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The theoretical investigation of non-adiabatic processes is hampered by the complexity of the
coupled electron-nuclear dynamics beyond the Born-Oppenheimer approximation. Classically, the
simulation of such reactions is limited by the unfavourable scaling of the computational resources
as a function of the system size. While quantum computing exhibits proven quantum advantage
for the simulation of real-time dynamics, the study of quantum algorithms for the description of
non-adiabatic phenomena is still unexplored. In this work, we propose a quantum algorithm for
the simulation of fast non-adiabatic chemical processes together with an initialization scheme for
quantum hardware calculations. In particular, we introduce a first-quantization method for the time
evolution of a wavepacket on two coupled harmonic potential energy surfaces (Marcus model). In
our approach, the computational resources scale polynomially in the system dimensions, opening up
new avenues for the study of photophysical processes that are classically intractable.

Fast non-adiabatic processes are ubiquitous in science
as they are the foundation of photo-induced reactions
spanning the fields of biology [IH5], chemical engineer-
ing and material science [6, [7]. From an atomistic stand-
point, non-adiabatic dynamics account for various inter-
esting phenomena. These include internal conversion and
inter-system crossings among Born-Oppenheimer (BO)
potential energy surfaces (PESs), the Jahn-Teller ef-
fect [§], and vibrational assisted energy versus electron
transfer [OHIT]. In molecular systems, non-adiabatic pro-
cesses occur through the dynamical coupling between
the electronic and vibrational nuclear degrees of free-
dom. They are characterized by the break-down of the
BO approximation [12]. However, the simultaneous de-
scription of the dynamics of the electronic and nuclear
wavefunctions poses severe limitations to the size of the
systems that can be simulated and to the accuracy of
the solutions. From a theoretical standpoint, relentless
efforts have been made to refine numerical methods to
simulate non-adiabatic phenomena beyond the analyti-
cally solvable Landau-Zener model [I3]. First numerical
attempts evolved around a semi-classical solution of the
problem, e.g., within the Wenzel-Kramers-Brillouin ap-
proximation [I4], the Ehrenfest dynamics [I5] and tra-
jectory surface hopping [I6]. These approaches have
been extended to the study of non-adiabatic effects in
molecules and solid state systems using first principle
electronic structure approaches for the BO PESs [10, [I7].
However, the use of classical and quantum trajectories
hampers a correct description of quantum phenomena,
such as wavepacket branching at avoided crossings, tun-
neling, and quantum coherence and decoherence effects.

More naturally, the quantum dynamics of the nuclear
wavefunction can be represented as a wavepacket, espe-
cially in those regimes where dynamics cannot be faith-
fully described by classical, semi-classical or quantum
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trajectories [I8]. To this end, the direct solution of the
time-dependent Schrédinger equation for the nuclear de-
grees of freedom is required. However, due to the ex-
ponential scaling of the Hilbert space, grid methods can
only be applied to low dimensional model Hamiltonians
while the use of basis functions is usually limited to a few
nuclear degrees of freedom [I9H21]. State-of-the-art ap-
proaches, like the Multi Configuration Time-Dependent
Hartree (MCTDH) method [22], 23], can routinely tackle
up to ten dimensions [24] 25], but not without the use of
approximations. In fact, as MCTDH relies on a compact
time-dependent basis set description, the integration be-
comes less accurate as the propagation time increases, or
when the dynamics becomes chaotic. Further approxima-
tions have been introduced with the aim at improving the
efficiency of the method. These include non-orthogonal
Gaussian-based G-MCTDH [26], local coherent state ap-
proximation [27], and multiple spawning [28].

Quantum computers can in principle simulate real-
time quantum dynamics with polynomial complexity in
memory and execution time. Indeed, the simulation of
quantum physics with quantum computers has been pro-
posed theoretically decades ago by Feynman [29], and
realized experimentally in the last years for electronic
structure calculations [30H34]. Of particular interest is
the possibility to perform wavepacket dynamics simula-
tions in real-space representation [35, [36] with a quan-
tum computer. Within this framework, the space is dis-
cretized in a mesh of N points, separated by a distance
Az, in each dimension, that requires order log, (N') mem-
ory space in the quantum register. The accuracy of the
dynamics is not bounded by any basis set limitation but
rather by Az. A general procedure for the real time
propagation of a quantum state on a quantum computer
was first introduced by Kassal et al. [37]. However, this
work did not specify how to encode the potential and
kinetic energy terms of the time evolution operator into
a quantum circuit (i.e. into operations on the qubits).
Benenti and Strini [2] and later Somma [39] presented
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FIG. 1: a. Graphical representation of the Marcus
model. b. Circuit for the time evolution of the
wavepacket. The K, V; and C blocks represent the time
evolution operators for the kinetic, ith potential and
coupling terms respectively.

a more detailed implementation in the case of a sin-
gle, one-dimensional, harmonic potential. Additionally,
a quantum circuit to implement a spin-boson model has
also been devised in Ref. [40]. In this case, the dynam-
ical bosonic degrees of freedom in the model are rep-
resented as a wavepacket evolving under the action of
a harmonic oscillator Hamiltonian, where the displace-
ment operators are coupled with the o* operator(s) of the
spin(s). Finally, a different approach consists of encoding
the bosonic modes directly in the hardware, exploiting
the microwave resonators available in the device [41] 42].

In this Letter, we devise a quantum algorithm for the
simulation of non-adiabatic processes using a real-space
representation of the wavepacket. = While described
in a one-dimensional case, the method can easily be
extended to the study of the quantum dynamics of larger
systems by implementing additional spatial dimensions
in the qubit register. The scheme is applied to the
investigation of the dynamics of the one-dimensional
Marcus model defined by two coupled harmonic potential
energy curves, for which we observe the characteristic
modulation of the charge transfer rates when going from
the normal to the so-called inverted Marcus regime [43].
Finally, we discuss and demonstrate the initialization of
the Gaussian wavepacket on a quantum register.

The model. The method aims at studying the dynam-
ics of a wavepacket in several diabatic surfaces coupled
through non-linear matrix elements in the first quantiza-
tion formalism. For the sake of simplicity here we restrict
the model to two one-dimensional diabatic curves. Note
however that the generalization to multiple dimensions
is straightforward.

The Hamiltonian of the system can then be written as

H=K1+V®|0)0+V11)(1l+C®o, (1)

where K = ﬁ]ﬁ is the kinetic energy operator of a par-

ticle with mass m and momentum p, while Vg and V; are
the potentials of the first and the second diabatic curves
respectively and are defined by functions of the position
x. Likewise, the coupling operator C' is described by
an arbitrary function of the position, f(z). An ancilla
qubit, qp, is entangled with the spacial register and
controls the non-adiabatic dynamics accross the diabatic
curves. It is initialized in state |0) (|1)) if the wavepacket
at time ¢ = 0 is placed on the first (second) diabatic
potential Vo (V1). For concreteness we specialize to
the Marcus model [43] [44] which provides a simplified
description of the electron-transfer reaction rate driven
by collective outer and inner sphere coordinates [45].
In this model, the potentials of Eq. are defined by

Vi= ;J; (z —29)? + A, GY. The two harmonic potentials
of the diabatic curves differ by an energy shift A,GY,
frequency w;, equilibrium position z?, and model the
reactant and product states respectively. We call offset
the difference A, GY — A,.GY. We use this setup in what
follows and show its representation in Fig. [Th.

Resources scaling. The position is encoded in the
qubit register as x = j X Az where j is an integer which
binary representation is encoded in the basis states
of N = logy(N) qubits. Thus, in general, we require
d logy(N') qubits to store the total wavefunction of the
wavepacket in d dimensions. An ancillary register of size
[logs(x)] is needed to describe dynamics involving up
to k diabatic potential energy surfaces. In the specific
model considered here, we only need one ancillary qubit
for the propagation of the wavepacket in Vy and Vj
coupled through the non-adiabatic coupling operator
C. Additionally, an extra qubit register is required to
implement C' which size depends linearly on N as well
as on the shape of the coupling as explained later and in
the Supplemental Material.

The time-evolution algorithm. The very first step
of the dynamics resides in the initialization of the
wavepacket in the quantum register. In the interest of
clarity, this step will be discussed in further detail at
the end of this Letter and in the Supplemental Mate-
rial. Then the wavepacket is propagated under the action
of the real-time evolution operator such that |U(t)) =
e~ #HU|W(t = 0)), using the Lie-Trotter-Suzuki product
formulas [I]. A quantum circuit for implementing the
time evolution under the kinetic operator and harmonic
potentials was presented in Refs. [2, B9] and is detailed
in the Supplemental Material. The same logic can be
extended to potentials described by a polynomial func-
tion of the position. Note that to account for nega-
tive values of the momentum, a shift of p. = ApN/2,
where Ap = J\%’ is applied placing the zero momentum
value at the center of the Brillouin zone. This choice im-
plies the use of a centered Quantum Fourier Transform
(cQFT) operator (see Supplemental Material for details)
to implement the switch from the position to the mo-
mentum space. While the quantum circuit for the kinetic



part of the evolution can directly be applied on the first
N qubits, the potential parts must be controlled by the
state of the ancilla qubit, q,, such that the wavepacket
evolves under the action of e~#ot/" and e=*V1%/" when
gn is in the |0) and |1) state respectively (here n is the
number of Trotter steps).

One of the main methodological novelties of this work
resides in the encoding of the coupling operator which
acts as

e~ iC®oxt/n ‘x> lgn) = e~ if(@)oat/n |JJ> lan) (2)

and thus corresponds to a rotation of the ancilla qubit
around the x axis by an angle f(z)t/n. The general ap-
proach consists in pre-computing a discretized function,
f(x), into additional qubits using quantum arithmetic.
While the number of gates and the number of additional
qubits scale exponentially with the inverse desired
accuracy for a general function [47], the resources can
be kept reasonably low by approximating f(z) as a
piecewise linear function [48]. In the approach adopted
here, the additional gates and ancilla qubits scale
linearly with N and with the number of pieces in the
description of f(x) (see Supplemental Material and
Refs. [3,149]). Crucially, we observe that accurate results
can be obtained by including only few pieces in f(z). A
graphical representation of the quantum circuit used to
encode the dynamics is shown in Fig. [Ip.

Rates in the Marcus model. The model parameters
are chosen to represent typical molecular dynamics [4]
and the simulation conditions were optimized to guaran-
tee the convergence of the results (see the Supplemental
Material). Therefore, we choose to discretize a space of
length L = 20 using 8 qubits and we select a time-step of
10 a.u.. The non-adiabatic coupling term, which in the
reference model is a Gaussian function, is approximated
with a step function giving the best trade-off between ac-
curacy and number of additional qubits that, in this case,
amounts to 9 qubits. The time evolution is performed for
a total time of 7' = 2000 a.u. and repeated for different
values of the offset between the two harmonic potential
energy curves.

For the time being, we assume a Gaussian state prepa-
ration of the form (see below) [4]

1 )1/46_(””;;”0)261'1;0@—3:0)7 (3)

dolz) = (27r52

at the center of the potential curve at the right, V7, at
zg = 11.5 (see Fig. [Th) with 6 = 1/3. The initial mo-
mentum is set to pg = 1. This choice is motivated from
the possibility to compare with the standard Marcus rate
theory (see Supplemental Material). Note however that
the qualitative behavior of the dynamics is not affected
by the particular value of pyg.

At each time step, the population fraction, Py, in the
product well Vj, is simply related to the expectation
value of the ancilla qubit as Py = ((Z,,) + 1)/2 (where
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FIG. 2: a. Time evolution of Py (see main text)
obtained with our algorithm in classical simulations
(dots), with the exact evolution with the reference
coupling (full lines) and with the exact evolution with
the approximate coupling (dashed lines). Curves at
different offset values are displayed. b. Linear fitting of
the ten first steps of the evolution to approximate the
rate constant. c. The approximated rate constant, k, as
a function of the offset obtained with our algorithm
(dots) and with the exact evolution with the reference
coupling (crosses). The Marcus rates as calculated in
the Supplemental Material are shown in dashed line for
a qualitative comparison. The coloured stickers label
the different charge transfer regions (A: normal regime,
B: at reorganization energy and C: inverted region).

Z is the Pauli operator ¢,). We run the dynamics for
various offset values and show the time evolution of
corresponding F, in Fig. (dots), using a classical
emulation of the corresponding quantum circuit. The
exact evolution obtained with the original, Gaussian,
coupling (full lines) and with its piecewise approxi-
mation (dashed lines) is also reported demonstrating
the correct implementation of the algorithm (the small
discrepancies are due to Trotter errors). Moreover, these
results highlight that the piecewise linear approximation
of the coupling function allows to recover the correct
qualitative quantum dynamics. Note that the accuracy
of the results is controllable as it can be systematically
increased by improving the representation of the cou-
pling function, as well as by reducing the Trotter step.
We calculate the initial rate constant, k, for each offset
by taking the slope of the linear fit applied to the first
ten steps of the dynamics as shown in Fig. [2b. The rates
obtained from the quantum dynamics (dots) and from
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FIG. 3: a. Initialization of a wavepacket in the ibmg_london 5-qubit device. The quantum circuit representing the
discretized version of the reference wavepacket (black curve) is obtained from a classical simulation of the VQE
algorithm. b. Layout of the ibmg_london quantum computer. The qubits in black are the ones used to prepare the
wavepacket. c. Specifications of the qubit used to prepare the wavepacket. d. Quantum circuit for the preparartion
of the wavepacket. The values of the optimized angles are §y = —0.3383, 6, = —1.5502, 6, = 2.3662, 63 =
—0.6743,04 = —0.5438, 05 = —2.0766, 0 = —1.3717,67 = 0.3663, g = —0.8286

the exact dynamics with the exact, Gaussian, coupling
(crosses) are in good agreement and are summarized
in Fig. Pe. As expected, the population transfer rate
increases with the offset in the normal Marcus regime,
reaching a maximum value when the offset is equal
to the reorganization energy before decreasing again
in the inverted region, thus recovering the expected
volcano shape predicted by Marcus theory (dashed
line in Fig. k). Note that discrepancies between the
Marcus rates, calculated for a carefully chosen effective
temperature (see the Supplemental Material) and our
rate estimates are expected, as we are performing a
closed-system dynamics.

Initial state preparation. To complete our presen-
tation, we discuss an equally efficient initial state
preparation method. To this end, we rely on a more
efficient Variational Quantum Eigensolver (VQE) [5Hg]
approach instead of quantum arithmetic based meth-
ods [66, B57]. As a proof of concept we show how
to prepare a wavepacket defined as the ground state
of the (arbitrarily chosen) Hamiltonian defined on a
3-qubit register (Supplemental Material for the detail).
The parametrized circuit comprises three layers of R,
rotations intersected of 2 layers of CNOT gates as
shown in Fig. Bd. In the Supplemental Material we
study the convergence of the VQE in presence of noise
with the state-of-the-art optimizer and show that it
requires an important number of optimization steps
as well as error mitigation. Here the circuit can be
optimized in a fully classical simulation of the VQE
algorithm. We employ this circuit on three qubits of the
ibmg_london 5-qubit chip (see the hardware layout and
the qubits specifications in Figs. [3p and [3¢ respectively).
Since in this example py = 0 (i.e. the wavefunction
is real) we simply display the modulo squared of the
resulting wavefunction (obtained by measuring 8000

times in the position basis) in Fig. . We also show the
reference Gaussian function demonstrating the initializa-
tion of the desired wavepacket in the quantum computer.

Conclusion. We introduced a quantum algorithm to
simulate the propagation of a nuclear wavepacket across
k diabatic surfaces, featuring non-linear couplings. The
degrees of freedom are expressed in the first quantization
formalism, as the position and momentum spaces are
discretized and encoded in a position quantum register.
Ancilla registers are used to encode the real time evolu-
tion of the population transfer between the x surfaces,
and to realize the non-linear coupling operators. The
encoding of the problem is efficient in term of qubit
resources, which scale logarithmically with the precision.
This impressive memory compression in storing the time-
evolved wavefunction, represented in a systematically
converging basis-set of a real space AN -point grid, readily
realizes an exponential quantum advantage compared to
classical algorithms. As discussed, the proposed circuit
to perform the coupled-time evolution only requires
a polynomially scaling depth. We demonstrate this
approach to simulate the non-adiabatic dynamics of
a wavepacket evolving in a Marcus model, consisting
in two one-dimensional harmonic potentials shifted in
energy by a variable offset. This minimal model requires
a feasible number of qubits (eighteen), so that the circuit
can be classically emulated. The simulated dynamics
are in excellent agreement with the exact propagation
and we are able to observe the expected slowing down of
the population transfer in the so-called inverted region.
However, the circuit depth required to observe these
dynamics greatly exceeds those currently feasible due to
the limited coherence time of present quantum hardware.
Therefore, we limit the hardware demonstration to the
first part of the algorithm i.e. the Gaussian wavepacket
initialization, on an IBM Q device.



As far as concerning the quantum resources (number of
qubits), our algorithm can straightforwardly be extended
to represent polynomial potential energy surfaces in
d-dimensions with a scaling O(dlog,(N)). Hence, a
quantum computer with ~ 165 qubits would allow for
the study of molecular systems characterized by up to
10 vibrational modes. Reaching the limits of classical
simulations [58] [59], this approach will pave the way
towards a better understanding of femto-chemistry
processes, such as internal conversion and inter-system
crossings, exciton formation and charge separation.
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Supplementary Information for: Non-adiabatic molecular quantum dynamics with
quantum computers

I. LIE-TROTTER DECOMPOSITION

The wavepacket is propagated under the action of the real-time evolution operator as
W(1) = e (= 0). (s1)

In practice the evolution operator is decomposed using Lie-Trotter-Suzuki product formulas [I] to reduce the error
arising from the fact that the kinetic part, K, of the Hamiltonian (acting in the momentum space) does not commute
with the potential, V', and coupling, C, terms (in the position space). In this work we use the basic Lie-Trotter
formula. Hence the evolution operator becomes

|m(w>::(e—%Kﬁe—%Vée—%Cé> U (t =0)). (S2)

II. CENTERED QUANTUM FOURIER TRANSFORM

The minimum of the momentum space is placed at the center of the Brillouin zone by applying a shift, p. = APQXN,

to allow the momentum to take negative values. This must be taken into account in the QFT. In the case where the
momentum space in centered exactly around the middle of the array we can simply add a X gate on the last qubit
right before and after the QFT and QFT ! operations such that they undergo a cyclic permutation:

QFT. (S3)

III. QUANTUM CIRCUIT FOR QUADRATIC CURVE

The circuit for implementing any operator, M, of quadratic shape, i.e. which matrix elements are defined by

—it[y(An+z0)?+a] ifn=m
M =¢ 7 4
[ m] {O else (84)
is discussed in [2] and depicted in Fig. The number of gates scales as O(N?) with N the number of qubits.
IV. EVALUATION OF A PIECEWISE LINEAR FUNCTION
The piecewise linear function is defined as:

P
for@) = apr + B, (S5)

p=0

where P is total the number of pieces in the function. A rotation of the type e~i7(@r@+5p)%= can be applied on
an objective qubit, gonj, in a similar way as presented in the previous section, by discretizing the variable z as
T = Zi]\;)l 2jkj in the states k; of N qubits (called position qubits). The P pieces of the function are delimited by
P — 1 breakpoints. The circuit for implementing the full operator e~ "/»1(*)%= also requires additional comparison
qubits which role is clarified below. The number of comparison qubits is N, = N + P — 2 while the number of gates
scales as O(PN) [3]. The algorithm works as follows.
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FIG. S1: Quantum circuit implementing an operator of quadratic shape as defined by Eq. (S4)). The red, blue and
green parts correspond to the 0", 15* and 2°¢ order in the polynomial.

1. Apply Rz (Bo) to gob;-
2. Apply CR,(2"™) to gob; controlled by ¢, for each qubit g, in the position register.

3. Check if > 0 break point using the comparison qubits and encode this information in the state of one
comparison qubit g-.

4. Apply CR4 (81 — Bo) to gon;j controlled by g-.
5. Apply CRq((ar1 — @0)2™) to gon;j controlled by g,, for each qubit g, in the position register as well as by ¢..
6. Repeat step 3, 4 and 5 for each piece p of fyi(x) replacing the 0 and 1 indexes by p — 1 and p respectively.

For clarity we also display the corresponding circuit in Fig.

position : |x) . . .

Rx(ﬂ))

objective : |/)

comparison : |0) . ;

FIG. S2: Quantum circuit implementing a rotation around the x axis of the objective qubit which rotation angle is
defined by a piecewise linear function of the position encoded in state of the position qubits. In this circuit ‘bp;’
stands for the i** breakpoint characterizing the piecewise linear function.

V. PARAMETERS SETTING

This section is devoted to a preliminary study of the coupling shape, the space discretization and the Trotter error
in order to extract reasonable parameters for the quantum evolution of the wavepacket. The non-adiabatic model [4]
employed in this work comprises two harmonic potential functions described by Vi = v(R — a)? and Va = v(R + «)?
with @ = 1.5, 3 = 5.0 and v = 0.015. The coupling potential is given by V. = pexp (—Bz?) with x4 = 0.01. The
reduced mass is 1818.18 a.u. The length, L, of the box is fixed to 20. The wavefunction is initialized to a full quantum
wavepacket,

)1/4exp(— (x—xo)z) exp(ipo(z — 20)), (56)

po(z) = ( %

272
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FIG. S3: a. Left: Expectation value of the state of the ancilla qubit measured in the Z basis as a function of time
for different coupling shapes. The evolution is obtained by applying the exact time evolution operator. Right: Shape
of the four different coupling functions. b. Same as a. with reference coupling but for different number of qubits i.e.
discretization points. c. Expectation value of the state of the ancilla qubit measured in the Z basis as a function of

time for different time steps. In this case the evolution is obtained by applying the Trotterized time evolution
operator. The inset is a zoom on a given region of the time evolution.

with zg = L/2 44, po = —30 and 6 = 1/3.

First, we approximate the coupling shape with a piecewise linear function of the position. We try different coupling
shapes shown on the right side of Fig. [S3h: a constant coupling (one piece), a step (three pieces) and a peak (four
pieces). The breaking points of the step and peak shapes are chosen to preserve the area under the reference curve

given by
2 ™
T = [ —. S7
/e z (s7)

The reference coupling shape is shown together with the two potential energy curves on the lower left panel. The
initial wavepacket is propagated with the exact time evolution (no Trotter error) and the various coupling shapes.
The number of qubit for the discretization of the position and momentum space is fixed to 9. The expectation value
of the ancilla qubit measured in the Z basis is displayed in Fig. (left) and show both the step and peek coupling
shapes provide qualitatively correct results. Although the peak shaped coupling leads to more accurate results, we
choose to work with the step shape as it allows to save one qubit while remaining in good accuracy.

As a second step, we evolve (using state-vector simulations) the wavepacket with the reference coupling shape and
vary the number of qubits in the quantum register (and therefore the size of the grid’s spacing). For the system under
study, we find that a minimum of 8 qubits, equivalent to 256 grid points, is needed to reproduce faithfully the desired
dynamics (see Fig. [S3p).

Finally we monitor the Trotter error. To do so, the number of qubits is kept fixed to 8, while the time step is
varied. In Fig. [S3, we show that qualitatively correct results can be obtained with a time step as large as 10 a.u.,
value that we chose for the production runs.

VI. INITIALIZATION OF THE WAVEPACKET

The initial wavepacket is prepared in the quantum computer by applying the corresponding quantum circuit. This
quantum circuit can be found with the VQE algorithm [5HE]. At each iteration of the VQE, the energy, E, of the trial
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FIG. S4: Results of the five VQE experiments realized on a classical simulator. The error bars are obtained by
repeating 10 times the measurement of the VQE resulting circuit. The black dashed line represent the expected |¥|?.

wavefunction is calculated in the following way,

1 mw N
Epot = m z_:o TNcounts(.])(.] X Al‘ - xO)z (SS)
Ekm N Z Ncounts )(] X Ap pO) (Sg)
s ots j=0
and
E= Epot + Ekin (SlO)

where E,oc and FEyi, are the potential and kinetic energy respectively. Nghots is the total number of measure-
ments done on the quantum computer to obtain the statistics, per basis. Neounts(j) (With 0 < Neounts(7) < Nshots,
> ; Neounts(J) = Nshots) is the number of measurement that collapsed onto the qubit basis state corresponding to the
binary representation of integer j. For the potential energy term the counts are obtained by measuring in the position
basis where measurements can straightly be applied whereas the kinetic term requires applying a QFT beforehand to
ensure that measurements are done in the momentum basis.

We tested the ability of preparing the desired wavepacket with VQE for a 3-qubit system. In this example the
wavepacket is described as the ground state of the Hamiltonian H = 1/2p* + 1/2 (z — 2)2. The size of the box is
L = 4. The trial wavefunction Ansatz is shown in Fig. B of the main text. At the beginning of the VQE, the
quantum state is initialized as a (discrete) Dirac delta function d(x — 2), namely the bit string |100). We run the
VQE algorithm classically in a quantum simulator where the quantum measurements are simulated by projecting
the statevector on the basis states 8000 times. Moreover, a noise model can be added to the classical simulator
in order to simulate the gate noise (depolarization and thermal relaxation) and readout error characteristic of the
available quantum computers. In what follows we employ a noise model based on the properties of the ibm_g_london
5-qubit device. The layout and the properties of the exploited qubits are given in Fig. and c of the main text. We
use the state-of-the-art optimizer for noisy optimization problems namely the Simultaneous Perturbation Stochastic
Approximation (SPSA)[9]. We run five different experiments. Because the optimization process is stochastic, each
experiment is composed of five VQE simulations. The results are displayed in Fig. In the first two experiments
we completely turn off the noise model to study the bare convergence of the optimization. In the first case, the VQEs
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FIG. S5: Density of states given by the projection of the Gaussian wavepacket on the eigenstates of Hyo, (black
line) and by the best fit of the Boltzmann distribution (dashed red line) given by the indicated g for pg =0, pg =1
and py = 5.

are stopped after 200 SPSA steps while in the second they are ended at 1000 steps. In the first case none of the
VQEs converge whereas in the second case four out of five did showing that even for a circuit as shallow as the one
employed for this task (3 qubits, 9 variational parameters and 4 CNOT gates) the convergence of the SPSA algorithm
requires a consequent number of iterations. We then turn on the noise model fully. In this case, none of the VQEs
are able to recover the desired Gaussian shape after 1000 SPSA steps leading to the conclusion that error mitigation
is imperative. Finally we realize two experiments by keeping only 1. the gate noise and 2. the readout errors. In
both cases three out of five VQEs were able to reasonably approach the desired shape showing that by reducing the
noise (e.g. with error mitigation) the SPSA optimizer may be robust enough to approximate the ground state within
reasonable accuracy.

VII. MARCUS RATES

The Marcus rate constants used in the main text are given by [10] [11]

_ v B
= —exp(—

— )2
h 4\ e ) (S11)

k
M N

where V is the electronic coupling, A the reorganization energy, e the offset and & the Planck’s constant and 8 = 1/kpT
the reciprocal of Boltzmann’s constant, kg, times the temperature 7.

Seeking for a qualitative comparison between the rates resulting from the quantum dynamics and the Marcus rates
we need to determine a sensible 8 value to insert in this equation. Since our quantum dynamics does not include
dissipation or any coupling with the environment, the temperature is not present as an explicit parameter in our
setting. The route we adopt here is to extract an effective temperature by a careful initialization of the wavepacket.

To do so, we look for an initial position and momentum, xy and pg, for which the density of states given by the
initial Gaussian wavepacket, ¥(zg, pg), can be described by a Boltzmann distribution such that

Py = [ (010 (o, po)) 2 = =P
ijo exp (—BEj)

where i) are the eigenstates of the harmonic oscillator defined by Hyo, = ;%2” + Vi and E; is the energy of state
|i). We choose xy = 11.5, the center of V; and calculate the P; for several values of py. We then fit the resulting
distribution to a Boltzmann distribution to extract a value for § (see Fig. [S5). We find that for a value of py = 1
the density of states can be well represented by a Boltzmann distribution defined by § = 552. This set our choice
for the py parameter in our simulations and for the § parameter in the Marcus rate theory to compare with. We
notice obviously that the quantum dynamics can be performed with any choice of pg, but this specific choice is made
to enable a qualitative comparison with Marcus theory. Therefore, we run the quantum dynamics initializing the
Gaussian wavepacket with o = 11.5 and pg = 1 and compute the Marcus rates with g = 552.

(S12)
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