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A complete expression of the neutrino-nucleus scatter-
ing cross section is presented. The relevance of the inelastic
channels for the neutrino opacity in supernova problem is

discussed.

Since the pioneering work of Colgate and Whitel, the

role played by the neutrino in supernova events has been inves-

TS At present, it seems that, at the early

tigated extensively2
stage of the presupernova collapse, the neutrino just carry

energy from the inner core to outside of the star, but, at the
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later stage, when the density becomes high enough (210°° g cm ),
the dynamics of the supernova depends very sensitively on the
details of the neutrino transport mechanism in the stellar
matter. In this respect, Bruenn et al.6 proposed, in a quali-
tative basis, criteria for matter ejection via momentum and
energy transfer of neutrinos, and via hydrodynamic bounce. The

hydrodynamic bounce may also depend critically on neutrino

confinement.

Using the current theory of weak interaction, many
authors calculated the neutrino opacity in stellar matter, taking

into account all possible processes. The main contribution to

neutrino opacity comes from the neutrino-electron, neutrino-neu



tron and neutrino-nucleus scattering7. With respect to neutrino-
-nucleus scattering, Freedman8 showed the importance of the co-
herent effects in the elastic channel, whose cross section is
proportional do Az, just like the electron-nucleus Mott scatter-

. . . . 2
ing cross section is proportional to Z°.

However, the Freedman's calculations did not considered
the effects of the nuclear structure, although he pointed out
the possible importance of them. As the neutrino energies, in the
range of density and temperature we are interested, comes rise
to some tens of MeV, it is desirable to include these effects.
In this letter, we present an expression of neutrino-nucleus
scattering including the inelastic channels, i.e., the nuclear

excitation effects.

We start with the effective Lagrangean density for the

neutrino-nucleus scattering,

L .. =S 5 g% (1)

eff ‘/7 U

where ju and J" refer neutrino and nucleonic currents, respect-

ively. In Eq. (1), we assumed Ev << m my denoting the mass

B’
of the intermediate boson. The neutrino current, in obvious no-
tation, 1s given by as usual

i, = v P sy (2)

and the nucleonic current, obtained from the Salam-Weinberg

theory9 is

2 I Sk
n = Y 1 (3)

T
LI A S -
J n — Y (1 ys)n 2 sen ew

For convenience, we decompose the nucleonic current



into three parts:

J + ay JVV -J

VA °
where the first term is the isoscalar-vector (SV) current, the
second, the isovector-vector (VV) current and the last, the iso-

vector-axial (VA) current, with ag = —senzew and a1=1—25enzew.

Denoting the neutrino momentum by k = (w,k) and nu-
clear state by |N>, the transition rate W, . from the initial
state |[N.k.> to the final state |Nck.>, in natural units, is

given by

1->

- 2 -
Wi ¢ =27 <kaf|Leff|Niki% §(Egtwe-Bi-ws) (5)
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where Leff f Logg d’r.
After a straightforward trace calculation, we get

G2 1

i-f (zﬂ)Z wiwe

§(E E.-wi) X

groemhy

ki-<J> kf-<J> - ki-kf <J>e<J>

+ ki-<J> kpe<J> 1 , (6)

where a+*b = aubu = aObO

- a‘b, and <J"> = <NfIJ”[N.>.
i
‘In the nonrelativistic approximation for nucleons, we
get the final expression for the double differential cross

section

a’s _ _6* 2 [J, 2 -iq.r|2
dw dQ 7 Yf a9 e
(2m) -

f

_i /A
+ % alz ‘J T4 © 1q'rl } (1+cos8) +
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+ % cA2 H T, 0 € q.r (1—% cos8) I , (7)

where C, =~ 1.2 is the axial vector renormalization constant,

A
taken from the nuclear beta decay theory. In Eq. (7), we adopted
the similar notation of nuclear beta decay matrix element for
an operator { as
Q= | d3r, ...d%r, vi(r r,) J Q. (r r,) , (8)
1°°° A Vel T L i Orge )
where wi(f) is the nuclear wave function for the initial (final)

state, q = kféki the neutrino momentum transfer, and the summa-

tion is taken over all A nucleons.

We can expand the nuclear matrix elements appearing

in Eq. (7) as

j e—iq.r’z _ ) | llz . fr|2 . O(EQR)fI
i T e-iq.r‘Z . ' | 0 2, q. IT3I}2 N O'EqR)q
[ ;0 e—iq.r‘z = l / T3 0’2 +lq. [ T, olz + O[EqR)fj .

This is justified because, for Ev v 20 MeV, <l-cos6>=

0 -1

= 0.661 and R ~ 5fm, we get (qR)2 10

The terms |f 1[2 and | 13|2 contribute only to
the elastic channels, since the operators 1 and Tz commute
with the total Hamiltonian. On the other hand, contributions to

inelastic scattering come from all of the rest.

The first term |f llz is equal to A’ §(E;-Eg), so

that the cross section due to this term coincides exactly with
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the Freedman's formula. Tubbs and Schramm extended the
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Freedman's formula by including the other elastic term IITSIZ,
which is equal to (N-Z)2 6(Ei—Ef).

The ratio |[t4]% / |/ 1]% ~ 0.5%, if the abundance
peak is assumed to be localized on 22Fe. For neutron-rich nuclei,
which are more probable for collapsing core of supernova, this
ratio increases even up to 12% at the neutron drip line for A =
= 56. Therefore, the VV current contribution is of the certain
importance at the later stage of collapsing core.

The main contributions to the inelastic part of the
cross section come from the dipole term of SV current Iq.frlz,
and from the monopole term of the VA current IIT36|2, which are

2 and (N—Z)Z, respectively. Direct compa-

proportional to (qR)2 A

rison of these terms with respect to A2 gives the contribution

of v 10% for the former and ~12% at maximum for the latter.Fur-

thermore, the latter term is enhanced by the factor (% CA/aO)Z:S.
However, the total inelastic cross section is reduced

by a factor due to the smaller phase space available. For the SV

term, this reduction is much more effective due to the presence

of q2 > wz(l—cose). Consequently, we conclude the principal con-

tribution to inelastic process comes from the VA current. In

order to estimate the VA cross section, it is necessary to known

the energy dependence of the strength function S(E) = p(E) |f13012,

where p(E) is the nuclear level density. A possible contribution

to this strength function is the giant magnetic monopole reso-

nance. If the resonance energy is small (v5MeV) compared to the

neutrino incident energy, the reduction of phase space may not

be critical.

We presented in this letter the complete formula for

the neutrino-nucleus scattering with the purpose of application



to the neutrino transport problem in the highly evolved stellar
core. In addition to the coherent elastic scattering terms dis-
cussed by Freedman and by Tubbs and Schramm, it is pointed out

a possible importance of inelastic scattering due to the giant
magnetic monopole resonance. We should note that, if this

effect is appreciable, the angular distribution of scattered neu-
trinos will be modified by the same amount. Furthermore, even in
less favorable cases, the energy loss of neutrinos by inelastic
neutrino-nucleus scattering is much greater than that in the
elastic scattering due to nucleus recoiling (v 0.01%). This
suggests that the inelastic channels should be taken into account
in a more detailed treatment of questions like neutrino therma-

lization and neutrino confinement.

The authors would like to acknowledge Drs. F. KrmpotiC,
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cussions.
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