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post-HF (CC/IM-SRG/etc.): 基底状態の束縛エネルギー/半径→ 132Sn, 208Pb領域へ
Eff. Ops.: 開殻のスペクトル, EM/GT遷移, etc.→valence CI costが律速, O近傍driplineやNi領域へ

核⼒に依拠した核構造計算の到達領域

Courtesy of H. Hergert, PAINT2025

←この図だけでも、
• Green's function Monte Carlo
• No-Core Shell Model
• post-HF (CC/IMSRG)
• post-HF + shell model

SMCC, VS-IMSRG, etc.

などなど、⼿法は様々

https://indico.triumf.ca/event/608/


4カイラル核⼒と基底状態の構造計算の歩み
2015 NNLOsat: NNLOまでのNN+3NFのLECsをtriton - Oxygen isotopeでfix

A. Ekström et al. PRC 91, 051301(R) (2015) 
Erratum PRC 109, 059901 (2024)

2011 EM1.8/2.0: K. Hebeler et al. Phys. Rev. C 83, 031301(R)

NN (SRG-evolved) + bare 3NF, 元はmatterの計算に関する論⽂
→ 後にmagic interactionと呼ばれるように.

2017 中重核の系統的なIM-SRG計算:

 J. Simonis et al.  Phys. Rev. C 96, 014303

2020 NN+3NF (lnl) ※local-nonlocalの略
 V. Soma et al. Phys. Rev. C 101, 014318  ⇨

2015~2020 「Saturation propertyが重要」
                    → 2020~ 「3NFのnon-local regulatorが重要」

V. SOMÀ et al. PHYSICAL REVIEW C 101, 014318 (2020)

34Si and 36S [17]. This is to a good extent confirmed here in
the neutron addition and removal spectra of 52Ca and 54Ca.
The agreement with experiment, however, deteriorates when
looking at the sd shell below N = 20, with this Hamiltonian
struggling to reproduce the observed inversion and reinversion
of the ground and first excited states along potassium isotopes.

So far, the novel NN + 3N(lnl) interaction had been ap-
plied only to specific cases [18,52,53] but never tested in a
systematic way. In the present work, its main ground-state
properties as well as some selected excitation spectra have
been studied extensively in light and medium-mass nuclei.
Results in light systems are very encouraging, with NCSM
calculations in overall good agreement with experiment even
for spectra that are known to be particularly sensitive to
nuclear forces. Total energies are well reproduced across
the whole light sector of the nuclear chart. In medium-mass
nuclei, present calculations focused on three representative
isotopic chains. Total binding energies are found to be in
remarkable agreement with experimental values all the way up
to nickel isotopes once ADC(3) correlations are included, thus
correcting for the overbinding generated with NN + 3N (400).
ADC(2) calculations of differential quantities, where ADC(3)
contributions essentially cancel out, are also very satisfac-
tory and are able to capture main trends and magic gaps in
two-neutron separation energies along all three chains. As
evidenced in Fig. 20, although largely improving on NN +
3N (400), rms charge radii obtained with the NN + 3N(lnl)
interaction still underestimate experimental results and do not
reach the quality of NNLOsat. On the other hand, this inter-
action yields an excellent spectroscopy, also where NNLOsat
strives to give even a qualitatively correct account of exper-
imental data. One-nucleon addition and removal spectra in
neutron-rich calcium are well reproduced. Impressively, the
evolution of the energy differences between the ground and
first excited states along potassium isotopes follows closely
the experimental measurements.

Further insight can be gained by gauging the importance
of 3N operators in the two interactions. In Fig. 21, the ratio
of 3N over 2N contributions to the total energy is displayed
for a selection of nuclei as a function of mass number A for
NNLOsat and NN + 3N(lnl). In the former, 3N operators are
much more relevant, reaching almost 20% of the 2N contribu-
tion in heavier systems. In contrast, the ratio stays rather low,
around 5%, for NN + 3N(lnl). This has first of all practical
consequences, as in the majority of many-body calculations
the treatment of 3N operators is usually not exact, following
either a normal-ordered two-body approximation (see, e.g.,
Ref. [27]) or some generalization of it [71]. Hence, a strong
3N component is in general not desirable. On top of that, one
might worry about the hierarchy of many-body forces from
the standpoint of EFT and possible need to include subleading
3N or 4N operators that could have a sizable effect.

Finally, let us compare NN + 3N(lnl) and NNLOsat to an
interaction that has been extensively employed in nuclear
structure studies in the past few years. Usually labeled as
1.8/2.0 (EM) and first introduced in Ref. [32], it has proven
to yield an accurate reproduction of ground-state energies (as
well as low-energy excitation spectra) over a wide range of
nuclei [30,52,113,114]. Furthermore, it leads to a satisfactory

FIG. 21. Ratio of expectation values of three- (V3N) and two-
body (V2N) operators in the NNLOsat and NN+ 3N(lnl) Hamiltonians.
In V2N, the two-body part of the center-of-mass kinetic energy
has been subtracted. For the NN+ 3N(lnl) interaction, V3N con-
tains original (i.e., SRG-unevolved) three-body forces while induced
three-body operators have been included in V2N. Calculations are
performed at the ADC(2) level. Results are shown for N = Z =
{8, 16, 20, 24, 28, 40} nuclei (full symbols), plus 48S and 78Ni (empty
symbols).

description of infinite nuclear matter properties [11,32,115].
In Fig. 22, binding energies per particle obtained within in-
medium similarity renormalization group (IM-SRG) calcula-
tions with the 1.8/2.0 (EM) interaction [30] are compared,
for a set of closed-shell systems, to the ones computed at the
ADC(3) level with NN + 3N(lnl) and NNLOsat. The three sets
of calculations achieve an overall excellent reproduction of
experimental data. While NNLOsat is superior in light nuclei,
it tends to slightly underbind some of the heavier systems. One
also notices a striking resemblance of the results obtained with
the NN + 3N(lnl) and 1.8/2.0 (EM) interactions (with the only

FIG. 22. Binding energy per particle for a set of doubly closed-
shell nuclei computed with three different NN + 3N interactions and
compared to available experimental data. NNLOsat and NN+ 3N(lnl)
values come from the present work and refer to ADC(3) calculations.
1.8/2.0 (EM) results were obtained via full-space IM-SRG(2) calcu-
lations and originally published in Ref. [30].
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Epelbaum et al. High-Precision Nuclear Forces From Chiral EFT

FIGURE 2 | Hierarchy of nuclear forces at increasing orders in chiral expansion in the Weinberg scheme. Solid and dashed lines refer to nucleons and pions,

respectively. Solid dots, filled circles, filled squares, filled diamonds, and open squares refer to vertices from the Lagrangian in Equation (1) of dimension ! = 0, 1, 2, 3,

and 4, respectively.

momentum space [17]. For the purpose of regularization we will
consider the two-nucleon interaction consisting of two distinct
parts: the short-range contact interaction part and the long-range
pion-exchange part. In this context, the term “semilocal” refers
to the application of a nonlocal regulator for the former and
a local regulator for the latter. In particular, the momentum-
space matrix elements of the contact potential are multiplied by a
simple nonlocal Gaussian regulator

→"p ′|Vcont|"p 〉reg = →"p ′|Vcont|"p 〉 e−
p′2+p2

"2 . (21)

Here and in what follows, p ≡ |"p | and p′ ≡ |"p ′|. Such kinds
of nonlocal regulators (albeit with different powers of p, p′, and
") have been and still are employed as the main method of
regularization for the entire potential including the long-range
interactions (see e.g., [23, 27, 112–115])9.

However, in Epelbaum et al. [21, 22] it was shown that
the amount of long-range cutoff artifacts can be significantly
reduced by employing a local regulator for pion-exchange
potentials. Notice that pion-exchange contributions, except for

9Notice that the aforementioned potentials (except the one of [112]) additionally
employ spectral function regularization (SFR) [116, 117] of the TPEP in the
form of a sharply cut-off spectral integral in order to suppress its remaining
unphysical short-distance behavior. Notice, however, that the application of a
nonlocal regulator exp(−(p2n + p′2n)/"2n) with suitably chosen n is sufficient to
arrive at UV-finite iterations of the potential.

some relativistic corrections, give rise to local potentials. We
require the regulator to preserve the long-range part of the
interaction, which is unambiguously determined in chiral EFT.
More precisely, for"≃Mπ , the regulator is required not to affect
the large-distance behavior of the n-pion exchange potential
Vnπ (r) ∼ exp(−nMπ r) f (r), with f (r) being an irrational
function, up to exponentially small corrections that vanish in
the limit " → ∞. Inspired by Rijken [118], this is achieved
in our momentum-space approach by regularizing the static
propagators of pions exchanged between different nucleons with
a local Gaussian cutoff via

1

l2 +M2
π

→ 1

l2 +M2
π

e
− l2+M2

π
"2 , (22)

with l = |"l| and "l denoting the three-momentum of the
exchanged pion. The introduction of the Gaussian form factor
in the pion propagators leads to properly regularized long-
range potentials that are finite at short distances in coordinate
space. In order to have a clean separation of the long-
range pion-exchange potential from the short-range contact
interactions, we made use of the available contact interactions
to subtract out the remaining (finite) admixtures of short-range
interactions [17]. The fixed coefficients of these subtractions
are determined from the requirement that the corresponding
coordinate-space potential and as many derivatives thereof as

Frontiers in Physics | www.frontiersin.org 7 April 2020 | Volume 8 | Article 98

E. Epelbaum Front. Phys. 8:98.
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5Nuclear Lattice EFTの進展から

In [24], we benchmark the charge radii of 16O and 17O
using both the standard pinhole and the partial pinhole
algorithms with the simple Hamiltonian HS. Although we
find that both methods yield consistent charge radii, the
partial pinhole algorithm maintains a significantly larger
average phase factor and substantially reduces statistical
uncertainties, particularly in the case of 17O. This improve-
ment becomes even more substantial for heavier nuclei
such as 40Ca, and is further amplified when applying the
full N3LO chiral interactions.
Figure 1 shows the charge radii of 16O, 17O, 18O, and 20O

calculated using the partial pinhole algorithm together with
the chiral interactions at N3LO, where a specified set of
three-body forces is adopted [24]. Due to the substantial
suppression of the sign oscillations, we are now able to
reach significantly larger imaginary times as compared to
earlier works. For 16O, 17O, and 18O, the calculated radii
exhibit a clear exponential decay behavior. A double-
exponential fit is used to account for residual excited-state
contamination and extrapolate the results to τ → ∞; see
Supplemental Material [24] for details. The uncertainties of
the extrapolation are quantified using the covariance matrix
obtained from the nonlinear fit. The extrapolated charge
radii at τ → ∞ are 2.695(8), 2.702(7), and 2.772(6) fm,
respectively. Compared to the corresponding results pre-
sented in Ref. [21], the 1σ uncertainties are significantly
reduced. This substantial improvement in precision enables
a detailed investigation of the subtle isotopic trend in the
charge radii of oxygen isotopes. This level of precision also
makes it feasible to probe smaller effects such as relativistic
spin-orbit corrections and two-nucleon currents in the

future. For 20O, however, the stronger sign problem arising
from its larger proton-neutron asymmetry prevents the
simulation from reaching very large projection times,
and the extrapolation is terminated at τ ¼ 0.4 MeV−1.
As a result, the extrapolated charge radius exhibits a larger
uncertainty.
The extrapolated charge radii are summarized in Table I,

where results using nine additional sets of three-nucleon
forces are included to estimate theoretical uncertainties
[31]. Note that the central values and the corresponding
errors are shifted compared to the extrapolated ones in
Fig. 1. The results show that 16O and 17O have very similar
charge radii, while 18O exhibits a noticeable increase,
consistent with experimental data [1]. We note that,
although 16O is commonly described as a spherical doubly
magic nucleus within shell-model-based approaches,
NLEFT simulations predict a distinct tetrahedral arrange-
ment of alpha clusters [32]. Similar alpha-cluster structures
in 8Be [33], 12C [34], and 20Ne [35] have also been predicted
by NLEFT in their ground states. Supporting this picture,
previous NLEFT studies [34] demonstrated that the ground
state of 12C robustly converges to an equilateral triangular
arrangement of alpha clusters independent of the choice of
the initial state. By analogy, assuming that 16O similarly
forms a stable tetrahedral cluster configuration as indicated
by NLEFT calculations, this intrinsic clustering could
explain the success of NLEFT in reproducing oxygen
isotope charge radii.
We also compute the matter radii of oxygen isotopes

using the partial pinhole algorithm. The results for 16O, 17O,
18O, and 20O are shown in Fig. 2. Similar to the charge radii
shown in Fig. 1, we perform a double-exponential fit to
extrapolate the data to τ → ∞; see [24] for details. In
contrast to the charge radii, the matter radii increase
monotonically with mass number. The extrapolated matter

FIG. 1. Left: charge radii of oxygen isotopes calculated using
the partial pinhole algorithm with the N3LO interaction as
functions of the projection time τ. The black squares, red circles,
blue upward triangles, and green downward triangles represent
the results for 16O, 17O, 18O, and 20O, respectively. The solid lines
denote fits using a double-exponential function, with the shaded
bands indicating the 1σ uncertainties. Right: diamonds indicate
the charge radii deduced from electron scattering data for 16O
(black), 17O (red), and 18O (blue). Horizontal lines represent the
extrapolated values at τ → ∞ from the left panel, with shaded
bands showing the 1σ uncertainties.

TABLE I. The charge and matter radii (units are fm) calculated
by the partial pinhole algorithm using the N3LO interaction,
where the theoretical uncertainties are estimated using ten sets of
three-nucleon forces. The available experiment data (Exp.) are
also given for comparison. Exp. ðe; eÞ [1]: charge radii deduced
from electron scattering data. Exp. ðe; eÞ, ðp; pÞ [13]: matter radii
deduced from electron scattering and proton scattering data. Exp.
σI [2]: matter radii deduced from interaction cross sections. Exp.
σcc [16]: matter radii deduced from charge changing cross
sections.

16O 17O 18O 20O

rch [NLEFT] 2.704(17) 2.709(15) 2.768(17) 2.810(32)
Exp. ðe; eÞ 2.699(5) 2.693(8) 2.776(2)
rm [NLEFT] 2.576(17) 2.651(14) 2.744(19) 2.863(33)
Exp. ðe; eÞ, ðp; pÞ 2.60(8) 2.67(10) 2.77(10) 2.90(10)
Exp. σI 2.54(2) 2.59(5) 2.61(8) 2.69(3)
Exp. σcc 2.57(2) 2.64(8) 2.71(3)

PHYSICAL REVIEW LETTERS 135, 152502 (2025)
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radii are listed in Table I, along with values obtained using
nine additional sets of three-nucleon forces [31].
In Table I, we also compare our results with experimental

matter radii extracted from electron and proton scattering
[ðe; eÞ and ðp; pÞ] [13], interaction cross sections (σI) [2],
and charge-exchange cross sections (σcc) [16]. Unlike charge
radii, the extraction of matter radii often involves some
degree ofmodel dependence, leading todiscrepancies among
different experimental methods. For example, matter radii
derived from low-energy proton elastic scattering tend to be
systematically larger than those extracted from σI and σcc
measurements. The most notable case is 20O, where
differences up to 0.2 fm are observed among the three
different measurements. As discussed in Ref. [13], the ðe; eÞ
and ðp; pÞdata provide amore reliable descriptions, since the
correlations in the target are usually not included in the other
methods. From Table I, we can find our calculated matter
radii agree well with the values extracted from ðe; eÞ and
ðp; pÞ data, and thus support the statement given inRef. [13].
Summary and perspectives—We have performed an

ab initio calculation of the charge and matter radii of
oxygen isotopes from 16O to 20O using nuclear lattice
effective field theory (NLEFT) with the high-fidelity N3LO
chiral interactions. To mitigate the Monte Carlo sign
problem in nuclear radius calculations, we introduce the
partial pinhole algorithm, which reduces the rank of the
many-body density operator in the standard pinhole
approach and significantly lowers the statistical uncertain-
ties. This method enables access to much larger projection
times and extends the applicability to more neutron-rich
and proton-rich nuclei. Our results accurately reproduce the

experimental charge radii of 16O, 17O, and 18O, demonstrat-
ing the capability of NLEFT in describing nuclear structure
properties. The charge radius of 20O is predicted to be 2.810
(32) fm. The calculated matter radii show excellent agree-
ment with values extracted from low-energy electron and
proton scattering, while deviating from those inferred from
interaction and charge-exchange cross sections. These
results underscore the need for further experimental clari-
fication, particularly for neutron-rich isotopes, with
improved precision and reduced model dependence.
As a general and versatile method, the partial pinhole

algorithm holds broad potential future applications. It can
be integrated with other Monte Carlo techniques, such as
the perturbative quantum Monte-Carlo method [36], and
has already been successfully applied to the calculation of
additional observables, including electromagnetic transi-
tions [33]. Its ability to suppress sign oscillations while
maintaining high accuracy suggests wide applicability not
only across nuclear systems, but also to broader classes of
quantum many-body problems.
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FIG. 2. Left: matter radii of oxygen isotopes calculated using
the partial pinhole algorithm with the N3LO interaction as
functions of the projection time τ. The black squares, red circles,
blue upward triangles, and green downward triangles represent
the results for 16O, 17O, 18O, and 20O, respectively. The solid lines
denote fits using a double-exponential function, with the shaded
bands indicating the 1σ uncertainties. Right: diamonds indicate
the matter radii deduced from electron scattering and proton
scattering data for 16O (black), 17O (red), 18O (blue), and 20O
(green). Horizontal lines represent the extrapolated values at τ →
∞ from the left panel, with shaded bands showing the 1σ
uncertainties.
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- 酸素同位体の荷電半径を説明&20Oの予⾔

- matter radiusの測定に⾔及できる精度
※ e/p弾性散乱 vs I/CC

In [24], we benchmark the charge radii of 16O and 17O
using both the standard pinhole and the partial pinhole
algorithms with the simple Hamiltonian HS. Although we
find that both methods yield consistent charge radii, the
partial pinhole algorithm maintains a significantly larger
average phase factor and substantially reduces statistical
uncertainties, particularly in the case of 17O. This improve-
ment becomes even more substantial for heavier nuclei
such as 40Ca, and is further amplified when applying the
full N3LO chiral interactions.
Figure 1 shows the charge radii of 16O, 17O, 18O, and 20O

calculated using the partial pinhole algorithm together with
the chiral interactions at N3LO, where a specified set of
three-body forces is adopted [24]. Due to the substantial
suppression of the sign oscillations, we are now able to
reach significantly larger imaginary times as compared to
earlier works. For 16O, 17O, and 18O, the calculated radii
exhibit a clear exponential decay behavior. A double-
exponential fit is used to account for residual excited-state
contamination and extrapolate the results to τ → ∞; see
Supplemental Material [24] for details. The uncertainties of
the extrapolation are quantified using the covariance matrix
obtained from the nonlinear fit. The extrapolated charge
radii at τ → ∞ are 2.695(8), 2.702(7), and 2.772(6) fm,
respectively. Compared to the corresponding results pre-
sented in Ref. [21], the 1σ uncertainties are significantly
reduced. This substantial improvement in precision enables
a detailed investigation of the subtle isotopic trend in the
charge radii of oxygen isotopes. This level of precision also
makes it feasible to probe smaller effects such as relativistic
spin-orbit corrections and two-nucleon currents in the

future. For 20O, however, the stronger sign problem arising
from its larger proton-neutron asymmetry prevents the
simulation from reaching very large projection times,
and the extrapolation is terminated at τ ¼ 0.4 MeV−1.
As a result, the extrapolated charge radius exhibits a larger
uncertainty.
The extrapolated charge radii are summarized in Table I,

where results using nine additional sets of three-nucleon
forces are included to estimate theoretical uncertainties
[31]. Note that the central values and the corresponding
errors are shifted compared to the extrapolated ones in
Fig. 1. The results show that 16O and 17O have very similar
charge radii, while 18O exhibits a noticeable increase,
consistent with experimental data [1]. We note that,
although 16O is commonly described as a spherical doubly
magic nucleus within shell-model-based approaches,
NLEFT simulations predict a distinct tetrahedral arrange-
ment of alpha clusters [32]. Similar alpha-cluster structures
in 8Be [33], 12C [34], and 20Ne [35] have also been predicted
by NLEFT in their ground states. Supporting this picture,
previous NLEFT studies [34] demonstrated that the ground
state of 12C robustly converges to an equilateral triangular
arrangement of alpha clusters independent of the choice of
the initial state. By analogy, assuming that 16O similarly
forms a stable tetrahedral cluster configuration as indicated
by NLEFT calculations, this intrinsic clustering could
explain the success of NLEFT in reproducing oxygen
isotope charge radii.
We also compute the matter radii of oxygen isotopes

using the partial pinhole algorithm. The results for 16O, 17O,
18O, and 20O are shown in Fig. 2. Similar to the charge radii
shown in Fig. 1, we perform a double-exponential fit to
extrapolate the data to τ → ∞; see [24] for details. In
contrast to the charge radii, the matter radii increase
monotonically with mass number. The extrapolated matter

FIG. 1. Left: charge radii of oxygen isotopes calculated using
the partial pinhole algorithm with the N3LO interaction as
functions of the projection time τ. The black squares, red circles,
blue upward triangles, and green downward triangles represent
the results for 16O, 17O, 18O, and 20O, respectively. The solid lines
denote fits using a double-exponential function, with the shaded
bands indicating the 1σ uncertainties. Right: diamonds indicate
the charge radii deduced from electron scattering data for 16O
(black), 17O (red), and 18O (blue). Horizontal lines represent the
extrapolated values at τ → ∞ from the left panel, with shaded
bands showing the 1σ uncertainties.

TABLE I. The charge and matter radii (units are fm) calculated
by the partial pinhole algorithm using the N3LO interaction,
where the theoretical uncertainties are estimated using ten sets of
three-nucleon forces. The available experiment data (Exp.) are
also given for comparison. Exp. ðe; eÞ [1]: charge radii deduced
from electron scattering data. Exp. ðe; eÞ, ðp; pÞ [13]: matter radii
deduced from electron scattering and proton scattering data. Exp.
σI [2]: matter radii deduced from interaction cross sections. Exp.
σcc [16]: matter radii deduced from charge changing cross
sections.

16O 17O 18O 20O

rch [NLEFT] 2.704(17) 2.709(15) 2.768(17) 2.810(32)
Exp. ðe; eÞ 2.699(5) 2.693(8) 2.776(2)
rm [NLEFT] 2.576(17) 2.651(14) 2.744(19) 2.863(33)
Exp. ðe; eÞ, ðp; pÞ 2.60(8) 2.67(10) 2.77(10) 2.90(10)
Exp. σI 2.54(2) 2.59(5) 2.61(8) 2.69(3)
Exp. σcc 2.57(2) 2.64(8) 2.71(3)
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c.f. wavefunction matching Nature volume 630, pages59–63 (2024)

Z.Ren et al.
Phys. Rev. Lett. 135, 152502 (2025)

“A challenge for Nuclear forces” PRL117, 052501 (2016)
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6ab initio計算の⽬指すところ&関連した話題
Uncertainty quantification (UQ)
/不定性評価

- 相互作⽤由来の統計誤差

- EFT truncation, many-body trunc.

- etc.

理論の予測は”点”から、これまで蓄積
した知識を反映した分布(信頼区間)へ

Surrogate models/Emulators

UQには、104通りのinputなど
異なるsetupで計算する必要がある

high-fidelityな計算⽅法で、
~1%のerrorを許してでも
3-5桁の⾼速化がしたい

代表例: 
・Eigenvector continuation
   ≒ Reduced basis methods 
   T. Duguet et al. 

Rev. Mod. Phys. 96, 031002 (2024)

・Data-driven approaches (e.g. ML)
B. D. Carlsson et al. Phys. Rev. X 6, 011019 (2016)

https://doi.org/10.1103/RevModPhys.96.031002
https://doi.org/10.1103/RevModPhys.96.031002
https://doi.org/10.1103/RevModPhys.96.031002
https://doi.org/10.1103/PhysRevX.6.011019
https://doi.org/10.1103/PhysRevX.6.011019
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8今⽇の話題
量⼦計算機は、核構造・反応計算の到達領域・理解を塗り替えるか︖

私の⽴場は「現状まだ分からないが、分野として
誤り訂正を有した量⼦計算機の到来に備えておくべきであろう」

Courtesy of H. Hergert, PAINT2025

Few-body/GFMC/NCSM/
post-HF(CC, IM-SRG, etc.)の到達領域

Google team, Nature 574 505 (2019)

https://indico.triumf.ca/event/608/


9NISQからFTQCへ
NISQ = Noisy Intermediate-Scale Quantum device
FTQC = Fault-Tolerant Quantum Computer

阪⼤藤井啓祐先⽣の講演資料より

https://www.soumu.go.jp/main_content/000775388.pdf


10How to realize qubits

(CC) Olivier Ezratty, 2023 slide

Note: may be outdated due to extremely rapid development of technology and market

https://www.oezratty.net/Files/Presentations/Olivier%20Ezratty%20Quantum%20Computing%20Challenges%20DTU%20Dec2023.pdf
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(CC) Olivier Ezratty



12量⼦優位性が期待されるアプリケーションは︖

量⼦優位性の達成には、精緻なリソース推定&課題設計が不可⽋

respectively) within plausible runtime. Furthermore, a significant difference
from ab initio quantum chemistry calculations is highlighted in the feasi-
bility of system size N ~ 1000 logical qubit simulations, especially in simu-
lation of 2d Heisenberg model that utilizes the parallelization technique for
the oracles (See Supplementary Note 8 for details).

For concreteness, let us focus on the simulation for systems with
lattice size of 10 × 10, where we find the quantum algorithm to out-
perform the classical one. Using the error scaling, we find that the
DMRG simulation is estimated to take about 105 and 109 seconds in 2d
Heisenberg and 2d Fermi-Hubbard models, respectively. On the other
hand, the estimation based on the dedicated quantum circuit compi-
lation with the most pessimistic equipment (denoted as “Single" in Fig.
6) achieves runtime below 105 seconds in both models. This is further
improves by an order when we assume a more abundant quantum
resource. Concretely, using a quantum computer with multiple magic
state factories (nF = 16) that performs multi-thread execution of the
qubitization algorithm (nTh = 16), the quantum advantage can be
achieved within a computational time frame of several hours.We find it
informative to also display the usual T-count-based estimation; it is
indeed reasonable to assume a clock rate of 1–10 kHz for single-thread
execution, while its precise value fluctuates depending on the problem
instance.

We note that the classical algorithm (DMRG) experiences an
exponential increase in the runtime to reach the desired total energy
accuracy ϵ = 0.01. This outcome is somewhat expected, since one must
enforce the MPS to represent 2d quantum correlations into 1d via
cylindrical boundary condition38,51. Meanwhile, the prefactor is sig-
nificantly lower than that of other tensor-network-based methods,
enabling its practical use in discussing the quantum-classical crossover.
For instance, although the formal scaling is exponentially better in var-
iational PEPS algorithm, the runtime in 2d J1-J2 Heisenberg model
exceeds 104 seconds already for the 6 × 6 model, while the DMRG algo-
rithm consumes only 102 seconds (See Fig. 6a). Even if we assume that the
bond dimension of PEPS can be kept constant for largerN, the crossover
between DMRG and variational PEPS occurs only above the size of
12 × 12. As we have discussed previously, we reasonably expect D !
O"log"N## for simulation of fixed total accuracy, and furthermore expect
that the number of variational optimization also scales polynomially with
N. This implies that the scaling is much worse thanO(N); in fact, we have
used constant value of D for L = 4, 6, 8 and observe that the scaling is
already worse than cubic in our setup. Given such a scaling, we conclude
that DMRG is better suited than the variational PEPS for investigating
the quantum-classical crossover, and also that quantum algorithms with
quadratic scaling on N runs faster in the asymptotic limit.

Portfolio of crossover under various algorithmic/
hardware setups
It is informative tomodify thehardware/algorithmic requirements to explore
the variation of quantum-classical crosspoint. For instance, the code distance
of the surface code depends on p and ϵ as (See Supplementary Note 9)

d ! O
log"N=ϵ#
log"1=p#

! "
: "5#

Note that this also affects the number of physical qubits via the number of
physical qubit per logical qubit 2d2. We visualize the above relationship
explicitly in Fig. 7, which considers the near-crosspoint regime of 2d J1-J2
Heisenbergmodel and2dFermi-Hubbardmodel. It canbe seen fromFig. 7a,
b, d, e that the improvementof the error ratedirectly triggers the reductionof
the required code distance, which results in s significant suppression of the
number of physical qubits. This is even better captured by Fig. 7c, f. By
achieving a physical error rate of p = 10−4 or 10−5, for instance, one may
realize a 4-fold or 10-fold reduction of the number of physical qubits.

The logarithmic dependence for ϵ in Eq. (5) implies that the target
accuracy does not significantly affect the qubit counts; it is rather associated
with the runtime, since the total runtime scaling is given as

t ! O
N2 log"N=ϵ#
ϵ log"1=p#

! "
; "6#

which now shows polynomial dependence on ϵ. Note that this scaling is
based on multiplying a factor of d to the gate complexity, since we assumed
that the runtime is dominated by the magic state generation, of which the
time is proportional to the code distance d, rather than by the classical
postprocessing (see Supplementary Notes 8 and 9). As is highlighted in
Fig. 8, we observe that in the regime with higher ϵ, the computation is
completed within minutes. However, we do not regard such a regime as an
optimalfield for the quantumadvantage. The runtimeof classical algorithms
typically shows higher-power dependence on ϵ, denoted as O(1/ϵγ), with
γ ~ 2 for J1-J2Heisenbergmodel andγ ~ 4 for theFermi-Hubbardmodel (see
Supplementary Note 2), which both implies that classical algorithms are
likely to run even faster than quantum algorithms under large ϵ values. We
thus argue that the setup of ϵ = 0.01 provides a platform that is bothplausible
for the quantum algorithm and challenging by the classical algorithm.

Discussion
Our work has presented a detailed analysis of the quantum-classical
crossover in condensedmatter physics, specifically, pinpointing the juncture
where the initial applications of fault-tolerant quantum computers

Fig. 6 | Runtime-based quantum-classical crossover.Here we show the results for
(a) 2d J1-J2 Heisenberg model of J2/J1 = 0.5 and (b) 2d Fermi-Hubbard model of U/
t = 4. The blue and red circles are the runtime estimate for the quantum phase
estimation using the qubitization technique as a subroutine, whose analysis involves
quantum circuit compilation of all the steps (I), (II), and (III). All the gates are
compiled under the Clifford+T formalism with each logical qubits encoded by the
surface code with code distance d around 17 to 25 assuming physical error rate of
p = 10−3 (See Supplementary Note 9). Here, the number of magic state factories nF
and number of parallelization threads nth are taken as (nF, nth) = (1, 1) and (16, 16)

for “Single" and “Parallel," respectively. The dotted and dotted chain lines are
estimates that only involve the analysis of step (II); calculation is based solely on the
T-count of the algorithmwith realisticT-gate consumption rate of 1kHz and 1MHz,
respectively. The green stars and purple triangles are data obtained from the actual
simulation results of classical DMRG and variational PEPS algorithms, respectively,
with the shaded region denoting the potential room for improvement by using the
most advanced computational resource (See Supplementary Note 2). Note that the
system size is related with the lattice size M ×M as N = 2M2 in the Fermi-
Hubbard model.

https://doi.org/10.1038/s41534-024-00839-4 Article

npj Quantum Information | ����������(2024)�10:45� 6

N. Yoshioka et al. npj Quantum Info. 10, 45 (2024)

Quantum Phase Estimation with “Qubitization”

計算量/計算理論としての優位性のほか、runtime上の優位性も重要

https://www.nature.com/articles/s41534-024-00839-4
https://www.nature.com/articles/s41534-024-00839-4


13Difference from other quantum many-body systems
Quantum chemistry:

99 > % of energy of a molecule in 
equilibrium is explained within Hartree-
Fock level”

(i.e., single Slater determinant)

rest 1 % is called correlation energy

Møller – Plesset (MP a.k.a MBPT)

Coupled Cluster Single and Double (CCSD)

CCSD + Triple (CCSDT)

Full Configuration interaction (Full-CI)

Interaction=highly non-perturbative & uncertain

many channels, three-nucleon force,...

56Ni under softened Nuclear Force (Chiral EFT)

HF = - 302.716 MeV

HF + MP2 + MP3 = -473.089 MeV
(MP2 = -152.533, MP3 = -17.716) 

 c.f. Energy (Exp.) = -483.996 MeV

Nuclear physics:

accurate but computationally demanding

Solve
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0p3/2

0p1/2

0s1/2

0d3/2
1s1/2
0d5/2

proton neutron

e=1

e=2

e=0

e3 = 4

No-core Shell Model (emax = 2)

Nexc.=2

Similar discussion in a different way
Condensed matter (spin systems)

Nuclear system

- almost all-to-all connectivity

-  proton/neutron dof.

-  Three Nucleon Force
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Figure S12. Improvement of the estimator accuracy (with configuration recovery) by increasing the number of determinants for
the subspace expansion and diagonalization. Potential energy surface of the N2 molecule (cc-pVDZ) obtained from the HPC
quantum estimator estimator using measurements outcomes from the quantum device. The energies reported correspond to

the lowest energy amongst the K batches of configurations, i.e. mink

(
E

(k)
)
. Di!erent subspace dimensions d are considered,

as indicated in the legend. Di!erent classical methods are shown for reference.

Figure S13. Classical-resource scaling of the HPC estimator with configuration recovery and orbital optimizations. (a) Vertical
scaling of the solver (increase number of CPUs per node) for [2Fe-2S]. (b) Relative runtimes of blocks of the estimator for
[2Fe-2S]. (c) Horizontal scaling of the estimator. Total runtime without horizontal scaling is S · (NSCF +K) ·NCR. The total
runtime with horizontal scaling is S · (NSCF + 1) · NCR, where S is the runtime of the solver, K is the number of nodes in a
cluster, NCR is the number of iterations, and NSCF is the number of orbital optimization steps.

of the subspace dimension d, or by collecting more batches of configurations K. The DICE library allows to distribute
the subspace diagonalization across a number of independent computer nodes. It is expected that more classical
nodes will yield faster runtimes per diagonalization. For this experiment the Heron device Montecarlo is used, with
|X | = 3163742 collected measurement outcomes, and phw

N = 5.4 · 10→4.
Fig. S14 (a) shows the runtime of the diagonalization of a single batch of configurations as a function of the number

of classical nodes. Di!erent subspace dimensions are considered. As expected, with an increased number of nodes,
the runtime of the diagonalization decreases. After a certain number of nodes, the speedup saturates, due to the
overhead in inter-node communications. This panel allows us to identify the number of classical nodes necessary to

N2 molecule

Science Advances 11, 25 (2025)
Chemistry (electronic system)

https://www.science.org/doi/10.1126/sciadv.adu9991


15ボトルネックとなる量⼦ゲート
NISQ ⇨ 2-qubit ゲート (例: CNOT)

FTQC ⇨ ⾮-Clifford ゲート (典型的にはT-gate)

Arbitrary Rz rotation can be approximated by ~ 100 T-gates with ε = 10-10 

1000 CNOTs in your circuit?

Even with “three-nine”
accuracy... (0.999)1000 ~ 0.37 
you will get noisy outcome!!

NISQ/FTQCのそれぞれの問題設定でリソース推定/検証が不可⽋

target

control

If control qubit is |1>, apply NOT on target

on |00>, |01>, |10>, |11>

N.J. Ross and P. Selinger: Quantum Information and Computation 16(11-12):901-953, 2016

https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
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17Target: core + valence neutron system

valence two neutron systems 6He, 18O, 42Ca
on IBM device

18-26O (sd), 42-58Ca (pf), 58-76Ni (jj45)

Live Chart of Nuclides

Z (atomic number)

primary decay mode

SY et al. PRC 109, 064305 (2024)

on Reimei SY et al. PRR 8, 013134 (2026)

10.1103/PhysRevC.109.064305
https://doi.org/10.1103/td9s-z7my
https://doi.org/10.1103/td9s-z7my
https://doi.org/10.1103/td9s-z7my
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FIG. 2. Sketched quantum circuits for preparing the pUCCD ansatz taking 22O as an example. Original single-particle states in the sd shell
consist of twelve states for neutrons, which are now represented by six qubits in the HCB representation. (a) Circuit layout suitable for devices
with heavy-hexagon connectivity. (b) Circuit layout for all-to-all connectivity. First, the reference state is prepared by applying X gates to
qubits. Then, Givens rotations are applied to take into account particle-hole excitations of nucleon pairs. Single-qubit rotations are applied as
needed prior to measuring Hamiltonian expectation values.

time-reversal nucleon pairs [denoted by UCCD (ν = 0) in
the following where ν is the seniority]. Although formally
equivalent to DOCI, their implementation yielded ground-
state errors of 3%–13% relative to FCI, depending on the
isotope. One limitation arises from the scaling of circuit
parameters: The number of Givens rotations to express the
excitations/deexcitations of nucleon pairs grows rapidly with
system size, making direct application to heavier isotopes
impractical.

By contrast, the pUCCD ansatz with a single Trotter step
scales more favorably, as

Nparam = Nocc.(Nq − Nocc.), (16)

where Nocc. is the number of occupied pairs and Nq is the
number of qubits in the HCB representation. This scaling is
significantly milder than that of UCCD (ν = 0), as summa-
rized in Table II. Note that the FCI dimension is also shown
in the table for reference, and these show the number of con-
figurations in the so-called M scheme; i.e., the basis states are
labeled by the sum of the jz values of the single-particle states.
For even number of neutrons, all the states with different total
angular momentum J are included in the M = 0 subspace
leading to the FCI dimension shown in the table.

C. Measurement of energy expectation values

Once the ansatz circuit is prepared, the next task is to evalu-
ate the expectation value of the Hamiltonian. First, we discuss
our optimization approach; then, we detail the measurement
strategies. In this work, the parameters of the pUCCD ansatze
were optimized on state vector simulators using the Adam
optimizer with PennyLane [46]. This is still an idealized set-
ting, but good starting point to evaluate the ansatz quality and
measurement strategies, and to benchmark hardware results.
The strategy to optimize the ansatz circuit on a real device
is left as a future issue. Optimization directly on quantum
hardware remains an open problem, for which gradient-free
sequential approaches [47] may offer a promising path.

Once the ansatz circuit is prepared, the next task is to eval-
uate the expectation value of the Hamiltonian. For noise-free
simulations, one does not need to care about the measurement
strategy, but it is a crucial point to be considered for noisy
simulations and experiments on hardware.

Diagonal terms in the computational basis, i.e., opera-
tors involving {I, Zi, Zi ⊗ Zj}, can be obtained by measuring
the ansatz circuit in the computational basis. In this case,
postselection techniques are naturally applicable: Bitstrings
violating the particle number of the target system are dis-
carded.

TABLE II. Comparison of Hilbert-space dimension and ansatz
parameter counts. For each nucleus, we list the number of qubits Nq

in both Fermionic and HCB representations, the FCI dimension in
the M = 0 sector, the number of variational parameters required by
UCCD (ν = 0) (unitary coupled-cluster doubles restricted to zero-
seniority/paired configurations), and the number of parameters for
the pUCCD ansatz implemented with a single Trotter step.

Nq Dimensions

Nucleus Fermionic/HCB FCI UCCD (ν = 0) pUCCD

18O, 26O 12/6 14 5 5
20O, 24O 81 14 8
22O 142 19 9
42Ca, 58Ca 20/10 30 9 9
44Ca, 56Ca 565 44 16
46Ca, 54Ca 3952 119 21
48Ca, 52Ca 12 022 209 24
50Ca 17 276 251 25
58Ni, 76Ni 22/11 19 10 10
60Ni, 74Ni 365 54 18
62Ni, 72Ni 3103 164 24
64Ni, 70Ni 12 240 329 28
66Ni, 68Ni 23 884 461 30

013134-5
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0p3/2

0p1/2

0s1/2

0d3/2
1s1/2
0d5/2

proton neutron

sd shell

active space/valence space

16O core

original (Fermionic) representation pair-wise/HCB repr.

inert 16O core

FIG. 3. Schematic figure of the hard-core boson (HCB)
representation of single particle states. This example shows
a configuration of 22O nucleus on top of the inert core 16O.
The active (valence) space consists of 1s1/2, 0d3/2, and 0d5/2
single-particle states.

sists of 12 basis states for both protons and neutrons.
Within the zero-seniority approximation, one can restrict
the involved degrees of freedom to the time-reversal pairs
of nucleons, neutrons in this case. Then, the number of
qubits required to represent the system is reduced to half
of the one in the original Fermionic representation.

The Hamiltonian in the HCB representation is given
in the following form:

H =
∑

i<0

ωi(a
†
iai + a

†
ī
aī) +

∑

i<0

Vīiīia
†
ia

†
ī
aīai

+
∑

i →=j<0
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†
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†
ī
aj̄aj +

1

4

∑

i,j /↑{i,̄i}

Vijijninj , (3)

where i < 0 means that the summation is taken over the
single-particle states with negative jz values, i.e. jz < 0.
The last term was absent for valence two-neutron systems
as in the previous work [26], and this term can be re-
garded as the mean-field term from other occupied pairs.

By introducing the pair creation, pair annihilation op-
erators, and pair occupation number operators

A
†
ĩ
= a

†
ia

†
ī
, (4)

Aĩ = aīai, (5)

Nĩ =
1

2
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1

2
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a
†
iai + a

†
ī
aī

)
(6)

we can rewrite the Hamiltonian into the pairwise or hard-
core boson (HCB) form as follows:

H
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∑

ĩ

(ωĩ + V
p
ĩ̃i
)Nĩ +

∑

ĩ →=j̃

V
p
ĩj̃
A

†
ĩ
Aj̃ +

∑

ĩ →=j̃

V
m
ĩj̃
NĩNj̃ ,

(7)
ωĩ → 2ωi = ωi + ωī, (8)
V

p
ĩj̃
→ Vīijj̄ , (9)

V
m
ĩj̃

→ Vijij + Vij̄ij̄ + Vījīj + Vīj̄īj̄ . (10)

More detailed derivation of the pair-wise form of the
Hamiltonian is given in the Supplementary Information,
and we merely quote the result here. It should be noted
that the factors 1/2 in Eq. (6) is usually omitted as in
our previous work [26], but this form is more natural to
regard Nĩ as the occupation number of the pair degree
of freedom.

The paired neutrons operators satisfy the bosonic com-
mutation relations, but occupying the same pair of neu-
trons is prohibited. This leads to the terminology of
hard-core boson (HCB). One benefit of HCB represen-
tation of the Hamiltonian beyond the reduction of the
number of qubits is that one is free from the non-local
terms arising from the mapping of the Hamiltonian to the
Pauli operators. From Jordan-Wigner mappings, Pauli-
Z terms appear to maintain the anti-commutation rela-
tions of the fermionic operators. In some literature, these
Pauli-Z terms are omitted, which is referred to as qubit
excitation in Refs. [48, 49], as a hardware-e!cient map-
ping. Those Pauli-Z terms naturally cancel out in the
pair-wise form of the Hamiltonian.

We can map this Hamiltonian to the Pauli operators
as follows:

H
pw
qubit =

∑

ĩ

ωĩ + V
p
ĩ̃i

2
(Iĩ ↑ Zĩ) +

1

4

∑

ĩ →=j̃

V
p
ĩj̃
(XĩXj̃ + YĩYj̃)

+
1

4

∑

ĩ →=j̃

V
m
ĩj̃
(Iĩ ↑ Zĩ)(Ij̃ ↑ Zj̃), (11)

All the terms are classified into the terms with
{I, Z, ZZ}, and the terms with {XX,Y Y }. The former
terms, which are diagonal in the computational basis,
can be obtained through measurements of the ansatz cir-
cuit, while the latter terms need other circuits to measure
the expectation values. More detailed discussion on the
measurement of the expectation values is given later.

ansatze

The ansatz plays a crucial role in quantum computing
both within NISQ and FTQC regimes. Many quantum
algorithms are based on the anticipation that the ansatz
or the trial wave function give a good approximation to
the target state of the system or, at least, finite overlap
with the true target state. Especially in the NISQ regime,
the ansatz should be simple enough to be implemented
on the current quantum devices, while it should be flex-
ible enough to well approximate the target state. Here
we focus on the ansatz circuit to express the trial wave
functions for the ground state of even-number neutron
systems.

In this work, we utilize pair unitary coupled cluster
doubles (pUCCD) ansatze to even-even multi-neutron
systems and demonstrate that the accuracy and e!ciency
of the ansatze. As shown in Fig. 1, one can see that
the pUCCD ansatze achieves a similar level of accuracy

Fermion⾃由度を ν=0 pairの⾃由度に畳む

 →  DOCI: ペア⾃由度の対⾓化

 →  pUCCD: ペア⾃由度のCoupled Cluster 
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to the doubly occupied configuration interaction (DOCI)
method with fewer parameters in order of magnitude.

The pair unitary coupled cluster doubles (pUCCD)
ansatz is a quantum version of the pair coupled cluster
doubles method. A seminal work on the pUCCD ansatz
in the context of quantum computing is Ref. [27], where
the authors introduced the ansatz, methods to measure
the expectation values including post-selection. Since the
target systems shown in Ref. [27] are chemical systems,
i.e. pairs of electrons with spin up and spin down, we
start from the translation of the pUCCD ansatz to ter-
minology in nuclear physics. In more broad context, the
pUCCD ansatz has been successfully applied to chemical
systems, see e.g. [27–29].

As a related work, Sarma et al. [25] studied the oxygen
isotopes with the ansatz, which is equivalent to UCCD,
and measured the ground state energies on a trapped-
ion IonQ device. While the ansatz can in principle be
equivalent to the DOCI method, they faced a large error
in the results, ranging from 3 % to 13 %.

As an example of previous works on the similar sys-
tems, we briefly explain the ansatz used in Ref. [25]
and compare it with the pUCCD ansatz. In Ref. [25],
the authors considered the ansatz circuit corresponding
to unitary coupled cluster doubles (UCCD) ansatz for
the oxygen isotopes having even number of neutrons in
the valence space. Their implementation is to consider
the excitations of time-reversal pairs of nucleons. The
ansatz has the same number of the parameters to rep-
resent all the configurations allowed within the DOCI
method. While the ansatz can in principle be equivalent
to the DOCI method due to this fact, one may face the
problem of barren plateaus in the optimization of the
ansatz circuit. Another, but close, issue would be the
scalability of the ansatz. The number of parameters for
Givens rotations to realize the UCCD ansatz scales as
NF;q/2CNF;occ./2, where NF;q is the number of qubits in
the fermionic representation, and NF;occ. is the number
of neutrons in the system. For example NF;q = 12 and
NF;occ. = 4 for 20O in the sd shell, the number of pa-
rameters becomes 6C2 → 1 = 14. The circuit depths for
oxygen isotopes can be runnable on the current NISQ de-
vices, but its scaling prohibits the application to heavier
systems. If one introduces the pair-wise or HCB form of
the Hamiltonian, the number of qubits can be reduced to
half of the original number of single-particle basis states
in Fermionic representation. However, the number of pa-
rameters in the ansatz circuit remains the same without
additional assumptions.

In this work, we utilize the pUCCD ansatz for the
first time (to our knowledge) to nuclear many-body sys-
tems, especially for pUCCD with a single Trotter level.
The pUCCD ansatz with a single Trotter step scales as
Nocc.(Nq→Nocc.), where Nocc. and Nq are the occupation
number and the number of qubits, respectively, in terms
of the hard-core boson representation. As summarized in
Table II, the number of parameters in the pUCCD ansatz
scales much milder than one for UCCD ansatz adopted in

Ref. [25]. Note that the FCI dimension is also shown in
the table for reference, and these numbers are the num-
ber of configurations in the so-called M-scheme, i.e. the
basis states are labeled by the sum of the jz values of the
single-particle states. For even number of neutrons, all
the states with di!erent total angular momentum J are
included in the M = 0 states whose dimension is given
as the FCI dimension in the table.

The pUCCD ansatz is given by the following expres-
sion:

|ωpUCCD↑ = exp(T → T
†) |ref.↑ ↓ U |ref.↑ , (12)

where T is the cluster operator and |ref.↑ is a reference
state. Assuming paired neutrons and excitations of the
pairs, the unitary operator U is now given by

U = exp




∑

hp

t
p
h(A

†
pAh →A

†
hAp)



, (13)

where t
p
h is the cluster amplitude, and A

†
p and Ah are the

pair creation and annihilation operators, Eqs. (4) and (5),
respectively. The indices p and h denote the particle and
hole states, respectively. One can transform this unitary
operator to Pauli operators:

Uqubit = exp

[
∑

p,q

it
p
h

2
(XpYh → YpXh)

]
, (14)

↔
∏

p,h

exp

[
it

p
h

2
(XpYh → YpXh)

]
. (15)

The last expression is the first-order Trotter approxima-
tion with a single Trotter step, which we will use in this
work.

Since a term exp(itph(XpYh→YpXh)/2) is equivalent to
a Givens rotation on p, h qubits,

G(ε) =





1 0 0 0
0 cos(ε/2) → sin(ε/2) 0
0 sin(ε/2) cos(ε/2) 0
0 0 0 1



 (16)

one can implement the pUCCD ansatz with relatively
simple circuits. In Fig. 4, we show the two type of circuits
to prepare the pUCCD ansatz. The left panel (a) shows
the circuit suitable for devices with limited connectivity,
e.g. IBM devices with heavy-hexagon connectivity. In
contrast, the right panel (b) shows the circuit for all-to-
all connectivity, e.g. trapped ion devices in mind. We
will refer to the ansatz shown in the left panel (a) as
pUCCD (GS), and the right panel (b) one as pUCCD
(G).

In this work, the parameters of the pUCCD ansatze
are determined through statevector simulations and the
Adam optimizer using PennyLane [50]. This is still ide-
alized situation, but good starting point to explore the
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to the doubly occupied configuration interaction (DOCI)
method with fewer parameters in order of magnitude.

The pair unitary coupled cluster doubles (pUCCD)
ansatz is a quantum version of the pair coupled cluster
doubles method. A seminal work on the pUCCD ansatz
in the context of quantum computing is Ref. [27], where
the authors introduced the ansatz, methods to measure
the expectation values including post-selection. Since the
target systems shown in Ref. [27] are chemical systems,
i.e. pairs of electrons with spin up and spin down, we
start from the translation of the pUCCD ansatz to ter-
minology in nuclear physics. In more broad context, the
pUCCD ansatz has been successfully applied to chemical
systems, see e.g. [27–29].

As a related work, Sarma et al. [25] studied the oxygen
isotopes with the ansatz, which is equivalent to UCCD,
and measured the ground state energies on a trapped-
ion IonQ device. While the ansatz can in principle be
equivalent to the DOCI method, they faced a large error
in the results, ranging from 3 % to 13 %.

As an example of previous works on the similar sys-
tems, we briefly explain the ansatz used in Ref. [25]
and compare it with the pUCCD ansatz. In Ref. [25],
the authors considered the ansatz circuit corresponding
to unitary coupled cluster doubles (UCCD) ansatz for
the oxygen isotopes having even number of neutrons in
the valence space. Their implementation is to consider
the excitations of time-reversal pairs of nucleons. The
ansatz has the same number of the parameters to rep-
resent all the configurations allowed within the DOCI
method. While the ansatz can in principle be equivalent
to the DOCI method due to this fact, one may face the
problem of barren plateaus in the optimization of the
ansatz circuit. Another, but close, issue would be the
scalability of the ansatz. The number of parameters for
Givens rotations to realize the UCCD ansatz scales as
NF;q/2CNF;occ./2, where NF;q is the number of qubits in
the fermionic representation, and NF;occ. is the number
of neutrons in the system. For example NF;q = 12 and
NF;occ. = 4 for 20O in the sd shell, the number of pa-
rameters becomes 6C2 → 1 = 14. The circuit depths for
oxygen isotopes can be runnable on the current NISQ de-
vices, but its scaling prohibits the application to heavier
systems. If one introduces the pair-wise or HCB form of
the Hamiltonian, the number of qubits can be reduced to
half of the original number of single-particle basis states
in Fermionic representation. However, the number of pa-
rameters in the ansatz circuit remains the same without
additional assumptions.

In this work, we utilize the pUCCD ansatz for the
first time (to our knowledge) to nuclear many-body sys-
tems, especially for pUCCD with a single Trotter level.
The pUCCD ansatz with a single Trotter step scales as
Nocc.(Nq→Nocc.), where Nocc. and Nq are the occupation
number and the number of qubits, respectively, in terms
of the hard-core boson representation. As summarized in
Table II, the number of parameters in the pUCCD ansatz
scales much milder than one for UCCD ansatz adopted in

Ref. [25]. Note that the FCI dimension is also shown in
the table for reference, and these numbers are the num-
ber of configurations in the so-called M-scheme, i.e. the
basis states are labeled by the sum of the jz values of the
single-particle states. For even number of neutrons, all
the states with di!erent total angular momentum J are
included in the M = 0 states whose dimension is given
as the FCI dimension in the table.

The pUCCD ansatz is given by the following expres-
sion:

|ωpUCCD↑ = exp(T → T
†) |ref.↑ ↓ U |ref.↑ , (12)

where T is the cluster operator and |ref.↑ is a reference
state. Assuming paired neutrons and excitations of the
pairs, the unitary operator U is now given by

U = exp




∑

hp

t
p
h(A

†
pAh →A

†
hAp)



, (13)

where t
p
h is the cluster amplitude, and A

†
p and Ah are the

pair creation and annihilation operators, Eqs. (4) and (5),
respectively. The indices p and h denote the particle and
hole states, respectively. One can transform this unitary
operator to Pauli operators:

Uqubit = exp

[
∑

p,q

it
p
h

2
(XpYh → YpXh)

]
, (14)

↔
∏

p,h

exp

[
it

p
h

2
(XpYh → YpXh)

]
. (15)

The last expression is the first-order Trotter approxima-
tion with a single Trotter step, which we will use in this
work.

Since a term exp(itph(XpYh→YpXh)/2) is equivalent to
a Givens rotation on p, h qubits,

G(ε) =





1 0 0 0
0 cos(ε/2) → sin(ε/2) 0
0 sin(ε/2) cos(ε/2) 0
0 0 0 1



 (16)

one can implement the pUCCD ansatz with relatively
simple circuits. In Fig. 4, we show the two type of circuits
to prepare the pUCCD ansatz. The left panel (a) shows
the circuit suitable for devices with limited connectivity,
e.g. IBM devices with heavy-hexagon connectivity. In
contrast, the right panel (b) shows the circuit for all-to-
all connectivity, e.g. trapped ion devices in mind. We
will refer to the ansatz shown in the left panel (a) as
pUCCD (GS), and the right panel (b) one as pUCCD
(G).

In this work, the parameters of the pUCCD ansatze
are determined through statevector simulations and the
Adam optimizer using PennyLane [50]. This is still ide-
alized situation, but good starting point to explore the

≒ DOCIc.f. 電⼦系ではspin up/downをpairにとる

殻模型計算の相互作⽤を使⽤
ラップトップでも10秒もあれば対⾓化できるが...

Q. より効率的な状態作成の⽅法はないか︖
 

 long-termの量⼦アルゴリズムでは、真の波動関数と
 overlapさえもっていれば、”やりよう”がある

↑ペアのp-h励起
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for oxygen isotopes can be runnable on the current NISQ
devices, but its scaling prohibits the application to heav-
ier systems. If one introduces the pair-wise form of the
Hamiltonian, the number of qubits can be reduced to
half of the original number of single-particle basis states
in Fermionic representation. However, the number of pa-
rameters in the ansatz circuit remains the same without
additional assumptions.

In this work, we test the pUCCD ansatz for the
first time to nuclear many-body systems, especially for
pUCCD with a single Trotter level. The pUCCD ansatz
with a single Trotter step scales as Nocc.(Nq → Nocc.),
where Nocc. and Nq are the occupation number and the
number of qubits, respectively, in terms of the hard-core
boson representation. As summarized in Table I, the
number of parameters in the pUCCD ansatz scales much
milder than one for UCCD ansatz adopted in Ref. [13].

The pUCCD ansatz is given by the following expres-
sion:

|ωpUCCD↑ = exp(T → T
†) |ref.↑ ↓ U |ref.↑ , (11)

where T is the cluster operator and |ref.↑ is a reference
state. Assuming paired neutrons and excitations of the
pairs, the unitary operator U is now given by

U = exp




∑

hp

t
p

h
(A†

p
Ah →A

†
h
Ap)



, (12)

where t
p

h
is the cluster amplitude, and A

†
p

and Ah are the
pair creation and annihilation operators, Eqs. (3) and (4),
respectively. The indices p and h denote the particle and
hole states, respectively. One can transform this unitary
operator to Pauli operators:

Uqubit = exp

[
∑

p,q

it
p

h

2
(XpYh → YpXh)

]
, (13)

↔

∏

p,h

exp

[
it

p

h

2
(XpYh → YpXh)

]
. (14)

The last expression is the first-order Trotter approxima-
tion with a single Trotter step, which we will use in this
work.

Since a term exp(itp
h
(XpYh→YpXh)/2) is equivalent to

a Givens rotation on p, h qubits,

G(ε) =





1 0 0 0
0 cos(ε/2) → sin(ε/2) 0
0 sin(ε/2) cos(ε/2) 0
0 0 0 1



 (15)

one can implement the pUCCD ansatz with relatively
simple circuits. In Fig. 2, we show the two type of circuits
to prepare the pUCCD ansatz. The left panel (a) shows
the circuit suitable for devices with limited connectivity,
e.g. IBM devices with heavy-hexagon connectivity. In
contrast, the right panel (b) shows the circuit for all-to-
all connectivity, e.g. trapped ion devices in mind. In the

following sections, we will refer to the left panel (a) as
pUCCD (GS), and the right panel (b) as pUCCD (G).

In this work, the parameters of the pUCCD ansatze
are determined through statevector simulations and the
Adam optimizer using PennyLane [21]. This is still ide-
alized situation, but good starting point to explore the
ansatze and measurement strategies to evaluate observ-
ables of interest. The strategy to optimize the ansatz
circuit on a real device is left as a future issue.

When one measures the non-diagonal terms in the
Hamiltonian, such as ↗XpXq + YpYq↑, on devices with
limited connectivity, it is inevitable to use additional
SWAP gates to carry out the operations needed, lead-
ing to deeper circuits and noise accumulation. The GS
gates shown in the left panel (a) are the Givens rotation
gates followed by full SWAP gates, give e!cient imple-
mentation of the pUCCD ansatz on devices with limited
connectivity.

Once the single particle basis states are selected, there
is only a few ways to realize the pUCCD (GS) ansatz for
e.g. heavy-hexagon connectivity of IBM devices. That
is, preparing the reference state in either descending or
ascending order of the qubits, and applying the Givens
rotation gates on those qubits in the circuit. In what
follows, we will show the results with a fixed circuit lay-
out for the pUCCD (GS) ansatz. On the other hand,
the pUCCD (G) ansatz can be realized in many di"erent
ways due to its all-to-all connectivity. The lowest energy
within a given ansatze can depend on the initial config-
uration and which qubits are connected via Givens rota-
tions to account for single excitations. Hence, we show
the simulator results for pUCCD (G) as distributions of
the energies for di"erent initial configurations and circuit
realizations.

Other possible strategy is to use an adaptive circuit
or orbital optimization to find the optimal ansatz for the
given Hamiltonian and given assumptions. Those are also
left for future works.

Our objective is to evaluate the feasibility of pUCCD
ansatze under realistic noise conditions by examining cir-
cuit depth, gate count, and the e"ectiveness of di"erent
basis rotation techniques.

Detailed numerical experiments and comparative anal-
yses are presented in Sec. IV.

B. Measurement of energy expectation values

Once the ansatz circuit is prepared, the next step
would be to measure the expectation values of the Hamil-
tonian. For noise-free case, one does not need to care
about the measurement strategy, but it would be cru-
cial point to be considered for noisy simulations and real
devices.

For diagonal terms in the computational basis, i.e.
ones consisting of {I, Z, ZZ}, one can evaluate the ex-
pectation values by measuring the ansatz circuit in the
computational basis. Hence, the post-selection technique

PRR 8, 013134 (2026)
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- particle-hole間の励起は上のようなNp×Nh個のGivens rotationで表現

- 回路のパラメータ≒ CC amplitudesは古典最適化済 (量⼦でも可能)
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FIG. 4. Schematic figure of the circuits needed to prepare the ansatz and measure the expectation values of the Hamiltonian
taking 20O nucleus as an example. The left panel (a) shows the circuit suitable for devices with heavy-hexagon connectivity,
while the right panel (b) shows the circuit for all-to-all connectivity. From left to right, a reference state is prepared, filling
from the leftmost qubit to the right one (in Qiskit), and then GS (Givens+SWAP) or G (Givens rotation) gates are applied
to the qubits to take correlations into account. Both ansatz circuits are equivalent to the pair unitary coupled cluster doubles
(pUCCD) ansatz with a single Trotter step. Before the measurement of the expectation values, single qubit rotations are
applied to the qubits if needed. For more details on the di!erence between the two circuits, see the main text.

ansatze and measurement strategies to evaluate observ-
ables of interest. The strategy to optimize the ansatz cir-
cuit on a real device is left as a future issue. One possible
strategy is to use a gradient-free sequential optimization
method proposed in Ref. [51].

When one measures the non-diagonal terms in the
Hamiltonian, such as →XpXq + YpYq↑, on devices with
limited connectivity, it is inevitable to use additional
SWAP gates to carry out the operations needed, lead-
ing to deeper circuits and noise accumulation. The GS
gates shown in the left panel (a) are the Givens rotation
gates followed by full SWAP gates, giving e!cient imple-
mentation of the pUCCD ansatz on devices with limited
connectivity.

Once the single particle basis states are selected, there
is only a few ways to realize the pUCCD (GS) ansatz for
e.g. heavy-hexagon connectivity of IBM devices. That
is, preparing the reference state in either descending or
ascending order of the qubits, and applying the Givens
rotation gates on those qubits in the circuit. In what
follows, we will show the results with a fixed circuit lay-
out for the pUCCD (GS) ansatz. On the other hand,
the pUCCD (G) ansatz can be realized in many di"erent
ways due to its all-to-all connectivity. The lowest energy
within a given ansatze can depend on the initial config-
uration and which qubits are connected via Givens rota-
tions to account for single excitations. Hence, we show
the simulator results for pUCCD (G) as distributions of
the energies for di"erent initial configurations and circuit
realizations.

Other possible strategy is to use an adaptive circuit
or orbital optimization to find the optimal ansatz for the
given Hamiltonian and given assumptions. Those are also

TABLE II. Comparison of FCI dimension and the number
of parameters in the circuits for UCCD (ω = 0) [25] and
pUCCD ansatz. The UCCD (ω = 0) is the unitary coupled
cluster doubles ansatz where the configurations are restricted
to zero-seniority configurations. The rightmost column means
the pair unitary coupled cluster doubles ansatz with a single
Trotter step.

Nucleus FCI (M=0) UCCD (ω = 0) pUCCD
18O, 26O 14 5 5
20O, 24O 81 14 8
22O 142 19 9
42Ca, 58Ca 30 9 9
44Ca, 56Ca 565 44 16
46Ca, 54Ca 3952 119 21
48Ca, 52Ca 12022 209 24
50Ca 17276 251 25
58Ni, 76Ni 19 10 10
60Ni, 74Ni 365 54 18
62Ni, 72Ni 3103 164 24
64Ni, 70Ni 12240 329 28
66Ni, 68Ni 23884 461 30

left for future works.

Implementation of Givens rotation gates

In order to prepare the pUCCD ansatz circuits shown
in Fig. 4 and to perform basis rotations to diagonalize the
XX+Y Y terms in the computational basis, one needs to
implement the Givens rotation gates. There are several
known ways to implement the Givens rotations on quan-

※ connectivity(超伝導⽅式)を意識した、最近接量⼦ビットの演算のみ
右は、all-to-all (イオントラップ)で実⾏可能な回路

例: 22Oをsd shellで考える... 12軌道に6バレンス中性⼦ ⇨ 6ペア軌道に3ペア占有
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TABLE I. Summary of the results of the pUCCD ansatz on RIKEN Reimei device. The “FCI” column shows the ground-
state energy estimates with the FCI method in the original Fermionic representation. The “Ideal pUCCD” column shows the
ground-state energy estimates with the pUCCD ansatz with the HCB formalism, and the circuit parameters are optimized on
the statevector simulator. The third and fourth columns show the results on the Reimei device with two di!erent post-selection
techniques. The numbers in parentheses show the relative error to the pUCCD statevector results. The last column shows the
valid ratio, i.e. the fraction of the shot-measured bitstrings that preserve the correct particle-number of the target nucleus. All
the energies are in MeV.

Nuclide FCI Ideal pUCCD Reimei: Hadamard Reimei: Basis rotation Valid ratio
18O -11.932 -11.932 -11.802 (1.1→ 100%) -11.893 (3.3→ 10→1%) 0.98
20O -23.632 -22.939 -22.383 (2.4→ 100%) -22.854 (3.7→ 10→1%) 0.98
22O -34.498 -33.924 -33.560 (1.1→ 100%) -33.829 (2.8→ 10→1%) 0.97
24O -41.225 -41.021 -40.985 (8.8→ 10→2%) -41.027 (1.5→ 10→2%) 0.97
26O -40.869 -40.869 -40.613 (6.3→ 10→1%) -40.940 (1.8→ 10→1%) 0.96
42Ca -19.734 -19.734 -19.727 (3.6→ 10→2%) -19.775 (2.1→ 10→1%) 0.97
44Ca -38.675 -38.462 -38.540 (2.0→ 10→1%) -38.424 (9.9→ 10→2%) 0.97
46Ca -56.667 -56.440 -56.414 (4.7→ 10→2%) -56.565 (2.2→ 10→1%) 0.96
48Ca -73.662 -73.556 -73.538 (2.5→ 10→2%) -73.489 (9.1→ 10→2%) 0.95
50Ca -85.055 -84.921 -85.135 (2.5→ 10→1%) -85.007 (1.0→ 10→1%) 0.94
52Ca -95.360 -95.190 -95.038 (1.6→ 10→1%) -95.149 (4.3→ 10→2%) 0.94
54Ca -102.632 -102.557 -102.622 (6.3→ 10→2%) -102.648 (8.8→ 10→2%) 0.94
56Ca -104.589 -104.462 -104.620 (1.5→ 10→1%) -104.325 (1.3→ 10→1%) 0.94
58Ca -106.666 -106.666 -106.885 (2.0→ 10→1%) -106.668 (1.7→ 10→3%) 0.94
58Ni -21.447 -21.447 -21.207 (1.1→ 100%) -21.291 (7.3→ 10→1%) 0.93
60Ni -41.276 -40.961 -40.752 (5.1→ 10→1%) -40.992 (7.4→ 10→2%) 0.94
62Ni -59.602 -59.013 -58.703 (5.2→ 10→1%) -59.015 (4.5→ 10→3%) 0.93
64Ni -76.444 -75.687 -76.027 (4.5→ 10→1%) -75.765 (1.0→ 10→1%) 0.92
66Ni -91.941 -91.059 -90.552 (5.6→ 10→1%) -90.695 (4.0→ 10→1%) 0.93
68Ni -106.140 -105.237 -105.169 (6.5→ 10→2%) -105.288 (4.8→ 10→2%) 0.92
70Ni -119.034 -118.215 -118.189 (2.2→ 10→2%) -118.158 (4.8→ 10→2%) 0.91
72Ni -130.930 -130.379 -130.511 (1.0→ 10→1%) -130.397 (1.3→ 10→2%) 0.95
74Ni -141.932 -141.694 -141.565 (9.1→ 10→2%) -141.715 (1.5→ 10→2%) 0.93
76Ni -152.103 -152.103 -151.986 (7.7→ 10→2%) -152.054 (3.2→ 10→2%) 0.94

certainties coming from nuclear many-body methods to-
day are known to be about a few to several percent in
the ground-state energies. For example, in Ref. [31], one
can find the results of several nuclear many-body meth-
ods, using the same nuclear Hamiltonian based on the
chiral e!ective field theory, agree within a few percent
for the ground-state energies of oxygen isotopes. In this
sense,the both DOCI and pUCCD results give very accu-
rate approximation to the corresponding FCI results. Of
course, the validity of such zero-seniority approximation
depends on the target systems. As also demonstrated in
Ref. [32], Ca isotopes in pf shell are well described by the
ω = 0 component. In contrast, oxygen isotopes have rel-
atively large contribution from ω → 2 components. This
is also reflected in the results shown in Fig. 1, i.e. slightly
larger deviation of the pUCCD and DOCI results from
the FCI results for oxygen isotopes.

Remarkably, pUCCD ansatze give very accurate ap-
proximation to the DOCI results, at most 1 % error to
the DOCI with much less number of parameters as com-
pared to the DOCI.

Results on RIKEN-Quantinuum’s Reimei device

In the following, we will show the results on a trapped-
ion quantum computer, Reimei device, to demonstrate
the feasibility of the pUCCD ansatz and measurement
strategies on real devices.

In Table I, we summarize the results of the pUCCD
(G) ansatz on Reimei device for oxygen isotopes, calcium
isotopes, and nickel isotopes within the sd, pf , and jj45
model spaces, respectively. The FCI and Ideal pUCCD
results are completely classical results, and the results of
pUCCD (G) ansatz on the Reimei device with two di!er-
ent post-selection techniques are shown in the third and
fourth columns. As a whole, the results on the Reimei
device are very close to the ideal statevector simulations
within ↑ 0.1% relative error to the corresponding stat-
evector simulations. This is to our knowledge most ac-
curate quantum computation results on the ground-state
energies of nuclear many-body systems on real quantum
devices.

From the results, we can see that the post-selection
technique using basis rotations may perform better than
the one using Hadamard gates. To verify this observa-
tion, we perform a statistical analysis on the hardware
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day are known to be about a few to several percent in
the ground-state energies. For example, in Ref. [31], one
can find the results of several nuclear many-body meth-
ods, using the same nuclear Hamiltonian based on the
chiral e!ective field theory, agree within a few percent
for the ground-state energies of oxygen isotopes. In this
sense,the both DOCI and pUCCD results give very accu-
rate approximation to the corresponding FCI results. Of
course, the validity of such zero-seniority approximation
depends on the target systems. As also demonstrated in
Ref. [32], Ca isotopes in pf shell are well described by the
ω = 0 component. In contrast, oxygen isotopes have rel-
atively large contribution from ω → 2 components. This
is also reflected in the results shown in Fig. 1, i.e. slightly
larger deviation of the pUCCD and DOCI results from
the FCI results for oxygen isotopes.

Remarkably, pUCCD ansatze give very accurate ap-
proximation to the DOCI results, at most 1 % error to
the DOCI with much less number of parameters as com-
pared to the DOCI.

Results on RIKEN-Quantinuum’s Reimei device

In the following, we will show the results on a trapped-
ion quantum computer, Reimei device, to demonstrate
the feasibility of the pUCCD ansatz and measurement
strategies on real devices.

In Table I, we summarize the results of the pUCCD
(G) ansatz on Reimei device for oxygen isotopes, calcium
isotopes, and nickel isotopes within the sd, pf , and jj45
model spaces, respectively. The FCI and Ideal pUCCD
results are completely classical results, and the results of
pUCCD (G) ansatz on the Reimei device with two di!er-
ent post-selection techniques are shown in the third and
fourth columns. As a whole, the results on the Reimei
device are very close to the ideal statevector simulations
within ↑ 0.1% relative error to the corresponding stat-
evector simulations. This is to our knowledge most ac-
curate quantum computation results on the ground-state
energies of nuclear many-body systems on real quantum
devices.

From the results, we can see that the post-selection
technique using basis rotations may perform better than
the one using Hadamard gates. To verify this observa-
tion, we perform a statistical analysis on the hardware

Ideal simulationの~0.1%精度で実機測定できている
※図の統計誤差はブートストラップで評価

Hadamard → <XX>測定 <XX+YY>を対⾓化する基底変換

BRIDGING QUANTUM COMPUTING AND NUCLEAR … PHYSICAL REVIEW RESEARCH 8, 013134 (2026)

sd

pf

FIG. 4. Relative errors in ground-state energies on the RIKEN-
Quantinuum Reimei device. The results are shown for oxygen [panel
(a)], calcium [panel (b)], and nickel [panel (c)] isotopes, using two
measurement strategies: Hadamard and basis rotation. The error bars
represent 1 σ statistical uncertainties evaluated by bootstrapping, and
the shaded band corresponds to a 0.3% error.

estimates of energy expectation values for the systems
studied here.

IV. SUMMARY AND OUTLOOK

Quantum many-body systems have become a central fo-
cus of quantum-computing research over the past decade,
driven by rapid progress in algorithms and hardware. How-
ever, demonstrating genuine quantum advantage in interacting
many-body physics remains an open challenge, requiring
advances in all components of the algorithmic workflow:
ansatz design, quantum algorithms, measurement strategies,
optimization techniques, and so on. This work concentrated
on the ansatz and measurement aspects, from the standpoint
of nuclear structure, where exceptionally strong correlations
make the choice of ansatz especially critical.

FIG. 5. Bootstrapping of hardware results for 66Ni. (a) Diagonal
terms. (b) XX + YY terms evaluated by two measurement strategies:
Hadamard (green) and basis rotation (red with hatching). The vertical
dashed line shows the ideal state vector simulation result. The bin
width is automatically determined by the Freedman-Diaconis rule.

By combining a hard-core-boson mapping of the nu-
clear shell-model Hamiltonian with a pUCCD ansatz, we
demonstrated accurate ground-state calculations of oxygen,
calcium, and nickel isotopes on the RIKEN-Quantinuum
Reimei trapped-ion quantum computer. Our results achieve
subpercent agreement with noise-free state vector simulations,
setting a benchmark for nuclear-structure simulations on real
NISQ hardware.

While the pUCCD parameters in this work were opti-
mized on classical simulators, this proof-of-principle study
shows that compact, physically motivated ansatze can achieve
high accuracy with modest qubit counts and circuit depths.
Such strategies can guide the design of efficient variational
forms for larger systems where classical preoptimization
is infeasible. Optimization for classically intractable sys-
tems remains an open challenge, and hardware-suitable
optimization methods are needed. Our previous study [26]
demonstrated that a sequential, gradient-free optimization
scheme [47] can effectively optimize a similar ansatz for
two-valence-neutron systems. Although those systems were
still classically tractable, the results suggest that sequential
methods may be viable for optimizing or refining ansatze on
quantum hardware. For larger problems, hybrid approaches
that combine classical preoptimization in a reduced sub-
space with subsequent quantum refinement could also be
explored.

It remains an open question how best to extend the
present framework to include proton-neutron interactions,
which are essential for a complete description of nu-
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u  カイラル核⼒に依拠した構造・反応計算の進展

u  量⼦計算

• 概要

• NISQ application

• FTQCにむけたリソース推定/ソフトウェア開発
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22FTQCに向けたリソース推定のためのsetup

For NISQ application (valence shell model with Adapt-VQE +UCC),
please refer to the paper by Barcelona group Sci. Rep. 13, 12291 (2023)

Model spaces: HO with emax truncation

 - valence space: p, sd, pf, sdpf, pfsdg, ...

 - No core space: NN-only and NN+3NF

Quantum algorithms and counting rule:

  - (Early-)FTQC algorithms: QPE, QKrylov, Observable DMD

  - Single Trotter controlled-unitaries
    w/o any ≒ assuming all-to-all connectivity of qubits
  - Toffoli (CCX) ⇨ 4 T-gates and Rz ⇨ 100 T-gates

PRA 87, 022328 (2013) Quant. Info. Comp. 16(11-12):901-953, 2016

https://doi.org/10.1038/s41598-023-39263-7
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
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psd   36 qubits
sdpf   64 qubits
pfsdg 100 qubits

p    12 qubits
sd    24 qubits
pf    40 qubits

□ NN
△ NN+3NF

~2025

in ~5-10 years? in ~5-10 years?

~2025

Na: ancilla qubits, Niter/Nsnap: 繰り返し回数, QKrylovはPauli stringのgroupingを考慮 (~1/3 reduction) 

- emax up to 10 (11 major shells)

- e3max = 3 × emax, up to e=4

横軸=qubit数:  １粒⼦基底(調和振動⼦ {n, l, j, jz, tz})の数
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4.5 Summary

We summarize the qualitative di!erences in P-vectors for condensed matter/materials science, quan-
tum chemistry, and HEP in Figure 4.5. We observe that in general the condensed matter problems
require comparatively the fewest number of gates for a given qubit count (which we use as a proxy
for problem size) and that they exhibit the most advantageous scaling behavior. We attribute this
to the fact that (1) these problems either map 1-to-1 to qubits or with minimal encoding overhead,
and (2) the fields of condensed matter physics and materials science have spent significant e!orts to
study, develop, and optimize quantum algorithms and applications. The P-vectors of quantum chem-
istry applications fall in the intermediate region in between materials and HEP. This is due to the
greater qubit encoding overhead compared to condensed matter physics and the greater maturity of
the field compared to HEP. Finally, resource estimates for HEP require the largest P-vectors and the
poorest scaling with problem size as they have both a high encoding overhead and the applications
studied are not as mature. Based on these observations, we expect that condensed matter physics and
materials science problems will be among the first domains of interest to DOE SC mission to benefit
from quantum computers with chemistry and HEP likely following later. We summarize this with the
following finding.

Finding 3. Condensed matter and materials science applications are expected to be impacted
first as they map naturally from spin to qubit systems and require the fewest resources. Quantum
chemistry applications require an intermediate amount of resources and have seen steady algorith-
mic improvements. HEP applications require the most resources among the problems that were
considered and likely o!er opportunities for significant algorithmic improvements.
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Figure 4.5: Qualitative overview of the di!erent regions and scaling of P-vectors for applications in
condensed matter and materials science (yellow), quantum chemistry (blue), and nuclear and high
energy physics (red).

With regard to algorithms, we expect Hamiltonian simulation, either through Trotterization or
QSVT, and determination of ground state properties to dominate the span across the QRW.
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Resource estimation for Nuclear Structure Calc.

HEP = High Energy Physics
mainly Lattice gauge theories

~ electron systems

~ spin systems

overlay on Figure in arXiv: 2509.09882 NERSC@LBNL roadmap 

□ CI calc. up to NN
△ CI calc. up to NN+3NF

異種フェルミオンの⾃由度/non-localityからくるリソース増⼤が顕著
ただし上の図は、conservative estimates (改善あるのみ)

in 5-10 years?

https://arxiv.org/abs/2509.09882
https://arxiv.org/abs/2509.09882


25Nuclear Quantum computing Library
SY, E.Rrapaj@LBNL, T.Miyagi@Tsukuba, A.Baroni@ORNL

- Hamiltonian encoding e.g. Chiral EFT NN/3NF

- Resource estimation for NISQ/E-FTQC/FTQC algorithms

- Circuits for VQE, QPE, QKrylov, ODMD, QSCI/SQD, etc.

Stay tuned!

Nuclear Hamiltonians 
e.g. Chiral EFT

・ ・ ■・ ・ ・ ...

NuQuLib

NuHamil, etc.

Hamiltonian Encoding

Circuit generation (ansatz/algorithms) Classical computers

optimization,
post-process,
diagonalization, etc.

Quantum backend

quantum circuits

Sota Yoshida

December 2025
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26まとめ
- 核⼒に依拠した構造・反応計算の到達領域の拡⼤・進展が進んでいる。

  特に実験が難しい領域 (例: p/n-dripline, 超重)で、信頼に⾜る予⾔のため

不定性評価が不可⽋だがpost-HF/CI計算などが律速 (c.f. emulators)

- 量⼦計算機に寄せられる期待も⼤きいが...要求リソースは極めて⾼い

 ⇨ 核⼦系の強相関を⼿懐ける状態作成法 (古典計算の効率化にも)

 ⇨ 原⼦核-tailoredな量⼦アルゴリズム  

 NISQ/FTQCの両⽅の観点から、これらの探求が不可⽋
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28Quantum Phase Estimation (QPE)/量⼦位相推定

inverse 
Quantum Fourier Transform

系のHamiltonianで実時間発展。補助量⼦ビット(ancilla)に
位相の情報をQFT†で埋め込んでEnergyを推定。 精度は ~

AY Kitaev arXiv:quant-ph/9511026

long-term

https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026


29Quantum Krylov

PROS: Access to “wavefunctions” → many observables
CONS: cost to measure each H term is huge... especially in Nucl. Phys.

some variants (with less quantum resources) are available 

Circuits for conventional QKrylov

Krylov subspace method

Phys. Rev. A 105, 022417 (2022)

long-term

https://doi.org/10.1103/PhysRevA.105.022417


30Observable Dynamic Mode Decomposition

arXiv:2306.01858 arXiv:2409.13691

DMD: originally developed in the field of numerical fluid dynamics ~ 2009 (or earlier)

Fig 1.1 from Kutz et al., “Dynamic Mode Decomposition” SIAM

To replace the time evolution by a linear map  

This                   would have 
information of eigen energies.
We need only overlaps

c.f. Quantum Krylov

long-term

https://arxiv.org/abs/2306.01858
https://arxiv.org/abs/2409.13691
https://epubs.siam.org/doi/book/10.1137/1.9781611974508

