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formation of ∆(1232) in neutron stars (Glendenning, 1985)

e− + n→ Σ− + νe

∆− + p→ n + n

ρcrit
Σ− ≈ 2ρ0

ρcrit
∆− ≈ 3ρ0

ρcrit
Σ− < ρcrit

∆−

L ≡ 3ρ0∂Esym(ρ)/∂ρ|ρ0 ≈ 90 MeV

J0 ≡ 27ρ3
0∂

3E0(ρ)/∂ρ3|ρ0 ≈ −460 MeV

generally, people think that ∆(1232) played little role in neutron stars



importance of ∆(1232)



ρcrit
∆ — why it is large — simple consideration

∆→ N + π

↓

mmin
∆ = mN + mπ ≈ 1076 MeV

mmax
∆ =mmin

∆ = 1076 Mev −→ ρcrit
∆ ≈ 3ρ0

mmax
∆ =m0

∆ = 1232 MeV −→ ρcrit
∆ > 1.0 fm−3

medium effects/mass dependence of ∆(1232) are thus important for determining ρcrit
∆



chemical and β- equilibrium in npeµ∆ matter

reactions:

n→ p + e + νe, p + e→ n + νe

p + µ→ n + νµ, n→ p + µ+ νµ, e→ µ+ νe + νµ

∆++ + n↔ p + p

∆+ + n↔ n + p

∆0 + p↔ p + n

∆− + p↔ n + n

conditions:

µe =µn − µp

µµ =µn − µp

µ∆++ =2µp − µn

µ∆+ =µp

µ∆0 =µn

µ∆− =2µn − µp



ingredients on determining the ρcrit
∆

for instance, for ∆− + p→ n + n, µ∆− = 2µn − µp = µn + µn − µp,

kn,2
F

2m∗dirac
= m∆− − mN| {z }

mass dependence

− 4Esym(ρ)δ| {z }
EOS dependence

+ Σ∆
S − ΣN

S| {z }
scalar self-energy

+ Σ∆−
V − Σn

V| {z }
vector self-energy| {z }

in-medium effects

with m∗dirac ≡ m∗dirac,N,

kn
F =

h
3π2(1 + δ)ρ/2

i1/3

m∗dirac(baryon) = mbaryon + ΣS

µbaryon =
q

k2
F + m∗2

dirac(baryon) + ΣV

µn − µp ≈ 4Esym(ρ)δ, Esym(ρ) ≡ 2−1∂2E(ρ, δ)/∂δ2|δ=0

large uncertainties come especially from poor knowledge on the self-energy difference



mass dependence of ρcrit
∆− in nonlinear RMF

nonlinear Walecka Lagrangian including ∆(1232) [Cai et al., PRC 92, 015802 (2015)]

f (m∆) =
1

4

Γ2(m∆)

(m∆ − m0
∆)2 + Γ2(m∆)/4

, Γ(m∆) =
0.47q3

m2
π + 0.6q2

, q =

24 m2
∆ − m2

N + m2
π

2m∆

!2

− m2
π

351/2



f (m∆) =
1
4

Γ2(m∆)

(m∆ − m0
∆)2 + Γ2(m∆)/4



ρcrit
∆− remains underdetermined — xρ = gρ∆/gρN completely unknown

`
kn

F

´2

2m∗dirac
≈ Φ∆ + gσN(1− xσ)σ − gωN(1− xω)ω0−6(1− xρ)Epot

sym(ρ)δ−4Ekin
sym(ρ)δ



ρcrit
∆ for four charge states (xi = gi∆/giN)

the critical conditions are

ρcrit
∆− :

`
kn

F

´2

2m∗dirac
≈ Φ∆ + gσN(1− xσ)σ − gωN(1− xω)ω0−6(1− xρ)Epot

sym(ρ)δ−4Ekin
sym(ρ)δ

ρcrit
∆0 :

`
kn

F

´2

2m∗dirac
≈ Φ∆ + gσN(1− xσ)σ − gωN(1− xω)ω0−2(1− xρ)Epot

sym(ρ)δ

ρcrit
∆+ :

`
kp

F

´2

2m∗dirac
≈ Φ∆ + gσN(1− xσ)σ − gωN(1− xω)ω0+2(1− xρ)Epot

sym(ρ)δ

ρcrit
∆++ :

`
kp

F

´2

2m∗dirac
≈ Φ∆ + gσN(1− xσ)σ − gωN(1− xω)ω0+6(1− xρ)Epot

sym(ρ)δ+4Ekin
sym(ρ)δ

with Φ∆ ≡ m∆ − mN (mass difference) and

Epot
sym(ρ) = 2−1ρg2

ρN(m2
ρ + ΛVg2

ρNg2
ωNω

2
0)
−1, Ekin

sym(ρ) = 6−1k2
F(k2

F + m∗,2
dirac)

−1/2

thus

ρcrit
∆− < ρcrit

∆0 < ρcrit
∆+ < ρcrit

∆++ , for xσ = xω = xρ = 1 (universal baryon-meson coupling)



confirmed by RHF calculations

Zhu et al., 2016 (arXiv:1607.04007)



effects of xρ on the π−/π+ ratio

f∆ ↔ 3xρ

Li, PRC 92, 034603 (2015)



review of the status of the L and Esym(ρ0)

Esym(ρ0) ≈ 31.6± 2.7 MeV, L ≈ 59± 16 MeV Li and Han, PLB 727, 276 (2013)



L is found to be smaller than early RMF predictions

EPNM(0.10 fm−3) ≈ E0(ρ0)+
1
2

K0χ
2+Esym(ρ0)+Lχ ≈ 18 MeV−

1
8

L, χ =
ρ− ρ0

3ρ0
≈ −

1
8

Π
phen
αβ (q2) = ΠQCD

αβ (q2) (QCD sum rules) : self-energy (Σ)←→ EOS (E(ρ, δ))

Παβ
QCD(x) ∼ 〈jα(x)jβ(0)〉 =

X
n

Cαβ
n On(x), ρphen(s) ∼ φδ(s−M2)−

1
4π2

s〈qq〉vacθ(s− s0) + · · ·

Cai and Chen, 2016



dependence of ρcrit
∆− on the EOS of ANM

default set:

ρ0 = 0.149 fm−3

E0(ρ0) = −16.09 MeV

m∗0
dirac(ρ0)/mN = 0.64

K0(ρ0) = 230 MeV

J0(ρ0) = −415 MeV

Esym(ρ0) = 31.17 MeV

L(ρ0) = 48.64 MeV



J0 reflects the high density behavior of the EOS

Cai and Chen, 2014 (arXiv:1402.4242)



L(ρr) = 3ρr∂Esym(ρ)/∂ρ|ρr



Drago et al., PRC 90, 065809 (2014)



NS including degrees of freedom of ∆(1232) (∆ puzzle)

• modified fractions of the lighter particles e and µ will after possible kaon condensation

• boost of the proton fraction may have impact on cooling processes in neutron stars



summary

• formation densities of ∆(1232) remain underdetermined:

◦ in-medium mass m∆

◦ Ekin
sym and Epot

sym separately

◦ skewness of the SNM J0

◦ completely unknown ρ-∆ coupling gρ∆

ρcrit
∆− can be very small (≈ ρ0)

• composition/structure of neutron stars

• reducing mass/radius of neutron stars (∆ puzzle)

thanks for your attention



definition of EOS of ANM

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)δ
4 +O(δ6)

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)

Esym,4(ρ) ≡
1

24
∂4E(ρ, δ)

∂δ4

˛̨̨̨
δ=0

≈Esym,4(ρ0) + Lsym,4χ+
Ksym,4

2!
χ2 +

Jsym,4

3!
χ3 +

Isym,4

4!
χ4 +O(χ5)



more on default RMF set: SNM/PNM constraints/CRMS/Binding/MNS
max

←− relative deviation less than 2%

MNS
max ≈ 2.01M�

Cai, Chen, and Jiang, 2014



relation between MNS
max and its radius





uncertainties on J0 are large

Cai and Chen, 2014 (arXiv:1402.4242)



effects of J0 on nuclear structure quantities are small



nonlinear RMF model including ∆(1232)

Lagrangian:

L =ψN
ˆ
γµ(i∂µ − gωNω

µ − gρN~τN · ~ρµ)− (mN − gσNσ)
˜
ψN

+ ψ∆ν

ˆ
γµ(i∂µ − gω∆ω

µ − gρ∆~τ∆ · ~ρµ)− (m∆ − gσ∆σ)
˜
ψν

∆

+
1
2
∂µσ∂

µσ −
1
2

m2
σσ

2−
1
3

bσNmN(gσNσ)3 −
1
4

cσN(gσNσ)4 (Boguta et al., 1977)

+
1
2

m2
ωωµω

µ −
1
4
ωµνω

µν+
1
4

cωN(g2
ωNωµω

µ)2

+
1
2

m2
ρ~ρµ · ~ρµ −

1
4
~ρµν · ~ρµν

+
1
2

“
g2

ρN~ρµ · ~ρµ
”

ΛVg2
ωNωµω

µ (Müller et al., 1996; Todd-Rutel et al., 2005)

scalar self-energy:
ΣN

S = −gσNσ, Σ∆
S = −gσ∆σ

vector self-energy:

ΣN
V =gωNω0 + τ

p/n
3 gρNρ

(3)
0 , Σ∆

V = gω∆ω0 + τ i
3gρ∆ρ

(3)
0


