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Abstract

Quantum circuits play an essential role in many disciplines of quantum information
science. They can not only be represented in the traditional gate-based (GB) paradigm,
but also an alternative measurement-based (MB) paradigm. The latter begins from a
resource state possessing many entangled ancillary qubits, and proceeds via mid-circuit
measurements of these ancillas. More generally, ancillary qubits feature prominently in
quantum error-correcting schemes, opening up the possibility for exploiting both paradigms
on an equal footing. In this thesis, we explore how circuits designed with such features
(referred to as “exotic”) can be employed to enhance the quality of quantum algorithms
and their general computations.

First, we examine variational quantum eigensolvers (VQEs) — a highly successful class
of quantum algorithms for simulating physical models on quantum computers. Initially
developed as a GB technique, they were recently extended to the MB model which en-
abled a first paradigm shift in the field. Our work seeks to push the integration and
design frontiers of the VQE further by blending aspects of the GB and MB paradigms
to form hybrid variational circuits. This can facilitate the design of a problem-informed
variational ansatz, while enabling the efficient implementation of many-body Hamiltonians
on noisy-intermediate-scale-quantum (NISQ) devices. To test the effectiveness of our ap-
proach, we demonstrate our hybrid circuits on IBM superconducting quantum computers
by performing VQEs involving the perturbed planar code, Z, lattice gauge theory, quantum
chromodynamics, and the lithium hydride molecule.

Second, we propose a technique to mitigate the problem of noise and decoherence in
quantum computation, which affect VQEs and many other quantum algorithms. Specifi-
cally, we consider circuits containing auxiliary registers and perform identical noisy com-
putations on them in a superimposed fashion. We describe a concrete, scalable protocol for
executing these circuits in both the GB and the MB paradigms, comparing and contrasting
the mechanisms in which noise impacts them. Through analytical and numerical analyses,
we illustrate how performing circuits in this manner leads to a noise interference process
that yields improvements in computational fidelity.

The works discussed in this thesis constitute novel applications of exotic circuits that
are both resource-efficient and versatile in nature. Together, these qualities can pave the
way for more reliable quantum algorithms and computations on NISQ hardware.
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Chapter 1

Introduction

Quantum circuits are a core ingredient for describing quantum computations (QC) and
their associated operations [!]|. They have been instrumental to the development of funda-
mental concepts in quantum algorithms, cryptography, and communication [1]. Quantum
circuits are conventionally expressed in the gate-based (GB)! paradigm, where a sequence
of black-box unitaries act on a target state of interest. Additionally, they may incorporate
non-unitary measurements during the qubit readout stage. These measurements are no-
table for having no analogue in classical circuits, and highlight the probabilistic nature of
quantum-mechanical systems [1].

While GB circuits cast measurements in a supporting role, Raussendorf, Browne, and
Briegel [2| proposed a computing approach that relies primarily on measurements. Known
as the one-way scheme, it employs the measurement-based (MB) paradigm |3, /] and per-
forms computations using an entangled cluster or graph state (containing ancillary qubits)
instead of unitary gates. Here, projective measurements of the ancillas drive the computa-
tion forward and are made possible by the correlations existing between them. Despite its
irreversibility, MB-QC provides a convenient realization on platforms adept at generating
large entangled clusters, particularly optical lattices and solid-state systems [2, 5]. These
have proved useful in applications involving multipartite systems such as quantum com-
munication [6], blind quantum computation 7], and quantum error correction with surface
codes [8]. On the other hand, the theoretical description of MB-QC employs powerful con-
cepts from graph theory and the stabilizer formalism, enabling one to express it in both
graph and circuit languages. Interestingly, their circuit representation possesses elements

I Although the terms “gate-based” and “circuit-based” are often used synonymously, we use the former
throughout since the measurement-based paradigm is also expressible in terms of circuits (albeit less
frequently than clusters or graphs).



that are uncommon in standard computing applications thus far, including mid-circuit
measurements, and conditional operations. Yet remarkably, they maintain a direct corre-
spondence with GB circuits, with the existence of well-known techniques (e.g. phase-map
decomposition [9], ZX-calculus [10]) for translating between the paradigms. Thus, the MB
paradigm may be regarded as a alternative perspective for harnessing quantum computing
power, with its own unique circuit elements and practical considerations.

Aside from MB-QC, the use of auziliary registers (wires) in a circuit also carries sig-
nificance in quantum information theory. A well-known example is that of quantum error-
correcting codes |3, 11, 12], where multiple physical qubits are needed to construct a single
fault-tolerant logical qubit. The auxiliary registers are entangled with the input state and
then measured to obtain the syndrome of possible errors, such that they may be detected
and corrected according to the measurement outcomes. On the other hand, quantum error
mitigation in the NISQ era [13, 11] remains the more practical approach to leveraging cur-
rent progress in quantum hardware development. While not all error mitigation techniques
rely on auxiliary registers, entanglement purification offers us some inspiration [15, 16]: by
employing one of the two low-fidelity Bell pairs as auxiliary systems, we can probabilisti-
cally increase the entanglement of the other pair. One may easily imagine the same idea
being applied to the error mitigation problem.

It is apparent that the concepts of MB-QC, graph states, mid-circuit measurements,
and auxiliary qubits suggest new, “exotic” possibilities for quantum circuits. Given this
flexibility, it is natural to ask whether these features carry any benefits, for instance in
enhancing quantum algorithms or general computations. This is precisely the question
investigated in this thesis, as we examine two distinct applications of exotic circuits. In
Chapter 2, we formulate these circuits as ansétze (trial states) for variational quantum
eigensolvers (VQEs), a well-known quantum-classical algorithm used to study low-lying
energy states. Specifically, we blend aspects of the GB and MB computational models
within these ansétze in various ways, and demonstrate how such techniques can yield
a more versatile approach to performing VQEs from both design and implementation-
level standpoints. In Chapter 3, we present a more abstract formulation of exotic circuits
in the context of noise analysis. Here, we show how coherently superimposing multiple
instances of a noisy computation can lead to consistent reductions in the overall noise
level, and hence improved performance. Akin to the first approach, we showcase how
these superimposed circuits may be designed in both the GB and MB paradigms, while
highlighting subtle differences in the way noise processes act on them. Finally, in Chapter
4, we draw conclusions based on the performance and viability of the exotic circuits, and
look ahead to future areas of exploration where they may play a substantial role.



Chapter 2

Merging Computational Models for
Hybrid Variational Quantum
Eigensolvers

Many hard problems in physics require the simulation of complex Hamiltonians. Since
their computational cost often renders classical methods intractable, quantum algorithms
are required to obtain accurate solutions. However, these algorithms are curtailed by NISQ
devices that are limited in both the number of qubits and the attainable circuit depths
[L7]. Since then, research efforts aimed at reducing requirements have focused on the class
of quantum-classical algorithms. They employ quantum and classical processors working
together in a feedback loop to approximate solutions numerically. One such algorithm
is known as the wvariational quantum eigensolver (VQE), which determines a system’s
low-lying energy states via the classical optimization of a variational ansatz (trial state)
[18, 19, 20]. This can provide useful information toward analyzing the system’s quantum
mechanical properties, including its finite-temperature behaviour and phase transitions
[21, 22] Consequently, VQEs have been successful in areas spanning quantum chemistry
[23], materials science |24, 25] and high-energy physics [21, 26, 27, 28, 29, 30|. Such
developments have enabled opportunities for NISQ devices to tackle problems that would
otherwise be out of reach.

Current demonstrations of VQEs are GB, in which the ansatz is expressed as a sequence
of unitary black-box operations. However, as proposed in Ref. [22], VQEs can also operate
using MB-QC (see App. A). The resulting algorithm, known as MB-VQE, expresses the
ansatz as an entangled resource state [2, 31, 32, 33] which undergoes computation via
a series of local rotations and measurements [22]. As an alternative, entirely gate-free



concept, MB-VQEs permit the use of VQEs on platforms for which the implementation of
entangling gates is challenging. A unique feature of performing MB-QC and MB-VQE is
the measurements that condition subsequent operations on their specific outcomes. These
intermediate measurements are crucial to performing MB-QC deterministically, since they
implement corrective operations that combat the random nature of measurement [2, 33].

In this chapter, we introduce hybrid VQEs that merge the strengths of the MB and GB
paradigms for circuit implementations. In particular, we leverage current quantum hard-
ware developments that have enabled fast, high-fidelity mid-circuit measurements on su-
perconducting qubits, trapped ions, and ultracold neutral atoms [34, 35, 36, 37, 38, 39, 40].
This allows us to incorporate MB elements within these architectures, which predominately
use the GB paradigm in their existing applications. We demonstrate the capabilities of our
approach by performing a series of VQE simulations on IBM superconducting quantum
computers. In doing so, we address two major challenges toward realizing effective VQEs
— namely, the design of a good variational ansatz, and the physical realization of robust
VQEs on NISQ devices.

To address the first challenge, we utilize MB principles to formulate an alternative
approach for designing GB-VQE circuits. The versatility of this approach is seen when
applied to problems with graph representations (MB patterns), as it permits one to access
graph-inspired variational families directly in the GB formalism. It entails modifying each
entangling gate with suitable operations [Fig. 2.1(a)|, such that the equivalent graph is
modified in a variationally tunable way. We apply this idea to the perturbed planar
code (PC), as an example of how an effective GB-VQE ansatz can be designed based on
an initial graph state. More broadly, this design tool can be useful when formulating a
problem-informed VQE ansatz.

For the second challenge, we exploit MB elements that employ parameterized ancilla
qubits and conditional measurements, and integrate them within VQE circuits. Here, the
parameters dictate the choice of a measurement basis as opposed to rotations in parameter
space, thus lending a unique variational aspect. We demonstrate this idea via MB patterns
known as “Pauli gadgets”, which realize n-body interaction terms as shown in Fig. 2.1(b).
Such terms appear in many target Hamiltonians as a consequence of the underlying physics,
particularly in models from condensed matter physics or in gauge theories. By realizing
such interactions via measurements, these gadgets are implemented efficiently via the num-
ber of entangling operations, a current bottleneck on NISQ platforms. In conjunction with
local rotation gates, the Pauli gadget gives rise to novel VQEs that merge GB and MB
paradigms in their circuits. We perform VQE demonstrations of these “hybrid” circuits for
1D quantum chromodynamics, Z, lattice gauge theory, and the lithium hydride molecule,
showcasing their compact depth and effectiveness across a broad range of applications.
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FIG. 2.1: Enhancing VQEs by combining MB and GB principles to form hybrid ansatz
circuits. (a) Based on MB principles, gate modification (wavy lines with arrows) allows access to
graph-inspired variational state families in the GB formalism. Starting from a base circuit derived
from a graph state (MB pattern), we dress each entangling gate with unitary operations that tune
the circuit’s entanglement structure. (b) The Pauli gadgets P®"(0) are MB patterns (graphs)
that permit a VQE implementation of a hybrid ansatz on NISQ devices. Each gadget, when
combined with local rotations, realizes an n-body interaction term in the target Hamiltonian. The
parameterized ancilla qubits (in orange) provide a variational aspect by tuning the measurement
bases used to perform MB-QC on them. These compact gadgets provide resource advantages in the
number of entangling operations, and allows one to efliciently realize VQE circuits of arbitrary
complexity. Grey, teal, and red arrows denote the overall workflow, classical-quantum VQE
feedback loop, and corrective operations (i.e. byproduct Pauli operators UE) on the measured
qubits respectively. On circuit platforms such as IBM Quantum, MB elements are implemented
dynamically with mid-circuit measurements.



2.1 Background

In this section, we summarize the relevant concepts underlying hybrid circuits and VQEs.

In its s1mp1est form, a VQE approximates the ground state (GS) energy Ej of a target
Hamiltonian # with a parameterized ansatz state [1,(d)). The traditional (GB) VQE
represents the ansatz as a circuit whose gates are parameterized by g. From the ansatz, the
quantum processor computes the mean energy F = <¢a|7:[|¢a), which a classical optimizer
minimizes by updating ] [19]. The quantum processor then reevaluates the ansatz and the
process repeats iteratively until a stopping condition for convergence (in F) is attained. A
schematic of the VQE algorithm is shown in App. B.

The accuracy of a VQE in approximating Ej relies heavily on the specific ansatz chosen.
Despite the existence of well-established techniques (e.g. domain-specific and heuristics
[41]) to formulate the ansatz, they are often beset by practical limitations. These include
a susceptibility to barren plateaus and local minima in the energy landscape [12, 13]. It
is also possible for the GS to be highly entangled, which can result in large circuit depth
requirements. For example, heuristic designs often encapsulate many repeating layers with
all-to-all connectivity [11]. This can pose challenges on NISQ devices due to restrictions
in their quantum volumes and qubit connectivity. Such drawbacks motivate the use of
our hybrid VQE approaches, which present a contrast through efficient ansatz design and
implementation methods.

MB elements (patterns) process quantum information via the MB-QC protocol, which
treats a resource state as a cluster or graph connecting a set of input, ancilla, and out-
put qubits. The computation proceeds as a series of projective measurements on the
resource in the eigenbases of the Pauli operators X, Y, Z, or a rotated basis (e.g. R(0) =
(|0) £ €?[1))/+/2). Owing to the random nature of measurement, corrective operations
(depending on the measurement outcomes) are applied to ensure the output result is al-
ways the same. These encompass byproduct operators Us, € {[ X Z X Z ZX } acting on
each output and angle adaptations R(f) — R(+6) for qubits measured in rotated bases.
Together, the entangling, measurement, and corrective operators form an MB-QC realizing
a specific unitary.

On IBM Quantum systems, MB-QC is performed on circuits using the dynamic mode
of execution. It performs the projective measurements as mid-circuit measurements, and
permits the application of corrective operations conditioned on their outcomes. By doing
so, we avoid the necessity of having to postselect non-corrective outcomes (e.g. all ‘0%).
This scales inefficiently since one would require on average 2™ N measurement samples
(shots) to retain only N samples, where m is the number of mid-circuit measurements. We
refer to Apps. A and B for further details.



2.2 Protocol design: ansatz modification

Here, we describe an MB-inspired tool for designing GB-VQE algorithms. It constructs
VQE circuits by creating a problem-tailored ansatz and introducing variational modifica-
tions to its entangling operations, permitting one to access a physics-informed variational
family. To understand the working principle, we first consider the tool on the level of graph
states. These states are an equivalent representation of multi-qubit Pauli stabilizer states,
being the +1 eigenvector of the correlation operator:

S, :XnHZk, (2.1)
k

where k are the nearest neighbour qubits (vertices) of qubit n. Eq. (2.1) is important as it
describes the connectivity of graph states — each qubit n is stabilized by X and the qubits
k it is connected to are each stabilized by Z (e.g. realizing a C'Z interaction). It follows
that when all qubits are initialized in |+), a C'Z-edge between qubits n and k will realize
the maximally entangled state:

(00l ) + [Dn| =)k

V2

From Eq. (2.2), we may view graphs as providing the “entanglement structure” (Fig. 2.2)
necessary for MB-QC, which is consumed during qubit measurement. Additionally, their
resource nature suggests that modifications can be made for instance, by attaching other
graph state operations to their edges (see App. A). This novel idea was first explored
in Ref. [22] to create custom ansétze that are highly adept at accessing finer corners of
a system’s Hilbert space (i.e. the states between two perturbative regimes). Provided
that the modifications take place before any destructive measurements, they preserve the
entanglement structure and thus provide an efficient way to generate arbitrarily complex
graphs. These properties were found to be advantageous for problems whose unperturbed
ground states possess a graph representation, such as the toric [11], planar |15, 16], and
color |106] stabilizer codes. In these scenarios, one employs the ground state as the initial
ansatz and performs the edge modifications when it is subjected to local perturbations.

CZ|+)nl+)e =

(2.2)

If the edge modifications are unitary, GB circuit analogues of these graphs can be
derived and modified in an equivalent fashion (see App. G). We focus on this version,
known as “gate modification”, where parameterized single- and two-qubit gates are used to
dress each entangling gate (corresponding to a graph edge) to yield the same variational
effect. As an added benefit, one can also enclose the ansatz with local rotation layers, which
can further broaden the range of accessible states without incurring extra entangling gates.

7
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FIG. 2.2: Example of a graph state and its typical connectivity. The vertices represent
qubits (initialized in the |+) state) and the edges represent C'Z operations between them. The
graph’s connectivity is fully captured by its n correlation operators S, where the state of each
qubit n is defined as a stabilizer state of S,,.



2.3 2D planar code

We illustrate the ansatz-modification tool for the planar code (PC), a frequently employed
surface code used for quantum error correction. Such codes are at the core of modern
experimental efforts to realize fault-tolerant computation.

The PC is defined on a M x N lattice with open boundary conditions and qubits
residing on the edges. Each qubit edge produces a gauge field that imposes local symmetries
on each vertex. This results in a partitioning of the Hilbert space into non-overlapping
charge sectors (via the Gauss’ law), signifying the existence of electric field operators.
When stray fields are present (i.e. in experimental settings), these act in the form of local
perturbations on each qubit edge. In 2D, the gauge fields also self-interact over a square
path of links (plaquette) which gives rise to a magnetic field. Consequently, the PC is
stabilized by star (S,) and plaquette (P,) operators acting on the neighbouring qubits
(edges) of each vertex s and plaquette p, respectively [44]. The overall PC Hamiltonian
is therefore Hpo = 7-[+ + Hp + Ha, where ”H+ and Hp are the star and plaquette terms
respectively, and H is an added perturbation term. These terms are given by:

ZSS, Ho=- Z Ho =62 2
q=1
HX,, S, —HZ

i€y 1€+

(2.3)

Here, ngy and n, are the numbers of vertices and plaquettes, respectively, and ¢ is the
strength of the perturbation acting on each of the n, qubits. Furthermore, as shown in
Fig. 2.3(a), i € O, (i € +,) indicates the set of qubit edges belonging to a plaquette p
(vertex s). The perturbation Ha imparts changes to the degree of entanglement in the
ground state, yielding a continuum of states from maximally entangled (for £ = 0), to
the fully polarized |1)®" state (for & — o00). The intermediate regime, in particular,
characterizes imperfect realizations of the error-correcting code [47].

The hybrid ansatz is constructed from a graph state representation of the GS of the PC
Hamiltonian (£ = 0) [Fig. 2.3(a; i-ii)|]. It carries an equivalent [2] circuit representation
consisting of C'Z and H gates |Fig. 2.3(a)]. While this state starts the VQE in a suitable
corner of the Hilbert space, the GS of the full Hamiltonian is found by adding modifications
containing variational parameters following the strategy in Fig. 2.1(a). Here, we modify
each C'Z gate between qubits m and n so that it realizes CZ,, , RY (0),, [Fig. 2.3(a; iii)|. The
parameter 0 effectively tunes the entanglement generated by a C'Z gate and the resulting
variable ansatz permits us to approximate the GS for different & € [0, 00).
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FIG. 2.3: VQE demonstration of ansatz modification on IBM Quantum systems, ap-
plied to the perturbed planar code (PC). (a) (i) PC depicted as an M x N lattice in 2D, with
star (S5) and plaquette (P,) stabilizer operators. (i) GS for the M x N PC as a graph, showing
qubits (circles) residing on the edges. (i17) VQE ansatz circuit for the 1 x 1 and 2 x 1 perturbed
PC based on (ii), where each entangling C'Z (corresponding to a graph edge) is modified with
an extra RY (0) gate placed before (magenta line; see Fig. 2.1(a)). IL, RL, GML, and LC stand
for initialization, rotation, gate modification, and local Clifford layers respectively. All LC gates
are Hadamards. (b) VQE results for the modified 2 x 1 perturbed PC acquired on ibm_lagos
and ibm_perth. The exact GS (Eyp) and VQE (Eygg) energies, relative error (|JAE|/Ey), and
the state fidelity (F) are shown vs. perturbation strength £. The exact energies for the first two
excited states (Fy and Fs) are also shown for comparison. The relative error is calculated from the
energy difference |AE| = |Eygr — Eo|, expressed in units of the first? energy gap E, = E; — Ej.
Shaded grey regions indicate statistical uncertainty on the error. All energies are unitless and may
be expressed in absolute units (e.g. €V, J, Ha) using a scaling factor with appropriate dimensions.
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2.3.1 VQE demonstration

For the VQE demonstration' of the PC, we consider two vertical plaquettes (M, N) = (2, 1)
as a non-trivial example of a gate-modified ansatz (i.e. one that is not a simple repetition
of rotation and entanglement layers). It possesses the Hamiltonian given in Eq. (2.4).

We ran the corresponding variational circuit in Fig. 2.3(a; iii) on ibm_lagos and
ibm_perth. The circuit contains 7 qubits and 2 x 7 + 8 = 22 parameters from the gate
modifications and added RY + RX rotation layers. Since a uniform perturbation strength &
is employed, the problem symmetry is preserved (App. E) in that qubits on equivalent ver-
tices of the graph (i.e. with similarly positioned neighbours and connections; see Sec. 2.3.2)
are described by the same 6. This enabled a reduction from 22 to 11 parameters.

The data [shown in Fig. 2.3(b)] exhibit close agreement with the GS energies from exact
diagonalization (ED), as confirmed by the small energy differences attained at convergence;
0.091 < AE/E, < 0.556, where E, = F; — E, is the exact first energy gap.? This is also
evidenced by the span of the error bars (see App. D) remaining consistently below FEj.
Importantly, the expected system behaviour is recovered as we clearly identify a transition
region at intermediate  (~ 1) where the total energy crosses over from approximating a
randomly oriented to completely polarized set of spins. These limiting behaviours corre-
spond to the entangled state 3(]0)®7 + [1011010) + |0101101) 4 [1110111)) and separable
state |1)®7, respectively (see App. E for more details).

2.3.2 Further analysis and VQE demonstrations

We further analyze the ansatz-modification technique by considering other PC lattices
containing multiple plaquettes in both spatial directions. In addition to the 7-qubit
(M,N) = (2,1) case studied on a quantum computer (Sec. 2.3.1), we conduct fake back-
end simulations® for (M, N) = (1,2) and (2,2), which require lattices of 7 and 12 qubits

I Further information regarding the simulation methods and data are presented in Apps. B and C,
respectively. Calibration data (error rates, qubit properties, etc.) corresponding to the IBM Quantum
systems employed are reported in Ref. [48].

2 At & = 2, the first excited state is nearly degenerate with the GS (E; — Ey = 0.120). Therefore, for
a more apt comparison, we employ the second energy gap Fy — E; instead; see App. C. To indicate that
a different calculation was employed for £ = 2, we denote the corresponding point with a lighter colour in
the plot of [AE|/E, [Fig. 2.3(b)].

3 These backends serve to mimic the behavior of IBM Quantum systems, albeit with more stable
characteristics and simplified noise models [41]. Any simulations involving such backends are performed
entirely on a classical computer.
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FIG. 2.4: VQE demonstrations of ansatz modification on fake IBM backends, applied
to the perturbed planar code (PC). (a) The edge-modified graphs used to construct the
gate-modified circuits for the VQE, employing the notation in Fig. 2.1. For (M,N) = (1,1),
the modified graph is also depicted as an LC-reduced graph (see Apps. A and F), with the
effective edge modifications shown as dotted blue lines and parameterized qubits in orange. The
applied symmetry is represented as follows: qubits with the same number inside their circles
are parameterized with the same angle (in the rotation layers), while each modified C'Z-edge
is parameterized with the angle § shown next to the arrow. The total number of variational
parameters is also expressed in terms of the number of modification layers L. (b) VQE results for
the perturbed PC, with (M, N) = (1,2),(2,1),(2,2), and the gate modification being RY (6)-CZ.
Shown are plots of the EoF for CZ(RY (0))| ++), E vs. perturbation strength &, and AE/Ej vs.
&. The black dashed lines indicate ED GS energies, and all energies are unitless. The backends
used are fake_lagos [(M,N) = (1,2) and (2,1)], and fake_guadalupe [(M,N) = (2,2)] with
5 x 10* measurement shots. The optimizer used is COBYLA with a maximum of 250 iterations.
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respectively. Furthermore, applying the model symmetry yields 8 and 18 free parame-
ters respectively. Both characteristics are reflected in the graph state for each scenario
[Fig. 2.4(a)]. Their corresponding Hamiltonians are:

7:[.(132&,}) = - XlXQXSXZL - X4X5X6X7 - 222425 - 232426
L . (2.4)
o= DDy — DrZy — D5 — ZeZn + €Y Zi;
=1

7:431&,?) == X1X3X4X6 - X2X4X5X7 — 212224 — 242627

e . (2.5)
o= DDy — L3l — ZaZs — ZsZr + €Y Zi;
i=1
7'2532’02) - = X1X3X4X6 - X2X4X5X7 - X6X8X9X11 - X7X9X10X12
o — Ly Lglin Ly — L3ligliy — Lslp g — L1Zoly — LgZi1Zio (2.6)

12
. 2123 — 2225 — 28211 - 210212 +fz Zi,

=1

which encompass all plaquette, star, and perturbation operators, with numbers correspond-
ing to the qubit labels in Fig. 2.4(a).

For the choice of modification, we continue to employ the RY (#)-CZ operation used in
the (M, N) = (2,1) case. To verify that it fully modifies the degree of entanglement between
connected vertices (qubits), we plot its entanglement of formation (EoF)? vs. # when acting
on the input state | + +). As shown in Fig. 2.4(b), we observe a periodic function varying
between zero and one (near one for fake backends). These values correspond to fully
separable and maximally entangled respectively, which confirms the tunable behavior.

We now present the VQE simulation results on fake_lagos (noisy) and fake_guadalupe
(noiseless). Each scenario was optimized using COBYLA (see App. B), with a maximum
of 250 iterations and 5 x 10* measurement shots. For (M, N) = (1,2) and (2,1), fake
backend noise was introduced, while the (M, N) = (2,2) simulation was performed with-
out noise and utilized L = 1 and 2 modification layers. The VQE circuits employed were
derived from the connectivity of the graph states in Fig. 2.4(a) (see Fig. 2.3(a) for the
(M,N) = (2,1) circuit). Here, the concept of multiple layers is best understood in the

4As a general measure of entanglement, the EoF for a bipartite mixed state psp is calculated as
min[).p; E(|¢;))], where the |1);) are pure states derived from all possible spectral decompositions of pap

(i.e. >, pilti)(¥il), and E(|¢pap)) = —Tr(palogypa) = — Tr(pplog,pp) is the entanglement entropy for a
bipartite pure state |t a5) [49].
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GB paradigm. Specifically, a circuit of L layers involves concatenating 2L — 1 modification
operations, which is needed to avoid gate cancellation when 6 is a multiple of 2.

Our use of extra layers serves two purposes. It not only enables the optimization to
access finer corners of the parameter space, but also permits each modification to influence
a larger area of the graph’s entanglement structure. This is particularly important when
adjacent vertical plaquettes are present (M > 1), given the nonlocality of its connections
[Fig. 2.4(a)|]. However, these advantages can be greatly offset by hardware noise because
of the increased number of C'Xs. Thus, it is best to study the effects of multiple layers
in the absence of noise, as we do here. Furthermore, the model symmetry may be applied
separately to each layer, which yields 3+ 2L, 4+4L, 54+ 6L, and 6 + 12L total parameters
for (M, N) = (1,1),(1,2),(2,1), and (2,2) respectively.

The energy plots in Fig. 2.4(b) for (M, N) = (1,2) and (2, 1) exhibit good agreement
with the exact GS energies in the presence of fake noise (order of relative errors between
107* and 1072), with slightly reduced accuracy in the latter case due to the presence
of adjacent vertical plaquettes. However, we observe an improved approximation with
L = 2 compared to L = 1 in the noiseless (M, N) = (2,2) case, which becomes prominent
at & ~ 1. This corresponds to the regime where the perturbation begins to strongly
affect the ground state, and therefore requires more variational parameters (i.e. layers) for
an accurate approximation. For a further discussion of the perturbative effects, refer to

App. E.

We remark that any parameterized unitary operation which attains a continuum of
EoF values between zero and one constitutes an effective modification. While this imparts
flexibility toward the circuit design, we emphasize that our specific choice of RY (0)-CZ
is motivated by the limiting performance factors on IBM Quantum systems, namely the
measurement budget for VQE optimization and C'X error rates. These factors are miti-
gated when the modification contains minimal free parameters and entangling operations,
resulting in a less intensive optimization and reduced noise levels respectively. Since qubit
connectivity restrictions on IBM systems often incur additional entangling (SWAP) gates,
our modification also permits a more feasible extension to multiple layers.
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2.4 Protocol implementation: Pauli gadgets

Next, we consider the implementation of hybrid VQEs, in which GB and MB elements are
incorporated within the same circuit ansatz. To achieve this, we introduce MB patterns
that employ variational measurements on ancillas. Here, the variational parameters g are
encoded in the choice of rotated measurement bases. While there exists a variety of MB
techniques [2, 31, 32, 33, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65] that
can be adapted for this purpose, we demonstrate the concept with a class of MB patterns
known as “Pauli gadgets” (P®"). They consist of n vertices (serving as input and output)
connected to a single vertex measured in the rotated basis R(#) |Fig. 2.1(b)]. Through a
series of gadgets and rotation gates, one can readily design a hybrid ansatz circuit that
generates multi-qubit Pauli interactions of the form:

QP Pell XY, 2} (2.7)
=1

Such interactions are present in many target Hamiltonians encountered in quantum chem-
istry, high energy- or condensed matter physics. To better understand their realization,
we remark that the n gadget vertices implement only Z-interactions (i.e. Z®") [66], and
thus require additional operations. One straightforward choice is to apply local Clifford
H (5’ H ) operations on these vertices which enable transformations into X (Y")-interactions

respectively. [67, 68, 69]. The action of the Pauli gadget then becomes:
~ on A A 109 A NN A
pen(g) = (®He> (@w H)k)exp [5 ® z]} (@(HS)k) (®H€>
ik ; J k 4k
10 . . .
(@9 (@) (27)
O£k k JAkAL

where j, k,¢ € {1,2...,n}. In VQEs however, we may use traditional rotation gates to
perform these operations. Doing so yields further advantages since their continuous pa-
rameterization provides enhanced tunability of the measurement bases (e.g. ability to
generate linear combinations of Eq. (2.7)) while contributing extra variational parameters
toward the classical optimization. These benefits highlight the synergistic role of rotation
gates alongside Pauli gadgets, and showcase the hybrid paradigm nature of the ansatz.

The advantages of employing Pauli gadgets are their efficient resource requirement and
versatility in engineering any desired interaction. Compared to the 2n — 2 entangling
operations required by their GB counterparts (deployed in circuit synthesis and T-gate
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optimization), the Pauli gadget requires only n. This provides a linear depth reduction
at the cost of a single ancilla qubit, which becomes increasingly relevant upon increasing
the number of qubits, variational layers, or many-body interaction terms. As shown in
Figs. 2.6 and 2.7, these hybrid circuits contain n + g qubits, where g is the total number of
Pauli gadgets (ancillas) measured mid-circuit. This can be reduced to n + 1 qubits if one
recycles the first ancilla after its measurement, thus yielding a further resource advantage.
We remark that these mid-circuit measurements are inherent to MB-QC, and contrast
them with typical readout measurements performed at the end of a circuit (see App. B).
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2.5 VQE demonstrations

We now showcase the broad applicability of the Pauli gadgets and their hybrid ansétze via
three concrete demonstrations.! Here, we remark that our use of MB elements to reduce
the number of entangling operations is relevant, as C'X's are a bottleneck (i.e. incurring
the largest cost and error rates) on the IBM Quantum platform.

2.5.1 Particle physics: QCD in 1D

Particle physics simulations are a promising candidate for achieving quantum advantage
[27, 70, 71, 72], and have motivated the study of benchmark models on quantum computers
[21, 28, 29, 30, 73, 74]. For our first gadget demonstration, we examine a phase transition
phenomena in quantum chromodynamics (QCD). As a component of the Standard Model,
QCD describes the strong force between quarks mediated by gluons and is governed by the
SU(3) gauge group. Here, we consider QCD on a one-dimensional lattice, where each site
contains a quark or antiquark corresponding to a color component of the fermionic field.
We remark that a lattice gauge theory formulation is of crucial importance — it provides a
non-perturbative tool that enables quantum computers to simulate QCD phenomena that
are intractable with standard perturbative techniques |75, 76].

To formulate the Hamiltonian, we follow the procedure of Ref. [77] and cast it into a
form suitable for quantum computation. The resulting expression describes a unit cell ()
possessing three quarks and three antiquarks in the zero-baryon number (B = 0) sector,
and is a sum of kinetic (hopping), mass, and electric field terms:

(D 1 ~ ~ - NN A A A
’HéB_O) = —§(X1Z223 + 21 XoZs + Z1 75 X3);
7:[7(7?:0) = fn(3 - Zl - ZQ - Zg), (29)

e

o 1 .. .. ..
HIE=O = — (83— 2,7y — 2125 — Zas),

6x
where the dimensionless numbers m and x are the bare quark mass and coupling constant,
respectively. We note the specific form of Eq. (2.9) corresponds to a tetraquark state in

the strong coupling limit (Fig. 2.5), with its specific arrangement of quarks and antiquarks
corresponding to an elementary block of two adjacent unit cells [77].

We conducted a VQE demonstration on ibm_perth and ibm_peekskill to determine
the ground state of the Hamiltonian in Eq. (2.9), with model parameters z = 0.8 and
m € [—1,1]. The ansatz used consists of a single P®® gadget (¢ = 1) with RY and
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FIG. 2.5: Discretizing quantum chromodynamics on a one-dimensional lattice [77].
(a) Each unit cell of the lattice (highlighted in orange) contains up to three quarks (red, green,
and blue; represented by solid circles) and three antiquarks (antired, antigreen, and antiblue;
represented by stripped circles). The various terms in the Hamiltonian (Eq 2.9) arise from
the physics governing lattice gauge theories. The fermionic matter fields ) (on the lattice sites)
correspond to a mass term Hop, and are coupled to gauge fields via connecting links U. The gauge
fields employ electric field operators (”He) to impose local charge symmetries on each site, while
the links maintain the symmetries and permit matter to “hop” between sites, yielding a kinetic
term Hy. (b) Depiction of the strongly coupled tetraquark state corresponding to two adjacent
unit cells.

RY-RZ gates added before and after, respectively [Fig. 2.6(a)]. We exploit the model
symmetry to reduce the number of free parameters from 3 x 3 +1 = 10 to 4. We then
calculate the quantity (N) = (H,,)/m for different values of m to observe transitions in

the mean occupation number [Fig. 2.6(a)|. For consistency checks, we also plot a second,
related number operator (N') = (1/3)32._ (1 — Z))(1 — Z;) for i,j = 1,2, 3.

’L<](

We observe in Fig. 2.6(a) that in the negative (positive) mass limits (|z/m| < 1), (N)
and (N') attain their maximal (minimal) occupation numbers, indicating the presence
(absence) of quarks and antiquarks on all lattice sites. These correspond to the baryonium
(vacuum) state. The state transitions (i.e. intermediate occupation numbers) between the
two extremes occur in the region m € [—0.2,0.2] [Fig. 2.6(a)|, in accordance with Ref. [77].
Fig. 2.6(a) also exhibits good agreement with ED values in both large mass limits |m| > 0.2
(F > 83.4%; |AE|/E, < 9.92 x 107%), and in the transition region |m| < 0.2 (F > 77%;
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|AE|/E, < 3.11 x 107!). The generally lower fidelity in the latter can be attributed to a
smaller energy gap between the ground state and first excited states. However, we note
that a single gadget with local rotations suffices to resolve the energy difference while
maintaining state fidelities above 75%. These observations highlight the suitability of our
Pauli gadgets in VQE problems involving many-body interactions.

2.5.2 Lattice gauge theory: pure Z;

Next, we analyze a pure (i.e. matterless) LGT possessing a Z, symmetry, which describes
invariance under spin flips as observed in the transverse-field Ising model [78]. For context,
we note that the PC model discussed in Sec. 2.3 corresponds to a Zy theory, where the
charge configurations and signs of the Hamiltonians are fixed by 7:[+. The Z, LGT achieves
the same effect by enforcing Gauss’ law within its Hilbert space. This allows us to switch
to a more general formulation by omitting ’}-Lr and the negative signs in Eq. (2.5). We may
then express the Z, Hamiltonian as a sum of electric and magnetic contributions:

~ ~ 1 -
7‘[22 = \Hp + X'HA, (2.10)

where Hp and H are defined in Eq. (2.5), and A is the coupling strength |[79].

We performed a VQE demonstration on ibm_peekskill for a single plaquette |[Fig. 2.6(b)],
and plot the expectation of the normalized plaquette (7:[D>5 and E-field operators (7:[A/ 4)
for A\ € [0.5,3.3]. Since the only multi-qubit interaction is the plaquette term X®?* in
Eq. (2.10), the ansatz contains a P®* gadget (g = 1), with RY and RY RZ gates added
before and after, respectively [Fig. 2.6(b)]. Furthermore, the elimination of redundant

parameters in the rotation layers allows us to reduce the number of parameters from
3x44+1=13to 4.

The target plot in Fig. 2.6(b) exhibits a competition between the two operators Ha
and Hg. The former (latter) dominates in the small (large) A regime and is indicative of
decoupled spins (ferromagnetic ordering). As expected, there is a crossover around A = 2
where the spins begin coupling due to the formation of a circulating B-field around the
plaquette. This crossover is generally well captured by the VQE, as evidenced by F ranging
from 76.8% to 86.2% and consistent resolution of the energy difference (|JAE|/E, < 0.573).
While the large-\ regime (> 2.88) yielded GS energies closer to and beyond the first excited

5 <7:lD> and <7:L A ) provide strong indicators of VQE performance since they contribute little to the overall
energy in the small and large-A regimes respectively. This implies that a high accuracy and precision is
needed to ensure their agreement with ED.
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state (|AE|/E, > 0.9), we remark that its near-degeneracy with Ey (E, < 0.2349) and use
of a limited resource budget can pose optimization challenges with resolving the energy
gap (see App. B for more details).

2.5.3 Quantum chemistry: lithium hydride

Our final demonstration showcases how Pauli gadgets may be used to simulate molecular
systems. We determine the ground state of the lithium hydride (LiH) molecule, and follow
Ref. [20] to obtain a reduced 4-qubit Hamiltonian consisting of 100 many-body Pauli terms
(App. E).

We performed a VQE simulation on ibm_perth at an interatomic distance of 1.6 A. The
hybrid ansatz used is similar to that of the Zy demonstration, consisting of a pet gadget
surrounded by RY and RX gates |Fig. 2.6(c)|. Here, the prior elimination of redundant
qubits in Ref. [30] implies that we must retain all 9 parameters in the optimization. To
highlight the gadget’s ability in this more complex scenario, we choose initial parameters
far from the GS (corresponding to F > —7 Ha), as opposed to the near-optimal settings
(E < —7.7 Ha) attainable from UCCSD and Hartree-Fock methods [11].

The optimization plots in Fig. 2.6(c) verify the effective performance of the hybrid
ansatz, as it converges within 1.1% of Ey ~ —7.88 Ha after only 99 iterations, with F
improving from 6.7 to ~ 78%. We remark that the final error [68] and fidelity not only
contains contributions from hardware noise, but also from the limited ability of a single
gadget to capture specific two-, three-, and four-body interactions terms in the Hamilto-
nian. For the latter, we may improve the result by appending extra Pauli gadgets (with
local rotations) to the ansatz, as discussed in the next section.

2.5.4 Extension to multiple gadgets

We analyze the efficacy of Pauli gadgets by examining how multiple Pauli gadgets can
improve the approximation of the LiH GS energy. Similar to the PC model, we achieve
this by layering multiple gadgets in series, dispersing local rotations in between them. To
minimize the number of added parameters, we apply a single RY rotation layer between
each gadget, with the usual RX layer only after the last gadget [Fig. 2.7(a)|. This yields
a total of 5g + 4 variational parameters. We simulated® ¢ = 1,2,3,4 P gadgets in a
noiseless fashion on fake_guadalupe with 512 or 1024 shots and 250 iterations. This
normally requires 4 4+ g qubits, however, as mentioned in Sec. 2.4, one may reduce the

required qubits to 5 if reset operations are available.
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From the progress plots |Fig. 2.7(b)|, we observe that a larger g requires more itera-
tions to converge but attains a lower relative error in the GS energy and higher fidelity.
This is expected since the greater number of variational parameters enables the ansatz to
thoroughly explore greater regions of the Hilbert space. and thus improve the GS approx-
imation. We also note the significant increase in F from 58.6% (¢ = 1) to 89.3% (g = 2).
This reflects the sensitivity of the quantity since p is constructed by fitting an exponential
number of matrix elements (see App. B), and thus incurs larger inaccuracies with relatively
few variational parameters and/or shots. With respect to capturing the many-body inter-
actions in Table C.1, we remark that appending identical 4-body gadgets suffices since each
is capable of generating k-body interactions for k < 4. This can offer a practical advantage
as it reduces the variety of gadgets that must be experimentally realized.
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FIG. 2.6: VQE demonstrations of hybrid ansatz circuits on IBM Quantum systems,
involving a single Pauli gadget. All VQE runs were performed dynamically, i.e. with mid-
circuit measurements. All LC gates are Hadamards. The relative errors (AE/E,) are calculated
from the energy difference |AE| = |Evgr — Ey|, expressed in units of the energy gap £, = E1 — Ej
or Ey. Shaded grey regions indicate statistical uncertainty on the error. (a) 1D QCD model (on
ibm_lagos and ibm_peekskill): (N) and (N') vs. reduced bare quark mass m (z = 0.8, —1 <
m < 1), with plots of |AE|/E, and F. (b) Z3 lattice gauge theory model (on ibm_peekskill):
(Ho) and (HA) vs. coupling strength A (0.5 < A < 3.3), with plots of |AE|/E, and F. (c) LiH
molecule (at interatomic distance = 1.6 A, on ibm_perth): Convergence plots of |AE|/Ey and
F with respect to the VQE iteration number Njt,. For comparison, the errors corresponding to
excited state energies (|AE| = E, and |AE| = Ey — Ej) are plotted as horizontal lines.
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FIG. 2.7: Applying multiple Pauli gadgets to improve VQE accuracy. (a) Depiction of
g=4 ped gadgets in a hybrid circuit, with CZ, RZ and H (LC) operations in the MB pattern
for each gadget explicitly shown. (b) Noiseless VQE simulation results (relative error AE/E and
state fidelity F vs. iteration number) for determining the GS energy of the LiH molecule (at 1.6
A) with varying numbers of PO gadgets (9 = 1,2,3,4). Lighter color shades around the solid
lines indicate the uncertainty in AE/FEy. The backend used is fake_guadalupe with 512 or 1024
measurement shots. The optimizer employed is COBYLA with a maximum of 250 iterations.
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2.6 Conclusions

In this chapter, we have detailed a new hybrid approach to performing VQEs which merges
the strengths of the GB and MB computing paradigms within a variational circuit (ansatz).
While MB approaches are known for having high error thresholds |81, 82, 83, 81] and permit
more efficient implementations of certain operations [22, 51, 52, 53, 54, 55,56, 57, 58, 59, 60,

, 62,03, 64, 85], GB approaches offer greater flexibility, and high fidelity implementations
are available on a multitude of physical platforms.

We have introduced our hybrid approach on two levels showcasing how MB aspects can
enhance the efficiency of standard GB-VQEs. On the design level, we adapted the MB
principle of modifying the entanglement structure of variational graph states to circuits,
thus enabling the creation of a problem-informed ansatz in the GB paradigm. On the
implementation level, we utilized MB elements known as Pauli gadgets, which employ mid-
circuit measurements to efficiently implement multi-qubit interactions. We then expanded
the range of possible interactions via local rotation gates, and integrated them alongside the
gadgets to form a “hybrid paradigm” circuit ansatz. Bringing the benefits of MB elements to
NISQ devices is especially timely in view of mid-circuit measurements becoming available
on various platforms [34, 35, 36, 37, 38, 39, 40]. These measurements implement the
corrective operations necessary for deterministic MB-QC and avoids the need for inefficient
postselection.

Our VQE demonstrations on IBM Quantum systems demonstrated the wide applica-
bility of our hybrid approach in testbed scenarios, and their effectiveness in capturing
the underlying physics. These constitute a major step toward practical VQEs, capable of
solving hard problems in quantum chemistry, quantum error correction, and lattice gauge
theory. We also performed VQE simulations that extrapolated these models toward larger
system sizes and circuit depths, and found that they maintained a comparable performance
(with improvements present in noiseless runs). These results indicate the potential of our
techniques given the availability of more scalable and fault-tolerant devices.

The tools we described in this chapter can be directly applied outside the realm of VQEs
towards the broader class of variational quantum algorithms [36], e.g. in quantum neural
networks and quantum machine learning [87, 88, 89, 90, 91, 92, 93, 94, 95]. In addition,
the Pauli gadget may also be utilized to efficiently simulate real-time, dynamic evolutions
of many-body Hamiltonians |73, 77, 96, 97, 98]. Finally, it will be interesting to explore
novel readout schemes which use MB elements such as the Pauli gadget to improve the
measurement efficiency for many-body observables [19, 68, 99]. Such endeavours may yield
new, exciting opportunities to further elucidate the behaviours of fundamental physical
systems.
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Chapter 3

Superimposing Quantum Operations for
Effective Noise Mitigation

In recent years, quantum computing has become a frontrunner in the pursuit of solving
classically intractable problems. Despite their burgeoning potential in a variety of mathe-
matical and scientific areas, their present experimental realizations are highly susceptible
to noise processes. These stem from apparatus imperfections, interactions with external
fields, and system defects |17, , 101], all of which result in leakage of the quantum infor-
mation into the environment. To obtain reliable results, protocols such as error correction
[11, 12] and fault-tolerant computation (by virtue of the threshold theorem) [102, |
are often deployed. However, they all require large ratios between the number of physical
qubits and logical qubits they seek to protect. Such an overhead in resources poses chal-
lenges for near-term computation, given their limited scalability and ability to maintain
control of the qubit interactions.

In this chapter, we present an alternative protocol to the above approaches. Rather
than subjecting a target input to a noisy computation, we perform these computations
multiple times in a coherently controlled superposition. With the help of added resources
(i.e. control and auxiliary circuit registers), our approach generates correlations between
the auxiliary and input states in such a way that the noise level is effectively reduced. While
these involve probabilistic aspects such as measurements and postselection, it is remarkably
possible to achieve a deterministic, on-average improvement when combined with unitary
optimization. Furthermore, our protocol is capable of reaching full correction in the infinite
limit of superpositions or branches. This provides one with the freedom to design circuits
with varying degrees of noise mitigation based on the available hardware. More broadly, the
protocol is conceptually simple to analyze on the theory and implementation levels, thanks

25



to how superposition is generated in our approach. This contrasts with previous works,
which investigated superposition using purely communication-based approaches involving
the quantum switch and space-time trajectories |10, |.

First, we will discuss the basic mathematical theory underlying the “fidelity enhance-
ment” stemming from our approach. Then, we present numerical demonstrations that
showcase different scenarios where effective noise reduction is achieved, including those
where the added resources themselves incur noise. In a similar spirit to Chapter 2, we
also formulate and perform our protocol in both the GB and MB paradigms. While they
yield similar advantages in noise reduction, these advantages stem from different physical
processes inherent to their computational procedures, which we highlight throughout our
analysis. We emphasize here that all our techniques are geared toward mitigation (i.e. par-
tial correction) of the noise as opposed to its complete elimination. This is what enables
the required computational resources to be lessened, thereby providing a suitable approach
for current NISQ devices.
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FIG. 3.1: Conceptual illustration of the fidelity enhancement protocol, applied to an
arbitrary computation U acting on m input qubits. (a) The fidelity F is calculated with
respect to the output of the ideal (noiseless) computation. In the ideal case, the absence of error
guarantees unit fidelity, i.e. F = 1. When considering realistic (i.e experimental) settings, we
must consider noise processes acting on the system. In this incoherent case, the fidelity is generally
reduced, i.e. F < 1. (b)-(c¢) Schematic of the underlying idea behind the protocol. By employing
a control register c initialized in the srtate |+), one can generate a coherent superposition of two
or more identical noisy computations (between a target input and auxiliary registers). In this
coherent case, correlations are generated between the registers such that it is possible for the
noises to interfere destructively, thereby improving F.
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3.1 Background

Before introducing the protocol, we describe relevant concepts for understanding noise
processes and their influence on a quantum computation. These include the mathematical
formalism used to describe noise models, and metrics to quantity the performance of a
noisy computation.

3.1.1 Steinspring, Kraus and process matrix representation

Noisy processes such as decoherence are captured by the Steinspring representation |1, 106],
which characterizes the dynamics of open quantum systems. These systems comprise a
target system interacting with an external environment, which corrupts the desired result
of a computation. This interaction may be regarded as a time-evolution of the target (pf,)
and environment (p$, = |eg)(eg|) states, where the latter is often unknown. Together, they
form the initial input state py, = pf, ® p¢,, which is assumed to be pure and separable. The
evolution then proceeds as a joint unitary transformation Ui, on both systems, yielding
the output pou = UtepinUtTe. To obtain the target output, we trace out the environmental
system to obtain:

P = Tre [Uielply @ leo) (eol UL
— T
- Z<€i|Ute(p§n ® |60><60|)U‘ce|ei> (31)

where Tr, is the partial trace over the environment, |e;) are the environmental basis states,
and K; are known as Kraus operators. The latter describes the influence of the environment
and obeys the completeness relation >, K] K; = I. Eq. (3.1) is important as it arises from
the action of a quantum channel &, (a completely positive and trace-preserving map)
on pi, so that &y, (pim) = ply- This exemplifies the notion that quantum channels are
a unitary evolution in a larger, purified Hilbert space, where their Kraus operators are
associated with the environmental basis states,

[¥)ileo)e = Z Ue K5 [¢), @ 17). - (3.2)

J

Here, the leakage of information into the environment (e) enables a characterization of the
noise, and the partial trace over the environment allows one to obtain a description solely
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in terms of Kraus operators.

We may also decompose any Kraus operator into a weighted sum of Pauli operators,
as they themselves obey the completeness relation:

K= Z CijPj, (3.3)
J
where P € {I,X,Y, Z} and Y |c; ;]* = 1. This allows us to re-express Eq. (3.1) as:

P = Y XarPa(Uepl U PL, (3.4)

a,b

where the coefficients xa, = >, ciacly and P € {I, X, Y, Z}®™ is an m-qubit Pauli string
(for an m-qubit input). This is known as the canonical or process matriz representation [1],
which facilitates the description of noise types naturally described in the Pauli basis. It is
particularly relevant as we focus on depolarizing and dephasing channels in our analysis.
Their corresponding Kraus operators are given by:

Dephasing: Ko = +/pol, K1 = /1 —poZ, (3.5a)

I —po
3

Depolarizing: Ky = /pol, K; = Pi (3.5b)

where P; = XY, Z for i = 1,2,3 and py denotes the probability of incurring no error.
In this representation, we may conveniently characterize such channels by examining their
process matrices x (with normalized elements y,;). For example, the m = 2 matrices for
dephasing and depolarizing channels' respectively are:

X = dl(lg(p(2)7 07 07 pO(]- - p0>7 07 07 07 07 07 07 07 07 (1 _pO)pOJ 07 07 (]- - p0>2>7 (36&)

X = dz’ag(pg, Po(1 = p0)/3, po(1 = po)/3; po(1 —po)/3, (1 — po)po/3, (1 — P0)2/9>
(1—p0)*/9, (1 = po)?/9, (1 = po)po/3, (1 —p0)*/9, (1 — po)?/9, (1 —po)?/9,  (3.6b)
(1= po)po/3, (1 —po)*/9, (1 —po)?/9, (1 — po)*/9),

with no-error probability pne = Xo0 = P2

'In cases where m > 2, we compose these channels by considering tensor products of all m-operator
permutations of K;. For instance, the m = 2 dephasing channel has Kraus operators: Ko = \/p2(I ® I),

Ky = /po(1 =po)(I ® Z), K2 = \/(1 —=po)po(Z ® I), and K3 = /(1 —po)*(Z ® Z).
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3.1.2 Principle for fidelity enhancement

Given a noisy computation, it is useful to quantify its detrimental effects by computing
the state fidelity — a measure of how “close” two states are. We consider as our reference
the noiseless situation, where only the desired computation acts on the target system
pt.. Denoting the subscript “0” to mean the absence of noise, we express the output as
P = UtpfnUJ. In the noisy case, the output pt , has the form of Eq. (3.1). We then
calculate the state fidelity F between these two states as:

F =1 { (/o pa>%}2, (37)

which equals unity when the computation is unaffected by the noise (i.e. pt, = pi). If
the input is pure, then pf. = | (¢t | and pf = Uy ot ) (¥t U], allowing us to simplify
Eq. (3.7) to:

F = (Wgutl out [ ¥out) (3.8)

However, for a pure [¢y,), a noisy computation will generally transform the state into a
mixed one, i.e. poy. Thus, it is more apt to define the fidelity as:

]:ic - Tr(poutU|win><1/)in|UT)~ (39)

We refer to Fi. as the incoherent fidelity, which is the quantity we aim to improve on with
our coherent superposition protocol.

We now describe the fidelity enhancement principle underlying our protocols, using the
simplest example of two superposition branches in Fig. 3.1. The superposition is generated
by an auxiliary control register ¢, which we set to |[+) to maximize its effect. We then
apply &y — a noisy version of the desired computation U — identically to both branches.
Due to the coherent superposition, the noises become correlated and interfere with each
other. Since this interference can be destructive in nature, one may achieve partial can-
cellation (reduction) of the noise?. We then collapse the superposition by measuring the
control in the X-basis, which leads to two outcomes (assuming the control state remains
fixed) and their associated output states. Here, we let their state fidelities be F; and
Fy, with probabilities p; and p,. Our protocol is then capable of yielding probabilistic

2Tt is interesting to note the similarities between coherently superimposing noise, and the use of coherent
states in quantum metrology to reduce shot noise toward the Heisenberg limit. In particular, both draw
benefits from the assumption of uncorrelated noise. In our protocol, it allows fidelity improvements to be
more readily obtained and understood, while in quantum metrology, it enables a desired sampling variance
(precision) to be achieved with a fewer number of measurement shots [107, 108].
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(i.e. max(Fy,Fa) > Fi.) and/or deterministic (i.e. p1Fy + poFe > Fie) fidelity improve-
ments. We remark that a generalization to d branches (d > 2) is achievable by employing
a multi-level (qudit) control system where |4). = \/AE S,

3.1.3 Figures of merit

Despite the usefulness of calculating state fidelity [Eq. (3.7)], it can vary depending on the
input state chosen. This makes it difficult to describe as an indicator of performance, and
as such, we turn to more specific figures of merit to quantify our advantages. Here, we
employ the Choi-Jamiotkowski (CJ) isomorphism, which directly relates quantum states
with channels [109]. At the center of the description is the 2m-qubit Bell state:

L (LI RER

where a and b refer to the two halves of the state, corresponding to two m-qubit systems
commonly named “Alice” and “Bob”. We subject Bob’s half of the state to a noisy com-
putation, while Alice’s half remains unaffected. If we set |y,) = |®; )3, one may define a
fidelity-type quantity known as the Choi-Jamiotkowski (CJ) fidelity:

(3.10)

Foy = (P lap(I ® UN)pb (I ® U)|®;5)abs (3.11)

where pift is the joint output state after the noisy computation, and U acts on Bob’s (the
target) system. The CJ fidelity is notable for imposing a lower bound on the achievable
fidelity F over all arbitrary input states. This remarkable property arises from the max-
imally entangled nature of Eq. (3.10), and its relation to teleportation. The presence of
noise serves to decohere and destroy the entanglement, which lowers Fo; and the degree
the transmitted state resembles (I ® U)|®; ). 5.

Throughout our numerical analyses (Secs. 3.2.5 and 3.3.2), we quantify the degree of
advantage as the ClJ-infidelity ratio R between the incoherent and coherent cases:

1= Feiie

R = 3.12
ot (3.12)

such that the greater R is above 1, the greater the noise reduction, with R = 1 indicating
no reduction (i.e. same as the incoherent case).

3Note that |®;}) requires double the number of input registers (2m), and conventionally, Alice’s m reg-
isters are placed above Bob’s m registers. After state initialization, Alice’s registers remain idle throughout
the computation.
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FIG. 3.2: Schematic representation of the GB protocol for fidelity enhancement. Ver-
tical dashed lines, marked with numbers 1-6, identify the system’s state after the corresponding
steps of the protocol (refer to Ref. [65]). The initial [¢)in), and auxiliary |¢o)y, (i =1,...,d — 1)
states, as well as the noisy computations &y are explicity shown. The multi-qubit gates between
lines 1 and 2, as well as 3 and 4, are cSWAP operations defined by Eq. (3.14).
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3.2 Enhanced gate-based computation

With the background in place, we now present the protocol for performing coherent com-
putations, starting with the original gate-based (GB) version of the protocol. We explain
the steps from a high-level perspective, and refer to Ref. [65] for more details regarding the
derivation and notations used.

3.2.1 Working protocol

The GB protocol entails performing the circuit shown in Fig. 3.2. It consists of a control
system |+4)., an m-qubit register for the input state |1;,)¢, and d — 1 identical registers of
m-~qubit auxiliary states |¢g);, where i = 1,...,d — 1.

Step 1: First, we prepare all systems mentioned above. The control register is initialized
to |[+). = \/Lg Zf;& i), with d indicating the number of branches (superpositions) used to
perform the desired computation U. If only qubits are available, one may implement the
control register using n > log,d qubits with each in |+). The auxiliary states |¢g); may
be chosen freely (i.e. as separable, entangled, or product of entangled states) and plays a
direct role in the degree of noise reduction obtained. The initial state is then:

d-1
[+a)el¥in)t ® |$0)i, (3.13)

Step 2: Next, we apply a generalized d-level version of the cSWAP (Fredkin) gate,
which acts according to:

d—1
cSWAP = [0)(0 @ T + Y _ [i){il. ® SWAP, (3.14)
i=1

where,
SWAP,, = () (|wfz>>< é”rt) (r¢é”><w§§>|z—). (3.15)
j=1

The ¢cSWAP gate swaps the input [¢y,) (i.e. Bob’s part of the Bell state) with every
auxiliary register, effectively dispersing it across all branches. In particular, the choice of
which states to swap is dictated by the control state |i) for ¢ = 1,2,...,d. For i = 0, no
swap occurs and corresponds to the incoherent case. We note that in multi-qubit cases
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(m > 1), a SWAP exchanges the j* qubit of states |¢,); and |¢g); for j = {1,2,..,m}, as
described by Eq. (3.15).

Step 3: The computation of interest U is now applied to the input and all auxiliary
registers. In the GB paradigm, we model noise as arising from the imperfect application
of U given by Eq. (3.1), which corresponds to the map ;. Here, we assume that the noise
affecting each register is uncorrelated (independent), which ensures they may be cancelled
out, and that they are identical.

Step 4: We then apply a second cSWAP operation, which serves to undo all the register
swaps in Step 2. In the ideal (noiseless) scenario, it completely cancels with the first
cSWAP, leaving the overall state as U applied to the inputs and auxiliary systems in
Eq. (3.13). However, in a noisy scenario, the overall state remains entangled among its
registers. As described in the next step, it is this correlation that allows the different noise
types to interfere, resulting in their partial or complete cancellation.

Step 5: The control and auxiliary systems are measured to collapse the overall super-
position, yielding the output state pou:. This step is crucial since we use it to showcase its
higher fidelity over the incoherent case [Eq. (3.9)]. We measure the control system in the
generalized X- or Fourier basis, which is spanned by the set of states:

{%z_:e"’"ﬁ“m} | (3.16)

=0

The rationale is that any ideal result will involve the control in |4), and consequently, our
choice of basis allows us to distinguish this state and extract the best possible advantage.
Choosing a basis for the auxiliary states is less straightforward, and we discuss a systematic
approach in Sec. 3.2.2. Assuming the control and auxiliaries are measured in the states
|[+) and |¢y) respectively, the output state is [65]:

Aqg 0
pon = | S 08

A=)y (<¢f\KjU\¢o><¢o\U*KJ!¢f>

A, ) KiU|win><¢in|UTK; ;o (3.17)

J
d—1

A= (Z oK)

which is a sum of an incoherent term [x Eq. (3.1)] and a coherent term that corresponds
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to the input distributed over the auxiliary registers (i.e. from Step 2). We focus on the
latter term, which contains the product:

(0¢| KU o) (0| UTK] | ). (3.18)

Eq. (3.18) represents the interference between noise types, as evidenced by the cross-terms
involving the Kraus operators K; and K;. Here, |¢f) refers to the chosen state that the
auxiliary register is projected onto. We observe that the greater Ul|dg) is susceptible to
the noise, such that it more closely resembles |¢¢), the greater the interference and extent
of noise reduction. Although counter-intuitive, we may relate this property to our act of
measuring the input and auxiliary systems, which “reveals” the nature of the noise acting
on them. This knowledge is required for interference to occur, and is strengthened the
more noise impacts the systems responsible for the interference (i.e. the auxiliaries).

Naturally, we wish to maximize Eq. (3.18) — which we achieve by defining two perfor-
mance quantities wy; and wo:

> ior {60l UTK;U o) |
1_pne
wa = |(¢4|U]0) |, (3.19b)

wp =1-— ; (3.19a)

where p,. = p{’ is the probability of incurring no error. Both w; and w, range between 0
and 1, with the former due to ), K!K; = I. Considering (wy,ws) = (1,1), we find that
Eq. (3.18) is indeed maximized by imposing that [¢;) = Ul¢y) and the only surviving
Kraus term be i = j = 0, which corresponds to an ideal computation (since Ky = I).
The coherent term becomes pl U|1))i,(0]UT while the incoherent term (containing all K;
with ¢ > 1) becomes proportional to p?;!/d (see Eq. (27) of Ref. [65]). We observe that
in the asymptotic limit of branches (d — 00), one can arbitrarily minimize the incoherent
term, with Fg; tending to one. We also see that the extremes (wy,ws) = (1,1) and (0,0)
correspond to maximum and no noise reduction respectively, with intermediate values
indicating partial reduction.

Step 6: Finally, we perform a postprocessing step on the results in one of two ways.
We either postselect a single outcome corresponding to the highest fidelity, or retain all
or part of the outcomes and perform a unitary optimization to improve the on-average
fidelity. We discuss these approaches further in the next sections.
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3.2.2 Probabilistic approach

The idea behind postselection revolves around the desire to attain maximal fidelity. It
involves retaining a single outcome over the control and auxiliary registers corresponding
to the state:

e @ or): (3.20

which corresponds to the output in Eq. (3.17). From Sec. 3.2.1, it is ideal to set |¢;) =
Ulgo) which allows ws = 1. However, from an experimental standpoint, our initialization
of each auxiliary in |¢g) requires an application of UT to undo the computation. This can
introduce further noise that lowers the fidelity improvement. We can circumvent this with
a more generic choice for |¢s), one that is completely sensitive to arbitrary noises. More
specifically, setting |¢o) to the m-qubit Bell state |®;)* [Eq. (3.10)] fulfils this condition
since:

(@) |UTK;U|®,) = \/Pidio (3.21)
for i =0,1,...,4™ — 1 (i.e. all m-qubit Paulis), where K, = /pg’I®™. Since this implies
(pr|U |(I>+> = 1 we are ensured that (wy,ws) = (1,1).° Furthermore, by expressing arbitrary
noise in the form of Eq. (3.4) with process matrix x, one can prove (see Ref. [65]) that:

Fes = Xoo > Xoo = FCi.ics (3.22)

where x4, = X%/Ps, and p, is the success probability of obtaining Eq. (3.20):

XSE d— 2
Ps = d + —XOO <Z |X10| ) (323)

Egs. (3.22) and (3.23) highlight two important features of the protocol: firstly, Fcy in-
creases asymptotically toward 1 (its maximum) as d — oo, and secondly, such behaviour
is independent of the specific noise acting on the computation.

Despite these general advantages, Bell states are inherently challenging to prepare ex-

“Here, we may treat the auxiliary registers similarly to the input (i.e. each is augmented with an idle

register). However, we note if m = 2 and d > 2, one may encode |®]) directly in each auxiliary to avoid

|0)®™ +]1)®™
V2

both separately and in conjunction with Bell states to achieve comparable effects. For simplicity, we do

not consider such scenarios here and refer to Ref. [65] for more details.
SUnder this condition, the state in Eq. (3.20) reduces to the ideal (noiseless) output. One can then show
that projection onto this state yields the mazimum possible F¢o; over all possible outputs; see Ref. [65].

incurring extra resources. Alternatively, one may resort to maximally entangled GHZ states
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perimentally and require extra resources (2m qubits for each |¢g);). However, it turns out
for noises described by rank-2 matrices such as dephasing, we may attain w; = 1 with non-
entangled |¢p);. In this example, since Z is the only non-identity Kraus, setting each |¢g);
to either eigenstate of X or Y guarantees maximal sensitivity. As for wy = 1, we must pos-
sess individual knowledge of the unitary U and its action on |¢g), to avoid acting UT. From
there, we may select the auxiliary such that it is an eigenstate of U (i.e. Ul¢pg) = |¢o)). For
example, if U is an RZ-gate, then it is appropriate to set |¢9) = |0) or |1). Note that if U is
Clifford (i.e. composed of H, S and C'X gates), then we may initialize |¢po) and determine
Ulgy) classically efficiently, and such knowledge is not required. In the numerical analysis
(Sec. 3.2.5), we take into account such considerations. We emphasize, however, that the
benefit of this approach lies in its plug-and-play nature — one need not know anything
about the unitary or noise type, and fidelity improvement can still be obtained provide
both w; and w, are effectively > 0.

3.2.3 e—deterministic approach

While the probabilistic approach is capable of mitigating a noisy computation, it relies on
a high p, (i.e. probability of measuring the postselected outcome) to be effective. However,
there exist scenarios where p, is low, such as when d is relatively large or when w; and ws
are closer to unity. In these scenarios, additional outcomes must be retained in order to
increase p,. Although this often lowers the (now) on-average fidelity Fcy, we may boost
this quantity by performing a prior optimization step in which correcting unitaries are
applied to each output state. If we label the possible outcomes as ¢ = 1,2, ..., 2™,
each corresponding to an output pg?l)t with probability p(f), then the optimization seeks to

find a unitary U that improves fgf]) as much as possible to ]-"g{]), opt (corresponding to
Ul p((ffl)tUéq)T). Moreover, a user may specify a desired failure threshold ¢ which dictates

the number of outcomes r < 2"(4=1{ retained such that Ps = 22:1 pgq) > 1—e¢. This forms
the basis for the e-deterministic approach, which yields the improved on-average fidelity:

_ 1 «
Fcy, opt = o E PO, c(:%), opt - (3.24)
$ g=1

Here, we perform the optimization as a minimization problem for each outcome, where the
cost function is the infidelity 1 — Fgﬂ). From this, we show in Sec. 3.2.5 that it is possible
to attain advantages even in situations where all outcomes are kept (i.e. € =0).

In principle, the optimization may incorporate free parameters to vary in pursuit of
finding the best corrections and fidelities (akin to a VQE). These may be used to optimize

37



other relevant aspects of the protocol, such as the initial auxiliary states |¢g); and measure-
ment bases. However, we note the optimization challenges encountered when the number
of branches (d) or inputs (m) is large (e.g. high problem dimensionality), and the need for a
prior extensive characterization of the noise (e.g. via process tomography) in experimental
settings. To avoid additional (hidden) resources, we employ local, single-qubit correcting
unitaries in our optimizations, and restrict them to discrete gates in the Clifford group,
which incur minimal noise due to their efficient classical implementation.

3.2.4 Protocol example

To illuminate the ideas behind the GB protocol, we apply it to a basic scenario involving
three branches (d = 3) and dephasing noise [Eq. (3.5a)| with noise parameter py = 0.6 and
noiseless cSWAPs. We employ a single-qubit input (m = 1) and an S gate as the main
computation (U|®]) = (I ® S)|®T); U|dg) = S|go)). As discussed in Sec. 3.2.2, we may
set |¢o) = |+) to ensure (wy,wz) = (1,1). In the incoherent case (d = 1), we have:

Pout, ic = 0.6(U|DT W@ |UT) + 0.4(ZU|7)(®F|UTZ)

3.25
= 0.5]00)(00] — 0.1 [00) (11| + 0.17|11)(00] + 0.5]11)(11], (3.25)

and Fcy, i = 3/5 = 0.6, where the ideal output is:
U\@fﬂ@ﬂ(ﬂ = 0.5]00) (00| — 0.5¢]00) (11| + 0.5¢11)(00| + 0.5|11)(11]. (3.26)

Now, let us contrast this with the output of the coherent protocol. Plugging into Eq. (3.17),
one finds that A4; = 0.697!, and the output state is therefore:

0.62
o = 5| (050100 0110 + 0420 0 21101 2) )

+2<0.6(U|<1>1+>(<1>1+|UT) +0(...))} (3.27)
= 0.818(U | W@ |UT) + 0.182(ZU|® (@7 |UTZ)  (normalized)
= 0.5]00)(00| — 0.318i]00)(11] 4+ 0.318:|11)(00| + 0.5|11)(11].
where (...) contains the remainder of the summation over Kraus operators with (i,j) =
(1,2),(Z,1),(Z,Z). From Eq. (3.27), we can observe how the coherent term suppresses
the undesired terms involving Z and boosts the amplitude of the ideal computation (o<

U|®7)(®F|UT), thereby resulting in an improved Fcy. Recall that in doing so, we have
measured the control and auxiliaries in orthonormal bases spanned by |+3) and U|¢g)
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respectively. The results of these measurements are shown in in Table 3.1.

Table 3.1: Sample results after performing the gate-based protocol for fidelity enhancement, before
unitary optimization. The postselected outcome is highlighted in bold.

[ ¢ | Outcomes (ctrl, aux) [ o) (00)(00], [00) (11, [11)(00], [11)(11]) | F& [ p@ |
1 0, 00 0.5, -0.318i, 0.318i, 0.5 0.818 | 0.264
P 0,01 0.662, —0.00044, 0.00047, 0.338 05 | 0.123
3 0,10 0.469, —0.0961, 0.096i, 0.531 0.596 | 0.125
4 0,11 0.36,0.0116, —0.01164, 0.64 0.488 | 0.115
5 1,00 0.5,0.5, 0.5, 0.5 0 | 0.048
6 1,01 0.247,0.0789 — 0.2564,0.0789 + 0.256i,0.753 | 0.756 | 0.0393
7 1,10 0.534, 0.0268 — 0.1054, 0.0268 + 0.105:,0.466 | 0.605 | 0.0567
8 1,11 0.6875, —0.108 — 0.25i, —0.108 + 0.25i,0.3125 | 0.75 | 0.0427
9 2,00 0.5,0.5i, —0.5,0.5 0 | 0.048
10 2.01 0.247, —0.0789 — 0.256i, —0.0789 + 0.256i,0.753 | 0.756 | 0.0393
11 2.10 0.534, —0.0268 — 0.105i, —0.0268 + 0.1054, 0.466 | 0.605 | 0.0567
12 2.11 0.6875,0.108 — 0.254,0.108 + 0.254,0.3125 0.75 | 0.0427

Here, the measured outcomes ‘0’, ‘17, and ‘2’ correspond to the computational basis states
|0), |1), and |2) respectively. We observe that the “all 0” outcome (¢ = 1) corresponds to
Pout and is therefore postselected (with ps = 0.264) when using the probabilistic approach
(the other outcomes are associated with states that are orthogonal to the control and/or
auxiliaries). Note that this outcome corresponds to the highest Fcjy (see Ref. [05] for
details) and that:

Fcoy =0.818 > 0.6 = .FCJ’ ic- (328)

From this, we find the infidelity ratio to be:
R =(1-0.6)/(1 —0.818) =2.2. (3.29)

One can enhance the relatively low ps by employing the e-deterministic approach. During
optimization, we determine the unitary correction (from the single qubit Clifford group) for
each output state (outcome ¢) that results in the greatest fidelity increase. The outcomes
are then accepted one-by-one from the highest to lowest optimized fidelity until the desired
e =1 — p, is attained. Suppose one wishes to achieve ¢ = 0.25 = p, = 0.75. Then, the
approach yields the optimized results in Table 3.2.
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Table 3.2: Sample results after performing the gate-based protocol for fidelity enhancement, after
unitary optimization. Outcomes are arranged from the highest optimized fidelity to the lowest.

q | Outcomes (ctrl, aux) | U [ Ul U871 (]00)(00], [00) (1], [11){00], [11)(11]) | FJ oo | 27 | Accept? (e = 0.25)
5 1,00 I1®S8S 0.5,—0.5¢,0.54,0.5 1 0.048 v
9 2,00 I1®S8S 0.5,—0.5¢,0.54,0.5 1 0.048 v
1 0,00 Il Same as in Table 3.1 0.818 | 0.264 v
6 1,01 I®I Same as in Table 3.1 0.756 | 0.0393 v
10 2,01 I®I Same as in Table 3.1 0.756 | 0.0393 v
8 1,11 I®I Same as in Table 3.1 0.75 | 0.0427 v
12 2,11 Il Same as in Table 3.1 0.75 | 0.0427 v
7 1,10 I®I Same as in Table 3.1 0.605 | 0.0567 v
11 2,10 I Same as in Table 3.1 0.605 | 0.0567 v
3 0,10 I®I1 Same as in Table 3.1 0.596 0.125 v
4 0,11 I®S8S 0.36,—0.01167,0.0116¢,0.64 0.512 | 0.115 X
2 0,01 I®l Same as in Table 3.1 0.5 0.123 X

We see that by accepting further outcomes (excluding ¢ = 2 and 4), we are able to improve
ps from 0.264 to

> P9 =0.762 (3.30)

a€{l,.. 121\ {2,4}

at the expense of slightly lower F¢; and R values (note that exceeding the desired p; is
common given the finite number of outcomes). Nevertheless, we still obtain a degree of
enhancement since:

Fevopt = D @FY) . =0.7588 > 0.6 = Foy ic, (3.31)

qe{1,...,12}\{2,4}

and,
R=(1-0.6)/(1—-0.7588) = 1.658 > 1. (3.32)

40



3.2.5 Performance and analysis

We now proceed to analyze the numerical performance of the coherent GB protocol in
a variety of settings involving the probabilistic and e-deterministic approaches. Here, we
examine two kinds of unitaries U, namely, T" and C'X gates for one- and two-qubit input
scenarios respectively. These operations are essential to many quantum algorithms, with
the former used in magic state distillation [I10], and the latter essential for stabilizer
measurements [111]. To assess the protocol directly, we first present results where the
control register and generalized cSWAPs are assumed to be noiseless. Then, we analyze a
separate scenario where noise affects them both, which we use to establish an upper bound
on the achievable fidelity. For the noise, we apply either dephasing and depolarizing noises
to T"and C'X. These choices are motivated by the ideas of Sec. 3.2.2, and ensures that a
choice of |¢g) such that wy = 1 exists.

The GB protocol results are shown in Fig. 3.3 for d = 2, 3, 4 superposition branches and
various noise parameters p,.. In (a)—(e), we employ the parameterized auxiliary states:

|po) = cos(0)]|0) + sin(f)[1) (1 input); (3.33)
|po) = sin?(0)|00) + cos(8)sin(8)(|01) + |10)) + cos*(#)[11) (2 inputs), (3.34

which by varying 0, permits us to examine scenarios with differing w; € [0,1]. As general
observations, we find that (1) R is consistently higher when w; = 1 vs. < 1, and (2) R
tends towards larger values as d increases. These agree with the asymptotic behavior of
Fcj and theoretical predictions in the noiseless limit (see Ref. [65]). We further confirm
observation (1) by varying w; at a fixed pn., which we perform for the probabilistic C X
case |Fig. 3.3(e)]. As expected, there is a steady increase in R upon increasing w; toward 1.
In the probabilistic scenarios |Figs. 3.3(a), (c), (e)], we confirm that the success probability
ps decays with increasing d and w;. These behaviours are a consequence of Egs. (3.22) and
(3.23)%, and suggest an appropriate use for the e-deterministic approach |Figs. 3.3(b), (d)].
In these scenarios, we study the limiting case where € = 0 and all outcomes are retained (i.e.
fully deterministic). While they exhibit lower R values than in the probabilistic approach,
we remarkably find that R > 1 for a significant range of p,, parameters, suggesting an
advantage can be obtained by performing the protocol as-is. Moreover, while R decreases
in the probabilistic approach with greater noise (smaller p,.), we witness increases in the
deterministic approach thanks to the optimization employed. Such unitary corrections can
further reduce the noise if they are predominantly weighted toward single Pauli operators.

6As wy increases, R and hence Fcj = x§, undergo increases. Since Yoo (the incoherent fidelity) is fixed
for some d, Eq. (3.22) implies p; must decrease.
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FIG. 3.3: Numerical performance of the coherent gate-based (GB) protocol in miti-
gating various noisy scenarios, with variable number of superposition branches. First
row: Dephasing noise applied to the T gate (m = 1) using the (a) probabilistic and (b) fully
deterministic (e = 0) approaches for wy = 0.5, 1. Second row: Dephasing noise applied to the CX
gate (m = 2) using the (¢) probabilistic and (d) fully deterministic approaches for w; = 0.75, 1.
For all plots, the incoherent to coherent fidelity ratio R and postselection success probability ps
are plotted vs. the no-error probability ppe [defined by Eq. (3.5a)].
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FIG. 3.3 (cont.): (e) Further analysis of (¢) where w is varied [via the choice of |¢g) in Eq. (3.33)]
between [0,1] at a fixed ppe of 0.9. Each ¢SWAP is also assumed to be noiseless, with noise
stemming from the main computation only (applied after each unitary gate). Both R and p, are
plotted as functions of w;. (f) Performance of the probabilistic approach (d = 2) when depolarizing
noise acts on a 2-qubit operation (m = 2) with variable number of layers Nz. Each layer consists
of T gates on each of the two qubits, followed by a C'X. Here, the auxiliary state is chosen such
that (wi,w2) = (1,1) [see Eq. (3.34)]. In addition to the main computation (acting with fixed
noise parameter 1 —pg = 10~%), noise also acts after each cSWAP operation with parameter 1 — p
[defined by Eq. (3.5b)]. The target plot shows R vs. Ny, for various noise level ratios p,.; between
c¢SWAPs and operations in U. For reference, the threshold for noise reduction (R = 1) is plotted
as a horizontal line. The corresponding success probabilities ps are also plotted vs. Np.
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In Fig. 3.3(f), we analyze a more realistic scenario where the cSWAPs and control
registers are noisy. In contrast to the noiseless cases above, we choose U to be a multi-gate
operation CX (T ® T') of Ny, layers. The rationale for a variable computation depth stems
from the cSWAP always being applied twice, which allows us to analyze a direct competition
between noises affecting the cSWAPs and U. We apply depolarizing noise after applying
each gate in U (only on registers acted by the particular gate), and to all registers after
applying a cSWAP. We then analyze R vs. Ny, for different ratios p,..; = (1 —p)/(1 — po)
between the cSWAP noise (1 — p) and gate noise (fixed at 1 — py = 107*). Here, we
set |¢o) = |®7)7, d = 2, and employ the probabilistic approach. We observe that when
pre = 0, the plot agrees with Fig. 3.3(d) for d = 2 in the noiseless limit. However, as
noise is added to the cSWAP (p,o; > 0), we see that the effect is detrimental for small
Ny, with R < 1 indicating a worse performance than the corresponding incoherent case.
Interestingly, we observe that advantages (R > 1) begin manifesting as Ny, increases, with
more computational layers required for noisier cSWAPs. This directly relates to the impact
of noise on the auxiliary states (see Sec. 3.2.1), and implies that the noise on U must ezceed
the noise on both cSWAPs for our protocol to yield a level of noise reduction. While the
large circuit depths required by U pose challenges with experimental realization, we remark
that our choice to break U up into separate operations lends a more practical approach,
in light of recent proposals for realizing high-fidelity multi-qubit gates [112, , 114].

From the results, we can make further remarks regarding use of the two postprocessing
approaches. The increasing R values and high p, in Fig. 3.3(f) suggest the probabilistic
approach is well-suited when applied to a noisy computation of large depth. In contrast,
the e-deterministic approach is best employed when applied to a single noisy gate [Fig.
3.3(b), (d)], especially when one wishes to both maximize p, and achieve a non-negligible
advantage. This can be useful even within larger computations — if several constituent
gates are of low fidelity, one may apply the approach to each upon their execution, in
a multi-stage application of the protocol. The suitability toward small computations is
particularly relevant, owing to the extra resources needed to perform the optimization step

(Sec. 3.2.3).

7See note 4.
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FIG. 3.4: Schematic representation of the MB protocol for fidelity enhancement. A
d-dimensional control register in the state |+), generates the superposition by swapping the m-
qubit input state with d m-qubit auxiliaries in a controlled manner. All operations (cSWAP,
U) are performed in the MB-paradigm, with each represented by a cluster (resource) state (see
App. A and Ref. [2]). To mirror the GB protocol (Fig. 3.2), all cluster states (including inputs
and outputs) are concatenated together to form steps 1-5. Here, the noise &y arises from the
imperfect preparation of each cluster realizing U. To facilitate analysis, the control register is

treated externally and not integrated as part of the overall cluster (see App. H).
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3.3 Enhanced measurement-based computation

We now present the MB-QC version of our coherent protocol. Although the underlying
manner in which noise acts is different, it also serves as a limiting factor towards scaling
the size and complexity of computations. We first describe the protocol, then proceed to
compare and contrast its performance in the same scenarios of Sec. 3.2.5.

3.3.1 Working protocol

The MB protocol is conceptually similar to the GB protocol, with the primary difference
being the use of cluster states and ancillary qubit measurements (see App. A) to perform
the cSWAPs and computations U. Our choice to perform MB-QC on clusters contrasts
with the graphs employed in Chapter 2, and is well-suited since we regard the computations
of interest on the level of individual elements (i.e. gates). More specifically, we replace
each gate in Fig. 3.2 with its equivalent cluster state |G), and concatenate them to form
the resource state depicted in Fig. 3.4. Each |G) is expressed in the form of Eq. (A.2), and
may be derived from well-known MB patterns in Ref. [2].

Another difference concerns the noise model governing MB-QC. Due to the larger num-
ber of qubits present, errors are incurred multiple times within an operation, which reflect
potential imperfections in preparing the cluster and the quality of the projective mea-
surements. As such, we act noise locally on each qubit j in a given cluster prior to its
measurement, i.e.:

N
e =[] &G, (3.35)
j=1
where N is the number of qubits in the cluster. Here, we may employ the same noise
representation in terms of Kraus operators (£ =), Kiij ; see Sec. 3.1.1). However, it is
crucial to note that even if identical noise is applied to each qubit j, the additional factors
inherent to MB-QC (e.g. chosen measurement bases, entanglement structure) suggests
that the overall effect of noise becomes nontrivial. This can greatly influence the degree
of noise reduction when compared to the GB version, and places emphasis on the specific
design of the cluster used to implement a particular operation.

As Fig. 3.4 shows, the overall setup consists of the same d-level control, m-qubit input,
and d — 1 auxiliary states. In Step 1, the input and auxiliary systems are prepared as
components of the overall cluster state, with their input qubits initialized to Eq. (3.13).
However, the control register is less straightforward to prepare in this manner, as there are
no well-known MB patterns for d > 2. As such, we treat the control externally of the cluster
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and prepare it according to the GB protocol. This also impacts the way we perform the
cSWAP in Steps 2, as it requires entire clusters to be swapped at a time. To achieve this,
we resort to a mathematical procedure involving block-diagonal matrices, which is detailed
in App. H. We then perform MB-QC on the parts of the cluster realizing U and the final
cSWAP (Steps 3 and 4), with noise applied prior to measuring each qubit. Depending on
their outcomes, we apply correcting byproduct operators (App. A) to ensure the resulting
state is always the same. As before, we measure the control and auxiliary systems at Step
5 to obtain pou, with the same probabilistic (Sec. 3.2.2) and e-deterministic (Sec. 3.2.3)
methods to post-process the result.

3.3.2 Performance and analysis

We study the numerical performance of the coherent MB protocol in scenarios similar to
that of the GB protocol (Sec. 3.2.5). For each simulation, the entire resource state is
performed in a piecemeal fashion, such that the output of one cluster operation is used as
input for the next. This keeps the size of the processed cluster relatively small, particularly
as density matrices are used and manipulated throughout.

In Figs. 3.5(a) and (c) (i.e. probabilistic approach with noiseless cSWAPs and control),
we observe that the overall behaviour and trends resemble that of the GB results; how-
ever, their R values tend to decrease more rapidly with increasing noise parameters. We
attribute this to our multiple applications of noise (i.e. on every cluster qubit), which on
average, leads to a noisier quantum channel overall. Consequently, we require nonzero e
(i.e. 0.5 and 0.75 for the T" and C'X operations respectively) in the e-deterministic cases
[Figs. 3.5(b), (d)] in order to attain comparable R values to the GB results. Nevertheless,
these scenarios highlight situations in which noise reduction over the incoherent case is
obtained to some degree. We also remark, that due to the more complex nature of the
noise model, we heuristically choose each |¢g) to be [+)®™, m = 1,2, which generally cor-
responds to (wy,wq) < (1,1). As evidenced by Figs. 3.5(b) and (d), this is responsible for
the R values being slightly above or consistently equal to 1 when all outcomes are retained
(e = 0), indicating little to no advantage.

Similar to the GB protocol, we analyze the scenario where noise acts on the control and
every cluster qubit involved in the cSWAP operation, and study U = [CX (T ® T)]t for
d = 2. Here, Ny, is linearly proportional to the cluster size. Again, we choose |¢g) = |®])
and use the probabilistic approach. However, we set cSWAP and U noises to the same
level pgy, and keep all measurement outcomes constant to minimize variability stemming
from the byproduct operators (App. A) acting on noisy states. As Fig. 3.5(e) confirms, we
recover the same observation that our protocol is beneficial (R > 1) when N, is sufficiently
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FIG. 3.5: Numerical performance of the coherent measurement-based (MB) protocol
in mitigating various noisy scenarios, with variable number of superposition branches.
All operations are implemented by preparing and concatenating cluster states, then measuring
their qubits in prescribed bases. First row: Dephasing noise applied to the T operation (m =
1) using the (a) probabilistic and (b) e-deterministic approaches for ¢ = 0,0.5. Second row:
Dephasing noise applied to the CX operation (m = 2) using the (¢) probabilistic and (d) e
deterministic approaches for € = 0,0.5,0.75. For (a)-(d), the incoherent to coherent fidelity ratio
R and postselection success probability ps are plotted vs. the no-error probability pye |defined by
Eq. (3.5a)]. For the latter, all nonzero € are indicated as horizontal lines (at 1 — €) to indicate
the minimum thresholds for accepting outcomes. Each ¢cSWAP is also assumed to be noiseless,
with noise stemming from the main computation only (applied to each cluster qubit comprising
the unitary).

48



1.5 ......... )
T 06/,
g 1.0 :. ..................... 1 _po ISY
0.5 i[ 0.2
0.0 C T
Y010 20 30 40 50 N,

Np,

FIG. 3.5 (cont.): (e) Performance of the probabilistic approach (d = 2) when depolarizing noise
acts on a 2-qubit operation (m = 2) with variable number of layers Ny. Each layer consists of a
cluster state implementing 7" operations on each of the two qubits, followed by a C X. In addition
to the main computation, noise also acts on each cluster qubit comprising the cSWAPs. Both
sources of noise are applied with the same noise parameter py [defined by Eq. (3.5b)|, and the
target plot shows R vs. Ny, for various 1 — pg. For reference, the threshold for noise reduction
(R =1) is plotted as a horizontal line. The corresponding success probabilities ps are also plotted
vs. Np. In all scenarios, the auxiliary state is chosen heuristically as |[+) (m = 1) or |[++) (m = 2)
which corresponds to (wq,ws) < (1,1).

large such that the noise on U exceeds that on the cSWAPs. This can be achieved with a
wide range of py and N, values, albeit with generally lower p;.
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3.4 Conclusions

In this chapter, we have introduced and analyzed a protocol that is capable of mitigating
noisy quantum computations. It involves performing an identical number of them in a
coherent superposition, and leads to a interference process between noises in different
branches. We demonstrated via numerical simulations that this interference can lead to
varying degrees of noise mitigation, which can be attained in a range of different scenarios
involving basic unitary operations and Pauli noises. We also provided a concrete way
of performing the protocol in both the GB and MB paradigms, which employs exotic
circuit features such as the inclusion of auxiliary registers, generalized cSWAP operations,
and ancillary cluster qubits from MB-QC. In particular, we have seen that the amount
of mitigation is dictated not only by how noise affects the inputs, but also the auxiliary
systems, and that an appropriate choice for their initial states can maximize the advantage
we obtain.

Ref. [65] presents further extensions of the protocol to a circuit-free version that does
not require additional cSWAPs and auxiliary systems, and is tailored to an physical imple-
mentation using photonic interferometers and beamsplitters. A so-called nested scenario is
also described, which enables one to readily scale the number of branches without increas-
ing the dimensionality of the control system. It also enables the degree of noise mitigation
to be optimized using non-identical auxiliary states.

Our coherent superposition protocol serves as a NISQ-friendly approach to overcoming
noise and decoherence in quantum computations, standing in contrast to resource-heavy
fault-tolerant computing and error correction methods. We remark however, that the tools
and techniques of our protocol are not limited to this area, and have the potential to impact
other consequential fields such as quantum communication, metrology, and sensing |1 15].
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Chapter 4

Conclusions and Outlook

In this thesis, we examined two different ways in which exotic circuits may be employed to
enhance quantum algorithms and computation. We employ the umbrella term “exotic” to
mean elements of ancillary registers, graphs (or clusters), mid-circuit measurements, and
conditional operations which are commonly found in the MB paradigm but less common

for traditional GB-QC.

In Chapter 2, we employed exotic circuits in VQE algorithms, where they serve as the
ansatz for determining ground state properties. We achieved this by blending elements
of the GB and MB computing paradigms to produce a hybrid VQE ansatz. Using cor-
responding ansatz modification and Pauli gadget techniques, we obtain compact circuits
that are both versatile and resource-efficient. The Pauli gadget, in particular, minimizes
the overhead and offers a practical means for performing MB-QCs on platforms that do
not implement highly entangled resource states.

To test our hybrid approaches, we performed these circuits on IBM superconducting
qubit systems, where they succeeded in simulating key ground-state phenomena (i.e. phase
transitions and perturbative effects) for a broad range of physical models. These models
span different areas of physics, encompassing lattice gauge theory (Z,), 1D quantum chro-
modynamics, error-correcting surface codes (PC), and molecular systems (LiH). Although
our results are similar in quality to those of standard GB-VQEs, our inclusion of both
paradigms expands the range of compatible quantum platforms for VQEs, while retaining
the resource and performance benefits of each. Our approach also displayed promise in
scaling up to larger systems and circuit depths, maintaining a strong performance in their
corresponding VQE simulations. These innovations constitute a new, enhanced way of
thinking about VQE algorithms from both the design and realization perspectives.
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In Chapter 3, we used exotic circuits to mitigate noise impacting general quantum
computations. Specifically, we augment a circuit with multiple auziliary registers and
perform the same noisy computation on each in a controlled coherent superposition. This
creates an interference process between registers that, under certain conditions, allows for a
partial elimination of the noise. We identified such conditions in scenarios involving Pauli
noises and basic unitary operations, and gave a concrete, scalable protocol to perform
these circuits in the GB and MB paradigms. We performed our protocol as numerical
simulations that confirmed and quantified the advantage via the infidelity ratio as a figure
of merit. Most notably, they indicated that our advantages can be maximized by selecting
an appropriate initial auxiliary state, and increasing the number of superposition branches
and/or computational depth. Despite the MB and GB paradigms being equivalent in
the noiseless limit, their differing noise models led to significant differences in their noise
reduction mechanisms. Nevertheless, we find both paradigms to be capable of mitigating
noise, with similar results and steps in their corresponding protocols.

We emphasize that both GB- and MB-computing paradigms were treated equally in
our discussions. MB-QC has so far proven to be more challenging to implement experi-
mentally, particularly with high-fidelity cluster states |1 16]. In contrast, our exotic circuits
took a different approach by exploiting MB-QC in traditionally GB applications. As men-
tioned above, we have showcased tools (i.e. Pauli gadgets) that enable a resource-efficient
implementation of MB-QC. These aspects serve to highlight MB-QC as an equally power-
ful approach not only in the subset of applications involving exotic circuits, but in other
quantum physics and information science areas that rely on general quantum computations.

Looking ahead, our exotic circuits may be used to continue the lines of investigation
begun in our works. For instance, one can identify other physical models and design pos-
sibilities suited for our hybrid VQE techniques, and attempt to perform simulations on
hardware involving the scaled-up scenarios mentioned. Meanwhile, the coherent compu-
tation protocols may be applied within more concrete settings (e.g. using interferometric
elements and photonic degrees of freedom), allowing one to ascertain whether our noise
advantages have a consequential impact. These investigations may be facilitated by lever-
aging numerical packages (e.g. Qiskit [11], QuTiP [117], Cirq [118]) to validate our circuits,
as well as tailoring the circuits’ techniques toward the requirements of specific problems,
which would enable more direct analyses.

In a broader sense, this thesis demonstrated how exotic circuits can be beneficial not
only for near-term QC, but also for solving problems that are classically intractable and /or
incur significant resources on quantum hardware. It is hoped that the work expounded
upon here will provide new insights toward achieving reliable, high-fidelity results in the
NISQ era and beyond.
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Appendix A

Overview of Measurement-Based
Quantum Computing

In this appendix, we give a more detailed description of the MB-QC protocol. At the
outset, one prepares an entangled resource state — a graph or cluster containing input (7),
body (B) and output (O) qubits connected via C'Z-edges. The body and output qubits
are initialized in |4), while the input qubits encode the input state |¢;,). The initial state
of the resource |G) is therefore:

6= T ez(ir @ 1), (A1)

{i,j}€E me{B,0}

where F is the set of prescribed edges. This is a +1 eigenstate of the operators S, (i.e.
S.|G) = |G)), where
So=X, [ % (A.2)
kEeN (n)

and N (n) are the neighbours of qubit n (i.e. those connected to qubit n via a C'Z-edge).

The main computation is driven by a series of projective measurements on the input
and body qubits, typically in the eigenbasis of the Pauli operators X, Y, Z, or the rotated

basis R(6) = {‘OH\%Q'D, |0>_\;;6|1>}. Conventionally, all input qubits I are chosen to be

measured in the X-basis [2|. Each measurement applied to a qubit removes it from the
resource state and modifies the remaining connections depending on the prescribed basis.
Concurrently, [1y,) is propagated through each body qubit (known as feedforward), and
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upon reaching the output qubits it will have undergone a linear transformation V':
Vi i) = [ow) = Hi — Ho, (A.3)

where H; (Ho) denotes the Hilbert space spanned by the input (output) qubits, and
|I| = |O| for a unitary transformation. To ensure the result |¢)o,) is deterministic, i.e.,
the same for each possible set of random measurement outcomes, corrective operations are
applied. These comprise byproduct Pauli operators Us, € {f XY, Z 18101 acting on [Ygu)
and angle adaptations M;(R(0)) — M;(R(+£6)) for qubits ¢ measured in non-Clifford bases
(i.e. 8 £ 0 mod 7/2). The angle adaptations require knowledge of prior outcomes, implying
that a temporal (causal) order for measuring the adaptive qubits must exist for a pattern
to yield deterministic results. In other words, an adaptive qubit may be measured only
after all measurements that it depends on have taken place. The projective measurements
(15), the byproduct operators and the angle adaptations form an MB pattern realizing V/,
with o

[Vout) = V) = UsP|G). (A.4)

Elementary one- and two-logical qubit gates correspond to well-known patterns |2],
which are sufficient for universal computation. An arbitrary gate sequence may be achieved
by concatenating each output of a pattern to the corresponding input of the next [2].

Example. To illustrate the MB-QC procedure, we will derive and verify the MB pat-

tern corresponding to the Z ®3(0) operation, which is combined with rotation gates to form
the P®3 gadget. In the GB paradigm, it realizes the unitary:

Usp(f) = CX,1 20X 3RZ5(0)C X3 3C X o ALK
= diag(e™®/2, ¢/2, /2 ¢=i0/2 (102 o=ib[2 ~i0/2 cib/2) (A-5)
From the gate sequence in Eq. (A.5), we may construct an equivalent MB pattern via
concatenation, which yields a 31-qubit pattern [Fig. A.1]. (Note C'X can be expressed in
terms of C'Z and H operations.) To reduce the number of initial qubits, we apply graph-
theoretic simplifications to the pattern via the ZX-calculus (Ref. [10]), which enables a
reduction from 31 to 15 qubits. The simplified pattern is shown in Fig. A.1, where the
edges are:

E ={(4,5),(6,7),(13,8),(9,4), (9,12), (12,5), (5, 14), (15, 10), (4, 11), (1, 11), (6,5), (3,7),
(9,6), (6,10), (4,8), (2,9)}.
(A.6)
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The relation between input and output states is therefore:

|Vout,viB)13,14,15 = PUs|G)12,. 15 = PUs [ H CZ;; (|Gwm ws)1.23 ® [+ 51 5)}7
{i,7}€E

(A.7)
where |G) is the term in square brackets. By convention, we measure the input qubits
first, followed by the non-adaptive (Clifford) and adaptive (non-Clifford) qubits. Since
the inputs and non-adaptive qubits are not affected by the temporal ordering, they may
be measured simultaneously. To calculate Us,, we solve eigenvalue equations (Eq. (82) of
Ref. [2]) for each qubit i. These equations are a direct consequence of Eq. (A.2), and
determine whether to apply XZ, Z: or both on qubit ¢ if it measures 1 (denoted by s;). A
similar step is performed to solve for the adaptive corrections on qubit 12, which indicate
which outcomes of qubit 1-11 require the measurement angle of qubit 12 to be flipped (i.e.
0 — —0). Here, we must obey the temporal ordering by considering only qubits that have
been measured up to that point (i.e. qubits 1-11). For the pattern in Fig. A.1, we find the
projective measurements and byproducts to be:

P = Myp(R(6(—1)st0)) TTMu(X), (A.8)

T 77s3+se+si2 v sr+s10 77s2+S12 v S5+S9 7rs1+54+S12 vss+s11
Us = Zl5 X15 Zl4 X14 Zl3 X13 ) (A-9)

where M), is the measurement operator on qubit k and s, € {0,1} its corresponding
outcome. Because of the outcome dependence of Ug, they must be applied after the
measurements and therefore require commutation over the operations in Eq. (A.5), which
V implements. Here, we note that the diagonal form of the unitary implies that Us,
remains unchanged after commutation [32]; however, the adaptive corrections on qubit 12
are affected. Eqgs. (A.7) and (A.8) become:

Yout e 13,1415 = UsP|G) 1,15, (A.10)
1
P' = Myp(R(O(—1) 7o) T[Mu(X), (A.11)
k=1
where we have used the commutation relations in Eqs. (72) and (73) of Ref. [2]. For

simplicity, we consider a scenario where each qubit of the input state is a Pauli eigenvector
|+); however, any valid measurement pattern can process an arbitrary input. We discuss
how to address such cases in App. F.
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CXi, CX1, Simplify

D via
m 2Calouus 3

—0@—0 O

CXz3 RZ(6)3 CXz3

FIG. A.1: MB pattern for Z®3(f), obtained by concatenating smaller patterns corre-
sponding to each operation in Eq. (A.5). To reduce the number of initial qubits, the pattern
is simplified via the techniques of Ref. [10]. Black and light green circles denote input and output
qubits respectively, blue lines denote C'Z-edges, green circles denote nonadaptive qubits measured
in the X-basis, and orange circles denote adaptive qubits measured in the R(6)-basis. The num-
bers label the qubits and their measurement order (excluding outputs).

One may now proceed and perform Eq. (A.11) directly. However, since the majority of
qubits (1-11) are non-adaptive, they can be efficiently simulated classically via the stabilizer
formalism of Ref. [I 1 1]. To do this, we employ the tableau representation of stabilizer states
and track the input state as it undergoes Clifford operations and measurements. For all
qubits initialized in |+), the stabilizer state is given by:

{(+X1)--(+X15)}- (A.12)

After performing all C'Zs and non-adaptive (X-basis) measurements in Eq. (A.11), the
canonical form stabilizers over the remaining adaptive and output qubits (assuming an
outcome of 0 for qubits 1-11) are:

{(+Zl)7 (+22), ey (+Z11), (+X12X15), (+212213214Z15), (+X13X15)}, (A.13)

where elementary row operations were used to reduce each of qubits 1-11 to a single +Z7.
These stabilizers, corresponding to the post-measured state |0) may be subsequently traced
out from the overall state. Using the Gottesman-Knill theorem [I11], we then work out a
unitary Ucng that produces a reduced graph state stabilized by the operators above. To
achieve the form of Eq. (A.2) (which describes the connectivity of graphs), we express
Eq. (A.13) as a generator matrix over qubits 12-15 and reduce the stabilizer (X) portion
to row-echelon form, where each manipulation incurs a local Clifford (LC) operation H or
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S (see Ref. [111]). The resulting stabilizers and circuit are:

Z, o 1.0 0 Z, [0 0 0 1
Zs 101 0 0 Zs |0 0 0 1
Zs 101 0 0 Zs |0 0 0 1
240100H4Z4111o
X, [t oo o — X (1000 (A.14)
X, (0010 X, (0100
X; |0 0 0 1 Xs 0010
X, (1 o1 1] X, [0 00 1]

- {("‘XIZ); (+X2Z4), (+X3Z4), (+X4Z1Z2Z3)} (A.15)
— ﬁCliff = H,CZ 4CZ,3CZ; 5, (A.16)

where H, is a LC-operation and we have relabelled qubits 13, 14, 15, 12 as 1, 2, 3, 4
respectively. Consequently, V' reduces to a 4-qubit (3 + 1 ancilla) pattern, and we have:

|Vout, MB)1,2,3 = V;educedUCliﬁ|+>%gg

34 (A.17)
= (Z32220)"* My(R(O(—1)**)) Ucuig|+) 3 5.4-

One observes that the graph structure corresponding to Eq. (A.15) resembles that shown
in Fig. 2.1(a). If qubit 4 is measured with outcome 1 (s, = 1), we obtain the final output:

1 ~ ~ 4 . .
[ Vout mMB) 1,23 = ﬁZ?)ZzZl [6_10/2 Z |z) — /2 Z W)]

ze{by...b3eb|b+...+b3=0} @' e{by...b3€b|br+..+bg=1}
1 [ —i0)2 Z i0/2 /
= —le" x)+ e Z x },
v d ) d )
ze{b1...b3eb\b1+.‘.+b3:0} ZE’E{bl.‘.bgGb‘bl—‘r.‘.—‘rbg:l}
(A.18)

where b = {0, 1}?3 . It is straightforward to verify that the state is equivalent (up to a
global phase) to Ugp acting on |+)®3.

In summary, MB-QC constitutes a natural method of computation for platforms that
implement highly entangled graph or cluster states, including photonic and spin qubits.
Despite the larger number of ancillary qubits employed in comparison to GB-QC, the
method is beneficial when the resource state contains a large Clifford portion, as shown in
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the example above. By performing the majority of the pattern classically, one drastically
reduces the size of the resource state to be implemented. On a practical level, this can
yield fewer computational steps, and in noisy cases, opportunities for the overall resource
to decohere.
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Appendix B

Hybrid VQE Demonstrations —
Methods and Techniques

In this appendix, we discuss the numerical program and associated methods used to perform
VQE simulations on IBM Quantum systems. We also detail the error mitigation and
suppression techniques implemented to combat noise and decoherence effects prevalent on
real hardware. A schematic of the entire program is depicted in Fig. B.1.

Setup. The program takes in three main inputs, which are specified by the user:

1. A target Hamiltonian H describing the physical system, expressed as a sum of Pauli
interactions |[Eq. (2.7)].

2. A parameterized ansatz circuit that outputs yw§9)> to compute the mean energy £ =

(CalHL|ta).

3. A starting guess for the variational parameters (5(1))

To assess VQE performance, we use the above to calculate the exact GS (]i))) and GS
energy Fy = (1o|H|o) via exact diagonalization (ED). We note that this is feasible only
for small to intermediate system sizes.

Measurement protocol. To calculate the total energy, we group all observables in H
into n commuting sets g,, where all commuting observables within a set are measured
simultaneously by a single circuit (for a total of n). For example, in the Zy demonstration,
we require two circuits — one measuring X X X X and the other measuring ZZZZ, since
they commute with all terms in He and Ha respectively.

73



Choosing measurement shot numbers. Given the iterative nature of VQE, a practical
approach involves minimizing the allocated budget, which encompasses the number of op-
timizer iterations/function evaluations and the total number of measurement shots over
all circuit executions. While there are standard choices for the former, selecting an appro-
priate budget for the latter while balancing performance is less straightforward. Here, we
take an adaptive approach based on the size of the first energy gap £, = E; — Ey. We
treat E, as an indicator of the optimization difficulty in that the smaller it is, the more
statistical counts are needed to resolve the difference. In this sense, we may regard £, as

the standard deviation over all 7 commuting sets g; € ’}:l, weighted by their respective shots

N,
(Hy)? | (Ho)? (Hy.)?

— o ATl 1

Fo \/N TN, TN (B

g1 g2 9i

i

We also assume that the variation due to g; is weighted by the sum of the n coefficients
corresponding to the n Pauli terms in the group:

(He)? =" (g2 (B.2)

To minimize the L.H.S, we require that all terms in Eq. (B.1) are equal:

Y9 g’
N, N,

g1 g2

_ 2912
=5 (B.3)

gi

For practical purposes, we run each circuit with the same number of shots, and so the
problem reduces to optimizing the total number N,y = Ny + Ny, + ... + Ny,. One can
employ a classical optimizer to solve for each Ng,; however, in the case of two groups, the
problem may be solved directly and we find that:

2

2.9
Ngl - RN92; R: Zglz (B4)
R 1+ R Z
:> Ngl f— H_—RNtOt :> Eg — \/2<RNt t) g% (B5)
1+ R
N, =9 —— - E 2, B.
= ot (R(Eg)2> 91 (B.6)

We then extend Eq. (B.6) directly to the general case, and replace the prefactor with a
generic scaling factor s that can be chosen depending on the range of shots desired. We
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also drop the weighting factor (1+ R)/R and match N, to the commuting group with the
largest coefficient sum. Thus, we have:

o [ ()]

where G is the set of all commuting groups belonging to #H and cff) is the coefficient of the
1th Pauli in group ¢g. To ensure a representative enough sample, we impose that Ny, is at
least 250. Likewise, N, is capped at 5 x 10* to avoid large processing demands on the
hardware. Any calculated N, falling outside these ranges are set to the closer of the two
limits.

Readout mitigation. This is a standard technique to reduce errors from readout mea-
surements [119, |, which yield the counts data for calculating observable expectation
values. The main principle involves capturing the extent of the readout errors via a cal-
ibration matrix M. Each element in M is the probability of initializing a computational

basis state |z) and subsequently measuring |2/ ...) (i.e. [{2) ..|z)|*). This requires the

~

execution of 2" basis circuits, where n is the number of qubits in H. For example, M has
the following structure for n = 3 (acquired from a sample run on ibm_perth):

000)  |001)  [010)  |011)  [100)  [|101)  [110)  |111)
(000]  £0.95446 0.02772 0.01029 0.00000 0.00980 0.00000 0.00000 0.00000
(001 [ 0.02178 0.95248 0.00000 0.01437 0.00000 0.00596 0.00000 0.00000
(010] | 0.01386 0.00000 0.97942 0.01848 0.00000 0.00000 0.00648 0.00000
(011] [ 0.00000 0.01386 0.00617 0.95277 0.00000 0.00000 0.00000 0.00386
(100] [ 0.00594 0.00000 0.00000 0.00000 0.95686 0.02187 0.01296 0.00000
(101 ] 0.00000 0.00396 0.00000 0.00000 0.02157 0.94433 0.00000 0.01544
(10| { 0.00000 0.00000 0.00000 0.00000 0.00784 0.00199 0.96544 0.00579
(111]  \0.00000 0.00000 0.00000 0.01027 0.00000 0.02187 0.01296 0.96525

(B.8)
For low noise levels, M is expected to be predominantly diagonal and close to the identity
(as is shown above). Furthermore, if ancillary qubits are present (i.e. in the Pauli gadget
demonstrations), we determine a separate calibration matrix over n qubits for each possible
set of ancillary outcomes.

If Cigeas is the counts distribution corresponding to the exact Ey, then MCjz.q leads
to an approximation of the noisy distribution C,s,. Naturally, we wish to perform the
reverse. Niively, this is achieved by applying M ~C,is,, where M1 is the inverse of M;
however, it can yield negative counts (quasiprobabilities). We remedy this by performing
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a least-square fit to the closest valid distribution. After the calibration matrix is deter-
mined, it is stored and applied to the counts distribution from every subsequent circuit
evaluation. This is most ideal when the hardware-specific parameters (i.e. error rates,
decoherence times) are constant; however, as drifts in the parameters over time are ex-
pected, we determine M more than once (i.e. after each data point) to ensure the errors
are accurately captured throughout the course of the VQE run. In all demonstrations, we
employ 10* shots for each basis circuit used to determine M.

VQE algorithm. As shown in Fig. B.1, the VQE proceeds as a closed feedback loop
between the quantum processor and classical optimizer. Prior to circuit execution, we
apply various techniques to suppress noise:

1. Performing the circuits requires one to specify a mapping between virtual and phys-
ical hardware qubits. Since the latter is restricted by the qubit topology, SWAP
operations (each incurring three C'Xs) are added to match the connectivity of the
considered circuit. With C' X's being the most expensive operation on IBM Quantum
systems, we choose mappings that lead to the fewest number of added SWAPs. At
the time of the simulation run, we also ensure that the chosen qubits have reasonably
small C X errors and long decoherence times.

2. Resets and delays are added to the beginning of each circuit. This improves the
likelihood of each qubit being properly initialized in the ground state |0).

3. On the pulse level, we schedule circuits to incorporate dynamical decoupling (DD)
[121, , |. This mitigation technique inserts extra pulses (equivalent to the
identity) whenever a particular qubit is idle. Although it introduces further noise,
the periodicity of the applied pulses enable undesired state rotations from system-
environmental interactions to be reversed. Here, we employ X-X pulses, which are
commonly employed in spin-refocusing techniques to increase the coherence time of
qubits [124].

During the VQE, the ansatz circuit is sent to and executed on the IBM Quantum hardware,
which outputs results in the form of counts data. From the counts, we compute the total
energy E and contributions (O1), (O,)...(Oy) from specific observables of interest. The
value of E' is then sent to a classical optimizer, which modifies 0 with the goal of minimizing
E. The above process repeats until a stopping condition for convergence is met by the
optimizer, at which point the final energy £, and parameters 6(Pt) are returned.

All circuits are performed on IBM Quantum systems, with readout measurements cho-
sen depending on the desired basis. Furthermore, all circuits employing Pauli gadgets
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FIG. B.1: Complete workflow for the numerical VQE program. Readout mitigation and
all noise suppression techniques are employed during execution of each variational circuit, while
self-mitigation occurs immediately after 6 (°PY) is determined.

are performed dynamically. These incorporate added if_test instructions in the circuit,
which act corrective byproduct (UE) and adaptive operations (see App. A) on the main
qubits based on the outcomes of the ancillary qubits measured previously.! This enables
one in practice to perform MB-QC with a circuit (i.e. as opposed to clusters or graphs).
By convention, the byproduct operator for a Pauli gadget only acts nontrivially when the
ancilla measurement outcome is ‘1’. Fig. B.2 depicts the dynamic circuit used in the Z,
demonstration.

We employ the COBYLA and DIRECT methods for the classical optimization. COBYLA
[125] enables a rapid and expansive search of the energy landscape with few iterations,
while DIRECT [126] enables a more systematic search, identifying promising areas that
may contain the global minimum. When using the latter, we follow the recommendation
in Ref. [127] and perform a second, local minimization (i.e. COBYLA) afterwards to refine
the search in the most promising region. While SPSA is often recommended for noisy
simulations [30, 92], we avoid its use as it generally requires large iteration numbers to
converge. Indeed, our circuits have reasonably small depths and few parameters such that
they achieve a low-enough level of noise for other optimizers to be effective.

Self-mitigation. At the conclusion of the VQE run, we employ the self-mitigation tech-
nique [13, 77, |. Tt specifically addresses C'X errors by evaluating the ansatz circuit in
two ways. First, there is a physical run using the circuit parameterized with §(°pt), then
there is a mitigation run which involves a modified version of the physical as reference. In
both runs, each C'X is dressed with randomly chosen single-qubit operations (see Ref. [77]

IThe adaptive bases discussed in App. A are not required for the Pauli gadget, provided the byproduct
operators are applied immediately after each gadget [32].
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FIG. B.2: Sample dynamic circuit performed in the Zs VQE demonstration. The qubits
and corresponding classical registers for storing measurement outcomes are labelled by ¢ and ¢
respectively. After the mid-circuit measurement of the ancilla <Q4) the dynamic if_else instruc-
tion (hlghhghted in red) implements the byproduct operators Us = (ZOZlZ2Z3)04 corresponding
to the Z®4 operation (see App. A). The measurement basis of the circuit is X X X X

for details). These do not alter the action of the C'X operations (they only change the
basis), but instead transform the C'X noise from being coherent to incoherent in nature.
The correction acts as a scale factor on any given Pauli-string observable (O), based on
the results of evaluating the physical and mitigation runs. It is given by:

A A <O>mitig true i
<O> hys, true — <O> hys, meas X —_— ) (B9>
phvs ¢ - <O>rnitig7 meas

where k is the ratio of C'X gate numbers between the physical and mitigation circuits, and
“true” (“meas”) refers to the exact (noisy) expectation values. To minimize added resources,
all observables that commute with the measurement basis of the ansatz circuit are corrected
with the same factor. For simplicity, we also formulate our mitigation circuits so that xk = 1
and (O)miti& true = 1. We achieve k = 1 by including only the C'X's present in the ansatz
circuit [128]. In both cases, a suitable initial state is chosen to ensure (OA)miti& true — 1,
with LC-operations added where necessary.

State fidelity. In the final step, we perform full state tomography to determine the
ansatz state corresponding to glort) . This requires the evaluation of 3" circuits (i.e. all
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n-qubit combinations of X, Y, and Z Paulis). In all demonstrations, we employ 10* shots
for each circuit evaluation. If ancillas are present, their counts are marginalized over the
counts of the readout qubits. The 3™ counts distributions are then fitted to a valid density
matrix p, using maximum likelihood estimation, which corresponds to the reconstructed
ansatz state. This enables us to compute the state fidelity F between p, and the exact GS
(po) as

F = Tr(\/papo)?, (B.10)

where Tr is the trace operation. As with exact diagonalization, calculating F via tomog-
raphy is practical only for small system sizes owing to the exponential scaling.
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Appendix C

Hybrid VQE Demonstrations —
Supplementary Information

This appendix presents target Hamiltonians, ground state properties, and raw data from
the hybrid VQE demonstrations on IBM Quantum systems (Ch. 2). All demonstrations
employed single-layer ansatz modifications (L = 1) or single Pauli gadgets (¢ = 1).

Notes:

1. For all data presented, we refer to App. B for a discussion of how the measure-
ment shots were selected. All scaling factors s in Eq. (B.7) were chosen heuristically
based on prior trial-and-error VQE simulation runs, combined with the optimization
difficulty of the considered model.

2. Ncx refers to the number of CX gates in a VQE circuit after its qubits were mapped
to the respective IBM system.

3. Unless otherwise stated, all reported energies are unitless and may be expressed in
absolute units (e.g. eV, J, Ha) using a scaling factor with appropriate dimensions.

1D QCD: H defined by Eq. (2.9); see Ref. [77] for ground state properties.

PC: # defined by Eq. (24) (M = 2,N = 1); see App. E for a perturbative analysis
of ground state properties.
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Z, LGT, single plaquette:

W) =

LiH:

transformation to map fermionic to spin qubits |

2

7:[22 - AX1X2X3X4 +

4 —+/16 4+ M

1
—+
V16 + M

>\2

1 N
N2 2
=1
0%+ ™),

16
R

|Wo) =~ 0.9877 |0011) — 0.1154 |1100), Ey = —7.881072044030926
Hamiltonian derived from Qiskit VQE tutorial |11,

core orbitals |

Table C.1: 4-qubit Hamiltonian for the LiH molecule.

(C.1)

(C.2)

(C.3)

| (shown in Table C.1), with parity

| to reduce the number of initial qubits from 12 to 4.

coefficients shown and summed.

|. State simplifications include freezing

All Pauli terms are weighted by the

1117 11ZX 111X I1XX 1YY 1127 11XZ 1IXT 1171 1711 ZXII IXII
—0.0938 | —0.00318 | 0.00318 | —0.00125 | 0.00125 | —0.212 0.0192 0.0192 0.358 0.0938 0.00318 | 0.00318
XXII YYII ZZI11 XZII XIIT ZI1T 1717 127X 171X 1ZXX 1Z2YY IX17Z
—0.00125 | 0.00125 —0.212 —0.0192 | 0.0192 —0.358 —0.122 0.0121 —0.0121 0.0317 | —=0.0317 | 0.0121
ZX17Z IXZX ZXZX IXIX ZXIX | IXXX | ZXXX IXYY ZXYY YYIZ XXI1Z | YYZX
0.0121 | —0.00327 | —0.00327 | 0.00327 | 0.00327 | —0.00865 | —0.00865 | 0.00865 0.00865 0.0317 | —0.0317 | —0.00865
XXZX YYIX XXIX YYXX | XXXX | YYYY XXYY 2717 227X ZZIX | ZZXX | ZZYY
0.00865 0.00865 | —0.00865 | —0.031 0.031 0.031 —0.031 0.0559 0.00187 | —0.00187 | 0.0031 | —0.0031
X117 XZ1Z XIZX XZZX | XIIX XZIX XIXX | XZXX XYY XZYY A4 Z1ZX
0.0128 —0.0128 | —0.00235 | 0.00235 | 0.00235 | —0.00235 | —0.00798 | 0.00797 0.00797 | —0.00797 | 0.113 —0.0108
ZITX ZIXX ZIYY 12727 1ZX7 1ZX1 IXZ7Z ZX77 IXXZ ZXX7Z | IXXI ZXXI
0.0108 —0.0336 0.0336 —0.0559 | —0.0128 | —0.0128 | —0.00187 | —0.00187 | 0.00235 0.00235 | 0.00235 | 0.00235
YYZZ XXzZZ | YYXZ | XXXZ | YYXI | XXXI 47727 7ZX7Z ZZX1 X177 | XzZzZ7Z | XIXZ
—0.0031 0.0031 0.00798 | —0.00798 | 0.00798 | —0.00798 | 0.0845 | —0.00899 | —0.00899 | —0.00899 | 0.00899 | 0.00661
XZX7Z XIXI XZXI Z1Z27 ZI1X7Z ZIX1 1ZZ1 IXZI ZX7Z1 YYZI XXZI 27271
—0.00661 | 0.00661 | —0.00661 | 0.0604 0.011 0.011 0.113 —0.0108 | —0.0108 | —0.0336 | 0.0336 | —0.0604
XI1ZI XZZI1 Z1Z1 1111
—0.011 —0.011 —0.113 —7.012
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Table C.6: Initial and final (optimized) variational parameters for each VQE demonstration.

‘ Model ‘ Free Param. ‘ g ‘ o) ‘
A=05 13.07,5.56, 1.11,4.17} {3.274, 6.232, 2.023, 4.508}
A =0.63 {3.07,5.56,1.11,4.17} {3.674,6.119,2.946, 4.138}
A= 0.85 {3.07,5.56,1.11,4.17} {3.119,6.063, 1.11, 4.962}
A=1.12 {3.07,5.56, 1.11,4.17} {3.179,5.948,1.152, 4.974}
s | A=152 {3.07,5.56,1.11,4.17} {3.210, 5.858, 2.710, 4.626}
2 I A=198 {3.07,5.56,1.11,4.17} {3.451,5.741, 2.654, 4.668}
A =233 {3.07,5.56,1.11,4.17} {3.210, 5.627, 2.766, 4.637}
A =265 {3.07,5.56,1.11,4.17} {3.003, 5.302, 2.728, 4.654)
A =288 {3.07,5.56,1.11,4.17} {3.302,5.002, 2.790, 4.630}
A=3.3 {3.07,5.56,1.11,4.17} {2.994, 4.984, 2.726, 4.595}
=1 (r.7/2,7,7/2} {4.261, 1551, 3.210, 1.728}
= —0.5 {r,7)2,7,7/)2} {4.142,1.826,3.142,1.829}
= 0.2 {r,7)2, 7, 7/2} {4.009, 1.682, 3.029, 1.887}
= —0.05 {r,7)2, 7,72} {3.640,1.571,3.142, 1.848}
ocp | =001 {r,7/2,7,7/2} {3.184,1.502, 3.101,1.795}
= 0.05 {r,7/2,7,7/2} {3.280,1.722,3.293,1.551}
= 0.1 {r,7)2, 7, 7/2} {3.679,2.131,3.142,1.571}
=02 {r/2} x 4 {2.105,1.581,2.897, 2.185}
=05 {r/2} x 4 {2.183,1.671,3.217,1.757}
=1 {r/2} x 4 {0.785,4.328,2.955,0.955}
B 15.278,3.113, 3.118, 3.099, 3.103, 3.100,
¢=001 {m} <11 3.117,1.047,3.113, 3.115, 3.108}
B {1.051,3.137, 3.127, 3.159, 3.043, 3.221,
£ =00316 {m} 11 3.144,6.272, 3.146, 3.147, 3.142}
B {1.047, 3.142, 3.159, 2.990, 3.142, 3.142,
¢=01 {m} 11 3.142,6.021, 3.142, 3.142, 3.142}
B {1.852,3.142, 3.142, 3.142, 3.142, 3.142,
¢ =0316 {m} 11 3.142,5.236, 4.745, 3.142, 3.142}
B {1.032,3.142, 3.094, 3.141, 3.130, 3.215,
¢=10 {m} <11 3.335,6.283, 3.122, 3.120, 3.124}
B {1.046, 3.388, 2.844, 2.994, 3.146, 3.036,
b =15 {m} 11 3.003,6.282, 2.980, 3.142, 3.200}
£=20 () x 11 {1.651,3.142, 1.964, 3.142, 3.227, 3.219,
- T 3.124,6.160, 3.142, 3.142, 3.142}
B {1.679,3.142, 1.711, 3.142, 3.142, 2.978,
£=30 {m} <11 2.685,5.775, 1.384, 6.283, 6.283}
B {1.832,3.142, 1.832, 3.142, 3.166, 3.166,
§=40 {m} <11 3.171,6.018, 4.696, 4.718, 3.142}
B {1.702,3.976, 1.369, 3.017, 2.552, 2.447,
£=60 {m} 11 2,539, 6.254, 0.352, 5.622, 3.498}
B {1.703,2.287,2.004, 3.237, 3.136, 3.211,
£=80 {m} 11 3.178,6.283, 2.942, 5.658, 3.717}
B {1.499, 3.778, 1.360, 2.496, 2.355, 2.939,
£=100 {m} 11 2.273,6.078,4.990, 5.584, 3.703}
. B {0.483, 1.713, —1.475, 4.600, 2.326,
LiH | ID =16 A {01} 9 1.048, —0.126, —0.126, —0.126}
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Appendix D

Hybrid VQE Demonstrations — Error
Analysis

In this appendix, we elaborate on the method used to compute observable errors with
statistical correlations and after self-mitigation is applied (App. B). For a given observable
O € H measured with N shots, the variance is given by:

Var(0) = % SONOO - (O), (D.1)

i

where O is the it unbiased estimator (i.e. a computational basis measurement outcome)
of O with frequency N® 3" N® = N, and (O) = 3, NOOWD /N is the average over all

estimators. The uncorrelated error is then calculated as the standard deviation Var(O).

To lower resource requirements, we exploit the property that any set of commuting
observables in H can be measured simultaneously (1 e. with a single circuit). Specifically, if
O is an n- qubit Pauli string PiP,..P, € {[ X,Y Z}®” then any n-qubit Pauli Q1Qs...Q,,
where Q; € {R, I'} will commute with 0. These observables are grouped into a set G from
which we designate a single circuit capable of measuring each of them during readout. We
note that this is guaranteed since each O € G must act either I or the same X,Y or Z
on a given qubit. Thus, one may set each qubit basis to the corresponding non-identity
Pauli (if present in at least one O, else it remains unmeasured) and this constitutes a valid
N-qubit measurement basis for the circuit.

The grouping requires us to account for correlations that exist between observables in
G. In the context of error analysis, these manifest as covariances since each observable
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is influenced by the statistics of the same counts distribution. Partitioning #H into K
commuting groups G, we obtain:

|G| |G2] |Gk
H= Z ¢, O, + Z ¢j,Oj, + ... + Z Cix O (D.2)
Jji=1 Jo=1 Jr=1

with coefficients cy, ..., ¢|¢,| and measurement basis Ok corresponding to the group G. Note

that a particular O;, may belong to multiple G its expectation value is then computed
from the combined counts of multiple circuits, which contributes to increased estimation
accuracy at no added cost. Let O’ denote such an observable (with coefficient ¢) belonging
to k < K groups. Then its contribution to each G, is cR.O', where Ry, = Nk/(ZkK:1 Ni).
To compute the covariance, we consider all bitwise products between O, and O, (cross-
terms) within each G. We then have the set G*, which we define as the set G augmented
with the cross-terms; i.e.:

G =GU{0,0,Va,b<|G|: a#b}. (D.3)

Therefore, the variance of H with correlations included (denoted with a tilde) is:

where,

%(Ok) = ciVar(Ok) + Z [C?R?V&r(éﬁ -+ QCkCng( <Okég> — <Ok><ég>) , (D5)

J

=1 N
OAk;ﬁOAg COV(OkaOE)
and Cov(@k, Og) denotes the co-variance between Ok and Og.

Now, we may proceed to calculate the errors after self-mitigation. Since <OA)phyS, true

~ A~

is a function of (O)phys, meas aNd (O)mitig, meas, We must propagate their respective errors.
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Applying the variance formula to Eq. (B.9), with (OAk’miti& true) fixed at 1, we obtain:

%‘(Ok,phys, true) (D6>

~ 9 ~
(2 iy oy 4 (20
a<0k>phys7 meas a<Ok>mitig7 meas

( ! >2va(OA ) + 2 ( <Ok>phys, meas )QVV(OA )
=\7Aay ) VarlUkphys, o ar (Opmitie
(O, e BT N0k i, mess) i meas:

2
) Var(ok,mitig, meas) (D7)

(D.8)

with \/ \//E;r(OAk phys, true) Deing the errors reported in the simulation data tables (App. C).

~

Here, we remark that the propagation formula linearly approximates (O)phys, true, annd there-
fore assumes the errors from the physical and mitigation runs to be uncorrelated and rel-
atively small. This is a fair assumption since their respective observables are calculated
from separate circuits and retain the same counts distribution after correcting the expec-
tation values. However, if self-mitigation is instead used to correct each frequency in the
counts distribution, then a reshaping can occur and potentially amplify the errors. These
situations would require alternate techniques (e.g. Monte Carlo [131]) that analyze how
the observables’ error distributions transform under propagation, owing to their nonlinear
relations with the function.
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Appendix E

Perturbative Analysis of the M x N
Planar Code

In this appendix, we analyze the M x N planar code on a more physical level by studying
how the local perturbations act on its qubits. To achieve this, we employ time-independent
perturbation theory to approximate the GS and associated energy as a function of the
perturbation strength £. Since the free part of the Hamiltonian [Eq. (2.3)] is Ho = Ho +
7:[,+, its corresponding GS energy is given by the contributions from all its corresponding
plaquette and star operators:

ng+1
E=— MN —(M-1)(N-D-2M+N-2)— 4 =3 (-1), (Bl
# plaquettes 4 4—b;gy star 4 3—b;gy star # 2-body star i=1

where each operator contributes a minimum eigenvalue of ~1 and the superscript (0) in-
dicates the unperturbed (uncorrected) case. On the other hand, the associated GS arises
from the contribution of all self- and multi-plaquette interactions:

MN MN

0 1 "

’\Ij(() )> = \/QM_N 1+ Z HDpl + Z H DPIDPQ +o DPIDPQ"'DPMN ‘O>® i (EQ)
p1=1 p1 p1,p2=1p1,p2

p1<p2

Here, n, is the number of qubits and each [J,, is a 4-body plaquette operator XaXpXcX D
where A, B, C, D labels the four qubits forming the edges of plaquette p. Since the M x N
lattice possesses a graph state representation, we may cast Eq. (E.2) in a simpler form
involving its stabilizers. Denoting @) as the set of all qubits (i.e. {1, 2,..,n,}), Egpn as
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the set of all C'Z edges (acting on qubits a and b), and LC' C @ as the subset of qubits
requiring local Clifford (H) operations, we have:

) = (®Hq)< 11 cza,b>|+>®"q; qge LC (E.3)

Egrpn

From this GS expression, one may systematically generate all excited states by applying
combinations of X and Z operators, which serve to flip the constituent eigenvalues of the
GS from —1 to +1. These states form a complete, mutually orthonormal basis, and are
given as:

WOy = (Qé)()?jﬂ)k(sz)l k)\\y<0>> (n=1,2.), (B.4)

0, j¢LC
1, jelLC
the action of the free Hamiltonian on an excited state, and obtain an exact form for the
excited state energies (each energy corresponding to a specific T):

ng+1 ng
Hou®) = 3 Ho,i(®<xfj>k<sz>1-k) o) (E:5)
i=1 j=1

where & € {0,1}" : & # 0™, and k = . Based on Eq. (E.4), we can derive

ng+1 ng
=Y QAN AL eI}, X;, 2, 2;X;, X, 23} (E.6)
i=1 j=1
ng+1 ng
— Efzo) = Z Ha§, where : (E.7)
i=1 j=1
s =L A e (X525 5 ¢ LC). (2K j € LC)} (E3)

and ’}-A[O,i is the i’ term in Hy. We can now proceed with the perturbative analysis, where
we determine the first and second order corrections in the GS energy and GS respectively.
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The first-order energy correction vanishes since:

By = (5 Halvg"),
=t (@2 ) 149 = ) =,
j=1

and is indicative of a non-polarized (singlet) state in which all the up and down spins are
paired. For the second-order correction, we have:

(E.9)

(O | HA |0 2
Z E(O AE(O)
| (g, CZan) X5, CZas)(Z)7F @, 27| +) 22
> S 1+1La)

n A Zo+1—k j’ n
S e, ZENBZY T N®, 21450

Z S (1 1, )

P 5T +1—k &% +ck n
+|® qu(Z] ®]7§] Z ’ >|+>® q|2

>
> S (111, ) ’

n

(E.10)

where V' C @ is the set of all qubits j” connected via C'Z-edges to the qubit j’, and
0, j¢V 2)

c= . . The non-zero contributions in £
1, jeV

by an even number of perturbative Z operators, which prevents orthogonality between

HA|\IJ(O ) and |\I/( ). Since the perturbation is odd under parity transformation, its action

above imposes interactions between antisymmetric states which is a characteristic of spin-

1/2 systems. From Eq. (E.10), we may now determine the first order correction to the

GS:

occur when each qubit is acted on

(0) 45 (0)
Wy Z <‘1’n |/HA|‘1/0 > (0)
|\Ij0 > - Eéo) _ E'y(LO) |\Iln > (E'11>

g+1—k

(HEm X (27 @y 47 AR
D s e (@ur ) |w
(E.12)
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Applying Egs. (E.10) and (E.12) to the 1 x 1 PC (single plaquette), the corrected GS
energy and GS to their respective orders are:

Eo(€) ~ =5 — 8¢” (E.13)

(€ & (5~ 6v2) 0 + (5 + 6v2) (E.14)

For the 1 x 2 (2 x 1) PC, containing two horizontal (vertical) plaquettes:

Eo(§) = —8 — 31752 (E.15)
1 13 1 1 1 11
[Wo(£)) ~ <§ - gg) 10)97 + (5 + §§> (11011010) +0101101)) + (5 + §§> 11110111).

(E.16)

From these equations, we observe that increasing the perturbation £ shifts the GS energy
downwards, while the GS shifts towards states which have qubits that are all or predomi-
nantly in the polarized |1) state. This is expected since the dominance of the terms in Ha
(each containing a single Z operator) acting on |1) contributes eigenvalues o< —¢ for large .
With these expressions valid for small-to-intermediate &, the Z—operator terms guarantee a
crossover to [1)®" as £ — oo. It is also worth mentioning the equal positive and negative
contributions by the perturbation on |W), which is due to its uniform nature. This pre-
serves the underlying symmetry of the problem, and thus enables redundant parameters
to be eliminated in the VQE implementation. We remark that if different perturbation
strengths were applied to each qubit, then a symmetry breaking is expected and all free
parameters must be optimized separately.
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Appendix F

The fast_wolf Algorithm

In this appendix, we introduce the fast_wolf algorithm which performs efficient MB-QC
with large numbers of adaptive qubits. Unlike non-adaptive qubits (which may be classi-
cally processed), adaptive qubits form the essential part of a resource state. In the standard
MB-QC approach, all of them must be initialized and entangled before any measurements
can occur, which leads to a clear exponential scaling and performance bottleneck. However,
this is not a strict requirement as practical graph designs often do not possess all-to-all-
connectivity. In these scenarios, information propagation is confined along smaller, local
portions of the graph. The fast_wolf method takes advantage of this by processing the
graph in a piecewise fashion. It processes these local parts one at a time and measures
only qubit(s) in its immediate vicinity.

The method is also capable of handling arbitrary non-Clifford inputs to the MB pattern,
which cannot be processed efficiently via the stabilizer formalism. These correspond to
states which are not eigenstates of the Pauli operators I , X , Y, 7 , such as T'|+). To achieve
this, we initially omit the arbitrary input qubits when classically simulating the non-
adaptive portion (App. A). After obtaining the LC-reduced graph, we attach “connector”
qubits (initialized in |+) or |=)) to prescribed body qubits and then entangle it with an
arbitrary input. The role of these connectors is to allow teleportation of the input state
into the graph upon their measurement.

The fast_wolf simulation begins from the input qubits and entangles them with their
nearest body-qubit neighbours. For non-Clifford inputs, the connectors are also entangled
to the inputs, with both sets of qubits subsequently measured in the X-basis. From there,
the body qubits are entangled with their respective neighbours and measured in the pre-
scribed basis. This process continues until only the output qubits remain, at which point
the byproduct operators Us, are applied to |1oy) based on the outcomes from the adap-
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tive basis measurements and earlier classical simulation. Throughout, we act local Clifford
(H, S) operations on a particular qubit (as determined from the classical simulation) im-
mediately after it is entangled with its neighbours.

We make two further remarks. First, since only a single adaptive qubit is measured
at a time, any angle flip in the basis depends solely on the outcome of the measurement,
although an overall temporal ordering must still be followed to realize a deterministic
pattern. Second, it is often convenient to determine all the steps involved in the fast_wolf
procedure beforehand, storing them as a prescription list which can be reused if the same
graph is executed multiple times (i.e. during a VQE run).

We present the pseudocode for the fast_wolf algorithm on the next page. It is divided
into two main functions — simulate_cliff performs the efficient classical simulation, and
simulate_fast_wolf is the piecewise execution of the graph itself:
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Algorithm 1 fast_wolf

Inputs:
P: A valid measurement pattern with input (I), output (O), nonadaptive (BN4)), and adaptive body
(BM)) qubits

|tin): an arbitrary state over I
Outputs:

[tout): the final state over O

1:
2
3
4:
5:
6.
7
8

9:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

function SIMULATE _FAST _WOLF(P, [¢)i,))

G, LC < SIMULATE _ CLIFF(P, |¢)i,))
|Pe) <1

We) < |[Ye) @ |¥;) Vie ]

if IC # @ then

|Wa)  CZi ;| V6) V(i,j) € IC,N()) i #j

|\Ifg> — LCk|Wg> vk e IC

W) < CZyn|¥q) Y(im,n) € (I,IC) :m#n

Measure n Vn € I UIC (in X-basis)
end if
Q — {12, (1C| + |BAW| + |0])}
while |Q| > |O] do
for ¢ € Q do
Wa) « [Vg) @ [V,)
|\Ilg> — CZq,T|\Ilg> Vr e N(q)
if ¢ € B UO then
|Wg> — LCq|\Ifg>
Measure ¢ in prescribed basis
R+ Q—q
end if
end for
end while
|wout> A ‘\IJG>
|wout> <~ Uz()z)w)out) VZ S O
return |Yout)

end function

28: function SIMULATE _CLIFF(P, |tiy))

29:
30:
31:
32:
33:
34:
35:
36:

Construct tableau 7 from [ U BW4) ¢ p

Measure I U B4 in T

Determine resulting graph G over E(A) uo
if Plin) # £vm) VP € {I,X,Y, Z}%!] then:

Add connectors IC, Vg€ I to G
end if

Determine LC, € {H,S,CZ}; Vg€ ICUBY UO

return G, LC

37: end function

> Construct |¥g) from TUICUN(IC) € G

> Additional body qubits remain

> Measuring ¢ must be valid w.r.t temporal ordering

> Remove measured qubit g

> Exit loop when only output qubits remain

> Apply byproduct operators Ug) to qubit ¢

> Input is not a Pauli eigenstate (i.e. non-Clifford)
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FIG. F.1: LC-reduced graph for the RY (0)-CZ modified 1 x 1 PC, with attached con-
nector qubits (labelled by IC) to permit non-Clifford input states. Connector, body,
and output qubits are shown in green, orange, and light green respectively. Dotted circles around
qubits indicate LC operations applied to them. Black circles indicate the arbitrary inputs, which
undergo teleportation via the connectors into the main portion of the graph.

Ezample. To illustrate the fast_wolf algorithm, we apply it to the RY (6)-C'Z modi-
fied 1 x 1 PC [Fig. 2.3(a)] with an arbitrary non-Clifford input [¢y,) (defined over qubits 0 —
3). The corresponding LC-reduced graph is depicted in Fig. F.1. Performing the algorithm
on the graph yields the following prescription steps:

(init_input, {0, 1, 2, 3}), (init_connector, {8, 9, 10, 11}),
(init_body, 13), (cz, 13, 11), (s, 11), (cz, 2, 11), (measure, 11),
(init_body, 14), (cz, 14, 10), (s, 10), (cz, 3, 10), (measure, 10),
(init_body, 12), (cz, 12, 9), (s, 9, (cz, 1, 9), (measure, 9),
(init_out, 4), (cz, 4, 8), (cz, 0, 8), (measure, {8, 3, 2, 1, 0})
(init_out, 5), (cz, 5, 12), (s, 12), (measure, 12),

(init_out, 7), (cz, 7, 14), (s, 14), (measure, 14),

(cz, 7, 4), (init_out, 6), (cz, 6, 13), (s, 13), (measure, 13),

(cz, 7, 5), (cz, 7, 6), (s, 6), (s, 7), (s, B), (s, 4), (permute, 3, 2,
, 1),

O © 0 NO O WN -

where the input connectors (8-11), body qubits (12-14), and outputs (4-7) are initial-
ized to either |[4) or |—) depending on the outcomes from the efficient classical simulation,
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and the qubits are labelled as in Fig. F.1. An extra permutation is prescribed at the end to
ensure the ordering of qubits in [t,y) is consistent with that of |¢y,). With the exception
of the first initialization and final LC/permutation step, we consider a step to conclude
whenever a measurement (or sequence of measurements) is performed. We obtain the state
at the end of each step, and employ it as the input of the next.

Fig. F.2 shows a schematic of how the above steps are performed, in both their graph and
circuit representations. Here, we have assumed all adaptive and non-adaptive outcomes
are ‘0’ so that no byproduct or adaptive corrections are required. From the figure, the
advantages of the method are abundantly clear. We observe that at most 9 qubits are
present at any time (vs. 15 in the standard approach), and no more than 3 qubits are
entangled at once. One may also verify that for any choice of |¢;,) and angles 6,0,
05, ﬁg|@bout> is indeed equivalent to the action of the modified GB circuit [described by

Eq. (H.1)] on [¢in).

Although the fast_wolf method is a practical way to simulate arbitrary inputs and
complex patterns, it is important to note the challenges of the technique in experimental
settings. For instance, the resource state must be entangled multiple times with qubits
in arbitrary states. Given the challenges with generating and maintaining entanglement
interactions in the lab, this can lead to greater imperfections in resource state preparation
while affecting the computational fidelity. Moreover, it also remains to be seen whether the
fast_wolf method provides a significant enough exponential size reduction. This can be
done through a detailed bounds or complexity analysis. If the number of qubits remains
large for a given pattern, one can resort to a concatenation of smaller patterns, with
simulate_fast_wolf applied separately to each. However, this requires prior knowledge
of the unitary decomposition, which may be unknown if one designs patterns in an arbitrary
fashion (i.e. not from concatenating basic operations; see App. A).
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Appendix G

Veritying Equivalence of the GB and
MB Paradigms

In this appendix, we demonstrate that our ansatz-modification technique applied to the
perturbed PC acts identically in the GB and MB paradigms. In other words, we verify
that their corresponding unitary transformations are equivalent, that is: Uap = Unrp. For
the purpose of analysis, we represent these paradigms as circuits and graphs respectively.

If Uy is known beforehand, then verifying equivalence is trivial. However, it is often
the case that the unitary is unknown; this can occur if the graph was designed determinis-
tically, but in an arbitrary fashion (i.e. without resorting to concatenation of well-known
patterns). In these situations, it is in fact possible to recover the operation by analyzing
the relation between the pattern and its action on a unitary map. We use this technique,
known as phase map decomposition (PMD) [9], as a general means of performing the veri-
fication. As a further check, we also present an alternative approach based on elements of
our MB framework discussed in earlier appendixes.

For simplicity, we consider the M = N = 1 case (Figs. 2.3 and 2.4). Excluding the
rotation layers, the modified circuit [Fig. 2.3(a)] realizes the overall unitary:

Ucp(01,02,05) = HyHy Hy UL 9P (03) U759 (0) Uy P (601) Hy Ho Hy Ho, (G.1)
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st H, RZ(-6), H, s, §
I =
§
1 4 5 6 11 f’f\fi’m mU{’,’Q:MB
e O LaX A
2 38 10 9 7 12 LY N )
o0 —O I
2r— 6

FIG. G.1: MB pattern for RY(#)-CZ, obtained by concatenating smaller patterns
corresponding to each operation in Eq. (G.3). It is applied as a modification to each graph
edge of the 1 x 1 perturbed PC. To reduce the number of initial qubits, the pattern is simplified
via the techniques of Ref. [10]. Here, the pattern is regarded as a black-box unitary that is
“inserted” into a graph edge to modify its degree of entanglement. Black and light green circles
denote input and output qubits respectively, blue lines denote C'Z-edges, green and red circles
denote nonadaptive qubits measured in the X- and Y-basis respectively, and orange circles denote
adaptive qubits measured in the R(6)-basis. The numbers label the qubits and their measurement
order (excluding outputs).

where,
UemGB(9) = CZynRY (0)n = CZpn(STHRZ(—-0)HS), (G.2)
cos(0/2) —sin(0/2) 0 0
sin(0/2)  cos(0/2) 0 0
B 0 0 cos(6/2) —sin(6/2) (G-3)
0 0 —sin(#/2) —cos(0/2)

To perform the analysis on graphs, we express the RY ()—C'Z modification as an MB
pattern (shown in Fig. G.1) that is “inserted” into the edges of the 1 x 1 graph [Fig. 2.3(a)|*

Further processing of each modification yields the LC-reduced graph shown in Fig. 2.4(a).
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The unitary of the modified graph may then be expressed in an similar form:
UMB<01a 02, 83) = H2H3H4(jﬁT’MB(03)0{1’?7MB(02)Uﬁ?7MB(91)H1H2H3H4, (G4)

where each edge modification between qubits m and n acts an identical unitary U27%MP ().
As described above, the problem then boils down to determining this unitary. Here, we
treat the initialization and LC operations externally of the pattern (as these can be simu-
lated classically). We may also simplify the pattern obtained from direct concatenation via
the ZX-calculus (Ref. [10]), which reduces the number of qubits from 28 to 12. As shown
in Fig. G.1, it corresponds to:

9 7

V= [Mlo(Rm —0)) _H M;(Y) H MAX)} Us, (G.5)
o112 =V [ CZin([thin)12 @ )51 1) (G.6)

{j,k}€E

with E = {(1,4), (9,10), (5,6), (5,9), (7,9), (8,10), (3,8), (4,5), (7, 12), (6, 11), (2, 3)}.

Method 1: Phase map decomposition. The PMD method regards the MB pattern as acting
three distinct maps, each expressed as a matrix:

1. A dilation map P;_, 4 that expands the Hilbert space of the inputs (corresponding to
the addition of ancillary qubits in |+).

2. A diagonal phase map ® 4,4 that captures the entanglement (CZ-edges) prescribed
by the pattern and correspondingly, any —1 and rotation phases incurred.

3. A contraction map Rs_.o that reduces the Hilbert space to that defined over the
output qubits (corresponding to the ancillary measurements).

The overall unitary transformation U is then described as the composition of these maps:
U=RodoP. (G.7)

The method also assumes the positive branch has been taken by the pattern, which is
defined as the unique set of measurement outcomes that do not require any corrections
(i.e. each Uy = I ). In this case, it is the “all 0” outcome. Letting n label the computational
basis states in the rows and columns, where n’ = bin(n), we compute the three maps via
the procedures outlined in Ref. [9]. We find that:

P[_>A[., n] = |7’Ll>172 (%9 | + +>3 ..... 125 n = 0, 1...,22 - 1, (G8)
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Qusa = Ph(2m — 0)10Ph(r/2)oPh(-7/2)s [ CZix = diag(dy 1, dap, ..., dy2 22),

{j,k}eFE
(G.9)
Rasol, m| = (+...+|mia. 10® |m)112; m=0,1,...,2"% -1, (G.10)
where Ph(0) is the phase operator defined as the matrix ((1) 699), with
Ay = T (x/2) =) () e imi (G.11)

Multiplying the matrices of Egs. (G.8), (G.9), and (G.10) together, we finally obtain:

. Ulng,np] = Rasolng, .]o<I>A_>AoP]_>A[ np) (G.12)

o o
camiB | UL0] U[,1] U[1,2] U[1,3

— U (6) = U[2,00 U2,1 U[2,2] U[2,3] (G.13)

U[3,0] U[3,1 U[3,2] U[3,3]
eI
=27 0 0 cos(0/2) —sin(6/2) (G.14)
0 0 —sin(0/2) —cos(0/2)

Method 2: Measurement-based framework. As a further check, we may also determine
0am,MB

via the MB-QC framework discussed in App. A. Since the framework works on
the statevector level and not directly with operators, we must construct the unitary from
its constituent columns and determine the relative phases that exist between them. We
perform this method as a four-step procedure on Eq. (G.5):

1. First, we process the pattern up to the measurement of the adaptive qubit(s) (qubit
10), with the non-adaptive portion (1-9) simulated classically. The resulting state is:
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9

[¥)1001,02 = (H MAZ)) ((HloRZ(27T — 0)10)(HoSg)(HsSs)

i=1
H CZj,k (Win>1,2 ® |+>§i2_.,12>7

{j,k}€E

H®«1

(G.15)

where the X, Y, and R(f) measurements are re-expressed as computational (Z) basis
measurements up to transformation operations.

2. Next, we learn the relative phase factor incurred on [¢))1011,12 When |ti,)12 is set
to each two-qubit computational basis state (i.e. [00),|01),]10),|11)). Each corre-
sponding |¢) forms one of the four orthonormal columns of the unitary matrix. For
a basis state |b) defined over all pattern qubits, the action of each operation above
(H,CZ, S, RZ) on their constituent |0) or |1) states incurs a specific phase on them.
Denoting t and c¢ as control and target qubits respectively, these operations transform
the states as:

(+1)[by) 2 (+1)[0,) + (= 1)%[1,)

(+1)[by) 2 (+4)"|by

=

)
(+1)[b) = (—i)|br)
)

CZet, (+1)%]by), b, = |0)
(+1)’bt> {( )bt|bt> bc — |1>

(++1)|be) REZO) (DI 0/2) by

(G.16)

where b; € {0,1}. Over all [¢), we determine the first nonzero entries with identical
amplitudes (from the top of the vectors)? and record the phase differences between
them. In the case of Eq. (G.15), we find that for § > 0%

2In other words, with the smallest binary ket labels. We select these entries for comparing phases since
additional phase differences can exist further down the statevector, even if the topmost elements have the
same phases. These entries generally correspond to ket labels with a greater number of ‘1’s, and therefore
have extra phases tacked on by the operations in Eq. (G.16).
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00), 5 2732 (€2 + ¢ 9/%)|000) 19,1112 = phase = +1
01)12 — —(7)2 —3/2 (69/2 + 670/2)|001>10,11712 — phase = +i
Y2 —
)12

G.17
|1O 12 ) 3/2( 6/2 +€70/2)|010>10’11’12 — phase — 41 ( )

[11)1,2 — —(i)2 e (69/2 + 670/2)|011>10,11,12 —> phase = +1,

where the phases are taken relative to the |00) input, and we have imposed that all
measured qubits (1-9) yield an outcome of ‘0" (positive branch).

3. For each computational basis input, we then process the remaining adaptive portion
in an MB fashion and obtain the corresponding output [1)oy). The outputs are:

00)1.2 = |YourarB) 11,12 = {—cos(0/2), —sin(6/2),0,0}"

01)1.9 > [VYourarp) 1112 = {—isin(0/2),i cos(6/2),0,0}" (@18)
110) 15 — [Yourrs)1112 = 10,0, —cos(0/2),sin(0/2)}" '
111)12 — |Yout.mr)1112 = {0,0, —isin(6/2), —i cos(0/2)}".

4. Finally, we multiply each |1),,) by the relative phase factor corresponding to its basis
input |1;,). We then collect all [1)oy) together as the columns of a matrix, ordering
them according to their input states (i.e. [00), |01), |10), |11), from left to right).
This matrix is effectively U5 (9). Performing this step on Eq. (G.18), we obtain:

Uam’MB(Q)
(+1)(—cos(6/2)) (+i)(—isin(6/2)) 0 0
_ | (F1)(=sin(6/2))  (+i)(i cos(6/2)) 0 0
0 0 (+1)(—cos(0/2)) (+i)(—isin(6/2))
0 0 (+1)(sin(6/2))  (44)(—icos(6/2))
(G.19)
cos(0/2) —sin(0/2) 0 0
sin(6/2)  cos(0/2) 0 0
=D 0 cos(8/2) —sin(6)2) (G-20)
0 0 —sin(0/2) —cos(60/2)

Since Egs. (G.14) and (G.20) are identical to Eq. (G.3) (up to global phases), it follows that
Unp(01,65,05) = Ugp(0y,6s,05). Thus, equivalency between the MB and GB paradigms
has been shown.

3For 6 < 0, Egs. (G.17) and (G.20) incur a global phase of +1 instead of —1.
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Appendix H

Performing Coherent MBQC

In this appendix, we give further details regarding the treatment of the generalized cSWAPs
in the MB version of the coherent superposition protocol. Recall from Eq. (3.14) that
the operation swaps the target input [ig) with the auxiliary state |¢o); when the d-level
control is in |i); i = 1,2,...,d — 1. For a control qubit (d = 2), the operation reduces to
the Fredkin which can be translated into a MB cluster using its decomposition of seven T’
gates (Ref. [65]). For a control qudit, one may resort to a multi-qubit implementation as in
the GB version (i.e. with log,d qubits). However, the direct sum structure of the ensuing
implementation does not translate to known cluster states that encapsulate the whole
operation. This motivates the following alternative approach, where we regard the control
as an external GB degree of freedom but use it to swap entire MB patterns in a quantum
switch-like manner. For simplicity, we will omit the m extra input registers needed to
calculate the CJ fidelity, however the procedure described below remains unchanged.

Given an m-qubit input, the generalized cSWAP matrix consists of d block diagonals
(each of size 2™¢) of the form:

(? ] 1§) (X; I 1657
Q? SWAP 6, 1400y, (X; e
i#1

‘? SWAP 01, 150, (%’ L yom,

i#d
(H.1)
where i = (1,2,..,d) and j = (1,2,...,m). We analyze the effect of noise on each block
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separately (see below), by executing each of its SWAP and I operations as clusters [2].
For the former, we employ the decomposition SWAP,; = C X CX; .CX.;. Acting local
noise in the form of Eq. (3.35), we obtain the effective action of the quantum map for some
arbitrary p via the CJ-isomorphism. Specifically, we input the Bell state |®) (|®3)), apply
noise to the cluster implementing I (SWAP), and obtain the output Choi matrix n. The
action of the quantum map is given by:

E(p) = Tra(I ® pp)nas, (H.2)

where A and B are the two systems denoted Alice and Bob, with Bob’s system undergoing
the noisy computation. We may then characterize the noise, first by perform a spectral
decomposition of 4p and then determining the Kraus operators corresponding to the
channel. This is performed as such:

Nag = D caldn) (dal = [60) = [60, ... 677" (H.3)
. ¢$Zl) ¢£12\AB\/2)

— K, = ﬁ : : (H.4)
(214B1/2(21ABI/2_1)) (214Bl)

= &(p) = ZKnpK);; n=1,2,.248 (H.5)

where we have undone the vectorization in Eq. (H.4), > |c,|? = 1, and N is a normaliza-
tion factor. If there are n operations in a block, we model the overall noise by composing
each of their individual channels sequentially, i.e.: £ (p) o E(p)... 0 Eu(p). For example, if
the Kraus operators corresponding to noisy unitaries U4 and Upg are A and B, then:

Ealp) o Ep(p) = Z(BnAm)p(BnAm)T' (H.6)

m,n

Now, let O be the overall Kraus operators in the 7" block of Eq. (H.1). Then, the state
peswap after applying the generalized cSWAP to p (defined over the control in |+)., and
all inputs and auxiliaries), is calculated as:

f

D 07(11),0(1’1)07(11) 3 07(11)p(1,2)07(L2)T " Y Cél)p(l’d)O;Zd)T

n

PcSWAP = : " : ; (H.7)
S el pane ol peac® s ol pac

n
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where p(9) is the i row and j column partition of p (block matrix of size 2™?), and
the off-diagonal elements describe interferences between the channels of each path. For
bookkeeping purposes, each set of Kraus operators is arranged by their eigenvalues ¢,, from
least to greatest, allowing us to pair the n'* operators between any two sets. Furthermore,
the hermicity of density matrices implies > ol p(a’b)C,(Lb)T =>. c® p(b’a)(],(fﬁ, meaning
that only the lower triangular portion of Eq. (H.7) needs to be computed. Despite the
total number of Kraus operators in the approach exponentially scaling in md, we note
that the generalized cSWAPs are performed only twice regardless of the size of the main
computation U. This computational advantage is further bolstered by the fact that the
size of the cluster implementing the cSWAPs scales linearly as O(md + log,d).

Although direct manipulation of matrices is not possible in a physical experiment (in-
stead, expensive process tomography is often required to characterize noise), it facilitates
direct numerical analyses. We have also assumed that the noises between and within each
block in Eq. (H.1) are uncorrelated. This is reasonable if the control system is spatially
far away from the main system enacting the SWAPs (e.g. implemented on a different ap-
paratus) such that the ensuing channels are weakly correlated. Related setups involving
photonics and trapped ions have been explored in Ref. [132], where the control is treated
as a black-box with no prior knowledge of the unitaries, and each unitary is realized on a
separate physical apparatus.

As a clarifying note, if noise affects the generalized cSWAPs, then attention must be
given to ensuring that noise acts exactly once on every cluster qubit in the protocol. Based
on how the operations are concatenated in Fig. 3.4, we therefore act noise on:

e All qubits of the 1st generalized cSWAP cluster
e Body and output qubits of each cluster in U, except the last one

e Body qubits only for the last cluster in U

e All qubits of the 2nd generalized cSWAP cluster

For noiseless cSWAP runs, we simply act noise on every qubit for each operation in U.
Finally, it may be observed that the results presented in Fig. 3.5 are generally better than
their counterparts in Fig. 10 of Ref. [65]. This stems from simplified versions of the clusters
used for the cNOT and T operations, which contain fewer qubits compared to the patterns
prescribed in Ref. [2|. Likewise, for d = 2, the use of SWAPs involves significantly fewer
cluster qubits than the Fredkin. However, the main conclusions and underlying physics
remain unchanged.
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