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my plan

α). EoS of ANM and what we have known ?

β). constraining J0 using nonlinear RMF model

γ). a possible new RMF interaction



why EoS of asymmetric nuclear matter (ANM) is important ?

Heavy Ion Collisions Neutron Stars Nuclear Forces

Etot

A
≡ E = E(ρ, δ, T ) T=0−−−→ E = E(ρ, δ), δ =

ρn − ρp

ρn + ρp

p(ρ, δ) = ρ2 ∂E(ρ, δ)
∂ρ

, K(ρ, δ) = 9
∂p(ρ, δ)

∂ρ



definition of EoS for ANM— exercise of Taylor’s expansion

equation of state (energy per nucleon) for asymmetric nuclear matter is,

E(ρ, δ) ' E(ρ, 0)| {z }
≡E0(ρ)

+ Esym(ρ)| {z }
symmetry energy

δ2 + Esym,4(ρ)δ4 +O(δ6), δ ≡ ρn − ρp

ρn + ρp

go a step further, every energy term can be expanded at ρ = ρ0,

E0(ρ) 'E0(ρ0) +
K0

2!
χ2 +

J0

3!
χ3 +

I0

4!
χ4 +O(χ5), χ =

ρ− ρ0

3ρ0

Esym(ρ) ≡ 1

2

∂2E(ρ, δ)

∂δ2

˛̨̨̨
δ=0

'Esym(ρ0) + Lχ +
Ksym

2!
χ2 +

Jsym

3!
χ3 +

Isym

4!
χ4 +O(χ5)

we want to know

ρ0, E0(ρ0), K0, J0, Esym(ρ0), L, Ksym, · · ·



what we have known now ? J0 = skewness

ρ0 = 0.16± 0.02 fm−3

E0(ρ0) = −16± 1MeV

K0 ≡ 9ρ2
0

∂2E0(ρ)

∂ρ2

˛̨̨̨
ρ0

= 230± 20 MeV

Esym(ρ0) = 30± 3MeV ←− lots of studies, but why not J0 ?

↙

L≡ 3ρ0
∂Esym(ρ)

∂ρ

˛̨̨̨
ρ0

= 50± 20MeV, order = χ1δ2 (3)

J0 ≡ 27ρ3
0

∂3E0(ρ)

∂ρ3

˛̨̨̨
ρ0

→ almost unknown, order = χ3δ0 (3)

Ksym ≡ 9ρ2
0

∂2Esym(ρ)

∂ρ2

˛̨̨̨
ρ0

→ almost unknown, order = χ2δ2 (4)

This Talk Will Say Something About J0



why J0 is important ? naive consideration

E0(ρ) ' E0(ρ0) +
1

2
K0χ

2 +
1

6
J0χ

3 ←− anharmonic effect| {z }
when ρ'3∼4ρ0,χ'1,→ neutron star

J0 ←→ gravitational instability, r-mode ? ⇓ N. Andersson, 2000

E0(ρ) ' E0(ρ0) +
1

2
K0

„
1 +

1

3

J0

K0

«
' E0(ρ0) +

1

2
K0

„
1−

2

3

«
⇓

the effect of J0 is comparable of K0 −→ mass, GW, merge process, supernovae explosion, · · ·

how to constrain J0 ?



flow data from heavy ion collision— soft EoS— small J0

P. Danielewicz, et.al, Science, 2002



maximum mass of neutron stars — hard EoS — large J0

J0348 + 0432, Mmax
NS ' 2.01± 0.04 M�

J. Antoniadis, et.al, Science, 2013



model used (nonlinear RMF)

in my analysis, i use the following Lagrangian,

L =ψ [γµ(i∂µ − gωω
µ − gρ~ρ

µ · ~τ)− (M − gσσ)]ψ

−
1

2
m2

σσ
2 +

1

2
∂µσ∂

µσ − U(σ)

+
1

2
m2

ωωµω
µ −

1

4
ωµνω

µν +
1

4
cω (gωωµω

µ)2

+
1

2
m2

ρ~ρµ · ~ρµ −
1

4
~ρµν · ~ρµν

+
1

2
g2ρ~ρµ · ~ρµΛVg

2
ωωµω

µ,

where

U(σ) =
1

3
bσM(gσσ)3 +

1

4
cσ(gσσ)4

using method of one to one correspondence

ρ0, E0(ρ0), M
∗
dirac, K0, J0, Esym(ρ0), L| {z }

physical quantities

←→ gσ, bσ, cσ, gω, cω, gρ, ΛV| {z }
interaction coulpings



tot EoS for β-stable matter



values for constraining J0

empirical values from finite nuclei studies,

ρ0 =0.153± 0.008 fm−3

E0(ρ0) =− 16.2± 0.3MeV

M∗
dirac/M =0.61± 0.04

K0 =230± 20MeV

Esym(ρc) =27± 1MeV

L(ρc) =50± 10MeV,

and
ρc = 0.11 fm−3.



monotonousness

note: pressure from HIC and maximum mass for NS



constraints for skewness J0

−494 MeV ≤ J0 ≤ −10 MeV



B.J. Cai and L.W. Chen, in preparation



a new interaction needs what ?

if we want to construct a new RMF interaction, we should consider

α). correct binding energy for finite nuclei Bfinite
nuclei, e.g., Pb208

β). correct charge rms for finite nuclei,rrms
charge

γ). pass through constraint from flow data

δ). give as heavy neutron star as possible, at least 1.97M�

λ). · · ·
here, we give a new series of physical quantities (parameters)

ρ0 = 0.151 fm−3, E0(ρ0) = −16.26 MeV,
M∗

dirac

M
= 0.64, K0(ρ0) = 230 MeV,

J0(ρ0) = −435MeV, Esym(ρc) = 26.65 MeV, L(ρc) = 46 MeV,

B.J. Cai, L.W. Chen and W.Z. Jiang, in preparation; Z. Zhang and L.W. Chen, PLB, 2013



more values and figures

Esym(ρ0) =31.81 MeV, L(ρ0) = 52.95 MeV,

Mmax
NS =1.97M�, RNS = 11.08 km,

ρt =0.062 fm−3, pt = 0.28 MeV/fm3,

BPb208 =− 7.868 MeV, (exp. = −7.867MeV),

rPb208
charge,rms =5.52 fm, (exp. = 5.50 fm),

∆rPb208
np =0.194 fm−3,

Ksym(ρ0) =− 53.41 MeV, Ksat,2 = −271MeV,

B.J. Cai, L.W. Chen and W.Z. Jiang, in preparation



flow data again/PNM constraint from χPT/CRMS/Binding

B.J. Cai, L.W. Chen and W.Z. Jiang, in preparation



mass — radius relation

B.J. Cai, L.W. Chen and W.Z. Jiang, in preparation



thanks for your attention !



rCRMS ” ' ” ρ0





spin-obit splitting is not only sensitive to M∗
dirac



Esym(ρc) = 26.65± 0.2 MeV, L(ρc) = 46± 4.5 MeV

Optimization+SHF, ρc = 0.11 fm−3

Z. Zhang and L.W. Chen, PLB, 2013



constraints for Esym

P. Danielewicz and J. Lee, NPA, 2014



Ksym effect, one more term 2−1g2
ρ~ρµ · ~ρµΛSg

2
σσ

2 → ΛS
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