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Schematic image of a pulsar, falling in the gravitational field of the Milky Way.
The two arrows indicate the direction of the attractive forces, towards the
standard matter—stars, gas, etc. (yellow arrow) and towards the spherical
distribution of dark matter (grey arrow). The question is whether dark matter
attracts the pulsar only by gravity or, in addition to gravity, by a yet unknown
"fifth force." Credit: Norbert Wex, with Milky Way Image by R. Hurt (SSC),
JPL-Caltech, NASA and pulsar image by NASA
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Is dark matter a source of a yet unknown force in addition to gravity?
The mysterious dark matter is little understood and trying to understand
its properties is an important challenge in modern physics and
astrophysics. Researchers at the Max Planck Institute for Radio
Astronomy in Bonn, Germany, have proposed a new experiment that
makes use of super-dense stars to learn more about the interaction of
dark matter with standard matter. This experiment already provides
some improvement in constraining dark matter properties, but even
more progress is promised by explorations in the centre of our Milky
Way that are underway.

The findings are published in the journal Physical Review Letters.

Around 1600, Galileo Galilei's experiments brought him to the
conclusion that in the gravitational field of the Earth all bodies,
independent of their mass and composition feel the same acceleration.
Isaac Newton performed pendulum experiments with different materials
in order to verify the so-called universality of free fall and reached a
precision of 1:1000. More recently, the satellite experiment
MICROSCOPE managed to confirm the universality of free fall in the
gravitational field of the Earth with a precision of 1:100 trillion.

These kind of experiments, however, could only test the universality of
free fall towards ordinary matter, like the Earth itself whose composition
is dominated by iron (32 percent), oxygen (30 percent), silicon (15
percent) and magnesium (14 percent). On large scales, however,
ordinary matter seems to be only a small fraction of matter and energy in
the universe.

It is believed that the so-called dark matter accounts for about 80 percent
of the matter in our universe. Until today, dark matter has not been
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observed directly. Its presence is only indirectly inferred from various
astronomical observations like the rotation of galaxies, the motion of
galaxy clusters, and gravitational lenses. The actual nature of dark matter
is one of the most prominent questions in modern science. Many
physicists believe that dark matter consists of so far undiscovered sub-
atomic particles.

With the unknown nature of dark matter another important question
arises: is gravity the only long-range interaction between normal matter
and dark matter? In other words, does matter only feel the space-time
curvature caused by dark matter, or is there another force that pulls
matter towards dark matter, or maybe even pushes it away and thus
reduces the overall attraction between normal matter and dark matter.
That would imply a violation of the universality of free fall towards dark
matter. This hypothetical force is sometimes labeled as "fifth force,"
besides the well-known four fundamental interactions in nature
(gravitation, electromagnetic & weak interaction, strong interaction).

At present, there are various experiments setting tight limits on such a
fifth force originating from dark matter. One of the most stringent
experiments uses the Earth-Moon orbit and tests for an anomalous
acceleration towards the galactic center, i.e. the center of the spherical
dark matter halo of our galaxy. The high precision of this experiment
comes from Lunar Laser Ranging, where the distance to the Moon is
measured with centimeter precision by bouncing laser pulses of the retro
reflectors installed on the Moon.

Until today, nobody has conducted such a fifth force test with an exotic
object like a neutron star. "There are two reasons that binary pulsars
open up a completely new way of testing for such a fifth force between
normal matter and dark matter," says Lijing Shao from the Max Planck
Institute for Radio Astronomy (MPIfR) in Bonn, Germany, the first
author of the publication in Physical Review Letters. "First, a neutron star
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consists of matter which cannot be constructed in a laboratory, many
times denser than an atomic nucleus and consisting nearly entirely of
neutrons. Moreover, the enormous gravitational fields inside a neutron
star, billion times stronger than that of the Sun, could in principle greatly
enhance the interaction with dark matter."

The orbit of a binary pulsar can be obtained with high precision by
measuring the arrival time of the radio signals of the pulsar with radio
telescopes. For some pulsars, a precision of better than 100 nanoseconds
can be achieved, corresponding to a determination of the pulsar orbit
with a precision better than 30 meters.

To test the universality of free fall towards dark matter, the research
team identified a particularly suitable binary pulsar, named PSR
J1713+0747, which is at a distance of about 3800 light years from the
Earth. This is a millisecond pulsar with a rotational period of just 4.6
milliseconds and is one of the most stable rotators amongst the known
pulsar population. Moreover, it is in a nearly circular 68-day orbit with a
white dwarf companion.

While pulsar astronomers usually are interested in tight binary pulsars
with fast orbital motion when testing general relativity, the researchers
were now looking for a slowly moving millisecond pulsar in a wide orbit.
The wider the orbit, the more sensitive it reacts to a violation of the
universality of free fall. If the pulsar feels a different acceleration
towards dark matter than the white dwarf companion, one should see a
deformation of the binary orbit over time, i.e. a change in its
eccentricity.

"More than 20 years of regular high precision timing with Effelsberg and
other radio telescopes of the European Pulsar Timing Array and the
North American NANOGrav pulsar timing projects showed with high
precision that there is no change in the eccentricity of the orbit,"
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explains Norbert Wex, also from MPIfR. "This means that to a high
degree the neutron star feels the same kind of attraction towards dark
matter as towards other forms of standard matter."

"To make these tests even better, we are busily searching for suitable
pulsars near large amounts of expected dark matter," says Michael
Kramer, director at MPIfR and head of its "Fundamental Physics in
Radio Astronomy" research group. "The ideal place is the galactic centre
where we use Effelsberg and other telescopes in the world to have a look
as part of our Black Hole Cam project. Once we will have the Square
Kilometre Array, we can make those tests super-precise," he concludes.

  More information: Lijing Shao et al. Testing the Universality of Free
Fall towards Dark Matter with Radio Pulsars, Physical Review Letters
(2018). DOI: 10.1103/PhysRevLett.120.241104
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