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Résumeé

La recherche en informatique quantique a pris de ’ampleur dans les deux derniéres décennies,
notamment grace aux financements massifs des gouvernements et de I'industrie dans les
technologies quantiques. L’ordinateur quantique promet de résoudre des problemes qui
jusqu’a présent restaient insurmontables a cause du temps déraisonnable qu’il faudrait
pour les résoudre sur les ordinateurs classiques les plus puissants. L’idée de 'ordinateur
quantique consiste a utiliser des propriétés quantiques de la matiére, telles que l'intrication
et la superposition quantique des états, pour effectuer des calculs d’une nouvelle maniere.
L’informatique quantique requiert un nouveau type d’ordinateur ou les bits d’information
classique, généralement représentés par la présence ou non de courant & ’entrée d’un
transistor, sont remplacés par des bits quantiques aussi appelés qubits, et qui sont représentés
par ’état d’un systeme quantique. De plus, il est nécessaire de développer de nouveaux
algorithmes capables d’étre implémentés sur un ordinateur quantique et capables de tirer
parti de 'avantage quantique. Cette these porte sur ces deux composantes complémentaires
: la construction de portes logiques, un bloc fondamental de tout ordinateur, et la création

de meilleurs algorithmes pour résoudre des problemes pertinents sur ces machines.

Parmi les plateformes les plus avancées pour I'ordinateur quantique, on trouve les circuits
supraconducteurs, qui sont la plateforme sur laquelle ont misé Google, IBM, Alice&Bob,
Nord Quantique et bien d’autres compagnies. Malgré les avancées des dernieres décennies,
de nombreux défis restent a étre relevés pour que les machines existantes soient en mesure
de résoudre des problemes pertinents et surpassent les ordinateurs classiques. L'un des défis
auquel cette thése s’attaque est la réalisation de portes logiques a deux qubits rapides et a
haute fidélité. La rapidité est cruciale pour pouvoir réaliser le plus d’opérations possible
avant que les qubits ne perdent leur cohérence quantique, et une haute fidélité est requise
pour minimiser les erreurs de calcul et permettre d’implémenter de la correction d’erreurs
quantiques. De plus, certains qubits supraconducteurs sont connus pour étre affectés par une
interaction indésirable, 'interaction ZZ qui, méme si relativement faible, affecte la fidélité

des portes logiques quantiques, empéchant d’atteindre des fidélités supérieures a 99.9%
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nécessaires a la correction d’erreurs.

En parallele avec I'amélioration des composantes de 'ordinateur quantique, il est impor-
tant de développer des applications pour ce nouveau type de machine. Parmi les approches
étudiées, les algorithmes quantiques variationnels (VQA) sont ceux qui sont les plus suscep-
tibles d’étre déployés sur les ordinateurs quantiques de petites tailles existants. Ce sont des
algorithmes hybrides qui nécessitent a la fois de la puissance de calcul classique et quan-
tique. Ces algorithmes semblent prometteurs pour résoudre de nombreux problemes concrets
d’intérét industriel, comme obtenir les propriétés de molécules ou trouver les solutions de
probléemes d’optimisation combinatoire. En effet, ces problemes peuvent étre formulés sous
forme d’un Hamiltonien et résolus en déterminant son état fondamental. Dans ce but, les
VQAs utilisent un circuit quantique paramétré appelé ansatz, dont les parametres sont
optimisés pour s’approcher de I’état fondamental. Un premier défi consiste a trouver un
ansatz qui permette, pour un probléme donné, de converger le plus efficacement possible
vers la solution. Un deuxieme défi est de trouver un circuit fait de portes logiques facilement

implémentables sur les plateformes physiques actuelles.

Les travaux effectués dans cette thése apportent des contributions & ces deux défis. Dans
la premiere partie de la thése, nous introduisons le dispositif que nous avons congu et qui
permet de réaliser des portes d’intrication paramétrique entre deux qubits supraconducteurs.
Cette approche a permis a nos collaborateurs du groupe d’Andrew Houck de 1’Université
de Princeton de réaliser expérimentalement une opération de type viSWAP en 15 ns avec
une fidélité de 98.8%, et ce dans un dispositif ot I'interaction ZZ est supprimée. Dans
la seconde partie de la these, nous avons développé un ansatz pour les VQAs permettant
de résoudre le modele de Fermi Hubbard. Ce nouvel ansatz utilise les avantages de deux
ansétze préexistants, et permet d’obtenir I’énergie et I’état fondamental du FHM avec une
précision de plusieurs ordres de grandeur supérieure aux ansétze standards, et ce en réduisant
significativement le nombre de portes d’intrication CNOT qui sont généralement imparfaites

et longues & implémenter.



Summary

Quantum computing has gained momentum over the last two decades, thanks in particular to
massive government and industry funding for quantum technologies. The quantum computer
promises to solve problems that are currently untractable because of the unreasonable
time it would take to solve them on the most powerful classical computers. The idea of
the quantum computer is to use quantum properties of matter, such as entanglement and
quantum superposition of states, to perform calculations in a new way. Quantum computing
requires a new type of computer in which classical information bits, generally represented by
the presence or absence of current at the input of a transistor, are replaced by quantum bits,
also known as qubits, which are represented by the state of a quantum system. In addition,
it is necessary to develop new algorithms that can be implemented on a quantum computer
and that are able to benefit of the quantum advantage. This thesis focuses on these two
complementary components: the construction of logic gates, a fundamental building block of

any computer, and the design of algorithms for solving relevant problems on these machines.

Among the most advanced platforms for quantum computing are superconducting
circuits, which are the platform on which Google, IBM, Alice&Bob, Nord Quantique and
many other companies have decided to bet on. Despite the advances of recent decades,
many challenges remain to be overcome before existing machines are able to solve relevant
problems and outperform classical computers. One of the challenges this thesis tackles is the
realization of fast and high-fidelity two-qubit gates. Speed is crucial to be able to perform
as many operations as possible before the qubits lose their quantum coherence, and high
fidelity is required to minimize computational errors and enable quantum error correction
to be implemented. In addition, some superconducting qubits are known to be affected
by an undesirable interaction, the ZZ interaction, which, although relatively weak, affects
the fidelity of quantum logic gates, making it challenging to achieve fidelities above 99.9%

required for quantum error correction.

Alongside the improvement of quantum computer components, it is important to develop
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applications for this new type of machine. Among the approaches explored, variational
quantum algorithms (VQA) are the family of algorithms most likely to be applied on existing
small-scale quantum computers. These are hybrid algorithms that require both classical and
quantum computing resources. VQAs seem promising for solving many concrete problems
of industrial interest, such as obtaining the properties of molecules or finding solutions to
combinatorial optimization problems. Indeed, these problems can be formulated in terms
of a Hamiltonian and solved by determining its ground state. To this end, VQAs use a
parameterized quantum circuit called ansatz, whose parameters are optimized to approximate
the ground state. A first challenge is to find an ansatz which, for a given problem, converges
as efficiently as possible to the solution. A second challenge is to find a circuit made of logic

gates that can be easily implemented on current physical platforms.

The work carried out in this thesis tackles both of these challenges. In the first part of the
thesis, we introduce a device we have designed that enables the implementation of parametric
entanglement gates between two superconducting qubits. This approach has enabled our
collaborators in Andrew Houck’s group at Princeton University to experimentally realize
a ViSWAP operation in 15 ns with a fidelity of 98.8%, and this in a device where the ZZ
interaction is suppressed. In the second part of the thesis, we developed an ansatz for VQAs
to solve the Fermi Hubbard Model. This new ansatz uses the advantages of two pre-existing
ansitze, and makes it possible to obtain the energy and ground state of the FHM with
an accuracy several orders of magnitude better than standard ansatze, while significantly
reducing the number of CNOT gates, which are generally imperfect and time-consuming to

implement.



Abbreviations

Adapt-VQE  Adaptive Derivative-Assembled Problem-Tailored ansatz Variational Quan-
tum Eigensolver
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C-Phase Controlled-Phase gate

CPTP Complete Positive Trace Preserving
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JJ  Josephson junction

JW  Jordan-Wigner
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NISQ Parametrized Quantum Circuit

PQC Quantum Optimal Control inspired Ansatz

QAOA Quantum Approximate Optimization Algorithm

QOCA Quantum Optimal Control inspired Ansatz

QUBO Quadratic Unconstrained Binary Optimization

RWA  Rotating-Wave Approximation

SPSA  Simultaneous Perturbation Stochastic Approximation
SW  Schrieffer-Wolff

SWPT  Schrieffer-Wolff Perturbation Theory

SNAIL Superconducting Nonlinear Asymmetric Inductive eLement
TLS Two-Level System

UCC  Unitary Coupled Cluster

VA  Variational Algorithm



VHA  Variational Hamiltonian Ansatz
VQA  Variational Quantum Algorithm

xi



Contents

Remerciements ii
Résumé v
Summary vii
Abbreviations ix
I Parametric two-qubit gate 1
1 Quantum computing with superconducting circuits 2
1.1 Circuit quantization . . . . . . .. ... L L 2
1.2 Existing Superconducting qubits and couplers . . . . . . ... ... ... .. 6
1.2.1  The transmon qubit . . . . . . ... Lo oL 6

1.2.2 The flux-tunable transmon . . . . . . . ... .. ... ... ..... 9

1.2.3 The Generalized Flux Qubit . . . . . .. .. ... ... ... ... .. 10

1.3 Two-qubit gates . . . . . . . .. L L e 12
1.3.1 Flux-tuned gates . . . . . . . . . . .o 13

1.3.2  All-microwave gates . . . . . . . ... 14

1.3.3 Parametric gates . . . . . . . ... Lo 15

2 Floquet theory to extract gate properties 17
2.1 Floquet theory . . . . . . .. . 18
2.2 Extracting interaction amplitudes . . . . . . . ..o oo 20

3 Fast and high-fidelity parametric two-qubit gate design 25
3.1 Toy model: three Kerr non-linear oscillators . . . . . . . . ... ... .... 27
3.1.1 Analytics . . . . . .. 27

3.1.2 Numerical results . . . . . . .. . . ... 35

xii



Contents

3.2

Full device . . . . . . . .
3.2.1 Analytics . . . . . ..
3.2.2 Numerical results . . . . . . . . . . .

4 Theoretical support to experiment

4.1 Parameter fit . . . . . . ...

4.2 Autler-Townes SpectroSCOPY . « « v v v v v v v v e e

4.3 Gate characterization . . . . . . ... ... ... . ...

4.3.1 Chevron pattern . . . . . . . . . ... ...

4.3.2 Gate fidelity and leakage . . . . ... ... ... 0oL
Conclusion

II Variational Quantum Algorithm

5 Introduction

5.1
5.2
5.3
5.4
5.5

Parametrized Quantum Circuits. . . . . . . . .. .. ... ... ... ..
The cost function . . . . . . . . . .. L
The measurement . . . . . . . . . . ...
Classical optimization . . . . . . . .. . .. . .. .. ... ...
Fermi-Hubbard model . . . . . . . ... ... ... ... ... ... ...,
5.5.1 Themodel . .. ... ... .. ... ..
5.5.2  Mapping Hruym to a qubit Hamiltonian . . . . . . . ... ... ...

6 Adaptive approaches for QOCA

6.1
6.2
6.3

Quantum Optimal Control inspired Ansatz . . . . .. ... ... ......
Adapt-VQE . . . . .
Adaptive approaches for QOCA . . . . . . . . . . ... ... ... ...
6.3.1 Adapt-drive QOCA . . . . . . . ...
6.3.2 Adapt-QOCA . . . . . . .

7 Benchmark adapt-QOCA

7.1

7.2

Setting up the simulations . . . . . .. .. ... o 0oL
7.1.1 Operator pools . . . . . . . . .
7.1.2 Thresholds . . . .. . . . . . ...
7.1.3 Initial state . . . . . . . ..
7.1.4 Circuit simulation and optimization . . . ... ... ... ... ...
Fermi-Hubbard model . . . . . . . . ... . ... ... ... .. ... ... .

xiii

40
40
49

57
58
61
62
62
65

71

74

78
78
81
82
86
88
88
89



Contents xiv

721 FHM2X2 ... e 105
722 FHM2X3 . .. e 108
7.3 Chosen operators and gate count . . . . . .. ... ... oL 109
7.3.1 Number of CNOTs . . . . . . . . .. . 109
7.3.2 Chosen operators . . . . . . . v v i i e e 110
Conclusion 115
Appendices 116
A Circuit quantization of the full device 118
B Appendix: Schrieffer-Wolff transformation 121
B.1 Time-independent Schrieffer-Wolff transformation . . . . . . . ... ... ... 121
B.2 Time-dependent Schrieffer-Wolff perturbation theory . . . . . . . ... ... 122

C Publication: Accurate Methods for the Analysis of Strong-Drive Effects in Paramet-

ric Gates 124



List of Tables

1.1 Common superconducting elements . . . . . . .. ... .. ...

3.1 Accessible gate Hamiltonians realizable with a parametric drive

XV



1.1
1.2
1.3

2.1
2.2

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1
4.2
4.3
4.4
4.5
4.6
4.7
5.0

5.1
5.2

List of Figures

Electrical circuit elements . . . . . . . . . .. .
The transmon qubit . . . . . .. ... Lo

The generalized flux qubit. . . . ... ... ... ... ... ... ....

Driven two-level system . . . . . . .. . ... .
Qubit-field spectrum . . . . ... L

Device design . . . . . . ..
Static and dyncamical cross-Kerr interactions . . . . . .. ... .. ... ..
Toy model: Static Cross-Kerr interaction . . . . . ... ... ... .. ...
Toy model: Dynamical device properties 1 . . . . . . . . ... .. ... ...
Toy model: Dynamical device properties 2 . . . . . . . . ... ... .....
Interaction rates of the full circuit versus the de flux . . . . . . . . . ..
77 interaction versus Fc. and Fj. for multiple N and o . . . . . . . . . ..
Spectra and ZZ interaction versus flux. . . . . . . . ... ... ... L.
77 interaction, the overlap and .J,;, versus F¢. and Ej. for multiple N . . .

Gate rate and dynamical ZZ interaction for different drive amplitudes

Spectrum and ZZ interaction of device 1 . . . . . . . . ... ... ... ...
Qubit 77 and To versus flux . . . . . . . . . . .. ...
Autler-Townes SpectroSCopy . . .« v v v v i e
Chevron pattern device 1: experiment and simulation . . . ... .. .. ..
Chevron pattern device 2: Simulation . . . .. ... ... ... .......
Gate fidelity & Leakage: device 1 . . . . . . . . . ... ... ... ... ..
Gate fidelity & Leakage: device 2 . . . . . . . . . . ... ..

Variational Quantum Algorithm . . . . . . ... ... ... ... ......

Standard ansatze . . . . . . . e

Measurement of Pauli matrices . . . . . . . . . . ...

xvi

10

22
23

26
34
37
38
39
47
50
52
54
55



List of Figures xvii

5.3

6.1
6.2
6.3

7.1
7.2
7.3
7.4
7.5
7.6

Al

FHM lattices . . . . . . . . . . . e 90
QOCA ansatz . . . . . . . . . e 93
Procedure for implementing adapt-VQE . . . . . . ... 97
Procedure for implementing adapt-drive QOCA . . . . . ... .. ... ... 100
Ansétze performance for the 2x2 FHM . . . . . . .. .. .. ... .. .... 106
Adapt-drive QOCA with different pools . . . . . . .. ... .. ... .... 108
Ansétze performance for the 2x 3 FHM . . . ... ... ... ... ..... 109
Gate count and circuit depth . . . . . .. ... oo 110
Operator occurence FHM 2 x 2 . . .. . .. . .. ... ... ... ...... 113
Operator occurence FHM 2 x3 . . . . . .. ... ... ... .. ....... 114

Device design . . . . . . .. 118



Part I

Parametric two-qubit gate



Chapter 1

Quantum computing with

superconducting circuits

In this first chapter, we introduce the basic concepts of superconducting circuits that will
be useful for the following chapters. In Sect. 1.1, we explain how an electrical circuit can
be formulated in the form of a Lagrangian and subsequently expressed as a Hamiltonian.
The procedure that takes us from a circuit to a quantized Hamiltonian is known as circuit
quantization. We provide an overview of the basic concept using the approach of Devoret
[1, 2]. In Sect. 1.2, we describe three commonly used superconducting qubits and which will
be useful in the next chapters: the fixed-frequency transmon, the flux-tunable transmon
and the generalized flux qubit. Finally, in Sect. 1.3 we provide an overview of the different

strategies that can be used to implement two-qubit gates between superconducting qubits.

I hope that this chapter will provide valuable context on how our work relates to the

current state-of-the-art research.

1.1 Circuit quantization

In this section, we present the approach of Devoret to quantize an electrical circuit [1, 2].
The electrical circuits that we consider in the following are two-pole elements connected
at nodes in simple networks. The most common elements are capacitances, inductances

and Josephson junctions. The Josephson junction (JJ) is ubiquitous in quantum computing



with superconducting circuit because it is the best nonlinear element that is also non-
dissipative at sub-Kelvin temperatures. This nonlinearity plays an important role for

designing superconducting qubits.

a) b) Two-pole element

A ¢n A K

Node

V(t) b (D(t) Branch

{Loop

1(?)

¢n , & o

Figure 1.1 a) Diagram of a two-pole element on branch b, with a current I flowing through
it and a voltage V across the branch. The branch flux ® is defined between
the flux nodes ¢,, and ¢,s. b) Diagram of an electrical circuit made of two-pole
elements. The nodes are indicated by dots and the branches are the path between
two consecutive nodes.

The branch charge and branch flux of any two-pole element are described by the voltage
V(t) and the current I(t) that flows through it:

() = /_t 'V (t') (1.1)
Q) = /_toodt’l(t’), (1.2)

where the branch flux can also be written as ® = ¢,, — ¢,/, with ¢; the flux node at the

nodes i € {n,n’}, see Fig. 1.1. The energy absorbed by the element is given by:

E(t) = /_too dt'I(t"V (). (1.3)

Using basic equations relating the voltage and the current, such as V = L% and [ = % =
C % for a linear inductor (resp. capacitor) with inductance L (resp. capacitance C), one
can determine the voltage and current flowing through a circuit element, and the energy
stored in it, as a function of the branch flux and branch charge. In the following, we express

those quantities in terms of the branch flux (see Table 1.1), note, however, that they could



be expressed in terms of the branch charge instead without loss of generality. Using this
convention, one can identify the capacitive energies as the kinetic energies and the inductive

energies as the potential energies.

Two-pole element Current Voltage Energy Symbol

_é C é e
Vo = & ¢ 2 =

Linear capacitor Ic = Cd

Linear inductor I, = %CD Vi, = ﬁCID2

Josephson Junction | I; = z—heEJ sin(%cb) V; =& | —E; cos (lheq)) $

Table 1.1 Common superconducting elements. For each circuit element, we define the current
and the voltage flowing through the dipole, the energy stored in it and its symbol.
For the linear capacitor, C' is the capacitance, for the linear inductor, L is the
inductance, and for the Josephson junction E; is the Josephson energy.

Due to the constrains imposed by Kirchhoff’s laws, the number of degrees of freedom of
the circuit is smaller than the number of branches in the circuit. To get rid of the redundancy
of variables when deriving the Hamiltonian of a superconducting circuit, we use the approach
of Vool and Devoret [2], known as the method of nodes. Note that other methods exist to

derive the Hamiltonian for a circuit which can better describe certain device circuits [3, 4].

The first step of the method of nodes is to define a spanning tree T for the circuit. This
step consists in defining a reference node which is set to the ground, and identifying a set
of branches that connect every node of the circuit to the ground through branches with a
capacitance. The tree 7 should not form any loop. Also, note that the choice of spanning

tree is not unique. To satisfy Kirchhoff’s laws, the branch fluxes are defined as:

Dpe7 = Pn — P/

(1.4)
Dy = On — On + q’flxt

where T is the complement of 7 and, ¢, and ¢, are the flux nodes of the branch b. If the
branch b is not in the spanning tree, but belongs to a loop, then the external static flux ®2_

enclosed by the loop, is added to the flux branch.



The Lagrangian is obtained by subtracting the potential energy from the kinetic energy:

Cb . (I)2, q)b//
L= Ekm — Epot = Z 7@% — Z 2Lb, + Z EJb// COS <27T ) ) y (15)
beBc VeBy, b b'eBy 0

where B., By, and Bj are the branches that have respectively a capacitance, an inductor or
a Josephson junction. We introduced the quantum flux &y = Q—he The flux branches &y, Py
and ®pr in Eq. (1.5) are written as Eq. (1.4) depending on whether the branches are in T or
T. The Lagrangian is thus written in terms of the generalized coordinates {¢, Pext, P, Pext },
where ¢ and ¢y are vector notations of the flux nodes and of the external flux. If one
does the exercise and applies Euler-Lagrange equations to the Lagrangian, one will find the

equations of motion of the circuit, which are equivalent to Kirchhoff’s laws.

To derive the circuit Hamiltonian from the Lagrangian in Eq. (1.5), we first define the

conjugate variable of the flux nodes which here corresponds to the charge nodes:

oL
n = —. 1.6
= 50 (1.6)
The Hamiltonian finally reads:
H = Z Qnén - L. (17)

From the Hamiltonian description of the circuit, it is then straightforward to quantize
the Hamiltonian. One simply needs to replace ¢y, ¢, and H by the operators ¢n, Gn, H

respectively, and replace the Poisson brackets by the commutator relation [g?)n, Gm) = ihdpm,

In the laboratory, to observe quantum behavior in those systems, dissipation has to be
much smaller than the separation between two levels of the Hamiltonian, which is not the case
for dissipative circuits operated at room temperature. The circuits that we are considering
are made of superconductors operated at milliKelvin temperatures. These superconducting

circuits are non-dissipative, making it possible to measure quantum properties.
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Figure 1.2 a) Diagram of the lumped element circuit of a fixed-frequency transmon, b) Diagram
of the lumped element circuit of a flux-tunable transmon (bottom) threaded by
a magnetic flux ®@qz¢. ¢) One well of the cosine potential of the transmon qubit
(full line), V(p) = —E;cos(p), compared to the quadratic potential of the LC
oscillator (dashed lines), V() = —?. The eigenstates of the transmon are denoted
{19),le),1f),-- -}, and wy is the qubit frequency. d) Illustrates the charge dispersion
in the first energy levels of the transmon Hamiltonian Eq. (1.8) versus the charge
bias ng. The three plots are for different Ej/ E¢ ratios, for a fixed plasma frequency
wp/2m = 5GHz. ¢) and d) are adapted from Ref. [5].

1.2 Existing Superconducting qubits and couplers

1.2.1 The transmon qubit

One of the most commonly used superconducting qubits is the transmon qubit [5, 6]. This
qubit is made of a capacitance in parallel with a Josephson junction, see Fig. 1.2 a). Using

the procedure mentioned in the previous section one can find the transmon Hamiltonian:

A 2 &
((I2qu’) — Ejcos <27Tq)0>
= 4Ec(f —ng)* — Ejcos (p)

(1.8)



where § = 2en is the charge operator, which is related to the operator representing the
number of Cooper pairs on the superconducting island, 7. The charging energy is defined as
Ec = %, with C' = Cj + Cg the sum of the junction’s capacitance (Cy) and of the shunt
capacitance (C's). The parameter n, represents a classical charge bias on the superconducting
island of the transmon that is induced by its capacitive coupling to the environment or to
a voltage source. Since 71 is discrete, the phase operator ¢ = 21rd /Py is compact and its

eigenvalues are defined on [0, 27[. The commutation relation is [, A] = 1.

The cosine potential of a transmon qubit of frequency wy is plotted in Fig. 1.2 ¢) (solid
line) along with the quadratic potential of an LC oscillator of same frequency (dashed line).
While the quantized energy levels of an LC oscillator are equally spaced, the transmon levels
are anharmonically separated. The anharmonicity is defined as the amount by which the
second transmon energy level deviates from the one of a harmonic oscillator. We will show in
a moment that the anharmonicity of the transmon is, to first approximation, equal to —FEg.
The number of levels confined in the transmon potential depends on the height of the well
(2Ej), and can be estimated by counting the number of harmonic levels that could fit in
the well, i.e. ~ 2E5/+/8EcE];. The transmon potential generally contains about 8 energy
levels. Compared to the harmonic oscillator, the ground state and the first excited state of
the transmon can be isolated and used as a qubit. In the absence of anharmonicity or in the
case of small anharmonicity, the control of the qubit would cause unwanted transitions to

higher energy levels.

Looking at the spectrum of the electrical circuit, in the left plot of Fig. 1.2 d) one can
see that its energy levels depend on the offset charge ny. Because of its coupling to the
environment, the device of Fig. 1.2 a) can thus be sensitive to charge noise. We refer to the
variations of the energy levels with ng, max[E(ny)] — min[E(ng)], as the charge dispersion.
The choice of Ej and E¢ is of critical importance to control the transmon’s sensitivity
to charge noise, as the charge dispersion decreases exponentially with the square root of
E;j/Ec [6]. Fig. 1.2 d) shows the transmon spectrum as a function of the offset charge for
different ratios Fj/ Ec. When the charging energy is comparable to the Josephson energy, i.e.
Ej ~ Eg, variations in n, significantly change the spectrum of the device. Such variations
in the qubit frequency are to be avoided because they lead to dephasing. To mitigate this
issue, transmons are designed in the regime where Ej/Ec > 1, commonly known as the
transmon regime. In this regime, see right panel in Fig. 1.2 d), the first transmon levels are
to a very good approximation insensitive to charge fluctuations with a charge dispersion
almost equal to zero. Note, however, that having a large Fj/Ec ratio comes at the cost
of reducing the transmon anharmonicity. The ratio Ej/E¢ should therefore remain below

100 to keep some anharmonicity in the spectrum level. A small anharmonicity makes it



complicated to isolate the two lowest energy levels used as a qubit, since driving the qubit

leads to unwanted transitions to higher energy levels.

We now write the charge number and phase operators in terms of the creation and

annihilation operators:
(1.9)

where we set the characteristic magnitude of the zero-point fluctuations of the charge number

9EG\ 1
Prpr = Ei‘] )

i [ E;\i
Nypp = D) E .

In the transmon regime (Ej/Ec > 1)

and the phase to:

(1.10)

, ¢,pp 18 small and one can thus expand the cosine

and approximate the Hamiltonian to fourth order in ¢:

292 a4
ﬁz4ECﬁ2+EJ%—EJ%. (1.11)

Notice that we dropped the offset charge term in Eq. (1.11) since the transmon is charge
insensitive in this regime. The two first terms in Eq. (1.11) represent a harmonic oscillator
and the last term appears as a non-linearity. Replacing ¢ and # by the creation and

annihilation operators, the Hamiltonian can be rewritten as follows:
A ATA EC AT ~\ 4
H = /BE;Ecbib— = (b + b) . (1.12)

It is reasonable to apply the rotating-wave approximation (RWA) and remove the terms with
unequal number of bt and b, since those terms will be oscillating fast in the frame rotating
at the plasma frequency w, = /8EjEc compared to the prefactor Fc. The transmon

Hamiltonian can thus be approximated by a Kerr non-linear oscillator (KNO):
— 5 MR o Fpt2p2
H = hwgb'b + Eb b, (1.13)

with a qubit frequency w, = v/8EjEc/h — Ec/h and an anharmonicity o = —FE¢. The
ground-to-first excited state transition has a frequency of w; and the first-to-second excited
state transition is detuned from w, by the anharmonicity —FEc, which is negative for a

transmon. This small nonlinearity in the spectrum makes it possible to control the ground



and first excited states without populating the higher excited states. Therefore the two first
levels of the transmon can be used as a qubit. The transmon is a multi-level system with a
spectrum that is anharmonically spaced, it is for this reason often said to behave like an
artificial atom. Notice that the higher transmon levels could be used to form a qudit instead
of a qubit [7] [8] [9].

Transmon qubits have relaxation times 77 of the order of tens to hundred of microseconds,
with state-of-the-art 77s around 300 to 500 us [10-12]. The dephasing time T is typically

of the same order or magnitude than the 77.

1.2.2 The flux-tunable transmon

The transmon can be rendered flux-tunable by integrating two JJs shunted in parallel instead
of a single JJ, see Fig. 1.2 b). The two JJs form a SQUID loop. Following the approach

introduced in Sect. 1.1, one finds the following Hamiltonian:
A = 4Ech? — Ej cos (@) — Ejp cos (¢ — Qext) » (1.14)

where Fj is the Josephson energy of junctions ¢ in the SQUID loop and E¢ represents
the charging energy, encompassing the capacitances of the junctions as well as the shunt
capacitance. The operators fi and ¢ represent the charge number and phase across the
circuit branch. The parameter ®qy is the external flux threaded through the SQUID loop,
and ext = 27 Pext / Po. By the means of trigonometric manipulation, the Hamiltonian can

be rewritten with a single cosine potential as [6]:
H = 4Ecn? — Ej(gext) cos (¢ — o) (1.15)

with

Ey(pext) = (Ej1 + Ejz2) cos <¢;Xt) \/1 + d? tan? <¢§Xt>, (1.16)

where d = (Ejp — Ey1)/(Ey1 + Ej2) is the junction asymmetry and

Ejosin(@ext) (SoeXt>
t ) . ' 1.17
an(@(}) EJ1 _|_ EJ2 COS(SDeXt) o 2 ( )

Note that ¢o differs from the definition in Ref. [6], where tan(¢g) = dtan (£5*). This
difference arises from the fact the method of nodes is used here to derive the Hamiltonian
while Ref. [6] uses the method of branches. Nevertheless, the Hamiltonians are equivalent up

to a gauge transformation. The phase g can anyway be eliminated by a shift of variables
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in the case where the external flux ®.y; is constant.

Because of the external flux the transmon now has an effective Josephson energy which

depends on @eyxt. This renders the transmon frequency tunable with,

hw(pext) = \/8Ec|Ey(¢ext)| — Ec (1.18)

and the anharmonicity remains fixed and negative as for the fixed-frequency transmon.
The flux-tunable transmon is widely used as a qubit or a coupler [13—20]. One advantage
of using the flux-tunable transmon as a qubit is that it allows for more flexibility in the
device parameters, as current nanofabrication errors can typically shift the capacitances
by 1 — 5% and the Josephson energies by ~ 5 —20% [21-23]. Flux-tunable transmons are
also frequently used as couplers, where their frequency is tuned such as to turn on or off
interactions between the qubits [14, 24]. The tunability of the qubits or the coupler is also
used to implement gates, more details on how two-qubit gates are performed will be given in
Sect. 1.3. It is important to note, however, that this flexibility in the flux-tunable transmon
comes at the expense of increased sensitivity to flux noise. This flux noise ultimately leads
to a decrease in the qubit phase coherence compared to fixed-frequency transmons. An
additional drawback of flux-tunable qubits is the need for calibrating the device parameters,

which can be a challenging task, especially for chips with a large number of qubits [25, 26].

1.2.3 The Generalized Flux Qubit

= a
—_— 1N /
-1 — 12N /
N | . — 1/3N
02

. 0.3 04 0.5 0.2 0.3 04 0.5 0.2 03 04 05
0% 6,3 05 0,3 v Oy Gexel2M exel2M Gextl2n

Figure 1.3 a) Diagram of the lumped element circuit of a generalized flux qubit, adapted from
Ref. [27]. b) Anharmonicity of the GFQ agrg in the KNO approximation versus
flux. Each plot corresponds to a different N and each line to a different anisotropy
ratioa=1/N, 1/2N and 1/3N.

The generalized flux qubit (GFQ) is a variation of the flux qubit, where instead of a simple
SQUID, one of the branches of the loop has an array of N Josephson junctions, as shown in

Fig. 1.3 [28-33]. This circuit is also known as a Superconducting Nonlinear Asymmetric



11

Inductive eLement (SNAIL) developed by Frattini et al. [29]. The circuit branch with a single
junction is called the black-sheep junction, and we will refer to the branch with multiple

junctions as the junction array.

In principle, this circuit contains N 4 1 modes, defined by the flux branches ;. Under
some assumptions it is possible to approximate the array of junction by a single mode,
¢ =SN_. 6, usually called the superinductance mode [27]. The Hamiltonian of the GFQ

derived from circuit quantization can then be expressed as follows:

A

H(t) = 4Ech* — aFEjycos [p + pext] — BN Ej cos [;\D[] , (1.19)

with ¢ = ¢/¢g where ¢g = 2%’ and 7 respectively the superconducting phase difference
and the Cooper pair number operators. The parameter E¢ is the charging energy of the

superinductance mode, which can be written in terms of the charging energies of the black
NELE}

NE&+EY"
junctions are identical in the array and that each individual Josephson energy is Ej. The

sheep junction Eg, and of the array K¢ as Ec = We assume that all the Josephson
parameter [ corresponds to a renormalization of the superinductance due to disorder in the
junction array and to finite zero-point fluctuations. This quantity can be approximated as
B ~ exp (—% 8EL/ E‘}), see Ref. [34]. The parameter « is simply the ratio between the
Josephson energy of the black sheep junction and the Josephson energy of the junction array
Ej. It parametrizes the anisotropy between the two branches of the loop. Finally, the loop

can be threaded by an external flux ey = %

The Hamiltonian in Eq. (1.19) is obtained by assuming that [29]:
e All the Josephson junctions are identical in the N-junction array, with a Josephson
energy F;y and a capacitance Cj.

e The external flux w.,; is constant.

e The capacitance to the ground of each junction between the islands can be neglected.

This is valid if the capacitance to the ground is much smaller than C;/N 2,

e The single-mode approximation is valid if the plasma frequency of a junction, (), =
V8E Ec,, is higher frequency than the dynamics that is being studied. This is usually
the case because the devices are designed with (), /27 = [20 — 40] GHz, which is to be

compared with dynamics occurring in the GHz range.

e The phase slip rate in the array, which is proportional to e~V Ey/EBe, , is small compared

to the inverse of the relevant timescale. This is usually the case because of the shunting
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capacitor.

As for the transmon, the cosine potentials in Eq. (1.19) can be Taylor expanded and then
expressed in terms of creation and annihilation operators. For Ej/FE¢ large and o < 1/ N,

the generalized flux qubit can also be expressed as a KNO with frequency and anharmonicity:

B
WGFQ(Pext) = \/SEJEC {a €08 (1Pext) + 5 cos SDJE\);(t (1:20)
AGFQ 1 Q COS (Spext) + %COS (Lp]e\);t)
acro _ 1, v cos (7 (1.21)
2 2 v cos (@ext) + 3 cos ()

In the limit where § — 0 one recovers the transmon. For the GFQ, the anharmonicity can
be made positive when cos(@ext) is negative if the number N and the anisotropy ratio «
between the Josephson energy of the two branches is appropriately chosen. In Fig. 1.3 b),
we show the anharmoticity of the GFQ in the KNO appromixation versus e, for different
N and a. We see that it is easier to obtain positive anharmonicities for larger value of N
and for « < 1/N. Note that for & < 1/N (resp. a > 1/N), the potential of the GQF in

Eq. (1.19) features a single (multiple) well versus the superconducting phase .

It has been shown for qubits with opposite anharmonicities that it is possible to suppress
unwanted ZZ interactions between the qubits [35-37]. The ZZ interaction is generated by
a term in oz 0z, in the Hamiltonian which shifts the qubit frequencies when both qubits
are in the first excited state. While this ZZ term can be desired to generate CZ gates, it
can also be unwanted. Spurious ZZ interaction is one of the main factors limiting current
gate fidelities and a great deal of efforts have been made to address this issue [35-39]. In
Chapter 3, we show that by using a GFQ as a coupler between transmon qubits, it is possible

to cancel this ZZ interaction.

1.3 Two-qubit gates

There exist multiple approaches of generating two-qubit gates for superconducting qubits [5].
In this section, we briefly describe three ways of implementing gates in superconducting
qubit architectures, depending on the presence of a coupler and on the tunability of the

qubits.
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1.3.1 Flux-tuned gates

The general idea of flux-tuned gates is to keep the qubits far detuned from any resonance
when the gate is off and to tune specific energy levels into resonance to implement a certain
gate. Here we consider one of the simplest architectures to implement a gate, that is, one or
two flux-tunable qubits which are directly coupled through a capacitance. This system is

described by a beam-splitter Hamiltonian:

A ~

H Ihwlbigl + ! BJ{ZB% + hWle;[;Q + %63283

2 (1.22)
+ 1 (b]by + b1,
where J depends on the Josephson and charging energies of the qubits, and on the coupling
capacitance. This Hamiltonian describes the coherent exchange of an excitation between the

two qubits.

By tuning the qubits at some specific frequencies, different gates can be activated using
this Hamiltonian. For instance, by tuning the qubits on resonance, w; = wy, it is possible to
generate an iISWAP gate. This becomes evident by treating the qubits as two-level systems

and moving to the rotating frame at the qubit frequencies:
Heg = hJ(6116_2+6_1612). (1.23)

An i{SWAP gate can thus be implemented with this Hamiltonian by letting the system evolve
for a time t;swap = 7/ (2J).

Still using the Hamiltonian in Eq. (1.22), it is also possible to implement a controlled-
phase gate (C-Phase). This can be achieved by taking advantage of the higher energy levels
of the qubits [5, 40]. In fact, when J # 0, the energy level fiwy; associates to the state with
both qubits in the first excited state is no longer equal to the sum of the qubit energies
h(wo1 + w1p). The amount by which the energies differ is denoted ¢ = w11 — wp1 — wio and
is generally referred to as the ZZ interaction. In the spectrum, this shift translates in an
avoided crossing between the computational level |1;12) and the second excited state of
one of the qubits |0;23), when tuning w;. Tuning the qubits in and out of this avoided
crossing leads to the following unitary operation: diag(1,e®1,e?10 e?11) where ¢op = [ dtwap
is the dynamical phase accumulated during the flux excursion by the state |aj,bs) with
ab € {0,1}. Up to single qubit phase gates, this operation is equivalent to a C-Phase gate,
CPHASE(¢) = diag(1,1,1,€?), where ¢ = ¢11 — ¢po1 — 10 = [ dt((t). For ¢ = m, this
operation leads to a controlled-Z gate (CZ).
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One of the main issues of this type of gate is that activating a gate can lead to frequency
collisions when tuning the qubit frequency. These frequency collisions can be with other
qubits, resonators, and couplers, or with to two-level defects that are almost ubiquitous in

superconducting chips [41].

Above we showed how two-qubit gates can be performed by tuning the qubit frequencies
at some resonance frequencies. The same principle can be applied using a resonator bus or a
flux-tunable coupler instead of tunable qubits to turn on and off interactions [14, 24, 42, 43].
Using this approach, some of the best iSWAP-like gates have been implemented in about
12ns with ~ 99.5% fidelity [24] and CZ gate in 30ns with 99.07% fidelity [42]. Typical
ISWAP times are around a few to tens of nanoseconds and CZ gate are generally in the

order of tens of nanoseconds.

1.3.2 All-microwave gates

Previously we have shown how gates can be activated by changing a control parameter of
the qubits and/or a coupler, like a flux line. Here, the idea is to turn on and off interactions
using a microwave drive on the qubits and/or the coupler. These types of gates can be

implemented with flux-tunable and fixed-frequency qubits and/or couplers.

As an example, we consider the cross-resonance (CR) gate [44, 45]. The CR gate is
implemented between two detuned qubits that are either capacitively coupled or connected
via a resonator bus. The main idea is to drive a qubit at the frequency of the other, thereby
activating the CR term in 6,16x2. This CR term can ultimately be used to realize a CNOT

gate.

Considering two transmons approximated as KNOs (see Sect. 1.2), the driven Hamilto-

nian can be expressed as follows:

Lo (1.24)
+ he(t) [Ble it 4 byett ),

where w; and «; are respectively the frequency and anharmonicity of qubit ¢ € {1, 2}, and
J describes the coupling amplitude between the qubits. The term on the second line of
Eq. (1.24) represents a drive of frequency wy on qubit 1 with a time-dependent envelop
e(t). Moving to the rotating frame at the qubit frequencies and applying a Schrieffer-Wolff

transformation (see Appendix B) to second order in J to diagonalize the undriven part of
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the Hamiltonian, one arrives at the following Hamiltonian [5]:

ho1 hoa ,

A =5 0n + — Oz + X12621022
- (1.25)
+he(t) |x1 — J'6x0 — =2 T 61640
A1

where the transmons are truncated to their two first energy levels at the end of the full

calculation, and where:

% o S (1.26
2~ T AL X2 Xz = Ao+ Eco A+ Ec '

09 J? , J

e _ _ - - 1.2
5 ~ YT AL + X12 —wd J Aty — For (1.27)

In Eq. (1.25), the CR term 6,162 appears with a prefactor that is relatively small. One
therefore wants the detuning between the qubits to be small compared to the anharmonicity
E¢cq, but large enough compared to J. On the other hand, a small qubit-qubit detuning
is not ideal on multiqubit-device, as frequency crowding might become an issue. Driving
qubit 1 gives rise to an effective drive term in J'e(¢) on qubit two, however, protocols
exists to eliminate this term [46, 47]. Note that the term xi2, referred to as the ZZ cross-
Kerr term, only appears when taking into account the higher transmon levels. This ZZ
interaction term is one of the main factors limiting current gate fidelities [35-39]. It has to
be made as small as possible, which, on the other hand, compromises the gate speed. Note,
however, that mitigation strategies exist to cancel yio, for instance it can be dynamically
suppressed by using a microwave drive [39] or by using qubits and/or couplers with opposite

anharmonicities [35, 36, 48].

Using this scheme, CR gates are generated in about 200 — 400 ns for relatively low
gate fidelities (94 — 96%) [46] compared to flux-tuned gates. However, an advantage of
all-microwave gates is that they can be performed on fixed-frequency qubits, reducing the
qubit sensitivity to noise and ultimately increases their lifetimes. Moreover, fixed-frequency
qubits simplify the chip design, it namely reduces the electronics, as the same drive lines

can be used for single- and two-qubit gates.

1.3.3 Parametric gates

The main idea of parametric gates is to activate off-resonant interactions by modulating a

parameter of the device at a specific frequency. The device parameters that are typically
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modulated are the qubits or coupler frequencies (if tunable), or a coupling parameter. By
appropriately choosing the frequency of the modulation, it is possible to generate transitions
between energy levels which otherwise would be far off resonant and weakly coupled. To

understand how a parametric gate is performed, we illustrate it with an example.
Let’s consider a fixed-frequency qubit capacitively coupled to a frequency-tunable qubit:

. hews

hwq (t
L()O'Zl + 70’Z2 + J6x10x2, (1.28)

2

o=

where we suppose w1 (t) = w1 + esin(wqt). Moving to the rotating frame at the frequency of

the qubits with the unitary:

Z—"] — e—% fot dt’w1(t’)5’z1e—%wzﬁ'zz, (129)
and using the Jacobi-Anger expansion e'#¢s(0) — © _i"Ju(2)e™ ) where J, is the

nth-order Bessel function, the effective Hamiltonian can now be expressed as follows:

o

=7 Z i"J, (6) [ei(w1—w2—nwd)t&+1&_2 4 ei(w1+w2—nwd)t&+l&+2 + h.C.} ) (1.30)

= Wd

n=—oo

We see that the modulation of the qubit frequency in Eq. (1.28) induces sidebands in
Eq. (1.30), making it possible to activate interactions between the qubits by putting into
resonance nwy = (w1 = ws). When the modulation of the qubit frequency is off (¢ = 0), only
the first order Bessel remains in Eq. (1.30), and if the qubits are far detuned from each other
compared to J, then the qubit interaction is weak. Note also that the sidebands have an

€

effective coupling JJ, (—d) which decreases with n.

w

In the example above, modulating the qubit frequency at wgy = wi; — w2 generates a
ViSWAP gate. For more complex Hamiltonians, additional interaction terms, other than
6+16_9 and 641619, will appear in the effective Hamiltonian, making it possible to activate
other gates by modulation the tunable parameter at the appropriate frequencies [19, 49-51].
Conditional phase gates (CZ) can typically be performed in about 100-400 ns with fidelities
below 98%, and iSWAP gates in 40-250 ns and fidelities ~ 99% and below [19, 51]. Ref. [51]
reports a 44ns iISWAP gate and a 124 ns CZ gate with an average process fidelity of 99.3%

and 97.9% respectively, by performing a parametric-resonance gate.



Chapter 2

Floguet theory to extract gate
properties

One of the most direct approaches to numerically determine the time of a gate involves
solving for the system dynamics. For instance, to determine the time of an iISWAP gate
between two qubits, one would analyze the qubit populations and identify the moment at
which the qubits have exchanged states. When optimizing the device parameters, for instance,
to maximize the gate speed, solving for the system dynamics for different parameters is a
resource-intensive process. Moreover, as the drive amplitude increases, the frequency at
which the gate should be driven to achieve a high-fidelity gate, changes due to ac-Stark
shifts [52] and Bloch-Siegert shifts [53]. Consequently, the gate dynamics has to be repeated
for different drive frequencies to identify the one that results in a high-fidelity gate. Based
on the need to efficiently explore device parameters, we have developed a method based
on Floquet theory that enables us to extract gate rates significantly faster than standard
numerical methods. This method takes advantage of the fact that gates we consider are

activated by periodically driving the system.

In the first part of this chapter, we introduce the basic concepts of Floquet theory. In the
second part, we explain how one can obtain interaction amplitudes using only the Floquet

spectrum.

17
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2.1 Floquet theory

In solid-state physics, Bloch’s theorem is used to describe the behavior of electrons in
periodic lattices [54]. More precisely the theorem states that the solutions to the Schrédinger
equation of a space periodic Hamiltonian can be written as a product of a plane wave and a
periodic function. Floquet’s theorem is the analog of Bloch’s theorem, with the difference
that the Hamiltonian is now time-periodic instead of space-periodic [55, 56]. The theorem is

formulated as follows:

Theorem 1 (Floquet’s theorem)

Let H(t) be a continuous and T-periodic Hamiltonian in the Hilbert space H, and

let [¥(t)) be a solution to the Schridinger equation:
L d
ih— [¥(1)) = HO)[¥(1)). (2.1)

There exists a complete set of solutions to Eq. (2.1), {|[¥a(t)) |a € [1,--- ,dim(H)]},
that can be written as:

Yalt) = 6_%6at’¢a(t)>v (2:2)
where |®,(t)) are T-periodic functions called the Floquet modes, and €, are the Floquet
quasi-energies which are time-independent. The solutions [Y(t)) are called Floquet

states.

A certain number of properties and implications can be derived from this theorem [56-58].

We enumerate some of the properties here:

Properties:

1. The Floquet modes inherit the completeness of the Floquet states, for a given time ¢,
since Y., [Fa(t)) (Fa(t)] = X [Pa(t)) (Pa(t)| = I, and the modes are orthogonal:

(@o(t)|Ps(t)) =0ap VYt fora,Bel,- -, dim(H)]. (2.3)

2. The Floquet modes and quasi-energies are not unique, there exists an equivalence class

of modes and quasi-energies that lead to the same Floquet state.
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For any k € Z:
D, (1)) = ekt | D (1
Dok (t)) [Pa(t)) (2.4)
€ak = €a + kw

with w = %, the Floquet mode and quasi-energy |®, x(t)) and €, lead to the same

Floquet state |¥,(¢)). Because the quasi-energies are defined modulo w, the Floquet
spectrum is folded in what we can call the first Briouillin zone in analogy to Bloch’s

theorem.

3. Inserting Eq. (2.2) in Eq. (2.1), one finds that the Floquet modes and quasi-energies are
solution to the eigenvalue problem of the Floquet Hamiltonian Hp = [H (t) — ih%} :

He @0 (1)) = [H() i ] 19a(0)) = ca |@a(0). (2.5)

Hp exists in the tensor product space of ‘H and of the square-integrable T-periodic
functions space Hq, which we call Hr = H ® H7. We define the inner product in the

composite space as:

1

T
(@anl®sn)) = 7 [ Wt @an(®i®sn() = busbom:  (26)

4. If two Floquet Hamiltonians (FI "(t) — iat) and (ﬁ (t) — i@t) are unitarily equivalent,
i.e.:
A'(t) =0, = e~ 5O [A(t) - ity 5, (2.7)

with e=9®) time-dependent unitary transformation, then their quasi-energies are

identical.

The Floquet modes and quasi-energies are obtained by diagonalizing the evolution

operator U(t) at the first period of the drive, since:
U(T)[¥a(0)) = [¥a(T)) &  UD)®a(0)) = e 7T |04(0)). (2.8)

The quasi-energies are €, = z';‘—: log(eig,) (mod w), where eig,, is the eigenvalue of U(T)
associated to |®4(0)). The Floquet modes at time ¢ € [0, 7] can then be obtained by evolving
|®P,(0)) up to a time ¢t and multiplying it by eneT The fact that the Floquet energies are
solutions to the eigenvalue problem of the Floquet Hamiltonian in Eq. (2.5) means that they
hold information about the time dependence of the Hamiltonian. In fact, the quasi-energies

contain information such as ac-stark shifts and Bloch-Siegert shifts. We show in the next
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section how one can take advantage of this knowledge to extract interaction amplitudes.

An analogy can be made between the solutions of a time-independent Hamiltonian and
the solutions obtained from a time-periodic Hamiltonian. Let H be a time-independent
Hamiltonian, and {|¢,), E,} the solutions to the time-independent Schrédinger equation.

Any solution to the time-dependent Schrodinger equation can be written in the form:
F(0) =3 ene™ 7 gn) (2.9)
n
with ¢, € C. Similarly, any solution of Eq. (2.1) can be written as:
¥ (1) = cae 7D, (1)), (2.10)
@

where the eigenenergies are replaced by the quasi-energies and the static eigenstates by
the time-periodic Floquet modes. In the limit where the Hamiltonian is time independent,
Eq. (2.10) converges to Eq. (2.9).

In Property 2, we see that for any k, €, is associated to the same physical Floquet
state |¥o(t)), and should therefore be observable. These Floquet levels will be exper-
imentally observed provided that a matrix element exists for the transition of interest
Aopr = €a — €3 + kwg, where k € Z can be interpreted as the number of photons added or
removed by the drive. In the framework of Floquet theory, the matrix elements are defined

as:
1T
Xaph = / dte= Mt (@ (1) X o | P (1)) (2.11)
0

Now that we have introduced some basic concepts of Floquet theory, we explain how

one can obtain interaction amplitudes using only the Floquet quasi-energies.

2.2 Extracting interaction amplitudes

As we will see in Chapter 3, approximate analytical descriptions of superconducting devices
are often insufficient to reach quantitative agreements with experiments, and numerical
simulations become unavoidable. Moreover, exploring the parameter space searching for
device parameters that lead to fast and high-fidelity gates can becomes a resource intensive
process. For these reasons, we have developed a method based on the concepts of the previous
section, which allows us to extract gates rates, and more generally interaction amplitudes,

significantly faster than standard numerical method.
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To explain the intuition behind this approach, we first introduce an illustrative example:
a two-level system (TLS) coupled to a quadrature of a quantized field. This problem is
time-independent, however, as we will see later, it can be related to a periodically driven
TLS. The objective of this example is to provide insights on how the Floquet quasi-energies

are related to the dressed spectrum.
A two-level system coupled to a field:

Such a system can be modeled by the Rabi Hamiltonian [59]:

H= %az +waifa+ g (a+af) o, (2.12)
where the two first terms respectively represent the Hamiltonian of a qubit of frequency w,
and a field of frequency wy. The last term on the right corresponds to the qubit-field coupling
of amplitude g. We denote the eigenstates of the qubit {|g), |e)}, and the field eigenstates
{|N) for N € N}. If we consider that the qubit and the field are uncoupled (i.e. g = 0),
then the eigenstates of the Hamiltonian are |¢, N) = |¢) ® | V) for ¢ € {e,g} and N € N. In
the case where the field is on resonance with the qubit, the unperturbed spectrum exhibits
degeneracies between the bare levels |g, N + 1) and |e, N) for any N, see Fig. 2.2 a). In
Fig. 2.1 b), this degeneracy translates in an exact crossing of the eigenstates (dashed lines)
at the resonance. Turning on the coupling, the eigenstates |e, N) and |g, N + 1) interact and
hybridize, leading to the dressed states |g(N)) and |e(N)) which are linear combinations of
the bare states, see Fig. 2.2 a). The hybridization of the states leads to level repulsion which
removes the degeneracy at resonance and translates in an avoided crossing of the dressed
states (solid lines) in Fig. 2.1 b). An exact expression can be found for the energy separation
Q) between the two levels in the case where the Rabi Hamiltonian is treated in the RWA.
The Rabi Hamiltonian in the RWA is nothing else than the Jaynes-Cummings Hamiltonian,

H— %oz twyila+g (a&+ + aTa,) : (2.13)

which is exactly solvable, and for which the energy separation of the avoided crossing reads

[5, 59]:
Q=,/02+ A% (2.14)

where (); = 2¢gv/ N is the Rabi frequency, which we will also refer to as the interaction
amplitude, and A = wy — wy is the qubit-field detuning. When the field frequency is on
resonance with the qubit, wg = wy, the interaction leads to a perfect swap of excitation

between the two energy levels in a time that is inversely proportional to )1 /2. In the case
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Figure 2.1 a) Illustration on a two-level system (gray) of interacting with a field (red). The
excitation exchange happens with a rate ). The blue (yellow) level corresponds to
the qubit ground (excited) state. b) Energy diagram of the qubit spectrum dressed
by the drive as a function of the field frequency. The minimum distance in the
avoided crossing is equal to 20);. The dashed lines correspond to the undriven
spectrum while the solid lines are the driven spectrum. As the field and the
qubit become off-resonant, the energy levels can be identified to the states at the
extremities.

where the coupling becomes large compared to the qubit and coupler frequencies, Eq. (2.14)
does not hold anymore for the Rabi Hamiltonian and the minimum distance in the avoided
crossing is shifted from w, due to an important dressing of the energy levels, known as the
Bloch-Siegert shift. This shift is of the order of g%/ (w, + wq)-

For any Hamiltonian, if the energy separation can be determined at the minimum
distance in the avoided crossing then the interaction amplitude can be found. This is the

main idea on which our method is based on, as it is adapted to a time-periodic system.
A driven two-level system:

An analogy can be made between the Rabi Hamiltonian in Eq. (2.12) and a driven
qubit in the case where the field can be treated classically. Indeed, by moving the Rabi
Hamiltonian to the rotating frame at wgy, then displacing the field mode as @ — @ + a with
a € C, and dropping quantum fluctuations (@) in favor of the classical part («), one obtains

the Hamiltonian of a driven qubit:
mw:%@+mm@m%, (2.15)

with A the amplitude of the drive. The spectrum of the driven system is dressed by the drive

and as in Fig. 2.1 exhibits an avoided crossing as a function of the drive frequency. Even
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Figure 2.2 a) Diagram of the spectrum of a qubit coupled to a field. On the left the levels
correspond to the uncoupled spectrum (¢ = 0) and on the right coupled spectrum
(9 # 0) with the dressed states |g(IV)) and |e(NN)). The letters g and e refer to the
qubit ground state and excited states, and N to the number of excitations. A is
the qubit-field detuning and () is the Rabi splitting. b) Diagram of the Floquet
spectrum of a driven qubit. The energy levels in dashed lines correspond to Floquet
energies modulo wy. If the drive couples the ground (g) and excited (e) states,
then the quasi-energies €, ) and € jy; will repel each other when the drive is on
resonance.

though the field mode (a' and @) does not appear anymore in Eq. (2.15), some of its features
can be found in the quasi-energies. In particular, in the quasi-energy €, = €o + kwg, the
integer k can be thought of as the number of excitations originating from the drive, similar

to the number of field excitations N in the previous example.

As mentioned in Sect. 2.1, the quasi-energies account for drive effects and therefore
effectively reproduce the dressed spectrum. By determining the Floquet energies at the
minimum distance in the avoided crossing, we can extract the interaction amplitude, between
the levels in question and ultimately determine the gate time. In the following chapters, we
will use the term gate rate to denote the interaction amplitude. As seen previously, finding
the quasi-energies only involves the numerical computation of the evolution operator of
Eq. (2.15) for a single period of the drive. In Chapter 3, we consider gates using GHz drives,
which typically corresponds to drive periods of 7' ~ 1ns. The drive period is thus around 1
to 3 orders of magnitude shorter than typical gate times. Extracting the gate rates with this
Floquet method is thus significantly more efficient than standard numerical methods based
on evolving the gate dynamics for times much longer than 7T'. This method can naturally be
extended to any time-periodic Hamiltonian and proves to be useful as long as the gate time

is shorter than the period.

Also, more generally, other interactions such as cross-Kerr interactions can be formulated

as linear combinations of the quasi-energies. For instance, in the undriven case, the ZZ
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cross-Kerr interaction between two qubits is written as:
Z7 = FEy1— Eon — Fio+ By (2.16)

where Ej;; is the energy of the computational state |ij), with 4,7 € {0,1}. This relation can

be extended to the driven case using the quasi-energies:
ZZ = €11 — €01 — €10 + €00, (2.17)

to extract the dynamical ZZ that is introduced by the drive.

Note that the Floquet spectrum can also be used to find the optimal drive frequency to
implement a gate, as the frequency might be altered due to Bloch-Siegert shifts in the case
of a strong drive. This is done by plotting the avoided crossing as a function of the drive
frequency to find wy at which the avoided crossing is minimal and the interaction therefore

maximal.

In the following chapter, we apply this Floquet method to numerically determine the
gate time and the dynamical ZZ of a superconducting device, and to extract the shift in the

drive frequency as the case of strong drives.



Chapter 3

Fast and high-fidelity parametric
two-qubit gate design

The work presented in this chapter of the thesis was done in collaboration with the group of
Andrew Houck at Princeton University and with members of the Blais group at the Université
de Sherbrooke. In Sherbrooke, Alexandru Petrescu, Catherine Leroux and Agustin Di Paolo
contributed in designing and developing the device model presented below. Alexandru
Petrescu is one of the main contributors who developed the time-dependent Schrieffer-Wolff
perturbation theory to analytically describe the designed device. At Princeton University,
Pranav Mundada, Andrei Vrajitoarea, Sara Sussman and Charles Guinn, contributed to this

chapter with useful discussions related to the device design.

The architecture we explore is illustrated in Fig. 3.1. It consists in two fixed-frequency
transmon qubits labeled a and b (green) and a coupler labeled ¢ (blue). The coupler is made
of an array of Josephson junctions in parallel with a single JJ, which are shunted with a
capacitance. The loop formed by the JJs can be threaded by a magnetic flux, and as we
will see later, we will activate gates by modulating the flux through the loop. The qubits
and the coupler are capacitively connected to each other. The Hamiltonian of this circuit is

derived in Appendix A by using the standard approach [1, 2] and reads:

H(t)=H,+ H,+ H.(t) + H,, (3.1)

25
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© Pext
5] - {5

Figure 3.1 Device design. The qubits a and b (green) are fixed-frequency transmons capacitively
coupled to a SNAIL used as a coupler (blue). The coupler ¢ has a superconducting
loop, made of N JJs in parallel with a black sheep junction, that is threaded by a
magnetic flux pegt.

where the transmons and the coupler are described by,

Hj = AEc;#; — Ejjcos(;), for j =a,b,

A 5 (3.2)
AL.(t) = 4B — aFye cos [@e + ftaext (t)] — BN Eje cos % + 115 exs (1)
and where the coupling between the qubits and the coupler is,
H, = AEcupfafty + AEcpefipfc + 4Ecac oM. (3.3)

The operators ¢; and #i; are canonically conjugate and represent the superconducting phase
difference, resp. the Cooper pair number for the bare mode of the transmons for the indices
J = a,b and of the coupler for j = ¢. They satisfy the commutation relations [@;, fiy] = id;,
where we set i = 1. The parameters Ec; are the charging energies, which depend on the
device capacitances (see Appendix A). The Josephson energies are denoted Ej,, Ej, for
the transmon modes, whereas S Fj. is the Josephson energy of one of the junctions in the
N-junction array of the coupler. The parameter 3 corresponds to a renormalization of the
superinductance due to disorder in the junction array and to finite zero-point fluctuations, as
mentioned in the subsection about the generalized flux qubit in Sect. 1.2 [34]. The parameter
« is a factor parametrizing the anisotropy between the two branches of the coupler, and

accounts for a renormalization of the small junction energy due to hybridization with the
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modes in the junction array. The two branches of the coupler involving Josephson junctions

form a loop that can be threaded by an external flux, which we take to be:

Pext (t) = Pext + 0 sin(wqt) (3.4)

where Py is a dc flux, wy is the frequency of the modulation and d¢p is its amplitude, which
is assumed to be small compared to the flux quantum. As shown in Sect. 1.3, two-qubit
gates can be activated by varying .., or by parametrically modulating (ext. In the context

of our work and in the following subsections, we only focus on parametric gates.

To provide intuition about the device properties, we first approximate the qubits and
the coupler as Kerr nonlinear oscillators in a model which we refer to as the 3KINO model.
This simple toy model captures the essential features of the Hamiltonian, and will give us a
first intuition of the device properties. As part of the analytical description of the device,
we introduce a new method based on a time-dependent Schrieffer-Wolff transformation to
derive an effective Hamiltonian. This method allows us to identify the contribution of each
normal mode (dressed by the drive) to the different effective interaction constants [48]. After
studying the toy model, we apply the time-dependent Schrieffer-Wolff method to the full

device model and extract the relevant interaction terms.

3.1 Toy model: three Kerr non-linear oscillators

3.1.1 Analytics

A) The model

As seen in Sect. 1.2, the transmon qubit can be approximated as a Kerr nonlinear
oscillator (KNO) when operated in the transmon regime (E; > E¢):

~ o, Ky
Hj = wj'j+=

j7* for j € {a,b}, (3.5)
where w; = \/8Ej Ec; — Ec; is the frequency of qubit j € {a,b} and its anharmonicity is
«j = —Ec; < 0. Similarly, we approximate the SNAIL coupler as a Kerr non-linear oscillator
with a tunable frequency,

et2e?, (3.6)
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Because of the flux tunability of the coupler, its parameters can be varied in time, we

therefore model its frequency as:
we(t) = we + 0 sin(wgt), (3.7)

where w,. can be tuned with a dc flux and, where wy and 0 parametrize the frequency and
the amplitude at which the coupler frequency is modulated in time. We will refer to the
modulated term in Eq. (3.6) as the drive and will call wy and ¢ the drive frequency and
amplitude. Because the coupler potential in Eq. (3.2) is a cosine, a periodic modulation
of the flux will generate multiple harmonics of the coupler frequency w.(t). Here we have
neglected higher harmonics of w.(t) and assume the coupler frequency to be of the form
above. Also, for the sake of simplicity we neglect the time dependence of the coupler anhar-
monicity in the toy model but we will take it into account in the full device model in Sect. 3.2.

Importantly, in contrast to the transmons, the anharmonicity of the coupler a.. can be positive.

Now, dropping all photon number nonconserving terms in the coupling,

N

A, = —gacate — gpbte — gualb + he, (3.8)

the full Hamiltonian of this toy model finally reads:

A 14 ALA Kp ~1on 14
Hskno =wed'a+ <aa? + wbbTb-l-?bbTsz + we(t)ele+ =

~ (acte+ gucble + gwa'd + he.).

The modes in bold used until now are the bare qubit and coupler modes. The bare frequencies,

anharmonicities and couplings are also indicated in bold.

B) Black-box quantization approach

To correctly take into account for the couplings between the circuit modes in our
model, we use a black-box quantization approach [60]. The idea consists in treating the
anharmonicities pertubatively and diagonalizing the rest of the Hamiltonian which includes
the coupling terms, such as to re-express the Hamiltonian in the dressed basis. We thus
decompose the Hamiltonian in two parts A = H(©) +  XAM) with:

AY = w,ata + wyb™h + w.éfée - (gacfﬂé + gucb'e + gua'd + H.c.)
A1 Ka ,+9,2 , Kbprior2 | &c 19,0 (3.10)
AAD — ?@,T a2+ EbT b2 + ?af &% 4 6 sin(wgqt)é'e,

where A is a dimensionless parameter that we will set to 1 later, but will be useful to
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keep track of the order of the perturbation theory. To find the normal modes dressed
by the couplings, we diagonalize H () to eliminate the coupling terms g;;. This leads to
A = w,ata + wpb'h + weete, where wj and ] for j € {a,b,c}, are the dressed frequencies
and modes. The bare and dressed modes can be expressed in relation to another as
=35 ube uagﬁ , where the hybridization coefficients u,g, are either obtained numerically
or by using symbolic computation tools like the Sneg package in Mathematica [61]. Even
for a 3-mode problem, the analytical expressions for u,g are rather complicated functions of
w; and g;; and are therefore not reproduced here. Expressing the perturbation \H 1) in
terms of the normal modes, we have:
A (677 a 12 ~ 2
AW = 3 ?] (Uja& + ujpb + ché) (Uja& + wujpb + ché)
j=ab,c (3.11)

. N & AT o ~ R
+ § sin(wgt) (uma + upb + uccc> (ucaa + upb + ujcc) )

This approach is valid if the anharmonicities and the drive amplitude can be treated pertu-

batively compared to the qubit-coupler couplings.

C) Time-dependent Schrieffer-Wolff transformation

In the previous subsection, we diagonalized the unperturbed Hamiltonian and expressed
the perturbed Hamiltonian in the dressed-mode basis. As can be seen in Eq. (3.11), in this
basis the perturbation now possesses counter-rotating terms. We now remove those fast
oscillating terms by transforming the perturbed Hamiltonian. An effective Hamiltonian can
be derived by performing a perturbative expansion of the unitary transformation, generally
known as Schrieffer-Wolff perturbation theory (SWPT), to successively correct for the fast-
rotating terms. More details can be found about the SWPT in Appendix B. In the context
of Eq. (3.11), the perturbation is time-dependent, we will therefore perform a time-dependent

SW transformation as explained below.

Keeping the partition of the Hamiltonian chosen in Eq. (3.10), the next step now consists
in moving the Floquet Hamiltonian to the interaction picture with respect to the unperturbed
Hamiltonian:

MY (1) — i0, = Oy (1) [/ - i0,] O3 (¢) (3.12)

>

= Oo()NAMD ()0 (t) — id,.

-t o0
fzfodtH(

where Uo(t) =e ). In order to get an effective Hamiltonian while getting rid of the

fast-oscillating terms in Eq. (3.12), we apply a Schrieffer-Wolff (SW) transformation on the
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interaction-picture Floquet Hamiltonian:
Ay epp —i0y = eSO [Aﬁf(l)(t) - iat] S, (3.13)

The exponentials are Taylor expanded and reordered with the Baker-Campbell-Hausdor
(BCH) expansion. The generator S(t) can be written in powers of A and solved iteratively
to perform the RWA, see Appendix B for more details. Note that according to Property 4
of Chapter 2, the Floquet Hamiltonians (I—AILeff - iat) and (Af]}l)(t) - i@t) are unitarily
equivalent and therefore have the same quasi-energies. In a certain sense, the perturbative
expansion of e=5(®) that we perform in Eq. (3.13) can be seen as an iterative approach to
finding the Floquet spectrum. This procedure leads to:

A —(1 =
Aoy = AHE : 2Py (3.14)

—(1 A
where H g ) is the time-independent part of H}l),

. T
= lim. % /0 a1 (¢) (3.15)

(1)
and which together with the oscillatory part H; , gives:

A — ~ (1
M (1) = 2 + A ), (3.16)

The generator S(t) at order one is chosen such as to cancel H; . This procedure can be
repeated iteratively order by order. The second order RWA term in the effective Hamiltonian

then reads:

- = 1 =1 o= (1
AZHEZ) = 1[H§ .| M, (t’)dt’} +21[AH§ )(t), / AHE )(t’)dt/]. (3.17)
A 1 0

D) Effective Hamiltonian

As an example we consider a drive modulation wy = wp — w,. This modulation frequency
will bridge the energy difference between the two qubits, allowing the iISWAP interaction
—1 (&TE— 3T&) to be resonant. We now apply the time-dependent SW transformation
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described above on the 3KNO Hamiltonian and obtain:

—(1 A IS
MY = gD (a'h—bta)
(1) (1) (1)
+ Qa_ ~1242 + QL(A)T%? 4 Qe at2p2 (3.18)
2 2 2
+xWDatabts + xVbthete + xDeteata,

where
thll,) = ucaucbg (3.19)
ozj(-l) = > ujay for j=[a,b,(] (3.20)
i=ab.c
W= Y 2uudar for ik = [ab,c] and j # k. (3.21)
i—abc

The first term of Eq. (3.18) corresponds to the iSWAP interaction of amplitude J C(L;) , which
is linear in the drive amplitude §, meaning that the interaction is off when undriven. The
second line of Eq. (3.18) corresponds to the mode anharmonicities (the self-Kerr) and X](‘i)
the cross-Kerr interactions between modes j and k. The latter correspond to state-dependent
frequency shift of mode j due to the presence of an excitation in mode k. The cross-Kerr

interaction between the qubits, x4, is usually referred to as the ZZ interaction.

In order to perform a fast and high fidelity iSWAP gate one wants to respectively
maximize J (Ell)) while minimizing Xﬁ). The presence of the unwanted ZZ interaction results
in a shift in the qubit frequencies, which prevents the flawless implementation of the iSWAP
gate and ultimately diminishes the gate fidelity. If we first take a look at the gate rate in
Eq. (3.19), we see that increasing the drive amplitude increases .J, CE;), thereby decreasing
the gate time. However, the drive amplitude cannot be infinitely increased to speedup
the gate, as the drive can then no longer be treated perturbatively and Eq. (3.19) breaks
down. Now considering the cross-Kerr interactions in Eq. (3.21), we see that they are
independent on the drive amplitude to first order in the RWA. Moreover they are written as
linear combinations of qubits and coupler anharmonicities, with positive prefactors. This
implies that the only way to get rid of the ZZ interactions is to have qubits and a coupler
with opposite anharmonicities. Since transmons have by nature negative anharmonicities, a
coupler with positive anharmonicity is necessary to cancel the cross-Kerr. However, a positive
anharmonicity coupler alone is not a sufficient condition, as it also needs to compensate the

hybridization coefficients w;; that appear in the sum.

We now derive second order corrections to the effective Hamiltonian. Going to second
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order in perturbation theory, we find that the iISWAP rate gets no additional contribution
(J (i) = ), while the cross-Kerr interaction between the qubit is modified by:

a

2
2 oy s (y2 . — 2
@) _o (ija,bﬁ uajubjucja]) 6uaCch > j=a,b,c UajUbj (uaj ubj>

Xab wWa + wp — 2w, We — Wp
( 2 2 2 2
> Ui U Ui O > U Upi Ui O
j=a,b,c Yajpjtcy J) ( j=a,b,c YajbjUcy J)
+4 d +4 (3.22)
Wy — We Wp — We

3 2 3 2
(Zj:a,b,c uajubjaj) oy (Zj:a,b,c uajubjaj)

Wa — Wp Wq — Wy

-2

The dominant terms are on the first line. As will be seen later, the coupler is generally
placed between the two qubit frequencies and since in our case the qubits are far detuned in
frequency and the coupler is close to the qubit frequencies, the denominator (w, + wp — 2w;)
will be small. Notice also that the second term of the first line is the lowest order contribution
to what we call the dynamical cross-Kerr interaction, which is induced by the drive. Indeed,
Xg,) does not inherit any feature from the drive while Xﬁ) shows a linear dependence with
the drive amplitude §. The drive induces a change in the ZZ interaction which is only

captured to second order in perturbation theory.

E) Improving the effective Hamiltonian

The effective Hamiltonian derived above is already a good approximation and gives us
some intuition of how the quantities of interest (J and xq) depend on the system and
drive parameters. As mentioned earlier, one could have chosen other partitions for the
(un)perturbed Hamiltonian in Eq. (3.10). For instance, using a partition inspired from the
corrections obtained from the previous perturbation theory, we can get better agreements
with exact numerics. More precisely, we choose a new partition where H(©) now also contains
the terms from the perturbation H (1) of the previous partition that are diagonal in Fock

space (Eq. (3.11)). The unperturbed Hamiltonian in the new partition reads:

A9 = w,ata + wpbtd + weele
+ § sin(wgt) [uga&T& + u2,bTh + ugCéTé]

(0) (0) (0) (3.23)

where aj(o) and y

(0)

;; are the anharmonicities and cross-Kerr interactions obtained in Eq. (3.19)-
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Eq. (3.21) that we relabeled to keep track of the order in the perturbation theory. The
perturbed Hamiltonian now includes all the terms that appear in the expansion of Eq. (3.11)
that are not diagonal in Fock space. Following the same procedure as before but with the

new partition, we obtain:

5 5 2 (5 2 5 2 5 2
chi) = §UCGUCb JO < uca) JO < UCb> + 3J1 ( uca) Jl ( UCb> 5 (324)
Wd Wy Wq Wq
X = (3.25)
15 1 1 ou? du;
5 = Z2uubu2< - )Jl( “) T % <“J> +.. (326)
Wqg —We  Wp — We Wwq j—abe Wy

(2)

X, contains too many terms to be written here, but can easily be calculated using symbolic
computation. For clarity reasons, we only wrote a few terms of J éi). The Bessel functions
appear from a Jacobi-Anger expansion of the drive term in H(®), when moving to the inter-
action picture. In fact, when moving to the interaction picture with U (t) = e’ fot dt,H(o)(t/),

we expand the time-dependent exponentials using the Jacobi-Anger identity:
05 05 > 05
Qg coswat _ 5 () +2> "y () cos nwgt, (3.27)
wq

for any operator O, and where .J, (2) is the nth Bessel function of the first kind. Since
wgd < 1, we truncate the expansion after the first Bessel function. We see that Eq. (3.24)
reproduces similar results to the one obtained in Eq. (3.19), up to linear terms in 6. The

(0)

cross-Kerr interaction between the qubits gets corrections to x,," to second order only.

F) Comparison to exact numerics

To evaluate the accuracy of the time-dependent perturbation theory described above,
we compare it at different orders to numerical results. In Fig. 3.2, we show the gate rate
and, the static and dynamical ZZ interaction versus the coupler frequency, for a given set of
device parameters which can be found in the caption. In Fig. 3.2 a), the ZZ interaction is
plotted versus the coupler frequency, in the absence of a drive. The blue dots are obtained
numerically from the exact diagonalization of the Hamiltonian using 5 levels per qubit and
coupler, while the full lines correspond to the analytical formulae of Eq. (3.21) and Eq. (3.22),
considering first- and second-order perturbation theory. We find that to second order, the
analytics and the numerics are already in very good agreement. The resonances at 4 and
5.5 GHz correspond to the qubit frequencies, and the resonance that appears approximately

at we ~ (w, + wyp) /2 = 27 x 4.75 GHz, corresponds to a virtual two-photon excitation of
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Figure 3.2 a) Static cross-Kerr interaction xqp(we), from first (black) and second-order RWA
(blue), and from the full diagonalization of Eq. (2.5) (light blue points) for: w, /27 =
4.0, wy/2m = 5.5, 0g/21 = —0.3, ay/27 = —0.2, ae/2m = 0.25, gap/ 21 = 0.12,
8be/2m = —0.12, and gqc/27m = 0, all in GHz. b) Analogue of a) for the dynamical
cross-Kerr interaction at /27 = 0.3 GHz. ¢) Same as b) for the gate interaction
rate Jup(we). Inset: Jgp(8) at we/2m = 4.25 GHz. From Ref. [48].

the coupler mode.

Fig. 3.2 b) and c) depict the ZZ cross-Kerr interaction and the gate rate as a function of
the coupler frequency, but now at § # 0. For the numerical results, we now use the Floquet
numerics described in Chapter 2. First we find that the gate rate is in excellent agreement
with exact Floquet numerics and this for any reasonable drive strength that can be treated
perturbatively. The inset of Fig. 3.2 c) illustrates that for a given coupler frequency, the gate

rate follows the expected linear behavior for increasing drive amplitudes. Unlike for J,;, the
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second-order perturbation theory is not sufficient to capture the effects of the drive on the ZZ
interaction, even for moderate drive strength. Although we expect higher-order perturbation
theory to replicate the numerical results, we did not go deeper into the analytics due to the

substantial memory Mathematica requires.

Because the qubits are far off resonant the iSWAP rate is zero when the drive is off,
however, as seen in Fig. 3.2 a) the ZZ interaction is always on. As we will see in Sect. 3.1.2,
if the device parameters are appropriately chosen, one can find a coupler frequency for which
the ZZ interaction vanishes during idle time and even during the gate. With the set of
device parameters used in Fig. 3.2, we see that the cross-Kerr interaction can be canceled by

tuning the coupler at a specific point between the qubit frequencies.

3.1.2 Numerical results

In this next section, we numerically explore the toy model without doing the RWA. As
before, we will focus on the interaction rate of the iSWAP gate and the ZZ cross-Kerr
interaction. In particular, we study the behavior of these two quantities as a function of the
device parameters: qubit/coupler frequencies (wg,wp, we), anharmonicities (aq, ap, o) and
couplings (ga, gp, gc). In the upcoming, we will perform a parameter exploration starting

from the following typical device parameters:

we/2m = 4GHz a,/2m = —0.2 GHz 9o/ 27 = 0.05 GHz
wp/2m = 5.5 GHz ap/2m = —0.2 GHz gp/2m = —0.05 GHz (3.28)
we/2m = [2.5,7] GHz a./2m = 0.1 GHz

by varying one or two parameters at a time.

As a first step, we focus on the static properties of the device obtained from exact
diagonalization of the Hamiltonian. Fig. 3.3 shows the ZZ interaction as the coupler frequency
is varied a) for multiple coupler anharmonicities, spanning from negative to positive values,
and b) for multiple coupling strength. We identify three main resonances which appear at the
qubit frequencies w,./2m = 4 and 5.5 GHz, and close to w. &~ (w, +wp)/2 = 27 x 4.75 GHz.
The resonance appearing between the two qubit frequencies results from an avoided crossing
between the second coupler level with the state |1,1;0.) where |igipic) is a dressed state
of the full Hamiltonian that has maximum overlap with the bare qubits and coupler Fock
state [i)q|i)p|i)c. States near resonances are strongly hybridized, making them challenging
to distinguish. As a result, we will focus our attention on the regions slightly away from

these resonances.



36

As expected from the results of Sect. 3.1.1, we see in Fig. 3.3 a) that for negative coupler
anharmonicities there is no coupler frequency at which the ZZ interaction is zero. On the
other hand, positive anharmonicities can result in multiple coupler frequencies where the
77 interaction is zero. The zero-ZZ points appear when the coupler is close to the qubit
frequencies. Such operation points are generally found when the coupler is between the
qubit frequencies, however, it is not excluded to find such operation points when the coupler

is placed above or below the qubit frequencies.

Fig. 3.3 b) shows again x4 as a function of the coupler frequency but now for different
values of the coupling g,. Varying instead the coupling g, leads to qualitatively the same
conclusions. As expect, the stronger the coupling g¢,, the larger the cross-Kerr interaction
becomes in absolute value. Interestingly, the zero-ZZ point remains relatively unchanged
when varying the coupling strength as long as it is smaller or comparable to the coupler
anharmonicity. This is true for most sets of parameters. Otherwise, the zero-ZZ point can
get shifted or can eventually disappear. Moreover, increasing the detuning between the
qubits, the effective coupling between the qubits decreases, leading to a qualitatively similar

behavior as observed in Fig. 3.3 b).

As seen in Fig. 3.3, for realistic device parameters, the toy model typically leads to
cross-Kerr interactions ranging from a few to tens of kHz. For transmon qubits, this is about
an order of magnitude smaller than the typical dephasing time. In other words, any ZZ
cross-Kerr interaction below 10 kHz would not be experimentally measurable. That being
said, we will see below that using a model of the device based on its full Hamiltonian, the
77 interaction is, in fact, on the order of a few MHz. It is therefore crucial to find operation

points where this interaction can be turned off.

We now turn our attention to the driven case. In this context, we numerically obtain
the results using the Floquet method described in Chapter 2. In Fig. 3.4 a) we plot in
solid (dashed) lines the dynamical (static) ZZ cross-Kerr interaction as a function of the
coupler frequency, for a drive amplitude §/27 = 0.1 GHz (6/27 = 0GHz). In Fig. 3.4
b) we plot the iISWAP gate rate J,, as a function of the coupler frequency for a drive
amplitude §/27 = 0.1 GHz. Each colored line in Fig. 3.4 corresponds to a different coupler
anharmonicity. A first observation that can be made is that the gate rate J,,, remains
relatively unchanged when the coupler anharmonicity is varied. This is to be expected
from Eq. (3.19) since the hybridization coefficients only depend on the qubits and coupler
frequencies and the couplings. The gate rate is roughly an order of magnitude larger than
the ZZ interaction. The iSWAP rate is largest close to the qubit-coupler resonances, which

suggests that the two-qubit gate should ideally be operated when the coupler is between
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Figure 3.3 Toy model: static Cross-Kerr interaction. Cross-Kerr interaction as a function of
the coupler frequency in the undriven case: a) for multiple coupler anharmonicities
ranging from «./27 = [-0.1,0.2] GHz, and b) for multiple coupling strength
ranging from g./2m = [0.03,0.11] GHz. The other device parameters are the ones
indicated in Eq. (3.28). The horizontal black line at 0 is a guide to the eye and the
vertical dashed gray lines indicate the qubit frequencies.

the qubit frequencies or slightly above or below them. Additional resonances appear away
from the qubit frequencies, especially at large drive amplitude. These are due to avoided

crossings with higher energy levels.

Turning our attention to the cross-Kerr interaction, in Fig. 3.4 a) we compare the static
Z7 in the absence of a drive (dashed lines) and the dynamical ZZ in the presence of a drive
(solid lines). We note a small variation of the cross-Kerr interaction between the static and
the dynamical ZZ. This variation is further accentuated as the drive amplitude increases.

Ideally, we want the ZZ interaction to be zero during the gate and idle time. As an example,
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Figure 3.4 Dynamical device properties. a) Cross-Kerr interaction and, b) iSWAP interaction
rate as a function of the coupler frequency for multiple coupler anharmonicities.
The full lines correspond to the driven case with amplitude ¢ /27 = 0.1 GHz, while
the dashed lines correspond to the static case. For a./2m = 0.1 GHz, we indicate
with red dots the points where the static and dynamical ZZ are zero for a given
coupler frequency. The other device parameters are the ones indicated in Eq. (3.28).
The horizontal black line at 0 is a guide to the eye and the vertical dashed gray
lines indicate the qubit frequencies.

we indicate with red dots, in Fig. 3.4, the points where the static and dynamical ZZ are
zero, for a./2m = 0.1 GHz. This observation implies that it is possible to find operation
points where both the static and dynamical ZZ interactions are zero by tuning the coupler
at the zero-static-ZZ point during idle time, and by shifting the coupler frequency at the
zero-dynamical-ZZ point when operating the iISWAP gate. In the toy model, the dynamical

77 can sometimes be canceled at a sweet spot with respect to the coupler frequency.

The iSWAP rate can be enhanced by increasing the drive amplitude or the qubit-coupler
coupling rates. In Fig. 3.5 we show how the gate rate and the dynamical ZZ vary as the drive

amplitude is increased. As expected from the results of Sect. 3.2.1 the gate rate increases
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Figure 3.5 Dynamical device properties. a) Cross-Kerr interaction as a function of the coupler

frequency for multiple drive amplitudes. b) iSWAP interaction rate as a function
of the coupler frequency for multiple drive amplitudes. The results are plotted
for §/2m =10,0.1,0.2,0.3] GHz. For different drive amplitudes, we indicate with
red dots the points where the dynamical ZZ are zero for a given coupler frequency.
The device parameters are the ones indicated in Eq. (3.28). The horizontal black
line at 0 a guide to the eye and the vertical dashed gray lines indicate the qubit
frequencies.

almost linearly with §. Introducing a drive also raises the ZZ cross-Kerr, but a zero-ZZ

point can generally still be found. With the particular parameter configuration that we

have chosen here, the coupler can be operated between the two qubits while keeping the ZZ

cross-Kerr interaction to zero.
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3.2 Full device

3.2.1 Analytics

In the previous section, to gain intuition on the workings of the coupler of Fig. 3.1, we have
studied a toy model of the circuit. However, this model is significantly simplified and does
not capture the quantitative features of the full device. For this reason, in this section, we
derive the effective gate Hamiltonian of the full device and from it, extract the interaction
terms. In contrast to the toy model, we go a step further and include the effects of the
parametric drive on the bare modes. As a first step, we express the circuit Hamiltonian in
terms of the creation and annihilation operators of the bare circuit modes. We then follow
the approach used above for the toy model to derive the effective Hamiltonian and deduce
the interaction rates. Finally, we compare our perturbation theory to the numerical analysis
of the full model.

In the following, we focus on the parametric activation of an iSWAP interaction by

modulating the flux through the coupler at the qubit-qubit detuning frequency.
A) Bare-mode Hamiltonian

Starting with the full-circuit Hamiltonian in Eq. (3.2), we express the bare charge

number and phase operators in terms of the creation and annihilation operators:
n N/ =
@i =15 G+7,
1 (3.29)
PO /7 s
n] ¢ 2,'7] (] ] )7

where ]'A € {a, b, ¢} are the bare qubit or coupler modes, and 7; are chosen such that the
quadratic terms, ]¢2 and ]'ATQ, vanish in the time-averaged qubit or coupler Hamiltonian. In other
words, we insert the modes of Eq. (3.29) in the qubit and coupler Hamiltonians, and after time-
averaging these Hamiltonians, we eliminate the quadratic modes by appropriately choosing
n;. Mathematically speaking, this is equivalent to solving the following transcendental

equation:

F(nj)n; = 8Eq;/ Eyj, (3.30)
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for j = a, b, c, and with:

k,.]
~~
=
o
~—

I

ae™ " Jo(1ad9) 08 (HaPext) (3.31)

B _ nc -
+ N@ 4N2 Jo(uﬁng) cos (MB‘Pext) )

which are solved numerically. Note that in the transmon regime, F (na(b)) ~ 1 and we recover
Eq. (1.10) of the transmon qubit. Furthermore, F(7.) depends on the drive amplitude, such
that the coupler modes will capture drive effects like the ac-Stark shift already at low order
in perturbation theory. Compared to the toy model, here, we go a step further and included

the effects of the parametric drive on the bare modes.

Now that the bare modes are defined, we normal order expand the cosines and sines in
Eq. (3.1) using:

..o mtn

. i\ "2 fmin
; (=%) 2 ™y
Pk 2
cos@P; =e 4 Z o ,
m,n>0 o
m-+n= even
( 'r}_)mﬁ»nfl AT ~ (332)
A _nj . — 17 2 111 4T
sing; =1y [y 2 LA
2 oy m!n!
m+77L:70dd

Note that the sines appear in the coupler Hamiltonian when expanding the cosine potentials
of sums. Furthermore, for the coupler Hamiltonian, we expand the trigonometric functions
of pext in Jacobi-Anger series over the harmonics of the frequency of the drive. The specific
choice of 7; we made finally allows us to rewrite the transmon Hamiltonians up to fourth

order as:

fl, = woila + Sala?
Ra (i1 | At Ra (15 | 13 (3.33)
—i-ﬁ(a +a )—i—?(ua +a a)—i—---

with analogous equations for modes b, and where the mode frequency and anharmonicity
are defined as:
4Ecqep) 1

W, =—=+F a a E a(b)»
O T 2 (Ma(6))Ma(s) Esa(s) (334

In the first line of Eq. (3.33), we recover the KNO used for the toy model, and the second
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line contains the contribution of quartic counter-rotating terms, which are number-non

conserving.

In contrast to the qubit Hamiltonians, the coupler is time-dependent, we thus choose
ne such that the quadratic terms é2 and ¢é/2, vanish in the time-averaged Hamiltonian. By
“time-averaged” Hamiltonian, we mean H,. = lim7r_ % fOT dtﬁc(t). Now, expressing the
coupler Hamiltonian as H.(t) = H.(t) + H.(t), in terms of the creation and annihilation
operators we obtain:

Fro_,, ata Keat22
H.=w.'¢+ —é'"¢
Ke (a4 | At | ®c (A123 | Af34
~|——(c +C )+—(cc +c c)
3 (3.35)
+ 8o (€8 + & 4 3éfe? + 3et2e)

+8e1 (6+6) -

where the coupler mode frequency and anharmonicity are defined as in Eq. (3.34) by replacing

a — ¢, and the cubic and monomial counter-rotating terms:

8c3 =— aee—%nf/zJo (,Ua(SSO) sin (,Ua@ext) EJc/(12\/§)

ﬁ —-es 3/9 . _
— eI 2 Jo(ugdy) sin wt) Ee/ (12V/2),
N2 .= Jo(1pdp) sin (1Pext) Eie/ ( ) (3.36)

8c,1 :a€€_%ni/2jo(ﬂa590) sin (Ma@ext) E1Jc/\/5
_ Mc_ . —
+ Be N2 ng/zjo (pde) sin (LaPeyt) Eje/ V2.

The time-dependent part of the Hamiltonian ﬁ ¢(t), contains many terms, making it im-
practical to list them all here. These expressions can be found in appendix D of Ref. [48]
which we included in Appendix C of this thesis. A major difference between Eq. (3.33) and
Eq. (3.35) is the presence of monomials (¢ and é') and cubic terms, which appear because

the coupler Hamiltonian breaks the parity symmetry due to the presence of an external flux.

Now that the bare modes have been defined, the coupling Hamiltonian in Eq. (3.3) can

be rewritten as:

J 2ECap

= a—ahb-bh -
g VTaTl ( I ) Valle VIbTe

Notice that due to the presence of 7., the couplings account for the effects of the drive.

(b—b")(e—¢"). (3.37)

Finally, the full-circuit Hamiltonian that we numerically simulate to compare the an-
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alytical results obtained in the following subsections is the sum of Eq. (3.33) for the two
qubits, Eq. (3.35), Eq. (3.37) and the time-dependent part of the coupler Hamiltonian found
appendix D of Ref. [48] which can be found in Appendix C of this thesis.

B) Displace the Hamiltonian

We now want to derive the effective gate Hamiltonian from the circuit Hamiltonian
obtained above. Before performing the time-dependent SW transformation to derive the
effective model, we displace the Hamiltonian in Eq. (3.1) to remove the contributions that
are linear in @; and ;. Intuitively, this procedure corresponds to performing the Taylor
expansion around the classical minimum of the potential energy. We consider a unitary
displacement of Eq. (3.1) according to which @¢; — @; + ¢;(t) and #1; — #i; + n;(t), with
Jj = a,b,c. The linear terms of the Hamiltonian can be eliminated by choosing ¢;(¢) and
n;(t) such that they obey the classical equations of motion associated with the full circuit

Hamiltonian of Eq. (3.1). Writing down the Heisenberg equations of motion,

i) o s dit (1)
DD i, and L

o =i[H, 7] for j = a,b,c (3.38)

and then changing the Heisenberg-picture operators to classical variables @;(t) — ¢;(t) and

f;(t) — n;(t), we find the displacements by solving the following differential equations:

Ya = 8Ecang + 4Ecacne + 4Ecapnp, Ng = — Ejq Sin(@a)a
b = 4Ecapna + 8Ecyny + 4Ecpcne, ny = — By sin(ey), (3.39)
Pe = 4Ecqena + 4Ecpeny + 8Ecene, Nne = — alfj.sin [Soc + aPext (t)]
— BEjesin {f\f + uﬁwext(t)] :
These equations can be solved approximately by considering a trial form, ¢; = §; +

¢jsin(wgt), and equating the coefficients of the zeroth and first harmonics of the drive
frequency wy. More details are given in appendix D of the paper Ref. [48] which can be
found in Appendix C. Ultimately, the displaced variables can be seen as the fluctuations
around a classical trajectory. Note that we expect the displacements for the transmons to
be much smaller than for the coupler ((,, < (. and &g < &¢).
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C) Driven black-box quantization approach

Just as for the toy model, we define the normal modes by partitioning the Hamiltonian

into a perturbed and unperturbed part, H = H ©) 4 \A (1), where we define:

A

O = w,ata + wb'b + w.ete+ A,

- (3.40)
= waala 4 wpb™ + weéle.

The second line is written in terms of the dressed modes and frequencies (not in bold). The

bare and normal modes are related to each other by:

. UaB ;4 & R v A A
o= > HBHE) L ha= 3 SH(E-AD, (3.41)
B=a,b,c B=a,b,c ¢
where the hybridization coefficients u,s and v,s are defined in appendix E of Ref. [48] which

can be found in Appendix C. The perturbed term \H (1) is made of the remaining terms.

D) Effective Hamiltonian

Following the same method as for the toy model, we move to the interaction picture
defined by the Hamiltonian H 0) of Eq. (3.40). For a modulation frequency wy = w, — wp,
we obtain the effective Hamiltonian of the full device after a time-dependent Schrieffer-Wolff

transformation at first order in the RWA, the effective Hamiltonian of the full device:

A —(1 a
Aog = M = 70 (Zialh 4 He) (3.42)
ot ORI NG

+ %Waﬂ + %bﬁb2 + %5%2 (3.43)
+xWatabth + x\Vbthete + xDefeata (3.44)
+J4) (iataalh + Hee.) (3.45)
+ J) (—ibThath + H.c.) (3.46)
+J4) (—ietealb + Hee.) (3.47)
+ KD (ai20% + Hee.). (3.48)
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The interaction terms that appear in the above Hamiltonian are:

JY = —““‘lzuabjl(ga)sm(ga)EJa—%Jl(cb)sm(gb)m (3.49)
UeaqUch

ady (Cc + Ma5<P) Sin(fc + Maaext)E§(0X)

ucauc c c —
bﬁjl (C + H6590) sin <f\, + uﬁwext> By,

2
m _ 1 4
;= —gi %CuijEiia (3.50)
@ = -3 E) 3.51
Xjk Z u uzk J,i ( . )
z a,b,c
0 g )
Jab;j = _T‘]ab ’ (352)
1) u?zauab ba bb
Kab = 16 JQ(Ca) Cos(ga)EJa 16 JQ(Cb) COS(&;)EJ() (353)
uduy ()
16 L (Ce + padp) cos(Ee + Na%pext)E
ugaucb /6 Cc fc _ (8)
16 ﬁj <N MBCSSO) cos (N + lu’ﬁgpext> EJC ’
for j,k € {a,b,c}, and with the effective Josephson energies:
“‘ga ugb “3c
E&a = e_T_T_TJO(ga) COS(£a>EJa7
Uhe My ¥
Ey=e 4 0 1 Jo(G) cos(&) E,
B}, = 0Jo(Co + 11a09) 05(E + o Pt ) By
B ) (3.54)

+ 7‘]0 (CC + NB(;SO) COs (f\cf + :U’ﬁsoext) ng )

We notice that Eq. (3.42)—(3.44) also appear in the effective model of the 3KNO. The
full model, however, presents additional interactions corresponding to photon-number-
conditioned iISWAP terms, Eq. (3.45)—(3.47), and a coherent two-photon exchange Eq. (3.48).
(1)

In Eq. (3.48), the occurrence of second order Bessel functions indicates that K’ is generated
by the second harmonic of the drive. Furthermore, considering that the terms are also fourth
order in the hybridization coefficients, the contribution from the two-photon exchange term

is minor in comparison to the resonant interaction.
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All the interaction terms depend on the drive, either directly with the presence of
the Bessel function of d¢ and (j, or indirectly through the hybridization coefficients. It is
important to remember that in contrast to the toy model, the drive amplitude now appears
in the hybridization coefficients, as we take into account the effect of the drive when rewriting
the Hamiltonian in terms of the dressed modes. Moreover, the drive frequency implicitly
depends on wy since the dressed qubit frequencies wy, wy do. In Chapter 2, we introduced a

numerical method to find the adjusted parametric drive frequency.

As for the toy model, we performed the perturbation theory up to second order. Because
of the complexity of the full-device model, we do not improve the starting point of the
perturbation theory to better partition the (un)perturbed Hamiltonians, as we did for the
toy model. Nevertheless, we further corrected the effective Hamiltonian to second order in
perturbation theory, using Eq. (3.17). Because the parity-breaking terms in ¢ significantly
dress the coupler frequency, the qubit-coupler resonances are shifted. We chose to take
into account the corrections to the coupler poles at second order in perturbation theory, by
reparametrizing the external flux as By — Pt (Pext) SUch that we(Phy) = wt? (Pext)- In
other terms, we redefine the dressed coupler modes in a self-consistent way to better capture
the qubit-coupler resonances. We will see below that these corrections are validated by the

numerics.

E) Comparison to exact numerics

We compare the analytical results obtained from the second-order perturbation theory,
with the exact Floquet numerics described in Chapter 2. The Hamiltonian used for the
numerics is the one derived at the end of Sect. 3.2 B). In Fig. 3.6, we study the behavior of the
iSWAP rate (J,p) and the ZZ cross-Kerr interaction (xq) versus the de flux @y, for a realistic
set of parameters defined in the figure caption. For J,;, we observe excellent agreement
between the numerical results and the second-order perturbative results. Remarkably, the
agreement persists even at large drive amplitudes. The two main resonances located at
Dext /2m = 0.29 and 0.37 correspond to the qubit-coupler resonances. Note that the coupler
frequency lies above (below) the qubits frequencies for By /27 < 0.29 (> 0.37). The
additional poles appearing when w. > w,/p and w. < w,/p are expected to be captured at
higher order within the perturbation theory. For the given device parameters and a relatively
strong drive, the gate rate can reach approximately J,, ~ 20 MHz, corresponding to a ~ 25
ns ViSWAP gate which is relatively fast for a two-qubit gate. Shifting the focus to the ZZ
interaction, we see that the analytical predictions only match well the numerical results in
the absence of drive. Similarly to the toy model, the effect of the dynamical ZZ is expected

to emerge at fourth order in perturbation theory. Within this parameter configuration, the
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Figure 3.6 Interaction rates of the full circuit as a function of the external dc flux @,,;. The
dots represent exact numerical simulations obtained from the Floquet method
described in Chapter 2, with Hilbert space dimension 10 per mode. The lines
correspond to the analytical second-order RWA calculations. Color (see legend)
encodes parametric drive amplitude dp/27. Parameter choices: C, = 134.205
fF, Cy, = 134.218 fF, C, = 75.987 {F, C,. = 11.11 {F, Cp, = 11.22 {F, C,p = 0,
Ej./27 = 37 GHz, Ey /27 = 27 GHz, Fj./2m = 50 GHz, a = 0.258, § = 1,
and N = 3, pio = 5/6 and pg = —1/18. We attribute large discontinuities in the
numerical curves to state tracking errors near avoided crossings. From Ref. [48].

77 cross-Kerr interaction does not exhibit a dc flux point for which x, = 0 in the static

case. However, multiple zero ZZ points emerge with sufficiently large drive amplitudes.

As mentioned, the Hamiltonian used for the numerical results is the one derived at the
end of Sect. 3.2 B). Note, however, that the spectrum of this latter Hamiltonian differs
from that of the full cosine Hamiltonian in Eq. (3.1) by tens to hundreds of MHz. This
discrepancy specially affects the cross-Kerr interaction by a few to tens of MHz. In Sect. 3.2.2
and Chapter 4, we will consequently use the full Hamiltonian in Eq. (3.1) to study more

accurately the device properties and to compare our model to the experimental data.

F) Other parametric gates

According to the frequency of the parametric flux modulation, multiple interactions can
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Gate Bosonic operator | Drive frequency | Dominant unwanted interaction
iSWAP /beam-splitter —iath+ibta Wa — Wh atabth
Two-mode squeezing —iatht + iba Wa + wp atabth
CZ/Ising-ZZ atabth no drive
CNOT —i(a—ah)bh Wa —i(a—ah)ata

Table 3.1 List of the most accessible gate Hamiltonians realizable with a parametric drive in
the analyzed architecture. Adapted from Ref. [48].

be activated. This device is not limited to the iSWAP gate. For instance, by modulating the
coupler flux at wy = w, + wp the dominant activated interaction is a two-mode squeezing
term afbt 4 ab. For this modulation, the derivation of the effective Hamiltonian with the
method previously described, leads to the same Hamiltonian as the one in Eqgs. (3.42)-(3.48),
with the difference that a'b is replaced by a'bf, in Eq. (3.42) and Egs. (3.45)(3.48). The
interaction constants remain identical to Eqs. (3.49)—(3.54), with the difference that the
values of the hybridization coefficients differ due to their dependence on the modulation

frequency.

A CNOT gate can also be parametrically activated by modulating the flux at wg = wy,
where qubit b is the control qubit and qubit a is the target. Applying the above method

with this modulation choice of frequency, we find the following effective Hamiltonian:

—(1 217
MY = ZiQup(a—ah)bh — iQue(a — ah)et

—iQ,(a—a') —iQuq(ataa —ata'a),

[N

(3.55)

where the rates );;; depend on the device parameters. The first term of the first line of
Eq. (3.55) corresponds to the cross-resonance interaction used to perform the CNOT gate.
The second term is conditioned on the state of the coupler and it is generally neglected
because the coupler is in the ground state with (¢7é) ~ 0. The other terms of the second
line contain single qubit operations which can typically be corrected for by using additional

single qubit rotations.

Table 3.1 summarizes some of the gates which can be implemented in this architecture.
For instance, even without flux modulation, but simply by tuning the dc flux within a region
where the ZZ cross-Kerr interaction is large, it is possible to generate a CZ gate. Gates not
listed in this table include the possibility of activating more advanced native gates using

multiple drive tones.
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3.2.2 Numerical results

In Sect. 3.2.1 we have seen that it becomes difficult to gain an intuition about the dependence
of the gate rate and the cross-Kerr interaction on the parameters of the device. Moreover in
order to be in quantitative agreement with experiments, performing numerical simulations

of the full device Hamiltonian in Eq. (3.1) becomes necessary.

As a first step, we study the static (undriven) device properties as a function of its
parameters. We focus on a set of qubit and coupling parameters, and vary the coupler

parameters «, FEcc, Fj., N around the following typical device parameters:

Ecy/2m = 0.2GHz Ey,/27 = 18 GHz
Ecy/2m = 0.2GHz Eyp/2m = 34 GHz (3.56)
Ecge/2m = —0.2 GHz Ecp. /27 = 0.2GHz Ecup/2m = 0.

In Fig. 3.7 a), we plot the smallest value of the absolute value of the ZZ interaction that
is obtained in the range @, /2m = [0,0.5] as a function of Fj. (x-axis) and E¢. (y-axis).
Every plot corresponds to a different number of Josephson junctions in the array N = 2,3, 4
and 5 (left to right columns), and a ratio between the Josephson energies of the branches of
the coupler loop a = 1/2N (first line), 1/ (N + 1) (third line) and the intermediate value
%(LN + ﬁ) (second line). Note that we want a < 1/N such that the coupler potential
exhibits a single well. All the plots use the same color scale, with values ranging from 0 to

1MHz, and any point in the maps that has a minimum ZZ above 1 MHz is plotted in white.

A first observation is that for any choice of N between 2 and 5, it is possible to find
multiple coupler parameters that allow a zero-ZZ point. In fact, in almost all the cases
considered here, there exist large regions in parameter space where ZZ can be canceled.
However, even though multiple choices of N feature zero-ZZ regions, it is easier to find the
latter for larger values of N. In all the plots, we also identify regions where ZZ is non-zero

due to an avoided crossing of higher energy states. We will get back to these features below.

These large zero-ZZ regions are particularly promising as it indicates that a deviation in
the coupler parameters, which are typically ~ 1 —10% for E¢. and ~ 5 — 10% for Ej.., will
not prevent the device to have a zero-ZZ point, assuming that the qubit parameters are fixed.
We have further studied the impact of deviations of all the device parameters on the existence
of a zero-ZZ point. We numerically explored 10% devices with N = 4, assuming a Gaussian
distribution of all the parameters around the mean values of Eq. (3.56), E;./27 = 90 GHz
and Ejs/27 = 15GHz for the black sheep junction with a standard deviation of 10%. We
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Figure 3.7 a) Plot of the minimum ZZ and b) Plot of the overlap between the dressed qubit
state and the bare coupler state at minimum ZZ, for coupler parameters along
Ec./2m =[0.2,0.5] GHz and Ej./27 = [60,100] GHz. Each plot corresponds to a
number of JJs in the array N = 2,3,4 or 5 with a ratio a between the Josephson
energies of the branches of the coupler loop. The plots in each column correspond
to a specific N. The plots in the top row correspond to @ = 1/2N, the last row
to a =1/(N +1) and the row in middle to o = § (5% + ﬁ) All the plots are
at the same scale and any value of |ZZ| > 1 MHz is plotted in white. The qubit
and coupling parameters used in this figure are the ones indicated in Eq. (3.56).
The two blue boxes in the subfigure representing N = 4 with & = 13/80 in a) are
the regions for which we explore the spectra and the ZZ interaction versus flux in
Fig. 3.8.
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found that over 10° parameter sets, 50% have zero-ZZ operating points.

In addition to having zero-ZZ points, we also require fast gates with low leakage. For
instance, if the coupler parameters are chosen such that the coupler frequency is very far
from the qubits then it is rather easy to set ZZ to zero, however, the gate is then typically
slower. To better understand the different regions of the plots of Fig. 3.7 and develop some
intuition, we plot the spectra and the static ZZ versus flux for multiple device parameters.
In Fig. 3.8, we consider devices with 4 JJs in the coupler array and o = 13/80. The top
figures represent the ZZ interaction y,, versus flux, for a fixed value E¢./27m = 0.25 in a)
and 0.45 GHz in b). The colored lines correspond to a different E;./27 ranging from 60 to
100 GHz. As a guide to the eye, the regions explored in Fig. 3.8 correspond to the blue boxes
in Fig. 3.7 a) for N = 4 and a = 13/80. The bottom plots of Fig. 3.8 represent the energy
levels versus flux for a fixed E¢. and multiple E ;.. The first excited state of the qubit a is
indicated in red, while that of qubit b in orange. The first (second) excited states of the
coupler are plotted in multiple colors, each corresponding to a with different Ej., in solid
(dashed transparent) lines. As expected, the coupler frequency increases with Fc. and FEje.
Depending on the device parameters, the coupler can either cross both qubit frequencies,

cross a single qubit or none of them.

For E¢./2m = 0.25 GHz, the coupler frequency is mainly below the qubits and the
second level of the coupler can in some cases cross the higher frequency qubits, something
which should be avoided to prevent qubit leakage to coupler states. In the upper plot of
Fig. 3.8 b), we observe the presence of resonances in the ZZ interaction that correspond to
avoided crossings between qubits (]1,050.) or |04150.)) and the coupler (|0,051.)), or between
the level |1,1;,0.) and a state involving the first or second excited state of the coupler (|g.gslc)
or |¢aqp2.)). Since the higher energy spectrum is very crowded, this region is not shown.
From Fig. 3.7 a) for N = 4 and a = 13/80, and in the region where E¢./2m = 0.25 GHz,
we expect a zero-ZZ point for the Josephson energies Fj./2m = 60 and 100 GHz. In Fig. 3.8,
we do observe zero-ZZ points for Ej./2m = 60, 90 and 100 GHz, while for Ej./27 = 70 and
80 GHz we see that the presence of a resonance leads to a finite ZZ interaction. Note that

the existing zero-ZZ points are located where the coupler is below the qubit frequencies.

Now looking at Fig. 3.8 b), for E¢./2m = 0.45 GHz, we see that an avoided crossing for
Ej./2m = 80 and 90 GHz prevents the appearance of a zero-ZZ point. This avoided crossing
is responsible for the large feature in the upper right corner in Fig. 3.7 a) for N = 4 and
o = 13/80. Interestingly, we find that for Ec./2m = 0.45 GHz and Ej./27 = 100 GHz, a
zero-ZZ point can be found close to a sweet spot with respect to the flux (i.e. Oxap/OPest = 0),

meaning that the ZZ interaction is first order insensitive to flux in the coupler flux line. Note



52

a) b
Ecc/2m=0.25 GHz Ecc/2m=0.45 GHz

10 10 // 100

= O T— 0 ‘ 80 =

o (| = N

2 /‘ <

) -5/ 7 -5 70 &
—10\/ -10 60
N9 9 Eo1o
5 — E100
E7 7 — Eoo1
— Eoo2
>
o

[

0.43  0.46 0.49 03‘.40 0.43  0.46 0.49
(Dext/zn (pext/zr[

W
>
o

Figure 3.8 Spectra (bottom) and ZZ cross-Kerr interaction (top) in the flux range Qo /27 =
[0.4,0.5] for a) Ec./2m = 0.25 GHz (left) and b) E¢./27 = 0.45 GHz (right), for
multiple values of E;.. Each lines in the top figures represent the ZZ interaction
for different values of Ej./(27) ranging from 60 to 100 GHz. The horizontal black
line at 0 is a guide to the eye. The bottom figures represent the device spectra,
where the first excited states of the qubits are indicated in fixed red and orange
colors, while the first (second) excited states of the coupler are plotted in multiple
colors each associated to a device with different E ., in solid (dashed transparent)
lines. We denote E,p. the energy level of a state |agbp, cc). The qubit and coupling
parameters for these figures are the ones indicated in Eq. (3.56), and the fixed
coupler parameters are N = 4 with @ = 13/80. This figure explores the spectra
and the ZZ interaction for the parameter regimes indicated by the blue boxes in
Fig. 3.7.

also that for Eq./2m = 0.45 GHz the existing zero-ZZ points are located where the coupler
is between the qubits. This is interesting as it allows the coupler to be simultaneously close
in frequency to both qubits, maximizing the qubit-coupler interaction and, consequently,

the effective qubit-qubit interaction.

By studying more extensively the spectra for the other plots of Fig. 3.7 a), we notice
that the zero-ZZ regions are often located where the coupler is close in frequency to one of
the qubits. Strong qubit-coupler hybridization can be responsible for shorter qubit lifetimes,
since the coupler decay would impact the qubit due to qubit-coupler entanglement. In

Fig. 3.7 b), we characterize this hybridization by plotting for the same parameters as Fig. 3.7
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a) the overlap between the dressed qubit states and the bare coupler state at the flux value
that minimizes the absolute value of the ZZ interaction. Fig. 3.7 b) is obtained for the
same parameter regimes as in a). The larger the overlap is, the stronger the qubits and the
coupler are hybridized. We see that in almost all the regions where zero-ZZ points exist, the
qubits and the coupler are strongly hybridized. This is due to the fact the zero-ZZ points
appear when the coupler approaches the qubit frequency. For N = 2 and 3, no regions can
be found where ZZ is canceled while keeping the qubits and the coupler weakly hybridized.
On the other hand, for N = 4 and 5 it is possible to both have zero-ZZ points and a small
overlap between the dressed qubit and the bare coupler. This is for instance the case with
N =5and a = 1/10 in the lower left corner. However, these regions generally correspond to
situations where the coupler is relatively far below the qubit frequencies, which is expected
to reduce the speed of the gate. Moreover, as mentioned previously, the strong hybridization
that exists between the qubits and the coupler at the zero-ZZ point can become an issue for
the qubit coherence time. Indeed, the Purcell-type decay of the qubit due to the coupler
is roughly given by the square of the qubit-coupler overlap times the coupler decay rate.
Given the large overlaps that are observed, it it thus important for the coupler to have a

large quality factor.

While the above results were obtained for the undriven system, we now turn out attention
to the properties of the device in the presence of a drive. Namely, we now characterize the
gate rate. In Fig. 3.9, we plot in a) to d), for a given choice of N and «, the minimum ZZ
points, the overlap of the dressed qubits with the bare coupler state, and the iSWAP rate Jg
at the minimum ZZ point when the coupler is modulated with an amplitude d¢ /27 = 0.01.
Fig. 3.9 a) to d) correspond to different N = 1, 2, 3 and 4, and we chose « according to the
observation of zero-ZZ regions in Fig. 3.7 and from the study of the spectra in those regions.
Since simulating the gate rates take a significant amount of time, for each N and «, we only
evaluate the gate rate in the regions surround by the blue box in the plots of ZZ and of
the overlaps in Fig. 3.10. The gate rates J,; are plotted on the same scale and we do not
evaluate J,; when the minimum ZZ point is larger than 0.1 MHz, those points are indicated
in white. The maximum gate rates obtained for N = 2, 3, 4 and 5 are respectively 35.7,
15.4, 27.6 and 14.4 MHz, corresponding to viSWAP gates of around 14 ns, 32 ns, 18 ns and
35 ns. These gates are fast compared to typical parametric two-qubit gate times as shown
in Sect. 1.3.3. For instance, cross-resonance gates are typically performed in a few hundreds
of nanoseconds and CZ gates in 40 — 250 ns. Note that Ref. [51] has achieved an iSWAP
gate in 44 ns by performing a parametric-resonance gate. Faster two-qubit gates have been
implemented using flux-tunable qubits or couplers. Note that in our case the drive amplitude
could be increased, further reducing the gate times. The regions where the gate rate is

the largest appear when the coupler is located between the qubit frequencies. When the
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Figure 3.9 Colormap of ZZ, the overlap and J,;, versus E¢. and Ej. for multiple (N, «): a)
N =2&a=1/3,b) N =3&a =1/6,c) N = 4&a = 13/80 and d) N = 5&a =
1/10. All the colormaps are at the same scale and any value of |ZZ| > 1 MHz
is plotted in white. For each N and «, the gate rate is simulated in the regions
surround by the blue box in the colormaps of ZZ and of the overlaps. We omit
to simulate J,;, where the minimum ZZ point is above 0.1 MHz, those points are
indicated in white. The qubit and coupling parameters used in this figure are the

ones indicated in Eq. (3.56).

coupler is simultaneously close in frequency to both qubits, it maximizes the qubit-coupler

interaction and, consequently, the effective qubit-qubit interaction. As mentioned earlier, the

decrease in the gate rate in the lower left (upper right) corner of the plots can be explained

by the fact that the coupler frequency decreases (increases) further away below (above) the

qubits frequencies.

We now focus on a specific set of device parameters to study how the gate rate and the
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Figure 3.10 a) iSWAP gate J, rate and b) dynamical ZZ interaction x,; versus flux. Each
colored line corresponds to a different drive amplitude d¢ /27 ranging from 0.005
to 0.015. The two main resonances at @ez¢/2m = 0.4 and 0.4725 correspond to
the avoided crossing between the qubits and the coupler. The device parameters
used in this figure are the ones indicated in Eq. (3.56).

dynamical ZZ vary as the drive amplitude increases. For this, we use the first parameter fit
of a device that was experimentally fabricated by our collaborators from the Houck Lab at

Princeton University:

Ec,/27m = 0.205 GHz Ej./2m = 19.65 GHz Ecge/2m = —0.175 GHz

Eqy /27 = 0.205 GHz Ey /27 = 34.4 GHz Ecp./2m = 0.185 GHz (3.57)
Eq./27m = 0.4 GHz Ej./27m = 91.2 GHz Ecuy/2m = 0GHz
N =4 a=0.164.

Note that the qubit and coupling parameters are relatively close to the ones used in Eq. (3.56).
In Fig. 3.10 a), we show the iSWAP gate rate J;, versus flux and in b) the dynamical ZZ
cross-Kerr interaction. We see that the gate rate is the largest around g, /27 = 0.35 and
0.5, where the coupler is the closest to the qubits. Each line corresponds to a different drive
amplitude dp. The static zero-ZZ point is located between the qubits at e, /27 = 0.45.
The gate rate increases linearly with d¢ and reached 25 MHz corresponding to a 20 ns
ViSWAP gate. This gate time is comparable to what is achieved with flux-tuned two-qubit
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gates, but is particularly fast for a parametric two-qubit gate. The gate time also has to
be compared to the qubit lifetime. Considering that fast gates can be implemented with
this device, the impact of Purcell decay caused by the coupler may not be as significant if it

remains within reasonable limits.



Chapter 4

Theoretical support to experiment

The work presented in this chapter of the thesis was done in collaboration with the group
of Andrew Houck at Princeton University and with members of the Sherbrooke group. At
Princeton University, Pranav Mundada, Andrei Vrajitoarea, Sara Sussman and Charles
Guinn fabricated and measured the devices which will be presented below. Alex Place also
contributed in fabricating the devices. In Sherbrooke, Alexandru Petrescu, Catherine Leroux

and Agustin Di Paolo contributed in analyzing the experiments presented below.

In this section, we present and analyze the experimental results obtained together with
our collaborators from the Houck Lab at Princeton University. We consider two generations
of the experiment, corresponding to two devices which we refer to as device 1 and device 2
below. We first show in Sect. 4.1 a theoretical fit of the spectra of these two devices and of
the static ZZ interaction versus flux, after which we reproduce in Sect. 4.2 Autler-Townes
spectroscopy experiments using the Floquet quasi-energy spectrum to calibrate the drive
amplitude. Finally, in Sect. 4.3 we characterize ViSWAP gates implemented on the two
devices. More details about the device fabrication and experiments can be found in the

thesis of Sara Sussman in Ref. [62].

o7
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4.1 Parameter fit

As mentioned previously, the circuit parameters achieved experimentally deviate from the
targeted parameters. The device is characterized using electromagnetic simulations to
determine the circuit capacitances, and witness JJs are fabricated next to the device to
determine the Josephson energies in the circuit. The parameter fit is then fine-tuned by
fitting the device spectrum obtained from spectroscopy experiments. Following this approach,

we find that the parameters of device 1 are:

Ec, /27 = 0.205 GHz Ej. /27 = 19.65 GHz Ecye/2m = —0.18 GHz

ECb/27r = 0.205 GHz EJb/27T = 34 GHz ECbc/QTr = (0.18 GHz (4.1)
Eq./27m = 0.4GHz Ej./2m = 91.2 GHz Ecg/2m = 0GHz
N=4 a=0.164.

In the experimental setup, only the qubits have readout resonators, the coupler energy levels
are measured by strongly driving through the qubit readout lines [62]. In Fig. 4.1, we plot the
device spectrum and the ZZ interaction measured experimentally versus flux along with a fit
(dashed lines) obtained from numerical diagonalization of the Hamiltonian of Eq. (3.1) using
the above parameter values. The fit is in good agreement with the spectrum and the ZZ
interaction over a large flux range. A zero-ZZ point can be found at @ext /27 = 0.45 which
appears when the coupler is between the qubit frequencies. We remind from Sect. 3.2.2 that
the gate rate is generally maximized when the zero-ZZ point is located where the coupler
is between the two qubits. In Fig. 4.1 b), we observe two resonances in the ZZ interaction
around @eyt /27 = 0.43 and 0.47, which are respectively due to the crossing of levels |110)
and |002), and the crossing of the first excited state of the qubit a with the coupler. Despite
a small shift in the location of the second resonance, the two resonances are well captured

by the numerical simulations.

Following the above mentioned approach to fit the parameters of device 2, we find:

Eqg /27 = 0.205 GHz Ej,/2m = 13.65 GHz Egge/2m = 0.085 GHz
Ecy/2m = 0.208GHz  Ey/2r = 26.55GHz  Ecpe/21 = —0.08GHz  (4.2)
Ec./27 = 0.445 GHz Ej./27m = 67.5 GHz Eggu,/2m = 0.01 GHz

N =4 a = 0.1888.

The Josephson energies of the qubits are smaller in this second device to reduce their

frequencies and detune them further from the readout resonators. The qubit-coupler
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Figure 4.1 a) Spectrum of device 1 obtained from spectroscopy with an overlaid fit versus flux.
The colored dashed lines correspond to the fitted spectrum using the parameters in
Eq. (4.1). The energy levels are labeled as Egp.. b) ZZ cross-Kerr (,p) interaction
of device 1 versus flux. The blue and gold dots are the ZZ interaction measured
through qubit a and b respectively. The black line is the fit obtained of device 1
and the dashed colored lines are the same energy levels as in a) and are provided
as a visual aid to understand the resonances in the ZZ curve. The dashed vertical
line indicated the zero-ZZ point. ¢) Same as a) but for device 2. d) Same as b) but
for device 2.

couplings Fg,. and Eqy. are lower in this device compared to device 1, but this is due to

a fabrication error. The spectrum and the ZZ interaction are plotted in Fig. 4.1 ¢) and d)

along with a fit. Note that for device 2 the ZZ interaction was measured in a smaller flux

range around the zero-ZZ point compared to device 1. This might give the wrong impression
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Figure 4.2 Qubit lifetime and ZZ cross-Kerr interaction (xup) as a function of flux ¢eyr =
Pext/2m. a) For device 2 presented in Eq. (4.2). b) For a third device for which
the parameters were not fitted. In both a) and b), qubit a (b) are the low (high)
frequency qubits. Figures from Ref. [63].

that the ZZ interaction is overall smaller than for device 2 since the scale is now in kHz. For
device 2 the zero-ZZ point is located at @ext /27 = 0.457, where the coupler frequency is
here again between the qubits.

The qubit lifetimes for device 1 measured at @ext/27m = 0 are Tl(a) ~ 80 us for qubit
a and T l(b) ~ 8 us for qubit b. The dephasing times of the qubits are T: 2(a) = 20 us and
T Q(b) = 4 pus. The poor lifetime of qubit b is attributed to the readout resonator which is
closer to the qubit than targeted, leading to a fast qubit decay via the Purcell effect. Because
the coupler was not coupled to a readout resonator, its lifetime was not measured. As long
as the coupler and the qubits states are not too strongly hybridized, the qubits should not
be affected by the lifetime of the coupler. Note, however, that at the flux point where the
77 interaction is zero, we suspect qubit a to be strongly hybridized with the coupler since
they are near an avoided crossing (e.g. see Fig. 4.1 b) at @eyt /27 = 0.45). The qubit-coupler
entanglement could therefore have an impact on Tl(a) and TQ(Q) at the zero-ZZ point. For
device 1 the qubit lifetimes has, however, not been measured at this point. It has nevertheless

been measured over larger flux ranges for other devices than device 1 and 2.
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The upper plot of Fig. 4.2 a) depicts the qubit lifetimes close to a zero-ZZ point for
device 2. The plot below represents the ZZ interaction in the same flux range together with
a fit (black line) obtained with the parameters in Eq. (4.2). The qubit T}s are ~ 23 us and
30 us, and Ths ~ 35 us, and remain relatively unchanged with flux. These qubit T1s and Tbs
are relatively low for typical fixed-frequency transmon qubits. We suspect these short qubit
lifetimes to be due to fabrication errors rather than to the strong qubit-coupler hybridization
because the Tis and Ths remain constant with flux around the zero-ZZ point [62]. Fig. 4.2
b) also shows the qubit lifetime and the ZZ interaction in a flux range close to the zero-ZZ
point for a third device for which the parameters were not fitted but are expected to be
similar to those of device 2. Here, we see in Fig. 4.2 b) that the 77 and T3 of qubit a are cut
by half as we get closer to the zero-ZZ flux point. This is to be expected if qubit a and the
coupler are strongly hybridized.

4.2 Autler-Townes spectroscopy

Autler-Townes spectroscopy is used in the present work to convert the drive power (in dBm)
to flux quanta (in units of ®p). With this conversion factor in hand, it is possible to ensure
that the drive power corresponds to a small fraction of the quantum flux. The Autler-Townes
spectroscopy corresponds to two-tone spectroscopy [59], where a first drive of frequency wy
is used to activate an interaction, while a second drive of frequency wj,, which we will refer
to as the probe, is used to probe the spectrum dressed by the first drive. This experiment
provides a spectroscopy plot which shows how an energy level is affected by a drive wy due to
ac-Stark and Bloch-Siegert shifts. Ultimately, it reproduces the avoided crossing of Fig. 2.1

shown in the Floquet section.

Here, the first drive is activated by modulating the flux through the coupler at the
zero-Z7 point @eyt /2w = 0.45 and the dressed spectrum is probed by measuring the qubits
as in Sect. 4.1. Fig. 4.3 shows the results of the Autler-Townes spectroscopy of device 1
around the coupler and qubit frequencies. The Floquet quasi-energy associated to the
qubit and coupler states are overlaid (red dots) on the experimental data. We see that the
quasi-energies are in excellent agreement with the experimental data, for dp/27 = 0.01. For
qubit a, see Fig. 4.3 a), the avoided crossing around wy/27 = 0.5 GHz corresponds to an
interaction with the coupler. This drive frequency wy/27 = 0.5 GHz corresponds to the
detuning between qubit a and the coupler at the zero-ZZ point. The avoided crossing around
wq/2m = 1.9 GHz corresponds to the qubit-qubit interaction as it appears at the qubit-qubit

detuning at the zero-ZZ point. As explained in Sect. 2.2, the minimum distance in the
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avoided crossing along wy corresponds to the interaction amplitude between two states. The

gate time can thus be obtained from the Autler-Townes experiment.

Similarly, in Fig. 4.3 b), we observe two avoided crossing in the qubit b spectroscopy at
wq/2m = 1.9 and 1.4 GHz, respectively corresponding to the qubit-qubit and qubit b-coupler
detunings. For the coupler, in Fig. 4.3 ¢), the experimental data is qualitatively reproduced
by the Floquet energies, however, quantitatively there is an overall shift of ~ 10 MHz of
the quasi-energies along w,. Because the coupler does not have its own readout line, it
is indirectly probed through the drive line of qubit a (which is closer in frequency to the
coupler than qubit b) using a stronger drive amplitude. We attribute the frequency shift
with the experimental data to the resulting strong ac-Stark. Nevertheless, the quasi-energies
reproduce correctly the main avoided crossings at wq/27 = 0.55 GHz and 1.44 GHz. Multiple
lines appear in the coupler spectrum which we were not able to explain, but which we also

attribute to the strong probe drive.

Experimentally calibrating the power of the drive, i.e. making the correspondence
between the drive power applied experimentally and the drive amplitude dp of Eq. (3.1),
is not an easy task. We use the quasi-energies to fit the avoided crossings and determine
what fraction of a flux quantum, dp, the drive power corresponds to. The stronger the
drive amplitude is, the larger the avoided crossings are. In the particular case of Fig. 4.3,
we reproduced the experimental data with a drive amplitude d¢ /27 = 0.01, which we now

know is associated to drive power applied experimentally.

4.3 Gate characterization

4.3.1 Chevron pattern

In the present work, we focus on the implementation of a viSWAP gate. While an iSWAP
gate exchanges the states of the qubits and introduces a relative phase between the states
|01) and [10), as:

|10) — 4|01) , ]00) — |00)

(4.3)
01) — 4[10) , [11) — |11)
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Figure 4.3 Autler-Townes spectrum close to the coupler and qubit frequencies, with an overlaid
fit (red dots) of the Floquet quasi-energies for a drive amplitude dp/27 = 0.01.
For the coupler plot, there is an overall shift of the quasi-energies of about 10 MHz
along wp.

the viSWAP is realized in half the time of an iSWAP gate and maximally entangles the
qubits states

110) — (]10) 4i]01)) /v/2

(4.4)
|01) — (i|10) 4 |01)) /V/2

while keeping |00) and |11) unchanged.

As discussed in Chapter 3, the vViSWAP gate is generated by modulating the flux through
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Figure 4.4 Plot of the population in qubit a versus the pulse time for multiple drive frequencies
wq for device 1. a) Experimental data b) Simulated data using the device parameters
in Eq. (4.1) and d¢/27 = 0.01.

the coupler at wy = wp — w,. As soon as the interaction is turned on, the qubits exchange
excitations leading to a swap of the population between the qubits. Because of the ac-Stark
and Bloch-Siegert shifts, the optimal drive frequency that leads to a perfect exchange of the
qubit populations is shifted from the undriven qubit detuning. Experimentally, the optimal
drive frequency is obtained by measuring the qubit population in time for multiple wy around

wp — w, and identifying the frequency that leads to a maximum population exchange.

In Fig. 4.4, we plot, for device 1, the population of qubit a as a function of time and
along the drive frequency, when initializing the state in [0,1;0.) at ¢ = 0. Fig. 4.4 a)
and b) respectively correspond to the experimental data and the simulated data. Note
that both figures are plotted on different time scales. Each point is obtained by using a
flat-top Gaussian pulse, with a ramp up/down time of N,o where o = 3 ns is the standard
deviation of the Gaussian and N, = 2, and a flat top time of ;. The gate duration is thus
tgate = 2INy0 +ty. The pattern observed in Fig. 4.4 is referred to as a chevron. For a given
wq we see that the qubit population oscillates in time. When the drive is off-resonant the
oscillations gradually disappear and the qubit returns to its ground state. Conversely, on
resonance, the oscillations repeat until the qubit decays. A full population swap occurs in
teate = 3218 around wq /27 = 1.97 GHz, for both the simulation and the experiment. This
corresponds to a 16ns vViSWAP gate, which makes it a fast two-qubit gate compared to

state-of-the-art parametric gates.
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Figure 4.5 Simulation of the population in qubit a versus the pulse time tgate for multiple
drive frequencies wy for device 2 with d¢ /27 = 0.01. a) Simulated data using the
device parameters in Eq. (4.2) b) Simulated data using the device parameters in
Eq. (4.2) but with larger couplings Ecpe/2m = —Ecqe/2m = 0.15 GHz.

For device 2, the time evolution of the qubit population has been measured for a few drive
frequencies only, therefore we do not have a complete figure of the chevron pattern. However,
the population at the optimal drive frequency showed slow viSWAP gates of ~ 190 ns for
an uncalibrated drive power. In Fig. 4.5 a), we simulate the chevron for device 2 using the
same drive amplitude as for device 1. A full population exchange occurs for tgate = 132ns,
which is to be compared to the tg.te = 321ns obtained with the device 1 using the same drive
amplitude. The reason for the gate being slow, is the low qubit-coupler couplings Ec,. and
Ecpe, which are half the size as those in device 1. Following this observation, Fig. 4.5 b)
shows the expected results for a device that has the same parameters as device 2 but with
larger couplings Ecpe/2m = —Ecae/27 = 0.15 GHz. We see that the oscillations are more
rapid, with a viSWAP obtained in 33 ns.

4.3.2 Gate fidelity and leakage

Before studying the leakage and the fidelity of the gate for device 1 and 2, we introduce and
define some concepts used to characterize gates [64, 65].

In the device that we consider, the Hilbert space H spanned by the qubits and the

coupler is larger than the qubit subspace in which the ideal dynamics occurs. To study the
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leakage to the non-computational subspace, we split the Hilbert space into two subspaces
x1 and y2. We define x; the 4-dimentional qubit subspace made of the states |¢,q,0.) with
das @ € {0,1}, and x2 the (d — 4)-dimensional leakage subspace comprising all the other
states, where d = dim(#). The full Hilbert space is written as a direct sum of the latter
two subspaces, H = x1 @ x2. The state leakage of a density matrix p € D(H) in the set of
density matrices of the full Hilbert space is defined as:

L(p) = Tr [Izp] = 1 —Tr [Lip] (4.5)

where I; and Iy are respectively the projectors onto the subspaces y1 and xo.

Any quantum operation on p, including the leakage errors, can be described by a
complete positive trace preserving (CPTP) map [64]. We call £ the CPTP map describing a
leakage error introduced by an imperfect gate. Note that a leakage error can be divided
in two categories, leakage and seepage errors, which transfer population to and from the
leakage subspace respectively. In the following work, we focus on the leakage and define the

leakage rate Ly as the average leakage of £ [65]:

Li#) = [anrie (o) = (¢ () (4.

where dq = dim(x1) = 4, and the integral is taken over the Haar measure of all states in x;.

While characterizing leakage informs us about losses to the leakage subspace, it does
not inform us about the performance of the gate within the computational subspace. To

address this, we introduce a commonly used metric, the average gate fidelity [65]:

F(E) = [ dwr ( IE (n)wnl) n)

o lepro(E) +1-— Ll((‘:)
- di+1

(4.7)

where the integral is taken over the states of x1 and Fj,o(€) is called the process fidelity of
& with the identity map on xi, defined as [64]:

Fono€) = T [0 1) ) (4.8)

where S¢ is the superoperator representation of €.

In this section, we compare the gate operation including leakage Ugate with the unitary
of a perfect gate operation Utarges- The map of the leakage error is £ = ujargetugate, where

Utarget is the CPTP map associated to the targeted gate and Ugate the map represents the
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Figure 4.6 Simulation of a) the population in qubit a, b) the average gate fidelity and c) the
leakage L1 versus the pulse time ¢gate and as a function of the drive frequencies wy
for device 1. The time tgate corresponds to the duration of the full gate pulse. The
data is obtained using the device parameters in Eq. (4.1).

imperfect gate.

In Fig. 4.6 a), b) and c¢), we respectively show the population in qubit a, the average
gate fidelity of a viSWAP gate and the leakage L; as a function of time and of the drive
frequencies wy for device 1. Note that panel a) is identical to Fig. 4.4 b), where we observe
a full population swap occurs in tgate = 32ns around wg/27 = 1.97 GHz. The simulated
average gate fidelity is maximized at ¢ jgmap = 20ns, including the ramp times, with
F = 99.6% and a leakage L; = 1 x 10~%. The fidelity can be improved to F = 99.8% by

correcting for single-qubit rotations.

Overall the leakage is relatively low with a maximum value L; = 6 x 107%. We see
a fringe structure in the leakage which is due to leakage into the coupler. A population
exchange still occurs between the qubits when the coupler is in its higher excited energy
levels, i.e. between [1,051.) <> [0,1p1.) and |1,0p2.) <> [0,152.). The frequency of these
transitions are respectively wg/27m = 1.991 and 1.992 GHz when the drive if off, but we
suspect the drive to dress the energy levels, thereby shifting the frequency for a perfect swap
of excitations between those levels. A wider simulation of the chevron for wg/27m > 1.99 GHz

shows a chevron pattern in the leakage plot.

More generally, the generated gate operation can be compared to an fSim gate represented
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by the unitary matrix [66]:

00) (1 0 0 0

_ [10) |0 e 7% —jemtrtix 0

£Sim (6, &, x, 7, ¢) = : (4.9)
01) [0 —ie= 7 emivtie 0
111) \0 0 0 e~y

where the parameters (0, &, x,7, @) respectively parametrize an iSWAP gate, (&, x, ) single-
qubit gate angles and ¢ a CZ gate. By optimizing all the parameters of the fSim to maximize
the fidelity with the imperfect Ugate We have obtained, it is possible to uncover its iSWAP,
CZ and single-qubit gate components. For instance, the optimized parameters (&, x,7) of
the fSim can then be used to correct for single-qubit rotations, which can further improve
the gate fidelity. Here, the advantage of comparing our gate to the fSim is that it captures
the dominant interactions of our Hamiltonian while having fewer free parameters to optimize
over than an arbitrary two-qubit unitary. The fSim gate with the highest fidelity to Ugate
may not necessarily be the intended target gate, but it can still be a maximally entangling.
Optimizing the parameters of the fSim gate in the context of the numerical simulation of
the gate implemented with device 1, we now find a fidelity of 99.99(8)%.

For device 1, an fSim gate close to viSWAP has been experimentally achieved in 15 ns
with a fidelity of 98.8% using a combination of two-qubit cross-entropy benchmarking with
single-qubit randomized benchmarking as is done in Ref. [66]. Given the coherence times
measured in Sect. 4.1, a fidelity of 99.8% would be expected for a 15 ns gate. Assuming that
the optimized fSim gate is the closest resembling the implemented gate, the fSim fidelity
suggests the existence of leakage. Leakage has been explored by benchmarking the purity of
the two-qubit gate and it has been found to be lower than what is expected from noise, in
agreement with the difference found between the coherence-limited fidelity and the measure
fidelity. Moreover, the purity decay for the single-qubit gates observed is similar to the
two-qubit gate purity decay, even though the two-qubit gate is about 4 times faster than
single-qubit gates. In device 1, the gate fidelity is therefore limited by leakage. This could
be explained by a decrease of the qubit coherence times induced by the presence of a strong
drive, or by the population of the coupler at the end of the pulse. Compared to typical
parametric two-qubit gates, our gate is one of the fastest that exist, and this for a fidelity

comparable to some of the best parametric gates.

In Fig. 4.7 a), b) and ¢) we show the same plots as in Fig. 4.6 but for simulations of

device 2. As shown in the previous section, for this device a full population exchange occurs
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Figure 4.7 Simulation of a) the population in qubit a, b) the average gate fidelity and c) the
leakage L1 versus the pulse time ¢gate and as a function of the drive frequencies wy
for device 2. The data is obtained using the device parameters in Eq. (4.2). d),
e) and f) are the same as a), b) and c) respectively, but for device 2 with larger
couplings Fcp./2m = —Ecge/2m = 0.15 GHz.

for tgate = 132ns. The simulated average gate fidelity is maximized at t_ ;gmap = 64ns,
including the ramp times, with F = 98.4% and a leakage L; = 3 x 107%. It is unclear why
the fidelity is lower compared to device 1, since dissipation is not accounted for in these
simulations, and the L, leakage is very low. However, the closest fSim gate gives a fidelity of

99.99(9)%. In terms of gate time and gate fidelity, device 2 is not as favorable as device 1.

In Fig. 4.7 d), e) and f) we show the same plots as in a), b) and c) for the same device
but with larger couplings Ecp./ 27 = —FEgqe/2m = 0.15 GHz. Here, the simulated average
gate fidelity is maximized at ¢ /;gwap = 29 ns, including the ramp times, with F =99.6%
and a leakage L1 = 2 x 1077, similar to device 1. We note the appearance of leakage around

wq/2m = 1.96 GHz which could be due to a transition between the levels |2,1;0.) <> [142p1c).
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The closest fSim gate gives a fidelity of 99.99(8)%. It is here again unclear why the fidelity

is high compared to device 2 with lower coupling.



Conclusion

In Part I of this thesis, we have introduced a new superconducting circuit design that
allows for the cancellation of the unwanted ZZ interaction between the qubits and enables
the execution of parametric gates in less than 50ns. Our design is made of far-detuned
fixed-frequency transmons capacitively coupled through a generalized flux qubit used as a
coupler, see Fig. 3.1. The ingredient which makes it possible to cancel the unwanted ZZ
interaction between the qubits is the positive anharmonicity of the coupler. In Chapter 3,
we have shown that it is possible to cancel the ZZ interaction in the case where the qubits
and the coupler have opposite anharmonicities. To the best of our knowledge, qubits with
opposite anharmonicities have been used to cancel the ZZ interaction, but not couplers with
opposite anharmonicities to the qubits. We chose the qubits to be far detuned such as to
strongly suppress qubit-qubit interactions during idle time. However, this also comes at the
cost of reducing gate interactions. To overcome this, we activate gates by parametrically
modulating the flux through the coupler loop. This modulation provides the necessary

energy to bridge the gap between energy levels which otherwise would be far off-resonant.

We developed a theoretical model to describe the superconducting device in Fig. 3.1.
Together with Alexandru Petrescu, we developed a time-dependent Schrieffer-Wolff pertur-
bation theory which to second order in the perturbation already reproduces well numerical
simulations in the case of moderate to strong drive amplitudes. Despite the qualitative
agreements of the perturbation theory with the full circuit Hamiltonian in Eq. (3.1), full
numerical simulations are in order to quantitatively predict experimental results. Also, one
of my personnal contributions was the development of a numerical method based on Floquet
theory which allows us to determine the interaction amplitudes been two energy levels when
activating a gate, significantly faster than standard methods based on simulating the gate

dynamics.

We studied the behavior of relevant quantities like the ZZ interaction, the gate rate

or the qubit-coupler hybridization, with the device parameters. The simulation shown in

71
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Chapter 3 and Chapter 4 were conducted by myself. In our exploration for finding favorable
device parameters, we have shown that for any number of JJs between 2 and 5 in the array of
the coupler can exhibit a zero-ZZ operating point provided that the charging energy FEc., Fj.
and the anisotropy ratio a between Josephson energies of coupler branches are appropriately
chosen. However, we have seen that it is easier to find a device with a zero-ZZ point for
N =4 and N =5 and a ~ 1/2N. Note that fabricated devices always deviate from the
targeted parameters with a Gaussian distribution of all the parameters with a 10% standard
deviation. We showed that starting with a set of target parameter that exhibits a zero-ZZ
point, out of 10 device 50% of the fabricated device will still have a zero-ZZ operating point.
When a zero-ZZ point exists, it is always located between Pey/2m = [0.3,0.5], where the
coupler anharmonicity is positive, and the coupler frequency is generally close to one of the
qubits or between the two qubits. Situations where the zero-ZZ point is located where the
coupler is between the qubit frequencies are particularly interesting as they allow the coupler
to be simultaneously close in frequency to both qubits, thereby maximizing the qubit-coupler
interaction and, consequently, the effective qubit-qubit interaction. We show that it is
possible to reach viSWAP gate times in 10 to 40 ns using a moderate drive amplitude. An
issue though of the coupler being close to the qubit frequencies is that they can strongly
hybridize with the coupler, ultimately leading to a reduction of the qubit lifetime due to
Purcell-type decay through the coupler. In the case of strong qubit-coupler hybridization, it
is thus important for the coupler to have a large quality factor. This might be one of the

main limiting factors of this architecture.

Our experimental collaborators have achieved a 15ns fSim gate close to viSWAP with
a fidelity of 98.8%, making it a state-of-the-art parametric two-qubit gate. They have shown
that the gate fidelity is limited due to leakage. Despite the leakage limitation, this gate
is one of the fastest that exists for a fidelity comparable to some of the best parametric
gates. One of the major challenges, though, is the fabrication of those devices. First because
parameter deviations can significantly change the device properties, and second because
fabrication errors affect the qubit lifetimes. The devices that were fabricated typically had
qubit lifetimes about 17,75 ~ 20 — 40 us at the zero-ZZ point. A way to increase the qubit
lifetime would be to further decrease the qubit frequencies, as the quality factor, which
depends on the material used for fabricating the qubit is roughly given by the qubit frequency
time its relaxation rate. In the present work, we have mainly focused on qubits detuned by
about 2 GHz, but such large detuning might not be necessary, this could be further explored.
Moreover, given that the qubit lifetimes are comparable to flux-tunable qubit, we could
also consider building a similar device as in Fig. 3.1 but with flux-tunable transmon qubits
instead. This would also alleviate some of the fabrication issues. In this work, we only

focused on iISWAP like gates, however, as shown in Chapter 3 other interactions are available
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on this device. It would be interesting to explore other gates. Using two drive modulations

of the coupler flux can further diversify the implementable gates.



Part 11

Variational Quantum Algorithm
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Before relevant problems can be solved on quantum computers, numerous challenges
need to be overcomed both on the hardware and software sides. In Part I of this thesis, we
introduced a superconducting device aimed at improving the speed and fidelity of two-qubit
gates, which shows our efforts in improving quantum hardware. In Part II, our focus shifts
to one of the software aspects of quantum computing: quantum algorithms. Quantum
algorithms have garnered interest for their possible applications in cryptography, quantum
chemistry, combinatorial optimization, machine learning, quantum materials, finance, etc.,
where classical algorithms struggle to provide solutions. In fact, certain problems are
currently very resource intensive and require excessively long simulation times, thus the need
for exploring alternatives beyond classical methods. A wide range of classically intractable
problems can be formulated in terms of Hamiltonians, with their resolutions relying on the
determination of its ground state. For instance, numerous problems relevant for industry
applications can be mapped to the graph coloring problem in combinatorial optimization.
The Quadratic Unconstrained Binary Optimization (QUBO) technique [67] which can be used
to solve the graph coloring, Max-Cut, and scheduling management problems, is unfortunately
known to be an NP-hard problem. Remarkably, it turns out that the objective function
formulated by the QUBO problem can be expressed as an Ising model [68], which ultimately
can be written as a Hamiltonian [69]. Finding the ground state of the problem Hamiltonian

on a quantum processor thus amounts to solving the problem at hand.

Variational algorithms (VA) are already extensively used in physics and chemistry [70],
for instance, to find the ground states of some molecule or to study the time evolution
of a quantum system. The idea behind VAs is to design a parametrized variational form,
also called an ansatz, describing the wave function of the system. The parameters of the
variational form are then optimized by minimizing a cost function until convergence. The
convergence of VAs in terms of speed and precision highly depends on the structure of the
ansatz and its ability to explore the Hilbert space, its design is thus of major importance. The
advantage of VAs compared to exact solutions obtained through Schrédinger’s equation is
that VAs only explore a relevant subspace of the Hilbert space, if the ansatz is appropriately
chosen. This approach partially addresses the challenge of solving Schrédinger’s equation,
which becomes exponentially complex on classical computers as the system size increases.
VAs have shown to be effective to solve some problems, however, as soon as the optimal
solution is highly entangled, the variational forms struggle to efficiently approximate the
wave function. Quantum algorithms have been introduced as a new strategy to tackle these
issues. In fact, it has been shown that the spectrum and the eigenstates of a Hamiltonian can
be obtained using the phase estimation algorithm introduced by Kitaev in the 90s [71]. Based
on this work, a certain number of algorithms have been developed, some showing for example

that molecular energies can be computed with a polynomial scaling [72, 73]. Unfortunately,
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despite the progress of the last decades to reduce the resources needed to implement those
quantum algorithms, in terms of the number of qubits and gates, they remain unrealistic to

implement on today’s noisy intermediate-scale quantum (NISQ) devices.

In this context variational quantum algorithms (VQA) were developed to get around
these challenges. Inspired from their classical analog, VQAs may be the family of algorithms
most susceptible to show quantum advantage on NISQ devices [74]. Similarly to VAs, the
idea consists in designing a parametrized quantum circuit, also called an ansatz (or ansétze
in the plural), that prepares a quantum state from some initial state. The circuit parameters
are then optimized such that the final state converges towards the solution of the problem
being addressed. VQAs are hybrid quantum-classical algorithms, where the quantum state
is prepared on a quantum processor but the parameter optimization is performed classically
until convergence, as shown in Fig. 5.0. Similar to VAs, the convergence of the algorithm
highly depends on the structure of the ansatz, meaning the choice and the order of the
operations in the ansatz, and is thus of critical importance. In the last decades, different
types of ansétze were proposed in the literature to address various problems, each having
its own set of strengths and weaknesses. In this second part of this thesis, we will focus
on a new type of ansatz which we will apply to the Fermi-Hubbard problem. This ansatz
is a hybridization of a pre-existing ansatz, the Quantum Optimal Control inspired Ansatz
(QOCA) [75], and a protocol for designing ansétze, the Adaptive Derivative-Assembled
Problem-Tailored ansatz Variational Quantum Eigensolver (adapt-VQE) [76], which we will

describe in the following chapters.

In Chapter 5, we will first introduce the building blocks and the basic concepts of
VQAs and will present the Fermi-Hubbard model (FHM). Chapter 6 will describe our newly
developed ansatz, adapt-QOCA, as well as the two algorithms on which it is based on, i.e.
adapt-VQE and QOCA. Finally, in Chapter 7, we benchmark our ansatz on the FHM.
We will study how adapt-QOCA performs in terms of energy, fidelity and two-qubit gate
counts compared to QOCA and adapt-VQE. We also explain the ingredients that allows
adapt-QOCA to outperform other ansétze.
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Figure 5.0 Variational Quantum Algorithm. Illustration of the main blocks of a VQA: the
PQC or ansatz, the measurement and estimation of a cost function represented
by an operator O, and the classical optimization. A state [1)(0)) is prepared by
applying the ansatz U (5) on an initial state |¢g. A cost function is estimated by
measuring some operator O on the prepared state. The parameters of the PQC
6= (61, ,04) are then classically optimized and updated until the algorithm has
converged.



Chapter 5

Introduction

In this section we describe the main building blocks of VQAs [74], see Fig. 5.0:

1. The variational form or parametrized quantum circuit (Sect. 5.1),
2. The cost function to be minimized (Sect. 5.2),
3. The measurement of the cost function (Sect. 5.3),

4. The classical optimization (Sect. 5.4).

5.1 Parametrized Quantum Circuits

The central part of a VQA is the Parametrized Quantum Circuits (PQC), which is also
referred to as wvariational form or ansatz (or ansitze in the plural). It is described by a
unitary operation U(g) that depends on a certain number of parameters § = (61,09,--+).
The PQC takes as an input an initial state [ip) and outputs a state that depends on the
circuit parameters, [¢(6)) = U(0)|¢p). Ultimately we want to find the parameters that will
lead to the solution of the problem that is being solved. In VQAs, these parameters are

found by optimizing a cost function using a classical subroutine.

The initial state |¢)g) can be any state within the Hilbert space, but ideally, it is chosen
to be close to the optimal solution, to facilitate the convergence of the VQA. For instance,
in quantum chemistry one would choose the Hartree-Fock state. In some cases no educated
guess for the initial state is known or is easy to prepare. In those cases, a reference state

such as |0)®™, or a random state can be chosen.

78
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Figure 5.1 Standard ansiitze. Illustration of a single layer of two well-known ansétze: a)
the hardware efficient ansatz (HEA) and b) the variational Hamiltonian ansatz

(VHA). a) The ansatz is made of single-qubit rotations R((,n) (Hgm) of angle 67 ,

around the axis associated to the Pauli matrix o € {Y,Z} on qubit n. At the
end of a layer of HEA an unparametrized entangling gate is applied to all the
qubits. The main block of HEA is repeated L times. b) The ansatz is decomposed
in a set of parametrized operations Hp, with variational parameters {6} and
where the terms Hp; come from a decomposition of the problem Hamiltonian

Hy, = Zle cpHpp, with {cpVEk € {1,2,--- ,K}} a set of coefficients. The main
block of VHA is repeated L times.

The performance of a VQA, in terms of speed and precision of convergence, highly
depends on the form of the ansatz. However, its optimal structure is not known beforehand.
Just as the choice of initial state can be informed by an educated guess, the PQC can be
designed by leveraging the knowledge we possess about the problem we aim to solve. In
this sense, PQCs can be divided in two broad categories: hardware-efficient anséitze and
problem-inspired ansétze. The first is designed such as to adapt to hardware constraints,
while the latter is designed taking into account the physics of the problem, generally requiring
long and highly connected circuits (i.e. circuits with multiple entangling gates and requiring a
high qubit connectivity). We now take a quick overview of two standard ansétze to illustrate
these two categories, and provide some context on how our work relates to the existing

ansatze.

Hardware Efficient Ansatz:

The hardware efficient ansatz (HEA) consists in a sequence of parametrized single-qubit
rotations on each qubit, followed by an unparametrized entangling gate on all the qubits
[77] (see Fig. 5.1 a)):

L N
Unpa(0) = [ |Uens [] RS (07,) R (6),)] - (5.1)
d=1 n=1
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Here, R((yn) (9) = e~7/2 denotes a single-qubit rotation of angle 6 around the axis associated
to the Pauli matrix o € {Y,Z} on qubit n. Note that the operators in the product in
Eq. (5.2) are ordered by decreasing d, i.e. HClel Ug = Up ---U;. The unitary Ugy represents
an entangling gate on the N qubit. In practice, the specific entangling gates that are used
depend on the physical platform on which the VQA is run: one simply chooses those gates
that can be realized with high fidelity. This choice explains the name of the ansatz. The
block in brackets in Eq. (5.1) is sequentially applied L times, with L the circuit depth.

Since the HEA ansatz is problem-agnostic and intended to address a wide range of
problems, it has to be able to cover a large part of the Hilbert space by varying the circuit
parameters. The ability of an ansatz to generate states from the Hilbert space is generally
characterized by its expressibility [78], a metric that compares the distribution of states
obtained from sampling the parameters of a PQC to the ensemble of Haar-random states.
As appealing as highly expressive anséitze may sound to explore vast Hilbert spaces, this
feature has been shown to lead to issues that may hinder efficient optimization, such as
the presence of barren plateaus [79], 7.e. where the optimization landscape is flat. We will
provide a brief discussion of this matter in Sect. 5.2. Unfortunately, it has been shown that

HEA exhibits barren plateaus because of its high expressibility [79, 80].

Variational Hamiltonian Ansatz:

The variational Hamiltonian Ansatz (VHA) implements a parametrized version of the

evolution of the problem Hamiltonian Hy, that we are trying to solve [81]. The evolution

operator U = e~ ! is generally approximated using the Suzuki-Trotter expansion [82]:

n
—q . g t
e iHpt _ lim [He 1Ckakn]
n—00 "

n 2
— [H e—ickakfl‘| +0 <t> ,
L n

where we decompose Hy, = >~ ¢ Hpp, with {H,,} a set of operators which do not commute

(5.2)

with each other, and {c;} a set of coefficients. The decomposition is ideally chosen such
that e~**fok can be easily implemented with single- and two-qubit gates. Following this
intuition, the VHA is designed by replacing the fixed coefficients ¢ in Eq. (5.2) by variational

parameters. The variational form of VHA thus writes:

L
Uvua(0) = [] [H ewd,kﬂpk] (5.3)
d=11Ll k
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where L layers of the block in brackets are sequentially applied, and § = {64} are the
variational parameters (see Fig. 5.1 b)). We note that the Suzuki-Trotter expansion does
not provide any prescription on the order in which different Hy; should appear in the
decomposition of Eq. (5.3). In practice, this choice can lead to widely different convergence
properties of the VQA.

Note that there exist many more ansétze. For instance, a well-known problem-inspired
ansatz for chemistry is the Unitary Coupled Cluster (UCC). It is inspired from classical
computation to describe the electronic structure of molecules in quantum chemistry [83]. This
ansatz aims to capture the electron correlation effects that are missing in the Hartree-Fock
approximation, and which are necessary to predict and accurately describe certain chemical
properties. Another well-known ansatz for solving combinatorial optimization problems such
as the Max-Cut problem is the Quantum Approximate Optimization Algorithm (QAOA) [84].
There also exist different methods for designing an ansatz instead of having a fixed-structure
ansatz. For instance, the Adaptive Derivative-Assembled Problem-Tailored ansatz Variational
Quantum Eigensolver (adapt-VQE) [76] introduced a strategy to dynamically build an ansatz
based on the operations that have the biggest impact on the energy of the prepared state.
We will describe this algorithm in more detail in Sect. 6.2. A review of existing PQCs can
be found in Ref. [74].

5.2 The cost function

The cost function, also called objective function, is another central component of VQAs,
as it is the function that will be optimized. In the context of VQAs, the cost function is
formulated in terms of an operator, and is evaluated by measuring its expectation value.
The cost function is very frequently the Hamiltonian of a given problem, for which we want
to minimize to find the ground state energy. It can, however, happen that one does not
want to optimize the energy of a Hamiltonian but rather wants to reach a target state, in
other words, optimize the state fidelity. For instance, the excited state algorithms [85] and
other algorithms in quantum machine learning [86] use the fidelity as part of the objective
function. Other objective functions such as the Gibbs cost function [87] or the conditional
value-at-risk function [88] have also shown to do at least as well for solving some combinatorial
optimization problems. Regardless of the quantity being measured, in the end, it boils down
to expressing an objective function C'(0) as the expectation value of an operator O on the
prepared state:

C(0) = Tr [OU (0)poU(0)] = (O} (5.4)
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where U(#) is the unitary of the parametrized circuit, po = |10){(¢bo| is the initial input
state in the n-qubit Hilbert space, and [1)) = U(0)|¢y) is the output state of the PQC. If
the cost function is the state fidelity, then O is the projector of the target state. When
minimizing the energy, the cost function O is rather the problem Hamiltonian. The objective
function may have to be decomposed in a linear combination of operators that can actually

be measured experimentally.

VQAs are confronted by many challenges that need to be overcome, especially regarding
the optimization task. For example, it has been shown that classically training VQAs is,
under certain assumptions, a NP-hard problem and that the optimization will generally
stay trapped in local minima [89]. Another important limitation is the possible existence of
barren plateaus [79, 90]. A cost function is said to exhibit barren plateaus if, when training
its parameter over the optimization landscape, the gradients of the cost function with respect
to the variational parameters are exponentially suppressed (on average) with the number of
qubits. Therefore, if a cost function exhibits barren plateaus it will be complicated to run an
optimization to converge for more than a few qubits. Barren plateaus thus specially affect
gradient-based optimization methods, but it has also been shown that even gradient-free
methods can be sensitive to barren plateaus [91, 92]. Note that the cost function does not
only depend on O, but also depends on the prepared state since C(0) = ((8)|04()),
its optimization is thus influenced by the structure of the PQC. In particular, it has been
shown that the higher the expressibiliy of a circuit is, the most likely it will exhibit barren
plateaus [90, 93]. A lot of efforts are currently made to alleviate these challenges [90, 94-96].

5.3 The measurement

After a quantum state [1)(6)) has been prepared with a PQC, the cost function has to be
evaluated. As mentioned in Sect. 5.2, the cost function is estimated by measuring, on the
prepared state, the expectation value of the objective function described by an operator
O, as seen in Eq. (5.4). Ideally, one would directly measure O in its eigenbasis, however
quantum computers are generally constrained to measure qubits in the Z-basis only. To
measure O, one can in principle perform a basis change by applying a unitary transformation
(involving multiple qubits) on the state at the end of the PQC. However, this is usually a
complicated and expensive operation. Moreover, O does not always have to be an observable,
and in such a situation its measurement is more complicated. To simplify the discussion,
in what follows we will focus on observables, and more specifically on the case where O is

a Hamiltonian. Fortunately, there exists different methods that allow us to evaluate the
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Figure 5.2 Measurement of Pauli matrices. a) Illustrates the gates that need to be applied
on a state [1)) to measure the Pauli matrices 0., oy and o, in the Z basis. b)
Ilustrates an example to measure the Pauli string o, ® 0, ® 0y, on a state [¢(6))
prepared by a PQC U(6). H and S are respectively the Hadamard and the phase
gates.

expectation value by breaking down the cost function observable into a sum of operators
that can be measured more easily. In what follows we will explain one of the most commonly

used measurement procedures which consists in decomposing O into Pauli strings.

Measurement of Pauli strings:

One of the simplest ways to estimate expectation values on current devices is to decompose
the operator O associated to the cost function into a sum of Pauli strings, consisting in a
tensor product of Pauli matrices, and then measure the individual Pauli strings. In fact, any
operator can be uniquely decomposed into Pauli strings as O = Z,Q/Izl ¢ Py, with ¢ € C
and M the number of Pauli strings P, in the expansion of O. The k-th Pauli string in the
expansion is written as P, = ®?:1&,(:), with &,Ef) e {l,s,, 6y, 6.} the Pauli matrix that is
applied on qubit 7. The expectation value of O is then simply a linear combination of the

expectation values of the individual Pauli strings, (O)y = 2%, cr(Pr)y.

As mentioned earlier, Pauli strings can easily be evaluated on NISQ devices, as the Pauli
7 basis is their natural measurement basis. For a single qubit, measuring the expectation
value of the X and Y Pauli matrices implies moving from the Z to the X/Y basis, which can

easily be done using the identity:

6, = Hé,H,

(5.5)
6, =SHG&,HS",

with H = (6, + &,)/+/2 the Hadamard gate and S = /&, the phase gate. These transforma-
tions are equivalent to applying H (resp. HST) on the state to be measured, see Fig. 5.2 a).

The expectation value of a Pauli operator is then estimated by repeating the measurements a
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certain number of times and extracting the probability p of measuring the qubit in state |0).
The measurement probability is related to the expectation value by (6.),, = 2p — 1. For a
n-qubit Pauli string P, its expectation value is then simply (P)y = [Trex (2p(k) — 1), with
K the ensemble of qubits on which Pauli operations (other than the identity) are applied,
and p(k) is the probability of measuring qubit k in state |0).

In principle, the number of Pauli strings to measure in O could scale as 4" with n the
number of qubits, ¢.e. the maximum number of Pauli strings. For physical problems, or by
taking advantage of symmetries of the problem, the scaling is generally not as dramatic. For
instance, for chemistry problems, the number of Pauli strings to measure in O, typically
scales as n* with the number of qubits. This scaling is due to the fact that the Hamiltonian
is generally only written with two-body interaction terms. Nevertheless, it can quickly
become prohibitively large. The measurement overhead has to be considered seriously, as
it can become a limiting factor for quantum algorithms. Previous work by Wecker et al.
[81] has shown, for example, that ~ 10! measurements would be required for each energy
evaluation of the F'esSo molecule with a milliHartree precision. Approaches exist to reduce
the measurement overhead, for example by simultaneously measuring Pauli strings that
commute by measuring them in a common basis [97, 98]. Note though that moving to this
shared basis comes at the cost of adding a unitary (involving multiple qubits) at the end
of the PQC. Also, finding and optimally assembling the terms that commute, and that
can hence be measured simultaneously, is equivalent to the minimum clique cover problem.
This task is thus inherently NP-hard. Fortunately, good heuristics exist for assembling the
operators [99-101].

There exist other alternatives that are more efficient than measuring Pauli strings. For
instance, an approach based on a Cartan subalgebra has shown one of the largest reductions
in the required number of measurements for chemistry problems [102]. Note, however, that
most of the existing methods that enable the reduction of the number of measurements
generally rely on knowledge of the underlying problem. For an overview of other methods,
we refer the reader to Ref. [74].

Measurement precision:

Intuitively, one would like to minimize the number of terms in the decomposition of
0= Dok hiOy, such that fewer operators have to be measured. However another factor worth
considering comes into play: the measurement precision. In principle any partition of O,
even if non-optimal, will lead to the same final result. However, the number of measurements

to reach a certain precision of the cost function can change significantly. The precision is
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defined by the variance of the estimator of the cost function:
= Var [C/'(H\)] = Var {(O)Qp} (5.6)

—

where (O), denotes the estimator of (O),. In statistics, the estimator of an expectation
value is an approximation of the actual expectation value for a finite number of samples.
The estimator converges to the expectation value in the limit of an infinite number of
measurements. . Just as fog}i expectation value, one can write the estimator as a sum of
estimators <O)¢ => hk<0k)¢. Using this expression, the variance of the measured cost

function is:

Var{ ] Zh2Var[ } Zthov{ Y <0k>} (5.7)

i#k

where Cov|[A, B] denotes the covariance of two random variables A and B, in our case the
estimators of the expectation values of (O;), and (O),. If the terms Oy are sampled
by independent measurements of the state [¢), then the second term on the right side of
Eq. (5.7) vanishes because the estimators are then uncorrelated. On the other hand, if the
terms Oy, are estimated using the same measurements, then the covariances remain and
can ultimately increase or decrease the variance of <OA>¢ A change in the variance affects
the required number of measurements to reach a certain precision. In fact, if we consider
that the terms O, are normalized such that the eigenvalues are smaller than one, and if
we assume that each term in O is measured the same number of times, then the maximum

number of total measurements m required to reach a precision of € is related by [81]:
ME
m< ) b (5.8)
k=1

This shows that finding the best partitioning of O to minimize the number of measurements

is far from trivial.
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5.4 Classical optimization

VQAs are hybrid quantum-classical algorithms, which means that one part of the algorithm
is performed on a quantum processor and another part on a classical computer. Subsections
Sect. 5.1 to Sect. 5.3 have focused on the parts that are performed on a quantum processor.
We have seen how parametrized circuits are designed, and have shown how the cost function
can be defined and evaluated via measurements. Now remains the question of how to update
the parameters of the PQC. There exists many methods to do this, and it generally involves

classical resources which we briefly cover in this subsection.

The task of the classical optimizer consists in updating the circuit parameters to minimize
a cost function which generally is a complicated non-linear function that can live in a very
large parameter space. To achieve quantum advantage in the NISQ era, it is essential to
minimize the number of evaluations of the cost function (done on a quantum processor). In
fact, remember that the cost function can only be estimated up to a given precision that
depends on the number of qubit measurements and on the operator being measured. This
means that a single iteration of the classical optimization requires to prepare and measure
the quantum state several times, which can take a long time. Moreover, the cost function
evaluation can be affected by errors in the preparation of the state due to noise, qubit
coherence times, etc. It is therefore crucial to choose an optimization method that minimizes
the function evaluations and that is resilient to noise. The different optimizers can typically

be divided in two categories: gradient-based and gradient-free optimization.

Among the gradient-based approaches, the simplest way of updating the parameter
vector at a step (n -+ 1)-th of the optimization is using the rule 81 = (") — nV,C(h),
where 7) is the learning rate of the optimizer and C'(6) the objective function to be minimized.
The gradient with respect to each parameter can then be obtained, for example, using the
finite difference method: 9p,C(0) = (C(0+ he;) — C(0 — he;))/2h, with h a small coefficient
and e; the unit vector with 1 at the i-th element such that the parameter 6; is varied by h.
This method approximates best the gradient when h tends to zero, which can only be done
at the cost of increasing the number of measurements. There exist many variations of this
method, and other gradient-based methods, like stochastic gradient descent, Hessian-aided
gradient descent, quantum natural gradient descent, quantum imaginary time evolution
among others [74]. Methods also exist where the gradient is evaluated directly on the

quantum processor by calculating the analytical gradient [103—106].

Among the gradient-free approaches, the first experimental implementation of a VQA

used the Nelder-Mead method [107]. More advantageous methods have been used since,
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that are more resilient to statistical noise like the simultaneous perturbation stochastic
approzimation (SPSA) algorithm which require fewer evaluations of the cost function regard-
less of the dimensions of the parameter space [77, 108]. Optimization using reinforcement
learning and neural networks have also been explored [109-112]. Surrogate model-based
optimization, often used when a function evaluation is costly, have in the last years shown to
be promising for VQAs with limited quantum resources [113]. For a more complete review
of optimizers commonly used for PQC optimization see Ref. [74]. Generally speaking, the
efficiency of classical optimization routines highly depends on the problem that is being
solved, on the objective function, on the initial parameters, on the form of the PQC, on
state preparation errors etc. Work has been done to compare different approaches in specific
contexts [99, 104, 114].

Note that optimization-free quantum algorithms are also being developed to address
the problem of classical optimization in VQAs. Those algorithms update the parameters
of the PQC layer-by-layer using a feedback loop conditioned on the qubit measurement of
the previous layer. The parameter update follows a feedback law generally inspired from
quantum control theory and which under some assumptions guarantees to the algorithm
to asymptotically converge to the solution of the problem that is being solved. Feedback-
based quantum algorithm also referred to as FQAs have for example been used to solve
combinatorial problem [115-117] and finding the ground state of the Fermi-Hubbard model
[118]. A caveat is that those methods currently require very deep quantum circuits in order

to reach high accuracy.

In our work, we are interested in improving the performance of the QOCA ansatz, which
will be described in Sect. 6.3, compared to existing ansétze for solving the Fermi-Hubbard
model. We did not insist on finding the best possible optimizer, and rather chose to compare
the ansédtze for similar numerical conditions. In the following sections, the optimizer we
use to test the performance of different ansétze is the Constrained Optimization BY Linear
Approzimations COBYLA. It is a derivative-free optimization method that approximates
the objective function and constraints using a linear model to explore the parameter space
for the optimal solution. The search is done in a trust region and the distance by which the
search can move from the current parameters in each iteration is set at the beginning of the

optimization but adapts dynamically based on the performance of previous iterations.



88

5.5 Fermi-Hubbard model

5.5.1 The model

The Fermi-Hubbard model (FHM) is widely used in condensed matter physics to study
strongly correlated materials. It is one of the simplest model that exists to describe interacting
electrons on a lattice, it can for example be used to describe high-critical temperature
superconductors. The FHM is of major interest to explain and predict important properties
of matter such as conductor-isolator phase transitions. Because of its importance in physics,
we use this model to benchmark the performance of our ansatz compared to other standard
VQAs.

The FHM describes the interaction of fermions on an S-site lattice, where each site can
be occupied by at most two fermions, provided that they satisfy Pauli’s exclusion principle.
In this model, the Coulomb repulsion between electrons that are not on the same sites are

neglected. Translated mathematically, the Fermi-Hubbard Hamiltonian takes the form:

S
Oeav =t > alaje+UY apiyg —p > fig, (5.9)
(i.3) i=1 i={1--5}
o={14} o={1.4}
=T =V

where 4, j are the indices of the lattice sites, and o represents the spin degree of freedom of

the electrons. The operator &g) is the fermionic annihilation (creation) operator removing
(creating) an electron with spin o on site j, while the occupation operator of the spin orbital

10 is defined as 7;; = &Iadw.

The first term of the Hamiltonian, 7', typically referred to as the kinetic term, corresponds
to the hopping of an electron (more generally a fermion) between sites i and j at a rate —t.
An electron with spin ¢ is removed from site j and created on site j, conserving the spin and
the total number of particles. Notice also that the summation is done over nearest-neighbor

sites (i, j) only, limiting hopping to neighboring sites.

The second term corresponds to the on-site Coulomb repulsion when two electrons (with
opposite spins) are on the same site. This term hinders double occupancy with an energy
penalty U. The last term is proportional to the chemical potential and sets the number of

particles. The two last terms are generally referred to as the potential terms, V.

Unfortunately, the FHM is only exactly solvable for a 1D chain [119]. For higher-
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dimensional lattices, this model has been extensively studied by numerical means on classical
computers [120]. However, solving the FHM becomes exponentially complex as sites are
added to the model. The largest lattices that can be solved exactly via exact diagonalization
contain around 24 sites [121]. Naturally, the complexity of solving the FHM also depends on
the parameter regime. For example, the kinetic and potential terms are both individually
solvable as they are diagonal in the momentum and position space, respectively, and their
ground states are made of delocalized plane waves, resp. localized wave functions. This makes
the intermediate coupling regime, where U/t ~ 1, a particularly interesting case to study as
the two processes compete. In this context, neither of the two parts of the Hamiltonian can
be treated perturbatively, as they now contribute equally to the Hamiltonian, making it a

particularly complicated regime to solve.

5.5.2 Mapping Hrym to a qubit Hamiltonian

The Fermi-Hubbard Hamiltonian presented in Eq. (5.9) is formulated using fermionic
operators. To be able to solve the FHM on a quantum computer, the Hamiltonian first has
to be reformulated in terms of the qubit operators, usually the Pauli matrices. The two

main ingredients for mapping the problem Hamiltonian to a qubit Hamiltonian consist in:

1. mapping the quantum states,

2. rebuilding the fermionic algebra in terms of the Pauli operators.

Multiple methods exist for mapping a Hamiltonian such as the Jordan-Wigner (JW) map-
ping [122], the parity mapping [123] and the Bravyi-Kitaev mapping [124]. The JW mapping
is one of the simplest and intuitive transformation one can think of to perform this task.
Through this mapping, the occupation of a site is directly mapped on two qubits as
(0,1,4,1) = (]00),]01),]10), |11)). An S-site lattice is thus mapped onto 2S qubits, where
we arrange the qubits as |q1 - - qag) = \pI e pg; p% e p§> with pJ representing a particle
of spin o € {1,]} on site j € {1,---,S}. The fermionic operators are mapped to Pauli

operators as:

-1
o — (ng + zf’]0> X Zko
k= (5.10)

7—1
&}U — (ng - iY}o) ® Zka
k=1
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Figure 5.3 FHM lattice sites. Illustration of a: a) 2 x 2 lattice and b) 2 x 3 lattice, with
labeling of the sites. ¢) Diagram of the qubits representing a 2 x 2 lattice. The
4 first (last) qubits represent spin up (down) particles. The lines connecting
the qubits represent the qubit interaction terms appearing in the Fermi-Hubbard
Hamiltonian: ZZ (dashed gray), XX +YY (blue), X12273X4 + Y1Z22Z3Y4 and
X5Z677Xg + Y5 Z6Z7Ys (green).

for all o € {1,1} and j € {1,2,---,5}, and with X, ¥, Z the Pauli matrices. Note from
Sect. 5.5.2 that as the number of lattice sites increases, the number of qubit operations in
the Pauli strings that are not the identity increases linearly, ultimately leading to more
two-qubit gates to simulate them. There exist more efficient ways of mapping the problem
to a qubit Hamiltonian, as for instance the Bravyi-Kitaev mapping which involves fewer

qubits to simulate a fermionic operator than the JW transformations.

In the following chapters, we benchmark different VQAs on a 2 x 2 and a 2 x 3 lattice,
in the intermediate coupling regime with t = 1, U = 4 and at half-filling, i.e. u = U/2.
Organizing the lattice sites as in Fig. 5.3, the qubit Hamiltonian takes the form:

A t ~ ~ N ~ ]_1 . U S . .
Hl«zl;[M =-3 Z (X@'ana + Y:io'}/jo') ® Lo + " Z ZinZy . (5.11)
o={1}

Note that the single Zs that appear from the onsite interaction and the chemical potential

cancel each other at half-filling.



Chapter 6

Adaptive approaches for QOCA

The work presented in this chapter greatly benefitted from discussions with Maxime Dion
from the Algo Lab of the Institut Quantique at the Université de Sherbrooke and from
Alexandre Choquette-Poitevin presently at IBM Quantum.

6.1 Quantum Optimal Control inspired Ansatz

The Quantum Optimal Control inspired Ansatz (QOCA) has shown promising results for
the Fermi-Hubbard Model (FHM) and the water molecule [75]. The QOCA ansatz is an
adapted form of the VHA, exploiting its problem-inspired nature to confine the variational
search within a specific symmetry sector of the Hilbert space. Conversely, QOCA introduces
additional terms to the ansatz that break the problem’s symmetry, aiming to discover

potential shortcuts within the Hilbert space.

As seen in Sect. 5.1, the VHA implements a parametrized version of the trotterized time
evolution of a given problem Hamiltonian, Hproplem. The QOCA ansatz draws inspiration
from quantum optimal control by constructing the ansatz not only from the problem

Hamiltonian but from an extended Hamiltonian that incorporates a set of drive terms:

Hqoca(t) = Hproblem + Y ¢ (t) Hag, (6.1)
%

with {Hg} a set of drive terms and c(t) the time-dependent amplitudes of the control
drives. The drive terms are chosen such that [Hpmblem, ﬁdk] # 0 Vk. The drive terms here
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play the role of the control Hamiltonian in quantum optimal control. The state-preparation
unitary of QOCA is then simply the trotterization of Eq. (6.1), which reads:

L

Ogoen (0.3) = IT | TLe T (6.2)
J

=1

where the problem Hamiltonian is decomposed as I:Iproblem => j bii j, and 6; ; is the parameter
of the term K ;j in the [-th layer. Similarly, 05, is the parameter of the drive term Hyj in the
[-th layer, which represents the amplitude of the control drives. This unitary implements L
blocks of the QOCA ansatz, where L is the circuit depth. One such block is represented at
the top of Fig. 6.1 a).

The presence of symmetry-breaking terms in the drive part allows the VQA to search
for the ground state by temporarily exiting the intended symmetry sector of the problem
Hamiltonian. This ability to venture outside the symmetry sector has the advantage that
the optimizer can find shortcuts in the Hilbert space, thereby accelerating the convergence
process. Moreover, QOCA is for this reason also expected to be resilient to symmetry-
breaking errors. In fact, for the VHA ansatz, if such errors occur, the inability of the ansatz

to return to the symmetry sector, prevents the algorithm from finding the ground state.

In the paper introducing QOCA [75], this ansatz is used to solve the FHM for an

(n x m)-lattice (with S = n x m sites), using linear drives for fermions:
g =>"(af+a;) and Ha =) il —ay), (6.3)

which are separately applied on both spins. This drive has no physical meaning but is chosen
because it does not conserve the number of particles, and thus also does not commute with
Hproblem- By applying the Jordan-Wigner transformation to map the fermionic linear drive

to a qubit Hamiltonian, one obtains the following drive terms:

k<j

S S
Oy =Y X020 | A=Y 7Dz, (6.4)
j=1 j Jj=1

with AY) € {X' Y. 2 } the Pauli matrices applied on qubit j. In other words, the drive terms
are X and ¥ applied on each qubit j with a chain of Zs on the qubits with k < j.
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Fermi-Hubbard model
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Figure 6.1 QOCA ansatz a) One layer of the QOCA ansatz represented by a parametrized

quantum circuit. The ansatz is divided in two parts: one block of VHA (blue)
parametrized by ¢ and one block comprising the drive terms (red) parametrized
by 5. The circuit below is the QOCA ansatz for a 2 x 2 FHM. It contains a block
of VHA involving ZZ and XX + Y'Y Pauli operations on the given qubits, which
respectively correspond to the potential and kinetic part of the Hamiltonian in
Eq. (5.11). The second block (red) comprises the drive terms involving single- and
multi-qubit Pauli operations of Eq. (6.4). The 4 top (bottom) qubits represent the
4 sites with spin up (down). b) State infidelities with respect to the target state as

a function of the number of layers L of the HEA, the VHA and the QOCA ansatz.

Top (resp. bottom) panel is for a 2 x 2 (resp. 2 x 3) lattice. The initial state
is [+)®Y in both cases. ¢) Maximum fidelity with respect to the ground state of
the FHM, attained for L ansatz layers, each requiring a number ny/ L of variational
parameters and nox /L CNOTS per layer, assuming an all-to-all connectivity. b)
and c) are adapted from Ref. [75].
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For a 2 x 2 and a 2 x 3 lattice, Ref. [75] variationally optimizes the energy and reports
the infidelity of the final state compared to the exact ground state, as shown in Fig. 6.1 b).
The simulations were conducted for the Hamiltonian in Eq. (5.11), with ¢ = U/2 and
U/t = 4, and with the state initialized in |+)®" which is already in the symmetry sector
of the ground state of the Hamiltonian. The QOCA ansatz is compared to the VHA and
the HEA ansatz in terms of fidelity, circuit depth, number of parameters and number of
CNOTs. The table in Fig. 6.1 ¢) shows that while HEA improves the state fidelity up to
1072 with 9 circuit layers, VHA, on the other hand, fails to improve at all the infidelity even
though the ansatz possesses all the necessary terms to explore the symmetry sector of the
problem Hamiltonian. In contrast, QOCA does significantly better than both VHA and
HEA in terms of fidelity, and this for shallow circuits, i.e. for a small number of layers than
HEA. In terms of the number of variational parameters per layer, QOCA is comparable to
HEA. However, one of the major drawbacks of QOCA, especially for NISQ devices, is that

it requires many CNOT gates in each layer.

The QOCA ansatz shows better convergence in terms of speed and accuracy than
standard approaches, but a certain number of questions remain. Are all the drive terms
necessary or can the ansatz be made shallower? Is there a better way of ordering the
operators in the ansatz? Also, the results obtained in Ref. [75] by optimizing the parameters
of all the layers at once but, do better optimization strategies exist? In our work we have
investigated those questions. In particular, we draw inspiration from an adaptive method to

build ansétze, called adapt-VQE [76], which we briefly describe in the following section.
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Adapt-VQE

The Adaptive Derivative-Assembled Problem-Tailored ansatz Variational Quantum FEigen-

solver (adapt-VQE) was introduced in Ref. [76] as a method to dynamically design an

ansatz. It was initially used to solve chemistry problems and has shown to outperform the

well-known UCCSD ansatz in terms of accuracy, of the number of variational parameters and

of the number of two-qubit gates. The general idea of Adapt-VQE is to build and optimize

an ansatz as follows (see Fig. 6.2):

Step 0.

Step 1.

Step 2.

Start with an empty circuit corresponding to the unitary U = I. Choose a set of
operators O = {Ok | O = —OAZ}, called the operator pool, which will be used to
iteratively build the ansatz. The initial state that is applied on the circuit is noted |iy),
and should ideally be an educated guess, such as the Hartree-Fock state for chemistry

problems.

I. For each Oy, € O, evaluate the energy gradient of the state [¢(61)) = 910k |1o), with
respect to the parameter 0y, if the operator Oy, were to be added to the ansatz. The
energy gradient is the derivative of the expectation value of the problem Hamiltonian

flp, which can be estimated by measuring the commutator of FIp with Oy, on the state

|1ho) since:

oE 0 0100 1 3 A
2o | = g (Wole MO MOk} = (| [y, Oxll).  (6.5)
116,=0 1 61=0

1=

The gradient is generally estimated at 1 = 0. Finally, the operator in the pool which

maximizes the norm of the energy gradient in Eq. (6.5), A; = maxe, co ’%(H}Q
then added to the PQC, leading to the unitary O'(Hl) = %141, In principle, all the

commutators [ﬁp, O} could be measured in parallel on different quantum processors.

, is

II. The parameter #; is then classically optimized to minimize the energy <ﬁp> on
the prepared state U (61)]10) using a VQE subroutine. The parameter 6 is generally
initialized to zero but note that it does not have to be the case. We refer to the
optimized parameter as 8" = ming, (H,) and define [¢;) the state after this first

optimization.

I. For each Oy, € O, estimate the energy gradient of the state |¢)(62)) = €020k |11), with
respect to the parameter 5. This is equivalent to measuring (¢ |[H},, Op][1). The

pool operator which maximizes the energy gradient norm, Ay = maxe, co ’a%Q(Hp)

is then added to the circuit, leading to the updated ansatz U (01,0,) = ef2Az01As

bl
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I1. The parameters (61, 62) are then classically optimized to minimize the energy (H,,)
on the prepared state U (01,02)|10) using a VQE subroutine. The parameters are
generally initialized to (61,60) = (65"*,0). We refer to the optimized parameters as
(0", 6" = ming, g, (Hp), where 6 is also reoptimized, and define [¢2) the state after
this second step. Note that 677 " is redefined after the optimization, therefore it does

not correspond to the initialization value.

Step d. The PQC is adaptively built by repeating this process up to a given layer which
depends on the chosen convergence criterion. The convergence criterion can, for
instance, be a threshold on the energy or on the values of the measured commutators.

The adapt-VQE procedure can be written recurrently at step d as:

I. For each Oy, € O, estimate the energy gradient of the state [1(6,)) = €90k |Ya-1),
with respect to the parameter 63, where |¢)4_1) is the optimized state found at the
previous step. This is equivalent to measuring (1g_1|[Hp, Og]|1a—1). The operator in
the pool which maximizes the energy gradient norm on |¢(6,) is then added to the
circuit, leading to U (5) = efadaeli-1Ai --~€91A1, with 6 the parameters written in

vector form.

II. The parameters g are then classically optimized to minimize the energy using a
VQE subroutine. The newly added parameter is generally initialized to zero while the
other parameters are set to the values found from the optimization at step (d —1).

Note that different optimization strategies of the parameters are possible.

Dynamically growing the ansatz through iterative selection of the pool operator that has the
largest impact on the energy offers the advantage of generating what appears to be a nearly
optimal ansatz, with a minimum number of operators and parameters. Nevertheless, this
advantage comes at the cost of increasing the number of measurements. In fact, compared
to fixed-structure ansétze like the HEA and VHA, adapt-VQE requires evaluating the
commutators of the problem Hamiltonian with each pool operator. Since this task has to be
performed at each iteration, it ultimately results in a substantial increase of the measurement
overhead. Efforts are made to reduce the number of measurements [125, 126]. Another
advantage of adapt-VQE is that it is expected to be more resilient to barren plateaus and
less susceptible to local minima [127]. Several variations of adapt-VQE have been developed
since its invention to further improve its performance in solving specific problems, ranging

from chemistry to combinatorial optimization [125, 126, 128-130].

Originally, the operator pool consisted of fermionic operators present in chemistry

Hamiltonians [76], however, alternative pools have been utilized since. For instance, Ref. [128]
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Figure 6.2 Procedure for implementing adapt-VQE Each step is decomposed into two parts 1

and II. In part I, all the commutators [Hp, Og] with Oy, € O are evaluated on a
prepared state. The pool operator that has the largest variation in the state’s energy
is then added to the circuit in part II. All the circuit parameters are then optimized
in part II using a VQE subroutine. Step 1, all the commutators are evaluated on
the initial state |¢pg) . The operator that maximizes the expectation value of the
commutator, A1, is added to the circuit. The parameter 0; is optimized, leading
to the state |11). Step 2, all the commutators are evaluated on |¢1). The pool
operator that maximizes the expectation value of the commutator, As, is added
to the circuit with a parametrization 6. All the parameters are then optimized,
leading to the state [1)2). Step d The PQC is iteratively grown and optimized up
to a certain layer d.
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suggested a more hardware efficient operator pool made of the individual Pauli strings that

appear from the fermionic operators mapping. As this pool constitutes a decomposition of

the fermionic operator pool, it encompasses a significantly larger number of terms. However,

it was shown that the number of operators within the pool could be further reduced to

exhibit linear scaling with the number of qubits. Ref. [128] demonstrated that although

the parameter count required for convergence increased, this particular pool substantially
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reduced both the circuit depth and the two-qubit gates count.

Another strategy to further reduce the circuit depth consists in adding multiple operators
in a single adapt-VQE iteration [130]. In fact, it can happen that multiple pool operators
acting on separate qubits exhibit large energy gradients. This strategy has been shown to
lead to shallower circuits while keeping a similar number of two-qubit gates for chemistry

problems.

Adapt-VQE has also been implemented alongside the Quantum Approximate Opti-
mization Algorithm (QAOA) to address combinatorial problems [84, 129]. Similarly to
the QOCA, the ansatz in QAOA consists of alternating layers of two unitaries generated
by a cost Hamiltonian and a mixer Hamiltonian. The cost Hamiltonian is specific to the
optimization problem in hand, while different choices are possible for the mixer Hamiltonians.
In Ref. [129], the mixer part of the QAOA ansatz is constructed adaptively built by adding
operators from a pool, employing a strategy similar to the adapt-VQE approach. In this
particular case, the operator pools used comprise single- and/or two-qubit gates, making it
more hardware-efficient. This combination of adapt-VQE and QAOA, named adapt-QAOA,
has shown to converge faster than QAOA, while reducing the required number of CNOT

gates and parameters.

6.3 Adaptive approaches for QOCA

One of the motivations that led us to introduce an adaptive approach for QOCA is related
to the structure of the drive part. More precisely, we wanted to understand if all the drive
terms were necessary for QOCA to converge well or if it could be made shallower, and

understand if a better way of ordering the operators in the ansatz existed.

6.3.1 Adapt-drive QOCA

To investigate the question related to the structure of the drive part of QOCA, we combine
QOCA with an adaptive method similar to adapt-VQE. As described in Sect. 6.1, a layer
of QOCA is made of a block of VHA and a block composed of drive terms. In adapt-drive
QOCA, we instead iteratively build the drive part by adding one operator at a time, from a
predefined pool, as it is done in adapt-VQE. More precisely, adapt-drive QOCA follows the

subsequent step:
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1. Predefine a pool of operators O which will be used to build the ansatz.
2. Prepare an initial state [1p), and start with an empty circuit.

3. Add a block of the VHA to the empty PQC.

4. Perform a VQE subroutine to optimize all the parameters in the PQC.

5. a) For each O € O, estimate the expectation value of the commutator of the problem
Hamiltonian with O, on the state prepared by the PQC. The pool operator maximizing
the expectation value of the commutator is then added to the PQC with its own

parameter.

b) Perform a VQE subroutine to optimize all the parameters in the ansatz. As an
initial guess, we use the parameters found from the preceding optimization and assign

a zero value to the newly added parameter.

6. Repeat step 5 to iteratively grow the PQC until the chosen convergence condition is
attained. The condition can for instance be a threshold on the measured energy or on

the values of the commutators.

7. Go back to step 3 until a second chosen convergence criterion is not yet reached. The
condition can for instance be a threshold on the measured energy or the number of

operators added to the circuit.

Just as QOCA, this algorithm can in principle be utilized for any cost minimization problem.
In the following, we benchmark this method on the Fermi-Hubbard model, allowing us to

compare to known results for QOCA [75].

6.3.2 Adapt-QOCA

Let’s now consider a second strategy to adaptively build an ansatz, which we call adapt-
QOCA. The idea here is to adaptively grow the ansatz by adding to the PQC the pool
operator that has the biggest impact on the energy, just as in adapt-VQE. However, a
key distinction lies in the fact that when the commutator of the problem with all the pool
operators falls below a certain threshold, a layer of VHA is added to the circuit. This
strategy was inspired from the observation that adapt-VQE! failed to find the ground state
of the FHM and by noticing that adding a layer of VHA in adapt-drive QOCA generally

kickstarted the convergence of the state.

1Using a pool containing all the terms present in QOCA.
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Figure 6.3 Procedure for implementing adapt-drive QOCA Each layer of adapt-QOCA is
iteratively built and optimized. In the first layer, a first block of VHA (blue) is
added to the circuit with parameters 5(1), where the upper index indicates the
layer of adapt-drive QOCA. The circuit is then optimized via a VQE subroutine.
The ansatz is then iteratively grown using the adapt-VQE approach up to a step

k defined by the user. Each of the added operators has a parameter (53('1) for
j €40, k}, where the upper index indicates the adapt-drive QOCA layer and
the lower index the step in the adapt-VQE procedure. All the circuit parameters
are optimized via a VQE subroutine before adding a new operator to the PQC. An
L-layer adapt-drive QOCA circuit is built layer by layer repeating the procedure in

layer 1.



Chapter 7

Benchmark adapt-QOCA

The work presented in this chapter greatly benefitted from discussions with Maxime Dion
from the Algo Lab of the Institut Quantique at the Université de Sherbrooke and from
Alexandre Choquette-Poitevin presently at IBM Quantum.

In this chapter, we benchmark the ansdtze presented in Sect. 6.3 on the Fermi-Hubbard
Model (FHM) for a 2 x 2 and a 2 x 3 lattice, in the intermediate coupling regime with ¢ = 1,
U = 4 and at half-filling, i.e. up = U/2, see Eq. (5.11).

In Sect. 7.1 we define various possible pools and establish the context in which the simu-
lations were done, including optimization conditions, initial state etc. Sect. 7.2 subsequently
investigates the convergence of the states prepared by adapt-drive QOCA and adapt-QOCA,
comparing their energy and fidelity to the original QOCA. Finally, in Sect. 7.3, we examine
the pool operators selected by both approaches and study their performance in terms of

circuit depth, before summarizing the results in Sect. 7.3.2.

101



102

7.1 Setting up the simulations

7.1.1 Operator pools
Various options of pools can be considered:

1. Drive pool: This pool is made of the drive terms of the original QOCA ansatz as
described in Eq. (6.4). For clarity, we only show the pools for the 2 x 2 FHM:

Ouarive ={(X1 4+ X5), (Z1 X2+ Z5X¢), (Z1 22 X3 + Z526X7), (Z1 2273 X4+ Z5 26727 X3s) }
UL{(YV1 +Y5), (Z1Yo + Z5Y5), (21 25Ys + Z5 Z6Y7), (Z1 Zo Z5Y s + Z5 76 77Y5) }
(7.1)

The qubits are ordered as ¢1¢2q3q4q5q6q7q5 = p&)@pi])ﬁph)ﬁpﬁpj with p7 representing

a particle of spin o € {1,]} on site j € {1,2, 3,4}, see the ordering in Fig. 6.1. The

qubits corresponding to a spin up (down) particle are represented in blue (gray).

2. VHA pool: This pool is made of the terms present in VHA, and therefore also present
in QOCA. For the FHM, these terms are obtained from Eq. (5.11) and are represented
in Fig. 5.3. For a 2 x 2 lattice, the VHA pool is:

Ovua = {2175, ZaZs, Z3 77, Z4 73 }
U{(X1 X0+ V1Y5) 4+ (X5 X6+ V5Y5)}
U{(X3Xy 4+ Y3Y)) 4+ (X7 Xg +V7Y5)} (7.2)
U{(X2oX3 +Y2Y3) + (X6 X7+ Y5Y7)}
U{(X122Z3X4 + Y122 73Ys) + (X526 27 Xs + Y526 Z7Y3) } -

3. QOCA pool: Contains all the terms present in QOCA: Oqoca = OvaA U Odrive- For
a 2 x 2 lattice, the QOCA pool possesses 16 operators with 8 terms in Oyga and 8

terms in Ogrive-

Notice that the above pool operators respect the spin symmetry by simultaneously performing
the same operations on qubits representing fermions with opposite spins. For example, when
an operation X is applied to qubit 1 (site 1 spin 1) it is also applied on qubit 5 (site 1 spin
1), and they will both share the same parameter in the PQC. As suggested in Ref. [131],
alternative drive Hamiltonians could be used in QOCA. In adapt-QOCA and adapt-drive
QOCA, they would lead to different drive pools.
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In the context of adapt-drive QOCA, the drive part is built adaptively. A choice has
therefore to be made for the number of operators N, the drive part of a single layer of
adapt-drive QOCA should contain. To guide this choice, it is worth noting that the drive
part in the original QOCA ansatz comprises 8 (resp. 13) terms for the 2 x 2 (resp. 2 x 3)
FHM. We explore the consequence of using different values of Nyps, ranging from 1 to 10
(up to 12 for the 2 x 3 FHM). Furthermore, we have established a criterion: if, during the
adaptive growth of the drive part (as described in steps 5 to 6 of the procedure in Sect. 6.3.1)
the commutators fall below a given threshold, we do not add any additional operators to the
drive part. Instead, we proceed to the next layer of adapt-drive QOCA by adding a VHA
block. In other words, an adapt-drive QOCA layer will possess at most N, operators in

the drive part.

7.1.2 Thresholds

In the context of adapt-drive QOCA, we need to establish two convergence criteria at step 6
and 7 of the procedure outlined in Sect. 6.3. At step 6.b., the criteria for adding an additional
operator to the drive part are as follows: if N,,s operators have been added to the drive
part, or if the largest expectation value of the commutators of the problem Hamiltonian
with the pool operators fall below 1075, then the algorithm moves to step 8. In the case
of step 7, we consider that convergence has been reached when 5 layers (resp. 10 layers) of
adapt-QOCA have been added to the PQC for the FHM 2 x 2 (resp. 2 x 3).

For adapt-QOCA, we consider that if the largest expectation value of the commutators
of the problem Hamiltonian with the pool operators falls below 10~°, then a block of VHA is
added to the PQC. The algorithm stops when N,ps operators have been added to the PQC.

7.1.3 Initial state

Following Ref. [75]We initialize the quantum state in |[4+)®" with n = 8 or 12 for a 2 x 2
and 2 x 3 lattice, respectively. This state is half-filled, ensuring that it starts in the correct
particle-number symmetry sector of the Hilbert space, with the average site occupation
(N) = S, where N = Z?:LUZ{T:\L} fliz. We know from Fig. 7.1 b) that even though this
initial state lies in the right symmetry sector VHA and HEA converge poorly, while QOCA
exhibits better convergence. Better initial guesses are possible, but QOCA and its variations
are designed to converge to the ground state even when starting from an initial state that

has minimal overlaps with the target state.
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7.1.4 Circuit simulation and optimization

The circuit simulations were performed using the opensource Qiskit package [132]. The
circuits are built by transpiling the exponential of the Pauli operators in the ansatz into
Hadamard, CNOTs, Ry rotation, S and ST phase gates using built-in Qiskit functions. A

house made code is used to build the ansétze and perform the VQE subroutines.

The results presented for adapt-drive QOCA and adapt-QOCA in the following sections,
are obtained using the classical optimizer COBYLA. We set the tolerance of the final accuracy
at tol = 107 and allow COBYLA to evaluate the cost function at most maziter = 10°
times for the 2 x 2 FHM, and 10° times for a 2 x 3 lattice. Note that we have reduced the
maximum number of function evaluations for the latter case as simulations are very long
for PQCs with many parameters. Based on a study of the energy landscape with respect
to the variation of ansatz parameters, we estimated reasonable values for the distance in
parameter space by which the search can move from the current parameters. This distance is
denoted rhobeg in Qiskit. We obtained the best results for values between rhobeg = 7/1.05

and 7/0.95. All the other optimizer options were set to the default values.

The results obtained in Sect. 7.2 for the QOCA ansatz are obtained using COBYLA with
tol = 10~°, maziter = 10° and rhobeg = 7 /8 (resp. 7/0.95) for the FHM 2 x 2 (resp. 2 x 3).
For an L-layer QOCA ansatz, we initialize all the parameters at zero and subsequently
optimize them all at once as it is done in Ref. [75]. Note that using these optimization
parameters the results are improved compared to Ref. [75]. It is worth mentioning that we

also experimented with a layer-wise optimization, but it did not yield as favorable results.

Note that COBYLA is only efficient for a moderate number of variational parameters,

around hundreds. To simulate larger lattices, other optimizers could be more advantageous.

7.2 Fermi-Hubbard model

In this section, we examine how the energy and fidelity of the state prepared by the adapt-
drive QOCA and adapt-QOCA, approach the ground state when adding operators to the
PQC. In particular, we will focus on the FHM.
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7.2.1 FHM 2 x2

Fig. 7.1 a) shows the error in the energy compared to the exact energy for the 2 x 2 FHM,
as a function of the number of operators/parameters in the circuit, while Fig. 7.1 b) shows
the state infidelity compared to the ground state. As a reference, the results obtained for the
original QOCA are represented by the gray line, with dots at multiples of 16 on the x-axis
corresponding to the number of parameters in a single QOCA layer. Note that the energies
and the infidelities achieved here surpass those reported in Ref. [75] as we have further
explored the optimization parameters. The results of adapt-drive QOCA with the drive pool
Odrive are represented in solid colored lines for different values of No,s. Each dot corresponds
to the results of a VQE subroutine, i.e. each time a pool operator or a block of VHA is added
to the circuit. For a given line, the large gaps that appear between dots (along the x-axis)
occur when a layer of VHA is added to the circuit, which involves adding 8 parameters at
once. Additionally, as previously mentioned in the adapt-drive QOCA protocol (step 6),
it is important to note that there are instances where, for a given layer in adapt-QOCA
and for a given Nops, the values of the commutators ([Hp, Ok] VO € Odrive) fall below the
chosen threshold before the number of operators added to the drive part reaches Ngps. This
is visible, for example in Fig. 7.1 a) for Nops = 8 at 30 on the z-axis, where only 3 operators
are added to the drive part. Note also that the results are identical for Nops > 8 as no more
than 8 operators are added in the drive part. A first observation is that regardless of the
number of operators added to the drive part using the adapt-VQE approach, adapt-drive
QOCA always does significantly better than QOCA in terms of accuracy and number of
parameters. In fact, the error in the energy and the infidelity already fall below 10~ for the
same number of operators than in a 2-layer QOCA ansatz. In terms of highest accuracy,
Nops = 1 does better than the others. However, if we consider that a precision of 1077 in
the energy is sufficient, then Nops = 2, 7 or 8 do better in terms of the number of operators
in the ansatz. In short, it is difficult to make a definitive judgment on which N, performs
best because the results vary a lot depending on the parameters of the optimizer. Note,
however, that regardless of the optimizer parameters that we tested, adapt-drive QOCA
still systematically did better than QOCA. Ultimately, these results show that all the drive
operators in QOCA are not necessary and that a better ordering exists. In Sect. 7.3, we
will study in more detail the occurrence of the operators chosen by adapt-drive QOCA, and
will compare the convergence of the algorithm in terms of the circuit depth and number of
CNOTs in the ansatz.

Knowing that adapt-drive QOCA does better than QOCA, it raises the question whether
directly using adapt-VQE could do even better than adapt-QOCA. To answer this question,
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Figure 7.1 Ansiitze performance for the 2x2 FHM. a) Error in the energy compared to the
exact energy (in units of the hopping term ¢) and b) State infidelity compared to the
ground state, as a function of the number of operators in the ansatz. As a reference,
the vertical dashed black lines correspond to the number of operators in layers 1 to
4 of the QOCA ansatz. The gray dotted line corresponds to the results obtained
using the QOCA ansatz with simultaneous optimization of all the parameters, while
the solid black line is the result of iterative parameter optimization. The colored
dotted lines represent the results obtained with adapt-drive QOCA with the drive
pool, for multiple Nyps ranging from 1 to 8. Results from adapt-QOCA are depicted
as a green dashed line with star markers.

we have implemented adapt-VQE using the QOCA pool Oqoca. In our exploration of
optimization parameters, and even by relaxing the convergence criteria, adapt-VQE builds an
ansatz that is unable to reduce the energy error. In fact, at every iteration the commutator
values never exceed 1076, except for the first operator chosen, and adapt-VQE remained
stuck in a local minimum from the start. As a result, and based on the observation that
adapt-drive QOCA sometimes drastically improves in accuracy after a block of VHA is
added to the PQC, we have tested another variation of adapt-drive QOCA which we refer
to as adapt-QOCA (see Sect. 6.3.2). The idea is to add a layer of VHA to the circuit
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when the values of the commutators fall below a chosen threshold, here 1076, The results
of adapt-QOCA are plotted as a green dashed line with star markers. We notice that
adapt-VQE adds a block of VHA at the beginning, providing a first small kick that proves to
be necessary for convergence. For the FHM 2 x 2, adapt-QOCA performs better in terms of
accuracy than adapt-drive QOCA. The advantage of adapt-drive QOCA over adapt-QOCA
is that it requires fewer evaluations of the commutators and therefore fewer measurements.
For the FHM 2 x 2, and as we will see with the FHM 2 x 3, adapt-QOCA converges better
than QOCA and seems to be a lower limit to adapt-drive QOCA.

The parameter optimization strategies differ between QOCA and the adapt-VQE-type
approaches. In fact, QOCA optimizes all its parameters at once, whereas in the adaptive
approaches, parameters are optimized sequentially each time a new operator is added to the
circuit. To verify that the performance disparities between QOCA and both adapt-drive
QOCA and adapt-QOCA do not solely stem from their optimization strategies, we compare
the results in the case where the parameters of QOCA are first all set to zero, and are then
iteratively optimized one after another. We refer to this strategy as "QOCA step by step",
which is depicted in Fig. 7.1 in a solid black line. We see that the optimization strategy plays
an important role in the convergence of the ansatz. In fact, the step by step optimization
shows significantly better results than the original optimization strategy. When prioritizing
the highest accuracy, QOCA step by step outperforms adapt-drive QOCA for most choices
of Nops. However, if we consider that a precision of 107° in the energy is sufficient, then
adapt-drive QOCA and adapt-QOCA still exhibit better or comparable performance in

terms of the number of operators.

Other choices of pools:

We also tested adapt-drive QOCA using the QOCA pool, Oqoca, to give it more
flexibility and ensure fairness in comparison to adapt-QOCA. We have depicted the results
in Fig. 7.2 for Nyps ranging from 1 to 5. For Nyps > 5 the results for the QOCA pool become
identical. As one could expect, the QOCA pool generally does better than the drive pool
as it allows for more flexibility in the choice of operators. In Sect. 7.3, we will study the
occurrence of the operators in the circuit grown by adapt-drive QOCA and adapt-QOCA.
This will provide insights into which operators play an important role for the convergence
of the prepared state. Building on our observation in Sect. 7.3.2 that only few drive terms
were select from Oqoca, we also tested adapt-drive QOCA and adapt-QOCA with the VHA
pool Oypua. However, it became evident quite rapidly that this pool did not lead to any
improvement in the energy error for the latter ansatze, highlighting the critical role played

by the drive terms in quick starting the convergence process.
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Figure 7.2 Adapt-drive QOCA with different pools. Error in the energy compared to the exact
energy (in units of the hopping term t) as a function of the number of operators in
the ansatz. As a reference, the vertical dashed black lines correspond to the number
of operators in layers 1 to 4 of the QOCA ansatz. The gray dotted line corresponds
to the results obtained using the QOCA ansatz with simultaneous optimization
of all the parameters. The solid colored lines represent the results obtained with
adapt-QOCA with the pool Ogyrive, and in transparent dashed line with the pool
Oqoca, for multiple Nops ranging from 1 to 5.

7.2.2 FHM 2x3

We now illustrate the above results on a larger lattice, the 2 x 3 FHM. In Fig. 7.3, we
present the same quantities as in Fig. 7.1, with the distinction that the QOCA pool is used
for adapt-drive QOCA instead of the drive pool. This choice is motivated by the fact that
the QOCA pool generally yielded better results than the drive pool for the FHM 2 x 2. It
is important to note that we have, nonetheless, tested adapt-drive QOCA with the drive
pool and have drawn similar conclusions as for the FHM 2 x 2. Furthermore, for the sake
of clarity we plot the results for odd values of Nyps only, but note that even values of Nypg

exhibit the same trend.

Similar to the findings for the FHM 2 x 2, we observe that adapt-drive QOCA and
adapt-QOCA outperform QOCA in terms of energy and fidelity. Additionally, the energy
and infidelity of the state prepared by adapt-QOCA once again serves as a lower bound for
adapt-drive QOCA. We also tested adapt-VQE with the QOCA pool and, as previously,

found improvement in the energy error and the state fidelity.
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Figure 7.3 Ansitze performance for the 2 x 3 FHM. Same figure as in Fig. 7.1 for the 2 x 3
FHM, and with the difference that adapt-drive QOCA was grown with the QOCA
pool, and only for odd values of Nps ranging from 1 to 9.

7.3 Chosen operators and gate count

7.3.1 Number of CNOTs

As demonstrated in the preceding section, both adapt-QOCA and adapt-drive QOCA achieve
higher accuracy while requiring fewer operators compared to QOCA. Nevertheless, having
fewer operators does not necessarily mean fewer CNOTs in the ansatz or smaller circuit depth.
In fact, if the operators selected from the pool require more two-qubit gates, particularly the
operators involving many qubits, these ansitze can require more CNOTs. In Fig. 7.4, we
show how the total number of CNOTs increases as the energy error improves. The CNOT
gate count is obtained by first transpiling the ansétze from the exponentiation of the Pauli
operations to Hadamard, CNOTs, Ry rotations and, S and ST phase gates using built-in

Qiskit functions, assuming all-to-all qubit connectivity. Note that Qiskit automatically
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(in units of the hopping term t) as a function of the number of CNOTS in the
ansatz for: a) FHM 2 x 2, b) FHM 2 x 3. The gray dotted line corresponds to the
results obtained using the QOCA ansatz with simultaneous optimization of all the
parameters. The solid colored lines represent the results obtained with adapt-drive
QOCA with the pool Ogyive for multiple Nops ranging from 1 to 8. Results from
adapt-QOCA are depicted as a green dashed line with star markers.

simplifies the circuit by performing back-to-back gate cancellation when possible. For
both the FHM 2 x 2 and 2 x 3, we see that adapt-QOCA and adapt-drive QOCA require
substantially fewer CNOT gates than QOCA to reach a same precision, adapt-QOCA and
adapt-drive QOCA are comparable. Nevertheless, we observe that there exist values of Nyps
for which adapt-drive QOCA reaches the same energy error with fewer two-qubit gates than
adapt-QOCA. This is particularly visible for the FHM 2 x 2 (resp. 2 X 3) with Nopg = 2
and 8 (resp. Nops = 3).

7.3.2 Chosen operators

Our investigation now delves into the occurrence of the operators within the circuits grown
by adapt-drive QOCA and adapt-QOCA. This study aims to provide insights into which
operators contribute to the convergence of the prepared state and to understand the reasons

that cause the adaptive approaches to outperform QOCA. In Fig. 7.5, the bar charts
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represent, for the FHM 2 x 2, the number of times the operators in Oqgoca appear in the
ansatz built by adapt-QOCA (left) and in adapt-drive QOCA for N,ps = 7 (right). For
clarity, the labels over the bar charts are associated to the operators in the legend. Going
from the left to the right, the 8 first operators, are the operators present in Oypa and are
ordered in the way they would appear in VHA. The 8 following operators are the drive
operators in Ogrive. The tables below the bar charts show the order in which the operators
are added to the PQCs following the arrow that represents the operator ordering in the
ansatz. Each block of VHA that is added can be visually seen in the table as a series of
light blue cells appearing in a diagonal shape. Fig. 7.6 shows the same figure for the FHM
2 x 3, and with the difference that N,,s = 9 for adapt-drive QOCA. Note that Oypa now
contains 13 operators (13 first from the left to right in the table) and 17 terms in the drive
pool Odrive-

As a first observation, we see that for both adapt-drive QOCA and adapt-QOCA some
pool operators are never selected. This is the case for the FHM 2 x 2 and 2 x 3, and can be

expected to extend to larger lattices. The operators in question are:

{ > g)zjgyw|voddie{1,2,--.,5}} (7.3)

o= {14} i=1

and
i—1
{ Z ®ZjUX¢U |V evenie{1,2,--- ,S}} (7.4)
o={t4}j=1
with Aj, € {X,Y, Z} the Pauli matrix applied on the qubit representing a particle on site j
and spin 0. Note that even though the operators ZZXIII and ZZZZ X I were not selected
in the particular case of Fig. 7.6, i.e. with Ny, = 9 for adapt-drive QOCA, these operators

appear for other choices of Nops.

We observe that very few drive operators are added to the ansédtze. For the FHM 2 x 2,
the drive terms represent 5 to 25% of the circuit operators, while for the FHM 2 x 3 they
only represent only 5 to 10%. In the particular case of Fig. 7.6, the drive terms only appear
at the beginning of the ansatz, but note that for some choices of N,,s they can appear later.
Even though few drive terms are selected, those appear to be necessary for the convergence
of the algorithm. In fact, as we tested adapt-QOCA and adapt-drive QOCA with the VHA
pool, we noticed that the algorithm did not convergence at all. The drive terms seem to

give a kick for the ansatz to be able to start converging.

Turning our attention to adapt-QOCA, we observe that in the early phase of the PQC,

only drive operators have non-zero commutators and are therefore added to the circuit before
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all the commutators fall below 107%. A block of VHA is thus added rather soon in the
circuit for both FHM lattices. This layer of VHA is of major importance, as without it, the
procedure would reduce to performing the original adapt-VQE using the QOCA pool which,
as mentioned earlier, fails at improving the energy and state fidelity. Constructing the ansatz
solely by selecting the next best operator appears to have its limitations in this context.
Adding an appropriately chosen combination of operators instead of a single operator at a
time could maybe help to see further away and help better organize the operators in the
ansatz. Note that we do not have a good criterion for what an appropriate combination
would be, even though VHA seemed to be sufficient to outperform the original adapt-VQE
and adapt-QOCA in this context. Finally, we observe that adding a single layer of VHA at
the beginning is sufficient to induce the converge. Note that in Fig. 7.5, the following layers

of VHA are introduced after adapt-QOCA has already reached an energy error below 10710,
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Figure 7.5 Operator occurrence FHM 2 x 2. The bar charts represent the number of times
the operators in Oqoca appear in the circuit built by adapt-QOCA (left) and in
adapt-drive QOCA for N,,s = 7 (right). The labels on the bar chart are defined
in the legend. The 8 first operators (from the left to the right) are the operators
of Oypa and the 8 following are the operators in Ogive. The tables below the
bar charts show the order in which the operators are added to the PQC along
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Figure 7.6 Operator occurrence FHM 2 x 3. The bar charts represent the number of times
the operators in Oqoca appear in the circuit built by adapt-QOCA (left) and in
adapt-drive QOCA for Nops = 9 (right). The labels on the bar chart are defined in
the legend, where I is an abbreviation for IITITI. The 13 first operators (from the
left to the right) are the operators of Oyya and the 13 following are the operators
in Ogrive- The tables below the bar charts show the order in which the operators
are added to the PQC along the operator ordering arrow. When a block of VHA is
added to the ansatz the 13 first operators on the left are added one after another
(in blue). The number of operators added from a VHA block is also indicated in
blue in the bar chart.



Conclusion

During my thesis, I developed two new approches to build ansétze, namely adapt-drive
QOCA and adapt-QOCA, which are combinations of the QOCA ansatz with an adapt-VQE
approach. Originally, I designed adapt-drive QOCA with the idea to better design the drive
part of the QOCA ansatz while keeping the VHA part fixed. The drive part is adaptively
designed by choosing the operators from a pool which have the largest impact on the energy
gradient of the state prepared by the ansatz. The outcomes presented in Sect. 7.2 and
Sect. 7.3 showed that the ansétze grown by adapt-drive QOCA enable the convergence to
the ground state with higher accuracy than QOCA. Furthermore this is achieved using
fewer operators and parameters, which I have shown also led to fewer CNOTs and shallower
circuits. These statements are true for any choices of Nyps. It is nevertheless important
to note that some values of N,ps enable a better convergence than others. However, it
is complicated to make a definitive judgment on which N,ps performs best as the results
vary substantially depending on the parameters of the optimizer. Based on the results of
adapt-drive QOCA and knowing that adapt-VQE failed for the FHM when preparing the
initial state in the [4+)®" state, I came to develop adapt-QOCA. Adapt-QOCA is comparable
in performance if not better than adapt-QOCA for most Nyps. In fact, for the FHM 2 x 2
and 2 x 3, it seemed to effectively serve as a lower bound on the energy error and infidelity
for adapt-drive QOCA. An additional advantage of adapt-QOCA is that it does not require
to choose a value for Nops. Nevertheless, a disadvantage of adapt-QOCA over adapt-drive

QOCA is that it necessitates more measurements to evaluate the commutators.

I have tested adapt-drive QOCA and adapt-QOCA using three different pools: Ogyive,
Ovua and Oqoca. The VHA pool showed to be insufficient to enable any improvement
in the energy error for the latter ansétze, highlighting the critical role played by the drive
terms in quick starting the convergence process. On the other hand, the drive pool showed
a significant improvement over QOCA. As one could expect, the QOCA pool generally did
better than the drive pool as it allows for more flexibility in the operator choice. From the

examination of the operators selected from the pool we noticed that some drive operators
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were never chosen. Building on our observations for the FHM 2 x 2 and 2 x 3, we expect that
the unselected drive operators could be extended to larger lattices as described in Eq. (7.3)
and Eq. (7.4). Furthermore we notice that using the QOCA pool; rather few drive operators
are selected, only 5 to 25% of the time for a 2 x 3 lattice, and 2 to 10% for a 2 x 3 lattice.
These few drive terms are nevertheless necessary for the algorithms to convergence to the

ground state.
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appendix A

Circuit quantization of the full device

a) Ce b)
Cac aEJ Cbc ¢ca | | d)cb
| - i ——
O Pext | © |Z|J

¢a : = ¢b

a

Figure A.1 Device design. Compared to Fig. 3.1, a) indicates the circuit parameters. Qubit a
is shown in green, qubit b in orange and the coupler in blue. b) Shows in orange
the spanning tree used here to quantize the circuit. The circuit parameters are
indicated in black.

To quantize the circuit illustrated in Fig. A.1, we follow the approach described in Sect. 1.1
using the method of nodes [2]. As a first step, we introduce the circuit modes ¢, ¢y, ¢,
and ¢,, see Fig. 1.3 a) and define a spanning tree which is shown in orange in Fig. 1.3

b). As described in Sect. 1.1, we can express the kinetic and potential components of the
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Lagrangian as follows:

Cy .
Ekin — Z 7<Dg
beBc
1 1 1
= 5Cad? + 5Cb8% + 5Cun(Ba — 60)? (A1)
1 1 1
+ 5Ce (en = ¢0,)* + 5Cac (S0 = be,)” + 5 Che (00— 6,)°
®2/ @b//
Epot = Z b + Z FE jp cos (27‘1’ )
VeBy 2Ly v'eB, o
¢a> (%)
= —Fj, cos ( — Ejpcos | —
1T g0 ) T g (A.2)
<¢c _¢cb)+¢6xt> ((¢c _¢c >>
— aeE a _ NBE Wea — V) )
aely, cos ( %o BEjq cos Noo
The Lagrangian finally reads:
1 Py
L = Eyin — Epot = 54) Cp + Ej,cos (pq) + Egpcos (pp)
(bn—00)y Y
+ aeEj. cos ((pg — ©g) + Pext) — NBEj. cos <qqu2> ,

where we have introduced the vector notation for the flux nodes, ¢* = (da, P, Pc,, Pc,) and
define ¢, = ¢,/ po with n € {a,b,cq,cp}, and @y = h/2e = 27w¢y. The capacitance matrix

reads:

¢a Ca + Cac + C’ab —Lab _Cac 0
078 —Clap Cp+ Cpe + Cap 0 —Che
C= . (A.4)
(bca _Cac O Cc + Cac _Cc
¢cb 0 _Cbc _Cc Cc + Cbc

We now perform a basis change such that ¢+ = ¢¢, + ¢¢, and ¢_ = ¢, — ., , resulting in:

1. .
£ =3¢’ + By cos (pu) + Eypcos (i)
(A.5)
+ aeEj. cos (p— + pext) — NBEj. cos <S(]JV> ,
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with ¢ = (¢a, ¢p, ¢+, ¢—) and

¢a Co+ Coc+ Cap —“ab _%Cac 0
,  ® —Cab Co+ Cpe + Cap —1Ce 0
c - . (A6)
¢c+ *%Cac %Cbc Cq + %Cac + %Cbc %(Cac - Cbc)
Qsc, _%Cac _%Cbc i(cac - Cbc) i(cac + Cbc)

We now proceed with a Legendre transform to obtain the charge nodes, which we denote
_ oL
1= ¢’

motion, because

=’ ([3’ in vector notation. Remarquably, the charge node ¢4 is a constant of
% (%) = ¢+ = 0. This variable can be seen as a net charge distribution
on the qubits and coupler pads, and can therefore be ignored. Accordingly, the Hamiltonian
takes the form H = %qT C'*lq + B0t where C is a 3 x 3 matrix corresponding to the matrix

presented in Eq. (A.6), with the exclusion of the third row and column.
Finally, we write the quantized Hamiltonian as follows:
H =4Fc,n? — Eyq cos(pa) + 4Ecyni — Eyp cos($y)
AEch? — aeEye cos (Pe + Yext) — NBEj. cos <(]ﬁ\;> (A7)

+ 4EcapNafy + 4Ecpciphic + 4Ecachale

where n = iq and the coupler mode 4. (¢._) is renamed g (¢.). The charging energies
Egj for j € {a,b,c} and the couplings Ec;; for i,j € {a,b,c} and i # j, are defined by the

elements of the inverse of the capacitance matrix:
(A.8)

Note that the function that relates the capacitances to the charging energies and couplings
is not bijective because a mode has been removed by going from C’ to C. It can sometimes

be complicated to recover the capacitances from a set of charging energies and couplings.
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Appendix: Schrieffer-Wolff

transformation

The Schrieffer—Wolff (SW) transformation is a technique used to derive an effective Hamil-
tonian by perturbatively diagonalizing a Hamiltonian to finite order in the interaction
[133].

B.1 Time-independent Schrieffer-Wolff transformation

Let’s now consider a time-independent Hamiltonian H = Hy 4+ AH;, which can be written
in terms of an unperturbed diagonal Hamiltonian Hj retaining most of the physics and AH;
a small off-diagonal perturbation. The parameter A is introduced here to keep track of the

order in the perturbation theory, and will be set to one at the end of the calculation.

The SW transformation is a unitary transformation on H, commonly written:
Heg = e “He® (B.1)

with S the generator of the transformation, satisfying ST = —S, and chosen such that Heg
is diagonal to first order in the perturbation. Since AH; is small, S is also expected to be

small, it can therefore be assumed that the generator can be expanded as a series in A:
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S = ASM + O(N\?). The effective Hamiltonian Heg can now be expanded in powers of A
using the Baker-Campbell-Haussdorf (BCH) formula:

Hop = H+[S, H] + %[s, (S, H]| +

. (B.2)

= Ho+ A (Hy + [SW), Ho)) + X2 ([5(1>, Hy)+ =

s, [S(l),HO]D + OO,

To remove the first-order term in the equation above, the generator has to be chosen such
that Hy + [S™), Hy] = 0. Finally, the SW transformation yields:

1
Heg = Hy + 5[S<1>, Hil+O(\%). (B.3)
Note that in principle the expansion of Eq. (B.1) in A can be truncated at any order to

obtain the effective Hamiltonian.

B.2 Time-dependent Schrieffer-Wolff perturbation theory

Let’s consider a time-dependent Hamiltonian A (t) = A©)(t) + XA (t), where H ) (t) is
the exactly solvable unperturbed part of the Hamiltonian and A Ad )( t) is a small perturbation.

The Floquet Hamiltonian is defined as:

A

Hp = H(t) —i0;. (B.4)
We apply a time-dependent SW transformation on the Floquet Hamiltonian:
Ao (t) — 0, = =5 [A(t) — i) 5O (B.5)

where S (t) is the time-dependent generator, which we again assume can be expanded as a
series in A: S(t) = ASW () + X\28®2)(¢) + - ... The effective Hamiltonian Heg, can then be
expanded in powers of A by using the BCH expansion:

Hog(t) —i0, = e 50 (ﬁ( ) — iﬁt) 69@)
_|_
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k = (k) —(k
“ + A*H ' (t) can be written with a time-averaged part H( ) and

where AFA®) (1) = \FB
~(k

an oscillatory part H (). The effective Floquet Hamiltonian can recursively be corrected

for, order by order, by iteratively finding A\*$ (k) and A*A*) . The kth-order term in the

generator MG is chosen such that A*A ) is time independent at order k and less. In

other words, the generator has to satisfy:

A t = (k
AR — 4 / AR )(t’) Vk. (B.7)
0

In the context of Sect. 3.2.1, the effective Hamiltonian at second order is shown in Eq. (3.17).
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The ability to perform fast, high-fidelity entangling gates is a requirement for a viable quantum pro-
cessor. In practice, achieving fast gates often comes with the penalty of strong-drive effects that are not
captured by the rotating-wave approximation. These effects can be analyzed in simulations of the gate
protocol, but those are computationally costly and often hide the physics at play. Here, we show how to
efficiently extract gate parameters by directly solving a Floquet eigenproblem using exact numerics and a
perturbative analytical approach. As an example application of this toolkit, we study the space of paramet-
ric gates generated between two fixed-frequency transmon qubits connected by a parametrically driven
coupler. Our analytical treatment, based on time-dependent Schrieffer-Wolff perturbation theory, yields
closed-form expressions for gate frequencies and spurious interactions, and is valid for strong drives.
From these calculations, we identify optimal regimes of operation for different types of gates including
iSWAP, controlled-Z, and CNOT. These analytical results are supplemented by numerical Floquet computa-
tions from which we directly extract drive-dependent gate parameters. This approach has a considerable
computational advantage over full simulations of time evolutions. More generally, our combined ana-
lytical and numerical strategy allows us to characterize two-qubit gates involving parametrically driven
interactions, and can be applied to gate optimization and cross-talk mitigation such as the cancelation of
unwanted ZZ interactions in multiqubit architectures.

DOI: 10.1103/PhysRevApplied.19.044003

L. INTRODUCTION

With considerable advances in state preparation, gate
operation, measurement fidelity, and coherence time,
superconducting qubits have become one of the leading
platforms for quantum information processing [1-3]. Sys-
tems consisting of up to a few dozen qubits have been
recently deployed by a number of research groups [4—6].
As these architectures are scaled up, a challenge is to engi-
neer two-qubit interactions to realize gates that are fast
enough compared to the decoherence times of the qubits,
while at the same time obtaining operation fidelities that
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are sufficiently high to satisfy a threshold for quantum error
correction [7,8]. To realize fast and high-fidelity two-qubit
gates, precise modeling of the dynamics of small multi-
qubit systems is necessary, but becomes computationally
difficult as the number of degrees of freedom increases.
Moreover, to achieve fast gates, drives that are strong in
the sense of the rotating-wave approximation (RWA) are
necessary, in which case beyond-RWA corrections become
relevant.

A dominant source of infidelity in gate operation con-
sists of cross-Kerr interactions, or the ZZ terms in Pauli-
matrix notation. These terms are either static due to the
connectivity of qubits, or dynamically generated by control
drives. In the case of many two- and single-qubit gates, ZZ
terms produce spurious entanglement that cannot be mit-
igated by local single-qubit operations. There are active
experimental efforts to reduce the effect of ZZ interactions
[9—14]. Moreover, the presence of nonlocal ZZ interac-
tions, and of higher-order cross-Kerr terms, can indicate
the onset of quantum chaotic behavior in systems of many
coupled qubits [15].

© 2023 American Physical Society
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FIG. 1. (a) Graph representation of the model. The three bare

modes have mutual capacitive couplings (light gray edges);
mode ¢ is parametrically driven. (b) Superconducting circuit
implementation: modes a and b are transmon qubits; the coupler
mode c is implemented as a generalized capacitively shunted flux
qubit (see text).

In this paper, we present a computationally efficient set
of analytical and numerical tools to characterize and tai-
lor gate Hamiltonians. As an example application of these
tools, we consider flux-tunable parametric coupler archi-
tectures [16,17] schematically illustrated in Fig. 1. We
develop two complementary approaches, both of which
start from a treatment of the Floquet Hamiltonian, which
can capture non-RWA effects exactly [18-20]. Our ana-
Iytical approach starts from the quantization of the driven
superconducting circuit. More specifically, while we adopt
a normal-mode picture such as in black-box quantiza-
tion [21] or energy-participation-ratio approaches [22], the
mode frequencies and impedances, and as a result self-
and cross-Kerr interactions, depend on the strength of the
drive. This dependence is accounted for in an expansion
over the harmonics of the drive. From this, we obtain
analytical expressions of ac-Stark shifted transition fre-
quencies and interaction strengths. Of note, as compared
to previous work, normal modes are defined here by tak-
ing into account drive-induced corrections [23] to the
Josephson potential [24]. Due to its similarity to black-
box quantization, this analytical technique can be eas-
ily generalized to circuits containing multiple qubits and
couplers.

To obtain corrections to the effective interaction
strengths, our approach relies on a time-dependent
Schrieffer-Wolff perturbation theory [25-27], which con-
sists of a hierarchy of unitary transformations applied
to the time-dependent Floquet Hamiltonian [26,28]. We

make the explicit choice to work in the transmon limit
of small anharmonicity [29], expressed in terms of the
small dimensionless parameter /8Ec/E;, whereas drive
effects are included in a series expansion over the harmon-
ics of the drive frequency and then integrated into the exact
treatment of the normal-mode Hamiltonian. This approach
allows us to identify the contribution of each driven normal
mode to the different effective interaction constants.

Our formalism is equally applicable to strong anhar-
monicities, where one has to formulate the Hamiltonian
in the energy eigenbasis. The cross-resonance gate [30,31]
has been modeled [27] with such methods, with the notable
difference that drive effects were included in the pertur-
bative expansion, something which requires the calcula-
tion of higher-order corrections as the drive strength is
increased. In contrast, here we show that by effectively
performing a series resummation over drive-amplitude
contributions, we can model effects such as gate-rate sat-
uration with drive power that are frequently observed (see
e.g. Refs. [31,32]) without the need to evaluate high-order
terms in perturbation theory.

On the other hand, with our numerical approach, we
show how gate parameters and, more precisely, the data
from a two-tone spectroscopy experiment, can be extracted
from a solution of the Floquet eigenproblem [18,19]. This
is efficient by comparison to the simulation of Hamiltonian
dynamics over the full duration of the gate protocol: Flo-
quet methods rely on integrating the dynamics over one
period of the parametric drive, on the order of 1 ns, which
is typically 3 orders of magnitude shorter than the gate
duration. By construction, the parameters extracted from
this approach account for renormalization by the drives.
We are then able to benchmark the convergence of the
analytical approach by direct comparison to the numerical
result. In the context of superconducting circuit architec-
tures, Floquet numerical methods have also been used to
model instabilities in transmon qubits under strong drives
[23,33], to obtain corrections beyond linear-response the-
ory for the bilinear interaction between two cavities medi-
ated by a driven ancilla [34], to model a strongly driven
controlled-phase gate between transmon qubits [35], or to
enhance the coherence of fluxonium qubits [36,37].

The remainder of this paper is structured as follows.
In Sec. II we introduce the circuit model, as well as a
pedagogical toy model from which all qualitative features
of the full theory can be extracted, and illustrate how to
obtain the different gate Hamiltonians. In Sec. III we intro-
duce the basic concepts for second-order RWA, based on
a Schrieffer-Wolff transformation of the Floquet Hamilto-
nian. Section [V captures in more detail the complexity
of the problem with an analysis of the three-mode theory
derived from the full-circuit Hamiltonian. In Sec. V, we
describe in detail a method to extract effective gate Hamil-
tonians from a Floquet analysis. In Sec. V B, we compare
all previous approaches using simulations based on the
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numerical integration of the Schrddinger equation. Finally,
we summarize in Sec. VL.

II. MODEL HAMILTONIAN

As a concrete example of our approach, we consider a
model for a parametric coupler consisting of three non-
linear bosonic modes interacting capacitively [16], see
Fig. 1(a). The qubit modes a and b are assumed to be far-
detuned, making the beam splitter (or i{SWAP) qubit-qubit
interactions negligible in the rotating-wave approximation.
Those modes are capacitively coupled to a third mode, the
coupler ¢. The latter can be parametrically modulated in
order to activate interactions between the two qubit modes,
for example a iISWAP-type gate on which we mostly focus
here.

A. Superconducting circuit

A possible realization of this three-mode system is
shown in Fig. 1(b) and consists of two fixed-frequency
transmon qubits interacting via a capacitively shunted flux
qubit whose two branches contain one and N Josephson
junctions, respectively [38—40]. In a single-mode approxi-
mation, this generalized flux qubit plays the role of coupler
mode and the parametric drive is realized by modulating
the reduced external flux @exy = 27 Deyxi/ Do, With Dy the
flux threading the coupler loop and @, the flux quantum.
For certain values of the static external flux, the coupler
has a positive anharmonicity, which is helpful in obtaining
gates with a vanishing ZZ interaction [10,14,41,42]. We
stress that we use this specific circuit implementation for
illustration purposes only, and that the methods presented
here apply beyond the weakly anharmonic regime.

Quantizing the circuit of Fig. 1(c) using the standard
approach [43,44] yields the Hamiltonian (see Appendix B
for a detailed derivation)

H() = H, + Hy + H.(t) + Ay, (1)
where the transmons and the coupler are described by
Iflj = 4Ecjﬁf — Ejcos(9;), j = a,b,

H.(t) = 4Ec.i — By cos [@, + ta@ext(D)]

A

— BNE. cos [% + uﬂwext(t)] : (2)

These expressions use pairs of canonically conjugate
superconducting phase difference and Cooper-pair number
for the bare modes, [(}Jj,ﬁk] = i8j for the mode indices
j.k=a,b, or ¢, and we set h = 1. The Josephson ener-
gies are denoted Ej,, E;, for the transmon modes, whereas
BE . is the Josephson energy of one of the N-array junc-
tions in the coupler, and « is a factor parametrizing the
anisotropy between the two branches. The parameter j

is a renormalization of the superinductance due to disor-
der in the junction array and finite zero-point fluctuations
(see Appendix B). Moreover, the parameter @ accounts
for a renormalization of the small junction energy due to
hybridization with the modes in the junction array. Fur-
thermore, Ec,, Ecp, and E¢. are charging energies. In the
transmon regime, Ej,/Ec, and Ej,/Ecy 2, 50 [29].

The coupler loop is threaded by an external flux ey,
which can be modulated in time with a modulation ampli-
tude ¢, taken to be small compared to the flux quantum

Yext(t) = Pexy + 09 sin(wgt). 3)

As discussed by You et al. [45], quantization of the coupler
loop under time-dependent flux imposes that the external
flux be included in both branches of the potential energy
in ﬁ]c(t), with weighting factors jio g determined by the
capacitive energies of the two branches (see Appendix B
for a detailed derivation). This subtlety is significant, as
the details of the flux modulation determine the parametric
interactions between the two qubit modes.

Finally, the three bare modes interact through linear
terms induced by the capacitive coupling

[:\Ig = 4ECabﬁaﬁb + 4ECbcﬁbﬁc + 4ECcaﬁcﬁa- (4)

The introduction of normal modes will eliminate this linear
coupling Hamiltonian.

B. Toy model for circuit Hamiltonian

In this subsection, we introduce a simple model, which
captures the essential qualitative features of the Hamilto-
nian of Eq. (1). Our toy model consists of three linearly
coupled Kerr-nonlinear oscillators and has the form given
in Eq. (1) now with

A =—g,ib—gbe—gla+He (5

Comparing to the full-circuit model, note that w,;) ~
V8EuwEcaw) — Ecary Whereas the anharmonicities of
the transmon qubits are negative and amount to o,y ~
—Ecqay- In an experimental implementation, the param-
eters defining the coupler—the anharmonicity o, and
the frequency w.(f)—can be varied by applying a time-
dependent external flux to activate a chosen gate.

The parametric drive resulting from the flux modula-
tion of Eq. (3) is modeled by a modulation of the coupler
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frequency at a frequency wy
@) = 0. + 3§ sin(wgyt). (6)

In a more detailed analysis of the coupler (see Sec. 1V),
we take into account the time dependence of the anhar-
monicity o., but we choose to neglect it in this toy
model.

Note that we reduce the complexity of the problem
in a few ways: we truncate the Josephson expansion to
include only quartic terms. All photon-number noncon-
serving terms are dropped. Higher harmonics of the drive
of Eq. (6) are neglected, and we do not consider the ac-
Stark shifts of the various coupling constants. All of these
contributions are taken into account in the analysis of the
full circuit Hamiltonian in Sec. IV. Thus the toy model
is significantly simpler than the full circuit theory, but
nonetheless still contains the necessary ingredients that
allow us to illustrate the general method introduced in this

paper.

III. PERTURBATIVE EXPANSION

In this section, we introduce a perturbative expansion
to obtain successive corrections to the effective Hamilto-
nian in the rotating-wave approximation. To simplify the
discussion, we focus on the toy model and come back
to the full circuit Hamiltonian in the next section. Our
approach relies on a sequence of unitary transformations
amounting to a time-dependent Schrieffer-Wolff treatment
of the Floquet Hamiltonian in the normal-mode repre-
sentation, an approach used before to derive corrections
to the lifetime of driven transmon qubits [26,28]. Time-
dependent extensions of Schrieffer-Wolff transformations
have been shown to be necessary to capture effects of
drives in the dispersive regime of circuit QED [25], with
quantitative agreement with experiment in the analysis of
the cross-resonance gate [27]. A notable difference from
prior work on microwave-activated two-qubit gates is that,
in performing a normal-mode transformation, we are able
to obtain good agreement with exact numerics already at
second order in perturbation theory. For example, the cal-
culation in Ref. [27] relies on an expansion in capacitive
couplings and drive power, which would require us, in
the setup presented here, to go to higher order (fourth)
in the calculation to obtain results comparable to the
normal-mode approach.

A. Formalism

As usual, our starting point is a decomposition of the
system Hamiltonian into an unperturbed, exactly solvable
part, and a perturbation:

H=HO0 + 18V @). (7)

Here, we introduce the dimensionless power-counting
parameter A to keep track of the order in perturbation the-
ory, to be set at the end of the calculation to unity, A —
1. Now we move to the interaction picture with respect
to H©. Letting Up(r) = Te S dT”") \where T is the
time-ordering operator, we find for the interaction-picture
Floquet Hamiltonian

}\]:11(1)@) — lat = i/g(l‘) [[:1(0) + )\j_\[(l)(t) _ lal] Uo(t)
= Uy 28 @) Uot) — id,. ®)

In the above we assume only that the unperturbed time-
evolution operator Up(#) is known. Equation (8) can be
seen as a unitary transformation between two Floquet
Hamiltonians [19]. Thus, the Floquet quasienergies cor-
responding to AH 1(1)(1) — [d, must be identical to those of
I? O 4 AHD(#) — id,, while the eigenstates are related by
Uy (D).

In an iterative Schrieffer-Wolff approach, we treat the
operator A M (#) as a small perturbation from which we
derive corrections to the known Floquet quasienergies of
H®©® [26,28]. To this end, we consider a unitary trans-
formation on the interaction-picture Floquet Hamiltonian
H (1) — id, = AI:II(I)(t) — 19;, and the corresponding Baker-
Campbell-Hausdorff (BCH) expansion in powers of the
generator of this unitary, that is

Hienr — 10, = e 1L () — 18,11

i

6.6+
&)

This equation defines the effective Hamiltonian, whose
spectrum is equal (up to a desired precision in A) to that
of the original driven theory. The generator G;(#) can be
solved for iteratively in powers of A (see Appendix A),
which allows us to perform the rotating-wave approxima-
tion order by order

= H; — iG; + [H;, G/]

1 =@

N — (1)
Hyewr=MH, +MH, +... (10)

where the terms on the right-hand side are defined below.
To obtai?1 )a lowest-order term of the effective Hamil-

tonian, A4 ; » we separate the interaction picture Hamil-
tonian into oscillatory and nonoscillatory terms with the
notation

- ) = =M
AV (= 0H, +0H, (1), (11)

where we define the constant part of a time-dependent
operator O(t) by [46]

(12)

T— o0

-~ 1 T,
O = lim —f dro(o),
T Jo
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whereas the oscillatory part of the operator is
O = 0 — 0. (13)

Since the time-averaging operation removes all terms that
— (D
are oscillatory in time, H is the first-order RWA Hamil-

~

tonian [46], whereas I:IE) is canceled by an appropri-
ate choice of the corresponding term at order A in the
generator.

One can iterate this procedure at every order, collect-
ing terms that are oscillatory and then canceling them.
The second-order RWA Hamiltonian (for a derivation, see
Appendix A) reads

27(2) —(1)
MH, = / AL ()

17 =0 ()]
+E AH (t),f AH, (f)dt |. (14)
0

This form becomes analogous to the second term in the

Magnus expansion [46,47] when the perturbation has a
— ()
vanishing mean, i.e., H, =0

B. Black-box quantization approach to the toy model

Expressing the toy-model Hamiltonian as the sum of
static quadratic terms, 4@, and of time-dependent and
Kerr terms, 1 (z), the first step in deriving parametri-
cally activated interactions between the transmon modes
is to diagonalize the former, which we write as

~ 0 N . @Wa  Cup Bea
HO = <5T b é-}) 8w @b Bpe
8ca 8pe @c

(15)

o> TH

This diagonalization is achieved with an orthonormal
transformation & = »_ eabe Uap B, for « =a,b,c, and
which is chosen such that 7 takes the form

HO = w,ata + wpb'h + w,'e, (16)

where &, b, and ¢ are the normal modes and wqp the cor-
responding mode frequencies. The uyp are hybridization
coefficients encoding the connectivity of the three modes
through the capacitive couplings A, entering in . In
this normal-mode basis, the remalnder of the Hamiltonian

reads
AHD (1)

o N N . . A .
= Z ?j(ujaa + upb + ujcc)Tz(ujaa + uppb + ujcc)2
Jj=ab,c

+39 SiIl(C()dl) (uca& + ucbi) + uccé)T(uca& + ucbl; + ucc8)~
(17)

The expression above illustrates that coupling between
the normal modes arises from the nonlinearity and the
parametric drive.

Our choice of unperturbed Hamiltonian #© and per-
turbation AH® in Egs. (16) and (17), respectively, is
guided by black-box quantization [21]: the unperturbed
Hamiltonian is linear and diagonal in the normal-mode
basis, whereas the perturbation consists of Kerr-nonlinear
terms, on the one hand, and quadratics appearing from the
normal-mode expansion of the parametric drive, on the
other hand. As we show below, while better choices are
possible (see Sec. 111 C), this choice leads to a simple and
intuitive form for the effective Hamiltonian.

As an example of the many common types of interac-
tions that can be activated by a parametric drive [3], an
ISWAP interaction between the transmon modes arises if
we set the modulation to be at the frequency difference
between the two transmon modes

Wy = wp — Wy, (18)
This choice yields the first-order RWA Hamiltonian

—(1) ~
M =JY) (—iath+ Hee.)
(1) ’\TZ 2
+
2

+x\Yata bTb—i—X( bibete + xWeteata. (19)

NOBE D
b b’r2b2+ c &T2€,2

The first row of this equation contains the iSWAP interac-
tion of amplitude J, [f;). The second row contains the mode
anharmonicities, and the third row contains cross-Kerr
interactions, the first of which is the ZZ term.

The coupling constants in the above effective Hamilto-
nian result from the normal-mode transformation of the
quadratic part of the toy model and take the form

o = 3 e,

i=a,b,c

X = > upe, (20)

i=a,b,c

(1)
Jb - ucaucb

for all j,k =a,b,c, and j # k. In practice, one wants to
maximize J;;) to obtain a fast gate, while minimizing
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the cross-Kerr interactions Xj(kl) to avoid the accumulation
of coherent errors. Cross-Kerr interactions are a source
of infidelity for a iSWAP-type gate, as well as in other
gate implementations [10—14,48]. In the first-order RWA
Hamiltonian, to cancel the cross-Kerr interaction between
the two transmons, we use a coupler with a positive anhar-
monicity [42] «. > 0, together with «,,a; < 0, which
is distinct from using qubits of opposite anharmonicities
[10,41], or couplers with negative anharmonicity [14,49].
Equation (20) forms the basis for the optimization of the
gate parameters. Before pursuing this further, we first
derive useful corrections to the gate Hamiltonian from

the oscillatory part of the Hamiltonian, I:Ijl)(t). Finally,
note that the first-order term Xj(k]) is only a static, i.e.,
8-independent, cross-Kerr interaction.

At second order in perturbation theory, there is no
correction to the iSWAP gate frequency Ja(,f) = 0. In the
regimes of interest, where the coupler frequency is close
enough to the qubit frequencies for the interaction between
the coupler and the qubits to be non-negligible, the dom-
inant contribution to the second-order RWA correction to
the cross-Kerr interaction y ;i) is

2
E i Ugi Upi U O
< ij=a,b,c "4 0] “cj ])
@ A9

Xab W, + wp — 2w,

3 3
s UgcUpe [uaaubaaa - ubbuab‘xb]

Wy — Wp

@n

The full expression for x 55127) can be found in Appendix C.
Inspecting the hybridization coefficients u,s and the
denominators in Eq. (21), we deduce that the second-order
correction to the static cross-Kerr interaction, correspond-
ing to the first term in Eq. (21), arises from a virtual
two-photon excitation of the coupler (generated by the
commutator [abé12, ath12¢2]). This correction would not be
present in a two-level approximation [16]. On the other
hand, the second term in Eq. (21) is the lowest-order
contribution to the dynamical cross-Kerr interaction.

C. Improving the starting point of the perturbation
theory

As mentioned in the previous subsection, other choices
for H© and AHD are possible, which give better accu-
racy in comparisons with exact Floquet numerics. In this
subsection, we take the unperturbed Hamiltonian H© (¢)
to consist of the Fock-space diagonal part of H (1), namely

HO(¢) = w,a'a + wph™d + w.oe

+ & sin(wgt) [ufa&T& +u2,b'h + uiﬁ*é]

0) (0) 0)
o o Asn A o “
+ o+ LpRB + e
2 2 2
+xatab'h + xQatacte + yi0bThe'e,
(22)

where the quartic couplings in the last two rows are exactly
those defined in Eq. (20), with the superscript now changed
from 1 to 0 to reflect their presence in the unperturbed
Hamiltonian.

We expect this starting point, Eq. (22), to lead to more
precise results, because of two reasons. Firstly, the pertur-
bation A is now off diagonal in Fock space. The effects
of the anharmonicities of the modes are now included at
the level of A, and, in particular, we expect a dressing
of contributions corresponding to two-photon excitations,
such as Eq. (21). Secondly, due to the second row of Eq.
(22), we can derive the effect of harmonics of the drive fre-
quency through a Fourier expansion of the time-evolution
operator Uo (1), defined below.

Following the steps of the previous subsections, we
evaluate the time-evolution operator with respect to the
unperturbed Hamiltonian © (7), that is

Up(t) = e ot OO, (23)

with [H© (), H©(#)] = 0. The time dependence in the
exponent is handled via the Jacobi-Anger identity [50]

105 coseo 0s > 05
v e — (—) +2 Z i"J, (—) cos nwgyt,
wyq wyq

24

for any operator O, where J,(z) is the nth Bessel func-
tion of the first kind [50]. This expansion allows us to
keep track of all harmonics of the drive. In practice, since
the modulation amplitude is small, §/wy; < 1, only a few
terms will be necessary.

We obtain to first order (and truncating after the first
Bessel function)

m_9 Suz, Sugy,
Ja}, = —Ucqllen|Jo Jo
2 wy wq
Su? Su?
+3J1( ”C“)Jl( ”b)] (25)
wq wq

which agrees, up to linear terms in §, with the expression
in Eq. (20). On the other hand, the cross-Kerr interaction
at this order is vanishing x cgll,) = 0.
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To second order in perturbation theory, the dominant
contributions to J ;,” are

i8? 1 1
1 = S, (e = )
a

w,; — W, wp — W,
Su?. 5”?

le( ) [T H-2)+.... (o
@Wd j=a,b,c @d

We do not reproduce here the full form containing 20
terms. The second-order contribution X;i) is nonvanishing,
and contains approximately 450 terms in expanded form.
Despite the complexity of these full expressions, they are
easy to derive and manipulate with symbolic computation
tools [51]. Focusing on the static cross-Kerr interaction,
i.e., in the § — 0 limit, the dominant correction result-
ing from the above changes amounts to our previous Eq.
(21), but replacing the denominator of the first term of that
expression by a form that faithfully includes the contribu-
tion from the anharmonicities, as expected in the case of a
virtual two-photon excitation of the coupler mode. That is,
approximately

Wy + 0y — 20, — w0, + oy — Qoo+l (27)

The full expression for the corrected static cross-Kerr
interaction can be found in Appendix C.

In Fig. 2 we compare analytical results to numerical
results obtained from exact diagonalization (at § = 0), or
a solution of the Floquet eigenspectrum at 6 # 0 (see Sec.
V). We find that the agreement between numerics and ana-
lytics is excellent for the gate interaction strength, as well
as for the static § = 0 cross-Kerr interaction. However, we
find that second-order perturbation theory is insufficient to
reproduce the effects of the drive on the cross-Kerr inter-
action, even for modest drive amplitudes. We expect that
higher-order perturbation theory should correctly capture
the drive-amplitude dependence of the anharmonicities,
but these contributions have been inaccessible in our study
due to the large memory demands of the computer algebra
manipulations.

IV. FULL-CIRCUIT HAMILTONIAN

Building on the previous results, we now turn to deriv-
ing an effective Hamiltonian for the full-circuit Hamil-
tonian of Egs. (1) and (2). The full-circuit model goes
beyond the toy model in that it systematically includes
the effects of the parametric drive on all of the coupling
constants. Although the simplicity of the toy model is use-
ful in developing an intuitive understanding of the effect
of parametric drives on the system, the full-circuit model
can lead to more accurate comparisons with experimental
data.

w21 wy/21
(a) 1.0 / ' ol
_ / 0=0.0
o 05 N 1
g ST |
= 00 e —— = ——
% I — First order / V i
>é'° _0~57 —_— SecondA order / ]
b ~1.0 Numerics i
() 10 0/2r=0.3 GHz
o 05 ]
% [ ]
< 0.0 W
a
3 ]
3 0.57 ( 7
-1.0- -
() 20 00 01 02 03  §/27=0.3 GHz'
< 15 s 5 .
EN 10 E] i 4
= 5./
s C . 317 | e
S OF oo S Thee— "
S ol (GHo)
~10" : E|
4. 4.75 55 6.
we/2m(GHz)
FIG. 2. (a) Static cross-Kerr interaction y,,(w.), from first-

(black) and second-order RWA (blue), and from the full diag-
onalization of Sec. V (light blue points) for @,/27w = 4.0,
wp/2m =55, a,/2n = —0.3, op/27 = —0.2, a./27 = 0.25,
g./2m =0.12, g,./2m = —0.12, all in GHz, and g, /27 = 0.
(b) Analogue of (a) for dynamical cross-Kerr interaction at
8/2m = 0.3 GHz. (c) Same as (b) for the gate interaction rate
Jap(@.). Inset: J,,(8) at w. /27w = 4.25 GHz.

The full-circuit theory is constructed with the following
steps: we first introduce creation and annihilation opera-
tors for the bare circuit modes starting from the first-order
RWA driven circuit Hamiltonian in Sec. [V A. Because the
drive is taken into account at that level, the frequencies and
zero-point fluctuations of these bare modes will be explic-
itly corrected by the drive. In Sec. IV B, we perform a
normal-mode transformation amounting to a driven black-
box quantization approach. We then show in Sec. IV C how
a variety of quantum gates can be addressed by appro-
priate choices of the parametric drive frequency. Lastly,
we find corrections to the desired gate Hamiltonian using
a time-dependent Schrieffer-Wolff perturbation theory in
Sec. IVC.

A. Bare-mode Hamiltonian

To define the bare modes, we begin with the full-circuit
model Hamiltonian of Egs. (1) and (2). We normal order
expand the Josephson cosine potentials in this Hamiltonian
over a set of creation and annihilation operators, which we
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define as follows:

A Na a At

o = 2(a+a),

R |

a = —I (a—a'), (28)
214

with analogous equations for modes b and ¢&. The coef-
ficients 1, are chosen such that terms proportional to

A2 22 ~ . . . . .
az,b , and ¢? vanish in the time-averaged Hamiltonian.
This amounts to three transcendental equations:

F(ny)n; =8E¢; /Ey;, (29)

forj = a, b, c, where we define the form factors

F(ay) = e M0,

F(ne) = ae " Jy(1e8¢) c08 (1aBey)

_ 2 —
Y80 €05 (1pPo) . (30)

Note that in the transmon limit F(n,%)) ~ 1 we recover
the usual expression 1,4y ~ \/8Ecu/p/Ejasp. Secondly, the
parameter 7. depends on the parametric drive amplitude
8¢, which indicates that the mode ¢ impedance is drive
dependent. This has consequences for the precision of the
calculation of coupling constants dressed by the parametric
drives. In particular, it allows us to capture the ac-Stark
shift of the coupler mode at the lowest order in perturbation
theory. In what follows, sine and cosine functions of the
phase are normal order expanded according to Eq. (D7) of
Appendix D. In turn, trigonometric functions of the flux
modulation are expanded in Jacobi-Anger series over the
harmonics of the frequency of the drive.

Using the above definitions, the transmon Hamiltonian
I:Ia takes the familiar form

A2
H, = w5 — E), (cos o, + e""’“%) . 31

The second term on the right-hand side contains the nonlin-
ear part of the Josephson potential, i.e., the inductive part
is subtracted. Up to quartic order, H, takes the form

0y (a4 4 Oy [ 4r3  At3a

+ = (a4 + a“) + = (aTa3 + aﬁa) +- (32)
12 3

The first row of this expression is a Kerr-oscillator Hamil-

tonian as in the toy model of Sec. II, whereas the sec-

ond row contains corrections from quartic counter-rotating

terms. Here, we have introduced the mode frequency and
anharmonicity, which take the forms [29]

4E;, 1
W, = " : + E]:(na)naEJa X/ 8ECaEJa _ECa:

a

a, =—Ec,. 33)
Note that for the approximate equality in the first row we
use a Taylor expansion of Eq. (29) for n,. The equations
for mode b are identical from the above with a change of
subscripts and operators a — b.

The coupler Hamiltonian differs from that of the trans-
mon modes in two fundamental ways: it breaks parity
symmetry due to the external flux, and it is time dependent.
Following Eqgs. (13) and (12), we write this time-dependent
Hamiltonian as

Ho(t) = H(0) + He(0). (34)
The creation and annihilation operators of the coupler
mode can then be defined by extracting the quadratic part
of the time-averaged coupler Hamiltonian. Using Eq. (28)
where a — ¢ together with

cos [@c + :ufoc(Pext(t)] = c0S(aPex)Jo(Ladp) COS(P,.)
(33)

and a similar relation for the second branch of the cou-
pler [see Eq. (2)], we find in analogy to Eq. (31) for the
Hamiltonian of the transmon mode

H.=w.é'e

~2
_ ~ P
— oE 5 Jo(hed@) cOS(aPeyi) <cos o, +e ne/4 2c>

- ,BNEJCJO (Mﬁ5§0) COS(Mﬁaext)

. -2

D - /4N2 (pc

X | cos — + e M —=
(o v

+ akyJo(adep) Sin(Mu@ext) sin ‘:bc

+ BNE.cJo(14¢) sin(15F) sin 25 (36)

Crucially, in this first-order rotating-wave approximation
of the parametric drive, the Josephson energy is renor-
malized by the factor Jy(ua gd@), see also Ref. [23]. We
interpret this as an effective reduction of the Josephson
potential barrier, and consequently an increase of phase
fluctuations, in the presence of drives. Moreover, the pres-
ence of the nonzero external flux results in the parity
breaking sine terms in Eq. (36).
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The second term of ﬁc(t) in Eq. (34), the oscillatory part,
take the form

H () = —aEycos [§, + paPext(D) ]

—~—
A

— BNE .cos [% + uﬂwext(t)], (37)

which can be expanded in a Jacobi-Anger series in har-
monics oscillating at the frequency nw,;, where n is an
integer.

As above, the next step is to expand the coupler Hamil-
tonian up to quartic terms in the creation and annihilation
operators. In contrast to the transmon Hamiltonian of Eq.
(32), parity breaking leads to the appearance of monomials
of odd order. The nonoscillatory part is

+ (é“ - é“) + % (6*63 - é”é)
+g.; (63 + &Py 3ete 4+ 36*26)
+g., (é+é*)+~--. (38)

The first row of the above expression takes the form
of the coupler Hamiltonian in the approximation of the
toy model of Sec. II, while the remaining rows contain
number-nonconserving terms up to quartic order. Here, the
parametric drive-dependent mode frequency and anhar-
monicity read

4Ec. 1
W, = < + _f(nc)ncEJc:
n 2

c

o, = —Ece, (39)
while the prefactors of the counter-rotating terms are

g3 = —aee_”0/4ng/2J0(;La6g0) sin (uaam) EJC/(IZ\/z)

— ﬁe_nﬂ/4N2

N2
X (UpPex) Ese/ (12V2),
g, = aee "0 21 (114 8¢) sin (1aPex) Ese/~2

— 2 1 7y
1t Be nc/AN ni/zJo(MﬂfS(P) sin (,u,s(pext) EJc/\/z-
(40)

.2 Jo(npdp) sin

The contribution from the oscillatory part H () 1s too
lengthy to be reproduced here, and is given up to the sec-
ond harmonic of the parametric modulation frequency wy
in Table II of Appendix D.

Finally, the last term of the full circuit Hamiltonian to
consider is the linear interaction H, induced by the capac-
itive coupling. Using Eq. (28), this Hamiltonian takes the
form

ﬁg:—M(ﬁ—ﬁ*)(ﬁ—ﬁTH... (41)
A~/ Nalb

where the ellipsis represents two more terms correspond-
ing to the cyclic permutations of the mode indices.

The Hamiltonian specified by Eq. (32) and its equivalent
for the b transmon mode, together with Eq. (38), the terms
summarized in Table II of Appendix D, and Eq. (41), form
the basis of the full-circuit numerical simulation performed
in Sec. V.

B. Driven black-box quantization approach for
parametrically activated interactions

We now follow the procedure developed with the toy
model in Sec. III B to obtain effective gate Hamiltonians
under parametric modulations. To do so, we first displace
the Hamiltonian of Eq. (1) by approximate solutions to
the corresponding classical equations of motion, with the
aim of removing all contributions linear in the coordinates
@;,1;. As such, this avoids keeping the linear terms as part
of the perturbative expansion. This procedure is detailed
in Appendix D and amounts to making the following
replacement in Eq. (1):

¢j — (bj + & + ¢ sin(wgt). (42)

The parameters ¢;, & are found numerically. The proce-
dure above can best be understood as a change of frame
in which all coordinates @;, i; represent quantum fluc-
tuations about a known classical trajectory. In particular,
should the amplitude responses ¢; be neglected, then &;
would be the amount by which phase variables need to
be displaced such that the subsequent Taylor expansion is
performed around the classical minimum of the potential
energy.

Next, we collect under 4@ the time-independent
quadratic terms, in a procedure analogous to the one above.
We then eliminate the linear coupling ﬁg of Eq. (41) from

H© through a normal-mode transformation

HO = 0,472 + @pb b + w.67¢ + H,

wad'a + wpb'h + w.é'e. (43)

The linear transformation is determined by a set of 18
hybridization coefficients that relate bare mode coordi-
nates to normal-mode coordinates (see Appendix E for the
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procedure to compute these coefficients)

A Uap 4 At
o — = + >
o ﬂ;cﬁw B

=y l”j‘_os AN, (44)
B=a,b,c

=>

for « = a,b,c. We stress that the hybridization coeffi-
cients uqg, vyp depend on the amplitude of the parametric
drive. As a result, drive effects such as the ac-Stark shift
of the nonlinear oscillators are accounted for already at
the level of the normal-mode decomposition of the circuit
Hamiltonian.

In analogy with our treatment in Sec. Il of the toy
model, we take H4© to be the unperturbed Hamiltonian
with respect to which the interaction picture is defined. Pri-
marily in order to keep the expressions more concise, we
opt to neglect the corrections analyzed in Sec. III C. With
H®O the unperturbed Hamlltonlan the remaining interac-
tion terms are AV () = A — H©. Expressing these in

the interaction picture w1th respect to Uy = iVt
Eq. (8), we find

as in

M @ =Ty [Aw - A O, @5)
which, as before,
nonoscillatory parts.

As a first example, to realize a beam-splitter interaction,
the first-order RWA Hamiltonian is obtained in the form of
Eq. (19) for a modulation frequency that satisfies

is decomposed into oscillatory and

wq = wp — W, (46)

Of note, as already mentioned, the right-hand side of the
above definition depends implicitly on the drive frequency
wy, since it is defined in terms of ac-Stark shifted normal-
mode frequencies. In Sec. V we present a numerical
procedure to obtain the parametric drive frequency.

With this choice of modulation frequency, the effective
Hamiltonian takes the form

—(1)
A, =J (—ia'h+He)
a® ( ) ad
—f—L&TZ 2 bTZbZ c ATZ 2
2 2

D 4 O 1 e

+ chb;) (—Z&T&aTb + H.c.)

+ 5, (—ib'ba’h + H.c.)

+ G (—ieTea’h + Hee)

+ K@ + He). 47)

In contrast to the effective gate Hamiltonian Eq. (19)
obtained for the toy model, there are additional terms in the
last four rows, namely photon-number-conditioned beam-
splitter terms and a photon-pair beam-splitter term. The
couplings appearing in the above Hamiltonian are

uaa a.
JO = ”J1 (La) Sin(E0) Ega
u, aub .
2 S 21 (L) sin(&s) Eyp
UcqUep (@)
- 2 —aJ; (Cc + /,La&p) Sln(‘i:c + /’Lagpext)EJc

ucaucb éJl (é‘c
N

>N + Mﬁ&p) sin

& _ ®)
X (N + MBPext EJcﬂ ’

1
w__1 4
& 8 > Uy

i=a,b,c
(n
Xik = Z i g
l a,b,c
2
Ty = ==LJ, forj =abc,
(€Y 2
KLY = 0 1) cos(e
”i 127b
(116 J2(&p) cos(&p)Epp

Lt2 u 1)
B Ci66b OlJZ ({c + /La&ﬂ) COS(SC + /’La(pext)Eﬁg)

2,2
ucaucb ,3 %
T N_3J2 (— + M,g&p) cos

(5 4 g £ (48)
where we use
Ej, = e a4/ g (2,) cos (6 Eay
Efy = e bl /40 (63) cos (€5 Enp,

E}, = aJo(Ce + 1ad9) cOS(Ee + [t Pex) ES
ﬁ {C‘ SC —
Jo + ngde | cos N + UpPext Eﬁf),

E}‘Z) = efuca/47ucb/4fugc/4 Ey.
2 2_,2 2_,2 2
E}f) = oM/ AN /AN (49)
The above expressions depend on the drive both explic-

itly, through the arguments of the Bessel functions, and
implicitly, through the hybridization coefficients ;.. While
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the amplitude responses on the two transmon qubits are
expected to be small, i.e., {,» <K ¢ and &, <K &, these
contributions show that, through hybridization, all Joseph-
son elements contribute to the resonant parametric interac-
tion. The first three lines of Eq. (48) are similar in form
to those obtained for the toy model in Eq. (20). Of the
two additional classes of terms possible in the full-circuit
model at this order in perturbation theory, the photon-pair
beam-splitter term, in the last row of Eq. (47), is generated
by the second harmonic of the drive. However, since this
term is fourth order in the hybridization coefficients, it can
only become comparable to the beam-splitter interaction
at vanishing external flux p.,, & 0, or if §¢ is set to cancel
J,

As in the case of the toy model, going to second order
in perturbation theory using Eq. (14) we find corrections to
the coupling constants derived above to first order. Noting
that parity-breaking terms significantly dress the coupler
0 — 1 transition frequency, we absorb this renormaliza-
tion into a reparametrization of the external flux g, —
0L (@exe) such that w.(glL,) = ©P (Pey), i-€., we absorb
the corrections to the coupler pole at second order in per-
turbation theory into a redefinition of the coupler normal
mode, in a self-consistent approach that can be further
validated with exact numerics.

30
—~ 25 L
N e 000
I E
= 20 . 001
§ 150 e 002
= 104 003
> 5 e 004
0 L
20
£ 10} - ;
c O 3
N ;
;3 -10¢ -
-20 : ‘ ‘ : ‘
0.0 0.1 0.2 03 04 05
¢ext / 2n
FIG. 3. Coupling constants in the effective Hamiltonian for the

full circuit as a function of external dc flux @.,,. Dots (lines)
represent Floquet two-tone spectroscopy data with Hilbert-
space dimension 10 per mode (second-order RWA calculations).
Color (see legend) encodes parametric drive amplitude ¢ /2.
Parameter choices: C, = 134.205 fF, C, = 134.218 {F, C. =
75.987 fF, C, = 11.11 {F, Cp. = 11.22 fF, Cpp = 0, E;, /27 =
37GHz, Ep /2 = 27 GHz, E;./2nr = 50 GHz, 0 = 0.258, 8 =
1, and N =3, e =5/6 and pug = —1/18. We attribute large
discontinuities in the numerical curves to state tracking errors
near avoided crossings (see Sec. V).

In Fig. 3 we show a comparison between exact Flo-
quet numerics (see Sec. V) and second-order perturbation
theory for the full-circuit model. We find that the analyt-
ics reproduce with good accuracy the numerical results
for the gate interaction rate J,; in the region where the
coupler 0 — 1 frequency lies between the two transmons:
W, < w, < w,. There are poles in the numerical gate rate
Jaup for w. < w, or for w, < w. that we expect to capture
only at third order in perturbation theory. The numerical
cross-Kerr interaction, as in the case of the toy model,
only agrees well with analytics in the static case §¢ = 0.
Focusing our attention on the curves obtained from Flo-
quet numerics, we see that with a typical set of parameter
gate rates as large as J,;/27 ~ 20 MHz (equivalent to a
25 ns +/iSWAP gate) can be achieved while maintaining a
vanishing dynamical cross-Kerr interaction. The tools pre-
sented in this paper feed into a larger scale optimization of
the circuit parameters, which forms the subject of a future
study.

C. Other parametric gates

The space of parametric gates is not limited to beam-
splitter-type, or red sideband, terms. Indeed, different inter-
actions can be activated by appropriate choices of the
frequency of the parametric drive [16,52—58]. For exam-
ple, if instead the modulation frequency targets the blue
sideband,

Wy = W + wp, (50)

then the resulting interaction is a two-mode squeezing
term. The effective gate Hamiltonian is formally the same
as Eq. (47) with the simple modification

ath — atbt, (51
in the first line and in the last four lines of Eq. (47). The
coupling constants remain formally as in Eq. (48). Note,
though, that quantitatively the rates will differ, since the
classical responses and the hybridization coefficients are
dependent on drive frequency. As opposed to the beam-
splitter interaction, we expect [59] nonadiabatic effects
at the larger modulation frequency Eq. (50), which will
require higher orders in perturbation theory beyond the
scope of this work.

It is also possible to obtain a CNOT interaction induced
by a parametric drive at w; = w,, which makes the a
transmon mode into the target mode of a cross-resonance
protocol [30,31]. Following the same procedure as in
the preceding subsection, with this choice of modulation
frequency we arrive at the effective gate Hamiltonian

—(D A ARRER A At ata
A, = —iQup(a—a")b'b—iQ,.(a—a')c'c

—iQua—a") —iQu.@taa —d'ata).  (52)
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The first term of above expression generates the cross-
resonance gate, while the second term is a coupler-state
conditional drive on mode a, which is negligible for
(¢T¢) & 0. On the other hand, the second row contains local
operations on qubit a.

The coupling constants in Eq. (52) take the form

" 3 o
Qa = ucaEJ,C’ Qa;a = ucaEJ,c/z’

Qusp = theatiopE) s Quse = UcatigeE, (53)
where we define
Ej, = %Jl (S + 1ad) €08 (B + HaPext) ES)
e (5 b i) s (£ 4 ) B
EJ, = _%Jl (e + 1adp) €08 (& + aBex) Ey2

B Le & —
— ﬁNle i + ngdy | cos N + UpPext E}ﬂc)
4

For brevity, in the expressions above we drop the smaller
contributions proportional to J;(¢,,). While in the stan-
dard cross-resonance gate protocol the gate is activated by
amicrowave tone on one of the qubits [30,31], here it is the
coupler mode c that is parametrically driven. This protocol
to achieve a CNOT gate is advantageous if the coupler mode
is much more strongly coupled to the transmon modes «
and b than their direct capacitive coupling. In the standard
cross-resonance protocol [31,32], the CNOT gate rate Q.
saturates as a function of the amplitude of the paramet-
ric drive; in this model saturation could be in part due to
the Bessel function J;. Table I summarizes the different
interactions that can be obtained for different choices of
modulation frequencies.

V. FLOQUET NUMERICS

In this section we use exact numerical Floquet methods
to extract the effective gate Hamiltonian from quasienergy
spectra. Floquet theory validates the results obtained using
perturbation theory in Secs. III and IV C. On the other
hand, this numerically exact method is applicable beyond

the regime of validity of perturbation theory. In this
section, we first briefly introduce the method and the nota-
tion in Sec. VA and, as an example application, return
to our toy model to extract the cross-Kerr interaction y
and the +/iSWAP gate amplitude J,;. Using these results,
we show how to adjust the system parameters such as
to cancel the dynamical cross-Kerr interaction during an
~/iISWAP gate. Then, in Sec. V B, we apply the method to
the full-circuit Hamiltonian. In particular, we perform a
numerical experiment analogous to two-tone spectroscopy
for the parametrically driven circuit. For completeness, an
introduction to Floquet theory is presented in Appendix F.

A. Effective Hamiltonian from Floquet spectra
Our analysis starts from the observation that the effective
Hamiltonian is unitarily equivalent to the Floquet Hamil-
tonian according to Egs. (8) and (9), and therefore their
quasienergy spectra (see Appendix F) are identical. In the
laboratory frame, we can write

Hep — i, = e~ 00 [i{(z) — iat] G0, (55)

The perturbative expansion for e=¢®, and consequently
that for He, is therefore an iterative approach to finding
the Floquet spectrum.

In this section we compute the Floquet spectrum exactly
and show how the parameters of the effective Hamiltonian
can be extracted from it. ac-Stark shifted normal-mode
frequencies, self- and cross-Kerr interactions, and gate
amplitudes are formulated as linear combinations of appro-
priately identified eigenvalues of the Floquet Hamiltonian.
For illustration, in this subsection we confine our attention
to the Floquet analysis of the toy model of Eq. (5).

To identify states in the Floquet quasienergy spectrum,
we find eigenvectors that have a maximum overlap with a
set of known, unperturbed states. We let the state |i,ipi.)
be the eigenstate of the time-independent Schrédinger
equation for the undriven Hamiltonian, that has maximum
overlap with the Fock state |i,) |i)) |i.), and denote its
eigenenergy by E; ;.. Finally, we define |i,iyi.)r as the
Floquet eigenmode having maximum overlap with |i,ipi.),
and we denote its quasienergy with €;,;,;.. In what fol-
lows, we label kets by three integers as above, in the order
a—b—c.

TABLE I. List of the most accessible gate Hamiltonians realizable with a parametric drive in the analyzed architecture.
Gate Bosonic operator Drive frequency Dominant unwanted interaction Equation
ISWAP and beam splitter —iath + ibta Wy — wp atabth Eq. (47)
Two-mode squeezing —ia'h" + iba W, + wp atabth Egs. (47) and (51)
CZ and Ising ZZ atab’h No drive Eq. (47)
CNOT —i(a—ahb'h Wy —i(a—ahata Eq. (52)
CSWAP —icte@atb — bta) W, — wp —iath + ibfa Eq. (47)
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FIG. 4. Quasienergies of the Floquet modes with maximum
overlap with eigenstates |0,1,0.) and |1,050,), for the toy model.
The light and dark blue dashed lines correspond to the eigenen-
ergies of the uncoupled system. The inset shows the population
of the Floquet states, Py, un (1) = |7 (nanpne| ¥ ()%, compared
to the state populations of a two-level system (dots), driven
resonantly with Rabi rate J,;, where J,;, is the gate amplitude
obtained from the avoided crossing in the Floquet spectrum.

With these definitions, the gate amplitude J,; has a nat-
ural interpretation in the Floquet formalism. As shown
above, the /iSWAP interaction arises in the toy model if

wg = wp — 0z = E190 — Eolo- (56)
Since the parametric drive enters via a term proportional
to ¢'¢, which couples the undriven eigenstates in the two-
state manifold {|100) , |010)}, there is an avoided crossing
between the Floquet modes |100; £ + 1) and |010; k), as
shown in Fig. 4. Because the gate operation is analogous to
Rabi oscillations in the two-state manifold {|100),|010)},
the size of the avoided crossing is twice the effective gate
amplitude, 2J,,. For example, if an excitation is origi-
nally prepared in the transmon b, then population dynam-
ics would obey Py1o(t) = | (010|139 (£))|* = sin? (J,,f) and
Pigo =1 — Py, in full agreement with exact numerics
(inset of Fig. 4). Away from the avoided crossing, the dif-
ference between the dressed states and the undriven states
corresponds to the ac-Stark shift of the transmon normal
modes due to the off-resonant drive.

Note that, in practice, the two-state manifold {|100),
|010)} is coupled by the drive to other levels. The resonant
drive frequency wy is then slightly shifted from Eq. (56)
due to the ac-Stark effect induced by these additional cou-
plings, and the exact value can be determined numerically
by minimizing the size of the anticrossing.

The dynamical cross-Kerr interaction y,, is written in
terms of a Walsh transform [15] of the quasienergies

Xab(8) = €110 — €100 — €010 + €000, (57)
and reduces to the static cross-Kerr when the parametric
drive is turned off:

Xab(0) = E110 — E100 — Eo10 + Eooo- (58)

Along with J,;, and x5, any ac-Stark-shifted quantity per-
taining to the effective Hamiltonian can, in principle, be
obtained by taking appropriate linear combinations of the
quasienergies in the Floquet spectrum.

Since the Floquet quasienergy spectrum can be obtained
from the propagator U(27 /wy, 0) over one period of the
drive (Appendix F), the Floquet method is numerically effi-
cient as compared to the simulation of the dynamics over
the complete gate time. The period of the drive is on the
order of 1 ns, which is between 2 and 3 orders of magnitude
shorter than the gate times studied here. Due to its rela-
tively small computational footprint, the Floquet method
allows us to efficiently search for optimal gate parame-
ters, e.g., a maximal J,;, with a minimal residual cross-Kerr
interaction, x,». As an example, in Fig. 5 we study the
behavior of J,;, and x,; as a function of the bare coupler
frequency w, for different choices of drive amplitude, §,
and bare coupler anharmonicity, o..

From these studies we can, for example, find parame-
ters for which the cross-Kerr interaction x,, vanishes. As

(a) r
104 a./2m
. 80 MHz
EN —— 120 MHz
= — 180 MHz
& 0
o™
s
=
71()‘
3 4 5 6 7
b
®) 101 8/2m
< 0 MHz
E —— 100 MHz
— 0 —— 200 MHz
&S
3
=
—10+
(c)
5 2
jas)
[\
=
<,
3 4 5 6 7
we/2m (GHz)

FIG. 5. (a) Static y, interaction at § = 0 for the toy model
versus the coupler frequency for different values of the cou-
pler anharmonicities, with remaining parameters ®,/27w =
4.0, wp/2mr =575, a,/2m = ap/2r = —0.2, and g,./2m =
—g,./2m = 0.05 GHz. (b) Dynamical x,, versus bare coupler
frequency for the parameters above and a. /27 = 0.12 GHz, for
different values of the drive amplitude. (c) Gate amplitude J,
for the parameters in (b). The Hilbert-space dimension for each
mode is 5.
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already mentioned, this is helpful to obtain high-fidelity
two-qubit gates and relies on choosing a positive coupler
anharmonicity, «.. In Fig. 5 we find that, while varying
a. does not affect J,; to lowest order in perturbation the-
ory, it has a considerable impact on x,;. Indeed, Fig. 5(a)
shows the static y,, for multiple values of «., and illus-
trates that it is possible to fine tune &, to cancel y,,. We
observe empirically that, in the RWA, whenever the bare
anharmonicities obey a;! + o' + o' = 0, one can find
. for which y,, = 0 at a sweet spot, where 9 x,,/95 =~ 0.

For the dynamical cross-Kerr interaction x,, one
observes complex variations with 6. The main resonances
appear for . ~ @,, wp, and (0, + @;)/2 but the slopes
and the sign of y, change and additional resonances
appear away from the qubit frequencies, especially when
the drive amplitude and coupling strengths g, 4. are suf-
ficiently large. As illustrated in Fig. 5(b), by tuning the
drive amplitude it is possible to find a bare coupler fre-
quency, ., for which the effective x,;(§) = 0. On the
other hand, as seen in Fig. 5(c), the gate rate increases
with § without qualitative changes of its dependence on
®.. Therefore, as the gate is turned on or off by varying §,
one can adjust the bare coupler frequency @, to maintain
the instantaneous x,;(8) = 0. This defines a cross-Kerr-
free curve in the parameter space (w.,8) connecting the
“off” point § = 0, x,,(0) = 0,J,,(0) = 0 to the “on” point
8 # 0, xap(8) = 0,J,5(8) # 0. We study this in detail on
the realistic full-circuit model in Sec. V B.

B. Full-circuit simulation

In this section, we apply the Floquet numerical method
to the full-circuit Hamiltonian of Sec. IV A. We study the
dependence of the coupling constants in the effective gate
Hamiltonian versus dc flux and as a function of the drive
amplitude.

Figure 6 shows the analogues of the plots in Fig. 5
for the gate amplitude J,,(@.) and of the cross-Kerr
Xab(@ext) NOW for the full-circuit Hamiltonian. State track-
ing is performed as described in the previous subsection.
However, in the vicinity of avoided crossings, it is impos-
sible to identify with certainty the states generated by the
relatively large capacitive couplings considered here. We
therefore introduce exclusion regions where state tracking
is unreliable. Even though the tracking is expected to be
complicated by the presence of counter-rotating terms cou-
pling states with different photon numbers in the full device
Hamiltonian of Sec. IV A, we find that this is not a signifi-
cant source of tracking error, as compared to errors due to
large hybridization.

In Fig. 6(b), we represent x,, versus the dc flux g, for
different values of the flux-drive amplitude. Unlike the toy
model, x,» does not go to zero away from the qubit-coupler
resonances. This is because the qubit-coupler detuning sat-
urates as a function of ¢, as opposed to the toy model

—_
Y
~

80 /2
< 60
o 40
& 20
S 0 ~
=220
=~ -40

- I 110111
(b) 20 ‘
N
= 10
= 3 /
0 e i
< § |
3 , \LQ_
S -10 _JW

20 ;

0.0 0.1 0.2 P 0.3 0.4 0.5
Pext ™

C
(A) 80
N 60
= 40
— 20
& 0 = =
3 -20 , =
~ -40

eold II I

-10 0 10 -10 0 10 -10 0 10
Xab/2m (MHz)

FIG. 6. Same parameter choices as Fig. 3. Gate amplitude J,

(a) and cross-Kerr x5 (b) for different parameteric drive ampli-
tudes 8¢ (encoded in curve color) and as a function of the
static flux @,,, from Floquet simulations. Data has been excluded
where deficient state tracking in the vicinity of avoided crossings
led to unphysical discontinuities in the quantities. (c) for regions
1,11, and 1] identified in (a) and (b), we eliminate the common
parameter @, and plot J;(x4»). This allows us to identify those
regimes in which the +/iSWAP gate interaction can be turned on,
while maintaining a vanishing dynamical y;.

where the detuning could be increased arbitrarily. In the
undriven case (black), we see that for this set of device
parameters there does not exist a flux value for which y,;
vanishes. However, increasing the drive amplitude allows
for an active cancelation of the dynamical y,, at some
flux value. The corresponding behavior of J,; is shown in
Fig. 6(a). In Fig. 6(c), we synthesize the numerical results
into three favorable regions of operation for the parametric
gate, denoted /, /1, and /1], respectively [see (a)]. For these
regions, we eliminate the external flux and plot directly the
gate amplitude J,,, against the dynamical cross-Kerr inter-
action x,p. This allows us to determine regimes of optimal
~/ISWAP gate operation. We conclude that gate amplitudes
as high as 40 MHz, corresponding to a gate time of 12.5
ns, can be achieved with vanishing cross-Kerr interaction
for these parameter choices.

For both J,;, and x,; there exist peaks away from the
qubit-coupler resonances, situated at @y /2w ~ 0.13,0.42.
These correspond to avoided crossings appearing in the
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FIG. 7. Two-tone spectroscopy data from Floquet numer-

ics. Each point corresponds to a possible transition and its
size is weighed by the matrix element of the charge oper-
ator of bare qubit a, X = n,. Parameters chosen as in
Fig. 3 with ¢/2mr = 0.0 (black dots) and 0.03 (crosses).
The subscripts o, 8 sweep over the subset of Floquet modes
{1000}, 100}z, |010)£,]001)-}, whereas the drive photon
number k takes integer values between —15 and 15.

driven Floquet spectrum, corresponding to the hybridiza-
tion of Floquet levels involving distinct numbers of drive
photons. For example, the Floquet level |100, k) can
couple to the Floquet level |001,k — 1)r. This can be
seen by unfolding the Floquet spectrum in spectroscopy
simulations (see Fig. 7).

To exemplify the full extent of the Floquet analysis,
we generate two-tone spectroscopy data from our simula-
tions according to Egs. (F2) and (F3) in Appendix F, by
focusing on the experimentally relevant situation where
the parametric drive is on, while the (second) probe tone
acts on the bare charge operator n,. In Fig. 7 we rep-
resent the numerically computed spectrum close to the
two-qubit transition frequencies. The size of each point
is proportional to the absolute value of the correspond-
ing matrix element. The black dots correspond to transition
frequencies in the undriven spectrum. As expected, the dot
sizes are larger for the transitions involving the probed
qubit a. The large avoided crossings around @.,./27w ~
{0.32,0.38} result from the capacitive couplings between
the coupler and the qubits. Secondary avoided crossings
appear between the coupler mode and the transmons near
@ext/2m ~ {0.13,0.42} in the driven spectrum, and are
responsible for the secondary poles mentioned in the dis-
cussion of the coupling constants of the effective Hamil-
tonian, Fig. 6. Furthermore, as we detail in Appendix G,
counter-rotating terms induce corrections when attempt-
ing an accurate comparison with spectroscopic data from
experiments.

VI. CONCLUSION

In summary, we present two complementary meth-
ods for the analysis of parametrically activated two-qubit
gates, one based on analytical time-dependent Schrieffer-
Wolff perturbation theory, and one based on numerical

Floquet methods. Although we mostly focus on coupler-
mediated parametric +/iSWAP gates, a larger collection of
gates can be generated in the same model Hamiltonian.
The methods presented here allow one to efficiently evalu-
ate the terms present in the effective gate Hamiltonian.

For the +/iSWAP interaction, we show that with exper-
imentally accessible parameters, a gate frequency of
approximately 40 MHz corresponding to a gate time as
short as 12.5 ns can be obtained with vanishing dynamical
cross-Kerr interaction. This fast gate is achieved by work-
ing with large capacitive couplings between the qubits and
the coupler, while canceling the cross-Kerr interactions by
setting the coupler anharmonicity to positive values, and
choosing the right modulation amplitude. Optimization
of realistic device parameters based on close agreements
between the Floquet simulations and the experimental data
will be published elsewhere [60].

We argue that the analytical method introduced here
and which is based on a drive-dependent normal-mode
expansion is a computationally efficient strategy to orga-
nize the perturbation theory as compared to an energy
eigenbasis calculation, for it allows the parameters of the
effective Hamiltonian to be obtained at lower orders in
perturbation theory. Moreover, this strategy is suitable in
the regime of comparatively large linear couplings, where
the dispersive approximation breaks down. Nonetheless,
we show that higher orders in analytical perturbation the-
ory are needed for full agreement with exact numerical
results, especially for higher-order interactions, such as the
dynamical cross-Kerr. Generating higher-order contribu-
tions efficiently using computer algebra techniques is the
subject of future studies. On the other hand, this work indi-
cates that Floquet numerical methods, as compared to full
time-dynamics simulations, is a numerically efficient and
exact method for minute optimization studies of parametric
gates.
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APPENDIX A: TIME-DEPENDENT
SCHRIEFFER-WOLFF TRANSFORMATION

To obtain equations for GI (1), we assume that the gener-
ator can be expanded as a series in A, that is

Gi(t) = A6V (O) + 260 + - -, (A1)
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and collect powers of A in the BCH expansion of Eq. (9)

e~ C1(Hy — i) = 1AM — G
N ~ i A N A
+ A" 16 = D16 AG ] - 22 G

— i3, + 0(\>). (A2)

The above expansion can be expressed compactly

00 .
e O (Hy — ivelt = 3 3 [19,(“ 0 — iéﬁ’”] i3,
k=1
(A3)

Provided a prescription for A* G;k)(t), we have a recursive
way of determining higher-order corrections to the inter-
action Hamiltonian: knowledge of AH ,(1)(1,‘) allows one to
determine A2A, 1(2), then A>H, 1(3) ete.

The kth-order term in the generator, A (A};k) (9, is deter-
mined by the condition that the Hamiltonian be free of
oscillatory terms of order A* or less. This condition can
be formulated explicitly if we write, as in Eq. (11),

~ — (k) (k)
AP 0 =3 H, +2H, ). (A4)

x (k)
Then oscillatory terms A¥H, ~ are canceled for every £ if

) L[ ez®
G0 =5 | k. (A5)

Note that, in the above expression, we impose the bound-
ary condition G}k) (0) = 0 by specifying the lower limit of
the integration. Noting that Eq. (A5) implies

LK) 1 [, z®
A Gy (t)z;/ AMH, (D),

P 1 L E®
MG = - [ / AH, (z)] . (A6)
=0

——(k)
The dc part of the generator, A*G; , is nonvanishing

here as a result of the boundary condition in Eq. (A5),
as opposed to the zero time-average property of kick
operators, to which the generator studied here is related
[47].

With the above formalism in place, we are now ready to
compute perturbative corrections. From Eq. (9) we identify

the A2 correction to the interaction-picture Hamiltonian
N N ~ I A ~
RHP (1) = MY 06 = SGAGE] (A7)

Going ahead and solving the RWA condition in Eq. (AS)
at order 1!, we find the order-A2 RWA Hamiltonian

27(2) 1= Lo~
Wi, =<\ / A, (t)dr
0

1T =M Lo~
+ 5 |[M O, / AH, ()dt |. (A8)
0

This procedure can be iterated to higher orders, with
increasing complexity due to the proliferation of terms
from nested commutators in the BCH expansion.

APPENDIX B: CIRCUIT QUANTIZATION

In this Appendix we derive the model Hamiltonian
of Eq. (1) from the circuit Lagrangian corresponding to
Fig. 8. Assuming the individual modes of the junction
array have small impedance, guaranteed by sufficiently
large Josephson energy, the junction array can be described
by an effective one-dimensional Lagrangian where the total
phase difference across the array is spread evenly through
the junctions. The effective one-dimensional Lagrangian
associated with the bare coupler mode is

C. .
L, = k;ﬁ quﬁ + aEy. cos [@, ] + BNE): cos [%] ,
(BD)

where ¢, is the branch flux across the small junction and
the shunt capacitor with total capacitance Cy, ¢4 is the
branch flux across the junction array with effective capac-
itance Cg, and @, = 2w ¢, /P, are the associated reduced
phase variables, and @ is the superconducting flux quan-
tum. The phases ¢, and ¢4 are constrained by the fluxoid
quantization, @, + @4 = @exr. We define the alternative
coordinates

Oy = P T HaPexts

0= —@. — Nip@ext, (B2)

with e — Nug = 1, such that the capacitive energy in the
Lagrangian is now purely quadratic in ¢_.. We thus require
Cota + CgN g = 0. We obtain

Y
o=
1 C,
= B3
Kp NCot Gy (B3)
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FIG. 8. Circuit schematic and notations used in the derivation
of the circuit Lagrangian in Appendix B. The coupler consists of
two branches of total capacitances C, and Cy (not indicated in
the figure). The « branch consists of a single Josephson junction,
while the ‘8’ branch contains N junctions in series. The bare
coupler and transmon modes are connected capacitively through
coupling capacitances Cyp p cq-

Up to time-dependent scalar terms, we obtain the form

C. .
Ec = 7¢i + aE. cos [(Pc + sz‘ﬂext]

+ BNE,. cos [% + M,B(pext] . (B4)

Moreover, for the two bare transmon modes j = a, b the
Lagrangian reads

C .2
L = 7J¢j + Ejj cos ;. (B5)

The total Lagrangian of the system then takes the form

L=Ly+ Lo+ Lo+ Ly, (B6)

where we introduce the capacitive coupling between the
three bare modes

Cbc

Ca ;- :
= oyt bt hb B

APPENDIX C: PERTURBATION THEORY FOR
THE TOY MODEL

In this section, we reproduce expressions for the cross-
Kerr interaction obtained to second-order in perturbation
theory for the toy model. The full expression of the second-
order RWA correction to the cross-Kerr interaction in Sec.

111 B reads

2
2
4(2 —abc U a;”ly”q"‘/>

wp — W

Xab,Sec. 1B —

4 j=a,b,c Uqj ubj Ucj a])

Wy — W

2 j=a,b,c Uqgj Upj uq “J )

w; + wp — 2w,

(=
(=

(S )
(=

wWg — Wp
2 —abcua]ubja])
Wy — Wp
2 2
UgcUpe Z,’:a’b,c Ugj Upj (uaj - ubj)
+ 3.
Wq — Wp
(CD)

The second-order correction to the static cross-Kerr inter-
action as calculated in Sec. III C is

2
@ 4 (Z =ab,c ajubf “qo‘/)

Xab Sec.lIC —
2 2 2
wp — W + Zj =ab,c 2uaj (ubj - ucj) o

2
2
4 <Zj —abyc Uaj Uy Uej )

+
) 2
Wa = @c + Dy pe 2y (uaj B ”cf) %
5 2
2 (Zj:a,b,c Uaj Up Uy “j)
_|_
w,; + wp — 2w, + (2%/ Up; — u‘c‘i) o
2
2 (Z =a,b,c ajub]aj>
wg — wp + Zj:a,b,c < aj Zuaj ubj) o
. 2
2 (Z/ =a,b,c u“j ubj aj)
+

Wa = @p+ D e <2qu M%,- - ”@') %a
(C2)

The expression for the dynamical cross-Kerr interaction,
Xab Sec. 1 c At 8 # 0, is available from the formalism, but
it is too lengthy to be reproduced here. In the main text,
an evaluation of this expression is used in making direct
comparisons to exact numerics.
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APPENDIX D: DETAILS FOR FULL-CIRCUIT
HAMILTONIAN

In this Appendix, we record a number of results used
in Sec. IV, in particular solutions to classical equa-
tions of motion in Appendix D1, the formulac used
for normal-ordered expansions in Appendix D2, and
the time-dependent terms in the coupler Hamiltonian in
Appendix D 3.

1. Classical equations of motion

We consider a time-dependent unitary displacement of
Eq. (1) according to which

@, = @ + @ (0), b — B +n; (D), (D1)

with j = a,b, c. Requiring that the Taylor expansion of

the displaced Hamiltonian do not contain any linear terms

amounts to having ¢; (¢), n; (¢) obey the classical equations
of motion associated with the Hamiltonian of Eq. (1). We

J

obtain these by writing down the six Heisenberg equa-
tions of motion d@; /dt = i[H, @;], dn; /dt = i[H, n; ] for
j =a,b,c, then passing Heisenberg-picture operators to
classical variables @; (1) — ¢; (1), 1; (1) — n; (0).

¢q = 8Ecang + 4Eccane + 4Ecaphy,
@b = 4Ecapng + 8Ecpnp + 4Ecpene,
¢ = 4Eceany + 4Ecpeny + 8Ecene,
ng = —Ej,sin(g,),
np = —Ep, sin(gy),

e = —oL g sin [@c + plo@exi(D)]

. T
— BE.sin [ﬁc + /wext(t)] : (D2)
Differentiating the first three equations we eliminate the
charge coordinates to obtain a set of second-order equa-
tions for the phase coordinates

©a + w;a sing, + 4EcapEgp sin gy + 4E e Ege {05 sin [¢. + tePexi ()] + B sin I:NC + Mﬁ(pext(t)]} =0,

2 + wlzpb sSm ¢p + 4ECabEJa Sm @, + 4ECbcEJc {05 sm [gﬂc + Ma(oext(t)] + ﬂ sm [FL + Mﬁ(pext(t)]} = 0,

Qe + otwlz,c sin [¢; + o @ext (D] + ,Bwlz;c s [FC + Mﬁ‘pext(t)] + 4E ey sing, + 4EcpEgp sing, = 0,

(D3)

where we define three plasma frequencies w,; = \/8E¢; Ej; for j = a, b, c. These equations can be solved approximately

by considering a trial form

¢; = ¢ sin(wgt) + &,

(D4)

and equating coefficients of the zeroth and first harmonics of the drive frequency w,;. This leads to six coupled

transcendental equations

o>, sin(E,)Jo(La) + AEcanEp sin(&)Jo (L)

+ 4E CcaEJc

@y SIN(E0)0(85) + 4EcapEa sin(§a)Jo(La)

+ 4E CbcEJc

. — . & —_ c
o Sln(%—c + :Uvot(pcxt)JO(gc + Ma&P) + ;3 sm (ﬁ + /’L,B(pext) JO (% + MBS(P)} = O,

asin (& + [aPexi) Jo (e + Hadp) + Bsin (% + Mﬁ%t> Jo (j—\; + Mﬂ3<ﬂ)] =0,

: _ (& _ g
O[(,l)lzw Sll’l(SC + Motq)ext)JO(;c + :uotS(p) + ﬁwic sm (ﬁ + HBPext JO ]v + Ma590

+ 4ECcaEJa Sin(éa)JO(ga) + 4ECbcEJb Sill(fb)J()(Cb) = 0»

— 03 + 202, c08(E)J1 (¢4) = 0,
— 3Ly + 207, cos(EnJ1 (8) = 0,

— wile + 20w, c0S(E + paPex))1 (L + adP) + 2Bw,, cOS <J$_\; + uﬁ%t) Ji (g + u,séso) =0.

* (DS)
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The equations above are solved numerically by search-
ing for the root closest to the response of the decoupled
system (Ecyp = Ecea = Ecpe = 0) to a static external field
(8¢ = 0), i.e., zero amplitude response ¢ = 0, in addition
to &, = 0 and &, the minimizer of the static potential of
the coupler defined by the current conservation condition

) _ . (& _
asin(&e + UePeyy) + B sin (ﬁ + WPy | = 0. (D6)

We finally make the assumption that displacing the quadra-
tures by the classical solutions obtained above will remove
from the Hamiltonian, to a good approximation, the terms
that are linear in the quadratures ¢;, n; forj = a,b,c.

2. Normal-ordered expansions of trigonometric
functions. Jacobi-Anger expansions

Sine and cosine are expanded in normal order using
the following two expressions [61] [recall that ¢, =

Vna/2(a + ah]:

cos Py = e /4 E

m,n>0
m+n= even

10 \MH1=1/2 riap
Ny ] (_7) a-a
sing, = e / > Z ] , (D7)

m,n>0
m—+n= odd

(_nja)m+n/2 &—;-man

m!n!

b

with analogous expressions for the operators b and ¢.

3. Time-dependent terms in the coupler Hamiltonian

Terms corresponding to the Jacobi-Anger expansion up
to the second harmonic of the drive in the bare coupler

Hamiltonian A () in Sec. IV are listed in Table II. The
operator monomial at the beginning of each row is to be
multiplied by the sum of the two following columns, and
then results from all rows are to be summed. The coeffi-

. . 1A A2 A3 ATA2 Ad ATA3
cients of the missing monomials ¢,¢",¢”,¢'¢",¢ ,c'c” are
obtained by Hermitian conjugation.

APPENDIX E: NORMAL-MODE
TRANSFORMATION

In Sec. IV, we make use of a normal-mode transfor-
mation that eliminates the off-diagonal capacitive coupling
terms from the time-independent quadratic Hamiltonian. In
this section we provide the steps to obtain the normal-mode
coefficients.

Consider the quadratic form (repeated indices are
summed over):

H = Aaﬂfluflﬂ + Baﬁ@a@ﬂ' (El)
We make a simplification by assuming that there are no
off-diagonal inductive terms, Bqyg o 8qp, which is valid for
the circuit studied here. The diagonalization involves three
steps:

Step 1. Rescale the variables so that the diagonal part
of the Hamiltonian, the inductive part, contains terms
with the same inductive energy. For this, let us define
the square root of the product of the inductive ener-

gies B = (]_[a Bao,)l/ * and the dimensionless coefficients

TABLE II. Time-dependent terms, up to quartics, in the bare coupler Hamiltonian.
Monomial J1(8) J2(8)
¢t ﬁaee"’c/“\/mchJl (814q) sin (fwg) 08 (o Peyt) + ﬁaee‘"c/“\/mchJz (814a) €08 (21wq) $in (1o Pey) +
V2BNe e/ [ IN2E ey (1) sin (twg) c0s (1pBexs) N 2BNe /4N /0 IN2E o (8115) cos (2twg) sin (1 Bex)
efef —Saee ™/ 0 E e (81q) Sin (tg) Sin (1LePey) Loee ™/ E o)y (8iLa) €OS (2104) €O (1aPey)
) —Bnce” W Eredy (1) sin (1) sin (1 5Gexs) /2N +Bnce” B2 Epeds (8115) €08 (21ey) €05 (115 exi) /2N
¢'e —aee 4 Epedy (Sitg) Sin (twy) Sin (o @ey;) taee™ /4 E ey (S1aa) €08 (2twy) €08 ([aPexi)
—Bnee” W Ejedy (S1a5) sin (10q) sin (15 exc) /N e N Ejedy (S15) cos (2g) €05 (15en) /N
defe’ —aee” E 0 Erey (31ta) sin (10g) €05 (1aPext) /67/2 —aee” {1 Bz (81ta) 008 (21wq) sin (HaPex) /682
B \/%EJCJ] (145) sin (1) 005 (pPer) /6NN —Pice” 2 \/%EJCJZ (145) cos (21ey) sin (1pBeg) /65/IN
¢'efe —aee” 2By (Bpta) sin (twg) €08 (1aPest) /22 —ace” {0 By (S1ta) €08 (21wq) sin (RaPex) /292
—Bnee 7 IS Edy (S11) sin (t0) c0s (1pPe) /2VIN  —Bince” 7 [ IS (815) €05 (2wq) sin (1gPex) /232N
crefefet 1/48aee™/* 2 E .y (8 ko) SIN (t0q) $iN (1o Pexs) —1/48aee™ /42 E ey (ike) €08 (2twa) €08 (1aPexs)
+BnZe” W By (51t) sin (teog) sin (1L5Pey) /48N —Bn2e” W Epy (811) cos (twy) cos (1pGeg) /48N
¢fefele 1/12aee™/*n2E .Jy (S144) Sin (twyg) sin (,ua@ext) —1/12a€e™/* N2 E .J5 (8 te) €OS (2tw,) oS (l‘«a@ext)
" +Bnte” W Ejel; (81) sin (twy) sin (wp@ey)/12N? — B2 W Ey, (1) cos (2twq) cos (pPey)/12N?
1

¢c +1/8aee ™/ n2E ey (81nq) sin (twg) sin (JaPex)
_ e
+Bnze W Eyey (Spp) sin (twa) sin (1pPex) /SN

—1/8cee /42 E o]y (814a) 008 (21q) cOS (HaPexs)
_ e
—BnZe” W2 Eyes (811) cos (2iwq) cos (1 pPey) /SN

044003-19



ALEXANDRU PETRESCU et al.

PHYS. REV. APPLIED 19, 044003 (2023)

fo = /B/Buy. Then we introduce alternative canonically
conjugate coordinates:

= falla. (E2)

—-12
= f(‘x (pOl >
In terms of the alternative coordinates, and letting 4,5 =
Aup/(fofp) (no implicit summation), we have

H = ALy ity + BSopl, 0. (E3)

Step 2. Diagonalize the capacitive coupling matrix 4’. We
assume here that this is possible and is achieved by an
orthonormal matrix S, such that

aﬁ - (S )a;LD,quvﬂ - S;LozDu,vSvﬁa (E4)

with D,, a diagonal matrix. Rewriting the above as

/ﬂ(ST)ﬂy = (ST)auDquvﬂ(ST)ﬂy = (ST)om uys OF A
ST = ST . D, then the matrix S contains the eigenvectors
of A’ on its rows. This diagonalization leads to

H = 80Dy Supil, ity + BSap @l @l (ES)

Inspecting the first term, we again define alternative coor-
dinates
~l

Al
n, = Spally,

@Z = ua(»?):x- (E6)
One can verify that the alternative double-primed coor-
dinates are canonically conjugate because the trans-
formation is orthonormal: [7}, 0] = SyaSug [ﬁ;,gﬁ,’s.] =
iS,aSvp0ap = 1S,aSve = i8,,. With this, we obtain a diag-
onal form for the Hamiltonian

A A

H = 2, Dophly + BSup@ly i), (E7)
where in the second term we use the fact that the orthogo-
nal transformation preserves the inner product.

Step 3. Finally, we need to undo the rescaling transfor-
mation of step 1. That is, introduce a third and last pair
of canonically conjugate coordinates, the normal-mode
coordinates

Qo =Jufs o =10 (E8)
At last the quadratic Hamiltonian reads
Béup
= fafofpDaphip + 7 —0ufy
= anmfﬂDo,ﬂn,g -+ goaBaﬂgoﬂ. (E9)

This is the final normal-mode Hamiltonian.
Hybridization coefficients. It is helpful to summarize
the normal-mode transformation by skipping over the

intermediate variables (primed, and double primed). For
this we have to invert the definitions of the intermediate
coordinates to obtain

Gu =) fuSpals 'Pp =) UupPps
B 5

l?la = Zﬁxilsﬂafﬁflﬂ = Z Vaﬂflﬂ, (E10)
B B

where we use ¢, = S,.¢;, and 71, = S,47},. Note that U -
VT = 1, i.e., the transformation from bare to normal modes
is canonical.

Creation and annihilation operators. Lastly, we con-
sider the creation and annihiliation operators. In order for
squeezing terms to disappear in the Hamiltonian, we need

Gum 3 LBy ph,

B=a,b,c \/E
[ va A
=Y —2(p—p", (E11)
B=abc iv/2
where
Vag
uaﬁ - aﬂ 5 vaﬂ — (E12)
VR e =

Finally, we obtain the hybridization coefficients entering
Eq. (44) in the main text. The approach given in this
Appendix generalizes to an arbitrary number of modes
with off-diagonal coupling in either the capacitive matrix,
or in the inductive matrix.

APPENDIX F: FLOQUET THEORY

This Appendix provides a practical summary of Flo-
quet theory. The spectrum of a monochromatically driven
system can be obtained from the Floquet formalism
[20], according to which the time-dependent Schrodinger
equation for a periodically driven Hamiltonian H(f) =
H@+ 27 /wy) can be recast into a numerically solvable
eigenproblem for the so-called Floquet Hamiltonian [19]

[0 =0, 16 0) = e lput0). (1)

The eigenvalues are the quasienergies €,, and whose
eigenvectors are the Floquet modes, which are periodic
functions of time with |¢y (1)) = |py (¢ + 271 /wy)). In terms
of these, the solution to the time-dependent Schrodinger
is |Yy(£)) = e " |, (¢)). Of note, the solutions to Eq.
(F1) are only defined up to an integer multiple £ of the
drive frequency wy, for if {e,, |¢,(?))} is a solution, then
S0 18 {€ar = €4 + kg, |Par (1)) = 74" |o (1))}, which is
a consequence of the periodicity of the Floquet modes.
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Information about the monochromatically driven system
can be obtained from the quasienergy spectra. For exam-
ple, two-tone spectroscopy experiments where a weak tone
is used to probe the spectra of the driven system can be
modeled in the linear response regime [23]. In such exper-
iments, probe-tone-induced transitions occur at frequency
differences

Aa'gk =€y —€p + ka)d, (F2)
provided that the operator corresponding to the probe tone,
denoted generically as X, has a nonzero matrix element
between the corresponding Floquet modes. With the above
notation, the corresponding matrix elements read

1 T . N
Xapi = T /0 dt e 4 (g (1)1 X | (1)), (F3)

where T =2m/w,; is the period of the drive. This
takes the form of a Fourier series coefficient f; =

1/T fOT dt e~ @7/ £ (1) of the matrix element of the oper-
ator X between the two Floquet modes |¢a,f; (t)).

Numerically, the Floquet spectrum is efficiently
obtained from the time-evolution operator over one period
of the drive, which has a compact expression in terms of
the Floquet modes [20]

U+ T, 0 = Te i A

=Y e g, ) Gu (], (F4)

where 7 is the time-ordering operator. According to
the above expression, the Floquet modes at time ¢ =
0, |94 (0)), are the eigenvectors of U(T,0), whereas the
quasienergies are obtained modulo an integer multiple of
wy from the eigenvalues. The time-dependence over one
period of the drive is obtained by propagating each mode
|¢o(0)) with the time-evolution operator U(t, 0) in the
interval 0 < ¢t < T.

To summarize, the steady-state dynamics can be
obtained from the propagator U(z,0) over a single period
of the drive, which makes the Floquet method an efficient
alternative to numerical simulation of the dynamics over
the complete gate time. Indeed, the period of the drive, on
the order of 1 ns is between 2 to 3 orders of magnitude
shorter than the typical gate times. In this work we obtain
the quantities above by using the QuTip implementation of
the Floquet formalism [62], to which we have contributed
[63], amended by a numerically efficient evaluation of the
time-evolution operator developed by Shillito et al. [64].

APPENDIX G: NON-RWA EFFECTS IN FLOQUET
SIMULATIONS OF THE FULL DEVICE

In this Appendix we briefly discuss the role of counter-
rotating terms in the Floquet simulations of the full device

657 ‘%""-.,‘ ..
N
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FIG. 9. Floquet eigenspectrum for a rotating-wave approxi-
mation in which all photon-number nonconserving terms are
removed from the full-circuit Hamiltonian analyzed in Sec. V B.
This figure is to be compared to the analogous result for the full
Hamiltonian in Fig. 7.

Hamiltonian. Counter-rotating terms (among which the
parity-breaking cubic terms play a significant role) in the
coupler Hamiltonian induce a helpful correction to the cou-
pler frequency, as can be seen by comparing Figs. 9 to 7.
This indicates, among other things, that a mere approx-
imation of the coupler Hamiltonian as a Kerr nonlinear
oscillator, as done in the case of the toy model, would
be insufficient for precise comparisons with experimental
data. Moreover, the speedup obtained by using the Floquet
method, together with the numerically efficient method
for computing the time-evolution operator, enables us to
study non-RWA effects efficiently as compared to full time
dynamics.
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