LISTENING FOR THE HUM OF NEUTRON STARS IN THE
CENTER OF OUR GALAXY
Einstein's General Theory of Relativity predicts that rapidly rotating neutron stars with a small deviation from perfect
axial symmetry emit continuous gravitational waves. Although a number of potential sources are known, no direct
detection has been made yet. With this work we aim to find continuous gravitational wave signals emitted by neutron
stars located at the Galactic Center.

WHAT'S SO COOL
ABOUT THE GALACTIC CENTER?
The inner region of the Milky Way is believed to host
hundreds of neutron stars, but they are hidden by dense
clouds of dust and gas. When this search was performed,
no neutron star was known in that area. It is only very
recently that the first neutron stars have been detected
with X-ray and radio observations in the close
neighborhood of Sagittarius A*. However, a large number
of massive stars have been observed in its vicinity. This
is interesting for us, because these stars are the
progenitors of neutron stars. When they explode as
supernovae, they are likely to leave behind a neutron
star. Gravitational wave astronomy provides a new,
intriguing way to search for signals from such stars.

WHY IS THE DETECTION OF
GRAVITATIONAL WAVES SO DIFFICULT?
Gravitational waves interact only very weakly with matter.
Therefore, we need very sensitive detectors and an
effective data analysis method to dig out the signal from
the noise. For this, we need an accurate model of the
signals we want to find. They can be described by a
handful of parameters: their frequency, spindown (the
rate with which the frequency changes over time) and sky
location. This search concentrates on a single point in the
sky (the Galactic Center). The other two parameters
are, in principle, related to the properties of the emitting
star, but since we have no knowledge about sources at
the Galactic Center, these two parameters are unknown.
That means, we have to search over a large variety of
different signals; the more, the better!
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This plot shows the upper limit on the strength of a gravitational wave signal coming from the
Galactic Center over the searched frequency range. The value on the vertical axis is called "90%
confidence upper limit" and it means that, if a gravitational wave signal with a strength as high as
this or louder exists in the data, we are 90% confident that we would have detected it. The numbers
vary over frequency, because the detectors are differently sensitive at different frequencies. The
tightest upper limit is 3.35x10-25 at 150 Hz. The highly increased values close to 350 Hz are due to
mechanical noise from oscillations of the wires suspending the LIGO mirrors.

This plot shows, similar to the plot above, the 90% confidence upper limits on the ellipticity for our
target population of sources. The ellipticity is a measure of the deformation of the star. These values
are directly computed from the upper limits on the gravitational wave strength. We can conclude
that the neutron stars located at the Galactic Center (at a distance of 8.3 kpc = 27072 light years)
have to have smaller ellipticities than the values shown here. Since the ellipticity is also dependent
on the moment of inertia of the emitting source which is quite uncertain, we present these limits for
three different values of the moment of inertia. The three values are expressed in terms of the
fiducial value which is Ifid = 1038 kg m2.

This search covers a total of 4.4x1012 (or 4.4 trillion = 4400 billion) different signal wave forms (called templates), with
frequencies between 78 and 496 Hz and spindowns between 0 and 7.8x10-8 Hz/s (= -0.000000078 Hz/s).
Searching for such a huge number of different gravitational wave signals is computationally very demanding because
each single template has to be compared against the data. To solve this problem, efficient analysis procedures have
been developed. In the analysis method used for this search, the data is divided into smaller segments of a certain
length. The analysis is then performed on the shorter data segments, and the results are combined afterwards. This
is, in principle, a less sensitive method than analyzing a single long data stretch as a whole, but it allows to run a
search over a much larger number of templates and a larger total amount of data.

WHAT DATA IS USED AND HOW IS THE ANALYSIS DONE?
The data used for the analysis come from the two 4-km-long LIGO detectors. They were recorded between
November 7th, 2005 and October 30th, 2007. They are divided into 630 smaller segments, each of length 11.5 hours,
which are distributed over almost 2 years. The different signal templates are, one by one, compared against this data
set, and, for each template, a significance value is computed. This value tells us how likely it is that a gravitational
wave with the template parameters exists in the data. The hierarchical procedure described above helps reduce the
computational requirements, but doing the search still required thousands of computers running for about a week.
The search was split into 10678 smaller pieces which each reported the significance values of the 100,000 most
promising (= most significant) templates.

WHAT TO DO WITH A BILLION CANDIDATES?
The search returned a total of 1,067,800,000 templatesignificance-combinations
(called
candidates). As
mentioned above, the significance value tells us how
likely it is to have a signal with the given parameters in
the data. However, most candidates have a high
significance value not because they are gravitational
wave signals. Significant candidates can be terrestrial
disturbances or have their origin in the detectors (e.g. AC
power line harmonics, mechanical resonances).
Candidates that can be ascribed to disturbances of the
detectors are removed upfront. Subsequently, we check
the candidates for their physical behavior. Does the
gravitational wave appear in the data of both detectors?
Unlike local disturbances, a true signal would be found in
the data of both detectors with consistent properties.
Is the signal present during the whole observation time
(about 2 years) as we would expect for a
continuous gravitational wave signal? Does the strength
of the signal increase when we enlarge the data stretch
in the analysis? These are simple but powerful tests to
differentiate between potential signals and noise.
Unfortunately, none of the candidates survive all of these
tests. We did not detect a gravitational wave with this
search.
NO GRAVITATIONAL WAVE SIGNALS? WHY IS THIS
RESULT INTERESTING?
Of course, a detection would have been more exciting.
Even so, the non-existence of a gravitational wave signal
allows us to set an upper limit on the gravitational wave
strength in the searched frequency and spindown band
and for the searched sky location. That means we can
define a maximum strength that signals from the direction
of the Galactic Center can have. These values are
determined with 90% confidence. In other words: if a
gravitational wave signal with a strength as high as our
upper limit or louder exists in the data, we are 90% sure
we would have detected it. The limits found by this
search are the most constraining ever set for the given
search space (see upper figure in the right panel). From
this we can draw conclusions on the maximum
deformation that neutron stars at the Galactic Center
area may have, the ellipticity (see lower figure in the right
panel). So, even without a detection we can retrieve
valuable information about the possible sources at the
Galactic Center.

GLOSSARY
Galactic Center: We use the term Galactic Center as a synonym for
the object Sagittarius A*. It is the dynamical center of the Milky
Way and hosts a massive black hole (4.4x106 (= 4.4 million) times
the mass of the Sun!).
Massive star: Massive stars have masses more than 8 times the
mass of the Sun. Only stars that massive can form a neutron star
after they explode as a supernova. If they have lower masses, the
remnant becomes a white dwarf star.
Supernova: A supernova is an explosion of a massive star at the end
of its lifetime. This explosion is extremely luminous: for a few
weeks the supernova can outshine an entire galaxy and radiate as
much energy as the Sun might radiate over its full lifetime. Most of
the material of the star is expelled and what remains is an
extremely dense and compact object.
Continuous gravitational wave: Continuous gravitational waves last
for long times at an approximately constant frequency. They are
created by rapidly rotating neutron stars with, for example, a small
deviation from perfect axial symmetry. The waves are extremely
weak but since they last over much longer time scales than the
observation time. This allows us to integrate over long data
stretches to dig out the weak signal from the noise. This property is
different than for other gravitational wave phenomena, like e.g.
compact binary coalescences, where strong but short lived signals
are expected to be emitted.
Spindown: The emitting star is rotating at a certain frequency. The
gravitational wave then has a frequency twice the rotational
frequency. Over time, the star loses energy (for example through
gravitational wave radiation but also through other emission
processes) the rotational frequency changes and with it the
gravitational wave frequency. The rate of change in frequency over
time is called the spindown (and therefore given in Hertz per
second).

READ MORE
Preprint of the paper: arxiv.org/abs/1309.6221
Swift discovery of a new soft gamma repeater,
SGR J1745-29, near Sagittarius A*:
arxiv.org/pdf/1305.2128.pdf
Nustar discovery of a 3.76-second transient
magnetar near Sagittarius A*:
arxiv.org/pdf/1305.1945.pdf
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