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Gamow-Teller transitions at finite temperatures in the extended quasiparticle random
phase approximation
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Gamow-Teller singled decay transitionsAJ=1, A7==0, AT,=*=1), at finite temperatures and between
states of even-even and odd-odd mass nuclei, are calculated in the framework of the extended quasiparticle
random phase approximation. Finite temperature blocking effects and particle-particle interactions are dis-
cussed in connection with the fragmentation of strength. It is shown that the inclusion of scattering terms, both
in the phonons and in the transition operator, is needed to achieve the complete conservation of the transition
strength. The calculations were performed in the mass re§ieri06 and for temperatures lower than the
critical valueT, associated to the collapse of the pairing gaps={0.7 MeV).
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I. INTRODUCTION transitions becomes relevant if information about energy
thresholds of neutrino and electron capture processes is
Large scale calculations of singkdecay rates are a nec- needed, for instance, in the context of the physics of super-
essary element in astrophysical estimates of electroweak stétovae[10]. As an example about the use of the formalism,
lar processe$1]. The quasiparticle random phase approxi-we have taken the case of 8+17 transitions between even-
mation (QRPA) [2,3] has been used extensively in the €ven and odd-odd mass nuclei in the=106 mass region.
calculation of 8~ and B*/EC transition rates for a large We have used a Hamiltonian consisting of a separable force

number of electrorfpositron emitters[1]. From the nuclear between protons and neutrons and monopole pairing interac-
structure point of view, the use of the QRPA to calculatelions. The essentials of the formalism that are needed to de-

charge-exchange transition rates in stellar conditions deScribe GT transitions are prese_nted in Sec. 1. The resuiis of
serves some attention. To start with, since the electroweal pe (_:alculat|ons are_d|scussed in Sec. ll. Finally, some con-
processes in stellar media, like a supernova, take place gustons are drawn in Sec. IV.

temperatures of the order of a few hundreds keV, one should

treat particle and particle-hole states with nontrivial statisti- Il. FORMALISM

cal occupancies. Thermal blocking effects can modify the  The Hamiltonian, which we have adopted for the descrip-
pattern of the ground state occupation numbers and at relgipn of J7=1* excitations in double-odd mass nuclei, is the
tively low temperatures particle-particle and hole-hole con-separable one introduced by K'zmin and Solovigi],
figurations are activated and multiple scattering across th@amely,

Fermi surface can occur. In consequence, the QRPA formal-

ism should be extended to accommodate scattering terms at T +

finite temperatures. In this work we have adapted the formal- H= % €piNpj + ; €njNnj = GpSpSp = GnSiSy

ism of [4] to account for charge dependent interactions. The

suitability of the method was demonstrated in a previous - + _ n

work [5] in dealing with Fermig decay transitions. Another +2X% 'Blﬂ(_)ﬂﬁl—ﬂ_z'(% P1u(=)*P1y,
aspect, concerning the calculation of Gamow-Tell&T)

transitions in the QRPA formalism, is the fragmentation of @

the strength produced by renormalized particle-particle and | . . . . . .
hole-hole interactionfs]. The problem discussed [5] was and it containts single-particle energies, monopole pairing
addressed, recently, in the context of a schematic moddf™™ms: and  charge-exchange par'ucle-hole a.”d. particle-
space[7]. In spite of the fact that the model assumptions Ofpartlcle(hple-.hole terms. The corresponding definitions are
Refs.[5,7] are different the main conclusion of both works is the following:

the same, that is the transition strength is strictly conserved if

one and two quasiparticle terms are included in the equation N .:2 al a i

of motion. In order to continue with the discussion advanced v e

in [5,7], and in view of potential applications to astrophysics,

we have calculated GT transitions at finite temperatures. As

. . oo _ 4T —(aht _
shown in[8,9] the calculation of strength distributions of GT Sq= lzm Qimigme  Sg=(Sy)',  a=p.n,
. L - - . ) T
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B, =(—)"(Br- )",

s(pn,p'n")=x(opnTpin + TpnTprnr)

U v U
+K(0'pn0'p n,~l—a-pna-p,n,),
Pl;l, E <me| /.L|n.l m >apjmanJ/m/y v v
jmj’m’ u(pn,p’'n’)= X(a'pn(rp n' T o )
+ -t
P, =(=)"(P1_)", 2 _K(O'pnO'prnr+(Tpn0'prn/),

and these operators are the number operator, the monopole

pair operator, and the charge-exchanging particle-hole and

particle-particle operators, respectively. Proton and neutron

single-particle orbits, of angular momentyrand projection

m, are denoted by the index (q=p for protons andj=n

for neutron$ and a jm is @ particle creation operator and
qlm—( 1)~ Mg qj,m its time reversal. In the BCS repre-

sentation12] we can writeH, of Eq. (1) as

v(pn, p’n')——x(apnop vt oy gg )

_K(Upno'p’n’+0'pn0'p’n’)y
t(pnrp,n,):zX(;pno'\F:rnr_O'pnO'grnr)

gna'p’n’),

+2K(0’Xn0'p/nr_0'

v — v
W(pn-p'n/):ZX(U'pn‘Tp'n’_Uanp’nr)

H=2 E,a' a+pn§n r(pn,p’'n’) + 20T — OSTrn), (@)
X[AT(pn, 1) A(p'n"1p)+AT(p'n’ 1u)A(pn,1u)] and the factors

O'pnzo'(pn)upvnr O'pnza'(pn)unvpa

+2 s(pn.p’n)[A'(pn1w)AT(p'n" 1u)
I O't)"n= a(pnupUpy, 0'\p/n= a(pNvwp, (5)

+A(p'n'1u)A(pn,1u)]+ >, u(pn,p’n’)

i’
X[BT(pn,1u1)B(p'n’,1u)+B(p'n’,11)B(pn,1u)]

+> v(pn,p’'n’)[B(pn,14)B'(p'n’,1u)

i’
+B(p'n’,11)B(pn, )]+ 2 t(pn,p'n’)
i’

X[A'(pn,1)B(p'n’, 1)+ B (p'n’, 1u)A(pn, 1u)]

+2 w(pn,p'n")[AT(pn,1)BY(p'n’", 1p)
ji’

+B(p'n’,Lu)A(pn,1u)], &)

are the reduced matrix elements of the spin operator

(pllof[n)
N

multiplied by the proper proton and neutron occupation fac-
tors. The creatior(annihilation of quasiparticles is repre-
sented by the operatorl (a,) while u, andv, are BCS
occupations factors.

In the standard form of the QRPA methd@,3] the
HamiltonianH is diagonalized in the phonon basis and only
pair creation and pair annihilation operatgk$ and A are
included in the definition of the QRPA phonons. This form
can be generalized to include the opera®fsandB in the
definition of the phonons, as done[i]. In the present case
of proton-neutron excitations the extended QRPA phonon is
written

a(pn)= (6)

whereE, are the quasiparticle energies and the indeix-
dicates single-particle states. The transformed operators and

coefficients of Eq(3) are given by Ik, 1p)=2, [X(k,pn)A*(pn,1,u)—Y(k,pn)A(pn,E)
pn

A'(pn,1u)= [“;g“;]lu , +Z(k,pm)BT(pn,1x)—Z(k,pn)B(pn,1u)],
Al(pn,1p)=(~ 1)L #AT(pn,1-u), @
where the extra terms
B(pn,1u)=[e}an]i, . _ _
Z(k,pn)B'(pn,1u)—Z(k,pn)B(pn,1u) (€))

are added to the conventional definition of the phonon op-
erator. As shown in Ref4] vacuum expectation values can
be replaced by thermal averages to account for temperature
dependent effects. The thermal QRPA matrix equation can
be written

BY(pn,1u)=(—1)"#Bf(pn,1-w),

r(pn,p'n")=x(opn0pn+ Tpn0prnr)

+0‘V a’, )

_K(U pn’ p'n’
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A E é O AX (9) Epn,p’n’:Cpn,p’n’ y
B* A* 0 _S Y Fpn,p’n':Dpn,p/n"
and it doubles the number of dimensions of the standard Gonp'n' =p.pr Ot (Fa—Fp) (Ep— Ep)

QRPA problem. The forwardA) and backward B) matri-

ces, the metric matrix3), and the amplitudesq andY) are Fulpn,p'n)(fn = fp) (fa=1p),

defined b .
elined by Hpn,p’n’:U(pnap n )(fn’_fp’)(fn_fp)a
A C
~: 7725 ’ r(l_f _f ),
A (E G), Spn,p n p.p n,n n p
T 7725 75 rf _f ), (12)
B B D pn,p'n p.p n,n ( n P
B= E H/ wheref, are thermal occupation factors for single quasipar-
ticle states
32(5 0) f=[1+exE,/T] L (13
o T/
The expectation values that appear in Edl) have been
(X calculated at finite temperature and the quanifyof the
X= 2 quasiparticle occupation factéy, of Eq. (13), represents the
nuclear temperature in units of energy.
Y The normalization condition for the phonons is
Y=|- 10 b4
(z) 10 ([0 (k, 1), T (K 1))
The above matrices are written = S 5##’% [(fo— fp)[Z(k,pn)z—Z(k,pn)Z]

Apn,p’n’:<[A(pnvlﬂ)1[HvAT(p,n’111“‘)]])1

— +(1—fo— [ X(k,pn)2=Y(k,pn)?]}, (14
Bpn,p’n’: _<[A(pnvlﬂ)1[H1A(p’n’vlﬂ)]]>7

where the sum runs over proton-neutron two quasiparticle

Con o =([A(pN,1x).[H.BT(p'n’ 1 , configurations. Next, we shall write the transition operators
prpr =(LAGPN L) [ (p w1D B~, which are the GT operators, in the quasiparticle basis.

Dpnprn = —([A(pN,1u),[H,B(p'n", 1.)1]), The explicit expressions are the following:

Epnprn=([B(PN,1x),[HAT(p'n",1x)1]), Bi,=> [0pnAT (PN, 1)+ 0pA(pn, 1)

pn
Fonprnr=—([B(pn,1x),[H,A(p'n", 1u)]1]),

Gpn,p’n’:<[B(pnvllu“)![H1BT(p’n’11ﬂ“)]]>a

—op B (pn1p) + oy B(pn.1w)],

Bi,=(—1*B- )" (15)

Hpnprar=—([B(pn,1x),[H,B(p'n", 1) ]]), By using inversion formulas one can express these transi-
tion operators in the QRPA phonon basis. They are written
Spn,p’n’:<[A(pnylﬂ)yAT(p,n,alﬂ)D, P Q P y

Tonprn=([B(PN1). B (p'n" 1)), (11) Bru=2 [a (k1) + b (k 1)),

and these matrix elements are obtained after evaluation of

- -\t

the corresponding commutators and double commutators, 51+#—(_ DH(B1-w)" (16)

leading to the expressions where the amplitudes, andb,,
Apnpn = 0p.p 0nn (1= T =) (E,+Ep) a = ([T (k. 1), 87,1).
+r(pnp'n)(L-f, —f,)(1-f,—fp), B o
bk:<[ﬁl,u ,FT(k,lllL):D, (17)
Bpn,p'n’zs(pnvp,n,)(l_fn'_fp’)(l_fn_fp)a .
represent the thermal expectation values of the commutator
Conprn=t(pn,p'n")(fo —fo)(1-f,—f,), of the transition operators with the QRPA phonons. They can

also be expressed in terms of the quasiparticle pair and scat-

Donprnr=wW(pn,p'n")(f,, —fo)(1-f,—f,), tering amplitudes of the QRPA phonons,
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__ o pair scatt
a=ay +ak ,
bk: bEair+ bicatt, (18)

where

af™1= 3 LopnX(kipn) + oY (kipm) 1L =Ty =Ty,

aicattz% [Ugnz(knpn)_Ugnz(k'pn)](fn_fp)’

blgair:% [a-pnY(k,pn)+;an(k,pn)](1— fn_fp)y

b= 2% [ognZ (k,pn) = Z(k, P (f = fp).

(19
The transition strength is defined by
§° =2 (T (k1) 81, (20
N
and the Ikeda sum rule is given by the difference
S =S" =2 ([BL.,(—)*Bi )
ys
=§ [(ofn=op)(1=fa=1p)
+ (U:)Jn2_ O-znz)(fn_ fp)]
=3(N—-2). (21
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FIG. 1. Distribution of strength fo3~ (S™) and g8* (S")
transitions from the ground state of the nucléfRCd. The quantity
w represents the energy of the QRPA phonons, which are excited to
the 1' states of'%n and '°Ag, respectively. The value of the
coupling constant« is given in each case and the results were
obtained withT=0 andy=0.3 MeV.

hole interactions and the attraction induced by pairing and
particle-particle interactions. Concerning the use of thermal
averages and the extension of the standard equations of the
QRPA, the procedure seems to be adequate to describe ex-
cited final states built upon a thermal reference state. Both
conditions, i.e., thermal excitations and the competition be-
tween particle-hole, particle-particle, hole-hole-terms, and
multiple scattering terms as they are accounted for by the
extended QRPA, are the relevant ones in dealing with GT
transitions in excited systems.

This sum rule can also be written in terms of quasiparticle

pair and scattering amplitudgsee Eq(17)] and the result is

S —-S"=32, (a?-b?)
k

= 3§k: [(aEair)z_ (bf(’a”)z-i- (aicatt)z_ (bﬁcatt)z

+ Z(aEairaicatI_ bEairbicatt)], (22)

IIl. RESULTS AND DISCUSSION

In this section we are going to discuss the results of the
above presented formalism, for the case of GT transitions
from the ground state of°%Cd. We have chosen this nucleus
as an example of an open shell system. The single particle
levels used in the calculations are harmonic oscillator levels
with N= 3,4, and 5, both for protons and neutrons. The cal-
culations were performed for values of the temperature 0
<T=<0.5 MeV. The pairing coupling constar, andG,,

and it should be compared with the conventional result thawhich were used to solve the BCS equations, were fixed at
contains only pair contributions. As in the case of Fermithe values 1A MeV and 20A MeV, respectively[12].
transitions[5] the cancellation of the interference betweenThe position of the GT giant resonance was reproduced by

scattering and pair ternjshe last term of Eq(22)] is guar-
anteed by the orthonormalization of the QRPA phonons.

fixing the coupling constang at zero temperature and at
zero strength for the particle-particle channels. The corre-

So far, the expressions listed above are general and trgponding value of is equal to 0.3 MeV. The renormalized
dependence with the Hamiltonian is given by the coefficientsoupling to particle-particle channeiswas taken as a free

of Eq. (4). Concerning the use of the Hamiltonian of Ky,

as shown in a number of publicatiofsee[13]) it describes

parameter in the rangesOx<0.05 MeV. By choosing val-
ues ofk in this interval a significant hindrance of tie and

a good amount of the correlations that are specific of chargg8™ was obtained without producing the collapse of the

exchange channels witd™=1". It illustrates the main

QRPA. We have solved the QRPA equations with and with-

mechanism leading to the hindrance of low-energy chargeeut the extra terms of E@8). With the help of Eqs(18) and
exchange transitions, namely the repulsion due to particlecl9) we have calculated the transition strength of E2f)
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oluatl 0
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o [MeV] FIG. 3. Results corresponding to the Ikeda sum Bile-S*, of
Eq. (22), for different values of the temperatufeand for different
FIG. 2. Same as Fig. 1 for the temperatlire 0.5 MeV. values of the coupling constart{see Eq(1)]. The values indicated

by (a) are the results of the conventional QRPA calculation. The
and the results are shown in Figs. 1 and 2. Figure 1 displayk§sults obtained with the present formalism are indicategbby
the distribution of strength corresponding g, left-hand
side of the figure an@ ™, right-hand side of the figure, tran- perature and for different values of the renormalized cou-
sitions as a function of the phonon energy The calcula- pling constantx. It is seen that the total strength is
tions were performed at temperatufe=0 MeV and the conserved. This is the main result of the present calculation.
coupling constanik takes the value 0 MeV, 0.025 MeV, and

0.05 MeV, as indicated in the figure. As is known from al-
. X . IV. CONCLUSIONS
ready published resul{sl4] one obtains a fragmentation of
the 8 strength for increasing values &f The effect of the In this work we have considered the case of GT transi-

scattering terms are shown in Fig. 2, which displays the retions at finite temperatures. We have applied an extended
sults obtained withiT=0.5 MeV. This temperature is still version of the QRPA formalism, which includes scattering
lower than the critical valug.=0.7 MeV, associated to the terms in the definition of the phonons. It is found that ther-
collapse of the pairing gaps. In addition to the fragmentatiormal blocking effects, which are partly responsable for the
of the strength induced by particle-particle correlations, thdoss of intensity, are compensated by the transitions induced
inclusion of scattering terms adds up to the redistribution oby scattering terms. Like in the case of Fermi transitions the
the 8~ and ™ strengths at low energies. In spite of the facttotal intensity of GT transitions is conserved only if the scat-
that the number of proton-neutron two-quasiparticle configutering terms are included. Also, a certain amount of fragmen-
rations increases substantially, in going frd0 MeV to  tation leading to low energy transitions has been obtained as
T=0.5 MeV, the QRPA equations are still nonsingular anda consequence of thermal activation of particle-like configu-
numerically solvable. At this point we shall address the prob+ations. This trend is particularly evident for the casgsof

lem of the conservation of the strength in GT transitions. Thdransitions. We think that these results may be of some sig-
results of the present calculations are shown in Fig. 3. Thaificance in astrophysical calculations, where the centroids
left-hand side of Fig. 3 shows the temperature dependence of Fermi and Gamow-Teller strength distributions are taken
the standard QRPA results, also as a function of the reno@s inputs for leptonic capture and emission processes.
malized couplingx. It is observed that a sizable amount of

the strength is lost in going fromlr'=0 MeV to T

=0.5 MeV. This is a thermal blocking mechanism that re- ACKNOWLEDGMENTS
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