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Abstract

Accurately simulating the evolution of molecules during chemical reactions is one of the most
enduring challenges in computational chemistry. These processes are inherently quantum
mechanical: they involve the coupled dynamics of electronic states and nuclear motion leading
to non-adiabatic effects. Capturing such effects exactly requires a fully quantum treatment, yet
the computational cost of these simulations can scale exponentially with system size. Even with
state-of-the-art supercomputers, the storage of a molecular wavefunction can become intractable

for large systems, limiting our ability to explore fully quantum chemical dynamics.

Quantum simulation offers a promising route to overcome this bottleneck by using controllable
quantum systems to directly reproduce the dynamics of molecular processes. However, the
leading approach—digital quantum computing with qubits and gates—remains far from practical
utility in this context. Current devices are limited in qubit number, coherence times, and gate
fidelities, all of which prevent the simulation of even modestly sized molecular systems. As
a result, fully digital approaches are unlikely to deliver near-term advances for problems in
quantum chemistry. This motivates the exploration of alternative architectures that can harness
quantum resources more efficiently.

In this thesis, we demonstrate how mixed-qudit-boson (MQB) quantum simulators provide a
practical and resource-efficient platform for simulating chemical dynamics in the quantum regime.
MQB devices exploit the natural structure of trapped-ion and circuit quantum electrodynamics
architectures: discrete multilevel systems (qudits) encode electronic states, while bosonic modes
represent vibrational degrees of freedom. This direct mapping circumvents the costly process of
encoding vibrations into qubits and allows bosonic excitations to be treated natively. The result
is a substantial reduction in quantum resource requirements compared to qubit-only simulators,
making MQB devices especially well suited for near-term applications in chemistry.

Building on this framework, the thesis presents three major contributions. First, we report
the direct observation of geometric-phase interference in non-adiabatic chemical dynamics,
achieved through an MQB simulation of the Jahn—Teller model. Using wavepacket reconstruc-
tion techniques, we resolve the destructive interference pattern arising from geometric-phase
accumulation. This establishes MQB simulators as a powerful tool for revealing quantum
phenomena inaccessible for direct measurement.

Second, we extend the MQB framework to simulate open-system chemical dynamics, which
are crucial for modelling realistic environments where dissipation and decoherence play central
roles. By leveraging both intrinsic and engineered dissipation within the quantum simulator, we
develop a programmable platform capable of reproducing Lindblad-type dynamics, including

electronic and vibrational dephasing and population decay. This extension significantly broadens
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the applicability of MQB simulators to condensed-phase chemistry, where environmental effects
are indispensable.

Finally, we present a systematic resource comparison between MQB simulators and qubit-
only digital approaches. By quantifying requirements such as qubit number, gate depth, and
simulation time, we show that MQB devices can reduce resource costs by orders of magnitude—
often five or more—for achieving the same simulation accuracy. This efficiency highlights the
potential of MQB architectures to deliver genuine quantum advantage in chemical dynamics
well before universal fault-tolerant quantum computers become available.

Together, these results position MQB simulators as a uniquely promising route to tackle
chemical dynamics problems that have long been considered computationally intractable. Beyond
demonstrating specific phenomena, the thesis establishes a general framework for extending
MQ@B methods to both closed and open molecular systems, providing a foundation for future
studies of complex chemical processes such as exciton dissociation, energy transfer, and nuclear
tunnelling. In doing so, it advances the broader goal of using quantum technologies not only
to reproduce known physics but also to uncover new mechanisms at the heart of chemical

reactivity.
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Chapter 1: Introduction

Accurately simulating chemical dynamics is one of the most challenging problems in compu-
tational chemistry. These simulations usually require a full quantum-mechanical treatment
of both electronic and nuclear degrees of freedom, particularly when strong coupling makes
simpler approximations unreliable. On classical computers, solving the time evolution of these
systems becomes intractable—even for small molecules—because the memory requirements
quickly exceed available resources. Quantum processors, in principle, offer a way around this
classical bottleneck, but current devices remain too noisy and limited in scale to provide a
practical alternative. Yet the ability to track chemical processes at the quantum level would
offer new insights into reaction mechanisms, energy transfer, and environmental effects that are
inaccessible to experiments, especially at ultrafast timescales. This thesis explores an alternative
near-term solution: the mixed-qudit-boson (MQB) framework, which uses qudits to represent
electronic states and bosonic modes to encode nuclear motion. By exploiting this natural
mapping, MQB simulators provide a resource-efficient platform for capturing the essential
quantum dynamics of molecular systems, bridging the gap between the limitations of classical
computation and the hardware constrains of qubit-only quantum processors.

This introductory chapter sets the stage for the thesis by outlining the central challenges and
motivations behind simulating chemical dynamics. We begin by emphasising the importance
of chemical dynamics, both as a fundamental tool in chemistry and as a pathway to practical
applications. We then examine why the accurate simulation of chemical dynamics is such
an outstanding problem: the need for a full quantum-mechanical treatment of electronic and
nuclear degrees of freedom, combined with the exponential scaling of Hilbert space, renders
exact solutions on classical computers intractable. To provide context, the chapter introduces
the main theoretical models that underpin chemical simulation, before reviewing the classical
computational methods that have been developed to approximate these dynamics and their
limitations. We then turn to quantum simulation, first discussing qubit-only approaches and
their susceptibility to external noise, and finally introducing the MQB framework as a promising

alternative that overcomes these barriers.



1.1 Chemical dynamics

Chemical dynamics describe the time evolution of chemical processes, which can be probed
through measurable quantities, or observables, at any point in time. By accessing these ob-
servables, one can extract valuable information—such as reaction mechanisms and kinetics,
pathways of energy absorption, transfer, and dissipation, as well as the influence of the surround-
ing environment—that deepens our understanding of molecular processes. Such insights are
not only of fundamental interest but also have broad practical implications, from the rational
design of more efficient catalysts for industrial applications, to the development of advanced
energy materials for solar energy conversion, and the optimisation of molecular pathways for

faster and more effective drug delivery.

Simulating chemical dynamics provides access to observables that are otherwise inaccessible
experimentally, where only limited quantities—such as spectra or scattering cross-sections—can
be measured. In contrast, simulations allow us to resolve the full microscopic dynamics of a
system, tracking in detail how a process unfolds at the atomic and molecular levels. For example,
one can focus on a specific aspect of the reaction, such as the breaking of a chemical bond, the
vibration of atoms, or the transfer of energy between molecular subunits. By following these
targeted dynamics, simulations of chemical processes become an indispensable complement to

experiments for developing a predictive understanding of chemical reactivity.

Among the most difficult problems to simulate are those that involve non-adiabatic dy-
namics, such as radiationless transitions, photochemical reactions, electron and energy trans-
fer, proton-coupled electron transfer, zero-point motion, and tunnelling, all of which involve
strong coupling between electronic and nuclear degrees of freedom. The Born—-Oppenheimer
approximation—often an excellent starting point in chemical dynamics—breaks down when
electronic potential-energy surfaces approach one another. In these regimes, dynamics are
steered by conical intersections (points where the potential energy surfaces have the same
energy) [1-3|, enabling ultrafast population transfer and shaping photochemical outcomes.
Non-adiabatic effects are ubiquitous and play a central role in chemistry, yet capturing them

accurately remains challenging.

A canonical illustration of non-adiabatic effects is the primary event in vision: the cis—trans
photoisomerisation of retinal in the protein rhodopsin [4]. Following photoabsorption, this
ultrafast reaction occurs on the femtosecond timescale, converting the retinal chromophore from
its 11-cis to all-trans configuration (see fig. 1.1a), is mediated by a conical intersection between
the ground and excited electronic states (see fig. 1.1b). Furthermore, the surrounding protein
environment accelerates the isomerisation and ensures its high efficiency [4], compared to the

same process in solution. This example highlights several recurring features of photochemical
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Figure 1.1: First step in the vision process as an example of non-adiabatic dynamics: photoisomerisation
of retinal from 11-cis to all-trans mediated by a conical intersection between the ground and excited
states. a. The retinal molecule is initially in the 11-cis configuration; after photoexcitation it isomerises
to an all-trans configuration on an ultrafast timescale. b. Representation of the same process using
electronic potentials as a function of the reaction coordinate. Photoabsorption promotes the molecule
from the Sp to the S; state. The reaction coordinate contains contributions from several modes [4], and
the completed isomerisation is mediated by a conical intersection (a geometry point where electronic
states are degenerate). Figure modified from [4].

dynamics: their ultrafast timescales, their reliance on non-adiabatic pathways through conical
intersections, and the profound influence of the molecular environment.

The simulation of such processes is challenging because it requires a fully quantum-mechanical
description of both electronic and nuclear degrees of freedom. The presence of conical intersec-
tions breaks down the Born-Oppenheimer approximation. Furthermore, environmental effects,
such as those provided by the protein scaffold in rhodopsin, are even harder to capture with
classical approaches. These factors makes photochemical reactions and non-adiabatic dynamics
a testing ground for new computational strategies, motivating the exploration of alternative

quantum simulation methods.

1.2 Why is it so difficult to simulate chemical
dynamics?

The starting point for simulating chemical processes governed by quantum mechanics is the

time-dependent Schrédinger equation,

Sdly)
U W—HW% (1.1)

which describes the time evolution of a molecular system through its state vector |¢)) under

the influence of the Hamiltonian H. At any given time, the state can be expressed as a linear
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superposition of the elements of a complete basis set {|1;) }—such as eigenstates of H, electronic

configurations, or spatial grids—
) = ZCz‘ |9i) (1.2)

where |¢;|? > =

1.

gives the probability of finding the system in state |1/;), with normalisation ), |¢;

Directly solving eq. (1.1) on classical computers for realistic molecular systems rapidly
becomes intractable as the system size increases. At each time step, the system’s state must be
represented by storing the coefficients ¢;. If each degree of freedom is represented by a basis
set of size b, then increasing the number of degrees of freedom f causes the dimension of the
state vector—and thus the number of coefficients—to scale as b/. This problem is particularly
acute when representing continuous variables on classical computers. Quantities such as nuclear
positions and electronic coordinates must be discretised into basis functions or grid points. For
an accurate simulation, the grid spacing must be fine, which means that each degree of freedom
requires a large number of points. As an illustrative example, even a relatively small molecule
with 24 nuclear degrees of freedom (10 atoms), each represented with a spatial grid basis of
size b = 10, would require tracking 10%* coefficients at all times, which already surpasses any
available computational capability [5-8].

Consequently, the exponential scaling with the number of degrees of freedom is even more
severe for the discretisation of continuous variables. Even modest molecular systems therefore
demand prohibitively large memory and computational resources.

The challenge is exacerbated for open quantum systems, where environmental interactions
must also be modelled. In these cases, the molecular system is described not by a single

wavefunction, but by a statistical ensemble of states eq. (1.2), represented by a density matrix,

P = sz‘j RS (1.3)
irj

where the diagonal elements p;; give the probability of the system being in state |1);), and the off-
diagonal elements encode quantum coherences. The computational cost of simulating molecular
systems interacting with their environments increases dramatically, since the density matrix
contains N? elements, where N is the dimension of the Hilbert space spanned by the states [1;).
This quadratic scaling in memory makes open-system simulations even more demanding than

closed-system ones.
In practice, one resorts to truncations, such as limiting the number of active electronic states
or vibrational modes, but these inevitably reduce accuracy. Even with modern supercomputers,
fully quantum simulations quickly exceed feasible computational capabilities once the system

extends beyond only a few atoms. To address these limitations, a variety of approximate models
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and computational methods have been developed. All these are discussed in the following

sections.

1.3 Models used for simulating chemical dynamics

Having introduced the motivation for simulating chemical dynamics and the computational
challenges involved, here we establish the theoretical models that underlie most approaches to
chemical dynamics simulation. These models provide the essential bridge between the exact, but
intractable, fully quantum-mechanical description of a molecule and the practical approximations
needed for classical and quantum computational methods. By making physically motivated
simplifications, they allow us to capture key aspects of electronic and nuclear dynamics while

reducing the complexity of the underlying equations.

Among the most widely used are the Born—-Oppenheimer approximation, the adiabatic and
diabatic representations, and the vibronic coupling model. Together, these form the conceptual
foundation for describing electronic—nuclear interactions and for developing trajectory-based
or wavefunction-based methods in computational chemistry. Despite their utility, each carries
intrinsic limitations. For instance, the Born—-Oppenheimer approximation neglects strong non-
adiabatic couplings and fails near conical intersections, while diabatic and vibronic coupling
models usually require Hamiltonian truncations, introducing further approximations whose
accuracy depends on the system under study. These caveats are central to both classical
and quantum simulations, as they dictate the conditions under which a given computational

approach is valid.

Finally, the master equation formalism provides a framework to go beyond isolated systems
and describe the dynamics of molecules in realistic environments, where dissipation and decoher-
ence play central roles. This formalism is particularly important for quantum simulation in the
MQ@B framework, as it enables the inclusion of open-system effects that are challenging to treat
classically. In this way, the master equation extends the reach of molecular simulations to the
condensed-phase regime, where environmental interactions often determine chemical reactivity

and reaction mechanism.

In what follows, we outline these well-establish models, emphasising not only their role
in enabling simulations of chemical processes, but also how they set the stage for the MQB

approach explored in this thesis.



1.3.1 Born-Oppenheimer (adiabatic) approximation

In chemical dynamics, a well-known approach is to treat electronic and nuclear motion separately.
This relies on the large difference between nuclear and electronic masses, which leads to
different characteristic timescales of motion. First introduced by Born and Oppenheimer [9],
the approximation allows the molecular wavefunction to be expanded in terms of electronic
eigenfunctions that depend parametrically on the nuclear coordinates. In the exact treatment,
the Schrédinger equation generates non-diagonal terms that couple nuclear and electronic states.
However, at low energies, for small-amplitude nuclear vibrations, and in the absence of electronic
degeneracies, these couplings can be safely neglected. Under these conditions, the dynamics
can be effectively restricted to a single electronic state, providing a practical framework for
simulating molecular processes.

We start by describing the Hamiltonian of a general molecular system [2, 10|,
H:T€+TN+U(T, Q)7 (14)

where T, and Ty are kinetic energy operators of the electrons and nuclei, respectively, and
U(r, Q) is the potential energy of all particles. Here, r = (71,79, ..., 7;) denotes the electronic
coordinates and Q = (@1, @2, ..., Q) the nuclear coordinates.

The central idea is to describe the electronic and nuclear motions separately. For the
electronic motion, we fix the nuclei in space so that Ty = 0, and defined the eigensystem of the

electronic Hamiltonian,
Heq)n(r7 Q) = Vn(Q)CI)n(r7 Q)7 (15>

where H, = T, + U(r,Q), ®,(r, Q) are the adiabatic electronic states and V,(Q) are the
electronic energies at nuclear geometry Q, also known as potential energy surfaces (PESs).
For the nuclear motion, the total molecular wavefunction can be expanded in the adiabatic

basis as

U(r,Q) =) xa(Q2n(r,Q), (1.6)

where x,(Q) are nuclear wavefunctions associated with each electronic state.

Substituting this ansatz into the molecular Schrodinger equation,
(H - E)¥(r,Q) =0, (1.7)

and projecting onto the state ®,(r, Q) yields a set of coupled equations for the nuclear wave-

functions,

[TN + Vn(Q) - E] Xn(Q) = ZAnme(Q)v (1'8)
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where the non-adiabatic couplings are

A = — / dr " [T, @] (1.9)

The operator T,, acts on the nuclear dependence of the electronic states, and thus A,,,,, represents
couplings between different adiabatic electronic states mediated by nuclear motion. Since the
electronic energies are typically much larger than the nuclear kinetic energy, these terms are
often a small perturbation and can be neglected. This leads to the Born—Oppenheimer adiabatic

approzimation, in which the total wavefunction reduces to a single product state,

U(r, Q) = xn(Q)Pn(r, Q). (1.10)

The nuclei are evolving on a single PES V,,(Q), while the electrons are assumed to adjust
instantaneously to their motion. This separation of time-scales underpins much of computational
chemistry, as it reduces the full electron—nuclear dynamics to nuclear motion on pre-computed
electronic landscapes.

Despite the usefulness of this approximation, it may fail in many important cases—particularly
when potential energy surfaces of different electronic states come close in energy. In such regions,
the non-adiabatic operators A,,, cannot be neglected for those electronic indices n and m
that belong to the manifold of nearly degenerate states. Their non-trivial effects mediate
ultrafast population transfer between adiabatic electronic states, especially in near-degenerate
regions. As a result, solving the Schrodinger equation becomes considerably more complicated,
and perturbative approaches generally fall short. This breakdown of the Born—-Oppenheimer
approximation highlights the need for alternative representations—such as diabatic states or

vibronic coupling models—that can explicitly incorporate these strong non-adiabatic effects.

1.3.2 Diabatic representation

While the Born-Oppenheimer approximation and the adiabatic representation provide a con-
venient starting point for molecular simulations, they become inadequate when describing
processes such as radiationless transitions and photoinduced electron or energy transfer. In
these cases, the potential energy surfaces are nearly degenerate (or exactly degenerate), and the
electronic states change character rapidly as a function of nuclear coordinates. This gives rise
to large non-adiabatic couplings, with derivative terms that can even diverge near intersections
of potential energy surfaces. Such behaviour makes quantum dynamical treatments in the
adiabatic basis particularly challenging.

The diabatic representation |2, 10| offers an alternative perspective. Instead of using
electronic states that diagonalise the electronic Hamiltonian at each nuclear geometry, diabatic

states are defined to vary smoothly with nuclear coordinates. This basis is obtained through
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Figure 1.2: Adiabatic and diabatic potential surfaces of the first excited electronic states of pyrazine. a.
Adiabatic potential surface as a function of the relevant nuclear coordinates Q1 and Q3. The evolution
of nuclear wavepacket along the surfaces is also shown, and each electronic state is associated with a
distinct molecular geometry. b. Diabatic states (without the interstate coupling) transformed from a.
Figure from [11].

an orthogonal transformation of a subset of adiabatic states, which eliminates most of the
problematic derivative couplings that complicate the adiabatic description. The small residual
couplings that remain can often be neglected in practice. As a result, the complexity of the
problem is shifted into off-diagonal elements of the electronic Hamiltonian. The resulting diabatic
states are smoother and often provide a more intuitive physical picture of the interactions

between states.

To illustrate this smooth behaviour, fig. 1.2 compares the excited adiabatic electronic states
of pyrazine [11] with the diabatic representation. The excited-state dynamics of this molecule

are well known for the conical intersection between the first excited states, which leads to strong
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couplings and ultrafast dynamics. Figure 1.2a shows the adiabatic potential energy surfaces
along different nuclear coordinates, where each electronic state reflects a different molecular
configuration. Figure 1.2b depicts the corresponding diabatic representation, which remains
smooth near the conical intersection (with diabatic couplings not included).

The diabatic representation has proven indispensable for both classical computational
methods and quantum simulations, despite its theoretical and computational limitations [2]. It
is neither unique nor exact: many different unitary transformations can generate distinct sets
of diabatic states, and practical methods to construct them often involve approximations or
system-specific criteria, each associated with particular computational limitations. Nevertheless,
the diabatic framework greatly simplifies the construction of model Hamiltonians for quantum
dynamics. By focusing on a small set of diabatic states and their couplings, one can capture the
essential physics of complex processes such as charge transfer, proton-coupled electron transfer,
or exciton dynamics in molecular aggregates.

Finally, the diabatic picture is particularly valuable for vibronic coupling models, where both
electronic and vibrational degrees of freedom are retained in a manageable form. Its natural
mapping of electronic states onto discrete levels and vibrational modes onto bosonic degrees of

freedom makes it especially well suited MQB simulation of chemical dynamics.

1.3.3 Vibronic coupling models

Assuming a diabatic representation, where electronic states are chosen to vary smoothly
with nuclear coordinates, one can develop simplified Hamiltonians that capture the essential
interactions between a small set of electronic states and the vibrational modes of the molecule.
This leads to the vibronic coupling model |2, 10], which is a widely used framework for describing
non-adiabatic dynamics. In this approach, the molecular Hamiltonian is expressed in terms of a
diabatic electronic basis, with vibrational degrees of freedom explicitly retained. The potential
energy surfaces are then expanded as a Taylor series around a chosen reference geometry, typically
the equilibrium configuration of the ground state. This expansion naturally introduces couplings
between electronic and vibrational modes, allowing a compact and systematic description of
processes such as internal conversion, conical intersections, and ultrafast photodynamics.

An essential step in constructing vibronic model Hamiltonians is the choice of nuclear
coordinates. The form of both the kinetic- and potential-energy operators depends on this
choice, and selecting a convenient coordinate system can greatly simplify the representation
of the dynamics. In quantum treatments, where the cost of computation grows rapidly with
dimensionality, it is standard practice to eliminate overall translation and rotation and to
describe vibrations in terms of dimensionless normal coordinates [2]. These coordinates are

defined with respect to a chosen reference geometry, typically the equilibrium geometry of the
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electronic ground state. Assuming small displacements about this point simplifies both the
kinetic- and potential-energy operators, as the normal modes then represent small-amplitude
vibrations relative to the equilibrium structure.

Expanding the potential-energy surfaces as a Taylor series in these coordinates provides a
natural and systematic way to include vibrational couplings, while the kinetic-energy operator
takes a simple form that is well suited to quantum dynamical calculations. In this way, the
vibronic Hamiltonian can be expressed as the sum of the nuclear kinetic-energy operator and a
reference harmonic potential, together with perturbative coupling terms that account for the
influence of vibrational displacements on the electronic states. The operators for the nuclear

kinetic and harmonic potential energies are given by [2]

T __lzh 8_2 (1.11)
N — 92 i Wy nga .
Vo= hw@? (1.12)

0 2 L v ’

where (); is the dimensionless normal coordinate and w; is the harmonic vibrational frequency
of the ith mode.

The total Hamiltonian can be written as,
Hyc=Tv+Vo+ W, (1.13)

where W describes deviations of the potential energy from the reference harmonic PES for

small displacements. The matrix elements of W in the diabatic basis {n} are expressed as |2]

Wan(Q) = Eo + > 6"Qi+ > 21QiQ; + ..., (1.14)
War @) = D N Qi D ui"QuQ +.... (n#n). (1.15)
i i,j

where F, is the vertical excitation energy of the nth electronic state, and the coefficients x;,

72-(;-1), )\Enn/), etc. are electronic-vibrational coupling constants. They are defined as [2]
R = (aggi”)o, (1.16)
A = (8;%:')0, (1.17)

with the derivatives evaluated at the reference ground-state geometry.
(n)

Here, x; ’ are the first-order intra-state coupling constants, describing how the nth electronic

state is perturbed by nuclear displacements. The /\,Eml) are the first-order inter-state coupling
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constant, responsible for vibronic mixing between different electronic states. The quadratic terms
7@] ) describe changes in vibrational modes upon excitation and are related to the Duschinsky
rotation [12] of normal modes in the excited state.

In practice, ultrafast dynamics in non-adiabatic processes can often be described accurately
by retaining only the leading-order terms in the vibronic expansion, corresponding to the
first-order coupling between electronic states and nuclear vibrations [13-15|. This leads to the
linear vibronic coupling (LVC) Hamiltonian, which includes only the terms linear in the nuclear

displacements (); within the diabatic potential-energy matrix elements W,

Hiye == Zhwj Q +P2 +ZE |n) ( n|+ZZH(an|n n|+ZZ)\ Qz|n n'|,
(1.19)
where the diabatic basis has been written in ket notation for convenience.

The vibronic coupling Hamiltonian provides a compact yet flexible description of the essential
interactions between electronic and vibrational degrees of freedom, and is particularly well
suited to MQB simulation. Importantly, it can also be used within open quantum system
frameworks, where environmental effects such as dissipation and decoherence are incorporated

through additional terms in the master equation, as we explore next.

1.3.4 Master equations for open quantum systems

Up to this point, we have considered mainly models for isolated molecular dynamics. However,
most realistic chemical processes occur in complex environments, where interactions with the
surroundings can play a decisive role in determining the outcome of the reaction. These
environmental effects are not merely minor perturbations: they govern essential processes such
as electronic and vibrational relaxation, dephasing, and energy dissipation, all of which strongly
influence reactivity and photodynamics in condensed-phase chemistry and biology. To capture
such effects, one must move beyond a closed-system description and adopt an open quantum
systems framework.

In an open system, the state of the molecule and its bath together is described by the density
operator p(t) = |[¢(t)) (¥(t)|, where |¢(t)) is the combined state vector of the system and bath.

The time evolution of p(t) follows the Liouville-von Neumann equation [16],

So(t) =~ {H, p(1), (1.20)

which generalises the Schrodinger equation to density matrices. However, in practice one
is usually interested in the reduced state of the system alone, obtained by tracing over the
bath degrees of freedom. To render this problem tractable, we introduce physically motivated

approximations that are valid when the system—bath coupling is sufficiently weak. These
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approximations lead to effective master equations describing the dynamics of open quantum
systems.

We begin by partitioning the Hamiltonian of the full molecule-bath system as
H=Hs+ Hp + Hgp, (1.21)

where Hg and Hp are the free Hamiltonians of the system and bath, respectively, and Hgp
describes their interaction.
The derivation of master equations is most conveniently carried out in the interaction

picture [16], in which eq. (1.20) becomes

d l

20y = ——1HD (1), oD (¢ 1.22
S0 = = (H ), (1), (1.2
which can be integrated to yield
.t
1
§0 =00 - 1 [ i) o)L (123

This result can be substituted back into eq. (1.22) to give

G0 =5 [ ar s [HG 0. [0 0)]]. (124
where we have traced over the bath. The term [H é%(t), p(”(O)} is an energy shift in the
system and was set to zero without affecting the dynamics [16]. Equation (1.24) already scales
quadratically with the system-bath interaction Hamiltonian. For weak system—bath coupling, no
further substitutions are required, since the resulting higher-order terms (scaling as O ((H é%)3>)
are small and can safely be ignored.

At this point, the dynamics remain intractable because the full system—bath density matrix
still appears. To proceed, the Born approximation is introduced (valid for a weak system—bath
coupling), in which the system-bath state is always separable. For a large bath, its state is
negligibly disturbed by its interaction with the system; therefore, at any time ¢, the joint
state can be factorised as pD)(t) ~ pg) (t) ® pp, where pp is the equilibrium bath state [16].
Substituting into eq. (1.24) gives,

S0 =~ [t T [HG0. G- 0.4~ @] (120)
where we made the substitution ¢ = ¢ — 7. The resulting eq. (1.25) is more tractable but still
retains a dependence on the past system state, reflecting memory effects in the bath.

Eliminating this memory leads to the Markov approximation. If bath correlations decay
on a timescale 7 much shorter than the system’s evolution timescale 75, then the bath has

effectively no memory of past interactions, and the system’s evolution depends only on its
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present state. Under this assumption, p)(t — ¢') ~ p)(¢), and the upper integration limit may
be extended to infinity [16],

d (1 L[~ I I I

o) = == | at Teg [HE W), [HG(E— 1), 08 0) © s (1.26)

0
Together, the Born and Markov approximations lead to the Redfield eq. (1.26), which is
widely used in molecular dynamics [17]. However, the Redfield generator does not guarantee
completely positive evolution of pg(t), so in some cases it can predict unphysical negative
probabilities [16, 17].
To restore positivity, one can average over rapidly oscillating terms in the master equation

1.26, known as the secular approximation. To make this oscillation evident, we start by

decomposing the system—bath interaction Hamiltonian (in the Schréodinger representation) into,
Hsp =Y  A.® B, (1.27)

where the operator A, acts on the system and B, on the bath. Assuming that the spectrum
of Hg is discrete, we define the operator I1(¢) as the projector onto the eigenspace of the the

eigenvalue ¢, so that A% can be defined as [16]
As= Y T(e)AJI(E). (1.28)

The system’s operator A, can be written in terms of A% by summing eq. (1.28) over w,
Ao =) A% (1.29)

Replacing this in eq. (1.27), the system-bath interaction Hamiltonian is now written as as

spectral decomposition of the system’s Hamiltonian,

Hsp =Y A% ® B,. (1.30)

a,w

We aim to write the interaction Hamiltonian Hgp into the interaction picture H é%(t)
I w
H(t) =" A%(t) @ Bal(t), (1.31)

where A%(t) = e"“!' A% and B,(t) = e8! B,e 5! are the corresponding interaction picture
operators. Replacing eq. (1.31) into eq. (1.26), neglecting oscillating cross-terms (w # w'),
and restoring the Schrodinger picture, the Redfield equation reduces to the Lindblad master

equation [16],
dps 1 T 17t
s _ 1 iHg+ Hys, (L Li—L0L, ) 1.32
o - [Hs + Lsps]Jr%v psLi — 5L Li, ps (1.32)
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Here the L; are Lindblad jump operators, «; are corresponding rates determined by bath
correlation functions, and Hg is the Lamb-shift Hamiltonian, which is usually omitted in the
weak-Markovian regime because it is a small, model-dependent, can be absorbed into the system
Hamiltonian and does not affect dissipative dynamics [16].

This final form ensures that the reduced density matrix evolves through a completely posit-
ive, trace-preserving map, making the Lindblad equation a practical tool for modelling open
quantum dynamics. Within the regime of validity—weak system—bath coupling and Markovian
environments—it allows one to classify dissipation in molecular systems into population relaxa-
tion and pure dephasing [17]. Indeed, Lindblad-type equations have been applied successfully
to electron transfer [18|, vibrational relaxation in solvated molecules [19-21], and environment-
assisted energy transport in molecular aggregates [22]. Moreover, their operator-sum structure
makes them particularly suitable for analog quantum simulation, where engineered dissipation
can be introduced to mimic realistic condensed-phase environments.

It is worth noting, however, that when the coupling to the bath is not weak, or when
memory effects become significant, more sophisticated non-Markovian master equations are re-
quired [23, 24]. Such approaches go beyond the Born—Markov framework, retaining environmental
correlations and enabling the description of strong-coupling and long-time dynamics |23, 24],
albeit at the cost of greater mathematical and computational complexity. In this thesis, we
focus on the weak-coupling regime, which is most relevant to the physical scenarios considered,
while acknowledging that non-Markovian extensions remain an important direction for future

research.

1.4 Classical computational methods for chemical
dynamics simulation

As discussed in the previous sections, a full quantum-mechanical treatment of chemical dynamics
quickly becomes computationally intractable due to the exponential growth of the Hilbert space
with system size. At the same time, many processes of central importance in chemistry—such as
photochemical reactions, ultrafast processes, and charge or energy transfer—cannot be described
accurately without explicitly accounting for quantum effects. This tension between the need
for quantum accuracy and the practical limitations of classical computation has motivated the
development of a wide range of approximate methods.

These methods typically combine quantum and classical treatments, using classical mechanics
for the nuclear motion while retaining a quantum description of the electronic subsystem.

Among the most widely used methods are trajectory-based approaches, such as Ehrenfest
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dynamics and surface hopping, which treat nuclear motion along classical trajectories coupled to
quantum electronic states. Similarly, ab initio multiple spawning (AIMS) method, dynamically
refines the nuclear wavefunction into trajectory “spawns” near regions of strong non-adiabatic
coupling. Exact methods, including the split-operator method, only works for small molecular
systems. More advanced formulations, such as the Multi-Configuration Time-Dependent Hartree
(MCTDH) method, retain a fully quantum description of the nuclear wavefunction but employ
efficient, adaptive basis representations to reduce computational cost. These approaches form the
foundation of modern computational strategies for simulating non-adiabatic chemical dynamics,
each offering a different balance between accuracy, computational efficiency, and applicability to
complex molecular systems.

In the following, these approaches are briefly explained, outlining their theoretical foundations
and the trade-off that determine their suitability for specific types of non-adiabatic chemical

dynamics problems.

1.4.1 Trajectory-based methods

An inexpensive class of approaches for simulation non-adiabatic chemical dynamics are mixed
quantum-—classical dynamics methods, in which the nuclei are treated classically while the
electrons are described quantum mechanically. The interaction between the two types of degrees
of freedom is treated self-consistently, so that the quantum subsystem responds to the influence
of the classical nuclei and vice versa. A central example is the mean-field Ehrenfest method [25-
27|, where the electronic wavefunction evolves according to the time-dependent Schrédinger
equation and the nuclei follow Newton’s equations of motion under forces derived from the
gradient of the expectation value of the electronic Hamiltonian. This mean-field treatment
effectively averages over multiple electronic states simultaneously. The Ehrenfest approach is
representation-invariant (adiabatic or diabatic), conserves total energy, and is computationally
inexpensive, making it appealing for exploratory studies. However, because all trajectories evolve
on a mean-field potential, the method fails to capture quantum—classical correlations accurately,
particularly in situations where populations should branch between distinct potential energy
surfaces. As a result, it tends to overestimate coherence, fails to capture trajectory branching
for systems involving strong non-adiabatic effects or complex potential energy landscape [26],
which limits its predictive accuracy in strongly non-adiabatic regimes.

To overcome the inability of mean-field dynamics to capture branching between electronic
states, trajectory-based alternatives such as surface hopping were developed [28]. Similarly to the
Ehrenfest method, surface hopping adopts a mixed quantum-—classical framework in which the
nuclei are treated as classical particles evolving (classical trajectories) along adiabatic potential

energy surfaces, while the electronic degrees of freedom are described quantum mechanically [28].
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Figure 1.3: Representation of trajectory surface hoping (TSH). It depicts the wavepacket branching in
a region with strong non-adiabatic couplings, each wavepacket trajectory are stochastically distributed
among the coupled surfaces. This efficient method was proposed more than 50 years ago to overcome
the limitation of previous trajectory-based methods [28]. Figure from the graphical abstract of [29].

In this approach, each trajectory follows a single potential energy surface until regions of strong
non-adiabatic coupling are encountered, where stochastic ‘hops’ between surfaces can occur,
allowing for the branching of nuclear trajectories into different electronic states. The potential
energy surfaces and couplings are typically evaluated ‘on the fly’ as the nuclei move, which
enables the simulation of relatively large molecular systems and long timescales with more
favourable scaling than fully ab initio quantum dynamics [30]. However, because surface hopping
is not rigorously derived from the time-dependent Schrodinger equation [31], the results are
not exact and in some cases can lack predictive reliability. In addition, the method is not
invariant under different choices of electronic basis, which restricts its applicability to certain
problems. Overall, surface hopping provides a practical and computationally efficient tool for
exploring non-adiabatic molecular dynamics, Yet, because it is not rigorously derived from the
time-dependent Schrédinger equation and is basis-dependent, its results can be unreliable for

problems requiring quantitative accuracy.

Among trajectory-based methods, the ab initio multiple spawning (AIMS) approach provides
a more systematic quantum-mechanical treatment of nuclear motion compared to surface
hopping [32, 33]. In AIMS, the molecular wavefunction is expanded in terms of Gaussian basis
functions—so-called trajectory basis functions (TBF)—that evolve along classical trajectories
on adiabatic potential energy surfaces. Crucially, when the system enters regions of strong non-
adiabatic coupling, new basis functions are ‘spawned’ onto different electronic states, allowing
the method to naturally capture branching of the nuclear wavepacket and maintain quantum
coherence between pathways. This mechanism overcomes one of the major shortcomings of

surface hopping, where coherence is often artificially lost. At the same time, AIMS retains
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the practical advantage of on-the-fly ab initio electronic structure calculations, avoiding the
need for global potential energy surfaces [31]. However, despite these advances, AIMS still faces
significant limitations. The number of Gaussian basis functions can grow rapidly in complex
dynamics, leading to steep computational costs, and accuracy depends sensitively on the choice
of Gaussian widths and spawning criteria [32, 33]. Moreover, the description of nuclear motion
remains approximate, and long-time coherence or strongly coupled multidimensional dynamics

can be difficult to converge.

1.4.2 Split-operator method

A fully quantum nuclear movement is provided by the split-operator method, a widely used
approach for numerical propagation of the time-dependent Schrédinger equation [34, 35]. Its
central idea is to take advantage of the fact that the Hamiltonian of a molecular system can
often be written as the sum of a kinetic energy operator, T', and a potential energy operator,
V. Since T and V' are diagonal in complementary representations (momentum and coordinate
space, respectively), the time evolution operator for a short time step At can be approximated

using the second-order Trotter expansion [36-38]|,

oA —iVAL/(21) ,—iTAL/h iV At/ (2h) (1.33)

This factorisation makes it efficient to alternate between position- and momentum-space rep-
resentations of the wavefunction using fast Fourier transforms (FFTs) [39]. In practice, the
split-operator method allows direct grid-based propagation of the nuclear wavepacket, giving
numerically exact results for relatively small systems and short timescales [35]. However, for
larger molecular systems, the method becomes prohibitively expensive, since the grid size grows
exponentially with the number of degrees of freedom, making both the memory requirements

and computational cost intractable.

1.4.3 MCTDH

To reduce the computational cost of grid-based methods while retaining a fully quantum
description, the Multi-Configuration Time-Dependent Hartree (MCTDH) approach stands out
as one of the most versatile and accurate techniques [40-42]. By employing a more manageable
basis, MCTDH enables exact simulations that would otherwise be intractable with direct-product
grids. It provides a fully quantum-mechanical description of nuclear motion by solving the time-
dependent Schrodinger equation (TDSE) for multiple degrees of freedom simultaneously. The
method is particularly effective for systems described by vibronic coupling models or involving

conical intersections, where strong non-adiabatic effects are present. The method expands the
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nuclear wavefunction as a linear combination of time-dependent products of single-particle

functions (SPFs) [43]:

n1 ny /
k
k=1

Ji=1  js=1
where g are the nuclear coordinates, Aj, _;, (t) are the time-dependent extension coefficients,
and 90§-IZ)(qk, t) are the SPFs associated with each degree of freedom. Inserting this ansatz into the
Dirac—Frenkel variational principle yields coupled equations of motion for both the coefficients
and the SPFs. The use of time-dependent SPFs greatly reduces its computational cost compared
with exact methods (such as split-operator method), making MCTDH particularly efficient for
multidimensional problems while retaining a high degree of accuracy.

MCTDH has become a standard tool for simulating non-adiabatic molecular dynamics,
providing numerically exact results for small systems with up to approximately ten degrees of
freedom [44-46|, and high-precision results for larger systems [47]. However, these simulations
are typically limited to short time scales and require pre-computed electronic potential energy
surfaces. While these surfaces accurately represent short-time dynamics, their reliability
decreases as the nuclear wavepacket evolves far from the initially sampled configurations. To
address some of these limitations, the multi-layer extension of MCTDH (ML-MCTDH) [48, 49|
allows hierarchical coupling of SPFs, enabling efficient and accurate simulations of larger systems.
Nevertheless, the method remains computationally demanding, the optimal wavefunction form
cannot be predicted a priori, and as a fully quantum treatment methods on classical computers,
it has a worst-case exponential-resource scaling with system size. Thus, despite being highly
accurate for small to medium systems, its exponential scaling prevents its use for realistic

large-scale chemical dynamics.

1.5 Quantum simulation of chemical dynamics

The limitations of classical methods make it clear that capturing the full complexity of non-
adiabatic chemical dynamics requires new strategies. Rather than approximating quantum
behaviour with classical resources, quantum simulation offers a different path: it employs a
controllable quantum device to reproduce the dynamics of the quantum system directly [6—
8, 17, 50], taking advantage of the same quantum mechanical principles that govern the quantum
simulator itself. This idea was proposed by Richard Feynman |7| and is particularly useful for
chemical problems whose fully quantum description can demand exponential scaling, making
accurate classical simulations intractable.

Quantum simulation can be broadly divided into two paradigms: digital and analog. Digital,

or qubit-only, approaches encode the molecular degrees of freedom into qubits and reproduce
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their dynamics through sequences of quantum gates |5, 8]. While this strategy is universal—any
system can be simulated given an algorithm—and ultimately compatible with fault-tolerant
quantum computing, present-day devices remain constrained by limited qubit numbers, gate
errors, and short coherence times, restricting applications to proof-of-principle studies of small
systems. By contrast, analog simulation reproduces the molecular dynamics directly by using
the native degrees of freedom of the hardware. Specifically, the MQB approach [11] employs
qudits (d-level system) to represent electronic states and bosonic modes to encode vibrations,
thereby avoiding the costly mapping of vibrational degrees of freedom onto qubits (d = 2). This
resource efficiency makes the MQB approach especially well suited for simulating non-adiabatic
molecular dynamics.

In the following, we discuss these two paradigms in more detail. First, we review qubit-only
methods, previous attempts to simulate chemical dynamics, and the challenges that currently
prevent them from scaling. We then introduce the MQB approach, with a focus on trapped-ion

architectures, which are used for experimental realisations in this thesis.

1.5.1 Digital simulation

Digital quantum simulation is the most widely developed approach to quantum simulation |5, 6,
8, 50-52]. As in classical computers, most quantum simulation approaches are built from basic
memory units—quantum bits, or qubits. Unlike a classical bit, which can only take the values 0
or 1, representing the qubit states |0) and |1), respectively. A general qubit state can exist in a

superposition of both states,

), = col0) + e [1), (1.35)

with |co|? + |e1]* = 1. A quantum processor with n qubits can therefore represent 2" basis states
simultaneously [5], reducing the exponential memory requirements on classical computers to a
linear scaling with qubit number.

In this approach, the simulator encodes the degrees of freedom of a target system into
registers of qubits and reproduces its dynamics through sequences of elementary quantum
gates [5]. Because qubits can be manipulated using a universal set of single- and two-qubit
operations, any physical system can in principle be simulated with arbitrary accuracy, provided
that a suitable algorithm is devised and sufficient resources are available. This universality
makes digital simulation a cornerstone of long-term visions for quantum computing, including
applications in chemistry.

A variety of algorithms have been proposed for quantum chemistry on digital quantum
computers, although most efforts have focused on electronic structure problems involving time-

independent variables. Examples include quantum phase estimation (QPE) [53-55] and the
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variational quantum eigensolver (VQE) [56-58|, both of which have been applied to ground-
state energy estimation. Despite their favourable scaling—Ilinear in the number of qubits and
polynomial in the number of gate operations with system size [53|—these methods have so far
been restricted to very small molecules, such as Hy [53, 56, 58|, LiH [54, 56], BeH, [57] and
H,O [54], owing to current device limitations in qubit counts and coherence times. The largest
chemistry calculation to date, using a state-of-the-art superconducting processor assisted by a
supercomputer, has simulated the ground-state dissociation of Ny as well as the ground-state

properties of [2Fe—2 S| and [4 Fe—4 S|, employing 77 qubits and 10, 570 gates [59].

Quantum computers offer efficient simulation alternatives. Qubit-only simulators have
universal applicability, since any quantum system can be simulated efficiently on a quantum
computer [8, 60]. However, applying them to molecular dynamics involves continuous variables
that must be discretized and encoded into qubits [61-66]. This mapping introduces substantial
overhead in the number of qubits and the circuit size of quantum simulations. Nevertheless,
qubit-only platforms carry the long-term prospect of fault-tolerant implementation because

error-corrected qubits can execute deep circuits with controlled accuracy.

Quantum algorithms for the simulation of chemical dynamics provide numerically exact
results with polynomial resource scaling [61-64]. However, the number of qubits and quantum
gates required per time step to outperform classical methods already exceeds the capabilities of
state-of-the-art devices [61-63|, restricting these algorithms to small molecules. Recent estimates
for chemical dynamics of a four-state model of an anthracene—fullerene interface indicate the
need for 117 qubits and 1.5 x 107 Toffoli gates [66], even after reducing the dimensionality to 11
vibrational modes. These results showcase the potential of digital methods, but also highlight
the steep resource gap between today’s noisy intermediate-scale quantum (NISQ) hardware and

the fault-tolerant quantum computers required for chemically realistic simulations.

Ultimately, fault tolerance is essential for the scalability of digital quantum simulation [5]. By
encoding logical qubits into error-correcting codes, it becomes possible to suppress decoherence
and gate errors to arbitrarily low levels, at the cost of significant hardware overhead [67, 68|.
Estimates suggest that millions of physical qubits may be required to perform accurate digital
simulations of medium-sized molecules under fault-tolerant protocols [69]. While this goal
remains distant, digital simulation continues to provide a crucial theoretical framework, guiding

algorithmic development and resource estimation for the future of quantum chemistry.
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Figure 1.4: Resource requirements as a function of molecular size (number of vibrational modes)
for simulating vibronic Hamiltonian dynamics using classical and quantum approaches. a. Memory
requirements for classical methods and quantum simulation, shown in bits (b), bytes (B = 8b), and
quantum resources (qubits). b. Qubits requirements for quantum approaches (zoom-in of the grey box
in panel a), illustrating their linear scaling. Figure modified from [11].

1.5.2 Analog simulation using the mixed-qudit-boson ap-
proach

Analog quantum simulators [50, 70-72] provide an alternative to universal, gate-based quantum
computation. Instead of decomposing molecular dynamics into a sequence of qubit gates, an
analog simulator is constructed so that its Hamiltonian matches that of the system of interest.
Once this mapping is established, the simulator naturally evolves in time in the same way as
the target system, and molecular observables can be retrieved directly from measurements of
the simulator. This direct correspondence between Hamiltonians as already been successfully
applied in qubit-based simulators for spin models |73, 74] and in ultracold atom platforms for
simplified molecular systems [75].

For chemical applications, bosonic degrees of freedom are particularly valuable because they
provide a natural representation of molecular vibrations. Architectures such as photonic chips,
microwave resonators, and trapped ions natively host bosonic modes, avoiding the costly qubit
overhead required to encode oscillators digitally. The mixed-qudit—-boson (MQB) framework [11]
takes advantage of this for chemical dynamics simulation; it maps electronic states onto qudits
and vibrational modes onto bosonic modes, providing a resource-efficient representation of
vibronic coupling Hamiltonians. Indeed, bosonic simulators have already been applied to
vibrational dynamics |76, 77] and Franck—Condon spectra |78-80], while approaches entangling
bosonic modes with discrete states enable the simulation of more complex processes, including

electron—nuclear dynamics, charge transfer, and exciton transport [81-83].
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The formal basis for this mapping can be seen by comparing the vibronic coupling Hamiltonian
of eq. (1.13) with the MQB Hamiltonian. Usually, MQB architectures use a combination of
light-matter interactions to achieve full control over their devices, making it common to describe
their Hamiltonian in the interaction picture. To make the molecule-MQB mapping evident,
we start by expressing the simplest VC Hamiltonian (LVC model eq. (1.19)) in the interaction
picture [11],

d N (nm)
C; .
e =33 ) (ol @ewt " h.c.) + 3" Eu[n) (n]. (1.36)
nm j=1 n

Here, bosonic operators satisfy Q; = (a} +a;)/V2 and

/\g-"m) if n # m,
(

an) if n = m.

The system is composed of d electronic states coupled to N vibrational modes.

Several physical architectures can be used to implement MQB simulations, provided they
supply qudit states, bosonic modes, and controllable couplings between them. Examples of such
systems are circuit quantum electrodynamics (cQED) [84-86], and trapped ions [87-91|. Trapped-
ion systems support multiple motional modes that naturally map onto vibrational coordinates,
while the ion’s internal electronic states provide qudits. Likewise, cQED architectures—usually
superconducting circuits coupled to microwave resonators—allow microwave resonators to host
many bosonic modes, enabling simulations of molecules with a large number of vibrational
degrees of freedom. An MQB analog simulator can implement an equivalent Hamiltonian to
eq. (1.36) [11],

Hyqp = Z Z Qg In) (M| <a}ei6jt + h.c.>+z Z Ok

n#m j=1 n k=1

n) (o] (ale™ +h.e )43 xaln) (nl,

" s
where each parameter {2, ,,, j, ©nk, Xn} corresponds to a physically tunable interaction in the
simulator. The structural similarity of the two Hamiltonians means that MQB simulators can
reproduce vibronic dynamics directly, with tunable parameters allowing flexible modelling of a
broad range of molecular systems.

The efficiency of MQB simulators compared to both classical and digital approaches, is
reflected in their scaling properties. The number of qudit states and bosonic modes required scales
linearly with the number of electronic states and vibrational modes in the target molecule [11].
This linear scaling contrasts with the exponential scaling of classical simulations and a the steeper
scaling of digital quantum approaches [11]. As shown in fig. 1.4, simulating a molecular system
with ten vibrational modes would require approximately 80 qubits and complex interactions

between them in a digital approach, whereas an MQB simulator would need only four ions

22



in a trapped-ion architecture and a single microwave resonator in cQED. Importantly, the
experimental difficulty of implementing a controllable bosonic mode is often comparable to that
of a qubit, making bosons a cost-effective resource.

In the following, we describe the trapped-ion architecture in detail, highlighting how its
physical degrees of freedom and control toolbox naturally implement the MQB framework and

make it a particularly powerful platform for simulating chemical dynamics.

Trapped-ion architectures

Trapped ions represent one of the most mature and versatile architectures for quantum comput-
ing [51, 70, 92|, with applications ranging from universal digital simulation based on qubits and
gate operations to analog simulation frameworks that exploit qudits and bosonic modes.

The description presented here is tailored to the requirements of trapped-ion platforms
for MQB simulation of chemical dynamics. It outlines how trapped-ion systems encode elec-
tronic and vibrational degrees of freedom and how sideband couplings simulate the essential
electron—vibration interactions found in molecular systems. The subsequent chapters of this
thesis, including both experimental demonstrations and theoretical proposals, are built upon

this architecture.

Internal degrees of freedom as qudits

The internal degrees of freedom of a trapped ion correspond to its electronic structure, which is
naturally quantised into discrete energy levels. These levels vary depending on the element and
isotope, and provide the basis for trapped-ion quantum information processing. By selecting
and controlling transitions between suitable levels, one can encode quantum information and
use ions as carriers of qubits or more general multilevel qudits.

In the simplest case, a two-level system (a qubit) is defined by choosing two long-lived
electronic states to represent the logical |0) and |1). Different trapped-ion species offer distinct
physical realisations of such states. For instance, in *'Yb" (see fig. 1.5d), hyperfine levels
within the *Sy o ground state are used: the |0) = |25} /9, F = 0) and [1) = |2S; 5, F = 1) states
form a robust qubit basis, with coherence times on the order of seconds [93-95|. By contrast,
in ions such as “°Ca’, an optical qubit is implemented using a transition between the ground
state %S, »2 and a metastable excited state Dy /2 196, 97|. These optical qubits allow fast gate
operations but typically require more demanding laser stability.

For simulation of molecular systems, it is often useful to extend beyond two levels. Trapped
ions can support qudits, where multiple internal states are employed to represent the electronic
structure of a molecule. In *'Yb", for example, several hyperfine and Zeeman sublevels, such as

]251 2, F'=1,Mp = +1) can be accessed and coherently manipulated with microwave or laser
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Figure 1.5: Paul trap experimental set-up and electronic structure of the trapped ion *Yb™ at the
Quantum Control Laboratory, University of Sydney. a. External view of the linear ion trap. The
red rectangle indicates the region shown in b. Top view of the trap, where ions are confined using
a combination of AC and DC electric fields. c¢. Schematic representation of the interior of the trap,
showing the blades (electrodes) that create the trapping potential along the z- and y-axes. The internal
transition highlighted corresponds to the qubit system for this ion species. d. Internal electronic
structure of the ion '"'Yb™, showing the hyperfine levels employed for the qubit system and other
auxiliary states used to drive carrier and sideband transitions. Images (a) and (b) courtesy of the
Quantum Control Laboratory, University of Sydney. Panel (¢) modified from [99].

fields [88, 98], enabling a direct mapping between the ion’s internal states and the diabatic

electronic states of a molecular Hamiltonian.

Motional degrees of freedom as bosonic modes

In a trapped-ion quantum simulator, the motional degrees of freedom correspond to the quantised
motion of ions confined by electric fields. In the experiments presented in this thesis, confinement
is achieved with a Paul (linear) trap, which combines static and oscillating electric fields to

create an effective three-dimensional potential [88].

A Paul trap employs four cylindrical electrodes arranged radially (see fig. 1.5¢), together with
two electrodes aligned along the axis of the trap. A DC voltage applied to the axial electrodes
generates a static harmonic potential that confines the ion along the z-direction. Radial
confinement is realised by applying a radio-frequency (RF) voltage to a pair of diagonally opposite

blades, while grounding the other pair. The superposition of the DC and RF fields produces a
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time-averaged pseudopotential: near the trap centre this potential is well approximated by a
harmonic oscillator along each direction, so that the ion undergoes harmonic motion in three
dimensions [87, 88, 90, 100].

By laser cooling [101-103|, the ions can be brought close to their motional ground state, at
which point their motion is accurately described by the quantum harmonic oscillator model [101-
103|. Excitations are quantised into phonons, with Fock states |n) in each mode, corresponding
to discrete vibrational quanta. This establishes the ion’s motion as a bosonic degree of freedom,
which can be exploited to encode molecular vibrations.

When multiple ions are trapped in a chain, they no longer oscillate independently but share
collective normal modes of motion. A chain of N ions supports 3N such modes: N axial and
2N radial. Radial modes generally experience tighter confinement (smaller trapping frequencies)
than axial modes, which means that the coupling to the internal degrees of freedom can be
tuned with higher accuracy [104]. This is crucial for the manipulation and measurement of the
ions. Thus, radial modes are typically preferred for simulating molecular vibrations [105-107].

This architecture provides a natural mapping between the motional modes of trapped ions
and the vibrational modes of a molecule. In practice, a molecule with N vibrational modes
can be represented by a linear chain of N/2 trapped ions, with the radial modes mapping the

molecular vibrations.

Couplings between qudits and bosonic modes

The full power of trapped-ion platforms for quantum simulation arises from the ability to couple
the ions’ internal electronic states (qudits) to their quantised motional modes (bosons). This
coupling is achieved through the interaction of the trapped ions with external laser fields. In
this sense, the light-matter interaction in trapped ions provides a close analog to the vibronic
coupling in molecular systems, where electronic and vibrational degrees of freedom are strongly
correlated.

For simplicity, we first consider the interaction of a single trapped ion and one of its motional
modes with an external laser field, which is near resonant to an internal transition of the ion.
The internal states are usually represented with a qubit system |0) and |1). We will follow the
description provided in ref. [56].

The Hamiltonian of the free ion is

h 1
Hy = %az + Ty (aTa + 5) , (1.38)

where g is the energy splitting of the internal transition, o, = |0) (0| — |1) (1] is the Pauli
z-operator, and w; is the ion’s motional frequency in the trapping potential. The natural
linewidth of the internal transition must satisfy I' < w; to ensure that the motional sidebands

are spectrally resolved.
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The interaction Hamiltonian between the ion and the laser is

Hiontaser (1) = @(0 L to) (ez‘n(awf)e—i(wzt—@) I e—in(a+a*)ei(wzt—¢z)> (1.39)
lon—laser 2 — ) *

where € is the Rabi frequency (with 2 < w;, operating in the resolved-sideband limit), w; and
¢; are the laser frequency and phase, and o are the raising and lowering operators of the qubit.

The parameter

n==k cos 0 (1.40)

mwy
is the Lamb-Dicke factor, defined as the ratio between the ground-state wavepacket size of the
ion and the laser wavelength A\ = 27/k; here, 6 is the angle between the laser wave-vector and
the ion’s direction of motion.

To simplify eq. (1.39), we transform it to the interaction picture with respect to Hp, in
which rapidly oscillating terms can be neglected. We also make the Lamb-Dicke approximation,
n*(2n + 1) < 1, where 7 is the mean phonon number in the harmonic oscillator and n < 1,
meaning the ion’s motion is much smaller than the laser wavelength. Typically n < 20, thus

terms of order O(n?) or higher can be neglected in the Taylor expansion of emata’)  Thig yields

o (1) = TLQZ(n)

(efi(At*@)UJr {1 +in (ae™™" + aTeMt)} +h.c.), (1.41)

where A = w; — wy is the laser detuning and the Rabi frequency now have frequency components

Q(n) depending on the motional state n [56]. Applying a second rotating-wave approximation

(removing terms oscillating at w;) leaves three relevant cases:

e Carrier transition: A = 0. The laser drives the internal transition without changing the
motional state.

¢ Red sideband: A = —w,. The laser couples |0,n) <> |1,n — 1), simultaneously exciting the
internal state and removing one phonon.

e Blue sideband: A = w;. The laser couples |0,n) <> |1,n + 1), simultaneously exciting the
internal state and creating one phonon.

Therefore, by tuning the laser frequency to the carrier, red or blue sidebands, one can induce

transitions that change both the ion’s internal state and its motional state. These interactions

give rise to the terms in eq. (1.37), for example, €2, ,,, ; = 7€2(n)/2 is the light-matter coupling

strength produced when the red and blue sidebands are applied simultaneously. Similarly,

Onk = n2(n)/2 when the laser is tuned near the motional frequency, and y, = (1 —7*)Q(n)/2

is the light-matter coupling of the carrier transition. These expressions may become more

complicated if additional laser tones are required to drive the system near the qubit transition,

as is the case for hyperfine qubits (see [91]). Therefore, these interactions are the fundamental

mechanisms for reproducing electron—vibration interactions within the trapped-ion system.
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In practice, more advanced laser configurations such as Mglmer—Sgrensen interactions [89, 108,
109] allow two-qubit entangling operations. These interactions are produced with an acoustic-
optical modulator (AOM), driving many transitions simultaneously, and creating couplings of
multiple ions and modes. This enables the implementation of collective Hamiltonians relevant to
multi-state, multi-mode molecules. This versatility makes the trapped-ion platform particularly
powerful for simulating vibronic coupling Hamiltonians.

Thus, the coupling between internal and motional degrees of freedom provides the essential
link that allows trapped ions to function as MQB simulators. Molecular electronic states are
encoded in the ion’s qudit levels, vibrational modes are mapped to phonons, and their coupling
is mediated by laser-driven sideband transitions. This mapping realises the core of the MQB

framework used in this thesis.

1.6 Thesis outline

The goal of this thesis is to overcome the main challenges that have so far prevented the
adoption of MQB simulation as a standard method for simulating non-adiabatic dynamics.
First, no previous simulation had addressed a chemically meaningful problem. Second, the
main limitation of MQB simulation lies in the accumulation of errors due to dissipation and
its restriction to closed-system dynamics. Third, because MQB simulators are purpose-built
devices, they may appear to be restricted to a narrow class of molecular processes. Fourth, the
claim that MQB simulators require fewer quantum resources than qubit-only approaches had
not previously been quantified beyond simple degree-of-freedom counting.

The following chapters address these limitations in turn. Chapter 2 demonstrates the
practical utility of MQB simulators through the first application to a chemically relevant
non-adiabatic process. Chapter 3 extends the framework to open-system dynamics, showing
how intrinsic noise can be harnessed as a resource and enabling longer simulations under
realistic environmental conditions. Chapter 4 shows the programmability of MQB devices,
where coherent and dissipative processes in photochemistry are included for multiple molecular
systems. Finally, Chapter 5 quantifies the resource efficiency of MQB simulators compared with
qubit-only approaches, introducing a systematic framework to evaluate memory requirements,
gate operations, and error accumulation. Together, these results transform MQB simulation
from a theoretical proposal into a validated, programmable, and resource-efficient platform for
quantum simulation of chemical dynamics.

In Chapter 2, we establish the viability of the MQB approach through a proof-of-principle
experiment that addresses a long-standing challenge in chemical dynamics: the first direct

observation of geometric-phase interference in a quantum system. Molecular dynamics evolving
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around conical intersections can experience quantum interference between wavepackets due
to geometric-phase accumulation, affecting reaction outcomes. Indirect signatures of this
interference have been measured, but its unambiguous detection has remained elusive. Using
a trapped-ion device, we engineered the Jahn-Teller Hamiltonian, leveraging the electronic
and motional degrees of freedom to reproduce the characteristic conical intersection of this
model. By allowing the system to evolve around the intersection and applying a full wavepacket
reconstruction technique, we directly observed the destructive self-interference pattern in the
probability density. This experiment highlights the utility of MQB platforms in providing

practical insights into complex chemical systems.

In Chapter 3, we propose a framework that uses the intrinsic noise of the simulator as a
resource for simulation of open-system molecular dynamics. This is a fundamental step toward
modelling realistic chemical environments where dissipation and decoherence play a central
role. Building on the closed-system framework explained in the previous section, we extend
the MQB approach to include open-system dynamics, by leveraging the native dissipation
of the simulator as a useful resource, we show that longer simulation times can be reached
compared to closed-system implementations. Additionally, we propose to inject controllable
dissipation—implemented with minimal additional resources—to further enhance the flexibility of
the platform. The system dynamics are described within the Lindblad formalism, incorporating
the most relevant dissipative processes found in chemical systems: pure electronic and vibrational
dephasing as well as electronic and vibrational population decay. This framework significantly
broadens the range of chemical environments that can be explored, enabling simulations of a

wide variety of condensed-phase processes.

In Chapter 4, we demonstrate that MQB simulators provide a viable near-term platform for
quantum simulation by carrying out the first programmable quantum simulations of chemical
dynamics on a MQB device. Our platform captures the strongly non-adiabatic dynamics that
remain among the most challenging for classical computation. We establish the versatility of
this approach by simulating the dynamics of multiple molecular systems—including conical-
intersection models and photochemical processes—as well as extending to open-system dynamics
through engineered dissipation. These results highlight the ability of MQB devices to reproduce
both coherent and dissipative chemical phenomena within a single experimental framework,
marking a step toward quantum simulators capable of addressing problems inaccessible to either

classical methods or qubit-only quantum simulation.

In Chapter 5, we rigorously demonstrate the exceptional resource efficiency of the MQB
approach, which is likely to achieve quantum advantage in the simulation of chemical dynamics
sooner than qubit-only methods. To quantify this efficiency, we developed a systematic frame-

work that evaluates the quantum resource requirements for both qubit-only and MQB-based

28



simulations to reach a target fixed accuracy when simulating non-adiabatic dynamics. This
framework considers two factors: the memory needed to encode quantum information and
the simulation time needed to perform operations on the respective platforms. We find that
MQ@QB simulations require at least five orders of magnitude fewer entangling operations for
closed-system dynamics, and a million-fold improvement for open systems. These results make
evident the efficiency of MQB approach when simulating bosonic degrees of freedoms compared
to qubit-only methods.

Chapter 6 concludes by situating these advances within the broader trajectory of MQB
simulation. We discuss the remaining challenges, particularly scalability and sensitivity to
noise, while highlighting how the progress reported in this thesis overcomes the most immediate

barriers to demonstrating the value of MQB simulators for chemistry.
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Chapter 2: Direct observation of
geometric-phase interference in dynamics

around a conical intersection

This chapter is a reformatted version of the publication:

C. H. Valahu, V. C. Olaya-Agudelo, R. J. MacDonell, T. Navickas, A. D. Rao, M. J. Millican, J.
B. Pérez-Sanchez, J. Yuen-Zhou, M. J. Biercuk, C. Hempel, T. R. Tan and I. Kassal, “Direct
observation of geometric-phase interference in dynamics around a conical intersection”, Nat.

Chem. 15, 1503-1508 (2023).

Abstract

Conical intersections are ubiquitous in chemistry and physics, often governing processes such as
light harvesting, vision, photocatalysis, and chemical reactivity. They act as funnels between
electronic states of molecules, allowing rapid and efficient relaxation during chemical dynamics.
In addition, when a reaction path encircles a conical intersection, the molecular wavefunction
experiences a geometric phase, which can affect the outcome of the reaction through quantum-
mechanical interference. Past experiments have measured indirect signatures of geometric phases
in scattering patterns and spectroscopic observables, but there has been no direct observation
of the underlying wavepacket interference. Here, we experimentally observe geometric-phase
interference in the dynamics of a wavepacket travelling around an engineered conical intersection
in a programmable trapped-ion quantum simulator. To achieve this, we develop a new technique
to reconstruct the two-dimensional wavepacket densities of a trapped ion. Experiments agree
with the theoretical model, demonstrating the ability of analog quantum simulators—such as
those realised using trapped ions—to accurately describe nuclear quantum effects. These results
demonstrate a path to deploying analog quantum simulators for addressing some of the most

difficult problems in chemical dynamics.
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2.1 Introduction

Light drives molecular processes as important as photosynthesis, photocatalysis, and vision.
Absorbing a photon promotes a molecule to an excited electronic state, triggering chemical
dynamics and reactivity. The molecule will eventually return to the ground state; often, this
relaxation happens on ultrafast (fs—ps) timescales at molecular geometries where two electronic
energy surfaces have the same energy, known as conical intersections |1, 2, 110|. By acting as
funnels between electronic states for the molecular wavefunction, conical intersections enable
rapid non-radiative electronic transitions and have a decisive role in chemical dynamics, from
charge-transfer processes to photochemical reactions [111].

The path taken during molecular dynamics involving conical intersections can profoundly alter
chemical reaction outcomes. In particular, a geometric phase [112| causes quantum interference
of wavepackets encircling a conical intersection [13, 113—-115|. Accounting for geometric phase is
necessary in quantum chemistry calculations because the resulting interference changes the ratio
of reactive and non-reactive outcomes in scattering cross-sections [116-119] and alters vibrational
spectra [120-122|. Indeed, recent experiments have detected indirect signatures of geometric
phase in reactive scattering [123, 124]. An elegant proposal for revealing spectroscopic signatures
of geometric phase involves interference signals from pairs of excitation pulses [125-127|, but it
remains unimplemented due to challenging state preparation.

Conical intersections and the associated geometric phase are general phenomena that also
appear in other branches of physics [110]. In general, a conical intersection can form in any
parameter-dependent quantum system where two energy surfaces cross. In molecules, the
parameters are usually the normal modes of nuclear motion, but, in condensed-phase systems,
conical intersections commonly arise as Dirac cones in reciprocal (momentum) space [110]. These
include the Dirac cones in graphene [128], in superconductors [129], and in the Rashba [130]
and Dresselhaus [131] treatments of spin-orbit coupling,.

An unambiguous observation of geometric-phase interference in wavepacket dynamics around
a conical intersection remains an outstanding challenge. In a molecular or solid-state system, it
would require a full reconstruction of the wavepacket dynamics on ultrafast timescales, which is
possible in small molecules [132], but has never been used to characterise geometric phase.

Analog quantum simulators present a new opportunity to access quantum dynamics on
laboratory-accessible timescales [50, 71, 133-135|. In such systems, a one-to-one correspondence
between the degrees of freedom of the chemical or physical system and those of the simulator
makes it possible to replicate the target dynamics in a controllable and measurable manner, as
well as explore new parameter regimes in a controllable fashion.

Several controllable quantum systems have been proposed to engineer conical intersections
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and study signatures of geometric phase. Most of these quantum simulations have been performed
in reciprocal space to simulate solid-state systems, including geometric phases around Dirac
points [110, 136, 137|. Theoretical proposals for simulating molecular conical intersections have
included using trapped Rydberg ions to simulate electronic populations [138], circuit quantum
electrodynamics to simulate emission spectra [139], and cavity quantum electrodynamics to
simulate collapse-revival characteristics of a spreading wavepacket [140]. To date, the only
experimental quantum simulation of a chemical conical intersection demonstrated branching
between different photochemical reaction products with strong dissipation [141].

Here, we present the first observation of the destructive interference caused by geometric phase
during dynamics of a wavepacket around a conical intersection. We implement a controllable
conical intersection by engineering a Jahn-Teller Hamiltonian in a trapped-ion quantum simulator
that employs a mixed-qudit-boson (MQB) encoding in which both the ion’s electronic and
motional degrees of freedom are used [11]. This work is not merely a simulation of geometric
phase: the ion is a real, observable, and measurable quantum system that undergoes conical-
intersection dynamics, allowing us to directly observe the geometric-phase interference of its
motional wavepacket. To this end, our experiment introduces a resource-efficient reconstruction
method to image the wavepacket’s probability density, directly showing the destructive self-
interference as the wavepacket encircles a conical intersection. Experimental measurements
match theoretical predictions, demonstrating the utility of quantum simulators to give insights

into properties that have otherwise been impossible to measure directly for chemical systems.

2.2 Model

In an MQB simulator [11], the electronic and vibrational degrees of freedom that are to be
simulated are represented in a qudit and a set of bosonic modes. We realise a conical intersection
using an ''Yb" ion confined in a Paul trap, where two vibrations are encoded directly in the
ion’s transverse vibrational modes (B; and B,), while two electronic states are encoded in the
ion’s qubit (qudit with d = 2) states comprising the two hyperfine levels of the 2S; /2 ground
state (detailed in Methods). This approach has recently been employed to predict molecular
spectra using time-domain simulations [106], and provides resource-scaling advantages relative
to conventional methods of quantum simulation [11].

To demonstrate geometric-phase interference, we implement the £®e Jahn-Teller model [113],
a standard model of geometric-phase effects in molecules [115, 142]. It consists of two electronic

states coupled with two vibrational modes, described by the potential energy

VI = Z(QF+Q3) + w(0:Q1 + 0.Q0). (2.1)
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Figure 2.1: Directly detecting a geometric phase through wavepacket interference. a, A
motional wavepacket is initially displaced to the minimum of the potential energy surface, after
which it begins to encircle the conical intersection, denoted X. b, Initial wavepacket density in 2D
(left), and integrated over @ (right). c, After sufficient time evolution, the two components of the
wavepacket destructively interfere due to geometric phase, giving a nodal line along Q2 = 0 (dotted
line). d, Motional wavepacket density at the maximum interference time 7. e, If the geometric phase
were neglected, the two wavepacket components would interfere constructively. f, Density at t =T
with geometric phase neglected. Contours in b, d, and f correspond to the potential energy surface
E_. g, The Jahn-Teller Hamiltonian HT is engineered in an ion-trap quantum simulator with a
single 1™'Yb" ion. The ion (white sphere) is confined in a Paul trap and H'7T is realised using two
simultaneous laser-induced interactions (purple and pink, corresponding to colour-coded terms in H’T).

where o, and o, are the Pauli matrices acting on the electronic states and Q; = (a} +a;)/V2 is
the dimensionless position coordinate for the jth vibrational mode, with creation and annihilation
operators a} and a;.

k is the vibronic coupling strength, and w is the frequency of both vibrational modes. The
Jahn-Teller Hamiltonian is given by H'T = w(P? + P2)/2 + V’T, where P; is the conjugate
momentum of ;. We set 7 = 1 throughout.

Diagonalisation of VT in the electronic basis leads to cylindrically symmetric potential
energy surfaces along @QQ; and Q,, with energies £y = w(Q? + Q3)/2 + H\/m (see
fig. 2.1). The conical intersection is present at the point of highest symmetry (Q; = Q2 = 0),
where the two potential energy surfaces are degenerate. The minimum of E_ occurs where
Q1 + @3 = (k/w)*.

The effects of geometric phase on dynamics around a conical intersection can be directly
observed from the motional probability density, fig. 2.1a—d. As the initial wavepacket, we
choose the ground state of the non-interacting vibrational Hamiltonian, Hy = w(a}al + agag),
displaced to the potential-energy minimum at ) = —k/w, Q2 = 0 (fig. 2.1a-b). During the

time evolution, the wavepacket splits into two components evolving in opposite directions around
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the conical intersection. The two components overlap at ¢); > 0, causing destructive interference
at the nodal line Qs = 0, where their equal and opposite geometric phases lead to a vanishing
density (fig. 2.1c—d). By contrast, if geometric phase were disregarded, the two wavepacket

fragments would interfere constructively, reaching maximum amplitude at @ = 0 (fig. 2.1e—f).

2.3 Results

To map the Jahn-Teller model onto the MQB simulator, we rewrite H'T in the interaction
picture with respect to Hy,

K T dwt —jwt K T dwt —jwt
—0.(a;e™" + ae + —o.(ae™" + ase , 2.2
\/5 ( 1 1 ) \/§ ( 2 2 ) ( )

which can be implemented using tunable light-atom interactions to enact qubit-boson couplings.

JT _
Hi" =

We achieve this implementation using a coherent state-dependent force (SDF) enacted by
stimulated Raman transitions driven with a 355 nm pulsed laser [143, 144]. Driving transitions

near bosonic mode j leads to the Hamiltonian

Q . .
HﬁggF((S’ Q,0m) = §U¢.s(a;(€z(¢m+§t) + aj6_1(¢7”+6t)), (2.3)

where 04, = 0, cos @5 + 0, sin ¢ and ¢, and ¢, are the phases associated with the qubit and
the bosonic mode, respectively (see Methods). €2 and ¢ are the Rabi frequency and detuning of
the laser from the bosonic mode, respectively. We use the notation H)¥ and H;)" for SDF
interactions where ¢, = 0 and ¢, = 7/2, respectively. Interactions in the o, basis are obtained
using a qubit basis rotation, H;PF = Ry(m/2)HSDY Ry(—m/2), where R,(0) are driven qubit
rotations around the Bloch sphere. H’T can then be implemented in a programmable way using

two simultaneous SDFs (see fig. 2.1g),
H" = H (0, V2 £,0) + HY (w, V2 ,0). (2.4)

The parameters k and w are chosen to produce a clear wavepacket interference. To achieve this,
k/w should be large enough that the wavepacket prepared at the minimum of the potential
energy surface (at Q; = —r/w) has negligible overlap with the conical intersection. However,
k/w should also be kept small enough to mitigate vibrational decoherence that increases with
larger vibrational excitations. To balance these considerations, we choose k/w = 1.5, for which
the wavepacket has only 1.7% of the density at Q; > 0. k, implemented by adjusting the
Rabi frequency, is maximised to increase the speed of the dynamics; its value is constrained
by the available SDF-laser power to x = 27 x 1.00kHz, yielding w = 27 x 667 Hz. With
these parameters, the wavepackets are expected to experience the greatest geometric-phase
interference at T' = 1.59 ms, which was computationally predicted as half the time at which the

width of the probability density is minimized.
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Figure 2.2: Experimental protocol for geometric-phase dynamics simulation and wavepacket
reconstruction. (top) Quantum circuit diagram for a single-trapped-ion simulator, consisting of
a qubit (Q, solid line) and 2 bosonic modes (B, Bg, wavy lines), and (bottom) corresponding
experimental pulse sequence. (i) Preparation of fiducial states by optical pumping and cooling.
(ii) Initialisation: By is displaced by D;(—r/v/2 w), implemented using an SDF pulse with surrounding
qubit 7/2 pulses to map to the correct basis. (iii) Time evolution under the Jahn-Teller Hamiltonian
for duration ¢, implemented using two simultaneous SDF pulses in different bases, acting on the two
bosonic modes. (iv) Reconstruction measurement: a state detection (SD) pulse collapses the qubit
state, and the circuit proceeds only if the measured state was ||) (rounded shape). An additional
single-qubit pulse (dashed) is introduced to retrieve information entangled with the [1) state. The
qubit probabilities p| and p; are calculated from the mid-circuit measurement outcomes. Controlled
displacements acting in the o, basis (denoted ) map the motional degrees of freedom onto the qubit,
allowing the real part of the characteristic function to be measured. Its imaginary part is obtained using
an additional R;(7/2) pulse prior to the controlled displacements (dotted). Successive R, rotations
shown separately in the circuit are combined into a single pulse in the experiment.

We probe the dynamics of the geometric phase around the conical intersection by reconstruct-
ing the ion’s motional probability densities at different evolution times ¢. The experimental
sequence consists of four stages, shown in fig. 2.2. (i) Preparation of the qubit and cooling of
the vibrational modes to their ground states is achieved by optical pumping, Doppler cooling,
and sideband cooling. (ii) Initialisation consists of displacing B; to 1 = —k/w by applying
an SDF interaction HY2¥(0,9Qy, /2) for a duration 7. This applies the displacement operator
Dy (—=y7/2), where Q; and 7 are chosen to implement D;(—x/v/2 w). (iii) Evolution of the
system under Hj7T is achieved by applying the two simultaneous SDF interactions of eq. (2.4)

for an experimentally variable duration ¢. (iv) Reconstruction of the joint densities of By and

B, is achieved by measuring the characteristic function
X(iB1,i02) = (W[ D1 (iB1) Da(if32) |¥) , (2.5)

where |W) is the total wavefunction of the system, and 3; and S, are real numbers. See Methods
for details.

The joint probability densities are reconstructed using the circuit in fig. 2.2. Two SDF
pulses are sequentially applied on B; and By, and x(if;,i82) is scanned over (3, f5. These

measurements yield the joint probability density via the Fourier transform of the measured
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Figure 2.3: Wavepacket dynamics around an engineered conical intersection. a-d Recon-
structed two-dimensional motional densities of the *'Yb™ ion at times t = 0, 0.97, T, and 27, with
theoretical predictions in the insets. The nodal line at Q2 = 0, Q1 > 0 is a direct signature of geometric-
phase interference. e One-dimensional motional densities (with the @)1 coordinate integrated out) at
more values of t. Geometric-phase interference causes the dip at Qo = 0 around ¢ = T. The motional
densities are obtained using eq. (2.5) (and its one-dimensional equivalent) from the characteristic
functions, x(if1,i02) and x(if32), measured using the circuit in fig. 2.2 (see Methods for details).

characteristic function

‘\II<Q17 QQ)’Q :// Me_iﬂ (Q1’81+Q2’82)X(i61,i52). (26)

272

In further detail, we measure x(if31,i02) by mapping information from the multimode
bosonic system onto the qubit using SDF pulses, moving beyond previous works on direct single-
mode [100, 145-147] and indirect multimode reconstructions [148]. The reconstruction consists
of preparing the qubit in ||) and applying two successive SDF interactions, H ISBF (0,£5,0) and
HQSBF(O, 2, 0) with durations 7, and 7. Doing so results in controlled displacements D;(if3;/2)
and Ds(if2/2), where ; = Qo7j. X(if1,152) is measured for different values of §; and /3, by
varying 7; and 7,. We reconstruct the characteristic functions of the bosonic modes entangled
with the ||) and [1) qubit states independently. Reconstructing the ||) component is achieved
by adding a mid-circuit measurement which projects out the |1) component (see Methods). The
experiment is repeated with an additional R,(m) pulse prior to the mid-circuit measurement to
reconstruct the |1) component. The qubit probabilities p; and p; are calculated from the success
rate of the mid-circuit measurement. After the displacements, measuring the qubit in the o,
basis gives the real part of the characteristic function, (0.) = Re x(if1,152). Repeating the

experiment with an additional R, (7/2) pulse prior to the displacements gives the imaginary part,
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after which the full x(i51,752) is obtained by adding the real and imaginary parts associated
with both ||) and |1).

The reconstructed probability densities in fig. 2.3a—d demonstrate a direct measurement of
the wavepacket interference caused by the geometric phase. At ¢t = 0, the initial wavepacket is
prepared at (Q1,Q2) = (—1.5,0). As the wavepacket evolves around the conical intersection,
the nodal line becomes visible at () = 0 and is most pronounced at t = T'; this is a direct
observation of destructive interference due to geometric phase. Finally, at t = 27T, the two
wavepackets recombine close to their initial position. The experimental results agree well with
theoretical predictions, reproducing key features of interference and wavepacket recombination.

Further quantitative insight may be gained from the 1-dimensional density |¥(Q3)|?, ob-
tained by omitting the D;(if;) displacements from the reconstruction procedure above. In
2 =

this case, the measurements scanned over (s are Fourier-transformed to give |¥(Qs)
[ dBs e~ V2 Q2823 (iB,) /v/2 m. In fig. 2.3e, we present |¥(Q,)|? for seven different evolution times.
A comparison of experiment and theory shows excellent agreement in the shape and amplitude of
the measured density function. We attribute minor discrepancies to the dephasing of the bosonic
modes, miscalibrations such as uncompensated AC Stark shifts, and technical imperfections in

the protocol implementation.

2.4 Discussion

Our approach avoids the limitations of direct experiments on molecular systems, where only
few observables—such as spectra and scattering cross sections—can be measured. Instead, a
fully controllable quantum device—such as an ion-trap MQB simulator [11]—can, in principle,
read out any observable; as we showed here, this includes the full two-dimensional density of
the '™ Yb™" ion as it moves in space and time. A further advantage comes from the ratio (r)
of the ion’s natural timescale (ms) and the measurement speed (ns), leading to an increase
in the observable timing resolution of r ~ 10°. This improves the achievable resolution of
chemical-dynamics measurements relative to ultrafast observations.

A key general feature of quantum simulations is their programmability [149]|. Our work
is a simulation of the dynamics of the Jahn-Teller model, which is often used to describe
molecular systems. In an MQB simulator, the qudit-boson interaction is controllable, meaning
that the same device can be programmed to simulate different molecular systems, solid-state
systems, or theoretical models that do not occur naturally. In particular, our geometric-phase
simulator could be used to simulate dynamics in molecules with conical intersections where the
interactions are not as symmetric as in H’T, such as the general quadratic vibronic-coupling

Hamiltonian [11].
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Like any analog simulation—quantum or classical—our approach is ultimately limited by
noise and uncorrected errors. In our experiment, the main sources of decoherence and dissipation
are motional dephasing and motional heating [106, 150] (see Methods). However, in MQB
simulations of molecular processes, noise can be characterised and even amplified in order
to create a realistic model of molecular environments, such as collisions in solution. Since
our Jahn-Teller experiment shows only weak effects of decoherence over the full period 2T,
we would need to inject additional noise to simulate conical-intersection dynamics of real
molecules in chemically realistic situations (i.e., other than a single molecule in vacuum). In
scaling up to larger molecules, the ability to simulate dissipation would allow us to probe
regimes in nonadiabatic dynamics that are among the most difficult to simulate on conventional

computers [11].

Our methodology for probability density reconstruction enables scalability and resource
efficiency. Early techniques for motional-state tomography were performed in the Fock basis [100,
148, 151], a process that requires many measurements if full motional densities are sought. More
recently, wavepacket-reconstruction methods were developed based on the direct measurement
of the characteristic function, significantly reducing the number of necessary measurements [147].
Our approach builds on the latter techniques, but has two additional advantages. First, we
extend the characteristic-function method to multimode probability density reconstruction,
while retaining both the requirement of few measurements and the ability to use one readout
qubit. Second, using a mid-circuit measurement allows us to reuse the simulation qubit for the

reconstruction, without any ancilla qubits.

We have recently become aware of related simultaneous work on simulating a conical
intersection using a chain of trapped ions [107|. The system was adiabatically driven to its
ground state, whose reconstructed two-dimensional density showed a node attributed to geometric
phase. This work is complementary to ours in several ways: it focused on signatures of geometric
phase in the ground state, not in the dynamics; it used Trotterised time evolution, while we
drove the two interactions simultaneously; and it used an ancilla qubit in the reconstruction,

while we used the mid-circuit-measurement approach above.

In conclusion, our experiment represents the first direct observation of wavepacket interference
caused by geometric phase in dynamics around a conical intersection. Our approach to quantum
simulation using an MQB trapped-ion system makes chemical dynamics that are otherwise
unmeasurable directly accessible in the laboratory. This is a key demonstration of the utility
of small-scale quantum computational devices to offer new, practical insights into chemical

dynamics and resolve intractable problems in chemical physics.
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S1 Methods

S1.1 Experimental setup

The '™Yb" ion is confined in a Paul trap with radial mode oscillation frequencies of 27 x1.34 MHz
and 27 x 1.47 MHz, corresponding to bosonic mode B; and Bsy. The qubit is encoded in the two
magnetically insensitive hyperfine levels of the S; /2 ground state, where we assign the labels
1) =|F =0,mr=0)and |[1) = |F = 1,mpr = 0).

We use two laser beams derived from a 355 nm pulsed laser to coherently control the qubit
and bosonic modes via stimulated Raman transitions within the 2S; /2 ground state. The two
Raman beams are orthogonal to one another, and configured so that they can be coupled to
both radial vibrational modes. Each Raman beam passes through an acousto-optical modulator
(AOM), which allows the phase, frequency and amplitude of the beam to be adjusted by altering
the RF signal driving the AOM. One of the RF signals is generated by an arbitrary waveform
generator (Keysight M8190A), allowing multiple phase-coherent tones to be imprinted on one of
the laser beams. We ensure phase coherence between all pulses in the experimental sequence by
tracking the phase (relative to the beginning of the pulse sequence) and applying appropriate
corrections (detailed in section S2.2).

By tuning the frequency difference of the Raman beams, one can drive carrier, red- and
blue-sideband transitions (see section 52.2). Qubit rotations are obtained by driving carrier
transitions, while an SDF H;P¥(0,€, ¢,,) arises from combining the red- and blue-sideband

transitions. Applying this interaction for a duration 7 with the qubit in an eigenstate of oy,

T

i —a*a;), where a = —iQre'®m /2. The amplitude

displaces bosonic mode j by D;(a) = exp(aa

and phase-space direction of the displacement are adjusted by varying 7 and ¢,,, respectively.

S1.2 Experimental protocol

Preparation. The bosonic modes are cooled in two stages. First, they are Doppler cooled using a
369.5 nm laser red-detuned from the 2S; /2 — 2p, /2 transition. Second, resolved sideband cooling
is used to reach their motional ground states, achieving temperatures of n = 0.04 measured via
sideband thermometry [152]. The qubit is prepared in its ground state ||) via optical pumping,
using another 369.5 nm laser resonant with the *S;» |F = 1) — *Py/y |F = 1) transition.
Initialisation. To initialise By, we apply an SDF interaction HISEF(O, Qy,7/2) for a duration 7,
which gives a displacement D;(a) where a@ = Q,7/2. Setting 7 = v/2 k/w; so that a = k/v2 w
displaces the mode from Q; = 0 to @, = —x/w because D;(a)Q1D,(a)f = Q1 — V2 Rea =
@1 — r/w. The qubit is first mapped into the SDF interaction basis (|+),) with an R, (7/2)
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rotation, and is returned to ||) after the displacement with an R,(—m/2) rotation. The Rabi
frequency of the SDF interaction was frequently recalibrated and on average we measured

0 = 27 x 2.23kHz.

Time evolution. Two SDF interactions on B; and By are applied during the time evolution.
Their measured Rabi frequencies were, on average, v/2 k = 21 x 1.42kHz and are calibrated
within 2% of each other. The duration T' of the geometric-phase dynamics is scaled according

to the calibrated Rabi frequency.

Reconstruction measurement. After the simulated time evolution, the system is in the en-
tangled state |¥) = ay [{) [¢)) g [§1) 5, a1 1) [¥1) 5, [§1) g, In preparation of the reconstruction,
a mid-circuit measurement projects the qubit state to either |]) or |1) through state-dependent
fluorescence induced by a 369.5nm laser beam resonant with the *S; 5 |[F = 1) — *Py 5 |F = 0)
transition. The qubit states are inferred by thresholding the number of photons collected on an
avalanche photodiode (measured state preparation and measurement fidelity of 99.5%), and
the outcomes of the measurement determine the probabilities p; = |a;|* and py = |a[*>. A
measurement outcome of |1) induces significant decoherence of the bosonic modes due to photon
recoils. Therefore, the reconstruction only proceeds if the measurement outcome is ||), for
which no photon is emitted. Doing so projects the bosonic modes to [¢) 5 |€}) 5, . To retrieve
1) g, |€1) 5, instead, we insert an R,(7) pulse that flips the qubit before the measurement.
After the mid-circuit measurement, the characteristic functions x(if1,162) and x4(if1,152)
corresponding to each qubit state are measured as described in the main text. The full character-
istic function is then the sum of both contributions, x (i51,i02) = pyx 1 (i01,702) + prx+(i61, if2).
The values 8; = {2y7; are scanned by varying the SDF-pulse duration 7;. The Rabi frequency
was recalibrated between experiments and, on average, €2, = 27w x 2.31 kHz, resulting in com-
bined pulse durations of up to 553 ps. We measured x (i) for B2 € [0,5] and x(i/31,i02) for
b1, B2 € [0, 4] by varying the SDF pulse durations. Since the characteristic function is Hermitian,
X(iB1,i02)* = x(—iB1, —ifs2), we used symmetry to find y(if3y) for S < 0 and x(if, fs) for
f1 <0 or By < 0. We did not measure the vanishing imaginary part of x(i5;) nor x, at t = 0.

The measured characteristic functions are shown in section S2.1.

Data acquisition. The characteristic functions were measured in a way to average out the
effects of drift. In each run of the experiment, we randomised the order of the displacement-
pulse durations in which y was reconstructed. For each run, the quantum circuit to obtain
X, and x4 was repeated until the mid-circuit measurement succeeded 500 times, resulting in
500 measurement repetitions of the reconstruction routine and 1000 measurements to obtain a
value of the full y. Furthermore, the order of the displacements was randomised. Overall, each
of the 1- and 2-dimensional experiments was repeated, respectively, four and two times and

the results of the runs averaged for a total of 2000 and 1000 measurements for each duration.
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The bosonic mode frequencies were calibrated every 6 min, while the full system parameters
were recalibrated after the second experimental run (see section S2.3 for more details). The
1-dimensional and the four 2-dimensional (¢ = {0,0.97',T,27'}) experiments were done on five

separate days with total durations of 15.6, 2.8, 8.8, 8.7 and 10.6 hours, respectively.

Noise sources Decoherence of the bosonic modes, made up of motional heating and dephasing,
was the dominant noise mechanism in our system. Motional heating was caused by electric
field noise at the radial mode frequency, while motional dephasing arose from fluctuations
in the harmonic trapping potential strength [88]. We measured the heating rate and the

L and

motional dephasing time of B; (representative for both modes) to be 7 = 0.2 quantas™
Ty = 35ms [106]. The motional coherence was limited by noise in the radio frequency (RF)
trapping voltage, which was actively stabilised to mitigate fluctuations in the radial mode
frequencies. Slow drifts of the trapping voltage were compensated for with frequent motional

mode recalibrations (see section S2.3).

S2 Supplemental material

S2.1 Characteristic functions

Figure S1 shows the measured characteristic functions used to reconstruct the wavepacket
probability densities. The two-dimensional characteristic functions (fig. Sla—d) require four
measurements at each ¢ to obtain the real and imaginary parts of p; x| (i1, if2) and pyx+(iS1, i52).
The one-dimensional characteristic functions (fig. Sle) require two measurements to determine
pixy(i02) and pyx+(if2), as the vanishing imaginary part is not measured. In both one- and
two-dimensional reconstructions, only positive values of 5, and [, are sampled; the characteristic

function in other ranges is obtained by symmetry.

We performed post-processing to remove artifacts associated with Fourier transformations
between a characteristic function and its probability density. A non-zero DC offset appearing
as background noise in the characteristic functions propagates into the probability densities
at the origin [147|. Since background noise with a non-zero mean is a technical imperfection
and is independent of the geometric-phase evolution, we correct for it in post-processing. We
estimate the mean of the background noise by averaging x(i/31,i32) with m > 3.6 for
the two-dimensional and x(if;) with 5y > 3.6 for the one-dimensional case, and offset the data
by the negative of this average. This baseline correction was on average 0.02, with the largest

correction of 0.03.
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Figure S1: Characteristic functions of the wavepacket measured for various evolution times.
a-d Joint two-dimensional characteristic function x(i81,152) = py x| (i81,i02) + prx1(if1,7P2) measured
at times ¢t = {0,0.97,T,2T} using the full pulse sequence of fig. 2.2. The real (left) and imaginary
(right) parts are measured with and without an R;(7w/2) pulse in the reconstruction. The top row
shows theoretical predictions and the bottom experimental results. x(i51,782) were measured in the
range (1, B2 € [0,4] with 11 x 11 equidistant samples (dashed quadrant). Values in the remaining three
quadrants are obtained from the symmetry of x(if1,i32). € One-dimensional characteristic functions
X1 (202) and x4(ifB2) obtained by omitting displacements on B; in the reconstruction. Sy was uniformly
sampled in the range [0, 5] with 26 points. Each two- and one-dimensional characteristic function
was averaged over 1000 and 2000 measurements, respectively. Error bars in e represent one standard
deviation based on quantum projection noise.

S2.2 Phase coherence in the pulse sequence

This appendix describes the experimental procedure to track the qubit and motional phases,
ensuring phase coherence between sequential spin-motional interactions.

The laser-induced excitations interacting with an ion with a qubit frequency wy and a
motional mode with frequency w,, are the carrier (c), red-sideband (rsb), and blue-sideband

transitions (bsb). Their interaction Hamiltonians, after dropping high-frequency terms, are

Q

H. = 7‘30%@6@’@6—%” +he, (S1)
Q. .

Hy = nTaJrae"prez(“*_“’OWm)t) + h.c., (S2)
Q o

Hysp = %J*@Te“ﬁbel(‘“b"“”“m)t) +h.c., (S3)

where 7 is the Lamb-Dicke parameter and €2.,, are the respective Rabi frequencies. w.y,,
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and ¢.p, correspond, respectively, to the frequency differences and the phase differences of
the two orthogonal Raman beams. Simultaneously driving the red- and blue-sidebands with
Q =1, = nly, gives

Hgspr = Hygp+Hygh

= §0+[ ae'®r giwr—wotwm)t | gf gids pilwp—wo—wmlt L p o], (S4)

We consider w, and wy to be set near-resonant with the red- and blue-sideband transitions,
Wy = Wy — Wy — 0wy + 0w, (SH)
Wy = Wo + wy, + &um + 5&)0, (86)

where dwy is an asymmetrical (center-line) detuning from the qubit frequency, and dw,, is a
symmetrical detuning from the motional mode frequency. With the spin phase ¢s = (¢, + @) /2
and the motional phase ¢,, = (¢, — ¢,)/2, eq. (S4) can be rewritten as

Hgpr = 50*6’(5‘”0”%) [ae”(‘sw’"”‘z’m) + aTe’(‘Sw’"twm)} +h.c. (S7)

This Hamiltonian corresponds to eq. (2.3) in the main text by setting dwy = 0 and dw,, = §. The
motional phase ¢,, can be adjusted to selectively displace a mode along @) or P. Equation (S7)
shows that non-zero or miscalibrated dwy and dw,, introduce a time-dependent phase offset to
¢s and ¢,, which, if uncorrected, will lead to incorrect interactions.

The qubit frequency detuning is, from eq. (S5) and eq. (S6), dwy = (wp + w,)/2 — wp. To
avoid phase lags associated with ¢, we enforce (wy + w;)/2 = w, = @y for all pulses throughout
the entire circuit, namely single-qubit rotations and SDF interactions on B; and B,. Here,
wp indicates the qubit frequency measured via a Ramsey sequence in a separate calibration
experiment.

Likewise, eq. (S5) and eq. (S6) give the motional detuning as dw,, = (wp — w;)/2 — wy,. To
avoid unwanted phase lags associated with ¢,,, we enforce (w, — w,.)/2 = w,, for all SDF pulses
throughout the circuit, where w,, is the experimentally measured motional frequency, whose
calibration procedure is detailed in section S2.3. There is an unavoidable phase lag due to the
detuning 0 required in the SDF interactions during the time evolution. To correct this, we add
a motional phase offset of 710 to the SDF interaction during the initial displacement, where 1
is the duration of the initialisation. Furthermore, a motional phase offset of (¢t + 71)d is added

to the reconstruction SDF pulses, where ¢t is the duration of the time evolution.

S2.3 Calibration of motional frequencies

We used a calibration scheduling routine to recalibrate parameters during each experiment
and ensure high-fidelity implementations of the pulse sequence. Moreover, we optimised the

scheduler to maximise the experimental duty cycle by analysing the temporal noise behaviours.
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Figure S2: Frequency drifts of radial motional modes. a Time series of motional frequencies wy 2
corresponding to Bj 2, measured using the calibration routine detailed in the text and plotted as the
frequency offset from w; measured at ¢ = 0. b Allan deviation of wq, and of the difference between the
two frequencies (w1 — w2).

The data quality of the reconstructed densities depends on correctly setting the laser
frequencies for the motional sideband interactions that enact SDF interactions. The motional
frequencies w; and wy associated with B; and By are calibrated as previously reported [106].
To do so, both SDF interactions are applied, but we set the fields associated with wsy to be
sufficiently off resonant while calibrating w;. We prepare the state |])|0)g and apply two
sequential SDF pulses with a relative phase shift ¢,, = 7. In the absence of frequency errors,
the mode returns to its original state and a qubit measurement yields zero population in |1).
However, in the presence of errors, the motion remains entangled with the qubit, giving a
non-zero measured probability. The SDF fields’ frequencies are then scanned, and a fit to the
measurements yields the correct mode frequency. We repeat this procedure to calibrate ws by
setting the SDF field associated with w; to be off resonant.

Figure S2 shows the drifts in the radial mode frequencies over time, which varied in a range
of 2 x 2.2kHz over 2 days. From numerical simulations, we determined that an error tolerance
of about 10% is required for the detuning (6 ~ 27 x 667 Hz) in the time evolution to obtain
adequate results. Given that typical experiments lasted tens of hours, frequent recalibrations
of the motional mode frequencies were necessary. To this end, we implemented a scheduling
algorithm to interleave calibrations and experiments [153]. The scheduling rate was determined
by choosing a time interval for which the Allan deviation was sufficiently small. From fig. S2b,
we chose an interval of 6 minutes, corresponding to an Allan deviation of 27 x 26 Hz and

satisfying the required tolerance. We also found highly correlated noise between the radial
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modes (see fig. S2), suggesting a common noise source (e.g., trap RF amplitude fluctuations).
Therefore, to increase the experiment duty cycle, frequency offsets measured on B; were also

used to correct for Bs.
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Chapter 3: Simulating open-system
molecular dynamics on analog quantum

computers

This chapter is a reformatted version of the publication:
Vanessa C. Olaya-Agudelo, Ben Stewart, Christophe H. Valahu, Ryan J. MacDonell, Maverick
J. Millican, Vassili G. Matsos, Frank Scuccimarra, Ting Rei Tan and Ivan Kassal, “Simulating

open-system molecular dynamics on analog quantum computers”, Phys. Rev. Research 7,

023215 (2025).

Abstract

Interactions of molecules with their environment influence the course and outcome of almost all
chemical reactions. However, classical computers struggle to accurately simulate complicated
molecule-environment interactions because of the steep growth of computational resources with
both molecule size and environment complexity. Therefore, many quantum-chemical simulations
are restricted to isolated molecules, whose dynamics can dramatically differ from what happens
in an environment. Here, we show that analog quantum simulators can simulate open molecular
systems by using the native dissipation of the simulator and injecting additional controllable
dissipation. By exploiting the native dissipation to simulate the molecular dissipation—rather
than seeing it as a limitation—our approach enables longer simulations of open systems than are
possible for closed systems. In particular, we show that trapped-ion simulators using a mixed
qudit-boson (MQB) encoding could simulate molecules in a wide range of condensed phases by
implementing widely used dissipative processes within the Lindblad formalism, including pure
dephasing and both electronic and vibrational relaxation. The MQB open-system simulations
require significantly fewer additional quantum resources compared to both classical and digital

quantum approaches.
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3.1 Introduction

Most molecular dynamics is governed by interactions between molecules and their surroundings.
With the exception of molecules in vacuum or dilute gas, chemistry occurs in environments—
from solvents to crystals to proteins—which decohere the molecule’s quantum state and can
transfer energy to and from the molecule. Molecular dynamics in condensed phase can differ
completely from that in the isolated molecule because molecule-solvent interactions can induce
processes such as non-adiabatic transitions, charge transfer, and barrier crossing [17].

Accurate simulations of an isolated molecule’s quantum dynamics are challenging on con-
ventional computers due to the exponential growth of the Hilbert space with molecular size.
Extending such simulations to an open-system treatment is even more difficult and usually
prohibitive, as it often involves representing the molecule’s mixed state with a density matrix.
These limitations have constrained the most accurate open-system simulation methods to small
molecules [46, 154-158].

Quantum computers promise to simulate molecular quantum dynamics efficiently (in poly-
nomial time in system size), but, like classical computers, usually require more resources
to simulate open systems. Quantum computers can outperform classical ones by encoding
the molecular quantum states on an inherently quantum platform [61, 159-161]. Neverthe-
less, current quantum algorithms for simulating open-system dynamics require more quantum
resources (such as qubits and operations), making them prohibitively expensive for current
quantum hardware. Two broad approaches have been pursued for representing system-bath
interactions on quantum computers. In the first, additional qubits are added to represent the
environment [162-165|. In the other, intrinsic noise of the quantum device is used to mimic the
environment [166, 167]. However, when the intrinsic noise does not directly correspond to the
desired dissipative process [166]—as is the case when qubit-based computers are used to simulate
bosonic modes—using the intrinsic noise may be either impossible or require additional resources
(whether qubits or gates) to transform the intrinsic noise into the desired form [167]. Hybrid
approaches are also possible, which combine intrinsic noise on ancilla registers representing
an environment [168, 169]. Therefore, in both approaches, and especially when simulating
systems that cannot be directly mapped to qubits, considerable additional quantum resources

are generally required to transform a closed-system quantum simulation into an open one.

Analog quantum simulators using bosonic degrees of freedom promise to simulate molecular
quantum dynamics with even fewer resources than digital quantum computers. An analog
simulator is a purpose-built device whose Hamiltonian can be engineered to match that of the

simulated system, so that the simulator’s time evolution reproduces the desired dynamics.

For molecular simulations, analog simulators based on the mixed-qudit-boson (MQB) en-
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coding represent molecular electronic and vibrational degrees of freedom using the qudit and
bosonic modes of a trapped ion or a circuit quantum electrodynamics (cQED) system [11].
Using bosonic degrees of freedom to simulate nuclear motions—instead of encoding them in
many qubits—reduces the quantum resource requirements by about an order of magnitude
compared to qubit-based digital quantum simulation [11]. Experimental demonstrations of MQB
simulation include simulations of conical intersections [105, 107, 170] and vibronic spectra [106].

However, MQB simulations of molecular dynamics have not been fully generalised to open-
system dynamics, with existing proposals limited to vibrational dissipation in trapped-ion
devices [11]. Other theoretical [171-173] and experimental [81-83, 174| works on the quantum
simulation of energy or charge transfer problems used bosonic degrees of freedom in open-
system analog simulations, but were restricted to only some noise mechanisms or were not
applicable to molecular quantum dynamics because bosonic modes were used only to represent
the environment, not the system of interest.

Here, we present a framework for simulating open-system molecular dynamics with an MQB
simulator. Our approach has two significant strengths. First, the dissipation can be engineered
using both native dissipation and injected controllable dissipation, on both the qudit and the
bosonic modes, so that chemical dissipative processes can be easily mapped onto the MQB
simulator. Doing so turns decoherence mechanisms that usually limit analog simulations into a
resource that makes the simulations more powerful. Second, engineering the dissipative processes
requires few additional resources, whose number is often independent of the molecular size. In
particular, we show how chemically relevant dissipative processes—including both electronic and
vibrational relaxation and dephasing—can be implemented with existing trapped-ion technology.
Overall, MQB simulators can solve the harder problem of open-system simulation with minimal

overhead and with greater resistance to errors.

3.2 Molecular open-system dynamics

There are many approaches to modelling open molecular systems, depending on where the
molecule-environment boundary is drawn and what techniques are used to simulate either the
molecule, the environment, or their interaction [17, 175]. In all cases, open-system simulations
aim to simulate the environment using a simpler method than that used for the molecule itself.
The approaches to simulating the environment range from ones that explicitly describe the
components of the environment, often at considerable computational cost, to those that treat
either the environment or its influence on the molecule in an effective way.

A logical starting point for developing analog open-system approaches is the Lindblad master

equation [16, 176], the most general completely positive and trace-preserving Markovian master
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Figure 3.1: Typical rates for the most-relevant dissipative processes, (left) in a trapped-ion MQB
simulator [93-95, 106, 177, 178| and (right) in molecules in condensed phase (modified from [17]).
For both pyrazine [179 181] and triiodide [21] examples, each dlssmatlve rate vl (and range: grey
highlights) is mapped onto the corresponding trapped-ion rate yJ"™ = F 7{“"1 using the scaling factor

F = max; 4 /ymel (black arrows). The maximum ratio is obtained for vibrational pure dephasing

for triiodide and v1brat10nal heating for pyrazine; therefore, no 1nJect10n is required for these types of

dissipation. Other dissipative processes require injected rates ;" (coloured arrows), to ensure that
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equation. It describes the dynamics of the molecule’s reduced density matrix p (we set h =1

throughout) by
dp _

el Hmol molD 3.1
where H™' is the Hamiltonian of the isolated molecule, which can be specified in any form,
including as a vibronic coupling (VC) model [2, 11] (for example, see the VC Hamiltonian in

mol

eq. (3.4)). Each dissipative superoperator D [L;] with rate 4**" acts on p as

D[Li]p = LipL! — 3{LIL:, p}, (32)

describing a dissipative process by a Lindblad operator L;.

In chemical contexts, there are usually four dominant dissipation mechanisms, which can be
derived from microscopic principles. Equation (3.1) is usually derived from the related Redfield
master equation, which is obtained from a perturbative treatment of the system-environment
coupling in the Markovian limit [17, 175]. A Redfield equation is usually converted to a Lindblad
equation by making the secular approximation |16, 17, 175], which is valid when the timescales
of interest are slower than any rapidly oscillating terms in the master equation, allowing
them to average out. In the secular limit, population relaxation and pure dephasing become
decoupled [17, 175], making it possible to classify the most important dissipative processes in
open chemical systems. With typical timescales given in fig. 3.1, they are:

1. Radiative electronic relaxation is the decay of excited electronic populations by spontaneous

emission, including both fluorescence and phosphorescence. It is described by the dissipator
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DI|n) (m|] and rate ™!

o' for electronic states with energies ¢, > €,. Non-radiative electronic

relaxation, such as intersystem crossing and internal conversion, are indirect consequences of
vibrational relaxation and vibronic coupling, meaning that they are accounted for by the
processes below.

2. Vibrational heating and cooling are the gain and loss of energy in molecular vibrational
modes, and are the most important way for a molecule to reach equilibrium with a thermal
environment. For mode j, heating and cooling have dissipators D[a}] and Dla;], with

mol

rates 71'% and 7y

mol
=7

respectively. Detailed balance at temperature 7™°' requires yff}l =

’yr_nf’jl exp(—y]l-m1 JkgT™Y) for mode frequency yjm"l.
3. Electronic pure dephasing is the reduction in phase coherence between electronic eigenstates,
described by the dissipator D[|n) (n|] and rate 7' for electronic state n.
4. Vibrational pure dephasing is the decay of phase coherence between vibrational states,

described by the dissipator D[&}aj] and rate 73};?1 for vibrational mode j.

3.3 Analog open-system simulation

An analog simulator evolves in time in the same way as the molecule being simulated, so that
the molecule’s dynamics can be retrieved by measuring the simulator evolution. To achieve this,
the molecular Hamiltonian H™°' must be mapped onto the controllable simulator Hamiltonian
Hs™_ To allow for a change of time scales, the mapping may include a scaling factor F' such
that H*™ = FH™! where F represents the ratio of the typical energy scale of the simulator
to that of the molecule. Here, we extend the existing closed-system simulation approach to
open-system ones and, by considering how this change affects the possible values of F', show
that there is always a performance advantage in open-system simulations compared to closed
ones.

For open-system simulations, two sources of dissipation can be used by the simulator: native
uncontrollable dissipation and injected controllable dissipation. Native dissipation is intrinsic,
always present in the simulator, and cannot be tuned. Conversely, injected dissipation consists
of processes that can be engineered. Native dissipation is often considered to be a hindrance
in quantum systems, but, in analog simulations, it can be a valuable tool for open-system
simulations that extends the possible duration of simulations.

Native dissipation can be useful in an analog simulation if it contains a significant component
that is Markovian and stable. Fortunately, as in molecules, dominant dissipative processes in
analog hardware are usually well described using Lindblad dissipators, D[L}*'], with corres-
ponding rates, v/ [88]. Indeed, if the coupling to the environment is weak and the secular

approximation holds, the same four dissipative processes that are dominant in molecules will be
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dominant in the simulator. We assume that the simulator’s dissipation rates are stable, i.e., that
they can be measured in a preliminary experiment and remain constant throughout subsequent
simulations. Stability is manageable because it only requires the dissipation to be stable over
several runs of an experiment before it can be calibrated again.

We then refer to native dissipators D [L}**] as usable if they implement a desired molecular
dissipator D[L;]. In contrast, unusable dissipation includes all native dissipators that have no
analog in the molecule, as well as processes that cannot be described by the Lindblad formalism
(e.g., non-Markovian ones).

A molecular dissipator, D[L;], can be simulated on the analog simulator by ensuring that its

dissipation rate is related to the corresponding molecular rate by the same scaling factor F' as

above, ;™ = Fym°l This condition can be met by using native dissipation with rate 7" and
injecting additional dissipation of the same type at rate %i-nj that satisfies
P = et Y = Pl (3.3)

min?’ max]

= tmol /TS, is set by the ratio of the desired

For a closed-system simulation, F' can be chosen within hardware constraints, F' € [F | F<S

(“cs” for closed system). The lower bound, FS

total simulation time in the molecule, ¢, to the coherence time of the simulator, 7°, after

which the simulator is deemed insufficiently reliable. The upper bound, F< . is the ratio of

max’

the maximum simulator interaction that can be engineered in H*™ and the largest interaction
of that type in H™°!. Consequently, the longest molecular time that can be simulated on the

specific hardware is t5, = 79 F 5

max max"*

Including dissipation gives a new range of F' for open-system simulation, F' € [F | F ]

min’ © max

(“os” for open system). F°_ remains set by the hardware capabilities and is therefore unchanged,

max
FOS — FCS

max max*

By contrast, F%5 must now meet two conditions. First, as in the closed simulation,

F' is constrained by the open-system coherence time 735° of the simulator, F' > t,,,1/79°. Because

some dissipation is used in the simulation and 73° is determined only by the unused dissipation,

79® > 7$°, giving an improvement over the closed-system case. Second, because all v, must be

positive, eq. (3.3) requires that Fym! > 424 for all 4, that is, F' > R = max; v /ym°l Overall,

the lower bound for the open-system simulation is F} = max(tme/75°%, R).

min
Importantly, using some of the native noise in the simulation always extends the maximum

_ L0ST0S  __
_TdF =

max

oS
max

simulation duration. The longest possible open-system simulated time is ¢

TPFES o because 798 > 75°, we find that 95, >

max’ max max"*

Therefore, any hardware that can be
used for closed-system simulation can achieve longer simulated time when used for open-system
simulation.

If F°3 = R, then the I’ that maximises the use of native dissipation and minimises injected

min

dissipation is ' = F°% ; doing so means that no injected dissipation is required for the process

min»

mol

with the maximum ratio 72/

Mol (see section 3.6 for two examples).
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3.4 Closed-system MQB simulation

MQB simulators [11] are examples of analog quantum simulators, in which the molecular
electronic and vibrational degrees of freedom are encoded in a qudit and multiple bosonic
modes of the simulator. In a trapped-ion MQB implementation, the qudit is encoded in the
electronic states of one of the ions, while the bosonic modes correspond to the collective normal
modes of motion (vibrational modes) of the ion chain. MQB simulators are programmable
because all parameters—including the energies of all states and the couplings between degrees
of freedom—can be controllably adjusted using light-matter interactions [11].

The quantum resources required for an MQB simulation scale linearly with molecule size [11].
A chain of N trapped ions contains 3N vibrational modes, meaning that a molecule with d
electronic states and N vibrational modes can be mapped onto a single qudit in a chain of
[N/3] ions.

The MQB approach implements vibronic-coupling Hamiltonians that are expressed as power
series in the vibronic couplings [11]. The linear vibronic coupling (LVC) Hamiltonian, where

the electronic and vibrational degrees of freedom are linearly coupled [11], is

H™! = Z ym"laTaj + Z ™ ny (m) +

ZZ\/_ a + a;j) n) ”|+ZZ

n jet n#m jec

(n m)

a +aj)|n) (m|, (3.4)

where |n) are the electronic states, a; are the annihilation operators of the molecular vibrations,
such that Q; = (a} +a;)/v/2 is the dimensionless position of the jth mode. The constants c{"™

(n (n)

are the electronic energies, ¢ ) (n # m) are the inter-state couplings, c; (n,m)

and c¢; are the
vibronic (vibrational-electronic) couplings for, respectively, the tuning (j € t) and the coupling
(7 € ¢) modes. Parametrising eq. (3.4) requires carrying out an electronic-structure calculation
in advance [11]. Higher-order vibronic-coupling terms could be readily included in H™°.

The molecular Hamiltonian, H™!, can be directly encoded on a trapped-ion simulator. The

mapping begins with the Hamiltonian of a chain of N ions [88|,

3N 1 d—1
Hlon = Z Vja;a’j + 5 an |TL> <’n,| s (35)
j=1 n=0

where the vibrational mode j has frequency v; and w,, is the frequency of the nth electronic
state relative to |0), the lowest state used in the simulation.

The remaining terms in H™°' are simulated by adding light-matter interactions that induce
couplings in the simulator [11|. These interactions can be implemented through stimulated

Raman transitions using pairs of non-copropagating laser beams that are both approximately
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detuned by A from an electronic excited state |e) outside of the qudit [88, 90, 91]. The frequency
difference between the two Raman beams, Awy,, can be tuned to implement all the necessary
interactions: electronic coupling, vibronic tuning, and vibronic coupling.

Electronic coupling between states |n) and |m) is implemented by setting Awy, = (wy, —
wWn) + (Xm — Xn), Wwhere x,, — X, is a frequency shift relative to the electronic transition. In
the interaction picture with respect to eq. (3.5) and after a rotating wave approximation, the
electronic coupling Hamiltonian between states |n) and |m) is [88, 91|

Het = Qo ) (m] e Om=x)t (3.6)

e,n,m

with interaction strength €2, ,, = Gn.e.AGm.e.B /2A, which can be adjusted by varying either the
detuning A or the intensity-dependent light-matter couplings g, . 4 and g, . p of the beams
coupling |n) to |e) and |m) to |e), respectively.

Vibronic tuning for state |n) is implemented by setting Awy, close to the frequency of a
vibrational mode j (Awy, = v; — ¢;), which, in the interaction picture with respect to eq. (3.5)

and after a rotating wave approximation, gives [90, 91|
1 = €, (ale " 1 a,¢") [n) (n] (3.7)

where O], ; = g 4 ;gnB /A is an AC Stark shift with 7 the Lamb-Dicke parameter. ©;, ; can
be adjusted by varying either the detuning A or the intensity-dependent couplings g, 4 ; and
Gn.B,;- We have omitted a Stark shift term from eq. (3.7), which can be made vanishingly small
by choosing appropriate laser parameters [182, 183].

Finally, vibronic coupling between states [n) and |m) requires that one of the Raman beams
be bichromatic and contain two frequency tones of equal amplitude. The frequency differences
between each bichromatic tone and the other Raman beam are Aw = (w,,, — w,) + (v + ;) +
(Xm — Xn)- This interaction (akin to a Mglmer-Sgrensen interaction [89]), in the interaction
picture with respect to eq. (3.5) and after a rotating wave approximation, gives the coupling
Hamiltonian [89, 91|

Hion  _

C7n7m n7m7j

(a;e’i‘sﬂ't + ajei‘sjt) ( In) (m| e Oem=xn)t 4 h.c.), (3.8)

with €/

nmg = N9nm.Aj9nm.Bj/ 20, where g, 4 ; is the light-matter coupling of the monochro-

matic Raman beam and gy, ,,, g ; is the light-matter coupling of both tones in the bichromatic
Raman beam. €, ,, . can then be adjusted by varying either A, g, m 5, OT Gnm,B.;-

The electronic-coupling, vibronic-tuning, and vibronic-coupling Hamiltonians can be added
for any modes and any electronic states by introducing interactions as described above. For N

ions and d electronic states, and after moving to a further interaction picture with respect to
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H= Z 5]aja] + Zn _o Xn [n) (n|, the overall simulator Hamiltonian becomes

Ho™ = Zéaaj—i-ZXﬂn n|+ZQnm|n

n#Em

+Y >0 (al +ay) [n) (n] + >N, (al + ag) In) (m] . (3.9)

n jet n#m jec

H*®™ is a direct mapping of the molecular Hamiltonian of eq. (3.4). The simulator is fully
programmable: the parameters of eq. (3.9)—0;, Xn, Qnm, ©),;, and €, —can be tuned
independently by adjusting suitable laser parameters, such as the intensity or frequency [11].

The scaling factor I for molecular simulations on ion traps is typically between F¢ ~ 107!2

min
and F&_~ 107! (fixed by the maximum achievable laser power for Raman interactions), the
ratio between molecular femtosecond timescales and trapped-ion millisecond timescales. The
slower ion-trap dynamics, combined with the sub-microsecond timing resolution of trapped-ion
simulators, means that greater time resolution is available on an MQB simulator than in direct
spectroscopic experiments on a molecule [105]. The long coherence times in trapped-ion systems

allow the simulation of chemical dynamics for hundreds of picoseconds [106], which is sufficient

to observe ultrafast photochemical dynamics.

3.5 Open-system MQB simulation on ion traps

Each chemical dissipator listed in section 3.2 can be engineered on a trapped-ion MQB simulator,
using a combination of light-matter interactions and various types of noise injection (summarised
in fig. 3.1). For each case, we derive a rate for the injected dissipation, which we show to be

fully controllable, allowing one to tune the simulator dissipator rates of eq. (3.3).

3.5.1 Radiative electronic relaxation

In an MQB architecture, radiative electronic relaxation corresponds to the native spontaneous
decay of an excited state |m) to a lower state |n) at a rate I',,,. This is a native dissipative
process with Lindblad operator L; = |n) (m| and rate 722 =T,,,,.

When the native I, is insufficient to map the radiative electronic relaxation rate of the
molecule, optical pumping [184]—a common technique used in operations such as laser cool-
ing [102], dissipative quantum state preparation [185], and measurement [186]—can artificially
decrease the lifetime of a given excited state. The procedure is depicted in fig. 3.2a and involves
driving a transition from |m) to an auxiliary high-lying electronic state |[) that can decay to
In) with I';; > Ty The driving is achieved using a laser with interaction strength €2,,; and

frequency weyi, which is detuned from the electronic transition by A, = Wexy — (W — wyy). The
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population in |l) decays to |n) and |m) with rates I';; and I',,;, respectively. Population that
returns to |m) repeats the optical-pumping cycle until it is completely transferred to |n). The
state |[) can be adiabatically eliminated from the dynamics when I';; > €,,;, resulting in an

effective decay rate [187]
QQ
ml Fnl-
(Dot + D )® + 447,

can be tuned over a wide range by varying the laser properties €2,,; and A,,;.

inj __

(3.10)

inj

Photon scattering during optical pumping imparts momentum kicks to the ions that can
heat the vibrational modes. However, this heating rate is negligible in practice, being quadratic
in the Lamb-Dicke parameter 7, v, = I",, n* |188]. Typical values I/, ~ 0.02s™! and n = 0.1
give 7, = 2 x 107*s7!, which is negligible compared to typical heating rates in ion-traps, which
are in the range 0.1 to 10s™! (see fig. 3.1). In any event, what little heating is induced could
always be considered as additional useful heating.

The derivation of eq. (3.10) assumes that population can only decay from |l) to |n) or |m).

If there are dipole-allowed transitions to other electronic states |m'), additional driving beams

can repump the population from |m’) back into the optical pumping cycle [189].

3.5.2 Vibrational heating and cooling

Vibrational heating and cooling in a trapped-ion simulator commonly occur due to electric-field
noise. This dissipation is routinely characterised experimentally [150, 190] and is described
by Lindblad dissipators D[a] and D[a']. The corresponding rates are approximately, Y =
Y exp (—v; /kpT™™) ~ ¥, because typical trap frequencies (v;/2m ~ 1MHz) are much
smaller than kgpT™ for T™*" between 4 and 300K. These native rates vary from 0.1 to
1000 quanta/s [177, 190, 191]. If the native dissipative rates are insufficient, additional dissipation

can be injected.

Single-mode heating and cooling

The injection of vibrational heating and cooling was proposed for ion-trap simulators in the
original MQB paper [11]. The proposed injection was via resolved-sideband laser interactions,
where the desired molecule-environment coupling and temperature could be controlled by tuning
the laser parameters [11]. However, these laser interactions could change the ion’s electronic
state, disturbing the ongoing coherent simulation.

To overcome this limitation, a similar dissipation scheme can be implemented using an
ancillary ion that shares the motion with the MQB qudit ion (i.e., sympathetic cooling [82, 90,
192]), without affecting the electronic states of the qudit. Dissipators D[a;| and D[a}] can then

be engineered using a bichromatic laser (one with two frequency tones), interacting with the
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Figure 3.2: Injecting the four molecular Lindblad dissipators into a trapped-ion MQB simulator. a)
Optical pumping to control the radiative electronic relaxation from |m) to |n). The |m) population
is pumped (pink solid arrow) to an auxiliary state |l), chosen for its rapid spontaneous decay (wavy
arrows) back to |n) and |m). The population at |m) effectively decays to |n) (pink dashed arrow) with
rate %L% b) Resolved sideband interactions applied to an ancilla ion (A) injecting vibrational heating
and cooling. A bichromatic laser with coupling strengths Q1 (red and blue arrows) and detunings
A = Fv; changes the vibrational state from [i) to |i £ 1). This is followed by an electronic decay
from |g)” to |p)? at a rate F]‘;‘q (wavy arrows), without affecting the vibrational state. ¢) Injection of
vibrational pure dephasing. A noisy trap electrode or targeted laser field induces fluctuations in the
jth vibrational mode potential strength (blue dotted potentials), which in turn induce fluctuations
A0d;(t) in the mode’s energy levels (small blue arrows). d) Injection of electronic pure dephasing. A
noisy magnetic field or targeted laser field induces fluctuations Ay, (t) in the electronic energy level |n)
(green dotted potentials).

ancilla ion. The frequency of each tone is set so that it sympathetically cools or heats a shared
vibrational mode. The ratio of the two tones’ strengths can be adjusted to simulate a desired
environment’s temperature.
Figure 3.2b depicts the electronic transition [p)* — |¢)* in the ancillary ion A driven by

a bichromatic laser. The interaction strengths are {2_ and €2, with detunings A = —v; for
the red sideband and A = +v; for the blue sideband, respectively. The electronic population
decays from ]q>A to ]p}A at rate F;f‘q (this can be due to spontaneous emission or engineered as
in eq. (3.10)). The dynamics of the vibrational mode is then described by the Lindblad master
equation [101, 103|

dpj _ . s inj inj

B~ —ilvialaj, pi] + (12, Dlal] + 97 Dla]) oy (3.11)
where p; is the reduced density matrix of mode j. In the limit 0, < F;‘q (which usually
holds in trapped-ion simulators), the injected dissipation rates depend only on the laser

parameters [101, 103, 187]:

P = niTo, [BIA T 1)) + aB(A)], (3.12)
QZ
(FPQ) + 4A
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where 7; is the Lamb-Dicke parameter and « is an angular factor (a = 2/5 for dipole trans-
itions [187]).

In molecules, heating and cooling most commonly arise when the molecule is coupled to a
thermal environment. Simulating a thermal environment requires that the heating and cooling
rates satisfy detailed balance, v = v exp(—v;/ksT®™), where T5™ = (v; /v )T In
terms of the injected rates,

inj

Y = MR = (1= (P, (3.14)

where (? = exp(—Vf“Ol JkgT™Y). If, as is the case in good ion traps, < yi_n,jj, the Boltzmann
factor can be incorporated into the simulation through the interaction strength of eq. (3.12)
by setting Q. = (Q_. In other words, the environment temperature 77 can be set by tuning
the ratio between the blue- and red-sideband interaction strengths, while their absolute value

determines the strength of the system-environment coupling.

Global vibrational heating and cooling

Using mode-resolved laser interactions as described above means that the number of required
laser interactions scales linearly with the number of modes, a cost that can be significantly
reduced if all the heating and cooling rates are similar. In many cases, the precise spectral
density of the environment is either unknown or unimportant; in those cases, it is common to
assume that the heating rates for all vibrational modes are equal (and likewise for the cooling
rates). In those cases, where a precise spectral density is not required, similar heating and
cooling rates can be injected for all modes using a single broadband laser that can heat and cool
all modes simultaneously. According to eq. (3.12), this can be achieved if the laser parameters
(Fg‘q, 4, A) and the vibrational frequencies (v;) are similar for all vibrational modes. A global
laser interaction with a sufficiently broadband spectrum can target all modes, setting the same

values for I‘;‘q and €4, as well as small A for all modes.

3.5.3 Electronic and vibrational pure dephasing

Electronic and vibrational dephasing can be injected by inducing classical stochastic fluctuations
in the energy levels of the electronic and vibrational states. The resulting dephasing rates can
be tuned by controlling the variances and correlation times of the fluctuations.

We consider a fluctuating Hamiltonian proportional to an arbitrary operator O,
H(t) = Ad(t) O, (3.15)

where the fluctuations, Ad(t), are a zero-mean stochastic process. To simulate pure dephasing,

we consider the ensemble average of the density matrix (p) over many realisations of Ad(t) [193,
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194]. This approach reflects experimental quantum simulations, where expectation values are

measured by averaging over many outcomes. The resulting dissipator is [195, 196|

D[O)(p) =7 (0{p)O" = 3{0'0, (p)}) (3.16)

with rate v = %fg(A@(t)A@(:;)} ds, where (A®(t)Ad(s)) is the auto-correlation function of
the fluctuations. For Gaussian, Markovian, and wide-sense stationary noise, the rate simplifies
to [197]

= 1{(Ad(¢ A7, (3.17)

where (A®(t)?) is the variance of the noise and 7, < 1/ is its correlation time. Either of these
quantities can be used to adjust the dephasing rate.

In the following, we present several ways to inject stochastic fluctuations into the terms
of the simulator Hamiltonian of eq. (3.9), in a way that results in controllable electronic and

vibrational dephasing.

Dephasing single modes or electronic levels by noise

Vibrational and electronic pure dephasing can be independently engineered by adding frequency
fluctuations to the laser beams that drive the closed-system dynamics. Such frequency fluctu-
ations can be imprinted on the beams by frequency modulating the acousto-optical modulator
(AOM) already used for the closed-sysem simulation. (fig. 3.3). Thus, no additional experimental
hardware is necessary to inject pure dephasing.

Vibrational pure dephasing of mode j is implemented by injecting frequency fluctuations
into both vibronic Hamiltonians of eqs. (3.7) and (3.8), with the replacement §; — 0, + Ad;(¢).
Electronic pure dephasing of qudit levels n and m requires adding frequency fluctuations to the
coupling Hamiltonians of eqs. (3.6) and (3.8), with the replacements x,, — x» + Ax,(t) and
Xm — Xm + Axm(t). To this end, we modify the frequency differences of the Raman beams as
follows. For the vibronic tuning interaction, we set Awr, = v; — (§; + Ad;(¢)). For the vibronic
coupling interaction, we set Aw;™ = (W, —wp) £V +6;4+A68;(1)) + (Xom +AXm (1)) — (xn — Axn (1))
For the electronic coupling interaction, we set Awr, = (Wi —wn) + (Xm +Axm(t)) — (xn+Axn(t)).

Moving to an interaction picture with these detunings, the simulation Hamiltonian becomes

3N d—1

B 3+ A0+ Yt S e+ 3 )+
et n#m
2.0 Onia +ag) Iyl + 3 Y D yla] +ag)[n) (m]. (3.18)
n jet n#m jec

H*®™ contains stochastic terms of the form in eq. (3.15), from which we can retrieve the

induced dephasing rates. Vibrational dephasing for mode j is obtained by setting O = a}aj
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Figure 3.3: Simulating MQB open-system molecular dynamics in an ion trap. The ions (spheres)
are trapped in vacuum in a linear chain by two DC (end caps) and four RF electrodes (triangular
blades). The closed-system simulation is achieved using a qudit ion representing the molecular electronic
states (yellow |m) and red |n) lines) and collective ion vibrational modes (grey spring) representing
molecular vibrations. Vibronic coupling is simulated with a bichromatic laser field (two shades of purple)
originating from a single incident laser (grey) modulated by an AOM. An open-system simulation
requires an ancilla ion (A) (which shares vibrational modes with the qudit ion) and controllable
implementations of the four Lindblad dissipators: D[|n) (m|] (pink) can be injected via optical pumping;
Dla,] (light blue) and D[a}] (red) can be achieved using blue- and red-sideband interactions; D[|n) (n]
(green), can be injected in two ways: (1) using a noisy detuning (Ay,,) in the vibronic-coupling laser or
(2) using a noisy current Al to fluctuate the magnetic field (By + AB); and D[a}aj] (dark blue) can
also be implemented in two ways: (1) using a fluctuating detuning Av; in the vibronic-coupling laser
or (2) using noisy voltages AVirr and AVpc on the electrodes.

and A®(t) = Ad(t), resulting in rate %n; = (AJ;(t)*)7./2. Similarly, electronic dephasing
involving qudit level n is obtained by setting O = |n) (n| and A®(t) = Ax,(t), resulting in
rate 7% = (Axn(t)*)7./2. The total electronic dephasing rate between levels n and m is then
Yo, =AM+~ . Because the magnitudes of the fluctuations and their correlation times are
independently controlled, the dephasing rate of each mode and electronic level is independently
programmable.

When engineering dephasing, large frequency fluctuations in the laser fields may cause
unwanted off-resonant couplings to other vibrational modes. These couplings can be minimized

by increasing 7., which leads to a smaller variance of the noise, or by choosing ion trap parameters

which increase the frequency spacings between the vibrational modes.

Global electronic dephasing by magnetic field fluctuations

A simplified injection of electronic pure dephasing can be implemented if all electronic states

involved in the simulation are affected by global stochastic frequency fluctuations, creating
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similar pure dephasing rates. As in section 3.5.2; this scheme can be used to simulate open
systems for which there is not enough information about the pure dephasing rate of each
electronic state. Assuming that different electronic states experience similar pure dephasing
rates can be a satisfactory approximation in these cases.

Global dephasing can be implemented using fluctuating magnetic fields A B, which alter the
energies of magnetically sensitive electronic states. To first order in AB, the fluctuation in the

nth electronic energy is [88]

dw
_ (dwn 1
Aw, ( 7B )BOAB, (3.19)

where (dw,/dB)p, is the sensitivity at the average field By. The fluctuation AB can be
engineered using a noisy current A/ in the magnetic field source, such that AB = (dB/dI)Al.
For cylindrical solenoids, the typical source of magnetic fields in ion traps, dB/dI = Cuy/L,
where C' is the number of windings, L is the length of the solenoid, and pg is the vacuum
permeability. Using eq. (3.19), eq. (3.17) gives the injected dephasing rate,
2
yn = % (Cfg ‘;—f) (AT?)r,. (3.20)

For these rates to be similar, one needs to find electronic states with similar dw,,/dB. For states

that are linearly sensitive to the magnetic field, dw, /dB is proportional to the projection of
the total angular momentum onto the quantisation axis (m;), which allows states of similar
my to be selected as the qudit states. In particular, hyperfine states within the same angular

momentum manifold experience similar sensitivities [98].

Global vibrational dephasing by trapping voltage fluctuations

Similarly to electronic dephasing in the previous section, the same (or similar) vibrational pure
dephasing rates are often assumed to affect all modes in an open molecule [179-181]. This
global dephasing can be implemented by injecting noise into the strength of the ions’ confining
potentials, which control the vibrational mode frequencies. This injection can be achieved by
inducing voltage fluctuations in the electrodes that create the confining electric fields (fig. 3.3).

The ions’ vibrational frequencies are determined by the three-dimensional electric fields
produced by the four radio-frequency (RF) and two static (DC) electrodes (fig. 3.3). The blade
electrodes, with RF signal of peak voltage Vé%) produce a radially confining potential (in the zy
plane), while the end caps with DC voltage V{3« confine the ions axially (along z). A chain of
N ions has 3N vibrational modes, of which the radial frequencies v,.; are determined by the
RF voltage, while the axial frequencies v, ; by the DC voltage. One can relate the vibrational
frequencies to the center-of-mass frequencies v, and v, o using geometric factors: v,; = kv,
and v, ; = K, V.o [88], where k,; and k,; are typically of the same order of magnitude for all

i [198].

60



Triiodide (F =1.6 x 107"") Pyrazine (F =2.6 x 10~ ')

Dissipation qpat jgm1 - ymol fpe=l qsim g=1 - Imp. (kHz) el /ps™h 45 /gmh Tmp. (kHz)

Elec. relaxation 0 0 0 Qi /2m =0 0 0 Qmi/2m =0

Vib. cooling 0.20[105] 0.52[21] 86 nQ_ /2w =11 1LO[179] 27 nQ_ /2m = 20

Vib. heating 0.20[105] 0.31[21] 5.0 nQ./27 =85 0.0077 [179] 0.20 794 =0

Vib. dephasing 29[105]  1.8[21] 29 J(A82) j2r=0  21[181] 55 J(A62) j2m = 2.3
Elec. dephasing  0.12[199]120 [21] 2000 V{AxZ) /2mr =20 33[180] 870 VI(AXZ) /21 =13

Table 5.1: Dissipation rates y"°! and the corresponding simulated rates ;™ = el

;% in an ion-trap
MQB simulator for triiodide in solution [21] and for a 3-mode, 2-state pyrazine molecule where the
dissipation is due to the other vibrational modes. The column “Imp.” denotes experimental parameters

for implementing 5™,

Small voltage fluctuations change the vibrational frequencies according to the corresponding

sensitivities:
d T
Av,; = ( Yr, ) (VRF —Vé?), (3.21)
- \dVer /e
d z,1
Av,; = (”—> <VDC - vg(g) . (3.22)
- \dVbe/y

We therefore obtain the injected pure dephasing rates,

- 1 dv, 2

o= g2 ) (AVED) T 3.23
/yv,r,z 2"{/7‘@ (dVRF> < RF>T ) ( )

. 1 dv 2

nj o 22 [ 220} AVR) T 3.24
f)/v,z,z 2Hz,z (dVDC) < DC>TC ( )

Therefore, global pure vibrational dephasing can be implemented if all of the geometric factors
k are sufficiently close to each other. The variances of the pure dephasing of axial and radial
modes can be separately tuned by varying the amplitudes of the DC and RF voltage fluctuations,

respectively.

3.6 Examples

We apply our method to two well-studied examples of open-molecular systems: (1) triiodide in
a polar solvent, and (2) pyrazine modelled as an LVC system with dissipative dynamics due to
its intramolecular vibrational modes. In both examples, we use molecular Lindblad dissipation
rates determined in earlier works and map them to equivalent rates in an experimentally realistic
trapped-ion MQB simulator.

Our approach requires predetermined Lindblad dissipation rates for the open system of
interest, which are obtainable from time-resolved spectroscopy, simulations on classical computers,
or a combination of both. For example, time-resolved spectroscopic experiments often report

population decay and dephasing times 77 and T, respectively, for both electronic states and
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vibrational modes. The electronic pure dephasing rate is then given by Véflgl = 1/Ts — 1/2T1,,
where the electronic dephasing time 75, can be obtained from fitting the electronic time-dependent
spectra [181]. T, is extracted from the radiative quantum yield Yz = Tj,y2 |181], where
the radiative electronic relaxation rate is determined by the strength of the transition dipole
moment |m) — |n) [181]. The analogous vibrational times 75, and 7},—also obtainable from

time-dependent spectroscopy—determine 4% — 4% = 1/Ty, and 19 = 1/T5, — 1/2T1, [21].

=] viJ

Triiodide in a polar solvent

Triiodide gained interest after time-resolved spectroscopic experiments of its photodissociation
dynamics in the condensed phase showed the vibrational decoherence effects of solvents [19-21].
In particular, the key role of the symmetric stretch mode v; at 112cm™! makes it ideal for
probing solvent effects on the dynamics.

The relevant dissipation rates were measured by pumping the molecule to a dissociative
electronic surface and then monitoring the solvent-induced vibrational dissipation using time-
delayed probe pulses. The resulting spectrum was fitted to a decaying sine function to obtain
the vibrational relaxation and dephasing times 7}, and Ty, |21, 200]. The electronic dephasing
rate was also chosen to fit the spectral modulations. The ranges of the corresponding dissipation
rates obtained for water and ethanol solvents are given in fig. 3.1. Radiative electronic relaxation
was not included because it is much slower than the other processes.

These measured rates can be mapped onto an MQB simulator. Table 3.1 shows the average
of the dissipative rates in water and ethanol and gives examples of typical native dissipation rates
et for an Yb' trapped-ion simulator [105, 106]. We select the scaling factor F' as described in
section 3.3 to minimise the injected dissipation. In this example, vibrational pure dephasing

nat

determines F = 3% /40! = 1.6 x 107", so that no injection of this dissipation type would be

required. F is then used to scale the other rates 5™

2™ in table 3.1. Electronic and vibrational

dephasing, occurring on timescales of tens and hundreds of femtoseconds, respectively, would
affect the MQB dynamics on 1-30 ms timescales. Vibrational dissipation would be mapped
from a picosecond in the molecule to 0.1s in the ion trap.

All calculated parameters for simulating ~;

S are within existing experimental capabilities,

for which we have used representative values from past ion-trap MQB simulations [11, 105, 106].
The interaction strength n{2_ /27 = 11kHz, and therefore also the smaller 2, , are well within
the range achievable by tuning the laser power [201]. Q_ is calculated from eq. (3.12), using
I/ /2m = 20MHz and v, /21 = 1.34MHz, values reported for an Yb* ion trap [105]. Q.
is obtained from the Boltzmann factor using v; = 112cm™! and 7™ = 300K [21]. The
fluctuations for injecting electronic dephasing, \/m /27 = 20kHz, could be imprinted

on the frequency of each Raman beam using an AOM. The electronic dephasing rate 723,“; is
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determined using eq. (3.17), where the correlation time 7. must be chosen much smaller than
the dephasing timescale; we choose 7. = 10 s < 1/45™ = 500 ps. This choice is well within the

e,n

capabilities of modern control electronics, which achieves temporal resolutions of 100 ns.

Pyrazine

Pyrazine is widely used for studying ultrafast nonadiabatic dynamics due to the conical inter-
section between its excited electronic states [46]. This 24-mode molecule has been successfully
modelled as an open quantum system in which three vibrational modes, one coupling (v10,)
and two tuning (v; and vg,), are coupled to the first two excited electronic states, nm* and 7,
while the remaining 21 modes form a weakly coupled environment that leads to dissipative
dynamics [180].

As in the triiodide example, dephasing and relaxation constants for electronic states and
vibrational modes were retrieved from fitting the experimental absorption spectrum [154, 156,
180, 181]. Radiative electronic relaxation from 7w7* to nm* is forbidden and not included. The
pure dephasing constant for the state 77" was Ty . = 30fs. We assume that the constants

Ty, = 1ps [154, 156] and T, = 320fs [180] are the same for all modes.

Using the procedure above, we converted the dissipation times into the Lindblad rates and
mapped them to the simulator dissipative rates (table 3.1). In particular, we use the tuning
mode v; = 1016 cm ™! to exemplify the Lindblad rates for the vibrations. In this case, F' comes
from the vibrational heating of this tuning mode, F' = vf‘ﬁ / vfrnﬁl = 2.6 x 107!, which, along
with the 14, and vy, modes, would not require dissipation injection, i.e., {2, = 0. The other
Lindblad rates are scaled as before, 45'™ = Fy™°l. The experimental parameters for dissipation
injection (including single-mode schemes) are calculated as in the triiodide example and reported
in table 3.1. In this case, vibrational cooling could also be implemented globally by targeting the
vibrational modes with one broadband laser interaction, such that the laser power is adjusted to

2 = 20kHz. The global vibrational dephasing scheme would also be suitable, with fluctuations
V(Av?) /21 = 2.3kHz produced via trapping potential fluctuations AVyp.

3.7 Discussion

Our approach extends molecular MQB simulation from closed systems to open ones, the latter
characterised by the most common set of Lindblad dissipators used in chemistry. Dissipation can
be included in the simulation using a combination of native and injected dissipation, an approach

that turns native dissipation into a valuable resource for analog simulation. In addition, injected
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dissipation, described for trapped-ion systems, could be readily implemented using available

simulators with few additional hardware modifications and independently of the molecular size.

Using native noise as a simulation resource diminishes the common argument that the
accumulation of errors makes analog simulators impractical. Dissipation and decoherence are
the main sources of error in analog devices—quantum or classical—and limit the simulation time.
However, analog classical simulations were, despite errors, essential for classical computation
before large-scale digital computers [202]. Similarly, successful quantum simulations of closed
systems [105, 106] have shown that available decoherence times in analog quantum simulators
are sufficiently low to allow accurate simulations, up to hundreds of femtoseconds on molecular
timescales, which are the most relevant for photochemistry. Here, we have shown that harnessing
a simulator’s native noise as a resource always extends the possible simulation times, up to

picoseconds on molecular timescales.

The result of using noise as a resource is counterintuitive: open-system simulation, which is
usually a harder problem than closed-system simulation, becomes an easier problem on an MQB
simulator when Lindblad dynamics is implemented. On both classical and quantum digital
computers, simulating open-system dynamics requires more resources, either to represent density
matrices instead of wavefunctions or to represent the environment (or both). By contrast, on
an analog simulator, if some of the noise is used for the simulation, the remaining unusable

dissipation has a smaller deleterious effect, extending the possible simulation duration.

The transition from a closed to an open simulation requires minimal additional experimental
cost on a trapped-ion MQB simulator. When using Raman lasers to inject dissipation, no
additional hardware is required at all, since those lasers are required for the LVC simulation as
well. For the other hardware we describe, such as the magnetic-field solenoid, the overhead is

constant regardless of the system size (e.g., only one solenoid is needed for any molecule).

Ion traps are particularly versatile MQB simulators. The two example systems show that our
approach can accommodate a wide range of molecular systems: from a small inorganic ion to a
neutral organic molecule; from a polar solvent to an environment of intramolecular vibrations;
different numbers of vibrational modes, with frequencies varying by an order of magnitude;
global- and single-mode dissipation injection; and scaling-factor selection to minimise noise
injection.

Like any LVC simulation, our scheme requires a parametrisation of the Hamiltonian in
eq. (3.4). As is standard in non-adiabatic dynamics, the parameters can be obtained using a
prior electronic-structure calculation. In addition, we require values of the dissipation rates;
these can also be obtained from a prior calculation or by comparison with experimental results
on related molecules. For systems without enough experimental information and unknown

dissipative rates, our global injection schemes offer an initial approach for estimation of the
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molecular dissipation effects and for the interpretation of experimental data. For example, our
algorithm could be used in the quantum time-domain spectroscopy algorithm [106] to predict
or explain spectral peak broadening in open molecular systems.

We expect that our approach can be extended to dissipation models more general than the
Lindblad master equation. For example, non-Markovian environments include strong coupling
between the molecule and the environment with long-time correlation functions [23]. One
possibility for engineering a non-Markovian environment could be to inject correlated (coloured)
classical noise [203] into the amplitude and phase of the laser beams used for vibronic and
electronic coupling. Alternatively, a hybrid approach could be pursued, which combines our
Lindblad techniques with an explicitly implemented, strongly coupled environment, implemented

using additional ancillary ions [82, 83| or vibrational modes (with structured spectrum).

3.8 Conclusion

Overall, including native dissipation relaxes the experimental complexity when transitioning
from closed- to open-system simulation and reduces error accumulation, allowing for longer,
more accurate analog simulations of molecular dynamics. When injected dissipation is necessary,
minimal hardware modifications are required. Because of the difficulty of simulating open
molecular systems both classically and on digital quantum computers, these advantages position
analog quantum simulation as a contender for achieving quantum advantage on a problem of

practical importance.
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Abstract

Accurate simulation of dynamical processes in molecules and reactions is among the most
challenging problems in quantum chemistry. Quantum computers promise efficient chemical
simulation, but the existing quantum algorithms require many logical qubits and gates, placing
practical applications beyond existing technology. Here, we carry out the first quantum
simulations of chemical dynamics by employing a more hardware-efficient encoding scheme that
uses both qubits and bosonic degrees of freedom. Our trapped-ion device accurately simulates
the dynamics of non-adiabatic chemical processes, which are among the most difficult problems
in computational chemistry because they involve strong coupling between electronic and nuclear
motions. We demonstrate the programmability and versatility of our approach by simulating
the dynamics of three different molecules as well as open-system dynamics in the condensed
phase, all with the same quantum resources. Our approach requires orders of magnitude fewer
resources than equivalent qubit-only quantum simulations, demonstrating the potential of using
hybrid encoding schemes to accelerate quantum simulations of complex chemical processes,
which could have applications in fields ranging from energy conversion and storage to biology

and drug design.
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4.1 Introduction

Dynamics is central to chemistry because it underpins all of chemical reactivity and kinetics.
However, predicting the quantum-mechanical dynamics of both nuclei and electrons involved
in chemical transformations remains one of the great challenges of computational chemistry.
Particularly difficult are simulations of non-adiabatic processes, where the breakdown of the
Born-Oppenheimer approximation leads to the entangled motion of nuclear wavepackets on
multiple potential-energy surfaces on ultrafast timescales [2, 204]. These effects are especially
important in photochemistry, including almost all chemical reactions in the atmosphere, such
as those responsible for smog formation and ozone depletion; interactions of organisms with
light, whether through photosynthesis, vision, or UV DNA damage; solar energy conversion
through solar cells; and compounds for preventing and treating disease, from sunscreens to

photodynamic therapies [205].

Methods to simulate non-adiabatic dynamics on conventional, classical computers are either
approximate or limited by computational scaling that is unpredictable a priori [2, 40]. Even
more complicated is simulating open quantum systems, including chemical dynamics in the
condensed phase [17]. On classical computers, doing so usually involves tracking density
matrices (more complicated than wavefunctions) as well as the system’s interactions with its
environment. Classical multi-configuration time-dependent Hartree (MCTDH) calculations
have been achieved for relatively small systems with explicit bath modes [40, 44, 206] or weak
system-bath couplings [207], but increasing the coupling strength or the number of modes

quickly becomes intractable.

Simulating chemistry on quantum computers promises to overcome the challenges faced
by conventional computational techniques. Indeed, using quantum machines for simulating
nature is the idea that launched quantum computing |7], because a controllable quantum device
could mimic another quantum system efficiently (with polynomial resources in system size) [8|.
Simulations of quantum chemistry, encompassing both electronic structure and dynamics, are
particularly suited for quantum simulation and are likely to be the earliest applications of
quantum computing [53, 60, 208]. Most chemical quantum algorithms have focused on finding
static molecular properties, usually energies [53-57, 60, 209, 210]. By contrast, there are few
quantum algorithms for molecular dynamics [61, 63, 161, 211], despite the centrality of dynamics
to chemistry. To make matters worse, useful applications of those algorithms would require
quantum computers with many more low-error qubits and gates than is feasible with existing

technology [61, 63, 161].

The hardware costs of existing algorithms can be reduced by encoding information not only in

qubits but in other degrees of freedom as well [11, 212]. This approach is particularly natural in
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Figure 4.1: Mapping non-adiabatic chemical dynamics onto an MQB simulator. (a) Adiabatic
potential energy surfaces (PES) of the butatriene cation determined from solving the Born-Oppenheimer
Hamiltonian at all nuclear positions. The cyan and magenta regions of the surfaces correspond to w
and 7* electronic characters. The two PESs intersect at a conical intersection (CI) through a coupling
with the central bond stretching (Q1) and torsion (Q2) vibrational modes. This vibronic coupling
allows ultrafast molecular dynamics: an initial wavepacket (grey, top right) on the upper surface
approaches the conical intersection and splits into two entangled branches on the two electronic surfaces.
(b) Diabatic representation of the PESs. The coupling between surfaces (not shown) is linear along
Q2. (c) Probability of the wavepacket remaining in the initial diabatic state 7* as a function of time.
(d) Butatriene molecule with its electronic states represented by orbitals (pink and cyan) that differ
between the two states, and the two vibrational modes @1 (red) and @2 (dark blue). (e) Molecular
electronic and vibrational degrees of freedom can both be mapped onto a mixed qudit-boson (MQB)
simulator consisting here of one trapped ion. Potentials and vibronic couplings are induced with lasers
(yellow and green beams).

the context of chemical dynamics, where molecular vibrational degrees of freedom can be mapped
onto bosonic hardware elements present in multiple quantum architectures |11, 82, 83, 105
107, 170, 213, 214]. Using bosons reduces hardware resource requirements compared to the
alternative of using a large number of qubits to encode a single continuous degree of freedom.
In particular, the mixed-qudit-boson (MQB) approach allows simulations of molecular models
with vibrational-electronic (vibronic) couplings using significantly reduced quantum resources
compared to qubit-only simulations [11, 214]. This is achieved using qudits (d-level quantum
systems) controllably coupled to bosonic modes to encode, respectively, molecular electronic
states and nuclear vibrations (Fig. 4.1). MQB simulators based on trapped-ion systems have
been used to predict vibronic spectra and to observe the dynamical geometric-phase interference

around an engineered conical intersection [105-107, 215]. Previous experimental quantum
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simulations of chemical dynamics were important but limited demonstrations, restricted to non-
molecular model Hamiltonians or being non-programmable. A programmable MQB simulator
would allow tunable experimental parameters to simulate a wide range of molecules using the
same hardware.

Here, we perform the first programmable MQB simulations of non-adiabatic photochemical
dynamics using a trapped-ion system. We demonstrate the programmability of the simulator
by reproducing the real-time molecular dynamics of three different photoexcited molecules—
the allene cation, the butatriene cation, and pyrazine—encoded using different parameters
in a vibronic-coupling Hamiltonian. In each molecule, the vibronic couplings give rise to a
conical intersection, which allows ultrafast (femtosecond) population transfer between electronic
states [2, 204|. Experimental measurements reliably reproduce the expected chemical dynamics,
including signatures of the conical intersections. We further demonstrate the extensibility of
our simulator to open-system dynamics by implementing simulations of pyrazine coupled to
a thermal bath, showing the expected damping of coherent effects and thermalization. Our
results further demonstrate the hardware efficiency of MQB simulation: with one trapped-ion
qudit, two vibrational modes, and one laser pulse, it achieves a computation that would require

11 qubits and over 10° entangling gates in a standard qubit-only framework.

4.2 MQB simulation of photochemistry

In an ion-trap MQB simulator, molecular vibrations and electronic states are encoded in motional
and electronic degrees of freedom of the trapped ion [11] (Fig. 4.1). We simulate non-adiabatic
dynamics in an analog fashion by reconstructing the time evolution of important molecular
properties, rescaled to a timescale accessible by the simulator. Typically, temporal dynamics are
rescaled from femtoseconds to milliseconds—i.e., by a factor of approximately 10'—sufficient
to enable direct probing with conventional electronics and laser systems.

To represent molecular systems, MQB simulators use vibronic coupling (VC) Hamiltoni-
ans [11], which are widely used to represent potential energy surfaces and their couplings. The
parameters of a VC Hamiltonian can be obtained beforehand using electronic-structure theory.
While here we address the challenge of simulating the dynamics generated by VC Hamiltonians,
the parametrisation of the Hamiltonian can pose a separate challenge itself, which we discuss
further below. Alternatively, electronic degrees of freedom can be included in the simulation
using a fermion-to-qubit encoding without the need to parametrise a VC Hamiltonian [216].

Our simulation of molecular dynamics comprises three stages (Fig. 4.2). First, the initial
wavefunction is prepared by exciting the qudit and displacing the relevant motional modes.

Second, using laser-ion interactions with frequencies and intensities chosen to reproduce the
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molecular VC Hamiltonian, the simulator is evolved for some duration. Third, desired observ-
ables are measured. This process is repeated for varying evolution durations, allowing the
reconstruction of observables as a function of time.

We simulate the photoinitiated non-adiabatic dynamics in three molecules: photoionised
allene (C3H4 "), photoionised butatriene (C4H;"), and photoexcited pyrazine (C4NyH,). The
three molecules exhibit a wide variety of photochemical dynamics due to differences in their
potential energy surfaces (see Fig. 4.3a-c). Allene is photoionised to a degenerate pair of 7 states
that are coupled via symmetry-breaking vibrational modes: bond alternation and torsion [217].
The potential is thus symmetric about the conical intersection along both vibrational modes.
Butatriene is photoexcited to the cationic 7* state, coupled to the 7 state through central
bond stretching and torsion [218, 219|. Both electronic potential-energy surfaces are displaced
along the bond-stretching mode, leading to a peaked conical intersection, i.e., one where the
lower adiabatic surface decreases in energy in all directions away from the intersection. Finally,
pyrazine is photoexcited to the bright (large transition dipole moment) w7* state and decays to
the dark n7* state, and its dynamics is dominated by a ring breathing mode and an out-of-plane
hydrogen wag [220, 221]. The resulting Hamiltonian leads to a sloped conical intersection, where
the lower adiabatic potential energy increases in one direction (here, — Q).

Each of the three molecules is well described by a linear VC (LVC) model, where the two
electronic states and the two vibrational modes are linearly coupled. Denoting the initially
excited electronic state as |1) (and the other one as |0)), the Hamiltonian is [11]

- . it K . 4 . AL
Hpyol = —35AEG, + ija}aj b =G (a) + ) + =60+ ay), (4.1)

V2 V2

where ¢, . are the Pauli operators and a; is the annihilation operator of the jth mode with

J

frequency w;. AE is the energy difference between the two electronic states, while x and A are
the tuning and coupling parameters, respectively. The initial wavefunction is a coherent state
displaced along the mode j = 1 by D;(a) = exp(aal — a*a;). The parameter values for each

molecule are given in table 4.1.

4.3 Trapped-ion simulation

Each term in the LVC Hamiltonian H,. can be implemented on a trapped-ion MQB simulator
consisting of a qubit (qudit with d = 2) representing the electronic states of the molecule and
two motional modes of the ion in its harmonic confining potential representing the vibrations
(Fig. 4.1e) [11]. This correspondence between molecular and trapped-ion Hamiltonian terms
underpins the straightforwardness of our simulation approach. The vibronic couplings are

implemented by tunable, laser-driven spin-dependent forces (SDF) in the Lamb-Dicke regime [11],
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which drive the motional modes depending on the state of the qubit. After interaction-frame
transformations and rotating-wave approximations [11, 88|, the Hamiltonian for interactions

involving mode j is
. Q . S At A At
PP (5,9) = (62 08 6 + 6, sin ) () + ;) + dalay, (4.2)

where 0, , . are the Pauli matrices, ¢, is a phase that determines the qubit operator, which can be
adjusted by the laser phase, (2 is the Rabi frequency that is tuneable with the laser intensity, and
0 is the adjustable detuning of the laser frequency from the motional mode. We use the notation
H ]SzDF and H ijDF for interactions where ¢s = 0 and ¢ = 7/2, respectively. An SDF interaction
in the &, basis can be obtained with a qubit basis rotation, H5PF = R, (r/2)HSDF R, (—7/2),
where RI(G) are laser-driven qubit rotations around the z-axis of the Bloch sphere. We can also
implement a Hamiltonian that generates a qubit rotation around &, by sandwiching a laser-
driven interaction ﬁ?(x) — X&,/2 between two R, rotations, i.c., H® = RI(W/Q)ﬁ;QRm(—ﬂ/Q),
where the Rabi frequency x is tuneable using the laser’s power.

H,o is experimentally implemented by simultaneously driving two SDF interactions and
a qubit rotation, resulting in the ion Hamiltonian F[ion =F f[mol, where the scaling factor F

scales molecular frequencies (THz) and timescales (ps) to the trapped ion’s frequencies (MHz)

and timescales (ms). Overall,
Hion = HY2F (Fuwy, V2 Fr) + H3YF (Fus, V2 FA) + HA(—FAE). (4.3)

All parameters of eq. (4.3) (w1, we, k, A, and AFE) are programmable and can be set to simulate
any two-state, two-mode LVC molecule. To obtain faster ion-trap dynamics, F' is maximised

within the constraint of the available laser power [11, 214].

4.3.1 Closed-system experiment

We perform our experiment with a single *'Yb™ ion electromagnetically held in vacuum with
a quadrupole ion trap [105, 106]. A combination of radio-frequency and static electric fields
confine the ion and give rise to secular vibrational motions with frequencies {w,,w,,w,} =
27 x {1.33,1.51,0.5} MHz. These vibrations are harmonic to an excellent approximation. We
encode the two molecular electronic states into the two magnetically insensitive hyperfine levels
of the ion’s *S;» ground state, with labels |[0) = |F = 0,mp = 0) and [1) = |F = 1,mp = 0).
The molecular vibrational modes, B; and By, are encoded in the vibrational modes along the
radial  and y directions.

The experimental sequence for enabling the direct simulation of photochemical dynamics
in the time domain is shown in Fig. 4.2 (methods are detailed in [105, 106]). We program the

experiment with parameters of H,,, chosen according to table 4.1 to implement each of the three

71



Allene [217] Butatriene [219] Pyrazine [221]

1) Ta * o
|0) Ty 7r nm*
w1 /27 (THz) 22.5 62.9 17.9
ws /27 (THz) 57.3 22.0 28.5
AE/2n (THz) 0 131.5 199
k/2m (THz) 4.7 62.1 -30.7
/27 (THz) 67.7 69.6 63.3
o} 0 —0.140 0.210
F/1071 1.08 1.10 1.33

Table 4.1: Parameters of the LVC Hamiltonian ﬁmol, through which the MQB simulator can be
programmed to simulate different molecules. |0) and |1) are the two relevant electronic states of the
molecule. w; and ws are the frequencies of the two vibrational modes. AFE is the energy difference
between the electronic states at the origin. x and A are the tuning and coupling parameters, respectively.
« is the displacement of the initial wavepacket. Parameters programmed on the MQB simulator are
obtained by scaling the molecular frequencies by F. All molecular parameters are literature values
obtained from electronic-structure calculations [217, 219, 221].

i) Initialization ii) Evolution iii) Measurement
\ ‘ /\ | \‘\I
< *’/ Wy e
| | z
| 54
X

11) A
|0>B ~ D1(a) e e-if:It L~~~
|O>B SN

Figure 4.2: Experimental implementation of an MQB simulator for chemical dynamics.
Three stages of MQB dynamics simulation: i) initialization, ii) evolution, and iii) measurement. Top
row: trapped ion during each stage, with colors and symbols as in Fig. 4.1. Bottom row: circuit
diagram of the pulse sequence acting on the qubit and two modes By and By (wavy lines). i) During
initialization, the qubit is prepared in state |1) and the vibrational modes are prepared in their ground
states. Then, Bj is displaced by ﬁl(a) using a state-dependent force enacted by laser beams (cyan
and red). ii) During evolution, the Hamiltonian is applied for duration ¢ using state-dependent forces
enacted by laser beams (yellow and green). iii) The electronic state is measured using a photon counter
through state-dependent fluorescence (pink).

target molecules. In each case, the scaling factor F' is chosen to be F = €, /v/2 «, where Q; is the
Rabi frequency of the SDF interaction of eq. (4.2) with mode B;. The specific implementation
of each simulation follows the three-stage process introduced above. First, initialization prepares
the qubit in |1) and the modes in their ground states, followed by displacing By by Dj(«).

Second, the system is evolved by applying ]:Iion for an experimentally variable duration ¢,
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Figure 4.3: Quantum simulation of photochemical dynamics in (a,d) photoionised allene,
(b,e) photoionised butatriene, and (c,f) photoexcited pyrazine. (a—c) Potential energy surfaces
of each molecule (one-dimensional slice at Q2 = 0; diabatic states in pink and cyan), with the wavepacket
(gaussian width not to scale) initialised by displacement to Q1 = . Each molecule results in a distinct
energy landscape, where the conical intersection is (a) symmetric, (b) peaked, and (c) sloped. Black
arrows indicate possible pathways for wavepackets to evolve on the PESs. (d—f) Corresponding
molecules are simulated on an ion-trap MQB simulator using the LVC Hamiltonian of eq. (4.3) with
parameters from table 4.1. The probability of finding the wavepacket in the initial diabatic state as a
function of the molecular evolution time (bottom axes). Additionally, in (f), open-system dynamics of
pyrazine under heating and cooling dissipation with varying rates I'. Solid lines are the solutions of the
Schrodinger equation for closed-system dynamics and of the master equation (eq. (4.4)) for open-system
dynamics. The simulator times shown in the top axes correspond to the closed-system dynamics. The
scaling factors for the open-system dynamics with I' = {122,491} ps~! are F' = {1.69,1.24} x 10711,
Experimental data points are obtained by averaging over M = 500 measurement results. Error bars of
probabilities (P) are due to quantum projection noise, calculated from the binomial distribution as
o =+/P(1—P)/M , and are smaller than the plot markers.

which is related to the molecular timescale by t,,1 = F'tion. Third, measurement of the electronic
populations is achieved by making a ¢, measurement on the qubit through state-dependent
fluorescence [222].

Experimental measurements of the probability of finding the wavepacket in the initial diabatic
state as a function of evolution time are shown in Fig. 4.3d-f. For all three molecules, experiments
match the predicted dynamics arising from conventional calculations. Small discrepancies are
due to miscalibrated experimental parameters and hardware noise. In all cases, we observe a
population decay due to the strong coupling between electronic states in the region of the initial
wavefunction. We further observe distinct behaviors for each molecule, caused by the different

potential-energy surfaces. The symmetric conical intersection of the allene cation causes a
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rapid decay of the population because the initial state is at the point of strongest coupling
between electronic states; however, only a small amount of population is transferred due to
the degeneracy of the 7 states. The initial geometry of allene is located at a region of strong
coupling between electronic states, which causes a rapid initial decay; however, the 7 states are
energetically equivalent, so no more than half the population is transferred. The butatriene
cation likewise has an initial state with strong coupling, but the lower potential energy minimum
of the 7 state favours a greater overall population transfer. Finally, the location of the pyrazine
7% minimum near its intersection with the n7* state leads to a near-complete occupation of

the n7* state; however, the greater distance to the intersection leads to slower initial dynamics.

4.3.2 Open-system experiment

To further demonstrate the versatility of the MQB approach, we perform a quantum simulation
of open-system vibronic dynamics, which enables the simulation of environmental molecular
conditions. To do so, we externally inject noise into the same single-ion simulation above. Doing
so shows that what is classically a harder computational problem can be solved using the same
quantum resources on an MQB simulator [173, 214].

In particular, we simulate the non-equilibrium ultrafast dynamics of a pyrazine molecule
interacting with a thermal bath. The dissipation is simulated by simultaneously injecting heating
and cooling of the vibrational modes, described by the Lindblad master equation [150, 223],

dp

L = —ilHion, 7 + Y (+5Dlal)p +7-5Dlaslo) (4.4)
J

where D[d}] is the heating dissipator for mode 7,

Dlaf)p = alpa — Yala, p}, (4.5)

and similarly for the cooling dissipator D[a|p. Heating and cooling have rates vy ; and y_ ;,
respectively, and describe energy transfer from the environment to the vibrations (heating) or
vice versa (cooling).

The dissipators are engineered in the simulator by injecting a noisy electric field at the
ion’s location [224]|. The electric field noise results in cooling and heating dissipators with
approximately equal rates, v; = 74 ; = 7-, corresponding to a thermal bath with infinite
temperature [150, 223]. In the molecule, this corresponds to a scaled dissipation rate I'; = F~1;.
A noisy voltage signal, generated using an arbitrary waveform generator, is capacitively coupled
onto a radial compensation electrode located 4.8 mm from the ion’s position. The signal
contains two frequency components oscillating near the vibrational mode frequencies, w, and

wy. The rates vy, and 7, are programmed by varying the corresponding signal amplitudes. The
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decay rates are calibrated using the trapped ion through a standard sideband thermometry
experiment [152, 191].

The experiment correctly simulates the open-system dynamics at varying dissipation rates
(Fig. 4.3f), showing the suitability of MQB simulation for the particularly challenging task of
modelling ultrafast dynamics in open molecular systems. As expected, stronger dissipation
leads to a faster loss of coherent features. With dissipation, the electronic population decays
at long times to 0.5, consistent with a Boltzmann distribution at high temperature, where the
populations of the two electronic states obey n;/ng = exp(—AE/kgT) = 1. This equilibration

occurs faster with stronger dissipation.

4.4 Discussion

In summary, we performed quantum simulations of non-adiabatic chemical dynamics of three
molecules. We simulated the evolution of their vibrational wavepackets through conical intersec-
tions, obtaining distinct dynamics linked to the characteristics of their potential energy surfaces.
We also simulated open-system dynamics of pyrazine coupled to a thermal bath using the same
trapped-ion system.

Our experiment demonstrates three advantages of MQB simulations: programmability,
resource efficiency, and the ability to simulate open systems.

MQ@QB simulators are programmable, allowing us to simulate the dynamics of very different
molecules simply by adjusting experimental parameters to match the different VC Hamiltonian
in the same experimental apparatus.This programming is carried out through software-updated
experimental parameters, without the need for hardware modification. Different features of
photochemical processes were captured by the same MQB simulator: dynamics between different
types of electronic states (ground or excited, singlet or doublet, degenerate or non-degenerate),
vibrational modes and vibronic couplings with different symmetries, conical intersections with
different topography (symmetric, peaked, and sloped), and a wide range of vibrational frequencies,
vibronic couplings and wave-packet displacements.

MQ@QB simulators require orders of magnitude lower quantum-hardware resourcing compared
to qubit-only quantum simulations [11, 61]. We used a single trapped ion and a single laser
pulse to simulate the ultrafast molecular dynamics of LVC models with two electronic states
and two vibrational modes. The comparable quantum memory requirements can be estimated
from the dimension of the necessary Hilbert space. Our simulations can be reproduced using
32 Fock states per mode, meaning that a comparable qubit-based simulation would need 11
qubits: [log, 32] = 5 qubits for each of the two modes and an additional qubit for the electronic

states. The CNOT gate requirements can be estimated using the resource-efficient Gray-code

75



qudit-to-qubit encoding [62] with accuracy chosen to reproduce the mean-squared error of our
MQ@B simulation (which is 0.0034, averaged over the duration of our simulation). Doing so with
a first-order Suzuki-Trotter decomposition needs 1000 errorless CNOT gates for each of 300
Trotter steps. Therefore, a comparable qubit-based simulation could be achieved with 3 x 10°
CNOT gates. A realistic quantum computer with noisy gates or quantum error correction
would require even more qubits and gates. A resource estimation for an MQB simulation
of lattice gauge fields found a similar reduction of over five orders of magnitude of quantum

resources [212].

We also demonstrate the ability of MQB simulators to simulate open-system dynamics by
injecting controllable noise without using additional quantum resources. Comparable qubit-only
simulations would have required additional ancilla resources to simulate the environment. On the
MQ@B simulator, by contrast, the classically more difficult open-system problem is an easier task
because some of the native noise can be used in the simulation, allowing for longer simulations

with greater accuracy [214].

Extending MQB simulation beyond proof-of-principle experiments will enable increasingly
challenging dynamics simulations. We envision opportunities for improvement in three areas:

scale, non-linearities, and open quantum systems.

Scaling the experimental system from 1 to /N trapped ions could enable the control of
3N motional modes [11]. The chief challenge to doing so is retaining the high quality of
motional control over the additional modes, a matter complicated by spectral crowding and
reduced interaction strengths [88]. These challenges could be mitigated using the same strategies
developed for trapped-ion quantum computers using long ion chains, including advanced

quantum-control methods and improved optical setups [225, 226].

MQ@QB simulators could also be extended to implement higher-order vibronic-coupling mod-
els [11] or anharmonic potential energy surfaces. With the addition of beam-splitter interactions,
the coherent laser-driven interactions demonstrated here are sufficient for universal control
of MQB systems [227, 228], meaning that they can be composed into pulse sequences using
quantum-control methods to engineer non-linear couplings or anharmonic potentials. However,
full scope of this engineering remains an open question, because a fully general decomposition

may scale unfavourably for high-dimensional, strongly coupled anharmonic potentials.

Finally, MQB simulations could be extended to include other types of dissipation for more
comprehensive and fully programmable open-system quantum dynamics [214|. The most
significant sources of noise in quantum-simulation experiments could be used as a resource
to simulate the common forms of molecular decoherence and dissipation, thus significantly
extending the useful lifetime of the simulation [214]. Fully exploiting all available sources

of noise would be a powerful simulation technique because of the difficulty of open-system
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chemical-dynamics simulations on classical computers.

Combining these three types of improvements in future experiments would allow addressing
one of the great challenges of computational chemistry: simulation of the ultrafast dynamics
of large, complicated molecules in the condensed phase. In doing so, MQB simulators could
outperform other quantum simulation approaches: we estimate that an MQB simulator with
20-30 trapped ions could perform quantum-chemical-dynamics simulations that are classically
intractable.

Our approach also opens up possibilities for hybrid simulation approaches that exploit
complementary advantages of different types of hardware. For example, while an MQB simulator
could carry out the dynamics, the electronic-structure calculations necessary to parametrise the
VC Hamiltonians could be carried out on a classical computer or a digital quantum computer

equipped with electronic-structure software.
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Chapter 5: Using bosons to improve
resource efficiency of quantum simulation

of vibronic molecular dynamics

This chapter is a reformatted version of the publication:
Henry L. Nourse, Vanessa C. Olaya-Agudelo and Ivan Kassal, “Using bosons to improve resource

efficiency of quantum simulation of vibronic molecular dynamics”, arXiv 2512.20828 (2025).

Abstract

Simulating chemical dynamics is computationally challenging, especially for nonadiabatic
dynamics, where numerically exact classical simulations scale exponentially with system size,
becoming intractable for even small molecules. On quantum computers, chemical dynamics can
be simulated efficiently using either universal, qubit-only devices or specialized mixed-qudit-
boson (MQB) simulators, which natively host electronic and vibrational degrees of freedom.
Here, we compare the quantum resources required for a qubit-only approach to achieve the same
accuracy as an MQB device at simulating nonadiabatic molecular dynamics. We find that MQB
simulations require orders-of-magnitude fewer quantum operations than qubit-only simulations,
with a one-gate MQB circuit requiring a qubit-equivalent circuit volume of over 400,000 when
simulating an isolated molecule, which increases to over ten million when environmental effects
are included. These estimates assume perfect qubits and gates, and would increase by additional
orders of magnitude if error correction were used for fault tolerance. When errors are small, the
advantage of MQB simulators becomes even larger as system size increases. Our results highlight
the enormous resource advantages of representing non-qubit chemical degrees of freedom natively,

rather than encoding them into qubits.

5.1 Introduction

Chemical dynamics is fundamental to understanding the mechanisms of molecular transform-
ations. Studying dynamics is particularly important for excited-state processes, where non-

equilibrium quantum effects can steer reactions in potentially unexpected ways. Transitions
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between excited states can lead to nonadiabatic quantum dynamics, which is particularly chal-
lenging to understand because it involves simultaneous changes in both electronic and nuclear
degrees of freedom, leading to the breakdown of the Born-Oppenheimer approximation that
underpins most chemical intuition. Nevertheless, nonadiabatic dynamics is ubiquitous, playing
critical roles in processes such as photosynthesis [229], atmospheric chemistry [230], and solar

energy conversion [231].

Accurately simulating nonadiabatic dynamics is challenging, even for small molecules, because
the computational cost grows exponentially with system size for numerically exact, fully quantum
algorithms. The cost arises from the need to accurately treat multiple coupled potential-energy
surfaces [2, 3, 204]. Therefore, accurate state-of-the-art simulations are limited to chemical
systems with a few tens of nuclear degrees of freedom [40, 232-234], and the situation is even
more severe in the condensed phase, where one must model the influence of a large environment

through open-system dynamics [206, 207, 232, 233, 235].

Quantum computers offer efficient simulation alternatives. Qubit-only simulators have
universal applicability, since any quantum system can be simulated efficiently on a quantum
computer [8, 60]. However, applying them to molecular dynamics involves discretizing continuous
variables into qubits [61-66], which introduces substantial overhead in both the number of
qubits and the circuit size. Nevertheless, qubit-only platforms carry the long-term prospect
of fault-tolerant implementation because error-corrected qubits can execute deep circuits with

controlled accuracy.

By contrast, mixed-qudit-boson (MQB) simulators naturally describe vibronic dynamics
by mapping electronic states to qudits and nuclear motion to bosonic modes, such as the
vibrations of trapped ions [11]. They have performed analog simulations of nonadiabatic
dynamics in a range of chemical systems [105-107, 236], including dissipative processes of
molecules interacting with an environment [82, 83, 236|, which would incur significant overhead
in qubit-only simulators [162-165, 237-242]. MQB devices promise to simulate nonadiabatic
dynamics with high resource efficiency, with the potential of scaling to classically intractable
systems with near-term technology. However, because they lack error correction they are

susceptible to noise and the accumulation of errors.

Comparing the computational cost of MQB simulators and qubit-only computers is challen-
ging because the two paradigms differ in how they represent quantum states, handle continuous
variables, and scale with system size. They also have different sources of error, with MQB simulat-
ors suffering uncorrectable noise and qubit-only algorithms having greater algorithmic overhead
and approximation error when bosonic degrees of freedom are discretized into qubits. Previous
analyses of MQB simulation, primarily in lattice-gauge-theory and fermion-boson settings, have

shown that access to native bosonic operations can reduce the number of quantum operations
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because compiling them onto qubit-only devices introduces long gate sequences [243-246].
However, these approaches do not resolve the key issue for MQB simulators, i.e., determining
when the accumulated hardware noise remains low enough that their resource advantage over
qubit-only implementations survives. Answering this question requires a fair comparison of
MQ@QB and qubit-only approaches carrying out simulations with equal accuracy.

Here, we develop a systematic framework for comparing quantum resource costs between
the two quantum-simulation approaches in the context of molecular dynamics. We quantify the
quantum resources required in both approaches for simulating chemical dynamics to the same
error. To ensure fairness, the comparison is made using the most resource-efficient method for
each simulator, yielding conservative benchmarks. Using pyrazine as a case study, we find that
MQ@QB simulation requires dramatically fewer resources than qubit-only simulations to achieve
the same error and that this advantage increases with system size, as long as errors are small.
This is the case both for isolated molecules and, even more so, for molecules interacting with an

environment.

5.2 Comparing quantum resources

Our approach to comparing quantum resource requirements on different types of simulators is
as follows: (1) determining the resources to be counted for each simulator, (2) determining the
error sources in both, and (3) counting the resources required for each simulator to achieve the
same error in the desired observable.

The resource cost for quantum simulation has two broad components: computational memory
and computational time. Memory is the number of information-carrying degrees of freedom
(qubits, qudits, or bosonic modes) required to encode the relevant dynamics. It depends on the
size of the molecular system, how it is mapped onto the simulator, and any memory overhead
of the simulation algorithm. Time is the number of quantum operations (gates) that must be
performed to evolve an initial state into the final state. This cost depends on the size of the
system, the simulation algorithm, and the desired error in the final state.

To compare resource efficiency between quantum simulators, we employ a quantum volume
metric that unifies memory and time costs [247-250]. We define the volume as the product
of the memory and the time costs above. To compare resource efficiencies, for a given MQB
volume (MQBYV), we define the qubit-equivalent circuit volume (QECV) as the volume required
for a qubit-only device to reproduce the same simulation task with the same error. The relative

resource savings achieved by the MQB approach are then quantified by the advantage

_ QECV
~ MQBV’
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To ensure a comparison of comparable simulation outcomes in the two approaches, simulation
costs must be compared at fixed accuracy. The accuracy can be measured in a variety of ways [5],
and the choice can affect the relative cost of the two simulations. In examples below, we track
the error in the fidelity of the final state and in a chemically relevant observable, but our
approach can be applied to any error metric.

There are two broad classes of errors in both MQB and qubit-only simulation. The first
are experimental errors, being inaccuracies in gate execution and decoherence induced by the
environment. The second are algorithmic errors, caused by mathematical approximations in the
simulation algorithms. In principle, both would be accounted for in both types of simulations.

However, to simplify the discussion and highlight the key differences between MQB and qubit-
only algorithms, we assume that the only source of error in MQB simulation is experimental
error and in qubit-only simulation algorithmic error. The motivation for this distinction is that
MQ@QB simulation lacks error correction, so it accumulates error from experimental inaccuracies.
Over time, this error will exceed any controllable algorithmic errors. In contrast, qubit-only
simulations can, in principle, use error-correcting codes, in which multiple physical qubits encode
higher-level logical qubits that suffer lower error rates |68, 251-254|. Gates on logical qubits
then need to be decomposed into operations on the physical qubits, which incurs resource
overheads. Therefore, the conservative approach to comparing the two errors is to compare the
experimental error of MQB simulation with qubit-only algorithmic error. This implies that
our qubit-only estimates are for perfect qubits and gates, free of experimental error. If the
low experimental error is achieved through error correction, that overhead would increase the

qubit-only resources.

5.3 Vibronic molecular dynamics

Vibronic molecular dynamics can be described by vibronic coupling (VC) Hamiltonians, which
account for the coupling between electronic and vibrational degrees of freedom. VC Hamiltonians

are Taylor expansions of the form |2, 3] (we set 7 = 1 throughout)

D

Hye = Z% PP+ Q)+ > Wamln) (ml, (5.2)
n,m=1

W (nm)+z n,m QJ+Z Qij‘i‘---, (53)

where |n) is the nth diabatic electronic state; P; and @); are the dimensionless momentum and

position of the jth vibrational mode with frequency w;; D is the number of electronic states; M

is the number of vibrational modes; and ¢{™™, ™™ and cﬁ;m)

j are the expansion coefficients
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of the molecular potential energy about the reference nuclear geometry (usually the minimum
of the ground electronic surface).

Information about the system’s dynamics is obtained by measuring observables, such
as electronic-state populations, vibrational distributions, and spectroscopic correlation func-
tions [255]. To determine these quantities for an isolated molecule, the initial molecular state pg

is propagated in time under the unitary operator
U(t) = exp(—icht), (54)

to the final state p(t) = U (¢)poUT(t), on which any observable can be measured. For concreteness,

we focus on diabatic population dynamics

Pa(t) = Tr(p(t) [n) (n]), (5.5)

which are central to processes such as photoisomerization, exciton transfer, and internal conver-
sion.

Molecular dynamics rarely occurs in isolation, instead taking place under continuous interac-
tion with an environment. Even weak system-environment couplings can substantially modify
dynamics, leading to phenomena such as decoherence, nonadiabatic transitions, and energy
and charge transfer [17]. Many theoretical approaches have been developed to model these
effects, but we restrict ourselves to Markovian dissipation described by the Lindblad master

equation [17],

Op
i[H )
5’t VG, P + nyﬁ ’L P (5 6)

where ~; is the rate at which the dissipator D [V;] acts on the density matrix as
D Vil p = VipVi' = §{Vi'Vi. p}. (5.7)

In chemical systems, the Lindblad equation usually arises from the assumption of weak
and Markovian system-environment coupling, together with the secular approximation [17].
In that limit, the dominant dissipative processes are population transfers and dephasing, for
both electronic and vibrational degrees of freedom. In particular, they are: radiative electronic
relaxation described by DI[|n) (m|]; vibrational heating and cooling in mode j, respectively
described by Dla ] and D|a;], where the annihilation operator for mode j is a; = (Q; +iP;)/V2 ;
electronic pure dephasing described by D[|n) (n|]; and vibrational pure dephasing in mode j

described by D[a a;l.

5.4 MQB simulation

MQ@B simulators [11] use both qudit and bosonic degrees of freedom, which can be implemented

on a range of hardware, including ion traps [82, 83, 89, 105107, 213, 256], circuit quantum

82



electrodynamics [84, 170, 257-260|, and neutral atoms [261-264]. MQB devices natively encode
the molecular degrees of freedom in Hyc, with qudits representing the electronic states and
bosons the vibrational modes. Hence, Hyc can be directly mapped onto an MQB simulator,
with Hyige = F'Hvyc, where F' is a scaling factor that accounts for differences in energy scales.
An MQB simulation consists of preparing the simulator in an initial state, allowing it to evolve
under Hyqgp for a desired time, and measuring the observable of interest.

An MQB simulator can implement Hyc using the Hamiltonian [11]

M
HMQB:%Z(S ]aJ—I-ZXn|n n|+ZQnm|n
7j=1

n#m

—i—ZZ@M a; + aj)|n) n|+ZZQnmJ a;+aj)|n)(ml+...,  (5.38)

nm j

where, with some abuse of notation, we use a; to also denote the annihilation operator of the jth
bosonic mode and |n) is a qudit state. All parameters can be programmed to reproduce relevant
VC parameters and simulate a molecule of interest [11]. For example, for an ion-trap simulator,
the parameters are programmed by adjusting the appropriate laser quantities [11]: ¢, arises from
a laser’s detuning from resonance with mode j, x,, is a time-independent AC Stark shift, €2, ,,
can be controlled by changing the laser intensity or its detuning from an auxiliary electronic
transition, O, ; corresponds to a time-dependent AC Stark shift from a pair of non-copropagating
lasers, and Q; m,j 18 proportional to the Rabi frequency of a Mglmer-Sgrensen interaction.

MQ@QB simulators are resource efficient for vibrational molecular dynamics in both memory
and time. The memory cost comes from two types of degrees of freedom: the number of
qudits is always one and the number of bosons equals the number of vibrational modes in Hyc.
Hence, the memory cost scales linearly with the number of molecular vibrational modes [11].
Depending on the underlying hardware, auxiliary qudit(s) and boson(s) might be used to
implement certain gates [228, 260]. The time cost comes from single-qudit rotations, boson
operations, and qudit-boson entangling operations, such as bosonic conditional displacements.
Many of these operations can be combined into compound control pulses, which we count as
one gate. Not all terms in Hyc are found in all types of MQB hardware, but they can be
synthesized [11, 227, 228, 265-268| from native gates, which incurs an approximation error.

Extending the MQB approach to simulate molecules in an environment has the same resource
cost as MQB simulation of unitary dynamics, but can be more accurate because environmental
noise can be used as a resource [11, 214, 236]. Our goal is to simulate molecular dynamics under
the master equation eq. (5.6), which MQB simulators can implement naturally [11, 214, 236|
using two sources of dissipation: the intrinsic dissipation of the simulator itself and injected
controllable dissipation, which can be engineered.

Native dissipation in the simulator can be classified as either usable or unusable [214],
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depending on whether it can be harnessed to simulate dissipative molecular dynamics. For
molecules interacting with an environment as described by eq. (5.6), usable dissipation is the
Markovian simulator noise characterized by Lindblad dissipators D[V;] and occurring at a native

nat

rate ~y;

72t which can be measured in preliminary experiments. The unusable dissipation describes

simulator dissipation that does not correspond to molecular dissipation processes.

As in simulations of isolated molecules, molecular dissipation rates are scaled to the MQB
device as ’ylM W _ v;. However, when native dissipation is insufficient to reproduce the desired
molecular dissipation, additional controllable dissipation of the same type D[V;] can be injected,

with rate /™. The total rate is then

MQB inj

7P = P 4V = Py (5.9)

There are protocols to implement molecular dissipative processes using controllable noise
injection. For example, in trapped-ion architectures [214, 236|, radiative electronic relaxation,

D[|n) (m|], can be engineered using optical pumping to artificially shorten the lifetime of an

excited state. Vibrational heating, D[a}], and cooling, Dla,], can be implemented via resolved-
sideband laser interactions applied to an ancillary ion that shares vibrations with the MQB
simulator ions. Electronic, D[|n) (n|], and vibrational, D[a;aj], pure dephasing can be injected
using stochastic fluctuations of the energies of the electronic and vibrational states.

There are several ways to choose the scaling factor F', depending on the dissipators involved
and the fraction of injected noise included in the simulation [214]|. Here, we only include one
type of usable dissipation in the simulation, with rate 'yZM @B To maximize the simulation
duration, we choose F' = 4@ /~, so that this native dissipation is fully used, thereby eliminating
the need for injected dissipation, fy;nj = 0 [214]. To distinguish the native dissipation used as a
resource from unwanted dissipation that propagates into experimental errors, we denote the

err

latter by ~;

4 .

5.5 Qubit-only simulation

Qubit-only quantum simulators encode both the electronic states and the vibrational modes of
Hvyc into qubits. All encodings of the vibrational modes are approximate because they represent
an infinite-dimensional harmonic-oscillator Hilbert space in a finite number of qubits; however,
the corresponding error can be systematically reduced at the cost of more quantum resources.

Different encodings—e.g., unary, binary, and Gray, whether in real space or Fock space—give
different qubit and gate costs, sometimes offering tradeoffs between the two [62]. Binary and
Gray encodings minimize the number of qubits but typically require more gates, while unary uses

more qubits to reduce gate counts. Real-space representations give simple position operators at
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the cost of complicated kinetic terms, whereas Fock-space representations can be more efficient
for small oscillator displacements, where only low Fock states are occupied.

The memory cost of our qubit-only simulations are the numbers of qubits needed to encode
the electronic and vibrational modes of Hyc. We use a Fock-space representation with the
Gray encoding because it uses the fewest qubits and is more resource efficient than binary for
position operators @; [62]. We assign a register of qubits to the electronic states (labeled zy)
and a register to each vibrational mode (x1, ..., x)), which have been truncated to a d;-level
Fock space. The electronic states require sy = [log, D] qubits and each vibrational mode
s; = [log, d;] qubits.

With that mapping, Hyc can be mapped onto qubits by decomposing each of its terms
into a sum of Pauli strings. On a single qubit, the Pauli operators {I, 0,,0,,0.} form a basis
for linear operators, and on s; qubits, the basis is formed by the 4% tensor products of these.

Hence, any operator A; acting on register i can be Gray-encoded as the Pauli sum [62]

4%
GlA) = aixPix, (5.10)
k=1
where the Pauli string P; , = ®Z€xi U,Ef;)g is a product of Pauli operators a,(;;)f acting on qubit ¢ of
register z;, and a; = Tr(P;xA4;)/2%. In practice, G[A;] can have drastically fewer Pauli strings
than 4% if it is, e.g., diagonal, local, or sparse.

To map Hvyc onto qubits, G[-| is applied to each term in Hyc, except that we combine Pj2
and QJQ into n; = (Pj2 + Q?)/ 2 because diagonal operators require fewer gates. For each term,
we decompose the operators acting on different degrees of freedom separately and multiply the
results together, e.g., G[|n) (m| Q; Q5] = G[|n) (m|]G[Q}]G[Q7]. After grouping equivalent Pauli
strings and removing those proportional to the identity (which do not affect the dynamics),

Hvc becomes

L
Hqubits = Zakpk (511)
k=1

where Py is a Pauli string with coefficient a;, and L is the total number of Pauli strings.

5.5.1 Isolated molecule

To simulate the unitary dynamics under Hgupits, various quantum-simulation algorithms could
be used, including Trotter-based algorithms [8, 61| or qubitization-based approaches [269-271].
These exhibit different time and space costs, as well as different asymptotic scalings, and the
choice of the best algorithm depends on the system under study and the available resources.
Here, we adopt Trotter-based algorithms because they tend to have lower overheads for

small systems compared to the asymptotically faster qubitization-based approaches [272-274].
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Figure 5.1: Simulated population dynamics of the pyrazine bright state w7* subject to different sources
of error, using an LVC model with two electronic states and two vibrational modes. (a) Dynamics in
an MQB simulator, subject to pure vibrational dephasing with rate 5™ on both vibrational modes.
(b) Dynamics on a qubit-only simulator, subject to first-order Trotter error due to discretization to N
steps.

In Trotterization, the total simulation time 7" is discretized into N steps of length At =T'/N.
The unitary evolution up to time 7T is then U(T) ~ (U® (At))", where U®)(At) is the pth

order Trotter approximation for each time step. At first order,

U (At) = ﬁ Un(At), (5.12)

k=1

where Uy (At) = exp(—i Py At). Higher-order Suzuki-Trotter decompositions [37, 38| have
better asymptotic scaling but can require more quantum resources at smaller errors [272, 275, 276].
To fairly compare with MQB simulation, the Trotter order that has the lowest resource count
should be used. We use first-order because it is simple to analyze and performs comparably to
second-order at errors achieved by MQB simulators (see section S1.1). Another Trotter-based
quantum algorithm for VC models [66] achieves comparable costs to our method using a different

bosonic representation and quantum circuit.

With this choice of algorithm, we can estimate the required qubit-only time cost. Each
Ui(At) can be decomposed into a CNOT ladder |5, 277-279| containing one R.(2a;At) gate
and 2(pr, — 1) CNOT gates, where py is the number of non-identity single-qubit Pauli gates in
the Pauli string Py, [62]. Therefore, in a single Trotter step, the total number of R, gates is L
and the total number of CNOT gates is Zi:l 2(pr — 1). However, it is thought that the number
of CNOT gates can be reduced through optimization by up to a factor of 3 [62]; therefore, to be
conservative in our comparison, we report the CNOT cost as S, 2(py — 1)/3. For simulation

to the final time 7T, the total number of gates is N times the number of gates for a single step.
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5.5.2 Molecule in environment

Qubit-only devices can also simulate open quantum systems, often by using additional qubits
to simulate the environment [162-165, 237-242|. Here, we use an algorithm that unravels the
Lindblad dynamics into a stochastic differential equation (SDE) that can be solved using unitary
dynamics in an enlarged Hilbert space [241|. Tt has low overhead and allows the use of the
same Trotter-based simulation approach we use for an isolated molecule. Specifically, we use

the dilated Hamiltonian

VAt Hyvies Vio-.. Vy
% 0 ... 0
Hg = . . E (5.13)
1%} 0 ... 0
where Vi, ...,V are the jump operators from eq. (5.6). Hgy is a block matrix whose entries are

VAL Hupits and V;, and a register of [log,(J + 1)] ancilla qubits (labeled b) is introduced for a
binary encoding of the block index.

A discrete-time approximation to the evolution of p under eq. (5.6) is [241]

(ef’i\/ At Hgyn

pmss = Try 0y) (0] ® prm €7V Hdﬂ) , (5.14)

where p,, is the reduced density matrix of the molecule at time ¢ = mAt and |0) are the ancilla
qubits that are measured, discarded, and reset after each time step. The required time evolution
generated by Hg; can be achieved with the same method used to time-evolve Hyits. Hence,
we time evolve Hyg; using a first-order Trotter algorithm, as in eq. (5.12).

Counting resources for the time evolution under Hy; is similar to counting resources for
evolution under Hgupits. The memory cost is the same as for the simulation of the isolated
molecule, plus an additional [log,(J + 1)] ancilla qubits for the bath register. The time cost is
counted in the same way as for eq. (5.12), except that the unitary dynamics is now governed by
Hyg;1, so the number of R, and CNOT gates will be higher. This increase occurs because of the
increased dimension of Hg; (which requires more Pauli strings and thus more R, gates) and
because the CNOT ladder includes additional entangling operations with the bath register.

In our simulations of Hgupits and Hgi, we assume perfect qubits and gates. Hence, there are
two classes of errors in our qubit-only simulations: the error from truncating the vibrational
modes to d;-level Fock spaces and the Trotter error in describing the dynamics under Hpits
or Hgy. Because we are interested in quantifying the necessary quantum resources due to
algorithmic error, in our simulations we choose d; = 32, which is large enough that the
truncation error is negligible compared to the Trotter error. The algorithmic error can be

systematically improved by increasing the Trotter number IV, i.e., decreasing the time step At.
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Figure 5.2: Matching errors between MQB and qubit-only simulations of isolated pyrazine. (a) MQB
error of the excited-state population P; as a function of the vibrational pure-dephasing rate v5™. (b)
Same error for a qubit-only simulator, as a function of the Trotter number N. Arrows depict an example
of error matching between MQB and qubit-only simulations: for 7§ = 0.1 s~!, the MQB simulation
error of 1 = 1.6 x 10™* is matched to the same qubit-only error, which occurs at N = 61 000. Dashed
line is extrapolation.

5.6 Example: Pyrazine

To demonstrate a comparison of MQB and qubit-only quantum resources, we apply our approach
to pyrazine (C4NoHy), a widely benchmarked system for nonadiabatic dynamics [220, 221, 280).
In pyrazine, photoexcitation from the ground state to the 77* bright state decays to the na* dark
state through internal conversion, mediated by vibrational degrees of freedom dominated by a
ring-breathing mode and an out-of-plane hydrogen wag [220, 221]. This nonadiabatic dynamics
can be described with a linear-vibronic-coupling (LVC) Hamiltonian with two electronic states
linearly coupled to two vibrational modes. Denoting the 77 state as |1) and n7* as |0), the

pyrazine LVC Hamiltonian is

Hiye = % i wj ( P2 + Q2 %AE 0, + ko,Q1 + Ao, Qa, (5.15)
j=1

where w;/(27) = 17.9THz, wy/(27) = 28.5THz, AE/(27) = 199 THz, r/(27) = —30.7 THz,
and A/(2m) = 63.3THz [221]. The initial state py is a Franck-Condon excitation from the
ground state to the m7* state, corresponding to a displaced wavepacket with displacement
parameter o = 0.210 [221]. To simulate pyrazine in an environment, we consider the case where
the molecule is subjected to vibrational pure dephasing, i.e., V; = n; in eq. (5.6), with rate

v =74 = 2.1 x 10" s~! for each vibrational mode j [181].
For MQB simulations, we model the simulator noise with a Lindblad master equation
(eq. (5.6)). For isolated pyrazine simulated on ion-trap hardware, native dissipation is not used
as a resource and the dominant error source is vibrational pure dephasing [105, 106, 214|, which

is modeled with Lindblad jump operators V; = n; acting on each mode j with the same rate

nat err

Ya = Va
values are 75" € [1,10?] s7! [94, 105, 106, 150, 177, 178, 214].

(see fig. 5.1a). The native noise rates depend on the hardware, but typical ion-trap

38



3 3 \\
108 4@ eF | 4b TS
3 . ~

=
o
% 3 ~ 3 ~
= 7 ~ B
6
4§10~§ : \
© 10° 4

LEELELLRRLL | LELELILRRLL | LEELELLRRLL | LELELILRRLL | LELELELARLL | ALY |
1071 10° 10? 102 107! 10° 10! 102
5T (s Y (s

Figure 5.3: MQB simulation requires orders of magnitude fewer quantum resources compared to
qubit-only simulation with the same error. Shown is the equivalent computational cost, in logical CNOT
gates, on a qubit-only computer for simulating the vibronic dynamics of (a) isolated pyrazine and (b)

pyrazine in an environment (with 74 = 2.1 x 10'2s71). The equivalent cost is defined by matching

the error €1 or infidelity €7 on the MQB simulator, which arise from pure vibrational dephasing 5™

in (a) and vibrational heating 7;™ in (b). Typical ranges of these rates in trapped-ion simulators

are Y12 € [1,10%] s7! and 47 € [1071,101] s71 [94, 105, 106, 150, 177, 178, 214]. Dashed lines are
extrapolation.

When simulating pyrazine in an environment, the vibrational pure dephasing of the simulator
becomes usable dissipation. Based on recent MQB hardware [105, 106, 236] we set 'nyB = Aynat =
30571, giving F' = 432" /v, = 1.4 x 107!, Simulation errors are now due to the second-largest
source of noise, which is not useful for describing our molecule-environment model. In ion-trap
hardware, this is vibrational heating [105, 106, 214], V; = a}, with all modes subject to the same
rate ypa* = 497 typically in the range 42" € [1071,10'] s7! [94, 105, 106, 150, 177, 178, 214].

Figure 5.1 shows the effect of the simulation errors on the accuracy of the two simulation
approaches in reproducing the population dynamics Py (t) of the m7* state of isolated pyrazine.
In the MQB simulation (fig. 5.1a), decreasing the simulator noise 75" decreases the error in
Py (t), while in qubit-only simulation the error decreases with increasing Trotter number N.

Section S1.2 provides the details of our numerical implementation.

We estimate the cost of MQB simulations on trapped-ion hardware based on previous
vibronic simulations [105, 106, 236]. The memory cost is one qubit from a single ion to represent
the two electronic states, as well as two bosons (two vibrations of the single ion) to encode the
two molecular vibrational modes. The time cost is one gate because both the isolated and the in

an environment simulations can be achieved with one gate, a single compound laser pulse [106].

For qubit-only simulations, we determine the resources necessary to match the error of MQB
simulators. The memory cost to simulate isolated pyrazine is 11 qubits: one to encode the two
electronic states and five to encode each vibrational mode with Fock-space cutoff d = 32, for
which P; converges to within an absolute error of 107¢. The time cost of each first-order Trotter
step is 300 CNOT and 170 R, gates. Our qubit-only simulations of pyrazine in an environment
consider the same case as our MQB simulations, namely vibrational pure dephasing in each
of the two modes with 74 = 2.1 x 10257, Including the J = 2 jump operators requires an

additional [log,(J + 1)] = 2 ancilla qubits to encode Hgj, giving a total memory cost of 13
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qubits. The time cost per Trotter step is now 1800 CNOT and 700 R, gates.
To compare quantum resources between MQB and qubit-only simulators, we consider two
error metrics that provide complementary information about simulation accuracy. The maximum

infidelity between the approximate state p(t) and the exact state p(t) is

= max (1 F(1)) = max (1 - (/o oot ) ) , (5.16)

and the maximum error in the 77* population is
€1 = max |Pi(t) — Pi(t)], (5.17)

where Py (t) is the approximate and Py (t) the exact population. Infidelity is a global measure
of how close the state remains to the exact one. By contrast, P;(t), like many chemical
observables, probes local features of the state, making it less sensitive to simulation errors than
the fidelity [281-283|. Evaluating both metrics therefore gives a more complete picture of how
MQ@QB and qubit-only simulations perform.

We match the errors between MQB and qubit-only simulators to compare their costs fairly.
In particular, we compute the qubit-only gate cost, in CNOT and R, gates, needed to achieve
the same error as would be achieved with an MQB device with typical error rates. Specifically,
given the «J" rate of the MQB simulator, we determine the number of Trotter steps N needed
for the qubit-only simulator to achieve the same accuracy, as illustrated in fig. 5.2. For pyrazine
in an environment, we follow the same method, except that ;" determines the MQB error.
To match errors, we use cubic splines to interpolate between calculated values. To match low
MQ@QB simulation errors, we extrapolate the qubit-only results to larger Trotter numbers once
numerical simulations become prohibitively expensive. The error of an observable is bounded
by the operator-norm error for Trotter simulations, e, = O(t*/N) [36, 272], meaning that
log(e1) = —log N + constant at fixed t. We perform numerical simulations up to an N large
enough that ; (and £x) follow this expected scaling, beyond which we use it for extrapolation,
as shown in fig. 5.2b.

Error-matching reveals the significant advantage of using bosons in the MQB approach, as
shown in fig. 5.3. For both error metrics, the cost of the qubit-only simulation with equivalent
error increases as the MQB simulator error decreases. This result holds for both simulations of
the isolated pyrazine molecule and in an environment.

Table 5.1 highlights specific costs for MQB noise levels reflective of recent experiments [105,
106, 236]. For the isolated molecule, for qubit-only simulations to achieve the same infidelity
as existing MQB devices requires at least 4 x 10* CNOT and 2 x 10* R, gates. Because the
memory requirements are larger as well, the single-pulse MQB simulation equates to a QECV

of 4 x 105.
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Table 5.1: Resource counts for simulating linear vibronic dynamics of pyrazine with two electronic
states and two modes. MQB resources measure qudits and bosonic modes (memory) and sequential
compound gates (time). Qubit-only resources measure qubits (memory) and CNOT and R, gates
(time). Volume is memory multiplied by time (CNOT), and advantage is the ratio of qubit-only and
MQ@B volumes. Results are for MQB simulator noise representative of recent MQB hardware [105, 106]:

err

v5™ = 30s™! for the isolated molecule and v§™ = 2 x 107! s™! for the one in an environment.
MQB Qubit-only
Matched e r Matched &
Isolated Open Isolated Open
Memory 3 11 13 11 13
Time 1 4 x 10" CNOT 3 x 10° CNOT 1 x 10° CNOT 2 x 10® CNOT
2 x 10* R, 1x10° R, 7 x 10* R, 8 x 10" R,
Volume 3 4 x 10° 3 x 107 1 x 108 2 x 10°
MQB advantage 1 x 105 1 x 107 3 x 10° 6 x 108

When environmental effects are included, the gap in quantum resources widens further by
orders of magnitude. MQB simulations of a pyrazine molecule in an environment require far
fewer resources than equally accurate qubit-only simulations. Specifically, we find that to match
the infidelity of MQB simulations with one MQB gate requires 3 x 106 CNOT and 1 x 10°
R, gates, giving a QECV of 3 x 107. This improved MQB resource efficiency arises because
bosonic degrees of freedom and their dissipators map naturally onto MQB simulators, while on

qubit-only platforms these must be encoded into Hg; at significant cost.

The resource gap between MQB and qubit-only simulators is even larger for errors in the
more chemically relevant population dynamics, P;(t). To match £, in MQB simulations of
isolated pyrazine, qubit-only simulations now require 1 x 10° CNOT and 7 x 10* R, gates, with
a QECV of 1 x 10%. The resource gap between MQB and qubit-only simulations is enormous
for pyrazine in an environment: 2 x 108 CNOT and 8 x 107 R, gates, with a QECV of over
2 x 10°. MQB simulators perform so well at calculating P;(¢) primarily because dephasing
in MQB devices damps coherences while preserving population transfer pathways, leading to
small £ even when global infidelity is modest. In contrast, Trotterization does worse because it
induces coherent, history-dependent distortions (phase shifts and amplitude bias) that directly
perturb population dynamics, as shown in fig. 5.1b. Therefore, for simulations of direct chemical
relevance, such as populations, MQB devices can outperform qubit-only simulators by very

large margins.
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5.7 Scaling with system size

Understanding how the resource requirements of MQB and qubit-only simulators compare
with increasing system size is essential for assessing their performance on larger, classically
intractable systems. We expect the resource advantage of MQB simulators over qubit-only ones
to increase for medium-sized molecular problems, and likely more so for chemically relevant
open-system cases, before ultimately being limited at very large sizes by the increasing errors in
MQB devices.

We extend our resource comparison to larger molecules by adding modes to the LVC model of
pyrazine, where each additional mode contributes one quadratic term (,uQ(Pj2 + Q?) and one linear
vibronic-coupling term Ao, (Q);. Because simulations beyond a few modes become prohibitively
expensive on classical computers, we perform calculations at a smaller Fock-space truncation of
d = 4 for up to M = 5 modes. MQB noise is modeled as a per-mode contribution, with each
mode subject to the same dissipation rate—y, for isolated molecules and -, for molecules in an
environment.

MQ@QB simulation further improves its advantage over qubit-only simulation with increasing
system size, as shown in fig. 5.4. Although MQB simulation error grows with the number of
modes (see fig. 5.4a,c), the resources required for qubit-only simulation to match the MQB error
also increase, so long as the MQB error remains small, as in our simulations (see fig. 5.4b,d).
Qubit-only resource costs rise both in qubit count (each additional mode introduces 5 qubits)
and in gate count (each mode contributes an additional sequence of CNOT ladders per Trotter
step).

This advantage of MQB simulation at larger system sizes comes from the efficient encoding;:
the memory cost grows linearly as 1 + M because each additional mode requires only one
additional boson, while the full time evolution can still be implemented with a single compound
laser pulse, amounting to one gate [11]. However, the error also grows with system size: as more
modes are included, each one experiences environmental noise intrinsic to the MQB device. If
all modes experience comparable dissipation rates (as we assume), the total error is expected to
scale at least linearly with system size, as is typical in other analog devices [284, 285].

Qubit-only devices encounter a different bottleneck, the rapid growth of gate cost with
the number of modes. Although the qubit-only memory cost scales linearly with the number
of modes as well, the time cost of the Trotter simulation to reach error ¢ scales at least
quadratically, as O(M?**V/P(AT)*+1/P=1/P) This is because the gate cost grows linearly with
M and the Trotter number scales as N = O((MAT)'*/Pc=1/P). The latter is obtained from
the commutator error for local Hamiltonians [272], where Hupits is (d + 1)-local because the

qubit register encoding the electronic states overlaps in support with each bosonic qubit register
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Figure 5.4: The advantage of MQB simulators over qubit-only simulators grows with system size, even
as MQB errors increase. (a,c): MQB errors increase with the number of modes M for both an isolated
molecule and when in an environment (with 74 = 2.1 x 10'2s7!) because each mode experiences noise.
Infidelity increases monotonically because it is a global error, whereas the population error is a local
observable and can be non-monotonic. (b,d): The advantage A—the ratio of qubit-only to MQB
volume—increases with system size. Here, 75" = 30 s~! and it = 0.2 s~! for the isolated and in
environment molecule, respectively.

through the linear-vibronic-coupling terms. For local Hamiltonians and pth order product
formulas, achieving error & requires N = O(||| Hqupits || |1 || Hqubiss| [} *TF/Pe~1/7) Trotter steps,
where ||| - |||1 denotes the induced 1-norm and || - ||; the 1-norm [272]. Since Hiyc has (M)
vibronic-coupling terms, |||Hqupits||[1 = O(MA) and ||Hqupits||1 = O(MA), with A = max;, |y

For open systems, the resource advantage of MQB simulators is even greater as system
size increases (see fig. 5.4d). Simulating more environmental interactions significantly raises
resource costs in qubit-only devices; in particular, the gate count grows faster than for the
isolated molecule because it scales with both the number of modes M and the number of jump
operators J. In contrast, although noise in MQB simulators is extensive, the same is true for
molecules coupled to an environment. If the dominant noise sources are harnessed as part of the
simulation, only the residual unwanted noise contributes to the error, which then grows more
slowly than in simulations of isolated molecules and may remain sufficiently small, or otherwise

be mitigated, to achieve useful accuracy.

5.8 Discussion

We have shown that MQB simulators require orders-of-magnitude less resources compared to
qubit-only ones, even for small molecules such as pyrazine. The advantage becomes even larger
when environmental effects are included and as system size increases. This resource efficiency

arises because MQB simulators can natively represent electronic states (as a qudit), molecular
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vibrational modes (as bosons), and environmental effects (as Lindbladian dissipators).

Our resource counts are conservative, because all our algorithmic choices favor qubit-only
efficiency. Most importantly, our qubit-only estimates only consider algorithmic error, i.e.,
they assume perfect, noiseless qubits and gates. In practice, incorporating fault tolerance
would inflate both the qubit and gate counts by additional orders of magnitude [68, 252, 286].
Furthermore, our worst-case comparison is based on the infidelity €7, which is particularly
sensitive to MQB simulator noise; by contrast, errors in chemically relevant local observables,
such as €1, would typically be significantly lower (see fig. 5.3). Finally, we applied a generous
1/3 reduction to CNOT counts to account for best-case circuit optimizations [62], further
biasing our estimates downward. For larger systems, qubit-only simulation approaches based on
higher-order product formulas [37, 38, 272] or qubitization [269-271| may offer improvements

because they have better asymptotic scaling.

We expect the MQB advantage to persist for classically intractable system sizes. Under the
analysis in section 5.7, the MQB resource advantage is expected to grow at least linearly with
system size, since the resources required by qubit-only simulators scale at least quadratically,
while errors in MQB devices increase approximately linearly. However, this growth cannot
continue indefinitely. The analysis assumes small errors and therefore fails once the MQB error
(whether e or 1) becomes of order unity. No uncorrected simulator—quantum or classical-—can
simulate arbitrarily large systems for arbitrarily long times to an arbitrarily low error. However,
the relevant question is whether practical, classically intractable problems can be solved in the
foreseeable future given typical noise rates. We expect the answer to be yes because classical

intractability arises in systems only slightly larger than those in our numerical simulations.

All results presented here are based on noise levels and capabilities representative of current
MQ@B hardware. Further hardware improvements will extend the resource advantage to even
larger molecular systems. Such improvements are likely to include improved experimental
motional control and, in the longer term, bosonic quantum error suppression or correction [287,

288| to reduce residual noise.

Overall, our results support a clear design principle for quantum simulation of chemistry:
represent non-qubit degrees of freedom natively whenever possible. For vibronic dynamics,
this principle translates into orders-of-magnitude savings and a credible path to classically

intractable regimes on near-term MQB devices, especially for open-system chemistry.

94



S1 Supplemental material

S1.1 Higher-order Trotter

We evaluate qubit-only resource requirements to simulate the LVC model of pyrazine using
first-order Trotterization, as it has resource costs comparable to higher-order schemes while
remaining simpler to analyze, as shown in fig. S1. Although higher-order Trotter formulas offer
better asymptotic error scaling, their large constant prefactors can make each step more costly.

This creates a tradeoff where higher orders become advantageous only at very small target
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Figure S1: Resource requirements for first- and second-order Trotterizations are comparable in qubit-only
simulations when targeting (a) population error and (b) infidelity for isolated pyrazine at error levels
typically achieved by MQB simulators (shaded region). The legend labels the pth-order Suzuki-Trotter
decomposition.

S1.2 Numerical implementation

We simulated the MQB dynamics using the mesolve function for open-system quantum dynamics
in QuTiP [289]. Our qubit-only simulations were obtained from a Trotter algorithm also
implemented using QuTiP. Equation (5.11) was obtained numerically by using Cirq [290] to
find equivalent Pauli sums and removing terms with coefficients || < 107'° which occur
due to numerical rounding errors. To estimate errors of our simulations, we compared the
simulation results to numerically exact simulations obtained using the sesolve and mesolve
functions in QuTiP for an isolated and open molecule, respectively. In all of our sesolve and
mesolve simulations, we set the relative and absolute convergence tolerances to 10~% and 1079,

respectively.
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Chapter 6: Conclusion

This thesis has established the viability of MQB simulators as a practical near-term platform for
the simulation of nonadiabatic chemical dynamics. As a result of the work reported here, MQB
devices can efficiently simulate both isolated and open molecular dynamics, perform arbitrary
measurements, harness noise as a resource to extend simulation times, and inject controllable

dissipation without significant experimental overhead.

We showed that M(QB devices can access phenomena of long-standing interest in chemical
physics. By engineering a Jahn-Teller Hamiltonian in a trapped-ion simulator, we directly
observed geometric-phase interference in a quantum system evolving around a conical intersection
through full wavepacket reconstruction. This quantum effect had previously only been inferred
indirectly in chemical reaction experiments, and its direct observation had remained elusive
until now. This achievement demonstrates the power of MQB platforms to provide experimental

insights into quantum effects underlying molecular processes.

We extended the MQB framework to simulate open-system dynamics, a crucial step towards
modelling nonadiabatic processes in condensed-phase environments, a common setting for real
chemical dynamics. Our approach harnesses the intrinsic noise of the simulator as a resource—
allowing longer simulation times—and provides a clear experimental route to inject controllable
dissipation with minimal overhead. Using the Lindblad formalism, this framework enables
the inclusion of essential dissipative channels such as vibrational and electronic relaxation and
dephasing, allowing MQB devices to capture coherence and dissipation that defines realistic

molecular dynamics.

We then advanced from proof-of-principle experiments to programmable simulations, demon-
strating that MQB devices can reproduce a range of nonadiabatic and photochemical processes
across different molecular systems. To this end, we programmed a MQB platform to simu-
late and measure the ultrafast dynamics of three different molecules—allene, butatriene, and
pyrazine—capturing both coherent and dissipative behaviour, the latter implemented through
engineered dissipation. This demonstrates the versatility of MQB platforms in modelling diverse

molecular systems.

Finally, we developed a systematic framework to quantify the quantum resources required for
MQB simulations compared to qubit-only approaches. Our analysis revealed that MQB devices
deliver dramatic efficiency gains, requiring at least five orders of magnitude fewer entangling

operations for closed-system dynamics and over a million-fold improvement for open-system
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simulations. These findings highlight the unique advantages of using bosonic degrees of freedom
as natural simulators of vibrational dynamics.

Taken together, these contributions show that MQB simulators are experimentally feasible.
They provide a versatile, programmable and efficient framework able to simulate coherent
and dissipative dynamics of non-adiabatic chemical processes. MQB simulator can use their
intrinsic noise as a resource to extend their simulation time. Similarly, controllable dissipation
can be injected without adding significant experimental overhead compared to closed-system
simulations. All these features offer experimentally accessible insights into complex quantum
phenomena and deliver significant resource savings compared with alternative approaches. This
thesis therefore positions MQB simulation as clear route toward addressing some of the most
challenging problems in chemical dynamics, laying the groundwork for the next generation of

quantum technologies in chemistry and materials science.

6.1 Outlook

A logical progression for MQB simulation is to move beyond proof-of-principle demonstrations
and extend its scope to more complex and chemically relevant models. This includes, for example,
incorporating anharmonic and non-linear couplings, simulating vibronic Hamiltonians with
many degrees of freedom, and modelling open quantum systems in non-Markovian environments.
Progress in these directions will enable the description of richer energy landscapes, capture
collective vibrational effects in large molecules, and account for other system—environment
interactions. Alongside hardware advances in MQB platforms, these developments, combined
with strategies such as controlled noise engineering and bosonic error correction, will significantly
expand the range of chemical processes accessible to MQB simulators in the near future.

A natural step forward is to extend MQB simulations to more complex Hamiltonians that
go beyond the linear vibronic coupling model. This includes implementation of anharmonicities
(e.g., @3 or Q") and non-linear couplings (e.g., Q1Q3 or Q?Q3). Such extensions are particularly
relevant for describing chemical processes that involve richer energy landscapes than the harmonic
approximation can provide, such as proton tunnelling in hydrogen-bonded systems [291, 292|.
One promising route is to couple harmonic vibrational modes to anharmonic subsystems, such as
qubits, thereby synthesising effective interactions that encode anharmonic terms and non-linear
couplings in the previously harmonic mode. Developing these capabilities would significantly
broaden the class of chemical problems accessible to MQB simulators, opening the way to
quantitative studies of phenomena that remain beyond the reach of both current classical
methods and standard harmonic models.

Similarly, the simulation of vibronic Hamiltonians with larger numbers of degrees of freedom
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is crucial, as real molecular systems often involve many coupled vibrational modes. Increasing
the number of degrees of freedom allows to capture more realistic nuclear dynamics, account
for complex energy-redistribution pathways, and describe collective effects that cannot emerge
in low-dimensional models. MQB architectures are continuously improving their capacity
to support larger simulations. In trapped-ion systems, vibrational modes become spectrally
congested as the number of ions increases [91, 293|, leading to cross-talk during laser—ion
interactions. Despite these limitations, current technologies have been able to spectrally resolve
large ion chains and perform single-ion addressing for chains exceeding ten ions [293]. In circuit
QED platforms, spatial restrictions limit the coupling of multiple resonators to a qudit system; in
this case, multimode resonators could be implemented to enable medium-scale simulations [294].

These improvements offer an alternative route to extend the accessible system size.

Including simulations of chemical processes in non-Markovian environments—characterised by
strong system-environment coupling and long-lived bath correlations—represents an important
step towards more realistic modelling. A few approaches have been described to emulate
such environments; one option is to inject correlated (coloured) classical noise [203] into
the simulator, which could complement the noise-injection protocol developed in this thesis.
Similarly, structured spectral densities of non-Markovian environments have already been
implemented in trapped-ion architectures [82, 83|, and these protocols could be adapted to

mimic the environment using ancillary ions.

Our approach considers the use of native noise as a resource for simulation. By combining this
with the extension of accessible modes, we expect at least the same favourable resource-scaling,
compare to qubit-only simulation, as for small systems. The underlying assumption is that the
usable noise engineered into the simulator remains dominant over unwanted, uncontrolled sources
of noise. Nevertheless, as simulations grow in size and complexity, uncontrolled decoherence and
cross-talk will inevitably accumulate. In this context, the development of error-correcting codes
tailored for bosonic degrees of freedom offers a promising pathway [287, 288|. Such codes, which
exploit redundancy in bosonic encodings, could help mitigate the effects of residual noise while
retaining the natural resource efficiency of MQB simulators. The combination of controlled
dissipation, intrinsic noise as a resource, and bosonic error correction would therefore provide a

powerful toolkit for extending MQB simulations to larger and more chemically realistic systems.

Finally, the full scope of what can be simulated with MQB devices remains an open question.
While this thesis has demonstrated that a variety of chemically relevant processes—such as
energy transfer, vibrational relaxation, and ultrafast non-adiabatic dynamics—can already be
addressed within this framework, the boundaries of its applicability are not yet fully charted. It
is likely that many more processes lie within reach, but identifying and realising them will require

continued theoretical and experimental exploration. At the same time, a number of central
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challenges remain, including the accurate simulation of bond breaking and bond formation,
strongly correlated electron—nuclear motion far from equilibrium, and long-time kinetics in
complex environments. Defining and expanding this frontier will be key to broadening the

ultimate potential of MQB simulation in chemistry.
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