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Splitting of the isovector giant dipole resonance in neutron-rich spherical nuclei
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The well-known splitting of the isovector giant dipole resonance is traditionally explained as a phenomenon of
the nuclear isospin asymmetry (isospin splitting model) or the nuclear deformation. We suggest a new mechanism
of the splitting of the giant multipole resonances in spherical neutron-rich nuclei resulting from the interplay
of the isovector and isoscalar sounds with different velocities. Our approach is based on the collisional Landau
kinetic theory and can be used for description of the splitting phenomena for both the isoscalar and the isovector
modes in a wide region of nuclear masses A ~ 40-240. For the isovector dipole modes, the evaluated values of
the splitting energy, the relative strength of the main and satellite resonance peaks, and the contribution to the
energy-weighted sum rule are in agreement with experimental data.
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I. INTRODUCTION

The splitting of the isovector giant dipole resonance
(IVGDR), which is observed in the isospin conjugate pho-
tonuclear (y, n) and (y, p) reactions, is often explained as
a phenomenon of the nuclear isospin asymmetry within the
isospin splitting model (ISM). The ISM assumes that both
the main peak and the satellite correspond, respectively, to
the two different isospins Ty + 1 and Ty, where Ty = T3 =
(N —Z)/2 #0 is the isospin of the ground state of the
asymmetric nucleus [1-12]. In heavy nuclei, the (y, p) cross
section approximately corresponds to the Ty + 1 component
of the IVGDR whereas the (y, n) cross section corresponds
to its Tp component. These two component are separated in
energy by [13,14]

AE = Egy1 — Eqy X bym - X, )

where Esym = bgym(To + 1)/ T is the symmetry energy for the
dipole mode, bgy, ~ 30 MeV is the isotopic symmetry energy,
X =(N — Z)/A is the asymmetry parameter, and A is the
mass number of the nucleus.

Another IVGDR splitting caused by deformations of the
nucleus was intensively studied in photonuclear and electronic
inelastic scattering reactions (see Refs. [6,7,12,15]). It can be
explained within macroscopic models [16]. In this case, the
energy splitting A E between two components, Epigh and Ejoy,
of the IVGDR is proportional to the deformation § = AR/R
of the nucleus (with AR the difference between the curvature
radii parallel and perpendicular to the symmetry axis and R
the nuclear mean radius) [17]:

AE = Epigh — Eiow ~ baer + 8, ()

where by is the mean IVGDR energy.

However, experimental data [2—12] indicate that the split-
ting of the isovector giant resonances into two or more
peaks is a more general effect than the one obtained in the
conjugate (y, n) and (y, p) reactions or in deformed nuclei.
For instance, in many almost spherical (neutron-rich and
heavy enough) nuclei such as several Ca, Ni, and Sn isotopes,
one can observe the splitting of the IVGDR. Theoretically,
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the isotopic asymmetry features of giant multipole resonance
structure and the coupling between the isoscalar and isovector
modes in neutron-rich nuclei were studied in Refs. [18-20]
within the microscopic Hartree-Fock (HF) based random phase
approximation (RPA).

In the present paper we suggest a quite general explanation
of the splitting of both the isoscalar and the isovector modes
in spherical neutron-rich nuclei within the Fermi-liquid-drop
model (FLDM) [21-23], based on Landau kinetic theory
[24], which was extended to two-component asymmetric
nuclei [25]. We point out the importance of the excitation
of two sounds with slightly different velocities in the finite
asymmetric Fermi liquid as a reason for such splitting. This
mechanism of energy splitting is essentially different from the
ISM of Eq. (1). In contrast to the ISM, we discuss the two-peak
structure (main peak and its satellite) of the IVGDR for each
reaction (y, n) and (y, p) independently rather than comparing
the main peaks from both isospin conjugate reactions (y, n)
and (y, p), as done in the case of ISM [7]. In our approach, the
main peak of the IVGDR and its satellite belong to different
branches (isovector-like and isoscalar-like, respectively) of the
sound mode in an asymmetric nuclear Fermi liquid.

The plan of the paper is the following. In Sec. II we start
from the collisional kinetic equation and derive the basic
equations of motion for the asymmetric Fermi-liquid drop.
The splitting of the giant multipole resonances, which is due
to the isotopic asymmetry effect on the dispersion and secular
relations, is also discussed in Sec. II. We then derive in Sec. 111
the response functions for multipole vibrations in the presence
of isotopic mixing. The discussion of numerical results is
presented in Sec. IV. Our conclusions are given in Sec. V.

II. ASYMMETRIC NUCLEAR FERMI-LIQUID-DROP
MODEL

A. Equations of motion in the nuclear volume

In the nuclear volume, where space variations of the
equilibrium particle density peq(r) are small, the quasiparticle
concept of Landau’s Fermi-liquid theory can be applied.
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The corresponding collisional Landau-Vlasov kinetic equation
(LVKE) for the distribution function f,(r, p, t) of the two-
component Fermi liquid (¢ = p for proton and ¢ = n for
neutron) takes the following form [21,22]:

a p
_afq + _*Vrqu - Vr((SVq + Vext,q) : foeq,q
at mg

= 8StyLfp, ful- 3)

Here §f, = f; — feqq 1s the variation of the distribution
function f; and feq, is the equilibrium Fermi distribution,
Eq. (A3); 8V, is the variation of the self-consistent mean field
and m is the effective nucleonic mass. The external field Vex 4
will be specified later in Sec. IV and the collision integral
8Sty[ fp, fulis discussed in Appendix A.

A variation, §V,, of the self-consistent mean field is given
by [24]

sV, — | 240 p o D) pi. ()
TN, ) @rny T PR
where
2P 8fqq(cy)
= Heaq?p) 5
N (2rn)3 B¢, (%)

is the averaged density of states. The interaction amplitude
Fyy(p, p') is usually parametrized in terms of the Landau
constants F;, as

Fae®.P)=Y_ Figy Pp-D). P=p/p. (6)
=0

For simplicity we will assume

FZ:O,qq’ 75 O, FK:l,qq’ # 0, Fggzyqq/ =0 and

(N

F(,pp = FZ,nn» Fl,pn = FK,np-

We will start from the eigenmotion problem by assuming
Vext,q = 0 in Eq. (3). In the nuclear interior, the eigensolution
(homogeneous solution) § from,¢ (T, P, 1) to Eq. (3) is then given
by a superposition of plane waves as

B from g (. . 1) = 8(€) — €r0.,) / 4
x A,(p-K)yexplik - r—wi)], (8)

where €rg , = p%’ ! 2m is the Fermi energy, pr 4 is the Fermi
momentum, and

ARy =) vy Yo -k, k=k/k (9
1

Here v 4(w, k) is the unknown amplitude and / is the
multipolarity of the Fermi surface distortion. The zeroth and
first p moments of §f,(r, p, ) determine the particle density
variation 8p,(r, t) and the velocity field u,(r, t), respectively.
Namely,

2d
80, (r. 1) = / ﬁwr, p.0),

1 2d (10
_ PP
W0 =@ | QR
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Using Eq. (8), one can reduce 8p,(r, t) and u,(r, t) for a
certain value of the multipolarity L of eigenvibrations to the
following form (see also Refs. [21-23]):

{‘Spq} { 3iLmZpeq~,q/p12D,q

= Git~ls, /k )V}‘quL(kr)YLo(f)é’_iwt, (11)
l Sq/ KPF, q) Vr

Uy
where,
Sq = 0/vF gk (12)

is the dimensionless sound velocity in units of the Fermi ve-
locity UFq = PF.q /my, ju(x)is the spherical Bessel function,
and @, is the r-independent amplitude. We also introduce the
pressure tensor

dp pvpu
2mh)3 my

0Py q=2 3fq(x,p,t). (13)

For the following derivations we will also need the radial
components 3§ P, , of the tensor,

3

5P, = Epeq,qcpq[(l 3524 07 (5y)) J1 k)

1 .
+ (1 —s;+ §Q1_1(Sq))jL(kr)} Yro(Pe ™, (14)

where Q(z) is the Legendre function of the second kind and
the prime means the derivative of the Bessel function j; (x).
The local quantities 60,4, u,, and 6 P,, , are related to each
other by the continuity and momentum conservation equations
as follows from Eq. (3):

0
E‘Spq + Peq g VUg =0, Mg Peq.q 5 Uvg = ~VidTlpg,

s5)

where 611, 4 is the momentum flux tensor,
8, pg = 8Popug + P8 Vybup, (16)

and we have omitted in Eq. (15) the index r of the vector V;.

B. Dispersion relations

The dispersion relations for the isoscalar and isovector
sound modes can be directly derived from the kinetic equa-
tion (3). Let us introduce the Landau interaction constants
Fy = (Fe pp + Fe. pn) /2 and F} = (Fy, pp — Fy, pn) /2 in the
isoscalar and isovector channels, respectively. In the following
we will assume F| = 0 and my, =m, =m*=m(l+ F/3).
Note that we take into account that m* # m, owing to
the parameter F; # 0, but neglect the difference between
the neutron and proton effective masses. This difference
(isovector effective mass correction) leads to second-order
terms in the asymmetry parameter X (see Eq. (12.14) of
Ref. [26]), which are beyond the linear approach considered
here. Furthermore, to emphasize our main idea we will
neglect temporarily the contribution from the collision integral
by taking 8St,[f,, f»] = 0. (Note that the collision integral
8Sty[ fp, ful given by Eq. (Al1) will be taken into account
in our numerical calculations in Sec. IV.) Substituting then
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Eq. (8) into Eq. (3) one obtains

1 A
v,(cos 6 —sq)+4—cosecbq =0, cosf =p-k, (17)
T

with

1
;= [Fq,,(l - A)/deVp + Fyn (1 + A)/dﬂpvn} ~
(18)

Here we have taken into account the isotopic dependence of

the Fermi energy (see Refs. [27,28] and Appendix B),
ern=er (1+A), A=3(1+F)X,

(19)

erp=€cr(1—-A),

where €p = p% /2m* and the Fermi momentum pp is related
to the mean particle density pg = pop = pon = p% /372, Inte-
grating Eqs. (17) over the angles €2, of the momentum p one
has

[3Fo.pp (1 = N w, — 1] @, + 1 Fy p (1 + A w,®, =0,

YFom (1= D w,®, + [3Fopp (1 + A w, — 1] P, =0,

(20)

with
z+1

—1

Transforming Egs. (17) and (18) into the isoscalar (4) and
isovector (—) representation one can define

Wy = Ql(sq)’

01() = gln —1. Q@

Vi=V, v, 8pr=0p,E8p,, OSup=2~8u,Ldu,,....

(22)
Within this representation we introduce also the amplitudes
2
<D:|: =7 2 [FO,pp(q)p:l:(Dn)_ FO,pn(q)n :l:q)p)]
FO,pp - FO,pn

(23)

The set of homogeneous equations (20) leads to a dispersion
relation [see Appendix C, Eq. (C3)]

AFyF(FoQ1 — 1)(FyQ1 — 1)

S2 :
—A2F02F62/4 <S2 — + Q1> =0, (@4

where one has used s, =s (1 + A) and 5, = s (1 — A). The
dispersion equation (24) provides two solutions for the sound
velocity: s = s/ and s = s@. If we neglect the second-order
terms in A in Eq. (24) we obtain the dispersion relations for
two separated (isoscalar and isovector) modes

01(s) =1/F M)
Qi(s) =1/F;

Note that the corrections to the solutions s and s® of
Egs. (25) are linear in A. Moreover, as we will see in the
following, the connection between the two sound modes can
appear also as a result of the boundary conditions.

By using the t approximation for the collision integral
8St+[ fp, fn] # 0 in both the isoscalar and isovector channels

fors =s

fors = s?. =
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[see Eq. (A12), Appendix A] and assuming F; # 0, the
dispersion relations of Eq. (25) can be easily generalized as
(see also Refs. [22,24])

ia)T+ 1
— G - 01 |G| Fo— —
ioty — 1 oty — 1

3 ioT.
2 +
F, — =0
+§+< ! ia)‘L’+—1>ia)‘L'+—1:|
for s=s, (26)

T 0|
iot_ —1 161 Fo iot_ —1

—¢2- 3 - for- | _ 0 for s=s?.

ot —liot_ —1

Here G, =m*/m =1+ F/3, {4(s) =s(1 + 1/wty), and
. (s)=s(14+1/wt_) and the relaxation times for the
isoscalar and isovector modes (t4 and 7_, respectively) are
different.

The results of numerical solution of Eqs. (26) are presented
in Fig. 1 as functions of wt. As seen from this figure, there is
an essential difference between the solutions s for Fy = —0.2
with F; = 0.0 (see broken line with open circles) and F; = 0.6
(solid line with open circle) and those with respect given by the
solid curve with full circles for s? (Fj = 1.2, F] = 0). The
broken (F; = 0.6) line for s is similar to the s® solid curve
because both the first-sound wt — 0 and the zero-sound
wt — 0o limits are real. This is not the case for the broken
F1 = 0 curve for which the zero-sound limit wt — oo has a
finite, nonzero, imaginary part usually associated with Landau
damping at nonzero temperature [29].
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FIG. 1. Solutions of the dispersion equation (26) for s’ and s®
versus the wt parameter (see numbers near the circles). The full
points (solid line) are for the isovector-like sound velocity s with the
Landau parameters Fy = 1.2, F(}) = 0. The open circles are for the
isoscalar-like sound velocity s"; solid line for Fy = —0.2, F; = 0.6
and broken line for Fy = —0.2, F; = 0.
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C. Splitting into two sound waves

For both solutions s = s and s = s® one can find the
ratio of amplitudes of the isoscalar, &, and isovector, ®_,
vibrations. Using Egs. (C2)—(C5), one obtains

o FRlsM(1+ Fy) - 1
ol|_ ., F—Fs™ -1
27
P _ Fls®(+ F)—1]
o?| ., (Fo— F)Gs®2—1)

Finally, the amplitudes v, in Eq. (17) are given by

L0 1 cosf w0
K oa

k=12, (28
T 4mcos — s

where
OV =g (1+A/2), OP =+p(1+4,/2), (29

| _AFsVA(1 + Fy) — 1]

= - Fy® A= A, (30

¢1=3Fo 'S = Ry =) (30)
IR AR+ F) — 1]

o) = EFch, . Ay = Fo— FOG2 — 1) A, (31

The amplitudes CD(f determine the isoscalar and isovector
components of the relevant local quantities. For instance, for
the isovector part of the particle density variation 8,0(,'() one
obtains from Egs. (11) and (22)

5o — p2mitpr ) (Fot F)D? — 1) + Fy@Fos™” — 1)
_ ot (Fy— F)G™2 — 1)
x jr(kr)Ypo(F)e ",
(32)
2mi1‘p ) i
5p? = T L ) jL(kr)Yig(F)e
2h

fors = sV and s = s, respectively. As seen from Egs. (32),
up to second-order terms in A the density amplitude of 8,0(_2),
related to the sound velocity s = @ is of zeroth order in
A, whereas the amplitude of 8,0(_1) for the s = sV solution is
proportional to A and it disappears for the symmetric limit
N = Z. For the isoscalar density p, the density 6,05_]) from
the sound wave velocity s’ dominates whereas the s density
component (Spf) is of first order in A.

By using Egs. (32) and similar expressions for the isoscalar
mode, the ratios of the particle density variations §p for both
s and 5@ solutions can be written as

3p_ 2R+ Fy) — 1]
8’0"" s=s (F(; — FO)(S(1)2 _ 1) )

(33)
Spy _ 2RPA 4+ F) — 1]
80— |5 (Fy — F(;)(SQ)Z —

for s =s and s =s@, respectively. Note that in the
symmetric limit N — Z, A — 0 we have separation between
isoscalar and isovector modes: According to Eqgs. (33), the
solution sV is related to the pure isoscalar motion (80" — 0)
and the s® velocity branch corresponds to the pure isovector
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vibrations, (8,053) — 0) [see the second equation in Eq. (33)].
For asymmetric nuclear matter (A # 0) both the isoscalar and
isovector vibration amplitudes are not zero for the velocity sV
but the isovector component is small compared to the isoscalar
one [see Eqgs. (33)]. The opposite situation takes place for the
velocity s@ for which, however, the relative contribution of
the isoscalar mode to the isovector motion is much smaller,
being proportional to the parameter A, according to Egs. (33).
We thus emphasize that for the asymmetrical case the isovector
vibrations described by the density p_ # 0 can be presented
by both sV and s® sound waves (see Fig. 1) and the same
for the isoscalar modes at 5p, # 0. However, Egs. (33) show
that the isovector density variation 8p_ for the s velocity
branch is much smaller than that for the s‘® one for small A
and otherwise for the isoscalar density 5o, .

D. Boundary conditions

For the finite Fermi liquid the dispersion relations (25) or
(26) have to be complemented by the boundary conditions. In
the following we will consider small vibrations of a nuclear
surface about a spherical shape. The time-dependent nuclear
radius R(¢) is given by

R(1) = Ro[1 + a;(1)Y10(B)], a (1) = ape™,  (34)
where Ry = roA'/? is the equilibrium radius of the nucleus
and Y;o(7) are the spherical harmonics representing axially
symmetric shapes. For small vibration amplitudes the bound-

ary conditions on the free surface of the Fermi-liquid drop
read [17]

= Rods,+Y1o(F), (35)

r=R0

= a1 Ps 1Yo (36)

r=R0

Ur +

8Hrr,:|:

(see Appendix E for their derivation). Here u, and §TI1,,
are the radial components of the velocity field u, Eq. (11),
and momentum flux tensor 8I1,,, Eq. (16), respectively. The
velocity field uy. and the momentum flux tensor 811, + in the
isoscalar-isovector representation are given by

we=u,+u,  SMe=06M, ,+6M,,. (7

The surface pressures ﬁ;,i in Eq. (36) are given by

- pobs,
Pov = Far (L= DL +2).
— 2p0bs _ A3
P, = 0l R (38)
3
_ _PF
o= 3o

where b, and b, _ are constants. We point out that the
self-consistency relation (E11), used in the derivation of the
boundary condition (36), ensures that the total momentum
(center of mass position) is conserved for both the isoscalar
and the isovector modes (see also Ref. [30]).
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Substituting Eqs. (D1)—(D3) into the boundary conditions
(35) and (36) one obtains
1%, _
) as + = PS,:EaS,:Ev (39)
+
where I1 ,(,i and u(K) are given by Egs. (D2) and (D3) and
o 4+ are defined at the end of Appendix E. The solutions of
Eq. (39) are split into the two parts:

as+ =0, ag_ #0 av) (40)

—lUFSKkR()

and

a,_ =0, ag 4 #0 as). @

For the isovector modes (IV), for which we present
numerical results, the secular equation (39) can be transformed
to the following transparent form (see Appendix D):

D (w) =0, (42)
where

DY (w) = j,(kRo) — 3E_kRo[CY j/ (kRo) + C3° jL(kRo)]-

(43)

In the case of isovector dipole excitations, L = 1, the lowest
solutions to both equations (42) fork = 1(s = sV)and 2 (s =
5@) give the energy of the main resonance peak, hw®, and
its satellite, V. They can be found explicitly by expanding
the spherical Bessel functions in power series to the third
order, which provides a good approximation for the lowest
resonances kR ~ 1,

10s(D2
no¥ ~nQ \/ Os(l) ek
3[1+6-(5¢" —3¢,)]
44)
2)2
ho® ~hQ 10s ,
3[1 4+ 26_(F) + 2(s®)2 4+ 1)]
where
VF €r
Q=—~ 45
Ry A3 45)

and C\') are defined in Egs. (D10). The energy fiwo® of the
main peak depends only on the isovector interaction constant
F [also through 5@); see Eq. (25)] whereas the energy oV of
the satellite depends on all isovector and isoscalar interaction
constants. Note that there is a common reason for the presence
of the isovector constant F}, in the resonance energies i
and hw® of Eq. (44) because both of them belong to the
isovector mode. The first (satellite) resonance energy hw "
in Egs. (44) is also a function of the isoscalar interaction
amplitudes Fj and F) through the constants C}% of Egs. (D10)
and the sound velocity sV, as a solution of the corresponding
dispersion equation in Egs. (26). We emphasize that the
resonance energies " and hw® of Eqgs. (44) are related
to the lowest roots of different (« = 1 and 2) secular equations
(43), which have an infinite sequence of higher lying roots
commonly known as overtones [31].
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The energy splitting i — iiw® can be roughly estimated
from Eqs. (44) for the case sV ~ s» a1 for which both
resonances are close to the zero sound regime. In this case the
energies o™ of Egs. (44) are simplified to

ho ~ hQ 10 - :
3[1+2£_(9 — 7F})/3G1]

(46)

ho® ~ hQ 10 )
3[1 426 (3 + F))]

Both resonance energies iw®) are mainly proportional to
A~!/3 through €2 but the quantity iV A'/3 increases slowly
with A because of the additional A~!/3 dependence of &_,
given after Eqgs. (D8) [see Egs. (46)]. We point out that such
an A dependence of the IVGDR energies agrees with the
experimental data (see Fig. 2 and more detailed discussion
in Sec. I'V). Using the power expansion in £_ in Egs. (46), for
large enough particle number A one obtains a simple estimate

for the energy splitting,
10\ & F
oV —he® ~ [ = ___“F 1 F
w w b +— 10 0+ 1
(47)

3 ,_A23G,

This result shows that the splitting effect depends significantly
on the volume, F{, and surface, b, _, isovector interactions,
and the effective mass through Fj, but does not depend
on the neutron excess N — Z. However, as shown in the
following, the ratio of the satellite strength to that of the main
resonance for the isovector modes is largely proportional to the
asymmetry parameter X. These results show essentially a new
IVGDR splitting effect as compared to the one obtained in the
traditional ISM and its modern extensions (see Refs. [19,20]),
having a different energy splitting proportional to X?.

III. RESPONSE FUNCTION AND STRENGTH SPLITTING

We also want to consider the excitations of nuclei in terms
of the response to the external field

Vext,q = Vext,q(rv 1)+ [Vexl,q(rs t)]+» (48)
by assuming
2L+ D!

Vextq(r, 1) = )»;)(f)m

[ deweryia
(49)
x(0) = A exp[—i(@ + in)],
where 7 — +0 , A7 is the amplitude, and w is the frequency
of the external field. In the following we will consider the
long-wavelength limit k Ry < 1 with

Vextg (0, 1) = 20 0®), Q@) = r"Y @) for L>1.
(50)

The linear response function x,(w) can be determined through
the Fourier transform (Q),, of the quantum average (0), by

(Q)o = =1 xq(®). 1)
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According to Eq. (51), one can express x,(w) in terms of the
Fourier transform 8p,,(r) of the transition density 5p(r, ) [22]
as

1 A
K@) = 5 [ dr0w sy, (52)
q

Note that in macroscopic approaches the transition density
8p,(r, t) can be represented as a sum of a “volume” and a
“surface” term (see Ref. [32]),

8pq(x, 1) = 8p,°(r, 1)y(Ro — )

_0y(Ro—1)

SRE) — T snTio® |, (53
oy Po|: q(l‘)—? 10(1‘)], (53)

where R, is the variation of nuclear radius with respect to
the laboratory coordinate system r = (x, y, z) with the z axis,
directed to the wave vector k [see Eq. (34)],

SRy (T) = Ry 4 Yio(T), (54)

and

= —/dr ¥ Yio(®) [ V°‘(r 1) y(Ro — 1)

ay(Ry— 1)

a0 5Rq(f")]~ (55)

The upper index “vol” in Sp;""(r, t) in Eq. (53) indicates
that this quantity is determined by the equations of motion
in the nuclear volume that were considered in the previous
section. The profile surface function y(x) in Eq. (55) decreases
from one to zero within the narrow region near x = 0 (see
Refs [32-35]). The difference in square brackets of the second
(surface) term in Eq. (53) is the radius displacement in the
coordinate system of the center of mass. In this coordinate
system, the spurious motion of the nuclear center of mass
already excludes multipole vibrations of the Fermi-liquid drop
because the radius displacement 6R, . . of the center of mass
is identically zero in the laboratory coordinate system. Namely,

1
R, cm. = 1 fdrrépq(r, 1) =0, (56)

according to the definitions of Egs. (53) and (55). The radius
correction proportional to §R is zero for all multipolarities L,
except for the dipole (L = 1) isoscalar modes for which it is
important to remove a spurious «w = 0 motion of the center of
mass. The dynamical variations of the “volume” and “surface”
parts of the transition density (53) cancel each other such that
the c.m. position is conserved similarly as for the vibrations of
a normal classical liquid drop. Note that there is no spurious
motion at zero excitation energy for the isoscalar L = 1 mode
because its strength in the FLDM is zero at w — 0 for both
the main peak and the satellite [see Egs. (60) and (61)].
The solution § f, (r, p, 1) of Eq. (3) is given by

qu(l‘, P, 1) = ‘thom,q(r’ P, 1)+ (Sfext,q(rv P, 1), 57

where §fex 4 is the partial solution of the nonhomogeneous
equations (3) and 8 fhom,q 1S the solution of the corresponding
homogeneous equation. The quantity 6 fhom,g iS given by
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Eq. (8). The partial solution §fe 4 can be taken in the form of
superposition of plane waves similar to Eq. (8),

Q2L+ D!
4 (ik)L

« / vy B - RYo@®e™™.  (58)

Sfext,q(rv P, t) = )‘w( )8(6 EF,q)

Substituting the solutions (57) and (58) into the derivations
of the velocity field u and the momentum flux tensor 611,
[Eq. (37)] and using the boundary conditions (35) and (36)
one obtains the relations among the amplitudes @4, oy 4,
and )@ = )J[‘j £ A, similar to the previous derivation of
Eqg. (39). The difference is that we now obtain additional terms
proportional to A4 on the left hand side of Eq. (39) that are
related to the external field component f. , (58). The final
result for the most interesting response isovector-like functions
X—(w) in the long-wavelength limit k Ry < 1 reads

A(K)(k)
) =L 7 k=w/vps®. 59
XL,—((’()) Dg()(w) (1)/ F ( )

The solutions to the characteristic equation (42) [with
Eq. (43)] provide the complex poles of the response function
XX),(G)) at wres = Re(wyes) + iIm(wyes). The damping of the
collective vibrations at Im(ws) % 0 is due to the collision
integral in Eq. (3). For both solutions s = s/ and s = s® the
amplitudes Af)(k) are given by

6poRy e A
——C kR
SekRoC [C3j(kRo)

—kRo (C3 4+ C) j; (kRo)],

AP (k) = —

(60)
Cy = (Fy— F;— QDK — 03,

Y [1 n 126_(L — 1)] 2
5(L+2)

X jL(kRo)[1 + O(A)],

2L+1
OR()

AP (k) =

mw?
o =vpsPk, (61)

where I = s(02 — 1.

For widths I = —2AIm(w) that are small compared to
those of the resonance energies fiRe(wys) one can use the
expansion in I'/liRe(wys) near the poles s = wres,; and

obtain the isovector-like strength function S® as

Imx(”( )=
Iy /2

(PP, ) + (050 /a2

AP R

S (@) = -
7| DY’

o=t

., (62)

where o) = Re(\)) — i["{} /2h are the complex solutions
of the secular equation (42) related to the s = s*). The

derivatives of the D(LK) in Eq. (62) are taken over dimensionless
kRy.
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Integrating Eq. (62) over o with the weight function one
obtains the energy n-moments of the strength function

m(p” = p't! /da)a)"SzK,)f(a))

~ (hvps“))"“ (ki Ro)" A (k" Ro)

Ro 2 -

Here we have restricted the sum over eigenfrequencies in
Eq. (62) to the main lowest solutions kg() of the secular
equation (42). For the isovector dipole and the lowest energy
solution, i = 1, one obtains from Eqgs. (63) forn = 1 (omitting
indexes L = 1 and i = 1 in the eigenfrequencies)

_ 3 W N
4w 2m A

m?  2jkPRyA .
T (KOR)DO || NT TR

)

MGDR
(64)

m(]l) 124 epsD?
5N 2+ A /A)b A3

MGDR

o (1 — A1/A)jL(kD Ro) — 3kD Ry j; (kY Ro)
|D(2)/|w:w(”|

’

(65)

where mgpr is the model-independent isovector energy-
weighted sum rule (EWSR). (See Eq. (6.176) of Ref. [17]). Our
transition density is normalized by the nuclear mass A instead
of the charge eZ in Eq. (6.176) of Ref. [17]; the weight factor 3
and electron charge e are omitted in line of the definition
of our multipole operator Eq. (49); the N/A factor written
explicitly excludes any c.m. motion.) Note that if nonlocal
forces depend on the velocity [terms Fyq 4, for the Landau’s
forces of Eqgs. (6) and (7)] the isovector EWSR mgpr in
Eq. (64) is multiplied by an enhancement factor (see Eq. (3.39)
of Ref. [36]). The enhancement factor is force dependent;
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that is, it is model dependent. To simplify our presentation,
it is more convenient for us to use in Eq. (64) the model-
independent value of mgpg from Ref. [17]. We point out
however that our calculations of the energy-weighted sums
m(ll) and m(lz) in Egs. (64) and (65) take into account the
contributions from m* # m owing to the velocity-dependent
forces [for instance, terms with F; in Egs. (26) and (47)].

The main dipole resonance (k =2, L = 1) of the zero
order in A [see Eqgs. (63) and (61)] exhausts most of the
EWSR: m<12) /mgpr & 1. The strength of the other (satellite)
resonance («k = 1) is linear in A and is relatively small
compared to the main peak. Within the same approximation,
applied in the derivation of splitting Eq. (47), one has a
simple estimation of their strength ratio as m(ll)/mGDR R
32¢r(1 + F})X/3b, _A'3. Note that the relative strength of
such a satellite increases with the asymmetry parameter X and
decreases with an increase of A. It depends also on the surface
(bs,—) and volume (Fy) isovector constants. As already noted,
from Eq. (65) we realize that the strength of the satellite peak
tends to zero, and in this sense, it disappears in the symmetric
limit N = Z.

IV. NUMERICAL CALCULATIONS AND DISCUSSION

We will present results of some numerical calculations
based on the analytical results of the previous sections. Figure 2
shows the IVGDR energy, Egpr =hw®, and the corre-
sponding fraction of the EWSR, mgpg, [17] versus the mass
number A for certain isotopes near the g-stability line [37-39].
Besides the well-known deformation splitting of the IVGDR
energies in the rare earth (A &~ 140—190) and actinide (A ~
220-240) elements discussed earlier in Refs. [6,7,12,15], the
remaining full points represent the IVGDR characteristics of
the main peaks obtained by different experimental groups cited
in Refs. [37-39]. These points for spherical-like nuclei are
in a good agreement with our FLDM results for the main

FIG. 2. Giant dipole resonance energies
Egpr multiplied by A'/3 (top) and exhaustion
m® /mepr of the EWSR mgpr of Eq. (64) (in
percent, bottom) for the main isotopes along the
B-stability line vs the particle number A. The

full points are the experimental data from Refs.

[37-39] (see http://depni.npi.msu.su/cdfe/). The
solid and broken lines are the main GDR
resonances and their satellites obtained from
Eq. (42) with Eq. (43) for F; = 0.6, F, = —0.46,
Fy =-0.9, b,_ =78 MeV, ry = Ry/A'? =

100 F
Z 90t
2
o 80f
<
a
<]
= 60}

200

150
-1
a
= 100
£
g

50}

0

1.1 fm, and T = 1.05 x 10~%2 s. Points and lines
correspond to the estimations (44).
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24 L e L Ca
a o o

e o A e FIG. 3. Isovector giant dipole resonance en-
Z 0O Qe O ergies Egpr (top), EWSR exhaustion m(l'” /MGpR
5 20le El ......................... a (bottom, in percent), and satellite strength mé”
g T a & ] divided by the main peak m{’ (middle) for
o 0 """ o the Ca isotopes vs the asymmetry parameter
° X = (N — Z)/A. The full and open circles show
16 |40 42 44 ° 48 the experimentgl data from Refs. [.37—39] and
| il 4 | Ref. [7], respectively. The squares, triangles, and
S 1 A j inverted triangles are obtained from the cross
Vg ,,,,,,,,,,,,,,,,,,,, sections for the corresponding (y, n) and (y, p)
EEO 02 T e 1 reactions of Refs. [3,5,6,11], as explained in
0.0k — R ar— - Y 0 the text. The dots in the top and middle panels
T T T T T T present the ISM. The solid and broken lines
100 v O 1 lines in the bottom panel show the analytical
= 80l iy (exact integral) EWSR exhaustion (63) for the
g 60 O main IVGDR and satellites. The broken-dotted
E_ [ a line and frequent broken-dotted line denote the
E 40 O approximations (64) and (65). Other notations

20 t g -_:__‘_‘_‘_'__'_'_fél'_'_'; and parameters are the same as in Fig. 2.
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(N-Z)/A

IVGDR energies Egpr and the corresponding fraction of the
EWSR along the S-stability line [see Eqgs. (42) and (64)].
They were obtained by solving the secular equation Eq. (42)
for k¥ =2 with the sound velocity s® from Egs. (26) for
the particular choice of the isovector interaction parameters
F; = 0.6, which corresponds to the symmetry energy constant
bsym ~ 30 MeV. In this work we have adopted the values of

ro = 1.1fm and b; _ = 78 MeV. The effective nucleon mass
mjl‘ was taken as m” = 0.7m, which corresponds to the Landau
parameter F; = —0.9. For the isoscalar interaction parameter

Fy, which strongly influences the calculated satellite energy
and the isovector dipole resonance splitting, we have used
Fy = —0.5 to have a reasonable value of the incompressibility
coefficient K = 6¢r(1 + Fp) of the nuclear matter of the order
of 200 MeV. For simplicity, our numerical calculations were
performed by assuming the simplest T approximation for the
collision integral with T, = Ty = Tpy =T ~ 1.1 x 1072 s
(see also Appendix A). The relaxation time t enters the
secular equation (42) through the roots of the dispersion
equations (26). The finite relaxation time t provides the
collisional width ' of the IVGDR strength function S (w)
in Eq. (62).

The additional contributions into the IVGDR characteristics
appear as a result of the coupling of the equations of motion
(3) at A # 0. The quantity EgprA'/? of the main resonances
approach the A-independent constant of the Steinwedel-Jensen
(SJ) model for large particle numbers A at the value of
~80 MeV and becomes a slightly decreasing function of A
for light nuclei, similarly to those of the Goldhaber-Teller
(GT) model. At the top of Fig. 2 we plot also the energy
RV of the satellite evaluated using the secular equation (42)
for « = 1. As seen from Fig. 2, the satellites (broken line)
appear at higher energies close to the main peaks (solid line)
and the magnitude of the splitting is almost independent of the

024

asymmetry parameter X, in the first order of A. The satellite
energies multiplied by A!/3 almost do not depend on the
particle number A and the magnitude of splitting decreases
slowly with increasing A. Note that a very strong splitting effect
is seen from Fig. 2 in the rare-earth nuclei with A ~ 150-180,
which is well explained in Ref. [16] as another remarkable
phenomenon related to their deformations. A simple estimate
for the energies iw® and " of Egs. (45) shown in Fig. 2
for T — oo (see Fig. 1) is in rather good agreement with the
exact solutions of the secular equations (42). The value of the
energy-weighted sum m(l2> [Eq. (63)] for the main (s = s@)
IVGDR (see the bottom of Fig. 2) depletes more than 50% of
the dipole sum rule mgpg of Eq. (64). Thus, our FLDM predicts
that the main IVGDR is related to Fermi-liquid vibrations with
sound velocity 5.

The values of wt at the position of the main resonance
is approximately 1.4—1.7 in our calculations with the collision
relaxation time T mentioned previously. This is an intermediate
region between the hydrodynamic (wt <« 1) and zero sound
(wt > 1) collision regimes. We point out that the afore
mentioned similarity of the FLDM results for the IVGDR
to the ones obtained for the SJ and GT hydrodynamic-like
models [16] can be explained by the closeness of the IVGDR
modes to the hydrodynamic regime rather than to the zero
sound one.

The main, hw®, and satellite, ", IVGDR energies,
their relative strength mg) / mf)z) (where my = fooo dES_(E)
measures the E1 transition probability), and the depletion of
the EWSR versus the asymmetry parameter X are presented
in Figs. 3, 4, and 5 for several Ca, Sn, and Sm isotopes.
They are compared with our interpretation of the experimental
data in terms of the two-peak structure of the (y, n) integral
cross sections [the same for the (y, p) reactions]. The joined
points indicating the mean IVGDR energies are taken from

312-8
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Sn_.
00
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c |
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= 16
® s & ° i )
14F FIG. 4. The same as Fig. 3 for the Sn iso-
1 116 118 120, 122 124, topes. The full joined circles show the exper-
S 04 imental data from Refs. [37-39] of different
= 02f - [ groups (see the references therein). The squares
g g0 MR Fom.— reeversverTTY FESTTOOPISY. L FSSSP TSNS P L= and triangles are obtained from the integral cross
160 T T sections of Ref. [2] and Ref. [12], respectively.
~ 120
: l, & ] & 3
E sof . * '
=
40
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Refs. [37-39]. We emphasize that we are talking about the
two-peak structure of the IVGDR for each reaction (y, n)
and (y, p) independently rather than about comparison of the
main peaks from both isospin conjugate reactions (y, n) and
(v, p) as was done in the case of the ISM (see Ref. [7]).
Moreover, we do not show in Figs. 3,4, and 5 the corresponding
experimental data for the ISM analysis of the splitting in (y, n)
and (y, p) reactions and keep only the relevant data for the
splitting phenomena in the FLDM. For instance, the squares
in Figs. 3 and 4 were found, respectively, from the energy

dependence of the cross section of the photo-neutron (y, xn)
reactions for Ca isotopes, in Refs. [3,5,6,11], and for Sn ones,
in Refs. [2,12] [triangles in Fig. 3 were found from the (y, xp)
reactions]. All squares, triangles, and open circles have been
obtained by the two Lorentzian fits of the corresponding cross
sections. The energy interval for the mean-square fit includes
the main peak and the wide bump on its right-hand side,
which is interpreted as the satellite. For the case of the neutron
cross sections with the deformed targets 42.44Ca [3,6,11], the
fitting procedure is applied for the second broader maximum,

201
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Sm
o~ 18 'I ..........
z |0 O
= 16 l!l """""""""""""""""""""" . -
-4
m@ 14 ¥ III
12} t
144 146 i 148 150 152 154 :
10 i i
0.6F A FIG. 5. The same as Fig. 3 for the Sm
ao a isotopes. The squares and triangles are obtained
V\ 03l from the integral cross sections of Refs. [37-39]
s o and Ref. [15], respectively.
— O -
0.0 I': """" gt g FIIIIIIIITTIISTIeOT] YTV TP P POUPPOPPTPPTPPPTTN
o 120 ¢ I
: ol @ 3 :
g & K™
E 40 [ — e e e mma mms el e el e _.A. - — - ﬂ_ PR
e —— e e R
0.14 0.15 0.16 0.17 0.18 0.19 0.2
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which is interpreted as a sum of the main peak and its satellite
strength. The squares in Fig. 5 for the Sm isotopes are similar
to the ones obtained in Figs. 3 and 4 but the triangles show a
double-resonance structure of another nature, which is due to
nuclear deformation. We emphasize the difference between our
FLDM splitting for the spherical-like nuclei '**Sm, '*8Sm, and
150Sm and the deformation splitting of the strongly deformed
1528m and *Sm isotopes.

As seen from the top of Figs. 3, 4, and 5, the magnitude
of the IVGDR splitting in our FLDM does not depend on the
neutron excess N — Z and there is good agreement with our
presentation of the experimental data (squares and triangles).
Its slow decrease with the asymmetry parameter X is explained
by the A dependence in Eqgs. (47). This is in contrast to another
splitting effect predicted by the ISM, which shows an increase
of the energy splitting of the IVGDR with the isospin quantum
number 75 = (N — Z)/2 (see Refs. [3-11]).

The satellite strength ratio mgl) / m§,2> in the middle of
Figs. 3, 4, and 5 is small and increases linearly with the
asymmetry parameter X. This is quite different from both the
case of the opposite ISM-splitting behavior mgl) / mg) ~1/T3
discussed for instance in [7] and the case of splitting caused
by deformation with approximately equal peak strengths
(mf)l)/mz)z) ~ 1) [16]. The bottoms of Figs. 3,4, and 5 show the
depletions of the EWSR; these are about constant for the main
IVGDR and are proportional to the asymmetry parameter X
for much smaller satellite contributions. The relative strengths
and the depletion of the EWSR for all (Fermi-liquid) satellites
decrease to zero and disappear in the symmetric limit X — 0.
As shown in Figs. 3, 4, and 5, the strength ratios mgl)/mf)z) of
the two peaks and their depletions of the EWSR are in good
agreement with the experimental results represented by the
squares or the triangles. The strength maximum of the satellite
is much smaller than the one of the main peak. However, the
contributions of the satellite to the zeroth, m(ol) , and first, m(ll),
moments of the strength function are quite significant because
of its much larger width. The small values of both the main
and satellite EWSR depletions for the (y, p) reactions with
#Ca and *8Ca targets (the triangles in the bottom of Fig. 3)
are explained by the small total strength (EWSR depletion of
about 0.1) compared to the estimate of mgpr in Eq. (64). Note
that this is not a typical situation for the IVGDR, which usually
depletes the main part of the EWSR. The inverted triangles in
the bottom of Fig. 3 show the result of our fitting procedure
for #*Ca and *®Ca targets in (y, p) reactions [3,6,11] using the
normalization to 100% EWSR contribution from the IVGDR
and its satellite. Finally, the open circles in Fig. 3, which we
found from the inelastic (e, ¢’) reactions with the “*Ca and **Ca
targets (see [7]) can be also explained by the FLDM splitting
of the IVGDR. At least the magnitude of splitting and its weak
dependence on the asymmetry parameter X are well described
within the FLDM .

Note that the FLDM isovector splitting increases with the
relaxation time t such that the energy of the main peak
decreases while the energy of the satellite increases. For the
commonly accepted value of by, (fixed by the parameter
F}) the position of the main peak is determined mainly by
the isovector surface parameter bg_. The isoscalar interaction
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parameter Fj, related to the incompressibility coefficient of
the nuclear matter, significantly affects only the position of
the satellite. The strengths of both peaks depend on all these
parameters. We emphasize that it is important to take into
account the effective mass m™ % m (nonzeroth parameter F),
which influences the characteristics of both peaks owing to
the dispersion and secular relations. In particular, the effective
mass enhances the spreading of the main and satellite peaks.

V. CONCLUSIONS

The FLDM predicts the existence of two kinds of isovector
(or isoscalar) vibrations related to the two different velocities
s and s in a nuclear Fermi liquid. The sound velocities
are determined by the isoscalar, Fp, and the isovector, Fé,
Landau interaction amplitudes. The FLDM shows a satellite
structure of the isovector and isoscalar resonances. We pointed
out that the FLDM energy splitting of the isovector IVGDR
does not depend on the neutron excess at the linear order in
X. Moreover, the satellite structure of the isovector IVGDR
does not depend on the type of reaction [(y, xn), (y, xp), or
inelastic electron scattering] and can be found in each type
of reaction and for spherical targets, in addition to the ISM
and the dynamic collective model predictions. The isovector
splitting appears essentially as a result of the asymmetry effect
in the collective FLDM dynamics and is determined by the
isovector volume, Fé, and surface, b, _, interactions, and the
effective mass m* % m at F; # 0. The lowest peak depletes
almost 100% of the EWSR and the other peak (the satellite)
is associated with a significantly smaller contribution to the
EWSR, which is proportional to the asymmetry parameter X.
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APPENDIX A: COLLISION INTEGRAL
FOR A TWO-COMPONENT SYSTEM

For the calculation of the collision integral §St,[ f,, f.] we
will follow Ref. [40]. We employ a relaxation time approx-
imation (7 approximation) by assuming that the distribution
function f; in §St,[ f,, fu] relaxes to the local equilibrium
distribution function

1
floc.eq — . (Al)
q exp [(Ellloc.eq _ Mlloc.eq —p- llq)/T]
Here €, = p2/2m* + 8V, is the single particle energy that

is consistent with the distribution function fqloc'eq in regard to

the variation 8V, of the self-consistent mean field. The chemi-
cal potential 14!°d is also consistent with the local equilibrium
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distribution £, providing [ 2drdp f,**(r, p)/Q2nh)} =

A,, with A, =Z and A, =N. The function f,*% of
Eq. (Al) is a simple case of the general form f(r,[p —
mu]?) for the equilibrium distribution function as applied
to the system with linearization in the velocity field u (see
Refs. [40,41]). The linearized collision integral §St,[ f,, f,]
takes then the following form (see also Ref. [40]):

3](‘1(,;0
(SStq[fpv fn] = - Z _q’

T,
q 99

Sf‘;OC — fq _ fJOC.eq7 (AZ)

where 7., is the relaxation time caused by the interaction
of particles in the gq’ channel (pp, nn, pn, or np). As noted
in the main text, we assume T,, = T,, and T,, = T,,. In the
specific calculations, the collision integral of Eq. (A2) ensures
the conservation of the particle number, the total momentum,
and the total energy [40] for a two-component system.

We point out that, in contrast to Eq. (A2), the variation
8fq = fy4 — feq.q Of the distribution function in the left-hand
side of Eq. (3) is determined with respect to the global function

feq.q given by

1
Jea1 = pltey — 1)/ T1 (A9
The variations § fq'OC and §f;, are related to each other by
8fy = 8, +8£,%, (A4)
where
spieen = pioosa g n 0t gy o, 4 5v,),
deg
Spug = ppet — pug. (AS)

We will also use an expansion of the dynamic distribution
function §f,(r,p,?) in the spherical harmonic series in
momentum space [21,22],

of.
8fq(r,p, 1) = E Yoo - k) —r2%4 p,—i(wt—k1)
fq (X, P, 1) 2 o4 Yio(p - k) e, e

=) 8fiq(rp,0),

=0

(A6)

where / is the multipolarity of the Fermi-surface distortion and
(A7)

A T af« —i(wt—Kk-r
8fiq(r, p, t)=az,quo(P-k)%e (wr=kr),
q

Using Egs. (11), the expansion (A6), and the continuity
equation

a
—pg + V-pgu, =0, (A8)

dt
one can obtain
Py, = —aigYiop - ke @k,

A (A9)
Bitg = 8Vy = —ao,gYoo(p - Rje ™17,
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Using Eqgs. (AS), (A7), and (A9), we obtain

1
Sf =Y " 8f1,4(r, . 1). (A10)

=0

Finally, by substituting Eqgs. (A4), (A6), and (A10) into
Eq. (A2) the collision integral takes the following form:

8ty fp ful ==Y Y (Sjpﬂ

q 1= "1

(Al1)

By using Eq. (All), the collision integral for the isoscalar
channel, §St,[f,, f,], and the isovector one, 6St_[ f,, ful,
can be written as

=\ 8fi
L SSULf = 20

=2 -
(A12)

=5
Sy, ful = =3 22
=

1 1 1 1 1 1
—=— 4 —, —_— = . (A13)
T+ Tpp Tpn T—  Tpp Tpn
We point out that the collision integral §St,[f,, fu] of
Eq. (All) for a two-component system does not contain
contributions from the monopole (! = 0) and dipole (I = 1)
distortion of the Fermi surface providing conservation of the
particle number and the total momentum. This result is similar
to the one for the one-component system [21,24,40,41]. It is
due to the general definition [41] that the collision integral
disappears at the local (not global) equilibrium distribution.
Namely [see also Eq. (A2)],

Stq [fp}oc.eq, fnloc.eq] =0.

Note also that the presence of the [ = 1 component itself
in the collision integral for the isovector (dipole) vibrations
does not contradict momentum conservation if the collision
integral disappears at the global equilibrium (A3) instead of
the condition (A14).

(A14)

APPENDIX B: THE DERIVATION OF THE FERMI
ENERGY SPLITTING

1. The B-stability condition
We begin from the Weizsidcker’s formula by writing only
the important terms:
(N -2y
E = Eyi(A) + Eguf(A) — bsymT
+ ECoul(A: Z) +....

We use here the symmetry energy coefficient bgyy, = 30 MeV.
For the proton and the neutron separation energies S, one has
from (B1)

B

oE
Sy = W = Svol + Ssurf — 2bsme,
(B2)
oE _
Sp = 8_Z = Svol + Ssurf + 2bsme + Veoul,
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where
Vo = 2o (83)
The B-stability condition reads
Sy =S, (B4)
From Egs. (B2), (B3), and (B4), one obtains
Veou = —4bgymX. (BS)

2. Fermi energy splitting

The Fermi energy splitting A = (ep, —€f ,)/2¢r =
Agin + Apo is a sum of the kinetic and potential parts. The
kinetic part Ay, is given by

Pr.p] [2m*er, (B6)

where we have assumed m; ~ mj, ~ m*. The potential part
Apot is due to the isotopic shift in the mean field,

2Apol =V, — Vp)/GF =(V_ - VCouI)/GF
= F(;peq,f/NFGF -

2Akin = (€ron — €F0.p)/€F = [PF, —

Veou/€r,  (BT)
where (see Ref. [27])

Vo= F(;peq,—/NF (B3)
and the averaged density of states is
Np = prpm* /7R3, (B9)

Note that the total particle density peq + is given (in the linear
approximation) by peq 4+ ~ 2p3/ 37%h* & 2. The isovector
part of the particle density peq,— in Eq. (B8) is derived by

pea— = (Prn = P¥.,p) /370, (B10)

Collecting the kinetic, Eq. (B6), and potential, Eq. (B7), parts
of the Fermi energy splitting one obtains (see also Ref. [27])

2A = (€p,n — €F,p)/€F = (€Fo,n — €F0,p + Vu — Vp)/€F
4 3b,
= <1+F + ym>, (B11)
3 €F
with

=[pt, - pr]/zm*~4eFX (B12)

In the derivation of Eq. (B11), we have used the B-stability
condition (B4) and the linearized Eqs. (B10) and (B8) for the
first term V_ of the potential part of Eq. (B7),

V_ = fer FyX.

eFO,n - eFO,p

(B13)

Now, we need the expression for the symmetry coefficient
beym in terms of the Landau isovector constant F. For this
purpose we recognize that the proton system differs from the
neutron one only by the Coulomb interaction, which is the
unique source of the difference €rq, — €ro,, and the isovector
shift of the mean field V_; that is,

Veoul = €Fon — €F0,p + V_. (B14)

Substituting (BS), (B12), and (B13) into (B14) one obtains
(see [28])

bym = 3er(1 + Fy). (B15)
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Finally, we obtain from Eq. (B11)

A=3X(1+ Fp. (B16)

The Fermi energy splitting A has a clear physical meaning as
being related to the symmetry coefficient bgyy, and asymmetry
parameter X by

A = by X /ér. (B17)

APPENDIX C: DISPERSION RELATIONS
FOR ASYMMETRIC NUCLEI

For the noncollisional case the dispersion relations for both
the symmetric and asymmetric nucleus can be derived from
Eq. (20). Using Eq. (23), we rewrite Eq. (20) as

ozi<1>+ +oa P =0, af®, +a"d_=0, (C1)
where
P
a1=7‘) FOQI—I—AFO( )}
R, F
a+=7 Fy01 — F,—AFO + 0
] (2)
T
aj=7° F0Q1—1+AF’( )}
_ F[F
x = F’ — Fy01 — AFy +Q1
From Egs. (C1) one obtains the dispersion equation
afa” —alal =4FRF(FoQ1 — 1) (Fj01 — 1)
S2 2
—AZF()2F62/4(2 1+Ql> = 0.
2 —

(€3)

The dispersion equation (C3) provides two solutions for the
sound velocity: s = sV and s = s®. Using Egs. (C2), (C3),
and (25), for the first solution s = s we find

ot Fi(sM*(1+ Fp) — 1)

L YRTO E R ’
_ F} Fo(sW2 (1 + Fy) — 1)
m _ / o 0
“ TR [F Fo 2] ;
(C4)
oV FilsM*(1 + Fp) — 1]
- 2(sM2 — 1) ’
F} Fo(sM*(1 + Fp) — 1
U [Fo R - o(sV2(1 + Fo) — 1) }
2F, s2—1

For the second solution s = s® one obtains

o Folp o R+ F) -1

+ - 2F/ 0 0 (2)2 1 ’
0@ — Fol[l = s®2(1 + Fy)]

" 2(s@2 — 1) ’
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F
+(2) 0
o_ = 2F/ |:F0

_ Foll —s<2>2(1+F)]
2) _ 0
a7 = 0] . (CS5)

_RB®a+ Ry -1
S22 | ’

APPENDIX D: VELOCITY FIELD, PRESSURE, AND THE
SECULAR EQUATION

The radial components of the velocity field u and momen-
tum flux tensor 8I1,,, entering the boundary conditions (35)
and (36) are obtained from Eqgs. (4), (11), (16), and (37) as

ulh = ¢dl L (MYo®), N = ¢ 1 ()Y io®),
(D1)

where the index « indicates that we have s = s with ¥ =
1,2, and

6iL—1sD
i) () = — 1 k),
PF
67l
_(1) ./
= — 14+ — k
ur,_(r) Pr [ +2A:|]L( r)a
(D2)
6itls® [ A
—(2) 2 .
_— 1+ — kr),
1) = or [ +2A]]L( r)
)
B = S k)
F

[see also Eqgs. (30) and (31) for A and A]. The momentum
flux tensor [1%) is given by

15 (r) = 3poit[al i (kr) + b ji (k1)) (D3)
where
(1)2F2
M _ 1 _ 2.2 s 0
ay =1-=3s —I—Fo—i——z(s(m_l)A,
(D4)
(1)2F2
M _ 1 2 s 0
b+ =1-s5 +F0+—6(S(1)2—1)A’
3 A
a _ 12 ! 12
=-A|(1-3 Fp)— —1+2 — Fyl,
a-’ =3 |:( s7 + 0)3A + 2s o]
(D5)

3 1 Ay
bV = AL |1 —sD? 2F,
— B N + = 3 ( + 0) 3A

2

a? = %A [(1 —3s®2 4 Fé)?)A—AZ —142s®2 F(;] ,
(D6)
b2 = §A{ [1 -
R)

!
3
£

Ay
(Fy+ 2F0)} A

—1+
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@2 pn
@ _ @ gy S o
a’’ =1-3s +F0+2(s(2)2—1)A’
(D7)
@22
@ _q1_ .2 / s
bl=1-s + FO + 6(5(2)2 -1

Equations (D1)—(D7) can be used to reduce the boundary
conditions of Egs. (35) and (36). For the first kind of solutions
(IV) [see Eq. (40)], which correspond to the isovector like
modes, we finally obtain the following two equations for the
s and 5@ solutions of the dispersion equations (25):

3¢ _kRola j;/(kRo) + b jL(kRo)]

i" (kR ,
JLkRo) = 4A+ AL/2)
fors = s,
) . 2) D8)
Jjr(kRo) = 3&_kRo[a" j{ (kRo) + b= j.(kRo)],
fors = s(2)

where &_ = ep /b, _A'/3. For other solutions, which corre-
spond to the isoscalar modes (IS), one obtains, respectively,

3£, kRola” j; (kRo) + b jL(kRo)]

i (kRg) = ,
JikRo) (L — (L +2)
for s = s,
36 KRola® 1R 1 B2 R
J(kRy) = & kRolal” j(kRo) + by ji( o)]’

(L — DL +2)(A+ Ay/2)

fors = s(z)

where &, =¢eyA'3/b, . and L # 1. The surface energy
constants b; + are defined in Appendix E.

For the isovector modes (IV) for which we present
numerical results in this work we rewrite the characteristic
equations (D8) in the more transparent form of Egs. (42) and
(43), where

¢ = (R — Fy3s™?/Q1 — DI+ (01 — F)
x[3sM2(Q1 — K) + [3s*Fo/ Q1 — 3(Q1 + 1)
+ 01 — KIK/C,
eV = {RI1 — Fy(s"2/ Q1 +1/3)] + (Q1 — FY)

x[s"2(Q1 — K) — [2FysV?/ Q1 +3(01/3 = K)

+(Q1 — Fo)(3s"?/01 — 1/3) = 2F1K1}/C, (D10)
C¥ =1-3s®2 1 F, Y =1-sP* 4 F,
where K = s? — 1 and

C=G{FR+[Q1K0+1/G1)+RIQ:1 — F)}/ Q1.
(D11
R = (201 — Fp)K — 07.
APPENDIX E: BOUNDARY CONDITIONS FOR
ASYMMETRIC NUCLEI

1. Boundary condition for the velocity field

We will start from the continuity equation (AS8) and trans-
form all functions and derivatives of the Cartesian coordinates
r in Eq. (A8) to the cylindrical ones {p, z, ¢} for the axially
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symmetric surface shapes. By making use of the coordinate
system {&, n} related to the moving surface in the plane of
the symmetry axis z (with £ the normal-to-surface coordinate
and n perpendicular to the surface) and then integrating over
& from oo to some point &, inside the Fermion system, we

get [33-35]
Sin o+ djex | Iy i]
d O+ —+ Ty e e |0
/oo 5[ pr(E . 1) +E 08 o8 on
(E1)

where j,(r, 1) = p,(r, )u,(r, t) is the current density and
J+ =Jp £J». The integral in Eq. (E1) converges within a
small region of the order of the diffuseness parameter a of
the nuclear surface. With the precision of the effective surface
approximation (ESA) of [33], up to higher order terms in the

expansion in the parameter a/ Ry &~ A~!'/3, one approximately
obtains
&in a o 8
/ dg [ Peq + (—us,i + ”E’*)} =0, (E2)
o0 & 0
where
§ =4 (E3)

We took into account here that only the derivatives of the
density and current in the normal direction to the surface give
the main contributions to the integrand in Eq. (E2). Taking
smooth quantities in Eqs. (E2) off the integral at the surface,
defined as the positions of maximal gradient of the particle
density peq,+, and integrating the remaining derivatives over
&, one finally obtains the first boundary condition (35).

2. Boundary condition for the momentum flux tensor

For the derivation of the second boundary condition we
use also the ESA method starting from the momentum
conservation equations

J .
qu],,,q +Zﬂn
m

Following [34,35], we need to specify only the energy density
functional £(p),, p,) for the asymmetric Fermi-liquid drop,
5(/0,», ;On) = A(p[)s pn) + l—:”pp(vio,n)2
+2B,uVppV o+ Bu(Vou)?,  (ES)

where A and B, are smooth functions of the particle densities
04 The energy density functional £(p, p,) can be identically
written as

E(op, pn) = E(p1, p-) = Alpy, p-) + BI (V1)
+2B,Vp,Vp_ + B (Vp_),

vig = 0. (E4)

(E6)

with the obvious relations between the new, Bi, and the old,
B4, smooth functions. According to Refs. [32-34], we derive
the basic expressions

5€ N _
po|l — | =—bvy+207H, +20 H_,

sE
— ) =—by_
& <5p ) .

(E7)
+ 20 H, +20"H_,
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where by 1 are constants,

) ap 2
ajzzzs’j/ d& <—;*> :

e
__2B/ds<pq), (E8)
et Poa_
a;:ojzzzg;/ dg—pag*—pa;

are the matrix elements of the surface tension, and H are
the mean Gaussian “curvatures” related to the isoscalar and
isovector motions of the surface (see Ref. [33]). The surface
tension pressures 6P 1 are determined by the surface tension
coefficients oi. Namely,

8P+ =8P, + 8P, ., 8P, =8P, _+6P,_, (E9)
where

8P, =201 8Hy = ay 4 pobs +/[3AP(L — 1)L +2)],

8P, =20-8H_ = 2a,_pobs; _A'?/3, (E10)

8P, , =20 8H_, 8P/ _=2016H,.

The explicit expressions for the variation of the “curvature”
0’H+ can be determined from Egs. (E6), (E7), and (E8). We
also point out that in Eq. (36) of Sec. II we have introduced the
reduced surface pressure 75S¢ by the relation §Ps + = as,iﬁsi R
where o + = o , £ o, and the vibration amplitude «; , is
derived by R, (t) = Ro[l + a4 ()Y 10(F)].

Note that the boundary condition (36) does not violate the
condition of conservation of total momentum K of the nucleus.
In the derivation of the boundary condition (36) we have used
the self-consistency relation associated with the translation
invariance condition (see [27]). The self-consistency relation
reads [34,35]

0, e;v _ sy, P

1 ory,

3p

=0. (E11)
The total momentum K of the nucleus is given by

K=m Z / drj,(r,1) = mAR. ., (E12)
q

where R, ., is the radius vector of the nuclear center of mass.
Using the momentum conservation equation (E4) and the ESA
approach of Ref. [30], one can obtain

9K, av, 0,
D% [ar (s —sv, 2P
o1 zq:/ ’ ( P, o,

The self-consistency relations of Egs. (E11) and (E13) provide
the condition of total momentum conservation:
0K,
ot

(E13)

=0. (E14)

As mentioned in the main text [see the discussion after
Eq. (53)] the dynamical variation 6R. ,. of the center of mass
R.m. in the laboratory coordinate system is identically zero
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owing to the transition density dp,(r, t) taken in the form of
Eq. (53). Hence, momentum conservation (E14) does not lead

PHYSICAL REVIEW C 73, 024312 (2006)

to a spurious state mixing (associated with the c.m. motion)
because of the relations (E12) and (56).
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