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Spontaneous and dynamical breaking of mean field symmetries in the proton-neutron
guasiparticle random phase approximation and the description of double8 decay transitions
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The breakdown of the isospin symmetry, at the level of the quasiparticle mean field approximation, and its
partial restoration by effective interactions, at the quasiparticle random phase approxi(@iea) level of
approximation, are studied. The method used to define effective symmetry breaking two-body interactions has
been applied previously to particle-number and rotational symmetry violations. The connection between the
present approach and the proton-neutron QRPA method with renormalized two-particle interactions is dis-
cussed. The formalism is applied to calculate nuclear matrix elements for Fermi double beta decay transitions.
[S0556-28189)03101-5
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I. INTRODUCTION ration of intrinsic and collective variabld4 7] confirm the

The formalism of the quasiparticle random phase approxi-nOtion that the standard formulation of t.hpn-QRP_A
mation (QRPA has been used rather intensively and Withmethod should be extended. Among the basic theoretical as-

; . sumptions which should indeed be revisited, in dealing with
great success during four decades since the fundamental pt%_e explanation of then-ORPA collapse aréa) the separate
per of Baranger appeared in the literat(itg. The various P P p P

o . X G freatment of proton and neutron isovector pairing correla-
applications of the formalism, to describe nuclear V|brat|onations which are usually represented by unrelated BCS mean
modes, are contained in textbookg—4]. The use of the ' y rep y

QRPA method to describe charge-dependent excitationfs'elds belonging to the initial and final double-even mass

. nuclei, (b) the onset of isoscalar pairing correlations, affect-
(Pn-QRPA was r_eported by Halbl_e|b _and Sorensgsi. . ing both the double-even and double-odd mass nuclei, and
Symmetry properties of the approximation can be found in . o : .
. . (c) the resulting violation of the isospin symmetry once the
articles written by Lane and Martorglb] and by Marshalek . .
- . proton-proton and neutron-neutron BCS procedure is applied
and Wenese[7]. In the original version of the QRPHL] the . . o .
o . . to describe, approximately, the pairing correlations. All these
nuclear many body Hamiltonian consists of short-range pair- : .
L . . ) . .. effects would certainly become manifest at mean figlda-
ing interactions and residual two body interactions and itis_. " e .
! : N . siparticle level [18,19. In addition to these effects, which
written in the quasiparticle basiBCS approachand diago- .
. : o . X are generally referred to as spontaneous symmetry viola-
nalized in the quasiparticle-pair basis. The structure of the. L . .
) ons, one should add the fact that empirical single particle
ground state correlations generated at the QRPA level asis are used as input for tha-QRPA calculations, thus
approximation was studied in R¢#l]. More recently the use b '

of renormalized two-particle channels of the residual inter—Corltrlbutlng to undesirable symmetry violations. As it has

actions at the level of then-QRPA matrix elements was been pointed out long ado, the QR.PA by itself may not be
. o able to cure for the resulting mean field symmetry violations
suggested by Vogel a.nd. ernbauES]. The application of 6]. The relationship between the collapse of e QRPA
these concepts to realistic _calculatlons of double beta dec nd the onset of isoscalar pairing correlations was discussed
observables can be found in RE9]. After several years of ; 'po¢ [14], in the framework of the S@) global symmetry
theoretical efforts centered on the use of h8-QRPA 4t he Hamiltonian. The spontaneous breaking of the isospin
method to calculate single- and doulgledecay observables symmetry, induced by the separate BCS treatment of proton
[10,11 some questions associated with the consistency ofng neutron pairing correlations is rather obvious. In this
the approach have been revised, partly due to some consighspect, the inclusion of symmetry violating interactions may
erations about the collapse of the QRPAN(QRPA) ap-  be crucial in treating isospin-dependent effefcg]. In the
proximation[12,13. Studies of this question, performed in present paper we discuss on symmetry violation effects in
the framework of group theoretical models, have been prethe pn-QRPA by using a method due to Pyatf®0]. The
sented in Ref{14]. The analysis of then-QRPA collapse in  main step of Pyatov's construction is the definition of an
terms of a phase transition in a parametric model space wasffective Hamiltonian which incorporates Dirac’s constrains
presented in Ref§15,16. Recent results based on the sepa{21] to the original symmetry-breaking Hamiltonian. This
method has been used previously in dealing with the viola-
tion of particle-numbef22], rotational[23] and generalized

*Electronic address: civitare@venus.fisica.unlp.edu.ar Galilean invarianceq24], and velocity-dependent effects
TElectronic address: hess@nuclecu.unam.mx [25]. It is our aim to apply Pyatov's method to isospin-
*Electronic address: hirsch@fis.cinvestav.mx dependent Hamiltonians, written in the quasiparticle basis, in
SElectronic address: reboiro@venus.fisica.unlp.edu.ar order to explore the link between the collapse of the
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pn-QRPA and the breakdown of the isospin symmetry. Par- [Hy, 7 P]=0H=—@)T,
ticularly, we would like to determine the dependence of the

renormalization applied to two particle interactions, in thelead to the definition of the operator

pn-QRPA upon symmetry restoring effects. The paper is or-
ganized as follows: a review of the formalism is presented in
Sec. Il, results for the case of Fermi doulfledecay transi-
tions are presented in Sec. lll. Conclusions are drawn in Sec.
V.

1
0=5(00)+0()

1 _
=§; Ei(tj+t) (AT -A)), 7

Il. FORMALISM

whereE;=E,;+E,;. Following Pyatov's method20], the

effective Hamiltonian which exhibits the symmetry can be

constructed from the above commutator addingHtg the
The separable monopole pairing interaction can be apnduced interaction

proximately diagonalized in the BCS quasiparticle represen-

tation. The proton and neutron single quasiparticle Hamil- Hies= —7070. (8

tonian can therefore be written as

A. The BCS mean field and the symmetry
restoring interactions

The value ofy is determined by requesting that the zero
energy modé7] is decoupled from the physical spectrum of
Hll_2 (EpjNpj+ EnjNnj), (D) H_=Hy+H, as it will be shown below.
The QRPA treatment dfl o, is performed by introducing
where the one-quasiparticle temy, ; is written in standard the one-phonon operatdiﬂ
notation[3]

, =20 (Xu= YuAo, (©)

Nq,i:% ¥q,jim%q,jm - 2)
and in this basis the QRPA equation of motion is written
The subindexq denotes protofip) or neutrongn) states and
(j,m) are single particle angular momentum variables. [Her. TT1=w,I]. (10
The fact that the isospin symmetry is violated by the BCS

quasiparticle mean field can be easily demonstrated by ex- The solution of this equation of motion, in the quasiboson

pressing the tensorial componeftstal angular momentum approximatior{ A; ,Af]= 8;, can be cast in the form

A =0, isospinT=1) [26,2] of the isospin one body operator

in the quasiparticle basis (1-s19)=0. (11)

B - The quantitys,, is defined by

(12

_Y 208 172
3 511—221_: E2(tj+1)) V+E,-+wy

D= (4A+HAD, _ o
! After solving the QRPA system of equations, in order to
determine the eigenfrequencies, and the amplitudeX,

and commuting it with the unperturbed BCS HamﬂtomanandYVk of Eq. (9), Hy is transformed to the phonon basis

(1). Note that only the two-quasiparticle terms of the isospin

operatorsr™
Heg=const- >, o, I, . (13
1 14
A= 2, thinthm
(2j+1)m>o0 The decoupling, at the QRPA level of approximation, of the
(4) zero energy mode can be performed by introducing the trans-
Alz(AjT)T, formation due to Marshalek and Wene§@}
will contribute to the expectation value of the commutators. P,=(w,/2YTT+T,),
In the above equation&,; and E,; are quasiparticle en- (14)
ergies and the reduced matrix elements in Bgare defined N Y y—
as L=-1(2w,) "4I',—T,).

= 2]+ Dupjvn;, t_jz (2] + D)Unjvp;- (5) ;’ir\wli:»g;ression afl . in terms of the operator@v andli,, is

The results corresponding to the commutators

- 2, 272
[Hll,T(_)]:(_) eff_ 2 (P +w L (15)

(6)
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This diagonal form ofH.4 is obtained by transforming the

pair operatorsA| and A; to the phonon basisI(,I",) and
then to the basisK, , L,). The explicit expression dfl o is

HeﬁZE (d,,Mls,,Islu-i-C,,’uw w, L IA_#),

v

(16)
with

dm=%: [ExSiiT (ViatWie) IN N i

7

Cpu= % [ExSii+ (Via—Wi) Ji oyt 1 -

In these equations we have defined
_ (Xvk+ Yvk)

Ny=—"T77——,
“ V2w,

(XVk_YVk)

Mopk= ’ (18)

N
?‘
<

_Y

2 EVE (tet 6 (L +T)).

Vig=—Wy=
The diagonalization oH impliesd,,=c,,,= %5,w and
the decoupling of the zero energy mode requires that

7570=1/

With this value ofy, the QRPA secular equatiqil) takes
the form w?F (w,)=0, which is obviously satisfied fow?
=0 (zero-energy eigenmoglandF(w,)=0 (w,#0). The
explicit form of F(w,) is the following:

. (19

> E(tyt+t)?

E(te+ t,)2
Flwy =, U (20)

K (Ei—0?)

B. Separable particle-hole and particle-particle
pn interactions
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P(“:; (PiA = PA]),
with
Pj=V(2j+ Dup;un;,
(24)

pi=V(2j+1)vnup,

and they represent particle-partigleole-hole terms of the
one particle operator. The term of the Hamiltoniari22)
which contains the pair operatoRs" will be referred to as
the particle-particle interaction. Solutions corresponding to
the Hamiltonian of equatiori21) have been obtained both
exactly and approximatelyl5]. Since details of these calcu-
lations have been presented previougl$,2g further dis-
cussions about this Hamiltonian will be avoided. We shall
calculate pn-QRPA solutions to it in the presence of the
symmetry restoring mechanism described in the previous
subsection.

Before ending this section we would like to summarize
the formalism presented in Secs. IlA and IIB. In Sec. Il A
we have shown that the BCS mean field does not preserve
the isospin symmetry and we have used Pyatov's Method
[20] to partially restore it at the two-quasiparticle level of
approximation. In Sec. Il B we have introduced an effective
Hamiltonian which obviously breaks the isospin symmetry.
The pn-QRPA treatment of this Hamiltonian leads to col-
lapse of the approximation for some values f In this
context the question to ask is, of course, to which extent
these features survive if the BCS mean field is readjusted in
such a way that the spontaneously broken isospin symmetry
is partially or totally restored in a dynamical wéie., by
adding terms such as the onesHyf:(x,«)]. The first obvi-
ous answer to such a question would refer to limitations in
the values of the renormalized particle-particle constant
resulting from the inclusion of terms depending grin the
Hamiltonian.

IIl. RESULTS AND DISCUSSION

In this section we are going to present the results of cal-
culations of proton-neutron ‘0 excitations in "®As and the
corresponding matrix elements for the ground state to ground
state Fermi-two neutrino-double betay(28) decay transi-

Results corresponding to realistic proton-neutron interaction "*Ge—"°Se. The single particle basis for protons and
tions in open shell systems have been compared rather sugeutrons has been taken from Refg]. In this basis we have
cessfully with results obtained by using schematic interacsolved BCS equations for protons and neutrons separately.

tions of the form[27,2§
H=H1;+Hin, (21
with
Hip=x7 "7 = kPP, (22
The proton neutron pair operato”¥™) are written in the
guasiparticle basis as
—)_ T -
P >—; (DA —pjA),
(23)

Active particles outside thdl=Z=20 closure were consid-
ered. The pairing strength parameters, of a separable mono-
pole pairing force interaction, were adjusted in order to re-
produce observed odd-even mass differences arodind
=T76.

Symmetry restoring effects at the BCS mean field level.
The most general form of the Hamiltonian, at lowest order in
the quasiboson expansiofi.e., by keeping terms with
A'A, ATA' and AA), contains terms which are propor-
tional to y,x, and k. Effects associated to the spontaneous
symmetry breaking of the isospin symmetry by the BCS qua-
siparticle mean field are explored by studying the depen-
dence of the QRPA spectrum upon Figure 1 shows the
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FIG. 1. pn-QRPA energiesy as a function of the ratig/y,, FIG. 3. Self-consistent value of, in units of MeV, as a func-
corresponding to the Hamiltoniath.s=H1,+ H.s[See Eqs(1) and  tion of the ratioy/ y, and fork=0.0 MeV. All values ofy on the
(8)]. The values ofw are given in MeV. curve giveE;p,s~11 MeV.

pn-QRPA eigenvalues of Heg=H 1+ H s, given by Eqs.  ened by the attractions induced by the symmetry restoring
(1) and (8), for proton-neutron)”=0" excitations in"®As. interaction (y). The effect is particularly important for the
Note that asy— yo=11ZE(tc+ t)?] the lowest eigen- eig_envalue of lowest energy aqd for the collective mode,
value goes to zero. This result is the direct consequence dfhich corresponds to the isobaric analog st#S). In the
the use of Pyatov's prescriptiof20]. The strengthy=y, standard a}ppllcatlpn of then-QRPA method. Fhe coupling
represents the value of the induced interact®mwhich re- ~ constaniy is fixed in suc_:h a way that the position of the IAS
stores the isospin symmetry, broken by the BCS approach, & reproduced. ljy is varied, to reproduce a'constant value of
the quasiboson level. Naturally the breakdown of the symihe energy of the IAS Ejxs) while changingy, then the
metry is due to the adoption of separate quasineutron ang@Sults shown in Figs. 3 and 4 are obtained. In Fig. 3 the
quasiproton mean fields and it is obviously nonphysical. ~ value of y which reproduces the energ,s is shown as a
Since y, represents the value of the induced coupling forfunction of the ratioy/ yo. These values are practically con-
which the symmetry is restored, it can be argued that thétant up toy=y, and show a fast increase for larger values
inclusion of residual interactionsy(x), for partial restora- ©f . Thepn-QRPA spectrum obtained by fixing the energy
tion (y< 1), would break the symmetry dynamically. An Of the IAS, by changing along the curve of Fig. 3, is shown
example of this mechanism is given by the well-known factin Fig. 4. Next, in Fig. 5 we show results corresponding to
that renormalized particle-particlec) interactions can pro- the pn-QRPA spectrum, as a function &f obtained for the
duce similar effects(i.e., the vanishing of the lowest coupling constanty=0.6 MeV and for different values of
pn-QRPA eigenvalue, as we shall see nesfhe effects of the ratioy/yy,. From these results it is seen that the behavior
the partial restoration of the quasiparticle mean field symmeoOf the lowest eigenvalue is quite similar to the one corre-
try upon thepn-QRPA spectrum corresponding to particle- Sponding to Flg 1, and that the tendency to shift the other
hole (x) residual interactions is shown in Fig. 2. The Hamil- eigenvalues to lower energies is more evident for this case.
tonian corresponding to this case ls=H;+ H st Hin, By increasing the ratio/ y, the value of« which produces
whereHis the above definefEq. (8)] symmetry restoring the collapse of thgpn-QRPA spectrum decreases. It means
interaction andH;, is the Fermi separable force, with that the renormalization of th®~P™ term of the Hamil-
particle-hole and particle-particle terms included dependingonian is limited by the break down of the isospin symmetry
on the coupling constantg and « [Eq. (22)]. Note that the ~ at the level of the quasiparticle mean field. Critical values of

repulsion induced by the particle-hole interactioy) {s soft- . for x=0.6 MeV and as a function of the ratig y,, are
shown in Fig. 6. From these results it is therefore concluded

25 . . . . that the induced symmetry restoring interaction produces a

R0 & 1 25 ; ; ; ;
= /
é 15 ¢ 1 20 ]
—10} E ; 15 E ]
s =

5F E — 10t ]
3
0 1 1 1 1 5 E =
0.0 0.4 0.8 1.2 1.6
/7o 0 . . . .
0.0 0.4 0.8 1.2 1.6
FIG. 2. pn-QRPA energieso as a function of the ratig/ y,, v/7o

corresponding to the Hamiltonidth=H;+ H s+ H;y; [EQs.(1), (8)

and(22)]. The values of the coupling constants of the particle-hole FIG. 4. pn-QRPA spectrum, corresponding to the self-
x and particle-particlex channels of the residual interaction are consistent value of particle-hole constgn{see Fig. 3 as a func-
fixed at 0.6 MeV and 0.0 MeV, respectively. tion of the ratioy/ y,.
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15 F ] sE ] FIG. 7. Strength of the symmetry restoring interactigg, in
| units of MeV™2, as function of the neutron excells- Z, for iso-
101 17'°C 1 topes of Ge.
5F 4 s5F -
0 —— A — < (HllrlInxnl] = i)
0.00 0.04 0.08 0.12 0.00 0.01 0.02 Mg, = ETE \ (25)
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which represents the nuclear matrix element associated to
FIG. 5. pn-QRPA spectrum oH=H;+H s+ Hj, as a func- 2vBB-Fermi transitions between the initiél) and final (f)
tion of the coupling constant [see Eq.22)]. The energieso are  ground state$15]. We shall show results fa¥,, obtained
given in units of MeV, the coupling constagtis fixed at the value  with the pn-QRPA treatment of three different Hamilto-
x=0.6 MeV, and the ratioy/ y, has the value @), 0.5 (b), 1.0  nians, namely(i) BCS+induced symmetry restoring inter-
(c), and 1.5(d), respectively. actions,(ii) BCS+particle-hole f¢) and particle-particle )
interactions, andiii) BCS + patrticle-hole {) and particle-
strong renormalization of the-dependent interaction. This Particle (<) interactions in the presence of a partial restora-
strong renormalization is by far more important than the ondion of the symmetry. The results for ca@g are shown in
needed to produce the collapse of {ive-QRPA for y=0. Fig. 8. The dependence of the matrix elemdht, upony
In the previously shown figures the induced symmetryShown in this figure is partlcularly releyant because it dem-
restoring interaction has been parametrized in terms of th@nStrates that the matrix element vanishes for a valug of

ratio y/y,. Actual values ofy,, as a function of the neutron ¥Vh'Ch IS noiyo .(yly(f 0692%,h_|.e_., t_he(zjvai;ui of fotr mthhRPA
excess, are shown in Fig. 7. It is observed that the values crg Sef)é??e rrc})/x:;;?;r?rsvﬁich Ir?alss t:geﬁeobsrgr?/e?j bo?h(ign the
o are distributed around 0:8102—1.1x10"2 MeV ™1, P ’

. . efinition of ® and in the solutions of the commutator of Eq.
To conclude with the analysis of the results presente q

. 10). This feature remains also when th& channel of the
until now we can say that the collapse of th&@-QRPA

interaction is activatedsee Fig. 8 Again for this case the

produced by particle-particle interactions is strongly depent, .irix element vanishes at# v, and the overall reduction

der_1t upon the spontaneous breaking _of th_e isospin symmetrys it value for y=0 is due to the quenching induced by the
which is forced by the BCS approximation. It was shownrepyisive particle-hole interaction. The suppression of the
that the partial restoration of the symmetry can strongly rematrix elementM,, induced by renormalized particle-
duce the value ok for which the CO”apse is prOduced. It partide interactions ,() between quasiprotons and
also means that the crossing of eigenvalues inducea by quasineutrons is shown in Fig. 9 for different values of the
[15] and the appearance of a zero eigenvalue associated to
the symmetry ¢=y,) are different phenomen®]. 0.8
In the following we shall present the results correspond-
ing to the matrix element

Xx=0.0, £=0.0

n 0.4}t
>
=
0.30 = 0.0+
3 ~
0.25 1 s
— -04+ X
% 0.20 ] .
2 0.15 i 0.0 0.5 1.0 1.5
§0.1o ] /70
2 0.05 1 FIG. 8. Matrix elementd,,, for Fermi 2v88 ground state to
0.00 . . . . ) ground state transition ifGe, as a function o§/y,. The values
0.0 0.3 06 0.9 1.2 15 1.8 of the coupling constantg and « used in thepn-QRPA calcula-

/70 tions are y=0.0 MeV and x=0.0 MeV (solid-line), and y
=0.6 MeV and«=0.0 MeV (dashed-ling respectively.M,, is
FIG. 6. Critical values of the particle-particle coupling constantgiven in units of MeV' ! and the constari, of Eq. (25) was fixed
«, in units of MeV, as a function of/vy, and fory=0.6 MeV. atEy=0.5 MeV.
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0.50 . - y by the adoption of the BCS quasiparticle mean field, con-
structed from proton-proton and neutron-neutron pairing cor-
relations. We have applied the method due to Py§26y to
define induced effective interactions which can dynamically
restore the symmetry. We have compared the results of this
approach with the results of the conventional QRPA method
and found that the collapse of thpn-QRPA lowest eigen-
value produced by renormalized particle-particle interactions
depend strongly on the induced symmetry restoring interac-
tions. It is also found that the collapse of tipa-QRPA

FIG. 9. The matrix elemen¥l,,, of Eq. (25), as a function of ~ Solutions and the cancellation of the matrix elemelts,
the particle-particle constant, for y=0.6 MeV andy/y,=0.0  occur at different values of the induced couplings,. This
and 0.5, as indicated in the figure. feature remains valid when renormalized particle-particle in-

teractions are turned on. It is seen, from the above discussed

ratio y/yo. Note that the value of which produces the total results, that th@n-QRPA collapse induced by is restricted
suppression of the matrix elements, fafy,=0.5, is three t0 values ofk which are strongly limited by symmetry con-
times smaller than the value correspondingyla;,=0.0. It ~ Siderations.
is therefore concluded that the suppressiovaf, induced
by renormalized particle-particle interactiong)(depends
upon symmetry breaking mean field effects.

0.25 |

0.00 |

-1
M, [MeV ']

—-0.25

-0.50 L . L
0.00 0.05 0.10 0.15 0.20

« [MeV]
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