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Abstract Using the Shell-Model Monte Carlo method and the Random éhas
Approximation theory, we carry out an estimation of neuwtr@mergy loss (NEL) for
55Co and®SNi by electron capture. We find that the NEL rates increasattyet
some typical stellar conditions, and can even exceed fiversrdf magnitude (e.qg.
Ty = 38.5, Y, = 0.42 for °°Ni). On the other hand, the error factorshows that the

fit is fairly good for two results at higher density and lowemiperature, and the max-
imum error is~ 1.2%. However, the maximum error is 55.60% (e.g.Tg = 18.5,

Y, = 0.45) at lower density and higher temperature.
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1 INTRODUCTION

In the environment of supernova explosions, the neutrinadity escape from stars and carry off a
large amount of energy. The cooling rates from neutrinogniass (NEL) by electron capture (EC)
play a key role. The NEL rates 6fCo and®°Ni are very important in supernova explosions. Their
cooling rates and weak interactions were investigated lieiFet al. (1980, 1982) (hereafter FFN);
Aufderheide et al. (1994); Later Heger et al. (2001); Larkgat Martinez-Pinedo (1998) and Nabi
& Rahman (2005); Nabi & Sajjad (2008); Nabi (2010); Liu & Lud007a,b, 2008a,b); Liu et al.
(2007a,b, 2011); Liu (2010) also discussed the weak intieraceactions of>Co and’®Ni in stellar
environments. Due to the importance’®€o and®®Ni, we focus on these nuclides and reinvestigate
NEL according to the Shell-Model Monte Carlo (hereafter S@Mnethod, which is discussed in
detail by Dean et al. (1998). We also discuss the electrotuoagross section (ECCS) with the
theory of Random Phase Approximation (RPA). We compareddbelts ofAsyivic, calculated by
using the method of SMMC, with those afrx, calculated by using the method of FFN.

2 THE NEL RATESIN AN EXPLOSIVE STELLAR ENVIRONMENT

The NEL rates by stellar EC for thigh nucleus(Z, A) in thermal equilibrium at temperatufis
given by a sum over the initial parent statesd the final daughter statggFuller et al. 1980, 1982)
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where J; and E; are the spin and excitation energies of the parent statesGa#d, A, T') is the
nuclear partition function. The NEL rates from one of thdiatistates to all possible final states
are\y.

Based on the theory of RPA (Dean et al. 1998) with a globalpatarization of the single
particle numbers, the NEL rates are related to ECCSy

1

A = ﬁ3 Z/ pg(gn - g)aec(anaaiaaf)f(ana UFaT)dEna (2)
it v=o

T2

wheresy = max(Qis, 1), pe = Ve, — 1 is the momentum of the incoming electron with energy
andUr is the electron chemical potentidl;is the electron temperature. Note that in this paper, all
of the energies and the momenta are respectively exprassmits ofm.c?> andm.c, wherem,, is
the electron mass ands the light speed.

The electron chemical potential is found by inverting thpression for the lepton number den-
sity

p 8w /°° 9
Ne = — = pcf—e_fedpea (3)
pe g Jy VeI
where p is the density in g cm?® and y. is the average molecular weighf.. = [l +

exp(2=2E=1)"1 and fy. = [1 + exp(=LZEHL)]~1 are the electron and positron distribution
functions respectively, andis the Boltzmann constant. The phase space factor is defined a
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where an electron with energy, combines with a proton in the single particle state with gper

¢; to form a neutron in the single particle state with energyDue to the energy conservation, the

electron, proton and neutron energies are related to theimeenergy, and)—value for the capture

reaction (Cooperstein & Wambach 1984)

Qif =€c—ev=g,—¢, =€f— €}, (5)

and we have
5?—€f:a;‘f+ﬂ+Anp, (6)

wherefi = 1, — 1,y is the difference between the chemical potentials of théros@nd proton in the
nucleus and\,,, = M, c¢®> — M,c* = 1.293 MeV is the mass difference for the neutron and proton.
Qoo = Msc? — M;c®> = i + A, with M; and M ¢ being the masses of the parent nucleus and the
daughter nucleus, respectively; corresponds to the excitation energies in the daughteenselt
the states with zero temperature.

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

Ooe = Occ(En) = 3 ehl exp(_ﬁEi)O’fi(Ee) = ehl exp(_ﬂEi)O’fi(En)

- ZA Za

2
= g% [ delen — € 2 Sars (OF (2.20). )

if

whereg, = 1.1661 x 10-°GeV~2 is the weak coupling constant agt}, is the axial vector’s form-
factor, which at zero momentum ¢, = 1.25. Sgr+ is the total amount of Gamow-Teller (GT)
strength available for an initial state, which is given bynsning over a complete set of final states
in the GT transition matrix eIementMGTﬁf. 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 potémtidhe square of the wave function of
the free electron.

The NEL rates by EC are given by integrating the total crosg@ewith the flux of a degenerate
relativistic electron gas

In2 [ 3 o
v 2 d S dpep?(— WP2E(Z,en) f(en T). 8
A 6163 0 €SGT(TTLCCQ)5 /po ppc( £+€ ) ( € )f(E 7UFa ) ( )
Thepy is defined as
1 (Qir < —1)
— if ’ 1 )
bo= { 0, (otherwise). ©)

In order to compare our results afyivic, which are calculated by using the SMMC method,
with those ofArpn, Which are calculated by using FFN’s method, the error faCtes defined as

o ASMMC — AFFN . (10)
AsMMmC

3 NUMERICAL CALCULATIONSOF NEL RATES AND DISCUSSION

The NEL rates of°Co and®°Ni are shown in Figures 1 and 2. We find that the NEL rates are
affected greatly by astrophysical conditions and can emedn some typical cases. The NEL rates
can be enhanced by more than four orders of magnitude avedyahigher temperature (e.dly =
38.5,Y, = 0.42 for 5°Co), and can even exceed five orders of magnitudé®fdr. This is because
the higher the temperatures and densities are, the higbetr@h energies and electron chemical
potentials are. So, the NEL rates would dramatically rise tuarge numbers of electrons joining
the EC process. On the other hand, the different effectseoNtEL in different nuclides are caused
by different@ values and transition orbits in the EC process.

Figures 3 and 4 show the effect on the error factomwhich is the comparison ofsynvc with
those ofArpn by p7 and Ty, respectively. Figure 3 shows at lower density the maximuarorés
~ 55.6% (e.g.7y = 18.5,Y, = 0.45). And the maximum error is- 37.10% at higher temperature
in Figure 4 (e.gp7 = 3.34,Y, = 0.48).

In summary, we find that at lower temperature and higher terbe fit is fairly good for two
results and the maximum error is 1.20% (e.g.p;y = 106,Y. = 0.42 andTy = 1 in Fig. 4).
However, the error factor would reach its maximum at higleengerature and lower density (e.g.
pr = 3.34,Y, = 0.48 andTy = 20 in Fig. 4). Itis because the GT transition may not be domiaant
lower densities and temperatures but would be dominategimehitemperatures and densities due to

—T,=1.14,Ye=0.48 | A —T,=1.14,Ye=0.48
--T,=5.86,Ye=0.47 107F 7 --T,=5.86,Ye=0.47 |
T,=9.33,Ye=0.46 T,79.33,Ye=0.46
T =18.5,Ye=0.45 | o
9

- T,=18.5,Ye=0.45
—T,=38.5,Ye=0.43 T,=38.5,Ye=0.43
n

<

=
1S)
c'o

n n n n n L L
0 90 100 0 10 20 30 40 50 60 70 80 90 100

®|©

n n n n n n n
10 20 30 40 50 60 70

Fig.1 The NEL rates for nuclide¥’Co and®*Ni as a function of the density; at some typical
astrophysical conditions.
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Fig.2 The NEL rates for nuclide¥ Co and®®Ni as a function of the temperatuf at some typical
astrophysical conditions.
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Fig.3 The factorC for nuclides®Co and®®Ni as a function of the density, at some typical
astrophysical conditions.
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Fig.4 The factorC for nuclides®®Co and®°Ni as a function of the temperatui® at some typical
astrophysical conditions.

higher electron energy and electron chemical potentialtH®d\NEL rates would be enhanced greatly
due to large numbers of electrons joining the EC processh®ather hand, experimental data on the
GT distribution of nuclear excited states are now becomirajlable. These data show that the GT
strength disappears in the daughter nucleus and splits@vieral excitations. FFN's works (Fuller
et al. 1980, 1982), which use GT contribution parametengg laafew errors. SMMC is in fact ob-
tained as an average of the GT strength distribution andhaoived FFN’s computational method.
A reliable replication of the GT distribution in the nucleisscarried out and detailed analysis is
made by using an amplification of the electronic shell mo@lelis the method is relatively accurate.
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4 CONCLUDING REMARKS

By using the SMMC method and the RPA theory, we carry out amasibn of the NEL for®Co and
6Ni. We find the different effects on NEL for different nuclislat some typical stellar conditions,
which even increase by five orders of magnitude (€sg= 38.5, Y, = 0.42 for 5°Ni). On the other
hand, the error factaf’ shows that the fit is fairly good for two results at higher dgnand lower
temperature and the maximum erroris0.12%. However, the maximum error is 55.6% (e.g.

Ty = 18.5,Y, = 0.45) at lower density and higher temperature. The NEL ratesgtyonfluence
the stellar cooling rates and evolutionary timescale. TthesNEL and EC play key roles at the late
stage of stellar evolution, especially for the processlireain a core-collapse supernova. Therefore,
the results we obtained may have significant influence ohdéurtesearch of supernova explosions
and stellar cooling mechanisms.
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