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We realize the treatment of bound and continuum nuclear systems in the proximity of a three-body breakup
threshold within the ab initio framework of the no-core shell model with continuum. Many-body eigenstates
obtained from the diagonalization of the Hamiltonian within the harmonic-oscillator expansion of the no-core shell

model are coupled with continuous microscopic three-cluster states to correctly describe the nuclear wave function
both in the interior and asymptotic regions. We discuss the formalism in detail and give algebraic expressions for
the case of core + n + n systems. Using similarity-renormalization-group evolved nucleon-nucleon interactions,
we analyze the role of “He + n + n clustering and many-body correlations in the ground and low-lying continuum

states of the Borromean He nucleus, and study the dependence of the energy spectrum on the resolution scale
of the interaction. We show that *He small binding energy and extended radii compatible with experiment can
be obtained simultaneously, without resorting to extrapolations. We also find that a significant portion of the
ground-state energy and the narrow width of the first 2 resonance stem from many-body correlations that can

be interpreted as core-excitation effects.
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I. INTRODUCTION

Since their first applications to the elastic scattering of
nucleons on “He and '“Be [1,2] roughly ten years ago, large-
scale computations combined with new and sophisticated
theoretical approaches [3—5] have enabled significant progress
in the description of dynamical processes involving light- and
medium-mass nuclei within the framework of ab initio theory,
i.e., by solving the many-body quantum-mechanical problem
of protons and neutrons interacting through high-quality nu-
clear force models. This resulted in high-fidelity predictions for
nucleon-nucleus [5-9] and deuterium-nucleus [10] clustering
phenomena and scattering properties, as well as predictive
calculations of binary reactions, including the *He(x,y)"Be
[11,12] and "Be( P, y)SB [13] radiative capture rates (important
for solar astrophysics), and the *H(d,n)*He and *He(d, p)*He
fusion processes [14]. A more recent breakthrough has enabled
ab initio calculations of «-« scattering [4], paving the way for
the description of « scattering and capture reactions during the
helium burning and later evolutionary phases of massive stars.

One of the main drivers of this progress has been the
development of the no-core shell model with continuum, or
NCSMC [15,16]. This is an ab initio framework for the

*quaglionil @lInl.gov

fromeroredond1 @1Inl.gov

‘navratil@triumf.ca

SPresent address: Institut de Physique Nucléaire, CNRS/IN2P3,
Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay,
France.

2469-9985/2018/97(3)/034332(21)

034332-1

description of the phenomena of clustering and low-energy
nuclear reactions in light nuclei, which realizes an efficient
description of both the interior and asymptotic configurations
of many-body wave functions. The approach starts from the
wave functions of each of the colliding nuclei and of the
aggregate system, obtained within the ab initio no-core shell
model (NCSM) [17] by working in a many-body harmonic-
oscillator (HO) basis. It then uses the NCSM static solutions
for the aggregate system and continuous “microscopic-cluster”
states, made of pairs of nuclei in relative motion with respect
to each other, as an overcomplete basis to describe the full
dynamical solution of the system. In this paper, we present the
details of the general NCSMC formalism for the description
of three-cluster dynamics, as well as extended results for its
recent application to study how many-body correlations and
a + n + n clustering shape the bound and continuum states of
the Borromean ®He nucleus in Ref. [18].

The ®He nucleus is a prominent example of Borromean
quantum “halo”, i.e., a weakly-bound state of three particles
(¢ +n 4+ n) otherwise unbound in pairs, characterized by
“large probability of configurations within classically forbid-
den regions of space” [19]. In the past few years, its binding
energy [20] and charge radius [21] have been experimentally
determined with high precision, providing stringent tests for
ab initio theories, including the NCSMC approach for three-
cluster dynamics presented in this paper. Further, the 8-decay
properties of the ground state (g.s.) of *He are of great interest
for tests of fundamental interactions and symmetries. Precision
measurements of the half-life have recently taken place [22]
and efforts are under way to determine the angular correlation
between the emitted electron and neutrino [23].
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Less clear is the experimental picture for the low-lying
continuum of *He. Aside from a narrow resonance charac-
terized by spin-parity J” = 2%, located at 1.8 MeV above the
g.s., the positions, spins, and parities of the excited states of
this nucleus are still under discussion. Resonant-like structures
around 4 [24] and 5.6 [25]MeV of widths I" ~ 4 and 10.9 MeV,
respectively, as well as a broad asymmetric bump at ~5 MeV
[26], were observed in the production of excited “He through
charge-exchange reactions between two fast colliding nuclei.
However, there was disagreement on the nature of the un-
derlying ®He excited state(s). On one hand, in Refs. [24]
and [26] these structures were attributed to dipole excitations
compatible with oscillations of the positively charged “He core
against the halo neutrons. On the other hand, the resonant
structure of Ref. [25] was identified as a second 27 state. More
recently, a much narrower 2+ (I' = 1.6 MeV) state at 2.6 MeV
and a J = 1 resonance (I' ~ 2 MeV) of unassigned parity at
5.3 MeV were populated with the two-neutron transfer reaction
$He(p,*H)®He* [27] at the Séparateur et Postaccélérateur
d’Ions Radioactifs Accéléres en Ligne (SPIRAL) facility in
Grand Accélérateur National d’Tons Lourds (GANIL). More
generally, the low-lying « + n + n continuum plays a central
role in the “He(2n,y )°He radiative capture (one of the mecha-
nisms by which stars can overcome the instability of the five-
and eight-nucleon systems and create heavier nuclei [28]) and
of the *H(*H, 2n)*He reaction, which contributes to the neutron
yield in fusion experiments [29,30]. Itis also an important input
in the evaluation of nuclear data, e.g., the 9Be(n,2n) Cross
section used in simulations of nuclear heating and material
damages for reactor technologies.

On the theory side, ®He has been the subject of many
investigations (see, e.g., the overviews of Refs. [31-33] and
references therein). Limiting ourselves to ab initio theory, for
the most part the g.s. properties and low-lying excited spectrum
of ®He have been studied within bound-state methods, based on
expansions on six-nucleon basis states [34—41]. These include
Monte Carlo [34,35] and NCSM [36] calculations of the g.s.
energy, point-proton radius, B-decay transition, and excitation
energies basedon NN + 3N interactions; a large-scale NCSM
study of the matter and point-proton radii with N N interactions
[37]; a hyperspherical harmonics study of the correlation
between two-neutron separation energy and the matter and
charge radii using low-momentum NN potentials [38]; an
investigation of the & + n + n channel form factors of NCSM
g.s. solutions obtained with soft N N interactions and (in a more
limited space) 3N forces [39]; and no-core configuration inter-
action calculations within Coulomb Sturmian [40] and natural
orbital [41] bases, starting from the JISP16 N N interaction. In
general, these ab initio calculations describe successfully the
interior of the *He wave function but are unable to fully account
for its three-cluster asymptotic behavior. As a consequence,
the simultaneous reproduction of the small binding energy
and extended radii of °He has been a challenge. Further, the
low-lying resonances of ®*He have been treated as bound states,
an approximation that is well justified only for the narrow 2+
first excited state and that does not provide information about
their widths. An initial description of o + n 4+ n dynamics
within an ab initio framework was achieved using a soft NN
potential in our earlier studies of Refs. [31,32], carried out in

a model space spanned only by continuous microscopic three-
cluster states. This approach naturally explained the asymp-
totic configurations of the *He g.s. and enabled the description
of & + n 4+ n continuum but was unable to fully account for
short-range many-body correlations, as clearly indicated by
the underestimation of the g.s. energy. This shortcoming was
later addressed in Ref. [18], where we achieved a simultaneous
description of six-body correlations and o + n + n dynamics
working within the framework of the three-cluster NCSMC,
presented in this paper.

The paper is organized as follows. In Sec. II, we introduce
the NCSMC ansatz for systems characterized by a three-cluster
asymptotic behavior, discuss the dynamical equations, and
give the algebraic expressions of the overlap and Hamiltonian
couplings between the discrete and continuous NCSMC basis
states for the particular case of core + n 4+ n systems. We
further discuss the procedure used for the solution of the
three-cluster dynamical equations for bound and scattering
states, and explain how we compute the probability density and
matter and point-proton root-mean-square (rms) radii starting
from the obtained NCSMC solutions for core + n 4 n systems.
In Sec. 111, we discuss the results of Ref. [18] more extensively
and present additional results for the *He system. Conclusions
are drawn in Sec. IV, and detailed expressions for some of the
most complex derivations are presented in the appendixes.

II. NCSMC WITH THREE-CLUSTER CHANNELS
A. Ansatz

The intrinsic motion in a partial-wave of total angular
momentum J, parity m, and isospin T of a system of A
nucleons characterized by a three-cluster asymptotic behavior

(W' Ty = Zc{”ﬂAU”T)

A
3 [[avave ol Ten aloli)

where ¢ T and G!"T(x,y) are discrete and continuous varia-
tional amplitudes, respectively, |ALJ™ T') is the Ath (antisym-
metric) A-nucleon eigenstate of the composite system in the
J*T channel obtained working within the square-integrable
many-body HO basis of the ab initio NCSM [17], and

|@7.))
=[(|A — az o1 I7" Ty )(|az 2 I T ) a3 a313n}T3))(523TB))

](J”T)fg()C —123) 8(y — 11,23)
X023 yni,23

(8T)

x (Ye, (123)Ye, (1,230 )
are continuous channel states (first introduced in Ref. [31])
describing the organization of the nucleons into three clusters
of mass numbers A — a»3, a;, and a3 (a3 = a; + a3 < A),
respectively. Finally, the operator A, is an appropriate in-
tercluster antisymmetrizer introduced to guarantee the exact
preservation of the Pauli exclusion principle.

In Eq (2), |A — ans (X]Ilm T]), |a26¥21§2T2), and
las a31§73 T;) represent the microscopic (antisymmetric)
wave functions of the three nuclear fragments, which are
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FIG. 1. We show the Jacobi coordinates 7, 3 (proportional to the
vector between the c.m. of the first cluster and that of the residual two
fragments) and 73 (proportional to the vector between the c.m. of
clusters 2 and 3). In the figure, a case with three clusters of four, two,
and one nucleons are shown; however, the formalism is completely
general and can be used to describe any three cluster configuration.

also obtained within the NCSM. They are labeled by the
angular momentum, parity, isospin, and energy quantum
numbers Ii”’, T;, and «;, respectively, with i =1,2,3.
Additional quantum numbers characterizing the basis
states (2) are the spins $»3 = I + I3 and S = 11 + 523,
the orbital angular momenta £, £, and L= Z + Ky, and
the isospin T23 = Tz + T3 In our notation, all these quantum
numbers are grouped under the cumulative index v =
{A — ans ()[1]17[1 Tl; an Olz[;sz; as (¥3I37r3T3; 523 T23 SEX Zy L}.
Further, the intercluster relative motion is described with the
help of the Jacobi coordinates 7 »3 and 73 where

N1,23 = N1,2371,23

A— azz
V A(A - 023)

is the relative vector proportional to the separation between the
center of mass (c.m.) of the first cluster and that of the residual
two fragments, and

oy
A ans

J=A—ax+1

P ()

123 = N33

A— a3
=/ 4)
axz ay azsz as

i= A ay+1 j=A— a;+1

is the relative coordinate proportional to the distance between
the centers of mass of cluster 2 and 3 (see Fig. 1), where 7;
denotes the position vector of the ith nucleon.

The NCSM eigenstates appearing in Eqs. (1) and (2)
are obtained by diagonalizing the A-, (A — a3)-, a»-, and
az-nucleon intrinsic Hamiltonians within complete sets of
many-body HO basis states, the size of which is defined by
the maximum number Np,,x of HO quanta above the lowest
configuration shared by the nucleons. The same HO frequency
h€2 is used for the composite nucleus and all three clusters,
and the model-space size N, is identical (differs by one) for
states of the same (opposite) parity.

The NCSMC ansatz of Eq. (1) can be seen as an example
of generalized cluster expansion containing single- and three-

body cluster terms. In general, such expansion could also
contain binary-cluster and/or even higher-body cluster terms,
chosen according to the particle-decay channels characterizing
the system under consideration. It allows us to capture, within a
unified consistent framework, both the single-particle dynam-
ics and microscopic-cluster picture of nuclei. For systems in
the proximity of a three-body particle-decay channel, but away
from two- or higher-body thresholds, Eq. (1) represents a good
ansatz, which converges to the exact solution as Ny,.x — 00. In
particular, the square-integrable NCSM eigenstates |ALJ ™ T')
of the composite nucleus provide an efficient description of the
short- to medium-range A-body structure of the wave function,
while the microscopic three-cluster channels |<I>1{;VT ) make the
theory able to handle the long-range and scattering physics of
the system.

B. Dynamical equations

Adopting the ansatz (1) for the many-body wave function
and working in the model space spanned by the set of
discrete | A AJ™T) and continuous A, |<I>wV ) basis states, the
Schrodinger equation in each partial wave channel can be
mapped onto a generalized eigenvalue problem, schematically
given by

(H— EN)C =0, )

where E is the total energy of the system in the c.m. reference
frame. To simplify the formalism, the specification of the
partial wave under consideration (J7T) is now (and in the
remainder of the paper) implied. In Eq. (5),

" Ey b By (X, y")
Hvxv v'x'y' = - —_— ;o (6)
o (x,y)  How(x,y,x",y")
and
, S S (x’',y)
N;\iv v'x'y' = — ! (7)
Snv(x,y)  App(x,y,x’,y")

are two-by-two block matrices representing, respectively, the
NCSMC Hamiltonian and norm (or overlap) kernels, i.e., the
matrix elements of the Hamiltonian and identity operators
over the set of discrete and continuous basis states spanning
the model space. Specifically, the upper diagonal blocks are
NCSM eigenstates of the A-nucleon Hamiltonian and are
trivially given by the diagonal matrix of the corresponding
eigenenergies E; and the identity matrix, respectively. Analo-
gously the lower diagonal blocks

o (x,yx'y) = INTTHN ],y y), (8)

/ /
Avv'(X,y,X/,y/) = va/ 8(x /x ) 8(y /y )a (9)
XX vy

are orthonormalized integration kernels obtained from the
Hamiltonian and overlap matrix elements evaluated on the
continuous basis states A, |<I>fxyT), ie., H,o(x,y,x",y) and
Now(x,y,x",y"). Detailed expressions for these kernels can
be found in Ref. [31], where we introduced the formalism
for the description of three-cluster dynamics based solely on
expansions over three-cluster channels states of the type of

Eq. (2).
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The off-diagonal blocks of Egs. (6) and (7) are given by the
couplings between the discrete and continuous sectors of the
basis, with the cluster form factor, g, (x,y) = [g/N ™ 2 Tw(x,¥),
and coupling form factor, &, ,(x,y) = [hj\/’%];\v(x,y), defined
in terms of the matrix elements
= (AMJTT|A| @) ), (10)

vxy

glv(xvy)
h}\v(-xvy) ==

where H is the microscopic A-nucleon Hamiltonian. The
general derivation of these three-cluster form factors is outlined
in Sec. IIC, together with their algebraic expressions for the
specialized case in which the two lighter fragments are single
nucleons.

Finally,

(ALTTT|HA,|®].)), (1

Xy

A C
Cowy = (xu(x,y)> (12

is the vector of the expansion “coefficients,” where the relative
wave functions y,(x,y) are related to the initial unknown
continuous amplitudes through

G,(x.y) = N7 x1(x,y). (13)

These are obtained by solving the NCSMC dynamical equa-
tions as discussed in Sec. IID.

C. Form factors

In this section, we discuss in more detail the derivation of
the form factors in configuration space introduced in Sec. II B,
starting with the coupling form factor £,,,(x,y) of Eq. (11). This
can be expressed in terms of the cluster form factor g;,(x,y)
and three potential form factors
=(AAJ"T|A Ve[ @], (14)

VXY

v (x,y)
with Q a generic notation for either 1,23 or 23 or 3N, as
hiw(x,9) = (Tet + Ve + Eo, + Ea, + Ea)gi0(x,y)
+ul B0 + 020y + Vo). (15)

The above expression was obtained by separating the micro-
scopic A-nucleon Hamiltonian into its relative motion, average
Coulomb, and clusters’ components according to

H =T+ VC + Viel + H(A—llzs) + H(ﬂz) + H(a3) (16)

and taking advantage of the fact that the antisymmetrization
operator commutes with H. Ty is the relative kinetic energy
operator for the three-body system, Ve = V2 + V12 + V2 is
the sum of the pairwise average Coulomb interactions among
the three clusters, and E,, is the eigenenergy of the ith cluster,
obtained by diagonalizing their respective intrinsic Hamilto-
nians, H(A_a23), H(uz), and H(a3)~ Further, Vrel = V1'23 + V23 +
V3N denotes the relative potential, with

A—an
Pis— Z Z <Vi§YN _

i=1 j=A—ap+l

V23 — AXaf Z VNN _(%3 (18)
awaz )’

k=A—ax+11=A—a3+1

vi2 Ly
L) 17
(A — ax)az

and V3" being the intercluster interaction due to the three-
nucleon force, which in general is part of a realistic Hamil-
tonian. In Egs. (17) and (18), the notation VNV stands for
the nuclear plus point-Coulomb two-body potential. We note
that V, is a short-range operator. Indeed, because of the
subtraction of V¢, the overall Coulomb contribution decreases
as the inverse square of the distances between pairs of clusters.

In the present paper, we will consider only the nucleon-
nucleon (N N) component of the intercluster interaction and
disregard, for the time being, the term V. The inclusion of
the three-nucleon force into the formalism, although computa-
tionally much more involved, is straightforward and will be the
matter of future investigations. In the remainder of the paper,
we will also omit the average Coulomb potential V¢, which is
null for neutral systems such as the *He + n 4 n investigated
here. The treatment of charged system is nevertheless possible
(at least in an approximate way) and can be implemented along
the same lines of Ref. [42].

The use of Jacobi coordinates and translational invariant
NCSM eigenstates of the A-nucleon system and microscopic-
cluster states represents the “natural” choice for the computa-
tion of the configuration-space form factors of Egs. (10) and
(14). However, such a relative-coordinate formalism is only
practical for few-nucleon systems. To access p-shell nuclei,
it is more efficient to work with single-particle coordinates
and Slater-determinant (SD) basis states. As we outline in the
following, the unique properties of the HO basis allows us
to work with SD functions and still preserve the translational
invariance of the form factors.

In a first step, we compute matrix elements analogous to
Egs. (10) and (14) but evaluated in an HO SD basis, i.e.,

(ArJ"T |0y | @],
SD

ynxny )SD’ (19)

where Oy; = A,, A, V"3, A,V? is a translational invariant
operator. The SD NCSM eigenstates of the A-nucleon sys-
tem factorize into the product of their translational-invariant
counterparts with the 072€2 HO motion of their c.m. coordinate
R4

|AAJ™T)sp = |ALJ™T) Roo(RD ) Yoo (RD)).  (20)

At the same time, the kets in Eq. (19) are a set of HO three-
cluster channel states, defined as
|®ynin, s
= [(|A — axsa1 17" 1) (Yo, (M23) (@202 137 T)
% |a3(x31§73 T3>)(Szszz))(Jzsz3))(ZT)Y[ (Ré‘aﬂ )](J”T)
y c.m.

X Roy,e,(123) Ruye, (RS, ) 2y

describing the motion of the heaviest of the two clusters and
of the system formed by the second and third clusters in the
laboratory reference frame. Here

A—ay
R(A a3) _ R(A azz)R(A as) _ 7L o(22)
i
A
R(azz) R(aza)R(aﬂ) ! Z ?j , (23)

a
23 Jj=A—axn3+1
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are respectively the coordinates of the c.m. of the first and
last two clusters, |A —azgalllﬂ‘ Ti)sp are the SD NCSM
eigenstates of the (A — ay3)-nucleon system, i.e.,

|A — a3 a1 I7" Th)sp
= |A — az3 a IT' Ty) Roo (RY ) Yoo (R ), (24)

and R, ¢, (m23) and R, ¢, (RZ% ) are HO radial wave functions.

The HO channel states of Eq. (21) differ from the original
basis of Eq. (2) also in the angular momentum coupling
scheme, as reflected in the new channel index y = {A — a3
061]17[] Tl; ar (Xz]zﬂz Tz; as (){3]3773 T3; Zx 823.]23 T23 ZE),}. Here J23
denotes the total (orbital plus spin) angular momentum quan-
tum number _of the system formed by the second and third
clustersand Z = I; + J»3is achannel spin. The use of different
coupling schemes is purely dictated by convenience, as will
become apparent from Secs. IIC 1 and IID where we discuss,
respectively, the derivation of the matrix elements (19) in
the special instance of a core nucleus plus two single nucle-
ons (ay,az = 1), and the solution of the NCSMC dynamical
equations.

Both the states of Eqgs. (20) and (21) contain the spurious
motion of the center of mass. However, by exploiting the
orthogonal transformation between the pairs of coordinates
{R(A a3) R@n)y and {Réﬂ,»m,x} and performing the transfor-
mation to the angular momentum coupling scheme of Eq. (2),
we recover the purely translationally invariant matrix elements
over the original channel states (2), i.e.,

(AMTTT Oy | @7, T)

vxy
= ZRnXEX (X)Rn,e, (y)z ZhsS8L
Nyhy Z.I23

X (_])/1+123+J+S+Z+€x+€y

I] 523 S S EX Z
X

& Z Is|le, T L

. (AAJ”T|O“|cI>J”T

% ynxny >SD . (25)
1y €,00€,[00m, €, €,) o
—a3

Here, 7 =327 + 1,...,etc., the generalized HO bracket due
to the c.m. motion is simply given by

2ny+Ly
as 2
A — a3

)

(ny£,00£, 1007, £y £y) o =(—1)“(
A—ap3

(26)

and we made use of the closure properties of the HO radial wave
functions to represent the Dirac’s § function of Eq. (2). Indeed,
due to the finite range of the square-integrable A-nucleon basis
states |A AJ™ T), the configuration-space matrix elements of
the translational invariant operators .4, and H.A, of Eqgs. (10)
and (11) are localized and can be evaluated within an HO model
space.

1. Matrix elements for core + n + n systems

In this section, we give an example of how SD form-factor
matrix elements of the type of Eq. (19) can be derived working

within the second quantization formalism. We do this for
the special case in which, both in the initial and in the final
state, two out of the three clusters are single neutrons (such
as the “He + n + n system investigated in this paper), and in
particular we choose ay,a3 = 1.

As pointed out in Sec. ILE.1 of Ref. [31], in such a case
it is convenient to incorporate the trivial antisymmetrization
for the exchange of nucleons A — 1 and A in the definition
of the channel basis of Eq. (2). This is simply accomplished
by selecting only the states for which (—1)&+s»+ = 1.
The intercluster antisymmetrizer then reduces to the anstisym-
metrization operator for a binary (A — 2,2) mass partition,
Aa—2.) (see, e.g., Eq. (4) of Ref. [43]).

Further, it is useful to introduce a channel basis defined
entirely in single-particle coordinates, i.e.

=[IA =21 Ty)sp

(|na aja 2>|nbeb1b 2))(”73)]

Here, |n,¢, ja%) and |12y ji 5) are single-particle HO states
of nucleon A and A — 1, respectively, and k., = {A —2
o I Ty, naﬂaja%; n;,ﬂ;,j;,%; IT»3}. Within this basis, the ma-
trix elements of the translational-invariant operators O,; =
Aa—2.2),and A(a_2.2) V"% can be easily obtained in the second
quantization formalism, and the corresponding SD matrix
elements of Eq. (19) can then be recovered by means of a
linear transformation as described in detail in Sec. ILE.1 of
Ref. [31].

Taking into account that the application of 4 (4_» 2 on the
fully antisymmetric A-nucleon bra simply yields the square

root of the binomial coefficient (/;), we then obtain

|2, )
Kab

D7)

plAL T | A s c1>”T) .

Kab

_ § JM
- \/i CI]M[] IM;
My M
M jg M j,
IM; TMr CT23MT23

Jamjg jomj, ~ TyMr) TosMrys

3 M 2m,b
X sp{AAI™T|a] al |A—204 I T )sp (28)

and
<A)»J T|.A(A 22)V 23|<DJ7T)

=—— Z iglz IV

14,1,,1 Ay
M, M,
mij, mjh

SD

N ~IM
|’6”a>C1, My, 1M,

IM; TMr T3 Mr,,

jammj, o j, — TiMr, Tos M. 1
Jamjg Jomjy, — Ty Mty 123M7y3 3Mig 3y,

ita,vé, A—2Ol111m Tl)

x C

X SD(AXJ”T|a;aiTEa (29)

SD”’

where C le f‘n” [ jam;, ar€ Clebsch-Gordan coefficients, af and a

are creation and annihilation operators, respectively, and i, =
{ng€ jom,, m,,} are single-particle quantum numbers. Note
that in Eq. (29), there are summations over the indexes i; and
the bar is only meant to differentiate them better from the ones
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that correspond to the matrix element being calculated, i.e.,
from i, and i,.

The above matrix elements had already being derived and
utilized in the computation of the cluster and coupling form
factors required for the unified description of °Li structure and
d + *He dynamics with chiral two- and three-nucleon forces
[10], as well as in the description of d + Li scattering based
on a high-precision N N potential [44]. Here we present for the
first time their algebraic expressions.

Finally, unlike the NCSMC formalism for the description of
deuterium-nucleus collisions, where the dynamics of the last
two nucleons is already taken into account in the calculation of
the (bound) deuterium eigenstates, to obtain the three-cluster
coupling form factor of Eq. (15) one has also to compute the
potential form factor v}:(x,y) due to the V* interaction of
Eq. (18). In the present (neutral) example, this is simply given
by the action of the operator V4_; 4 = V(x) on the cluster form
factor, i.e.,

V3 (x,y) = V(x) gin(x,y). (30)

D. Solution of the dynamical equations

Rather than solving directly Eq. (5), we prefer to work with
the set of Schrodinger equations

H-E)C=0, 31

where H is the orthogonalized NCSMC Hamiltonian,

AL

T _1 _1 ’
H,sywy = [IN"2HN Z]ﬁ;y,v'x'y'
—(11) —(12)
H;;, H,, (x".y")
- —(21)M —(22))\U ’ (32)
HA’v ()C,y) HVU’ (X,y,x',y')

J

N~ is the inverse square root of the norm kernel of Eq. (7),
and the orthonormal wave functions are given by
N

— 1 / Cu
Covy =INClhy=(< 2 A 33
vy = IN*Choey (xuf(x,y/)) 3)
Detailed expressions of N~z and of the elements of the
orthogonalized Hamiltonian kernel and wave function of of
Egs. (32) and (33), respectively, can be found in Appendix A.
Further, we introduce the set of hyperspherical coordinates

p=+vx2+y? and o = arctan f, (34)
y

and reformulate Eq. (31) by taking advantage of the closure
and orthogonality properties of the complete set of functions
(see also Appendix B and Sec. II.C of Ref. [31]),

o (@) = Ng“ (sina)® (cos @)™ Py 702 (cos 2a). (35)

Together  with  the  bipolar spherical harmonics
(Y, (£)Ye, ( j}))@Z, these form the hyperspherical harmonics
functions

VEEE @ 5,9) = o8 @ ® Y, DL, (36)
i.e., the eigenfunctions with eigenvalue K (K + 4) of the grand-
angular part of the relative kinetic energy operator for a three-
body system. In the definition of Eq. (35), P, P (&) are Jacobi
polynomials, Nfge"' are normalization constants, and K =
2n + £, + £, with n a positive integer, is the hypermomentum
quantum number. Specifically, by (i) using the expansion

- 1 N
Tule'o) = 55 3 Juwi (o @) (37)
g

for the orthogonalized continuous amplitudes, (ii) multiplying
the lower block of Eq. (31) by gb?’[" (), and (iii) performing
all integrations over the hyperangular variables « and o', we
arrive at the set of coupled Bloch-Schrddinger equations

=D~ =12 -
Z H;, o + Z / dp'p |y (0" i (p') — ET, = 0
%

VK’

_(21) —_ /N _(22) i ! — — €X
D> H (0T + ) / dp'p” P’y (0.0") i (p) + (Lok (p) — E) p~ 2wk (p) = Lok (p) p~ > 1Sk (p) . (38)
A V' K

Here, the elements of the orthogonalized Hamiltonian kernel
in the in the hyper-radial variables are given by

=(12) 2D
H)LV](()O) = HAuK (p)

=/da(sinot)z(cosoz)2¢;;l”£y(oc)ﬁf\1v2)(,o,a) (39)

and
ﬁf,?v,,(,(p,p/) = //doz do(sin @)*(cos @) (sin o’)?(cos a’)?
O by \3x(22) 1€,
x ¢ (@M, (p.op’ @) (@)

(40)

(

To arrive at Eq. (38), we have also divided the configuration
space into two regions by assuming that the Coulomb inter-
action (if present) is the only interaction experienced by the
clusters beyond the hyper-radius p = a (i.e., in the external
region), and reframed the three-cluster problem within the
microscopic R-matrix formalism [45]. This is accomplished
by adding to and subtracting from the Hamiltonian matrix the
operator L defined by the two-by-two block matrix

L 0 0 41)
N0 L)
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where the lower-diagonal block is given by the Bloch surface
operator (L, being arbitrary constants),

n? 1 /(8 Ly

Lik(p) = %5(,0 —a m(& - 7):05/2- (42)
The operator of Eq. (42) allows one to conveniently implement
the matching between internal and external solutions at the
hyper-radius p = a, and has the further functions of restoring
the Hermiticity of the Hamiltonian matrix in the internal
region and enforcing the continuity of the the derivative of
the hyper-radial wave function at the matching hyper-radius.
Provided that the matching hyper-radius a lies outside of the
short-to-mid range where the discrete |AAJ”™T) basis states
contribute, only the continuous component of the NCSMC
wave function is present in the external region. Therefore, to
find the solutions of the three-cluster NCSMC equations it
is sufficient to match the hyper-radial wave function u, g (p)
entering Eq. (37) with the known exact solutions of the
three-body Schrddinger equation in the external region. For
bound states of three-body neutral systems (such as the one
investigated in this paper), these are entirely described by the
hyper-radial wave functions

uSx (p) = Byk vkp Kk 12(kp),

where Kk o(kp) are modified Bessel functions of the second
kind, k2 = —2mE / K2 is the wave number, and By, are
constants. The study of continuum states requires the use of a

(43)

|\D3{;T)=Z://dxdyxzyz[;//dx’dy

where [ ¥, ; Ty is the projected wave function and the expression
enclosed by the square brackets represents the coefficients of
the expansion which are analogous to the amplitudes G/" T of
Eq. (1). The coefficients j, (analogous to y, within the cluster
part of the basis) can be calculated through the projection

Fo(p.a) = (WA, ) L),
where [W7/"T) is the full NCSMC wave function. Then, the

probability density can be obtained by using | W3, ) in Eq. (45)
and reduces to

(47)

P(x,y) ~ X7y ) 00y, (48)

which can be expressed in terms of the NCSMC wave func-
tion coefficients c; and yx,(x,y) [related to G,(x,y) through
Eq. (13)] by substituting Eq. (1) in Eq.(47) when calculating
Ri(x,y), ie.,

P(x,y) ~ ) [mx,y)2
+ ZcAchm(x,y)ém(x,y)
AN

+ZZCA§,\V(X,)’)XV(XJ’{|- (49)
Py

different set of external wave functions
g, (p) o< [Hg (kp)8uwdxxr — Sk Hi (kp)]

with H* being the incoming and outgoing functions for neutral
systems [42] and S being the three-body scattering matrix of
the process.

Finally, the discrete coefficients ¢, and hyper-radial wave
functions u, x (p) can be conveniently obtained by applying to
Eq. (38) the Lagrange-mesh method [46-50], in an analogous
way to that presented in Sec. I.D and Appendix C of Ref. [31].

(44)

E. Probability density

For a three-body system, it is useful to define the probability
density in terms of the Jacobi coordinates of Egs. (3) and (4).
This provides a convenient visual description of the distribution
of the clusters with respect to one another. In particular, it
highlights which configuration or configurations are preferred
by the system.

In general, this probability density is given by

P(x,y) = x* Y2 (WT180x — ma)8(y — mas)| W 1)

(45)

However, given that the NCSMC wave function contains
not only a cluster part but also a many-body contribution, in
our formalism the probability density of Eq. (45) is computed
in an approximate way. We project the whole wave function
into the cluster basis, i.e.,

(46)

vxy

/x’zy/z./\/1/2()6,y,x’,y’)x\,/(p',a’)]Av |CI)JNT>,

In order to have a more physical idea of the relative positions
of the clusters, the probability distribution is typically plotted
in terms of relative distances instead of Jacobi coordinates.

The level of approximation within Eq. (49) can be estimated
by calculating the integral of the probability density. Given that
the wave function is normalized, the deviation of such integral
from unity represents the part of the wave function that is not
taken into account within this approximation.

F. Radii

Root-mean-square matter and point-proton radii are essen-
tial observables in studying the spatial extension of nuclear
systems and the inhomogeneity of their distribution of protons
and neutrons. In general, the matter radius operator is defined
as

A
ro = % > = Ren)”, (50)
i=1
where R, is the c.m. of the system, and the rms matter radius is
given by the the square root of its expectation value. However,
for a three-cluster system, such as %He, it can be decomposed
into a relative part, which depends on the relative distance
among the clusters and an internal part that acts on their inner
coordinates. In particular, when two of the clusters are single
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nucleons, the operator can be written as

2 _ 15 A2 5

SR T
where 72 is the rms matter radius operator of the
(A — 2)-nucleon core.

When calculating the rms matter radius within the NCSMC,
it is convenient to use both forms of the operator. Indeed,
while for the discrete part of the basis using the general
expression (50) is more appropriate, it is natural to use the
cluster decomposition of (51) when the three-cluster part of
the basis is involved.

In the case of the point-proton radius, we can attempt a
similar cluster decomposition. While in this case it is not
possible to obtain a simple general expression analogous to
(51), for the particular case in which the core is the only
cluster with electric charge and it is an isospin zero state, the
point-proton radius can be reduced to

(5D

NI

A (2)
1 L o 1+ . .
r, G Rcm)zg =9+ R, (52)
i=I

2

where Z is the total number of protons, r;f,f is the rms point-

proton radius operator of the core, and R© = v/ ﬁnmn
is the distance between the c.m. of the core and that of the
whole system. Similar to the matter radius, to calculate the
expectation value on the NCSMC wave function, the general
definition of the operator [given by the central part of Eq. (52)]
is used when dealing with the composite part of the basis while
the reduced form on the right of (52) is used when the cluster
basis is involved.

The specific expressions for the expectation values of these
operators when using NCSMC wave functions can be found in
Appendix B.

III. APPLICATION TO °He

In the following, we discuss the application of the NCSMC
approach for three-cluster dynamics to the description of the
ground and continuum states of the Borromean %He nucleus,
first published in Ref. [18], more extensively as well as
additional results.

The adopted NCSMC model space includes the first nine
positive-parity and first six negative-parity square-integrable
eigenstates of °He with J < 2, obtained by diagonalizing the
Hamiltonian within the six-body HO basis of the NCSM, as
well as “He (g.s.) + n + n three-cluster channels for which
the *He core is also described within the NCSM. Calcula-
tions are performed using the chiral N°LO NN potential or
Ref. [S51] softened via the similarity renormalization group
(SRG) method [52-54] and disregard for the time being 3 N ini-
tial and SRG-induced components of the nuclear Hamiltonian.
This defines a new N N interaction, denoted SRG-N°LO N N,
unitarily equivalent to the initial potential in the two-nucleon
sector only. Specifically, we adopt the resolution-scale param-
eters Asgg = 1.5and Asrg = 2.0 fm ™', and the same /i2 = 14
and 20 MeV HO frequencies used in Refs. [31,32] and [10],
respectively. The results obtained with the Aspg = 1.5 fm~!
resolution scale provide a benchmark for the method given

241 (a) : 1 ® o
-1 — -l
Agpg = 1.5 fn Agpg = 2.0 fin
— 26 ) ——
> 7"=0" ground state Py
z \ R He
=) He T
= ) | S -
BEHe, T ] oo
,_— 6Hf:
exp
-30 O Ea ;
46 8 10 12 1210 8 6 4

max

FIG. 2. Dependence of the NCSM ®He and “He J™ = 0* ground
state energies E(g.s.) on the HO model space size Ny, for the SRG-
N3LO NN potential with (a) Asgg = 1.5 fm~! and iQ2 = 14 MeV
and (b) Asgg = 2.0 fm~! and 7Q = 20 MeV.

that, with such a soft potential, reliable values for the g.s. and
2, " energies can be extracted, by extrapolation to the “infinite”
space, from a NCSM calculation. Furthermore, the results
obtained with this potential can be directly compared with
those of Refs. [31,32], using expansions based exclusively on
*He (g.s.) +n + n microscopic cluster states. Such comparison
allows us to better understand the importance of the short range
correlations that were missing in that calculation. Conversely,
calculations carried out with the Aspg = 2.0 fm ™! resolution
scale allow for a more realistic study of the g.s. properties of
%He. Indeed, at this momentum scale the net effects of the
disregarded initial and SRG-induced 3N interaction is mostly
suppressed in nuclei up to mass number A = 6, leading to
binding energies close to experiment [55]. Furthermore, for
this resolution scale two- and higher-body SRG corrections to
the *H and *He matter radii computed with bare operators (as
done in the present work) have been shown to be negligible
(less than 1%) [56].

A. “He and ®He square integrable eigenstates

In this section, we discuss our results for the NCSM
eigenstates used as input for the present NCSMC investigation
ofthe J* = 0% g.s. of ®He and low-lying & + 1 + n continuum
for partial waves up to J* = 2%,

The computed energy of the ®He g.s. within the NCSM
is presented in Fig. 2 as a function of the HO basis size
Niax. Results obtained with Asgg = 1.5 fm™' and AQ =
14 MeV, shown in Fig. 2(a), are compared with those in
Fig. 2(b) for Aspg = 2.0 fm~! and AQ = 20 MeV. For the
softer (Asrg = 1.5 fm™1) potential, the variational NCSM
calculations converge rapidly and can be easily extrapolated
to Nmax — 00 using an exponential function of the type

E(Nmax) = Eoo + ae?Nm, (53)

This yields E(g.s.)= —29.84(4) [31], which is about 0.6 MeV
overbound with respect to experiment. The convergence rate
is clearly slower for the Asrg = 2.0 fm~! interaction. Never-
theless, also in this case, the infinite-space g.s. energy can be
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FIG. 3. Dependence of the NCSM ®He J* = 0 excitation energies (E,) on the HO model space size Ny for the SRG-N3LO N N potential
with (a) Asgg = 1.5 fm ™! and AQ = 14 MeV and (b) Asgg = 2.0 fm~! and Q2 = 20 MeV.

accurately obtained using the extrapolation techniques recently
developed for the NCSM [57-61]. This was recently demon-
strated by Saif and Forssén, who obtained the extrapolated
value of E (g.s.) = —29.20(11) MeV [39], in close agreement
with experiment (—29.268 MeV). Also shown in Fig. 2 are the
corresponding results for the energy of the *He g.s., which is
used to build the microscopic cluster states of Eq. (2). For both
Asrg Vvalues, convergence is achieved within the largest HO
model space, yielding binding energies close to experiment, as
was already shown in Ref. [55].

Figure 3 shows the convergence pattern with respect to
the HO basis size of the excitation energies for the first 10
positive-parity NCSM eigenstates of *He. These include four
0T, two 1T, three 27, and one 3% states. This latter state is
not used in the present NCSMC calculations. As before, the
results obtained with the Asgg = 1.5 and 2.0 fm~! interactions
are shown in Figs. 3(a) and 3(b), respectively. Except for the

TABLEI. Absolute energies of the first nine positive-parity states
with J < 2 for “He calculated within the NCSM for a model space
of Nipax = 12.

21+ state, which presents a very mild Np,x dependence, the
convergence rate is steady but slow and tends to deteriorate
as the excitation energy increases. The convergence rate is
once again much faster for the softer potential, which also
generates a more compressed excitation spectrum compared
to the Asrg = 2.0 fm~' interaction. The overall picture is
similar for the negative-parity states. A summary of the NCSM
eigenenergies used as input in the largest model space adopted
is given in Tables I and II for positive and negative parities,
respectively.

B. ®He ground state within the NCSMC

The convergence of the *He g.s. energy computed within the
NCSMC in terms of the size of the model space is compared
with the corresponding NCSM results in Fig. 4. More detailed
comparisons (including with the results obtained working in
a cluster basis alone [31]) are presented in Tables III and
IV for the Asrg = 1.5 and Agrg = 2.0 fm™! interactions,
respectively. The third column of Table III shows the energy of
the ground state of 4He within the NCSM, which defines the

TABLE II. Absolute energies of the first 6 negative-parity states

JT Asrg = 1.5 fm™! Asrg = 2.0 fm™! with J < 2 for *He calculated within the NCSM for a model space
of Npax = 13.

ot —29.75 —28.72
:5(2):12 :?(5):52 Jr Asrg = 1.5 fm~! Asrg = 2.0 fm!
—19.04 —13.39 0~ —21.40 —17.84

1" —24.25 —22.28 1~ —23.84 -20.97
—18.77 —13.57 —21.63 —17.98

2+ —27.40 —26.24 —19.90 —16.12
—24.78 —22.99 2~ —23.33 —20.45
—19.22 —13.84 —19.67 —15.96
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FIG. 4. Same as Fig. 2 including also the dependence of the
NCSMC °He J* = 0" ground-state energy (E) on the HO model
space size Ny, for the SRG-evolved NLO NN potential with (a)
Asrg = 1.5 fm™! and A2 = 14 MeV, and (b) Asgg = 2.0 fm~! and
hQ2 = 20 MeV. The extrapolated Ny,,x — oo NCSM %He is shown as
a band of which the width represents the extrapolation uncertainty.

three-body breakup energy threshold Ey, (o + n + n) for all
present ®He calculations. This is clearly already converged at
the largest adopted model space size. The chosen values of the
SRG resolution scale Aggg yield an almost identical g.s. energy
for “He, close to the experimental value of —28.296 MeV
[62]. In general, however, the SRG-N’LO NN interaction is
not unitarily equivalent to the original N°LO N N potential in
the A > 2 nucleon sector. The interested readers can find the
dependence of the *He g.s. energy on the Asrg momentum
scale in Ref. [63]. The next three columns show the energy
of the g.s. of *He calculated within the *He (g.s.) + n+n
cluster basis of Ref. [31], the NCSM and NCSMC. We can
see that the fastest convergence is reached within the NCSMC.
Furthermore, while the results from Ref. [31] also present a

TABLE III. Computed ®He g.s. energies (in MeV) within the
cluster basis [*He (g.s.) + n 4 n] [31] (fourth column), NCSM (fifth
column), and NCSMC including N, = 1 eigenstate of the composite
system (sixth column) as a function of the HO model space size Npx
for the SRG-evolved N*LO NN potential with Aggg = 1.5 fm~!.
Also shown for the biggest model space are the results for the
NCSMC including N, = 4 SHe eigenstates, and the NCSM °He
energy obtained through the exponential fit from Eq. (53). Results
for “He and experimental values for ®He are presented in the third
and last columns, respectively.

Nmax (N3)  “He %He ®He “He °He
NCSM  [31] NCSM NCSMC Expt.

6 (1) —27.98 —28.91 —2895 —30.02

8 (1) —28.17 —28.62 —29.45 —29.69

10 (1) —2821 —28.72 —29.66 —29.86

12 (1) —2822 —2870 —29.75 —29.86 —29.263[20]

2 @ —29.88

14 —28.22

00 —29.84(4)

TABLE IV. Same as Table III, now using the potential obtained
with a SRG evolution parameter of A =2.0 fm~'. The NCSM
extrapolation shown is the one from Ref. [39]. Note that for this
potential the cluster basis alone does not yield a bound *He ground
state.

Nmax  (N))  “He NCSM ‘He NCSM ®He NCSMC
6 e)) —27.44 —26.44 —28.31

8 e)) —27.95 —27.70 —28.81
10 e —28.18 —28.37 —28.97
12 6)) —28.23 —28.72 —29.17
12 4) —29.17
14 —28.24

00 —29.20(11)[39]

®He Expt. —29.268 [20]

weak dependence on the HO model space size, they do not
converge to the correct energy, which can be estimated by
extrapolating to the infinity model space the NCSM results.
This proves that the many-body correlations disregarded when
using the cluster basis alone are indeed necessary for the correct
description of the system and are correctly taken into account
within the NCSMC. While the convergence of the NCSMC
®He g.s. energy with respect to the model space size is shown
here for the case in which only one eigenstate of the composite
system is included in the calculations, we also present the result
obtained by including four eigenstates of ®He for the largest
model space size. This shows that the inclusion of additional
eigenstates of the composite system has only a small effect on
the g.s. energy.

It is worth noting that the NCSMC is a variational approach
as long as the adopted model space captures in full the
wave function of the clusters (here, the ‘He core) and of the
aggregate system (here, ®He) or, equivalently, if it includes
all possible prediagonalized eigenvectors of the clusters and
of the aggregate system within the chosen Np,x HO basis
size. That is, the NCSMC is a variational approach as long
as the generalized cluster expansion is not truncated. Such a
model space is computationally unachievable and, for p-shell
nuclei, we truncate the generalized cluster expansion to include
only a few eigenstates of the cluster and aggregate nuclei. In
particular, in the present application we only include the g.s. of
the “He core. The effect of this truncation manifest itself in the
smallest HO base sizes and can give rise to the non-variational
behavior shown in Table III (the same argument applies to the
cluster basis calculation of Ref. [31]). However, as the adopted
HO basis size increases, thanks to the overcomplete nature of
the NCSMC basis the wave functions of clusters and aggregate
system are better represented within the truncated cluster
expansion and the convergence behavior becomes variational,
with the typical approach to the g.s. energy from above.

In Ref. [18], the equivalent results were presented in terms
of the absolute HO model space size Nyt = N + Nmax, Where
Ny is the number of quanta shared by the nucleons in their
lowest configuration. However, given that the input for the
NCSMC includes the elements of the composite and cluster
bases at the same Np.x, we came to the conclusion that a
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TABLE V. Percentage of the norm of the *He g.s. wave function
that comes directly from the NCSM part of the basis (}_, ¢?).

Nax AsrG = 1.5 fm™! AsrG = 2.0 fm™!
8 78%

10 88% 71%

12 91% 76%

comparison in terms of Ny, provides a better picture of the
relevance of each component in the full calculation. We also
note that the last three columns of Table I in Ref. [18] present
a mismatch with respect to the model space size reported in
the first column, showing results obtained with an Ny, value
larger by 2 units. Therefore, we call the reader to consider the
present tables to be the accurate representation of the results.

Asseenin Table IV, convergence is not as obviously reached
when using the harder potentials with Asgg = 2.0 fm~!. Within
the NCSMC, there still is a 200-keV difference between the
Npmax = 10 and 12 results. However, the fact that the value
obtained for Np,x = 12 (—29.17 MeV) is in agreement with
the NCSM extrapolation from Ref. [39][—29.20(11)] is a good
indicator that our results are at least very close to convergence
at this model space size.

We can estimate how much of the wave function can be
described through the NCSM by calculating the percentage
of the norm that comes directly from the discrete part of the
basis, i.e. Y, c7. These percentages are shown in Table V for
the two different potentials used, as well as for different sizes
of the model space. We find that, as one would expect, the
NCSM component of the basis is able to describe a much larger
percentage of the wave function when using the softer potential
corresponding to the Aggg = 1.5 fm~! resolution scale, and
also a larger percentage as the HO model space size increases.

1. Spatial distribution

In Fig. 5, we show the probability density, as defined in
Sec. IIE, for the ground state of %He in terms of the the distance
between the two halo neutrons (r,,,, = V2 Nnn) and the distance
between the “He core and the center of mass of the external
neutrons (ry n; = +/3/% Ng.qn)- This density plot presents two
peaks, which correspond to the two preferred spatial config-
urations of the system. The dineutron configuration, which
corresponds to the two neutrons being close together, clearly
presents a higher probability respect to the cigar configuration
in which the two neutrons are far apart and at the opposite sides
of the core. This distribution is in agreement with previous
studies [31,39,50,67-70]. In order to estimate the reliability of
the approximation of Eq. (49), which uses the projection of the
NCSMC wave function into the cluster basis, we integrated the
probability density given by Eq. (49). This integral is equivalent
to the square of the norm of the projected wave function. We
obtained 0.971 for the potential with Asgg = 1.5 fm~! and
0.967 for the potential with Asgrg = 2.0 fm~!. Given that we
work with normalized wave functions, the proximity of these
integrals to the unity indicates that only a small part of the
wave functions was lost when performing the projection.

When the He ground-state wave function is calculated
within the NCSM basis, the probability density can be obtained

0.10

0.05

0.00

Fann (fm) 2

OO

FIG. 5. Probability distribution the J™ = 0% ground state of the
®He. Here 1,y = /2 Nun a0 7oy = «/3/% 04.un are, respectively, the
distance between the two neutrons and the distance between the c.m.
of “He and that of the two neutrons.

by projecting into a cluster basis in the same way as it is done
for the NCSMC in Eq. (46). The obtained projected wave
function presents the same distribution observed in the case
of the NCSMC, with the difference that it is less extended.
This picture is consistent with the results previously reported
in Ref. [39] and is to be expected given that within this basis
the three-body asymptotic behavior is not well described. This
is easily appreciated in Fig. 6, where the contour diagram
of the probability distribution is shown for the NCSMC in
Fig. 6(b) and for the NCSM component in Fig. 6(c). In the
contour plots, it is also easier to determine the position on
the probability maxima: Within the dineutron configuration
the highest probability density appears when the neutrons are
about 2 fm apart and the “He core about 3 fm from them. Within
the cigar configuration, the neutrons are about 4 fm apart and
the core is around 1 fm from their center of mass.

In Fig. 6(a), the most relevant hyper-radial components
i,k (p) of the a +n + n relative motion are shown. The
hyper-radial components i,k (p) are analogous to u, g (p) from
Eq. (37) but defined for the projected wave function from
Eq. (46). The solid blue lines are the components from the full
NCSMC wave function while the dashed red lines represent the
contribution to the full NCSMC wave function coming from
the discrete NCSM eigenstates. This figures also provides a
good visualization of how the short range of the NCSM wave
function is complemented with the cluster basis to reproduce
the extended wave function typical of halo nuclei by means of
the NCSMC.

2. Radii

The spatial extension of a particular state can be estimated
by its matter radius as described in Sec. IIF. In Table VI,
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FIG. 6. (a) Most relevant hyper-radial components ii,x (p) [see text] of the & + n + n relative motion within the ®He g.s. after projection
of the Aggg = 2.0 fm~! full NCSMC wave function in the largest model space (blue solid lines) as well as of its NCSM portion (red dashed
lines) into the orthogonalized microscopic-cluster basis. [(b), (c)] Contour plots of the probability distribution obtained from the projection of
the full NCSMC wave function of panel (a) and its NCSM component, respectively, as a function of the relative coordinates r,,, = V2 N and

Fann = «/ 3/4' Na,nn-

we show the calculated NCSMC rms matter radius for the
ground state of °He as a function of the HO model space
size Npax. Results are shown for both Asrg = 1.5 and Asgg =
2.0 fm~'. The results obtained within the NCSM alone are
also shown for comparison. The introduction of ‘He (g.s.) +
n + n microscopic cluster basis states provides a matter radius
closer to experiment within smaller model spaces. Contrary
to the NCSM, the convergence of the radius with respect to
the size of the model space is achieved within the NCSMC
at computationally accessible model spaces. The importance
of the inclusion of the cluster states is even more pronounced
for the potential with Agsgg = 2.0 fm~!, for which the NCSM
results are further away from convergence. Similar to the
g.s. energy discussed earlier, here too the convergence of the
NCSMC is studied for the case in which only one eigenstate
of the composite system is included in the calculation. In the
largest HO model space, the inclusion of three additional (four
total) square-integrable eigenstates of the *He system yields
a 2% increase of the matter radius. Besides the contributions
coming from the rms matter radii of the additional discrete
basis states, which are largely suppressed by the fact that the
corresponding expansion coefficients (c; ) are small, such an
increase comes from the matrix elements of the matter radius
operator between the first and third 0" square integrable basis

states. Our most complete results of 2.46(2) fm lies just above
the range of experimental matter radii spanned by the values
and associated error bars of Refs. [64—66] of 2.33(10).

Table VII presents analogous results for the point-proton ra-
dius. Convergence behavior and comparisons with the NCSM
are also analogous. Even though the protons belong to the core
and not to the halo, the extension of the halo plays an important
role for the point-proton radius. It displaces the center of mass
of the core from the center of mass of the whole system,
increasing the point-proton radius, as is easily seen in Eq. (52).
Our most complete results of 1.90(2) fm is on the lower side
but compatible with the bounds for the point-proton radius
[1.938(23) fm] as evaluated in Ref. [38].

It is important to point out that while the use of the
Asrg = 1.5fm™' SRG parameter produces a softer NN
potential and hence faster convergence, it is known that at this
resolution scale there are significant SRG-induced 3N forces
as well as SRG-induced two- and three-body contributions to
the radii. Within the present calculations, we are disregarding
such induced terms. Therefore, the results obtained with this
resolution scale are expected to be far from realistic and they
should be understood as an instrument to study the NCSMC
approach rather than as realistic predictions for the ®He
nucleus.

TABLE VI. Computed “He and °He matter radii (in fm) for Asgg = 1.5 and Asgg = 2.0 fm™' as a function of the HO model space size
Nmax within the NCSM, and the NCSMC including N, = 1 eigenstates of the composite system. Also shown for the biggest model space are
the results for the NCSMC, including N, = 4 ®He eigenstates. Experimental values for He are presented in the last column.

Ninax (Ny) Asrg = 1.5 fm™! Asrg = 2.0 fm™~! Expt. SHe
“He NCSM SHe NCSM ®He NCSMC “He NCSM ®He NCSM SHe NCSMC

6 (1) 1.489 2.14 247 1.471 2.01 247

8 e)) 1.490 2.18 2.35 1.461 2.06 2.40 2.33(4) [64]

10 (D 1.487 2.22 2.38 1.461 2.10 242 2.30(7) [65]

12 (1) 1.490 225 2.37 1.459 2.15 241 2.37(5) [66]

12 4) 2.46(2)
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TABLE VII. Computed “He and ®He point-proton radii (in fm) for Aggg = 1.5 and Asgg = 2.0 fm~! as a function of the HO model space
8iz€ Npax Within the NCSM, and the NCSMC including N, = 1 eigenstates of the composite system. Also shown for the biggest model space
are the results for the NCSMC including N, = 4 He eigenstates. Experimental values for *He are presented in the last column.

Nomax (N,) Asgg = 1.5 fm™! Asrg = 2.0 fm~! Expt. *He
“He NCSM %He NCSM ®He NCSMC “He NCSM ®He NCSM ®He NCSMC

6 (D) 1.501 1.75 1.92 1.474 1.68 1.91

8 6)) 1.493 1.77 1.85 1.464 1.70 1.86

10 6] 1.490 1.78 1.86 1.464 1.72 1.89 1.938(23) [38]

12 (1) 1.487 1.79 1.85 1.462 1.74 1.87

12 4) 1.90(2)

A summary of the rms radii obtained for the more realistic
Asrg = 2.0fm™! interaction is presented in Table VIII and
visualized in Fig. 7 together with the corresponding results
for the separation energy, the infinite-basis extrapolations
from Ref. [39], and the effective interaction hyperspherical
harmonics (EIHH) calculations from Ref. [38], based on the
Viewk(N*LO) NN interaction at the resolution scales Ajowi =
1.8 and 2.0 fm ™. (The results presented Table VIII have been
obtained with improved accuracy and supersede those shown in
Table IT of Ref. [ 18], where the labeling of the HO model space
size was also incorrectly reported to be lower by two units.) An
estimate of our uncertainties, based on both the convergence
of the two-neutron emission threshold Ey (o + n + n) and the
influence of ®He square-integrable states beyond the g.s., is re-
ported for the largest model space. The two-nucleon separation
energy obtained within the NCSMC is close to its empirical
value, and the computed r,, and r,, radii are, respectively,
at the upper end and on the lower side but are compatible
with their experimental bands. Interestingly, our point-proton
radius is substantially larger than both the extrapolated value
of Sadf et al., which calls for further investigation [39], and
the EIHH result of Bacca et al. [38]. This latter calculation
also yields a matter radius smaller than ours, though within the
experimental bounds. The present combination of S,, and 7,
values are more in line with the Green’s function Monte Carlo
results of Ref. [35], based on NN + 3N forces constrained to
reproduce the properties of light nuclei including *He.

C. “He + n + n continuum

We investigated the low-lying « + n + n continuum for
partial waves up to J™ = 2% by solving the set of Egs. (38)
with the boundary conditions from Eq. (44). The eigenphase

TABLE VIII. Summary of the results presented in Fig. 7, with
Ajowr in units of fm ™. See text for further details.

Spn MeV) 1, (fm)  r,, (fm)
NCSM (Npax = 12)  0.49 2.15 1.74
NCSM [39]  (Npa = 00)  0.95(10) 1.820(4)
NCSMC (N = 12)  0.94(5)  2.46(2)  1.90(2)
EIHH [38] (A = 1.8)  1.036(7)  2.306)  1.78(1)
EIHH [38]  (Awpw =2.0) 0.82(4)  233(5)  1.804(9)
Expt. 0.975 2.33(10)  1.938(23)

shifts were extracted from the diagonalization of the three-body
scattering matrix Syg k-

Convergence of the results with respect to the HO model-
space size and the parameters used to perform the matching
between the solutions in the internal region and the asymptotic
wave functions within the R-matrix approach was reached at
values similar to those used in our previous study of Ref. [32],
lacking the contribution from square-integrable eigenstates of
the composite system. Specifically, our best results were ob-
tained at Npax = 12, which is the maximum computationally
accessible HO model space size, and interested readers can find
a complete list of the remaining parameters for each channel
in Appendix D.

In Figs. 8(a) and 8(b), we present a summary of the most
relevant attractive eigenphase shifts below 6 MeV obtained
for the Asrg = 1.5fm™" interaction within the NCSMC by
including the first nine positive-parity and six negative-parity

i T 3 T B T R T 3 T ]
_ 26[ SRG-N'LO NN, Ay 5= i‘o fm™ Vv, (N'LO) 726
E24}f R R 24
B 5 o [ B R R ]
2220, 122
<
~2.0F 12.0
- I 4
E L8r - Eeenenren = 418
12 ’ ’ ’ 12
< 1.0F = 41.0
> E ¥
- Th. Exp.| g
= 0.8f N i Jos
\/: L 6 m 1
s 0.6f He "pp 106
04 . . Som . . 04
NCSM Sadfetal. NCSMC EIHH  EIHH
(12) () (12) (18  (2.0)

FIG. 7. NCSM (green symbols) and NCSMC (blue symbols) rms
matter (triangles) and point-proton (squares) radii, and two-neutron
separation energy (circles), obtained using the SRG-N’LO NN
interaction with Aggg = 2.0 fm~! in the largest HO model space
(Nmax = 12). Also shown are the infinite-basis (co) extrapolations
from Sééf ez al. [39] (red symbols) and the EIHH results from Ref. [38]
(indigo symbols) based on the Views(N°LO) NN interaction at the
resolution scales Ay = 1.8and2.0fm™". The range of experimental
values are represented by horizontal bands (see text for more details).
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FIG. 8. Most relevant attractive eigenphase shifts below 6 MeV above the two-neutron emission threshold [Ey (o + n + n)] computed
within the NCSMC [panels (a) and (b)] and within the more limited model space spanned by the “He (g.s.) + 1 + n cluster basis alone of
Ref. [32] [panels (c) and (d)], using the SRG-evolved N°LO N N potential with Aggg = 1.5 fm~!. We show positive-parity states in panels (a)

and (c) and negative-parity states in panels (b) and (d).

J < 2 square-integrable eigenstates of the composite system.
This figure can be compared with Fig. 1 of Ref. [32]—
for convenience shown again in Figs. 8(c) and 8(d)—which
presents analogous results computed within the more limited
model space spanned by the “He (g.s.) + n + n cluster basis
alone. Although the qualitative behavior of the eigenphase
shifts is similar, within the NCSMC the centroid values of
all resonances tend to be shifted to lower energies and the
resonance widths tend to shrink due to the effect of the
inclusion of discrete eigenstates of the composite system. The
most significant change is observed for the first 2* resonance,
which becomes much sharper (with a width of I' = 15 keV)
and is shifted to lower energies (with the new centroid at
0.536 MeV). This behavior suggests a likely significant in-
fluence of the chiral 3N force on this state. The effect in other
partial waves is more modest. In particular, the 1~ eigenphase
shift does not change significantly, excluding core-polarization
effects as the possible origin of a low-lying soft dipole mode.
This can more readily be observed in Figs. 9 and 10, where
we show a direct comparison between the present results and
those of Ref. [32] for the lowest resonances in the 1+ and 2+
channels and for the lowest three eigenphase shifts in the 0™
channel, respectively. The repulsive eigenphase shift in the 0
channel corresponds to the ground state of ®He, and the small
difference between the calculations is related to the difference
in the binding energy, as was shown in Table III.

The convergence of the eigenphase shifts with respect to the
number of eigenstates of the composite system included in
the calculation was found to be very fast. The mere inclusion
of the lowest eigenstate is in general sufficient to obtain rea-
sonable convergence in the low-energy region. As an example,
we show in Fig. 11 the convergence pattern of the most relevant
J™ = 0" eigenphase shifts with respect to the number of
NCSM eigenstates of the composite system for a small model

space of size Np,x = 7. Two eigenstates are already sufficient
for obtaining convergence up to 5 MeV. For energies below
3 MeV, a single eigenstate is enough. This convergence
behavior is of course related to the value of the eigenenergies
associated with the included square-integrable eigenstates. The
further the eigenvalue is from the energy under consideration,
the smaller the contribution to the eigenphase shifts from the
corresponding eigenstate. (The eigenenergies of all positive-
and negative-parity eigenstates included in the Ny, = 12
calculations are shown in Tables I and II, respectively.) For
comparison, the eigenphase shifts of Ref. [32], calculated
within the cluster basis alone, are also shown (corresponding
to zero eigenstates included).

200 . . : , .
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2
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FIG. 9. Lowest-lying attractive eigenphase shifts for the J* = 1+
and 2% channels computed within the NCSMC (blue solid line) and
within the more limited model space spanned by the “He (g.s.) +
n + n cluster basis alone of Ref. [32] (red dot-dashed line) using the
SRG-evolved N’LO N N potential with Asgg = 1.5fm™!.
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FIG. 10. Most relevant eigenphase shifts for the /™ = 0 channel
below 6 MeV above the two-neutron emission threshold [Ey, (o +
n + n)] computed within the NCSMC (blue solid line) and within the
more limited model space spanned by the “He (g.s.) + n + n cluster
basis alone of Ref. [32] (red dot-dashed line) using the SRG-evolved
N3LO NN potential with Aggg = 1.5fm™!.

From the calculated eigenphase shifts, it is possible to ex-
tract information about the resonances by calculating the cen-
troids Eg and widths I" as the values of Eyin = E — Einwn+n)
for which the first derivative §'(Ey;,) of the eigenphase shifts
is maximal and I'=2/8'(Eg), respectively [71]. The resulting
low-lying ®He spectrum of energy levels for the SRG-evolved
N3LO NN interaction with Asgg = 1.5 fm~' is shown in
Fig. 12. There, we compare the present NCSMC results with
the spectra computed within the cluster basis alone [32], and
within the NCSM (i.e., by treating the ®He excited states as
bound states). Besides the results at N,x = 12, for the NCSM
we also show the spectrum obtained by extrapolation to the
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FIG. 11. Convergence with respect to the number (N;) of square-
integrable eigenstates of the composite system included in the
NCSMC calculation of the most relevant eigenphase shifts for the
0" channel below 8 MeV above the two-neutron emission threshold
[En(a + n + n)], using the SRG-evolved N*LO NN potential with
Asrg = 1.5fm™". Also shown are the results from Ref. [32], corre-
sponding to the inclusion of zero composite states (cluster basis).
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FIG. 12. Spectrum of low-lying energy levels of the *He nucleus
for Asrg = 1.5 as obtained within the “He (g.s.) 4+ n + n cluster basis
of Ref. [32], the NCSMC, and within the NCSM by treating the °He
excited states as bound states at Ny,.x = 12. For the NCSM, we show
both the energy levels at N,x = 12 and the results of an extrapolation
to the infinite model space (co), performed through the exponential
fit function from Eq. (53).

infinite HO model space using the exponential form of Eq. (53).
Note that while for the results of Ref. [32] and the NCSMC the
resonances are represented by their centroids (solid line) and
width (shaded area), for the NCSM we only show the energy
levels and associate estimated uncertainty of the extrapolation.
Indeed, such a bound-state technique does not yield resonance
widths. While broad, higher energy states such as the 1,™
resonance are well described already withina*He (g.s) +n + n
picture and very narrow resonances such as the first 2* can
already be explained within the bound-state approximations
of the NCSM, for other intermediate levels both short-range
many-body correlations and continuum degrees of freedom
play an important role.

The harder NN interaction obtained with the SRG reso-
lution scale of A = 2.0 fm~! produces a qualitatively similar
picture, but with higher lying and wider resonances. This is
highlighted in Figs. 13 and 14, showing respectively the lowest-
lying eigenphase shifts for the J* = 1¥ and 2" channels, and a
comparison of the computed energy levels with the most recent
experimental spectrum of Ref. [27]. The observed dependence
on the value of the SRG resolution scale provides an estimate
of the effect of induced 3N (and higher order) forces, which
have been disregarded in the present study and are crucial to
restore the formal unitarity of the adopted SRG transformation
of the Hamiltonian. More in general, the inclusion of 3N forces
(including the initial chiral 3N force) is indispensable to arrive
at an accurate description of the spectrum as a whole. Indeed,
while the SRG-evolved NN interaction with A = 2.0 fm™!
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FIG. 13. Lowest-lying attractive eigenphase shifts for the J” =
1% and 2% channels computed within the NCSMC using the SRG-
evolved N°LO NN potential with Aggg = 1.5 fm ™' (solid lines) and
Asrg = 2.0fm™" (dashed lines).

provides a realistic description of the energy and structure of
the °He ground state, neither of the two adopted resolution
scales describes accurately the spectrum of the low-energy
excited states. At the same time, based on these results we
conjecture that the parity of the J = 1 resonance populated
at SPIRAL through the ®*He(p,*He)®He* two-neutron transfer
reaction [27] is likely positive, making it less probable that this
state is the soft-dipole mode called for by Refs. [24,26].
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FIG. 14. Spectra of low-lying energy levels of the *He nucleus
computed within the NCSMC using the SRG-evolved N°LO NN
potential with Asgg = 1.5 and Asgg = 2.0 fm™! compared to the most
recent experimental spectrum of Ref. [27].

IV. CONCLUSIONS

We presented the extension of the ab initio no-core shell
model with continuum to the treatment of bound and contin-
uum nuclear systems in the proximity of a three-body breakup
threshold. This approach takes simultaneously into account
both many-body short-range correlations and clustering
degrees of freedom, allowing for a comprehensive ab initio
description of nuclear systems presenting a three-cluster
configuration such as Borromean halo nuclei and light-nuclei
reactions with three nuclear fragments in either entrance or exit
channels.

After introducing the NCSMC ansatz for systems character-
ized by a three-cluster asymptotic behavior, we discussed the
dynamical equations and gave the algebraic expressions of the
overlap and Hamiltonian couplings between the discrete and
continuous NCSMC basis states for the particular case of core
+ n + n systems. Further, we discussed the procedure adopted
for the solution of the three-cluster dynamical equations for
bound and scattering states, and explained how we calculate the
probability density and the matter and point-proton root-mean-
square radii starting from the obtained NCSMC solutions for
core + n + n systems. The new formalism was then applied
to conduct a comprehensive study of many-body correlations
and « clustering in the ground-state and low-lying energy
continuum of the Borromean ®He nucleus using the chiral
N°LO NN potential or Ref. [51] softened via the similarity
renormalization group method [52-54].

Calculations were carried out using a soft (Asrg =
1.5fm~") SRG resolution scale to allow for a direct comparison
with the results obtained in the more limited studies of
Refs. [31,32], based solely on the three-cluster portion of
the NCSMC basis. While working within the *He (g.s.) +
n + n microscopic cluster basis, it is possible to reproduce
the correct asymptotic behavior of the *He wave function, we
demonstrated that additional short-range six-body correlations
(included in the form of square-integrable eigenstates of the
composite *He system) are necessary to correctly describe also
the interior of the wave function for both the ground and scatter-
ing states. In particular, a significant portion of the ground-sate
energy and the narrow width of the first 2" resonance stem from
many-body correlations that, in a microscopic-cluster picture,
can be interpreted as core-excitation effects.

A second and physically more interesting potential (Asrg =
2.0 fm~!) was also used. Though the inclusion of 3N forces
(currently under way) remains crucial to restore the formal
unitarity of the adopted SRG transformation of the Hamilto-
nian and arrive at an accurate description of the spectrum as
a whole, the present results demonstrated that rms matter and
point-proton radii compatible with experiment can be obtained
starting from a soft N N interaction reprodu cing the *He small
binding energy.

In the future, we plan to re-examine the ab initio calculation
of the °He B-decay half-life, first carried out in Ref. [34], in the
context of chiral effective field theory using wave functions
with proper asymptotic behavior. This work also sets the stage
for the ab initio study of the “He(2n,y)®He radiative capture
and is a stepping stone in the calculation of the *H(*H, 2n)*He
fusion.
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APPENDIX A: NORM AND HAMILTONIAN KERNELS

Here, we present the explicit expressions for the NCSMC Hamiltonian and norm kernels entering Eqgs. (32) and (33). There,
the square and inverse-square root of the NCSMC norm kernel, Ni%, can be written as

] 0 0
(N:‘:E))\N = ) )
vy 0 SW'MM - 8vv’8n;nx 8n’),ny Rnxlx (X)Rnxfx (-x/)Rnyly(y)Rnyé) (y/)

xx oy

A | I ° . @D
0 Ry 0, (X)Rn 0, (¥)ovp TR0 Rn;z;(X’)Rn;.z;,(y/)rsafuf

where the sum over the repeating indexes A,9,n,,n,,A",9",n’, and n/y is implied, and the notation

FRINGE)) +1.,(12)
2 , 2 ol
(Ni%))‘)‘/ _ (N AL (N a'nln) (A2)
vy, vniny T Ni% (21) Nj:% (22)
( Avnen, ( )unm)‘,u’nv’tn’y

stands for the matrix elements of the square and inverse-square root of the NCSMC norm kernel within the model space, which
are computed from the NCSMC model-space norm kernel

N S Grv'nn, (A3)
vayny,v'n'n’, = —
A) A g)h’vnxn,. 8vv’5nxn’x8n}»n;

using the spectral theorem. The orthogonalized Hamiltonian within the model space can then be calculated as follows:
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o E; 850 Rvnim,
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is the model-space component of the NCSMC Hamiltonian kernel of Eq. (6). We note that the coupling form factors in configuration
space, haw(x,y) = [h./\/"%]m(x,y), are related to those in the model space, i_z)\mxn‘,, through Eqgs. (11) and (25), and the lower-
diagonal block is the model-space component of the orthonormalized integration kernel of Eq. (8). Additional details on how this
kernel is computed can be found in Ref. [31], where we introduced the formalism for the description of three-cluster dynamics
based solely on expansions over three-cluster channels states of the type of Eq. (2).

Finally, in the following, we provide detailed expressions for the blocks forming the orthogonalized NCSMC Hamiltonian of
Eq. (32), including the terms that extend beyond the HO model space P. In particular, in the following we will use the notation
n € P toindicate that the radial quantum number n < Np.x. Note that for the upper diagonal bock there are not additional terms
that reach beyond the the HO model space and, therefore, it is trivially given by the upper diagonal block of Eq. (A4):

—(12) —(12) 1.1 2,
H,, ',y = Z Rn’xl;()C/)Rn",zrv(y/)HAu’n;n’ + Z(N 2);1) Z RN+14;(X/)g;v’Nn; TN'N+1Rn",£;,(y/)
x

5
/ot /
n,.n’ nyEP

¢
+ Z Ry+16,()850m, v Tyy41 R, ()

n,.€P
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-1a2 % 11 z
25 N (A5 + 3 T R0

v nn)n eP

1 1 1 1 14
_1a2) g
+ Z Z Z)Avnxn‘ ( A, wmn + EAéﬁxﬁy,v’n;N) Tyys1 Rv+16, (V) R, (1), (A6)

5 ARon
Vo fiydiyn, eP

(21) (21)

D) =Y Rut O R, 0 4+ Y | Y Riviie, ()8ionm, Ty 1 Ry, ()

nyny x nyeP

I3 1
+ Z Ryt16,()85vn v Tyni1 Ruoe, (0) |(NT )Ew)

nyeP

1 1 i
Ly —1.@2n
+ Z Z RNJrlex(x)Rnyfy(y)TNnLlN(ZAUI\in‘ Dty + 2Aan Vil iy >(N 2)1/17%1"1).

U fiyfiyn,€P

¢ 1 I 1 _1
+ Z Z R”x@x(x)RNJFM,\(y)TN-&-lN<2Avn2N Dty fiy + 2AanN ﬁﬁxﬁv)(N );2’31 7y (A7)

b AP
and

A2, y.x',y) = Maw oY _,x/) 4o —= 05,0 Toly )M
Yy’ XX XX

— 8y Y [Rus1e, )Ty Rive, (X)) + Ruve, () Ty 41 Rivre, &) | Ruye, ()R, (3)

nyeP

Ly £y
+ ) Rut, R0, D[Ry 116, 0Ty Rive, (0) + Rive, )Ty 41 Rivs1, ()]

nyeP

) £
+ D Rue T Rue, Ry, DR, )+ Y Ruit, 8 R, () Ry, )T,y R, (V)

nynyn, €P nvvn}.ilf‘,eP
==(22)
+ Z R o, (X )R, (V) Ry e, () Ry, (), nyv'n,m,
n,(nyn_’tn_’v

£y
+ DY Rvsie,giuwm, Tainsr R, )+ Y Rivsie, (0085w Tyt R, (%)

- = nyeP
XY Ry () Ry (v )<N">§1vzi ,
n n» eP
11 1
n Z Z RNJrle (.X)Rn . (y)TN+1N ZAVNVI DALy + 2AUNVM Diiyfly
!
ni\‘ eP

NG
x (N 2)1,1 )n‘ v, R, (X )Ry, (V)

1 1 1
+ Z Z R e, (X)RN 41, (y)TN+1N(2Aun2N vy, T EAEnXN,DﬁXﬂV)

fiyiiy
n;n;
ny € P
X (N Rt GO R, 0 4 3 D (NTDE) Ry, (R, ()

Lo nany

¢ ¢
Z Ry410, ()80 N, Ty 1 Ry, ) + Z Ryv16,(0)850m, v Ty R, ()

n,eP n,.epP
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1 1 1 ,
BING5) £
+Z Y Rue, )R, N <§A oY /+2AW uwn;)TNN+1RN+1e;<x’>Rn;z;<y’>
o
n, € P
1 1 1 1 ¢
(22) v
+Z Z Ry 0, (X)Ry e, ()N )un ny ﬂﬂxﬁy(EADfZXﬁ_‘.,v/n;NJ’_EAéﬁXﬁ,,v’n;N>TNN+lRN+1£;.(y/)Rn;£;.(x/)s
D P iy
o,
n, € P

(A8)
where the subindex N is the maximum size of the HO model space, which has been referred to as Nmax throughout the paper,
T,fn, = (nl|T,.|n'¢) are matrix elements of the relative kinetic energy operator, and A represents the model-space norm kernel

within the more limited formalism for the description of three-cluster dynamics based solely on expansions over three-cluster
channels states of the type of Eq. (2) (see Egs. (A3)—(A6) of Ref. [31]).

APPENDIX B: WAVE FUNCTIONS

As described in Sec. II D, instead of solving directly Eq. (5) we solve the set of orthogonalized Schrédinger equations Eq. (32).

Therefore, we obtain the orthogonalized vector of the expansion coefficients Eﬁ instead of the original Cvxy These two arrays
are related through Eq. (33), which can be inverted into

A —i=a Ch
Cvxy [N C]vxy <Xu(x’}’)> N (Bl)

Therefore, we can recover the original CWC} through the following expressions:
Z(N_E)E\l)\ll)cw +Z// dxx*dyy* (N~ Z)E\lvx)yx (xy),
— 12 g 2N~ = (v
Yo(xy) = Z(N z)(fvl)zv + 2// dx'x2dy y (N~ T Y. (B2)

APPENDIX C: RADII EXPRESSIONS

The expectation value for the radii operators within the NCSMC wave function can be expressed in terms of the cluster and
composite bases as

W) = Y e (AMITTIRIAN T + Zﬂfdx'dy/ 226U eI A AT

AL

S B

+ Z// dxdydx'dy' x*y*x?y*GI" T (x, )G T (x',y )(¢v,x,), A, P2A, }d) (C1)

ey )

where 72 represents either the matter or point proton radii operators. The root-mean-square radii are given by the square root
of these matrix elements. Note that in Eq. (C1) the first term corresponds to the expectation value within a NCSM calculation
weighted by the product of the discrete expansion amplitudes ¢, and c;,. This first term is calculated using the general expressions
of the corresponding operators; however, the rest of the terms are calculated using the expressions that were derived in Sec. IIF
considering the clusterization of the system, i.e., Eq. (51) and the right side of Eq. (52) for the matter and point-proton radii,
respectively. For the coupling terms, i.e., the second and third terms in Eq. (C1), mixed matrix elements are needed. We calculate
these matrix elements by expanding, in an approximate way, the NCSM state into the cluster basis. While this is in principle a
rough approximation we can conclude a posteriori that the results are not significantly affected by this approximation given that
the contribution of these coupling terms in this first order is already very small compared to the other terms.
When calculating the matter radius, Eq. (C1) reduces to

(W T2 Wy = Zc I T (AN TP | AN J™T)

A-=2 .
+ (T) Z(A —an alllﬂ‘ T |r31(°)|A — a3 01111”‘ Ti) // dxdyxzyszJv/T(x,y)

+ = Z// dxdyx*y* p* Wi T (x,y). (C2)
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For the point-proton radius, Eq. (52) is valid given that the core is the only charged cluster and has isospin zero. The expectation

value is given by

(\IJJWT|r ‘I,J T

AN

Zc’ T T(AMI™T|r2, AN J™T)

+ Z(A —ay ol T1|r12,fp°)|A —ap oI Ty) /f dxdyxzyzWﬂT(x,y)

+ ﬁ ;// dxdyx*y*w/l T (x,y). (C3)
Here and in the equation above, we have defined
Wi ey) = EG’”T(x VG ey + 5 G”(x DICHRNERY
+ > e T G @y + G (i, y)Zc’ Teli T, (C4)
with
Ty = Z//dx’dy/ 2N ey ] P T ), ()

APPENDIX D: PARAMETERS OF THE CALCULATIONS

A thorough study of the convergence of the results with
respect to the parameters defining the size of the continuous
portion of our model space besides the HO model space size
(Nmax = 12) was carried out if Refs. [31,32]. These are the
maximum value K,x of the hyperangular momentum in the
expansion (37), and the size Nex>>Nmax Of the extended HO
basis used to represent a § function in the core-halo distance
entering the portion of the Hamiltonian kernel of Eq. (8)

TABLE IX. Parameters used for the calculations with Asrg =
1.5fm™".

(

that accounts for the interaction between the halo neutrons
(see Eq. (39) of Ref. [31]). At all stages of the calculation,
the hyper-radius a used to match the internal and asymptotic
solutions within the R-matrix method on the Lagrange mesh,
and the number n; and n, of mesh points used for carrying
out the integrations in the hyper-radial and hyperangular
coordinates, respectively, were chosen large enough to reach
stable, a-independent results. For completeness, in Tables IX
and X we list all parameters besides the HO model space
size (Nmax = 12) used for our best calculations for each J*T
channel.

TABLE X. Parameters used for the calculations with Asrg =

J* Nexe K max a (fm) ny N 2.0fm~!,

o+ 200 40 45 125 40 g Now Ko a (fm) ", n,
0~ 70 18 30 60 20

1+ 70 19 30 60 30 OF 200 40 45 150 50
1- 110 23 40 80 40 1+ 110 23 40 95 45
2+ 90 20 30 60 40 1- 110 23 40 95 45
2- 70 18 30 60 20 2% 90 20 30 60 40
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