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We present Gamow-Teller strength distributions from shell model Monte Carlo studigssifell nuclei
that may play an important role in the precollapse evolution of supernovas. We then use these strength
distributions to calculate the electron-capture cross sections and rates in the zero-momentum transfer limit. We
also discuss the thermal behavior of the cross sections. We find large differences in these cross sections and
rates when compared to the naive single-patrticle estimates. These differences need to be taken into account for
improved modeling of the early stages of type-ll supernova evoluf®d556-281®8)04507-3

PACS numbes): 26.50+x, 23.40-s, 21.60.Cs, 27.48.z

. INTRODUCTION show that the GT strength is fragmented over many states,
while the total strength is significantly quenched compared
The impact of nuclear structure on astrophysics has beto the single-particle model. A recent update of the ,GT
come increasingly important, particularly in the fascinatingrates for use in supernova simulations assumed a constant
and presently unsolved problem of type-Il supernova exploguenching factor of 23], and included the known low-lying
sions. The possibility to detect neutrinos ejected before théransitions in the calculations of the rates.
infalling matter reaches the neutrino trapping densifywill In the presupernova collapse, electron capture bshell
allow us, for the first time, to understand whether models ohuclei proceeds at temperatures between 300 keV and 800
the precollapse evolution are in reasonable agreement witkeV [3]. While presupernova collapse studies took into ac-
observation. These studies will also shed light on the effeceount the temperature effects on the electron-capture rate in-
tive electron-to-proton ratio in the early stages of the col-duced by changes in the electron distribution, potential ef-
lapse. fects on the Gamow-Teller strength distribution have been
Key inputs for the precollapse scenario are the electronneglected, and use was made of the extreme shifting assump-
capture cross sections and rates for iron group nyi2lé&]. tion [10] which states that the centroid corresponding to each
The core of a massive star at the end of hydrostatic burningarent excited state is shifted upward in the daughter nucleus
is stabilized by electron degeneracy pressure as long as ik the excitation energy of the parent state. As experiments
mass does not exceed the appropriate Chandrasekhar maseasure only the ground state distribution, this hypothesis
Mch. If the core mass exceed8c;,, electrons are captured has necessarily to be tested theoretically, and it has been
by nuclei[2]. Thus, the depletion of the electron population found approximately valid in a restricted shell model study
due to capture by nuclei is a crucial factor determining thg11,12; however, the recent shell model Monte Carlo
initial collapse phase. (SMMC) calculations of Ref{13] clearly indicate changes of
The reduction of the electroweak interaction matrix ele-the Gamow-Teller strength distribution with temperature.
ment to the zero-momentum transfer limit for the nuclearThus it appears desirable to take possible changes of the
sector leads directly to the Gamow-Teller operator as a priGamow-Teller strength distribution with temperature also
mary ingredient in electron-capture cross section calculainto account when calculating presupernova electron-capture
tions. The Gamow-Telle(GT) properties of nuclei in the rates. We will consistently do this in this paper.
iron region of the periodic table are known to be crucial for In contrast to previous studies, the calculations presented
supernova physic$4]. For many of the nuclei that are in this paper solve the full shell model problem for the
present in this early stage of the presupern@faGT tran-  Gamow-Teller strength distributions in thei® fp-shell
sitions contribute significantly to the electron-capture crosspace using a realistic residual interaction. We use the
sections. Because of insufficient experimental informationSMMC approach to find the Gamow-Teller strength distribu-
the GT, transitions, which change protons into neutronstions. The SMMC approach has the added advantage that it
have so far been treated only qualitatively in presupernovaeats nuclear temperature exactly. These distributions are
collapse simulations, assuming the G3trength to reside in then used to calculate the electron-capture cross section as a
a single resonance whose energy relative to the daughtéunction of the incident energy of the electron. We also cal-
ground state has been parametrized phenomenolog[ddily culate the electron-capture rates assuming a relativistic elec-
the total GT, strength has been taken from the single-tron gas and a variety of electron chemical potentials. In Sec.
particle model. Recentn(p) experimentd5-9], however, |l we discuss the methods used in these calculations, while in
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Sec. Il we present our results. A discussion and conclusion R (1) =(AT(7) A(0))
follow in Sec. IV.

_ Tryle A" DH 4Te= "]

Il. THEORETICAL BACKGROUND

Trale PH]
A. Shell model Monte Carlo techniques
The SMMC method is based on a statistical formulation > (23;+1)e PRie™ BB (] A|i))|?
of the nuclear many-body problem. In the finite-temperature _ . B

version of this approach, an observable is calculated as the

canonical expectation value of a corresponding opetdtat
a given nuclear temperatufig;, and is given by14—17

> (23+1)e FE

Note that the total strength for the operator is givenRfy

. Tra A0 = istributi
2= Al ! ], i 0). The strength distribution
Tra[U]
~ A~ - | I 2
where U=exp(—BH) is the imaginary-time many-body ; S(E—Ef+E) (23 +1)e FR|(f[Afi)]
propagator, TU is the canonical partition function foh SA(E)= (4)
nucleonsH is the shell model Hamiltonian, angl=1/Ty is EI (23;+1)e P&

the inverse temperature.
The SMMC canonical expectation values are based on the

. L A Is related toR by a Laplace transform,
discretization of the many-body propagator, expf), into A(7) by P
a finite number of imaginary time slicebl;, each of dura-
tion AB=B/N;. At each time slice the many-body propaga- [~ _E
tor is linearized via the Hubbard-Stratonovich transformation Ra(m)= _wSA(E)e dE. ®)
[18,19; observables are thus expressed as path integrals of

one-body propagators in fluctuating auxiliary fields. The in'Note that hereE is the energy transfer within the parent

tegra_tlon is carried (.)Ut by a Metropolis rando_m WEHO]. nucleus, and that the strength distribut®gr, (E) has units
To circumvent the sign problem encountered in the SMMCOf Mev—1
calculations with realistic interactions, we use the extrapola- '
tion procedure outlined in Reff21,22,.

Yet another, but distinct, source of the sign problem is an B. Weak interaction cross sections in nuclei

odd number of nucleons in the canonical expectation values Electron capture by nuclei is mediated by the electroweak
[17]. We overcome this problem by a number-projectioncharged current. At energies appropriate for the precollapse
technique, first employed if23] and subsequently used in sypernova, thav-boson propagator may be collapsed to a
[17], which allows us to extract information concerning odd- point coupling and the weak vertex represented by Yhé\J

A nuclei from the neighboring even-even system. The partizoupling with the universal strength,. The complexity of

tion function for the oddA nucleusA’ is given by computing these channels for electron capture arises from the
need to treat both the weak sector and the details of the
TraU, nuclear structure effects with suitable finesse to obtain reli-
ZA;ZJ D[U]G(U)TrArUa_:J D[U]G(U)TrAU‘T—TrAUU , able cross sections.
2) Starting from the exact expression for the semileptonic

process corresponding to electron capture, one can approxi-

where we have introduced the trace over the even-evefate the three-momentum transfer to the nucleus to be zero
nucleusA. The integration is over all auxiliary field variables in the nuclear sector corresponding to computing the nuclear
o, and G(o) is a Gaussian factor that arises when thematrix elements between initial and final states. This allows
Hubbard-Stratonovitch transformation is employed. We deUs to calculate and predict the nuclear sector with a high
fine our Metropolis sampling weight asW(o) level of accuracy. The lepton traces and kinematics are still
=G(0)TraU,, and in the case of number projection, the included correctly as is energy conservation between the ini-
Monte Carlo sign become® (o) =Tra/U,/TraU,, which tial and final states. The sacrifice of the magnitude of the
is small, but fairly stable against fluctuations at least down tgnomentum transfer to the nucleus in the nuclear sector is
Ty=0.8 MeV for realistic interactions. We project from the reasonably well justified at the energy domain operative in
nearest even-even system wih+ 1 particles. the precollapse stellar core where energies are low and the

The SMMC method is also used to calculate the respons@nergy transfer from the incident charged lepton to the
functionR () of an operator4 at an imaginary time-. The nucleus is maln_ly used for mtgrnal nuclegr excitation.
response describes the dynamical behavior of the nucleus Electrons with energyE. interact with the nucleus
under the influence of the operator, and contains informatiofrough the weak interaction. For charge exchange interac-
about the nuclear spectrum. This is seen by using a spectrBPns,
distribution of initial and final statel$), |f) with energies;
andE;: e +A(N,Z)—AN+1Z—1)+ . (6)
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The parent nucleus absorbs a part of the incident energy and Ggka exp(— BE;) Gi

the neutrino carries the remaining energly. The energy = —f dé(Ee— §)22 7. 1on
absorbed by the parent is given by the difference between the T 't A m

initial and final nuclear stateg,=E;—E;, and the states are 2

labeled by{|f),|i)}, respectively. Energy conservation re- X 8(é—E;+E). (1))
quires thatE,.=E+e¢,. The details of the derivation of the

matrix element are given if24]. The angular cross section . )
follows as Using the SMMC expression for the Gamow-Teller strength

distributions and shifting the energy scale in E4). by an
appropriate Coulomb correction and the proton-neutron mass
splitting, the total cross section can be recast into the form

A
<f||§1 7 (D oer(D]]1)

do &2V

ey f[Hwli)?|, (7

dQ (271')2 Ieptonspinsz\li‘l‘lM%i |< | Wl >| ™ G2
A

. o(Ee) =69 f dé(Ee— &% 15— Sor, (§)F(Z.Ee).

whereH,y is the weak interaction Hamiltoniad, (J;) is the

initial (final) spin of the nuclear state, ardd; and M; are
projections of the angular momentum of the initial and finaljere we have additionally accounted for the distortion of the
states of the nucleus, respectively. In the limit of small threeectron’s wave function due to the Coulomb field of the

momentum transfer, the partial cross section for electron cleus by introducing the Fermi functiéi(Z,E.), which is
capture between fixed initial and final states at a given inCigg|culated as in Ref3].

dent electron energy reduces to The presupernova electron capture raggis then given
by folding the total cross section with the flux of a degener-

(12

6(Ee— E)%g2, R ate relativistic electron gas:
oti(Ee) =——57—=— [(FI[ L4l[i)?, (8
where g,,=1.1661x10"° GeV ? is the weak coupling ¢ 6163 sedo oV (mec?)s
constant, and
. A L € 1+exd Be(Ee—me)]’
. i
Liy=——G To(i)ou(i). 9 13
1M\/EA21 +(Doym(i) 9) (13

_ _ _ where 1B., p, andu, are the electron temperature, momen-
Here G, is the axial vector form factor which at zero mo- tym, and chemical potentiall=(Q%—mZc*)*? for Qi<

mentum isG,=1.25. The Gamow-Teller operator 8T, _m_c2 and 0 otherwise, an@;;= — E=E; —E; is the en-

=37 oy, where;" is the isospin raising operator, and  ergy difference between the nuclear statemnd f, respec-
is the Pauli spin operator for nucleonThe Clebsch-Gordon tively. We have indicated that the Gamow-Teller distribution
coefficients that arise when applying the Wigner-Eckartis calculated at the finite nuclear temperatiie which, in
theorem give selection rules for this operator that requirgyinciple, is the same as the one of the electron gas,
transitions from an initial state with quantum numberszl//ge_ However, we will study below the uncertainties in-
(J;,T; IT;) to a final state s, T¢,IIf) such thatAJ=J;  troduced in the electron-capture rate due to the temperature
—J;=01, but noJ;=J;=0, AT=T;—-T;=0,1, andIl;  dependence of the Gamow-Teller distribution by varyihg
=1II;. for fixed T,.
Our previous studies showed that the experimentally ob-
served quenching of the total GT strength is consistently
reproduced by the correlations within the fglf shell if a
renormalization of the spin operator by a factor of 0.8 is A. Validation
invoked [25,26. The same renormalization factor had al-
ready been deduced frosd-shell [27] and pf-shell nuclei
with A<49[28,29 and thus appears to be universal. In this

IIl. RESULTS

The SMMC calculations of Gamow-Teller strength distri-
butions were detailed in Ref13]. In the present work, we
. . have calculated several more nuclei in addition to those
work, we also renormalize the spin operator by Q8 fonq in Ref.[13]. Each even-even nucleus is calculated at a
=0.80y. . temperature offy=0.5 MeV, while theg extrapolation re-

d In olrder to obtain the total cross sectlon”a_t a gllver:j 'fr_]c" uired to circumvent the SMMC sign problem allows one
ent electron energy, one must sum over all initial and fina nly to cool oddA nuclei down to a temperature dfy

states in Eq(8). We are generally interested in situations —0.8 MeV. We use &\ 3=0.031 25 MeV %, and approxi-

when the initial nucleus is at a finite temperature, so that th‘?‘nately 4000 samples per extrapolation Hamiltonian. We use
'”'“'?" .St"’}t? sum n_lfeheds tﬁ be V\I/elghted by' thg appropriatg, e kg3 residual interactiof80] which is well suited for full
statistical factors. Thus, the total cross section is 0% w studies throughout the lowerf-shell region[26]. Us-
ing the numerical techniques described in REIR,17], we
o(E ):2 (2Ji+1)exp(— BEi) oi(Eg) (10) construct a strength distribution from the response function
e “ fi e
T z of the Gamow-Teller operator. Recall from R¢L.3] that
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FIG. 1. Top panel: the Gamow-Teller transitions as a function of
the energy transfdE = E;— E; using the SMMC approach fdSc,
and comparing to diagonalization calculatiofi3D) at Ty=0.33

and 0.8 MeV. Middle panel: the cross section calculated from both
SMMC and diagonalization calculations. Bottom panel: calculateo{‘n

rates from the SMMC approachlT(=0.8 MeV), assumingT,
=0.3 and 0.8 MeV, compared to the exact resulis<{Ty).

of the nuclear energy transfé&=E;—E; required in Eg.
(12). (The Coulomb energy of the final state has been cor-
rected using the shift as defined[iB5].) One observes that
the SMMC calculation reproduces both the position and the
width of the thermal distribution very well. The diagonaliza-
tion calculation gives a total strength of 0.60, while the
SMMC result is 0.52-0.08.

To study the temperature dependence of the Gamow-
Teller strength distribution we have performed the diagonal-
ization calculations at different temperaturég=0, 0.3
MeV, and 0.8 MeV. The results are also given in Fig. 1. At
first we note that th& =0 distribution can be compared to
the experimental data of Ref31]. The total calculated
strength (0.520.08) agrees well with the measurement
(0.48 up to excitation energies of 9 MeV; the observed
strength at higher excitation energies is likely due to contri-
butions outside the present model spf2@]). However, the
Gamow-Teller peak of the experimental distribution is about
1 MeV higher in energy than the calculation, which makes
the agreement between the data and shell model calculation
worse than in the othgrf-shell nuclei[26,13. With increas-
ing temperature the Gamow-Teller distributions are broad-
ened and its center is shifted slightly to lower transfer ener-
gies. Both effects have already been noticed in the SMMC
studies of 13]. The broadening is mainly due to the fact that
the number of states contributing to the thermal ensemble
increases. The energy shift is caused by the decrease of pair-
ing energy in the higher excited states. We mention that the
large peak seen in the distributions§{=0 and 0.3 MeV
corresponds  principally to **Sc(J=7/2)—*Ca@=5/2)
transitions. In the distribution &ty=0.8 MeV this peak ap-
pears lower in energy &~5 MeV and its strength is no-
ticeably reduced.

We also want to understand how the electron-capture
cross section(11), as calculated with the SMMC Gamow-
Teller strength distribution &y= 0.8 MeV, compares to the
one obtained from the respective diagonalization results. The
iddle plot in Fig. 1 shows that the SMMC result reproduces
he thermal diagonalization data downEQ=10 MeV very
closely, and is within 30% of the exact result downHg
=5 MeV. At very low electron energies the cross section
becomes very sensitive to the discrete level structure of the

good agreement was found between experiment and theogyamow-Teller transitions. These weak transitions are not
for those nuclei that had been expenmentally investigated. yg|| reproduced by the SMMC calculation, leading to a no-
In order to demonstrate and validate that our SMMC oddjceable underestimate of the cross section within the SMMC
A projection procedure gives reasonable results for thepproach. However, the cross section is already very low at
strength distributions at finite temperatures, we compare Olhese electron energies and, as we will see next, this short-
SMMC results in**Sc to standard shell model diagonaliza- coming of the SMMC calculation is not too important for the
tion calculations.**Sc does not actually play a role during electron-capture rate. Note that the standard shell model cal-
the presupernova collapse. Its choice is, however, dictated gglations yield almost oscillatory behavior at Idy (dashed
it is the heaviest odé nucleus for which state-by-state cal- jing), which reflects its discrete level structure at low excita-
culations of the Gamow-Teller strength distribution at finitetjon energies. For completeness, we have also plotted the
temperature in the complefef shell are feasible. Using Eq. electron-capture cross sections calculated for the Gamow-

(3) above, we calculateSsr (E,Ty) within the diagonaliza-

Teller distributions aff y=0 andTy=0.3 MeV. We observe

tion approach for all initial states ifSc up to an excitation that differences in the distribution only affect the cross sec-
energy of 4.68 MeV. At a nuclear temperature of 0.8 MeV,tion at rather low electron energies.

the last excited state considered contributes less than 0.09% The quantity of interest for presupernova studies is the
to the partition function. Figure 1 compares the thermal diselectron capture rat€l?). In the lower panel of Fig. 1 we
tribution (dotted histogramobtained by diagonalization with compare the rates, calculated from the SMMC and from the
the SMMC resulf(solid line) calculated at the same tempera- diagonalization Gamow-Teller strength distributions Taf

ture T=0.8 MeV. The distributions are plotted as a function

=0.8 MeV, as a function of electron chemical potential. The
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agreement is very satisfying for the entire rangge<10  which experimental data are availabié{Fe, 58606264,
MeV, indicating that the differences between the SMMC andsly S5, and 9Co). The agreement between theory and

diagonalization electron-capture cross sections at low eleGyata was very satisfying in all cases, and it was concluded
tron energies are washed out when folded with the electrog . he sSMMC approach has the pr,edictive power to esti-

flux. mate the Gamow-Teller strength distribution for nuclei for

As mentioned above, SMMC calculations with realistic " .
interactions cannot be performed for oddauclei at tem- Which no data exist. We have extended the study of R3]

peratures belowl,=0.8 MeV. As the relevant temperature PY Performing SMMC calculations for several of those
during the early stage of the presupernova collapse is loweR f-shell nuclei which are of interest for the presupernova
we have investigated the inaccuracy introduced in theollapse:®>°'Co, **Ni, *°°%Cr, *>°Fe, *Ni, and *°Ti. The
electron-capture rates if the Gamow-Teller distribution atGamow-Teller distributions for these nuclei are plotted in
these lower temperatures is approximated by the oriljat Fig. 3 as a function of energy transfer=E;—E;. As for
=0.8 MeV. Choosing the extreme ca3@=0.3, we have 4°g¢, the Coulomb correction has been performed following
performed one consistent calculation of the electron-capturghe prescription given in Ref25]. Each Gamow-Teller dis-
rate using the appropriate electron flux and Gamow-Tellegripytion has been interpolated onto a fine energy grid with a
strength distributiondetermined within the diagonalization gpjine function. The spline function was then used to calcu-
approach This result is compared with a calculation in |46 the cross section using the formulas described in Sec. .
which the Gamow-Teller distribution is approximated by the  getore presenting results for the electron-capture cross
SMMC distribution calculated ally=0.8 MeV. We observe oo (igng and rates, we note that our approach, as presented in
;ggl);nr]:fllgcl:ftfsergg\zzt?;nif?;tt?]reogimﬁ'll’gIIl\e/lf\éi:tlrk;lbcaion Sec. II, implicitly assumes that the calculation reproduces the
at low energies. Thus, it can be reduced if the weak discretm:ShSanggg'r? :he(g\\llvvieirgﬁ%a;%nttﬁgd}(g%uigﬂf:t;;gtl}lgrl]elinc(;)éreedctly.
transitions which are experimentally known are added b escribes Masses mff—shéll nuclei reasonably welkypi-

hand to the SMMC results, following the procedure|4y. o g
Obviously the present SMMC approach becomes increaLally within 500 keV of the data; as the deviations have a

ingly more accurate for later stages of the collapse where th%ystematlcal trend the inaccuracy on the relevant mass split-
temperature is higher and for even-even parent nuclei wherdd between parent and daughter should be even smaller
SMMC calculations at the relevant temperature are possibldlany of the SMMC masses presented [26] have very
Finally, we want to study how much the statistical Monte recently also been calculated within the conventional diago-
Carlo uncertainties and the errors related to the inversiofalization approach, and the SMMC resulifter subtraction
technique used to determine the Gamow-Teller distributiorof the appropriate internal excitation enerdnave been con-
from the response functiotb) affect the electron capture firmed in all caseqd32]. These studies, however, clearly
rates. The major uncertainty introduced in our Gamow-Telleishowed[ 25,32 that the KB3 interaction overbinds tHe,,
strength distribution is in the position of the centroid which subshell closure. This shortcoming can be circumve[8&d
has an error of about-0.5 MeV. In Fig. 2 we show how by using the FDPG6 interactidi34]. However, this force does
much such a change would affecf.. Decreasindincreas- not reproduce the Gamow-Teller strength corredtBp).
ing) the position of the centroid by 0.5 MeV increasel®-  Weighing the advantages and disadvantages of the two inter-
creasepthe rate by an approximate factor of X#.3. actions, we have chosen the KB3 interaction with the price
that we had to shift the energy scale of the Gamow-Teller
distributions in order to correct for thd, subshell
Referencd 13] presented SMMC Gamow-Teller distribu- overbinding. As can be seen in REL3], after correction the
tions for thosepf-shell nuclei in the iron mass region for SMMC calculation reproduces the observed Gamow-Teller

B. Electron capture results
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30 : . 1.0 w ‘ TABLE I. Comparisons of the positions of the Gamow-Teller
08 - . peaks as calculated within the SMMC approach with the parametri-
20y 1 oel SEe . zation of Ref.[4]. The proton and neutron numbers refer to the
®Co 04 i parent nucleus, whil&g is the position of the Gamow-Teller peak
10 ¢ 1 w2l 1 in the daughter nucleu§To obtain this number we have shifted the
00 “ } 0'0 transferred energ¥ by the experimental mass splitting between
' ’ parent and daughter nucleu€gry denotes the position of the
5o L 18 g Gamow-Teller resonance due to the parametrization given in Ref.
Yo 06 i [4] and subsequently used in presupernova collapse studies. The
10l 1 oa4r 1 SMMC calculations have been performediat=0.5 MeV for even
02+ 1 nuclei and afTy=0.8 MeV for oddA nuclei. For®°Cr the single-
0.0 ‘. : 0.0 : 1 particle model allows transitions into tHe,, andfs,, orbitals.
"% 08 | {1 40t
206 1oaolf SN 1 N z Esr Eren
o4 o 20y 1 28 28 2.6 3.78
?o2y 1 10 ] 30 28 2.0 3.76
0.0 ‘ * 00 ‘ ‘ 32 28 1.0 2.0
03t 4 o3t ) - 28 27 6.9 3.78
oz | 2g, 1 o2l i 30 27 4.8 3.77
32 27 4.2 2.0
o1y 1o 28 26 2.8 3.80
00, 5 10 15 %% 5 10 15 29 26 6.1 5.4
E (MeV) E (MeV) 30 26 1.5 3.78
32 26 -0.5 2.0
FIG. 3. Shown are the GTdistributions for various nuclei stud- 5 25 4.7 3.79
ied here as a function of the energy transfer from the electon, 24 25 20,87

=E;—E;. These curves were obtained after a MaxEnt reconstruc:
. . 24 1.3 3.82
tion [13] of the Gamow-Teller response functions that were calcu-28 23

lated in the SMMC framework. 55 3.83

distributions in®*Fe and the various Ni isotopes very well. tions beyond the independent particle picture was previously
In Table | we compare the SMMC results for the Gamow-shown to be of importance. However, we note that the shell
Teller peak in the daughter nucleus with the parametrizatiomodel studies of Ref411,12 not only used a different in-
given by Fuller, Fowler, and Newmdai®FN) [4] and subse- teraction, but also were performed in strongly restricted
quently used in the update of the presupernova electrormodel spaces. Agreement between the calculated GT
capture rates by Aufderheid al.[3]. We observe that Ref. strength and data has been achieved by adjusting the single-
[4] generally places the Gamow-Teller strength for even-{article spectrum. While this strategy is reasonable and jus-
even parent nuclei at too high an excitation energy in thdified for cases where the experimental distribution is known,
daughter, while it is the opposite for oddparent nuclei. it does not have real predictive power.
The same trend as in the SMMC distributions is found in the The electron-capture cross sections calculated from the
data. This systematic trend has already been pointed out i@amow-Teller matrix elements are presented in Fig. 4 as a
Ref. [36], and has been noticed for individual cases infunction of the incident electron enerds,. The general be-
[11,12. From the SMMC calculations and the data, we canhavior of the cross section can be easily understood. To trig-
conclude that for an even-even parent, the Gamow-Telleger the electron-capture process requires a minimum electron
strength, at low temperatures, is at low daughter excitatioenergy given by the mass splitting between parent and
energies £2 MeV), while it is at significantly higher exci- daughter,Q;;. (This threshold is lowered by the internal
tation energies 5 MeV) for an oddA nucleus. This dif- excitation energy at finite temperaturén even-even parent
ferent behavior is related to the pairing energy differencenuclei the Gamow-Teller strength, at low temperatures, is
between the even-even parent and odd-odd daughter. As tilgentered at daughter excitation energies of the order of 2
Gamow-Teller distributions usually have widths of the orderMeV. Thus the electron-capture cross sections for these par-
of 1-2 MeV, our SMMC calculations for odd-nuclei might  ent nuclei increase drastically within the first couple of MeV
miss weak Gamow-Teller transitions at low excitation ener-of electron energies above threshold, reflecting the Gamow-
gies which could potentially increase the electron-capturdeller distribution. With increasing electron energies it con-
rates. It appears therefore reasonable to follow the prescriginues to rise modestly caused by tHg, ¢ £)? factor in the
tion of [4] and add experimentally known transitions at low cross section integrall2). As Q;; increases with neutron
energies to the rates obtained from the SMMC Gamowexcess, caused by the increase of the symmetry energy,
Teller distributions for oddA nuclei. Such a procedure electron-capture cross sections, at fixed electron energies, de-
seems to be unnecessary for even-even parent nuclei. crease with neutron excess. In oddnuclei the Gamow-
We note that studies performed in Rdfs1,12 indicate a  Teller distribution, at low temperatures, peaks at noticeably
shift of the GT resonance with respect to the positions prohigher daughter excitation energies. Thus the electron-
vided by the FFN treatment. Thus, the inclusion of correla-capture cross sections are shifted to higher electron energies
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FIG. 4. Shown are the electron-capture cross sections as a func-
tion of the incident electron enerdy, for all nuclei in this study. FIG. 5. Shown are the electron-capture rates as a function of the
electron chemical potential energy, for all nuclei in this study.
for odd-A nuclei in comparison to even-even parent nucleiAll electron temperatures were fixed Bf=0.5 MeV.
by about 3 MeV, reflecting the difference in the Gamow-

Teller peak positions. sition in [3]. As discussed above, the origin of this discrep-
Shown in Fig. 5 are the electron-capture rates as a funcancy is due to the fact that Ré¢#] places the Gamow-Teller
tion of the electron chemical potential. We have uded resonance for even-even nuclei systematically at too high an
=Tyn=0.5 MeV for the electron-capture rates on even parengxcitation energy. Of course, this shortcoming has been cor-

nuclei, while for oddA parent nuclei we use@iy=0.8 MeV  rected for in Refs[4,3] by adding an experimentally known
for the reasons discussed above. The electron chemical Pfow-lying strength on top of the one attributed to Gamow-
tential depends on the electron density, the electron fractiomeller transitions. However, the overall good agreement be-
in the medium, and the temperature of the electrons. In theyeen the SMMC results for even-even nuclei and the rec-
precollapse phase of a supernova, a reasonable approximgmmended rates indicates that our SMMC approach also

tion is given by[37] accounts correctly for this low-lying strength. This has al-
) 5 _13 ready been deduced from the good agreement between

—11%p, Y)Y 1+ T Te (14) SMMC Gamow-Teller distributions and data including the

Me= L:-2P7Te 1.11) (p, Y23 ' low-energy regime. We conclude therefore that, for even-

even nuclei, the SMMC approach is able to predictttital

where T, is in units of MeV, and the electron densipy, ~ electron-capture rate rather reliably, even if no experimental
=p/10’. Thus, for the nuclei studied hepe,~1.5-2 MeV  data are available. We note that our SMMC rate is somewhat
under typical presupernova conditiony~0.4 MeV, p, larger than the recommended rate f8Fe and®Ni. In both
~6). cases the experimental Gamow-Teller distribution is known

Do the present electron-capture rates indicate potentig@nd agrees well with the SMMC resufts3]. While the pro-
implications for the precollapse evolution of a type-Il super-posed increase of the rate f6fNi is not expected to have
nova? To make a judgment on this important question, wéoticeable influence on the precollapse evolution, the in-
compare in Table Il the SMMC rates for selected nuclei withcreased rate for®Fe makes this nucleus an important con-
those currently used in collapse calculatid®. For the tributor in the change oY during the collapsésee Table 15
comparison we choose the same physical conditions as aef [3]).
sumed in Tables 4—6 if8]. Furthermore, the table lists the  Turning now to electron capture on oddnuclei, here we
partial electron-capture rate which has been attributed tobserve that the SMMC electron-capture rate, derived from
Gamow-Teller transitions in Reff3]. At first we note that for the Gamow-Teller distributions, is significantly smaller than
even parent nuclei, the present rate approximately agredbe recommended total rate. As already stressed above, this
with the currently recommendedtal rate. A closer inspec- is simply due to the fact that for oddl-nuclei the Gamow-
tion, however, shows significant differences between thdeller transition peaks at rather high excitation energies in
present rate and the one attributed to the Gamow-Teller trarthe daughter nucleus. The electron-capture rate onfodd-
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TABLE Il. Comparisons of the present SMMC electron capture rates with the thtgdl &nd partial
Gamow-Teller E\SCT) rates as given in Ref3]. Physical conditions at which the comparisons were made are
given in the last column.

Nec (sECY) Nec (s€CY) AT (sec?)

Nucleus (SMMC) (Ref. [3]) (Ref.[3]) Conditions

%5Cco 3.8 1074 1.41x10°1 1.23x10°1 p7=5.86,Ty=3.40,Y.=0.47
5Co 3.34x10°8 3.50x 102 1.31x10 4 p7=5.86,Tg=3.40,Y,=0.47
SiFe 7.83%10°° 3.11x10°4 9.54x10° 7 p7=5.86,Tg=3.40,Y.=0.47
SFe 1.2x1078 1.61x10°3 1.16x10°7 p7=5.86,Ty=3.40,Y.=0.47
S\ 3.47x 102 1.60x 1072 6.34x 1072 p7=5.86,Tg=3.40,Y,=0.47
&\ 1.01x10°3 6.36x10°4 4.04x10°® p7=5.86,Tg=3.40,Y,=0.47
e\l 7.39x10°° 1.49x10°6 4.86x10°7 p7=5.86,T¢y=3.40,Y.,=0.47
%Co 3.44<10°7 2.09x 1074 6.37x10°° p7;=10.7,Tg=3.65,Y,=0.455
5Co 2.06<10°° 7.65x10°°3 3.69x10°4 p7;=10..7,Tg=3.65,Y,=0.455
SSFe 1.0% 1077 3.80x10°° 5.51x 1077 p;=10.7,Tg=3.65,Y,=0.455
Sére 9.80x 10 © 4.68x10°7 6.60x 1010 p7=10.7,Tg=3.65,Y,=0.455
SFe 3.84<10°4 9.50x 104 3.85x10°°¢ p7=10.7,T4=3.65,Y,=0.455
Sy 1.06x10°© 1.24x10°° 9.46x10°° p7;=10.7,Tg=3.65,Y,=0.455
S2Cr 1.32x10°* 2.01x 1077 1.59x1071° p7=10.7,Tg=3.65,Y.=0.455
60N 3.61x10* 7.64x10°8 2.12x10°8 p7=10.7, Tg=3.65,Y,=0.455

clei is therefore carried by weak transitions at low excitationtion places the Gamow-Teller resonance usually at too high
energies. Comparing our rates to those attributed to Gamovexcitation energies for even-even parent while the position is
Teller transitions in Refs[4,3] reveals that the latter have too low for oddA parents. However, this shortcoming has
been, in general, significantly overestimated which is simplybeen mainly overcome in the recommended rates by adding
caused by the fact that the position of the Gamow-Tellethe experimentally known strength at low excitation energies
resonance is usually put at too low excitation energies in thy the Gamow-Teller strength.

daughter(see Table)l For example, Ref.3] attributes 87% The presupernova collapse occurs at finite temperature
of the total capture rate orrCo to Gamow-Teller transitions and our SMMC approach, for the first time, allows us to take
(upper part of Table )| while our calculation predicts the {herma effects consistently into account. With increasing
contribution of the Gamow-Teller strength distribution {0 be o herature, the Gamow-Teller distribution is broadened and
negligible. Thus, we recommend that the capture rate OQhitted to lower transfer energies. However, at the rather low

Co is significantly smallefonly 13% of the rate given in . .
Table 4 of Ref[3]). Our SMMC calculation implies that the temperatures at whlch electron capture occurs on nuclei in
the iron mass region, the temperature dependence of the

Gamow-Teller transitions should not contribute noticeably tOGamow-TeIIer strenath distribution is rathe ; tant
the electron capture rates on oAdauclei at the low tem- 9 runimportant.

peratures studied in Tables 14—16[8]. Thus, the rates for For even-even nuclei the distribution does not change too
odd-A nuclei given in these tables should generally be re.much atTy<0.6 MeV due to the large pairing gap. For odd-

placed by the non-Gamow-Teller fraction. A n.ucl_ei, the Gemow—TeIIer strength resides at such high
excitation energies that the modest temperature dependence
of the strength does not affect the total rate. Thus it also does
not matter that numerical problems do not allow us to cool
In this paper we presented a detailed description of th@dd-A nuclei below Ty=0.8 MeV. However, we like to
electron-capture cross section and rates calculated from trsgress that the temperature dependence of the Gamow-Teller
Gamow-Teller distributions obtained using the SMMC strength will become important at later stages of the presu-
method. We demonstrated the validity of our ofldsam-  pernova collapse when temperatures of the ordefpf 1
pling technique in**Sc, and we found very good agreementMeV or higher are reached, as then the strength for both
between the SMMC and the traditional approach for solu-even-even and odd-nuclei is noticeably shifted downwards
tions of the shell model. Furthermore, the SMMC approachn transfer energy. At these temperatures Yhevalue, how-
reproduces the measured Gamow-Teller strength distribuever, has decreased enough so that electrons are captured on
tions very well. In accordance with the data, we find an odd-nuclei with Z<40 andN>40 for which the Gamow-Teller
even dependence of the Gamow-Teller peak position in th&ansitions are naively expected to be Pauli blocked. How-
daughter nucleus: while it is generally at low daughter exci-ever, this Pauli blocking can be overcome by thermal exci-
tation energy for even-even parent nucleid MeV), itis  tation[38] and by pairing[39], which, at low temperatures,
at noticeably higher energies for oddparents(~5 MeV). is the more important effect.
These systematics are not reproduced by the parametrization As the Gamow-Teller strength resides at rather high exci-
of the Gamow-Teller resonance as adopted for the derivatiotation energies for odé- parents, the Gamow-Teller contri-
of the currently recommended rate3]. This parametriza- bution is generally negligible in the total electron-capture

IV. DISCUSSION
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rate. This finding is at variance with recent compilationsnova. The SMMC approach can also be extended to heavier,

[4,3] which propose noticeable Gamow-Teller fractions formore neutron-rich nuclei which will carry the electron-

the capture rate on odéi-nuclei like >>°*Co. We recom- capture process at later stages. For these nuclei we expect the

mend to use only the non-Gamow-Teller fraction of the com-ability of our method to consistently account for finite-

piled rates for oddh nuclei. For even-even parents, the temperature effects to be quite important.

Gamow-Teller distribution is located at very low excitation

energies and, within our approach, should account for the

total el_ectron—captu_re rate. In fact, our rate agrees reago_nably ACKNOWLEDGMENTS
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