Searching for a pulsar black hole binary
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For tests of General Relativity (GR) and alternative theories of gravity nature has provided perfect
“laboratories” in the form of relativistic binary pulsars: pulsars (highly magnetized rapidly rotating neutron stars) orbiting in compact binary systems with either a second neutron star or a white
dwarf. In such systems the effects predicted by GR, and some alternative theories of gravity, are
significant because of the extreme gravitational fields present. Precise radio timing measurements
of the binary pulsar, PSR B1913+16 provided the first evidence for the existence of gravitational
waves (GWs) [1]. Since then, the highly relativistic Double Pulsar system, with an orbital period
of just 2.4 hours, has provided the most precise test of GR in the so-called “strong field” regime,
agreeing with the theory to a level of 0.05 per cent [2]. However, the Double Pulsar is by no
means the most extreme binary pulsar system we may expect to find e.g. [3].
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1. The pulsar black hole binary

2. The detection problem
Pulsars in relativistic binary systems show changes in their pulse frequency throughout the
observation because of the Doppler effect. Standard Fourier based periodicity searches are not
sensitive to varying frequency signals. If the observation time is ∼ 1/10 th of the orbital period the
changing pulse frequency can be approximated by a linear drift with time and corrected for by so
called “acceleration searches” [5]. Figure 2 shows the improvement in sensitivity using the acceleration method on PSR A in the Double Pulsar system. Since the acceleration of any undiscovered
binary pulsar is a priori unknown this must be done for all possible orbital accelerations. Typically,
acceleration searches increase the number of computational operations in a pulsar search by at least
two orders of magnitude and thus require large-scale computational facilities to perform the data
processing.

3. Current searches
To find undiscovered relativistic binary pulsars we will analyse the data from the new “High
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Figure 1: (left) Radio timing precision of two post-Keplerian orbital parameters, and , for simulated PSRBH and DNS systems. For the same observing scheme, the PSR-BH can yield a better determination of the
relativistic motion, ultimately providing an improved test of GR. (right) The simulated signature induced in
the post-fit timing residuals by the quadrupole moment of an extreme Kerr BH. Figures provided by Kuo
Liu.
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A pulsar orbiting a black hole (PSR-BH) could provide the most stringent tests of GR. The
large orbital velocities and component masses in such systems will make the post-Keplerian parameters highly significant (Figure 1 left). The system should also allow measurements of frame
dragging caused by the spin of the black hole and, under certain exceptional configurations, it will
be possible to measure the quadrupole moment allowing a direct test of the “no hair theorem” in GR
(Figure 1 right) [4]. We expect that PSR-BH systems will follow similar evolutionary paths to the
current known double neutron star systems (DNS) (viz. small supernova kicks and low systemic
velocities) and thus will be found in the Galactic plane.
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Time Resolution Universe Pulsar Survey” (HTRU) currently being performed at radio telescopes
in Parkes1 , Australia [6] and at Effelsberg2 , Germany. The current surveys exploit new technology
in field programmable gate arrays to produce digital filterbanks with higher sensitivity to distant
millisecond pulsars (see poster contribution by Cherry Ng and Ewan Barr).
For highly relativistic systems, where the orbital period matches the observation time, the
acceleration search technique might not be sufficient to correct the binary motion of the pulsar.
For these systems, searches in not just orbital acceleration, but three Keplerian orbital parameters
must be performed. We will re-analyse the Parkes multi-beam pulsar survey [7], for such extreme
systems, in collaboration with the Max Planck Institute for Gravitational Physics (Albert Einstein
Institute) using an improved binary search algorithm as described in [8]. Data processing for this
search will be performed by the Einstein@home project3 .

4. Finding a needle in a haystack!
The final stage of a pulsar search involves the selection of credible pulsar candidates for followup observations. This task is well suited to the human eye since it involves a process of pattern
recognition, however, taking the Effelsberg part of the HTRU survey as an example, we might
expect to produce half a billion pulsar candidates; far too many to be examined by eye. It is
expected that there will only be a handful of PSR-BH systems visible in the Galaxy e.g. [3]. As
such we have been developing artificial neural networks to automatically identify pulsar candidates
[9].
1 http://www.parkes.atnf.csiro.au/
2 http://www.mpifr-bonn.mpg.de/english/radiotelescope/index.html
3 http://einstein.phys.uwm.edu/
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Figure 2: Frequency amplitude spectra of a 17.5 minute observation of the PSR J0737-3039A, in the Double
Pulsar system. Arrows mark the fundamental spin frequency and four subsequent harmonics of the pulsar.
Panel (a) on the left shows the spectrum without any correction for orbital acceleration while panel (b) on
the right shows the spectrum after a correction of 182 m s−2 is applied. The acceleration correction makes
the detection of the pulsar highly significant.
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5. Summary
• Binary pulsars are being used to test GR and alternative theories of gravity, in the strong
field, to the highest precision ever.
• A pulsar black hole binary system would allow unprecedented tests of gravitation and enable
the properties of the black hole to be investigated.

• Data from the High Time Resolution Universe Pulsar Survey will be analysed with orbital acceleration search algorithms. Archival data from the Parkes multi-beam pulsar survey will be
analysed with sensitive searches for highly relativistic binary pulsars by the Einstein@home
project.
• To classify the pulsar candidates generated from the searches, artificial neural networks,
trained with large numbers of real and simulated pulsars, will be used.
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• Finding such systems requires binary search algorithms that greatly increase the amount of
computational power needed for data processing.
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