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Neutron star has a size of Lisbon
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Pulsar - rotating neutron star

Pulsars can spin up to 1000 times per second!
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Neutron star

the last stage of massive star evolution, produced in core collapse supernova
explosion. Usually detected as a pulsar
the most compact and exotic astrophysical objects in the universe that are
accessible by direct observations
the most extreme objects in terms of the rotation speed, density, radius, magnetic
field, etc.

Neutron star White dwarf Sun
Mmax (M⊙) 2 1.44 1
R (km) 11-12 104 7 · 105

nc (g/cm3) 1014 − 1015 107 102

rotation speed (s) 10−3 − 1 100 2 · 106

B (G) 108 − 1016 100 1
T (K) 106 − 1011 103 105
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Outer crust

On the surface p = 0 as there is nothing above the crust

NS temperature T ∼ 109K . The thermal energy is pretty small compared with the Fermi
energy, thus the standard NS model uses the zero-temperature approximation, Typical
’excitation energies’ ∼ 1010K ≃ MeV . Thus, NS can be regarded as being in the ’lowest
energy state’ - the ground state of matter

Nucleons arranged into Fe56 nuclei, the most tightly bound nucleons. Nuclei
arranged in a periodic lattice to minimize the energy.

At density 104g cm−3 atoms become completely ionized.

When the Fermi energy of the electrons exceeds ∼ 1MeV , Fe56 is not any more a
favoured nucleus due to inverse beta decay.

p + e− → n + ν (1)

Electrons from the top of the Fermi sea will combine with protons to form
neutrons. Neutrinos will escape.

Due to inverse beta decay nuclei will become more and more neutron rich. Now on
Ni62 will become more preferable nuclei. It continues until density becomes equal to
4.3 1011g cm−3
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Binding energies of nuclei 

Binding energy per nucleon 
 
n+n, p+p:         no binding 
d = n+p:           1.1 MeV 
α  = 2n +2p:     7.1 MeV 

 8
4Be = 2α:       no binding 

 
 12

6C:                 7.68 MeV 
 16

8O:                 7.98 MeV 
 
56

26Fe:              8.79 MeV 
62

28Ni:               8.79 MeV 
 

Isotopes: N,Z 
Excited nuclei 
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Interior Structure

Heavy nuclei in a 
crystalline e lattice                              

Fe

Credits: Nikolaos Stergiolas
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Interior Structure

Heavy nuclei in a 
crystalline e lattice                              

Fe
Neutron drip

Credits: Nikolaos Stergiolas
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Neutron drip line defines the boundary between outer and
inner parts of the crust

At density 4.3 1011g cm−3 nuclei become so neutron rich that neutrons begin to ’drip

out’ of the nuclei. Inner crust starts to be consist of lattice of exotic nuclei embedded in

a sea of neutrons.

Credits: J. Bramante & N. Raj

10/41



NS properties

Phase
transitions

Phase diagram

Constraints on
realistic EoS

Chart of nuclei
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Interior Structure

Heavy nuclei in a 
crystalline e lattice                              

Fe
Neutron drip

N, n, e in β-equilibrium, 
superfluid n

Credits: Nikolaos Stergiolas
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Fluid core

Above 2.5 1014g cm−3 the nuclei will ’melt’. A fluid of neutrons, protons and
electrons will appear.

The relative number of neutrons, protons and electrons can be obtained by
requiring β equilibrium:

n → p + e− + ν̄e , p + e− → n + νe (2)

Chemical equilibrium requires chemical potential of neutrons equals to the sum of
chemical potentials of proton and electron.

13/41



NS properties

Phase
transitions

Phase diagram

Constraints on
realistic EoS

β equilibrium 
Not only neutrons 
Matter consists also on  
protons, electrons, and further elementary particles 
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Interior of neutron star
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Nuclear pasta configurations produced in Molecular
dynamics simulations

Credits: Horowitz et al., 2015; Schneider et al., 2014, 2013
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Interior Structure

Heavy nuclei in a 
crystalline e lattice                              

Fe
Neutron drip

N, n, e in β-equilibrium, 
superfluid n

(possible) mantle 
with deformed nuclei 
(“pasta” phase)

superfluid n 
superconducting p and e

Credits: Nikolaos Stergiolas
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Interior Structure

Heavy nuclei in a 
crystalline e lattice                              

Fe
Neutron drip

N, n, e in β-equilibrium, 
superfluid n

(possible) mantle 
with deformed nuclei 
(“pasta” phase)

superfluid n 
superconducting p and e

ρ >> nuclear saturation density 
          ~2 x 1014 g/cm3

Credits: Nikolaos Stergiolas
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Phase transitions

A phase transition is a change in state from one phase to another

Examples of phase transitions:

Quantum condensation of bosonic fluids (Bose-Einstein condensation);

The breaking of symmetries in the laws of physics during the early history of the universe
as its temperature cooled;

Water freezing, evaporation, condensation, sublimation;

The transition between the ferromagnetic and paramagnetic phases of magnetic materials
at the Curie point;

and many more.
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Phase transition in champagne
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Strongly Interacting Matter Phase Diagram
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What is Quark-Gluon Plasma?
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Want to know what is inside? What to do?
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To break it apart!!!
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Large Hadron Collider (LHC) in CERN
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ALICE experiment at the LHC
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Stages of Heavy-Ion Collisions

Non-equilibrium dynamics - the formation of local equilibrium

The hydrodynamic expansion - local equilibrium

Hadronisation - formation of full equilibrium

Hadron freeze-out – full equilibrium, formation of particle yields
Free streaming
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The nuclear Equation of State (EoS) at T=0

E(nB ,δ)
A = E(nB ,0)

A + S(nB)δ
2 + O(...4) δ =

nn−np
nB

symmetric matter (a)symmetric matter nB = nn + np

ϵ =
nB−n0

n0

E(nB ,0)

A =
E(n0)

A + 1
18K0ϵ

2

E(n0)
A

≡ E0
A

= −16 ± 1MeV binding energy per

nucleon at saturation density n0 = 0.16±0.01fm−3

K0 ≡ 9n20

(
∂2E
∂n2

B

)
nB=n0

= 200 − 260MeV

δ = 0 incompressibility at n0

S(nB ) = S(n0) +
1
3Lϵ +

1
18Ksymϵ

2

S(n0) ≡ S0 ≡ J = 30 ± 4MeV

S(n0) ≡ 1
2

(
∂2E
∂δ2

)
nB=n0

symmetry energy at n0

δ = 0

L ≡ 3n0

(
∂S(nB )
∂nB

)
nB=n0

= 20 − 115MeV

δ = 0
symmetry energy slope at n0
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EoS ⇔ M-R diagram

The Tolman-Oppenheimer-Volkoff (TOV) equation constrains the structure of a
spherically symmetric body of isotropic material which is in static gravitational
equilibrium. The equation is derived by solving the Einstein equations for a general
time-invariant, spherically symmetric metric.

dp

dr
= − (p + ϵ)

M + 4πr3p

r(r − 2M)
, (3)

dM

dr
= 4πϵr2 , (4)

TASK: Derive the TOV Eq.
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Equation of state (EoS) ⇐⇒ Mass-Radius diagram

Watts et al. 2015 SKA Science Book

EoS is an input to the Tolman-Oppenheimer-Volkoff (TOV) equation

dp

dr
= −

(ϵ+ p)(M + 4πr3p)

r2 (1− 2M/r)
, (1)
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Third family of compact stars

Credits: David Alvarez-Castillo, David Blaschke, arXiv:1807.03258 [nucl-th]
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NS masses

Hulse-Taylor binary system (PSR B1913+16) is the first system for which reliable
mass measurements were made. Consist of pulsar and an NS.
1993 Nobel Prize in Physics "for the discovery of a new type of pulsar, a discovery
that has opened up new possibilities for the study of gravitation". 7/33
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Neutron star masses 

inferred mass distributions  
for the different populations of neutron stars.  

F. Ozel and P. Freire, Annu. Rev. Astron. Astrophys. 54, 401 (2016) 
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M and R measurements

4 NSs with mass above 2M⊙

PSR J0348+0432: M = 2.01+0.04
−0.04M⊙ (Antoniadis+ 2013)

PSR J0740+6620: M = 2.08+0.07
−0.07M⊙ (Fonseca+ 2021)

PSR J1810+1744: M = 2.13+0.04
−0.04M⊙ (Romani+ 2021)

PSR J0952-0607: M = 2.35+0.17
−0.17M⊙ (Romani+ 2022)

Radius measurements have big uncertainties that are related to the modelling of the
atmosphere composition

Ivanytskyi&Blaschke 2022
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Neutron Star Interior Composition ExploreR
(NICER)

NICER is NASA’s fast X-ray photon 

counting machine.

Credits: NASA/NICER

Credits: Sebastien Guillot 11/33
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The pulsed emission caused by hot spots on a rotating 

neutron star can help measure the compactness.

~105 K

~106 K

Credits: NASA/NICER
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NICER results
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Double pulsar system

PSR J0737-3039 (PSR J0737-3039A (1.337 M⊙) & PSR J0737-3039B (1.250
M⊙)) is the only known system containing two pulsars – thus a ’double pulsar’
system.

The orbit has decayed since the binary system was initially discovered, in precise
agreement with the loss of energy due to gravitational waves described by
Einstein’s general theory of relativity.

14/33



NS families

Strange stars

M and R
measurements

Double NS
system

Millisecond
pulsars

Magnetars

NS glitches

Superfluidity/
superconductivity

Post-Keplerian parameters

Nice (2013)

Any PK measurement yields a line in the (m1,m2)-plane.

Hence, two PK parametres determines m1 and m2 uniquely. 
44

Credits: Thomas Tauris
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Credits: Scuola nazionale de Astrofisica Radio Pulsars
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Confirmation of GR

Mass-mass diagram for the J0737-3039 system. All lines meet at a single point in the
diagram, i.e., GR passes the tests posed by these four distinct constraints.

The orbital decay due to the emission of gravitational waves has been measured for six

DNS systems: PSR B1913+16, J0737-3039A/B, B1534+12, J1756-2251, J1906+0746

and B2127+11C.

Credits: Kramer et al. 2006
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Millisecond pulsars

Millisecond pulsars (MSPs) refers to pulsars with spin periods in the range
1.39 < P < 20 ms and Ṗ < 10−19.

These systems have been heavily recycled by a long-lived accretion phase in a
low-mass X-ray binary (LMXB).

∼ 20% are isolated, most of the remaining objects have white dwarf companions
and very small orbital eccentricities.

The fast (and very stable) rotation of MSPs makes their timing significantly more
precise than for the pulsars in DNSs. However, their low orbital eccentricities pose a
problem for mass determination (and tests of GR), since, in these cases, the PK
parameters ẇ and γ cannot be measured accurately.

MSPs in globular clusters (GCs) have gravitational interactions with nearby stars
that, with time, can make an initially circular orbit acquire a substantial eccentricity
=⇒ possible to measure ẇ and total mass.
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Generic Evolution of Pulsars 

Newly-born neutron stars Observed young pulsars

Middle-aged pulsars

Low-mass X-ray binaries

Non-pulsating neutron stars

Millisecond pulsars

-spin as fast as allowed (>1kHz); 

hot (~ MeV)

-thousands of yrs old; all spin  

with remarkably low freq.

-a few millions of yrs old …

become invisible 

“recycled”

-spin down further

-spun up by accretion over 

many millions of yrs 

-can be billions of yrs old; 

extremely stable: timing 

43

Credits: Sophia Han
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P − Ṗ diagram

Credits: W.Becker, M.G. Bernhardt, A. Jessner, arXiv:1305.4842
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P − Ṗ diagram

Credits: W.Becker, M.G. Bernhardt, A. Jessner, arXiv:1305.4842
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Magnetars (magnetic star)

Ultra-strong magnetic field ∼ 1014 − 1015 gauss.
For comparison: magnetic field strength of Earth ∼ 0.5 gauss, normal star ∼ 100
gauss, Sunspots ∼ 3000 gauss, pulsars ∼ 1012 gauss.
Young NSs.
Sources of the soft γ repeaters (SGR) and anomalous X-ray pulsars powered by the
decay of the magnetic field.
SGR is an astronomical object which emits large bursts of γ -rays and X-rays at
irregular intervals.
Ultra-strong NS field decay, causing extreme heating of crust =⇒ high X-ray
luminosity.
Starquakes triggered on the surface of the magnetar disturb the magnetic field
leading to extremely powerful γ-ray flare emissions.
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Magnetars

During initial formation of NS, rapid spin of core can produce magnetic fields as
high as 1015−16 G - most NSs do no spin fast upon formation, prohibiting this
dynamo from operating; more "typical"pulsar fields result.

Credits: Patric Slane

Strongest magnetic field that could possibly be contained in a NS

B2
max

8π
∼ P ∼

GM2

R4
=⇒ Bmax ∼ 4 · 1018G (2)
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Glitches

A glitch is a sudden increase in the rotational frequency of a rotation-powered pulsar.
Following a glitch is a period of gradual recovery where the observed periodicity slows to
a period close to that observed before the glitch. These gradual recovery periods have
been observed to last from days to years. Currently, only multiple glitches of the Crab and
Vela pulsars have been observed and studied extensively.)

Explanation: Glitches are thought to be the result of a rapid transfer of angular
momentum between this inner superfluid and the outer crust, to which the NS
magnetosphere is attached and whose radiation we observe.
The process leading to a glitch is believed to be from the interior of the NS, rather than
from the magnetosphere which causes the spin down. This is because the structure of
pulses observed during glitch events remains unchanged.

Credits: S.A. Abdullah, M.M. Yaseen
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Cooper pairing in NSs

Credits: Mark Alford
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Pairing in the quark core

Credits: Qun Wang
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Lecture Tomorrow: Multi-Messenger Astrophysics
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