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The properties of
dense matterare
encodedinthe
equation of state
which canbe
determined by
studying the
mass-radius
relation of
neutron stars.
(Figure after
EEELSN /M. Weiss).

neutrons ¥

The mass and radius of neutron stars
can be estimated from observations of
pulsars in binary systems.

The figure below shows the relation
between the mass and the radius of the
neutron star PSR JO740+6620 as
obtained from
observations. The
lightest zone
corresponds to
the most probable
values: 2.08 solar
masses and
12.35 km (Miller
etal. 2021),
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Only the outermost part of a neutron
star (corresponding to O.01 percent
of its mass) can be described using
experiments on atomic nuclei made on
Earth. Most of the nuclei that are
present in the neutron star crust and
core can only be studied theoretically.

Within neutron stars, the pressure
must increase rapidly enough with
density to support the mass of the
nheutron star. Using this condition,
theoretical physicists estimate the
relation between the density and the
pressure. From this Equation of State
they can derive the relation between
the mass and the radius of a neutron
star and compare it with observations.
By successive approximations they can
determine the actual Equation of State
of dense matter, thus unveiing the
properties of the most extreme state
of the matterknown today.
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An artist’s depiction of two merging
neutron stars. The narrow beams are the
gamma-ray bursts. Swirling clouds of
material ejected from the merging stars
are also shown. These clouds emit in
visible light as well as other wavelengths.

Credits:

Image: National Science
Foundation/LIGO/Sonoma State University/A.
Simonnet
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Considering the number of stars that
explode as supernovae there should
be about one billion heutron stars in
the Milky Way. However, astronomers
directly observe only about 3000 of
them in our Galaxy.

In most neutron stars a beam of
radio emission is created by the
magnetic field at their poles. This
magnetic field is extreme - 1075
times stronger than Earth’s
magnetic field. As the neutron star
spins, a radio signal can be detected
when the beam is directed towards
us, mimicking pulses.

Shortly after their discovery, the
properties of these objects (named
pulsars) were explained by this
lighthouse effect. Only neutron stars
- then merely a theoretical concept -
had properties that could explain the
observations.
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Images of
supernova
remnants with
aneutron star
in their center.
The Crab nebula
is about one
hundred trillion
km across. The
neutron star
has a diameter
of only about
20 km.

The Crab nebula with a pulsar in
the center (red - optical data by
Hubble, -ray images by
Chandra)®

NIRCam g — | MIRI MRS Argon II

SN 1987A >

NIRSpec IFU Argon VI

~

Supernova remnant observed v

by the James Webb Space Telescope.__
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Quiz

1. Neutron stars are:

a. collapsed cores of rr ive stars
b. akind of black holes
c. remnants of galaxies

2. What is the typical mass of a neutron star?
a. between & and 25 solar masses
b. more than 100 millions of solar masses
c. between 1 and 3 solar masses

3. Neutron stars are observed
a. inall electromagnetic wavelengths
b. onlyin X-rays and visible light
c. onlyingamma rays
d. only in radio

4. The surface temperature of neutron stars is
typically

a. greaterthan 100 million degrees

b. afew million degrees

c. similar to that of the Sun
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This booklet was writtenin 2024 by
Pawet Haensel, Leszek J. Zdunik from
Nicolaus Copernicus Astronomical Center
(Poland) and Michat Bejger from INFN
Ferrara (Italy) and Nicolaus Copernicus
Astronomical Center (Poland). It was
revised by Stan Kurtz (UNAM, Mexico)
and Grazyna Stasitiska (Paris
Observatory).

E To learn more about this
series and about the
r ) : .
topics presented in this
booklet, please visit
E http://www.tuimp.orqg
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Aneutron staris a stellar remnant: the
end of a massive star, which - at the
beginning of its life - had a mass larger
than about & solar masses, and less than
25 solar masses. At the end of itslife, a
massive star explodes as a supernova and
the remaining material subsequently
collapses due to the loss of energy
production. As a result the star's core is
compressed to densities greater than
that of atomic nuclei. Neutron stars are
the second most dense objects currently
known to science. Their cormpactness (the
ratio between mass M and radius R) is
second only to black holes. Neutron
stars have a radius of about 10
kilometers and a mass

between 1 and 2 solar masses. For
comparison, a black hole of 1 solar
mass has a radius of about 3 km.
They were only a theoretical concept
until their discovery in 1967.



