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Abstract

The excited states §fMg with the A hyperon inp-orbit are studied with the antisymmetrized molecular dynamics for hypernuclei.
Three rotational bands are obtained by addinip p-orbit to the ground band @fMg. It is found that these bands energetically
split due to the triaxial deformation of the core nuclétidg and the spatial anisotropy of thpeorbits of A.
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1. Introduction

In this article, we focus on the hypernuclear state with shbyperon inp-orbit which we callp state in the
following.

Since a hyperon is uffi@zcted by Pauli principle from nucleons, it can be regarded as an impurity in nuclei and
modifies nuclear properties such as clustering and deformatignshellA hypernuclei, experimental and theoretical
studies have revealed a couple of interesting structure changes. For example, the reduction of the intercluster distance
by the A hyperon ins-orbit has been confirmed through the observation of E2 transition probabiiti€?) in XLi
[1, 2, 3, 4], that has the developed+ d + A cluster structure. Iisd-shell A hypernuclei, various structure changes
have been predicted theoretically, because nostiahell nuclei have a variety of structures, such as cluster structure
and mean-field like structure with axfttlaxial deformation, in the ground and low-lying states. For example, the
parity inversion of th&°Ne ground state was predicted [5]. #Ne, it was predicted that th& hyperon generates
variousa+%0 +A cluster states and mean-field-like states [6, 7]. THEedince between these structures leads to
the diference in the\ binding energies and the reduction of tBgE2) [7]. It is expected that the structure changes
predicted inp-sdshell A hypernuclei will be revealed by the forthcoming experiments at J-PARC, JLab and Mainz.

In case of theA hyperon inp-orbit, it can be regarded as a probe of nuclear deformation due to its spatial
anisotropy. For example, i?gBe, the splitting of thep states was predicted due to the axial symmetric deforma-
tion (2« clustering) offBe [8, 9]. Namely, the\ hyperon inp-orbit generates two rotational bands in whighmoves
along the parallel and perpendicular directions of theistering, respectively [9]. In other words, the anisotropy of
the p-orbit and axially symmetric deformation &Be lead to the splitting of the states. It is noted that the former
p state of?\Be is known as a super-symmetric [8] (or genuine hypernuclear [9]) state, and cannot be formed in an
ordinary°Be nucleus with ther + « + n configuration, because of the Pauli exclusion principle. From this fact, we
may deduce that thp states will split into three in the case of triaxial deformation, and this conjecture suggests a
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challenging taski.e. probing triaxial deformation of the core nucleus by the observation of thfisrehtp states in
A hypernuclei.

24Mg is one of the candidates of triaxially deformed nuclei with the presence of the low-IyjiregaZe [10].
Therefore, we expect that thestates of>Mg will split into three with diferent spatial density distribution of. So
far, in case oﬁSMg, structure changes causedAyn s orbit were investigated focusing on the triaxial deformation.
For example, it was predicted that the addition of particle make§5Mg slightly soft againsty deformation [11].
And, aA particle slightly stretches the ground band and reduces the intrd&2(&#j values inffMg [12]. However,
structure of thep states irff’Mg has not been discussed in the past.

The aim of the present work is to reveal the splitting of thetates ofi5Mg and its relation to the triaxial
deformation. To study it, we have employed the antisymmetrized molecular dynamics for hypernuclei (HyperAMD).
The HyperAMD with the generator coordinate method (GCM) was successfully app&élmngith A in s-orbit in
our previous work [13], in which the modifications of the excitation spectrA bys-orbit associated with the triaxial
deformation of*Mg was discussed. In this work, we imposed the constraint onthimgle particle wave function,
to obtain theA hyperon inp-orbit, as well as the nuclear quadrupole deformation in the HyperAMD calculation.

2. Framework

We have performed the HyperAMD calculation basically following our previous work [13].
The Hamiltonian used in this study is given as,

|:| = |:|N+|:|A—fg’ (1)
Hv = T+ Van+ Veou Ha = Ta + Van. (2)

Here, Ty, To and Ty are the kinetic energies of nucleonsAdyperon and the center-of-mass motion, respectively.
We have used the Gogny D1S as diieetive nucleon-nucleon interactidfyy. As an dfective AN interactionV,y;,
we have used the central force of the YNG-NSC97f [14] with Fermi momeitum 1.2 fm™2.

The intrinsic wave function of a single hypernucleus composed Afnucleons and & hyperon is described by
the parity-projected wave functio®” = P"Wj,,, whereP" is the parity projector. The intrinsic wave functitify, is
given as¥in; = ¥n ® ¢, WhereWy is defined by a Slater determinant of the nucleon single particle wave packets. The
A single particle wave functioa is represented by a superposition of Gaussian wave packets, as

N ®

o=Xy.z

M
¢ = ) Copm(r), ¢m=
m=1

to describeA in p-orbit. Hereyn, is the spin wave functions of.

By using the frictional cooling method, the variation parameters are so determined as to minimize the total energy
under the constraints. Two kinds of constraints are simultaneously imposed on the variational calculation. The first
is imposed on nuclear quadruple deformation paramgtersdy to obtain the intrinsic wave functions @TMg for
given deformation parameters as in our previous work [13]. The other is imposed @ndimgle particle wave
function to obtainp states by adding the constraint potenth}, = 1> ¢ |o¢){¢:|, which forbids theA hyperon
occupying the orbitps with suficiently large value oft. The actual calculational procedure is as follows. First, we
perform the variational calculation with constraint on the nuclear deformation but without the constraint/on the
single particle wave function to obtain the lowest energy sta}\él\tbg for given values o8 andy. Then, denoting the
A single particles-orbit obtained by this calculation as, we perform another variational calculation with the second
constraintV: = Alp1){¢1], as well as the constraint on the nuclear deformation. This variational calculation generates
second lowest energy state whasaingle particle wave function is denoted@s and we complete the calculation
for the s-orbit states having two fierent spin directions. We further proceed the calculation by adding the constraint
Vi = 21X t-12lee Xesl, which produces the third lowest energy state. the lowestp state)es. By continuing this
procedure, we obtain tws-orbits (p; andy,) and sixp-orbits (p3, - - -, s).

The A single particle energies as a function gf) which is defined as,

e(By) = (YIBYIHAYI(B, 7)), f=3,4,---.8, 4)
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are two-fold degenerated due to the sl spin-orbit interaction, and hence, we obtain thpestates with dierent
spatial distribution which we denote ag:, ¢ and ¢y in ascending order of their single particle energigs,
(= €3 = &), €p2 (= € = €) andeps (= €7 = €).
After the variation, we performed the angular momentum projection and the generator coordinate method (GCM)

calculation to obtain the excitation spectraf\?h‘/lg.

3. Results and discussions
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Figure 1. (b)A single particle energy defined by Eq. (4) o1, ¢p2, andeps along the loop shown in (a). This loop starts from and heads back to
the origin 3 = 0,y = 0°) via (3 = 0.48,y = 0°) and 3 = 0.48,y = 60°). (c): Excitation spectra of thp states ir/f-\5Mg

The dependence of the single particle energiesfi, ey andeyz) on the nuclear quadruple deformation are
clearly seen in Fig. 1(b), where they are plotted along the path orBih flane shown in Fig. 1(a). In triaxially
deformed region (0< y < 60°), the A single particle energies areflfirent from each other fapp1, ¢pz andeys,
while two of them are degenerated with axial deformatipr-(0° andy = 60°). Therefore we can expect that three
p states appear ﬁ\"Mg. However, the above discussions neglect the energy of the nucleon part which also varies as a
function of 8 andy, and we need to take it into account by performing the GCM calculation.

Figure 1(c) shows the excitation spectra of {hetats ini5Mg, obtained with the GCM calculation. Three ro-
tational bands are obtained as thestates ofj‘f’Mg corresponding to the ground band (GB)%Kg. It is found
that coupling ofipp1, ¢p2 andgps to the ground band o¥*Mg generates the three bands built on the2(13/27),
(1/2;,3/2;) and (¥2;, 3/2;) states, respectively. Therefore, thestates coupled to the ground band?t¥lg split
into three bands.

4. Summary

In summary, we have investigated the level structure oftbtates irﬁf’Mg based on the HyperAMD calculation
with constraints on thé\ single particle wave function and nuclear quadrupole deformation. Combined with the
angular momentum projection and the GCM calculation, we obtained the excitation spectrg sfates if°Mg. It
is found thatA in p-orbit generates three rotational bands corresponding to the ground b#iMbofTherefore thep
states 01/2\5Mg split into three. This is due to the triaxial deformation of fiklg ground state. The splitting of the
states into three was not predicted in fiaghell A hypernuclei, because the most of phehell nuclei have the ground
state with axial deformation. Observation of the spIittinQﬁMg will be a direct evidence of the triaxial deformation
of the?*Mg ground state. Unfortunately, it isflicult to observe it by using thg-ray spectroscopy, because the most
of the p states lie above the lowest decay threshol@lNe. However, it may be possible to observe them through the
reaction spectroscopy. Therefore, it is required to predict the production cross sectiop sfdles irf\5Mg and how
to observe them in our future work.
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