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Correlated ground state of %0 and E2 giant resonance built on it
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A correlated ground state dfO and anE2 giant resonance built on it are calculated using an extended
version of the time-dependent Hartree-Fock theory called the time-dependent density(iiabM) theory.
The Skyrme Il force is used as an effective interaction for the calculation of both a mean field and two-body
correlations. It is found that a TDDM calculation with the Skyrme force gives reasonable ground-state corre-
lations and a large spreading width of tB& giant resonancéS0556-28188)07710-3

PACS numbdss): 21.60.Jz, 24.10.Cn, 24.30.Cz

The time-dependent density-matXDDM) theory[1,2]  where the numbers denote space, spin, and isospin coordi-
is an extended version of the time-dependent Hartree-Fockates. The time evolution gf andC, is determined by the
(TDHF) theory to include the effects of two-body correla- following three coupled equationd]:
tions. TDDM theory has recently been extended to calculate
a correlated ground state using an adiabatic method in which, J
starting with the Hartree-FocfHF) ground state, a residual ih > Uo(LH)=h(1) (1), ©)
interaction is gradually turned on in tin@&]. It has been
shown that correlated ground states'®® [4] and “°Ca[5]
can be obtained in this way and that spurious componentsin ;, - _ _ ,
anE2 giant resonance can be eliminated using such a corre- |ﬁnm/—%‘% [(aBlol78)Cyoar = Capyal ylula’ B)],
lated ground state. In order to make the calculation of matrix (4)
elements of the residual interaction feasible, however, we
have used in our previous calculations a simple force of the
single &function formuvy8(r—r') as the residual interac-
tion. Such an interaction is not consistent with the effective . ' I
interaction(the Skyrme forcg6]) used for the calculation of whereh(1t) is the mean-field Hamiltonian and the re-

a mean-field potential. In this Brief Report we calculate aSidual interaction. The terB, 4,5 on the right-hand side

correlated ground state and &2 giant resonance of°O of Eq. (5) represents the Born ternfthe first-order terms of

using a residual interaction which is the same as that used f(%)' The termsP g, 5 and Heporp in Eg. ) contain
«ga'p’ @nd represent higher-order particle-particle- and

the mean-field potential and investigate the effect of a con=" a5« , . -
sistent treatment of the effective interaction in TDDM partlc!e-hole-type correlations, respectively. The explicit ex-
theory. pressions forB, s, 57+ Pagarpr» and H,g, 5 have been
We first present the equations of motion in TDDM theory phresented in Ref[;[]. The_ small ampll_tude I'm: of TﬁDM
and explain the method to obtain a correlated ground statd€0ry was investigated in Re9] and it was shown that in

The equations of motion in TDDM theory have been derivedSUch @ limit TDDM theory can be reduced to the second
from the truncation of the well-known Bogoliubov-Born- random phase approximatidiRPA) [10], which has often

Green-Kirkwood-Yvon(BBGKY) hierarchy[7], neglecting °€€n used to study decay properties of giant resondidgs
a genuine correlated part in a three-body density mé&gix To obtain a correlated ground state as a stationary solu-

and therefore consist of a closed set of equations of motioHonhOf the coupled T?Dk':/' equations, we use an adiabaltlic
for a one-body density matrix and a two-body correlation Method: ~Starting with the HF ground state, we gradually

function C, defined byC,=p,—A(pp). HereA(pp) is an turn on the residual interaction. This is done by making the
antisymmetrized product of the one-body density matricedesidual interaction time dependent as

andp, is a two-body density matrix. In TDDM theoryand s

C, are expanded with a finite number of single-particle states v—(1-e ", (6)

{ta},

ihcaﬁa’ﬁ’:BaBa’ﬁ’—‘rPaBa’B’+Haﬁa’B" (5)

where time constant is chosen to be larger than the period
, . a corresponding to the energies of two-particle—two-hole exci-
p(11,1)= 2 Noar (O Pa(LD) ¢, (17,1), (D) tations. To solve the coupled equations, we assume'ffat
o is a completely spin-isospin symmetric system. The part of
the mean-field potential which contains the paramgi€i6]

C,(1212" 1) = 2 Copar g (D oL Pr5(21) gjzﬁc;alt:d with the spin exchange opera_tor d|sappea_rs for
apa B’ ystem. Therefore, terms dependingxgrare ne
. . o glected also in the residual interaction. The residual interac-
X (L0 g, (2',1), (20 tion used is of the following forni6]:
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v(r—r')=tes(r—r’)+ % t{k'28%(r—r")+ 8%(r—r")k?
Correlation
+t2k’-é‘3(r—r’)k+%t3p<%) S (r—r"), ;: -60
20 80
(7) & ool HF Total

where k=(V,—V,/)/2i acts to the right andk’'=(V, 120 e T \ e SR
—V,)/2i acts to the left. The factor 1/2 of the density- 140 . . . :
dependent term contains the contribution of a rearrangement 0 1 2 k3 4 5
effect[6]. The spin-orbit force is neglected as in most TDHF
calculationd 12]. We use the parameter set of the Skyrme Il FG. 1. Time evolution of the HF, correlation, and total energies

force (SKIII) [13]. The coupled equatior(8)—(5) are solved  of 260 calculated in TDDM theory withr= 20x 1022 s (solid line)
using the 5, 1p, 2s, 1d, 2p, and If single-particle orbits. and that withr=0 (dotted line.

The 2s, 2p, and If states are in the continuum. The wave

functions of these states are obtained by confining them in gince the integration in Eq11) is performed for a finite
cylinder with a length of 16 fm and a radius of 8 fiixial  time interval of 15610 % s, S(E) has small fluctuations.
symmetry is used to calculate the single-particle wave funcTo reduce the fluctuations iB(E), we multiply V(t) by a
tions [12]) We have checked that a smaller CyIinder diStUl’bSdamping factore T2 pefore performing the integration in
the wave functions of the bound satés, 1p, and Id) and  Eq. (11). This corresponds to smoothing the strength func-
that the use of a larger cylinder gives weak transitions to thejon with a widthT". We usel’= 1 MeV. Other calculational
continuum states. The energy-weighted sum 1#H8/SR details are given in Ref$1,16.

value[14] for E2 states calculated in the RPA may give @ The correlation, HF, and total energies calculated in

criterion of the size of the cylinder. The fraction of the TDDM theory are shown in F|g 1 as functions of time for
EWSR value exhausted in the energy interval 0—40 MeVT: 20X 10 %8s (SOlld |ine$_ The correlation energEcor is

with the above size of the cylinder is 86%, which is largegiven by[1]

enough and comparable with a shell-model calculakiB]

done with harmonic oscillator wave functions in the same 1

single-particle space. Eco=5 > Cugys{vdlv]ap). (13
The property of the Skyrme interaction as the residual apyo

interaction is also studied for the damping of B2 giant

resonance. Th&2 giant resonance built on the correlated

ground state is excited by boosting the single-particle wav

functions¢,(1) with a phase factor corresponding to 2

mode,

Note that the periods corresponding to the lowest energies
2hw) of two-particle—two-hole excitations itfO are about
4x10 2% s. The results withr=0 (dotted line$ are also
shown in Fig. 1. In this calculatioi€,z, s in the Born
approximation is used as its initial condition to avoid a rapid
Yo (lt=to)=e*Vg (1) ®) Change in the i_nitigl stage of the time evolutiqn. As shc_)wn in
* wmr Fig. 1, the oscillations in the HF and correlation energies are
wherek is a parameter determining the amplitude of the mo-drastically reduced by using a time constant which is slightly
tion andV(r) is larger than the the periods corresponding to two-particle—
two-hole excitation energies. The results in Fig. 1 demon-
1 strate that the adiabatic method for obtaining a stationary
V(r)=2~ > (x*+y?). (9)  solution in TDDM theory works well even for SKIlI, which
is more complicated than the simple force used in our previ-
The boost is done @ =5. The strength function, defined ous calculations. The value of the correlation energy reached
by att=57is —11.1 MeV. The decrease in the correlation en-
ergy is largely canceled by the increase in the HF energy. As
. a result, the total energy is decreased only by 3.2 MeV from
S(E)=2> (n|V|0)|?8(E~E,), (100 the HF value. The occupation probabilities of single-particle
" states averaged over thes &and 1d orbits are 0.025 in
TDDM theory, while the observed value for these orbits is

is related to the Fourier transformation of the expectatiorbloﬂ[ﬂ]_ SKIIl seems to induce ground-state correlations

valueV(t) of the transition operatov [1]: to a reasonable extent.
. In the following we discuss the difference between SKIlI
S(E)= 1 f V(t)sinE dt, (12) and the simple. force of the 'singléfunction form v
wkhi Jo h =v8°(r—r'). First, we determined the strengtly of the

simple force so as to reproduce approximately the correlation
whereV(t) is calculated with the one-body densjiyr,t) as  energy calculated with SKIII. The value of, so obtained is
—220 MeV fn?, which is about 70% of the strength used in
N 3 our previous studieg},5]. (As has been discussed in REf]
V() =(V)= f V()p(r.ndr. (12) and will be shown below, the simple force with this strength
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does not give any spreading width of tii? giant reso- 80+
nance) Although the correlation energies given by SKIlI
and the simple force are the same, there is a difference in the
two-particle—two-hole matrix elements. The transitions to
the high-lying If and 2p states play a more important role in
SKIII than in the simple force. In the case of SKIllI the cor-
relation energy calculated without thef and 2o states is
52% of that with the £ and 2 states, while the value is
78% in the case of the simple force. In other words, SKIlI ool
induces weaker transitions to the 2nd 1d states than the e N
simple force. This property of SKIlIl seems common to any E [MeVv]

Skyrme force. Using the Skyrme Il for¢6] and the Bonche-

Koonin_Nege|e(BKN) force [18]’ the density and momen- FIG. 2. E2 strength distribution off0 C_alculated in TDDM
tum dependence of which significantly differ from SKiil, we theory(solid line) and TDHF theory(dotted ling. The dot-dashed
performed a similar calculation and found again weak tranline deplcts that in TDDM theory with the simple force of the single
sitions to the  and 1d states. Since each term in B@) is  ¢unction form.

quite large, this is a consequence of a cancellation amongyhausted in the energy interval from 10 to 25 MeV is 87%.
various terms in the Skyrme force. For example, a strongrhe energy and width of thE2 giant resonance obtained in
repulsive contribution of the density-dependent part reduce$sppM theory are comparable with experiment. In experi-
an attractive contribution of the first term in EF). Such a ment theE2 giant resonance it®O was observed aE
property of the Skyrme interaction was discussed by Arima=20.7 MeV with a width of 7.5 1 MeV and 58 25 % of
et al. [19]. This cancellation mechanism may be associatedhe EWSR valu¢20]. The splitting of theE2 strength shown
with the fact that only a small portion of the EWSR value for in Fig. 2 is also consistent with a recent experimental obser-
negative-parity states is given in the truncated single-particleation [21]. When the simple forcer=v,6°(r—r’) with
space.(The negative-parity states consist of one-particle—y,=—220 MeV fn? is used(dot-dashed ling the main peak
one-hole excitations involving thes2and 1d orbits) For s shifted downward by 1.2 MeV, but there is little broaden-
example, a RPA calculation done in the truncated spacig of the main peak as shown in Fig. 2. We also made a
gives only 14% of the EWSR value of 3states in the en- calculation of theE2 spectrum with SKIII without the high-
ergy interval 0—-40 MeV. In this RPA calculation the strengthlying 1f and 2p states. The obtained result is quit similar to
distribution of 3~ states is almost equivalent to the unper-the TDHF result. The contribution of thesznd 1d states to
turbed one. On the other hand, a TDHF calculation for 3 the damping of thé€E2 giant resonance is also small in the
states which is equivalent to a continuum RPA calculationcase of SKIII.
(no truncation made[14] in a small amplitude limit gives In summary, using a single effective interaction SKIlllI for
70% of the EWSR value in the same energy interval and ahe calculation of the mean-field potential and the two-body
coherent state appears in a much lower-energy region thagorrelation function, we calculated a correlated ground state
the unperturbed states. Thus the weak transitions to the 2of %0 in TDDM theory. It was found that SKIII induces
and 1d states observed in the calculation of the correlationreasonable ground-state correlations when the single-particle
energy are related to the properties of negative-parity statestates are taken up to thé &nd 2p orbits. It was also found
in the truncated single-particle space. In contrast to SKIll thehat the transitions to thes2and 1d states are small as com-
simple force withVy=—220 MeV fn?, which is not consis- pared with the simple force of the sing@function form.
tent with the effective interaction used for the mean-fieldThis is a consequence of a cancellation among various com-
potential, gives a collective 3state in a RPA calculation in  ponents of the Skyrme force and may be associated with the
the truncated single-particle space, which is shifted downfact that the portion of the EWSR value for negative-parity
ward by 3.7 MeV from the unperturbed states. states is quite small in such truncated single-particle space.
The damping of thé2 giant resonance was also studied The energy distribution of th&2 giant resonance built on
using SKIIl. The E2 strength distributions obtained are the correlated ground state was also calculated in TDDM
shown in Fig. 2. The solid line denotes th® resonance theory. It was found that the obtained spreading width is
built on the correlated ground state, and the dotted line repecomparable with experiment. It was also found that the ma-
resents the result of a TDHF calculatieorresponding to a trix elements involving the 2 and 1d states are quite small
continuum RPA calculation The fraction of the energy- as in the ground-state calculation. The present study suggests
weighted sum ruld14] exhausted in the energy interval that the Skyrme force may be used as a residual interaction
5-35 MeV is 97% in TDDM theory, while it is 96% in in TDDM theory to study ground-state correlations and giant
TDHF theory. The average energy and the full width at halfresonances without major modifications, and encourages us
maximum of the peaks distributed from 10 to 25 MeV areto do further studies for other excitation modes with larger
19.5 and 8.4 MeV, respectively. The fraction of the EWSRsingle-particle space and also for heavier nuclei.
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