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Abstract Based on the shell-model Monte Carlo method and random @mpsex-
imation theory, the neutrino energy spectrum (NES) and lisetren capture (EC) of
56Fe,?6Co,%°Ni, 5°Mn, 55Cr and®%V are investigated in presupernova surroundings.
The results show that the EC rates are affected greatlyfateiift densities and tem-
peratures. The rates increase greatly and even exceedlsps@f magnitude at lower
temperature. On the other hand, the NES is very sensitivieliarstemperature and
electron energy. The higher the temperature and the loveeeligctron energy, the
larger the influence on NES is. For example, the maxima of NEB8&e ground state
are 9.02, 160, 80, 24.01, 0.44, 142 ¢* for °°Fe,*5Co, °5Ni, Mn, >6Cr and®%V
respectively ap; = 10.7, Y, = 0.45 andTy = 15. Furthermore, the influence on NES
due to EC for different nuclei has some otherness becauséeremt )y-values. For
example, the spectrum 8fCo shows a double bump structure.

Key words: physical data and processes: neutrinos, nuclear reaetiostars: super-
novae — stars: evolution

1 INTRODUCTION

The emission, scattering and energy loss of neutrinos heaag gnportance in astrophysics. The
neutrino energy loss (NEL) due to electron capture (EC)gkyimportant role in the process of
supernova explosions. The neutrinos not only transporhameous amount of energy outward, but
also carry a lot of information about their stellar integomhus, it is very important to investigate
the NEL and the neutrino energy spectrum (hereafter NE$pttwur in EC reactions, especially for
some iron group nuclei.

Weak interactions (e.g. EC and beta decay) play a centmimdhe final evolution of massive
stars. The EC rates of nuclidé$Fe, °5Co, *°Ni, *Mn, *6Cr and®V are a very important and
dominant factor during the process of supernova explosiBimeering works on EC rates were
investigated by some authors (Aufderheide et al. 1990, ;1B84ganke & Martinez-Pinedo 1998;
Liu 2012, 2013a,b,c,d,e,f; Fuller et al. 1982) under theditions of a supernova-like explosion. Liu
& Luo (2007a,b); Liu et al. (2007a,b); Liu & Luo (2008a,b,t)u (2010a,b); Liu et al. (2011) also
discussed the NEL and weak interactions of some iron groafidas in presupernova conditions.

Due to the importance of nuclidé$Fe,>¢Co, °°Ni, *Mn, 55Cr and®%V in astrophysical sur-
roundings, in this paper we focus on these nuclides andtigats their NES due to EC according
to the shell-model Monte Carlo (SMMC) method, which has bdisoussed at length by Dean et al.
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(1998). We also discuss the electron-capture cross s€&iogS) with the theory of random phase
approximation (hereafter RPA). This paper is organized#sws: in the next section, we analyze
the NES due to the EC process that occurs in stellar intefiorSection 3 we discuss the effect of
NES in®®Fe,?¢Co, °6Ni, ®Mn, *6Cr and®®V. Some conclusions are given in Section 4.

2 THE NEUTRINO ENERGY SPECTRUM DUE TO ECIN STELLAR INTERIORS

The stellar EC rates for thie-th nucleus(Z, A) in thermal equilibrium at temperatuffe are given
by a sum over the initial parent stateand the final daughter stat¢gFuller et al. 1982)

2J; —i—lekT
Akzxeczz( ZAT) ZM’ (1)

whereJ; and E; are the spin and excitation energies of the parent statetharteiC rates from one
of the initial states to all possible final states are. G(Z, A, T') is the nuclear partition function
which is given by

G(ZAT) =3 (27 + 1)exp(— f—T) )

According to the level density formula, when the contribntfrom the excited states is dis-
cussed, the nuclear partition function approximately bee® (Aufderheide et al. 1994)

G(Z,AT) ~ (2J0+1)+/ dE | dJdm(2J; +1)
0 J,

xV(E, J,m) exp( kEYl”) 3)

where the level density is given by (Holmes et al. 1976; dr@nn et al. 1986)

1 7 " exp[2/a(E — 0)]

WE, J,7) = oo 1243 (E—é)% C(E, J,7), 4)
with 1(2J+4+1) J(J+1)
B, Im) = g e | - 5] ®)
wherea is the level density parameter atids the backshift (pairing correctionj.is defined as
2\ 3 1
_ <2m;7§R ) [(E;&)] ’ ©)
whereR is the radius aneh,, = < is the atomic mass unit.

Based on the theory of RPA (Dean et al. 1998) with a globalmatarization of the single
particle numbers, the EC rates are related to EGC Dy (Juodagalvis et al. 2010)

1 o0
)\if = 213 Z /5 Ptec(Um 0i, O'f)f(o'na Ur, T)d&'n, (7)
if 0

whereey = max(Qiy, 1). pe = Ven — 1 is the momentum of the incoming electron with energy
en, Ur is the electron chemical potential afidis the electron temperature. Note that in this paper
all of the energies and momenta are respectively expressauts ofm. c? andmec, wherem,, is

the electron mass ands the speed of light.
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The electron chemical potential is found by inverting thpression for the lepton number den-
sity

-2 [ = fedane ®)

Te

wherep is the density iy cm 2 andy, is the average molecular weight, = % is the Compton

—1 —1
wavelengthf_. = {1 +exp (EnkUiTFl)} andf . = [1 +exp (%)} are the electron

and positron distribution functions respectively @nid the Boltzmann constant.

The NES for a specific nuclear transition franto f is given by the respective partial rate per
energy interval. The total spectrum is then the sum over@dkjble transitions. The normalized
neutrino spectrum i&” (¢, ), which is obtained by dividing by the total electron captate. Based
on the calculation of the partial cross section, the NES eftmitted neutrinos due to EC reactions
is given by (Langanke & Martinez-Pinedo 1998)

) 11
N (Eu) - )\_7T2h3 szo—ec(gnagiagf)f(gnaUFaT)a (9)
ec if

wheree, = €; — € + €, andp, is the corresponding momentum of the electron. The phasespa
factor is defined as .

- U -

F(ensUp, T) = |1+ exp (5| (10)

kT
for an electron with energy,, from an initial proton in the single particle state with emee;
to a neutron in the single particle state with enetgy Due to energy conservation, the electron,
proton and neutron energies are related to the neutringgaed(@ —value for the capture reaction
(Cooperstein & Wambach 1984)

Qif=cc—ev=cn—€,=¢f—¢y, (12)

so we have
ef —&f =&jp+ i+ Anp, (12)

wherefi = u, —pip, is the difference between the chemical potentials of thutrna and proton in the
nucleus and\,,, = M,c? — M,c? = 1.293 MeV is the mass difference between the neutron and the
proton.Qoo = Myc? — M;c® = i + A,p, With M; and M being the masses of the parent nucleus
and the daughter nucleus respectivelf;; corresponds to the excitation energies in the daughter
nucleus at the states with zero temperature.

The total cross section for EC is (Dean et al. 1998)

Oec = Uec(gn) = Z (2Ji - 1)Zejp(_ﬁEi) Ufi(Ee)
if

= Z 7

oyi(En)
if
GQ
= 6gk [ de(en — € A Scr s (OF(Z,z0), (13
whereg,. = 1.1661x 107> GeV 2 is the weak coupling constant a6y, is the axial vector’s form-
factor which at zero momentum g, = 1.25. Thee,, is the sum of the total rest mass and kinetic
energiesF'(Z,e,) is the Coulomb wave correction which is the ratio of the squarthe electron
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wave function distorted by the Coulomb scattering potémdidhe square of the wave function of
the free electron.

Sary+ is the total amount of Gamow-Teller (GT) strength availdblean initial state, which is
given by summing over a complete set of final states in the &fsition matrix elemeonGTﬁf.

The SMMC method is also used to calculate the response &ma&ti () of an operatord at an
imaginary timer, by using a spectral distribution of initial and final statesand| f) with energies
E; andE[ respectively R 4(7) is given by (Langanke & Martinez-Pinedo 1998)

iy (2di + e PPie =B (f|Ali)

RA(T) = Zi(2Ji 4 1)efﬁEi

(14)

Note that the total strength for the operator is giveniby = 0). The strength distribution is

given by

Zif 5(E — Ef + EZ)(QJZ + 1)efﬁEi
(20 +1)e=PE:

= Sa(E), (15)

(F1A18)?

Sar+(E) =

which is related tak (1) by a Laplace Transforn?(7) = [*_Sa(E)e~"PdE. Note that here
E is the energy transfer within the parent nucleus, and tleastiength distributiotb+ (E) has
units ofMeV~—! andj = % whereTy is the nuclear temperature.

The EC rates are given by integrating the total cross seutitinthe flux of a degenerate rela-
tivistic electron gas

In2 [ 3 o 5 5
ec — m/o dstTm /po dpepe(_f + 5n) F(Za En)f(gna UFaT)' (16)

Thepy is defined as

Po = { O\/ sz -1 (Qif < _1) (17)

(otherwise) .

3 THE STUDY AND DISCUSSION OF EC RATESAND NES

Figures 1 and 2 show the EC rates%fe,?%Co,°Ni, Mn, 5Cr and®®V as a function ofl}, at dif-
ferent astronomical conditiong{ is the density in units of0”g cm 2 andTy is the temperature in
units of10° K). One can see the EC rates are affected greatly at diffeesmsities and temperatures.
The rates increase greatly and even exceed six orders ofitudgiat lower temperature. The lower
the temperature, the larger the influence on EC is, becaeseldletron energy is so low at lower
temperatures that the EC rates can be strongly affecteché@uather hand, owing to the fact that the
electron energy is so high at higher temperatures, the htghelensity, the smaller the influence on
EC becomes. With an increase of the density, there are @iffeffects on EC for different nuclides.
This is caused by different Q-values and the orbital tréomsst The Q-values of nuclidé$Fe,*’Mn,
56Cr and®®V are negative, but those for the others are positive (@yg= 4.06 MeV and1.62 MeV

for 56Co and®®Ni, respectively).

Figures 3, 4 and 5 show the NES HfFe, *°Co, *6Ni, °Mn, *6Cr and®®V as a function of
neutrino energy gb; = 5.86 andY, = 0.47 and temperature &fy = 7,9, 11, 13 and15. One can
see the neutrino energy has different effects on NES at the siensity and different temperatures.
The higher the temperature, the larger the influence on NH®&shigher the temperature, the higher
the peak value of the NES is, because the electron energyasgmoat relatively higher temperatures
that the EC rates are strongly affected. This would lead teerand more electrons being affected
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Fig.1 The EC rates as a function @ at the densitypr = 0.443,Y. = 0.48 (left) and pr =

14.5, Y. = 0.45 (right).
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Fig.2 The EC rates as a function @% at the densitypr = 5.86,Y, = 0.47 (left) and p; =
106, Yo = 0.43 (right).

by the EC process. Furthermore, the GT transition is dormiimathis process. From these figures,
one can see that with an increase of the neutrino energy #rerdifferent effects on NES in the

EC reaction for different nuclides due to a difference in tiuelide’s threshold energy and orbital

transitions in the EC reaction.

Compared with the NES for these nuclides from three figuressat for>6Co, we find that the
NES values for the other five nuclei are very similar. The N&SHe five nuclides peak around rather
small neutrino energiedm. c> < E, < 15m.c? with a width of 5mec? < AE, < 15mec?.
Due to the negativé), values for these nuclei, the EC reaction is blocked and regumnany more
electrons from the exponentially decreasing tail of thenkddirac distribution. Thus, the EC to
low-lying states occurs in electrons with lower energiemtthe bulk of the GT strength, but both
are accompanied by low-energy neutrinos.

Figures 6, 7 and 8 show the influence on the NES of these nsdlidéifferent energy states
by neutrino energies at; = 10.7,Y, = 0.45 and7y = 15. One can see that the effect on NES is
different for most of the nuclei at different energy stafBise lower the electron energy state is, the
higher the peak value of NES and the larger the influence on &ESDue to the different energy
values in different states for these nuclides, the influsioceNES have a different expression at the
same astrophysical conditions.

According to our calculations, the peak values of NES are,9160, 80, 24.01, 0.44 and
1.42m, c? for °Fe, ®°Co, %6Ni, 5Mn, 56Cr and®%V in the ground states, respectively. By con-
trast, we can see the higher the energy of the excited statieeidower the peak value is. From
Figures 3 to 8, we can see that tfg-value allows the EC reaction to occur with all energies for
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Fig.3 The NES for*®Fe (eft) and®°Co (right) as a function of the neutrino energy at the density
p7 = 5.86,Y, = 0.47 and temperature &fy = 7,9, 11, 13 and15.
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Fig.5 Same as Fig. 3, but f6f Cr (left) and®®V (right).

56Ni. However, the GT distribution in the daughféCo is concentrated at low excitation energies,
resulting again in a different neutrino spectrum. The NEB@&EC reaction fot°Mn, *6Cr and®¢Vv
does not produce a double-bump structure due to the nedatinalue which favors emission of
low-energy neutrinos because of the similarity in nuclearcsure. However, we find the spectrum
of ®6Co shows a double bump structure. This is caused by the wetitieshold energg), in the
EC process and the partial NES contributed by selectedsstathe parent nucled$Fe.

By analyzing the effect on NES by EC for the different nuctideve find that the density and
temperature have different effects on NES in the EC proagsiifferent nuclides because of the dif-
ference in the nuclide’s threshold energy and transiticnit®in the EC reaction. On the other hand,
there are different effects on NES in the EC process fordiffenuclides owing to the difference in
the nuclide’s ground state and energy of different excitates.
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Fig.6 The NES for"®Fe (eft) and°°Co (right) as a function of the neutrino energy at the ground
state and different excited states and the density: 10.7, Y, = 0.45 andTy = 15.
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Fig.8 Same as Fig. 6, but fof Cr (left) and®®V (right).

4 CONCLUDING REMARK

Based on the SMMC method and RPA theory, we have carried oast@mation for the NES and
EC process 0f°Fe,*6Co, *Ni, *Mn, *6Cr andV in presupernova conditions. The results show
that the EC rates are greatly affected at different demssétied temperatures. The rates greatly in-
crease and even exceed six orders of magnitude at lower tatape On one hand, the NES is very
sensitive to the stellar temperature and electron enerdiffefent states at different neutrino energy
ranges. The higher the temperature and the lower the efeetrergy are, the larger the influence
on NES is. For example, in the ground state, the peak valuesS N 9.02, 160, 80, 24.01, 0.44
and 1.42n. ¢? for °5Fe, °6Co, °Ni, *Mn, 6Cr and®®V respectively atp; = 10.7,Y, = 0.45
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andTy = 15. On the other hand, the NES for different nuclei shows sorheraess because of the
differentQo-values. For example, NES 8fCo shows a double bump structure.

As is well known, in the process of collapse and explosion massive star the NES is quite
relevant and sensitive in simulations at every point in tamd value for density and temperature in
the stellar core. The neutrinos are mainly produced by ECtlagyl play a key role. The emerging
energy spectra are an important ingredient in the simuiatibue to the escape of a great number
of neutrinos by the EC reaction, the NEL contributes one efkby aspects to research about the
cooling mechanism in the process of stellar evolution. Tl N& also is very helpful for facili-
tating the collapse and the explosion of the supernova.,Tthesabove conclusions can influence
further research in nuclear astrophysics, especiallyaeim the study of cooling systems in the late
evolution of massive stars and in simulations of collapsktexplosion.
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