
the 
Interior of 
neutron 
Stars
In 1934, the astronomers Walter 
Baade (1893-1960) of the Mt. 
Wilson and Palomar Observatories 
and Fritz Zwicky (1898-1974) of 
Caltech used estimates of the 
amount of radiation emitted during 
a supernova to calculate the energy 
loss, and hence the mass loss, of 
the star that exploded. They found 
that “the phenomenon of a super-
nova represents the transition 
of an ordinary star into a body 
of considerably smaller mass.”1 
Further, they concluded that this 
object would be very compact and 
be composed mostly of neutrons, 
hence the term “neutron star.”

With all reserve we advance 
the view that a super-nova 
represents the transition of an 
ordinary star into a neutron 
star, consisting mainly of 
neutrons. Such a star may 
possess a very small radius and 

an 
extremely high density. … 
As neutrons can be packed much 
more closely than ordinary nuclei 
and electrons, the “gravitational 
packing” energy in a cold neutron 
star may become very large, and, 
under certain circumstances, 
may far exceed the ordinary 
nuclear packing fractions. A 
neutron star would therefore 
represent the most stable 
configuration of matter as such.2

The first observational evidence 
of neutron stars came more than 
three decades later, when in the 
summer of 1967, Susan Jocelyn 
Bell discovered what came to 
be known as “pulsars.” Bell was 
pursuing her PhD under Professor 
Anthony Hewish3 at the University of 

Cambridge 
in the UK. As she began to analyze 
data from a large rectangular array 
of antennas that she had helped  
construct at the Mullard Radio 
Astronomy Observatory, she soon 
discovered a pulsating celestial 
radio source with a very steady 
period (1.3372795 ± 0.0000020 
seconds).4 

Similar celestial objects were soon 
identified, and Bell, Hewish and 
others at Cambridge began to name 
them LGM-1, LGM-2, etc., where 
LGM stood for Little Green Men. 
The naming was intended as a bit 
of humor based on the possibility 
that the observed pulsations might 
be signals from intelligent beings 
beyond Earth. The Cambridge 
team did consider and rule out a 
number of “intelligence-related” 
possibilities, such as “man-made 
transmissions which might arise 
from deep space probes, planetary 
radar or the reflexion of terrestrial 
signals from the Moon.”5 

The Cambridge group suggested 
that the regular pulsations might 
be caused by radial oscillations (in 
and out movements) of a star at 
the end state of its evolution, i.e., 
a white dwarf or a neutron star.6 

How a USRA astrophysicist helped to advance the 
study of matter at ultra-high densities.
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However, Professor Thomas Gold (1920-
2004) of Cornell University immediately 
recognized that the most probable source of 
the pulsations was a rotating neutron star: 

The constancy of frequency in the recently 
discovered pulsed radio sources can be 
accounted for by the rotation of a neutron 
star.  Because of the strong magnetic 
fields and high rotation speeds, relativistic 
velocities will be set up in any plasma in the surrounding magnetosphere, leading to radiation in the pattern of 
a rotating beacon. … No other theoretically known astronomical object would possess such short and accurate 
periodicities as those observed.7

In 1974 Professor Joseph H. Taylor, then of the University of Massachusetts, Amherst and his student Russell A. 
Hulse, discovered a pulsar with a companion star, i.e., a pulsar in a binary system.  The discovery earned them the 
1993 Nobel Prize in Physics, because it had opened new possibilities for the study of gravitation:

The first pulsar was discovered in 1967 at the radioastronomy laboratory in Cambridge, England … What was 
new about the Hulse-Taylor pulsar was that, from the behaviour of the beacon signal, it could be deduced that 
it was accompanied by an approximately equally heavy companion at a distance corresponding to only a few 
times the distance of the moon from the earth. The behaviour of this astronomical system deviates greatly 
from what can be calculated for a pair of heavenly bodies using Newton’s theory. Here a new, revolutionary 
“space laboratory” has been obtained for testing Einstein’s general theory of relativity and alternative theories 
of gravity. So far, Einstein’s theory has passed the tests with flying colours. Of particular interest has been 
the possibility of verifying with great precision the theory’s prediction that the system should lose energy 
by emitting gravitational waves in about the same way that a system of moving electrical charges emits 
electromagnetic waves.8

The radio waves from a pulsar are emitted in two bunches which sweep across space at the 
same rate as the pulsar rotates (upper figure). From a binary pulsar, gravitational waves are 
also emitted (lower figure). Credit: Nobel Prize press release, 1993

Thomas Gold
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During the next few decades, much astronomical 
research focused not only on tests of general 
relativity, but also on what might be learned about the 
environment of neutron stars. In the fall of 2001, a 
young research astronomer, Dr. Zaven Arzoumanian, 
joined USRA. Arzoumanian had obtained his PhD from 
Princeton in 1995 under the guidance of Professor 
Joseph H. Taylor.  His PhD dissertation was titled 
Radio Observations of Binary Pulsars: Clues to Binary 
Evolution and Tests of General Relativity. When 
Arzoumanian joined the high-energy astrophysics group 
of USRA astronomers working at NASA’s Goddard Space 
Flight Center (GSFC), he began to work with USRA and 

NASA colleagues on a multi-wavelength study of the 
interactions between neutron-star systems and their 
surroundings.  

During the next few years Arzoumanian’s interests 
expanded to include the question of the interior 
composition of neutron stars. He and his colleagues 
at GSFC, USRA, and at various universities submitted 
papers to the Astronomy and Astrophysics Decadal 
Survey for 2010, in which they argued for the 
importance of X-ray timing of neutron stars as probes of 
extreme physics:   

Current theoretical understanding of the interior composition of neutron stars.  Uncertainty increases with depth. From Figure 1 in Arzoumanian et al., 2009.



Neutron stars embody extremes inaccessible 
anywhere else in the Universe, but two insights 
provide the fundamental physics context:

• According to current understanding, neutron stars 
represent the strongest gravitational environment 
in which matter of any kind can stably exist. An 
incremental addition of matter would drive a 
massive neutron star beyond the point at which it 
could support its own weight, and the star would 
collapse to a black hole.

• The state of cold, stable matter at ultra-high 
density remains one of the most important 
unsolved problems in subatomic physics. Neutron 
stars represent a density-temperature regime 
that can be explored in no other way.

A neutron star’s interior structure is captured, in a 
global sense, by the still-uncertain equation of state 
(EOS) of bulk matter.  The EOS relates density to 
pressure within a star or, through General Relativity, 
its mass M to radius R. Most EOSs predict that R will 
shrink as M grows and the self-gravitational force 
increases, but different assumptions about interior 
composition produce different detailed mass-radius 
relations. Thus, measurements of M and R probe 
dense matter. The conditions resulting from the 
enormous pressure at the center of the star may 
include i) dissolution of individual neutrons into an 
undifferentiated soup of quarks and gluons; ii) a 
phase transition to a “Bose condensate” of pions or 
kaons; or iii) a phase transition to yet-more-exotic 
matter made up of hyperons.9

Arzoumanian and others have stressed the importance 
of finding observational ways to simultaneously 
constrain both the mass and radius of neutron stars. 
Constraints on the masses of neutron stars have 
proven to be possible because of the occurrence 
of some neutron stars in binary systems, including 
the Hulse-Taylor system. With careful and extended 
measurements of the dynamics of these binary 
systems through pulse timing observations, coupled 
with relations derived from Einstein’s theory of general 
relativity, it is possible to determine both masses 
within the system. In addition to the period of the 

orbital motion, a required measurement might be, for 
example, the rate of advance of the line connecting the 
two bodies at their minimum separation distance, the 
so-called “advance of the periastron.” It was this kind 
of measurement for the planet Mercury in our solar 
system that provided the first evidence for the validity of 
Einstein’s theory of general relativity.

One would think that the measurement of the radius of 
an object that is just kilometers across and distant from 
Earth by thousands of light years would be challenging, 
to say the least. But the behavior of light in the 
presence of significantly curved space provides some 
useful aids. For example, Dr. Hans-Peter Nollert and his 
colleagues at the University of Tübingen pointed out the 
advantage to a distant observer of being able to see 
part of the back of a neutron star. If the neutron star 
has a “hot spot,” as many of them do, at both ends of 
a dipole-like stellar magnetic field, the hot spot would 
be evident in the data record of the photons coming 
from the star–the so called “lightcurve.”16 To a distant 
observer, the radius of the neutron star would appear 
larger than it would appear in flat space, and the 
lightcurve analysis would show the rotating hot spots 
differently.  Analysis of the lightcurve could yield an 
estimate of the magnified radius of the star as seen by 
a distant observer, and, through the theory of general 
relativity, this radius is related to the actual radius and 
mass of the neutron star. 

A rotating neutron star with a pair of hot spots on either end of magnetic field 
lines, shown as it would appear in flat space and with light bending in the 
presence of strong gravity.  From figure 3 in (Nollert et al., 1989, p. 155).  



What Did He Say?
(A Physics Primer for the Current Understanding of the Interior of neutron Stars)

“Soup of quarks and gluons” 
Neutrons and protons are composed of 

quarks, which normally interact with each 

other via gluons. In electrodynamics, charged 

particles such as electrons interact with 

each other by the exchange of photons. 

Gluons play a similar role in the interactions 

between quarks, except that the force of 

attraction between quarks increases with 

their separation distance, whereas the 

opposite is true for the interaction between 

charged particles. Because of the nature of 

what is called the “strong” force between 

quarks, they are normally not observed as 

“free” particles, i.e., “outside” of neutrons 

or protons. It is thought, however, that in 

extremes of temperature and/or density, 

quarks and gluons can exist in a “soup” or 

plasma, rather than being confined inside 

protons and neutrons. 

“Phase transition to a Bose 
condensate of pions or kaons” 
Elementary particles are divided into 

two classes depending on a quantum 

mechanical characteristic called “spin.”  

Particles with half-integer spin (1/2, 3/2, 

…) are called fermions, and no two of them 

can co-exist in the same quantum state 

at the same location at the same time, a 

requirement known as the Pauli Exclusion 

Principle. Neutrons, and the quarks that 

compose them, are fermions, and the 

resistance to contraction resulting from 

the Pauli Exclusion Principle was thought 

to be the reason that certain stars that 

have used up their nuclear energy sources 

are prevented from further collapse. Static 

solutions of Einstein’s equations for general 

relativity for spherically symmetric bodies 

indicated that the maximum mass that could 

be sustained in this way was about 0.7 solar 

masses.10 Since the masses of neutron stars 

are known to be at least twice this value, 

researchers have searched for other models 

for the internal structure of neutron stars, 

and this has led to the consideration of the 

other class of elementary particles, namely, 

bosons. Bosons have zero or integer spin 

(0, 1, 2, …) and are not subject to the Pauli 

Exclusion Principle; i.e., they can exist in 

the same state, in the same location at the 

same time. Photons and gluons, which carry 

force between fermions, are examples of 

bosons. Pions and kaons are also bosons, 

as they are composed of quarks that have 

spins summing to integer values. When the 

temperature of bosonic matter falls below 

a critical value, a phase change occurs that 

transforms the matter into a Bose-Einstein 

condensate. In many Earth-laboratory 

situations, this critical temperature is quite 

low, but because the critical temperature is 

proportional to the two thirds power of the 

number density of particles, Bose-Einstein 

condensates can form in the interior of 

neutron stars, even though the temperature 

there is quite high.11  Even fermions can be a 

part of a Bose-Einstein condensate. In metal 

lattices, electrons, which are fermions, form 

what are called Cooper pairs.  These pairs 

can behave like bosons, because the sum of 

their paired spins is an even number.  It has 

been suggested that in neutron stars, where 

interparticle distances are extremely small, 

boson-like paired fermions can cohere to 

form a Bose-Einstein condensate state of 

matter.  In such a macroscopic quantum 

state, neutron matter behaves like a 

superfluid (SFn), and proton matter behaves 

like a superconductor (SCp). 

“Phase transition to yet-more-
exotic matter made up of 
hyperons” Protons, neutrons, pions, and 

kaons are each composed of two quarks 

of various types.  Hyperons are composed 

of three quarks, one of which is a so-called 

“strange” quark.  Hyperons are fermions but, 

presumably, could form pairs that behave 

as bosons and could participate in a phase 

transition to a Bose-Einstein condensate 

state of matter. 

Zaven Arzoumanian
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age



Model equations of state based on various theoretical approaches and assumed compositions of neutron 
stars, e.g., AP412 assumes a composition of neutrons and protons; GM313 assumes neutrons, protons, 
and hyperons; GS114 assumes neutrons, protons, and kaons; and SQM315 assumes strange quark 
matter.  The lines denoted GR, P < ∞, and causality represent limits to physically realistic structures per 
Einstein’s theory of General Relativity and other considerations. The red region labeled rotation shows 
a limit derived from the most rapidly rotating pulsar known. Orange curves are contours of radiation 
radii R∞ , which is the radius of the star as seen by a distant observer. Because of the curvature of space 
around a small massive object, the “radiation radius” of a neutron star is larger than its actual radius. 
Adapted from figure 4.3 in Lattimer, 2005.



There are several other possible ways to obtain 
estimates of the radius of a neutron star, or at least 
to constrain the radius R and mass M of the star to a 
small range of values. For example, if the spectrum 
of emission lines from a hot spot on the surface of a 
neutron star can be measured, the shift in frequency of 
the line due to the rotational motion of the star or to its 
gravitational field can yield independent constraints on 
R and M.

Arzoumanian and Dr. Keith Gendreau of NASA GSFC 
won an opportunity to develop a space mission 
designed to better understand the interior composition 
of neutron stars. The mission, Neutron Star Interior 
Composition Explorer/Station Explorer for X-ray Timing 
and Navigation Technology (NICER/SEXTANT) will study 
neutron stars and test the use of pulsars for space 
navigation. As of this writing, the observing instrument 
for NICER/SEXTANT is scheduled to be mounted on the 
International Space Station in 2017.

One of the science goals of NICER/SEXTANT is to use 
lightcurve analysis of hotspots on so-called millisecond 

pulsars (MSPs) to constrain radius measurements to 
±5% uncertainty, and thereby to distinguish between 
the various models of the interior of neutron stars. 
MSPs are the most rapidly rotating pulsars known, 
with rotational periods between about 1 and 10 
milliseconds. They are thought to be “recycled” pulsars 
that have been spun up through the accretion of 
material from a companion star; the accretion bringing 
both mass and angular momentum to the neutron star.

NICER/SEXTANT will have a combination of good 
energy resolution and accurate timing, a capability 
that has not been available before for X-ray astronomy. 
Astronomers from around the world will be able to 
carry out concurrent observations of the neutron star 
targets for NICER/SEXTANT in the radio, optical, and 
gamma-ray wavelength bands during the first year of 
operation. After that, astronomers will be able to use 
NICER/SEXTANT to target objects of their own choosing 
as Guest Observers. Referring to the Guest Observer 
program, Arzoumanian noted, “It’s a pleasure to build 
a tool that will enable much more science than I could 
ever do myself.”

It remains to be seen if the NICER instrument will 
advance knowledge of the state of matter at the 
extreme conditions found in the interior of neutron 
stars, but the effort and the desire on the part of 
Dr. Arzoumanian to advance knowledge and share 
research opportunities is entirely consistent with the 
chartered purposes of USRA.

Artist rendition of the formation of a millisecond pulsar through the addition 
of mass and angular momentum from a companion star.  From figure 6.15 in 
(Becker, 2009, p. 120)
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