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MICROSCOPIC CALCULATIONS OF STELLAR WEAKRATES FOR sd- AND fp-SHELL NUCLEI FORASTROPHYSICAL APPLICATIONS�Jameel-Un Nabi and H.V. Klapdor-KleingrothausMax-Plan
k-Institut für KernphysikPostfa
h 103980, 69029 Heidelberg, Germany(Re
eived February 1, 1999)Proton-netron quasiparti
le RPA is used for the �rst time to 
al
ulateweak intera
tion rates for sd - and fp-shell nu
lei at high temperatures anddensities. The 
al
ulated rates take into 
onsideration the latest exper-imental energy levels and ft value 
ompilations. Parti
le emission pro-
esses from ex
ited states are taken into a

ount. The 
al
ulation is donefor 700 nu
lei with mass number ranging from 18 to 100. The astrophysi
alappli
ations of the 
al
ulated rates are highlighted.PACS numbers: 26.50.+x, 23.40.�s, 23.40.Bw, 21.60.Jz1. Introdu
tionIn the 
ourse of development of a star, the weak intera
tion has several
ru
ial e�e
ts. They initiate the gravitational 
ollapse of the 
ore of a mas-sive star triggering a supernova explosion, play a key role in neutronisationof the 
ore material, and, a�e
t the formation of heavy elements above ironvia the r- pro
ess at the �nal stage of the supernova explosion. The weak in-tera
tion also largely determines the mass of the 
ore, and thus the strengthand fate of the sho
k wave formed by the supernova explosion.Pre
ise knowledge of the � de
ay of neutron-ri
h nu
lei is 
ru
ial toan understanding of the r- pro
ess. Both the element distribution on ther-path, and the resulting �nal distribution of stable elements are highlysensitive to the � de
ay properties of the neutron-ri
h nu
lei involved in thepro
ess. This was �rst pointed out by Klapdor [1,2,3℄ (see also [4℄).Thereare about 6000 nu
lei between the � stability line and the neutron dripline. Most of these nu
lei 
annot be produ
ed in terrestrial laboratories� Presented at the XXXIII Zakopane S
hool of Physi
s, Zakopane, Poland, September1�9, 1998. (825)



826 Jameel-Un Nabi, H.V. Klapdor-Kleingrothausand one has to rely on theoreti
al extrapolations in respe
t of beta de
ayproperties. Cal
ulations of beta de
ay rates for all nu
lei far from stabilityby mi
ros
opi
 nu
lear theory were �rst performed by Klapdor et al. [5℄, andthen 
omplemented and re�ned by Staudt et al. [6,7℄ and Hirs
h et al. [8℄.Re
ent studies by Homma et al. [9℄ and Möller et al. [10℄ have shown thatthe best extrapolations to nu
lei far from stability to date still are given by[6℄. All these weak intera
tion rates led to a better understanding of the r-pro
ess. However there was a need to go to domains of high temperature anddensity s
ales where the weak intera
tion rates are of de
isive importan
e ina study of the stellar evolution.There are many interesting problems in astrophysi
s whi
h requiree� -
apture and �� -de
ay rates as input parameters. These rates are usedin numeri
al simulations for nu
lear astrophysi
al problems. Some pro
esseswhere � transitions o

ur at high temperatures and densities (T � 109 K,�Ye � 103 g
m�3) in
lude the initiation of the 
ollapse of the O + Ne + Mg
ore of 8-10 M� stars [11℄, the growth of the mass of the iron 
ore of M � 10M� stars � the element synthesis problem, like the synthesis of iron-groupelements in 
arbon-detonation supernova models [12℄, the hot CNO-
y
le[13,14℄, where at temperatures beyond 108 K and densities beyond 1 g
m�3,�+ de
ays are mu
h slower than thermonu
lear rea
tions. Some other ex-amples in
lude the s-pro
ess [15,16℄, and the p-pro
ess [17,18℄.Proton-neutron quasiparti
le random-phase-approximation (pn-QRPA)has been shown to be a good mi
ros
opi
 theory for the 
al
ulation of betade
ay half-lives. Bender et al. [19℄ and Staudt et al. [6,7℄ used the QRPAto 
al
ulate the �� de
ay half-lives of nu
lei far from stability and obtainedgood agreement with experimental de
ay rates. Muto et al. [20℄ then ex-tended this model to treat transitions from nu
lear ex
ited states. Keepingin view the su

ess of pn-QRPA theory in 
al
ulating terrestrial de
ay rates,we used this extended model to 
al
ulate for the �rst time the weak intera
-tion rates in stellar matter using pn-QRPA theory. The main advantage ofusing this theory is that it enables us to 
al
ulate also the weak intera
tionrates of fp-shell nu
lei. This work is the �rst 
al
ulation of weak rates forfp-shell nu
lei in hot and dense matter taking into a

ount details of thenu
lear stru
ture and presenting the rates over a wide range of temperatureand density grid points. We took into 
onsideration for the �rst time thee�e
t of beta-delayed parti
le emission in this type of 
al
ulations. The 
al-
ulated weak intera
tion rates for about 700 nu
lei (A = 18 to 100) 
an beobtained as �les on a magneti
 tape from the authors on request.In Se
tion 2 of this paper we present brie�y the formalism used. Fordetails of formalism and 
al
ulations we refer to our paper [21℄. Se
tion 3dis
usses some astrophysi
al appli
ations of the 
al
ulated rates. Se
tion 4summerizes this work.
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ulations of Stellar Weak Rates for... 8272. FormalismThe weak de
ay rate from the ith state of the parent to the j th state ofthe daughter nu
leus is given by 1�ij = ln2fij(T; �;Ef )(ft)ij ; (1)where tij is the half-life and f is the Fermi integral, both being related tothe redu
ed transition probability Bij of the nu
lear transition by(ft)ij = D=Bij : (2)The D appearing in Eq. (2) is a 
ompound expression of physi
al 
onstants,D = 2ln2~7�3g2Vm5e
4 ; (3)and Bij = B(F )ij + (gA=gV )2B(GT )ij ; (4)where B(F) and B(GT) are redu
ed transition probabilities of the Fermi andGamow�Teller (GT) transitions respe
tively,B(F )ij = 12Ji + 1 ���Dj������Xk tk�������iE���2 ; (5)B(GT )ij = 12Ji + 1 ���Dj������Xk tk�~�k������iE���2 : (6)In Eq. (6), ~�k is the spin operator and tk� stands for the isospin raisingand lowering operator. We take the value of D=6295 s and the ratio of theaxial-ve
tor (gA) to the ve
tor (gV ) 
oupling 
onstant as 1.254. The 
al
u-lation of nu
lear matrix elements is dealt with in Se
tion 3.The phase spa
e integral (fij) is an integral over total energy,fij = wmZ1 wp(w2 � 1)(wm � w)2F (�Z;w)(1 �G�)dw (7)1 Throughout Se
tion 2 we use natural units (~ = 
 = me = 1), unless otherwise stated,where me is the ele
tron mass.
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tron (upper signs) or positron (lower signs) emission, or byfij = 1Zwl wp(w2 � 1)(wm + w)2F (�Z;w)G�dw (8)for 
ontinuum positron (lower signs) or ele
tron (upper signs) 
apture.In Eqs. (7) and (8), w is the total kineti
 energy of the ele
tron in
ludingits rest mass, wl is the total 
apture threshold energy (rest+kineti
) forpositron (or ele
tron) 
apture. One should note that if the 
orrespondingele
tron (or positron) emission total energy, wm, is greater than -1, thenwl = 1, and if it is less than or equal to 1, then wl =j wm j. wm is the total�- de
ay energy, wm = mp �md +Ei �Ej ; (9)where mp and Ei are mass and ex
itation energies of the parent nu
leus,and md and Ej of the daughter nu
leus, respe
tively.G+ and G� are the positron and ele
tron distribution fun
tions, respe
-tively. Assuming that the ele
trons are not in a bound state, these are theFermi�Dira
 distribution fun
tions,G� = �exp�E �EfkT �+ 1��1 ; (10)G+ = �exp�E + 2 +EfkT �+ 1��1 : (11)Here E = (w�1) is the kineti
 energy of the ele
trons, Ef is the Fermi energyof the ele
trons, T is the temperature, and k is the Boltzmann 
onstant.In our 
al
ulations, the inhibition of the �nal neutrino phase spa
e isnever appre
iable enough that neutrino (or anti-neutrino) distribution fun
-tions had to be taken into 
onsideration. F (�Z;w) are the Fermi fun
tionsand are 
al
ulated a

ording to the pro
edure adopted by Gove and Martin[22℄.The number density of ele
trons asso
iated with protons and nu
lei is�YeNA, where � is the baryon density, Ye is the ratio of ele
tron number tothe baryon number, and NA is the Avogadro's number.�Ye = 1�2NA �me
~ �3 1Z0 (G� �G+)p2dp ; (12)where p = (w2 � 1)1=2 is the ele
tron or positron momentum, and Eq. (12)has the units ofmoles 
m�3. This equation is used for an iterative 
al
ulationof Fermi energies for sele
ted values of �Ye and T .
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leus for any weak pro
ess is then given by� =Xij Pi�ij : (13)Here Pi is the o

upation probability of state i, 
al
ulated on the assumptionof thermal equilibrium. We 
arry out this summation over all initial and �nalstates until satisfa
tory 
onvergen
e in the rate 
al
ulations is a
hieved.The neutrino energy loss rates are 
al
ulated using the same formalismex
ept that the phase spa
e integral is repla
ed byf�ij = wmZ1 wp(w2 � 1)(wm � w)3F (�Z;w)(1 �G�)dw (14)for ele
tron (upper signs) or positron (lower signs) emission, or byf�ij = 1Zwl wp(w2 � 1)(wm + w)3F (�Z;w)G�dw (15)for 
ontinuum positron (lower signs) or ele
tron (upper signs) 
apture.We 
al
ulate the proton (neutron) energy rate from the daughter nu
leus,whenever Sp(n) < Sn(p), by�p(n) =Xij Pi�ij(Ej � Sp(n)) (16)for all Ej > Sp(n), whereas for all Ej � Sp(n) we 
al
ulate the 
 heating rate,�
 =Xij Pi�ijEj : (17)For the details of the formalism and 
al
ulations we refer to [21℄.3. Astrophysi
al appli
ations of 
al
ulated rates3.1. Evolution of 8�10 M� starsSeveral 
ir
umstantial arguments point to the formation of the thirdr-pro
ess peak at A � 190 in 8�10 M� stars [23℄, and the referen
es therein.These low-mass supernovae might produ
e an r-pro
ess in a prompt explo-sion and a subsequent r-pro
ess in a neutrino driven wind. In [23℄ it isstrongly argued that a prompt explosion of an O+Mg+Ne 
ore may pro-du
e a reasonable r-pro
ess peak at A ' 190, as well as r-pro
ess elements



830 Jameel-Un Nabi, H.V. Klapdor-Kleingrothauswith Z � 56. This prompt explosion was also 
al
ulated for the 
ollapse ofa O+Ne+Mg 
ore by Hillebrandt et al. [24℄. However other authors likeMayle and Wilson [25℄ found a delayed explosion due to late time neutrinoheating for these 
ores.Sin
e these low-mass supernova stars are very interesting from astro-physi
al viewpoint, it is desirable to know the fate of these 
ores mu
h morereliably. In their �nal stages of evolution the 8�10 M� stars undergo ele
-tron 
aptures on 24Mg and 20Ne. Core 
ollapse begins as the pressure ofdegenerate ele
trons starts de
reasing. At the same time these rea
tions lib-erate entropy whi
h leads to an in
rease in the 
ore temperature and oxygende�agration is indu
ed. Therefore, the star will either 
ollapse to leave aneutron star behind or be totally disrupted, depending on whi
h e�e
t isdominant. The 
riti
al quantity to determine whi
h pro
ess is dominant isthe density at whi
h oxygen ignition, �ign, starts; if �ign is low (high), oxy-gen de�agration (
ollapse of the 
ore) dominates the other pro
ess. Thereare two main un
ertainties involved in order to determine �ign; one is thetreatment of the semi
onve
tive layer and the other is the un
ertainty in theele
tron 
apture rates.Miyaji and Nomoto [26℄ investigated �ign using the ele
tron 
apture ratesfrom the gross theory and reported in their paper that it is very unlikely thatoxygen burning is ignited by ele
tron 
apture on 24Mg and 24Na (� � 4�109g
m�3). However they reported that it is likely that at � � 1010 g
m�3ele
tron 
apture on 20Ne ignites the oxygen burning and �ign is not lowenough for 
omplete disruption of stars.The temperature and density of the O+Ne+Mg 
ore at this relevantstage are: logT = 8.4 - 9.4 (in Kelvins), log � = 9.3�10.4 (in g
m�3).For the A = 24 systems, if 
onve
tion is negle
ted, the ele
tron 
apturepro
ess stops when all 24Na is exhausted. This o

urs be
ause there is nosupply of fresh material in the 
entral region. However, if 
onve
tion is 
on-sidered, fresh 24Mg (hen
e 24Na) is always supplied in the 
onve
tive 
ore.As a result the entropy produ
tion 
ontinues to the higher density wheregross theory ele
tron 
apture rates di�er from those of Oda et al. [27℄ by anorder of magnitude whi
h in turn di�er from our 
al
ulated ele
tron 
apturerates by an order of magnitude. In other words, for the relevant temperatureand density s
ales, our ele
tron 
apture rates of 24Mg di�er by two orders ofmagnitude in 
omparison with the ele
tron 
apture rates of the gross theory(see �gure 1). Sin
e the heating rate also in
reases in this density region,there is a possibility that the oxygen ignition begins before the ele
tron 
ap-ture on 24Ne starts. In order to obtain the quantitative amount of 
hange of�ign using our 
al
ulated 
apture rates, a pre
ise 
al
ulation of the evolutionof the O+Ne+Mg 
ore is ne
essary.
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Fig. 1. Ele
tron 
apture rates for 24Mg as a fun
tion of �Ye, at logT = 8:6; 9:0,and 9.4. The dot-dashed line represents our rates, the dashed line depi
ts the ratesof Fuller et al. [28℄, while the solid line shows the results of Oda et al. [27℄.3.2. Sear
h for important weak intera
tion nu
lei in stellar evolutionof massive starsThe rate of 
hange of Ye is important for stellar evolution. The nu
leiwhi
h 
ause the largest 
hanges in Ye are neither the most abundant ones northe ones with the strongest rates. Knowledge of both abundan
es and ratesof nu
lei are required for determining the most important ele
tron 
aptureor beta-de
ay nu
lei for given values of �, T , and Ye. The rate of 
hange ofYe is de�ned as [29℄: _Yee
(bd)(k) = �(+)XkAk �e
(bd)k ; (18)where the abundan
e of the kth nu
leus is given by:Xk = G(Z;A; T )2 ��NA2 �3�A�1A5=2XNn XPp exp � QkkBT � : (19)Here G(Z;A; T ) is the nu
lear partition fun
tion, NA is the Avagadro num-ber, kB is the Boltzmann 
onstant, Qk is the binding energy, and � =



832 Jameel-Un Nabi, H.V. Klapdor-Kleingrothaus( h22�mHkBT )1=2 is the thermal wavelength. Xn and Xp are determined usingthe mass and 
harge 
onservation of the distribution of nu
lei. Hen
e Xk, fora nu
leus k, 
an be 
al
ulated. Substituting �e
(bd)k by our 
al
ulated rateswill allow us to 
al
ulate Eq. (18) for all nu
lei of interest. This 
al
ulationmay then be 
ompared with earlier works [29, 30, 31, 32℄ to 
he
k if thelistings of the important nu
lei 
hanges. Su
h ranked lists of nu
lei may behelpful to prioritize more detailed studies on individual nu
lei.4. SummaryWeak intera
tion rates of sd -shell nu
lei in stellar matter are 
al
ulatedfor the �rst time using pn-QRPA theory. This theory whi
h proved to bea su

essful theory for 
al
ulation of terrestrial rates promises to be a good
andidate for stellar rates. Some of the astrophysi
al appli
ations of the
al
ulated rates are dis
ussed. It is shown that evolution of the 
ores of 8�10 M� stars and the asso
iated r-pro
ess deserve mu
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