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ABSTRACT

Strongly magnetized (B > 10'? G) accreting neutron stars (NSs) are prime targets for studying the launching of jets by objects with
a solid surface; while classical jet-launching models predict that such NSs cannot launch jets, recent observations and models
argue otherwise. Transient Be/X-ray binaries (BeXRBs) are critical laboratories for probing this poorly explored parameter
space for jet formation. Here, we present the coordinated monitoring campaigns of three BeXRBs across four outbursts: giant
outbursts of SAX 2103.5+44545, 1A 05354262, and GRO J1008-57, as well as a Type-I outburst of the latter. We obtain radio
detections of 1A 0535+262 during ten out of twenty observations, while the other targets remained undetected at typical limits of
20-50 pJy. The radio luminosity of 1A 05354262 positively correlates with its evolving X-ray luminosity, and inhabits a region
of the Ly—Ly plane continuing the correlation observed previously for the BeXRB Swift J0243.6+6124. We measure a BeXRB
Lx—Lg coupling index of § = 0.86 & 0.06 (L L’;), similar to the indices measured in NS and black hole low-mass X-ray
binaries. Strikingly, the coupling’s L normalization is ~275 and ~6.2 x 10? times lower than in those two comparison samples,
respectively. We conclude that jet emission likely dominates during the main peak of giant outbursts, but is only detectable for
close-by or super-Eddington systems at current radio sensitivities. We discuss these results in the broader context of X-ray binary
radio studies, concluding that our results suggest how supergiant X-ray binaries may host a currently unidentified additional
radio emission mechanism.

Key words: accretion, accretion discs —stars: neutron — X-rays: binaries.

The coupling between inflows and outflows in accreting NS and

1 INTRODUCTION black hole systems has predominantly been established for systems

What mechanism underlies the formation of jets remains an im-
portant but poorly understood question across a wide range of
astrophysical objects. Jets are observed in combination with accretion
processes on to sub-Solar mass objects up to supermassive black
holes, as well as during the end-phases of the lives of massive
stars, mergers of compact objects, and formation of stars. Accretion-
driven, stellar-mass jet sources, such as neutron stars (NSs) and black
holes accreting in binary systems, can be studied to observe the jet
launching process and its evolution over time-scales from weeks to
months. In such systems, X-ray and radio observations probe distinct,
but coupled components of the system; the inflow of matter in the
accretion flow by the former, and the collimated jet outflow by the
latter.

* E-mail: jakob.vandeneijnden @physics.ox.ac.uk

with low-mass donor stars. Among such systems, called low-mass
X-ray binaries (LMXBs), black holes were first discovered to show a
correlation between their X-ray and radio luminosity (Hannikainen
et al. 1998; Corbel et al. 2000, 2003; Gallo, Fender & Pooley 2003;
Merloni, Heinz & di Matteo 2003), often spanning multiple orders of
magnitude during the quiescent and hard accretion states of outbursts
(Fender, Belloni & Gallo 2004). Monitoring of a large sample of
black holes has revealed a radio-bright (shallower) and radio-quiet
(steeper) track of this correlation, merging as sources decay into
quiescence. However, debate remains regarding the origin of these
different correlations for black hole systems (Soleri & Fender 2011;
Dinger et al. 2014; Gallo et al. 2014; Meyer-Hofmeister & Meyer
2014; Drappeau et al. 2015; Espinasse & Fender 2018)

The behaviour of NS LMXB in the X-ray—radio (hereafter Lx—Lg)
diagram is more complicated and varied. In individual NS systems,
a correlation between the X-ray and radio luminosity has been

© The Author(s) 2022.
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observed (Migliari et al. 2003; Migliari & Fender 2006; Gusinskaia
et al. 2017; Tudor et al. 2017; Russell et al. 2018); however, such
couplings across a range of X-ray luminosities have been seen in
only a small number of sources, and, surprisingly, different couplings
have been observed between different outbursts of the same target
(e.g. Gusinskaia et al. 2020b). As a sample, the NS LMXBs are
significantly radio-fainter than the sample of black hole systems,
complicating the study of their Ly—Lg behaviour (Fender & Kuulkers
2001; van den Eijnden et al. 2021). The source class, as a sample,
shows an overall correlation in the Ly—Lg diagram whose coupling
index is similar to the black hole sample (Gallo, Degenaar & van
den Eijnden 2018); however, individual sources have been observed
to follow steeper indices (Migliari & Fender 2006; Gusinskaia et al.
2017, 2020b). Therefore, while the in- and outflow in individual NS
LMXBs are thought to be coupled, it remains unclear whether a
single correlation can describe the entire source class.

Similar monitoring in the X-ray and radio band has, to date, rarely
been performed for high-mass X-ray binaries (HMXBs): binary
systems wherein the compact object accretes from a massive, early-
type O/B donor star, with a mass typically exceeding 10 M. Based
on the donor star type and the mode of accretion, HMXBs are often
divided into three broad categories. Be/X-ray binaries (BeXRBs),
Supergiant X-ray Binaries (SgXBs), and Superfast X-ray Transients
(SFXTs). BeXRBs are systems with a Be-type donor star (Porter &
Rivinius 2003), characteristically showing optical emission lines and
an IR excess due to the presence of a decretion disc around the star
(Reig 2011). The great majority of BeXRBs are transient systems,
with typically long and eccentric orbits. Accretion outbursts can
occur close to periastron passages, as the compact object moves
through the stellar decretion disc, in what is called a Type-I outburst
(Okazaki & Negueruela 2001). Alternatively, giant outbursts (also
known as Type-II outbursts) can occur at any orbital phase, may last
longer than the orbital period, and reach higher X-ray luminosities
than Type-I outbursts. The trigger of giant outbursts currently remains
debated, but may be related to the properties of the Be-star disc,
increased Be-star activity, and instabilities driven by the interaction
between the NS and decretion disc (Okazaki & Negueruela 2001;
Moritani et al. 2013; Martin et al. 2014; Laplace et al. 2017;
Monageng et al. 2017)

The second and third general types of HMXBs both host supergiant
O/B stars as the secondary, but differ in their X-ray properties. The
SgXBs persistently emit at X-ray energies, typically between 10%
ergs™! and several times 10%7 ergs™', although they can vary in
luminosity and accretion state (Sidoli & Paizis 2018). SFXTs, on
the other hand, are typically X-ray faint, with luminosities between
Ly ~ 10*2-10* ergs™' (Sidoli et al. 2017). However, as their name
suggests, SEXTs show occasional flares lasting a number of kilo-
seconds, reaching up to ~10%" ergs™'. The origin of the difference
in X-ray properties between SgXBs and SFXTs remains debated,
with possible explanations involving the quasi-spherical settling
accretion regime (Shakura et al. 2012) or the influence of the NS
magnetosphere (Bozzo, Falanga & Stella 2008).

Alternatively, HMXBs can be divided based on their compact
object. A small minority of known HMXBs host a black hole, with
only few confirmed Galactic systems such as Cyg X-1 and MWC 656
(and, e.g. LMC X-1 and LMC X-3 in the Large Magellanic Cloud).
The former persistently accretes from the stellar wind of their donor
star, showing strong variability in X-rays. MWC 656, on the other
hand, is the only confirmed black hole BeXRB (Casares et al. 2014),
and has just one recorded X-ray outburst (Williams et al. 2010).
Both black hole systems have been detected at radio frequencies
and monitored across limited ranges of X-ray luminosities (Ribd
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et al. 2017). The remainder of the HMXB class, instead, hosts a
NS as its primary with a strong, B > 10'2> G magnetic field and a
slow, typically P > 1 s, rotation period. However, despite their larger
numbers, monitoring campaigns including multiple detections have
only been obtained for two systems. '

First, the persistent but X-ray variable NS HMXB GX 301-2
was monitored at radio frequencies at different orbital phases by
Pestalozzi et al. (2009). The system is (marginally) detected in most
observations, regardless of orbital phase, with variable radio flux
density and spectrum. The authors postulate that the emission is
dominated by stellar emission, with a possible intermittent con-
tribution from a short-lived and weak jet. Secondly, the BeXRB
Swift J0243.6+6124 was monitored extensively in radio during
its super-Eddington discovery outburst in 2017/2018. Comparing
the coupled X-ray and radio properties during the main peak of
the giant outburst, van den Eijnden et al. (2018a) attributed the
radio emission to a relativistic jet. Surprisingly, during a later X-
ray re-brightening at significantly lower X-ray luminosity, the radio
emission re-brightened to similar levels as the main outburst peak
(van den Eijnden et al. 2019a). Additionally, van den Eijnden et al.
(2021) presented a sample of radio observations of active SgXBs
and BeXRBs in quiescence, including several detections of the
former class.> However, those samples did not include monitoring
campaigns, but instead consisted of single observations.

In this work, we present coordinated radio and X-ray monitoring
campaigns of three BeXRBs across four outbursts. Our main goal is
to better understand the possibility and properties of jet launching
in these systems, in order to constrain jet launching in general. This
is critical as currently, no jet model can fully account for the launch
and properties of jets by NSs with magnetic fields exceeding ~10°—
10'°G (Massi & Kaufman Bernad6 2008; Parfrey, Spitkovsky &
Beloborodov 2016; van den Eijnden et al. 2021). With just a single
transient, strongly magnetized accreting NS detected and monitored
at radio frequencies, few constraints on such models currently exist.
Observing more BeXRBs, across their different outburst types, we
aim to obtain more stringent constraints on jet properties across a
wider range of source properties and X-ray luminosity.

1.1 Targets: GRO J1008-57, SAX J2103.54-4545, 1A 05354262

For this study, we obtained radio and X-ray monitoring of the 2019
Type-I outburst and the 2020 giant outburst of GRO J1008-57, the
2020 giant outburst of SAX J2103.5+4545, and the 2020-2021 giant
outburst of 1A 0535+262.

GRO J1008-57 is a regularly outbursting BeXRB, hosting a NS
with a spin period of ~93.7s in an orbit of ~249.5d with an
eccentricity of e ~ 0.68 around the donor Be star (Kiihnel et al.
2013). GRO J1008-57 shows a cyclotron resonance scattering feature
(CRSF) at 78 keV (Shrader et al. 1999; Yamamoto et al. 2014),
confirming directly that the NS is strongly magnetized — the line
energy implies a field strength around B ~ (6-7) x 10'2 G (see e.g.
Staubert et al. 2019, for a review). GRO J1008-57 shows a Type-I
outburst at almost every periastron passage, as well as less frequent

Here, we ignore the famous systems Cir X-1 and SS 433. While both have
been studied extensively in radio and X-rays, neither is confirmed to be a
NS HMXB. For the former, the donor star nature remains debated (Johnston,
Soria & Gibson 2016), while for the latter, the primary is likely to be a black
hole (see e.g. Fabrika 2004). In addition, even if Cir X-1 is a HMXB, its inner
accretion flow displays many characteristics of LMXBs instead.

2As well as symbiotic X-ray binaries: strongly magnetized NSs accreting
from the stellar wind of a low-mass, evolved donor in a wide orbit.

MNRAS 516, 4844-4861 (2022)
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giant outbursts (Kiihnel et al. 2013). The remarkable consistency of
its outbursts at each periastron passage allowed us to target its Type-
I outburst in 2019 June with a pre-planned observing campaign.
Just less than 1yr later, NICER (Reynolds et al. 2020) and MAXI
(Nakajima et al. 2020), on 2020 May 21 and 22, respectively, reported
the onset of a giant outburst, which we subsequently monitored at
radio frequencies as well. As the giant outbursts of GRO J1008-57
are typically preceded by an enhanced flux state, this outburst was
expected and we were able to trigger early during the outburst rise.

SAX J2103.544545 is a BeXRB with a NS, spinning at a period
of approximately 346s (Hulleman, in 't Zand & Heise 1998)%).
Brumback etal. (2018) presented the possible detection of a cyclotron
line at 12 keV, consistent with a ~10'> G magnetic field. While this
detection has not been repeated independently (see Staubert et al.
2019), we assume such a magnetic field in this work given the HMXB
type and long spin period of the NS. SAX J2103.5+44545 is not a
typical BeXRB. Compared to other systems of similarly long spin,
it has a relatively short orbit of 12.7d (Corbet 1986; Baykal et al.
2007; Camero Arranz et al. 2007). Secondly, its superorbital X-ray
behaviour is atypical. As summarized by Reig, Doroshenko & Zezas
(2014), itdisplays low and high X-ray flux states lasting months (Reig
et al. 2010), typically around ~1.5 x 10% ergs! in the former and
one order of magnitude higher in the latter state. During the high flux
state, which starts with a bright and short flare, SAX J2103.5+4545
shows outbursts, similar to other BeXRBs. In 2020 August, Grishina,
Kopatskaya & Larionov (2020) reported the optical brightening of
this BeXRB. We subsequently triggered radio and X-ray monitoring,
which we halted after a single radio non-detection, as the outburst
peak had already passed, making later radio detections unlikely.
While not strictly a monitoring campaign, we include this radio
observation in our study.

Finally, 1A 05354262 is a BeXRB showing both Type-I and giant
outbursts. Due to its proximity, the Type-I outbursts can typically
reach fluxes close to one Crab, while the giant outbursts easily reach
several Crab, even when the X-ray binary reaches only ~ 10 per cent
of the Eddington luminosity. Time scales of years separate the giant
outbursts, with previous ones occurring in 1980, 1983, 1989, 1994,
2005, 2009, and 2011. The NS has a spin period of ~103 s, while the
orbit has an eccentricity of ~0.47 (Finger et al. 1994) and a period
of ~111d (Motch et al. 1991). Its CRSF energy suggests a magnetic
field strength of ~5 x 10'2keV. In 2020 November, Mandal et al.
(2020) reported the onset of a new giant outburst, which reached
the highest peak X-ray flux observed from this source (~11 Crab).
During previous outbursts, Tudose et al. (2010) and Migliari et al.
(2011) obtained radio observations of 1A 05354262 but did not
detect a radio counterpart, with 4.9-GHz flux density upper limits of
210 and 160 ply, respectively. At the start of the 2020-2021 outburst,
we reported the detection of the radio counterpart at 39 & 4 iy (van
den Eijnden et al. 2020). In this paper, we report on the remainder of
that observing campaign.

2 OBSERVATIONS AND DATA ANALYSIS

In this section, we describe the radio and X-ray observations, data
reduction, and analysis. Given the number of observations, targets,
and observatories, we discuss these topics in relatively general terms
here. The actual fitted parameters and fluxes/flux densities, as well

3See also the Fermi/GBM pulse frequency monitoring at https://gammaray
.msfc.nasa.gov/gbm/science/pulsars.html.
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as observation details such as ObsID, dates, and observing times, are
tabulated in the online Supplementary Materials.

2.1 Radio observational campaign setup and analysis

The radio observations of the three targets were taken with the Karl G.
Jansky Very Large Array (hereafter VLA; for SAX J2103.5+4545
and 1A 0535+262) and the Australia Telescope Compact Array
(ATCA; for GRO J1008-57). SAX J2103.5+4545 was observed
once, 1A 05354262 was observed over 20 epochs, and the giant
and Type-I outbursts of GRO J1008-57 were targeted with five and
six radio observations, respectively. All VLA observations were
taken in three-bit mode at C band, with a central frequency of
6.0 GHz and a bandwidth of 4.0 GHz. These observations span
a range of different configurations, including several non-standard
configurations in transitions (i.e. BnA— A and A—D).* The ATCA
data were obtained simultaneously at two central frequencies of 5.5
and 9.0 GHz, both with 2.0 GHz of bandwidth. Again, multiple array
configurations were used’: 6A for the Type-I outburst monitoring of
GRO J1008-57; and both 1.5C and H214 for its giant outburst.

For the observation of SAX J2103.5+4545, the primary and
nearby secondary calibrator were 3C 286 and J21024-4702. For
both campaigns of GRO J1008-57, 0939-608 was the secondary
calibrator. In the Type-I outburst campaign, only 0823-500 was used
as the primary calibrator; in the giant outburst observations, either
0823-500 or 1934-638 was used as primary calibrator, depending
on their visibility. Similarly, for the 1A 05354262 observations, we
used either 3C 286 or 3C 48 as the primary calibrator, depending
on the time of the observation. For this final campaign, we used
J054742721 as the secondary calibrator.

For all four observing campaigns, we used standard practices in
CASA (COMMON ASTRONOMY SOFTWARE APPLICATION; McMullin
et al. 2007) v5.4.1 to flag, calibrate, and image the radio data. We
used a combination of manual inspection and automated routines to
flag RFI and other data quality issues, before performing standard
calibration steps. We then used the multiscale, multifrequency
TCLEAN task to image the field. For this final step, we use robust
parameters of 1.0 for 1A 05354262, 1.0 for SAX J2102.544545,
and —0.5/0.0 (5.5/9 GHz) for GRO J1008-57, chosen per target and
frequency to optimize the balance between sensitivity and imaging
artefacts. If the target was detected, we used the IMFIT task to
measure its flux density by fitting a 2D elliptical Gaussian profile
with FWHMs and position angle equal to the synthesized beam’s
minor and major axis and angle. Using IMFIT, we also measured the
source position. We measured the rms sensitivity of the observation
over a nearby region devoid of point sources. We then also re-
imaged individual sub-bands of 1-GHz width to determine the radio
spectral index. If no radio emission was detected from the source, we
determined the rms sensitivity over the source position and tripled
this value to obtain the 3 — o flux density upper limit.

2.2 X-ray data reduction

In order to assess the X-ray properties and measure the X-ray flux ator
close to the time of the radio observations, we used publicly available
observations from four instruments: the X-ray Telescope (XRT;
Burrows et al. 2004) and Burst Alert Telescope (BAT; Barthelmy

“https://science.nrao.edu/facilities/vla/proposing/configpropdeadlines
Shttps://www.narrabri.atnf.csiro.au/operations/array _configurations/configur
ations.html
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et al. 2005) aboard the Neil Gehrels Swift Observatory (hereafter
Swift; Gehrels et al. 2004), as well as the Monitor of All-sky X-
ray Image/Gas-Slit Camera (MAXI/GSC; Matsuoka et al. 2009)
and Neutron Star Interior Composition ExploreR/X-ray Timing
Instrument (NICER/XTI; Gendreau et al. 2016) mounted on the
International Space Station. The Swift/BAT data were obtained via
the Hard X-ray Transient Monitor webpage,® which hosts light curves
of the average daily and orbital X-ray flux in the 15-50 keV band
for known X-ray sources. We did not perform additional analysis of
the Swift/BAT data but instead employed it as long-term reference
light curves of the three sources and as evenly-spaced monitoring
observations for the targeted outbursts.

For the other three observatories, we extract and model the X-ray
spectra to measure the X-ray flux. For the NICER observations, only
available for 1A 05354262, we downloaded the observations from
the HEASARC” and re-ran the level 2 data reduction tool NICERL2
v1.6 to apply the latest version of the calibration, accessed via
the online CALDB. We then extracted the source spectrum using
XSELECT, selecting all counts in the energy range 0.5-10keV across
the entire field-of-view, since NICER is a non-imaging instrument.
Due to the very high count rates of the target (i.e. often greatly
exceeding 103 countss™!, compared to a typical background rate
<1 counts s; Remillard et al. 2021), we did not generate a background
spectrum. Finally, when fitting the spectra, we used the pre-calculated
instrument response files NIXTIREF20170601V002.RMF and NIXTI-
AVEONAXIS20170601V004.ARF for each observation.®

For the Swift/XRT observations, we used the online data reduction
pipeline (Evans et al. 2009)° to extract X-ray source and background
spectra, as well as instrument response files. This pipeline automat-
ically corrects for pile-up at high count rates, which is particularly
relevant for our analysis of 1A 0535+4262. Finally, for MAXI, we
used the On-demand Process tool (http://maxi.riken.jp/mxondem/)
to extract spectrum and response files. Given the lower sensitivity
and spatial resolution of MAXI compared to Swift and NICER, we
only used MAXI spectra for the giant outburst of GRO J1008-57,
where no pointed observations by the latter two observatories are
available.

2.3 X-ray spectral fitting

After extracting the X-ray spectra, we used XSPEC v12.10.1 to model
the emission, using the TBABS model with abundances from Wilms,
Allen & McCray (2000) and cross-sections from Verner et al. (1996)
to account for interstellar absorption. All errors and confidence inter-
vals quoted in this paper, appendices, and supplementary material,
are calculated at the 1—o level.

2.3.1 SAX J2103.54+4545 and GRO J1008-57

For SAX J2103.54-4545, only two pointed X-ray observations
are available close in time to the single VLA radio observation:

Ohttps://swift.gsfc.nasa.gov/results/transients/

"https://heasarc.gsfc.nasa.gov

8 As discussed in the online Supplementary Materials, we tested whether using
the recently developed NICERARF, NICERRMF, and NICER_BKG_ESTIMATOR
tools to determine observation-specific response and background files, re-
sulted in significant differences in the fits. As it did not — and, importantly,
since they also left soft instrumental features remaining — we instead used the
pre-calculated response files in our analysis.
https://www.swift.ac.uk/user_objects/
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Swift/XRT observations were taken 5.2 and 6.8d after the radio
observation. Due to the low number of total counts in both Photon
Counting-mode (PC) observations, we used C-statistics (Cash 1979)
in an energy range of 1-10keV to attempted fits with two simple,
phenomenological models: an absorbed blackbody (TBABS*BBODY)
and an absorbed power law (TBABS*POWERLAW). For both spectra,
the latter model fitted significantly better and returned a non-zero
absorption column, contrary to the blackbody model and consistent
with earlier X-ray analyses of this target [Ny = (2.9—4.4) x 103
cm~2; Brumback et al. 2018].

During the 2019 Type-I outburst of GRO J1008-57, Swift/XRT
observed the target in a cadence coordinated with the ATCA radio
observations. Of these six observations, the first two were taken
only in PC mode due to the low source flux at the start of the
outburst. For the third and sixth observations, both PC and Window
Timing (WT) mode data are available with a sufficient exposure
time, while for observation four and five, only WT-mode data were
taken. Similar to SAX J2103.54-4545, we use C-statistics in the 1—
10keV range and attempt fits with the same two phenomenological
models (an absorbed blackbody or power law). We find that, in all six
spectra, the absorbed power law model provides a statistically better
fit. Additionally, making use of the larger number of total counts
compared to SAX J2103.5+4545, we also attempt to fit a combined
model, TBABS*(BBODY + POWER LAW). However, in none of the six
spectra does the addition of a second spectral component significantly
improve the fit: in all cases, AC < 3 with two additional parameters,
which does not correspond to a significant improvement. '

During the 2020 giant outburst of GRO J1008-57, no pointed
X-ray observations were taken. Therefore, we instead analysed the
MAXI/GSC spectra to measure the flux during or close to the five
radio observations. For each MJD with available MAXI data during
the radio-monitored part of the outburst (i.e. MJID 58983-59025),
we extracted a spectrum by combining all source counts from that
MJD. During the final 6d of the above period, the X-ray flux had
dropped significantly; therefore, at those times, we instead generated
two spectra by combining three days of observations (i.e. combining
MID 59020-59022 and MJD 59023-59025). We then fitted these
spectra using x statistics, as the MAXI pipeline automatically bins
the spectra to a sufficient number of counts for this approach. To
constrain the absorption column despite the low number of counts
and energy band of 2-10keV, we fit all 17 spectra jointly, tying Ny
between the spectra. We find that the spectra are better described by
an absorbed power law than a blackbody model (x2 = 1.04 versus
1.16 for 466 free parameters in both cases).

2.3.2 1A 0535+262

Finally, the 2020/2021 giant outburst of 1A 05354262 was mon-
itored in extensive detail by both NICER and Swift. We analyse
observations up to MJD 59300, since the final radio observation
was taken on MJD 59279. Given the extremely bright nature of
the outburst (brighter than any previous outburst monitored by
Swift/BAT; cf. Fig. 2), simple phenomenological models do not yield
statistically acceptable fits. Instead, we follow the approach applied
by Jaisawal et al. (2019) to fit joint NICER and NuSTAR spectra
of the bright giant outburst of Swift J0243.6+6124. As we solely
intend to accurately measure the flux, and do not study the spectral

10For a single extra free parameter, a 3 — o improvement would require AC
> 9 (Cash 1979); for two extra free parameters, this change should be even
larger.

MNRAS 516, 4844-4861 (2022)

€202 Yo.Je|\ Z0 UO Jesn wepJlaiswy UeA JalisieAlun Aq 860¥699/v181/¥/91 G/alo1le/seluw/woo dno olwapese//:sdiy Woll papeojumoc]


http://maxi.riken.jp/mxondem/
https://swift.gsfc.nasa.gov/results/transients/
https://heasarc.gsfc.nasa.gov
https://www.swift.ac.uk/user_objects/

4848  J. Van den Eijnden et al.

Energy [keV]
2 g 4

5 6 7 8910

Photons em™2 s keV™!

—}— 3200360135: 2= 1.86
—— 3200360140: x2=4.11
0.1H—+— 3200360145: x2=1.52

3200360150: ¥2=1.24
—— 3200360155: x2=1.44

=y

w

o
I

125

100

Ay?

75+

50

254,

1 ) 3 4 5 6 780910
Energy [keV]

Figure 1. Top panel: unfolded NICER spectra for five observations of 1A
0535-+262 (ObsIDs listed in legend) around the outburst peak. The decay in
flux is evident in the overall decrease of the normalization. The black line
indicates each of the model fits. Bottom: the A 2 fit residuals with the same
colour-coding as the top panel. Each observation is vertically offset for clarity
but plotted on the same vertical scale. The presence of large and significant
instrumental residuals below 3 keV is clear at high flux (e.g. red and blue)
but disappears into the noise towards lower fluxes (e.g. purple). Note that the
large narrow peak in the bottom spectrum is caused by unfolding the spectrum
around the model containing a very narrow Gaussian line.

evolution in this work, we employ their Model I, a phenomenological
model defined as TBABS*(BBODYRAD + CUTOFFPL + GAUSS + GAUSS
+ GAUSS). The three Gaussian components in this model correspond
to three narrow iron lines in the range 6.4-7 keV.!!

However, fitting this, or any other model, to the NICER spectra,
runs into issues for the observations at the highest flux. At those
fluxes, instrumental response residuals appear below 3 keV, particu-
larly between 1 and 2keV. One can see this effect in the five NICER
spectra, taken around the peak of the 1A 05354262 giant outburst,

'Note that we leave out the iron edge included in the original model by
Jaisawal et al. (2019) as we do not find significant evidence for its necessary
inclusion in our spectral model.
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shown in the top panel of Fig. 1. The bottom panel shows the A x>
residuals compared to a model fit between 1 and 10keV, vertically
offset for clarity, highlighting how at higher fluxes, the instrumental
residuals are present at high significance. While the model fit, as
shown in the top panel, clearly describes the broadband spectral shape
and can provide a reliable flux estimate, it is not formally statistically
acceptable. Moreover, for poor fits with Xf > 2, XSPEC does not allow
for the calculation of errors on parameters and fluxes. Therefore,
we employ the following approach to fitting the NICER spectra:
using the above model as a starting point, we run an automated
fitting script written in TCL'? to first fit the model in the 1-10keV
range. If no decent broad-band fit is obtained due to the presence
of instrumental residuals (i.e. x> > 2), the energy range is limited
instead to 2—10keV. We note again that using NICER-observation-
specific response files and backgrounds does not alleviate this issue.
For the Swift spectra, we employ the same fitting script, but find that
the fitting range does not require restriction.

With this automated approach, further inspired by the large number
of both Swift and NICER observations, two issues require careful
attention. First, we confirmed that all poor fits are indeed driven by
instrumental residuals, instead of an incorrect or incomplete model,
by searching for asymmetric residual structures and unphysical
parameters. This conclusion is further confirmed by comparing the
NICER flux measurement with Swift results, revealing that both
instruments show a consistent flux evolution and therefore that
instrument-specific effects do not significantly change the measured
fluxes. Secondly, at the highest fluxes, all three narrow Gaussian
lines are clearly present and fitted in the NICER spectra. However,
the inclusion of three such components may cause XSPEC to diverge
at lower fluxes, as such narrow features can then also be fitted to any
local noise deviation. Therefore, when we notice that a fit does not
converge, we instead apply a similar scripted fit, first trying a single
Gaussian instead, and if the issue persists, no Gaussian at all. For this
reason, we ended up not including a Gaussian component in any of
the Swift spectra. The number of Gaussian components fitted to each
NICER spectrum is listed in Table 1 in the online Supplementary
Materials.

2.3.3 Flux measurements and cross-checks

After finishing each of the aforementioned spectral fits, we use the
CFLUX convolution model to measure the unabsorbed flux and its
error in the standard energy band of 0.5-10keV. As stated earlier,
all relevant remaining details regarding the X-ray analysis, such as
the exact ObsID, date and length of the observations, instrument
setup, fitted model parameters with errors and quality of the final fit,
as well as all the measured fluxes and errors, are presented in the
online Supplementary Materials. In addition, we calculate the 1-10
and 2-10keV fluxes, which we include as machine-readable nnline
Supplementary Data tables to allow comparison with other works
using these different energy ranges.

Since MAXI is not a pointed instrument, we explicitly checked
whether fitting the 2-10keV MAXI spectrum introduces biases in
the flux determination for the giant outburst of GRO J1008-57.
Therefore, we also extracted a MAXI/GSC spectrum on the same day
as the brightest Swift observation of the Type-I outburst of this source
(ObsID 31030152; MJID 58652). We then jointly fit the Swift/XRT
PC and WT mode 1-10keV spectra and the MAX/GSC 2-10keV

12 Available with the data reproduction notebook for this paper; see the Data
Availability Section.
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Figure 2. X-ray and radio light curves of 1A 0535+262. Top panel: the long-term Swift/BAT light curve, expressed in Crab units, covering 2005 January—2021
June. The black dashed and dotted lines indicate the times of the radio observations by Tudose et al. (2010) and Migliari et al. (2011), respectively, neither of
which resulted in a detection of 1A 0535+4-262. The outburst starting in 2020, surrounded by the red lines, is the focus of this work. Bottom: zoomed-in light
curve of the 2020-2021 giant outburst of 1A 0535+262. The Swift/BAT light curve is shown in grey, re-scaled to arbitrary units, and shown in log scale. The
black squares and red circles indicate the 0.5-10keV flux measured by Swift/XRT and NICER, respectively. The VLA radio monitoring is shown by the blue
octagons. Note that we do not show two Swift observations (00013945008, 00013945025) due to their short exposures.

spectrum with an absorbed power-law model. The inferred power-law
indices are consistent at 1o between the two instruments. However,
the MAXI fit systematically overestimates the flux by 70 per cent
compared to Swift, in each of the three considered flux energy
bands. Given the pointed nature of the Swift observations, and the
significantly lower spatial resolution of MAXI, we expect the Swift
flux measurement to be more accurate. Since the giant and Type-I
outburst of GRO J1008-57 traverse similar X-ray regimes (with peak
BAT rates within a factor ~2), we correct the giant outburst MAXI
fluxes by dividing by a factor 1.7.

2.4 Matching X-ray and radio observations

To place the observations on the X-ray binary Ly—Lg diagram, the
radio observations need to be matched up with the best estimate for
the quasi-simultaneous X-ray flux. For the Type-I outburst of GRO
J1008-57, this is straightforward, since each radio observation has
an associated Swift/XRT pointing, coordinated to be taken within a
day. For the giant outburst of this same source, we use the MAXI
flux from the spectrum extracted from the day of (or the range of
days covering) the radio observation. The only exception is the first

radio observation, which was not covered by MAXI data. Therefore,
we instead performed a linear interpolation between the measured
logarithmic fluxes measured as close as possible before and after
the radio observation. For 1A 05354262, the majority of radio
observations were obtained on a day where either Swift or NICER (or
both) observed the target. Then, we associated the radio observation
with the closest X-ray observation. Otherwise, we again performed a
linear interpolation of the logarithmic flux measured one day earlier
and later. The final case, of SAX J2103.5+4545, is somewhat more
complicated, as X-ray measurements are only available after the radio
observation, preventing interpolation. Therefore, we instead take the
X-ray flux measured by Swift closest to the radio observation, and
scale it by the ratio of Swift/BAT daily count rates between those
dates. This implies an increase in flux of ~66 percent, under the
assumption that the X-ray spectrum did not significantly change
shape.

2.5 A note on distances
For all three targets considered in this work, several distances esti-

mates exist in the literature. For consistency, we calculate distances

MNRAS 516, 4844-4861 (2022)
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Figure 3. The 6-GHz radio counterpart of 1A 05354262 during the second
VLA observation, where it showed the highest observed radio flux. The black
cross indicates the known position of the source; the synthesized beam is
shown in bottom left-hand corner.

based on the Gaia eDR3 parallax measurements (Bailer-Jones et al.
2021). Following Atri et al. (2019), we apply the Galactic distribution
of LMXBs as a prior when converting parallaxes to distances'® and
apply a zero-point correction. At a 68-percent confidence level,
we find distances of 1.79700% kpc for 1A 05354262, 3.55)17 kpc
for GRO 1008-57, and 6.23%033 kpc for SAX J2103.5+4545. Fi-
nally, we find a distance of 5.21703% kpc for the BeXRB Swift
J0243.64-6124, which will be relevant in Section 3. These derived
distances can be included in our modelling while taking their
uncertainties fully into account. We note that they are consistent with
the aforementioned literature estimates based on other techniques:
~2kpe (Bailer-Jones et al. 2018) for 1A 0535+262; 3.6%)2kpc
(Arnason et al. 2021) and ~5 kpc (Coe et al. 1994) for GRO J1008—
57; and ~6.5 kpc (Reig et al. 2004) and ~4.5 kpc (Baykal et al.
2007) for SAX J2103.54-4545.

3 RESULTS

3.1 Light curves

In Figs 2, 4, and 5, we show the X-ray and radio monitoring light
curves of our three targets, 1A 05354262, SAX J2103.5+4545,
and GRO J1008-57, respectively. All plotted pointed observations,
i.e. radio flux densities and X-ray fluxes, are listed in the online
Supplementary Materials. The top panel in Fig. 2 shows the long-term
Swift/BAT daily monitoring light curve of 1A 05354262, re-scaled
to Crab units, over the past sixteen-and-a-half years. The dashed and
dotted black lines indicate the times of the earlier radio observations,
by Tudose et al. (2010) and Migliari et al. (2011), respectively (non-
detections with 210 and 160 pJy upper limits). The red lines indicate
the time range plotted in the zoomed-in bottom light curve. The
2020-2021 giant outburst was clearly brighter than any observed

3We find consistent results when using the more standard exponentially
decreasing space density prior instead.
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Figure 4. X-ray and radio light curves of SAX J2103.5+4545 during its
2020 giant outburst. X-ray monitoring/pointed and radio observations are
shown in the same style as Fig. 2.

previously with Swift/BAT, reaching ~11 Crab, compared to ~6
Crab in 2009, during the second-brightest outburst. Type-I outbursts
can be seen as the short-duration spikes, reaching up to ~1 Crab
fluxes.

In the bottom panels, we plot the Swift/XRT, NICER, and VLA
light curves of the 2020-2021 outburst of 1A 0535+262, in red,
black, and blue, respectively. The Swift/BAT light curve is shown as
well, scaled by a single arbitrary factor to allow for the comparison
of its shape to the light curve of pointed X-ray observations. While
the outburst becomes visible in the Swift/BAT monitoring between
MIJD 59140 and 59150, pointed X-ray observations start around
MID 59160, when the X-ray flux had already reached ~7 x 10~°
erg s~ cm™2. As shown by both the daily N/ICER and the less-frequent
Swift/XRT observations, the outburst rise continued for two weeks,
peaking at a flux of ~5.8 x 107% ergs™' cm™ on MID 59174.
Subsequently, the initial outburst decayed gradually until MJD
59194, where the Swift/BAT monitoring reveals an acceleration of the
flux decrease during a gap in the N/CER monitoring. 1A 05354262
later reaches a relatively stable, low-flux plateau, decaying the flux
from ~2.5 x 1079 to 8 x 10~ ergs™' cm™ between MID 59214
and 59246. Finally, as shown predominantly by the Swift monitoring,
the X-ray flux reaches a higher flux plateau, stabilizing in the range
of (5-10) x 107" erg s™' cm™. While the Swift/XRT monitoring has
continued after MJD 59300, we end the light curve due to the lack
of radio data.

In the VLA radio monitoring, 1A 05354262 is detected in the first
nine observations at >3 — o significance, with flux densities between
12.5£3.9 and 39.2 £ 4.0 Wy. In Fig. 3, we show the 6-GHz field
around the target in the second observation, highlighting the faint but
clear counterpart of the BeXRB. The best-fitting source position in
this image is

RA (J2000) = 05h 38m 54571 % (3008,
Dec (J2000) = 26°18’ 56779 £ 0709.

The aforementioned flux densities, observed in the first and second
radio observations, show how the radio flux density increased during
the outburst rise, peaking close to the time of the X-ray peak. During
radio observations 3-9, the flux density globally decayed, as the X-
rays peaked and subsequently decayed as well. This radio flux density
decrease is, however, very gradual, and the difference in peak times
in X-rays and radio may be affected by a changing radio spectral
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Figure 5. X-ray and radio light curves for GRO J1008-57. The setup of this figure is the same as Fig. 2. Top panel: long-term Swift/BAT monitoring, expressed
in Crab units. The blue and red regions indicate the Type-I and giant outbursts targeted in radio, respectively. Before several giant outbursts — i.e. in 2012,
2014-2015, 2017, 2020 — an enhanced X-ray flux state is visible before the outburst onset. Bottom panel: zoomed-in light curves of the Type-I (left-hand panel)
and giant (right-hand panel) outburst. No radio counterpart of GRO J1008-57 is detected at any time. The jump in the radio upper limit in the final observation

results from a change in ATCA array configuration.

shape. During the 10th observation, radio emission is still observed
at the position of 1A 05354262, albeit at less than 3o significance:
9.8 + 4.1 uly. We detect no radio emission from the source position
in any of the remaining 10 observations (i.e. starting on MJD 59191).
The resulting upper limits on the radio flux density, below the typical
radio levels during the outburst peak, show that the radio emission
is enhanced during the accretion outburst and is not present (at
detectable levels) for X-ray fluxes below 2.4 x 1073 ergs! cm™.
Finally, based on our results, the earlier radio-non-detections by
Tudose et al. (2010) and Migliari et al. (2011) can be attributed to
the lower sensitivity in those observations.

To study the spectral shape, we divided the full 4-8 GHz observing
band into four sub-bands of 1-GHz width, thereby roughly halving
the sensitivity per band. During the brightest radio epoch (observation
2), we obtain the best single-observation constraint on the spectral
index « (where the flux density scales with frequency as S, oc v¥).
Even in this observation, however, we measure a relatively poor
measurement of « = —0.9 &= 1.1, encompassing the range of expected
indices for both optically thin discrete ejecta (i.e. « = —0.7) and
unresolved, compact jets (o« > 0; Fender et al. 2004; Russell et al.
2013). To increase the signal-to-noise ratio, we then repeated this
procedure combining the three brightest observations (2, 3, and 4), all

taken in the same array configuration. There, we measure a spectral
index ¢ = —0.1 £ 0.1, consistent with a flat-spectrum radio jet. The
radio spectrum for both cases is shown in the online Supplementary
Materials.

We now turn to SAX J2103.544545, shown in Fig. 4. Here,
we plot the Swift/BAT light curve for the 100d around the VLA
observation, scaled to arbitrary units similar to the bottom panel of
Fig. 2. The X-ray fluxes, measured from the two Swift/XRT pointed
observations, are shown in red. These two observations clearly
capture the behaviour during the decay of the outburst, just before
the outburst cannot be clearly identified anymore in the Swift/BAT
light curve. The VLA observation occurs slightly earlier, albeit also
during the outburst decay, and returns a non-detection. The 6-GHz
image rms is 6 ply, resulting in a 3 — o upper limit on the flux
density of 18 pJy. No further pointed observations, in the radio or
X-ray band, were performed afterwards.

Finally, in Fig. 5, we show the long-term Swift/BAT monitoring
and our pointed X-ray and radio monitoring during two outbursts, of
GRO J1008-57, in similar fashion to Fig. 2. The upper light curve
confirms that GRO J1008-57 is a prolific outbursting source, showing
Type-I outbursts every orbital period (separated by 249.5 d), as well
as multiple giant outbursts. On two occasions since 2012, we can
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Figure 6. The X-ray—radio luminosity plane for X-ray binaries. The coloured and filled-in points indicate transient BeXRBs. Octagons indicate the three sources
studied in this work, while the two outbursts of GRO J1008-57 are indicated with different colours. For comparison, Swift J0243.64-6124 is also shown, as the
purple squares. The open black squares show persistently accreting NS HMXBs and quiescent BeXRBs, while the grey crosses and circles indicate archival
observations of black hole and NS LMXBs, respectively. This comparison black/grey sample was compiled by van den Eijnden et al. (2021).

identify the occurrence of two giant outbursts in between successive
Type-I outbursts: around the start of 2015 and in 2017. Moreover, in
2012 and 2020, the regular Type-I outburst is followed by a variable
state of enhanced X-ray flux and then followed by a giant outburst.
Evidence for this effect can also be seen before the giant burst in
early 2015 and the brightest of the two giant bursts in 2017.

Our radio and X-ray monitoring campaigns targeted the 2019
Type-I outburst and the 2020 giant outburst, where we were able
to catch the outburst rise early due to the the enhanced flux state
before the latter outburst. In the two bottom panels for Fig. 5, we
show the zoomed in light curves of these two outbursts, with X-ray
fluxes measured from the Swift/XRT observations in the left-hand
panel, and those measured from the MAXI/GSC spectra in the right.
In both cases, the radio monitoring cadence samples the outburst
evolution well. However, we note the difference in the scaling on
the horizontal axis; the separation between the radio observations in
the Type-II outburst is longer and less regular, due to the triggered
nature of the campaign. In none of the eleven ATCA observations,
we detect any significant radio emission at either 5.5 or 9 GHz
at rms sensitivities usually ranging between ~7 and 10 plJy (at
9 GHz), leading to typical 3 — o upper limits of ~20-30 pJy. The
higher upper limit in the final observation during the giant outburst
(66 py) results from a change in ATCA configuration to a compact
H214 configuration. When we stack the four first giant outburst
observations, or all Type-I observations (i.e. those taken in the same
setup and configurations), we also do not detect a counterpart, down
to slightly deeper levels than the individual observations (see the
online Supplementary Materials).

3.2 The X-ray-radio luminosity plane

Combining the X-ray and radio flux (density) measurements taken
close in time (see Section 2), we can place our three targets on the
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X-ray binary Ly—Lg plane. For this purpose, we calculated the radio
luminosity (upper limit) at 6 GHz, assuming a flat spectrum, and we
assume the distances listed in Section 1.1. In Fig. 6, we show the
resulting luminosities alongside three comparison samples, all taken
from van den Eijnden et al. (2021): black hole LMXBs shown as the
grey crosses, NS LMXBs shown as grey circles, and persistent NS
HMXBs shown as black squares. The transient BeXRBs are shown
as the coloured and filled-in data points: SAX J2103.5+4545, GRO
J1008-57, and 1A 05354262 as octagons of different colours per
source and outburst type, and archival Swift J0243.64+6124 data
as purple squares. Below X-ray luminosities of 10¥ ergs™, the
BeXRB sample is dominated by radio non-detections. The only
exceptions are a single detection of 1A 05354262, as well as the
four radio detections of Swift J0243.64+6124 obtained after its main
giant outburst (van den Eijnden et al. 2019a).

To highlight the observations of GRO J1008-57 within the cluster
of data points surrounding it, we show a zoomed version of the radio—
X-ray luminosity plane in Fig. 7 with the other sources faded out.
Between the Type-I and giant outbursts, our observations spanned a
factor ~ 25 in X-ray luminosity. The two outbursts also overlap in
X-ray luminosity. However, no radio emission is detected in either
outburst. When we consider this crowded region of the radio—X-
ray luminosity plane for all targets, the archival radio detections
of Swift J0243.64+-6124 stand out. These data points lie above the
majority of radio upper limits for the other three targets at similar X-
ray luminosity. This discrepancy hints towards a difference in radio
behaviour between main outbursts and X-ray re-flares, which we will
discuss in more detail in Section 4.

The sensitivity limits of current radio observatories in common
monitoring observation lengths are clearly visible in Fig. 6: approxi-
mately 2-3 x 10?” erg s~! for sources located at distances of the order
of ~5kpc and approximately 3—5 x 10% erg s~ for sources located
at ~2 kpc. The close distance to 1A 0535+262 has been essential in
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Figure 7. Zoomed-in inset of Fig. 6, focusing on the crowded region where
the GRO J1008-57 data reside. To highlight the data from this BeXRB, all
other data points have been faded.

detecting its radio emission. From this sample of four BeXRBs, it
appears that current radio telescopes may detect radio emission if:
(1) the source is located at relative close distances (i.e. <2kpc); (ii)
the source accretes close to, or at, super-Eddington luminosities; or
(iii) the source is observed during re-flaring activity after a main
giant outburst.

3.3 A possible X-ray-radio correlation for transient BeXRBs

Based on the radio monitoring of the main outburst of Swift
J0243.64+-6124, van den Eijnden et al. (2018a) argued that its X-
ray and radio luminosity display a global coupling during the
outburst decay, measuring the relation Lz L‘))('S“io'm. This mea-
surement, however, did not take into account the initial radio non-
detection. In addition, the later observations of Swift J0243.6+6124,
presented in van den Eijnden et al. (2019a), were not taken into
account. In our extended sample, that now includes four sources,
we can expand on this analysis. From Fig. 6, it appears that
during the peak of its outburst, 1A 05354-262 also followed a
coupling between its X-ray and radio luminosity. Moreover, this
apparent correlation visually seems to continue the relation seen
during the giant outburst decay in Swift J0243.6+6124. Under the
simplest assumption that giant BeXRB outbursts follow a similar
relation between their X-ray and radio luminosity, we can attempt to
determine a global Ly—Lg coupling index for this source class and
outburst type.

To properly measure a giant outburst Lxy—Lg coupling, we combine
the data from the main outburst of Swift J0243.6+6124, all data
from 1A 0535+262 and SAX J2103.5+44545, and the giant outburst
data from GRO J1008-57. While most radio upper limits for the
latter two sources, as well as those for 1A 05354262 at low X-
ray luminosities, are likely unconstraining when assuming a single
correlation, other radio limits will have a more significant effect.
The early non-detection of Swift J0243.6+6124 and the three X-ray-
brightest radio upper limits of 1A 0535+262 appear, by eye, to lie
close to any global correlation. Therefore, improving upon van den
Eijnden et al. (2018a), it is important to properly account for all giant
outburst radio non-detections. All radio detections and upper limits
used in the fit, are shown in Fig. 8.

Radio monitoring of transient BeXRBs 4853

We follow the approach originally developed by Kelly (2007),
introduced to the study of the Ly—Lg plane by Gallo et al. (2014),
in the LINMIX method: a Bayesian Markov chain Monte Carlo
fit of a linear model, fully accounting for upper limits in the
dependent variable. We specifically applied the PYTHON-version of
this method,'* to fit a model of the form

Lg Ly \*?
- , 1
Lgyo 5 (Lx,o) M

where & is an arbitrary scaling factor and § is the coupling index
between the luminosities. Luminosities with a subscript 0 denote the
mean luminosity of the radio-detected observations: Ly o =2 x 10
ergs™ and Lg o = 4.2 x 10?7 ergs™'. To apply the LINMIX method,
we linearize the model as

logLR—logLR.0=10g$+ﬁ(logLX—logLX,O)—Fe, 2)

where € is an additional parameter describing the intrinsic Gaussian
scatter around the best-fitting correlation. To measure the fitted
parameters logé&, B, and €, we followed Gallo et al. (2018) and
calculate the mean parameter from 10* draws from the posterior
distribution (instead using the median returns equivalent results).
We repeat this fit 500 times, following Gusinskaia et al. (2020b),
and report the mean of the 500 parameter estimates as the fitted
values. To take into account distance uncertainties, we draw a random
distance for each source from the Gaia distance distribution for
each of these 500 iterations. However, we find the uncertainties
in the fit are dominated by the low signal-to-noise ratio of the
radio observations. The 1 — o errors are calculated by taking, for
each of the 500 runs, the 16th and 84th percentile from the 10*
parameter draws, and subsequently averaging those 500 values. We
show an example distribution from a single run and the distribu-
tions after 500 runs, for log& and $ in the online Supplementary
Materials.

Following the above approach, we measure log £ = 0.057 £ 0.052,
B = 0.86 + 0.06, and € = 0.1775:%3. Fig. 8 shows the best-fitting
version of equation 2 and its uncertainty range. The index B is
steeper than that measured for Swift J0243.64-6124 alone, although
the exclusion of the radio upper limit may have pushed that earlier
fit to shallower slopes. Comparing with Gallo et al. (2018), we find
that the measured index is steeper than that seen in black holes (8 =
0.59 4 0.02) and the full sample of NS LMXBs (8 = 0.4410:03;
however, we note that individual NS systems have been observed
to show significantly different coupling indices). The scatter seen
for the BeXRBs is smaller, compared to € = 0.46 + 0.02 and
0.4370:9%, in the other two samples, respectively. However, this is
hardly surprising, as our sample includes only four BeXRBs and the
fit was motivated specifically by the similarity in correlation between
Swift 10243.6+6124 and 1A 0535+262. The scatter seen for these
BeXRBs may, to some degree, be driven by short-time-scale (<1 d)
variability in the radio flux density, especially in combination with
the association of non-simultaneous X-ray and radio observations
separated by up to a day.

We cannot directly compare the intercept, log &, to Gallo et al.
(2018), due to the different values of Ly ¢ and Lg . Re-scaling the
measured log £ value to their values, e.g. Lx o.g+1s = 2.00 x 10
ergs™ and Lgogyis = 3.72 x 10%® ergs™!, we find that log £ 15 =
—2.61. This value is significantly lower than measured for the
black hole and NS LMXB populations, i.e. logé = 1.18 £ 0.03
and —0.17 £ 0.05, respectively. This makes the transient BeXRB

4Publicly available via https:/github.com/jmeyers314/linmix.
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Figure 8. The fit to the BeXRB giant outburst X-ray—radio luminosity correlation. The black open squares indicate radio detections of BeXRBs, while the black
open hexagons show upper limits. The black dashed lines plot the best-fitting relation of the model Ly o EL'Z, while the red lines show 100 random draws of
the posterior distributions from the parameter distributions of & and 8. Finally, the blue dotted and dash—dotted lines indicate the luminosity sensitivity limits
with the planned next-generation VLA (ngVLA), for distances of 8 and 2 kpc, respectively. The grey points show the LMXB comparison samples, as in Fig. 6,

and their Ly—Lg correlation from Gallo et al. (2018).

population, while similar in its inferred coupling index, ~275 times
radio fainter than the NS LMXB population, at an X-ray luminosity of
2 x 10* erg s~!. Due to the steeper index for the transient BeXRBs,
this difference decreases towards higher X-ray luminosities, as is
visible in Fig. 6.

The two BeXRBs with radio detections, Swift J0243.64+6124
and 1A 05354262, do not overlap in the X-ray luminosity during
the radio monitoring of the main outburst. Therefore, physical
differences or observational uncertainties can systematically affect
the measured correlation for the entire BeXRB sample. For instance,
an incorrect distance measurement for one of the sources may affect
the measured slope of the correlation. Similarly, if the magnetic
field strength or spin affects the radio luminosity (as discussed
in Section 4.2), this would affect the slope and normalization of
the coupling: the spin period of Swift J0243.6+6124 is more than
10 times smaller than 1A 0535+262. While this issue plays a role
in NS LMXBs as well, their overlap in X-ray luminosity and small
differences in spin (Patruno, Haskell & Andersson 2017) implies that
any distance, spin, and magnetic field effects, affect the scatter more
than the slope.

With the above considerations in mind, it is an interesting exercise
to assess Swift J0243.6+6124 and 1A 05354-262 separately (using
LxocGt+1s and Lgoc+is). When we repeat our LINMIX fits for
1A 05354262 individually, we find 8 = 0.80 £ 0.26, logé =
—2.59 £+ 0.24, and € = 0.18 £ 0.08. For Swift J0243.6+6124,
we find 8 = 0.657017, logé = —2.13703%, and € = 0.2670S. The
slopes B for the sources individually are consistent with each other,
and with the NS LMXBs. However, we note that the reduced
number of data points and the smaller range in X-ray luminosity
contribute to significantly enhanced uncertainties on 8 (see Corbel
et al. 2013, for a discussion on the effects of small ranges in X-ray
luminosity).
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4 DISCUSSION

In this paper, we have presented coordinated radio and X-ray
monitoring of three transient BeXRBs during four outbursts. No
radio counterpart was detected in the eleven ATCA observations
of GRO J1008-57 across two outbursts of different types, nor in
the single VLA observation of SAX J2103.544545. 1A 05354262,
on the other hand, was detected in the first 10 of 20 VLA giant
outburst monitoring observations. Here, we will discuss the origin
and properties of this detected radio emission and its apparent relation
to the X-ray luminosity of the BeXRBs, before investigating the
origin of their radio faintness. Finally, we will compare our results
with the behaviour of Swift J0243.64-6124 during X-ray re-flares and
with the radio properties of persistently accreting NS HMXBs.

4.1 The origin of transient radio emission in BeXRBs

The launch of a relativistic jet from the inner accretion flow
can explain the observed radio properties of the three targets. As
the only detected source, 1A 05354262 naturally dominates this
interpretation. First, the set of 10 non-detections in the tail of the
outburst cannot be explained by a decrease in radio sensitivity.
Instead, these non-detections appear to be linked to the decrease
in X-ray luminosity, connecting the prior radio detections to the
presence of accretion. In other words, we do not expect that the radio
emission originates from either the NS or the donor star itself, or their
interaction, via processes that also operate in quiescence. Secondly,
the global correlation between the X-ray and radio luminosity of 1A
0535+262 is consistent with a coupling between an in- and outflow,
as commonly observed in LMXBs. Finally, this coupling appears to
extend the correlation observed during the Swift J0243.6+6124 giant
outburst. A major difference, however, with that Swift J0243.64+-6124
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data set, is the lack of accurate spectral shape measurements for
1A 05354262 across the outburst, due to its relative faintness;
the only constraining measurement of « = —0.1 £ 0.1 could be
obtained by combining the three brightest observations. This value
is consistent with a flat-spectrum radio jet and the spectral shape
that Swift J0243.6+6124 tended towards as it decreased in X-ray
luminosity.

In a radio jet scenario, the non-detections of GRO J1008-57,
SAX J2103.5+4545, and 1A 0535+262 below Ly = 5 x 10%
ergs~!, can be explained by the limits of observational sensitivity
in combination with a coupling between X-ray and radio luminosity.
As can be seen in Fig. 8, the distance to GRO J1008-57 and SAX
J2103.544545 makes both BeXRBs undetectable in radio below Ly
~ 0.5-1 x 10% ergs™!, given their radio upper limits. These limits
are representative of current radio sensitivities in standard monitoring
observations (i.e. 4 h with ATCA). Future observatories are therefore
likely needed to detect giant outbursts below ~10 per cent Lgqq for
BeXRBs located beyond ~4 kpc. This statement assumes that all
giant outbursts follow a single X-ray—radio luminosity coupling (but
see Section 4.2).

In addition to a jet origin, it is essential to consider alternative
emission origins. We first consider the Be star in a BeXRB, itself.
Isolated Be stars at distances of, typically, tens to hundreds of parsecs,
have been observed extensively at radio wavelengths (e.g. Taylor
et al. 1987, 1990; Drake 1990; Dougherty, Taylor & Waters 1991;
Clark, Steele & Fender 1998). The majority of these observations did
not yield radio detections, while several sources were detected only
in a subset of observations (Dougherty et al. 1991). The detections
of thermal radio emission of Be stars typically reveal specific radio
luminosities between ~1.3 x 10'3 and 2.7 x 10" ergs™! Hz™!, where
the maximum was observed in § Mon A by Taylor et al. (1990).
Assuming a flat spectral shape, these specific luminosities correspond
to ~8 x 10 to ~1.6 x 10% ergs™ at 6 GHz, firmly below the
deepest upper limits and the radio detections for our four BeXRB
targets. An interesting exception is EW Lac, which was observed by
Taylor et al. (1990) at a specific luminosity of ~10"7 ergs™ Hz™!, or
a luminosity of ~6 x 10% ergs™' at 6 GHz. While fainter than the
majority of radio detections of 1A 05354262, it is higher than the
upper limits on the radio flux of this target during its late outburst
decay. However, Dougherty et al. (1991) did not detect EW Lac, with
an upper limit five times lower than the previous radio detection. This
highlights the intrinsic radio variability of Be stars, and the need for
coordinated X-ray and radio observations during BeXRB outbursts,
to connect radio emission to the presence of accretion in BeXRBs. It
similarly shows how, for BeXRBs at small (<1 kpc) distances at low
X-ray luminosities, the radio flux and variability from the Be star
may create a limit to our ability to track the relation between X-ray
and radio luminosity into quiescence.

We next consider shock interactions between the Be-star’s outflow
or circumstellar disc and a pulsar wind, thought to be responsible
for the radio emission in y-ray binaries. These interactions can be
ruled out on three grounds. First, it is typically assumed that no
pulsar wind is launched by actively accreting pulsars, which would
imply that shock radio emission should become visible towards
very low accretion rates; in 1A 05354262, we observe the opposite
(although the recent detection of possibly spin-powered optical/UV
pulsations in the accreting millisecond X-ray pulsar SAX J1808.4—
3658 could suggest that the pulsar mechanism may still operate
during accretion episodes in some accreting NSs; Ambrosino et al.
2021). Secondly, since the spin evolution of the pulsar in BeXRBs
is (during outburst) regulated by the transfer of angular momentum
between accretion flow and NS, we can estimate what their spin-down
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energy Espin would be as isolated pulsars. The spin-down energy is
Ein = 4721 P/ P3, for a NS with period P, period derivative P, and
moment of inertia . P scales with the magnetic field as B o VPP.
Combined, this yields

2 4
Egin < 4 x 103 B F ergs ! . 3)
spin = eG) \1s) ¢

Using magnetic field estimates from their cyclotron line measure-
ments, we find upper limits for 1A 0535+262 and GRO J1008-57
of Egin <5 x 10%* ergs™ and Eqpin < 3 x 107 erg s, respectively.
The radiative luminosity of a shock between a pulsar wind and the
Be-disc will be a fraction of this spin-down energy. Therefore, the
energetics of a pulsar wind, even if launched, are not sufficient to
account for the observed radio luminosities. For SAX J2103.5+454,
no cyclotron lines have been detected. However, with its slow spin
(P ~ 346 s), its upper limit will be even lower. Thirdly, given their
(measured or assumed) magnetic field strengths and spin periods, all
three sources fall beyond the pulsar death line, implying they are not
expected to launch a pulsar wind even if isolated (e.g. Ruderman &
Sutherland 1975; Zhang, Harding & Muslimov 2000).

Recently, Chatzis, Petropoulou & Vasilopoulos (2022) formulated
a new model for the radio emission from BeXRBs hosting a strongly
magnetized NS. In this shock-based model, the radio emission
consists of a superposition of a thermal stellar-wind component
and a non-thermal synchrotron component. In an X-ray binary
analogy to colliding wind binaries, this shock takes place between the
stellar wind from the Be star and a non-relativistic outflow launched
from the accretion flow. Assuming spherical morphologies for both
outflow and stellar wind, and a constant presence of disc outflows
at all accretion rates (both sub- and super-Eddington, without any
requirements on the exact mechanism), this shock-model derives
the resulting radio luminosity, spectrum, and coupling to the X-ray
luminosity. The latter is found to be steep in the sub-Eddington
regime (8 = 12/7), and dependent on the electron number density
distribution in the super-Eddington regime — 8 = 2(p — 1)/7, where p
is the the power-law index of the electron distribution. Interestingly,
the analytical nature of this model allows for fits to the observed
X-ray-radio behaviour of BeXRBs. When fitting the full outburst
behaviour of Swift J0243.64-6124, Chatzis et al. (2022) find that
the sub-Eddington behaviour can be consistently explained via this
model for reasonable binary and outflow parameters, as we will return
to in Section 4.3. The super-Eddington properties, on the other hand,
cannot be explained in this model, as the inferred shock location is
too close to the Be star (i.e. within ~20 Solar radii).

We can consider whether this new approach could account for the
radio emission observed in 1A 0535+262. The most reliable method
to assess this question, is to perform a full fit to the new data, similar
to Chatzis et al. (2022). As such a fit is beyond the scope of this
work, we will instead consider some qualitative lines of thought.
There are a number of arguments suggesting that, similarly to the
super-Eddington phase of Swift J0243.64-6124, these observations
may be challenging to explain via such shocks.

The similarity in Ly—Lg coupling between these two sources
presents several issues. First, this coupling does not fit with the
predicted g = 12/7 for the sub-Eddington regime, and secondly, no
large change in coupling is observed between the super- and sub-
Eddington regime. Observing a similar coupling index in those two
regimes requires p & 7, which is inconsistent with typical values for
diffusive shock acceleration (i.e. p &~ 2-2.2; Bell 1978; Matthews,
Bell & Blundell 2020). Finally, such a single slope is significantly
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steeper than the observed § = 0.84 4 0.06. However, we reiterate
that this inference is based on only two sources.

Another challenge is that the apparently similar correlation be-
tween X-ray and radio luminosity is suggestive of a single underlying
mechanism. If the super-Eddington Swift J0243.64-6124 data cannot
be explained through such shocks, this line of reasoning would also
argue against that origin in 1A 0535+262. However, we reiterate that
a full fit will shed more light on this question.

4.2 A BeXRB X-ray-radio luminosity correlation: effects of
magnetic field and spin?

Considering the X-ray-radio luminosity plane, our observations
confirm the inference in van den Eijnden et al. (2018a) that giant
BeXRB outbursts are significantly radio underluminous compared
to LMXB outbursts. Such a striking difference makes one naturally
wonder about its origin. Remarkably, Ribé et al. (2017) showed
how the only-known black hole BeXRB, MWC 656, falls on the
black hole X-ray-radio luminosity correlation at quiescent X-ray
luminosities (where the two black hole tracks have converged).
While it is rather speculative to extrapolate from a single source,
this may suggest that the radio faintness of BeXRBs does not result
from the binary or accretion flow properties. Instead, the compact
object properties would then appear to play a more significant role
in the low radio luminosity of NS BeXRBs. A similar conclusion
follows from a comparison with NS LMXBs. During giant outbursts,
the NS may accrete from an accretion disc in a similar fashion to
accreting NSs in LMXBs. Therefore, the fundamental difference
between BeXRB giant outbursts and LMXB hard states, appears to
lie in the NS properties: the strong magnetic field in BeXRB truncates
the accretion disc at hundreds to thousands of gravitational radii (e.g.
Tsygankov et al. 2017), compared to maximally a few to tens of R, in
LMXBs (Degenaar et al. 2017; van den Eijnden et al. 2018b; Ludlam
et al. 2016, 2017a, b). Moreover, the NSs in BeXRBs typically have
orders of magnitude slower spins than those of NSs in LMXBs (Reig
2011; Patruno et al. 2017).

To quantitatively compare NS jet launching between LMXBs and
BeXRBs, we fundamentally assume a single jet launch mechanism
underlies this process in both cases. This argues against Blandford-
Payne-type jet launch models, i.e. classical magneto-centrifugal jet
launch models, as those suggest a maximum NS magnetic field for jet
formation that excludes BeXRB NSs (i.e. ~10° G; Massi & Kaufman
Bernad6 2008; Kylafis et al. 2012). As an alternative, spin-powered
jet launching models do not carry this restriction. From that category
of models, we will consider the model proposed by Parfrey et al.
(2016), although we stress that currently, the main argument for
assuming a single model for both source classes comes from Occam’s
razor instead of direct observational evidence.

In the jet-launching model by Parfrey et al. (2016), the jet power
is provided by magnetic field lines from the spinning NS, opened up
by the accretion flow. Importantly, this model proposes that the jet
power L; scales with three physical parameters: the NS spin period
P, the NS magnetic field B, and the mass accretion rate M

L; o P2BY M%7 4)

This equation immediately reveals the fundamental difference with
magneto-centrifugal models, as the jet power increases with mag-
netic field strength. This may, however, still be reconciled with
the radio faintness of strongly magnetic BeXRBs, as their NSs
spin slowly. More recently, Das, Porth & Watts (2022) presented
GRMHD simulations of accreting NSs with a complex magnetic
field morphology (inspired by e.g. Riley et al. 2019), finding the
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same relation between jet power, magnetic field, and spin period.
In the remainder of this discussion, we will consider this class of
models as magneto-rotational models.

To review these models’ scaling with NS and accretion param-
eters more quantitatively, we can introduce an additional piece of
information and an assumption. First, out of the three parameters
setting the jet power in equation (4), only the accretion rate is related
to the X-ray luminosity; Ly oc M if we consider a range in mass
accretion rate where the accretion flow does not transition between,
e.g. radiatively efficient and inefficient. Secondly, we can pose the
assumption that the jet power is correlated to jet radio luminosity, for
all jet powers relevant to BeXRBs, in similar fashion to black hole
jets: Lg LIJ‘4 (Blandford & Konigl 1979; Falcke & Biermann 1996;
Markoff, Falcke & Fender 2001). With those scalings, equation (4)
can be written as

Lgoc PTHPBOALYS. )

This equation takes the same functional form as equation (2), fitted
to the Ly—Ly relation, with 8 = 0.8 and £ oc P~'*’B% With our
measurements of both 8 and & for BeXRBs and the results from
Gallo et al. (2018) for hard-state NS LMXBs, we can assess whether
the magneto-rotational models are able to approximately explain the
differences between both classes of accreting NSs.

First, we can consider the full sample of giant BeXRB outbursts
studied in this work. For these combined data sets, we measure a
coupling index of B = 0.84 &£ 0.06, consistent with a slope of g =
0.8. However, as discussed, we should be careful when we apply
equation (5) to any sample of accreting NSs. When doing so, we
implicitly assume a single spin and magnetic field for all sources
within this sample. In other words, we neglect the dependence of
the magneto-rotational models on spin and magnetic field. For 1A
0535+262 and J0243.64-6124 individually, we instead measured g =
0.81+0.27 and 0.65 fgj};, respectively. Both slopes remain consistent
with each other and with the 8 = 0.8 value from equation (5).

We can also assess the normalization, and possible effects of
the magnetic field and spin, which can be parametrized in this
model as & = £,(P/1s)"'*3(B/10'2G)%. For 1A 05354262, using
its measured &£, P = 103s, and B = 5 x 10'> G, we can infer that
£ = 168.7713%53. For Swift J0243.6+6124, no cyclotron line has
been detected (Jaisawal & Naik 2017; Jaisawal et al. 2019; Tao et al.
2019; Zhang et al. 2019). Instead, we can apply the scaling with
spin and magnetic field strength to infer the magnetic field, required
to explain the difference between its measured logé and that of
1A 05354262, given their known difference in spin. Considering
the 1 — o ranges in log& for both sources, one then finds that the
magnetic field of Swift J0243.64-6124 should lie between 2 x 10'°
and 1.4 x 10! G. Indirect estimates of this field have been obtained
via pulse frequency evolution modelling and through searches for
the transitional propeller X-ray luminosity or the critical X-ray
luminosity, yielding contrasting results: while several authors report
evidence for a field strength of B > 10'3 G (Doroshenko et al. 2017;
van den Eijnden et al. 2019a; Kong et al. 2020), others find B <
10 G (Doroshenko et al. 2020; Sugizaki et al. 2020), and finally
some conclude both ranges are possible (Tsygankov et al. 2018;
Wilson-Hodge et al. 2018). Therefore, with current evidence, we
cannot rule out a magnetic field in the range required to explain
the difference between 1A 05354262 and Swift J0243.64-6124 in
the magneto-rotational models. However, this range is significantly
lower than a subset of estimates for Swift J0243.64+6124 and the
magnetic field typically observed in BeXRBs. For such, more typical,
BeXRB fieldsi.e. (B > 10'? G), the magneto-rotational models would
have predicted a larger difference between the two targets.
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It is worth briefly pointing out that the radio non-detections of
two other BeXRBs, GRO J1008-57 and SAX J2103.54-4545, are
not surprising in this model interpretation. The former target has
similar spin and magnetic field to 1A 05354262, but a significantly
larger distance, while spin period of the latter is more than three
times larger than that of 1A 05354-262. As both sources were
observed at similar X-ray luminosities as the 1A 0535+262 outburst
decay, we expect lower radio flux densities under the assumption
of the magneto-rotational models. Combined with their higher radio
luminosity limits, the non-detections are therefore consistent with
this model.

Finally, we can conduct a similar comparison between NS BeXRB
and the full sample of NS LMXBs (ignoring for simplicity the
intrinsic variations in the latter sample), for which Gallo et al. (2018)
measure logé = —0.17 = 0.05. That value, in combination with
the measurement of &, from 1A 05354262, does not fit well with
typical spin and magnetic field values assumed or measured for NS
LMXBs. For instance, it implies a maximum spin frequency of ~7 Hz
for a 10% G magnetic field, an order of magnitude below the typical
spin frequencies of accreting millisecond X-ray pulsars (AMXPs).
At a field strength of 107 G, at the low end of what is typically
invoked for AMXPs, this maximum spin frequency only increases to
~20 Hz. We therefore find that the magneto-rotational models cannot
reproduce both the slope and normalization of the observed Ly—Lg
relationship in a consistent fashion for the NS LMXBs and BeXRBs.
Instead, the measured difference in radio luminosity normalization
is smaller than predicted, leading to the low inferred spin frequency
for NS LMXBs mentioned above.'> We conclude that the magneto-
rotational models can qualitatively account for the differences seen
between the samples of NS LMXBs and BeXRBs, and between the
two considered BeXRBs, but currently fails to quantitatively explain
these for reasonable spin and magnetic field values.

4.2.1 Assessing the implicit assumptions

In the analysis above, we make a number of assumptions to
compare BeXRBs and LMXBs. Therefore, it is important to assess
whether the difficulty to explain the quantitative differences between
these sources in the magneto-rotational models, arises due to these
assumptions. We can start by discussing the role of the X-ray
luminosity in these calculations. For instance, we assumed that the
X-ray luminosity scales in a linear fashion with mass accretion
rate across all considered X-ray luminosities, including the super-
Eddington ones reached by Swift J0243.6-+6124. When considering
the radio-detected BeXRBs individually, we find their Ly—Lg slopes
to be consistent despite the different (but overlapping) ranges in Ly
they span, as expected in this scenario. However, this does not imply
that the same inflow—outflow coupling necessarily operates in the
sub- and super-Eddington regime. Especially given the small range
in X-ray luminosity and uncertainties on 8, that conclusion cannot
be made.

Another possible issue with the X-ray luminosity, as mentioned
by Chatzis et al. (2022), may be the relatively low contribution of
the accretion flow to the total X-ray emission. If the emission is

15We note that even for an individual radio-bright AMXP (for instance IGR
J17591-2342; see e.g. Russell et al. 2018; Gusinskaia et al. 2020a), the larger
difference in log & is not sufficient to be consistent with magneto-rotational
models. Even if it were, it would go against our initial assumption underlying
the comparison: a single magneto-rotational model holds for all NS X-ray
binaries
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dominated by the accretion column, we may need to consider instead
only a fraction of the X-ray luminosity as input for equation (5). If
this fraction is independent of the total luminosity, such a change only
affects the normalization, increasing the inferred value of (. As the
accretion column emission is only expected to play such a significant
role in BeXRBs, and not LMXBs, ' an increased value of &, exac-
erbates the issue that we measure a smaller normalization difference
between these source classes than expected in the magneto-rotational
models. We note, on the other hand, that a substantial fraction of X-
ray luminosity of LMXBs can originate from a boundary layer, which
is not present in BeXRBs. Moreover, both the accretion column and
boundary layer luminosity, fundamentally, scale with accretion rate.
A systematic exploration of these X-ray spectral decompositions on
the tracks of NSs in the Ly—Lg plane would help disentangle these
effects.

Another assumption, especially relevant for 1A 05354262 and NS
LMXBs without a spectral index measurements, is that the observed
radio fluxes can be extrapolated to 5-GHz radio luminosities without
loss of information. Changes in spectral index are likely occurring
throughout outbursts of most sources, based on the monitoring of
sources where spectral index measurements were made (van den
Eijnden et al. 2019a; Gusinskaia et al. 2020b; Russell et al. 2021).
By ignoring or not measuring such changes, the radio flux density
to luminosity conversion will introduce scatter into the relationship
between X-ray and radio luminosity, and possible affect its slope.
In addition, using the 5-GHz radio luminosity ignores changes in
spectral break frequency and the optically thin slope, which strongly
affect the total jet power (Russell et al. 2014).

4.3 The radio properties of BeXRBs in the context of all X-ray
binaries

Having focused on the radio behaviour of BeXRBs in the pre-
vious two sections, we will now turn to a comparison with the
broader class of X-ray binaries. Based on the assumption that giant
BeXRB outbursts show a single Ly—Lg correlation, we have drawn a
schematic to summarize the Ly—Lg plane for various types of X-ray
binaries in Fig. 9. In this figure, the solid regions indicate measured
correlations between the two luminosities, while the dashed regions
indicate extrapolated behaviour. The hard state black hole systems,
regardless of donor mass, are radio-brightest (Fender & Kuulkers
2001; Migliari & Fender 2006); in this schematic, we follow Gallo
et al. (2018) and treat the entire black hole population as one
and do not distinguish a radio-loud and radio-quiet track (see e.g.
Soleri & Fender 2011; Dinger et al. 2014; Gallo et al. 2014;
Meyer-Hofmeister & Meyer 2014; Drappeau et al. 2015, for more
discussion). Different types of NS X-ray binaries populate different
regions in this diagram: combined into one class, the low-mass
systems approximately trace the black hole correlation with similar
coupling index (Gallo et al. 2018), although the sample’s radio
luminosity normalization at 2 x 10%ergs™ (i.e. 0.01 Lgqq, where
Lgq 1s defined assuming a NS) is a factor ~22 lower and individual
sources can show deviating behaviour (e.g. Migliari & Fender 2006;
Gusinskaia et al. 2020b).

As argued in this paper, the NS BeXRBs are even radio fainter,
by a further factor of ~275 at 0.01Lggqg compared to the NS
LMXBs, while showing a slightly steeper index. These two NS

19Fractional variabilities in accreting millisecond pulsars are typically of the
order of a few per cent or less (Patruno, Wette & Messenger 2018).
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Figure 9. A schematic overview of X-ray binaries in the X-ray-radio luminosity diagram. For each region, the shaded region indicates where a correlation has
been extrapolated; these correlations have been observed over the range indicated by the filled regions. For the black hole systems, we treat the population as a
single category and do not show a radio-loud and radio-quiet track. For the NS SgXBs, we only indicate the location of radio-detected sources. However, several
sources in this class are not detected with radio upper limits below this region. The dashed line shows the simplest trajectory of Swift J0243.6+6124 during
its outburst decay, consistent with radio detections and upper limits. However, the shape of this track when the source is not detected, may differ. Finally, the

factors 22 and 275 shown on the right refer to the difference in normalization of the X-ray—radio correlations, measured at Ly =2 x 1
where Lgqq is the Eddington luminosity of a NS). See the main text for all caveats.

classes show a large range of extrapolation, particularly at low X-
ray luminosity; systematic radio detections have only been obtained
down to ~0.01Lggq for NS LMXBs, while this limit is ~0.03Lg4q for
the NS BeXRBs. Therefore, we make the simplest assumption of a
single power-law coupling down to low luminosities, although this
remains to be confirmed observationally. The latter class does extend
to significantly super-Eddington luminosities, due to the inclusion of
Swift 0243.64-6124. Finally, we note that the hard boundaries drawn
between classes in Fig. 9 are, in reality, not clear-cut. Variations
between individual sources mean that, e.g. compact object type
cannot be determined beyond doubt from the position in this diagram.

This simplistic picture is complicated by the inclusion of two
additional pieces of information. First, the outburst decay and
especially re-flares of Swift J0243.64+6124 are significantly radio-
brighter than the extrapolated NS BeXRB correlation, as indicated
by the dashed arrow in the schematic. We stress that the exact path of
this source during its outburst has not been fully constrained, due to
several radio non-detections — the dashed arrow shows the simplest
route consistent with the observations. Secondly, the NS SgXRBs,
where a NS in a tight orbit persistently accretes from the strong
stellar wind of a supergiant donor star, are wedged in between the
two aforementioned NS correlations (van den Eijnden et al. 2021).
An important caveat to that statement is, however, that this only
holds for the radio-detected NS SgXBs — several of such sources are
not radio detected and fall below the yellow area (van den Eijnden
et al. 2021). This complicating behaviour of Swift J0243.64+-6124
and the NS SgXBs, both radio-bright compared to the NS BeXRB
correlation, is strongly suggestive of an additional radio-emission
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03 erg s (i.e. 0.01 Liqq,

mechanism. This raises the question ‘What could such a mechanism
be?’

For the radio behaviour of Swift J0243.64+6124 during its outburst
decay and X-ray re-flares, van den Eijnden et al. (2019a) suggested a
two-fold explanation. The initial radio flaring might have originated
in large-scale shocks, as jet material interacts with the ISM, while the
radio properties during the X-ray re-flare could represent a rapidly re-
establishing jet. While the latter scenario proposes a jet that would be,
in terms of radio luminosity, remarkably similar to NS LMXBs, its
inferred similarity to the jet observed in the super-Eddington outburst
phase remained puzzling. The possible presence of an ultra-fast disc
outflow during the super-Eddington phases has been proposed to
play a role in regulating the maximum radio luminosity of the super-
Eddington jet; however, such an explanation is quite speculative (van
den Eijnden et al. 2019b).

An alternative answer may therefore lie in the model by Chatzis
et al. (2022) discussed previously, which is able to describe these
sub-Eddington radio observations satisfactorily. A challenge for
this model would be, then, to explain the launch of a (roughly)
spherical outflow from the accretion disc at X-ray luminosities
between the super-Eddington and propeller regimes. In addition,
if this shock model indeed explains the outlying behaviour of
Swift J0243.64-6124, it should similarly predict no or fainter radio
emission in the two considered outbursts of GRO J1008-57, the giant
outburst of SAX J2103.5+4545, and in the late giant outburst decay
of 1A 0535+262. As the particle acceleration and shock emission
properties in this model depend heavily on the system’s geometry
(i.e. orbital separation and viewing angle) and wind properties (mass

€202 Yo.Je|\ Z0 UO Jesn wepJlaiswy UeA JalisieAlun Aq 860¥699/v181/¥/91 G/alo1le/seluw/woo dno olwapese//:sdiy Woll papeojumoc]


art/stac2518_f9.eps

loss rate and velocity), such differences may be expected. For
instance, the wind properties of Be stars are very poorly constrained
in BeXRBs, and could differ strongly, causing differences in the
location and energetics of a shock. Another factor to consider is
the difference between these transient states. An X-ray re-flare of
Swift J0243.64+6124, Type-I outburst of GRO J1008-57, and giant
outburst of 1A 05354262 or SAX J2103.5+4545 do not necessarily
represent the exact same accretion flow state despite similar Ly.

Turning briefly to the NS SgXBs, a logical next question is then
whether a stellar wind or the Chatzis et al. (2022) shock model could
be the inferred additional radio emission process. As discussed in
detail in van den Eijnden et al. (2021), thermal stellar wind emission
may play a role in a subset of targets. However, it is not expected
to be the driving factor of this enhanced radio luminosity, as not all
radio-detected NS SgXBs launch a stellar wind capable of explaining
the radio emission, while some non-detected targets should have
been detected in this scenario. Several lines of reasoning also argue
against the model by Chatzis et al. (2022). First, it is unclear whether
an accretion disc, capable of launching one of the two shocking
outflows, is present in all NS SgXBs (see e.g. El Mellah et al. 2019,
for arecent discussion). Secondly, the stellar wind of the massive star
is significantly denser than those in BeXRBs, which makes it unlikely
that emission from a shock deep in the massive stellar wind can be
observed. However, the fundamental idea of this model — shocks
occur between the stellar wind and some other structure, causing
the acceleration of relativistic electrons — may still contribute. For
instance, the presence of large scale accretion and photo-ionization
wakes in some NS SgXBs (Blondin, Stevens & Kallman 1991; Kaper,
Hammerschlag-Hensberge & Zuiderwijk 1994) may provide sites for
shocks with the stellar wind to develop on larger physical scales that
are less affected by effects suppressing the radio emission (i.e. free—
free absorption and the Razin effect; Hornby & Williams 1966). A
more detailed model, as well as further observations of radio NS
SgXBs and a better understanding of the circumstances (e.g. binary
and stellar wind properties) where accretion and photo-ionization
wakes are formed, are necessary to further consider such a scenario.

With regards to the SgXBs, we will make two final comments.
First, in the above discussion, we have assumed that strongly
magnetized NSs in SgXBs are equally capable of launching jets as
NS BeXRBs, and would do so via the same mechanism. While that
may be a reasonable assumption in terms of the NS properties, the
accretion flow itself differs significantly between these two source
classes. For instance, if a smaller disc, or no disc at all, is present
in a NS SgXB, magneto-rotational models may or may not operate.
However, whether that predicts a lower radio luminosity, or instead
allows for another (possibly radio-brighter) jet launch mechanism to
take over, cannot be determined without adjusting strong-B jet launch
models for spherical accretion flows or focused winds. Secondly, the
above discussion regarding additional radio emission mechanisms,
especially shocks, does not require a NS primary. However, for
systems with BH primaries, such as Cyg X-1, any resulting radio
emission is significantly fainter than the jet and would be virtually
undetectable; for the radio-detected BH system MWC 656, on the
other hand, this scenario does not apply, as it hosts a Be-star instead
of supergiant donor.

4.4 Future Galactic and extragalactic prospects

In our own Galaxy, the advent of the next-generation VLA (ngVLA),
as well as the SKA and SKA precursors in the Southern hemisphere,
with their enhanced sensitivity, would greatly extend the range of
X-ray luminosity and distances where BeXRB radio emission and
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jets may be probed with observations of reasonable length (see the
blue lines in Fig. 8). Given the typical range of radio luminosities
observed in isolated Be stars, such future observations may probe
down to the regime where this emission cannot simply be ignored.
For instance, for sources within ~2kpc, a 1-h ngVLA observation
is sensitive down to ~2 x 10% ergs™', reaching far into the range of
isolated Be star radio emission (see Section 4.1). Not all Be stars are,
however, detected at radio frequencies. Therefore, with coordinated
X-ray observations and sufficiently dense radio monitoring, transient
radio emission could still be tracked down to low accretion rates for
those BeXRBs hosting radio-faint Be stars.

In this work, we present evidence for the existence of an X-
ray-radio luminosity coupling for BeXRBs. If we assume that this
holds more generally for strongly magnetized accreting NSs, we
can use this correlation to briefly move focus to ultra-luminous X-
ray sources (ULXs). ULXs are extragalactic X-ray sources with X-
ray luminosities exceeding the Eddington luminosity of a ~ 10 Mg
black hole (i.e. ~10%° erg s™'; Kaaret, Feng & Roberts 2017). While
the exact nature of ULX compact objects long remained unclear,
with both stellar-mass compact objects and intermediate mass black
holes considered as options, the detection of pulsations from multiple
ULXs (Bachetti et al. 2014; Fiirst et al. 2016; Israel et al. 2017)
has unambiguously shown that at least a fraction of them host
accreting NSs. The exact fraction remains unknown, although both
observational (Walton et al. 2018) and theoretical considerations
(King & Lasota 2016) are consistent with a significant proportion.
ULXs also show evidence for outflows, both through the detection of
resolved (feedback) structures (Kaaret et al. 2003; Pakull & Mirioni
2003) and X-ray absorption lines from ultra-fast outflows (Pinto,
Middleton & Fabian 2016). However, unresolved radio counterparts
from compact jets have not been detected unambiguously from ULX
pulsars (Cseh et al. 2015; Mezcua et al. 2015; Kaaret et al. 2017)

The identified NSs in ULXSs rotate slowly, similar to their strongly
magnetized Galactic counterparts. Extending our suggested BeXRB
X-ray-radio luminosity relation to a typical ULX luminosity, one
might ask what the prospects are for detecting radio point source
emission? If we assume an X-ray luminosity of ~10* ergs™' (on
the high end of their luminosity distribution; Kaaret et al. 2017), the
predicted radio luminosity would be of the order of ~10% ergs™'.
At an Mpc distance and 5 GHz, this is equivalent to a 0.2 pJy flux
density. Such depths are out of reach for any current facilities in rea-
sonable observing times, but are approached by the planned ngVLA
sensitivity (~ 0.23 wJy at 8 GHz in 1h of observing time; Selina
et al. 2018). At such depths, confusion limits, host galaxy emission,
diffuse feedback structures and other extended, close-by sources may
complicate any searches for radio point source emission (especially
at low frequencies). However, given the >3 orders of magnitude
difference in radio luminosity normalization compared to the black
hole systems, the detection and flux density of radio emission may
help to understand the nature of the compact object accretor.
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Figure S1. Left: the VLA radio spectrum of 1A 05354262, taken
during its brightest (i.e. second) radio epoch.

Figure S2. Light curves of the parameters fitted to the Swift spectra
of 1A 05354262 up to MJID 59300.

Figure S3. Light curves of the parameters fitted to all N/CER spectra
of 1A 0535+262.

Figure S4. The ratio between the NICER spectra measured for Ob-
sID 3200360135, modelled with standard and observation-specific
response and background files.

Figure S5. Top panels: posterior distributions of the offset log & and
slope g for a single MCMC run.
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