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Density Dependence of the Beta Decay Width in Astronuclear Matter *
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By combining the four-fermion interaction theory and the linear c—w model, we propose an approach to describe
the density dependence of the 3-decay width (the half-life time of the decay) in infinite and charge-neutral nuclear

matter. We find that the half-life time of the 3-decay decreases rapidly with the increase of the nuclear matter

density.
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Beta decay is a very important process with re-
sponsibility for the species evolution in astrophysical
Therefore, great efforts have been
made to study the mechanism of the beta decay in
astrophysical circumstance. Up to now, both experi-
mental observation and theoretical results reveal that
the beta decay width is very sensitive to temperature
and density of astrophysical circumstance.
larly, in the case of finite nucleus, once the environ-
ment temperature is high enough, there will be cer-
tain numbers of nuclei in excited states. The con-
tribution of such excited states to beta decay will re-
markably change the half-life time of the nucleus com-
pared with the experimental observation only related
to the ground state. For example, the half-life time
of beta decay of ground-state ?°Tc is about 200 thou-
sand years; once the environment temperature reaches
3.0 x 10 K, the half-life time of *Tc will be reduced
to about 10 years.[!] In addition, the distribution of
electrons outside a nucleus works on either nuclear re-

nuclear matter.

Particu-

action (2! or beta decay width of the nucleus consider-
ably. The existence of electrons of course reduces the
phase-space of the final states of beta decay. On the
other hand, since electrons are mostly excited to con-
tinuum states due to the high temperature, the phase-
space available for creating an electron in the unfilled
outer atomic orbits become larger than that of neu-
tral atoms. This means that bound-state beta decay
may occur.*~5 Furthermore, if the matter was com-
pressed to very high density, the bound state would
vanish and the bound-state decay could then not oc-
cur. If the matter is compressed even further so that
atomic nuclei overlap to form superdense nuclear mat-
ter, how the -decay width (or the half-life) depends
on the density is imperative to be investigated. There-
fore, in this Letter we study the density dependence of

the beta decay width in astrophysical nuclear matter.

Considering a charge-neutral system made up of
protons, neutrons and electrons, if we suppose that
the interaction between different kinds of particles, for
example between a proton and a neutron, can be fully
replaced by the mean fields of mesons, the Hamilto-
nian of the system can be given by

H=H,+H,+H,. (1)
The statistical density matrix of the nuclear matter is

p = exp {7ﬁ[Z(ﬁB*MBNB)'f‘(I:Ie_NeNe)} } : (2)
B

where Hp (H.) is the Hamiltonian of the nucleons
(electron), Np (N.) is the baryon (electron) num-
ber operator, up (i) is the chemical potential of the
baryon (electron). The energy eigenstate of the nu-
clear matter can be written as

o) = |, an cxe) - (3)

The relative probability for us to find |a) in the en-
semble is

(alpla) = exp { = 8] Y_(B5 — usN)

B
+ (B - neN)| | (4)

Since the energy eigenstates are noncoherently mixed
in the ensemble, the usual method might be to deal
with each state individually and then evaluate the av-
erage value of the ensemble. However, such a method
seems to be too complicated to accomplish the prac-
tical calculation. Therefore we attempt to translate
such a statistical ensemble to a pure quantum state.
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We introduce a set of new basis states {|a)’} that are
homological to {]a)}, along the way of finite temper-
ature field theory (see, for example, Ref.[6]). These
new basis states look like an observer to nuclear mat-
ter, so it might be referred to as measure basis. With
such a measure basis, the ensemble can be expressed

by

«

T, pny Pp) = Zexp{ - g[Z(E% — uNp)
B

+ (B2 — N oY @la). (5)

Considering the case of pure mean-field approxi-
mation, we can approximately express the Hamilto-
nian in a diagonal form

Hp = Ep(k)al(k)ap(k). (6)

An arbitrary energy eigenstate of the nuclear matter
reads as

|O‘> = ‘O‘Pvan70‘6>

=R R R R R kR ()

To maintain the charge neutrality, we should have
N, = N.. The relative probability of the state |a)
in the ensemble is then

(alpla) =exp{ ~ 8 | Y- (Bgr — )|}, (®)

P {ap}

where P refers to the particles proton, neutron and
electron. Meanwhile, the pure state of the ensemble is

T, pnspp) = ZeXp{ - g

Z { Z (Ep” — NP)} }|a)' ® |a).

{or} (9)
Making use of the fermion distribution function
1
nP,ap (k) = (10)

exp[B(Ep" (k) — pp)] +1°

we can obtain

T, puns pp) = [ [ [V1—np(k) ® |, P,0)

kP

+V/np(K) ® [k, P, 1) aly (k)] [0) )
11

where |k, P,0)’ and |k, P,1)’ come from the decompo-
sition of the measure basis, and the index 0 or 1 repre-
sents that the single particle state |k, P) is unoccupied
or occupied, respectively. Equation (11) shows clearly
that the particles distribute in each single-particle
state independently and noncoherently according to
the fermion distribution. In addition, the right-hand

side of Eq. (11) has been normalized, and the arbitrary
phase factor of each term is unimportant due to the
decomposed measure basis.

If we neglect the weak interaction for the time be-
ing and consider the charge-neutral postulation, the
independent statistical parameters are T', p,, pp = pe
and the electromagnetic interaction can be neglected.
In the calculation of nuclear matter structure, we are
usually interested in stationary states.
implies that all the time derivatives as well as the spa-
tial components of the current densities vanish. The
latter also leads to the vanishing of the spatial compo-
nents of the fields themselves, since their source terms
are just these densities. The fields left are thus o, wg.
In the simplest model, namely the linear o—w model,
the Lagrangian for the stationary system of nucleon
N can be given by

Stationarity

o 1,
Lrymr =N (17,0" — MN)YN — §mg202

1, : !
+ 5mw2W(2) — GoYNOUN — gu¥NYow PN

(12)

where m} and m/, are the Debye screening masses of
o-meson and w-meson, respectively; g, and g,, are the
coupling constants between the meson and nucleon.
Taking the Lagrangian equation we can easily obtain

9o
o=~ (ot 00, (13
g
Juw
wo = —5(pp+pn), (14)
mw

where the densities are defined by

o = (T, Pp, Pl UNUNIT, pp, pr) (15)
PN = <T7 pp:pn|¢j\7¢N|Ta Ppapn> ) (16)

where N = p,n represents proton and neutron, re-
spectively.

The equation of motion of the nucleon can be given
as

(i’}’u({)” - Mﬁr)le — JuwoYo¥n =0, (17)

where
My =My +g,0. (18)

Defining an effective chemical potential
UN = N — guWo 5 (19)

and taking Egs. (17) and (18) into account, we have
the distribution function

1

ol (p) —va)/T 17
1
" B -1 Y
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Meanwhile, the Debye screening masses m;, and m},

can be fixed as (79

m,, = +\/m2 + X, , with X,

_ o Pp Pr, )
_g‘”(ZM; oz )
(22a)

m; =+/m2 + X, , with Z’G:gf(% ]\p/;*>
p n

(22b)

Furthermore, the densities in Egs. (15) and (16) can
be evaluated with Eq. (11). In the case of pure mean-
field approximation, we have

>k M* ik
uw = [ G b 3 (e 00

+ Di(k)Vr(k)e"“] ; (23)

” d’k M* ik
1/}N:/(27r)3/2 _21:2 Je
+ Dr(k)Vr(k)eikI] ; (24)

where r» = 1,2 refers to spin up and spin down, re-
spectively. Meanwhile the densities are given by

p?\f = <T> Pp; pn|1/_JN7/"N|T7 Pps pn>

L M
PN = <T; ppapn|¢;rv¢N|Ta ppapn>
_ 2/%7;1\](@. (26)

Up to now, Egs.(13), (14), (18)—(22), (25), and
(26) constitute a self-consistent scheme corresponding
to the pure mean-field case, which can be used for the
numerical calculation.

Employing the four-fermion interaction to describe
the weak interaction, we have the Lagrangian

Gr - _
Lweak = 7]2:'(/}1)7#(1 + WS)wnd}e’ﬁL(l + 75)1#1’5 + H.c.

(27)

In vacuum, i.e. in the case that the background

of nucleus vanishes, the beta decay width can eas-

ily be evaluated with the usual quantum field theory

method, and it gives

2

/d3k Pk dk, b s
v E;E;E;,
- kVe)(kn . kue)(kp ) ke)'
(28)

[(kn) = 871'5E*

(ky —kp — ke

In nuclear matter, the initial state of decay is [i) =
|T, p, pp) and the renormalized final state is |f) =
N_l/QC; (kp, Up)cl (Ke, Ue)the (kv 00, )Cn(ky,0n)]i).
With Egs. (11)—(14), (18)-(22), (25), and (26), the
decay amplitude in the case of the pure mean-field
approximation can be obtained to be

My M*
(115 1)|>=(—2) e
V2 \ Ei(kn) \| Ej(kp)
M., (2m)*
c S (kp — kyp — ke — Ky,
Ee(ke) V2 ( P e)
: Nl/Z(km ky, ke)[Up7u(1 +75) U]
WUeru(l +75)U,,.] - (29)
and
2
k., k, k)
I'(k, d3k k. d>k, M
(kn) = 87r5E* / ° EJEYE}
60 (ke — ke — ke — Ky ) (k- k) (kp - k)
(30)
where the normalization factor N is
N =nn(ka)[1 = np(kp)][1 = ne(ke)] . (31)
With the conventional parameters M, =
939.565 MeV, M, = 938.272MeV, m, = 522MeV,

m, = T782MeV, g, = 7.62 and g, = 8.03 and
Gy = 1.16639 x 10~ MeV 2, we accomplish the cal-
culation at a fixed temperature T' = 10 MeV, and vari-
ous total nuclear matter density. The obtained results
are listed in Table 1.

From this table one can recognize easily that the
half-life time of the (-decay in astrophysical nuclear
matter is shorter than that in finite nucleus.
while, with the increase of the nuclear matter density,
the half-life time becomes even shorter.

With the formalism of four-fermion interaction, we

Mean-

Table 1. Calculated results of the density (p = pn + pp in units of the normal density pg) dependence of effective masses of the
nucleons and mesons and the half-life time (in minutes) of the beta decay in hot stellar matter.

plpo  pp/p Vp n, e My My mg mg Ti/2
1.2 1.7%  835.49  750.44 84.67 763.92  762.63 626.76 852.32 3820
3.6 3.2%  795.00  639.67  155.33  626.54  625.24 777.55 996.09 1427
6.0 45%  816.72  609.92  207.51  577.25  575.96 901.51 1119.54 943
8.4 5.4%  849.48 60249  247.23 55254  551.24  1004.92  1225.35 722
10.8  6.0% 88274  603.12 27876  537.72  536.43  1094.25  1317.68 596
132 65%  914.81  607.95  306.36  527.47  526.14  1163.92  1390.54 449
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have investigated the half-life time of #-decay in dense
nuclear matter in the linear o—w model of the relativis-
tic mean field approximation. The numerical result in
the case of neglecting the pairing effect of nucleons has
been obtained. The obtained result shows obviously
that the half-life time of the 3-decay in dense astronu-
clear matter is shorter than that in finite nuclei and it
decreases with the increase of nuclear matter density.

To understand the reason for such a changing char-
acteristic of the half-life time, we recall the evaluat-
ing formalism. Even though Egs. (20), (21), (30), and
(31) show that the renormalization factor N may re-
duce the decay width, the corrected mass of nucleon
in nuclear matter enhances the width drastically. As
a result, the half-life time decreases with the increase
of the nuclear matter density due to the reduction of
the nucleon mass. Furthermore, since the renormal-
ization factor N and the corrected mass of nucleon de-
pend also on the pairing correlation between nucleons,

the pairing correlation may affect the (-decay width
in astronuclear matter. Investigation of the pairing
correlation effect on the (3-decay width is in progress.
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