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A Symplectic Effective Field Theory that unveils the observed emergence of symplectic symmetry
in atomic nuclei is advanced. Specifically, starting from a simple extension of the harmonic-oscillator
Lagrangian, an effective field theory applied against symplectic basis states is shown to yield a
Hamiltonian system with one fitted parameter. The scale of the system can be determined self
consistently as the ratio of the average volume of a nucleus assumed to be spherical to its volume
as determined by the average number of oscillator quanta, which is stretched by the fact that the
plane-wave solution satisfies the equations of motion at every order without the need for perturbative
corrections. As an application of the theory, results for 2°Ne, 22Ne and 2?Mg are presented that yield
energy spectra, B(E2) values, and matter radii in good agreement with experimentally measured

results.

I. INTRODUCTION

Symmetries play a pivotal role in our understanding
of interactions that dominate nuclear structure. Their
importance extends from quantum field theories such as
the SU(3) color group used to proffer an understanding
of the quark and gluon dynamics in individual nucleons,
to effective field theories and the breaking of chiral sym-
metry which imposes a critical constraint that generates
and controls the dynamics of nuclei in the low-energy
regime that can be used to establish a connection with
QCD [1-6].

Similarly, Effective Field Theories (EFT) have proven
to be useful in gaining model-independent approaches
in various other analyses [7—-12]. The main founda-
tion of any EFT is its ability to exploit a separation
of scales between two phenomena, those of interest like
low-energy collective nuclear excitations such as rotations
and vibrations, and others that focus on the higher en-
ergy aspects of the interaction. Notable nuclear collec-
tive models[13, 14] have been identified as leading-order
Hamiltonians of an EFT approach.

Significant progress achieved in the past decade using
continuum Schwinger function methods (CSM) paves a
way to observe how an effective strong interaction rele-
vant for low-energy nuclear physics emerges from quark
and gluon interactions in the strong QCD regime, char-
acterized by a coupling «s/m ~ 1 [15-18]. Furthermore,
the CSM results have been rigorously checked in compar-

* dkekejian@lsu.edu

T draayer@lsu.edu

¥ mokeev@jlab.org

§ cdroberts@nju.edu.cn

isons with a broad array of different experimental results
on meson and baryon structure [16, 19-22].

The importance of symmetries is not limited to EFT
analyses. For example, it is well-known that SU(3) is
the symmetry group of the spherical harmonic oscilla-
tor that underpins the many-particle microscopic nuclear
shell model [23] patterned in large part after the atomic
case that treats the nucleus as a closed core system of
interacting single particles in valence shells with resid-
ual interactions. The latter successfully describes single-
particle separation energies and binding energies at shell
closures called magic numbers; however, it fails to de-
scribe effects due to the collective motion of the core
such as the emergence of rotational bands in heavy nuclei
that can be described phenomenologically by the Bohr-
Mottelson collective model [13], and the fact that the
first excited state of the doubly closed shell nucleus of
160 is part of a strongly deformed rotational band that
leads to an experimentally observed non-zero quadrupole
moment for its ground state.

The SU(3) model advanced by Elliott [24] was the first
group-theoretical model that captured rotational collec-
tivity in a shell-model framework. One can find its roots
in the Nilsson model [25], which is simply a deformed
version of the single-particle shell model. This unveiling
of the microscopic origin of collectivity within a nuclear
shell-model framework through an algebraic model and
the fact that most nuclei are deformed, along with the
coexistence of low-lying states in a single nucleus with
different quadrupole moments [26], paved the way to the
development of the Sp(3,R) Symplectic Model [27, 28].

The Sp(3,R) model is a multi-shell extension of the
SU(3) model that allows one to organize the spatial parts
of many-particle nuclear configurations into a collection
of Pauli-allowed shapes. This is a logical first-step of a



far more robust theory for grouping many-nucleon con-
figurations into cluster-like shell-model configurations on
the lowest rung of what is now known to be an alge-
braically defined pyramid of deformed eigensolutions cou-
pled through enhanced B(E2) linkages. Multiple phe-
nomenological and schematic interactions that employ
the symplectic symmetry group have been found to give
energy spectra, B(E2) quadrupole transitions and radii
that are in remarkable agreement with experimental data
across the nuclear chart from the lightest systems like
160 [29] and 12C [30] through to intermediate-mass nu-
clei spanning from 2°Ne [31, 32] and 2*Mg [33-35], up to
strongly deformed nuclei of the rare-earth and actinide
regions like 1%°Er [36] and even 233U[37].

While such applications of the symplectic model re-
produce observed collective patterns in nuclei, they typi-
cally rely on schematic or phenomenological interactions.
However, recent results from the ab initio Symmetry-
adapted No-Core Shell Model (SA-NCSM) [38-41], that
employs realistic chiral effective field theory interactions
strongly suggest that the symplectic symmetry is a nat-
ural symmetry for nuclei and that its origins should be
investigated starting from first principles; that is, from
a symplectic effective field theory. Below we show the
construction of a symplectic effective field theory, one
which when applied to symplectic basis states yields a
polynomial of quantum mechanical Hamiltonians for nu-
clear structure applications. As an application of the
theory, results for the 2°Ne, 22Ne and 22Mg isotopes are
presented.

II. SYMPLECTIC EFFECTIVE FIELD THEORY

In this section we present a step-by-step method
for building the symplectic effective field theory refer-
enced above. The main concept is to formulate a self-
interacting real scalar effective field theory that repre-
sents the excitations of a system of A interacting nu-
cleons. The degrees of freedom of the system are the
real scalar fields that represent harmonic oscillator ex-
citations. At leading order, the fields are plane waves
that satisfy the equations of motion. For every next-to-
leading order, the fields can be taken to be plane waves
without the need for perturbative corrections if one im-
poses a specific requirement on the coupling coefficient of
the theory. That requirement, together with the scalar
field constraint, set the overall scale of the theory, which
can be stated simply in terms of the ratio of the aver-
age spherical volume of a nucleus in its ground state to
its average volume determined in terms of the number
of harmonic oscillator excitations it hosts that allows the
system to stretch in ways that are consistent with the
pervasive plane-wave constraint.

The construction of this EFT is done through the fol-
lowing steps: In the first subsection (A) we introduce
the harmonic oscillator Lagrangian, extend it to n-th or-
der, and present the corresponding solutions. In the sec-

ond subsection (B) we review features of the symplectic
Sp(3,R) group, its generators, and the nomenclature we
will use in defining actions of these generators on states
within an irreducible representation (irrep) of the sym-
plectic group, especially on the irrep’s lowest-weight state
from which all others can be built. In subsection (C) we
move to the more familiar Hamiltonian rendering of the
dynamics, the details of which — being quite expansive
— are relegated to an appendix. In subsection (D), the
physical features associated with the diagonal elements of
the Hamiltonian are examined; while in subsection (E),
we do the same for the various off-diagonal elements re-
sulting into a quantum mechanical Hamiltonian applica-
ble for nuclear systems.

Throughout this paper we will use the Einstein nota-
tion for repeated indices and natural units in derivations
(h = ¢ = 1), the following four vector notation for our co-
variant position vector z*(¢,r) and z,(t, —r) for its con-
travariant component, k*(E, k) for the momentum four
vector and 8”(%, g) for the derivative. For overall sim-
plicity, we will use L and H for the regular Lagrangian
and Hamiltonian, and £,H for their density-dependent
equivalents, respectively.

A. The Harmonic Oscillator (HO) Lagrangian and
its n-th order extension

The simplest Lagrangian density one can write for a
real scalar field ¢ is

1
L= 50,00 0, (1)
which is the Lagrangian density of a harmonic oscillator
(HO) for massless excitations (bosons). The classical,
still not quantized, fields that satisfy the equations of
motion of this Lagrangian are given by the plane-wave
solution.

1 e ikt
@(r,t)zw - U(k, E)e* e udEdk.  (2)

The integration is over four variables, the three momenta
(k, a spatial vector) and the energy (E, a scalar). The
construction of the effective field theory is accomplished
by taking the Lagrangian in Eq. (1) and extending it nat-
urally to its n-th order and adding a mass term at every
order,

(n) _ afn _ 2 o\n+1
L = 2n+1(n+1)!(8¢p8“g@ nm*e*)"". (3)

The total Lagrangian density is £ = 3, £, where for
the n = 0 term we recover Eq.(1). We have added a
term nm?2?, often called “the mass” term, at every or-
der. This is added to capture all possible combinations
of interaction terms that could result from lowest powers
of ¢ and 0,,p0"¢. Including ¢ only shifts the equations
of motion by a constant, therefore the lowest possible



power is ¢?. In this formulation « is the coupling coeffi-
cient of the theory. Since the dimension of a Lagrangian
density always has to be [£] = 4, it follows logically that
[a] = —4 and as well that this is a non-renormalizable
EFT. The main advantage of this systematic construc-
tion of the Lagrangian density given by Eq. (3) is that it
is unique in the sense that the plane wave solution given
by Eq. (2) satisfies the equations of motion at every n-th
order without the need to consider perturbative correc-

tions if one imposes a specific condition on a ~ 1 /N(%Q,
where Ny, = 4/NyN; is the geometric average of the
total number of excitations (bosons) between the initial
|N;) and final |N;) Fock states that the interaction is
acting on, as shown in Appendix (A). At n = 0 the ex-
citations (bosons) are massless with energy |Fx| = |K]|
and for any arbitrary m > 0 a mass-like term is intro-
duced through the self interaction that turns out to be
the main driver of a @ - ) quadrupole-quadrupole type
interaction. This, alongside the imposed condition on «,
allows us to include all terms up to an arbitrary n-th
order.

The EFT has to be suitable for describing nuclei, and
therefore it is necessary to use discretized fields instead
of Eq.(2), through localized plane waves within cubic
elements of volume V with periodic boundary conditions.
This condition requires that the plane waves have the
following discrete form:

1 bt b

I‘,t — 7( k ebk“xu k e—Lk“a:u)7
e t) = 75 ; VRE] VR2E]

(4)

where b, creates an excitation (boson) and by destroys an
excitation (boson), respectively, with energy |Ex| = |K|
by acting on a |N) state, where Ny is the number of
excitations (bosons) with momentum k.

Now that we have identified the required fields and
operators, we need for them to describe excitations of a
system of A nucleons, which means the fields must enter
pair-wise (quadratically, to preserve the parity of each
single-nucleon wave function), and therefore for a nucleus
with A nucleons the Lagrangian density given in Eq. (3)
has to be generalized to

n

m)y _ @
£ 2n+1(p 4 1)! (

n+1
5ﬂ@p3"<ﬁp - anQPi) ) (5)

which is the Lagrangian density of an .A-component real
scalar field and is O(A—1) symmetric [(A—1) to remove
the center-of-mass contribution]. It has been established
that the symplectic Sp(3,R) group is a complementary
dual of the O(A — 1) symmetry group [32]. This implies
that the Lagrangian itself is part symplectic, meaning
that the resulting quantum mechanical Hamiltonian from
it, after making specific couplings, preserves symplectic
symmetry and doesn’t mix configurations belonging to
different symplectic irreps. As for the p subscript, it
denotes the sum over all nucleons in the system

B. The Sp(3,R) algebra and Symplectic basis

The symplectic symmetry is the natural extension of
the SU(3) symmetry and is realized by its 21 many-body
generators in their Cartesian form. Since we are con-
structing a 4-dimensional EFT it is appropriate to repre-
sent the symplectic generators in the interaction picture
(Heisenberg representation) where the operators explic-
itly depend on time. This is done through

b (t) = bFe™ . (6)

Using this definition we get the following

1
Aij — §b+ b+ 62LQ757

iprJp
1
Blj = §b;)b‘;]:)€_2LQt, (7)

1
Cij = 5(1):;1);1, + b;pb;),

where the ¢, j subscripts denote the spatial directions
and the repeated index p implies a sum over the num-
ber of nucleons in the system being described. The ob-
jects 29;; = C;; + Cy; are the generators of the Elliott
SU(3) group that act within a major harmonic oscillator
shell, whereas the symplectic raising A;; operator and its
conjugate B;; lowering operator connect states differing
in energy by 2(), twice the harmonic oscillator energy.
The interaction picture clearly states that the symplec-
tic operators A and B are the ones responsible for the
dynamics (they depend on time) in nuclei that can be
interpreted as vibrations in space and time. Whereas the
C operators (independent of time) are responsible for the
static deformed configurations in nuclei that can rotate
freely. This was perhaps implicitly evident from the fact
that the Sp(3,R) symmetry (A and B) is the dynam-
ical extension of the SU(3) symmetry (C'), but now it
is explicitly evident through their representation in the
interaction picture.

To further understand the significance of these oper-
ators it is useful to define the following set of operators
which are more suitable for a physical interpretation of
the symplectic operators

Qij = Qij + Aij + Byj,

Kij = Qij — Aij — Bij, (8)
Lij = —i(Cij — Cja),
Sij = 2u(Aij — Bja),

where @;; is the quadrupole tensor and is responsible for
deformation, Kj;; is the the many-body kinetic tensor, L;;
is the angular momentum tensor responsible for rotations
and S;; is the vorticity tensor responsible for the flow of
deformation.

Symplectic basis states are constructed by acting with
the symplectic raising operator A on the so-called band-
head of the symplectic irrep |o) which, is unique and is
defined as Blo) = 0 to be a lowest weight state. The



band-head |o) is mathematically similar to how the vac-
uum behaves b|0) = 0. However, unlike vacuum, |o) can
contain physical particles; namely, nucleons.

The complete labeling of a sympletic basis state that
is constructed from its |o) bandhead irrep is |onpwr LM)
where ¢ = N,(A\,ps) labels the bandhead, n =
Ny (Anpn) labels the excited state that, coupled to the
bandhead, yields the final configuration labeled by w =
N, (Awitew) with p multiplicity, L angular momentum with
x multiplicity and its M projection. N, = N, + N,
is the total number of bosons (oscillator quanta), A\, =
(Na)z — (Na)o and pg = (Ng)z — (INg)y are the SU(3)
quantum numbers, where a = o,w,n. They denote the
intrinsic deformation of the state since they count the
difference in the number of oscillator quanta in the z and
x, and x and y directions respectively. These states are
ideal for describing collective features of nuclei and for
serving as basis states for the EFT. Similar to the Fock
state notation |Ny), symplectic basis states also describe
bosons numbered by N, making them a suitable basis
state to which an application of our EFT interaction
yields a quantum mechanical Hamiltonian that can be
utilized for carrying out nuclear structure studies.

C. SpEFT Hamiltonian

The n-th order Hamiltonian density, derived in Ap-
pendix (B) is

an

« 2 2 2\n
H(n) = 2n+1( + 1)! ((ppl - (p;n '@;1 —nm (pm)
x((2n+1)¢2, + @), - @, +nmPe?), (9)

where ¢ = 8t 2 and ¢ = 69” The total Hamiltonian den-
sity at the n-th order is a sum over all possible n+1 com-
binations of the n + 1-th term in the second parenthesis
in Eq. (9) with respect to the n terms in the first paran-
thesis, therefore it is Hermitian (see Appendix (B) for
proof). However, for purposes of calculating matrix ele-
ments it is sufficient to only consider Eq. (9) and then add
all the possible other combinatorial terms as described.
The coupled fields in Eq. (9) are

_ lz%x
V & /RERE,]

+ uktax, — —tktx, + gtz - =g’z
(bpke +b € bpq€ + b€ ,

Z LBy, 1Eq
«/|2Ek w/|2E

+ _Jktx — _—iktzx + gtz — _—wq"'z
(bpke Iz fbpke “)(b et T —b e N

1 _k)
/ ’ -
SOP ('OP Z /|2Ek /|2E
kP — —tktx, v, = —gtzy,
(b;jke v —be : ) (b;qe " byqe™ )
(10)

For convenience, from here on we will drop the index p
denoting the sum over particle numbers from the fields
since they don’t affect any of the follow-on derivations
and can be recovered as may be required at any time. As
evident from the formulas above the creation and anni-
hilation operators enter into the Hamiltonian density in
pairs of bTbT, b=b~, btb~ and b= bT. This allows us to
describe them through the symplectic operators defined
in Egs. (7). This definition further enables us to transi-
tion from |Ny) to |o) where N, will be equivalent to a
state with number of bosons N created(destroyed) by
byl (b ) with momentum k. Knowing this we can rewrite
the fields in Egs. (10) as follows:

o= L 3 I
V & /RE|RE,]
(Z;Z;r + 2 25 + 2725 + Zk—Zq),
.9 1 LBy LB,
"= X
V &\ /REi] I2E,|

(Z+Z+ 2 2y~ B2 - 7 7)),

Z *Lk *Lq)
Y \/|2Ek 1/|2E
(lez; 2y~ 7 g — 5 7)), ()

where, for further convenience we use the notation lef =
blfeﬂk%“. And finally, with these further simplifying

definitions in play, the Hamiltonian density in Eq. (9) can

be rewritten as follows:
Z > (12)

kiko..kpi1 9192---Qpq1

1 a™

(n) _
" 20+ (n + 1) Yt

where we further use the following notation:

Zﬂ = <(Ek77,E(In + kn : qn - an)(Zl:z Zin + Zl:” Z;")

(=B, By, +kn - a, +nm®)(Zf Zg + Zl;LZ‘J;n))'
(13)

En+1 = (( (277’ + 1)Ek +1Eqn+1 - kn+1 “Ant1 + an)X

(2., Zq,,, + 2y, 2g,.,)

k +1 n+1 qn+1

—(—(2n + )Ekn+1Eq7l+1 —kpy1- Apt1 — an)X
+ - - o+
(Z n+1an+1 +Z n+1an+1))' (14)

With all of this in place, we finally come to an expres-
sion for the Hamiltonian density, H, that enters into the
integral for H that we consider next.



D. Diagonal coupling and Monopole Hamiltonian

The Hamiltonian is

+L
H= HdV. (15)
—L

Substituting H into the integration we notice that for
every order n we have n + 1 pairs of ZTZ%, Z+Z~ and
their conjugates multiplied with each other inside the
integration. To demonstrate this, let us consider a term
like Z+Z* for example for the simplest case n = 0 which

J

H™ —

1
- 2"+1(n+1)! Z

k1k2...kn+1

gives a term like

+L
/ b (£)bd (D)t gy, (16)
-L

where we absorbed the time component of the exponent
into the operators. This integral is zero because of the
periodic boundary condition on k and q unless k+q = 0.
To generalize for n+1 pairs, each term ZTZ+ and Z=Z~
has to have k +q = 0, and each term Z+Z~ and Z=Z+
has to have k — q = 0. We call this “diagonal coupling”
because for each pair in the integral we couple k to g for
example k; to q;, ks to q, and k, to q,,, etc. The result
of this simple coupling is that each Z term in Eq. (12)
doesn’t interact with other similar terms, meaning the
sums don’t mix with each other inside the integral, which
leads to the Hamiltonian presented in Eq.(17), below.
(See Appendix (C) for this derivation,)

1 a”

—X
2"+1Ek1 Epy..... Eyp, 1 V"

((—QEgl —2(2n — 1)E} ) (b by e* Pt bklbkle—%w)> x

..... x ((—2E,§n —2(2n — 1)E} )(b bty ¥t 4 bknb_kne_%Eklt)) x
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( 2E,€n+1 (kal b_kn+1 e +b b e

knt1 —kni1

Comparing the terms in the Hamiltonian to the symplec-
tic operators defined in Eq. (7) it is straightforward to see
that this Hamiltonian is symplectic in nature because, for
example, b b~ is simply b; b;” which is the symplectic
lowering operator B;; after we recover the sum over par-
ticle number p. This implies that symplectic symmetry
emerges naturally from the EFT Lagrangian in Eq. (3)
whose sole construction was done naturally by extend-
ing the harmonic oscillator Lagrangian out to its n-th
order. This implies that symplectic symmetry is an ex-
tension of the SU(3) symmetry of the harmonic oscilla-
tor which algebraically was known and well understood
through nuclear physics applications but here, as seen
through these developments, symplectic symmetry in nu-
clear physics has its origin at a more fundamental level
than previously considered; specifically, it derives from
and is underpinned by a logical EFT formulation.

In this effective field theory for determining the struc-
ture of atomic nuclei the nucleons in a nucleus are rep-
resented through the total energy quanta (bosons) they
bring forward, which in turn can be created and de-
stroyed at all possible energy values. This can be en-
visioned as having an infinite quantum mechanical har-
monic oscillator systems, each with E}, wherein the nucle-

ma1h) 4 (2n + 2)E,§n+l (b

by +b1:n+lb;fn+l)>. (17)

ki1 Kng1

(

ons are contained. Such excitations are constrained to a
very narrow range of possible energy values. Studies done
with mean field models and also realistic interactions all
support such a claim, as do calculations using the NC-
SpM [32] and SA-NCSM [41]. Specifically, in the latter
cases, one typically finds that utilizing a single symplectic
irrep suffices to recover nearly 70%-80% of the probabil-
ity distribution, and more specifically, accounts for nearly
90%-100% of observables, such as energy spectra, B(E2)
values and radii.

Given the fact that in all such cases the excitation
quanta include only a single energy mode; hQ2 = 41.4~1/3
MeV, the application of the Hamiltonian on a single sym-
plectic state further reduces it to only one term, where
from each sum over k survives; namely, the term where
E), = hQ which reduces Eq. (17) to

HD = (—n)™(2Q)™ 1 S (A + Biy)" %

vn
((n+1)Cj; = (455 + Bjj))- (18)
This is a quantum mechanical Hamiltonian that is the
natural extension to the harmonic oscillator Hamiltonian
for n > 1. It represents a one-body interaction extended
to an arbitrary n-th order. This results from the diago-



nal coupling discussed above and hence the d subscript,
and is solely responsible for generating monopole excita-
tions in nuclei that do not contribute to the dynamics
since they are just powers of A;; + B;;. They destroy the
leading order harmonic oscillator at every n > 1 which is
unphysical and hence they have to be removed from the
final Hamiltonian. What is responsible for dynamics are
vibrations in space and time due to the quadrupole exci-
tations in nuclei that result from off-diagonal couplings
in the Hamiltonian in Eq. (12). The only term from the
diagonal coupling that contributes to the Hamiltonian is
the harmonic oscillator which, is H(© = rQC;;.

E. Off-Diagonal coupling the Quadrupole
Hamiltonian

In this section, we consider two pairs of Z’s, ZTZT,
for example inside the integral resulting from multiplying
two Z in Eq. (12), namely,

+L )
[ 000, 00 (0, et e ray. )
—-L

For n = 1, which as we discussed before, this will be zero
unless k; + q; + ka + q;, = 0. We managed this before
by picking k; + q; = 0 and ks + q, = 0, etc., which re-
sulted to the diagonal coupling. However there are many
possibilities to make k; + q; + k2 + q;, = 0. What is
particularly interesting is if we choose ki + q, = 0 and
ko + q; = 0. This results in a pair of Ak, _k, Ak,—k,
which creates a boson pair with momentum k; and —kso,
respectively, and creates another pair with momentum
ko and —k;i, respectively, such that the total momen-
tum of both pairs is conserved. If we pick k1 = —ko
this will result to the diagonal coupling Hamiltonian in
Eq. (18) derived in the previous section. However we
can pick |k;| = |ka| such that k; L ky. This reduces
Ax, —x, Ak, -k, to A;;A;; which creates two boson pairs
in the i-th and j-th direction such that i # j. The
same argument applies to other terms like ZTZ+tZ~ 27—,
Z¥ZT 7Y 7-, 2V 21 7 72, Z-Z-ZTZ~ etc.

The expression for the off-diagonal Hamiltonian de-
pends on n. If n is odd then we have n + 1 even pairs of
Z%* that all could be coupled to each other resulting in
(n—1)/2 identical pairs and one unique pair. If n is even
then we have n + 1 odd pairs, from which we can form
either n/2 identical pairs, and a unique pair or (n — 2)/2
identical pairs and two unique pairs. This results in three
off-diagonal Hamiltonians, one for odd n and two for even
n for n > 0, since for n = 0 only diagonal coupling is pos-
sible. The resulting expressions will contain terms like
AijAji, Ci;C54, BijCj; ete., which can be represented in
terms of @;; and Kj; resulting into the following three
two-body Hamiltonian expansions, see Appendix (D) for
this derivation. The expansion resulting from the off-

diagonal coupling in Eq. (12) at every n = odd is

(n=odd) _ (AY" ! a™
HOd - 2n+1 Vn x
2 (n—1)/2
(9nQijQji + Kij Kji — 9n{Qij Kji}) x

(= 9nQiQji + (2n + 1)Ky Kji — ngn{Qij, Kji}). (20)
In the above equation, g, denotes the strength of the
quadrupole operator and is tied to the mass parameter
introduced in Eq. (3) (see Appendix (A) for derivation).
The expansion resulting from the off-diagonal coupling
in Eq. (12) at every n = even is

n=even (hQ)7L+1 a”
H(Sd )=

g1y
n/2
(92Q:iQji + Kij Kji — 92{Qi5, Kji}) 2
((n+1)Cu — (Aj; + Bjj))- (21)

This is one of the expansions resulting from the off-
diagonal coupling in Eq. (12) at every n = even and the
other one is removed since every term is proportional to
Ay + Biy;, see Appendix (D) for additional details.

III. ANALYSIS AND RESULTS

Incorporating all the above considerations, the final
quantum mechanical Hamiltonian is as follows:

H = hQCy; + Z Hg;:odd + Z H(n even) (22)

n=1

Each n-th term in this Hamiltonian is a (n 4+ 1)-body
interaction. Therefore this Hamiltonian, as formulated
below, includes all possible interaction terms up to in-
finity, but excludes terms resulting from triple, quadru-
ple or even higher off-diagonal couplings that are nat-
urally associated with new power series of 3-body and
4-body character, for example terms like @Q;;Q;rQ ¢; and
QijQ;rQ r1Qui, respectively. These terms lie outside the
scope of the present paper as here we have chosen to limit
the theory to at most two off-diagonal coupling terms,
and the resulting interactions and their respective pow-
ers.

In this section we will outline in subsection (A) how
the parameters of the theory are chosen, how the effec-
tive parameters of the Hamiltonian tie to the parameters
introduced in the Lagrangian density, and finally discuss
their physical implications. In subsection (B) the dy-
namical effects of the interaction and time average of the
Hamiltonian will be derived. Finally in subsection (C) we
will present some result for applications of this Hamilto-
nian to 2°Ne, ??2Ne and 22Mg.

A. Parameters of the EFT

The resulting Hamiltonian for this EFT [Eq.(22)] is
effectively a two parameter theory; the parameters be-



ing -8 and g,. The parameter {;h{) = byﬁ estab-
lishes a clear seperation of scales. It is simply the ratio of

the average spherical nuclear volume V4 = %TFRS, where

R = 1.2A'Y3 is the average radius of the ground state,
over the volume corresponding to the harmonic oscillator

excitations V = b3N§’5 , where b is the oscillator length,

along with the plane-wave condition, o ~ l/N%2 that
allows further stretching of V.

If bevS << 1 the average volume of the nucleus is
less than a volume determined by adding up the total
number of its excitation quanta, when a plane wave solu-
tion is valid therefore preserving the harmonic oscillator
structure. But if 54— b3 N~ 1, signaling that the volume
determined by addlng up the number of oscillator excita-
tions in play is approaching the average volume, a plane
wave solution becomes untenable with higher order cor-
rections becoming ever more relevant, ending in a com-
plete breakdown when the @ - @ interactions destroys the
HO structure. In short, as more nucleons are added to
the system their corresponding boson excitations have to
also increase appropriately such that they can be repre-
sented by plane waves as indicated by the b3 N3 measure.
This further emphasizes the fact that this scale is valid
as long as a shell structure description is appropriate for
the systems being studied.

The second parameter of the theory is g, which is the
strength of the quadrupole operator because only the
quadrupole terms in Eq. (22) carry this parameter as a
multiplier. The value of this parameter determines the
strength with which the quadrupole tensor enters into
any analysis relative to that of the kinetic tensor. In
particular, it should be clear that if g, = 0 one gets a
power series in K;; Kj;. It is therefore important that the
value chosen for g, > 1 for Vn is required to balance the
interaction between Qiijiy Kinji and Qleﬂ

The parameter g, is expressed in terms of the mass-
like parameter introduced in Eq. (A12) to represent the
strength of the interaction. It results from off-diagonal
couplings that depend on n which has a simple physical
interpretation,

2n—1
n

gn = g- (23)
The consequences of this is that the energy of the bosons
contributing to the formation of a given final symplectic
configuration, starting from an initial one, increases uni-
formly as more pairs are considered. This simple picture
suggests that if g1 = g and go, = 2¢ then as n — oo the
weight of Q;;Q;; will scale as

(hQ)nJrl am

n—oo

Although this means there will be a new parameter g,, at
every order of the Hamiltonian, they are all determined
once g is fixed, and therefore the theory is effectively a
two parameter theory; namely, bg,vﬁ and g. In applica-

tions of the theory, unlike %, g can be fitted to known
observables.

B. Time Average of the Hamiltonian

The Hamiltonian in Eq. (22) depends on time implic-
itly. This dependence comes through the symplectic op-
erators defined in Egs. (7) and since they enter in pairs,
for example, in the two-body interaction terms they will
have the following time factors e™4* for AijAj; and
B;i;Bj;, e 20 for A;;Cj; and B;;Cj;, unity for A;;Bj;
and C;;Cj; (“+ for As and “—” for Bs). It is evident that
the time independent terms, like A;;B;; and C;;Cj; are
responsible for rotations. As for the dynamical terms,
like A;;A;; and B;;Bj;, they are responsible for vibra-
tions in nuclei.

The time dependence has to be integrated out. This is
done by averaging the Hamiltonian over the time period
that the nucleons interact with each other.

- % / " . (25)

where H(t) is the Hamiltonian given in Eq. (22) with its
time dependence written explicitly. T is the upper time
limit in which the strong interaction propagates and it is
of order T = % = 2;;[%815 ~ 107235, This allows us to
evaluate the integral in the limit of 7' — 0 which implies
that the self interacting fields in our EFT interact almost
simultaneously

n %1310 T / H(t (26)
The time-independent terms come out of this integral
unchanged. As for the time-dependent ones, let us show
an explicit example like e*** which will be to the power
of "'2"1 for n = odd and to power of 5 for n = even. For
the odd ones we have

2(n+1)LQT -1

1T
s T (n+1)02t _
= o S =1 @0

This proves that the time-dependent terms also come out
unchanged except they drop their exponential time fac-
tors. The same proof applies to the even expansion terms
as well. So finally, the Hamiltonian in Eq. (22) could be
applied to any nucleus as though it is independent of
time.

C. 2°Ne, ??Ne and **Mg

The ground state rotational bands for 2°Ne, 22Ne and
22Mg all display a structure that is close to that of a rigid
rotor, which makes them good tests of our EFT to see if
the theory can reproduce this rotational behavior. More-
over, the K;; K;; and Q;; Kj; in Eq. (22) should introduce



TABLE I. SpEFT matter rms radii 7, (fm) of the ground
states compared to their experimental counterparts for the
nuclei under consideration [44, 45].

Nucleus |SpEFT Expt.
ONe 2.80 2.87(3)
ZZNe 2.84 —
Mg 2.84 2.89(6)

irrotational-like departures from the simple L(L+1) rule
for the spectrum of a rigid rotor, which can as well be seen
in the 2°Ne, 22Ne, and 22Mg set, making these ideal can-
didates for probing a range of rotational features within
the context of our EFT theory.

Specifically, we carried out SpEFT calculations in the
Nnax = 12 model space, which was required for gain-
ing good convergence of the observed B(E2) transitions,
by adjusting only one parameter; g = 14 for 2°Ne and
g = 14.7 for 22Ne and ??Mg. For these nuclei, the
Nmax = 12 model space is down-selected to only one
spin-0 leading symplectic irrep; namely 48.5(8,0) for
20Ne, 55.5(8,2) for 22Ne and 22Mg. These selections also
proved sufficient to simultaneously reproduce reasonably
well-converged values for the observed energy spectra and
nuclear radii. And most importantly, the results very
clearly demonstrate that the SpEFT is able to do this
without the need for introducing effective charges which
is confirmed pictorially in Fig. (1,2,3), and by a compar-
ison of the rms radii given in Table (I) that are as well in
very good agreement with observations, all with only a
single fitting parameter, g. The selection of the leading
irrep and all subsequent calculations of energy spectra,
BE(2) transitions and radii are discussed in detail in Ap-
pendix (E).

In Table (IT) we further give the maximum and mini-
mum values of the scale parameter, bT‘;V%’ for these nu-

clei. All the presented results are calculated by including
terms up to n < 4 in the Hamiltonian, which, as stressed
above, was necessary for gaining good convergence of the
theory to known observables. Additionally, we note that
for the case of 2°Ne, terms with 4 < n < 6 contribute
~ —0.004 MeV to the ground state energy and ~ —0.004
W.u. to the 27 — 01 B(E2) transition. And beyond
these data-focused measures, it is interesting to note that
these calculations were all carried out on a laptop, tak-
ing from about 10 minutes for the 2°Ne case and up to
approximately 2 hours for the ?2Ne and 22Mg cases, a
feature which serves to stress that as complex as the un-
derpinning algebraic structure may seem to be (Section
IT together with the associated Appendices), its applica-
tions are computationally quite simple, even to the point
of rendering the formalism suitable for more pedagogical
uses.
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FIG. 1. The energy spectrum and B(E2) values of the

48.5(8,0) symplectic irrep for *°Ne using the SpEFT in a
Nmax = 12 model space (EFT) compared to experimental
data (Expt.) [42]. B(E2) values are in W.u.
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FIG. 2. SpEFT energy spectrum and B(E2) values of the
55.5(8,2) symplectic irrep for 22Ne in a Npax = 12 model
space compared to experimental data (Expt.) [43]. B(E2)
values are in W.u.
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FIG. 3. SpEFT energy spectrum and B(E2) values of the
55.5(8,2) symplectic irrep for **Mg in a Nmax = 12 model
space compared to experimental data (Expt.) [43]. B(E2)
values are in W.u.



TABLE II. The maximum and minimum value of the scale of
SpEFT, 24— when Nuy = No, Nav = Ny + Nyaa accord-

) p3N3
ingly. “
Nucleus The maximum scale ||The minimum scale
ZONe 2.79 x 1077 1.44 x 101
ZNe 1.95x 1077 1.08 x 104
ZMg 1.95 x 107 1.08 x 10 %

IV. CONCLUSIONS

In this paper we outlined a step-by-step process for
how symplectic symmetry emerges from a simple self-
interacting scalar field theory extended to n-th order.
We then went on to identify the scale of this interac-
tion and imposed the necessary conditions that justify
treating the scalar fields as plane waves. Furthermore,
the application of the fields onto a single symplectic ir-
rep generated a quantum mechanical Hamiltonian. It is
composed of a harmonic oscillator at leading order and
a dominant quadrupole-quadrupole interaction at next-
to-leading, and higher orders. These results explain why,
from an EFT perspective, phenomenological models us-
ing a simple harmonic oscillator with quadrupole type in-
teractions have been successful in capturing the relevant
physics in nuclei. Their origin lies in a simple scalar-field
theory framework. Moreover, for the first time, we iden-
tified the dynamical operators of the symplectic algebra,
and showed how they explicitly behave under vibrations
in time.

The resulting SpEFT Hamiltonian is a complex, yet
simple interaction to study nuclear observables. It can
produce energy spectra, enhanced electromagnetic tran-
sitions, and rms matter radii without the need for effec-
tive charges. Moreover, it does this with only a single
fitted parameter g. The main advantage of this theory
lies in its simplicity to explain how deformation arises
and drives nuclear dynamics. This key feature allows the
SpEFT to take advantage of the underlying symmetry,
and therefore doesn’t require access to large-scale com-
putational resources. This was successfully demonstrated
by its application to 2°Ne, 22Ne, 22Mg and its ability to
produce results that are in very reasonable agreement
with experiment on just a laptop.
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Appendix A: Plane Wave Solution

Let us find the condition on « for which the plane wave
solution given by Eq. (2) satisfies the equations of motion
for the Lagrangian density in Eq.(5). At a specific n
order we will have

#ag(n) oL
Oony  Opr

(A1)

Calculating each derivative for the m-th field yields

oL n+1
=a" 1% _ 2 2\"/ 2
don 2n(n+1)!(a"%6 pp—nmey ) (—nm er),
(A2)
aLm nal ) o
(9(,071.,'u = 2”(’/1 + 1)| (ausppa (Pp —nm (pp) au‘pw,
(A3)
oLt n+1
" =a" N2 2\Tau
0 69071',/1. “ 2”(n+ 1)! (877(,0178 Pp — M @p) 0 au(pﬂ
n TL(TL—|—1) 2 o\n—1
Dy Q2" )"

(28,,8”(,0778”901,31‘@,, — 2nm2g0p8”g0pﬁu<pﬂ). (A4)

Now summing over all possible n we get the equation of
motion

> n+1 n
n n o 2 2
ZOO‘ 2 (n+ 1)1 (8?790108 Yp —NM-P P) X

n=

(8M8#907r + nszDﬂ)

2n(n +1)! (9npp0"pp — )"

(20,0" ©r 0" Pp0upp — 2nm>0p0* 00,07 ) = 0. (A5)

4+«

Since the total Lagrangian density is L= L™ there
is a sum over n. For n = 0 we will have 0"0,p, = 0
which is the Klein-Gordon equation for massless bosons
and the plane wave solution given in Eq. (2) satisfies it
with E? = k? therefore the first n = 0 term disappears.
As for n > 0, by plugging 9"0,,¢~ = 0 into Eq. (A5) and
since a"#ﬂl)! (Oyppdpp — nm?@?2) # 0 otherwise the
Lagrangian density would be zero so we can take it out
of the equation. For Vn > 0 term we must have

o ((Dyipp0"ipy — nme2) (nmor)

—n(znm%pa“%au%)) =0. (A6)
The above equation is not zero because the plain wave
solution doesn’t satisfy it. However, if we pick the magni-
tude of « correctly for the leading order (n = 1) then the



above equation can be made to be much less than one,
and close to zero. Since ¢, ~ (b} + b,) then the aver-
age maximum magnitude of (Ny|¢?2 |N;) ~ N,, where
Ngyw = +/N¢N; is the geometric average of the total
number of excitations (bosons) between the initial and
final Fock states. Since the above equation of motion is
proportional to ¢r¢2 and the minimum upper limit of
(f| gof,apw [i) ~ Nayv/Nay then for n = 1 we roughly have

&(Nay/ Naow) ~ 0.

Therefore, we have the following estimate for the magni-
tude of «

(A7)

1
" Noov/Naw’

Establishing this magnitude also allows us to estimate the
magnitude of m2. To do this we need the field derivatives
for which we have

(67

(A8)

o= / o Pk, B)e™ *v dEdk
@2m)32 ) oo T ’
1 +oo +oo
Oupdto = _W/ / k1uky (ki E)y(ka, E)x

et R R B dky d Eadks. (A9)
Using these and plugging them into Eq. (A6) we get the
following parametric equation (keeping in mind that for
purposes of applying this to nuclei we would only keep
one specific value of Fy = A and hence the integrals
drop out):

o0
Z (— |kq||ka| + ki - kg — an)an

n=1

+2n°m® (k1 ||ko| — ki - ko) = 0. (A10)

J

2(n+1)

() _ n_2nt1)
[ T E Y

combining the terms we get

my___ o
7 27t (n + 1)!

(2n+1)@% + ¢ - ¢ +nm?p?).

(&,goal’go — nm2<p2)n X

(B4)

i (8,00" p — nm?¢?)" p?
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Which gives the following formula for the mass parameter

o — 1
m2: i

(I [ ks | — Ky - ko). (A11)

n
Therefore this choice of the parameter guarantees that
the plane wave satisfies the equation of motion for a spe-

cific energy value |ki| = |ko| = /ZhQ. This choice
further reduces the formula to the following three cases

gnFLQQ, if k1 Lkg
nm? = { 2002, if k; is anti-parallel to ko (A12)
0. if ky is parallel to ko

In the above equation where g,, = % g was introduced
only for the k; 1 ks case since it is an effective description
to the weight of the resulting interaction from such cou-
pling between the fields, where g captures its strength.
Given that « is determined by Eq.(A8), ¢ is the only
parameter that will be fitted from one nuclear system to
the other.
Appendix B: Hamiltonian derivation and
Hermiticity

The Hamiltonian at any n order is given by the Leg-
endre transformation

(B1)

Using the Eq. (A3) and plugging p = 0 we get the follow-

ing

oL B n+1
9y ¢ o (nt 1)

(Dyp0” ¢ — nm2g02)n2¢. (B2)

Plugging it back in the Hamiltonian formula we get

e = )

a
- B3
2ntl(n +1 (B3)

(

The Hamiltonian in Eq. (B4) is not Hermitian but the
Hamiltonian in Eq. (B1) is by definition Hermitian. This
is due the fact when we calculated the term agf;)

we neglected all possible other combinations of ¢ with
(8,,@(‘3”30 — nm2g02). In reality this term should be




oLt . 2(n+1)
9y " 2 i(n+ 1)

+(8V¢a” —nm?p )

As evident from Eq.(B5) there are n + 1 terms which

n

(n) _ &
" 27+ (n 4 1)!

+(8yg08”g0 — nm2g02

The above Hamiltonian is Hermitian. Since the formula
for the Hamiltonian is very long we refrained from writ-
ing down all the terms and limited ourselves to only the
n + 1-th term because it is easier for purposes of de-
riving a quantum mechanical Hamiltonian applicable for
describing nuclear phenomena. Note that we also re-
frained from writing down all possible n! combinations
of (8,,@8”90 - nngoz) with itself since they are all iden-
tical for matrix element calculations hence the normal-
ization factor of (n + 1)l. n! for identical combinations

1
)£ A8 — §
20+ (n + 1)!

" kika.kpg1

((—E,il — k] —nm?) (b by 2Pt b b7y o7t — (—ER + k] 4+ nm?) (b b, + by byl )

<(—E,§2 — ki — nm2)(b;2 bry, e2Brot | b;Qb:kze*QLEkzt) — (B}, +Xk3 + nm2)(b;2 by, + b, bi,)

) (gb(@utp@”gp — nmchZ)n + (8y<p8” —nm?p ) (3 0" — nm2<p2)n

(6 0" — nm2<p2)n

J((2n+ 1)@ + ¢’ - ¢ + nm?9?) (9,90"
+ (000" o — nm®@?) ((2n + 1)@ + ¢ - @' +nm?¢?) (0,90" ¢

+ (a,jgp(“)”go — nm2g02)n((2n +1)@2 ¢ o+ nm2<p2)>.
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+ (v — nm2<p2)"¢)> . (B5)

(

are different combinations of ¢ with (&,goal’go — angpQ).
This results into the following Hamiltonian

((2n_’_1)¢2+(P/.¢/+nm2@2)(au¢au@_nm2s@2)n

_ nmchz)nf
_ nm2(p2)n

(B6)

(

of (8,,908”90 — nm2<p2) combined with n+1 combinations
with the ((2n 4 1)¢% 4+ ¢’ - ¢’ + nm?¢?) term as we saw
above.

Appendix C: Diagonal coupling calculation

As discussed in section 3, we will pick k = —q for
Z%tZ%* and Z=Z~ and pickk =q for ZtZ~ and Z=Z+
so they will survive the integration over the volume which
results to

1 a

— X
2"+1Ek1 Ek2 ..... Ek;nJrl Vn

X

)
)

((—E,%n — K2 - nm?) (b bF, 2Bkt | b, b:kne—Q‘Eknt) —(-E} +k2+ nm?) (b b + by bL)) X

((—(2n +1)E; |, +ko ., +nm?) (b

But E} = ki. As for m?® we have m? = 22=1(2E2) for

V1 _k'n+1

- nmz)(bii_n#»lb_ni»l + b_ n+1 bIﬂ+1)>

2LE1c t — —

n+41 + bk +1b_k 672LEk7l+1t)

n+1

(C1)

(

k = —q and m? = 0 for k = q by definition which further
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12

reduces Eq. (C1) to

1 o «
2"+1Ek1 Ey,..... By 41 Vn

2LE  t 72LE}C t
€T by by e 1 )) X

..... x ((—QE,fn —2(2n — 1)E} )(bf T, e*Frt 4 bl:nb_kneQLEht)> x

7kn+1 n+1

2 20F t — _
(— 2E,€”+1(bin+lb+ 2 Brpiat 4 D, b

Its application on a single symplectic state further re-
duces this Hamiltonian. Only one term from each sum
over k will survive namely the term where Fj = i) which
gives us

(_1>n 1 an
911 (1 + 1)] 20+ L ()1 Y

(4nh92(b;1 AC b;lb_klem”t)) x

H(n) _

(4nh§22(b+ bt e + bkzbkze—mﬂt)) x

..... X (4:’]’LFL(22 (bi{: btkn eQiLQt + bl; b_kne—QLQt)> «

knt+1 —kn +1 nt+1 —Knt1

( . 2hQ2 (b+ bt 2LQt + bk - e*2LQt)

+2n + 2R (b | by L by b )> (C3)

n+1 Knt1

Now using the definitions in Egs. (7) and recovering the
particle numbers we get

(771)" 4n+1(h9)2(n+1) a™
ntl(n 4 1)1 2ntl(pQ)nt+l Vn
(—2(Aj; + Bjj) + (2n +2)Cj;).

Carrying out the necessary reductions we will finally get

H(n) = (21417 + 2Bu)

(C4)

) (2h) O (A + Bi)"x
(= (Aj; + Bjj) + (” +1)Cjj)- (C5)

Note that we accounted for all possible combinations of
the terms in respect to exchanging places with each other
therefore the factorial term in front reduces to unity as
discussed earlier in Appendix B.

H™ — (—n

Appendix D: Off-diagonal coupling calculation

The off-diagonal coupling will result to the following
possible couplings for Vn presented in Table (III), of all

k+1k+1

e_QLE,M“t) +(2n+ 2)E7%n+1 (b b+ by ﬂlecr +1)> (C2)

(

possible terms in pairs to survive the integration over
volume of the Hamiltonian density in Eq. (12). To avoid

TABLE III. All possible couplings in pairs of two Z operators.
There are 16 possible terms. Only 8 are shown since the other
8 are conjugates and have identical couplings

ZT Zj;” zZF +1Z(J;”+1 kn = —q, 1 .Knt1 = —q,
Z+ Z;lrn an+1an+1 kn, = qn+1’kn+1 =4q,
ZJr Z+ le +1an+1 k, = qn+1,kn+1 =—q,
Z+ Zgﬂz;ﬂz;ﬂﬂ kn = —q,. 1 .knt1 =q,
Z+ Zq Z:ﬂzﬁ;+1 kn =, 1.knt1 =4,
ZJr Z;n Z]: +1Z';—n+1 k, = qn+1,kn+1 =—q,
Zy Z+n Z_nHZj{n+1 k, = an,an =q,

diagonal terms like A;; B;; and Cj; resulted from k, =
k11 for Vn we pick |k, | = |k,11]| such that k,, L k,, 14
for ¥n. This results into terms like A;;A;; for example.
As discussed for any two Z terms in Eq. (12) we have

A(E? + nm®)*(Aij Aji + BijBji + Aij Bji + Bij Aji)
—4(E* —n*m*)(Ai; Qi + Bij Qji + Qi;Bji + QijAji)

Expressing the symplectic operators in Eq. (D1) in terms
of the quadrupole and kinetic tensors we get

(B® +nm?)*(Qi;Qji + Kij Kji — Qij Kji — KijQji)
—(E* = n*m*)(2Qi;Qji — 2K K i)
HE? = nm*)*(QijQji + Kij Kji + Qi Kji + Kij Qi) =
An’m*Q;;Qji + AB K K — Anm*FE?(Q; Kji + Klgtc))%g)



As for the unique term resulting from coupling the Z,,-th
term to Z,41-th term in Eq. (12) we have

4((2n + 1)E* —n®m* + 2n*m?E?)
x(AijAji + BijBji + AijBji + BijAji)
+4(—=(2n + 1) E* — n®m* — 2(n + 1)nm?E?)
x(Aij Qji + Bij Qji)
+4(=(2n + D) E* — n®m* + 2(n + 1)nm?E?)
x(Qij Bji + QijAji)

+4((2n + 1) E* — n?m* — 2n°m?E?)Q,;Q,;.  (D3)

Expressing the symplectic operators in Eq. (D3) in terms
of the quadrupole and kinetic tensors we get
(2n + 1)E* —n*m* + 2n*m?E?)
X(QijQji + KijKji — Qij Kji — KijQji)
+(=(2n 4+ 1)E* — n*m* — 2(n + )nm?*E?)
X (QijQji — KijKji + Qi Kji — KijQji)
+(—=2n 4+ 1)E* — n*m* + 2(n + )nm?E?)
X (QijQji — KijKji — Qij Kji + KijQji)
+((2n 4+ 1)E* — n*m* — 2n’m?E?)

x(QijQji + KijKji + Qij Kji + KijQji)- (D4)
Finally combining them gives
—4n*m*Q;;Q i +4(2n + 1) E*K;; K4
—4n*m?E*(Qi; Kji + Ki5Qji)
—4(n -+ ].)anEQ(Qinji - K”Qﬂ) (D5)

Note that the last term in Eq.(D5) is not Hermitian.
However as we explained in Appendix B there will be a
Hermitian conjugate term resulting from other possible
perturbations. For every possible term where we have
(QijKji — K;;Q;;) we will get its conjugate from other
perturbations resulting to —(Q;; Kj; —K;;Q ;) which can-
cel each other. Keeping this in mind we get the following
for the Hamiltonian for an arbitrary odd n where £ = k{2

p(n=odd) _ (n+1)!  RQA(+D inx
od - 2n+1(n I 1)' (QHQ)TH-I v
n—1)/2
(4giQiiji + 4Kinji — 4gn{Qij7 sz}>( )/ %

(—492Qi;Qji +4(2n + 1)K Kji — Angn {Qij, Kji(})7
D6)

where {Q;;, K;;} is the anti-commutator and g, =
nm?/h2. Canceling the coefficients we get

H(n:odd) B (ﬁQ)n+1 a™

od T T ontl yn
2 (n—1)/2
(92QijQji + KijKji — gn{Qij, Kji}) X

(—92Qi;Qji + 2n + 1)K Kji — ngn{Qij, Kji}).
(D7)
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For n > 0 and n = even we have two options as dis-
cussed. The first option is to couple all identical terms
off-diagonally and couple the n + 1-th term diagonally
which results to

(hQ)nJrl am

(n=even) __ a
HOd - 2n+1 Vn X

(92Qi; Qji + Kij Kji — gn{Qij Kji})n/2 X
((n+1)Cy — (Au + By)).

The other possibility is having one of the identical terms
coupled diagonally and the rest off-diagonally which gives
terms proportional to (A 4+ By;) and therefore we won’t
consider them either since they also change the size at
every order.

(D8)

Appendix E: Leading irrep, BE(2) values and radii

A step-by-step procedure for determining the leading
bandhead irrep, |0} = N, (A, tts), for a nucleus consist-
ing of A (nucleons) = A* (protons) + A™ (neutrons),
follows. (A proton-neutron coupling scheme is used to
circumvent antisymmetrization questions.)

First, determine N,, which is an additive number that
counts the total number of oscillator quanta in play.
It can be determined by placing the identical fermions
(protons or neutrons) into the lowest possible harmonic
oscillator shells. Each shell can accommodate up to
2(N + 1)(N + 2) nucleons where N is the major oscil-
lator shell number. To illustrate this for the 2°Ne case,
place 2 protons in the N = 0, 6 in N = 1 and 2 in
N = 2, shells, respectively. And since in this case A"
= A?, the same distribution applies for neutrons, other-
wise one would have to repeat this simple exercise for the
neutrons and add it to the proton number, etc.

Finally, taking everything into account, the total N,
can be calculated using the following formula:

3
N, = 5(A -1+ %:T]NN, (E1)

which for the 2°Ne case yields N, = 48.5, where 7y in
this expression is the number of nucleons in each N oscil-
lator shell, and the $(.A—1) factor is included to account
for the vacuum energy of the A4 nucleons with one sub-
tracted from A to accommodate the removal of a spurious
center of mass contribution to N,.

Second, find all possible (Ay, i) sets at the bandhead
level, for which N, = 48.5 [46]. This can done by calcu-
lating all possible configurations that the 4 nucleons (2
protons and 2 neutrons for the 2°Ne case) can have in
the N = 2 shell such that N, > N, > N,, as shown in
Table (IV). The other nucleons in the lower shells do not
contribute as they form closed shells with (A, ) = (0,0)
so they do not alter the final (A, u,) values due to the nu-
cleons in the valence shell; specifically, the direct product
of (A, ) = (0,0) with any other (A, p) is simply (A, p),
even though the closed-shell levels add to the N, count.



TABLE IV. All distinct symplectic irreps at the bandhead
level, with N, = 48.5 for 20Ne.

(Nz; Nay Ny) | (Ao, o)
(8,0,0) (8,0)
(7,1,0) (6,1)
(6,2,0) (42)
(6,1,1) (5,0)
(5,3,0) (2,3)
(5,2,1) 3.1
(4,4,0) (0,4)
(4,3.1) (1,2)
(4,2,2) (2,0)
(3,3.2) (0,1)

Third, the leading irrep is the state that has the largest
expectation value of the quadrupole-quadrupole interac-
tion, which is proportional to the SU(3) Casimir invariant

(0] QijQjilo) ~ A2+ 12 + Aopic + 3Xg + 3. (E2)
It is clear from the above equation, that (As, pts) = (8,0)
has the largest Casimir invariant and therefore it is the
leading irrep for 2Ne.

To quantify matters more precisely, we note that all
symplectic preserving operators can be recast in terms
of their respective SU(3) spherical tensor form(s) for
which analytic results are known. Specifically, the tensor
equivalent of 6Q);;Q);; after removing the contribution of

J
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monopole excitations is Q2 - Q2 , where

2,0 0,2 1,1

Qanr = V3(AS) + B + Ciy). (E3)
And generally, as can be deduced from Eq. (7), any of the
symplectic generators, or powers thereof, can be recast
in terms of their SU(3) equivalent tensor characteriza-
tions; specifically, for the generators of the symplectic

algebra we have A(LQO’?\BIO and the conjugate lowering op-

erators B(Li’?v)[o along with C(Llo’}&o, where Ly = 0 and 2

for the monopole and quadrupole excitatons of A and B
types, and Lo = 0,1 and 2 for the monopole (HO), vec-
tor (angular momentum) and quadrupole excitatons of
the C type, etc.

The matrix element of A%

LoMo between initial and
final states, (ongppwypkyLyMy| A(LZO’?\EIO lon; piw;k; Li M;),

or more simply as (f| A(LQ(;?\/)IO i), is given by

2,0) . LM ,
FIAZ D) = Ol e (oo |ACO| |ongpuw;)
<()\Wz:7:uwi)K’iLi7(2’0)L0|()‘Wf7:uwf)‘%f[’f> ) (E4)

where <(/\wi,/.twi)l~€iLi,(2,0)L0|()\wf,,uwf)/€fo> is a
SU(3)DSO(3) Clebsch-Gordon coefficient  [47, 48],

Cpv Lo 18 the SO(3)280(2) Clebsch-Gordon coef-
ficient, and

<0'nfprJf| |A(270)| |Unipiwi> = (_1)/\wf Thes e The U((A(N MU)()‘TH ) /’l”ﬂz‘)(AWf ’ :U’wf)(2’ 0); ()‘wl ) Mwi)pi()\’ﬂf ’ :U’nf)pf) X

VF(ongeg) — Floniw) (ng| |A] ns)

is the matrix element of A0 reduced with respect to
SU(3) [49, 50]. In this expressions U denotes an SU(3)
Racah coefficient [47, 48] and the second pair of bars in

J

(E5)

(

(ng| |A] |n;) reflects that this is a double reduction with
respect to SU(3) as well as SO(3), not to be confused
with absolute value. More specifically,

L e e

—ny +4)

5712,- +2,n; 6nw,i M p 5nyi My ¢ +

\/(nw +3)(ns — ng)(ns —ny +2)
2(n, —ng —1)(ngy —ny +3)

5"271 Mz 677/;, +2,nmf 6ny,; My g +

¢wﬁmmmnﬂmw+n

—ny —1)

2(n2 — ny)(ng

The F(onyswy) function in Eq. (E5) is given by

1
F(onw) = 1 (Q(wg +w?+ wg) — (2 4n?+ ni)

+4w, — 4wy — 6n, —4ng, — 2ny).

6”% Mz 5n$1 M 5nyi—i-Q,nyf . (EG)
[
As for Bl(:(:)’]zv)lo, it is simply
0,2 _ 2,0
B, = (~1) Mo (AR9, (ET)



Similarly to <f|ALOMO [i), the matrix elements of

(f |C/€10 11\}0 |i) are given by
1,1 . LyM;y

Ul 0201\/)[0 ) = CLin on, (ons P50y | |CEY [ |on;piw;)
<()\w“ puos )i Ly (1, I)LOI()‘wf7wa)Hfo> )

where in this case the reduced matrix elements of C,
(ongpswsl |[COV|Jonipiws) [51], are given by

{ongprwyl |C( ’ ‘ lonipiwi) = (= 1)w5nf"i5“)f‘~'iépfpi(spf0><
(E8)

—\/)\2 + 12+ At + 3N + 3,

The phase in the above equation is (=1)¥ = 1if u = 0
and (—1)¥ = —1if u # 0.

The Hamiltonian must then be diagonalized in a model
space that extends the theory from N, up to some Nyax
quanta beyond the valance shell to gain converged re-
sults. For 2°Ne we included up to Ny.x = 12 configura-
tions beyond the leading bandhead irrep. The calculated
energy spectra are relative to the ground state, which is
the smallest eigenvalue resulting from the diagonalization
that has angular momentum L = 0. The identification
of the correct rotational levels of the L = 0 ground-state
band involves grouping 2%, 47 and 6% to the ground-
state 0T in the following way:

1) If either A\, = 0 or p, = 0 then the states 2+, 47
and 67 with the lowest corresponding eigenvalues form
the first rotational band. This is the case for 2°Ne as well
as for all nuclei that have been studied so far that have
a prolate or oblate leading bandhead irrep.
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2) If both A\, # 0 and j, # 0 then the states 2T, 47
and 67 with the largest corresponding BE(2) transitions
to the next lower state, starting from 2+ — 0 and then
4+t — 2% etc., form the first rotational band. This is the
case for 22Ne, 2?Mg and all nuclei that have been studied
so far that have a triaxial leading bandhead irrep.

The BE(2) transitions from an initial ¥; eigenstate to
the final 1) eigenstate that are the eigenvectors of the
Hamiltonian in Eq. (22) with angular momentum L; and
Ly, respectively, can be calculated using the following
formula

2Ly +1

_ A2
BE(1)(2) = Wug A (1 Qe )%, (B9)
where Wu is the Weisskopf unit and is given by
5 A%, bt
=—(—)'—. E1
Wu=16x"2) 005024775 (E10)

And finally, the rms matter radius can be calculated
using the formula

b
rms = ﬁ\/(ww | Aii + Bii + Ci; [tho+ ), (E11)
where A;; + B;; are expressed as
3
At Bu=\SAE7 4587, En)

and their matrix elements could be calculated using
Eq. (E4).
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