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1. Introduction

The physics of light neutron-rich nuclei is particularlyéresting, because of the appearance
of their exotic structures, like those of halo nuclei. Thghtest nuclei of this kind are found in
the Helium isotope chairPHe as a two-neutron arftHe as a four-neutron halo nucleus. They are
both radioactive and undergs»decay with a half life of; , = 0.8s and COLs, respectively. Despite
the short life time, a combination of atomic and nuclear pis/$echniques, has enabled precise
measurements of ground-state observables like the enedytha charge radius [1]. Excited-state
properties, like electromagnetic transitions in the coniim have been investigated in the past
with Coulomb dissociation experiments by Aumagiral. [2]. Tackling the theoretical study of
these nuclei is very challenging, because one needs totameolusly describe the small separation
energy of the halo neutrons and the large radius of the wlystes. Because they are light-mass
nuclei, one can usab-initio techniques to study them. Here, we will discuss the recentltse
obtained using the hyperspherical harmonics (HH) method.

A major breakthrough in nuclear physics has been the dewedap of chiral effective field
theory, which is well routed to Quantum Chromo Dynamics. rEi@ugh several light nuclei have
been investigated with chiral potentials, we are still imigs prediction of Helium halo nuclei from
chiral Hamiltonians. Here, we show a first step taken in thisation by using low-momentum
chiral two-nucleon forces.

The paper is organized as follows. In section 2 we will introelthe hyperspherical harmonics
method. In section 3 and 4 we will present results for grostate and excited-state properties,
respectively. Finally, in section 5 we will draw some corstuns.

2. Hyperspherical Harmonics

Given the HamiltoniarH we use the HH expansion to solve the Schrodinger equatioe. Th
HH method is typically a few-body method used for 3 and 4-bsgstems. Using the powerful
antisymmetrization algorithm introduced in [3], it is pige to extend the method to a larger mass
number and tackle Helium halo nuclei. The HH approach stans the Jacobi coordinates
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wherer; are the particle coordinates. Using tipgone can then transform to hyperspherical coor-

dinates composed of one hyperradial coordinate w/ziAgllr;iz and a set of 3A — 4) angles that

we denote withQ (for more details see [3]). Using this coordinates one canrsavely construct

the hyperspherical harmonié; and use them as a complete basis to expand the wave function.
Such expansion reads

Nmax Kmax
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wheres andt; are the spin and isospin of the nucleon i, respectivelyj, is the coefficient of
the expansion, labeled Hi|, which represents a cumulative quantum number that insltide



Helium isotopes from hyperspherical harmonics Sonia Bacca

T T T T 25 |
-26 = EIHH 1.9b E

r — Extrapolation from [8] E ]
-28¢ 1 18 E

A=1.8fm' ]

30 17 N
@ 1 160 @ E
-32— : : : : : : = : : : : : —
-26f 1 E E
I ] 19 :
28 A=20m | £ 18 ;
-30¢ 17 LT A=2.0 i ]
= 1 160 © E
-32— : : : : : — E .

A=2.4fm" ]

E[MeV]

[ (c)

2 4 6 éKio 12 14

max

Figure 1: (Color online) ThéHe ground-state energy (left) and the point-proton radiigé) as functions
of Kmax Obtained for three different values of the cutdff= 1.8,2.0,2.4 fm~— of theViowk chiral potential.

grandangular momentuq; n labels the hyperradial wave functiéh,(p). The latter is expanded
in terms of the generalized Laguerre polynomials times @oeentially falling off function, which
is essential to speed up the convergence of halo nuclei, altieetr extended tail. To further
increase the convergence rate of the calculations, wealpiemploy an effective interaction in
the hyperspherical harmonics (EIHH), as first introducefd]n

3. Resultsfor ground state properties

In the following, we present our results for the ground statergy and the point-proton radius
calculated using the hyperspherical harmonics methodnpugt iHamiltonian we employ a class of
low-momentum potentials, which are obtained applying.@x procedure [5] on a starting chiral
two-body potential [6] at next-to-next-to-next-to leagliorder (N3LO).

In Fig. 1, we show théHe convergence patterns of the EIHH method for the grouais-st
energy and the point-proton radius as a function of the malgmandangular momentum [7].
Three different cutoffé\ = 1.8,2.0,2.4 fm~* of theViowk chiral potential are shown. One observes
that the convergence is very nice for Alls, even for the largest cutoff. Concerning the energy we
also show that the extrapolated results from previous warkyperspherical harmonics [8] agree
nicely with EIHH. The convergence rate is very good alsolierpoint-proton radius, which allows
us to provide solid results fofHe.

We have also explored the four-neutron halo nucfidis with hyperspherical harmonics. In
Fig. 2, we show théHe ground state energy from\ik chiral potential withA = 1.8 fm~ as
a function ofKmax. We present both the variational HH expansion (where we daapply the
effective interaction) and the EIHH results. The conveogefor 8He is quite slow, as indicated
by the fact that the HH and EIHH patterns do not merge yét @ix = 10. Interestingly, an ex-
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Figure 2: (Color online) The®He ground-state energy calculated with the HH and EIHH nuithas a
function of Kmax oObtained for a cutoff of\ = 1.8 fm~1 of the Vjow« chiral potential. The extrapolated HH
results are shown as a reference and compared to the CoOletér results.
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Figure 3: (Color online) Correlation plot of theHe point-proton radius versus the two-neutron separation
energySn. The experimental range is compared to theory based onetitfab-initio methods (see text).

trapolation of the variational HH data lies close to the QedgCluster result from [8] with the
same interaction. Nevertheless, at the moment we are not@lprovide precise results fotHe
from hyperspherical harmonics. Thus, we concentrate olyzing the correlation between en-
ergy and radius just fotHe. In Fig. 3, we plotr, versus the two-neutron separation eneSyy
and present a combined comparison of our results to expetriame otherb-initio calculations:
Green’s Function Monte Carlo (GFMC), No Core Shell Model M), Fermionic Molecular Dy-
namics (FMD) and Microscopic Cluster Model (MCM) (see algpbdnd references therein). The
cutoff dependence of our results witl, k allows us to study the correlation between these observ-
ables: the radius increases as the separation energy skesre@ur calculations do not reproduce
simultaneously , and$y,: there exists an optimal value AfwhereSy, is predicted in accordance
with experiment, but, is not reproduced and vice-versa. Also, we would like to ribs other
calculations which omitRF, (all except from the GFMC) do not go though the experimendald.
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Figure 4: (Color online) Panel (a): The correlation betwesa and S, in ®He obtained with the the
Minnesota potential varying the parameterPanel (b): The correlation betweegi, andag in different
model spaces (differettnax). Shown is also the extrapolated value gf,, which is used to estimaie:.

This points towards the importance of including three-aanlforces in the Hamiltonian.

4. Resultsfor excited state properties

As an example of excited-state properties of halo nucleiepent about our recent calculation
of the electric dipole polarizabilityrg of ®He [9]. o is related to the inelastic response of the
nucleus to an externally applied electric field and is rateuathe extraction of nuclear quantities
from atomic spectroscopic measurements. The atomic enevgls, in fact, are affected by po-
larization of the nucleus due to the electric field of the sunding electrons. The polarizability
of ®He could be extracted from Coulomb dissociation measuremwiethe dipole transition by
Aumannet al. [2] and was reported in Ref. [10] to be much bigger than thenability of “He.
The electric dipole polarizability is defined by

[(Wi|E1|Wp)[?
—2a 4.1
o[ § E B (4.1)

where|Wy,¢) is the ground state and final state of the nucleusizihis the dipole operator. Because
it requires the knowledge of the dipole spectrum of the rug;lés theoretical evaluation is more
involved than a bound-state calculation. We perform oucwudation with the EIHH method by
using the Lanczos algorithm with a starting dipole pivot msl&ned in [9]. As nuclear potential
we chose the simple semi-realistic Minnesota force, whégraduces the experimental value of
the polarizability of “He reasonably well. Within this force model we can add ativad®—wave
interactions by changing the parametefsee [9] for details). This mostly affectéHe, without
substantially changingHe. By varyingu we first observe a correlation of vs S, as shown in
Fig. 4(a). We have chosanso that the halo feature, representeday; is reproduced. We then
study the correlations betweer and the skin radiussin = I'n — rp, wherery, is the mean point-
neutron radius. By varying the model space we observedoth@andrgi, are correlated linearly
for Kmax > 6 asag = a+ b rekin. From our theoretical data we fit the coefficieatandb and then
we used them to estimate the polarizability out of a bouatkstalculation of the skin radius. The
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calculation ofr gn, in fact, does not require an expansion on the dipole exsitatgs and as such
is less computationally demanding and can be performedifget model space& (max = 16) and
then extrapolated exponentially, leadingri, = 0.87(5) fm. Using our extrapolated skin radius
and the linear dependence, we estimate the theoreticataruelectric polarizability of®He to
be ag = 1.00(14) fm3. The error bar is obtained by propagating the errorg,dmandrsin. We
observe that our theoretical estimate is about a factor ofdmaller than the experimental value
of ag™® = 1.99(40) fm® [10]. This points toward a potential disagreement betwéeory and
experiment. Investigations with chiral potentials cangilaly help understanding this discrepancy.

5. Conclusions

In conclusion, we have presented our recent results on iHdialo nuclei from hyperspheri-
cal harmonics. The binding energy and the radius can besgigaialculated for’He using chiral
low-momentum two-body forces. The obtained cutoff depanddogether with a comparison to
the experiment serves to highlight the importance of thmegeon forces. We also discussed the
nuclear dipole polarizability ofHe as an excited state observable, which has recently tatirat
tention. Our estimate from simplified nuclear potentialeto a disagreement with experimental
data, which will be hopefully clarified in the future when lisic chiral potentials will be used.
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