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Three-cluster dynamics within an ab initio framework
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We introduce a fully antisymmetrized treatment of three-cluster dynamics within the ab initio framework of the
no-core shell model/resonating-group method. Energy-independent nonlocal interactions among the three nuclear
fragments are obtained from realistic nucleon-nucleon interactions and consistent ab initio many-body wave
functions of the clusters. The three-cluster Schrodinger equation is solved with bound-state boundary conditions
by means of the hyperspherical-harmonic method on a Lagrange mesh. We discuss the formalism in detail and give
algebraic expressions for systems of two single nucleons plus a nucleus. Using a soft similarity-renormalization-
group evolved chiral nucleon-nucleon potential, we apply the method to a *He + n + n description of °He and
compare the results to experiment and to a six-body diagonalization of the Hamiltonian performed within the
harmonic-oscillator expansions of the no-core shell model. Differences between the two calculations provide a

measure of core (*He) polarization effects.
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I. INTRODUCTION

In nuclear physics, ab initio approaches seek to solve the
many-body Schrodinger equation in terms of constituent pro-
tons and neutrons interacting through nucleon-nucleon (N N)
and three-nucleon (3N) forces that yield a high-precision fit
of two- and three-body data. Their aim is twofold: first, to
help unfold the true nature of the force among nucleons and,
second, to arrive at a fundamental understanding of nuclei and
their role in the universe.

In three- and four-nucleon systems, where a numerically
exact solution of the quantum-mechanical problem for both
negative [1] and positive energies [2] is now possible, this
goal has been largely achieved. For heavier systems, ab initio
calculations have been mostly confined to the description
of the bound-state properties of stable nuclei but are now
starting to be extended to dynamical processes between nuclei.
The Green’s function Monte Carlo method has been used to
describe the elastic scattering of neutrons on “He [3] and to
compute asymptotic normalization coefficients [4] and nuclear
widths [5]. Loosely bound and unbound nuclear states have
been addressed within the coupled-cluster technique [6,7] by
using a Berggren basis and this method has recently been
applied to compute elastic proton scattering on *°Ca [8].

An ab initio framework that promises to provide a unified
treatment of a wide range of nuclear phenomena (well-bound
states, loosely bound and unbound exotic nuclei, scattering
and reaction observables) is the no-core shell model with
continuum (NCSMC) [9,10]. Here, the nuclear many-body
states are seen as superimpositions of continuous (A — a, a)
binary-cluster wave functions in the spirit of the resonating-
group method (RGM) [11-16] and square-integrable eigen-
states of the A-nucleon system, in which each cluster of
nucleons and the compound nuclear states are obtained within
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the ab inito no-core shell model (NCSM) [17,18]. So far, we
have laid the foundations of the NCSMC by developing the
formalism to compute nucleon-nucleus collisions and applying
it to the description of the unbound "He nucleus. However,
expansions on the NCSM/RGM portion of the basis [19,20]
have already been successfully used to describe nucleon [21]
and deuteron [22] scattering on light nuclei and achieve the
first ab initio description of "Be(p, y)®B radiative capture [23]
and 3H(d, n)*He and 3He(d, p)*He fusion rates [24], based
on realistic NN interactions. Work is currently under way to
incorporate the 3N force into this binary-reaction formalism
and to attain the description of deuteron-nucleus scattering and
transfer reactions within the NCSMC approach.

Achieving an ab initio treatment of three-cluster dynamics
is another important stepping stone towards gaining a basic
understanding of nuclei and their reactions. To cite a few
instances, important nuclear fusion processes such as the
SH(CH, 2n)*He or 3He(*He, 2p)*He reactions are character-
ized by three-body final states. In addition, only with an
approach capable of accounting for three-cluster configura-
tions can one obtain an accurate description of Borromean
nuclei, ternary systems of two nucleons orbiting around a
tightly bound core whose components are not bound in pairs.
Finally, three-body configurations can be necessary even at
very low energy to achieve a proper treatment of polarization
and virtual excitations of breakup channels in reactions with
weakly bound projectiles such as the deuteron.

Microscopic three-cluster models, where all nucleons are
taken into account and the Pauli principle is treated exactly,
have been used for some time, particularly in combination with
the hyperspherical formalism for the solution of the dynamic
equations [25-30]. However, they have two main limitations:
the use of central NN potentials with state-dependent param-
eters adjusted to reproduce the binding energy of the system
under study, occasionally complemented with a spin-orbit in-
teraction; and a simplified description of the internal structure
of the clusters, which are in most cases described by s-shell
wave functions. In this paper, we report on an extension of the
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NCSM/RGM formalism to treat the dynamics among three
nuclei made of fully antisymmetrized interacting nucleons.
The solution of the three-cluster Schrodinger equation is ob-
tained by means of hyperspherical harmonic (HH) expansions
on a Lagrange mesh [31,32]. In addition, we present the first
“He + n + n investigation of the ground state (g.s.) of the ®He
nucleus based on an N N potential that yields a high-precision
fit of the NN phase shifts and ab initio four-body wave
functions for the “*He cluster obtained consistently from the
same Hamiltonian. In particular, we employ a similarity-
renormalization-group (SRG) [33,34] evolved chiral N°LO
NN [35] potential. For this first application, we include only
the g.s. of the “He cluster and estimate the importance of
the core polarization by comparing the results obtained with
six-body NCSM diagonalizations of the adopted Hamiltonian.
The inclusion of excited states of *“He to describe such effects is
hard and not very efficient within the NCSM/RGM approach.
On the other hand, core-polarization effects will be easily
accounted for once the present formalism is embedded within
the NCSMC framework.

The paper is organized as follows. In Sec. II we define the
microscopic three-cluster problem, present a brief overview
of the HH functions and their application within the R-matrix
method on Lagrange mesh for the solution of the three-body
bound-state problem, and introduce in detail the three-cluster
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NCSM/RGM formalism. In particular, in Sec. II E we present
algebraic expressions for systems of two single nucleons plus a
nucleus. Results for the g.s. of the °He Borromean nucleus are
presented in Sec. III, where we discuss calculations performed
by solving the *He(g.s.) + n + n NCSM/RGM equations and
compare them with a diagonalization of the Hamiltonian in the
six-body NCSM model space. Conclusions and outlook are
given in Sec. I'V. Finally, additional details on the formalism
are presented in the Appendixes.

II. FORMALISM

A. Microscopic three-cluster problem

The intrinsic motion of a system of A nucleons arranged
into three clusters, of mass number A — a3, a, and a3 (a3 =
ap + a3 < A), respectively, can be described by the many-
body wave function

w7y = Z//dxdyx GJ T'(x,y) A, mvw) (1)

where G “T(x, y) are continuous variational amplitudes of the
integration variables x and y, A, is an appropriate intercluster
antisymmetrizer introduced to guarantee the exact preservation
of the Pauli exclusion principle, and

@) 8(x —123) 8(y — n1,23)

i (523723)\ (ST) A~ ~ (L)
|(D1{xyT> = [(|A —axon I} Tl)(}az 0‘212712T2)’a3 a3l T3>) i ) (Ya(ﬂ23)sz(ﬂ1,23)) ] )
X123 yni,23
[
are three-body cluster channels of total angular momentum J, residual two fragments, and
parity 7, and isospin T. Here, |A — axza 7' Th), laz aa 1 1),
and |as oz_gléT ’T;) denote the microscopic (antisymmetric) A- ”3
wave functions of the three nuclear fragments, which are 23 = Maafoy = p
. . . . 23d2 . a3 as

labeled by the spin-parity, isospin, and energy quantum i=A- “23+1 J=A—a3tl
numbers Il”" T;, and «;, respectively, with i = 1, 2, 3. Ad- (@)

ditional quantum numbers characterlzmg the bas1s states of
Eq. (2) are the spins s»; = 12 + 13 and S = 11 + 523, the
orbital angular momenta £, £,, and I = Ex + Zy, and the
isospin f23 =T+ fg. In our notation, all these quantum
numbers are grouped under the cumulative index v = {A —
azs o I]m Tl;ag 01215[2 Tz; as Ol3137r3 T3; 523 T23 SZX Ey L}. Besi-
des the translationally invariant coordinates (see, e.g., Ref. [20]
Sec. I1.C) used to describe the internal dynamics of clusters 1,
2, and 3, respectively, in Eq. (2) we have introduced the Jacobi
coordinates 171 o3 and 7,3, where

N1,23 = N1,2301,23

A— azz
V A(A - 023)

is the relative vector proportional to the displacement between
the center of mass (c.m.) of the first cluster and that of the

- 023 -
i 3
A ans Z 1 ( )

j=A—axn+1

is the relative coordinate proportional to the distance
between the center of mass of cluster 2 and that of cluster

(az)

X 71,23 i
23

(A — ag) (as)

FIG. 1. (Color online) We show the Jacobi coordinates 73
(proportional to the vector between the c.m. of the first cluster and
that of the residual two fragments) and 7,3 (proportional to the vector
between the c.m. of cluster 2 and that of cluster 3). A case with
three clusters, of four, two, and one nucleons, is shown, however,
the formalism is completely general and can be used to describe any
three-cluster configuration.
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3 (see Fig. 1). Here, 7; denotes the position vector of the
ith nucleon.

Using expansion (1) for the wave function and projecting
the microscopic A-body Schrodinger equation onto the basis
states A, |®7"T), the many-body problem can be mapped onto

vxy
the system of coupled-channel integral-differential equations

Z//dxdyxzy [Ho ) &y x, —ENIT &y x, )]
x G T(x,y)=0 5)

for the unknown variational amplitudes G/ 7 (x, y). Here, E
is the total energy of the system in the c.m. frame and

HJ T(x y,x,y) = (@J T |AV/HA |CI>VX}> (6)

v'x'y'

NI Y x y) = (@17,

v’y

AA QL) )
are integration kernels given, respectively, by the Hamil-
tonian and overlap (or norm) matrix elements over the
antisymmetrized basis states of Eq. (2). Finally, H is the
intrinsic A-body Hamiltonian. Denoting by V¢ the sum of
the pairwise average Coulomb interactions among the three
clusters in channel v of charge numbers Z,;, Z,,, and Z,3,
this can be separated into relative-motion and clusters’ intrinsic
Hamiltonians according to

H = Tt + Ve + Veel + Ha—ay) + Har) + Hayy s (8)

with T the relative kinetic energy operator for the three-body
system and V. the intercluster potential given by

A—ay A—a3

rel—Z Z Vij + Z Z Vi

i=1 j=A—axn+l k=A—ax+11=A—az3+1
V(A ans,ap 03) VC' (9)

Here, VN (A—ass.ar,as) SNCOMPASSeEs the portion of 1ntercluster
interactions owing to the 3N force, which, in general, i
part of a realistic Hamiltonian, and V;; is the (nuclear plus
point—Coulomb) interaction between nucleon i and nucleon j.
In the present paper we consider only the N N component of
the intercluster interaction and disregard, for the time being,
the term Vi, .. Inclusion of the 3N force into the
formalism, although computationally much more involved, is
straightforward and will be the matter of future investigations.
In the remainder of the paper, we also omit the average
Coulomb potential Ve, which is null for neutral systems such
as the *He + n + n investigated here. The treatment of charged
systems is, nevertheless, possible and can be implemented
along the same lines as in Ref. [32].

B. Orthogonalized equations

Owing to the presence of the norm kernel, the three-cluster
equations (5) contain energy-dependent coupling terms. Al-
ternatively, one can introduce the orthogonalized Hamiltonian
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kernel /' T(x',y’,x,y) of Eq. (Al) and solve the more
familiar system of multichannel Schrodinger equations

Z//dxdyx [HJ T(x',y', x,y)

S(x" —x)8(y" —y)

x'x vy
The amplitudes G?" 7 (x, y) of Eq. (1) can then be recovered
from the Schrodinger wave functions ./ T(x,y) through

Eq. (A2). More details on the orthogonalization procedure
are given in Appendix A.

—Ebyy ]xJ”T(x, y)=0. (10)

C. Hyperspherical harmonics

The three-cluster Schrodinger equations, (10), can be
conveniently solved within the HH basis. This basis is broadly
used [36] to treat few-body problems, as its elements are
eigenfunctions of the angular part of the kinetic operator
written in hyperspherical coordinates [37]. The first step is
to move to hyperspherical coordinates, i.e.,

N3 = ppsina,, x = psina, (11)

N3 = p,COSay,, y=pcosa, (12)

where p, and p are hyper-radii, and «;,, and o hyperangles. In
these coordinates, the relative kinetic energy operator for the
three-cluster system can be written as

R o 538 A’
La=—7"7—|—+———-——), 13
el m (8,02 + 0 8,0 ,02 ( )
where A? is the grand-angular kinetic operator and m is the
mass of the nucleon.

As anticipated, the elements of the HH basis are the
eigenfunctions of A?

Vi@ = o M @¥ Y (). ad)
with eigenvalues K(K + 4). Here, K is the hypermomentum
quantum number defined as K =2n+ £, + £, with n =
0,1,2,..., the notation 2 represents the hyperangle « and
the four angles £ and § (the direction angles of the Jacobi
coordinates )? and y, respectively), and the complete set of

functions qb X (a) is given by

o (@) =
where PP (&) are Jacobi polynomials, and N
tion constants.

As shown in Appendix B, the HH functions, (14), form
a natural basis for the description of the three-cluster wave
function of Eq. (1) and for the solution of the three-cluster
dynamical equations. Indeed, by (i) using the expansion

5/22 g ()" (@) (16)

1 1
&6 sina) (cos @) Py T2 (cos 2a0), (15)

N y

normaliza-

xT(p, ) =

for the relative motion wave functions, where u% ”(p) are
hyper-radial functions analogous to those of Eq. (B6), and
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(ii) projecting from the left on the basis states ¢fgﬂ€"'(a’),
Eq. (10) can be written as a set of nonlocal integral-differential
equations in the hyper-radial coordinates:

T
Z/dppsﬂfK(p P 5/(2/)) —Eu’;/sff)- (17

Here, the orthogonalized Hamiltonian kernel in the hyper-
radial variables p and p’ is given by

HEK (', p) = / dao’ sin® o cos® o’ / da sin® « cos®

x ¢ T @YHIT (0 o p @) 3 ().
(18)

The solution of Eq. (17) for the case in which the three clusters
form a bound state can be conveniently achieved within the
R-matrix method as discussed in the next section.

D. Solution of the three-cluster equations for bound states

We calculate the relative motion wave function by solving
Eq. (17) with the calculable R-matrix method [38]. In particu-
lar, we use a Lagrange mesh which simplifies the problem as
shown in many previous works for the two-cluster case [39-42]
and was generalized to the three-cluster problem in Ref. [31].
Within this method, the configuration space is divided into two
regions by assuming that the Coulomb interaction (if present)
is the only interaction experienced by the clusters beyond a
finite separation p = a.

In the external region (p > a), where the Schrodinger
equation can be solved exactly, the hyper-radial wave function
is approximated by its known asymptotic form for large p. For
bound states of neutral systems (such as the one investigated
in this paper), such an asymptotic solution is given by

Kvext(lo) BKV \/EKK-FZ(](;O): (19)

where Kk .,(ko) is a modified Bessel function of the second
kind, k* = —2mE/h* is the wave number, and Bk, is a
constant. In the internal region (p < a), where also the mutual
nuclear interaction among the clusters is present, the wave
function is written as a variational expansion on a Lagrange
basis of N functions f;(p) (see Appendix C for definition),

N

> Broi filp), (20)

i=1

Kv 1nt(p)

where Bg,; are the coefficients of the expansion. The radial
wave functions are then obtained by solving in the internal
region the set of Bloch-Schrodinger equations

Z / dpp’ |:7:(§;K(,0/, p) + (Lkv(p)
Kv

8([) - )0/) Kv, mt(p)
- E)TSV'U(SK'K}T
M 'V ex (p)
= Lw(p )KT/;, 1)
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supplemented by the continuity condition u% Ko, L (a) =
ul X, ext(a) Here, we have used the asymptotic expression of
Eqg. (19) on the right-hand side and the expansion of Eq. (20)
on the left-hand side of the equation, respectively. Further,
the elements of the Bloch operator (Lg, being arbitrary
constants) [32]

n? 1 d  Liv\ sp
—2m5(p a) 5/2<3p ) )p (22)
have the dual function of restoring the Hermiticity of the
Hamiltonian in the internal region and enforcing the continuity
of the derivative of the wave function at p = a [38]. Owing
to the Dirac’s § in the Bloch operator, the system of nonlocal
equations (21) is equivalent to that of Eq. (17) in the internal
region. Projecting Eq. (21) over a basis element f;(p’) and
choosing the logarithmic derivative evaluated in a

£Kv(p)

JTT
Kv ext(a)

;(7v7ext( )
for the constants appearing in the definition of the Bloch
operator, (22), system (21) reduces to

> [Chl ki — ESundo i) Brov =0, (24)

K’

Lg,(E)= (23)

where the elements of the matrix C’"7 are given by the
integrals over the internal region,

a a
C]J(T.;T/i/,kui =/0 dPI/O dppsf,'/(p/)

_ 3(p" —
X (HI{(/VK(;O/, p)+ Lxvduvdkx T,O)) fi(p).
(25)

The choice of Lagrange functions as square-integrable basis
states for the expansion of the wave function in the internal
region of Eq. (20) greatly simplifies the evaluation of these
integrals. Indeed, within the Gauss quadrature approximation,
the Lagrange functions are orthogonal to each other (see
Appendix C), the matrix elements of nonlocal potentials are
proportional to the values of the nonlocal potentials at the mesh
points, and the analytical expression for the matrix elements
of the kinetic energy operator is straightforward to obtain.

Note that the matrix C’"7 depends on the energy, owing
to the choice (23) of the boundary conditions in the Bloch
operator, which are functions of the wave number k [see
Eq. (19)]. In practice, the solution of Eq. (24) is obtained
recursively. One can start from L g, = 0 and iterate the solution
of the eigenvalue equation, (24), until the convergence in £
is reached, which typically occurs in a few iterations. The
coefficients Bg,; of the expansion (20) are then obtained from
the corresponding eigenvector and the relative motion wave
functions can be constructed using Egs. (16) and (20).

E. Integration kernels

The norm and Hamiltonian integration kernels presented
in Sec. IT A are calculated within the NCSM/RGM approach
as follows. First, the clusters’ eigenstates appearing in Eq. (2)
are obtained by diagonalizing the Ha—q,,), H,), and H,)
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intrinsic Hamiltonians within the model spaces spanned by
the (A — a»3)-, az-, and az-nucleon NCSM bases, respectively.
These are complete sets of many-body HO basis states, the
size of which is defined by the maximum number Ny,,x of HO
quanta above the lowest configuration shared by the nucleons.
The same HO frequency %<2 is used for all three clusters, and
the model-space size Np.x is identical (differs by one) for
states of the same (opposite) parity.

Second, for those components that are localized, the
matrix elements of the translational invariant operators
ft\,/flv, fler flv entering the expression of the integration
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kernels are evaluated within an HO model space using the
expansion

|q)1{;VT Z Z ZJBS’E (— 1)11+123+J+S+Z+£ ey

nn)ZJz3
Iy s»3 S S ¢, Z
X
L, Z Jp £, J L
X R0, ()R, (1) [@7,], ), (26)

where Z =42Z +1 .123 =2Jx3+1,..., etc., and
|[®7°T ) are the HO channel states defined by

ynyny

| J{;Tn)) = [(|A — azzo I T )(Ye, (h23)(|azo I T )| azes 15 T3))(523T23))“23TB))(ZT)Yzy(fh,n)]u T)Rnxzx(ﬁz,%)anev(771,23)
27
[

and labeled by the channel index y = {A —ay oI T}; linear transformation:

a ()(2[27TZ T; a3 0[31;13 T3, 8, 50303153 Z Zy} Besides the rep-

resentation of the Dirac’s § functions of Eq. (2) in terms (CD;HH n, |(9“ |<I>yn n, > D

of HO radial wave functions R, (x) and R, ¢ (y), the sD

transformation of Eq. (26) reflects a different coupling scheme = Z <q>y'n Ly O ’4)), " nr>

of the HO channels, (27), with respect to the original basis, ny ey nt 8, Jy

with Jp; the total (orbital plus spin) angular momentum ? Az Z4t,—7'—t,

quantum number of the system formed by the second and Z =D '

third clusters and Z = I, 1+ J23 the new channel spin. While NE

the configuration of Eq. (2) is dictated by the use of the HH { £ } { z E;/ Jr }

as the basis for the solution of the three-cluster problem (see L J ¢, L J f;

Sec. IIC and Appendix B), the binary-cluster-like coupling r

scheme of Eq. (27) is more convenient for the derivation of the x <ny GNLE 00,2, &, >%

kernels in the HO basis, as will become clear in a moment. The x (”tl CINL g'y |00 n; A ) - (31)

frequency 72 and the model-space size (Nmax/Nmax + 1 for
even/odd parity states) used to expand the relative motion are
the same as those adopted for the calculation of the clusters’
eigenstates.

Finally, although the integration kernels are translational
invariant quantities, it is computationally convenient to work

within a Slater determinant (SD) channel basis |<I>}J,,1Tn YsD

defined as in Eq. (27) but with ﬁé”éf) in place of the relative
vector 7] 23 and the eigenstates of the heaviest cluster obtained
in the SD basis, i.e.,

|A — a23a111”‘ TI)SD = |A — 6123(1111”I T1> R()()(Réénﬁ_aZS))

x Yoo (R4 ), (28)

where R(A—4) and R@») are, respectively, the coordinates
proport10nal to the c.m. of the first and last two clusters:

A—any;
RO = o= D i 29)
— d23 i=1
A
R(‘m) — 1 = (30)

= E T
c.m. J
a
R e SV
Indeed, the translational invariant matrix elements can be

extracted from those calculated in the SD basis, which contain
the spurious motion of the c.m., by inverting the following

A— 1123

Here, y, denotes a channel index identical to y except for
the replacement of the quantum number ¢, with {7 (the
same applies for the primed indexes), 7w, = m(—1)%"% =
T3 (— 1)&%;‘, ,and @1.1. is any scalar and parity-conserving
translational invariant operator. Further, the transformation of
Eq. (31) is diagonal in all quantum numbers but ny, £, 1’ v Z;,
and J”. Although formally not strictly necessary, with the new
angular momentum coupling scheme of Eq. (27), the present
conversion from SD to translational invariant matrix elements
represents a straightforward generalization of the analogous
binary-cluster transformation discussed in Sec. II C 2 of
Ref. [20] and the most advantageous choice from a compu-
tational point of view.

1. The (A-2,1,1) mass partition

The theoretical framework presented so far is general and
can, in principle, be applied to any three-cluster system. In
the following, we discuss the derivation of the integration
kernels for the more specialized instance of a target nucleus
plus two single nucleons (a», a3 = 1), suchasthe *He +n +n
system investigated here. Specifically, we consider the case of
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identical (A — 2, 1, 1) mass partitions in both the initial and
the final states.

In this case, the second and third clusters are point-like
nucleons with quantum numbers 153 T = %+ , and the
intercluster antisymmetrizer is simply given by the product
of the antisymmetrization operators for an (A — 2, 2) mass
partition and that of a two-body system,

A, = A(A—Z,Z) 7(1 —Pa_1a)

F A-2 A2
=777 Z(PzA 1+P1A)+Z Piac1Pia
(A-—DA ol

1 N
X ﬁ(l — Pa_14) (32)

Although other factorizations of this operator are of course
possible, with the present choice the antisymmetrization of
nucleons A—1 and A is trivial and can be included in the
definition of the channel basis; i.e.,

’CI)J.rT) _ 1 — (= 1)btsn+Ds

vXxy

e L MY

The integration kernels for the (A — 2,1, 1) mass par-
tition are then obtained by evaluating the matrix ele-
ments of the operators A%Afm) =J(A-1A/2 A(A,z,z) and
A(A,Z,Q)HA(A,QJ) = %(A(ZA—Z.Z)H + HA(ZA—Z,Z)) on the basis
of Eq. (33). For the norm kernel of Eq. (7), this yields the
following sum of a direct and an exchange term:

NITG, Y, x,y) = (1 — (=1)btothnyg,

G =0 80— )
x'x y'y
+ NG Y X, y). (34

Here, the direct term arising from the identical permutation in
the antisymmetrization operator is calculated in the full space,
whereas the nonlocal exchange term is evaluated within the
HO model space. As explained in the previous section, this
is achieved by using expansion (26), with the translational
invariant matrix elements on the HO channel basis of Eq. (27)
(antisymmetrized for the exchange of nucleons A—1 and A),

N;Xn ny,ynsny
= —2(A =]} | Pa 2A|<I>mn‘)
(A—=2)(A=3),. j=r
L S L )

(35)

obtained from the corresponding SD ones by inverting
Eq. (31). At the same time, calculation of the matrix elements
over the SD channels |<I>yn n,)sp Of Eq. (27) is achieved by
first performing a transformation to a fully single-particle
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basis; i.e.,

|Bnin,)

ynxny[SD

= Zij23§23fajb£2 (_1)11+J+lx+ly+T23
ablL
X (nalanply Linylyn, by L)a—

L Js Z)(& L &
X
L, J I lsn Js 1

L, ¢, L
T
x % % 8§23 ‘@de >SD’ (36)
ju jb I

Here, a and b stand for the collections of HO single-
particle quantum numbers {n,¢, j, } and {n,¢; j, }, respectively;
(nglanply Liny€ynel, L)g— indicates an HO bracket for
two particles of equal mass; and Kk, = {A —2 oI T};
naéaja%;nbébjb%;lTB} is the index labeling the new SD
channel basis,

|q)J”T

v Jsp = [1A =21 T)sp(@,¢, 5,1 (FATATA)

(UTy3)1(J™T)
X (p"bfljhl(rA 10A-1TA— )) 23] . (37)

We note that, except for a difference in the notation used
for the total isospin of nucleons A — 1 and A, this basis is
identical to that introduced for the treatment of binary-cluster
channels with a dinucleon projectile in Eq. (18) of Ref. [22],
where the interested reader can also ﬁnd the algebraic
expressions of the matrix elements . (d |PA 2 Al ®T

Kab " gp
and SD(CD,{:;T|ISA72A[3A73A71 |®°T) in Eqs. (19) and (20),
respectively.

The calculation of the Hamiltonian kernel of Eq. (6) is
achieved along the same lines. In this case, the kernel can be
divided into a term proportional to the norm kernel discussed
above, plus a term which resembles the expression of the
potential kernel for binary-cluster channels with a dinucleon

projectile (see Ref. [22], Sec. II B),

SD

(B

vx) )
= [Fra + V&) + ELT NI x, y)
(D) VAT A |90, (38)

v’y | Vre vxy

with an analogous expression for the matrix elements of the
Hermitian conjugate operator A?,_, 5 H. Here, Ty acts on the

x" and y’ coordinates, V(x') is the potential between nucleon

A and nucleon A—1, E ;‘ "is the energy of the (A—2)-nucleon
eigenstate in the final channel, and Vr(A *? is the sum of
pairwise interactions corresponding to the first term on the
right-hand side of Eq. (9).

As for the exchange operators of the norm, the matrix ele-
ments of Vr(;‘ - 2)A( A—2.2) are calculated within the HO model
space. This involves the evaluation, on the SD channel basis of
Eq. (37), of five potential terms: (i) VA 2A— 1(1 PA 2A-1),
(ii) Va- 2APA 24-1, (i) Va_za(l— PA 3A)PA 24-1, (v)
Vasa1Pazacr,and (v) Vaas(1=Pa_p4-1)Pa_z a. Alge-
braic expressions for these matrix elements can be found in
Egs. (A1)—(A4) and (24) in Ref. [22].
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Differently from the deuteron-nucleus formalism in
Ref. [22], where this interaction is already taken into account
in the calculation of the (bound) projectile eigenstate, here
the Hamiltonian kernel contains the additional contribution
coming from the action of the operator V(x’) on the norm
kernel. In the absence of Coulomb interaction between the last
two nucleons (which, if present, can be treated separately as
explained in Sec. I A), this term is localized in the variables
x’, x and can be calculated as

VNI, Y, x,y)

=SS LL (—1)btStH-t=5-L

— 11 S/ 523
o ¢, — L' ¢
% ]2 y x
; Bty o523 — U
23
L S J —
X Z Ry ¢ (xR, 1, (x)

Ly njiny
X ('l 52323 To3|V [0y Ly 523 J23Th3)
5y —y)

!/

y'y
+VEONE K, Y, x, y). (39)

Here, the expression in curly braces represents a
12-j symbol of the second kind (see Appendix D),
(n;€;s23J23Tg3|VlnxLxs23J23T23) are two-body matrix ele-
ments of the nuclear interaction on the translational-invariant
HO basis, and 7’ is an index associated with the HO channel
states of Eq. (27) and identical to y’ except for the replacement
of the quantum number ¢/ with L,. In the present work,
the Dirac’s § function in the y variables of Eq. (39) is
approximated by an extended-size expansion in HO radial
wave functions that goes well beyond the adopted HO model
space (Nex¢ > Nmax). The influence of such an approximation
on the calculated binding energy of ®He is small and is
discussed in Sec. III.

Finally, with the exception of the terms proportional to the
exchange part of the norm kernel, the action of the relative

x (1 — (_1)&+523+Tz3)87,y

kinetic energy operator Ty and that of the eigenvalues E ;‘,T‘
are both calculated in the full space.

III. APPLICATIONS TO ‘HE

It is well known that °He is the lightest Borromean nucleus
[43,44], formed by an 4He core and two halo neutrons. Owing
to its small mass number and the fact that its constituents do
not form bound subsystems, it is an ideal first candidate to be
studied within the present approach.

The g.s. of this nucleus has been the subject of many
investigations. Some of them are based on a three-body
nonmicroscopic cluster formalism, representing it as a system
of three inert particles [31,32,45-47]. This type of three-body
method can lead to the appropriate asymptotic behavior of the
wave function but does not allow for the exact treatment of the
Pauli principle, which plays a fundamental role for light nuclei,
and makes use of effective nucleon-nucleus potentials. There
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have also been ab initio six-body calculations focused on the
g.s. of %He [48-52]. These are based on realistic Hamiltonians
and fulfill the Pauli principle exactly. However, not taking
explicitly into account the three-body cluster configuration of
this nucleus leads to an incorrect description of the asymptotic
properties of the system. Between these two approaches are
microscopic calculations which take into account both the
three-cluster configuration of the system and the internal
structure of its constituents, giving a better description of the
asymptotic behavior of the nuclear wave function while also
preserving the Pauli principle [25,27-29,53,54]. Nevertheless,
so far these types of calculations have been based on semire-
alistic interactions, often without spin-orbit force, and on a
simplified description of the internal structure of the clusters.
In this work we present for the first time an ab initio
calculation which not only uses realistic interactions but also
takes into account the three-body configuration of this nucleus.
In particular, we apply the formalism presented in Sec. II to
study the g.s. of °He within a “He(g.s.) + n + n cluster basis.
As stated in Sec. IIE, the “He wave function is calculated
within the NCSM formalism. In the present calculations, we
describe the “He core only by its g.s. wave function, ignoring its
excited states. The inclusion of excited states leads to big tech-
nical difficulties within the NCSM/RGM formalism because it
increases notably the number of channels and the calculation
becomes unbearable for current computational resources.
Howeyver, this is a minor setback which, once the method
is established as presented in this work, can be overcome by
coupling the present three-cluster wave functions with NCSM
eigenstates of the six-body system within the NCSMC [9,10]
approach. For the time being, we estimate core polarization
effects, by comparing the computed J*T = 0" 1 *He(g.s.) +
n + n g.s. energy with that obtained from an NCSM diago-
nalization of the six-body Hamiltonian. In both calculations,
we use the same two-body interaction, namely, the SRG
evolved [33,34] potential obtained from the chiral N’LO NN
interaction [35] with the evolution parameter A = 1.5 fm~!.

A. “He and *He NCSM calculations

We performed NCSM calculations for “He that generated
eigenstates needed as input for the subsequent three-body
cluster NCSM/RGM investigations of 5He. Further, we also
calculated the g.s. energy of ®He within the NCSM in order
to make a comparison with the “He 4+ n + n NCSM/RGM
results. The computed ®He g.s. energies for a range of
HO frequencies and various basis sizes (Npax values) are
presented in Fig. 2. As stated earlier, we are employing a
soft SRG-evolved chiral N°LO N N interaction with evolution
parameter A = 1.5 fm~!. We intentionally adopt such a soft
interaction, for which our calculations reach convergence
in the HO basis expansion already at the computationally
accessible Nya.x ~ 12. We can subsequently concentrate on the
exploration of the validity of other approximations in the three-
cluster NCSM/RGM formalism. We note that the same NN
interaction was used in previous binary-cluster NCSM/RGM
calculations of the d-*He scattering [22] and d->H fusion [24].
The variational NCSM calculations converge rapidly and can
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FIG. 2. (Color online) Convergence pattern of the binding energy
of *He within the NCSM formalism.

be easily extrapolated to Np.x — 0o using, e.g., an exponential
function of the type E(Nmax) = Eoo + ae "Nmx  As shown in
Fig. 2, at Npy. = 12 the dependence of the ®°He g.s. energy
on the HO frequency is flat in the range of 72 ~ 12—-18 MeV.
The variational minimum is close to 72 = 14 MeV, which we
then choose for the calculation of the “He eigenstates used as
input for the “He + n + n NCSM/RGM investigations of the
®He nucleus.

In Table I, the energy of “He and ®He g.s.’s calculated
with the NCSM formalism are shown (in MeV) in the
second and last columns, respectively. To allow for a direct
comparison with the NCSM/RGM calculation, results are
listed as a function of the absolute HO model space size
Niot = No 4+ Nmax, Where Ny is the number of oscillator quanta
shared by the nucleons in their lowest configuration. For the
“He nucleus Ny = 0 and Nyo; = Npayx, but for the p-shell °He
nucleus within the NCSM Nt = Npax + 2. The extrapolated
values of the NCSM calculation with their uncertainties and
the experimental values [52] are also given. It can be observed
that, with the present soft SRG interaction, the g.s. energy of

TABLE 1. Computed NCSM “He, NCSM/RGM °He [as
“He(g.s.) + n + n] and NCSM °He g.s. energies (in MeV) as a func-
tion of the absolute HO model space size Ny = Ny + Nmax, Where
Ny is the number of oscillator quanta shared by the nucleons in their
lowest configuration. For the *He nucleus and for the NCSM/RGM
“He +n +n system, Ny =0 and Ny, = N.. However, for the
p-shell °He nucleus within the NCSM, Ny = 2 and Npo = Nyt — 2.
The last two rows show the extrapolated values for the calculations
with their uncertainties and the experimental values.

Niot ‘He NCSM ®He NCSM/RGM  ®He NCSM
6 —27.984 —28.907 —27.705
8 —28.173 —28.616 —28.952
10 —28.215 —28.696 —29.452
12 —28.224 —28.697 —29.658
Extrapolation —28.230(5) —28.70(3) —29.84(4)
Experimental —28.296 —29.268

PHYSICAL REVIEW C 88, 034320 (2013)

“He is close to the experimental value, while the ®He g.s. is
overbound by about 0.5 MeV.

B. “He 4+ n 4+ n NCSM/RGM calculations

We performed calculations for the “He +n +n three-
cluster system by using the NCSM/RGM formalism described
in Sec. II. In this first application, we neglect core polarization
effects and limit the description of *He to just the 7 T =010
g.s. eigenstate in the NCSM/RGM coupled-channel equations.
This is the only limitation of the model space introduced.
None of the remaining quantum numbers contained in the
cumulative index v have any restriction other than those
dictated by the model space size itself. In particular, we
calculated Hamiltonian and norm kernels of Egs. (6) and (7)
for all possible J™ channels up to J = 27, the maximum
value of the total angular momentum for our largest model
space of Npax = 13, in which both the £, and the £, orbital
angular momentum quantum numbers can vary from 0 to 13.
Although, for the present paper we were exclusively interested
in the 0% g.s. of %He, this was a necessary step to correctly
extract the translational invariant matrix elements from our SD
calculations through Eq. (31). Illustrative examples of the norm
kernel are given in Sec. III B1. The g.s. energy of ®He is then
obtained by solving the “He + n + n nonlocal hyper-radial
equations (17) for the J™ = 0% channel with bound-state
boundary conditions, as explained in Sec. II D. The dimension
of the HH model space used for this part of the calculation is
related to the maximum value of the hypermomentum K.
Overall, the number of {v,K} channels is very large (around
200 for the J™ = 07 state alone in our largest model space with
Nmax = 13 and Kox = 28). The dependence of our results for
the SHe g.s. with respect to both the HO and the HH expansions
is discussed in Sec. III B2.

1. Norm kernels

Particularly interesting are the elements of the exchange
part of the norm kernel, N% (x’, y', x, y), defined in Eq. (34),
which give a measure of the influence of the Pauli exclusion
principle. In Fig. 3, we present just a few of the most relevant
examples. In addition, for visual purposes, we set the value
of the primed coordinates x” and y’ to 1 fm. In the present
calculation, where the first cluster is given by the g.s. of “He,
ie,al ]” 'T; = 070 state, and the second and third clusters are
single nucleons, the various channels can be simply labeled by
the spin and orbital angular momentum quantum numbers S,
L, ., and £,. As one would expect, for the largely s-shell ‘He
core the antisymmetrization makes its largest contribution in
the S = L = ¢, = £, = O channel of the 07 state, of which we
show the diagonal “exchange” norm in Fig. 3(a). Large nega-
tive values of the exchange part of the norm kernel generally
correspond to the presence of Pauli-forbidden components, in
this case the 072 component owing to the s-wave relative
motion in both x and y coordinates. The norm is positive and
much smaller in channels where the antisymmetrization plays
a minor role, such as the § = L = ¢, = ¢, = 1 displayed in
Fig. 3(c). The fairly symmetric appearance of these norm

034320-8



THREE-CLUSTER DYNAMICS WITHIN AN AB ...

PHYSICAL REVIEW C 88, 034320 (2013)

FIG. 3. (Color online) Diagonal elements of the exchange part of the norm kernel Nf,’j(x/ .y, x,y)forthe (a) S=L =4, =¢,=0,
by S=L=4¢£,=1,£,=0,(c) S=L=¢ =4{,=1,and (d) S=4¢, =£, =1, L =2 partial waves. In each plot, the primed x’ and y’

coordinates are set to 1 fm.

kernels is caused by the equal value of the two orbital angular
momenta £, and £,. However, the kernels are, in general,
asymmetric in x,y (x’,y’) as is particularly evident in the
S=L=1{,=1,£, =0 case [Fig. 3(b)]. In this component,
which appears in the 0~, 17, and 2~ states, one can observe
once again the repulsion owing to the Pauli principle in the y
coordinate, while the p-wave motion forces the norm kernel to
be null for x = 0 (x” = 0). Finally, in Fig. 3(d) we present the
S =14¢, =¢, =1, L =2 diagonal element of the 17, 2%, and
3% exchange norm. In this channel, where one could naively
expect a positive norm, we find a non-negligible negative
contribution of the antisymmetrization, which suggests the
presence of Pauli-forbidden components. These examples
show that a correct treatment of the antisymmetrization not
only is important to describe the g.s. of the °He nucleus, but
also plays a role in important excited states such as the 1~ or
2% resonances.

2. SHe ground state

To calculate the g.s. of ®He, we first orthogonalize the
NCSM/RGM equations, (5), as explained in Sec. IIB and
Appendix A. During this procedure the eigenvalues and
eigenvectors of the norm kernel in the HO model space
are calculated. For this J®T = 071 state, we observed the
appearance of Pauli-forbidden norm eigenstates recognizable
for their very small eigenvalues and negligible overlap with
the physical g.s. eigenfunction. Spurious states can appear and
admix with the low-lying physical eigenstates of the system if
such Pauli-forbidden norm eigenstates are not eliminated. For
the present calculation, we have removed all norm eigenstates
with eigenvalues smaller than 0.1. In the Np,x = 12 model
space, these amounted to a total of nine eigenstates with
eigenvalues ranging from 0.58 x 1073 to 0.62 x 10~!. The
unprecedented large number of {vn} channels (~300) is likely
responsible for the occurrence of such unphysical eigenstates
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FIG. 4. (Color online) Dependence of the NCSM/RGM calcu-
lated °He g.s. energy at Npa.x = 6 as a function of the maximum
value of the hypermomentum K.« used in the HH expansion. For
these calculations we used a matching radius of a = 20 fm, N = 30
Lagrange mesh points, and an extended HO model space of Ny = 40.

of the norm, which had never been observed in our previous
binary-cluster NCSM/RGM calculations.

We then expanded the orthogonalized NCSM/RGM equa-
tion, (10), in HH functions and solved the nonlocal hyper-radial
equations (17) for the *He + n + n relative motion imposing
bound-state boundary conditions, by using the R-matrix
method on a Lagrange mesh from Sec. IID. We found a
single bound state in the J*T = 0%1 channel and proceeded
to study the behavior of our results at fixed Np.x With respect
to the remaining parameters of the calculation. Given the
large scale of this computation, we performed this study at
Nmax = 6. The rate of convergence of the bound state with
respect to the size of the adopted HH model space can be
judged by examining Fig. 4, where we present a study of the
calculated g.s. energy as a function of the maximum value of
the hypermomentum K ,,x. The results start to stabilize around
Kiax = 14 and are fully converged already at K,.x = 20. At
a given Np.x, the calculation is variational in Kpax. Then
we studied the stability of the g.s. energy with respect to
the selection of the matching radius a, and we found that
it was good as long as we chose values larger than 20 fm. The
number N of mesh points required for a good convergence of
the Lagrange expansion depends on the value of the matching
radius. For a = 20 fm, about 30 mesh points are enough, while
a larger number is needed if the matching radius is increased.
The choice of the N value also depends somewhat on the
size of the extended HO model space Ny used to represent
the Dirac’s § function in the y (y’) coordinate (proportional
to the distance between the centers of mass of the “He and
the two neutrons) while calculating the interaction kernel of
Eq. (39). Larger N values correspond to a larger y range
for this potential kernel, which is localized only in the x (x')
coordinate. About 30 (40) mesh points are sufficient to reach
convergence up to Ney = 30 (Nexy = 70). The behavior of
the g.s. energy as a function of Ny is presented in Fig. 5.
As shown, an extended HO basis size of at least Ney = 40
is needed to accommodate the long range of this interaction
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FIG. 5. (Color online) Dependence of the NCSM/RGM calcu-
lated °He g.s. energy at Np, =6 as a function of the size of
the extended HO model space N, used for the calculation of the
interaction kernel of Eq. (39). For these calculations we used a
hypermomentum of K,,x = 20, a matching radius of a = 20 fm, and
N =30 (N = 40) Lagrange mesh points for Ney < 30 (Ney > 30).

kernel. Disregarding this effect by computing Eq. (39) within
the adopted HO model space (i.e., with Nexy = Npax) leads to
about 200 keV underbinding in the °He g.s. energy. Finally, a
stable result for the integrations in the hyperangles « and o’ of
Eq. (18), which we perform numerically using a Chebyshev-
Gauss quadrature (for Chebyshev polynomials of the second
kind), was obtained with 20 mesh points. Based on this analysis
and to ensure that convergence is reached, we adopted a
matching radius of a = 30 fm with N =70 mesh points,
a hypermomentum K,,x = 28, and an extended HO model
space of Ny = 60 for our larger Npox calculations (including
the largest with Np,x = 12) presented in the following. In
Fig. 6 the main components of the radial part of the relative
motion wave function u%.” of the 0" g.s. of ®He are shown
for different values of the HO basis size Np.x used for the
expansions of the “He wave function and localized elements
of the integration kernels. In the present calculation, each
component is uniquely identified by the quantum numbers

o
L n N
0.1 k=1 J=0" -
o 0.0,y T
£ 01 -
2 02 =
< N =
3 max
-0.3 /. N =101
< max
-0.4 s — N_ =12+
K=2,8=L=1=[=0 hax
. I . I . L ! . ! .
-0'50 5 10 20 25 30

15
p (fm)

FIG. 6. (Color online) The three main components of the radial
part of the *He g.s. wave functions u g, (o) for Nyax = 6,8, 10, and 12.
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FIG. 7. (Color online) Probability distribution of the main com-
ponent of the “*He + n + n relative motion wave function for the
J*™T = 0*1 ground state. The quantum numbers corresponding to
this component are S = L = ¢, = £, = 0. Here r,, = «/En,,,, and
Taun = ~/3/4Nanm are, respectively, the distance between the two
neutrons and the distance between the c.m. of “He and that of the two
neutrons.

shown in the figure. As can be seen, convergence is almost
reached at Np,x = 10, and an N, = 14 calculation, which
is currently out of computational reach, is not expected to
substantially change the present results. This is confirmed also
by the Nnax dependence of the related g.s. energy, presented
in the third column in Table I. Contrary to the NCSM, which
gives rise to a Gaussian asymptotic behavior of the wave
function owing to the use of expansions over six-body HO
basis states, in the NCSM/RGM the 4He(g.s.) + n + n wave
functions present the asymptotic behavior of Eq. (19), which
is included by construction when using the R-matrix method.
As shown in Fig. 6, the tails can extend up to about p = 25 fm.
This feature will be of great importance when studying ®*He
excited states, using scattering asymptotic conditions in the
solution of the three-cluster equations.

Information about the three-cluster structure of the He
g.s. can be obtained by studying the probability distribution
arising from the main component of the *He + n + n relative
motion wave function, presented as a surface plot in Fig. 7,
and as a contour plot in Fig. 8. This component, characterized
by the quantum numbers S =L =/{, ={, =0, presents
the well-known [31] two-peak shape distribution. One peak
corresponds to a ‘“dineutron” configuration in which the
neutrons are close together (about 2 fm apart) while the 4He
core is separated from their c.m. at a distance of about 3
fm, whereas the second peak, corresponding to the “cigar”
configuration, represents an almost-linear structure in which
the two neutrons are far from each other (about 5 fm apart)
and the o particle lies almost in between them at ~1 fm
from their c.m. The position maxima of the two peaks can be
more easily seen in the contour diagram in Fig. 8. The second
most important contribution to the wave function comes from
the component with quantum numbers S =L =¢, =¢{, =1,
and the probability distribution arising from it is shown in
Fig. 9. From the amplitude of the plot, it can be concluded that
this component contributes very little to the complete wave
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FIG. 8. (Color online) Contour diagram of the probability distri-
bution plotted in Fig. 7.

function and does not significantly change the characteristic
two-peak picture in Fig. 7.

The obtained °He g.s. energy (in units of MeV) for different
sizes of the NCSM/RGM model space Ny,.x are presented in
the third column in Table I. The results of NCSM calculations
of the *He and ®He systems are shown in the second and
last columns, respectively. At Npx = 12, the NCSM/RGM
calculation is basically converged within its uncertainty of
about 30 keV, listed in the last row. The effect of the exclusion
of the spurious eigenstates of the norm, discussed at the
beginning of this section, is included in this uncertainty. Unlike
the NCSM case, the present NCSM/RGM calculations are not
variational in the HO model space size, as at each Ny,,x value
the three-cluster basis contains a different “He eigenstate.
It can be observed that in the NCSM/RGM the ®He g.s. is
underbound. In particular, the energy is about 1 MeV higher
than the one obtained within the NCSM. This difference is
caused by excitations of the 4He core, which, for technical
reasons, are included only in the NCSM calculation at present.
In this sense, the difference between the two calculations
provides a measure of core polarization effects in *He.

FIG. 9. (Color online) Same as Fig. 7, but for the second most
important component. The quantum numbers corresponding to this
componentare S =L =¢{, ={, = 1.
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IV. CONCLUSIONS

In this work, we have extended the NCSM/RGM method
[19,20] to the treatment of three-cluster dynamics. This new
feature permits us to study a new range of systems that
present three-body configurations. In particular, in this work
we show that it can be used to study the structure of two-
neutron halo nuclei such as ®He and, contrary to other ab
initio methods such as the NCSM, to obtain the appropriate
asymptotic behavior of its wave functions. Moreover, the
present formalism combined with the appropriate scattering
boundary conditions gives access to the ab initio study of
resonant states of two-neutron halo nuclei (such as the excited
states of ®He) as well as to scattering problems involving
channels with three fragments. Three-cluster NCSM/RGM
“He + n + n scattering calculations with the aim of studying
®He low-lying resonances are currently under way and will be
reported in a subsequent paper.

For the present study of ®He within the *He + n + n cluster
basis, we used only the g.s. wave function to describe the
“He core. This leads to an underbinding of the ®He g.s. owing
to the missing treatment of core polarization. The difference
with respect to the energy obtained from a diagonalization of
the Hamiltonian in an NCSM six-body model space indicates
that, with the present soft NN interaction, core-polarization
effects amount to less than 5% of the binding. This is,
however, a much larger effect if one considers that it represents
about two-thirds of the separation energy with respect to the
“He +n + n threshold. The inclusion of excited states of
“He would significantly increase the number of channels in
the calculation, making it computationally unbearable. Core
polarization effects can be more efficiently taken into account
by coupling the present three-cluster wave functions with six-
body NCSM eigenstates within the NCSMC framework. While
the results of this approach will be presented in a forthcoming
publication, the main difficulty of such a calculation resides in
obtaining the three-cluster NCSM/RGM wave functions and
has been addressed in the present work.
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APPENDIX A: ORTHOGONALIZATION

The appearance of the norm kernel V7" T(x’, y', x, y) in
Eq. (5) reflects the fact that the many-body wave function
W/"T is expanded in terms of a nonorthogonal basis. There-
fore, Eq. (5) does not represent a system of multichannel
Schrodinger equations, and G{ﬂT(x, y) do not represent
Schrodinger wave functions. However, one can solve the
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equivalent set of orthogonalized equations introduced in
Eq. (10), where

HT( Ly x,y)

—Z//dxd” P25 ’22//d)zdyx2y2

XN Py X R @5 NG R B )
(AD)
is the orthogonalized Hamiltonian kernel and the Schrodinger

wave functions x;/ "T(x,y) are the new unknowns of the
problem, related to GY" T (x, y) through

Gl (x,y)
_1 T ~ o~
- Z// dxdy 3 7° N2 (x, v, %, 9) xid T (&, §).
(A2)

Here, Nvl,/vz(x/, y,x,y)and NV, 1/2 (x', 9, x, y) represent the
square root and the inverse- square root of the norm kernel,
respectively, which are obtained as follows. First, we add and
subtract from the norm kernel the identity in the HO model
space:

NIy x,y)
_ s [86 =080~ y)
vy x/x y,y

> Rt )R, (¥R, (y/)Rn)a,(y)]

nyeny

+ ALY X y). (A3)

The norm kernel within the truncated model space,
AJ T(x y', x, y),is obtained by using expansion (26) with the
matrix elements on the HO Jacobi-channel states of Eq. (27)
given by

J°T _ ex
A, - Bn,\-,n; (Sny,”'vs}’,)// + Ny’n;n’v,ynxny

y/nny yn.ny
and N;"n nynny 3 defined in Eq. (35). Then the square and

the inverse- square root of the full-space norm are obtained
by (i) finding the eigenvalues Ar and eigenvectors |pi ) of
matrix A’°7 of Eq. (A4); (ii) calculating

A;/t’héznv’v,y.nxn‘ - Z(cb}{”n n |(/71- ) il/z(
r

(A4)

T|q))/’h'l))

(A5)

and the corresponding integration kernels through expan-
sion (26), and, finally, (iii) replacing the model-space norm

A] T(x Y, x,y)in Eq. (A3) with Ail/z(x v/, x, y); that is,
NP Y x, )
_, [aw—x) )
=8,y

x'x y'y
- Z RnJX ()C/)RnA N (X)Rnyév (y/)Rn}lv (y)]

nyny

+ AT Y x, ). (A6)
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For the inverse operation to be permissible in Eq. (A5) one has
to exclude the subspace of (fully) Pauli-forbidden states for
which Ar = 0.

APPENDIX B: HH CHANNEL BASIS

Using the Dirac § properties and completeness relation of
£.8, .
the set of ¢ functions, we have

PHYSICAL REVIEW C 88, 034320 (2013)

_ 8o —py)
- 052 p 5/2

* Ly, Ly

GO

qu (@) (B2)

then the three-cluster channel states of Eq. (2) can be
written as

8(x = m23) 8(y — m23) )77 Zq)*‘ “w|@ll), (B3)
X123 ym.23
_ 8(p—py) G (B1)  Where |77 are the channel states in the HH basis
P32 pi/? sinacosa sina, cos
|
- x x x T\ (ST) ~ K £, 8, 771y 8(p — py)
|[@7xp) =[(|A — anon I Th)(jaz 02 1 Ta) a3 0‘3133T3))( 3 23))( )yL (Qn)]( : 5/2 5/”2 ’ (B4)
P Py
[
with €, = (@, 23, A1.23) and yLKZX (Q,) the HH basis where Py (x) are Legendre polynomials, and x,, satisfy
elements defined in Eq. (14). At the same time, inserting
this expansion in Eq. (1), changing from x and y to the HH Py(2x, —1) =0. (€2)

coordinates p and o, and integrating over the hyperangle «,
one can demonstrate that the many-body wave function is also
given by

T
W/ T) = Z/ SgK” (p)A o), (B3

where the hyper-radial functions g ,J;UT () are obtained from the
projection of the variational amplitudes G!" 7 (p sin, p cos «)

Y (@)

: L,
over the functions ¢

T
gKVS (0) = f da sin® « cos® o
p?
X ¢1*f b "(a) GI{”T(p sina, pcosw). (B6)

APPENDIX C: LAGRANGE BASIS

We use a Lagrange basis which is a set of N functions f,(x)
(see [42] and references therein), given by

_ 1 —x, xPyQ2x/a—1)
1y, —1/2 N
fule) = (a2 o SR

— dy aiz dag

(ChH

by — b3 by by—as—d;+c as

cp ¢ — = +22x:(2)€+1) b
d d dz -

as

= (=) u—dita Z(Zx +1){ a4

X a

The Lagrange mesh associated with this basis consists in N
points ax, on the interval [0, a] and satisfies the Lagrange
conditions

fn’(axn) = Sun's (C3)

1
Jar,
where the coefficients A, are the weights corresponding to
a Gauss-Legendre quadrature approximation for the [0, 1]
interval; i.e.,

(C4)

1 N
/ g(0)dx ~ ) " hng(xy).
0 n=1

Using the Lagrange conditions of Eq. (C3), it is straightforward
to see that within the Gauss approximation the Lagrange
functions are orthogonal; i.e.,

/O o0 fir (O ~ S (©5)

APPENDIX D: 12-j SYMBOL DEFINITION
The 12-j symbol of the second kind [55] is defined by

b4 X as b4 X b] d3 X Cq4 Ay X
d3 b3 Cqs dy dAg dz C1 d1 d2 1
b3 d3 d2 dl d3

b4 C4 Cy (1 C4 (Dl)
bl X aj b1 X
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