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1. Introduction

Ab initio descriptions of spherical and deformed nuclei up through the calcium region are now possible within a no-core shell-model
framework, by utilizing emerging symplectic symmetry in nuclei. In particular, the symmetry-adapted no-core shell-model (SA-NCSM)
[1-5] uses a physically relevant symmetry-adapted (SA) basis that can achieve significantly reduced model spaces compared to the corre-
sponding complete ultra-large model spaces, without compromising the accuracy of results for various observables [1,6,7]. This enables the
SA-NCSM to accommodate contributions from more shells and to describe heavier nuclei, such as 2°Ne [2], 2'Mg [8], 22Mg [9], 28Mg [10],
as well as 32Ne and “8Ti [11,12]. The access to higher-lying shells makes the SA basis suitable for describing nuclear reactions [12], the
processes that are typically studied in experiments and govern stellar evolution. Remarkable progress has been made in first-principle de-
scriptions to scattering and nuclear reactions for light nuclei (for an overview, see [13,14]), including studies of elastic scattering [15-21],
photoabsorption [22], transfer [23] and capture reactions [24], « widths [25,26] and resonant states [27], as well as thermonuclear fusion
[28]. In this paper, we show that expanding the reach of ab initio reactions to deformed and heavier targets is now feasible with the SA
basis.

Microscopic approaches to nuclear reactions take into account nucleon degrees of freedom along with their correlations within and
among the reaction fragments. Coupled with realistic inter-nucleon interactions, such as the ones derived in the framework of chiral ef-
fective field theory [29-32], these approaches provide ab initio calculations of reaction observables. One of the earliest and very successful
microscopic approaches to nuclear reactions is the resonating-group method (RGM) [33,34]. In the RGM, nucleons are organized within
different groups, or clusters, “resonating” through the inter-cluster exchange of nucleons. Most importantly, the cluster system is trans-
lationally invariant, and the Pauli exclusion principle is enforced by the antisymmetrization between the different clusters. All of these
features make this method particularly suitable for unified descriptions of nuclear structure and reaction observables. Following the suc-
cess of the Elliott model [35,36], showing that a leading (most deformed) SU(3) shell-model configuration describes reasonably well the
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ground-state rotational band in intermediate-mass nuclei, the RGM has been extensively used with an SU(3) basis and its no-core shell-
model extension, the symplectic Sp(3, R) basis [37-39]. Applications of the model with Gaussian interactions have successfully calculated
« and 8Be cluster amplitudes, spectroscopic amplitudes for heavy-fragment clusters, and sub-Coulomb 2C+12C resonances [40-42]. The
formalism has been extended by utilizing a mixed no-core shell-model Sp(3, R) plus RGM cluster basis [43-45], and applied to studies of
the monopole and quadrupole strengths in light nuclei [46,47], as well as the a+12C cluster system [48-50].

More recently, a successful first-principle description of scattering and reactions has been realized by implementing the RGM using
ab initio NCSM [51,52] wave functions for the clusters in a formalism known as NCSM/RGM [17,53,54] and, later, by fully combining
the two approaches into the generalized ab initio cluster expansion of the no-core shell model with continuum (NCSMC) [55,56]. These
methods, which have enabled predictions of nucleon [57,58], deuteron [59] and alpha [60] scattering off light targets, as well as polarized
deuterium-tritium fusion [28] from chiral nucleon-nucleon (NN) and three-nucleon (3N) forces, are reviewed in Refs. [14,61].

In addition, the Gamow shell model coupled-channel approach combines the RGM with a continuum core-valence shell approach and
allows for descriptions of nuclear reactions of heavier systems [20,62,63].

The goal of this paper is to show the efficacy of a new approach that can extend the study of ab initio reactions to medium mass
nuclei by using the SA-NCSM approach [1,2]. The SA framework takes advantage of symmetries inherent to nuclei and of group theoretical
algorithms, and reorganizes the model space into a physically relevant basis. This allows us to account for the relevant correlations within
only a few dominant components and, hence, achieve manageable Hamiltonian matrix sizes. In this paper, we present a new formalism
of the RGM, one that admits the use of the SA basis, and we demonstrate the capability and potential of the approach for light and
intermediate-mass nuclei. The formalism of the SA-RGM framework is presented in Sec. 2, where we discuss RGM kernels computed using
the SA basis. The sensitivity of the kernels on different selected model spaces and model space sizes is discussed in Sec. 3.1 for a 4He
target and in Sec. 3.2 for intermediate-mass '°0 and 2°Ne targets. Section 3.3 presents an analysis of the basis dimension and its scaling
with model space sizes and particle numbers. Finally, Sec. 4 outlines the conclusions.

2. Theoretical framework

Traditionally, the RGM adopts microscopic cluster wave functions as basis functions to describe the motion of a system of two or more
clusters (see, e.g., Refs. [53,64]). We consider two nuclear fragments, or binary-cluster nuclear reactions. For two clusters A and a, the
cluster states for a channel c are defined as:

104 M) = (1A I x [(@alF2)) x YeFan) ™
8(r—raa)
L —Taa)
TI‘A,Q

(1)

where the cluster system is defined for a channel ¢ = {ay, I7 1 a2, I2 , I, ¢}, which is labeled by the angular momentum (spin) and parity
of each of the clusters and the total spin of the clusters I (the labels a; and a; denote all other quantum numbers needed to fully
characterize their respective states), and the orbital momentum [. For particle laboratory coordinates 7; (used in this study), the separation
distance between the center-of-mass of the two clusters is determined from 74 4 = %Z,-A:] i — %Z,ATH ri. The distance r between the
clusters defines the cluster states and the RGM kernels, as shown below, and as an integration variable facilitates the treatment of the

inter-cluster antisymmetrization. Namely, the A + a nuclear wave function is expressed in terms of the cluster states as
jpS My — Z/drrzgc ) ac 10y | 2)

with unknown amplitudes gcj M(r) that are determined by solving the integral Hill-Wheeler equations for a given total energy E in the
A + a center-of-mass frame:

g™
/drr Hee (', 1) — ENpe(r, r)]f=0. (3)

Here, Ho (o (', 1) = (q>c,r, |.AC/I:I.AC |<I>cr ) is the Hamiltonian kernel and Ny (', 1) = (@CJ r,M| Ao Ac |d>grﬂM> is the norm kernel, where A is
the inter-cluster antisymmetrizer. The kernels are computed by using the microscopic wave functions of the clusters that can be obtained
in the ab initio NCSM and SA-NCSM. Once the kernels are computed, Eq. (3) can then be solved using the microscopic R-matrix approach
[65,66].

In the SA-RGM, the target nucleus of A particles is described by SA-NCSM many-body wave functions. In the SA-NCSM, the many-body

basis is labeled by irreducible representations (irreps) according to the group chain [35,36]:

[SU(3)(A w 250B3) D 50(2)ML] ® [SU2)s D SUM)u;]- (4)

The (A ) quantum numbers label an SU(3) irrep and can be related to the average deformation through the established link with the
well-known parameters, deformation B and triaxiality y [67,68]. The label « distinguishes multiple occurrences of the same orbital
momentum L in the parent irrep (A ), and M; is the projection. These quantum numbers define the spatial degrees of freedom, which
can then be coupled to the intrinsic spin (S) to yield a good total angular momentum.

Specifically, a target state with total angular momentum and parity I;™' (and projection My) is constructed in terms of the SA basis:

((Aarlf M) = Y Co S bywyiy (L SHIT My) (5)
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where the labels are defined as b = {...a)pa)npN; SpSn} and deformation w = (A ) (it is understood that the coefficients C are for
given 1, which is omitted from labeling). Protons and neutrons are labeled by p and n, respectively, and S labels the intrinsic spin
(“...” denotes all additional quantum numbers including a;). The SU(3) outer multiplicity p [69] results from the coupling of the proton
deformation with that of neutrons to total deformation w;. N labels the total harmonic oscillator (HO) excitations above the valence-shell
configuration and is truncated at a maximum value (N < Npax), which determines the model space size.

For a single-particle projectile, the SA-RGM channel basis states can thus be defined for a channel {v{; v} = {w1k1(L1S1); wk (LS)}
[related to channel c in Eq. (13)] as:

M

M 1 v

|<1>51’n;n>=ZCZ‘1“{Iblwls1> x |(n0)5>} : -
by

where the SU(3) basis states for the target are coupled to the HO single-particle states of the projectile with (1 0) SU(3) quantum numbers
and spin % (we will omit the parity 7 from the notation throughout the paper for simplicity). We note that the SU(3) outer multiplicity
associated with the coupling of w; and (1 0) is 1, and hence, omitted from the notations. An important consequence of the use of SU(3)
is that there is no dependence on the orbital momentum of the projectile, only on the shell number it occupies, 1. Furthermore, the
summation over by implies that the SA-RGM basis requires only a part of the information present in the SA basis.

The SA-RGM basis is used to calculate the RGM kernels, which is the main computational task in RGM [53]. These include the norm
kernel, which is the overlap between antisymmetrized non-orthogonal RGM basis states. It consists of a direct part (a Dirac delta function),
which dominates at large relative distances, and an exchange part that takes into account the Pauli principle at short distances. The
exchange norm kernel is related to the permutation operator 13,4_ A+1 that exchanges the nucleon projectile with another nucleon within
the target, thereby ensuring antisymmetrization (cf. [53]):

A
M < M
NS 1) =— (@101 Piagr |04)
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The exchange norm kernel in the SA-RGM basis is thus reduced to evaluating the following (similarly, for the Hamiltonian kernels):
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where U [...] is the SU(3) 6-(A ) recoupling coefficient [70], analogous to the SU(2) 6-j symbol, dim (A u) = %(A + D +1D0+pn+2),
I, j, =+/2j1+1)(2j2 + 1), and the SU(3) one-body density matrix elements are defined as:

POWOSO (/17 . Vil v111 ’ / T ~ @oSo
P (il vih) = 3 € G BrenSilllag oy X oyt 110151} 0, (9)
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i 7 _
where a()7 Omyim; = anlm;%ms and Byt Lmg creates and annihilates, respectively, a particle of spin 1/2 in the n-th HO shell, a(oml md—m, =
(—1)”*’*m'+5*msan,ml%ms is the annihilation SU(3) tensor operator, and (...|||...]|||...) denotes a reduced matrix element (rme) with

respect to SU(3) and the spin SU(2) groups. It is notable that, as a result of the Kronecker delta function §,/,, in Eq. (8), the exchange part
of the norm kernel turns out to be block-diagonal in the SA-RGM basis. The reason is that the operator P is an SU(3) scalar and spin
scalar, and therefore preserves deformation and spin of the composite A 4+ 1 system (note that it may change the w; deformation of the
target itself).

The matrix elements of the p density of Eq. (9) can be quickly computed on the fly in the SA basis. Their computation can utilize
an efficacious algorithm that exploits organization of SA basis states in terms of subspaces of SU(3) irreps and the factorization of spatial
SU(3) and SU(2) spin degrees of freedom [1,71], and this can be done prior to the computation of the kernels. Specifically, the essential
input for the computation of ,opowoso(vl ; 117) is represented by the SU(3) proton-neutron rme’s

PN i = N
{ 1a)151|||{a(n0)% X Aoy 1 100 10101S1) gy

ol w. S’ A0S ApwpS
= p®p2p U o7 oy T@0S0 p@pp
_<{ ropF }plaa ATl { Ny }plwlswm, (10)
woso_

where T {a n0)1 X a(On’)%}woso and symbols ap,a;,,an,a,/l schematically denote all the additional quantum numbers needed to
2

uniquely determme proton and neutron SU(3) xSU(2) irreps. The computation of proton-neutron SU(3) rme’s (10) is done by a new effi-
cacious algorithm that exploits organization of SA basis states in terms of SU(3) equivalent irreps and also benefits from the factorization
of basis states into spatial SU(3) and spin SU(2) components.

Here we briefly describe the main steps of this algorithm. Let’s assume that operator T“’,;’ 0 acts on protons (algorithm for neutron case
is identical). The input for the computation of proton-neutron SU(3) rme’s is then a set of non-vanishing rme’s for a system of Z protons
that span Oh€2, 1h€2,..., Nmaxi2 model space,
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Note that the computation of proton rme’s needs to be done only once in a lifetime for a given number of Z identical nucleons and
the cutoff parameter Npax. We sort input rme’s into blocks defined by rows and columns of SU(3) equivalent irreps. This allows us to
maximize the reuse of computationally expensive 9-(A ;) symbols for the computation of proton-neutron SU(3) rme’s, which is executed
in two main steps. In the first step, we compute the so-called proton-neutron “spinless” SU(3) rme’s as

o w, S’ AwoS AapwpS
pp2p L or o (| T @050 p@Wp2p o
({ n },01 11 m |||i n },01 1) po
wp @ W, Pp
_ wWn (00) Wn 1 PN ~wpSo
=y o @ o o (o, Syl TR0 [lap@pSp) p, - (11)
p
"l 1 p

Note that “spinless” rme’s do not depend on neutron spins S;, S; and on total intrinsic spins S} and S; quantum numbers. Hence, this
results in a small amount of data that can be readily computed. In the second step, the resulting proton-neutron SU(3) rme’s are computed
by multiplying intrinsic spin dependent factor with the “spinless” rme’s, namely,

/ /

ol w AwoS ApwyS
({ b ?Sf}PﬁwﬁsﬁlllTﬁ/olll{ PP p}P1w151)po

Opwyon onwn Sy
Sp Sn S‘]
:80),/1%5%%55;15” HSISOS;;Sn 59 0 59
p Sn 51
o w. S’ ~woS AUnWnS
p~p-p o) @00 p*p-p
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The delta coefficients arise due to the spectator nature of neutrons and greatly simplify computations.

Furthermore, Eq. (8) allows the kernels to be calculated, for each J7, through the SA-RGM channel basis of Eq. (6) that only depends
on the deformation, rotation, and spin of the target v; (that is, w1x1L1S1), and the deformation, rotation, and spin of the target-projectile
system v (that is, wkLS). From this, it is clear that the SA offers two main advantages: first, calculations utilize group-theoretical algo-
rithms that use a reduced subset of quantum numbers v and vy, and second, the number of SU(3) configurations in the target wave
function, we find, is a manageable number when compared to the complete model-space size. This results in a manageable number of
configurations for the target-projectile system based on SU(3) and SU(2) selection rules, namely, @ = w; x (n0) and S = S; x % (for
further details on scalability, see Sec. 3.3).

Another advantage of the SA scheme is that the dependence on the orbital momentum ¢ is recovered in the very last step:

15y =3 Ry Y Mg (=)l
n j

L 1 s
v

J
V1
L] S] 11 vIM
xde 1 D3 ) - (13)
L S ]

This wave function is then used in a microscopic R-matrix approach [65] to calculate phase shifts and cross sections.

To study the efficacy of the SA scheme, we focus on the norm and potential kernels. For the potential kernel, we consider only the
part that involves the projectile and a single nucleon in the target (similarly to Ref. [21]), that is, the potential kernel of particle-rank one,
denoted here as Vc(,lc) @, r) (cf. [53]):

M, ~ M
v, 1) =AM Va a1 = Paarn) |0M). (14)

Note that the exchange of two nucleons that interact with each other is part of this kernel. We do not consider the particle-rank two
potential kernel that accounts for the projectile exchanging with one nucleon in the target and interacting with another nucleon (called
exchange potential kernel in [53]). Since the goal of this study is to validate the use of the SA scheme against the use of complete model
spaces, we expect that the particle-rank two potential kernel will benefit from advantages similar to those shown in the next section. The
reason is that the main advantage stems from the reductions of the number of basis states needed to describe the target wavefunctions.
Such a reduction ensures that one-body densities, along with the two-body densities that will be needed for the particle-rank two
potential kernels, are computed for wavefunctions that span only a fraction of the complete model space (as discussed in Sec. 3.3).
The derivation of the potential kernel in the SA-RGM basis follows a procedure similar to that for the norm kernel:

’ M A fa M
@I 1 (Tansr(1=Passn @) )

2 1 so 1 S1 So S
53] ) RUSENTE Bi Pl
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Table 1

Model space dimension for the targets used in the present study, for J =07 in “He, 160, and
20Ne, and for J =3/2% for 22Mg. The complete | model spaces (all basis states) are denoted
by Nmax, Whereas selected model spaces are denoted as (N)Nmax.

Nucleus Nmax Dimension Nmax Dimension
(selected) (complete)
4He (6)8 1.98x103 8 2.38x103
4He (6)10 551x103 10 792x103
4He (6)12 1.04x10* 12 2.27x10%
4He (6)14 1.44x10* 14 5.80x10%
160 (0)8 3.96x10° 8 3.01x107
20Ne (2)4 8.27x10° 4 2.38x106
20Ne (2)6 6.53x10° 6 116x108
20Ne (2)8 7.94x106 8 3.43x10°
20Ne (2)10 8.86x10° 10 7.18x10'0
2 Mg (2)4 1.38x10° 4 1.05x108
Mg (2)6 8.77x10° 6 5.40x10°
Mg (2)8 1.04x107 8 1.74x 10"
Mp0) wo (Ma0) 1 w1 Wy ®  Po
. . . 1
233 dimwy dimwpdimas | 0) w@p @0 1 | f 0) wp ('0) 1
. . . /
- dim (1, 0) dim w( dim (1’ 0) wp Wy g g o wy, o p
NbNa 2))851); 0000 1 IO/ 1 _ 1 ,0/ 1 _
o'Pp 0 0
14 S T+ S L i Spllaic' Ly, S —qyrsirs s LB So 1
X1+ 0y 1+ an(UJK ; Wk Spllw'k )pr?(— ) s ] s
K)Sh So
00 - YONY . PowoSo ()7 1/ .
X ((1a0)(1'0); waSql |V “070[[(150)(10); wbsb>p6pnanb (V1 I35 v 11) ) (15)

where w,, wp, and w; denote the SU(3) rank of the operator that transforms the initial state to the final state of the projectile, target, and
the A + 1 system, respectively.

3. Results and discussions

It is important to validate the use of the SA basis in the SA-RGM, by comparing selected model spaces with the corresponding com-
plete Nmax, to ensure that the selection does not remove configurations relevant for the reaction processes under consideration (similar
validations have been reported in Ref. [72] but for nuclear structure observables). For this, we study single-projectile scattering off the
spherical “He and 180 nuclei, as well as for the deformed 2°Ne nucleus. We present kernels that use target ground state (g.s.) wavefunc-
tions computed with the SA basis in a complete Npax model space (equivalent to NCSM/RGM calculations [53]) and we compare these to
the results that use wavefunctions calculated in a selected SA model space (see Table 1, including cases currently feasible only in selected
model spaces). In general, SA selections are denoted as (Nrcnax)Nmax. For example, the Npax = (6)14 model space includes the complete set
of excitations up to 6A2 and selected excitations in the 8A2 - 14hAQ2 subspaces, following a prescription detailed in Ref. [73]. This allows
the mixing of all possible shapes within the complete subspaces, whereas the higher selected subspaces accommodate spatially expanded
collective modes [12].

3.1. Validation of the SA scheme

We study the SA efficacy for the potential kernel of Eq. (14) for 4He(Og_S_) + n (Fig. 1), for which calculations in the complete space
(no SA selection) are available up to Npax = 18/19 with other interactions (Npmax = 18 denotes the model space for the target) [53]. For
two NN interactions, Ref. [53] has shown that the Npax = 14/15 results are sufficient to achieve converged phase shifts for the 4I—le(Og's')

+n 251/2 and 2P3/2 channels. In the present study, we use the Npax = 14 complete model space for the target, and we compare to the
Nmax = (6)14 model space. The “*He wavefunctions in these model spaces, calculated with the JISP16 NN interactions [74], have been
shown to converge for the binding energy and the g.s. root-mean-square (rms) matter radius, as well as to yield various electromagnetic
sum rules [7] that agree with those calculated in the hyperspherical harmonics approach [75].

We explore the potential kernel of Eq. (14) for P3/; as a function of the distance between the clusters, which is used to describe the
% resonant g.s. in °He, as well as for S; ;2 for a description of the %Jr scattering states of >He (see Fig. 1). We find that the SA space
yields results that are indistinguishable from those in the complete space. While Fig. 1 shows the comparison only for r' =1 fm, the
results remain indistinguishable for any r’. In addition, the norm kernels exhibit the same behavior, namely, the outcomes for the SA and
complete model spaces coincide. These results demonstrate that the SA wavefunctions account for the relevant correlations necessary to
describe the norm and the direct component of the non-local potentials that govern the resonant ground state and low-energy scattering
states in °He. Because the kernels are used as the input for calculating phase shifts, the findings show that the SA model spaces are
sufficient to reproduce the corresponding S1,2 and P3,; phase shifts calculated in the Nyax complete model spaces (see Figs. 2 and 3 for
the comparison of the selected model space to the complete model space). Such small differences are expected to be inconsequential. We
emphasize that this comparison focuses on the effect of SA model spaces benchmarked against the corresponding complete model spaces,

not on reproducing experimental phase shifts with all RGM kernels.
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Fig. 1. Potential kernel of Eq. (15) for 4He(0§ﬁs.) +n as a function of the relative coordinate r. Calculations use the JISP16 NN interaction, for hQ2 =25 MeV and nmax = 10,

and use SA-NCSM “#He wave functions in selected (Nmax = (6)14) and complete (Nmax = 14; equivalent to NCSM/RGM) model spaces. The selected space (dashed red) yields
results that are indistinguishable from those in the complete space (solid blue) for both 2P3/2 and 251/2 channels. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

0

Phase Shift Relative Difference %

x10~2

w
ot
)

w
o
L

.

(3]
ot
L

.
.

o
o
‘

E(MeV)

Fig. 2. Percent difference in phase shifts for the 25, 2 neutron scattering off 4He from kernels calculated in Npax(6)14, relative to the complete Nyax = 14 model space.
Results are shown as a function of the center-of-mass projectile energy.
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Fig. 3. Same as in Fig. 2 but for the 2P3/2 neutron scattering off He.
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Fig. 4. (a & b) Exchange norm kernel of Eq. (8) and (c & d) potential kernel [Eqgs. (14) and (15)] for 2‘)Ne(Ojg*_s_) +n as a function of the relative coordinate r. Calculations use

the NNLOgpe NN interaction, for A2 =15 MeV and nmax = 10, and use SA-NCSM 20Ne wave functions in selected Npax = (2)4, (2)6, and (2)8 model spaces, for (a & c) 2P3/2
and (b & d) 2Sy/, partial waves.

3.2. Application to intermediate-mass nuclei

To illustrate the capability of the SA-RGM, we present the first ab initio calculations of RGM norm and leading-order potential kernels in
the intermediate mass region, namely, for neutron scattering off 2°Ne(0; s.)- The SA 20Ne wave functions are calculated using the NNLOopt
NN interaction [76] and have been shown to reproduce observables, such as excitation energies and B(E2) strengths [2]. The NNLOgp is
used without 3N forces, which have been shown to contribute minimally to the 3- and 4-nucleon binding energies [76]. Furthermore, the
NNLOopt NN potential has been found to reproduce various observables, including the 4He electric dipole polarizability [7]; the challenging
analyzing power for elastic proton scattering on “He, 12C, and 160 [77]; along with B(E2) transition strengths for 2! Mg and 2'F [8].

As expected, the exchange norm kernel for 20Ne(OgS') + n manifests itself at short distances and vanishes at long distances (see Fig. 4a
& b, for the case of ' =1 fm). This reflects the short-range nature of the Pauli exclusion principle. We find that the change in the model
space size from Nmax =6 to Nmax = 8 has only a small effect on the exchange norm of the P3/, partial wave (Fig. 4a) and Sq/2 partial
wave (Fig. 4b). The largest deviations are observed at short distances, where the kernels have the largest magnitude. As the model space
increases, the kernels start to converge, and the exchange kernel maximum slightly increases in magnitude for S/, whereas it slightly
decreases for P3;. Note that even though the deviation seems larger for P3/,, the magnitude of the P3;; exchange kernel maximum is
smaller by a factor of 3.5 than that of S1/;. Hence, these outcome indicates that the selection of dominant SU(3) components at Nmax =8
(see also Fig. 3 in Ref. [2]) is sufficient to incorporate the relevant correlations needed to describe the short-range Pauli effect.

The potential kernels of Eq. (14) for 20Ne(Oéf_S_) +n, calculated with the NNLOopt NN, are also studied with increasing model space sizes
(see Fig. 4c & d, for 1’ =1 fm). Similarly to the exchange norm kernel, the increase in the model space from Npax =6 to Nmax =8 has a
much smaller effect on this potential kernel when compared to the increase from Npax =4 to Nmax = 6, for both Sq,2 and Py, partial
waves, suggesting converging results. When compared to the potentials for *He + n of Fig. 4, the ZONe(OgS') + n case shows a slightly
larger deviation around the kernel maximum when varying the model space. This effect might be a result of the open-shell structure of
the ground-state wave function of 2°Ne compared to that of “He. In addition, the small changes in these kernels result in only very little
deviations in the 25, ,2 phase shifts for the low-energy neutron scattering off 2°Ne(0§fs‘), with a relative difference of the order of 1-2%
compared to the largest model space used (Fig. 5).

As another illustrative example, we present the potential kernel of Eq. (14) for 160(0; ;) + n (Fig. 6), which is feasible for no-core
shell-model calculations with the importance truncation using other interactions [78]. In our study, we use the NNLOgy: [79], for which
the three-nucleon (3N) forces are included in the SA-NCSM as averages [12]. Namely, in these calculations, the 3N forces are included
as a mass-dependent monopole interaction [80], which has an effect on binding energies. For the 160 ground-state energy, the 7-shell
3N contribution is 20.46 MeV, resulting in —127.97 MeV total energy for Npmax = 8 and h2=16 MeV, which agrees with the experimental
value of —127.62 MeV. In this case, we compare calculations within a selected model space Npyax = (0)8 to those in the complete Npyax =6
model space. The results of the two model spaces are practically indistinguishable, despite the significantly reduced SA model space used
here and the addition of SU(3) dominant configurations in the 8i$2 subspace. For 160, this outcome could be understood by the fact that
~ 80% of the ground state is composed of a spherical shape and low Npax model spaces are able to account for its vibrations.
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Fig. 6. Potential kernel [Egs. (14) and (15)] for 60 + n as a function of the relative coordinate r. Calculations use the NNLOs;; NN+3N interaction, for 1Q =16 MeV and
Nmax = 10, and use SA-NCSM 60 wave functions in selected (Nmax = (0)8) and complete (Nmax = 6) model spaces, for both 2P3; and 25y, channels.

3.3. Efficacy and scalability of the SA scheme

In this section we explore the scalability of the SA-RGM calculations with increasing model space sizes and particle number. The SA-
RGM channel basis (6) is used to compute the kernels of Eqs. (8) and (15). These channels are constructed from the unique {v{} quantum
numbers of the target state that uses drastically reduced SA dimensions as shown in Table 1. This results in a manageable number of
SA-RGM basis states, which do not require memory that scales exponentially with Npax as calculations in complete model spaces do.
Indeed, the SA-RGM basis states remain almost constant or even decrease with Npax, as shown in Fig. 7 for several nuclear systems.

For example, for proton- or neutron-nucleus interaction for N+2°Ne (0;5.). there are only about 103-10* SA-RGM basis states for 7

to 13 shells, and only about 10° — 10° for Mg when more target states are used (with channels for 3/2§.5/2%, 7/2%), which is still
manageable (Fig. 7). Interestingly, the number of unique deformed configurations for heavier targets, such as Ne and Mg, may decrease
in larger model spaces, as dominant shapes are allowed to develop, thereby reducing shape mixing. As a consequence, in such cases the
SA-RGM basis can become smaller when increasing Nax.

There is a further reduction in the number of SU(3) basis states needed for the target wave functions, as one eliminates negligible
contributions identified in the target eigenfunctions. Namely, for the illustrative example of the 22Mg target (Fig. 7), we show the number

of the SA-RGM channels after retaining basis states that contribute with a probability amplitude (Cg’:’“hsl)z [see Eq. (5)] greater than a
certain value &. We find that the number of the 2>Mg+N SA-RGM states do not grow exponentially but remain manageable with increasing
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Fig. 7. Number of SA-RGM basis states as a function of the model space size (N,me)Nmax of the target. The target eigenfunctions are shown as complete (solid curves or
& =107%), or reduced to the SU(3) basis states with probability amplitudes greater than & cutoff. We use NS, = 6 for “He, and N§,,, = 2 for 2°Ne and 2>Mg, as well as
Nmax = 15. The SA-NCSM calculations for “He (*°Ne and 2*Mg) use the JISP16 (NNLOop) NN interaction and hQ =25 MeV (2 = 25 and hQ = 15, respectively). The model
space dimensions needed to solve for each target nucleus is given in Table 1.

Nmax for each ¢ and further decreases for higher ¢ reduction cutoffs. We note that the ¢ = 106 cutoff uses the 23Mg basis states with a
probability greater that 10~® and results in no reduction. In the SA-RGM calculations, the & cutoff for the SA selection is decreased until
convergence of results is achieved.

We note that an important step for computing the kernels from the many-body wavefunctions is the calculation of the pf;";,woso operator
of Eq. (9). Its calculation can be compared to the one-body density matrix elements, namely, they need to be calculated only once for a
given set of target wavefunctions, and, as mentioned above, can utilize an efficient algorithm that exploits SU(3) SA subspaces and the
factorization of spatial and spin degrees of freedom. As for the kernels, these calculations are also facilitated by the large reduction in the
number of SU(3) basis states needed to describe the target wave functions, as compared to the complete Npax model space. These same
reductions are observed for two-body densities that will be needed for the particle-rank two potential kernels.

4. Conclusions

In this paper, we have studied the efficacy of the new ab initio SA-RGM approach that combines the SA-NCSM and RGM frameworks. We
have discussed nucleon-nucleus interactions and the use of the SA framework for “He and 160 targets, as well as the intermediate-mass
20Ne and 23Mg targets feasible in the SA-NCSM. We have shown that the SU(3) selection of the model space has almost negligible effect
on the SA-RGM norm and particle-rank one potential kernels, as well as on phase shifts used in calculations of cross sections. The results
demonstrate that the reduced number of components included in the calculations are sufficient to describe single nucleon scattering in

this mass region.
In addition, we have studied the scalability of the SA-RGM approach, showing its computational advantages that stem from the signifi-

cantly reduced number of SU(3) basis states needed to describe the target, as well as the manageable number of the SA-RGM basis states
for the target+N system with the increase in the model space size. This means that the memory resources needed for these calculations
remain manageable and do not grow exponentially. The demonstrated efficacy of the SA basis and its scalability with particle numbers
and model space dimensions opens the way to ab initio calculations up through the medium-mass region of nucleon-nucleus interactions
that enter nucleon scattering and nucleon capture reactions.
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