Mean-field (Hartree-Fock) Theory
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shell model
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naively speaking,
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the potential depends on the solutions
—— self-consistent solutions

lteration:  {;} > p—>V — {yY;} — ---

repeat until the first and the last wave functions are the same.
“self-consistent mean-field theory”
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» two-body (multiple) scattering in vacuum
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+ Lippmann-Schwinger equation
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» two-body (multiple) scattering in medium
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Phenomenological effective interactions

G-matrix
eab Initio
ebut, cumbersome to compute (especially for finite nuclei)
equalitatively good, but quantitatively not successful

|

HF calculations with a phenomenological effective interaction

Philosophy: take the functional form of G, but determine the
parameters phenomenologically

» Skyrme interaction (non-rel., zero range)
» (Gogny Interaction (non-rel., finite range)
» Relativistic mean-field model (relativistic, “meson exchanges”)



Skyrme interaction EEII&KFISHEA-LUHEER
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(note) finite range effect <——> momentum dependence
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Skyrme interactions: 10 adjustable parameters

v(r,r") = to(1 4+ 2oPr)é(r — 1)

__%tl(l + 21 B) (k265(r — 7') 4 6(r — 7)K?)
+to(1 4 2P kS (r — )k

étg(l + 2355,)6(r — ") p*((r1 +72)/2)
+iWo(o1 + o2)k x §(r — ')k

A fitting strategy:
B.E.and r,... %0, 40Ca, 48Ca, °6Ni, %0Zr, 208pp.....

rms-

Infinite nuclear matter: E/A, pg,....

Parameter sets:
SHII, SkM*, SGlI, SLy4,.......



EQOS of infinite nuclear matter
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slide: Carlos Bertulani
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Iteration

Ve depends on v; «—— non-linear problem

lteration: {+);} — ppF — Vi — {¥i} — -+

*®Pb  (Skyrme Hartree-Fock with SKM )

—— proton
—— neutron
total
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—— proton
—— neutron
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deformation and two-neutron separation energy
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Density Functional Theory

With Skyrme interaction:
(WIH|W) = Elp,T,J]

h2 1
/dr< T —o(l-l-—a?o)/)
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Energy functional in terms of local densities

I

Close analog to the Density Functional Theory (DFT)
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Density Functional Theory  Ref. W. Kohn, Nobel Lecture

1) Hohenberg-Kohn Theorem (RMP 71(°99) 1253)

H=H,+V,

ext

Lemma : p(r) — Vext(r)| (unique)

< Density: the basic variable
(BENATINIEFERENIZETHMND)

1) Hohenberg-Kohn variational principle

The existence of a functioal E[p], which gives the exact g.s.
energy for a given g.s. density
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The electron denslty
of nitroglycerineg
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(%) Proof of the Hohenberg-Kohn theorem

Assume that there exist two external potentials, VV, and V,, which give
the same g.s. density p (with different g.s. wave functions, w;and W)

= (W1|H1[Wq)
[ Va(@p(r)dr + (W4T + U w)

Ey = (Wy|Ho| W)

— /VQ(r)p(T)dT + (WH|T 4+ U|W»5)
By < (Wy|H1|W5)
= Bx+ [(A(r) = Va())p(r)dr

By < Ei+ [(Va(r) = Va(r)p(r)dr

2
= [/1 + Fp < E1 + E>




(%) Kohn-Sham Equation
N

Set  p(r) = |di(r)[?
i=1

C Kohn-Sham equation
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(note) E'[p] = Enyrlp] + Ecorrlpl
——  KS: extension of HF




Hartree-Fock 3T {8l & Xt #i 14 D B F IR
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the potential depends on the solutions
— self-consistent solutions

lteration:  {;} > p >V — {y;} = -

repeat until the first and the last wave functions are the same.
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Hartree-Fock Method and Symmetries

A 7:L2 1 A .
H = -} 2—V7:2 + 5 > v(ri,Ty) 2K - 1{RIF 2 e
j=1 <M i
A TLQ 1 A
= ) (—Q—VZ‘Q + VHF(i)) + 5 Y wv(rg, ) =Y Vie()
i=1 m i.j i

hyp Vies
Slater determinant
WVye(1,2,--+,A4) = A[Y1(1)92(2) - - 4 (A)]
<—— Eigen-state of h,, but not of H

: W L 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 TLQ 5 1 A A TLQ 5
H = —i; %Vz —|— 5 iZj’U(’I"Z' — T‘j) — Z; (—%VZ —|— VHF(Ti))
(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 —— projection method




> Rotational symmetry -
Deformed solution



» Rotational symmetry

Deformed solution

Constrained Hartree-Fock method

minimize H’ — H — )\QQO with a Slater determinant w.f.

Q20 =) r2Y>0(7#;) : quadrupole operator

A\ Lagrz'ange multiplier, to be determined
so that (Q20) =

(Wcenrl|H|WcHE)

1 | | I 1 | I
spherical
—\ minimum /-

“phase transition”
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> Rotational symmetry -
Deformed solution

Hypernuclei: nucleus + Lambda particle

Effect of a A particle on nuclear shapes?
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Si Isotopes
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Myaing Thi Win and K.Hagino, PRC78(08)054311



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

"'z ._'Z .
(deformed HF solution)

(note)
(VolH|Wq) = (VIR™THR|W) = (V|H|W)
\ J
Y
C = H (for rot. symmetric Hamiltonian)

a better wf: a superposition of rotated wave functions

Wpro)) = [ A2 [()|We)
F()
[ (WallWg) - E (WalWe)] F(2)ds =0

variational principle (6Wproj|H — E[Wproj) =0

S



(note) For O* state

0*: no preference of direction (spherical)

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

+ + o+

Vo) = [ d2|W)




(note) For O* state

(Wot) = /dQ\WQ>

other states:

Wim) = /dQ Yin(2)|Wq)

(for K=0)

“angular momentum projection”



Projected wave function:
(W) = Pry|WV) = / dQ Y (Q)R(Q) W)

Projected energy surface:
(WinlH[Wrn) _ (V|PracHPry W)

B = S Sl ¥ ol
(WrnmlWrar) (W|Pryr Pryr| W)

% —— Constrained HF
v
— 2
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Calculation and Figure: Mei Hua
(PC-F1)
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