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¢ - Introduction
¢ - Energy density functional

¢ - Hartree-Fock (IHE) and Hartree-
EFeck-Bogolitkoev: (HEB)

¢ - Quasiparticle continuum: exact and
appreXximate tieatments

¢ - lllustrative examples
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, - Mezan field approaches (and beyond)
, - molecular dynamics

. *goiIng =z ifannlsiczlo)liiA feiejlenls, We need a
theoretical framework which can be gprediciive
and able to handle new situations (coritiriLLirrl,
PAllNGF CoNEIAUIGNSHIN COMTIRLICIN:

. = the plzififee-FadiFecje)|[tjsjo)y/ == O)Uzls] ozl filc]e
rEziplelanpl Pricisie A ereydlnsiziilog) can be used iias) ‘

Unstable nuclel to neutron star crust. ,”
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Hartree-Fock and HF-Bogoliubov

'HFB) = H a;‘H (u,+v,aa,.)|0)

B Z(U.ka +V,a) ,Bk‘HFB> 0
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Energy Density Functional in
IHartree-Fock

uh”ﬂu + Y '|,'r'1'k'r'u|11..ll - -FL_H:- rE.'Ml .'J'.'I-'u

.i.l'

lI'.i.l.nl 5

AUgust: 4st;, 2005 DRz 2005 5)



Effective Interactions

particle-hole channel: particle-particle channel:
Skyrme interaction Zero-range

!.1]{1 + -Ii]Pﬂ:] rf{r]

%g.l{l +21P")(P25(e) + §(r)P?)

t2(1+ 22P°) (P - 8(r)P)
iWye - (P % 8(r)P)

;.I_;T'!-,'l{l +a3P7 )p"(R)d(r) .
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Densities

+ Normal density, or
density matrix

y AlbRermeaill dENSILY,
I PAINE LENSON

ICij :<(D‘ajai ‘(D>
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One-body densities In Hartree-Fock

Pq [I‘:I — E |':=':"Ilt-'T {I‘, H :Il Eﬂ':'r 1
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Ta(r) = Y _|Vi(r, s)[*n? ,
T .4
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p it (e, 8 YVl (r, 8) % (&'|o]s)n? ,
i.4,4

J. +J,.
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Generalisation to Hartree-Fock-
Bogoliubov

b (nlgm, o) = Bi(nlgr) %Jﬂ{f, al,i=12,

where:

= Z Yim (0, ¢)x1/2(m, Hf'm.;q—'m.ﬂ|j-m..] .

Ty M

In what follows we use for the upper and lower component of the radial wave
functions the standard notation Uy ;(r) and Vo (r).
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& Nuclear density

& Abnermal (or
pairing) density.

¢ Kinetic energy.
densiiby,

9 SpiRrdERSILY,
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p(r) = =3 (25 + DV (1)Vi(r)

R D
)= = V(2 +D[(= - Z)?
Ar = dr

k(r) = — Y (25 + DU (r)Vilr)
4 ;

r r
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The Hartree-Fock-Bogoliubov
Equations

h(r) =X A(r) Uilr) ; Ui(r)
G GESYARAGY I
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A(r) = Vo[l = n(2))s(r).
Ly
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Finite-Temperature HFB

fi:(1+eEi/kT)-1

where :
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Quasiparticle continuum

ongk paidlestates Dol guosiponiicde states E
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The asymptotic behaviour of the HFB wave function is determined by
the physical condition that at large distances the nuclear mean field I'(r)
and the pairing field A(r) vanish.

In the asymptotic region the equations for Lf;; and V;;; are decoupled
and one can easily see how the physical solutions must behave at infinity.

For a bound system (A < 0) there are two well separated regions in the
quasiparticle spectrum:

- Between () and — A the quasiparticle spectrum is discrete and both upper
and lower components of the radial HFB wave function decay exponentially
at infinity:

UjlE,r) = Ah![H{“l""}':
VijEr) = Bh(Gir)

where o = EF"_:’—{A +E), = %’5’—{}; — E). These solutions correspond to the
bound quasiparticle spectrum.
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- For E > - A the spectrum is continuous and the solutions are;

UilE.r) = Cleos(dij)ii(err) = sin(din(err)]
Vi(Exr) = Dibf™ (i),
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Oecupation probability in the 512 channel
=
=

2.5 K
E (MeV)

E (MeV)

FIG. 1. Phase shuft (top) and 1ts denvanve (bottom) m the pyq
channe] for a square well model.

FIG. 2. Occupation probabibty profile m the 5, chamnel for
N
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¢ Alternatively, ene can encloese the
system in a box of radius R.

¢ The guasiparticle spectrum Is
calculated with the heundany,
condrtion that the wave function
vanishes at r=R.

» One thus ehtains a discrete Set: of
StatesHierming a complete 9asis in
the heXx:

AUgUSE 1St 2005 DRz 2005 19



lllustration: NIl ISotopes

Pairing density {fm ™

|I2 'IIE EICI
[ fm)

FIG. 4. Neutron pairing densities in HFB caleulations in *Ni
(2) and N1 (b).
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GEASS0, SANDULESCU, VAN GIAIL AND LIOTTA
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FIG. 5. Two-neutron separation energies i HFB, HF-BCS, and
HF approximations. For "Ni and ™INi the comesponding values
extrapolated from expenmental data [18] are also shown.
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A NEUTRON STAR: SURFACE and INTERIOR

‘Swiss ‘Spaghetti’

Neutron
Superfluid

ATMOSPHERE
ENVELOPE

INNER CORE

s Polar cap

Cone of open
magnetic

Neutron Superfluid .

Neutron Superfluid +
Proton Superconducto
Neutron Vortex
Magnetic Flux Tube

Meutron Vortex

Bitjo)plel Z0)0)5)

S

=



Inner Crust Matter

Crystal lattice structures
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Elementary cells

mmphase_ =5 phase

(—

Wigner-Seitz cell Elementary cell
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Density in the Wigner-Seitz Cells
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N.Sandulescu, Nguyen Van Giai,R.J.Liotta, Phys.Rev.C69(2004)045802
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Pairing Field in the Wigner-Seitz Cells
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N.Sandulescu, Phys.Rev.C70 (2004) 025801
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Can one relate Skyrme force to a

nuclear matter microscopic theory?

. Density Matrix Expansion (DME)
method of Negele-Vautherin (1972)

., From Brueckner Theory to Skyrme
Energy Functional, L.G. Cao, U.
Lombardo, C.W. Shen, NVG (2005):

fit of EBHF results in nuclear matter to 4
determine the force parameters/;’ v
/,
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Effective Masses

—rfr r 1 r r+r—+tr 1 rfr 1 fr r T

EEHF{Mauton)
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Skyrme parameters from EBHF

TABLE I: The Skyrme parameter set and the corresponding
bulk properties of infinite nuclear matter.

".‘1"". LXS
A . to(MeV fm®) -2484.97
¥ FAT AT Y ARE TR
coeesed? g ti(MeV fm®)  266.735
ta(MeV fm®) -337.135

ts(MeV fm*™) 14588.2

E/A (MeV)

T 0.06277

Ty 0.65845

ro -0.95382

g -0.03413

a 0.16667
Wo(MeV fm®)  96.00
pol f m™) 0.1746
EJA(MeV)  -15.32
K. (MeV) 210.85
0.825
0.727

000 0.05 0410 015 020 025 030

FIG. 53: The symmetry energy from BHF calenlatio
(squares) and the present fit (solid curve).
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Finite Nuclel

¢ Density profiles ¢ Energies and Radii

—as—Pooton{SLy4d)
== w== Nautmon{Sly4)
——Proton{LNS)
====Meuton|LMS)

.
E
=
|
=
=]
=
=
=
5
o
-
=
]
|
[
o
L
=
=
[
o

r frn

FIG. 7: Neutron and proton densities in 2°*Ph, calculated

3 a0 4= 56, ,. T&.,. 4O 100 132 218
with LNS and SLy4 parametrizations. 0 “Ca™ca "Ni "Ni "Zr "Sn "Sn"Pb
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¢ A self-consistent theory of nuclear
ground states.

¢ Pairing and! continuum: effects are
treated.

» Applicatieons te the description; of
UnRstakle RUuElels

9 Applicatlens te the: PRY/SICS off the
INRER CrUSTE GIREULGRISLANS:

AUgUSE 1St 2005 DRz 2005
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Part 1: Hartree-Fock and Hartree-Fock-
Bogoliuboev for Ground States
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Linear response theory: a brief reminder
Non-relativistic RPA (Skyrme)

Extension to QRPA
lllustrative cases
Summary.
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> In the presence of a time-dependent external
field, the response of the system reveals the
characteristics of the

> Inthe limit of a weak perturbing field, the linear

response Is simply related to the exact

> The scheme to
calculate the two-body Green’'s function. .
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> Adding a time-dependent external field:

L 0
‘Zhalq)n>t — qu)n)t
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FIrst order response as a function
of time
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Two-body Green's Function and
density-density correlation function .

G(r,v';t —t') = —i{®|T (P (2)h(x)!(z")9(2")) | Do)

Re G®(r,r;w) = Re G(r,r';w),

Im G¥(r,v’;w) = sgn(w)Im G(r,r';w)

R(t —t) = f Prdr' A(r) Q(r')GE(r, 't — #)

dp(r) = —deT'GR(r,r';t—t')A(r')




Linear response function and
Strength distribution

Rw) = f Erd’r' A(r)Q(r)
xS (O () 0(0) ol (e () JO) ]

- Wpo —W — 1 Wpo + w17

Sw) = Y K0lQIn)P3(w — wno)




Main results:

> The knoewledge ofi the retarded Green’'s function
gIVES access to:

> EXcitation energies ofi eigenmodes (the poles)

> Transition probablilities (residues of the response
function)

> Transition densities (or form factors), transition
currents, etc... of each excited state .
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TDHF and RPA (1)

Hur = K+U(p),  po(r) = D ¢i(r)pi(r)

i<kp
Add a small, time-dependent perturbation A(e~**! + ¢*t)

¢i = @i+ Xi(r)e" + xi(r)e
it = (H) — )y

H(t) = Hur + [(A(r) + aa—gnfSp)e"‘f“’1t + h.c.]
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TDHF and RPA (2)

e )
HHF—Q—w—in Hgr — €+ w—1n '

1‘,1‘, Z%
= ¥ A+ o ala0)

i<Em>F W '!',1] bm — & tw- 27]

And by comparing with p.6

aU( H)
dp
aU( H)
dp

G(r,r'sw) = GO(r,r';w) fd3r"G (r,";w) ——G (", r';w)

= G (r,r’;w)+/d3r"G r,";w) GO, rsw) + ..
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Residual p-h interaction

B = (0|H]0)
= 3 (ol - O oy + = 3 (@BI0(1.2)(1 — Pi2) [y 0P8

adyd

oF
OPay

ﬁ?a
(a| — ,2)(1 — Pi2)|vd) pss

(a| K+ Uly)

+ > (8]

a:frﬁﬁ

39&1 (1 — P) [V 8)pary pas

3Ua ¥

Opas = (afBv(1,2)(1 — P2)[7d) + -




Analytic summation of: single-
particle continuum :

! ity = S gt DI ERVE)

z+in — Hgr 7! o

(r]

d . d " 3(z+1)

HE,. = —
HE f&'(Zm*)dr 2m*

+ Uy (r)

g (r, 7’5 2) Z(T |72) ('”-|’*‘"'>

z—l—zn

2m™* 1
gii(r,r';2) = A2 W (w u)u(?"<)?«U(?">)

1) u, w are regular and irregular solutions satisfying appropriate asymptotic conditions
2) This analytic summation is not possible if potential U is non-local .
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Approximate treatments of
continuum

> Calculate positive-energy: s.p. states with
scattering asymptotic conditions, and sum
over an energy grid along the positive
axis, up to some cut-off

> Sum over discrete states of positive
energy calculated with a bex boundary
condition .
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Finite temperature .

Applications: evolution of escape widths and Landau
damping of IVGDR with temperature .
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RPA on a p-h basis

= Hpp + Vies
Vv if density — dependent V

|da), energy wq
0

= 2 X
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A and B matrices

(Ol[a;" am, H, a;f a;]|0)
(HF|[a;" am, H, a; a;]| H F)

(Em - Ei)ﬁfnnﬁij -+ {mjlﬂesln‘i}

—{HF'[{I;;&%’ H:‘ a;-a.?] |HF>

(mn|Vies|ji)

[P,Q.R)] = (P.[Q. R + [P, Q. R




Restoration of Ssymmetries

> Many symmetries are broken by the HF mean-
field approximation: translational invariance,
ISOsSpIin symmetry, particle number in the case of
HEB, etc...

> If RPA Is perfermed consistently, each broken
symmetry gives an RPA (or QORPA) state at zero
energy (the spurious state)

> The spurious state Is thus autematically
decoupled from the physical RPA excitations

> This Is net the case in phenomenological RPA .
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Sum rules

my = D [(n|Ql0)[Pwr

= f S(w)w®dw

> For odd k, RPA sum rules can be
calculated from HF, without performing a
detalled RPA calculation.

> k=1: Thouless theorem
> k=-1: Constrained HE
§O%53 Sca“ng Of HLJJEbrTa 240]0)5)
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Phenomenological RPA

> The HF mean field is replaced by a
parametrized mean field (harmonic oscillator,
\Woods-Saxon potential, ...)

> The residual p-h interaction Is adjusted (Landau-
Migdal form, meson exchange, ...)

> Useful in many situations (e.g., double-beta
decay)

> Difficulty to relate properties of excitations to
bulk properties (K, symmetry energy, effective
mass, ...) .
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Finite rank form ofi Skyrme HF-RPA
(V.Voronov, Ch. Stoyanoyv et al.)

Separable Interaction

Finite rank separable form
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QRPA (1)

> The scheme which relates RPA to linearized
TDHF can be repeated to derive QRPA from
linearized Time-Dependent Hartree-Fock-
Bogoliuboev (cf. E. Khan et al., Phys. Rev. C 66,
024309 (2002))

> Fully consistent QRPA calculations, except for 2-
body spin-orbit, can be performed (M.
Yamagami, NVG, Phys. Rev. C 69, 034301
(2004)) .
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QRPA (2)

> I VVpp IS zero-range, one needs a cut-off in gp
space, or a renormalisation procedure a la
Bulgac. Then, one cannot sum up analytically:
the gp continuum: up to infinity

> It Vpp is finite range (like Gogny force) one
cannot solve the Bethe-Salpeter eguation in
coordinate space

> It Is pessible to sum ever an energy grid aleng
the poesitive axis ( Khan - Sandulescu et al.,
2002) .
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The ORPA Green’s Function

The QRPA equation is derived as the small amplitude limit of the time-dependent HFB
equation|[7]. The linear response equation is

Spalr) = [ [ 3G (rr Vo (100, ()
ﬁrﬂf

+ /d’r' Z GEP (r,v")F3(r'),
B

where dp, is the transition density, Gg’ﬁ is the unperturbed Green’s function and F, is the

external field. The index o runs o = ph, A, 97, Iﬂ_i),i{_i}, pp, hh. By definition, the QRPA
Green’s function GG relates the perturbing external field to the transition density,

dpalr) :fdr’ZG“’ﬁ{r,T')Fﬁ(r']. (6)

i3

Combining with Eq.(5), we obtain the generalized Bethe-Salpeter type equation,
GeP(r,r")

fdr” / dr'"" Z GX (v, ")V, 5(r" "GP (" ). (7)
v




External field and Strength
distribution

In the case of transition from the ground state to excited states within the same nucleus,
only the (ph,ph) component of G is acting. Because we consider only spin independent
response, the strength function is given by

1
—;Im/d*r/dr’F;h(r)GPh‘Fh(nr’)th(r’).

The external field for isoscalar quadrupole response is

Fop = 215 You(#)

1
and for isovector dipole response,

Y . N ¢
Fald =e5 > ri Yiu (i) —e )i Yiu (#s,).

in:]- E-P:J.
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2+ states In 120Sn

__ IS Quadrupole
RPA
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2+ states in 120Sn, with smearing

IS Quadrupole :
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3- states in 120Sn, with smearing

]
IS Octupole
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Evolution of pairing in N=20
ISOtones

Neutron N=20 shell gap in N=20 1sotones

0 i . ;
E I 12 14 T&T1 20 3
Z

z

Key point
Different /-dependence of single-particle orbits as E=0

Masayuki YAMAGAMI (Kyoto)
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Effect of pairing on 2+ states

First 2% states in N=20 isotones

e e

e QRPA (SkM*) ] see (QRPA (SkM*)
=2= Shell Model . : == Shell Model 1
-+— JTproj. GCM (DIS) ~+— J%.proj. GCM (D18S)

===~ Exp. i meller Bxp.

- N=20 isotones

N=20 isotones

)
D
—_—
s
(g
f

+

<
o~
m
S
m

Shell Model (MCSM): Y. Utsuno, ef al., Phys. Rev. C60 (1999) 054315
J7-proj. GCM: R. Rodriguez-Guzman, ef al., Nucl. Phys. A709 (2002) 201, nucl-th/0302008

_h_:‘!agg\_.‘n_ll(i VAMAGAMI (I(\I.Jnt('_\)
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CORE:

Homogeneous
Matter

+——— ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Polar cap

‘W, Cone of open
. magnetic
. field

B, lines

-

Neutron Superfluid +
Neutron Vortex  Proton Superconductor

Neutron Vortex
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Wigner-Seitz cells

1 phase

(=

Wigner-Seitz cell Elementary cell .
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SUPEKgiant FESONANCES

2 4 6 & 10 12 14 16 18 20
*
E (MeV)

')
L I

6 & 10121416 1820
E (MeV) P
N SR B TRUR VR CRCE

71% EWSR E" (McV)
Effect on specific heat ?

E.Khan,N.Sandulescu,Nguyen Van Giai, Phys.Rev.C
71,042801 (R) (2005)
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Concluding Remarks

> The RPA and QRPA approach in
coordinate space has its ewn advantage.

> But: very complicated to include 2-body
Spin-orbit!

> Necessary to work in configuration space
(matrix form) for full self-consistency.

> 10 be explored: deformed RPA and ORPA
with: Skyrme forces.

August 1st, 2005 Dubna 2005




Pairing windew method

uaUS + (=) Fvqug

\/2_[,7 ( + i, f3

where v? is the BCS occupation probability and u2 = 1 -2, E, is the quasi-particle

Daﬁ(i) (rz)ﬂ’ﬂ rt) Jcs ||} H )—1;‘2

as the RPA response function. The free response function in the BCS approximation ([14])
thus becomes

1 1
(i, 7;w) = — Dos(iVDogl g - -
ot J5w) Eg 5(i)Das(J) (EQ—FE.S—.:‘.:—W + EC,+E_3+@-—?.T;)

, J. o 1
—ZQ: t?')a('?'a')wa('?‘j)t’g Z'{.}l‘aEQH}LHJkEk}Q 5L + 1

Juele

1 1
B T - -+ = s
{< o —w — i FEo+h—A4+w—in ">

_Z{Sj:e_-j.ns'ﬁik,li,aq‘“’_ﬁ(ﬁ)é,ﬂ(rj) ( ! — + ! : )} ) (16)

5 E,+4+ e — A—w—in E,+eg— A4+ w—in

where the summations of & and 3 are restricted to the states within the pairing active
space. The last term in Eq. ([I§) is a correction for a double-connting of excitations within

K. Hagino, H. Sagawa, Nucl. Phys. A 695, 82 (2001)
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