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Thermodynamics of Compact Objects

Landau Potential: Q, = —kTInZqg

Thermodynamical Potential:

Particle Number Density: n = —

1
Energy Density: pgp = — / (
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Thermodynamics of Compact Objects

Equation of States: White Dwarfs

p= MBlVe 3
32 3 F
2

2
P % . g [ggF, 1 —i—x% (gx% — 1) +arcsinh(1‘p)}

where zp is for quantization of particles’ relativistic behavior, A
is particle’s Compton wavelength.

br
rp = —
mc
h
A= —
mc
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Thermodynamics of Compact Objects

Equation of States: Neutron Stars

The following equation of states was formulated by
Chandrasekhar and cited by Oppenheimer in his paper on
neutron star theory in 1939.

pE = K(sinht —t)
t
pP= g(sinht +3t —8sinh )

Remark

The above equation of state is merely a naive model. Modern
theory uses far more complicated equation of state based on
strong interactions between neutrons.
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Equilibrium of White Dwarfs

Solution of White Dwarfs

Combine the equilibrium equation and equation of states, we
are able to obtain the numerical solution of M-R relation.

‘White dwarf : radius - mass relation
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Equilibrium of White Dwarfs

Solution of White Dwarfs

The density distribution in the interior of white dwarfs is
presented below

Density distribution in white dwarf
—7—____ Density / 10°kg/ m’
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Cooling Equations

3 Cooling of white dwarf

2 ‘ Tovitical = [ L’7 ]2/7( )
critica 2 % 106M/M@

_ g _ 3k \ dT

3 ) dt - 2AmB C dt

Time / 10" year

Temperature / 10° K

Figure: Cooling Curve
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Equilibrium of Neutron Stars

Equation of Equilibrium

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km

electrons, neutrons, nuclei d m ( 7,.)

outer core ~ 9 km

neutron-proton Fermi liquid d?"
few % electron Fermi gas

dP(r)

quark gluon plasma? 7 = — (p(r) + p

G[m(r) + 47rr?c’P('r)]
?"(7“ _ ZGZZ(T))

P(?“))

Figure: The possible interior
structure of neutron star
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Equilibrium of Neutron Stars

Equation of States: Neutron Stars

The following equation of states was formulated by
Chandrasekhar and cited by Oppenheimer in his paper on
neutron star theory in 1939.

pE = K(sinht —t)
t
pP= g(sinht +3t —8sinh )

Remark

The above equation of state is merely a naive model. Modern
theory uses far more complicated equation of state based on
strong interactions between neutrons.
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Equilibrium of Neutron Stars

Solution Corresponding to the Oppenheimer’s EOS

Mass -Radius of neutron stars

——M-R relation
without approximation
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Radius /km

Figure: Numerical Solution of TOV Equation
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Equilibrium of Neutron Stars

Solution Corresponding to the Approximation of
Oppenheimer’s EOS
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Figure: Numerical Solution of TOV Equation
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Equilibrium of Neutron Stars

A Qualitatively Illustration of the Increase of Maximum
Mass

Equilibrium: Gravity against degeneracy pressure.
Neutron’s degeneracy pressure in the two cases are given by:

P = Kp4/3 Relativistic Case
P = K,o5/3 Non-Relativistic Case

Relativistic effects result in a weaker degeneracy pressure at a
given density.
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Equilibrium of Neutron Stars

Oppenheimer’s Original Results
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Figure: The solution of Oppenheimer and Volkoff.
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Equilibrium of Neutron Stars

Cooling of Neutron Stars

In general, the cooling equation is:

aTg — —bT* — cT?
dt

The two terms in the equation correspond to neutrino emission
and photon emission respectively.
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Astronomical Observatio White Dwarfs

Gallery
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Astronomical Observation of White Dwarfs
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Figure: Hubble Telescope’s Photo of NGC 2440: Pearl of a New
White Dwarf

al Science and Techn , Wuhan University




Experimental Observation of Compact Obje
000@0000

According to Stefan-Boltzmann Law, we
should have:

log L < 4logT,

Therefore, white dwarfs are expected to
occupy a narrow strap in H-R diagram.

Diagram
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Astronomical Observation of White Dwarfs

Measuring the Radii of White Dwarfs

According to energy conservation in radiation, we have:

2

F,(Measured) = F,,(Surface)%

In this formula, all quantities except R can be directly or
indirectly measured by observations.




Introduction Theory of W warfs I Jeutron Stars Experimental Observation of Compact Obje
00000800

Astronomical Observation of White Dwarfs

Measuring the Masses of White Dwarfs

Using Kepler’s 3rd Law

Invoking:

P= 27r(—G(M1a;_ My) )—1/2

Mlal = MQ(ZQ

Figure: White Dwarfs Binary
System
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Astronomical Observation of White Dwarfs

Measuring the Masses of White Dwarfs

Using Gravitational Redshift

The formula is given below:

AN GM

A R

Remark
In order to distinguish redshift effects from Doppler effects,

physicists usually use white dwarfs in wide binaries or common
proper-motion pairs, for these white dwarfs’ velocities can be

measured accurately.
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Astronomical Observation of Neutron Stars

Experimental Observation of Compact Objects

m Astronomical Observation of Neutron Stars




Introduction Theory of White Dwarfs Neutr: Experimental Observation of Compact Obje

Astronomical Observation of Neutron Stars

Gallery




Introduction Theory of White Dwarfs The utre Experimental Observation of Compact Obje

Astronomical Observation of Neutron Stars

Gallery

VELA PULSAR JET




Introduction Theory of W warfs ! \ n 'S xperimental Observation of Compact Obje

Astronomical Observation of Neutron Stars

Measuring Neutron Stars’ Masses
Using Kepler’s 3rd Law

Invoking:

P= 27r(—G(Mla;L M) )2

Mlal = MQ(ZQ

Figure: Neutron Stars Binary
System
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Astronomical Observation of Neutron Stars
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