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Sommaire

Le domaine des circuits supraconducteurs a connu une croissance spectaculaire au cours de la
derniere décennie et constitue une architecture de premier plan pour I'informatique quantique.
Le succes de cette architecture tient en partie a la simplicité du controle, a I’évolutivité et a
la durée de vie de plus en plus longue du qubit transmon, qui est devenu dominant dans la
plupart des processeurs. Bien que la fidélité de la plupart des opérations quantiques sur ces
dispositifs dépasse généralement 98 — 99%, des améliorations significatives des performances
seront nécessaires pour parvenir & un calcul tolérant aux fautes. L’une des principales limites
actuelles de ces opérations sur les qubits est due aux “fuites”, c’est-a-dire au peuplement des
états d’énergie supérieure du qubit. Ces effets sont difficiles & appréhender d’un point de vue
numérique et théorique, car de nombreuses transitions résultent de processus hors résonance
qui sont généralement ignorés afin de rendre le probléme traitable. En outre, beaucoup de
ces effets sont causés par les niveaux d’énergie plus élevés du transmon, présents hors de son
potentiel de confinement. Ceux-ci sont également négligés dans les simulations et les études
théoriques pour des raisons de simplicité, ce qui entralne une mauvaise caractérisation de la

dynamique.

Dans cette these, j’étudie comment nous pouvons comprendre, simuler avec précision et
supprimer les processus a l'origine d’erreurs résultant de mesures et de controles forts sur
les qubits transmon. Dans le cadre de ma recherche, je présente une méthode permettant
de simuler efficacement des systémes en présence de commandes a oscillation rapide, et
comment celle-ci nous permet d’optimiser les commandes afin d’améliorer la fidélité des
opérations. Cette méthode permet une accélération significative par rapport aux intégrateurs
numériques traditionnels, et une version de ce solveur est maintenant incluse dans Qiskit

Dynamics, un logiciel d’IBM.

Je démontre en outre comment un pilote de mesure suffisamment forts pendant la
lecture peut non seulement entrainer des fuites, mais aussi la population d’états en dehors du

potentiel de confinement du transmon, ce que nous appelons 1’“ionisation”. La compréhension
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de I'impact de ces effets parasites - et de la maniére dont ils peuvent étre évités - sera cruciale

pour l'optimisation et le fonctionnement de la lecture dans les futurs dispositifs.

Je conclurai par mes travaux en collaboration avec 'ETH Zurich sur les résultats de
lecture de pointe utilisant des transmons et des filtres de Purcell réglables en fonction du flux,
et j’expliquerai comment le réglage de la fréquence du transmon peut améliorer la fidélité de
la lecture. Cela ouvre une autre voie pour améliorer la lecture des qubits supraconducteurs

et nous rapproche potentiellement des applications utiles de ces dispositifs.

The field of superconducting circuits has grown dramatically in the last decade and is
a leading architecture for quantum computation. Part of this architecture’s success is the
simple control, scalability, and increasingly long lifetime of the transmon qubit, which became
dominant in most processors. Whilst the fidelity of most quantum operations on these devices
generally exceeds 98 — 99%, there will need to be significant improvements in performance
to reach fault-tolerant computation. A major limitation of these qubit operations today
is from ‘leakage’, or from populating the higher energy states of the qubit. These effects
are difficult to capture from both a numerical and a theoretical point of view, as many of
the transitions result from off-resonant processes that are typically disregarded in order
to make the problem tractable. Furthermore, many of these effects result from the higher
energy levels of the transmon outside of its confining potential, which are also neglected
from simulations and theoretical studies for simplicity, resulting in a mischaracterization of

the dynamics.

In this thesis, I investigate how we can understand, accurately simulate, and suppress
error-causing processes resulting from strong measurement and control drives on transmon
qubits. As part of my research, I present a method of efficiently simulating systems in the
presence of fast-oscillating drives, and how this allows us to optimize the controls to improve
the fidelity of operations. This method provides a significant speed-up over traditional
numerical integrators, and a version of this solver is now included in Qiskit Dynamics, a

software package by IBM.

I additionally demonstrate how sufficiently strong measurement drives during readout
can not only result in leakage but also in the population of states outside of the transmon’s
confining potential, which we refer to as ‘ionization’. Understanding the impacts of these
spurious effects — and how they can be avoided — will be crucial in the optimization and

operation of readout in future devices.

I conclude with my work in collaboration with ETH Zurich on state-of-the-art readout



results using flux-tunable transmons and Purcell Filters, and provide an understanding of
how tuning the transmon frequency can improve readout fidelities. This opens up another
avenue to improving superconducting qubit readout and potentially brings us closer to useful

applications of these devices.
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Chapter 1

Introduction

In 1981, Richard Feynman proposed a radical idea: To build a new type of computer which

harnesses quantum mechanics at its core. His argument for this was rather simple [4]:

Nature isn’t classical, dammit, and if you want to make a simulation of Nature, you’d

better make it quantum mechanical, and by golly it’s a wonderful problem because it doesn’t
look so easy . . . the full description of quantum mechanics for a large system with R
particles is given by a function which we call the amplitude to find the particles at x1, o, . .
. ,TR, and therefore because it has too many variables, it cannot be simulated with a normal
computer.
Today, more than 40 years later, our understanding of how to construct a quantum computer
has grown considerably, with the story of this journey nicely summarized in Refs. [5, 6].
As of today, there are many candidates, such as spin qubits [7, 8, 9, 10], trapped ions
[11, 12, 13, 14] and superconducting qubits [15, 16, 17, 18], which are all the subjects of
intensive study. In particular, superconducting qubits are a strong candidate, known for
their scalability and versatility and have already been shown to demonstrate useful quantum
speedup [19] and error correction [20, 21]. This architecture relies on Josephson junctions,
a circuit element [22, 23] which provides the nonlinearity required for useful computation
and control [24]. Furthermore, the two-qubit gate performance is excellent, with errors of
3 x 1073 reported [25].

Whilst the error rates of these qubits seem small, useful quantum computation will
require dramatically lower error rates. Given that future algorithms will rely on billions
of operations, the anticipated tolerable error rate for gates between logical qubits on a
quantum computer is as low as 1 x 107'% [26], orders of magnitude lower than the current

transmon error rates. Quantum error correction (or QEC for short) allows us to circumvent



this issue by using many physical qubits, such as the transmon, to encode each of these
logical qubits. Unfortunately, current predictions for the surface code are in the thousands
of superconducting qubits per logical qubit to achieve fault tolerance [27]. The number of

required qubits per logical qubit will largely depend on the highest error rates for the system.

Many of the current gate operations on superconducting qubits are currently limited
by the qubit coherence time. Improvements to these coherence times are anticipated as
fabrication and materials research develops — for example, the use of tantalum has greatly
increased qubit lifetimes [28]. Nevertheless, it is desirable to perform gate operations as fast
as possible to limit these unavoidable decoherence effects. As the lifetime of these qubits
increases, coherent processes — spurious qubit rotations caused by miscalibration of the drive,
crosstalk and more — will contribute significantly to the total error of the quantum operation.
The control of these qubits will need to become more sophisticated which necessitates an

increased understanding and improved simulation requirements.

In this thesis, I investigate how we can understand, accurately simulate, and suppress
some of these error-causing processes. One such major performance limitation of supercon-
ducting qubit operations today is from ‘leakage’, or from populating the higher energy states
of the qubit. Leakage is generally incurred from off-resonant processes, which are hard to
capture from both a numerical and theoretical viewpoint, and our understanding of such
processes must be improved to continue improving gate fidelities. In Chapter 2, I detail how
the transmon and its readout resonator can be accurately simulated, the approximations
that are made to simply understand this system, and where such approximations fail. I
then proceed to discuss a new method of efficiently simulating systems in the presence of a
fast-oscillating drive in Chapter 3, and how this method allows us to optimize the controls
to improve the fidelity of operations. Then in Chapter 4, I extend the same formalism to
account for the aforementioned loss effects and compare it to another ubiquitous method of

simulating such systems.

One of the greatest problems in the field of superconducting qubits is qubit readout,
where the logical state |0) or |1) is measured. Whilst this process was predicted to be
straightforward and highly accurate [15, 29], the fidelity of readout rarely exceeds 99.5%
[30, 31]. This is in part due to long operation times, but also due to spurious effects and
transitions invoked by driving the system [32, 33, 34]. Understanding such effects during
these readout protocols is thus critical to improving our understanding. In Chapter 5, I
perform an investigation into the strongly-driven transmon-readout system and observe
dramatic leakage effects such that states outside of the transmon’s confining well become

populated. We refer to this process as ‘ionization’.



A crucial component of most superconducting circuits is the Purcell filter — an additional
resonator which helps to prevent the qubit from decaying into the readout circuitry [35, 36, 37].
When simulating the readout of a transmon qubit, one generally neglects the presence of this
resonator due to the great associated increase in complexity. In many cases, simulating this
component is vital to accurately describe the system dynamics. In addition, the parameters
of this filter can be critical to the readout performance. In collaboration with ETH Ziirich,
I conclude in Chapter 6 with how the combined transmon-resonator-Purcell system can
be efficiently modelled, and use the results to describe some state-of-the-art experimental
readout fidelities. I provide additional information regarding the optimal parameters of this

system in the appendix.



Chapter 2

Key Concepts for Circuit QED

Simulation

“If all you have is a hammer, then everything looks like a nail.”

— Abraham Maslow, The Psychology of Science

In this chapter, I lay the foundations needed to perform accurate simulations of the

transmon qubit and provide some context for the succeeding chapters.

2.1 Diagonalizing the Transmon Qubit

The transmon [38] is one of the most ubiquitous qubits used in current superconducting
architectures, and is a central focus of this thesis. Part of the transmon’s appeal is its
simplicity, consisting only of a shunt capacitance and a Josephson junction [22], see the
circuit in Fig. 2.1(a). By performing a standard circuit quantization procedure [39], we

readily arrive at the Hamiltonian for this qubit,
H = AE (i —ngy)? — Ejcos(p), (2.1)

where 7 and @ are the charge and phase operators respectively, with the commutation
relation [p, 7] = i. Further, E., E; are the charging and Josephson energies respectively,
and ng is an offset gate charge. This is the same Hamiltonian as the ‘Cooper Pair Box’ qubit

[40, 41], but operated in a very different regime, with E;/Ec > 1. It has been demonstrated
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Figure 2.1 (a) Circuit of the transmon qubit. The square box represents the nonlinear
Josephson junction element. (b) Representative energy spectrum and first few
eigenstates, with the cosine confining potential. Adapted from Ref. [2].

in Ref. [38] that the sensitivity of the transmon’s eigenenergies to the charge offset n,
diminishes exponentially as the ratio Fj/E, increases. This exponential suppression greatly

reduces the effects of charge noise on the qubit and increases the qubit’s coherence time.

This simple Hamiltonian has a rich and complex energy structure, but it can be non-trivial
to simulate. In the following sections, I consider three different methods for diagonalizing
this Hamiltonian — the Fock, phase, and charge bases — and detail why the charge basis is

the most reliable.

2.1.1 Fock Basis

The Fock basis description of the transmon qubit is excellent for pedagogical reasons and
describes the lowest energy states of the system with reasonable accuracy. To motivate this

expansion, we rewrite Eq. (2.1) to reveal a harmonic contribution plus a perturbation,

A

E 1
A =4E.n%+ 7‘7952 —Ey [cos(@ + 2&] , (2.2)

where we have additionally dropped the gate charge dependence ng4, given that the energies
are insensitive to this parameter in the transmon regime. Following the standard procedure
[16, 38], we can represent the charge and phase operators in terms of annihilation and creation
operators with suitable zero point fluctuations to diagonalize the harmonic contribution to
Eq. (2.2):

1 1
2E.\1 . o i1 (K PN N
H = ¢ T n — — J T—
% (EJ) (b"+0b), n 5 <2Ec> (b" —b). (2.3)



We see that the zero point fluctuations in the phase variable ¢ are indeed small in comparison

to 7, which motivates a Taylor expansion in the cosine confinement potential:

H =4E.n% + @& — &954 —Ey i (=)™ Ll . (2.4)
2 4! = (2n)!

Using the definitions of the operators in Eq. (2.3), this yields a Hamiltonian up to fourth
order in @:

A ST A ~

Hyocc = VSE Eb'b — (BT + )", (2.5)

Finally, we can invoke the ‘Rotating-Wave-Approximation’ by ignoring non-energy conserving
terms in Eq. (2.5), or terms that involve an unequal number of creation and annihilation
operators. This yields a form of the Hamiltonian often referred to as a ‘Kerr-nonlinear

oscillator’: )
Broamwa = (VBE B — E.)bb — ~Cb22

b1b |, — 5 (810~ 1)]

Here, the qubit’s frequency is defined by w, = (v/8E E. — E.), with the anharmonicity

a = —E, describing the non-linearity of the oscillator '. This term decreases the transition

(2.6)

frequency between the n-th and (n — 1)-th energy state by (n — 1) E,, as is evident from the
form of Eq. (2.6).

Whilst this Hamiltonian is excellent for aiding our understanding — it provides the
frequency, anharmonicity, and a simple form for the charge and phase operators — it fails
to capture the higher energy structure, which we will see in Chapter 5 has surprising and
dramatic impacts on the qubit readout. Moreover, any expansion in the Fock basis eventually
fails, even if an increasing number of terms in Eq. (2.4) are preserved. This is because the
Hamiltonian in Eq. (2.1) is periodic: The eigenstates of the Hamiltonian, when expressed
in the phase basis, must obey the relation 9(¢ 4 27) = 1)(¢). More formally, the phase of
the transmon is said to be compact, and the eigenstates strictly are defined on the interval
¢ € [—m,m). On the other hand, the Fock basis is strictly non-compact, with wavefunctions
defined over ¢ € (—o0,00) — consequently, it will be unable to capture the transmon’s

periodicity accurately.

To see this problem more explicitly, in Fig. 2.2(a) I plot the wavefunctions corresponding
to the first few states of the transmon for E;/E. = 50, as calculated in the charge basis
(see Sect. 2.1.3). Similarly, in Fig. 2.2(b), I plot the wavefunctions corresponding to the
Fock basis in Eq. (2.4), keeping up to a 10th order Taylor expansion of the cos(¢) term.

1Thlroughout this thesis, I use the the convention h = 1.
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Figure 2.2 A demonstrative set eigenfunctions of the transmon qubit, plotted in the phase
basis. (a) The eigenfunctions as calculated from the charge basis. (b) The
eigenfunctions approximated in the Fock basis, where the transparent line considers
a Taylor expansion of the cosine potential well up to 10th order.

Whilst the Fock basis captures the low energy dynamics well, there is a dramatic departure
from the results of (a) at higher energies, with the wavefunction occupying false minima
generated from the Taylor expansion at ¢ ~ 4+5. This problem persists when increasing the

order of the Taylor expansion and is therefore challenging to circumvent in this basis.

2.1.2 Phase Basis

To resolve the shortcomings of the Fock basis, let us now return to Eq. (2.1) and consider

the Hamiltonian in the phase basis:

1B, <—z’d‘; + ng> n(®) — By cos(6)ton(6) = Enton(6). (2.7)

Here, T use ¢ for the phase coordinate in the phase basis to differentiate it from the
operator ¢ in the Fock or charge bases. In this form of the Hamiltonian, we clearly see a
relation to Bloch’s theorem, with the gate charge ny functioning as a wavevector [42]. This
equation can be treated analytically, yielding solutions in the form of Mathieu functions
[38, 43, 44]. To treat this problem numerically, we begin by discretizing phase space into N
intervals each of length h = 27/ N, consequently yielding a vector of complex values {t,, }
which approximate the eigenstate ¢, (¢) at values ¢ = —w + 27k/N. The simplest way of
calculating the derivatives uses a central difference method:

p_ Vst —%icn g i — 29 TP

! o T 3 , (2.8)
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Figure 2.3 Form of the (a) first and (b) second derivative matrices for a 5 point stencil with
periodic boundary conditions in phase basis with 8 divisions.
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The accuracy of the phase basis diagonalization can be increased by using additional points
; in the calculations of the first and second derivative, also known as a stencil [45], whilst
preserving the sparsity of the Hamiltonian. To see this more explicitly, I plot in Fig. 2.3 an
illustration of the (a) first and (b) second derivatives with 8 different phase coefficients v,
and a five-point stencil, although a hundred or more coefficients may be needed for accurate
calculation of the eigenvalues, see Sect. 2.1.4 for more details. Note that in the case of the
transmon, which is compact, the periodicity must be maintained in the structure of the
derivative matrices. This can be enforced by simply setting ¥;+n = ¥; — see the matrix

elements connecting 7 and .

Care must be taken when expanding Eq. (2.7), as in this basis the square of the derivative
matrix in Fig. 2.3 (a) will not necessarily well approximate the second derivative in (b). As
such, when writing the Hamiltonian in this basis, we must expand out Eq. (2.7) explicitly:

d2

A . d
H = —4Ecd7¢2 — SZEC’I’LQ% — EJ COS((,b), (29)

and use the definitions for each operator individually.



2.1.3 Charge Basis

We now finally consider the charge basis. Using the relation A = —i(d/d¢), we are able to

describe eigenstates of the charge operator # in the phase basis:

d . .
Aln) = nln) +— —i—e"? = nen?. (2.10)
do
The corresponding Hamiltonian in this basis is thus of the form:
B =18, 3 (n=ngPludnl = =L (m)n+1]+ln+ Dfal). (211)
n=-—o0o

One can consider the charge basis as a Fourier series for representing wavefunctions in
phase space. This makes it the natural choice for representing compact spaces, such as the
aforementioned transmon, since the eigenstates e are natively periodic on the interval
[—7, 7). Furthermore, the states above the transmon’s cosine confinement potential are
approximately charge eigenstates, meaning that this basis should well capture the high

energy spectrum. This is discussed further in Chapter 5.

Fractional Charge Basis

Whilst the phase space of the transmon qubit is compact, it is important to note that more
complex qubits such as the fluxonium [46] and L-shunted transmon [47] contain an inductive
shunt, which breaks the periodicity. Such a Hamiltonian is usually approximated by the
form:
") A Er ~ 2
H =4E.p° — Ejcos($) + 7@3 — Pext) ", (2.12)

where Ey, is the energy corresponding to the inductive shunt — see Fig. 2.4 for the corre-

sponding circuit and spectrum.

In the current form of the charge basis, we have no means of well approximating the
<;32 contribution outside of the interval [—m, 7). Consequently, the Fock and phase bases
would seem like the more natural choices. Nevertheless, the charge basis can be used to
approximate these non-compact spaces. Consider the transformation of the operators 7, ¢,

which preserves the commutation relations

¢'=@/N, @' =Nn, (2.13)



10

4
-
=
2
2
0 -
T T T T T
—4 —2 0 2 4
¢

Figure 2.4 (a) Circuit Diagram for the inductively shunted transmon. (b) Spectrum of the
inductively shunted transmon with F;/E. = E;,/E. = 25.

such that the Hamiltonian becomes:

4F. R E A
H= Nzcn,2 — Ejcos(N¢') + TL(NW — Pext) . (2.14)

We can now approximate the potential terms ¢ and $? by the corresponding lowest frequency

components in this space:
@'~ sin @', 4,5’2%2—20084,0', (2.15)

such that the Hamiltonian is approximated by

E
W2 — Ejcos(N$) + —L (N2(2 —cosp') — 2N sin gﬁ’(pext) (2.16)

4E,
— 5

H~
N
This Hamiltonian is still periodic over the interval ¢’ € [—m, 7), but the phase space is N
times larger in the original phase coordinate, ¢ € [—Nm, N7). This approximation naturally
assumes that the wavefunction is exponentially small at the boundary, else we can expect

energy renormalizations arising from this enforced periodicity.

Note here that, like with the derivative matrices in the phase basis, it is important to
approximate the operators ¢ and ¢? separately, since we would otherwise observe non-physical

local minima at the boundaries. Consider:

1 — cos 2¢'
which has minima at ¢/ = —, 7, unlike cos ¢'. Consequently, the corresponding eigenstates of

a Hamiltonian diagonalized with this potential would have states localized at the boundaries,

not dissimilar to the issues with the Fock basis in Fig. 2.2.
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Figure 2.5 Convergence of the first 5 eigenvalues for the (a) transmon and (b) inductively
shunted transmon.

2.1.4 Example — Diagonalization Convergence

To compare the different diagonalization methods, I construct the Hamiltonians in each of
the different bases and perform numerical diagonalization using NumPy’s eigh function [48].
I consider two cases: the transmon Hamiltonian in Eq. (2.1) and the inductively shunted
transmon in Eq. (2.12) with @exy = 0. As a performance metric, I use the differences in

energies of the first five eigenvalues:

4
Error = \l Z |X\i = Ni approx|?, (2.18)
i=0

where )\; is the ‘converged’ eigenvalue (in 27 GHz).

For the transmon diagonalization in Fig. 2.5(a), these converged eigenvalues are calculated
with the charge basis and a total of 200 charge states. For the inductively shunted transmon,
this was calculated with the fractional charge basis using N = 25 and 2000 basis states,
as well as with the phase basis over the interval [—207, 207) with 2000 states. In both of
these bases, the eigenvalues differed by less than 10~!?, confirming the convergence of the
two methods. The convergence properties for the transmon are shown in Fig. 2.5(a), where
we consider a transmon with E;/E. = 50 and E./h = 250 MHz, and for the inductively
shunted transmon in (b), with F;/E. = Er/E. = 25, keeping the same charging energy FE..
Here, the legend Fock(n) refers to the n-th order Taylor expansion of the cosine potential,

whereas Phase(n) refers to the phase basis calculated with an n point stencil. Both the
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phase and charge bases were restricted to an interval —[107, 107), corresponding to a choice
of N =10 in Eq. (2.14). The charge basis is optimal for the transmon without the inductive
shunt, reaching numerical precision with as few as 25 charge states — in comparison, the
Fock basis performs poorly, even for the 26th order expansion, due to the issues discussed in
Sect. 2.1.1. The phase basis converges comparatively slowly to the charge basis, requiring

many more states.

In contrast, for the shunted transmon in (b), the Fock basis performs very well for a
small number of states. However, we see that Fock(4), and Fock(12) both diverge after a
certain Hilbert space size is reached — this is because the leading term in the Taylor expansion
is negative for these expressions — for example, —(¢8/8!) for Fock(8). This implies that,
for sufficient Hilbert space sizes, the potential will tend to negative infinity, leading to a
failure to characterize the lowest energy eigenstates of the system. However, for Fock(6) and
Fock(26), the leading order of the potential is positive, resulting in no such divergence of the
lowest energy eigenstates. The charge basis converges rather quickly, but not to the exact
solution — this is simply because of an insufficient choice of interval size, N = 10. A choice
of a larger interval would require more states for convergence, although would converge to a

solution closer to the true eigenvalues.

2.1.5 Diagonalization summary

As we’ve seen in this section, accurately extracting the energy spectrum of a qubit is a
non-trivial task, and careful consideration must be given to the choice of basis. In compact
systems, the charge basis is generally the most efficient choice. On the other hand, for
non-compact systems, the Fock basis with a Taylor expansion of the potential can be highly
effective, provided the appropriate order in the Taylor series is chosen. The phase basis
offers a slow but reliable method of verifying the diagonalization of either of the previous

methods.
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2.2 Reading out the qubit

In the following section, I provide an overview of key elements of the procedure to readout
the transmon qubit which are relevant to Chapters 5 and 6 — for a complete description of
readout, I encourage the reader to look at the theoretical [16] and experimental [49] reviews

on the subject.

To read out the state of the qubit, we need a means of coupling it to the external
environment. This is usually done in the form of a ‘readout resonator’ — an LC circuit that

is capacitively coupled to the transmon, as depicted in Fig. 2.6. This yields a Hamiltonian:
Hy, = AE.(h —ny)? — Ejcos  + wpala —ig(n —ny)(a—a'), (2.19)

where w, represents the resonator frequency, and g the transmon-resonator coupling strength.
We note that the Fock basis is natural to describe the readout resonator, as it is harmonic —

we’ll revisit the accurate numerical diagonalization of this Hamiltonian in Chapter 5.

2.2.1 The Jaynes-Cummings Model and the Dispersive Approximation

As we saw in Sect. 2.1.1, while using the Fock basis for the transmon can lead to inaccuracies,
it is an excellent tool for gaining intuition on the overall Hamiltonian behaviour. Expanding
Eq. (2.19) in the Fock basis, we obtain:

Hyy Foce = wrd! a4 wybb — %BT%Z —g(at —a)(B' - ), (2.20)

where § ~ (g/2)(2E.)'/* is the renormalized coupling strength, arising from the zero-point
fluctuations of the charge operators. Here, the terms afb’ and ab are considered ‘counter-
rotating’ since they do not conserve the excitation number in the system. As we performed
on Eq. (2.5), we can make an addition Rotating-Wave Approximation and neglect these

counter-rotating terms. This yields a ‘Jaynes-Cummings’-like Hamiltonian [50]:
Hyc = wpala + web'h — %BT%Q + g(a'b + ab"). (2.21)

We are now ready to bring this Hamiltonian to an approximately diagonal form. This can be
performed with a set of unitary transformations, known as Schrieffer-Wolff transformations

[51, 52]. This procedure is well documented in [16] — as such, we will simply quote the final
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form of the Hamiltonian,

with parameters:

QOr = (wr +wg — /A2, +49%)/2, @q = (wr +wq +1/A2, +447)/2,

Ka = —EC(g/AqT)4; o E07 X = _92Ec/(Aq7"(Aq7" - Ec))’ (223)

K/ _ 4EcKa
. Agr + EC(l - gz/Aér) '

This form of the Hamiltonian is valid in the ‘dispersive regime’, where |g/A4| < 1, with

Agr = wg — w, the detuning between the qubit and resonator. Similarly to the qubit
anharmonicity seen in Eq. (2.6), the values K, and K|, referred to as the Kerr-nonlinearities,
describe the degree of nonlinearity of the readout resonator conditioned on the state of the

qubit.

We additionally see that Eq. (2.22) describes Jaynes-Cummings ‘ladders’ [53] — the set
of resonator states associated with a specific qubit state. If we consider the qubit to be in
either the ground or excited states ((bTb) = 0 or 1), we find

N K - K,+ K,

A, =&.ata+ 7‘1&%2, O, = (& +2x)ata+ (a;r“) ata?. (2.24)
We can therefore consider the set of states {|g,0),|g,1),...,|g,n)} and {|e, 0),]e, 1), ...,|e,n)}
to each be a distinct ‘ladder’. Each state |i,n) represents a ‘rung’ of the ladder, and we
climb up or down this ladder by adding or removing a photon to the resonator, for example
aflg,n) = (n+1)|g,n + 1). We'll see how this procedure can be generalized to the case of
Eq. (2.19) in Chapter 5.

There is a vital feature of this Hamiltonian that allows us to read out the state of the
qubit — the contribution 2yafabth in Eq. (2.22) means that the frequency of the resonator
now depends explicitly on the qubit state. This is one of the key requirements for measuring
the state of the qubit, which we’ll explore further in Sect. 2.2.4.

2.2.2 Adding the environment

To obtain useful information about the system, the resonator must be connected to the

environment. We can model this with a master equation, whereby the resonator loses photons
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to the environment at a rate s [54]:

p = —ilHyc, p] + xDla]p, (2.25)

pata. (2.26)

To understand the effect of this dissipator, we must write the loss operator @ in the eigenbasis
of the dispersive Hamiltonian given in Eq. (2.22). Thus, we need to apply the same set of

unitary transformations which diagonalized Eq. (2.21), yielding [55]:

92 292Ec

UalT = |1 - -
202, AZ(A+ E.(1-2¢%A2))

b. (2.27)

ﬁ4a+

B>

For simplicity, we shall ignore the second-order contributions g2/ Agr in Eq. (2.27). We

arrive at a master equation,

2
b= —ilflniep, p] + nD[a]p + (Ag ) DI, (2.28)
qr
where we have performed yet another rotating wave approximation, splitting up the dissipator
Dla+ (g/Dy)b]p = D[a]p+ D[(g/ Ay )b]p. This approximation is valid if the difference of
the two frequencies corresponding to the two modes @ and b is sufficiently large —we’ll see a

case where this is not valid in Chapter 6.

The introduction of a decay channel for the qubit, at rate T'x = k(g/ AqT)Q, is known as
Purcell decay [56]. For the large values of k needed for fast qubit readout, this decay channel
typically results in unacceptable lifetimes of the transmon qubit, on the order of hundreds

of nanoseconds — strategies to avoid this problem are discussed in more detail in Chapter 6.

2.2.3 Driving the Resonator

Let us now return to Eq. (2.22), with some additional presumptions. We first assume
that the qubit is in either the ground or excited state, such that the qubit is an eigenstate
of the operator b'h — thus, we can replace bfb by its expectation value, (lA)TlA)>, and set
<IA)T21A)2) = 0, enforcing the presumption that no higher transmon levels are occupied — indeed,
b2b2|n) = n(n — 1)|n), and thus this operator only has non-zero eigenvalues for n > 2.

Next, we assume that the population of the resonator is small, such that we can neglect
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Figure 2.6 Example circuit of a transmon qubit (green) capacitively coupled to a readout
resonator (blue). The resonator is coupled to the feedline at rate .

the non-linear terms a2a2. We further assume that the decay rate of the qubit derived in
Eq. (2.28) is small and can be neglected throughout the readout process. Finally, we include
a coherent drive on the resonator at some frequency wy and drive amplitude 2€. This allows

us to write a new, time-dependent master equation:
p = —i[(@, +2x(b'b))a’a + 2i& cos(wqat) (aT — a), p] + kD[a] . (2.29)

Going into a rotating frame U = exp(—iwga'at) and, once again, neglecting fast-oscillatory

terms, we arrive at the simple equation:
prwa = —i[(Arg + 2x(b0))ata + E(a' + a), prwa] + £D[a] prwa, (2.30)

where A,.q = @ — wy, see [16] for details. We note here that this is simply a driven harmonic
oscillator, and as such, we expect a coherent response from the resonator. Let us use
the notation |i,a’(t)) to demonstrate a quantum state of this system, where i = {g,e}
indicates the state of the qubit, and af(t) represents the coherent amplitude response of the
resonator. It is straightforward to demonstrate that a density matrix initialized in the state

po = 14,0)(4,0] will evolve under the action of Eq. (2.30) as
15,0)(7,01 = 14, & (1)), o’ ()], (2:31)
where the coherent amplitude o is governed by the equation

&) = —i(Apq + 2X0ej — iK/2)0d + &, (2.32)
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Figure 2.7 (a) Trajectory in phase space of the coherent responses corresponding to the (blue)
ground and (orange) excited state. (b) Integrated signal as a function of time. For
longer measurements, the responses become increasingly resolved. The overlap
between the two distributions yields the readout infidelity.

with the kronecker delta é.; = 1 if j = e and 0 otherwise. Here, it is clear that the shift
2x imparted on the resonator by the qubit makes the resonator’s coherent response a9-°

qubit-state dependent.

2.2.4 Putting it all together

A full understanding of the readout process requires knowledge of all the components in the
measurement chain, which include signal generators, amplifiers, attenuators, and IQ mixers,
components which are outside the scope of this thesis — Ref. [16] provides an overview of
these components, with Refs. [49, 57] going into finer detail. Here, I shall simply jump to
the main result — a heterodyne measurement is performed which allows for simultaneous
measurement of the two field quadratures — the ‘in-phase’ V(t) and ‘in-quadrature’ Vi (t)
components. Each of these components contains a contribution from the internal field of
the resonator (a(t)) [58]:

Vo(t) = (VZenRe (a(t) +no(®), Vi(t) = (v2rnIm @(t) +ne(t),  (233)

where ng(t),nr(t) are Gaussian white noise terms and 7 is the measurement efficiency, a
measure of information loss by the measurement chain [59]. With the assumptions made

in Sect. 2.2.3, we see a coherent, qubit-state dependent response from the resonator such



18

that (a)(t) = a9¢(t), see the representative example of the coherent responses of the ground
and excited states given in Fig. 2.7(a). Consequently, the measurement signal in Eq. (2.33)
depends on the qubit state, and by integrating this signal we can discriminate between the
two states, see Fig. 2.7(b). Bultink et. al. in Ref. [58] derived that for this measurement

the Signal-to-Noise ratio (SNR), used as a measure to discriminate the states, is of the form
t

SNR(t) = 261 / Q9 (') — o ()| 2dt, (2.34)
0

where this definition is adapted to be in agreement with the publication in Chapter 6.
Assuming that the resonator response is Gaussian, the SNR provides information on the

upper bound of the readout fidelity F:

(1+erf(VSNR/S)) . (2.35)

F <

N | =

We consequently wish to maximize the SNR, achieved by maximizing the distance between

the two steady-state resonator responses {ad, aS}, which are of the form

9e = i 2.36
@55 T Apq+ 2X00; — ik /2 (2:36)

For a fixed drive amplitude £ = &, the distance between these responses is maximized by

choosing wy = @, + X, the average frequency of the two qubit-dependent resonator responses.

An obvious way of improving the SNR appears to be to simply increase the drive
amplitude €. Unfortunately, the dispersive approximation in Eq. (2.22) quickly breaks
down at higher photon numbers, leading to strong resonances which can rapidly degrade
the purity of the qubit state and reduce the performance of the readout — we’ll see this
much greater detail in Chapter 5. A common metric, referred to as the ‘critical photon
number’ neit = Agr/ (2)? [15] defines a photon population before the dispersive theory is
expected to break down. Whilst a useful approximation, experimental results often see a
breakdown in the readout process well before this photon number is reached [30, 60, 61, 62].
I contributed to some recent theoretical findings which showed that the readout can fail at
very low average photon numbers if the qubit frequency is below the resonator frequency [63].
To help understand this effect, a new definition of the critical photon number is provided.

This topic is currently under active investigation.
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2.2.5 Readout Summary

The journey from Eq. (2.19) to the formula for the coherent state responses in Eq. (2.32) is
littered with presumptions, approximations, and transformations. Whilst this derivation is
pedagogical and provides insight into how ‘ideal” readout occurs, it does not well capture
effects seen experimentally at high photon numbers [3, 30, 60]. Indeed, Eq. (2.30) predicts
that arbitrarily strong drives can be used without repercussion, indicating that the model
is insufficient. Thus, to capture this breakdown of ‘quantum non-demolition readout’ at
high photon numbers, a more sophisticated model is needed. Chapter 5, we’ll avoid many
of the approximations made above and instead focus on the evolution of Eq. (2.19) under
a strong resonator drive, and in Chapter 6, we’ll see simulations of a more realistic setup,

which includes an additional mode to reduce the qubit decay we derived in Eq. (2.28).

2.3 Numerical Propagation

In Sect. 2.2, many approximations were made to yield a useful form of the Hamiltonian.
If we wish to understand these systems to a greater degree of accuracy, we must resort to
modelling these systems numerically, as we saw in the diagonalization of the transmon in
Sect. 2.1. Given that in Chapters 3 and 4 I introduce a novel numerical integration method,
it is appropriate to introduce the basics of how standard numerical integrators propagate

states.

The very simplest integrator uses what’s known as the ‘Euler method’ [64], and takes

finite step sizes dt:

i%w = H(1)[p) — [(t+dt)) = (1 —iHat)[y(t)). (2.37)

Such an integrator has an error on the order of (§¢)? and does not preserve the norm of
the wavefunction so that |()(Ndt)|1p(NGt)|? # 1. More advanced integrators exist, such as
Runga-Kutta [65, 66], Adams [67], and bdf [68], which integrate a time step 0t in several
stages, either explicitly or implicitly. Such integrators generally have errors on the order
of (5t)4 or smaller, allowing for larger time steps, faster integration, and more accurate

simulations.

A limitation of such numerical integrators is the assumption that the time-dependence
of the Hamiltonian & (t) is slow with respect to the time step d¢. Given that time-dependent

drives generally exhibit fast-oscillating behaviour, this imposes significant constraints on
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feasible step sizes. In Chapter 3, I will propose an expansion that allows for step sizes that

are independent of the drive frequencies, therefore enabling significantly larger steps.

2.3.1 Master Equation Propagation

Evolution of the master equation works in much the same way as the propagation of a ket

vector, except we now propagate a density matriz:

p=L(t)p, (2.38)

L(t)p=—ilH(t),p] + ) _ riD[Li]p. (2.39)

A key feature of the Lindbladian is that it preserves the trace of the density matrix, such

that Tr [£p] = 0. Indeed, even the Euler steps described above will preserve the trace:

p(t + 0t) ~ p(t) + otp,
p(t +dt) ~ p(t) + dtp (2.40)
1

Tr[p(t + 6t)] +6t-0=1.

Nevertheless, the error associated with this method is still on the order of §t2 — in other
words, the preservation of the trace does not guarantee anything about the accuracy of the

solver.

Roots of unity solver

Because it will be useful later [55], we consider here an interesting approximation of the
evolution of the density matrix. If we assume that the Lindbladian is time-independent, we

can write the exact solution to the evolution:
p=L— p(t) =e“p(0). (2.41)

To see how this could be implemented numerically, we can start by considering the Taylor

expansion of the exponential

eFlp = i (Lt)nﬁ. (2.42)

A potential strategy for solving this equation without explicitly calculating powers of L is to

store two matrices — a ‘cumulative’ density matrix g, and an additional matrix p; 11 = Lp;
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which has successive powers of £ applied on it. More explicitly, starting with an initial
matrix pg, we find
p=e"po
. IR IO 2.4
=po+ Loo+=Lp1+= Lp2+..., (2.43)
—~ 2~ 6=~
p1 P2 p3

However, if the norm of £ is large, the norm of the matrices p; can diverge and be prone
to numerical instability. Instead, let us consider the roots of the n—th degree polynomial

approximating the Taylor expansion of the exponential function:

2
pn(m)zzn, —1+:n+—+
1: n n (2.44)
= —C) = 1 i/ <
— 1:[ xr—c¢) Z:1_[1( xi/2;)
We can now use this form to approximate the action of the matrix exponential:
pt,t+ot) = [[(I — Liot/z)p(t). (2.45)

=1

This result is particularly useful if the density matrix is extremely large and hard to store in
memory, as we only ever have to store one copy — such a method is used in the publication
in Chapter 5.



Chapter 3

Dysolve

“I feel the meed... the need for speed.”

— Tom Cruise, Top Gun

In this chapter, I provide more context to how the Dyson expansion can be used and
implemented as a numerical solver. The essential details of the algorithm are found in
the publication, in section Sect. 3.6 — consequently, the following sections are to provide
more insight into the algorithm, including a comparison against an alternative method, and

provide concrete details on how the algorithm can be implemented numerically.

3.1 Motivation

The vast majority of quantum operations — whether single and two-qubit gates, readout
schemes or qubit reset — involve one or more time-dependent oscillatory drives. If such
an operation does not involve a loss channel, we can describe this evolution with a time-

dependent Hamiltonian of the form
H(t) = Hy+V(t), (3.1)
where we have a time-dependent perturbation V' (t),

V(t) = Z Xz [c“:syi(t) sin(wdﬂ-t), —}—8571' (t) COS(wdﬂ't)] , (3.2)

22
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where Hy is a diagonal Hamiltonian, X; is a drive operator, and Es,i(t),Ei(t) are drive
envelopes which vary slowly with respect to the corresponding drive frequencies wq,;. We
are ultimately interested in the corresponding unitary operator which evolves a system from

time £y to ¢t — this obeys the differential equation

A

U =—iH(t)U, (3.3)

which has the corresponding formal solution

Ul(t,to) = T exp (—z’ /tt ﬁ(t’)dt') , (3.4)

0

where 7T is the time-ordering operator.

As detailed in Sect. 2.3, integrating equation Eq. (3.3) using a standard numerical solver
can be challenging since the chosen step size At has to be significantly smaller than the
oscillation period of the drive, 27 /wgy. This requires a significant number of time steps, thus
requiring many matrix multiplications and a slow evaluation of the target unitary operator
in Eq. (3.4). Consequently, a solver capable of integrating these fast-time dynamics natively

would be invaluable in accelerating the simulation of such quantum operations.

3.1.1 Magnus Expansion — A potential solver?

The Magnus expansion [69] is a powerful method for approximating the evolution of quantum
systems. Here, the average Hamiltonian over the relevant timestep dt is calculated through

a sum of commutators:

_ > _ t _ 1 [t st N
=Y i, le/H(tl)dt, ngf// (1), F(t2)]dt 1 dts, (3.5)
=1 to 2 Jio Jto

with higher order contributions Hj, evaluated from a corresponding set of nested commutators.

This method has two drawbacks: there are strict conditions regarding the norm of H(t)
for the truncation of the series to be valid, and this method requires the exponentiation
of the average Hamiltonian to approximate the unitary U(t,to) ~ exp(—iH&t). Matrix
exponentials can be very costly to calculate or approximate numerically, which makes this
solver less attractive. Furthermore, in the context of optimal control, which frequently

involves gradient ascent [70], it becomes necessary to calculate derivatives of the unitary
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operator with respect to the drive amplitudes. However, the Magnus expansion does not

automatically provide these derivatives.

Nevertheless, a Magnus solver can be very effective in the correct context, such as
understanding and correcting leakage processes [71]. Moreover, in this thesis the Magnus
expansion was used to propagate a large density matrix [2] (see Chapter 5), in conjunction
with the roots-of-unity solver introduced in Chapter 2. A Magnus and Dyson solver, which
was inspired by my work on the Dysolve algorithm detailed in this chapter, was implemented
by a team at IBM in the Qiskit Dynamics package [72].

3.2 Dyson Series

The Dyson series is a standard tool to help understand the effect of a perturbation V'(¢) on
an unperturbed Hamiltonian Hy. The original series as posed by Dyson is given in the form
73]

U@t) =1+ Unl(t,to), (3.6)
n=1
where
R (_Z)n t t t N N N
Un(t,to) = 7'/ dtl/ dtog... | dt, TVi(t1)Vi(ta)...Vi(ty). (3.7)
n. to to to

Here, the problem is posed in the interaction picture, such that V;(t) = em‘)tf/(t)e_mot.

The error for such a series will be on the order

Ueer = U(t) — i Unl(t, to) = %O(Vm+l)7 (3.8)

n=1

which will be negligible for sufficiently large m, and systems with weak perturbations (i.e.
drives). However, the form of Eq. (3.7) is not instructive on how to calculate the terms
U, (t,to) in general, given the complexity of time-ordering and nested integrals. In Ref. [1], I
demonstrate how the unitary in Eq. (3.7) corresponding to the Hamiltonian in Eq. (3.2) can
be decomposed efficiently. In this chapter, I provide additional context into the decomposition,

which can be understood more simply from a time-independent Hamiltonian:

H =y +QX, (3.9)
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where ) is some small constant, Hy is diagonal and X is a Hermitian operator:

Ho =Y Melk)(kl, X = > (WX RO D) EO). (3.10)
k E(0) k(1)

Here, the superscripts k(o), kM) are simply used to differentiate different summation indices.
Replicating the derivations in Ref. [1] with this simpler Hamiltonian, we arrive at the form

of the unitary

U(t,t+ 6t) = e 100 1 3™ n87(5¢), (3.11)

n=1

where the Dyson series operators S (”)(5t) are defined as

") (§t) =
—i6t) 3 F (An(Rn)0t) (R D) (DR - 6D (60 R KO ) (50, (312)
kn

—~

Here, each k, = (k@ kM ... k() is a set of indices which specify a set of (n 4+ 1)
eigenstates {|k(™)} of Hy with corresponding eigenvalues A, (k,), and we sum over all

possible k,. These eigenvalues are written in vector form:
An(kn) = ()‘k(o)a o 7)\k(n)) . (313)

The sum over k,, implies a summation over all sets of eigenstates which the operator X
couples in Eq. (3.12). The functions f (A, (k,)dt) are divided difference functions [74, 75],
defined by Equations (13) and (17) in the publication, and discussed in more detail below.

3.3 Calculating the divided difference functions

As defined in Ref. [1] and replicated here for clarity, the the n-th order weighting functions

f(An) can be obtained recursively:

F(8(An)) = f(8%(An) UAn[n])

f("n) =1 An[n — 1] — An[n] ’

(3.14)

where g(v,,) returns v,, without its last element, g?(v,) = g(g(v,)), and the notation U

indicates appending an additional element to a vector such that

An = g(An) UAn[n], (3.15)
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where A, [n] refers to the n-th element of the vector A,,. In the case of degenerate eigenvalues

(for example, A,[n] = A, [n —1]), Eq. (3.14) can be defined in terms of limits, but this is

challenging to implement numerically. Take for example the following divided difference

function, which from the above definition would suffer from a division-by-zero error:
(Ao, A, A1) = f(Xos A1, A1)

A0y A, AL, A) = . 1
f( 0y N1y N1y 1) 2 )\1_)\1 (3 6)

This can be defined in a limit by replacing the last eigenvalue by X and taking \] — A;.

However, expanding the equation leads to two additional division by zero occurrences:

Ao, AL, M) — F( o, A, A
F(Xo, A1, A1, A1) = lim if( 0, A1, AT) = f(Xos A1, A1)

N = A=\
(f(/\o)\l)*f(/\o)\l)) B (f(Ao,xl)—fuo,Aa)) (3.17)
. -1 N =]
= lim ¢ ;
N =2 A=A

There is a simple way of circumventing these issues. Let us consider the same function but
with arbitrary eigenvalues : f(Ag, A1, A2, A3). First, noting from Ref. [1] that we can permute
the eigenvalues, we assume Ay < A\; < A9 < A3. Then, we calculate all the first order divided
difference functions based on sequential pairs of the eigenvalues: f(Ao, A1), f(A1, A2) and
(A2, A3). Here, for any pair of degeneracies, the analytical solution f(Aj, A;) = exp(—i);)

can be used.

The next order of divided differences is calculated using the previous functions, but done

in the same sequence the original divided difference functions were calculated in:

F(Xo, A1) — f(A1, A2)

F(A1, X2) — f(A2, A3)
Ao — A2 ’ ’

Al — A3

FXo, A, Ag) =i FOM, Az, Ag) =i (3.18)

We see here that if there is a division by zero in the first function, this requires A\g = Ao,
but Ag < A1 < A9 and so A\; = Ag. This means we can once again resort to the third-order

analytical expression f(\g, Ao, A\o) = exp(—iXo)/2.

We return to the example in Eq. (3.16) and use the above methodology. Assuming

Ao < A1 this would be calculated in a numerically stable fashion as

(f()\()))\l) - 6_”‘1) /()\0 — /\1) — et /2

A0, AL, AL, AL) =1
F(Ros A1, A, A1) = S ;

(3.19)

which avoids any more occurrences of division by zero.
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3.4 Calculation of the Dyson Series Operators

In this section I provide additional insight into how the Dyson series operators in Eq. (3.12)
can be calculated, and how degeneracies can be avoided. For concreteness, we begin by
considering the first order operator S (1)(575). This term can be simply calculated by a
Hadmard product:

SW(5t) = (=idt) 3 f (A Ot, Ay6t) (k1| X [Ko) |k ) (Kol
k1,ko (3.20)
= (—idt) F1© X.

where the Hadamard product is defined by:
A= agli)(l, B= byl (i, Ao B =73 aybyli){il. (3:21)
ij ij ij

Here we have defined a matrix /7, whose elements are the divided difference functions:

Fr="3" lka) (Kol f (i, 6t, Ay t). (3.22)
ko,k1

At second order, we must consider the sum over three indices:

SE(5t) = (—i6t)> 3" f (MyOt, My 0, Mgy 0t) (o X k1) (e | X [ o) k2 (o
k2,k1,ko

A(2 . 2 2
S/(fz?ko (5t) = (_Z(st)2 Z ‘Flgz,)khkogé;kl,ko (3.23)
k1

= (—iot)’ 3 (FP o g®)

ko, k1,ko
kl 2,R1,~R0

Similarly to Eq. (3.20), this is still represented by a Hadamard product, albeit with tensors.

These are defined element-wise:

glg?khko = <k2|X|k1><k1|X’k0>7 'Flg,)kl,ko = f()‘k25t7 Ak, 01, Ako‘st)7 (3.24)
which can be extended to arbitrary order:
S (88) = (=it)" > (F @ gM) (3.25)

kn
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and where the elements of the tensors defined as
g,ij) = (k| XKDy X R (6 R RO, Fﬁz) = f (An(kn)t).  (3.26)

These definitions allow for calculating the Dyson operators only with tensor operations,
allowing for parallelized computation. The tensor gl(::) is easy to calculate from outer
products of X, but care must be taken in calculating all of the elements of F (n) numerically
since degeneracies in the eigenvalues can cause divergences. Proceeding, I shall set §t = 1

for notational simplicity.

3.5 Efficient Calculation of Dyson Operators

If the drive operator X is sparse, constructing and contracting the tensors G (n) and F( in
sparse format is generally efficient and straightforward. However, if X is dense, constructing
the tensors G and F(™ can become highly memory intensive for a large Hilbert space size

N since the number of coefficients of these tensors scales as N* 11,

The Dyson series generally converges best in the eigenbasis of the considered problem,
since this reduces the number of perturbative terms. The drive operators are generally
dense after an arbitrary frame transformation — consequently, we seek a more efficient way

of calculating the Dyson operators in this case.

3.5.1 Second order evaluation

Let us start with a pedagogical case, where Hy = 0. Here, we trivially find f (A,) = %, and

nl’

the elements of Dyson operator at n—th order simply become
Hln AT 1 n
S (1) = (=" =36, (3.27)
kn

However, this problem is equivalent to exponentiating the Hamiltonian A = QX and thus

the Dyson operator in Eq. (3.27) must simply be proportional to the n-th power of X:
S (1) = (i) =X (3.28)

For this case, calculating the tensor G (") was unnecessary — this term can be calculated by

matrix multiplication only. Inspired by this, we can ask ourselves whether these higher-order
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terms, defined in Eq. (3.25) as a contraction of two tensors, can also be calculated solely

through matrix multiplications.

Let us suppose that the second-order divided-difference function can be approximated
as a sum of the product of two different functions, which each depends on a different pair of

eigenvalues:

(A1, A2, A3) Zgz A1, A2)hi(Ag, As). (3.29)
Inserting this term into the definition of $(2)(1), we find

SB) 2 ()23 3T Al o) i Mgy kg ) (2| X 1) (e | X o) [ ) (Ko
i ka,k1,ko

(—i) Z > ( )\kly)\k2)<k2|X|k1>’k2><kl‘) (gz‘(/\ku)\ko)<k1’X’k0>|k1><k0|)

i ka,k1,ko

~ (—i)? Z(H ©X)(GioX),

A

(3.30)
where

Gi =Y i)klgi(N, M)y Hi =Y 19)(Klhi(Ag, Ak).- (3.31)

ik ik
Such an expansion would entirely circumvent the need to construct tensors, relying solely
on Hadamard products and matrix multiplications of the size of the original Hilbert space
only. This would thus dramatically reduce the memory and potential computational time

required to calculate these operators.

Calculating the decomposition described in Eq. (3.29) is no trivial task — to do so
rigorously, we would have to define how such a function converges, bases functions and more.
Before detailing this method further (in Sect. 3.5.3), we can provide more motivation by an

analogy — the Singular Value Decomposition (SVD).

3.5.2 Singular Value Decomposition

To proceed, we must make use of one of the identities used in Ref. [1], namely:
F(0, A1, Ag) = €0 £(0, Avg, Ago), (3.32)

such that the modified divided difference function f(0,A19,A2) depends only on two
variables which are eigenvalue differences, A;j = A; — A;. This motivates a simpler form of

the decomposition in Eq. (3.29), such that the functions g;, h; are dependent on one variable
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only:
F(0,A10, A20) = gi(A10)hi(An), (3.33)

noting that Agg = Ajg + A21. To see how these functions g;(Az21) could be calculated, we
will first consider the function f(0, Ao, A21 + A1p) for a large range of Asi, Ajg, which is
displayed in Fig. 3.1 (a). This data is stored in a matrix F', where the two axes are given as

a function of Ajg and As;. Then, we consider the SVD decomposition of F,

F=U0zvVi =Y suul, (3.34)

where s; is the i—th singular value of F' and X is the diagonal matrix of singular values. Given
that the sampling interval is small, this SVD decomposition immediately yields discretized

approximations to the desired functions, u; — g;(A21), hi — gi(As2).

In Fig. 3.1(b-e) I plot the functions g;(A10)h;(A21) corresponding to the first four singular
values, with the individual functions g;(A19) and h;(A21) plotted on the sides of each subplot.
The first function well captures the features in (a) for small values of A;;, as well as the
behaviour along the lines Ajg = 0 and Ag; = 0. The decomposition, however, struggles to
capture the diagonal Ay; = —A1g behaviour corresponding to Ag = Ao. As the order in the
SVD decomposition increases, we see an iterative correction along this diagonal — this is
more easily demonstrated in Fig. 3.2, where I plot the sum of the functions corresponding
to the first (a) 1, (b) 3, (c) 5 and (d) 7 singular values. From this data, it is clear that
the usefulness of this method will be primarily dictated by the order of this ‘SVD-like’
decomposition, and the maximum eigenvalue difference A;;, recalling that these differences

will scale with the time step.

3.5.3 GeneRalized Order Nth degree Decomposition (GROND)

Whilst the SVD decomposition in Sect. 3.5.1 gave a strong intuition on what the functions
hi(Aji) would look like, it is not necessarily clear how these functions could be calculated.
Moreover, we wish to extend this method beyond the second order, i.e. seek expansions for
the third order of the form

£(0, A0, Dog, Agp) = Zgz‘(Alo)hi(A21)/fi(A32)7 (3.35)
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f(0, A10, Azo) 519i(A10)hi(A2r)
—-04 —02 00 02 04

 —

(a)

Agi

Figure 3.1 (a) Real part of the function f(0,A19,A2). (b-d) SVD Decomposition of
£(0,A10,Az), showing the functions corresponding to the first 4 singular values.
The blue curves on the top and right-hand side of the subplots are the functions
gi(A10) and h;(Ag1), respectively. As can be seen, the decomposition fails to
capture the diagonal behaviour (where Ao = o), meaning that additional terms
in this series would be required to capture this resonance for large eigenvalue
differences.

—25 0 25 —25 0 25 —25 0 25 —25 0 25
A1o A1o Aio A1o

Figure 3.2 Approximating the divided difference function f(0,A19,A2p) using the SVD
(see Fig. 3.1(a)), with (a) one, (b) three, (c¢) five and (d) seven singular value
contributions. The diagonal behaviour along the line Ay; = —Ajg is gradually
captured as more singular value contributions are used.
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such that the third-order Dyson operator would be written as

SO~ (-i)*Y (GioX) (Ko X) (KoX), (3.36)

with G;, H;, K; defined as in Eq. (3.31).

Unfortunately, there is no direct analogy to a Singular Value Decomposition of a tensor,
only a more general scheme known as a ‘Tucker decomposition’ [76, 77]. However, there is a
closely related alternative that can construct the approximation in Eq. (3.35), referred to as
‘Candecomp-parafac’ (CP) decomposition [78], which can be extended to arbitrary tensor
dimensions. Fig. 3.3 provides a visualization of this decomposition, where an M x M x M

tensor is decomposed into a sum of outer products of vectors.

Similarly to Sect. 3.5.1, we could theoretically conduct M? evaluations of this function,
evenly sampled over the three variables A;;, store them in an M x M x M tensor, and
conduct a CP decomposition of this tensor, which would yield a discretized approximation to
our targeted functions in Eq. (3.35). However, these divided difference functions are highly
oscillatory, making the problem challenging without taking a very large M. Additionally,
we aim for the solver to be most precise when dealing with small eigenvalues differences, as

these correspond to resonant transitions.

As an alternative, one could consider the Taylor expansion of the divided differences
functions and construct a CP decomposition of the coefficient tensor C, i.e. the tensor of all

the coefficients of from the Taylor expansion.:

d
F(0,810,820,850) = | D Chopr e AT3ASA% | (3.37)
ko,k1,k2=0

A CP decomposition of this coefficient tensor C would yield:
b b
C =Y gihiki, Croiks = »_i(gilko])(hslk1]) (Ki[k2]), (3.38)

i=1 i=1

where g;, h;, k; are vectors of coefficients and b is the order of the CP expansion. We can

easily map these vectors to functions with an input A,

gi(8) = . (3.39)
j
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9gi hi k;

Figure 3.3 Example of the C' P decomposition of a N ® N ® N tensor.

This means we can rewrite Eq. (3.37) in the form
F(0,A10, D20, Asg) =Y gi(A10)hi(Aon ) ki(As2) (3.40)

which is exactly the form of Eq. (3.35), allowing us to compute the third order Dyson

operator as in Eq. (3.36) without the need to calculate tensors.

The above methodology can be extended to arbitrary order — hence the name ‘GeneRal-
ized Order Nth Decomposition’ (GROND) for this general procedure. This decomposition
works excellently for small to moderate eigenvalue differences —from numerical tests, with
eigenvalue differences |A;;| < 7, I found that even the fourth order divided difference expres-
sions converged within machine precision to the analytical functions in Eq. (3.19) with a
Taylor expansion of order d = 20 and of order b = 7 in the CP decomposition. Furthermore,
this method only requires operations of matrices of size N? at all orders in the Dyson series,
resulting in significant memory saving in comparison to the analytic method in Sect. 3.3,
which for dense matrices scales as N™ ! with n the Dyson series order. This allows for the
simulation of large N > 1000 system sizes for which the analytical method would be out of

reach.

3.5.4 Outlook and Future Work

Whilst the above procedure works excellently for small eigenvalue differences and provides
a pathway to building the Dyson operators for large, dense Hilbert space sizes, there are
several drawbacks — most notably, this method cannot capture large eigenvalue differences.
Calculating the coeflicients using an alternative basis — such as spherical Bessel functions
or a Fourier series — could result in better stability and convergence over a larger range of
A. Further, it is unclear how or whether this decomposition should be weighted such that

small eigenvalue differences are penalized more, encouraging convergence for small A. I leave
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addressing these questions to future work.

3.6 Publication — Fast and Differentiable Simulation of Driven

Quantum Systems [1]

In this publication, I look at how the Dyson series can be applied more generally to Eq. (3.2)
proving the forms of the divided difference expressions and operators defined in this chapter
in the presence of an oscillatory drive. I illustrate the solver’s numerical prowess showing
orders of magnitude speed-up over the implemented solver for unitary dynamics in QuTiP.
Finally, I demonstrate that the generated unitary evolution is differentiable with respect to
the drive amplitude, allowing for simple pulse optimization, and show how this can be used

to optimize a two-qubit gate implemented on superconducting qubit hardware.

For this work, I proposed the idea of the Dysolve algorithm, developed the python
scripts and wrote the manuscript. Jonathan Gross helped extensively with the mathematical
derivations and inductive proofs, Agustin Di Paolo and Alexandre Blais helped guide the
project with the proposed applications of the algorithm, and Elie Genois made the code
significantly more efficient, performed many of the simulations and provided the benchmarking

results.

The Dysolve algorithm was adapted and implemented in Qiskit Dynamics by a team
from IBM and can offer significant performance improvements over standard numerical

integrators, see Ref. [72] for more details.
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The controls enacting logical operations on quantum systems are described by time-dependent Hamiltonians
that often include rapid oscillations. In order to accurately capture the resulting time dynamics in numerical
simulations, a very small integration time step is required, which can severely impact the simulation run
time. Here, we introduce a semianalytic method based on the Dyson expansion that allows us to time-evolve
driven quantum systems much faster than standard numerical integrators. This solver, which we name Dysolve,
efficiently captures the effect of the highly oscillatory terms in the system Hamiltonian, significantly reducing
the simulation’s run time as well as its sensitivity to the time-step size. Furthermore, this solver provides the
exact derivative of the time-evolution operator with respect to the drive amplitudes. This key feature allows for
optimal control in the limit of strong drives and goes beyond common pulse-optimization approaches that rely
on rotating-wave approximations. As an illustration of our method, we show results of the optimization of a
two-qubit gate using transmon qubits in the circuit QED architecture.

DOI: 10.1103/PhysRevResearch.3.033266

I. INTRODUCTION

High-fidelity logical gates are paramount to the realization
of useful quantum computation. It is important in the develop-
ment of these gates that they be simulated with great precision
to ensure that they meet the particularly strict requirements for
fault-tolerant quantum computation. Several techniques are
used for simulating the time dynamics of quantum devices,
including dynamical solvers such as Runge-Kutta integrators
and direct matrix exponentiation [1,2]. However, capturing
the full time dynamics with the necessary accuracy requires
integration methods with a sufficiently small time step. As
a result, simulations can be computationally very expensive,
even for relatively simple cases such as optimizing a two-qubit
gate.

To ensure that simulations of quantum systems are feasi-
ble, approximations must be made. For example, a common
approximation is to neglect counter-rotating terms within the
rotating-wave approximation (RWA) to greatly reduce the
complexity of the simulation while capturing the dominant
dynamics. This approximation renders the Hamiltonian time
independent, which can then simply be exponentiated to
obtain the propagator. However, effects such as the Bloch-
Siegert shift which do not appear under a RWA need to be
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taken into account to accurately model the system [3]. In
addition, many gate optimization methods, such as GRadient
Ascent Pulse Engineering (GRAPE), require the calculation
of gradients, something which greatly adds to the complexity
of the numerical calculations [4]. More specifically, when
including the effects of the counter-rotating terms, there exists
no simple derivative of time-ordered unitaries with respect to
the drive amplitudes, and one must resort to approximating
the gradients. Consequently, this approach may not converge
to the optimal solution, which is problematic when targeting
very high-fidelity gates.

In this work, we develop an algorithm based on a Dyson
series expansion of the time-ordered problem that addresses
all of the above difficulties. In this approach, which we
call Dysolve, the time-ordered unitary evolution operator
is written as a product of time-independent operators which
are weighted by the drive amplitudes and dynamical phases.
This algorithm captures the full fast-oscillatory dynamics
irrespective of the integration step size, thereby decreasing
the complexity of the numerical problem. This also greatly
decreases the simulation time in comparison to traditional
integration-based solvers without loss of numerical preci-
sion. Importantly, this approach trivializes the derivative with
respect to the drive strength, which can be calculated to
an accuracy equivalent to the order of the Dyson series.
Moreover, this approach is compatible with non-Hermitian
dynamics, allowing for the simulation of open quantum
systems.

We begin by introducing our approach in Sec. II in the
case of a single, sinusoidal drive with a constant amplitude,
and then extend the formalism to the case of multiple drives,
accounting for filtering effects on envelope functions. We then
define the Dysolve algorithm in Sec. III, and demonstrate
its application to driven quantum systems with random drive

Published by the American Physical Society
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envelopes. We proceed to apply our algorithm to the GRAPE
optimization routine in Sec. IV, and show as an example
optimized two-qubit gates in the circuit QED architecture.

II. OSCILLATORY DRIVE PROBLEM

A. Simple time-dependent Hamiltonians

We begin by considering a simple time-dependent Hamil-
tonian with a cosinusoidally oscillating control drive term,

H(t)=Hy+V(t), V() =X cos(wr). (1)

Here, Hy = > i Aklk) (k| is a generic system Hamiltonian ex-
pressed in its eigenbasis, while X is a dipole operator that
connects the eigenstates of Hy and which we take to account
for the amplitude of the drive. As will become important later,
we note that we are not using the RWA.

The propagator under H () for some time increment &t
takes the usual form of a time-ordered integral

t+5t
U(t,t +68t) =T exp <—if dt'ﬂ(t’)), 2)

with 7 the time-ordering operator. Due to the fast oscillatory
cos(wt ) term, evaluating the propagator U (¢, ¢ 4 8t) is a nu-
merically challenging problem, and there exist few analytic
solutions to even the simplest case of a driven two-level qubit
[5]. In special cases, one can invoke the RWA to remove
the explicit time dependence from the Hamiltonian, thereby
allowing for calculation of the propagator from matrix expo-
nentiation directly [6].

However, when the RWA cannot be used due to a break-
down of the approximation or because a greater degree of
accuracy is needed, we propose using a truncated Dyson
series. Consider Eq. (2), written using the definition of the
time-ordering operator:

U(t,t +65t)

= ni:(;(—i)'Z [Ml /tt”---/ttzﬁ(t,,)ufl(t])dt] edty.

3)

It is useful to express this expansion in terms of powers of the
drive operator V (), forming the Dyson series

o0
Ot.t+6t)=Y 0"t +60), 4
n=0

where we have defined

U®(t, 1 +6)= exp (ian[p]t)S'(")(a)n, 8).  (5)

@y p=1

Here, w,, is an n-vector whose entries are o originating from
the decomposition of the cos(wt) of the control into complex
exponentials, and w,[p] is the pth element of w,. The sum
over w, implies a summation over all 2" possible w, vectors.

Equation (5) also introduces the Dyson series operator
S (@,, 8t) which takes the form

1 R
o 2 S (@n, b), (6)

n+1
meZ;

$M(@,, 8t) =

I
Hy V(t)
f{o V(t) ITA[(] V(t)
Ny N N
I:IO V(t) ﬁo V(t) f{o V(t) I:IO V(t)

A XK A ALK A A A

FIG. 1. Tree diagram showing the different branches of the time-
ordered integral, with two example branches highlighted.

and which corresponds to a summation over all Dyson path
operators of nth order, where m = [m,, ..., my] with each
index m; ranging from zero to infinity. These nth-order path
operators are given by

SU (@, 81)
8t pty t . R . . R
= [ [ o iy £ iy
0 JO 0
n

x (=)' [ [ expli@plp)dt; - - - dtyy. (7

p=1

where we have introduced
n p—1
M:Zm,«l—n, L(p):ij—}—p. ()
i=0 j=0

Each $)(w,, 8t) corresponds to different ways to have n
contributions from the control X (i.e., different terminated
branches of the tree diagram), with the m;’s labeling the num-
ber of applications of H, before the subsequent application
of X. The total number of operators in the path operator
is given by M. To simplify the notation, we introduce an
indexing function ¢(p), which can be interpreted as the total
number of Hy and X operators before the pth application of
the control X. These definitions can be visualized as in Fig. 1
where the highlighted branches correspond to sets of path
operators S’EZ)I 27(@y, ) and S[(;?l,o (@n, 8t), respectively, with
m; determined by where the path terminates. For example,
§Eg,)2](wn, 8t) and S[(;?O]("’n’ 8t) terminate at the points in the
branches marked by a star.

Below, we give explicit expressions for these operators to
zeroth and first order in the control. Building on these results,
we then construct expressions that are easily amenable to
efficient numerical evaluation to arbitrary orders.

B. Evaluation to zeroth and first order

The zeroth order corresponds to the leftmost branch of the
tree diagram of Fig. 1 for which it is straightforward to obtain
an explicit expression. Indeed, the path operator simply takes

033266-2
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the form
R 8t g f .
S (0.81) = / f f (—iBo)™dt, - - - dty,—1diy,
’ o Jo 0
(—iHy8t)™
= )
mygy.
Summing all of the elements in the branch, we obtain
0 A
8900, 1) = Z SE%](O, 8t) = e~ oot (10)
mn=0

which corresponds, as expected, to the drift evolution of the
Hamiltonian in the absence of drive. In a similar fashion, the
path operator to first order takes the form

R 8t vy B . . .
S(l) ((,)1’ 5[) = R (—l.Ho)m'X(—l.Ho)mo
[m1.mo] o Jo o

X eXp(:i:i[w]l[(]))dﬁ - dty, (1 1)

and therefore leads to the following Dyson series operator:
N it L ,
$V(@r.81) = == 3 (bt (e F )8 )KIX KN K|
kK

(12)
This operator weights the matrix elements of X by a func-
tion f whose inputs are weighted eigenvalues {A;} of the
free Hamiltonian H, with corresponding eigenstates {|k)},
where the second eigenvalue is shifted by the drive frequency
®1[1] = +w. This function is defined as
i
Ak — hp
We refer to this function as the first-order weighting function.
The above expressions are derived in the Appendix A, and
are unsurprisingly in exact agreement with first-order time-
dependent perturbation theory.

Crucially, the Dyson operators depend on the size 6t of
the time increment, but not the current time of the evolution
t. As a result, for a total evolution time T = P§t, where P
is an integer, the set of P incremental evolution operators
U(pst, (p+ 1)8t) can be evaluated simultaneously. As will
become clearer in the next section, this holds true to arbitrary
order.

e, ) = (7™ — ). (13)

C. Evaluation to nth order

To model quantum systems with sufficient accuracy, it is
necessary to consider second- and higher-order terms in the
Dyson series. This can be done following a similar approach
as described above. Indeed, we introduce the nth-order Dyson
operator in a similar fashion to Eq. (12):

8™ (w,,, 8t)

= <_;(St>n Zf()tn(kn)af — c(a)n)(sl‘)(k(")p?lk(nfl))
k

X (kDX kDY DX KOO RO (14)

Here, each k, = (K@, kD, ..., k™) is a set of indices which
specify a set of (n + 1) eigenstates {|k™)} of Hy with corre-
sponding eigenvalues A, (k,,), and we sum over all possible k,,.

These eigenvalues are written in vector form:
Al = Moy oo b)), Holk™) = A |6, (15)

The sum over k, implies a summation over all sets of eigen-
states which the dipole operator X couples in Eq. (14).
Additionally, we have introduced the cumulative vector

n—1 n—2
c(@,) = (an[n —pl Y @ln—pl.... o0, 0).

p=0 p=0
(16)
The nth-order weighting function f(A,) entering Eq. (14) can
be obtained recursively using the relation (see Appendix A)

f(g()) = f(& (M) Udu[n])
F) =i , (17)
A-n[n - 1] - A'll[n]
where g(v,) returns v, without its last element, g*(v,) =
g(g(v,)), and the notation U indicates appending an additional
element to a vector such that

Ay :g(xn)U)‘-n[n]' (18)

In the case of degenerate eigenvalues, we simply define
Eq. (17) by taking the limit A,[n — 1] — A, [n].

Using Eq. (4) with the above results, we can now form
the truncated Dyson series yielding an approximation to the
evolution operator to nth order in the perturbation

0,200, O =00 e, )
r=0

thus yielding the total evolution operator for time 7' = P§t to
the same order,

P
U, Psty~ T[]0, (20)

p=0

In this formalism, the time-ordering operator 7 becomes a
trivial operation since we need only arrange the set of ma-
trices {Up} in ascending order from right to left. Using this
method, we can thus calculate an arbitrary number of terms
in the Dyson series, with each subsequent order increasing
the accuracy of the approximation to the propagator operator
Uu,T).

D. Generalization to more complex drives

So far, we have only considered a single, cosinusoidal
drive. In practice, for applications such as Derivative Removal
Adiabatic Gates [7], it is useful to consider more complicated
drives of the form

V(t) = 2[Q, cos(wt) + Q, sin(wt)]X,
— (Qeiwl + Q*e—iwt)}z, (21)

where Q = Q, +iQ, is the complex drive amplitude. This
generalization requires only a minor modification to the result
of Eq. (5) which now reads

@y

O™t t+61) =) exp (i an[p]t> Q(@,)S" (w,, 81),
- (22)
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FIG. 2. An example set of pulse amplitudes. The black bars indi-
cate the chosen drive amplitudes u;, where At = 1 ns. The red bars
indicate the subpixels, which provide an approximate interpolation
of the true pulse delivered to the system (blue), with a bandwidth
wo /2w = 851 MHz.

and where we have introduced
Qw,) = Q@) o*(n—pi(@n)) (23)

We see from Eq. (21) that 2 and Q* will appear according
to the number of positive and negative frequency elements in
the vector w, respectively, leading to a simple expression for
(@) in Q(e,):

1(@,) = (n +y wn[p]> /Qo). (24)

p=1

As shown in the Appendix B, this formalism can be further
extended to an arbitrary number of drives of different frequen-
cies, and acting on different system operators.

E. Envelope functions and Gaussian filtering

Having established the necessary notation, we can now
take into account control drives with time-dependent ampli-
tudes 2(¢). To do so, we discretize the drive envelope of
total time T = N,At into N, increments, called pixels, each
of duration Atz. For a given pixel 7, the drive is characterized
by its complex amplitude u; such that the envelope can be
expressed as [4]

N,—1

Q)= win(iAt, (i + DA), (25)

i=0

where M(t,t 4+ At) = O() — O(t — Ar), with O(t) the
Heaviside function.

Additionally, following Motzoi et al. [8], we take into
account the finite bandwidth of the control by applying a
Gaussian filter on the discretized enveloped. To do so, each
pixel is subdivided into N; subpixels of width 8¢z with At =
N;6t (see Fig. 2). The subpixel amplitudes s; are then defined
as

—1
si= Y Tijuj, (26)
j=0

where the Gaussian filter matrix 7' has elements

1 16t — jAt
= (P57

_ erf|:a)o<l(3t — (j2+ 1)At>:| } 27

Following Eq. (22), the nth-order evolution operator over the
Ith subpixel takes the form

0" =) exp (z‘ > wn[p]lsr) Q(@,)8" (@, 61),  (28)

W, p=1

where the drive function in Eq. (23) picks up an additional
subscript / to denote the /th subpixel:

Q(w,) = S;L(wn)s;ﬂ("*lt(wn)). (29)

As can be seen in Fig. 2, the subpixels (red) will of-
ten overestimate or underestimate the filtered pulse (blue)
amplitude depending on its gradient, something which can
become a leading contribution to the error in simulations. In
Appendix C, we generalize the amplitudes s; to have a linear
time dependence to compensate for the change in amplitude
of the continuous pulse across a single subpixel, providing a
more accurate approximation to the filtered pulse.

III. THE DYSOLVE ALGORITHM

As already explained, the Dyson series operators
S0 (@,, 8t) for which we have expressions at arbitrary order n
are functions of the time increment §¢ and, crucially, are inde-
pendent of the total evolution time 7. The Dysolve algorithm
leverages this fact to parallelize the time evolution.

The algorithm operates in two parts: a preparation stage
and a contraction stage. In the preparation stage, the Dyson
operators S (w,, 8t) for a Hilbert space size N are computed
up to a chosen truncation order n, and arranged in a tensor.
This tensor has dimensions (R x N x N), where R is the total
number of Dyson operators. In the case of a single drive with-
out linear interpolation, R = 2"*! — 1, where n is the order of
the expansion.

Once the preparation stage is completed, it is in principle
possible to consider arbitrary gate times and drive envelopes.
Suppose we wish to simulate a time evolution of length
T = Pét, where P is an integer. We first generate a (P X R)
tensor whose elements are the envelopes and oscillatory terms
exp(i Z';:l ®,[pl16t)Q2(w,) in Eq. (28). We then multiply
these tensors to obtain a (P x N x N) time-evolution tensor,
where the p th (N x N) matrix corresponds to a time-step
operator Up. This multiplication constitutes the parallelized
portion of the algorithm, with all P time-evolution operators
calculated simultaneously. As in Eq. (20), we multiply all of
the individual evolution operators in the time-evolution tensor
to obtain the final evolution operator U (0, T'). This whole
procedure forms the contraction step of our algorithm.

Below, we will refer to the computation of the evolution
operator U (0, T') to nth order following the above approach
as Dysolve-n.
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FIG. 3. Dysolve benchmarks. Frobenius norm distance from the propagator U,;(0, T') for the Dysolve algorithm for a T = 500 ns
evolution with (a) one input drive, (b) two input drives, and (c¢) three input drives. Contraction time of the Dysolve algorithm as a function of
the subpixel number N; for (d) one, (¢) two, and (c) three input drives. The slope of the data is precisely 1, meaning that the computational time
scales linearly with the number of subpixels. Preparation stage computation times are (10 ms, 18 ms, 24 ms) for (Dysolve-2, 3, 4) and one
input drive, (22 ms, 68 ms, 136 ms) for two input drives, and (45 ms, 200 ms, 442 ms) for three input drives. In panels (a) and (d), we compare
the error and computation time, respectively, of Dysolve with QUTIP bdf and adams solvers using high-precision settings (see Appendix D

for more details).

A. Benchmarking

Before turning to examples of application of Dysolve, we
first benchmark this algorithm. To do so, there are a number
of factors to consider: (i) the size of the Hilbert space, (ii) the
drive amplitude, (iii) the number of independent drive chan-
nels, and (iv) the shape of the envelope function. To quantify
the performance of our algorithm, we use two metrics. Given
a number of subpixels Ny, we evaluate (1) the computation
time and (2) the Frobenius norm distance between U (0, T),
the propagator calculated under the Dysolve algorithm with
a chosen number of subpixels, and a reference Uss(0, T),
the same unitary calculated with very high precision. As
discussed further in Appendix D, we use Dysolve-4 with
10* subpixels to compute Uref(O, T), since Dysolve is able
to reach precisions on the benchmark setup that are up to
three orders of magnitude greater than QUTIP’s propagator,
a comparable dynamical solver [9].

For our benchmarks, we use diagonal system Hamiltonians
with a Hilbert space size N = 25. As a concrete example, we
take the eigenvalues to be normally distributed about 7 GHz,
the typical operating frequency of superconducting qubits
[10]. We consider between one and three input drive operators,
at the frequency of the |0) < |1), |2) <> |3), and |4) < |5)
transitions with |k) the kth lowest-lying system eigenstate.
The matrix elements of each operator corresponding to these
transitions are set to 1. To emulate an arbitrary drive operator
with off-resonant terms, we populate 20% of the remaining

matrix elements of the drive operators with complex numbers
normally distributed about zero, after which Hermiticity is
enforced by the addition of the complex conjugate. The en-
velope function associated to each drive operator is centered
around an amplitude such that the duration of the simulation
is equivalent, in the absence of the other drives, to a total of
20 Rabi oscillations. In the context of superconducting qubits
with their microwave drives, this corresponds to the simula-
tion a 500-ns evolution with a drive amplitude of 40 MHz. We
take the pixel amplitudes u; of the envelope functions to be
normally distributed about 40 MHz with a standard deviation
of 1 MHz. To reduce statistical fluctuations, the results pre-
sented in Fig. 3 are averaged over 30 simulations, each with
different random envelope functions and system eigenvalues.

The numerical simulations reported in Fig. 3 are per-
formed on a 2.8-GHz Intel Xeon Gold 6242 Processor (16
cores/32 threads) using PYTHON. Since the preparation stage
only needs to be performed once for a particular system
Hamiltonian, the reported computation time accounts only
for the contraction stage of the Dysolve algorithm. We re-
port the preparation times in the figure caption for reference.
Figures 3(a)-3(c) present the norm distance between
Dysolve-n for n =2, 3, and 4 as a function of the num-
ber of subpixels, and for increasing number of input drives.
Even with large drive amplitudes and long evolution times,
we obtain an excellent approximation to the final unitary
operation with relatively few subpixels. For example, using
a fourth-order Dyson expansion with 40 subpixels yields a
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norm distance error of less than 107> in all cases. Importantly,
as shown in Figures 3(d)—(f), the computation time needed
to reach this level of accuracy is only on the order of a few
seconds (less than 3 s). In comparison, QUTIP’s propagator
function takes about 16 min to perform the calculation to an
equivalent accuracy for a single input drive. Such a significant
speedup proves to be particularly useful when, as discussed in
section Sec. IV, the contraction stage of the algorithm needs
to be repeated many times in an optimization loop. Additional
benchmarking results are provided in Appendix D.

IV. APPLICATION TO OPTIMAL CONTROL

Optimal control is an essential tool in the development of
high-fidelity gates for quantum computation. Most optimiza-
tion algorithms, such as GRAPE [4], rely on calculating the
gradient of the gate fidelity with respect to the drive amplitude
at each pixel. With most approaches, this requires recalculat-
ing the evolution operator at each time interval, something
which can be as expensive as the original calculation of the
unitaries. Moreover, this calculation is generally performed
with the presumption that the Hamiltonian is time independent
over the duration of a subpixel, thus invoking a form of the
RWA. In our expansion, such an assumption is not required.

Here, we show how Dysolve can be applied to optimiz-
ing control pulse envelopes to maximize gate fidelity. More
precisely, we consider optimizing the fidelity of an evolution
U(T) with respect to a target gate unitary U[arget In general
U (T) acts on the full Hilbert space of the system while Utarget
is defined on its computational subspace. The objective is thus
to maximize the performance function [8]

1 .
¢ = |TI' targetU(T),P)|2’ (30)

where d is the dimensmn of the computational subspace (d =
2 for a single qubit), and P is the projector on that subspace.
Although our approach can in principle deal with an arbitrary
number of drives, for simplicity here we consider control of a
single set of complex drive amplitudes u;.

We use a GRAPE-like approach to maximize the gate fi-
delity which requires the gradient of the cost function ® with
respect to the drive amplitude at each pixel u; and subpixel s,

[8]

Mf

- = 1)

Bu, P 3S1

ap 1 1Y

875*1 dz2Re{Tr[Umrget as :|Tr[UtargetU P]} (31)

Within the framework of the Dysolve algorithm, it is simple
to evaluate the operator (30U /ds;). Indeed, using Eq. (20), we
find that for the nth-order Dyson expansion, the derivatives of
the unitaries take the form

v Mo \ao, (=
- (0125 ()

m=I+1 =0
30[ - 1( Wl) Q(m)
” _mX(:)wZexp( Zwm[p]l&) —— 85" (@, 6t),
aﬂé(wm) (G) )S(p.(wm) 1) *(n M(‘!’m)) (32)
§1

Importantly, note that the Dyson operators S (w,, 8¢) remain
unchanged by the derivative. As such we only need to perform
the preparation stage of the Dysolve algorithm once, with the
calculation of 30 /ds;. Thus, the optimization iterations only
require the contraction stage computation to be performed.
Further, these derivatives are exact. Consequently, the effects
of off-resonant and counter-rotating terms are accounted for in
the derivatives. This is the strength of the Dysolve algorithm
for optimization.

Recall from Eq. (21) that the real and imaginary com-
ponents of the drive amplitudes are associated with the
magnitudes of the cosine and sine quadratures, respectively.
Thus, to calculate the relevant amplitude derivatives for the
cosine and sine drive envelopes, one simply calculates the
appropriate sum or difference of the derivatives in Eq. (31):

00 _ 1(90 90 b —if0d 3P
duje  2\du;  our) dupy 2 \ow;  our)

(33)

where u; = u;, +iu;,. To perform the GRAPE algorithm,
the set of drive amplitudes is simply updated by taking steps
in the direction of the gradient of the fidelity [4]

D
O, (x.y)

Wj,(xy) = Wjxy) T € : (34)
where € is a small, positive number which need not be fixed
during the optimization process. For example, one could use
a backtracking line search to maximize the gain in fidelity
[11,12]. In the examples presented below, we simply use a
sufficiently small € for the updating process to be stable.

Example: Cross-resonance gate for coupled transmons

As an example of application of our implementation of
the GRAPE algorithm with Dysolve, we present results of
the optimization of a two-qubit gate. We also demonstrate the
importance of off-resonant terms in the optimization process.
To this end, we consider two capacitively coupled fixed-
frequency transmon qubits, illustrated in Fig. 4. Each qubit
is described by a Hamiltonian of the form [10]

A_4Ec] — Ejjcos @j, 35)
L L >N
Pe Pt

FIG. 4. Superconducting circuit for cross-resonance gates be-
tween transmon qubits. The leftmost transmon, of frequency w. /27,
plays the role of the control qubit and is strongly driven by the volt-
age source V. at the frequency w;/27 of the target qubit (rightmost
transmon). The target qubit is also driven by V; using a relatively
weak tone that serves to give additional control. ¢, and ¢, correspond
to the phase degrees of freedom associated with the control and target
qubits, respectively.
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where 71; and @; with j = c, ¢ are the conjugate charge and
phase operators of the transmon, while E¢; and E;; are the
charging and Josephson energies. More precisely, we consider
the cross-resonance gate, which performs an X rotation on a
target qubit conditional on the state of a control qubit which is
driven at the target qubit’s frequency [13,14]. Optimal control
has been applied to this gate before in Refs. [15,16]. However,
these approaches have made use of simplified models for the
device and of the rotating-wave approximation. Taking ad-
vantage of the Dysolve algorithm, our approach generalizes
previous work on the cross-resonance gate by considering
the full circuit Hamiltonian and including all counter-rotating
terms.

Following the standard circuit-quantization procedure [17],
the two-transmon Hamiltonian can be put in the form H(t) =
Hy + V(t) with

Hy = H. + H; + hgicy, V(1) = fe(Ohc + fi()h,  (36)
where A, and H, are the Hamiltonians of the control and target
qubits, respectively, and hgh A, results from the capacitive
interaction between the qubits. The quantities f.(¢) and f;(¢)
are the time-dependent drives

Je(t) = 2[Qex (1) sin(w; 1) + 2y (1) cos(ey1)],
Ji(t) = 2[Q(t) sin(wyt) + (1) cos(wyt)],  (37)

with {Q,, Q¢y, 2, €y} the drive envelope functions to be
optimized by GRAPE. While activating the cross-resonance
gate only requires driving the control qubit at the frequency
of the target, the additional control over the target qubit €, (r)
is useful to eliminate single-qubit rotations and obtain higher
fidelities to the target unitary [18,19].

The above Hamiltonians capture the dynamics of the sys-
tem beyond the rotating-wave approximation. To illustrate the
impact of the fast-oscillating terms in this Hamiltonian, we
make the RWA by eliminating transitions that are off resonant
by more than some threshold frequency wies. More specifi-
cally, our drive operator now takes the form

‘7 (t, Wthres)
= eiw;t [Qc(l )ﬁc(a)t s wthres) + Qt (t )ﬁl (wthre& Wy )]

+ eiiwrt[Qj (t)ﬁc(_wta Wrhres) + Q;k (t)ﬁt(a)threm —wy)],
(38)

where Q; = Q;, +iQ;, with the modified operators
Ae,ny(w, Omres) that are such that matrix elements are set
to zero,

ﬁ(c,t)(wv wthres)[ks k/] =0, (39)

if they connect states |k) and |k} that are separated in fre-
quency by more than the threshold, |E; — (Epy — )| > Othres-
Note that this is equivalent to the usual RWA made on a
two-level qubit driven on resonance where wyes < 2.

We choose to operate this gate with control and target
frequencies of w. /2w = 5.1 GHz, w; /27w = 4.9 GHz, and an-
harmonicities . /27 = —355 MHz and «; /27 = —352 MHz,
respectively. Moreover, the qubit-qubit coupling is set to
g/2m = 4.29 MHz and the target unitary is taken to be a ZXy
gate [20,21]. Additionally, we optimize the pulses for several
different choices of threshold frequencies, wgyes, and compute

10! H -@- Constant pulses Wihres = 0.5 GHz
0 winhres = 0.2 GHz  =V¥= winres = 2.0 GHz
10 - =@~ Wihres —> OO
10—1 1 '\ = =N\ -
o ' M SOU
| 1072 \. *-0-0-0 -0
— (Y
1073 + \
JOR I Z e S
A — -
—5 v GRS Tolg dulr SIS
10 z 3 S Cio 4

50 100 150 200 250 300
Gate time (ns)

FIG. 5. Infidelity of the cross-resonance gate as a function of
the chosen gate time when the gate is operated at the qubit-qubit
detuning A/27 = (w. — w,;)/27w = 210 MHz. The different curves
demonstrate the result of optimization of the pulse shape under
RWAs at different threshold frequencies wyyes, followed by a sub-
sequent calculation of the true fidelity in the RWA-free case.

the fidelity of the pulse shapes found in this way using the
RWA-free Hamiltonian. Figure 5 shows the infidelity of the
cross-resonance gate obtained in this way as a function of the
gate time and for different choices of threshold frequencies.
We first note that, for a flat pulse (red diamonds), a gate
fidelity approaching 99% can be reached. The other data sets
in Fig. 5 correspond to different values of wyyes ranging from
200 MHz to 2 GHz (blue symbols, from top to bottom). The
darkest blue circles correspond to simulations without RWA
and to which the other blue symbols should be compared. The
impact of terms oscillating at high frequency can be seen in
the results obtained with a wyes 0f 200 MHz which coincide
with those obtained for an unoptimized flat envelope. Even for
Wihres/27 = 500 MHz the results agree with the full simula-
tion only for gate times exceeding 150 ns. To reach agreement
with the full simulation for all gate lengths, terms oscillating
as fast 1 GHz must be kept. Omitting these fast-oscillating
terms can therefore lead to lower-fidelity gates. We stress
that, in contrast to the usual solvers, within the framework of
Dysolve, there is no computational advantage to eliminating
any of the off-resonant transitions. In short, Dysolve is a
numerically efficient approach to optimize pulse envelopes to
reach high-fidelity gates.

To further demonstrate that GRAPE under Dysolve can
successfully optimize the cross-resonance gate more gener-
ally, Fig. 6 shows the fidelity of an optimized 300-ns gate as a
function of the qubit-qubit detuning A/27 = (w, — w;)/27.
In the numerical simulations, this detuning is varied by chang-
ing the target qubit frequency while keeping the qubit-qubit
coupling and the control-qubit frequency fixed. We note that
the performance of the gate at positive detunings is ap-
proximately in line with those predicted by Schrieffer-Wolff
perturbation theory for an echoed cross-resonance gate per-
formed on a similar device [22]. The results are excluded
at A =0, ta, as the qubits strongly hybridize due to res-
onances. The slight variations in the GRAPE fidelity in the
wide detuning range are partially attributable to variations in
higher-order two-qubit coupling amplitudes across, alongside
the performance of gradient ascent for different optimization
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FIG. 6. Infidelity of the cross-resonance gate as a function of the
detuning of the qubits when optimized under GRAPE for 5000 iter-
ations. The control qubit frequency is fixed to w./27 = 5.10 GHz.

landscapes. This also constitutes evidence for the robustness
of our algorithm, as excellent fidelities are obtained in a broad
range of parameters.

V. FUTURE WORK AND CONCLUSION

We have demonstrated that the Dysolve algorithm pro-
vides a means to quickly and accurately simulate driven
systems while accounting for all of the effects of the counter-
rotating and off-resonant terms. Analysis of ultrafast quantum
gates and the quantum speed limit [23], where counter-
rotating effects are particularly important, would also be
possible with our algorithm. Additionally, this method triv-

|

ializes the calculation of the gradient, allowing for rapid
optimization without the need for additional approximations,
and can be modified to include dissipative effects. Indeed, a
simple extension of the optimization scheme would allow for
optimization of lossy quantum systems specifically, through
an open GRAPE-like scheme [24], or the simulation of larger
lossy systems through the use of trajectories. We also note that
as the expressions depend explicitly on the drive amplitudes,
second derivatives and the Hessian matrix can also be cal-
culated exactly, opening the door to second-order optimizers
such as Newton’s method.

We anticipate that future iterations of the Dysolve al-
gorithm improve the efficiency of both the preparation and
contraction stages of the algorithm. Given the parallelized
nature of this solver, we also envision a direct extension to
graphics processing units (GPUs), which could allow for fast
simulation of significantly larger systems. We leave this for
future work.

Note added. Recently, the authors were made aware of a
recent paper [25] which uses a different approach to obtain a
result similar to that which we provide in Sec. II. Our derived
weighting functions are equivalent to divided differences [26]
utilized in their method.
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APPENDIX A: DERIVATION OF nTH-ORDER WEIGHTING FUNCTIONS

In this Appendix, we derive the nth-order weighting function and the form of the Dyson series operators. We begin by defining

a frequency-dependent set of path operators

where, for now, v, is an arbitrary vector and M = Y__ m; + n. Since there is no explicit time dependence in Eq. (A1), we can

evaluate its M integrals simultaneously:

Riy..n) (0, 81) =

(=i (—i(Hy — v,[n]))"X - - - (—i(Hy — v,[11))" X (—i(Hp — v,[0]))" (81)M

M!

= (—idt)"

(—idt(Hy — vu[n]))™X - - - (—idt (Hy — v,[0]))™
M! ’

(A2)

Inserting identity operators Iy = ), |k) (k|, with Holk) = Ax|k) and N the size of the system’s Hilbert space, between groups of

H, and each X operator leads to

Ry, ...mo) (Wny 88) = (=) Y kXKD DR D) (kDX ) ) (5@

kn

(—i(hn(kyn) — v,)[0] 82)™ - - -
X

i (_l()"n(kn) - vn)[n] 8t)mn ) (A3)
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To obtain the Dyson operator, we sum Eq. (A3) overallm € Z"Jr“. To this end, we define the nth-order weighting function f(A,,)
as

_ (=ika[O1)" - (=i, [n])™
F) = ,,,Zm (X (m) + n)!

Do =ik o™ (—ik [n—sz“ZZ

my,...,mMy_o P=0 p=0
_ ¥ (—iAn[01)™ - - - (—iky[n — 2] ((—ixn[n S = =ik [n])PH)
S (X"22(m) + P+ 1+n— 1)1(=iky[n — 1]+ iks[n])

—idg[n — 1DPP(=ik,[n])?
Soso(m) +P = p+p+n)!

Au[n — 1] = Ay[n]
where f(Ao) = exp(—iko[0]). This gives us the form of R®(v,,, 0, §t):
R (v,, 81) = (‘;‘”) D KX R KD ED) ROR OO E) x f(hen) = 0,28, (AS)
ky
We then note that
e f(hn) = f Ay — @lg). (A6)

To prove this, first note that this is trivially true for f(Ao). We then make the inductive step, assuming Eq. (A6) to be true for
n — 1. Then,

eiwtﬂf(X ) _ il:eiwtof(g(ln)) - eiwtof(gz()‘n) U A'n[n])i|
" Anln — 1] — Au[n]

_ il:f(g()"n) — wot) £ (g% (hn) U Ay[n] — wof)]
(An[n — 1] = wot) — (Au[n] — wot)
= F(hn — w0l). (A7)

By linearity, this implies that ¢/ R?)(v,,, 8t) = R® (v, + a, 5t).
We now consider the effect of a set of oscillatory terms. To this end, we first note that the Dyson path operator in Eq. (7), as
well as the Dyson operators themselves, can be defined recursively:

8t I —mp+1
S (@, 81) = (—iHy)™ X f diy -+ /0 iyt @ S @@, i), (A8)
8t M —mp+1
8™ (w,, 8t) = - Z( iHy)™ X / dty - - / dtpg—m, €= SO ((e,), trr ), (A9)
m,,€Z+ 0
ot IM =y +1
R (v, 81) = - Z( iHy — iv,[n])" X f dty -+ f diyg—n, R"™D(g(01), trrm,)- (A10)
m,,EZJr 0

We now wish to demonstrate that R®(¢(w,), 8t) = S (w,, 8t), where ¢(w,) is the cumulative vector introduced in Eq. (16). To
first order,

. 1 . [0 I —my+1 ) R
S(l)(wl ,81) = 5 Z(_iHo)WnX / dty - / dtMimleIWI[l]foml S(O)(O, M)
0 0

m el

IM—my+1 .
72( iHo)™ X / diy - - / dty | 1) (il M f ity m,)
0 i

m1€Z+
at M=y +1
Z Z( zHO)mle dty - - .]0 dtyr—m, |:Z [i) (i f((A; — wl[l])tMml)j|
m1€Z+ i
= 2 Y iy R / diyy - /0 " g RO (11 41
m|€ZJr
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1 . . at M —m) +1 R
= 3 ity =R [t [ dtge RO, 0D 1)

m1€Z+
= RV ([wi[1], 0], 61)
= R (c(@), 81).

(Al1)

We again make the inductive step with the assumption that R"~V(c(w,), §1) = S~ (w,, 81). To proceed, we first show the

following result:

n—1 n—2
c(g(vy)) = ([Z v,[n — p]}, [Z v,[n — p]}, cvln = 1], 0).
p=1 p=1
n—1 n—2
= (|:Z I),,[l’l - P]:| ’ |:Z vn[n - P]:| LI U,,[l’l - 1] + U,,[I’l], vn[n]) - ‘Un[l’l]
p=0 p=0

n—1 n—2
= g<|:z vn[n - p]:|s |:Z vn[n - p]
p=0

p=0
= g(c(vn)) - Un[l’l].
Then,

. 1 R
(n) — _ i My -
SY(w,, 8t) = 3 E (—iHy) X./o dty

my€ly

my €l

i|, e, Up[n — 1]+ v,[n], v,[n], 0) — v,[n]

1 . [ I —my+1 L
=5 Sty [ [T den R g0 + 0l 1)
0 0

my €Ly

1 . . . ot M —mp+1 L
=5 it =ik [ [T d ROV @) o)
0 0

my €L,

= R™(c(w,), 81),

finishing the induction and giving the final desired form in Eq. (14).

APPENDIX B: MULTIPLE DRIVE INPUTS

Suppose there are g-independent drive inputs each with its
own drive frequency and operator. For an nth-order Dyson
expansion, we define an n-dimensional vector 8 with values
ranging from 1 to g, each value referring to one of the drive in-

(A12)
M —my+1 ) .
/ iy, " $OD (g(@4). 1h1-1m,)
0
1 R [ M —my+1 i R
=5 D _(=iflo)"X / diy -+ / dtyg—m, @ ROV (e (@(01)), thr-m,)
0 0
(A13)
[
The drive function is also modified and now reads
_ *(1—p)
Qwp) = [ | 251,25, ", (B2)
p=1
where
n = 3(1 + sign{wg[p]}), (B3)

puts. To simplify the notation, we drop all subscripts n, which
are implied. The new Dyson series operators corresponding to
a particular vector B are

S5 (@ 81) = (k| Rgp kD) KO kO Xy |5
k

x KDY (kO F (A — Stvg), (B1)

with wg an n-vector where the pth element of this vector is
Fwgpp), or more simply, plus or minus the drive frequency
corresponding to the B[ p]th input. Similarly, Xﬂ[p] refers to the
Bl plth input operator. The definition of vg remains unchanged
from Eq. (16), albeit with the new drive frequency vector wg.

thus allowing us to define our generic nth-order Dyson series,

O™t t+86)=> Y exp (i > wﬁ[P]t) Qwp)Sy" (wp, 81),
B wg

p=1
(B4)
which reads as a version of Eq. (22) with multiple drive
operators and frequencies.

APPENDIX C: LINEAR INTERPOLATION OF SUBPIXELS

The accuracy of the Dyson expansion is insensitive to the
drive frequency w—rather, it depends only on the number of
subpixels and the drive amplitudes. However, if each subpixel
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FIG. 7. Linear interpolation of the pulse sequences (solid yellow
lines) with two subpixels per pixel. The black bars indicate the orig-
inal Gaussian filtering, with the blue dashed line the “true” filtered
pulse.

assumes a constant amplitude, a leading error can be caused
by the change in amplitude of the drive over a single sub-
pixel. In Fig. 7, we illustrate this issue, where the subpixel
amplitudes (black bars) will over- or underestimate the true
pulse amplitude, depending on the gradient of the envelope
function. To circumvent this issue, we consider a new linear
interpolation of the drive envelope over a single subpixel. We
define y,(¢) as the new time-dependent amplitude for the /th
subpixel:

16t <t < (I +1)ét,
(CI)

yi(t) =) 4 5= — 161),

where s is calculated from a modified filter function to ensure
that the integral of the subpixel matches that of the continuous
pulse. The y;(¢) time-dependent subpixels are shown in yel-
low, and well approximate the true pulse even for relatively
few subpixels. To determine the impact of the linear time
term 7y on the time-ordered integral, we consider the (n — j)th

—
&
N\

bdf

adams

1 B Dysolve-3 x

—[1— Dysolve-4 o
10—3 .

Norm distance error

102
Number of subpixels

102

iteration of a Dyson series operator,

ot Id=mj) ) .
/ dty -+ / dtM—m,»tM—mj exp(zwn[j]tM_mj)
0 0
% S(/*l)(g(jfl)(wn)’ tM—m,)»
o =) ) L
= [Cane [T i ity exptin )
0 0
x $Y7D@U N (@,), tyg—m,)),
) ot IM=mj 1) ) .
= (_law,,,j)/ dty - - / dtM—m‘, exp(lwn[]]tM—m,-)
0 0

X S‘(jil)(g(jil)(wn); tM—mj)’

= (_iawn,j)g(j)(g(j)(wn)v tM*fﬂ/Jrl)’ (Cz)

where we define 9,,, ; as the derivative with respect to the jth
component of the vector @,,. For example,
,0].

D, j(@0) =10,0,..., 1 ,... (C3)

jth

This result allows us to modify Eq. (29) to the following result,
replacing the drive amplitude function by a drive amplitude
operator:

n
(@) = [T (51 = i5780,.0)" (57 + i57"Ba,.) "
p=1
1 .
where u = E(l + sign{w[p]}), (C4)
where the derivatives are to act upon the Dyson series oper-
ators. It is important to note that s, < s; in the majority of
cases; as such, it is possible to consider a partial truncation
of the series, where only up to a certain power of derivative
terms s, are included in the set of Dyson series operators.
To make use of the drive amplitude function, we must
determine the derivatives of the weighting function f(X,). We

—
=3
=

g bdf -
= 10E ---------------------------------------- adams ------------{
) 4
£ 1074
+ 4
g |
e 10! 4
5 ]

]
a 0]
g 10E
S
1071 4
10? 103

Number of sub pixels

FIG. 8. Comparison of the Dysolve algorithm and QUTIP’s propagator over an evolution of 20 Rabi oscillations, with the same
parameters as in Fig. 3 of the main text. (a) Frobenius norm distance between the Dysolve algorithm with different subpixel numbers and
QUTIP’s propagator with adams (circles) and bdf (x’s) methods. The squares are the norm distance between Dysolve-n and Dysolve-4
with 10* subpixels. The dashed line indicates the error between propagator with the adams and bdf methods. (b) Computational time of
Dysolve and propagator for results of the left panel. The dashed lines refer to the computational time for propagator with adams and bdf

with the high-precision settings described in Appendix D.
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begin with the base case with Ao = [A¢],

d d _. .
T A, - —iAg — —ikg
dkof( 0) T e

e~ i(Gote) _ p—iko
=lim—————
€e—0 €

=if(hoUko). (C5)
Now, we assume that dy, ; f(X,) = if (A,[j]UA,). Then,

An)) — L) U,
s ) = s x)n)[n _f (ézi xz[n] “

i
T Ml — 11— A,
x [0y, ;£ (8(An)) — B, 1 F (& (Ay) U Au[n])]

l

T Mln— 11— A,[n]
— if (& M[j1U X)) UA,[n])]
= if (Aa[jTUAy). (C6)

[if (g(nljTUAL))

APPENDIX D: BENCHMARK CALCULATIONS

In order to calculate the Frobenius norm error used as a
metric in our benchmarks, we required an excellent approx-
imation to the reference propagator operator Uses(0, T). We
first considered an alternative numerical solver, propagator
from the PYTHON package QUTIP. We selected highly accurate
settings for this computation, namely, absolute and relative
tolerances of 107!, two different numerical methods with
their maximal order (12 for adams and 5 for bdf), dis-
cretizing each pixel into 10* subpixels and allowing for 10!
internal substeps. After averaging over many simulations of
T = 500 ns with a single drive, it became apparent that the
propagator function was converging and unable to return
solutions with a Frobenius norm error less than 5 x 1079, as
seen in Fig. 8. The shortcoming of this numerical method was
confirmed by the fact that the norm distance between adams
and bdf was found to be significantly greater than the norm
distance between adams and the Dysolve algorithm for a suf-
ficient subpixel number. This is in addition to a computational
time at least two orders of magnitude larger with the standard
QUTIP approach as seen in Fig. 8(b).
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Chapter 4

Master Equation Integrator for Driven
Time-Dependent Systems

“I’ve decided to get into shape, and the shape I've selected is a triangle.”

— Howie Mandel

In Chapter 3, I demonstrated that the Dysolve algorithm offers a significant improvement
over standard numerical integrators for time-dependent unitary evolution. However, some of
the most complex quantum simulations require modelling a master equation, such as the
readout master equation introduced in Chapter 2 whereby excitations can exit the system
via a ‘bath’. As we will see in Sect. 4.1, it is possible to apply Dysolve directly to a master
equation, but at great expense. In this chapter, we propose a method of approximating
the master equation by evaluating sets of Volterra integrals, which results in a significant

speed-up over Qutip’s Mesolve integrator whilst constraining memory requirements.

48
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4.1 Master Equation

In Chapter 2, I introduced some of the concepts required to simulate a master equation.
The goal here is to see how Dysolve could be extended to tackle this more complex class of

equations. We begin with a simple master equation
p = —i[Ho + X sin(wqat), p] + xD[L]p, (4.1)

where L is a collapse operator, Hy is a diagonal Hamiltonian and X is some drive operator
with corresponding drive frequency wy acting in a Hilbert space of size N. Like in Chapter 3,
we choose the simplest case to demonstrate the algorithm — it can naturally be generalized

to multiple loss operators, which we’ll consider in Sect. 4.1.3.

To facilitate numerical simulations, we rewrite this master equation using a non-Hermitian
Hamiltonian:
p=—ilf(t)p— pH(t)"] + wLpLT, (4.2)

where the non-Hermitian Hamiltonian is defined as
H(t) = Hy + X sin(wat) — igﬁi. (4.3)

Let us briefly imagine that the ‘jump’ term xLAL! wasn’t present in Eq. (4.2). In this case,
we can simply evolve the density matrix using a propagator: p(t) = V(t)poV(t), where

V(1) = Texp (z /O tﬁ,(t’)dt’) (4.4)

is a time-ordered non-Hermitian matrix exponential which can be easily evaluated by the
methods detailed in Chapter 3. Unfortunately, the jump term xLpL!T means that we cannot
rely on the non-Hermitian propagator in Eq. (4.4) alone to solve the master equation

evolution.

4.1.1 Dysolve — Superoperator notation

There is a rather straightforward method to make Eq. (4.1) compatible with the Dysolve
algorithm — to calculate the matrix corresponding to the Lindblad superoperator £ [79]. To

do so, we begin by employing superoperator notation and rewrite Eq. (4.2) as

N

cp=(—i(A(t) o I —Te AW + vl e LT) p, (4.5)
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where we use the notation (A ° B) p = ApB, and [ is simply the identity matrix. Next, we
note that Eq. (4.5) can be mapped to a matrix-vector form, whereby the N x N matrix
p is rearranged to form an N2 x 1 vector, and £ is constructed as an N2 x N2 matrix by

employing the Kronecker product:

AeB=Aw BT (4.6)

See Ref. [79] for more details on this procedure. As a result of this mapping, we arrive at a

matrix-vector equation of the form

(4.7)

Here we can directly apply the Dysolve algorithm, defining the required eigenvalues from the
matrix (Hy® I — I ® Hy) and treating every other operator as a perturbative drive term.
However, the size of these superoperators scales as N4, severely limiting the usefulness of this
approach. To put this into context, a density matrix with Hilbert space size of N = 1000,
assuming complex double precision, requires about 15 MB of memory — the corresponding
Lindbladian would require more than 14 TB of memory to store, putting such a simulation
out of reach of the vast majority of computers. As a result, a general-purpose solver cannot

rely on the above superoperator forms.

4.1.2 A Dyson Series of Dyson Series?

As we saw in Chapter 3, using the Dyson series as a solver has excellent convergence properties
if the drive amplitudes are sufficiently small and the order in the series is adequately large.
Superconducting qubits generally have frequencies on the order of GHz and control field
amplitudes on the order of tens of MHz, making them only a perturbation to otherwise
unitary dynamics. The loss rates in these circuits are also generally small, with a typical
readout resonator having a loss rate k/2m on the order of tens of MHz, with qubit intrinsic
loss as low as KHz or less. Inspired by this, we can construct a Dyson series in the ‘jump’
superoperator term, kL e LT. To do so, we first choose to enter the non-unitary frame defined
by the matrix exponential in Eq. (4.4). Given that the Hamiltonian is non-Hermitian, care

must be taken using the identities: in particular, V(t,0)VT(¢,0) # I, but V(¢,0)V(0,t) = I.
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It is further useful to note the following identities:

V(t,0) = —iAV(t,0), V(0,t) =iV(0,t)H, s

-
o
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where we define L7(t,0) = V(0,t)LV(t,0). As in the original definition of the Dyson series

[73], we can define the density matrix self-consistently:
Ty i
pi(T) = po+ [ it 0)pr(¢) LI, 0)
T t
= fo+ K /O Li(t',0) (,60+/-@ /O L](t",o),af(t")L}(t",o)Tdt"> Lh,oytay (410)
+ ...

Finally, we can revert to the original frame, p(T) = V(T,0)p;(T)V(T,0), in which the

trace of the density matrix is preserved. This yields a sum of operators:

HT) = Y (D), (a.11)
=0
where
Po (T) = ]}(T7 O)pA(O)]A)T (Tv 0)7
p(T) = H/TV(T,t)ﬁV(t,o)ﬁ(o)W(o,t)iWT(T, t)dt, (4.12)

0
T t1 A " N A R
p2(T) = K2 / V(T, 1)LV (t1,t) LV (1) p(0) VI (¢, 0) LIVT (1, t) LIVT(T, 1 ) dtdty,
0 0

and so on. Here, each contribution p,, corresponds to an evolution of the original density
matrix p which undergoes n ‘jumps’, or applications of the jump superoperator L e L during
the time interval [0, T"]. This is closely related to the technique of using jump trajectories

to approximate the master equation [54, 80], which evolves a quantum state with the non-
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Hermitian propagator f)(t), and uses Monte-Carlo sampling to determine when jumps occur.
I’d like to stress that the formulation in Eq. (4.12) differentiates itself from Monte-Carlo
sampling since each p,(T) corresponds to all possible trajectories with n jumps during this
interval. To make this more concrete, consider the evolution of a Monte-Carlo trajectory
from time 0 to 7" which contains two jumps, at times ¢ and ¢'. This trajectory, along with
all other possible two-jump trajectories occurring at times 0 < ¢t < ¢ < T, is contained in
p2(T). As the error of Monte-Carlo integration scales as 1/ VM , where M is the number of
trajectories, evaluating each integral directly in Eq. (4.12) shows great promise in reducing

the computational complexity of integrating a master equation.

Given that the decay rate x is small, we anticipate the contribution to the series of the
(n + 1)-th order to be significantly smaller than the n-th order, just like the Dyson series
used in Chapter 3. Moreover, this form naturally tells us about the relative probabilities of

having several jumps in a given evolution:
pn = Tr [pn(T)] : The probability of n jumps in the interval [0, 7. (4.13)

Consequently, the trace can be used as a useful metric for the convergence of this series, as
we can choose to truncate the series at nth order when the trace loss of the approximated
density matrix (1 — >_" p;) is negligible. This is the goal of this method — to evaluate up to
the nth order in Eq. (4.12) such that we have an excellent approximation to the true density

matrix.

Given that the equations in Eq. (4.12) are Volterra integral equations [81], and to

differentiate this method from the Dysolve algorithm, I will refer to this method as ‘Voltsolve’.

4.1.3 Superoperator Notation

Before proceeding to demonstrate how each of the integrals in Eq. (4.12) can be calculated,
it is useful to simplify the notation. We switch to superoperator notation, keeping in mind
that these superoperators are never explicitly calculated for reasons listed in Sect. 4.1.1, and

also generalize to allow for an arbitrary number of loss operators L;. In this new notation,

) =S pu(T),
1=0

ﬁi (T) = MiﬁO)

(4.14)
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where
Mo = E(T,()),
E(T,0) = V(T,0) e VI(T,0),
(T,0) =V(T,0) e V(T,0) (4.15)
’ _ R Kjsts d
V(T,0) = T exp —z/o H(t)—Z?Lijt :
J
We also define § =3, /quA/j ° ﬁ}. Then,
T
M = / E(T,1)SE(t,0)dt, (4.16)
0
T rt1
Mo = / / E(T,11)SE (t1,1)SE (¢, 0)dtdt, (4.17)
0 0

and so on, making the evolution captured in the integrals much easier to parse.

Here, I wish to emphasize that each set of collapse superoperators S captures all possible
combinations of jumps at different times — for example, let us consider two collapse operators,

L1 and Ls, with corresponding decay rates x; and k2. Then, we can expand My to yield

T rt1 N N N N N R N N
MQ == / / 5(T,t1)(l€1L1 OL]; —|—/€2L2 .Lg)g(tl,t)(lilLl OLJ{ +I€2L20L£)5(t,0)dtdt1
0 0

T rt
,@2{/ /15(T,t1)(ﬁ1.ﬂ)g(tl,t)(ﬁl.ﬁ})g(t,o)dtdtl
0 0
T t
+ mg/ / (T, 1) (Er 0 EDE(t, 1) (Bo 0 £5)E (1, 0)dtdty
0 0
T rt
+m2/ /15(T,t1)(ﬁ2.ﬁ;)g(t1,t)(ﬁl o L1)E(t,0)dtdt,
0 0

T rt
—H@%/ /15(T,t1)(£2.ﬁ;)e(tl,t)(ﬁg-ﬁE)E(t,O)dtdtl-
0 0
(4.18)

As such, the form of Eq. (4.17) allows for efficient and accurate encoding of the dynamics.

4.2 \Volterra Integral Evaluation

Whilst the method proposed in Sect. 4.1.2 seems promising in theory, evaluating the action
of the maps on the density matrix M;p poses a serious challenge — it is not immediately
clear how to analytically or numerically approach these integrals. In this section, I provide
intuition on how these maps can be approximated using Gaussian quadrature [82], a class of

numerical integration methods used extensively in applied mathematics and engineering.
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4.2.1 Basics — Linear Interpolation

The goal of this and the succeeding sections is to demonstrate that the integrals encoded
in each superoperator M; can be approximated by evaluating their integrands at different
points and taking a linear combination of the results. For pedagogical reasons, let us assume

that the integrand of M; is well approximated as a linear function of time — that is,
E(T,t)SE(t,0) ~ By + By, (4.19)

where By and B are some unknown superoperators. Then, we can evaluate the corresponding

integral trivially,

T
My~ [ (Bo+tB)dt =T(Bo+ TB1/2) (4.20)
0

Consequently, by simply setting ¢ = 7'/2 in Eq. (4.19), we can approximate the action of
the map Mj on p as
p1~TE(T, T/2)SE(T/2,0)p. (4.21)

We can extend this linear method to arbitrary order — for example, the n-th order map M,,

would evaluate the approximate integrand

t1 tn—1 T R n
M, ~ / / / (Bo + ZBm) dtdty..dt, 1. (4.22)
0 0 0 pt

Here, 0 <t <t < ... <tp_1 < T refers to the times of the subsequent collapses. The region
of integration in this n-dimensional ‘time-space’ thus defines an n-dimensional simplex, or
the generalization of a triangle/trapezoid, see Ref. [83] for more details. Since the integrand
in Eq. (4.22) varies linearly, the map can be calculated by simply evaluating the function at
the ‘centre-of-mass’ of the simplex, which corresponds to equal times between the trajectory

jumps: t; —t;_1 = T /n. This yields the approximation for the n-th order map,

n

Mp %5(1 (= 1)T/n)S...£(2T /n, T/n)SE(T /n, 0)p, (4.23)

where T" /n! corresponds to the volume of the integrated simplex.

4.2.2 Gauss-Legendre Quadrature — First Order

Unless we consider a very small time step 7', we anticipate that the above integrands will
change much more rapidly than just linearly, thus rendering the approximation in Sect. 4.2.1

inaccurate. Thankfully, there exists a simple method to accurately approximate the integrals
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of arbitrary one-dimensional polynomials over the interval [—1,1]. This method, known
as Gauss-Legendre Quadrature [84], requires multiple function evaluations at locations
{z;}, which are chosen to be the roots of the n-th order Legendre polynomials P, (z), with

corresponding weights 5

(1 — @) [Py (2i)]*

This form is ezact if f(x) is polynomial of degree 2n — 1 or lower, where n can be extended

(4.24)

Ww; =
almost arbitrarily [85]. More explicitly, we see that the approximation to the integral of

/11f(x>dm gf <_\/§> +§f(0)+gf< g) (4.25)

will be exact if f(x) is an arbitrary polynomial of 5th order or lower. The idea for evaluating

some function f(x),

the first-order Volterra integral is almost the same — we simply map the region of integration
[—1,1] — [0,T], and obtain, for arbitrary order,
n
MiprTY w&(T,t:)SE(t;,0)p, > w;=1. (4.26)
i=0
For standard numerical integrators, computing Eq. (4.26) would be prohibitively expensive,
since computing the action of the £ is computationally difficult with fast oscillating drives,
see Chapter 2. However, this evolution is much simpler for Dysolve (see Chapter 3), thus

opening a pathway for computing these functions.

4.2.3 Gauss-Legendre Quadrature — Second and Higher Orders

Whilst evaluating Gauss-Legendre quadrature on one-dimensional integrals is a standard and
well-understood problem, extrapolating this method to higher orders is non-trivial and is
the subject of ongoing research [86, 87, 88]. Further, approximating these integrals requires
many more function evaluations than for the one-dimensional case to achieve the same
(2n — 1) scaling of the Gauss-Legendre quadrature in Sect. 4.2.2. Nevertheless, since we are
assuming the decay rates of the system to be small, the relative contribution of the second
order jump term ps should be small with respect to g1, and consequently tolerate a greater

degree of error, and thus a lower order polynomial approximation.

Reddy et. al. [89] showed that by calculating the roots of integrated two-dimensional
polynomials over the 2D simplex of order 4 and 7, a solution can be expressed with 4 and 7

points, respectively - see Fig. 4.1 for an illustration. Thus, the action of the map Mo would
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Figure 4.1 Locations of the 2D jumps for n = 4 and n = 7, able to accurately integrate up
to 4-th and 7th order polynomials, respectively. The sizes of the red dots indicate
their relative weight, and the lines are drawn for visualization. In each case, the
central trajectory is located at (1/3,1/3), the centre-of-mass of the triangle.

be approximated as:

7 7
. R 1
sz =~ TQZwZ-S(T, tig)Sg(tig,tﬂ)Sg(tﬂ,O)p, Zwi = 5, (4.27)
i=1 i=1
where t;;,t;, correspond to the set of function evaluations shown in Fig. 4.1. This method
also works with symmetric coordinates [90, 91], but at the cost of more function evaluations.
Keeping in mind that each function evaluation requires building time-ordered propagators

and several matrix multiplications, we must balance speed and accuracy.

Simpler, albeit less efficient forms, exist for the higher order simplexes [92, 93]. We
can, in theory, continue approximating each order in the series of Volterra integrals un-
til convergence, although again we have to compromise between the number of function
evaluations and the accuracy of the solver. For Voltsolve, we limit ourselves to the 4 and
7-point evaluation of the second-order Volterra integral, and a 4 point evaluation of the
third-order, equivalent to integrating a cubic polynomial exactly [92]. For fourth and higher
orders, there is generally negligible advantage from integrating the function more accurately
than the linear approximation, and so I choose to simply evaluate a single trajectory at the

centre-of-mass, as in Eq. (4.23).
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4.3 Alternative Method — Correction

From Sect. 4.2.3, it is clear that calculation of the maps M; using Gauss-Legendre quadrature
becomes increasingly challenging for higher orders. An alternative way of performing this
calculation is to attempt to calculate all orders simultaneously by iterating over the previous

order. Instead of calculating Mjp explicitly, let us consider the following expansion:

n
Mp = | [T Etivr, t:) (I + wTS)E(t:,0) | p, (4.28)
i=1
such that w; satisfy the roots of the n-th order Gauss-Legendre polynomial. Then, we note
that .
Mp = Mop+ Mip+ [ [ T*wiw; (T, t;)SE(t;,t:)SE(t:,0)p + ...
o (4.29)
= Mop+Mip+> Mip.

i=2
We now see that there are now additional contributions above just M — indeed, there are
a number of maps M., each consisting of terms with ¢ jumps. Specifically, we see that
each two-jump contribution has a weight w;w; and times ¢; and ¢; associated with the first
collapse and second collapses, respectively. To illustrate this, I plot the relative distributions
of the jump times in Fig. 4.3, which are unevenly distributed around the centre-of-mass of
the triangle, (1/3,1/3).

The primary problem here is that to preserve trace, we require the weight of the n-th
order contribution to be 1/n! (corresponding to the volume of the n-th order simplex),
which is not satisfied by this expansion. To see this more explicitly, I plot in Fig. 4.2 the
convergence of the relative weight of each order as a function of the Gauss-Legendre order.

For example, at second order, the weight Wy is

1
Wo =Y wiw; < 5 (4.30)

j>1
Consequently, we seek a correction term, M¢,, such that we approximate the map M,,:
My, = M), + M. (4.31)

A simple remedy is to calculate the centre-of-mass of the contributions from M} and

add a single correction of weight w, and jump times t1., ta. such that the total weight and
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Figure 4.2 Convergence of the weights of the corresponding map M,,. The dashed lines show
the asymptote at 1/n!, the weight required to preserve the trace of the density
matrix.

centre-of-mass of the jumps realigns with the simplex, as seen in Sect. 4.2.1. This yields:

n n n
Zwiwj +w, = é, Zwiwjti + wet1e = Z wiw; (tj —t;) + wetae — tie) = é (4.32)
J>i j>i J>i

An identical methodology follows for the higher orders, allowing for an excellent approximation

to each order whilst maintaining the correct contribution from the corresponding jump term.

The times and corresponding weights of these correction trajectories are plotted in Fig. 4.3

as blue dots. Capturing how this series converges, and the impact of including additional

corrections, is part of my ongoing research.

4.3.1 Performance Benchmark — Transmon Readout

The expansion utilized in Voltsolve relies on the decreasing likelihood of a larger number
of jumps in a time interval At. As such, we expect the solver to behave optimally for
driven systems with small decay rates —for example, simulating a Surface-17 Quantum
Error Correction cycle with qubit 7) lifetimes in the tens of microseconds [20]. This
notwithstanding, qubit readout is known to be challenging to simulate, thanks to the
presence of loss and periodic driving of the readout resonator. Further, as we will see in
Chapter 5, it is important to keep many levels of the transmon and resonator subspaces

and avoid rotating-wave approximations in order to accurately capture the dynamics, which
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Figure 4.3 Locations of the jump evaluations (¢1,t2 — ¢1) corresponding to the second order
map My at different orders in the Gauss-Legendre expansion, with (a) n = 3, (b)
n =7 and (c) n = 21. The sizes of the dots indicate their relative weight, and
the blue dots correspond to the evaluation of the correction term MS.

adds to the complexity. In keeping with the themes of the following chapters, we consider
the simulation of a driven transmon-resonator system with a lossy resonator to test this

solver. The simulated Hamiltonian and master equation are of the form

p=—ilH(t), p] + xDlalp,
H(t) = AE.(fy —ng)? — Ejcos ¢ +wpala —ig(ny —ng)(a—a') +iQo(a" — a) sin(wat).
(4.33)

Here, we use the parameters w,/2nr = 5.156 GHz, ¢g/27 = 200 MHz, E;/27 = 10.512
GHz, Ec /27 = 281.2 MHz, «/27 = 35.3 MHz, )g/27 = 80 MHz and wy/27 = 5.19 GHz
for the simulation. Further, we use tg4i, = 13 states to represent the transmon subspace
and rqim = 12 states for the resonator, corresponding to evolving a density matrix of size

N = 156, and consider an evolution time of ¢ = 20 ns.

We consider two versions of Voltsolve — one where each order is calculated individually
(see Sect. 4.2.3) and the other where the orders are calculated simultaneously and corrections
added (see Sect. 4.3). For the former solver, we use 7, 4 and 1 trajectories to evaluate
the second, third and fourth-order Volterra integrals respectively. For the latter solver,
which I will refer to as Voltsolve(alt), we consider an expansion up to the 7th order in
the Gauss-Legendre quadrature and add corrections up to 4th order in the jump operator,
see Sect. 4.3. The Dysolve algorithm is used in both cases to calculate the propagators in

Eq. (4.4), where I consider up to 4th order in the drive term iQq(a — af).

For comparison, we shall use the standard numerical integrator built into qutip, Mesolve
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[94], which uses an adaptive step Runga-Kutta solver [66]. In doing so, we must realize that
Mesolve is optimal for sparse inputs. For the optimal performance of both solvers, we solve
the master equation in the bare frame for Mesolve, and in the eigenbasis of the undriven
Hamiltonian for Voltsolve. Further, we consider Mesolve for three different tolerances,

ranging from 10~° to 107!, Some simulation results are summarized in the table below:

tdim = 13, rqim = 12
Method Tol. At (27 ns) Time Accuracy
mesolve le™® adaptive 137s 1.83¢~4
mesolve le~10 | adaptive 145s 1.75e~°
mesolve le ™ | adaptive 161s X
voltsolve X 0.5 31s 2.22¢76
voltsolve(alt)|| x 0.5 10.4s 3.08¢6

Table 4.1 Comparative performance of Mesolve and Voltsolve for integrating the master
equation in Eq. (4.33), corresponding to a transmon-readout simulation.

The accuracy of the solver is simply defined as the Lo norm ||p(ty) — pe(ty)||, where p(ty)
is the final density matrix from one of the solvers and p.(t) is calculated from Mesolve using
a tolerance of 107!, We find that not only do both versions of Voltsolve outperform Mesolve
concerning computational time, boasting at least a 4.4x and 13x speed-up respectively for
the two solvers, but additionally find that the accuracy of Voltsolve is greater than qutip for
error tolerances of le™® and 1le !0, with a similar computational advantage found at larger
system sizes. This demonstrates that, whilst Voltsolve is a perturbative solver, we are still

able to achieve excellent precision and speed.
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4.4 Future Work and Outlook

The Voltsolve algorithm is very much a work in progress — the code is far from optimized,
and there likely exist many different approaches, both theoretically and programmatically,
to evaluate the Volterra integrals more efficiently. As demonstrated by IBM in Ref. [72], the
Dysolve algorithm offers a powerful way of solving time-dependent systems, and adapting
the algorithm to master equations could unlock currently out-of-reach simulations of highly
complex systems. Preliminary analysis indicates that the dominant errors for Voltsolve(alt)
in the above simulations are from the corrections at second order. To compensate, we could
consider multiple correction trajectories, rather than just a single correction trajectory as
detailed in Sect. 4.3. This would likely yield a greater accuracy of the solver than the original
method detailed in Sect. 4.2.3. I leave this to future work.

My thanks to Elie Genois and Ronan Gautier for many discussions and assistance in

developing the method.



Chapter 5

Transmon lonization

“There are three ways to do things. The right way, the wrong way, and the Max

Power way!
“Isn’t that the wrong way?"
“Yeah, but faster!”

— Homer and Bart Simpson, The Simpsons

In this chapter, I provide some insights into non-QND effects observed when readout is
performed with a strong drive, and provide the necessary background for my publication in
collaboration with Sandbox [2]. I additionally demonstrate the importance of the external

gate charge and how it can impact readout.

5.1 Transmon Readout — Background

Over the past few years the field of circuit QED has evolved greatly, with recent demon-
strations of a surface code implemented with transmon qubits [20, 21]. However, readout
remains a limiting factor of these processes — for example, the readout time and average
fidelity in Ref. [21] was 500 ns and 98%, which lags significantly behind the two-qubit gate
performance (35 ns and 99.5%, respectively). The readout makes up for more than half of
the error correction cycle time (921 ns) and accounts for 12.1% of the ‘error budget’ for each
error correction cycle — however, when including the error associated with data qubit idling

(predominantly due to the long readout process), the contribution to the total error budget

62
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increases to more than 30%. Similarly, the readout fidelities and times in Ref. [20] were
99% and 400 ns respectively, with a cycle time of 1.1 us. Increasing the readout fidelity and

reducing the integration time is thus critical to advancing the field.

The primary reason that readout is comparatively slow is that the measurement drives
need to be relatively weak to ensure that the measurement remains QND. Using stronger
drives could theoretically accelerate this process, but this is known to result in ‘leakage’, or
population of the higher energy levels of the transmon, which greatly reduces the readout
fidelity and can disrupt the subsequent operations in the surface code cycles. A commonly
used metric is the ‘critical photon number’, ng.;, which is used to indicate the maximum
number of photons in the readout resonator before the theory of dispersive measurement is
predicted to fail — however, experimental results have demonstrated that the readout can
break down well before this critical photon number is reached [30]. Consequently, there is a
need to better understand what photon numbers cause measurements to breakdown, so as

to optimize readout parameters, fidelities, and integration times.

The breakdown of the readout can be challenging to capture from both a numerical and
theoretical point of view. Since many of the damaging processes are caused by resonances of
the low-lying energy states with states that lie outside of the transmon confining potential,
the Kerr nonlinear oscillator model does not capture these effects, as we saw in Chapter 2.
Moreover, to simulate the readout process whilst capturing these resonances, it can be
necessary to preserve up to 23 transmon eigenstates, which greatly increases the numerical
complexity. In this chapter, I first describe how analysing the static Hamiltonian (without
the readout drive) can help us identify these resonances, and how we can identify sets of
states which become populated during the readout process. This puts into greater context
my publication (Ref. [2]). Finally, I demonstrate how the offset gate charge can impact

readout, which could explain some experimentally observed effects [95].

5.2 Transmon Readout — Diagonalization

In this section, we return to the Hamiltonian introduced in Sect. 2.2. The transmon-resonator

model, without making an RWA or using the Fock basis for the transmon, is given by

Hy. = 4E (7 — ng)2 — Ejcos Py +wpala— ig(fiy —ng)(a — &T). (5.1)
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The goal here is to diagonalize the above Hamiltonian and associate its eigenstates with
qubit and resonator states. In this section, all calculations are done with the following set of

parameters:
Ej;/h=22.66 GHz, E;/E. =134, g/27 = 240 MHz, w. /27 = 6.852 GHz. (5.2)

These parameters correspond to a qubit frequency @,/27 = 5.279 GHz, an anharmonicity

a/2m = 163 MHz, a resonator pull x /27 = —8.8 MHz and critical photon number ng;; ~ 11.

5.2.1 Identifying the computational states

As described in Sect. 2.1, the charge and Fock bases are the appropriate choices to represent
the transmon and resonator subspaces, respectively. After constructing the Hamiltonian in
Eq. (5.1) and using a standard numerical diagonalization procedure, we obtain the spectral
decomposition of the Hamiltonian Hy. = 37, A|]A)(A|. Without further information on the
structure of the eigenstates, such a decomposition gives little insight into the underlying
physics. We would like to label each eigenstate according to its transmon-like or resonator-like

character, Hy. = Y, . E—1i,n)(i,n|. Here, i and n represent the ‘transmon’ and ‘resonator
? ’

indices, respectively, and E;— the corresponding energy.

The simplest state to identify is the ground state, |g, 0), which is the eigenstate associated
with the smallest eigenvalue: Es = min{\}, noting that the minimum energy may be
non-zero due to the presence of counter-rotating terms in the charge-charge coupling of
Eq. (5.1). Moreover, in the dispersive regime, we expect the excited state of the qubit to
only be dressed weakly by the resonator. Consequently, we can identify the excited state to

be the eigenstate which has maximum overlap with the bare state |e,0) = |e) ® |0):
le,0) = argmax |(\|e, 0)[%. (5.3)
From the dispersive theory in Sect. 2.2 we anticipate this overlap to be of the order 1 — g /A2,

and thus close to unity and simple to identify.

5.2.2 Generalizing the Jaynes-Cummings Ladder

Recall from Sect. 2.2.1 in Chapter 2 that we could approximate the transmon-resonator
model with a Hamiltonian similar to the Jaynes-Cummings model [50]. After diagonalization,

this yielded a distinct ladder for each qubit state, which we can climb or down by adding or
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removing photons. Here we seek to generalize the notion of the ladder to work for Eq. (5.1),
including the effects of the counter-rotating terms and the cosine potential. In other words,
we seek divide the Hilbert space into subspaces {|g,m)}, {|&;n)},..., with each subspace
consisting of n states, such that the drive on the resonator induces dynamics predominately

within each subspace. Let us reconsider the driven system:

A(t) =" B—li,n)(i,n| +i€(a’ — a) sin(wat). (5.4)

in
Inspired by the Jaynes-Cummings ladder, we can therefore ask ourselves a simple question —
what eigenstate of the Hamiltonian is principally populated after adding a resonator photon

to the state |7,n)? This motivates a simple definition:

i,n+ 1) = argmax |(Aal|7, n)?, (5.5)
[N es

where S is the set of eigenstates |\) which have not been labelled. Extending this concept

further, we can define the normalized overlap metric [2]:

Atz |

(AlaTfs, ) 5.6
(i,nlaat|i,n) (56)

li,n+ 1) = argmax Cj(n), Ci(n) =
A es

To differentiate this method from the Jaynes Cummings ladder, we refer to each set of n

states {1} = {|i,n)} as a branch of the resonator.

Using this metric, we can systematically label every eigenstate of the system. Suppose
that the initial diagonalization of Eq. (5.1) was performed with tqi,, transmon states and

rqim resonator states. Then, the branches are generated by the following procedure:

o Identify the ground state |0, 0);

o Identify the remaining (rgim — 1) states in the branch by iteratively maximizing the
overlap metric as in Eq. (5.6), and subsequently removing each identified state from
the set S;

e Increase the transmon index ¢ by 1 and reset the resonator index n = 0. Label the

lowest energy state in the set S as |z,0), the first element in the new branch {i};

e Repeat the previous two steps.
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Figure 5.1 Convergence of the eigenvalue difference logy((|AE;—|) corresponding to states (a)

|0,0), (b) |0,10) and (c) |0,20) when diagonalized with t4;, transmon eigenstates
and rgim, resonator states as compared to diagonalization with 40 transmon and
70 resonator states.

5.2.3 Eigenvalue convergence

A common pitfall in simulating and diagonalizing the transmon-resonator system is to use
an insufficient number of transmon states, tqim, in the diagonalization procedure. In Fig. 5.1,
I plot loglo(]AEL—n|), the logarithm of the difference between the converged eigenvalues
(in GHz) corresponding to states (a) |0,0), (b) |0,10), and (c) |0,20) and the eigenvalues
computed from diagonalization of the system with the dimensions quoted in the z and y
axes. The converged eigenvalues were computed by diagonalizing the system with ¢4, = 40,
raim = 70 — increasing the dimension further only leads to machine precision fluctuations in
the eigenvalues. We see a surprising need to conserve as many as 22 transmon eigenstates
for convergence of the |0,20) state due to the hybridization of states in the {0} branch with
highly energetic states.

5.2.4 Master Equation Example — Branch Population

To demonstrate the usefulness of this branch analysis, I plot in Fig. 5.2 (a) the overlap
metric for the ground branch Cy(n) as a function of the resonator index n. This metric
remains close to unity over the entire range of n. This indicates that neighbouring states
within a branch, |i,n) and |i,n + 1), are strongly coupled by the creation operator af, even
though some weak resonances with states in other branches will occur — for example, the
feature at n &~ 30, where the overlap metric drops to 0.9. In comparison, in Fig. 5.2 (b)

I plot the overlaps of each of the identified eigenstates in the ground state branch with
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Figure 5.2 (a) Overlap metric Cy(n) used to define the ground state branch. (b) Overlap of
the identified states in the ground state branch with corresponding bare states
lg,n) and |e,n — 1).

the bare states |g,n),|e,n — 1) and |f,n —2). Somewhat surprisingly, we see the overlap

between the identified eigenstate and the equivalent bare state |(g;7|g,n)|> drop below the

overlap with the excited state, |(g;7|e,n — 1)|> around index n = 26. We further see a
significant contribution of the bare states |f,n — 2) at high photon numbers, which would
naively suggest that populating the resonator with a relatively low photon number results in

an unmanageable level of leakage.

Whilst this may appear alarming, it is of remarkably little consequence. The reason is
straightforward: the dispersive approximation is not valid at this resonator population, and
consequently, the eigenstates cannot be expected to be perturbatively close to the bare basis
states as I have defined them. To illustrate this point more concretely, I consider a simple
readout experiment. I initialize the qubit in the ground state, py = |g,0)(g,0| and evolve

the system using the master equation:
p=—ilH(t), p] + xDlalp, (5.7)

where I choose /27 = 30 MHz. For the first 48 nanoseconds, the drive amplitude is chosen
to be constant, £/27 = 180 MHz, corresponding to a steady state resonator population

(aTa) ~ 35 for the chosen parameters. After time ¢ = 48 ns, the drive is turned off and the
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Figure 5.3 Evolution of the ground state py = |g,0)(g, 0| governed by the master equation
in Eq. (5.7). The drive is turned off at 48 nanoseconds. The blue, orange and
green curves correspond to the population of the ground, excited and leakage bare
subspaces — the dashed line indicates the population of the dressed subspace. The
inset details the deviation of the dressed subspace population away from unity.

system is allowed to relax. In Fig. 5.3, I plot the population of the density matrix projected
onto the different bare subspaces Il; =", |i,n)(i,n|, and compare this to the occupation of
the dressed ground-state branch ﬂg =", |i,n)(i,n|. Whilst we see a significant population
of the bare excited and leakage subspaces I1., 1, which first exceeds the population of the
bare ground subspace I1, at approximately 15 nanoseconds, there is a negligible deviation
from the population of the dressed ground-state subspace flg throughout the entire evolution.
Moreover, we see vanishing population remaining in the bare excited and leakage subspaces
at the end of the evolution, which confirms that the population of the bare leakage state
|f) is irrelevant for readout. However, as we’ll see in Sect. 5.3, the population of transmon

eigenstates close to and outside of the cosine potential well is a strong indicator of ionization.
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5.3 Publication — Dynamics of Transmon lonization [2]

In this publication, we simulate the readout of a superconducting transmon qubit using a
strong drive. These simulations included up to 32 transmon states and 1024 resonator states
to ensure we captured all of the relevant dynamics. The resulting computational complexity
required the use of Tensor Processing Units (TPUs) for numerical integration. We observe
and make sense of ionization dynamics, whereby eigenstates of the transmon close to and

above its confining potential well are populated.

In this joint effort, Alexandru Petrescu, Joachim Cohen and Alexandre Blais gave
invaluable theory support and helped direct the project, with the Sandbox team providing
extensive help in using and managing the Tensor Processing Units for the simulations.
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Qubit measurement and control in circuit quantum electrodynamics (QED) rely on microwave drives,
with higher drive amplitudes ideally leading to faster processes. However, degradation in qubit coherence
time and readout fidelity has been observed even under moderate drive amplitudes corresponding to a few
photons populating the measurement resonator. Here, we numerically explore the dynamics of a driven
transmon-resonator system under strong and nearly resonant measurement drives and find clear signatures
of transmon ionization where the qubit escapes out of its cosine potential. Using a semiclassical model,
we interpret this ionization as resulting from resonances occurring at specific resonator-photon popula-
tions. We find that the photon populations at which these spurious transitions occur are strongly parameter
dependent and that they can occur at low resonator-photon population, something that may explain the
experimentally observed degradation in measurement fidelity.

DOI: 10.1103/PhysRevApplied.18.034031

I. INTRODUCTION

Dispersive readout in circuit quantum electrodynamics
(QED) is realized by driving a measurement resonator cou-
pled to the qubit [1]. In principle, increasing the drive
amplitude, and thereby the resonator-photon population,
increases the measurement rate, something that is expected
to lead to fast, high-fidelity, and quantum nondemolition
(QND) readout [2]. However, experimentally the fidelity
and QND character of the measurement of transmon qubits
[3] is often observed to decrease beyond a photon-number
threshold, which can be as small as a few photons [4,5].
Perturbative models have been made in attempts to explain
these observations but have limited applicability beyond
low photon numbers [6-8].

In this paper, we go beyond perturbative treatments by
numerically investigating the full dynamics of a strongly
driven transmon-resonator system. At distinct resonator
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populations, we find clear signatures of transmon ioniza-
tion where transmon states above the Josephson-junction
potential are occupied [9,10]. Because these states are not
strongly influenced by the Josephson potential, they are
well described by charge states. Consequently, for states
above the transmon well, the transmon-resonator coupling
appears longitudinal and the system dynamics are con-
sequently modified. Importantly, the term ionization is
used loosely here and refers only to the escape of the
transmon population to states lying above the Josephson
cosine-potential well.

Accurate simulation of the dynamics of transmon ion-
ization requires description of the density matrix of the
system on a truncated Hilbert space of very large dimen-
sion, something that is made possible here by the use
of large-scale computational accelerators known as tensor
processing units (TPUs). While other studies have been
limited to steady-state calculations with strongly detuned
drives [9], the computational power of TPUs allows us
to simulate the full time dependence with drives that are
resonant with the resonator, as is relevant for qubit mea-
surement. Accounting for tens of transmon levels and hun-
dreds of resonator states, we moreover see signatures of the
high-power readout [11—13]. We interpret these numerical
results using a semiclassical model capturing the nonlinear

Published by the American Physical Society
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response of the driven system. Using this model, we iden-
tify parameter regimes where ionization is expected to
occur at sufficiently small photon number to affect disper-
sive readout, observations that are in qualitative agreement
with experiments [4].

This paper is organized as follows. In Sec. III, we
introduce the model, provide details on its TPU implemen-
tation, and present the numerical results on the dynamics
of transmon ionization. Next, in Sec. III, we formulate a
semiclassical theory that allows us to interpret the dynam-
ics of the coupled transmon-resonator system as governed
by transitions between qubit-state-dependent effective res-
onators (Sec. III A) obeying nonlinear equations of motion
(Sec. IIIB). In Sec. III C, we choose system parameters
that illustrate how ionization can reduce readout fidelity
even at the low drive powers that are typical of disper-
sive readout in circuit QED. We summarize our findings
in Sec. IV.

II. MASTER-EQUATION SIMULATIONS WITH
TENSOR PROCESSING UNITS (TPUs)

A. Model

We consider a transmon capacitively coupled to a res-
onator [see Fig. 1(a)]. In the presence of a drive of ampli-
tude £ and frequency w, on the resonator, the Hamiltonian
of the system takes the usual form (A = 1) [2]

H(t) = 4E.i> — Ejcos ¢, + w,d'a
—ign(a—a) — i@ —a") sin(wgr). (1)

The first two terms correspond to the free transmon Hamil-
tonian with charging energy E., Josephson energy Ej,
charge operator 7,, and phase operator ¢;. We denote the
eigenenergies and eigenstates of the free transmon Hamil-
tonian E; and |i), respectively. The first two of those
eigenstates, labeled {|0), | 1)}, span the computational basis
of the qubit. Of the higher excited states, an approximate
number 2E; /w, are bound states lying within the cosine-
potential well illustrated in Fig. 1(b). Here, @, = «/8EcE;

(a) i I ®)
‘\\ //
= \ /
-/
\ </
AS4 » Pt
FIG. 1. (a) A transmon (green) capacitively coupled to a

driven resonator (blue). (b) The cosine potential of the trans-
mon with its first nine eigenstates. For our choice of parameters,
the last three states are ionized states lying above the top of the
potential.

is the plasma frequency, which is approximately the 0—1
transition frequency of the transmon [3]. Moreover, we
label as |n) the eigenstates of the free-resonator Hamilto-
nian of frequency w,, corresponding to the bosonic anni-
hilation operator a. The transmon-resonator coupling of
amplitude g in the second line of Eq. (1) includes fast-
rotating terms that are beyond the rotating-wave approx-
imation (RWA) and are important to capture the contribu-
tion of high-energy states [14]. In the absence of the drive,
the dressed energies and states of the coupled system are
denoted E7; and |i, n).

Including cavity loss at a rate «, the driven transmon-
resonator system is described by the usual Lindblad master
equation [2],

p = —i[H (1), p] + ¥ D[alp, )

with the dissipator
~ A A 1 (~rvn
D[O)p = 050" - 5 {0*0,,3} . 3)

Because we are interested in capturing the dynamics
of the system in the presence of a large-amplitude nearly
resonant drive on the resonator, leading to several hun-
dred of photons and highly excited states of the trans-
mon, we keep up to 32 states in the transmon and 1024
states in the resonator for the most demanding simula-
tions, corresponding to a total Hilbert-space dimension
215 =32768. That is, the joint density matrix p for the
transmon-resonator system is a Hermitian matrix of size
215 x 215 which thus contains 23° = 1073 741 824 time-
dependent complex coefficients. Furthermore, given that
the unbound transmon states are approximately eigenstates
of the charge operator, their eigenvalues increase quadrati-
cally rather than linearly, as is the case for the bound states.
This increases the complexity of numerical simulations, as
larger eigenvalues require smaller integration step sizes for
convergence. Additional details, including a prescription
for adapting the resonator Hilbert-space size, are given in
Appendix A.

In order to perform these challenging numerical simula-
tions, we resort to TPUs. Google’s TPUs are application-
specific integrated circuits designed exclusively to acceler-
ate large-scale machine-learning workloads [15]. Recently,
they have been repurposed for other high-performance
computational tasks [16-28], including simulations of
quantum systems in large Hilbert spaces [24-28]. Due
to their (i) matrix-multiply units capable of accelerat-
ing matrix multiplication, (ii) large amounts of high-
bandwidth memory, and (iii) fast intercore interconnects
directly connecting up to thousands of cores, TPUs are par-
ticularly fast at performing large-scale dense linear-algebra
operations, which are required, e.g., to numerically inte-
grate the above Lindblad master equation. More details on
TPUs can be found in Appendix B.

034031-2
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For a given drive amplitude &, simulations begin with
the system initialized in either the dressed ground |0, 0)
or excited |1,0) states. To reduce the simulation time
while capturing the transient dynamics including the ion-
ization of the transmon, we simulate the evolution over a
time of at least x ~!. After each period of the drive, the
reduced transmon, p,, and resonator, p,, density matrices
are recorded.

Unless otherwise stated, in all of our simulations as well
as in the semiclassical model discussed in Sec. III, we use
the parameters E;/Ec = 50 and E¢/h = 280 MHz, corre-
sponding to a transmon of frequency w;/27 = 5.304 GHz
and anharmonicity o/2m = 322 MHz. These parameters
result in approximately six bound transmon states within
the cosine potential (see Fig. 1). The resonator frequency is
w, /2w =7.5GHz and g /27 = 250 MHz. A resonator loss
rate of k /2w = 20 MHz is chosen to ensure fast resonator
dynamics and the drive amplitude takes values in the
range £/2m € [0,440] MHz. We fix the drive frequency to
the bare-resonator frequency, w; = w,. The above param-
eters place the system in the dispersive regime, with
x/2m = —5.6 MHz and yx /k = 0.28, where the dispersive
shift is defined here as x = (E1; — E10 — Eo1 + Eo)/2.
Note that the resonator population is much smaller than
the critical photon number ngi = (A/2g’ )2 & 15, with

10g10(Ni,t)

-30 -25 -20 -15 -1.0 -0.5
I 1 1 1

[ — ]
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- 100
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FIG. 2.

g = (E;/32E¢)"*g [2]. Finally, to minimize the number
of simulations that are required, we note that we ignore a
possible offset gate charge on the transmon. The effect of
the gate charge on the ionization will be studied in a future
work [29].

B. Numerical results

Figures 2(a) and 2(b) illustrate the average photon num-
ber N, = (a'a) (red lines) and the average transmon pop-
ulation N; = ), i(i| o) (black lines) as a function of time
for the drive amplitude £/27w = 280 MHz. The system is
initialized in the dressed ground state |0, 0) in Fig. 2(a) and
in the dressed excited state |1, 0) in Fig. 2(b). Also shown
is the instantaneous distribution N;, = (i|0,|i) of the trans-
mon states (color scale). The difference between the two
initial states is striking. For this drive amplitude, when
starting in the ground state, the transmon leaks out of its
initial state but the distribution largely remains confined
within the cosine potential of the Josephson junction. In
contrast, when the transmon is initialized in its excited
state, we observe a sudden jump of the average transmon
population with a distribution extending well above the
top of the cosine potential. This is a clear illustration of
the ionization of the transmon. For the drive amplitudes

E/2m (GHz)

E/2m (GHz)

0.4 0.6 0.8

Kt

(a),(b) The transmon and photon population as a function of time with £/27 = 0.28 GHz for (a) the ground state and (b) the

excited state. The black line indicates the average transmon population N, (left axis) and the solid red line depicts the resonator average
population N, (right axis). The full distribution log,,(N;,) of the transmon population for each transmon level |i) is also plotted, with
the color bar above providing the scale. (c),(d) The purity of the reduced transmon density matrix as a function of the drive amplitude
and time for the transmon initialized (c) in the ground state and (d) in the excited state. The dashed red lines indicate when the resonator
reaches a population of 105 and 42 photons for the ground and excited states, respectively. The white dashed lines indicate the drive
amplitude £/27 = 0.28 GHz of (a) and (b). Because the drive amplitude is not sufficiently large to reach a population of N, = 105
photons when the qubit is the ground state, ionization is not observed in (a).
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considered here, the simulated measurement is far from
QND and the dynamics are therefore not well described
by a dispersive Hamiltonian [2].

As illustrated in Figs. 2(c) and 2(d), transmon ioniza-
tion is accompanied by a sudden drop in the purity P =
Tr[5?] of the reduced transmon density matrix. The rapid
decline of the purity is observed at specific resonator-
photon populations indicated by the dashed red line: N, =
105 when initialized in the ground state in Fig. 2(c) and
N, = 42 for the excited state in Fig. 2(d). The dashed red
lines terminate whenever the drive is too weak for the
resonator to reach those populations. That transmon ion-
ization occurs at specific photon populations suggests that
the phenomenon is due to resonances, which we discuss
in more detail below. These observations are compati-
ble with Ref. [9], where steady-state calculations with
an off-resonant drive have also shown drops in trans-
mon purity in steady-state numerical calculations. Reso-
nances at large photon numbers have also been observed
in Ref. [14].

As a further illustration of transmon ionization at dis-
tinct photon numbers, we plot in Fig. 3(a) the transmon
population N, as a function of the resonator population
N,, both values taken from time traces such as shown
in Figs. 2(a) and 2(b). The different curves correspond
to different drive amplitudes and the initial state of the
transmon is identifiable from the starting transmon pop-
ulation. Remarkably, the responses essentially collapse to
single curves for each of the initial states. Below the ioniz-
ing photon population, the transmon population remains
close to the computational manifold and the resonator
population exhibits transient oscillations due to the drive
being off resonant with the Lamb-shifted resonator fre-
quency. Together with Purcell decay, these transient oscil-
lations are responsible for the features observed at small
N,. Above the ionizing photon populations, the trans-
mon population rapidly increases. This coincides with
the sudden drop in the purity observed in Figs. 2(c)
and 2(d).

Focusing now on the dynamics of the resonator, Fig. 4
shows the Wigner function of the resonator at different
times with the transmon starting in its excited state and
with the same drive amplitude £/27 = 0.28 GHz as used
in Figs. 2(a) and 2(b). For small features to appear more
clearly, we plot the logarithm of the absolute value of
the Wigner function. As expected, the cavity is initially
well described by the single coherent states |«;) associated
with the first excited state of the transmon [see Fig. 2(a)].
As the transmon population in other levels increases,
additional features emerge corresponding to the coherent
states associated with the now occupied transmon levels.
Additionally, “bananization” caused by transmon-induced
nonlinearities becomes apparent [30,31]. The dashed lines
correspond to fixed photon numbers and are used as a guide
to the eye. The full colored lines overlying the Wigner

E/2m (GHz)
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FIG. 3. (a) A parametric plot of the average transmon popu-

lation versus the average resonator population for an evolution
time of ¥~!. Each line represents a unique simulation with a
different drive amplitude £ and starting either in the ground or
excited state. These metrics are calculated in the bare basis and
are defined as in Sec. II B. (b) The average transmon population
as a function of the bare-resonator population for each resonator
branch {i}. Each branch is represented by a different color, with
dashed gray lines indicating branches that do not feature signif-
icantly in the dynamics. The nearly vertical dark lines represent
the overlap C;(n) between the different branches, darker lines
indicating stronger overlap.

functions are obtained from a semiclassical approximation
that we now introduce.

III. STATE IDENTIFICATION AND
SEMICLASSICAL INTERPRETATION

The TPU-based large-scale numerical simulations pre-
sented in Sec. clearly illustrate the breakdown of the
dispersive approximation. Notably, at specific resonator-
photon populations, we observe a sudden jump in transmon
population above the cosine-potential well, which is asso-
ciated with a sharp drop in transmon purity. This results
in complex dynamics of the resonator field, as illustrated
by its Wigner function. In this section, we develop a semi-
classical model to understand the main features of these
observations.

034031-4
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FIG. 4. The logarithm of the absolute value of the Wigner function log;, (| #]) of the resonator at different times for a drive amplitude
&/2x = 0.28 GHz and the transmon initialized in its dressed excited state. The logarithm is chosen to reveal the smaller features.
Overlaid are the semiclassical flows of the relevant branches following the color convention of Fig. 3(b). The dashed circles are a

guide to the eye at constant photon numbers (50, 100, 150, and 200).

A. Identification of dressed states and resonator
branches

Our semiclassical approach is based on the dressed
states |7,n) and energies E;; of the transmon-resonator
Hamiltonian in Eq. (1) in the absence of the drive. More
precisely, at arbitrary photon number, we identify the
dressed states that are closest to transmon eigenstates.
At low photon number, this identification is simple in
the dispersive regime. However, as the photon population
approaches and even exceeds 7, the dressed states are
highly entangled and identification becomes difficult.

Building on Ref. [13], our approach relies on first iden-
tifying the eigenstates of the Hamiltonian of Eq. (1) for
&€ = 0 obtained from numerical diagonalization with the
largest overlap with |i, 0), the bare transmon states at zero
photon population. Then, given an identified state |7, n) for
n > 0, the next state |i,n + 1) is chosen from the subset of
remaining eigenstates {|A)} such that the overlap

(rla' i n)

(i,n| aat |i,n)

Ci(n) = 4)

is maximized. Following this procedure recursively, we
obtain a set of states {|i, n)}, where the bare transmon label
i is fixed and 7 spans a desired range of resonator popula-
tion. We refer to each such set of states as a branch {i} of

the resonator. In Fig. 3(b), we plot the average transmon
population of the first 16 of these resonator branches as a
function of the photon number. The full colored lines are
branches that play an important role in the understanding
of the numerical results. Branches playing a more minor
role for our particular choice of parameters are illustrated
as dashed gray lines. At finite transmon-resonator coupling
and because we include non-RWA terms in the system
Hamiltonian, the different branches have a nonzero overlap
Ci(n).

To illustrate this, in Fig. 3(b) we plot, with dark and
nearly vertical lines, the overlap C;(n) between branches
whenever it rises above 0.01. Darker lines indicate a
stronger overlap between the states. At small photon num-
ber, the overlap between {0} and {1} corresponds to Purcell
decay, which is seen to decrease with increasing photon
number [32]. More importantly, we note a strong over-
lap between the branches {0} and {9} for N, ~ 110 and
between {1} and {5} for N, ~ 50, in agreement with the
photon numbers at which sudden drops of transmon purity
are observed in Figs. 2(c) and 2(d) (red dashed lines).
To further emphasize the link between the large overlaps
and transmon ionization, we reproduce as solid blue and
red lines the first two branches {0} and {1} of Fig. 3(b)
together with the numerical data in Fig. 3(a). The sharp
elbows, which are indicative of the fact that transmon
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ionization results from a resonance, align well between the
semiclassical results and the numerical data.

A strong overlap is also observed between {0} and {8}
close to N, = 30 [see Figs. 3(a)and 3(b)]. In contrast to
what is observed at N, ~ 50 and 110, this sharper reso-
nance results in little population transfer, seen as a small
drop of purity for £ € (0.2 — 0.3)/27r GHz in Fig. 2(c).
This can be understood from the framework of Landau-
Zener transitions. In our semiclassical picture, as the res-
onator rings up toward its transmon-state-dependent steady
state, the photon number is swept at a rate related to «
and to the drive amplitude. A large drive amplitude leads
to a rapid sweep through the narrow feature at N, ~ 30,
resulting in a diabatic passage with little leakage [see
the darker-blue numerical lines in Fig. 3(b)]. We note
that similar effects have been observed in the study of
a resonator-induced phase gate, in which qubit-resonator
leakage is maximized near avoided crossings [33]. On the
other hand, for our choice of parameters, the features at
N, ~ 50 and 110 are broader and the sweep rate therefore
comparatively slower. This slower sweep rate results in a
nondiabatic process, leading to leakage out of the transmon
computational subspace and to the observed drop in purity.
This interpretation is further confirmed in Appendix C for
numerical experiments with a different drive frequency and
loss rates. In the steady state, the above concepts are not
applicable and ionization is determined only by the chosen
parameters and drive amplitude [9].

B. Semiclassical dynamics

Following Ref. [13], we assign to each branch {i} an
effective oscillator of photon-number dependent frequency

w;(n) = Ei,n+l - Ei,Tr (5)

As seen in Fig. 5, where we plot w;(n) versus n, Eq. (5)
accounts for the photon-number dependence of the res-
onator frequency, including that the resonator responds at
its bare frequency at large photon numbers. Assuming that
the transmon remains in a given branch {i}, the dynamics
of this effective oscillator approximately obey the classical
equation of motion of a driven damped oscillator,

d; = —i[wi(|oi]*) — wgle; — i€/2 — kai/2,  (6)

where nonlinear effects are encapsulated in the depen-
dence of the branch frequency on the photon number
w;(|o;]?) according to Eq. (5). Because the quantity |a;|?
takes arbitrary real values, we generalize Eq. (5) from dis-
crete values »n to a continuous function. To do this, we
smooth w;(n) with a first-order Savitzky-Golay filter and
linearly interpolate between each n. Doing this addition-
ally removes large discontinuities in the photon-number
dependence of the effective frequencies w;(n) caused by
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= — {1} — {9}

5 o751

S 7.50 -

=

< 7.49
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N,
FIG. 5. The effective frequency w;(N,) of the resonator

branches as a function of the resonator population. The fre-
quency is smoothed using a Savitzky-Golay filter to remove
discontinuities caused by strong interactions with other branches.
The dashed line indicates the bare-cavity frequency w,/2mw =
7.5 GHz.

strong interactions with other branches. This semiclassi-
cal approximation is expected to accurately describe the
system for large photon number |o;|> > 1.

Numerically integrating Eq. (6), we plot in Fig. 4(a) the
time dependence of «; (¢) (red lines) together with a snap-
shot of the Wigner function at time ¢ = 0.13x ! assuming
that the effective oscillator starts in vacuum. The arrows
indicate the flow of time and the different lines are obtained
from Eq. (6) for a set of initial conditions in an area close
to vacuum representing zero point fluctuations. The red dot
corresponds to the steady-state value o}.

To account for transitions between transmon states, the
evolution of «;(f) associated with other branches is illus-
trated whenever the semiclassical evolution reaches pho-
ton numbers at which we anticipate non-negligible rates
for transitions into those branches according to the over-
laps observed in Fig. 3(b). To distinguish between the
different branches, we use the color scheme of Fig. 3(b).
For example, the blue lines in Figs. 4(a)-4(d) correspond
to branch {0}, which appears as a result of Purcell decay.
In the same way, starting in Fig. 4(b), we include the flow
of a5(¢) associated with branch {5} (brown lines), which
has a strong overlap with {1} when N, ~ 50. Following the
evolution of the Wigner function from panel to panel, it is
possible to see a feature following the flow of «s(#) and
settling at the expected steady-state value o in Fig. 4(d)
(brown dot). Applying this procedure whenever the res-
onator number is such that an occupied branch has a strong
overlap C;(n) with another branch, the vast majority of the
Wigner-function transient behavior can be understood. In
particular, starting in Fig. 4(d), we see the bistable behav-
ior of {a1} in both the semiclassical results (red lines) and
the numerical data.

Rather than focusing on the steady-state response, in
Fig. 6(a) we plot, for different drive amplitudes and as a
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function of time, the difference in the resonator popula-
tions AN, obtained by solving the semiclassical expression
in Eq. (6), given that the transmon is initialized in its
ground or excited state. As expected from Fig. 5, at some
threshold power, the photon number rapidly increases if
the qubit is initially in its excited state, while the increase
is not as pronounced for ground state. This results in the
observed large AN,. Figure 6(b) shows the same quantity
obtained from numerical simulations. Given that the pop-
ulation of the resonator N, > 450 for the strongest drive
amplitude £/27 = 440 MHz, these simulations are par-
ticularly demanding and require Hilbert-space sizes up to
2'5. The agreement between the full numerical simula-
tions and the simple semiclassical model is remarkable. In
particular, in both approaches, we observe that the photon-
number difference AN, goes to zero at the strongest drive
amplitudes. This is expected from Fig. 5, where at very
large photon numbers, the frequencies w;(|o;|?) eventually
collapse to the bare value w,. The different drive ampli-
tude at which this collapse occurs depend on the initial
transmon state and the resulting large AN, is exploited
in the high-power qubit readout [11—13]. The choice of
drive amplitude range £/2n € [0,440] MHz for the TPU
simulations is made to demonstrate the full range of the
high-power readout behavior and demonstrate the decrease
in AN, at the largest amplitudes.

A possible interpretation for the observed large response
at the bare-resonator frequency is that once the transmon
is ionized, mostly chargelike states are occupied. Because
these states couple longitudinally to the resonator, they
do not lead to a resonator frequency pull [10]. However,
the numerical results show that even for the highest drive
powers, a significant distribution of states inside the well
remain populated (not shown). As a result, the collapse of
the resonator to its bare frequency cannot be explained as
resulting alone from the longitudinal-type coupling of the

1.0
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FIG. 6. The difference in the resonator population AN, given
that the transmon is initialized in its ground or excited state as
a function of the drive amplitudes and time as obtained from (a)
the semiclassical model and (b) the numerical TPU data.

unbound states. We leave a more detailed analysis of this
effect to future work [29].

C. Resonances at low photon number

For the parameters used above, the first resonance lead-
ing to non-QNDness occurs at a relatively large photon
number of approximately 30, followed by resonances at
even larger photon numbers. Such resonances can, how-
ever, occur at much lower photon numbers. To demonstrate
this, we now use parameters based on the experiment of
Ref. [4]: Ec/h =314 MHz, E; /Ec = 55.47, g/2n = 211
MHz, and w, /27 = 4.804 GHz, corresponding to ngi ~
10. The cavity damping rate is set to x /2w = 40 MHz. The
drive amplitude is varied in the range £/27 € [0.02,0.14]
MHz and the evolution time is set to 48 ns, correspond-
ing to the smallest measurement time used in Ref. [4]. We
note that these are bare system parameters chosen such as
to approach the dressed parameters reported in Ref. [4].

In a similar fashion to Fig. 3(a), in Fig. 7(a) we para-
metrically plot the transmon population N, against the
resonator population N, for the transmon initialized in the
excited state. For this choice of parameters and integra-
tion time, Purcell decay is apparent for the three lowest
drive amplitudes (see the sharp decrease of N;). For larger

&/2m (GHz)
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FIG. 7. (a) A parametric plot of the average transmon popu-
lation versus the average resonator population for an evolution
time of 48 ns. Each line represents a unique simulation with
a different drive amplitude £ and starting in the excited state.
Because of the small Hilbert-space size, these results are obtained
using CPUs. (b) The average transmon population as a function
of the bare-resonator population for each resonator branch {i}.
The dashed lines indicate the overlap between different branches
when C;(n) > 0.01.
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measurement amplitudes corresponding to an average res-
onator population of approximately 2.5 photons, upward
transition of the transmon population is clearly observed.
Interestingly, this corresponds to the average photon num-
ber at which a decrease in measurement fidelity is observed
in Ref. [4] [see Fig. 3(b) of that reference].

To understand the origin of this population leakage
under measurement, we show in Fig. 7(b) the average pho-
ton population for the resonator branches {i} as obtained
from our semiclassical model. At N, & 5, the transmon
population rapidly rises for branch {1} associated with
the first excited state of the transmon (red line). In the
numerical simulation shown in Fig. 7(a) as well as in
experiments, the resonator field is in a coherent state. As
a result, because of the 4/n fluctuations of coherent states,
the resonance at N, ~ 5 already plays a role at N, &~ 2.5,
leading to the observed non-QNDness. While care must
be taken when using a semiclassical model at such a small
photon population, these observations are suggestive of the
fact that the resonances that are observed here could play a
role in the drop of measurement fidelity and QNDness that
is experimentally observed at low photon number.

IV. CONCLUSIONS

We leverage the computational power of TPUs to
perform large Hilbert-space size time-dependent master-
equation simulations of transmon readout in circuit QED.
From these simulations, we identify resonances occurring
at a distinct resonator-photon number where the transmon
population escapes to states above the Josephson cosine-
potential well. To interpret these results, we develop a
semiclassical model capturing the nonlinear transmon-
state-dependent change of the resonator frequency with
photon number. In particular, this model correctly captures
which states play a significant role in transmon ioniza-
tion. Using a different set of parameters, we show that
these resonances can occur at small photon population.
These results suggest that the non-QND nature of the dis-
persive readout experimentally observed at small drive
amplitudes could be due to these resonances. The location
of ionization events can be predicted from the semiclassi-
cal branch analysis, thus providing an upper bound on the
maximum population of the measurement photons to main-
tain the QND character of the readout. Moreover, because
the location of these ionizing events is strongly parame-
ter dependent, this work suggests a pathway to avoid these
spurious effects when optimizing device parameters for
readout.
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APPENDIX A: NUMERICAL IMPLEMENTATION

To simulate the master equation in Eq. (2), we move to
a rotating frame defined by
Use(r) = expiwga'ar). (A1)

In that frame, the system Hamiltonian takes the form

B0 = Ue0A (U0 — il ULo),

= Hyo + X (0, (A2)
with
3 52 5 sta €t s
Hy =4E.n; — Ejcos(¢) + (0, — wg)a'a — E(Q +a)
(A3)

and

X (1) = —ign,(a'e@d! — Gem'@d"y 4 E(aTez""dt + qe2waty,

(A4)
Moreover, in this rotating frame the master equation reads

pr(t) = —i[H[(9), pr] + «Dlalpr = Lor, (AS)
with 5, (1) = Use(0) p(0) lAJrTf(t) and where the dissipator D[a]
is unaffected by the transformation.

To solve this master equation on TPUs, we approximate
the action of the time-ordered Lindbladian exponential
T exp ( fot Lt)dr )- To do this, we first solve for the roots
{z;} of the Taylor approximation of the exponential to nth
order and rearrange the terms:

n ¥ 1 n n
cx)y S=—lle-a=]]0-xz (1o
i=1 i=1

i=0
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where [ [, z; = n!. We then evolve the system by time &7 by
iterating through the » roots:

Pt 4388 = pu(®), Pi=o(?) = p(B)

S (A7)
pi) = [1 = @1/z0 L1+ 80| pir 0,

where ﬁ(t, t + &) is calculated using a second-order Mag-
nus expansion. The order n and step size §¢ required for
convergence depend on the number of transmon and res-
onator states, with values of n = 8 — 15 and 1/(w;87) =~
50-100 found to be optimal for our choice of parameters.

The Hilbert space of the cavity is adapted through-
out the evolution. At each step, the quantity £ = |1 —
Tr{p(N8t)[a,a']}] is calculated to ensure minimal occupa-
tion of the highest cavity excited states. The cavity size is
doubled if £ > 107%, with the previous step recalculated
with the larger Hilbert-space size once this condition is
met.

In the case of a transmon-resonator system driven off
resonantly, a simple frame change can be used to follow
the linear response of the oscillator, subsequently reducing
the required Hilbert space [9]. In the case of a resonant
drive, such a transformation does not exist.

APPENDIX B: TENSOR PROCESSING UNITS

Google’s TPUs are application-specific integrated cir-
cuits (ASICs) originally designed to accelerate and scale
up machine-learning workloads [15]. By leveraging the
JAX library [34], it is possible to repurpose TPUs to also
accelerate other large-scale computational tasks [16—28].
For instance, in Refs. [24-27], TPUs are used to simu-
late the wave function of up to 3640 (two-level) qubits.
In this work, we use the power of TPUs to simulate,
instead, the time evolution of the joint density matrix of a
transmon-resonator system, as given by a Lindblad master
equation.

We employ TPUs of the third generation, denoted v3.
Each single TPU v3 core is equipped with two matrix-
multiply units (MXUs) to formidably accelerate matrix-
matrix multiplication (matmul), resulting in about ten
teraflops (TFLOPs) of measured single-core matmul per-
formance in single precision.

The smallest available TPU configuration consists of
eight TPU v3 cores with a total of 128 GB of dedicated
high-bandwidth memory (HBM), controlled by a single
host with 48 CPU cores. The largest configuration is a pod
with 2048 TPU v3 cores and 32 TB of HBM, controlled
by 256 hosts. Given a choice of configuration, the avail-
able TPU cores are directly connected to nearest neighbors
in a two-dimensional torus network through fast inter-
core interconnects (ICIs). The ICIs play an essential role
in the ability of the TPUs to maintain high performance
when distributing matmuls and other dense linear-algebra

operations over all available TPU cores. In this work, we
use the JAX library [34] to write single-program multiple
data (SPMD) code and execute it on configurations made
of multiple TPU cores. Specifically, for the largest den-
sity matrix under consideration, of size 2'° x 2'°, we use
128 TPU v3 cores. The density matrix is distributed over
all available cores and updated according to the differ-
ent terms in the Lindblad operator, with a typical update
o) — p(t+ 681 for n =15 in Eq. (A7) taking on the
order of seconds.

APPENDIX C: LANDAU-ZENER TRANSITIONS
FOR DIFFERENT PARAMETER CHOICES

Figure 8(a) shows the average transmon population
versus the average resonator population for the same

E/2n (GHz)
0.1 0.2 0.3 0.4
[ 1 1
3
(a)
2 -
Z
1 -
(b)
2 -
Z
1 -
0 — l/ T T T T T
0 20 40 60 80 100 120
N
FIG. 8. Parametric plots of the average transmon population

versus the average resonator population for an evolution time of
«~! for (a) k /2w = 20 MHz as in the main text and (b) x /27 =
80 MHz. Each line represents a unique simulation with a differ-
ent drive amplitude £ starting in the ground state. The frequency
of the drive is set to the mean of the pulled resonator frequencies
associated with the ground and excited states of the transmon, as
is often the case in dispersive readout. For the larger «, the sys-
tem sweeps through the resonance N, ~ 30 at a faster rate. The
transition becomes more diabatic and the leakage through other
states is reduced, as expected from the Landau-Zener theory.
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parameters as in the main text, except for a slightly dif-
ferent drive frequency corresponding to the mean of the
pulled resonator frequencies associated with the ground
and excited states of the transmon. This different drive
frequency only leads to a small quantitative change with
respect to Fig. 3. More importantly, Fig. 8(b) is obtained
with that same drive frequency but now a larger decay
rate x /2w = 80 MHz. Here, the resonance around &, ~ 30
mentioned in Sec. III A leads to smaller leakage. This is
compatible with Landau-Zener theory, since with a larger
k the photon number rises more rapidly, corresponding to
a faster sweep through this resonance and therefore a more
diabatic transition.

In addition, we note that the numerically observed slow
increase of the transmon population in Fig. 8(b) is over-
estimated by the semiclassical model. This is not the
case for Fig. 3(a), where the drive frequency is set to
the bare-resonator frequency. We suspect that the follow-
ing mechanism is responsible for this discrepancy: for the
drive frequency used in Fig. 8, we expect the cavity state
to evolve to two very distinct coherent states depending
on whether one initializes the transmon in the ground or
the excited states. As has been highlighted in Leroux et
al. [35], the distance between the resulting polaronic states
is likely to diminish mixing of the states. This effect is,
however, not accounted for by the semiclassical model,
since the branches {7} are derived from the static spectrum,
where the drive frequency is not involved.
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5.4 Gate charge dependence

One of the intended goals of the above manuscript was to explore the dependence of gate
charge on the ionization physics seen in the results. Unfortunately, due to time constraints
and limited TPU runtime, this was not possible during the internship. Nevertheless, after
this publication I had the opportunity to explore some of this physics in a modified parameter
regime where hardware acceleration is not strictly needed. I provide some of these insights

in this final section.

The transmon is referred to as a ‘charge-insensitive’ qubit since its energy spectrum
becomes insensitive to the offset gate charge with increasing values of the ratio E;/ FE¢c. The

dispersion of the m-th energy level is defined as [38]:
em = Ep(ng = 0.5) — By (ng = 0). (5.8)

For the transmon qubit, a ratio E;/E. > 50 results in negligible dispersion of the computa-
tional states — indeed, in the limit E;/E. > 1, Koch et. al. in Ref. [38] showed:

m ;3
which shows the exponential suppression of the charge dispersion as a function of the ratio
E;/E.. In the publication reproduced in Sect. 5.3, the master equation simulations of the
transmon-resonator system were only conducted with an offset gate charge n, = 0 due to
limits on the computational time. In this section, I explore in more detail the effect of this
offset gate charge, which was predicted in Ref. [63] to have significant effects in the presence

of a strong periodic drive.

We begin by investigating how the eigenenergies of the transmon-resonator system
depend on the offset gate charge. In Fig. 5.4 (a) I plot the energies of the dressed transmon
eigenstates |0,0), |I,0), |2,0) as a function of this offset gate charge. As expected, we observe
almost negligible dispersion, since these states remain close to the charge-protected transmon
state at the bottom of the cosine well. However, this story changes dramatically with (b)
22 photons and (c) 44 photons, where we observe significant changes in the energies of
eigenstates with non-zero resonator populations. This indicates that the dressed states with
large photon numbers have a significant hybridization with the higher energy transmon
states close to and outside of the potential well, which are sensitive to charge, and that
ionization may potentially occur at these photon numbers. We further note that the smallest

and largest energies do not necessarily occur at ny = 0 and ny = 0.5. Motivated by these
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observations, I adapt the expression for calculating the charge dispersion in Eq. (5.8):
€i,n = max{E(ng)} — min{E;(ng)}, (5.10)

where the maximium and minimum values are taken to be over the range of n,. Using this
new expression, I plot the charge dispersion as a function of the photon number n for the
first branches in Fig. 5.4(d) (transparent lines). For comparison, I additionally plot with
solid lines the charge dispersion calculated from the difference in energies at ny, = 0.5 and

ng = 0, similarly to Eq. (5.8), but now including the resonator index:

(ng =0). (5.11)

For comparison, the charge dispersion of the isolated transmon states (in the absence of
any resonator coupling, g = 0) is plotted, see dashed lines. In agreement with Ref. [63], we
see that the transmon-resonator system becomes sensitive to offset gate charge fluctuations
even at modest photon numbers, potentially exposing the system to dephasing due to charge

noise.

5.4.1 Master Equation Simulations — Gate Charge

A key feature of the charge dispersions in Fig. 5.4 are discontinuities as a function of the
photon number — this means that the resonances between branches are dependent on this
offset gate charge. Given these resonances can ultimately result in the qubit ionizing (see
Ref. [2]), it would be informative to determine whether varying the gate charge significantly

alters the conclusions reached so far.

Similarly to Sect. 5.2.4, we integrate the master equation in Eq. (5.7) for a duration of
100 ns, with a drive amplitude £ /27 ~ 140 MHz, yielding a steady-state resonator population
of (a'a) ~ 22. We then turn the drive off and allow the resonator to relax for another 100
ns. Two offset gate charges are considered — ny = 0 and ny = 0.34. Fig. 5.5(a) shows a
parametric plot of the ground state branch population against the resonator population,
beginning at (ﬁg> = 1 and with 0 resonator population, with arrows indicating the flow
of time. For the ny, = 0 trajectory, there is a small decrease in the ground state branch
population from unity as the resonator reaches the steady state. This drop-off appears to
begin at a resonator population (&T&> ~ 19, as indicated by the blue marker. This is followed
by an abrupt drop-off corresponding to the drive being turned off. In stark contrast, for the
ng = 0.34 trajectory, there is a significant depopulation of the ground-state branch when

the resonator reaches (a'a) ~ 11, with up to 5% of the population lost to another branch. A
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considerable amount of this population returns when the drive is turned off — nevertheless,
once the resonator has returned to vacuum, the final population in the ground-state branch
is only 99%. This deviation cannot be trivially explained by state identification, since the
charge dispersion for the ground state |z,0) should be exponentially small (see Fig. 5.4(a)),

and thus virtually independent of gate charge when the resonator is in vacuum.

This difference can be explained by gate-charge-dependent resonances between branches.
In Fig. 5.5(c), I plot the overlap metric Cy(n) as defined in Eq. (5.6) as a function of the
resonator population for both ny, = 0 and ny = 0.34. At n, = 0, this overlap remains very
close to unity, with a small resonance occurring at <&T&> ~ 30 photons. For n, = 0.34,
we note a strong resonance at (a'a) ~ 20 photons, suggesting hybridization with another

branch.

The impact of these resonances occurs well before the mean photon number in the
resonator reaches the location of the resonance, which can be explained by the finite photon-
number variance of the coherent state entering the resonator when the drive is applied. In
Fig. 5.5(a), I plot the Poisson distribution corresponding to two coherent states with mean
photon numbers |a|? = 11 and 19, corresponding respectively to the photon numbers at
which we see significant deviations from unity in the ground state branch population [see
blue and orange circles in (a) and (b)]. The dashed lines indicate the 99% threshold for these
distributions, — in other words, the higher energy states contribute to 1% of the population.
These align almost perfectly with the resonances observed in (¢), indicating that it is indeed
these resonances likely causing the dramatic changes in behaviour and the deviation in final
populations. This also suggests that only a small occupation probability of the resonator at

inter-branch resonances is sufficient to significantly alter the branch population.

Drift in the external gate charge can occur over long time scales on the order of minutes
or longer [96, 97]. Recent experimental data demonstrated that the readout fidelities of
ostensibly identical experiments performed at different times had dramatically different de-
pendence on photon number [60]. The numerical simulations provide a possible explanation

for this behaviour.
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Figure 5.4 (a) The energies of the first five dressed transmon eigenstates as a function of
the offset gate charge ny with the resonator in vacuum. (b-c) The dispersion of
the dressed eigenstates as in (a), but with 22 photons (b) and 44 photons (c)
respectively. (d) The charge dispersion of the first five branches as a function
of the eigenstate photon-number index n. The dashed lines indicate the charge
dispersion of the states in the absence of the resonator, i.e. for the isolated
transmon. The solid lines are calculated from Eq. (5.11), and the transparent
lines using Eq. (5.10).
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Figure 5.5 (a) A parametric plot of the dressed ground state branch population against the
resonator population for two offset gate charges for an otherwise identical readout
process. The different final populations of ~ 99% and = 99.7% indicate that
the gate charge has had a significant impact on the dynamics. Arrows indicate
the flow of time. (b) Poisson distributions corresponding to coherent states with
amplitudes |a|?> = 11 and 19. The dashed lines indicate the 1% population
threshold. (c¢) Overlap metrics for the ground state branch at the two different
offset gate charges. We see a strong resonance for ny = 0.34 with a resonator
population of ~ 20.



Chapter 6

Optimizing Superconducting Qubit
Readout with Purcell Filters

“FYI, my noise-cancelling headphones proved ineffective last night.”

— Sheldon Cooper, The Big Bang Theory

In this chapter, I overview the basics of the Purcell filter, how they can be modelled
efficiently in a simulation, detail how the parameters of such a filter should be optimized for

efficient qubit readout, and finish with a joint publication in collaboration with ETH Ziirich.

6.1 Introduction

Chapters 2 and 5 detail a transmon-resonator system, where the state of the transmon can
be determined by driving the resonator. Due to the hybridization of the qubit and resonator,
we saw that this leads to a decay channel of the qubit state through the resonator, known

as Purcell decay [56]:

rp = |G Oae 0~ (1) (61)

Purcell decay can dramatically reduce the lifetime of a qubit — specifically when considering
typical parameters such as §/27 = 200 MHz, A, /27 =1 GHz, and /27 = 40 MHz, the
Purcell rate results in a mere 100 nanoseconds of qubit lifetime. In comparison, modern

transmon qubits exhibit an intrinsic 77 on the order of tens to hundreds of microseconds

86
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[20, 28, 98], representing a reduction in its potential lifetime by more than two orders of

magnitude.

This problem can be addressed with the use of a Purcell filter [35, 36, 37]. These
filters are used extensively in modern superconducting architectures because of the vast
improvement to qubit lifetimes, whilst simultaneously allowing for a large coupling x to the
environment, permitting fast qubit readout [19, 99, 100]. However, they introduce a degree
of complication that must be treated carefully in analysis. This is achieved by engineering
the electomagnetic environment at the qubit frequency, which is usually far detuned from
the readout resonator. This can be achieved with different approaches, including the use of
a ‘notch’ or band-rejection filter which almost entirely eliminates the spectrum of noise at
the qubit’s operating frequency [35]. Here, we consider the case of a ‘band-pass’ filter, where
the Purcell filter can simply be considered as another resonator mode [101]. This reduces
the spectrum of noise at all frequencies other than the resonator frequency, meaning that

flux-tunable qubits will continue to be Purcell protected over their range of operation.

6.2 Circuit Hamiltonian and Rate Analysis

To understand how the Purcell filter protects the qubit from decaying into the readout
circuitry and how we can readout the qubit state, we begin with the Hamiltonian describing

the combined transmon-resonator-Purcell-filter system

Htrf = 4FE.(fy — ng)2 — Ejcos ¢y +wyala

o . (6.2)
—ig(he —ng)(a—a") +wp f1f + J(f1 = f) (@' - a),

where w), is the frequency of the Purcell filter mode and J is the strength of the capacitive
coupling between the filter and resonator modes. An example of this circuit is given in
Fig. 6.1. In Chapters 2 and 5, readout was performed by driving the resonator mode. Here,
since the resonator is coupled to the feedline via the Purcell filter, we cannot drive it directly,

only through a coherent drive on the filter mode:

A

Ap(t) = —iQ(t) (fT — f) sin(wat), (6.3)

where Q)(t) is an envelope function which varies slowly compared to the drive frequency wy.
Perhaps most importantly, only the Purcell mode is coupled to the environment at rate k.

Incorporating this loss rate, we thus formulate a standard Lindblad master equation

p = —ilHys+ Hp(t), p] + D[ f]p. (6.4)
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Figure 6.1 Example circuit diagram of the coupled transmon (green), resonator (blue) and
Purcell filter (red) circuit. The Purcell filter is coupled to the feedline (grey) at
rate K.

To observe the properties of this master equation, we begin by analysing the static system
in the absence of drive, i.e. Q(t) = 0.

6.2.1 Diagonalizing the resonator-Purcell subspace

To obtain some insight, we can first consider diagonalizing the two coupled linear modes —
the resonator and Purcell filter — and find its normal modes before including the transmon.
Later on in Sect. 6.2.2, we shall consider a more accurate approach. For simplicity we
consider an ideal case where w, = w,, which yields two equally hybridized normal modes,

{4 with frequencies w, + J respectively:
a=—=(ty+a_), f=-%=(ay—1a). (6.5)

In this normal mode basis and treating the transmon as a Kerr oscillator, we find a

Hamiltonian

(6.6)

where § is the renormalized coupling rate, 2§ ~ g(F;/2FE )1/ 4. By employing the transfor-

ot
mation S = exp[— —L(Aqr_J A:TJFJ) H.c.], we can diagonalize Eq. (6.6) to first order in

g. This transform reveals the approximate dressed eigenstates — in particular, the excited
state of the qubit becomes

le,0,0) =~ Sle,0,0) = |e,0,0) + (6.7)

g g
2 g,1,0) + ——=——=1g,0,1).
(Aqr—J)ﬁ‘ ) (Aqr+J)x/§| >
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We can use this form to approximately evaluate the Purcell decay rate

Ky — —
FP%§’<97070‘u+_u—‘67070>’2

k| g g P w2 27 [

TA|Ay—T Dp+d| 4B T (6.8)
NgZJQ

N/ﬁAgr,

valid for small J. This is a dramatic improvement over the original Purcell rate — using
the same parameters given in Sect. 6.2 with a typical value J/27 = 20MHz, the new
Purcell-limited lifetime would be approximately 248 microseconds, putting it on par with
the state-of-the-art intrinsic lifetimes of transmon qubits [98]. Corrections to this form can
be made by looking at the effects of the non-Hermitian Hamiltonian in the single-excitation

subspace [101], although for our purposes the differences are negligible.

Correlated Decay

We stress here that correlated decay is vital to explain the reduction in the Purcell rate.
Let us consider the dissipator D[f]p = 1Dy —0_]p. Going into a rotating frame U =
exp(—i(w, + J)t@ifur —i(w, — J)ta 6_), each mode picks up an oscillatory term, which
leads to the dissipator

Dt e "t —a_et!]p. (6.9)

As we did in Eq. (2.28), it can be tempting to make the RWA, which is standard practice
for dissipators [102, 103]. This would split the dissipator in two:

Dlare "t —a_e"|p~ Do ]|p+ =D[a_]p. (6.10)

This procedure would however yield an incorrect Purcell rate:

2
(9,0,0/0_[e, 0,0)|% ~ RAQT. (6.11)
qr

51(3:0.00a.[e0,0)* + 2|
In other words, the Purcell suppression is lost. As such, for simulations performed in this
dressed basis, it is vital to not make an RWA on this dissipator, since the difference in
frequency (2J) between these two modes is not sufficiently large. Only in the strong coupling
case |J| > k does the Purcell suppression rate indeed decrease and the RWA once again
becomes valid. In comparison, the RWA made in Eq. (2.28) is generally valid, since the

detuning between the resonator and qubit is on the order of GHz.
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6.2.2 Diagonalizing the transmon-resonator subspace

The majority of devices have a transmon-resonator coupling g on the order of 100 — 200
MHz, with the resonator-filter coupling J on the order of 20 MHz. Consequently, in contrast
to what I did above, it is reasonable to diagonalize the transmon-resonator subsystem first,
and later include the effects of the weakly coupled filter mode. Using the form in Eq. (2.22)

and the dressed resonator mode defined in Eq. (2.27) we find the relevant Hamiltonian to be

A

= @y bt 5+wprf+w$&T€L
+2xata b12p2 — S \*a2a2 — 2N N Eca?a2b'h (6.12)
+J ([1 —N\Z/2— QAXBT?)] alf + 217 + H.c.) .
where X' = AE./ [Ayr + Ec.(1—)?)] and A = g/A,. The remaining parameters are defined
in Eq. (2.23).

The form of Eq. (6.12) is almost diagonal in the qubit mode, with a small Jb'f + H.c.
coupling between the transmon and filter modes — the same term that will lead to the Purcell
decay derived in Eq. (6.8). Whilst this term is critical in understanding how the Purcell rate
is suppressed, it only results in a very small renormalization of the system frequencies — for
the example parameters given in Sect. 6.1 and J /27 = 20 MHz, we anticipate a shift in the
qubit frequency of about 64 kHz. As such, we need not consider this term when analysing the
readout dynamics, which is dominated by the other terms in H, each having contributions
at least on the order of MHz. Assuming the qubit is in one of the two computation states
((b'h) = 0 or 1), we can write reduced Hamiltonians which help us understand how the

resonator and filter modes will respond during qubit readout:

ﬁ%ﬁL_f'ﬁNLv

fp = w, f1] +wiata + 2xatalbid) + Jo¢(al f + Hee.), (6.13)
. >\3
Ayp = == (A 44X (b7h))a%a?,

where we have defined a resonator-Purcell coupling J9¢ = J [1 —AZ/2 =22\ (ZA)TIA))} which
depends on the qubit state. We can further define qubit-state dependent Kerr nonlinearities,
K9 = —FE'/2and K¢ = —E\3(A+4))/2. Further, we note that for A, < 0, it is simple
to demonstrate |A + 4)\'| < |A| and we consequently find |K€¢| < |K9|.

For small drive powers, we expect a small population of the readout resonator. As such,

Hy 1, becomes negligible and the linear Hamiltonian Ay, in Eq. (6.13) is sufficient to analyse
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the readout. As such we can, to an excellent degree of approximation, assume that the
resonator and filter modes both have coherent state responses. Consequently, we assume
that the computational states |g,0,0) — |g,a9(t),39(t)) and |e,0,0) — |e, a®(t), (1))
under the action of the Hamiltonian and loss channel, where a9¢(t), 39¢(t) refer to the
time-dependent coherent amplitude of the resonator and filter modes, respectively This
approximation of course only remains valid at low photon numbers, which is the emphasis

of the preprint in Sect. 6.4. I shall discuss the effects of nonlinearities in Sect. 6.3.5.

6.2.3 Normal Mode Hamiltonian

The assumption of a coherent response in both the resonator and filter modes allows us to
dramatically simplify the analysis, turning the master equation into a description of two
coupled linear oscillators. Following the results in Sect. 6.4, the master equation in Eq. (6.4)

effectively reduces to the simple matrix equation

dg7e Ag7e Jg7e ag7e 0
o Jee A, —irn/2| |pre| €

where A9° = w?® —wy is the detuning between the dressed resonator conditioned on the qubit
state and the drive, and A, = w, —wy is the filter-drive detuning. Further, w; = wd + 2x

includes the x shift imparted on the resonator by the qubit.

In this section, we are principally interested in the optimal choices of the Purcell filter
parameters and coupling (J,wy, k), rather than optimizing the x-shift and other parameters
of the transmon-resonator — a more detailed discussion of this aspect of the parameter

optimization can be found in the preprint in Sect. 6.4.
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6.3 Signal-to-Noise Ratio

As discussed in Chapter 2, the signal-to-noise ratio (or SNR for short) tells us information
about how well the pointer states are resolved in the phase space of the resonator and will
be one of the major predictors of the readout fidelity. However, unlike Chapter 2, we are
measuring the output field of the Purcell filter, since only this resonator is directly connected
to the feedline. Consequently, we must adapt the definition in Eq. (2.34) to the Purcell filter,
which reduces to a simple description of the distance between the formed coherent states in

the internal filter mode:

SNR(t) = 2k7 /Ot 1B9(t") — Be(t')|dt’. (6.15)

We seek to maximize the SNR for obtaining the largest upper bound on the readout fidelity
— however, this is a non-trivial multivariable optimization, and care must be taken to
understand the SNR landscape as a function of all of the relevant variables. For the rest
of this chapter, I shall assume that the transmon-resonator subsystem is fized, and only
consider the parameters wg, K, J, wp, the readout integration time ¢ and the drive amplitude

£ in the optimization. Further details can be found in Appendix A.

The analytical expression for the time-dependent filter-mode responses 59/¢ (t) is provided
in the preprint in Sect. 6.4. Of particular interest are the steady-state responses in both the

filter and resonator modes, given by the expression

od £ —-J
N9 (Ay —iky/2) — J?

(6.16)

976
ss

A9€

From the above form, it is clear that the displacement between the two filter responses will
increase linearly as a function of the drive amplitude & — however, from Chapter 5 and
an abundance of experimental evidence [30, 61, 62, 95], large drive amplitudes result in a
decrease in the readout fidelity due to breaking the weak-drive approximation, with a more
significant contribution from the non-linear Hamiltonian. At even higher drive amplitudes,

this model will also break down and ionization can occur, as in Chapter 5.

6.3.1 How strong is too strong?

In Chapter 5, I detailed how the states of the combined transmon-resonator system can be

systematically identified, and that resonances occur at specific photon numbers which can
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lead to the ionization of the transmon. Here, I wish to emphasize that, even in the transmon-
resonator-Purcell system, the dominant indicator of ionization and strong nonlinearities will
be the population of the resonator, and the Purcell filter population is irrelevant.! This
is fairly intuitive —in Eq. (6.2), the transmon is only coupled to the resonator, not the
filter. After the transmon-resonator subspace is diagonalized as in Eq. (6.12), the effective
Purcell filter-qubit coupling is negligible. Consequently, I expect the Purcell mode to be

predominantly linear, and its population alone should not govern nonlinear effects.

To demonstrate this further, I consider a representative set of parameters (see caption
in Fig. 6.2) and diagonalize the entire transmon-resonator-Purcell system with methods
detailed in Chapters 2 and 5. To perform this, the transmon-resonator subspace is first
diagonalized with tg;n = 18, rgim = 125, which is then projected onto the first 10 branches,
preserving 35 resonator states per branch. I then add the Purcell mode with 35 levels,
leading to the diagonalization of a Hilbert space size of 12250. Then, for each eigenstate,
I calculate the transmon and resonator populations Ny and N, as in Chapter 5, but in
addition the average filter population of each state, Ny = (f1f). Then, in Fig. 6.2(a), I
plot the transmon population against the resonator population, and in (b) the transmon
population against the filter population. As can be seen in (a), there are strong correlations
between the resonator and transmon populations — these are indeed closely related to the
branches identified from the transmon-resonator population alone (see faint thick lines).
In comparison, there is negligible relationship between the Ny and N; populations seen
in panel (b). This strengthens the conclusion that indeed, the number of photons in the
resonator, not the filter, is the limiting factor before strong nonlinearities enter the system

and ionization can occur.

6.3.2 Defining an optimization procedure

In our pursuit of optimizing the readout, we must take into account experimental considera-

tions and limit the complexity. With this in mind, here I presume that

e the drive frequency wy is chosen independently of the drive amplitude and readout

integration time;

e the number of photons that can be used in the readout process before spurious effects

Due to the hybridization of the resonator and Purcell filter, their populations are inextricably linked,
and the degree to which each is populated depends on which normal mode is driven. Nevertheless, the onset
of ionization only depends explicitly on the resonator mode.
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N, Ny

Figure 6.2 (a) Plot of the expected resonator population NN, against the transmon population
N; for all eigenstates of the combined transmon-resonator-Purcell system. The faint
lines indicate the identified branches, obtained from diagonalizing the transmon-
resonator alone. (b) A plot of the filter population N; against the transmon
population V;. No strong correlations are observed between these two populations.
The parameters used were: E./h =200 MHz, E;/E. = 50, w, /27 = 5.74 GHz,
wp/2m = 5.8GHz, J/2m = 20 MHz, §/2m = 200 MHz.

enter is equal to nepig:2
e the linear Hamiltonian remains a good approximation during the readout process;

e the Kerr nonlinearity limits the performance before the presence of spurious transitions.

Given the second assumption, we can begin by fixing the number of photons in the resonator

\0455|2 = Nerit, which simply restricts &:
2
—-JE
e 6.17
Nerit Ag( — Zlﬂ’,/z) ( )
Given we can change the drive phase, we choose ad; to be entirely real and set
Earit = —J /Mai [ (A —ik/2) — T, (6.18)

so that ad, = \/neir. We note that there is now a different photon number response in the

excited state,
2

2x(Ap —ik/2)
(ac(a, - ZR/Q) 77) (6.19)

|a§s’2 = Nerit |1 +

2From the previous chapters and Ref. [2], it is clear that nerit is not a perfect metric. Nevertheless, it is
useful in this context to help simplify the optimization procedure.
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Depending on the choice of drive frequency and parameters, we commonly find |a%,|? > |ad,|?,
which may seem detrimental given the excited state branch generally ionizes before the
ground state [2, 63]. However, drawing attention to the first and final assumptions, we
cannot reoptimize the drive frequency based on the drive shift/induced Kerr nonlinearities
and, more notably, the Kerr nonlinearity of the excited state branch is significantly lower
than the ground state branch as predicted by the dispersive theory — see Eq. (6.13). As
a result, for this optimization procedure, we assume that the excited state can tolerate a

larger resonator response. Specifically, we can define a maximum photon number ratio:

e |2
ss

o
< Bg _ 6.20
o2 = K, (6.20)

such that the nonlinearities for the excited state are, at most, equivalent to the ground state.

6.3.3 Choosing the drive frequency

As explained in the preprint in Sect. 6.4, the readout drive frequency can be chosen rather
simply: the spectral function is measured at a range of relevant drive frequencies with a
constant amplitude, and the frequency that exhibits the largest response is chosen as the
readout frequency. Here, I’d like to stress that the choice of readout frequency can be
further optimized by considering the resonator response. In Fig. 6.3, I plot in blue the
‘performance’; or the normalized SNR rate, taken to be |37, — 8%]|?/max(|3Y, — 5%[?), as a
function of the drive frequency wy at constant power. The peak here corresponds to one of
the two normal mode responses — see Sect. 6.4 for more details. However, this metric does
not consider the corresponding steady-state population in the resonator, which ultimately
dictates the maximum drive power based upon the above assumptions. By renormalizing
this performance metric by the population of the ground state, |ad,|?, we find the optimal
drive frequency to decrease slightly on the order of 1 —2 MHz. Finally, we must ensure that
the excited state resonator response is not too large — consequently, we filter out a range of

2

logsl” %, indicated by the dashed line. Finally, the optimal

lads]?
drive frequency is indicated by the arrow.

drive frequencies for which

6.3.4 Readout Performance

Using the methodology above, we are now ready to plot the relative performance of the
readout. For this, I consider a realistic transmon-resonator-Purcell system, with parameters:
E;/27 = 22.65 GHz, Ej/Ec = 134, w, /27 = 6.86 GHz, and ¢/27 = 210 MHz, which
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Figure 6.3 Performance of the readout as a function of the drive frequency, as indicated by
constant drive (blue) and when renormalized by the resonator response (orange).
The grey dashed line and orange lines overlap for drive frequencies giving an
acceptable photon ratio response according to Eq. (6.20).

yields a qubit frequency wq/2m = 5.3 GHz and a chi-shift x /27 ~ 7 MHz. Then, using the
above optimization procedure, I perform sweeps of the Purcell-resonator coupling strength
J, the decay rate x, and the filter frequency wy,, integrating for a readout integration time
of up to 400 ns, and calculate the SNR in Eq. (6.15) assuming a measurement efficiency
n = 20%. In Fig. 6.4, I plot a representative example of these results, with panels (a-c)
corresponding to a readout integration time of 50 ns and (d-f) to 400 ns, and the different
columns corresponding to detunings of the Purcell filter away from the central frequency

response of the resonator, w, = (w¢ + wd)/2.

This data provides invaluable insights into parameter optimization. For example, at short
readout times (a-c), we see that the readout performance is very poor for /27w < 50 MHz,
which suggests that broadband Purcell filters are required for high-fidelity fast readout.
Perhaps more surprisingly, we find that large SNRs can still be obtained at short readout
times when the Purcell filter is detuned away from the central frequency, see Fig. 6.4(a),
although this requires very precise engineering of the coupling strength J to compensate.
For even larger detunings in Fig. 6.4(c), loss rates as high as 200 MHz are required for
reasonable SNR.

At longer readout times of 400 ns (d-f), we see much broader features and can obtain
excellent readout fidelities with small J and k, in particular for (e), where w, = w.. We
additionally note that good readout can be obtained for small x and large J — however, in
this limit, the two normal modes are strongly separated in frequency, leading to an increased

Purcell decay rate.

Experimentally, the filter frequency is generally hard to precisely fabricate [104], with
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Figure 6.4 Performance of the readout as a function of the drive frequency at 50 ns (a-c) and
400 ns (d-f) for various parameters. Fast readout times require a large decay k
and more precise fabrication of the coupling strength .J.

deviations on the order of 10s of MHz expected. This sort of analysis can provide a pathway
for optimizing the relative parameters to ensure the fabricated couplings yield effective
readout rates for various qubit setups. In Appendix A I provide additional details and

analysis of the SNR function in different limits.

6.3.5 Nonlinear Effects — Semiclassical approach

As discussed in Chapter 5, the use of nonlinear semiclassical equations of motion proved
useful in accurately describing important aspects of ionization dynamics. A suitable ques-
tion therefore arises in this context — does accounting for the Kerr-nonlinearities in the

semiclassical equations lead to better predictions of the dynamics at higher powers?

In Fig. 6.5, I plot in blue an example trajectory calculated from the non-linear equations
of motion, i.e. where we preserve the Kerr nonlinearity in the resonator (see [2]) for the

qubit initialized in the ground state:

- g,e . e K9 2 e . e e
ag7 — —Z(Ag’ _ _|Oé| )Oég’ _ /ng» /897 ,
2 (6.21)

B9C = —i(A, —ir/2)B9° —iJ9CadC + &,
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with parameters J/2r = 30 MHz, w,/27 = 6.88 GHz, K9/2m ~ 600 kHz, K°/27 ~ 100
kHz, and /27 = 35.3 MHz, with the remaining parameters identified above. I additionally
solve the linear set of equations Eq. (6.14), given in orange and compare these solutions to
the predicted field from the master equation (see Sect. 6.4). The master equation, calculated
using the voltsolve(alt) algorithm detailed in Chapter 4, was solved with 4 transmon levels,
and 16 states in both the resonator and Purcell filter, corresponding to a Hilbert space size
of 1024. The nonlinearity provides a small but important correction, bringing the dynamics
closer to the true solution. This therefore suggests that the parameters for low-power qubit
readout with Purcell filters, including the drive frequency and power, could be optimized

without the need of simulating the entire master equation and Hamiltonian.
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Figure 6.5 Parametric trajectory of the filter response f4(t) when the qubit is in the ground
state, as calculated from the nonlinear coupled semiclassical equations of motion
in Eq. (6.21) (blue), from the standard linear relation in Eq. (6.14)(orange) and
from the solution to the master equation (green) for a duration of 400 ns. The
inset more clearly shows the deviation at the system’s steady state.

6.4 Publication — Enhancing Dispersive Readout of Supercon-
ducting Qubits Through Dynamic Control of the Dispersive
Shift: Experiment and Theory [3]

In this publication, in which I worked as the theory support for the experimental results,
we present a method by which the readout fidelity can be optimized by changing the qubit
frequency. In doing so, we can increase the dispersive shift y and the effective linewidth of
the targeted mode, increasing the rate of SNR and optimizing the readout in a short time. As

of writing, these results are state-of-the-art, reaching a readout fidelity of 99.75% in only 100
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ns. This functions as a complement to the above work, where in this experimental setup, the
resonator-qubit coupling J is fixed but the dispersive shift and the Purcell-resonator detuning
varies. We additionally clearly see at which drive powers the dispersive measurement breaks

down, which is indicated by a large drop in SNR and readout fidelity.
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1,2

The performance of a wide range of quantum computing algorithms and protocols depends crit-
ically on the fidelity and speed of the employed qubit readout. Examples include gate sequences
benefiting from mid-circuit, real-time, measurement-based feedback, such as qubit initialization,
entanglement generation, teleportation, and perhaps most importantly, quantum error correction.
A prominent and widely-used readout approach is based on the dispersive interaction of a super-
conducting qubit strongly coupled to a large-bandwidth readout resonator, frequently combined
with a dedicated or shared Purcell filter protecting qubits from decay. By dynamically reducing
the qubit-resonator detuning and thus increasing the dispersive shift, we demonstrate a beyond-
state-of-the-art two-state-readout error of only 0.25% in 100 ns integration time. Maintaining low
readout-drive strength, we nearly quadruple the signal-to-noise ratio of the readout by doubling
the readout mode linewidth, which we quantify by considering the hybridization of the readout-
resonator and its dedicated Purcell-filter. We find excellent agreement between our experimental
data and our theoretical model. The presented results are expected to further boost the performance
of new and existing algorithms and protocols critically depending on high-fidelity, fast, mid-circuit

measurements.

Realizing high-fidelity and fast single-shot readout of a
qubit [1-3] is essential for quantum error correction pro-
tocols [4-8] in which qubit decoherence during readout
and reset contributes significantly to the logical error. It
is also key for algorithms requiring real-time feedback,
such as teleportation [9-12], distillation [13, 14] and ini-
tialization [15-18].

In superconducting circuits, the most commonly used
readout architecture employs the state-dependent disper-
sive shift of the resonance frequency of a resonator cou-
pled to the qubit to infer the qubit state [19-21]. Whilst
the frequency of the resonator is typically fixed, flux-
tunable transmons allow to control the qubit-resonator
detuning by modifying the transmon frequency [22], en-
able high-fidelity fast entangling gates [23-25] and avoid
frequency collisions. Additionally, each qubit is often
coupled to a microwave transmission line via a dedicated
[6, 7, 26] or common Purcell filter [8, 27, 28] to pro-
tect the qubit from radiative decay [29-31]. Such mea-
surements are usually performed with weak measurement
tones to avoid nonlinearities and detrimental qubit state
transitions, although high-power readout has been stud-
ied both theoretically [32] and experimentally [2].

In the past few years, significant improvements to the
single-shot readout have been realized, reaching a two-
level readout assignment fidelity of 4 x 1073 in 88ns [3].

* francois.swiadek@phys.ethz.ch

Faster readout protocols have been realized, with a
9 x 1073 fidelity readout achieved in 40ns by utilizing
the distributed-element, multimode nature of the read-
out resonator [33].

One of the critical parameters governing dispersive
qubit readout is the detuning between the qubit and the
readout resonator, which controls both the magnitude
of the dispersive shift and the nonlinearities induced in
the resonator. Different detuning regimes have been ex-
plored, including cases where the resonator frequency is
lower than the qubit [3, 34]. Notably, the measurement
fidelity has been shown to improve for smaller detun-
ings [7, 35], although these observations were not fully
explained.

In this work, we demonstrate an increase in the signal-
to-noise ratio (SNR) and assignment fidelity by bringing
the qubit frequency closer to the readout resonator’s fre-
quency using a flux pulse, see illustration in Fig. 1 (a,b),
achieving a minimum two-level readout error of 2.5 x 1073
in 100ns. We accredit this remarkable performance not
only to an increase in the dispersive shift x imparted by
the qubit on the cavity, but also to an increase in the ef-
fective linewidth of the targeted normal mode response,
caused by bringing the Lamb-shifted readout resonator
closer to resonance with the Purcell filter, see Fig. 1 (c).
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FIG. 1. (a) Schematic of a qubit coupled to a readout

resonator-Purcell-filter system. The qubit of transition fre-
quency wy is coupled capacitively at rate g to a readout res-
onator of frequency w,. The readout resonator in turn is
coupled at rate J to a Purcell filter of frequency wp, which
is coupled to a feedline at rate k,. We probe the system by
measuring the transmission of a readout pulse at frequency wq
through the feedline. The effective decay rate of the readout
resonator is indicated as k. (b) Schematic of time-dependence
of qubit frequency w, relative to the readout resonator fre-
quency w,. The qubit, initially idling at the lower flux sweet
spot, is pulsed to a smaller detuning from the readout res-
onator using a fast Gaussian-filtered, rectangular flux pulse.
(c) Ilustration of the rise of the SNR of the qubit read-
out with integration time 7 parameterized by the effective
linewidth of the readout resonator x at approximately con-
stant dispersive shift y. Increasing color saturation in panels
(b) and (c) indicate increasing k at reduced detuning between
wq and wy.

I. READOUT PARAMETER
CHARACTERIZATION

We perform the experiment with a transmon qubit of
transition frequency w,/2m = 4.14 GHz at the lower flux
sweet spot [36] and anharmonicity «/27 = —181 MHz.
It has a lifetime 77 = 30.4ps and is capacitively cou-
pled to a readout resonator with a coupling strength
g/2m = 224 MHz. The readout resonator is coupled to
a feedline used for multiplexed readout [26] via a dedi-
cated Purcell filter of linewidth s, and with a coupling
strength J, see Fig. 1 (a). The qubit is located on a de-
vice used to execute a distance-three surface code (see
Fig. 7, Appendix A). Further information on the device
properties and its fabrication can be found in Ref. [7].

To determine the readout parameters as a function of
the frequency detuning between the qubit and its read-
out resonator, we perform pulsed spectroscopy experi-
ments. We first prepare the qubit in the ground state
|g) or excited state |e), pulse the qubit to a chosen read-
out frequency w, using a baseband flux pulse, and probe
the readout circuit using a 2.2 s long microwave tone.
This duration corresponds to the maximum integration
time of our readout electronics (see Appendix A). The

flux pulses are Gaussian-filtered rectangular pulses with
short rising and falling edges minimizing coupling to two-
level systems [7], see Fig. 1 (b).

We repeat the experiment for five different qubit—
readout-resonator detunings A, /27, spanning —2.7 GHz
to —1.3GHz, where Ay = wy — wf. We denote

w?/¢ as the readout resonator frequency with the qubit

prepared in the ground/excited state. The measured
(light colored lines) and calculated (dark colored lines)
transmission response is shown in Fig. 2 (a), with
blue/red lines corresponding to the qubit prepared in
the ground/excited state. From a fit to a coupled qubit—
readout-resonator—Purcell-filter model (see Appendix A
and solid blue and red lines in Fig. 2 (a)), we extract
the relevant readout parameters for each value of A,
The measured (dots) and calculated (lines) dressed read-
out resonator frequencies wy and wf = wd + 2x are
shown in Fig. 2 (b) (blue and red circles) as a func-
tion of the detuning A,., along with the Purcell filter
frequency w,/2m = 6.900 GHz, which remains constant.

. . . . € .
The variation in the resonator frequencies w,‘?/ is due to

the Lamb shift g?/A,, caused by the qubit [22]. Fur-
thermore, we extract both a large intended Purcell filter
linewidth x,/2m = 34.5MHz and a large intended cou-
pling strength between the readout resonator and the
Purcell filter J/2m = 27.5 MHz.

We consider a standard circuit-QED approach to
model the transmon—resonator—Purcell-filter system,
see Appendix B for details. In the case of a weak drive
& applied to the filter mode, the readout resonator and
the Purcell filter responses can be considered as linear.
As such, the dynamics can be effectively mapped to the
equations of motion [37]

@g/e _ wi’e J adle
pale] Jwy —iky/2] | B¢
0
+ |:€€_iwdt:| )

where o and 3 represent the coherent fields of the readout
resonator and Purcell filter, respectively. In the regime
J = Kp, we observe two distinct hybridized readout-
resonator—Purcell-filter modes, see Fig. 2 (a). We de-
note these as the low and high readout modes, respec-
tively, the lowest and highest of the two modes in the
transmission spectrum. The frequency and linewidth of
these modes can be determined, respectively, from the
real and the imaginary part of the eigenvalues of the
equations of motion in Eq. (1) in the absence of a drive:
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FIG. 2. (a) Readout circuitry transmission spectra measured for five qubit—readout-resonator detunings (Ag-/27 €
[-2.7,—2.4,—1.9,—1.6,—1.3] GHz from bottom to top, vertically shifted by increments of one). Spectra are shown for both the
qubit prepared in the ground state |g) (blue) and in the excited state |e) (red). Solid lines are fits based on a coupled qubit—
readout-resonator—Purcell-filter model (see Appendix A). Dashed black lines indicate the selected readout frequency, chosen

such that the response in transmission ‘SJ)?:,in — S(‘f}t,in| is maximum. (b) Resonator frequency wf (wy) conditioned on the qubit
being prepared in the ground (excited) state, and Purcell filter frequency w, as a function of Agr. (¢) Measured dispersive shift
Xt (xn) of the lower (higher) frequency hybridized readout mode (see green (purple) points), as a function of Ag.. The two
contributions sum up to the bare readout resonator mode dispersive shift (solid black line) x = x1 + xn ~ ag2/A§T. The solid
lines (purple and green) are fits based on a qubit—readout-resonator—Purcell-filter model (see Appendix A). (d) Measured
effective readout resonator linewidth r; (k) for the lower (higher) frequency hybridized readout mode for the qubit prepared in
the ground/excited (see blue/red), as a function of Agr. Solid lines are fits based on a qubit—readout-resonator—Purcell-filter

model (see Appendix A). In (b,c,d) the corresponding detunings A,, = wd — w, between the Purcell filter and the readout

resonator, indicating the degree of hybridization of the two resonator modes, are shown on the top axis.

The readout-resonator—Purcell-filter hybridization
leads to a distribution of the total qubit-induced dis-
persive shift y on the readout-resonator—Purcell-filter
system. Using the model in Eq. (2), we can extract
the dispersive shifts of the low and high modes respec-
tively, xin = (wle/h - wlg/h)/Q, see purple (green) cir-
cles for the low (high) mode in Fig. 2 (c). While the
total dispersive shift x = x; + x» shows the expected
ag®/AZ, dependence in Fig. 2 (c) (solid black line), with
2x/2m € [—-5.67,—19.49] MHz, the low mode dispersive
shift only shows small variations in that range, staying
between 2y;/27 € [—4.17,—6.69] MHz (see solid purple
line in Fig. 2 (c¢)). In contrast, the high mode dispersive
shift shows a similar scaling with Ay, as the total dis-
persive shift, with 2x,/2r € [-1.5, —13.18] MHz (solid
green line in Fig. 2 (¢)).

We observe that the dispersive shift of the low mode
is dominant for qubit—readout-resonators detunings be-
low —1.6 GHz, after which the dispersive shift of the high
mode becomes larger. The crossing point where x; = xx,
in the vicinity of the qubit—readout-resonator detun-
ing Ag./2n = —1.6 GHz, corresponds to an equal hy-
bridization of the two readout modes. It coincides with
wp = wd + x = wy — x being equidistant to the ground
and excited state responses of the readout resonator, see
Fig. 2 (b).

Our model also gives us valuable information about
the linewidth of the low and high modes, for the qubit
prepared in the ground |g) or excited state |e), namely
k] (k) and k§ (k%), as a function of the qubit—readout-

resonator detuning A,-. As shown in Fig. 2 (d), while

Ixi| > |xn| for Ay /27 < —1.6 GHz, we have /ilg/e < mi/e.
This is expected as for Ay /2m < —1.6 GHz, the low
mode has a larger weight in the readout resonator. The
difference between nlg and j for the low mode derives

from the frequency detuning A%e = wf/ © — wp, between

the readout-resonator frequency and the Purcell-filter fre-
quency. In particular, for the low mode, ] > kf for all
detunings while for the high mode xJ < kf,, which can be
seen from the analysis of the normal mode Hamiltonian
in Appendix B.

In the vicinity of the detuning leading to an equal
hybridization of the low and high modes Ay /21 =
—1.6 GHz, we further note that all /27 ~ k] /27 =~
19MHz and wy /27 ~ kf/2m ~ 14MHz. After this
crossing point, we observe that while |x;| > |xn| for
Agr/2m > —1.6 GHz, we find nf/e > nf/e, which we ex-
ploit in Sec. II. The detailed parameters are summarized
in Table I.

II. SINGLE-SHOT READOUT

We  perform  single-shot  readout for  the
qubit—readout-resonator  detunings A, /27 €
[-2.7,-24,-1.9,—-1.6, —1.3]GHz (see Fig. 2) as a
function of the readout-pulse power and integration time
7 € [50, 100, 200, 300, 400] ns. Each experiment consists
of 10* single-shot measurements with the qubit prepared



in the ground or excited state. The detuning is varied
by tuning the qubit to a chosen frequency w,, using a
flux pulse as described above. We use a rectangular
readout pulse with a duration of 450 ns convolved with
a Gaussian filter of width o = 0.5ns, and integrate the
readout signal for a time 7 using mode-matched weights
[38] to discriminate the ground |g) and excited |e) qubit
state responses. The flux pulse lasts longer than the
readout pulse. In addition, we use a preselection readout
to reduce residual excited state population of the qubit
to below 0.1% [39].

We express the readout power as a function of the
number of photons in the readout resonator m, when
the qubit is prepared in the ground state, relative to
the critical number of photons in the resonator n. =
A2, /4g? [19] at a given qubit—readout-resonator detun-
ing Agr. By measuring the qubit-induced ac-Stark shift
Aue = 2¢%/A,, on the readout resonator at A,,./2m =
—2.7GHz we can infer the number of photons ng in the
resonator when the qubit is prepared in the ground state,
ng = Aac/2(x1+Xn) (see Appendix D). The photon num-
ber n, at other detunings and the photon number 7.
when the qubit is prepared in the excited state for all
detunings are inferred using semi-classical analysis, see
Appendix B.

The readout drive frequency wq is chosen such that
the difference in the response in transmission when the

qubit is prepared in the ground or excited state |,S’(|fl>t7in -

Sﬁl,inh is maximum for the low mode, see vertical black
dashed lines in Fig. 2 (a). In the theoretical model
(see Appendix. C), this choice corresponds to selecting
the drive frequency which leads to the largest steady-
state displacement between the coherent g-state and e-
state Purcell-filter-mode responses. This assumes a fixed
weak drive power, such that the response is in the linear
regime. We found that this choice consistently leads to
a stronger resonator response for the qubit being in the
excited state (n. > ny). We accredit this to a smaller ef-
fective linewidth for the excited state for the lower mode,
Ky < K7, see Fig. 2 (d). We find this to be an appropri-
ate choice of drive frequency, as the Kerr nonlinearity
imparted on the resonator is weaker for the excited state
than the ground state (see Appendix B).

We extract the signal-to-noise ratio (SNR) in terms of
power, of the acquired single-shot histograms (see Fig. 3)
from a bimodal Gaussian distribution as [38]

: 3)

Hg — He

SNR = | ————F——
(09 +0¢)/2

where 4/, and o/, are, respectively, the mean and the
standard deviation of the Gaussian distributions of the
g/e-state responses. In Fig. 3 the solid black line indi-
cates the distance between the means p, and p., and
radii of the black circles are given by the square root of
the diagonal covariance matrix elements of the bimodal
Gaussian distribution.
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FIG. 3. Single-shot readout histogram for a qubit—readout-
resonator detuning of Ag,./2m = —1.3 GHz, a readout integra-
tion time of 7 = 100ns, and ng/neic = 0.93. We assign the
measured state using a bimodal Gaussian mixture model. The
marginal distributions of this model along each axis are plot-
ted along the corresponding axis. A solid black line indicates
the distance between the means pgy and p. of the Gaussian
distributions of the ground and excited state responses. The
square root of the covariance matrix diagonal elements of the
Gaussian distributions o4 and o. are used as the radii of the
black circles.

We characterize the measurement by the average as-
signment error ¢, for two-state readout, limited by the
overlap error between the Gaussian distributions and the
qubit lifetime T3, defined as [38]

ca=1—Fge
= [P(elg) + P(gle)] /2 (4)

% [1 —erf (m)] + i,

where P(i|j) is the probability of measuring the state
|i) when having prepared the state |j), and where the
average two-state readout fidelity F, . characterizes the
quality of the readout. The factor two present in the T3
limit term arises from the fact that only P(gle) is affected
by loss events.

In Fig. 4 (a) we present the lowest measured av-
erage assignment errors ¢, as a function of the
qubit—readout-resonator detuning Ag./2m € [-2.7,
—2.4,-1.9,-1.6,—1.3] GHz and as a function of the read-
out integration times 7 € [50, 100, 200, 300, 400]ns.
We observe that e, < 1 x 1072 for 7 > 100ns. When
7 > 100ns and for all qubit—readout-resonator detun-
ings, the variations in the average assignment error are
small and stay between 2.5 x 1073 < g, <1 x 1072, ex-
cept for Ay /2m = —2.7GHz and 7 = 100ns. The best
assignment error £, = 2.5 x 1073 is reached at 7 = 100 ns
and Ay, /27 = —1.3 GHz.

This observation suggests that beyond this integration
time the assignment error is no longer limited by the
SNR, which would continue to increase for longer readout
times. This is further demonstrated in Fig. 4 (b), where

Vv
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FIG. 4. (a) Minimum assignment error ¢, measured as a
function of the qubit—readout-resonator detuning Ag./27
€[-2.7,—-2.4,—1.9,—1.6,—1.3] GHz and the readout integra-
tion time 7 € [50, 100, 200, 300, 400]ns. Annotated values
are in per mille unit of probability: the lowest assignment er-
ror £, = 2.5 x 1072 is reached at a qubit—readout-resonator
detuning of Ay./2m = —1.3 GHz, for an integration time of
7 = 100ns. (b) Measured SNR corresponding to the mini-
mum assignment error in (a).

we indicate the measured SNR corresponding to each
lowest measured average assignment error in Fig. 4 (a)
as a function of the same qubit—readout-resonator de-
tuning and readout-integration-time range. We observe
that a SNR > 30 leads to 2.5 x 1073 < g, < 1 x 1072
for 7 > 100ns and for all detunings Ag-. On the other
hand, SNR < 14 leads to a larger assignment error
3.87 x 1072 < g, < 2.87 x 107, In particular, we
find that the best assignment error ¢, = 2.5 x 1073
is reached for SNR = 48.5. An SNR > 200 leads to
assignment errors on the same order as an SNR ~ 50
(see for example at A, /27 = —1.6 GHz compared to at
Agr/2m = —1.3 GHz, with 7 € [300, 400] ns).

We next compare the readout performance in terms
of SNR at different qubit—readout-resonator detunings
as a function of the readout power ng/neit, for a fixed
integration time 7 = 100ns, see Fig. 5 (a). The shaded
regions indicate the theoretical SNR prediction from the
linear response to the readout drive power [40]

SNR() = 20, [ 18.0) = Bo()Pde, )

where 7 is the measurement efficiency. This expression is

(a) 70 .
Ewn
60 w
! Zay - 1074 &
50 £
A _ -
x 40 - 103 &
=2 - [0}
N30 =
L ~@— 0g/2n= — 1.3 GHz [
20 - 8- Ag/2m= — 1.6 GHz [ 1072 g
A 8- Aq2n= —1.9 GHz c
10 Ag2m= —2.4 GHz =)
Bg2n=-276GHz | {19-1 O
I <
ok
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ng/Nerit
(b) Ag/l2m= —1.3 GHz [®-t=400ns
-@- t=300ns
a ~@- 1=200ns
© -~@- t=100ns
“ 10 B T=50ns 47 <
— 0 =
o 0
- a e
2 o o
c 5
9] / I3
[ ) ] Q
§ 1072 A -& Aeed22 =
(=) N N i " S, -
I ]‘_'"__‘:v ____..A:{ _________ £
< e =~ ) SARE =
SNJe
10 kbl a1 3
0.00 0.25 0.50 0.75 1.00 1.25 150 1.75
Ng/Nerit
FIG. 5. (a) SNR as a function of ng/ncit for the indi-

cated qubit—readout-resonator detunings A4, and at a fixed
readout-integration time of 7 = 100ns. The shaded regions
provide estimates from the analytical solution in the linear
regime, detailed in Appendix C. (b) Average assignment er-
ror €, as a function of ng/nei¢ for the indicated readout
integration times 7 at a fixed qubit—readout-resonator de-
tuning Agr/2m = —1.3 GHz. Solid lines are plotted for ease
of visualization. Dashed lines correspond to the theoretical
limit imposed by the relaxation time of the qubit given by

emin — 0.5[1 — erfe(y/SNR/8)] + 7/2T1.

in line with Eq. (3). We note that the SNR for the small-
est detunings A, € [-1.6,—1.3] GHz is significantly
higher, which we accredit to the increase in the linewidth
of the targeted lower mode /¢, see Fig. 2 (d). This
increased linewidth results in the pointer states 3 /.(t)
reaching the steady state faster, thus maximizing the
SNR rate. The shaded region contains the upper- and
lower- bound estimates of the SNR based on uncertain-
ties in the model parameters, see Appendix C.

In all instances we observe a saturation of the SNR at
a readout power ng 2 Nerit, where the dispersive approx-
imation is known to break down [32, 41, 42]. This is in
part due to the broadening of the pointer states caused
by the qubit-induced Kerr nonlinearity of the resonator
(see Fig. 9), measurement-induced state transitions [43]
and ionization [44].

Finally, we compare in Fig. 5 (b) the average assign-
ment error €, at different readout integration times 7 €
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FIG. 6. Two-level average assignment error reported in John-
son et al. [41], Jeffrey et al. [30], Bultink et al. [45], Walter
et al. [3], Dassonneville et al. [46], Touzard et al. [47] (blue
circles) and in this work (red circle) as a function of the read-
out integration time. Jurcevic et al. [48] reached a two-level
assignment error of 3.5 x 1072 using the excited state promo-
tion technique [49] and is not plotted here.

[50, 100, 200, 300, 400] ns for a fixed qubit—readout-
resonator detuning A, /27 = —1.3 GHz as a function of
the readout power ng/nerit. For ng/nei < 1, we find ex-
cellent agreement between the experimental data (dots)
and the approximate theoretical limit (dashed lines) in
Eq. (4). Here, we note that the 50ns measurement is
clearly limited by the SNR, which consistently improves
at higher drive powers. For 100 ns, the minimum assign-
ment error e = 2.5 x 1073 is limited by the intrinsic
lifetime of the qubit 77 rather than the SNR, which can
be seen by comparison to the calculated assignment er-
ror (gray dashed line), which plateaus at higher readout
powers. We notice a distinct upturn in the 100 ns mea-
surement at higher drive powers, which we attribute to
non-linearities and measurement-induced transitions.

For the longer readout times 7 € [200, 300, 400] ns,
the minimum assignment error is obtained at lower drive
powers, since these measurements reach a larger SNR.
Given that the assignment fidelity is limited by the qubit
lifetime, the increase in SNR by increasing drive power
has little impact on the final assignment error ¢,, as in-
dicated by the plateaus (dashed lines).

III. CONCLUSION

We have demonstrated beyond-state-of-the-art single
shot readout reaching a minimum assignment error of
2.5 x 1072 in only 100 ns when reducing the qubit detun-
ing from the resonator by applying a flux pulse, see our
work in perspective with other techniques in Fig. 6. We
provided new insights on dispersive readout for a qubit—
readout-resonator—Purcell-filter system, in a strongly
hybridized regime where the coupling strength between
the readout resonator and the Purcell filter J is compa-

rable to the Purcell filter linewidth x,. We showed that
by probing the dispersive regime wvia flux pulses we can
increase the effective decay rate of the targeted readout
mode, thus allowing us to reach larger SNR in a shorter
integration time.

Our findings open opportunities to study other regimes
and help optimize the readout parameters in the design
stage of quantum processors in order to adjust the ef-
fective decay rate of the readout mode depending on
the applications. For instance, we expect this work to
help reduce the readout contribution to the quantum er-
ror correction cycle time on superconducting qubit plat-
forms [7], without compromising on the readout fidelity
constraints. Such techniques combined with machine
learning methods as in Ref. [50] for the optimization of
pulse shapes, could continue to decrease readout times
while maintaining low readout errors.
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FIG. 7. False-colour micrograph of the 17-qubit device used
for the experiment, adapted from Ref. [7]; the scale bar de-

notes 1 mm. The experiment was realized using the qubit in
the feedline at the bottom left corner, as presented in Fig. 1.
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Appendix A: Experimental setup and device
characterization

We used a qubit of a 17-qubit quantum device, shown
in Fig. 7, to perform the experiment. We fabricated
the 17-qubit quantum processor by sputtering a nio-
bium 150-nm-thin film onto a high-resistivity intrinsic
silicon substrate. All coplanar waveguides, capacitors
and qubit islands were patterned using photolithogra-
phy and reactive-ion etching. The aluminium-titanium-
aluminium trilayer airbridges establish a well-connected
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FIG. 8. Schematic of the wiring and control electronics.

The qubit (yellow) on the quantum device is connected to
the room-temperature electronics via flux lines (green), drive
lines (pink) and readout lines (purple) through its readout
resonator (red) and Purcell filter (blue). The background col-
ors indicate to the temperature stages of the experimental
setup.

ground plane on the device and connect signal lines split
by crossings. We fabricated aluminium-based Joseph-
son junctions using shadow evaporation of aluminium
through a resist mask defined by electron-beam lithog-
raphy.

We characterized the properties of the qubit using
spectroscopy and standard time-domain measurements.
The qubit has an idling frequency wy/2m = 4.144 GHz,
an anharmonicity a/2r = —181 MHz, a lifetime T} =
30.4ps, a Ramsey decay time Ty = 29.2ps, and an echo
decay time T5 = 33.9 ps.

Following the method in Ref. [26], we fit the transmis-
sion amplitude of the readout signal through a feed-line
to the function

|Sout,in|(w) = (A + k(w — wo))x
K (—2i A )
472 4 (kp — 2i0,)(—2iA9¢) |

(A1)

cos(¢) — €™

where A is the amplitude, k& describes a tilt in the spec-
trum centered at wyp, ¢ is a phase rotation induced by the



qubit—readout-resonator detuning Agr /2w GHz -2.7 -2.4 -1.9 -1.6 -1.3
Qubit frequency during readout wq/2m MHz 4144 4500 5000 5300 5600
Bare readout resonator frequency Wr,b/2m MHz 6854.63 6858.02 6857.98 6859.74 6864.86
Dressed readout resonator frequency wl /27 MHz 6876.27 6881.98 6896.09 6906.33 6928.43
Purcell filter frequency wp /27 MHz 6899.86 6899.86 6899.86 6899.86 6899.86
Readout drive frequency wa/2m MHz 6857.4 6861.2 6870.0 6874.0 6881.6
Qubit readout resonator coupling g/ 27 MHz 224.32 205.61 211.49 204.2 205.53
Qubit charge-readout resonator coupling g/2m MHz 284.01 271.40 293.71 292.27 302.34
Readout resonator-Purcell filter coupling J/2m MHz 27.9 27.9 27.9 27.9 27.9
Low mode linewidth, qubit in |g) state K] /2m MHz 10.16 11.61 15.81 19.07 25.00
Low mode linewidth, qubit in |e) state Ky /2m MHz 8.88 10.03 12.66 14.84 19.87
High mode linewidth, qubit in |g) state K§ /21 MHz 23.86 22.41 18.21 14.95 9.02
High mode linewidth, qubit in |e) state Ky /2w MHz 25.14 23.99 21.36 19.18 14.15
Low mode dispersive shift 2x1/2m MHz -4.17 -4.35 -6.11 -6.69 -6.31
High mode dispersive shift 2xh/2m MHz -1.50 -1.90 -4.24 -6.64 -13.18
Critical readout resonator photon number Nerit 23.14 19.26 10.42 7.55 4.83

TABLE 1. List of readout parameters extracted for the qubit—readout-resonator detunings Ag4./27 spanning -2.7 GHz to -

1.3 GHz using pulsed-spectroscpy measurements.

capacitive couplings to other lines, &, is the external cou-
pling rate of the Purcell filter, A, = w—w,, is the detuning
between the drive frequency w and the Purcell-filter fre-
quency wp, and A?/e =w-— w;?/e is the detuning between
the drive frequency and the resonator frequency condi-
tioned on the state of the qubit. The relevant parameters
for the studied qubit at the indicated qubit-resonator de-
tunings are provided in Table I.

We installed the device in a magnetically-shielded sam-
ple holder mounted at the base plate (9 mK) of a cryo-
genic measurement setup [51] and connected it to the
control and measurement electronics as shown in Fig. 8.
We use a DC signal to generate a current inducing a
magnetic flux in the SQUID-loop of the transmon qubit,
to control its idle frequency. We use arbitrary waveform
generators to apply voltage pulses (2.4 GSa/s sampling
rate) to the qubit to tune its frequency for readout. The
DC and AWG signals are combined using a bias-tee. A
precompensation of distortions in the flux line is applied,
as in Ref. [7].

We perform the single-shot readout experiments with
an ultra-high frequency quantum analyzer (UHFQA)
by using an IQ-mixer to upconvert the frequency-
multiplexed readout pulses from an intermediate fre-
quency signal sampled at 1.8GSa/s to the gigahertz
frequency range of the readout circuitry. At the
output of the device feedline, the readout signal
passes through a wide-bandwidth near-quantum lim-
ited traveling-wave parametric amplifier (TWPA) [52], a
high-electron-mobility transistor (HEMT) amplifier, and
room-temperature amplifiers. It is then down-converted
with an IQ-mixer and digitally demodulated and inte-
grated in the UHFQA. Further details on the device fab-
rication, characterization, and the experimental setup,
can be found in Ref. [7].

Appendix B: Model

To model the system, we use the Hamiltonian
Hiyp = 4B 722 — E;(®) cos ¢
+wppala —ig(hy —ng)(a—a')
+uwpfIf+I(f1 = Pa' - a)
+ 2i€ sin(wqt) (fT = f),
where 7, is the charge operator of the transmon, a the
readout resonator mode creation operator and f the Pur-
cell filter mode creation operator. E. is the charging en-
ergy of the transmon, F;(®) the flux-tunable Josephson
energy of the transmon, w, 3, w, the bare resonator and
Purecell filer frequencies, and g, J the transmon-resonator
and resonator-Purcell coupling rates respectively. &, wq

are the the drive amplitude and drive frequency. Further,
we consider a master equation

5: _i[ﬁﬁpvﬁ] + "{PD[]@]’ (BQ)

where k, is the coupling rate between the Purcell fil-
ter and the feedline. We first diagonalize the transmon-
resonator subsystem. We follow the notation of Ref. [21],
and assume a Kerr-nonlinear oscillator model for the
transmon, valid in the low readout power regime. A
Schrieffer-Wolff transformation yields an effective Hamil-
tonian

H = ,b'b+w, f1f +wiata+ 2xatab'd (B3)

(B1)

_oN N Beat?a2ith — Stz — e yagiag
2 2
+J ([1=2wbib] @l f+ X1 f + He.),
where

X = 792EC/(Aqr(Aqr - EC))v (B4)
N = AE./ [Agr + Ec(1—2)%)] (B5)
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FIG. 9. (a), (b) Overlap error P(e|g) and P(g|e) for the indicated qubit—readout-resonator frequency detunings A, at a fixed
integration time of 7 = 100ns. (c), (d) Gaussian width o4 of the ground state single-shot histogram as a function of ng/ncrit
and ne/nerit. (€), (f) Gaussian width o, of the ground state single-shot histogram as a function of ng/nerit and ne /nerit.

with A = ¢g/Ag and Ay, = wy — wrp.  Further, the
qubit and resonator frequencies become Lamb-shifted,
with @, ~ wy + ¢%/Agr, WS =~ wrp — g2/Agr. The con-
tribution —2M\3Eca2a2b™h normalizes down the effec-
tive Kerr nonlinearity when the qubit is in the excited
state, and we note that K./K, ~ 1+ 4\ /A, where
4N /X < 0 for Ay < 0. This nonlinearity leads to a
significantly larger increase in the Gaussian width of the
ground state response than the excited state response, as
seen in Fig. 9 (c,d,e,f) [53, 54]. For this reason, we quote
the drive power in the main text as a function of ng/nerit
as opposed to N /Nerit-

We also note a correlation between the broadening of
the ground state response and an increase in the overlap
errors P(gle) and P(e|g) for ng/neit 2 1 where non-
linear effects are expected to be more important, see
Fig. 9 (a,b). Frequency renormalizations from the ef-
fective coupling of the filter to the qubit are on the order
of J2X?/AZ. and can be safely ignored in this regime,
which was corroborated by numerical diagonalization of
Eq. (B1) and simulation of the master equation. More
importantly, we note that the effective coupling strength
between the resonator and Purcell filter, J[1 — 2AXb70],
only weakly depends on the qubit state.

Appendix C: Linear response

For sufficiently small drive amplitudes, we can assume
negligible impact from the Kerr nonlinearity and take the
resonator and filter responses to be linear. As such, we
can use the relation

adle - .wfz/e—wd
B9/e =T gele

+ 2]

where a and 3 represent the coherent fields of the read-
out resonator and Purcell filter respectively, £ is the
drive amplitude and J9/¢ = J[1 — AN ((6.) + 1)] is the
effective readout-resonator—Purcell-filter coupling, and
w = wd + 2. Diagonalizing the equation of motion in
the absence of a drive (£ = wg = 0) yields eigenvalues

Jale

| ]
wp—wd—i%” 59/6 (C1)

Wl + wp — ikp/2
2

. 2
+ ;\/<A%e + Z';”) +AJ2a/e.

For 4J > k, the eigenvalues approximately correspond

N =

(C2)
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Bg/e,MmE, against the semi-classical trajectories B/ sc, plot-
ted in the phase space of the Purcell filter mode for Ay, /27 =
—1.3 GHz and £/27 = 10 MHz. Solid lines correspond to
the master equation expectations of the resonator and fil-
ter modes, (a), and (f), respectively, where (X) = Re{a, f},
(Y) = Im{a, f}. Transparent lines correspond to the semi-
classical solution.

to a normal mode, where the indices [, h corresponds to
the low and high mode respectively. In this fashion, the

real and imaginary components of /\lg , correspond to the
frequency and linewidth of these low and high modes

Wit = Re[N)], w{1 = —2m[\!)(]. (C3)
To obtain a qualitative understanding of the eigenvalues,

we perform an expansion of the square root in (A%e +
ix/2). Assuming J9/¢ ~ J, this yields

g/e wi!® + wp — k)2
)‘l,h = 9
e 4
. (J L A it - n2/4> (€4
8J )

Consequently, we see that the frequency w(} of the two
sets of normal modes are approximately separated by 2.J,
with the relative dispersive shift of each mode x; be—
tween the low and high mode being

A9 x + X2
2 — € (9 ~ Tp
Xl =W — W, X — 72] ,
A9 x + X
2Xh:w2—wfb%x+7px X )
2J
g/e (C5)
g/e ~ Kp Avp Ky
i 2 47
9/ o kp Agp Arp Kp
h 2 4

Noting that A7, < Agp, we see that k7 < kf, and K] > Kk}

for AY, <0, and vice versa for Ag, > 0.
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FIG. 11. Measured (dots) ac-Stark shift A,c of the qubit pre-
pared in the ground state at wq/2m = 4.14 GHz as a function
of the normalized readout power (real range spans 2.0 pV to
12.5pV). The corresponding inferred resonator photon num-
ber ng = Aac/2(x:1 + xn) (solid line) is shown on the right
axis.

The relevant frequencies and linewidths extracted from
the normal-mode Hamiltonian in Eq. (C1) are plotted in
Fig. 2.

The steady state expressions are found to be

adle| £ —J
ﬂgs{e 7Ag/e(Ap_mp/2)_J2 Adle]”

(C6)

Using this expression, the full time-dependent response
takes the form

An = (wr + x(02)) e T Anmwa)t
d (An —wa)

/89/5() ﬁg/e_

, c7
L eh = (et o) e (D
d ()\l — wd) ’
where d = \/(=A,p — ikp/2 — x(0.))? + 4J2.

We then use Eq. (C7) to express the SNR as [40]

SNR(t) = 21k, /O Be(t') — By (t)|2dt’, (C8)

where 7 is the measurement efficiency. We note that
this expression is the square of the often used expression
but is in line with Eq. (3). We then plot these results
for Fig. 5 (a) allowing for a +£1 MHz deviation in the
calculated values of g, J, w, and &, to allow for uncer-
tainties in the fitted parameters and nonidealities caused
by spurious couplings to two-level systems, alongside a
variation of up to 5% in the measurement efficiency at
different frequencies. The shaded region contains the up-
per and low bound estimates of the SNR based on these
uncertainties.

Finally, we verify the validity of the semiclassical ap-
proximation. Negligible difference was noted in the tra-
jectories in phase space between the expected internal



coherent fields (a), ( f), calculated by solving the mas-
ter equation (B2), and the corresponding semiclassical
predictions o and S of the resonator and Purcell filter
respectively, confirming that the semiclassical model (in
Appendix C) captures the state separation at low pow-
ers. Example trajectories at low power for the Purcell
filter mode are plotted for the A, /27 = —1.3 GHz case
in Fig. 10.

Appendix D: Photon number and drive power
calibration

We measure the ac-Stark shift A, caused on the qubit
prepared in the ground state by the readout resonator as
a function of power, see Fig. 11. To this mean we simul-
taneously apply a readout tone with a length of 0.6 ps
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of variable power and a m-pulse of variable frequency.
We measure the excited state population as a function
of the drive pulse frequency for each readout power for
the wy/2m = 4.14 GHz qubit frequency. The frequency
at which the excited state population is maximum cor-
responds to the instantaneous and ac-Stark shifted qubit
frequency.

We determine this frequency using a Gaussian fit. We
infer and then calibrate the steady state readout res-
onator photon number n, with the qubit prepared in
the ground state from ny, = Auc/2(x;i + xn) for the
chosen drive powers [55]. Then, using the steady state
resonator response from Eq. (C1), this allows us to ex-
tract the effective drive amplitudes £. The steady state
resonator responses for the qubit-resonator detunings
Ay /27 € [-4.5,—5.0,—5.3, —5.6] GHz are then inferred
from Eq. (C6) at the same drive powers.
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Conclusion

“Farewell, King under the Mountain! This is a bitter adventure, if it must end so;
and not a mountain of gold can amend it. Yet I am glad that I have shared in your

perils — that has been more than any Baggins deserves.”

— Bilbo Baggins, The Hobbit

The journey to fault-tolerant quantum computing is a long and treacherous one, filled with
unwelcome surprises. Some of the greatest challenges — including improving gate performance,
reducing spurious effects during readout, and decreasing leakage — will inevitably require
increasingly accurate simulations to help obtain the next order of magnitude in the fidelity
of operations. In this thesis, I have presented concepts and methodologies which I hope will
contribute to the field of circuit quantum electrodynamics and lead to a better understanding

of the limiting factors in qubit control and readout.

In Chapter 3, I introduced a tailored solver for systems with a fast-oscillating drive,
enabling a significant speedup over traditional numerical integrators. Furthermore, I extended
this solver to master equations in Chapter 4. Such a solver could be used for much larger
system sizes than I demonstrated in this thesis — for example, the simulation of a surface
code — without the necessity of rotating-wave approximations, which could lead to a better
understanding of the leakage processes and cross-talk. Further, the solver could be applied
to simulate dynamics of different quantum architectures such as spin qubits, so long as a
matrix formulation of the system exists. Many questions still remain, such as whether there
exists a more effective approach to approximate the Dyson operators, how to optimally
select step sizes, and how to best incorporate additional corrections to the Volterra integrals.
In my future work, I hope to answer some of these problems and push forward toward highly

efficient integrators that can tackle the most challenging quantum simulations.

Qubit readout remains one of the greatest challenges in circuit QED — in Chapter 5, I

detailed how the readout process can be corrupted due to resonances between the low and
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high energy states, and provided more insight into the role of the external gate charge. As
the location of these resonances becomes better understood, this could eventually lead to
more tailored choices of the system parameters to help minimize the non-QND nature of the
readout process. Moreover, the methods developed in this thesis can be extended to other

types of qubits, which would again help understand the limiting factors for qubit readout.

While spurious resonances remain problematic, there are still other ways we can improve
upon readout — namely, optimization of the Purcell filter parameters, which I addressed in
Chapter 6. Whilst the properties of this filter are well understood in the broadband and
strong-coupling regimes, there are still many unanswered questions for the intermediate and
weak coupling cases which only I touched on — for example, how do we understand spurious
resonances of the transmon-resonator-Purcell filter system in the context of the resonator
branches and ionization? Is there a more efficient method of simulating the dynamics
without resorting to semiclassical approaches? How does having different resonator photon

populations conditioned on the qubit state impact the readout?

The field of circuit quantum electrodynamics is undeniably rich, fascinating, and of great
promise in the years to come. Whilst there are a multitude of challenges remaining on the
road to useful quantum computation, I am thrilled to be part of and contribute to this area

of research, and see their resolutions in the years to come.



appendix A

SNR Analysis

“You’ll have some tea. .. are you sure you don’t want any? Aw go on, you’ll have

some. Go on go on go on go on go on go on go on go on GO ON!”

— Mrs Doyle, Father Ted

In this appendix, I provide some additional context to the SNR and the performance of

readout in different parameter regimes.

In order to understand how to optimize the SNR function, we must first consider the

steady state separation between the filter pointer states:

(AI(A, —in/2) — J?) |

(Ae(A, —ir/2) — J?)

’Bé}s - §s|2 = J_2ncrit A — A°

1

=4 2J? ri
X et | (R A e 73y = )

If we assume that the system is always in the steady state, then the SNR scales as
SNR(t) = 2rt|B, — Bz, .

Thus, the SNR rate at steady state is simply given by the time derivative,

dSNR
SNR' = dt = QH’/BL"?S - ﬂ:s|2'

(A1)

(A.2)

(A.3)

Proceeding we must make assumptions about the drive frequency. Since we wish to obtain

analytic expressions, the optimization procedures in Sect. 6.3.3 are not particularly useful.
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Instead, we estimate that the optimal drive frequency is the average frequency of one of the

two normal modes, translating to:

1 e
where the eigenvalues are given by
/e _ ; 2
)‘?26 _ + w; ZK‘p/Q 2\/<AQ/€ + Z';p> + 4J2,g/e’ (A.5)

gle — ,9/e _
where A7)¢ = w Wp.

A.1 Strong Coupling Regime — 4J > &,

In the strong coupling regime, we expect two distinct low and high normal mode responses,
separated in frequency space on the order of 2J. We begin by assuming that the renormal-
ization to the real part of the eigenvalues A/ ée from the imaginary x, term present in the

square root is negligible, yielding the optimal drive frequency for each normal mode,

g
waih _w - (\/ A2+ 4020 4+ /A% + 4J27e> . (A.6)

We then assume 4.J > ALF and J9¢ ~ J, yielding the expansion

g
Wan “wiUJFC)a (A.7)
where (822 2)
A2+ 2xANI + 2x
C=-" P . A8
<7 (A.8)
Let’s assume we’re targeting the lower mode, choosing the — term. Thus, we find
A+ 3
A = pTX —(J+0),
CAL (A.9)
By=—2"X_(]+C).

Then, differentiating the SNR function at steady state by x and setting this result to zero,

we find
dSNR’

dk

2
o a(2 ) o
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Then, assuming (A, +3x)/2 — C is small, we find

J—2~—J+C—Lp+3x

A1l
. X (A1)

thus yielding
Kopt = —2 (X + 20) : (Alz)

This is only a correction to the well known optimal decay rate for a transmon-resonator

system, Kk = —2x (here we use the notation y < 0.)

A.2 Broadband Filter Regime — k), > 4.J, AY/*

In the broadband filter regime, we cannot ignore frequency renormalizations from the
broadband Purcell filter. Instead, we treat the imaginary part under the square root

perturbatively, yielding

2.g/e /e —i / HAg/e
\/—n2/4 +4J2 + A7 — ATk o R+ R,p : (A.13)
where ) 2g/2
8J“ —2A%9
K = \//4;2716J2—|—4A%},9/e%/@——w. (A.14)

K

.Thus, we find the approximate pairs of eigenvalues for the ‘low’ and ‘high’ modes are

g/e gle _ ;
)\lg/e :wr 2+wp . ’{(wr2/€/ wP) B %(KJ—I—I{,),
1K
o (A15)
. A.15
Nz :wﬂ/e + wp n w(wg’e — wy) B 3(,%— &)
h 2 2k 4 ’
2 /
zwg/e—iiélej _Agpe.
" 2K

Here, one set of normal mode responses A/ /¢ has virtually no dependence on the qubit state
— thus, we must target the other mode, with optimal drive frequency wg = w,. This simplifies

the formula for the optimization of the SNR rate,

1
X(wp —wp —ik/2) — J?

SNR' = 8% J?Kkneris (A.16)
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Figure A.1 Plot of the SNR functions at after 400ns as in Chapter 6, including the optimal
parameters Kopt, Jopt defined in the limits 4J > & (blue lines) and x > 4J

(orange lines), respectively.

Now taking the derivative with respect to J and setting the result to 0, we obtain an equation

Ja

O

0= X (wp — wr)® + XK /4. (A.17)

To see how well these approximations match the predictions from the optimization in
Chapter 6, I replot the figures of the SNR at steady state, this time including the curves
indicating the optimal parameters kqpt (blue lines) and Jopt (orange lines) in the two distinct
parameter regimes, 4J > k and k > 4J, respectively. These well capture the behaviour
at small resonator-Purcell detunings, but show some more significant deviations for large
detunings, see Fig. A.1(c). Using this methodology may help with the optimization of the

targeted parameters for readout during the fabrication and design process.



Bibliography

Ross Shillito, Jonathan A. Gross, Agustin Di Paolo, Elie Genois, and Alexandre
Blais. Fast and differentiable simulation of driven quantum systems. Phys. Rev.
Res., 3:033266, Sep 2021. doi: 10.1103/PhysRevResearch.3.033266. URL https:
//link.aps.org/doi/10.1103/PhysRevResearch.3.033266. (Cited on pages ix, 24,
25, 26, 29, and 34.)

Ross Shillito, Alexandru Petrescu, Joachim Cohen, Jackson Beall, Markus Hauru,
Martin Ganahl, Adam G.M. Lewis, Guifre Vidal, and Alexandre Blais. = Dy-
namics of transmon ionization. Phys. Rev. Appl., 18:034031, Sep 2022. doi:
10.1103/PhysRevApplied.18.034031. URL https://link.aps.org/doi/10.1103/
PhysRevApplied.18.034031. (Cited on pages ix, 5, 24, 62, 63, 65, 69, 82, 94, 95,
and 97.)

Francois Swiadek, Ross Shillito, Paul Magnard, Ants Remm, Christoph Hellings,
Nathan Lacroix, Quentin Ficheux, Dante Colao Zanuz, Graham J. Norris, Alexandre
Blais, Sebastian Krinner, and Andreas Wallraff. Enhancing dispersive readout of
superconducting qubits through dynamic control of the dispersive shift: Experiment
and theory, 2023. (Cited on pages x, 19, and 98.)

Richard P. Feynman. Simulating physics with computers. International Journal of
Theoretical Physics, 21:467-488, 1981. (Cited on page 1.)

John Preskill. Quantum computing 40 years later, 2021. (Cited on page 1.)

40 years of quantum computing. Nature Reviews Physics, 4(1):1-1, Jan 2022. ISSN
2522-5820. doi: 10.1038/s42254-021-00410-6. URL https://doi.org/10.1038/
$42254-021-00410-6. (Cited on page 1.)

Maud Vinet. The path to scalable quantum computing with silicon spin qubits.
Nature Nanotechnology, 16(12):1296-1298, Dec 2021. ISSN 1748-3395. doi: 10.

120


https://link.aps.org/doi/10.1103/PhysRevResearch.3.033266
https://link.aps.org/doi/10.1103/PhysRevResearch.3.033266
https://link.aps.org/doi/10.1103/PhysRevApplied.18.034031
https://link.aps.org/doi/10.1103/PhysRevApplied.18.034031
https://doi.org/10.1038/s42254-021-00410-6
https://doi.org/10.1038/s42254-021-00410-6

Bibliography 121

8]

[10]

[13]

[14]

[15]

1038/541565-021-01037-5. URL https://doi.org/10.1038/541565-021-01037-5.
(Cited on page 1.)

W. Huang, C. H. Yang, K. W. Chan, T. Tanttu, B. Hensen, R. C. C. Leon, M. A.
Fogarty, J. C. C. Hwang, F. E. Hudson, K. M. Itoh, A. Morello, A. Laucht, and
A. S. Dzurak. Fidelity benchmarks for two-qubit gates in silicon. Nature, 569
(7757):532-536, May 2019. ISSN 1476-4687. doi: 10.1038/s41586-019-1197-0. URL
https://doi.org/10.1038/s41586-019-1197-0. (Cited on page 1.)

Peter Stano and Daniel Loss. Review of performance metrics of spin qubits in gated
semiconducting nanostructures. Nature Reviews Physics, 4(10):672-688, Oct 2022.
ISSN 2522-5820. doi: 10.1038/s42254-022-00484-w. URL https://doi.org/10.
1038/s42254-022-00484-w. (Cited on page 1.)

Xiao Xue, Maximilian Russ, Nodar Samkharadze, Brennan Undseth, Amir Sammalk,
Giordano Scappucci, and Lieven M. K. Vandersypen. Quantum logic with spin qubits
crossing the surface code threshold. Nature, 601(7893):343-347, Jan 2022. ISSN
1476-4687. doi: 10.1038/s41586-021-04273-w. URL https://doi.org/10.1038/
s41586-021-04273-w. (Cited on page 1.)

J. I. Cirac and P. Zoller. Quantum computations with cold trapped ions. Phys.
Rev. Lett., 74:4091-4094, May 1995. doi: 10.1103/PhysRevLett.74.4091. URL
https://link.aps.org/doi/10.1103/PhysRevLlett.74.4091. (Cited on page 1.)

H. Haffner, C.F. Roos, and R. Blatt. Quantum computing with trapped ions. Physics
Reports, 469(4):155-203, 2008. ISSN 0370-1573. doi: https://doi.org/10.1016/].
physrep.2008.09.003. URL https://www.sciencedirect.com/science/article/
pii/S0370157308003463. (Cited on page 1.)

Rainer Blatt and David Wineland. Entangled states of trapped atomic ions. Nature,
453(7198):1008-1015, Jun 2008. ISSN 1476-4687. doi: 10.1038/nature07125. URL
https://doi.org/10.1038/nature07125. (Cited on page 1.)

J M Amini, H Uys, J H Wesenberg, S Seidelin, J Britton, J J Bollinger, D Leibfried,
C Ospelkaus, A P VanDevender, and D J Wineland. Toward scalable ion traps for
quantum information processing. New Journal of Physics, 12(3):033031, mar 2010. doi:
10.1088/1367-2630/12/3/033031. URL https://dx.doi.org/10.1088/1367-2630/
12/3/033031. (Cited on page 1.)

Alexandre Blais, Ren-Shou Huang, Andreas Wallraff, S. M. Girvin, and R. J.
Schoelkopf.  Cavity quantum electrodynamics for superconducting electrical cir-

cuits: An architecture for quantum computation. Phys. Rev. A, 69:062320, Jun


https://doi.org/10.1038/s41565-021-01037-5
https://doi.org/10.1038/s41586-019-1197-0
https://doi.org/10.1038/s42254-022-00484-w
https://doi.org/10.1038/s42254-022-00484-w
https://doi.org/10.1038/s41586-021-04273-w
https://doi.org/10.1038/s41586-021-04273-w
https://link.aps.org/doi/10.1103/PhysRevLett.74.4091
https://www.sciencedirect.com/science/article/pii/S0370157308003463
https://www.sciencedirect.com/science/article/pii/S0370157308003463
https://doi.org/10.1038/nature07125
https://dx.doi.org/10.1088/1367-2630/12/3/033031
https://dx.doi.org/10.1088/1367-2630/12/3/033031

Bibliography 122

[16]

[17]

[18]

[22]

[23]

2004. doi: 10.1103/PhysRevA.69.062320. URL https://link.aps.org/doi/10.
1103/PhysRevA.69.062320. (Cited on pages 1, 2, and 18.)

Alexandre Blais, Arne L. Grimsmo, S. M. Girvin, and Andreas Wallraff. Circuit
quantum electrodynamics. Rev. Mod. Phys., 93:025005, May 2021. doi: 10.1103/
RevModPhys.93.025005. URL https://link.aps.org/doi/10.1103/RevModPhys.
93.025005. (Cited on pages 1, 5, 13, 16, and 17.)

J. Q. You and Franco Nori. Superconducting Circuits and Quantum Information.
Physics Today, 58(11):42-47, 11 2005. ISSN 0031-9228. doi: 10.1063/1.2155757. URL
https://doi.org/10.1063/1.2155757. (Cited on page 1.)

J. Q. You and Franco Nori. Atomic physics and quantum optics using superconducting
circuits. Nature, 474(7353):589-597, Jun 2011. ISSN 1476-4687. doi: 10.1038/
nature10122. URL https://doi.org/10.1038/nature10122. (Cited on page 1.)

Frank Arute et al. Quantum supremacy using a programmable superconducting
processor. Nature, 574(7779):505-510, Oct 2019. ISSN 1476-4687. doi: 10.1038/
s41586-019-1666-5. URL https://doi.org/10.1038/s41586-019-1666-5. (Cited
on pages 1 and 87.)

Sebastian Krinner, Nathan Lacroix, Ants Remm, Agustin Di Paolo, Elie Genois,
Catherine Leroux, Christoph Hellings, Stefania Lazar, Francois Swiadek, Johannes
Herrmann, Graham J. Norris, Christian Kraglund Andersen, Markus Miiller, Alexandre
Blais, Christopher Eichler, and Andreas Wallraff. Realizing repeated quantum error
correction in a distance-three surface code. Nature, 605(7911):669-674, May 2022.
ISSN 1476-4687. doi: 10.1038/s41586-022-04566-8. URL https://doi.org/10.
1038/s41586-022-04566-8. (Cited on pages 1, 58, 62, 63, and 87.)

Rajeev Acharya et al. Suppressing quantum errors by scaling a surface code logical
qubit.  Nature, 614(7949):676-681, Feb 2023. ISSN 1476-4687. doi: 10.1038/
s41586-022-05434-1. URL https://doi.org/10.1038/s41586-022-05434-1. (Cited
on pages 1 and 62.)

B.D. Josephson. Possible new effects in superconductive tunnelling.  Physics
Letters, 1(7):251-253, 1962.  ISSN 0031-9163.  doi: https://doi.org/10.1016/
0031-9163(62)91369-0. URL https://www.sciencedirect.com/science/article/
pii/0031916362913690. (Cited on pages 1 and 4.)

Michel H. Devoret, John M. Martinis, and John Clarke. Measurements of macroscopic

quantum tunneling out of the zero-voltage state of a current-biased Josephson junction.


https://link.aps.org/doi/10.1103/PhysRevA.69.062320
https://link.aps.org/doi/10.1103/PhysRevA.69.062320
https://link.aps.org/doi/10.1103/RevModPhys.93.025005
https://link.aps.org/doi/10.1103/RevModPhys.93.025005
https://doi.org/10.1063/1.2155757
https://doi.org/10.1038/nature10122
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-022-04566-8
https://doi.org/10.1038/s41586-022-04566-8
https://doi.org/10.1038/s41586-022-05434-1
https://www.sciencedirect.com/science/article/pii/0031916362913690
https://www.sciencedirect.com/science/article/pii/0031916362913690

Bibliography 123

[24]

[25]

[27]

Phys. Rev. Lett., 55:1908-1911, Oct 1985. doi: 10.1103/PhysRevLett.55.1908. URL
https://link.aps.org/doi/10.1103/PhysRevLett.55.1908. (Cited on page 1.)

A. J. Leggett. Essays in theoretical physics. in honour of dirk ter haar. In W. E.
Parry, editor, Essays in theoretical physics. In honour of Dirk ter Haar., pages 95—127.
Pergamon, Oxford, 1984. (Cited on page 1.)

Morten Kjaergaard, Mollie E. Schwartz, Ami Greene, Gabriel O. Samach, Andreas
Bengtsson, Michael O’Keeffe, Christopher M. McNally, Jochen Braumiiller, David K.
Kim, Philip Krantz, Milad Marvian, Alexander Melville, Bethany M. Niedzielski,
Youngkyu Sung, Roni Winik, Jonilyn Yoder, Danna Rosenberg, Kevin Obenland,
Seth Lloyd, Terry P. Orlando, Iman Marvian, Simon Gustavsson, and William D.
Oliver. Programming a quantum computer with quantum instructions, 2020. (Cited

on page 1.)

Austin G. Fowler, Matteo Mariantoni, John M. Martinis, and Andrew N. Cleland.
Surface codes: Towards practical large-scale quantum computation. Phys. Rev. A, 86:
032324, Sep 2012. doi: 10.1103/PhysRevA.86.032324. URL https://link.aps.org/
doi/10.1103/PhysRevA.86.032324. (Cited on page 1.)

Earl T. Campbell, Barbara M. Terhal, and Christophe Vuillot. Roads towards
fault-tolerant universal quantum computation. Nature, 549(7671):172-179, Sep 2017.
ISSN 1476-4687. doi: 10.1038/nature23460. URL https://doi.org/10.1038/
nature23460. (Cited on page 2.)

Alexander P. M. Place, Lila V. H. Rodgers, Pranav Mundada, Basil M. Smitham,
Mattias Fitzpatrick, Zhaoqi Leng, Anjali Premkumar, Jacob Bryon, Andrei Vraji-
toarea, Sara Sussman, Guangming Cheng, Trisha Madhavan, Harshvardhan K. Babla,
Xuan Hoang Le, Youqi Gang, Berthold Jack, Andras Gyenis, Nan Yao, Robert J. Cava,
Nathalie P. de Leon, and Andrew A. Houck. New material platform for superconduct-
ing transmon qubits with coherence times exceeding 0.3 milliseconds. Nature Commu-
nications, 12(1):1779, Mar 2021. ISSN 2041-1723. doi: 10.1038/s41467-021-22030-5.
URL https://doi.org/10.1038/s41467-021-22030-5. (Cited on pages 2 and 87.)

Alexandre Blais, Jay Gambetta, A. Wallraff, D. I. Schuster, S. M. Girvin, M. H.
Devoret, and R. J. Schoelkopf. Quantum-information processing with circuit quantum
electrodynamics. Phys. Rev. A, 75:032329, Mar 2007. doi: 10.1103/PhysRevA.75.
032329. URL https://link.aps.org/doi/10.1103/PhysRevA.75.032329. (Cited
on page 2.)


https://link.aps.org/doi/10.1103/PhysRevLett.55.1908
https://link.aps.org/doi/10.1103/PhysRevA.86.032324
https://link.aps.org/doi/10.1103/PhysRevA.86.032324
https://doi.org/10.1038/nature23460
https://doi.org/10.1038/nature23460
https://doi.org/10.1038/s41467-021-22030-5
https://link.aps.org/doi/10.1103/PhysRevA.75.032329

Bibliography 124

[30]

[31]

[32]

T. Walter, P. Kurpiers, S. Gasparinetti, P. Magnard, A. Potoc¢nik, Y. Salathé, M. Pechal,
M. Mondal, M. Oppliger, C. Eichler, and A. Wallraff. Rapid high-fidelity single-shot
dispersive readout of superconducting qubits. Phys. Rev. Appl., 7:054020, May
2017. doi: 10.1103/PhysRevApplied.7.054020. URL https://link.aps.org/doi/
10.1103/PhysRevApplied.7.054020. (Cited on pages 2, 18, 19, 63, and 92.)

Y. Sunada, S. Kono, J. Ilves, S. Tamate, T. Sugiyama, Y. Tabuchi, and Y. Naka-
mura. Fast readout and reset of a superconducting qubit coupled to a resonator
with an intrinsic Purcell filter. Phys. Rev. Applied, 17:044016, Apr 2022. doi:
10.1103/PhysRevApplied.17.044016. URL https://link.aps.org/doi/10.1103/
PhysRevApplied.17.044016. (Cited on page 2.)

Maxime Boissonneault, J. M. Gambetta, and Alexandre Blais. Nonlinear dispersive
regime of cavity ged: The dressed dephasing model. Phys. Rev. A, 77:060305, Jun
2008. doi: 10.1103/PhysRevA.77.060305. URL https://link.aps.org/doi/10.
1103/PhysRevA.77.060305. (Cited on page 2.)

Alexandru Petrescu, Moein Malekakhlagh, and Hakan E. Tireci. Lifetime renormal-
ization of driven weakly anharmonic superconducting qubits. ii. the readout problem.
Phys. Rev. B, 101:134510, Apr 2020. doi: 10.1103/PhysRevB.101.134510. URL
https://link.aps.org/doi/10.1103/PhysRevB.101.134510. (Cited on page 2.)

Daniel Sank, Zijun Chen, Mostafa Khezri, J. Kelly, R. Barends, B. Campbell, Y. Chen,
B. Chiaro, A. Dunsworth, A. Fowler, E. Jeffrey, E. Lucero, A. Megrant, J. Mutus,
M. Neeley, C. Neill, P. J. J. O’Malley, C. Quintana, P. Roushan, A. Vainsencher,
T. White, J. Wenner, Alexander N. Korotkov, and John M. Martinis. Measurement-
induced state transitions in a superconducting qubit: Beyond the rotating wave
approximation. Phys. Rev. Lett., 117:190503, Nov 2016. doi: 10.1103/PhysRevLett.
117.190503. URL https://link.aps.org/doi/10.1103/PhysRevLett.117.190503.
(Cited on page 2.)

M. D. Reed, B. R. Johnson, A. A. Houck, L. DiCarlo, J. M. Chow, D. I. Schuster,
L. Frunzio, and R. J. Schoelkopf. Fast reset and suppressing spontaneous emission of a
superconducting qubit. Applied Physics Letters, 96(20), 05 2010. ISSN 0003-6951. doi:
10.1063/1.3435463. URL https://doi.org/10.1063/1.3435463. 203110. (Cited on
pages 3 and 87.)

Evan Jeffrey, Daniel Sank, J. Y. Mutus, T. C. White, J. Kelly, R. Barends, Y. Chen,
Z. Chen, B. Chiaro, A. Dunsworth, A. Megrant, P. J. J. O’Malley, C. Neill, P. Roushan,
A. Vainsencher, J. Wenner, A. N. Cleland, and John M. Martinis. Fast accurate state


https://link.aps.org/doi/10.1103/PhysRevApplied.7.054020
https://link.aps.org/doi/10.1103/PhysRevApplied.7.054020
https://link.aps.org/doi/10.1103/PhysRevApplied.17.044016
https://link.aps.org/doi/10.1103/PhysRevApplied.17.044016
https://link.aps.org/doi/10.1103/PhysRevA.77.060305
https://link.aps.org/doi/10.1103/PhysRevA.77.060305
https://link.aps.org/doi/10.1103/PhysRevB.101.134510
https://link.aps.org/doi/10.1103/PhysRevLett.117.190503
https://doi.org/10.1063/1.3435463

Bibliography 125

[38]

[41]

[42]

measurement with superconducting qubits. Phys. Rev. Lett., 112:190504, May 2014.
doi: 10.1103/PhysRevLett.112.190504. URL https://link.aps.org/doi/10.1103/
PhysRevLett.112.190504. (Cited on pages 3 and 87.)

Nicholas T. Bronn, Easwar Magesan, Nicholas A. Masluk, Jerry M. Chow, Jay M.
Gambetta, and Matthias Steffen. Reducing spontaneous emission in circuit quantum
electrodynamics by a combined readout/filter technique. IFEE Transactions on
Applied Superconductivity, 25(5):1-10, 2015. doi: 10.1109/TASC.2015.2456109. (Cited
on pages 3 and 87.)

Jens Koch, Terri M. Yu, Jay Gambetta, A. A. Houck, D. I. Schuster, J. Majer,
Alexandre Blais, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf. Charge-
insensitive qubit design derived from the Cooper pair box. Phys. Rev. A, 76:042319,
Oct 2007. doi: 10.1103/PhysRevA.76.042319. URL https://link.aps.org/doi/10.
1103/PhysRevA.76.042319. (Cited on pages 4, 5, 7, and 81.)

Uri Vool and Michel Devoret. Introduction to quantum electromagnetic circuits.
International Journal of Circuit Theory and Applications, 45(7):897-934, 2017. doi:
https://doi.org/10.1002/cta.2359. URL https://onlinelibrary.wiley.com/doi/
abs/10.1002/cta.2359. (Cited on page 4.)

V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. H. Devoret. Quantum coherence
with a single Cooper pair. Physica Scripta, T76(1):165-170, 1998. ISSN 0031-8949.
doi: 10.1238/physica.topical.076a00165. (Cited on page 4.)

Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai. Coherent control of macroscopic
quantum states in a single-Cooper-pair box. Nature, 398(6730):786-788, 1999. ISSN
0028-0836. doi: 10.1038/19718. (Cited on page 4.)

Felix Bloch. Uber die Quantenmechanik der Elektronen in Kristallgittern. Zeitschrift
fiir Physik, 52(7):555—-600, July 1929. ISSN 0044-3328. doi: 10.1007/BF01339455.
URL https://doi.org/10.1007/BF01339455. (Cited on page 7.)

A. Cottet. Implementation of a quantum bit in a superconducting circuit, 2002. (Cited

on page 7.)

Michel Devoret and John M. Martinis. Quantum information processing with
superconducting circuits. In Domenico J.W. Giulini, Erich Joos, Claus Kiefer,
Joachim Kupsch, Ion-Olimpiu Stamatescu, and H. Dieter Zeh, editors, Quantum
Entanglement and Information Processing (Les Houches Session LXXIX), volume 79
of Les Houches - Ecole d’Eté de Physique Théorique, pages 443-485. Oxford University
Press, 2004. (Cited on page 7.)


https://link.aps.org/doi/10.1103/PhysRevLett.112.190504
https://link.aps.org/doi/10.1103/PhysRevLett.112.190504
https://link.aps.org/doi/10.1103/PhysRevA.76.042319
https://link.aps.org/doi/10.1103/PhysRevA.76.042319
https://onlinelibrary.wiley.com/doi/abs/10.1002/cta.2359
https://onlinelibrary.wiley.com/doi/abs/10.1002/cta.2359
https://doi.org/10.1007/BF01339455

Bibliography 126

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Bengt Fornberg. Generation of finite difference formulas on arbitrarily spaced grids.
Mathematics of Computation, 51:699-706, 1988. (Cited on page 8.)

Vladimir E. Manucharyan, Jens Koch, Leonid I. Glazman, and Michel H. Devoret.
Fluxonium: Single Cooper-pair circuit free of charge offsets. Science, 326(5949):
113-116, 2009. doi: 10.1126/science.1175552. URL https://wuw.science.org/doi/
abs/10.1126/science.1175552. (Cited on page 9.)

Susanne Richer and David DiVincenzo. Circuit design implementing longitudinal
coupling: A scalable scheme for superconducting qubits. Physical Review B, 93(13):
134501, Apr 2016. doi: 10.1103/PhysRevB.93.134501. (Cited on page 9.)

Charles R. Harris et al. Array programming with NumPy. Nature, 585(7825):357-362,
September 2020. doi: 10.1038/s41586-020-2649-2. URL https://doi.org/10.1038/
s41586-020-2649-2. (Cited on page 11.)

P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and W. D. Oliver.
A quantum engineer’s guide to superconducting qubits. Applied Physics Reviews, 6
(2), 06 2019. ISSN 1931-9401. doi: 10.1063/1.5089550. URL https://doi.org/10.
1063/1.5089550. 021318. (Cited on pages 13 and 17.)

E.T. Jaynes and F.W. Cummings. Comparison of quantum and semiclassical radiation
theories with application to the beam maser. Proceedings of the IEEE, 51(1):89-109,
1963. doi: 10.1109/PROC.1963.1664. (Cited on pages 13 and 64.)

J. R. Luttinger and P. A. Kohn. Motion of electrons and holes in perturbed periodic
fields. Physical Review, 97(4):869-883, 1955. doi: 10.1103/PhysRev.97.869. (Cited on
page 13.)

J. R. Schrieffer and P. A. Wolff. Relation between the Anderson and Kondo
hamiltonians. Physical Review, 149(2):491-492, 1966. doi: 10.1103/PhysRev.149.491.
(Cited on page 13.)

D. Walls and G. Milburn. Quantum Optics. Springer, Berlin, 1994. (Cited on
page 14.)

H. Carmichael. An Open Systems Approach to Quantum Optics: Lectures Presented at
the Université Libre de Bruxelles, October 28 to November 4, 1991. Number v. 18 in
An Open Systems Approach to Quantum Optics: Lectures Presented at the Université
Libre de Bruxelles, October 28 to November 4, 1991. Springer Berlin Heidelberg, 1993.
ISBN 9783540566342. URL https://books.google.ca/books?id=E15gxgxWhpgC.
(Cited on pages 15 and 51.)


https://www.science.org/doi/abs/10.1126/science.1175552
https://www.science.org/doi/abs/10.1126/science.1175552
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1063/1.5089550
https://doi.org/10.1063/1.5089550
https://books.google.ca/books?id=El5gxgxWhpgC

Bibliography 127

[55]

[59]

[62]

Mickey M. A useful tool for later use, 2021. URL https://tenor.com/
view/surprise-tool-mickey-mouse-mickey-clubhouse-gif-18764497. (Cited on
pages 15 and 20.)

Edward M. Purcell. Spontaneous emission probabilities at radio frequencies. Physical
Review, 69(9-10):681, 1946. (Cited on pages 15 and 86.)

D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R.-S. Huang, J. Majer, S. M.
Girvin, and R. J. Schoelkopf. ac Stark shift and dephasing of a superconducting
qubit strongly coupled to a cavity field. Phys. Rev. Lett., 94:123602, Mar 2005.
doi: 10.1103/PhysRevLett.94.123602. URL https://link.aps.org/doi/10.1103/
PhysRevLett.94.123602. (Cited on page 17.)

C. C. Bultink, B. Tarasinski, N. Haandbak, S. Poletto, N. Haider, D. J. Michalak,
A. Bruno, and L. DiCarlo. General method for extracting the quantum efficiency of
dispersive qubit readout in circuit QED. Applied Physics Letters, 112(9), 03 2018. ISSN
0003-6951. doi: 10.1063/1.5015954. URL https://doi.org/10.1063/1.5015954.
092601. (Cited on pages 17 and 18.)

A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and R. J. Schoelkopf.
Introduction to quantum noise, measurement, and amplification. Reviews of Modern
Physics, 82(2):1155-1208, 2010. doi: 10.1103/RevModPhys.82.1155. (Cited on
page 17.)

Mostafa Khezri et al. Measurement-induced state transitions in a superconducting

qubit: Within the rotating wave approximation, 2022. (Cited on pages 18, 19, and 83.)

Z. K. Minev, S. O. Mundhada, S. Shankar, P. Reinhold, R. Gutiérrez-Jauregui,
R. J. Schoelkopf, M. Mirrahimi, H. J. Carmichael, and M. H. Devoret. To catch
and reverse a quantum jump mid-flight. Nature, 570(7760):200-204, Jun 2019. doi:
10.1038/s41586-019-1287-z. Epub 2019 Jun 3. (Cited on pages 18 and 92.)

J. E. Johnson, E. M. Hoskinson, C. Macklin, D. H. Slichter, 1. Siddiqi, and John
Clarke. Dispersive readout of a flux qubit at the single-photon level. Phys. Rev. B,
84:220503, Dec 2011. doi: 10.1103/PhysRevB.84.220503. URL https://link.aps.
org/doi/10.1103/PhysRevB.84.220503. (Cited on pages 18 and 92.)

Joachim Cohen, Alexandru Petrescu, Ross Shillito, and Alexandre Blais. Reminis-
cence of classical chaos in driven transmons. PRX Quantum, 4:020312, Apr 2023.
doi: 10.1103/PRXQuantum.4.020312. URL https://link.aps.org/doi/10.1103/
PRXQuantum.4.020312. (Cited on pages 18, 81, 82, and 95.)


https://tenor.com/view/surprise-tool-mickey-mouse-mickey-clubhouse-gif-18764497
https://tenor.com/view/surprise-tool-mickey-mouse-mickey-clubhouse-gif-18764497
https://link.aps.org/doi/10.1103/PhysRevLett.94.123602
https://link.aps.org/doi/10.1103/PhysRevLett.94.123602
https://doi.org/10.1063/1.5015954
https://link.aps.org/doi/10.1103/PhysRevB.84.220503
https://link.aps.org/doi/10.1103/PhysRevB.84.220503
https://link.aps.org/doi/10.1103/PRXQuantum.4.020312
https://link.aps.org/doi/10.1103/PRXQuantum.4.020312

Bibliography 128

[64]

[65]

[66]

[67]

[71]

John C. Butcher. Numerical Methods for Ordinary Differential Equations. John
Wiley & Sons, New York, 2003. ISBN 978-0-471-96758-3. (Cited on page 19.)

Carl David Tolmé Runge. Uber die numerische auflssung von differentialgleichungen.
Mathematische Annalen, 46(2):167-178, 1895. doi: 10.1007/BF01446807. (Cited on
page 19.)

Wilhelm Kutta. Beitrag zur ndherungsweisen integration totaler differentialgleichungen.
Zeitschrift fir Mathematik und Physik, 46:435-453, 1901. (Cited on pages 19 and 60.)

Francis Bashforth and J. C. Adams. An Attempt to test the Theories of Capillary
Action by comparing the theoretical and measured forms of drops of fluid. With an
explanation of the method of integration employed in constructing the tables which give
the theoretical forms of such drops. Cambridge, 1883. (Cited on page 19.)

C. F. Curtiss and J. O. Hirschfelder. Integration of stiff equations. Proceedings of the
National Academy of Sciences, 38(3):235-243, 1952. (Cited on page 19.)

Wilhelm Magnus. On the exponential solution of differential equations for a linear
operator. Communications on Pure and Applied Mathematics, 7(4):649-673, 1954.
doi: https://doi.org/10.1002/cpa.3160070404. URL https://onlinelibrary.wiley.
com/doi/abs/10.1002/cpa.3160070404. (Cited on page 23.)

Navin Khaneja, Timo Reiss, Cindie Kehlet, Thomas Schulte-Herbriiggen, and Steffen J.
Glaser. Optimal control of coupled spin dynamics: design of nmr pulse sequences
by gradient ascent algorithms. Journal of Magnetic Resonance, 172(2):296 — 305,
2005. ISSN 1090-7807. doi: https://doi.org/10.1016/j.jmr.2004.11.004. URL http:
//www.sciencedirect.com/science/article/pii/S1090780704003696. (Cited on
page 23.)

Hugo Ribeiro, Alexandre Baksic, and Aashish A. Clerk. Systematic Magnus-based
approach for suppressing leakage and nonadiabatic errors in quantum dynamics.
Phys. Rev. X, 7:011021, Feb 2017. doi: 10.1103/PhysRevX.7.011021. URL
https://link.aps.org/doi/10.1103/PhysRevX.7.011021. (Cited on page 24.)

Daniel Puzzuoli, Sophia Fuhui Lin, Moein Malekakhlagh, Emily Pritchett, Benjamin
Rosand, and Christopher J. Wood. Algorithms for perturbative analysis and simu-
lation of quantum dynamics. Journal of Computational Physics, 489:112262, 2023.
ISSN 0021-9991.  doi: https://doi.org/10.1016/j.jcp.2023.112262. URL https:
//www.sciencedirect.com/science/article/pii/S0021999123003571. (Cited on
pages 24, 34, and 61.)


https://onlinelibrary.wiley.com/doi/abs/10.1002/cpa.3160070404
https://onlinelibrary.wiley.com/doi/abs/10.1002/cpa.3160070404
http://www.sciencedirect.com/science/article/pii/S1090780704003696
http://www.sciencedirect.com/science/article/pii/S1090780704003696
https://link.aps.org/doi/10.1103/PhysRevX.7.011021
https://www.sciencedirect.com/science/article/pii/S0021999123003571
https://www.sciencedirect.com/science/article/pii/S0021999123003571

Bibliography 129

73]

[75]

[76]

[77]

[78]

[80]

[81]

[82]

F. J. Dyson. The radiation theories of Tomonaga, Schwinger, and Feynman. Phys.
Rev., 75:486-502, Feb 1949. doi: 10.1103/PhysRev.75.486. URL https://link.aps.
org/doi/10.1103/PhysRev.75.486. (Cited on pages 24 and 51.)

E. T. Whittaker and G. Robinson. The Calculus of Observations: A Treatise on
Numerical Mathematics. Dover, New York, 1967. (Cited on page 25.)

Carl de Boor. Divided differences. Surveys in Approximation Theory., 1:46—69, 2005.
(Cited on page 25.)

Ledyard R. Tucker. Implications of factor analysis of three-way matrices for mea-
surement of change. In C. W. Harris, editor, Problems in Measuring Change, pages
122-137. University of Wisconsin Press, Madison, WI, 1963. (Cited on page 32.)

Stephan Rabanser, Oleksandr Shchur, and Stephan Giinnemann. Introduction to
tensor decompositions and their applications in machine learning, 2017. (Cited on

page 32.)

Tamara G. Kolda and Brett W. Bader. Tensor decompositions and applications.
SIAM Review, 51(3):455-500, 2009. doi: 10.1137/07070111X. URL https://doi.
org/10.1137/07070111X. (Cited on page 32.)

Timothy F. Havel. Robust procedures for converting among Lindblad, Kraus and
matrix representations of quantum dynamical semigroups. Journal of Mathematical
Physics, 44(2):534-557, 01 2003. ISSN 0022-2488. doi: 10.1063/1.1518555. URL
https://doi.org/10.1063/1.1518555. (Cited on pages 49 and 50.)

Jean Dalibard, Yvan Castin, and Klaus Mglmer. Wave-function approach to dissipative
processes in quantum optics. Phys. Rev. Lett., 68:580-583, Feb 1992. doi: 10.1103/
PhysRevLett.68.580. URL https://link.aps.org/doi/10.1103/PhysRevlett.68.
580. (Cited on page 51.)

Andrei D. Polyanin and Alexander V. Manzhirov. Handbook of Integral Equations.
Chapman and Hall/CRC, Boca Raton, FL, 2nd edition, 2008. ISBN 978-1584885078.
(Cited on page 52.)

Carl Friedrich Gauss. Methodus Nova Integralium Valores Per Approximationem
Inveniendi, volume 3 of Cambridge Library Collection - Mathematics, page 165-196.
Cambridge University Press, 2011. doi: 10.1017/CB09781139058247.008. (Cited on
page 53.)

Stephen Boyd and Lieven Vandenberghe. Conver Optimization. Cambridge University
Press, 2004. ISBN 978-1-107-39400-1. (Cited on page 54.)


https://link.aps.org/doi/10.1103/PhysRev.75.486
https://link.aps.org/doi/10.1103/PhysRev.75.486
https://doi.org/10.1137/07070111X
https://doi.org/10.1137/07070111X
https://doi.org/10.1063/1.1518555
https://link.aps.org/doi/10.1103/PhysRevLett.68.580
https://link.aps.org/doi/10.1103/PhysRevLett.68.580

Bibliography 130

[84]

[85]

[36]

[88]

[89]

[90]

[91]

Carl Friedrich Gauss. Methodus nova integralium valores per approximationem

inveniendi. Comment. Soc. Reg. Scient. Gotting. Recent., 1814. (Cited on page 55.)

I. Bogaert. Iteration-free computation of Gauss-Legendre quadrature nodes and
weights. SIAM J. Sci. Comput., 36:C1008-C1026, 2014. (Cited on page 55.)

Nagaraja Kallur and Hanamantappa Rathod. Symmetric gauss legendre quadrature
rules for numerical integration over an arbitrary linear tetrahedra in euclidean three-
dimensional space. International Journal of Mathematical Analysis (Ruse), 4, 01 2010.
(Cited on page 55.)

Jiri Kosinka and Michael Barton. Gaussian quadrature for ¢l cubic Clough—Tocher
macro-triangles. Journal of Computational and Applied Mathematics, 351:6-13, 2019.
ISSN 0377-0427. doi: https://doi.org/10.1016/j.cam.2018.10.036. URL https:
//www.sciencedirect.com/science/article/pii/S0377042718306447. (Cited on
page 55.)

D.M. Williams, L. Shunn, and A. Jameson. Symmetric quadrature rules for simplexes
based on sphere close packed lattice arrangements. Journal of Computational and
Applied Mathematics, 266:18-38, 2014. ISSN 0377-0427. doi: https://doi.org/10.1016/
j.cam.2014.01.007. URL https://www.sciencedirect.com/science/article/pii/
S0377042714000211. (Cited on page 55.)

C. T. Reddy and D. J. Shippy. Alternative integration formulae for triangular finite
elements. International Journal for Numerical Methods in Engineering, 17(1):133-139,
1981. doi: https://doi.org/10.1002/nme.1620170111. (Cited on page 55.)

D. A. Dunavant. High degree efficient symmetrical Gaussian quadrature rules for the
triangle. International Journal for Numerical Methods in Engineering, 21(6):1129-1148,
1985. doi: https://doi.org/10.1002/nme.1620210612. URL https://onlinelibrary.
wiley.com/doi/abs/10.1002/nme.1620210612. (Cited on page 56.)

G. R. Cowper. Gaussian quadrature formulas for triangles. International Journal for
Numerical Methods in Engineering, 7(3):405-408, 1973. doi: https://doi.org/10.1002/
nme.1620070316. URL https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.
1620070316. (Cited on page 56.)

Preston C. Hammer and Arthur H. Stroud. Numerical integration over simplexes.
Mathematical Tables and Other Aids to Computation, 10(55):137-139, 1956. ISSN
08916837. URL http://www.jstor.org/stable/2002484. (Cited on page 56.)


https://www.sciencedirect.com/science/article/pii/S0377042718306447
https://www.sciencedirect.com/science/article/pii/S0377042718306447
https://www.sciencedirect.com/science/article/pii/S0377042714000211
https://www.sciencedirect.com/science/article/pii/S0377042714000211
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.1620210612
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.1620210612
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.1620070316
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.1620070316
http://www.jstor.org/stable/2002484

Bibliography 131

93]

[94]

[97]

N. Walkington. Quadrature on Simplices of Arbitrary Dimension. Research report
(Carnegie Mellon University. Department of Mathematical Sciences. Center for
Nonlinear Analysis). Carnegie Mellon University, Department of Mathematical Sciences,
Center for Nonlinear Analysis, 2000. URL https://books.google.ca/books?id=
nS1dGwAACAAJ. (Cited on page 56.)

J.R. Johansson, P.D. Nation, and Franco Nori. Qutip 2: A python framework for
the dynamics of open quantum systems. Computer Physics Communications, 184(4):
1234-1240, 2013. ISSN 0010-4655. doi: https://doi.org/10.1016/j.cpc.2012.11.019.
URL https://www.sciencedirect.L/science/article/pii/S0010465512003955.
(Cited on page 60.)

Mostafa Khezri et al. Measurement-induced state transitions in a superconducting

qubit: Within the rotating wave approximation, 2022. (Cited on pages 63 and 92.)

K. Serniak, S. Diamond, M. Hays, V. Fatemi, S. Shankar, L. Frunzio, R.J. Schoelkopf,
and M.H. Devoret. Direct dispersive monitoring of charge parity in offset-
charge-sensitive transmons. Phys. Rev. Appl., 12:014052, Jul 2019. doi:
10.1103/PhysRevApplied.12.014052. URL https://link.aps.org/doi/10.1103/
PhysRevApplied.12.014052. (Cited on page 83.)

B. G. Christensen, C. D. Wilen, A. Opremcak, J. Nelson, F. Schlenker, C. H.
Zimonick, L. Faoro, L. B. Toffe, Y. J. Rosen, J. L. DuBois, B. L. T. Plourde,
and R. McDermott. Anomalous charge noise in superconducting qubits.  Phys.
Rev. B, 100:140503, Oct 2019. doi: 10.1103/PhysRevB.100.140503. URL https:
//link.aps.org/doi/10.1103/PhysRevB.100.140503. (Cited on page 83.)

Chenlu Wang, Xuegang Li, Huikai Xu, Zhiyuan Li, Junhua Wang, Zhen Yang, Zhenyu
Mi, Xuehui Liang, Tang Su, Chuhong Yang, Guangyue Wang, Wenyan Wang, Yongchao
Li, Mo Chen, Chengyao Li, Kehuan Linghu, Jiaxiu Han, Yingshan Zhang, Yulong
Feng, Yu Song, Teng Ma, Jingning Zhang, Ruixia Wang, Peng Zhao, Weiyang Liu,
Guangming Xue, Yirong Jin, and Haifeng Yu. Towards practical quantum computers:
transmon qubit with a lifetime approaching 0.5 milliseconds. npj Quantum Information,
8(1):3, Jan 2022. ISSN 2056-6387. doi: 10.1038/s41534-021-00510-2. URL https:
//doi.org/10.1038/s41534-021-00510-2. 2022/01/13. (Cited on pages 87 and 89.)

Johannes Heinsoo, Christian Kraglund Andersen, Ants Remm, Sebastian Krinner,
Theodore Walter, Yves Salathé, Simone Gasparinetti, Jean-Claude Besse, Anton
Potoc¢nik, Andreas Wallraff, and Christopher Eichler. Rapid high-fidelity multiplexed
readout of superconducting qubits. Phys. Rev. Appl., 10:034040, Sep 2018. doi:


https://books.google.ca/books?id=nS1dGwAACAAJ
https://books.google.ca/books?id=nS1dGwAACAAJ
https://www.sciencedirect.L/science/article/pii/S0010465512003955
https://link.aps.org/doi/10.1103/PhysRevApplied.12.014052
https://link.aps.org/doi/10.1103/PhysRevApplied.12.014052
https://link.aps.org/doi/10.1103/PhysRevB.100.140503
https://link.aps.org/doi/10.1103/PhysRevB.100.140503
https://doi.org/10.1038/s41534-021-00510-2
https://doi.org/10.1038/s41534-021-00510-2

Bibliography 132

[100]

[101]

[102]

[103]

[104]

10.1103/PhysRevApplied.10.034040. URL https://link.aps.org/doi/10.1103/
PhysRevApplied.10.034040. (Cited on page 87.)

Eric J. Zhang, Srikanth Srinivasan, Neereja Sundaresan, Daniela F. Bogorin, Yves
Martin, Jared B. Hertzberg, John Timmerwilke, Emily J. Pritchett, Jeng-Bang
Yau, Cindy Wang, William Landers, Eric P. Lewandowski, Adinath Narasgond, Sami
Rosenblatt, George A. Keefe, Isaac Lauer, Mary Beth Rothwell, Douglas T. McClure,
Oliver E. Dial, Jason S. Orcutt, Markus Brink, and Jerry M. Chow. High-performance
superconducting quantum processors via laser annealing of transmon qubits. Science
Advances, 8(19):eabi6690, 2022. doi: 10.1126/sciadv.abi6690. URL https://wuw.
science.org/doi/abs/10.1126/sciadv.abi6690. (Cited on page 87.)

Eyob A. Sete, John M. Martinis, and Alexander N. Korotkov. Quantum theory
of a bandpass Purcell filter for qubit readout. Phys. Rev. A, 92:012325, Jul 2015.
doi: 10.1103/PhysRevA.92.012325. URL https://link.aps.org/doi/10.1103/
PhysRevA.92.012325. (Cited on pages 87 and 89.)

R. Blimel, A. Buchleitner, R. Graham, L. Sirko, U. Smilansky, and H. Walther.
Dynamical localization in the microwave interaction of Rydberg atoms: The influence
of noise. Phys. Rev. A, 44:4521-4540, Oct 1991. doi: 10.1103/PhysRevA.44.4521.
URL https://link.aps.org/doi/10.1103/PhysRevA.44.4521. (Cited on page 89.)

Heinz-Peter Breuer and Francesco Petruccione. The Theory of Open Quantum
Systems. Oxford University Press, 01 2007. ISBN 9780199213900. doi: 10.1093/
acprof:0s0/9780199213900.001.0001. URL https://doi.org/10.1093/acprof:oso/
9780199213900.001.0001. (Cited on page 89.)

S. Vallés-Sanclemente, S. L. M. van der Meer, M. Finkel, N. Muthusubramanian,
M. Beekman, H. Ali, J. F. Marques, C. Zachariadis, H. M. Veen, T. Stavenga,
N. Haider, and L. DiCarlo. Post-fabrication frequency trimming of coplanar-waveguide

resonators in circuit qed quantum processors, 2023. (Cited on page 96.)


https://link.aps.org/doi/10.1103/PhysRevApplied.10.034040
https://link.aps.org/doi/10.1103/PhysRevApplied.10.034040
https://www.science.org/doi/abs/10.1126/sciadv.abi6690
https://www.science.org/doi/abs/10.1126/sciadv.abi6690
https://link.aps.org/doi/10.1103/PhysRevA.92.012325
https://link.aps.org/doi/10.1103/PhysRevA.92.012325
https://link.aps.org/doi/10.1103/PhysRevA.44.4521
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001

	Sommaire
	Introduction
	Key Concepts for Circuit QED Simulation
	Diagonalizing the Transmon Qubit
	Fock Basis
	Phase Basis
	Charge Basis
	Example – Diagonalization Convergence
	Diagonalization summary

	Reading out the qubit
	The Jaynes-Cummings Model and the Dispersive Approximation
	Adding the environment
	Driving the Resonator
	Putting it all together
	Readout Summary

	Numerical Propagation
	Master Equation Propagation


	Dysolve
	Motivation
	Magnus Expansion – A potential solver?

	Dyson Series
	Calculating the divided difference functions
	Calculation of the Dyson Series Operators
	Efficient Calculation of Dyson Operators
	Second order evaluation
	Singular Value Decomposition
	GeneRalized Order Nth degree Decomposition (GROND)
	Outlook and Future Work

	Publication – Fast and Differentiable Simulation of Driven Quantum Systems Shillito2021

	Master Equation Integrator for Driven Time-Dependent Systems
	Master Equation
	Dysolve – Superoperator notation
	A Dyson Series of Dyson Series?
	Superoperator Notation

	Volterra Integral Evaluation
	Basics – Linear Interpolation
	Gauss-Legendre Quadrature – First Order
	Gauss-Legendre Quadrature – Second and Higher Orders

	Alternative Method – Correction
	Performance Benchmark – Transmon Readout

	Future Work and Outlook

	Transmon Ionization
	Transmon Readout – Background
	Transmon Readout – Diagonalization
	Identifying the computational states
	Generalizing the Jaynes-Cummings Ladder
	Eigenvalue convergence
	Master Equation Example – Branch Population

	Publication – Dynamics of Transmon Ionization Shillito2022
	Gate charge dependence
	Master Equation Simulations – Gate Charge


	Optimizing Superconducting Qubit Readout with Purcell Filters
	Introduction
	Circuit Hamiltonian and Rate Analysis
	Diagonalizing the resonator-Purcell subspace
	Diagonalizing the transmon-resonator subspace
	Normal Mode Hamiltonian

	Signal-to-Noise Ratio
	How strong is too strong?
	Defining an optimization procedure
	Choosing the drive frequency
	Readout Performance
	Nonlinear Effects – Semiclassical approach

	Publication – Enhancing Dispersive Readout of Superconducting Qubits Through Dynamic Control of the Dispersive Shift: Experiment and Theory swiadek2023enhancing

	Conclusion
	SNR Analysis
	Strong Coupling Regime – 4Jp
	Broadband Filter Regime – p4J,rpg/e


