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Abstract: On the basis of the second-order perturbation formula,
a transparent derivation is given for the damping width of
zero sound at absolute zero temperature (T=0). It is shown
that the present result is in agreement with Landau's sug-
gestion that the width at T-0 can be obtained by multiplying
the classical result by energy CO- and T-dependent factor
l+(u/2WT)2 with T+O. An attempt is made at expressing the
interference effect between particle and hole contributions
to giant resonance wiaths in a form appealing to physical
intuition, with a view.toward macroscopic understanding of
the damping of giant resonance states.

Giant resonances in nuclei have been interpreted as equiva-
lent to zero sound in Fermi liquids. Some useful insight might
therefore be obtained into the damping of giant resonances by
investigating the attenuation mechanism of zero s nd. In infin-
ite systems the attenuation due to thermal collisions has been
treated by including the classical collision term into the eol-
lisionless Landau-vlasov equation leading to an attenuation pro-
portional to the square of the temperature T [2]. This classical
result is valid, however, only if the vibrational energy to is
much smaller thanT, as was argued by Landau [3]. He started
with a kinem&tical consideration based on the energy-momentum
conservation and reached the conclusion that the classical re-
sult should be multiplied by l+(co/2nT)2 leading to a finite at-
tenuation proportional to Co in the T+O limit. Landau's argu-
ment being rather intuitive, I shall outline, in this talk, how
to derive the expression of the zero-sound width at 1=0 in a
transparent way within the framework of the RPA plus second-
order perturbation formula '. In tha light of this derivation I

*) This talk is based on a work done in collaboration with
A. Ikeda and G. Holzwarth [1].

shall then make an attempt at expressing the interference ef-
fect between particle and hole contributions to widths of giant
resonance states in a form appealing to intuition.

The width Vc of a collective state ]c> is given in pertur-
bation theory by the golden rule formula

f
where |f> are 2p-2h states, E and <o are the energies of ]f> and
\o, respectively, and A is the scattering operator for the par-
ticles in the medium. The lowest-order diagrams contributing to
the amplitude <f|A|C> are shown in Figs. 1 and 2. Here m and i
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refer to particle and hole orbits, respectivaly. In the follow-
ing Greek letters ct,B, ... will be used to denote both particle
and hole orbits. By taking account of all the contributions from
Figs. 1 and 2, we obtain
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1) A similar consideration is given in a recent review article
by Bertsch et al [4]. 219



with antisymmetrization implied in (2) and (3), where B(fto) 5

< O | B + [ B > is given by

<a|B+|B> = GtaB)/(ai-(£ -£„)) (4)
a p

in terms of the particle-vibration coupling vertex G (afi) :

G(a6) - <a|G|S> = £ <a6|v|6v> (x(Y«) + y(6r)) • (5)
Y6

Here v is the effective p-h interaction, and x and y are related
to the usual forward and backward amplitudes X and Y of the col-
lective RPfl-mode by

x(aB) = nQ(B) (l-no(a))X(a&)

Y(BCC) = no(a)(l-no(B))Y(Ba)
(6)

with no(a) = 0(E p-e a). The amplitudes x(aB) + y(Ba) obey the
RPA-equations

n ( B ) - n (CO
x{aB) + y(Ba) = - . ° ; — G(ctB) . (7)

It immediately follows from (4) that

(G

22t

[ho, (8)

h o being the static HF-hamiltonian. As is evident from (4) and
(7) with the identification of

(no(3) - no(o0) <ex|B
+|e> » x(aB) +y(Ba),

p-h(h-p) components of (8) are nothing but the RPA-equations.
The expression (2) of the width contains not only p-h compo-
nents of B^ but also p-p and h-h components which are, of
course, not determined by the RPA-equation itself but could be
calculated through (4) once the RPA solution is obtained. In
what follows I shall develop a somewhat tricky argument which
enables us to directly link the Wigner transform of the opera-
tor B' with the transition density-matrix and thereby to skip
the evaluation of (4), relying on a semi-classical approximation.

Suppose that we have known the Wigner-transform Sn(R,g) of
the transition density-matrix. (Here and in the following we
only treat spatial variables, omitting spin-isospin degrees of
freedom.) The Wigner function 6n is formally related to the "ex-
citation operator" B T by

l tn(R,p), (9)

where ($ the HP ground state and n(R,p) is the "Wigner op-
erator" at ..ed by

ip-s
n(R,p) 5 /d s e ~ ~ E | R + S / 2 J i><R-s/2f i| .

we evaluate (9) by the semi-classical approximation by replacing
the commutator with the Poisson bracket to obtain the relation:

Sn(R.p) = -i n (R.p) A B (R,p)
~ ~ o ~ ~ w ~ —

(10)

withT= fp.-fp-? -?R [5] and no(R,p) = <*0|iUR,p) j»0>, where
Bw(R,p) i& the wigner-transform of the operator B^ which we
ace seeking for. We now assume that no(R,p) is completely deter-
mined by £(R.p) = ( h o ) w ; e.g. no(R,p) = 5(eF - e(R,p)). Eq.
(10) reduces to

6n(R,p) = (- 3no(R,p)/3e(R,p)) v(R,p)

with v formally related to £ and B w by

v(R,p) = i e(R,p) TB W ( R , P )

(11)

(12)

We then manipulate (8) again by the semi-classical treatment as

*.

P- B- (13)

Bw(R,p) = (0 (Gw(R,p) + i[E(R,p), Bw(R,p)

= (O'SG (R.p) + V(R,p)) .

Since we can readily find the expression of the Wigner-trans-
form Gw(R,p) of the particle-vibration coupling operator G in
terms o£~Sn(R,p) (or v(R,p)) and the effective p-h interaction
v, rhs of (l3)~is completely specified by t .e quantity v(R,p)
which can be directly obtained from a given <Sn(Rrp) throughout)
up to the semi-classical order. In this way a direct link has
been established between Bw(R,p) and <Sn(R,p) on the basis of a
semi-classical arguement. I shall give a simple application of
(13) later on. Finally we note that the RPA normalization con-
dition is given by

[B,B+]|*0> = / Bw(R,p)6n(R,p) dRdp/(27t)
3 - (14)

We now turn to the derivation of the damping width of zero
sound which is characterized by a small momentum transfer
q(q/kp-»O) and an azimuthal quantum number m (z-q). Let us intro-
3uce 5n(p;q) and V(p ; q) by

~ ~ iq«R~ iq'R
6n(R,p) 5 «n(pjq) e ~ " = (-3no(p)/3e(p))v(p;q) e ~ ~ !15»

and expand v(p;q) as

v(s»s»
We continue with

(16)

Gw(R,p) = G(p+q/2, p-q/2) e

B (R.p) = B(p+q/2, p-q/2)'
w -- ~ - .̂ ~ ^

iq'R iq*R
~ ~ 5 G(p;q) e ~ ~



By identifying x(p+q/2, p-q/2) + y(p-q/2, p+q/2) « 6n(p;q), the
particle-vibration coupling vertex S(p;q) Is~expressed~as

G(p-q) * £(F /(2Jo+l))Vff y0 (p)
% S. Jim «m ~

in terms of the Landau parameters F£[6]. Equation (13) now reads

-1.
B(p+q/2, p-q/2)

of1

(G(p;q) + V(p;q))

of1 I (l+Fj/(2£+l)) v
Jo

(17)

the complex conjugate of which is then substituted together with
(15) into (14) to yield

(NO/4TTW)Z (1 + FJl/t2X.+l)) JVJ
Jo

I * == 1 (18)

where N o is the density of states at the Fermi surface and the
volume £2 of the system has been taken to be 1.

In infinite matter the intermediate state a in (2) is fixed
by the momentum conservation, and rhs of (2) now includes the
following term

lkj+q k2> B (kj.kj+q)* + ...

We proceed with the approximations:

-1.-: q)

to arrive at an expression of Tc which agrees with the form sug-
gested by Landau

(2ir)!

dk.~4

(2TT)
• n (k )n (k ) (1-n (k )){l-n (k ))3 o ~1 o ~2 o ~3 o ~4

tt.j+k^-kj-k2-q) (19)

by putting q»O. We then work out the reduction of J19) on the
basis of the standard geometry [61; Let cosO = kj-k2 and cosq>
frl^k,)'^***)/^**.?]^*^], so that fy'k, * ((l+cos0) +
(I-cosO) cos?)/2 and'ic! '""Iĉ  ((l+cos0) -~(l=cos0> cos<p)/2. We
next define an averaged width TS.P. which is suggested from the
independent decay model associated with the single particle
width Y<£)/ by

rs.p.(<0) E h U> d E

= (m )3<K>u2/6(2ir)1> (0)«TF) ,
(20)

where <W> = /sinG d0 d<p W(0,ip)/(4ir cos(S/2)). The width then
can be cast into the form:

P, F.
rs.p. JE,(H V8ml

with

1 , sinO d6 dip W(8,ip)
<W> ' 4n cos(0/2)

(21)

(22)

This expression is identical with Pethick's classical result [2]
multiplied by Landau's correction factor l+((o/2nT)2 with T-K).
The last curly bracket in (22) shows explicitly direct and inter-
ference terms. Obviously the cancellation among then is perfect
for 11=0 and 4=1, so that the width T can be substantially re-
duced from the single particle estimate rs_p_. For £22 this can-
cellation is, of course, no longer perfect ; e.g. €2 = 4/5,
£3 = 4/7, ... for an isotropic transition probability. In liquid
3He the attenuation coefficient of the longitudinal (m«o) zero
sound is, indeed, strikingly reduced from the single particle
estimate, with the precise amount largely controlled by the
quadrupole distortion of the Fermi surface [2,6]. The trans-
verse (m*l) zero sound is likely to be subject to a rather
strong damping partly because of the absence of the 4*0 term
16].

with

(4uz)

under (18). The presence of 03 in the energy-conservation factor
in (19) is essential for non-vanishing attenuation at T=0. Con-
cerning the momentum q the leading term of (19) can be obtained

The cancellation between direct and interference terms also
plays a substantial role in giant resonance widths [4]. Since
this cancellation effect can be described in terms of the com-
mutator as in (3), some intuitive understanding might be ob-
tained into the nature of the damping of giant resonances if
we have a simple and reasonable representation of the operator
B+. In the following I shall briefly illustrate how to find
this sort of representation by taking the generalized scaling
description [7] of giant resonance states as an example. In the
generalized scaling approximation under a further assumption of

221



71S-

Lb-

irrotational flow, a giant vibration is described by a genera-
tor C^ of the following form:

*(C +) w E Cw(R,p> « W 2 QW(R) - i^l/2M0) Pw(R,p)

u(R)-p ,
(23)

where u(R) = V<j>(R) and

M " 1 = m/|u(R) | pQ(R) dR (24)

In order to find a proper representation of the operator B in
a way conistent with the generalized scaling approximation, we
proceed as follows. We first note that the Wigner-transform ob-
tained by substituting C^ in place of B''' in (9) must be a rea-
sonable approximation to the Wigner-transform obtained from RPA
calculation, in so far as the generalized scaling approximation
describes the giant resonance state reasonably well. This then
implies that we can approximate B w* in (12) by CJJ to find
\> (R,p). Assuming

e(R,p) = p2/2m + U(pQ(R))

for simplicity, we obtain

"Attenuation of Zero
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v(R,p) = -/M/20) a (R) u (R) • 7pQ (R) + i/MG)/2 u(R)-p
(25)

where a(R) = 3u(po(R))/3po(R) and uag(R) = VaVg<)>(R). The Wigner-
transform GH(P,P) of the particle-vibration coupling operator G
is simply

Gw(R,p) = 7«(P0(R)u(R)) (26)

Eqs. (25) and (26) are now substituted into (13). The terms in-
volving the surface transition-density are cancelled out with each
other, we are left with
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Bw(R,p)

(27)

The first term on the rhs corresponds to the £=0 component in
the momentum space, the second one to £=1, and the last one to
1=2. This is consistent with the fact that the generalized scal-
ing approach takes account of the momentum-space distortion up
to î gjj = 2. Expression (27) can be used to examine how differ-
ent multipole distortions in momentum space contribute to giant
resonance widths.


