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Spontaneous symmetry breaking and the energy of nuclear isobaric analog states
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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 of theI 3 current in the
nonperturbative vacuum is explained in terms ofr meson exchange.

PACS number~s!: 21.10.Hw, 11.30.Hv, 21.10.Sf, 21.60.2n
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The realization of low-energy nuclear excitations as
signature of symmetry breaking mechanisms has b
pointed out in a series of papers dealing, mostly, with bo
excitations@1#. Umezawa and collaborators@2# have sug-
gested the possibility that charge-dependent excitation
nuclei can be described in terms of the spontaneous sym
try breaking of the SU~2! isospin symmetry. The energetic o
the nuclear isobaric analog states~IASs! is predicted from
the sequence of levels belonging to a certain isospin mu
let by assuming the conservation of the total nuclear isos
However, as pointed out by Umezawa and co-workers@2#,
the fact that the ground states of even-even (A,N,Z) and
odd-odd (A,N71,Z61) nuclei are nearly degenerate,
spite of the fact that the Coulomb interaction should bre
such a degeneracy, may indicate the presence of ano
mechanism of dynamical nature.

We have taken the suggestions of Ref.@2# as the motiva-
tion for the present work and we have tried to determine
correspondence between the conclusions of Ref.@2# concern-
ing the nuclear matter case and the actual situation in fi
nuclei. Our arguments are based on the same argument
vanced by Umezawa and co-workers@2#, adjusted to accoun
for nuclear structure effects. As we are going to discuss
the article, the present goal is restricted to a qualitative tes
the mechanism of Ref.@2#.

The most direct way of relating the degeneracy of
ground state of double-even and double-odd nuclei is ba
on the assumption that the conservation of the isospin cur
is broken by a spontaneous symmetry breaking mechan
i.e: the vacuum expectation value of the isospin current

I 35 K 0Uf†
t3

2
fU0L ~1!

is nonvanishing.
Since the nucleon fieldf is a two component isospino

the vacuum expectation value of the current can be writte
terms of the neutron excessN2Z. Following Ref. @2# one
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can introduce an order parameter and relate it to the vac
expectation value ofI 3. In the limit of large neutron exces
and in spite of the breaking of the SU~2! isospin symmetry
the alignment of the isospin third component is preserved
the change of a neutron~proton! into a proton~neutron!, i.e.,
I 3→I 361. Thus one can think of the nucleus as an axia
symmetric rotor in isospin space. In the mean field appro
mation, the nuclear ground state energy is a quadratic fu
tion of I 3 @3# and to this energy one should add the me
field value of the Coulomb interaction@3#.

In the presence of the spontaneous symmetry breaking
I 3 current contributes to the mean field value of the ene
with an additional linear term of the form

l

2
I 3 :f†t3f:. ~2!

In this equationl is a coupling constant to be determine
from the single-particle spectrum of the nuclear Hamilton
H andI 3 is the vacuum expectation value of the isospin th
component~hereafter, for the sake of simplicity, we sha
omit the subindex 3!.

In the semi-infinite nuclear matter limit considered in Re
@2# the radial dependences of the nucleon fieldsf have been
replaced by plane waves and surface effects were accou
for by introducing a cutoff at the nuclear surface. After
straightforward calculation the neutron (e1) and proton
(e2) energies can be written

e65e1
1

2
Ec6

1

2
~lI 2Ec!, ~3!

thus leading to a proton-neutron energy difference of
order of @2#

dE5e22e15Ec2lI . ~4!
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This result means that, in principle, the proton-neutr
energy difference is not solely determined by the Coulo
energy. In Eq.~3! the quantitye is the energy associated t
the nucleonic motion in a charge-independent dens
dependent central potential. To compute the energy shiftdE
in a consistent manner the coupling constantl should be
determined as a function of the order parameter associate
the breaking of the isospin symmetry, for each value ofI and
for each value of the density. Assuming that protons a
neutrons are confined inside the same volume and that
have uniform densities~nuclear matter limit! one can calcu-
late l easily. The values obtained forl using this approxi-
mation are given by the expression@2#

l5
1

I
~Ec2dEn̄!, ~5!

wheren̄ is the density. The information on the average Fer
energy, for protons and neutrons, is given by the aver
densityn̄ corresponding to the motion in an average, cha
independent, mean field@3#. In the following we shall test
the validity of these approximations, as they have been
sented in Ref.@2#, by extractingl from the known energetics
of the IAS @4#. The data are fitted by the expression@4#

EGT2EIAS5S 230.0
~N2Z!

A
16.7D MeV, ~6!

whereEGT and EIAS are the energies of the Gamow-Tell
(Jp511) and isobaric analog state (Jp501) resonances
respectively. From these values and from the known en
getic of the Gamow-Teller giant resonances@5–7# one can
extract the energetic of the IAS. The obtained values
shown in Fig. 1~solid line! and compared with the results o
direct measurements. The experimental points of Fig. 1~de-
noted by dots! are taken from Ref.@5# ~for A590), Ref.@6#
~for A5100 and 116!, and Ref.@7# ~for A5208). Experi-
mental error bars are also shown in Fig. 1. The solid line
Fig. 1 corresponds to energy of the isobaric analog s
(EIAS) extracted from Eq.~6!. From Fig. 1, it is seen that
within error bars, the extracted values of IAS agree rat
well with data. To determine the value ofl we can now
calculate the energyEIAS as a function of the isospin vari
able I. The results are shown in Fig. 2. The experimen
values can be reproduced, within error bars, for values ol
in the interval 1022,l,1021, in units of MeV. Because o
the relatively large error bars~which are of the order of 0.5
MeV! a more precise determination of the value ofl seems
to be a rather difficult task. The best fit to data correspond
l(x2)53.531022 MeV. The value indicated in Fig. 2 a
lr is the value which we have obtained from ther-meson
exchange mechanism, as we shall discuss below. In spi
the abovementioned deviation of the experimental resu
one can still set up limits on the value ofl by performing
both the analysis of data and some microscopic calculati
as we shall discuss next.

We have performed some calculations on two differ
levels: ~a! by performing nuclear structure calculations
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determine the energetic of the IAS and GT modes, in or
to extract the value ofl as we have done by using the dat
and ~b! by constructing the proton-neutron interaction at t
level of a Lagrangian, thus fixing the value ofl from an
effective field theory.

Concerning point~a!, conventional nuclear structure ca
culations of the IAS and GT modes need the definition
proton and neutron single particle basis, the treatment of
pairing components of the two body interaction, and the
agonalization of residual two body proton-neutron forc
This procedure is a matter for textbooks@8# and we shall
omit a more detailed discussion. Instead, we shall indic
the main steps of the calculations. We have introduced
sidual proton-neutron interactions to describe the position
the IAS. The calculations were performed by using separa
proton-neutron interactions treated in the framework of
random phase approximation~RPA! for close shell nuclei,
and the quasiparticle random phase approximation~QRPA!
for the case of open shell nuclei@8#. In performing the cal-
culations we have used spherical harmonic oscillator sin
particle basis and separable monopole pairing interact
@9,10#. An example of the calculations is given in Ref.@11#,
where the formalism is applied to describe proton-neut
excitations of a even-even open shell nucleus. Hereafter
an example, we shall discuss the case of proton-neutron
citations of the ground state of116Cd leading to the IAS
resonance in116In. The results shown in Fig. 3 have bee
obtained by performing proton-neutron QRPA calculatio
@10# with a separable two body interaction of the type d

FIG. 1. Comparison between extracted~solid line! and measured
~dots and error bars! energy of IAS states, for some of the nucl
considered in the text. The data are taken from Refs.@5–7#.
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scribed in Ref.@11#. The results displayed in Fig. 3 show
narrow distribution of strength on three states around
position of the IAS resonance. The energy differences
tween these states are of the order of 1 MeV. This resu
consistent with the assumption advanced by Umezawaet al.
@2#, about the above-mentioned symmetry related effe
upon the energetic of the IAS. Similar results are obtain
for the case of the IAS resonance in100Tc. If the calculated
energy weighted centroid of the IAS are used to extract
value of l one gets a value similar to the empirical valu
namely: l>331022 MeV. However, when the isospin
symmetry is approximately restored by performing a proj
tion to fix the intrinsic isospin frame@11# the strength goes to
a low-lying state which is the lowest proton-neutron exci
tion @11#. The addition of a residual~repulsive! interaction
moves up this state to higher energies but not to the obse
position of the IAS resonance. Again this result is fully co
sistent with the conjecture of Umezawaet al. about the na-
ture of the IAS based on the dynamical symmetry rearran
ment @2#. From the results of our calculations we have se
that this is indeed the case of the other nuclei considere
this work.

An alternative way of viewing the symmetry breakin
mechanism advocated in Ref.@2# is the r-meson exchange
between nucleus. By using the LagrangianLrNN introduced
in Ref. @12#, with the coupling constant given in Table IV o

FIG. 2. Calculated valuesEIAS 5ECoulomb-lI , with I 5(N
2Z)/2. Thesolid lines correspond to different values ofl. Experi-
mental values are shown by dots and they represent the en
centroids. The line denoted byl(x2), corresponds to the value ofl
which has been determined by ax2 fit to the data. The line denote
by lr corresponds to the value ofl determined from ther-meson
exchange mechanism.
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Ref. @12#, one gets an in-medium value ofl of the order of
lr55.431022 MeV. This value should be compared wit
the value used in relativistic mean field calculations@15#,
which is of the order of 0.521.031022 MeV. In dealing
with the estimate ofl we have assumed that ther-meson
exchange takes place betweenA(A21)/2 pairs of nucleons,
where A is the nuclear mass number. The structure of
Lagrangian used to extract the just quoted value ofl is given
in Eqs. 2-29 and 2-30 of Ref.@12#. The values of the energy
of the IAS resonances, corresponding to this value ofl are
shown in Fig. 2.

From the above reported results we can conclude that
realization of the neutron excess in terms of the spontane
breaking of the isospin symmetry@2#, in analogy with the
symmetry breaking mechanism of field theory@13#, can
bring in some new theoretical elements in dealing with
description of properties of the collective modes associa
to charge exchange nuclear excitations@9#. In the present
work we have adapted the formalism developed
Umezawa and co-workers to the case of single particle
collective excitations in finite nuclei. We have found that t
breaking of the isospin symmetry and the dynamical re
rangement of it can in fact produce measurable effects u
the energy differences of double-even- and double-odd-m
nuclei as well as on the energy of the IAS. The analogy w
the case of a field theory withr meson exchange~Refs.
@12,15#! between nucleons was used and we found that
same concepts can be used to introduce both the breakin
the isospin symmetry and the associated Goldstone bo
Although none of the previously discussed concepts is
itself new in the description of nuclear single particle a

rgy

FIG. 3. Calculated strength distribution for the case of isos
(Jp501) excitations in116In. The arrow indicates the position o
the experimentally determined energy of the IAS resonance.
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collective motions@14# their use can facilitate the connectio
between the standard nuclear models and the emergent e
tive nuclear field theory. Due to the deviation of the data a
other theoretical uncertainties, such as the form of the p
posedr-NN Lagrangian and the momentum dependence
the interaction vertex at tree level, we may say that
.
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present analysis supports the concepts advanced in Re@2#
in a qualitative way.

This work was partially supported by CONICET of Ar
gentina. One of the authors~O.C.! acknowledges the hospi
tality received at the RCNP of the Osaka University.
ev.

-
s

@1# J. Dobes and S. Pittel, Phys. Rev. C57, 688 ~1998!.
@2# I. C. Danchev, F. C. Khanna, and H. Umezawa, Phys. Rev

50, 3135~1994!, and references therein.
@3# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin,

Reading, MA, 1971!, Vol. 1.
@4# D. J. Horenet al., Phys. Lett.99B, 383 ~1981!.
@5# D. E. Bainumet al., Phys. Rev. Lett.44, 1751~1980!.
@6# H. Akimuneet al., Phys. Lett. B394, 23 ~1997!.
@7# D. J. Horenet al., Phys. Lett.95B, 27 ~1980!.
@8# P. Ring and P. Shuck,The Nuclear Many-Body Problem

~Springer-Verlag, New York, 1980!.
@9# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin,
C
Reading, MA, 1975!, Vol. 2.

@10# O. Civitarese and J. Suhonen, Phys. Rep.300, 123 ~1998!.
@11# O. Civitarese, P. Hess, J. Hirsch, and M. Reboiro, Phys. R

C 59, 194 ~1999!.
@12# E. Oset, H. Toki, and W. Weise, Phys. Rep.83, 283 ~1982!.
@13# H. Umezawa,Advances in Field Theory: Micro, Macro and

Thermal Physics~AIP, New York, 1993!.
@14# D. R. Bes and J. Kurchan,The Treatment of Collective Coor

dinates in Many-Body System, World Scientific Lectures Note
in Physics, Vol. 34 ~World Scientific, Singapore, 1990!.

@15# J. Boguta and A. R. Bodmer, Nucl. Phys.A292, 413 ~1977!.
6-4


