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 a b s t r a c t

Quantum computing is emerging as a promising tool in nuclear physics. However, the cost of encoding fermionic 
operators hampers the application of algorithms in current noisy quantum devices. In this work, we analyze 
an encoding scheme based on pairing nucleon modes. This approach significantly reduces the complexity of the 
encoding, while maintaining a high accuracy for the ground states of semimagic nuclei across the 𝑠𝑑 and 𝑝𝑓 shells 
and for tin isotopes. In addition, we also explore the encoding ability to describe open-shell nuclei within the 
above configuration spaces. When this scheme is applied to a trotterized quantum adiabatic evolution, our results 
demonstrate a computational advantage of up to three orders of magnitude in CNOT gate count compared to 
the standard Jordan-Wigner encoding. Our approach paves the way for efficient quantum simulations of nuclear 
structure using quantum annealing, with applications to both digital and hybrid quantum computing platforms.

1.  Introduction

Quantum computing exploits the unique ability of quantum systems 
to process and spread information. Its wide range of applications covers 
optimization, machine learning, computational chemistry or fundamen-
tal high-energy physics [1–4], but quantum computing is particularly 
promising in simulating quantum systems [5], a domain where classical 
approaches face severe computational barriers. Several classical algo-
rithms –such as quantum Monte Carlo, neural-network quantum states, 
and tensor network methods– have been designed to overcome these 
limitations [6–9], yielding promising but not universally satisfactory re-
sults.

In particular, in low-energy nuclear physics the interactions between 
the relevant degrees of freedom, protons and neutrons, are particularly 
complex. Therefore, precise classical simulations remain highly chal-
lenging. In recent years, quantum computing has emerged as a promis-
ing novel avenue to address these challenges. In nuclear structure, for 
instance, several quantum algorithms for ground- and excited-state sim-
ulation have been proposed, including those based on variational quan-
tum eigensolvers (VQEs) [10–19], projective approaches [20,21], imag-
inary time evolution [22] or quantum adiabatic evolution methods [23]. 
These works yield promising results in small-scale classical simulations. 
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In addition, other proposed methods focus on nuclear dynamics [24–26] 
or scattering theory [27,28].

Despite the natural advantage of quantum algorithms in simulating 
nuclear systems, their practical implementation in digital quantum com-
puters usually demands deep quantum circuits with a large number of 
non-local and non-Clifford gates. These requirements compromise their 
feasibility on current quantum devices due to their relatively small size 
and significant noise [29]. While error mitigation techniques can sup-
press the effects of noise, they remain limited, particularly in deep cir-
cuits or at high noise levels [30–33]. Likewise, analog quantum simu-
lators are constrained by hardware design and can efficiently simulate 
only very specific classes of quantum systems [34–36] that do not in-
clude the complex, non-local, nuclear Hamiltonian.

In nuclear-structure applications, most of the computational over-
head, quantified by circuit depth, arises from encoding the fermionic 
operators associated with protons and neutrons into the qubit repre-
sentation. In general, transformations such as Jordan-Wigner (JW) [37] 
and Bravyi-Kitaev [38] lead to long strings of non-local Pauli operators, 
which are difficult to implement efficiently on both digital and ana-
log platforms [39,40]. Several alternative mappings [41–47] have been 
proposed to address this issue, but most of them are tailored to specific 
lattice geometries or symmetries and cannot be easily generalized to
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nuclear physics. Nonetheless, a number of recent works focused on 
nuclear structure present promising strategies [48–51]. Alternatively, 
strategies based on exploiting the nuclear-system’s entanglement can 
also significantly save quantum computing resources [52–56].

In condensed matter physics and quantum chemistry a mapping of 
fermions into hardcore bosons has demonstrated a reduction in the 
quantum computational cost of algorithms such as VQE [57–61]. In this 
letter, we follow this idea and adopt a full-hardcore boson mapping to 
reduce the high computational cost to obtain nuclear-shell-model (NSM) 
ground states using quantum algorithms [14,15,23,62,63]. We note that 
Yoshida et al. have used a similar mapping in a study restricted to two-
valence-neutron systems [64].

In our work, we encode the Hamiltonian in terms of quasiparticles 
constructed from pairs of like-nucleon modes with opposite magnetic 
quantum numbers. These quasiparticles obey hardcore boson statistics 
[65,66] and can thus be directly mapped onto qubit degrees of free-
dom. We then systematically analyze, in medium-mass nuclei, whether 
the effective Hamiltonian that results from this encoding accurately cap-
tures nuclear ground-state properties. Finally, we demonstrate that our 
approach reduces the computational overhead associated with the map-
ping by several orders of magnitude, as quantified by the quantum re-
source requirements for a trotterized adiabatic time evolution (T-QA) 
on a digital quantum computer [23].

2.  Method

The NSM [67–70] describes nuclear structure based on protons and 
neutrons interacting through a valence-space Hamiltonian:

𝐻NSM =
∑

𝑎
𝑒𝑎𝑐

†
𝑎𝑐𝑎 +

1
4
∑

𝑎𝑏𝑐𝑑
𝑣𝑎𝑏𝑐𝑑𝑐

†
𝑎𝑐

†
𝑏 𝑐𝑑𝑐𝑐 , (1)

where 𝑒𝑎 are single-particle energies, and 𝑣𝑎𝑏𝑐𝑑 two-body matrix ele-
ments. These can be obtained solely from chiral Hamiltonians [70–72] 
or by including some phenomenological adjustments [67,68]. Here, 𝑐†𝑎
and 𝑐𝑎 stand for fermion creation and annihilation operators, respec-
tively, for the nucleon mode 𝑎. Each mode 𝑎 represents a single-particle 
state in the valence space, and it is described by the principal quantum 
number 𝑛𝑎, the total angular momentum 𝑗𝑎, its third component 𝑚𝑎, and 
the isospin 𝑡𝑎 = 1∕2 with third component 𝑡𝑧,𝑎.

For the NSM, the many-body basis comprises the set of Slater de-
terminants |𝐬⟩, represented as bitstrings 𝐬 = (0, 1, 0, ., 1, 0), where 1′s in-
dicate occupied states, and 0′s empty ones. For an isotope with 𝑁𝑛
neutrons and 𝑍𝑝 protons in the valence space, the dimension of the 
many-body basis is dim() =

(𝐷
𝑍𝑝

)

×
( 𝐷
𝑁𝑛

)

. Here, the total number of 
nucleon modes (or the number of entries in the bitstring 𝐬) is 2𝐷 =
2
∑

𝑗∈𝐽 (2𝑗 + 1), with 𝐽 the set of orbitals which group single-particle 
states that only differ in 𝑚𝑎, given in spectroscopic 𝑛𝑙𝑗 notation. We re-
strict our simulations to basis states with total magnetic quantum num-
ber 𝑀 = 0. In our study, we consider three configuration spaces: the sd
shell (𝐷 = 12), containing proton and neutron 0𝑑5∕2, 1𝑠1∕2 and 0𝑑3∕2 or-
bitals; the pf shell (𝐷 = 20), covering the orbitals 0𝑓7∕2, 1𝑝3∕2, 0𝑓5∕2, and 
1𝑝1∕2 for both kind of nucleons; and the valence space (𝐷 = 32) compris-
ing the neutron 0𝑔7∕2, 1𝑑5∕2, 1𝑑3∕2, 2𝑠1∕2, and 0ℎ11∕2 orbitals.

2.1.  Quasiparticle pairing encoding

Nuclear pairing plays a key role among the various components of 
the nuclear force  [73,74] and is capital for nuclear structure. It describes 
the attractive force between nucleons with the same isospin projection 
and opposite projection of the total angular momentum 𝑚. Indeed, this 
mechanism underpins several nuclear theory frameworks, including the 
seniority model and the interacting boson model [75–77]. In this spirit, 
we define the following quasiparticle operator,
𝑄†

𝐴 = 𝑐†𝑎𝑐
†
𝑎̃ , (2)

where 𝑎̃ denotes the time-reversed partner of mode 𝑎 with 𝑚𝑎̃ = −𝑚𝑎, 
while sharing the same set of {𝑛𝑎, 𝑗𝑎, 𝑡𝑧,𝑎} quantum numbers. The label 
𝐴 indicates the quasiparticle mode {𝑗𝑎, 𝑡𝑧,𝑎, 𝑚𝑎,−𝑚𝑎}. These quasiparticle 
operators obey commutation relations consistent with a hardcore boson 
algebra [65,66], i.e.,
[𝑄𝐴, 𝑄

†
𝐵] = 𝛿𝐴,𝐵(1 − 𝑛𝑎 − 𝑛𝑎̃), (3)

[𝑄𝐴, 𝑄𝐵] = [𝑄†
𝐴, 𝑄

†
𝐵] = 0. (4)

This algebra reflects the underlying fermionic structure and the fact that 
each pair can be occupied only once. The quasiparticle operators can be 
directly mapped onto qubit operators using the correspondence:
𝑄†

𝐴 = 𝑆+
𝐴 , (5)

𝑄𝐵 = 𝑆−
𝐵 , (6)

𝑁𝐴 = 𝑄†
𝐴𝑄𝐴 = (1 +𝑍𝐴)∕2 , (7)

where 𝑆+ = 1
2 (𝑋 + 𝑖𝑌 ), 𝑆− = 1

2 (𝑋 − 𝑖𝑌 ) and 𝑋, 𝑌 ,𝑍 are the Pauli matri-
ces. With this mapping, the label 𝐴 now corresponds to the qubit index of 
the quantum circuit. This directly avoids the need for fermion-to-qubit 
transformations like in the JW or Bravyi-Kitaev mappings.

For the quasiparticle states, we adopt an ordering based on the 
single-particle energy of the corresponding nucleon modes. For exam-
ple, focusing on neutrons in the 𝑠𝑑 shell, we start from the lowest-energy 
pairs that can be formed with 0𝑑5∕2 states, and assign the highest labels 
to the pairs composed by neutrons in the 0𝑑3∕2 orbital. The number of 
quasiparticle modes per orbital 𝑗𝑎 is half the number of magnetic states, 
𝑗𝑎 + 1∕2. For example, the 0𝑑5∕2 orbital yields three modes, while the 
1𝑠1∕2 and 0𝑑3∕2 orbitals contribute one and two, respectively. Therefore, 
this reformulation not only bypasses complex fermion mappings, but 
also halves the number of qubits.

The nuclear Hamiltonian thus needs to be written in terms of the new 
degrees of freedom. We build the quasiparticle Hamiltonian by project-
ing the original NSM Hamiltonian of Eq.  (1) into the many-body basis 
of quasiparticle pairs, 
𝐻𝑄 = ℚ𝐻ℚ . (8)

Here, ℚ is the projector onto the space spanned by Slater determi-
nants composed exclusively of quasiparticle modes, denoted as |𝐒𝑄⟩ =
∏

𝐴 𝑄†
𝐴|Ω⟩, where |Ω⟩ is the core of the NSM calculation. The comple-

mentary projector ℝ = 𝕀 −ℚ defines the subspace of many-body states 
that do not correspond to pure quasiparticle states. For nuclear ground 
states where the physics of pairing is dominant, we expect 𝐻𝑄 to capture 
the relevant correlations of the system. In contrast, if the contributions 
from ℝ dictate the nuclear structure –for example, in nuclei where de-
formation plays a key role– important correlations are not captured in 
the projected Hamiltonian, and the description of the ground state in 
terms of quasiparticles loses accuracy.

In this sense, 𝐻𝑄 can be viewed as the zeroth-order term of a 
Brillouin-Wigner expansion in the projectors ℚ and ℝ [78–81]. Higher-
order terms would systematically reintroduce the virtual effects of ℝ-
space configurations, thereby recovering physics beyond the pure quasi-
particle picture. Since the nuclear Hamiltonian contains at most two-
body terms in the original fermionic operators, 𝐻𝑄 contains up to four-
qubit terms. Specifically, to lowest order, the resulting spin Hamiltonian 
reads

𝐻𝑄 = 1
2
∑

𝐴𝐵
𝑔𝐴𝐵𝑆

+
𝐴𝑆

−
𝐵

+ 1
4

∑

𝐴𝐵𝐶𝐷
𝑔𝐶𝐷
𝐴𝐵 𝑆+

𝐴𝑆
+
𝐵𝑆

−
𝐶𝑆

−
𝐷, (9)

where 𝑔𝐴𝐵 are one-body quasiparticle matrix elements, and 𝑔𝐶𝐷
𝐴𝐵  are irre-

ducible two-body terms (all two-body terms that cannot be described by 
a combination of one-body terms). We compute these matrix elements 
numerically via matrix projection, but they may also be computed ana-
lytically. For example, the one-body coupling 𝑔𝐴𝐵 takes the form
𝑔𝐴𝐵 =

(

𝑒𝑎 + 𝑒𝑎̃
)(

𝛿𝑎,𝑏𝛿𝑎̃,𝑏̃ − 𝛿𝑎̃,𝑏𝛿𝑎,𝑏̃
)

− 𝑣𝑎,𝑎̃,𝑏,𝑏̃. (10)
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Fig. 1. Energy relative error Δ𝑄𝐸 (left panel) and infidelity 1 − 𝐹𝑄 (right panel) of the ground state obtained with 𝐻𝑄 with respect to the exact FCI result, for nuclei 
across the 𝑠𝑑 shell in terms of their number of protons (𝑍𝑝) and neutrons (𝑁𝑛) in the valence space. Darker colors indicate more accurate results obtained with 𝐻𝑄.

For the two-body quasiparticle interaction, due to the two-body nature 
of the nuclear Hamiltonian, only diagonal terms contribute, and 𝑔𝐶𝐷

𝐴𝐵
simplifies,

𝑔𝐴𝐵𝐴𝐵 = 𝑣𝑏,𝑎,𝑏,𝑎 + 𝑣𝑎̃,𝑏,𝑎̃,𝑏 + 𝑣𝑎,𝑏̃,𝑎,𝑏̃ + 𝑣𝑎̃,𝑏̃,𝑎̃,𝑏̃ . (11)

2.2.  Implementation for quantum annealing

The key advantage of the quasiparticle mapping lies in the simpli-
fication of the NSM Hamiltonian. This enables operators such as time 
evolution to be implemented with substantially fewer two-qubit gates. 
To explore this aspect, we benchmark the quasiparticle encoding by sim-
ulating a T-QA evolution and compare its performance with the standard 
JW mapping of 𝐻NSM.

The time-dependent interpolating Hamiltonian is given by 

𝐻(𝑡) =
(

1 − 𝑡
𝜏

)

𝐻𝐷 + 𝑡
𝜏
𝐻𝑇 , (12)

where 𝜏 is the total evolution time. For the standard fermion implemen-
tation of the NSM, the driver Hamiltonian 𝐻𝐷 is defined in Ref. [23]. In 
the quasiparticle basis, instead, it takes the form

𝐻𝐷 =
𝐸0

2(𝑁𝑛 +𝑍𝑝)
∑

𝐴
𝑆𝑄[𝐴](1 −𝑍𝐴), (13)

where 𝐸0 = ⟨𝐒𝑄|𝐻𝑄|𝐒𝑄⟩ is the energy of the initial quasiparticle Slater 
determinant |𝐒𝑄⟩. This element of the many-quasiparticle basis is se-
lected so that it is built with the nucleon modes with lowest single-
particle energy, and among them, those with largest value of 𝑚𝑎. This 
is the same prescription as in Ref. [23]. The target Hamiltonian 𝐻𝑇  is 
the standard NSM Hamiltonian of Eq. (1) in the fermonic simulations, 
or the pairing encoded version of Eq. (9) in the quasiparticle simula-
tions. In both cases, we implement the time evolution using a second-
order Suzuki-Trotter decomposition of the unitary operator, 𝑈 (Δ𝑡 + 𝑡, 𝑡) ,
with a timestep chosen such that Δ𝑡 𝜔 = 0.1, where 𝜔 is the energy scale 
1 MeV. We consider variable final times 𝜏 to explore the quality of 
the T-QA approach. We compile the resulting quantum circuit using 
Qiskit [82], targeting the native gate set {CNOT, 𝑅𝑍 , 𝑋, Hadamard}.

3.  Results

3.1.  Quasiparticle pairing encoding performance

Before discussing the results of our quantum annealing simulations, 
we evaluate the quality of the quasiparticle Hamiltonian 𝐻𝑄 by compar-

ing its ground state properties with those of 𝐻NSM solved in full config-
uration interaction (FCI) benchmark simulations. We quantify the per-
formance of 𝐻𝑄 using the relative error of the energy Δ𝑄𝐸, and the 
fidelity, 𝐹𝑄, defined as

Δ𝑄𝐸 = |𝐸𝑄 − 𝐸FCI|∕|𝐸FCI| , (14)

𝐹𝑄 = |⟨Ψ𝑄|ΨFCI⟩|2 , (15)

where |Ψ𝑄⟩ and |ΨFCI⟩ are the ground states of 𝐻𝑄 and 𝐻NSM, respec-
tively, with corresponding ground-state energies 𝐸𝑄 and 𝐸FCI.

Fig. 1 presents our results for these figures of merit for several nuclei 
across the 𝑠𝑑 shell, taking the USDB interaction [83] as 𝐻NSM, but with-
out scaling the Hamiltonian two-body matrix elements. We observe that 
oxygen isotopes show excellent agreement between 𝐻𝑄 and FCI, with 
relative energy errors (left panel) Δ𝑄𝐸 ≤ 2 ⋅ 10−2 and fidelities (right 
panel) in the range 𝐹𝑄 ≥ 0.95. We note, moreover, that for semimagic 
isotopes with 2 nucleons or holes of the same species, 𝐻𝑄 reproduces 
the exact FCI results. This is the case for 18O –studied in Ref. [64]– and 
26O in Fig. 1, as well as 18Ne and 26Ar, not shown in the figure because 
isospin symmetry guarantees the same results for nuclei at both sides of 
the 𝑁𝑛 = 𝑍𝑝 line.

Moving from the oxygen isotopes toward the isospin-symmetric re-
gion (𝑁𝑛 = 𝑍𝑝), we find that both the energy and the fidelity accu-
racy systematically decrease, with 1 − 𝐹𝑄 ∈ [0.19, 0.78] and Δ𝑄𝐸 ∈ [2 ⋅
10−2, 0.22]. We take this as an indication of the growing contribution 
from non-quasiparticle configurations in the exact FCI ground state. In 
fact, the worse results in terms of both energy and fidelity occur for 
𝑁𝑛 = 𝑍𝑛, especially 20Ne, 24Mg and 28Si, where nuclear ground states are 
deformed [84,85], and thus governed by the quadrupole –not pairing– 
interaction. The accuracy of our encoding also improves when dealing 
with more neutron-rich nuclei, as observed by changing 𝑁𝑛 while keep-
ing 𝑍𝑝 fixed. Indeed, pairing is responsible for relatively more important 
quantum correlations in more neutron-rich systems [54,86].

Fig. 1 also shows a nontrivial relationship between energy accu-
racy (left panel) and fidelity (right panel). In oxygen isotopes, Δ𝑄𝐸
scales roughly with 1 − 𝐹𝑄, indicating a direct correlation between en-
ergy error and infidelity. In contrast, for silicon isotopes, relatively 
small energy errors (Δ𝑄𝐸 = 0.06, 0.04, 0.02) correspond to low fidelities 
(1 − 𝐹𝑄 = 0.74, 0.49, 0.34). This highlights the importance of testing ad-
ditional ground-state properties besides the energy, as approximate cal-
culations may reach solutions that do not correspond to the real ground 
state of the system. We also note that the performance of the quasi-
particle pairing encoding is different in particle-hole symmetric nuclei. 
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Fig. 2. Energy relative error Δ𝑄𝐸 (blue bars, left scale) and infidelity 1 − 𝐹𝑄
(red bars, right scale) compared to FCI results, for Ca isotopes and 44Ti in the 
𝑝𝑓 shell, and Sn isotopes. The 42Ca and 102Sn results are below the scale.

For example, 20Ne, with 𝑁𝑛 = 𝑍𝑝 = 2, has an infidelity of 1 − 𝐹𝑄 = 0.64, 
whereas the corresponding particle-hole symmetric isotope, 36Ar, with 
𝑁𝑛 = 𝑍𝑝 = 10, has 1 − 𝐹𝑄 = 0.55. This is because the nuclear structure 
of particle-hole symmetric nuclei depends on the nuclear Hamiltonian. 
Indeed, 20Ne is more deformed than 36Ar and therefore less suited for 
our quasiparticle mapping.

Fig. 2 shows the energy relative error and infidelity of calcium 
isotopes and 44Ti in the 𝑝𝑓 shell, solved for the GXPF1A Hamilto-
nian [87] (but without scaling the interaction two-body matrix ele-
ments), as well as tin isotopes in a configuration space including 𝑔𝑑𝑠ℎ
orbitals using the GCN5082 Hamiltonian [88]. The analysis of these re-
sults is entirely consistent with those presented for the 𝑠𝑑 shell. The 
two-valence-nucleon systems 42Ca –the focus of Ref. [64]– and 102Sn are 
solved exactly, just like 18O. Besides these nuclei, calcium isotopes show 
small errors, Δ𝑄𝐸 ≤ 3 ⋅ 10−3 and high fidelities, 1 − 𝐹𝑄 ≤ 0.02. For 44Ti, 
with 𝑁𝑛 = 𝑍𝑝 = 2, the accuracy of our method drops significantly, with 
1 − 𝐹𝑄 = 0.76. Just as for the 𝑠𝑑 shell, moving away from semimagic 
nuclei degrades the quality of our quasiparticle approach.

For tin isotopes, the fidelities are large, 𝐹𝑄 ≥ 0.96, and the energy 
agreement with the FCI benchmark is similar to oxygen isotopes. These 
results confirm that the accuracy of the quasiparticle encoding approxi-
mation does not diminish in heavier systems. Notably, our approach can 
efficiently encode within the NSM heavy nuclei such as 102,104,106Sn, and 
beyond, which to our knowledge have not yet been implemented in the 
literature.

3.2.  Quantum annealing simulations

We assess the computational advantage of the quasiparticle mapping 
by simulating adiabatic time evolution within a T-QA framework. We 
evaluate the CNOT cost per unitary step for 𝑈 (Δ𝑡 + 𝑡, 𝑡) with Δ𝑡 and the 
trotterization order chosen to minimize trotterization errors. We then 
estimate the total number of required steps through classical simulation 
via matrix multiplication. We compare quantum annealing simulations 
of 𝐻NSM (with JW mapping) and 𝐻𝑄 (with the quasiparticle mapping), 
matching final-state fidelities. For example, for 20O, the evolution time 
𝜏 for 𝐻NSM is chosen such that 𝐹 (𝜏) = |⟨ΨFCI|Ψ(𝜏)⟩|2 = 0.95, the maxi-
mum fidelity achievable with 𝐻𝑄 (see the 1 − 𝐹𝑄 value for 20O in Fig. 1). 
For the T-QA using 𝐻𝑄, we choose 𝜏 so that the fidelity with respect to 
the exact 𝐻𝑄 ground state is 𝐹 (𝜏) = |⟨Ψ𝑄|Ψ(𝜏)⟩|2 ≥ 0.99. This guaran-
tees common final-state fidelities for both methods. We follow a similar 
strategy in the other semimagic nuclei of Fig. 3, where the fidelity re-
quirements on the calculations are in all cases higher than for 20O (see 
the 1 − 𝐹𝑄 values Figs. 1 and 2).

Fig. 3. Number of CNOT gates required in the trotterized quantum-annealing 
circuits for 𝐻NSM (black stars) and 𝐻𝑄 (violet circles), needed to reach the same 
fidelity for the ground state of each nucleus (see text for details).

Fig. 3 highlights that the quasiparticle approach reduces the number 
of CNOT gates by 2 − 3 orders of magnitude compared to the standard 
fermion encoding. This suggests a substantial advantage for the prac-
tical implementation of the T-QA protocol in a quantum device. While 
Fig. 3 focuses on cases with 𝐹𝑄 ≥ 0.95, the computational benefit of the 
quasiparticle encoding extends to lower-fidelities as well.

Remarkably, our results indicate a mild scaling –if any– of the num-
ber of needed CNOT gates as a function of the number of quasiparticle 
modes in the configuration space. This finding has already been ob-
served for nucleon modes in Ref. [23], but over a narrower range of 
nuclei. Also, Fig. 3 shows that the trend of the CNOT count as a func-
tion of the nucleus is very similar for 𝐻𝑄 and 𝐻NSM. For example, the 
maximum and the minimum requirement of CNOTs corresponds to 22O 
and 104Sn in both cases. This suggests that the T-QA protocol for 𝐻𝑄
closely resembles the one for 𝐻NSM [23], with comparable gaps and 
structure of the levels.

4.  Conclusion

We investigate a method that, by mapping nucleon modes into quasi-
particle pairs with opposite projections, reduces the computational com-
plexity of quantum algorithms to obtain NSM ground states. We con-
struct the projected quasiparticle Hamiltonian, 𝐻𝑄, to lowest order and 
benchmark its performance in reproducing the ground state of the NSM 
Hamiltonian, 𝐻NSM, for several 𝑠𝑑- and 𝑝𝑓 -shell nuclei, as well as tin 
isotopes. Our results show that for semimagic nuclei 𝐻𝑄 provides an ex-
cellent approximation, with high fidelity and low relative energy error. 
Moreover, in these cases we observe a significant computational advan-
tage in the complexity compared to a standard JW encoding of 𝐻NSM. 
Measured in CNOT gates, our approach reduces the total number up to 
2 − 3 orders of magnitude. Furthermore, the accuracy of the results and 
its computational complexity are comparable for lighter oxygen and for 
heavier tin isotopes.

However, for general open-shell nuclei whose nuclear structure is 
not dominated by quasiparticle pairs, the accuracy of our approach is 
significantly reduced, especially because it does not reach high fidelities. 
In order to address this limitation, we plan to investigate two possible 
avenues. First, one could explore hybrid fermion–quasiparticle represen-
tations [60], where selected nucleon modes remain in the fermionic ba-
sis. This would compromise the simplicity of our novel approach while 
capturing additional nuclear correlations relevant for open-shell nuclei. 
Second, one may add perturbative corrections to 𝐻𝑄 using the Brillouin–
Wigner formalism [78,78–81] to account for non-quasiparticle contribu-
tions via effective interactions.

Overall, our approach offers a promising pathway toward efficient 
quantum simulations of medium-to-heavy nuclei, balancing accuracy 

Physics Letters B 872 (2026) 140042 

4 



E. Costa, A. Pérez-Obiol, J. Menéndez et al.

and resource savings while paving the way for future extensions to gen-
eral, more complex nuclear systems.

Note added: while preparing this manuscript, the authors became 
aware of the preprint in Ref. [89], presenting a similar hard-core bo-
son mapping for the NSM in the context of VQE simulations.
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