
USING GRAVITATIONAL WAVE OBSERVATIONS 
TO LEARN ABOUT ULTRA-DENSE MATTER

INTRODUCTION
The gravitational waves which have been detected so far by LIGO-Virgo are caused by merging objects that are either black
holes or neutron stars. Most detected events involved two black holes, but one detection, called GW170817, was likely caused by the
coalescence of two neutron stars instead. In contrast to merging black holes, the detection of gravitational waves was in this
case accompanied by a wealth of regular astronomical observations in all wavelengths from gamma rays to radio waves.

Neutron star mergers are particularly interesting because neutron stars consist of matter compressed to incredibly high densities that
cannot be studied on Earth. The densities inside a neutron star can exceed the density of water on Earth by a factor of 1 000 000 000 000
000, or one million billion. The behavior of such dense matter is described by the so-called neutron star equation of state. Various
theoretical predictions exist for the equation of state, but all of them are based on approximations and assumptions. Learning about the
equation of state for matter in extreme conditions found in neutron stars is very important to advance the field of nuclear physics.

GRAVITATIONAL WAVES FROM COLLIDING NEUTRON STARS
So what can we learn about the behavior of ultra-dense matter from GW170817? For neutron stars orbiting each other, the precise shape
of the gravitational-wave signal depends on their masses as well as their so-called tidal deformabilities. The tidal deformability describes
how much a body is deformed by tidal forces, which arise when two massive bodies orbit each other. For example, the Earth and Moon
orbit each other, which causes tides in our oceans (hence the name tidal force). The deformation of Earth also has an effect on the orbit
of the Moon, which has become more distant from Earth over billions of years. In orbiting neutron stars, tidal effects are also at play.
Once the stars are close together, shortly before merging, these effects could be strong enough to slightly modify the orbital decay
causedcaused by the system's emission of gravitational waves.
Measuring tidal deformability is not easy because the effect on
the gravitational wave signal is small and the inherent noise of the
detector already makes it difficult to detect the gravitational
waves at all. The situation is similar to listening to a radio station
so far away that it is almost lost in the static. Even if the static is
too strong to make out single words in a song, statistical methods
would still allow you to judge how likely it is that a certain song is
playing. In this analogy, trying to deduce the tidal effects would be
like asking how likely it is that the original version of the song is
playing compared to some cover version, a task that gets harder
the more similar the two versions are.

WHAT WE DID
In the current work, we took available theoretical models for the
equation of state and computed the tidal deformability of
neutron stars as a function of mass. Based on these calculations,
each equation-of-state model then leads to a slightly different
predicted gravitational-wave signal for the merger of two neutron
stars. We analyzed the gravitational waves detected in GW170817
and computed how likely it is that each equation-of-state model is
correct, compared to the others.

WHAT WE LEARNED
We found that only those equation-of-state models which predict
the largest tidal effects are unlikely. For the remaining models, the
tidal effects are too small to distinguish. Using only the
gravitational wave signal, we cannot distinguish if GW170817 was
a merger of two neutron stars or two black holes or the merger of
a black hole and a neutron star. However, the simultaneous
observations of electromagnetic signals cannot be explained by
two merging black holes, and also the masses inferred from the
signal are lower than those of any observed black hole.

FIGURES FROM THE PUBLICATION
For more information on this figure, see the freely accessible arXiv preprint which 
contains the full analysis and results: https://arxiv.org/abs/1908.01012

Figure 1: Predictions on the properties of neutron stars based on different
theoretical models describing ultra-dense matter. The horizontal axis
corresponds to the mass of a neutron star in units of one solar mass. In the
upper panel, the vertical axis denotes how much a neutron star gets
deformed when orbiting another massive compact object, with larger
values meaning more deformation. In the lower panel, the vertical axis
refers to the radius of a neutron star. Note that neutron stars weigh more
than our sun, but measure only tens of kilometers in diameter.
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Figure 2: The points in this plot correspond to various theoretical models for the
behavior of ultra-dense matter. The position on the horizontal axis corresponds to the
probability that the observed gravitational data for event GW170817 was described by a
given model, compared to some fixed reference model. From left to right, models
become more and more likely. The vertical axis in the upper panel refers to the amount
of deformation exhibited by a neutron star with mass 1.36 solar masses in orbit around
another massive compact object. In the lower panel, the vertical axis corresponds to the
radius of such a neutron star. One can see a trend that models predicting larger, more
deformable stars are less likely to be correct. It also shows that many models cannot be
ruled out using only the gravitational waves detected during event GW170817.

Besides the tidal deformability, the equation of
state also determines how massive a neutron star
can be without collapsing to a black hole. This
question is relevant for the outcome of neutron star
collisions, which results either in a black hole or a
single neutron star. The latter can then also collapse
to a black hole after a delay. Gravitational waves
from the merged object could not be observed with
current detector sensitivity. However, the signal
from the inspiral phase carries information about
the total mass. Using this, we investigated the
consequences of each equation of state model for
the outcome of the merger. In this way we find that
the equation of state models more likely to explain
the GW170817 signal predict that the final outcome
of the merger is a black hole.

BEYOND GRAVITATIONAL WAVES
The delay before the formation of a black hole after
the merger takes place is important to understand
the observation of the short gamma ray burst that
accompanied GW170817. One theoretical scenario
requires the presence of a black hole surrounded by
a massive debris disk in the aftermath of the
merger; another a assumes a highly magnetized
neutron star intead of a black hole. For the case that
the short gamma ray burst requires a black hole, we
derived limits on the maximum mass possible
for any neutron star. Such limits obtained from
gravitational wave astronomy are independent
from, and complementary to, existing mass limits
known from regular astronomical observations of
neutron stars.

FUTURE PROSPECTS
With future detections, the constraints on the equation
of state will likely become more strict. One reason for
this is that similar events with different masses can lead
to higher tidal deformabilities, which are easier to
measure. Another is that different independent
observations can be combined, because the equation
of state is likely the same for all neutron stars. Finally,
the sensitivity of the detectors has improved since
GW170817, which is expected to result in more
frequent detections, which will in turn provide the data
we need to further our understanding of the equations
of state of neutron stars.

FIND OUT MORE:

Visit our websites: www.ligo.org, www.virgo-gw.eu

Freely available preprint of the scientific paper: https://arxiv.org/abs/1908.01012

Read more of our papers about the GW170817 discovery:

Multi-messenger Observations of a Binary Neutron Star Merger:
https://dcc.ligo.org/LIGO-P1700294/public/main

GW170817: Observation of gravitational waves from a binary neutron star
inspiral: https://dcc.ligo.org/LIGO-P170817/public/main

Gravitational Waves and Gamma Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A: https://dcc.ligo.org/LIGO-P1700308/public/main

A gravitational-wave standard siren measurement of the Hubble constant with
GW170817: https://dcc.ligo.org/LIGO-P1700296/public/main

Search for post-merger gravitational waves from the remnant of the binary
neutron star merger GW170817: https://arxiv.org/abs/1710.09320

Estimating the Contribution of Dynamical Ejecta in the Kilonova Associated with
GW170817: https://dcc.ligo.org/LIGO-P1700309/public/main

On the Progenitor of Binary Neutron Star Merger GW170817:
https://dcc.ligo.org/LIGO-P1700264/public/main

GW170817: Implications for the Stochastic Gravitational-Wave Background from
Compact Binary Mergers: https://dcc.ligo.org/LIGO-P1700272/public/main

Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
with ANTARES, IceCube, and the Pierre Auger Observatory:
https://dcc.ligo.org/LIGO-P1700344/public/main

GLOSSARY
Black hole: A massive, compact object, whose gravitational pull is so
strong that light cannot escape.

Neutron star: Extremely dense object composed predominantly of
neutrons, which remains after the supernova explosion of a massive star.

Gamma-rays: Electromagnetic radiation more energetic than X-rays.

Gamma ray bursts: Short, intense burst of gamma radiation which are
frequently observed from sources in distant galaxies.
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