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ARTICLE INFO ABSTRACT

Editor: A. Schwenk The calculation of nuclear electromagnetic sum rules by directly solving for numerous eigenstates in a large
basis is numerically challenging and has not been performed for A > 2 nuclei. With the significant progress
of high performance computing, we show that calculating sum rules using numerous discretized continuum
states obtained with the ab initio no-core shell model in the harmonic oscillator basis is achievable numerically.
Specifically, we calculate the “He electric dipole (E1) polarizability, that is an inverse energy weighted sum rule,
employing the Daejeonl6 N N interaction. We demonstrate that the calculations are numerically tractable as
the dimension of the basis increases and are convergent. Our results for the “He electric dipole polarizability
are consistent with the most recent experimental data and are compared with those of other theoretical studies
employing different techniques and various interactions.

The straightforward calculation of electromagnetic sum rules re-
quires an integral over the continuum states which is computationally
challenging. In practice, one often approximates the continuum states
by expanding the nuclear wave functions with a complete discrete set
of localized basis states, which are then truncated to a finite basis. By
solving for the eigenvalue problem in this basis, one can obtain a set of
eigenstates which can be regarded as a discretized approximation of the
continuum. Under this assumption, the sum rule becomes a sum over
the transition probabilities from the ground state to the discretized con-
tinuum states. The sum rule is expected to converge to the continuum
value as the basis size increases. This expectation was numerically ver-
ified only in the case of the deuteron where the diagonalization of the

1. Introduction

Electromagnetic transitions in atomic nuclei can reveal important in-
formation about the dynamical structure of the nucleus itself [1]. Due
to the perturbative essence of the electromagnetic interaction, calcula-
tions of these observables can be compared in a straightforward way
to experimental data, and important features of the strongly interacting
nuclear many-body system can be studied. Considering the transitions
from the ground state to the low-lying and highly excited states, one
can study the sum rules, which can be compared to experiment as well.
A sum rule is often associated with spectral integration over a nuclear
response function with an energy-dependent weight function, which is

related to a reaction cross section of a nucleus due to an external probe.
Therefore investigations of nuclear sum rules may provide important in-
formation on related reactions. A prominent example, the electric dipole
(E1) polarizability of a nucleus, which is the inverse energy weighted
sum rule of the E1 transition and represents the response of the nucleus
to two successive electric impulses, is crucial for nuclear photoabsorp-
tion reactions [2], Coulomb breakup reactions [3] and astrophysics [4].
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Hamiltonian was used to calculate sum rules [1,5-8]. The calculations
have not previously been extended to A > 2 nuclei due to the computa-
tional costs of solving for numerous eigenstates.

Using alternative techniques, such as the Lorentz (or Stieltjes) in-
tegral transform [4,9-18] and the Lanczos sum rule method [19-24],
which avoid solving for numerous eigenstates, has been the only viable
way for calculating the sum rules in ab initio approaches up to now.
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Using these alternative techniques, sum rules have been successfully
calculated with ab initio approaches, such as hyperspherical harmon-
ics (HH) (for *He) [11-13,20], the coupled-cluster (CC) method (for
48He, 16220 and *0*8Ca) [4,14-18,26], no-core shell model (NCSM) (for
A <4) [21-24] and symmetry-adapted no-core shell model (SA-NCSM)
(for “He, 190, 2°Ne and %°Ca) [24,25]. Calculations of the sum rules
from realistic interactions can also be obtained by equations of motion
phonon method [27], but presently is limited by the basis truncation
and the truncation of the multiphonon space.

In this letter, we demonstrate that evaluating sum rules by directly
solving for numerous eigenstates in a large basis space is feasible for
A > 2 nuclei with the continued major advances in high performance
computing. Specifically, we calculate the “He E1 polarizability by solv-
ing for its eigenstates with the ab initio NCSM in the harmonic oscillator
(HO) basis and achieving numerically tractable results as the basis size
increases. The “He E1 polarizability calculated with various ab initio
approaches employing different interactions shows significant varia-
tions and the available experimental data have not provided strong
constraints due to large experimental uncertainties (see below for de-
tails). Our calculation with the Daejeon16 nucleon-nucleon (NN) inter-
action [28] is therefore important for both theoretical and experimental
studies of the “He E1 polarizability in the future. This interaction is
based on the Entem-Machleidt N3LO chiral effective field theory in-
teraction [29], softened via a similarity renormalization group (SRG)
transformation so as to improve convergence of ab initio studies, mod-
ified off-shell to mimic three-nucleon forces and provide one of the
best descriptions of nuclei with A <16 [30]. Our detailed study of the
convergence properties of “He E1 polarizability provides a guide for
potential applications to heavier nuclei. Our method can be extended
straightforwardly to the calculations of sum rules involving other oper-
ators.

In the next Section, we present the theoretical framework adopted in
this work. We show the main results in Sec. 3. Finally we give a summary
of our conclusions and an outlook in Sec. 4.

2. Theoretical methods
The E1 polarizability of a nucleus, a, is defined as [31]

_g_,;ZB(El;JO—»Jk), (1)

YT &k —E,

where E; and E, are the energies of the ground and excited states, re-
spectively. B(EL: Jo=J) = T [(JoMol Dy, |1 M) =Tl | Dy 1)1/
]

(2Jy + 1) represents the redlklced E1 transition probability with E1
operator 151,4 = Z,A e;r;Yy,(r). Jy (J;) and M, (M) are the ground
(excited) state total angular momentum and its projection respectively.

We use the ab initio NCSM [32] to calculate the nuclear energy spec-
trum and the wave functions involved in Eq. (1). The NCSM has been
extensively used recently in studies of s- and p-shell nuclei (see, e.g.,
Refs. [33-35]). In the NCSM, the nuclear wave functions are obtained by
diagonalizing the chosen nuclear Hamiltonian in a truncated Slater de-
terminant HO basis characterized by the basis oscillator parameter 2Q.
We use the M scheme with conserved parity z and projections of the
total angular momentum M = Z'A; . m; and charge (isospin projection)
My = Z,.A:l m,,. The truncation of the model space is determined and
labeled by the number of excitation quanta, N,,,, which corresponds
to the total number of HO quanta relative to the minimum number of
quanta required by the Pauli principle. We test convergence by show-
ing calculated quantities vs N,,,., and we report how these quantities
approach their asymptotic values as N, increases.

In this work, we evaluate the E1 polarizability of “He by solving for
its eigenstates with the code MFDn using the Lanczos algorithm [36-39].
We perform the calculations with the Daejeonl16 NN interaction [28]
and add the Coulomb interaction between the protons. The 0% ground
state is of normal parity, and is thus obtained from calculations with
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Fig. 1. Number of 1~ states in *He up to the excitation energy of 100 MeV as a
function of N, calculated by the NCSM using the Daejeon16 N N interaction
with the Coulomb interaction between protons.

even N .. (Ny.x =2,4,6,---). According to the E1 selection rules, only
1~ excited states are allowed excited states in Eq. (1). The 1~ excited
states are of non-normal parity, and are thus obtained from calculations
with odd N ;. (Npax =3,5,7, +++). Within the M scheme, we can obtain
the desired 1~ states with M = 1. With a straightforward calculation
we would obtain numerous unneeded states with J > 2 at the same
time. For example, we obtain 2346 states (including 17, 27, ---) below
the excitation energy of 100 MeV at N, = 11 with 2Q =20 MeV and
M =1, whereas only 370 are our desired 1~ states. In order to remove
these unneeded states and conserve computational resources, we add

the following Lagrange multiplier term to the Hamiltonian [40]
Hp=4(J*-2), )]

with the total angular momentum vector given by J = Z,.A:l J;- For ex-
ample, the 27 (37) states are shifted upwards in energy by this term by
100 (250) MeV if we set A =25 MeV. We show in Fig. 1 that the num-
ber of 1™ states below 100 MeV excitation energy increases rapidly with
N .. especially at low AQ values. Therefore one of the challenges in
calculating the E1 polarizability of “He is obtaining necessary 1 states.
We employ the Lanczos method with a sufficient number of Lanczos it-
erations to converge all 1~ states up to 100 MeV of excitation. We then
calculate the E1 transition matrix elements from the ground state to
these 1~ states and the resulting E1 polarizability.

We adopt the Lawson method [40,41] to ensure that only states
which are free from spurious center of mass (CoM) excitation, that is,
which share the same Os CoM wave function, remain in the calculated
spectrum. The CoM wave function does not contribute to the E1 transi-
tion matrix elements due to the angular momentum and parity selection
rules on the CoM degree of freedom, as shown in Ref. [42].

One should note that the continuum states obtained with the NCSM
in the above manner are viewed as a discretized approximation of the
continuum. These discretized states become more dense in the contin-
uum as the basis size increases [20].

3. Results and discussion

In Fig. 2 (a) we present the E1 polarizability, ar, of 4He as a function
of the cutoff in the excitation energy (i.e., the running sum) for various
N .x With the same 7Q = 17.5 MeV. We present in our figures the results
marked by N, which is used to calculate the excited 1~ states while
the ground state is calculated with N, — 1. We find in Fig. 2 (a) that
ap at first increases rapidly with energy cutoff, for low cutoff energies.
However, the growth of aj slows drastically above roughly 75 MeV, in
particular, at N,, > 7. The rather small differences of the results for
Npax =11-15 at E, =100 MeV indicate the approximate convergence
of the NCSM calculations with respect to the basis truncation.

We show in Fig. 2 (b) the calculated contributions of different energy

intervals below 100 MeV excitation energy to the E1 polarizability of
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Fig. 2. (a) E1 polarizability of “He as a function of the excitation energy E, calculated within the NCSM at N,,,, =3—15 with 2Q = 17.5 MeV. The inset shows the
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expanded view of the energy interval from 70 to 100 MeV for the N, > 5 results. (b) Contributions of different energy intervals to the E1 polarizability of *He at
Npax = 15 with 7Q =17.5 MeV. Bins filled with hatch lines represent the results calculated with the NCSM and the four solid dots indicate the amplitude of each
bin. The solid curve is obtained by exponential fitting to the four solid dots. The bins without hatch lines represent the contributions of 100 — 120 and 120 — 140

MeV intervals extrapolated with the solid curve.
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Fig. 3. Electric dipole polarizability of “He as a function of N, for various 2Q
values. The solid dot with an error bar represents the converged result with an
estimated uncertainty. Two experimental data along with their quoted uncer-
tainties (solid squares) from Refs. [43-45] are shown for comparison.

4He (bins filled with hatch lines). We observe an overall decrease of the
contributions of the 1~ states with the increase of the excitation energy.
The bin of 80 — 100 MeV contributes less than 10~ fm?. The computa-
tional cost depends strongly on the number of Lanczos iterations which
determines the truncation to the excitation energy. It becomes computa-
tionally prohibitive to account for excitation energies above some point
dictated by available computational resources. We therefore truncate
the excitation energy at 100 MeV in the following calculations and esti-
mate the uncertainty caused by this truncation.

In Fig. 3 we show the calculated E1 polarizability of “He as a func-
tion of the truncation parameter N, for various 7Q values. The num-
ber of the 1~ states increases sharply with decreasing 7€ at the same
N ax as shown in Fig. 1. In order to limit the computational costs, we
restrict the NCSM calculations up to N,,,, = 15 in this work. We obtain

max

all the results in Fig. 3 by retaining 1~ states up to 100 MeV excitation
energy.

We observe in Fig. 3 that, as N, increases, different basis oscil-
lator parameters 7Q result in different convergence patterns which are
especially visible for small N, values. We find that the results with
moderate 7Q = 15-20 MeV in Fig. 3 show the most rapid convergence
at small N,,,.. The results for all 7Q values tend to the same asymp-
totic value as N, increases. In particular, the results with 7Q = 15
and 17.5 MeV show apparent convergence with some small oscillations,
which indicates that calculating the E1 polarizability by directly solving
for nuclear eigenstates in a large HO basis is numerically achievable.

We use theresult at N,,, = 15 with 7Q =17.5MeV, i.e., ag =0.0782
fm3, as our prediction to the E1 polarizability of “He considering the
contribution of the energy interval 0—100 MeV. The uncertainty for
calculating nuclear E1 polarizability by direct Hamiltonian diagonal-
ization is restricted mainly by two aspects, i.e., the truncation of the
excitation energy and limited basis size.

In order to estimate the uncertainty stemming from the excitation en-
ergy truncation, we fit the amplitudes (represented by four solid dots) of
the four bins filled with hatch lines in Fig. 2 (b) with an exponential func-
tion, and extrapolate the fitting results up to the two intervals 100 — 120
and 120 — 140 MeV (bins without hatch lines). Since the fitting results
(solid curve in Fig. 2 (b)) coincide well with the four solid dots, we
could estimate the uncertainty induced by the excitation energy trun-
cation with the extrapolated results. We approximate this uncertainty
with the extrapolated contributions above 100 MeV, i.e., 0.0003 fm~3.
One should note that the quality of the exponential fit depends on the
N hax and 7Q values, as well as on the bin size; the above extrapolation
is evaluated only for N, = 15 with 7Q = 17.5 MeV with the bin size
of 20 MeV as shown in Fig. 2 (b).

We estimate the uncertainty due to basis truncation with the differ-
ence of the results for 72Q = 17.5 and 25 MeV at the same N, =15
in Fig. 3, i.e., 0.0003 fm3. The E1 polarizability of *He obtained with
the Daejeonl6 interaction in this work is therefore 0.0782418:8882 fm3.
Since the uncertainty due to the energy truncation can only be posi-
tive, the upper error bar is obtained simply with the sum of the above
two uncertainties while the lower error bar is contributed only by the
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Table 1

“He E1 polarizability. Our result in comparison with experi-
mental data and those obtained by various ab initio approaches
employing different techniques and various internucleon inter-
action models.

Theo./Exp. Interaction ap (fm®)
NCSM NN (Daejeon16) 0.0782*5.000¢
[This work]
HH [11] NN (AV18) + 3N (UIX) 0.0655(4)
HH [12] NN (MT-1/111) 0.076
HH [13] [NN (N°LO) + 3N (N’LO)] s 0.0694
NCSM [22] [NN (N°LO) + 3N (N’LO)]ors  0.0683(14)
NCSM [23] [NN (N*LO)+ 3N (N?LO)], 5 0.07093(5)
[NN (N*LO) + 3N (N?LO)15, 0.06861(5)
NCSM [24] NN (N°LO) 0.084(3)
SA-NCSM [24] NN (N*LO) 0.077(3)
NCSM NN (NNLO,,) 0.0680
SA-NCSM [24]
CC [16] NN + 3N (NNLO,,) 0.0735(1)
Exp. [43,44] 0.072(4)
Exp. [45] 0.076(8)

basis truncation. We show our converged result with the estimated un-
certainty in Fig. 3. All the calculated results at N, = 15 fall into our
estimated uncertainty region with the only exception of the result for
hQ =30 MeV, which indicates that we have achieved good convergence
and our estimation to the theoretical uncertainty is reasonable. We ob-
serve in Fig. 3 that our predicted E1 polarizability of “He is consistent
with the most recent experimental data [45].

We present our results in Table 1 and compare with some alternative
ab initio calculations of the “He E1 polarizability. We also present two
experimental data along with their quoted uncertainties from Refs. [43—
45] for comparison. The ab initio calculations we quote in Table 1 for
comparison use the following NN and three-nucleon (3N) interactions:
NN (AV18) [46], 3N (UIX) [47], NN (MT-I/IIT) [48], NN (N3LO) [29],
3N (N’LO) [49], NN (NNLO,,\) [50] and NN+3N (NNLO,,,) [51]. The
subscript OLS denotes that the results in Refs. [13,22] are obtained with
a Okubo-Lee-Suzuki renormalization [52-54] of internucleon interac-
tions. A SRG-evolved NN+3N Hamiltonian and a self-consistent SRG-
evolved E1 operator are used in Ref. [23]. The subscripts 1.8 and 3.0 in
Table 1 denote the SRG-evolved scale parameters in fm [23]. The NCSM
approach was also used in Refs. [22-24] to calculate the 4He polariz-
ability. Besides the different Hamiltonians adopted, one of the major
differences between our calculation and Refs. [22-24] is that we solve
for numerous eigenstates which is avoided by Refs. [22-24]. We can see
in Table 1 significant differences for “He E1 polarizabilities calculated
with various internucleon interaction models, ranging from 0.0655(4)
to 0.084(3) fm>. From the results shown in Table 1, we infer that the
nuclear E1 polarizability may provide important constraints on nuclear
interactions. These results provide motivation for further improvements
of both theoretical calculations and experimental measurements, such
as the photoabsorption reactions and the Coulomb breakup reactions.

4. Conclusions and outlook

In conclusion, we calculated the electric dipole (E1) polarizability
of “He through directly solving for its numerous eigenstates by means of
the ab initio NCSM in the HO basis. We performed calculations with the
realistic Daejeonl6 N N interaction. We considered the E1 transitions
from the ground state to all calculated 1~ states below an excitation
energy of 100 MeV. In order to retain only 1~ states and exclude the
unneeded states with higher angular momentum, we added an angular
momentum Lagrange multiplier term to the Hamiltonian. The running
sum exhibits a good convergence pattern as the cutoff of excitation
energy increases. The E1 polarizability of “He converges to the third
significant figure as the basis size increases. Our predicted E1 polar-

izability of “He, 0.07821’8'8882 fm?3, is consistent with the most recent
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experimental data. We expect that direct calculations may also be appli-
cable to other sum rules in nuclei. The results obtained with this method
can also be used to benchmark evaluations of nuclear sum rules with
other techniques.

Our study provides motivation for similar calculations in heavier nu-
clei. For instance, the ab initio calculations of the E1 polarizability of
the two-neutron halo nucleus °He, may strongly constrain the measure-
ment of its E1 response function which disagrees significantly among
different experiments [55-57]. Although the theoretical uncertainties of
calculations in heavier nuclei will be larger, the results with estimated
uncertainties could nevertheless provide useful predictions for experi-
ment and theoretical comparisons.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We acknowledge helpful discussions with Chen Ji and Xingbo
Zhao. A portion of the computational resources are provided by the
National Energy Research Scientific Computing Center (NERSC), a
U.S. Department of Energy Office of Science User Facility located at
Lawrence Berkeley National Laboratory, operated under Contract No.
DE-AC02-05CH11231 using NERSC award NP-ERCAP0020944, NP-
ERCAP0023866 and NP-ERCAP0028672. Peng Yin and Wei Zuo are
supported by the National Natural Science Foundation of China (Grant
Nos. 11975282, 11705240, 11435014), the Strategic Priority Research
Program of Chinese Academy of Sciences, Grant No. XDB34000000, the
Key Research Program of the Chinese Academy of Sciences under Grant
No. XDPB15, and the Natural Science Foundation of Gansu Province
under Grant No. 23JRRA675. A. M. Shirokov is thankful to the Chinese
Academy of Sciences President’s International Fellowship Initiative Pro-
gram (Grant No. 2023VMAO0013) which supported his visits to Lanzhou
where a part of this work was performed and acknowledges the hospi-
tality of Chinese colleagues during these visits. This material is based
upon work supported by the U.S. Department of Energy Office of Sci-
ence, under Award Nos. DE-FG02-95ER40934 (M.A.C.), DE-SC0023495
(P.M./J.P.V.), and DE-SC0023692 (J.P.V.).

References

[1] S. Bacca, S. Pastore, J. Phys. G 41 (2014) 123002.
[2] J.L. Friar, S. Fallieros, E.L. Tomusiak, D. Skopik, E.G. Fuller, Phys. Rev. C 27 (1983)
1364-1366.
[3] N.L. Rodning, L.D. Knutson, W.G. Lynch, M.B. Tsang, Phys. Rev. Lett. 49 (1982) 909.
[4] G. Hagen, A. Ekstrom, C. Forssén, G.R. Jansen, W. Nazarewicz, T. Papenbrock, K.A.
Wendt, S. Bacca, N. Barnea, B. Carlsson, et al., Nat. Phys. 12 (2015) 186-190.
[5] J.L. Friar, G.L. Payne, Phys. Rev. C 55 (1997) 2764.
[6] P. Yin, W. Du, W. Zuo, X. Zhao, J.P. Vary, arXiv:2208.00267 [nucl-th].
[7] O.J. Hernandez, C. Ji, S. Bacca, N. Nevo Dinur, N. Barnea, Phys. Lett. B 736 (2014)
344-349.
[8] O.J. Hernandez, A. Ekstrom, N. Nevo Dinur, C. Ji, S. Bacca, N. Barnea, Phys. Lett. B
778 (2018) 377-383.
[9] V.D. Efros, W. Leidemann, G. Orlandini, Phys. Lett. B 338 (1994) 130-133.
[10] V.D. Efros, W. Leidemann, G. Orlandini, N. Barnea, J. Phys. G 34 (2007) R459.
[11] D. Gazit, N. Barnea, S. Bacca, W. Leidemann, G. Orlandini, Phys. Rev. C 74 (2006)
061001.
[12] W. Leidemann, in: R. Krivec, B. Golli, M. Rosina, S. Sirca (Eds.), Few-Body Problems
in Physics ’02, vol. 14, Springer-Verlag Wien, New York, 2003, p. 313.
[13] C. Ji, N. Nevo Dinur, S. Bacca, N. Barnea, Phys. Rev. Lett. 111 (2013) 143402.
[14] S. Bacca, N. Barnea, G. Hagen, M. Miorelli, G. Orlandini, T. Papenbrock, Phys. Rev.
C 90 (2014) 064619.


http://refhub.elsevier.com/S0370-2693(24)00415-5/bib2B571E6DC8D26E2B5F41D45234C816DDs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib642428DD9EBC43F51A91B25D1E79787Bs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib642428DD9EBC43F51A91B25D1E79787Bs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib6622EDC5035A3F69DB2D31750A05EFCDs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib4C9CEF24500C73E69644D53788B76A92s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib4C9CEF24500C73E69644D53788B76A92s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA8CFBA56510776B18E0803311B8CA986s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib2D0092AA103BD9218B355B4D06117857s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib72D1BE266A7C539899C9BD5835A3BDC8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib72D1BE266A7C539899C9BD5835A3BDC8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib74BC431AFBC12BE7827FF9369AF78B13s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib74BC431AFBC12BE7827FF9369AF78B13s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibEA20E460BC0B1208E86CCE6982E21BEAs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA0C9663AD776B7B9D1A12B7D80523EEEs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA7C62E3D738173C37D84EA04784666D0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA7C62E3D738173C37D84EA04784666D0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib9DFB791F7FB94AAA341D57B4C8177732s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib9DFB791F7FB94AAA341D57B4C8177732s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib269CF10030F7427CD057D8DE9636C0D7s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib28824F3304032E4DB7B713B0B58B3783s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib28824F3304032E4DB7B713B0B58B3783s1

P. Yin, A.M. Shirokov, P. Maris et al.

[15] S. Bacca, N. Barnea, G. Hagen, G. Orlandini, T. Papenbrock, Phys. Rev. Lett. 111
(2013) 122502.

[16] M. Miorelli, S. Bacca, N. Barnea, G. Hagen, G.R. Jansen, G. Orlandini, T. Papenbrock,
Phys. Rev. C 94 (2016) 034317.

[17] F. Bonaiti, S. Bacca, G. Hagen, Phys. Rev. C 105 (2022) 034313.

[18] R.W. Fearick, P. von Neumann-Cosel, S. Bacca, J. Birkhan, F. Bonaiti, I. Brandherm,
G. Hagen, H. Matsubara, W. Nazarewicz, N. Pietralla, et al., Phys. Rev. Res. 5 (2023)
1022044.

[19] W.C. Haxton, K.M. Zurek, K.M. Nollett, Phys. Rev. C 72 (2005) 065501.

[20] N. Nevo Dinur, C. Ji, S. Bacca, N. Barnea, Phys. Rev. C 89 (2014) 064317.

[21] 1. Stetcu, C.P. Liu, J.L. Friar, A.C. Hayes, P. Navratil, Phys. Lett. B 665 (2008)
168-172.

[22] I Stetcu, S. Quaglioni, J.L. Friar, A.C. Hayes, P. Navratil, Phys. Rev. C 79 (2009)
064001.

[23] M.D. Schuster, S. Quaglioni, C.W. Johnson, E.D. Jurgenson, P. Navratil, Phys. Rev.
C 92 (2015) 014320.

[24] R.B. Baker, K.D. Launey, S. Bacca, N. Nevo Dinur, T. Dytrych, Phys. Rev. C 102
(2020) 014320.

[25] M. Burrows, R.B. Baker, S. Bacca, K.D. Launey, T. Dytrych, D. Langr, arXiv:2312.
09782 [nucl-th].

[26] B. Acharya, S. Bacca, F. Bonaiti, S.S. Li Muli, J.E. Sobczyk, Front. Phys. 10 (2023)
1066035.

[27] G. De Gregorio, F. Knapp, N. Lo Iudice, P. Vesely, Phys. Rev. C 105 (2022) 024326;
N. Lo Iudice, private communication.

[28] A.M. Shirokov, 1.J. Shin, Y. Kim, M. Sosonkina, P. Maris, J.P. Vary, Phys. Lett. B 761
(2016) 87-91.

[29] D.R. Entem, R. Machleidt, Phys. Rev. C 68 (2003) 041001.

[30] P. Maris, I.J. Shin, J.P. Vary, in: 6th International Conference Nuclear Theory in the
Supercomputing Era, 2019, arXiv:1908.00155 [nucl-th].

[31] K. Alder, A. Bohr, T. Huus, B. Mottelson, A. Winther, Rev. Mod. Phys. 28 (1956)
432-542.

[32] B.R. Barrett, P. Navratil, J.P. Vary, Prog. Part. Nucl. Phys. 69 (2013) 131.

[33] P. Maris, S. Binder, A. Calci, E. Epelbaum, R.J. Furnstahl, J. Golak, K. Hebeler, H.
Kamada, H. Krebs, J. Langhammer, et al., EPJ Web Conf. 113 (2016) 04015.

Physics Letters B 855 (2024) 138857

[34] P. Maris, et al., LENPIC, Phys. Rev. C 103 (2021) 054001.

[35] P. Maris, et al., LENPIC, Phys. Rev. C 106 (2022) 064002.

[36] H.M. Aktulga, C. Yang, E.G. Ng, P. Maris, J.P. Vary, Concurr. Comput., Pract. Exp.
26 (2014) 2631.

[37] P. Maris, M. Sosonkina, J.P. Vary, E. Ng, C. Yang, Proc. Comput. Sci. 1 (2010) 97.

[38] P. Maris, C. Yang, D. Oryspayev, B.C. Cook, J. Comput. Sci. 59 (2022) 101554.

[39] B. Cook, P.J. Fasano, P. Maris, C. Yang, D. Oryspayev, in: S. Bhalachandra, C. Daley,
V. Melesse Vergara (Eds.), WACCPD 2021, in: Lecture Notes in Computer Science,
vol. 13194, Springer, 2022.

[40] R.R. Whitehead, A. Watt, B.J. Cole, I. Morrison, Adv. Nucl. Phys. 9 (1977) 123-176.

[41] D.H. Gloeckner, R.D. Lawson, Phys. Lett. B 53 (1974) 313-318.

[42] M.A. Caprio, A.E. McCoy, P.J. Fasano, J. Phys. G 47 (12) (2020) 122001.

[43] J.L. Friar, Phys. Rev. C 16 (1977) 1540-1548.

[44] Y.M. Arkatov, et al., Yad. Fiz. 19 (1974) 1172, Sov. J. Nucl. Phys. 19 (1974) 598.

[45] K. Pachucki, A.M. Moro, Phys. Rev. A 75 (2007) 032521.

[46] R.B. Wiringa, V.G.J. Stoks, R. Schiavilla, Phys. Rev. C 51 (1995) 38-51.

[47] B.S. Pudliner, V.R. Pandharipande, J. Carlson, S.C. Pieper, R.B. Wiringa, Phys. Rev.
C 56 (1997) 1720-1750.

[48] R.A. Malfliet, J.A. Tjon, Nucl. Phys. A 127 (1969) 161-168.

[49] P. Navratil, Few-Body Syst. 41 (2007) 117-140.

[50] A. Ekstrom, G. Baardsen, C. Forssén, G. Hagen, M. Hjorth-Jensen, G.R. Jansen, R.
Machleidt, W. Nazarewicz, T. Papenbrock, J. Sarich, et al., Phys. Rev. Lett. 110
(2013) 192502.

[51] A. Ekstrom, G.R. Jansen, K.A. Wendt, G. Hagen, T. Papenbrock, B.D. Carlsson, C.
Forssén, M. Hjorth-Jensen, P. Navratil, W. Nazarewicz, Phys. Rev. C 91 (2015)
051301.

[52] S. Okubo, Prog. Theor. Phys. 12 (1954) 603.

[53] K. Suzuki, S.Y. Lee, Prog. Theor. Phys. 64 (1980) 2091-2106.

[54] K. Suzuki, Prog. Theor. Phys. 68 (1982) 1999.

[55] T. Aumann, D. Aleksandrov, L. Axelsson, T. Baumann, M.J.G. Borge, L.V. Chulkov,
J. Cub, W. Dostal, B. Eberlein, T.W. Elze, et al., Phys. Rev. C 59 (1999) 1252-1262.

[56] J. Wang, A. Galonsky, J.J. Kruse, E. Tryggestad, R.H. White-Stevens, P.D. Zecher, Y.
Iwata, K. Ieki, A. Horvath, F. Deak, et al., Phys. Rev. C 65 (2002) 034306.

[57]1 Y.L. Sun, T. Nakamura, Y. Kondo, Y. Satou, J. Lee, T. Matsumoto, K. Ogata, Y.
Kikuchi, N. Aoi, Y. Ichikawa, et al., Phys. Lett. B 814 (2021) 136072.


http://refhub.elsevier.com/S0370-2693(24)00415-5/bibCED29A6DE75CAAB1495CB70C3259BD89s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibCED29A6DE75CAAB1495CB70C3259BD89s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib00B34C5DADD786C13B19AC69E11EA508s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib00B34C5DADD786C13B19AC69E11EA508s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA2400B41C1D35267092841B14B534995s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib8314B3650BDB65BFA26C5FC2605E0311s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib8314B3650BDB65BFA26C5FC2605E0311s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib8314B3650BDB65BFA26C5FC2605E0311s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA8CF1E5B341B06D79A9162E928427D66s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib27459A7A860074C2E1BE00ADEF27A962s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5E4B058D1C00F949E6171AB668354AA0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5E4B058D1C00F949E6171AB668354AA0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBCA0FE947B94949A73945458FAAF9F2Es1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBCA0FE947B94949A73945458FAAF9F2Es1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib7E17CCB1AEDF35846B9992198D4C3085s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib7E17CCB1AEDF35846B9992198D4C3085s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA351A207EF8239C419F230D89D77E950s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA351A207EF8239C419F230D89D77E950s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibF2A850CBD2C9F26F5098735E54666126s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibF2A850CBD2C9F26F5098735E54666126s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5F6360A583E19C5BD6DE588137DDED85s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5F6360A583E19C5BD6DE588137DDED85s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibAA730675D86F24192F70A90C37B27439s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib342B6B11258F50E70999448EE61351A8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib342B6B11258F50E70999448EE61351A8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibADE3AF6207EF6B0B75660E95AC6B45A2s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibB58182A36E93E4B20234D47D8C91F23Fs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibB58182A36E93E4B20234D47D8C91F23Fs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibE68906CF9301374BE6B41D966B1194AEs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibE68906CF9301374BE6B41D966B1194AEs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib0CB823E65944960E5280DF50870DE539s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibF550605ED1E72592346EE24D302D46D2s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibF550605ED1E72592346EE24D302D46D2s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibC575CBE40F2249B4F10F0D926D7A1E06s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib7D1365C0AD2AF146B50DEE566FF2B7E6s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBFCF67ED77B45567E57ECD1F6FCC7C21s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBFCF67ED77B45567E57ECD1F6FCC7C21s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibC8FFB6EDB8577F7CFA01D58BAC194FDEs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibD58270571E86B2ADE7A0E8958A360D83s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibEF624B6DEBBD66E8BC3B09B2035DE78Cs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibEF624B6DEBBD66E8BC3B09B2035DE78Cs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibEF624B6DEBBD66E8BC3B09B2035DE78Cs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA23B0177CF5199E81B54FEF9D867E861s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib3B486822DE82E3D462A99ACB7291E048s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibA8C0D97A5EEC6AC6BB41F7152D221F7Es1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib3353272D1FB34C186742C7B7D183836Es1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibC9959D9C240B7061471A67AD2882690Bs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib81C01028BC58CBF41C350794AC242C7Ds1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib13CE881BA065BDC7DB4F6C618EFA88ABs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib95DA2075CAE219D074FE2255F25A1AD8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib95DA2075CAE219D074FE2255F25A1AD8s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib8B1621E475C72FF705F09CF536B8F079s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib3DA6B25BFEC3E2254E7337B9C66DD206s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5AAFF6E4D99BB97E0EF88F99C9DFA4D0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5AAFF6E4D99BB97E0EF88F99C9DFA4D0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib5AAFF6E4D99BB97E0EF88F99C9DFA4D0s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibAF8C206AE5F6AAEE63917335F7049170s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibAF8C206AE5F6AAEE63917335F7049170s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibAF8C206AE5F6AAEE63917335F7049170s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib19F691B58DD674160BAD9146670F3793s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibF8AE0A13A32390C9B89FC4FFCF6F08B2s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib1D64668B8A531FF33A47B843DD053F17s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibE39FE1FD0FB8AD0723D567BA6DE27C49s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibE39FE1FD0FB8AD0723D567BA6DE27C49s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBD3F5642538C60468F76CED0E821B24Fs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bibBD3F5642538C60468F76CED0E821B24Fs1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib4329E28B45AC7F82A527C862C65CC899s1
http://refhub.elsevier.com/S0370-2693(24)00415-5/bib4329E28B45AC7F82A527C862C65CC899s1

	Direct ab initio calculation of the 4He nuclear electric dipole polarizability
	1 Introduction
	2 Theoretical methods
	3 Results and discussion
	4 Conclusions and outlook
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


