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WHEN A PULSAR HICCUPS, CAN WE HEAR
THAT WITH GRAVITATIONAL WAVES?

In 2024, one of the best old friends of radio astronomers on the sky
presented a very exciting opportunity for gravitational-wave (GW)
searches: a neutron star known as the Vela pulsar experienced a “glitch”, a
kind of hiccup in its otherwise steady radio signals. The physical processes
behind pulsar glitches are still not fully understood, and detecting their
aftermath in GWs could be a crucial step to solving this puzzle.

PULSAR GLITCHES

The Vela pulsar, located about a thousand light-years from the Earth and
not much older than ten thousand years, belongs to a particularly
fascinating type of star: it is an extremely dense leftover of the supernova
explosion at the end of a massive star’s life, compressed so much that it
became a neutron star. It also spins around so quickly (over 11 times a
second) and has such an intense magnetic field (over a trillion times
stronger than the Earth’s) that it emits strong beams of electromagnetic
radiation. As these beams sweep past the Earth with every rotation, radio
telescopes (and those observing in other wavelengths) pick up pulsed

N N Figure 1: The nebula surrounding the Vela pulsar and the jet launched by it.
signals — hence the term pulsar. The pulsar slowly loses energy over time Composite image of X-ray (credit: NASA/CXC/Univ of Toronto/M.Durant et al.)
and slows down, and a small part of this energy loss could be explained by and optical (credit: DSS/Davide De Martin).

continuous GW emission.

But in the case of the Vela pulsar, this very regular series of pulses shows an unusual feature every two years or so: during a so-called glitch: the
pulsar’s rotation suddenly speeds up again. Such glitches are known from various other pulsars, but Vela was the first pulsar observed to glitch, has
displayed some of the strongest glitches known, and is among the pulsars most frequently producing these strange hiccups. Still, from telescope
observations alone, glitches remain very enigmatic events. They are likely linked to powerful “starquakes”, to superfluid effects in the dense interior
of the star, or a combination of both, but the details remain unknown.

In particular, from the side of the LIGO-Virgo-KAGRA Collaboration (LVK), we got excited about the latest large glitch of the Vela pulsar, which was
picked up by radio telescopes in late April 2024, while the LIGO and Virgo detectors were in full observing mode. Since Vela is a constellation of the
Southern sky, the two radio telescopes that provided precise timing information about this glitch were those of the Argentine Institute of
Radioastronomy and the Mount Pleasant Observatory of the University of Tasmania.

WHY SHOULD PULSAR GLITCHES CAUSE GRAVITATIONAL WAVES?

Due to their extreme density and rapid rotation, neutron stars are also exciting as possible GW sources. Besides faint long-term signals from their slow
spindown, stronger signals could also be produced over shorter durations whenever the star suffers some violent event — such as a pulsar glitch. And
indeed, there are several models of how a pulsar glitch could produce GWs.

First, a neutron star can ring like a bell with various types of oscillations. The strongest are called “f-
modes”, short for “fundamental modes”. Glitches can trigger such f-modes, just like a bell rings
when struck with a hammer. As the neutron star vibrates, we expect it to emit GWs in the Kilohertz
range, which last just for a fraction of a second or at most a few seconds.

Second, the glitch could also deform the shape of the neutron star. This can be imagined as the
formation of a kind of “transient mountain” that, for a while, rises out of the mostly smooth shape
of the pulsar at rest. Once this happens, the now uneven rotation would also send out GWs. But due
to the immense gravity of the neutron star, the mountain would eventually dissolve again. These
GWs would be at much lower frequencies (twice the rotation rate of the pulsar itself, so about 22
Hertz for Vela) and weaker than those from f-modes, but can potentially last for days or even
months, so that we still have good chances to detect their overall effect.

GRAVIATIONAL-WAVE SEARCHES
With their fourth observing run, the LIGO detectors FIND OUT MORE

have reached such impressive sensitivity that we now Visit our  www.ligo.org
for the first time have a realistic chance to find GWs websites: www.virgo-gw.eu
caused by an event like a glitch from the Vela pulsar. To gweenter.icrr.u-tokyo.ac.jp/en/
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grab this chance, we used a mix of different methods to
make sure we can find something despite the big
Figure 2: The four observatories participating in this unknowns about what actually happens during the
work: two radio telescopes in Argentina and glitch. Using a number of different search algorithms for
Tasmania, and the two LIGO gravitational-wave h £ si lis i b .
detectors in the US. Credits: Argentine Institute of each class ot signal Is |mp9rtant to ensur'e robustness in
Radioastronomy, University of Tasmania, LIGO the face of unknown physics and complicated detector
Laboratory (Caltech/MIT). noise patterns.
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We used three different algorithms to search for
signals of at most seconds or minutes in duration.
These cover a broad frequency range and do not 2.5
assume specific signal models, so they are sensitive to
the expected f-modes as well as other short-lived
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months in possible duration. These focus on signal
frequencies of about 11 Hertz and about 22 Hertz, as
expected for example from the “transient mountain”
scenario.
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FIRST PHYSICAL CONSTRAINTS, AND
FUTURE PROSPECTS

Unfortunately, despite the record-breaking sensitivity
of the LIGO detectors in their current observing run,
we did not yet find convincing signs of GWs from the
Vela pulsar. However, this set of results represents an
important milestone: for the first time, we were
sensitive enough to place physically meaningful
constraints on the gravitational radiation after a
pulsar glitch. This means that if the full energy
released at the glitch event would have gone into
producing GWs, we should have found something.
This is true across the full range of long-duration
signals, while for the f-mode case we only reach such
novel constraints at low frequencies below a
Kilohertz, while most realistic neutron star models say
the emission should be at higher frequencies.
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Figure 3: (figure 7 of the scientific article): With the LIGO GW detectors not having found any signal from
the Vela pulsar after its 2024 glitch, this tells us that either some of the emission models are not quite
correct, or that this neutron star must have certain properties that make the GWs weak enough for us to
miss. In particular, our results on long-duration signals tell us that either the specific changes seen in the
pulsar’s radio emission after the glitch are not caused by a “transient mountain”, or if they are, that the
pulsar cannot have mass or size exceeding certain limits. In this graphic, we see those limits on the radius
(horizontal axis) and mass (vertical axis). The large area under the solid black line is the set of possible
values we initially considered, while the green shaded area towards the lower left is what remains after
taking into account that we have not observed long-duration signals but where we still assume that a
mountain has emitted some GWs according to the specific model we have been testing. The dashed and
dotted lines correspond to some theoretical predictions of how the mass and radius of a neutron star
could be related to each other.

As a result, the best insight we got into the Vela pulsar from not having found anything in this search came about for the “transient mountain”
scenario. In this case we can say that either:

¢ theidea that the specific changes seen in the pulsar’s radio emission after the glitch are caused by such a “transient mountain” is not correct, or

« if this idea is correct and GWs were emitted as predicted in this scenario, then the pulsar must be on the smaller and lighter end possible for this
type of compact stellar remnant. This is because a bigger or heavier neutron star would have emitted a signal from its “transient mountain” that
we should have found — see figure 3.

These results are consistent with those from other neutron star observations (such as the famous GW170817 binary merger), which already tell us
that the Vela pulsar must be packing a mass higher than our Sun’s into a sphere with a radius of under 15 km — not much more than most cities on
Earth!

After this milestone result, we can expect that future pulsar glitches occurring when GW detectors have become even more sensitive will yield even
better constraints. And eventually, a direct detection of GWs from a glitching pulsar will help unravel the mystery of why Vela and its cousins
experience these strange hiccups.
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Continuous gravitational waves (CWs): Extremely weak but steady gravitational waves, usually

GLOSSARY

Radio astronomy: The study of very long-wavelength electromagnetic radiation, similar to
that used for radio and TV signals on Earth, coming from outer space.

Gravitational waves (GWs): Ripples in space-time created by accelerating massive objects.
Like electromagnetic radiation, they travel at the speed of light. They are predicted by
Einstein’s theory of general relativity and are commonly known as gravitational waves. If you
would like to know more, you have come to the right place! Try looking at our other pages on
gravitational-wave science.

Pulsar: From “pulsating radio source”: a highly magnetized rotating compact star that emits
beams of electromagnetic radiation out of its magnetic poles. (Wikipedia)

Vela pulsar: A neutron star in the Vela constellation of the Southern sky, about 1000
lightyears away from Earth. It is one of the closest, brightest and most active pulsars known.
We also often simply refer to this pulsar as “Vela”. For furthrt information, and a video tour

of the pulsar, see also https://www.nasa.gov/missions/chandra/vela-pulsar/

Neutron stars: A relic of a massive star. When a massive star has exhausted its nuclear fuel, it
dies in a catastrophic way—a supernova—that may result in the formation of a neutron star:
an object so massive and dense (though not as much as a black hole) that atoms cannot
sustain their structure as we normally perceive them on Earth. These stars are about as
massive as our sun, but with a radius of about ten kilometers. (Wikipedia)

Pulsar glitches: Sudden changes in how fast a pulsar rotates. The responsible mechanisms in
the interior of the neutron star are still not fully understood. Not to be confused with
detector glitches, annoying noise effects that make our gravitational-wave searches more
difficult.

Elec i iation: Visible (optical) light stretches from red to violet, but beyond this
range the spectrum continues. Past red light there are infrared light, microwaves, and radio
waves, while past violet there are ultraviolet light, X-rays, and gamma rays. Astronomers use
different parts of the spectrum to view different aspects of the Universe. However, some
things are dark and therefore hard to see with any part of this spectrum. (Wikipedia)

.

expected to come from rotating neutron stars with minor deformations. We also searched for
these from many pulsars, including Vela, in recent LIGO data, finding that less than 1% of its
observed slowing-down energy loss can be due to gravitational waves. (See here.)

Superfluid: A peculiar state of matter where the fluid flows without viscosity. (Wikipedia)
Kilohertz: An oscillation frequency of a thousand Hertz. For sound waves, this would be in the
upper range of human hearing, and for gravitational waves it is also in the upper range of
sensitivity of our LIGO detectors, making it more difficult to find signals than at their best
frequency of a few hundred Hertz.

Fourth observing run: A period of observation in which the gravitational-wave detectors of the
global LIGO-Virgo-KAGRA network were taking data from May 2023 to November 2025.

LIGO: The Laser Interferometric Gravitational-Wave Observatory (LIGO) is a US-based pair of
gravitational-wave detectors. One is situated near Livingston, Louisiana, and the other near
Hanford, Washington. Both detectors are laser inter with two per dicular 4-km long
arms. (Wikipedia)

FIND OUT MORE:

Visit our websites:

© www.ligo.org

o WWW.Virgo-gw.eu

. gwecenter.icrr.u-tokyo.ac.jp/en/ (KAGRA)

o www.iar.unlp.edu.ar (Argentine Institute of Radioastronomy — in Spanish)

. ra-wiki.phys.utas.edu.au UTAS Radio Astronomy Group (Mt. Pleasant Radio
Observatory)

Read a free preprint of the full scientific article here or on arxiv.
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