Chapter 3

Skyrme Hartree-Fock plus

random phase approximation
approach

Skyrme interaction was introduced by Skyrme [3, 4]. This interaction was
applied to Hartree-Fock calculation by Vautherin and Brink [5] and Beiner
et al, showed that Skyrme-Hartree-Fock method reproduce the binding en-
ergy and density distribution of spherical nuclei [8]. The Skyrme interaction,
which has been widely used in Hartree-Fock calculation at present time, con-
sist of the zero-range momentum-dependent two-body force plus the density
dependent two-body force:

vs(7) = to(l + 2o P )é(r) + 3t:1(1 + 21 P)[8(r)K® - k28(r)]
+ tz(l + szPa)kf g (S(T‘)k + i"VQ(O’] + 0'2) . kl x (S(T)k,
+ Ha(1+asP) R (R)S(r), (3.1)
where

1+ T2

T — Ty R= 5
k= 51-1;(6’1 ~¥,) K= ~%(‘61_ v.).

In the Skyrme Hartree-Fock approach, the total binding energy F is given
by [1)
E = JEkin + / d'rgSk + ECoul + Epair - Ecorr: (32)

where Fy;, is the kinetic energy, Esi the Skyrme energy functional, Egay
the Coulomb energy, Eyu the pair energy and E.,p corrections for spurious
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motion. The l{inetic energy iS
. / d . a d (3 3)
kin kin 2T T, .

where &y, is the kinetic energy functional and 7 = 7y is the total kinetic
density in (3.17). The Skyrme energy functional is explained in later section.

The Coulomb energy Feoy is divided into the direct part and exchange
patt:

ECoul = ECoul,dir + ECoul,ex (34)
The direct part of the Coulomb energy is

Eooul,dir = f drEcout,air(T)

=2 / dr py(7)Bc(r) (3.5)

with the Coulomb potential

do(r) = e/dr' o(r) ) (3.6)

where Ecouldic 8 the direct part of the Coulomb energy functional and p,
is the proton density. The exchange part of the Coulomb energy is usually
treated in the Slater approximation:

ECou].ex - fdrgCOLll,ﬂx(T)

- _3_:.3 (%) 1/3 ] drptf3(r), (3.7)

where Egouex 18 the exchange part of the Coulomb energy functional. In this
thesis, the pairing correlation is ignored.

In the Skyrme Hartree-Fock plus random phase approximation approach,
the correction for spurious motion is treated as the RPA correlation energy
of spurious states in (2.22) and done after variation. Then, it is convenient
to write down the total binding energy of Eq. (3.3) as

E= Eint - Ecorr = fd’l"g - Ecorr- (3°8)
with the energy functional £ is defined by
& = Euin + Esk + Econ (3.9)
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where £gou = Ecouldic T Ecoulex. The single-particle hamiltonian in the
Hartree-Fock equation and the transition hamiltonian in the RPA equation
are derived from the first and the second derivatives of the total energy func-
tional £ with respect to the local densities in Eq. (3.17), Because both
the single-particle hamiltonian and the transition hamiltonian are local,the
three-dimensional Carfesian mesh calculation of the HF and RPA equations
is very suitable. The treatments of the corrections of spurious motion are
explained in subsection 4.1.1.

In this chapter, we explain Hartree-Fock plus RPA approach with the
Skyrme effective interaction, where pairing correlation is neglected. In section
3.1, the most general single-particle density matrix is explained. In section
3.2, we derive the Hartree-Fock equation and the RPA equation with Skyrme
interaction in the most general representation. In section 3.3, we assume that
proton and neutron are not mixed in the single-particle wave function for the
ground state. Based on the assumption, the Hartree-Fock equation and the
RPA equation with Skyrme interaction are given. The RPA equation is
divided into the ones without and with the charge-exchange excitation. In
section 3.4, we concentrate on a problem for even-even nuclei and no-charge-
exchange excitation. In such case, we can make use of the timereversal
properties of the local densities. Then, both the Hartree-Fock equation and
the RPA equation with Skyrme interaction take simple forms. The Hartree-
Fock equation and the RPA equation in this section is used in the actual
numerical calculation presented in chapters 4, 5 and 6.

3.1 Most general single-particle density ma-
trix
In general, the single-particle density matrix p(z, 2’,1) is divided into scalar

parts py,(r,7',t) and vector parts sy, (r,r’,t) {cf. [55, 23]):

p(TO’T ’!‘ 7! t) =73 [pog('l" 'l'" t)(saafé'f‘,-i -+ SOU(T' ?‘ f) O’gar(;,r.,-.r

+(S‘o‘a"’ Z P]ts T, T t ,,-..,.r-l_ E Slis(r T t) aaa"rff’}’

tz=-~1 ta=—1

(3.10)

where o4, = (o|o|o’) and 772, = {r{r*®|r'} are Pauli matricis of spin and
isospin space respectively:

0 1 (o i oo
or,,:(l 0), J“_"(z' 0), crz-_(o __1>, (3.11a)



’T+l — (g (1]) , T'—l = (? Bz) s TD = ([]i —Ul> . (Sllb)

The scalar parts py, (r,7’,1) and the vector parts sy, (7, 7', 1) are written as

poo(r, ', t) = Z plror,v'o'r! 1)8,1,65:r, (3.12a)

Pug(r, ' t) = Z plror,v'a't! )8, 75, (3.12hb)

sgolr,7',2) = Z pror, o't 1)o 5ip6.r, (3.12¢)
ogalrr!

By (r, 7' 1) = Z plror,v'a'r' o usTh . (3.12d)
calrr!

Putting Eq. (2.60a) and Eqs. (2.61) into Eq. (3.12), the scalar parts and
the vector parts of the single-particle density matrix p®(rar, r'o'r"), which
is defined as [Bq. (2.60b), are written as

P(()?))( ) = Z p(o (ror,r'e’ I)‘Sa sOrr7, (3.13a)

Pug ') = Z PO rar, o' TN i, TE (3.13b)
colrr

S[(]%} ,r ,r Z p(o)(fro“r ’,"’ ! r)g'aja(g,r;,” (3.13C)
ca'rT!

31»:3 7,7') Z pOror,v'a't o ah (3.13d)

and those of general transition density matrix p*(ror,v'o’r'), which are de-
fined as Eqs. (2.62a), are written as

pos(r Py = Z pMror, o't 8,100y, (3.14a)
golry

Py, (7, 7)) = Z pPr(rar, ' a6 e, (3.14b)

seo(ry ') = MZTT pMror, v/ o't gigbyr, (8.14c)

51, (7, ") =M§ pPHrar, v o' )o g, Th (3.14d)
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Similarly,

pgﬁ)'\ (r,r") = Z PR (rar oo Ty e, (3.15a)

p{uial/\ MZT:T pER (ror, 20TV, T (3.15Db)

s (7)) = MZTT PEM T, 0T 0 g brrs, (3.15¢)

sﬁ?’\ )= MZT:T PERNrar, o T 0 g T (3.15d)
galrr!

Then, the scalar and vector part of general transition densities are divided
into hermitian and anti-hermitian properties:

P?ts("':'r ) = PE;:) (r,r") + ptt3)\( r,r'), (3.16a)
s?ta (r,r') = S:ts (1' ')+ sgts)’\('r,r ). (3.16b)

In terms of Eq. (3.13), local densities and currents used in the Skyrme
Hartree-Fock calculation are defined as

P (r) = ptts ("' ), (3.17a)
8y, (7) = 3:t3 ("' T}, (3.17b)
Tag(7) = V- V(0,7 )|y, (3.17¢)
T“a(r) =V. V'sﬁ?(r ’r’)li':r"gF (317(1)
. i

Fuy(T) = _§(V - V!)Ptt)("' L] - (3.17¢)

7
ity (1) = ~5(V = Vsl (7, 7). (3.171)

These are the density, spin density, kinetic density, kinetic spin density, cur-
rent and spin-current tensor, respectively. These densities and currents are
all real. The spin orbit current J,;, is also defined as

Jttg - Z E,uuwjtts,;.wew: (3172)

pow

where ¢, is the Levi-Civita symbol and e, is unit vector for w-direction.
In terms of Eq. (3.14), local transition densities and currents used in the
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RPA calculation are defined as

p;\ta(r) = p;\ta(rﬁr)'l
8a(7) = 83, (v, 7),
Tt’\:g("“) =V. Pue,(‘" ] P
T'.t);a(,r) V Vlstt:,,(f'" r )lr:r")

Jt):;g.,uli(r) =

P) =~V = Il (e,

1
—gV—vmﬁwmwmmu

A E : A
Jtts - ELWWJHg ,u.u

Jibew

These are the transition density, transition spin density, transition kinetic
density, transition kinetic spin density, transition current and transition spin-
current tensor, respectively. Similarly,

+) 4)or
pgia) (?’) - pgta) (T)T)}

£ +
éJm-%Q&ﬂ

é::)v (r)=

£)e
ﬂ’mm

+
ey =

Jtts ,uu( )

+
Pgts)v(r L -

V- V’SE:;)H(T‘, rf)lr‘zr'}
i .
—5(V = V)i (1,7 o,

3 v
—5(V = Vsl (7,7

+ +)A
Jgts) = Z Euuw'ft(tg ,),uuew-

Jivw

(3.19a)
(3.19b)
(3.19¢)
(3.19d)

(3.19€)
(3.19¢)

(3.19%)

Then, the transition densities and currents are divided into real and pure

imaginary quantities:

Ptaa("') Ptt;x, ("') + pna)‘\('r),
Stt.g (r)= sgj;)’\(r) + Si(sts)l\(r))
Tua (r)= ""cea ( )+ Tua))‘("');

T}, (r) = TSP (7) + T (),

g (@) =5

Tl = TE)
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(3.20c)
(3.20d)
(3.20¢)
(3.20f)



where 7 is the abbreviation of tensor J,,.
For even-even nuclei, putting Eq. (2.95) into (3.13), the time reversal of
the scalar part and the vector part of density matrix, pﬁ’f and SE?;T, are

written as

H

per (r, 1), (3.21a)
—si (7, 7). (3.21b)

ptta. (

sns ("' 7

the time 1evelsal of the scalar part and

T) =
) =
and putting Eq. (2.96b) into (3.15),
(ENT
Pty

the vector part of density matrix, and Sua , are written as
AT ) A
Pl T (1) = p§ (e, ), (3.22a)
1)AT £) A
st T (r, 1) = =8 (v, ). (3.22b)

Because p (7, r), 3(0)(1" ), p (7, ) and sH(r,+) are real and p(-)(r,r)
and s(-)(r, 7) are pure imaginary, properties under time-reversal are derived
from Egs. (3.17)

T

Pia(P) = pus (1), T (7) = T (7), *?f;a(r) = T.n(),  (3.23a)
S (1) = =81, (7), Th(r)=—Tu,(7), Jh(r)= Gy (r),  (3.23b)
and from Eqgs. (3.19)

AT £)A £)AT A +)AT SN
T (r) = pER (), TP (r) = £8P (), TEN () = £TEN (@),
(3.24a)

ar AT +3A
sePT(r) = 5P (1), TEPT (0) = FTEP (), FEN (5) = 5B (0).

(3.24b)

Therefore, because of pO@(z, z") = pO7T(z,a") and Eq. (2.94), the time odd
comnponent of the density p® and pt) and the time even component of the
density p{~)} are vanishing:

8uy (1) = Tty (7) = Fpi, () = 0, (3.25a)
st (r) = T(”A( r) =g ) =0, (3.25b)
Pgta)\( r) = Ttta 475.53 '\(1') = 0. (3.25¢)

Then, the local transition densities and currents are given as
Pr.ts("') PS;)A( ), 7'33( )= Ttta \"')> ej)i\gs = t(;:)}'('l’), (3.26a)
sha(r) = 85°(r), Th(r) = TP (), i (r) = agg (). (3.26D)
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For example, the time evolution of the local transition density is given as
dp(r,t) = py (7) cos{wyt). (3.27)
Similarly, for transition current,

83(r,t) = igy, (v) sin(wat). (3.28)

3.2 Most general representation

3.2.1 Skyrme energy functional

The Skyrme energy functional is derived from the expectation value of the
Skyrme interaction in Eq, (3.1) for a Slater determinant constructed by the
occupied single-particle wave functions (see appendix). Then, the Skyrme
energy functional is given in the form as [8, 23]

¢
Esic = Z E Cl oty + Ci8%y + CL iy Apug + CF 8015 + D8
t=0,1 {3=~1
+C (p”i’-'r“a - jfts)‘l'og(stta Ty — ej}?ﬁa)
+ Y (pus V- Tuig + 80+ V X G, ). (3.29)
Only the t3 = 0 component of the isovector { = 1 terms contribute to nuclear
ground states and excitation without charge-exchange, while the 3 = +1

components contribute only to charge-exchange excitation (see next section).
The relations between the parameters CF and the Skyrme parameters £;, x;,
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Wy and « are

= Rt + fstoriy (3.30)
Cy == [ + -TJ'D:I - ”2"1‘ [ + 333] Pao» (3.30b)
Co = 4' o [3 = 20] — gts [§ — 3] ko, (3.30¢)
Cf = —%it)" 4353.0003 (3.30d)
Cof = -2t + L4, [2+2y], (3.30€)
CPr = gt [§+ o] + 3582 [3 + 2], (3.30f)
Co =2t [t —a] + Lt PREAE (3-30g)
o = 2ty + Lty | (3.30h)
cy = mtl + 4[5+ 2], (3.300)
CF ==Lt [+ o] + 3 [2 + 24, (3.307)
Cr = r%il [% — :1:1] + %tg [% + 1132] ) (3.30k)
CT = —Lt) + &tg, (3.301)
CY = —2W,, (3.30m)
CY = LW, (3.30n)

Note that the parameters C} and C? depend on the density poo(r). We can
divid the Skyrme energy functional into time-even and time-odd part:

o= ) £ 4 £, (3.31)
t=0,1

where

t
geven — Z Cff’?ta 1 th'—\f’pﬁa Apy, + CF (PttaTtta - j?ts)

tz=—1

+C7 (e, V - T ),

godd E Cﬁ S“ t Sﬁa . Astia + CtT(sttg ' Ttts - ??is)

tg=—1¢

+ O (8uy -V X Jugy)- (3.32a)

3.2.2 Hartree-Fock equation

In most general representation, the Hartree-Fock equation (2.52) with Skyrme
interaction is written as

Z Mror,ro't ) gp(ro't’) = exdr(ror) (3.33)

0"1'"
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with a single-particle hamiltonian

hror,ro's) = |:—I?'—'“A577r + Foo(r)rre + 2 Fua('r)rif’r,] Joat

+ [GOD(T)J’TT’ + Z Glfa(r")'f‘_:irjl AT pgty (334)
i3

where
Fay = =V - [ My, (1) V] + Usgy ()
+ 55 (VL) 4 L () - 9) 4+ U (7) (3.352)
Guy = Zvu [(Ces (7)) Vo] + By (v)

-+ 5_2. ; [qutts,p,y(T) + Btta.ﬂu(T)vpt] e, (3351))

e, is unit vector. In terms of the energy functionals in Eqs. (3.32) Various
potentials in £y, and Gy, are defined as

ageven

Mtt =
8 3’&;3

= C:pﬂa, (336&)

HEeven agndd HEeven ag odd
U — (1] + 0 + 1
% 3,000 3{1‘00 apnn apoo

= 2Chpe0 + 205 Dpoo + Cree + CY IV - T

+ Z {gf* ph + gfa s?ta] , (3.36h)

Uiy, = %‘%; = 200 pu; + 207" Apryy + Oy +CYIV - Jryy,  (3.36¢)
By = % = —2C] Jitg o — 2C77 ijemvam, (3.36d)
Cu, = %;%; =C{ 8y, (3.38e)



ag;)cld

By = 5= = 20]5u, + 208 Dsyy + CT Ty, + CY'V x G, (3.366)
tta
agfdd T Vi
s — W = —QC’i Jia -+ Ot V x Stz (3.36g)
ta
) ag ou e 32 3 1/3
Uous = ,:“ * = (= 1) b0 {5% -5 (g) po(#)31 . (3.36h)
3

3.2.3 RPA equation

Here, we present the RPA eguation made use of in the actual numerical
calculation. The RPA equation (2.48) with the Skyrme interaction is written
as

m,\fﬁ;(;)y(?d'r) = Z[h(rm‘,ra’r’) — ei5aaf5”1]q5§i)’\(rg’-r')

ITJ

+ z fclT’P (ror, o T’)h(:l:)).(r!ojq_.' T'O’”T”)qb,(’l"f " Jr)

J’T'U’”T“

(3.37)

with the hamiltonian

X (por, ro'r') = F(i)A('r)(STT -I—ZFI'(;:}A ‘3,} o

Tt

+ | GE(r)6rm +ZG£§?" } Coor,  (3.38)

where

FEP (ry = =V . [MEP ()] + UEP ()
1

+ 57 (VTGN + TGP (r) - V) +UER () (3.39a)
A
GE() ZV [cg;g) \7‘“] + SR ()
ES RN +3A _
+ 5; [v Bf(ta)pw( )+ B!(ts,}.uu( )vn] = (3.39D)
ny
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Various transition potentials in F!(:)’\ and G'S;)A are defined as

82 geven (:t:))\

MEN -
e d Tits 8,0113

= Cr o, (3.40a)

9E, depad
M Sk &n AT RN E
0o 3909 Z s, Pt a-‘-?tta %ita

ageven (i))\-l—agoven J(i))\]

BTO(] 00 ang 00
= 20857 + 205 P Dol + O3 + €779 - TP
ac Jgos
+2 800 PUOPUO Y42 Z [ Pﬂaptta 4 5,0{:0 S ngis)/\
620{5” 3 820" 2 (£) 2
+ (5,0008900 e 8P Oap ttg) Poo ) (340b)
a ageven ageven 85 Ven agewzn
U(:i:) A [ {£)A {(£)A st J(:l:),\ 1 (£)x
13 3.01:3 D1 Pi T Frres Ty T 37— T 143 Bpoe - Poo

oCcy
= QCLPna . 20 Ap]_ia + Clmies + C5 Vg . Jyy, + 2 P(i)A

a plta 00 ¢
(3.40¢)
a a E even a geven
pEx { DR 1 ST A M 2
Ty, aJtts,,uu aJti;,,uu iz, pv + aPtts ptta
= =275, = 2077 Vupli s (3.40d)
wr
azgodcl
CEN 1 SN _ AT (D ‘
Eta BTtta a Stta ity C Sy (3 403)
s _ 9 BEF (e OEN
s astta 33::3 e aTtts Ha
a?godd () 8‘280 ()
LZ8T jun  TET @ ]
a.?ua ity B0 Pog
=20 sEP 420 A + CTTEN
aCy
+ OV % GEP + 25 E a0l (3.40f)

31000
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1 = o |9 g+ S ]
? a.?tta # 0841, ®

B ajﬁs
= 2075 4 oViv x 8§, (3.40g)

9 [0fcou (£)r , Ocoul (a3n
U — oul () ¥ oul (4}
Citia apna [ aPUD Poo aPIO o

e e [ 3\'?
=(—1)¢6t30{5@?’*—g(§;) PN (3.40h)

where a Coulomb potential <I>(ci))' for the transition proton demnsity p](,in is

defined as

{£)Ae s (E)Ar oy (XA
(I)(Cﬂ:)/\(_r) — 6/(1‘7’"}9':1 _(:.,l) — gfdrrf)oo (Tir)_fllr (T ) (3.41)

We call ®5 the transition Coulomb potential. We write down the RPA
equation (3.37) as the abbreviation form:

(b — e) {5 + PA® g, = By g (3.42)

3.3 No mixing of isospin component

We assume that the proton and neutron is not mixed in each of the single-
particle wave function ¢;(x) of the ground state:

¢i(ron) £0, ¢, (rop) =0, 1=1,..., N, (3.43a)
¢i(ron) =0, di(rop) # 0, i=N+1,...,A, (3.43b)
where A, N and Z represent nucleon, neutron and proton number respec-

tively. Then, the densities and currents in Eq. (3.17) is divided neutron and
proton part

Poo = P = pPn+ Pp £10 = Pn — Pps Pl = 01 (3443‘)
Son = 8 = &, + 8p, 810 = 8 — 5p, 8141 = 0, (344]3)
Too = T = Ty T Tp, T0 = Tn — Tpy Ti41 = 0, (344(:)
Too =T =Ty + T, Tyo =Ty —T,, T =0, (3.44d)
jOD:j:jn-i_jp) jlﬂmjn—jpv jl:l::l:O: (3443)

(?uo == ? = ‘7“ + ?p) ?m = ?11 — éj}pa (?1:1:1 =0, (3.440)

where densities p, pn and p, represent a total, neutron and proton density
respectively.
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3.3.1 Skyrme energy functional

][?ui:ting Eq. (3.44) into (3.29), the Skyrme energy density is rewritten into
56
sk = Cloup” + Clinlph + p7)
+ Ciar8” + Couml(sy + 57)
+ Cial 080 + Cat(paLopn + pplop)
+ O8R5 -As+CA (8, Ay + 8, - Nsy)
+ Clot (PT 2)+ sum( Jz + PpTe — .?f,)
+CT (s T~ TH)4C st,m(s,. Ty~ T2t sy Tp— T2)
+ O (pV - T+5-V xj)
+ O (paV Tyt ppV T+ 80 Vg +8,-Vxg), (345)
where
cr, = Cs — CY, Com = 2C7. (3.46)

We can divid the Skyrme energy functional in Eq. (3.45) into a time-even
and a time-odd part:

Egx = EG" + £8., (3.47)
where ‘
E™ = Cloup® + Clualpi + 17)
+ Ciol p&ap + CLo(n Dpn + ppﬂpp)
+ C;rotpT + Clum (PHTH + Pp'rp) Ctut sum ((72 + (?2)
Coid (oW - I)4+Com(paV - T+ ppV - J ) (3.48a)
§f3" = Cru8” + Coum(sh + 83)
+Cois - As 4+ C85 (s, - Asy + 5, - Dsy)
— Clid? = Clum (35 + 33)+Ches - T+ Con (0 Tu + 8- T)
+CW (8- V x §)+CnI (80 V x Fu+ 8p- V X 7). (3.48b)

3.3.2 Hartree-Fock equation

Putting Eq. (3.44) into (3.34), the single-particle hamiltonian is rewritten
into

h(’rafr ro T) = —iﬁé‘ﬁ-f + F{)D(T)CSTT-' -+ Fm(’l’) ] oot 7 (349)

+ [Gou (P)Srr 4 Gro{P)Top] - T 0. (3.50)
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Therefore, the HF equation (3.33) is divided into those for the neutron and
the proton single-particle wave function:

Z hn(roa)gi(ra'n) == e;di(ron), t=1,...,N, (3.51a)

> hp(raa’)g(ra’p) = etilrop),  i=N+1,...,4, (3.51b)

with the neutron single-particle hamiltonian k, and the proton single-particle
hamiltonian A defined as

hu(roo’) = h(ron,ro'n)

rZ
= I:—%A -+ FQQ(‘I‘) + Fl{].('l"):l Jaa" -+ [Goo('f‘) + Glg(‘l’)] gty

(3.52a)

hp(roa') = h(rop,ra’p)

= [—%ﬁ\ + Foo(r) — Fm(“")] oot + [Goo(T) — Gro(r)) - o0,

(3.52b)
where the follwing relations are used:

di(rop) = 0, i=1,..., N, (3.53a)

d:i{ron) =0, i=N+1,...,4, (3.53b)

h(ron,ra'p) = h(rop,ro'n) =0 (3.53¢)

3.3.3 PRA equation

Putting Eqs. (3.53) into Eq. (2.35), the projection operator removing the
occupied states is given as

N
P(TUT:T,GJT,) = 6(7‘ - "'f)(scrcr" Tr! T drndrin 2 gabl-('r'an)qb:‘(r’o'n)

i=1

A
— Srpbyn ¥, i(rop)gi(r'a’p). (3.54)

i=N-1
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Then, the projection operators removing occupied states for the neutron and
proton are defined as

Py(ro,»'c’) = P(ron,r's'n)

N
= §(r — )00 — Y _ ¢i(rom)¢f(r'a'n), (3.55a)
i=]
By(ro,r'c"y = P(rop,r'a’p)
A
= 8(r = v)doe — Y di(rop)gi(r'a’p). (3.55b)
i=N41

Putting Eqs. (3.53) and (3.55) into (3.37), the RPA equations are written
down as follows: for the case of i =1,..., N,

qbg;)”(rcm Z[hn(raa — & Mr]q‘) }’\('ro* n)

Ty,

+ Zfdr"P ro, v )i\ ro'n ,7'a"n)gi(r'o"n),

a JH

(3.56a)
hnd ™ (r0p) = 3 [hp(roc’) — eidse] i (ro'p)

o.l

+Z/drP ra'ra)h(*)‘\(rap r'o"n)g;(r'a"n),

(3.56Db)
and for the caseof e = N +1,..., A,
Fuoy 3 (ron) = Z[hn(ro‘o‘) — €i6,01)0 (ra'n)
+ Zfd'r Pu(ro, 7' aYAER (0'a'n, 'a"p)gi(7'0"p),
(3.56¢)

MA¢E$)y(rdp) = Z[r’zp(rao ) — e M;]qb(i)’\('ra’p)

+ Z f dr'Py(ro, v'a" YWEN (¢'a'p, vlap)dyi(r'a"p).

alat

(3.564)
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If we select the single-particle wave functions as

$i N1 (ron) £0,  gP@op) =0, i=1,...,N, (3.57a)
$iP(won) =0, ¢ (rop)£0,  i=N+1,..,4,  (3.57b)

then the wave functions qbg:h)'\ is the solution of the excitation without charge-
exchange. In this case, the RPA equation is given as

Fong!P” (rom) = Z[h (rac’) — €8, )¢E N (ra'n)

+Zde Pn 1,0,, f)h(:l:)\(,’,r ’ .ﬂ') ( ! un)

afglt

i=1,...,N, (3.58a)
Tuorg{™" (rap) = Z[hp(rw') ~ €800 ]¢H (r"p)

+Z[d’r’P ro, T J)h(i))‘( o'o"Yepi(r o’ p),

glgf!

i=N+1,...,A, (3.58b)

with the transition hamiltonian hamiltonians for neutron and proton defined
as

hEX (poo’) = BB (pon, ro'n)
= [FEP(r) + F0)| b + |GEP )+ G ()] e, (3.592)
hEX roo’) = R (pop, ra’p)

= [F§P(r) = FGP )| door + [ GRP () ~GE)]  ooer (3.59)

While, if we select the single-particle wave functions as

gbgi))“(ran) =0, rﬂ)gi)k(rap) # 0, t=1,..., N, (3.60a)
$ rom) £0,  gP(rop)=0, i=N+1,...,4,  (3.60b)

then the wave functions ¢§*)" is the solution of the charge-exchange excita-
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tion. In this case, the RPA equation is given as

horgt™ (rap) = Y hy(roo’) — eibuer]gf (ra'p)

a!

+ Z / dr' Py(va, »'a YWEN ' a'p, v'o"n) g (7' 0"n),

i=1,..., N, (3.61a)
hn gt (ran) Z[h 700’} — eidyyt ]qﬁ(ﬁ:)’\(ra n)

+ Z f dr' By(ro, v’ YWE I (p'e'n, v 0"p) i (v op),

rH

i=N+1,... A (3.61b)

In this paper, we only deal with the excitations without charge-exchange.

3.4 Case of Even-Even nuclei

In the case of the even-even nuclei, the single-particle wave functions of HF
ground state are composed by the time reversal pair of the single-particle
wave function {¢;,¢5;1 = 1,...,A/2}:

¢;(ron) F# 0, $:(rop) = 0, i=1,...,%, (3.62a)
gi(ron) =0,  i(rop) #£0, =T +1,...,4, (3.62b)
¢i(ror) =T di_aplror), i = %—}—1,...,% -l—%, (3.62¢)
$i(ror) =T di—ppp-np(ror), i = % + % +1,..., 4, (3.62d)

where operator T is time-reversal operator. Then the local density, kinetic
density and spin-orbit tensor for HF ground state, which are time-even com-
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ponents, are given as

[N

po(r) =2 Z Z $i(raq)di(roq), (3.63a)

A
2
n(r) =23 Y Vi(roq) - Veirag), (3.63b)
te=1 %ir
Toul®) = 130 3 81 (roa)V,bi(r0'a) ~ Vi (ro )0/ 9] oy
i=1 ro’!

(3.63¢)

The spin density s,, spin kinetic density T, and current j,, which are time-
odd components, are vanishing (see Eq (3.25a)).
Furthermore, the wave functions ¢{* can be written as (see Eq. (2.99))

$P (ron) 20, ¢Pwop) =0, i=1,....5, (3.642)
qbf-i)A(ran) = 0, 5i)’\(7'0'13) # 0, i=%+L..,9 (3.64b)
S ror) = Tqbf-ffﬂ(w‘r), i=4 41,445 (3.64)

ER (g7 = Tqﬁgﬂj}g_wg(?‘dﬂa i=4+84+1,.. A (3.64d)

Then, transition densities and currents used in RPA calculation are given as
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A)2

Pl ~4ZZRE[ #(raq)s” (rog)| (3.652)

.d,r'z
T(E+)”(1‘) =14 Z Z Re [qu?(raq) . Vcﬁgﬂu(raq)] (3.65D)
t:jz T
Iim) =233 T [{gilroa)Vud (re'r)
i=1 go’
Vi (roq)diD (70'T) } 0yt (3.65¢)
Al
siV(r) =4 z Z Im |¢ [ (rog)!™ (ra’r)o’“r] (3.65d)
aA;2 o
TO(r)=4iy Y Im [V¢;(raq) : v¢§*)“(raff)aw.] (3.65€)
tzAljzo'a'
=-2iY > Re [ (roq) Vi (rag)
i=l o
~V§iroeq)di " (rag)| (3.65)

The densities and currents st(;;), Tt(:;), 3:;:), pEtS), Tua), Jt{ta }.rw are vanishing

(see Eq (3.25b) and Eq (3.25¢)).
The transition Coulomb potential in Eq. (3.41) is given by

p(+)i\ ")
P (r) —efclr' P (3.66)

r - T'|

3.4.1 Skyrme energy functional

For even-even nuclei, because time-odd properties of densities are vanishing,
the time-odd part of the Skyrme energy functional does not contribute to
the total binding energy. Then, the total energy is given by

£ = /dré‘"""“ — Beores (3.67)
with the energy functional £ is defined as
geven — gkln + ESVEII + Ecou]_. (3,68)
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Thus, the single-particle hamiltonian in the Hartree-Fock equation is derived
from the first derivatives of the time-even part of the total energy func-
tional, £, with respect to the local densities in Eq. (3.63). However, the
transition hamiltonian in the RPA equation is not derived from the second
derivatives of the time-even part of total energy functional, £¥*" | but derived
from the second derivatives of the total energy functional £ in Eq. 3.45 with
respect to the local densities in Eq. (3.44).

3.4.2 HF equation

In this subsubsection, we give the HF equation used in the actual numerical
calculation.

The HF equation (3.51) is change into that for the single-particle wave
function of Eq. (3.62):

Z ho(roa)gi(ro'n) = eidi(ron), i=1,... ,% (3.69a)

Z hp(roa’)pi(ro'p) = eidi(vop), i=%41,...,4 (3.69b)

with the single-particle hamiltonian defined as

2
(1o} = | ~5= = 9 M) V)4 Uyl 4 Uo(r)o| 3o
1
+ % [ViuBgu(r)+ qu("')vu] T yaahy (3.70)

where various potentials are given as

Mfl - O:Dtp + O:umpq: (3.71&)
Uq‘ = QCijotp + 2Cfs'?umpfj + 20;%5&!0 + zcsAuanpq + C:utT + C':um‘r'i'
vJ v acfot 2 acspum 2 2
+Ototv'J+CsumV'J‘]‘+ ap P + ap (pn+Pp)5 (3'71b)
By = _'QGg‘:tJ;w - 2OsTanq.;w —2 Z Cppw [Ctvc:ngp + Os?l.r]nvlﬂpq‘] ’
i (3.71c)
3 1/3
UC' = Eq’c - 62 (;‘) pé‘/a (371(])
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3.4.3 RPA equation

In this subsubsection, we give the HI equation used in the actual numerical
calculation.

The projection operators removing occupied states for the neutron and
proton are defined as

Pulro, v’y = §(r — v")ds0

N2
= ) $ilron)g; (r'a'n) + ¢i(ron)e(r'o"n), (3.72a)
Pyra,r'c’) = 621' — )0yt
A2
S Girop)di(r'o'p) + fi(rop)di(r'ap).  (3.72b)
=N/2+1

The RPA equation (3.58) is change into that for the wave function of Eq.
(3.64):

by ST (ron) Z[hn (raa’) — edaor)pt (ra'n)

+ Z f dr' Py (ra, ' e )WEPX (v’ o™i (0" n),

N
ER (3.?3&)

i=1,...,

Fiong®” (rop) = > [hp(roc’) — eiboorldi (r0'p)

+Z/dr’Pp(ra,r’a’)h#”(r’a'c")cﬁ( 'a’'p),
i=0 41,4 (3.73h)
with the transition hamiltonian defined as
WP (roa’) = [...v MU ()V] + U + UE (0)b| oo

t 5 Z [VuBSM) + BUR )V, aup0r (3.74)

WM roo') = Z [~V [CEPME)V) + ER ()] oveo

4 2 [V @) + 1P ) ] o, (3.75)
t
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where various potentials are given as

MU = O o 4 O oA, (3.76a)
Ut = 2000 4 200,000 + 2000801 + 2000 By

STk

+C’;’Dt1‘(+)}‘+0'r eOR CtWV-J("')’\ C¥ivg . J(+)).

glm q ot sum

ace., ace,
g Ztot (R 4 g2 sum ()A
A, et ap — PP
BOP B Jsum
3 Cior 2 (+)3r 3 94
[ 9~ “sum (+)\ 3 76h
+ 2 8pdp oo PP + 8pdp (Pn+Pp)P ( )
B értt)u). QCgotJ;(Lt)/\ QC:umJé-i]llj\
— 2077 €0 Vuptt? = 207 €0 V.upl P, (3.76¢)
(95 _ egum_ < (3N 3.76d
U = o - S (1) e, 3.764)
CLR = G, s + CLsi, (3.76e)

B = 205,800 + 202,80 + 2000 A + 2057, As?
+CL TN 4o iR

sum=" g

OV % §N 4 OV x G0, (3.76f)
In(;_)A ch‘tj( 4 - 2C'sllm-‘}g' »

+ OV x sl LV x s (3.76g)
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