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Zusammenfassung

Fehler aufgrund von Dekohérenz sind eine zentrale Hiirde auf dem Weg zu zuverlissigen
Quantencomputern. Diese Dissertation befasst sich mit experimentell zugédnglichen Fehler-
toleranzprotokollen in Quantensystemen mit kontinuierlichen Variablen (CV), welche in An-
wendungen omniprasent sind. Wir konstruieren neue Pulssequenzen, die ungewollte System-
Umgebungs-Interaktionen unterdriicken, und untersuchen neue Codierungen von Quantenbits
in CV-Systemen mit verbesserter Fehlertoleranz.

Abstract

Errors caused by decoherence are a major obstacle on the road towards robust quantum
computation. This dissertation treats experimentally feasible fault-tolerance protocols in the
context of continuous variable (CV) quantum systems which are ubiquitous in applications.
We construct novel pulse sequences to suppress unwanted system-environment interactions
and investigate new encodings of quantum bits into CV systems with improved noise toler-
ance.
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1 Introduction

Quantum computing is a new paradigm for information-processing. It potentially provides
novel, vastly more efficient ways of solving certain computational problems compared to what
classical computers can achieve. Central to this paradigm are new information-processing
primitives that build on quantum-mechanical effects such as non-locality. These can be
observed if a quantum system can be manipulated reliably. In this sense, quantum computers
exploit physical properties which are fundamentally different from classical computers: they
build on the fact that the underlying physical system which carries the information is governed
by quantum mechanics. The motivation for considering this approach is two-fold: First, such
systems are by design more suitable to address computational problems associated with
quantum-mechanical systems such as studying the properties and dynamics of e.g., molecules
or new materials [63]. Second, there is evidence that certain computational problems of
algebraic and combinatorial nature, such as factoring integers or search problems, can be
solved more efficiently with quantum computers [48], 90} [72], [121]. In both cases, there is hope
that the computational reach of quantum computers extends beyond classical computers in
problems of practical relevance.

A crucial issue on the road towards building a quantum computer is the fact that manipu-
lating quantum information in a robust manner is difficult: Inevitable and unwanted inter-
actions with the environment typically lead to a rapid loss of quantum properties such as
coherence and entanglement. Furthermore, limited control capabilities may restrict the set of
operations that can be performed reliably, including state preparation, gate application and
measurement. For these reasons, it is crucial to develop suitable fault-tolerance protocols
and mechanisms to protect quantum systems against noise.

Quantum computing is often considered based on finite-dimensional systems, where the basic
building block is a quantum bit, a two-level quantum system that replaces the notion of a
classical bit and is therefore called a qubit. Similar to the way that continuous parameters
of a physical system (such as voltage or magnetisation) are discretised in digital classical
computers (e.g., to encode bit strings), the consideration of multi-qubit systems simplifies and
unifies the search for algorithms in a device-independent fashion. In practice, this amounts to
e.g., only using two energy levels of an atom or the two polarisation states of a photon. Error-
correction techniques for multi-qubit systems have a long history, and show that — in principle
— reliable and scalable quantum computers can be built based on imperfect components [2}, 97,
92]. However, identifying the most resource-efficient procedures for achieving fault-tolerance
remains a key research topic at the intersection of theory and experiment.

For fault-tolerance with qubits, several distinct approaches are being pursued. On the one
hand, one attempts to engineer specific dynamics by e.g., applying pulse sequences, to sup-
press the effect of unwanted system-environment interactions. These techniques are well-
established both theoretically and experimentally, and successfully reduce effective error rates.
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On the other hand, the theory of quantum error-correcting codes aims to use redundant en-
codings to distribute relevant quantum information in many-body systems. Typically, corre-
sponding proposed schemes provide increasing reliability with growing system size, provided
that the initial physical noise level is below a certain threshold. For qubit systems, numerous
families of quantum codes with various parameters and associated features are known.

While the abstraction of qubits is useful for theoretical considerations, many quantum systems
used in practice are so-called continuous variable (CV) or bosonic quantum systems associated
with a (countably) infinite number of energy levels. Such systems are omnipresent in nature
since many physical quantities, such as the amplitudes of the electromagnetic field or position
and momentum, are continuous. Correspondingly, they are also of high practical relevance
since experimental techniques for their control are well developed in many systems. This
motivates the development of fault-tolerance mechanisms that take the CV nature of such
systems into account. In particular, this can result in more robust and thus resource-efficient
approaches to quantum computation, and provide recipes that are more in line with available
experimental capabilities. Unfortunately, however, the theory of quantum fault-tolerance
with CV systems is much less developed compared to the multi-qubit setting.

This thesis contributes towards closing this gap between the present understanding of CV
versus discrete quantum systems in the context of quantum fault-tolerance. Both approaches
mentioned above are pursued. The main advances can be summarised as follows:

Novel dynamical decoupling protocols for continuous variable (CV) systems (a):
We construct pulse sequences that combat dominant decoherence effects on CV quan-
tum systems. The pulse sequences achieve the following: First, they approximately
decouple the system from its environment, i.e., the effective evolution which is gener-
ated by rapidly applying pulses on the system at certain times and evolving under the
uncontrolled decoherence Hamiltonian in between (approximately) involves no interac-
tion between the system and the environment. Second, the system part of the effective
evolution is approximately homogenised, i.e., reduced to that of non-interacting har-
monic oscillators all rotating at the same averaged frequency. By ‘approximately’,
we mean that these goals can be achieved up to any desired order in the total time
of the pulse sequence. This homogenised evolution provides natural decoherence-free
subspaces to encode quantum information. A remarkable feature of our constructed
protocols is their simplicity and the fact that they are highly resource-efficient: They
use no a priori knowledge on the exact form of the decoherence Hamiltonian and no
feedback via measurements, i.e., the same pulse sequence works for all Hamiltonians
that are quadratic in the system and environment mode operators. They hence tar-
get a wide range of practically relevant noise models such as thermal noise or photon
loss. Furthermore, the involved pulses are very simple, i.e., products of single-mode
phase rotations and beam splitters, and their number only scales polynomially in the
suppression order. This scaling constitutes an exponential improvement over what can
be achieved by concatenating previously considered first-order pulse sequences. To our
knowledge, our pulse sequences are the first proposals for higher order bosonic decou-
pling or homogenisation.

A new approach to encoding qubits into CV systems (b): We propose a new proto-
col to robustly encode a logical qubit using several harmonic oscillator modes. The
construction is based on the combination of two well-explored quantum error correct-
ing codes, a qubit-into-CV encoding which is concatenated with a qubit-into-qubits
encoding. The novelty of our approach relies on an additional squeezing unitary in
the encoding procedure which has not been considered before. As the main advance of
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this approach, we find that the introduction of this additional squeezing leads to an in-
creased fault-tolerance threshold against random Gaussian phase space displacements.
The encoded qubit is reliably protected from such noise with shift-error standard de-
viation up to o = 0.581 in the limit of large code sizes compared to the state-of-the
art threshold of ¢ =~ 0.540 which was achieved in similar constructions without the
squeezing [169] 68]. At the cost of an additional squeezing of 4.77 dB, one can achieve
this improvements in the noise tolerance.

To achieve these goals, we use the following methods.

For the first advance (a), we relate multi-qubit systems to multi-mode CV system where
the Hamiltonians are at most quadratic in the mode operators. More precisely, we establish
a connection between the corresponding Lie groups, i.e., the unitary and the symplectic
group, and similarly between the corresponding Lie algebras. This connection enables us to
formally prove the validity of our CV pulse sequences by generalising the universality proof
of the (nested) Uhrig dynamical decoupling scheme [86] to the CV setting. As a consequence,
we can lift the most efficient multi-qubit dynamical decoupling schemes [I61] — most efficient
in the sense that they require a minimal number of pulses for a given suppression order — to
the CV setting: while keeping the pulse timings of the multi-qubit protocols we replace the
qubit operations by passive Gaussian unitaries. We note that our analysis is based on the
fact that we work within the framework of symplectic matrices on the CV phase space. This
is possible since — by assumption on the decoherence Hamiltonian — all considered unitaries
are Gaussian.

For the second advance (b), our encodings are constructed from the concatenation of two
well-explored codes: using the surface code [30] [67, [47, [92], a logical qubit is encoded into
many qubits each of which is again encoded into a CV mode using an asymmetric version
of the Gottesman-Kitaev-Preskill (GKP) code [71]. We investigate our novel qubit-into-CV
encodings employing analytical as well as numerical methods. For the latter, we simulate
the quantum error correction process on a classical computer for different noise strengths:
an efficient algorithm simulates an efficient surface code decoder [29] that uses a tensor
network approximation. A Monte Carlo study yields the above mentioned estimates for
noise thresholds. We emphasise that an asymmetric encoding of the GKP-qubits — using a
squeezing unitary — is essential to the improved noise tolerance of our encodings. The key
idea is that this squeezing renders the effective noise on the logical level of the GKP-qubits
biased. The concatenated code can hence benefit from the enhanced resilience of the surface
code against biased noise [I58]. In this sense, our analysis conceptually illustrates that it can
be beneficial to actively engineer a noise bias and benefit from the resilience of the surface
code towards biased noise. We remark that throughout, we consider an idealised setup where
no errors occur during the syndrome measurements of the error correction process.

Both advances (a) and (b) showcase the usefulness of connecting quantum fault-tolerance
protocols in the qubit and the CV setting. In both cases, we only employ additional Gaussian
resources to enhance the noise tolerance of the considered protocols: passive Gaussian pulses
in the novel pulse sequences and an a Gaussian squeezing operation in the context of quantum
error correcting codes. We note that such Gaussian resources are considered more feasible,
e.g., realisable by passive or active linear optics, but also more limited in terms of their
usefulness for quantum information processing. However here we show that such resources can
be highly beneficial when combined with other concepts or resources. Similar constructions
may also be interesting and beneficial for other protocols. Our results serve as a proof of
principle; they exploits the enhanced noise tolerance of a given code by concatenation. This
circumvents well-known no-go results on Gaussian CV-into-CV encoding [69, 56|, 123}, [169].



12 Chapter 1: Introduction

Outline of the thesis

The first two chapters of the main text are dedicated to the fundamentals: Chapter [2| presents
the basic properties of quantum mechanics, bosonic quantum systems and quantum comput-
ing which are relevant to the work at hand. In Chapter[3] we discuss fundamentals of quantum
fault-tolerance, i.e., quantum noise processes in the qubit as well as in the CV setting and
error correction. We also discuss error suppression techniques. The two central results of this
thesis on dynamical decoupling for C'V systems and on qubit-into-C'V encodings are presented
on Chaptersd and 5| respectively. The first one introduces the novel DD protocols for bosonic
systems while the second one constructs an improvement on a specific DV-into-CV encoding.
We conclude in Chapter [ with a summary of our results and an outlook.



2 Fundamentals of quantum comput-
ing

Whereas a classical computer uses the classical states 0 and 1 as its basic data bits, a quantum
computer uses quantum states. To consider the latter, it is therefore necessary to introduce
the basic mathematical formalism which describes quantum mechanics: this is done in Sec-
tion [2.1] The quantum systems considered in this thesis are so-called continuous variable
(CV) or bosonic quantum systems where the basic information carriers are not two-level
system, but bosonic quantum modes, i.e., systems with infinitely many levels. Section [2.2
presents the basic properties of such CV systems. In Section [2.3] we introduce the basics of
the circuit model of quantum computation which uses quantum bits.

2.1 Introduction to quantum mechanics

The mathematical description of quantum systems relies on expressing quantum states and
operations as elements of or operators on a Hilbert space. This section briefly recaps the
central concepts of this description which are relevant to the work at hand. In Section[2.1.1] we
set the stage by introducing Hilbert spaces and operators. The concepts of states, observables
and evolutions are described in Sections [2.1.2] and 2.1.5] respectively. In Section [2.1.3 we
illustrate the above concepts in terms of the simplest quantum system — the quantum bit
— which despite its simplicity is of great importance, e.g., for quantum computation. The
mathematical description of several composite quantum systems is given in Section [2.1.4]
where we also elaborate on the related concept of entanglement.

2.1.1 Hilbert spaces and operators: basic definitions and notation

In quantum mechanics, one associates a complex separable Hilbert space H to every quan-
tum system. A complex Hilbert space H is a complex inner product space (H, (-,-)) which
additionally is a complete metric space with respect to the norm ||z|| .= /(z,x) induced by
the inner product. Note that we use the convention that the inner product (-, -) is antilinear
in the first and linear in the second argument. Separability means that H admits a countable
orthonormal basis. Let furthermore H* denote the set of continuous, linear functionals on H.
In the following, we restrict our attention to complex separable Hilbert spaces unless men-
tioned otherwise. Note that in the context of quantum field theory, an alternative formulation
using C* algebras of observables as a starting point is used [26]. However, for the concepts
discussed in this thesis, the Hilbert space formulation is sufficient.

13
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Braket-Notation

The braket or Dirac notation is a useful tool and prominent in physics: An element ¢ € ‘H
corresponds to the so-called ket-vector [i)) whereas the bra-vector (¢| € H* symbolises the
corresponding dual element. Then the inner product (¢, ) between two vectors 1, p € H can
be written in braket-notation as (1|p). Furthermore, for ¢, ¢ € H, the braket notation |¢){¢|
stands for the linear map which acts on an element 9 € H as ¥ — [¢) (p|0d) = (p, V). Given
a linear map A : H — H one writes (p|A[) to denote (@, A).

Operators on Hilbert spaces

An opemtoﬂ A on a Hilbert space H is a linear map A : H — H. It is bounded if its operator
norm [|Al| == supyeq [[A¥||/[|¥0]| is finite. We denote the set of operators on H by L(H) and
those of bounded operators by B(#). The adjoint A’ of an operator A € B(H) is defined via

(1), Ap) = (AT, ¢) for all 1, € H . (2.1)

Certain subsets of B(#) are central to the description of quantum systems.

Definition 2.1 (Operators on Hilbert spaces). Let H,H1,Ha be Hilbert spaces.

An operator A € B(H) is called self-adjoint if it satisfies A = AT. Let
Bo(H) ={AcB(H)| A= AT}

denote the set of all self-adjoint operators.

A map U € B(H) is called a unitary if UUT = UTU = I where I is the identity map on .
The set of unitary operators on H is denoted by U(H).

A linear map V : Hy — Hq is called an isometry if for all p, v € Hy, (@, ) = (VpV ).

A map U € B(H) is called a partial isometry if its restriction onto the orthogonal comple-
ment of ker(U) is an isometry, i.e., for all ¢ € ker(U)* we have ||Uv| = ||2]|.

A map A € B(H) is called positive if (1, Ay > 0 for all ¢p € H.

A map P € Byo(H) is called a projection if P2 = P. The set of projections on H is denoted
by P(H).

Note that the above definition directly implies that every projection is positive and that every
positive operator is self adjoint. We write A > 0 to denote that A is a positive operator.

A complex number A € C belongs to the spectrum of a bounded operator A if A — Al is not
a bijection with a bounded inverse. The trace of a positive operator 7' € B(H) is defined
by tr(T) == > ;2 (ex|Ter) where {|ex)}, oy is a countable orthonormal basis of 7 and one
sets tr(T) = oo if > 72, (ex|Tex) does not converge. By separability of , such a countable
basis exists and the value of the trace is independent of the chosen basis (cf. e.g. [139, Theorem
VI.18] for a proof).

!More generally, the domain and the range may be distinct Hilbert spaces: An operator A is a linear
map A : Hi — Hao for two Hilbert spaces H1 and Ha2. We denote the set of all operators from Hi to Ho
by L(H1,H2) and use L(H) as short hand notation for £L(H,H).
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Furthermore, we denote the square root of a positive operator A € B(H) by VA Since
for every A € B(H), ATA is positive by Eq. (2.1), the operator |A| = VATA is well-
defined.

Definition 2.2. The set of trace-class operators is defined as

T(H) = {A € BAH) | tx(|T)) := tr(VTIT) < 00} .

The sets we have introduced so far satisfy the following inclusion relations:
PH) CBso(H) CBH)CLH) , TH)CBH) , UH)CBH).

Let us add a few remarks on the differences between a finite-dimensional and an infinite-
dimensional Hilbert space: If H is finite-dimensional, then H = C™ for some n € N and the
linear operators on H can be represented by complex n X n-matrices, implying that all linear
operators on a finite-dimensional Hilbert space are bounded; this statement is no longer true
if H is infinite-dimensional: operators may be unbounded.

Adaptions for infinite-dimensional Hilbert spaces

In the case of an infinite-dimensional Hilbert space, some of the above definitions are im-
practical — the assumptions are too strict for many purposes — and it is useful to adapt and
relax certain of these. A mathematical precise description can be found in textbooks, e.g. by
Simon and Reed [139].

The first adaptions concern unbounded operators since many physically interesting observables
such as position and momentum of the quantum harmonic oscillator correspond to unbounded
operators. By the Hellinger-Toeplitz theorem, an operator A : H — H that satisfies (p|Ay) =
(Apl|y) for all 1), |¢) € H must necessarily be bounded (cf. e.g. [Chapter II1.5 ][I39]). Hence
one makes the following adaptions for self-adjoint operators.

Definition 2.3 (Adjoint and self-adjointness). A densely defined operator A is a linear map A :
D(A) — H, where D(A) is a dense linear subspace of H called the domain of the operator.

The (Hilbert) adjoint At of a densely defined operator A : D(A) — H is defined by

(]Ap) = (Alylp)  for all |p) € D(4) , |y) € D(A)

where the domain of AT is given by all [s)) € H such that the map |p) — (p|Ap) is a
(densely defined) continuous linear functional.

A densely defined operator A : D(A) — H is symmetric if (A|p) = (Y| Ap) for all [¢), |¢) €
D(A).

Furthermore A : D(A) — H is self-adjoint if A is symmetric and D(AT) = D(A).
A densely defined operator is specified by the action on its domain by extending the action

from the dense subspace to the whole space using linearity. In slight abuse of notation, the
domain is often omitted in its definition.

2By the square root Lemma (cf. e.g. [81]) such an operator exists, is unique and satisfies (v/A)? = A.
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Note that a symmetric operator A with D(A) = H is self-adjoint and bounded. If D(A) # H,
then a self-adjoint operator does not need to be bounded any more. With this in mind, one
can formally replace Bsq(H) by

Lso(H)={A: D(A) - H | A self-adjoint, D(A) = H} .

Note that it is more subtle to define sums or products of densely defined operators A and B
than for operators defined on the entire Hilbert space: for example, D(A+B) C D(A)ND(B)
might only include the zero vector; hence the set Lq,(#H) will no longer be closed under
addition. Of special interest in quantum mechanics is the spectrum of self-adjoint operators
which is defined as follows: A number A € C belongs to the spectrum of an unbounded self-
adjoint operator A : D(A) — H if A — Al is not a bijection of D(A) onto H with bounded
inverse. If an element A of the spectrum satisfies A|y)) = A|¢) for some |¢)) € D(H), then it
is called an eigenvalue and |¢)) the corresponding eigenvector (cf. [I39, Chapter VIIL.1]). The
spectral theorem for unbounded self-adjoint operators.

The second adaption concerns the topology on operator spaces, e.g., on L£(H) and subsets
thereof. The standard or morm topology is defined by the following notion of convergence:
A sequence of operators (Ay)nen C B(H) converges to A € B(H) with respect to the norm
topology if and only if

lim ||A, — Al :== lim sup [[A,¢ —AY||=0.

n—o00 n=00 |1y =1
However, the norm topology (determined by the operator norm) is too strong for many
applications, e.g., when considering closures of subsets of the unitary operators. The two
other topologies that are relevant for most applications in physics are the weak operator
topology and the strong operator topology.

A sequence of operators (A, )neny C B(H) converges to A € B(H) weakly (i.e., with respect
to the weak operator topology) if and only if

lim | (ol An0) = (plAv)[ =0 for all o, € H .

A sequence of operators (A, )nen C B(H) converges to A € B(H) with respect to the strong
operator topology if and only if

lim |4, — Al =0  forallp € H .
n—oo

Note that (if H is infinite-dimensional) the weak operator topology is (strictly) weaker than
the strong operator topology which again is (strictly) weaker than the norm topologyﬁ

2.1.2 Quantum states, observables and measurements

Density matrices and states

Pure states are rays in H, i.e., in one-to-one correspondence with equivalence classes of unit
vectors up to a global phase ¢’ € C. In slight abuse of notation, we will usually neglect
this phase and simply say |¢) € H is a pure state if it has unit norm, and that |¢)) and |p)
describe the same state if |¢) = €?’|p) for some ¥ € R.

There exists a useful generalisation of pure states: the density operators.

3Given two topologies 71, T2 on the same set, 77 is weaker than 75 if every sequence that converges with
respect to T3 also converges with respect to 7i.
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Definition 2.4 (Density operator). A general state or density operator (or density matriz) is
a positive unit trace operator p € B(#). The set of density operators of a quantum system
with associated Hilbert space H is given by

D(H) == {p € BH) | p € BH), p=0, tr(p) =1} .

Density matrices generalise the concept of pure states in the following sense: on the one
hand, every pure state |¢)) € H corresponds to a density operator given by p = |¢)(¢|, i.e.,
a pure state’s density operator is the one-dimensional projection onto the subspace spanned
by the pure state. On the other hand, every density matrix is the convex combination of
one-dimensional projections: More preciselylz_r], every p € D(H) can be written as

p=> Nilthi) (@il for0< X\ <1, Y N=1, (2.2)

el

for some I C N. If I = N, i.e., if there is a countably infinite number of summands A;, then
the sum in converges with respect to the trace norm ||p||¢ = tr(|p|). As a consequence,
the set of density operators D(H) is convex and pure states correspond to extreme elements of
the convex set D(H). The other elements are statistical mixtures of pure states and therefore
called mized states.

Note that there is also a different notion of quantum states:

Definition 2.5 (Quantum state). A quantum state is a linear functional w : B(H) — C
that is normalised, i.e., w(I) = 1, positive, i.e., w(A) > 0 for any positive operator A,
and normal, i.e., if a sequence (Ap)nen C B(H) of increasing converges strongly to A,
then limy, o w(Ay,) = w(A).

This is equivalent to Definition by the following theorem.

Theorem 2.6. [26] A positive linear functional is normal if and only if there exists a positive
unit-trace operator p such that w(A) = tr(Ap) for all A € Byo(H). O

A prominent property of quantum mechanics which has no analogue in classical physics is that
pure states of the system can occur in superposition. This concept is depicted mathematically
as follows: Let us fix an orthonormal basis of the Hilbert space and note that each basis
element corresponds to pure state. The sum (weighted with some complex number, and
suitably normalised) of two or more such basis elements forms a state. More precisely, it is
again a pure state, i.e., no statistical (or classical) ensemble of states and hence no mixed
state. This new, purely quantum form of pure state combination is called superposition.

Observables

Let us consider the setup of a statistical experiment. It is useful to think of it as a two
step process divided into two parts, the preparation and the measurement: So far, we have
discussed the preparation, a procedure in which one associates a state to the quantum sys-
tem. By another postulate of quantum mechanics, measurable quantities — observables —
correspond to self-adjoint operators on the system’s Hilbert space.

4This is a consequence of the spectral theorem for compact operators [139].
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Definition 2.7 (Observable). An observable is an element A € Lg,(H).

Note that for a finite-dimensional Hilbert space, one may consider elements of By, (H), but
for dim H = oo, one allows for unbounded, densely defined operators.

Projective measurements on finite-dimensional Hilbert spaces

A measurement describes the procedure of extracting information about certain properties of
a state. Here, the properties are specified by an observable. In contrast to classical physics,
a quantum measurement is not simply a read-out of this information but it disturbs the
quantum system, altering its state. As a consequence, the measurement associates to an
observable-state pair a post-measurement state and measurement statistics of outcomes.

Let us start by considering a specific class of measurements, so-called projective measurements
on finite-dimensional Hilbert spaces. They are essential to quantum error correcting codes
for qubits (cf. Section (3.4)).

Definition 2.8 (Projective measurements). Let H be finite-dimensional. A projective mea-
surement is described by a number of projections Pi,..., P, € P(H) which are pair-
wise orthogonal, ie., P,P; = §;,;P;P; for i,j = 1,...,k, and sum up to the identity,
. k

ie, ) . B=L

Each P; projects onto the subspace P;H of H. Since the projections are pairwise orthogonal,
every pure state 1)) € H can be decomposed uniquely as [¢)) = >, Pi|¢), i.e., into a sum
of elements P;|1)) € P;H of these subspaces. Generally, a projective measurement Py, ..., Py
is in one-to-one correspondence with an observable A € Bs,(H) in the following way: For
the projective measurement P, ..., P, with distinct and non-zero outcomes Ai,..., A\ € R,
consider the operator

A=>"\P. (2.3)

By construction, it is a self-adjoint operator, the associated observable. For the other
direction, the spectral theorem for hermitian matrices (self-adjoint operators on a finite-
dimensional Hilbert space) implies that A € Bs,(H) has a complete orthonormal set of
eigenvectors and hence admits the spectral decomposition of Eq. where \; are the (real)
eigenvalues of A, and P; are the projections onto the eigenspaces corresponding to eigenval-
ues A;.

Consider a (potentially mixed) state p € D(H) to which the measurement from Definition
is applied. The measurement outcome \; = 1,...,k occurs with probability tr(P;p) and p is
mapped to the post-measurement state

Bipb;
tI‘(Pj ) '

p

A specific example of a projective measurement is the measurement in the orthonormal ba-
sis {|e;)}¥_, of the k-dimensional Hilbert space H = C®¥; the one-dimensional projections
are given by Py := |e1)(e1],..., Py == |eg)(ex|.
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Projection-valued measure

Let us now generalise the concept of projective measurements to the setting of infinite-
dimensional Hilbert spaces, where observables are given by (possibly unbounded) self-adjoint
operators. To construct their measurements, we need the spectral theorem for unbounded
self-adjoint operators; it guarantees a one-to-one correspondence between unbounded self-
adjoint operators and so-called (unbounded) PVMs, i.e., here projective measurements are
related to PVMs.

Definition 2.9 (Projection valued measure). Let (€2, .A) be a measure space where € is a set
and A a o-algebra of subsets of Q. A projection valued measure (PVM) is a map F : A —
Lsq(H) that satisfies:

(i) F(Q) = I where I is the identity map on H and F(0)) = 0.

(ii) F(X) is an orthogonal projection for every X C .

(iii) For every sequence (X,)neny C A of pairwise disjoint sets, the equation
(o) o0
F< U Xn> =Y F(X,)
n=1 n=1
holds, where the sum converges with respect to the strong operator topology.

There is a one-to-one correspondence between PVM’s (for {2 C R) and self adjoint operators
(observables) by the following theorem.

Theorem 2.10 (Spectral theorem for unbounded self-adjoint operators). Let A € Lgq(H) with
domain D(A). Then there exists an associated PVM F such that for every |¢)) € D(A), |¢) €
‘H one has

(| Alip) = /R Ad(o| F()]) (2.4)

and where

D<A>={|w>eH| / A2d<¢|F<A>|¢><oo} . (2.5)

Furthermore, the elements of the PVM are spectral projections in the sense that A € R is
in the spectrum of A if and only if F/((A — €, A+¢€)) # 0 for all € > 0.

Conversely, for a PVM F : A — L4,(H), the operator A defined by the spectral decompo-
sition from Eq. (2.4)) is self-adjoint on D(A) from Eq. (2.5). O

The proof of this result can be found for example in the book by Reed and Simon [139]
Theorem VIIL.6]. Denote by F4 the PVM associated with the observable a € Lg,(#H). Note
that one may integrate with respect to a PVM F}y since for p € D(H)

iy ASDM) R, X e pp(X) = tr(Fa(X)p)

is a well-defined measure on A. Let us now state how a PVM describes the measurement of
an observable.



20 Chapter 2: Fundamentals of quantum computing

Definition 2.11 (Projective quantum measurement). Let p € D(H). A projective measure-
ment (or von Neumann measurement) is described by a PVM F : A — L(H) where A is
a o-algebra of subsets of 2 C R. The outcome of the measurement F' lies in £ C 2 with
probability tr(F(E)p) and then the post-measurement state is given by F(E)p/ tr(F(E)p).

The measurable space €2 constitutes the possible values that the measurement outcomes of
the observable A can take. The associated PVM defines the measurement statistics, more
precisely the probabilities with which the outcomes are attained.

Note that projective measurements can be generalised even further to measurements which are
not necessarily projective; described by so-called positive operator valued measures (POVMs)
— cf. e.g. [121l Chapter 2.2.6] — where in contrast to Definition not all elements have
to be projections but only positive adding up to the identity. In contrast to PVMs, repeating
a non-projective measurements may not produce the same outcome again. A POVM can be
understood as the reduced effect of a PVM on a subsystem of a larger physical system. But
since this concept is not needed in the work at hand, we will not further consider it.

The expectation value of the observable A € Lsq(H) is given by tr(pA). Note that although
a physically relevant quantity is described by an unbounded self-adjoint operator, the mea-
surement statistics only depend on its spectral projections (defined by the PVM) which are
bounded.

2.1.3 An example: the quantum bit

A very simple example of a quantum system which is ubiquitous in quantum computing is the
quantum bit or simply the qubit. The associated Hilbert space H = C? is two-dimensional.

Let us fix the canonical basis
1 0
m=(5) . w=(}) (2.6

of ‘H which is called the computational basis. In quantum computing, these basis vectors
play analogous roles to their classical counterparts, the classical bit values 0 and 1. As
illustrated in the preceding paragraphs, they describe pure states with corresponding density
matrices |0)(0| and |1)(1]|, respectively.

The bounded operators on C? are 2 x 2-matrices with complex entries. To characterise the sets
of observables (i.e., self-adjoint operators) and density operators (i.e., trace class operators),
it is useful to introduce the Pauli matrices

0 1 0 —1 1 0
Ux:zlo ,ay::iO ,02:20_1.

Note that the computational basis consists of eigenvectors of o, with eigenvalues +1 and is
therefore also called the z-eigenbasis. The eigenvectors to o, are

- L _ Lt = b _ (1
[+) = \@(‘0>+’1>)_\@(1> =)= \/§(‘O>+’1>)_\/§<—1>’

forming the so-called polar or Hadamard basis, and the eigenvectors of o, are

|+i>::12(|0>+i1>):\}§<1> : \—i)::12(10>+z'|1)):2<_1i).
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0) = [¥0,0))
Ol v,¢
| —4) = [Ya/on2) S : ) y
| > = |w(7r/2.,0)>
T
1) = [¥(r.0)

Figure 2.1: Bloch sphere: A qubit’s pure state corresponds to a vector on the sphere. It
can be either expressed in terms of Cartesian coordinates @ = (as, ay, a,) or spherical coordi-
nates (9, ¢) as [y ,)); examples are the o.-eigenstates [0) and |1) and the (+1)-eigenstate |+)
of o, and the (—1)-eigenstate | — i) of o,,.

The Pauli matrices are trace-less unitary and self-adjoint — or hermitian as self-adjoint op-
erators on a finite-dimensional Hilbert space are represented by Hermitian matrices. They
anticommute with each other, i.e., they satisfy {o;,0;} = 0 for all i,j € {z,y,2} such
that i # j where {A, B} .= AB+ BA denotes the anticommutator of two operators A and B.
Together with the identity matrix they form a basis of By, (C?), where we regard B, (C?) as
a vector space over the real numbers: More precisely, every complex Hermitian 2 x 2-matrix
can be written uniquely as a linear combination (with real coefficients) of the identity and
the three Pauli matrices: hence the set of self adjoint operators is given by

Ba(C?) = {oz]—l—ﬁax +yoy, + do, ‘ a,B,v,0 €R } . (2.7)

Additionally imposing the trace condition and positivity on the above hermitian operators
yields that every density matrix p € D(C?) of a qubit can be written as

1
p==-I+ad &)= §(I+a$0x+ayay+azaz) ,
where & = (04, 0y,0,) and @ = (ay, ay,a,) € R?, i.e., the set of states is given by
1
D(C?) = {5 (I+a-5) |aeR® [la <1}.

Hence, the density matrix of a qubit can be represented by a three-dimensional vector @ which
is an element of a three-dimensional unit ball (since ||@|| < 1). The pure states correspond to
its boundary (i.e., ||@|| = 1), which is called the Bloch sphere and is depicted in Fig.

Let us also express the unitary 2 x 2-matrices in terms of the Pauli matrices as they will
be basic components of the circuit model of quantum computation in Section [2.3.1l To
this end, recall that the complex unitary 2 x 2-matrices form the Lie group generated by
the Lie algebra By, (C?) of self-adjoint matrices, i.e., € is unitary for all A € B,(C?) and
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every unitary U € U(C?) can be written as U = ¢ for some A € By, (C?). Recall the
decomposition from Eq. (2.7) and rewrite it in terms of the parameter ¢ € R and a unit
vector i = (ng, ny,n;) € R, ||ii] =1 as

eilad+Bostyoy+dos) _ giaidin-d _ gia (COS(&)I + i sin(9)7 - 5») ’
i.e., any complex unitary 2 x 2-matrix can be written — up to a global phase e!* — as
V% — cos(9)I 4 isin(9)ii - & = cos(9)I + isin(9)(ngo, + nyoy, + n.0,)

for some ¥ € R and 7@ = (ng,ny,n,) € R3 such that ||7i]| = 1. When we keep the picture of
the Bloch sphere in mind, such a unitary corresponds to a rotation of an angle ¥ around the
axis specified by the vector 7.

Let us illustrate the concept of a measurement in the computational basis . This mea-
surement has practical relevance, for example in the quantum circuit model, cf. Section [2.3.1
The two corresponding projections are Py = [0)(0] and P; = |1)(1]|. If the qubit is in the
pure state |1)) = a|0) + B]1) for a, 3 € C such that |a|? + |3]*> = 1 then with probabil-
ity po = tr(Py|v))(¥)|) = |a|? one obtains the post measurement state |0) with associated
measurement outcome )\g and similarly, with probability p; = tr(P;|¢) (1) = |3]? the post-
measurement state is |1) and the outcome is A;. Setting the two distinct measurement out-
comes to \g = +1 and A; = —1, the observable corresponding to the measurement { Py, P; }
is given by the matrix A = APy + M P = 0,.

2.1.4 Composite systems and entanglement

In many physical settings, one wants to describe the composition of several quantum systems:
For example, for a quantum computation one wants to describe several qubits on which one
may act jointly with multi-qubit operations. More generally, a quantum system may not be
isolated perfectly from its environment and one has to take interactions between the quantum
system and its environment into account.

Tensor product of Hilbert spaces

The mathematical description of composite quantum systems exploits the concept of tensor
products of Hilbert spaces. The tensor product Hi ® Ha of two Hilbert spaces H; and Hs is
defined as follows. Elements of Hi ® Ho are of the form

D leiy @) for |¢) € Ha, [vi) € Mo, (2.8)
=1

where the tensor product ® is linear in both arguments and n is finite if both Hilbert spaces
are finite-dimensional (more precisely, dim(H; ® H2) = dim(#H1) x dim(#Hz)) whereas n — oo
if one of the Hilbert spaces is infinite-dimensional; here, taking the completion of elements
of the form is necessary to ensure the completeness of H; ® Hz). We write [ ® ¢) =
9) ® |¢). The inner product on Hy ® Hy is defined as (p1 ® P1|d2 ® 12) = (P1]P2) (1|12)
for 1), |d2) € Hi, |11),|12) € Ha and extends to Hi ® Ha by linearity. The tensor product
of two bases {|e;)}; of H1 and {f;}; of Ho forms a basis of H; ® Ha.
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Definition 2.12 (Composite system). Let two quantum systems with associated Hilbert
spaces H1 and Ho be given. Then the Hilbert space of the joint system is the tensor
product Hi ® Ha.

Tensor products of operators are defined similarly: If A € £(H;) and B € L(Hz), then AQB €
L(H1®H2) is given by its action (A® B) (1)) ®@|¢)) = Ajp) @ B|¢) for [¢) € Hy, |¢) € Ho and
again extended to all of H; ® Ho by linearity. For n € N, the expression H&" denotes the n-
fold tensor product of H, e.g., one writes (C2)®" to denote the Hilbert space of an n-qubit
quantum system which has dimension 2": Similarly, (o,)®" denotes the operator acting as a
Pauli-X on all n qubits. In slight abuse of notation, operators that only acts non-trivially on
one of the subsystems are labelled by an index of the respective subsystem, implying tensoring
identities on the other systems: for example (0, )2 is short hand notation for I ® o, ® I ®(n—2)

Subsystems and entanglement

If we are given a system-environment state, one may ask how the ‘substate’ on the system
part which is accessible by the experimentalist looks like. If the state is in tensor product
form, e.g., p = p1 ® p2 € D(H1 @ Ha) for p1 € D(H1) and py € D(Hz), then the answer is
straightforward: Up to normalisation, p; and py are the reduced states of p on the subsys-
tems 1 and 2, respectively. For general state p € D(H; ® Hg) this can answered using the
concept of the partial trace.

Definition 2.13 (Partial trace). Let H; and Hz be Hilbert spaces. The partial trace over
system 1 is the map tr; : 7(H1 ® Ha) — T (H2) that satisfies

tr (tr1(A)T) =tr (AI®T)) for all A € B(H1® Ha), T € B(Ha2) .

If p € D(H1 ®H2) is a state on Hi ® Ha, then the reduced state of p on subsystem 1, denoted
by p1, is given by tra(p). A state p € D(H1 ® Hz) is called separable if it can be written as
a probability distribution over product states, i.e., for some index set K as ), x prpr ® o,
for a probability distribution py : K — [0, 1] and py € D(H1) and o € D(Hz) for all k € K.
An entangled state is defined as a state which is not separable.

2.1.5 Quantum operations and dynamics

Let us now describe transformations of one quantum state to another. One relevant example
might be the evolution of a system over time but also the so-called quantum gates which are
operations associated with a quantum computation.

Recall the division of the statistical experiment into preparation and measurement. The
transformation can be either regarded as part of the preparation, i.e., acting on the state, or
as part of the measurement, i.e., acting on the observable. This gives rise to two different
pictures: we call the former the Schrodinger picture and the latter the Heisenberg picture.
Both pictures should model the same physics. Hence, they give rise to the same measurement
statistics. More precisely, if a state p € D(H) transforms as p — ®(p) under a map ® in the
Schrodinger picture and an observable A € L, (H) transforms as A — W(A) under a map ¥
in the Heisenberg picture, then

tr(®(p)A) = tr(pP(A)) (2.9)
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has to hold. We will make this assumption more precise later.

Quantum channel

Let us describe the most general transformation on a quantum system and start in the
Schrodinger picture, i.e., with a map from quantum states to quantum states. More pre-
cisely, since states have unit trace, the map ® : B(H) — B(H) must be trace preserving,
e, tr(®(p)) = tr(p) for all p € D(H), and it must be positive, i.e., (p) > 0 for all p > 0. We
will ask for a little more: amap ® : B(H) — B(H) is completely positive if it is positive and the
map ® ® I, is positive for all n € N, where [, is the identity operator on B(C").

Definition 2.14 (Quantum channel). A quantum channel or quantum operation is a com-
pletely positive and trace preserving (CPTP) map ® : B(H) — B(H).

The expression ‘quantum channel’ originates from quantum information theory where a
CPTP map is viewed as a communication channel that can transmit quantum information.

Note that there are maps which are positive but not completely positive, e.g., the transposi-
tion map on B(CF) for k € N, implying that complete positivity is a restriction of positivity.
The restriction to complete positivity (instead of only positivity) has an insightful physical in-
terpretation: Let p € D(Hg) be q state on a quantum system Hg and regard it as the reduced
state of a state 0 € D(Hg ® Ha) on a larger Hilbert space Hg ® Ha. Then (@ ® lg(3,))(0)
should again be a state on the larger Hilbert space, implying that the map ® ® Ij3(3,,) must
be positive. Since this should hold for any (finite-dimensional) auxiliary Hilbert space Ha,
the map ® must be completely positive.

We note that every quantum channel ®, in the Schrédinger picture, induces a transforma-
tion ®* in the Heisenberg picture which is defined by the relation tr(®(p)A) = tr(p®*(A))
for p € D(H) and A € Bso(H). As a consequence, the quantum channel in the Heisenberg
picture ®* is completely positive and unital, i.e., ®*(Iy) = I.

In the finite-dimensional setting, i.e., if H = C" for some n € N, a quantum channel can be
characterised by a finite set of operators, the Kraus operators.

Theorem 2.15 (Kraus representation [101], [100]). A linear map ® : B(C") — B(C") is a
CPTP map if and only if it admits the following representation

k
O(A) =Y KAK]
=1

where the Kraus operators {K;}¥_, satisfy Zle KZT K; = I,. The Kraus rank r, which
is defined as the minimal value of k € N, is upper bounded by n?. There is a set of r
Kraus operators such that KJ K; = 8;5. Two sets of Kraus operators {K;}¥ | and {K;}!_,

represent the same CPTP map & if and only if they are unitarily equivalent. O

Quantum instrument

Recall the quantum measurement (cf. Section [2.1.2]) of an observable. It does not only reveal
the outcome, but also alters the quantum state (cf. Definition [2.11]) on which the measurement
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is performed. Hence its full mathematical description includes the transformation of the
quantum state. The concept of a quantum instrument captures both the quantum — the
post-measurement state — as well as the classical output — the measurement outcome — of
this process.

Definition 2.16 (Quantum instrument). A quantum instrument is a map

I:BH)—»BH)@BCX) | p= 3 @.(p) @ 2) ],
zeX

where X is a finite set of measurement outcomes and {®,}.cx is a collection of quantum
channels.

A quantum instrument is connected to a measurement in the following sense: the set X
constitutes the possible measurement outcomes and ®,(p) the possible post-measurement
states. Assume that the system is initially in the state p € D(H) and the measurement
outcome z € X occurs with probability tr(®,(p)). If the outcome is z € X then the post-
measurement quantum state is given by the normalised image under the associated CPTP

map @, i.e., by ®.(p)/ tr(Pz(p)).

Reversible evolutions

Physically, a closed quantum system involves no interaction with its environment, it is isolated
and no information can leak from the system to its environment and vice versa. In contrast,
a quantum system which is not fully isolated from its environment is called open. Closed
quantum systems undergo reversible evolutions.

Definition 2.17 (Unitary evolution). The reversible evolution of a closed quantum system is
characterised by a unitary operator U € U(#). In the Schrédinger picture, the quantum
states are transformed as

O:DH)—=DH) , pr B(p)=UpUT, (2.10)
and in the Heisenberg picture, the observables are transformed as

U Byo(H) = Bsa(H) , A U(A)=UTAU . (2.11)

Note that these evolutions (2.10) and (2.11]) are compatible with Eq. (2.9). The two maps ¥
and ® are mutually dual maps, i.e., ® = U* and one says that the Schrodinger picture and
the Heisenberg pictures are dual to each other.

A unitary U € U(H) obviously defines a quantum channel Uy by the relation
Uy :DH) —»DH) ,  Vylp)=UpU',

i.e., reversible evolutions (in the Schrodinger as well as the Heisenberg picture) can be de-
scribed by quantum channels. The converse is generally not true; there are quantum channels
which are not reversible. But due to the following theorem, every quantum channel is related
to the reversible evolution of a larger system.
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Theorem 2.18 (Stinespring dilation [153]). Let H be a Hilbert space. The linear map ® :
D(H) — D(H) is completely positive if and only if there exists a Hilbert space Hg and a
bounded operator V : B(H) — B(H ® Hg) such that

D(p) = tru(VpVH) .

Furthermore, the map V is an isometry if and only if W is trace preserving. (]

In this sense, the case of a reversible quantum channel is still generic. Every (irreversible)
evolution of a quantum state corresponds to the reduced state of a reversible evolution on a
larger system and an open system can be regarded as a subsystem of a closed larger quantum
System.

Continuous time evolution and Schrédinger equation

Time is a special physical quantity: in contrast to many others it is not an observable
(an neither the outcome of one) but described by a real parameter. The continuous-time
evolution of a closed quantum system is mathematically modelled by a one-parameter group
of unitaries.

Definition 2.19 (One-parameter group). A strongly continuous one-parameter unitary group
is a family (U(t))ier of unitary operators U(t) € U(H) for all ¢ € R such that the following
holds:

(i) the family forms a group, i.e., U(0) = Iy, Ut)U(s) = U(t + s) for all s,t € R,
and U(—t)U(t) = Iy for all t € R.

(ii) The map ¢ — U(t) is strongly continuous, i.e., (U(t) — U(0))[)) — 0 as t — 0 for
all [¢) € H.

The time evolution is related to a self-adjoint operator by the following theorem.

Theorem 2.20 (Stone’s theorem). Let (U(t))icr be strongly continuous one-para-meter
group of unitary operators on a Hilbert space H. Then there exists a unique self-adjoint
densely defined operator A : D(A) — H which satisfies

Ut) =e 4, (2.12)

Conversely, let A : D(A) — H be a self-adjoint densely defined operator. Then the uni-
taries U(t) defined by Eq. (2.12)) form a strongly continuous one-parameter group of unitary
operators (U (t))ier. O

For a proof of this Theorem, we refer to the standard literature [139, Section VIIL.4]. The
operator A is called an infinitesimal generator of (U(¢)):cr. Note that A is bounded if and
only if ¢ — U(t) is norm-continuous. If A is bounded then is defined by the power
series expansion but if A is unbounded then can be made sense of by functional calculus
(using the spectral theorem for unbounded operators).

In quantum mechanics, one calls the generator of the time evolution the Hamiltonian and
uses the letter H. Its eigenstates describe the energy levels or states of a system and the
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eigenvalues are the associated energies. A pure quantum state [¢)) € H evolves according to
the Schrodinger equation

RED(0) = —HIp(0) . where [6(t0)) = [9(0) . (213)

for a Hamiltonian H € L4, (H) and where h ~ 1.054571817 x 10734 .Js is the Planck constant.
Note that for convenience, we work within natural units throughout the remainder of this
thesis, i.e., setting A = 1. As a consequence of the Schrodinger equation , a general
state p € D(H) evolves as described by the equation

9 p(t) = ~ilH.pl0)]

The propagator or the time evolution operator U(t,ty) from time ¢y to time ¢ is defined by
the relation

(1)) = Ut to)tbe) ,  for all [1hy) € H | (2.14)

where [1(t)) denotes the state at time ¢ and |1)) = [1)(to)) the initial state at time ¢y. If a
Hamiltonian H is given that is not time-dependent then by the Schrodinger equation
one has Ul(t,tg) = U(t — tg) = e "t a5 in Eq. . The term propagator refers to the
observation that an initial state [i)) evolves from time tg to time ¢ as given by Eq. .
We says that U(t,ty) is generated by H and that the quantum system evolves under the
Hamiltonian. In slight abuse of notation we sometimes neglect the second variable of the
propagator and write U(t) to denote U(t) = U(t,0).

Note that if the Hamiltonian is time-dependent, i.e., if H : R — L (H), t — H(t) then the
propagator U(t, tg) from Eq. is not simply given by the exponential of the Hamiltonian.
By inserting the propagator into the Schrodinger equation , one finds that it is
defined by initial value problem

d

ZU(Lt) = —iHMOU(tt0) —,  Ultoto) =1 . (2.15)
Let us briefly describe the strategy to compute the solution to ([2.15)) numerically. One splits
the time interval into N equal parts 6t = (¢t — t9)/N. Integrating the Schrédinger equation
over t up to first order in 0t one finds that

[¥(6t)) = l¢(to)) + 5t%|¢(t)>lt:to +0((61)*) = (1 —idtH (1) [ (1)) + O((5¢)?) -

Note that in the finite-dimensional case (dim(#) < oo) and if H(t) commutes with H(¢') for
all t,t' > tg, then the limit N — oo yields
N-1 .
() = Jim [Ttk (1)) = o " ut0))

N—oo
k=0

In general, this is not true since the Hamiltonian H(¢) may not commute with H(t') at a
different time ¢’. Formally, we write the solution to (2.15|) as

. rt
Ult to) = T [eﬂ Jio H(T)dT] ,
where T, is called the time ordering operator and it satisfies

T [H(m)H(m2) - H(m)| = H(m1)H(72)---H(,) forall 71 <m<-.-<7,.
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2.2 Bosonic quantum systems

Throughout this thesis, the focus is on continuous variable (CV) quantum systems. The term
‘continuous variable’ refers to the fact that such systems have certain associated observables
with a continuous spectrum. Their Hilbert space is always infinite-dimensional.

The most prominent example of such a continuous variable quantum system is the quantum
harmonic oscillator of a single bosonic mode where the continuous variables correspond to
the eigenvalues of the position and momentum operators. More generally, this thesis treats
systems of n € N bosonic modes. Such a system may be used to describe n modes of
the (quantised) electromagnetic field. But the same mathematics also model other quantum
systems in certain parameter regimes such as atomic ensembles, Josephson junctions, trapped
ions or nuclear spins of quantum dots.

To set the stage, we define the operators with continuous spectra giving the CV systems
their name — the position and momentum operators — and the quantum harmonic oscillator
in Section[2.2.1] In Section[2.2.2] we discuss the phase space description of an n-mode bosonic
system, where instead of the unbounded operators with continuous spectrum, one considers
so-called Weyl displacement operators in the 2n-dimensional phase space. Of special interest
are certain quantum states on such an n-mode system which are ubiquitous in quantum optics
— the Gaussian states — as well as the quantum channels which preserve the Gaussianity of
states — the Gaussian channels, both presented in Section In Section we present
a representation of Gaussian reversible channels in terms in terms of (2n x 2n)-matrices (real
symplectic matrices) on the phase space, which is mathematically advantageous compared to
the Schrodinger picture description with unbounded operators. We also give several examples
of such channels in which we use in Chapters [4] and [5

2.2.1 Schrodinger representation: Position and momentum oper-
ators

The description in this section is based on the one in the textbook by Reed and Simon [139].
The Hilbert space associated with a single bosonic mode H := L?(R) consists of square
integrable complex-valued functions. More precisely, its elements are equivalence classes of
such functions up to differences on sets with Lebesgue measure zero. In slight abuse of
notation we will consider functions as elements of 7, but they should always be understood
as a representative of the corresponding equivalence class. Elements ¢ € L?(R) with norm 1
are associated with the pure states of the single-mode quantum system.

Position and momentum operators

Let us start with a single bosonic mode with Hilbert space H = L?(R) and define two
operators on H which play a major role throughout this thesis: the so-called quadratures of
position and momentum operators.

Note that as they are unbounded operators on an infinite-dimensional Hilbert space, one has
to pay attention at their domains.
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Definition 2.21 (Position and momentum). The position operator on H is defined by @ :
D(Q) — H where (Qf)(xz) = xf(x) for all z € R and where the domain of @) is given by

D@ ={ren|arent={ren| szlf(w)lzdu(x) <o}

The momentum operator on H is defined as P : D(P) — H where (Pf)(z) = —i-L f(z) for
all x € R with domain

D) ={fen|Pren}={reu|fec'® A\f’(x)|2du(x)<m}.

Note that although for every f € H the image z — (Qf)(x) is a well-defined function, there
are f € H such that Qf ¢ H. Hence the restriction to the domain is necessary.

In order to define sums and products of () and P, one has to construct a joint dense domain
for both of the above operators. This is the Schwartz space

SR) = {f € C*(R) ‘ for all o, 5 € Ny : Slelg |22 DP f(x)] < oo}

of functions with derivatives that decrease faster than any polynomial at infinity. Its topo-
logical dual is the space of tempered distributions

S'(R) = {f:S(R) — C | f linear, continuous} .

These sets satisfy S(R) ¢ L*(R) ¢ &'(R) where the inclusion L?(R) C S’(R) should be
understood as follows: let f € L?(R) be a square integrable function, then the integration
against the measure fdu gives a tempered distribution g — [ f(2)g(x)du(x). Since the
Schwartz space S(R) is a subset of both D(Q) and D(P) and it is dense in L?(R), the
operators @ and P can be redefined on the Schwartz space as their domain — on which they
are essentially self—adjoin‘ﬂ We will denote (in slight abuse of notation) their self-adjoint
extensions by the same symbol.

The tempered distributions §’(R) can be used to give the eigenvectors of () and P meaning.
One can formally write down the eigenvalue equations for @ and P as Q|q) = ¢ and P|p) = p,
respectively. Here, ¢ € R and p € R are the continuous eigenvalues and |¢) and |p) the
eigenvectors. Although the latter are not square integrable (not even Schwartz functions),
they can be given meaning as distributions, i.e., as elements of S’(R). This motivates a
generalisation of the notion of states.

Definition 2.22 (States). Pure states are tempered distributions S'(R). Pure states that
satisfy |¢) € L%(R) are called normalisable pure states whereas [1)) € S’(R) which are not
in L?(R) are called non-normalisable pure states.

The families {|¢)}qer and {|p)}per are two bases of S’(R) and related to each other via
Fourier transform

1 —1ipq — L e~ Pd
9) Zﬂ/Re lp)dp Ip) = \/E/R lg)dq .

5The Schwartz space is a joint domain of analytic vectors; the definition of analytic vectors and a proof of
this property can be found in Chapter X.6 of [140].
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We call {|q)}4er the position basis and {|p)}per the momentum basis of S’'(R). The Fourier
transform is defined on S(R) and its inverse on S’(R). It extends to a unitary isomorphism
on L?(R) which diagonalises both operators @ and P. One can write a pure state 1)) € S'(R)

in the position and momentum basis as ¥ (q) = (g|¢) and ¥(p) = 1/(v/27) fR@Z)(q)eiquq,
respectively.

Commutation relations

The operators (Q and P do not commuteﬂ They satisfy
[Q,P] =QP —PQ =il , (2.16)

where I is the identity on S(R). Eq. is called the canonical commutation relation.
In contrast to the unbounded operators ) an P, the generated one-parameter groups of
unitaries {U(t) = e"@};cr and {V(s) = e} ,cr (cf. Definition contain only bounded
operators and are therefore easier to study. These unitaries satisfy the commutation relations

UV (s) = e "V (s)U(t) for all s,t € R (2.17)

as a consequence of the commutation relation (2.16]). For many purposes, it is sufficient to
study a system described by the quadrature operators () and P at the level of their generated
unitary groups U(t) and V(s) due to the following result:

For every pair of strongly continuous one-parameter groups of unitaries U (t), V' (s) that satisfy
Eq. , there are two unbounded self adjoint operators which are generators of U(t)
and V(s), respectively, and satisfy the canonical commutation relation . Note that the
converse inclusion does not hold in general and hence both ‘commutation relations’ are not
equivalent: there are operators which satisfy but their generated unitary groups do
not obey (2.17). A proof of both of these results can be found e.g. in Chapter VIIL5 of [139].

Number states, creation and annihilation operators

A useful countable basis of H = L?(R) is given by the so called Hermite functions. In more
detail, for k € Ng := NU {0} let

k‘l‘z dk

hiy :R—R , hi(x) = (—1)% dxke_xz forallz e R,

be the kth Hermite polynomial. Then, the kth Hermite function is defined as
fr(z) = (2kk!\/77)_1/2e_z2/2hk(x) forall z e R. (2.18)

The Hermite functions { fx}xen are Schwartz functions. They are orthonormal, i.e.,

/ fk(x)f](x)dx = 5k,j for all k,7€Ng,
R

SComputing the commutator of two unbounded self-adjoint operators is in fact non-trivial because of
domain issues. In contrast to popular belief, it is not sufficient for two operators to commute that the two
operators commute on a joint dense domain, cf. Chapter VIIL5 of [139]. Instead, two operators commute if
and only if all their spectral projections commute. Here, the domain S(R) is a sufficiently well-behaved joint
domain (consisting of so called analytic vectors of @ and P) such that the commutator of the operators can
be computed as [Q, Py for ¢ € S(R).
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and satisfy a completeness relation in the sense of tempered distributions, i.e.,

Y h@)fely) =0x—y)  forallz,yeR,
k=0

where § € S'(R) is the Dirac-Delta distribution. The Hermite functions form a countable
basis of L(R).

Definition 2.23 (Number states). The number state basis or Fock basis of the infinite-
dimensional Hilbert space L?(R) is defined as

{In) }nen, = 10),11),12), -},
where |n) = f,, is the nth Hermite function from Eq. (2.18).

Let us furthermore introduce the bosonic field operators a and a'. On the Schwartz functions
they are defined via their relation to the position and momentum operators

al = \}ﬁ(Q—zP) ) a:= \}ﬁ(Q—l-zP) :
These operators are adjoint, justifying the notation af. As a consequence of the canon-
ical commutation relations between () and P, they satisfy the commutation rela-
tions |[a, aT] = I where I is the identity operator on . The operator afa is diagonal in
the number basis. Its eigenvalues k € Ny are given by the relation a’alk) = k|k). There-
fore, the operator a'a is called the number operator and its eigenvalues k € N the (par-
ticle/photon/excitation) number. Using the commutation relations, one can show that the
bosonic field operators act as

al) =0, alk) =Vklk—1) fork>1, aflk)=vVEk+1lk+1)fork>0,

on the number basis states (i.e., on the Hermite functions): The operator a decreases the
number basis state by one, the operator a increases it, i.e., a is said to destroy a photon or
bosonic excitation and a' to create one. They are therefore called the bosonic annihilation
and creation operators, respectively, or ladder operators.

Let us motivate the name quadrature for the operators  and P. Up to a factor of %, the
position and momentum operator correspond to the real and imaginary part of the bosonic
field amplitude, respectively. That is why in analogy to the quadratures of the classical
electromagnetic field, the operators () and P are also called quadrature operators.

The quantum harmonic oscillator

The Hamiltonian of the quantum harmonic oscillator on a single mode is given by

Here m denotes the quantum particle’s mass, w the oscillation frequency and the operators @
and P are related to the dimensionless operators () and P from Definition as follows:
Q = +/mw/hQ and P = 1/vVmwh P, such that

H= g(cf +PY) ,  DH) =SR).
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In analogy to the classical harmonic oscillator, where the total energy is given by
2/ (2m) 4+ ¢*mw? /2

for the classical position ¢ and momentum p, it is called the quantum harmonic oscillator.
One difference is that the quantum operators for position and momentum are unbounded
operators that do not commute. The quantum harmonic oscillator is the prototype of an
infinite-dimensional quantum system. One can show that the Hamiltonian H is essentially
self-adjoint on its domain and that H fy = w(k + 1/2) f for all k£ € Ny, implying that H
is unbounded and that the Hermite functions are the eigenfunctions of H. Hence H is
diagonal in the number state basis from Definition [2.23] and the quantum harmonic oscilla-
tor has energy eigenstates {|k)},y, with corresponding equidistant energy levels (eigenval-
ues) {w(k+1/2)}ren -

Multiple bosonic modes

For n € N bosonic modes, the Hilbert space is given by the n-fold tensor product of the
single-mode Hilbert space, i.e., it is

H = ®Hk ~ (L*(R™)) where Hy, = L*(R) .
k=1

The index k = 1,...,n labels the modes. In slight abuse of notation, we will write Q to
denote the operator I®*—1) @ Q @ I®("=*). One defines ay, az, and P, analogously.

2.2.2 Phase space representation

To overcome domain issues when dealing with the unbounded quadrature operators, there
is an alternative description of bosonic modes: the phase space representation. The key
observation is that instead of the unbounded quadrature operators () and P, exponentials of
these (self-adjoint) operators are bounded.

Definition 2.24 (Phase space representation). The phase space of n € N bosonic modes is R?"
equipped with the symplectic form

R?" x R?" - R , (z,y) = (z,Jy) = 2L Jy ,

where J is a non-singular, antisymmetric matrix. Here,

= (_‘}n Ig) , (2.19)

where I,, is the n X n-identity matrix and we order the quadratures or mode operators in
the vector

R" = (Q1,...,Qam, P1,..., Poy) . (2.20)
The symplectic matrix J from Eq. (2.19) realises the canonical commutation relations

[Rj, Rk] = iJng for j, k= 1, ooy 2n . (2.21)
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There exist different conventions. Alternatively, the ordering Q1, Pi,...,Qn, P, of mode
operators requires the symplectic matrix

()

k=1

(instead of J) to realise the symplectic form R2" x R2" :— R, (z,y) — (z,Jy) == 27.Jy on
the phase space. We will choose J as in Eq. (2.19) if not mentioned otherwise.

Displacement operators and Weyl relations

Definition 2.25 (Wey! displacement). Let ¢ € R?" be a phase space element and R the
quadrature vector from Eq. (2.20). The (Weyl) displacement operator is defined as

D(¢) = B¢ (2.22)

On a single mode, Eq. (2.22) simply becomes D(€) = ¢/&2Q—61P)  As a consequence of the
canonical commutation relations (2.21]), the displacement operators satisfy the Weyl relations

D(E)D(n) = e2"MMD(+7)  forall &,y € R*"

. (2.23)

D(&)D(n) = e* ""Dm)D()  for all £,n € R*™ .
The terminology ‘displacement’ for D(§) becomes clear when considering its action on the
quadratures R;: Using the Baker-Campbell-Hausdorff formulaﬂ and the commutation rela-
tions between the quadratures, this action can be determined as

D(&)'R;D(¢) = Rj + &1 forall € e R*™, j=1,...,2n.

i.e., the displacement D(€) shifts the quadratures by an amount of & € R?",

What we have seen in the previous section for a single bosonic mode can be generalised to
the n-mode system: Every family of unitaries {Up }¢cpen that satisfies the Weyl relations (2.23)
(for Us = D()) and is strongly continuous can be expressed in the form of Eq. for
unbounded self-adjoint operators R that satisfy the canonical commutation relations (on a
suitably chosen domain of essential self-adjointness). Such a family is called a Weyl system.
Hence, one can take the Weyl system as a starting point and deduce the corresponding
position and momentum operators from it. Furthermore, the Weyl relations imply
that the displacement operators yield a representation (£, a) — e~**D(€) of the Heisenberg-
Weyl H,, group (cf. Definition [3.10)) on S&’'(R™). This representation restricts to a unitary
irreducible representation on L?(R™).

Wigner functions

The idea of the Wigner function [I78] is to find (quasi-)probability distributions in phase space
which are in one-to-one correspondence with quantum states in the sense that expectation
values of quantum observables should be describable in terms of this distribution.

"The Baker-Campbell-Hausdorff (BCH) formula states that if two operators X,Y satisfy [X,Y], X] =0 =
[[X,Y],Y], one has eXe¥ = e¥eXel® Y] and XY = XV 1XV1/2
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To every density operator p € D (®Z:1 LQ(R)), let us associate its characteristic function
defined as

Xo(6) = tr (pD(€)) = tr (pe™7E)  for £ € R

Note that the characteristic function is well-defined for trace-class operators and that the
corresponding state can be recovered from x,(§) via

1

P = (277)”/]1@1 Xp(f)D(f)Tdan .

The characteristic function itself is the symplectic Fourier transform of the Wigner func-
tion W,, i.e., they satisfy

1

Xp(§) = /]R% eifT‘]”Wp(n) d2”77 , and  W,(§) = W /R?n e_igT‘]"Xp(n) d2"77

for £ € R?>". This function shares certain properties with classical probability distributions:
The condition tr(p) = 1 implies x,(0) = 1 and hence that W, () is normalisable.

A useful property of the Wigner function is that it produces the correct marginal distributions
of the state p. But the Wigner function does only define a quasi-probability distribution
on the phase space (not a probability distribution) since it may take negative values. Many
quantities of the bosonic quantum system are obtained in this way from the Wigner functions.
For a detailed overview of this so-called Weyl calculus, the reader is referred to the literature,
e.g. de Gosson’s book on symplectic geometry and quantum mechanics [44].

The properties of the Wigner function W,(£) — and thereby of the respective quantum state p
— are characterised by its moments, i.e., the derivatives of its characteristic function. The
most important will be the first moment and second moments.

Definition 2.26 (First and second moments). Let H = L?(R") for some n € N and p € D(H)
be a quantum state. The first moment R(p) € R?" is called the displacement vector and
given by

R;(p) = (Rj), =tr(pR;) , forj=1,...,2n.

The second moment is a matrix V(p) € R?"*?" defined as

Vik(p) = ({R;j — R;(p), Rk — Ri(p)})p = tr (p{R; — R;(p), R — Ri(p)}) (2.24)

for j,k = 1,...,2n. Here {-,-} denotes the anticommutator {X,Y} = XY + Y X. The
matrix V(p) is called the covariance matriz of state p.

The covariant matrix V is a symmetric 2n x 2n matrix and its diagonal elements correspond
to the variance of the quadrature operators

Vir(p) = (BR)p — (Bi)? = Var(R;) .

It is conversely true [I45] that a symmetric matrix V € R2"*2" is the covariance matrix
of a quantum state if and only if it satisfies the operator inequality V(p) + ¢J > 0. This
inequality implies that for all & = 1,...,n, we it satisfies Vir(p)Vignisn(p) > 1, ie.,

that Var(Qy)Var(P;) > 1 which corresponds to the usual Heisenberg uncertainty relation
between position and momentum.
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2.2.3 Gaussian states and channels

Let us describe the most prominent Gaussian states and channels in this section. Section[2.2.4
focuses on the special case of Gaussian unitary channels and establishes the connection to
symplectic operations. We give a few relevant examples of Gaussian unitary channels and
dilations thereof in Section [2.2.5] For a more detailed overview on the topic and applica-
tions for quantum information processing tasks, we refer the interested reader to the review
articles [176} [62] 57].

Gaussian states

Definition 2.27 (Gaussian states). A quantum state p € D(L?(R")) is Gaussian if its Wigner
characteristic function is of the form

e., it is a Gaussian function.

By definition, a Gaussian state is fully characterised by its first and second moments R(p)
and V(p), respectively. One writes p(R, V) to denote the Gaussian state with displacement
vector R and covariance matrix V. Let us discuss a few examples of Gaussian states on a
single mode.

Coherent states and vacuum state

For a single bosonic mode (i.e., n = 1), the coherent state |a) € L?(R) is defined via the
equation a|a) = ala), i.e., as the eigenstate of the annihilation operator a with eigenvalue o €
C. In the number basis {|k)}ren it can therefore be written as

o) e lol? /QZ\ﬁ‘k

By the Baker-Campbell Hausdorff formulaﬂ for the displacement operators, its characteristic
function is Gaussian (cf. Eq. (2.25))) with covariance matrix V (|a)(a|) = I and displacement

vector R(|a)(a|) = (vV2Re(a), v2Im(a)).

The wvacuum state is given by the pure state |0) in the number basis. It is easy to see
that this is a coherent state (for a = 0) with displacement vector R(|0)(0]) = (0 0)¥ and
covariance matrix V' (]0)(0]) = Ia, respectively. It is easy to see that a coherent state for
general a € C is created from the vacuum state by a displacement in phase space. More

precisely, |a) = D(£)]0) where £ = (v/2Re(a) , v2Im(a)).

8The Baker-Campbell-Hausdorff (BCH) formula states that for two operators X,Y satisfy [[X,Y], X] =
0 = [[X,Y],Y] then the relations eXe¥ = e¥eXel® Y] and eX+Y = eXe¥ e XY1/2 hold.
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Thermal state

On a finite-dimensional system with Hilbert space dimension d € N, one may define a maxi-
mally mixed state as

H

e
=
~

Pmix ‘= 5
k=1
One cannot simply consider d — oo since this ‘state’ would have infinite energy expectation
value (which would be equal to d/2 plus its number operator expectation value) and hence be
unphysical. To generalise this state to the infinite-dimensional Hilbert space L?(R), one fixes
its mean photon number 7 := tr(pa’a) (also called the state’s average energy). The thermal
state

1 & r \f
. k) (k| 2.26
man= i3 (s Wik (2:20

is a well-defined state in the sense that its mean photon number 7 is finite. One can write py, »
as a Gaussian mixture of coherent states or in terms of the inverse temperature 3 as

pui= = [ laale 5 dPa= 271y ek
k=1

for a suitable normalisation constant Z. Its characteristic function is given by

Xoun (61 62) —“[ /la (ole™ 5 D(e)a? ] e (@ rm)

Gaussian channels: general formalism

On a system of n € N bosonic modes let us the notions of a general quantum channel and a
Gaussian quantum channel.

By Definition [2.14] a quantum channel on n bosonic modes is a CPTP map. Using the
Stinespring dilation theorem (Definition and [I53]), it can be expressed in terms of
a unitary evolution U of an input state p € D(L*(R")) and a pure state |¢){(¢|g on ng
additional modes as

®: D(L*R")) = D(L*(R") , @(p) = trp [U(/HX)I?!})(@ZJIE)UT - (2.27)

We note that this representation is unique up to partial isometries [128]. Since Gaussian
states are ubiquitous in quantum optics we are primarily interested in channels which map
Gaussian states to Gaussian states.

Definition 2.28 (Gaussian channels). Let H = L*(R") be the Hilbert space of n € N bosonic
modes. A Gaussian channel is a quantum channel ® : D(H) — D(H), such that ®(p) is
Gaussian for every Gaussian state p.

A Gaussian channel can be fully characterised by its action on Gaussian states. It acts
as ®(p(R,V)) = p(ﬁl7 V') where the covariance matrix V and the displacement vector R of
the Gaussian state are transformed as [83]
R =XR+v, (2.28)
V =XVX"+Y. (2.29)
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Here, X,Y € R?"%2?" are two real matrices, Y is symmetric, and v € R?” is a vector. The
map P is completely positive if and only if the matrices X,Y are related to each other via

Y +i(J - XTJX)>0. (2.30)

Conversely, every tuple (X, Y, v) which satisfies Y = Y7 and (2.30)) defines a Gaussian quan-
tum channel, cf. [57].

2.2.4 Gaussian unitary channels and symplectic operations

Of special interest are those Gaussian channels which are reversible. They describe linear
optics, are hence ubiquitous in quantum optics, and such operations will be used later in this
thesis as resources for our pulse sequences and in the encoding of a qubit into a harmonic
oscillator. Furthermore, they admit a simplified representation on the phase space associated
with the bosonic quantum system.

Consider a Gaussian unitary channels &y which can be described by a unitary operator U €
U(L?(R?")) such that &y (p) = UpUT. Since the unitary is generated by some Hamiltonian,
it can be written as U = e~/ for some H € Lg,(L*(R?*")). In order to preserve the Gaussian
nature of states, the Hamiltonian H must be a second order polynomial in the bosonic field

operators a = (a1, ...,a,) and al == (ai, e al;), i.e., its most general form is
H = aa+ (aTFa+ (a")TGa' + eI +h.c. (2.31)

for « € C, and F,G € C"™"™ symmetric and where h.c. denotes the complex conjugate of
the previous terms. Then, U (or more precisely the dual channel of ®y) transforms the
annihilation operators as UtaU = Aa 4+ Ba' + o where A, B € C™ ™ are matrices which
satisfy ABT = BAT and AA" — BB' = I as a consequence of the commutation relations
between creation and annihilation operators. The action of the dual channel ®; on the
quadrature operators R from Eq. can be computed to be (cf. e.g. [62, [176])

2n
U'R;U =Y SjxR + d; (2.32)
k=1

where S € R?"*2" and d € R?". If the unitarily transformed quadratures (2.32) satisfy the
commutation relations (2.16[), the matrix S in Eq. (2.32) is an element of the symplectic
group Sp(2n,R).

Definition 2.29 (Symplectic group and Lie algebra). The symplectic group
Sp(2n,R) = {S e R?*" | §J5T = J}

consists of all real 2n x 2n matrices that preserve the symplectic form. The symplectic Lie
algebra is given by

sp(2n,R) = {X e R*>*" | XTJ+ JX =0} .

By Eq. , a Gaussian unitary U € U(L?(R")) can be described by an affine symplectic
map (d, S) where d € R?" and S € Sp(2n,R). We write U(g,s) to denote a Gaussian unitary
corresponding to the affine symplectic map (d, S) and simply Ug if the affine symplectic map
is of the form (0, S). Note that the correspondence S — Ug is not unique because Eq.
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(for d = 0) leaves freedom for a S-dependent phase factor. There is actually only a one-
to-one correspondence S — +Ug, yielding a two-valued unitary representation of Sp(2n, R).
But note that this sign ambiguity in Ug is irrelevant when considering a unitary conjugation
e.g. for the evolution of states p — UpUT or operators A — UTAU and at the level of the
unitary Weyl displacements [2.25

Theorem 2.30 (Metaplectic representation and further properties). There is a faithful unitary
representation of the metaplectic group Mp(2n, R) — a two-fold covering of Sp(2n, R) — called
the metaplectic representation.

Furthermore, the exponential map sp(2n,R) — Sp(2n,R) is not surjective, but every S €
Sp(2n,R) can be written as the product of two exponentials of sp(2n, R).

The group of symplectic orthogonal matrices satisfies
Sp(2n,R) N O(2n,R) = U(n) (2.33)

where O(2n, R) := {O € R?*2" | OTO = OOT = I,} is the group of orthogonal (2n x 2n)-
matrices and U(n) is the Lie group of unitary (n x n)-matrices.

A symplectic matrix S € Sp(2n,R) can be decomposed as
S =01Z0y where 01,09 € Sp(2n,R)N0O(2n,R), Z=D @ D!

where D is positive-definite and diagonal. O

For the proof as well as an overview of further properties of the symplectic group, we refer
to a review by Arvind, Dutta, Mukanda, and Simon [53]. In slight abuse of notation the
map S — Ug by Eq. (2.32) (for d = 0) is called the metaplectic representation of Sp(2n,R).

Let us discuss a few properties of Gaussian unitaries. The Gaussian unitary Uy g) transforms
the displacement operator D(§) from Eq. (2.22)) as

o o
Ul D(€)Uas) = eS8 = D571 e

RT (5~ (5 | (2.34)
iRT NT je¢—idT T _idT
U(d7s)D(f)U(Td7S) —e RY(S™H)1 Jg—id" (S71)1JE _ D(S€)€ d JSﬁ'

To compute this we used that STJ = JS~! and (S7')TJ = JS which follows from the
property that S is symplectic. Similarly, we can ask how the Wigner function and the
characteristic function of the evolved state U(g )pU, (T 4,9) look like. Direct computation shows

that for £ € R??

- idTJ _ idTJ
XU(d,S)pU(Td,S) §)=tr [D(f)U(dﬂs)pU(Td,S)] = tr [D(S 'o)e éﬂ] = X (STt

and similarly that

1

_ —i&Tgn _id"Jn -1 2n,, _ /¢
WU(d,S)pU(Td,S)(g) (2m)2n /Rzne © Xp(S7m) d7n = Wp(S™(E = d)) -

If an initial state p(R, V') is Gaussian that undergoes a Gaussian unitary channel characterised
by the affine symplectic map (d, S) then the transformed state

p(R V') = Uas)p(R, VUL o,
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has the following first and second moments:

/

R = tr (U s)p(R,V)UJ, g B; ) = ZSkRker],

Vj/k =tr (U(d,S)p(E, V)U(Td,S){Rj - Rj, RkRk}) = Z SlelmSkm ’

Im

for j,k=1,...2n, i.e., one finds
R=SR+d , VvV =s5vs". (2.35)
Comparing Eq. and to Egs. shows that a unitary Gaussian channel cor-
responds to a Gaussian channel for the parameters ¥ = 0, X = S symplectic and the

vector v = d.

A variant of the formula (2.32), which is commonly used throughout this thesis, can be
derived in the special case of quadratic Hamiltonians, i.e., where H from Eq. (2.31)) depends
at most quadratically on the quadrature operators R.

Lemma 2.31. Assume that the Hamiltonian is quadratic in the mode operators, i.e.,

2n
1
H= 5RTAR = Z AR R;Ry . (2.36)
],k 1

Then the unitary U = e~* transforms the quadrature operators as
2n
JA .
URU=Y (e ) Be  forj=1.....2n. (2.37)
k=1

O

Proof. For the Hamiltonian , the associated unitary is U := e~ = e~i3RTAR Ty order
to compute U TR]-U , we apply an important lemma to the Baker-Campbell-Hausdorff formula
(called the Hadamard lemma or Lie expansion formula, cf. e.g. [75, Proposition 3.3.5]) which
states that for linear operators B, C

ePCe P = C + (B, +%[B, B,O)| +--- = i B, Clm

m=0

(2.38)

where [B,Cly, = [B, [B,Cly-1] and [B,CJo = C. Here, one sets B = tRTAR and C = R;.
By direct computation and induction one obtains that

[B,C] = ZA k[Rj Ry, Ri) = =Y AjrRjJu = (—RTAJ),
Jjk gk (2.39)

[B,Clm = (RT(=AT)™);
which implies, together with Eq. (2.38]), that

RT(—AJ)"
UngUs — oizRT ARpR =13 LRTAR Z ( ( ) )l _ (RTefAJ)

n=0

n! L
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This is equal to U;:RIUS = Z Si; R; if and only if ST = =47 je., if S = e’/4 as claimed. Let
us remark that if the Hamlltonlan contalns an additional linear term in the mode operators,
e.,if H= %RTAR + bR for b € R?™, then the same calculation gives

bTJ (—AJ)™ )
(m+1)!

U;RZUS = Z SR +dj where Z
i m=0

and S = e’4 as before. [ |

We note that Eq. corresponds to Eq. for the special case of d = 0 and S = e/4
for A symmetric. Lemma shows that if d = 0, then the symplectic matrix S in Eq.
can be written as the exponential of JA € sp(2n,R) which is related to the unitary Ug
via Ug = e —3RTAR Note that not all symplectic matrices can be written in the form e”/4

but that all e/4 for A = AT are symplectic.

One furthermore distinguishes two classes of Gaussian unitaries.

Definition 2.32 (Passive and active Gaussians). A Hamiltonian H of the form of Eq. (2.36)
is called passive if and only if it commutes with the ‘free’ Hamiltonian

_1 T _1 2 2
Hy = ;R'R = 52(@ +P). (2.40)

The generated unitary U = e " is called a passive Gaussian unitary. All other Gaussian

unitaries are called active.

Since a passive Hamiltonian commutes with Hy, it preserves the photon number/energy. The
symplectic matrix S associated with a passive Gaussian unitary is orthogonal, i.e., it belongs
to Sp(2n, R)NO(2n,R) from . As a consequence, it preserves the trace of the covariance
matrix tr(SV.ST) = tr(V). Passive Gaussian unitaries can be constructed from beam splitters
and phase rotations only [I38], two examples of Gaussian channels that will be presented in
the next section.

2.2.5 Examples of Gaussian unitary channels

In this section, we give a few examples of pairs of Gaussian unitaries Ug and associated
symplectic matrices S = e’ that are related to each other as described in Lemma ie.,
via Eq. . To compute the symplectic matrices S, we follow the same steps as in the
above mentioned Lemma i.e., we use Eqgs. and to compute UTR]-U. The
presented examples are prominent Gaussian unitaries ubiquitous in quantum optics and they
are used in Chapters [d and [p] of this thesis. More precisely, the pulses in our novel CV pulse
sequences as well as the additional GKP encoding are constructed from these unitaries.

Single-mode phase space rotations

The first example is a phase space rotation unitary U, (¢) about the angle (. Here the
associated Hamiltonian H,.({) is proportional to the free Hamiltonian Hy from Eq. (2.40))
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for n = 1, i.e., Hyot(¢) = ¢/2(Q? + P?) for ¢ € R and

Urot(¢) = e /2 (@+P) (2.41)

Direct computation using Eqgs. (2.38]) and (2.39)) shows that the symplectic matrix associated

with is given by (©) in(¢)
Srot(() = <—SiIl(C) COS(C)) ’ (242)

This is a rotation by the angle ¢ in the phase space. Two specific examples are the sign flip
— the m-rotation — with associated symplectic matrix and unitary

Srot(T) = <_01 _01> and  Usot(m) = e 1B @Y (2.43)

respectively and the (¢ = 7/2)-rotation for which one has

SrOt(’/T/Q) = (_01 (]j) and Urot <7T/2) = e_ig(Q2+P2)

We note that all such Uyot(C) are passive single-mode Gaussian unitaries.

Single-mode active gates

For ¢ € R, consider the unitary U,.q(p) = e~150Q%, By the Baker-Campbell-Hausdorff
formula (Egs. (2.38) and (2.39))) one finds that the corresponding symplectic matrix

Sact,Q() = (—190 ?) : (2.44)

Similarly, one obtains for Uyet p(p) == e~/2P% that

Sact,p(@) = (é Sf) :

The unitaries Upct,p(¢) and Us,er p(p) are active for ¢ # 0 since Q2 Q%+ P% #0.

Single-mode squeezing

Another relevant example of a single-mode Gaussian unitary is the so-called squeezing. Con-
sider the Hamiltonian

Hyq (V) = g (QP + PQ)

for ¥ € R which generates the unitary

Ug(9) = e~ #Hsa(0) = =i5(@QP+PQ) (2.45)

Again, by the Baker-Campbell-Hausdorff formula (Egs. (2.38) and (2.39))) one finds that the
associated symplectic matrices is given by
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Such matrices Ssq(¢) and unitaries Usq(1)) are usually called (pure) squeezing matrices or
squeezing unitaries, respectively, since they extend a phase space region along one axis and
shrink it along the other axis while keeping the volume constant. The squeezing is in terms

of the squeezing parameter r = €V, i.e., as

T

Seq(In(r)) = (g ?) . (2.46)

This is also a single-mode active unitary.

Two mode beam splitter

Let us consider two examples of two-mode Gaussian unitaries. The beam splitter unitary
Ups(B) = e~ (@ 2=@2 1) (2.47)

for € R is generated by the beam splitter Hamiltonian Hps(8) = 5 (Q1 P> — Q2P1). The
matrix Aps(3) such that Hps(8) = 3 RT Aps(B)R is given by

0 0 0 1
0 0 -1 0
Abs(/B) =p 0 -1 0 0
1 0 0 O

Direct calculation (using Eqgs. (2.38]) and (2.39))) shows that the mode operators transform as

Ubs(8)1Q1Ups(8) = cos(8)Q1 — sin(B8)Q2 ,
Ubs(8)1Q2Ubs(B) = cos(8)Q2 + sin(8)Q1 ,
Ups(B) T PLULs(B) = cos(B) P — sin(8) P ,
Ups(B) T PoUps(B) = cos(8)P; + sin(8) P, .

One often quantifies the beam splitter by its transmittivity n which is related to the param-
eter 3 € R by cos(f) = /1 and sin(3) = /1 — 7. In terms of the transmittivity, the beam
splitter matrix Sps(3) associated with the unitary (2.47) is

v —V/1I-n 0 0
Sps(arccos(yv/n)) = | 10_ 1 \{)ﬁ \% \/(1)777 (2.48)
0 0 1—n N4

Dilations of Gaussian channels

Recall from Section that a general n-mode Gaussian channel
N :D(L*(R")) — D (L*(R"™))

is fully characterised by the triple (X,Y,v). Written as a Stinespring dilation of the form of
Eq. , one can easily see that this channel is Gaussian if U is Gaussian and the envi-
ronment state is Gaussian as well. This is actually sufficient: an arbitrary n-mode Gaussian
channel can be represented by a dilation Eq. where U is a Gaussian unitary, |[¢)g is
pure Gaussian and furthermore ng < 2n, cf. [35, [36].
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Let us restrict to a single bosonic mode and present a few relevant examples of Gaussian
unitary dilations (for a full characterisation of single-mode Gaussian channels we refer to the
survey [176]): Define the channel

N(p) =trg (Us(p ® J)Ug) , for all p € D(L*(R")) .

for a Gaussian unitary Ug associated with the symplectic matrix S € Sp(2ng + 2ng,R) and
a thermal state (cf. Eq. (2.26))) o € D(L?(R"#)) of mean photon number 7.

If Ug is the beam splitter unitary (with associated symplectic matrix Sps(arccos(y/7)) for 0 <
n < 1 from Eq. (2.48)), then this channel N, 5 is called the thermal attenuation channel and
fully characterised by

X=yql , Y=(@1-nn+1I.

2.3  Quantum computing with qubits

The idea of quantum computing has been pioneered in the 1980es with proposals of a quantum
Turing machine by Benioff [I8] and a quantum simulator by Feynman [63]. Since then, the
field has attracted immense theoretical and experimental interest as it bears the potential of
substantially outperforming classical computers for different relevant tasks. Currently, major
obstacles such as errors caused by decoherence processes have hindered the realisation of
a physical quantum computer with a sufficiently large number of reliable and controllable
qubits on which useful computations can be performed. We are hence said to be in the noisy
intermediate-scale era of quantum computing where first approaches of small devices with a
limited amount of control are realistic in the near future. Recent advances include the famous
claim of quantum advantage by Google [13] from 2019.

A quantum computer is a device which uses the properties of quantum mechanics to perform
computations. Information is encoded in a quantum state on which one may run a quantum
algorithm which is a sequence of instructions performed in order to find the solution to a
particular computational problem. Such algorithms promise speed-ups compared to known
algorithms that can be run on a classical computer. How they are incorporated in the phys-
ical processes, i.e., in the state preparation, in the transformations or in the measurement,
depends on the model of computation. The most prominent model in which quantum compu-
tation is considered is the quantum circuit model. Here we focus on this model, although there
exist other proposals: The quantum Turing machine proposed by Benioff [18] as mentioned
above generalises the mathematical description of a (classical) Turing machine. As its name
suggests, in measurement-based quantum computation [136], an algorithm is incorporated in
the measurement: one prepares the system in a highly entangled quantum state, a so-called
cluster state (note that one picks the same cluster state for all possible algorithms) and a
sequence of measurements, which is performed on this cluster state, defines the specific algo-
rithm. In contrast, adiabatic quantum computation [61] uses a potentially very complicated
target Hamiltonian to describe the desired algorithm or computation: here, one starts with
a (usually easy to prepare) ground state of an initial Hamiltonian and adiabatically drives
the system from this state to the ground state of the target Hamiltonian, which is possible
under certain conditions due to the adiabatic theorem. For a more detailed presentation of
these approaches to quantum computation we refer to the literature such as [121].

Quantum computation is closely related to quantum information theory — a field where one
studies how to quantify quantum information and describe its transformation when the un-
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derlying carrier — a quantum state — is transformed. But this thesis does not go into details
of quantum information and the interested reader is referred to the standard literature such
as the textbook by Nielsen and Chuang [121].

2.3.1 Quantum circuit model

Let us return to the circuit model of quantum computation which we describe in more detail.
One usually picks the qubit as a basic building block of quantum computation, i.e., one
considers the circuit model on n € N qubits.

One initially prepares the system in an n-qubit state. We think of the quantum computer as a
closed quantum system where all quantum channels that are used for the computation act on
the system only and are reversible, i.e., the computation is modelled by a unitary operation
— a quantum gate — acting on the n qubits. The read-out of the computation result consists
of measuring every single qubit in the computational basis. The computation, the n-qubit
gate, can equivalently be written as the product of many gates, each of which may act on
less than n qubits. In many realisations, the hardware cannot implement any n-qubit gate
but only a specific subset thereof. This gate set is typically small and may only include gates
which act non-trivially on a small number of qubits. Then, the computation is modelled by
a sequence of such quantum gates.

One starts by initialising a pure n-qubit state |[¢p) = [0)®" € (C2)®". which encodes the
quantum information. We call this initial state the n-qubit register. Then, a sequence of
gates {Ui}le C Ugate Set(((C2)®") is applied to the initial state, i.e.,

) = UpUp—1--- Ur]y) .

These gates are taken from the set Ugate set ((C2)®”) cu (((C2)®”) of possibly implementable
gates with the considered hardware. At every step of the computation, the quantum state is
pure. The output of the computation is given by the measurement outcome of a projective
measurement in the computational basis on the state UpUy_1---Ujlep) at the end of the
circuit.

Quantum gates and universality

As mentioned before, a central part of the toolkit of the quantum circuit model consists
of quantum gates. We are especially interested in sets of quantum gates whose products
approximately generate the entire unitary group on n qubits.

Definition 2.33 (Gates and universality). Consider a quantum system with associated Hilbert
space Hg. A quantum gate is a unitary operator U € U(Hg).

A family of quantum gates {U; };c is universal if every unitary U € U(Hg) can be approxi-
mated using a finite number of these gates with arbitrary precision, i.e., if for all U € U(Hg)
and for all € > 0, there exists a family of indices 41,43, ...,%; € I such that

||U = UilUiz oo UlkH <e€. (2.49)
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W) — U = Ul) o) 1% Vip) lp) (] P () {¢l)

Figure 2.2: Quantum circuits of a single-qubit gate U, a multi-qubit gate V' and a quantum
channel ® (from left to right): the single-qubit unitary U € U(C?) transforms the pure
state |)) € C? as Uly); the multi-qubit unitary V' € U((C?)®") transforms the state |¢) €
(C%)®" to the pure state V|p) € (C2)®". Pure input states — depicted as horizontal lines —
are transformed by gates into pure output states. The output of a multi-qubit gate needs not
to be in a tensor product form even if the input was. In slight abuse of notation, one may
include general quantum channels ® in the circuit model as on the right, even though they
are not realised by gates and the output may no longer be in a pure state.

The expression on the left hand side of (2.49)) is given by the operator norm of the difference
of U and U;,U;, - - - U,

iy 1.€., @S

U= Ui, Uiy - Ui, || = \¢>€r7{llf|i|)1;||=1 (U =UipUi, - Ui )19 - (2.50)
The approximate implementation of the desired unitary has the following operational in-
terpretation. Assume that instead of a (desired) unitary U, we have implemented the uni-
tary V. We can interpret the norm difference |[U — V|| with the norm from Eq. as
a computation error measure in the sense that if ||U — V| is small, then the measurement
statistics on the states Uly) and V|¢) are similar. More precisely, let M be an element of
an arbitrary PVM with associated outcome m and py and py denote the probabilities of
obtaining the outcome m of the PVM measured in the state Uly) and Vi), respectively.
Then |py — py| < 2|U = V.

Let us consider universal gate sets on an n-qubit system. They can be constructed from
single-qubit and two-qubit gates. The term single-qubit gate stands for a unitary which acts
non-trivially only on a single qubit and as identities on the others. Similarly, unitaries which
act non-trivially on two qubits are called two-qubit gates. Within the quantum circuit model,
we depict gates as shown in Fig. 2.2

Single-qubit gates

Let us consider single-qubit gates. They correspond to unitary 2 x 2 matrices such as the Pauli
matrices 0z, o, and o, from Section 2.1.3} These are prominent single-qubit gates which we
also call X, Y, and Z, respectively. Another relevant single qubit gate is the Hadamard gate

1 11
H = \/i(X+Z)_\/§<1 _1>. (2.51)

One can easily see it is unitary and hermitian. It transforms the Z-eigenvectors into the X-
eigenvectors and vice-versa. Computation shows that

HXH =2 | HYH'=-Yy | HZH =X . (2.52)

Phase rotations by an angle ¥ € [0, 27) are given by

i €_i79 0 ]. 0
My = e < 0 ew) = <0 em) (2.53)
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(up to a complex phase e™). The phase rotation My for ¢ = /4

1 0
S = M,y = (0 em/2> (2.54)
transforms X, Y and Z as
SXST=v=ixz | Syst =iy Szst =27, (2.55)

and is called the phase gate. The (7/8)—gate is given by

1 0
T = Mﬂ/g = <0 6i7r/4> . (256)

Multi-qubit gates

Generally, an n-qubit gate is given by a unitary U € U((C2)®”) on n qubits. One example
are so-called controlled operations. Such gates come into play whenever one wants to apply
a gate on a qubit conditioned on the state of another qubit. Their classical counterparts are
logical operations of the form “if one bit takes the value 1 (i.e., the bit value is true), then do
a certain operation to another bit”. For U € U(C?), the controlled-U gate — abbreviated CU
— has one control qubit and one target qubit. Its matrix representation in the computational
basis is given by CU := [|0){(0| ® Ioxa + [1){(1] @ U = Iaxo ® U, i.e., it acts as the identity
(or U) on the target if the control qubit is in state |0) (or |1), respectively). The first qubit
corresponds to the control qubit and the second one to the target qubit (and we write UC
if the roles of control and target qubit are reversed). One of the most prominent controlled
gates is the controlled-NOT or simply the CNOT gate

1000
0100

CNOT := [0)(0] ® Loxo + (@0 = | o o o 1|
0010

i.e., it corresponds to the controlled-X gate. The state of the target qubit is inverted if the
control qubit is in the |1)-state. This gate transforms the Pauli matrices X and Z as

CNOTX;CNOT' = X; X, , CNOTZ CNOTI =z,

(2.57)
CNOTX,CNOT! = X, ., CNOTZ,CNOT! = 2,2, ,

where 1 and 2 label the control and target qubit, respectively. It is also possible to condition
on more than one qubit state. The controlled-controlled-X (CCX or CCNOT) gate — also
called the Toffoli gate — has two control qubits and one target qubit. It inverts the state
of the third qubit if and only if both control qubits are in the |1)-state. The SWAP gate
interchanges the states of two qubits, i.e., its matrix representation in the computational
basis is

SWAP := (2.58)

o O O
o= O O
O O = O
— o O O

Fig. shows the circuits implementing several multi-qubit gates.
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— X —Pauli X gate — Y —Pauli Y gate — Z —Pauli Z gate

— H |— Hadamard gate — T —geateT=Ms — S —Phasegate S= M.,

(a) Single-qubit gates

—— —— —K—
U~ — X — K

controlled CNOT gate SWAP gate CCNOT gate
U-gate

(b) Multiqubit gates

Figure 2.3: Circuit representation for the most relevant single- and multi-qubit gates.

Universal gate sets

Let us now consider families of gates which are universal according to Definition [2.33

Theorem 2.34 (Universal gate set [25]). Consider the circuit model of quantum computation
on an n-qubit quantum system Hg = (C2)®”. The family of gates consisting of

(i) CNOT gates between pairs of qubits,

(ii) Hadamard gates on every qubit,

(iii) phase gates S from Eq. on every qubit,
)

(iv) (m/8)-gates on every qubit,

is universal. N

The gates , and of the above gates (CNOT, Hadamard and phase gates) form the
so-called Clifford group. For a proof of this theorem, we refer to standard textbooks [121],
Chapter 5.4.3].

Measurements

To read out the result of the computation, one performs a measurement at the end of the
circuit. If not mentioned otherwise, we consider projective measurements of single qubits
in the computational basis. The corresponding circuit is depicted in Fig. The outcome
of such each qubit measurement can take one of two values +1, i.e., it contains one bit of
classical information.

In the case of quantum error correction, measurements may be also applied in the middle of
a circuit, i.e., in between quantum gates. Usually, the post-measurement state is not used
in later parts of the circuit since such a measurement generally describes a non-reversible
quantum channel, i.e., not a gate. In contrast, the measurement outcome may be used as a
control input of a gate applied in the circuit later, the corresponding circuit representation
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— A= —7<:an _Tﬂzm

U — — U
(a) Projective
measurement of (b) Gate application conditioned on measuer-
a qubit in the ment outcome: the gate U is applied to the
computational basis second qubit if m = —1.

Figure 2.4: Quantum circuit representation of projective measurements in the computational
basis. The measurement outcome m = —1,1 associated with the (—1) or (+1)-eigenstate
of 0, respectively, is depicted by a double line (bits carrying classical are depicted by double
lines in order to distinguish them from qubits carrying quantum information). (b) This circuit
is equivalent to the right hand-side where a controlled-U gate is followed by a projective
measurement of the control qubit.

is shown in Fig. 2.4l Note that without loss of generality one can assume to perform mea-
surements only at the end of the circuit: a quantum circuit C' with a measurement in the
middle of the computation is equivalent to a circuit C’ where the measurement is shifted to
the circuit’s end. This is possible even if the measurement outcome is used as the classical
input of a certain gate later in the computation, cf. e.g. [121].

2.3.2 Physical implementations

One may also distinguish different physical systems on which such a model is practically
realised. Following a proposal by DiVincenzo [50] and a similar list of requirements from
the textbook [121], a physical system has to fulfil the following in order to be used for the
implementation of a quantum computer in the circuit model.

(i) Robustly encode quantum information,

(ii) Represent a scalable system of quantum bits,

)
)
(iii) Perform a universal family of unitary transformations,
(iv) Prepare an initial state,

)

(v) Measure the output result.

There exists a plethora of different candidates for such physical realisations of a quantum
computer. The pursued proposals — which build on qubits — include for example supercon-
ducting circuits, trapped ions, quantum dots of semiconductors, nitrogen-vacancies (so-called
NV centres in crystals) and the nuclear spin of molecules (NMR). A different approach is
pursued in continuous variable quantum computation where the underlying physical system
is described by continuous variables (CV), as usually considered in a quantum optical setup.
Examples for this approach include a CV analogue of the circuit model for qubits [I09] as well
as a measurement-based quantum computation model [I13], for which CV cluster states have
been experimentally demonstrated in 2013 [I85]. Both of these approaches model a universal
quantum computer. Furthermore, a non-universal computing scheme is boson sampling [I]
which is based on a finite number of indistinguishable CV modes. Another direction to use
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CV systems for quantum computation relies on embedding or encoding a finite-dimensional
system into a CV system, an approach which we discuss in more detail in Section We
remark that this list of physical realisations is non-exhaustive and that the interested reader
is referred to the literature. In order to meet the first requirement , all these different im-
plementations have to incorporate some fault-tolerance mechanisms to combat decoherence
processes and to reliably operate, the mathematical description of which is discussed in the
next chapter.
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3 Quantum fault-tolerance

Coherence in quantum systems is fragile and usually decays quickly, a process referred to
as decoherence. But for many quantum information processing tasks, coherence is needed,
e.g., to reliably store quantum information in a quantum state. The goal of quantum fault-
tolerance is to combat these decoherence processes and to protect quantum systems from
errors.

One possible strategy would be to avoid errors by physically isolating the system from pos-
sible error sources. Unfortunately, this counteracts the ability to interact with the system
in order to perform quantum operations, e.g., in quantum computing, so simply perfectly
isolating the quantum system from its environment is impractical. In contrast, practically
relevant error avoiding strategies make use of certain a priori knowledge of the decoherence
processes to identify parts of the quantum system which are not affected by decoherence.
To protect a quantum state from errors, one stores or encodes it cleverly in this naturally
protected part of the system. In contrast, active fault tolerance protocols protect the encoded
quantum information by actively counteracting the effect of errors while allowing them to
(rarely) happen. Here, one may interact with the noisy system, e.g., by pulse application
in dynamical decoupling. The pulse sequence is chosen using only a priori information on
the noise but without involving feedback, i.e., without any extraction of error information
during the protocol. Even more evolved fault tolerance protocols are the famous quantum
error correction codes. They prevent the encoded quantum information from decaying by
detecting the errors and then undoing their effects. In contrast to classical physics, one has
to tackle two main issues here. First, creating redundancy works differently: Simply copying
the quantum state several times is fundamentally prohibited due to the no-cloning theore
One has to think of more clever ways of introducing redundancy in the encoding of informa-
tion. Second, detecting possible errors is different to classical physics, as well: Since every
quantum measurement affects the quantum state, the detection of errors has to be done in a
way that leaves the encoded information unchanged.

Organisation of this chapter

This chapter presents the fundamentals of quantum fault-tolerance. We start with an intro-
duction of noise, errors and decoherence models in Section [3.1], including examples of noise
channels in the qubit as well as in the CV setting. Section briefly recaps the framework of
quantum control theory which distinguishes open-loop and closed-loop control protocols, the
second allowing for feedback such as measurements in the fault-tolerance protocol whereas
the first does not. The remainder of this chapter is organised with respect to this distinction.

!The famous no-cloning theorem found by Wootters and Zurek [I81] and by Dieks [49] states that there
exists no quantum channel such that |¢) — |[¢) ® |¢) for all |[¢) € H.
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First, Section[3.3|presents the control techniques of decoherence-free subspaces and dynamical
decoupling both for multi-qubit systems. Second, the technique of quantum error correcting
codes (for finite-dimensional systems) is discussed in Section [3.4] Finally, Section [3.5] extends
the discussion to continuous-variable systems: it summarises the fundamentals of quantum
error correcting codes in the bosonic setting. This lays foundation for the novel CV fault-
tolerance protocols presented in the remainder of this thesis: the CV dynamical decoupling
protocols developed in Chapter 4] and the asymmetric qubit-into-CV encodings analysed in
Chapter

3.1 Quantum noise and error models

Let us start with the question of how to mathematically model decoherence, noise and errors
on a quantum system. This section presents different models for these noise processes on
qubit as well as bosonic systems. Their mathematical description is an important basis
for formulating strategies to combat such errors and for analysing and quantifying their
performance.

3.1.1 CPTP maps and the Hamiltonian formulation

We will consider two different ways of modelling quantum noise processes, with the first using
CPTP noise channelss which map an original state to a corrupted state while the second
uses decoherence Hamiltonians between the system and its environment. In the former case,
errors occur in discrete steps of time, where every step corresponds to an application of the
noise quantum channel. In the latter case, errors occur over continuous time by the unitary
evolution under the decoherence Hamiltonian between the system under consideration and
its environment. The term decoherence refers to the process of losing coherence, i.e., an
originally well-prepared system state may become entangled to its environment such that
the superposition properties of the system’s state (cf. Section for the introduction of
superposition) are lost.

For the CPTP map formulation, recall that the most general transformation of quantum
states is given by a quantum channel, cf. Definition 2.14] in Section [2.1.5] It is therefore
straightforward to model noise on a quantum system Hg by a quantum channel

N :D(Hs) > DMHs) , pr—>N(p), (3.1)

which one also calls noise channel and is typically denoted by A. In the specific case
where N'(p) = EpE*, one calls E an error or error operator. More generally, one may refer to
the Kraus operators E; : Hg — Hg (cf. Theorem of a noise channel N'(p) =3, Ei,oE;r
as error operators.

It is sometimes useful to consider the case of stochastic noise in the CPTP map formulation.
Let € denote a set of possible errors on the system — here we assume that € C U(Hg) — and
let 7 : € — [0, 1] be a probability distribution on . The noise channel

N:D(Hs) = D(Hs) ,  p—=N(p) =Y n(E)EpE",
Ee¢

models stochastic noise, where an error E € € occurs with probability =(E).
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The Stinespring dilation Theorem implies that a noise channel (3.1)) arises from a unitary
channel on the system and some environment, i.e., for every N from Eq. (3.1)) there are an
environment Hilbert space Hg, a state 0 € D(Hg) and U € U(Hs ® Hp) such that

N(p) =trg (U(p@ U)UT> )

This has the following interpretation: noise is introduced to the system by the interaction with
the environment Hg. This connects the CPTP formulation to the Hamiltonian formulation.

In the Hamiltonian formulation, the system’s state undergoes noise via interaction with its
environment over continuous time ¢ € R. Let an environment Hp and a Hamiltonian H°'&
Lsa(Hs @ HEp) be given which may include system-environment interactions. The system’s
state p € D(Hg) evolves as

plt) = tr (Ut (p 2 )U M)

where the respective one-parameter group of unitaries {U(t)}scr is generated by H°"&. Let
us refer to H°8 is the original noise or decoherence Hamiltonian. By convention, one often
splits this noise Hamiltonian into different terms and writes it as the sum of a pure-system
part, a pure-environment part and an interaction part:

H® = Hs® Ip+Is ® Hg + Hsp € Lsa(Hs @ Hp) - (3.2)

Here Hs® I and Is® HE act non-trivially on the system and environment only, respectively,
and Hgp € Lsq(Hs ® Hp) involves system-environment interactions. These interactions en-
tangle system and environment and hence lead to the decoherence of system states (which
are initially not entangled with the environment). More generally, the decoherence Hamilto-
nian might be time-dependent, i.e., t — H°"8(t) where

H"8(t) = Hg(t) @ Ig + Is ® Hp(t) + Hsg(t) . (3.3)

3.1.2 Noise channels for multi-qubit systems

Consider a system of n € N qubits with associated Hilbert space Hg := (C?)®". Recall from
Section that the Pauli-matrices {I,0,,0y,0.} form a basis of the real vector space of
complex Hermitian 2 x 2 matrices as well as the complex vector space of complex 2 x 2 matrices.
To describe n-qubit errors, it is useful to consider a group of 2" x 2" matrices which can be seen
as a generalisation of the group generated by the single-qubit Pauli matrices.

Definition 3.1 (Pauli group). The n-qubit Pauli group Py, is defined as the group of operators
which are tensor products of single-qubit Pauli matrices up to an overall phase +1 or +i,
i.e., elements E¥ € P, are given by

E:OZE1®E2®®En )
where o € {£1,+i} and Ey, € {I,04,0y,0.} for k=1,2,...,n.
We will usually neglect the complex phase « of operators E € P, with rare exceptions

(e.g. in the stabiliser group where the sign makes a difference). A prominent way to model
multi-qubit noise is stochastic Pauli noise.
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Definition 3.2 (Stochastic Pauli noise). Stochastic Pauli noise on n € N qubits is described
by a probability distribution 7 : P,, — [0,1]. The n-qubit Pauli noise channel is given by

Nz :D((CH®") = D((CH®) |, prs > m(E)EpE" . (3.4)
Ee{l,oz,0y,0.}8"

Note that we use E € {I, 04, 0y,0.}®" instead of E € P, in Eq. since we neglect complex
phases of E. Here, a single Pauli error E € P,, occurs with probability m(F). For n = 1,
Definition defines a single-qubit stochastic Pauli noise channel: there is a probability
distribution 7 :== (pr, px,py,pz) : P1 — [0, 1] such that the noise channel N is of the form

N’(pz,vapyypz) : D(C*) — D(C?) ,
p = pIp + Px02pol + pyoypol + pzo.pol .

(3.5)

A special case of n-qubit stochastic Pauli noise is the independent channel

Nrr = ®Nm )

=1

where for every qubit ¢ = 1,2,...,n, the probability distribution m; : P; — [0, 1] is defined on
the single-qubit Pauli group Py, i.e., every Ny, : D(C?) — D(C?) is a single-qubit stochastic
Pauli noise channel. Single-qubit Pauli errors occur independently on the qubits.

It is sometimes reasonable to assume that all m; are the same. In these cases, we speak of
independent and identically distributed (i.i.d.) Pauli noise and the n-qubit noise channel is of
the form

_ @n
Nr = 'N‘(phpx,pyvpz) (3.6)
where A/(pf,px,py ) is a single-qubit Pauli channel from Eq. (3.5)). Here, the probability of a

single-qubit Pauli error is the same on every qubit.

Examples of single-qubit noise channels

Recall from Section the single qubit and the Pauli operators o, o, and o, from Eq. (3.5)).
In the context of Pauli noise (3.5)), one calls o, and o, bit flip and phase flip errors, respec-
tively, since they act on the basis vectors |0) and |1) as

e 0 =)
e o) T ) e

Due to the relation oy = i0;0., one analogously calls o, bit-and-phase-flip. These three
Pauli errors are also labelled X, Y and Z. Let us give a few relevant examples of stochastic
single-qubit noise channels from Eq. (3.5)).

The dephasing noise channel corresponds to pure o,-noise, i.e., to the Pauli noise from
Eq. (3.5) for p=pz € [0,1] and p;y = 1 — p, px = py = 0 and pz = p such that

Ndephasing(p) = (1 —p)p +p0'zPO'Z, .
A phase flip occurs with probability p and no error happens with probability 1 — p. Under
dephasing noise, the Bloch sphere (cf. Fig. shrinks asymmetrically, where it stays un-
changed along the o, axes but it is shrunk along the other two axis. Similarly, bit flip noise
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corresponds a Pauli channel (3.5)) of pure o,-noise, i.e.,

Niip(p) = (1= p)p + powpol, . (3.7)
The depolarising noise channel

p
3

gapr; + Eoz,oai , for pel0,1] (3.8)

O'x,OO';L: + 3

Ndepolarizing(p) = (1 - p)p +

is a Pauli channel for p;y = 1 — p, and px = py = pz = p/3. Each non-trivial Pauli error X,
Y and Z occurs with equal probability p/3.

The noise channel for independent X and Z-noise is given by a single qubit Pauli channel (3.5|)
where the probabilities are given by

pr = (1—-gx) - (1—gqz)

pPx = qx - (1-gqz) (3.9)
by = ax : qz

pz = (1—-qx) - qz

for gx,qz € [0,1]. One assumes that bit flips and phase flips happen independently and oy -
errors if both bit and phase flips occur. One may define independent X and Y or indepen-
dent Y and Z-noise analogously.

3.1.3 Noise channels and error models for bosonic systems

Let us consider noise on a quantum system of n € N bosonic modes with associated Hilbert
space H = L?(R"). Since general (non-Gaussian) bosonic channels are mathematically dif-
ficult to study, we list several, practically relevant examples which are Gaussian (cf. Sec-

tion .

Classical noise channel

Recall that the Pauli group can be used as a basis of error operators for qubit systems. In
the context of bosonic systems, the Heisenberg- Weyl group

H, = {D() | a € [0,27), £ € R*"} (3.10)

plays a similar role. When analysing GKP codes (cf. Section [5.1.1)), we are especially inter-
ested in noise channels which can be expressed in terms of these group elements:

Definition 3.3 (Displacement noise). The displacement noise channel or classical noise chan-
nel is given by a CPTP map

Np:D(L(RY) = D(LAR™)) o | FODEPDE)EE, (3.11)

where f : R?” — R is a probability density function on the phase space R?".
This channel is the bosonic analogy of the (stochastic) Pauli noise channel (3.4). The op-

erators in which one expands this channel (3.11)), i.e., the displacement operators D(&), are
called (displacement) errors. We speak of independent displacement noise on the n bosonic
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modes if there are single-mode probability distributions g : R? — R for k = 1,...,n such
that

f(é) = H gk(£k7§n+k) for all 5 = (51’527 cee a§2n)T € RQn :
k=1

The bosonic analogue of i.i.d. Pauli noise is the i.i.d. displacement noise where all g are
identical, i.e.,

Np=Ngm . where Ny = [ a(©D©oDIe)1d%

for a probability distribution g : R? — R on the single-mode phase space.

Note that the classical noise channel from Definition [3.3]is Gaussian if and only if f is a Gaus-
sian function. Recall the characterisation of Gaussian channels in terms of the triple (X, Y, v)

from Section (cf. Egs. (2.28)) and (2.29)). In the case of f being a Gaussian function

of variance ¢ in all 2n phase space dimensions, the classical noise channel corresponds
to X =1y, Y = (72[2m and d = 0.

Thermal noise and pure loss channels

Moreover, one may consider dilations of Gaussian channels, especially those which can be
written as dilations of Gaussian unitary channels with a Gaussian environment. Such chan-
nels can be written as

N D (IA(RY) - D (LARY) , prr N(p) = trg [U(p@ o)UY
for a Gaussian unitary U € U(L?(R"*"%)) on n system and ng environment modes and a

Gaussian environment state o € D(L?(R"E)).

The thermal noise channel or thermal attenuator is given by
Now(p) = trg [U/\(P ® Pth,z/)U;[]

where the environment state pw,, € D(L?(R™)) is a thermal state (cf. Eq. from Sec-
tion of mean photon number v and the unitary Uy € U(L*(R""")) is that of a beam
splitter (cf. Eq. in Section between pairs of modes of the system and the envi-
ronment Hp = L?(R") such that

. n t —ata,
Uy, = Ups(arccos(\))®" = 2recos(N) 51 (a5 n 5= 0554n)

Then, the two matrices (X,Y’) characterising the Gaussian channel N, are X = /I
and Y = (1 —n)(2n + 1)I. If pwno is the vacuum state, we call N, o the pure loss chan-
nel (other names for this channel are amplitude damping channel or attenuation channel).
For a single bosonic mode n = 1, this channel can be written as [37]

Ny : D(LZ(R)) — D(LZ(R)) ,  where N, = XD
in terms of the super operator D(p) = apal — % {aTa, p} (also called Liouvillian) and the

dimensionless damping parameter Y, or sometimes more conveniently in terms of the loss
rate v := 1 — e~ X that quantifies the amount of loss.
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3.2 Quantum Control Theory

In the previous section we introduced how to describe noise and errors. Naturally, we now
want to model fault-tolerance protocols that combat these error processes, e.g, by detection
and correction. One of such frameworks is quantum control theory. Here, we briefly introduce
how quantum error correcting codes and pulse sequences may fall into this framework. For
further information, the reader is referred to reviews on surveys on quantum control theory
such as [51].

One usually considers a quantum system with Hilbert space Hg and noise introduced to this
system by a so-called drift or original Hamiltonian H°"8(¢). This Hamiltonian can be either
acting on the system only, i.e., H"8(t) € Ls,(Hs) if one considers a closed system or it is of
the form of Eq. , i.e., acting on the system and its environment Hpg if one considers an
open system. Control on the system is exerted by a so-called control scheme.

Definition 3.4 (Control scheme). A control scheme on a quantum system Hg is given by a
time 7" > 0 and a control Hamiltonian

L
HEMrol () = " u;(t)Hj for ¢ € [0, 7] (3.12)
j=1
where Hy,...,H; € Ls(Hs) are a collection of Hamiltonians and uq,...,up : R — C

are control functions such that the propagator U™(T) from time 0 to 7 generated
by Hrl(1) satisfies UMON(T) = Ig.

The effective dynamics are generated by the resulting Hamiltonian H™(t) = H8(t) +
Hel(t) which is is the sum of the drift/original or decoherence Hamiltonian H°"&(t)
and the control Hamiltonian . The latter is split into several control Hamiltoni-
ans Hq, Ho, ..., Hr, which can be time-dependently modified — e.g. turned on or off — via
the control amplitudes or control functions uy,us, ..., ur. The requirement U®™N(T) = I
in Definition ensures that after time 7" > 0, no additional decoherence is introduced to
the system via the controls.

Bilinear control system and controllability of a closed system

Let us consider a closed quantum system, i.e., where both the original and the control Hamil-
tonian act on the system only. A bilinear quantum control system is given by the Schrédinger
equation for the resulting Hamiltonian H™S(t) = H"8(t) + H™l(¢), where H"™! defines

the control Hamiltonian of a control system from Definition i.e., by

L
Loy = —i(HowE 4 >0 b0

- (3.13)

d . ori res res

ZU) = —z(H g 4 Zuj(t)Hj>U (), U™(0)=1Is,
j=1

for pure quantum states and unitaries, respectively. A typical task is to find a time T > 0
and admissible controls {u; }JL:1 which drive the system (3.13)) from a given initial state [¢)
into a predefined final state |1s,) = [(T")). Using this strategy, one may be able to avoid
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errors that are introduced over time by H°"8(t), i.e., for the task of state-preservation where
the final state [1(T")) = |¢p) is equal to the initial state. Slightly more generally, one might
be interested in engineering a predefined evolution: for a given unitary U, a drift H°"® and

a set of potential control terms {Hj}JLzl, one searches for a finite time T > 0 and a set of

admissible control functions {u; }JL:1 such that U™(T) = U.

Let us consider the standard theoretic notion of controllability. A bilinear system is
pure-state controllable if for every pair of states |1g) and |i)fi,) there exist control functions
that drive the system from |[ig) to |¢fin). Similarly, the system is operator controllable if
for every unitary U there exist control functions such that U = U™(T"). Although most
controllability proofs are not constructive, this notion is of practical relevance. For example,
operator controllability is connected to universality in the context of quantum computing
(cf. Section where one wants to model every unitary on the system using a restricted
set of controls. More precisely, one may be interested which unitaries U € U(Hg) can be
engineered by a given control scheme [3.4]

For finite-dimensional systems, there exist well-established criteria on the controllability of
a quantum system in terms of the Lie algebras generated by the control Hamiltonians [5].
This is more intricate in the infinite-dimensional case. Huang et al. [85] laid foundations
on their controllability and we refer the interested reader to the review article by Dong and
Peterson [51].

Control scheme in open systems

Quantum control theory can be extended to open quantum system. There are different
approaches to do this, e.g. using so-called Markovian master equations (the ‘open’ analogy
of the Schrédinger equation) or stochastic master equations (cf. e.g. [I07, Chapter 1] for
these noise models and [51] for control theory in this context). In this thesis, we focus
on another direction: We assume that noise is introduced to the system by a decoherence
Hamiltonian H°"8(t) from Eq. (as described in Section which acts on the system
and its environment Hg. Note that in a control scheme, the control Hamiltonian still acts non-
trivially on the system only, reflecting the practical restriction that one may only influence
the system part. As a consequence, H™Ml(¢) = 37 ;u;(t)H; ® I in Definition

The total or resulting Hamiltonian on the system and its environment is given by
H™S(t) = HOM8(t) + Heontrol(g) for t € [0,7] . (3.14)

One cannot influence its original part H'8(t) : R — Lg(Hs ® Hp) — which may include
noise or decoherence (sometimes called drift) — but only the part H°"°l(¢) from Eq. (3.12).
After time T, the resulting evolution U™(T') of system and environment is defined as the
propagator generated by the resulting Hamiltonian from time ¢ to T, i.e., it is given
by the relation

UTS(T) o= Ty ot G (3.15)

We will focus on open systems for the remainder of this section.

Bang-bang control and pulse sequences

Sometimes, one imposes certain restrictions on the control functions for practical or theoreti-
cal reasons, e.g. one restricts to stepwise constant or continuous functions. In H"°l(¢) from
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Eq. (3.12), the pulse shapes are characterised by the form of the functions {t — u; (t)}le.
One example is to consider finite (constant) pulse width and strength which corresponds to

piecewise constant control functions wu;(t).

A so-called bang-bang control is exerted by the application of instantaneous and infinitely
strong control pulses. More precisely, one assumes that the control Hamiltonian is of the
form

L
Heontrol — Zd(t - tj)Hj ®Ig, (3.16)
j=1
where t1,...,t; are called the control times and U; = 1, ... U := efIL are called the

control pulses.

Definition 3.5 (Pulse sequence). A (bang-bang control) scheme or simply a pulse sequence
is given by of a pair of finite families {tj}le C [0,7] and {Uj}le C U(Hg) for L € N such
that [i, U; = Is.

This is consistent with Definition of a control system since a control Hamiltonian (3.16]
can be fully characterised by a pulse sequence. If not stated otherwise, we consider control
Hamiltonians in the sense of Definition throughout this thesis. We note that this is an
idealised setup, but mathematically, it can be treated reasonably well and realistic pulse
shapes with finite strength and width can be seen as an approximation of these idealised
delta peaks. We remark that there exist many other pulse shapes which have been studied
in the literature [89].

Open-loop and closed-loop control

One distinguishes open-loop and closed-loop control problems: In the former case, one has to
choose the control functions and Hamiltonians a-priori, i.e., without any feedback obtained
during the evolution. Dynamical decoupling (DD) — cf. Section — is such a control
technique where a pulse sequence of the form of Definition is applied to the system in
order to approximately average out the effect of decoherence H°"®. In the latter case, in
closed-loop control, the control functions might be adapted during the control process and
they depend on feedback obtained from measurements. Typically, such measurements (which
are called syndrome measurements) do not alter the system’s state, but their outcomes (which
are called syndromes) reveal information about potential errors and are performed using an
additional system which is destructively measured. In this case, the control functions at time ¢
depend on the outcomes of syndrome measurements performed before time ¢. In this sense
quantum error correcting codes (QECC) — cf. Section — can be viewed as a closed-loop
control technique.

In principle the two techniques of DD and QECC can combined in order to use the advan-
tages of both approaches: In a QECC, an additional DD protocol reduces the necessary
overhead and resource-costs of the employed QECC. Using DD protocols to first reduce the
effective error rate can allow QECC protocols with thresholds to be applied. For multi-qubit
systems, there exist studies for the combination, e.g., designing DD-protected gates [120] and
identifying optimal DD pulses for subsystem codes [129].
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3.3 Decoherence-free subspaces and dynamical decou-
pling of qubit systems

Let us now consider open-loop quantum control protocols, starting with the passive error
protection using decoherence-free subspaces in Section [3.3.1|and then with the active protocol
of dynamical decoupling in Section [3.3.2 Throughout this chapter we only consider finite-
dimensional quantum systems.

3.3.1 Decoherence-free subspaces and series expansions

Decoherence-free subspaces

In contrast to the active error correcting strategies of QECC, the concept of decoherence free
subspaces offers a passive error preservation scheme. The term passive stands for the fact
that no interaction with the system, i.e., no measurement, no feedback and no control pulse,
is involved in these protocols. The main strategy is to cleverly encode information into a
subspace of the physical system space which is not affected by decoherence.

Definition 3.6 (Decoherence-free subspaces). Consider a quantum system Hilbert space Hg
and a linear subspace Hp C Hg where Pp denotes the projection onto Hp. Let @ :
D(Hs) — D(Hs) be a quantum channel and let H°"® € B,,(Hs ® Hg) be a Hamiltonian
between the system and an environment Hg.

(i) The subspace Hp C Hg is a decoherence-free subspace (DFS) in the quantum channel
formulation if for any p € D(Hg) which satisfies p = PppPp, one has ®(p) = UpU*
for some unitary U € U(Hg).

(ii) The subspace Hp C Hg is a decoherence-free subspace (DFS) in the Hamiltonian
formulation if for any p € D(Hg) which satisfies p = PppPp one has

trg (e‘itHorig (p® a)e”Horig> = UpUT

for some unitary U € U(Hg) and 0 € D(HE).

If Hp is a DFS then the initial and the final state are unitarily related. There is no leakage
of information out of Hp by the decoherence map, i.e., any initially ‘decoupled state’ which
lies in ‘Hp behaves under the decoherence evolution as if it was part of a closed quantum
system under a reversible (unitary) evolution. Note that Definition captures both cases,
when decoherence is introduced by noise channels and when by the dilation of a unitary time-
dependent evolution in the Hamiltonian formulation. The main task in using decoherence-free
subspaces for error reduction is to identify suitable subspaces for a given, specific decoherence
channel ® or Hamiltonian H°"&. The advantage of DFS is that this strategy is highly resource
efficient. In contrast to QECC, no syndrome measurement and no correction operation is
necessary.

Decoherence-free subspaces can be interpreted as completely degenerate quantum error cor-
recting codes, i.e, if all errors act as the identity on the codespace, then no active error
correction is necessary. The existence of states which do not decohere was first discovered
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for specific models such as the spin-boson model. Lidar, Chuang and Whaley introduced the
terminology of decoherence-free subspaces in 1998 [108], where they derived the existence of
decoherence free states in the context of Markovian master equations, a result independently
found in the same year by Zanardi [I86]. We refer to the literature for a detailed analysis of
DFS, e.g. [107, Chapter 3] by Lidar and Brun.

Dyson expansion and Magnus expansion

Let us now consider the case when the decoherence Hamiltonian is time dependent, i.e., t —

H(t) € Lso(H) from Eq. (3.2). As discussed in Section the unitary propagator from
time to to t is given by U(t, to) from (2.15)). Let us investigate two different approaches to
expand U(t) .= U(t, top = 0) in a series, the Dyson series [54] and the Magnus series [111].

Definition 3.7 (Dyson and Magnus series). Let n € N. For t > 0, let H(t) € C"*" be a
time-dependent Hamiltonian and consider the initial value problem ([2.15)) defined by H(t).

(i) The Dyson expansion or Dyson series of U(t) is defined as

USY(t) =1 + ZAk(t) , where
k=1 (3.17)
k L prm Tk—1
Ak (t) =(—1) / / e / H(1)H(12) -+ H(1)dTy, - - - dTodT1.
o Jo 0
(ii) The Magnus expansion of the unitary U(t) is given by
d ad
Mag (1) .= () h “Q=—i— =% [, 1
Ora3(@) = e where o Zexp(adg) = (3.18)

The assumption H(t) € C™*" implies the boundedness of H(t) for every t. Let us briefly
show that this is sufficient to guarantee that the Dyson series (3.17) is well-defined: If H(t)

is bounded in a unitarily invariant normf|| - |, i.e., if
A= max ||H(s)| < o0 (3.19)
s€[0,t]

then every term in the Dyson series is bounded by

t T1 Tk—1 k
HAkmrS/o/o /0 HE)H)] - | )l - dmadm < S

As a consequence, the infinite sum over these terms can be bounded by the Taylor series
of an exponential function ||UPY(¢)|| < ||[I]| + ¢ and the Dyson series converges absolutely.
Note that one recovers the expression U(t) = e~ from the Dyson series if H is not time-
dependent. A disadvantage of the Dyson expansion is that the partial sums I + 2221 Ag(t)
for finite | < co are not necessarily unitary.

For the Magnus series, the Hamiltonian

Q) = N(t)
k=0

2Unitary invariance of a norm || - || is defined as |V A|| = ||A]| for all V € U(H) and A € B(H).
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in the exponent is expanded as a series. The terms () are recursively defined by Eq. (3.18]).
The first three terms, cf. e.g. [22], are

Q(t) = —i/OtH(Tl)dﬁ ,
)=~ [ [ (). Hldndn

i t T1 T2
0ut) = g [ [ [ ). ). )+ U (7). 1 (7). H (1)) .

In general, every (t) is the integral over k — 1 nested commutators of H(t) at different
times, i.e., it depends on H(t) in nth order.

We note again that the Magnus expansion does not converge in general. This may not even
be the case if the Hamiltonian is bounded. But if

t
/ |H(7)||dT < =
0

in a specific norm || - ||, then [|£2(¢)|| < co and the Magnus expansion converges. In contrast
to the Dyson expansion, the considered time plays a role, too, i.e., the larger the norm of
the Hamiltonian, the smaller we must choose the time ¢ such that the Magnus expansion
converges. An advantage of the Magnus series is that the partial sums Zéc:o Qi (t) are all
self-adjoint for every [ € N, i.e., all orders of the Magnus expansion are unitary.

The Dyson and the Magnus series are useful tools for dynamical decoupling schemes discussed
in the next section.

3.3.2 Dynamical decoupling

Dynamical decoupling (DD) is a control technique where unitary control pulses are applied
to the system. Their choice is fixed a priori and the protocol does not involve any kind of
feedback such as measurements. In this sense it might be considered as an example of an
open-loop control technique and it is similar to DFS, cf. Section [3.3.1] But in contrast to
DFS they do involve active control operations. Such protocols aim to reduce the effective
error rates at the physical level.

Dynamical decoupling is among the most successful strategies for error reduction. It was
originally developed in the context of nuclear magnetic resonance (NMR) as coherent av-
eraging of interactions. In pioneering work, Haeberlen and Waugh [175] [73] designed pulse
sequences that enhance the resolution of NMR spectroscopy by rapid periodic application
of pulses which render the NMR spins to behave under the evolution of a time-dependent
average Hamiltonian. They were inspired by previous paradigmatic protocols: the Hahn spin
echo [74], a technique to refocus a decaying spin in a so-called spin echo and the Carr-Purcell-
Meiboom-Gill (CPMG) sequences [34}, [112], a popular method to measure the NMR spin-spin
relaxation time 75 using spin echoes.

Viola, Lloyd and Knill [I67), 166, 165] generalised the above proposals and laid the theoret-
ical foundation for the framework of dynamical decoupling. Practically, DD protocols are
well-established and have been successfully applied to a plethora of different physical sys-
tems; besides NMR for which there exists an extensive amount of applications and relevant
experiments (see [4I] for a survey on NMR quantum information processing), this includes
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electron spins in solids [52, [173], defect centres [45] [182], quantum dots [I7], ion traps [20} 21],
superconducting qubits [31, 132] and photon polarisation qubits [42]. Besides the obvious
application of suppressing decoherence, there is a second interesting one: When the decoher-
ence processes are complex and partly unknown, very simple DD schemes can be used as a
diagnostic tool to analyse the decoherence Hamiltonian, cf. e.g. [I55] B31].

In both applications, the basic idea of DD is to interleave the free and uncontrolled system-
environment evolution responsible for decoherence by rapidly applied and suitably chosen
control pulses. When one aims at reducing decoherence, the goal is to approximately average
out its effect on the system such that after the application of the pulse sequence, the system
and the environment are decoupled and the resulting evolution acts trivially on the system.

Definition of Dynamical Decoupling (DD)

Since achieving dynamical decoupling can be viewed as an open-loop control problem over
a finite (and sufficiently small) time scale T', recall the setup of quantum control theory
from Section More precisely, consider a control scheme as discussed in Definition
where H™°l(t) determines a control Hamiltonian acting non-trivially on the system Hg
only. Let furthermore Hg be the environment and let decoherence be given by an original
Hamiltonian H°"¢ € Ly, (Hs ® Hg) of the form of Eq. that acts on the system and the
environment. As a consequence, the resulting Hamiltonian acting on system and environment
is given by the sum of the uncontrollable original Hamiltonian and the control Hamiltonian,
ie.,
Hres(t) _ Horig + Hcontrol(t) )

This Hamiltonian generates the resulting unitary U(¢).

Let us fix a (typically small) time 7" > 0 which is sometimes referred to as decoupling time
or cycle time.

Definition 3.8 (Dynamical decoupling). A control scheme in the form of Definition is
said to achieve universal dynamical decoupling after time T > 0 if and only if for all H°"&
Bso(Hs @ HE), the effective evolution U™ (T') from Eq. (3.15])

(i) involves no interaction between system and environment i.e., for all H"& € By, (Hg ®
HE) there exist Us € U(Hg) and Ug € U(HE) such that U™(T) = Us ® Ug, and

(ii) acts trivially on the system, i.e., Ug = Ig.

The distinction between the two conditions and will become clearer in Chapter
since in the bosonic case, the second one (fii}) is no longer achievable. We note that the first
condition (fif) of Definition resembles DFSs (cf. Definition : the system Hilbert space
is actively turned into a DF'S which evolves (after time T') independent of the environment.
Hence, we refer to pulse sequences which (only) achieve property as decoherence suppres-
sion schemes. Sometimes, it might be even desirable to not make the evolution U™ (T') act

trivially on the system, but to actively engineer a specific non-trivial system Hamiltonian H
such that U™(T) = e~ TH,

One may also formulate dynamical decoupling in terms of the evolved system state

ps™(T) = trg |[U™(?) (ps(0)®pE(0))Ures(t)q :
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If a control scheme achieves DD, then — assuming that initially, system and environment are
decoupled such that psg(0) = ps(0) ® pr(0) — the resulting system state should be the same
as the initial state, i.e., ps(T) = pg(0).

Achieving dynamical decoupling can be viewed as an open-loop control problem over the
finite (and sufficiently small) control time scale 7. The task of decoherence suppression
amounts to suitably choosing control functions such that U™5(T") from Eq. acts triv-
ially on the system. One aims at achieving DD for a large class of decoherence possible
Hamiltonians. In this context, one distinguishes between universal and non-universal dy-
namical decoupling schemes. In the former case, an effective evolution of the form is
guaranteed irrespective of the Hamiltonian, i.e., for all H"® € By, (Hs ® Hp) as stated in
Definition In contrast, non-universal schemes achieve dynamical decoupling only for a
subset of Hamiltonians ) C L4(Hs ® HE), where Eq. is satisfied for every H°"& € §.
Such non-universal schemes can still be highly beneficial for quantum information processing
tasks if the dominant decoherence terms originate from a restricted set of Hamiltonians.

Typically, property (i) and ({ii) from Definition [3.8] are achieved approzimately.
Definition 3.9 (Nth order DD). A control scheme in the form of Definition achieves

universal Nth order dynamical decoupling (in a suitably chosen unitarily invariant norm ||- ||
on B(Hs ®Hg)) if and only if for all H''8 € By, (Hs® Hg), the effective evolution U™ (T)

from Eq. (3.15))

(i) involves no interaction between system and environment up to order N in T, i.e., there

exist Ug € U(Hg) and Ug € U(Hg) such that

IU(T) - Us ® Ugl| = O(T"*) | (3.20)

(ii) and acts trivially on the system up to order N in T, i.e.,

|Us - Isl| = 0@V +1) . (3.21)

The above definition involves a suitably chosen unitarily invariant norm, e.g., the Frobenius
norm.

To investigate Nth order DD, one may expand the resulting unitary U™$(7T') in either a Dyson
or a Magnus series , cf. Definition [3.7 Egs. (3.20) and (3.21) are satisfied if the first N terms
in the Dyson series — that act non-trivially on the system — vanish in a suitably chosen norm,
ie.,

U™(T) =Is @ Up +O(TN ) .
Similarly, if one considers the Magnus series of U™(T'), then Nth order DD is satisfied if

Us(T) = ¢ TH"  where  H® = Is® Hp + O(TN 1) . (3.22)
Here, N is called the order of the DD scheme.

In Definition the constants C' and ¢ usually depend on the norms of the original Hamil-
tonian ||H°"8|| as well as the control Hamiltonian ||H°"°!(¢)||. If the environment Hilbert
space is infinite-dimensional, one has to pay attention to the (un)boundedness of H°"&. We
will neglect this issue here since in the newly introduced bosonic DD sequences in Chap-
ter 4} we consider the series expansion of (finite) symplectic matrices and instead refer the
interested reader to the literature (e.g. [11]).
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(a) Resulting evolution U™*(T) (b) DD

Figure 3.1: Circuit representation of a DD sequence. The upper and the lower horizontal
lines represent the system Hg and the environment H g, respectively, and may both consist
of more than one qubit. (a) The resulting evolution U***(T') from Eq. corresponds to
the uncontrolled system-environment evolution U°"8(7, s) interleaved with a pulse sequence
of the form of Definition (b) (Approximate) dynamical decoupling (DD) is achieved
if U™(T') = Is ® Ug (approximately) for some Ug € U(HE).

When considering DD sequences, one usually assumes that the control is exerted by applying
unitary pulses. Recall the Definition of a pulse sequence (or equivalently bang-bang
control); throughout this thesis, we always assume this bang-bang control. The resulting
evolution after time 7" under the Hamiltonian and application of a pulse sequence from
Definition is given by

U™ (T) = ¢ T H" (U, @ Ig) - - e im0 () @ [)e T H™ (3.23)

The free evolution of system and environment under the decoherence or original Hamilto-
nian H°"8 is interleaved with the control pulses U; instantaneously applied at time t; for
every j=1,...,L.

If the original Hamiltonian H°"8 is time-dependent, every term of the form e~ i(t=)H"E )
Eq. (3.23) should be replaced by the propagator U°"8(¢, s) generated by the original Hamil-

tonian H°'8(¢) from time s to time ¢. Then the resulting evolution is
U™ (T) = U™MS(T,tp)(Up @ Ig) - - - U 8(tg, 1) (Uy @ Ig)U°T8(11,0) . (3.24)

Fig. shows the circuit representation of such a pulse sequence.

Analysis of DD schemes

Let Hg be a finite-dimensional system coupled to the environment H g by the original Hamil-
tonian H°"&. Consider a pulse sequence from Definition and let system and environment

evolve under U™(t) from Eq. (3.23).

The DD properties of a pulse sequence are usually investigated as follows. Since we are
interested in pulse sequences which approximately average out the effect of the decoherence
Hamiltonian on the system, it is convenient to consider a transformation that explicitly
removes the action of the control evolution, the so-called toggling frame. The evolution in
the toggling frame is given by

Utf(t) — (Ucontrol(t))TUreS(t) '
It is generated by the toggling frame Hamiltonian
Htf(t) — (Ucontrol(t))THorig Ucontrol(t) ]

The toggling frame corresponds to the interaction picture described by H™™l(). One
usually aims to compute the effective Hamiltonian H¢" that satisfies

Ut(T) = TH" (3.25)



66 Chapter 3: Quantum fault-tolerance

for a given decoupling time 7" and an original Hamiltonian. Here, H* plays the role of a an
error action operator, in the sense that the ‘error’ after applying the pulse sequence, i.e., the
distance between the actual evolution and the desired evolution, can be expressed in
terms of the norm of this operator.

If we consider a pulse sequence in the sense of Definition then the control evolution is
given by the product of pulses U; applied up to the considered time ¢

K
Uerrl(t) = Uy - UhUn) @ Ip = [[U; @ Ip . fort € [ty tera) |
j=1
where Ky = max{j € {1,...,L}|t < t;}. Therefore the toggling frame Hamiltonian takes
the form

Htf <H U; ® IE) Hor1g<H U; ® IE> , for t € [tg,tps1) - (3.26)

Jj=1 j=1
By definition of the pulse sequence the toggling frame evolution satisfies U(T) =
U™(T). Let us expand the toggling frame evolution after time 7" in a Magnus series (cf. Def-

inition [3.7)

(Utf)Mag( T) = oo U(T)

The first two terms in the exponent are

Qo(T) = —i/THtf( t)dt = — /0 <HU ®IE) H°“g<HU ®IE>d

7j=1
_ = tf tf
= / / H T1 H (TQ)] dTQdTl .

The higher order terms Q(7T') involve nested commutators of H'(¢) each with k + 1 factors
of H°M& such that ||Q(T)|| = O(T*||H8|*¥). The DD scheme achieves first order DD
if Q1(T) x Ig ® Bg for some B € B(Hg). More generally, Nth order dynamical decoupling
is achieved if for all £ < N there are Bg € B(Hg) such that Q(7T") < Is ® Bg.

Alternatively, UY(T") can be expanded in a Dyson series (cf. Deﬁnition. Using Eq. (3.26)),
one obtains that

oo
UHT) =Is @I+ A(T),
k=1
where for k£ € N, the terms Ay are defined in Eq. (3.17) for the toggling frame Hamilto-
nian H(¢). The pulse sequence achieves Nth order DD if for all k < N there are Bg € B(HE)
such that A, < I ® Bg.

To further compute the Dyson or Magnus series of H one may impose some additional
assumptions on the system-environment interactions Hgg in H°"® = Hs®Ip+Hsp+I1sQHE:
more precisely, let

Hsp = S0 ® Ba € Loa(Hs ® Hi) , (3.27)

«
where S, € B(Hs) and B, € B(HE). If the system Hilbert space is that of multiple qubits,
the operators S, can be chosen as the (generalised) Pauli matrices.

Let us summarise the strategy to analyse whether a given pulse sequence achieves Nth or-
der dynamical decoupling: consider the toggling frame evolution, expand it into either a
Magnus series or a Dyson series [3.7] and compute the series expansions using some available
assumptions on the decoherence Hamiltonian and the pulse sequence.
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A simple example

Consider a single qubit with Hilbert space Hg = C? that undergoes pure dephasing noise,
i.e., the decoherence Hamiltonian

H™¢ = [¢ ® By + 0, ® By , (3.28)

couples the qubit to a (not further specified) environment E with the two operators By, B €
Lso(HE). Consider furthermore the pulse sequence (Definition [3.5)) where

L=2 and U1=U2=J$, tlzT/Q and tQZT. (3.29)

To analyse the DD properties of this pulse sequence, compute the toggling frame Hamiltonian

Htf(t) . Ucontrol(t)Horig (Ucontrol(t))T —

Is@By+o, @B if0<t<T/2,
Is®B(]—O'Z®B1 1fT/2§t§T

The first term in the Dyson as well as in the Magnus series of the toggling frame evolution
involves

T
T
/ Htf(t)dt:TLg@Bo—l—§<O'Z®BI—O'Z®31):Tfs®BQ.
0

Hence, the first order terms act trivially on the system. Thereby, we find

T

U™S(T) = UNT) = Is® Iy + / HY(t)dt + O(T?) = Is ® By + O(T?) .
0

As a consequence, the pulse sequence (3.29) achieves first order dynamical decoupling for

pure dephasing noise as described by a Hamiltonian of the form (3.28). This simple example

illustrates how one usually analyses dynamical decoupling orders of pulse sequences.

3.3.3 Periodic dynamical decoupling

In order to achieve an effective error suppression by dynamical decoupling, the time scale T
should be sufficiently small such that the Magnus or Dyson series converges. In other words,
the decoupling pulses must be applied fast enough.

If one aims at achieving decoupling after a given total time Tppp € [0,00), one may use
periodic dynamical decoupling (PDD) sequences. More precisely, one picks a natural num-
ber m € N and periodically applies m times a DD sequence with DD time 7', i.e., one sets

T;
7 — 1PDD
m

such that the cyclicity assumption
peontrol (¢ 4 k) = yeentrol(¢) for all t € [0, Tppp), k=1,...,m ,

on the control propagator is satisfied. This also gives meaning to the name cycle time for T'.
By choosing m large enough, one can make the cycle time T sufficiently small such that there
is justified hope that the analysed Dyson or Magnus series converges.

Let a system interact with an environment via a decoherence Hamiltonian H°"¢ and consider
a pulse sequence of times {t; ]L:1 C [0,7] and pulses {Uj}]L:1 . Then after m applications
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of this decoupling cycle, one can use the theory of averaged Hamiltonians to compute the
resulting evolution

U™ (Tppp) = U™ (mT) = (efiHe”T)m _

Here, He® is the averaged Hamiltonian over a single cycle. Expanded in a Magnus se-
ries Heff = % > re o Qe (cf. Definition , its lowest order contribution is given by

1

1 [T .
TQO — T/ Ucontrol(t)THorlchontrol(t)dt ’ (3‘30)
0

i.e., by the cycle average of the toggling frame Hamiltonian. The Magnus series converges if
the kth order terms are of order O(T*) = O(1/m?) . In the limit m — oo, while keeping the
total time ¢t = mT fixed, the lower order term €2y dominates the higher order ones.

If a pulse sequence satisfies

lim US(T)" =1Is® B for some B € B(Hg) ,
m—r0o0
then it is said to achieve DD in the limit of infinitely fast pulse application. Note that a first
order DD sequence achieves this for sufficiently small time 7.

L

Let us consider the special case of a pulse sequence {jT'/L} Fe1s

The toggling frame evolution after time 7' is

{U; }]L:1 of equidistant pulses.

U™ (T) = (U, ® Ip)e ' TH™™ ... (U @ Ip)e T H"™

= (ﬁLﬁ};fl X IE)efi%HOTig o ((71(70 ® IE)eii%Horig
L—1

= (UL ® Ip) H (ﬁ; ® IE)e_i%H°r‘g(l7j ® Ig) (3.31)
7=0

L-1 _ o
= H e_i%(U;r@IE)HO“g(Uj@IE)
J=0

where we recursively define ﬁk via ﬁo = Ig and ﬁk = Ukﬁk_l for k=1,...,L. Note that
this implies that

Up®Ip =UpUp_y - Uy @ Ip = U™ (Tppp)  for t € [KT/L, (k+1)T/L)

and the relation U®™/(T) = Ig implies Uy = Is.

Definition 3.10 (DD set). A DD set is a family of unitaries {Vj}fzo C U(Hg) such that Vp =

Is = Vi, and which satisfies that for every H"® € By, (Hs ® Hg) there is a B € Bso(HE)

such that

L—-1

(V] ® Ip)H'8(V; ® Ig) x Is® B . (3.32)

SIS
.

Il

(e=]

Consider U™(T') from Eq. (3.31)). Then after m periodic applications of the above pulse
cycle, the effective evolution [U™(T = Tppp/m)]™ converges by the generalised Trotter
formula [I54] in the limit of infinitely fast pulse application to

lim [Ures(TPDD/m)]m _ e—iTPDD% Zf;ol(ﬁ}L@IE)Horig(ﬁj@IE) ) (3.33)
m—00
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Note that by the above considerations, a pulse sequence achieves DD in the limit of infinitely
fast pulse application if the lowest order /T of the Magnus series — which is given by the
exponent in Eq. — acts trivially on the system. Such a pulse sequence forms a first
order DD scheme. As a consequence, we have just proven the following result.

Lemma 3.11. Let {Vj}f:o be a DD set in the sense of Definition Then the pulse
sequence
tj=jT/L and  Uj=V;Vl, forj=1...L

achieves universal first order dynamical decoupling. O

We have just proven that a DD set satisfies first order DD. PDD develops its full potential
when combining it with a group-theoretical averaging procedure as described in the next
paragraph.

DD with unitary 1-designs and groups

In the above Definition of DD sets, one searches for a finite subset of unitary operators
that satisfy Eq. , more precisely that simulate the Haar measure of the unitary group on
the quantum system. Unitary designs are finite collections of unitary matrices that reproduce
expectation values or averages over the unitary group. Consequently it is useful to identify
subsets of the unitary group that can adequately simulate the Haar measure for a given class
of operational tasks.

Definition 3.12 (Unitary design [43]). Let n € N and U(n) be the unitary group. A unitary t-
design of U(n) is a finite set X = {azk}gﬁl C U(n) of unitary operators on C™ such that
for every polynomial P ;)(U) of degree at most ¢ in the matrix elements of the unitaries U
and at most ¢ in the complex conjugate of those matrix elements satisfies

X
1 X

— P, a5 :/ P, z)dx
X ; (t,t)(Tk) oo (t,t) ()

where on the right hand side one integrates with respect to the uniform Haar measure

on U(n).

The theory of unitary ¢-designs was developed in 2006 by Dankert et al. [43] in the framework
of randomised benchmarking [58], a technique to estimate the error rates on a system by
application of sequences of random unitaries. In this context one only considers unitary 2-
designs, but this concept was later extended to arbitrary t € R. An alternative definition
of t-designs using concepts of representation theory is given in the work of Dankert et al. [43]
as well.

Here, we are interested in 1-designs. Following Definition for t = 1, a unitary 1-design
is a finite subset X = {z1,...,7x|} C U(n) such that

L Z a:Lka = tr(H) (3.34)

holds for all H € C**"™,



70 Chapter 3: Quantum fault-tolerance

Lemma 3.13 (First order DD scheme). Let X = {z1,...,z1} be a unitary 1-design of U(n)
such that Ig € X. Then the pulse sequence (cf. Definition

tj =jT/L and U; = xjm;_l forj=1,...,L (3.35)

where one sets g = Ig = xp, achieves first order dynamical decoupling. O

This can be shown using the property of unitary 1-designs and works similarly to the proof
of Lemma [3.171

Proof. Assume that H°"& =" S, ® B, as in Eq. (3.27). By the property (3.34) of unitary
1-designs, one finds that for H°"&

t
®IE Horlg( j®IE) :Z r(:a)IS®Ba :IS®B

«

IIMh

where B = ) tr(S.)/nBs. By Lemma this implies that the pulse sequence (3.35)
achieves first order DD — or equivalently DD in the limit of infinitely fast pulse application. B

PDD has been considered before the introduction of unitary ¢t-designs using a similar group-
theoretical averaging procedure [166]. Consider a finite group G = {g1,...,g|g} that acts
on Hg with a faithful unitary representation {Ug,,...,Uy g} C U(Hs) such that Uy, = Is
and define Uy, = Is. Such a group is called a DD group if TIg(A) = Aalg for all A € B(Hg)

where A4 depends on A and where the average over G is defined as

S|

1
Ig(A) = 7l Z UngUgj for A e B(H) .
j=1

Formally, IIg(A) € Z(G) for all A € B(Hg) where Z(G) defines the centraliser of G (i.e., the
commutant of the group algebra). The sequence of pulses

Uy = ngng ) applied at times tr = kT/|G|
for k = 1,...,|G| satisfies the following: The first order term in the Magnus expansion

of U'S(T') which is a time average of the toggling frame Hamiltonian (cf. the calculation (3.31))
in the previous paragraph) from Eq. (3.30) becomes the average over G

9
(Ilg ® Ip)(HE) = P Z ( ® IE) HOE (U, © I5)

By Schurs Lemma for the case that G acts irreducibly on Hg the centraliser Z(G) is trivial
and hence

tr(A)
dim(Hg)
Applied to the case where the decoherence term Hgg in the original Hamiltonian is of the

form of Eq. (3.27), we find that if S, are traceless, then Ilg jrred(Sa) = 0. As a consequence,
a DD group achieves first order DD.

g irred(A) = Ig for all AeB(Hs) .

More generally, this analysis implies that for dim(#Hg) < oo, one can always achieve universal
first order DD: one chooses as a DD group a unitary error basis of Hg (such as the Pauli
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group in the multi-qubit case), cf. e.g. [107, Chapter 4.4.2]. The only disadvantage of this
result is that the size of such a DD group is exponentially large in the number of qubits,
scaling like 4" for Hg = (C?)®". As a consequence, such a DD sequence requires a large
overhead since the number or necessary pulses grows exponentially with the system size even
for first order DD or a single decoupling cycle. Note that the condition IIg(A) = AsIg for DD
groups is similar to Eq. for 1-designs. Comparing both, the latter definition may be
more convenient, since a 1-design is smaller than a group. Hence a DD sequence originating
from a 1-design requires less pulses and is in this sense more resource efficient than a DD

group.

Another simple example

Unitary 1-designs on Hg = (C?)®" are called unitary operator bases of the unitary group U(2"),
cf. [03]; such sets are of size L = (2")?, i.e., one needs L = 22" pulses in order to achieve first
order DD. For a single-qubit, i.e., for n = 1, such a unitary 1-design is given by

{‘/3 ?;é = {IS7UI70y70Z}

which corresponds up to complex phases to the one-qubit Pauli group P;. To compute the
corresponding pulse sequence according to Lemma we use that 0.0, = —io, and oyo, =
—10,. Hence

t; =jT/L forj=1,...,4, and Uy =Us=0, , Uy=Us=0,, (3.36)

achieves first order DD — or equivalently DD in the limit of infinitely fast pulse application.
This pulse sequence is called the universal decoupling pulse sequence for a single qubit [166].
To shorten notation, it is commonly abbreviated as fXfZfXfZ = IfIXfXYfY ZfZ (order
of pulse application from left to right) where f denotes the free (decoherence) evolution in
between the pulses.

Random dynamical decoupling

Besides the deterministic DD sequences represented so far, there are also random DD schemes.
This concept builds on DD groups. As introduced in 2005 by Viola and Knill [I65] a specific
realisation of a random DD scheme is given by a randomly chosen path of pulses over the
DD group. The DD properties are independent of the realisation since Eq. holds
irrespective of the order of unitaries in the DD pulse sequence.

3.4 Quantum error correcting codes of qubit systems

Let us now consider a closed-loop control technique. Quantum error correcting codes were
developed as a theoretical tool to protect quantum systems against noise. The core idea to
protect information is to create redundancy and spread the information among many degrees
of freedom. Given a system with many degrees of freedom, a quantum error correcting
code is defined as a subspace (with fewer degrees of freedom) of this larger system. A
crucial assumption for the procedure’s success, i.e., it being able to protect the subspace from
errors, is that errors usually happen only on a small number of these degrees of freedom. If
the fraction of corrupted degrees of freedom is small enough, there is justified hope that a
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measurement — called a syndrome measurement since it provides an error syndrome but no
information on the actual encoded state — can reveal whether the encoded information has
been corrupted and which correction operation should be applied in order to correct for the
error. If the correction undoes the error, we say that the error has been successfully corrected,
cf. Fig. for a graphical representation of this idea.

3.4.1 Definition of quantum error correcting codes

Definition 3.14 (Quantum code). Let Hg be a quantum system. A quantum code or quantum
error correction code (QECC) is defined as a subspace C C Hg.

We call a Hilbert space H;, which is isomorphic to the code space C the logical Hilbert space,
i.e., if for example C =2 C¢, we say that the code C encodes a qudit into the physical Hilbert
space Hg. A partial isometry which satisfies

V:Hr — Hg such that C =VHg = Image(V)

is called an encoding isometry of the code, but note that an encoding isometry is not unique.
The subset C is called the code space an its (normalised) elements are the code words or
encoded states. The code space C C Hg is the subspace of the quantum system’s Hilbert
space Hg which ‘encodes’ a logical system into the (generally larger) physical system Hg. To
investigate the error correction property of a quantum code, let us specify the concept of re-
covery. A recovery may be able to correct some errors but fails to correct others.

Definition 3.15 (Recovery of a QECC). Let C C Hg be a QECC with encoding isometry V :
Hr — Hg. Let furthermore F : Hg — Hg be a unitary error. A quantum channel R :
D(Hs) = D(Hg) is called a

(i) walid recovery for the error E if and only if for every |¢)) € Hp,
supp (R(BVIw)(uV'E")) C C; (3.37)

(ii) successful recovery for the error E if and only if for all pure states |¢)) € H[, there is
a complex number ¢(E, [¢)) such that

R(EV|p)(W|VIET) = c(E, [) V) [V . (3.38)

We say that the quantum code C is an error correcting code for the error set € C U(Hg) if
there is a (single) successful recovery R for all E € €.

If there exists a successful recovery for an error set &, we also say that the quantum code
(successfully) corrects the errors E € €. Property (i) — validity of a recovery — ensures that
every corrupted state is mapped back to a state inside the code space. Then a typical question
is on which errors the valid recovery it is actually successful. Although the property of error
correction only makes sense in the presence of errors and with respect to a recovery map, it is
common to use the term quantum error correcting code and quantum code, interchangeably.
One sometimes assumes that the recovery must be included in the definition of an error
correcting code.



3.4 Quantum error correcting codes of qubit systems 73

encoding identify error and undo it inverse
i encoding
code /_. code
/—s space space
logical logical
space physical space physical space physical space space

Figure 3.2: Schematic representation of a quantum error correcting code: A logical multi-
qubit state is encoded into a state in the codespace — a subspace of a larger physical space.
Ideally, the code is designed such that different errors map the codespace to different subspaces
of the physical space which can be distinguished by a measurement. One may then identify
which error has occurred (depicted in orange here) and then undo its effect by applying the
inverse error as a correction. Generally, if the recovery maps the corrupted state back to the
original logical state, then the error correction was successful.

Note that in Definition validity and success of a recovery are formulated at the level of
logical pure states 1) € C. This is sufficient for most applications of QECC (such as those
discussed within this chapter), but the generalisation to density matrices instead of pure
states is straightforward: An encoding isometry V : Hy — Hg defines an encoding channel

E D(HL) = D(Hs) ; Elp) =VpVT.

A single unitary error E defines the corresponding noise channel Ng(p) = EpE' and an
error set & C U(Hg) is related to a stochastic noise channel via the relations

N:DHs) = DMHs) .  N(p)=) =(E)EpE",
Eece¢

where 7 : € — [0,1] is a probability distribution (cf. Section for the definition of
probabilistic noise channels). One calls a state p € D(Hg) which is supported on the code
space C — it satisfies PcpPp = p where P := V'V is the projection onto C — an encoded state
and N (p) a corrupted state. The recovery channel is defined as in Definition It is valid
for the noise channel NV if and only if (RoN)(p) is supported on C for all p € D(Hg) supported
on C. Then the map £f o R o N o & is well-defined on D(H) — using that £T is defined on
states p supported on the code space C as £f(p) = VIpV so that E£F = Io. One calls £F
the inverse encoding channel and £ o R the decoder. The recovery is successful for the noise
channel AV if and only if (RoN)(p) o p for all p € D(Hg) supported on C. A (valid) recovery
usually incorporates two steps: error detection and error correction. The former step is also
called syndrome extraction and corresponds to measurement of the corrupted state N (p).
But note that the encoded state must not be destroyed (in fact, not even altered) by such
a measurement. The outcome of such a measurement — the syndrome — should only reveal
information about the error that has happened and not about the actual encoded state. The
second step — error correction — corresponds to an operation that depends on the syndrome
which is applied to the corrupted state. The recovery is successful if it can correctly identify
which type of error has happened and applies a correction which undoes the error, e.g. the
inverse error.

A state on the logical Hilbert space undergoes the logical noise channel

N :DHs) > DMHs) , N=EoRoNoE, (3.39)
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which is the concatenation of the encoding channel £ : D(H) — D(Hg) — associated with
the quantum error correcting code C — followed by the physical noise channel A/, the recovery
channel R and the inverse encoding.

Remark on the terminology

We note that the terminology of QECC is used differently within the literature. What we call
the inverse encoding map T is sometimes referred to as the decoder and the combination EToR
of the recovery and the inverse encoding channel as the recovery channel (cf. e.g. [107]). Some
authors define a quantum error correcting code directly as a pair (C,R) of a code space and
a valid recovery or as a pair (C, €) of the code space and a correctable error set (an error set
for which one can find a successful recovery).

3.4.2 Quantum error correcting condition

Let Hs = (C%)®" for n € N, i.e., the quantum codes are defined on an n-qubit system. We
consider (2", m)-codes, i.e., codes which encode an m-dimensional subspace C C Hg into
the 2"-dimensional Hilbert space of n qubits. Usually m = 2%, i.e., k logical qubits are
encoded into n physical qubits.

A central question of quantum error correcting codes (QECC) is to identify the correctable
error sets for a QECC C, i.e., to find a necessary and sufficient condition on an error set &
such that there exists a successful recovery R for every error F € €.

Theorem 3.16 (Knill-Laflamme quantum error correction condition). Let C C Hg be a quan-
tum code with encoding isometry V : Hy — Hg and Pe :== VVT: g — Hg the projection
onto the code space C. Let furthermore € be a linear space of errors with basis { Ej }.

A necessary and sufficient condition for the existence of a successful recovery (cf. Defini-
tion [3.15)) for all E € € is that for all &,

PeEEiPe = Ay Pe (3.40)

where A := (Ay;) is a complex Hermitian matrix. O

For the proof of this famous result [19, [96], we refer to the literature. Eq. (3.40) is called the
Knill-Laflamme error correction condition. If the matrix A in Eq. (3.40|) has full rank, then
the respective code is called non-degenerate, otherwise it is degenerate.

In practice, one is usually given a probabilistic noise channel

N:D(Hs) = DHs) .  Nlp)=) peEpE'
Eece¢
for a probability distribution pg : € — [0,1]. For a given valid recovery R, the error set &
has a decomposition with respect to error operators some of which satisfy Eq. (3.40) (i.e.,
they are correctable) and some of which are uncorrectable. The task is construct a recovery
which maximises the probability that a randomly drawn error is successfully corrected.

For n € N physical qubits, the Pauli group P,, from Definition forms a set on which the
error correction condition can be tested. One way to organise the errors is according to their
weights.
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Definition 3.17 (Weight and distance). The weight wt(E) of an element E € P, is the
number of qubits on which E acts non-trivially. The distance of a quantum code C is the
minimal weight of an error E' € P, with the property that there are states |11), |¢2) € C
such that (¢1|E2) # c(E) (11]1)2) where ¢(E) is a constant that may depend on E.

The distance quantifies the amount of noise a QECC can tolerate in the following sense:
Assume that a quantum code C can correct (in the sense of Theorem all errors with
weight smaller or equal than ¢ but that this is no longer true for errors with weight ¢ + 1.
Then 2t 4 1 is the smallest weight of an operator E = E,];El such that the error correction
condition PcEPr = Ay Pe is violated. Such a code has distance d = 2t + 1. It takes 2¢ + 1
single-qubit operations (weight-1-Pauli operators) to transform one codeword into the other.
A quantum code C that encodes k logical qubits into n physical qubits (i.e., Hy = (C?)®*
and Hg = (C?)®") and has distance d is called an [[n, k,d]] — code. As discussed above, d =
2t + 1 implies that the code can successfully correct any errors with weights up to t.

Example: the three qubit bit flip code

One of the simplest examples of a quantum error-correcting code is the three-qubit bit-flip
code or simply called bit flip code [130].

It encodes one logical qubit H; = C? into three physical qubits Hg = (C?)®? in a way that
is robust to bit-flip errors. More precisely, its code space

C == {«|000) + 5|111) | a, B € C} .

is two dimensional and spanned by the two logical states |0) := |000) and |1) := [111). The
canonical encoding isometry V' : Hy, — Hg acts as «|0) + 3|1) — a|000) + 5|111) for o, 5 € C
such that |a|? + |8]? = 1. Let us consider the i.i.d. noise channel of bit flips (cf. Eq. for
the definition of Mgip)

N =NE3. (3.41)

flip
On every single qubit a bit flip o -error occurs with probability p € [0, 1].

Table shows the possible errors in the first line, their respective probability according to
the noise channel in the second line and the corrupted states in the next two lines.
The corrupted states of no or a single bit flip error (rows 2-5) are all orthogonal to each
other. Hence they uniquely determine the tuple (E,|v)), i.e., knowing the corrupted state,
one knows from which original state it was produced by which error.

Let us define the recovery map of this code. It will be designed to successfully correct errors
that are bit flips on one of the three qubits. This corresponds to the errors in the first
to fourth column (none or one bit flip) in Table The recovery procedure consists of
two parts, the syndrome measurement and the correction. The former corresponds to the
measurement defined by the four projectors Py, Py, P3, P, where Py projects on the subspace
of uncorrupted states and P; on the subspace of Hg which differs from the encoded states by
a single bit flip on qubit ¢ = 1,2,3. This projective measurement corresponds to measuring

the two observables
51 = lez s SQ = ZQZg

with outcomes s; and s, respectively. As both operators S7 and So have eigenvalues +1,
the measurement produces one of four possible outcomes (s1,s2) € {—1,1}? (just as mea-
suring Py, ..., P before). Measuring S; corresponds to comparing the o.-eigenvalues of the
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error B I X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3
prob. 7(E) | (1—p)° p(1—p)° p*(1—p) P’
corrupted |000) |100) |010)  |001) |110) |101) |011) [111)
state |111) |011)  |101) |110) |001) |010) [100) |000)
syndrome s 1,1 11 11 1 | 1 11 11 11
C(S) I X1 XQ X3 X3 XQ X1 I
corrected |000) |000) |000)  |000) | |111)  |111)  |111) [111)
state |111) |111) |111)  |111) |000) |000) |000) |000)

Table 3.1: Error detection and projection process of the three-qubit bit-flip code under the
noise channel N from Eq. of single or multi-qubit bit-flip errors: Error operators F
(first line) and the probabilities 7(FE) with which they occur (second line). The next two lines
show the corrupted basis states E|000) and E|111) , respectively. The syndrome s = (s1, s2)
associated with measurement of the two observables Z1Z; and Z3Z3 (line 5) is equal for both
encoded states |000) and [111), i.e., it does not reveal any information about the encoded
state. The correction operation is given by C(s). The last two lines show the post-correction
basis states. The recovery is successful if it coincides with the entry in the second row, i.e.,
the three-qubit bit-flip code can successfully correct single qubit bit flips (row 3-5) but two-
or three-qubit bit-flips result in a logical o -error.

first and second physical qubit, returning outcome +1 if they are equal and —1 if they dif-
fer. Similarly, So measures whether the bit values of qubits one and three coincide. Hence
measuring 57 and Sy reveals which single qubit is in minority. Fig. [3.3(b) shows a circuit
implementing this syndrome measurement: for each of the two measurements of S; and So,
an additional auxiliary qubit is initialised in the state |0), the ‘error’ is transferred to this
auxiliary qubit and it is successively measured in the computational basis.

Depending on the syndrome s = (s1, s2), one applies a correction operation C(s) as specified
in Table Since all errors E are tensor products of Pauli matrices, they are self-inverse,
i.e., the error itself applied a second time gives a successful correction. Part of the correction
is a majority vote of the o, eigenvalues of all three qubits. Successive application of the
syndrome measurement and the correction defines the recovery map R. This recovery is
valid — satisfying ({if) of Definition for all errors E € € (cf. the last two lines of Table
which only contain elements of C for all errors). If at most one qubit is bit flipped, then this
recovery is successful, satisfying of Definition (cf. the last two lines of Table and
if two or more bit flips occur then the channel R o N acts as a bit flip on the logical qubit.

Let us now quantify the performance of the single-qubit bit-flip code under the noise channel
from Eq. . The success probability of the code Psyccess is given by the sum of successfully
correctable errors. In terms of the probability p of a bit-flip on a single qubit, successfully
correctable and uncorrectable errors occur with probability (1 — p)? + 3p(1 — p)? and 3(1 —
p)p? + p> = 3p% — 2p3, respectively, and hence Peyccess = (1 — p)3 + 3p(1 — p)2. We will
compare this success probability with the success probability 1 —p when no encoding is used.
If p < 1/2 then (1—p)3+3p(1 —p)? > 1 —p. Hence the probability of a failure reduces from p
(no error protection) to 3p? — 2p® < 3p? (using the three-qubit bit-flip code).

More advanced quantum error correcting codes

Bit flip errors are not the only kind of errors: There exists a simple variant of the three-
qubit bit-flip code which protect against single-qubit phase flips (cf. dephasing errors from
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1) = a|0) + B|1) T° *
|0) - [ *
0) ——D-
0) +-B—HA
10) S A
VA
(a) Encoding of the logical state [1)) = (b) Stabiliser measurement of S1 = Z1 2>
@|0) + B[1) into «|000) + B[111) € Hs. (blue) and Sz = Z1Z3 (orange).

Figure 3.3: Quantum circuits realising the three qubit bit flip encoding map (a) and the syn-
drome measurement (b). For the latter, the upper three qubits in state |¢) € Hg represent the
physical qubits and the lower two are auxiliary qubits used for the syndrome measurements.

Eq. @) instead of bit flips, the three-qubit phase-flip code. The concatenation (cf. Sec-
tion @D of both codes — bit flip code and phase flip code — defines the nine qubit Shor
code [143] which was one of the first quantum error correcting codes. It corrects one single
qubit Pauli error, may it be bit flip, phase flip or both.

Other fundamental QECC include the Steane code [147] as well as subsystem codes [102, 133]
(also called operator quantum error correction) where information is encoded in subsystems
instead of single states, incorporating passive techniques such as decoherence free subspaces
with active QECC. Directly relevant for this thesis are the topological codes and qubit-into-
CV encodings (more precisely, the GKP code) which we discuss in more detail in Sections
and respectively.

3.4.3 Stabiliser formalism

A natural next question is how to construct quantum error correcting codes, i.e., how to
identify ‘good’ encoding and recovery maps for a given error set. In this context, the stabiliser
formalism [70] offers a useful framework which allows to formulate and analyse quantum
error correcting codes in an elegant way. Many codes, such as the three qubit bit flip code
from Section [3.4.2] can be formulated within this framework. Stabiliser codes are a class of
quantum error correcting codes that were originally developed as qubit error correcting codes
and later extended to more general systems.

Definition 3.18 (Stabiliser group and code). Let H,, = (C?)®" be the Hilbert space of n € N
physical qubits and consider the Pauli group P, from Definition [3.1

o A subgroup S C P, is a stabiliser group if and only if it is abelian and it does not
contain the operator —I®". Its elements are called stabilisers and the elements of a
generating set are called stabiliser generators. A set Cg C H,, is said to be stabilised
by S if and only if it consists of elements of #,, which are invariant under action of
elements of S.

e A stabiliser code on n qubits is the quantum error correcting code Cs C H, being
stabilised by the stabiliser group S.
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A group G is said to be generated by g1, ...,gm € G if every element g € G can be written
asg=1]] jes 9j- A generating set {91, .-, gm} is called minimal if removing one of the g; would
make the generated group smaller. One writes G == (g1,...,9m) and calls g1, ..., gm € G the
generators. Note that a set of generators determines the group but that the set of generators
of a group is usually not unique.

IfS:=(g1,...,9n—k) C Py is a stabiliser group, then the stabiliser code space Cg is defined
as the joint +1 eigenspace of the stabiliser generators gi,...¢g,_k. If the set of generators
is chosen to be minimal then dimCg = 2¥. The code space is isomorphic to Hy = (C?)®*
and the stabiliser code encodes k logical qubits into n physical qubits. In the following, we
assume that the generators g¢i,...g,_r are tensor products of single-qubit Pauli operators
omitting the pre-factors —1, +i. Since different Pauli matrices anti-commute, elements of P,
(and hence all stabiliser elements) either commute or anti-commute.

The logical operators are those Pauli operators that leave the codespace Cg invariant, i.e.,
such operators L € P, should satisfy

L|y) € Cg for all |¢p) € Cs .
They are elements of the centraliser of § inside the Pauli group P,
Z(S)={AeP,| AS=SAforall S eS}. (3.42)

Since stabilisers act trivially on the codespace, non-trivial logical action comes from oper-
ators in Z(S) \ S. These are the kind of errors which the stabiliser code cannot detect.
However, note that there is still redundancy in this definition of logical operators since ele-
ments of Z(S) \ S can be written as a product of a stabiliser and an element which is not a
stabiliser. Since § is abelian, the centraliser of S is equal to the normaliser of &

N(S):={A € P, | AS = SA}

and it can be shown that the quotient group Z(S)/S contains 4* logical operators L € Z(S)/S
up to phases (cf. e.g. [6, Section 1.3.2]). Let us call these 4% elements L1,..., L. Given a
Pauli operator E € P, the set ES = {ES|S € S} is called a coset of S. For an analysis of
the logical effect of an error E € P,, on the code space, it is useful to consider the cosets

4k
EZ(S) ={EA| A € P, such that AS = SA for all S € S} = | J E LS (3.43)
=1

which are the disjoint union (right hand side) of cosets E L;S of S for L; € Z(S)/S.

Recall from Definition [3.17 that the distance of a stabiliser code is defined as the number of
single-qubit changes it takes to get from one code word to the other, i.e., in a stabiliser code
it is the minimal weight of non-trivial logical operators

_ min  wt(L) .
Tez(S)/S

We consider the standard stabiliser code error correction procedure: An encoded state p
undergoes noise, i.e., it is mapped by an n-qubit noise channel N : D((C?)®") — D((C?)®")
to a corrupted state N'(p). The recovery procedure in the stabiliser framework is divided into
two steps: syndrome measurement and correction operation. The syndrome measurement

comprises measurements of a set of stabiliser generators gy, ..., g,—r. We call the outcome of
such measurements the error syndrome s = (s1,...,Sn—k). Since all stabilisers are elements
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of the Pauli group P,, they have eigenvalues +1 or —1. We associate s = 0 with the
eigenvalue +1 and s = 1 with the eigenvalue —1 so that we have s; € {0,1} for all ¢ =
1,...,n— k. In more detail, for an encoded state 1 € C and an error F¥ € P,, the corrupted
state E1) is an eigenstate of g; with eigenvalue (—1)%. More generally,

0 if [E,g]=0
S =
1 i {E,g}=0
for + = 1,...,n — k where [-,:] is the commutator and {-,-} is the anti-commutator. A
syndrome s € {0,1}"~* occurs with probability

n—k
pls) = tr (MN () where T(s) = [] 5 (7+ (1)) |
=1

for the encoded state p supported on Cs. In this case, the post-measurement state is given
by p(s) " I(s)N(p)II(s). Note that since the code space is the +1-eigenspace of the stabilisers,
a measurement of their eigenvalues reveals whether a corrupted state is still inside the code
space; however, it cannot reveal which encoded state it is exactly.

Finally, a unitary correction operation C(s) € P, which depends on the syndrome s is
applied to the post-measurement state. The recovery channel R of a stabiliser code Cs C H,,
is uniquely determined by the choice of a correction map

C:{O,l}”_k —Pn , s—C(s),

i.e., to every syndrome s one associates a Pauli correction C(s) € P,. More precisely, the
recovery map R incorporates both syndrome measurement and correction such that with
probability p(s) a corrupted state p € D(H,,) is transformed as

p = p(s) " C()TL(5)pll(s)C (s)T
for the syndrome outcome s. The recovery map hence is
Rp)= S C(s)(s)pll(s)C(s)! (3.44)
s€{0,1}n—k

for p € D(H,,). Since the error syndrome s is known after the recovery, one may write the
post-recovery state as Y., C(s)[I(s)pIl(s)C(s)T ® |s)(s| where the orthogonal projec-
tion |s)(s| € B(C?) incorporates the classical information (in contrast to quantum informa-
tion) about the measurement outcome.

For each syndrome s € {0, 1}”*’“, one may choose a representative error Es; € P, which
causes this syndrome. Let us partition the coset EsZ(S) into

4k:
E.Z(S) = U E,L;S (3.45)
=1

using Eq. (3.43).

Lemma 3.19. Let Cs C H,, be a stabiliser code for a stabiliser group & C P,, with a min-
imal set of generators {g1,...,9n,—r} C S. Then, the recovery map R determined by these
generators and the correction map s — C(s) is

(i) valid for an error E € P, i.e., Eq. (3.37) is satisfied, if and only if C(s)Z(S) = EZ(S)
where s is the syndrome caused by the error F;
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(ii) successful for an error E € Py, i.e., Eq. (3.38)) is satisfied, if and only if F and C(s)
belong to the same coset on the right hand side of Eq. (3.45) where s is the syndrome
of the error ¥ and E; a representative error for s.

0

Proof. A recovery is defined as valid for an error E if it maps back a corrupted state to the
code space. This is the case if C'(s) causes the same syndrome as E. But this is exactly the
condition .

The recovery is successful if furthermore the recovered state is proportional to the encoded
state. This is the case if the actual error E and the correction operation C(s) have the same
logical effect on the code space (such that the correction undoes the effect of the error): E
and C(s) belong to the same coset on the right hand side of Eq. (3.45)). [

In slight abuse of terminology, we use the expression decoding strategy or decoder in the
context of a stabiliser codes, both for the recovery channel R and the correction function s —

C(s).

Different decoding strategies

Assume that n — k stabiliser generators gi,..., g, are fixed. Let s — C(s) be a valid
decoding strategy for a stabiliser code Cs (as mentioned before, the choice C(s) is suffi-
cient to define a decoder). Recall the partition of the coset E;Z(S) from Eq. into a
disjoint union of subsets FL;S. For every syndrome s define the quantity Cqec(s) as the
subset Caec(s) € {EsSUEsL1SU---U EgLy_S} from Eq. such that C(s) € Cqec(s).
It actually does not matter which of the elements C(s) of a coset Cqec(s) one chooses since
they all have equivalent logical action on the code space.

If we consider the performance of a decoder with correction C(s) € Cgec(s) under a proba-
bilistic error model

Nz(p) = Y w(E)EpE!

EePy,

with error distribution 7 : P,, — [0, 1], then the average success probability is a measure of its
error tolerance. The average success probability is defined as the probability that a Pauli error
— randomly chosen with respect to the probability distribution 7 — is successfully corrected

by the decoder. Using the decomposition of cosets from Eq. (3.45) and Lemma it is
given by the sum of the probability that E € Cqec(s) over all E| i.e.,

Puccess = »_Prob[E € Caec(s)] = > w(E)= Y m(Cacels)) - (3.46)
E

EGCdeC(S) 56{071}m

One calls Py = 1 — Psyccess the logical failure probability.

The map s — Cmp(s) € Cqec(s) which maximises Psyccess is called the mazimum likelihood
decoder. Here, for every syndrome s one chooses the coset from the right hand side of
Eq. (3.45) which is most probable given a syndrome s, i.e.,

S} m(A) .

CuL(s) == AIGMAX 4 (7.5 1. TS, BT,
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Figure 3.4: Circuit presentation of the concatenation of code C4 on the outer (top) level and
code Cp on the inner (base) level. The recovery of errors from the noise channel N5" is
successful if [¢)in = [¥)out-

3.4.4 Code concatenation

One possibility to further enhance the noise tolerance is to concatenate several layers of
quantum error correcting codes. One may concatenate one code with itself to improve its
noise tolerance against the one error model it is designed for (cf. Section or one may
combine different codes on different layers to protect the encoded system against different
noise models. Indeed, the first threshold theorems for quantum fault-tolerance were based
on concatenated codes [95] 2 97, 99, O1]. A difficulty with this approach is the increasing
complexity of corresponding decoders.

Let us briefly define the concatenation of two codes C4 C 7—[? and Cp C H?.

Definition 3.20 (Concatenated code). The concatenated code C4p of an inner code Cp C 'H?

and an outer code that satisfies C4 C 7—[? = (’Hf )®n for some n € N is defined by the
combined encoding map

Xn
Eap = E5" 0 €4+ D (HY) £ D (E) T D((HE)™")

where Ep : D(HP) — D(HE) and €4 : D(H$) — D(HE) are the two encoding maps of C4
and Cpg, respectively.

If for example C4 is the three-qubit bit-flip code and Cp is the three-qubit phase-flip code,
then the concatenation with encoding 5%’" o E4 encodes one logical qubit into nine qubits and
is designed to protect from both bit flips and phase flips.

Let us describe one example of a recovery of the above defined concatenated code C4p in
more detail, assuming that the two constituent codes have recoveries R 4 and Rp. Fig.
shows the circuit associated with this error correction procedure of a concatenated code.

It is usually reasonable to assume that the concatenated code C4p undergoes the physical
noise channel

Nap =N§" : D( (HE)@M) — D (7_[?)@71)

which corresponds to the n-fold tensor product of a physical noise channel Ng of the inner
code Cp. We will start by considering the n-fold tensor product of the inner code Cp. If Rp is a
valid recovery for the noise Nz, then (5};) an oR%™ is well-defined on corrupted states N3 (p)
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for p supported on Cg’”. Hence, the R p-recovered states are supported on C%” and one can

apply the n-fold inverse encoding map (8}_;)®n to them. Define a decoder of the concatenated
code C4p as

ELB oRap = SL oR4o0 (5£)®n OR%H :D (7—[?) — D( (H§)®n) .

To investigate under which conditions this defines a valid recovery (in the sense of Defini-
tion [3.15]), the recovered state must be supported on C4. This is the case if the recovery R 4
is valid for noise channel

Ny = (5}3)‘8" oRE o NG 0 EF"

which is the n-fold tensor product of the logical noise channel N = 5}; oRpoNgoé&p
(cf. Eq. (3.39))) of the inner code Cp. Therefore the recovery channel R 45 of the concatenated
code is defined as

Rap =ES"oRa0 (g;>®"o7zg” D ((HE)™) =D (1)) .

By definition, it is successful if R 4p o Nap(p) o p for all states p supported on Cp.

3.4.5 Topological codes

Let us consider an example for a family of stabiliser codes which is of wide interest, so called
topological codes [30,02]. They encode k € N logical qubits into n € N physical qubits where
the latter are arranged on a lattice on some N-dimensional surface. The stabiliser generators
are chosen such that different logical operations correspond to topologically distinct closed
loops of lattice edges (more precisely, different non-trivial so-called homology cycles) and
hence the topology of this surface determines the quantum error correction properties of the
associated code. Probably the most famous topological code, the toric code, was introduced
in 1997 by Kitaev [9I]. Here, the physical qubits are arranged on a torus (i.e., a two-
dimensional lattice with periodic boundary conditions) constituting a non-trivial topology
in two dimensions. The generalisation to planar lattices with different boundary conditions
gives rise to a new family of quantum error correcting codes, the surface codes [30, [67, [47, [92].

Surface codes are among the most promising architectures for a realistic quantum computer;
see [16, [40] [87, [156] for experiments in this direction.

The square surface code

In the following, we exemplarily discuss a specific variant of surface codes, namely the square
surface code with so-called ‘rough’ left/right boundary conditions and ‘smooth’ top/bottom
boundary conditions. We choose this example of a surface code since we use this code as part
of the surface-GKP code in Chapter

For its construction, consider a square lattice in two dimensions of d x d vertices for some d €
N. Then identify the left and right boundaries of the lattice, i.e., fold the lattice on a cylinder.
Cutting open the cylinder vertically (such that the cut intersects horizontal edges but does
not touch vertical edges or vertices) and unfolding results in a lattice that has d? horizontal
edges and (d — 1)? vertical edges. One associates a physical qubit with every edge of this
lattice, resulting in d? + (d — 1)? physical qubits. Let us denote by v € V the vertices of the
lattice, by e € E its edges and by p € P its regions, which we call plaquettes. Sometimes,
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(a) Stabilisers and logical operators (b) Examples of single-qubit errors

Figure 3.5: Distance d = 4 square surface code with 25 physical qubits (each represented by
a circle) on the edges of a lattice. This lattice has horizontal edges both at the top/bottom
boundaries as well as at the left /right boundaries. (a) Examples of stabiliser generators which
are either vertex stabilisers 4, (in green) or plaquette stabilisers B, (blue). Logical Z (X)
operators are defined as horizontal (vertical) strings at the top (right) boundary along the
(dual) lattice. (b) A single-qubit Z-error (blue circle) is detected by the two adjacent vertex
stabiliser generators as they give syndrome 1 whereas all other stabiliser generators give
syndrome 0. Similarly, a single-qubit X-error (green circle) causes syndromes 1 on the two
neighbouring plaquette stabilisers.

it might be useful to distinguish the horizontal edges (denoting them as h-edges) and the
vertical edges (denoted as v-edges). Furthermore, let Jv and dp denote the set of edges
adjacent to a given vertex v and a plaquette p, respectively.

Generally, the term rough or plaquette-type boundary is used when the left /right boundary
edges are horizontal, and the top/bottom edges are vertical, whereas we speak of smooth or
vertex-type boundaries for vertical edges at the left /right boundary and horizontal edges on
the top/bottom boundary.

The so-called vertex and plaquette operators are defined as

A, =[] X, and B, =[] 2z (3.47)
ecdv ecdp

forv eV, p € P, cf. Fig. One can easily check that they all commute. Hence,
S=(A,,B, |veV,peP) (3.48)

forms a stabiliser group. The surface code is defined as the stabiliser code Cs of (3.48|).
With |V| + |P| independent stabiliser generators, the number of encoded logical qubits is
computed to be n — |[V| — |P|=d? + (d - 1)? —d(d — 1) —d(d — 1) = 1.

The logical operations are elements of the centraliser Z(S) of S inside the Pauli group,
cf. . More precisely, the quotient group Z(S)/S is equal to the Pauli group P; of the
logical encoded qubit. One defines the logical X-operator, denoted by X, and the logical Z-
operator as the tensor products of X (Z) operators along the right line (top line) of horizontal
edges of the square lattice, respectively. We note that they anticommute and that they
commute with the stabiliser generators . The logical Y is defined as Y :=iX - Z. The
weight of both X and Z is d. As these are minimal-weight logical operators, the code distance
is d.
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Let us compute the computational code space basis |0),|1). Its two elements are in the
joint +1 eigenspace of the stabilisers A, and B, the logical O-state is furthermore also
invariant under Z. It can be computed by first preparing all physical qubits in the O-state
and then subsequently applying all stabilisers, i.e., it is

0) (I®(d2+(d—1)2) +Ay> ’0>®(d2+(d—1)2) _

/ _ H
surface —
2d(d=1) veV

The logical one |1)gurface is defined similarly.

The syndrome measurement

We consider the standard stabiliser code error correction procedure: The encoded ideal
state p € D(H,,) supported on the code space C undergoes a noise channel N : D(H,) —
D(H,,). Subsequently, the stabiliser generators are measured. The measurement out-
come is a syndrome

s = ({Sv}UEVa {Sp}pEP) € {Ov 1}|V| X {07 1}“)'
occurring with probability p(s) := tr(II(s)N(p)) where

) =[] 5 T+ 0B [T 5 T+ (-1)»4,)

peP veV

The syndromes detect errors in the following sense. In the tuple s one associates a binary
value {0,1} with every stabiliser generator, where for an X-type stabiliser A, (or a Z-type
stabiliser B,) the value 1 symbolises that a Y- or Z-type error (or an X- or Y-type error,
respectively) has corrupted one of its neighbouring (physical) qubits. Two examples of this
error detection are given in Fig. [3.5(b).

Surface code decoders

As for all stabiliser codes, a decoding strategy amounts to the choice of a function s — C(s) €
P, that associates a correction operation with every syndrome. The choice of the optimal
decoder (i.e., the one giving the highest success probability) depends on the noise model.

The noise we consider is stochastic Pauli noise on the n physical qubits (cf. Definition [3.2]).
Recall the decomposition of the coset

E,Z(S) = EsSUEXSUE,YSUEZS (3.49)

from Eq. (3.43) where for every syndrome s we fixed a representative error Ej causing s.
Let Cgec(s) be the subset of the right hand side of (3.49) to which C(s) belongs. The average
success probability of a decoder s — C(s) is given by Eq. (3.46)), i.e., it is

Psyccess = ZPTOb[E € Cdec(s)] = Z TF(E) >
E

Eecdec(s)

where for a syndrome s, Cgec(s) is the subset of the right hand side of (3.49) to which C(s)
belongs and 7 : P,, — [0, 1] is the probability distribution of the errors (cf. Definition [3.2)).
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For the mazimum likelihood (ML) decoder s — Cyr(s), the correction is chosen as

Cyi(s) = arg max _ _ 7w(A), (3.50)
A€{E;8,EsXS,EYS,Es 28}

where ties are broken in an arbitrary manner. This decoder maximises the average success
probability over all decoders. In practice, it is usually very costly to compute the coset
probabilities

7(EsS) , #(EsXS) , 7n(BEYS) , w(EZS) (3.51)

from Eq. (3.50). More precisely, the computation of the above coset probabilities usually
involves sums over sets of exponential size. One may search for a decoder which is an efficiently
computable approximation of the ML decoder (cf. Section on the BSV decoder).

We note that there are also other prominent decoders such as the minimum weight perfect
matching decoder, cf. e.g. the review by Fowler et al. [66] for a detailed description of the
use of a minimum weight perfect matching [55] algorithm for surface code error correction.
Moreover, there are also decoders which are tailored towards specific physically realistic types
of noise.

Error threshold in topological codes

A remarkable feature of toric and surface codes is that by increasing their distance d — i.e.,
the size of the surface/toric code lattice and consequently the number of physical qubits —
the success probability of the error correction procedure grows (up to one) as long as the
physical error rate lies beyond a threshold value.

Let us illustrate this threshold behaviour: To parametrise the noise model by a single pa-
rameter — the physical error rate p — one makes additional assumptions on the noise model,
e.g. one restricts to i.i.d. depolarising noise on all physical qubits, i.e., noise is of the form of
Eqgs. and . For now, one assumes that noise is only introduced as memory errors
(characterised by the error rate p in the i.i.d. depolarsing noise) and that the error-correction
process itself is noiseless (in contrast to the considerations given in the next section). Then
the threshold theorem implies that limg o Psyccess(P) — 1 if p < perit- As long as p < perit,
increasing the code size improves its noise tolerance such that in the limit of an infinite code
the resulting success probability of the code is equal to one. There exist different strategies
to prove this result and to compute the actual threshold value p¢.t for different versions of
the toric or the surface code.

For the toric code, simple combinatorial considerations imply an upper bound on the logical
failure probability of the code and thereby one obtains a lower bound for the error thresh-
old of approximately peit > 0.027 (cf. Preskill’s lecture notes [134, handwritten notes on
“Toric code recovery, fault-tolerant recovery, fault-tolerant gates”]) or perit > 0.037 [47]. This
method uses the fact that every stabiliser generator of the surface code is a product of ei-
ther X or Z operators (on up to four qubits) and therefore the code belongs to the class
of so-called Calderbank-Shor-Steane (CSS) codes [147, 32} 148]. We note that this method
involves rough estimates and thereby only gives a lower bound on the actual error thresh-
old. More precisely, numerical simulations indicate that the error threshold is in fact much
higher. By simulating the toric code error correction procedure, Wang et al. [I71] numer-
ically estimated pepit &~ 0.155 + 0.05 for depolarising noise, cf. Eq. which corresponds
to the error threshold %O.155 = 0.103 for pure X-errors. Similarly for the surface code,
Bravyi, Suchara and Vargo [29] numerically found 0.17 < pei¢ < 0.185 for depolarising noise
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and 0.109 < pait < 0.11 for pure X- or pure Z-noise. The next section explains that this
behaviour extends to the case when the syndrome measurements are noisy as well.

Note that these above threshold results assume memory-only noise. For error thresholds of
circuit-based noise, we refer to the next paragraph.

3.4.6 Fault tolerance and threshold theorem

The QECC protocols discussed so far in this chapter only consider the corruption of the
encoded states. But in a realistic quantum computer, every part of the computation might
be noisy: errors may also effect the state preparation, the gates used for encoding or decoding
as well as the auxiliary qubits and gates used for the syndrome measurements, the gates of
the computation itself and the measurements to read out the result of the computation: in
summary, all gates and all qubits can be noisy. Of course, this poses additional obstacles on
QECC. To reliably use a quantum computer, such errors must be prevented from propagating
uncontrollably. Protocols that take such errors into account and are able to combat them (in
some asymptotic way) are called fault-tolerant.

In principle, it is possible that the error correction might not be successful when errors
accumulate, the gates and auxiliary qubits are noisy as well, i.e., quantum computers with
imperfect gates and qubits might necessarily fail after a constant number of gate operations
due to noise. But the quantum threshold theorem tells us that — under certain additional, but
reasonable assumptions on the underlying hardware and noise — the opposite is the case. If
the physical error rate per gate and per time step is low enough —i.e., it lies below a constant
threshold value — reliable quantum computation is possible in the following approximate
sense: the actual noisy computation becomes arbitrarily close to the desired (perfect) one
with overhead which is polylogarithmic in the length of the computation. To do this, one has
to encode the whole computation: logical qubits are replaced by encoded qubits, logical gates
by encoded gates and logical measurements by encoded measurements. Historically, Shor
pioneered the study of a recursive re-encoding for fault-tolerant quantum computation [144].
Subsequently, the threshold theorem was shown to hold for a series of different quantum
codes and noise models, independently proven by several authors [2, 3], 97, 99, [08], 911, [§].

There are basically two approaches to construct families of codes that achieve a fault tolerance
error threshold. First one can use concatenations (cf. Section of QECC, where the
underlying idea is as follows: the underlying idea is the following: If the encoded computation
is less noisy than the unprotected one, then recursively re-encoding the encoded circuit into
itself yields the desired error threshold [8] [38]; see also the review article by Terhal [I57]. The
value of the error threshold depends highly on the assumptions, e.g. Knill [94] argued that
the threshold lies above perit ~ 0.03 compared to the estimate of ~ 10~® by Stephens and
Evans [151].

The second approach uses topological quantum codes [47, 170, [137]. More precisely, the
threshold behaviour for storage errors and with perfect syndrome measurements (as described
in the above Section extends to the case of imperfect syndromes. The key insight to
prove this result is to establish a connection between the surface code and the random bond
Ising model [47]. The latter statistical physics model is parametrised by two parameters
in thermal equilibrium: the inverse temperature S and the probability p of individual spins
being antiferromagnetic. In the (3, p)-plane, this model admits a phase transition between an
ordered phase for low temperatures and low p and a disordered phase at high temperatures
and high p. Furthermore, the order can also be destroyed — even at zero temperature — by
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increasing p above a critical value pe. This critical values lies where the line separating
the ordered from the disordered phase in the (3, p)-plane (the phase boundary) crosses the
so-called Nishimori line [124] e=2# = p(1 —p)~!. By suitably mapping the Ising model to the
lattice of a toric code [47] one finds that the accuracy threshold is determined by the critical
value of p on the Nishimori line. For example for perfect syndrome measurements, the error
threshold corresponds to the zero temperature crossing point — the latter value has been
numerically computed to be perit ~ 0.1094 +0.0002 by Honecker et al. [84]. This principle (as
well we as the proof) extends to the case when one allows the syndrome measurement to be
noisy as well. For noisy syndromes, this fault-tolerance threshold value has been estimated to
vary between ~ 0.0078 [171] and ~ 0.0075 [I37] under different assumptions on the decoder
for pure dephasing noise. Such results are obtained numerically by simulating the error
correction process of larger and larger (in terms of distance) surface codes on a classical
computer; a review article computes the value peit &~ 0.0057 [66]. In both the noisy as well as
the non-noisy syndrome case, there exists a threshold value for the single-qubit errors in the
following sense: As long as p < perit increasing the code size improves the success probability,
and if p > peit, increasing the code size decreases the success probability of error correction.
As a consequence, information processing in such codes can be implemented fault-tolerantly.

3.5 Continuous variable quantum error correcting codes

Let us consider quantum codes in the bosonic setting. Here, the physical system is infinite-
dimensional, more precisely Hg = L?(R") for n € N. Generalising Deﬁnition of a QECC
to the CV setting, a quantum code C is defined by a subspace of this n-mode Hilbert space Hg.
One can then distinguish two fundamentally distinct cases:

(i) The code space C is infinite-dimensional, i.e., we encode an infinite-dimensional system.
This is called a CV-into-CV encoding.

(ii) The code space C is finite-dimensional, i.e., we encode a finite-dimensional or discrete
variable (DV) system into the bosonic system. Such codes are called DV-into-CV en-
codings.

In both cases, the physical Hilbert space Hg is infinite-dimensional. Whereas in the finite-
dimensional multi-qubit case, the Pauli group P,, forms a finite basis of the error set on (C?)®",
this is no longer true in the CV setting. Recall for example that in the CV setup, the
Heisenberg-Weyl group H, from Eq. (3.10) which forms an analogous error basis contains
uncountably many displacement operators (characterised by continuous variables).

In the first case, one harmonic oscillator mode is encoded into many harmonic oscillator
modes. Such a code is potentially well-suited for CV quantum information processing tasks
since the encoded system is itself a CV system associated with an infinite-dimensional Hilbert
space. Proposals for such CV-into-CV encodings include bosonic analogues of the three, five
and nine qubit codes [27, 110, 28] as well as more advanced schemes [10, 80, [79] [60} 179} 125].
The difficulty of such schemes is that there are fundamental reasons which prohibit their
success when using only Gaussian encodings: even Gaussian errors cannot be corrected by
Gaussian resources only. Different formulations of these no-go results include [169} 123, 69,
50].

The second approach may be practically more advantageous since it is generally easier to
protect a finite number of degrees of freedom than an infinite one. Although the encoded
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DV system is not suited for CV quantum information processing tasks — after all, it is finite-
dimensional — this approach might be more powerful than a standard DV-into-DV encoding
and be applied to physical systems which are inherently continuous. Usually, such DV-
into-CV encodings are designed to protect the encoded information against a typical noise
model. Let us mention the most prominent examples of DV-into-CV encodings that are
promising candidates fo experimental realisations. Gottesman, Kitaev and Preskill designed
a family of CV stabiliser codes [71], which are named GKP codes after their inventors.
These codes protect encoded qubit or qudit states — which are superpositions of position and
momentum eigenstates and hence involve an infinite amount of squeezing — against small Weyl
displacement errors, i.e., against Gaussian noise of the form of Eq. . A different proposal
considers so-called cat code states [39, [105] [I15] which are superpositions of coherent states,
more precisely, the equally weighted superpositions of peaked distributions at equidistant
points on a circle in phase space. Depending on a parameter, they protect against small loss
errors and backaction errors. Binomial codes [114] by Michael et al. were designed to protect
against the error set € = {a,d?,...,a",al,... (a")¥, (a%a),..., (aTa)N} for L,G, N € N, i.e.,
against photon gain and losses up to a fixed number. Here, a basis of the code space is
given by superpositions of Fock states with binomial coefficients. A numerical comparison
between these three proposals — where a single-qubit is encoded into a CV system — is given
in [4], showing that under most scenarios the GKP code performs best. Experimentally,
GKP states are difficult to prepare: a preparation proposal [164] uses an atomic ensemble
in a spin-coherent state that is coupled to a squeezed state of light, a more recent one is
build on circuit QED [142]. Approximate GKP states have recently been realised using
superconducting qubits (circuit QED) [33] with a squeezing of 9.5dB and ion traps [65), 46].
In contrast, cat code error correction has already been performed [126] using superconducting
qubits.



4 Higher order dynamical decoupling
of continuous variable systems

This chapter includes results which have been published in the article “Universal Uhrig
dynamical decoupling for bosonic systems” [82] by the author of this thesis and Robert Konig.

More precisely, this concerns the results in Sections [{.5, [{-0, [{.7 [4-9 and parts of [{-8 The
(proof) ideas of this work were developed in joint discussions between the two authors (Robert
Koénig and Margret Heinze). Margret Heinze mainly conducted the computations and proofs,
i.e., those for Sections [{.5, (4.7, [4-8 and [{-9.11 The two proofs of higher order de-
coherence suppression in [{.06.3 and for the linear terms [{.9.9 were developed and computed
jointly between the two co-authors. We remark that Sections[{.2, [{.8-1] and[{.8-3 contain new
concepts, examples, and results that have not been published.

The idea

Although dynamical decoupling (DD) schemes in finite-dimensional systems are established
tools to noise reduction and have been theoretically extensively studied, there is only little
literature on DD for infinite-dimensional systems. A first publication in this direction anal-
ysed a specific system-environment model [168]. Inspired by this work, Arenz, Burgarth and
Hillier pioneered in 2017 the systematic study of DD of infinite-dimensional systems [12].
They show that in the CV setting, universal dynamical decoupling is not possible in the
same strong sense as in the finite-dimensional case. The reason for this is essentially the
non-compactness of the associated unitary groups in the infinite-dimensional case. More
precisely, no pulse sequence of Gaussian unitary pulses can render the resulting evolution —
i.e., the evolution generated by the decoherence Hamiltonian between the system and the
environment interleaved with the control pulses — act trivially on the system for an arbitrary
decoherence Hamiltonian. However, one may be able to achieve a slightly more modest goal:
for all such quadratic decoherence Hamiltonians it is possible to approximately render the
resulting evolution to be in a tensor product form between system and environment, a pro-
cess referred to as decoherence suppression. And moreover, the system part of this effective
evolution — although not trivial — may be approximately reduced to that of free harmonic
oscillators rotating at the same frequency, a process called homogenisation.

In this sense, there is a crucial difference between DD in the finite-dimensional case and DD
of continuous variable systems. However, in this chapter, we show that both settings also
share several useful properties. More precisely, we investigate and exploit these similarities
to construct novel and highly efficient pulse sequences in the bosonic setting from multi-qubit
DD schemes. We note that the decoherence suppression and homogenisation pulse sequences
constructed in [I2] use equidistant pulse timings and homogenise the system evolution at the

89
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level of symplectic matrices up to first order in the total sequence time. Our schemes use non-
equidistant pulses and are able to achieve any desired suppression order. As the main result
of this chapter, we show that the most efficient higher order finite-dimensional DD schemes,
based on the so-called Uhrig DD [161] scheme, can be translated to the CV setting. The
constructed CV Uhrig decoherence suppression scheme, discussed in Section and the CV
nested Uhrig homogenisation scheme, cf. Section are remarkably simple, involving only
passive Gaussian unitaries as pulses. Yet, they are highly efficient, using only a polynomial
number (in the suppression order) of passive Gaussian unitary pulses.

Organisation of this chapter

e Section recaps previous work on DD for CV systems by Arenz, Burgarth and
Hillier [12]: their impossibility result on universal first order DD in the CV setting
and the concepts of first order decoherence suppression and homogenisation.

e In Section we show how to construct first order CV homogenisation schemes from
unitary 1-designs, similarly to the construction of 1-design-DD sequences in Lemma/|3.13
for the finite-dimensional setting.

e Section |4.3| introduces the definitions necessary to prove the two main results of this
chapter: we present the noise model and define higher order decoherence suppression
and homogenisation sequences. Here, we extend the definitions of Arenz, Burgarth and
Hillier to capture more general pulse timings and higher suppression orders.

e Section[4.4]is an excursion to the finite-dimensional case. We summarise prior results on
higher order DD on multi-qubit systems, especially the two schemes which are directly
relevant to our constructions: the Uhrig DD and nested Uhrig DD schemes. These are
the most efficient (multi-)qubit DD schemes up to date and hence serve as a starting
point for the novel CV schemes introduced in this thesis.

e Section [4.5] presents a unifying framework for DD which captures both multi-qubit
DD as well as bosonic homogenisation. This idea builds on previous results by Jiang
and Imambekov [86] on the qubit case and extends these results to the CV setting by
analysing the DD properties at the levels of the associated Lie groups and algebra.

e Section [£.6] presents the first central result of this chapter: We introduce an efficient
higher order bosonic decoherence suppression scheme which is deduced from UDD for a
single qubit. We furthermore analyse optimality of the pulse timings in the CV setting,
establishing similar optimality results of the Uhrig DD times as in the qubit setting.

e Section [£.7] relates the Lie algebra and Lie group of m + l-qubit systems to those
associated with 2" bosonic modes. This construction is not limited to bosonic DD but
it is the key ingredient of the bosonic homogenisation schemes proposed subsequently.

e Section |4.8| presents the second central result of this chapter: the CV nested Uhrig
homogenisation schemes. More precisely, we first introduce a translation of multi-qubit
DD schemes into bosonic homogenisation schemes and then apply this to the multi-
qubit NUDD scheme.

e Section discusses two further aspects of the CV decoherence suppression and ho-
mogenisation. We characterise sufficiently low decoupling rates and analyse the per-
formance of the proposed schemes in the presence of decoherence Hamiltonians with
terms that are linear in the mode operators.
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4.1 Prior work on bosonic DD by Arenz, Burgarth and
Hillier

Since we later work on the basis of their definitions and extend their findings, let us summarise
the prior work by Arenz, Burgarth and Hillier [12] on CV DD in this section.

4.1.1 Impossibility of universal DD in infinite dimensions

The authors of [12] establish a no-go result for DD in the infinite-dimensional setting. Using a
simple rank argument they show that for an infinite-dimensional Hilbert space dim Hg = oo,
there is no DD set (or DD group) in the sense of Definition i.e., there is no finite

group G = {g; }|Jg:\1 of unitaries on Hg such that

G|

1
@l > UL MU, = Auls for all M € B(#s), (4.1)
j=1

where A\j; € C depends on M.

Let me add two remarks on this result: First, condition is a statement on bounded
operators on the system M € B(Hg). Many Hamiltonians on CV systems contain unbounded
operators such as the mode operators Q and P. Therefore, the no-go-result implies that even
in the restricted setting of (decoupling of) bounded operators, DD is not possible in the same
(strong) sense as for finite-dimensional systems. Second, this result does not imply that a
group of unitaries may not average out a specific decoherence Hamiltonian. It is still be
possible that there exist subsets $ C B(Hg) such that Eq. is satisfied for every M € $).
The no-go result only implies that there is no wniversal DD set for infinite-dimensional
systems. Note that in later work by the same authors together with Facchi [11] this result is
made mathematically more precise by analysing the domain of the (unbounded) Hamiltonian.

This is why the remainder of the article [I2] makes two relaxations for defining DD in the
infinite-dimensional setting: First, the right hand side of Eq. is relaxed to a weaker
condition referred to as homogenisation (cf. Definition 4.3]). Second, the set of considered
decoherence Hamiltonians is restricted to those which are quadratic in the quadrature oper-
ators.

To make the second assumption precise, let decoherence on a system of ng € N modes,
i.e., Hg = L2(R"S), be introduced by a Hamiltonian of the form

. 1 2ng+2ng
Herig — 5 Z AjR;Ry, . (4.2)
jk=1

Here, E denotes an environment of ng modes, i.e., Hg = L?(R"®), R the vector of quadrature
operators and A € R(2ns+2ne)x(2ns+2nE) i3 o symmetric matrix. It is furthermore assumed
that the DD pulses are Gaussian unitaries. In this restricted setu;ﬂf decoherence and pulses
are Gaussian unitaries — the whole analysis can be conducted at the level of symplectic matri-
ces S € Sp(2ns+2ng, R) on phase space R?*s+2n2  This simplifies the mathematics massively

'Recall from Section that a Gaussian unitary of the form U = e~ 3BT AR i¢ in one-to-one correspon-
dence with the symplectic matrix S = e’# via the relation UTR;U = 3", S;ji Ri.
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since one deals with (symplectic) matrices instead of potentially unbounded operators. As a
consequence,

e instead of the original Hamiltonian (4.2), one considers the matrix JA € sp(2ng +
QTLE,R),

e instead of the (Gaussian) unitary control pulses U, Us,...,Ug € U(Hs) applied at
equidistant times 7'/|G|,2T/|G|,...,T one considers the associated (according to the
metaplectic representation, cf. Section symplectic control pulses Si,...,S|g| €
Sp(2ng, R) applied at the same times,

e instead of the resulting unitary evolution U™(T') one analyses the resulting symplectic
evolution

ZJ —lJA(

ST = (S|g| ©® IQnE) eldl A (So @ Iony) 6\5 T 74 .

S1® Iony) €l

Note that we write

B 0
poc=(? 1)

for two matrices B € R?"5®2%s and C' € R?"£®2"2_ Furthermore, in the right basis when
ordering the quadratures as

R =(Q1...Qug Pi...Pug Qugt1---Quging Pugt1--- Poging) » (4.3)

a tensor product of unitary operators corresponds on the symplectic level to a direct sum of
associated symplectic matrices, e.g. U, ® Ig corresponds to Sy @ I2y,,.

The considered framework is similar to that of DD sets (cf. Deﬁnition from Sectionm
in the finite-dimensional case): For a finite set G = {gj}ljgia e Sp(2ng,R) of symplectic
matrices one analyses — in the limit of infinitely fast pulse application — the resulting evo-
lution after application of the pulses S; = g; g;_ll to the system at equidistant times jT'/|G|
for j =1,...,]G|. The authors show that under these assumptions it is possible to suppress
decoherence and to homogenise the system evolution, two processes that we describe in the

following.

4.1.2 Decoherence suppression

Definition 4.1 (Decoherence suppression). A bosonic pulse sequence achieves decoherence
suppression of system-environment interactions after time ¢ in the limit of infinitely fast
pulse application if there are two symplectic matrices Ss € Sp(2ng, R) and Sg € Sp(2ng,R)
such that

lim (Sres(t/m))m = S,S’ D SE . (4.4)

mM—00

When ordering the quadratures in the vector R as in Eq. , a resulting symplectic evolution
of the form S™(t) = Sg @ Sg for some Sg € Sp(2ns,R), Sg € Sp(2ng,R) corresponds
to a unitary evolution in tensor product form U™ (t) = Us ® Ug for Us € U(L?*(R"s))
and Ug € U(L?(R"#)). The above definition, Eq. does not imply that Sg acts trivially
on the system (or respectively Us = Ig). In this sense it is weaker condition than DD and
corresponds to property for finite-dimensional systems.
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The authors derive a condition on a pulse sequence such that Eq. (4.4) holds. Let G =

{9; }Li'gl C Sp(2ng,R) be a finite subgroup and consider the pulse sequence of pulses

(9 ® Iong)(gj—1 © Tony) ™" at times T5/|G| for j=1,...,|G|. (4.5)

At time ¢ after m € N applications of the cycle one finds

4 m
(SreS(t/m))m _ <H 67,}1@(gk€912nE)1JA(gk®12nE))
k=1

In the limit of infinite fast decoupling, this converges to

lim (S"(t/m))™ = ot Xgeg(98T2ng) TN JA(90T2ng)
m—0o0
We use the relation (g @ Ia,,)" ' = J(9 ® Ian,)? which holds for all g € Sp(2ng,R) to

conclude that
lim (Sres(t/m))m = etJdeg(g@I%E)TA(g@]Z"E) . (4.6)

m—00

The matrix A — when using the ordering of R from (4.3)) — can be written in block form as

A <ASS ASE)
Aps Agg

where Agg € R?"s*21s and App € R?EX2nE are symmetric and Agp € R?%S*X2ME - Apg €
R2mEX2s are such that AL, = Ags. The exponential in Eq. (£.6) becomes

>geg 9T Ass g Ygeg 9’ Ase
@ Iony )T A(g @ Iopy,) = (=959 9€g : 4.7
S0 ) A © o) (Pgzee? posey 2vet? (@7)
Since J = Jyp 4 @ Jp,, is block-diagonal, Eq. (3.20]) holds if the off-diagonal terms in Eq. (4.7))
1
@ Z Apsg
geg

vanish. This results in the following definition of a group achieving decoherence suppression
in the limit.

Definition 4.2 (First order decoherence suppression for bosonic systems). A decoherence sup-
pression group for ng € N system modes and ng € N environment modes is a finite sub-
group G C Sp(2ng,R) such that

D 9= 02 . (4.8)

geg

We have just shown that if G is a decoherence suppression group in the sense of Definition 4.2
then the deduced pulse sequence from Eq. (4.5) achieves decoherence suppression in the DD
in the limit of infinitely fast pulse application, i.e., it satisfies Eq. (4.4)): This is a simple
consequence of inserting Eq. (4.8) into Eq. (4.7)).

It is easy to see that the two-element group G = {Iong ® Iony, —Iong @ Iong } = {£long+2ns}

satisfies condition (4.8) and hence achieves decoherence suppression such that in the limit of
infinitely fast pulse application

lim (S7(t/m))™ = o Socolo™Ass0OAEE _ s Ass g npArs
m—00
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4.1.3 Homogenisation

The authors show that there is actually no group of symplectic matrices which achieves Sg =
Is in Eq. for all quadratic Hamiltonians. However, a weaker but nevertheless useful
condition may hold: homogenisation. They assume that system and environment are origi-
nally decoupled, i.e., A = Agg ® Apg where Agg € R?"s*27s in the original evolution. Since
all considered matrices act non-trivial on the system only, it is convenient to consider the
system only and drop the environment, i.e, S™(T') € R2s*2ns,

Definition 4.3 (Homogenisation). A bosonic pulse sequence achieves homogenisation of the
system with ng € N modes after time ¢ in the limit infinitely fast pulse application if — under
the assumption that system and environment are originally decoupled, i.e., A € R2ns*2ns
— there are two constants c1,co € R such that

lim (S™(t/m))™ = c1long + c2J . (4.9)

m—o0

Here, again, the authors derive a condition on the group of pulses such that Eq. (4.9) holds.

Consider a finite group G C Sp(2ng,R). Then the resultlng symplectlc evolution after a single
cycle of application of the pulses g; 9; 11 at times ‘ ‘ for j = ., |G| is given by

4

1G]
Sres Hg] e|g\ H % 1JAg].

At time ¢ after m € N applications of this cycle it is

[ "
(SreS(t/m))m _ H eng JAg; ,
j=1
which converges in the limit m — oo to
lim (5™ (t/m))"™ = e/ Loeg 9" 49 (4.10)

m—0o0
where we used again that ¢g~1J = JgT.

Definition 4.4 (Homogenisation group). A homogenisation group for ng € N system modes
is a finite subgroup G C Sp(2ng,R) such that

1
@ ZQTAQ = CAI2n5 , (411)
9€eg

for some c4 € R depending on A.

Let G be a homogenisation group. Then by insertion of Eq. (4.11) into Eq. (4.10)

lim (S™(t/m))™ = e'A = cos(tca)lang + sin(tca)Jng

m— 00

one achieves homogenisation in the limit of infinitely fast pulse application.

They show in Theorem 3 of their article that the group G = (l» ® O(ng,Z),J) forms a
homogenisation group for ng € N modes.
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In the remainder of their work [12], Arenz, Burgarth and Hillier construct random bosonic
pulse sequences — where elements of the decoherence suppression/homogenisation group are
chosen at random with respect to the Haar measure — and numerically analyse their perfor-
mance.

4.2 First order homogenisation from unitary 1-designs

In this section, we construct novel first order bosonic homogenisation schemes in the sense
of Definition More precisely, they are build from unitary 1-designs (cf. Definition
similarly to the construction of DD pulse sequences in the finite-dimensional setting from
unitary 1-designs (cf. Lemma . In order to do so, the isomorphism

n:U(n) = Sp(2n, R) NO@2n,R) , n(U) = (ﬁjgg; _R';“((UU))> (4.12)

between the unitary group and the orthogonal symplectic group proves to be a useful tool
since it maps unitaries on C" to symplectic orthogonal matrices on R?”. It may therefore
be used to assign homogenisation pulses on 2n bosonic modes to unitary operators on C™:
we apply the map to elements of a unitary 1-design on logy(n) qubits. To this end,
consider a unitary 1-design X = {z1,...,z1} for U(n) which satisfies that x; = I. Recall
from Section that on the finite-dimensional system C" it defines a pulse sequence via

{jT/L}jL:1 ) {xjx;r'—1}gL:1:

where one sets x¢ := xr. By Lemma this pulse sequence achieves first order dynamical
decoupling which is guaranteed by the property

1 tr(H
T Z e He = r(n )In for every HeCMn (4.13)
zeX

of elements of the unitary 1-design X. Here, we show that a similar argument can be made
in the CV setting to deduce a homogenisation group on the phase space R?" from a unitary
1-design.

Theorem 4.5 (Homogenisation from 1-designs). Let X = {x1,...,x1} be a unitary 1-design
for U(n) and let n be the isomorphism from Eq. (4.12). Then the set

G:={n(x) |z e X}U{Jn(z) |z e X}

satisfies . a
t
— Z grAg = H(A) for all A= AT ¢ R?x2n (4.14)
9] 2n
geG
i.e., it is a homogenisation group in the sense of Definition O

Proof. Let us check the homogenisation condition (4.14)). Insertion of the set G into the left
hand side of (4.14)) gives

G > g4y 2|X| > ()" An(z) + ()T IT ATn(2)) (4.15)

geG zeX
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where |G| = 2|X|. To further compute this quantity, let us write the matrix A as

Ay A
A 11 12
Ay Ao
where Aq1, Ao € R™ ™ are symmetric and A{Q = As; € R™™™. To shorten notation, we

introduce the two quantities R, := Re(z) and |, := Im(z) for the real and imaginary part
of the unitary 1-design element x € X, respectively. The summands in Eq. (4.15) can be

directly computed: one has
R T A A Ry —lz
() (i 22) (0 &)
((ﬁ(ﬂﬁ)TA??(l"))u (17(:1,‘)TA77($))12)
(n(w)TAn(w))gl (n(a;)TAn(:c))zz 7

n(z)" An(z)

where (n(ac)TAn(x))21 = (n(:c)TAn(:U))lT2 due to the symmetry of A and the remaining three
submatrices are

(n(x)" An(z)),, = —REA11le + RE AR, — 17 Agtle + 17 AR, | (4.16)

and similarly

T —RT\ [A;; A | R
T ;T _ (' x 42 v *
n(z)”J" Adn(z) = <R£ T ) <A21 A22> <—Rx Iz)

<(77(x)TJTAJ7] ) (n(z)TJT Adn( )) >
(n(m)TJTAJn ) (nxTJTAJn )) ’

where again (n(z)? JT AJn(x ))T (n(x)TJT Adn(x )),, and where

(’I’}(l‘)TJTAJT](LE))H = |3:A11|x - |5A12RI - Rg;Agllx + REAQQRQC 5
(’I’](CL‘)TJTAJT](I‘))12 = |£A11Rx + |3;A12|x - Rg:AZle — RzAgzlx R (417)
(’I’](CL’)TJTAJT](QT))22 = RgAH RI + RgAlzlm + |3;A21 Rx + IZ:A22|90
To further compute the quantity (4.15]), one may use the 1-design property (4.13) of X. It
particularly implies that the design average ) xT Hz over real matrices H € R™™ must be

proportional to the identity with a real number constant (the trace of a real matrix is real).
Hence, together with the decomposition

z'Bx = (RT —ill)B(R, + il,) = REBR, — ilL BR, +iRIBI, + 1L BI,
one finds that for every real matrix B € R™*"

X = (REBI, ~1TBR, ) =1 (ZxTB >

zeX zeX

‘X‘ 3 (RTBRx+ 7Bl ) (Z xTBx> - (nB>In .

rzeX zeX

(4.18)
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The first line holds since the considered matrices B are real valued and hence have a real

trace. In summary, inserting the entries from Eqs. (4.16]) to (4.17) and Eqs. (4.18]) into
Eq. (4.15) becomes

1 T 1 (> (xTApz + 2T Agox) 0 >
— Ag = —— x
4 g%ég 979X < 0 Y (@TAnz + 2t Ag)

With this result one may construct first order bosonic homogenisation schemes: any first
order DD scheme on a qunit with L pulses (forming a unitary 1-design X C U(n)) is trans-
formed into a first order homogenisation scheme with 2L Gaussian unitary pulses for n
bosonic modes. Note that these bosonic pulses are passive since their associated symplectic
matrices {n(z)},cx are orthogonal. For example, in the case of k qubits, i.e., if n = 2%, a
unitary 1-design consists of n? = 2% = 4% unitary pulses and can be associated to a first
order homogenisation scheme on n = 2¥ modes where the latter uses 2n? = 2 - 4% passive
Gaussian pulses.

4.3 Higher order decoherence suppression and homo-
genisation of CV systems

In this section, we define the decoherence model and the concepts of higher order decoherence
suppression and homogenisation schemes.

4.3.1 Noise and pulse sequences on the symplectic level

Quadratic Hamiltonians and Gaussian unitary pulse sequences

We consider a bosonic system consisting of ng € N modes which interacts with an environment
of ng € N modes with joint Hilbert space

H=Hs®Hp where Hg=L*R*S), Hp=L*R>"E),

More precisely, assume that this interaction is quadratic in the mode operators, i.e., described
by the Hamiltonian

2n
: 1
HO5(t) = 5 > Aj(t)R;j Ry, (4.19)
k=1
where for every time t € [0,7], the matrix A(t) € R*"2" is symmetric, n = ng + ng

denotes the total number of bosonic modes and R is a vector of length 2n containing the
mode operators (); and P; in a suitable order. Let us mention that we will analyse the slightly
more general case of at most quadratic terms, i.e., quadratic and linear terms, in Section

The class of quadratic Hamiltonians (4.19)) is ubiquitous in quantum optics. It is common
to characterise CV Hamiltonians according to their powers of the field operators a and af,
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where those which are at most quadratic in the field operators describe linear optics. Such
Hamiltonians generate unitaries which include single-mode phase rotations, beam splitters
and squeezing operations (Gaussian unitaries, cf. Section . Since the terms with lower
orders in the field operators a and a' usually dominate the error sources, it is reasonable and
practically relevant to focus on decoherence caused by Hamiltonians of the form of .
A Hamiltonian of the form (4.19) generates dilations of Gaussian unitary channels on the
system (cf. Section , i.e., such that a system state pg € D(L?(R"S)) evolves as

ps(t) = tre [Uorig(o, H(ps © pi)UHE(0, t)q for ¢ € [0,T]

for a (typically Gaussian) environment state pg. Here, U8 (s, ¢) denotes the evolution gener-
ated by the original Hamiltonian from time s to time . Dilations of Gaussian unitaries
include specifically the following noise channels on the system: the thermal noise channel,
the attenuation channel and the amplification channel. Besides quantum optics, there are
also other systems for which quadratic Hamiltonians provide good approximations of
typical decoherence processes in suitable parameter regimes. These systems include atomic
ensembles [119], ion traps [106] and opto- and nanomechanical resonators [131], [180].

Let a pulse sequence on this system be given by the pair of times {; }JL:1 such that 0 <7 <
-+- < tr, <T and Gaussian unitary pulses {Uj}le C U(L?(R"s)) acting on the system. The
goal is to analyse the resulting evolution

U™(T) := U (t,, T)(Up @ Ig) - - - U8 (ty, t2) (U @ I)U8(0, 1)

after time 7', where the evolution under the uncontrolled original Hamiltonian is interleaved
with the Gaussian unitary pulses. We ask whether U™*(T') approximately achieves decoher-
ence suppression, i.e., U'(T) ~ Ug ® U, for some Ug € U(L?(R"s)) and Ug € U(L?(R"?)),
or homogenisation, i.e., Ug ~ eHo for Hy from Eq. for some w € R.

Pulse sequences at the symplectic level

Since all unitaries considered are Gaussian, the above analysis may be conducted at the level
of the symplectic group Sp(2ns + 2ng,R) and its associated Lie algebra sp(2ng + 2ng, R),
respectively, (cf. Definition for a definition of these sets). For convenience, we fix the
ordering of the mode operator in the vector R to be given by

R"=(Q7,Q5,...,Q5. PP, Py,... .P..QY.Q%,....QF . PF.PF ... .PE), (4.20)
where Qf denotes the position quadrature of the jth system mode and QkE the position
quadrature of the kth environment mode for j = 1,...,ng and k = 1,...,ng, respectively.
The momentum operators PJS and P,f are defined similarly. In this convention the matrix J,
which is defined by the relation [Rj, Ry| = iJjplong4on, for j=1,...,ngand k=1,...,ng,
is of the block-diagonal matrix form

0 I, 0 0
Iy, 0 0 0

T=ds@dp= |0 o 0 (4.21)
0 0 —I,, 0

The original evolution U°"8(t, s) generated by H°"&(t) translates at the symplectic level to
its associated symplectic evolution S°"'8(t, s) generated by an original generator X°"8(t) €
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sp(2ns + 2ng,R) for t € [0,T]. Recall that by the relation between symplectic matrices and
Gaussian unitaries (cf. Section [2.2.4), such a generator X°"8(¢) is in one-to-one correspon-
dence with the Hamiltonian (4.19)) via the equation

X°Mg(t) = JA(t) forte€[0,T], (4.22)

where J is the matrix from Eq. (4.21) and A(¢) is the symmetric matrix from Eq. (4.19).

Throughout this chapter, we consider decoherence introduced by quadratic Hamiltonians with
analytic time-dependence: Let us list the corresponding assumptions on the generator X°'g,

Definition 4.6 (Noise model). An original generator X°'8 : [0,T] — sp(2ns + 2ng, R) has
analytic time dependence if for any t € [0, 7] it is given by a matrix of the form

(&9}
Xoe(t) = Xe"  fort € [0,T],
r=0

where for every r € Ny there exists X8 ¢ R(ns+2np)x(2ns+2n8)  The evolution S8
generated by X°"8 is called the (symplectic) original evolution.

In the case that X°'8 is not time-dependent, the original evolution S°" : [0, 7] — Sp(2ns +
2np, R) is the one-parameter group of symplectic matrices generated by X°"8. However,
if X°"& depends on time, then we write S°8(¢, s) to denote the time evolution under X°'ie
between s and t.

One may define the notion of a pulse sequence at the symplectic level. A pulse sequence of
Gaussian unitaries translates to a pulse sequence at the symplectic level as

({tihe Ude) (e {8i) -

Here, one employs the same pulse times ¢; and every Gaussian unitary U; is replaced by its
associated symplectic matrix S; € Sp(2ng,R).

Definition 4.7 (CV Pulse sequence). A (CV) pulse sequence for a system with ng € N
bosonic modes is given by a tuple

{tatrens {Sataen)

where A :== {A1,..., A} is a set of indices with an ordering induced by the pulse times ¢y
such that 0 < ty, < ty, < --- < ty, < T and where Sy € Sp(2ng,R) for every A\ € A.
The latter are called the bosonic pulses which satisfy that for every j = 1,..., L there is a
matrix Xy, € sp(2ng,R) such that S N = ¢ and furthermore that

L
115 = ans - (4.23)
j=1

We note that the different notation for labelling the pulses, where we choose a general in-
dex set A instead of {1,...,L}, will prove useful in the context of nested Uhrig DD and
homogenisation.
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The control generator associated to a CV pulse sequence from Definition [4.7]is defined as

Ky
XCOntI‘OI(t) — Zé(t _ t)\])(XA] @ 02nE) fOI“ t S [O;T} ’
j=1

where the matrix Xy, € sp(2ng,R) exponentially generates the pulse Sy, = e for j=
1,...,L, and where

Ky =max{j=1,...,L |ty <t}. (4.24)

Furthermore, we write Bg @ B = diag(Bg, Bg) for the two matrices Bg € R2*msx2ns
and Bp € R2"eX2nE_ Ag a consequence, the (symplectic) control evolution

Ky
Seonirol: [0, T] = Sp(2ng + 2np,R) SO t) =[] Sy, @ Tangs
j=1

is given by the product of the symplectic pulses up to the considered time ¢.

Analysis of bosonic pulse sequences

Let us present the strategy how we analyse the decoherence suppression and homogenisation
properties of such bosonic pulse sequences at the symplectic level. Let X°"8(¢) as in Defi-
nition be given. After application of a pulse sequence from Definition [£.7] the resulting
symplectic evolution S (T'), generated by X°8(t) 4+ Xcontol(¢) is defined as

L

S*T) = [Hsorig(wma%)(sxj @ Ing ) | SO(1,,0) - (4.25)
j=1
Here ty, , == T. Throughout this chapter, we construct CV pulse sequences and analyse

their effect on this resulting evolution S™°(7"). In order to do so, it is convenient to write the
matrices in block from, i.e., to separate them into a system and environment part. In this
block form, the original generator is given by

ori _ XSS(t) XSE(t)
XD = <XES(75) XEE(t)> ’ (4.26)

fort € [0,T]. A matrix of the form (4.26) is a symplectic generator, i.e., an element of sp(2ng+
2np, R), if and only if the above block matrices satisfy the equations

J&Xss(t) = Xgs(t)" Js & Xss(t) € sp(2ns,R)

Jngs(t) = Xss(t)TJS & Xgp(t) € sp(2ng,R) ,
JEXEps(t) = Xsp(t)" Js .

This follows from the symmetry of the matrix A to which X°# is related by Eq. (#.22).

Similar to finite-dimensional DD, we change into the interaction picture associated with the
control evolution, the so-called toggling frame: the toggling frame generator is given by

P(t) ' Xss(t) P(t) P(t)"'Xsp(t)

th(t) — Scontrol(t)—lXorig(t)Scontrol(t) — ( XES(t)P(t) XEE(t) > (4.27)
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for the submatrices from Eq. (4.26]) and where
Ky
t) =[] 5
j=1
is the product of all pulses up to time t. It generates the toggling frame evolution

ST Z / / / XY(sp) ... X (s0) XH(s1) dsy ... dsadsy (4.28)

at time 7. The analytic time dependence of X°"8(¢) furthermore implies that for every r € N
there exist Xpc, € R?"B*2¢ for B,C € {S, E} such that

Xpcl(t Z Xpct” .

As a consequence, the toggling frame evolution (4.28]) can be computed

SH(T Z/ / ( N 0 Xssy siP(sk)  Plsk) ™ty ore o Xspr SZ)

er 0 XES’I‘ skP(Sk) Z’?’O:O XEE,’!‘ Sz (4 29)
‘ <P(31) Zrzo X887 P(s1) P(s1)” Zr —0 XSE, Tsl) dsy ... ds
Yoo XEsyrsiP(s1) > oo XEErS] T

One may expand SY(T) in a Dyson power series, i.e., in orders of the total sequence time 7.
Since the relation implies that SY(T) = S*(T'), this Dyson expansion of the toggling
frame evolution corresponds to the one of the resulting evolution S™*(7"). We note that this
strategy — changing to the toggling frame and compute the corresponding Dyson series —
resembles the one that we apply in the context of multi-qubit DD.

Let us furthermore argue why the block-diagonal form of matrices, i.e., the ordering from
Eq. , where we separated the system quadratures in the first 2ng entries from the ones
related to the environment in the last 2ng entries, is a suitable choice. A block-diagonal Sg®
SE at the level of symplectic matrices corresponds a decoupled unitary evolution U ® V
for U € U(Hg) and V € U(Hg) involving no interaction of the system and the environment,
where U and V are Gaussian unitaries that corresponds to the symplectic matrices S and
S, respectively, according to the metaplectic representation ([2.37)) (cf. Definition .

4.3.2 Higher order decoherence suppression

As discussed by Arenz, Burgarth and Hillier [12], one may investigate the two concepts of
decoherence suppression and homogenisation separately. Let us first consider decoherence
suppression of system-environment interactions: This is achieved by a pulse sequence if sys-
tem and environment (approximately) do not interact with each other.

At the symplectic level, exact decoherence suppression after time 7" is achieved if the resulting
symplectic evolution if of the form

S™(T) = S§5 © SR

for some S¢§ € Sp(2ng,R) and Si55 € Sp(2ng, R). This is equivalent to the existence of an
effective generator X € sp(2ng + 2nE7 R) of the form

X = X¢o® Xpg such that ST(T) = eTX ) (4.30)
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for some Xgg € sp(2ng,R) and Xgg € sp(2ng, R). Using the ordering of the mode operators
from , this implies that the generator involves no terms coupling the system mode
operators with those of the environment. Let us define the notion of approximate decoherence
suppression up to a certain order N in T as follows.

Definition 4.8 (Higher order decoherence suppression). Consider a bosonic system of ng € N
modes and an environment of np € N modes. Let X8 : [0,T] — sp(2ng + 2ng, R) have
analytic time-dependence, cf. Definition [4.6

A CV pulse sequence ({tx}rea, {Sx}ren) (cf. Definition achieves universal Nth order
decoherence suppression after time T > 0 if and only if for every X°' satisfying the above
assumptions, there are Sgg € Sp(2ng,R) and Sgg € Sp(2ng, R) such that

- 1)

SEE
where S™(T') is the resulting evolution from Eq. (4.25]).

‘ =Oo(TN*) (4.31)

A pulse CV sequence may also be non-universal, i.e., we say that it achieves Nth order
decoherence suppression of the original evolution generated by X©°'& if there are Sgg €
Sp(2ng,R) and Sgp € Sp(2ng,R) such that Eq. (4.31)) is satisfied, where S™5(T') is given

by (4.25) and S°" is generated by this X°"&. We note that in Theorem and throughout
\/tr(BTB)

this chapter, we use the Frobenius norm which is defined as || B|| = for a matrix B.

When analysing whether property is satisfied for a given pulse sequence, we will proceed
similarly as in the finite-dimensional case where we considered unitaries. At the symplectic
level, we analyse whether the toggling frame evolution S%(7T") from Eq. is approximately
(up to order N in T) of a direct sum form, i.e., whether its off-diagonal blocks SY,(T)
and S (T') vanish up to order N in T.

At the level of unitaries and Hamiltonians, exact decoherence suppression, i.e. Eq. (4.30)),
translates to the existence of an effective Hamiltonian H®T of the form

Heff _ HS ® IE + IS' ® HE such that UreS(T) _ e*iTHefF _ e—iTHS ® e*iTHE ’

where Hg € Lg(Hs) and Hg € Lsq(HE) and where these quantities are related to the
symplectic generator X = JA via Heff = 1 E?ZS: JEQ"E A R Ry,

In Section [£.6.2] we construct pulse sequences which achieve Nth order universal decoherence
suppression.

4.3.3 Higher order homogenisation

As previously discussed (cf. the work by Arenz, Burgarth and Hillier [I2] and the discussion
thereof in Section , homogenisation can be analysed in the context of an already de-
coupled system-environment evolution, i.e., when system and environment are assumed to
not interact with each other. Conceptually, this simplifies the analysis of homogenisation and
allows to study decoherence suppression and homogenisation separately. Practically, one may
still achieve a homogenised system evolution of an originally non-decoupled one by combining
decoherence suppression and homogenisation schemes, more precisely, by concatenating one
into the other, what is explained in more detail after the definition.
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But first recall that by homogenisation of an evolution, we mean that the resulting symplectic
evolution is reduced to that of non-interacting harmonic oscillators, which all rotate at the
same averaged frequency. More precisely, exact homogenisation is achieved if

S™S(TY) = e%Ins @ Spp (4.32)

for some w € R and Sgg € Sp(2ng,R). Approximate homogenisation of an already decoupled
evolution is defined as follows.

Definition 4.9 (Higher order homogenisation). Consider a system of ng € N modes and
an environment of np € N modes. Assume that the system is already decoupled from the
environment, i.e., the original generator X°8 : [0, 7] — sp(2ng+2ng, R) from Deﬁnition
satisfies

XSE(t) = XEs(t) =0 for t € [O,T] , (4.33)

when written in the block form of Eq. (4.26)).

A CV pulse sequence ({txr}aea, {Sx}ren) (cf. Definition achieves universal Nth or-
der homogenisation after time T > 0 if and only if for every X°"8 satisfying the above
assumptions there are ci,co € R such that

IS§5(T) — c1lang — caJang|l = O(TVH) | (4.34)

where ST € Sp(2ng, R) is the system part of S™(T') = SES(T) @ Si5(T) for the resulting
evolution from Eq. (4.25) and where S5, € Sp(2ng, R) is the its environment part.

Similar to decoherence suppression, one may drop the notion of universality, i.e., a pulse
sequence achieves homogenisation up to order N in T for a specific original generator X°rs
if for this X°"8 there are c1,cy € R such that Eq. is satisfied. Furthermore, by the
assumption on the original generator X°"& every CV pulse sequence achieves that the
resulting evolution is of block form S™(T") = S§§(T") ® Sy (1) since the pulses act on the
system only.

Let us briefly argue that the resulting evolution of an Nth order homogenisation scheme is
close to an evolution of the form ([4.32). Let an Nth order homogenisation scheme be given.
By construction S™(T') is symplectic and using (4.34)), this implies that there are c1,c2 € R
such that ||(¢? + 2)Jng — Jngll = O(TNH1) and hence these constants satisfy ¢? + ¢ =1+«
where € = O(T™V*1). Then we can choose w such that

cos(wT') = L sin(wT') = 2

v1+e v1i+e
Direct computation shows that |[¢11ang +c2Jng || = v/2ns+/(c + ¢3) which we use to compute

(1Tans + 2ns) = €775 || = llexTans + €2ns — cOS(@T) Tang — sin(wT) Ju|

1
_ \1 - ] et Tong + cadus]

v14e€
_ 1 /.2 2
_O<|1_\/m| Cl+62>

:o<u—¢imy¢rm>=0@.

for some w € R up to order N in T'.

As a consequence, S™(T) is equal to e¥/ns
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Note that at the Hamiltonian level, the assumption (4.33)) that system and environment do
not interact with each other is equivalent to

Horig(t) =Hg(t)® Ig + Is ® Hg(t) for t € [0,T] ,

where Hg(t) and Hg(t) are quadratic system and environment Hamiltonians, respectively.
Moreover, exact homogenisation in the form of Eq. (4.32) corresponds to

U™(T) = e T o Uy (4.35)

for some Ug € U(HE), for w € R and where Hy = %Z?izl(Q? + Pf) is the free oscillator
Hamiltonian on all system modes. It is obvious that a decoupled and homogenised evolution
of the form of Eq. does not couple system and environment, and furthermore neither the
different system modes nor the different eigenspaces of the free oscillator Hamiltonian Hy;
more precisely, such an evolution provides decoherence-free subspaces (cf. Definition
where the eigenspaces of Hy can be used to encode logical qubits. A state |1)) which is fully
supported at the level k € N eigenspace of Hy of a specific mode, can only be altered by as
the unitary |1)) — e **T|¢) and the recovery can be chosen as e™*TT.

An Nth order decoherence suppression scheme and a homogenisation scheme of the same
order can be combined by concatenation: In between every pulse application of the latter
scheme, one does not let the system and the environment evolve freely under the decoherence
Hamiltonian but instead, one applies a decoherence suppression scheme. Then, one achieves
a decoupled and homogenised evolution up to order N in the total sequence time of
the outer homogenisation scheme T for any original generator in the sense of Definition [4.6]

In Section [4.8.3] we construct higher order homogenisation schemes from multi-qubit DD
schemes.

4.4 Prior work on higher order DD in finite dimensions

Let us return to DD in the finite-dimensional case for this section. Here, we recap prior
work on pulse sequences which achieve higher order DD for qubit and multi-qubit systems
(in the sense of Definition [3.9), starting with concatenated DD in Section and then
presenting Uhrig and Nested Uhrig DD in Sections [4.4.2| and [4.4.3] respectively. These two
latter (multi)-qubit pulse sequences are the ones which are used as a starting point of the
CV schemes proposed later in Sections and

4.4.1 Concatenated dynamical decoupling

Consider a single qubit system with Hilbert space Hg = C2. Recall the first order universal
decoupling pulse sequence f XfZfXfZ as described in Section Eq. . Starting from
this scheme, Khodjasteh and Lidar [88] introduced a technique to deduce an Nth order DD
scheme from this for an arbitrary higher decoupling order N € N; It is called Concatenated
Dynamical Decoupling (CDD).

The central idea is to recursively embed the first order pulse sequence into itself. With
each embedding, one higher DD order is achieved. Define the first order scheme as p; =
foXfoZfo Xf9Z where fg = U8 (T/4) = e H7ET/4 ig the system’s uncontrolled evolution
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between pulses. The N-time concatenated pulse sequence is py where the kth nesting level
is recursively defined as

Pk = Pk—1XPk—1ZPk—1XPr—1Z where pg = fo .
The number of pulses in py is 4V .

In their article from 2005, Khodjasteh and Lidar [88] showed that (for ideal pulses) the pulse
sequence py makes the Nth order of the Magnus series vanish. In [88], [89], Khodjasteh and
Lidar compared CDD to PDD for the universal first order DD scheme fXfZfXfZ (cf. Sec-
tion. showing superior performance of the CDD sequence for large parameter regimes
of specific system-environment couplings.

CDD sequences can be constructed for other pulse sequences as well. Let a pulse sequence
with pulse times t1,...,¢; and unitary pulses Uy, ..., U, be given. For the first nesting level
of the concatenated sequence, one chooses the above pulse times and pulses. For the second
nesting level — instead of letting system and environment evolve freely between the pulses of
the first nesting level — the same original sequence is applied between every pair of original
pulse times. This procedure of recursively repeated, applying the pulse sequence in between
the pulses of the next lower concatenation level. Starting with U (¢) := U°"(t), the Nth
order DD sequence is recursively defined via

UM(Ty = UF—(T —t1) (U @ Ig)U* Uty —tp 1) - (U @ Ig)UR (1))

for k =1,...,N. One calls the pulses associated with the above evolution U*(T') the kth
nesting level.

Efficiency in DD protocols should be formulated in terms of the resource costs — the number
and simplicity of the applied control pulses — and the benefit — the error reduction compared
to the case where no decoupling is applied. One useful figure of merit is the relation between
the decoupling order and the number of pulses necessary to achieve this DD order.

4.4.2 Uhrig dynamical decoupling for qubits

In CDD, the number of required pulses scales exponentially with the DD order. In the case of
a single qubit and pure dephasing noise one would need 4"V pulses to achieve Nth order DD.
In seminal work, Uhrig [I61] considered optimising the pulse times to achieve higher order
DD (extending the Carr-Purcell-Meiboom-Gill cycle [34, [112]) outperforming the number of
required pulses in CDD. He studied the spin-boson model, which couples a single qubit to a
bosonic bath via pure dephasing noise.

Let us recall the first example from Section decoherence is caused by the Hamilto-
nian H''® = g ® By + 0, ® By where By, B; € L (Hg) for some environment Hpg. The
application of two equidistant o,-pulses at times T'/2 and T achieves first order DD (or equiv-
alently DD in the limit of infinitely fast application). Let us now consider Uhrig’s question:
Can different pulse timings achieve a higher DD order? It is enlightening to look at the lowest
order term in the Magnus expansion for arbitrary pulse timings t1,t2 € [0, 7] which is

T

UZ®BldT+/ 0, ® Bidr .
t2

to

T t1
/ Htf(T)dT—TIS®Bo+/ 0'Z®Bld7'—/
0 0 t

1

One can directly read off that this term acts trivially on the system — first order DD is
achieved — if the pulse times t1, t5 are chosen such that 1 + (T — to) = to — t1. The first order
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N =2 N =3 N=414 N=5

Figure 4.1: Construction of the Uhrig DD times from Eq. for the cases N € {2,3,4,5}.
First, one constructs a semicircle around the centre of vertical time interval [0, 7] and divides
this semicircle into NV 4 1 segments of equal size (angle). Then, the orthogonal projections
(dotted lines) of the segments onto the interval [0, 7] return the N Uhrig times (blue). Note
that for odd IV, the Uhrig scheme includes an additional pulse at time T

DD condition does not fully determine the pulse times. In particular, there is some freedom
in the choice of pulse times. A natural next question is whether one can use this freedom to
achieve higher order DD.

For the spin-boson model, Uhrig found that applying o,-pulses at times ¢; = A;T", where one
defines

A = sin® (2(1\?110 for j=1,2,...,N, (4.36)
eliminates the dephasing up to order IV in T'. This pulse sequence is called the Uhrig Dynam-
ical Decoupling (UDD) sequence, sometimes denoted with the index N as UDDy. Yang and
Liu proved that the UDDy sequence achieves universal Nth order DD [184]; for a proof of the
universality see also [I72]. We note that if N is odd, an additional o,-pulse has to be applied
at the end of the DD period (at time T') to satisfy the condition U"°(T) = I [I77]. The
times A; from (4.36) are called Uhrig times or UDD times. Uhrig furthermore showed that
the UDD times are optimal in the sense that no other pulse timings can achieve a given DD
order using less pulses. The UDD sequence achieves Nth order DD using N (or N + 1 if N
is odd) pulses. Here, the number of required pulses scales only linearly in the decoupling
order N. This is an exponential improvement over the scaling achieved by CDD where one
would need 2V pulses to achieve Nth order DD for pure dephasing noise. Fig. shows the
graphical construction of the UDD times .

Uhrigs idea was quickly extended to more general decoherence models and systems. First the
decoherence Hamiltonian was allowed to contain errors of type o, and o,. The Quadratic
Dynamical Decoupling (QDD) sequence by West et al. [177] consists of two nested (or con-
catenated) UDD sequences: a standard UDD sequence is applied at the so-called outer level
and a modified UDD sequence with o,-instead of o,-pulses is used in the inner nesting level.
On a first nesting level, pulses o, are applied at UDD times ¢t; = A;T from Eq.
for  =1,...,N. On the second nesting level, o,-pulses are applied at nested UDD times

Ak_lT—FAj(Ak—Ak_l)T forj=1,2,....,N, k=1,2,...,N+1

where A; are the Uhrig times and Ag = 0, Ayy1 = T. In [I77], QDD was shown
numerically to outperform CDD and PDD in state preservation while using fewer pulses.
Table [4.1] compares the performance of different DD schemes in terms of the decoupling
order and number of pulses.
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DD scheme system | order N | number of pulses L
PDD (m cycles) | 1 qubit N=1| L=4m

CDD lqubit | NeN | L=4N

QDD 1 qubit NeN | L=(N+1)?
NUDD nqubits | NeN | L=(N+1)>

Table 4.1: Comparison of different universal DD schemes for (multi-)qubit systems with
general noise. Whereas the periodic DD (PDD) scheme can only achieve first order DD using
4 pulses, the concatenated DD (CDD) and quadratic DD (QDD) are able to achieve arbitrary
decoupling order. The number of required pulses scales exponentially in the decoupling order
for CDD and for QDD sequences it only scales quadratically. For the nested Uhrig DD
(NUDD) sequence for n qubits, the scaling is still quadratic in the decoupling order and
grows exponentially in the number of qubits.

In addition to investigating the behaviour in terms of the achieved decoupling order, there
are also other figures of merit for the efficiency of a DD sequence: The overlap between
an initial state and the time-evolved state. This ‘actual error’ may of course depend on
properties of the initial state and of the environment (which enter the asymptotic scaling
via the prefactors of non-vanishing higher orders in the Dyson or Magnus series) and the
originally-prepared state. The performance of different decoupling schemes has been studied
numerically in the literature [I127]. An experimental comparison (for trapped ion qubits)
between PDD and UDD [21] showed that for Ohmic noise spectra with sharp high-frequency
cutoffs, UDD clearly outperforms PDD whereas for sub-Ohmic spectra, the performances
were comparable.

Two formal proofs of Nth order DD of the QDD sequence were subsequently given by Wang
and Liu [I72] as well as by Kuo and Lidar [I03]. In 2010, Mukhtar et al. [I16, 117] generalised
this further to two qubits, i.e., they proposed a pulse sequence deduced from UDD in order
to protect any two-qubit state from decoherence.

4.4.3 Nested Uhrig dynamical decoupling

r
1st level 2nd level 3rd level

Figure 4.2: Recursive construction of the NUDD times for N = 2 with three nesting levels.

Let us present the Nested Uhrig Dynamical Decoupling (NUDD) scheme for n € N qubits [116),
117, 172, 86]. This scheme can be regarded as the straightforward generalisation of two
nesting levels of QDD to 2n nesting levels. On the n-qubit Hilbert space Hg = (C?)®",
let 0o = 04, @+ - ® 04, denote multi-qubit Pauli matrices for a = (a1, ..., a,) € (Z3)"™ where

0(070) = 12 5 0(170) =0z , 0'(1,1) =0y, 0'(071) =0z . (437)
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The decoherence Hamiltonian considered is of the form

HS(t)= Y 04 ®Bal(t) (4.38)

where the time dependent environment operators By (t) € Bso(HE) for an environment Hp
are assumed to have analytic time-dependence. The NUDD sequence is able to eliminate
such decoherence up to Nth order, i.e., it is a universal Nth order DD scheme for n qubits.
It consists of 2n nesting levels, such that two UDD-type nesting levels are associated with
every qubit (similar to QDD). After numerical evidence for its validity, formal proofs were
provided by Wang and Liu [I72] (for an even but potentially different decoupling order on
every nesting level) and Jiang and Imambekov [86] (for the same decoupling order on every
nesting level which may be even or odd).

The NUDD pulse times are given by t')\\'UDD = A\T for A = ({1,0a,...,02,) € {0,...,N}?>"
where Ay is recursively defined via

Ay, = Doy + (Agr1 — Do ) Ayt y) - (4.39)

The recursive construction of the NUDD times is shown in Fig. for N = 2. Let us first
consider the case where the decoupling order N is even. Then the NUDD pulses are

(Uz)k: if A= (0,.. . ,0,€2k_1,.. . ,ggn), where egk_l 7& 0.

If N is odd, the NUDD sequence slightly changes due to the additional UDD pulse at the end
of the cycle (at each level). The pulse times are the same as for even N, i.e., t')\\'UDD = AT,
but there is an additional pulse [[;",(oy); at time 7" and the other pulses change to

k .
UNUDD _ {Hi:1(0y)i if A= (0, e ,O,EQk, . ,£2n), where 62]@ 7é 0 (441)

(Uz)k Hfz_ll(Uy)i if A= (0, ce 707€2k—1, ce ,EQn), where ggk_l 75 0.

As a consequence, an NUDD sequence for n qubits of DD order N in every nesting level
consists of L = (N +1)?" pulses, more precisely, (N +1)?" — 1 if N is even and (N +1)?" if N
is odd. The number of pulses scales quadratically in the decoupling order and exponentially
in the number of qubits.

Fig. [4.3] exemplarily shows the four nesting levels of the two-qubit NUDD sequence of decou-
pling order N = 2. The NUDD sequence has been experimentally demonstrated with three
nesting levels for two NMR qubits [146].

4.5 Dynamical decoupling for general matrix Lie groups

This section treats dynamical decoupling in terms of a general matrix Lie group G and its Lie
algebra g. The advantage of the presented framework is that it captures DD in two relevant
settings: First, higher order dynamical decoupling in finite-dimensional systems and second,
homogenisation of multi-mode bosonic CV systems with quadratic Hamiltonians.

In both cases, the considered matrix Lie group G is associated with evolutions of the system:
Firstly, in the case of m € N qudits, the system’s Hilbert space is Hg = C?" and the
considered matrix Lie group is the unitary group G = U(d™). Secondly, in the case of ng € N
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Figure 4.3: The pulse times (in blue) and the pulses (on the right axis) of the four nesting
levels of the two-qubit NUDD scheme of decoupling order N = 2. In the outermost nesting
level, o,-pulses are applied to qubit n = 2 at the standard UDD times; on the next level, o,-
pulses are applied to qubit n = 2. On the two innermost nesting levels, the applied control
pulses are ()1 and (o)1, respectively. In total (24 1)22 — 1 = 80 pulses are used to achieve
second order DD.

bosonic modes, the system’s phase space is R?"S | and the Lie group G = Sp(2ng) consists
of symplectic matrices which are related to Gaussian unitary evolutions via the metaplectic
representation. In slight abuse of notation, we will use the term ,,system’s Hilbert space“ even
in the bosonic setting when we actually mean the phase space Hg = R?™S of ng bosonic
modes.

We start with Section where we give mathematically precise definitions of decoherence
and pulse sequences in the context of general matrix Lie groups. One central assumption
concerns the commutation relations between pulses and decoherence terms. In Section [4.5.2]
we derive sufficient conditions for the resulting evolution — decoherence interleaved with
instantaneous pulses — to act trivially on the system (Theorem and to reduce to a
specific simplified system action (Corollary , in both cases approximately up to a certain
order in time. These conditions are formulated in terms of integral equations which have
to be satisfied for the respective pulse sequences. We note that this (together with the
relation between qubit and bosonic systems from Section will be key to our construction
of Nth order bosonic homogenisation schemes from Nth order multi-qubit DD schemes in
Section [4.8.2] The framework that we derive here is closely related to and generalises the
universality proof of NUDD by Jiang and Imambekov [86]. We state that the decoupling
criterion in Theorem holds for the NUDD pulse sequence (a result proven in [86]) as
well as for its simplification to the UDD pulse sequence in Section [£.5.3]

4.5.1 Setup

Let G C GL(K?) be a matrix Lie group where K € {R,C} and ds € N. Let g be the
Lie algebra associated with G and let {Y,}aca be a basis of g. We will use upper case
letters X, Y, Z to denote Lie algebra elements, i.e., elements of g, and lower case letters x,y, z
to denote Lie group elements, i.e., elements of G. Set Hg = K%.

Let us fix a family of group elements {zg}gcp C G which satisfies two assumptions: First,
let each of the chosen group elements have an infinitesimal generator in g: for each § € B,
there is ¢ € K with |p| = 1 such that

xﬂzgoexﬂ for each g € B .



110 Chapter 4: Higher order dynamical decoupling of continuous variable systems

Second, let the group elements act diagonally by conjugation in the chosen basis of g. That
is, there is a function f : A x B — [0, 1] such that

Ad(z3)(Ya) = (-1)7 @AY, forall (a,8) € Ax B . (4.42)
Here, Ad denotes the adjoint representation of the Lie group G which is defined as

Ad:G—GL(g) , Ad@@)(Y)=z"'Yz foralzcGandY eg.

In the cases of interest, the function f in the exponent in Eq. (4.42)) is the symplectic inner
product modulo 2, i.e., f(a, ) = («, 3) for

(a, B) = (T Jg,) mod 2 . (4.43)

Consider the Lie algebra B(Hpg) of bounded operators acting on an environment Hilbert
space Hg. Let T' > 0 denote the time after which DD is analysed. Decoherence is described
by a time-dependent generator X°'8: [0, T] — g® B(Hg) involving system-bath interactions.
We will make a few assumptions on this generator. First, let X°'& be of the form

X"B(t) = Y "V, ® Ba(t) (4.44)
acA

where Y, are elements of the above defined basis of g and B,(t) € B(Hg). Furthermore,
we assume that the environment operators By (t) have analytic time dependence (similar to
Definition [4.6)), i.e., they satisfy

Ba(t) =Y bast"  where by, € B(Hp) . (4.45)

Let z°%8 : [0,T] — GL(Hs ® Hg) be the time evolution generated by X°&. More pre-
cisely, x°¢ is defined by the equation

d . . . ‘
%xor‘g(t) = X"8(t)z°"8(t) fort e (0,7) and 2°8(0)=Is® Ip,

where I's denotes the identity on the system S and I the environment E. In contrast to z°'8,
the control evolution z°°*™! : [0, T] — GL(Hs ® Hg) acts non-trivially on the system only
and is described by a sequence of instantaneously applied pulses. Let us specify the definition
of a pulse sequence for the setup considered here.

Definition 4.10 (Pulse sequence). Let G, Hg, B and {24 }aep be defined as described above.
A pulse sequence is defined by a tuple

({txtaen {za00 1ren)

such that the following assumptions are satisfied: A = {A1,..., A} is a finite set such that
the pulse times ¢ € [0, 7] satisfy ¢y, <y, <--- <ty and the map

B:A— B , A= B(N) (4.46)

specifies which pulse is applied at which time. Furthermore, assume that H‘JA:H Tgn,) = Is
where Ig is the identity on Hg.
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Although the use of the function § might seem unnecessary at this point, it will prove
useful later when considering the UDD and NUDD sequences. As a consequence, the control
evolution z°"!(¢) of the pulse sequence from Definition is given by the product of all
pulses applied up to time ¢, i.e.,

K
xcontrd(t) = H TB(x;) ®Ig , (447)
j=1
where K; € {1,..., |A|} is the maximal index of pulses applied up to time ¢, cf. Eq. (4.24).

Since every xg has an infinitesimal generator by assumption, there is Xg(y) € g®gl(H ) such

that zg.)) = eX5( up to a phase. Hence the evolution xomol(4) is generated by
K
xeonrol [0, T] » g@gl(He) , X)) =6t —tr,) X0 @ Ip -
j=1

We will analyse the evolution obtained after time 7', where the uncontrolled original evolu-
tion z°8(¢) is interleaved with the instantaneous application of the pulses Tg(y) at times ¢y
for every A € A. More precisely, the resulting evolution

z'®:[0,T] = GL(Hs ® HE)
is generated by X' := X°rig 4 xcontrol

To easily check all the assumptions, let us briefly list them here.

Definition 4.11 (Setup). Let G, g, and Hg be as defined above. An an evolution x°® and
a pulse sequence fall into the setup discussed here if they satisfy:

(i) There exists a basis {Ya}aca of g for some set A and a family of infinitesimally
generated elements {x}gecp of G for some set B such that Eq. (4.42)) is satisfied;

(ii) The control pulses are chosen from the above family {z3}scp, i.e., the pulse sequence
is given by a function 5 : A — B (cf. Definition |4.10));

(iii) The generator X°'8(¢) € g ® B(H ) of x°78 has the form of Eq. (4.44), i.e., it can be
expanded in terms of the basis elements Y,, and some time-dependent operators B, (t)
on the environment which have analytic expansions of the form of Eq. (4.45)).

Let us briefly justify why it is sufficient to only consider bounded operators on the en-
vironment Hg. The two cases to which this setup is applied are those of multi-qubit DD
(cf. Definition and multi-mode bosonic homogenisation (cf. Definition [4.9). If the Hilbert
space is finite-dimensional (which one might assume for the environment of a multi-qubit sys-
tem), all self-adjoint operators are bounded. In the latter case, bosonic homogenisation, one
instead deals with systems and environments that are both infinite-dimensional and on which
the considered quadratic Hamiltonians are unbounded. However, recall that we conduct the
whole analysis at the level of symplectic matrices: Moreover, in the case of CV homogenisa-
tion, we set Hg = R?"S to be the ng-mode phase space and Hg = C to be trivial, both are
finite-dimensional vector spaces. Setting Hgr = C is a suitable choice since in the context of
homogenisation we can neglect the ‘physical environment’ in our analysis since we assume that
the system is already decoupled from ‘its physical environment L?(R?"#)’ (cf. Definition
such that the whole analysis restricts to the system part onlyﬂ

2In fact, the composition of the system and its environment L2 (RZ"E) at the symplectic level cannot be
described by a tensor product but instead by block matrices or direct sums.
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4.5.2 Sufficient decoupling criteria

We now want to give conditions on the setup of Deﬁnition such that z"(T") acts trivially
on the system, which would imply DD of n € N qubits in the case of G = U((C?)®"), and
that "(T") is reduced to a non-trivial but simplified form (which is related to bosonic
homogenisation from Section .

As for finite-dimensional DD (cf. Section [3.3.2]), it is convenient to change into the interaction
picture associated with the control evolution — the toggling frame — and expand the respective
time evolution in a Dyson series. Let us recall that the toggling frame evolution

2% [0,T] = GL(Hs ® HE)

is defined as
2(t) = (a0 (1)) T arS(t)  forall t € [0,7] .

We note that, due to z°°"°!(T) = I, the toggling frame evolution and the resulting evolution
are equal up to a global phase after time T. Hence, 2'*(T) = z*(T) where the latter is
expanded in a Dyson series in orders of N using the two following two lemmas.

Lemma 4.12 (Toggling frame generator). Consider a pulse sequence and an original evolution
that fall into the setup of Definition 4.11

Then the toggling frame generator is given by

X%(t) =" Fo(t/T) Yo ® Ba(t) (4.48)
aEA

where for every for a € A, the function F: [0,1] — {—1,1} is defined by
K.
Fo(r) = (~1)Zi2 (@B gor 7 = /T € [0,1] .

Here, K is given by Eq. (4.24]) and the expression (-, -) by Eq. (4.43). O

In the following, we sometimes denote the functions by F,, 3 = F,, to emphasise its dependence
on the map 8. We note that the expressions have previously been derived for the
case G = U((C%)®") by Liang and Imambekov [86]. Let us show that they also hold for the
more general setup discussed here.

Proof. Consider the setup from the previous section. The toggling frame generator is of the
form

th<t) _ xcontrol(t)—lXorig(t)xcontrol(t) )

We note that it is therefore independent of the phases in xg(y) and xontol(4) which we will

from now on neglect. Let us insert z°°™l(¢) from Eq. (#.47) and X°"8(¢) from Eq. (4.44)
into X*(¢) which gives
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Using the adjoint representation from Eq. (4.42)), this is

th(t) _ Z ((71)<a,ﬁ()\1)>(,1)<Cx,ﬁ(>\2)> . (f1)<a,5(>\Kt)> Ya) ® Ba(t)

acA
=> (-1 M) Yo @ Balt) .
acA
This is equal to the desired expression (4.48)). [ ]

The expressions [£.48| can be used to compute the toggling frame evolution. Here, again Liang
and Imambekov [86] derived the formulas for the case G = U((C?)®™) which we extend to the
more general setup in the following Lemma.

Lemma 4.13 (Dyson expansion of toggling frame evolution). Consider the same assumptions
as in Lemma The Dyson series of the toggling frame evolution after time T is given by

k k
S Y S e (Hnm)®(nbamvrm) s s
m=1 m=1

k=0 ge A* 7eNk

where we defined the multi-indices @ = (a1,...,a;) € A¥ and 7= (rq,...,7%) € N§ and
where the scalars F ™) are defined as
(O{l,...,ak)
k
FL = ]:;11: ’;kk = / / / H m)di- - drodm (4.51)
=1
for k € N and where the functions F, g are given by Eq. (4.49). O

We will sometimes write
Fi = For) ({Fays¥is)

to emphasise the dependence of the scalars on the functions Fy, 5.

Proof. The toggling frame evolution z''(T) generated by (4.48) can be expanded in a Dyson
series since A is finite and

X% = Fo(t/T)Ya @ Ba(t)|| < Yo | Bal )
tgf?’%]” )l = H%%I% (t/T)Ya @ Ba(t)|| Hfg;cz:ll [/ Ba(t)]| < o0

The Dyson series (cf. Definition of the toggling frame evolution is defined as

0 T ps1 Sk—1
() =3 / / / XU (51)X Y (s2) - - XV (s )ds .. dsodsi |
/o Jo 0

A substitution of the integration variables and insertion of the toggling frame generator (4.48|)
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from Lemma yields

0 1 rn Th—1
= Z T* / / e / XY TYXY(T) ... XN, T) dry, . .. drodmy
i~ Jo Jo 0

_ ,ng/ol /071.../07“ (Y Fuuln)Ya, ® Bay (nT))-

a1 €A

( Z Fo,(12)Yo, ® Ba, (TQT)) ( Z Fo (T1) Yo, ® Ba, (TkT)>di ... d1odm

az€A ap€A
o 1 Tk—1 k k
Z // / H Fam Tm am> ( H Bam )di .drodr
k= 0 0 m=1 m=1

where in the last line, the multi-index @ = (o, ..., ax) € AF for k € N is introduced. Let us

further compute the integrand, namely the term
k k oo k
1T octont) = 1 (35 b)) = 5 (T i)
m=1 m=1 \r,=0 FENS m=1

Here, we use the analytic expansion of the environment operators from Eq. (4.45) and intro-
duce the multi-index 7 := (r1,79,...,7) € NE. Inserting this into the Dyson series of z'f(T)

becomes
k
Doy [ (T o )
k=0 aec Ak m=1
k
® > (H Doy o T ,Z’;”T“”) dry . .. dradr
FENE \m=1
o0 k k
Z Tk+r1+r2+---+7“k <H Yam> ® <H ba,, 7»m>
k=0 ae Ak m=1 m=1
1 rm Th—1 k
/ / / H Fam(Tm)T;{” At ... dmodm
o Jo 0
o0 . k
= Z Tk+2m:1 m (H YOém H bOém T'm ;117 7rk ({Famﬁ}m 1) ’
k=0 ge A* 7eNk m=1
where }"((rl’.__’r’“ ({F.,, s}k _)) is given by Eq. (&51). [ ]

Eq. (#.50) shows the Dyson expansion of the toggling frame evolution z*(T). One can directly
read off the Nth order term in 7" — more precisely, the term of order k + Z 1Tm in T It

acts trivially on the system if for every tuple (k,7) € N x Nk such that N = k: + Zm:l Tm
one of the two following conditions is satisfied:

(i) either the product H Y,,, amounts to the identity (up to a complex phase), i.e,
there is a ¢ € K such that Yo, - Yo, = clg for all (aq,...,a;) € AF);

(ii) or the scalars .7-"((T1 """ ") Vanish for all (ai,...,a3) € AF,

a17~"7ak)
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To ensure that all terms up to order N in T of the Dyson series vanish, it is necessary
that .7-"((;1’ ’T’“k)) vanishes for the parameters for which the first statement does not hold.

This gives the following statement (cf. [86, [103]).

Theorem 4.14 (Decoupling criterion [86]). Consider the same assumptions as in Lemma[4.12]

Let N € N and let ]-"((;1’ ’T’“)) be defined as in . Assume that

forallk €N, rq,...,7. € Ng, and a1, ..., € A

(4.52)
such that k+r1 + ...+ 7, <N, Y,, - Yy, & Ig

e (Famsum ) = 0 {

where we write B o« Ig if B is not a scalar multiple of the identity Ig.

Then there is a constant C' > 0 independent of N and an operator B € B(#z) such that
|z"(T) — Is ® B|| < ¢ TN+ . (4.53)

where || - || denotes a norm on B(Hgs ® HEg). O

Proof. This is a direct application of Lemma The toggling frame evolution after time T
is given by Eq. . From this equation, one can directly read off the Nth order term in T’
as described above. Eq. states a condition under which zf(T") acts trivially on the
system up to order N in T. Since z'(T) = 2"%(T), the same holds for 25(T). [ |

Let us add two remarks: First we note that the constant C' in Eq. (4.53]) depends on the norm
f(Thmﬂ”k)

(a1 yeeeyuge)
depend on the family of functions {F,,, s} _, from Eq. (4.49). The latter functions are
defined by the pulse times ¢ty and the map S from ) that specifies which pulse gy

is applied at time t). As a consequence, the scalars .7-'((T1 """ T’“)) fully capture the decoupling

of the original environment operators B, (t). Second, we emphasise that the scalars

properties of the associated pulse sequence by the statement (| -

In some cases — such as homogenisation of bosonic modes (cf. Section |4.3.3) — the strong
form of decoupling as in Eq. may be achievable, but a weaker form is still beneficial
for information processing tasks. That is why we define a weaker form of Eq. : Here,
the resulting evolution may act non-trivially on the system but it is reduced to a particular
form, specified by a single basis element Y € g, up to order N in T'.

Corollary 4.15 (Modified decoupling/homogenisation criterion). Consider the same assumptions
as in Lemma Let N € N and v € A be fixed. Assume that

(r1yeerss) k for allkEN,Tl,...,Tk GN(),Oél,...,Oék cA
]:(oé1 ) ({Fam,ﬁ}m 1) =0
ek such that k+ri + ...+ 7, <N, Y, - Yy, ¢ {I5,Y,}.

Then there are a constant C' > 0 and operators Bl, Bg € B(HE) such that
|2"(T) — Is ® By — Y, ® Bo|| < CTN T,

0

Proof. The proof is analogous to the one of Theorem From Eq. (4.50), one can again
read off the Nth order term in T [ |
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Note that in Corollary we specify an element Y € g by the index v € A, i.e., we
write Y,. This (at first glance cumbersome) notation will prove useful later when considering
the NUDD pulse sequence.

4.5.3 Examples of decoupling achieving pulse sequences

Let us stay in the above framework and present two functions {F, g}aca that satisfy the
conditions of Theorem[4.14} the functions associated with the UDD and the NUDD sequence,
both of them are presented in Sections and respectively.

NUDD sequence functions

A first example concerns the NUDD pulse sequence. Let us shows that it falls into the
framework defined above and that its associated functions F,, g satisfy Eq. . Note that
this result has been shown before since the whole above analysis (DD on general matrix Lie
groups) is itself a generalisation of the NUDD universality proof by Jiang and Imambekov [86].

We make a little adaption compared to the notation from Section m (where we considered
the NUDD pulse sequence): here, we consider NUDD for m + 1 qubits which are labelled

from qubit 0 to qubit m. In this new notation, the pulses are applied at times tQUDD = A\T
with Ay from Eq. (4.39) for
AeA={0,1,... N}P2m+h (4.54)

As described in Section the decoherence is described by the Hamiltonian H°"® from
Eq. (4.38) for n = m + 1. Here, the multi-qubit Pauli operators

Oa =04y @ ®0,, for ac(z3)™ (4.55)

depend on the single-qubit Pauli matrices o4, from Eqgs. . Furthermore, let the environ-
ment operators B, (t) have analytic series expansions that satisfy Eq. . Hence the Hamil-
tonian H°"8(t) falls into the framework of Definition defined above. Let g = u(2™*!) be
the Lie algebra of the unitary group with basis {aa}ae(zg)mﬂ and let G := U(2™*!) be the

associated Lie group of unitaries on (C2)®("+1) The adjoint action of G is given by
ngaaaﬁ = (-1){*Pg, for o, § € (Z3)™ | (4.56)
i.e., it satisfies Eq. (4.42]) where the function

Flo, B) = (. B) = > a] Jb;
j=0

is the symplectic inner product between the indices «, 8 € (Z%)mﬂ.

The NUDD pulses are given by Eq. (4.40)) for N even and by Eq. (4.41)) for N odd, i.e., they are
multi-qubit Pauli-matrices ognuop(y) where for A from (4.54) the map BNUDD . Ay (72)m+1
is defined as follows: For N even it is given by

(0,...,0,1,0,0,...,0) if A= (O,...,0,f2j+1,...,€2m+1), where €2j+1 750

BNUDD(}\): 2j
(0,0,...,0,1,0,...,0) if A=(0,...,0,02,...,0opms1), Where fo; #0 .
N——

2j+1
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Since the pulses for N odd are defined slightly differently, we have

(1,1,...,1,1,0,...,0) if A= (O,...,O,f2j+1,. . .,f2m+1), where €2j+1 75 0
N——
ﬁNUDD(}\) — 2j+1
(1,...,1,0,1,0,...,0) if A=(0,...,0,0,...,0m+1), where lo; # 0
N——
2j
in this case. In summary, the NUDD sequence falls into the framework of Definition and
its DD properties are fully captured by the associated functions F, gnoo from Eq. (4.49),

(e}

more precisely by the scalars ]:g({FamﬂNuoo}’fn:l) for ay,...,ap € (Z3)™"! from Eq. (4.51)).
For the map SNYPP | a direct computation shows that

Ky
Z<O‘7/8NUDD(:MJ')> =a-A for T € {A/MA)\J") :

pn=1
Here, K, is from Eq. (4.24]), the label
A =min{p e A | A, > Ay} (4.57)

is used to denote the pulse that follows the pulse with label A and

m

O")‘:Zzoaj'<€2j >

b1
= J

is the scalar product between the indices o and A. Together with the following lemma, this
implies universality of the NUDD sequence.

Lemma 4.16 (Properties of the NUDD pulse times [86]). Let N € N and A = {0, ..., N}?>™+2,
Consider the NUDD times Ay from Eq. (4.39) for A € A. For o € (Z3)™! =: A define the

piecewise constant functions

FNUPP 0,1] — {-1,1},
F(L\IUDD(T) — (_1)‘1')‘ for 7€ [Ax, Axt),

where A is defined in Eq. (4.57). Then

F§ ({F(L\I-UDD}?:1> 0 for all k € N, 7 € N, and & EkAk such that
! k—|—r1+...—|—rk§Nand @lzlaz#((oa()%?(oao))

where for k € N, 7:= (r1,...,7%), @ = (a1, ...,ax) and & denotes addition modulo two. [

Note that FNUPP — & o, gNubp Which we write to shorten notation. For the proof of Lemma

we refer to the original work by Jiang and Imambekov [86]. The basic idea is to represent the

recursive integrations over 7 to 73 in f((gll’iiz’;kk))({Fo'é\'iUDD 7 ,) as a discrete quantum walk on
a functional space where one chooses the basis of the latter such that it can suitably represent

the piecewise constant functions FNUPP,

Lemma implies that the NUDD sequence of order N in every of the 2(m+1) nesting level
achieves Nth order DD. Furthermore, it implies that any pulse sequence which is associated
with the functions F\UPP for a € (Z2)™*! achieves Nth DD in the sense of Theorem m
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UDD sequence functions

The second family of functions F,, g that we present here is associated with the UDD sequence.
As discussed in Section it can be regarded as a special case of the NUDD sequence
with a single nesting level, i.e., with only o,-pulses.

Here, the two sets from the general setup in Definition are given by A = {(0,0),(0,1)}
and B = {(1,0)}, i.e., we consider pure dephasing noise and only o1 o) = o, pulses for the
Pauli matrices from Eq. [£37). Recall that the UDD times ¢y°° = A;T for j = 0,1,..., N
are given by Eq. . Using again the qubit commutation relations @, one finds for the
UDD sequence that SYPP(j) = (1,0) for all j = 1,..., N, and that SYPP(0) = (0,0). Hence

(~)EE BP0 = ()T = (-1 for t € [A;T, A T)

where a = (a1,a2) € A and K, from Eq. . As a consequence, the phases in F,, guoo(t),
and hence the DD properties, do not depend on the label a;. Furthermore, the second
label ao is given by 0 or 1 for the two Pauli matrices that appear in the dephasing noise
channel o) = I and o(g 1) = 0, respectively.

Lemma for a single nesting level directly implies the following statement.

Lemma 4.17 (Properties of the Uhrig pulse times). Let N € N and A; be given by Eq. (4.36))
for j =0,...,N. For a € Zsy, define the function FYPP: [0,1] — {—1,1} via

FYPP (1) =1 for all 7 € [0,1] and
FUPP(7) = (—1) for all 7 € [Aj, A1) .
Then
7 ({F;’ADD}QLl) . for all k € N, 7€ N&, and 7 € {0,1}* )
: such that k+r1 + ...+, < N and @;_; o; =1,
where for k € N, 7:= (r1,...,7%), @ = (aq, ..., ax) and & denotes addition modulo two. [

Similar to the NUDD functions FNUPP we write FVPP = F,

[0}

Note furthermore that the condition @le a; # 0 is equivalent to @?:1 a; = 1.

puoo to simplify the notation.

Lemma does not guarantee universal dynamical decoupling for a single qubit. Only
decoherence Hamiltonians of pure dephasing, i.e., H"8(t) = I ® By(t) + 0, ® Bi(t), are
approximately averaged out. We use this lemma in the context of higher order bosonic
decoherence suppression schemes (cf. Section .

4.6 Higher order bosonic decoherence suppression

Let us return to the CV setting. Here, we consider bosonic decoherence suppression in the
sense of Definition |4.8| and propose a novel and efficient Nth order decoherence suppression
scheme.

We first set the stage by defining the passive Gaussian unitary pulse in Section [£.6.1} this is
the same pulses as proposed by Burgarth, Arenz and Hillier [12] for their first order scheme
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but we adapt the pulse timings to prove higher order decoherence suppression. In Sec-
tion we construct a concrete pulse sequence which uses IV applications of this pulse to
achieve Nth order decoherence suppression — hence admitting the same linear scaling as the
Uhrig DD scheme. We choose the (non-equidistant) pulse times associated with the Uhrig
DD scheme. More precisely, we formulate a sufficient condition for Nth order decoherence
suppression in terms of the pulse timings: we find the same integral equations as for the
UDD sequence (cf. Lemma . In Section we analyse the question how sequences
with this (same) pulse but with different pulse timings perform in comparison to the Uhrig
decoherence suppression scheme proposed before.

4.6.1 A bosonic pulse for decoherence suppression

Definition 4.18 (Decoherence suppression pulse). On a quantum system of ng € N bosonic
modes, define the unitary U := (Urot(w))(gms where U,ot() is the passive Gaussian unitary

from Eq. (2.43)) in Section [2.2.5

As computed in Section the unitary U acts as the sign flip on all quadratures, i.e., as
UtQuU = —-Q, , U'PU=-P,
for k=1,...,ng and its associated symplectic matrix M € Sp(2ng,R) is
M = =1y, . (4.58)

The matrix M is an exponential of 7J,, i.e., it is generated by 7ls,, € sp(2ng,R). This
unitary U was previously used in Theorem 4 of [12] where it was shown to achieve decoherence
suppression up to first order.

In the following we will consider CV pulse sequences at the symplectic level (cf. Deﬁnition,
more precisely, those of the form

({tj}le,{M}]Lzl) , where M — I, as in Eq. (4.58) , (4.59)

and analyse their (higher order) decoherence suppression properties. As a consequence, the
only freedom of choice is in picking the number of pulses L and their timings {tj}jl;zl. In
Section [£:6.2] we will prove Nth order decoherence suppression is achieved when using the
pulse timings of the Uhrig dynamical decoupling sequence whereas in Section [4.6.3] we com-
pare the Uhrig pulse timings to other pulse timings and discuss the efficiency in terms of
decoherence suppression order and dependence on pulse timings.

Decoherence suppression

Consider a pulse sequence of the form of Eq. (4.59) in order to analyse the decoherence
suppression properties.

Since such pulses change the signs of the quadrature operators (acting as M = —I,¢ on the
vector of system quadratures R), the symplectic control evolution of the pulse sequence (4.59)
is of the simple form

K «
Scontrol(t) — (H M) e IQns = (-1)2]21 112715 D IQnE (460)
j=1
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where M = —Iy, and K; is defined in Eq. (4.24). Let the function o : [0,1] — {—1,1} be
given such that

1 if t € [tj,tj41) for j even ,

_ ] (4.61)
-1 ifte [tjathrl) for j odd ,

o(t/T) = (—1)Zih L = {

where we set £y := 0 and tp11 == T. The function o defines a pulse sequence (4.59)) since the
normalised times ¢;/T" € [0,T] correspond to the values at which o changes the sign. As a
consequence, the control evolution (4.60) takes the simple form

Scontrol(t) — O'(t/T)IQns @ Iopy -

The setup we consider is that of Definition [4.6] i.e., system and environment interact via an
original generator X°"& : [0, T] — Sp(2ns + 2ng, R) with analytic time dependence. Then
the generator of the toggling frame evolution from Eq. (4.27)) can be written as

th(t) — Scontrol(t)—lXorig(t)Scontrol(t) _ <O.(t;§-v§§(('tE)S(t) U(té(];)g((if(t)) 7 (462)

i.e., the system as well as the environment part both do not change over time whereas the
off-diagonal blocks mixing the system and the environment quadratures change the sign.

4.6.2 Uhrig decoherence suppression for bosonic systems

Let us give a sufficient condition on the function o, or equivalently on the pulse times {; }5:1,

for decoherence suppression up to order NV in T in the sense of Definition

Lemma 4.19 (Sufficient condition for decoherence suppression). Let N € N and let further-
more o : [0,1] — {—1, 1} be a piecewise constant function that satisfies o(0) = 1 and changes
the sign N times. Suppose that this function satisfies

1 prm Tk—1
/ / / o(me)™ o (m) k- dry - - - drad = 0 (4.63)
0 Jo 0

forall k e N, r1,...,7 € Ng and 71, ..., € Zo such that

k k

k‘—i—ZrmgN and @*ymzl.

where @ denotes summation modulo 2.

Then the pulse sequence from Eq. (4.59)) where {t;/ T};V: , are the values at which o changes
the sign achieves N'th order bosonic decoherence suppression in the sense of Definition[f.8, O

The proof strategy is the following: One expands the toggling frame evolution S*(T) in a
Dyson series, which is expressed in terms of the function o. One concludes the proof by
showing that the condition implies that the higher order (larger than N) terms of the
off-diagonal parts (S*(T))gs and (SY¥(T))sg of SY(T') vanish.

Proof. By the assumption (4.23)) on the pulse sequence we have SY(T) = S*(T'). Hence Nth
order decoherence suppression in the form of Eq. (4.31)) is equivalent to the statement that the
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off-diagonal terms (S*(T))sg and (SY(T))gs of the toggling frame evolution (4.29) vanish
up to order N in 7.

Let us therefore consider the Dyson series of the toggling frame evolution S¥(T) which is
given by Eq. (4.28). It is a 2(ng + ng) X 2(ng + ng) matrix of the block form

¢ (SH(T))ss  (SU(T))sm
ST = <(Stf(T))ES (Stf(T))EE>

where the two off-diagonal (more precisely, off block diagonal) matrices have Dyson series’

k—1
(Stf / / / th (s1) th(sz) th(sk)> Edsk ...dsadsy
(4.64)
(S™(T)) s = Z/ / / th (s1) X (s5) - --th(sk))ES dsg ...dsadsy .
Let us start by computing the expression
(th(sl)th(sz) . -th(sk))SE (4.65)

for s1,...,s, € [0,T]. For k € N and a pair (C, D) € {9, E}? it will be convenient to introduce
the set v (C, D) of sequences (A, B) = (A1, ..., Ag, B1,..., Bg) which satisfy

(A,B) = (C,By,...,By_1,By,...,By_1,D) . (4.66)

Since every X% (s;) for i = 1,..., k is a matrix of the form

gy — (X5s(sk)  Xgp(sk)
X" (sk) = (X%i(sw X%ﬁ(%)) ’

the matrix product in (4.65) can be expressed as

(X)X M s2)- - X)) = D0 X (s0) e X (s0) (4.67)
A,Bev(S,E)

where we used the set of sequence v (S, F) from Eq. (4.66)). For the pulse sequence (4.59), we
computed the form of the toggling frame generator in Eq. (4.62). An insertion of this (4.62))
into Eq. (4.67) yields for k € N

(X0 X)) = 3 oo ()™ K (51) - Ko (s1) , (4.68)
(A,B)ev,(S,E)

where we defined the expression

(0. D)= |0 H(CD) {55, (F B}
T @D) e {(8.5). (B, 9))

and, to shorten notation, we write o; = «(A;, B;) for i = 1,...,k and for (A, B) € v;(S, E).
Note that property (4.66]) implies that

k k
@ Za (A4;,B;) mod2=1, (4.69)
i=1

=1
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Figure 4.4: CV Uhrig decoherence suppression schemes from Theorem the orange dots
signify application of the pulse unitary U,o(7) (from Definition on the respective mode
and solid blue lines represent evolution under the decoherence Hamiltonian H°8(¢) on system
and environment in between the pulse times.

for all (A, B) € vi(S,E) and all (A, B) € vx(E, S).

By assumption, furthermore, the submatrices of the original generator X°"&(¢) admit the
analytic expansions

o0
XaB,(t) = Z Xa;B;rit"
r; =0

where A;, B; € {S, F} and where i = 1,...,k. Let us now insert this together with Eq. (4.68)
into Eq. (4.64). This implies

(S™(T))sp = kijo/: /081 .. /OSIH Z (J <%>Q(A17Bl) Y <$?k)a(Ak,Bk))
- (A,B)evg(

cv(S,E)

. ( Z XAlBl,nST) ce ( Z XAkBk,rk32k>d3k .. .dSQdSl

r1=0 re=0

o

k
- i Z Z Tk‘”l“""‘”k (H XAiBi,Ti>
k=0

P11k =0 (A, B) vk (S,E) =1

1 rm Th—1 k
. / / .. / HU(Ti)a(Ai’Bi)TZi dry, . ..dmdn
0 Jo 0 paley

where in the second step, we performed a variable substitution. By assumption

1 r7m Thk—1 k
/ / . / H o(m)%r" | dry...drodm =0
0 Jo 0 paiey
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forall k € N, rq,...,7x € Ng and aq,...,ar € Zy such that

k k
k+) ri<N  and Poi=1. (4.70)
=1

i=1

Here, the last condition of (4.70) holds for a; = «a(A;, B;) due to property (4.69)) of all
sequences (A, B) € (S, F). Hence the terms in (S*(T))gg of order higher than N vanish.

In summary, we proved that
(S*™(T))sp = O(TNF) . (4.71)

A similar reasoning for (SY(T))gs yields that

k
(SH(T Z Z Z T, H Xa,5, 0,

=07r1,...,7x=0 (A,B)€vi(E,S) j=1

/- / / ( )a(Ai,Bi)Tiri> di e dTQdTl .

Here, property (4.69) of sequences (A, B) € vix(E,S) as well as the assumption (4.63) guar-
antee (SY(T))ps = O(TNT1). Together with Eq. (£.71)) and using that S™5(T) = S¥(T) this
implies that there are two constants cq, cy > 0 such that

2

tf
I57=(7) - (5*ss @ (" Deel = | ( sy 0 )

T))Es
= [|(S*(T))sell® + 1(SUT))sel?
< (el +c3)T*" Y

By choosing Sgg = (Stf(T))SS and Sgg = (SY(T))gE one obtains that the resulting evolu-
tion S™(T') satisfies Eq. (4 , i.e., the pulse sequence achieves decoherence suppression in
the sense of Definition [£.8l [ ]

A concrete pulse sequence will achieve Nth order decoherence suppression if its associated
function o (or equivalently its associated pulse times) satisfies the integral equation (4.63]).
Let us now construct a pulse sequence which satisfies this sufficient condition. Recall the
definition of the scalars ‘7:((;11’,“) in Eq. (4.51)) of Lemma |4.13; One can easily see that

Q)

s (o) = [ [ H o)) d. iy

Lemma [£.19) hence gives a sufficient condition for decoherence suppression: a pulse sequence
defined by the function ¢ achieves Nth order decoherence suppression if o satisfies

_ o forall k e N, rq,...,r € Ng, aq,...,0p € {0,1}
(1 ({J ik 1) —0 { (4.72)

0417 ,ak such that k + Zle r; < N and @le o; = 1.

An example of such a function is the UDD pulse time function (as shown in Lemma [4.17]).
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Theorem 4.20 (Uhrig decoherence suppression). Consider a system of ng € N bosonic modes
and an environment of ng € N bosonic modes. Let X°"8 : [0,T] — sp(2ng + 2ng,R) be a
time-dependent analytic generator that satisfies Definition [4.6]

Then the (symplectic) pulse sequence
({7°P Yy {—tns 1o )

for UDD pulse times t;JDD = TA,; where A; from Eq. (4.36) and for the symplectic
pulse —I,, associated with the unitary U from Definition achieves Nth order de-
coherence suppression in the sense of Definition O

Proof. Let us first show that o(¢)® = FYPP(¢) and o(t)! = FPP(¢) for t € [0,T]. This can
be seen since ‘
o(r)) = (—1)7 = F,;JDD(T) for 7 € [Aj, Ajq1)

for v € {0,1}. This function o satisfies Eq. (4.63]) by Lemma As the assumptions of
Lemma are satisfied this lemma implies that the above pulse sequence achieves Nth
order decoherence suppression in the sense of Definition [£.8] [ |

We note that there are two remarkable features of this result: the number of required pulses
to achieve a suppression order N is equal to this parameter NV —i.e., it grows linearly with V.
This number is furthermore independent of both the number of system modes ng as well as
the number of environment modes ng. As a consequence, the pulse sequences are extremely
simple and resource-efficient. Fig. shows this bosonic UDD decoherence suppression
scheme of order N = 4 an order N = 7.

4.6.3 Decoherence suppression of a single mode for arbitrary pulse
times

Here we consider the effect of a pulse sequence of the pulse from Definition but with
arbitrary pulse times {tj}le. We are particularly interested in the question which pulse
times are optimal in terms of decoherence suppression order and which pulse times achieve
best effective decoherence suppression in dependence of certain aspects of the environment

and the initial state.

Optimality of UDD times

In Theorem we showed the following: we established sufficient conditions on the pulse
times such that the pulse sequence — using the pulse U from Definition [£.18]— achieves Nth
order CV decoherence suppression. More precisely, these conditions are given by the integral
equations where the function o defines the pulse times via Eq. . Furthermore,
they are the same as Uhrig [161] found to achieve Nth order dynamical decoupling of single-
qubit against pure dephasing noise using o,-pulses: As shown by Uhrig, the UDD times
satisfy these integral equations and they are furthermore optimal in the sense that they
require the lowest number L of pulses to achieve Nth order DD /decoherence suppression. In
this sense — achieving the highest decoherence suppression order using the least number of
pulses — the UDD times are optimal in the bosonic setting as well. More precisely, under the
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assumptions that we only use the sign flip pulse from Definition [4.18] and that decoherence
is described by quadratic Hamiltonians with analytic time dependence, the UDD pulse times
achieve the optimal scaling between the number of required pulse times and decoupling order
— a linear scaling.

Other measures of pulse sequences

The asymptotic scaling described by the relation between the number of pulses and decoupling
order is not the only relevant figure of merit. When additional information on the initial
state (to be protected) and the environment is at hand, it might be more relevant to directly
compute the error experienced by this initial state and compare this error of different pulse
schemes. For dynamical decoupling in the finite-dimensional setting, one wants to know how
well a given initial system state pg is protected from decoherence, i.e., how well it agrees with
the resulting system state pi¥® = trp(p™), where p' = U'(T) (ps ® pg) U™ (T)T denotes
the resulting system-environment state after time 7" under the decoherence evolution and the
pulse sequence.

Recall from Definition that a bosonic pulse sequence achieves (exact) decoherence sup-
pression if U™(T) = Ug ® Ug where Ug and Ug are system and environment unitaries,
respectively. Hence the relevant question in the bosonic setting is how well the map

ps = ps” =trp (U (1) (ps @ pE) U reS(T)T) (4.73)

corresponds to a unitary transformation. If furthermore the initial environment state is
assumed to be Gaussian (e.g. a thermal state), this simplifies to the following task: quan-
tify how well the map corresponds to a unitary Gaussian transformation on a given
state. A measure of the ‘non-Gaussian-unitarity’ then quantifies the error of the decoherence
suppression scheme. Here, we choose the quantity

T res
5ol o [ISVsST = Vs= ()|

as such a measure, where Vg is the covariance matrix (cf. Definition of an Gaussian
initial system state pg and V§®(T) is the covariance matrix of the resulting system state p5®.
This is a suitable measure for the unitarity since we find that this norm difference does not
depend on the initial system state pg, as long as it is Gaussian, but only on the properties

of the original Hamiltonian, the pulse sequence and the environment temperature.

In this section, we will compute this error for a concrete example system for bosonic deco-
herence suppression: a single bosonic mode, an environment initially in thermal equilibrium,
a specific noise model and the bosonic decoherence suppression pulse sequence with pulse U
from Definition and a priori unspecified times {tj};;:l. Surprisingly we find that the
quantity which characterises this non-unitarity in our model is the same as the quantity
characterising the non-optimality of qubit DD in the spin boson model (cf. next paragraph).

This analysis is inspired by the finite-dimensional case where the UDD pulse times are com-
pared to more general pulse times.

Optimality of pulse times in the spin-boson model

Let us first briefly recap the case of a finite-dimensional system: In the spin boson model,
the system Hg = C? of a single qubit is coupled to an environment of bosonic modes via the
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Hamiltonian

D= wiblbi + o> N+ bi) (4.74)
=1 1=1

Here, bj and b; are creation and annihilation operators on the environment, respectively,
and wj, A; are real parameter&ﬂ In [162], Uhrig analyses the dynamical decoupling properties
of o-pulses at priori unspecified pulse times t1,ts9,...,tr. He investigates the effect of various
cut-offs of the environment spectral density

o0

J(w) = Z Mo(w —w;) .

i=1

He finds that the harder the high-frequency cut-off the better the pulse sequence with UDD
times performs.

Let system and environment initially be in a tensor product state where the environment is
in thermal equilibrium at inverse temperature 3 and

[thinie) == €™/ |0) = — (I + io,) |0) (4.75)

1
V2
is the system’s initial state — the +1-eigenstate in o,-basis rotated about the x-axis by the

amount 7/2. The figure of merit considered is the so-called signal at time 7', a quantity
defined as

s(T) = (Winit U (T) 0y U™ (T) hinit) -

It corresponds to the expectation value of oy, in the time-evolved state, i.e., the initial state
from Eq. (4.75) undergoes the evolution U™(T") followed by a o,-measurement.

If no pulse sequence is applied, then U™ (T) = U°8(T) = e~ITH®  Ag g consequence the
signal is given by s(7T') = e=2x0(T) je., it is the inverse exponential of the parameter

xo(T) == /OOO Ju(;)) coth (%)481112 (%)d@u = i :’Z coth (5;Ui>4sin2 (W;T>.
i=1 1

Note that this reproduces an earlier result from the same author [I61]. If a pulse sequence
of o,-pulses at times t1,to,...,¢r is applied, then the resulting evolution

(T — sb i _ sb i _ sb _ sb
leres<T):6 i(T—tp)H ope i(tp—tr—1)H Oprrre i(ta—t1)H ope it1 H

gives the signal s(T) = e=2X(T) (cf. [162]). It is the inverse exponential of the parameter
° Sp(w
@)= [ o) Pa

- JL@ coth @‘*’) 2 T) P (476)
_ Z ny wiT)|2 coth (%’) .

$We note that there are other conventions for the parameters in H*® — such as the one used in the work [162]
on optimality of the UDD sequence by Uhrig — where A; — \;/2 compared to Eq. (4.74]). For easier comparison
with our bosonic model, we consider Uhrig’s results for the spin boson model in the form of Eq. (4.74]).
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Here, Sg(w) = J(w) coth (Bw/2) is the noise spectrum of system-bath couplings and the filter
function

L
yr(z) =1 —e” + 22(—1)jeith/T (4.77)
j=1

encodes all properties of the pulse sequence.

In the following, we translate this analysis to the bosonic setting. More precisely, we construct
a specific system-environment model in which we find that the same expression (4.76|) charac-
terises the optimality of the pulse times in the exact same way as within the finite-dimensional
setting.

Pure bosonic model and decoherence suppression

The model we consider is a pure-bosonic relative of the so-called spin-boson model.

Let one system mode with mode operators @ and P (we write (Q and P instead of Qf and PIS
for the system quadratures in order to shorten notation) be coupled to several bosonic modes
of the environment ); and P; for ¢ = 1,2,...,ng. Let the original system-environment
Hamiltonian introducing decoherence be of the form

N - -
Horie — 3 Zwl(QzQ + PzQ) +Q Z Qi . (478)
i=1 =1

The Hamiltonian H'¢ captures quadratic terms in the mode operators, i.e., it is a special
~ 2(1+

case of the more general form H°" = 3 j,(kzln £) A (t)Rj Ry, from Eq. (4.19) for the vector

of quadratures RT = (Q, P, Q1, Qo, . ..  Qng. P, Pa, ..., Py, ) and for the matrix

0 0 M O01xng
_ 0 0 O1xng  Oixng 2(14+np)x2(1+ng)
A=) . o e | €R , (4.79)
0nE><1 0nE><1 0 Q
where .
A= (A1 Az o Any) , Q= diag(wi,wa, ..., wny) -

Note that the matrix A(t) = A does not dependent on time.

We will analyse the unitarity of the resulting evolution U™5(T") after application of the de-

coupling pulse T (Q2+P?)
U — ci% (4.80)

from Definition at times t1,ta,...,t; € [0,7] and evolving under UT8(¢) := ¢~ #H"™ in
between. This resulting evolution is of the form

U™S(T) == e T ( @ Ig) ... e - H () @ [)e 8 H™ (4.81)

We will show for general pulse times that U™ (T acts jointly on the system and the en-
vironment and that it is not of a tensor product form Ug®(T) @ Ug*(T) for two Gaus-
sian unitaries USS(T) € U(L*(R)) and Ux*(T) € U(L?*(R™®)): the above pulse sequence —
pulse U applied at times t1,t9,...,tr, € [0,T] — does not achieve decoherence suppression in
the sense of Definition [£.8] For this general case we will introduce a quantity which charac-

terises the error made, i.e., a measure for the amount of non-decoherence-suppression: the
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non-Gaussian-unitarity of U*(T"). We will characterise the non-unitarity and thereby non-
decoherence suppression property by a parameter, which is similar to the so-called ‘signal’

from Eq. (4.76)).

In order to do so, we assume that at time ¢ = 0, the single system mode Hg = L?(R)
is decoupled from the environment such that the latter is in thermal equilibrium of inverse
temperature 8 € R, : the joint system-environment state is in tensor product form ps® pg(3)
where ps € D(Hs) denotes the original system state and

6_5% Z?:E1 wi(Q?"‘PE)

4.82
tr <e—ﬁ P wz‘(Q?+P3)) (4.82)

pe(B) =

is the thermal state of inverse temperature 3 (cf. Section [2.2.3)).

Theorem 4.21 (Optimality of Uhrig times for CV decoherence suppression). Consider the setup
described above. Let Vg be the covariance matrix of the original system state pg € D(L*(R))
and let pg(5) be the thermal state on ng € N environment modes for inverse temperature (3

from Eq. (4.82]).

Then the 2 x 2-block (i.e., the system block) of the covariance matrix of

pe(T) = U™(T) (ps © p(B)) U(T)"

T
res 1 0 1 0 0 O
VS (T) = (xres 1) Vs (xres 1) + (0 yres>

S

can be written as

where the two real parameters ' and y** are given by

nE |9
=3 % (wiT — sin(wiT)(Re(yr (wiT)) + 1) + (cos(w;T) — 1)Im(yL(wiT))) :

i=1 1t

res < A? /Bwl
. :=Zw_2|yL<wiT>|2coth< . ) ,

=1

for yr, from Eq. (4.77]). O

The remainder of this section is dedicated to the proof of this result. The proof of Theo-
rem is divided into three steps: Steps one and two in Lemma and analyse the
resulting evolution U(T'). It will be convenient to write it in terms of the operator

V(t) = U iUuerie(t) = T et (4.83)

i.e., as the pulse U in the interaction picture associated with the original evolution U°"&(¢).

Step 0: Preliminary computations of symplectic matrices Since the proofs through-
out this section are conducted at the level of the symplectic group and its associated Lie alge-
bra, we start with some preliminary computations, where we compute the symplectic quanti-
ties associated with the relevant unitaries. First, recall that U8 (¢) := ¢~#H*" = ¢~itRT AR/2
is associated with a symplectic evolution S°8(t) := e*/4. for the symmetric matrix A from



4.6 Higher order bosonic decoherence suppression 129

Eq. (4.79). Direct computation shows that

1 0 O1xnp O1xnp
orig _ tJA _ ZC(t, Qa )‘) 1 wT(tv Qv >‘) UT(ta Qa )‘)
STE(E) = e v(t, 0 N) Oppx1 cos(t) sin(Qt) (4.84)
w(t, ) Opyx1  —sin(Qt) cos(2t)
where
e QQm—lth .
v(t, Q,N) = ;(—1) W)\:Q (cos(Qt) — D)\, (4.85)
oo Qth2m+1
LN == ) (=) A= Q" sin(Qt)A 4.
w(t,2,\) mZ:jo< " T sin(Q)X (4.86)
T e QQm—1t2m+1 T )
QN ==\ —1)"M———— A= A Q7 4(sin() — Q) . 4.87
2(t, 9, ) PIC (sin(Qt) — Q) (4.87)

Furthermore, we will need the inverse of the original evolution and its associated symplectic
matrix, i.e., Uorig(t)T = WH™® — eZtRTAR/Q and Sorig(_t) = e 1A where

1 0 OanE O1><nE
Sorig(_t) — e—tJA — —l’(t, Q, /\) 1 _wT(tv Qa )‘) UT(ta Q, )‘)
v(t, A Oppxi cos(Qt) —sin(Q)

—w(t, 2, A) Onpx1 sin(2t) cos ()

Here, the sign change ¢ — —t implies v(—t,Q,A) = v(t,Q,N), w(—t,Q,\) = —w(t,Q,N),
and x(—t,Q,\) = —x(t,Q,\). Another quantity, that we will use, is the symplectic matrix
associated with the unitary

GitH . iUt HOEU _ ~GtRTAR (4.88)
which is et/4. Here, the Hamiltonian H is defined as the conjugation of the original Hamil-
tonian H°' with the pulse unitary U from Eq. (4.80), i.e., as

n n
H:=-U'H™8U = — (% Y wi(Q+P)-Q> )\iQi) = % > AjR;Ry, . (4.89)
i=1 i=1 .k
It agrees with the original Hamiltonian H°"'® up to a sign change of €. In other words, the
map A — A corresponds to the substitution Q — —€. Under this substitution, w(t,—Q,A) =
w(t, 2, A) and cos(—Qt) = cos(2t) both stay unchanged (cf. Eq. (4.86]) where only even powers
of  appear), whereas v(t,—Q,\) = —v(t,Q, A), z(t,—Q, \) = —z(t, —Q, \) and sin(—Qt) =
sin(Qt) change sign (cf. Egs. (4.85) and (4.87) where only odd powers of {2 appear). As a
consequence, we find that the symplectic matrix associated with is given by

1 0 OlXTLE 01><nE
(JA —z(t, Q,\) 1 wl(t,,N) =o' (t,Q,\) (4.90)
c —v(t,2,A) Opyx1 cos(§2) — sin(Qt) ’
w(t, Q) Opyx1  sin(Qt) cos(§2t)
Its inverse
1 0 O1xn O1xn
oA _ x(t,Q,\) 1 —wl(t,Q,N) —of'(t0,N)

Q,A) Opx1 cos(2t) sin(Q2t)
—w(t, 2 A) Opx1  —sin(Qt) cos(§2t)

. TT . T gyorig 1 T A
itH — eztU Herey thR AR )
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Lemma 4.22 (Step 1: conjugated pulse). Let U be the unitary pulse from Eq. (4.80)), let H°"8
from Eq. (4.78) generate the original, uncontrolled evolution and let U*(t) be the resulting
evolution from Eq. (4.81)). Then V (¢) from Eq. (4.83]) can be written as

V(t) = UeK® and  V(t)=e KOy (4.91)

where for ¢ € R and z € R we define

ng

K(1) = QY 2 (Rel((wrt)) Qs+ Im(f(wrt) P (4.92)
k=1
f(2) = 2i(e” — 1) = —2sin(2) + 2i(cos(z) — 1) . (4.93)

0

Proof. To show the first equation in (4.91]), let us use the definition of V(¢) from Eq. (4.83))
and rewrite the quantity UTV (t) as

UtV (t) = [t et HO B 7 =it HOM® _ itUV HOVBU —it HOE _ —itH ,—it Ho"'% (4.94)
Here, the Hamiltonian H is defined in Eq. (4.89). The remainder of the proof is conducted
at the level of symplectic matrices. First, one uses the considerations from the preliminary
step 0 — Eqgs. (4.84) and (4.90]) — to compute the symplectic matrix associated with the right
hand side of Eq. (4.94). This is

1 O lenE OlXTLE
- T T
HTAGTA _ 0 I 2w (¢, Q,0) 20" (t,9Q,) (4.95)
_2U(t,Q,)\) O?’LEXl InEXnE OnEXnE
Zw(t,Q, >\) OnEX1 OnEXnE InEXnE

where we used that —v(t, 2, X) + cos(Q2t)v(t, Q, A) — sin(Q)w(t, Q,A) = —20v(t, 2, ) as well
as w(t, Q,\) + sin(Qt)v(t, Q,A) 4+ cos(Q)w(t, Q,A) = 2w(t, Q, A).

Second, define the operator

2(1+TLE)
1
K, = QZ (Re(ki)Qi + Im(k;) P;) = B Z B (k) R; Ry, (4.96)
i Jk=1
where x; € C are complex numbers for i € {1,2,...,ng} and where the symmetric ma-
trix B(k) is given by
0 0 Re(k)T  Im(k)T
0 0 O1xn O1xn 2(14ng)x2(14+ng)
B(k) = B EleC B B 4.97
( ) Re(li) OnExl OnEXnE OnEan ( )
Im(/ﬂ;) OTLE><1 OTLEXHE OTLEX”E

and depends on the two real vectors Re(k),Im(k) € R"2. A simple computation shows that

the symplectic matrix associated with the unitary e’ generated by the Hamiltonian K, is
given by
1 O 01><TLE 01 Xng
T T
e,JB(,{) _ 0 1 RG(H) |m(l€) . (498)

—Im(5) Onpxi Ingxng Onpxng
Re(/@) OnExl OnEXnE ITLEX”E
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A comparison between Eq. (4.95) and Eq. (4.98)) shows that e'’ AgtJA — ¢=JB(x) for the choice
of parameters
Re(k) = 2w(t,Q, \) , Im(k) = 2v(t,Q, \) . (4.99)

At the level of the unitaries this implies that UV (t) = €%~ for x defined in Eq. (4.99)
where K,, = K(t) from Eq. -

For the other equation V (t)UT = e7K (), the proof is similar. One first computes

V(U = tHE it [t it —itUHomeUt _ itHore it

where H := —UH°8UT = —UTH8U as before. A comparison between

1 0 O1xng O1xnp
o—tIA—tIA _ 0 1 =20l (t, Q) —20T(,Q,))
2U(t, Q, A) OnExl InEXnE O”EXRE
72w(t7 Q, >\) 0n}_:;><1 OnEXnE InEXnE
and Eq. shows that V(t)UT = eitH gitH — ik for the parameters x from Eq. .
Since K oy (t.00) -2i0(t.0.0) = —Kowr.on) 12,0 = —K(t), this implies the desired equa-
tion V(t)UT = e~ #K®), [ |

Lemma 4.23 (Step 2: resulting evolution). The resulting evolution U™*(T") can be written as

[res (T) _ e—iTHorig e—iKres (T) ei‘Pres (1) (4 100)

for some ¢**(T") € R and a Hamiltonian

KreS(T) = \}E Z;:\): (fL(wZT)aj + fL(wiT)ai> y (4101)

L
fr(@T) =Y (=1) f(wity) , (4.102)

j=1
for f(z) == 2i(e** — 1) from Eq. (4.93). O

Proof. The resulting evolution U™ (T') is defined by Eq. (4.81). A recursive identification of
the operators V (¢1), V (t2), - -+, V(tr) from right to left in Eq. (4.81)) implies that

(T orig i orig orig _ orig
UreS(T) —e i(T—tp)H U---e ito H' e'LtlH Ue it1 H'

=V (t1)
— o UT—t)H e | o —itg HOME ity HOME 17—ty HOUE Vity) (4.103)

:‘;th)

= ¢ THTS Y (1) - V(ta)V (1) -

To further compute the resulting evolution U™*(T'), one may use the form of V from in
Lemma Inserting V' (t) = UetE®) = =KD [T for K(t) from (4 into Eq. ( gives
UreS(T) _ e—iTHorige—iK(tL)UQEiK(thl) L. UQeiK(tg;)e—’LK(tz)UQelK(h)

—z‘THorige—iK(tL)ez’K(tL,l) ... oK (ts) g —iK (t2) yiK (t1)

=€

. (4.104)

_ efiTHorig H e’i(’l)jK(tj) .

j=1
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Note that we used that U? = I as well as the fact that L is even which is necessary for the
condition U™ (T) = I to hold.

Let us now show that U™(T) from (£.104) satisfies U™ (T) = e TH"® =il cie™ (1) for
some ¢'(T) € R and a suitably chosen Hamiltonian K, of the form of Eq. (4.96).

To this end, consider the operator K(t) from (4.92)). It commutes with K(s) up to an
imaginary number since they satisfy the commutation relation
2

K0, K(5)] = 5 3 25 (Flathflons) = fleit) es)) = ol )T

)

for all ¢,s € R, where ¢ : [0, 7] x [0,7] — R is a real-valued function. As a consequence, all
further nested commutators of K (t) vanish, e.g., [K(t), [K(s), K(r)]] =0 for all r,s,t € R and
the Baker-Campbell-Hausdorff formula ete? = A8 e3lAB] therefore applies for A = K(t)
and B = K (s). Recursive insertion of the BCH formula into Eq. (4.104) yields

U™(T) = o (THME —iK(tr) | ik (t3) ,—iK (t2)+iK (t1) , 5[K (t2), K (t1)]

(4.105)
—iTHOME —i SSE | (—1) K (1) i (T)

where @"*(T) == 332 SO0 (= 1) oo(tga, 1)

The exact form of ¢™(T) is irrelevant since it enters into U™(T') as a complex phase that
vanishes if an operator (such as ps ® pg(/)) is conjugated with U™5(T"). The exponent in the
second term of can be rewritten in terms of a complex vector x as a Hamiltonian K
from Eq. . It takes the form

L
_iZ(—l)jK(tj) _ \[ Z Ak (fL(wkT)ak: + fL(wkT)ak) , (4.106)

j=1
where f7(w;T) is defined as in Eq. (4.102) for ¢ = 1,2,...,ng. This finishes the proof since
Eq. (4.106)) coincides with the desired expression from Eq. (4.101)). |

In the third step, let us finalise the proof of Theorem [4.21

Step 3: Proof of Theorem[{.21] By Lemma the resulting evolution is of the form of
Eq. (4.100) where K™5(T") = Kj from Eq. m ) for the parameters & :== Q™1 f1(QT)), i.e.,

L L
A .
Re(R;) = 2 Z( 1)7 sin(wit;) A Z (cos(wit;) — 1), (4.107)
J 1 j:l
for i = 1,2,...,ng. As a consequence, the resulting evolution U™(T') is (up to the com-

TJA,JB(7

plex phase) associated with the symplectic matrix S™(7T) = e ®) for a symmetric

matrix B(k) of the form of Eq. (4.97)) such that

2(1+np)
Kres( = Z Bjk R Ry .
7,k=1

More precisely, the latter matrix B(%) depends on the parameter 5. Direct computation
shows that

1 O 01><’17:LE leerE
res(y _ TJA JBR) _ | © 1 a b
STT) = e e ¢ Opgx1  cos(QT) sin(QT) (4.108)

d  Oppx1 —sin(QT) cos(QT)
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where

2™ = (T, Q,\) + w (T, 9, \)Im(k) — o7 (T, Q, \)Re(7) , (4.109)
a = —Re(R) +w(T,Q,\) ,

b:=—Im(k) +v(T,Q,\),

c=v(T,Q A\) + cos(QT)Im(k) — sin(QT)Re(R) ,

d:=w(T,Q,\) —sin(QT)Im(g) — cos(QT)Re(R) ,
Q2

for (T, Q,\), v(T,Q, ), and w(T,Q,\) from Eqgs. (4.87), (4.85) and (4.86]), respectively,
and & from Eq. (4.107).

We will use this symplectic matrix to compute the covariance matrix of the resulting state.
Since the initial state ps ® pg(8) is of product form, its covariance matrix is given by the
direct sum Vg @ Vg of the system’s state’s covariance matrix Vg € R?*? and the covariance
matrix

diag (coth (%),...,coth(ﬁwglﬂw Onpxng

Vi =
" Onpxnpg diag <coth (%),...,ceth(’gw;]fn

of the environment’s thermal state. Let us denote the covariance matrix of the resulting
state p™ = U™(T)(ps @ pp)U™(T)' by V™. Its the principal (2 x 2)-part — defined
as V% = (V')gyg = (S™(T) (Vs & Vi) (S™S(T))7"),, ., — is computed to be

VE® = SIT(T)Vs(SiT (D))" + SIS (1) Ve(Sis ()"

where
S{GIS(T) _ (ml}es 2> c R2X2 ’ {SS(T) _ <01;j’:lE Olgj’cLE) c ]R2><27LE ,

are the upper left 2 x 2 block and the upper right 2 x 2ng block of the resulting evolu-
tion S™(T') from Eq. (4.108)), respectively. A short calculation shows that

VES = SIS (T)Vs(SIF(D) + i (T)Vi (S35 (1)

T

. 1 O ]- O OanE OanE OTLEXl a

_<xres 1>V<1.res 1) +< al pT Ve 071E><1 b
T

1 0 1 0 0 0
_<xres 1>V<wres 1) +<O yres>
nge

T Z el diag (coth (%), ..,coth (ﬁw%)) e= Z:(az2 + b?) coth (%) - (4.110)

where

e€{a,b} i=1
Fori=1,...,ng, we can furthermore identify
a; = 2ﬁ i(—l)j sin(w;t;) — Ai sin(w;T) = ﬁlm(yL(wiT)) ,
wi i wi wi
b; = —Qﬁ ZL:(—l)j(cos(witj) -1)+ ﬁ(cos(wiT) -1)= —ﬁRe(yL(wZ-T)) ,
Wi Wi Wi

1 ]:1
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where the real and imaginary parts of yr(w;T) are computed from Eq. (4.77). Inserting this
into ¥ from Eq. (4.110]) gives

Y = Z (|m(yL(wiT))2 + Re(yL(wiT))Q) coth (B;%)

i=1

and hence y™* as in Theorem Another direct computation yields that x"™ from

Eq. (4.109) is given by

27 = (T, Q,\) + w? (T, 9, MIm(&) — v (T, Q, \)Re(R)

22 3
= Z W—ZQ (wiT — sin(w;T') — 2 sin(w; T’ Z (cos(w;t ) -1)
i i

Jj=1

L
+ 2(cos(w;T Z I sin(w;t ))

Jj=1

A2
= Z w—g (wiT — sin(w; T)Im(yr (w;T))(cos(w;T) — 1) — Re(yr (w;T)) sin(wiT))

using the definitions of yr,(z) and that Zle(—l)j = 0 since L is even. [

Consequences of Theorem m

We have thus shown that in this model, the covariance matrix of the system undergoes the
transformation

Vors VE(D) = Ve 4y where 5= (1 () €Sp2 )

is a symplectic matrix depending on the scalars £ from Eq. (4.109) and y"*5. More precisely,
the latter is given by

J' = X(T) = /0 ) Sff;") ) Pdo = [Ty )P

= Z ]yL w; T)|? coth <ﬁ;l> .

The quantity y™® plays the role of a form of a residual: The smaller it is, the closer the
map V — VE®(T) is to a conjugation with a symplectic matrix. If x(7') = 0, then Vg —
SVsST and the map pg +— trg(U™(T)(ps ® pp)U™(T)T) corresponds to a Gaussian unitary
channel. More precisely, under this condition one obtains U™ (T) = Ugs ® Ug, i.e., the
pulse sequence would achieve exact decoherence suppression. The quantity x(7") quantifies
the error of bosonic decoherence suppression. Since this quantity is exactly the same as
Eq. — quantifying the efficiency of DD in the spin-boson setting — we conclude that
the discussion of optimality of pulse times directly translates from the qubit to the bosonic
setting. This parameter x(7') is defined as the overlap between the noise spectrum S(w)
and the function |y (T")| where the latter quantity depends on the pulse times. In the qubit
setting, the optimality of pulse times depends on the UV (i.e., high frequency) cutoff of S(w).
We have shown in Theorem [£.21] that this dependence on certain properties of the noise
spectrum directly translates to the CV setting.
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Pasini and Uhrig [127] found that in the presence of a finite number of environment modes or
a hard high frequency cutoff, the Uhrig times are optimal. Furthermore, if the noise spectrum
has a soft high frequency cutoff, then the optimal pulse times resemble periodic DD (i.e., with
equidistant pulse times), more precisely they correspond to the Carr-Purcell-Meiboom-Gill
(CPMG) cycle [34] 112]. By Theorem this behaviour also applies to the optimality of
pulse timings of the bosonic model discussed in this section.

4.7 Relating qubit to bosonic systems

In this section, we exhibit a similarity between m + 1-qubit systems and CV systems of 2™
modes. This is the key proof ingredient for the Nth order bosonic homogenisation property
of the novel schemes proposed in Section [4.8] since these schemes are derived from Nth order
multi-qubit DD pulse sequences. More precisely, we will relate certain properties of the Lie
group associated with an m + 1-qubit system, i.e., the unitary group U(2™*!), and its Lie
algebra, to the Lie group of the 2 mode phase space, i.e., the symplectic group Sp(2-2™,R),
and its Lie algebra.

In Section we introduce the operators on the 2"-mode phase space which play a major
role in this relation, and investigate some of their properties. In Section we relate them
to the Pauli matrices in the multi-qubit setting.

4.7.1 Operators on the symplectic group and its Lie algebra

In analogy to the Pauli matrices on multi-qubit systems we define certain symplectic matrices
on the 2™-mode phase space that satisfy similar commutation relations.

Definition 4.24 (Symplectic ‘Paulis’). On R? define the matrices

1 0 0 —1
5(070) = (0 1) 9 S(l,l) =1y = (1 O > )

0 1 1 0
5(170) =X = (1 0> s S(O,l) =z = (0 _1> o

Furthermore, on R?2?™ = (R2)®(m+1) get
So =S4 ® Sa, ® - ®Sg,, for o := (ag, ai,...,am) € (Z3)™ (4.111)
where a;. € Z% for every k = 0, ..., m. Define the subset I" C (Z%)mJrl as
T = {a € (Z3)™" | (6() + Ga,(0,1) + ag,(1,0) mod 2=1} ,
where 6,4, (0,1) denotes the Kronecker delta for two variables and
5(0) = {j € {0,1...,m} | ay = (1, 1)} ] ,
as well as the subset I C (Z3)"*!

T :={B € (Z3)™" | by = (0,0) or bg = (1,1)} .
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Here, Greek letters are used for elements of (Z3)™*! and Latin letters for their respective
components, e.g. a = (ag,ai,...,an,) € (Z2)™ and B := (by, by, ..., by) € (Z3)™+! .

The matrices S, € R*2"*22™ defined above may be associated with a quantum system of 2™
bosonic modes since the phase space of the latter is given by R?2". Hence it will be a first
step to analyse which of these matrices are elements of the symplectic group Sp(2-2™,R) and
its Lie algebra sp(2 - 2™ R), respectively. In terms of the Sy, the matrix Jom which defines
the symplectic form, can be expressed as

0 I m
Jom = <—Igm % > = —=51,1) ® S0,0) @ -+ @ S0,0) = =Sy » (4.112)
where v = (co, ..., ) satisfies ¢g = (1,1) and ¢; = (0,0) for every i =1,...,m.

The four matrices I, x, y, z are all orthogonal and I, x, z are symmetric whereas y is
antisymmetric. Although they are not all symplectic, some of them are (what we will show
in Theorem . Note that these matrices are closely related to the single-qubit Pauli
matrices since they satisfy S(O,O) = 0(0,0)> S(I,O) = 0z = 0(1,0) S(l,l) = —ioy = _ia(l,l)
and S(g,1) = 0, = 0(g,1) with the notation for Paulis from Eq. . We will show that they
also satisfy similar commutation relations as the Pauli matrices.

The following theorem concerns the matrices S, from Eq. (4.111)) and states some of their
properties. Note that these properties are similar to those obeyed by the multi-qubit Pauli
matrices on the unitary group and its associated Lie algebra (cf. Table [4.2)).

Theorem 4.25 (Relation between qubit and bosonic systems). For m € N, consider the sym-
plectic group Sp(2-2™,R) and its associated Lie algebra sp(2-2™ R) from Definition m
Let T', T be the sets and let {Sa}tae(zzym+1 be the matrices from Definition Then the
following statements hold.

(a) The family {S, }aer forms a basis of the Lie algebra sp(2 - 2™ R).

(b) The family {Ss}z.r are orthogonal symplectic matrices, i.e.,
Sg € Sp(2-2m,R)N0O(2-2™, R) for every B €T .

(c) They satisfy the commutation relations
851858, = (-1){@P) s, foralla eT,8 €T (4.113)

where the quantity (-,-) is the symplectic inner product as in Eq. i.e., given by

S 0 1

. T . T
<C¥,/B> T Zaj (_1 O) b] = J2m/8 .
7=0
O
Proof. (a) The proof is divided into three steps. We first show that S, € sp(2-2™,R) for

all a € T'; the second part proves that all elements of {S, }aer are linearly independent
and third, we show that the number of elements in I' is equal to the dimension of the Lie

algebra sp(2 - 2™, R) when the latter is regarded as a vector space over R. In summary,
this shows that the family {S,}aer forms a basis of sp(2 - 2™, R).
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Let us start with some useful computations. Consider the commutation and anticommu-
tation relations between the matrices Sy, S(1,1), S(0,1), and S(o,0) which are

{Sa,0,Sa,} =0 =1{51,050,1} = {Sw0,1), S} (4.114)
[S(0,0)» S(0,1)] = 0 = 1[S00, Sa,1y] = [S10,0): S1,0)] - (4.115)

Furthermore, recall that by Eq. (4.112)), the symplectic matrix Jom can be written as
the tensor product of —S(; 1y on the first factor and Sy on the other m factors. By
Egs. (4.114) and (4.115)), it satisfies

{S(l,O) & S(ah---,am)’ Jam} =0= {5(170) & S(al,...,am)7 Jam} (4.116)
[S5(0,0) ® S(a,....am)> J2m] = 0 = [S(0,0) ® S(ay,....am)s J2m] - (4.117)

For the first step of the proof, let & € I' be given and consider the corresponding ma-
trix S, € R22"*22"  We use Eqs. ([4.116) and ({#.117) as well as the relations

Sty = S00: Sho =Sae: Shy=-San: So1 =So1
to compute the term
ST Jom 4 JomSe = (=1)%¥) S, Jom + Jom S,
= (=1)%(@) (=1)%0.0.0Fa0,01) Jorn S, + Jom Sy
= ((—=1)2(@ 0,0 +a0.00) 4 1) Jym S
By definition of the set I', we have (6(c) + Sao,(1,0) T 5a07(071)) mod 2 = 1 and hence
S Jom + JomSa = 0.

Since the Lie algebra sp(2 - 2™, R) is defined as the set of matrices M € R?"*2™ such
that M7 Jom + Jom M = 0, we conclude that S, € sp(2-2™,R).

Second note that by linear independence of the matrices x,y, 2, it is straightforward to
see that all elements of {S, }aer are linearly independent.

For the last step of the proof, let us compare the number of elements in the set I', i.e. the
value |I'|, to the dimension of the symplectic Lie algebra sp(2-2™ R). The latter is equal
to 2. 2Mm 4 2m = 2mtl 4 om,

By definition of T, the value |T| is equal to the number of a = (ag, .. .,an) € (Z3)™!
such that ((5(04) + aq,(1,0) T 5a0,(0,1)) mod 2 = 1, where

6(a) =[{j €{0,...,m} | aj = (1,1)}] .
We will use only simple combinatorics to compute this number.
Let a = (ag,...,am,) € I'. Then by definition of T, it satisfies
0 ifape{(0,1),(1,1),(1,0)},

. (4.118)
1 ifap = (0,0),

5(((11,...,am)) mod 2 = {

where in analogy to 6(a), we defined 6((a1,...,am)) = |{j € {1,2,...,m} a; = (1,1)}|.
Let us denote by e, and o, the number of vectors (b1, ...,by,) € (Z3)™ such that

(5((b1, e ,bm)) mod 2 =0, respectively, 5((b1, .. .,bm)) mod2=1.

We can easily see that e; = 3 and 07 = 1. For an arbitrary m € N, these numbers must
add up to 4™ i.e, they satisfy o,, + e, = 4™. They can be recursively defined as

Em+1 = €1€m + 010, , Om+t1 = €10, + 0164, (4.119)

which simply reflects the way how even and/or odd numbers add up.
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Lemma 4.26. For m € N, we have e, = 2?m~1 4 2m~1, O

Proof. Let us show this by induction over m. For m = 1, the claim is consistent with e; =
3. For the inductive step m — m + 1, let us use the relation o,, = 4™ — e, and 01 = 1
to compute €41 = €16, + 01(4™ — ep,) = 3y + (4™ — ) = 22(m+1)=1 4 om. [ |

Eq. (4.118) implies that the number of elements in I" is given by |I'| = 3e,,, + loy,. Using

Eq. (4.119), this is equal to |I'| = e;,+1 which, by Lemma is given by ey =
22m+l L gm — 9.9m 4 9m  The latter expression corresponds to the desired dimension
of sp(2-2™ R) such that one obtains |I'| = dim(sp(2 - 2™, R)).

(b) Let B = (bo,b1,...,bm) € T. The matrix S is orthogonal since all its factors satisfy
S,(ZE)’O)S(O,()) == IQ = 5’570)5(1,0) == Sa,l)S(Ll) = 53571)5(0,1) == IQ .

Note that we did not use any property of I', i.e., we showed the more general statement
that S, € O(2-2™,R) for every o € (Z3)™"1.

To show that Sg is symplectic, let us recall that a matrix M is symplectic if and only
if MJTM = J. We use the (anti-)commutation relations (#£.116) and (4.117)) to compute

S§J2msﬁ — (_1)5bo,(170)+5bo,<o,1>SgSBJQm = (—1)%0.0.0F%0,0.1) Jo, .

This is equal to Jom if and only if by € {(0,0),(1,1)}. But by definition of g € T, we
have that by € {(0,0),(1,1)}. As a consequence

S5 €Sp(2- 2™, R)NO(2- 2™ R) .

(c) Let us consider the commutation relations between z, y, and z, first. These matrices

satisfy xy = z, yz = x and zx = —y and hence the relations
e , zlyz = —y , el =—2
yey=—2 . ylyy=y yT oy =—2 (4.120)
oz =—zx , yz = —y , az=2.

On the multi-mode level this translates to SgSaSB = (—=1){A S, for all o, B € (Z3)™H1,
where

\-1 0 1 else

aT<O 1) ._{0 if a; = b; or a; = (0,0) or b; = (0,0)
J J :

This is also true in the special case of « € T, B € I.

4.7.2 Relation between multi-qubit and multi-mode CV operators

Let us now relate multi-mode bosonic systems to multi-qubit systems. More precisely,
let m € Ny. We relate the properties of the symplectic group Sp(2 - 2", R) and its Lie
algebra sp(2 - 2™, R) considered in Theorem m to those of the unitary group U(2™*!) and
its Lie algebra u(2m+1).
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m + 1 qubits 2™ bosonic modes
Hilbert space Hg = (C2)®m+1 Phase space R?2"
u(2m ) Sp(2 - 2™, R)
u(2m ) sp(2- 27, R)
Multi-qubit Pauli operators on (C?)®m+! Multi-mode operators on R%2"
0a20a0®“'®0'am Sa:Sa0®"'®Sam
where a = (ag, . . ., an,) € (Z3)™1 where o = (ag, ..., an) € (Z3)™!
are tensor products of the Pauli matrices are tensor products of the matrices

10 01 10 01
700 =\g 1) 700 =11 o) Som=1\g 1) %00=\1 o)

0 —i 10 0 —1 1 0
o(11) = (z 0 >= 9(0.1) = (0 _1> Say = (1 0 )7 S = (0 _1)

{oatae(zzym+1 is a basis of u(2mth) {Sa}acer is a basis of sp(2 - 2™ R)
where I' C (Z2)™*! as in Definition
{05}5€(Z§)m+1 C U(2m+1) {SB}@Gf C Sp(2 . Qm,R) N O(2m+1,R),
where I' C (Z3)™*! as in Definition
05000 = (~1) o, S5 5aS5 = (-1)©25,
for o, 8 € (Z3)™+! forael,Bel.

Table 4.2: List of analogous properties between the quantum systems of m + 1 qubits and 2™
bosonic modes. In both systems, the operators o, and S, satisfy the same commutation
relations. We will make use of this similarity to construct bosonic homogenisation sequences
from multi-qubit DD sequences. But note that we also observe two differences: the sets I' C
(Z3)™+1 as well as T' € (Z3)™*!, which only occur in the bosonic setting, are restricted
compared to (Z3)™*! in the multi-qubit setting. The relevant restriction in the context of
CV homogenisation concerns the set [ as the passive Gaussian unitary pulses correspond
to symplectic matrices Sg where 3 € I. As a consequence, the set of possible pulses (on
the symplectic level) is restricted to {Sg} s compared to {05} g (z2)m+1 from which the DD
pulses for multiple qubits can be chosen.

On the one hand, we consider a quantum system of 2" bosonic modes with associated
phase space R?2". The multi-mode operators S, € R22"*22™ gatisfy the commutation

relations (4.113)) by part of Theorem ie.,
S5'SaSs = (—1)*3, foralla eT,BeT,

Moreover, the family {Sq}acr forms a basis of the Lie algebra sp(2 - 2™, R) by part ()
and Sg € Sp(2-2™,R)N0O(2- 2™ R) for every 8 € I' by part (]ED

On the other hand, we have a system of m+1 qubits. Recall the multi-qubit Pauli matrices o,
from Eq. for a == (ag, a1, ..., an) € (Z3)™** where we use the notation for the single-
qubit Pauli matrices from Egs. . With this notational convention, the multi-qubit Pauli
matrices satisfy the commutation relations

Ugaaag = (-1){*Ag,, for all o, B8 € (23)™*, (4.121)
where {0a}q¢(zz)m+1 Is a basis of u(2™t) and o5 € U(2™H) for all B € (Z3)™ L.

Table [£.2] shows a direct comparison between the multi-qubit setting and the CV setting.
The reader might directly notice the similarity between the commutation relations (4.113|)
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and (4.121). This similarity is key to our construction of bosonic homogenisation schemes

from qubit decoupling schemes: it is exactly these phases (4.113]) and (4.121] that appear in
the Dyson series of the resulting evolution.

However, there is also a crucial difference: in the CV setting, one considers elements of
the two sets I' and T’ which are strict subsets of (Z2)™*1. This restriction can be directly
translated to a conceptual difference between DD in the both settings. It is the mathematical
reason for the fact that DD in CV cannot be achieved in the same strong as standard DD
for finite-dimensional systems, i.e., a general CV system evolution cannot be rendered trivial,
only homogenised, as first shown in [I2]: in our framework, this is due to the fact that
the set of possible unitary pulses is restricted, i.e, one can only choose pulses associated
with a symplectic matrix from the family {Sgz} gep- As a consequence, decoherence terms
proportional to S, = J, 4 cannot be averaged out by such a pulse sequence.

4.8 Higher order bosonic homogenisation

In this section, we construct higher order bosonic homogenisation sequences in the sense of
Definition (4.9l

The pulses and a few of their properties are presented in Section In Section
we show how bosonic homogenisation schemes of order N on 2™ modes can be obtained
from m + 1-qubit DD of the same order. This construction builds on both the Lie algebraic
formulation of DD from Section and the relation between multi-qubit and CV systems
from Section 1.7} In Section this procedure is applied to the multi-qubit NUDD scheme
(cf. Section . The resulting bosonic nested Uhrig homogenisation schemes are efficient
in the sense that they use (N +1)2™*! pulses to homogenise 2™ system modes up to order N.

4.8.1 Bosonic pulses for homogenisation

Let us start with some preliminary remarks on the notation. Since an essential ingredient
to our homogenisation scheme construction is the relation between bosonic and multi-qubit
systems from Section [£.7], let us assume that the number of system modes ng is a power of 2,
i.e., there exists m € Ny such that ng = 2™. Instead of labelling the system’s quadrature
operators with indices from 1 to ng, we will introduce a new label

v=(v1,02,...,0n) € Zy ={0,1}"™ (4.122)
and label the quadrature operators by these bitstrings v as
Qv =Quivs,vm) s Po="Poivs.vm)s Wherev;€{0,1} forj=1,....,m.
It will be useful to order the labels using the bijective map

m
Zy —{1,....2"} (o1, vm) > L+ Y 27y
k=1

e.g. when considering matrices in Sp(2 - 2™, R). Then, the mode operators can be arranged
in the vector RT = (Ry,..., Rym+1) as follows:

R =Qo,.00 » R2=Qu,..01) » R3=Qu..10, ", Rem=0Cu..11),

Romi1 =P, 00 » Rami2=Po,.01), Remys=Po,. 10y, - Bomtr =P 11) -
(4.123)
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Sign flip  —e— = —Spo¢(m) (@, P)— (-Q,—P)
Symplectic J—a—— = Srot(%") (Q,P)— (—P,Q)
Flipped /- —=— = — S104(3) = = —{ Shot() - Swot ()= (@ P) = (P.—Q)

\ Syot(7)
SWAP /\ |SWAP| = |Sbs(%)| (Q1, Qa, P, P) = (Qa, Q1 P, )

Figure 4.5: Circuit representation of the four basic bosonic gates for the constructed decoher-
ence suppression and homogenisation sequences: the three single-mode gates ‘sign flip’, J, and
sign ‘flipped J’ are the phase gates Syot(¢) (which are defined in Eq. of Section [2.2.5) for
the angles ¢ = m,3mw/2,7/2, respectively, and the two-mode SWAP gate can be represented

as the subsequent application of a two-mode beam splitter Sps(7/2) (cf. Eq. (2.47)) and a
phase space rotation Syo(m). They are related to the considered symplectic matrices yo, x;

and z; from Lemma as depicted in Fig.

Since for 8 € T the matrices Sp from Definition are symplectic and exponentially gen-
erated by elements of sp(2 - 2™, R) up to a complex phase, the associated Gaussian unitaries
form a suitable set for unitary pulses of homogenisation schemes. The following Gaussian uni-
taries will be relevant as pulses in the context of our bosonic NUDD homogenisation schemes,
derived in Section [£.8.3]

Definition 4.27 (Bosonic pulses). Let m € N. Let furthermore the Gaussian unitaries Uy, , Uy,
and U, for j =1,...m acting on ng = 2™ bosonic system modes be defined (up to global
phases) by their action on the bosonic quadrature operators of the system, i.e., as
U}, QuUy, =P, ,
U, PUy, = —Qy ,
UijQ(vl,...,vm)ij 1= Qv 05— 1, 1= 05 V41 yesUm)
UL Plus,..omUs; = B,
UL Qeor,oom) Uz = (1) Qg om) »
UL Py, om)Usz; = (=1)"% Proy.....om)

U1,y V5= 1,1 = V5, U5 4 1,500,Um)

where the bit-strings v = (v1,...,v,) € {0,1}™ label the 2™ bosonic modes.

Let us show a few properties of these unitaries. In order to do this, it is useful to consider these
properties at the level of their corresponding symplectic matrices according to the metaplectic
representation. It will be convenient to identify the vector space R>?" with R ® (R?)®™ on
which the matrices S, are defined, which themselves are tensor products of the (2 x 2)-
matrices I, x, y, z from Definition [4.24

Furthermore, it is useful to introduce a two-mode SWAP unitary V in analogy to the two-
qubit SWAP gate from . It acts on the quadrature operators of modes 1 and 2
as VIQ1V = Qo, VIPLV = Py and VIQyV = Q1, VIRV = P, respectively, i.e., it in-
terchanges quadratures of one mode with those of the other, cf. Fig.
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Lemma 4.28. The unitaries from Definition [4.27] satisfy the following properties:

(a) Let Sy, b, for (bo,...,bm) € I' be the matrices from Definition The symplectic
matrix associated with Uy, is

Yo =YX I?m = S(bo,...,bm) , (4.124)

where by = (1,1) and all other by = --- = by, = (0,0). For j = 1,...m, the unitaries Uy,
and U, have associated symplectic matrices

.%‘j = ISM RKr& I2®(m—]) = S(COa---7C’!VL) s (4125)
Zj = ISM Xz 12®(m_]) = S(do,...,dm) s (4126)
respectively, where ¢; = (1,0), d; = (0,1) and ¢; = dj, = (0,0) for all k£ # j.

(b) They are tensor products of either passive single-mode or passive two-mode Gaussian
unitaries.

(c) The associated symplectic matrices yg, x; and z; for j = 1,...m are exponentials of
elements of sp(2 - 2™ R).

O

Proof. (a) Using the ordering [4.123| of the quadratures, one can check by direct computation
that the symplectic matrices from (4.124)), (4.125)) and (4.126)) satisfy the equations

2m+1

Uy, RiUy = ; <S((1’1)’(0’0)""’(0’0))>jk Ry = ; (y0) jx R
2m+l
U;RJUm = ; (S((o,o),...,(o,o), (1,0) ,(0,0),...,(0,0))>ijk - ; (xi)ijk ’
posttion i .
ULRU = 3 (S (001,00, (01) (001 0)) % = 2 (i
! Ny k=1

position %
for j=1,...,2"  and i =0,...,m.

(b) The associated symplectic matrices yo, x; as well as z; are orthogonal, which translates
to passivity at the level of the Gaussian unitaries (cf. Section . They are products
from the passive Gaussian single-mode phase rotations and the two-mode beam splitter
(described in Section which we now analyse in more detail.

The unitary Uy, is the 2™-fold tensor product of U,q (37/2), i.e., it acts as the single-mode
rotation in phase space from Eq. (2.41)) for ¢ = 37 /2 on all modes v € ZY*, cf. Fig. .

Note that a two-mode SWAP gate acts on the mode operators as shown in Fig.
For j =1,...,m, the unitary Uy, is the tensor product of 2m=1 SWAP operations between
pairs of modes. More precisely, it swaps all pairs of modes which differ on the jth
entry of their index v = (v1,...,v,) € {0,1}™, ie., it interchanges the modes with
labels v = (v1,...,0j,...,0) and ¥ = (vi,...,1 —vj,...,vy). Moreover, it can be
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implemented by the subsequent application of a beam splitter operations and a single-
mode rotation in the following way: the two-mode SWAP gate can be decomposed as

St (7/2) (I & Syoq (1)) = SWAP

where Sy (7/2) is the beam splitter of transmittivity 0, cf. Eq. (2.48), and Syt () is a
single-mode phase rotation about the angle 7, cf. Eq. (2.43).

For j = 1,...,m, the unitary U,; acts as the same single-mode unitary on half of the
modes, i.e., the modes with indices v such that v; = 1, which is the phase rotation

Uyt () = e 15 (QUHFD)

Moreover recall that this is the same unitary as used for decoherence suppression in
Definition .18

Let us recall the identity e*/t = cos(w)ls + sin(w)J; for w € R which we already used
in Section We note that on the k-mode phase space R% for k € R, this can be
generalised to e“’/k = cos(w) Iy, + sin(w)Jg. This can be used to find the generator of yg
by computing

e™/20 — o= T/2N1 @19 _ (cos(m/2)I, —sin(m/2)J1) @ I®™ = yq .

Obviously, y¢ J + Jyo = 0, i.e., yo is generated by myo/2 € sp(2-2™,R). For j =1,...,m
direct computation yields

_ ®@m ®(3—1) ®(m—j) _®m41
o~ T/ RIS 4 /2y, @RI, — ™/290(= 13" ) —yo(yor;) =

o _ ®m ®(-1) ®(m—j) . ,
and similarly that e=™/2v®L " +m/2y®l" " @281, = z;j. This shows that for j =
1,...,m, the symplectic matrices z; and z; are exponentials of

v v
5@/0(—15@"7’“ +z;) and 53/0(—f£®m+1 +2)

respectively, which themselves are elements of sp(2 - 2™ R) since
(go(—IE™ + 2) " T + Jyo(—IE™ +25) =0,
T
(Yo (~IZ" 4 25)) T+ Jyo(—I3™ T +25) =0,
using the commutation relations (4.120) as well as yo = —J.
|

Let us discuss one property of the Gaussian unitaries Uy,, Us;, and U, from part (b) of
the above proof: namely how they can be written in terms of the basic Gaussian unitaries
from Section [2.2.5] i.e, in terms of the phase space rotations and the beam splitter. For j =

1.

..,m, the Uy;-pulse corresponds to a product of SWAP gates between pairs of modes

where the pairings (of swapped modes) are determined by the index j: one swaps the modes
for which the index v differs on the jth entry. Since SWAP gates corresponds to the product
of a beam splitter and a phase gate (on one of the modes), the Gaussian unitary U, can
furthermore be written as

Uzj = H Urot,ﬁ]- (7T) Ubs,u,ﬁj (7T/2) = H Ubs,u,ﬁj (W/Q) Urot.v <7T) :
veY; veY;
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mode label gates on 2™ modes o _Z.‘_

Ve {0’ 1}m \ } om—k
Tm 21 Zm Yo \\\\ gm+1-k —

(17 L] 1a 1) —~ ) —0— —=— ] — .

(1,...,1,0) > e & \J _Eogr

(1,0,...,1) — —— —— —um— : :

(1,0,...,0) C o< —a— N\ ; } 2t

(07 17 : ’ 1) \ \\\\ 27n+17k —

(07 . 707 0) K —i— \ } gm—k

(a) 21, &m, 21, 2m, and yo (b) Tk, 2z for k=1,....m

Figure 4.6: Bosonic pulses for homogenisation sequences (cf. Definition and their effect
on the 2™ modes for m € N. The passive Gaussian unitaries yg, 1, ..., &y and z1,..., Zm, act
on the 2" modes in terms of the three basic single- and two-mode operations from Fig.
For k =1,...,m, the pulse x}, acts as a product of SWAP gates between pairs of modes that
differ on the kth entry vy of v = (v1,...,vy); the pulse z; acts as the sign flip (a single-mode
phase rotation) on the modes v such that v; = 1 and the pulse yg acts as the symplectic J
(a different phase rotation) on all modes.

Here, we define the set V; = {v € Z3'|v; = 1}, i.e., the above product is taken over all
indices v which satisfy v; = 1 and 77 denotes the mode index that is equal to v except at
the jth position (where it is the opposite of v;) and Uror,p, () acts as Uyt () (cf. (2.43))) on the
mode with label 7;, Furthermore, Uy 4 (7/2) denotes the beam splitter of transmittivity 0
(cf. Eq. (2.48)) between mode a and b. The unitary Uy, acts as

2m+1)

Uyo = (Urot (31/2))%

For j =1,...,m, the Gaussian unitary U,; can be written as

UZj = H Urot,u (77) .

VGVj

The unitaries (more precisely, the circuit representation of their associated symplectic matri-
ces) are presented in Fig. 4.6

4.8.2 Higher order bosonic homogenisation from higher order multi-
qubit DD

The main result of this section relates (m + 1)-qubit DD schemes to 2™-mode bosonic ho-
mogenisation schemes.

We start with an Nth order DD scheme for m + 1 qubits. More precisely, the chosen pulse
sequence must satisfy two conditions: first, all pulses are tensor products of single qubit Pauli
matrices and second, decoupling is achieved in the sense of Theorem from Section
By the second assumption, one may work within the framework of Section [£.5 By the first
assumption, the pulses are multi-qubit Paulis, i.e., they can be written as o3 from Eq.
for B € (Z%)mﬂ. We will establish a map which maps these multi-qubit pulses to bosonic
pulses such that the latter pulse sequence inherits its decoherence properties from the multi-
qubit sequence, i.e., it achieves Nth order bosonic homogenisation.
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Let us state a substitution rule
U™ s A BeSp(2-2™R)Nn0O(2™ R)

which maps certain unitaries on m + 1 qubits to symplectic orthogonal matrices on the
2m+1_dimensional phase space. A naive idea for this map would be to choose

g+ Sg , for all 8 € (Z3)™ ! (4.127)

where Sz € R%2"%22™ are the matrices from Definition But this would not yield
a valid bosonic pulse scheme since there are 8 € (Z2)™*! such that Sp is not symplectic.
Following the construction from Section it is therefore necessary to adapt this simplified
idea : Instead we will consider the map o3 — Sz where ' differs from 3 only on the
zeroth entry.

Definition 4.29 (Substitution rule). Let m € N and 8 = (b, b1,...,by) € (Z3)™! and
let 3" be defined as

(0,0) if by € {(0,0),(0,1)}
(1,1) ifbg € {(1,0),(1,1)} °

The substitution rule is defined as the map U(2™*1) — Sp(2-2™ R) N O(2™F1 R),

B = (by,b1,...,by) where b= { (4.128)

O'ﬁHSgl.

For the Pauli matrices on qubits 0 and ¢ = 1, ..., m, the substitution rule (4.128]) implies
Ozo Y0 s Oyo = Y0 5 Oz = Ioom | op, = , oy Yy, 0,0z, (4.129)

We will subsequently show that the substitution rule actually translates Nth order DD in the
qubit setting to Nth order homogenisation in the bosonic setting. Key to this construction
will be the identification of similarities between the multi-qubit Lie group and algebra with the
CV Lie group and algebra that we studied in Section[4.7] Recall that we derived that the Pauli
matrices o, and the symplectic matrices S, satisfy similar commutation relations
and , respectively. Since in the qubit-setting, it is precisely the phases UEIO'QO'B =
(—1)<O"5) that are responsible for the vanishing terms in the Dyson expansion of the toggling
frame evolution, there is justified hope that this translates to the bosonic setting. It is obvious
that for fixed o and /3 the two expressions («, 5) and («, ') are usually equal since 8 and [’
may only differ on the Oth entry. We will furthermore show that the distinction between 3’
and f is exactly what differentiates multi-qubit DD from CV homogenisation.

Let us first show how CV pulse sequences, which act on a system that is already decoupled
from its environment, fall into the framework presented in Section and state a sufficient
condition for Nth order homogenisation within this framework. Since for homogenisation
schemes in the sense of Definition [4.9] we assume that system and environment are decoupled,
decoherence is introduced by the original Hamiltonian

2:2™

> Ajp(t)RRy, (4.130)
G k=1

; 1
HOM(t) = o

acting on the system only. Here, for every ¢ € R, A(t) € R?2"*22" is a symmetric matrix
and R is the vector of system quadratures in a suitable order (choose the ordering (4.123)).
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Lemma 4.30 (Sufficient condition for bosonic homogenisation). Let A be a finite ordered.
On 2™ bosonic modes, consider a CV pulse sequence of the form

({txtaen {Ss00 aen) (4.131)

where the pulses Sg(y) € Sp(2 - 2™, R) are defined by a function

B:A—T

and where the matrices Sz € Sp(2 - 2™,R) as well as the set T are given in Definition [4.24

Let the functions F, g and the scalars ]:((Tl’ ’2’“)) be defined as in Lemmas [4.12| and 4.13|
respectively, and assume that the following holds:

for k€N, ri,...,7% € Ng, and vy, ..., € (Z3)™1
.7:((;11: :Tk <{Faz,6}l 1) =0 qsuch that k+r1 +... + 7, < N and (4.132)
k
@ o ¢ {((0,0),...,(0,0)), ((1,1),(0,0),...,(0,0))}.
Then the pulse sequence (4.131]) satisfies Nth order homogenisation. ]

The proof idea is the following: We will first show that the above pulse sequence falls into the
framework from Section In a second step we will apply Corollary from that section
to proof the homogenisation property.

Proof. By assumption, S°"&(t) € Sp(2 - 2™ + 2np, R) is generated by an element X°'8(t) €
sp(2 - 2™ + 2np, R) which is of the form

Xorig ¢ Xorig ¢ ; .
XOUi8(¢) = <X§%ggt§ X%%Et;) where Xgpb(t) = 0= Xp&(t) . (4.133)

Here ngig is the original generator that is associated with the Hamiltonian . Since
the generator is block-diagonal as well as the symplectic pulses (acting non-trivial
on the system only), we restrict our attention to the system only throughout this proof and
neglect the environment. In slight abuse of notation, we omit the index SS and write X orig
to denote Xgq®.

Let us now show that this original generator X8 (recall, that this means the system
part Xorlg) and the function S fall into the framework presented in Section In the
latter, we discuss decoupling and homogenisation in the setting of a general Lie group G and
its associated Lie algebra g. Here, G = Sp(2-2™,R) and g = sp(2-2™,R). The pulses are cho-
sen from the family of matrices {Sg} 4 which is a subset of G by part (b) of Theorem [4.25
Furthermore, the family of matrices {S, }ocr forms a basis of g by part (a) of Theorem [4.25
The adjoint action is given by

Ad(Sp)Sq = 55" 8aS5 = (-1)*?  foralla eT,B el (4.134)

as proven in part (¢) of Theorem where

= <§%lebj) mod 2 .
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Note that whether we include taking the modulo in the symplectic inner product does not
make a difference for the phases in Eq. (4.134). By assumption X°"8 has analytic time-
dependence, i.e., using the basis {Sq }aer of sp(2 - 2™, R) from Theorem we can write

XB(t) =3 ba(t)Sa where bo(t) = ba,t” where bo, €R. (4.135)
ael

We note that here, the ‘environment’ H g of the setup is a technical quantity: it is one-
dimensional — i.e., Hg = R and b,, € R from Eq. (4.135) — and it should not be confused
with the physical environment of ng bosonic modes, which we omit in our considerations
since we assume that system and environment evolve independently.

As a consequence, all assumptions 1-3 from the Setup are satisfied, and we find that the
toggling frame generator (more precisely, its system-only part) is given by

XU(t) = 3 Fag (/T) SaBat) ,  where  Fag (¢/T) = (—1) %1 (00
acl’

for t € [0,T] and for K; from Eq. (4.24). This generator appears in the Dyson expansion of
the toggling frame evolution

Stf Z Z Z Tk+r1+ +7E (Hsalbazﬂ) F((2117 Th) <{ 17/3(/\)}1 1) .

k=0 ai,...,ap €T r1,...,rp=0

Since all the assumptions of Setup are satisfied, one can apply Corollary for the
index v == ((1,1),(0,0),...,(0,0)) € I". It states that under the condition there are
scalars c1,c2 € R such that ||S™(T) — c1lpom — 25y = O(TNF1). Since S, = —Jom by
Eq. (4.112)), this implies Nth order homogenisation of the considered pulse sequence. [ |

Let us now relate multi-qubit DD schemes to bosonic homogenisation schemes.

Theorem 4.31 (CV homogenisation from qubit DD schemes). Let m € N and 8 : A —
(Z3)™*! . Assume that the pulse sequence

({txhrea, {os0) 1ren) (4.136)

on m + 1 qubits — where o3 is defined as in Eq. (4.55) — achieves Nth order dynamical
decoupling in the sense of Theorem from Section

Then the symplectic pulse sequence

({tadren {Sa 0 1 ren) (4.137)

on 2™ bosonic modes — where the function 8 : A — (Z3)™"! is related to 8 by the
substitution rule .29 achieves Nth order CV homogenisation in the sense of Definition [£.9]
i.e., a homogenised system evolution up to order N in 1" of an already decoupled system
Hamiltonian with analytic time dependence. O

We note that the condition @), a; ¢ {((0,0),...,(0,0)), ((1,1),(0,0),...,(0,0)) } is equiv-
alent to

k
1] Sa ¢ {£I20m, £Jom} .
=1
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Proof. Let us first show that the given multi-qubit pulse sequence satisfies the assumptions
of the setup in Section i.e., the necessary properties are listed in Definition

On the qubit level Nth order dynamical decoupling in the sense of Theorem [£.14] means that
the function 8 : A — (Z2)™*! satisfies

(aly"'vak)

f-(m,...,rk) ({Fal’5()\)}’,§:1> =0 forkeN,rq,...,7r € Ng,a1,...,ap € (Z%)m+1

k k (4.138)
such that k:+2rl < N and @al #((0,0),...,(0,0))
=1 =1

Let us now consider the bosonic setting and the pulse sequence obtained by the sub-
stitution rule og + Sz from Definition ie., let amap 8 : A — (Z3)™! be given.
As already discussed, 8 € T for all 8 € (Z3)™*!, i.e., for every A € A, we find #/()\) € I.
Hence, as shown in Lemma the bosonic pulse sequence falls into the frame-
work from Section Furthermore, Lemma gives a sufficient condition for Nth order
homogenisation namely. We will hence prove that this Condition is satisfied.

For the second step, let N € Nand let kK € N, r1,...,7; € Ny,, a1,...,a, € I' be such that

k
k+) <N and @a, ¢ {((0,0),...,(0,0)),((1,1),(0,0),...,(0,0))}  (4.139)
=1
are satisfied. For every [ = 1,...,k, one may introduce the notation

op = (ao(l),a1(1),...,am(l)) ,  where ag(l) = (r(1), (1)) € /i

for the different components of the /th index «;. Of special interest is its above-defined first
component k(I) (we call the component with index 0 the first). We also define the new
index g by its relation to «y, i.e., as

&1 =x(1)((1,1), (0,0),...,(0,0)) & ay = K (2 (1)) @12@---@12>a] mod 2. (4.140)

This new index q; satisfies — using that ® defines addition modulo two —

k
@al @al @071@ ((%,%),(0,0),...,(0,0)) (4.141)

where K = @le k(1). Inserting the assumption (4.139) on a1, ..., into Eq. (4.141) yields
that in both cases, k = 0 as well as Kk = 1, we have

k
P a # ((0,0),...,(0,0)) . (4.142)
=1

The remainder of this proof is dedicated to showing that the scalar F((rlz---i’;kk) ({Fapp i)
is equal to zero. In order to do so, let us compute the term

') =P a nd(n) for A€ A .
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This term appears in the integrand of above scalar F, more precisely as part of the exponent
of the phase (—1) inside the functions F,, gy, defined in Eq. (4.49). Since we can always
consider this quantity modulo 2 (as it appears in the exponent of a (—1) term), we compute

(af J1bp) mod 2 = [aOT <_01 é) <i 8) bo} mod 2

T
s f0 0 0 1
= [CLO (1 1> (_1 0> bo] mod 2
= (agjlbo) mod 2 .

This implies that the first components of («, 8(A\)) and (&, 8()\)) agree (modulo 2). By
definition, it is clear that the quantities 8'(\) = (by(N),b1(N), ..., bm(A)) from Eq. (4.128)
and a = (ap,ai,...,ay) from Eq. can at most differ from () and «, respectively,
on their first component. As a consequence, we have proven that for every A € A

(o, B'(N)) = al J1bp(\) @ f:af,]lbj(x) = (@, B(\) for all o € (Z3)™T! .
j=1

Recalling the definition of the functions F, from Eq. (4.49), we can conclude that
Fopoy =Fapn forallae (Z3)" el . (4.143)

Let us now exploit the assumption, that the pulse sequence (4.136)) achieves Nth order
dynamical decoupling in the sense of condition . We note that k € Nand ry,...,7r €
Ny have been chosen such that £+ r; 4+ ... 4+ rr < N by assumption and that the
indices @y, ...,ar € I' C (Z3)™*! are such that Eq. is satisfied. Therefore, Nth order
dynamical decoupling of the multi-qubit sequence gives that

Fm) ({(Fg, sopHe) = 0.

Since Eq. (4.143) implies Fg, 5n) = Fo, g(y) for every [ =1,...,k, we find that
Fo ) ({Fag o M ) = 0

In summary, we have shown that the symplectic pulse sequence (4.137)) satisfies the Condi-
tion (4.132) and hence achieves Nth order homogenisation. |

Theorem shows that the substitution rule translates an Nth order m + 1-qubit DD
scheme to an Nth order 2"*-mode bosonic homogenisation scheme. The pulse times are kept
and the pulses are translated using the substitution rule Note that the number of pulses
may be even lower since all multi-qubit pulses of the form (o)¢ are mapped to an identity,
i.e., no pulse is applied at the corresponding time in the CV sequence (cf. Fig. for an
example).

4.8.3 Uhrig homogenisation schemes

Here, we present the central result of this chapter: the novel homogenisation schemes.
The previous section showed how to translate a multi-qubit DD schemes of Nth order into
a bosonic homogenisation scheme of the same order with the same (or a lower) number of
pulses. Let us now apply this strategy from Definition to the most efficient multi-qubit
DD schemes, the NUDD schemes presented in Section [4.4.3
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qubit 1 hl A hl A T hl T A 1
qubit 0 : : : : : : : : :
mode 1 : s : . —nt —
mode 0 = L X : : ) et e
L A — ! I ! —t—t>

0 0.25 0.5 0.75 1

Single-qubit gates —— = —_— = ‘

Figure 4.7: CV nested Uhrig homogenisation scheme for two modes and of order two. On top,
the NUDD scheme is shown for two qubits and DD order N = 2 using (N 4 1)?*2 —1 = 80
pulses each of which are either o, or o, Pauli gates on one of the two qubits. By applying
the substitution rule from Definition one obtains the deduced bosonic homogenisation
scheme (on the bottom) of the same order N = 2 using (N + 1)?*! — 1 = 26 pulses. The
blue lines symbolise free evolution of the system under the decoherence Hamiltonian. This
evolution is interleaved with pulses, represented as orange or black icons. For the definition
of these pulses, we refer to Fig.

Theorem 4.32 (CV nested Uhrig homogenisation schemes). Let m € N, N € N and consider
the Nth order NUDD scheme for m + 1 qubits ([86] and cf. Section [4.4.3). Then:

(i) The image of this pulse sequence under the substitution rule from Definition is

an Nth order homogenisation scheme for 2 bosonic modes (in the sense of Defini-

tion .

(ii) The number of pulses in the CV scheme is (N +1)?+1 —1if N is even and (N +41)27m+!

if N is odd.

(iii) All bosonic pulses are unitaries from Definition [4.27, i.e., they are passive Gaus-

sian unitaries which are products of single-mode phase space rotations and two-mode
SWAPs.

Proof. (i) The proof is a direct application of Theorem In order to this latter, it

is necessary to show that the Nth order NUDD scheme for m + 1 qubits actually
satisfies the assumptions of Theorem [£.31] More precisely, it is sufficient to show that
the m + 1-qubit NUDD scheme satisfies the assumptions of Theorem from the
general framework in Section [4.5] In Section [£.5.3] we showed that the NUDD scheme
falls into the framework of DD for general Lie groups (cf. Definition . A proof of
the other assumption of the decoupling criterion Theorem |4.14] is given by Liang and
Imambekov [86] (cf. Lemma As a consequence, one may apply Theorem m

The pulses of the NUDD scheme for N even are mapped to the bosonic pulses
(Um)O = Uyo ) (Um)z = Uxi s (Uz)O = UIQ.Qm 5 (Uz)z — Uzi

fori=1,...,m (recalling Eq. (4.129))). Since the Nth order DD pulse sequence consists
of (N+1)?"+2 1 pulses, among those N times (N+1)?"*1 (5, )o-pulses at the innermost
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Figure 4.8: CV nested Uhrig homogenisation scheme (bottom) for four modes and order N =
1 and the corresponding first order three-qubit NUDD scheme (top). In both cases, the
evolution under the (decoherence) Hamiltonian is interleaved by control pulses. The control
pulses of the NUDD scheme (top) — which are products of single-qubit Paulis o, and o, —
are translated to the homogenisation pulses by the substitution rule from Definition [4.29
Note that by definition of the NUDD sequence for odd decoupling orders, the pulses are more
complicated than for even N. The single-mode pulses are described in Fig.

level, the deduced bosonic scheme has (N +1)2"+2 -1 - N (N +1)?m+ = (N41)2m+1 -1
non-trivial pulses. For N odd the pulses are given by

k k k—1 k—1
H(Uy)i = Uy, H ij ) H(O'y)i(o'x)k = Uy, H ijka
=0 j=1 i=0 j=1

and since again the inne the number of pulses from reduces from (N + 1)2"*+2 in the
multi-qubit setting to (N + 1)?™*! bosonic pulses.

(iii) By Lemma [4.2§] (part (b)), these pulses are passive Gaussian unitaries which are prod-
ucts of single-mode phase rotations U,,; and SWAP gates, equivalently products of
single-mode phase rotations and transmittivity zero beam splitter gates.

Figs. and show three examples of bosonic homogenisation schemes constructed
from NUDD schemes, the first for the parameters N = 2 and m = 1, the second for N =1
and m = 2 and the third for N =3 and m = 1.

In order to achieve decoherence suppression and homogenisation simultaneously, let us com-
bine the Uhrig decoherence suppression scheme from Theorem and the Uhrig homogeni-
sation scheme from Theorem More precisely, for ng bosonic system modes, we concate-
nate the former (of Nth order) at the inner level with the latter (also of Nth order) at the
outer level: in between the application of any neighbouring pair of homogenisation pulses, a
whole Nth order Uhrig decoherence suppression sequence is applied, i.e., with N (or N + 1)
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—
J
mode 1 — wmss—s—sma—s—u; ] ‘ ‘ I ‘ ‘ ‘ [ '—'—"—'—"']
| | \ | | | | | | | | |
mode 0 - . kaimn * * b T " * s I a i
S : T : S R R
. | | | | | | | | | | | |
time ¢/T" | | I I l I I l >
0 0.25 0.5 0.75 1

Figure 4.9: CV nested Uhrig homogenisation scheme for two modes and homogenisation order
three. The evolution under the decoherence Hamiltonian (depicted by blue lines) is
interleaved with instantaneous application of control pulses (represented as green or black
icons), the (single-mode) pulses are described in more detail in Fig. The shown two-mode
gate (orange) is given by the subsequent application of the basic single- and two-mode pulses
from Fig. as indicated by the inset above the circuit.

pulses at non-equidistant Uhrig times. The resulting schemes only uses
(N + 1)(N + 1)210g2(ns)+1 — (N + 1)210g2(n5)+2 ~ O(NlOgQ(nS))

pulses to achieve ||S™(T) — Sy @ Sg|| = O(TN*!) for some environment term Sy and the
homogenised system evolution Sy at the symplectic level. At the unitary level, the latter

corresponds to the unitary
US = 67iw/2 ZZ;SI Q12+P22
0

on the ng system modes for some frequency w € R.

4.9 Further considerations

In this section, we present two further results on the constructed pulse sequences. In Sec-
tion [4.9.1] we analyse the convergence of the considered Dyson series in terms of the time T’
after which one considers decoherence suppression. Furthermore, we investigate how the
constructed pulse sequences perform when the decoherence Hamiltonian contains additional
linear terms in Section [£.154]

4.9.1 Sufficient rates for decoherence suppression

So far, we did not specify how to exactly quantify a ‘sufficiently small’ time 7. Since our
analysis relies on the Dyson series of the toggling frame S*(T'), it is necessary that T is small
enough such that this Dyson series converges.

We consider the toggling frame generator from Eq. (4.27) and investigate whether the gen-
erated Dyson series converges. Recalling the convergence condition from Eq. (3.19) (Dyson
series from Section [3.3.1)), this is the case if

max [ X¥(8)]| = m < Xss(t) o) Xsn(t >H<oo (4.144)

t€[0,7) te[o T] o(t)Xes(t) Xep(t

We call 1/T the decoupling rate and 7' the decoupling cycle time. We note that the name
cycle time originates from periodic DD where is specifies the time after which a decoupling
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cycle has to be periodically repeated; here, it describes the time after which the whole pulse
sequence has been applied.

Let us investigate the convergence criterion of Eq. (4.144]) in more detail for the specific case
of a time-independent symplectic generator

i Xss XSE>
Xore = € sp(2ng + 2ng,R) .
(XES Xep p( S I )

We will give a bound on the necessary rate 1/T" in terms of the energy scales set by the
the system part || X Orlg|| the system-environment interactions || Xg 22| and the environment
part. Our analysis is conducted similarly to the one presented in the article [I63] in which
a system of a single-qubit with pure dephasing decoherence is considered. But note that we
only examine and mimic the simplest form of the bounds presented in the above article. The
more refined bounds from [163] seem much more difficult to translate to the bosonic setting.

Theorem 4.33 (Sufficient rates for decoherence suppression). For ng,ng € N, let

Xorig _ (XSS XsE

€ sp(2ng + 2ng,R
XEs XE‘E> p(2ns & R)

be given as well as the pulse sequence and consider the resulting symplectic evolution S**(7T")
after application of a pulse sequence of U pulses (cf. Definition 4.18)) specified by a func-
tion o : [0,1] — {—1, 1} which satisfies Eq. (4.72)). If

1
1 Xssll + 1 Xsell + 1 XeEll < 7 (4.145)

then there are two matrices Sgg € Sp(2ng,R) and Sgp € Sp(2ng,R) such that

N
ev2 (| Xssl + 1 XsEll + | XeEl) +1TN+1

res . <
|S™(T) — Sss @ See|| < (N +1)]

O

Proof. First recall that due to X°"& € sp(2ng +2ng, R) and with J from Eq. (4.21)), we have
that || Xsg|| = || Xgs| in any p-norm.

We will first show that

X X X
H(Stf H< Z Tk H S’SH""H SEH""H EEH) (4.146)

k!
k=N+1

The toggling frame evolution S¥(T") can be expanded in a Dyson series which is absolutely
convergent if condition (4.144)). This condition is equivalent to || X°"8|| < oo since

Xss  o(t)Xse i
T

Recall the computation of the Dyson series from Eq. (4.50). Then the upper right block
of S¥(T) is given by the Dyson series

(S™(T))se = ZT’“ > <H Xa Bm) al, 0)%) ({aam}’;zl), (4.147)
(S.5)

(A B)El/k



154 Chapter 4: Higher order dynamical decoupling of continuous variable systems

where the sequences from Eq. (4.66). In this calculation, we used the fact that if X°'# is
not time-dependent, then X4p, = 0 in the analytic expansion (4.45) for all » > 1. By the
assumption that o satisfies Eq. (4.72)), i.e., that

0,...,0 o forall k e N, aq,...,a € {0,1}
féal Lk) <{U ’”}'fn:l) =0 5 B (4.148)
e such that k < N and @, _, o =1,

the first V terms in (4.147)) vanish. For higher order terms with £ > N + 1, let us bound the
norms of the product in (4.147)). The sum

k
(i)
m=1

(AvB)EVk(SaE)
can be seen as the sum over certain paths of a binary tree of order s with vertices S and E.
For a specific sequence (A, B) € vi(S, E), the term an:l | X a,,B,, | is associated with one
path from top to bottom with edges

k
< Y I 1Xasl (4.149)

(A,B)ev(S,E) m=1

((Alv Bl)a (Bla BQ)? s (kaly Bk)) :

The summation over sequences (A4, B) € v, (S, E) assures that A; = S and By, = S, restricting
the summation over graph paths to exactly those which end at a vertex E. Fig. shows
three examples of this identification. Very roughly estimated and using || X[ = [ Xge |,

we thereby obtain

k

k
[ Xss|™ | Xspl™ | Xpp|™
|
Z ( XAmBm) = Z & my!lma!ms!
(A,B)evg(S,E) Il \m=1 mnfi%ﬂi;lk (4.150)
meo odd
< (I Xssll + 1 Xsell + | Xeel)" -
For k > N + 1, another term in (4.147) gives
0.0 1 rm Tk—1
‘}-((a,m, BX : ({Uam}fnzlﬂ < / / .. / lo(11) -+ |o (1) |dT . . . dTy
o 0 Jo 0 (4.151)

1 rn Thk—1 1
S// / di...dngﬁS—'
0o Jo 0 k!

using that o(7) € [-1,1] for all 7 € [0,1]. Inserting both estimates (4.150) and (4.151)
into the Dyson expansion of SY(T") as well as using the fact that the first N terms vanish

by (4.148]), one can upper bound both off-diagonal parts of Stf(T) by the same quantity, more
precisely ||(SY(T))sg|| and ||(SY(T)) gs|| are upper bounded by the right hand side of (4.146])).
Let us now use the assumption (4.145) which implies that

o
1
IS (T))sell < (I Xssll + 1 Xsell + [ Xeel)V TN > P (4.152)
kE=N+1""

The sum over k on the right hand side corresponds to th Nth order remainder term of the
Taylor expansion of the exponential function around 0

N

. 1* =1
e :Zﬁ—i_ Z R

k=0 k=N+1
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Figure 4.10: Binary trees to compute the quantity on the right hand side of
in the following sense: A path with nodes Ay, As,..., Ay € {5, E}F*! gives a sum-
mand || X a, 4, [|[[ X 4,45 - - - [[ X 4,4, || such that the quantity on the right hand side of
is the sum of all these paths. Here the condition (A, B) € (S, E) implies that all
trees have root node S and outer nodes E. For k = 1 the right hand side of is
given by || Xggl||, and for k£ = 2 and k = 3, it is equal to | Xss|||Xsel + | Xsell[| XEeel
and || Xss|*[| Xsell + [ Xss|| Xsell|Xeel + 1 Xsel® + | XsEll| Xpr]?, respectively, where
we used that || Xsg|| = || Xes|-

Let us use the Lagrange form of the remainder to estimate
= 1
2

k=N+1

As a consequence, Eq. (4.152]) becomes

e

S

e

tf N+1pN+1
T < (|| X X X T —_—
1(S™(T))sell < ([[Xssll + [ Xsell + | XeEll) N1 1)

(4.153)

Note that the right hand side of (#.153]) gives an upper bound on the two norms ||(S*(T))sz||
and ||(SY(T))gs]|. Since, as usually S¥(T) = S™(T), there exist matrices Ssg € Sp(2ng,R)
and Sgg € Sp(2ng, R) such that

|85(T) — Sss & Seel” < (ST sl + (ST es” = 218U T))sz

which gives in combination with the upper bounds on ||(S*(T))sg|| and ||(S*(T))gs| that

V2([Xssll + [ Xsll + 1 Xes)™™ ! i

res €
|S™(T) — Sss @ SeEe|| < (N +1)

We note that this is a very simple bound on the necessary pulse rate. More refined bounds
will require a more detailed analysis. In the above proof, the estimation which we made in
the step from the first to second line in the calculation is the roughest (in particular,
it is not tight). If one wants to improve these bounds, a natural first step would be to improve
this estimation.

4.9.2 Linear terms in the Hamiltonian

We note that the Hamiltonian H°"&(¢) from Eq. (#.19) is not of the most general form.
Although such quadratic terms in the mode operators are ubiquitous, other powers may
appear.
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A first and simple generalisation is to consider the presence of additional linear terms in the
mode operators. In this section, we consider the effect of the constructed pulse sequences in
the presence of such additional terms in the Hamiltonian which are linear and show that the
decoupling and homogenisation properties of pulse sequences are not altered. More precisely,
let the original Hamiltonian be of the form

2n 2n

: 1
HS(t) = 5 > Aw(O)RiRi+ Y bR, . (4.154)
g k=1 Jj=1

where A : [0, T] — R?"*2" is a symmetric matrix and b : [0,7] — R?" is an additional time-
dependent vector. Instead of the quadratic Hamiltonians of the form of considered so
far, the Hamiltonian here includes additional time-dependent linear terms in the mode opera-
tors. The latter characterise displacements in the phase space (cf. Definition , e.g., they
describe Gaussian displacement noise of the form of Definition We will show that the
presence of these linear terms has no influence on the decoupling and homogenisation prop-
erties that a pulse sequence has on the quadratic terms, i.e., a Hamiltonian of the form
has the same decoupling and homogenisation sequences as one of the form .

As described in Section such a Hamiltonian generates a Gaussian unitary U°"8(t)
which is fully characterised by its effect on the first and second moments of a Gaussian
state. Since all pulses appearing in U™l(¢) are likewise Gaussian unitaries, the resulting
evolution U™ (t) — generated by HU&8(t) + H"l(1) — is still a Gaussian unitary. Let
the initial Gaussian state p € D(L*(R™)) on the n = ng + ng system and environment

modes have associated displacement vector R(p) and covariance matrix moments V (p) from
Definition 2.:26] The resulting state

pr(t) = U (0)p (U (1))

after evolution under U"*(¢) is still a Gaussian state which is characterised by new first and
second moments

R(t) = R(p™(T)) = S"(T)R(p) + d(T) . (4.155)
VIS () = V(" S(T)) = S (T)V () (S™(T)) . (4.156)

respectively, for some d € R?", cf. Egs. ([2.28)-(2.29) of Section m

Lemma 4.34 (No dependence on linear terms). Let a Hamiltonian H°"8(t) be of the form
Eq. (4.154) as well as a Gaussian state p be given and define V'*(t) by Eq. (4.156)). Then

%www:ﬂmmmwm+wmmwmr (4.157)

In particular, this equation shows no dependence on b(t). ]

Proof. A first observation shows that since every control pulse is a Gaussian unitary of the
form e~ Comml(t), the control Hamiltonian is

2n
1
Hcontrol(t) _ 5 2 : A;intml(t)Rij
Gk=1

for a time-dependent symmetric matrix A®™l : [0, T] — R2"*2" that is characterised by
the specific pulse times and operators and satisfies Aﬁnt“’l =0for j =2ng+1,...,2n
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or k=2ng+1,...,2n since the pulses only act non-trivial on the system. As a consequence,
the resulting Hamiltonian which generates the resulting evolution is of the form

HreS(t) - Horig( )+ Hcontrol Z Ares R Rk + Zb
j,k: 1 7=1

where A™S(t) := A(t) + A°"°l(t) for t € [0,T] is a time-dependent symmetric matrix. Note
that the time-dependent vector in front of the linear term does not depend on the control
Hamiltonian (i.e., the pulse sequence).

Consider the covariance matrix of a Gaussian state p defined in Eq. (2.24)). Direct computa-
tion shows that its matrix elements can be expressed in the form

Vik(p) = tr ({Rj, Ri}p) — 2tx(Ryp) tr(Rup)  for j.k=1,....2n.. (4.158)

Let p™(t) evolve under the resulting evolution such that it satisfies

d

L) = iLH™ (1), (1)

As a consequence, the derivative of its covariance matrix V'*(¢) (using (4.158))) is given by
d res - res res . res res res
2 Vak @) =it ([{ Ry, B}, H(0)]p™ (@) + 2itr ([By, H(1)]p™ (@) tr (Byp™ (1))
— 2itr (Rjp™(t)) tr ([Ri, H™ ()] p™(¢)) .

To compute the result of the individual terms we use that the quadrature operators satisfy
the commutation relations [R;, Ry] = .Jj; which gives

(4.159)

2n
[R;, H™(t _’LZ T AP (R +1 > Tirbi(t)
k,l=1 k=1

[{Rj, Ry}, H™(t)] = —i Z ATS(t) ({ Ry, Rj Y Tk + { R, R} Tomj)

I,m=1

2n
—2i ) bi(t)(R;Jix + RiJij)
for j,k=1,...,2n. As a consequence, the first term in Eq. (4.159) is equal to

itr ([{Ry, Ry}, H™(t)] p5( 22@ (TR () + JuR;™ () +

+ Z res res )Jl] + 2Rres( )R;ges( )Jlj) (4160)

I,m=1

+ Z res Vres )Jlk + 2Rres( )Rres( )Jlk)

I,m=1

where Eres(t) is defined in Eq. (4.155)). For the second term of (4.159) let us compute

itr ([Ry, H™(t)] pes( Z AT ()T R ( Zb, )Jij - (4.161)

I,m=1
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Note that the second term of Eq. (4.155)) is equal to the third term with the roles of j

and k interchanged. Setting everything together, i.e., inserting Egs. (4.160) and (4.161)) into
Eq. (4.159), and using the symmetry of A™(¢) and V() as well as the antisymmetry of J

one obtains that

2n
Dymes(ey = S AT() (Vi (1) Ty + Vi (6)70)

dt Ik
I,m=1
2n
= 3 (= LA O Vi) + Vim AL (1) )
I,m=1
This is equal to the desired Eq. (4.157)). -

Lemma implies the following for the decoherence suppression and homogenisation prop-
erties of the pulse sequences considered throughout this chapter in the presence of linear
decoherence terms. First, the linear decoherence terms cannot be reduced by the considered
bosonic pulse sequences. Moreover, since the covariance matrix of the resulting state does
not depend on the linear terms, these terms do not enter our analysis at all, i.e., the anal-
ysed matrix S™5(T) (the symplectic matrix associated with the resulting unitary U™5(T))
has the same structure as for a quadratic decoherence Hamiltonian. As a consequence, pulse
sequences that achieve Nth order decoherence suppression or homogenization for a quadratic
original Hamiltonian in the sense of Definitions [£.8] and [£.9] respectively, will achieve the
same in the presence of linear terms.



5 Asymmetric surface-Gottesman-
Kitaev-Preskill code

This chapter includes results which have been published in the article “Enhanced noise re-
silience of the surface-Gottesman-Kitaev-Preskill code via designed bias” [76] by the author
of this thesis together with her co-authors Lisa Hanggli and Robert Konig.

More precisely, this concerns the results in Sections [5.2.4], [5.4.2, [5.4.4), and central
parts of . All authors contributed equally to the publication [76]. The central ideas were
developed in joint discussions between the three co-authors. Margret Heinze computed the
threshold values with the simulated data, cf. Sections[5.5.9 and Lisa Hanggli conducted the
cutoff analysis, cf. Section |5.5.4]. The central computations and proofs, i.e., those of the
logical GKP error probabilities, were conducted in equal shares and jointly by Margret Heinze
and Lisa Hanggli. The first draft for the simulation code was programmed by Robert Kdnig,
the remainder was equally distributed among the three co-authors. Note that the results in
Section[5.2.1], from Theorem[5.9 and the comparison to the biased noise model considered by
Tuckett et al. [158] in Section are new and have not been published before.

The idea

This chapter treats qubit-into-CV quantum error correcting codes and questions on their noise
tolerance. The central research problem is: can one use an engineered noise bias to enhance
the noise tolerance of a concatenated DV-into-CV encoding? More precisely, we consider
the concatenation of the surface code and the Gottesman-Kitaev-Preskill (GKP) code [71] —
two codes which are promising DV-into-DV and DV-into-CV encodings, respectively — and
investigate whether an additional encoding of the GKP code (producing the noise bias) can
augment the error thresholds of the concatenated code. The basis for this question is laid
by two observations: first, applying a single-mode squeezing unitary to each mode of the
GKP code effectively transforms the logical GKP noise from symmetric noise (independent
equally likely X and Z-noise) to biased noise. On the other hand, asymmetry in the noise of
the surface code enhances its noise resilience compared to symmetric (i.i.d.) noise [158, [160].
Here, we combine these two ideas: We introduce asymmetry in the GKP code by an adapted
encoding (squeezing the GKP lattice in phase space) and numerically investigate whether this
enhances the noise resilience of the concatenated surface-GKP code. Note that the answer is
not clear a priori since there are limiting results on Gaussian error correction suggesting that
Gaussian encoding cannot enhance the noise resilience of CV codes towards Gaussian errors.
However, we find that the asymmetric surface-GKP codes achieve higher noise thresholds
compared to the standard surface-GKP encoding, when assuming the idealised setup of error-
free syndrome measurements.

159
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Organisation of this chapter

e Section [5.1| describes the Gottesman-Kitaev-Preskill (GKP) codes [71] with a focus on
symmetric (i.e., square lattice) GKP codes on a single bosonic mode.

e Section introduces asymmetric (i.e., rectangular lattice) GKP codes and discusses
symmetric and asymmetric physical displacement noise as well as the logical error
distribution on the GKP-qubit. This section furthermore proves a key theorem that
motivates the main result of this chapter: symmetric physical noise can be transformed
into biased noise at the level of the logical GKP-qubit when the latter is encoded
using a rectangular lattice. We alos compute the respective logical GKP-qubit error
probabilities.

e Section [5.3| reviews some prior results which are directly relevant to our analysis, e.g.,
on error thresholds of the concatenated surface-GKP and toric-GKP codes and on the
enhanced noise resilience of the surface code against biased noise.

e Section introduces the modified asymmetric surface-GKP code as well as some an-
alytic results on the noise bias of the encoded GKP-qubits.

e In Section [5.5] we present the simulation methods that we use to numerically compute
the error threshold of this code for different asymmetry parameters.

e The results of these simulations, i.e., the enhanced threshold estimates achieved by an
increased asymmetry ratio, are given in Section [5.6]
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Figure 5.1: Example of a symplectically integral lattice in the two-dimensional phase space:
The square lattice £ (dotted black lines) is generated by the two vectors o1 = 24/mey
and foy = 2/mey (black arrows) with respect to the standard basis ej, ez of R? and the
corresponding dual lattice £ (solid blue lines) is generated by 5, = —+/7es and £, = \/7e;.
The area around the origin enclosed by the blue square is the Voronoi cell of the dual lattice,
see Definition [5.3]
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5.1 The Gottesman-Kitaev-Preskill (GKP) code

In 2001, Gottesman, Kitaev and Preskill introduced a class of stabiliser codes that encode
qubits into bosonic modes [71] and that we work with throughout this chapter.

In Section[5.1.1] we define general GKP codes which encode a finite-dimensional quantum sys-
tem in 7 harmonic oscillator modes. Section [5.1.2] presents syndrome measurements and error
correction, especially against probabilistic displacement noise, in this setup. Sections [5.1.3
and focus in more detail on the square lattice GKP-qudits and qubits, respectively.

5.1.1 The GKP code: basic definition

Symplectically integral lattices on the phase space
Central to the definition of GKP codes are the following lattices on the phase space.

Definition 5.1 (Symplectically integral lattice). For n € N, let J € R?*"*2? be the matrix
defining the symplectic form (cf. Eq. (2.19)). Let {£;}?", C R?" and {¢;-}??, C R?" be such
that

e € onz foralli,j=1,...,2n, (5.1)
(e gl =2m6;;,  foralli,j=1,...,2n, (5.2)

where 6; ; is the Kronecker delta. A symplectically integral lattice is defined as

2n
L= {Z mkﬁk

k=1

my, € Z for every k;} ,

where {/; ?21 C R?" satisfy Eq. (5.1)). The dual lattice is defined as

2n
o= {kafé‘

k=1

my, € Z for every k:} .

We say that the vectors {¢;}2", span or generate the lattice £ and that the dual lattice £+
is generated by the 2n vectors {eii}fgl. Note that every symplectically integral lattice forms
a subgroup of the additive group (R?",+). Instead of defining the lattice by its generating
vectors it is sometimes useful to arrange them into the columns of a generating matrix G =
(41 by - Egn), see e.g. the original GKP paper [71]. Fig. shows an example of a
two-dimensional symplectically integral lattice: the square lattice in two-dimensional phase
space. Note that the corresponding GKP code is discussed in Section in more detail.

Stabilisers and code space

Let us consider a physical system of n € N bosonic modes. This quantum system is described
by the Hilbert space Hg = (L2 (R”)) with associated phase space R?". The GKP code is a
stabiliser code (cf. Definition [3.18]) defined on this system.
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Definition 5.2 (GKP code [71]). Let £ C R?" be a symplectically integral lattice spanned
by vectors {(;}3", € R*™. The GKP stabiliser generators are {D({;)}?", cf. Eq. (3.9) from
Section i.e., the stabiliser group

S(L) = (D(t1),...,D(ln)) ={D(§) | £ € L} (5:3)

consists of Weyl displacement operators ([2.22]) along the symplectically integral lattice L.
The stabiliser code associated with the stabiliser group S(£) is called the GKP code GKP(L).

We note that by condition , the stabiliser elements commute. The stabiliser generators
are displacements along the lattice’s spanning vectors D(¢;) for i = 1,...,2n. Similar to
stabiliser codes in the finite-dimensional setting (Definition , the GKP code space is
the joint +1 eigenspace of the stabiliser generators . More precisely, elements of the
GKP code space are those elements of the n-mode Hilbert space which are invariant under
transformations described by Weyl displacements D(€) along the lattice elements £ € £. We
denote the GKP code space by
GKP(L) C L*(R™)

to indicate its dependence on the symplectically integral lattice £. The encoding channel of
a GKP code is denoted by
Er : D(CY — D(LA(RM)) . (5.4)

The phase space R?" /L associated with the code space GKP(L) corresponds to a torus in 2n
dimensions. Recall that the displacements give a representation (a,&) +— e~**D(£) of the
Heisenberg-Weyl group H,, from Eq. on 8’(R™) — which restricts to an irreducible uni-
tary representation on L?(R") — and the GKP stabilisers form a discrete subgroup of H,. The
associated Hilbert space GKP (L) carries an irreducible representation of a discrete Heisenberg-
Weyl group, the one generated by ‘logical’ displacements, as we explain in the next paragraph.

Logical operators

The logical operators are the elements of the centraliser of the stabiliser group inside the
Heisenberg Weyl group, i.e., the displacement operators which leave the code space invariant.
Again up to global phases, this centraliser is given by

Z(S(L)) ={D(v) | v € R* such that SD(v) = D(v)S for all S € S(L)}
={D(v) |ve R?" such that D(&)D(v) = D(v)D(&) for all € € L} .

Using the definition of the dual lattice (5.2), it is easy to see that
Z(S(L)) ={D(v) | v e L} = (D(ty),..., D(l3,)) -

Hence the logical operations are Weyl displacements D(v) along elements v € £+ of the dual
lattice. Note that two such displacements D(v) and D(v') have the same logical effect — they
act identically on the code space — if and only if they satisfy (up to a global phase) D(v)S =
D(v') for some stabiliser S € S(£). By definition of the GKP stabiliser group ([5.3)), this is
the case if and only if v — v/ € L. As a consequence, a complete set of inequivalent logical
operations is characterised by elements of £+ /L. Its elements are cosets [¢] of £ where ¢ € L+
is a representative of the coset [{] = £ + L. The set

{p© I 1gect/c} (55)
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forms a complete family of inequivalent logical operations.

One can use this to compute the dimension of the code space GKP(L). By (5.5), the number
of logical or encoded (generalised) Pauli operators is equal to the number of elements in the
coset space L1 /L. The latter corresponds to the ratio of the unit cell volume of £ divided
by the unit cell volume of £+. Let us compute this volume ratio: Recall that the generating
vectors of £ must satisfy Eq. which can be rewritten as E;TFJEJ- = 2mA;; where A is an
antisymmetric matrix with integral entries. In terms of the matrix A Eq. — defining the
dual lattice vectors — translates to

b= At} .
J

Then the volume ratio considered above — the volume of the unit cell of £ divided by the
volume of the unit cell of £+ — is given by the determinant of A. Since on C¢ there are d?
(generalised) Pauli operators, the dimension of the code space GKP(L) is equal to the square
root of the number det(A) computed above:

dim (GKP(L)) = v/det(A) . (5.6)

5.1.2 GKP recovery for displacement errors

Syndrome measurements

As usual for stabiliser codes, the syndrome measurements correspond to measuring the eigen-
values of a complete set of 2n independent stabiliser generators. For the code GKP(L),
these are displacements D({y),..., D(¢a,) along basis vectors of the symplectically inte-
gral lattice £. To further understand the corresponding measurement outcome — the syn-
drome s = (sq,..., S2,) — it is convenient to introduce the concept of a closest lattice point,
and the lattice modulo operator.

Definition 5.3 (Closest lattice point and Voronoi cell). Let £ C R?" be a symplectically
integral lattice. For x € R?", the closest lattice point in L to x is

Qc(w) = argmingcpllz — & (5.7)
Here || - || is the Euclidean norm and ties are broken in a systematic manner, i.e., such
that Qz(x); > z; for all components j =1,...,2n.

The Voronoi cell VY of the lattice £ is defined as the set of points € R?” to which the
origin is the closest lattice point, i.e., as

Ve = {z € R*" | Qc(z) = 0} .
The modulo lattice operation (- mod L) is defined as the map
R -V, , zw(z modL):=z—Qc(z).
Let us return to the GKP code GKP(L). At the level of the phase space, the GKP syndrome

measurement corresponds to measuring the displacement error modulo the dual lattice. More
precisely, if an initial ideal GKP code state is corrupted by a displacement D(v) for v € R??
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then the syndrome associated with the error v is
s(w)=v mod Lt =v—Q,.(v). (5.8)

For every v € R*", the syndrome s(v) is an element of the dual Voronoi cell V. .

Decoding

Generally a decoding strategy or decoder is defined by a map
c: Vo — R , s+ c(s)

which associates a correction vector c(s) € R?" to every syndrome s € V,.. The GKP
recovery procedure corresponds to a phase space displacement D(c(s)) of the corrupted state
by the correction vector c(s) € R?". To analyse the validity and the success of a decoder,
assume an error D(v) has corrupted an initial ideally encoded GKP state. We use the
following terminology:

(i) The decoder is wvalid for an error v € R?" if the correction displacement maps the
corrupted state back to the code space GKP(L). The corrected state is in the code
space if it relates to the original state by a phase space displacement by a vector of
the dual lattice. Phrased differently, a decoder is valid for an error v € R?" if the
overall displacement applied to the encoded state, i.e., the product of the error and the
correction D(c(s))D(v) corresponding to an element of the dual lattice £, i.e., if

v+c(s(v)) e L. (5.9)

(ii) If the overall displacement applied to the encoded state is an element of the lattice L,
then the error and correction has no logical effect on the encoded state. Hence the
decoder corrects an error v € R?" successfully if the overall displacement amounts to a
shift along the lattice £. This is the case if

v+e(s(v)eLl. (5.10)

More generally, an error v € R?" results in the logical action of the operator L associated
with the coset [¢7] € £1/L if it satisfies

v+ e(s(v)) € &) - (5.11)

Note that here one writes [£7] = & + £ to denote the coset (element of (5.5])) of the phase
space element {7 € R?" such that the corresponding displacement D(&7) acts as a logical L-
operator on the encoded GKP state. The recovery channel corresponding to a decoder c is
denoted by Rz ..  Let us furthermore denote by 52 the inverse encoding map, which is

defined on states supported on the code space GKP(L) and satisfies 5} o = Ipcay.-

Closest lattice point decoding

The usual decoding strategy for the GKP code is closest lattice point decoding. Here one
associates the correction vector
c(s) = —s



5.1 The Gottesman-Kitaev-Preskill (GKP) code 165

to the syndrome s € V, 1. This corresponds to a shift to the lattice point in £+ which is
closest to the error displacement v since

c(sW) +v=—sW)+v=—-W-Qr(v) +v=0Q(v), (5.12)

where Q1 (v) is defined in Eq. . This decoder is valid — i.e., it satisfies Eq. for
all v € R?" — since Q.. (v) € L by definition of Q.. Furthermore, it is successful for the
displacement error D(v) if and only if it satisfies for v € R?". By Eq. , this is
equivalent to the condition that Q.1 () belongs to the trivial coset [0] € £1/L.

Suppose a displacement error D(v) corrupts an ideal GKP state, followed by the GKP
syndrome measurement and closest lattice point correction. The residual logical operator
generally depends on the coset to which @, (v) belongs: If the displacement error v satis-
fies Q.1 (v) € [&7], then a residual logical operator L occurs. Here [¢7] € £1/L denotes the
coset associated with logical operator L. Since

QW) el & v—v mod LT =& +¢ forsomeé €L,

this can be summarised as follows: The combined channel — displacement noise D(v) and
GKP recovery on GKP states — results in the logical action

L if v=¢,+E+n forsomefel,neV, . (5.13)

Let us denote the recovery channel associated with the closest lattice point decoding by R ..

5.1.3 Square lattice GKP-qudit

Let us consider the special case of a single bosonic mode, i.e., n = 1. Then a symplectically
integral lattice £ C R? is generated by two vectors £1,f and Eq. (5.1 simplifies to the
condition

Tty = +97d 5.14
1

for some d € N. By Eq. (5.6, the dimension of the code space GKP(L) is given by the
number d: As a consequence, the code GKP(L) encodes a qudit into one bosonic mode.

Definition 5.4 (Square lattice GKP-qudit). The square lattice GKP-qudit code GKP(L) is
defined by the lattice £ C R? spanned by the two vectors

) ().

for some d € N such that d > 2.

It is easy to see that the two vectors (¢1, ¢2) satisfy Eq. (5.14), i.e., the lattice is symplectically
integral and this code actually corresponds to a GKP-qudit code.

To investigate such codes in more detail, let us discuss a construction of the corresponding
code words and stabiliser operators by Bouzouina and de Bievre [24]. In 1996, the authors
studied certain area preserving maps on the single bosonic mode Hilbert space which is associ-
ated with a torus phase space. Note that this foundation was established before Gottesman,
Kitaev and Preskill discovered its use in the context of quantum error correction later in
2001 [71]: in the context of GKP codes, the following construction is related to square GKP
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lattices (described in the section at hand) and rectangular GKP lattices (cf. Section [5.2.2)).
We additionally note that Bouzouina’s and de Bievre’s work builds on previous ideas of [78]
and [14].

When describing the action of logical operators it is useful to fix a basis of GKP(L). Therefore
let v € GKP(L) C &, i.e., D(£)yp =4 for all £ € L. From the eigenvalue equation for ¢y

D(ba)g = V2™ =y |

we find that 1 in position space (i.e., Q eigenbasis) must satisfy ¢(z)(1 — e?V274%) = 0 for
all z € R. As a consequence ¥ (x) can only be non-zero for x = m/2m/d where m € Z, which
implies that

P(z) = Z cmd (a; —-m 27r/d) , (5.15)

meZ
for some coefficients ¢, € C for m € N. Using the other spanning vector of £ and the
corresponding eigenvalue equation

D(gl)w — e—i\/Qﬂ'de — w
we find that these coefficients must satisfy

Cm = Cmid for all m € N . (5.16)

By Egs. (5.15) and (5.16)), the dimension of GKP (L) is d. Defining
ej(x):Z<5(:1:—m\/27rd—j 27 /d) for j=0,...,d—1, (5.17)

meZ
then gives a basis {ej}?;é of GKP(L).

Since the logical operators are associated with the set of cosets £L1/L, let us consider D(€)
for &€ € £1. The spanning vectors of the symplectically dual lattice are given by

() - ().

Displacements along the dual lattice satisfy
D(mily + maly) = €' D(41)™ D(ty)™

for m1, mo € Z. The action of logical error operators on these basis vectors can be computed
to be o

D(t)ye, = e milde,

D(%L)ej = €(Gj+1) modd >

for all j = 0,...,d — 1. That is, D(—¢{) and D(¢4) are the (generalised) logical Pauli-Z
and X operators, respectively, of a d-dimensional system. They generate what is sometimes
referred to as a finite-dimensional Weyl system.

Of course, the elements ¢ € GKP(L) C &' are non-normalisable. When one wants to consider
physically realisable — normalisable — states one usually considers normalisable approxima-
tions of the element ¢ € &’ [T1] such as depicted in Fig.[5.2l For a squeezing parameter € > 0
one sets

€ 1 2 ——(x— Td—7J I
(@) = gog Y e VI gl (5.18)
meZ
for 5 = 0,...,d — 1 which approximates lim._,~o €§e) = e; in the limit € — oo of infinite

squeezing.
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Figure 5.2: Probability distribution in position space of finitely squeezed approximations of
the logical states ep and the e; from Eq. (5.17) for d = 2 (the square lattice GKP-qubit),

ie. 6()f01“j—0 1 from Eq. -

5.1.4 Square lattice GKP-qubit

The square lattice GKP-qubit code encodes a single qubit into a single bosonic mode with
phase space R?. The associated symplectically integral lattice £ is generated by the vectors

b () e (). 619

i.e., it corresponds to the lattice associated with the GKP-qudit from Definition for d = 2.
This is the simplest and most prominent example of the GKP code. To clarify our notation,
we will use an index [J to label the respective code space, logical operators etc. From now
on we will call GKP(Ln) the square lattice GKP code.

The dual lattice Eé is generated by the two vectors

b (%) we(5)
—JT 0
The lattice, its dual and the Voronoi cell are given by the following sets:
Lp = {(2\/7””1 2ﬁm2)T | my,ma € Z} ,
LE = {(ﬁml ﬁmg)T | my,ma € Z} , (5.20)
V=V = {(\/%)\1 Vira) A he € [ - %,%]} . (5.21)

Logical states and operators

As discussed in the previous section, the two-dimensional code space GKP(Lg) has the basis

000 = (g —2kvm)lg) =D lg=2kV7) , (5.22)

kEZ kEZ
D= dlg— 2k+1)Vm)lg) = > lg= (2k+ 1)V/7) . (5.23)
k€EZ kEZ

In the position basis, these code state elements are infinite sums of d-peaks around even and
odd multiples of /7, respectively.

The logical X and Z operations are given by

Xpo=D <€ﬁ2) — e WP Zn=D <—£él> = VT
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Probability Probability
10) [y
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(a) Logical states in position basis (b) Logical states in momentum basis

Figure 5.3: Logical states of GKP(Lg) in position/momentum basis. In the position basis,
the |0)g-state (respectively, the |1)-state) is given by the superposition infinitely sharp d-
peaks around even (respectively, odd) multiples of /7. In the momentum basis, the same
holds for the state |[+)o (respectively, [=)g). The logical X corresponds to a g-shift of /7,
mapping the logical |0)g to the logical [1)g and vice versa. Similarly, the logical Zg shifts p
by an amount of /7 and maps |[+)g — |—)g and vice versa.

Note that the logical operators are not self-inverse, Yal # X and 751 # Zg, but that their
logical action on the code words is, i.e., they satisfy Yalw = Xt and ZSlw = Zm for
all 9p € GKP(Lg). The basis of GKP(£g) in which Zg is diagonal is given by the logical +
and — states

o= d(p—2kv/m)|p) = _ |p = 2k/7) ,

keZ keZ
o= dp—(2k+1 => Ip=(2k+1)V7) .
keZ keZ

For the square lattice GKP code, Fig. shows the lattice L as well as its dual Eé. In
Fig. the encoded logical states as well as the logical operations are depicted in the position
or momentum basis.

Logical Clifford gates

Consider n € N square lattice GKP-qubits, i.e., let n copies of the square lattice Lo be
given. In order to perform universal quantum computation, one must be able to implement
a universal gate set on the encoded qubits. Here we discuss how the encoded gates look
like on the bosonic level. By Theorem the Clifford group on n qubits is a part of a
universal gate set. It consists of CNOT gates between pairs of qubit, as well as Hadamard
and phase gates on every single qubit. These gates transform the logical X- and Z-operators

as described by Eqgs. (2.57)), (2.52)) and (2.55)), respectively.

Recall the examples of Gaussian unitary gates from Section First, the unitary

H = 5 Q4P _ Urot(—7/2)

was shown to have the associated symplectic matrix Syot(—7/2) from Eq. (2.42) and to

transform the quadratures as ﬁQﬁT — P and HPH' = —@Q. The unitary H furthermore
satisfies

HXpH' =He VTPH = V19 = 7,
HZoH' = HeV™OH' = VTP = X
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which corresponds to the action a Hadamard gate must have on the logical Xg- and Zg-
operators as computed in Eq. (2.52)). As discussed in Section H is a passive Gaussian
unitary.

Second, recall the active Gaussian unitary
— i M2

from Eq. (2.44) which hence satisfies §Q§T = (@ and SPS' = p— Q. As a consequence and
using the Baker-Campbell-Hausdorff formula, we find that

S75§T = Feiiﬁpﬁf = e WTP=Q) = o~IWTPiVTQeis — iXoZn ,
5705 = 5eViS! = VT = 7 |

hold. This corresponds to the action ([2.55)) of the single-qubit phase gate M 4 = diag(1, /4y
on the logical X and Z operators.

Third, for the CNOT gate, consider the two-mode unitary
CNOT := @i1f2 (5.24)

By Lemma one can compute its associated symplectic matrix: if a unitary is of the

form U = e_%RTAR, then it transforms the quadratures as URjUT = > 1, Sjk Ry where S =
e~74. For the CNOT unitary U = CNOT := @172 this results in

0 001 100 0
A==loooo] - S==loon
1 000 000 1
i.e., it transforms the mode operators as
CNOTQ,CNOT =@, CNOTP,CNOT = P, — P,
CNOTQ,CNOT =@, +Q, ,  CNOTRCNOT =P, .

Therefore, the logical X and Zq are transformed as
CNOT X, CNOT' = CNOTe VAACNOT! = e~ V(=) — Xy X, !
CNOT Z5,CNOT' = CNOTeVTACNOT! = e~ V71 — 71,
CNOT X5,CNOT' = CNOTe VP2CNOT! = e~ V72 — X1,
CNOT Z,CNOT! = CNOTe V™ @2CNOT! = e iVa(@i+Q2) — 71 71, |

This action corresponds to the one given by the CNOT gate (cf. Egs.(2.57))) where the first
GKP-qubit is the control qubit and the second GKP-qubit is the target qubit.

For universal quantum computation in the circuit model, Clifford gates are not sufficient.
The last missing gate is for example the (7/8)-gate, cf. Eq. (2.56). We note that its physical
realisation in the GKP code does not correspond to a Gaussian unitary. But it can be
constructed by preparing Hadamard eigenstates, transforming them with an inverse phase
gate and then using a gate teleportation circuit to teleport the (7/8)-gate to the GKP-qubit.
For a detailed description of this procedure we refer to the original article by Gottesman,
Kitaev and Preskill [71]. In a recent paper [15], Baragiola et al. showed that distillable magic
states can be produced by applying GKP error correction to Gaussian input states such as
the vacuum. This result proves that universality can be achieved by using only Gaussian
operations without employing any further non-Gaussian resources than the non-Gaussian
logical GKP states.
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Figure 5.4: Circuit of the square lattice GKP-qubit code syndrome measurements. On the
corrupted GKP state (first mode, also called data mode) one executes two encoded CNOT
gates which relate it to two auxiliary modes where the latter are initialised in the encoded
GKP states |+)g and |0)p. First, the data mode is used as the control and the [+)g-mode as
the target of the CNOT gate. Second, the data mode is used as target and the [0)g-mode as
control. The position of the second mode is measured and the momentum of the third which
yield the @-shifts and the P-shifts on the data mode.

Syndrome measurement and error correction

The stabiliser generators are
D(lm) =e 2V D (ly) = VTR
Measuring the two stabiliser generators returns the error syndrome
s(v)=v mod L =v—-Qp.(v) EVE

for an error v € R?, cf. Eq. (5.8). Inserting the dual square lattice £& from Eq. (5.20) code
this simplifies to measuring

(Q mod \/77) and (P mod ﬁ) .

The stabiliser measurements can be implemented using a circuit which feeds the errors to
an auxiliary GKP-qubit and then destructively measures the GKP-qubit, following the gen-
eral procedure suggested by Steane [I49]. Such a circuit uses the logical CNOT gate from

Eq. (5.24) and is depicted in Fig. 5.4
The closest lattice point decoder corresponds to the correction c¢(s) = —s, cf. Eq. (5.12)). For
the square lattice GKP code GKP(Lp) it associates the displacement

D(v +e(s(v) = D (Qs ()

to the error v € R%. Fig. [5.5(b) shows the error correction procedure for a specific example
of a displacement error.

The correction is successful if ) Lé(l/) € L. More precisely, by Eq. (5.13)), after GKP error
correction, the encoded GKP-qubit undergoes the action of a logical

L if Qgé(V) € [1Le{X,Y}€éQ - 1L6{Y,Z}€é1]

Here [0], [¢d,], [(4, — ¢&;] and [—¢3,] are the four cosets of L&/Ln associated with the four
logical operations I, X0, Y0, and Z, respectively. Using the definitions of £, Eé and VL%’
the above conditions are equivalent to

L if v= <ﬁ(2m1 tliexyy + 771))
VT(2mae + 1peqy 2y + 12)

for my, ma € Z and 11,12 € [—\/7/2,/7/2]. These regions are illustrated in Fig. [5.5(a).
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(a) Logical errors of phase space regions (b) Example of GKP error correction

Figure 5.5: GKP(Lg) under the closest lattice point decoder. (a) If the displacement error v €
R? lies inside the phase space region associated with L € {I,X,Y,Z} (colouring explained
below), then the GKP error correction results in the logical L. (b) In this example of error v
(orange), syndrome s(v) = v — Q.1 (v) (blue) and correction ¢(s) = —s (green), the error
correction produces a logical Y since Q. (v) = (&, + (&, € [(&, — ¢4,].

5.2 Symmetry and asymmetry in GKP-qubit codes on
a single mode

Throughout this section, we consider GKP codes which encode a single qubit into one bosonic
mode and derive some of their properties which are central to our construction of asymmetric
surface-GKP codes (Section . In Section start by showing that symplectic trans-
formations define equivalence classes on the set of GKP codes an that for single-qubit codes
there is only a single one. In Section we define asymmetric GKP codes and in Sec-
tion [5.2.3] we present the physical noise model of probabilistic displacement noise which we
consider throughout. Section computes the logical noise channel at the level of the
encoded GKP-qubit in terms of the underlying GKP lattice and the physical noise model.
In Section [5.2.5] we show that an asymmetric GKP lattice renders an initially symmetric
Gaussian displacement noise biased towards one phase-space direction and we compute how
the probabilities in the logical noise channels of this asymmetric GKP-qubit relates to the
one of the symmetric GKP code. At the end, we also comment on the amount of squeezing
introduced by these asymmetric codes.

In the following, let £ C R? be a symplectically integral lattice which is generated by two
vectors £1, o that satisfy

Tty = ar . (5.25)

The associated GKP code GKP(L) encodes a single qubit into one oscillator mode.
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5.2.1 Unitarily transformed encoding of the square lattice GKP
code

For S € Sp(2,R) and a symplectically integral lattice £ C R? denote by
p = UsEc(p)UL  for p e D(C?) (5.26)

a unitarily transformed GKP-encoding. Recall the square lattice GKP code GKP(£Lg) intro-
duced in Section First we show that every GKP code can be constructed from the
code GKP(Lg) by such a unitarily transformed encoding.

Lemma 5.5. Let £ C R? be a symplectically integral lattice (cf. Definition on the phase
space R? and let GKP(L) be its associated GKP code. Then:

(i) For any symplectic matrix S € Sp(2,R), GKP(SL) defines a new GKP code and

GKP(SL) = UsGKP(L) . (5.27)

(ii) Suppose that the generating vectors of £ satisfy Eq. (5.25). Then there is a symplectic
matrix S € Sp(2,R) such that

GKP(L) = UsGKP(Lp)

where L is the square lattice GKP code introduced in Section
O

Proof. (i) Suppose that the vectors ¢; and {5 generate the lattice £. Let us first show that
for any S € Sp(2,R) the set

SL = {S’Elml + Sloyme | mi, Mg € Z}

is again a symplectically integral lattice according to Definition Since L is a sym-
plectically integral lattice (cf. Definition |5.1)), its generating vectors satisfy

(FJe; € 2nz fori,7 =1,2 (5.28)

which corresponds to Eq. (5.1). We note that Eq. (5.28) is invariant under symplectic
transformations since

(Se)TJ(Se;) = st yse; =l ge;  fori,j=1,2, SeSp(2,R).
=J

Therefore, the vectors S¢; and Sty satisfy (S¢;)TJ(S¢;) € 2nZ as well and generate a
lattice SL which is symplectically integral. Furthermore, GKP(SL) encodes the same
number of degrees of freedom as GKP(L): if Eq. (5.25)) is satisfied then this is d = 2, a
qubit.

To prove Eq. , it is sufficient to show that elements in UsGKP(L) are stabilised
by elements of the stabiliser group associated with the GKP code with lattice SL.
Let 1 € GKP(L) and & € SL. Note that then S71¢ € £, i.e., D(S71¢) € S(£). The
computation

D(&)Ust) = Us ULD(€)Us ¢ = Us D(S™ )¢ = Usy)
sy v —
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where we used Eq. and that D(S71¢) € S(L), shows that D(¢) for £ € SLC
stabilises states of the form Ugty where ¢» € GKP(L). Since GKP codes are stabiliser
codes, we have thus shown that UsGKP(L) defines a new GKP code and that the lattice
associated with this new code (and its stabilisers) is SL.

(ii) By assumption, the two generating vectors /1,3 of L satisfy ¢ Jly = 47. Define the
matrix

S = 2\1/7? (6 6) .

Its columns are the normalised generating vectors of the lattice £. Since it satisfies

T
sys =170,
4m

it is a symplectic matrix. Direct computation shows that

Sty = 2\1/7? (1 0) <2f> — 0,

St = 2;% (6 &) (237) — 0,

where /0o and fo9 are the two vectors generating the square lattice £ from Eq. .
Thus the vectors /1 = S¢m1 and ¢9 = Slos generate the symplectically integral lat-
tice £L = SLq. The first part (i) of this Lemma now implies that GKP(L£) = GKP(SLp) =
UsGKP(Lp).

|
Lemma implies that symplectic transformations S € Sp(2,R) define equivalence classes
on the set of GKP codes encoding a single qubit on the single-mode phase space R?. Fur-
thermore, for GKP codes that satisfy Eq. , part shows that there is only a single
such equivalence class. More precisely, all GKP-qubit codes on a single bosonic mode can
be constructed from the square lattice GKP code GKP(Lg). By Lemma the GKP code

with lattice £ = SLn for S € Sp(2,R) can be obtained from the square lattice GKP code by
a unitarily transformed encoding (5.26)) of the form

Eser(p) = UsErn (UL for p e D(C?) .

5.2.2 Asymmetric (rectangular lattice) GKP codes

Of a special interest for the modified asymmetric surface-GKP code will be specific lat-
tices £ = SLp and their respective GKP codes: asymmetric, called rectangular, and the
(asymmetric) hexagonal GKP codes, presented below in this section.

Rectangular lattice GKP codes

Let » > 0 and define the two vectors

f1 = (%ﬁ) C le = (2 gr /r) . (5.29)

One can easily see that they generate a symplectically integral lattice.
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Figure 5.6: Rectangular lattice in phase space for asymmetry ratio r = 4: the lattice £4
(black dashed lines) is spanned by the two vectors £(,_4); and £(,—4) from Egs. (5.29), the
dual lattice £ (blue solid lines) by K(lr: g and E(LT: 12 from Egs. (5.32) and the Voronoi
cell Vﬁi from Eq. (5.33)) is depicted by blue circumference.

Definition 5.6 (Rectangular GKP-qubit). The rectangular lattice GKP-qubit code or simply
the rectangular GKP code is defined as GKP(L,) where

L= {(2\/ﬁm1 2 w/rmg)T‘ mi, Mo € Z} (5.30)

is the symplectically integral lattice generated by ¢,; and £,9 from Eq. (5.29).

We call the parameter r > 0 the asymmetry ratio associated with the code GKP(L,) since
it corresponds to the ratio between the lengths of the two generating vectors 1, and fs,.
For r = 1, the code GKP(L;) corresponds to the square lattice GKP code. The latter is also
called the symmetric GKP code, whereas for r # 1 we call GKP(L,) an asymmetric GKP
code.

We note that it is straightforward to check that the two vectors from Eq. satisfy
Eq. and thereby actually generate a symplectically integral lattice. These two vec-
tors can be obtained from the square lattice GKP vectors ¢o; and fo2 (cf. Eq. ) by
transforming the latter as .1 = S,.¢0; and .9 = S,.¢o2 where the symplectic matrix

S, = (\f 1 /(1/;> _ S, (In(r)) (5.31)

is a single-mode squeezing matrix as considered in Section (cf. Eq. for the sym-
plectic matrix and for its unitary). The matrix squeezes the g-coordinate in phase space
by the factor \/r and the p-coordinate by the inverse factor 1//r. Following Lemma
this squeezing matrix S, relates the rectangular lattice to the square lattice GKP codes
via S, Lo = L,. We call GKP(L,) the asymmetric GKP code with (asymmetry) ratio r. We
note that we choose the name asymmetric instead of the (potentially more) intuitive term
‘squeezed GKP code’ to avoid confusion: in the context of GKP codes, the term ‘squeezed’
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is commonly used to refer to the finitely squeezed normalisable states in contrast to the
non-normalisable infinitely squeezed logical GKP states (cf. Section and Fig. [5.2)).

The dual lattice of L, is generated by the two vectors

L = <—\})7W> . = (‘ﬁ) . (5.32)

The dual rectangular £ lattice and its Voronoi cell are given by the sets

E% = {(\/ﬁml ﬁmz)T‘ mi,my € Z} ,
V=V ={(vara VEx) | Mdee [-53]} (5.33)

Fig. shows the lattice £4 as well as its dual £;. The two basis states of GKP(L,)

0y == Us, [0)0 = > 8(q — 2kv/7r)|q) = Y lqg = 2kv/7r) |

keZ keZ
M) = Us,Ma =8 (a= @k +1)v/a/r) lo) = 3 |a = 2k + 1)y/7/r)
kEZ kEZ

are computed from the square lattice GKP basis states (5.22) and (5.23). They are the &1
eigenstates of the logical GKP-Z operator which we call Z, and corresponds to the phase-
space displacement along —y/7/r in P-direction. Similarly, the logical GKP-X is a phase

space Q-shift of \/7r.

Hexagonal GKP code

Another prominent example of a GKP code is the hezagonal GKP code GKP(Lg). For

cim (\%) , (5.34)

the code GKP(Lp) is constructed from the hexagonal symplectically integral lattice

Lo = {ﬁc (2m1 + ma \/gmg)T ‘ mi, Mo € Z} (5.35)

which is related to the square lattice via Lo = SoLg, where

(1 1)2
so=c(y Js5)
is the associated symplectic matrix. Fig. shows the hexagonal lattice, its dual lattice
as well as their generating vectors. Note that since the two generating vectors of Lo have
the same length and enclose an angle of /3, they form a hexagonal lattice. In the original
GKP article [71], Gottesman, Kitaev and Preskill argue that this code can tolerate (slightly)
larger shift errors than the square lattice GKP code: both GKP codes enclose an a phase
space region of equal size inside their Voronoi cells, but the shortest lattice vector of Lo has

length 2,/mc which is slightly larger than the length of both vectors generating square lattice
GKP code ||¢q1]| = 24/7 since ¢ ~ 1.07457.
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Figure 5.7: Hexagonal GKP code in phase space: (a) the lattice Lo (black dashed lines)
from Eq. (5.35)) with its two spanning vectors {1 and oo and similarly the dual lattice [,é
(blue solid lines) with its spanning vectors ¢, and ¢¢, are depicted. (b) The GKP error
correction procedure produces a logical operation depending on the phase space region, the
displacement error belongs to (cf. Fig. for an explanation of the four differently coloured
regions).

Asymmetric hexagonal-lattice GKP codes

One can construct asymmetric hexagonal GKP codes by unitarily encoding the hexagonal
code with an additional squeezing for r > 0 with lattice

Loy = S.SoLn . (5.36)

Note that GKP(Lo ) is a GKP code since the product of two symplectic matrices is again a
symplectic matrix. The code GKP(Lp ) is called the asymmetric hexagonal GKP code and
has lattice, dual lattice and Voronoi cell

Lor= {c (2y/7rmy + /7 /rma \/sz)T ’ mi,ma € Z} ; (5.37)
Ear = {g (2v/7r m1 + \/7/rma \/37r/7“m2)T ‘ m1,mg € Z} ; (5.38)
V&, = {5 @vara +vafre VB | A e -3} (5:39)

respectively, where ¢ is the constant from Eq. (5.34). Fig. shows the asymmetric hexagonal
lattice as well as its dual for asymmetry ratio r = 4.

5.2.3 Symmetric and asymmetric physical noise channels

We consider the performance of GKP codes under probabilistic displacement noise. Recall
from Section that such noise is described by the quantum channel

N (o) = [ 126 D(pD(E) e
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Figure 5.8: Asymmetric hexagonal lattice for r = 4 in phase space: the symplectically integral
lattice Lo r—4 (black dashed lines) from Eq. (| is generated by the vectors in black and
its dual lattice EL 4 from Eq. - blue sohd hnes) by the vectors in blue. The Voronoi
cell of the dual lattlce from Eq. ( - is depicted by blue circumference around the origin.

for p € D(L*(R?)), where fz : R? — R is a probability density function associated to the
random variable Z. Here we specify Z ~ N(0,X) to be centred normal distribution for a
positive semidefinite covariance matrix ¥ € R?*2: the noise is given by

() = [ ODEODEOPE where fo(€) = e T ()

i.e., fs, : R? = R is a centred normal probability density function in two dimensions.

Let us consider the special case of symmetric noise where the covariance matrix ¥ is propor-
tional to the identity, i.e., ¥ = ¢2I; for some o > 0. Then

1 T 1 1 (¢2, 02
I )
for1(€) = 27rae ’ 27rUe ’ ’

is a two-dimensional centred normal distribution which has equal marginal distributions in
both variables &; and & and is fully characterised by the variance o2. The associated noise
channel

Noer,(p /ﬁw pD(€) a2 | (5.41)

describes what we call symmetric displacement noise. All other noise channels of the form
of (5.40) model asymmetric displacement noise. Of special interest for the work presented in
this chapter are the asymmetric noise channels

No.(p) = [ o (DD s

where r > 0 and %, := 02(S; /T)2 for the squeezing matrix S, from Eq. (5.31)).

5.2.4 Logical noise channels

When the GKP code is concatenated with another code (encoding a single logical qubit into
many GKP-qubits), its noisy qubits are forwarded to this outer code. For a performance
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analysis of the concatenated code, it is essential to compute the error probability of these
noisy GKP-qubits, i.e., the probability that after GKP error correction, the GKP-qubit has
suffered a logical X, Y or Z-error. In this section, we derive formulas and results on these
logical error probabilities for different GKP codes under probabilistic displacement noise.

Logical noise without conditioning on the GKP syndromes

Consider a valid decoder ¢ : s — ¢(s) for the code GKP(L). Recall the considerations in
Section m A single error D(v) which causes the syndrome s(v) results in the logical oper-
ator L if condition is satisfied. Assuming that the GKP-qubit undergoes displacement
noise Ny, from Eq. , such a logical operator L occurs with probability

Py = / o) (5.42)
(veR? | c(s(v)) Hvele])

where one averages over displacements v which occur with probability fs(v)d?v. Since we
consider GKP codes which encode a single qubit, i.e, for which Eq. (5.25)) holds, the logical
operations L are single-qubit Pauli operators I, X, Y, and Z.

The recovery channel

Ree: D(L*(R)) — D(GKP(L))

is the CPTP map associated with the recovery procedure, i.e., the syndrome measurement
of the code GKP(L) followed by the correction ¢ : V. — R2 An initially encoded GKP
state p € D(GKP(L)) is transformed to

RecoNslp) = [ | Fs0D(e(s(0)) D)D) D(els() v

by the post-GKP error correction state — after probabilistic displacement noise Ns; and GKP
error correction Rz .. Recall the GKP encoding channel from Eq. . The combined
channel

5;: ORE,CONZ o&r (5.43)

i.e., the GKP encoding followed by probabilistic displacement noise, the recovery and inverse
encoding, acts on the (logical) single-qubit states as a logical single-qubit Pauli channel

(cf. Eq. (3.5) from Section |3.1.2)) of the form

s <N N
N o wewywy) (P) = P10 + 05 XpX +pyYpY' +pzZpZ" . (5.44)

X

Here the error probabilities p; are given by Eq. (5.42) and we call the channel from Eq. (5.43))
the logical noise channel associated with the GKP code GKP(L), the noise Ny and the
decoder c.

Logical noise with conditioning on the GKP syndromes

The recovery channel R, cannot only be regarded as a quantum channel but also as a
quantum instrument (cf. Definition where one considers the post-correction quantum
state as well as the syndrome outcome. It might be useful to consider the logical noise channel
for a given syndrome, i.e., to condition it on a given syndrome outcome sy € V1. Assume
again that a probabilistic displacement noise Ny, corrupts an ideal GKP state and that the
syndrome measurement results in outcome sg € V... After GKP error correction, we are
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interested in the probability of a logical operator L under the condition that the syndrome sg
was measured. Let us denote this probability by p%) and the probability of a syndrome sg

by ps(so0)-

Lemma 5.7. The logical noise channel conditioned on the syndrome so € V.1 is given by the
single-qubit Pauli channel

Nvd .80 S0 v 71- SOV 71- S0 7 71-
N (2020 p20,930) (p) = P30+ PR XpX' +pRY pY' +pXZpZ" . (5.45)

The respective probabilities are

S0 . Z&ez: fZ(fZ +&— C(SO))
L > nect fx(n+ so) (5.46)

for L € {I,X,Y,Z}. O

Proof. By definition, the quantity p%’ is the probability that a displacement v € R? which is
randomly chosen according to the probability density function fx,, satisfies c(s(v)) +v € [¢7]
under the condition that s(v) = sg, i.e., it is given by

pP = Prle(s(v)) +v e &7 | s(v) = so]
where Pr[-] denotes the probability over v € R? randomly chosen according to the distribu-
tion fy. By Bayes’ rule, this is equal to the quotient
o = Pr [c(s(y)) +ve[é] and s(v) = 50]
L Pr[s(v) = so]

of the probability that both ¢(s(v))+v € [{7] and s(v) = s¢ hold and the probability ps(sg) =
Pr[s(v) = so| of the syndrome so. Computing the nominator and the denominator yields

Pr [c(s(v)) + v € [¢7] and s(v) = so] = / fs(v)d?v

{veR? | c(so)+v=Er+¢E, €L}

(5.47)
=Y fulég + & —c(s0))
el
ploo) = [ sy
veR V)=
{veR?[s(v)=so0} (5.48)
= > fe(n+s0)
nelt
respectively. Here we used that s(v) = v mod L*. [ |
Logical noise channels for closest lattice point correction
In the special case of closest lattice point correction c¢(s) := —s associated with the GKP

lattice £ (cf. Section|5.1.1]), we omit the index c in the recovery channel and simply write R ..
An error v € R? is corrected by a displacement D(c(s(v))) = D(Q,1(v)). It is useful to
consider the Voronoi cell of the dual lattice £, generated by Ef and EQL, ie.,

Veu = {4 0ot | de e 5}

Note that ignoring the syndrome, as in the previous section, can be interpreted as averaging
over the syndrome outcomes.



180 Chapter 5: Asymmetric surface-Gottesman-Kitaev-Preskill code

Lemma 5.8. For the closest lattice point decoder the probabilities from Eq. (5.44]) of the
logical noise channel are given by

=Y [ Jslgrernd o Le(ILXY.Z). (5.49)
el Vet

Moreover, the probabilities from Eq. (5.45]) for the logical noise channel conditioned on the
syndrome sqg are given by

so _ deg fs(& + €+ s0)

20 for Le{l,X,Y,Z}. 5.50
L Zneﬁl fZ(n+30) { } ( )

O

Proof. For the unconditional probability pz, let us compute the set of v € R? that satisfy
condition Q1 (v) € [{7]. We have

veRc(s(w)+rvelgll={veR | v=¢+E+w, E€L, we V).

The probability of a logical operator L occurring — averaged over the displacements v which
occur according to fx — is

—/ fz(V)dQVZZ/ oG +€E+v)diy.
[veR? Q1 (v)ele]) e

Let us now consider the probabilities for the logical noise channel conditioned on the syn-

dromes, i.e., p%’ from Eq. (5.46). Under the assumption of closest lattice point correc-
tion ¢(s) = —s, the numerator of p%) —cf. Eq. (5.47) — directly translates to

D felepté—cls0) =) falég+E+ )

§eL ceL

and the denominator stays unchanged, as given in Eq. (5.48). [

5.2.5 Biasing logical noise by unitarily transformed GKP-encoding

Let us formally prove how to construct biased logical noise from symmetric physical noise by
a suitable unitary encoding.

Theorem 5.9 (Biased noise by encoding). Let S € Sp(2,R) be a symplectic matrix and
consider GKP(Lg). Then for p € D(GKP(Lp)) one has

(Rscy 0 Nyzp) (UspUS) = Us (RL;D o Njy2g-1(s-1yr (p)) ul . (5.51)

where Ny denotes the displacement noise channel for ¥ € R?*2, cf. Eq. (5.40). O

Proof. Let p € D(GKP(£n)). By Lemma 5.5 (ii), then UspUl € D(GKP(SL)) defines an
encoded state on the asymmetric GKP code with lattice £ := SLg. Suppose it undergoes
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symmetric displacement noise (5.41)). Using UgD(f)Ug = D(S7Y) from Eq. (2.34)), the
corrupted state is

No(UsoU3) = [ Foon©D(O) UsoU) DI T
— [ 1 OUSULDOUspUL D) UsU L
R2
(5.52)
= Us ([ 9D 9pD(5 0P ) U
= Us ([ teatsnD@ontn) Ul
RQ
The last step is obtained by the substitution n = S~1¢ and using the fact that det(S) = 1

since S is symplectic. In terms of the new variable 7, the transformed probability density
function is

For(€)d?e = —— e 22N SG2e — £ ()i

where 7! = §TS/0? ie., ¥ = 0257 1(S™HT. Inserting this into the corrupted state from

Eq. (5.52) gives

2mo?

Ny (UspU§) = Us (/Rz faQS1(Sl)T<77)D(77)PD(77)Td277> g

= USNUQSfl(Sfl)T(p)Ug .

(5.53)

Suppose the GKP closest lattice point error correction procedure associated with the asym-
metric code GKP(SLn) is applied, the recovery channel is Rekp(szy)- An error v € R? is
corrected by the displacement D(c(s(v))) where

e(s(v) = —v mod (SL£5) = Qgps(v) —v .
We again use Eq. to compute
ULD(c(s(5m)Us = D(S™ (Qses () — 50)) = D(Qe(m) —m) . (5.54)
for n € R2. Then, the corrupted state from Eq. is mapped to the corrected state
(Rekp(scy) © Noz1) (UspU}) = /1R2 Fo21(€)D(c((€))) D(€) USPU;D(f)TD(C(S(ﬁ)))szf

= /R2 fr2s-1(5-1yr (M)Us UL D(c(s(Sn))Us D(n)pD(n)t UL D(e(s(5m) Us ULd?n
Eq. Eq. (59)

=Us </R2 fozs=1(s—1yr (M) D(n = Qs (n))D(n)pD(n)TD(Q% (n) — n)T> Ul

Note that we can identify n — n — Q ck (n) with the correction map n — c(s(n)) associated
with the closest lattice point decoder for the square lattice GKP code GKP(Lg). Hence

(R 0 Ny2p) (UspUL) = Us (RLD o Nop2g-1(g-1yr (P)) Ul
The inverse unitary encoding U ;(-)US maps the corrected state on GKP(SLg) back to the

associated logical square lattice GKP state in GKP(Lg). In summary, we have thus shown
Eq. (5.51]). |
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Theorem implies that the post-error-correction states of both codes — GKP(SLp) under
symmetric noise N2y and GKP(£g) under noise N;2g-1(g-1)r — are identical. Then of course
the resulting logical noise channels of both codes are equal, i.e., in both cases it is given
by a probabilistic single-qubit Pauli noise channel N(Vppf:???vpz) (cf. Eq. ), where the

respective logical error probabilities for X-, Y- and Z-errors are identical as well.

Rectangular lattice GKP code under symmetric noise

Recall the symplectic matrix S, from Eq. (5.31)) for » > 0. It is symmetric and it associated
unitary Ug, is an active squeezing Gaussian unitary. By £, := S, L it defines the rectangular
lattice GKP code GKP(L,) from Definition Hence Theorem can be applied to the

symplectic matrix S, from Eq. (5.31)).

Corollary 5.10 (to Theorem for S = S, ). For r > 0, consider the symplectic matrix S,
from Eq. (5.31)). Then one finds that

US, (Re, o Ny2p) (Us, pUL ) Us, = (Reg 0 Nyz(s, ,y2) () (5.55)

for all p € D(GKP(Lg)) and o > 0. O

We use the covariance matrix

_ _ a2/ 0
5= 8 s =t = (700 5,) (5.56)

to write the physical noise channel on the right hand side of Eq. (5.55) as Nj2(g, )2 = Ny,

We have thus shown that the logical noise channel N of the rectangular lattice code GKP(L,)
(cf. Definition [5.30) under symmetric physical noise N,2; (cf. (5.41))) is equal to the logi-
cal noise channel of the square lattice code GKP(Lp) under the asymmetric physical noise

channel Ny, = Ny2(g, , y2. For both of these GKP codes, we obtain the following identical
probabilities of the logical noise channel.

Theorem 5.11 (Symmetric and asymmetric GKP codes). For r > 0, let S, be the symplectic
matrix from Eq. (5.31]) and consider the codes GKP(Lp) and GKP(L,) where £, := S, Ln.
Let furthermore o € R and recall the displacement noise channels N, from Section [3.1.3

Then the logical error channels of GKP(L,) under symmetric noise N, 2; and of GKP(Lp)
under asymmetric noise Ny, for ¥, = 02(S; /T)Z are equivalent. More precisely,

EL oRe, oNy2ror, =Ny = EZD oRryoNy, o0&y (5.57)

is equal to a qubit noise channel of independent X and Z-noise (cf. Eq. (3.9) from Sec-
tion [3.1.2)). Its associated probabilities m = (p7, px, Py, P7) are given by

pr = (I-ax) - (1-qp)
py = 4ax - 4z
pz (1 -ax) Iz
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where

1—gx = Zerf<\/%< D)—erf( 20_7Z<m—i>>, (5.59)

mEZ
:;n%erf (E(mi)) —erf( :;;(m—i)> . (560)

and where the Gauss error function is defined as
2
erf(x) == / at forx e R . (5.61)
\F

If one considers the rectangular lattice GKP code under symmetric noise, then the logical
error channel conditioned on the syndrome sg = (x z)T € Vl is that of a qubit-noise
channel of independent X- and Z-noise N ( 20 %0 %0 sO) with associated probabilities

T ’pﬁ Y “'Z
00— (1—¢%) . (1—g%
b= (g - (g
bx = 5a ) (1 — 4z )
C 10— . SO (562)
vy = 43 e
ry = (1-¢@) - &
where q% and q%o are given by
1 2 1 1 ™ 2
——=(2y/mrmi+x) 55 (5/ 7Fmit2)
1— g% = 2mez € * 1— g% = 2mez® > e (5.63)
* ez € 202 (Varma+a)? Z Z A 202(\/ w/rma+z)?
mo m2€
respectively. O

Proof. Corollary to Theorem shows that the right hand side of ((5.57)) is equal to the
left hand side.

It is therefore sufficient to compute the error probabilities for the logical noise channel of the
right hand side. Consider the logical noise channel without syndrome information for the
square lattice GKP code GKP (L) under asymmetric noise of the form Ny, = N , ()02

g

As shown in Eq. (5.49)) — using the closest lattice point decoder — these probabilities are

= > / fo, (& +E+v)d (5.64)

§€L

for L € {I,X,Y,Z}. Since %, is diagonal, the probability density function fx_ is the product

of its marginals, i.e., for £ = (51 {2)T it can be written as

1 _ 1.2
f2.(§) = 902/ (€1) 902, (§2)  where g (x) = \/We 22" forz €R . (5.65)

The two marginals g,2/, and g,2, are centred normal distributions with variance o?/r and o?r,
respectively.
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In GKP(Lg), one can write the vector {7 as a function depending on Lel{l,X,Y,Z} as

&= Jr (1Le{X7Y}> (5.66)

ey zy

where 17, ¢y and 1oy 7, denote the indicator function on the sets {X,Y} and {Y, Z},
respectively. Using the vector , the error probabilities p; from Eq. ( - become

B §1+v+ lpeex, Y}\F
L= Z/V Ie <g2+y2+1L€{YZ}\F (5.67)

Let us insert the function fy, from Eq. (5.65)) and the sets L as well as Vﬁ from Eqgs. (5.20)

and ([5.21)), respectively, into Eq. (5.67):

T 1 1 _ 2
=1 > 2oz (Vv @mitige vy V) din

ez — YT /2102
VT 2
/2 . 26_L(% (2m2+1L€{YZ})\/§> dvy
_¥YT \ 270
mo€Z 2
T 1 —%(1/1+(2m1+1 )\ﬁ>2 (5.68)
m1€E€Z Tzlr o

i 2
o 1 e*Ti2 (V2+(2m2+1fe{7,7})\/§> dv

V2ro? ’
T o

mo€Z "~V 4r
7 VE
_/ Co (4T,$+W12€{Y?}) dx/ Co (2724_\/%116{77}) dz

In the calculation, we used a substitution and defined the function

o (m/Tutv)?
eqs(u,v) = g e 20 2 . 5.69
() % 27r0 el ( )

We note that the integration in the last line of Eq. (5.68) is over the Voronoi cell of the
rectangular lattice code GKP(L,) such that

A (47’7 v+ \/ﬁlze{x?}) €o (ﬁa Vo + ﬁlfe{?,i}) v . (5.70)

Let us further compute the two factors on the right hand side of Eq. (5.68)). Using again a
variable substitution to solve the integrals and the definition of the Gauss error function erf
from Eq. (5.61)) these factors are

2 Le{X.,Y}

T 27”" k+ 41 1 ) )
/ (47“ v+ 1Le{X Y}\/ﬁ)dyl \FZ/ e U dt

T rez V5 (i e ) (5.71)

=3 Zerf ( T(k+i+g 1Le{X Y})) — erf (ﬁ(k —1t3 1Le{x Y}))

keZ
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and

ir o k+ it3liey, z}) )
/ _ 60(£,V2 + 136{?,7} ﬁ)di/g / = et dt

ar keZ k 13 lzew, Z})
Zerf (\/ (k+1+3 1Le{YZ})) —erf (\/%(k’— Z+§1fe{7,7})> . (5.72)
keZ

These quantities furthermore satisfy

T T
4

/ ! €o (47“, v+ \/7r'r) dvy =1— / eq (4r,v1) dvy

/_\\/ﬁ;% (%77/24‘\/%) dvy = 1—/_\\7:%60 (2,15) dvy .

Inserting the quantities from Eqs. (5.71) and (5.72) into the probabilities p; from ([5.68))
shows that the logical noise channel is given by Eq. (5.58|) where

qY::;Zerf( 2:27”<m+i>> e <\/2072T<m+1)> , (5.73)

meZ
1 2w 3 | 27 1
MmEZ
This proves that 1 — ¢ and 1 — g are given by Eq. ( and Eq. -7 respectively.

Let us now recall the logical noise channel when conditioned on the syndrome measurement
outcome, cf. Eq. . Denote by sg = (m z)T € Vi the syndrome of the rectangular
lattice code GKP(L,) under symmetric noise N,2;. Then using the general formula from
Eq. such a syndrome occurs with probability

ps(SO) = 1 Z e_%%(\/ﬁm1+m)26—ﬁ(\/§m2+z)2
2mo?
m1,m2€Z (5'75)

=ey(r,z)es(1/r,2) .

Using Eq. (5.50), pp and pL ®ps(so) are related to each other via integration over the syn-
dromes sg € Vi, One can directly read off the value of

p%]ps(so) = €os (47‘755 + \/ﬁlfe{yj?}) €o (%a z+ \/%136{?2})
from Eq. (5.70). As a consequence, the probabilities of the logical noise channel are
o (47" T+ rrlpery, Y}) 2 (r’z + \/>1L6{Y Z})
eq(r,x)es(1/r, 2)
Direct computation shows that for all z € R the relations
eo(r,z) = ex(dr,x + V1) + eo(dr,2) | €5 (1,2) = es (2,2 + \/§) +eq(2,2) (5.77)

hold. Combining Eq. (5.76) with Eqs. (5.77) implies that the probabilities (from Eq. (5.62]))
satisfy

(5.76)

S0 .
Py =

so._ 1 _ €o(4r, ) eq (4/r,x)

— —_— — = ]_ e ———
Ix eq(r, ) ’ Iz ex(1/r,x) ’
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for so = (x z)T. This proves the second part of the claim, i.e., Eq. (5.63) when one inserts
the function e, from Eq. (5.69).
0 _

For the square lattice code GKP(£g) under asymmetric noise N2 (S1/,)25 the syndrome sz =

(xg Z[’)T occurs with probability

T 20\ 2
W) = 3 e sf) = sy 3 e s xR )
o

1
7765[] kl,k2 €L

This is equal to the probability
ps(s0) = D forrn+s0) = D for+s0) = Y fr21(Sn + Srsg)

neLi ne(SrLo)* neLs

of the syndrome sp in the rectangular lattice code GKP(L,) under symmetric noise N, 2y
(using Eq. ) where sp and s’ are related via sy = S,s5. We have thus shown that
both considered logical error channels also have equal probabilities when conditioned on the
syndromes if the respective syndromes are related to each other via the same symplectic
matrix S, that relates the GKP-lattices. [ |

Theorem shows that the rectangular lattice code GKP(L,) for r > 0 under symmetric
displacement noise with corresponding covariance matrix o = o2I, is equivalent to the
square GKP code under asymmetric noise with covariance matrix (cf. (5.56)))

a?/r2 0
ZT_< 0 07'2) '

The term “equivalent” here means that they have the same logical noise channel after GKP
error correction. This holds for both cases: first without using the GKP syndrome information
and second with conditioning on the syndromes. Fig: [5.9| exemplarily illustrates this result
for the case of r = 4.

Logical noise channel of the asymmetric hexagonal-lattice GKP code

For the numerical analysis in Section[5.5], we also consider non-rectangular lattices, namely the
asymmetric hexagonal lattice lattice Lo, from Eq. (5.36]). Let us compute the probabilities
of the residual logical noise channel of the associated GKP code GKP(Lg ).

Lemma 5.12. For » > 0, let the asymmetric hexagonal GKP code with lattice Lo, from
Eq. (5.36]) be given as well as the symmetric displacement noise channel N 2; from Eq. (5.41)).

Then — without conditioning on the GKP error syndromes — the residual noise channel N
of the GKP-qubit is that of stochastic Pauli noise (cf. Eq. (3.5))) with the associated proba-

bilities m = (p7, px, Py p7) Where

pr = vy
_%\/% —svA+% (5.78)

2 /9.2
. 69 (47“, V1 + ¢y WTlfe{Y7?} + %116{7,7}’ Vo + 3277””116{7,7}) dl/ldl/Q

for L € {I,X,Y,Z} and ¢? := 2/+/3 from Eq. (5.34). Here, for o,u > 0 and 2,z € R, we
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defined

1 s 2 2
_%‘2|:(c\/7rum1+§ %mz-i—x) (2 37rm2+z>

(5.79)

When conditioning on a syndrome outcome sg = (a: z)T, the logical noise channel N is
that of stochastic Pauli noise, cf. Eq. (5.62)), where 7 = (p?o, p%o, p%, p%)) with probabilities

(47“ v+ eVTrlpexyy + < T iezyyp et \/ 1Le{Z Y})

g (r,7,2)

P = (5.80)

for L € {I,X,Y,Z} where again €9 as defined in Eq. (5.79). O

Proof. Similar to the proof of Theorem [5.11] we will use the general formulas for the proba-
bilities p; and p2° 2 from Egs. (5.49) and (5.50), respectively, and insert the vectors

; <2W1Le{x itV 1Le{z,Y}>
f =

o lzexzy

for L € {I,X,Y,Z} of the asymmetric hexagonal GKP code. First, without conditioning on
the syndromes, the error probabilities from Eq. ([5.49)) become

ﬁ=/v > ferlv+E+&p)d

Or ey,

2
= Z e 20 2|:C 7TT‘(2m1+1L€{X Y})‘f‘C\/ /r(2m2+1L€{ZY})+V1:|

27r(72 VL
O r M1,m2

B ﬁ [C\/W (2m2+1fe {Z?}) +V2] : d?v

- €

:/w

eUO (47", v+ C\/T(Tr’lfe{y’y} + e ﬂlLe{Z Y1 b2 + 3ffrﬂ-lLE{Z,Y}) d*v
O,r

where the quantity ef,:) is defined in Eq. (5.79)). If one inserts the definition of the dual Voronoi
cell Vé’r from Eq. (5.39)), this corresponds to the desired Eq. (5.78]).

Similarly, one may directly compute the probability ps(sg) of a syndrome sy = (x z)T from

Eq. (5.48) to be
ps(SO) = Z f021(30 + 77) = eoc')(n z, Z) . (581)

€L
neLy

In order to compute the residual error probabilities p ° from Eq. (| - when conditioning
on the syndrome sp, one may use the relation

PP = (ps(50) ™ D> forr(so+E+Ep) -

§€£OJ

The nominator is given by the above computed term for p; (without the integration over the
dual Voronoi cell) and the denominator by Eq. (5.81)), such that combining both terms yields
the desired Eq. (5.80)). [ |
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Figure 5.9: Comparison of the square lattice GKP code GKP(£Lg) = GKP(L;) and the rect-
angular lattice GKP code GKP(L,) for asymmetry ratio » = 4 on the left (a) and right (b),
respectively. The two top figures depict the defining symplectically integral lattices (in dashed
black lines) and their duals (blue solid lines) as well as the phase space regions associated with
the logical operations I, X, Y and Z (cf. Fig . For rectangular lattices GKP codes under
symmetric noise N,2; from Eq. , the GKP-error correction can be conducted in the Q-
direction and the P-direction separately. The two bottom figures depict error distribution
and correction in the @Q-direction for the two different asymmetries ratios » = 1 and r = 4,
respectively: the Gaussian probability density function f,2(q) = (27['0')_1/26_(12/(202) is the
marginal in ¢-direction of the symmetric noise probability density function. The light blue
shaded area — the integration of f,2(q) over the set |J,,cy [‘/?(4m - 1), \/;7(4m +1)) -
corresponds to the probability that the g-direction of a randomly chosen shift v = (g p)? lies
in the blue edged phase space regions Vi- + L, of the phase space. It gives the probability of
the closest-lattice point correction in the g-direction to be successful, i.e., the value 1 — ¢+
from Eq. for the two different ratios r = 1 and r = 4. Theorem implies that the
value 1 — g5 for 7 = 1 and function f,2 (in (a)) is equal to 1 — g for r = 4 and the squeezed
function f,.,2 (in (b)); vice versa the integrals under the dotted cures also coincide: 1 — ¢
for 7 = 1 and the (inversely) squeezed function f,2/,. (dotted line in (a)) corresponds to 1 —gx
for r =4 and f,2 (dotted line in (b)).
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Note that in contrast to the rectangular lattice code under symmetric noise, the (asymmetric)
hexagonal-lattice GKP code under symmetric noise results in a residual noise channel which
is no longer given by independent X and Z-noise.

Squeezing for asymmetric GKP codes

As discussed above, the rectangular lattice code GKP(L,) is obtained from the square GKP
code by a unitary Gaussian encoding Ug,. The unitary Ug, is associated with the symplectic
matrix S, from Eq. , a single-mode squeezing matrix. An operationally relevant task is
to quantify the amount of squeezing which is necessary to produce a GKP state with asym-
metry ratio r # 1. Let us introduce the squeezing factor sg of the variance in the @-direction
(we choose the Q-direction without loss of generality; in the P-direction, the squeezing factor
can be defined similarly). In units of decibel, it is defined as

s = —10logg (65 /07) -

Here, 0f = 1/2 is the variance in @Q-direction associated with the vacuum state and the
quantity aé stands for the ()-variance in the state under consideration. Since the basis states
of the square lattice GKP code require infinite squeezing, one may instead quantify the
amount of squeezing necessary to produce the basis states of GKP(L,) from the basis states
of GKP(Lp): After the unitary encoding using Ug, , the covariance matrix Vo of a GKP(Lp)-
state it is transformed as

gyngl _ (V70 o2 0\ (vr 0\ _(ro* 0O
=\ o1yr)\o o)\ o 1r) L0 o
for the matrix S, from Eq. (5.31). Hence og — TZO'Q. In comparison to the square GKP
code (for r = 1), the squeezing factor in @Q-direction (or in P-direction) under application

of Ug,
sQ — sq — 10logyo(r)

is increased by the addition of the term —101logo(r) (respectively +10log;,(r) in P-direction)
which grows logarithmically with the asymmetry ratio r. For example, for r = 2, r =
3 and r = 4, this additional squeezing amounts to —3.01 dB, —4.77 dB and —6.02 dB,
respectively.

5.3 Prior work on the surface(-GKP) code relevant to
our analysis

The GKP-qubit (may it be encoded using the square GKP code or a more general encoding)
can be used as the “physical” qubit for another code. One may consider the concatenation
of the GKP code with a qubit-into-qubits QECC and analyse whether this concatenation
improves the noise tolerance of the encoded qubit compared to the bare QECC. Here, we
consider the concatenation of the GKP code with one of the most prominent qubit-into-qubits
encodings, the surface code [30}, 47].

In this section, let us discuss prior work which is directly relevant to our analysis of the
surface-GKP code. The first (Section [5.3.1) concerns no-go results on Gaussian quantum
error correction. We subsequently present the surface-GKP code and associated results in
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Section m Furthermore, we describe the so-called BSV decoder [29] for the surface code
in Section which we employ in our numerical analysis of the asymmetric surface-GKP
code and previous work on noise bias in the surface code in Section The latter results
motivate our idea to engineer a noise bias at the level of the logical GKP-qubits via an
asymmetric GKP encoding.

5.3.1 Gaussian error correction and corresponding no-go results

Gaussian operations — that includes evolution under quadratic bosonic Hamiltonians (i.e.,
Gaussian unitary operations) and dilations thereof, the preparation of the vacuum, coher-
ent (or more generally Gaussian) states, and homodyne or heterodyne measurements — are
attractive from an experimental viewpoint as their realisation is feasible with standard quan-
tum optics equipment. Unfortunately, information-processing capabilities of such operations
are fundamentally constrained. Several no-go results have been established in the literature
for error correction and related tasks. For example, Eisert et al. [56], Fiurasek et al. [64], as
well as Giedke and Cirac [69] show that Gaussian states cannot be distilled by local Gaussian
operations and classical communication. This is in contrast to the finite-dimensional case,
where e.g., entanglement distillation protocols using Clifford operations only exist. Niset,
Fiurdsek and Cerf [123] show that Gaussian pre- and post-processing operations cannot be
used to reduce entanglement degradation even when the noise is given by a Gaussian channel.

In more recent work [169], it was shown that embedding logical CV modes into a larger
number of physical modes by means of Gaussian encoding unitaries (i.e., Gaussian CV-to-CV-
encodings) does not reduce the amount of effective noise (when going from physical to logical
information) in the presence of i.i.d. Gaussian phase space displacement noise. More precisely,
it was shown that if the physical noise is Gaussian displacement noise with variance o on each
mode, then the noise at the logical level (affecting k encoded modes) can be understood as

Gaussian displacement noise in the @); and Pj-directions with variances satisfying aéj a%;j =

0% for j =1,...,k. This is with respect to certain rotated quadratures {(Qj, Pj)}?:y This
result can be seen as a kind of uncertainty relation. It implies that the noise cannot be
eliminated but only squeezed in certain directions, generating a trade-off between pairs of
canonical quadratures.

These no-go results show that non-Gaussian resources are a necessary building block for
CV-fault-tolerant information processing, especially in the context of quantum memories
and communication. We note that the case of dynamical decoupling considered in Chap-
ter [] does not fall into this framework because it is assumed that pulses can be applied at
any time, thereby effectively changing the dynamics of the noise. Suitable non-Gaussian
resources can include non-Gaussian resource states, non-Gaussian unitary evolution (e.g.,
under Hamiltonians that are higher-degree polynomials in the quadratures), or e.g., number
state measurements (single photon detection).

Noh, Girvin and Jiang have proposed non-Gaussian encodings of several modes (so-called
oscillator-to-oscillator codes) which use GKP states in auxiliary systems combined with Gaus-
sian unitaries. It was shown that these constructions indeed lead to reduced physical noise
variances [125], although limitations of this approach were subsequently found in [77]. A
different approach considers DV-to-CV encodings involving GKP states as a non-Gaussian
resource. The surface-GKP discussed in the next section is an example.
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5.3.2 The surface-GKP code

The surface-GKP code and the related toric-GKP-code are natural examples of codes em-
bedding individual qubits into many oscillators in such a way that the code states are non-
Gaussian states. These codes are defined as the concatenation of the surface or the toric
code, respectively, at the outer level and the GKP code at the inner level (cf. Section
on the concatenation of QECC and Section on the surface code). Because surface codes
constitute an infinite family of codes parametrised by systems size — i.e., number of qubits,
here denoted by n € N — and these codes are known to exhibit a fault-tolerance threshold
under probabilistic Pauli noise, surface-GKP codes are candidates for the robust storage of
logical qubits in many oscillators. Furthermore, because they involve non-Gaussian building
blocks (in the form of GKP states), they sidestep the no-go results discussed in the previous
section.

To study error thresholds of this proposal, suitable decoders have been considered. As a con-
catenated code, the surface-GKP permits a hierarchic decoding procedure where a recovery
is applied to each GKP-qubit first, followed by a surface code decoder which may or may not
use syndrome information obtained in the GKP recovery. This approach was taken by Fukui,
Tomita, Okamoto and Fujii to estimate thresholds against symmetric Gaussian displacement
noise. These authors use the standard GKP recovery procedure (see Section and the
minimum-weight matching decoder for the surface code decoding. In the case where GKP
syndrome information is taken into account, an edge weight is suitably chosen for each GKP-
qubit (i.e., surface code lattice), see [68, Eq. (10)]. Numerical estimates are obtained by using
Monte-Carlo simulations. Reference [68] also considers the realisation of logical gates and
includes a proposal for fault-tolerant measurement-based computation using a CV version of
the 3D cluster state.

In [169], the toric-GKP code was considered by Vuillot et al. Again, numerical results were
obtained using a concatenated decoder for several settings, including decoding with or without
GKP syndrome information, decoding with and without measurement errors (with repeated
measurements) both at the level of individual GKP-qubits and at the level of toric code
syndrome measurements. For the case of ideal measurements, the decoders chosen are similar
to those of [68] albeit a different weighting is chosen for the minimum weight matching [169,
see Eq. (33)].

The work [I69] also analytically studies the decoding problems in the context of measurements
errors in detail. For a single GKP-encoded qubit, they develop a new recovery procedure the
authors call “forward-minimisation” applicable to the case where both the physical mode,
as well as the measurement outcome are affected by random Gaussian displacements. Their
analysis connects maximum-likelihood decoding to a 1D Euclidean path-integral modelling
a particle in a random cosine potential. This is closely related to the connection between
logical error probabilities in the surface code and the partition function of a 2D random-bond
Ising model [47]. The recovery procedure can be seen as a proxy for the evaluation of this
path integral.

For toric-GKP codes with noisy syndrome measurements, the work [I69] connects the maxi-
mum likelihood decoding problem to a 3D compact QED model in the presence of a quenched
random gauge field. Again, a new associated decoder is constructed and numerical threshold
estimates are obtained.

Both constructions of [I69] and [68] rely on the square lattice-GKP code encoding a single
qubit, cf. Fig. which shows the quantum circuit realising a surface-GKP encoding such as
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Eakp(Lr) =

C? (C2)®d2+(d—1)2 (L2(R))®d2+(d—1)2

Figure 5.10: Encoding circuit of the surface-GKP code where one considers a surface code
(encoding one qubit into n physical) at the inner and the square lattice GKP code GKP (L) at
the outer level. As a consequence, the encoding channel is given by Esurface—ckp = (EgD)®" o

gsu rface-

the one considered in [68]. In this thesis, we show that simply choosing a different GKP code
provides operational advantages. However, this modification also necessitates using different
decoders: instead of the minimum-weight matching decoders and the decoders considered
in [169, [68], we use standard GKP-qubit recovery combined with the so-called BSV-decoder.
This decoder is introduced in the next section.

5.3.3 The BSV decoder for the surface code

Bravyi, Suchara and Vargo [29] introduced a decoder for the surface code that is efficiently
computable and approximates the maximum likelihood (ML) decoder. It depends on an
integer parameter y and becomes exact — i.e., equal to the ML decoder — in the limit x —
0o. The key improvement of this decoder compared to the ML decoder is its efficiency. It
approximates the coset probabilities (cf. Egs. in Section by identifying a tensor

network contraction with their computation.

Since the constructed asymmetric surface-GKP codes rely a distance d square surface code
with rough top/bottom and smooth left/right boundary conditions (cf. Section [3.4.5), we
focus on the BSV decoder for this case, here.

Assume independent Pauli noise on all qubits, i.e., Ny = @, cg Nr. where

Nz, :D(C?) = D(C?) , Nelp)= D me(Ee)EepE] . (5.82)
E.cPr
On every physical qubit e € E, the distribution of errors E, € P; is given by 7. : P; — [0, 1]
and we write £ = @,cg Ee. The probability of the coset ES (where E is the error and S
the stabiliser group) is

m(ES) =Y [] me(EeSe) (5.83)

SEeS ecE

where we similarly decompose a stabiliser as S = @) g Se-

The authors of [29] show that the coset probabilities 7(ES) can be written as the contraction
of a two-dimensional tensor network.
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p(e) u(le)
u(e)p—O—v(e) p(e) | ale)
q(e) o

Figure 5.11: A horizontal edge e (white dot) has left/right adjacent vertices u(e) and wv(e),
respectively, and adjacent top/bottom plaquettes p(e) and g(e); similarly define for a vertical
edge e (orange dot), the adjacent top/bottom vertices as u(e) and v(e) and the adjacent
left /right plaquettes as p(e) and g(e).

More precisely, they parametrise a stabiliser S € S as

veV peP
for binary parameters a, 8 € {0,1}%4=1). The restriction of S(a, 8) to an edge e € E then is
Se (O[, /B) = S(au(e)v Qy(e)s /Bp(e) ) /Bq(e)) >
see Fig. for definitions of u(e), v(e), p(e), q(e). They rewrite Eq. (5.83)) as

W(E‘S) = Z Z H 7-‘-6(E’€S€(O‘u(e)7 Qy(e)s /Bp(e)7 Bq(e))) : (584)
a [ e

Bravyi, Suchara and Vargo show that the right hand side of Eq. ([5.84) is a properly defined
contraction of a 2D planar tensor network where the local tensors are given as in Fig.

Such a tensor network contraction can be efficiently evaluated approximately: In order to
do so, one partitions the extended lattice into columns Hy, ..., Hy and Vi, ..., V4_1 that
contain the horizontal and vertical edges, respectively, cf. Fig. Here, the ‘internal’
columns H?, ..., H* € B((C?)®C4=1) and V1,..., V41 € B((C?)®24=1) are matrix prod-
uct operators (MPO) of bond dimension 2 and the first/last column H? H' € (C?)®(2d-1)
are matrix product states (MPS) of bond dimension 2. The horizontal (vertical) links of
the extended lattice (Fig.|5.12|) correspond to physical (virtual) indices of the MPOs/MPSs.
Then the coset probability is

m(ES) = (HYVI4 e .. H2VY HYY . (5.85)

The tensor network contraction on the right hand side of Eq. is evaluated approximately
using an algorithm by Murg, Verstraete and Cirac [I18]: The algorithm initialises H' = 1 €
(C2)®2d=1 _ an MPS of bond dimension 2 — and updates the MPS 1 at every step by MPO
multiplication V71 or H71) (for even and odd steps, respectively). Since this would imply an
exponential increase of the MPS bond dimension (in the number of steps 2d — 1) — leading
to an overall inefficient algorithm — the parameter y comes into play and one limits the
bond dimension of : At every step of the algorithm, when the update rule ¥ — ¢ =
Vi (or ¢ + ¢ = HI4) would (generally) increase the bond dimension of v from y to
up to 2y, an additional ‘truncation’ is introduced to find an MPS ¢ of bond dimension y
which approximates ¢. In this sense, at every step, the algorithm retains an MPS of bond
dimension y. We refer to [29] Chapter IV.C] for the exact description of the truncation step.
At a last step, a standard contraction method is used to compute the inner product between
the two MPS ¢ and H?. The accuracy of the algorithm in approximating the right hand side
of Eq. depends on the parameter y, becoming exact if y is exponentially large in d.
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(a) Extended lattice (b) Tensor network for the BSV decoder
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(c) Local tensors; bulk tensors in the first and boundary tensors in the other lines

Figure 5.12: Construction of the tensor network to compute the coset probabilities for the
BSV decoder in the 4 x 4 surface code: (a) First, one extends the surface code lattice such
that it has three different types of nodes: white and orange nodes at the locations of hori-
zontal edges and the vertical edges, respectively, of the original surface code lattice and blue
squares at locations of stabiliser generators A, and B), (vertices and plaquettes of the original
surface code lattice). (b) This extended lattice can be interpreted as a two-dimensional tensor
network whose contraction yield the probabilities 7(EsLS) for the BSV decoder where E; is
a representative error for the syndrome s and L € {I,X,Y,Z} is a logical operator. Local
tensors are grouped into d columns Hi,..., H; and d — 1 columns Vi,...,V; 1, associated
with the horizontal and vertical nodes, respectively. (c) The three different types of local bulk
tensors in the first line where E;L = @) g Ee for qubits e € E and Se(j, 1,4, k) = X ZIH;
below, the similarly defined local tensors at the boundary of the surface code.
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Let us briefly discuss the runtime of this algorithm: First note that an MPS of bond dimen-
sion x can be described using O(dx?) real parameters, i.e., as a list of 2d — 1 tensors each of
size 2 X x X x. The time required for an MPO-MPS product (both of bond dimension ) is
of order O(dx?). Every truncation takes time O(dx?) since it involves 2d — 1 QR decompo-
sitionsﬂ of matrices of size 2y x 2x and 2d — 1 singular value decompositions of matrices of
size 2x x X, respectively. The final MPS-MPS contraction requires time O(dx?). To contract
the tensor network, one needs 2d — 2 calls of both the truncation as well as of the MPO-MPS
product. Hence the overall runtime is of order O(d?x?) offering an efficiently computable
approximation of the ML decoder.

The proposed decoder approximately computes for the syndrome s the four error proba-
bilities w(FEs), m(EsXS), m(EsYS) and 7(EsZS) in terms of the probabilities {m.}ecr in
runtime O(d?x?) and chooses the subset for which the probability is highest. This decoder
will be referred to as the BSV decoder.

Bravyi, Suchara and Vargo [29] numerically compare their approximate ML decoder to the
exact ML decoder and the maximum weight perfect matching decoder for different noise mod-
els. They show that the minimum weight perfect matching algorithm is usually suboptimal
and that the approximate ML decoder converges quickly, becoming virtually indistinguish-
able from the exact decoder already for a relatively small bond dimension x = 8. The surface
code with biased noise provides an important application of the BSV decoder.

5.3.4 Prior work on noise bias in the surface code

In many physically relevant scenarios, not all error sources are equally likely. For instance,
dephasing is the predominant error source for a wide range of quantum computing archi-
tectures, e.g. for superconducting qubits [7] and for trapped ions [122]. Often, these biased
error models are less severe in the sense that one may tailor quantum error correcting codes
to such biases and hence achieve a higher total noise tolerance. This is why the study of
biased or asymmetric noise models has a long history and has become increasingly impor-
tant. Previous work on quantum error correcting codes that are tailored towards biased noise
models include [59} 150, 9] 141} 152, 104], [183]. But we have to make the remark that such
improvements do not hold generally for all qubit codes. For example, Tuckett et al. [160]
showed numerically that in a variant of the colour code [23], the error threshold decreases
with increasing noise bias.

Here, we present results by Tuckett et al. [I58, [160] on decoders tailored towards biased noise
in the surface code. They assume the noise model is described by i.i.d. Pauli noise

Q) Npr gy PC)FE) = D((C*)#H)

ecE
on all qubits e € E. The authors introduce the bias parameter

by

= 5.86
7 pPx +pz ( )

which relates the error probabilities of the i.i.d. noise and they furthermore assume that px =
pz. The value n = 1/2 corresponds to depolarising noise — where all three basic error types
are equally likely, cf. Eq. — and the limit  — oo corresponds to pure Y-noise. Hence
in the regime 1 € (1/2,00) the noise is biased towards Y-errors, while by px = pz the X-
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Figure 5.13: Three examples of single-qubit errors on the distance d = 3 surface code and the
respective error syndromes on the adjacent vertex (X-type in green) stabilisers and plaquette
(Z-type in blue) stabilisers. The X-error (as well as the Z-error) is detected by two stabilisers
whereas the Y-error by four.

and Z-errors are equally likely.

Tuckett et al. show that the surface code is more resilient towards biased noise (n > 1/2)
than towards unbiased noise (7 = 1/2) in the sense that the maximum likelihood decoder
achieves higher error thresholds for fixed total error probability p = px + py + pz. They
have a simple argument that motivates this idea: In the surface code, single-qubit Y-errors
anticommute with both their neighbouring X- as well as Z-type stabilisers whereas X-errors
(or Z-errors) only anticommute with Z-type (X-type) stabilisers, cf. Fig. In this sense,
the surface code syndromes potentially provide more information on Y-errors (twice as many
bits of information) than on X- or Z-type errors.

Tuckett et al. numerically study the error threshold of the (square) surface code for biased Y-
noise using the BSV decoder (cf. Section . The numerical analysis suggests that under
the assumption px = pyz, the surface code can tolerate errors py < 1/2 for sufficiently large
bias parameters 7. More precisely, they numerically find the error threshold p. ~ 43.7(1)%
for an infinitely high bias [I58]. In subsequent work [160], these authors extend this result
in two directions. First, they analytically study the case of pure Y-noise. In this case, the
surface error correction procedure is equivalent to the concatenation of two classical error
correcting codes: the so-called cycle code at the outer level and the repetition code at the
inner level. Since both of these codes have threshold values of 50%, the surface code with
pure Y-noise achieves an error threshold of p = px + py + pz = 50%. Second, they also
investigate the rotated surface code which is obtained by putting the boundary of the surface
code lattice at a 45° rotated angle compared to the standard surface code. Here, an increased
error threshold, of up to p. = 45.4(2)%, in the biased case is numerically found. Tuckett
et al. [I59] later computed the error threshold of the surface code under biased noise in
the full fault-tolerant scenario, i.e., when taking errors in the syndrome measurements into
account. Here, they consider the rotated surface code and introduce a decoder based on the
minimum-weight perfect matching decoder which exploits the symmetries of the syndromes
in the biased case.

Let us remark that these results are not restricted to a bias in Y-direction. They can be
simply extended to pure (or dominantly) X- or Z-noise by exchanging the roles of X, Y
and Z in the surface code stabilisers (e.g. plaquette stabilisers are products of Y Paulis and
vertex stabilisers consist of X Paulis).

A QR decomposition of a complex square matrix M is defined as M = QR where Q is a unitary and R
is an upper triangular matrix.
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5.4 Modified asymmetric surface-GKP encoding and
decoding

This section introduces the modified asymmetric surface-GKP code that we numerically anal-
yse in the next sections. We concatenate the rectangular code GKP(L,) for > 0 at the inner
level with the distance d square surface code at the outer level and suitably modify the
identification of quadratures with logical Pauli operators.

We start in Section with some preliminary considerations that motivate our construction.
Section [5.4.2] introduces the encoding of the modified asymmetric surface-GKP code and
explains how it is obtained compared to the standard (symmetric) surface-GKP code. In
Section [5.4.3 we analytically derive properties of the noise bias at the level of the encoded
GKP-qubits using the logical GKP-error probabilities from Theorem In Section
we describe two ways of decoding the modified asymmetric surface-GKP code.

5.4.1 General considerations: noise bias by squeezing

Notation

We consider the distance d surface code with square lattice and ‘rough’ left /right boundary
conditions and ‘smooth’ top/bottom boundary conditions as described in Section We
will use two different labels for the d? + (d —1)? surface code qubits, first e € E and second the
lower index tuple (j, k) where j =1,...,2d—1land k=1,...,dif joddand k=1,...,d—1
if j even. Therefore, tensor products over all GKP-qubits may be written as

2d—1 d—(1+(-1)7)/2

® - -®-

gk j=1 k=1 ecE

The syndrome of a GKP-qubit e € E or with label (j, k) is labelled using a lower index e
or j, k, respectively, i.e., it is written as s, = s; .

Since the concatenation of two codes is considered — where the logical noise channel of the
inner code corresponds to the physical noise channel of the outer code — one has to make
an adaption in notation: one cannot use the same notation with bars - for the logical errors
of the GKP as well as for those of the surface code. This is why we change notation for
the GKP code: in contrast to before (cf. Section where the residual or logical noise
of the GKP code was labelled with bars — i.e., L € {I,X,Y,Z} for the logical operations
or N(W@Y:P?J’Z) for the logical noise channel — we will only use bars for the logical noise
channel of the outer (surface) code and instead omit the bars for this inner code. In conclusion,
the quantities L € {I,X,Y, Z} or Ny, px py py) denote the logical operations and the logical
noise channel of the GKP code, respectively.

Noise bias by squeezing

The main result of this chapter concerns the enhanced error threshold of modified asymmetric
surface-GKP codes [76] by exploiting an engineered noise bias in the concatenated code.
More precisely, we use that, by Theorem [5.9} physically symmetric displacement noise in the
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Figure 5.14: Encoding circuit for the modified asymmetric surface-GKP code. A single logical
qubit is first mapped to a state on d? + (d — 1)? qubits using the encoding associated with
the distance d square surface code with rough top/bottom and smooth left/right boundary
conditions. Each of these qubits is then encoded into a single bosonic mode using the modified
asymmetric GKP encoding, which may be written as the modified encoding using the unitary
gates H (Hadamard) and M_ 4 (phase gate) as well as the rectangular lattice GKP encoding.

rectangular lattice GKP code is transformed to an asymmetric noise on the logical level of
the encoded GKP-qubit.

Let us argue why we consider a modified and asymmetric version of the standard surface-
GKP code. Assume that the physical noise on the modes is symmetric, i.e., it is given by the
symmetric displacement noise channel N2, from Eq. on all modes, where the noise
strength is characterised by a single parameter, the variance ¢? > 0. By Theorem a
Gaussian unitary encoding of the square lattice GKP code with the squeezing unitary Ug,
from Eq. transforms this symmetric physical noise into a biased logical noise at the
level of the GKP(L,)-qubit.

More precisely, if 7 = 1, i.e. in the symmetric case GKP(Lp), then ¢ = ¢ (from Eqgs. (5.59)
and (5.60)) and hence the probabilities p; of a logical L € {X,Y, Z} on the encoded GKP-
qubit are given by

rx = ax(1—az) = z(1 —¢x) = p7 .

In contrast, for 7 > 1 one has g% < ¢ and therefore

rx =ax(l—az) <az(1 —qz) < qz(1 —qx) = p7 -

As a consequence, for GKP (L), the logical noise channel A/ (p7pseppy) O the encoded GKP-
qubit is that of independent X- and Z-noise with both of them being equally likely. This is
different in the asymmetric case. One still has a channel of independent X- and Z-noise but
asr > 1 grows, the noise bias grows: Z-errors are more likely to occur than X-errors. Since the
surface code is more resilient to noise which is biased towards Y -errors, it is useful to engineer
such a bias on the logical GKP-qubit via a suitable GKP-encoding. More precisely, we make
two adaptions of the standard (square) GKP encoding, the first one is the asymmetry of the
unitary encoding Ug, and the second one is a (cyclic) permutation of the roles of X-, Y-,
and Z-errors.
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5.4.2 Encoding

Let us first consider the standard (square lattice) surface-GKP encoding

)®d2+(d—1)2

Esurface—GKP = (g[:[j O Csurface (587)

where the surface code with encoding channel &g face is concatenated with the square lattice
(or symmetric) GKP code GKP(Ln) with encoding £, cf. Fig. Note that throughout
this chapter, we consider the distance d surface code based on a square lattice with rough
top/bottom and smooth left/right (as presented in Section . This specific choice is
motivated by the fact that Tuckett et al. studied the same code in their work [I58] showing
its increased resistance against biased noise. So we can compare our results with theirs.
Moreover, our result serves rather as a proof of principle. Further analyses with other lattice
structures of the surface code — rectangular lattices, different boundary conditions or a rotated
lattice — may show improved noise tolerance. Furthermore, if the goal is the best code in
practice, not only the error threshold but also the sub-threshold behaviour should be taken
into account, but this goes beyond the scope of this thesis.

The modified asymmetric surface-GKP encoding has two adaptions compared to (5.87)).

(i) First, we choose the GKP code with rectangular lattice £, for the asymmetry ratio r > 1
instead of the square lattice GKP code. By Lemma the code GKP(L,) is obtained
by applying an additional Gaussian unitary Ug, to the square lattice GKP encod-
ing Eckp(cy) where S, is the squeezing matrix from Eq. . This is called the
asymmetric GKP encoding.

(ii) Second, we introduce an additional unitary in the (asymmetric) GKP encoding; the
logical rectangular lattice GKP-qubits are not directly used as the physical qubits of
the surface code: instead of identifying Z-eigenstates of the logical GKP-qubit — these
are Ug, |0)g and Ug, |1)g — with the physical surface code qubit’s Z-eigenstates (as
in ) we identify them with the Y eigenstates of the physical surface code qubits. This
corresponds to the unitary encoding

D(C?) = D(C?) , p— HM ppM'_ HT

/

where H is the Hadamard gate (cf. Eq. (2.51)) and M_,/, is the phase gate for an-
le —7/4 (cf. Eq. (2.53))). It maps the Y eigenstates of the physical surface code qubits

g g Y

to the rectangular lattice GKP basis states as

’+i> — USr-m)D
|—i) = Us|)o

and extend by linearity to a modified GKP-qubit encoding C — L?(R). This is what
we call the modified GKP encoding.

The encoding step (fii}) is made in order to identify the logical operators X, and Z,. of the (un-
modified) GKP-qubit with the physical Z- and Y-operators of the surface code, respectively,
ie.,

Z < Us,XoUl =X, ,
Y & Us,ZoUl =2, .
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As a consequence, for > 1, the noise at the level of the logical GKP-qubits (equivalently the
physical noise of the surface code) is biased towards Y-errors (instead of a bias towards X-
errors without the modification). The encoding circuit is depicted in Fig. In summary,
the modified asymmetric GKP encoding which incorporates the steps and is denoted
by GKPod(£L,) and has the encoding unitary

Emot,c, s DIC?) = DILXR)) , prs HM_yu (Ec0(Us,pUl) ) M T

where to shorten notation, we write Emod,c, = €GP, o4(c,)- Note that the closest lattice point
recovery channel of the modified asymmetric GKP code is given by R.,, i.e., it is the same
as the one for the asymmetric GKP code. In summary, the encoding that we investigate in
this chapter is

d?+(d—1)?
)® + ) O Csurface -

5asym—mod—su rface—GKP = (gmod,ET

5.4.3 Biased noise on the GKP-qubits

Before presenting our numerical analysis, let us analytically discuss the logical noise channel
on the GKP-qubits and quantify the bias of the logical noise channel associated with the
modified asymmetric GKP code.

Using the modified asymmetric GKP encoding (the rectangular lattice GKP encoding from
step as well as the modification from step which permutes the roles of X,Y and Z2),
the logical noise channel N on every GKP,0q4(L;)-qubit with probabilities

m = (pr,px,py,pz) = (1 = ax)(1 - az) axtz: (1 — ¢x)az. ax(1 — a7)) (5.88)

for ¢+ and ¢ from Eqgs. (5.59) and (5.60)), respectively, is forwarded to the surface code. For
every qubit, it describes independent Z- and Y-noise, i.e.,

pr = (1-g¢7) - (1-9gx)

px = 4z - 4 5.89
py = 47 - (1=gx) ( )
pz = (1—qz) - I

where the quantities ¢y and ¢ are given by Egs. (5.59) and (5.60)), respectively. We use
the terms pr, px, py, pz without bars to denote the logical error probabilities of the modified

(asymmetric) GKP code in contrast to the expressions with bars for the (asymmetric) GKP
code. As argued in Section[5.4.1] the interchanging of X, Y and Z by the modification achieves
a bias towards Y instead of X-errors. More precisely, the noise 7 is biased towards Y -errors
as 1 grows.

To prepare the numerical results on error thresholds of the modified asymmetric surface-GKP
code, let us (analytically) show a few properties on the logical GKP-qubit error probabili-
ties.

Lemma 5.13. Let 7,0 > 0 and let 1 — ¢, 1 — g5 be the quantities from Egs. (5.59)) and (5.60).

(i) As a function of o, both 1 —g¢x and 1— ¢ are monotonically decreasing. Furthermore, as
a function of r, 1 — ¢ monotonically increases whereas 1 — g monotonically decreases.

(ii) In the limit ¢ — oo, one has 1 — ¢, 1 — ¢ — 1/2 for all asymmetry ratios 0 < r < oo
and all noise variances 0 < 02 < oo.
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(iii)
(iv)
(v)

One has 0 < ¢, q; < 1/2.
For 7 > 1 one has qx < ¢z for all o > 0.

In the limit » — oo, one has 1 — ¢ — 1l and 1 — ¢ — 1/2.

O

Proof. Note that by their definition in Egs. and , the quantities ¢ and ¢z
depend on the parameters o and r. To clarify this dependence in the notation, define the
function o +— h(co) such that h(o) := g5 for 0 < 0 < 0o and for fixed r = 1. For r # 1, the
quantity g is related to h(o) (i.e., g for r = 1) by squeezing o — o/+/r and similarly, ¢,
can be obtained from h(c) by squeezing o — o+/r.

(i)

(iii)

Let us show that d/do(1 — h(o)) < 0. This is true by the following computation;

%(1 o)) = 22 3 e F8) (L cosh (Sm) — misinh (&m))
meZ
2V/2 224y 1 s
3—0_27%6 oZ 16 <1—m> cosh (;m)

242 1 2z L
— _7\[ Z fe_?@ (m*+1¢) cosh <1m> <0

o2

where we used that x sinh(z) < z cosh(z) and — cosh(z) < —cosh(0) = —1 for all z € R
2w

as well as that the function m s —me ™ o2 ™ T/10) ¢ogh (m7r / 02) is antisymmetric in m

and cosh(z) > 0 for all z € R. Using the relations between h(c) and 1 — ¢ as well

as 1 — ¢, one obtains the desired relations.

For large (infinite) o, the integrand in the Egs. and becomes a widely
(infinitely) spread normal distribution. For both the above referenced equations, the
integration goes from ¢, (k — 1/4) to ¢,(k + 3/4) for all k € Z (where the prefactors ¢,
depend on r but they are finite), i.e., the interval of integration always comprises half
of the real line. Hence, in the limit ¢ — oo, we find 1 — ¢ — 1/2 and 1 — ¢ — 1/2
irrespective of the asymmetry ratio r > 0.

It is sufficient to show that 0 < h(c) < 1/2 for all ¢ > 0. More precisely, we use
that h(oc) — 1/2 as ¢ — oo (by the previous part) and that h(0) = 0 by direct
computation. Then the claim follows by the monotonicity of the function A as shown

in part .

Let » > 1. The claim follows directly by the monotonicity of A since one has
g = ho/\/r) <h(oyr)=qz foralo>0.

Now consider the limit r — oo for fixed 0 < ¢ < oo. Then, by the same reasoning
as in the previous part, one finds h(o/v/7) = ¢ — 0 and h(o\/r) = ¢ — 1/2. This
corresponds (in the modified GKP code) to no Z-errors and no X-errors, but pure Y-
noise with probability 1/2.
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Figure 5.15: Qualitative comparison of the noise models: the encoded modified asymmetric
GKP-qubit noise (orange) and the biased noise model considered by Tuckett et al. [I58]
(blue). For a Pauli error distribution 7 = (1 — p, px, py,pz) where an L-error occurs with
probability py, for L € {X,Y, Z} and where p = px +py +pz is the total error probability, the
simplex represents 7 in the following way: first, vertices denoted by L € {X,Y, Z} correspond
to pure L-noise, i.e., p;, = p; second the edges opposite of the L-vertex correspond to pr, = 0;
third the dotted lines denote distributions of two equally likely errors as indicated above;
fourth, the point where these dottet lines meet corresponds to depolarising noise of equally
likely errors px = py = pz and the shaded area corresponds to noise biased towards Y -errors.
The blue line represents the noise model of biased Y -noise where py > px = pz as a function
of the bias parameter n = py /(px + pz) whereas the orange curve qualitatively depicts the
noise model of the logical qubit GKPoq4(L,) as a function of the asymmetry ratio r.

Part of Lemma, implies that ¢, < 1 — ¢ for all r,0 > 0 and. Hence

Px = ax07 < ¢x(1 —qz) =pz . (5.90)

Then the following holds for the residual GKP-qubit noise channel N, with probabilities 7 =
(pr,py,pz,px) from Eq. (5.89).

e Symmetric case: If r = 1, then by their respective definitions (from Egs. (5.59)
and (5.60)) one has ¢ = ¢ for all o > 0. Therefore,

px <pz =Dpy

using Eq. (5.90)) (i.e., Lemma [5.13)). The modified square lattice GKP-qubit hence has
equally likely Z and Y-errors and less likely X-errors.

e Asymmetric case: If r > 1 by part of Lemma one has ¢ < ¢z and
therefore pz = ¢x(1 — ¢) < ¢z(1 — ¢z) < qz(1 — gx) = py. Furthermore, combining
this with Eq. (5.90) one finds

Px <pz <Py -

As a result, X-errors occur less likely than Z-errors which are less likely than Y-errors
on the encoded modified asymmetric GKP-qubits. This gives biased noise towards Y-
errors. By the monotonicity of ¢, and ¢ in r, one additionally has that pz (and py)
are monotonically decreasing (respectively increasing) as a function of r. Therefore,
the noise bias towards Y-errors increases with growing asymmetry.
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In this sense the logical noise channel on the encoded GKP-qubit is biased towards Y -errors
and furthermore this bias increases with increasing asymmetry ratio r. But note that this
noise model (and our bias measure r) differs from the one considered by Tuckett et al. [I58]
(cf. Section . Whereas we look at the error distribution 7 from Eq. and use
the asymmetry ratio r as a measure of bias, Tuckett et al. study a distribution of the
form m = (1-2px —py,px,py,px) = (L=py(L+n)/n,py/(2n), py, py /(2n)) for the Y-error
probability py = 2npx and the bias parameter n > 1/2 from Eq. (5.86]). As a consequence,
we consider a noise model of independent Y- and Z-noise (with bias towards Y) whereas
Tuckett et al. consider equally likely X- and Z-errors and more likely Y-errors. One studies
two different noise models that are both biased towards Y-errors and have the same limiting
noise model of pure Y-noise in the limits r,7 — oco. Fig. shows a qualitative compar-
ison of both noise models. In order to compare both bias parameters, let us compute n of
the modified asymmetric logical GKP-qubits with different asymmetry ratios r. Note that,
here, the bias n does not only depend on the asymmetry ratio but also on the physical noise
strength o of the displacement noise. A direct computation of the bias parameter

n(o,7) = Py (1-qx)az (I -ax)az

— — = (5.91)
px +pz  axdaz +ax(l —az) Ix

shows that the bias 7 increases with growing asymmetry ratio r but at the same time decreases
with increasing noise strength o. To give the reader an impression of the noise bias, we have
computed several values of 7 for different parameters ¢ and r in the range of what we consider
later in our numerical analysis (and is close to the computed thresholds):

7(0.4,1.0) ~ 0.97,  1(0.5,1.0) ~0.92,  1(0.6,1.0) ~ 00.86, 1(0.7,1.0) ~ 0.79,

7(0.4,2.0) ~ 67.68,  1(0.5,2.0) ~ 17.01, 1n(0.6,2.0) ~ 7.73,  n(0.7,2.0) ~ 4.59,
7(0.4,3.0) ~ 1614.50, 1(0.5,3.0) ~ 141.71, 1(0.6,3.0) ~ 36.06, 1(0.7,3.0) ~ 14.99,
1(0.4,4.0) ~ 28490.24, 1(0.5,4.0) ~ 935.75, 1(0.6,4.0) ~ 137.87, n(0.7,4.0) ~ 41.04 .

The maximal noise bias of 1 ~ 30,000 for » = 4 and o0 = 0.4 is already quite large.

5.4.4 Decoding without and with GKP-syndrome information

The decoding of the concatenated code contains two steps: decoding of the GKP code and
then decoding of the surface code. The physical error channel of the outer code is given
by the logical noise channels of the d? + (d — 1)> GKP-qubits. Here we consider the BSV
decoder [29] (cf. Section for a brief recap of this decoder) to decode the surface code.
It can be run without using the GKP-syndrome side information, as shown in Fig. [5.16] or
with the use of it as depicted in Fig.

In the first case — when the GKP-syndrome information is discarded — the BSV decoder of
the surface code is computed with respect to the noise model

RNy = (W) SEHED (5.92)
.k

This i.i.d. Pauli noise channel is the d? + (d — 1)2-fold tensor product of the logical noise
channel associated with a single GKP-qubit N = Silod r.°Re, oN 270 Emod,z,., Where m =
(p1,px,Py,Ppz) is the probability distribution from Eq. (5.88)).

When the GKP-syndrome information is kept and used as input of the BSV decoder, one
may use the considerations from Section In contrast to Eq. (5.92)), the GKP-syndrome
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Figure 5.16: Decoding circuit of the surface-GKP code without using the GKP-syndrome
information. For every qubit (j,k), the GKP error correction is given by the chan-
nel 8£Kpmod([:r) © RGKPoq(£,): 1ts output is a qubit state which is passed to the decoder
of the surface code. The decoder is chosen to perform well under the noise channel ®j7k Ny,
i.e., it depends on the (same) prior error distribution 7 = (pr,px,py,pz) from Eq.
on all of the d? 4 (d — 1)* qubits. The syndromes si1,...,824-14 € Vp1 of the GKP-error
correction are discarded and not taken into account.

information can be taken into account when computing the logical Pauli error distribution of
the outer surface code. Then the BSV decoder is conditioned on the effective error channel

QN
j7k

Here, for every qubit (j, k), the error distribution 7, depends on the respective GKP syn-
drome sg = s, 1, i.e., it is given by

ﬂ_j,k - ((1 - q%))(l - Q%% %)Q%7 q%)(l - q%): (1 - q%))q%) P where S0 = Sj,k ) (593)
where the quantities 1 — q% and 1 — q%) are defined in Eqs. ((5.63)).

5.5 Simulation methods

The central result of this chapter concerns the error threshold of the modified asymmetric
surface-GKP code and how it depends on the asymmetry ratio r of the underlying GKP
lattice. We have analytically shown in the precious section that by a squeezing unitary in
the GKP encoding, one can engineer a noise bias at the level of the logical GKP-qubit. Since
this asymmetric or biased noise is forwarded to the surface code — being a biased noise of
the ‘physical’ surface code qubits — one may use the enhanced noise tolerance of the surface
code towards biased noise in order to enhance the noise resilience of the whole concatenated
code. We analyse this hypothesis by simulating the error correction procedure of such codes
numerically using a Monte-Carlo algorithm. From these simulations, we compute the error
threshold of the concatenated code for different asymmetry ratios r. Let us hence describe
the simulation method used to obtain these threshold estimates.

In Section [5.5.1] we describe the individual subroutines of Monte Carlo simulations for the
different considered variants of the modified asymmetric surface-GKP code (i.e., different
GKP-lattices and surface code decoders). Section discusses how the threshold estimated
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Figure 5.17: Decoding circuit of the surface-GKP code using the GKP-syndrome informa-
tion: For every qubit (j,k), the GKP error correction channel 8éKPmod( ) ° RGKPmou(£) 18
seen as a quantum instrument with two outputs: the post-correction single-qubit quan-
tum state and the GKP error syndrome sj, € V 1 (the upper index denotes the respec-
tive qubit). The surface code decoder uses both as inputs. It is chosen with respect
to the noise channel ®j,k ./\/'ﬂ(sj’k). More precisely, we condition the BSV decoder of the
surface code on the single-qubit input error distribution 7, = 7(s;x) for qubit (j,k)

where 7(s) = (p}, p%, Y, py) from Eq. (5.93).

are obtained from the simulation data and Section briefly explains our choice parameter
choices. Finally, we estimate in Section the error which we make by approximating the
error probabilities associated with the logical GKP-qubits.

5.5.1 Monte-Carlo simulations

We perform multiple Monte-Carlo simulations of the error correction procedure.

Different scenarios

We consider the modified asymmetric surface-GKP code as defined in Section [5.4] These re-
sults are compared to different scenarios such as the hexagonal and the asymmetric hexagonal
surface-GKP code. We simulate the error correction process for the following four scenarios.

(i) Modified symmetric surface-GKP code, i.e., the concatenation of GKPno4(£Ln) and
square d x d-surface code; the decoders are the closest lattice point decoder for the
GKP code as well as the BSV decoder for the surface code where the latter does not
use the GKP syndrome information.

(ii) Modified asymmetric surface-GKP code, i.e., the concatenation of GKPyeqd(L;) for
different ratios r and square d x d-surface code; the decoders are the closest lattice
point decoder for the GKP code as well as the BSV decoder of bond dimension x for
the surface code where the latter does not use the GKP syndrome information.

(iii) Modified asymmetric surface-GKP code, i.e., the concatenation of GKPpod(Lr=2) and
square d x d-surface code; the decoders are the closest lattice point decoder for the GKP
code as well as the BSV decoder of bond dimension x for the surface code where the
latter uses the GKP syndrome information as an input.
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(iv) Modified hexagonal-asymmetric surface-GKP code, i.e., the concatenation of the
code GKPod(Lr=2.0) and square d x d-surface code; the decoders are the closest lattice
point decoder for the GKP code as well as the BSV decoder of bond dimension y for the
surface code where the latter uses the GKP syndrome information as an input.

Note that we assume perfect syndrome measurements (in all scenarios), i.e., errors do not
occur in the measurement process, neither in the GKP syndrome nor in the surface code
syndrome measurements. Furthermore, we use the closest lattice point decoder to decode the
respective GKP code.

Subroutine of the Monte-Carlo simulation

Every instance of the Monte-Carlo simulation simulates the surface-GKP error correction
procedure of one randomly drawn error. The pseudocodes in Figs. m (without using the
GKP syndrome information) and (with the use of GKP syndrome information) describe
one such instance. In more detail, the algorithm works as follows:

For every bosonic mode (7, k), one first chooses a random displacement error according to the
symmetric Gaussian displacement noise with variance o2, i.e., one randomly draws a
displacement v € R? according to the distribution N(0, 02 I5), one for every considered mode.
The next step is to compute the logical error on every GKP-qubit. It is determined according
to the after closest lattice point correction for GKP04(L;) according to the identification from
Eq. where £ = £, but with the interchanging of the roles of X — Y +— Z — X by the
modification. Hence the collection of Pauli errors

I if veVi+s,, X if veVi+L +b5+05,

5.94
Y if veVi+Lo+0h, Z if veVI+Lo o+, (594

(where £, 0, L., and V;+ are from (5.32)), (5.30)), (5.33)) is forwarded to the surface code.
For GKPmod(Lo,r), (5.94) is defined similarly, replacing the vectors, the lattice and the
Voronoi cell by the respective quantities from (5.38), (5.37), (5.39).

Let us first focus on the scenario where the GKP-syndrome information is ignored:
The a priori error distribution of the modified asymmetric GKP code can be analytically
computed; as discussed in the previous section, it is that of independent Y- and Z-noise with
probability distribution for every qubit (4, k), i.e.,

mik =7 = (1= ax)(1 = az), axaz: (1 — ax)az ax(1 = 47)) (5.95)

where ¢ and g7 are given by Egs. and , respectively, which themselves depend
on the noise parameter o and the asymmetry ratio r. Note that the formulas in Eqgs.
and are impractical since they contain infinite sums. This is why one introduces an
approximation using a finite sum as discussed later in this section in the paragraph on cutoff
analysis.

The actual error is passed on to the outer code, the distance d square surface code.
To decode the latter, one uses the BSV decoder as described in Section [5.3.3] The BSV
decoder has the following inputs: the distance d of the surface code, the bond dimension
of the BSV algorithm and the a priori probability distributions for the d? + (d — 1)? surface
code qubits (cf. Eq. (5.82))) where in the case at hand, for each qubit (j,k), one takes the
same logical GKP-qubit probability distribution 7;; = 7 from Eq. (5.95)). Then the BSV
decoder identifies the most likely Pauli error which has produced the surface code syndrome
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: function MCWITHOUTSIDEINFO(02, d, )

1
2:
3: Input: Variance o2, code distance d, asymmetry ratio r
4: Output: Residual logical Pauli error L € {I, X,Y, Z}

5:
6
7
8

for each qubit (j,k) do
Sample displacement error vector v; 5 € R? according to N(0,0215).
Compute the (logical) Pauli error E;;, € {I,X,Y, Z} from v; according to
for GKPmod(Lr).
9: end for
10: Set B = ®j7k Ej .
11: Compute the distribution 7 = (pr, px, py, pz) according to Eq. for GKPnod(Lr).
12: Use the BSV decoder with input (@ +(@=D*) to compute an (d?+ (d—1)2)-qubit Pauli
correction C' € P21 (4—1)2)-
13: Compute L = arg MaxXre 7 Xy 7} L, ceLs (i.e., decide which coset E;C belongs to).
14: end function

Figure 5.18: Subroutine MCWITHOUTSIDEINFO simulates one instance of the error-recovery
process when GKP side information is ignored. It returns the residual logical error.

and outputs a d? + (d — 1)%-qubit correction operation C. In a final step, the algorithm
determines which coset LS the product of actual error and correction belongs to and outputs
the representative I, X, Y or Z of this coset.

If the output of the algorithm is L = I, then the modified asymmetric surface-GKP code error
correction is successful whereas L € {X,Y, Z} then the error correction was unsuccessful and
a logical error remains. The algorithm outputs the residual Pauli error on the logical
surface-GKP-qubit after a single randomly drawn error. Hence, by the law of large numbers,
the average over a large number of simulation results, numerically estimates the resulting
logical error probability of the modified asymmetric surface-GKP code. This (logical) error
probability is denoted as Pey(0,d,7) = 1 — Psyccess(0,d, ) and is a function of the three
variables o, d and r.

In addition to the effect of the asymmetry ratio on the noise threshold, we also analyse
other scenarios, cf. Section for the results. This includes finding the error threshold
of the modified asymmetric surface-GKP code when the BSV decoder uses the GKP-
syndrome information and second doing the same but with the hexagonal-asymmetric
lattice Lo, from Eq. instead of L,. Let us briefly note where a single run of the
Monte-Carlo simulation differs when one takes the syndrome information of the GKP code
into account in the surface code decoder.

The error syndrome of the code GKPpoq(£L) is s € V1. Hence when there are d? + (d — 1)?
GKP-qubits — which are labelled by the tuple index (j, k) — then the GKP decoder yields the
tensor product of d* + (d — 1)* corrected qubit states and syndromes s;; € V 1. The output
of the GKP error correction on d? + (d + 1)? qubits is

Q) [Wjk) @ sm) € (C* @ Vpr )LD
ik

Hence the algorithm using the GKP syndrome information in the BSV decoder only differs
from that without using the information in the following step: Instead of computing the a
priori error distribution 7 from (5.95)) and using its (d?+(d—1)?)-fold tensor product as input
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1: function MCWITHSIDEINFO(0?, d, 1)

2:

3: Input: Variance o2, code distance d, asymmetry ratio r

4: Output: Residual logical Pauli error L € {I, X,Y, Z}

5:

6: for each qubit (j,k) do

7: Sample displacement error vector v;; € R? according to N(0,0215).

8: Compute the (logical) Pauli error E;;, € {I,X,Y, Z} from v; according to
for GKPmod (L) respectively GKPmod (Lo r)-

9: Compute the syndrome s = s(v; 1) = (2 y)T according to Eq. .

10: Compute the conditional distribution m;, = (p}°,p¥,p5°,p5) according
to (5.96]) with probabilities from (5.76]) (for GKPnod(L,)) respectively
(fOl" GKPmod(‘CO,T))'

11: end for

12: Set Fg = ®j7k E;p.

13: Use the BSV decoder with input [] j.k Tk O compute an n-qubit Pauli correction C.

14: Compute L = arg MaxXre 7 Xy 7} L, ceLs (i.e., decide which coset E;C belongs to).

15: end function

Figure 5.19: Subroutine MCWITHSIDEINFO Monte-Carlo-simulates one instance of the error-
recovery process when GKP side information is used. It returns the residual logical error.

of the BSV decoder one computes the distribution 7, conditioned on the GKP syndrome s; j
for every qubit (j,k). Subsequently, one uses the prior error distribution ) ik T @S input
of the BSV decoder. Here for the qubit j, k one has probabilities

T = 7 = (0 P ppg) = (P YY) L whereso=sin. (5.96)

and where p%’ are defined in the Egs. (5.76), (5.78) and (5.80) for the GKP codes with
lattices L., Lo, and Lo ., Tespectively.

5.5.2 Computation of threshold estimates

The Monte-Carlo simulations described above serve to numerically compute error thresholds
of the considered surface-GKP codes. They return results for the functions o — Pe (0, d, 1)
for different values of the surface code distances d and asymmetry ratios r and seek to
determine a threshold value o, for the physical noise ¢ below which P, becomes arbitrarily
small by increasing the surface code distance d and above which P, converges to one as d —
oo. This threshold value o.(r) may depend on the asymmetry ratio r. We assume that
as d — oo the resulting logical error probability Pe, of the surface-GKP code takes the form

lim P (o,d,r) = 60(c —o.(r))
d—oo

of a step function § with the step at the critical value o.(r).

Note that the considered codes exhibit a threshold behaviour which can be easily seen as
follows: first, recall that surface codes for i.i.d. stochastic Pauli noise admit a threshold and
second the logical GKP-qubits — which constitute the ‘physical’ qubits of the surface code
— experience stochastic Pauli noise NV (cf. Eq. ) where the probability distribution 7
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depends on the physical noise strength o as described in Egs. (5.59)), (5.60), (5.95)), i.e., in a
complicated manner.

To identify the error threshold o, of the modified asymmetric surface-GKP code for fixed
asymmetry ratio r, one uses that it corresponds to the point where the family of curves {o
P (0,d, )} 4en intersect. Mathematically, we employ the critical exponent method from [I70]:
One first writes the correlation length as £ = (a—ac)l/ # i.e., in terms of the threshold value o,
and some critical exponent u. Furthermore, one introduces the dimensionless parameter

z=d/¢ = (o —oc)d/" (5.97)

where d is the surface code distance. The assumption of the critical exponent is that the
logical error probability Per (o, d,r) may be written as a polynomial in x. In this work we fit
the data to a second order polynomial in x (making the same fit as used for the surface code
under biased noise by Tuckett et al. [I58]) i.e., we write

Per(0,d,7) = A+ Bx + Ca? (5.98)

for the fitting parameters A, B, C. The validity and limits of this scaling hypothesis ([5.97))
and ([5.98)) are discussed in [I74]. The numerical fit has a statistical error; we give the square
root of the mean square fitting error in the threshold values later.

5.5.3 Choice of parameters and necessary bond dimension

The parameters relevant for a single simulation are the physical noise strength o, the surface
code size d, and the GKP lattice asymmetry ratio r. Furthermore, two additional relevant
parameters per tuple (o,r,d) are the BSV decoder bond dimension x and the number of
Monte-Carlo simulations and the cutoff x in the summation used to evaluate the expres-
sions . Let us explain the choice of these parameters.

We run simulations for the following parameters (for the modified asymmetric surface-GKP
code without and with using the GKP syndrome information).

e Noise strength: since prior work [I69] has shown that the error threshold of the
symmetric (standard) toric-GKP code is at o, ~ 0.54 without using side information
and o, ~ 0.61 with the use of side information, we choose o € [0.4,0.7] in increments
of 0.02. A higher resolution (increments of 0.01) is chosen for the data points around the
estimated thresholds. These data points are used to compute the threshold estimates.

e Surface code size: we choose d € {9,13,17,21}. These code sizes are comparable
to the ones previously used to study biased noise of the surface code using the BSV
decoder in [158].

e Asymmetry ratio: we are interested in the symmetric case r = 1.0 as well as biases
towards Y-noise which would correspond to r > 1.0. As r = 4.0 already stands for
a relatively high bias (for » = 4.0 and ¢ = 0.54 the noise bias from Eq. is
approximately n = py/(px + pz) =~ 386 ), we expect that this is sufficient for our
purposes. We choose an asymmetry ratio between one and four in increments of 0.5,
ie, re{1.0,1.5,2.0,2.5,3.0,3.5,4.0}.

The resulting error probability is simulated for all combinations of the above stated values
for o, d, r. In contrast for the other parameters, only a single value is chosen per tuple (o, d, ).
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More precisely, since we analyse the functions o — Per(0,d, ), we choose a suitable bond
dimension for every tuple (d,r) and similarly, the number of Monte-Carlo simulations and
the cutoff are chosen once for each tuple (r,d).

For the choice of these other parameters, it is important to note that the threshold value for
the symmetric case should serve as a benchmark (obtained with a slightly different method
than the known threshold for the surface-GKP code from the literature [68]). Since we
compare the threshold values o, for different ratios r» and investigate whether it increases
with growing asymmetry, we compute the threshold value for » = 1 as exactly as possible
(preventing any favour of our interpretation due to numerical inaccuracies). This is why, for
the symmetric case, we use the highest bond dimension that we employ in our algorithms,
and we use a higher cutoff. Note that if the BSV decoder receives as an input inaccurate
approximation of the actual a priori error probabilities it still defines a valid decoder which
of course performs worse than the maximum likelihood decoder. As a consequence, the
conducted simulations — using approximations in the cutoff and with a finite bond dimension
— compute the logical failure probability of some valid but a non-ideal decoder for the surface-
GKP code, i.e., the numerically computed threshold is a lower bound on the achievable error
thresholds.

e Bond dimension: the bond dimension should be chosen sufficiently large such that

the BSV decoder gives a good approximation for the actual ML decoder. In order to
numerically determine how well the algorithm has converged for a finite bond dimension,
we simulate Per(0,d,r) for 0 = 0.58 (which is close to the expected threshold value)
with different bond dimensions. The results (cf. Fig. indicate that the necessary
bond dimension seems to primarily depend on the distance such that we choose x = 48
ford=9, x =60 for d =13, x = 72 for d = 17 and x = 100 for d = 21 for all r > 1.
Since the symmetric case should serve as a benchmark, we choose the highest bond
dimension x = 100 for all distances in the symmetric case r = 1. For comparison, note
that the bond dimensions by Fukui et al [68] are between 5 and 15.
In the other scenarios, i.e., when the GKP-side information is used and when the
hexagonal GKP lattice is considered, the simulations appear to converge faster and the
same bond dimensions expected to be sufficient. Hence we choose the same x for the
tuples (d,r) as above.

e Number of simulations: the number of simulations that we use depends on the
distance d, similar to the bond dimension. We use 50,000, 30,000, 20,000 and 10,000
simulations for d = 9,13,17,21, respectively. Similar as for the bond dimension, we
choose the highest available number of simulations 50, 000 for the reference value in the
symmetric case r = 1.

e Cutoff: we choose a cutoff of x = 10 for all asymmetric cases whereas the higher value
of kK = 15 for is chosen for 7 = 1 as explained in more detail in Section

Since the accuracy depends on the bond dimension, we choose the highest bond dimension y =
100 for the symmetric case, yielding the most accurate threshold estimate.

5.5.4 Cutoff analysis

The expressions ¢ and ¢ from Egs. (5.59) and (5.60) contain infinite sums. Hence —
when computed in practice such as in the algorithms and — one may only compute
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Figure 5.20: Estimation of the necessary bond dimension of the BSV decoder for the surface-
GKP decoding without use of the GKP syndrome information. Each plot shows the logical
error probability of the modified asymmetric surface-GKP code (without side information) for
the bond dimensions y € {36, 48,60, 72} and asymmetry ratios r € {1.5,2.0,2.5,3.0,3.5,4.0}
and for the noise strength ¢ = 0.58 and a different distance d. If the data points for a ratio
agree, then the algorithm seems to have converged. The necessary bond dimension appears
to depend on the distance.

approximations of them. Note that these quantities enter the algorithms as inputs of the
BSV decoder, more precisely in the probability distributions 7 and 7, respectively.

Let us introduce a cutoff k € N for the summation in Eqgs. and . This cutoff
implies that all summands with indices > « and < —« are neglected in the computation of ¢+
and ¢z. In contrast to the full quantities ¢, g7 and 7 with infinite summation, we denote
their approximations with cutoff x using a tilde symbol, i.e., by ¢, ¢, ™ and 7. Let us
estimate the relative error introduced by the cutoff k > 10 compared to using the originally
infinite sums. In order to do so, we introduce the two quantities

oy =max {2mr/o%, \2x (o) | o = min {\/2mr/o?, \2x/(r?) |

where we maximise and the minimise, respectively, over the parameter regimes for ¢ and r
that we consider in the simulations. Note that the introduction of a cutoff kK approximates the
BSV decoder such that even in the limit of infinitely high bond dimension x — oo, it does not
correspond to the ML decoder. But we still simulate some decoder which in contrast to the
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ML decoder does not maximise the success probability. Note that the quantity g is defined
by Eq. (5.59) respectively (5.60) but with an adapted summation from m > k and m < —k
instead of m € Z. Hence ¢ < ¢ and the error introduced by the cutoff is given by

9 a_m+ay/4 9 [0
_max (1—gp)—(1-gp) <= / e dv < / e dv
Le{X,Z} T e Ja—m—ay /4 T Ja_k—ay /4

00
< 2/ — e
T Ja_k—at/4 @K — Oé+/4

In the first step, we used that the contribution of the summands decreases with increasing m €
N (since the error functi