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Electron capture on iron group nuclei
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We present Gamow-Teller strength distributions from shell model Monte Carlo studies off p-shell 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-particle estimates. These differences need to be taken into account for
improved modeling of the early stages of type-II supernova evolution.@S0556-2813~98!04507-5#

PACS number~s!: 26.50.1x, 23.40.2s, 21.60.Cs, 27.40.1z
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I. INTRODUCTION

The impact of nuclear structure on astrophysics has
come increasingly important, particularly in the fascinati
and presently unsolved problem of type-II supernova exp
sions. The possibility to detect neutrinos ejected before
infalling matter reaches the neutrino trapping density@1# will
allow us, for the first time, to understand whether models
the precollapse evolution are in reasonable agreement
observation. These studies will also shed light on the eff
tive electron-to-proton ratio in the early stages of the c
lapse.

Key inputs for the precollapse scenario are the electr
capture cross sections and rates for iron group nuclei@2,3#.
The core of a massive star at the end of hydrostatic burn
is stabilized by electron degeneracy pressure as long a
mass does not exceed the appropriate Chandrasekhar
MCh. If the core mass exceedsMCh, electrons are capture
by nuclei @2#. Thus, the depletion of the electron populati
due to capture by nuclei is a crucial factor determining
initial collapse phase.

The reduction of the electroweak interaction matrix e
ment to the zero-momentum transfer limit for the nucle
sector leads directly to the Gamow-Teller operator as a
mary ingredient in electron-capture cross section calc
tions. The Gamow-Teller~GT! properties of nuclei in the
iron region of the periodic table are known to be crucial
supernova physics@4#. For many of the nuclei that ar
present in this early stage of the presupernova@3#, GT tran-
sitions contribute significantly to the electron-capture cr
sections. Because of insufficient experimental informati
the GT1 transitions, which change protons into neutro
have so far been treated only qualitatively in presupern
collapse simulations, assuming the GT1 strength to reside in
a single resonance whose energy relative to the daug
ground state has been parametrized phenomenologically@4#;
the total GT1 strength has been taken from the sing
particle model. Recent (n,p) experiments@5–9#, however,
PRC 580556-2813/98/58~1!/536~9!/$15.00
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show that the GT1 strength is fragmented over many state
while the total strength is significantly quenched compa
to the single-particle model. A recent update of the G1

rates for use in supernova simulations assumed a con
quenching factor of 2@3#, and included the known low-lying
transitions in the calculations of the rates.

In the presupernova collapse, electron capture onp f-shell
nuclei proceeds at temperatures between 300 keV and
keV @3#. While presupernova collapse studies took into a
count the temperature effects on the electron-capture rate
duced by changes in the electron distribution, potential
fects on the Gamow-Teller strength distribution have be
neglected, and use was made of the extreme shifting assu
tion @10# which states that the centroid corresponding to e
parent excited state is shifted upward in the daughter nuc
by the excitation energy of the parent state. As experime
measure only the ground state distribution, this hypothe
has necessarily to be tested theoretically, and it has b
found approximately valid in a restricted shell model stu
@11,12#; however, the recent shell model Monte Car
~SMMC! calculations of Ref.@13# clearly indicate changes o
the Gamow-Teller strength distribution with temperatu
Thus it appears desirable to take possible changes of
Gamow-Teller strength distribution with temperature a
into account when calculating presupernova electron-cap
rates. We will consistently do this in this paper.

In contrast to previous studies, the calculations presen
in this paper solve the full shell model problem for th
Gamow-Teller strength distributions in the 0\v f p-shell
space using a realistic residual interaction. We use
SMMC approach to find the Gamow-Teller strength distrib
tions. The SMMC approach has the added advantage th
treats nuclear temperature exactly. These distributions
then used to calculate the electron-capture cross section
function of the incident energy of the electron. We also c
culate the electron-capture rates assuming a relativistic e
tron gas and a variety of electron chemical potentials. In S
II we discuss the methods used in these calculations, whil
536 © 1998 The American Physical Society
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PRC 58 537ELECTRON CAPTURE ON IRON GROUP NUCLEI
Sec. III we present our results. A discussion and conclus
follow in Sec. IV.

II. THEORETICAL BACKGROUND

A. Shell model Monte Carlo techniques

The SMMC method is based on a statistical formulat
of the nuclear many-body problem. In the finite-temperat
version of this approach, an observable is calculated as
canonical expectation value of a corresponding operatorÂ at
a given nuclear temperatureTN , and is given by@14–17#

^Â&5
TrA@ÂÛ#

TrA@Û#
, ~1!

where Û5exp(2bĤ) is the imaginary-time many-bod
propagator, TrAÛ is the canonical partition function forA
nucleons,Ĥ is the shell model Hamiltonian, andb51/TN is
the inverse temperature.

The SMMC canonical expectation values are based on
discretization of the many-body propagator, exp(2bĤ), into
a finite number of imaginary time slices,Nt , each of dura-
tion Db5b/Nt . At each time slice the many-body propag
tor is linearized via the Hubbard-Stratonovich transformat
@18,19#; observables are thus expressed as path integra
one-body propagators in fluctuating auxiliary fields. The
tegration is carried out by a Metropolis random walk@20#.
To circumvent the sign problem encountered in the SMM
calculations with realistic interactions, we use the extrapo
tion procedure outlined in Refs.@21,22#.

Yet another, but distinct, source of the sign problem is
odd number of nucleons in the canonical expectation va
@17#. We overcome this problem by a number-projecti
technique, first employed in@23# and subsequently used i
@17#, which allows us to extract information concerning od
A nuclei from the neighboring even-even system. The pa
tion function for the odd-A nucleusA8 is given by

ZA85E D@s#G~s!TrA8Us5E D@s#G~s!TrAUs

TrA8Us

TrAUs
,

~2!

where we have introduced the trace over the even-e
nucleusA. The integration is over all auxiliary field variable
s, and G(s) is a Gaussian factor that arises when t
Hubbard-Stratonovitch transformation is employed. We
fine our Metropolis sampling weight asW(s)
5G(s)TrAUs , and in the case of number projection, t
Monte Carlo sign becomesF(s)5TrA8Us /TrAUs , which
is small, but fairly stable against fluctuations at least down
TN50.8 MeV for realistic interactions. We project from th
nearest even-even system withA811 particles.

The SMMC method is also used to calculate the respo
functionRA(t) of an operatorA at an imaginary timet. The
response describes the dynamical behavior of the nuc
under the influence of the operator, and contains informa
about the nuclear spectrum. This is seen by using a spe
distribution of initial and final statesu i &, u f & with energiesEi
andEf :
n
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RA~t![^Â†~t!Â~0!&

5
TrA@e2~b2t!ĤÂ†e2tĤÂ#

TrA@e2bĤ#

5

(
i f

~2Ji11!e2bEie2t~Ef2Ei !u^ f uÂu i &u2

(
i

~2Ji11!e2bEi

. ~3!

Note that the total strength for the operator is given byR(t
50). The strength distribution

SA~E!5

(
i f

d~E2Ef1Ei !~2Ji11!e2bEiu^ f uÂu i &u2

(
i

~2Ji11!e2bEi

~4!

is related toRA(t) by a Laplace transform,

RA~t!5E
2`

`

SA~E!e2tEdE. ~5!

Note that hereE is the energy transfer within the pare
nucleus, and that the strength distributionSGT1(E) has units
of MeV21.

B. Weak interaction cross sections in nuclei

Electron capture by nuclei is mediated by the electrowe
charged current. At energies appropriate for the precolla
supernova, theW-boson propagator may be collapsed to
point coupling and the weak vertex represented by the (V-A)
coupling with the universal strengthgwk . The complexity of
computing these channels for electron capture arises from
need to treat both the weak sector and the details of
nuclear structure effects with suitable finesse to obtain r
able cross sections.

Starting from the exact expression for the semilepto
process corresponding to electron capture, one can app
mate the three-momentum transfer to the nucleus to be
in the nuclear sector corresponding to computing the nuc
matrix elements between initial and final states. This allo
us to calculate and predict the nuclear sector with a h
level of accuracy. The lepton traces and kinematics are
included correctly as is energy conservation between the
tial and final states. The sacrifice of the magnitude of
momentum transfer to the nucleus in the nuclear secto
reasonably well justified at the energy domain operative
the precollapse stellar core where energies are low and
energy transfer from the incident charged lepton to
nucleus is mainly used for internal nuclear excitation.

Electrons with energyEe interact with the nucleus
through the weak interaction. For charge exchange inte
tions,

e21A~N,Z!→A~N11,Z21!1ne2. ~6!
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The parent nucleus absorbs a part of the incident energy
the neutrino carries the remaining energy«n . The energy
absorbed by the parent is given by the difference between
initial and final nuclear states,E5Ef2Ei , and the states ar
labeled by$u f &,u i &%, respectively. Energy conservation r
quires thatEe5E1«n . The details of the derivation of th
matrix element are given in@24#. The angular cross sectio
follows as

ds

dV
5

«n
2V

~2p!2F (
lepton spins

1

2Ji11 (
M f Mi

u^ f uĤWu i &u2G , ~7!

whereĤW is the weak interaction Hamiltonian,Ji (Jf) is the
initial ~final! spin of the nuclear state, andMi and M f are
projections of the angular momentum of the initial and fin
states of the nucleus, respectively. In the limit of small thr
momentum transfer, the partial cross section for elect
capture between fixed initial and final states at a given in
dent electron energy reduces to

s f i~Ee!5
6~Ee2E!2gwk

2

p~2Ji11!
u^ f uuL̂1uu i &u2, ~8!

where gwk51.166131025 GeV22 is the weak coupling
constant, and

L̂1M5
i

A12p
GA(

i 51

A

t1~ i !s1M~ i !. ~9!

Here GA is the axial vector form factor which at zero mo
mentum isGA51.25. The Gamow-Teller operator isGT1

5( it i
1s i , wheret i

1 is the isospin raising operator, ands i

is the Pauli spin operator for nucleoni . The Clebsch-Gordon
coefficients that arise when applying the Wigner-Eck
theorem give selection rules for this operator that requ
transitions from an initial state with quantum numbe
(Ji ,Ti ,P i) to a final state (Jf ,Tf ,P f) such thatDJ5Jf
2Ji50,1, but no Jf5Ji50, DT5Tf2Ti50,1, and P f
5P i .

Our previous studies showed that the experimentally
served quenching of the total GT strength is consiste
reproduced by the correlations within the fullp f shell if a
renormalization of the spin operator by a factor of 0.8
invoked @25,26#. The same renormalization factor had a
ready been deduced fromsd-shell @27# and p f-shell nuclei
with A<49 @28,29# and thus appears to be universal. In th
work, we also renormalize the spin operator by 0.8,seff
50.8s1.

In order to obtain the total cross section at a given in
dent electron energy, one must sum over all initial and fi
states in Eq.~8!. We are generally interested in situatio
when the initial nucleus is at a finite temperature, so that
initial state sum needs to be weighted by the appropr
statistical factors. Thus, the total cross section is

s~Ee!5(
i f

~2Ji11!exp~2bEi !

ZA
s f i~Ee! ~10!
nd
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6gwk

2

p E dj~Ee2j!2(
i f

exp~2bEi !

ZA

GA
2

12p

3U^ f uu(
i 51

A

t1~ i !seff~ i !uu i &U2

d~j2Ef1Ei !. ~11!

Using the SMMC expression for the Gamow-Teller streng
distributions and shifting the energy scale in Eq.~4! by an
appropriate Coulomb correction and the proton-neutron m
splitting, the total cross section can be recast into the for

s~Ee!56gwk
2 E dj~Ee2j!2

GA
2

12p
SGT1

~j!F~Z,Ee!.

~12!

Here we have additionally accounted for the distortion of
electron’s wave function due to the Coulomb field of t
nucleus by introducing the Fermi functionF(Z,Ee), which is
calculated as in Ref.@3#.

The presupernova electron capture ratelec is then given
by folding the total cross section with the flux of a degen
ate relativistic electron gas:

lec5
ln2

6163 secE0

`

dj SGT~j,TN!
c3

~mec
2!5

3E
L

`

dp p2~2j1Ee!
2

F~Z,Ee!

11exp@be~Ee2me!#
,

~13!

where 1/be , p, andme are the electron temperature, mome
tum, and chemical potential,L5(Qi f

2 2me
2c4)1/2 for Qi f <

2mec
2, and 0 otherwise, andQi f 52E5Ei2Ef is the en-

ergy difference between the nuclear statesi and f , respec-
tively. We have indicated that the Gamow-Teller distributi
is calculated at the finite nuclear temperatureTN which, in
principle, is the same as the one of the electron gas,Te
51/be . However, we will study below the uncertainties in
troduced in the electron-capture rate due to the tempera
dependence of the Gamow-Teller distribution by varyingTN
for fixed Te .

III. RESULTS

A. Validation

The SMMC calculations of Gamow-Teller strength dist
butions were detailed in Ref.@13#. In the present work, we
have calculated several more nuclei in addition to tho
found in Ref.@13#. Each even-even nucleus is calculated a
temperature ofTN50.5 MeV, while theg extrapolation re-
quired to circumvent the SMMC sign problem allows o
only to cool odd-A nuclei down to a temperature ofTN
50.8 MeV. We use aDb50.031 25 MeV21, and approxi-
mately 4000 samples per extrapolation Hamiltonian. We
the KB3 residual interaction@30# which is well suited for full
0\v studies throughout the lowerp f-shell region@26#. Us-
ing the numerical techniques described in Refs.@13,17#, we
construct a strength distribution from the response funct
of the Gamow-Teller operator. Recall from Ref.@13# that
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PRC 58 539ELECTRON CAPTURE ON IRON GROUP NUCLEI
good agreement was found between experiment and th
for those nuclei that had been experimentally investigate

In order to demonstrate and validate that our SMMC o
A projection procedure gives reasonable results for
strength distributions at finite temperatures, we compare
SMMC results in45Sc to standard shell model diagonaliz
tion calculations.45Sc does not actually play a role durin
the presupernova collapse. Its choice is, however, dictate
it is the heaviest odd-A nucleus for which state-by-state ca
culations of the Gamow-Teller strength distribution at fin
temperature in the completep f shell are feasible. Using Eq
~3! above, we calculatedSGT1

(E,TN) within the diagonaliza-

tion approach for all initial states in45Sc up to an excitation
energy of 4.68 MeV. At a nuclear temperature of 0.8 Me
the last excited state considered contributes less than 0.
to the partition function. Figure 1 compares the thermal d
tribution ~dotted histogram! obtained by diagonalization with
the SMMC result~solid line! calculated at the same temper
tureTN50.8 MeV. The distributions are plotted as a functi

FIG. 1. Top panel: the Gamow-Teller transitions as a function
the energy transferE5Ef2Ei using the SMMC approach for45Sc,
and comparing to diagonalization calculations~DD! at TN50.33
and 0.8 MeV. Middle panel: the cross section calculated from b
SMMC and diagonalization calculations. Bottom panel: calcula
rates from the SMMC approach (TN50.8 MeV), assumingTe

50.3 and 0.8 MeV, compared to the exact results (Te5TN).
ry
.
-
e
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of the nuclear energy transferE5Ef2Ei required in Eq.
~12!. ~The Coulomb energy of the final state has been c
rected using the shift as defined in@25#.! One observes tha
the SMMC calculation reproduces both the position and
width of the thermal distribution very well. The diagonaliz
tion calculation gives a total strength of 0.60, while t
SMMC result is 0.5260.08.

To study the temperature dependence of the Gam
Teller strength distribution we have performed the diagon
ization calculations at different temperaturesTN50, 0.3
MeV, and 0.8 MeV. The results are also given in Fig. 1.
first we note that theT50 distribution can be compared t
the experimental data of Ref.@31#. The total calculated
strength (0.5260.08) agrees well with the measureme
~0.48 up to excitation energies of 9 MeV; the observ
strength at higher excitation energies is likely due to con
butions outside the present model space@28#!. However, the
Gamow-Teller peak of the experimental distribution is abo
1 MeV higher in energy than the calculation, which mak
the agreement between the data and shell model calcula
worse than in the otherp f-shell nuclei@26,13#. With increas-
ing temperature the Gamow-Teller distributions are bro
ened and its center is shifted slightly to lower transfer en
gies. Both effects have already been noticed in the SMM
studies of@13#. The broadening is mainly due to the fact th
the number of states contributing to the thermal ensem
increases. The energy shift is caused by the decrease of
ing energy in the higher excited states. We mention that
large peak seen in the distributions atTN50 and 0.3 MeV
corresponds principally to 45Sc(J57/2)→45Ca(J55/2)
transitions. In the distribution atTN50.8 MeV this peak ap-
pears lower in energy atE'5 MeV and its strength is no
ticeably reduced.

We also want to understand how the electron-capt
cross section~11!, as calculated with the SMMC Gamow
Teller strength distribution atTN50.8 MeV, compares to the
one obtained from the respective diagonalization results.
middle plot in Fig. 1 shows that the SMMC result reproduc
the thermal diagonalization data down toEe510 MeV very
closely, and is within 30% of the exact result down toEe
55 MeV. At very low electron energies the cross secti
becomes very sensitive to the discrete level structure of
Gamow-Teller transitions. These weak transitions are
well reproduced by the SMMC calculation, leading to a n
ticeable underestimate of the cross section within the SM
approach. However, the cross section is already very low
these electron energies and, as we will see next, this sh
coming of the SMMC calculation is not too important for th
electron-capture rate. Note that the standard shell model
culations yield almost oscillatory behavior at lowEe ~dashed
line!, which reflects its discrete level structure at low exci
tion energies. For completeness, we have also plotted
electron-capture cross sections calculated for the Gam
Teller distributions atTN50 andTN50.3 MeV. We observe
that differences in the distribution only affect the cross s
tion at rather low electron energies.

The quantity of interest for presupernova studies is
electron capture rate~12!. In the lower panel of Fig. 1 we
compare the rates, calculated from the SMMC and from
diagonalization Gamow-Teller strength distributions atTN
50.8 MeV, as a function of electron chemical potential. T

f

h
d
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FIG. 2. The error band in the rates calcul
tions for 45Sc, where the position of the calcu
lated Gamow-Teller centroid has been shifted
0.5 MeV.
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agreement is very satisfying for the entire rangeme<10
MeV, indicating that the differences between the SMMC a
diagonalization electron-capture cross sections at low e
tron energies are washed out when folded with the elec
flux.

As mentioned above, SMMC calculations with realis
interactions cannot be performed for odd-A nuclei at tem-
peratures belowTN50.8 MeV. As the relevant temperatur
during the early stage of the presupernova collapse is low
we have investigated the inaccuracy introduced in
electron-capture rates if the Gamow-Teller distribution
these lower temperatures is approximated by the one aTN
50.8 MeV. Choosing the extreme caseTN50.3, we have
performed one consistent calculation of the electron-cap
rate using the appropriate electron flux and Gamow-Te
strength distribution~determined within the diagonalizatio
approach!. This result is compared with a calculation
which the Gamow-Teller distribution is approximated by t
SMMC distribution calculated atTN50.8 MeV. We observe
a maximal difference of a factor of 4 forme,10 MeV which
mainly reflects deviations in the Gamow-Teller distributi
at low energies. Thus, it can be reduced if the weak disc
transitions which are experimentally known are added
hand to the SMMC results, following the procedure of@4#.
Obviously the present SMMC approach becomes incre
ingly more accurate for later stages of the collapse where
temperature is higher and for even-even parent nuclei wh
SMMC calculations at the relevant temperature are poss

Finally, we want to study how much the statistical Mon
Carlo uncertainties and the errors related to the invers
technique used to determine the Gamow-Teller distribut
from the response function~5! affect the electron captur
rates. The major uncertainty introduced in our Gamow-Te
strength distribution is in the position of the centroid whi
has an error of about60.5 MeV. In Fig. 2 we show how
much such a change would affectlec. Decreasing~increas-
ing! the position of the centroid by 0.5 MeV increases~de-
creases! the rate by an approximate factor of 1.4~1.3!.

B. Electron capture results

Reference@13# presented SMMC Gamow-Teller distribu
tions for thosep f-shell nuclei in the iron mass region fo
d
c-
n

r,
e
t

re
r

te
y

s-
he
re
le.

n
n

r

which experimental data are available (54,56Fe, 58,60,62,64Ni,
51V, 55Mn, and 59Co). The agreement between theory a
data was very satisfying in all cases, and it was conclu
that the SMMC approach has the predictive power to e
mate the Gamow-Teller strength distribution for nuclei f
which no data exist. We have extended the study of Ref.@13#
by performing SMMC calculations for several of thos
p f-shell nuclei which are of interest for the presuperno
collapse:55,57Co, 56Ni, 50,52Cr, 55,58Fe, 56Ni, and 50Ti. The
Gamow-Teller distributions for these nuclei are plotted
Fig. 3 as a function of energy transferE5Ef2Ei . As for
45Sc, the Coulomb correction has been performed follow
the prescription given in Ref.@25#. Each Gamow-Teller dis-
tribution has been interpolated onto a fine energy grid wit
spline function. The spline function was then used to cal
late the cross section using the formulas described in Sec

Before presenting results for the electron-capture cr
sections and rates, we note that our approach, as presen
Sec. II, implicitly assumes that the calculation reproduces
mass splitting between parent and daughter nuclei corre
As has been shown in@26,25# the KB3 interaction indeed
describes masses ofp f-shell nuclei reasonably well~typi-
cally within 500 keV of the data; as the deviations have
systematical trend the inaccuracy on the relevant mass s
ting between parent and daughter should be even sma!.
Many of the SMMC masses presented in@25# have very
recently also been calculated within the conventional dia
nalization approach, and the SMMC results~after subtraction
of the appropriate internal excitation energy! have been con-
firmed in all cases@32#. These studies, however, clear
showed@25,32# that the KB3 interaction overbinds thef 7/2
subshell closure. This shortcoming can be circumvented@33#
by using the FDP6 interaction@34#. However, this force does
not reproduce the Gamow-Teller strength correctly@35#.
Weighing the advantages and disadvantages of the two in
actions, we have chosen the KB3 interaction with the pr
that we had to shift the energy scale of the Gamow-Te
distributions in order to correct for thef 7/2 subshell
overbinding. As can be seen in Ref.@13#, after correction the
SMMC calculation reproduces the observed Gamow-Te
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PRC 58 541ELECTRON CAPTURE ON IRON GROUP NUCLEI
distributions in 54Fe and the various Ni isotopes very wel
In Table I we compare the SMMC results for the Gamo

Teller peak in the daughter nucleus with the parametriza
given by Fuller, Fowler, and Newman~FFN! @4# and subse-
quently used in the update of the presupernova elect
capture rates by Aufderheideet al. @3#. We observe that Ref
@4# generally places the Gamow-Teller strength for ev
even parent nuclei at too high an excitation energy in
daughter, while it is the opposite for odd-A parent nuclei.
The same trend as in the SMMC distributions is found in
data. This systematic trend has already been pointed o
Ref. @36#, and has been noticed for individual cases
@11,12#. From the SMMC calculations and the data, we c
conclude that for an even-even parent, the Gamow-Te
strength, at low temperatures, is at low daughter excita
energies (;2 MeV), while it is at significantly higher exci-
tation energies (;5 MeV) for an odd-A nucleus. This dif-
ferent behavior is related to the pairing energy differen
between the even-even parent and odd-odd daughter. A
Gamow-Teller distributions usually have widths of the ord
of 1–2 MeV, our SMMC calculations for odd-A nuclei might
miss weak Gamow-Teller transitions at low excitation en
gies which could potentially increase the electron-capt
rates. It appears therefore reasonable to follow the presc
tion of @4# and add experimentally known transitions at lo
energies to the rates obtained from the SMMC Gamo
Teller distributions for odd-A nuclei. Such a procedur
seems to be unnecessary for even-even parent nuclei.

We note that studies performed in Refs.@11,12# indicate a
shift of the GT resonance with respect to the positions p
vided by the FFN treatment. Thus, the inclusion of corre

FIG. 3. Shown are the GT1 distributions for various nuclei stud
ied here as a function of the energy transfer from the electronE
5Ef2Ei . These curves were obtained after a MaxEnt reconst
tion @13# of the Gamow-Teller response functions that were cal
lated in the SMMC framework.
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tions beyond the independent particle picture was previou
shown to be of importance. However, we note that the s
model studies of Refs.@11,12# not only used a different in-
teraction, but also were performed in strongly restrict
model spaces. Agreement between the calculated
strength and data has been achieved by adjusting the sin
particle spectrum. While this strategy is reasonable and
tified for cases where the experimental distribution is know
it does not have real predictive power.

The electron-capture cross sections calculated from
Gamow-Teller matrix elements are presented in Fig. 4 a
function of the incident electron energyEe . The general be-
havior of the cross section can be easily understood. To t
ger the electron-capture process requires a minimum elec
energy given by the mass splitting between parent
daughter,Qi f . ~This threshold is lowered by the interna
excitation energy at finite temperature.! In even-even paren
nuclei the Gamow-Teller strength, at low temperatures
centered at daughter excitation energies of the order o
MeV. Thus the electron-capture cross sections for these
ent nuclei increase drastically within the first couple of Me
of electron energies above threshold, reflecting the Gam
Teller distribution. With increasing electron energies it co
tinues to rise modestly caused by the (Ee2j)2 factor in the
cross section integral~12!. As Qi f increases with neutron
excess, caused by the increase of the symmetry ene
electron-capture cross sections, at fixed electron energies
crease with neutron excess. In odd-A nuclei the Gamow-
Teller distribution, at low temperatures, peaks at noticea
higher daughter excitation energies. Thus the electr
capture cross sections are shifted to higher electron ene

TABLE I. Comparisons of the positions of the Gamow-Tell
peaks as calculated within the SMMC approach with the param
zation of Ref.@4#. The proton and neutron numbers refer to t
parent nucleus, whileEGT is the position of the Gamow-Teller pea
in the daughter nucleus.~To obtain this number we have shifted th
transferred energyE by the experimental mass splitting betwee
parent and daughter nucleus.! EFFN denotes the position of the
Gamow-Teller resonance due to the parametrization given in R
@4# and subsequently used in presupernova collapse studies.
SMMC calculations have been performed atTN50.5 MeV for even
nuclei and atTN50.8 MeV for odd-A nuclei. For 50Cr the single-
particle model allows transitions into thef 7/2 and f 5/2 orbitals.

N Z EGT EFFN

28 28 2.6 3.78
30 28 2.0 3.76
32 28 1.0 2.0
28 27 6.9 3.78
30 27 4.8 3.77
32 27 4.2 2.0
28 26 2.8 3.80
29 26 6.1 5.4
30 26 1.5 3.78
32 26 20.5 2.0
30 25 4.7 3.79
26 24 2.5 2.0,8.7
28 24 1.3 3.82
28 23 5.5 3.83

c-
-
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for odd-A nuclei in comparison to even-even parent nuc
by about 3 MeV, reflecting the difference in the Gamo
Teller peak positions.

Shown in Fig. 5 are the electron-capture rates as a fu
tion of the electron chemical potential. We have usedTe
5TN50.5 MeV for the electron-capture rates on even par
nuclei, while for odd-A parent nuclei we usedTN50.8 MeV
for the reasons discussed above. The electron chemica
tential depends on the electron density, the electron frac
in the medium, and the temperature of the electrons. In
precollapse phase of a supernova, a reasonable approx
tion is given by@37#

me51.11~r7Ye!
1/3F11S p

1.11D
2 Te

2

~r7Ye!
2/3G21/3

, ~14!

where Te is in units of MeV, and the electron densityr7
5r/107. Thus, for the nuclei studied hereme'1.5–2 MeV
under typical presupernova conditions (TN'0.4 MeV, r7
'6).

Do the present electron-capture rates indicate poten
implications for the precollapse evolution of a type-II sup
nova? To make a judgment on this important question,
compare in Table II the SMMC rates for selected nuclei w
those currently used in collapse calculations@3#. For the
comparison we choose the same physical conditions as
sumed in Tables 4–6 in@3#. Furthermore, the table lists th
partial electron-capture rate which has been attributed
Gamow-Teller transitions in Ref.@3#. At first we note that for
even parent nuclei, the present rate approximately ag
with the currently recommendedtotal rate. A closer inspec-
tion, however, shows significant differences between
present rate and the one attributed to the Gamow-Teller t

FIG. 4. Shown are the electron-capture cross sections as a
tion of the incident electron energyEe for all nuclei in this study.
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sition in @3#. As discussed above, the origin of this discre
ancy is due to the fact that Ref.@4# places the Gamow-Telle
resonance for even-even nuclei systematically at too high
excitation energy. Of course, this shortcoming has been
rected for in Refs.@4,3# by adding an experimentally know
low-lying strength on top of the one attributed to Gamo
Teller transitions. However, the overall good agreement
tween the SMMC results for even-even nuclei and the r
ommended rates indicates that our SMMC approach a
accounts correctly for this low-lying strength. This has
ready been deduced from the good agreement betw
SMMC Gamow-Teller distributions and data including th
low-energy regime. We conclude therefore that, for ev
even nuclei, the SMMC approach is able to predict thetotal
electron-capture rate rather reliably, even if no experimen
data are available. We note that our SMMC rate is somew
larger than the recommended rate for56Fe and60Ni. In both
cases the experimental Gamow-Teller distribution is kno
and agrees well with the SMMC results@13#. While the pro-
posed increase of the rate for60Ni is not expected to have
noticeable influence on the precollapse evolution, the
creased rate for56Fe makes this nucleus an important co
tributor in the change ofYe during the collapse~see Table 15
of @3#!.

Turning now to electron capture on odd-A nuclei, here we
observe that the SMMC electron-capture rate, derived fr
the Gamow-Teller distributions, is significantly smaller th
the recommended total rate. As already stressed above,
is simply due to the fact that for odd-A nuclei the Gamow-
Teller transition peaks at rather high excitation energies
the daughter nucleus. The electron-capture rate on odd-A nu-

c-
FIG. 5. Shown are the electron-capture rates as a function o

electron chemical potential energyme for all nuclei in this study.
All electron temperatures were fixed atTe50.5 MeV.
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TABLE II. Comparisons of the present SMMC electron capture rates with the total (lec) and partial
Gamow-Teller (lec

GT) rates as given in Ref.@3#. Physical conditions at which the comparisons were made
given in the last column.

lec (sec21) lec (sec21) lec
GT (sec21)

Nucleus ~SMMC! ~Ref. @3#! ~Ref. @3#! Conditions

55Co 3.8931024 1.4131021 1.2331021 r755.86,T953.40,Ye50.47
57Co 3.3431026 3.5031023 1.3131024 r755.86,T953.40,Ye50.47
54Fe 7.8331025 3.1131024 9.5431027 r755.86,T953.40,Ye50.47
55Fe 1.231028 1.6131023 1.1631027 r755.86,T953.40,Ye50.47
56Ni 3.4731022 1.6031022 6.3431023 r755.86,T953.40,Ye50.47
58Ni 1.0131023 6.3631024 4.0431026 r755.86,T953.40,Ye50.47
60Ni 7.3931025 1.4931026 4.8631027 r755.86,T953.40,Ye50.47

59Co 3.4431027 2.0931024 6.3731025 r7510.7,T953.65,Ye50.455
57Co 2.0631025 7.6531023 3.6931024 r7510..7,T953.65,Ye50.455
55Fe 1.0731027 3.8031023 5.5131027 r7510.7,T953.65,Ye50.455
56Fe 9.8031026 4.6831027 6.60310210 r7510.7,T953.65,Ye50.455
54Fe 3.8431024 9.5031024 3.8531026 r7510.7,T953.65,Ye50.455
51V 1.0631026 1.2431025 9.4631029 r7510.7,T953.65,Ye50.455
52Cr 1.3231024 2.0131027 1.59310210 r7510.7,T953.65,Ye50.455
60Ni 3.6131024 7.6431026 2.1231026 r7510.7,T953.65,Ye50.455
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clei is therefore carried by weak transitions at low excitat
energies. Comparing our rates to those attributed to Gam
Teller transitions in Refs.@4,3# reveals that the latter hav
been, in general, significantly overestimated which is sim
caused by the fact that the position of the Gamow-Te
resonance is usually put at too low excitation energies in
daughter~see Table I!. For example, Ref.@3# attributes 87%
of the total capture rate on55Co to Gamow-Teller transitions
~upper part of Table II!, while our calculation predicts the
contribution of the Gamow-Teller strength distribution to
negligible. Thus, we recommend that the capture rate
55Co is significantly smaller~only 13% of the rate given in
Table 4 of Ref.@3#!. Our SMMC calculation implies that the
Gamow-Teller transitions should not contribute noticeably
the electron capture rates on odd-A nuclei at the low tem-
peratures studied in Tables 14–16 in@3#. Thus, the rates for
odd-A nuclei given in these tables should generally be
placed by the non-Gamow-Teller fraction.

IV. DISCUSSION

In this paper we presented a detailed description of
electron-capture cross section and rates calculated from
Gamow-Teller distributions obtained using the SMM
method. We demonstrated the validity of our odd-A sam-
pling technique in45Sc, and we found very good agreeme
between the SMMC and the traditional approach for so
tions of the shell model. Furthermore, the SMMC approa
reproduces the measured Gamow-Teller strength distr
tions very well. In accordance with the data, we find an o
even dependence of the Gamow-Teller peak position in
daughter nucleus: while it is generally at low daughter ex
tation energy for even-even parent nuclei (;2 MeV), it is
at noticeably higher energies for odd-A parents~;5 MeV!.
These systematics are not reproduced by the parametriz
of the Gamow-Teller resonance as adopted for the deriva
of the currently recommended rates@4,3#. This parametriza-
w-
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tion places the Gamow-Teller resonance usually at too h
excitation energies for even-even parent while the positio
too low for odd-A parents. However, this shortcoming h
been mainly overcome in the recommended rates by ad
the experimentally known strength at low excitation energ
to the Gamow-Teller strength.

The presupernova collapse occurs at finite tempera
and our SMMC approach, for the first time, allows us to ta
thermal effects consistently into account. With increas
temperature, the Gamow-Teller distribution is broadened
shifted to lower transfer energies. However, at the rather
temperatures at which electron capture occurs on nucle
the iron mass region, the temperature dependence of
Gamow-Teller strength distribution is rather unimporta
For even-even nuclei the distribution does not change
much atTN,0.6 MeV due to the large pairing gap. For od
A nuclei, the Gamow-Teller strength resides at such h
excitation energies that the modest temperature depend
of the strength does not affect the total rate. Thus it also d
not matter that numerical problems do not allow us to c
odd-A nuclei below TN50.8 MeV. However, we like to
stress that the temperature dependence of the Gamow-T
strength will become important at later stages of the pre
pernova collapse when temperatures of the order ofTN51
MeV or higher are reached, as then the strength for b
even-even and odd-A nuclei is noticeably shifted downward
in transfer energy. At these temperatures theYe value, how-
ever, has decreased enough so that electrons are captur
nuclei with Z,40 andN.40 for which the Gamow-Teller
transitions are naively expected to be Pauli blocked. Ho
ever, this Pauli blocking can be overcome by thermal ex
tation @38# and by pairing@39#, which, at low temperatures
is the more important effect.

As the Gamow-Teller strength resides at rather high ex
tation energies for odd-A parents, the Gamow-Teller contr
bution is generally negligible in the total electron-captu
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rate. This finding is at variance with recent compilatio
@4,3# which propose noticeable Gamow-Teller fractions
the capture rate on odd-A nuclei like 55,59Co. We recom-
mend to use only the non-Gamow-Teller fraction of the co
piled rates for odd-A nuclei. For even-even parents, th
Gamow-Teller distribution is located at very low excitatio
energies and, within our approach, should account for
total electron-capture rate. In fact, our rate agrees reason
well with the compiled total rates. However, for nuclei lik
56Fe and60Ni, the Gamow-Teller strength resides, in agre
ment between data and SMMC calculation@13#, at such low
energies that the present rate is significantly larger than
one given in the compilations.

In summary, the present SMMC approach allows for
first time a microscopic determination of the Gamow-Tel
contributions to the presupernova electron-capture rates.
present calculation will be extended to other nuclei of pot
tial importance during the collapse phase of type-II sup
rt-
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nova. The SMMC approach can also be extended to hea
more neutron-rich nuclei which will carry the electron
capture process at later stages. For these nuclei we expe
ability of our method to consistently account for finite
temperature effects to be quite important.
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