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During the hundred years’ struggling, in the development

of nuclear physics itself, there emerged a lot of significant
milestones, including

The discovery of neutron by Chadwick
which verified the composition of nucleus as
protons and neutrons

The meson-exchange theory for the
interaction between nucleons by Yukawa

repulsive] attractive
distance

nucleon-nucleon P E.

H. Euler, Z. Physik 105, 553 (1937)
Heisenberg's student who calculated the nuclear matter in 2nd order perturbation thepry
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Spin-orbit automatically included
Lorentz covariance restricts parameters
Pseudo-spin Symmetry

Connection to QCD: big V/S ~ 400 MeV

Consistent treatment of time-odd fields

Relativigtimeatyratiou naofsiosReports 570 : 1-84 (]

Pseudospin symmetry
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PN Je 74 ¥ __Brief introduction of CDFT
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CDFT Relativistic quantum many-body theory based on DFT and effective

field theory for strong interaction

Strong force: Meson-exchange of the nuclear force

(VP 7)=(0+0) (Jp I)=(1-0) (Jp T)=(1-1)
Sigma-meson: Omega-meson: Rho-meson:
attractive scalar field  Short-range repulsive Isovector field

Electromagnetic force: The photon
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Lagrangian:
L=yliy"0,-M -g,c-y"(g,0,+g,7*p, +e T3A) 7/5 y o, ety
+ 18“0‘8 a—lm o’ —lQ‘”’Q +lm @, a)“—lﬁ OE”V
2 2 4 2 4
| P 1 1 | R
+—m’p lp, +—0 70T ——m-7ex ——F*"F
2 7 L2 2 4 o
QY =0" " — 0" "
L R =0"p —0'p"
Hamiltonian:

F* =0"4" —0" 4"
H=y(—iyeV+M)y+— j d'y D wwO)T,D,(x, )y (3)y (x)

i=c.0.0.7.A
=1+V r,(12)=-g,Mg, ), T 12)=+(gy,5)1g.r"r),,
I,(12)=+g,7 ) (8u7.): T(1.2) = ~(&7y,y,0°),0(E7,y,0"),

2

C.(1,2)=+"(7,0-7)),¢"1-1)),




NEPE Brief introduction of CDFT

H=7+ Z VI w(x) = Z[]‘i(x)e_igf’ci + g (x)eig;’d; ]

i=0,0,p,7,A

y' (1) =YL @ + gl (x)e "d, ]

T = jdxzf( iy-V+M)f,cle,,

Hartree
V:— dx, dx, e 1 ) .(1,2)D.(1,2 2 1
=] %ﬂc cfc g( )/(DT,(1,2)D,(1,2) £ (2) £,.(1)
et
Energy density functional: [@,)=T]c.|0)

E=(Q|H|Dy)=(@|T|Qp)+ >, (Do|V]|Dy)

i:O',a),p,”,A

D E D E D E D E
=L, +E_+LE +FE +FE +Ep +Ep +bF +LE +E
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For system with time invariance:

o p+V(r)+ B(M+S(r)) |w, =ew,| [Same footing for

> Deformation

( -1, > Rotation

< Vir)=g,0(r)+g,t;0(r)+e 5 A(r) > Pairing
(RHB,BCS,SLAP)

S(r)=g,0(r) —

:_A+m§: O = _gaps _g20'2 _g30'3 pS(r) - szll//l(r)lﬂz(r)
| 2 3 p"(r) - Zi:le(r)wl' (I‘)
_A+mw_a):gwpb_c3a) <

_ ] ( pi(r) = Zzilwf (r)zyy,(r)
p(r) = v (1)

1-7,
> ~y,(r)
11 2019/7/2

—A+mf)_p = 8p |:10bn) _plgp)]_d3p3
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Effective Point-Coupling interaction
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H =7, (~iy oV + M)y, +~F"F,
W 4
> """" < +%((ch)2 +m,o°) + g,0p, + %&03 + igﬂ
1 | B
+Ega)a)0pv +Egpp0p3
|
8,0 = g‘;f P, = <. =3P, +&Ap +-ra,p, +0,Ap,
1-A/m. m. m, m,
H = lpi (—l}/Dv +M)Wi +5FWF;—V
1 , 1 1 ;1 A
+ Easps + Eé‘spsApS + _:BS:OS + ZVSIOS w
1 1 1
VIOV T 5VIOVAIOV Ty 2319/7/2 5TV:0TVA:0TV
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For system with time invariance:

a-p+V )+ B(M+S)) v, =€y,

-7, Ar)

V(r)=a,p,(r)+1,0,F)+0,A0,(F)+ Py (1) + 8, Ap,, (1) + €

S(r) = agps +:BS:0§ T 75:053" +05Ap;
p.(r) =3 (" (r)

Without Klein-Gordon < p.(r)= ZAIW (). (r)
equation ps(r) =) W (P, (r)

4 L, -
p.(r)=> "y (r) >

w,(r)
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Covariant Density Functional Theory
Elementary building blocks

WO T'y)  Ore{l,n} T e{l, 775 7Y ou}

» Energy Density Functional
Densities and currents

oce Eyin = Z vi /1/—% (—YV + m) rdr
k

Isoscalar-scalar ps(r) = Z Ve ()05 (T)
1
Isoscalar-vector Gu(®) = 3 Gr()vute () Eond = 5 / (asp + avpy + awvpiy )dr

cC B 1
Isovector-scalar  gg(r) = > " dp(r)7r(r)  Epot = 12 (4Bsp$ + 3vsps + 3yv oy )dr
k

- = I = 1
Isovector-vector j (r) = Z Ve (0)Tyuk(t) By, = 5 / (6spslps + Sy py Dpy + 8y prv Apey )dr
k

Eem = = / jB Al dr

2
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scalar potential:

S(r) = -400 MeV

vector potential:

V(r) = 350
MeV

continuum




y Equation of motion in spherical nucleus
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In spherical cases:

( -

j=1x1/2

1 ZG(;C (I") lem (Q) (T2 -
Voo 1) == : 2, () k=" +1/2)

(

e G (r)= (—i+ E] Fr(r)+ [M +S(r)+ V(r)] G’ (r)

or r

e F(r)= (+ ai + Ej G (r)— [M +S(r)— V(r)] Fr(r)
\ roor
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Sum of the scalar and vector potentials in the radial Dirac equation:
potentials for the nucleon.

V(r)+S(r) [MeV]

Proton

Radius [fm]
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Difference of the scalar and vector potentials in the radial Dirac equation:
potentials for the anti-nucleon.

V]
n
o
S

N
o
o

V(r)-S(r) [Me

Radius [fm]
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Shooting method

A fourth-order Runge-Kutta algorithm

.

For given energy E, numerical
integrated the Dirac equation from
r=0 outward and r=[] inwards to
r=rmatch.

Rescale the wave function F and
G, and GL( r match.)=GR(r
match.). If FL( r match.) [] FR(r
match.), change the energy E by
[1E ~ []F ( r match.) .

Repeating the process until [JE
satisfy the required accuracy.

Renormalize the wave function.
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4-th iteration !

*®pp
N 181/2

G(r)
——F(r)

E=1.8MeV
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6-th iteration !

208Pb
N 1s81/2

G(r)
s U
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SEin and Eseudospin symmetry

~

. 9/2 92 pseudo—orbit: / =/+1
1 (1410, j=1+1) pseudo —spin : §=1/2
K’a% (n ,l+2,j-l+*_§-)
™ 1172 82
38— 12170 Pissn
Am 24 e 52064 _
o 7/2| 58
- f5‘> 12
A 12, 1%
S U 133
3(2) o, 2138
—rf—"«m%%% /2|32 3/2,5/2
T 712 28
2[@) 25 o ?22 ,2‘6’ Piir 1o Hecht & Adler
id ' 512 14 NPA137(1969)129
1[2) s é?é g S Arima, Harvey & Shimizu
| PLB30(1969)517
0@ is 112 2

24 A. Boho, b/Hamamoto, and B. R. Mottelson, Phys. Scr. 26,267 198
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v 11 G (1) Y, (Q) (j=1x1/2
wl;Kill(r) = 7 ils1/2
"\ = F (1) Y, (S2) K =(=)""(+1/2)
n = node number + 1 =1+ (=)

(251..-'2 , 1d;,, ): @1..-'2,3.:-2 ) n=2 ) Pi/2302

n=21=0, j=1+3 n=11=2, j=I1-3
2S oy — } ld h = ~ ~
1/2 ~ ‘T nt 3/2 ~ 1
Pseudo quantum numbers are nothing
but the quantum numbers of the lower component. Ginocchio
PRL78(97)436
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NI Nuclear matter
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Infinite nuclear matter:
> Neglecting the coulomb field
> Baryon wave function is the eigenstate of momentum k

> Source currents are independent of the spatial coordinate x

The equations of motion can be simplified as:

% 2

R
gg(k) — ga)Ba)O T 8,5T3L03 T Z:oza_l_\/k2 T g
2k,

2

(2 2 3 | 4 _

< mO'O- — _gO'pS - gzO' - g3o- ps(r): Zizl%(")%("): 372_
2 B 3 _,

\ma)a) o g(z)IOb 030)
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The energy density and pressure of nuclear matter:

| | 1 \
€ =—m; “o° +—m w ‘0’ + £ &3 8084
2 2 2 3 4
()i kp 3
1 p 2 2 P P
+—<fk'dk\/k" +(M +g.0) +fk'dk\/k" +(M+g.o)l
T
| - EOS of neutron stars
P=- —1772 o’ + —m a)o + Emzpés + 2 p32§1
B _
1§ 400
1 JkB k-l >
—» , — k. z
: 772 B Y0 \/{2 +m 32 z 200
Ban, et al., Phys. Rev. C 69, 045805 0

( 2 02084) Energy density[MeV fm'j]
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