2
V20 + [ oo ()i (r)

~ / prE(r, T (r, TP (") dr’ = € ¢i(r)

Iteration

Ve depends on ©»; «—— non-linear problem

Iteration: {v);} — ppp — VuE — {¢¥i} — - -

208Pb (Skyrme Hartree-Fock with SKM*)

—— proton

—— neutron |

~ total

20

—— proton
—— neutron

(fm)



Hartree-Fock Method and Symmetries

A g2 14
H = — ; %Vz -|—§ ZU(Tiarj)
11— Za.j
A TLQ 5 1 A
= ) |(—=—=Vi+ VHF(i)) + =) o(ri,r) — ) Var@)
=1 2m 2 i ;
— / — /
N N
hyE Vres

Slater determinant
Vyue(1,2,---,A4) = A1 (1)yYa(2) -4 (A)]
<—— Eigen-state of h,, but not of H

: W 4 E : does not necessarily possess the symmetries that H has.

“Symmetry-broken solution”
“Spontaneous Symmetry Broken”



W L : does not necessarily possess the symmetries that H has.

Typical Example

» Translational symmetry: always broken in nuclear systems

A -52 5 1 A A TLQ 5
i i i=1

2 2m

(cf.) atoms
nucleus in the center
— translational symmetry: broken from the
begining

Symmetry Breaking

Advantage: a large part of many-body correlation can be taken into
account without losing the independent particle picture
Disadvantage: a need to restore the symmetry (in principle) to
compute experimental observables —— later in this lecture




> Rotational symmetry -
Deformed solution



A TLQ 5 1 A
H = —Z;% Z‘"‘E%U(rz,r])
A TL2 1 A
Qzl NG —
~ g
h|_||: Vres
1
Vies = EZ res(’ria"“j)
1

— - Z Z vy (75, TJ)Y/\#(TZ)YA;L(TJ)

A

~5 Z (x1raY1(#s) - 7Y1 (7)) + x2 77 Yo (73) - Y2 (7)) + -+
i,

N

N | =

2
(NOt) (Wp|rY1 [ WHE) = (WHE|M Y2, |[WhHE) = 0
for spherical HF state



A

TLQ 5 . 1 A .
H=7} ( Vi + VHF(%)) + 5 > v(r,Ti) — ZVHF(%)

1=1 _% 1,7
~— Y — NV —
hHF Vres
Vi 1 Y (7)Y (7 2V (7)) - 72V (7
res ~ = 3 (xamiYa(#i) - Ya(7)) + x2 1 Va(7) - rfYa(7) 4 )
1]

note
(note) (WHEITY1 | WHE) = (WHE|r?Y2,|[WHE) = 0
for spherical HF state

As y, becomes large, it is better to include a part of v, In h .

deform W -
(WHE|r? Yo, |WhHE) # O
Vir (1) = Vae (i) + x2(Ya0) 72 Yoo (7)




> Rotational symmetry -
Deformed solution
Constrained Hartree-Fock method
minimize H' = H — AQo( With a Slater determinant w..

Q20 = Y r2Y20(#;) : quadrupole operator

- Lag?ange multiplier, to be determined
(Wenr|H|WcHF) so that (Q20) = Q x R?B
I I I I 1 I 1 1 I 1 I 1 I 1 I I
spherical deformed
—\ minimum /— minimum

“phase transition”

S

ValoN
— large

0 G 0 G




2008 /—N)LpIEFEE

“for the discovery of the mechanism of spontaneous
broken symmetry in subatomic physics”

A &R fz— BR

“for the discovery of the origin of the broken symmetry which predicts
the existence of at least three families of quarks 1n nature”

INFRERL ., A ) 1R
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—
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k< k<

1 1 2 x12=2828---
4><\/§—|—(1—2><2\/§)
=143
= 2.732.-.
5E:
INECET R F %8128 1 Vol. 52 No. 2, p. 14
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> Rotational symmetry -
Deformed solution



RMF calculations for deformed hypernuclei

Hypernuclei: nucleus + Lambda particle

Effect of a A particle on nuclear shapes?

Relativistic Mean-field model

N A

- ' nucleon-nucleon interaction
via meson exchange

Ao and Aw couplings



Ne isotopes

Si Isotopes

I (T AR AN SR S SR N
16 20 24 28 32 36
A
0.2
= 0.18
8 0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
6 | | | | | 0
6 4 -2 0 2 4 6
z (fm)

Myaing Thi Win and K.Hagino, PRC78(‘08)054311



Potential energy surface

'170 ! | ! | I I T

” NL3
== “Ne
2
172\ — FNe (+16.5 MeV)
>
>
=3
1741
aa
176
|
04

28 .
S1

2

'8+ASi (+20 MeV)

_—— e ——

Myaing Thi1 Win and K.H., PRC78(°08)054311



Angular Momentum Projection
Rotated wave function: |W o) = R(Q)|W)

D D

(deformed HF solution)

(note)
(WalHIWo) = (W[RTIHR|W) = (V|H|V)
\ J
Y
< = H (for rot. symmetric Hamiltonian)

a better wf: a superposition of rotated wave functions

Wpro)) = [ d2 [(D)We)
F(22)
[ (Wall Vo) - E (WoWe)] f(2)d2 = 0

variational principle (0WprojlH — E|Wproj) = O

S



(note) For O state

0*: no preference of direction (spherical)

m===)> Mixing of all orientations with an
equal probability

+ + o+

Vo) = [ d2|We)




(note) For O state

Vo) = [ d2|W)

other states:

W) = /dQ Y (S)|Wq)

(for K=0)

“angular momentum projection”



Projected wave function:
Vi) = PrulW) = [ dQYiu(QR(Q) W)

Projected energy surface:

(Wim|HIW i) (V| PrayHPry| W)

I — — o~ —
(WimWrin) (W|Prpr Pra| W)
I
: —— Constrained HF
gL — 0
2 ol 5 g
I'.'ﬂ_l:_ - 4+
N
Y u,lu | ﬂ.I-E | '

10 .
fh Calculation and Figure: M. Bender




VAP v.s. VBP
»Variation Before Projection (VBP)
minimize (WV[H|W)/ (VW) e [W}) = Pl p|W)

»Variation After Projection (VAP)
(W as) = Pl | W) ey minimize (W[ HIW100) /(W W)

—--- Mean Field
—— Angular Momentum Projection

VBP:

simple, but does
not work for small
deformation. Also,
a discontinuity
problem

VAP:
robust, but very
expensive
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X : the strength of two-body interaction (for a three-level Lipkin model)
Ref. K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320

AN

—— Deformed HF
-== VBP
— VAP

T R
0.5 1 1.5



Approximate Projection for large deformation

Projected wave function:
Vi) = PyglV) =
Projected energy surface:
(W H ) (VP HP W)

I — — o~ —~
| (WinmlWrn) (W| Py, e PrpgclW)
Axial Symmetry, even-even nucleus

_ & sino (WIHR(O)|W)do _ [§sin H(0)do
T [Tsing (WIR(O)|W)dO — [Fsin6 N()db

A

‘ Gaussian Overlap Approximation (GOA)

21 + 1
872

| 42 DY (DR() W)

Eq+

For large deformation: ,
N(§) ~ e @f
H(0) ~ N(8)-(Ho+ H26%)




Norm Overlap

o o o o
[\S N N ) N e o B —

4

Large deformation

Small deformation

| 1 I 1 | I I ] | I | | | | 1

| B=0.75 \ _ I—B=0.1

N \ 1009

R \ ] 08

s ! 1007 GOA

— / 0.6 :// — Top-GOA \__
| | | | I | 05 | I | | | | 1
1 -0.5 0 -1 -0.5 0 0.5 1

0/m 0/m

Three-level Lipkin model
K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320



Topological extension of GOA (top-GOA)

K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320

N(0), H(O) : periodicity of 27

y 4

G

N(8) ~ exp(—4asin?(0/2))
H(0) ~ N(9)-(Ho+ 4Hj sin?(6/2))

4

(Top-GOA)

(note) cosd = 1 — 25sin?(0/2) ~ exp(—2sin?(9/2))

[ I I 1 I I I .l
1 B B = 075 f,-f‘\\x |l
- I k\\ -
§ 0.8 i 0 o ]
S [
2 0.6 [ -
® B ; \ .
g 04 .
5 04T ‘i ]
Z. / \
0.2 . ;/) \\\ ]
n ib\ -
Ogesees® | | S9ecccoe
-1 -0.5 0 0.5 1
0/x

|

0.9

0.8

0.7

- B=0.1

- e Exact \""\ —
L & — GOA % -
_fz‘/ — Top-GOA \T
! I l I ! I .
-1 -0.5 0 0.5 1
0/

mmmmlp \/AP calculations: feasible



