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Introduction New Challenge and Opportunity in Nuclear Physcis

Nucleus and Nuclear Structure

Atomic Nucleus: one fundamental hierarchy of
matter, Small (in unit of fm)
+ composed of neutrons and protons.

+ three types of force (strong, weak, electro-magnetic)

Nuclear force: residual strong interaction
(short-range and non perturbative).

Nuclei are self-bound systems, determined by
the delicate balance in nuclear force.

Nuclear Structure: very strong spin-orbit cou-
pling that determines the magic shells 28, 50,
82 & 126.
+ s,p, · · · correspond to l = 0, 1, · · · .
+ nlj denotes the orbits, j = l ± 1

2, e.g., 2s1/2.

Pseudo-spin symmetry (PSS): nearly degen-
erated orbits with quantum numbers (n, l, j =
l+1/2) and (n′ = n−1, l ′ = l+2, j′ = l ′−1/2)"

1s

1p

1d
2s

1f
2p

1g

2d
3s

1h

2f

3p

1i

2g

3d
4s

2

8

20

28

50

82

126

184

1s1/2

2s1/2

3s1/2

4s1/2

1p3/2

1p1/2

1d5/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

1g9/2

1g7/2

2d5/2

2d3/2

1h11/2

1h9/2

2f7/2

2f5/2

3p3/2

3p1/2

1i13/2

1i11/2
2g9/2

2g7/2
3d5/2

3d3/2

1j15/2

(2)

(2)

(2)

(2)

(4)
(2)

(6)

(4)

(8)

(6)
(4)

(2)
(10)

(8)
(6)
(4)

(12)

(10)
(8)

(6)
(4)
(2)
(14)

(12)
(10)

(8)
(6)

(4)
(16)

4 / 33



Introduction New Challenge and Opportunity in Nuclear Physcis

Nucleus and Nuclear Structure

Atomic Nucleus: one fundamental hierarchy of
matter, Small (in unit of fm)
+ composed of neutrons and protons.

+ three types of force (strong, weak, electro-magnetic)

Nuclear force: residual strong interaction
(short-range and non perturbative).

Nuclei are self-bound systems, determined by
the delicate balance in nuclear force.

Nuclear Structure: very strong spin-orbit cou-
pling that determines the magic shells 28, 50,
82 & 126.
+ s,p, · · · correspond to l = 0, 1, · · · .
+ nlj denotes the orbits, j = l ± 1

2, e.g., 2s1/2.

Pseudo-spin symmetry (PSS): nearly degen-
erated orbits with quantum numbers (n, l, j =
l+1/2) and (n′ = n−1, l ′ = l+2, j′ = l ′−1/2)"

1s

1p

1d
2s

1f
2p

1g

2d
3s

1h

2f

3p

1i

2g

3d
4s

2

8

20

28

50

82

126

184

1s1/2

2s1/2

3s1/2

4s1/2

1p3/2

1p1/2

1d5/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

1g9/2

1g7/2

2d5/2

2d3/2

1h11/2

1h9/2

2f7/2

2f5/2

3p3/2

3p1/2

1i13/2

1i11/2
2g9/2

2g7/2
3d5/2

3d3/2

1j15/2

(2)

(2)

(2)

(2)

(4)
(2)

(6)

(4)

(8)

(6)
(4)

(2)
(10)

(8)
(6)
(4)

(12)

(10)
(8)

(6)
(4)
(2)
(14)

(12)
(10)

(8)
(6)

(4)
(16)

4 / 33



Introduction New Challenge and Opportunity in Nuclear Physcis

Nucleus and Nuclear Structure

Atomic Nucleus: one fundamental hierarchy of
matter, Small (in unit of fm)
+ composed of neutrons and protons.

+ three types of force (strong, weak, electro-magnetic)

Nuclear force: residual strong interaction
(short-range and non perturbative).

Nuclei are self-bound systems, determined by
the delicate balance in nuclear force.

Nuclear Structure: very strong spin-orbit cou-
pling that determines the magic shells 28, 50,
82 & 126.
+ s,p, · · · correspond to l = 0, 1, · · · .
+ nlj denotes the orbits, j = l ± 1

2, e.g., 2s1/2.

Pseudo-spin symmetry (PSS): nearly degen-
erated orbits with quantum numbers (n, l, j =
l+1/2) and (n′ = n−1, l ′ = l+2, j′ = l ′−1/2)"

1s

1p

1d
2s

1f
2p

1g

2d
3s

1h

2f

3p

1i

2g

3d
4s

2

8

20

28

50

82

126

184

1s1/2

2s1/2

3s1/2

4s1/2

1p3/2

1p1/2

1d5/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

1g9/2

1g7/2

2d5/2

2d3/2

1h11/2

1h9/2

2f7/2

2f5/2

3p3/2

3p1/2

1i13/2

1i11/2
2g9/2

2g7/2
3d5/2

3d3/2

1j15/2

(2)

(2)

(2)

(2)

(4)
(2)

(6)

(4)

(8)

(6)
(4)

(2)
(10)

(8)
(6)
(4)

(12)

(10)
(8)

(6)
(4)
(2)
(14)

(12)
(10)

(8)
(6)

(4)
(16)

4 / 33



Introduction New Challenge and Opportunity in Nuclear Physcis

New Challenges and Opportunities

Nuclides: On earth (∼300),

Synthesized (∼3k), Predicted (7k∼10k)

Novel Phenomena and New Physics: unstable nuclei
Q1: Superheavy nuclei: magic structures

Q2: Exotic Nuclei: novel phenomena like halo

Q3: Nuclear astrophysics: neutron stars

Challenges and New Standard
Q1: Limitation of the theories

Q2: Reliability and accuracy

Covariant Density Functional theory
Q1: Reliability: relativity and spirit of density functional theory

Q2: Exchange correlations introduced by Fock terms
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Introduction Covariant Density Functional theory

Nuclear Force: Meson Exchange Diagram

Nuclear Force: meson exchange diagram Yukawa (1935)

q3 q2 q1 q′1 q′2 q′3

Sketch of meson exchange diagram

n1

n1

n2

n2

σ, ω
ρ, δ Hartree

n1

n2

n2

n1

σ, ω
ρ, δ, π Fock

Mean field (MF) approach: nucleon moving in the MF generated by others
— Being consistent with principle of density functional theory

Local MF

ρ̂

non-local MF

ρ̂ex
ρ̂: local density

ρ̂ex: non-local density

Complicated nuclear in-medium effects: non-perturbative nuclear force?
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Introduction Covariant Density Functional theory

Covariant Density Functional (CDF) theory

Medium effect is important, while not easy to handle microscopically.
— Borrow the concept of density functional

CDF theory w/o Fock terms: relativistic mean field (RMF) theory
Walecka(1974), Serot(1986), Reihard(1989), Ring(1996), Bender(2003), Meng(2006)

+ Natural treatment of spin-orbit coupling: Covariant framework

+ Missing important ingredient like tensor force due to the limit of Hartree approach

CDF theory with Fock terms: relativistic Hartree-Fock (RHF) theory
Bouyssy (1987), Bernardos (1993), Shi (1995), Marcos (2004), Long (2006-2010).

+ Maintain the advantages of RMF theory, and include the tensor force naturally.

+ Non-local Fock terms are not easy to handle.

σ, ω

~ρ, ~δ

Hartree terms

σ, ω

~ρ, ~δ, ~π

Fock terms

σ, ω

~ρ, ~δ

Local MF

σ, ω

~ρ, ~δ, ~π

Non-local MF
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Introduction Covariant Density Functional theory

CDF theory w/o Fock terms: RMF theory

RMF theory: nucleon ψ, meson σ, ωµ, ~ρµ and ~δ, and photon Aµ

Walecka model (σ-ω) model: composed of relativistic scalar and vector MF
—Walecka, Ann. Phys. 83, 491 (1974); Serot & Walecka, Adv. Nucl. Phys. 16, 1 (1986).

Medium effects: non-linear self-couplings of σ- and ω-mesons
— Boguta & Bodmer, NPA 292, 413 (1977); Sugahara & Toki, NPA 579, 557 (1994).

Medium effects: density-dependent meson-nucleon couplings
—Brockmann & Toki, PRL 68, 3408 (1992).

zero-range approach for nuclear force —— relativistic point-coupling model
—B. A. Nikolaus, T. Hoch, and D. G. Madland, PRC 46, 1757 (1992).

— T. Bürvenich, D. G. Madland, J. A. Maruhn, and P.-G. Reinhard, PRC 65, 044308 (2002).

Relativistic continuum Hartree-Bogoliubov (RCHB) theory: exotic nuclei
— J. Meng, NPA 635, 3 (1998); S.-G. Zhou, J. Meng, and P. Ring, PRC 68, 034323 (2003).

Various effective interactions: define a covariant density functional
—PK1 & PKDD: W. H. Long, J. Meng, N. Van Giai, and S.-G. Zhou, PRC 69, 034319 (2004).

—PC-PK1: P. W. Zhao, Z. P. Li, J. M. Yao, and J. Meng, PRC 82, 054319 (2010).
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Introduction Covariant Density Functional theory

CDF theory with Fock terms: RHF theory

RHF theory: nucleon ψ, meson σ, ωµ, ~ρµ, ~π and ~δ, and photon Aµ

RHF approach for nuclear structure in 1980s: too large compressibility and
less bound of nuclei

—A. Bouyssy, J.F. Mathiot, N. Van Giai, and S. Marcos, PRC 36, 380 (1987).

Medium effects: self-interactions of σ-meson or scalar field (ψ̄ψ)
—P. Bernardos, et al, PRC 48, 2665 (1993); S. Marcos, et al, JPG 30, 703 (2004).

Medium effects: density-dependent coupling w/o rearrangement terms
—H.L. Shi, B.Q. Chen, and Z.Y. Ma, PRC52, 144(1995).

Density-dependent relativistic Hartree-Fock (DDRHF) theory
1. CDFs with Fock terms provide satisfied quantitative precision as RMF: PKO1-3!PKA1

—PLB 640, 150 (2006); EPL 82 (2008) 12001; PRC 76, 034314 (2007).

2. Relativistic Hartree-Fock-Bogoliubov (RHFB) theory: exotic and superheavy nuclei
—W.H. Long, P. Ring, N. Van Giai, and J. Meng, PRC 81, 024308 (2010).

—J.-P. Ebran, E. Khan, D. Pena Arteaga, and D. Wretenar, PRC 83, 064323 (2011).

3. fully self-consistent RHF RPA and RHFB QRPA: nuclear isospin excitations
—RHF+RPA: H.Z. Liang, N. Van Giai, J. Meng, PRL 101, 122502 (2008).

—RHFB+QRPA: Z.M. Niu, Y.F. Niu, H.Z. Liang, W.H. Long et al, PLB 723 (2013) 172.
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Covariant density functional with Fock terms General Formalism for RHF Scheme

Lagrangian Density

Lagrangian density: Nucleon (ψ), Mesons (σ, ω, ρ, π), Photon (A)

L =LM + Lσ + Lω + Lρ + Lπ + LA + LI , (1)

where the Lagrangians of the free fields Lφ (φ = ψ, σ, ωµ, ~ρµ, ~π and Aµ):

LM =ψ̄ (iγµ∂µ −M )ψ, Lρ =− 1
4
~Rµν � ~Rµν +

1
2

m2
ρ~ρ

µ � ~ρµ, (2)

Lσ = +
1
2
∂µσ∂µσ −

1
2

m2
σσ

2, Lπ = +
1
2
∂µ~π � ∂

µ~π − 1
2

m2
π~π � ~π, (3)

Lω =− 1
4

ΩµνΩµν +
1
2

m2
ωωµω

µ, LA =− 1
4

F µνFµν, (4)

and the interaction one between nucleon and mesons (photon) LI :

LI = ψ̄
(
− gσσ − gωγµωµ − gργµ~τ � ~ρµ − eγµ

1− τ3

2
Aµ

+
fρ

2M
σµν∂

ν~ρµ � ~τ − fπ
mπ

γ5γ
µ∂µ~π � ~τ

)
ψ, (5)

with Ωµν ≡ ∂µων − ∂νωµ, ~Rµν ≡ ∂µ~ρν − ∂ν~ρµ, and F µν ≡ ∂µAν − ∂νAµ.
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Covariant density functional with Fock terms General Formalism for RHF Scheme

Hamiltonian A. Bouyssy (1987)

System Hamiltonian (φ = σ-S, ω-V, ρ-V, ρ-VT, ρ-T, π-PV and A-V):

H =

∫
dxψ̄ (−iγ �∇ + M )ψ +

1
2

∫
dxdx ′ψ̄(x)ψ̄(x ′)ΓφDφψ(x ′)ψ(x)

Interaction matrices Γφ(x, x′):

Γσ-S ≡− gσ(x)gσ(x′), ΓA-V ≡
e2

4
[γµ (1− τ3)]x [γµ (1− τ3)]x′ , (6)

Γω-V ≡ (gωγµ)x (gωγµ)x′ , Γπ-PV ≡
−1
m2

π

(fπ~τγ5γµ∂
µ)x � (fπ~τγ5γν∂

ν)x′ , (7)

Γρ-V ≡ (gργµ~τ )x � (gργµ~τ )x′ , Γρ-T ≡
1

4M 2

(
fρσνk~τ∂

k
)

x
�
(

fρσνl~τ∂l

)
x′
, (8)

Γρ-VT ≡
1

2M

(
fρσkν~τ∂k

)
x
� (gργν~τ )x′ + (gργν~τ )x �

1
2M

(
fρσkν~τ∂k

)
x′

(9)

Propagators Dφ (x, x ′): neglecting the retardation effects

Dφ (x, x ′) =
1

4π
e−mφ|x−x′|

|x − x ′|
, DA (x, x ′) =

1
4π

1
|x − x ′|

(10)
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Covariant density functional with Fock terms General Formalism for RHF Scheme

RHF energy density functional (EDF) A. Bouyssy(1987)

Solutions of Dirac Eq.:
{
εk > 0, ck, c

†
k (Fermi sea); εl < 0, cl, c

†
l (Dirac sea)

}
Quantizing nucleon spinor:

ψ =
∑

k

ψk(x)e−iεktck +
∑

l

ψl(x)e−iεltd†l ,

Ground state with no-sea approximation

|Φ0〉 =

A∏
i=1

c†i |0〉 ,

RHF EDF: expectation of H referring to |Φ0〉
E = 〈Φ0|H |Φ0〉 = 〈Φ0|T |Φ0〉 +

∑
φ

〈Φ0|Vφ |Φ0〉

T and Vφ are the kinetic energy and potential
energy terms, respectively.

Vφ =
1
2

∫
dxdx ′

∑
αβ;α′β′

c†αc†βcβ′cα′

× ψ̄α(x)ψ̄β(x ′)ΓφDφψβ′(x ′)ψα′(x),

O

M

−M

Solutions of Dirac Eq.

Continuum

Continuum

Hartree

Fock
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Covariant density functional with Fock terms General Formalism for RHF Scheme

Spherical RHF equation W.H. Long (2010)

Integro-differential Dirac equation∫
dr ′h(r , r ′)ψα(r ′) =εaψα(r), ψα(r) =

1
r

 iGaY la
jama

(r̂)

−FaY l′a
jama

(r̂)

 (11)

Single-particle Dirac Hamiltonian h = hkin + hD + hE:

hkin(r , r ′) = [α � p + βM ] δ(r , r ′), (12a)
hD(r , r ′) = [ΣT (r)γ5 + Σ0(r) + βΣS(r)] δ(r , r ′), (12b)

hE(r , r ′) =

(
YG(r , r ′) YF (r , r ′)

XG(r , r ′) XF (r , r ′)

)
(12c)

Local potentials: ΣS, Σ0, and ΣT

ΣS =gσσ, ΣT =
fρ

2M

(
ρVT + ρT

)
τz (13)

Σ0 =gωω + gρ
(
ρV + ρTV

)
τz + e

1− τz

2
A + ΣR (14)

Local MFs: σ, ω, ρV, and A, ρTV and ρVT, ρT, functionals of local densities.
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Covariant density functional with Fock terms General Formalism for RHF Scheme

Exchange (Fock) Potentials W.H. Long (2010)

Non-local MFs: functionals of the non-local densities

X (φ)
Ga

(r, r ′) =
∑

b

T φ
ab ĵ2

b gφ(r)gφ(r ′)Fb(r)Gb(r ′)RXG
ab (mφ; r, r ′),

X (φ)
Fa

(r, r ′) =
∑

b

T φ
ab ĵ2

b gφ(r)gφ(r ′)Fb(r)Fb(r ′)RXF
ab (mφ; r, r ′),

Y (φ)
Ga

(r, r ′) =
∑

b

T φ
ab ĵ2

b gφ(r)gφ(r ′)Gb(r)Gb(r ′)RYG
ab (mφ; r, r ′),

Y (φ)
Fa

(r, r ′) =
∑

b

T φ
ab ĵ2

b gφ(r)gφ(r ′)Gb(r)Fb(r ′)RYF
ab (mφ; r, r ′),

T φ
ab: δτaτb

(isoscalar) and 2− δτaτb
(isovector).

The underlined terms can be taken as the non-local density component.

σ-scalar coupling: RYG = RXF = −RYF = −RXG = R(σ),

R
(σ)
ab (mσ; r, r ′) =

1
4π

′∑
L

C L0
ja

1
2jb−1

2
C L0

ja
1
2jb−1

2
RLL(mσ; r, r ′). (15)

The prime in Eq. (15) requires L + la + lb be even.
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Covariant density functional with Fock terms Relativistic Hartree-Fock-Bogoliubov method

Unstable nuclei: continuum effects

Unstable exotic nuclei reveal lots of new physics: weakly bound mechanism,
continuum, halo, etc.

Stable Nucleus

p n

Exotic nucleus

p n

Bogoliubov scheme: unified treatment of pairing and mean field effects
— J. Meng, NPA 635, 3 (1998); S.-G. Zhou, J. Meng, and P. Ring, PRC 68, 034323 (2003).

Bogoliubov scheme also has the advantages in exploring superheavy nuclei.
— J.J. Li, W.H. LONG, J. Margueron, N. Van Giai, PLB 732, 169 (2014).
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Covariant density functional with Fock terms Relativistic Hartree-Fock-Bogoliubov method

RHFB equation
Bogoliubov transformation: particle

{
cα, c†α

}
to quasi-particle

{
βα, β

†
α

}(
cα

c†α

)
=W

(
βα

β†α

)
=

(
ψU ψ∗V

ψV ψ∗U

)(
βα

β†α

)
(16)

where ψU and ψV are the quasi-particle spinors, andW†W = 1.

RHFB equation: Chemical potential λ H. Kucharek(1991)∫
dr ′
(

h(r , r ′) ∆(r , r ′)

−∆(r , r ′) h(r , r ′)

)(
ψU (r ′)

ψV (r ′)

)
=

(
λ + E 0

0 λ− E

)(
ψU (r)

ψV (r)

)
(17)

Pairing potential, pairing tensor κ and Pairing forces:

∆α(r , r ′) =− 1
2

∑
β

V pp
αβ (r , r ′)κβ(r , r ′), κα(r , r ′) = ψ∗Vα(r)ψUα(r ′) (18)

V (r , r ′) =V0δ(r − r ′)
1
4

(1− σ � σ′)

(
1− ρ(r)

ρ0

)
(19)

V (r , r ′) =
∑
i=1,2

e((r−r ′)/µi)
2

(Wi + BiPσ −HiPτ −MiPσPτ) (20)
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Covariant density functional with Fock terms Relativistic Hartree-Fock-Bogoliubov method

Numerical Algorithm
Radial RHFB equations (Ea: Quasi-particle energy):[

d
dr

+
κa

r
+ ΣT

]
GUa − (Ea + λ− Σ−) FUa + XUa + r

∫
r ′dr ′∆(r, r ′)FVa(r ′) = 0,[

d
dr
− κa

r
− ΣT

]
FUa + (Ea + λ− Σ+) GUa − YUa + r

∫
r ′dr ′∆(r, r ′)GVa(r ′) = 0,[

d
dr

+
κa

r
+ ΣT

]
GVa + (Ea − λ + Σ−) FVa + XVa + r

∫
r ′dr ′∆(r, r ′)FUa(r ′) = 0,[

d
dr
− κa

r
− ΣT

]
FVa − (Ea − λ + Σ+) GVa − YVa + r

∫
r ′dr ′∆(r, r ′)GUa(r ′) = 0.

Σ+ ≡ Σ0 + ΣS, Σ− ≡ Σ0 − ΣS − 2M , Integro terms XU , YU , XV , YV .

Dirac Woods-Saxon (DWS) basis: {[εb, gβ(r , τ )] ; εb ≷ 0}

ψκU =

NF∑
p=1

Upgκp +

ND∑
d=1

Udgκd , ψκV =

NF∑
p=1

Vpgκp +

ND∑
d=1

Vdgκd , (21)

DWS basis is ONLY applied in solving the radial RHFB equations.
S.-G. Zhou, J. Meng, P. Ring, PRC 68, 034323 (2003); W.H. Long, P. Ring, N. Van Giai, J. Meng, PRC 81,

024308 (2010).
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Covariant density functional with Fock terms Covariant density functionals with Fock terms

CDFs with Fock terms

In-medium effects: coupling constants are taken as functionals of density
1. Density dependent behavior R. Brockmann(1992), H. Lenske(1995), C. Fuchs(1995)

gi(ρv) =gi(0)e−aiξ, gi =gρ, fρ, fπ, ai =aρ,aT ,aπ; (22)
gi(ρv) =gi(ρ0)fi(ξ), i =σ, ω (23)

where ρv =
√

jµjµ, ξ = ρv/ρ0, and

fi(ξ) = ai
1 + bi(ξ + di)

2

1 + ci(ξ + di)2
; with fi(1) = 1, f ′′i (0) = 0, f ′′σ (1) = f ′′ω (1) (24)

2. Rearrangement terms Σµ
R induced by density dependence

Σ→Σ + γµΣµ
R, (25)

Σµ
R =Σµ

R,(σ) + Σµ
R,(ω) + Σµ

R,(ρ) + Σµ
R,(π) (26)

CDFs with Fock terms (defined by 8∼12 free parameters)
1. PKO2: σ-S, ω-V, and ρ-V couplings W.H Long (2006)

2. PKO1, PKO3: σ-S, ω-V, ρ-V, and π-PV W.H Long (2006)

3. PKA1: σ-S, ω-V, ρ-V, π-PV, and ρ-T W.H Long (2007)
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Covariant density functional with Fock terms Covariant density functionals with Fock terms

Quantitative quality of RHF functional

Table 1: Deviations (rms) from the data given by the RHF functional PKO1, and the RMF ones
PK1, PKDD, NL3 and DD-ME1. ∆S.O. is the deviations of the spin-orbit splittings.

PKO1 PK1 PKDD NL3 DD-ME1

∆Eb

S.N. 1.6177 1.8825 2.3620 2.2506 2.7561
Pb 1.8995 2.0336 2.7007 2.0021 2.1491
Sn 1.2665 1.9552 2.4567 1.6551 0.9168

∆S2n

Pb 0.6831 0.9192 1.3139 0.9359 1.2191
Sn 0.6813 0.7762 1.0629 0.8463 0.7646

∆rc

S.N. 0.0269 0.0204 0.0188 0.0177 0.0163
Pb 0.0056 0.0061 0.0060 0.0143 0.0150

∆S.O.

O 0.1761 0.2879 0.6817 0.2195 0.1107
Ca 0.5078 0.6638 0.8159 0.7184 0.6041
Ni 0.3959 0.9923 1.3287 1.3315 0.9029
Sn 0.1650 0.3300 0.6913 0.4757 0.5408
Pb 0.2014 0.3902 0.6370 0.4604 0.4588

S.N.: 16O, 40,48Ca, 56,58,68Ni, 90Zr, 112,116,124,132Sn, 182,194,204,208,214Pb, 210Po.
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Role of non-local Fock terms in describing nuclear structure

OUTLINE

1 Introduction
New Challenge and Opportunity in Nuclear Physcis
Covariant Density Functional theory

2 Covariant density functional with Fock terms
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Relativistic Hartree-Fock-Bogoliubov method
Covariant density functionals with Fock terms

3 Role of non-local Fock terms in describing nuclear structure
New Balance induced by Fock terms in nuclear force
Neutron halo phenomena and Proton pseudo-spin symmetry
Nuclear tensor force components in Fock diagrams

4 Conclusions and Perspectives
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Role of non-local Fock terms in describing nuclear structure New Balance induced by Fock terms in nuclear force

Balance in Nuclear Force: PSS Restoration

Balance between strong repulsion and attraction: be responsible for nuclear
binding, spin-orbit effects, pseudo-spin symmetry (PSS) conservation

Lect. Notes Phys. 641 (2004) 1; PRL 78 (1997) 436; Phys. Rep. 570 (2015) 1.

Balance changed with Fock terms, further changed by ρ-T in PKA1

P K A 1 E x p . P K O 1 P K 1 D D - M E 2

- 1 5

- 1 0

- 5

0

Z = 8 2

Z = 9 2

2 0 8 P b    P r o t o n
2 f 5 / 2
1 i 1 3 / 2

2 f 7 / 2
1 h 9 / 2

3 s 1 / 2
1 h 1 1 / 2
2 d 3 / 2

2 d 5 / 2

1 g 7 / 2

E (
Me

V)

Z = 5 8

—Phys. Rev. C 76, 034314 (2007).

208Pb Neutron Proton Total

H
ar

tre
e

σ-S -14320.86 -10022.49 -24343.35
ω-V 11520.81 7962.50 19483.32
A-V 0.00 827.64 827.64
ρ-V 98.42 -65.12 33.30
ρ-VT -1.65 1.08 -0.57
ρ-T -0.31 0.21 -0.10

Fo
ck

σ-S 3503.24 1774.28 5277.53
ω-V -2451.22 -1265.20 -3716.43
A-V 0.00 -29.02 -29.02
ρ-V -266.20 -210.10 -476.30
ρ-VT 122.51 89.16 211.66
ρ-T -687.90 -531.94 -1219.85
π -103.26 -79.75 -183.01

PKA1 predicts different superheavy magicities, due to the new balance.
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Spurious Shells
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binding, spin-orbit effects, pseudo-spin symmetry (PSS) conservation

Lect. Notes Phys. 641 (2004) 1; PRL 78 (1997) 436; Phys. Rep. 570 (2015) 1.
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Pseudo-spin symmetry (PSS)
Conservation condition in RMF:

VPCB >>VPSO (27)

J. Meng, et al., PRC 58, R628 (1998).

For d state, VPSO is comparable to VPCB
because of Fock terms V E

PSO.

V E
PSO is counteracted by the other Fock

contributions: like V E
1 .
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Role of non-local Fock terms in describing nuclear structure New Balance induced by Fock terms in nuclear force

Nuclear Isospin Excitation

RHF+RPA: Full self-consistent descrip-
tion of Nuclear Isospin Excitation

—Liang, Giai, Meng, PRL 101, 122502 (2008).
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RHFB+QRPA: well reproduce
the half-lives of β-decay

—Niu, et al, PLB 723, 172 (2013).

The ph residual interaction is dominated by the balance between the Fock
terms of σ- and ω-couplings.
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Role of non-local Fock terms in describing nuclear structure Neutron halo phenomena and Proton pseudo-spin symmetry

Nuclear Halo Phenomena
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Role of non-local Fock terms in describing nuclear structure Neutron halo phenomena and Proton pseudo-spin symmetry

Giant Halo in Cerium Isotopes
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Role of non-local Fock terms in describing nuclear structure Neutron halo phenomena and Proton pseudo-spin symmetry

Drip-Line Position, Halo vs Pseudo-Spin Symmetry

RHFB-PKA1 predicted neutron drip-
line at N = 140 for Ce isotopes.

—PRC 81, 031302(R) (2010).

Self-consistent relation between halo
structure and Pseudo-spin symmetry

Nodal Effect is particulary important.
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Role of non-local Fock terms in describing nuclear structure Nuclear tensor force components in Fock diagrams

Tensor Force Component in Fock terms

Non-local Tensor force involved naturally with Fock terms plays essential
role in nuclear structure.

V T
φ =

1
3

3(γ0Σ1 � q)(γ0Σ2 � q)− (γ0Σ1) � (γ0Σ2)q2

m2
φ + q2

, φ =π-PV, σ-S (28)

—L.J. Jiang, S. Yang, B.Y. Sun, W.H. Long, and H.Q. Gu, PRC 91, 034326 (2015).
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ν1p1/2 ν1d5/2 ν1d3/2 ν1f7/2

ν1p3/2 4 −1.72 +0.80 −1.24 +0.56

ν1p1/2 2 +3.43 −1.60 +2.48 −1.11

ν1d5/2 6 −1.62 +1.13 −1.66 +1.02

ν1d3/2 4 +2.44 −1.69 +2.50 −1.53

Sum rule of nuclear tensor force:

ĵ2
>V T

j>j′ + ĵ2
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j<j′ = 0, (29)
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Role of non-local Fock terms in describing nuclear structure Nuclear tensor force components in Fock diagrams

Isospin Nature: Tensor Effects vs Shell Evolution

Isospin Evolution of the shells: ρ-T & π-PV couplings

, non-local MF effects
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— PLB 680, 428 (2009).

Nuclear Tensor forces play the crucial role in the neutron (proton) shell evo-
lution with respect to the change of proton (neutron) number.

Non-local mean fields are significant in the neutron (proton) shell evolution
with respect to the change of neutron (proton) number.
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Role of non-local Fock terms in describing nuclear structure Nuclear tensor force components in Fock diagrams

Saturation mechanism of nuclear matter

Calculations with full energy density functional (EDF) and the one with EDF
excluding tensor force components (values in parentheses)

Table 2: Saturation density ρ0, binding energy per nucleon E/A, incompressibility K , and
the symmetry energy coefficient J with its slope L and curvature Ksym.

ρ0 (fm−3) E/A (MeV) K (MeV)

PKA1 0.160 (0.148) −15.83 (−14.18) 229.96 (203.56)

PKO1 0.152 (0.140) −16.00 (−14.21) 250.24 (221.96)

PKO2 0.151 (0.139) −16.03 (−14.31) 249.60 (222.65)

PKO3 0.153 (0.140) −16.04 (−14.22) 262.47 (229.82)

J (MeV) L (MeV) Ksym (MeV)

PKA1 36.02 (35.95) 103.50 (115.49) 212.90 (317.31)

PKO1 34.37 (33.50) 97.70 (101.66) 105.85 (158.87)

PKO2 32.49 (31.73) 75.93 (81.12) 77.51 (128.77)

PKO3 32.98 (32.26) 83.00 (88.91) 116.43 (176.39)

— L.J. Jiang, S. Yang, J.M. Dong, and W.H. Long, PRC 91, 025802 (2015).
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Conclusions and Perspectives

Conclusions

The covariant density functional theory with Fock terms has been estab-
lished for nuclear matter (neutron star physics as well), finite nuclei (spheri-
cal and axial deformed).

Advantages brought about by the non-local Fock terms:
+ More reasonable balance in nuclear force: ρ-T Fock terms become comparable with

rather strong ω-repulsion and σ-attraction.
Pseudo-spin symmetry restoration, halo formations, and nuclear isospin excitations

+ Important ingredient of nuclear force —— tensor force can be naturally introduced with
the Fock terms: unified treatment of spin-orbit coupling and nuclear tensor force.
Shell evolution, neutron star physics

+ Optimized balance in isovector channels: Fock terms present substantial contributions
to the symmetry energy

Perspectives: nature of nuclear force, microscopic mass table, · · · · · ·

Thank you for your attention!
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