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ab initio----- “from the beginning”

» without additional assumptions
» without additional parameters

ab initio in nuclear physics
> with realistic nucleon-nucleon interaction

» with some few-body methods and many-body methods, such as Monte
Carlo method, shell model and energy density functional theory

0

ab initio in nuclear matter |

» Variational method Akmal PRC1998 5

» Green’s function method Dickhoff PPNP2004 £ 1O

» Chiral Perturbation theory Kaiser NPA2002 & -15}

» Brueckner-Hartree-Fock (BHF) theory Baldo RPP2012 .|

» Relativistic BHF (RBHF) theory Brockmann PRC1990
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ab initio calculation for light nuclei

Rl e O .
» Stochastic Variational Approach Suzuki LNP1998 . « Li ; ,_~ -
» Gaussian Expansion Method Hiyama PPNP2003 = SR e LN
> Green Function Monte Carlo Method Pieper PRC2004 = ™ (;l}_\""(*?*("{:;:}:l‘;jl-zm\ 9Be 19Be ",
» Lattice Chiral Effective Field Theory = Lee PPNP2009 = 1w — T
» No-Core Shell Model Barrett PPNP2012 ' g 2

ab initio calculation for heavier nuclei

Bonn C Bonn B Bonn A Exp.

» Coupled Channel method Hagen PRL2009 -y,  —39.73 44.37 5046  -40+8

> BHF theory Hjorth-Jensen Phys.Rep.1995 'z —70  ~B& AL 00
With HJ potential Dawson Ann.Phys.1962  £° 7181 _ge60 10406 12768
With Reid potential Machleidt NPA1975 = 2.465 2.380 2.291 2731
With Bonn potentials Muether PRC1990

160 in BHF method in Bonn potential
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CDFT is very successful in nuclear physics
Ring PPNP1996, Vretenar Phys.Rep.2005, Meng PPNP2006 - I Mass differences: Mo =My, ot
. . i4l :‘ SI]% 2 MeV = ‘J;'!‘;’ ’
» Spin-orbit splitting BT omlARMY LN Mol
» Pseudo-spin symmetry B 60 Lol “‘, .%‘
» Nuclear saturation properties E 403 LF- -
» Exotic nuclei 203 h:;‘.?i“" SR .'<
> RE TG a3
Meng Front. Phys.2013 ° 20 m\«:”:.:ms:u\ 120 140 160

The attempts to connect ab initio calculation with CDFT
The interaction in CDFT were extracted from the ab initio calculation in nuclear matter
» Density-dependent relativistic mean field theory Brockmann PRL1992
» Density-dependent relativistic Hartree-Fock theory Fritz PRL1993

In this work

Calculate the finite nuclei with ab initio method in CDFT framework directly, such as
relativistic Brueckner-Hartree-Fock theory

5
-  EEETERERERETESTSTSE



ST, »
Ny a t < J’ '9
= : 59
783 : PEKING UNIVERSITY O tI "

O Introduction

O Relativistic Brueckner-Hartree-Fock theory for finite nuclei

0 Results and discussion

O Summary & Perspectives

6




NN PL Brueckner-Hartree-Fock theory
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Bethe-Goldstone Equation
Brueckner PR1954 » E is the starting energy

0, > O is the Pauli operator
G=V+V B G > V is the realistic NN interaction
0

V

Brueckner-Hartree-Fock energy

Eue = 2 (1[T]i)+ 3 [{i]G1)~ (]G )]

i<F l]<F

E=( - Q+@ () D+®




; »y  How to solve Bethe-Goldstone equation
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Bethe-Goldstone equation in basis space

) s o 7l "G((z))”
<nm‘G(m)‘”m>:<”m‘V‘nm>+e Z,SF <nnfl‘ (J‘Dl]_><(z‘+8‘)‘nm>

where €, is the Fermi energy, = e +&, is the starting energy and | ] are
intermediate states.

Bethe-Goldstone equation in plane wave basis

,K)
- H,

G (gk'Ko)

0 ’ (04 4 d3 o
G K) =V () + 3 [ S v )
I

where (X is a shorthand notation for J, S. L and 7.

-1
o155 | v
0-H,

Matrix inversion method
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Relativistic Hartree-Fock (RHF) equation
Y- p+BM+BT™) vy, =y,

n
where T is related with the density matrix p,, M \
: DR, (1)
HF __ n nl,
‘F nmn ‘m p B I/nmm n pmm" n=l
V.=,
RHF equation in HO basis ”i%’;g(a) R (1)
ARHF RRHF f(/a) f(a) i ]
BEQHF RHE g(fl) & gga)
A:;l[:]F - ((X P T 3M)””’ T Z Z fngb)fngfj) (vnmn'm' N vnmm'n')
b mm’
BRHF B ((x P T 3M)n1;' T 2 2 fngb)g%) (Vnm;m N vnmigav';')
b m 1517
by (b
C.. =(-p+pM),. +22g( '8 Vi = Vi)
b m,m’
9
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Relativistic Brueckner Hartree-Fock (RBHF) equation
Y- p+BM+BT™) v, =y,

where T is related with the density matrix p,,,

‘FBHF Gnmn'm'pmm' B Gnmm'n'p mm"
RHF equation in HO basis

ABF’IF BBHF f(a) f(a)
EHF C~B£-’IF g(a) =€ (gga)

Alfalle - (OC P + 3]\4)nn' T 2 2 fngb)an?)Gnmn'm'

where

b mm
B =(-p+BM) +D D £,"8)G,
b mm’
Cri = (a-p+ M)+ 2 2, '8 Cir
b mm 10
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E;ample

» Object: 10
» Interaction: Bonn A Machleidt ANP1987
» Basis: Harmonics Oscillator (HO)

The convergence of RBHF theory for 10

'90 T v T v T v T v T v T 2-60
16
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2 The ground state properties of 1°0O in RBHF theo
) Je 7% f The ground state properties of %0 in RBHF theory
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The properties of 10 with different numerical methods

EXP. RBHF BHF PKO1
B | = N
E (MeV) —127.62 —119.552 —104.96 —128.36
re (fm) 2.737 2.6357 2.201 2.679
S1py;, — E1py,, (MeV) 6.3 4.1 7.5 6.3
[1] Audi NPA2003, [2] Muether PRC1990, [3]Long PLB2006

The Single particle energies for the orbit level of 1°0 in RBHF theory

> . Proton > . Neutron
£ o} —... : 2 of
3 3 e Py— 1d 5/2 y 3 i Lotr S
s 5p : g 5p = - - 1d 502
% -10 + Exp. RBHF BHF PKO1 - % 10}
P - = W12 £ | Ep  RBHF  PKOf
9'15' """" — 7 9"15' S - e e 1p 1/2
@ Y @ e
— P e Y .- 1p 3/2 K — -
(=] -— =]
L= - : - £ e o S—-..,
» 20 - ’1eol n 20 T T - 1p3/2
1 — 1
-25 : -25 —
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TheqLagranglan of Density-dependent RH (DDRH) theory

Brockmann PRL1992
L=\|7N(i’YHa“— ch(p)G gmN(qumM gyu )\VN
L3 oots —Lmiar—La av +ln2e o
F 00070 —oMgG T =7 A2, 2 4 0,0 Us = 855(P)o
UV:gmB(p)(D

The Lagrangian of Density-dependent RHF (DDRHF) theory

Fritz PRL1993
— B T I_T
L ZWN(IYHBH _MN _ch(p)G _ng(p)Yuwu fN (p)t Y5YH8MTC eyll NIN
oo -Luiar Lo am Lo o
? 2 | 4 2 Us = ch(p)G
+58Hn ‘ot —Em,fnaz U, =g,,(p)o
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The relativistic Hartree-Fock equation Bouyssy PRC1987
Ke 0 _ D D
d (Ga(’,«)}_ _7 ZT,a ])a(r) M Ea +2S,a z:0,a +Qa(r) (Ga(r)
- F
dr{ £,() M-E, +X5, +Z),+R,(r) L +X,, +8,(r) ()
r

The properties of 10 in different theories

EXP. DDRH* DDRHF* RBHF

[1] (N=28)
E (MeV) —127.62 —107.72 —114.76 —119.55
re (fm) 2737 2602 2634  2.636
€101/ — E1py, (MeV) 6.3 5.2 4.8 4.1

[1] Audi NPA2003
* DD couplings extracted from RBHF theory at nuclear matter
15
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The relation between binding energy and radii of 10 in
different theories

'6.0 T T T
6.5r poBHF L

S | | DDRH .

Q -

= 70r ] DDRHF*

< ‘ :

w -7.5} [0 RBHF :
-8.0F 160 PKO1 0 W Exp. -
_8.5 2 I 2 I 2 I

2.2 2.4 2.6 2.8

r_[fm]

16




DDRH and DDRHF from RBHF theory
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Tl‘1‘e dens1t1es of 160 in dlfferent theories

0.10 0.20 — —
i s 16 Sl 16 | |
0.08F Ol 015V S ]
& 0.06 { % ‘
= Charge < 0.10 Nuclear .
©0.04r ____ oBHF density 1 & RBHF density
0.02| — — DDRHF 0.05f — — DDRHF*
=il === DDRH — - —DDRH*
d " n 0'00 i i 4
S 1 2 3 4 1 2 3 4 5
r [fm] r [fm]
0.10 — . 0.10 —
' 2 16~ |1 ie et 1611
0.08} -~ Ol. 0.08L 0l.
BT BT - .
£ 990r Proton e Neutron
sl | densit =204l density
a 0.04. RBHF y d o.04' BBHE
0.02} — — DDRHF* 0.02} — — DDRHF*
| e DDREH | — - —DDRH*
- A A A 0-00 I 1 i
000 1 2 3 4 0 1 2 3 4
r [fm] r [fm] 17
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The relativistic Brueckner-Hartree-Fock (RBHF) theory is
developed for finite nuclei with HO basis.

The results of RBHF theory with Bonn A potential at N = 28 is
reliable, e.g. 160.

The binding energy and charge radii from RBHF theory are
close to experimental data, and are comparable with the ones
from the PKO1.

In future calculation, the heavier nuclei is feasible.

Thank, you very much for your attention!
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Lippmann-Schwinger Equation
1 Brown NPA1969
I'=V+V——-rT

. E-H .
> Vis the realistic NN interaction

» E is the incident energy

» T-matrix is for two-body scattering

The corresponding EOS in HF
400 ——r —
350 |

w
o
o

E/A [MeV]
- NN
o
o

Z Je 2 ) ¥ Appendix

Bethe-Goldstone Equation

Q Brueckner PRC1969

T=V+V—%—_T

E-H,

» E is the starting energy
» (O is the Pauli operator
» G-matrix 1s for many-body problem

The corresponding EOS in HF

20

-
o

E/A [MeV]

| = ==BonnC // {

RBHF theory ;
ped

- « =Bonn B //




} 4 The properties of other nuclei in RBHF theory
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THe ground state properties of other nuclei in RBHF theory

E (MeV) re (fm) €1p,, — Elpy;, (MeV)

Exp. RBHF PKO1l Exp. RBHF PKO1 Exp. RBHF PKO1

18C —105.73 —98.49 —106.66 250 242 245 — 46 6.6
“¥0O -—08.73 —9151 -10048 — 267 268 -— — -

0Ca —342.05 —322.41 —34193 348 337 343 72 57 6.5
¥Ca —416.16 —385.62 —415.62 3.47 3.41 345 43 3.1 6.2
6Nj —483.95 —439.26 —48461 — 362 367 — 1.2 1.8

The deviations of binding energy between experiment and RBHF

14C 140 160 40Ca 48Ca 56Ni
(Eexp. — ErBHF)/Eexp.(%) 6.85 7.31 6.32 5.74 7.34 9.23

» The binding energy is missing less than10% in RBHF
comparing with the data
» The spin-orbit splitting is small

2013/8/26 29
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The relation between binding energy and radii of doubly
magic nuclei in different theories

'6.0 ) 1 | T | T | T [ T
651 ¢ BHF )
= 7.0 )
= -7.5 | RBHF O.. -
< L mon ae hes = I
L -8.0 -— PKO1 A ........ 1M} —-
85 | 8 e GA -
9.0 -_ 40,48Ca 56N :
_9.5 § 1 | 1 | 1 | 1 | 1 i

2.0 2.4 2.8 3.2 3.6 4.0




FPEINN 2 The properties of heavier nuclei in RBHF theory
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The relation between binding energy and radii of other
nuclei in different theories

-6.0 . | . | ) | . | g I
-6.5 D 140 =
= "RBHF ..*" ¢ b
% 7.0 i D ...A: |
é- 75 Fpko1 M. o -
o -8-0 B “‘C M. T 1. 7
8.5 | o T ™ N.A
9.0 -_ 40.48Ca SGNI _-
_9.5 I 1 | 1 | 1 | 1 | 1 -

2.0 2.4 2.8 3.2 3.6 4.0
r_[fm]




FPEINN 2 The properties of heavier nuclei in RBHF theory
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The relation between binding energy and radii of other
nuclei in different theories

'6-0 | T | T | T | T | T
-6.5 - -
- RBHF
% -7.0 - |:].. -
2 7.5 pko1 mO... =
< i .
m '8.0 ;_ 14C a ....... m D =
16~ e r
el O N-A
90 I 40.48Ca 56N ol
9.5 Fge & ¢ e g & e e




