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1. Introduction

Digital quantum simulators are among the most appealing applications of a quantum
computer [1,2]. In principle, any model that can be mapped onto a spin-type Hamiltonian can be
encoded in a digital quantum simulator. Then, its time evolution can be solved with arbitrary precision,
thus overcoming the unavoidable exponential scaling of computational resources that is inherent to
quantum manybody physics [3]. Several theoretical proposals and proof-of-principle experiments on
different platforms have already demonstrated the validity and huge prospective potentialities of such
techniques [4–8]. In particular, superconducting qubits are nowadays regarded as the most promising
candidates towards the practical realization of an actual platform for universal quantum computation
in the long run [9], as well as for applications in noisy intermediate-scale quantum devices (NISQ) in the
next few years [10,11]. However, it is still not clear whether this will be the ultimate technological choice
for all possible applications: in this respect, the rapidly growing field of hybrid quantum technologies
offers a plethora of alternative candidates that are designed to enhance performances through the
integration of different quantum systems, including spin ensembles, opto- and electromechanical
devices, and photons [12]. Diverse hybrid solutions on superconducting platforms were already
proposed for applications to digital quantum simulations [13–16].

Along these lines, we hereby present a brief review of our recent theoretical proposal for
a universal, scalable, and integrated quantum computing platform based on tunable nonlinear
electromechanical nano-oscillators [17]. In a minimal version of such architecture, qubits could
be encoded in the anharmonic vibrational modes of nanomechanical resonators coupled to a
superconducting nanocircuitry. Practical realizations of such qubits can be envisioned as suspended
nanotubes, two-dimensional nanomembranes (e.g., graphene sheets), or cantilevers, all showing very
promising quality factors and coherence times up to several milliseconds. In the proposed platform,
single-qubit rotations can be implemented by using external static and modulated electric fields acting
locally on a single nanoresonator, while two-qubits gates would be efficiently realized by mediating
their effective coupling through virtual fluctuations of an intermediate superconducting artificial atom,
such as a transmon. As it was shown in the original Ref. [17], and at difference with the use of the
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superconducting elements as qubits, the transmon coherence time (T2) becomes essentially irrelevant
in our proposed platform, which helps envisioning considerable prospects for scalability.

As explicit proof-of-principle examples of the electromechanical quantum simulator theoretical
performances, we show numerical results for the digital quantum simulation of the time evolution
of few spin model Hamiltonians. Moreover, we challenged our proposed simulator with an existing
NISQ one, i.e., the IBM Q quantum processor freely available for cloud quantum computation [18].
Interestingly, such state-of-art implementation of an actual quantum computer, whose hardware
employs purely superconducting qubits in a microwave nanocircuit cooled to few mK in a dilution
fridge, is potentially able to perform digital quantum simulations of a few targeted models of interest
in condensed matter physics. We have used the results obtained on these models to benchmark our
theoretically proposed platform.

2. Model

2.1. Electromechanical Qubits

The fundamental unit of our proposed architecture is given by a pair of electromechanical
nanoresonators (NRs) coupled through a nonlinear circuit element, e.g., a transmon. This elementary
building block can be described with the Hamiltonian

H0 =
2

∑
i=1

[
ωib†

i bi + Hnl,i

]
+

Ω
2

σz , (1)

where bi (b†
i ) represent bosonic annihilation (creation) operators, and Hnl,i explicitly introduces the

required anharmonicity to isolate the two lowest energy levels of the NRs, where the qubits are encoded.
For simplicity, the transmon is treated as a pure quantum two-level system with σα (α = x, y, z)
representing Pauli matrices. The interaction between mechanical oscillators and the transmon is
modeled as

Hint =
2

∑
i=1

gi

(
bi + b†

i

)
σx. (2)

In the strongly dispersive limit, where the frequency of the NRs (typically in the MHz range) is far
from the transition frequency of the transmon (typically a few GHz), the effective transmon-mediated
interaction Hamiltonian between the two electromechanical qubits, when restricted to the
computational basis, takes the form of an effective XY exchange coupling He f f ∝ σx,1σx,2 + σy,1σy,2.
This provides the basis for a

√
iSWAP two-qubit gate which, together with single-qubit rotations,

gives a universal set of quantum gates (see Ref. [17] for further details). In all numerical simulations,
dissipation and pure dephasing effects on the NRs and the transmon are taken into account by means
of the corresponding density matrix master equation [17].

2.2. Digital Quantum Simulations

Calculating the dynamics of a given target Hamiltonian, H, is a computationally hard task for
classical computers whenH models a system with a large number of degrees of freedom, due to the
fast exponential scaling of the Hilbert space dimension. However, the problem was proven to be
efficiently solvable on a quantum hardware when the interactions between subsystems are local in
nature [3]. In principle, any general purpose quantum processor can be used, provided that the target
H is digitally encoded on the qubits register. Indeed, if H is a sum of local terms, i.e., H = ∑kHk,
one only needs to decompose each individual local unitary operator, Uk(t) = exp(−iHkt), into a
sequence of quantum gates (this is always possible on any platform providing a universal set of gates),
and append such sequences one after the other. The target unitary operation can then be approximated
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within arbitrary digital precision by dividing the total target time, t, into smaller steps t/n, and by
repeating the total sequence n times, in what is also known as Suzuki-Trotter decomposition

e−iHt '
(

∏
k

Uk(t/n)

)n

(3)

Electromechanical setup IBM Q processor(a) (b) 

Figure 1. Digital quantum simulation of the tunnelling of the total magnetization in a spin-1
Hamiltonian. (a) Numerical results for the proposed electromechanical set-up, for different values of
the NRs T2 time. (b) Experimental data from the IBM Q ibmqx2-Yorktown real backend, for different
choices of the pair of qubits selected on the chip.

3. Results

In this section, we show a comparison between the predicted quantum simulation capabilities
of our proposed electromechanical architecture and a state-of-the-art prototype real quantum
processor based on superconducting circuits, which is publicly available through the IBM Quantum
Experience [18]. All the results for the electromechanical simulator are obtained numerically by
solving the corresponding master equation. The latter fully describes the realistic behavior of the
proposed hardware set-up, including all the electrical pulse sequences necessary to control the NRs
qubits and to implement the required gates, and takes into account different realistic values of the
nanomechanical qubits and transmon damping (T1) and coherence (T2) times. Typical values of the
NRs and transmon frequencies employed in the numerical simulations are in the range ωi/2π =
75–85 MHz and Ω/2π = 2.5–10 GHz, while the NRs-transmon coupling used in the simulations is
gi = g = 2π · 6 MHz (i = 1, 2). Again, we refer to the original Ref. [17] for further details about the
model and its numerical implementation. In addition, experimental data from the real IBM Q backend
are obtained by programming the quantum chip on cloud through the Qiskit Python libraries [19].

Here, we focus our attention on spin-type Hamiltonians. The time evolution induced by
single-body terms of the formH(1)

α ∝ σi
α directly corresponds to single-qubit rotations Ri

α. On the other
hand, the unitary evolution induced by terms of the formH(2)

α ∝ σα,1σβ,2 can be obtained in general by
combining single qubit rotations with two-qubit operations. The latter are implemented differently on
different platforms, thus resulting in different decompositions of the target unitary evolution: in the
electromechanical set-up, the XY effective interaction term between NRs can be used, while on the
IBM Q devices the controlled-NOT operation is natively available.

As a first example, we show in Figure 1 the quantum simulation of the tunnelling of the total
magnetization in a spin-1 Hamiltonian. In general, S > 1/2 models can be mapped into the state of 2S
qubits. In the case considered here, the target S = 1 HamiltonianHS1 = DS2

z + E(S2
x − S2

y) is mapped
into H̃S1 = 2Dsz,1sz,2 + 2E(sx,1sx,2 − sy,1sy,2) by considering the total spin as a combination of two
1/2 spins, Sα = sα,1 + sα,2. As shown in the figure, the overall quantum simulation is predicted to
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work very well on the electromechanical set up, also for realistic values of the NRs T2 time (Figure 1a).
Interestingly, comparable performances can be obtained by simulating the very same model on the
real IBM Q hardware. We notice that in this case the digital decomposition of Equation (3) is already
exact with n = 1, as evidenced in Figure 1b.

To test the quantum simulators on more complex spin models, we have performed the digital
quantum simulation of the total magnetization along x, i.e., 〈Sx〉 = Tr[ρ(sx,1 + sx,2)], for the transverse
field Ising model (TIM) of two 1/2 spins HTIM = Γsx,1sx,2 + b(sz,1 + sz,2), where we set Γ = 2b.
We stress that the digital quantum simulation is much more demanding in this case. Indeed,
since the single and two-qubit terms inHTIM do not commute, the digitalized computation using the
Suzuki-Trotter formula of Equation (3) requires at least n ' 10 in order to get physically meaningful
results for Γt > 20. Results for this model are shown in Figure 2. Despite the increased length of
the sequences of gates that are involved, our proposed implementation on a hybrid platform shows
robust predicted performances with very high fidelities (Figure 2a). At the same time, the publicly
available IBM Q hardware is able to correctly reproduce the expected behaviour up to n ' 5 and
Γt ' 18, while it is pushed close to its state-of-art limitations for digital simulations requiring longer
sequences of quantum gates (e.g., n = 10), as it is evident by comparing the results in Figure 2b–d.

Electromechanical setup IBM Q processor(a) (b) 

IBM Q processor(d) IBM Q processor(c) 

Figure 2. Digital quantum simulation of the TIM. (a) Numerical results obtained for the proposed
electromechanical set-up, for different values of the NRs T2 and n = 10 Suzuki-Trotter iterations,
compared to the corresponding ideal results (for the same digital decomposition in n = 10 steps).
(b–d) Experimental data from the IBM Q ibmqx5-Rueschlikon real backend, for increasing values of the
number of Suzuki-Trotter iterations. The dashed line represents the exact result with no digital error.

4. Discussion

We have briefly reviewed an original proposal for implementing an electromechanical universal
quantum simulator, and compared its potential performances with existing quantum processors
based on superconducting technology. On one hand, the results show the robustness and potential
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strength of a prospective hybrid quantum computing platform. On the other hand, despite the still
noisy and imperfect nature of the data that can be obtained on the real IBM Q processors (similar
to other state-of-art prototypes), we demonstrated how these near term devices might already offer
unprecedented opportunities to develop novel and useful approaches to quantum computing, either in
the physical sciences [11,20] or in other areas of research [21–23].
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