ASTROPHYSICS

THE INNER
LIVES OF
NEUTRON
STARS

The insides of neutron stars—the densest form
of matter in the universe—have long been a mystery,
but it is one that scientists are starting to crack

By Clara Moskowitz

Illustration by FOREAL

HEN A STAR THE SIZE OF 20 SUNS DIES, IT BECOMES, IN THE WORDS OF ASTROPHYSICIST
Zaven Arzoumanian, “the most outrageous object that most people have never
heard of ”—a city-size body of improbable density known as a neutron star. A chunk
of neutron star the size of a Ping-Pong ball would weigh more than a billion met-
ric tons. Below the star’s surface, under the crush of gravity, protons and electrons
melt into one another to form a bulk of mostly neutrons—hence the name. At least,
that is what we think. The issue is far from settled. Astronomers have never seen a

neutron star up close, and no laboratory on works at N§§A3s~"Goddar “\af_ge Fjg‘h(él
Earth can ereate anything even approaching the They are also the most strongly itating forr
same density, so the inner structure of these el j '
objects is one of the greatest mysteries in 's"pa,ce._m_‘ be
“They are matter at the highest stable density atall but rather purely curved spac
that nature allows, in a configuration that we on at that threshold,” Arzoumanian says, “i
don’t understand,” says Arzoumanian, who what we're trying to explore.”
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Neutron stars are
born when stars
within a certain mass
range run out of fuel
and collapse, leaving
extremely compact
remnants behind.
They are the densest
form of matterin
the universe.
Scientists know
that inside a neutron
star, gravity crushes
protons and elec-
trons together to
form neutrons, but
they do not know
what forms these
neutrons take.

Do they link up to
create a viscosity-
free “superfluid”

or break down fur-
ther into the quarks
and gluons that
constitute them?
Detectors capable
of measuring grav-
itational waves

from neutron star
collisions and other
new experiments
promise to provide
insight into these
enigmatic objects.

There are several competing theories about what
goes on at that threshold. Some ideas suggest that neu-
tron stars really are just full of regular neutrons and
maybe a few protons here and there. Others propose
much stranger possibilities. Perhaps the neutrons
inside neutron stars dissolve further into their constitu-
ent particles, called quarks and gluons, which swim
untethered in a free-flowing sea. And it is possible that
the interiors of these stars are made of even more exot-
ic stuff, such as hyperons—weird particles composed
not of regular “up” and “down” quarks (the kind found
in atoms) but their heavier “strange quark” cousins.

Short of cutting open a neutron star and looking
inside, there is no easy way to know which of these
theories is right. But scientists are making progress. A
big break came in August 2017, when terrestrial exper-
iments detected gravitational waves—undulations in
spacetime produced by the acceleration of massive
objects—from what looked like a head-on collision of
two neutron stars. These waves carried information
about the masses and sizes of the stars right before
the crash, which scientists have used to place new lim-
its on the properties and possible compositions of all
neutron stars.

Clues are also coming from the Neutron Star Inte-
rior Composition Explorer (NICER), an experiment
that started at the International Space Station in June
2017. NICER watches pulsars, which are highly mag-
netic, furiously rotating neutron stars that emit
sweeping beams of light. As these beams pass over
Earth, we see pulsars blink on and off at more than
700 times a second. Through these experiments and
others, the prospect of understanding what is inside a
neutron star finally looks possible. If scientists can do
that, they will have a handle not just on one class of
cosmic oddity but on the fundamental limits of matter
and gravity as well.

SUPERFLUID SEAS
NEUTRON STARS ARE FORGED in the cataclysms known as
supernovae, which occur when stars run out of fuel and
cease generating energy in their cores. Suddenly gravi-
ty has no opposition, and it slams down on the star like
a piston, blowing the outer layers away and smashing
the core, which at this point in a star’s life is mostly
iron. The gravity is so strong it quite literally crushes
the atoms, pushing the electrons inside the nucleus
until they fuse with protons to create neutrons. “The
iron is compressed by a factor of 100,000 in each direc-
tion,” says Mark Alford, a physicist at Washington Uni-
versity in St. Louis. “The atom goes from being a tenth
of a nanometer across to just a blob of neutrons a few
femtometers wide.” That is like shrinking Earth down
to the size of a single city block. (A femtometer is a mil-
lionth of a nanometer, which is itself a billionth of a
meter.) When the star has finished collapsing, it con-
tains about 20 neutrons for every proton. It is much
like a single giant atomic nucleus, says James Lattimer,
an astronomer at Stony Brook University—with an
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important difference. “A nucleus is held together by
nuclear interactions,” Lattimer says. “A neutron star is
held together by gravity.”

Astronomers Walter Baade and Fritz Zwicky pro-
posed neutron stars in 1934 as an answer to the ques-
tion of what might be left over after a supernova—a
term they coined at the same time for the extra-bright
explosions being spotted across the sky. It had only
been two years since British physicist James Chadwick
discovered the neutron. Initially some scientists were
skeptical that such extreme objects could exist, and it
was not until Jocelyn Bell Burnell and her colleagues
observed pulsars in 1967—and researchers over the
next year determined they must be spinning neutron
stars—that the idea was widely accepted.

Physicists think that neutron stars can range from
roughly one to two and a half times the mass of the sun
and that they probably consist of at least three layers.
The outer layer is a gaseous “atmosphere” of hydrogen
and helium a few centimeters to meters thick. It floats
atop a kilometer-deep outer “crust” made of atomic
nuclei arranged in a crystal structure, with electrons and
neutrons between them. The third, interior layer, which
makes up the bulk of the star, is a bit of a mystery. Here
nuclei are crammed in as tight as the laws of nuclear
physics will allow, with no separation between them. As
you move inward toward the core, each nucleus holds
ever larger numbers of neutrons. At some point, the
nuclei cannot contain any more neutrons, so they spill
over: now there are no nuclei anymore, just nucleons
(that is, neutrons or protons). Eventually in the inner-
most core, these may break down as well. “We are in the
hypothetical regime where we do not know what hap-
pens at these insane pressures and densities,” Alford
says. “What we think might happen is that the neutrons
actually get crushed together, and they overlap so much
you can’t really talk about it as being a fluid of neutrons
anymore but a fluid of quarks.”

What form that fluid takes is an open question. One
possibility is that the quarks form a “superfluid,” which
has no viscosity and, once set in motion, will theoretical-
ly never stop moving. This bizarre state of matter is pos-
sible because quarks feel an affinity for other quarks,
and if they are pushed close enough together, they can
form bound “Cooper pairs.” By itself, a quark is a fermi-
on—a particle whose spin has the quantum-mechanical
value of half an integer. When two quarks pair up,
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together they act as a single boson—a particle with spin

equal to zero or one or another integer. After this

change, the particle follows new rules. Fermions are

bound by the Pauli exclusion principle, which says that

no two identical fermions can occupy the same state—
but bosons have no such restrictions. When they were

fermions, the quarks were forced to take on higher

energies to stack on top of one another in the crowded

neutron stars. As bosons, however, they can stay in the

lowest-possible energy state—any particle’s preferred

position—and still cram in together. When they do this,
the quark pairs form a superfluid.

Outside the densest part of the core, where neu-
trons are likely intact, neutrons can also pair up to
make a superfluid. In fact, scientists are fairly sure
neutrons in the crust of the star do this. The evidence
comes from observations of pulsar “glitches,” epi-
sodes in which a spinning neutron star rapidly speeds
up. Theorists think that these glitches occur when the
rotation speed of the star as a whole grows out of sync
with the rotation of the superfluid inside its crust.
Overall, the star’s rotation naturally slows with time;
the superfluid, flowing without friction, does not.
When the difference between these rates gets too
great, the superfluid transfers angular momentum to
the crust. “It’s like an earthquake,” Lattimer says. “You
get a hiccup and a burst of energy, and the spin fre-
quency increases for a brief time and then settles back
down again.”

In 2011 Lattimer and his colleagues suggested they
had also found evidence of a superfluid in a neutron
star’s core, but he admits that this is still open to debate.
To find that evidence, Lattimer’s team, led by Dany Page
of the National Autonomous University of Mexico, stud-
ied 15 years of x-ray observations of Cassiopeia A, the
remnant of a supernova that first became visible on
Earth in the 17th century. The scientists found that the
pulsar at the center of the nebula is cooling faster than
traditional theory suggests it should. One explanation is
that many of the neutrons inside the star are pairing up
to become a superfluid. The pairs break and re-form,
emitting neutrinos, which causes the neutron star to
lose energy and cool off. “This is something we never
thought we would see,” Lattimer says. “But lo and
behold, there is this one star with the right age for us to
see this. The proof in the pudding is going to come in
another 50 or so years, when it should start to cool more
slowly because once the superfluid is made, there is no
more extra energy to be lost.”

WEIRD QUARKS

SUPERFLUIDS ARE ONLY ONE oOf the exotic possibilities wait-
ing behind the mystery doors of neutron stars. It is also
possible that they are home to rare “strange quarks.”

Quarks come in six Kkinds, or flavors—up, down,
charm, strange, top and bottom. Only the lightest two,
up and down, are found in atoms. The rest of the flavors
are so massive and unstable that they usually appear
only as short-lived detritus from high-energy particle

CASSIOPEIA A is the remnant of an ancient supernova. At its center
is a neutron star whose core may contain “superfluid.”

collisions inside atom smashers such as the Large Had-
ron Collider at CERN near Geneva. But in the extremely
dense interior of neutron stars, the up and down quarks
inside neutrons might sometimes transform into
strange quarks. (The other unusual flavors—charm, top
and bottom—are so massive that they likely would not
form even there.) If strange quarks appear and remain
bound to other quarks, they would make the mutant
neutrons called hyperons. It is also possible that these
quarks are not contained in particles at all—they might
roam freely in a kind of quark soup.

Each of these possibilities should change the size of
neutron stars in a measurable way. Intact neutrons
inside the core would, in Arzoumanian’s words, act
“like marbles and make a hard, solid core.” The solid
core would tend to push on the outer layers and
increase the size of the entire star. On the other hand, if
the neutrons dissolved into a stew of quarks and gluons,
they would make a “softer, squishier” and smaller star,
he says. Arzoumanian is a co-principal investigator and
science lead for the NICER experiment, which aims to
determine which of these alternatives is true: “One of
NICER’s key objectives is to make a measurement of
[neutron stars’] mass and radius that will help us pick
out or exclude certain theories of dense matter.”

NICER is a washing-machine-size box mounted to
the exterior of the International Space Station. It
steadily monitors several dozen pulsars spread across
the sky, detecting x-ray photons from them. By measur-
ing the photons’ timing and energy, as well as how the
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Inside a Neutron Star Core Hypothesis 1: Superfluid Seas

One possibility is that particles in the inner core are squeezed in so tight
that some of them join to form new particles, called Cooper pairs. This can
happen with protons, neutrons or, if these particles have dissolved, quarks.
The new particles create a “superfluid” that flows without resistance.

Neutron stars are a puzzle. Scientists know they have a slight
gaseous atmosphere above a thin crust layer made of heavy
atomic nuclei and some floating electrons. But inside these
outer layers lies the core—an unknown substance that is likely
mostly neutrons. But what form these neutrons take and
whether they break down into their ingredients, quarks and
gluons, inside the densest inner core is an open question.

Hydrogen and helium atmosphere (centimeters to meters thick)

Crust (1 kilometer thick)

Core Hypothesis 2: Weird Quarks

The incredible density could also prompt quarks in the inner core to
transform from their usual type, “up” or “down,” into exotic “strange
quarks.” If the quarks are still inside neutrons, these neutrons would

now be called hyperons.
Down

Strange
quark

increases

stars’ gravitational fields bend their light, NICER CRASH SITE DETECTIVES
allows scientists to calculate the masses and radii of a  STUDYING INDIVIDUAL neutron stars can tell us a lot, but
collection of pulsars and compare them. “If NICER we can learn much more when two of them slam to-
finds stars with roughly the same mass but very differ- gether. For years telescopes have detected blasts of
ent radii, that would mean there’s something funny light, called gamma-ray bursts, that researchers sus-
going on,” Alford says, “some new form of matter that, pected came from a crash of two neutron stars. In the
when it appears, makes the stars shrink down.” Such a  August 2017 detection of gravitational waves, astrono-
transition could occur, for instance, when neutrons mers saw the first confirmed neutron star merger.
break apart into quarks and gluons. Specifically, on August 17, 2017, two experiments—
Measuring the sizes of neutron stars is a useful way  the Laser Interferometer Gravitational-wave Observato-
to narrow the range of possible forms that matter in- ry, or LIGO (based in Washington State and Louisiana),
side neutron stars can take. Scientists once thought and Virgo (a European project based near Pisa, Italy)—
half the neutrons in any given neutron star would simultaneously detected gravitational ripples produced
turn into hyperons that contained strange quarks; as two neutron stars spiraled toward each other and
theoretical calculations suggested that such a hyper- merged to form either a single neutron star or a black
on-rich star could not exceed 1.5 times the mass of hole. This was not the first detection of gravitational
the sun. In 2010, however, astronomers led by Paul  waves, but all the previous sightings were created by the
Demorest of the National Radio Astronomy Observa- collisions of two black holes. Before this date, scientists
tory measured the mass of one neutron star at 1.97 had never observed waves coming from neutrons stars,
solar masses, eliminating a number of theories about and this was also the first time that telescopes had
the interior of a neutron star. Now physicists estimate  responded to a gravitational-wave detection and seen
that hyperons cannot make up more than 10 percent light coming from the same place in the sky at the same
of a neutron star. time. The light and waves together provided a bounty of
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information about where and how the crash happened
that proved a boon for neutron star physics. “I was quite
flabbergasted,” Lattimer says of the lucky observation.
“I thought this is just too good to be true.”

Astrophysicists traced the waves back to a pair of
neutron stars about 130 million light-years from Earth.
The details of the waves—their frequency and strength
and the pattern they followed over time—allowed re-
searchers to estimate that each weighed roughly 1.4
solar masses and stretched between 11 and 12 kilome-
ters in radius before the crash. This knowledge will
help scientists to formulate an essential descriptor for
understanding neutron stars—their equation of state.
The equation describes the density matter will take
under different pressures and temperatures and should
apply to all neutron stars in the universe. Theorists
have come up with several possible formulations of the
equation of state that correspond to different configu-
rations of matter inside neutron stars, and the new
measurements offered a chance to rule some out. The
discovery that the neutron stars’ radii were relatively
small, for instance, was a surprise. Some theories run
into difficulty when they try to fit both these compact
neutron stars and known heavy stars, such as the
1.97-solar-mass behemoth, into the same fundamental
equation of state. “It’s starting to make our equation of
state thread a needle path through these different
observations,” says Jocelyn Read, an astrophysicist at
California State University, Fullerton, and co-leader of
LIGO’s Extreme Matter team. “Trying to make compact
stars, as well as supporting massive stars, is getting to
be challenging to the theory. It’s definitely interesting
and might get more interesting.”

So far LIGO and Virgo have seen only this one neu-
tron star collision, but another such observation could
come any day now. “I’ve been working in this field
long enough,” Read says, “that it’s just so fantastic to
move from an era of what-ifs: ‘If we could see gravita-
tional waves, then we might be able to do this.” Now
we're actually getting a chance to do this, and it hasn’t
gotten old yet.”

THE LIMITS OF MATTER

IN TIME, AS GRAVITATIONAL-WAVE DETECTORS improve in
sensitivity, the payoffs could be huge. For instance, one
test of what is inside a neutron star involves looking
for gravitational waves emitted by any swirling liquid
in its middle. If the liquid has very low or no viscosity—
as a superfluid would—it might begin flowing in pat-
terns, called r-modes, that release gravitational waves.
“These gravitational waves would be much weaker
than from a merger,” Alford says. “It is matter quietly
sloshing versus being ripped apart.” Alford and his
collaborators determined that the currently running
Advanced LIGO detector would not be able to see
these waves, but future upgrades to LIGO, as well as
planned observatories such as the ground-based Ein-
stein Telescope under consideration in Europe, might.

Cracking the case on neutron stars would give us a

picture of matter at its barely comprehensible ex-
tremes—a form so removed from the atoms that make
up our world that it stretches the bounds of what is
possible. It might turn imagined curiosities such as
sloshing quark matter, superfluid neutrons and out-
landish hyperon stars into reality. And understanding
neutron stars could do something more: physicists’
deeper goal is to use these squashed stars to tackle
larger open questions, such as the laws that govern
nuclear interactions—the complicated dance among
protons, neutrons, quarks and gluons—as well as the
biggest mystery of all—the nature of gravity.

Neutron stars are just one way of investigating
nuclear forces, and simultaneous work is going on at
particle accelerators around the world, which act like

Cracking the case on neutron

stars would give us a picture
of matter at its barely
comprehensible extremes,

microscopes to peer inside atomic nuclei. When more of
the nuclear problem is nailed down, scientists can turn
their focus to gravity. “Neutron stars are a mixture of
gravitational physics and nuclear physics,” says Or Hen,
a physicist at the Massachusetts Institute of Technology.
“Right now we are using neutron stars as a lab to under-
stand nuclear physics. But because we have access to
nuclei here on Earth, we should be able to constrain the
nuclear aspect of the problem well enough eventually.
Then we can use neutron stars to understand gravity,
which is one of the biggest challenges in physics.”

Gravity as currently understood—through Einstein’s
general theory of relativity—does not get along with
the theory of quantum mechanics. Ultimately one of
the theories must budge, and physicists do not know
which it will be. “We will get there,” Hen says, “and that
is a very exciting prospect.”

MORE TO EXPLORE

Rapid Cooling of the Neutron Star in Cassiopeia A Triggered by Neutron Super-

fluidity in Dense Matter. Dany Page et al. in Physical Review Letters, Vol. 106,
Article No. 081101; February 22, 2011.

GW170817: Measurements of Neutron Star Radii and Equation of State. B. P. Abbott
etal. (The LIGO Scientific Collaboration and the Virgo Collaboration) in Physical Review

Letters, Vol. 121, Article No. 161101; October 15, 2018.

FROM OUR ARCHIVES

Magnetars. Chryssa Kouveliotou, Robert C. Duncan and Christopher Thompson;
February 2003.
Messengers from the Sky. Ann Finkbeiner; May 2018.

scientificamerican.com/magazine/sa

March 2019, ScientificAmerican.com 29





