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Spontaneous symmetry breaking and the energy of nuclear isobaric analog states

O. Civitarese, F. Montani, and M. Reboiro
Department of Physics, University of La Plata, C.C.67, 1900-La Plata, Argentina

H. Toki
RCNP, University of Osaka, Suita Campus, 10-1. Mihogaoka, Ibaraki, Osaka, Japan
(Received 2 September 1999; published 11 May 2000

The asymmetry between proton and neutron numbers in a nucleus is viewed as a consequence of the
spontaneous symmetry breaking of the isospin symmetry. The signatures of this effect, as it was suggested by
Danchev, Khanna, and Umezawa and co-workers, may have been seen already in the energetics of the nuclear
isobaric analog resonance state and in the systematic of double-odd double-even mass differences. In order to
account for finite size effects, not included in Umezawa’s approach, we have calculated the mean field term of
the Hamiltonian in a realistic nuclear single-particle basis. The nonvanishing value bf therent in the
nonperturbative vacuum is explained in termspafeson exchange.

PACS numbsg(s): 21.10.Hw, 11.30.Hv, 21.10.Sf, 21.60n

The realization of low-energy nuclear excitations as thecan introduce an order parameter and relate it to the vacuum
signature of symmetry breaking mechanisms has beeexpectation value of;. In the limit of large neutron excess
pointed out in a series of papers dealing, mostly, with bosoand in spite of the breaking of the &) isospin symmetry
excitations[1]. Umezawa and collaboratof2] have sug- the alignment of the isospin third component is preserved by
gested the possibility that charge-dependent excitations ithe change of a neutrqproton into a proton(neutron, i.e.,
nuclei can be described in terms of the spontaneous symmeé;—1;+ 1. Thus one can think of the nucleus as an axially
try breaking of the SIP) isospin symmetry. The energetic of symmetric rotor in isospin space. In the mean field approxi-
the nuclear isobaric analog stat@éASs) is predicted from mation, the nuclear ground state energy is a quadratic func-
the sequence of levels belonging to a certain isospin multiption of 15 [3] and to this energy one should add the mean
let by assuming the conservation of the total nuclear isospirfield value of the Coulomb interactidi3].

However, as pointed out by Umezawa and co-work@is In the presence of the spontaneous symmetry breaking the
the fact that the ground states of even-evénN,Z) and |5 current contributes to the mean field value of the energy

odd-odd @,N+1,Z*+1) nuclei are nearly degenerate, in with an additional linear term of the form

spite of the fact that the Coulomb interaction should break

such a degeneracy, may indicate the presence of another
mechanism of dynamical nature.

We have taken the suggestions of H&fl as the motiva-
tion for the present work and we have tried to determine the

correspondence between the conclusions of R¢toncern- | this equation\ is a coupling constant to be determined
ing the nuclear matter case and the actual situation in finitgom the single-particle spectrum of the nuclear Hamiltonian
nuclei. Our arguments are based on the same arguments g4-andl , is the vacuum expectation value of the isospin third
vanced by Umezawa and co-workégg, adjusted to account component(hereatter, for the sake of simplicity, we shall
for nuclear structure effects. As we are going to discuss iymit the subindex 3
the article, the present goal is restricted to a qualitative test of | the semi-infinite nuclear matter limit considered in Ref.
the mechanism of Ref2]. ) [2] the radial dependences of the nucleon fieldsave been

The most direct way of relating the degeneracy of theygplaced by plane waves and surface effects were accounted
ground state of double-even and double-odd nuclei is baseg, by introducing a cutoff at the nuclear surface. After a

on the assumption that the conservation of the isospin curreR§raightforward calculation the neutrore,) and proton
is broken by a spontaneous symmetry breaking mechanisfie ) energies can be written

i.e: the vacuum expectation value of the isospin current

N
§|3-¢ T3 2

1 1
= — + — —

I3=<O¢T%¢O> n €4 e+2EC_2()\I E.), 3
_ o thus leading to a proton-neutron energy difference of the
is nonvanishing. order of[2]

Since the nucleon field is a two component isospinor

the vacuum expectation value of the current can be written in
terms of the neutron exce$é—Z. Following Ref.[2] one SE=€_—€,.=E.—\I. (4)
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This result means that, in principle, the proton-neutron AL B B B B
energy difference is not solely determined by the Coulomb 19 F -
energy. In Eq(3) the quantitye is the energy associated to
the nucleonic motion in a charge-independent density-

dependent central potential. To compute the energy 8ift B 2oaBi-
in a consistent manner the coupling constanshould be [ 1
determined as a function of the order parameter associated to 17 F .
the breaking of the isospin symmetry, for each valué arid

for each value of the density. Assuming that protons and o F i

neutrons are confined inside the same volume and that they
have uniform densitieghuclear matter limjt one can calcu-
late A easily. The values obtained far using this approxi-
mation are given by the expressif2]

E,,[Mev]
&

1
N =7 (Ec—SEp), (5)
13 [ N
_ . . , _ *Nb
wheren is the density. The information on the average Fermi
energy, for protons and neutrons, is given by the average 12 [ .
densityn corresponding to the motion in an average, charge i "In
independent, mean fiel8]. In the following we shall test b Te 4
the validity of these approximations, as they have been pre- T T T T
sented in Ref[2], by extractingh from the known energetics 80 100 120 140 160 180 200 220
of the IAS[4]. The data are fitted by the expressidn
A
Egr— Eias=| — ?)O.()—(I\I —2) +6.7| MeV, (6) FIG. 1. Comparison between extractedlid line) and measured _
A (dots and error baysnergy of IAS states, for some of the nuclei

considered in the text. The data are taken from Ré&fs7].

where Egt and E 55 are the energies of the Gamow-Teller
(J7=17) and isobaric analog state){=0") resonances, determine the energetic of the IAS and GT modes, in order
respectively. From these values and from the known enero extract the value ok as we have done by using the data,
getic of the Gamow-Teller giant resonand&s-7] one can  and(b) by constructing the proton-neutron interaction at the
extract the energetic of the IAS. The obtained values ar¢evel of a Lagrangian, thus fixing the value ®ffrom an
shown in Fig. 1(solid line) and compared with the results of effective field theory.
direct measurements. The experimental points of Figlet Concerning poin{a), conventional nuclear structure cal-
noted by dotsare taken from Ref5] (for A=90), Ref.[6]  culations of the IAS and GT modes need the definition of
(for A=100 and 11§ and Ref.[7] (for A=208). Experi- proton and neutron single particle basis, the treatment of the
mental error bars are also shown in Fig. 1. The solid line opairing components of the two body interaction, and the di-
Fig. 1 corresponds to energy of the isobaric analog stategonalization of residual two body proton-neutron forces.
(E\as) extracted from Eq(6). From Fig. 1, it is seen that, This procedure is a matter for textbook®] and we shall
within error bars, the extracted values of IAS agree rathebmit a more detailed discussion. Instead, we shall indicate
well with data. To determine the value af we can now the main steps of the calculations. We have introduced re-
calculate the energgas as a function of the isospin vari- sidual proton-neutron interactions to describe the position of
able I. The results are shown in Fig. 2. The experimentalthe IAS. The calculations were performed by using separable
values can be reproduced, within error bars, for values of proton-neutron interactions treated in the framework of the
in the interval 102<\ <101, in units of MeV. Because of random phase approximatidiRPA) for close shell nuclei,
the relatively large error barsvhich are of the order of 0.5 and the quasiparticle random phase approximati@RPA)
MeV) a more precise determination of the valuexoseems  for the case of open shell nuclgg]. In performing the cal-
to be a rather difficult task. The best fit to data corresponds taulations we have used spherical harmonic oscillator single
AM(x?)=3.5x10"2 MeV. The value indicated in Fig. 2 as particle basis and separable monopole pairing interactions
\, is the value which we have obtained from themeson [9,10]. An example of the calculations is given in REL1],
exchange mechanism, as we shall discuss below. In spite @fhere the formalism is applied to describe proton-neutron
the abovementioned deviation of the experimental resultgxcitations of a even-even open shell nucleus. Hereafter, as
one can still set up limits on the value Bfby performing an example, we shall discuss the case of proton-neutron ex-
both the analysis of data and some microscopic calculationsitations of the ground state of*Cd leading to the IAS
as we shall discuss next. resonance int'®n. The results shown in Fig. 3 have been

We have performed some calculations on two differentobtained by performing proton-neutron QRPA calculations
levels: (a) by performing nuclear structure calculations to[10] with a separable two body interaction of the type de-
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_ . _ FIG. 3. Calculated strength distribution for the case of isospin
FIG. 2. Calculated valuesas =EcouiompM, with 1=(N (J"=0") excitations in*'8n. The arrow indicates the position of

—Z)/2. Thesolid lines correspond to different valuesxaf Experi- the experimentally determined energy of the IAS resonance.
mental values are shown by dots and they represent the energy

centroids. The line denoted By x?), corresponds to the value bf

which has been determined by fit to the data. The line denoted Ref.[12], one gets an in-medium value bfof the order of

by A, corresponds to the value af determined from thg-meson N\ ,=5.4X 102 MeV. This value should be compared with

exchange mechanism. the value used in relativistic mean field calculatidi$],
which is of the order of 0.51.0x102 MeV. In dealing

scribed in Ref[11]. The results displayed in Fig. 3 show a With the estimate oh we have assumed that tiremeson
gxchange takes place betwetA—1)/2 pairs of nucleons,

narrow distribution of strength on three states around th here A is th I ber. The struct f th
position of the IAS resonance. The energy differences bef 'c'c /A IS the€ Nuciear mass number. The structure ot the

. -] .agrangian used to extract the just quoted valuk of given
tween these states are of the order of 1 MeV. This result |§‘
. . . in Egs. 2-29 and 2-30 of Ref12]. The values of the energy
consistent with the assumption advanced by Umezetva. ) :
: of the IAS resonances, corresponding to this valua @fre
[2], about the above-mentioned symmetry related effect

. L . hown in Fig. 2.
upon the energetic of the IAS. Similar results are obtaine From the above reported results we can conclude that the
for the case of the IAS resonance i¥Tc. If the calculated

. ) realization of the neutron excess in terms of the spontaneous
energy weighted centroid of the IAS are used to extract th%reaking of the isospin symmetf], in analogy with the
value of A one gets a value similar to the empirical Va|Uevsymmetry breaking mechanism of field theof¥3], can
namely: A\=3X10"% MeV. However, when the isospin pring in some new theoretical elements in dealing with the
symmetry is approximately restored by performing a projecdescription of properties of the collective modes associated
tion to fix the intrinsic isospin framgl1] the strength goes to to charge exchange nuclear excitatidi®g. In the present
a low-lying state which is the lowest proton-neutron excita-work we have adapted the formalism developed by
tion [11]. The addition of a residudrepulsive interaction Umezawa and co-workers to the case of single particle and
moves up this state to higher energies but not to the observambllective excitations in finite nuclei. We have found that the
position of the IAS resonance. Again this result is fully con-breaking of the isospin symmetry and the dynamical rear-
sistent with the conjecture of Umezawaal. about the na- rangement of it can in fact produce measurable effects upon
ture of the IAS based on the dynamical symmetry rearrangethe energy differences of double-even- and double-odd-mass
ment[2]. From the results of our calculations we have seemuclei as well as on the energy of the IAS. The analogy with
that this is indeed the case of the other nuclei considered ithe case of a field theory witlh meson exchangéRefs.
this work. [12,15) between nucleons was used and we found that the
An alternative way of viewing the symmetry breaking same concepts can be used to introduce both the breaking of
mechanism advocated in RéR] is the p-meson exchange the isospin symmetry and the associated Goldstone boson.
between nucleus. By using the Lagranglayy introduced  Although none of the previously discussed concepts is by
in Ref.[12], with the coupling constant given in Table IV of itself new in the description of nuclear single particle and
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collective motiong14] their use can facilitate the connection present analysis supports the concepts advanced inRef.
between the standard nuclear models and the emergent effén-a qualitative way.

tive nuclear field theory. Due to the deviation of the data and

other theoretical uncertainties, such as the form of the pro- This work was partially supported by CONICET of Ar-
posedp-NN Lagrangian and the momentum dependence ofientina. One of the autho(®.C) acknowledges the hospi-
the interaction vertex at tree level, we may say that thdality received at the RCNP of the Osaka University.
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