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Abstract

Quantum computers can potentially revolutionize computational science and technology, but
their full-scale realization has proven to be an enormous challenge. A central issue is that
noise severely limits the performance of quantum computers. To make quantum computers
fault tolerant, quantum error-correction protocols are needed. A promising type of quantum
error correction is bosonic error correction in which each qubit is encoded into the continuous
variables of a bosonic mode. Experimental progress over the past two decades has enabled a
high degree of control over several continuous-variable quantum systems, making bosonic codes
a promising direction towards fault tolerance.

In this thesis, | investigate two prominent groups of continuous-variable quantum systems and
propose novel schemes for quantum state generation and manipulation in these systems, with a
primary focus on bosonic error correction.

The rst group is optics, in which Gaussian operations across a large number of modes can be
easily implemented. Optical platforms thus have many favorable features in terms of scalability
and control, but losses constitute a central challenge. While losses can in principle be mitigated
with bosonic quantum error-correcting codes, implementing these codes with available techniques
is non-trivial. Here, | present schemes to optically generate and perform error correction on cat
codes through linear optics and photon counting. Furthermore, | propose a method to generate
Gottesman-Kitaev-Preskill (GKP) states using a cavity quantum electrodynamics system as a
non-Gaussian resource. Finally, I show that, contrary to common belief, the cubic phase gate is
not a suitable resource for non-Cli ord operations of GKP states.

The second group consists of systems in which strong boson-qubit couplings allow for the e -
cient implementation of conditional displacement gates. With current technology, this includes
trapped ions and microwave cavity modes coupled to superconducting circuits. Here, | present
and analyze improved protocols to generate and measure GKP states encoded in such systems.
Additionally, I present two more general-purpose quantum continuous-variable algorithms. The
rst algorithm is a method to generate squeezed states in the absence of a squeezing Hamiltonian,
by instead superimposing multiple coherent states in phase space. The second algorithm is a
method to transfer arbitrary continuous-variable states into a discrete-variable qubit register.

In summary, the protocols presented herein aim to facilitate and expand the possibilities for
control of continuous-variable quantum systems with existing and near-future technology.



Resumé (Danish)

Kvantecomputere kan potentielt revolutionere computervidenskab og -teknologi, men deres realis-
ering har vist sig at v re en yderst vanskelig udfordring. Et centralt problemer, atst jih jgrad
begr nser ydeevnen af kvantecomputere. For at g re kvantecomputere fejltolerante er kvante-
fejlkorrektion derfor n dvendig. En lovende type af kvante-fejlkorrektion er bosoniske koder,
hvor hver qubit er indkodet i de kontinuerte variable af en bosonisk tilstand. Eksperimentelle
fremskridt over de sidste to artier har muliggjort en h j grad af kontrol over de kvantemekaniske
egenskaber af systemer med kontinuerte variable, hvilket har gjort bosoniske koder til en lovende
tilgang til fejltolerance.

I denne afhandling investigeres to typer af kvantesystemer med kontinuerte variable, og nye
protokoller til at generere og manipulere kvantetilstande i disse systemer freml gges med et
prim rt fokus pa bosonisk fejlkorrektion.

Det f rste system er optik, hvori Gaussiske operationer over mange tilstande nemt kan imple-
menteres. Optik har saledes mange fordele i forhold til skalering og kontrol, men tab udg r en
central udfordring. Selvom tab i princippet kan mitigeres med bosoniske fejlkorrigerende koder,
er det uvist, hvordan disse koder kan implementeres med nuv rende teknikker. | denne afhan-
dling pr senteres metoder til at generere og udf re fejlkorrektion pa optiske katkoder ved hj Ip
af line r optik og fotont lling. Derudover pr senteres en metode til at generere Gottesman-
Kitaev-Preskill (GKP) tilstande ved hj Ip af kavitetskvanteelektrodynamik som en ikke-Gaussisk
ressource. Endeligt viser jeg, at den kubiske fasegate ikke er en egnet ressource til at udf re ikke-
Cli ord operationer pa GKP tilstande.

Det andet system bestar af platforme, hvori en st rk boson-qubit kobling muligg r en e ek-
tiv implementering af betingede forskydningsgates. Med nuv rende teknologi inkluderer dette
fangede ioner og mikrob Igekavitetstilstande koblet til superledende kredsl b. Jeg pr senterer
og analyserer forbedrede protokoller til at generere og male GKP tilstande i disse systemer.
Derudover pr senteres to kontinuertvariable kvantealgoritmer med mere generelle formal. Den
ene algoritme er en metode til at generere klemte tilstande i frav ret af et klemme-Hamilton ved
at lave en superposition af koh rente tilstande. Den anden algoritme er en metode til at ytte
vilkarlige kontinuertvariable tilstande til et diskretvariabelt qubit register.

Samlet set har resultaterne, der er pr senteret i denne afhandling, til formal at facilitere og
udvide mulighederne for at kontrollere kontinuertvariable kvantesystemer gennem teknologi, der
er tilg ngeligt i dag eller i den n rmeste fremtid.
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Chapter 1

Introduction

1.1 Quantum computing

Before diving into the details of continuous-variable quantum information processing, we warm
up by going through a brief introduction to quantum computing in order to motivate the eld and
clear up a few common misconceptions. The concept of a quantum computer was rst suggested
by Richard Feynman in the early 1980’s [1]. His motivation was based on the observation that
guantum mechanics seemingly cannot be simulated e ciently by conventional classical (non-
guantum) computers. That is, classical computers cannot always e ciently predict the behavior
of quantum systems. An important concept here is the notion of e ciency, which means that
the number of components, or bits, in the computer should not increase exponentially with the
number of elements, e.g. particles or photons, that the computer is trying to simulate. Similarly,
the time required for the computer to carry out the simulation should not increase exponentially
with the size of the physical system. Thus, the fact that quantum systems in general require an
exponentially large classical computer to simulate, means that it quickly becomes impractical,
and even impossible, to predict the behavior of modest sized quantum systems. As an example,
the spin state of a system consisting of 60 electrons is in general described by 2%° 108 complex
numbers. For comparison, Summit, one of the worlds largest supercomputers, has a memory
capacity of 2:5 107 bytes [2], making it insu cient to even store the state of 60 electrons.
And while that example might be conquerable by the next generation of supercomputers, going
to 300 electrons requires 23°°  10%° complex numbers, which exceeds the number of atoms
in the universe. So not only are such quantum systems impractical to simulate exactly with
classical computers, it even becomes strictly impossible given the nite amount of resources in
the universe, and even more so given the nite amount of resources we can allocate to computers
on Earth.

Quantum computers overcome this problem by storing and manipulating information using quan-
tum bits, qubits, instead of conventional bits. Similarly to a conventional bit, which can store
either a 0 or a 1, a qubit is described by two distinguishable states, jOi and jli. Here, the bracket
notation, j 1, signi es that these are quantum states, meaning that a qubit can take on any
superposition state of the form

CojOi + c1jli; (1.2)
where the coe cients cg and ¢, are complex numbers satisfying jcoj? + jc1j2 = 1. The classical
bit is then a special case of the qubit, for which one of the coe cients is zero. At rst glance, it
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might appear that a quantum bit can store in nitely more information than a classical bit, since
the coe cients can take on in nitely many values. For example, one might be tempted to state
that a single bit can encode the four-bit string '1010’ by setting co = 0:0101. However, while the
qubit can indeed be set to this state, we run into a problem when we want to retrieve the input
bit string. This is because a measurement of the qubit always returns either a 0 with probability
jCoj?, or a 1 with probability jc1j?. Furthermore, the state of the qubit after the measurement is
reduced to a classical bit corresponding to the measurement outcome, such that the exact values
of the coe cients before the measurement are erased. So unless we want to run a casino, it is
not the fact that the qubit coe cients can take on in nitely many values that gives quantum
computers an edge.

Instead, the di erence between the computational power of a bit and a qubit is much more
subtle, and arises from the fact that the complex-valued qubit coe cients can interfere in ways
that classical bits cannot. For example, an important operation of a quantum computer is the
Hadamard gate, H, which is de ned by applying the transformations

. 1. . 1. . - 1.0 1. .

joi T %Jm +%jll and jli T %Jm %jll: (1.2)
Thus either of the states jOi and jli are transformed into superpositions of jOi and jli by the
Hadamard gate. A weak classical analogue to this would be to randomly set the state of the

input bit to either 0 orﬁL However, applying the Hadamard gate to a qubit in a superposition
state with co =c¢; = 1= 2 we get:

1 1 1 1 1 11 1
i+ Pojli T P- Puj0i+ Pojli +P- P-j0i P-jli
P10 + P Ps P5i0i+ P P P50 P
1 1 .. 1 1 ..
= §+§ joi + 5 3 jli
= jOi: (1.3)

Thus, the superposition state is transformed into the state jOi with certainty due to the negative
interference of the j1i term. Such interference behavior cannot be simulated with a single classical
bit, and opens up new types of algorithms using quantum computers.

Of course, since a single qubit is completely described by just 2 numbers, ¢o and c¢;, we can easily
simulate it with a few bits in a classical computer. However, when we go to many-qubit systems
this is no longer the case. This is because we need to store a complex number for each possible
con guration of bits, i.e. 4 numbers for 2 qubits (combinations f00;01;10;11g), 8 numbers for
3 qubits (combinations £000;001; 010; 011; 100; 101; 110; 111g), and in general 2" numbers for n
qubits.

Furthermore, these multi-qubit superposition states give rise to correlations between the qubits,
denoted entanglement, which are beyond what can be explained with classical physics. For
example, consider the two-qubit state F%jOijOi + F%jlijli. Measuring one qubit gives either 0 or
1 with probability 50:50, and measuring the second qubit will always give the same result as the

rst. Thus the two states are perfectly correlated. This correlation by itself is not particularly
impressive as one could spoof those results with classical bits by choosing the number 0 or 1
randomly and then preparing two classical bits in the chosen state. However, an interesting
behavior appears when applying the Hadamard gate to each of the qubits individually, in which
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case we get

H on .
%jOij0i+p%j1ij1i both qubity 24%00i+j1i)00i+j1i)+?%00i j1i)(joi  jli)

[y

= 5P (L+1)j0i0i + (1+ Diijli + (1 D0ijLi+(1  1jLioi

= p%jOijOi + E%jlijli: (1.4)

¥

That is, the anti-correlation terms jOij1i and j1ijOi are cancelled out due to quantum interference,
such that the state of the qubits is completely unchanged and they remain perfectly correlated!
But if the Hadamard gate is applied to either jOijOi or jlijli, which represent our non-quantum
spoof, the anti-correlation terms would not cancel out and measurement outputs would instead be
completely random and uncorrelated between the two bits. Classical bits are therefore insu cient
to reproduce the level of correlation present in entangled particles [3].

The e ects of superposition, interference and entanglement thus allows for behaviours which are
impossible to replicate e ciently without qubits. Yet, due to the complex dynamics of quantum
systems, the probabilistic nature of qubits, and the high e ciency of modern classical computers,
harnessing these gquantum phenomena into useful quantum algorithms is no trivial task. A
breakthrough occurred in 1994 when Peter Shor famously showed that quantum computers can
be used to factor large integers with an exponential speed-up over classical computers [4]. This
was a shocking result, partly due to the fact that the di culty of factorization underlies the
so-called RSA encryption scheme which is widely used in modern cryptography. An e cient
factorization algorithm would therefore enable the decryption of RSA encoded messages, which
has huge, negative, implications to the general public. Furthermore, the fact that quantum
computers can be used for factorization{a problem which is seemingly completely unrelated to
guantum mechanics{begs the question of what other algorithms can be sped up by quantum
computers. Another seminal quantum algorithm is Grover’s search algorithm from 1996 [5],
which provides a quadratic speed up for searching unstructured data, and has a much wider
application potential compared to Shor’s algorithm.

Since the 90’s, many new quantum algorithms have been devised [6], which has driven an increas-
ing amount research and interest in quantum computers across a wide range of elds. A notable
example is qguantum machine learning [7,|8] which aims to leverage quantum algorithms to en-
hance machine learning tasks. Meanwhile, the original motivation of Feynman to simulate phys-
ical systems has merged the elds of computational chemistry and quantum computing [9,(10],
which could lead to discoveries of novel medicinal drugs and new materials. Other application
potentials include problems in climate change [11], nance [12] and energy optimization [13].

1.2 Quantum error correction

The past two decades have seen an accelerating worldwide e ort to realise functional quantum
computers, and notably there is now experimental evidence that quantum computers can indeed
exponentially outperform classical computers in certain tasks [14{16]. Yet, quantum computers
have so far solved exactly zero real-world problems. This is because building quantum computers
with multiple controllable and interacting qubits has proven to be an enormously challenging
task. A key challenge is to prevent undesired errors from accumulating during the execution
of an algorithm. In particular, any interaction between a qubit an its environment can cause



Chapter 1. Introduction 4

the quantum information stored in the qubit to leak out into the environment. This means,
that in practice superposition states are typically stable only on timescales much smaller than a
second, and entanglement can be observed between only a handful of qubits. To move beyond
this regime, we need to design qubits which can be isolated from their environment, but at the
same time be controlled and interact with each other. The good news is that we don’t need
perfect qubits to build a useful large-scale quantum computer. Instead, we can program the
quantum computer itself to detect and correct small errors, preventing them from accumulating.
This is known as quantum error correction.

The key principle of quantum error correction is to redundantly spread each qubit of information
across multiple physical systems, such that even if one or more physical qubits fail, the logical
information can still be retrieved. A simple classical example is to copy a single bit onto three
bits, i.e. 0 becomes 000 and 1 becomes 111. If one of the bits ips due to noise, we can still guess
what the original state was by taking a majority vote. This means that the e ective error rate
of the logical information can be reduced, provided the probability of two simultaneous errors is
low. Essentially, multiple faulty bits are used to simulate a single good bit.

The eld of classical error-correcting codes has been well developed for a long time, and more
advanced techniques than the example above exist which require much lower resource overheads
[17,/18]. Such techniques are routinely used in conventional information processing to the point
where we would never expect a conventional computer to make a computational error.

Implementing error correction of quantum computers, on the other hand, is much more di cult
for three main reasons: First, while the only type of error for a classical bit is a bit ip, i.e. an
undesired change from a 0 to a 1 or vice versa, qubits can also experience phase errors. That
is, a qubit in the state #5j0i + B5jLi might change to the state #5j0i  #5jli. Since the phase
is a key element to quantum computers, such an error can drastically change the outcome of a
guantum algorithm. Thus, a quantum error-correcting code needs to detect not only bit ips,
but also phase ips. Second, the act of measurement changes the quantum state, as described
earlier. While a classical error-correcting code can measure each bit directly, we cannot directly
observe the qubits individually as this would destroy any superposition state. Third, due to the
complexity of controlling physical systems at the quantum level, the error rate of qubits are in
practice much, much higher than that of classical bits.

The rst two reasons above mean that conventional error correction cannot be directly transferred
to quantum computers. Instead, completely new quantum error-correcting codes have to be
developed. The rst such code was proposed by Peter Shor in 1995 [19], in which 9 physical qubits
are used to implement a single logical qubit. Another encoding was subsequently independently
proposed by Andrew Steane in 1996 [20] using only 7 physical qubits. Since then, the eld
of quantum error correction has rapidly matured and many di erent quantum error-correcting
codes have been discovered.

So what makes a good quantum error-correcting code? Essentially, we would like to be able to
perform arbitrarily long computations, yet if the single-qubit error rates are non-zero, they will
eventually add up and ruin the calculation. To prevent this, we need to be able to suppress the
e ective error rates of the logical qubits to arbitrarily low levels. Fortunately, this is achievable,
for example by concatenating multiple layers of a code. Using Shor’s code, one can use 9 logical
qubits, each comprising 9 physical qubits to realize an even better logical qubit consisting of a
total of 81 physical qubits. This can be iterated to reduce the logical error rate to arbitrarily low
levels, at the cost of a larger and larger resource overhead. Of course, the more qubits, the larger
the chance that a single physical qubit experiences an error. For quantum error correction to
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work, the code should x more errors than it introduces, which is only possible if the physical error
rate is lower than a certain threshold. Di erent codes have di erent thresholds, and preferably
we would want to use a code with a high threshold to relax the requirements on the physical
qubits. Additionally, we would prefer an e cient reduction of the logical error rate when we
increase the number of qubits, in order to minimize the total number of required physical qubits.
Finally, the code should only require local interactions between physical qubits, as it can be
very challenging, if not impossible, to implement direct interactions between an arbitrary pair of
qubits in a quantum computer.

Arguably, the most promising quantum error-correcting code is the surface code [21{23] as it can
be implemented with qubits in a square lattice architecture, and it has a fault-tolerance threshold
of about 1%, which is rather high. Still, with the surface code it is expected that more than 1000
physical qubits will be needed for each logical qubit in order to reach su ciently low logical error
rates to implement e.g. Shor’s factorization algorithm [24}25]. This is a huge resource overhead
and so e orts to reduce this overhead are needed to make quantum computers practical.

Designing qubits of a high quality at the physical level is essential to get below the fault-tolerance
threshold, and extremely good qubits will eventually be required in order to reduce the resource
overhead of quantum error correction to manageable levels. One approach towards designing
such high-quality qubits is to encode each qubit into a bosonic system and use bosonic error
correction to add an additional layer of protection against noise. Contrary to the qubit-based
error correction described above which uses multiple physical systems to simulate a single logical
qubit, bosonic error correction uses multiple states of a single bosonic mode to encode a logical
qubit. A such bosonic mode could for example be an optical eld or the motion of a trapped
ion. These systems have in nitely many energy levels which can provide a suitable redundancy
for error correction. A classical analogue is found in optical communication systems where laser
pulses are used to transmit classical bits. In such systems, a bit value of 1 can be represented by
a high energy pulse, such that even when photons are inevitably lost throughout the optical ber,
the pulses still have enough energy to be correctly identi ed at the receiver. Unfortunately, we
cannot directly use this simple classical strategy to make robust qubits, due to the possibility of
phase errors. Instead, more advanced encodings, speci cally tailored to protect quantum states,
have been developed. These codes, and in particular the cat code [26,27] and the Gottesman-
Kitaev-Preskill (GKP) code [28], are the primary focus of this thesis. While the mathematical
frameworks of these codes have been well described, their implementation in real-world systems
remains challenging, limiting their usefulness in practice. This thesis presents novel techniques
and strategies to implement and control these bosonic codes, tailored for state-of-the-art ex-
perimental settings. Hopefully, the results presented herein can thus guide future experimental
e orts towards implementing bosonic codes and, ultimately, the realization of useful quantum
computers.

1.3 Thesis structure

The remainder of this thesis is structured as follows:

In chapter 2 we introduce the mathematical framework of continuous-variable quantum systems
as well the cat code and the GKP code.

Chapters 3 to 10 contain the research papers of Refs. [29{36] which were produced as a result of
this PhD project. The content of these papers is exactly as their most recent/published versions.

Chapter 3 presents a method for generating four-component cat states from two-component cat



Chapter 1. Introduction 6

states using photon counting. With loss being the dominant source of noise in optical systems,
the cat code might be a suitable encoding for optical systems. However, few proposals exist
on how to optically generate the required four-component cat states. Here, we show that two
two-component cat states can be \merged" to create a single four-component cat state using
optical components.

Chapter 4 presents a method for performing error correction on optical cat-code qubits. While
the cat code is a promising encoding to protect against losses, its implementation in optics has so
far remained unclear. Here, we show that error correction can be performed in a teleportation-
based setup using photon counters and logical Bell-encoded cat states.

Chapter 5 presents a method for generating optical GKP states using a cavity QED system.
While multiple protocols have been proposed to generate GKP states, none of them have so far
been successfully implemented in optics. However, it has recently been experimentally demon-
strated that a cavity QED system can be used to generate optical Schrodinger’s cat states. Here,
we show how such a system can also be used to generate GKP states and analyze the performance
for systems of nite cooperativity and escape e ciency.

Chapter 6 analyzes the performance of cubic phase gates when used to implement non-Cli ord
gates on GKP qubits. We show that the cubic phase gate is not a suitable resource for the GKP
code, and that non-Cli ord gates should instead be implemented through gate teleportation of
encoded magic states.

Chapter 7 presents a method to deterministically generate GKP states through conditional dis-
placement gates. The proposal builds upon previously implemented protocols, but eliminates
the need for qubit measurements. This allows for faster generation of GKP states which we show
should ultimately result in higher quality states.

Chapter 8 presents a method to perform logical GKP state measurements in the absence of
homodyne detectors. Homodyne detectors are usually the preferred method to measure GKP
states, but these are not readily available in the systems for which GKP states have so far
been experimentally generated. Here, we show that it is still possible to perform high- delity
measurements in these systems by utilizing qubit interactions through conditional displacements.

Chapter 9 presents a method to deterministically generate squeezed vacuum states through
conditional displacements. Squeezed vacuum states are a central resource for many continuous-
variable quantum tasks. Here, we show how they can be generated from vacuum without the
need to engineer a squeezing Hamiltonian.

Chapter 10 presents a protocol to transfer arbitrary continuous-variable states to a discrete-
variable qubit register using conditional displacements. This allows for qubits to store continuous-
variable states and could open up new types of control in qubit-coupled continuous-variable
systems.

Finally, chapter 11 concludes the work, and outlines relevant near-term challenges and directions
for continuous-variable quantum platforms.



Chapter 2

Quantum continuous variables

In this section we introduce the quantum mechanical mathematical background and formalism
used throughout the thesis. As one can easily Il a textbook on this subject [37{41], not every
aspect will be explained in full mathematical rigor. Instead, we will simply introduce the most
relevant aspects of quantum continuous-variables, before introducing the cat and GKP quantum
error-correcting codes.

2.1 Fundamentals of quantum continuous variables

The fundamental mathematical objects of quantum mechanics are states and operators. In the
Schrodinger picture, a state represents a physical system, and thus contains all the information
there is to know about that particular physical system. Mathematically, the states are vectors
with a dimensionality depending on the type of physical system. For continuous-variable sys-
tems the dimensionality is in nite. Meanwhile, the operators are used to probe and change the
states, and can be categorised into two groups: observables and unitary transformations. For
now, we focus our attention to observables, returning to unitary transformations in Section [2.3]
Observables, as the name suggests, represent physical quantities, or properties, that we are able
to observe for a given system. Some common examples are the position and momentum of a
particle along a speci ¢ axis. For each observable we associate a Hermitian operator, A, from
which we can furthermore identify its eigenstates, jai, and corresponding eigenvalues, a. These
quantities thus satisfy

Ajai = ajai: (2.1)

Physically, the eigenvalues are the possible measurement outcomes of the corresponding physical
quantity. Here, we focus our attention to observables for which the the possible measurement
outcomes span a continuous interval, as is the case for position and momentum.

A central principle in quantum mechanics is the superposition principle. Let a A denote any
observable with continuous eigenvalues and corresponding eigenstates jai. The superposition
principle states that any state j i can be represented as a superposition (weighted sum) of these
eigenstates:

Z

ji= da (jai; (2.2)
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where the complex-valued function

(@ =haj i, 2.3)
is called the wavefunction of the state with respect to the observable A. Applying haj to Eq.
(2.2)) we get 7

ha'j i= (@)= da (a)hdjai; (2.4)

from which we conclude that the observable eigenstates should satisfy

haljai = (@ a); (2.5)
R
where is the Dirac delta function. Additionally, applying dajaihaj to Eq. (2.2) get
VA YA YA Z
dajaihaj j i= da da’ (a)jaihaja’i= da (a)jai=]j i; (2.6)

from which we obtain the identity relation
z

dajaihaj = " .7

where [\ is the identity operator.

According to quantum mechanics all measurements are fundamentally probabilistic, and the
wavefunction therefore only allows us to calculate the probability density of a particular mea-
surement outcome through the Born rule,

P(a) =jhaj ij*=]j (@)j*: (28)

Since a measurement of the observable A should always return some outcome, the probability
density should integrate to 1:
Z Z

P(ada= | (a)j’da=1: (2.9

Thus the wavefunction of any physical state should be normalized to Rj @ =hji=1
Note that the eigenstates of continuous-variable observables are not normalizable since hajai =

(0) & 1. Thus, for continuous variables, the observable eigenstates do not represent physical
states, but are rather a mathematical tool from which we build actual physical states, according
to the superposition principle of Eq. (2.2).

2.1.1 Density matrices

For each pure state, j i, we can construct a corresponding object =] ih j called the density
matrix. Just like the state vector j i, the density matrix contains a complete description of the
state. Moreover, we can use the density matrix formalism to construct more general states, such
as a classical probabilistic ensemble of pure states
<
= pud ki «; (2.10)
K

where all the py’s are positive and sum to 1, just like a classical probability distribution. However,
the decomposition of (2.10)) is not unique, and so the interpretation of the state as a distribution



9 Chapter 2. Quantum continuous variables

of pure states is not unique either. If there are no representations for which the density matrix
can be described by a single pure state, we say that the state is mixed.

Similarly to state vectors, density matrices can be expanded in terms of the eigenstates of an
observable z

= da’da” (a';aY)ja’iha”; (2.11)
with a corresponding wavefunction
@%a" = ha"j ja¥i: (2.12)
Additionally, the probability density of observing measurement outcome a is given by
P() =haj jai = (a;a): (2.13)

Density matrices are particularly useful when a system of interest becomes entangled with its
environment. Generally, when two systems interact they become entangled and can be described
by the combined two-mode state vector

z

j 1;2i = dal daz 1;2(a1;a2)ja1i jaziZ (2.14)

This two-mode state vector has a corresponding density matrix
z

12 =] 12ih 1o = dajdaldayday 1(aliay) i.(al;ad)jajinalj jajiha3j  (2.15)

In the real world it is extremely di cult to perfectly isolate a quantum system from its envi-
ronment, and so most quantum systems will rapidly become entangled with a larger and larger
environment. However, if the initial quantum system is a logical state in our quantum computer,
we are not so interested in the state of the environment around it, and furthermore we typically
cannot control or measure the environment at the quantum level anyway. Conveniently, the
density matrix formalism allows us to write a density matrix that describes only the mode of
interest, by tracing out the environment mode, i.e.

1=Tr2( 1;2): (2.16)
The single-mode density matrix wavefunction is then given by
z
1@5a" = da 12(a%a) 1,@%a): (2.17)

If modes 1 and 2 were initially entangled ; will not correspond to a pure state, i.e. it cannot be
written as j ih j, and it is therefore equivalent to a statistical mixture of pure states. Thus in-
teractions with an environment introduce classical uncertainties, or noise, to the logical quantum
state, which will eventually drown out vital quantum features if not properly dealt with.

2.1.2 Position and momentum

We now introduce the position and momentum operators, which are the central continuous-
variable observables of this thesis. We denote the one-dimensional position operator by 7 This

10ften x or X are used to represent position, but for quantum information this symbol is already reserved for
the Pauli x operator and thus q is chosen as the convention in this chapter. Still, we will later deviate from this
logic and use x or X to denote the position quadrature in the papers of chapters 3, 5, 6, 7 and 9. | apologize for
this inconvenience.
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operator represents exactly what it sounds like, namely the position coordinate of a given particle
along some prede ned axis. Thus, for a particle with wavefunction (q), the probability density
of seeing it at position g is equal to j (q)j.

The momentum operator should allow us to nd the momentum wavefunction of a particle. It
turns out that a sensible, although perhaps non-trivial, de nition of the momentum operator in
terms of the position wavefunction is

. @
= I~ 2.18
p 8 (2.18)

The eigenstates of the momentum operator are the states satisfying
- - . @

Pipi = pjpi $ i~ $®=DMW (2.19)

This is solved by the position wavefunction given by
o(a) = Ne=Pd; (2.20)

where N is a constant which is found by constraining the wavefunction to satisfy the normaliza-
tion relation of Eq. (2.5):

Z Z
i =  dgN e PUINePI = N2 dge® P = (p pY): (2.21)
. R P— .
From the relation 1=2  dze!™ X2 = (x x" we conclude that N = 1= 2 ~, i.e. the
momentume-eigenstates in the position basis are:
1 z 1
jpi = 192: dq e'™jqi; p(@) = pzieipq3 (2.22)

Importantly, j ,(q)j? is uniform and non-zero for all g, meaning that a state with perfectly well-
de ned momentum has a completely random position. Conversely, the momentum wavefuction
of the position eigenstates are

z

o) = hajpi = p— ™ hojeli = p_—e P; (2.23)

which have completely random momentum. This feature is captured more generally by the
Heisenberg uncertainty principle which relates the uncertainties of two observables, A and B, by

s SIA B (2.24)

aq___
where o= h&2i h&i? is the standard deviation of the observable &, h&i =h j&j i is the

expectation value of & and [A;B] = AB BA is the commutator. For position and momentum,
we can nd the commutator by applying it on an arbitrary position wavefunction:

@ (@ @@ (@) @ @ @@ @@ _. .
aq aq 6 9 @q @q = @ @2)

@0 (@= i~ g = i~ q

Thus
[4;0] = i~ (2.26)
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and therefore

q p E: (2.27)
As a consequence, there exists no state for which measurements of both the position and mo-
mentum will always return a well-de ned value.

An important feature of the momentum is, that the momentum wavefunction is completely
determined by the positionzwavefunction sénce .

(P)=hpj i=hpj dq (@jgi= dg (hpigi=p— dq (e " (2.28)

That is, the momentum wavefunction is the Fourier transform of the position wavefunction.
Conceptually, the momentum is thus encoded in the phase of the position wavefunction and
vice-versa.

2.1.3 Electromagnetic field quadratures

Another relevant continuous-variable system is the electromagnetic eld. The value of the electric

eld at a particular point in space is a physical observable quantity and can thus be associated
with a quantum mechanical Hermitian operator. Furthermore, from optics we know that it
is often convenient to break down the electromagnetic eld into frequency components. With
a slight foresight and abuse of notation, we denote the electric eld of a speci ¢ frequency
with the operator ¢, which is also called the amplitude quadrature. According to Maxwell’s
equations, the electric eld evolves over time, and from this evolution it makes sense to de ne
a \momentum" operator for the electric eld, denoted f, which we call the phase quadrature
operator. The phase quadrature thus describes the rate of change of the electric eld. For a
standing electromagnetic eld wave in a cavity, p is proportional to the magnetic eld. The
amplitude and phase quadratures turn out to obey the commutation relation [¢; ] / i, just like
the position and momentum of a particle. From this it follows that the quadrature operators ¢
and  de ned here have all the same quantum mechanical relations and properties as the position
and momentum described in the previous section. This conveniently allows us to use a single
mathematical formulation to describe two physically very di erent systems. In the following we
will refer to ¢ and ¢ as position and momentum, keeping in mind that they could as well represent
electromagnetic quadratures.

2.1.4 The Wigner function

While both the position and momentum of a state are completely described by the position
wavefunction, it is nonetheless useful to have a representation that more directly includes both
position and momentum. For example, the position and momentum of a classical particle along
a speci ¢ axis can be represented by a point in a two-dimensional phase space with coordinates
of position and momentum. Furthermore, if the precise position and momentum are unknown,
we can instead consider a probability distribution over this phase space.

Due to the intrinsic relationship between the position and momentum wavefunctions, a similar
phase-space distribution function for quantum states is bit more tricky to de ne. In fact, it turns
out that there are multiple di erent meaningful ways to de ne such a function. One of these is
the Wigner function which was de ned by E. Wigner and L. Szilard [42], and is given in terms
of the density matrix by
142 D E
W(p)=— dy q+y q y e’ (2.29)
1
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Although the de nition might appear a bit obscure at rst glance, it turns out that the Wigner
function has many useful properties. First, just like the wavefunction, the Wigner function gives
a complete description of the state with respect to the position and momentum observables.
Moreover, unlike the wavefunction, the Wigner function is real-valued for all physical states. This
means that the Wigner function can be easily visualized. Additionally, the marginal distributions
of the position and momentum behave just like that of a classical probability distribution, i.e.:

z z
P@= dpW(:p):; P(p)= daW(a;p): (2.30)
Consequently, the Wigner function is normalized according to:
z YA
dg dpW(q;p) =1 (2.31)

But unlike a classical probability distribution, the Wigner function can take on negative values.

Another pleasant feature of the Wigner function is that di erent quantum states are visually
distinguishable by their Wigner functions. This follows from the fact that the overlap between
two states can be calculated from the overlap of their Wigner functions:

Zz Z

jh 1j 20> = dg dpWa(a; p)W2(q; p): (2.32)

So if the states are orthogonal, jh 1j »ij?> = 0, their Wigner functions must be di erent enough
to make the above integral 0. While the Wigner function can be used as useful a mathematical
tool, it will primarily be used as a visualisation tool in this thesis, allowing us to gain some
intuition on the behavior continuous-variable quantum states. In section [2.2) we will see some
examples of Wigner functions of di erent states.

2.1.5 Fock representation

Besides the position and momentum operators, a central observable in continuous-variable quan-
tum mechanics, and indeed in all of quantum mechanics, is the Hamiltonian, A, which describes
the energy of a particular system. The Hamiltonian is important, as it allows us to calculate
how a state changes over time according to the Schrodinger equation,

D N
g 0i= —Aj ()i (2.33)

The exact form of the Hamiltonian depends on the physical system, but a particularly important
case for this thesis is that of the harmonic oscillator,

ﬁ:%q PP+ (2.34)

For ¢ and p representing position and momentum, the p? term corresponds to the kinetic energy
while the ¢ term corresponds to potential energy in a quadratic potential. Thus Eq. is
the Hamiltonian for a particle trapped in a quadratic potential, where ! is the angular frequency
?_f,oscillation and ¢ and p have been non-di@ensionalized such that the position is in units of

~=m! and the momentum is in units of = mI~ where m is the mass of the particle. As an
example, the length scale for the motion of the trapped calcium ion used in the experiment of
Ref. [43] is on the order of 10 nm. Note that in these units, the commutation relation of ¢ and

pis [¢; p] = i, which is the convention used throughout this thesis.
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For ¢ and P representing electric eld quadratures, Eq. (2.34) is exactly energy of the electro-
magnetic eld in vacuum at the frequency !, obtained from quantizing Maxwell’s equations with
a suitable non-dimensionalization.

It turns out that although ¢ and p represent continuous observables, the Hamiltonian of the
harmonic oscillator has discrete eigenvalues corresponding to possible energy levels,

E,=~1 n+% ; (2.35)

with corresponding eigenstates jni for all non-negative integer n. These states are called Fock
states and form an orthonormal basis, so any wavefunction can be described in the Fock basis as

X
ji= cnjni; (2.36)

n=0

y\_ﬁhere cnh =h jni, and jcnj? is the probability of measuring the energy of the state to be E,,. Thus

. Icnj? = 1. Physically, we interpret the state jni as containing n bosonic excitations, which we

call phonons in the case of trapped particle, or photons if we are considering the electromagnetic
eld.

The Fock states are related to the position states through [37]

s
2

L. 1
hajni = P e = Hn(0); (2.37)

where Hp is the n’th Hermite polynomial.

Some very useful operators for the Fock representation are the annihilation operator &, its con-
jugate the creation operator &Y, and their product the number operator A = &&. These are
de ned by the relations

a= 1915(61\+ i), &= %(q* in): (2.38)
or conversely,
6= %(awy); p= ﬁ%‘a a): (2.39)

The harmonic oscillator Hamiltonian can therefore be rewritten as
1
H=~1 aa+ 5 (2.40)

These operators have particularly simple relations to the Fock states:
ajni = Ioﬁjn 1i; &jni = Ion + 1jn + 1i; Ajni = njni: (2.41)

Thus the annihilation operator subtracts an excitation while the creation operator adds an ex-
citation. Since the annihilation and creation operator are neither Hermitian nor unitary they
do not by themselves correspond to any physical observable or deterministic process. However,
other operators can be expanded in terms of the annihilation and creation operators, allowing
us to interpret physical processes in terms of exchange of energy gquanta.
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2.2 States

We now go through some typically encountered states, all of which are visualized by their Wigner
functions, position and momentum marginal distributions, and Fock basis distributions in Fig.
21

The vacuum state. The vacuum state is shown in Fig. and is the lowest possible energy
state of the harmonic oscillator, i.e. the state jOi in the Fock basis. The position wavefunction
can be obtained from Eq. (2.37) and is given by the Gaussian function

2

1
o) = —€ 7 (2.42)

Furthermore, the momentum wavefunction is equal to the position wavefunction and the standard
deviation of the position and momentumis 4= = p% meaning the vacuum state saturates
the Heisenberg uncertainty principle. Still, the vacuum state has a non-zero probability for
measurements of ¢ & 0 and p & 0, i.e. the vacuum exhibit small uctuations in both the position
and momentum.

Thermal states. Many real-world systems exchange energy with their surrounding, which
eventually brings the state into thermal equilibrium with its environment. A state in such
thermal equilibrium is characterised by its temperature, T, and can be described by a density
matrix in the Fock basis as

S| 2.43
thermal—ﬁ_|_1n:O n+1 J ) ( )

where i = hni = [exp(~'=kgT) 1] %, where kg is the Boltzmann constant. A thermal state
with = 2 is shown in Fig. [2.Tb.

Coherent states. The coherent state is the closest we get to a classical oscillation of a trapped
particle, or the electromagnetic eld of a laser. These states can thus have high energy and highly
de ned position and momentum. Coherent states can be considered as displaced versions of the
vacuum state, as exempli ed in Fig. 2.Ic. They are parametrized by the expectation value of
their position and momentum, which for coherent stateﬁ)are written compactly by the complex
number = F%hqi + ip%hpi. Note here the factor 1= 2, which is a consequence of our unit
choice. The position wavefunction is

con(@) = —ge @ 2REC =261 2mC ), (2.44)
and the Fock basis representation is
o, X n
ji=e 2" p_jni: (2.45)
n=o N

An interesting property of coherent states is that they are eigenstates of the annihilation operator
with eigenvalue

a i= j i (2.46)
as can be veri ed from Egs. (2.41) and (2.45). However, since & is not Hermitian, is not an
observable quantity, i.e. it cannot be determined in a single-shot experiment.
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Figure 2.1: A zoo of quantum continuous-variable states. The colormaps show the Wigner
functions, W (q; p), the line plots show the position and momentum probability distributions,
i (@j? and j (p)j?, and the bar plots show the Fock basis distributions, jcnj?. The scale of the
position and momentum probability distributions vary from state to state.
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Squeezed vacuum. The squeezed vacuum states have an asymmetric phase space distribution,
such that the uncertainty in the position is reduced at the cost of an increased uncertainty in
momentum or vice versa. Squeezed vacuum states thus have an uncertainty in one quadrature
which is below that of the vacuum state. The magnitude of the uncertainty reduction, or "'squeez-
ing", is quanti ed by the squeezing parameter r. Positive r correspond to a reduced position
uncertainty while negative r correspond to a reduced momentum uncertainty. Like the vacuum
and coherent states, the position wavefunction of the squeezed vacuum is also a Gaussian:

2

5 1
sz() =2 e v (2.47)

and the Fock basis coe cients are given by
8 o
<p= n=2__ni_ .
P ( tanh(N)™ Gy for even n;

-0 for odd n.

Ch = (2.48)

Note that despite the name, squeezed vacuum states also have support on states other than the
vacuum state, and therefore have a higher average energy than the vacuum.

The standard deviation of the position of a squeezed vacuum state is given by 4 =e "= 2,
and often the squeezing parameter is expressed in units of dB, denoting the reduction in the
variance with respect to the vacuum, i.e.

20
In(10)

r[dB] = 10log,o(e 2") = r 87r (2.49)

Figs. d-f) show di erent squeezed vacuum states with 5 dB squeezing, -5 dB squeezing, and
15 dB squeezing, which corresponds to the largest experimentally achieved level of squeezing [44]

Fock states. Wigner functions of the Fock states, i.e. the energy eigenstates, with excitation
numbers 1, 2 and 10 are shown in Fig. g-h). These have the characteristic feature of being
rotationally symmetric, with large uncertainties in both the position and momentum. Despite
their deceivingly simple formulation as states with well-de ned energy, high energy Fock states
are very challenging to generate experimentally, especially in optics. Fock states are thus highly
non-classical states, which is also evident by the negative values of their Wigner functions.

Cat states. Another non-classical state is the Schrodinger’s cat state, which is a superposition
of two coherent states, typically at opposite points in phase space, i.e. j i +e' j i. Here,

is the quantum phase between the coherent states. The Wigner functions for = 2 and

=0and = areshown in Fig. [2.Ij and k. There are three notable parts of these Wigner
functions, namely the two positive Gaussian peaks at and an oscillating contribution between
them. Importantly, the central oscillating term is a signature of the quantum phase , and the
value of determines the phase of this oscillation. Physically, this is revealed in the momentum
marginal distribution, which exhibits uctuations on a scale smaller than the vacuum quantum
uncertainty.

Other states. The states considered so far represent some of the historically most interesting
continuous-variables states, which all have certain structures giving rise to Wigner functions with
di erent symmetries or dissectible elements. However, we should keep in mind that in nitely
many di erent states are allowed by the laws of quantum mechanics, e.g. by choosing what-
ever normalizable Fock basis coe cients we like. An example of a state with randomly chosen
complex coe cients under a suitable energy constraint is show in Fig. [2.I). For this state, the
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positive and negative parts of the Wigner function have no clear separation or structure, and
thus it becomes di cult to associate a physical interpretation to any speci ¢ point of the Wigner
function. One might question how such a state can be produced experimentally or whether it
has any applications. We will not attempt to address those questions here, but instead we simply
show it as a remainder of the richness and diversity continuous-variable quantum states.

2.3 Gates

In order to use quantum states as computational resources in a quantum computer, we need
to be able to control and manipulate them. As mentioned, quantum states evolve according to
the Schrodinger equation, Eq. . Solving the Schrodinger equation, we nd that a mode in
the initial state j (0)i evolves to the state j (t)i = exp( itHA=~)j (0)i after time t, assuming
a time-independent Hamiltonian. The evolution is thus described by the unitary operator 0 =
exp( itA=~). By controlling the Hamiltonian, we can therefore change one quantum state into
another. Exactly how the Hamiltonian is controlled in experiment depends greatly on what kind
of physical system we are considering and which unitary we wish to implement. In the perspective
of the quantum states representing carriers of logical information in quantum computer, we refer
to such a discrete unitary evolution as a quantum gate. Some common continuous-variable gates
are:

Rotation gate. The rotation gate is the one generated by the harmonic oscillator and can be
written as,

R()=-exp( i hN)=¢ Zexp ii(q2 +p?) (2.50)

For the harmonic oscillator, this gate is implemented simply by waiting for a timet= =1. The
e ect of the rotation gate is to rotate the state by an angle is phase space. Thus the rotation
gate corresponds to a transformation of the Wigner function according to

W(q;p) ¥ W cos( )q+sin( )p; sin( )g+cos( )p : (2.51)

Displacement gate. The displacement gate is de ned as
B( ) =exp( & &) = exp ipﬁ(lm[ 1¢ Re[ 1D : (2.52)

The e ect of the displacement gate is to displace the state in phase space and corresponds to
the Wigner function transformation

W@p) TWq CZRe[ Jp " 2im[ ] (2.53)

Thus the displacement operator can be used to generate any coherent state from the vacuum
state through j i = D( )jvaci.

Squeezing gate. The squeezing gate is de ned as
SO=exp 2( & &%) =exp ir cos()@p+pa) sn( )@ PP) (254)

with = re' . The squeezing operator "squeezes" the state in phase space by contracting it in
one direction while expanding it in the orthogonal direction. This corresponds to the Wigner
function transformation

W(g;p) ¥ W (e"cos?( ) +e "sin®( ))q+cos( )sin( )" e "p;
cos( )sin( )" e Mg+ (e"sin?( )+e "cos?( ))p ; (2.55)
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which for =0 this simpli es to

W(g;p) ¥ W(e'g;e "p): (2.56)

Conditional displacement gate. Although not as common as the previously mentioned gates,
the conditional displacement gate is a central element of chapters 7-10 and is therefore given an
introduction here. It is a two-mode gate acting on a system consisting of a continuous-variable
mode and a 2-dimensional qubit mode,

CDk( )=exp i" [ Re( )p+Im( )d]
= j+ih+ D Ps +j i B Ps (2.57)

where ~¢ with k 2 fXx;z;yg denotes a qubit Pauli matrix with eigenstates j+xi and j i. The
conditional displacement thus performs a displacement of the continuous-variable mode in a
direction depending on the state of the qubit. This will in general entangle the qubit and the
continuous-variable mode. Alternatively, the conditional displacement can also be interpreted
as a rotation of the qubit with a magnitude depending on the state of the continuous-variable
mode. For example, for purely imaginary we can write:

z

CDk(ij j)= dqexp(igj j™) jqihaj (2.58)

Thus the qubit is rotated around the k axis with a direction and magnitude proportional to the
position of the continuous-variable mode.

There are di erent methods to implement a conditional displacement, depending on the physical
platform. Here, we present a method suitable for a trapped ion as well a method suitable for a
microwave eld coupled to a superconducting circuit.

To implement a conditional displacement in a trapped ion platform, we can utilize the coupling
between a phononic mode of the ion (the continuous-variable mode) and its internal electronic
energy levels [45}/46]. Trapped ions typically have a rich energy structure, with multiple viable
qubit subspaces [47]. Here, we restrict our attention to a qubit subspace comprising two long-
lived electronic energy levels, jgi and jel, separated by an energy gap in the optical frequency
domain, such that a resonant laser can drive transitions between the two states. The motional
modes are typically in the MHz range and can be addressed by tuning lasers to the so-called
motional sidebands, as shown in Fig. [2.Za. Physically, if a laser is blue-detuned from the qubit
resonance such that the photon energy equals the qubit transition energy plus that of a phonon,
both the qubit and a phonon can be simultaneously excited. This is described by the operator
AL &Y with A, = jeihgj. Meanwhile, such laser can also stimulate a simultaneous decay of the
qubit and a phonon, represented by the operator # & with ~# = jgihej. In total, the Hamiltonian
of the system in this blue motional sideband, in a rotating frame, is

1

“Foe = biue™+ &+ pe & (2.59)
where e depends on the coupling strength and phase of the laser. Similarly, if the laser is
red detuned, a photon can be absorbed to excite the qubit while annihilating a phonon, or the

qubit can deexcite while exiting a phonon. The Hamiltonian in this case is thus

1
:lqred: rea” &+ red”+&: (2.60)
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Figure 2.2: (a): Energy structure of a trapped ion with two electronic states fjgi;jeig plus a
ladder of motional states, fjOi;j1i;:::g. The arrows indicate the blue and red motional sideband
transitions. (b): Evolution of a point represented by a complex number, zgy, of the Wigner
function under the transformations used to implement a conditional displacement gate from a
dispersive Hamiltonian, e.g. in a superconducting platform. The two di erent directions at step
2 correspond to the evolution associated with the qubit states jgi and jei respectively. The dotted
curves indicate circles centered at the origin, along which the state rotates due to the dispersive
coupling.

Driving both transitions simultaneously with a bichromatic laser with real pjue = red we
get:

%li] = (M +7) a+ay =P3 A (2.61)

which is exactly the generator of a conditional displacement. Additionally, by tuning the phases
of g =] je' ed and pue =j je' Plue we can achieve the more general expression

1 pf . A - i +ay + i +a
:Iq = 2 je ~p+e! 2 e;p,ei; (2.62)
with 4+ = ( plue + req)=2 and = ( blue red)=2, Which corresponds to a displacement in

an arbitrary quadrature direction conditioned on an arbitrary qubit direction in the x-y plane of
the Bloch sphere.

The conditional displacement gate can also be implemented in superconducting circuits, as
was done in [48], through a driven dispersive coupling between a microwave cavity eld (the
continuous-variable mode) and a superconducting qubit. The dispersive Hamiltonian in a rotat-
ing reference frame is

%lil = 5% +iE(D)a iE (H)a; (2.63)

where 7, is the Pauli-z operator of the transmon and E(t) is a microwave drive resonant with
the cavity frequency. The conditional displacement is achieved by implementing a sequence of
fast displacements through the microwave drive along with waiting periods of free Hamiltonian
evolution [49], which we describe below. To show mathematically that the sequence implements
a conditional displacement, we can use the fact that the involved continuous-variable operations
are Gaussian and thus simply corresponds to a coordinate transformation of the Wigner function.
We nd this transformation by keeping track of a point in the Wigner function, denoted by the
complex number zg = qo + ipo. The sequence is depicted in Fig.[2.2b and is as follows:
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1. A short intense pulse causes a large displacement of magnitude of the cavity mode,
Zo ¥ zp+ (2.64)

2. The cavity evolves for time T=2 under the dispersive Hamiltonian, rotating it in a direction
depending on the state of the transmon,

Zo+ ¥ (zo+ e 'T (2.65)

with '+’ corresponding to the qubit in the state jOi and * ’ corresponding to the qubit in
the state j1i.

3. The cavity is displaced in the opposite direction by magnitude 2 and simultaneously
the transmon is ipped by a "y gate using another microwave drive resonant with the
transmon,

(Zo+ e T4 0H (zg+ e T 2 (2.66)

4. The cavity evolves again for time T=2 under the dispersive Hamiltonian, but in the direction
opposite to the rst rotation due to the ri]p of the transmon,

i
(zo+ J)e ™= 2 0 (zp+ )e'T = 2 ¢ IT = (2.67)

5. The (r:]avity is displaced back again with hmagnitude , i
i i
(ZO+ )e iT =4 2 e iT =4 1 (ZO+ )e iT =4 2 e iT =4+

=zp+2 1 e T =

=zo+2 (1L cos(T =4)) i2 sin(T =4) (2.68)

We thus end up with an unconditional displacement along the direction, and a conditional
displacement in the orthogonal direction. The strength of the unconditional part compared to
the conditional part vanishes for T =4, but the unconditional part can also be removed simply
by slightly adjusting the nal displacement pulse. Importantly, a large conditional displacement
can be implemented on a time scale smaller than 1= by choosing a su ciently large , i.e. using
an intense microwave drive.

Even if the microwave displacement pulses are not instantaneous, we can still model the system
as a transformation of the Wigner function coordinates. In particular, the Hamiltonian can be
transformed into a di erential equation for the coordinates, with the A term corresponding to a
rotation and the drive term corresponding to a velocity:

dz(t) _ P

g = iz + 2E(t): (2.69)

For E(t+T=2) = E(t) and a ip of the sign of the rotation term at t = T=2, the solution is

z T=2 P 40 P 0
2(T) =2(0) + dt’ " 2E(t) e ' T e T2 O =
0

z T=2 pP_
=z(0) + dt? " 2E(t%) (cos(t” =2) cos((T=2 t%) =2))
0

z T=2 p_
i dt? " 2E(t) ( sin(t® =2) +sin((T=2 t") =2)): (2.70)
0

Thus we still obtain an unconditional displacement and a conditional displacement.



21 Chapter 2. Quantum continuous variables

2.4 Noise channels

While we typically think of gates as operations which we can control and apply in any sequence,
e.g. in order to implement a quantum algorithm, quantum states also interact with their envi-
ronment in uncontrollable ways. This causes decoherence of the quantum states which can be
detrimental if not properly dealt with. Noise can be modelled using the Master equation, which
generalizes the Schrodinger equation in terms of density matrices and accounts for interactions
with an environment which is subsequently traced out. The Master equation is

i >
% = }[li\; 1+ o G O % e + O (2.71)
J

where Cj are called the Lindblad operators which depend on the type of the noise and j
denotes the strength of each noise type, which depends on how strongly the system couples to its
environment. For A = 0, e.g. by considering a rotating reference frame, the Master equation can
be solved to nd the density matrix at time t, which can be written in the Kraus representation
as [50] >
M= R ORL®); (2.72)

k

where K (t) are called the Kraus operators. From Eq. we can interpret the noisy evolution
as a discrete channel which applies one of the operators K (t) to the state according to the
probability distribution given by Tr(K(t) IQE(’(t)). Since we do not know exactly which operator
was applied, the state becomes mixed. In essence, quantum error correction can be thought of as
the process of estimating which Ky was applied and, if possible, apply a corrective gate to undo
the e ect of that particular Kraus operator. The estimation is done by probing the state (t)
using carefully designed measurements that do not collapse the encoded quantum information.
In section [2.5/ we will see a couple of examples of this.

Here, we go through some of the most common continuous-variable noise channels. The e ects
of each of these channels are exempli ed in Fig. [2.3] which shows the evolution of a probe state
given by a superposition of two displaced squeezed vacuum states. This probe state exhibits both
squeezing and Wigner function negativities and therefore serves to highlight some important
e ects of the di erent channels.

Loss. Loss represents a loss of excitations and is typically the dominant noise channel in optics.
It is given by the Lindblad operator

((00s) = g (2.73)
or equivalently the Kraus operators
s
R(Ioss) 1 I « k n=2
kK = W0 11 a1 N (2.74)
where | =1 e Uis the fraction of the total energy lost. Each Kraus operator corresponds

to the event of losing k excitations. From Fig. [2.3] we see that loss impacts the probe state in
multiple ways. First, the position peaks are shifted towards the center of phase space, which is
intuitively expected for a loss of energy. Second, the squeezed peaks are broadened along the
squeezing direction, such that their widths closer match that of the vacuum state. Finally, the
central oscillating region gets washed out. This can be understood as a simultaneous broadening
of the negative and positive parts of the oscillation, causing the entire region to be destructively
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Figure 2.3: E ect of some common noise channels on a probe state given by a superposition of
two displaced squeezed vacuum states. The strengths for all ve channel are set to t=0:1.

cancelled out. The impact of a reduced oscillation amplitude is also seen in the momentum
marginal distribution, which shows a much less pronounced oscillation.

Ampli cation. Ampli cation is in some sense the opposite of loss, and represents a gain of
energy. It is described by the Lindblad operator

(@mP) = av; (2.75)
or the Kraus operators =
k
11 G 1 i}
Réamp) = & s avkGg N=2. (2.76)

where G = e ! is the gain. Ampli cation is typically not a relevant adversarial noise channel
in physical systems. However, it is sometimes applied on purpose in a controlled fashion to
counteract the peak-shifting e ects of loss. Unlike the classical description of an ampli cation
channel which simply multiplies the power with the gain, the quantum ampli cation channel
unavoidably also adds a bit of noise, and as a consequence also adds energy to the vacuum state.
As seen in Fig. 2.3, ampli cation pushes the position peaks out, while also broadening them. As
with the loss channel, this broadening causes a signi cant damping of the central oscillations of
the Wigner function.

Dephasing. Dephasing causes a random rotation of the state according to a Gaussian distribu-
tion with standard deviation , i.e.
z
1 15

' P= de R() RY(): (2.77)
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This evolution is also described by the Master equation with the Lindblad operator
((eph) — p; (2.78)

with 2 = t. Additionally, the channel can be described by the Kraus operators [51,52]

1 2ﬁ2

4
R (e =pge ? nk: (2.79)

As seen in Fig. 2.3] dephasing causes a rotational smearing of the state in phase space. As a
consequence, parts of the Wigner function further from the origin experience a larger distortion.
Since the Kraus operators are functions of only A and thus diagonal in the Fock basis, the
dephasing channel does not add or remove excitations from the state.

Thermalization. Thermalization occurs when a system exchanges energy with an environment
of temperature T, and can mathematically be described by a combination of loss and ampli ca-
tion with Lindblad operators

penerm —Prga ang g = Pray, (2.80)

withn = [exp(~1=kgT) 1] ®. Loss is thus a special case of thermalization in the limitof T ¥ 0.
The thermal channel is equivalent to loss proceeded by ampli cation [53] and can therefore be
described by the Kraus operators

R = REM™I(GHRE= (I"); (2.81)

with . . )
n+
G'=(@1 e YHYn+l: |°:((1 ee )tgr:1+1): (2.82)

Alternatively, ife t> m=(n+1), the thermal channel is equivalent to pre-ampli cation followed
by loss, giving the Kraus operators

R = REDIHRE™ @) (283)

with
e t
e t 1 e Hn

As seen in Fig. [2.3] the e ect of thermalization is qualitatively the same as that of loss, i.e. a
shift towards the phase space origin and a peak broadening. Comparing to the loss channel, we
note that the peak broadening e ect is more severe, which makes sense as the thermal channel
combines peak broadening of both loss and ampli cation.

GOO —

=@ e H@A+n) (2.84)

Gaussian displacement. The Gaussian displacement channel is a normally distributed random

displacement of the state in phase space
z 1j §2

d e 2 7D() DY) (2.85)

' 5
This channel can be described by the Master equation with the Lindblad operators

ngGauss) =4 and CgGauss) =4 (2_86)
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with 2 2 = t. Comparing to the thermalization channel, the Gaussian displacement channel
corresponds to the limit of M ¥ 1 and ¥ 0 with constant m = 2 2=t. Gaussian displace-
ment can thus be thought of as heating. Therefore, similarly to the thermalization channel,
the Gaussian displacement channel is equivalent to loss followed by ampli cation, giving Kraus
operators

R = RE™ GHRE (1 @8

If 2 2 < 1, the Gaussian displacement channel is also equivalent to ampli cation followed by
loss, giving Kraus operators

R G2 = R (1R &™) (G (2.89)

with 1
G" = ;o P=2 2.90
1 272 (2.90)

As seen in Fig. [2.3] the Gaussian displacement channel causes a broadening of the peaks, with
no change in their position. Again, such peak broadening causes a rapid washout of oscillating
parts of the Wigner functions.

2.5 Bosonic quantum error correction

As we have seen, bosonic modes are represented by in nite-dimensional vectors, and therefore
a single bosonic mode can in principle encode in nitely many qubits. However, in section [2.4]
we saw that small amounts of noise can quickly erase quantum features, such as squeezing and
Wigner function negativity. Therefore, in practice we would not be able to distinguish between
many di erent quantum states if they were encoded in a single bosonic mode. Instead, the goal of
bosonic quantum error correction is to encode a single qubit into a single bosonic mode, in such
a way that logical states remain distinguishable in the presence of small errors. This means that
physical errors should not directly translate into logical errors, e.g., 1% loss should not result in
1% qubit errors.

Recall from the previous section that noisy channels can be thought of as an adversarial entity
applying an unknown Kraus operator to the state. The goal of the error-correcting code is
to guess which Kraus operator was applied and undo its e ect, without disturbing the logical
information. The act of guessing the Kraus operator is typically referred to as a syndrome
measurement. A helpful guiding principle to nd useful error-correcting codes that allows for
successful error correction are the Knill-La amme conditions [54]:

hoL jRYRj1Li =0 (2.91)

hOLjRYKpj0 i = h1 jRYRj1L; (2.92)

where R, and K, are arbitrary Kraus operators from the set of possible Kraus operators given
by the channel, and jO_i and j1, i are the encoded logical states. The rst condition states
that logical states remain orthogonal under the possible errors. This is a necessary condition
for us to be able to recover the logical state after the syndrome has been identi ed. The second
condition implies that the norm of the logical states are identical under each possible syndrome.
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This is required for us to be able to perform the syndrome measurement without disturbing the
logical information. If the Knill-La amme conditions are satis ed, we can in principle correct
any error described by the set of Kraus operators. Unfortunately, for many physically relevant
noise channels it is impossible to nd a set of logical states which satisfy the Knill-La amme
conditions. For example, under the loss channel there is a possibility for any state to be mapped
to the vacuum state, meaning we can never satisfy Eq. (2.9I). What we can do instead, is to

nd codes for which the Knill-La amme conditions are satis ed, or approximately satis ed, for
the most likely syndrome outcomes.

In this thesis we consider two di erent codes, namely the cat code [26] and the Gottesman-
Kitaev-Preskill (GKP) code [28]. Throughout the thesis, relevant aspects of these codes will be
introduced as they are needed, and therefore we will not give an exhaustive introduction here.
Instead, we will simply highlight key features of the codes in order to develop our intuition and
motivate the remaining chapters.

2.5.1 The cat code

The cat code was proposed in 2012 by Leghtas et al. [26] and is designed to protect against losses.
The computational basis states are two-component Schrodinger’s cat states:

. ji+j i 1 X ( 2y

0 B - LS e—— ———j2ni; 2.93a

J Catl P2(1+e 2j Jz) COSh( 2) . (2n)|J 1 ( )
G X . 2n

legizpg 11 1 " (2.93b)

= 2n
"2(1+e A7) cosh( ?) o (zn)!J

Some di erent logical qubit states of the cat code are visualized in Fig. [2.4p. Importantly, the
states have support only on even Fock states. Thus, if we measure the state in the Fock basis and

nd an odd number of photons, we can infer that a photon has been lost. Of course, measuring
the state in the Fock basis will collapse the state to a Fock state and so is not a good idea.
Instead, the ideal syndrome measurement is a Fock basis parity measurement, which tells us
whether a photon has been lost without collapsing the state to a single Fock state.

There are a few important things to note about the cat code. First, the cat code satis es
8%(jOcati +jlcati) Z (jOcati  jlecati). Thus the operator 4% implements a logical Z gate. However,
42 is involved in the k = 2 Kraus operator for loss, Eq. , and so this event results in an
undetectable error. Therefore, the cat code is only suitable in cases where single-photon loss
events are the dominant noise source, i.e. when the loss, I, is small.

Second, the basis states are generally not orthogonal, i.e., h0cagjlcaci = cos( 2)=cosh( 2). Thus
the rst Knill-La amme criteria, Eq. (2.91), is not even satis ed for the identity channel. This
means that the cat code has intrinsic errors, which must be suppressed by choosing su ciently
large

Third, even single-photon losses can cause decoherence for the cat code when is small. This
is most easily seen by considering the limit of ¥ 0, in which case the logical Pauli X states
take the form j+cati = jOcacl + jleaci ¥ jOi and j cael = jOcati  jlecael ¥ j2i. In this case, if a
syndrome measurement tells us that the state contains an odd number of photons, i.e., a photon
has been lost, we know that the initial state cannot have been j+c4:1 as this state had no photons
to lose to begin with. Thus the syndrome measurement collapses the state in the Pauli X basis.
To avoid this, we again need to choose su ciently large.
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|Ocat> =3 ‘lcat> Iocat> -3 Z"lcat>

Figure 2.4: (a): Wigner functions, quadrature distributions and Fock basis distributions of the
logical Pauli eigenstates for the cat code with = 2:5. (b): Average error rate (see text around
Eq. (2.94)) of the cat code under di erent noise channels.

In conclusion, cannot be too small for the cat code to work well. However, as we increase
we also increase the chance of two-photon losses. Thus should be optimized depending on the
amount of loss in the system.

Let us now attempt to quantify the error-correction capabilities of the cat code. Previous studies
have quanti ed the cat code in terms of channel delity [55], Hashing bound [55] and syndrome
measurement delity [27]. Here, we complement those gures of merit with one that is based
on the requirement that logically di erent states should remain distinguishable under the noise
channel. In particular, we consider how well we can discriminate between two initially logically
orthogonal states after they have been subjected to noise. The probability to correctly distinguish
between two states o and 1 is bounded by the Helstrom bound [56]:

1 1. ..
Pcor = 2 + Z(JJ 0 i) (2.94)
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with jj jj1 denoting the trace norm. The chance of misidenti cation is then perr =1 peor. FOr
our gure of merit we consider pairs of states in each of the three logical Pauli directions. For
each direction we calculate a corresponding error rate, p,, p&,, and pZ,. For example, 1  pZ, is
the probability correctly to distinguish the states jO, i and j1, i after each of them have undergone
the same noise channel. Finally we compute the average p&¢ = (pX, + pyyr + p5,)=3. Unlike the
entanglement delity and Hashing bound studied in [55], p3Y? depends on our choice of logical
basis states and not just the space spanned by these states. This means that the non-zero overlap
of the basis states are explicitly included in pgy?, yielding imperfect performance in the absence
of noise.

The result for the cat code undergoing loss, dephasing and Gaussian displacement is shown in
Fig. [2.4pb. The results are compared to a simple Fock state encoding for which the logical basis
states are the jOi and jli Fock states. As the Fock encoding has no intrinsic error-correction
capabilities, its logical error rate, payg, is approximately proportional to the physical error rate
for all three noise channels. We see that the cat code beats the simple encoding in terms of losses,
as expected, provided s suitably chosen. Additionally, as the magnitude of losses decreases,
the optimum value of increases in order to reduce the overlap of the cat states.

The cat code is also seen to perform well in the presence of dephasing. Indeed, recalling that
the dephasing channel does not change the Fock basis probability distribution, the Pauli X
states, jOcatl + jlcacl and jOcacl  jleatl, remain perfectly orthogonal for any degree of dephasing.
Moreover, since the Pauli Z states, jOca¢i and jleaed, can be distinguished by the position of their
constituent coherent states which are relatively far from each other in phase space, these can still
be distinguished well after small amounts of dephasing. In total, this makes the cat code rather
robust against dephasing.

For the Gaussian displacement channel, however, the cat code has no error correcting capabilities.
This is because the parity syndrome measurement of the cat code cannot tell the di erence
between a loss event and an ampli cation event. Since both of these are possible for the Gaussian
displacement channel, we can no longer identify the correct syndrome, and are thus unable to
correct this type of noise.

The cat code has been generalized by Bergmann and van Loock in 2016 [27], as well as by Li et
al. [57], to superpositions of S + 1 coherent states :

. X k.
jOcarsi Z/ R sy ) (2.95a)
k=0
. X (2k+1
jlearsi/ R % (2.95b)

k=0

This generalization also includes the simpler coherent state encoding [58{60], corresponding to the
case of S = 0. These general cat codes can correct S excitation losses. However, higher S values
also require larger values of in order to keep the overlap between the logical states negligible. A
further generalization was put forward in 2019 by Grimsmo et al. [61], which considers arbitrary
states instead of coherent states to produce an even broader class of rotation-symmetric bosonic
codes, which also includes the so-called binomial codes [62]. Such a generalization makes sense
because discrete phase-space rotation symmetry is equivalent to a spacing of the support of the
state in the Fock basis. For example, any state with 2-fold rotation symmetry has support only
on every 2nd Fock state, and states with 3-fold symmetry have support on every 3rd Fock state,
etc. Such gaps in the Fock basis can in turn enable the detection of a number of lost photons
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equal to the size of the gaps. However, while some of these generalizations perform better than
the original cat-codes in some aspects [55], their experimental realization and manipulation is
also correspondingly increasingly complex, especially in optics. Meanwhile, since the original cat-
code is based on only a few coherent states, one can construct specialized preparation protocols
that more e ciently utilize experimentally available interactions [29,(63,/64] to generate and
manipulate these \simpler" states. As a consequence, the original cat code [26] is so far the only
quantum error-correcting code, bosonic or otherwise, which has managed to successfully increase
the lifetime of a qubit beyond what is possible without error correction [65].

2.5.2 The GKP code

The GKP code is named after its inventors Gottesman, Kitaev and Preskill who proposed it
in 2000 [28]. The code was originally designed to protect against the Gaussian displacement
channel, but has turned out to be suitable against loss as well [53,55]. The ideal GKP states are
superpositions of equidistantly spaced position eigenstates:

> p_

jOGKpi = jq =2s i (2963)
-3 b

ilokpi=  jg=(@s+1)" i (2.96b)
s2Z

If a GKP state experienﬁgs an unknown shift in the g direction, this can be revealed by measuring
the value of ¢ modulus © . We can then ac'g'vely displace the state back by the measured value,

and if the true displacement was less than ~ =2, we will have correctly reset the GKP qubit to
its original state. Importantly, the GKP states in the p basis can be written as:
> p_
jOgkpl = jp=s i (2.97a)
2
: - X sin — P
lekpi= ( 1)’jp=s 1 (2.97b)
s2Z

i.e., they have the same structure in the p basis and thus displacements in the p direction can also
be corrected. Since any displacement can be decomposed into a displacement in the g direction
plus a displacement in the p direction, the GKP code can correct small displacements in all
directions. Of course, the GKP states as de ned in Egs. are nonphysical as they are not
normalizable and have in nite energy under the harmonic oscillator Hamiltonian. Therefore, we
can only hope to realise them approximately. There are a few di erent ways to de ne approximate
GKP states [66]. One de nition, which is quite physically intuitive, is to replace the position
eigenstates with displaced squeezed vacuum states, and enforce a Gaussian envelope over the
sum, such that peaks far away from the origin are dampened:

X (pfs)2 __

Ooxri 7 e 2B P70 SMjvaci (2.982)
s2Z
X () _

jtepi/ e 27D s+% P 8n)jvaci: (2.98b)
s2Z

where r is the squeezing parameter of each peak and is the width of the envelope. In the limit
ofr ¥ 1 and ¥ 1,i., forin nitely squeezed states with an in nitely broad envelope, these
approximate states converge to the ideal GKP states. Fig.[2.5a shows some of the logical states
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Figure 2.5: (a): Wigner functions, quadrature distributions and Fock basis distributions of the
logical Pauli eigenstates for the GKP code with 12 dB squeezing. (b): Average error rate (see
text around Eq. (2.94)) of the GKP code under di erent noise channels.

of the GKP code with r = 1:38 (corresponding to 12 dB squeezing) and = e" which results in
equal squeezing of g and p peaks.

In Fig. we examine how robust the GKP code is against noise, using the same gure of
merit as for the cat code above. As expected, approximate GKP states with larger squeezing
generally perform better. Additionally, we see that the GKP code is robust against both loss,
dephasing and displacement errors. We can understand this by examining the Wigner functions
of the GKP state. These consist of peaks, which for high amounts of squeezing are well-de ned
and separated from each other. Therefore, any type of broadening, e.g. from loss or Gaussian
displacements, does not cause an immediate \collision" of positive and negative regions, as is
the case for e.g. cat states or Fock states. As a result, small local perturbations of the Wigner
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Figure 2.6: Di erent error-correction circuits for the GKP code. (a): The circuit originally pro-
posed in [28], also known as Steane-type error correction. (b): Error-correcting circuit proposed
by Glancy and Knill [67]. B denotes 50/50 beamsplitters and the strengths of the squeezing
operations are r = log(" 2) 3 dB. (c): Teleportation-based error correction as proposed in [68].
The state j?gkpi is called a GKP gunaught state [68], and is similar to a regular GKP state
but with an adjusted lattice spacing.

b
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function do not disturb the encoded quantum information.

Another important feature of the GKP code is, that both error correction and logical operations
can be performed using Gaussian operations. The original GKP paper [28] proposed the circuit
shown in Fig. [2.6a to perform error correction. This consists of a relatively simple two-mode
@p-type interaction, which is known as a sum gate, in addition to two ancilla GKP states and
two homodyne detectors. The homodyne detections of th%ancilla modes e ectively carry out
the required stabilizer measurement of g and p modulus = , which is then fed forward to a
corrective displacement operation. A modi ed error-correction circuit, shown in Fig. [2.6b, was
proposed in [67] which uses a 50/50 beamsplitter interaction, B, instead of the experimentally
challenging sum gate. However, this approach requires an inline squeezing operation which is also
challenging. It was later shown [69] that this inline squeezing can be removed by slightly changing
the ancilla states. A third type of GKP error correction was proposed in [68] and is shown in Fig.
[2.6c. This method is based on using a GKP-encoded Bell state to perform teleportation-based
error correction. Apart from not requiring inline squeezing, this third method has been shown
to perform better than the previous methods when considering ancilla states with nite amounts
of squeezing [70]. The main challenge of GKP-based error correction is thus centered on the
task of generating high-quality states, particularly in optics where beamsplitters and homodyne
detectors are easily implemented.

In the years following their proposal, not much interest was given to the GKP code, likely because
the required logical states are highly non-classical and non-trivial to produce experimentally.
However, beginning in the mid 2010’s the interest in GKP states surged. In fact, GKP-based
research has seen a split into two di erent directions. In one direction, the GKP code has
turned out to be particularly suitable in conjunction with measurement-based continuous-variable
guantum computing [71}72]. This is particularly relevant in the eld of optics, where large cluster
states capable of performing arbitrary Gaussian transformations can be produced using only a
few optical components [73{76]. Using GKP states, such cluster states can perform universal
fault-tolerant quantum computing [77,/78]. However, producing GKP states in optics remains a
central unsolved challenge.

In another direction, GKP states have been generated experimentally in a trapped-ion platform
[43] and in a microwave cavity coupled to a superconducting circuit [48]. The common trait
of these systems is, that they allow for e cient boson-qubit couplings which provide a suitable
non-Gaussian element required for the generation of GKP states [79]. However, in these systems
beamsplitters and homodyne detectors are not as readily implemented as in optics. Thus, there
is an open question on how to most e ciently utilize the GKP states in these systems.
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Finally, it was recently proposed to encode GKP states in the current of a superconducting
circuit [80], opening up a possible third branch of GKP-based quantum computing.

In summary, GKP states might be able to signi cantly reduce the e ects of noise, but no single
platform have yet demonstrated all the required elements to realise their full potential.



Chapter 3

Deterministic generation of a
four-component optical cat state

In this chapter we present the paper \Deterministic generation of a four-component optical cat
state" [29], authored by Jacob Hastrup, Jonas S. Neergaard-Nielsen and Ulrik L. Andersen. This
work is published in Optics Letters.

3.1 Abstract

The four-component cat state represents a particularly useful quantum state for realizing fault-
tolerant continuous variable quantum computing. While such encoding has been experimentally
generated and employed in the microwave regime, the states have not yet been produced in the
optical regime. Here we propose a simple linear optical circuit combined with photon counters
for the generation of such optical four-component cat states. This work might pave the way for
the rst experimental generation of fault-tolerant optical continuous variable quantum codes.

3.2 Introduction

Quantum continuous variables (CV) have recently emerged as a promising platform for scalable
guantum computing and communication. The main challenge, as for any other quantum informa-
tion platform, is the ability to manipulate, store and communicate CV quantum information in a
fault-tolerant manner in the presence of noise. In order to cope with noise, di erent bosonic error
correction codes have been proposed, including the Gottesman-Kitaev-Preskill (GKP) codes, the
cat codes and the binomial codes [26,28,/55,(57,/61,/62,/81]. These codes have recently been ex-
perimentally generated in microwave cavity elds coupled to superconducting circuits [48,65}82]
and in the vibrational mode of a single trapped ion [43,83], and have been used to demonstrate
guantum error correction and universal gate set operations.

While the superconducting circuit and ion platforms are highly suitable for the storage and
manipulation of quantum information, they are less suitable for communication over larger dis-
tances. Bosonic error-correcting codes for long-distance communication will eventually require
the usage of a low-loss optical platform where the codes will be embedded in the CV optical
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quadratures of light [84,[85]. Moreover, optical encoding is not only relevant for communication:
There is an increasing interest in CV optical quantum computing partly fuelled by the recent
advances in producing one-dimensional [86,(87] and two-dimensional [74,(75] CV cluster states

There have been several theoretical proposals on the generation of optical GKP codes using either
deterministic or probabilistic schemes. The most feasible approach is based on linear optics and
photon counting detectors in which the required, and notoriously di cult, optical non-linear
transformation is enabled by the non-Gaussian photon counter [88,89]. Another interesting
approach requires an initial resource of cat states from which GKP states can be grown with a
linear optical beam splitter network and homodyne detection [90,/91].

On the other hand, there are very few proposals for the direct generation of cat codes in the
optical regime and the hope is that this might be signi cantly simpler than the generation of
GKP states. Cat codes [26,57] consist of four-component cat states comprising superpositions of
four coherent states, in contrast to the more common optical cat state which is a superposition
of two coherent states. These latter states have undergone numerous experimental studies and
have been produced in the optical regime using probabilistic approaches based on linear optics
and photon counting [92{96], and very recently, using a deterministic approach based on the
Jaynes-Cumming interaction between light and a single atom in a high- nesse cavity [64].

One approach for generating four-component cat states was very recently proposed by Thekka-
dath et al. [97]. Their method uses photon number resolving detectors and coherent state ancillas
to project one mode of a two-mode squeezed vacuum state into an approximate two- or four-
component cat state. However, their method is probabilistic, with low success probability for
larger cat states, and furthermore it requires high two-mode squeezing to obtain four-component
cat states with high delity.

In this article, we propose a simple circuit for the deterministic generation of an optical four-
component cat state based on linear optics and photon counting using an initial resource of
either two-component cat states or single-photon-subtracted squeezed states. While using two-
component cat states will produce exact four-component cat states, the usage of single-photon-
subtracted squeezed states is able to produce approximate four-component cat states with rea-
sonable amplitudes.

3.3 Protocol

One can de ne four mutually orthogonal four-component cat states as

P 1 .. ki : NP S X n i
P= o DS D T/ o el ()
n=0 '

for k = 0;1;2;3, where Ng is a normalization factor and is the coherent state amplitude.
a:b IS the Kronecker delta, i.e. the 4-component cat states have support on every 4th photon
number state. The main result of this article is that these states can be readily produced by
interfering two two-component cat states on a balanced beam splitter followed by a projective
measurement as illustrated in Fig. If the two input cat states are given by (j i+j 1)=N
and (ji i+j i i)=N respectively, where is the cat state amplitude and N = (2(1+e 2 1%))1=2
is the two-component normalization factor, the beam splitter Ogs = e =4(8182 2183) ¢ransforms
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50:50 BS

Figure 3.1: Schematic of proposed idea for generating four-component cat states using a bal-
anced beam splitter and a projecting measurement. The state is generated probabilistically by
projecting onto vacuum with an on-o photon counter (or a heterodyne detector) or is generated
deterministically by projecting onto any photon number state using a photon number resolving
detector.

the input state as

Gi+i )G i+ 0 02) PP i o] § ) Rl i R+ b
where = e! 4. By transforming mode 2 into the Fock basis, the output state, j i, can be
written as
el PRy N
I 1=—z %Jh"‘( DY i+ (DY i+ 0 i jni; (3.2)
n=0 )

It is clear that by projecting mode 2 onto a photon number state jni,, using a photon number
resolving detector (PNRD), the resulting state in mode 1 is the exact four-component cat state
given in Eq. with Kk n (mod 4). As all outcomes of the PNRD will herald a four-
component cat state, the circuit is deterministic.

We next examine the impact on the delity of a non-unity quantum e ciency of the PNRD.
The PNRD with quantum e ciency is modelled by a perfect PNRD following a lossy channel
with transmission . For this detector we compute the delity, F = h j j ni, where s
the generated state and j ni is the target depending on the measurement result of the photon
number n  0;1;2;3 (mod 4). The resulting expected delities over all measurement outcomes
(a numerical cut-o at n = 20 was used for simulation) for four di erent input two-component
cat states are shown in Fig. [3.Za. It is clear that a non-unity detector e ciency largely impacts
the quality of the detected states, and it is therefore important to use a PNRD with very high
e ciency. We note that there has been signi cant progress in developing high-e ciency PNRDs
reaching nearly 100% quantum e ciency [98,/99]. Fig. shows the Wigner functions of the
output states when measuringn 0 (mod 4) photons with =0:9forj j=1:5()andj j=25
(i), as well as the corresponding pure states obtained when = 1 (iii, iv). For j j = 1.5, the
phase-space features of the state are still clearly visible with imperfect detection. For j j =2:5
the interference patterns are signi cantly dampened, particularly in the center of the state, but
some negativity is still present. Thus, even though the delity is low (54%), the characteristic
phase-space features of the four-component cat state are still present.

Since larger photon number states are more sensitive to loss than smaller number photon states,
one should expect the delity to depend on the measurement outcome. However, for j j 2
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Figure 3.2: (a) Fidelities between the actual and target four-component cat states for di erent
input cat states as a function of the PNRD quantum e ciency. The delity is the mean delity
for all measurement results, weighted according to the probability of obtaining each result, and
the shaded areas show the standard deviation. (b) Wigner functions for four di erent realizations
as marked by (i{iv) in the upper gures.

Figure 3.3: Quantum FEisher information with respect to phase space displacements de ned as
QFI =8lim-so 1 F(o; = ) ="2with the displaced state . = D(e' ") (DY(e' ™). For
four-component cat states the QFI is independent of

the delity is practically independent of the measurement outcome, as seen in Fig. 3.Za. This
is because the increasing di culty of detecting many photons with an imperfect detector, which
would cause a lower delity for large n, is counteracted by the fact that the initial photon
distribution decays exponentially for large n. For completeness, we also plot in Fig. 3.3 the
state’s quantum Fisher information (QFI) with respect to phase space displacements for di erent
detector e ciencies. It represents the state’s ability to sense phase space displacements [100,101]
(irrespective of the direction) as the sensitivity scales as the QFI inverse. We note that for states
generated with a non-unity e ciency PNRD, the sensitivity is optimized for a nite value of j j.
For comparison, the QFI of a coherent state is 4, independent of the amplitude.

We have now seen that four-component cat states can be produced deterministically using a
PNRD. Using an on-0 photon detector, which is typically more experimentally feasible, one can
still produce an exact four-component cat state by projecting onto the vacuum state, jn = Oio.
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Figure 3.4: Fidelity and probability of the resulting state, post-selecting on a single 'on’ event
using m on-o0 detectors (e.g. avalanche photodiodes (APDs)) as a function of the amplitude of
the input cat states

The state is produced with a success rate of P = e 1 I° 14e 21" +2e J Pcos(j j2) =(1 +

e 4 j2)2 employing an ideal on-o photon counter. One could also project onto vacuum using a
heterodyne detector and post selecting on results near (x;p) = (0;0).

Since the probability of successfully projecting mode 2 onto the vacuum state decreases expo-
nentially with j j, it is also interesting to investigate the quality of the cat state when projecting
onto the other outcome of the on-o photon detector as this will often be more probable. It
is described by the projector n-¢ = jOih0j and corresponds to a projection onto all Fock
states except vacuum. Using such a measurement, the heralded output will contain a mixture of
four di erent four-component cat states rendering the state mixed with the degree of mixedness
determined by the amplitude of the input cat states. As a result, the delity drops rapidly as
shown by the m = 1 curve in Fig. For very low amplitudes, the output is fairly pure (and the

delity high) while for amplitudes larger than  0:5, the delity experiences a rapid decrease.
This is explained by the increased occurrence of higher-order Fock states which the detector
cannot discriminate.

One can improve the delity by equally splitting mode 2 into m modes and subsequently mea-
suring each mode with an on-o thoton detector [102]. The POVM element corresponding to
observing exactly 1 'on’ click is r::':lm (™ Djnihnj. As seen in Fig. having multiple de-
tectors allows for larger high delity cat states. The probability of observing exactly 1 ’on’
click is shown by the dashed lines, showing reasonable success probabilities for j j 2 [0:5; 2].
Post-selecting on a higher number of clicks would similarly allow for even larger cat states with
reasonable success probability given a su cient number of detectors.

We have now shown that exact four-component cat states can be produced using a simple circuit
if we have at our disposal a pair of two-component cat states. The two-component cat states
can be produced deterministically using the strong interaction between a single atom and light
as recently demonstrated [64]. However, knowing that single photon-subtracted squeezed states
resemble two-component cat states [92], it is interesting to investigate the possibility of using
such states as inputs to the circuit for the generation of approximate four-component cat states.
Using two single photon-subtracted squeezed vacuum states, &;5:j0i and &, 2j0i, where &; is

the annihilation operator for mode i = 1;2 and $; = er=2@; & js the squeezing operator with
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Figure 3.5: (a) Fidelity of output states relative to the ideal target state as a function of the
amplitude of the target state where the input states to the circuit are photon-subtracted squeezed
states. (b) The squeezing parameters r of the input states are chosen for each  to optimize the

delity. (c) The probability of measuring n photons for the corresponding optimum squeezing
parameter, r. (d) Left: Wigner functions of the output states marked by (i) and (ii) in (a) and
(b). Right: corresponding Wigner functions of the exact 4-component cat state target.

r being the squeezing parameter, as the input cat states, the state after the beam splitter reads

Ogs 2:518,53j0i1j0i,

= E; ><tanh”(r) IDn(n Djn  2i ID(n +2)(n+1) tanhz(r)'n +2i; jniz (3.3)
- 2cosh(r) . ' : v

where we have used the equality Opstia, = %(ai a%)L')Bs. It is clear that the scheme will herald
a two-photon Fock state, j2i1, when projecting on jOi, and a three-photon Fock state, j3ii, when
projecting on jli,. Itis, however, more interesting to project onto eysn higheonck states as this

ill heraIcH:gck state superpositions, e.g. the (unnormalized) states = 2j0i; 6 tanh?(r)j4i, and

6j1i; 20 tanh?(r)j5i, are produced when the PNRD counts 2 and 3 photons, respectively.
In Fig. we present the delity of these states with respect to the ideal four component cat
states for di erent photon counting measurement outcomes from 0 to 9 photons. In these plots
we have optimized the squeezing parameter for each realization to maximize the delity, with
the optimized values shown in Fig. 3.5p and corresponding probability of measuring n photons
shown in Fig. [3.5c. Note, that all measurement results of more than 1 photon yield a state
which approximates a four-component cat state to some degree, according to , even if the
squeezing parameter is chosen to optimize the delity for a speci ¢ outcome. In experiment, one
might therefore post-select on several measurement outcomes. The abrupt drop in delity at
small j j for n 6 is due to the lowest Fock term missing from the output state, compared to
the exact four-component cat state, as seen in (3.3). Fig. shows the Wigner functions of
the generated approximate states marked by (i) and (ii) in Fig. , in comparison to the exact
target states.
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As shown in [92], better two-component cat states can be produced by subtracting multiple
photons from squeezed states. From numerical analysis we have found that using such states as
input will also result in even higher delity output states. However, it is an open question whether
arbitrarily large high- delity 4-component cat states can be produced with this approach.

3.4 Conclusion

In conclusion, we have proposed a simple circuit for the generation of four-component cat states
which eventually could be used for fault-tolerant quantum computing and communication. The
scheme is deterministic and exact if two-component cat states and photon-number-resolving
detectors are available.



Chapter 4

All-optical cat-code quantum
error correction

In this chapter we present the paper \All-optical cat-code quantum error correction" [30], au-
thored by Jacob Hastrup and Ulrik L. Andersen. This work is available at arxiv.org (arXiv:2108.12225).

4.1 Abstract

The cat code is a promising encoding scheme for bosonic quantum error correction as it allows for
correction against losses ]| the dominant error mechanism in most bosonic systems. However, for
losses to be detected e ciently without disturbing the encoded logical information, one needs to
implement a parity measurement of the excitation number. While such a measurement has been
demonstrated in the microwave regime using a superconducting transmon ancilla, it has remained
unclear how it can be implemented in the optical regime. Here, we introduce a teleportation-
based error-correction scheme for the cat code, using elements suitable for an optical setting.
The scheme detects and corrects single-photon losses while restoring the amplitude of the cat
states, thereby greatly suppressing the accumulation of errors in lossy channels.

4.2 Introduction

Quantum states are notoriously vulnerable to external noise sources, posing a central challenge
towards making useful quantum technologies. To overcome the e ects of noise, numerous quan-
tum error-correction protocols have been developed over the past 25 years. The main idea behind
guantum error correction is to redundantly encode each logical qubit into a larger Hilbert space,
such that noise can be detected before it accumulates into logical errors. The most common
approach is to use multiple physical modes to encode each qubit. Alternatively, one can encode
a qubit into multiple energy levels of a single bosonic mode [27,28,/55,/59,61}/62,/65,/81]. Such
bosonic encoding can provide an advantage in terms of hardware e ciency, reducing the number
of physical modes per logical qubit. Furthermore, bosonic error correction | and in particular the
cat code || has been experimentally used to extend the lifetime of a qubit beyond what is achiev-
able in the same system without error correction [65]; a feat which remains to be demonstrated
in conventional qubit systems.

39
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A prominent bosonic system is the electromagnetic eld, which has seen much development
towards quantum technologies in recent years in both the optical regime [64,(74{76,78,103] as well
as the microwave regime [48}|65}(82,104]. In this work, we are concerned with the optical regime,
which provides several advantages. For example, optical eld modes are naturally in the vacuum
state at room temperature, limiting the requirement for cryogenics. Additionally, optical modes
are easily entangled using beamsplitters, enabling large-scale entanglement [73{/75]. Furthermore,
travelling optical modes constitute an uncontested platform for quantum communication.

However, optical losses can rapidly wash out vital quantum signatures. Therefore, the quantum
states should be encoded such that small losses can be detected and corrected before they ac-
cumulate. The two most promising bosonic encodings against losses [55] in the optical regime
are the Gottesman-Kitaev-Preskill (GKP) code [28,(77,/105,/106] and the cat code [26,[27,/57].
The GKP code, in particular, has in recent years gained renewed interest and numerous new
developments for optical systems have been witnessed. This interest has largely been fueled by
the potential ease of implementing gates and error correction, given a supply of high-quality
encoded states. However, GKP-encoded states have yet to be produced in the optical regime,
and theoretical analyses indicate that GKP states of useful quality will be challenging to produce
using practical noisy components [31}/105].

Meanwhile, optical two-component Schrodinger’s cat states | which are the encoded states of the
cat code ]| have already been produced experimentally [64,/94]. And while their superpositions,
corresponding to four-components Schrodinger’s cat states remain to be produced optically, sev-
eral schemes have been proposed for this task [29,(97,/107]. But unlike the GKP codes, there has
been no proposal on how to implement gates or perform error correction on cat codes using tools
available in the optical regime, thereby limiting their use in practice. In this work, we address
part of this issue by proposing an all-optical teleportation setup which allows for single-photon
losses to be detected and corrected without disturbing the encoded logical information.

4.3 Protocol

The logical basis states of the cat code are two-component Schrodinger’s cat states given by:

izttt 1 @.1)
2(L+e 3 )

= ji i+ a0 4.2)

P e ary |
where j 1 is a coherent state. The amplitude, , which we assume to be real, should be chosen
to optimize the performance of the code, as we will discuss Iafczer. Note that due to the nite
overlap between coherent states, h 1j »i = e'!m(1 2)g 11 21"=2 the logical basis states are
generally not orthogonal, i.e. hO_j1,i = cos( 2)=cosh( 2). However, the exponential increase of
the hyperbolic cosine causes the overlap to quickly vanish for ~ 2.

The encoded states in the Fock basis are given by:
. 1 X

Ol = ———<¢ ——j2ni; 4.3

JUL cosh( 2) nzoé@] (4.3)
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cosh( 2) i mJZn (4.4)
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Figure 4.1: (a): Proposed error-correction circuit for performing all-optical error correction of the
cat codes. The input state to be corrected is mixed on a 50:50 BS with one half of a logical Bell
state and the output modes are subsequently measured with PNRDs. This teleports the input
state to the other half of the Bell state while correcting single-photon losses. (b): Probability
of obtaining measurement result (ni;n;) for an input logical state with amplitude = 2:5,
without losses. The results are either distributed with both modes around 2, or with one mode
containing 0 photons and the other mode containing about 2 2 photons, in accordance with Eq.

(4.6).

Notably, the states have support only on every second photon-number state, which is a common
property of states with a 2-fold phase-space symmetry [61]. Therefore, we can detect if a single
photon (or an odd number of photons) has been lost by measuring the photon-number parity
of the state. Furthermore, the logical Pauli-X eigenstates j i / jO_i j1_i have support only
on every fourth photon number, with j+_i having support onn 0 (mod 4) and j i having
support on n 2 (mod 4). Thus a direct photon-number measurement realises a measurement
in the logical X-basis. To detect photon loss without collapsing the logical state, we therefore
need to extract information only on the parity without getting any information on the exact
photon number.

This can be done using the error-correction circuit illustrated in Fig. [4.Ia. It consists of a 50:50
beamsplitter (BS), two photon-number-resolving detectors (PNRDs), and an ancilla resource
state in the form of a logical Bell state, jO_ijO_i + j1_ijl_i, where the bar denotes cat states
with a reduced amplitude that matches that of the input state after loss. In the Appendix we
present a proposal on how this logical Bell state could be produced optically. The input state
interferes with one half of the logical Bell state on the BS, the outputs of which are measured
with the PNRDs. As a result of this measurement, the input state is teleported to the other
half of the Bell state, while correcting for single-photon losses, i.e. Knill-type error correction is
performed [108]. Conceptually, since each mode of the Bell state contains an even number of
photons the parity of the total number of photons measured by the PNRDs is determined by the
parity of the input state, enabling the detection of losses. Meanwhile, since the state is mixed
with the one half of the Bell state, we do not reveal information on the exact number of photons
in the input state. Additionally, as the logical state is teleported onto a fresh cat-state ancilla,
the cat-state amplitudes are restored to their initial values.

Before further discussions on the error-corrective properties of the circuit we interrogate the
functionality of the qubit teleportation circuit in the absence of losses. Consider an arbitrary
logical input state, jO_i+ j1_1, written in the coherent state basis (neglecting normalization
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and with subscripts denoting the di erent modes):

(G i+ i)+ (i iHj 0 ) i+ 02)( i+ i) *+(i i+ 0 i)(i izH) 0 i3) ¢
4.5)

. L . P-. . =
As the BS transforms coherent states according toj 1i3j 202 ¥ j( 1+ 2)= 2i1j( 1+ 2)= 2iy,
the transformed state can be written in the form
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where ~=( +i ):p§ and denotes complex conjugation. Two distinct cases appear: Either,

e of the modes 1 and 2 is in the vacuum state with the other in a coherent state of magnitude

2 , or both modes are in coherent states of magnitude j~j = . In the regime where is not
too small, these two cases are distinguished by the PNRD results, as illustrated in Fig. [4.Ip. In
the rst case, the coe cients and get mapped to the correct corresponding logical state in
mode 3. In the second case, the coe cients get swapped, in which case a corrective logical X
gate should be applied. Further analysis (see Appendix) shows that measurement results with a
total photon number of 2 (mod 4) add a -1 phase to the term, thus requiring a logical Z gate
correction. In summary, the circuit performs a teleportation of mode 1 onto mode 3, with the
measurement result signaling which Pauli correction should be applied to mode 3 to retrieve the
input state, just like standard qubit teleportation.

An important caveat should be noted: Knowing whether a logical X correction should be applied
relies on the fact that we can distinguish the rst two lines of Eq. from the last two with the
PNRDs. If is too small, the probability of measuring e.g. (n1;n,) = (0;4) has contributions
from both cases. That is, the central contributions in Fig. 4.Ib overlap with the edge cases. It
turns out that the total probability in this case depends on the input state, and in particular,
such measurement results become a weak unwanted logical X measurement (See Appendix for
details). To intuitively understand this, consider the extreme case of measuring (ny; nz) = (0;0).
This can only occur if both arms before the BS have support on the vacuum state. But the state
j Li does not have support on the vacuum, and so this measurement projects the input state
onto j+i. This can thus e ectively cause logical depolarization of e.g. logical Z or Y states. To
avoid this, we should choose large enough , such that this measurement result becomes unlikely.

To characterize the performance of the circuit, we consider how well input logical Pauli-eigenstates
remain distinguishable. That is, we consider three sets of input states, fjO_i;j1, ig, fj+_i;j Lig
and fj+ipi;j i_ig, wherej i i /Z jO_i ijO_i denotes the logical Pauli-Y eigenstates. Denoting
the channel realized by the error-correction circuit by C, averaging over the PNRD measurement
results weighted according to their probability distribution and keeping track of any induced
Pauli-rotations, we calculate the resulting, generally mixed, output states, e.g. & = C(jO._i) and

Z = C(j1Li). We then calculate the probability of misidentifying the input 0 state as a 1 or vice
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Figure 4.2: (a): The lossy channel L is divided into smaller segments, L with N error correc-
tion steps. (b): Minimum measurement error probability of input logical Pauli states after N
applications of the correction circuit of Fig. 4.1, averaging over all possible PNRD measurement
outcomes. N = 0 corresponds to the identity channel. (c,d): Minimum error probability after a
lossy channel divided into N + 1 smaller segments with N correction circuits distributed between
the lossy segments.

versa, which is bounded by the Helstrom bound [56]:
1. ..
Per =5 0§ i) 4.7

where jj jji denotes the trace norm. We consider the Helstrom bound to focus our attention to
the intrinsic properties of the circuit.

Similarly, we denote the error probabilities of the Pauli X and Y states as p2, and p,,. We then

de ne the average of these error rates as our gure of merit,
Perr  (Pare + Parr + Perr)=3: (4.8)

A value of per = 0:5 thus corresponds to a complete loss of the logical information, while perr =0
is a perfect preservation of the information.

Fig. .2b shows the performance of the error-correction circuit in the absence of any losses,
repeatedly applying the circuit N times to the same state. The red N = 0 curve thus simply
corresponds to the identity channel. For this curve, we note that pe,r goes to 1/3 for small . This
is due to the indistinguishability of the logical Z and Y states, which all converge to the vacuum
state in the limit of small . The logical X states, however, remain perfectly distinguishable for
all non-zero , resulting in a total average error rate of 2=3 0:5 = 1=3.

When applying the teleportation circuit, perr increases at small  due to the weak Pauli X
measurement discussed earlier. This e ect accumulates when applying the circuit multiple times.
However, if is su ciently large, e.g. at = 4, this e ect becomes negligible even when the
circuit is applied many times.

We now consider the case of lossy input states. Losses of magnitude are described by the
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Figure 4.3: Wigner functions for cat states with = 3 before loss (input), after = 1 dB loss
without error correction, and =1 dB loss divided by N = 100 error correction steps. Top row:
input logical Z state. jO_i. Bottom row: input logical X state, j+_i. The shown error-corrected
states are averaged over PNRD measurement results, and post-selected such that the required
corrective Pauli rotation adds up to the identity.

channel x
L ()= RO ROy (4.9)
1=0
with Kraus operators:
|
I
RO= — @kﬁpl . (4.10)

For a xed total loss, , we break the channel into N + 1 equal segments uitpg N correction
circuits, yielding the total channel (L  C)N L with segment loss =1 N*T1 , as shown

if Fig. [4.2p.

Fig. and d show the performance for =1 dB and = 5 dB respectively, with units in
dB de ned as 10logqo(1 ). For non-zero losses we now observe an optimum value of
depending on N. This is because states with large contain more photons on average, and are
thus more sensitive to losses. The error-correction circuit can correct single-photon losses, but
not two-photon losses, and so  should be small enough to make two-photon losses improbable.
Importantly, we see that repeated application of the correction circuit throughout the channel
can signi cantly suppress the e ects of loss.

As seen in Fig. [4.2c and d, more frequent error correction, i.e. larger N, allows for fewer errors
by suitably optimizing . However, in practice we are limited in how frequently we can perform
error correction. This limitation can be due to nite amounts of hardware but also due to nite
losses introduced by the imperfect components of the error correction circuit itself.

Fig. compares the Wigner functions of the input states jO,_i and j+ i, with and without error
correction for = 1 dB total loss and N = 100 error-correction steps. We see that the states,
and in particular the negativities, are well-preserved by the error-correction protocol.
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Figure 4.4: (a): Minimum error probability as a function of total channel loss, when performing
error correction after every 0.1 dB (green), 0.01 dB (blue) or 0.001 dB (red) loss. The dotted
line corresponds to direct transmission of a logical cat state through the channel. For all curves,

is chosen to minimize perr. (b): Minimum error probability as a function of the loss between
error-correction steps for a total amount of loss of 5 dB (green), 3 dB (blue) and 1 dB (red).
The dotted lines show the corresponding uncorrected cases.

Fig. shows how well the error-correction circuit protects against loss when optimizing over

, with an amount of loss between error-correction steps of 0:1 dB (2.3%), 0:01 dB (0.23%) and
0:001 dB (0.023%). Comparing to the uncorrected case (dotted line), we see that error correction
needs to be applied quite frequent to gain an advantage.

In addition to loss correction in quantum communication, the circuit can also be relevant for loss
correction in optical quantum computing. In particular, we can imagine a temporal measurement-
based computation scheme similar to what has been demonstrated in continuous-variable optics
[73,76], where a single set of detectors can be used to perform arbitrarily many subsequent
teleportations to repeatedly error-correct an encoded bosonic qubit. Of course, for such a scheme
to be useful, we also need to be able to implement gates on the encoded state, which is outside
the scope of this work.

The more frequently we apply error correction, the faster we might accumulate errors due to the
intrinsic weak Pauli X measurement of the circuit, as was shown in Fig. .2b. To suppress this
e ect we require larger , which in turn results in more losses. It is therefore relevant to ask
whether this trade-o is favourable, i.e. how low can the total error rate be. This is examined
in Fig. [4.4b, showing per as a function of the segment loss, , for di erent total loss channels,
optimizing  for all curves. On the log-log plot we observe a linear relationship between perr
and , indicating that the error can indeed in principle be made arbitrarily low given frequent
enough error correction and a suitable choice of . In practice this relationship will be limited
by hardware constraints, such as detector ine ciencies and Bell state preparation ine ciencies,
which need to be negligible compared to  for Fig. 4.4 to hold.

4.4 Conclusion

We have presented an all-optical scheme for performing quantum error correction on bosonic cat-
code qubits, allowing single-photon loss events to be detected and corrected. The scheme relies
on photon counting and logical Bell state resources and works like a conventional teleportation
scheme in the absence of loss. For small cat-state amplitudes, some measurement results of
the protocol act as a weak unwanted logical Pauli X measurement, thereby e ectively inducing
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depolarization around the X-axis. To minimize this e ect, should be optimized accordingly.

While frequent error correction is needed to e ectively suppress errors using the proposed scheme,
the errors can in principle be made arbitrarily low, greatly surpassing the uncorrected state. This
work thus constitutes a step towards optical cat-based fault-tolerant quantum computation.
Important future work will be to nd methods of optically implementing gates on the encoded
states, and improving the quality of experimentally generated cat-states.

4.5 Appendix A: Teleportation without losses

As stated in the main text, the state after BS interaction is given by:

Ogs ( jOLis + jLiin) (OLi2jOLis + jlLizjlLis)
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We now consider how mode 3 is projected when we measure n; and n, photons in modes 1 and
2 respectively. For this we make use of the relation

o n
hnj i=e 12:21%: (4.12)
n!
First, we consider the case when n; & 0 and n, & 0, in which case only the last two lines
contribute. Recalling that ~ = i~ we get:

hn1jihngj20ss ( jOLis + jLiiz) (OLi2jOLis + jLLizjlLiz)

i2

j ] Ny Nno
— peﬁ~n1+n2(iﬂ1 + inz)(l + ( 1)n1+n2) jl|_i3 + ( 1) ;— ( 1) jOLi3 : (413)
1:N2!

There are a few things to note in this expression: First, the prefactor 1 + ( 1)™*"2 yields 0
whenever n; and n, are of di erent parity, i.e. when the total photon number is odd. Thus
we are guaranteed to measure an even total photon number, as expected since the input states
contains only even photon numbers. Second, the prefactor i"t + i"2 yields 0 whenever n; and
n, are di erent modulus 4, assuming equal parity of n; and n,. This is less trivial, and a result
of quantum interference on the BS. This can also be seen in Fig. [4.Ip. Third, the coe cients
get swapped, i.e. is mapped onto j1. i and to jO_i, requiring a corrective logical X gate, as
stated in the main text. Finally, the [( 1)™ + ( 1)™2]=2 term contributes a ( 1) phase factor
whenever n; and n, are odd, requiring a corrective logical Z gate. Since n;  n, (mod 4) this
corresponds to the cases when n; +n,; 2 (mod 4).
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Next, we consider the case when n, =0 and n; & 0:
hn1j1h0j20ss ( jOLis + jliiz) (OLi2jOLiz + jlLizjlLiz)

e 117 p_ o
:me( 2 )@+ )M)( joiz+i™ j1_is)
1!

i2

I Ny
i D (DM s+ S0 o

1!

ii’p_

=" ma( M)
1.
inl =4 i l ni 1 . B B i inl =4 . )

+9|e§n—1(n”l+1)()f+ Ocis + i (M DT Ly (414)

When n; 2 (mod 4) this reduces to:
/[ jOiz  jliig): (4.15)

That is, we recover the state with a corrective logical Z gate. When n, 0 (mod 4) we get:

" ! L] #
R O L O G L TR 4.16
T)énliz jOLis W iz (4.16)

In this case we induce a non-correctable error on the output state. However, when n; is large,
the expression reduces to jO_iz + jl_ig, i.e. we recover the state without error. On the other
hand, when n; = 4, for example, we get (  0:5 )jOLiz+ (  0:5 )jl_i3. In this case, the
amplitudes are reduced when and are of the same sign, and increased when their signs di er.
Thus this measurement outcome is more likely for j | i states compared to j+ i states, i.e. the
measurement becomes a weak logical Pauli X measurement. To avoid this, should be chosen
su ciently large to reduce the probability of this measurement outcome for all logical input
states.

Finally, we consider the case when ny =n, =0:

h0j1h0j20ss ( jOLis + jliia) (OLi2jOL iz + jlLizjly is)
=4e 1 P( + )[jOLis +]jlLis]: (4.17)

In this case, the output is completely independent of the input. Furthermore, this outcome does
not occur when = | and thus the result projects the output onto the j+ i state. Again, to
avoid this scenario  should be chosen su ciently large.

4.6 Appendix B: Teleportation with losses

We now look more detailed at the loss channel. As described in the main text, loss is described
by Kraus operators
)

M _ .
RO = T Pr 1 : (4.18)
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where the I'th Kraus operator K® corresponds to the case of loosing | photons. The e ect of
this operator on the encoded state is:

r

I'al h - L
RO (joi+ jii)= 1—% i PT—iv; P+ iPr e M1
78" joLi+ i (4.19)
where jO,_i and j1, i denote logical states with the reduced amplitude IO17. Thel=0

term is corrected by the circuit as described in Appendix A, by scaling the amplitude of the rst
mode of the Bell state accordingly to

For | = 1 we get the state:
RO Cjoci+ jui)s G i j D+i Gi i ji i): (4.20)

Repeating the calculations of Appendix A, keeping track of the new (-1) signs, we nd the output
state for the di erent photon-number measurement results. When n; & 0 and n, & 0 we get:

hnijihngjo0ss@  jOLis + jILis (0LizjOLis + jIizjlis)
2

— Igre1 :n J' ~n1+n2(in2 inl)(l ( 1)n1+n2)
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lei3+% ( DM+ ( D2 +2iM*N2 j0Lis (4.21)

This time we nd a contribution only when n; + n; is odd, as expected. Again, a corrective X
gate should be applied when n; & 0 and n, & 0. Additionally, as we only need to consider odd
N, + ny, the factor on the jO_is term reduces to ( 1)(M*M2*+1=2 je a corrective Z rotation is
required when n; +n, 1 (mod 4).

When ny &0 and n, = 0:
hnljlhszoBsa jGLil + jILil (jGLigjOLig +jI|_i2j1|_i3)
i ® p_o
=52 ma (o™ jocis+ i s
1!
i 7
+ﬂgn77l~nl(1 i) (™) jlis+ ( DOIDT oL
1!

=2 e (o™

giny =4 B gini =4
(M DM o+ T 4 S 1™) s

(4.22)

When n; 1 (mod 4):

' 1 1 #
gl =4(n1 1) el =4(n1 1)

/ TP jOLis + + TPomeT jis (4.23)
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When n; 3 (mod 4):

LA ! l #
ei =a(n+1) o =+
/ + —péan jOL|3 + + —péan Jl|_|3 . (424)

Thus we get an uncarrectable contribution in both cases. However, for large n; this error vanishes

due to the factor Enlﬂ, and the input state is recovered by applying a logical Z correction
when n; 1 (mod 4). Finally, the case n; = n, = 0 occurs with probability 0, as we expect to
measure an odd number of photons if we have lost one photon in the input state.

For | = 2 we get
R® (joi+ jli)s joci ik (4.25)

That is, two-photon loss corresponds to an undetectable logical Z rotation.

To summarise, we can distinguish between the cases | = 0 and | = 1 by the parity of the total
number of photons detected, n; + n,. In both cases, a logical X correction should be applied
whenever both detectors measure more than 0 photons. Additionally, a logical Z correction
should be applied whenever the total photon number modulus 4 is 1 or 2.

4.7 Appendix C: generation of logical Bell states with cav-
ity QED

Here we propose a method to generate the required logical Bell states. This is inspired by the
experiment by Hacker et al. [64], which used a cavity QED system to generate a two-component
cat state, j 1+ i. The cavity QED system consists of a cavity containing an atom with a
three-level energy structure, j#i;j"i and jei, where the j"i $5 jei transition is resonant with the
cavity. By preparing the atom in the (j#i;j"i)-subspace and re ecting a coherent state pulse
o the cavity, the re ected state obtains a phase shift depending on the state of the atom.
In particular, the re ection coe cients can be written as (see Supplementary Information of
Ref. [64])

2. +) 2 .

@ +)G +)+e@ T T (4.26)

r-=1

where  is the coupling rate between the input free-space mode and the cavity, is the total
decay rate of the cavity, is the detuning between the input eld and the cavity, is the
spontaneous decay rate of the state jei via modes other than the cavity mode and g is the
coupling strength between the atom and the cavity.

When = 0 and in the regime where r and g2 wegetr- =1land ry = 1,
so for the atom in the ira'gial state j+i = (j"i + j#i)= 2 a re ected coherent state becomes
joi @ (g ij"i+j ij#i) 2. Subsequently measuring the atom in the state j+i projects the
optical eld into the cat state / j i +j i. Additionally, according to Eq. and as
was experimentally demonstrated in [64], for & 0 we can obtain various phases between the
coe cients r- and rg. In particular, for (still in the regime r and g2 and
further assuming g ) we get a =2 phase shift between the re ection coe cients. Thus, if a
cat state is re ected onto this detuned cavity with the atom prepared in the j+i state, we obtain
the state

ji+j i p%(j i+ i)j"i+%(ji i+ i) (4.27)
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where the output state is written in a frame such that is real. Measuring the atom now projects
the optical eld onto a 4-component cat state. However, if we instead re ect a second cat state
0 the cavity we get:

1 h ih i
FFE G ir+j )i+l i +j i i +) 0
h i
L % G ir+j 0)Q i2+j Ui+ g+ 1 A)(Ji 2+ 0 i) (4.28)

Measuring the atom in the j+i state projects the two optical modes into the desired Bell state,

h i
L % (G L+ 0)§ i2+] i)+ I+ 0 )i 2+j 1 i) (4.29)



Chapter 5

Generation of optical
Gottesman-Kitaev-Preskill states

with cavity QED

In this chapter we present the paper \Generation of optical Gottesman-Kitaev-Preskill states with
cavity QED" [31], authored by Jacob Hastrup and Ulrik L. Andersen. This work is submitted
for publication and is available at arxiv.org (arXiv:2104.07981).

5.1 Abstract

Gottesman-Kitaev-Preskill (GKP) states are a central resource for fault-tolerant optical continuous-
variable quantum computing. However, their realization in the optical domain remains to be
demonstrated. Here we propose a method for preparing GKP states using a cavity QED system
which can be realized in several platforms such as trapped atoms, quantum dots or diamond color
centers. We then further combine the protocol with the previously proposed breeding protocol
by Vasconcelos et al. to relax the demands on the quality of the QED system, nding that GKP
states with more than 10 dB squeezing could be achieved in near-future experiments.

5.2 Introduction

Quantum error correction is an essential step towards building large-scale quantum computers
with realistic noisy components. In 2001, Gottesman, Kitaev and Preskill (GKP) proposed an
error correction protocol in which each qubit is encoded into the continuous variables of an in nite
dimensional bosonic mode [28]. With this encoding, small errors such as displacements and losses
of the bosonic mode [53}55] can be corrected using only Gaussian operations, thus providing an
experimentally friendly and e cient framework, especially in the case where the bosonic mode
is represented by an optical eld. GKP error correction is particularly suitable in combination
with optical cluster states [72}77,/105,/106], a eld which have seen tremendous progress in
recent years [74{76]. Additionally, GKP error correction can be used in long distance quantum
communication schemes [109,/110], implementing quantum repeaters using only beamsplitters,

51
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homodyne detectors and GKP ancilla resource states [68].

However, the encoded states themselves, denoted GKP states or grid states, are non-Gaussian
and have proven extremely di cult to produce experimentally. Only in recent years have the
states been produced in the motional mode of a trapped ion [43,[111] and in a microwave cavity
eld coupled to a superconducting circuit [48]. Crucially, they remain to be demonstrated in the
optical domain, despite several proposed generation schemes [88{91,112|(113]. One promising ap-
proach is to interfere squeezed states on a multimode interferometer and project one output mode
into an approximate GKP state by measuring the remaining modes with photon number resolving
detectors [89,/105]. Progress in high quality photon number resolving detectors could make this
experiment feasible in the near future. However, the method is fundamentally probabilistic and
thus needs multiplexing to be scalable, which imposes a large resource overhead. Furthermore,
it is unclear how e cient and noise tolerant the protocol is for generating highly squeezed GKP
states (> 10 dB squeezing), which are likely required to achieve fault-tolerance [77,|78./106].

Another proposal is to build the GKP state using squeezed Schrodinger’s cat states as the non-
Gaussian element [90,91]. The advantage of this approach is that it uses only beamsplitters and
homodyne detectors, and that it can be made fully deterministic [91]. However, it requires large
amplitude cat states, which are challenging to produce in optics. Still, recently Hacker et al.
demonstrated the experimental generation of optical cat states, by re ecting a light pulse 0 an
optical cavity containing an atom [64]. This method can in principle be used to generate cat
states of arbitrary amplitude, although the method requires both high cooperativity and large
escape e ciency which is experimentally challenging.

In this work, inspired by the experimental progress reported in [64], we propose to use cavity
quantum electrodynamics (QED) to generate approximate GKP states by iteratively re ecting
squeezed states 0 a cavity containing a 3-level system. We thus extend the cat generation pro-
tocol of [64] by inputting squeezed states, and by applying multiple interactions. We analyse the
performance in systems with nite cooperativity and escape e ciency to determine the expected
quality of the produced state with realistic devices. Furthermore, we combine the protocol with
the cat breeding protocol of ref [90], which turns out to heavily relax the requirements on the
quality of the cavity QED system. Finally, we propose a method to generate the input squeezed
states also using the cavity QED system, eliminating the need for a squeezed light source at the
cavity QED resonance frequency.

5.3 Preliminaries

GKP states

We describe the optical mode as a single bosonic mode with annihilation and creation operators
& and &Y and corresponding quadrature operators X = F%(a+ &) and p= p%—i(a &Y) satisfying
%0 =i

The aim of our work is to produce good approximate GKP states with a square lattice. In this
work the relevant approximation is a nite superposition of squeezed states [114]:

> __
jOckpi Z/ D P2 s $(r)jvaci;

S

. . P— | .
jlokpi Z D =2 jOgkpl; (5.1)
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where D( ) = exp( &’ 8) is the displacement operator and S(r) = exp %(r 4 raY?) is
the squeezing operator. The summation index, s, is over a nite number of integers around 0.
GKP states have a periodic comb structure in both x and p quadratures with high quality GKP
states consisting of highly squeezed peaks in both quadratures. Large squeezing in X is achieved
with large r as is evident from Eq. while large squeezing in p is achieved by including many
terms in the sum. For a nite number of terms, the squeezing in p can be further improved by
weighing the superposition of Eq. such that terms further from the origin have less weight.
In this work we quantify the quality of the produced GKP states by their amount of e ective
squeezing [101] in each quadrature, de ned as:

bt '
el !
X > In m (5.2)
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The amount of squeezing is commonly denoted in dB as gg = 10log,o( 2). For the approx-
imate GKP state of Eq. (5.1) one obtains , =e " while | depends on the number of terms,
e.0. p = (6:6;10:4;13:7)dB for (2; 4, 8) terms respectively [33].

Cavity QED system

Since GKP states are non-Gaussian we require a non-Gaussian element to generate them. In this
work, we propose to use a cavity QED system as the central and only non-Gaussian element.
In particular, we consider the re ection of an incoming optical eld onto a single-mode cavity
containing a 3-level system, as depicted in Fig. [5.Tp. The 3-level system consists of two low
energy states, jOi and j1i, and one high energy state, jei, which can be optically excited from the
state jli through a Jaynes-Cumming Hamiltonian with coupling strength g. In this paper we
denote this 3-level system as an \atom", e.g. as the one used in the experiment of [64]. However,
this atom could also be arti cial such as a charged quantum dot [115{117] with the states jOi and
jli denoting spin states and jei denoting a charged exciton state, or it could be a diamond color
center [118}/119], such as the nitrogen-vacancy center or silicon-vacancy center, where the states
jOi and jli are represented by spin ground states and jei is an excited spin state. The cavity
resonance frequency and the frequency of the incoming eld are equal and tuned to match the
j1i & jei transition. To couple light into and out of the cavity, one end of the cavity is constructed
with a slightly transparent mirror with a coupling rate . to an external free-space eld. With
the atom prepared in the (jOi; j1i) subspace, an optical eld mode re ected on the cavity ideally
experiences a controlled phase rotation, R¢, depending on the state of the atom [64}/120]:

R. e ™ joihoj+T j1ihij (5.4)

If the system is initially in the state j+i = (jOi +j1i):p§, an incoming optical state, j i, evolves
as:

Rj i jHi=(" " i joi+ji j1i)=p§: (5.5)
Subsequently measuring the system in state j+i yields:

R T = N i+ )= 2 (5.6)
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Figure 5.1: (a): Cavity QED system consisting of a cavity containing a 3-level system in which
two levels resonantly couple to the cavity eld. The cavity couples to a free-space eld with rate

¢ and to undesired scattering and loss modes with rate . Additionally, the excited state of
the 3-level system can spontaneously decay trough modes di erent from the cavity mode with
rate . ldeally, the cavity imprints a controlled rotation, R (Eq. ), on the re ection of
an incoming mode. (b) Circuit diagram for the GKP state generation protocol. (c) Repeated
applications of displacements and controlled rotations evolves an initial squeezed vacuum state
into an approximate GKP state. (d) Preparing the atom in an unequal superposition, j*i, in
the second to last step allows for the nal state to have a two-level amplitude weighting of the
squeezed peaks.

For example, for a coherent state input we obtain a Shrodinger’s cat state, as was recently
experimentally demonstrated [64].

Realistic systems, however, are limited by losses and scattering into unwanted modes at rate
1, as well as spontaneous decay of the excited state of the atom through modes di erent than

the cavity mode at rate . In the Supplementary Material we describe how to model these

imperfections. The imperfections are conveniently described by the cooperativity,

C=

92
> (5.7)
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and escape e ciency
C
== (5.8)

where = |+ s the total cavity loss. Both C and should preferably be as large as possible.
However, there is a trade-0 between the cooperativity and the escape e ciency. This is because
the cooperativity can be increased by decreasing . while the escape e ciency is increased by
increasing .. Since we would like both high cooperativity and high escape e ciency one has
to carefully tune the cavity coupling rate by engineering the cavity design. In the following we
therefore quantify the system in terms of the internal cooperativity [121], de ned as

2

I 1
Thus, for xed g, | and , the internal cooperativity does not depend on the coupling rate ..
Note also that the internal cooperativity is always larger than the actual cooperativity, Co C.
In the following analysis we numerically optimize . for each Cg in order to optimize the e ective
squeezing of the output states.

5.4 Results

The idea of our proposed protocol is to repeatedly use the controlled rotation imposed by the
cavity to generate an approximate GKP state, as illustrated in Fig.[5.Ip and c. That is, inputting
a displaced squeezed vacuum state we obtain a squeezed Schrodinger’s cat state. Displacing and
re ecting the output state on the cavity again further doubles the number of squeezed peaks in
the output state and repeating this N times yields a state of the form of Eq. with 2N peaks.
The displacement amplitude at the at n’th step is given by

B,=p P (5.10)

For a su ciently squeezed input state the probability to obtain the measurement result j+i N
times is 1=2N. However, the rst interaction can be made deterministic, by adding a feed-forward
displacement operation since

») ip*:(zpi) 6(p7) B( p?) 8(n)jvaci 6(p7)+|5( p?) S(r)jvaci (5.11)

Thus a 4 peak state, which can yield up to 10.4 dB squeezing can be generated with probability
0.5, while an 8 peak state, yielding up to 13.7 dB squeezing, can be generated with probability
0.25.

The solid lines of g. [5.Za show the obtainable amount of squeezing using the protocol with

nite-cooperativity systems. In addition to optimizing ., we also numerically optimize the
amount of input squeezing (See Supplementary Material for details on the input squeezing). The
optimization is done by optimizing min( ; p) such that we ensure e ective squeezing in both
guadratures. Additionally, we can slightly further improve the performance by slightly tuning
the displacement amplitudes and the atomic superposition state (details in the Supplementary
Information).

The dashed lines of Fig. show the result when implementing these two modi cations. Note
that for both the solid and dashed lines, there exists an optimal number of interactions, N, for
each value of the internal cooperativity. This is because noise from the cavity adds up over
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Figure 5.2: (a) Achievable amount of e ective squeezing generated by the protocol outlined in
Fig. with a noisy cavity, as a function of internal cooperativity, Co (EQ. ), optimizing
the cavity output coupling rate and the input squeezing parameter. N denotes the number of
interactions with the cavity. The dashed lines further optimize over the displacement magnitudes
and the initial state of the atom. (b) Wigner functions and quadrature distributions for the states
generated with Cy = 200 and Cy = 2000 using N =1 and N = 2 respectively, corresponding to
open circles in (a).

multiple interactions, and thus at some point the noise added from the cavity outweighs the
e ect of increasing the number of peaks in the state. Fig. [5.2b shows the Wigner functions and
quadrature probability distributions of the achievable states with Co = 200 and N = 1 (left)
and Cp = 2000 and N = 2 (right). For Co = 200 the produced state is essentially a squeezed
Schrodinger’s cat state, but the quadrature distributions reveal the onset of the desired comb-like
structure. For Co = 2000 we see a clear grid structure in the Wigner function and a narrowing
of the peaks in the quadrature distribution.

As is evident from Fig. [5.2] the protocol demands very high values of the internal cooperativity
to produce high-squeezing grid states. This is due to the multiple interactions required with the
noisy cavity, as well as the demanding simultaneous requirements of high cooperativity and high
escape e ciency.

To reduce the demands on the cavity QED system we propose to combine the protocol with the
Schrodinger’s cat state based breeding protocol of Ref. [90]. In that protocol, we begin with a
squeezed cat state of the form

h i
p PPM Ly PPM I Taivac (5.12)

jsqcati =
where M is the number of iterations of the breeding protocol. Two such squeezed cat states are
combined on a 50:50 beamsplitter and the p quadrature of one mode is measured with a homodyne
detector. Conditioned on the result p = 0, the other mode is projected into an approximate GKP-
like state. This protocol is then iterated, combining two such output states on another 50:50
beamsplitter and projecting one mode out with homodyne detection, etc. After M iterations,
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Figure 5.3: Achievable amount of e ective squeezing obtained with the cat breeding method [90],
using input squeezed cats generated with the cavity QED system. M refers to the number
of rounds of the breeding protocol. The dashed lines show the result when ne tuning the
displacement amplitude to partly compensate losses in the cavity. (b) Wigner functions and
quadrature distributions using Co = 200 and Cy = 2000 with M = 2 and M = 3 respectively,
corresponding to the points marked with open circles in (a).

the resulting output is an approximate GKP state of which |, increases with the number of
iterations and « equals the squeezing of the initial input cat states. One important feature of
this breeding protocol is that homodyne detectors and beamsplitters can be implemented with
near unity e ciency. Thus the experimental challenges are focused on producing high quality
squeezed cat states. Note from Eq. that the amplitude of the initial squeezed cat states
depends on the number of iterations, M. Thus to achieve a highly squeezed approximate GKP
state we require a large amplitude squeezed cat state, which is more sensitive to noise, such as
loss, and thus experimentally more demanding.

A deterministic version of this protocol was proposed in [91], by adding a feed-forward displace-
ment to the nal state. Furthermore, it was shown in [91] that this deterministic approach
on average generates GKP states with 1 dB more squeezing compared to the probabilistic
approach.

Fig. [5.3(a) shows the obtainable amount of e ective squeezing generated with the breeding pro-
tocol, using squeezed cat states produced by a single re ection on the cavity. As with Fig.[5.2we
also optimize the displacement of the squeezed cat, with the results shown by the dashed lines.
We see a substantial increase in the amount of achievable squeezing, reaching more than 10 dB
for an internal cooperativity around Cqy = 1300, corresponding to a cooperativity of C = 25 and
escape e ciency = 0:98. Note that we have to generate 2™ squeezed cat states to breed each
approximate GKP state. Even though each of these squeezed cats are generated under noisy
conditions, they still breed into an approximate GKP state with more squeezing than what is
possible solely using the cavity. Fig. shows Wigner functions and quadrature distributions
of two example states generated with Co = 200 and Cy = 2000 using M = 2 and M = 3 re-
spectively. Comparing to Fig. 5.2t we observe clear improvement in the quality of the produced
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states.

The results presented in Fig. are generated using the original probabilistic approach [90],
as it allows e cient evaluation of the e ective squeezing levels with mixed state inputs, which
enables us to numerically optimize the cavity coupling rate and input squeezing levels. However,
as mentioned, the protocol can be made fully deterministic following [91], with the added bene t
of an expected slight increase in the squeezing levels.

Finally, we address the input squeezed light source. ldeally, one might want to use squeezed light
generated from parametric down conversion, as this method can yield very high squeezing values.
However, the wavelength and temporal mode pro le of the squeezed light from such a source
might not be straightforwardly compatible with a high cooperatively cavity QED system. In
the Supplementary Material we therefore propose a method to generate squeezed states starting
from a coherent state, using the cavity QED system.

5.5 Conclusion

We have presented a method for generating approximate GKP states using a cavity QED system
as the central non-Gaussian element. The performance is in practice limited by the internal
cooperativity of the system. State of the art systems have demonstrated internal cooperatives of
up to 200 [1164{119] which could produce approximate GKP states with 4.4 dB squeezing, which
can be improved to 5.5 dB through the breeding method of [90]. However, improved cavity
designs are rapidly being developed across multiple platforms, and designs with cooperativities
exceeding 1000 have been proposed [122], which could push the achievable amount of e ective
squeezing above 10 dB in the near future.

5.6 S1: Realistic reflection channel

Here we show how to model the realistic cavity described by nite cooperativity and escape
e ciency. We wish to determine re ected eld mode by a quantum channel described by Kraus
operators as >
' Rmim  R¥m (5.13)
(mp;m )2N3

where denotes the density matrix of the incoming optical eld. As we shall show in the following,

the Kraus operator IQm,;m corresponds to the event of losing m; photons to unwanted cavity

losses and m photons via scattering of the atom. We use standard input-output theory to model

the system [39,(123]. Thus the input and output elds, &, and &,,¢, are related to the cavity
eld, &; in the Heisenberg picture as:

o I

Qout = 2 cBc + &in: (5.14)

The gquantum Langevin equation for the cavity eld operator, including excess losses to the mode
&, is given by:

i P
&, = :[ac”q] 2 cBout 2.4+ A& (5.15)

where A is the cavity Hamiltonian and = |+ . We consider rst the case of the atom in
the j1i; jei-subspace. The cavity Hamiltonian is given by the Jaynes-Cummings Hamiltonian:

A =~1.8%8; +~1,,=2+~g &, +&° (5.16)
C C
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where ~, = jlihlj+jeihej, » =jlihej and ~+ = jeihlj and g is the coupling rate. Additionally,
we consider the quantum Langevin equation for the operator ~ , including atomic decay into
modes di erent from the cavity mode, denoted & :

r o= I~ +P2ay (517)

Inserting K we get:
a= A ig® 7 ek T2 a4+ A (5.18)
A= N +igaN, A (N +p?a ): (5.19)

These are solved for the cavity eld in the frequency domain at resonance, assuming weak
excitation of the atom such that h",i = 1:

a.(1) = RENOL li.zli'(!g): e @, (5.20)
i .

I a

where =1, land ,=1, 1. Inserting into the input-output relation, (5.14):

o P
C 0oL 2 9t 2PTa(n) e (n)
ain(!) = = - g2 -
i+ ——
= Néoue(N +t1&y(H+ & (1) (5.21)
At resonance, =0and =0, the coe cients can be written in terms of the cooperativity,
C =¢%=(2 ), and escape e ciency, = .= as:
2C+1 2
= 2 @ ) (5.23)
17 Tc+1 ‘
2 2C
= : 5.24
'2c+1 (5-24)

In the case of the atom in state jOi the relevant coe cients are obtained by setting g = 0
(corresponding to C = 0). This gives:

rh=1 2 (525)

to = P T ) (5.26)

and no scattering from the atom. In total, the input eld transforms as:
Qin ¥ (ro8out +tofy) jOih0j + (ri8oue + 184 + &) jlihlj (5.27)

To nd the corresponding Kraus operators we consider the transformation of an arbitrary pure
input state,

X XK @)

J 1= CnJNlin = Cnﬂénn—illolin: (5.28)

n=0 n=0



Chapter 5. Generation of optical Gottesman-Kitaev-Preskill states with cavity QED 60

I
jlihlj  jOioutjOiljOi

Inserting Eq. -

jin & (roaout + &) jOih0j + (ri&f, +t.8] + &)

h S« ch i
p*(roaout + thy)n JOloutJO“JOI jOihOj

B x i
&(rlé‘%ut + 18] + &))" jOiouejOiijoi
For simplicity we consider now the term containing jlihlj. The jOihQj is expanded in a similar

jLinij: (5.29)

+

fashion:
c U
%(rla};ut + 18] +  8Y)"j0ioyej0ijOi

< . X
§n N (A0 M0+ &Y)M0iud0ilj0i

= p:
n n! m=0 m
chxn n m yym m YAM in: e NG
= P= m (r18d,) (t18)) ( &)™ jOiouejOiyjoi : (5.30)
n=0 n: m=0 m =0
P, P, P P, P P
Reordering the summations as  —, n_o m o= o~ m_, X  and applying the
creation operators:
m m m 1 1
m=0m =0n=m )
q
Migyejm M Ijm 1 : (5.31)

P— P

n m! (m m) mln

When tracing out the lossy modes, we obtain an incoherent mixture of the terms in the inner

sum. Each of these terms corresponds to losing m photons from scattering of the atom and
my =m m photons to excess cavity losses. Looking at one of these terms:

X Cn n mp+m
=, +m n M+m m
pP_—_p_4d
rp ™™ my L' (n m m)ljn m mi
X Cn t1 m m mi+m _A: -
= T " piaout rni
n=m;+m
3 til my B m 1 am|+m rh. i (5 32)
non Pmmoer BHE |
Similarly, when including also the jOih0j term in Eq. (5.29), the term corresponding to losing
(m;,m ) photons is:
' #
o ™am o,y ™ oo o .
— p—r joihQj + o o pirl jlihdj j i IQm,;mj i
1 1
(5.33)

m ;0
o

From this we identify the Kraus operator corresponding to the loss of (m;,m ) photons

to meogm . ty m m o gmi+m I
— p—ro joihoj + — — pP———r jlihlj: (5.34)
r ry m;!m !

I2m|;m = m;0
o
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Figure 5.4: x and p quadrature distributions for di erent approximate GKP states, each com-
posed of Npeaks = 8 peaks of 10 dB squeezing with di erent peaks weightings. (a) Equal weight-
ing. (b) Two-level weighting. (c) Binomial weighting.

5.7 S2: Squeezing in the limit ¥ land C ¥ 1

Here we calculate the e ective squeezing levels of ideal states generated by the protocol. These
can be written in the form <

. . P— o

j ckpi= D =2s $8(r)jvaci: (5.35)

S

For logical 0 states, cs is zero for odd s, while for logical 1 states, cs is zeros for even s. For
su ,giently large r such that neighbouring states are non overlapping, normalization is achieved
by = jcsi? = 1. The expectations value used to calculate the the e ective squeezing level is
given by

B P2 ize © (5.36)
o P2z CeCs2; (5.37)

again assuming negligible overlap between neighbouring states. Thus the e ective squeezing
level in the x quadrature depends only on r, while the e ective squeezing in the p quadrature is
independent of r and depends instead only on the distribution of the peaks.

Equal weighting

The states generated directly with the cavity, i.e. by thﬁ circuit of Fig. 5.Ip after N steps have
Npeaks = 2N non-zero coe cients of equal amplitude 1= Npeaks. Fig. = shows the quadrature
distributions of this state with 8 peaks. For Npeaks peaks Eq. (5.37) yields:

i P2 = Neeas 1. (5.38)
Npeaks
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For Npeaks = 2, 4 or 8 we then get , = tBSdB, 10:4dB or 13:7 dB respectively. In the limit of
many peaks, i.e. large Npeaks We get 1=( Npeaks) and thus doubling the number of peaks
increases the amount of squeezing with 3 dB.

Two-level weighting

As mentioned in the main text, the e ective squeezing can increased by imposing an envelope
over the coe cients ¢cs. In our protocol, we can create a two-level envelope by preparing the
atom in an uneven superposition, ajoi +bjli with jaj® +jbj> = 1, in the second to last interaction.
Lr,lithedesulting normalized output GKP state, the inneﬁgos alf of the peaks have amplitude

2a=" Npeaks While the outermost half have amplitude = 2b=" Npeaks, as shown in Fig. . In

this case we get from Eq. (5.37):

o S o o
B IO2 P = Npeaks  (4jbj° + 2jaj* 4Re[a b]): (5.39)

Npeaks

d——p— q—p—
This expression is optimized fora= 1=2+1= 20and b= 1=2 1= 20, in which case we
get
2 Yi5{

B P2 j= Neeas G 9). (5.40)

Npeaks

P—p-p___

In the limit of large Npeaxs We get 3 5p1=( Npeaks) corresponding to 1:2 dB more

squeezing compared to the equal-amplitude distribution. Comparing Fig. and b we see that
imposing the two-level weighting of the peaks helps to reduce the noise of the p-distribution.

Binomial weighting

The states generated with the cat-breeding protocol also take the form of Eq. (5.35), but with
Npeaks = 2M + 1 peaks forming a binomial distribution of the coe cients [90]. Thus the expec-
tation value from Eq. (5.37) is:

PNpeaks 2 Npeaks 1 Npeaks 1

— k=0 k k+1
B Pz 5

P Npeaks 2 N peaks 1
k=0 k

2(Npeaks 2)
Npeaks 1

2(Npeaks 1)
Npeaks 1

— Npeaks 1. (5.41)
Npeaks

where the 2nd equality follows from Vandermonde’s identity in both the numerator and denom-
inator. Coincidentally, this expectation value is the same as for the equal weighting, Eq. ,
despite the quadrature distributions being quite di erent. Fig.[5.4c shows the binomial weighting
with 8 peaks. Comparing to the equal weighting, Fig. [5.4p, the binomial distribution greatly
reduces the p-quadrature noisclaD oor, but at the cost of broadening the peaks. This trade-o
happens to be such that hd) ~ 2 i remains unchanged. Note that this does not necessarily
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Figure 5.5: E ective squeezing in the least squeezed quadrature, min( x; p), in dB of the states
generated with N = 2 as a function of input squeezing and internal cooperativity.

imply that the two states perform identically in practice, as this will depend on the speci cs of
the error correction protocol.

5.8 S3: Input squeezing

Fig.[5.5]shows the achievable e ective squeezing with N = 2 as a function of internal cooperativity
and input squeezing, numerically optimizing the coupling rate and displacement amplitudes at
each point. For a given internal cooperativity there exists an optimum input squeezing level.
This is because a heavily x-squeezed input state has a larger envelope in the p-quadrature. As the
state experiences losses during generation, peaks at large jpj experience a shift towards 0, thus
shifting relative to the GKP lattice which degrades the e ective squeezing level. In general, the
achievable output squeezing is a few dB lower than the optimum input squeezing. This is because
the e ective squeezing in the x-quadrature is completely determined by the input squeezing. As
the input state experiences noise from the cavity, the squeezing level in the x-quadrature is thus
reduced by a few dB in the produced state, compared to the squeezing of the input state.

5.9 S4: Displacement amplitudes

Fig. [6.6] shows the numerically optimized displacement amplitudes. When the internal coopera-
tivity is large, the optimal amplitudes converge to that of Eq. (5.10) for the cavity-only protocol

(a) and P ?M ! for the cat breeding protocol (b), as expected. However, when the internal
cooperativity is smaller, we nd that the optimal displacement is slightly larger than for the
perfect cavity. The slightly larger displacement partly compensates for the loss induced by the
cavity. Note that the compensation only works because the noise of cavity re ection channel is
not described by pure loss, but by the more complicated channel of Eq. . The input state
thus e ectively experience more loss than the coherence between the generated peaks [64], which
enable a slight compensation to re-position the peaks on the GKP lattice in the x-quadrature
without causing unwanted shrinking of the lattice in the p-quadrature.
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Figure 5.6: Numerically optimized displacement amplitudes as a function of internal cooperativ-
ity.

Figure 5.7: Optimal cooperativity (left axis, thick lines) and escape e ciency (right axis, thin
lines) as a function of the achievable e ective squeezing using only the cavity (a) and with the
cat-breeding method (b). The vertical lines shows the achievable amount of e ective squeezing
in the limitof ¥ landC ¥ 1.

5.10 S5: Required cooperativity and escape efficiency

As discussed in the main text one should optimize the cavity coupling rate to ensure simultaneous
high escape e ciency and cooperativity. Fig. shows the resulting optimized values of the
cooperativity and escape e ciency as a function of the achievable amount of squeezing with
a xed internal cooperativity. For example, 10 dB squeezing can be obtained using N = 3
interactions with a system with C = 110 and escape e ciency = 0:997 using the cavity only
or C=25and =0:98 with M = 3 steps of the cat-breeding protocol.

5.11 S6: Calculation of effective squeezing parameters

To perform simulations of the re ection channel, we represent our state numerically in the Fock
basis with a max photon number cut-o up to 230. The Fock-state description is convenient, as
the Kraus operators describing the channel, Eq. (5.13), is represented in terms of annihilation
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operators, which have a simple and sparse Fock state representation,
Xp_
a= kjk  lihkj: (5.42)
Kk

Additionally, the displacement operator can be computed as

| g—
>
BCy=" Kk il kG pyjlink: (5.43)

I
k;l

where L are the generalized Laguerre polynomials. Finally, squeezed states are represented by

>< P&
S(r)jvaci = 191: (2K)!

o) it ¢ tanh(r))~j2ki: (5.44)

This allow us to simulate the total circuit of Fig. and compute the e ective squeezing levels

of the output state.

For the cat breeding protocol, the Fock representation becomes less e cient, as it involves the

combination of two modes, thus squaring the required dimensionality in the Fock basis. Instead,

the p-quadrature basis is convenient. The transformation from the Fock basis to the p basis is

done via the relation ; s
1

ini=dp Py P PHn(p)ipi (5.45)

where Hp, is the n’th Hermite polynomial. An arbitrary mixed single-mode state is described in
the p basis by a wavefunction (p; p):
z

= dpdp” (p; pPYipihp';: (5.46)

Two modes with identical wavefunctions mixing on a 50:50 beamsplitter is described by the
transformation:

+ 0 4+l 0 0
Pupd) (pzp) 8 P2 épz P P2 zpz Pip P2 ;2: Pip P2 ;2 : (5.47)
Measuring mode 2 at p, = 0 leaves the other mode in the state
2

0
U= S (5.48)
2 2
Iterating this procedure M times results in the transformation
| RV
22

0
(o:p") 1 pg—M; p';—M : (5.49)

The expectation values used to calculate the e ective squeezing levels can be evaluated as:
P— - : z 0 .10 P— inihnli
hOC2)i=Tr dp dp’ (p;p")D(C 2 )jpinp']
z Z o
=Tr dp dp’ (p;p)e ' Pjpihp’]
z P
= dp (pip)e P (5.50)



Chapter 5. Generation of optical Gottesman-Kitaev-Preskill states with cavity QED 66

Figure 5.8: (a) Achievable amounts of quadrature squeezing using the protocol of Fig. with
input vacuum states and small displacement amplitudes. (b) Example quadrature distributions
of the obtainable squeezed states generated with Cq = 200 and Cy = 2000 choosing N = 2 and
N = 3 respectively, corresponding to the points marked with open circles in (a). The dotted line
shows the quadrature distribution of the vacuum state for comparison.

and
z z
.pi = 0 . 0 .pi - - 0.
hOG 2 )i=Tr  dp dp’ (p;p")DG 2 )jpip'j
Z Z D
=Tr dp dp’ (p;p)jp+2 ihp']
z
_ P— ..
= dp (p 2 ;p) (5.51)

We thus compute the input cat statelicp the FFc))ck-basis, then use Eq. .|> th)) calculate the mixed
state wavefuncion along the lines p M. p 2V and (p ij 27 P 2V from which we
obtain the expectation values to compute the e ective squeezing levels using Egs. (5.49)-(5.51).

5.12 S7: Generation of squeezed vacuum states

Here we show how to generate the required initial squeezed states, using the cavity QED system
and coherent state inputs. The idea is that a squeezed state can be represented as a superposition
of coherent states [35]:

V4 2

S(n)jvaci /  exp B(i )jvacid ; (5.52)

er 1

which holds for r > 0 and the integral is over real . By creating a discrete superposition
of closely spaced coherent states on a line in phase space, we can approximate Eq. to
achieve an approximate squeezed state. Indeed, quadrature squeezed states were observed in [64]
using only two coherent states. We therefore propose to use the method of Fig. but with
a vacuum input and smaller displacement amplitudes chosen in the p direction. The resulting
amount of quadrature squeezing is shown in Fig. 5.8a, where we have numerically tuned the
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displacement amplitude to optimize the squeezing. As expected, as the intrinsic cooperativity
of the cavity increases, we can achieve larger amounts of quadrature squeezing using a suitable
number of interactions. Fig. 5.8b shows the resulting x quadrature distributions at a Co = 200
and Cp = 2000 for N = 2 and N = 3 interactions, i.e. states composed of 4 and 8 coherent
states on the x = 0 axis respectively, showing clear quadrature squeezing relative to the vacuum
(dotted line).

While squeezed states can be generated directly from vacuum states using the cavity QED system,
comparing the results of Figs. 5.8 and [5.3) the squeezing levels are lower than the approximate
squeezing levels achievable using the same intrinsic cooperativity with the cat breeding method
of Fig. Thus for the cat breeding approach without an external squeezed vacuum source,
the approximate squeezing levels will be limited to those presented in Fig.



Chapter 6

Unsuitability of cubic phase gates
for non-Clifford operations on
Gottesman-Kitaev-Preskill states

In this chapter we present the paper \Unsuitability of cubic phase gates for non-Cli ord opera-
tions on Gottesman-Kitaev-Preskill states™ [32], authored by Jacob Hastrup, Mikkel V. Larsen,
Jonas S. Neergaard-Nielsen, Nicolas C. Menicucci and Ulrik L. Andersen. This work is published
in Physical Review A.

= 2021 American Physical Society.

6.1 Abstract

With the Gottesman-Kitaev-Preskill (GKP) encoding, Cli ord gates and error correction can be
carried out using simple Gaussian operations. Still, non-Cli ord gates, required for universality,
require non-Gaussian elements. In their original proposal, GKP suggested a particularly simple
method of using a single application of the cubic phase gate to perform the logical non-Cli ord
T-gate. Here we show that this cubic phase gate approach performs extraordinarily poorly, even
for arbitrarily large amounts of squeezing in the GKP state. Thus, contrary to common belief,
the cubic phase gate is not suitable for achieving universal fault-tolerant quantum computation
with GKP states.

6.2 Introduction

The Gottesman-Kitaev-Preskill (GKP) encoding of a qubit into a quantum harmonic oscilla-
tor [28] is a particularly promising approach towards fault-tolerant quantum computation. In
particular, all Cli ord operations, including error correction, can be implemented using only
Gaussian operations along with a supply of ancillary GKP basis states. Furthermore, the GKP
encoding scheme has been shown to outperform other bosonic codes against loss [53,55], which
is the dominant noise source in most bosonic systems. For these reasons, the GKP encoding has

68
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gained much interest in recent years, both theoretically and experimentally, across multiple ex-
perimental platforms. Most prominently, the states have been generated in trapped-ion [43] and
microwave cavity platforms [48]. Furthermore, in the optical regime, large 2-dimensional clus-
ter states have been produced [74,(75], which enable scalable fault-tolerant measurement-based
guantum computation when combined with high quality GKP states [72].

A critical step towards universality is the ability to perform non-Cli ord operations on the
encoded qubits. For GKP qubits, two di erent approaches for non-Cli ord operations were
proposed in the original paper [28]. The rst approach is to use logical magic states, such as the
encoded Hadamard eigenstate, to implement the non-Cli ord T-gate via gate teleportation. Such
magic states can be distilled using only the computational basis states and Gaussian operations
[124], or they can be generated directly using non-Gaussian resources such as photon counting
[281/72,/89] or coupling to a two-level system [33,/48]. The second approach is to apply a single
cubic phase gate in combination with Gaussian operations [28]. In principle, the cubic phase
gate enables universal control of the oscillator [125], including any desired operations on the
GKP state. However, a signi cant overhead, requiring many applications of the cubic phase
gate, is typically required to approximate most non-Gaussian operations well with cubic phase
gates. The promise that a single application would su ce to implement a logical non-Cli ord
operation therefore strongly motivates the development of cubic phase gates for applications with
GKP states. GKP also showed that the cubic phase gate could be implemented using a cubic
phase state and teleportation with Gaussian operations. Since the ideal cubic phase state is
nonphysical, requiring in nite energy, this teleportation-based technique is always approximate.
Still, even when using an ideal cubic phase gate the approach is only suitable for GKP states
with an asymmetric noise distribution, as was pointed out by GKP in their original paper [28].

In this paper we analyse the details of the cubic phase gate approach and show explicitly that it
performs surprisingly poorly, unless the GKP state is prepared with an unrealistic noise distri-
bution. We consider only a perfect implementation of the cubic phase gate in order to discount
any imperfections e.g. from nite energy cubic phase states. The results presented here thus rep-
resent a best-case scenario for the cubic phase gate approach. The poor performance is therefore
solely due to the intrinsic and unavoidable noise present in the GKP states. We also com-
pare the performance to that achieved using a GKP-encoded magic state via gate teleportation,
demonstrating that the magic state o ers a signi cantly better approach.

6.3 Preliminaries

We consider a bosonic mode of a quantum harmonic oscillator with position and momentum
quadrature operators X and p satisfying [X; p] = i with vacuum variance Var(X) = Var(p) = 1=2.
A detailed review of GKP states and their error-correcting properties can be found elsewhere
[28,/105,126]. We focus on the approximate square GKP states consisting of a sum of equispaced
position-squeezed states under a Gaussian envelope:

z

X _— o 2592

oLi/z e @ 72 dxe 2% jxi (6.1)
27
s>< 2 2_ B > _@s+1PH?

iz e @*D7 572 (xe 2% jxi; (6.2)
s2Z

where \L" denotes logical qubit states, yand , quanti es the amount of squeezing, or noise, in
the x- and p-quadratures respectively, and jxi are the position eigenstates, i.e. Rjxi = xjxi. Note
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that the squeezing is that of each of the peaks of the state, not the overall state, i.e. each peak
in the x- and p-quadrature has a measured variance of =2 and ;=2 respectively. Hence,
and |, can be arbitrarily low simultaneously [101]. Numerical values of the squeezing are often
expressed in decibels (dB) as  10log;o( 2). Importantly, a small amount of noise in p enforces
a wide envelope in x and vice versa. In the limit of in nite squeezing, i.e. ( x; p) ¥ (0;0), the
p&sition wave functions of the computational basis states approach Dirac combs with spacing
AN

We now consider how to implement the non-Cli ord T-gate, also known as the =8-gate,
T =joiho j+e' 1 ih1j; (6.3)

which, when combined with the Cli ord gate set, constitutes a universal gate set. GKP proposed
to use a cubic phase gate in combination with shearing and displacement to implement the T-

gate: " 5 ) #
Or =exp iy 2 1& + é 21;5}: : (6.4)
|—{z—} |{z—} |4z}
cubic phase shear displacement

ne can check that this gate applies a =4 phase shift to peaks positioned at odd multiples of
since

0 (mod 8) for even X,

1 (mod 8) for odd x.

23+ %% 2x (6.5)

For ideal GKP states with support only at integer multiples of p,' Or thus acts as a perfect
T-gate. However, approximate GKP states also have support outside these grid points where
01 does not exactly apply a 0 or =4 phase shift. This is illustrated in Fig. , showing the
GKP wave function of j+_i = (jO_i + j1_i)= 2, along with the polynomial in O modulo 2 .
Only for the peaks close to x = 0 is the phase shift apBroximater correct over the width of each
peak. For peaks further from the origin, e.g. for jxj=~ > 3 in the case of Fig. , there is a
large phase variation across the peaks. The peaks far from the origin thus e ectively experience
a random phase shift. This results in an increased amount of noise in the p-quadrature, which is
seen in Fig.[6.Ipb. Furthermore, the output state is highly asymmetric with a long tail at positive
p. This is because Ot can be interpreted as a momentum displacement with an x-dependent
displacement magnitude scaling as x2. Peaks at large jxj thus get displaced to large p-values.

How does this noise behave as we increase the amount of squeezing in the state? On one hand, as
we decrease x the width of each peak decreases, thus decreasing the total phase variation across
each peak. On the other hand, as we decrease |, peaks further from the origin appear due to
the Fourier relation between % and . These new peaks now experience a larger phase variation
as seen in Fig. [6.1p. It turns out that for = |, new peaks appear at a rate comparable to
the rate at which they narrow, such that the gate delity does not converge to 1 when increasing
the squeezing. This is qualitatively iIIustrat%i in Fig. [6.1c, showing the momentum probability
density summed over values of p modulo 2° . Even as the squeezing approaches very large
values, the probabiIBy density retains a non-zero noise oor with signi cant support outside
integer multiples of = .

This poor noise distribution was pointed out in the original paper by GKP [28], stating that
one needs to ensure that p in order to use Or as a logical T-gate. However, this
condition is highly impractical to maintain. For example, the logical Hadamard gate, which is
implemented by a =2 phase rotation, O = exp(i =4(%2 + p?)), also swaps the noise of the
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Figure 6.1: (a): Position (x) probability density (blue) of j+_1 = (jO_I +j1._i)=p§ with =
p = 15 dB. Also plotted in black is the phase shift imposed by the opﬁrgtor 01 (Eq. ).
The white circles show the value of the phase shift at integer multiples of = . The right window
is @ zoom in on the peaks further from the origin. These peaks experience a large phase variation
across their width, greatly limiting the performance of Ot as a T-gate. (b): Momentum &)
probability density of Urj+._i compared to the target state Tj+_i = (oLi + € =1 i)=" 2.
Momentum probability densities summed over values of p mod 2" , i.e. j (p,P-)j%® =

s (p+ ZSpjj2 for 15-30 dB squeezing, for O7j+_i and Tj+_i. The ratio of the heights of

the Tj+_i peaks remain constant as the squeezing is increased.

x- and p-quadratures, i.e. swapping x . p. Additionally, since we want low noise in both
quadratures, i.e. both , land , 1, the condition p requires an extremely low
value of 4, which will be di cult, if not impossible, to produce and maintain experimentally.
In the following we quantify the above considerations numerically and analytically.

6.4 Error-corrected fidelity

One could try to perform GKP error correction to correct the noise generated by Or. Here
we consider the best-case scenario of perfect error correction i.e. using ideal GKP ancillas with
in nite squeezing in order to discount any imperfections in the error correction protocol. Such
perfect error correction corresponds to a measurement-dependent displacement followed by a
projection of the state into the ideal 2-dimensional GKP subspace [124]. The output state is thus
described by a qubit which depends on the input state and the syndrome measurement outcome.
Averaging the output states over all syndrome outcomes, we generally obtain a mixed state
described by a qubit density matrix . Fig. shows the position of O1j+_i on the Bloch sphere
after error correction for various squeezing levels. For decreasing x = | the state converges
to a point well-inside the Bloch sphere, and not to the target state jTi = (jOi +e' “4jli)=" 2.
The situation is improved by considering an asymmetric noise distribution, e.g. when =5
(corresponding to 14dB less squeezing in the p-quadrature), as expected. Fig. shows the
qubit delity after error correction, F = h jTY Tj i, to the target state T i, averaged over
four states forming a regular tetrahedron in the bloch sphere [127]. For = , we nd that
the delity is lower for O compared to doing nothing, i.e. applying the identity gate, ', for
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Figure 6.2: (a): x-y plane of the Bloch sphere with the average qubit output of the GKP error
correction scheme with Ot j+_i as input. Each dot corresponds to a step of 5 dB in the squeezing
level of the x-quadrature. (b): Average delity [127] with the target qubit state, for the qubit
with density matrix, , of the GKP error corrected qubits obtained after application of U1, the
identity gate f* and an ideal logical T-gate, calculated for both p= x(solidyand ,=5
(dotted) in the input state, as well as the delity obtained by the magic state approach with
gate teleportation [28].

all squeezing levels. Thus for symmetric noise, Ut is a worse T-gate than the identity gate!
Again the situation is improved by asymmetric noise, but the delity increases slowly with
compared to an ideal T-gate.

For comparison we also plot the delity obtained when using GKP-encoded magic states to
teleport the T-gate, as proposed in [28] using the following circuit:

Joui —

gifap2

JTLl —

jxi

where j I denotes an arbitrary GKP egpcoded input state. The squeezing level of the magic
state ancilla, jT_ i = (jO_i +e' *4j1_i)= 2, is set equal tcbthat ofﬁhe input states. The feed-
forward displacement, exp [i(én:Z)k], where X = Xm “bxm=" e is the remainder of the
measurement result modulus =, centers the output wavefunction on the GKP lattice. The feed-
forward shear, exp i(1=2)&? , performs a corrective logical phase gate on the output, conditioned
on a logical 1 measurement of the ancilla [28]. The nite squeezing of the ancilla and the phase
distortion of the shear gate result in a performance which is worse than the ideal T-gate, but the
approach is signi cantly better than the cubic phase gate approach.

6.5 Modular bosonic subsystem fidelity

An alternative framework for reducing a bosonic state to a 2-dimensional GKP qubit was recently
proposed by Pantaleoni et al. [128]. The idea is to decompose an arbitrary bosonic state, j 1,
into a qubit part and a continuous part, i.e.

j i=joi j oi+jli j il (6.6)
The decomposition is done by binning the wave function around even and odd multiples of P-
and stitching the bins together to form two new wave functions j oi and j 1i, as illustrated in
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Figure 6.3: (a): llustration of the modular bosonic subsystem decomposition technique [128] for
a random wave function, l9(). The position wave function is decomposed by binning it around
even and odd multiples of © and stitching the bins together to forrB:(\No new wave functions,

o and 1. (b): Fidelity with the target qubit state, (jOoi +e' “4j1i)=" 2 of the qubit part of the
input state O7j+, i, after tracing out the continuous parts with the modular bosonic subsystem
decomposition technique for di erent values of , and .

Fig.[6.3p. Tracing out the continuous part we are left with a qubit state which contains the logical
information of the state. Further details on this technique can be found in the supplementary
material and in Ref. [128]. Using this method we can again analyse the delity of Orj+_i with
the target state in the qubit subspace, thus providing a complementary gure of merit. The
result is shown in Fig. [6.3p. Again we observe that in order to obtain a high delity, we need
an excess amount of squeezing in the x-quadrature. For example, to achieve a delity of 0.95,
we require x > 25 dB, which is signi cantly more than the squeezing thresholds set for fault-
tolerance using magic states to implement a T-gate [72,129{131]. For x = | we again observe
a convergence in the delity below 1. In fact, in the limit of in nite squeezing, ( x; p) ¥ (0;0),
one can derive the following analytical result (see supplementary information):

F :7+%r7: (6.7)

Thus the delity is bounded, con rming the poor performance even in the IirBlE)f in nite squeez-
ing. In particular, for the realistic case of x = ,wegetF =1=2+1= 13 078 <1. To
obtain a higher delity we require p in which case Eq. (6.7) reduces to

F 1 == for p; (6.8)

which goes to 1 in the limit »= , ¥ 0, as expected. Again, such unbalanced noise ratio is
not realistic to maintain during a calculation since the logical Hadamard gate (i.e. a Fourier
transformation) swaps the noise between the quadratures.
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6.6 Conclusion

We have analysed the performance of the GKP T-gate implemented via the cubic phase gate.
All calculations were performed assuming a perfect cubic phase gate, and thus represents a
best-case scenario compared to approximate implementations using cubic phase states. In the
case of square GKP states with equal squeezing in the position and momentum quadrature we
have explicitly shown that the noise generated by the T-gate is detrimental, for all squeezing
levels. The poor performance is solely due to the noise inherent in all physical GKP states, and
cannot be circumvented through error correction. It can in principle be mitigated by using highly
asymmetrical GKP states, but this strategy is not compatible with other manipulations of the
state, such as the logical Hadamard gate (i.e. a Fourier transform), which swaps the noise of the
position and momentum quadratures. Although we have focused our analysis on square GKP
states, it is clear that other GKP grids, e.g. hexagonal GKP states, will su er from the same
issues. That is, the rapid variation of the phase applied by the cubic phase gate with respect to
x will eventually cause detrimental issues at large jxj for any grid. In fact, one can generalise this
to any operator consisting of a nite polynomial in %, as the derivative of any nite polynomial
is unbounded. Instead, the T-gate should be implemented using GKP-encoded magic states, and
e orts towards optical GKP-based quantum computation should be focused on the generation
of GKP states and not on the development of cubic phase gates or cubic phase states.

6.7 Supplementary Material

Here we derive Eq. from the main text. As explained in the main text, the main idea

behind the modular bosonic subsystem decomposition technique [128] is to divide the continuous

Hilbert space of the bosonic mode into a 2-dimensional part, describing the logical content of

the GKP qubit, and a continuous part. Tracing out the continuous part leaves us with a mixed

qubit state, which can be analysed e.g. in terms of delity to a target qubit. The decomposition

Bdone by binning the x-quadrature wave function into bins around even and odd multiples of
, as illustrated in Fig. . An arbitrary pure state can thus be written as:

j i=joi j oi+jli j qi (6.9)
where
>< L (2s+1=2)P~
j ol = b dx (X)jxi (6.10a)

so7z (2s 1=2)"
>< L (2s+1=2)P~ P
jal= b dx (x )jxi (6.10b)
soz (2s 1=2)
with  (X) = h jxi and Z denoting the integers. Note that the states j ¢i and j i are not
individually normalized but satisfy h oj oi +h 1j 11 =h j i =1. Tracing out the continuous
mode leaves a qubit with density matrix

h o of h 1 of |
= . L L 6.11
h o 2i h 1j qi (6.11)

The delity to the target state Tj+i = (jOi + e :4j1i)p§ is given by

F =h+jTY Tj+i =%+Re el h 4j oi : (6.12)
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We now calculate h 1j qi forj i tl’)Tj+._i. The normalized wave function of the approximate
GKP state j+_i = (jO_i + jl_i)=" 2 for small , and , is given by [28]

1 =< s)?2 X s)?2
j+|_i(X) = T1=4 P exp ( 2 ) FZ) exp (272) (613)
X s X
Multiplying O we get:
0j+Li(X): "
r C D p_ p_ #
L i 2 B w  a O T g
1=4 x s 4 - - —_ 2 p 2 )2( .

Using Egs. (6.10) we can now calculate the overlap h 1j oi, assuming negligible overlap between

neighbouring peaks in the GKP wave function, which is valid when 2 1:

> P2 P—>
h 4 Oizpltip exp @ 2 exp W 2
X S
z 1\P— P !
(2s+3) 2 2
dxexp i— BX— + 85XE +1 exp w (6.15)
@ HP- 4 %

For 2 1 we can expand the limits of the integrals to 1 and evaluate using the formula for
Gaussian integrals, 7 -
1 _

ax?+bx+c _ c+b2
dxe = —eTaa (6.16)
1 a

where from Eq. (6.15) we identify

p— >
1 .3 4s . P— 4s .
a=— +iz; b= i2 and c= i—: (6.17)
;2 : ;4
Inserting and rewriting:
( a1 !
h 4j oi P > exp 4 ! L + 2 g
1) ol = —E——— —
« il s R
2 2 #
3 1
2 2+ X S X + = 2
Pr1+9 4 1+2 4 2°° 5
1 9 3, 1
+ = + = .
exp i 1+% 3 6s” + 4s > x 2 (6.18)

Now consider the term in the exponential of the last factor. For small jsj we have (6s? + 4s
(3=2) #)=(1+(9=4) %) 0 (mod 2) and thus the last factor reduces toexp[ i =4]. If 2 2

this holds for all non-vanishing terms in the sum. For 2; f, 1 the terms in the sum then

change slowly with s, and we can approximate the sum with an integral:
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h 1) ol = " .
- z L
4d)e|71 ds exp 4 i ; + 2
% % + '% )2( )2( 1+ % ;1( P
’ 2 2 #
3 1
2 2 + X s X + = 2
Pr1+g 4 1+ 4 2°
The integral can again be evaluated using Eq. (6.16) with
L
1 1 3 2
a=4 = + 2 h= 2 2+ X
SRS 1+3 4
2 1
— X + - 2
and c 1+9 272
Before inserting, we consider the limit of small , and |, in which we get
al (9 Z+4 7
b¥ (6 2+2 2);
1
ct X+ 3 o)
e% LI
et 11
Evaluating the integral we thus get:
: %10
9 2+4 2 1+i3 % 9 2+4 2
Inserting in Eq. (6.12):
F = % =+ qip = % =+ 71"71
2
9 $+4 3 1+ 2 x

N
T

(6.19)

(6.20)

(6.21)
(6.22)

(6.23)

(6.24)
(6.25)

(6.26)

(6.27)



Chapter 7

Measurement-free preparation of
grid states

In this chapter we present the paper \Measurement-free preparation of grid states" [33], authored
by Jacob Hastrup, Kimin Park, Jonatan B. Brask, Radim Filip and Ulrik L. Andersen. This
work is published in npj Quantum Information.

7.1 Abstract

Quantum computing potentially o ers exponential speed-ups over classical computing for certain
tasks. A central, outstanding challenge to making quantum computing practical is to achieve
fault tolerance, meaning that computations of any length or size can be realised in the presence
of noise. The Gottesman-Kitaev-Preskill code is a promising approach towards fault-tolerant
guantum computing, encoding logical qubits into grid states of harmonic oscillators. However,
for the code to be fault tolerant, the quality of the grid states has to be extremely high. Approx-
imate grid states have recently been realized experimentally, but their quality is still insu cient
for fault tolerance. Current implementable protocols for generating grid states rely on measure-
ments of ancillary qubits combined with either postselection or feed forward. Implementing such
measurements take up signi cant time during which the states decohere, thus limiting their qual-
ity. Here we propose a measurement-free preparation protocol which deterministically prepares
arbitrary logical grid states with a rectangular or hexagonal lattice. The protocol can be readily
implemented in trapped-ion or superconducting-circuit platforms to generate high-quality grid
states using only a few interactions, even with the noise levels found in current systems.

7.2 Introduction

Quantum computing o ers exponential speeds-ups in solving certain computational problems,
with wide-ranging consequences for information processing, information security, fundamental
physics and chemistry and more. Impressive progress has been achieved towards realising quan-
tum computing, including recent experimental demonstration of a quantum advantage over clas-
sical computation [14]. However, real devices are subject to noise and imperfections. As com-
putations grow in size and complexity, errors accumulate and eventually destroy any quantum

77
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advantage unless mitigated. Achieving fault tolerance, where errors are corrected su ciently fast
to allow scalable computation, is a central challenge to making universal quantum computing
practical.

Quantum error correction (QEC) enables large-scale quantum computing in the presence of
noise by redundantly encoding logical qubits into a larger Hilbert space. In traditional, discrete-
variable QEC many physical qubits make up a single logical qubit. However, in 2001 Gottesman,
Kitaev and Preskill (GKP) proposed encoding a logical qubit into the in nite-dimensional Hilbert
space spanned by the continuous variables of a single bosonic mode [28]. With this encoding,
small displacement errors of the bosonic mode can be detected and corrected using only simple
Gaussian operations. Furthermore, recent results have shown that the GKP code also performs
very well against boson loss [55], in many cases outperforming other bosonic codes designed
speci cally against loss such as cat codes [26}/65] and binomial codes [62,82]. In fact, numer-
ical optimization suggests that the hexagonal GKP code might be the optimal loss-resistant
code among all bosonic codes [53]. Additionally, GKP codes have recently been shown to have
applications within continuous-variable QEC [132] and quantum metrology [101].

An ideal GKP code is embedded in an idealized grid state which forms a lattice structure,
consisting of an in nite superposition of position eigenstates. Such states require in nite energy
and are hence unphysical. Importantly, however, it is possible to use approximate grid states with

nite energy, composed of nitely squeezed states to achieve fault tolerance by concatenating
the GKP code with discrete-variable error-correcting codes, provided that the grid states are
su ciently quadrature squeezed. In 2014, a conservative threshold for fault tolerance of 20.5
dB squeezing was derived for a measurement-based quantum computing approach [72]. Later
this threshold was signi cantly reduced to less than 10 dB squeezing by exploiting the analog
information contained in the syndrome measurements [129,[133]. Other approaches such as
concatenating the GKP code with the surface code [131], the toric code [134}/135] and Knill’s
C4/Cg code [136] have recently been proposed. For any of these proposals the squeezing threshold
will depend not only on the involved codes, but also on the type and magnitude of the noise
and experimental errors of the given system. It is therefore crucial to test the feasibility of these
approaches with high-quality grid states experimentally. Additionally, as with any guantum
error-correcting code, one would ideally use grid states with squeezing levels well above the
threshold to avoid impractical resource overheads associated with the repeated concatenation of
the codes.

The preparation of grid states have, however, proven to be highly challenging. Recently, such
states were prepared for the rst time in ground-breaking experiments in the motional state of a
trapped ion [43] and in a microwave cavity eld coupled to a superconducting circuit [48]. The
states realised in these experiments clearly exhibit the required grid structure in phase space.
However, the quality of the states needs to be improved for implementation with fault tolerant
schemes. The main experimental limitation is that during the preparation protocol, the states
accumulate noise e.g. from boson dephasing and losses, rendering the produced grid states noisy.
To minimize this noise one has to increase the speed of the preparation protocol. The state-
preparation protocols currently implemented in experiment use oscillator-qubit couplings and
rely on repeated measurements of the ancilla qubit. These measurements and their associated
processing times constitute about half of the total preparation time. Therefore, to improve the
quality of the GKP codes, it is crucial to replace the slow measurement-based approach with a
faster approach.

It has previously been theoretically and experimentally established that arbitrary bosonic states
can be deterministically prepared using a qubit coupling via the Jaynes Cummings Hamiltonian
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[1374140]. These methods build up the state in the Fock basis and require a number of steps
proportional to the number of Fock states supporting the target state. However, since noise such
as qubit dephasing and boson loss is built up during each step [140], such methods are ine ective
for preparing large useful grid states, which require support on at least 25-100 photons to achieve
10-16 dB of e ective squeezing.

In this work, we present a measurement-free grid-state preparation protocol, which is signi cantly
faster than known methods, without introducing additional resources. The key interaction of our
protocol is the Rabi interaction Hamiltonian between an oscillator and a two-level system [141,
142], which can be e ectively simulated in trapped-ion and microwave systems. This interaction
is also used in the experiments of Refs. [43,48]. Such interactions were recently shown to enable
deterministic, non-Gaussian operations by using many weak interactions [143,(144]. Here, we
instead use only a few, but stronger interactions, to generate the highly non-Gaussian grid
states. Our work thus provides further demonstration of Rabi interactions as a powerful and
versatile non-Gaussian resource in trapped ion and superconducting circuit platforms.

The speed-up obtained with our approach is large enough to prepare grid states with more than
10 dB of e ective squeezing in practical systems that are readily available in both trapped-ion
and microwave cavity platforms. Compared to current experiments this is an improvement of 3
to 6 dB under the same amounts of physical noise. With a further reduction of noise levels in
future experiments, our protocol enables the generation of grid states with squeezing levels well
above the fault-tolerance threshold levels, thus facilitating scalable quantum computing.

7.3 Results

Preliminaries

In this section we review the basic structure of grid states and the gures of merit used in this
article. For a more extensive review, see e.g. Ref. [105].

Bosonic modes of harmonic oscillators are associated with the creation and annihilation operators
& and &” and the corresponding dimensionless quadrature operators X = %(a +8&) and P =
pliﬁ(a aY) satisfying [X;P] = i. The 2-dimensional code space of the GKP-code is de ned in
the common +1 eigenspace of the stabilizer operators

§,=D() and S, =D(): (7.1)

P
Here D(x) = @ X & = @i’ 2( ReCIP+Im()X) s the displacement operator with displacement
amplitude X, satisfying the commutation relation

[B( »D ) =2isin(Im( )DB( + ): (7.2)

By choosing Im( ) =2 we ensure that the stabilizers commute, which enables the existence
of simultaneous eigenstates. Furthermore we can de ne logical operators

X =D 5 cand ¥ =D _* : (7.3)

ZLzlﬁ 2

2
which commute with the stabilizers and anti-commute with each other. The logical GKP qubit
states, jOigkp and jligkp, are then de ned as the 1 eigenstates of 2.. These satisfy the
expected logic X, jOickp = jlickp and X jlickp = jOicke.
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The relative directions and magnitude of and determine the lattice of the corresponding

grid states. For example, rectangular grid states are generated by =12 = . Further choosing
= 2 vyields the square grid states gir which the code space is symmetric with respect to X
and P. Alternatively, choosing =i #- and =e '3 yields the hexagonal grid states.

3
In the following we will consider only the square grid, returning to the case of rectangular and

hexagonals grids in Section The (unnormalizable) ideal square grid states can be written as:

> _

jOicke= D 3 jX = 0i
s27
> _

jlicke= D s+% P3 jX = 0i (7.4)
s2Z

where jX = 0i denotes the eigenstate of X with eigenvalue 0 and Z denotes the set of integers.
The ideal grid states are thus in nite superpositions of equidistant position eigenstates and their
Wigner functions are an in nite grid of 2-dimensional delta-functions (see Fig. b)). Ideal
grid states can be approximated by nite-energy states in several ways. The most commonly
used representation for deriving fault tolerance thresholds is a superposition of nitely squeezed
states of width e " under a Gaussian envelope of width ~ *:
X (2‘375)2 pi
Oigke Z/ e z 2D s 2 Sjvaci
s2Z
((=+3))° 1 P
jticke / e 22D s+ 5 2 Sijvaci, (7.5)
s2Z

where §, = e 2@ @) js the squeezing operator (not to be confused with the stabilizers Sy
and $,). The squeezing parameter r and envelope characterises the quality of the states in
the X- and P -quadratures respectively and in the limit (e *; ) ¥ (0;0) the approximate states
converge to the exact states of equation . For =e ' the states can correct noise equally
well in X and P.

However, physical grid states will never exactly be of the form given in equation (7.5). First,
physical states are not pure and are generally described by a density matrix ~. Secondly, the
exact Gaussian envelope can be di cult to obtain and most preparation protocols yield a nite
sum of squeezed states. Therefore, the parameters r and are not well-de ned for practically
realizable states. Instead, more generic gures of merit, the e ective squeezing parameters, have
been suggested in Ref. [101]. They quantify the e ective degree of squeezing in each quadrature
of the peaks constituting the grid state and are de ned as:

™ ¥
§1 1 )
= %—1In — 7.6
NI -T2 o
™ 1
¥ 1 1
= %—1In — ; 7.7
R TR TS .
where the e ective squeezing levels in units of dB are given by gg = 10log;o( 2). The

expectation values in these de nitions are exactly the expectation values of the stabilizers S,
and Sy for square GKP states. High quality grid states should therefore have jhS,—ij 1,
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in which case x-p ¥ 1 dB. These de nitions also have the nice property that for squeezed
states they reproduce the squeezing parameter, i.e. x(Srjvaci) =e "and p(Srjvaci) = e'.
Furthermore, for approximate square lattice grid states of Eq. we extract the parameters

x(0ickp) =€ "and p(jOigkp) . The last approximation is very accurate fore "; > 10
dB. Thus, if the state resembles a grid state consisting of a grid of squeezed peaks in phase-space,
the e ective squeezing parameters approximately quantify the squeezing of these peaks in each
guadrature direction.

However, it is important to note that the e ective squeezing is not directly related to the fault-
tolerance thresholds. Most GKP-based fault-tolerance thresholds are derived based on the spe-
ci c, approximate states given in Eq. and refer to r and . Any other state can therefore in
general not be guaranteed to enable fault tolerant computations, even when the e ective squeez-
ing parameters are both above these thresholds. Moreover, the e ective squeezing parameters
say nothing about the logic state of the GKP qubit, e.g. a mixed code state might be strongly
squeezed, but might not necessarily be useful for quantum computing.

Nevertheless, it is reasonable to assume that states with a high degree of e ective squeezing
can be used for fault tolerance if they otherwise closely resemble the approximate pure grid
states of EqQ. , e.g. in terms of their delity with the approximate states. In the further
analysis we therefore compliment the e ective squeezing parameters with the delity to verify
the appropriateness of using the e ective squeezing parameters as quanti ers of the protocol
performance. Moreover, we also verify that the produced states have the expected grid structure
in terms of their Wigner function. Another alternative gure of merit is the e ective shift
error [67] which is discussed and calculated in Supplementary Note S1.

Preparation protocol

Several proposals exist for the preparation of approximate grid states [28}48,|79,/88{91,(112}113|
145,|146]. The original GKP paper [28] includes a proposal based on an radiation-pressure-like
interaction between two bosonic modes under the Hamiltonian klagaz in the quantum non-linear
regime. However, experimental realization of the required strongly nonlinear coupling has proven
highly challenging and has not yet been achieved.

In [145], a preparation protocol based on the Rabi interaction Hamiltonian P2, (where 7~ is
the Pauli-x matrix), between the bosonic mode and a two-level system was proposed. Such
an interaction can be realized in trapped ions [45] and microwave cavities [48]. This protocol,
however, has three main drawbacks: First it is probabilistic, with a success probability inversely
proportional to the mean photon number of the generated state. Secondly, the output states have
a box-shaped envelope rather than the Gaussian envelope of equation (7.5). This means that the
e ective squeezing parameters are suboptimal given the number steps required to prepare the
states. Hence, excessively large states need to be generated to obtain useful e ective squeezing.
Finally, the protocol requires qubit measurements, which in realistic systems will constitute a
signi cant contribution to the total preparation time during which the state decoheres.

The two rst issues were solved by Terhal and Weigand in Ref. [79]: By adding a single
measurement-based feed-forward displacement operation as well as suitable qubit rotations, the
protocol is made deterministic. Furthermore, by using a di erent strength of the Rabi interac-
tions, the envelope of the output state is made nearly Gaussian, making the protocol much more
e cient. However, their protocol still relies on qubit measurements, which limits the quality of
the states that can be realistically generated in the laboratory today.
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Figure 7.1: Overview of the grid state preparation protocol. a Circuit diagram of the
measurement-free grid state generation protocol. The bosonic mode interacts with the qubit
through a sequence of Rabi gates with interaction Hamiltonians of the form P~y and >’€’\y to
produce an approximate GKP 1 logic state without measurements. b The Rabi gates can be
viewed either as conditional displacements on the bosonic mode depending on the qubit state or
conditional rotations of the qubit depending on the bosonic state. c Illustration of the protocol
for N = 3 for an in nitely squeezed input state. The ket above each peak in the wave function
represents the state of the qubit entangled with the given peak. The displacement gates ¥ split
each peak in two, creating an entangled state. The disentangling gates W then rotate the qubit
depending on the boson state to remove the entanglement. The preparation gates O rotate the
qubit before the displacement gates to control the envelope of the resulting state.
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Our protocol addresses all the above mentioned problems by adding additional short Rabi inter-
actions of the form )'Q"y, which e ectively act as \deterministic measurements" by disentangling
the bosonic mode and the qubit and further enables us to shape the envelope of the state. This
interaction can be obtained from the P, Hamiltonian by simple rotations of the qubit and the
bosonic mode, i.e. Ay =e ' *#" /el T and X =e T T2MPel =21, Similarly, both interaction
types can be obtained from the more commonly considered Rabi Hamiltonian X*,. Fig. a)
shows a circuit diagram of the protocol. It consist of N groups of interactions, each consisting
of 3 gates:

a preparation gate, 0 = eluxX"y
a displacement gate, Yy = eiVkP "x,
a disentangling gate, W, = eWX"y,

These interactions can be interpreted as either conditional displacements of the bosonic mode
or conditional rotations of the qubit, as illustrated in Fig. [7.I(b). Since the preparation and
disentangling gates are of the same type, i.e. >’%’\y, the preparation gate of round k can be
combined with the disentangling gate of round k 1 into a single gate. The interaction strengths
of the displacement and disentangling gates are given by

C
- PN 1 ik =1, 8)
k (pzN K ifk> L '
p_
-2 N R ifk<N,
Wk = P- it k = (7.9
- if K=N.

while the interaction strengths of the preparation gates, uk, are found numerically (see Sup-
plementary Note S2). In the rst round the optimal preparation gate strength is u; = 0 i.e.
0 = (*so 04 is thus ignored in Fig. a). The input state is a squeezed vacuum state Syjvaci
and the output state is an approximation to the state jligkp, Which can subsequently be trans-
formed into an arbitrary grid state, as will be discussed later. Note that all gates commute
with D@ 2 ) = e‘zpfk. Therefore, x is left invariant under the protocol, i.e. the e ective
squeezing of the output state in the X-quadrature is x = e ". The e ect of the protocol is
thus to create a superposition of 2N squeezed states and thereby improve p. The e ect of each
gate is illustrated in Fig. [7.1(c) for the case of N = 3, but the procedure can be extended for
arbitrary N.

Infinitely squeezed input states

To illustrate the functionality of the gates, we rst consider an in nitely squeezed input state,
jX = 0i. For brevity we will use the notation jX = Xpi = jXpix in the following. The rst
operation is the displacement gate ¥, which creates an entangled boson-qubit state:

L 1 — . — .

V1j0ixj0i = P> N 1P Jri+ 2N 1P J i (7.10)
where j i = (jOi jli):pi. The disentangling gate then rotates the qubit to erase the entan-
glement:

L 1 — — L.
V01 V1j0ixj0i = P> N 1P N 1P jli: (7.11)

X X
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Figure 7.2: Quality of states generated with nite squeezing. a E ective squeezing in the P
quadrature, p, as a function of squeezing in the X quadrature of the input state after N
rounds.  x is invariant under the protocol. The dashed lineis p = x = e ". b Left
Wigner functions of the generated states for N =2 and N = 3 with 11:5 dB and 16:6 dB input
squeezing respectively. The plotted states are marked with (i) and (ii) in (a). Right: Wigner
functions of the target approximate GKP states given by equation ([7.5).

We have thus created a superposition between two squeezed states. The second round splits each
of these peaks in two, creating a total of four peaks:

(V02 U>) (W1 V1)j0ij0i =
1 p— pP— pP-— p- ..
P by 3 2N 2 +a; 2N 2 ap 2™ 277 +by 3 2N 2T jlir (7.12)

X X

The coe cients are controlled by the preparation gate and are given by a; = sin( =4+2N 1IO*uz)
and by = cos( =4+ 2N 17u,). The third round creates 8 peaks and so on for a total of 2N
peaks after N rounds. Thus, the resulting state is

(0} 1

@% o 2k 2N 1 P- Aoi; (7.13)
k=1

where the coe cients cx can be optimized by tuning the strengths of the preparation gates
(see Supplementary Note S2). For these in nitely squeezed input states we can obtain p =
£6:6; 11:6; 16:6;20:6g dB, for N = f1;2;3;4g, and x = 1 dB as x is determined solely by
the initial squeezing of the input state.
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Finitely squeezed input states

For a nitely squeezed input state the protocol outlined above is not exact, and in particular

the disentangling operation is not exact. Thus, after tracing out the qubit the resulting state is

mixed, but the e ect on p of the output state is very small. This can be seen in Fig. a)

which shows p as a function of the input squeezing. Since x =e " is preserved during the

protocol, high e ective squeezing can be obtained simultaneously in both quadratures even with
nitely squeezed input states.

Note that, as seen from Fig. [7.2 even with vacuum input a signi cant amount of e ective
squeezing can be obtained. By applying the protocol twice, once in each quadrature direction, we
can therefore generate grid-like states with high degrees of e ective squeezing in both quadratures.
However, a careful analysis (presented in Supplementary Note S3) shows that these states are not
well-de ned pure states in the GKP basis, and therefore, seemingly, unsuitable for GKP-based
computations.

In Fig. b) (left) we present the Wigner functions of the generated states for N =2and N =3
with input squeezing of 11:5 dB and 16:6 dB respectively, in which case equal e ective squeezing
in X and P is obtained. For comparison, we also plot the Wigner functions of the corresponding
target approximate grid states given by equation with the same amount of squeezing (right
plots in Fig. b)). For N = 2 we observe very small di erences in the edges of the states which
are caused by the cut-o in the number of squeezed states in the superposition of the generated
state. Despite these di erences, the resulting delity is already 93:5%. For N = 3 the di erences
becomes much less pronounced and the delity increases to 99:3%. Thus, very few rounds of
operations are required to make grid states with high e ective squeezing and near unity delity
to the commonly considered approximate grid states of equation (7.5).

Preparation of arbitrary logical states

The state generated so far is the logical jli state of the square GKP code. It is, however,
important to be able to generate an arbitrary logical grid state, i.e. of the form c¢gjOigkp +
C1jligkp. In particular, magic states, such as jHi = cos( =8)jOickp + sin( =8)jligkp are
highly important as they serve as resources for performing non-Cli ord operations via gate
teleportation [147].

Furthermore, non-square rectangular grid states{which are equivalent to squeezed square grid
states{are also a useful resource, as they remove the need for in-line squeezing using a newly
developed modi ed Glancy and Knill error recovery scheme [69]. In the following we thus discuss
how to generate the arbitrary logical grid state with both rectangular and hexagonal lattices.

We rst note that rectangular lattices map onto square lattices simply by scaling the quadratures,
i.e. X ¥ CX and P 1 C P where C is the scale factor. These scalings can consequently be
straightforwardly implemented by appropriate scaling of the interaction parameters, i.e.u ¥ Cu,
v I C vandw ¥ Cw. To generate hexagonal states we utilize the fact that the hexes]onal

logical jli state is identical to the logical jli state of the rectangular lattice with =i {%

and = 3 . We can thus also initialize the logical jli state of the hexagonal lattice.

The circuit diagram shown in Fig. a) shows how to map the logical jli state into arbitrary
logic states using three Rabi-interactions @, ¢ and w. The idea is to proceed with the scheme
for generating the logical j1i state, but exploiting the linearity of the protocol and the fact that
the e ect of the displacement gate depends on the state of the qubit. Therefore, by initializing
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Figure 7.3: Preparation of arbitrary logical GKP states. a Circuit diagram for preparing arbi-
trary logical GKP states. b Wigner functions for various logical square grid states numerically
generated using our scheme with N = 3 and 16.6 dB input squeezing. ¢ Wigner functions for var-
ious logical hexagonal grid states generated using N = 3 and 15 dB input squeezing. The arrows
in the top plot of (b) and (c) show the directions and magnitude of the stabilizer displacements

S, and S,.

the qubit in the state coj 1 c1j+i, we e ectively transfer the coe cients of the qubit onto the
grid state, leaving the qubit in the jOi state. The additional two, unconditional, displacement
operations ensure that the resulting state is on the lattice. The rst operation D( =4) can be
e ectively implemented during the preparation protocol by inverting the sign of wy, while the
second unconditional operation D( =4) simply shifts the lattice for all states and can therefore
be virtually implemented by a shift of reference frame. The strength of the rst conditional
operation u’, and the qubit-dependence of the preparation gate & depends on the target logical
state and are found by numerical optimization (* = cos( )"x+sin( )"y represents a generalized
Pauli operator in the x{z plane). The gate @ is not crucial for the scheme, but only improves
the quality of the output states by allowing a degree of control over the envelope of the output
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Figure 7.4: E ects of physical noise sources. E ective squeezing in X and P for a square grid
state as a function of noise rate for di erent noise sources during the preparation protocol. is
the noise rate and T is the time required to implement eiX% and eiP ",

state. The strength of the disentangling gate W is w’ = =(p§Re( ).

Fig.[7.3(b) and (c) show the Wigner functions of various logical states with square and hexagonal
lattices respectively, numerically generated using this protocol, showing clear, well-de ned grid
structures.

Effects of noise

We now consider the e ect of relevant noise sources on our protocol. To include noise e ects
in our model, we consider each gate as being implemented with a speci ¢ Hamiltonian for a
set duration, e.g. the gate eicR?Yy s implemented via the Hamiltonian A = %)’Q"y within the
time t = cT. To simulate the added noise, we use a master equation approach in which noise is
included in the Lindblad terms [

%: Har et o % o+ OF (7.14)

where is the density matrix of the composite boson-qubit system. We consider four common
noise channels:

Boson loss: [ = P-a
Boson dephasing: [t = P—(aay + ava)
Boson heating: [}; = P n+na L, =Py
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Qubit dephasing: (= P—»,

Qubit decay: [ = P~(~, +ir)=2

For the boson heating Lindbladian n is the mean occupation of the envirﬁwment which IBouples to
the system with rate .. Here we consider the case of large n such that c(n+1) “cn
such that the heating rate of the system is constant. The e ect of these noise sources on the
e ective squeezing of the output states is shown by the solid lines in Fig. [7.4] For each noise
source we consider N = 2 and N = 3 rounds with 11:5 dB and 16:6 dB squeezed input states
respectively. It is clear that our protocol is sensitive to all types of noise. By increasing N
we also increase the implementation time of the protocol, thus increasing the e ect of noise.
Therefore, there exists an optimal number of rounds that depends on the magnitude and type
of noise. E.g. for large noise contributions, two rounds (N = 2) of the scheme produces states
with higher e ective squeezing degrees than three rounds (N = 3), and this is simply a result of
the extended time over which noise can accumulate. This clearly illustrates the importance of a
fast preparation protocol.

Even though the quality of the generated states is limited by qubit and bosonic errors, the
e ect of qubit errors can be signi cantly suppressed by adding a few qubit measurements, after
each of the disentangling gates W. In the noiseless case, the qubit should be in a known state,
disentangled from the bosonic mode at these points, as illustrated in the rightmost windows of
Fig. c). Therefore, if we measure the qubit in a di erent state, we know that an error has
occurred, and the realization should be discarded and the protocol restarted. The result of such a
postselection strategy is shown by the dashed lines in Fig.[7.4] demonstrating that we can improve
the e ective squeezing of the output state by several dB. Bosonic errors, on the other hand, are
largely una ected by the postselection strategy. Thus, when these errors are dominating the
only way to improve the output states is to increase the interaction speed or reduce the rate
of the noise. For the calculation of Fig. [7.4 we assumed instantaneous measurements to isolate
the e ect of qubit projections. In real systems the measurements will take time, during which
noise accumulates thus resulting in lower e ective squeezing parameters. However, compared
to the measurement-based schemes, e.g. phase-estimation [79], we require exponentially fewer
measurements and therefore still attain a signi cant speed-up.

Using realistic noise parameters and operation speeds from recent experiments with trapped
ions [43] and microwave cavities [48], we nd that grid states with e ective squeezing param-
eters above 10 dB in both quadratures can be realistically generated in both platforms using
input states squeezed by 11 dB (see Supplementary Note S4). Squeezing levels of 12.6 dB in
trapped ions [46] and 10 dB in microwave cavities [148] have been experimentally generated.
The method used for generating squeezed states in trapped ions has been experimentally demon-
strated to be compatible with further manipulation using Rabi gates [43], while the method used
in the microwave regime requires specialized structures which could compromise the quality of
subsequent gates. However, it has recently been shown that Rabi gates can be used to deter-
ministically generate the required squeezed vacuum states starting from vacuum [35]. Thus the
protocol presented in this work can readily be implemented in any qubit-oscillator system where
Rabi interactions can be e ciently implemented.
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7.4 Discussion

In conclusion, we have presented a measurement-free protocol to deterministically prepare GKP
states using only few interactions of the type )’("y and P, which are readily available in
trapped-ion and microwave-cavity platforms. Our protocol requires no measurements, resulting
in a speed-up over previous methods, which enables the generation of grid states with high
e ective squeezing levels. Furthermore, by adding a few measurements we can partly detect qubit
errors, thus making the protocol robust against qubit noise. Although the exact requirements
for general CV states (i.e. states not exactly on the form of Eq. ) to enable fault-tolerance
with the GKP encoding are yet unknown, it seems reasonable that states generated using this
protocol su ces, due to their high delity with the commonly considered approximate grid states

of Eq. (7.9).

Finally, our protocol exempli es the versatility of sequential applications of non-commuting Rabi
Hamiltonians, e.g. P and >’€’\y, demonstrating that highly non-Gaussian states can be deter-
ministically engineered with only a few of these interactions. The full power of such repeated
combination of Rabi interactions remains still relatively unexplored, but we expect that many
other interesting applications are possible using this technique.

During the publication of this manuscript the protocol was experimentally implemented in a
trapped ion system [111].

7.5 S1: Effective shift error

In [67] it was show that small displacement errors orbideal grid states can be perfectly corrected,

if the magnitude of the displacements are less than = =6. Furthermore, any bosonic state can
be expanded in a basis of shifted ideal grid states:
Zp- Zp-  ZP—, ZP
= . du _ duf b,V b dv? viuoveju; vinu®; V; (7.15)

where

jusvi = %6(u:p§)|ﬁ( iv:pi)jOiGKp: (7.16)
The e ective shift error, de ned as the pro%bility that an approximate logical 0 GKP state has
an intrinsic displacement error larger than = =6 is then given by:

p_ Z p7:6 Z p7:6
Perrore =1 b U dvouvy (7.17)

=6

As pointed %ut in [105], a low P::ro:r6 is both su cient and necessary for useful GKP stat'gs. Fig.
shows Perror” Of the states generated using our protocol. The tendency for smaller Perror” for
large N and large input squeezing con rms that the generated states arglndeed suitable for the
GKP error correction protocol. For comparison, the dotted line shows Perror’ Of the approximate
grid states given by Eq. of the main text. For low input squeezing and high N our states
perform slightly better than the approximate states. This is because high N states have low
errors in the P quadrature, independent of the input squeezing. However, since Perror depends
on the quality of the state in both X and P, we cannot keep improving it by solely increasing
N, without also increasing the input squeezing, and vice versa, as seen from Fig. [7.5
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Figure 7.5: E ective shift error as a function of input squeezing. Dashed lines show the limits
for in nite squeezing. The black dotted line shows the e ective shift error for the approximate

GKP states given by Eq. (7.5) of the main text.

7.6 S2: Preparation gate interaction strengths

The preparation gates are used to shape the envelope of the prepared grid state in order to
optimize the quality of the states. For in nite input squeezing, the coe cients of Eq. (7.13) from

the main text for N 2 2;3;4 are:

N =2:
N=3
N=4

¢y =cos( =4+ 2p7u2)
c, =sin( =4 + 2p7u2)

c1 =cos( =4+ 4p7u2) cos( =4+6
c, =cos( =4+ 4pfu2) sin( =4 + 6p
c3 =sin( =4+ 4pfu2) cos( =4+ 2p
Cq =sin( =4 + 4p7u2) sin( =4+ 2

p_

p_

us)
Ug)

usz)
uz)

p_

¢y =cos( =4+ 8p7u2) cos( =4+ 12p7u3) cos( =4+14  uy)

c, =cos( =4+ 8pfu2) cos( =4 + 12pfu3) sin(
c3 =cos( =4+ 8pfu2) sin( =4 + 12p*u3) cos(
cq =cos( =4+ 8pfu2) sin( =4+ 12p7u3) sin(
cs =sin( =4 + 8pfu2) cos( =4+ 4pfu3) cos(
Co =sin( =4+ 8" uy) cos( =4 + 4P "ug) sin(
c; =sin( =4 + 8pfu2) sin( =4 + 4pfu3) cos(
cg =sin( =4 + 8pfu2) sin( =4 + 4pfu3) sin(

=4+ 14" uy)

=4 +10 uy)

=4 +10  uy)
=4 + 6pfu4)
=4+6  Uy)
=4 +2  Ug)
=4 +2 uy)

p_
p_
p_

pP_
p_
p_

(7.18)

(7.19)

(7.20)
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Table 7.1: Optimal interaction strengths uyk, and resulting e ective shift errors and e ective
squeezing for N = 1;2; 3;4. The optimal distribution is calculated by optimizing over all ¢k in
Eq. and the at distribution is given by equal ck’s, which is obtained by removing the
"preparation gate" in our protocol.

L P—g -
H Optimize P, o, H Optimize p H
. . Optimal . . Optimal Flat
N FEEA U5 un] This work | gistribution || [Y1777 UNI This work | jistribution || distribution
1 | Perror® 0] 39 10 ' [ 39 1017 0] 39 10 1 |39 10°? 39 10 '
B 6:6 dB 6:6 dB 6:6 dB 6:6 dB 6:6 dB
Porrar® 0 9:3 10 | 9:3 10 ? o 97 10 ? | 97 10 ? 12 10 *
2 | e || 00048 11:6 dB 11:6 dB [0: 0:093] 11:7 dB 11:7 dB 10:4 dB
3 | Perror® || [0:0:053; 23 10 * [ 21 10 3 [0; 0:04; 67 10 * [ 76 10 3 7:8 10 ?
B 0:033] 16:6 dB 16:6 dB 0:026] 17:0 dB 17:0 dB 13:7 dB
4 | Perror’ [0; 0:038; 6:1 10 ° [ 51 10 [0; 0:024; 1:8 10 ° | 1:3 10 ° 33 10 ?
P 0:027;0:015] | 20:6 dB 19:9 dB 0:015;0:008] | 22:3 dB 22:6 dB 16:9 dB

and Cm = Con maq form > 2N 1. Using these expressions one can tune the interaction strengths,
Uk, to optimize the quality of the prepared grid state with respect to any desired gure of merit
(FOM). In general, for tBe nite sum of 2N in nitely squeezed states as given by Eq. , the
expectation value of D(" 2 ) used to calculate p (Eq. (7-3)) is given by

28«1
h@(pf)i = % CsCs1; (7.21)

s=1

P—_
and the grid-state-basis wavefunction -,y used to calculate Perror’ (Eq. (7.17)) is given by
23 2
1=2 CounN 1 cos(zp*sv IO*) (u); (7.22)

s=1

uviuy = 2

assuming symmetry around X =0, i.e. Cp = Con  m+1-

T@Je@]shows the calculated optimal interaction strengths and obtained FOMs when optimizing

Perror’ and  p respectively. For comparison, we also compute the FOMs for the unconstrained
optimal distribution, i.e. when freely optimizing over all possible coe cients cx. We see, that
even though we have only N degrees of freedom to tune 2N 1 independent variables, we can
otggin practically optimal FOMs. The only notable di erence is for N = 4 when optimizing
Perror, for which the optimal distribution is two orders of magnitude better than what can be
obtained in our scheme. However, for practical purposes, the quality of the generated states will
be limited by external noise sources, and therefore the optimal number of rounds will likely be
limited to N = 3 (see Supplementary Note S4 .

We also list the values of the FOMs corresponding to a at distribution, i.e. where all c,’s are
equal. Such a distribution is obtained in our scheme by removing the preparation gates. For
N 3 we see a signi cant improvement by tuning the peaks compared to the at distribution.

For comparison, the technique of adaptive phase estimation [79] also prepares a nite super-
position of squeezed states. For M = 7 rounds of phase estimation, 8 peaks are obtained
corresponding to N = 3 in our scheme. The quality of the States obtained depends on mea-
surement resulttngut the best-case scenario for M = 7 has Pem):r6 =41 10 3and p =16:1
compared to Perrore = 2:3 10 3and p = 16:6 for N = 3 of our protocol. Our protocol thus
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outperforms adaptive phase estimation for any measurement outcome. However, the phase esti-
mation protocol has the advantage of generating one peak at a time, and therefore the number of
rounds can be better tuned to optimize the output state given the noise of the particular system.
Yet, we believe that the main advantage of our protocol is the lack of measurements, which
ultimately signi cantly speeds up the protocol, resulting in less accumulated noise. Additionally,
for trapped-ion systems, qubit measurements can disturb the bosonic mode depending on the
outcome, thus requiring postselection even with the phase estimation protocol. Therefore phase
estimation does not scale well in this system, as the success probability decreases exponentially
with the number of rounds.

We generally note that Pep:mfre is @ much more sensitive FOM compared to p. For example,
for N = 4 the e ective shift error can be improved by several orders of magnitude by tuning the
coe cients, whereas the e ective squeezing is \only" improved by less than 5 dB, i.e. less than an
orderbof magnitude. Note also, that for N = 3 the d| erence in  p when optimizing p compared
10 Perror i only 0.4 dB, where the di erence in Perror is approximately a factor 3. This shows
that states with similar e ective squeezing can have signi cantly di erent e ective shift errors.
Since the e ective shift error is more directly related to the error-correcting properties of the
GKP states, care should therefore be taken when comparing only e ective squeezing parameters.

P—_
For the results presented in the main text of this paper we have chosen uy’s to optimize Perror .

For nite squeezing we have found no noticeable improvement in the FOMs by further tuning
the uy’s to take into account the nite squeezing, and we have therefore used the values of uyx
listed in Table [Z] for all simulations.

7.7 S3: No initial squeezing

In Fig. [7.2(a) we showed that high e ective squeezing can be generated without any initial
squeezing in the bosonic mode. This raises the question whether the protocol can be used to
generate grid states directly from vacuum. In particular, one can start from vacuum and apply
the protocol twice, once in each quadrature direction, to generate high e ective squeezing in both
quadratures simultaneously. The Wigner functions of the states generated with this approach are
shown for N =2 and N = 3 in the insets of Fig.[7.6] The states have a clear grid-like structure,
but it is not immediately clear if they represent useful GKP logic states, i.e. if they approach
the form cojOigkp + c1jligkp for some coe cients co and ¢;. To examine this, we calculate the
expectation value of the rotated Pauli operators

OL = (o jeaJ®)ZL + 2 Re(cher) R + 2 Im(chea) P (7.23)

If the generated state approaches a logical GKP state we should have jhQ,ij ¥ 1 for some (co; c1).
Fig. shows the maximum value of jh0_ij as a function of N. We observe that jh0_ij does not
appear to converge to 1, showing that the states do not represent useful GKP logic states. Still,
The generated states do have high e ective squeezing in both quadratures, so they would be a
useful resource for detecting displacements [101].

7.8 S4: Realistic noise parameters

Grid states were generated for the rst time very recently in the motional state of a trapped
ion [43] and in a microwave cavity eld coupled to a superconducting circuit [48]. These exper-
iments obtained e ective squeezing parameters of x; p 2 [5:5;7:3] and x; p 2 [7:4;9:5]
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Figure 7.6: Maximum expectation value over all rotated Pauli-operators in the GKP-logical
subspace for states generated without initial squeezing. The states are generated by applying
the protocol of Fig. a) (main text) twice with a =2 rotation of the bosonic mode in between.
As N increases the expectation value does not converge to 1, showing that these states do not
represent pure GKP logical states. The insets show the Wigner functions of the generated state
for N =2and N =3.

respectively. Note that grid states require high e ective squeezing in both directions simultane-
ously, so for a fair comparison one might consider the e ective squeezing in the direction with
the least amount of squeezing, i.e. min( x; p), which in this case 5:5dB and 7:4dB for the two
experiments respectively. To benchmark our protocol, we simulate it with the Lindblad master
equation, Eq. , using the parameters given in the experiments, as listed in Table The
calculated FOMs as a function of input squeezing are shown in Fig. In both platforms we
can obtain more than 10 dB e ective squeezing in both quadratures simultaneously with > 11 dB
input squeezing. For the trapped ion platform the optimal number of rounds is with N = 2. For
the microwave cavity platform both N =2 and N = 3 allows for more than 10 dB output e ec-
tive squeezing for su cient input squeezing, with N = 3 reaching 12 dB using the measurement
strategy measurement as explained in the main text (dashed lines of Fig. .
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Figure 7.7: E ective squeezing and e ective shift error as function of input squeezing as simulated
using the master equation Eq. (7.14), using the noise types and strengths associated with recent
experiments using trapped ions [43] and microwave cavities [48], as listed in Table

Table 7.2: Interaction timescale and relevant noise types and rates in recent experiments with
microwave cavities [48] and trapped ions [43]. The interaction timescale, T, is the time required
to perform the operations elX" or i "x.

Trapped ion [43]
Interaction timescale T =11 s

T =140 ms
T=77 10 °

Phonon dephasing

Microwave cavity [48]
Interaction timescale T =0:34 s

] T=50 s
Qubit decay T=68 10 3
. . T=60 s
Qubit dephasing T=57 10 3
T=245 s

Photon decay T=14 1032




Chapter 8

Improved readout of
qubit-coupled
Gottesman-Kitaev-Preskill states

In this chapter we present the paper \Improved readout of qubit-coupled Gottesman-Kitaev-
Preskill states" [34], authored by Jacob Hastrup and Ulrik L. Andersen. This work is published
at Quantum Science and Technology.

= 2021 10P Publishing Ltd

8.1 Abstract

The Gottesman-Kitaev-Preskill encoding of a qubit in a harmonic oscillator is a promising build-
ing block towards fault-tolerant quantum computation. Recently, this encoding was experi-
mentally demonstrated for the rst time in trapped-ion and superconducting circuit systems.
However, these systems lack some of the Gaussian operations which are critical to e ciently
manipulate the encoded qubits. In particular, homodyne detection, which is the go-to method
for e cient readout of the encoded qubit in the vast majority of theoretical work, is not readily
available, heavily limiting the readout delity. Here, we present an alternative read-out strategy
designed for qubit-coupled systems. Our method can improve the readout delity with several
orders of magnitude for such systems and, surprisingly, even surpass the delity of homodyne
detection in the low squeezing regime.

8.2 Introduction

Scalable fault-tolerant quantum computation requires physical qubits which can be stored, ma-
nipulated and read-out with very high delity. One promising approach for realising such high
quality qubits, which has received an increasing attention in recent years, is to encode each
qubit into the bosonic mode of a quantum harmonic oscillator, such as the motion of a trapped
particle, or a microwave or an optical eld mode. There are several proposals for such en-
codings [26,28,43,/48,|61,62}65}|82,/105,(126], including the Gottesman-Kitaev-Preskill (GKP)

95
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code [28}/43,148,,/105}|126] which has many advantageous properties. In particular, with GKP
states, a universal set of operations can be performed using solely Gaussian resources [124,/149],
which are generally considered easy and e cient to implement, particularly in optics. Addition-
ally GKP states can be combined with continuous variable cluster states [72},129] or the surface
code [131,135] to achieve fault-tolerance. Furthermore, the GKP code has been shown to out-
perform other encoding schemes in terms of its e ciency in correcting against loss [53,/55], which
is the main noise factor in many bosonic systems.

These favourable features have sparked numerous new studies on applying GKP states for optical
quantum computing [74,(75,(105]. Still, the generation of GKP states in the optical regime has
proven extremely challenging and has so far not been demonstrated experimentally, despite
several theoretical proposals [88f91,/150]. However, recently GKP states were generated for the

rst time in the motional state of a trapped ion [43] and in a microwave cavity eld coupled to
a superconducting circuit [48]. These experiments were made possible by the strong coupling
between a bosonic mode and an ancillary qubit, enabling non-Gaussian transformations of the
bosonic mode, which is required to produce GKP states. Yet, these experimental platforms lack
some of the crucial Gaussian operations that are required for complete manipulation, stabilization
and read-out of the encoded GKP qubit [28]. Therefore, new methods speci cally designed to
qubit-coupled systems are required to take full advantage of the GKP encoding in these systems.
For example, stabilization has already been demonstrated using the qubit-coupling [48], but
the lack of homodyne detection, i.e. direct measurement of the bosonic quadrature operators,
severely limits the read-out delity [126].

Here we propose an improved readout scheme for qubit-coupled GKP states. Our method relies
on mapping the logical information of the GKP qubit onto the ancilla qubit state. This is similar
to the known method based on phase-estimation [79], but by adding an additional interaction
between the qubit and the oscillator, we achieve much higher read-out delity. In particular,
for a GKP state composed of peaks of width , the read-out error of our scheme scales as ©
whereas the previously used method based on qubit-coupling scales as 2. Thus, as an example,
for a 10 dB squeezed GKP state our method improves the read-out delity from 96:22% with
known techniques to 99:98%.

8.3 Preliminaries

We consider GKP states which are encoded into a bosonic mode with quadrature operators ¢
and p satisfying [6;] = i. The code states of the square GKP erB(Eing are dep@d in the
common +1 eigenspace of the commuting displacement operators B(' 2 ) and D(i’ 2 ), where
B( ) =e 2i¢_Rel 10+Im[ 19 The computational basis states are then de ned as the 1 eigen-
states of D(i°  =2), which acts as a logical Pauli Z operator. However, ideal GKP states are
unphysical, as they require in nite energy. Instead, the physically releﬁm)asis states are thus
only approximate eigenstates of the logical Pauli Z operator, i.e. DG =2)i 1. There are
multiple ways of expressing such approximate states. In this work we consider the commonly
used expression for which the basis states consist of a superposition of multiple squeezed states
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Figure 8.1: Wigner functions and quadrature distributions of the approximate GKP states given
by Eq. for symmetric = ! with 9 and 15 dB squeezing respectively. The dashed lines
in the quadrature distributions show the vacuum quadrature distribution (not normalized) for
comparison.

of width , under a Gaussian envelope of width

r__
X P .
joiz e (22)=°p 525 ¢ jvaci (8.1a)
s2Z
r__
< p_ ,
jitiz e (CzEs)=2H 5@s+1) $ juaci; (8.1b)
s2Z

where jvaci is the vacuum state and § = e 2'n()EPD js the squeezing operator. These
approximate code states approach the ideal states for ( ; 1) ¥ 0. The amount of squeezing
is often expressed in dB as gg = 10log;o( 2). Fig. shows example Wigner functions
and quadrature distributions of the GKP jOi states with 9 and 15 dB squeezing respectively.
For comparison, experim?gtjlly produced statesrave so far demonstrated measured stabilizer
expectation values of hD( 2 )i = 0:56 and hD(i' 2 )i = O:ZB corresponding to e eBive squeez-
ing levels [101] of 5.5-7.3 dB in a trapped ion [43] and hD( 2 )i = 0:62 and hD(i° 2 )i = 0:5
corresponding to 6.6-8.2 dB e ective squeezing in a microwave cavity [48]. Note that since the
measurement of the stabilizers in these experiments are prone to imperfections during the mea-
surement process, the actual squeezing levels could be slightly higher and care should be taken
when directly comparing the di erent platforms. In principle, the protocols used in those ex-
periments can produce arbitrarily large amounts of squeezing, but in practice the performance
is limited by noise, such as bosonic dephasing and losses as well as errors introduced via qubit
couplings [43./48].

It is common to consider the symmetric case where = 1, but in this paper only s
relevant, as we consider only read-out in the computational, i.e., Pauli Z basis. If instead one
wishes to read out the GKP qubit in the Pauli X basis, this is done by changing ¢ ¥ @ and
p ¥ 4 in the following operations in which case  * becomes the relevant quantity. While we
initially consider the pure states of we will later turn to more realistic mixed states.

We now consider the problem of how to reliably distinguish between the states jOi and jti in a
physically relevant setting. In particular, we wish to minimize the measurement error probability

Pere = 3 (9(10) + P(OL); 82)

where p(Xjy) is the probability of obtaining measurement outcome X given the input state y.
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Since the approximate states jOi and jIi are not orthogonal, this problem is ultimately bounded
by the Helstrom bound [56]:

1 Q—-
Perr perr,HeIstromZE 1 1 JhOJIUz : (8.3)

The Helstrom bound drops very rapidly with decreasing , but is generally not achievable in
a realistic setting. Instead, homodyne detection is often considered as a practical and e cient
read-out method. With th'B method, the state is measured in the bosonic §-basis, and the '5e5ults
closer to even multiples of ©  are considered a 0 while results closer to an odd multiple of © are
considered a 1. The measurement error probability for homodyne detection, assurﬁing a negligible
overlap between neighbouring squeezed states of the basis states, i.e. jivacj$’ D( 2 )$ jvacij

0, is given by: p_ )
Perr,homodyne = erfc 7 — €& 472 (8.4)

where the second approximation follows from a series expansion of the complementary error
function. The exponential term in Eq. causes the measurement error probability to drop
rapidly with decreasing , i.e. homodyne detection is very e cient for highly squeezed states.

However, while homodyne detection can be e ciently implemented in free-space optics, it is less
practical for microwave cavities or trapped ions. Instead, these systems can couple to an ancilla
qubit, e.g. a superconducting transmon qubit for the microwave platform or an internal spin
state for the trapped ions, and the state of the ancilla qubit can subsequently be measured. In
particular, it is possible to realise a Rabi-type interaction Hamiltonian, §, where "y is the
Pauli X operator of the qubit [48,[83]. The action of this Hamiltonian is sometimes referred to
as a conditional displacement, as the bosonic mode gets displaced in a direction depending on
the state of the qubit, entangling the qubit and the oscillator. Such interaction can be used to
read-out a GKP-qubit using the following simple circuit [43}/48./126]:

Joi ] .
bosoni?llfnlzde P (85
i Ux 1o
i
unbit T
where
Uc( ) =expli( Re[ ]Jo+Im[ ]6) "] (8.6)
for k 2 fx;y; zg. The expected measurement outcome of the qubit is Prob(j1i) = % 1 Re D ipg
For ideal GKP basis states for which D ipg = 1 we achieve a perfect read-out. For the
approximaii% states jOi and jTi, with negligible overlap between neighbouring squeezed states, we
have D i 5 = e 3 ?, so the measurement error probability is:
1 7 ° 2.
Perr,simple = > 1 e = g 8.7

This scaling is signi cantly worse than the homodyne strategy of Eq. . The scaling can be
improved by running the circuit multiple times and considering a majority vote, but because of
the measurement back-action this strategy has diminishing returns. Additionally, multiple runs
of the circuit results in an increased total measurement time during which the state accumulates
noise.
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8.4 Protocol

In this work we propose to modify the circuit in (8.5), adding an additional Rabi-type interaction
of the type p*y with interaction strength

j lekp — ] b [— (8.8)
Uy( ) Ux i+
oi
Forj j 1, the measurement error probability of this circuit is given by (derivation given in
Appendix A):

1 _ 2 R o
Perr,improved = 2 1 e 3 ’ e 2 +sin( ) (8.9
which reduces to that of Eq. (8.7) for = 0 as expected. However, for & 0 it is possible to
achieve a better scaling. The minimum is ?ghieved for satisfying 2,e I cos(C ),
which for small  is approximately at =" 2=2. Inserting this into Eq. and expanding

to lowest order in  we get:

perr,improved Yy y
tval
0:4

i.e. a signi cantly better scaling than . The measurement error probabilities of the di erent
methods are compared in Fig. B.2g. The blue curve shows the result of circuit (8.8), with the
optimum  chosen for each point. We see a clear improvement over the simple circuit in (8.5), i.e.
for =0, even when using multiple runs of the simple circuit. For a squeezing of less than 9 dB
the modi ed circuit even outperforms homodyne detection. We found that using circuit we
could not further improve the performance using multiple rounds and majority voting. This is
because the measurement back-action upon getting the wrong measurement heavily modi es the
input state, making subsequent measurement rounds useless (see Appendix B for details). One
important thing to note is, that the optimum interaction parameter, , depends on the quality,
or , of the input GKP state. This is di erent from the homodyne measurement strategy or the
simple circuit, both of which are constructed independently on the quality of the input state.
Therefore, it is important to calibrate the modi ed measurement circuit, i.e. tuning , according
to the squeezing of the input state. Fig.[8.2b shows the performance when xing at di erent
values. For large amounts of squeezing we see that the circuit performs optimally only for input
states in a narrow region. In a practical setting it might be di cult to consistently x the
squeezing level of the state to be measured, as it could depend on previous operations of the
state. Therefore, the average measurement error probability will likely be higher than what is
predicted by Eq. (8.9). However, from Fig. we see that the results are generally improved
compared to the simple circuit for a wide range of

(8.10)

So far we have considered only the states of Eq. (8.1). However, these states might not necessarily
be physically realistic as, for example, they are pure. Instead, we can construct more general
mixed GKP states by applying a Gaussian displacement channel of strength  to the pure states
of Eq. (8.1): 7
1
T2

d? e ”56( )j~ih~jBY( ); (8.11)

where is the density matrix of the output state and 2 f0;1g. The performance of the simple
circuit (8.5) does not depend on the exact form of the input state but only on the expectation
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Figure 8.2: (a): Measurement error probability, perr, for various measurement strategies. The
red =0 lines correspond to circuit (8.5), while the blue line corresponds to circuit with
the interaction parameter chosen to minimize perr. (b): Performance for xed as a function of
the input squeezing. For large amounts of squeezing the optimal performance is only achieved in
a narrow range, requiring good knowledge of the input state. (c): Performance for mixed states
generated by applying the Gaussian displacement channel, Eq. (8.11)), to the pure input states
of Eq. (8.1). For such states, the purity, P, heavily impacts the performance of the protocol,
although the performance is always improved compared to the simple circuit.
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value D ipg . In fact, one can use a similar expectation value to de ne an e ective squeezing
parameter . as [101]:
N4 '
U 1 1 !
e — %* In ——p—= (8.12)
2 b 2)ij?

allowing us to describe the amount of squeezing in an arbitrary state. For the stafes of Eq.
we simply have . = . For the mixed state of Eq. we have . = 2+2 2, By
tuning and we can thus now construct GKP states of arbitrary purity, P = Tr( 2), and
e ective squeezing. Fig. [8.Zc shows the performance of the circuit for states of di erent purity.
We see that the performance degrades for mixed states, although we still obtain superior behavior
compared to the simple circuit. This performance degradation can be understood by the fact
that the circuit is not robust against shifts of the GKP sbate by an integer multiples of the
GKP lattice spacing along the p-axis, i.e. shifts of the type D(i’ 2 n) for integer n. Usually, such
shifts leaves the logical information of the GKP state intact, and indeed they do not a ect the
measurement result using homodyppjetectio_n ogjghe sirﬁoﬁ circuit in . However, for the
circuit in (8.8) we have Uy ( O@G 2 n)=e2n " VO( 2 n)Uy( ). Thus a displacement of
one or more lattice spacings along the p-axis before the measurement circuit induces an unwanted
qubit rotation around the y-axis. The mixed state can to some degree be interpreted as a pure
approximate GKP state which has experienced an unknown integer lattice displacement. This
therefore results in an unknown rotation of the qubit which ultimately increases the error rate of
our circuit. In the literature, GKP states are commonly only quanti ed in terms of their squeezing
level, with the purity being less relevant as it plays no role for e.g. homodyne detection. It is
therefore unclear what levels can be expected in experimental setting, which will also likely vary
between platforms. Note that the mixed states were constructed in one particular way in this
paper, i.e. by combining Egs. and (8.11). The purity alone might therefore not accurately
describe performance of the protocol for other states. Still, the result of Fig. [8.Zc indicates that
high quality states with features beyond just the squeezing are required to take full advantage
of the improved measurement scheme.

8.5 Conclusion

We have presented a protocol for e cient read-out of a GKP state in a qubit-coupled oscillator.
Our protocol reduces the measurement error rate froma  2-scaling with previously known meth-
odstoa ®-scaling, enabling low error rates in the absence of homodyne detection. Our protocol
is sensitive to the exact form of the input state, with a reduced performance for mixed states.
However, our results demonstrate that homodyne detection might not be crucial to e ciently
utilize the GKP encoding, e.g. in microwave cavities or trapped ions.

Note added: After preparing this paper, we became aware of a parallel work by de Neeve et.
al [111] which experimentally implements the measurement protocol presented here on a trapped-
ion platform. Furthermore, they provide a physical interpretation of the improvement obtained
by the added interaction. Additionally, we became aware of work by Royer et. al [151], which
considers similar alternating Rabi-type interactions to autonomously generate and stabilize ap-
proximate GKP states. Those works thus complement the analysis presented in this paper.
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8.6 Appendix A: Improved measurement error probability

Here we derive Eq. of the main text. To do so we calculate the probability of measuring
the qubit in state O after the application of circuit (8.8) with input GKP state jOi or jTi. This
probability is given bx the norm of the (not normalized) post-measurement state, jh oj oij,

where j oi =h0jUx i—- Uy ( )j i jOi with input GKP state j i given by Eq. (8.1). First

pP—
we compute the operation h0jUyx i— Uy ( )j0i. For this it it convenient to write the U gates
as:

Uy( )=Dq j+iih+ij+DY j iih ij (8.13)
P—

Ux i7 =0, j+i+j+DY | ih j; (8.14)
wherg B, = B( =2), B, = BGP=2"2), and j ii = Goi ijt)="2 and | = (oi
jli)=" 2 are the Pauli-y and Pauli-x eigenstates respectively. Thus jOi = (jii +] ii)= 2.

From the rst gate we get:
Uy( )joi= 1915 B,jii + BYj i (8.15)

Transforming the qﬁ’:?,it states into the x-basis through jii = e' *(+i ij i):p§ and j ii =
el A ij+i+j i)= 2, we get:

i:4h i

Uy ( )j0i=e2 B, 0B jri+ D +DY i (8.16)
Applying the second gate:
p* ei :4h i
Ux i Uy( )j0i = = D, B, DY j+i+Dy D, +DY ji: (8.17)

After measuring the qubit in state jOi:

P- i =ah i
hOjUy i7 Uy ( )J'Oiz%azi D0, D0y iDYD; + DYDY ; (8.18)
thus Cah ;
i oi:%% B,0; 0,07 iDO, + B j i (8.19)

We now calculate p(0j0) by inserting the expression for the approximate GKP 0 state, jOi (Eq.
) and calculating the norm. Here we assume that the circuit do not cause an overlap
between distinct peaks of the GKP state, which is valid for small . Fixing s in Eq. , the
post-measurement norm of a single peak is then:

— yh i
%jhvach\ylﬁ 525 BBy B0 iBy0 + BB
-

h i —
D,0; iD,DY BB, +DBIBY D 52 $ jvacij: (8.20)
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This expression consists of 16 terms, which can be evaluated using the relations hvacj( )jvaci =

D + )and YB()S =D (Re( )= +ilm( ) ). The 16

e 17722, B()D( ) = el'm

terms are:

r— r_
hvacj$Y D E25 D, B¥B,BID §25 $ jvaci
. r_
=hvacj$¥ D E25 BIBYB,D.D §Zs $ jvaci
r— r_
=hvacj$¥ D E25 D, 0,0¥BID EZs $ jvaci
. r
=hvacj$¥ D 528 BYB,BIB.D 528 $ jvaci=1 (8.21)
.y r_
hvacj$¥ O E25 B, 5¥5,5,0 EZs $ jvaci
— r_
=hvacj$’ D 528 BYDYDB,BID 528 $ jvaci
— r_
=hvacj$¥ D E23 B,0,050,D E25 $ jvaci
— r_ .
=hvacj$” D 525 BYD,DIBID 525 S jvaci=e = (8.22)
r r_
hvacj$” D 528 B, ByBIBID 528 $ jvaci
o r_ .
=hvacj$’ D 528 B,0,0,0Y0 525 S jvaci =e 2s¢ ¥ g 7 ° (8.23)
— r_
=hvacj$’ D 528 BYDYBID. D 528 $ jvaci
— r_ .
=hvacj$’ D 528 BYD,0,0,0 525 $ jvaci =e 2%’ e @’
(8.24)
— r_
hvacj$Y D EZs D, B¥BIB, D E25 § jvaci
. r_
=hvacj$¥ D 528 BIBYBIBID 525 $ jvaci
. r_
=hvacj$”¥ D E25 D,0,0,0,D E25 § jvaci
— r_ .
=hvacj$”¥ D 525 BYH,H,BYD 528 S jvaci =e 2% ze 7 (8.25)
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Figure 8.3: (a): Approximate GKP state jOi with 10 dB squeezing. (b): Wigner functions
and quadrature distributions of the post-measurement states of the simple circuit upon
measuring the qubit in states jOi and j1i respectively, given the input state shown in (a). (c):
Post-measurement states for the improved circuit (8.8).

Inserting these into Eq. we nd that each peak contributes with:
1 h 2 2 pP— i
5 1+e 7 cos(2 s) e ~Z +sin( ) (8.26)
Since s is an integer, i.e. cos(2 s) = 1, all peaks contribute equally (apart from their initial
weighting from the broad Gaussian envelope), and the measurement error probability for the
GKP 0 state is is thus
1 h 2 2 pP— i
p(1j0) =1 p(0j0) = 3 1 e = e “Z +sin( ) (8.27)

Similarly, we can calculate the probability p(0j1) by considering the input state jIi for which the
result can be obtained directly from Eq. (8.26)) by changing s ¥ s+%. Inthiscasecos(2 s)= 1
and we get

p(0j1) = p(1j0): (8.28)
Thus in total the measurement error probability is
h i
1 . . . 1 2 _2 . —
Perr = 5 (PO + PN =pO) =3 1 e = * e =z +sin(" ) (8.29)

8.7 Appendix B: Post-measurement state

Since we don’t directly measure the bosonic mode, one could try to repeat the measurement
circuit to gain more accurate information on the input state. However, the qubit measurement
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also projects the bosonic mode into a post-measurement state, which is not necessarily suitable for
following operations or measurements. In Fig. [8.3we show the Wigner functions and quadrature
distributions of the post-measurement states for a 10 dB input GKP j0i state. Fig. shows
the post-measurement states for the qubit results jOi and jli using the simple circuit in (8.5),
while Fig. shows the post-measurement states when using the improved circuit in (8.8). In
both cases, observation of the wrong qubit measurement outcome, i.e. observing jli with input
state jOi heavily distorts the input GKP state. For this reason, subsequent measurements yield
less reliable results, which limits the e ect of multiple measurements on the same state. For
the improved circuit the post-measurement state is even more distorted compared to the simple
circuit. Thus we found that multiple runs of the improved circuit does not further reduce the
measurement error.

The repeated measurement of the simple circuit can also be considered as an instance of the
non-adaptive phase estimation protocol to prepare approximate GKP states presented in [79].
In that work it is shown that some unlikely measurement outcomes can lead to erroneous states,
just like the distorted state in Fig. [8.3p. Furthermore, it was shown that the probability of
obtaining such poor states could be lowered by applying an adaptive measurement sequence. It
might therefore be possible to further lower the error rate by applying an adaptive measurement
strategy through repeated use of the improved circuit, but with settings based on previous qubit
measurements. We leave this an interesting open direction for further research.



Chapter 9

Unconditional preparation of
squeezed vacuum from Rabi
interactions

In this chapter we present the paper \Unconditional preparation of squeezed vacuum from Rabi
interactions" [35], authored by Jacob Hastrup, Kimin Park, Radim Filip and Ulrik L. Andersen.
This work is published in Physical Review Letters.

= 2021 American Physical Society

9.1 Abstract

Squeezed states of harmonic oscillators are a central resource for continuous-variable quantum
sensing, computation and communication. Here we propose a method for the generation of very
good approximations to highly squeezed vacuum states with low excess anti-squeezing using only
a few oscillator-qubit coupling gates through a Rabi-type interaction Hamiltonian. This interac-
tion can be implemented with several di erent methods, which has previously been demonstrated
in superconducting circuit and trapped-ion platforms. The protocol is compatible with other pro-
tocols manipulating quantum harmonic oscillators, thus facilitating scalable continuous-variable
fault-tolerant quantum computation.

9.2 Introduction

Quantum continuous variables have become an increasingly promising platform for quantum
information processing [152]. In particular, extraordinary experimental progress has been made
over the last few years in trapped-ion and superconducting circuit platforms towards fault-
tolerant quantum computation [48,(65,/82]. One of the most promising routes towards fault-
tolerant continuous-variable quantum computation is the Gottesman-Kitaev-Preskill encoding
[28], which has gained substantial interest over the past few years due to experimental and
theoretical developments [43,48l126]. For this encoding, highly squeezed states are an important
resource for constructing high-quality states [33,/43,/79]. The current record for squeezed vacuum

106
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is 15 dB [44] in an optical eld using a parametric ampli er. However, non-Gaussian operations
are di cult to realise e ciently in the optical regime, and thus it is challenging with current
technology to further utilize this highly squeezed state for quantum computation.

On the other hand, qubit-coupled oscillators, such as a motional state of a trapped ion or a mi-
crowave cavity eld coupled to a superconducting qubit can be manipulated with non-Gaussian
operations via the qubit ancilla. In fact, universal control of the harmonic oscillator is in principle
possible in such systems [137,/139], although many protocols, such as squeezed state preparation,
require specialized methods to be e cient. 12.6 dB squeezing has been reported in the motional
state of a trapped ion [46] using a reservoir engineering technique [153]. This technique has
the advantage of achieving squeezing in a steady-state con guration, thus facilitating the ex-
perimental implementation. However, the process utilizes spontaneous relaxation processes, the
rates of which limits the speed at which the state is created and thus ultimately the achievable
squeezing due to dephasing during the protocol. In the microwave regime 10 dB squeezing has
been experimentally demonstrated [148]. This was achieved using a parametric ampli er realised
by a metamaterial consisting of multiple Josephson junctions.

Here we propose a method for the preparation of an approximate squeezed vacuum state in an
oscillator strongly coupled to a qubit using only a few unitary interactions through the Rabi
Hamiltonian [141}{142]. This Hamiltonian has been experimentally demonstrated in trapped-
ions and superconducting circuits [48,[83,|154}/155], and plays a key role in the Gottesman-
Kitaev-Preskill encoding scheme of these platforms [43,48,/126]. Thus the protocol facilitates the
generation of highly squeezed states using a method that is compatible with further manipulation
of the oscillator. Our protocol for the generation of squeezed vacuum is radically di erent from
the common approach based on parametric ampli cation, and represents a fundamentally new
view on squeezed vacuum generation. The obtainable amount of squeezing depends on the types
and magnitude of noise in the particular system, but can generally be improved through faster
interactions, e.g. through an increased power of the driving elds which control the interaction.
Furthermore, the achievable amount of Fisher information is particularly robust against qubit
errors during the protocol, making the generated states useful for sensing applications [156{162].
In particular, squeezed states can be used to detect displacements in the considered platforms
using either the qubit-coupling [101] or homodyne detection [163]. Finally, squeezed states
serve as a fundamental resource for continuous variable communication [152] which could nd
applications facilitating short-range connections in microwave circuits [164].

9.3 Protocol

We consider a quantum harmonic oscillator described by the quadrature operators X and P

satisfying [X;P] = i. In the vacuum state the oscillator exhibits equal uctuations in each

quadrature of magnitude hX2i = hP2i = % The aim of the protocol is to generate a state

2

squeezed in the P-quadrature by a relative amount 2 < 1 such that hP2i = —-. The protocol
can straightforwardly be generalized to generate squeezing along an arbitrary quadrature direc-
tion, either by a rotation from the natural evolution of an the squeezed state under a harmonic
potential, or by a suitable change of quadrature operators during the protocol. It is common to

quantify the squeezing in dB relative to the vacuum as gg = 10log;o( 2). A pure squeezed
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vacuum state, jsqvaci , can be written in the P-, X- and coherent state bases as:

z

jsqvaci / dpexp Zp—zz jpi (9.18)
z 2

/ dxexp jxi (9.1b)
Z 2

/ d exp ] j (9.1¢)

where the last line is only validpfor <1 arlg the integral is over real . The coherent states with
real arede nedasj i=e ' 2 Iﬂjvaci / dxexp X 2 ’=2 jxi. For our approach, it

is useful to view the squeezed state in the coherent state basis, as our strategy will be to directly
construct a superposition of coherent states which resembles (9.1c). Since the coherent states
form an overcomplete basis with large overlap between close-lying states, we can expect that
equation holds to a good approximation even if we discretize the integral:

jsquaci 7/ exp j si; 9.2)

where L is a lattice on the real line. While the right hand side of Eq. is technically a
non-Gaussian state, we nd that Eq. is a good approximation for a lattice spacing of
up to  1:5, which is on the order of the width of a coherent state (details are presented in
the Supplementary Material S1, . It is therefore possible to construct a highly squeezed
state, practically indistinguishable from a Gaussian squeezed state, from a relatively sparse
superposition of coherent states. A probabilistic method based on this approach was proposed
in [165].

We now present a deterministic method to e ciently construct such a superposition of coherent
states using a qubit ancilla. The circuit diagram of the protocol is shown in Fig. [0.Tn. We
use two Rabi-type interaction Hamiltonians P~ and X7, [141}/142], where 7~ and ~, are the
Pauli x and y operators of the qubit. Such Hamiltonians can be e ciently implemented [45,/48,
166,(167], e.g. using a two-tone drive which has been experimentally demonstrated in trapped-
ions [83,/154] or from a dispersive Jaynes-Cumming Hamiltonian which has been demonstrated
in superconducting circuits [48,/155]. The protocol consists of N pairs of di erent interactions.
The rst type of interaction, O, = exp(iuxP ~), displaces the oscillator in a direction depending
on the state of the qubit, while the following interaction, ¥, = exp(ivk)'("y), approximately
disentangles the qubit and the oscillator. The repeated application of these interactions creates
a superposition of 2N coherent states, and leaves the qubit back in the ground state. Note that
the interactions used are conceptually similar to the protocol in Ref. [33] which aims to generate
a grid state starting from squeezed vacuum. However, unlike this previous work, our target state
consists of overlapping coherent states, for which the approximations used in Ref. [33] do not
hold. In this work, we show that this limitation can be overcome surprisingly well by numerically
optimizing the interaction parameters, ux and v, for each step, which enables the generation
of squeezed states using Rabi interactions. Still, to understand why the protocol works and to
have a good initial guess from which to optimize the interaction parameters, it is instructive to
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Figure 9.1: (&) Circuit diagram for the generation of a P-squeezed vacuum state. The protocol
consists of N steps of interactions through the Hamiltonians P, and )Q’\y. The interaction
parameters uy and vy varies from step to step and are found numerically to optimize the protocol.
The protocol is deterministic, but the performance can be slightly improved by measuring the
qubit and postselecting on the outcome 0. (b) Evolution of the quadrature distributions during
each step of the protocol. Dashed lines correspond to interaction parameters given by Eq.
with L = 0:45 and solid lines correspond to numerically optimized interaction parameters. Note
that the negative squeezing value in dB here denotes anti-squeezing.

consider a speci ¢ set of interaction parameters given by

C _
N Pr =,

U = _ 9.3a
K N KEDL ifk > 1, (9-32)
C
2 N p_- jfk<N,
Vi = P TS (9.3b)
P if K=N,

where L is a free parameter, which determines the spacing of the resulting grid of coherent
states. Each step aims to double the number of coherent states in the superposition. The rst
interaction, U1, displaces the oscillator and entangles it with the qubit:

L’)ljvacijOi:% i 2N lLij+i 2N L i (9.4)

Measuring the qubit in the in the jOi = (j+i + i):pi orjli=(+i j i) :p§ state leaves the
oscillator in a superposition of two coherent states, known as a Schrodingers cat state, which has
been experimentally demonstrated using exactly this type of interaction [155]. In our protocol,
however, we do not require qubit measurements to disentangle the qubit and the oscillator.
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Instead, we apply a second interaction, ¥, which approximately disentangles the qubit and the
oscillator,

\7101jvacij0i=%\71 jo2N o Lij+i 42N L i

e ' — V1. i g VoL
= e '8 2N 1L+|19§|+|e' =8joN lL+|1&§| j+ii

+ el = 2N 1L ii‘é%i+e P =8N 1 ié%i i ii
=p1»§ 2N OILio 2N L jli+ O(vy); (9.5)

where j ii = (jOi ijlibgre the 7y eigenstates, which e related to the " eigenstates as
jHi=e P FAGii+ij ii)= 2andj i=-e ' TA(ijii+j ii)= 2. In the last line we have used the
relation h j i =el'mC Je i "2 towritej 2N L ivi= 2i =e | 8 2N ILj+ O(vy),
where O(v1) denotes terms on the order vq, which can be neglected when the coherent states are
well separated, i.e. when 2NL 1. Note that due to the complete absence of a measurement, the
method does not rely on neither postselection or active feed-forward. Moreover, we circumvent
accumulated measurement-induced noise such as measurement errors and bosonic noise. Each
subsequent pair of interactions splits each coherent state into two, doubling the total number of

peaks. Thus after all N steps we produce the state:
(0] 1
28«1
VeOyjvacijoi @ jes+1 2V)LiAjoi; (9.6)
k s=0

i.e. the oscillator ends in a superposition of multiple coherent states, similar to the target state
of Eq. (9.2). However, there are two main issues with Eq. (9.6): First, the result yields an
equal superposition of the coherent states, whereas our target state is convolved with a Gaussian
envelope. Secondly, the approximation of Eqg. is only valid when the coherent states are
su ciently well separated, but to obtain a good approximation to a squeezed state, the coherent
states need to be overlapping. It turns out that one can overcome these issues surprisingly well
by tuning the interaction strengths of the protocol. This is illustrated in Fig. [9.1p, showing the
quadrature distributions of the oscillator for each step of the protocol. The solid lines represent
the distributions using numerically optimized parameters while the dashed lines show the result
for the parameters given by Eq. (9.3). Using the parameters of Eq. (9.3), the nal P-quadrature
distribution has side-lopes which e ectively reduces hP'2i to that of vacuum. For the numerically
optimized parameters, however, these lopes vanish, thus yielding a highly squeezed state. There
are multiple reasons why the protocol is improved by tuning the interaction parameters. Firstly,
by tuning the strengths of the second interaction, vy, the qubit and the oscillator do not com-
pletely disentangle, so the subsequent controlled displacement, Oi.1, does not split each peak
equally, but with a preferred direction, resulting in an unequal nal distribution. This enables us
to obtain an approximately Gaussian envelope over the resulting superposition as in Eg. .
Additionally, as the states start to overlap, the disentangling interactions, Vy, have to be adjusted
to optimize the disentanglement between the oscillator and qubit in the nal step. Furthermore,
when the coherent states of unequal amplitude are overlapping their peaks are e ectively slightly
shifted, which can be corrected by tuning the displacement interactions, Uy.

In Fig. we have chosen the interaction parameters to optimize only the squeezing in the P
quadrature, yielding = 8:5dB for N = 3. The anti-squeezing in the X quadrature is slightly
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Figure 9.2: Resulting squeezing as a function of the number of steps of the protocol. For
each step, the squeezing increases with  3-4 dB. The dashed curve corresponds to adding the
optional measurement in Fig. and post-selecting on the outcome jOi, which occurs with high
probability.

inexcess, x = 9:9dB, due to the underlying non-Gaussianity of the state, but still quite close
to the transform-limit, showing that the output is a good approximation to a pure squeezed
vacuum state. Still, even lower anti-squeezing is possible without signi cantly compromising the
squeezing by choosing the interaction parameters di erently, e.g. one can obtain , = 8:0 dB
with = 8:3 dB (see Supplementary Material S2).

The resulting squeezing for the numerically optimized parameters is shown by the circles in Fig.
[0.2 Only a few number of steps is required to generate a highly squeezed state, which is expected
as the number of coherent states in the superposition increases exponentially with N. It is pos-
sible to further improve this result by roughly 1 dB by post-selecting states for which the qubit
is measured in the jOi state after all interactions. The protocol should leave the qubit in state
jOi according to Eq. (9.6), but since this is an approximate result, a projection onto jOi helps
improving this approximation. A post-selectable result therefore also occurs with high probabil-
ity. Note that while the produced states are fundamentally non-Gaussian, due to the nite and
discrete number of underlying coherent states, the output is practically indistinguishable from a
Gaussian squeezed stated. We con rm this in the Supplementary Material S1, showing that the
generated states have delities of > 0:99 with respect to pure Gaussian squeezed vacuum states.

From Fig. 9.2 we see that increasing the number of interactions monotonically increases the
resulting squeezing. Thus the protocol can fundamentally be scaled to achieve large amounts of
squeezing. However, real physical systems are a ected by noise, such as dephasing and loss, which
will accumulate during the protocol. Assuming the time for each interaction is proportional to
the absolute interaction parameter, the total protocol duration roughly doubles each time N is
augmented, as the interaction parameters approximately scale as 2N according to Egs. (9.3).
The increased squeezing therefore eventually gets counteracted by the accumulated noise. To
study the e ects of noise, we simulate the protocol using the Master equation,

= lmece ot o0 ©7)

where is the density matrix of the composite boson-qubit system. The Hamiltonian, R, is
%If"’\x or %)Q"y during the two types of interactions, where the sign depends on the sign
of the interaction parameter and T is a timescale denoting the time required to implement

exp P2 orexp i)Q"y . Thus the rst interaction takes place in a time T u; after which the

interaction Hamiltonian abruptly changes to the next one. L[ is the Lindblad noise operator,
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Figure 9.3: Obtainable squeezing as a function of noise rate for di erent noise sources. For
each noise source and noise rate, there exists an optimal number of steps. Post-selecting on the
outcome jOi can in some case improve the performance by more than 2 dB.

which determines the type of noise. We consider ve types:
Boson loss: [ = P-a

Boson dephasing: [t = P—(aay + ava)
Boson heatin 0, =P-ar,=P-a
Qubit decay: [t = P—(~ + iny)=2
Qubit dephasing: [ = P,

where s the noise rate and & = X +iP = 2 is the bosonic annihilation operator. The

results are shown in Fig. [0.3] For each noise source and noise rate we nd that there exists
an optimum number of interactions. Bosonic noise is seen to have a bigger impact compared
to qubit noise. Especially boson dephasing can heavily reduce the obtained squeezing, which
is expected as squeezed states are generally sensitive to dephasing. The dashed lines show the
outcomes which are post-selected on measuring the qubit in state jOi. We observe that the
positive e ect of post-selection is now slightly larger compared to Fig. [9.2] especially for qubit-
associated noise. This is because the noise can result in the qubit ending up in the j1i state, in
which case the presence of noise can be detected and the event discarded. The post-selection
strategy can therefore e ectively reduce the e ect of noise.

A key property of squeezed states is their ability to detect displacements [156{158], which is
quanti ed by the Fisher information [168], Ic. While the quadrature squeezing is a ected by

1Boson heating is descﬁbed by two Lindblad %nerators with strengths dependent on the temperature of the
environment bath, (1 = c(I+n)aand 2 =" ¢cnaY, where . is the coupling rate to the bath with mean
occupation number n. Here we de ne the heating rate cn and assume n 1 such that ¢(1+ n) ch to
isolate the e ect of heating rather than thermalization.
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all noise types, the Fisher information turns out to be quite robust against qubit errors, as we
show in the Supplementary Material S3. For example, for N = 4 with a qubit decay rate of

T =7 10 ! we calculate Ic = 56, which is equivalent to that of an 11:5 dB squeezed vacuum
state. Thus the generated states can still be useful for sensing applications, even though they
are generated under noisy conditions.

Finally, we benchmark our approach using noise gures from two recent experiments which
implement exactly the types of interactions needed for our protocol in trapped ions [43] and
microwave cavities [48]. For the parameters in [43] we calculate 9.3 dB squeezing and a Fisher
information of Ic = 63 (equivalent to a 11.9 dB squeezed state) using N = 4. While this is
slightly lower than the 12.6 dB reported in the trapped ion experiment in Ref. [46], we point
out that in their experiment the quadrature squeezing was not measured directly, but estimated
using only the phonon population distribution. Since the quadrature squeezing is sensitive to
small uctuations and the coherence of the state, the 12.6 dB is likely overestimating the actual
squeezing of the generated state. For the parameters in [48] we obtain an optimum squeezing of
7.0 dB at N = 3, and an optimum Fisher information at of Ic = 86 (equivalent to a 13.3 dB
squeezed state) at N = 5. The high Fisher information relative to the quadrature squeezing is
due to the e ect of qubit errors. In particular, these errors translate into non-Gaussian features of
the output state which primarily degrade the quadrature squeezing (see Supplementary Material
S3 for elaborate discussion).

9.4 Conclusion

In conclusion, we have presented a deterministic protocol to produce a squeezed vacuum state via
sequential application of two non-commuting Rabi Hamiltonians of the form P and >'Q"y. This
interaction can currently be implemented via various methods in trapped-ion and circuit QED
systems, but the protocol is not fundamentally limited to those systems and could be relevant for
other qubit-oscillator platforms. Unlike previous methods, the protocol deterministically builds
the squeezed state through a discrete superposition of coherent states. The protocol does not
inherently require qubit measurements, but the performance can be slightly improved by post-
selecting on the state of the qubit. The possible amount of quadrature squeezing is ultimately
limited by decoherence mechanisms of either the bosonic or qubit modes, while the achievable
Fisher information is mainly limited by bosonic noise, and both can be improved by increasing
the interaction strength and thus the speed of the protocol.

9.5 S1: Discrete coherent state representation of squeezed
vacuum

Here we numerically examine the approximation of Eq. (9.2) of the main text. Speci cally, we
consider a superposition of equally spaced coherent states with spacing d :

. X d (s+ 1=2))2
jiz ey G112
s= 1

jd (s + 1=2)i (9.8)

Fig. shows the squeezing of the state, and the delity, jh jsqvaci j2, to the target squeezed
vacuum state as a function of d and . For su ciently small spacing, d - 1:5, we observe an
excellent agreement between the expected and target squeezing level as well as a high delity to
the target state. Note that for high squeezing, the squeezing levels can be signi cantly smaller
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Figure 9.4: (a) Squeezing in dB and delity of the coherent state superposition of Eq. . For
d - 1:5 the squeezing level matches that of the target squeezed vacuum state, and the delity is
very high, con rming the approximation of Eq. . (b) In delity between the state generated
by our protocol and a pure squeezed vacuum state with squeezing parameter

than the target, even if the delity is very high, e.g. for =20dB atd = 2. This is because
the squeezing level is very sensitive the the small non-Gaussian features which arise from the
discretization of Eq. , which is not captured by the delity. For this reason we have chosen
the squeezing level as the relevant gure of merit throughout this paper.

In Fig. 0.4b we show the delity of the states generated in our protocol with respect to pure
Gaussian squeezed vacuum states. For each N the interaction parameters were chosen to optimize
the quadrature squeezing and not the delity. Yet, the produced states have delities of F > 0:99,
con rming that the generated states are indeed very close to Gaussian squeezed states.

9.6 S2: Optimizing excess anti-squeezing

In the main text we chose the interaction parameters to optimize the quadrature squeezing,
i.e. by minimizing hP2i. This results in an anti-squeezing a few dB above the transform limit,
such that hP2jhX2j > %. However, it is possible to reduce the amount of excess anti-squeezing
by choosing the interaction parameters slightly di erently. For example, one can optimize the

w
function hP2it W hP2jhX2i , where w is a weight parameter determining the relative weight

between squeezing and excess anti-squeezing. For w = 0 we recover the result from the main
text. Fig. shows the obtainable amount of squeezing and anti-squeezing as a function of w.
In conclusion, one can reduce the anti-squeezing to a level close to the transform limit, while
only slightly decreasing the squeezing.
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Figure 9.5: Obtainable amount of squeezing and anti-squeezing as a function of the weight
parameter w described in the supplementary text [9.6] By appropriately choosing w one can
reduce the excess anti-squeezing without signi cantly compromising the squeezing.

9.7 S3: Fisher information

Squeezed states are useful for detecting small quadrature displacements with a precision beyond
the standard quantum limit set by the vacuum state. In a practical setting, the capability of
the state to measure a small momentum displacement, d, caused by the displacement operator
B(id) = e 29R js given by the classical Fisher information, lc, with respect to homodyne
detection [168]:
z 0 2

lc=2 dp g log] @i i @ (9.9)
where j (p)j? = Tr( jpihpj) is the p-quadrature probability density. For a Gaussian state the
Fisher information is directly related to the quadrature variance as

Ic =2=("P?i hPi?);  (Gaussian states) (9.10)

On the other hand, for non-Gaussian states the quadrature variance does not necessarily capture
the sensing properties of non-Gaussian states. The underlying steps of our protocol are non-
Gaussian, and thus the noise accumulated during the protocol can enhance the non-Gaussian
properties of the nal state. This non-Gaussianity can heavily reduce the quadrature squeezing,
without impacting the Fisher information much, and thus the quadrature squeezing does not
necessarily capture the quality of the produced states. Fig. 0.6a shows the calculated Fisher
information of the state prepared by a noisy protocol, similar to Fig. [9.3] of the main text.
We observe that qubit errors have a signi cantly smaller impact on the Fisher information
compared to the squeezing of Fig.[9.3] Bosonic noise, on the other hand, also impacts the Fisher
information, although the Fisher information of the obtained state is generally higher than what
would be expected from a Gaussian state with squeezing given by Fig. 0.3 The di erence
between the bosonic and qubit noise can be understood by looking and the resulting quadrature
distribution. Fig. [0.6b shows the resulting distributions from a protocol a ected by bosonic loss
(i) and qubit decay (ii) respectively. While both states have a low amount of squeezing in terms
of the variance, the state a ected by qubit decay has a much narrower peak, resulting in a higher
Fisher information. Thus for sensing applications, the quality of the prepared states is primarily
limited by bosonic noise and less by qubit noise.
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Figure 9.6: (a) Classical Fisher information, Ic, as a function of noise rate for various noise
sources applied during the protocol. The Fisher information can also be expressed in terms
of the amount of squeezing required in a Gaussian state to achieve the same Ic, through Eq.
(9.10), which is shown on the right axis. (b) Example momentum quadrature distributions of the
generated states su ering from (i) boson loss and (ii) qubit decay during the preparation protocol,
with T =7 10 2, as marked in (a). The dotted lines show the quadrature distribution of
vacuum for comparison.



Chapter 10

Universal unitary transfer of
continuous-variable quantum
states into a few qubits

In this chapter we present the paper \Universal unitary transfer of [36] continuous-variable
guantum states into a few qubits", authored by Jacob Hastrup, Kimin Park, Jonatan B. Brask,
Radim Filip and Ulrik L. Andersen. This work is submitted for publication and is available at
arxiv.org (arXiv:2106.12272).

10.1 Abstract

We present a protocol for transferring arbitrary continuous-variable quantum states into a few
discrete-variable qubits and back. The protocol is deterministic and utilizes only two-mode
Rabi-type interactions which are readily available in trapped-ion and superconducting circuit
platforms. The inevitable errors caused by transferring an in nite-dimensional state into a nite-
dimensional register are suppressed exponentially with the number of qubits. Furthermore, the
encoded states exhibit robustness against noise, such as dephasing and amplitude damping, acting
on the qubits. Our protocol thus provides a powerful and exible tool for discrete-continuous
hybrid quantum systems.

10.2 Introduction

Quantum information processing (QIP) can be realized using both discrete variables (DV), such
as the energy levels of atoms or superconducting qubits, or continuous variables (CV) [84], such
as the quadratures of an electromagnetic eld, spin ensemble or mechanical oscillator. Both
types of systems have various advantages and disadvantages, depending on the particular task,
application and implementation. For example, universal control of noisy many-qubit systems has
become available [14], but truly scalable systems and break-even error correction remains to be
demonstrated. On the other hand, CV QIP is highly scalable, allowing long range interactions
which has been used to demonstrate entanglement of millions of modes [73] and generation of 2D
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cluster-states [74,75] with current technology. Furthermore, the in nite dimensionality of a single
CV mode can be utilized for hardware-e cient single-mode error correction [48,65,(82,111] and
high-dimensional operations, such as the quantum Fourier transform, can be implemented with
simple, single-mode operations [84]. However, non-Gaussian operations required for universal
guantum processing and fault tolerance have proven di cult to realize in pure CV systems.

Two of the leading platforms for quantum computing are trapped ions and superconducting
circuits. These systems support both DV QIP through spin or charge qubits, as well as CV
QIP through motional modes or microwave cavity modes. Furthermore, the CV and DV modes
can couple, enabling CV-DV hybrid interactions. In fact, it is common to utilize this hybrid
interaction to enable various operations. For example, for DV QIP, the CV modes can be
used to facilitate multi-mode operations and qubit read-out [47,[169]. Meanwhile, for CV QIP,
the DV modes are used to enable non-Gaussian operations [48,654/82,(111] which are required for
universality. Thus CV-DV hybrid interactions have proven valuable in overcoming the challenges
associated with either CV or DV QIP.

Here, we add a new element to the toolbox of CV-DV hybrid operations by showing that arbitrary
quantum states can be coherently and deterministically mapped between a CV mode and a
collection of qubits using accessible two-mode interactions. This mapping has several potential
applications for QIP. For example, our scheme enables qubit-based memories for CV states. Many
types of CV QIP relies on heralded, non-deterministic operations and are therefore dependent
on guantum memories. A qubit-based memory could enable DV error correction protocols to
be carried out on arbitrary CV states. Additionally, if the qubits are coupled to two di erent
CV modes, e.g. transmon qubits coupled to both a mechanical acoustic mode and a microwave
cavity mode, one CV mode can be encoded to the qubits and then decoded onto the other
CV mode, enabling qubit-mediated transfer of CV information from one CV mode to another.
Furthermore, our scheme can also be used for e cient deterministic generation of arbitrary CV
states, such as non-Gaussian states, by preparing the qubits in an equivalent encoded state and
then applying the inverse mapping to transfer the state to the CV mode. In general, applications
of this protocol will strongly depend on the physical system but promise to aid in solving a wide
range of issues in hybrid QIP platforms.

Unlike previous proposal for transferring CV states onto qubits [170,/171], our protocol makes
e cient use of the available qubit dimensionality, such that only a few qubits are required, while
also using experimentally available interactions.

10.3 Protocol

The system we are considering consists of a single CV mode and N > 1 qubits, as illustrated in
Fig. [10.1p. The protocol is designed to transfer an arbitrary CV state j icy into an entangled
state of the qubits, leaving the CV mode in an input-independent state, which we denote jOicy .
Since the CV mode has an in nite dimensionality while the qubits have a nite dimension, such
a protocol is in principle impossible for arbitrary states. However, in practice we can expect
relevant input CV states to have majority of their support in a nite-dimensional subspace,
thereby allowing a CV-DV mapping to a good approximation. Furthermore, since the dimension
of the qubit subspace scales exponentially, i.e. 2N, with the number of qubits, N, we can expect
the approximation to become very good with only a few qubits. In general, the protocol can be
described by the following unitary operation:
h i
0§ icvidioy =@ Miicvi fov+ 7 ricwov; (10
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Figure 10.1: (a): Circuit of encoding and decoding to transfer a CV state to a collection of
qubits and back. (b): The encoding is achieved by interacting the CV mode sequentially with
each of the qubits. (c): Each interaction unitary is composed of two Rabi interactions as given

by equation (10.3).

where jOipy = N,':'zleik is the product of the ground states of the qubits, j ipy is the encoded
DV state and j -icy/pyv is a residual entangled CV-DV state de ned to make U unitary and
such that h -j0i = 0. " is a real parameter, 0 " 1, quantifying the error of the protocol, e.g.
due to the CV-DV dimensionally mismatch. " thus depends on the input state, and a successful
protocol should aim to minimize " for a large class of input states.

The input state can be recovered by applying (Y. If the CV mode is completely reset to the
state jOicy after the application of O, the delity, F, between the input and recovered state is
related to ™ by:

a ™ F 1 " (10.2)

with the exact value of F depending on the input state (details are given in the Supplementary
Material).

We now show how to decompose U into experimentally accessible two-mode interactions. A
circuit diagram of the encoding unitary is shown in Fig. [I0.Ip. It consists of N interaction
terms, each of which are composed of two interactions, Y« and Wy, between the CV mode and
one of the qubits. These interactions are conditional displacements [45,48./83] which are generated
by a Rabi-type Hamiltonian, i.e. a coupling between a quadrature operator of the CV mode and
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a Pauli operator of the qubit:

fe=ew ity
W <exp iZpr ; ifk<N (10.3)
k =

Texp  i-Zpr ; ifk=N

where ¢ and p are the quadrature operators of the CV mode satisfying the commutation relation
[6:9] =i and ® and §k) are the Pauli-x and y operators of the k’th qubit. The interaction
parameter is the only free parameter of the protocol. As we show below, it should be optimized
according to the number of qubits and the size of the input state, i.e. the wideness of the support
of the input state in phase space. Importantly, a single value of can be used to encode a wide
range of di erent CV states, meaning that little knowledge of the input CV state is required for
the protocol to work.

In the Supplementary Material we show that the interactions de ned in Egs. (10.3) achieves the
desired unitary operation of equation (10.1) for arbitrary states, with " decreasing with N. The
qubit state after the interaction is:

- - X - -
i iov” (@s)i si; (10.4)

S

where the sum is over 2N terms, j <i form a speci ¢ orthonormal basis of the qubit space,

is the g-quadrature wavefunction of the input CV state and gs form an equidistant array of 2N
numbers from (2N 1) to (2N 1) with spacing 2 (see Supplementary Material for details).
Thus the qubit state samples the wave function at 2N discrete points. From this feature we can
intuitively understand how we should tune : First, to accurately capture variations in the CV
wavefunction, the distance between the samples should be smaller than any large variation of
i.e. 2 should be su ciently small. Second, to capture the entire wavefunction the sampling axis
should be su ciently wide, i.e. (2N 1) should be large. Satisfying both of these constraints
becomes easier for larger N, and for xed N we can expect an optimum  to exist.

The state jOicy is given by:
1 z

Oicy = = dgsinc 21 jqi (10.5)
where sinc(x) = sin(x)=x and jqi denotes a § eigenstate, e.g. §jqi = qjqi. To decode the CV state
with the inverse unitary, (Y, the CV mode should rst be prepared in the state jOicy. Since
the encoding protocol approximately leaves the CV mode in state jOicy, this can be done by
applying U to an arbitrary CV state, e.g. vacuum or a thermal state, along with ancilliary qubits.
In fact, to prepare jOicy it su ces to use the same qubit for all N interactions, by resetting the
qubit to its ground state after each WY interaction. Alternatively, jOicy can be approximated
with delity 0.89 by a squeezed vacuum state with squeezing parameter log(1:12= ) (details in
the Supplementary Material). We note that the exact state jOicy is in fact unphysical, as it has
in nite energy since h0j¢?joi = A for all . However, nite energy states, e.g. the state prepared
by applying U to vacuum, can approximate jOicy with high delity.

An example of the encoding and recovery of a CV Schrodinger’s cat state is shown in Fig.
Fig. [10.2k shows how the input CV wavefunction is directly mapped onto the qubits (with a
suitable qubit basis choice). Meanwhile, Fig. [10.2b shows how the CV mode approximately
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Figure 10.2: Example of encoding and recovery of a CV Schrodinger’s cat state, (e i°2 p +
el 2 Pjvaci with =2, using N = 4 qubits and = 0:29. Wigner functions (a,b,c) of the CV
mode and probability distributions (d,e,f) of the qubits before encoding (a,d), after encoding
(b,e), and after decoding (c,f) with the CV mode completely reset to the state jOicy after the
encoding. The black curve in (e) shows the g quadrature distribution of the input CV state with
the x-axis shown at the top of the gure.

transforms to the state jOicy. The state shown in Fig. is the recovered state after the CV
mode is completely set to jOicy and the qubits are decoded onto the CV mode, i.e. as shown in
the circuit of Fig. [10.Ia. The small di erences between Fig. [I0.2Za and c are due to the non-zero
" arising from the mapping. However, the key features of the CV state, such as the position of
the coherent peaks and the central interference pattern with negative values are preserved.

We now numerically demonstrate this result for speci ¢ input states. We rst consider Fock
states, as these represent fundamental quantum basis states, spanning the entire CV mode, with
experimentally relevant quantum states typically having main support on low-photon-number
Fock states. Fig. shows how ™ depends on for N = 4 and N = 10 qubits respectively,
using Fock states as inputs. For each input we nd that there exists an optimum as expected,
and that as we add more qubits, this optimum shifts to smaller values. We also nd that, for any

xed , smaller number Fock states are better encoded than larger number Fock states. Thus
one setting optimized to encode large states can simultaneously be used to encode smaller states
with as good or better performance.

Fig. [10.3p shows how " depends on the number of qubits for Fock state inputs, choosing the
optimum  for each point. We observe a clear exponential decrease in " with increasing number
of qubits. Additionally, xing " we nd that adding a single qubit allows the storage of approx-
imately twice as large input states, e.g. 4 qubits enable the encoding of j1i with " = 0:1 while
5 qubits allow the encoding of j3i with the same error, 6 qubits can encode j7i and so on. This
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Figure 10.3: (a): Error, ", as a function of the interaction parameter for N =4 and 10 qubits
with Fock state inputs. (b): Error as a function of qubit number for Fock state inputs using the
optimal for each state. (c): Error as a function of qubit number randomly sampled input states
with di erent xed mean photon number n. The shaded areas contains states with " within one
standard deviation from the mean " of the sample. The inserts show the Wigner function of an
example input state with m = 7 and the corresponding recovered state using N = 6 qubits.

exponential scaling implies that very large CV states can be encoded using relatively few qubits.

To demonstrate the versatility of the protocol, Fig. shows the performance for randomly
sampled input states (see Supplementary Material for details on these states). A typical example
of the Wigner function of a random state with m = 7 photons is shown in the inset of Fig. [10.3c.
For each N and n in Fig. [10.3¢ we calculate " for 100 of such random states using a single
chosen to approximately optimize the average ". The shaded area denotes the states within one
standard deviation from the mean " of the samples. As with the Fock states, we observe an
exponential decrease in " with N. In addition, we again note that adding a single qubit allows
the encoding of states with approximately twice the mean photon number, keeping " xed.

Next, we check the stability of our scheme against errors occurring in the qubit system while the
state is encoded. In particular, we consider the qubit dephasing channel,

() =R RPY +RD RAY; (10.6)
and qubit amplitude damping channel
2()=RO (RPY + RO (RPY, (10.7)
with Kraus operators:
P— __
RW="1 p, Ig R® =Ppn,
RO =joihoj+ 1  jlihij; R® = p*jOihlj (10.8)

where denotes the qubit density matrix, p, denotes the probability of a single-qubit phase- ip
and denotes the probability of a single qubit decay event. Fig.[10.4n shows the delity of the
recovered state after the CV mode is reset and each qubit have experienced either dephasing
or amplitude damping for an input 5-photon Fock state, j5i, and a random state with n = 3
average photons, j (ani using N = 6 qubits. As can be expected, the delity drops as the qubits
experience more noise. However, a single gure of merit, such as the delity, is often insu cient to
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Figure 10.4: (a): Fidelity of recovered states when the qubits undergo dephasing or amplitude
damping for an input 5-photon Fock state, and a random state with m = 3 using = 0:07
and N = 6 qubits. (b-d): Wigner functions, quadrature distributions and photon number
distributions for the 5-photon Fock state (left) and the n = 3 photon random state (right). (b):
Input states. (c): Output when each qubit undergoes dephasing with p, = 0:05 (d): Output
when each qubit undergoes amplitude damping with = 0:05.

capture the full non-classical aspects of non-Gaussian CV states. Therefore, we also qualitatively
analyze the Wigner functions, quadrature distributions and photon distributions of the two
selected non-Gaussian trial states. Other input states have shown similar behavior. Fig.
and d shows the recovered states after each qubit has undergone dephasing or amplitude damping
with an error probability of p, = 0:050r = 0:05. For both channels we observe a smearing of the
g-quadrature distributions while, the p-quadrature distributions remains almost intact compared
to the input for both trial states. More importantly, we nd that the negative regions of the
Wigner functions (highlighted in blue), which are strong indicators of non-classicality, remain
non-negligible. Thus even moderate error rates do not have a severe e ect on the recovered
states.

10.4 Conclusion

In conclusion we have presented a feasible unitary protocol to map arbitrary CV states into a
few qubits. This can be realized using only conditional displacements generated by Rabi-type
coupling Hamiltonians, which currently are available in trapped-ion systems [83] and supercon-
ducting circuits [48]. The protocol is fully deterministic and requires no measurements or feed-
forward. The error rates caused by the nite dimensionality of the qubit subsystem decrease
exponentially with the number of qubits. Furthermore, small dephasing or amplitude-damping
errors acting on the qubits do not translate into large errors in the protocol. We have focused on
encoding arbitrary CV states into qubits, but similar techniques might be used to map arbitrary
multi-qubit states into a single CV mode. Such mapping could facilitate multi-qubit operations
and hardware-e cient qubit transfers. We leave this as an interesting open direction for future
work.
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10.5 S1: Fidelity of recovered states

Here we derive Eq. of the main text. We begin with the de nition of the mapping (Eqg.
of the main text):

0j ijoi= "1 joij i+ it (10.9)
Resetting the CV mode to state jOi transforms the state into:
joihoj  Trey Oj ih j joihoj0Y =joihoj [(@ ") ih j+" -] (10.10)

where ~ = Trev(j ~ih -j). Applying OY and calculating the overlap with j ijOi we nd:

F =h jhoj0Y joihoj [ ™j ih j+" -] Oj ijoi (10.11)
= pﬁh@jh j+  "ho.j ojoihoj [@ ™) ih j+" -] 1 Tjoij i+pﬁj «i (10.12)
=@ ™h i@ "™j ih jH+rjoi (10.13)
=@ "Z+@ "M"h j-j i (10.14)

where we used h0j ~i =0 and h0j0i = 1 in the third equality. Since 0 h j «j i 1 we have

(l --)2 E (l ")2 + (1 ")" =1 " (1015)

10.6 S2: Analytical analysis of the protocol

Here we show that the proposed circuit approximately transfers arbitrary CV states onto the
qubits. As stated in the main text, the relevant interaction operators are:

Ve =exp i {0 ; (10.16)
8
<exp iw ¥ . fork <N;
Wi = e (10.17)
-exp  iwpy ; for k =N;
with
2k
Wy = T; (10.19)

We begin by considering the action of the operators ¥« and Wy on the ¢ eigenstates, jqi. Using
the relations exp (i ) jgi =e' 9jgi and exp (i P)jqgi = jq i we get:

\?quijOik:p% e™Vdjgijii +e Ve9jgij ik (10.20)
i =4 3 i 3 )
:eT ekl je VKA jgijtig +  ieM<I e VK9 jgij ik (10.21)

= C0S Z+vkq jqij+ik + cos 1 Vg jaij ik; (10.22)
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where j iix = (jOik ijlik):pi are the A§,k) eigenstates and j i = (jOix jlik):p§ are the ~{
eigenstates. Applying Wy

Wi ¥kjaijoix = cos 7 VK j9 wkij+ig + cos 7 Vka ja  C wiij ik (10.23)

Iterating Eq. (10.23) we get the output for the sequence of operations. For example, after
interaction with the rst two qubits (with N > 2) we get:

W, %, W1 Vi jqijoijoi, =
cos Z+v1q cos Z+v2(q wi) jg  (wg +wp)ijFigj+is
+c0s 4 vig cos Z+V2(q ( w1) jg  ( wp+w)ij dgj+iz
+C0S o +Vig cos vo(@  wi) jg o (Wi wp)ij+igj 1

+C0s o vig cos v2(@  ( wi)) ja ( wi Wo)ij i1 iz (10.24)

By induction, after interaction with all n qubits we obtain the following expression:

" 1#
XN 2 < E

Wi ¥jaijoi = COS 4 + Sk g swi g SW; +SaWn j si (10.25)
k=1 s k=1 I=1 I=1

where jOi = j0i1jOi,:::j0iy is the joint qubit ground state and the sum with summation index
S = (S1;S2;::;sn) With s, = 1 is over all 2N combinations of the signs, sk. j si is a qubit
product state where mode K is in the sk eigenstate of ol e.0., ) @1 1, pi =jFi+izj i3) g
and j ; 1;0f =]j+iaj i2j+igj+is. By linearity, we can extend the action of the operators to
an arbitrary pure state, j i = dq (q)jqi:

A ¢
Wi ¥j ijOi
k=1 . 1
><? » S St E
= dg (@ cos ,+sSivic g sSwp SIW +SyWy j si (10.26)
S k=1 I=1 I=1

P
Translating the integration variable, ¢ ¥ g+ (' o, S\Wi SnWn)  Q+ Gs:

1
<7 ' > St '#_ o
= dg (g+gs) cos 7 FSkvk 4 Siw + SIWs  SNWN  jgij si
s k=1 " 1=1 1=1 14
><Z S o
= dg (q+gs) cos 7 Sk a+ SIWi  SNWn o jij si
s k=1 " 1=k #
=<7 <L
= dg (3+gs) cos 25k Vg SIVKW  SNVKWN  Jqij s (10.27)
s k=1 1=k



Chapter 10. Transfer of continuous-variable quantum states into a few qubits 126

Figure 10.5: Comparison of functions of the type QE|=1 cos 5% for N =3, N =6 and
N=1.

Now consider the sum over | inside the cosine: From our choice of vy and wy (Egs. and
(10.19)) we get viw; = 2! * =4, Thus when |  k + 3, sjvicw; is a multiple of 2 , which can be
ignored inside the cosine. When | = k + 2 we get S\VkW| = Sk+2VkWk+2 = Sk+2 , Which takes
cos to  cos, regardless of the sign sk+2. This term thus contributes an overall 1 phase factor
which can be ignored. The remaining relevant terms are thus | =k and | = k + 1:

>Z
= dg (q+0s)
S
N2  h i h i
cos E(Sk + Sk+1) + Vk( COS E(SN 1 SNn)+Vn 10 cos[vna]jgij si
k=1
(10.28)
The =2 terms either add up to ifsk=sk 1orto0if sk = sk 1. Each inside a cosine
contributes a 1 phase factor, so depending on s the total phase is either +1 or 1:
><? Y o
= da( 1) * (@+qs)  cos(vka)jqij si
S k=1
> h g q .. .
= daC 1) = (@+0s) cos o jaij sk; (10.29)
S k=1

P
where ¢ = E:lz(sk +5SKk+1)=2+ (SN 1 Sn)=2. This phase factor due to ¢ can be absorbed
intoj sias( 1)sj gi j si.
For N 1 the term Q,':':l oS zqzk is peaked at g around integer aultiples of 2N+1
with a peak width on the order of . In particular, for N = 1 we get k1:1 coS 2“7 =

sin( 5-)=( =) sinc - , which apprO%hes (q=2) for ¥ 0 where (x) is the Dirac delta
N

2
function. Fig. shows a comparison of ~, _,cos %x for N =3, N=6and N = 1.
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With this in mind, we make two approximations: First, we approximate QE:l Ccos 2(17
sinc zi . This approximation fails above jgj = 2N*1, so we should ensure that (q+ gs) goes
to 0 before the approximation fails. Sincegs 2[ (2N 1); (2N  1)], we should ensure that
has vanishing support beyond (j2N*+! N D= G @N 1)j), which can be satis ed

by choosing su ciently large N.

For the second approximation we assume R dg (q + gs)sinc( zi) R dg (gs) sinc( zi). We
thus approximate (g + qs) with its value at ¢ = 0, as this is where the sinc function is mainly
supported. This approximation requires the variation of to be slower than the variation of the
sinc function, i.e. j?j—qj 1=, which is satis ed by choosing su ciently small.

In total we get:
z

v >
Wil W0l da @)sinc - il s
k=1 S
sinc X+ Xp_— o
= dqﬂ@%w 2 (4s)i si: (10.30)

S

hus the wavefunction has been transferred from the bosonic mode to the qubits. The factor

2 normalizes the CV mode. We note that our approximations require both large 2N and
small . For nite N, there thus exists an optimum  which depends on how broadly s
supported in phase-space.

10.7 S3: Overlap between jlicy and squeezed vacuum

A squeezed vacuum state with squeezing parameter r is given by:

er=2 Z (qer)2

JS(r)i=—- dgexp >

jqi: (10.31)

The delity between jS(r)i and jOicy is:

Z 2
r r\2
ihs (njoij? = fe% dg sinc 21 exp @ (10.32)
- g e"erf = g (10.33)
- b= 2P er '

R
where erf(x) = (Z:pj OX dze #° is the error function. This expression is optimized for e"
1:12 , r log(1:12= ) for which the delity takes the value 0:89.

10.8 S4: Random states

The random states used in this paper are generated as follows: First, we generate a large number
(e.g. 200) of complex numbers, fcg; C1:::C2000, With uniformly random amplitudes between 0 and
1 and phases between 0 and 2 . From these we construct an unnormalized CV state in the Fock
basis as: >

J randomi = Cmjmi: (10.34)

m
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We then apply an exponential Iter to dampen high number Fock terms:

>
1 e Mcmjmi; (10.35)

m

where is tuned such that the resulting state has the desired mean photon number. Lastly, the
state is normalized.



Chapter 11

Conclusion and outlook

Throughout this thesis we have presented a series of protocols to generate and manipulate
continuous-variable states of various quantum systems. Here, we take a step back to re ect
on the potential of these systems as well as their future challenges.

Optics

In optics, there have been many exiting developments for quantum information processing in
the past few years. One of these is the eld of large-scale cluster states which has seen much
progress both theoretically and experimentally [73{78,/106,172{176]. A key missing component
for universal fault-tolerant quantum computation with optical cluster states are GKP states. The

rst demonstration of optical GKP states is thus a central near-future milestone. In principle,
generating optical GKP states of some quality should be possible with current technology [31}
89,106]. However, truly useful GKP states capable of e cient error correction will likely require
at least 10 dB squeezing, if not more. Creating such states is certainly beyond what can be
achieved within state-of-the-art technology. On a promising note there has been much progress
in the development of high-quality photon detectors [177,/178] which might eventually provide a
low-loss source of non-Gaussianity. Another promising note is the development of strong light-
atom interactions [64,116}[119], which, as we have shown in chapter 5, can also provide a suitable
non-Gaussianity for GKP states [31].

Yet, even if high quality GKP states could be generated, it is worth questioning if that is the most
e cient use of the technology used for their generation. That is, if technology one day becomes
good enough to produce highly squeezed GKP states, that same technology can most likely
also be used to produce even better states of lower complexity, such as two or four-component
cat states, or even just extremely good single-photon states. Thus even though GKP states
appear to be superior for loss-correction [53,55], it is important to explore and develop potential
architectures for other codes, which might be easier to generate in practice. Cat codes are a
particularly interesting case for optics, as they can be generated with only a few non-Gaussian
interactions [29,(64]. In chapters 3 and 4 we have shown that state generation and error correction
is possible optically. Important next steps will be to examine whether an all-optical cat-based
computational architecture, perhaps inspired by the coherent-state encoding proposed by Ralph
et al. in Ref. [59], including both gates and error-correction can be designed and made feasible.

129
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Another important application within optics is quantum communication. Recent theoretical
works have analyzed the prospects of using bosonic codes for long-distance quantum communi-
cation [57,/109,(110]. However, all of these results indicate that a very high density of low-loss
repeaters are necessary. Furthermore, for GKP-based communication [109,(110] the required
amount of squeezing is very demanding (> 15 dB). Thus bosonic error correction in its current
form does not stand out as a particularly promising approach for long-distance communication.
Still, the eld is quite unexplored and it would be worth it to explore other types of bosonic
codes as well as other types of higher-level multi-mode error-correction schemes. In general,
bosonic codes seem to perform best in low-loss regimes. However, for communication we would
prefer to perform error-correction as infrequently as possible to minimize the required number of
repeaters. This in turn requires protocols which can be robust in the presence of relatively large
amounts of loss, a regime which might not be ideal for bosonic codes.

For GKP states there is also room for further analysis of their performance under loss. While
initial investigations have shown that they should perform well against losses [55], the optimal
physically implementable recovery strategy against loss is unclear. Many theoretical papers
circumvent the issue by converting loss into Gaussian displacements by adding an ampli cation
channel. However, for experimental implementations this might not be practical. Furthermore, it
seems unlikely that the optimal recovery strategy involves applying an additional noise channel.
Recent work by Fukui et al. [109] has shown that in some cases losses can be corrected without
an ampli cation channel. This involves balancing losses between the input state to be corrected
and an ancilla used for syndrome detection. For communication, this might be a very sensible
strategy as the loss on the ancilla can be part of the communication link such that no excessive
noise is required. However, for computation the logical state has likely experienced more loss than
the ancillas and, again, it would be unlikely if the optimal recovery strategy involves applying a
lossy channel to the ancilla.

Qubit-coupled systems

Non-optical continuous-variable systems have also seen a tremendous progress in recent years.
In this thesis we have lumped together microwave cavities and trapped ions due to the similar
interactions suitable for GKP state generation available in these systems. In reality, these systems
are of course very di erent, which will greatly impact how GKP-based research will continue to
develop.

The development of GKP codes for these qubit-coupled systems is currently at a very interesting
place, as some \conventional" Gaussian tools for manipulating GKP states, and in particular
homodyne detection and beamsplitters, are not as straight forward as in optics. Thus basic
operations for handling GKP states are being reinvented, which leaves some open questions.
For example, all currently proposed large-scale architectures for GKP-based quantum computers
rely on homodyne detectors for error correction and measurements [70,/131}/135,{179]. It is thus
relevant to ask whether qubit-based measurement schemes [34,48,(79,/111,/151] are e cient in
the long run. For microwave modes, homodyne detection might be carried out by releasing the
cavity state to a waveguide, but such waveguide coupling would also introduce coupling losses,
which further increases the demands on the GKP states.

Another important factor in these systems is to ensure that the logical performance of the
GKP states can be made much better than the qubits used to generate and measure them. In
chapters 7 and 9 of this thesis, we saw that the e ects of qubit errors could be mitigated by
using the ancilla itself as a ag for qubit errors, which are detected by a nal or intermediate
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qubit measurement. Such mitigation strategy might be further improved by considering more
qubits or noise-bias ancillas [146,180]. However, losses during state generation will still limit the
quality of the generated states. It is therefore also relevant to consider if loss detection during
the generation protocol can be implemented. For example, in the measurement-free protocol
presented in chapter 7 the bosonic mode has a well-de ned excitation-number parity after each
round of interactions. Thus it might make sense to perform intermediate parity measurements,
e.g. through a dispersive coupling to an ancilla qubit [65], to probe whether excitations have
been lost. The nal state can then be post-selected on trials in which the parity measurements
correspond to the theoretically expected parity.

Finally, both systems face a challenge of scalability, and demonstrating multi-qubit interactions
will be an important milestone. In trapped ions, it is possible to scale to multiple modes either
by considering di erent vibrational modes of a single ion, or ] in a more scalable approach | to
add multiple ions each with their own motional mode [43,{181{183]. For microwave modes, it is
also possible to engineer interactions between multiple cavities [184]. However, the high-quality
3D cavities in state-of-the-art experiments [48,/65,[184] are relatively large and bulky which will
quickly limit scalability.



Appendix A

Notes on numerical
implementations

In this Appendix we go through the basic building blocks underlying the numerical methods used
in many of the papers presented in this thesis. These methods were implemented in MATLAB
using custom code written from scratch. Similar tools for Python can be found in the Strawberry
Fields library developed by Xanadu [185].

In particular, we will outline a Fock-basis approach. This approach is useful, as it can be used to
simulate arbitrary bosonic quantum states, including non-Gaussian states. The downside is, that
the required numerical resources can in some case become quite large, especially for multi-mode
states. Thus, for Gaussian states one should instead use a co-variance matrix representation
which is much more e cient [41,844[186]. Furthermore, some classes of non-Gaussian states have
certain structures that allows for more e cient approaches compared to the Fock basis approach
described here [187,(188], although these methods were not required for the results presented in
this thesis.

States

Recall from chapter 2 that any bosonic pure state can be represented as an in nite superposition
of energy eigenstates, jni, of the harmonic oscillator:

X
ji= Cnjni: (A1)

n=0

In practice, only a nite number of the coe cients are non-zero, or non-vanishing. Thus we can
store this state as a nite vector

[Co5 €13 2% Crmaxls (A.2)

where Nmax IS numerical a cuto , which should be chosen large enough to avoid numerical
artifacts in the nal simulation results. Typical values of nmax range from 10 to 1000, depending
on the particular simulation. A convenient feature of this Fock-basis approach is that npmax is
the only numerical parameter (apart from the precision used to represent real numbers). Thus,

132
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if the simulation produces numerical artifacts, we can usually eliminate them by simply running
the simulation again with a larger nax, at the cost of a longer execution time.

Some commonly encountered states are:

Vacuum states. The vacuum state, jvaci is perhaps the most simple state in the Fock
basis, and is represented by
1 ifn=0;
Ch = ' A3
"7 0 otherwise: (A-3)

Fock states. The Fock state jmi is similarly represented by

1 ifn=m;
Ch = ’ A4
n 0 otherwise: (A4

Coherent states. Coherent states, j 1, are given by

. n
ch=¢} 1222%: (A.5)
n!
Note that for coherent states, we can de ne the coe cients recursively asco = e J i*22 and
Cn = P=Cn 1, Which is typically faster than using Eq. directly, albeit the initialization
of coherent states is rarely the bottleneck of simulations.

Squeezed vacuum. Squeezed vacuum, S( )jvaci with = rel , are given by:
8 p_
< 1 i n=2 n! .
¢ = Pm( e' tanh(r)) (GEDI for even n; (A6)
-0 for odd n.

Similarly to coherent states, squeezechvacuum can be calculated recursively by co =
1 = = i n_1
PR ct=0andc, = €' tanh(r) “;=cn 2.
Quadrature eigenstates. Quadrature eigenstates are a bit unusual, in that they cannot
be normalized. Yet, they can still be meaningfully described usinggthe wavefunction of
Fock states, n(q) = hgjni, which should be normalized according to j (q)j?dgq = 1 and
for which j (q)j? gives the probability density of getting measurement results q with a
homodyne detection of the Fock state jni. We can then de ne an unnormalized vector in

the Fock basis as: s

= P27nle2H,(q): (A7)

where Hn(q) is the n’th Hermite polynomial. To get an eigenstate in a rotated quadrature
basis each vector element is simply multiplied by ei™ , where describes the rotation
angle. Note that a quadrature eigenstate is not equal to a squeezed vacuum state in the
limit r @ 1, as the squeezed vacuum state is normalized while the quadrature eigenstate
is not.

Mixed states can similarly be represented in the Fock basis as:

X X
= m:nimihnj; (A.8)

n=0m=0
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which are stored numerically as a matrix
@) 1
0;0 B 0;Nmax

8 X (A.9)

Nmax;0 s Nmax;Nmax

Operators

A quantum operator, &, can be represented in the Fock basis by matrices with element hnjGjmi
at index (n;m). Their e ect on pure states are given by matrix-vector multiplication, i.e.j 1 ¥
&j i, while their e ect on mixed states are given by matrix-matrix multiplication, ¥ G V.
Similarly to states, operators require a humerical cuto which should match that of the state
which is transformed by the operator.

Here we list the Fock basis representation of some common operators:

Annihilation/creation operators. The annihilation operator, &, and creation operators,
&Y, are given by

o 1 O 1

01 9 o0 00 0 0
00 "2 9 19 0 0
00 0 "3 02 9 0
a=B0 0 0 0 . w=H0 0 "3 0
0 Pz 0 0
0 0 Pr— o

(A.10)
These are sparse matrices and can be stored as such in MATLAB using the built-in sparse()
function to greatly reduce memory cost and increase calculation speeds.

Number operators The number operator, n, is a diagonal operator in the Fock basis:
A =diag(0;1;:::; Nmax) (A.11)

Similarly to the annihilation and creation operators, it should be implemented as a sparse
matrix.

Quadrature operators. Given the annihilation and creation operators above, the quadra-
ture operators are simply calculated using the relations

=P @ra)  p=p_(a &) (A12)
i
More generally, we can de ne quadrature operators with arbitrary rotation, , as
1 . .
¢ = %(e 'a+e' &) (A.13)

Similarly to the operators above, the quadrature operators are sparse and should be im-
plemented as such.
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Figure A.1: Matrix elements hnjjmi for numerically implemented displacement operators with
= 4 and Nmax = 200 using (a): matrix exponential of &Y &, (b): the recursion formula of

Eq. (A.17), and (c): the recursion formula for the Laguerre polynomials, Eq. (A.16).

Rotation operators. Similarly to the number operator, the phase rotation operator,
R( ) = exp(i N), is diagonal in the Fock basis:

R = diag(0; ' ;e'? ;:::;elMmax ) (A.14)
and can be e ciently stored as a sparse matrix.

Displacement operators. The displacement operator, D( ) = exp( & 8), is a bit
more tricky to implement. At rst glance, one might be tempted to implement it through a
matrix exponential of &Y &, using the matrix expression of & and & from Eq. (A.10).
However, due to the numerical cuto , this will not produce the correct matrix elements
hnjBjmi, as shown in Fig. . Instead, we should use the analytical expressions for the
matrix elements of the displacement operators [189]:

| g
| -
hnjBjmi = % nomg j =2 (0 m)j 2); (A.15)

where Lﬂq‘)( ) is the generalized Laguerre polynomials. Unfortunately, the built-in MAT-
LAB function for the generalized Laguerre polynomials is rather slow, but they can bee -
ciently calculated from scratch using the recursion formula, L(()k)( ) =1, Lgk)( ) =1+k
and

em+1+k LK) Mm+LE ().

Kk
LI ( )= o (A.16)

Another, and perhaps slightly simpler method to calculate hnjBjmi is by using the relation
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Davpy = av and the fact that DYD = . With these we can write:
hnjBjmi = p%hnjlﬁayjm 1i
= p%hnjlﬁaylﬁylﬁjm 1i

=p%hnj(ay )Ojm 1

p_ A ) A .
nhn  1jBjm p1|m hnjBjm 1i, (A17)

Thus we have a recursion relation for the matrix elements, allowing us to calculate all matrix
elements starting from the boundary values hnjBjoi = hnj i=e 12:29%. However, this
recursion is prone to numerical instabilities given the default 64-bit precision used for

oating-point data in MATLAB, as shown in Fig. [A.Ip. Such instabilities do not seem
to appear when using the Laguerre polynomial approach, Fig. [A.Ik, and therefore that
approach has been used for this thesis.

Note that due to the numerical cuto , Amax, the displacement operator is not unitary. As
a result, the norm of a state can change when transformed by the numerical displacement
operator. This turns out to be a very useful feature, which can be used to check if the
chosen value of Amax is su ciently large. In particular, the if the norm starts to get
signi cantly reduced, we should rerun the calculation with a larger npax. Intuitively what
happens is, that the displacement operator tries to displace the state onto energy levels
above nmax, but since these states are assumed to have zero occupation by the simulation,
the norm of the state shrinks. If one were to use the matrix exponential implementation
of the displacement operator, this e ect would not happen, and it would thus be harder to
detect if the numerical cuto is su cient.

Squeezing operators. The squeezing operator, §( ) = exp % a2 a2 . While
analytical values for the matrix elements hnjS( )jmi have been derived [190,/191], these
contain large sums which are prone to numerical errors and are thus less suited for numerical
implementation compared to the case for the displacement operator. Instead, one can
calculate the elements recursively by utilizing the relation $aSY = acosh(r) +&Ye' sinh(r).
In particular we can write:

hn  1jSjm 1i=p%hn 1jSajmi

hn  1j5a8YSjmi

hn 1j acosh(r) + &' sinh(r) Sjmi

— pﬁcosh(r)hnj§jmi+pn le' sinh(r)hn  2jSjmi : (A.18)

3?“ 37!“ Bﬂj"

Rearranging, we get:

Pan  1j§jm 1i PhTel sinh@in  2jSjmi

D

"ncosh(r)

hnjSjmi = (A.19)

Together with the expression for hnj$joi from Eq. , one can recursively calculate the
Fock-basis matrix elements of §. However, this approach sometimes leads to numerical
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instabilities using the 64-bit precision of MATLAB, as with the displacement operator,
so care should be taken when implementing the squeezing operator with this approach.
Alternatively, one can apply the matrix exponential to % 4> a2, although this might
lead to errors if Nmax IS too small.

Wigner function

To calculate the Wigner function, W ( ; q; p), of a given state with density matrix , we can use the
fact that the Wigner function is linear with respect to the input state, W(c; @ +c¢, @;q;p) =
ctW( @;q;p) + oW ( @;q;p). Thus in the Fock basis we get:

W( ;q;p) = m;nW (Jmihnj; g; p) (A.20)

n=0 m=0

Finally, we just have to calculate the Wigner functions of jmihnj which are given by [192]:

cym

W (jmihnj; q;p) = hnj> pi(q +ip) jmi

2

—2" M(@+ip)" Me @ PILO ™22 + 2p2): (A.21)
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