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We propose a new method to calculate stellar weak-interaction rates. It is based on the thermofield dynamics
formalism and allows calculation of the weak-interaction response of nuclei at finite temperatures. The thermal
evolution of the GT, distributions is presented for the sample nuclei 3**Fe and 7%78:8°Ge. For Ge we also calculate
the strength distribution of first-forbidden transitions. We show that thermal effects shift the GT, centroid to
lower excitation energies and make possible negative- and low-energy transitions. In our model we demonstrate
that the unblocking effect for GT.. transitions in neutron-rich nuclei is sensitive to increasing temperature. The
results are used to calculate electron capture rates and are compared to those obtained from the shell model.
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I. INTRODUCTION

The properties of nuclei at finite temperatures have attracted
attention for a long time. Because of the considerable amount
of experimental data the main subject of study has been the
thermal properties of giant dipole resonance (see, e.g., Refs. [1]
and [2] and references therein). In the astrophysical context the
thermal properties of Gamow-Teller (GT) transitions are of
special interest, as they play a crucial role in weak-interaction-
mediated reactions [electron capture (EC), 8 decay, neutrino
scattering, etc.] [3]. For example, EC on iron-group nuclei
initiates the gravitational collapse of the core of a massive
star, triggering a supernova explosion. Moreover, EC rates
largely determine the mass of the core and thus the fate of
the shock wave formed by the supernova explosion. Because
the strong phase-space dependence makes the relevant stellar
weak-interaction rates at the early stage of the collapse—when
the electron chemical potential w, is of the same order as
the nuclear Q values—very sensitive to the GT distributions,
these need to be calculated very accurately in this regime.
With proceeding collapse and hence increasing density, i,
grows more rapidly than the Q values of the nuclei present
in the matter composition, and the capture rates become less
sensitive to the details of the GT distribution and are mainly
determined by the total GT strength and its centroid energy.
However, forbidden transitions can no longer be neglected
when 1, reaches values of the order of 30 MeV at core densities
o > 10" g/cm? [3,4] The situation is further complicated by
the fact that weak-interaction processes in stellar environments
take place at temperatures of the order of a few hundred kilo—
electron volts to a few mega—electron volts and GT transitions
occur not only from the nuclear ground state, but also from
excited states.
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From a microscopic point of view, there are two routes for
handling GT strength distributions and weak-interaction rates
at finite temperatures. One is a state-by-state evaluation of
the rate by summing over Boltzmann-weighted, individually
determined GT strengths for the various states. The second is
based on an equilibrium statistical formulation of the nuclear
many-body problem. In this approach, the thermal response of
anucleus to an external perturbing field is given by the canoni-
cal (or grand canonical) expectation value of the corresponding
transition operator. When applied to charge-exchange pro-
cesses this method yields the temperature-dependent GT and
first-forbidden (FF) strength function, which can be then used
to calculate weak-interaction rates.

For sd- and p f-shell nuclei the first approach was originally
used by Fuller er al. [5], who calculated stellar weak-
interaction rates using the independent-particle shell model,
supplemented by experimental data whenever available. To
allow for GT transitions from nuclear excited states these
authors employed the Brink hypothesis. This assumes that the
GT strength distribution for excited states is the same as for the
ground state, only shifted by the excitation energy of the state.
These rates were subsequently updated, taking into account
the quenching of the axial coupling constant [6]. Modern high-
performance computing capabilities combined with state-of-
the-art diagonalization approaches make possible shell-model
calculations of the GT strength distribution not only for the
nuclear ground state, but also for the few lowest excited states.
It was demonstrated [7,8] that even for the lowest excited states
in the parent nucleus the Brink hypothesis is valid only for the
bulk of the GT strength, and is not applicable for the individual
transitions to states at a low excitation energy in the daughter
nucleus. Taking this into account, weak-interaction rates based
on the shell-model diagonalization approach [9,10] were
derived from the individual GT distributions from the lowest
excited states and from “back-resonant contributions,” that is,
from transitions determined from the inverse GT distributions
connecting excited states in the daughter spectrum to the
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lowest states in the parent spectrum. However, the compilation
of Refs. [9]and [10] applied Brink’s hypothesis when taking
into account GT transitions from highly excited states. Weak-
interaction rates have also been computed using the spectral
distribution theory [11] and the proton-neutron quasiparticle
random-phase approximation (RPA) model [12]. The first
method is also based on the Brink hypothesis. The latter does
not use this hypothesis, but some uncertainties arise owing
to the approximate treatment of the parent excited states as
multiquasiparticle states as well as the insufficient knowledge
of the quantum numbers of the states involved. Recently,
stellar EC rates were calculated within the framework of the
finite-temperature RPA using a set of Skyrme interactions [13].
This method has the advantage of consistency, however, it
misses relevant correlations that, as we demonstrate here, are
crucial for deriving stellar EC rates for neutron-rich nuclei.

The statistical way to calculate temperature-dependent GT
and FF strength functions was first applied in Ref. [4] to study
EC on neutron-rich nuclei. The most advanced realization of
this procedure is presently performed in the framework of the
shell-model Monte Carlo (SMMC) method [14]. It was found
[15] that, with increasing temperature, the GT centroids shift
to lower excitation energies and the widths of the distributions
increase with the appearance of low-lying strength. Both
effects arise from thermally excited states, that is, the Brink
hypothesis is not supported by SMMC calculations. Despite
its advantages, the SMMC method yields only the lowest
moments of the GT strength distributions, which introduce
some inaccuracies into the rate calculations. Moreover, the
SMMC method has restrictions in its applicability to odd-odd
and odd-A nuclei at low temperatures.

Thus, the problem of an accurate description of the
GT strength distribution at finite temperatures and reliable
estimates of stellar weak-interaction rates is not solved com-
pletely yet: The shell-model diagonalization approach allows
for detailed spectroscopy but partially employs the Brink
hypothesis. The SMMC method is free of this disadvantage
but cannot provide a detailed strength distribution. Moreover,
present computer capabilities allow application of the shell-
model diagonalization method only to nuclei in the iron region
(A = 45-65), whereas the SMMC approach can be applied, in
principle, to all nuclei. However, such calculations are rather
time-consuming and have therefore been limited to about
200 nuclei with mass numbers A = 65-120 [3,16], although
weak processes in more massive and neutron-rich nuclei also
play an important role in various astrophysical scenarios.
Therefore, alternative methods for dealing with GT strength
distributions and weak-interaction rates at finite temperatures
are desirable.

In this paper we study the temperature dependence of
the GT strength by applying the proton-neutron quasiparticle
RPA [17] extended to finite temperature by the thermofield
dynamics (TFD) formalism [18,19]. This technique does
not rely on Brink’s hypothesis. The energies of the GT
transitions and corresponding transition strengths are calcu-
lated as functions of the nuclear temperature. We apply this
method to calculate rates of weak-interaction processes on
iron-group nuclei and neutron-rich nuclei beyond the pf
shell. However, the method is not restricted to these nuclei
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but can be applied to heavier nuclei as well. It also allows
calculation of the strength distributions of forbidden transitions
that contribute significantly to weak-interaction rates at high
densities. Although, in the present paper, we restrict our study
to the one-phonon, that is, RPA, approach, the method can be
extended to take into account multiphonon admixtures, thus
yielding more detailed strength distributions.

The paper is organized as follows. In Sec. II, some
important features of the TFD formalism with application
to the nuclear structure problem at finite temperatures are
presented. The thermal quasiparticle RPA (TQRPA) equations,
which describe the strength distributions of charge-exchange
transitions in hot nuclei, are given in Sec. II as well. In
Sec. III the necessary formulas to calculate EC rates in
a stellar environment are introduced. Results for the GT
strength distributions and EC rates in >*>°Fe are presented in
Sec. IV. There we also compare the results with those from the
shell-model diagonalization approach. In Sec. V, we study the
temperature dependence of GT and FF strength distributions
in the neutron-rich isotope 7°Ge. The corresponding EC
cross sections and rates are calculated and compared with
those obtained within the hybrid SMMC + RPA model [20].
Conclusions are drawn in Sec. VI.

II. FORMALISM

For study of the thermal behavior of quantum many-
body systems, the TFD method has two attractive features:
(a) temperature effects arise explicitly as 7 -dependent vertices,
providing a convenient starting point for various approxima-
tions; and (b) temperature and time are independent variables.
The first feature allows for straightforward extensions of
well-established zero-temperature approximations. It has been
employed previously in Refs. [21-25], where selected nuclear
structure problems at finite temperatures were considered.

The standard TFD formalism treats a many-particle system
in thermal equilibrium with a heat bath and a particle reservoir
in the grand canonical ensemble. The thermal average of a
given operator A is calculated as the expectation value in
a specially constructed, temperature-dependent state |0(7)),
which is termed the thermal vacuum. This expectation value
is equal to the usual grand canonical average of A.

To construct the state |0(7")), a formal doubling of the
system degrees of freedom is introduced. In TFD, a tilde
conjugate operator A—acting in the independent Hilbert
space—is associated with A, in accordance with properly
formulated tilde conjugation rules [18,19,26]. For a system
governed by the Hamiltonian H the whole Hilbert space is
now spanned by the direct product of the eigenstates of H
(H|n) = E,|n)) and those of the tilde Hamiltonian H, both
having the same eigenvalues (H |7} = E,|%)). In the doubled
Hilbert space, the thermal vacuum is defined as the zero-energy
eigenstate of the so-called thermal Hamiltonian H = H — H
and it satisfies the thermal-state condition [18,19,26]

AO(T)) = oe™?T AT|0(T)), (1)

where o = 1 for bosonic A and o = i for fermionic A.
The important point is that in the doubled Hilbert space the
time-translation operator is not the initial Hamiltonian H, but
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the thermal Hamiltonian 7. This means that the excitations
of the thermal system are obtained by the diagonalization of
‘H. As follows from the definition of H, each of its eigenstates
with positive energy has a counterpart—the tilde-conjugate
eigenstate—with negative energy but the same absolute value.
This is a way to treat excitation- and de-excitation processes
at finite temperatures within TFD.

Obviously, in most practical cases one cannot diagonalize
‘H exactly. Usually, one resorts to certain approximations such
as the Hartree-Fock Bogoliubov mean field theory and the
RPA (see, e.g., Ref. [22]). In what follows the formal part of
the TFD studies for charge-exchange excitations in hot nuclei
is based in part on the results of Refs. [27] and [28].

In the present study we use a phenomenological nuclear
Hamiltonian consisting of a static mean field, Bardeen-
Cooper-Schrieffer (BCS) pairing interactions, and separable
multipole and spin-multipole particle-hole interactions, in-
cluding isoscalar and isovector parts. This is usually referred
to as the quasiparticle-phonon model (QPM) [29]. It was used
to study the charge-exchange excitations in nuclei at zero
temperature in Refs. [30] and [31]. In principle, the QPM
formalism enables one to go beyond the QRPA and take
into account the coupling of quasiparticles and phonons. At
finite temperatures this coupling was considered in Refs. [24]
and [27]. However, in the present study we restrict ourselves
to the TQRPA.

The main line of the present discussion is very similar to the
QPM at T' = 0 [29]. We begin with the thermal Hamiltonian,
which reads as

HQPM = HQPM - ﬁQPM = Hsp + 7_{pair + th- (2)

The first step in the approximate diagonalization of Hopm
is the treatment of the pairing correlations. This is done by
two successive unitary transformations. The first is the usual
Bogoliubov u, v transformation from the original particle

1 — T
operators Ay Ay to the quasiarticle ones o imr %jme The

same transformation is applied to tilde operators 5},", Ejm,
thus producing the tilde quasiparticle operators aj a im

The second transformation is the so-called thermal Bo-
goliubov transformation [18,19]. It mixes the quasiparticle
and tilde quasiparticle operators, thus producing thermal
qua51partlcle operators and their tilde partners: /8 i Bimo Bl im

and ﬂ im- We use Ojima’s [26] complex form of the thermal
Bogoliubov transformation:

/3 = xja ,m""yjajm (x +y1 =1).

The reasons for this are given in Ref. [27].

The coefficients u;, v;, x;, and y; are found by diagonal-
izing Hgp + Hpair and demanding that the vacuum of thermal
quasiparticles obeys the thermal-state condition (1). This is
equivalent to the minimization of the thermodynamic potential
for Bogoliubov quasiparticles. As a result one obtains the
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following equations for u;, v; and x;, y;:

1 E:—A; 12 172

e U IR TR L K
\7-1/2

:[l—l—exp(%])] , xj=(1—y?)1/2, ®)

where ¢; = \/(E; — A;)> + A2 and t is the isospin quantum

number T = n, p.
The pairing gap A, and the chemical potential A, are the
solutions to the finite-temperature BCS equations,

Uj:

Gr s
AdT) == > @i+ D1 =2y7)ujv;,
! (©)

Ne =D 2j+D(v;

J

2 2.2
xXj +u3yi),

where N, is the number of neutrons or protons in a nucleus
and )" implies a summation over neutron or proton single-
particle states only. From the numerical solution of Egs. (6) it
is found that the (pseudo-)critical temperature is T, ~ %AT 0
(see, e.g., Refs. [32] and [33]), in accordance with the BCS
theory.

With the coefficients u;, v;, x;, and y;, defined by Eqgs. (4)
and (5), the one-body part of H, 4 Hpair reads

Hsp +Hpair = ZZSJ('B

T jm

~ BB D

and corresponds to a system of noninteracting thermal quasi-
particles. The vacuum for thermal quasiparticles (hereafter
denoted |0(T);qp)) is the thermal vacuum in the BCS
approximation. The states ﬁ;m|0(T);qp) have positive ex-
citation energies, whereas the corresponding tilde states
Bjm |0(T"); qp) have negative energies.

The coefficients y? defined through Eq. (5) determine the
average number of thermally excited Bogoliubov quasiparti-
cles in the BCS thermal vacuum,

(0(T); QPIOl]m mlO(T);qp) = y7 ®)

and, thus, coincide with the thermal occupation factors of the
Fermi-Dirac statistics. Because the thermal vacuum |0(7'); qp)
contains a certain number of Bogoliubov quasiparticles,
excited states can be built on |0(T'); qp) by either adding or
removing a Bogoliubov quasiparticle. Because

a!,10(T):qp) = x;B1,,10(7): qp).
o5 |0(T); qp) = —iy;B_|0(T); gp) ©)
o5 = (=1 " atj ],

the first process corresponds to the creation of a nontilde
thermal quasiparticle with positive energy, whereas the second
process creates a tilde quasiparticle with negative energy.

In the next step of the approximate diagonalization of
Hopm, long-range correlations owing to the particle-hole
interaction are taken into account within the proton-neutron
TQRPA. The part of H,p, in Eq. (2) responsible for charge-
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exchange excitations reads

*) T YiRmY,
Hon = -2 k(M M,, — M}, M,,)
A

(LX) i it
=2 kSE S = S1 S, (10)
Lip

where M { . and Sb ., are single-particle multipole and spin-
multipole operators:

M, = pmpli'r Y0, 93O ljwmadal , a;,,

Jpmp
Jnmn

f . L L A (=) s
Sian = D lpmplitr Yooyt O ljsmadal , aj,.

Jpmp
Jnin

[Yeol, = D (ALMImAw)YLm(8, §)on. (11)

M.,m

The parameters Kf'\) and /cl(u‘) denote the strength parameters of
the isovector multipole and spin-multipole forces, respectively.
The states of natural parity are generated by the multipole and
spin-multipole L = A interactions, whereas the spin-multipole
interactions with L = A &£ 1 are responsible for the states of
unnatural parity.

Within the TFD formalism the TQRPA equations are
derived in the following way. First, H;'l; is written in terms
of the thermal quasiparticle operators. Then the sum of
Eq. (7) and H;}ﬁ is diagonalized with respect to charge-
exchange thermal phonons.

The thermal phonon creation operator Qi i 1s defined as
a linear superposition of the proton-neutron thermal two-
quasiparticle operators,

0l =" (i 8,81, + 97, [BLALY,

Jpn
+ lni‘rl']n ['B/JI'BT ] + ;]J;Lllﬂn [ﬂT 'Bln]

Jp
¢.]I7.]’l [ﬂ]p’B]n] ¢],an ['BJ[rﬁJn]y,

T é:]p]n [ﬂ;ﬂ]"] +1 Sh’jn ['ij‘BTn]jl)’ (12)

where [];\L denotes the coupling of single-particle angular
momenta j,, j, to the total angular momentum A. Now the
thermal equilibrium state is treated as the vacuum |0(7'); ph)
for thermal phonon annihilation operators.

The thermal phonon operators are assumed to commute as
bosonic operators, that is, [me’ Q;,M/i,] = 8w Sy b, This
assumption imposes the following constraint on the phonon
amplitudes:

Z (w]p]n 1‘//]p]n I//]p]n 1'b.]p]n + n]p]/x T’]p]n

Jpin
~\i ~M
+ 15,5, ¢]p]n¢)]p]n ¢/p/n¢/p/n
EJ,,JnéJpJn g]p]rléfpfn)zgii,' (13)

Furthermore, the phonon amplitudes obey the closure relation.
Demanding that the vacuum of thermal phonons obeys the
thermal-state condition (1) and applying the variational prin-
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ciple to the average value of the thermal Hamiltonian with re-
spect to one-phonon states QI i/0(T); ph) or @L|O(T)' ph)!
under the constraints (13), one gets a system of hnear equations
for the amplitudes jAp’ i J"p’ i nt j,, i i i etc. The system
has a nontrivial solution if the energy w,; of the thermal
one-phonon state obeys the following secular equation:

1
- (+) +-)
XL(;) T T Xéj; ) Xab Xab
1
X&) X&) 1 xCH X
aa aa. " (a) ab ab
Ky
) I |7
+ - + -
Xab Xab X =~ Xw
ey
1
+-) =) (=+) (=)
Xah Xa Xah Xbb )
Ky
(14)

where a = A and b = AA for excitations of natural parity,
whereas a = (A — 1)A and b = (A + 1) for unnatural-parity
excitations. The functions XS,E), (ijF) (c=a,bandd = a, b)
in Eq. (14) are defined as

) Z © 4 8(i+/)' [u(]ij)]
X = 5 fﬂﬂ{eﬂf*—
‘ PR I DR
e [v'P ]2
xu—%—ﬁ%[%ﬁﬂﬁﬁ—ﬁw
JpJn
u(,ip? u®
EF) (©) (d) Jpin" Jpin
Xcdq: (CL)) Z jl(:]n /p/n{[ (+I)] : C()2
JpJn Jpin

() (F)
e s e U]

[()] 602 jp_yjn
JpJn
(15)

Here f (}‘). and f (L) denote the reduced single-particle matrix
elements "of the multipole and spin-multipole operators, Eq.

(11); ugfj) uj,v;, £vju; and v()

& = &j, T &j; and A = /2% + 1.

JpJn
Let us consider the secular equation in detail. The poles

(]p_;, which do not exist in the QRPA equations at zero
temperature, arise from the crossed terms g E " in the thermal
phonon operator definition, Eq. (12). Because of these poles,
new states appear in a low-energy part of the thermal excitation
spectrum. In contrast to the zero-temperature case, the negative
solutions of the secular equation now have a physical meaning.
They correspond to the tilde thermal one-phonon states
and arise from 1A' terms in the thermal phonon operator.

=uj,uj, £v;,v;;

&

"We take into account that the operator Q —( 1)~ “Q,\ ui
transforms under spatial rotations like a spherlcal tensor of rank A.
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As noted previously, the creation of a tilde thermal quasipar-
ticle corresponds to the annihilation of a thermally excited
Bogoliubov quasiparticle. Consequently, excitations of low-
and negative-energy thermal phonons correspond to transitions
from thermally excited nuclear states. Furthermore, when
the pairing correlations vanish (i.e., 7 > T;), some poles no
longer contribute to the secular equation, as the corresponding
numerators vanish. This is true for particle-particle and hole-
hole 5(+) poles as well as for particle-hole 8( ) _poles.

The expressmns for the thermal charge- exchange phonon
amplitudes are given in Ref. [28]. The amplitudes depend
on both the quasiparticle and the phonon thermal occupation
numbers. Some remarks are in order. TQRPA equations for GT
excitations at finite temperature were also derived in Ref. [34].
They were obtained using the equation of motion method by
replacing vacuum expectation values with thermal averages,
that is, without applying the TFD formalism and doubling the
Hilbert space. Therefore, in contrast with the present study,
negative solutions of the TQRPA equations were neglected in
Ref. [34].

After diagonalization within the TQRPA the thermal
Hamiltonian Hgpm becomes

Hopm = Y 03i(Q1; Qs —

Api

01,0, (16)

The vacuum |0(T'); ph) of thermal phonons is the thermal
vacuum in the TQRPA. Because we use the thermal BCS
approximation, which violates the particle number, the charge-
exchange thermal one-phonon states are superpositions of
states, which belong to the daughter nuclei (N — 1,Z + 1)
and (N + 1,Z — 1). They decouple at temperatures T > T,
when the pairing correlations vanish. Then, if the state
QLU.|0(T);ph) belongs tothe (N + 1,Z F 1) nucleus, the state

Q%K)(T);ph) is in the (N ¥ 1,Z % 1) nucleus.

III. ELECTRON CAPTURE RATES

Considering EC in stellar environments we make the fol-
lowing assumptions. (1) The temperature in the stellar interior
is so high that atoms are fully ionized, and the surrounding
electron gas is described by a Fermi-Dirac distribution, with
temperature 7' and chemical potential p.. Neutrinos escape
freely from the interior of the star. Hence no Pauli blocking
for neutrinos is considered in the final state. (2) The parent
nucleus is in a thermal equilibrium state treated as the thermal
(phonon) vacuum. (3) EC leads to charge-exchange transitions
from the thermal vacuum to thermal one-phonon states.

In these circumstances the EC rate is the sum of the
transition rates from the thermal vacuum to the ith thermal
one-phonon state of the multipolarity J,

In2

a.6c (+) ec __
~ 6150s Z Z ki

(+)
i

Z Z A% (17)
J i

Here is the squared reduced matrix element of the
transition operator between the thermal phonon vacuum and
a thermal one-phonon state (see the following); F7° is a
phase-space factor that depends on the transition energy E (JJ{)
and can be found elsewhere [9].
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Denoting the proton-to-neutron (p — n) transition opera-
tor with multipolarity J as D', one obtains the following
expression for the transition strength <I>(+)

2
G = |(0(T): phl| Q41; D} 10(T); ph)|
2

= | Y =0 a0 s T | (18)
JpJn
Whered(H(' N )y sy s . ~ .
7 Gpdn) = UnllDS7Nl jp) is a reduced single-particle

matrix element of the transition operator, and the function
Q(jpjn; J1) is given by

Q(]p]na Jl) - vj,; Jn (x/[lxln wh Jn + yjﬁy]”¢]p]n)
+uj,vj, (Ypr/n w],,]n +Xxj,x 1”¢,,,j,,)

Ji
—Vj,Vj, ('x.lpy]nn],,],, + Vi, X, /,,/n)

Fujug, (v, Fxg,iEl). (19)

The transition strength to the tilde one-phonon state can
be easily obtained from Egs. (18) and (19) by changing
nontilde phonon amplitudes by their tilde counterparts, and
vice versa. (The expressions for the transition strengths d>(J;)
corresponding to inverse n — p transitions are given in
Ref. [28]. It has been proved in Ref. [28] that the approach used
here fulfills the Ikeda sum rule for Fermi and GT transitions.)

The transition energy (parent excitation energy) E (Jf) canbe
obtained from the energy shift between the proton subsystem
of the parent nucleus and the neutron subsystem of the daughter
nucleus including the proton-neutron mass difference. Thus
we have

ESY = w)i + (Aptnp + Amy), (20)

where A, = p, — u, is the difference between the neutron
and the proton chemical potentials and Am,, =m, —m,
is the neutron-proton mass splitting. Note that at finite
temperature the energies E(JJ{) as well as wy; can be both
positive and negative. Thus, for the capture process thermal
one-phonon states with both positive and negative values of
E (Jf) contribute to the rate.

In what follows in Eq. (17) we take into account the
contributions from allowed (GT and Fermi) transitions and FF
transitions. The operators of allowed Fermi and GT transitions
are taken in the standard form,

DY = gyt™, DT = gaot™, 1)

where 1) is the isospin raising operator. For the operators of
the FF n — p transitions the nonrelativistic form is used:

V4
= [gv£ — O!—(ngr X F— ngr)]t“'), (22)
m 2R

. 8A
D;i—) = lﬁ[ﬂ' . r]i
In Egs. (21) and (22), r, p, and o refer to the coordinate,
momentum, and spin operators of anucleon; gy = land g4 =
—1.25 denote the vector and axial coupling constants; « is the

p2+q™.
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fine structure constant; Z and R are the charge and the radius
of the nucleus; m is the nucleon mass; and p, and g, denote
the momenta of the incoming electron and outgoing neutrino,
respectively.

IV. IRON ISOTOPES

In this section we discuss the numerical results for the
pf-shell nuclei >*>°Fe. Experimental data are available for
these nuclei to test our calculations at zero temperature.
Moreover, these iron isotopes are among the most essential
nuclei in their importance to the EC process for the early
presupernova collapse [6,35].

The proton and neutron mean fields are described by
spherically symmetric Woods-Saxon potentials with param-
eters from Ref. [36]. We only readjust the potential depths
to fit the proton and neutron binding energies of the
parent nucleus to their experimental values. The single-
particle basis includes all discrete bound states as well as
selected quasibound states with large j in the continuum.
The proton (neutron) pairing strength parameters G, are
fixed to reproduce the odd-even mass difference through a
four-term formula [37] involving the experimental binding
energies [38]. At T =0 the obtained proton and neutron
BCS energy gaps are A ) = 1.52(0.0) MeV for 4Fe? and

Ay = 1.57(1.36) MeV for *Fe. The isovector strength

parameters Kfm) and K(ZI) are adjusted to reproduce the experi-

mental centroid energies of the GT_ and GT. resonances in the
nuclei under consideration [39—41]. The corresponding values
of KEOI) and kiw are in agreement with the rough estimates in
Ref. [42]. The spin-quadrupole interaction weakly affects the
GT strength distributions.

The total GT strengths calculated with the bare GT.
operators ot® are S, =6.6 and S_ = 12.7 in >*Fe and
S =5.1and S_ = 17.0in *Fe, respectively. These S+ values
obey the Ikeda sum rule (a small deviation is caused by the
incompleteness of our single-particle basis) but noticeably
overestimate experimental data (see, e.g., Refs. [39—41]). This
is common for any RPA [or quasiparticle RPA (QRPA)]
calculation of GT strength and is remedied by an effective
value for the axial weak coupling constant. We use g} =
0.74g 4 as in shell-model calculations [9].

In Fig. 1, the experimental and theoretical (quenched)
distributions of GT, strengths are presented. There we
also compare the GT, running sums corresponding to the
experimental, QRPA, and large-scale shell-model (LSSM) [9]
strength distributions. One can see that the QRPA calculations
reproduce the resonance positions but not the fragmentation
of the strength. It is a well-known fact that RPA calculations
cannot describe the full resonance width (at least in spherical
nuclei) and produce only a part of it, the so-called Landau
width. The latter is quite small for the GT resonance. As
a result, the near-threshold part of the GT, strength, which
corresponds to transitions to low-lying 17 states in the daughter

254Fe has a closed 1y, neutron subshell in our single-particle
scheme.

PHYSICAL REVIEW C 81, 015804 (2010)

IS 1 4.0 T T T
- “Fe 1 - “Fe :
1.2 | - 32+
L .Exp . L
09 | - 24
L | L o |
0.6 | 1 16} e .
- l l ! I - E
s® | £
s 03F o 4 2
&0 8| =
g [ e | 1 g
2 0.0 p% T g
+ 56. E
= - Fe i +
© 2
0.6 E E -1
04 t -
02} 3
K se ]
0.0 bl b 1y
2 0 2 4 6 8
E (MeV)

FIG. 1. (Color online) Left panels: Comparison of GT, experi-
mental data [40,41] with the calculated QRPA strength distributions
for 3Fe. The QRPA peaks are scaled by 0.5 for convenience. Right
panels: Comparison of the GT, running sums corresponding to the
experimental, QRPA, and LSSM [9] strength distributions.

nuclei >*3°Mn, is not reproduced in our calculations. In this
respect the shell-model calculations are clearly advantageous.

We now turn to the temperature evolution of the GT,
strength distributions. The strength distributions for *3°Fe
at several temperatures are shown in Fig. 2. All figures are
plotted as a function of the energy transfer E to the parent
nucleus.

With increasing temperature, in our model, two effects
occur that influence the GT ;. strength distribution.

(i) Atlow temperatures, owing to pairing, GT transitions
involve the breaking of a proton Cooper pair associated
with some energy cost. This extra energy is removed
at T > T (Tr = 0.8 MeV) and the peak in the GT,
distribution moves to lower energies. Some extra energy
has to be paid at low temperatures to add one more
nucleon to the neutron subsystem of *Fe because of
the nonzero neutron energy gap. Obviously, this energy
is alsoremoved at T > T,.

(ii)) GT, transitions, which are Pauli blocked at low tem-
peratures owing to closed neutron subshells (e.g., 1 f7,2
orbital), become thermally unblocked with increasing
temperature. Similarly, protons that are thermally ex-
cited to higher orbitals can undergo GT transitions. In

TFD such transitions are taken into account by ,3 f E f

ﬂT ,BT , and ,BT /3 f components of the thermal phonon
Because of thermally unblocked transitions, some GT
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FIG. 2. (Color online) Temperature evolution of GT,. strength distributions for **Fe (upper panels) and for **Fe (lower panels) versus
parent excitation energy. The solid (dashed) lines refer to transitions to nontilde (tilde) thermal one-phonon states. S; is the total GT,
strength. The arrows indicate the zero-temperature threshold Q = My — M;, where M, ; are the masses of the parent and daughter nuclei.

Q(*Fe) = 1.21 MeV and Q(*°Fe) = 4.20 MeV.

strength appears well below the zero-temperature
threshold, including negative energies.

Owing to the vanishing of the pairing correlations and
the appearance of negative- and low-energy transitions, the
centroids of the GT, strength distributions in *3Fe are
shifted to lower excitation energies at high temperatures. Our
calculations indicate that a temperature increase to 0.8 MeV
results in GT. centroid shifts of the order of 1.5 MeV for *Fe
and 2.5 MeV for *°Fe. Thus the present approach violates
Brink’s hypothesis. Similar results have been obtained in
SMMC calculations of GT centroids at finite temperatures. We
also observe (see Fig. 2) a gradual decrease in the total GT
strength when the temperature increases from O to 0.8 MeV.
Nevertheless, as pointed out previously, the present approach
preserves the Ikeda sum rule at finite temperatures.

The calculated GT. strength distributions were used to
obtain the stellar EC rates for 3>6Fe. The rates were calculated
for densities between log,,(0Y.) = 7 and log,,(pY.) = 10asa
function of temperature Ty (Ty = 10°Kand 1 MeV & 11.67).
A comparison between the TQRPA rates and the LSSM results
[10] is presented in Fig. 3.

As must be, the EC rates increase with temperature and
density. Owing to the larger value of the zero-temperature
threshold Q for °Fe, both approaches yield a higher rate for
3Fe than for *°Fe at a given temperature and density. Both
approaches give very similar values for the strength and the
location of the GT .. resonance in >*>°Fe at T = 0. Therefore,

the excellent agreement between the TQRPA and the shell-
model rates at log;,(p0Y,) = 10 and low temperatures (@, ~
11 MeV) is not surprising, as the rates are dominated by the
resonance contribution.

The more interesting point is that at high temperatures
the TQRPA rates always surpass the shell-model ones. To
understand this point, which part of the TQRPA GT_. strength
dominates EC at a given temperature and density must be
clarified. To this end we calculate the relative contributions
ASC /A% of different thermal one-phonon states to the capture
rates for selected values of temperature and density [7o,
log,(pY,)]. The results are depicted in Fig. 4.

Atlow temperatures and densities [Figs. 4(a) and 4(b)], that
is, when p, is small and high-energy electrons from the tail
of the Fermi-Dirac distribution are not sufficiently available to
allow for efficient capture on the GT. resonance, the TQRPA
capture rates are dominated either by the negative-energy
(**Fe) or by the low-energy (*°Fe) part of the GT, strength
that originates from thermally unblocked p — n transitions.
The TQRPA rates are larger than those of the shell model
at low (T, p) owing to differences in the strength and the
energy of such transitions. We note that in the shell-model
evaluation, negative-energy transitions were mainly included
by back-resonances, that is, by inverting the Fermi and
GT_ strength distribution of *Mn and °Mn, respectively.
In contrast to the TQRPA approach, the shell-model GT_
distributions of these nuclei are highly fragmented owing
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FIG. 3. (Color online) Electron capture rates for **Fe (upper panels) and *°Fe (lower panels) calculated using the TQRPA approach as a
function of temperature (7, measures the temperature in 10° K) and for selected values of density pY, (g cm™2). For comparison, the LSSM
rates [10] are also shown. The dashed lines at log,,(0Y.) = 9 correspond to the TQRPA rates calculated with the assigned near-threshold

strength (see text).

to correlations and have centroids at rather high excitation
energies in *Fe and *°Fe, which, at low temperatures, are
strongly suppressed by the Boltzmann factor. In particular,
the differences in energy positions of the transitions are
important because at low (7', p) the rates can change drastically
upon a small change in a transition energy. To see whether
the TQRPA reliably predicts the energy and the strength of
negative- and low-energy transitions, one must go beyond the
TQRPA.

At log,o(pY,) =9 and Ty <5 (u, ~ 5.1 MeV), the near-
threshold part of the GT . strength dominates the capture rates.
Because this part is not reproduced within the TQRPA, the rates
appear to be lower than the LSSM ones. To test this hypothesis,
the capture rates at log,,(pY.) = 9 have been calculated—
guided by the shell-model GT. distributions [9]—assuming
that the near-threshold GT, strengths for >*Fe and °Fe are 0.1
and 0.2, respectively. We therefore assign the value 0.1 (0.2)
to the GT, strength in *Fe (°°Fe) at the zero-temperature
threshold. (A similar method was used in Refs. [5] and [6]
to include the contribution of low-lying transitions.) This
yields a much better agreement between the TQRPA and the
shell-model rates (see Fig. 3). Thus, to improve the reliability
of the TQRPA for the calculation of stellar EC rates at
intermediate densities and low temperatures, the fragmentation
of the GT, resonance should be considered to reproduce
the near-threshold GT, strength. At higher temperatures the
near-threshold strength becomes less important. In Figs. 4(c)
and 4(d) the relative contributions A5 /A% at [Ty, logo(pY.)] =

(5,9) with and without the assigned near-threshold strength
are depicted. As can be seen, the contribution from the
near-threshold strength is not dominant.

When the temperature approaches Ty = 10, the rates are
dominated by the strong transitions involving the GT. reso-
nance at low [Fig. 4(e)] as well as at high [Fig. 4(f)] densities.
[Note that at log,,(pY.) = 7 and high temperatures the con-
tribution of negative-energy transitions is non-negligible.] As
discussed previously, the TQRPA predicts that with increasing
temperature the GT, resonance shifts to lower excitation
energies. This explains why the TQRPA rates always surpass
the LSSM ones at high temperatures.

Thus, at high densities and low temperatures the TQRPA
and LSSM EC rates for *>°Fe are in good agreement. As
mentioned previously the disagreement at moderate densities
and low temperatures can be removed by considering the
fragmentation of the GT. strength. For a separable residual
interaction used here this can be done following the method
developed within the QPM, that is, by taking phonon coupling
into account.

V. NEUTRON-RICH GERMANIUM ISOTOPES

During gravitational collapse the nuclear composition
moves toward a higher mass number and more neutron-rich
nuclei. Eventually nuclei will have all neutron pf-shell orbits
filled, with valence neutrons in the sdg shell (N > 40)
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FIG. 4. (Color online) Relative contribution A7°/A° of the ith
thermal one-phonon state to the EC rate on >*3Fe for selected values
of temperature and density [Ty, log,,(pY,)]. The electron chemical
potential p, is in units of mega—electron volts; E is the transition
energy to the ith thermal one-phonon state. The arrows in (d) indicate
the relative contributions of the assigned near-threshold strengths
(see text).

and valence protons within the pf shell (Z < 40). The
Pauli principle blocks GT, transitions in such neutron-rich
nuclei if the independent particle model is used. It has been
demonstrated in Ref. [4] that, at high enough temperatures,
T ~ 1.5 MeV, GT; transitions become unblocked by thermal
excitations that either move protons into the 1g9/, orbital or
remove neutrons from the pf shell. An alternative unblocking
mechanism—configuration mixing induced by the residual
interaction—was considered in Ref. [20]. Based on this
approach it was found that EC on nuclei with N > 40 is
also dominated by GT. transitions, even at rather low stellar
temperatures, T ~ 0.5 MeV. Contrary to Ref. [4], it was argued
that unblocking effects owing to mixing are not very sensitive
to increasing temperature.

Consistent calculations of EC rates for neutron-rich nuclei
are not yet feasible in the shell model owing to the large
model space. In Ref. [20], the capture rates were calculated
adopting a hybrid model: The partial occupation numbers
calculated within the SMMC approach at finite temperature
were used in calculations based on the RPA. Here, using
the germanium isotopes '07880Ge as examples, we apply
the TQRPA formalism to calculate EC rates on neutron-
rich nuclei. Particular attention is paid to the temperature
dependence of the unblocking effect.

The parameters of the model Hamiltonian for
are chosen in the same manner as for >*%Fe. The
sequence of single-particle levels obtained is close to that
used in Ref. [4] for %?Ge. For pairing gaps we obtain
A pmy = 1.50(1.57) MeV for "Ge, A ) = 1.59(1.42) MeV

76,78,80(}e
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FIG. 5. (Color online) Strength distribution (folded) of allowed
(0* and 1%) p — n transitions in 7°Ge at various temperatures 7.
E denotes the transition energy. The contribution of 0" transitions is
shown by the dashed line. S; is the total strength. The arrows indicate
the zero-temperature threshold Q("°Ge) = M;— M; =752MeV. A
and B label the transitions: A = 1 £, — 14, B = lgg, — 187,

for ®Ge, and Apmy = 1.39(1.35) MeV for 80Ge. We take
into account both the allowed (GT and Fermi) and the FF
transitions with J < 2. To generate one-phonon states of
natural and unnatural parity we use the isovector multipole and
spin-multipole strength parameters Kf” and K;L)L) *=0,1,2)
according to Refs. [42] and [43].

As a representative example, the strength distribution of
allowed p — n transitions from 7Ge for different values of
temperature is displayed in Fig. 5. The distributions have
been folded with a Breit-Wigner function of 1-MeV width. As
follows from our study as well as from Refs. [4] and [20], two
single-particle transitions mainly contribute to the total GT
strength in neutron-rich germanium isotopes. These are the
gy 1, — g7, particle-particle and 1 f7‘;2 — 1f3), hole-hole
transitions. In an independent particle model both transitions
are blocked at zero temperature. However, in the present model
they become unblocked owing to pairing correlations and
thermal excitations. Referring to Fig. 5 it is shown that, with
increasing temperature, the peaks in the GT distribution shift
to lower excitation energies and the total strength decreases in
the vicinity of the critical temperature (7., ~ 0.8 MeV).? The
shift is about 8 MeV and, hence, cannot be explained solely by
the removal of the extra energy needed to break a proton pair.

To explain both the effects we neglect the residual particle-
hole interaction and consider the pairing interaction only.

3The same effects were found in Ref. [28] for 8Ge.
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(As follows from our study, the position of the GT, peaks
in 7%7839Ge is little affected by the inclusion of QRPA
correlations and thermal one-phonon states can be considered
as thermal two-quasiparticle states.) At finite temperature the
GT.; operator can excite conﬁgurations of four different types,

namely, (8] A} 1., [A- ﬁT 1}.» [B] A1, and [E%ﬁ;],ﬂ. The
respectlve transition energles and transition Strengths are
E\(jp = Jn) = gj, +€j, + o,

. . 1 \2.2 2 .2 2.
Q1Up = Jn) = (‘fipjn) Vi, W, X5, %,

EZ(jp - jn) = _(8_/',, + 8]'”) + Q y

. . 2
P2(jp = Jn) = (f},,,-n) W g
Es(jp = jn) = €j, —¢€j, + 0",

. . 2
3(jp = jn) = (f,i,,-,,) v vl Xy v

Jp " n ]py]n
Es(jp = Ju) = —(gj, — ;) + Q%

2,
Q4(jp = Jn) = (‘flpln) Jp /nyz,, jn

Here Q* = Apnp + Amy,, [see Eq. (20)]. In the follow-
ing j, — ju refers to either the lgg, — lgj, or the
1f, 71;2 — 1f5), transition.

At T < T the excitation of the [,BJT.F ,BL]L configuration
dominates the strength distribution because of the factor
szpszn ~1 in ®(j, = ja). Therefore, at relatively low
temperatures, when configuration mixing induced by pairing
correlations in the ground state is the main unblocking
mechanism, the position of the GT, peaks is given by
Ei(1gg,, — 1g5,,) and Ei(1ff, — 1fZ),) [Figs. 5(a) and
5(b)]. With increasing temperature states having internal
configurations other than those of the nuclear ground state gain
statistical weight, and in particular, the pairing correlations in
these excited states decrease. When the pairing correlations
disappear and the factors v2 2 in ®(j, — j.) become zero,
the peaks considered completely vanish [Fig. 5(c)]. The value
of ®,(j, — Jjn) becomes zero as well. At T > T, the poles
Eigh, +E1g3, and eifp, + €1y, NO longer contribute to the
secular equation (14).

At T > T, GT, transitions from (to) thermally oc-
cupied (unblocked) orbitals dominate the strength distri-
bution. These transitions correspond to excitation of the

1l T 1 ; ;
[ﬁ]gé,/ i B g; and [,3] 2 ﬂlf;/z] .. configurations and their en-

ergies are E4(lg9/2 — 1g7/2) and E3(1f71;2 — 1f5”/2), respec-
tively. Neglecting Am,,, these energies are the energy dif-
ference between the final and the initial single-particle states,
that is, E4(185,, — 187,,) & Eigr, — E)g, and Es(1f), —
1 fsn/z) ~ Ep, — E £l Because of the thermally unblocked
transitions the GT, peaks appear near the zero-temperature
threshold [Fig. 5(d)].

Thus, in contrast to Ref. [20], we find that the unblocking
effect for GT, transitions in neutron-rich nuclei is sensitive to
increasing temperature. No shift to lower excitation energies
for the GT, peaks or decrease in the total GT, strength
in the vicinity of the critical temperature were observed
in Ref. [20]. To understand these differences we compare

PHYSICAL REVIEW C 81, 015804 (2010)

again the approximations underlying the present model and
the hybrid approach used in Ref. [20]. The TQRPA has
the virtue of consistency. It describes correlations by con-
figuration mixing derived from a pairing interaction up to
the 2p2h level. In the hybrid model, occupation numbers at
finite temperature are calculated within the SMMC approach,
accounting for all many-body npnh correlations induced by
a pairing + quadrupole residual interaction. These occupation
numbers have then been used to define a thermal ground state
that is the basis of an RPA approach to calculate the capture
cross sections, considering only 1plh excitations on the top of
this ground state. Therefore the hybrid model does not include
explicitly 2p2h pairing correlations when calculating strength
distributions.

Repeating our previous observation, the TQRPA has two
distinct transitions to overcome Pauli blocking. Using, for
the sake of simplicity, the language of the independent-
particle model in the TQRPA, GT transitions can occur from
configuration-mixed states with OpOh and 2p2h components.
These transitions lead to excited states in which centroids
are shifted by the excitation energy of two particles raised
across the pf-sdg shell gap, which corresponds to about
8 MeV for "®Ge. The two peaks shown in the TQRPA GT
strength distribution in Figs. 5(a) and 5(b) correspond to these
two transitions. As the 2p2h component has two neutron holes,
GT transitions into these holes are not Pauli blocked. Hence
these transitions are relatively strong within the TQRPA model
atlow temperatures. On the other hand, GT transitions between
pure OpOh components are Pauli blocked. Transitions to final
states corresponding to the lower centroid are only possible
owing to the small mixing of 2p2h configurations into the final
states. Hence the GT strength corresponding to the lower peak
is rather weak at low temperatures [Fig. 5(b)]. The relative
weight of the transition strength between these two peaks
changes with increasing temperature owing to the increasing
thermal excitations and the decreasing correlations induced by
pairing. The latter effect dominates at modest temperatures.
As a consequence, the strength in the upper peak decreases,
whereas that of the lower peak increases and, at temperatures
beyond the critical temperature T, dominates the GT strength
distribution in the TQRPA model [Fig. 5(d)].

It is found that in the SMMC approach many-body correla-
tions lead to much stronger excitation of particles (mainly
neutrons) across the pf-sdg shell gap than found in the
TQRPA model. This is demonstrated in Figs. 6(a)-6(d), which
compare the SMMC and thermal BCS occupation numbers
for various orbitals as a function of temperature. Whereas
the BCS predicts only 0.3 neutron to be excited out of the
pf shell at T =0 for 7Ge, this number is about 1.2 for
the SMMC, which is actually also smaller than the number
of neutron excitations across the shell gap, recently derived
experimentally (2.48 4 0.30) [44]. Obviously, the differences
in occupation numbers lead to the larger Pauli unblocking
in the SMMC approach than found in the TQRPA model.
Correspondingly, the RPA calculation on top of the SMMC
occupation numbers predicts more GT strength in the energy
range around 10 MeV (corresponding to the OpOh centroid
in the TQRPA calculation), which, as we show later, also
results in higher capture cross sections at low temperatures.
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FIG. 6. (Color online) (a, b) Occupation numbers for the 1 f7,,
and 1gg, proton orbitals in 6Ge as a function of temperature. (c, d)
Occupation numbers for the 1 f5,, and 1g7,, neutron orbitals. (e, f) The
unblocking probabilities for the 1f/, — 1f3), and 1gg,, — 1g5,
transitions.

In passing we note that, at low temperatures, the SMMC
predicts a larger number of neutron excitations, but a smaller
number of proton excitations, across the pf-sdg shell gap
than the TQRPA model does. This highlights the impor-
tance of pn correlations, induced by isovector pairing and
quadrupole interactions, in the SMMC approach. These types
of pn correlations are not considered in the present TQRPA
calculations.

In the SMMC, the many-body correlations induced by
the “pairing+quadrupole” interaction also yield a significantly
smaller temperature dependence in the occupation numbers
than observed in the TQRPA approach. In this model, the
energies of the unblocked GT transitions essentially depend
on temperature: at T > T, when the unblocking is caused by
thermal excitations (the thermal unblocking), they are smaller
than the ones at T < T, when the unblocking is caused by
configuration mixing. Obviously, the significant shift of the
GT, peaks to lower excitation energies favors EC. One can
concludethatat 7T > T, GT, transitions in neutron-rich nuclei
are more unblocked than at T < T,.

To explain the second effect, we consider the total strength
for the j, — j, transition,

SiGp = Jn) = D @iy = jn) = (fL;)n;,(1-n;). @4)

i

where n;_is the proton (t = p) or neutron (t = n) occupation
factor,

nj = (O(T):qplal,a,,, [0(T):qp) = uly? +vix?.  (25)

The value of n;,(1 —nj,) determines the unblocking proba-
bility for the j, — j, transition. As follows from Eq. (25) the
unblocking probability depends on the temperature through
the coefficients of both the Bogoliubov and the thermal trans-
formation, that is, it is determined by both the configuration
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mixing and the thermal excitations. We note again that at 0 <
T < T the total strength S, of the unblocked particle-particle
or hole-hole transition is not concentrated in only one peak
but, as follows from Eq. (23), is fragmented into four parts.
Figures 6(e) and 6(f) show the unblocking probabilities for the
1f], = 1£2, and 1gg,, — 1g4, transitions as a function of
temperature.

As shown in Figs. 6(e) and 6(f) the unblocking proba-
bilities for both transitions show a minimum at the critical
temperature. It is apparent that this minimum occurs because
at T, pairing correlations vanish while thermal effects are
not yet sufficiently strong to occupy the 1gg/, proton orbit
or unblock the 1f5,, neutron orbit. As a result the total
transition strength S, decreases in the vicinity of the critical
temperature. In contrast, this minimum is absent in the
SMMC unblocking probabilities [see Figs. 6(e) and 6(f)].
Here the residual interaction introduces a slight, but gradual
increase in the probability with temperature. At T > 1.5 MeV
the SMMC and TQRPA results converge as is expected in the
high-temperature limit.

The fact that crossing shell gaps by correlations is a rather
slowly converging process that requires the consideration of
multiparticle-multihole configurations has already been ob-
served in large-scale diagonalization shell-model calculations,
for example, studying calcium isotope shifts [45] or the M1
strength in argon isotopes [46].

For neutron-rich nuclei the contribution of the FF p —
n transitions to EC is not negligible [4,20]. The strength
distributions of FF 0—, 1~, and 2~ transitions in "°Ge are
shown in Fig. 7 for temperatures 7 = 0.2 and 1.3 MeV.
The distributions have been folded by the same procedure
used for the allowed transitions. As shown in the figure,
a temperature increase weakly affects the peaks in the 0~
and 27 strength distributions. The reason is that these are
dominated by particle-hole transitions whose energy depends
only weakly on temperature (in contrast to particle-particle
and hole-hole transitions). With increasing temperature the
peaks shift slightly to lower excitation energies owing to
the vanishing of the pairing correlations, and some transition
strength appears below the zero-temperature threshold owing
to thermally unblocked transitions.

A finite temperature induces a significant spread in the
1~ transition strength distribution. The spread can be easily
explained. At 7 = 0.2 MeV the main peak in the distribution is
generated by three single-particle transitions: 1 f71;2 — 2d§/2,
15, = 1875, and 1 ), — 1g5,. The first is a particle-hole
transition and its energy depends only slightly on temperature.
The second and third are particle-particle and hole-hole
transitions, respectively. As discussed above, the energies of
particle-particle and hole-hole transitions are noticeably lower
at T > T, than at T < T,. Therefore, at T = 1.3 MeV, the
peak is fragmented into three parts, resulting in a broadening
of the 1~ strength distribution. The 1~ peak at E = 19 MeV
is generated by the particle-hole transition 1 f7’;2 — 1g7 /2»and
hence, its position and strength almost do not depend on the
temperature.

To reveal the importance of the thermal unblocking for GT
transitions in neutron-rich nuclei, we performed EC cross-
section calculations. In the present approach, the total cross
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FIG. 7. Folded strength distributions of first-forbidden 0~, 17,
and 2~ p — n transitions in 7°Ge at T = 0.2 MeV (left panels) and
T = 1.3 MeV (right panels); E is the transition energy. The strength
distributions for the 2~ multipole correspond to 25-MeV electrons.
S; is the total strength. The arrows indicate the zero-temperature
threshold. A—C label the 1~ transitions: A = 1]‘7‘72 — 2d,, B =

lfsl;z — 187, C = 1f71;2 — 1gg,.

section for capture of an electron with energy E, on a nucleus
with charge Z is given by

Gy
O(Ee, T)= S2F(Z, Eo) ) (Ee — EfY Y@y, (26)
Ji

where G, is the weak interaction coupling constant, and
F(Z, E,) is the Fermi function that accounts for the Coulomb
distortion of the electron wave function near the nucleus
(see, e.g., Ref. [9]). Only allowed and FF transitions are
involved in the sum over J in the present study.

In Fig. 8, the EC cross sections for 76.78.80Ge are shown for
three temperatures. The temperature dependence of the cross
sections is most pronounced at moderate electron energies
(E, < 15 MeV): for E, = 15 MeV a temperature increase
from 0.5 to 1.3 MeV results in an enhancement of the cross
sections by an order of magnitude. No such enhancement was
found in Ref. [20] (see below). To make clear the reason for this
enhancement, we calculate the relative contribution of allowed
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FIG. 8. (Color online) Electron capture cross sections (upper
panels) for 7%30%Ge calculated within the TQRPA approach for
various temperatures. Relative contributions of allowed transitions
to the electron capture cross sections are shown in the lower panels.

transitions to the EC cross sections. The results are displayed
in the lower panels in Fig. 8.

It is shown that at £, < 15 MeV EC is mainly mediated
by the allowed transitions. Consequently, the cross-section
enhancement is caused by the thermal unblocking of GT.
transitions (the Fermi contribution to the cross sections is
negligible). Furthermore, because of the thermal unblocking,
the electron energy below which EC is dominated by allowed
transitions shifts to higher values: at 7 = 0.5 and 0.9 MeV
this energy is 16-18 MeV, whereas at 7 = 1.3 MeV it is
about 25 MeV. For higher electron energies, the FF transitions
become increasingly important. As the strength of the FF
transitions is less sensitive to temperature, the capture cross
sections at E, ~ 30 MeV depend only weakly on temperature.

The strong temperature sensitivity of the cross sections at
low electron energies reflects the temperature dependence of
the TQRPA GT strength distribution, as discussed previously.
This has two main reasons. First, at low temperatures the
dominant GT strength resides at higher excitation energies
than in the hybrid model. Second, in the TQRPA the GT
centroid shifts by several mega—electron volts, which is not
observed in the hybrid model. Both facts, amplified by the
strong phase-space energy dependence, lead to a much stronger
dependence of the cross section in the TQRPA model than in
the hybrid model. As the GT contribution to the cross sections
is larger in the hybrid model than in the present TQRPA
calculation, allowed transitions dominate to higher electron
energies in the former.

Figure 9 compares the capture rates for 7¢73%Ge as
obtained in the hybrid and the TQRPA models. We note
that the hybrid model rates are noticeably higher than the
present rates at low temperatures. This is because of the
increased unblocking probability in the hybrid model caused
by many-body correlations, which lead to a greater GT strength
at lower excitation energies than in the TQRPA approach. With
increasing temperature and density the differences between the
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FIG. 9. (Color online) Electron capture rates for '7#8Ge calculated using the TQRPA approach as a function of temperature and for
selected values of density pY, (g cm™3). For comparison, the rates obtained with the hybrid model (HM) are also shown.

rates in the two models become smaller. This has two causes.
First, with increasing temperature and density the average
electron energy increases and the rates become less sensitive
to details of the GT strength distribution. Second, the GT
strength distributions as calculated in the two models become
more similar with increasing temperature as already discussed.

Note that the EC rates obtained in both models for the
temperature and density regime when neutron-rich nuclei
like those studied here dominate the composition during the
supernova core collapse (T > 1 MeV, p > 5 x 10'° g/cm?)
are high enough that EC on nuclei dominates over capture on
free protons as predicted in Ref. [20].

VI. CONCLUSION

In the present work, we have considered the GT, and FF
transitions in hot nuclei. We have applied the proton-neutron
QRPA extended to finite temperature by the TFD formalism.
The approach allows treatment of charge-exchange transitions
in nuclei at finite temperature, avoiding Brink’s hypothesis.
Moreover, the Ikeda sum rule was proven to be fulfilled at

finite temperature. As an example, the strength distributions of
GT, transitions in >*>°Fe have been calculated. A downward
shift in the GT, strength was observed with increasing
temperature. The shift is caused by the disappearance of
pairing correlations and the appearance of negative- and low-
energy transitions. The downward shift results in higher EC
rates at high temperatures compared to those obtained in the
shell-model calculations. We have found that the contribution
of negative- and low-energy transitions, which are treated as
transitions from thermally excited nuclear states, to EC is
non-negligible even at low temperatures.

The GT strength distribution in the neutron-rich 7¢73-80Ge
nuclei have been calculated as well. It was found that
the temperature increase leads to a considerable (~8-MeV)
downward shift of the strength distribution peaks and reduces
the total transition strength in the vicinity of the critical
temperature. This makes the unblocking effect for neutron-rich
nuclei in our model quite sensitive to increasing temperature,

which is clearly observed in the EC cross sections and rates
for 7678:80Ge.
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Our results have been compared with those obtained
within the shell-model diagonalization method for iron iso-
topes and within the hybrid SMMC + RPA model for the
neutron-rich germanium isotopes. The importance of many-
body correlations beyond those induced by pairing in our
TQRPA model become apparent from the comparison. For
the nuclides >*°Fe the Pauli unblocking is unimportant, as
GT transitions are possible even in the independent-particle
model without correlations. The TQRPA describes the centroid
of the GT strength rather well. However, it misses the
low-lying GT strength, which is induced by multinucleon
correlations. The low-lying GT strength in *°Fe that is
observed experimentally and reproduced by the shell model
is important for EC rates at low temperatures. Because of the
lack of this part of the GT strength distribution, the EC rates are
underestimated.

Pauli unblocking is crucial for calculation of the
GT strength and the associated EC rates for the neutron-rich
germanium isotopes. Previous calculations in the shell-model
diagonalization method have shown that such cross-shell
effects are rather slowly converging with increasing corre-
lations across the shell gap and require the consideration of
multinucleon correlations. This is in line with the observation
that the SMMC approach, which accounts for complex config-
uration mixing, recovers significantly more excitations across
the pf-sdg shell gap than found in the TQRPA approach,
which, at low temperatures, derives the Pauli unblocking
mainly from (2p2h) pairing correlations. As a result, the
two approaches predict different GT distributions and capture
rates at low temperatures and densities. On the contrary, both
yield rather similar capture rates for collapse conditions where
Pauli unblocking matters, confirming that capture on nuclei
dominates over that on free protons.

In summary, we have presented an approach that allows
calculation of stellar weak-interaction processes at finite
temperature in a thermodynamically consistent way. This
makes it conceptually superior to the hybrid approach of the
SMMC + RPA, which has been used previously to estimate
EC rates for neutron-rich nuclei. In the present application,
correlations described by the TQRPA have been taken into
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account. Whereas much of the essential physics is already
recovered, the detailed comparison to the shell-model results
implies that the approach should be further improved. On
the one hand, the predictive power is limited by the use
of a phenomenological Hamiltonian consisting of a Woods-
Saxon potential with locally readjusted depths as well as
schematic residual interactions. Of particular importance is
the inclusion of the attractive spin-isospin interaction in the
particle-particle channel (see, e.g., Refs. [47] and [48]), which
moves the GT strength to lower excitation energies. It would
therefore be desirable to combine our TFD-based approach
at finite temperature with self-consistent QRPA calculations
based on more realistic effective interactions, including the
particle-particle channel consistently (see, e.g., Ref. [49]).
These improvements would also allow the effects of nuclear
deformation to be properly taken into account [50]. Another
direction is the inclusion of correlations beyond the RPA
(or QRPA) by coupling the RPA phonons to more complex
(e.g., two-phonon) configurations. For charge-exchange ex-
citations in cold nuclei this problem has been considered
within the QPM [30,31] and by approaches that solve the
(second) RPA equations in the space of two-particle/two-
hole excitations [51]. It was found that the coupling with
complex configurations strongly fragments the RPA strength
distribution.

We would like to reiterate that the present study can only be
considered a first step toward reliable predictions of EC rates in
nuclei not accessible to the shell model. Improvements along
the lines discussed here will be made in future extensions of
the model within the TFD framework.
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