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I NS properties and internal structure

I parameters of nuclear matter, symmetry energy

I Es and the crust-core transition

I Es and the phase separation in the inner core



NS properties and structure

radio pulsars: period P = 1 ms - 5 s

magn. dipole B = 109−12 Gs

mass M = 1− 2 M�

radius R = 10− 20 km

⇒ ρ > ρnuc

thermal X-ray emission

surface T = 105−6 K



NS properties and structure

radio pulsars: period P = 1 ms - 5 s

magn. dipole B = 109−12 Gs

mass M = 1− 2 M�

radius R = 10− 20 km

⇒ ρ > ρnuc

thermal X-ray emission

surface T = 105−6 K



NS properties and structure

g/cm3

101 the edge of NS, bcc lattice of 56Fe

107 e - relativistic, µe > mn −mp beta equilibrium starts (in nuclei)
neutron-rich nuclei, proton fraction x ↘
x(56

26Fe) = 0.46 Ni , Se, Ge, · · · x(118
36Kr) = 0.30

1011 neutrons drip out of nuclei
two-phase system:
I: e + A

ZX , (x > 0) II: e + neutrons (x=0)

partial Gibbs conditions for two-phase system:
µI

e = µII
e , µI

n = µII
n , µI

p < µII
p

protons confined in nuclei

1013 µI
p = µII

p - proton drip, two phases with : x I 6= x II

nuclei dissolve or non-spherical structure: rods, plates ...
the lattice disappear - the inner edge of the crust

> 1014 liquid npl matter, one-phase system
95% of NS mass
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Nuclear matter

Basics on nuclear matter

binding energy of (A, Z) nucleus

Eb

A
= −w0 + as(1− 2

Z

A
)2 + asA

−1/3 + aC
Z 2

A4/3
+ · · ·

infinite nuclear matter with density n0

E

A

˛̨̨̨
A→∞

= mN − w0 + as(1− 2x)2

for any barion density n

E/A ≡ u(n) = mN + V (n) + Es(n)(1− 2x)2

NS matter - degenerated n, p, e under beta equilibrium

n ↔ e + p + ν̄e ↗ ⇒ µn − µp = µ

proton fraction at n0 in npe matter (NS liquid core)

4(1− 2x)as = µ , as = 30 MeV ⇒ x(n0) ≈ 4%

Es(n)→ the chemical composition of matter
V (n)→ the stiffness of EoS
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Nuclear matter

The importance of the symmetry energy

direct URCA
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Stability conditions

Stability conditions

the core → crust transition - the instability point for homogeneous phase

du = −P dv ⇒ −∂P

∂v
> 0 (T = 0)

NS matter two component system: B and Q

→ du = −P dv − µ dq , u = U/B , v = V /B , q = Q/B

stability of a single phase against n and q fluctuations
→ convexity of u(v , q)
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Stability conditions

the symmetry energy Es −→ Kµ , χv

Kµ = n2
“
E ′′s (1− 2x)2 + V ′′

”
+ 2 n

“
E ′s (1− 2x)2 + V ′

”
−2(1− 2x)2E ′2s n2

Es

χv =
1

8Es(n)
+

µ(ke + kµ)

nπ2
, Es(n)↘ 0− specially interesting

unknown behavior of Es / Es(n0) = as ≈ 30 MeV /

at low densities:

a-d - Chen,Ko,Li ’05
e - Kowalski et.al ’06
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The crust-core transition

the instability point at low density

npl matterx=0

x=1/2

model c
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The crust-core transition

Pulsar glitching and the crust size
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I critical density sensitive for Es

I the NS crust size may constrain
Es for n < n0



The phase separation in the inner core

Instability at high densities
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The phase separation in the inner core

high densities (contd)
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The phase separation in the inner core

Two-phase system

/nuclear model: stiff EoS + symmetry energy: A/

Construction of phase equilibrium

Gibbs conditions:
µN

e = µP
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The phase separation in the inner core

Massive neutron stars

multi-layer structure of NS core (model: stiff + A)

RNS = 10.5− 9.2 km ∆Rcrust ≈ 0.3 km

M/M� < 1.74 1.74 < M/M� < 1.90 1.90 < M/M� < 2.02

homogeneous, liquid core mixed phase: mixed phase < 20%
< 20% of total mass pure n matter < 35%



SUMMARY

I simple, analytical relation between the Es and the critical density for phase
separation

I glitching observations (crust thickness) may constraint the behavior of Es

below n0

I at high densities low Es leads to the phase separation, more rich structure
of NS core, possible observational consequences:

• new effects in NS rotation (second component in the NS core)
relevant for pulsar precession and glitching

• another type of cooling (lattice URCA)
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