INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2022

Acceptance in OA 2025-02-12T14:59:04Z

Title Radio pulsations from a neutron star within the gamma-ray binary LS 1 +61° 303

Authors Weng, Shan Shan, Qian, Lei, Wang, Bo Jun, Torres, D. F., PAPITTO, ALESSANDRO, Jiang, Peng,

Xu, Renxin, Li, Jian, Yan, Jing Zhi, Liu, Qing Zhong, Ge, Ming Yu, Yuan, Qi Rong

Publisher's version (DOI) 10.1038/s41550-022-01630-1
Handle http://hdl.handle.net/20.500.12386/35921
Journal NATURE ASTRONOMY

Volume 6




arxiv:2203.09423v1 [astro-ph.HE] 17 Mar 2022

Radio pulsations from a neutron star within the gamma-
ray binary LS 1 +61° 303

Shan-Shan Weng'*', Lei Qian??*, Bo-Jun Wang*®?*, D. F. Torres®"®!, A. Papitto”, Peng Jiang®3,
Renxin Xu*®, Jian Li'*!!, Jing-Zhi Yan'2, Qing-Zhong Liu'2, Ming-Yu Ge'?, Qi-Rong Yuan'

! Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nanjing
210023, China

2National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road,
Chaoyang District, Beijing, 100101, China

3CAS Key Laboratory of FAST, National Astronomical Observatories, Chinese Academy of Sci-
ences, Beijing 100101, China

4Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China

® Department of Astronomy, School of Physics, Peking University, Beijing 100871, China

S Institucié Catalana de Recerca i Estudis Avangats (ICREA), 08010 Barcelona, Spain

TInstitute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can Magrans s/n, 08193
Barcelona, Spain

8 Institut d’Estudis Espacials de Catalunya (IEEC), 08034 Barcelona, Spain

YINAF-Osservatorio Astronomico di Roma (OAR) via di Frascati, 33 1-00044, Monte Porzio
Catone, Italy

19CAS Key Laboratory for Research in Galaxies and Cosmology, Department of Astronomy, Uni-
versity of Science and Technology of China, Hetei 230026, China

1School of Astronomy and Space Science, University of Science and Technology of China, Hefei
230026, China

12Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese
Academy of Sciences, Nanjing 210023, China

13Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of
Sciences, Beijing 100049, China

*Co-First Authors

TCorresponding Authors: wengss @njnu.edu.cn, dtorres @ice.csic.es

LS I +61° 303 is one of the rare gamma-ray binaries’, emitting most of their luminosity in
photons with energies beyond 100 MeV2. The ~26.5 d orbital period is clearly detected
at many wavelengths®*. Additional aspects of its multi-frequency behavior make it the
most interesting example of the class. The morphology of high-resolution radio images
changes with orbital phase displaying a cometary tail pointing away from the high-mass
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star®. LS I +61° 303 also shows superorbital variability 2. A couple of energetic (~ 10%"
erg s—'), short, magnetar-like bursts have been plausibly ascribed to it!**1%, LS I +61° 303’s
phenomenology has been put under theoretical scrutiny for decades, but the lack of certainty
regarding the nature of the compact object in the binary has prevented advancing our under-
standing of the source. Here, using observations done with the Five-hundred-meter Aperture
Spherical radio Telescope (FAST), we report on the existence of transient radio pulsations
from the direction of LS I +61° 303. We find a period P = 269.15508 + 0.00016 ms at a sig-
nificance of > 20c0. This is the first evidence for pulsations from this source at any frequency,
and strongly argues for the existence of a rotating neutron star in LS I +61° 303.

LS I +61° 303 locates at a distance of 2.65 & 0.09 kpc'# and contains a compact object

orbiting a rapidly-rotating BOVe star every 26.5 days>!>

. The dynamical mass of the compact
object is between 1 and 4 M; thus, just from dynamical arguments, it could either be a neutron
star or a low-mass black hole!>*Z. Models involving an accreting black hole launching a relativistic
jet (a microquasar) see e.g.,'®; a rotationally-powered neutron star emitting a relativistic wind
of particles in interaction with the stellar wind of the companion, see e.g.,'?, and a neutron star
alternating between a rotationally-powered emission and propeller ejection of the mass lost by
the companion, see e.g.,?Y, have been proposed to explain the multi-frequency phenomenology.
Despite modern incarnations of these models were able to provide a framework where to interpret
the growing number of observations, the fact that they are based on dissimilar compact object

scenarios stagnated progress.

Prior deep searches in the radio??2, X-ray??, and gamma-ray band** were not successful in
finding pulsations. This is in fact not surprising: free-free absorption -which may have a complex
temporal behavior according to binary conditions- can easily wash out the pulses in the radio band,

see e.g.,%.

Also, the radio cone of emission may altogether point in a different direction from
Earth. In X-rays, the imposed pulsed fraction upper limit of ~10% (at 30 confidence level) could
well be larger than the actual pulsed fraction of the source, as is the case for other pulsars. In fact,
only a few dozen pulsars out of the ~ 300 detected in gamma rays and the ~ 3000 in radio have
non-thermal X-ray pulsations detected. Finally, in gamma-rays, LS I +61° 303 lies in a complex
and populated region, and not only the diffuse background, but the likely origin of at least part of
the GeV emission beyond the magnetosphere of the putative pulsar may preclude detecting pulses.
Additionally, the relatively large uncertainty in the orbital parameters reduces the sensitivity of
blind searches across all frequencies when long integration times are needed?®. The best chance to
ever detect pulsations from LS I +61° 303 was to try observing at a large radio sensitivity in the

orbital region where the free-free absorption effect due to the stellar wind (or disk) would naturally



be the lowest >

FAST i1s the largest single-aperture radio telescope located in a naturally deep and round
karst depression in Southwest China’s Guizhou province (see Methods). FAST executed four
observations towards LS T +61° 303, with a total exposure time of ~ 10.2 hours (see Table E[): one
at the orbital phase of ~ (.07 and three around the orbital phase of ~ 0.6. The zero of orbital
phase of LS I +61° 303 is defined at MID, = 43, 366.275, and the orbital period is estimated as
P = 26.4960 days (e.g., see ). In quoting orbital phases, we have assumed that the orbital phase of
periastron is @peri = 0.23 as is common in the study of this source (but see Methods for further

discussion of orbital uncertainties).

The PRESTO (PulsaR Exploration and Search TOolkit package*” was used to search for the
periodic signal. The Dispersion Measure (DM) in the direction of LS I +61° 303, as predicted by
the YMW 16 model*® is 138.58 pc cm~3, while its upper limit is 316.59 pc cm~2. To avoid missing
the signal, and considering the error, the DM range for our search was 0 to 500 pc cm~3. Since
the orbital period is much longer than the exposure time, the Doppler effect is negligible. We have
carried out the acceleration search with zmax = 200, we also used the routine BEAR for single

pulse search (see details in Methods).

An unambiguous pulse signal (a single-trial significance of ~22.40, see Methods) with a
single-peak profile emerges from the data taken on 2020 January 7t (MJD = 58,855.5278, Figure
[I). The period, pulse width and DM of this pulsar are 269.15508(16) ms, 33.30 & 0.96 ms, and
240.1 pc cm~3, respectively (see also Supplementary Figure 1). The pulsations disappeared in
the 3rd and 4th observations (one-day apart of each other), taken several months after the positive
detection, at a similar orbital phase. A single pulse search was conducted for our observation, and
more than 40 were detected in the second observation (where the radio pulsation is visible), but
none were seen in the other three (see Methods).

Given that our observations are short in comparison to the orbital period of the binary, and
the pulsation appears to be non-steady in nature, the orbital imprint cannot be detected in our data.
In addition, the angular resolution (L-band) of FAST is of ~ 2.9'. As for other FAST observations
in the same band, we cannot therefore formally exclude the presence of a pulsar just behind LS
I +61° 303, unrelated to it, that is responsible for the pulsed emission. This is deemed unlikely,
however (Methods).
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Figure 1: Radio pulsations were recorded in the FAST data recorded on 2020 January 7.
The data are folded over the period of P = 269.15508 ms, and the reduced x? (i.e. the significance
of the pulsation) is computed with the folded profile compared to the average value of the folded
profile. The integrated pulse profile is plotted in A. The intensity (gray-scale) of the pulse and
the reduced x? as a function of the pulse phase and the observational time are shown in B and C,
respectively.



