How Much Do Neutron Stars Squish?

Measuring the size of a high-mass neutron star provides insight into the elusive behavior of
ultra-dense matter
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More than fifty years after the first neutron star was discovered, scientists still don’t actually
know how the ultra-dense, neutron-rich matter inside these exotic objects behaves. Just how
squishy is a neutron star, exactly? Now a remarkable new measurement made this year of a
neutron star radius is helping to zero in on that answer.

Two independent teams of scientists measured the radius of the neutron star with the highest
reliably determined mass, PSR J0740+6620. One team was led by Cole Miller of the University
of Maryland and one by Thomas Riley of the University of Amsterdam. Both teams used data
taken by the Neutron Star Interior Composition Explorer (NICER) X-ray Timing Instrument (XTI)
onboard the International Space Station and the European Photon Imaging Camera (EPIC) on
the XMM-Newton telescope between 2018 and 2020. By completing parallel analyses, the
teams can check their results for consistency. Both measurements were published in September
in The Astrophysical Journal Letters.

Measuring the radius of a neutron star is not a simple task. With the exception of our own sun
and a handful of nearby giants, stars are too small and distant to be seen as anything other than
a point of light in the sky. Neutron stars especially are quite small; a typical star like the sun
might be a couple million kilometers in diameters, but neutron stars are only tens of kilometers
across.

Rather than measure the size of PSR J0740+6620 directly, the scientists had to construct
models of the neutron star and bright areas on its surface known as hot spots. From these
models, the scientists can predict what the X-ray emission from the neutron star would be over
time as the neutron star rotates and the hot spots come in and out of view. By matching these
predicted observations to the actual observations from NICER, they can estimate the properties
of the neutron star—including its radius.

The radius was measured as between 12.2 and 16.3 kilometers by Miller’s team and between
11.41 and 13.69 kilometers by Riley’s team.

The radius is a key measurement for a neutron star because when combined with the
mass—which was already well-known for this neutron star from previous observations and was
also estimated from their analyses—it gives scientists information about the density and
structure of the neutron star. The matter in a neutron star is far too dense and energetic to be
created in a laboratory on Earth, and so studying these astrophysical objects is the only way
scientists can learn about the behavior of this matter. This behavior is encoded in the equation
of state, which describes how pressure changes as a function of energy density.



This is the second neutron star radius measured by these teams using NICER, and it's a major
data point because PSR J0740+6620 is likely the most massive known neutron star.

“A measurement of radius for such a high-mass pulsar should provide a strong constraint on
dense matter [equation of state] models,” writes Riley’s team.

The main effect of this new data point is to narrow the range of radii allowed for low-mass
neutron stars, mostly by raising the lower limit for the radius. This means that neutron stars are
not as squishy as previously thought!

And this is only an initial result. NICER is continuing to take data on this neutron star, and with
more data the teams will be able to reduce uncertainty in their radius measurements. Miller’s
team writes that they have “optimism that future NICER observations, and in the coming years
more gravitational-wave observations [...], will provide even clearer insight into a realm of matter
which cannot be explored in laboratories.”
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