of the thesis

The original contributions of this thesis have two parts, each related to the different aspects
of the problem of reliable transmission of quantum information across noisy quantum
channels. The first part is about truncated quantum channels, and the second part is

about upper and lower bounds on the quantum capacities of various channels.

In Chapter 2, we address the problem of quantifying the quantum channel in the
coupled harmonic oscillator situation, where one harmonic oscillator defined to be the
quantum system, couples through a spring-like interaction term to the environment —
another harmonic oscillator in a thermal-like state. In doing so, we investigate the validity

of this physical toy-model in accounting for the amplitude damping phenomenon.

In particular, we analyze the dynamics of our coupled harmonic oscillators by treating
the completely positive and trace preserving map on the system as a quantum channel.
We truncate the channel by truncating its Kraus set, and derive the matrix elements of
the Choi-Jamiolkowski operator of the corresponding truncated channel, which are trun-
cated transition amplitudes. These truncated transition amplitudes quantify the typical
transitions of the physical model. We approximate the truncated transition amplitudes as
weighted sums of computable integrals with convergent error bounds. We next numerically
evaluate the approximate truncated transition amplitudes to study the behavior of off-

resonant and weakly-coupled harmonic oscillators.

The numerical approximation of our truncated channel is also useful from the perspec-

tive of quantum error correction, because specialized recovery operations can be construct-



ed even with knowledge of just approximations to the truncated channel. In Chapter 3,
we study the notion of approximate error correction of finite dimension codes with respect
to approximations of truncated quantum channels. We use the rescaled recovery map of
Leung et al. to obtain a lower bound on the entanglement fidelity of a quantum code, given
the truncated Kraus set of the noisy channel. This extends the Leung et al. result to the
case where the set of Leung et al. code projectors are not orthogonal. As a consequence,
we obtain worst case bounds on the entanglement fidelity of quantum codes with respect

to channels with given approximate truncated representations.

In Chapter 4, we study the achievable performance of concatenated codes under blocks
of quantum channels where a fixed fraction of the blocks are adversarially corrupted. The
best known achievable rate at which information can be sent across these adversarially
corrupted quantum qudit channels of dimension less than seven is known as the quan-
tum Gilbert-Varshamov (GV) bound, and is a lower bound on the quantum capacity of
adversarial quantum channels. While the quantum GV bound is known to be achievable
using random codes, random codes have little structure. We generalize the classical result
of Thommesen | | to the quantum case, demonstrating the existence of concatenated
quantum codes that can asymptotically attain the quantum GV bound. The outer codes are
quantum generalized Reed-Solomon codes, and the inner codes are random independently
chosen stabilizer codes, where the rates of the inner and outer codes lie in a specified
feasible region. The advantage of our construction is that the concatenated structure of
our code construction leads to a speed-up in decoding time of our concatenated codes as

compared to the decoding time of random codes.

In Chapter 5, we generalize the technical results of Smith and Smolin | | pertaining
to the use of degradable extensions to obtain upper bounds on the quantum capacity
of channels in terms of the coherent information of other channels. Finite dimension
degradable channels have quantum capacities that equal to the maximum value of their
coherent informations optimized over their bounded domain, and are hence tractable to
evaluate (see equation (18) of | |). We extend Smith and Smolin’s procedure to show
that the quantum capacity of channel twirled over a particular unitary group is at most

its coherent information of maximized over a strict subset of the entire state space, where



this subset is the image of a channel that conjugates input states with unitaries uniformly
at random from the chosen unitary group. Smith and Smolin’s recipe is produced as a
special case of our extension when the projective commutative unitary group is chosen
to be the qubit Clifford group, where they provided an upper bound of the quantum
capacity of the qubit depolarizing channel that was the coherent information of the qubit
amplitude damping channel evaluated on the maximally mixed state. A consequence of
our generalization is that degradable channels that are covariant with respect to diagonal
Pauli matrices have quantum capacities that are their coherent information maximized
over just the diagonal input states, which is just the maximization of a concave objective

function subject to linear constraints.

As an application, we supply new upper bounds on the quantum capacity of some unital
and non-unital channels — m-qubit depolarizing channels, two-qubit locally symmetric
Pauli channels, and shifted qubit depolarizing channels. The main ingredients that we
introduce to obtain these new upper bounds are our higher dimension amplitude damping
channels that are degradable. These higher dimension amplitude damping channels are

generalizations of the qubit amplitude damping channels.
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Chapter 2

Truncated Quantum Channel
Representations for Coupled

Harmonic Oscillators

2.1 Introduction

One of the canonical physical models in quantum physics is that of quantum oscillators
coupled with harmonic baths. The dynamics of such models and their variations has
been extensively studied, using various techniques | , , , ,

) ) ) ) ) 5 ] These techniques include

Markovian master equations | |, quantum stochastic processes and quantum Langevin
equations | , , , , , ], Kossakowski-Lindblad equations
[ , |, methods in density-functional theory [ |, the standard techniques of

perturbation theory, as well as many others | , .

Quantum channels | ] can be used to quantify the dynamics of a quantum sys-
tem. There are at least two important representations of quantum channels — the Kraus
representation | | and the Choi-Jamiolkowski representation | |. Both of these

representations fully describe the dynamics of quantum systems. The matrix elements
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of the Choi-Jamiolkowski operator quantify the probability amplitude that a specified
matrix element of the input state’s density operator contributes to another specified matrix
element of the output state’s density operator, and hence can be interpreted as transition
amplitudes. In this chapter, we approximate the truncated transition amplitudes of a given
channel, where the truncation is performed with respect to the quantum channel’s set of
Kraus operators. hilA truncated quantum channel quantifies the partial dynamics acting
on the system, and its knowledge has utility — lower bounds on the performance of quantum

error correction codes with its knowledge | , , , , , ,
) ) ] N

In this chapter, we work towards quantifying the approximate dynamics of a pair of
initially decoupled quantum harmonic oscillators interacting with a spring-like coupling,
where the bath oscillator is initially in a thermal-like state. We work with a truncated
subset of the model’s Kraus operators, and thereby approximate its truncated transition
amplitudes, which are matrix elements of the Choi-Jamiolkowski operator of the truncated
quantum channel. We note that the Kraus operators of oscillator-bath models have also
been approximated by various authors | , , ]. Recently, Holevo also
gave a formal exact expression for the Choi-Jamiolkowski operator for Gaussian channels
[ |, which describes the dynamics of coupled oscillators. Our contributions in this
chapter, are the explicit upper bounds on the approximation error of the truncated transi-
tion amplitudes of two quantum harmonic oscillators coupled via a spring-like interaction,
where the approximation is an explicit summation of a finite number of computable terms.
Our results can be used to explicitly study this toy model with rigorous error bounds. In
particular, we numerically demonstrate and provide lower bounds for the leakage error,

and show how this leakage error is mitigated via quantum error correction.

The organization of the chapter is as follows. In Section 2.2, we introduce the pre-
liminary material needed for this chapter. In particular, we review notions related to the
L?(R) Hilbert space, quantum states, quantum channels, Hermite functions, and the linear
canonical transformations for the quantum harmonic oscillator. In Section 2.3, we give a
treatment of the truncated dynamics of two quantum harmonic oscillators interacting with

a spring-like coupling, and give explicit bounds on the error term induced by approximating



the truncated transition amplitudes with a finite sum in Theorem 2.3.1. In Section 2.4 we
give bounds on Hermite functions that are needed for the proof of Theorem 2.3.1. Finally
we apply our results explicitly in Section 2.5 in the case where the oscillators are off-

resonant and weakly coupled.

2.2 Preliminaries

In this section, we review the theory of L?(R) Hilbert spaces, quantum states and various
representations of quantum channels, Hermite polynomials and functions, and coupled

harmonic oscillators.

2.2.1 The L?*(R) Hilbert spaces

The theory of quantum mechanics builds upon the formalism of Hilbert spaces, where the
dimensions of these Hilbert spaces are typically infinite in physically realistic scenarios.
Hilbert spaces are complex inner product spaces for which the induced norm is complete.
A separable space is one that admits a countable dense subset, and we restrict our attention
to separable Hilbert spaces [ , ], because Hilbert spaces are separable if and

only if they admit countable bases, and countable bases are convenient to work with.

The infinite dimension Hilbert space that we work with in this chapter is the space
L*(S) of square-integrable functions with respect to the Lebesgue measure over the set
S C R. While this chapter focuses on the case when the set S is the real line R, other
choices of S such as the unit interval may be more appropriate, depending on the physical
model at hand. Examples of countable bases of L?(R) and L?([0, 1]) are the set of Hermite
functions given in (2.2.11) and the set of sinusoidal functions {sinnmx : x € [0, 1]},en
respectively. We use the Dirac’s ‘ket’ |f3) to denote a function f in the Hilbert space,
and is typically called a ‘wavefunction’ in physics nonmenclature. We denote a generic

countable basis of a separable Hilbert space H as {|jx) }jen C H.



In this chapter, we often work with tensor products of Hilbert spaces, and hence we
use the notation |fs, gic) and |fy)|gic) to denote |fy) ® |gx). We will drop the explicit
Hilbert space label on our ‘kets’ when the label is clear from the context. For Hilbert
spaces ‘H and K, let L(#H, ) denote the set of linear operators mapping H to K, and let
L(H) :== L(H,H). Let *B(H,K) denote the set of bounded operators in L(H, K).

It is convenient to use the language of sesquilinear forms on an L?(R) Hilbert space as
opposed to the language of linear operators. We believe that the formalism of sesquilinear
forms is a natural one to elucidate some of the intricacies of the functional analysis of
unbounded operators that we will often encounter in the context of the physics of quantum

harmonic oscillators.

A sesquilinear form on a Hilbert space H is a map H x H — C that is linear in one
argument and conjugate-linear in the other. Using the Dirac notation, the inner product on
a Hilbert space L?*(R) is a sesquilinear form that maps the function pair (f, g) to the Dirac
bra-ket (f|g)u = [ f(x)*g(x)dx € C. From this definition of the inner product, it is clear
that (f|g) = (g|f)*. We interpret the argument x of our functions in our L?*(R) function
space as a ‘position coordinate’. Physically, the functions f and g are wavefunctions with

wave amplitudes f(z) and g(x) at position z € R. We often use the Dirac notation

H="Y hj

jkeN

) (k] (2.2.1)

to denote a sesquilinear form that maps the function pair (f,g) to

> hiw(f1i)(klg), (2.2.2)

jkeN

where {|7)};en denotes an orthonormal countable basis of H and h;; € C. However there
might exist function pairs (f, g) for which the expression (2.2.2) is undefined, especially
when |h; | is unbounded with respect to j and k. This motivates the definition of I'(H),
the graph of a sesquilinear form H, which is the set of function pairs (f,g) for which
(f|H|g) is defined. We say that a sesquilinear form H is densely defined on H x H if I'(H)

is a dense subset of H x H. When referring to sesquilinear forms, we adopt the convention

10



where we implicitly refer to the graph on which these sesquilinear forms are defined.

Now let H = L?(R). The physicist’s position and momentum operators 3 and py
are sesquﬂinear forms that map the function pair (f,g) € H x H to (fulTulgn) =
Je f( r)dr and (fy ]pH\ gu) = [i f(@)" 22 g(x)dz respectively. We define the Her-
mltlan sesqulhnear forms 71, and p}, to map the function pair (£, g) to (f|2'|g) = (g|2|f)*
and (f|p'|g) = {(g|p|f)* respectively. If h is a univariate power series defined on a real
line (not necessarily in L?(R)), we define the sesquilinear forms h(z) and h(p) to map
the function pair (f,g) to [, f(z)*h(z)g(z)dz and [, f(z)*h(2L)g(x)dz respectively if
they exist. The reduced Planck constant & makes an appearance in the definition of our
momentum operator because we will work in SI units and thereby not make the assumption

that i = 1.

We now give an example of a sesquilinear function that is not everywhere defined.

Consider the sesquilinear form (#)? which is proportional to the potential energy term in

the Hamiltonian of a quantum harmonic oscillator and the function f(x) = \/T Note
that while (f|f) = 7 which implies that f € L?(R), the integral (f](%)?|f) is undefined.
Intuitively, this is because the function f does not have tails that decay rapidly enough
with respect to the sesquilinear form (#)%. Now we denote {|j)};cn as the basis of Hermite
functions, and let [¢) = 37, a;l7) and [¢) = 37, bslj) where 3. |a;* < oo and
> jen [b5? < oo, Then (Y| f(2) + g(p)|¢) is always defined for all polynomial functions f
and g, because of the exponentially decaying tails of Hermite functions. In this sense, the
sesquilinear form f(Z) + g(p) is densely defined on H x H (but not everywhere defined
in general). If H = f(Z) + g(p) is the Hamiltonian of our physical system, then T'(H)

describes the set of ‘physical’ input and output states.

Following the Dirac notation, we denote the map of a general sesquilinear form H on
the function pair (f,g9) € H x H as (f|H|g). Given a sesquilinear form H on H x H, if
there exists some countable basis {|jx)}jen C H and complex sequence {\;};en such that

for every j,k € N, we have

(JI1H|k) = 01N, (2.2.3)

11



then we say that H has a countable spectrum {\;},;cn. Examples of sesquilinear forms
that do not admit countable spectra include the position and the momentum operator.
If the Hamiltonian H of a quantum system admits a countable spectrum and satisfies
(2.2.3), we say that \; is its j-th energy eigenvalue with |j) being the corresponding energy

eigenfunction.

2.2.2 Quantum states and channels

We refer the reader to | | for an introduction to quantum states and channels. Define
the set of quantum states on Hilbert space H to be ©(H), the set of all positive semi-
definite and trace one operators in B(H). When p € D(H ® K), we denote the partial
trace of p on Hilbert space H as Try(p) := >_. (Julplin)-

A quantum channel ® : L(H) — L(K) is a completely positive and trace-preserving

(CPT) linear map, and its non-unique Kraus representation is | , , ]

®(p) =) KpK',
Kef

where 8 C B(K, H) is called the Kraus set of & and the Kraus operators in the Kraus set
satisfy the completeness relation
> KK =1y

Kef

Note that in a universe with an underlying Hamiltonian that admits a countable spectrum,
the Kraus set K is countable, because the unitary operation describing the dynamics of
the universe can be written in the form of (2.2.3). We denote the basis-dependent matrix

elements of the Kraus operators by K j; so that for all K € &,

K= K;;ljk) (Gl

33
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We define the transition amplitudes of ® with respect to the Kraus set K to be

(l b —>(a b/ Z Kb b,K (224)

KeR

a sum of the product of two Kraus operators over the entire Kraus set. Now let p € D(H)
and ®(p) € D(K) have the decompositions

p= Zpa,b|bH><aH|a D(p) = prng/|b;c><a;c|
a,b

al b

so that in the Kraus representation,

(el @ (p)lak) = (bl D KpK'laj)

Ker

|ZZK]]|]IC JH’ZPab“’H aH|ZKkk’|kH (kilaic)

KeR 35,5/ k,k!

=2 ZZZKM’KZ,M%,M 1) ilb)eal ) s (K )i

KeR jj' ab kK

= Z (Z Kb,b’K;a') Pab = Z Tq(;f;)—}(a,’b’)pa’b. (225)

a,beN \Kef a,beN

Hence Téa’b)_’(a/’b/) quantifies the transition amplitudes of (by|plaz) to (bi|P(p)|a)). In
this chapter, we focus on the Choi-Jamiolkowski (CJ) representation of a channel. Define

the stacking isomorphism |-)) : L(#H, ) — K ® H to be a linear map such that
> aisli) Gul) = aijlix) i)
1] Y]

Then the CJ operator of the channel ® with Kraus set K is the linear operator X¢ €
L(K,H) where

XKoo= Y IKNKI =YD (Z KK) ) bkl (2:26)

Keh 3 kK \Kef
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The CPT conditions for channel ® in the CJ representation are that Xg is positive
semidefinite and has a trace of one. Knowledge of the CJ operator X¢ enables us to

evaluate the image of ® because

(bie| Tra(Xo (1 ® p"))lak) = (Bl D Tru(K)(K|p")la)

Kef
=>.0 > (Z Kj,ijZ,k/> Pa(bic. badl (1 ) (K, Rl i, aze)
3d" kK ab \Kef
= (Z Ky K ) pav =Y T 7 pyy. (2.2.7)
a,b Kegr a,beN
The equivalence of (2.2.5) and (2.2.7) implies that
O(p) = Try(Xo(Le @ p7)) = Y KoK, (2.2.8)
Kef

The matrix elements of X¢ are also transition amplitudes, in the sense that
TEO=E) — by | Xolal, az). (2.2.9)

Now define the transition operator corresponding to the Kraus set 8 to be Tg : HOH —
K ® K where

ST T 6, b (ax, bil.
a,b,a’ b’

Then the stacking isomorphsim |-)) and the transition operator are related by the equation

Tylp) = 12(p))- (2.2.10)

For the purpose of quantum information processing, it may not be necessary to work
with the full Kraus set K. In this chapter, we instead restrict our attention to the
truncated Kraus set (2, which is some appropriately chosen subset of the full Kraus

set. This truncation procedure approximates the channel well if the truncated Kraus

14



effects are ‘atypical’. For the purpose of quantum error correction, partial knowledge of
the channel is already of great utility, and recovery channels can be constructed based on
this partial information to give lower bounds on the entanglement fidelity of specifically
chosen quantum codes. Hence in this chapter, the truncated transition amplitudes

T((Za’b) — @) play a central role in quantifying the truncated dynamics of the channel ®.

2.2.3 Hermite polynomials and functions

The energy eigenfunctions of the Hamiltonian of a quantum harmonic oscillator are Hermite
functions, and hence arise naturally in the study of coupled ensembles of quantum har-
monic oscillators. Hermite functions are products of Hermite polynomials with a gaussian
function, and form a basis for the L?*(R) function space. For n € N, define the Hermite

polynomials H,(z) and the Hermite functions ¢, (x) to be

d" e~ 2% H,(x)
Hy(z) = (=1)"" —e | ahy(x) 1= ——n? (2.2.11)

dxm \/ 2mnl\/m
For example, Ho(z) = 1 and Hy(z) = 2z. Here, we have used the physicist’s convention
for the Hermite functions, as opposed to the probabilist’s convention. The properties of
the Hermite polynomials and functions have been extensively studied, and a reference to
more of their properties can be found in | |. For ¢ > 0, also define the rescaled Hermite

function to be

Une(T) = (Ey|ncn) = Vebn(cz). (2.2.12)

When the rescaling constant ¢ is chosen as an appropriate function of the mass and resonant
frequency of our quantum harmonic oscillator, the rescaled Hermite function v, .(x) is the

n-th energy eigenfunction of the corresponding quantum harmonic oscillator’s Hamiltonian.

We often have to deal with infinite sums involving Hermite functions, and Mehler’s

formula gives a closed form expression for one such sum. As stated by Watson | ],
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Mehler’s formula applies in the case when |z| < 1 and z is real, that is

> 2 (@)in(y) = ﬁ exp | 22 (2521 J_FZZ;(l 2|, (2.2.13)

Mehler’s formula also holds for all complex numbers |z| < 1, with the series converging
uniformly and absolutely [Theorem 23.1 | ]]. However when |z| = 1 the sum is
undefined, which makes evaluating the truncated transition amplitudes of our toy model

as a closed form expression quite intractable.

2.2.4 A pair of harmonic oscillators and their linear canonical

transformations
The classical model

The classical Hamiltonian H(p, q,t) of a physical system quantifies the amount of its total
energy, and is a function of its generalized coordinates q, generalized momentum p, and
time . The power of the Hamiltonian formalism in classical mechanics is demonstrated
from the ease at which one can derive the corresponding equations of motion of the physical
system from the classical Hamiltonian. We introduce notation related to the classical
harmonic oscillator, with the goal of reviewing its corresponding quantum description.
The interested reader may refer to | ] for an introduction to the quantum harmonic

oscillator where the Hamiltonian formalism is used.

Define the classical Hamiltonian of a classical harmonic oscillator with mass m, resonant

frequency w, position coordinate z and momentum coordinate p to be

2 A LAY (2.2.14)
wiop = 9 T

The model we study has the classical Hamiltonian

H = meywxp?x:px + Hmy:“-’y,0§y7py + Hint,o-

16



where Hip o 1= %k(x — y)? is the classical Hamiltonian representing the spring-like inter-
action between the oscillators where £ > 0. The spring-like interaction Hijy o, introduces
ka2

quadratic terms - and % into H, effectively renormalizing the oscillator frequencies

— 2 k - 2 k :
from wy o and wy o to wy 1= \/ Wio T o and wy 1= Wy o+ Ty respectively. Hence when
Hint = —k:cy,

H = Hp iniwpe + Hing woyiyp, + Hing- (2.2.15)

In an experimental setup, it may be impossible to turn off the interaction between the
two oscillators. Then the physically measured oscillator frequencies correspond to the
renormalized frequencies. Therefore, we work with the renormalized representation of the

model Hamiltonian given by (2.2.15).

The quantized model

Define the Hamiltonian of a quantum harmonic oscillator with associated Hilbert space H,
mass M > 0, resonant frequency w > 0, position operator Z3 and momentum operator py
to be

/\2 1
HM,w;:iHJ}H = 2]?—]7\-2 + §Mw2:i’§{ (2216)

The set of rescaled Hermite functions {|@/}n \/@,H”"GN is the set of energy eigenfunctions
of the Hamiltonian Hs .z, 5, Let the Hilbert space of the first and second oscillators
be X and ) respectively, both isomorphic to L?(R). Define # := 3 ® 1y, § := 1y ® 2y,
Dz = Px ® 1y and p, := 1y @ py. Then the quantized model Hamiltonian (2.2.15) is

H = meMxﬁ%ﬁX @ly +1x ® Hmy,wy;i"y,ﬁy + Hing
= me,wx;i’,ﬁw + Hmy,wy;g},f)y + Hint (2217)

where H;,; := —kzy is the quantized interaction.

The coupled quantum harmonic oscillators can be decoupled by a linear canonical

17



transformation of the oscillator positions and momenta | ]. Define the rotation

matrix, the rotation angle, and the rescaled mass by

i 1 2k
R— < cos 0 Sln0> ’ 0 — = tan~! (ﬂ) ;o moi= /Mmmy (2,2.18)

_qj 2 /42
sinf cosf 2 Wy — wy

respectively. The use of straightforward trigonometry then gives

1/2 1/2
1 1 1 1
cos=— |1+ —— , sinff=—1[1— —— . (2.2.19)
V2 1+ Gy V2 1+ Gy
where L
Ak?fm?> MMy W2, —w?)+ My — My
- b e e VU )

Note that the rotation angle quantifies the strength of the coupling, in the sense that
cosf ~ 1 and sinf# =~ 0 when the coupling constant k£ is small and the oscillators are off-

resonant. Define the normalization parameter p := ¢/7=. Then we choose the transformed
Yy

position and momenta operators to be given by

(@,0) == R(u™", ug),
(Pus Do) = R, 1™ y) (2.2.20)

where (21, 22, ...) denotes a column vector. The quantized Hamiltonian is H = H,,, ,,.4.5, +

Hn w05, Where

2 2 9 .9
b= <) C?SQH = E @), we= ()P0 £ EGnee). @221)
wg sin” 4 m w§ cos?d m

Note that the frequencies w, and w, are real as long as the original oscillator frequencies

wy,o and wy o before renormalization are also real, because the renormalized frequencies wy

and wy increase as the coupling strength k increases.

The linear canonical transformation that decouples the pair of harmonic oscillators is
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not unique. We chose the transformation that gives the same mass m for the decoupled
oscillators, so that the only parameter different between them are the frequencies w, and
wy. Since the transformation we have performed is canonical, [4, 0] = [Py, D] = [T, Py] =
[0, pu] =0, [@, p,) = ih and [0, p,] = th. Hence there exist Hilbert spaces U, V isomorphic to
L*(R) such that Y @Y = U RV, 1 = Ty @1y, 0 = 1y @ Ty, Pu = pu @1y and p, = Ly @ py.

Let ¢, == /T2 and ¢, := /™%, ¢ == /™2 and ¢, := /™. Then the set of

eigenstates of the uncoupled Hamiltonian H,,,, o, .z 5, +Hum, w55, and the full Hamiltonian

H are {|¥x,co16, Uxeov) Frxen and {|¥jc. v, Ve, ) }ieew Tespectively.

2.3 Truncated dynamics of the interacting system

This section highlights the main results of our chapter. We provide a computable approx-
imation to our physical model’s truncated channel with corresponding error bounds that

are simple to describe.

2.3.1 The general model

The Hilbert space of our model has the general form H = X ® Y where X and Y are
separable Hilbert spaces of the system and the environment respectively. Our model’s
Hamiltonian is

H:=H,®1y + 1y ® Hy + Hjy

where H, Hy, H, and Hi,; are (typically unbounded) Hermitian operators in the sets
L(H),L(X),L(Y) and L(H) respectively. The Hamiltonians H, and H describes the

bare dynamics on X and ) respectively, and H;,; describes the system-bath interaction.

Let the initial state of the entire model be p.; = py ® oy, where py € D(X) and
Oy = D sen Pelly) (Cy] € D(Y). Let the time evolution operator of the entire model at time
t be the unitary operator U, € B(H). Then the time evolved state of system X at time ¢
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18

pe = P(po) = Try UtpallUI
= Y (BIU5p) Gylpo ® pelby) (Ly]55) (7501 165)

7,3" 6,0/ N
= > (U pepo(ty|U]|25). (2.3.1)

£,0'eN

Using (2.2.4), a feasible Kraus set and transition amplitudes for ®; are

R = {V/pe(ly)|Uelly) : 0,0 € N} (2.3.2)
TN = N7 pu(bly, 6, [Ulba, by) (ax, (y| U] ldly, ). (2.3.3)
£.0'eN

The transition amplitudes (2.3.3) of the full quantum channel might not have closed form
expressions and hence be impossible to evaluate. In view of this, we can instead evaluate
the truncated transition amplitudes by truncating the infinite summation. These truncated

transition amplitudes are the transition amplitudes of the truncated quantum channel.

2.3.2 Coupled harmonic oscillators

The approximate dynamics of coupled harmonic oscillators is still actively studied | ,
]. In our chapter, we use the model as described in Section 2.2.4. Let z, := e~ ™!

and z, 1= e ™' For j € N, define [jx) := [Ujcox): ldy) = [Vje, ) [7u) = [¥jears), and
|7v) = |¥je,v). Then the unitary operator U, has the spectral decomposition

U= Y Vauzeziz ks xe) (Fu, Xol- (2.3.4)

K,XEN

hwy
kT

effective temperature of the bath. The state of the bath with a Boltzmannian distribution

Let r = exp(—1-%) € [0,1), where kg is the Boltzmann constant and 0 < T < oo is the
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gy =Y _ri(L—=r)|6) (L] (2.3.5)

LeN

Thus p, = (1 — r) in equations (2.3.2) and (2.3.3).

Kraus operators and transition amplitudes

Using (2.3.2), the matrix elements of our Kraus operator K € &; indexed by ¢, ¢ € N are

(7K lix) = Vel £ Ut by)
kb X+l
Pe(js ! | Z 2,X 2| Ky X ) (Fus XvlJxs y) (2.3.6)

KX EN

The goal is now to find an expression for the truncated transition amplitudes for small
values of a,b,a’ and O. We first give an expression for the transition amplitude with

respect to the full Kraus set K, which is

a,b a’' b’
TP = ST (1 ) (L, ] Ub, 6) (ax, U, €,)
£,'eN
1
= =)L T2 e, o) (s Xl )
£,0'eN K, xEN
el
X (ay, Uy| Z PP 2|KU,XV>< Xl ). (2.3.7)

k', x'€N

The matrix elements in the expression above can be simplified by expressing them in
the z and y coordinates of the original oscillators. In particular, the expression above
becomes an integral of the product of rescaled Hermite functions. To simplify notion, let
Ugy = cu(“icx cosf + ’;—3 sinf) and v, , = cv(—ﬁ sin @ + ’6‘—3 cos ) denote the coordinates

of the decoupled oscillators in the basis of the original oscillators. By making appropriate
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substitutions, we have that

MyWy MmyWy .
Y~ xcosf + ysin 6
MWy mywy
myw, . M
T rsinf + =y cosb. (2.3.8)
MWy mywy

The summation indices in the transition amplitude corresponding to the full Kraus set &
in (2.3.7) are ¢ and ¢ respectively. In this chapter, we choose our truncated Kraus set to

be Q,;, where only the summation over ¢ is truncated.

By applying Mehler’s formula (2.2.13) on the variable ¢, the expression for the truncated

transition amplitude is

Wy Wy 1—7r
wyxwy \[ T(147)

Tg(;;bt ~ (@) ZZ 2 XX fla b, d U kKX X]

V<L k,x€N
k', x €N

(2.3.9)

where the path-dependent and time-independent transition amplitudes fla, b, a’,0'; ', k, k', x, X'

are

1472 Arysys
bd bl k1] = dx d ——(2—— 2)
f[av ,a,0 7R7I€)X7X] /xye[R4 X yeXp|: 2(1_7,2) Ys 1+T2 +y4

% (o (0@ (s )iba ) ) (Yo () (3e))

X Pt (Uary )V (Vg 1) U (Ui 0 ) 03 (Vi )
X Ve (U s )Ux (Vs s )0 (U )3 (V) (2.3.10)

where x = (21,22, x3,24) and y = (Y1, Y2, Y3, ys) are the rescaled position coordinates of
the system and environment oscillator respectively. The integral f can be more easily

evaluated if we express it as a product of three integrals, in the sense that

1ol gl / n __
f[aa b; a, b 7£ Ry Ky X X ] - Ia’,f’,K’,x’]b’,K’,n,xt]b,a,m,x,m’,x’,r (2311)
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where the integrals are

Ia’l’,ﬁ’,x’ = / @x,y(a/;E/)w,i/(u%y)l/)xr(vr’y) dx dy (2312)
|R2

Jb,a,n,x,ﬁ’,x’,r = /[R4 @w,w,y,z(ba a; ’r)wn(uw,y),@bx(vw,y)d}n’ (ux,z)wx’ (Ux,z) dw dz dy dZ,

(2.3.13)
and the kernels are
Ouy(657) = vi(@);(y) (2.3.14)
o 1+ 72 9 4r 5
@w,x7y,z(27]; T) = wl(UJ)@ZJ] (27) exp {—m (y — T 2 Yz + z >:| . (2315)

Now our truncated transition amplitude is still a sum over an infinite number of

integrals, and hence we intend to approximate it by the finite sum

By / ’ I—r
Alab)—= (@) _ 2R XX Fla b dl B kKL X X Huv 2.3.16
L,Nt K,EL K;N u v f[ X X]wxwy 7T(1 + 7”) ( )
- RXSN

for some positive integer N. In Theorem 2.3.1, we prove that the absolute value of the error
term by approximating the truncated transition amplitude (2.3.9) with (2.3.16) vanishes
as N becomes large while a,b,d’, b’ and L remain small. Restricting a,b and a’,b" to be
small corresponds to truncating the dimension of the input space and the dimension of the
output space respectively. The integer L corresponds to the cutoff in the truncation of the
quantum channel’s Kraus set. The proof of our theorem uses mainly the Cauchy-Schwarz
inequality, Lemma 2.4.3 and Lemma 2.4.4. The intuition behind our technical lemmas
arises from the behavior of order n Hermite functions in the oscillatory interval [—4/n, /1]
and outside of it. Within the oscillatory interval, Hermite functions have amplitudes that
vanish as n gets large. Outside the oscillatory region, Hermite functions have exponentially
small amplitudes as their arguments becomes large. Thus we construct our upper bounds

for the integral of the product of Hermite functions by performing the integration separately
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in two overlapping regions, as depicted in Figure 2.1.

Theorem 2.3.1. Let my, my,wy,wy,t > 0,k > 0 and 0 < r < 1 be real numbers, and

D,L and N be positive integers. Let C' be a constant that depends on my, my,wy, wy and
k (see (2.3.21)), and A, A, B, B be constants that depend on D and L (see (2.3.22)). Let

T(a’b)_)(a/’b/) be the truncated transition amplitude defined in (2.53.9) have approximation

A(I?]Z\),)f @b) given by (2.3.16). Then for all integers 0 < a,b,a’,b' < D,

a,b)—(a’,b") (a,b)—(a’,b")
‘TQL ¢ AL,N,t

_ [ AVAB AAB e NOP A2p eNC A2B eNC
= oV -1y T 3N5/4(N I T N5/2 (1 — e Cf2)2 + N5/2 (1 — e 0/2)2
— 2
AAB —-3NC/2 S —2NC LWy 1—
5/4 ec 2 o T VA - o2 o d (L+1).
N (1—e“2)(1—-e9) (1 —e9) wywy \| T(1+7)
(2.3.17)

Remark 2.3.2. When the ratio between the coupling constant k£ and the difference between
the square of resonance frequencies of the oscillators is small, the the rotation angle 6
(given in 2.2.18) is small, which causes C' to be very large. We call this the off-resonant
and weakly-coupled regime. In this situation, the upper bound of the above theorem is

dominated by the expression

4A%B Wy 1—r 14.7103(L + 1)ahn? [ www, [1—7
e (L+1))] < T
SL(N — 35)0 \ wywy \[ 7(1+7) (N —=3) wxwy V 147

as N becomes large (and 7; is defined as (maxo<;<; [|¥;]]1)-

Remark 2.3.3. If the parity of a + b differs from that of a’ + ¥, the approximate truncated
amplitude is necessarily identically zero for all positive integers L and N. This is a result
of a simple parity counting argument after noting that the I-type integrals (2.3.12) and
J-type integrals (2.3.13) are zero whenever the parity of the sum of their indices are odd.

Hence parity is conserved with regards to our physical model.

Remark 2.3.4. The bounds of Theorem 2.3.1 can be substantially tightened using informa-
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tion pertaining to the I-type integrals (2.3.12), which are substantially simplier to evaluate
than the J-type integrals (2.3.13). Using bounds for the J-type integrals (2.3.24), we have
that for integer N’ greater than N,

T(a,b)—>(a’,b’) A a,b)—(a’,b)

Z Z |[a’7€’,n’,x’[b’,€’,mx’B("{R/XX/)_B/z

QL,t L,Nt
0<U<L N<k,k'<N'’
N <N’
(a,b)—(a’,b") (a,b)—(a’,b")
+ ‘TQLJ — Al (2.3.18)

Proof of Theorem 2.3.1. Our goal is to obtain upper bounds on each of the integrals I and
J defined in (2.3.12) and (2.3.13). Applying the Cauchy-Schwarz inequality on |l ¢ .|

gives

(Lo i | < \//[Rz|@x,y(a’;£’)|wﬁz(uxvy)2 dx cly\//w}@w,y(a’;E’)}@Dxx(vc,;,y)2 dz dy. (2.3.19)

We similarly use the Cauchy-Schwarz inequality to obtain an upper bound of the absolute
value of (2.3.13), which is

|Jb,a,ﬁ,x,n’,x’,r‘ S\//2 |@w,x,y,z(ba a; T) |wﬁ(uw,y)2wn’<u:c,z)2 dx dy
R

X \// O w,y,2 (b, a5 7) |10y (Viny )20y (vs,2)? da dy. (2.3.20)
R2

For the purpose of using Lemma 2.4.3 and Lemma 2.4.4, define the constants

¢; = min { Ty o 9, [ sin@}
My mywy
¢, = min { My sin 9, T cos 0}
\ s mywy
C = min{1/(4c?),1/(4c3)} (2.3.21)
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and

A =174 (max ||1/)j||1) (max ||¢j||1) . A= (4.74)(2¢ )Pt/ DIDPLILE
0<j<D 0<5<L

2
= . D — -1\D 1 D
B =576 (OrgnjaggHw]Hl) , B =1(39.6)(2¢ )" DID".

(2.3.22)

Noting that sin 6 and cos § are positive by definition (see (2.2.19)), and using the definitions

of ¢1,co and C' with Lemma 2.4.3, we have that

Lo ] < \/A(R/)fs)/z _{_Aefﬁlc\/A(X/)fE)/Q + Ae—xC

(2.3.23)

and we have a similar upper bound of |y ¢ ., |. Using Lemma 2.4.4, we have that

| Joamnrl < \/ B(kk!)=5/2 4 Be~(sts)C \/ B(xx')~5/2 + Be= ()0, (2.3.24)

By expanding out the terms of the products of the upper bounds given by (2.3.23) and

(2.3.24), our upper bound on the absolute value of (2.3.11)

S VWew Wiy

‘f[a7 b7 al? bl; €I7 H? Hl’ X? XI]

where
A’B AAB .. AAB __, A’B ,
) = -k _ T Tk P —(k+R)C
Wmﬁ ) /<L5(fi'>5 + 55(5/)5/26 + 55/2(,%/)56 + R5(/€/)5/26
A’B ne AAB AAB .
—(k+£")C —(k+2r")C —(2k+K")C 2
T K572 ()52 TR T (w)572° +4

By the subadditivity of the square root function, we have that

VA2B VAAB O AAB vV A2B

/ —kC/2 v =
VWi §m5/2(f£’)5/2 + W2 (R ,15/4(,11)5/26 + K5/2(,4)5/4e
A2B e—(H+H/)C/2 + \% AAB e—(li+2f$/)0/2 + v AAB e_(2’f+’$,)c/2 +
K5/ (1 )3/1 K5/4 (K)5/4

Be—(QKH—QH/)C.

—(k+£")C/2

A2Be= (R



The summation of the above expression over x and ' can be seen as an inner product of
vectors with exponentially decaying terms and polynomially decaying terms respectively.
We hence apply Holder’s inequality for sequence spaces on the summation of the above
expression over x and k’. We thereby obtain an upper bound of the sum in terms of the
one-norm of the vector with exponentially decaying terms, and the infinity-norm of the

vector with polynomially decaying terms:

2 2y AAB e NC/2 A2B e NC
—5/2 —5/2
D VWer S\/AQB<Z X ) LT (Z X >1 — R NP (1 —eC/2)2
X>N

K,k >N X>N

A2RB e~ NC o9/ AAB e—3NC/2 5 e—2NC
+ N5/2 (1 _ 6—0/2)2 + N5/4 (1 _ 6—0/2)(1 _ e—C) + (1 _ 6—0)2'

Now the integral [ #7%/?dx is an upper bound of the sum Y"%. y X ~*/? by the convexity
: >

of the integrand. Hence Z;OZN X572 < %(N — %)*3/2, and we can subsitute this bound

into our upper bound of the square of Zn,n’z ~ Wi summed over the index 0 < ¢ < L to

get the result. O

2.4 Bounds on Hermite functions

This section provides the main technical lemmas that are used to obtain error bounds on
our approximation to our truncated transition amplitudes. The main technical tools that
we use in this section are Alzer’s sharp bounds on the gamma function | | and bounds
on the Dominici’s asymptotic approximation of Hermite functions with error estimates by

Kerman, Huang and Brannan | ].

Lemma 2.4.1. For all positive integers n and reals x € [—+/n,\/n], we have |, (z)| <
1.74n=%/4,

Proof. This proof combines Alzer’s sharp bounds on the gamma function | ] with

uniform bounds on the envelope of the Hermite functions in the oscillatory region by
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Kerman, Huang and Brannan | |. Using Kerman, Huang and Brannan’s result (see
equation (2.1) and (1.4) in | ]), for x € [—/n, /n| we have

mﬂ_—l/42—n/2

x —3/4 n-
@)l < 2 e T

Alzer’s sharp bounds for the gamma function are that for all n > 0,

L(n+1) <1+—1 n’

\V2mn (%)n (nsinh %)R/Q 1620

1<

Note that for real n > 1, we have 1 < (n sinh %)n/Q < 1.085. Hence we have that for

positive integers n,

VT _ V/ V2T (2)" (L085) (1 + 1)
F(g—i—l) \/ﬁ<£)n/2

2e

< 0.9308(2"/2)n"1/1,

Hence Kerman, Huang and Brannan’s upper bound on the envelope of the Hermite function
for z € [—y/n,/n] and n > 1 becomes

—1/A27/2 /T (n+ 1)
NCERYCESY

nt < 1.74n%4,

()] < 2744350
O

The next lemma provides a rather coarse upper bound on the absolute value of the

Hermite function, with maximum utility in the monotonic region of the Hermite function.

nln® —22/4

Lemma 2.4.2. For all reals [z > 1 and integers n > 0, we have |1, (x)| < 2"/ Zi=e

Proof. Using the Maclaurin decomposition of the Hermite polynomial H,(z) [ ], we
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get

x2/2 onn,
onn l LS

’n —x2/2'

[¥n ()] < nln(2]z])" ”\iv

on\ /2
It is easy to verify that sup{|z|"e *"/*} = ( n) . Hence when |z| > 1,
z€R e

n
nln™ .,

nla)] < 2| e

O

Lemma 2.4.3 provides upper bounds on the one-norm of the product of Hermite func-
tions in terms of the order of the Hermite functions, and is crucial in obtaining upper

bounds on our error estimates.

Lemma 2.4.3. For real numbers a,b # 0, let ¢ = min(|al, |b|). Let j,k,n € N and n > 1.
Then

(L.74%) |11 [ | vk [JKLIRE k'ﬂkk &2
/[Rz n(az + by)QWJ(;U)qpk(y)‘ dxdy < n5;2 1 1 I (4.74)234-16 e n/(8c)

Proof. We split the region over which the integral is performed into two overlapping regions
Ay and As (see Figure 2.1), where

Ay ={(z,y) : laz| + by| < v/n}

and

Ay ={(z,y) : 2* +9* > T\/;nc}

Then using the Charlier-Cramér bound | ] which states that sup,, ,, [t ()| < 2552

and the uniform upper bound of the envelope of the Hermite polynomial in the oscillatory

Y
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NNGA
9,
Q

Figure 2.1: The area inside the square corresponds to the region A; (where |1, (az+by)| <
1.74n75/%), and the area outside the circle corresponds to the region A, (where all Hermite
functions decay exponentially).

region as stated in Lemma 2.4.1, we get

/[R? l/)n(a:r + by)Qle (x)wk(y)| dxdy

1.742 1.0864352
</ ) dedy+ [ S )] dedy

The integral of |1);(x)yy(y)| over the region A; is at most

(L74) [ [ Il

n5/2

Using the exponential upper bound of Lemma 2.4.2, the integral over the annulus region
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Ay is at most

, —
1.086435 itk j'ljlf;jkk / e~y
& v
_L 0864352 j! k"ﬂkk re="4 g
eﬂ+k7r
4 k1 i ke
—1.086435223”““@ (2e7 ‘802))-
&

Combining the upper bounds for region A; and A, then gives the result. O

The following lemma is needed to obtain upper bounds on the absolute value of |Jy 4 x x4/ ' 1]+

and is similar to the preceding lemma.

Lemma 2.4.4. Let 0 # a,b € R, ¢ = min(|a|, |b]) and j, k,n,n" € N where n,n’ > 1. Then

(@t + byt (a2 + b2)*Oy (G, ki) dardy

R2

0T 6“%” IR ok JJRUTRY s

Proof. We split the region over which the integral is performed into two overlapping regions

A; and Aj (just as in the proof of Lemma 2.4.3), where
Ay = {(w,z,y,2) : [aw| + by < v/, |az| + [bz] < Vn'}

and

/
Ag:{(w,a:,y,z):u}2—|—y2>ﬂ 24+ 22 > Vi

Voo Voo

Then using the Charlier-Cramér bound, Lemma 2.4.1, and Lemma 2.4.2, we get

G (aw + by) 2 (0 + 2)21O g (G, i 1) o da dy dz
[RQ

1.086435*

1.744 ‘ |
S/A o )5/2|@wzyz(],/€ ;)| dw dx dy dz + /A — Owwy.:(J, k)| dw de dy dz.
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Now observe that we can express the kernel ©,, ., .(j, k;7) as

-
1—1r2

Oy i) = 204 [_ v z)z] 05 (w)s (@)

and hence the absolute value of our kernel has an upper bound that factorizes, in the sense
that

. _ 1.2 22
(O (s ks )] < €72V by (w)n ()],
Hence the integral over the region A; is at most

L74%2m) ||| ][4l
(nn’)5/2 ’

The upper bound on the kernel also allows us to find that the integral over the region A,

4 il 37 fok
L086435" ;. [ 7'k jik e~ (WA 3Py d dy d
T eItk
1.086435* . V! jikk
gty [T (o) e~/ dry e " dr,
3/2 eitk N < V!
Tl,ﬁ 7'2,\/§C
_ 1.0864?;?;1(%)2 Jiik [k jl]{;k‘ Jo- () /(52
>~ T ed+
<(39.6)27"%4/ LRy j,f e~ (/6.

Combining our upper bounds on the integrals in the regions A; and A, thereby gives the

1S at most

result. O
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2.5 A case study: Off-resonant weakly coupled oscil-

lators

In this section, we perform a case study of the dynamics of our physical model when the
oscillators are off-resonant and weakly coupled. In agreement with the standard results of
perturbation theory, we find negligible amplitude damping in the truncated dynamics of

our system. Moreover, we show that leakage error is the dominant error process.

2.5.1 Parameters of the physical model and the truncated chan-

nel

The amount of truncation in our truncated channel is quantified by the parameter L = 2,
and the order of our approximation to the truncated channel is quantified by the parameter
N =6 (see (2.3.16) for the definition of the truncated transition amplitudes). We restrict

the analysis of our truncated channels to a 4-level system by setting the parameter D = 3.

Table 2.1 shows the parameters used for our physical model. We use the SI units.
The output parameters are numerically computed using floating point numbers with 1024

bits of precision, and are shown up to ten decimal places. For our choice of parameters,

Input parameters Output parameters More bounds
My 1079 (kg) wy | 1000499.8750624610 (Hz) | ||vollr | < 1.882792528
my 2 x 107% (kg) wy | 10000024.9999687501 (Hz) | ||¢1]]1 | < 2.1245038641
W0 10° (Hz) wy | 1001004.5438332595(Hz) | [[2]]1 | < 2.2853242243
Wy o 107 (Hz) wy | 10000025.0001779494 (Hz) | ||v3]]1 | < 2.4102377590
k 100 (7 10000025.0001779494
r 0 Usg 0.0000031958
Uy -0.0000451621
Uy 1.0000000000

Table 2.1: We tabulate the important parameters of our physical model. Here, wuy, us, v1
and v, are defined implicitly in the equations u,, = wz + usy and v,, = V12 + voy (see
(2.3.8)). Also note that [, := [ [¢n(2)|dz.
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the positive constants AAB, A2B, A2B, AAB, A2B < 10728, and are negligible, and hence
Remark 2.3.2 holds.

2.5.2 Approximate dynamics of the truncated channel

We numerically evaluate approximate truncated transition amplitude (2.3.16) correspond-
ing to the transitions within the lowest energy levels of the system. The evaluation of each

—(a’b)

such approximate truncated transition amplitude Agféljg is a sum of 7203 terms for

our choice of L =2 and N = 6.

We obtain the corresponding error bounds of our approximation from Remark 2.3.4
with N/ = 15. The error of each of our approximate truncated transition amplitude is at
most 0.00084 — a negligible amount. We plot magnitudes of the non-negligible truncated

transition amplitudes in Figure 2.2.

Numerically, we find that the non-negligible terms of Ag?éljgﬁ(a/’b/) have values of 0 <
a,b<1and 0 <d,b <3 that satisfy the relation
"—a b —b
— €z (2.5.1)

2 72
The above relation holds for two reasons. First, the conservation of the parity of all
truncated transition amplitudes as stated in Remark 2.3.3 implies that the parity of a + b
equals the parity of a’ + ¢/. Second, the other negligible transitions are in agreement
with the results of using pertubation theory on off-resonant and weakly coupled harmonic
oscillators. Also note that the negligible damping from the first excited state to the ground
state of our truncated channel suggests that the coupled oscillator model is inconsistent

with the phenomenon of amplitude damping | ] even at zero temperature.

The Choi-Jamiolkowski (CJ) operator of the finite input and output dimension channel

® with Kraus set £ is the linear operator

vo = DK (K[ =33 (Z KK) e d) (ke Bl (25.2)

KeR 53" kk \KEeR
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where the linear map |-)) : L(H,K) — K ® H is a stacking isomorphism such that

2y

| Z aijlic) Gul) =Y aijlix) i)

We now construct a quantum operation A to approximate the truncated channel N.

Abbreviating our approximate truncated transition amplitudes as Agpery = Ag‘fgjﬁ(“"”')

Y

our approximation to the CJ operator of our truncated channel is

AOOOO AOOOQ AOlOl A0103
AOOQO A0022 A1012 A0123

X = (2.5.3)
Ao Atz A Ains

A1030 A1032 A1131 A1133

where the bases labeled by the rows and columns are |0,0), |2,0), |1,1), |3,1) and (0, 0],
(2,0], (1,1], (3, 1| respectively. The first and second entries of our bras and kets correspond
to the output and input Hilbert spaces of the truncated map respectively. We plot the
absolute value of some of these non-negligible matrix elements in Figure 2.2.  Let x have
spectral decomposition x = 32| A\ A:) (Ai| where |\;) (\;] are orthogonal projectors and the
eigenvalues )\; are in non-increasing order '. For \; > 0, let A; be the image of the inverse
map of the linear operator |-)) acting on v/A;|\;). Numerically diagonalizing the matrix
x shows that it has only one dominant eigenvalue. Hence we use the quantum operation
A(v) := AjvAl to approximate the truncated channel N where A; = /A1 (ko|0)(0] +
k2|2) (0] + k1| 1) (1| + k3|3) (1]) and |A1) = kol0, 0) + k2|2, 0) + k1|1, 1) + k3]3, 1). Observe that
for 4,5 € {0,1,2,3} we have

A1) = A (Reli) + kel +20) (k5] + k405 +2])- (25.4)

IThe matrix x is symmetric and hence has real eigenvalues.
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Absolute Values of Approximate

Truncated Transition Amplitudes A(fg?_’(a"b')

aggye)

(0,1)-(0.1)
‘Az,é,z

(1,1)=(1,1)
‘Az,é,:

0.5

e [Ala )
A0

(1,1)=(3,3)
‘Al,é,z

0,0)-(2.2
A5

Figure 2.2: Absolute values of approximations to our truncated amplitudes are depicted
for our model with parameters given by Table (2.1).

Leakage error

Leakage error, a dominant process of our model, occurs when low energy states transition
into higher energy states within the quantum system. We derive lower bounds on the
minimum amount of qubit leakage in our system, when the quantum channel is ®; with
Kraus set R given by (2.3.2). For qubit leakage to occur, it suffices to have the strict

inequality

o0

Leakage(®;, p) := » (ix|®:(p)]ix) > 0, (2.5.5)

=2
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for some density operator p supported on the span of |0y) and |1y). The above expression

quantifies the amount of leakage from the qubit state space of our system.

We proceed to obtain a strictly positive lower bound on Leakage(®y, p). If &, = N+ M
for some completely positive maps N and M, then the complete positivity of N' and M
implies that Leakage(®,, p) > Leakage(N, p). Hence it suffices to obtain a lower bound for
Leakage(, p). For our application, A is our truncated channel.

Assume that the initial state of the system is p = 3 (|0x) (Ox|+|1x)(1x]), the maximally
mixed state in the qubit space. Then the leakage of the truncated channel N is at
least 1<T§(z(l’2)_>(2’2) + Tg(ll 1)=(3,3) ) Thus we have that Leakage(N, p) <|ALNt ’2)‘ +

’ALNt 33)|> — 2¢ where € is given the upper bound in Theorem 2.3.1. In view of the
data given in Figure 2.2, the amount of qubit leakage can actually be quite substantial.
In particular, when t = 5 x 107%, the amount of leakage of ®, is at least 0.4 which is

substantially larger than zero.

The large amount of leakage from our qubit state highlights the importance of account-
ing for transitions of low energy states into excited states in oscillator systems, and also

the problem of using the lowest two energy eigenstates as a basis to encode our qubit.

Quantum error correction versus no quantum error correction

We consider a universe with four harmonic oscillators X, Xs, Y, and ),. We identify
the oscillators X} and X5 as x-type oscillators and the oscillators ), and )s as y-type
oscillators, with their parameters given by Table 2.1. Assume that there are only Xj-
YV, couplings and A5-)5 couplings in our universe. Suppose that a maximally entangled
two-qubit state is initialized in the X} and A5 oscillators supported on their two lowest
energy levels. We assume that the oscillators ), and )» are initialized in the ground state.
We obtain a lower bound on the fidelity of the time-evolved states when instantaneous,
identical and independent recovery operations are performed on oscillators X; and AXs.

Denoting our truncated channel and recovery channel on a single system oscillator by A
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and R respectively, our lower bound on the output fidelity is
fr =(2[(ROR) o (N @N)(|2)(2])|®), (2.5.6)

where |®) = (|0x,,0x,) + |12, 1x,))/v2. We now proceed to obtain a lower bound on
the entanglement fidelity of our time-evolved maximally entangled state, with and without

recovery. The maximally entangled state on two qubits written as a density matrix is

)@= 3 il (257)

i,5€{0,1}

By linearity, the action of our truncated channels on the maximally entangled state gives

(N @N)|®) (P Z N3G @ N (i) ()). (2.5.8)

z]E{Ol}

Let us denote the error of the truncated transition amplitude of A;;;; to be €;;; so that

N N)[Q)(P Z N([#)(5]) @ N (|2} (5])
1]6{01}
1 N
=3 > (A + i) (Aijings + €aings) i1, 12) (n, Jo| - (2.5.9)
1,7€{0,1}

ilvjl 6{0717273}
i27j2e{0717273}

If we perform no recovery operation, R is just the identity map Z, and we have
fr = (2N @N)(|){2[)|®)

=@ | Y Nlix) ) @ Nlin) () | [2)/2 (2.5.10)

(4,5)€{0,1}
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Dropping the labels on the Hilbert spaces of our bras and kets, we can use (2.5.9) to find
that

1
1 .
=1 > (Agigy + €jing)(Aijings + Eijings )i, i2) (i, o (2.5.11)
1,5€{0,1}
i1,51€{0,1,2,3}
i2,j2€{0,1,2,3}
>1(A2 + A3+ Al + Algro) — 8(2¢ + €2) (2.5.12)
=4 0000 1111 0101 1010 e

where ¢ < 0.00084. Note that A%, + A%, can be negative. Equation (2.5.12) gives a
lower bound for f;, which is the fidelity of our initially entangled state after time ¢ if we
are to use no quantum recovery operation. We plot the lower bound for f; in Figure 2.3.

An upper bound for f; can similarly be obtained from (2.5.11).

The Barnum-Knill recovery operator RBK | | and the Tyson-Beny-Oreshkov quadrat-
ic recovery operator | , | are near optimal recovery operators defined with
respect to a quantum operation A and a state p, and are equivalent when A has only
one Kraus operator. For our application, we study the Barnum-Knill recovery, with
p = (]0)(0] + |1)(1|)/2 and quantum operation A approximating the truncated channel
N. Our choice of p shows that our quantum information is encoded in the trivial quantum
code (no encoding). For our application, the Barnum-Knill recovery operator which is also

a quantum operation is defined as
REE(v) = AT(ALAD) V2 (A4, A1) V2 4y (2.5.13)

where (A4; AT)71/2" is the square root of the psuedo-inverse of the operator (4;A!). When

we use the Barnum-Knill recovery operation RBX, the fidelity of recovery is

Ao + [As| + [ \4] 1 9
1 — 4(26+6 ).

(2.5.14)

fex = (2[(R"* @ R%) o (W @ N)(|2)(D[)]®). = AT —

39



We plot lower bounds of the fidelity with and without Barnum-Knill recovery in Figure
2.3, and demonstrate that a fidelity of more than 60% is still possible in spite of the leakage

error and the use of truncated quantum channels in our analysis.

1

0.5

1 > 3 g

Figure 2.3: Lower bounds on the fidelity of an entangled state without recovery f7 (dashed
line) and with Barnum-Knill recovery fgk (solid line) are plotted with respect to time.

2.6 Discussions

The system we consider is described by a quantum harmonic oscillator coupled through
a spring-like interaction to another initially decoupled harmonic oscillator. We provide
approximations to the truncated transition amplitudes of such a system. The converging

error bound of such approximations is our main result. Properties of the integrals of
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products of Hermite functions lies at the heart of the proof. It is also worth noting that

any ensemble of harmonic oscillators with spring-like coupling can be analyzed similarly.

We also show numerically that in agreement with intuition from perturbation theory,
when the oscillators are off-resonant and weakly coupled, amplitude damping is a negligible
physical process. We also use our truncated channel representation to show that qubit
leakage can be a dominant physical process, and how Barnum-Knill recovery can help
protect a maximally entangled state stored in two oscillators each coupled independently
to distinct zero-temperature harmonic baths, in the paradigm of off-resonant and weak

coupling between the system and a zero temperature bath.
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Chapter 3

The Perturbed Error-Correction
Criterion and Rescaled Truncated

Recovery

3.1 Introduction

Quantum information, when left unprotected, often decoheres because of its inevitable
interaction with the environment. The field of quantum error correction arose from the need
to combat decoherence in quantum systems, and treats the decoherence as a noisy quantum
channel. An important problem in quantum error correction is that of determining the
utility of a given code with respect to the noisy quantum channel. The quantum error
correction conditions of Knill and Laflamme | | are equations from which one can
determine whether a quantum code is entirely robust against a given set of Kraus effects
of the noisy channel. The Knill-Laflamme conditions lie at the foundations of Gottesman’s
stabilizer formalism | | from which quantum error correction codes are designed and
studied.

In this chapter, we revisit the approximate error correction of finite dimension codes

via a perturbation of the Knill-Laflamme conditions. We derive a computationally simple
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lower bound on the worst case entanglement fidelity of a quantum code, when the truncated
recovery map of Leung et al. | ] is rescaled to guarantee its validity as a quantum
operation. Our lower bound arises from repeated application of the Gershgorin circle

theorem on the relevant matrices.

The simplicity of our bound comes at a price — we do not have the near-optimal
guarantees that the methods of Barnum-Knill | | and Tyson-Beny-Oreshkov | :
, | yield. However in this trade-off, we are able to construct a family of
multi-error correcting amplitude damping qubit codes that are permutation-invariant.
We thereby demonstrate an example where the specific structure of the noisy channel
allows code design out of the stabilizer formalism via purely algebraic means, as op-
posed to optimization techniques | , , , ] and other approaches
[ , , ]. Our qubit permutation-invariant codes also extend the existing
theory of qubit permutation-invariant codes | , , , ]; while no
qubit permutation-invariant code corrects arbitrary single qubit errors, there exist qubit

permutation-invariant codes that correct multiple amplitude damping errors.

3.1.1 Organization

In Section 5.2, we introduce notation and concepts needed for this chapter, including
quantum channels, quantum codes and the entanglement fidelity of a code. In Section
3.3, we address the perturbed Knill-Laflamme conditions, revisit the Leung et al. recovery
map and determine using Lemma 3.3.3 when the Leung et al. recovery can be rescaled to a
quantum operation. In Section 3.3.3, we prove our algebraic lower bound on the worst case
entanglement fidelity (Theorem 3.3.4). Finally in Section 3.4, we apply our lower bound
to construct a family of qubit permutation-invariant codes that correct multiple amplitude

damping errors (Theorem 3.4.3).
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3.2 Preliminaries

For any integer k and non-negative integer ¢, define the falling factorial k) to be

l

ke = [ J(k —1).

=0

For all integers n, k where k > 0, define the binomial coefficient (Z) = n/kl

3.2.1 Quantum channels

For a complex separable Hilbert space H, let B(H) be the set of bounded linear operators
mapping H to H. Define the set of quantum states on Hilbert space H to be ©(H) where
D(H) is the set of all positive semi-definite and trace one operators in B(H). For any
subspace C C H with orthonormal basis Be, define ©(C) to be the set of all elements in
D(H) that are invariant under conjugation by the projector II = Z| 8)cBe |B)(B].

A quantum operation ® : B(H) — B(H’') is a linear map that is completely positive
and trace non-increasing. A quantum channel ® is a trace preserving quantum operation.
In this chapter, the Hilbert spaces H and H' are always isomorphic. A quantum operation

O B(H) — B(H) can always be expressed in the Kraus representation | |:

O(p) =Y ApAl, 13> > ATA

AcRy AcRy

where p € B(H), Re C B(H) is a set of Kraus operators of quantum operation @, and 1y

is the identity operator on complex Hilbert space H.
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3.2.2 Quantum codes and Entanglement Fidelity

Define the minimum eigenvalue of a finite dimension Hermitian matrix H restricted to

subspace C to be

Muine(H) = min (3[H|). (3.2.1)
(BIB)=1

The entanglement fidelity of a state p with respect to the quantum channel N is

F(pN)= ) |Te(Bp)[* (322)
Befn
where the set of Kraus operators of N is 8y [ ]. The entanglement fidelity of a state

p with respect to the quantum channel N' = R o A quantifies how well the entanglement
consistent with state p is preserved when the noisy channel is A and the recovery map is
R.

3.3 Rescaled truncated recovery

In this section, we analyze the performance of the rescaled truncated recovery map. Firstly
in Section 3.3.1, we study the diagonalization of the Knill-Lalamme conditions. We next
analyze the rescaling of the truncated recovery of Leung et al. | | into a quantum

operation. In Section 3.3.3, we prove Theorem 3.3.4, the main result of this chapter.

3.3.1 The perturbed Knill-Laflamme conditions

In this subsection, we apply the canonical procedure | | to diagonalize the error
correction perturbed Knill-Laflamme conditions. We also introduce notation that is used
both in the statement and the proof of Theorem 3.3.4. We start by introducing the following

notation.
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N1. Let the M-dimension code C be a subspace of the Hilbert space H with projector 11
and orthonormal basis Be. Let A : B(H) — B(H) be a quantum channel with truncated
Kraus set €.

Using the notation of N1, define an orthonormal basis {|E) : E € Q} C C/ labeling
the effects in Q2. For all A;B € Q and |«), |5) € Be, define

(A B, |0}, 18)) := (a|ATBIB) — ga B (3.3.1)

to quantify the perturbation to the Knill-Laflamme condition, where

1
o T
gan=7- ) (BIATB|A). (3.3.2)
|8)eBe
Define the Hermitian matrix
G:= Y gaslA)B] (3.3.3)
A BcQ

The hermiticity of G implies the existence of a unitary matrix V and diagonal matrix D
such that

V=Y uvgrE)F| (3.3.4)
E FeQ
D :=VGV' =) dg|E)(E| (3.3.5)
EcQ
which implies that
Z VE FUp pJF ¥ = dEOE B - (3.3.6)
F.F'cQ
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For all A € (), define the transformed Kraus operators

A=) wapF. (3.3.7)

FeQ

Substituting (3.3.6) into (3.3.7) gives

(| ATB|B) = dada B0y s + €(A, B, |a), [8)) (3.3.8)
where
dAB,[a),18) = > (vApver)e(F,F,|a),[8)). (3.3.9)
F FeQ

Equation (3.3.8) gives the ‘diagonalized’ form of the perturbed Knill-Laflamme conditions.
The transformed error is quantified by (3.3.9). Let €|4y,5) := maxa Beo ’E(A, B, |a), |ﬂ>>

Then the Cauchy-Schwarz inequality and normalization of the rows of V implies that

|E(A,B, |Oz>, |ﬁ>)| S Z ’UZ,F’UB,F|€\04>,\B> S |Q|€‘a>7‘/g>. (3310)
FF'ecQ

3.3.2 The Leung et al. truncated recovery

The truncated recovery of Leung et al. | ] gives an algebraically simple lower bound
on the entanglement fidelity of a code with respect to a noisy channel, under certain
assumptions on the noisy channel and the quantum code. To understand this truncated

recovery, we need the following notation.

N2. We use the notation of N1. For all A € Q, define Il := UATTUAT where Uy is
the unitary in the polar decomposition AIl = UaVIIATAIL Define the completely positive
but not necessarily trace preserving linear operator Rac : B(H) — B(H) where for all
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1€ B(H),

RQ’C(IM) = Z RA/LRR, RA = ULHA (3311)

AeQ

Without loss of generality, we pick € such that VIIATAII is never the zero operator.

We call the completely positive map Rqc a truncated recovery map, because (2 is a
truncated Kraus set of the quantum channel A. The truncated recovery map Rq is also

a quantum operation when the projectors II, in N2 are orthogonal, that is
IIAIllg = HA(SA,B VA,B € Q. (3.3.12)

Lemma 3.3.1 (Leung et al. | 1). In the notation of N1 and N2, for any p € D(C),
the bound 3" 5 .o, ITH(RAAD)? > 3 2 c Aminc(ATA) holds.

Proof. For A € (), define pup := )\min,c(ATA) and the positive semidefinite residue operator
A = VIIATAIL — /uall.

Substituting 7w into the polar decomposition of AIl gives

ATl = U, VIIATATI
= UA(V ITATAII — \/,MAH + \/,MAH)

= UA(WA + \/;L_AH)
— Un(ma + iialy )IL (3.3.13)
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The spectral decomposition of p in the basis Be and equation (3.3.13) imply that

2

ST RAAD = Y| Y oy (BRAAIB)

AcQ AcQ ||B)eBe

=S pi(BIIUL)(Ua(iialy + 7a)D)|3)]| - (33.14)

AcQ) ||B)eBe

Using T1|8) = |8) and UL Ua = 1y, (3.3.14) becomes

Z( > vy (Bl(Vialy + wA)m))Z.

AeQ |B)eBe

Moreover w4 is positive semi-definite, hence the above expression is at least
Z( > pip(BI(Vialx)|8) ) > ha.
AcQ |BYeBc AcQ
O
Leung et al. proved that when the orthogonality condition (3.3.12) holds, the truncated

recovery map Rqc is also quantum operation, and thus Lemma 3.3.1 gives a lower bound

on the worst case entanglement fidelity. We detail this in Lemma 3.3.2.

Lemma 3.3.2 (Leung et.al. | ]). We use the notation of N1 and N2. Suppose
that (3.3.12) holds. Then the truncated recovery map Rac is a quantum operation and

min F.(p,RacoA) > > Aminc(ATA). 3.3.15
Jnin, (P, Rac AZE;) c(ATA) ( )
Proof. Observe that
> RLRA =) HAULULI =) 1. (3.3.16)
AcQ AcQ AcQ
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Orthogonality of the projectors 11, implies that

<Z HA> (Z HA/) = Y Tabaa = » Ta. (3.3.17)

AeQ A’E€Q AAEQ AeQ

Hence ), .q RRRA is also a projector. The map Rq is also completely positive, that is
ZAeQ RApRR > 0, because URpUA > 0 which implies that RApRR = HUR,OUAH > 0.

Obmitting non-negative terms in the sum pertaining to the entanglement fidelity, we get

Fu(p,Raco A) =Y | Tr(RaAp)|*. (3.3.18)
AcQ

Applying Lemma 3.3.1 gives the result. O

Rescaled maps have been used in the study of near-optimal quantum recovery oper-
ations, including the Barnum-Knill recovery map | ] and the Tyson-Beny-Oreshkov
quadratic recovery map | , |. In the notation of N1 and N2, the completely
positive map Rq ¢ might increase trace and hence not be a quantum operation. Fortunately

a bounded Rqc can be rescaled to the quantum operation Roc, = (1 + 7)) Roc.

Lemma 3.3.3. Using the notation of N1 and N2, let n > |Q|* maxapeo HHURUBH‘L.

Then Rocn 15 a quantum operation.
Proof. 1t suffices to show that HZAEQ RTARAH < 1+ n. First observe that
2
> RLRa =) TAUAURIA =) T4
AcQ AeQ AcQ
The projectors I, may not be orthogonal, so

(AZGQ RLRA>2 (Y m)(Y ) = Y UanulUsnUj

AcQ) BeQ A,BeQ

=) Ia+ Y UalIU,UplIUL
AeQ A#£BeQ
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and hence

(X rama)
AcQ

.t Q] max HHURUBHHQ.

2
- R R <H RLR
2 HZ A Az_ Z ATMA A#BcQ
AcQ AeQ)

Let € = H E RLRAH — 1 > 0. Then substituting ¢ and 7 into the above inequality gives
2
AcQ

I1+2+E&<1+e+n,

which implies that ¢ < 7. Hence Hz AcO RLRAH < 1+ 7, and the completely positive
2

map Rg,cm is a quantum operation. 0O

3.3.3 Algebraic lower bounds on the worst case entanglement
fidelity

Here, we prove algebraic lower bounds on the worst case entanglement fidelity of a code
using a rescaled truncated recovery map, given partial knowledge of the noisy quantum

channel. Our main technical result is the following:

Theorem 3.3.4. Let the M-dimension code C with an orthonormal basis Be be a subspace
of the Hilbert space H. Let A : B(H) — B(H) be a quantum channel with truncated Kraus

set Q. Define G = Y, gcggap where gap = ﬁZm)eBCW‘ATBW% and suppose that
Amin(G) > 0. Suppose that for all Kraus effects A, B in the truncated Kraus set Q) and for

all distinct orthonormal basis vectors |a), |B) € Be,

9a.8 — (a|ATB|o)| < ¢, [(a|ATB|B)| <. (3.3.19)

Then the minimum entanglement fidelity of our code C with respect to the noisy channel
M|QPe\ ™"
A is at least (Tr G — M|Q|?%) <1 + #(lcj))
The proof of Theorem 3.3.4 follows from the direct application of Lemma 3.3.3 which
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gives us the important properties of our rescaled truncated recovery, and the repeated

application of the Gershgorin circle theorem.

Proof of Theorem 3.3.4. From (3.3.1), we have

— Z (AB|a |a)):O

‘Oé EBC

which implies that
1
e(A B, |a), |a>> -

M
|y €Bc
1
Hence )\maX(HATAH Z a]ATA|a > da which is at least Ay (G).
|a>€l3c
Applying the Gershgorin circle theorem on the matrix TIA'BII with the error estimate
(3.3.10), we get Amax (ITATBII) < M|Q|e for distinct A, B € Q.

For distinct A, B € ), let AII and BII have polar decompositions All=U AV ITATAIL
and BII = UiV IIBIBII respectively. Then

MA'BII = VIIATAIIUL U VIIBIBIL = VIIATATI(ITUL UIl) VIIBIBIL

Hence by the sub-multiplicative property for norms, ||HU%U]§H||2 is at most

Hence by Lemma 3.3.3, the map Rqc,, is a quantum operation whenever n > % B

the Gershgorin circle theorem, Apinc(ATA) is at least da — M|Q]e, and hence

-1 IITATBII| 5 MIQe
< <

2 min /\maX(Hfoﬂ) T Amin(G)
Fe{A B}

[IBBII

—— -1
ITATATI
2

> Aminc(ATA) >3 " (ds — M|Qfe) = Tr D — M|Q?e = Tr G — M|Q%.

AcQ AcQ

Use of Lemma 3.3.1 then gives the result. O
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Under stronger assumptions on the set of conditions the truncated set of our noisy

channel must satisfy, we can obtain the following corollary.

Corollary 3.3.5. Lett be a positive integer, and v > 0 be an error parameter, and assume
that the requirements of Theorem 3.5.4 hold with ¢ = ~v**1. Suppose that every A € Q is
of order O(~*2) for some non-negative integer sa < t, and all Kraus effects not in € are
of order O(v'™1). Then the minimum entanglement fidelity of the code C with respect to
the noisy channel A is at least 1 — O(y'T1).

Proof. Note that TrG = 1 — O(y'™), and A\pin(G) = O(7') # 0. Substitution of these

parameters into Theorem 3.3.4 gives the result. O

3.4 Application: Permutation-invariant amplitude damp-

ing codes

In this section, we apply Theorem 3.3.4 to prove the existence of family of multiple

amplitude error correcting permutation-invariant codes.

First we define permutation-invariant codes encoding a single qubit. Define P, , to

be the set of all length m binary vectors of weight a, and the corresponding permutation-

m

~1/2
invariant qubit states to be |Ppna) = > cp |X>< ) . The permutation-invariant

a
codes we consider have the logical codewords |jr) := > " \/Aja|Pm.a) where j € {0,1}

and |jz) are linearly independent. Moreover the non-negative weights \;, are normalized
so that D" Aj, = 1.

Now we introduce notation relevant to the amplitude damping channel. The amplitude
damping channel A, has Kraus operators Ay = |0)(0] + /T —~|1)(1] and Ay = \/7|0)(1],
where the non-negative parameter v < 1 quantifies the amount of amplitude damping of
A,. We denote the Kraus operators of AS™ by Ay := Ay, ®...@A,,, wherek = (ki ..., k)

is a binary vector. For positive integers ¢, we say that a code C is a t-amplitude damping

m )
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code (or a t-AD code) if there exists a quantum operation R such that

max (1 — F.(p, R o AZ™)) = o(7"). 3.4.1
Jnax (1= Fe(p 7)) = o) (3.4.1)
The recovery operation that we use in this section is the rescaled recovery map of Leung

et al.

For all i € [m], let H; denote two-dimension complex Euclidean spaces, which is the
i-th qubit space in a block of length m. Given a subset S C [m], we use |1))s to denote a
state |¢) € @ Hi. Let S := {i € [m] : i ¢ S} denote the complement of S with respect to

i€s
[m]. Let an indicator vector Jg be a length-m binary vector with components equal to 1
on the indices indexed by S and zero everywhere else. Let k = Jg where S has a size of k.

Then we have

[SIE

i) = VI VANTT (1) s B s (42

xerfk,afk

Let S’ be another subset of [m] with size k', and let k' = Jg. Now observe that

m—wugo (3.4.3)

> Ole@lsloslols. =dra ("

xlepm—k/,a’—k’
C'76Pm—k,a—lc

where 0 < a—k <m—|SUS’|. Hence if \;,a =0 for all j € {0,1} and for all integers
a ¢ [k,m —k — k'] we can apply (3.4.3) to get

m\ [ m
a)\a
)\j/,a+k/—k)\j,a \/W(l . ’Y)G_k <m - |S Us |) . (344)

(ot ) ()
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a—Fk
a=0 a’=0

7 v m—|SUS
VARV (L =) =F (1 _'7>a_k5w—kﬁa—k<: | ’)

[
NE

o
Il
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The expression (3.4.4) allows us to deduce algebraically sufficient conditions on \;, where
the matrix elements of (j L|ALA1(/| jr) are approximately equivalent to the matrix element
94y, A, » Which is the essence of Lemma 3.4.1. Lemma 3.4.1 is in turn one of the key technical

lemmas to show the existence of t-AD permutation-invariant codes.

Lemma 3.4.1. Let m and t be positive integers, with m >t. Let \j, = 0 for all integers

be (m—t,m]andj € {0,1}. Further suppose that for all non-negative integers ¢ <t and

(< 2t, we have
= m—0b\ (b & m—0b\ (b
(") () -5 ("))
b=0 b=0

Let k and kX' be binary vectors of equal weight k where k <t. Then
(0L AL A |0L) = (10| Af A1) + O(*F).
Proof. For non-negative integers m, k, b, ¢ such that b < m — ¢ and ¢ < k, we have

() ) ey oy e s
8 (km)m(c)

b
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Using the identity (3.4.5) with (3.4.4), we get

W)

Hence the coefficient of v#** in the expression above is

() (B () ()

By the assumption of the lemma, the desired result follows. O

We also need the following combinatorial lemma:
Lemma 3.4.2. Let t be a positive integer. Then for any non-negative o <t + 1 we have
t+1
t+1Y). ;
> (“Tee=o
i=0 !

Proof. Let g(x) := (1 — x)'*! so that ¢ (z) = (t + 1))(1 — 2)*17* and ¢(*)(1) = 0.
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Substituting x = 1 into the expansion
@) =3 (") i,
=0
we get the binomial identity
ti (t J; 1) (—=1)% @) = 0. (3.4.7)
i=0

We prove our lemma by induction on «. The binomial identity (3.4.7) implies that our

lemma is true for the base cases a = 0,1. The identity (3.4.7) also implies that
t+1
t+1
> ( i )(_1> i(ar+1) = 0.
=0
Expanding the falling factorial 7(,/41) into a sum of monomials in ¢ when o/ <, we get
t+1 o t+1
3 ()= S (85 (4 o)
i=0 5=0 =0

for some choice of constants bg € R. Note that the bracketed term in the equation above
is zero by the hypothesis that our lemma is true for @« = o/, where 1 < o/ < t. Hence the

lemma also holds fora =’ +1. O

The existence of permutation-invariant amplitude damping codes is given by the fol-

lowing theorem:

Theorem 3.4.3. Let t be any positive integer and m = 9t> + 4t. For all j € {0,1} and
integers b < m divisible by 3t let

(Bt + 1\, g1+ (1)
Ajp = (b/(gt))2 — (3.4.8)
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and all other values of N, be zero. Then the span of [0r) = Y 1o v/ Aos|Prmp) and |11) =
Yoo VALl Prp) is a t-AD permutation-invariant code.

Proof. By definition, A;; satisfy the normalization condition ) ;" (A;, = 1, so A;, define
valid logical codewords |j.). Moreover, |0.) and |1,) have distinct support, and are hence

linearly independent spanning a two-dimension codespace.

Now define the truncated Kraus set of amplitude damping effects Q := {Ay : k €
77, ||k|1 < t}, so that € satisfies the order constraints of Corollary 3.3.5. Define the
matrix G to be Y g peq(Jr/ETF|jL)|E)(F|, and G := Got&1 To use Corollary 3.3.5, we

first have to prove that the matrix G is positive definite.

Let A = YorcoVarF and V = 3 p o o vpr|E)(F| be as defined in (3.3.7) and
(3.3.4) respectively. and correspondingly define the vector |Wa) := > pcvar|F). Ob-
serve that Apin(G) = Anin(VGVT) = minacq(A|VGVT|A) = mingcq(Va|G|¥,) =
minaco $(Val(Go + G1)|[¥a) = minaca 3 31| ATAjL) = minaca 3 31 |AljL)]2.
Now the Kraus elements in €2 annihilate at most ¢ excitations, but the logical states |j.) are
permutation-invariant with support containing at least 3t excitations. Hence ||A|jL)|l2 > 0
which implies that Ay, (G) > 0.

Our choice of \;, implies that (j;|Al Aw|jz) =0 and (0.|Af Aw|1.) = 0 when k, k' €
73 such that ||k|j; = ||K'||; < t. Now we set ¢t to 3t in Lemma 3.4.2; and note that the
coefficient of A;; in the assumption of Lemma 3.4.1 is a polynomial of order no more than
3t in the variable b. Then applying Lemma 3.4.2 to Lemma 3.4.1 shows that the conditions
of Theorem 3.3.4 are satisfied with e = O(v*). O
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Part 11

Upper and lower bounds on the quantum

capacity of various quantum channels
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Chapter 4

Concatenated Quantum Codes
attaining the Quantum
Gilbert-Varshamov Bound

4.1 Introduction

A quantum code is a subspace of a Hilbert space with a possibly infinite dimension. In
the context of this chapter, we restrict ourselves to finite dimension Hilbert spaces which
are isomorphic to complex Euclidean spaces. Qubit quantum block codes are subspaces
of an n-fold tensor product of two-dimension Hilbert spaces. Here n denotes the block
length of the quantum block code. We study g¢-ary quantum codes which are quantum
block codes, and are subspaces of an n-fold tensor product of ¢-dimension Hilbert spaces.
The dimension of a g-ary quantum code quantifies the amount of quantum information
that the code can encode, and its logarithm to base ¢ is the code’s rate. The distance of a
g-ary code is the minimum number of blocks that can be corrupted such that one can be
fooled to believe that there was in fact no corruption of quantum information. If a g-ary
code has a distance d, there would exist procedures to reverse the corruption of up to %

blocks of quantum information perfectly.
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A family of g-ary quantum codes | | of increasing block length is defined to be
good if the ratio of its distance to its block length approaches a non-zero constant and has
a strictly positive rate. Designing good quantum codes is highly nontrivial, just as it is in
the classical case. The quantum Gilbert-Varshamov (GV) bound | , : :

, , | is a lower bound on an achievable relative distance of a quantum code
of a fixed rate, and is attainable for various families of random quantum codes | ,
, |. Explicit families of quantum codes, both unconcatenated | : ]
and concatenated | , , , |, have been studied, but do not attain
the quantum GV bound for ¢ < 7 | |. We show that concatenated quantum codes can

attain the quantum GV bound.

We are motivated by the historical development of the idea of concatenating a sequence
of increasingly long classical Reed-Solomon (RS) outer codes with various types of classical
inner codes. In both cases where the inner codes are all identical | | or all distinct
[ |, the resultant sequence of concatenated codes while asymptotically good nonethe-
less fail to attain the GV bound. A special case of Thommesen’s result | ] shows that
even if the inner codes all have a rate of one, if they are chosen uniformly at random, the
resultant sequence of concatenated codes almost surely attains the GV bound. Our work

extends this classical observation to the quantum case.

We show the quantum analog of Thommesen’s result — the sequence of concatenated
quantum codes with the outer code being a quantum generalized RS code | , ,
, | and random inner stabilizer codes almost surely attains the quantum GV

bound when the rates of the inner and outer codes lie in feasible region defined by Figure
4.1. The property of the outer code that we need is that the normalizer of its stabilizer
is a classical generalized RS code | ]. Our work is closest in spirit to that of Fujita
[ ], where quantum equivalents of the Zyablov and the Blokh-Zyablov bounds are
obtained (not attaining the quantum GV bound) by choosing a quantum RS code with

essentially random inner codes.

In the proof of the classical result, Thommesen uses a random coding argument to
compute the probability that any codeword of weight less than the target minimum distance

belongs to the random code. Subsequently, he uses the union bound, properties of the
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Reed-Solomon outer code, and properties of the g-ary entropy function (defined in 4.2.1),
to prove that the proposed random code almost surely does not contain any codeword of

weight less than the prescribed minimum distance.

The proof of our quantum result follows a similar strategy, with codewords replaced by
elements of the normalizer not in the stabilizer. However the feasible region for the rates
of the inner and outer codes for the classical and the quantum result are not analogous,

because we use a slightly different property of the g-ary entropy function.

The organization of this chapter is as follows: Section 5.2 introduces the notation and
preliminary material used in this chapter. The formalism of concatenating stabilizer codes,
which is crucial to the proof of the main result, is carefully laid out in this section. We
state our main result in Theorem 4.3.1 of Section 5.5, and the remainder of the chapter is

dedicated to its proof.

4.2 Preliminaries

Let L(C?) denote the set of complex g by ¢ matrices. Define 1, to be a size ¢ identity matrix

and w, 1= e?™/4 to be a primitive ¢g-th root of unity, where ¢ > 2 is an prime power. Define

0log, 0 := 0. Define the g-ary entropy function and its inverse to be H, : [0,1] — [0, 1] and
-1. a—1 i

H;" 2 10,1] — [0, ©=] respectively where

Hy(z) = zlog,(q — 1) — zlog, z — (1 — x)log, (1 — ). (4.2.1)

The g-ary entropy function is important because it helps us to count the size of sets with
g symbols. The base-q logarithm of the number of vectors over [, of length n that differ in

at most zn components from the zero-vector is dominated by nH,(z) as n becomes large.

For a ground set €, define |2] to be its cardinality. For all n-tuples x € Q", define x;
to be j-th element of the n-tuple x. Given tuples x € Q" and y € Q™, define the pasting
of the tuples x and y to be (x|y) := (21, ..., Tp, Y1, -, Ym). When M; and M, are matrices
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M
with the same number of columns, define (M;; M) := ") . For positive integer ¢, define

2
[(] :={1,...,¢}. Define the Hamming distance dg(x,y) between x € Q" and y € Q" as the

number of indices on which x and y differ. Define the minimum distance of any subset
C C Q" ming yec{du(x,y) : x #y}.

A code over a vector field [} is g-ary linear code of length n if it is a subspace of F}.
A classical g-ary linear code | | of block length n and k generators with minimum
distance of d is said to be an [n, k], code or an [n, k,d], code. A classical [n, k,d], code is
maximally distance separated (MDS) if d = n — k + 1. A quantum g¢-ary stabilizer code
[ ] of block length n encoding k qudits is said to be an [n, k], code. The rates of an
[n, k], code and an [n, k], code are both defined to be £.

4.2.1 Finite Fields and g-ary Error Bases

In this section, we review the connection between finite fields and g-ary error bases | .
Let ¢ = p* where p is a prime number and k is a positive integer. Let b := (i, ..., 3;) have
components that form a basis for ,. For any al) gl ¢ F, where j is a dummy index, we
have o) = (a¥))"b and ) = (b))"b where the coefficients vectors are a¥), b¥) € Fk.
Let

X = 2 |( +1) mod p)(j|
Z = Z(wp>j\j><j| (42.2)

be generalizations of the qubit Pauli matrices satisfying the commutation property X*Z? =
(wg)®Z° X for integers a and b. The matrix defined as

Xoo Zo = X0 2% @ @ xu Z8 (4.2.3)
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is an element of a g-ary error basis, and is naturally identified with (o), %)) € F2 and
also al) + Wy € F 2 where {1,7} is a F-linear basis of F .

Elements of a g-ary error basis on n qudits have the form

X @] Jam) ZbM]...[bt)

and can be identified with (a™]...|a™|3M)|..|g™) € F2" and (V' +5Wy, ..., a™+5My) €
[FZQ, where the vertical bars denote the pasting operation that we have defined earlier in
the preliminaries. The matrices X7}, and X, 2y, commute if and only if the vectors (a|b)
and (a’|b’) are orthogonal with respect to a well-chosen scalar product' over F2" (see (22)
and (26) of | ]) that we denote as . When we use the field F},, we consider a different
notion of orthogonality using the Hermitian scalar product (see (28) of | ]), that maps
the vectors x,y € 7, to > i, (#;)%;. The scalar product is called Hermitian because
taking an element of F 2 to the ¢g-th power is analogous to conjugation over the complex

field. For all non-zero « € F 2, 29 # x and (29)? = 29" = x.

4.2.2 Stabilizer Codes

In this section, we define terminology related to stabilizer codes with a special type of

structure in the context of finite fields and error bases | , ].

Consider the generator matrix
G = (Gs;Gx;G7)

over [, with n+k rows and 2n columns where the stabilizer generator G's = (sW;...; snR)),
the logical-X generator Gx = (z(V; ...; ), and the logical-Z generator Gz = (2(); ...; 2(®)
are submatrices of G, each of full rank. We also require G = (Gg; Gx; Gz) to satisfy the

following properties:

n | ], the authors use the phrase ‘inner product’ to refer to the scalar product in an abuse of
terminology; the scalar product does not satisfy the properties required for an inner product when the
vector space is a finite field.
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1. Each row of GGg is orthogonal to every row of G.

2. For all i € [k], the i-th row of Gx is orthogonal to every row of G except the i-th
row of Gz. In particular, 29 % 2) = ¢ for some fixed non-zero ¢ € F2". (The choice

of ¢ may be set to 1 without loss of generality.)

We also define G = (GS; Gx; éz) to be a similarly defined matrix over [, with n + k
rows and n columns. In particular, the matrices Gg, Gx, and G are the [,2 analogs of
the matrices Gg,Gx and G .

We denote the classical codes generated by Gg and G by C's and C)y respectively, which
we call the stabilizer and normalizer over [, respectively. We also denote the classical
codes generated by Gg and G by Cg and C\y respectively, and call them the stabilizer and

normalizer over [, respectively.

An [n, k], stabilizer code is a subspace of (C?)®" of dimension ¢* that is left invariant
by the action of error base elements corresponding to the elements in Cg. The error basis
elements corresponding to the rows of Gx and Gz are generators for logical operations
that can be applied on the stabilizer code. Here, we refer to the language of finite fields
to work with stabilizer codes developed by Ashikhmin and Knill | ]. In this chapter,

we use primarily the representation of stabilizer codes with the generator matrix G.

The distance of an [n, k], stabilizer code generated by G is the minimum distance of the
punctured classical code Cy\Cg:= {z € Cy : x ¢ Cg} | ], and has a lower bound given
by the minimum distance of the code Cy. When the lower bound is met with equality, the
stabilizer code said to be degenerate. We denote an [n, k], stabilizer code with distance d
as [n, k,d],.

In this chapter, a random stabilizer code with parameters [n, k], is a stabilizer code
with its generator matrix G = (Gg; Gx; Gz) chosen uniformly at random from all possible

generator matrices with n + k rows and 2n columns.

Let us have two convergent sequences {ry, fnen, {0n }nen C [0, 1], where lim,, oo 1, = 7

and lim,,_,, 6,, = 0. Here r and § are to be interpreted as the parameters of the codes of
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interest, which are the codes’ rate and relative distance respectively. The asymptotic ¢g-ary

classical GV bound is the inequality
—1
6> H, (1—r), (4.2.4)

and the asymptotic quantum g-ary GV bound is the inequality

5> H' <1 5 7“) . (4.2.5)

We say that a sequence of [n,r,,d,n], classical linear ¢g-ary codes attains the classical GV
bound if the inequality (4.2.4) is satisfied. Similarly we say that a sequence of [n, nr,, nd,|,

quantum stabilizer codes attains the quantum GV bound if (4.2.5) is satisfied.

The classical GV bound and the quantum GV bound can be attained almost surely by
sequences of random linear codes and sequences of random stabilizer codes respectively.
Classical and quantum random codes almost surely do not have (4.2.4) and (4.2.5) holding
with a strict inequality. Hence the classical and quantum GV bounds characterize the
typical performance of random classical linear codes and quantum stabilizer codes tightly.
However given a random code, its distance is hard to evaluate, and the corresponding
encoding and decoding procedure is inefficient because of its lack of structure. For ¢ < 7,
there are no known efficiently encodable and decodable ¢g-ary quantum stabilizer codes that
satisfy the quantum GV bound strictly. The condition ¢ < 7 is necessary because the g-ary
quantum Goppa codes | ] satisfy the quantum GV bound strictly for ¢ > 7. Finding ¢-
ary quantum codes that attain the quantum GV bound that are more efficiently encodable
and decodable than purely random stabilizer codes for ¢ < 7 remains an important

problem.

To decode a [[n, k]|, quantum stabilizer code, one performs error correction by measuring
n — k times, where each measurement which has ¢ possible outcomes corresponds to a
distinct row of G'g. Hence there are ¢"~* total syndromes. In the absence of any structure
in the stabilizer code, one would have to construct a lookup table with ¢" =% rows to perform

maximum likelihood decoding. Hence the decoding complexity of a random stabilizer code
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using this naive strategy is O(¢"(*~")), where the rate of the code r = k/n is viewed as a

fixed parameter, and n is the varying large parameter.

4.2.3 Concatenation of Stabilizer Codes

In this section we only consider the notion of concatenation with respect to stabilizer codes.
Concatenation is a procedure that makes a longer code out of an appropriately chosen set
of shorter codes, and allows both the encoding and decoding procedure each to be broken

down into two steps. Let ¢ = p* where p is prime.

1. Encoding: The quantum message which is a ¢®-dimension (or equivalently p**-
dimension) quantum state is encoded into [N, K], stabilizer code. We call this
code an outer code. The outer code comprises of N blocks of dimension ¢ complex
Euclidean spaces, and each of these N blocks is further encoded by possibly distinct
[n, k], codes. These codes with n blocks of dimension p complex Euclidean spaces

are called inner codes. The resultant code is a concatenated code with parameters

[nN, kK],.

2. Decoding: The quantum state that is to be decoded comprises of n/N blocks of
p-dimension complex Euclidean spaces. Each consecutive block of n dimension p
complex Euclidean spaces is decoded using the corresponding decoding procedure for
the corresponding [n, k], codes. After this initial layer of decoding, the output is N
blocks of g-dimension complex Euclidean spaces. These N blocks are decoded using

the decoding procedure of the [N, K], outer code.

Since the encoding and decoding process can be broken down into two layers, concate-
nated codes potentially have better encoding and decoding time complexities than codes
without such a structure. For our main result, we choose our outer code to be a quantum

generalized RS code.

Let our [N, K], outer code be generated by G = (GE": G%". G%") and the N
possibly distinct [n, k], inner codes be generated by G = (ng’j ). G?{‘J); G(Zin’j)) for
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j € [N]. The concatenation of the [N, K], outer code with N possibly distinct inner
codes is an [nN, kK], code generated by G(eneat) = (G(Sconcat); Gg?oncat); G(Zconcat)). In the
remaining part of this section, we describe how G is constructed using G and
G for j € [N].

Define the direct product of the stabilizers of the inner codes to be

C*Sn’LN) = C‘gn’l) X oot X CSH’N)
_ {(o—<l>y...|o—<N>) o) e 0 e [N]}

and denote the logical generators of the j-th inner code as

égi(n,j) — (x(in,j),l, .;I(in,j),k)

g ..

G(Zin’j) = ()l )k,

Now let 0 = (aV+5M~,, ..., a™) 43N~ ) be an element of [Fé\é, where {1,~,} is a F,-linear
basis of Fy2, and o, 30 € F, for all i € [k]. For all i € [k], also let @ = (a", ..., a{")7b
and ) = (bgi), ...,bg))T[b where b € F} has components that form a basis for F,, and
ag»i), by) € F,. Then we define the map 7 : F}; — F75Y where

k
(o) ::Z (agl)x(in,l),é + bél)z(in,l),qm’aéN)I(in,N),Z + ng)Z(in,N)j) ' (4.2.6)
=1

Then the stabilizer generator, X-logical generator and the Z-logical generator of our

concatenated code are given by
G™ 0o o o0

~(concat ~(out
G = | m(GE);

0 0o . 0
0 o o &Y
éggoncat) _ 7_[_((;,‘()?%))7 G(Zconcat) _ W(é(Zout)) (427)
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respectively, where the map 7 acts component-wise on a set of finite-field elements. The
classical codes associated with the stabilizers and the normalizers of the concatenated code

over [z are

C’“,éconcat) — ﬂ_(c’“,éout)) + C’“,éin,l:N)

C,](\t[zoncat) — 7I_(C,](\c;ut)) + é,éconcat)’

In this chapter, we use some of the quantum codes of Li, Xing and Wang | | as
the outer codes of our concatenated codes. The key feature of their code that we use is
that their constructed stabilizer 6’5 and normalizer Cy are classical MDS codes. While
the codes in | ] have the same parameters as the ones that we use, they need not

have the property that their stabilizer and normalizers are classical MDS codes.

Theorem 4.2.1 (Li, Xing, Wang | | ). Let N be a prime power. Then for all
positive integers D < %, there exists an [N, N —2(D —1), D] n code with stabilizer Cs and

normalizer C~'N that are classical MDS codes, where C’N 1s the Hermatian dual of C’S.

4.3 The Main Result

Theorem 4.3.1. Let ¢ = N = p* where p is prime and k is a positive integer. Let
0<R<1and0<r <1 berationals such that R = %, r= %, k,n, D are positive
integers with D > 2, and the inequality

0<1-7<—log, (1 - H' (%)) . (4.3.1)

is satisfied. Then an [N, RN]y outer code of Theorem 4.2.1 concatenated with N random

[n,rn], inner quantum codes is an [nN,rRnN,d], quantum code, where with probability
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~N(1-R)/2

d L (1—7rR c(p,r)
— > HG _ ’
niN = ( 2 )

at least 1 — (p—p~H)7'p

n
and
log 2+ 1
o(p,7) = 0gp 2 + ) (4.3.2)
log,» ((P2 -b (ﬁ B 1))
0.30
0.25¢
0.20¢
0.15¢ {1_r:—2L0g4 (I—H_»;_l(%))J
0.10¢
0.05¢
. . . . — R
0.2 0.4 0.6 0.8 1.0

Figure 4.1: The shaded region indicates the feasible region of (R, 1 —r) for which Theorem
4.3.1 applies. Here R is the asymptotic rate of the outer code, r is the rate of each of the
inner codes, and p = 2.

Let Ry and ry be feasible asymptotic rates (see Figure 4.1) of the outer and inner codes

respectively with respect to the inequality (4.3.1). When n becomes arbitrarily large,
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there will always exist an epsilon ball about Ry and rq that contains feasible a (r, R) tuple
for Theorem 4.3.1 to hold, where epsilon becomes arbitrarily small. Thus Theorem 4.3.1

implies that concatenated codes can attain the quantum GV bound.

The significance of the result is a potential saving in decoding complexity of quantum
GV bound attaining codes with a concatenated structure as compared to those that do
not. The decoding complexity of a random [nN,nNrR], stabilizer code is O(p"V(1—"R)) =
O(p™™"(1="%)). On the other hand, the worst decoding complexity of our concatenated
code is O((p"*—") (pk)N(lfR))) = O(p(t—+nrp™(1=R)) "\which outperforms the decoding of

random codes without a concatenated structure when r > 0.

In this section, the outer and inner codes are of the type stipulated by Theorem 4.3.1,
and their notation follow that of Section 4.2.3.

4.3.1 Technical Lemmas

Proposition 4.3.2. Consider a random [n, k]|, stabilizer code generated by G = (Gs; Gx;Gy).
Let a,b € [F’; where (a,b) # 0. The probability that nonzero o € [FIQ,”, belongs to the set
al’Gx +bTG, + Cy is at most p~ ).

Proof. Every dimension ¢ subspace of [Fg” has ¢ cosets, each of size ¢. Given a set X
of = linearly independent vectors, the number of ways to pick the the generating rows of a
feasible Gg that corresponds to a [n, k], code such that X C Cy is H?:_Ok_l(p%*z*i —
p'). Given that a feasible Gg is picked, the number of ways to pick Gx and Gy is

H?::f . p?"~*7J. Hence the required probability is

H?:_ok_1<p2n_1_i _ pi) H;zi-fik pPn—1=i
[T (o2t =) [T o2

which is at most p~ ™% . O

Lemma 4.3.3. Let W € é'](\c,)ut) have weight w > D', and let h be a positive positive integer

71



such that h < piglnw. Then

Pr min wt(o) < h| < (pQ)"“’Hﬂ(ﬁ)p_(”Jrk).
rEm(W)+Clin 1Y)
Proof. Applying Proposition 4.3.2, we find that for all o € 7(W) + C™EN) the inequality
Pr[wt(o) < h] < p~ (k) swpp(W) holds, where supp (W) is the number of components of the
vector W that are non-zero. Then application of the union bound gives the result, where
we have used an upper bound on the size of a p*-ary Hamming ball | | which holds

when h < piglnw. O

Now we proceed to prove our main result, Theorem 4.3.1.

Proof of Theorem 4.3.1. Let A, be the number of codewords in the code C'](\?ut) with weight

w. Since C'™" is a classical MDS code | ] of alphabet size p?*, all of the A,’s are
known exactly | | and we can use Thommesen’s result | ] to conclude that

NN okyw-Dr41 /

w

where D' is the distance C'0™. Observe that

Pr[d < h] = Pr[min{wt(c) : 0 € é](\?oncat)\ééconcat)} < hj
< Z Pr [min{wt(a) Lo € (W) 4+ CiENL < h]

Wec",](\?ut) \C”,éout)

N
/ n+k
S A e K
w=D’

The first inequality is from the union bound, and the second inequality comes from
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N
simultaneous application of Lemma 4.3.3, (4.3.3) and the fact that ( ) < 2V, Hence
w

w=D'
< ( 2)—nD’17 1
where 7 € (0, minge(p v 7(h, w)] and
h 147
h = —€e—1r0 —Hp | — 4.3.4
77( ,U)) € r p? (nw> + 2 ) ( )

= %logT"Q and 0 = 1—%—}—%. Here Ry = # is the rate of (j](\?ut). Then 1> & = 1IE)N >
-R

—5~. Our strategy is to first fix a positive 7, then select a large feasible i for which the
inequality 7(h, w) > 7 holds for all w € [D’, N]. We pick 7 = L.

—_ M

The inequality n(h,w) > 7, the equation (4.3.4), and the monotone increasing property

of the inverse entropy function on the open unit interval imply that

< H, —rf —e— 4.3.
~NS71-4 ( 5 rd —e 77) (4.3.5)

for all w € [D’,N]. We need to obtain a lower bound on the right hand side of the
inequality (4.3.5) for all w € [D’, N]. The right hand side of the inequality satisfies the

following lower bounds.

1 - 1
RNH;( ”_re_e_ﬁ)

1—0 » 2
1—Ry .. (147 w, o ocpr)
> i ) —— VGRS
=19 r (2 r> NN 541
1—Ry . (147 c(p,r)
> H ) — . 4.3,
=19 pz( 2 T> n (4:3.6)

Using Lemma 4.4.2 on the right hand side of (4.3.5) gives us the first inequality. The
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second inequality comes from the monotonicity of the inverse p?-ary entropy function and

the inequality

(4.3.7)
Since 0 < 6 < Ry and 1+ 2log2(1 — Hp}l(l;)) <r <1, we can use Lemma 4.4.1 to get

min 1—RNHZ)_21(H ): 1+R>

0<6<Ry 1—10 2 (
(1 - TR) (4.3.8)

Thus it suffices to have

h 4 (1—-7R c(p,r)
— < ! — ’ 3.
— < H ( > ) . (4.3.9)

for our concatenated code to have a distance of at most h with probability at most
p‘Dll_;,Q. This is equivalent to saying that the distance of our concatenated code is
strictly greater than h with probability strictly larger than 1 — p’Dll_;ﬂ. Now D' =

N — w +1= N% + 1, and thus the result follows. O

4.4 Appendix : The g-ary Entropy and its Inverse

In this section, we derive properties of the g-ary entropy function and its inverse. Since

H, is a concave function strictly increasing on (0, ‘%1), H/ lis a convex function strictly

increasing on the open interval (0,1). Observe that for x € (0, 1),

H,(x):= %Hq(:v) = log,(q — 1) —log, x +log,(1 — ) (4.4.1)
(1 —=2)H(1—2) = Hy(1 — ) +log, x. (4.4.2)

Since H,(y) is a continuously differentiable function for y € (0,1 — %), by the inverse
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function theorem, we have that

(4.4.3)

for y € (0,1).
Lemma 4.4.1. The function

1 {1+
1_0Hq < 5 —7”9)

s non-increasing with respect to 6 for 0 < 0 < # when 0 < R <1 and

12r21+2b&<1—3;(1%§>>. (4.4.4)

Proof. First observe that by making the substitution 1 — f = H 1(12i — 1), we have
d 1 1+
i (ot (5 )
1 r 1+7r
= (1—f)— HY(———r0
- D= gy (=)
1 1—-f r
= — 4.4.
1—9(1—9 H(;(l—f)) (4.4:5)

where the second equality comes from applying (4.4.3). The expression (4.4.5) is non-

positive if and only if

1—-f r
10 "]
(1= H(1— f) <r(1—0). (4.4.6)
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Using (4.4.2), we find that

(1= f)HG(1 = f) = Hy(1 = f) +log, f

_ (1 e 7‘0) +log, f. (4.4.7)

2

Thus the inequality (4.4.6) holds if and only if

1
;—T—rﬁ—f—logqur(l—ﬁ)
1 1
r 5—9 —|—§+10gqf§7“(1—9)
1+2log, f <. (4.4.8)

Thus it suffices to obtain an upper bound on 1+2log, f that holds for all 6 € [0, #] The

monotonicity of the inverse ¢g-ary function and the restrictions on the domains of » and R

imply that
147 1+R
—1
1+2log, f > 1+ 2log, (1—]—! ( 5 T3 ))
1—7rR
— 1+ 2log, (1 g ( 27" )) (4.4.9)
1-R
-1
thereby proving the result. O

Lemma 4.4.2. For all integer ¢ > 2 and for all y,y — € € (0, %) we have

H'(y—e)>H, ' (y) — € (logq(q —1) +log, (H%@) - 1)>_1 :

q

Proof. Let g = H 1 Since g is convex and continuously differentiable on the open interval

(0,1), for all y, y—e in the open interval (0, 1) we have g(y—e€)>g(y)—eg'(y). The equations
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(4.4.3) and (4.4.1) imply that

J(y) = m _ (logq(q 1)+ log, (fy) - 1))1 (4.4.11)

for y € (0,1). Hence the result follows. O
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Chapter 5

The Quantum Capacity of
Degradable Covariant Channels and

their Convex Combinations

5.1 Introduction

The quantum capacity of a quantum channel is the maximum rate at which quantum
information can be transmitted reliably across it, given arbitrarily many uses of it | ].
However, evaluating the quantum capacity of a quantum channel is in general an infinite
dimension optimization problem, and hence difficult, even for quantum channels with low
dimension input and output states. The quantum capacity of even the simply described
family of depolarizing channels is undetermined, and upper bounds of the quantum capacity
of depolarizing channels has only been studied in the qubit case, of which the best-known

upper bounds were obtained by Smith and Smolin | .

The contributions of this chapter are new upper bounds on the quantum capacity of
several families of simply described channels. The key ingredient Smith and Smolin use
in their recipe to obtain upper bounds on the quantum capacity of the qubit depolarizing

channel | | is the family of degradable qubit amplitude damping channels. To obtain
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new upper bounds on the quantum capacity of other families of low dimension channels,
we introduce a new ingredient — degradable amplitude damping channels of dimension four

— in our extension of Smith and Smolin recipe .

In our extension of Smith and Smolin’s recipe, we prove that the quantum capacity
of a degradable channel twirled over a projective commutative unitary group at most its
coherent information of the degradable channels maximized over a contracted input state
space (Theorem 5.4.2). Smith and Smolin’s recipe is produced as a special case of our
extension when the projective commutative unitary group is chosen to be the full qubit

Clifford group.

We find that many degradable quantum channels have quantum capacities that are just
their coherent informations maximized over the diagonal input states. This finding is a
direct consequence of our Theorem 5.4.2, because these degradable channels are covariant

with respect to diagonal Pauli matrices.

We use our main result to produce explicit upper bounds for the quantum capacity
for several families of quantum channels. These include the m-qubit depolarizing channels
(Corollary 5.5.4, Figure 5.1), the two-qubit locally symmetric channels (Corollary 5.5.6,
Figure 5.2), and the shifted qubit depolarizing channels (Corollary 5.5.7, Figure 5.3). The
main ingredients that we introduce to obtain these new upper bounds are our higher

dimension amplitude damping channels that are degradable.

We organize this chapter in the following order. In Section 5.2 we review background
material needed for this chapter, introducing concepts such as the quantum capacity,
complementary channels, and the degradable extension channels of Smith and Smolin.
In Section 5.4, we present the main structural result of the chapter, which is Theorem
5.4.2, placed in the context of channel twirlings and channel covariance. In Section 5.5, we
present our explicit upper bounds on the quantum capacity of some mostly low dimension

unital and non-unital channels.
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5.2 Preliminaries

Define n(z) := —zlog, z where z € [0,1] and 7(0) := 0. Define the Pauli matrices to be

1:= Lo , X = 01 L= L0 Y (= 1X7Z.
01 10 0 —1

Define the Pauli group on m qubits modulo phases, to be P, := {1,X,Y,Z}*". For
all P € P,,, define the weight of P to be the number of qubits that the operator P acts

non-trivially on.

For a complex separable Hilbert space H, let B(#H) be the set of bounded linear
operators mapping H to H. In this chapter, we only deal with finite dimension Hilbert
spaces. A quantum channel ® : B(H,) — B(Hp) is a completely positive and trace-

preserving (CPT) linear map, and can be written in its Kraus form | ]

O(p) =Y AgpAl,
k

where the completeness relation ), AJ,QA;C = 1,4, is satisfied. Here, ds = dim(Ha)
and 14, is a dimension d, identity matrix. We can also write down the action of a
quantum channel ® in terms of an isometry on the input state. Now define an isometry
W B(Ha) > B(Hg @ Hp)
W= [k) @ Ay
k

Here {|k)} is an orthornormal set, and spans a Hilbert space Hp that we interpret to be

the environment. Then
WoW! = 1) (k| @ AjpAf
j.k
and
Try, (WpW') = @(p).
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Then we can define the complementary channel ®° : B(H4) — B(Hg) | ] as
®(p) = Try,(WpWT).

Since we are free to choose the orthornormal basis of the environment Hy, ®¢ is only
defined up to a unitary. We use the above definition as our canonical one. Let ®(p) =
> RupR," The j-th row of R, is the p-th row of A;, where R, = Y. [j)(ulA,
[ ]. To see this, observe that

% (p) = Try,, (WpW')
= To, (3 19){K @ AspAL)

= D1 2 (Asol) ik
= 2 (X ulA ) o (32 Abln (+])

=> RuoRI.
I

5.2.1 Quantum Capacity

For a quantum channel ® : B(H ) — B(Hp), define

Leon(®, p) := S(®(p)) — S(2“(p))

and
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where the maximization of p is over all quantum states — trace one positive semidefinite

operators in B(H,) — and
S(p) == —Tr(plog, p)

is the von Neumann entropy of a given density matrix p. I.; is a function called the

coherent information first introduced by Schumacher and Nielsen| ]. Lloyd | ],
Shor| | and Devetak | | showed that the quantum capacity of ® is
Q(®) = Tim L (0°) (5.2.1)
— nl—glo n coh ) cL

and the expression on the right hand side of (5.2.1) exists | ]

5.2.2 Degradable Channels

A channel NV is degradable | ] if it can be composed with another quantum channel W
to become equivalent to its complementary channel N, that is N¢ = U o A/. Physically,
this means that the environment associated with channel N can be simulated using its
output quantum state. Conversely, N is antidegradable if its complementary channel
N€ is degradable. A channel N, is a degradable extension | ] of channel AV if Ny
is degradable and there exists a quantum operation ¥ such that ¥ o N = N.

If Moyt is a degradable extension of some channel, then Q(Ny) = Teon(Next). Degrad-
able extensions allow us to construct upper bounds of the quantum capacity of quantum
channels. In this chapter, all degradable extensions of N have the partial trace as the

degrading map, which is possible because of the following lemma by Smith and Smolin.

Theorem 5.2.1 (Smith, Smolin (Lemma 4 in | 1)). Let Zle ANiN; be a convex combi-
nation of degradable channels Nj. Then the channel

Nexi(p) = Z AN (p) @ i) (il

is a degradable extension of Zle NN with the degrading map being the partial trace on
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the extending space. Moreover, the quantum capacity is a convex function with respect to

degradable channels in the sense that
k k
Q (Z )\z/\/;> < QNext) < Z/\ZQ(/V;) (5.2.2)
i=1 i=1

The key utility of Smith and Smolin’s result above is the convexity of the upper bounds
obtained from degradable extensions (see Section IIC, | ]). Moreover the no cloning

bounds of Cerf | ] admit degradable extensions too (see Section IIB, | 1.

5.3 New Degradable Channels: Higher Dimension Am-
plitude Damping Channels

In this section, we generalize the qubit amplitude damping channel, a channel with Kraus
operators [0)(0] + /1 —~[1)(1] and /7|0)(1], to its higher dimension counterparts. We
say that a channel with dimension d input and output states is an amplitude damping
channel if it admits a Kraus representation such that (i) one Kraus operator is a diagonal
matrix, and (ii) all the other Kraus operators are strictly upper triangular matrices.
Physically, this corresponds to the case where only transitions from excited states to less

excited states are allowed, thereby modeling the phenomenon of spontaneous decay.

Determining whether an amplitude damping channel is degradable is in general a non-
trivial task. In this section, we construct two families of amplitude damping channels that

are degradable.
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5.3.1 Uniformly Amplitude Damping Channels

We first define a uniformly amplitude damping channel of dimension d and damping

strength 0 <y <1 to be the quantum channel A, ; with the Kraus operators

d—1
0)(0] + > /1= 7li)i
=1
VA0)(j], foralll <j<d-—1.

The complementary channel of A, 4 is also a d-dimension uniformly amplitude damping
channel A;_, 4. Moreover, when 0 <~ < %, the uniformly amplitude dapming channel is
degradable with degrading map A1 2. Hence the uniformly amplitude damping channel
A, 4 is a degradable channel when 0 < y< i 5, and is anti-degradable when % <~v< 1L

5.3.2 Four-Dimension Amplitude Damping Channels

Qubit amplitude damping quantum channels are examples of qubit degradable channels
that are non-unital. These channels model spontaneous decay in two-level quantum sys-
tems, and hence knowledge of their quantum capacity is a physically relevant problem
[ |. An interesting fact is that these channels are covariant | | with respect to the
diagonal Pauli matrices | ], where the covariance of channels is defined in (5.4.2).
This notion of covariance can help us simplify the evaluation of the quantum capacity of

these channels.

Prior to this work, explicit non-trivial upper bounds on the quantum capacity has
only been performed on single qubit channels. In this chapter, we extend the study of
explicit upper bounds on the quantum capacity to four-dimension channels. Since the
qubit amplitude damping channel has been crucial to obtain explicit upper bounds on
the quantum capacity of the qubit depolarizing channel, one might expect that a four-
dimension amplitude damping channel would also be crucial to obtain explicit upper

bounds on the four-dimension depolarizing channel.
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Hence in this section, we introduce a two-qubit amplitude damping channel which

contains the tensor product of single-qubit amplitude damping channels as special cases.
3
Define the linear map ®,(p) := Z Ki,oKI with two-qubit input and output states, to
i=0
have Kraus operators

3

Ko = ag,|i) il

=0
K1 = a1,1|0><1\ + a1,2|2)<3\
K2 = CL271|0><2‘ + CL232|1><3‘
K3 = CL3’1|0><3‘ (531)

where a = (ag 0, @01, @02, @03, 411,012,021, 022, a31) > 0. When
apo =1, ag,l + ail =1, a?)z + ag@ =1, ag,s + a%,z + ag,z + ag,l =1, (5.3.2)
then @, is also a quantum channel.
For z,y,2 > 0,1 — 2y — z > 0, define @, , , : B(C*) — B(C*) where
Dy = (13(1751781,527\/57\/@7\/57\/@7\/5) (5.3.3)

to be a quantum channel with Kraus operators

A = [0)(0] + s1([1)(1] + [2)(2]) + s2[3)(3]

Ay = Va[0) (1] + y[2) (3|

Ay = x]0)(2] + v/y[1) (3|

Az = /z|0)(3] (5.3.4)

where 51 = /1 —-2,80 = /1 -2y —2z. Forz,y,2 > 0,1 -2y —22>0, wecall &,,. a
two-qubit amplitude damping channel. Observe ®, ,1_,) 2 = &, ® ®, where &, is the
qubit amplitude damping channel with Kraus operators /7|0)(1| and |0)(0[ 4 /T — v|1)(1]
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for v € [0, 3].

Let R be the family of four-dimension amplitude damping channels with Kraus oper-
ators of the form (5.3.1). Then we prove that the set of such channels is closed under

complementation. This is the content of the following proposition.

Proposition 5.3.1. K € & if and only if K¢ € &.

Proof. Using the recipe of King, Matsumoto, Nathanson and Ruskai | |, if the
Kraus operators of K have the form of (5.3.1), then the channel K¢ has the Kraus operators

3
K§ = ap0[0) (0] + Y _ a:ai) (il
=1

K = a0,1]0)(1] + a2,2(2) (3|
K = ag2/|0) (2] + a12[1)(3]
K = ag,3/0) (3] (5.3.5)

which is also of the form (5.3.1). This proves the forward direction. Since (K¢)¢ = K, the

reverse implication also holds. O

The linear map @, ,, . can also be a degradable quantum channel when z, y and z satisfy

the following inequalities.

1
x,y,z >0, 2y+2z<I1, x<§,

x
2 <1-2(2- ). 5.3.6
< Y T (5.3.6)
We prove this result in the lemma below, and the essence of the lemma’s proof is that we
construct the degrading map of ®,,, . to its complementary channel explicitly. In this case,
the degrading map and the complementary channels are also hilfour-dimension amplitude

damping channels.

86



Lemma 5.3.2. ®,, . is a degradable channel with degrading map ®gp 1 when x,y and z

satisfy the inequalities (5.5.6) and where

=2z b qy
I 1 C(1—-2y—2)
z
k=1—-2h— ——. 3.
=2y~ (5.3.7)

Proof. Note that ®,, . is a quantum channel for z,y,2 > 0 and 2y + z < 1 which Kraus

operators given by (5.3.4). Also note that its complementary channel @gw =D, y1-9y—2

has the Kraus operators

Ry = [0){0] + vZ[1) (1] + v2|2)(2] + v/2[3) (3]
Ry = V1 —2|0)(1] + v/y|2)(3]

R, = V1 —2(0)(2] + v/y]1)(3]

Rs; = /1 —2y — z|0)(3|.

Let us define G := ®, 5 5, with Kraus operators

Go = [0)(0] + /T — g(|1)(1] +[2)(2]) + VI — 2h — k[3)(3]
G1 = /gl0)(1] + VA|2)(3]

G2 = /g(0)(2| + V/h|1)(3]

G; = VE|0) (3.

When the inequalities in (5.3.6) are satisfied, 0 < g, h, k < 1 and hence G is a valid quantum

operation.

We want to find the conditions where G o @, , . = ®C  which means that G is a

T, Y,z
degrading map that takes the output state of ®,, . to the output state of ®¢ By the

"E7y?z :

Kraus representation,

G(Poy:(p) = Y. GrApAlG].

k,6€{0,1,2,3}
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Hence in this representation ®¢, . = Go®, , . is a quantum channel with the sixteen Kraus

T,Y,2

operators GyA, for k, ¢ € Z,. Now we evaluate G, A, explicitly.

GA3 GAl—OGAQ

| 0)(

G2A3 G2A2 - O GQAI |0>< |

G3A3 - G3A2 = G3A1 - 0

1—=x

Also we have

2x
Gi1Ag = V1 —2z]0)(1]| + y|2><3
GoAy = VI — 22[0)(2] + Tyl1)(3
1— 2y(2—3a;
GsA
3A0 = \/ - 10)(3]-

Moreover

G0A1:ﬁ|o><1|+,/ﬂ|2><3
GoA, = V|0)( 2y+,/ \1

GoA; = \/’|0

Observe then that GyA; = \/%Gle and GoA, = \/EGQAO. Thus applying the
Kraus operators G;Ay and GoA; is equivalent to applying the Kraus operator R; for
i € {1,2}. Similarly, applying the Kraus operators G1Ay, GoA; and G3A is equivalent
to applying the Kraus operator R3. Moreover, since 1—g = +*= and (1-2h—k)(1—2y—z2) =
z, we have that GpAy = Ry. Therefore we have shown that ®,,. is degradable with
degrading map G when z,y and z satisfy the inequalities in (5.3.6). O
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5.4 Twirling, Contraction and Covariance

Let N be a channel with d-dimension input and output states, and V be a set of d-
dimension unitary operators. We define the V-contraction channel to be the channel
V. with Kraus set —, so that

VIV

1
Ve(p) = ] Z VoV

vev

If V is the set of m-qubit Pauli matrices, then the contraction channel V. maps all input
states to the maximally mixed state Lom /2™. If V is the set of diagonal m-qubit Pauli
matrices, then the contraction channel V. is the m-fold tensor product of the maximally
dephasing qubit channel, and maps the set of m-qubit input states to the set of m-qubit

diagonal states.

The V-twirl of AV is the channel

Nie(p) i= == S VID(VpV V.
VIS
When the set V is the m-qubit Pauli set P,,, the V-twirl of a channel is also called the
Pauli-twirl of a channel. Note that channels that are Pauli-twirled are Pauli channels
[ |, because their Kraus operators can all be expressed as m-qubit Pauli matrices
P multiplied by the coefficient

1 2
5] 2 ’Tr(PK) , (5.4.1)
KeKy
where K is the set of Kraus operators of the channel NV.
We say that the channel N is V-covariant if the equation
d(VpVTl) = Vo(p) Vi (5.4.2)
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holds for every unitary matrix V in the set V and for every input state p. Properties
of quantum channels covariant with respect to a locally compact group were studied by

Holevo | .

Because the V is a set of unitary matrices, a channel that is V-covariant is also invariant
under V-twirling (however it is not clear whether the converse holds). A V-covariant
channel is hence equal to its V-twirl, and this is how the notion of covariance connects

with the notion of twirling.

This section contains the main structural result of this chapter, which is Theorem 5.4.2.
Our theorem generalizes Smith and Smolin’s technique of obtaining upper bounds of the
Clifford-twirl of a qubit degradable channel (see Lemma 8 in | ]). Theorem 5.4.2 gives
an upper bound on the V-twirl of a degradable channel in terms of its coherent information

maximized over the output states of the V-contraction channel.

The covariance of qubit amplitude damping channels with respect to diagonal Pauli
matrices is a well-known fact, and has been used by Wolf and Pérez-Garcia to prove that
the qubit amplitude damping channel’s quantum capacity is just the maximum coherent

information over all diagonal qubit states | ].

We prove that this property is not restricted just to qubit amplitude damping channels,
which is the essence of Corollary 5.4.3. This in turn is a simple consequence of Theorem
5.4.2, which applies for all degradable channels invariant under the twirling of diagonal

Pauli matrices. We give examples of such degradable channels in Section 5.4.2.

5.4.1 The Quantum Capacity of Covariant and Twirled Channels

In this section, let N be a degradable channel with d-dimension input and output states,
and )V be a finite projective group of d-dimension unitary matrices. We say that a set of
d-dimension unitary matrices is a finite projective group if the set satisfies the following

additional properties.

1. Projective Property: No two distinct elements of V are equivalent up to a constant.
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2. Group Property: For all V and W in the set V, there exists complex number of

unit amplitude zy wt such that ,2'\,7\;‘,fV\7\7T is also an element of V.

Note that the complex number zy wi in the second property above defines the binary

operation of the projective unitary group V, in the sense that
VW .= ZV,WVW

for all V and W that are elements of V. Important examples of finite projective unitary
groups include the m-qubit Clifford group, the set of m-qubit Pauli matrices, and the set

of diagonal m-qubit Pauli matrices.

In this section, we also define N tobe a particular extension of the V-twirl of A/, where

=) \V!VW (VoVHV @ |[V)(V]. (5.4.3)
vey

By using the obvious isometric extensions of N and N , one can show that
Ny =Y MNC (VpVH @ [VY(V]. (5.4.4)
vev

We state this fact formally in Proposition 5.4.1.

Proposition 5.4.1. Let N be a quantum channel with d-dimension input and output states,

V be a set of d-dimension unitary matrices, and N be as defined in (5.4.3). Then equation
(5.4.4) holds.

Proof. Let Ky denote the Kraus set of the channel N. Using the canonical definition of
the complementary channel of N from its canonical isometric extension, we have for all
Vevy,

NC(VpVT) = Try, ( AVpVIAT)  ® |A)(A’|> : (5.4.5)
" <A,A’ZEKN >HB
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Similarly, the canonical complementary channel of N is

1 !/ !/ ! / /
N =Trone | gy Do (VIAVAVIATYY) o (IV)(VT), @ |A) A @ V)V
V,V'ey B ¢
A A €K\
]‘ !/ /
ZMZT%< > (VTAVpVTATV>H ®|A)<A|>®|V>(V|
vey A A €K B
1
=5 > NVpVH @ [V)(V]
|V| Vey

where we have used the unitary invariance of the partial trace. O

With equation (5.4.4), one can verify that N is a degradable channel with a degrading
channel

ST (W AW) @ [W)H(W]
Wwey

where VU is the degrading channel for the degradable channel N'. Hence Nis a degradable
extension of the V-twirl of A/.

Let the set of d-dimension quantum states be M. Define the image of the V-contraction
map to be Im(V.) := {0 = V.(p) : p € My}. Now define the V-contracted coherent

information of a channel N to be

Lon(N,V2) i= max  ILon(N, p).

pE€Im(Vy)
We now state the main structural result of this chapter.

Theorem 5.4.2 (Twirling and Contraction). Let V be a projective group of d-dimension
unitary matrices, N be a degradable channel with d-dimension input and output states, and

N be a degradable extension of N as defined in (5.4.3). Then

QWivx) € QN) < Lon (N, V2.).
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Proof. Observe that for all V € V,

_ 1
Nvevh =3 mVVTV’W (V'VpVIVHVVVT @ V) (V|
V'ey

= m V ey v VIV ((2vrv VIV) 2w v VIV) D (v VIVIVE @ [V (V).
v'ey

By the projective group property of V, we can make the substitution R = zyvyvV'V =

V'’ x V and replace the index of the summation so that

N(Vpvh ZIV| VRN (RpRNHRVT @ |R+ VI (R VT|

ReV
=(Va Uy)N(p) (VI 0 U}) (5.4.6)
where Uy := Y ., |R)(R x V| is a unitary matrix. Now we can use the isometric

extensions of the channels A and A to show that (see Proposition 5.4.1)

€)= 3 Ve Vpvh @ Vvl

vey

By a similar argument as in (5.4.6),
NE(VpVT) = (1a, ® Uv)N(p)(1a, @ UY), (5.4.7)

where dy is the dimension of the output states of the complementary channel N¢. Note
that the von-Neumann entropy is additive with respect to each block in a block diagonal

matrix, and is also invariant under unitary conjugation of its argument. Hence the coherent
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information of the degradable extension N evaluated on the input state p is

Z v N(VpVh) ) (Z — S (N VpVT)))

VEV VGV

SN (p)) - (

= Z ’V| coh N VPVT)

vey

Leon (N > Y, Ve VT)
vey V1
where the inequality above results from the concavity of the coherent information of degrad-
able channels with respect to the input state | |. Hence the coherent information of
the degradable channel N’ maximized over all output states of the V-contraction channel

upper bounds the coherent information and quantum capacity of the degradable extension

N. O

Theorem 5.4.2 has several important consequences. Firstly, when the finite projective
unitary group V is chosen to be the set of m-qubit Pauli matrices, then Theorem 5.4.2
implies that quantum capacity of the Pauli-twirl of a degradable channel N is at most the

coherent information of the channel N evaluated on the maximally mixed state.

The second important consequence of Theorem 5.4.2 applies when the degradable
channel \V is V-covariant, which means that N is invariant under the V-twirl. Application

of Theorem 5.4.2 gives the following corollary.

Corollary 5.4.3 (Degradable and Covariant Channels). Let V be a finite projective unitary
group and N be a degradable channel. If N is also V-covariant, then

Q(N) = coh(N, Vl>)'

Proof. Since N is a degradable channel, Theorem 5.4.2 implies that the V-twirl of A has a
quantum capacity that is at most the coherent information of N' maximized over all output

states of the V-contraction map. Now the V-twirl of N is precisely the untwirled channel
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N. Moreover the quantum capacity of A is its coherent information maximized over all

its input states. Combining these facts gives the result. O

An immediate consequence of Corollary 5.4.3 is that degradable channels that are
covariant with respect to m-qubit diagonal Pauli matrices have quantum capacities that
are their coherent information maximized over just their diagonal input states, instead
of the entire set of feasible input states. This simplifies the evaluation of the quantum
capacity of degradable channels with this property. The next section gives examples of

many channels that are covariant with respect to the diagonal Pauli matrices.

5.4.2 Examples of Degradable Channels that are Covariant

In this section, we give sufficient conditions for a m-qubit channel to be covariant with
respect to the m-qubit diagonal Pauli matrices. Many degradable channels have this
covariance property, such as Hadamard channels, all qubit degradable channels, and higher

dimension amplitude damping channels.

Hadamard channels are complementary channels of entanglement breaking channels,
and map a quantum state to their Hadamard product with some matrix | ,
]. Let p;; and m,; be matrix elements a quantum state p and a matrix M
respectively. Then a Hadamard channel parameterized by M maps p;; to p; ;m; . Of
course, the matrix M has to be carefully chosen for the Hadamard channel to be a valid

quantum channel.

Proposition 5.4.4 (Hadamard channels). An m-qubit Hadamard channel is covariant

with respect to m-qubit diagonal Pauli matrices.

Proof. We prove a stronger fact — that a Hadamard channel is covariant with respect to
diagonal matrices. Notice that the effect of conjugating a density matrix with diagonal
matrices is equivalent to that of applying some Hadamard product to the density matrix.

Since Hadamard multiplication is commutative, the result immediately follows. O
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We define a quantum channel ® to be almost Pauli diagonal, if it admits a Kraus
decomposition with all of its Kraus having the form K; = D;P; where D; is a size 2™
diagonal matrix and P; € P,. Almost Pauli diagonal channels are covariant with

respect to the m-qubit diagonal Pauli matrices because
(D;P;)(AWA)(P,Df) = A(D,P;)W(P,D})A

for all Paulis W and diagonal Paulis A € {1, Z}*™. The above equality can be proved by
commuting the A’s ‘outwards’; by using firstly the fact that Pauli matrices either commute

or anti-commute, and secondly the fact that diagonal matrices commute.

All qubit degradable channels are also covariant with respect to the diagonal Pauli

matrices because they are almost Pauli diagonal.

Proposition 5.4.5 (Qubit degradable channels). All qubit degradable channels are covari-

ant with respect to diagonal Pauli matrices.

Proof. All qubit degradable channels necessarily have Kraus operators of the following

form | : ]

cosaa 0 0 sing) [sing 0 X
0 cosB)’ sinaw 0 B 0 sina '

Hence these channels are of the almost Pauli diagonal form, and since we have shown
earlier in this section that almost Pauli diagonal channels are covariant with respect to

diagonal Pauli matrices, the result follows. O

The four-dimension amplitude damping channels that we study in this chapter are
also almost Pauli diagonal, and hence covariant with respect to diagonal two-qubit Pauli

matrices.

Proposition 5.4.6 (Four-dimension amplitude damping channels). If the linear map ®,
defined by (5.3.1) is a quantum channel, then it is also covariant with respect to two-qubit

diagonal Pault matrices.
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Proof. 1t suffices to show that every Kraus operator of ® can be written in the form
K; = D,;P; with D, being diagonal and P; being a two-qubit Pauli. We define the vectors
|0),[1),]2),]3) to be the two qubit states |0,0),|0,1),[1,0),|1,1) respectively. One can
verify using equations (5.7.14), (5.7.15), (5.7.12), (5.7.13), (5.7.11) that a suitable choice
of the matrices D; and P; is given by

3
D0:Za0,i\i>(i\, POZJ]_@]]_
1=0
D1 = a171|0><0| — CL1’2’2><2|, P1 =7 X X
D2:a271|0><0|—a272]1>(1|, P2:X®Z
D; = |0)(0], P;=X®X.

5.5 New Upper Bounds of the Quantum Capacity

This section presents explicit bounds for the quantum capacity of some low dimension
channels. We first introduce the ingredient — a four-dimension degradable amplitude
damping channel — on which we apply our main structural results to obtain our upper
bounds. the main results of this chapter. The qubit amplitude damping channel was used
to give the best known upper bounds for the quantum capacity of the depolarizing channel
[ |, and hence it is natural to expect that four-dimension amplitude damping channels
can give good upper bounds for the quantum capacity of some four-dimension quantum

channels, such as the four-dimension depolarizing channel (see Figure 5.1).

5.5.1 Four-Dimension Amplitude Damping Channels

Theorem 5.5.1. When x,y and z satisfy the inequalities in (5.3.6), the quantum capacity
of the four-dimension amplitude damping channel ®,,, . defined by (5.3.3) is the optimal
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value of the following concave program with linear constraints.

max  n(p; + pox + p3x + paz) + n(p2(1 — ) + pay)
+n(ps(1 — ) + pay) + n(pa(l — 2y — 2))
—n(p1 +p2(l —2) + ps(1 — x) + pa(l — 2y — 2)) — NP2z + pay)
— n(psz + pay) — 1(psz)
subject to  p1+pes+p3s+ps=1

P1,D2,P3, P4 2 0 (5.5.1)

Proof. For the choice of z,y and z, the linear map &, , . is a degradable four-dimension
amplitude damping channel (Lemma 5.3.2). By Proposition 5.4.6, the degradable channel
®,, . is also covariant under the diagonal Pauli matrices. Hence we apply Corollary
5.4.3 to find that the quantum capacity of ®,, . is its maximum coherent information
over all output states of the contraction map associated with the diagonal Pauli matrices.
Since such a contraction map is just an m-fold tensor product of the maximally dephasing
channel, its output states are all the feasible diagonal states. It remains to show that the
optimization problem stated in the theorem is equivalent to the coherent information of

the degradable ampliude damping channel ®,, . maximized over all diagonal input states.

Firstly note that the objective function of (5.5.1) is concave | | because @, , is
a degradable channel. The output state of the four-dimension amplitude damping channel

o, , . evaluated on the diagonal input state diag(pi, p2, ps, pa) is

(p1 + P2z + p3z + paz)[0)(0] + (p2(1 — ) + pay)[1)(1]
+ (p3(1 = x) 4+ pay)[2) (2] + pa(1 — 2y — 2)[3)(3].

The complementary channel of ®, , . is also a four-dimension amplitude damping channel
c

$7y’z

(Proposition 5.3.1), and in particular, ® = ®y_,y1-2y—-. Hence the output state of
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®¢ _evaluated on the input diagonal state diag(pi, p2, 3, ps) is

x7y7z

(p1 +p2(1 — @) + p3(1 — 2) + pa(l — 2y — 2))]0){0] + (2 + pay)|1)(1]
+ (P32 + pay)|2) (2] + paz|3)(3].

Therefore using the definition of the coherent information and the von Neumann entropy,
the coherent information of the degradable amplitude damping channel ®, , . evaluated on

the diagonal input state diag(p1, p2, ps, p4) is the objective function in (5.5.1). O

5.5.2 Two-Qubit Pauli Channels

In this section, we provide upper bounds on the quantum cpacity of some two-qubit Pauli
channels. Theorem 5.5.3 gives upper bounds on the quantum capacity of the Pauli twirl
of our two-qubit amplitude damping channels. Using Theorem 5.5.3, we obtain upper
bounds on the quantum capacities of other channels, including the two-qubit depolarizing
channel in Corollary 5.5.4, locally symmetric two-qubit channels in Corollary 5.5.6, and
other non-unital channels in the subsequent subsection. Proposition 5.5.2 states the effect

of twirling @, , . to a Pauli channel.

Proposition 5.5.2. Let z,y and z be nonnegative real numbers such that ®,, . defined by

(5.5.8) is a four-dimension amplitude damping channel. Then the Pauli-twirl of ®,, ., has
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the Kraus operators

1+2v1— T—2
(*V TV y>1®m

4
1-yT—2

( V] y>p, Pc{1oZ Zo1)
1—2¢1—x+¢1—%wz®z

4

XEEXQP, Pc{1oX, 10Y, X®1, Y®I1}
XE%XQP, Pec{ZeX, ZoY, X®Z Y®IZ}
Jz
P, Pc{X®X, XY, Y®X, Y®oY!

with probability of weight © Pauli’s being P; where

P — <1+251+32>2

4
e () (25
e () ()

with s1 =1 —x and sy = /1 —2y — 2.

Proof. Substituting the equations (5.7.1) to (5.7.10) into the equations (5.3.4), we can
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express the Kraus operators of ®, , . in the Pauli basis to get

x + _ xr— .
Al:q(]l@XjLz]l@Y)%—q(Z@thzZ@Y)
T+ . T — .
A2:M(X®1+ZY®1)+M(X®Z+ZY®Z)

4 4
NZ .
A= "C(XeX-YoY+iXoY+Y X))
1+2y1— T—2 1—T=2
Ay = LE Z+\/ y1®1+Ty(Z®1+1®Z)
1-2y1— T—2
N v z+\/ oy

Applying (5.4.1) on the above decomposition of the Kraus operators of @, , . in the Pauli
basis, we can derive the probabilities that the Pauli twirl of ®,, . applies each two-qubit
Pauli matrix. Subsequently, we obtain the probabilities of the Pauli twirl of ®,, . having

Pauli errors of the weights zero, one and two. 0O

Given the above proposition, we can determine the explicit form of four-dimension
quantum channels for which we have non-trivial upper bounds on the quantum capacity.
These non-trivial upper bounds come from applying Theorem 5.4.2 on our degradable

four-dimension amplitude damping channels.

Theorem 5.5.3. Let z,y and z satisfy the inequalities in (5.3.6). Then there is a channel
Niy.z, a degradable extension of the Pauli twirl of ®,,, ., such that the quantum capacity
of the Pauli twirl of ®,, . is at most

1422+ 1—z+ 1 -2y —

—n(l—%)—Qﬁ(mzy)—ﬁG)- (5.5.2)

Proof. The quantum channel @, , . defined in (5.3.3) is degradable for the stipulated values

of z,y and z by Lemma 5.3.2. The two-qubit Pauli-contraction channel maps all input

states to the maximally mixed state. Hence Theorem 5.4.2 implies that there exists a
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degradable extension Nx7y,z of the Pauli-twirl of ®, , ., such that the quantum capacity of
the Pauli-twirl of ®,, . is at most the quantum capacity of N, ., which is at most the

coherent information of ®, , . evaluated on the maximally mixed state. O

Depolarizing Channels

Depolarizing channels are often used as toy-models for the noisy quantum channel. In the
Kraus representation, an m-qubit depolarizing channel applies the identity m-qubit Pauli
with probability 1 — p, and each of the other non-trivial m-qubit Paulis with probability
smm—- Here, p quantifies the depolarizing probability, and varies between 0 and 1. The
m-qubit depolarizing channel is a d-dimension depolarizing channel with d = 2™. The d-
dimension depolarizing channel of depolarizing probability p can be described as a quantum
channel that maps an m-qubit input state to a convex combination of the maximally mixed

m-qubit state and the input state, and is defined as
d?—1 1q ( d*>—1
Dyalp) =p (1 -p 7 ) + 7 (p 7 ) Tr(p).

Upper bounds | , , , , | and lower bounds | , ,

, ] on the quantum capacity of qubit depolarizing channels, the simplest type
of depolarizing channels, have been studied. However these bounds are not tight when the
depolarizing probability is in the interval (0, }1) Even less is known about the quantum
capacity of higher dimension depolarizing channels. The goal of this section is to tighten

the upper bounds for the quantum capacity of d-dimension depolarizing channels.

The obvious upper bounds for the quantum capacity of the depolarizing channel comes
using Cerf’s no-cloning bounds | ] for depolarizing channels with Smith and Smolin’s
result (Theorem 5.2.1). By Cerf’s result, a d-dimension depolarizing channel of depolarizing
probability p is both degradable and anti-degradable when

d d&#—-1  d*—1 d—1

_ _ _ , 5.5.3
2d+2 &  2dd+1) 2 (5:5.3)

p
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Hence applying Smith and Smolin’s technique of degradable extensions | ] immediately

gives the upper bound of

2d
Q(Dy.a) < (logy d) (1 - pﬁ) (5.5.4)
for depolarizing probability 0 < p < dZ—fl. We call this upper bound the no-cloning upper

bound for the quantum capacity of the depolarizing channel.

An obvious lower bound for the quantum capacity of the d-dimension depolarizing
channel of noise stength p is max(0,log, d + (1 — p)logy(1 — p) + plog, (%), which is its

coherent information evaluated on the maximally mixed state.

Picking a d-dimension channel to twirl to get improvements over the no-cloning upper
bounds for the quantum capacity of the depolarizing channel is non-trivial for two reasons.
Firstly, we have to verify that the channel that we pick is degradable, and checking for the
degradability of a quantum channel is not an entirely straightforward problem. Secondly,
the coherent information of the channel evaluated on the maximally mixed state has to be
sufficiently low, in order to produce an improvement on the no-cloning upper bound of the

quantum capacity of the depolarizing channel.

The four-dimension amplitude damping channel ®,(, can be used to improve on the

no-cloning upper bound of the four-dimension depolarizing channel (see Figure 5.1).

With the d-dimension uniformly amplitude damping channel, we can obtain non-trivial
upper bounds for the quantum capacity of the d-dimension depolarizing channels, which

is the statement of the following corollary.

Corollary 5.5.4 (m-qubit Depolarizing Channels). Let d = 2™ be the dimension of our m-
qubit depolarizing channel of depolarizing probability 0 < p < %. the quantum capacity of
our d-dimension depolarizing channel with depolarizing probability p is at most the convex
hull (see Figure 5.1)

conv ([coh <~A%d7 %) , (logz d) (1 B dele))
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where

o 3) () (157 (s 1) ()

and y = (dgﬁ)z( I—p—(1- 3)

Proof. The only Kraus operator of the d-dimension uniformly amplitude damping channel
with damping parameter ~ that is not traceless is Ay, which has a trace of 1 + (d —
1)y/T —~. Hence using equation (5.4.1), the complete Clifford-twirl of our uniformly
amplitude damping is the m-qubit depolarizing channel of depolarizing probability p, where

1_p:(1+(d—1)\/ﬁ>2.

d

Taking the non-negative solution for v of the above equation for the feasible values of p

and d, we get
2 — pd
7_(d—1)2< 1—p—(1—2)>

as required in our corollary. Hence using our Theorem 5.4.2 pertaining to twirling of
degradable channels and the contraction channel, there is a degradable extension of the d-
dimension depolarizing channel D, 4 with an upper bound that is the coherent information
of the d-dimension uniformly amplitude damping channel with damping paramater -~
evaluated on the maximally mixed state. Taking convex combinations of the upper bound
of the quantum capacity of the twirl of our amplitude damping channels and the no-cloning

upper bounds then gives the result. O

Locally Clifford Covariant Channels

To obtain locally symmetric Pauli channels, we introduce the notion of localized Clifford
twirling. Instead of twirling our channel over the entire Clifford group over all the qubits

[ ], we can twirl the channel with respect to the Clifford group for individual qubits
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Figure 5.1: This figure depicts bounds on the quantum capacity for the four-dimension
depolarizing channel of depolarizing probability p, where the upper bounds are given in
Corollary 5.5.4. The upper and lower boundaries of the shaded region depict the upper
and lower bounds for the quantum capacity of the four-dimension depolarizing channel
respectively. The dotted line is an upper bound that comes from Cert’s no-cloning bound,
and the dashed line is an upper bound that comes from twirling our four-dimension
amplitude damping channel.

independently. The material below is an explicit discussion on the notion of localized
Clifford twirling.

Now define the set of non-trivial Pauli matrices to be Py := {X,Y,Z}. We study a set

of automorphisms on the non-trivial Pauli matrices. To define this set of automorphisms,
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we first define a Hermitian and traceless qubit operator

T+ T

V2

for all non-trivial Pauli matrices 7 and 75, which is just the Hadamard matrix in an

H71ﬂ'2 =

arbitary Pauli basis. For all non-trivial Pauli matrices W, conjugation of W with H, ,

gives the following.

sl s W = T2
H7’1 ,7'2WH7'177'2 - T2 ) W = 71
—W y W §é {7'1, 7'2}

Hence the automorphism associated with the generalized Hadamards H,, ,, on the set of
non-trivial Pauli matrices swaps 7 and 7,. The size of the set of all automorphisms on the
set of non-trivial Pauli matrices is the size of the symmetric group of order 3, which is 6.

Hence we consider the set
B:={1,Hxv,Hx z Hy z, Hx zZHx v, Hx yHx z} (5.5.5)

with six qubit operators, each operator corresponding to a distinct automorphism of the

set of non-trivial Pauli matrices. For all P,V € P, observe that

é > (B'PB)V(B'PB) =
BeB

(5.5.6)

$ 2 pep PVP . PeP;
P=1

Y

Lemma 5.5.5 (Localized Clifford Twirling). Let N be a two-qubit Pauli diagonal channel
that applies the two-qubit Paulis P @ P with probabilities apgpr. Then (Nxigsx)xBoix S
a two-qubit Pault channel that applies the identity Pauli operator with probability aqs1,
each weight one Pauli operator supported on the first and second qubits with probabilities

1 1
Z §QR®1 and Z §G1®R respectively, and each weight two Pauli operator with proba-
REP; REP;
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1
b’l,l’&ty Z § AR®R/ -
R,RePy

Proof. Let V and W be single qubit Pauli matrices. Then using (5.5.6) we get

1
Nipeu(VOW) =23 > B'PBVBPB®P'WPapgp

BeBP,P'cP;

1
- > (§ :(BTPB)V(BTPB)) ® P'WP apgp:
P.P'eP; BeB

=) VoPWPaygp +§ > (Z RVR) ® > P'WPlapgp:.

P/eP; PcP; ReP; P/ePy

By rearranging the terms above, we get

Nisou(V W) =V @ S PWPlasop + (3 RVR) @ 3 PWP' Y-

P/eP, ReP; P/eP PeP;

Similarly,

1
Nsgn)uen(V @ W) =V & 5 Z Z (B'P'B)W (B'P'B)asep

BeBP/cP;
1 a ’
L tpr tpr PoP
+ (Y RVR) 2= Y (BPB)W(B PB)( > . )
REP; BeB PP, PeP;
_ ’ / 1P’
—aeVOW+Ve (Y RWR)((Y =)
R/€P; PPy
ape1
RVR> W( )
(X PW( D, =
REP; PPy
RVR) ( / ’) 4pep’
(X Ry (3 W) Y
ReP; R/€P; P PP}

O

Corollary 5.5.6 gives upper bounds on the quantum capacity of locally symmetric Pauli

channels. Such channels are simple examples of two-qubit quantum channels that need not
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have a tensor product structure.

Corollary 5.5.6 (Locally Symmetric Two-qubit Pauli Channels). When x,y and z satisfy
the inequalities in (5.3.6), the quantum capacity of a two-qubit Pauli channel that applies
the weight zero, weight one, and weight two Pauli operators with probabilities qo, q1 and g
respectively has a quantum capacity at most the right hand side of the inequality (5.5.2),

and 1s depicted in Figure 5.2, where

(1+2\/1—x+\/1—2y—z)2
qo =

4

(- VT=2y=2)? Vz+.)’
n= 8 * 4

-2V —z+VT=2y—2)° (r—y)? =
= 16 T Tr

Proof. Using Proposition 5.5.2 for Pauli-twirling and Lemma 5.5.5 for localized Clifford
twirling, the (1 ® B)-(B ® 1)-twirl of the Pauli twirl of the degradable four-dimension
amplitude damping channel @, , . is the Pauli channel as stipulated in our corollary. By
Theorem 5.5.3, the Pauli-twirl of the four-dimension amplitude damping channel has a
degradable extension N, ., with quantum capacity at most the right hand side of the
inequality (5.5.2). Since channel twirling is a special way of taking convex combinations
of channels, we can apply Theorem 5.2.1 on the degradable extension N, . to find that
there exists a degradable extension Ny of the (1 ® B)-(B ® 1)-twirl of the Pauli twirl of
the degradable four-dimension amplitude damping channel ®, , . constructed from flagged
extensions of Nxﬁy,z, where the quantum capacity of N.y is no more than the quantum

capacity of N, .. O

5.5.3 Non-unital Channels

We give upper bounds for the quantum capacity of certain non-unital and non-degradable
channels [ , , , |. Non-unital channels cannot be Pauli-twirled

channels, because Pauli-twirled channels are necessarily unital. However we can still
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0.0 95}

Figure 5.2: The concave roof of the depicted dimpled surface is our lower bound for two
minus the quantum capacity of the locally-symmetric Pauli channel (see Corollary 5.5.6).
The locally symmetric channel applies some weight one and weight two Pauli error with
probabilities ¢; and go respectively.

construct upper bounds on non-unital channels that are convex combinations of twirled

degradable channels. In this case, it is necessary to use twirls weaker than the Pauli-twirl.

In this section, we illustrate how one can obtain upper bounds for the quantum capacity
of the shifted qubit depolarizing channel, which is the content of Corollary 5.5.7. The
shifted depolarizing channel [Fuk05, GLR05] of dimension d is defined by

Dy.a.a(p) := Dyalp) + ATr(p) (5.5.7)

where A is a d-dimension Hermitian traceless matrix such that D, 4 is a completely
positive map and hence still a quantum channel. Here, the operator A quantifies the

amount by which the depolarizing channel D,  is shifted. The shifted depolarizing
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channel D, 4 o can also be interpreted as a channel that transmits a state p perfectly with

probability 1 — pdfigl, and with probability pdzgl transmits the state (%d + z%) Tr(p).

In the following corollary, we provide explicit upper bounds for the quantum capacity of

the shifted depolarizing channel (see also Figure 5.3).

0.8_ |||||||||||||||||||||||||||||||| TN .
----------------------------- p=0.05
0.6} =01
Cpeoasf e
04- IIIII
. p=02]"" )
0.2f o ——
f €
0.2 0.4 0.6 0.8 1.0 71

Figure 5.3: Upper bounds on the shifted qubit depolarizing channel D,, 5 .z are depicted in
this plot for different values of depolarizing probability p, and v, is as defined in Corollary
5.5.7.

Corollary 5.5.7 (Shifted Qubit Depolarizing Channels). Let 0 < p < ;11 be the depolarizing
probability and non-negative number € quantify the amount of shifting for a shifted qubit

depolarizing channel Dy 7. Let y1 = /16 — 9p + 97:16, and y3 = 4y/1 —p(1 — /1T —p) be
amplitude damping parameters dependent on the depolarizing probability p. Let ®., be the

qubit amplitude damping channel with Kraus operators v1|0)(1| and |0){0] + /T — 71|1) (1]
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and

Fys(p) := conv (1 — Hy(p), H2<1 _272> — H, (%), 1— 4p)

be Smith and Smolin’s upper bound for the quantum capacity of the qubit depolarizing
channel [ |, where Hy(q) := n(q) +n(1 — q) is the binary entropy function. Then for
€ <, the quantum capacity of the shifted qubit depolarizing channel Dy 2 7 15 at most

67;1Icoh(q)717 {]]-7 Z}D) + (1 - 67;1>Fss<p)'

Proof. Let U be the set of unitaries {1, Hx z, Hy z}. Then the U-twirl of ®.,, is a shifted

depolarizing channel, in the sense that

(Do) )stux (1) =1+ nZ

(@, )i (P) = 2y1— 71; (1- 71)P

for all non-trivial Paulis P € {X,Y,Z}. Thus the U-twirl of ®., is the qubit depolarizing
channel of depolarizing probability p = % <1 — Q—W) shifted by v1Z. Solving v,
in terms of p, and imposing the condition that 7, is non-negative for p € (0, 1], we get
v1 = /16 — 9p + %;M, which is less than 2 on the interval p € (0, %L] Then the shifted
qubit depolarizing channel is the following convex combination of channels the U-twirled

qubit amplitude damping channel and the qubit depolarizing channel. Hence

Dyoez = €Y1 (Do) )urin + (1 — €71 1) Dpa.

Hence applying Theorem 5.2.1 on the degradable extensions of the U-twirl of ®,, and Smith

and Smolin’s degradable extension of the qubit depolarizing channel gives the result. O

Similarly, it is also possible to obtain upper bounds on the quantum capacity of some
four-dimension non-unital channels. For example, let U be any set of four-dimension

unitary matrices, and z,y,z and a’,y/, 2" satisfy the inequalities in (5.3.6). Then the
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quantum capacity of the convex combination of the U-twirl of the four-dimension amplitude
damping channel ®, , . and the Pauli-twirl of another two qubit amplitude damping channel
®, .. is at most the convex combination of the coherent information of ®,, . and the

coherent information of @,/ ., evaluated on the maximally mixed state.

5.6 Discussions

In this chapter, we have generalized Smith and Smolin’s result (Lemma 8 of | |) to
our Theorem 5.4.2, which is the main tool that we use to provide new upper bounds for
the quantum capacity of several families of quantum channels. We provide upper bounds
on the quantum capacity of some non-unital channels — the shifted depolarizing channels,
and some shifted two-qubit Pauli channels — thereby demonstrating the potential of our

sharpening of Smith and Smolin’s technique.

Upper bounds for the quantum-capacities of the two-qubit locally symmetric channels
were originally investigated in this chapter in hope of improving the upper bound on the
quantum capacity of the qubit-depolarizing channel. However numerical evidence indicates
that this is not impossible, and improving on the upper bound of the qubit depolarizing

channel remains an open problem.
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5.7 Miscellaneous

Observe that

40)3| =X X-YY+i(X®Y+Y®X) (5.7.1)
4DN2I =X X+Y®Y +i(- XY +Y ®X) (5.7.2)
40)2 =X®1+X®Z+i(YR1+Y®Z) (5.7.3)
4B =X1-X®Z+i(Y®1-Y®Z) (5.7.4)
40) (1] =13 X+ Z3X+i(1Y+Z®Y) (5.7.5)
42)3| =10 X -Z3X+i(lY-ZRY). (5.7.6)
Also

44000 =1®1+1RZ+ZR1+ZRZ (5.7.7)
41 =101 -1QZ+Z®1-ZQZ (5.7.8)
42)2/ =191+1RZ-ZR1-ZQZ (5.7.9)
43)3| =191 -1RZ-Z®1+ZQZ. (5.7.10)

We can also rewrite the above matrices in the following form.
10)(3] = (10)(0)(X & X) (5.7.11)
10)(2] = (|0)(0)(X © Z) (5.7.12)
D3I == {A)XeZ) (5.7.13)
10)(1] = (10)(0})(Z ® X) (5.7.14)
2)3] = (=122 (Z @ X) (5.7.15)
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