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Abstract

We present observations of the gamma-ray binary PSR B1259-63 /LS 2883 with the Atacama Large Millimeter/
submillimeter Array (ALMA) at Band 3 (97 GHz), Band 6 (233 GHz), and Band 7 (343 GHz). PSR B1259-63/LS
2883 consists of a pulsar in a highly eccentric orbit around a massive companion star, with the pulsar passing
through the circumstellar disk near periastron. Our new data were obtained over several epochs, ranging from —61
to 429 days from the periastron passage in 2024. We report an increase in flux in all bands near the periastron. The
significant change in Band 3 flux suggests synchrotron emission from the interaction between the pulsar wind and
the stellar wind or disk. The Band 6 flux shows an increase around periastron and a transition from thermal
emission from the circumstellar disk to synchrotron emission. The Band 7 observation +24 days after periastron
shows a brightening, suggesting that the pulsar's passage through the disk does not result in its immediate
destruction. We discuss the implications of these results for the interaction between the pulsar wind and the
circumstellar disk, such as the possible disk expansion after periastron.

Unified Astronomy Thesaurus concepts: High mass x-ray binary stars (733); Radio pulsars (1353); Neutron stars

(1108); Be stars (142)

1. Introduction

Gamma-ray binaries are a rare and intriguing class of high-
energy astrophysical systems characterized by strong gamma-ray
emission (G. Dubus 2013). Among these, PSR B1259-63/LS
2883 (hereafter B1259) stands out as a particularly interesting
object, consisting of the pulsar PSR B1259-63 in an eccentric
orbit around a massive late Oe-type companion star (LS 2883)
with an equatorial decretion disk (I. Negueruela & A. Herrero
2011). B1259 is located at a distance of ~2.6 kpc from Earth
(J. C. A. Miller-Jones et al. 2018) and has an orbital period of
about 3.4 yr, with an eccentricity of 0.87 (R. M. Shannon et al.
2014).

This system provides a unique laboratory for studying the
interactions between pulsar winds and stellar environments, as
well as the processes governing the acceleration and emission
of high-energy particles in binary systems. The most dramatic
events in this binary occur near periastron, when the pulsar
PSR B1259-63 passes through or near the circumstellar disk of
the companion star LS 2883. During and near these passages,
complex interactions between the pulsar wind and the stellar
environment lead to enhanced high-energy emission across the
electromagnetic spectrum, from radio to gamma rays (e.g.,
M. Chernyakova et al. 2021, and references therein). No pulsed
flux was detected within 7, ~ £15days’ (S. Johnston et al.
1996). The eclipse of the pulsar during this period is likely due

7 We refer to the day of each periastron passage as #, = 0 days.
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to absorption and severe pulse scattering by the companion
star's disk (S. Johnston et al. 1996). This eclipse of the pulsed
emission is accompanied by an increase in the unpulsed radio
flux, which begins at #, ~ —30 days and reaches a maximum at
t, ~ —10 days. After the periastron passage, the flux decreases
before climbing to a second peak at £, ~ +20 days (S. Johnston
et al. 1999, 2005). We note that the radio light curve is highly
variable from cycle to cycle. For example, the timing of the
flux peaks and the rate of flux decline after the second peak
change at each periastron passage (Figure 1 in M. Chernyakova
et al. 2021).

Previous studies have extensively investigated the behavior
of B1259 at various wavelengths, particularly focusing on
the low-frequency (<10 GHz) radio, X-ray, and gamma-ray
regimes (e.g., S. Johnston et al. 1996; F. Aharonian et al. 2005;
M. Chernyakova et al. 2006; Y. Uchiyama et al. 2009;
A. A. Abdo et al. 2011; Z. Chang et al. 2021; M. Chernyakova
et al. 2024a; H. E. S. S. Collaboration et al. 2024). However,
observations at millimeter and submillimeter wavelengths
(~100-300 GHz) have been comparatively limited.

The advent of the Atacama Large Millimeter/submillimeter
Array (ALMA) allowed us to study the emission at higher
frequencies (2100 GHz) with excellent sensitivity. In 2017, we
observed the binary in Band 3 (97 GHz) and Band 7 (343 GHz)
from 7, = +69 to +84 days (Y. Fujita et al. 2019, hereafter
Paper I). We found that the Band 3 flux is identical to an
extrapolation of the unpulsed fluxes at lower frequencies,
suggesting that the Band 3 emission is synchrotron, as is the
low-frequency emission. The emission is likely produced by
electrons accelerated by pulsar wind shocks generated by the
interaction between the pulsar wind and the circumstellar
material of the companion star (J. Takata et al. 2012). In
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Table 1

Summary of ALMA Observations

Fujita et al.

Date Day Band  Freq." Ny Ton’ Bandpass/Flux® Gain® Beam Shape PAf Image rms Observed Flux

(from 1,) (GHz) (minutes) (arcsec) (deg) (uJy bm™") (mly)
Apr 30 —61 3 97 44 6 J1427-4206 J1308-6707 2.0 x 1.7 61 29 0.32 + 0.06
Apr 30 —61 6 233 44 5 J1427-4206 J1254-6111 0.86 x 0.81 42 68 093 + 0.18
May 4 —-57 7 343 42 5 J1617-5848 J1308-6707 0.57 x 0.50 46 122 1.60 £ 0.27
May 30 =31 6 233 45 5 J1427-4206 J1308-6707 0.41 x 0.30 —16 38 0.72 x 0.08
Jun 2 —28 3 97 41 5 J1617-5848 J1308-6707 0.92 x 0.54 43 32 0.26 + 0.06
Jun 29 -1 3 97 45 6 J1617-5848 J1308-6707 0.48 x 0.39 -31 39 3.17 £ 0.20
Jun 29 -1 6 233 45 5 J1617-5848 J1308-6707 0.18 x 0.16 -19 48 248 + 0.23
Jul 24 +24 7 343 41 5 J1617-5848 J1308-6707 0.16 x 0.11 —11 130 3.11 + 0.54
Jul 29 +29 3 97 42 6 J1427-4206 J1308-6707 0.78 x 0.59 -23 31 1.34 + 0.10
Jul 29 +29 6 233 42 5 J1427-4206 J1308-6707 0.35 x 0.27 =31 44 1.89 £ 0.15
Notes.

 Center frequency.
® Number of antennas used for observation.
¢ Total integration time of the target source.
d Bandpass and flux calibrator name.
e .

Gain calibrator name.
" Beam position angle.

contrast to the Band 3 flux, the Band 7 flux at 7, = +69 days is
much larger than the extrapolated value. The most plausible
explanation is that this emission is thermal (blackbody and/or
bremsstrahlung) and comes from the circumstellar disk
(Paper I). This disk evidence provides an important clue to
the origin of the nonthermal emission from the binary, since the
gamma-ray emission can be produced by inverse Compton
scattering of photons from the disk (B. van Soelen et al. 2012;
A. M. Chen et al. 2019).

In 2019, we observed the binary with ALMA when the
pulsar was close to the apastron (Y. Fujita et al. 2020, hereafter
Paper II) and found that both the Band 3 (¢, = +771 days) and
Band 7 (4776 days) fluxes had decreased from those in 2017.
The Band 3 flux is consistent with the extrapolation of pulsed
fluxes at low frequencies. This means that while the unpulsed
emission produced by the pulsar—companion star interaction
had disappeared, the pulsed emission intrinsic to the pulsar was
observed. The decrease in Band 7 flux indicates that the disk is
not perfectly stationary, but is evolving even away from
periastron.

In this study we present new observations of B1259 in 2024
with ALMA, covering three frequency bands. These observa-
tions were aimed at capturing for the first time the behavior of
the system around the periastron passage.

2. Observations and Data Reduction

We performed observations of B1259 with ALMA around
the 2024 periastron passage (June 30). The observations were
made in Band 3 (97 GHz), Band 6 (233 GHz), and Band 7
(343 GHz). The ALMA observations used ranged from 41 to
45 antennas, providing beam sizes from ~0.2 to 2” depending
on the frequency band and array configuration (Table 1). The
total on-source integration time for each observation ranged
from 5 to 6 minutes. The data were processed using the
Common Astronomy Software Applications (CASA) package
version 6.5.4.9 (J. P. McMullin et al. 2007) and ALMA
Pipeline version 2023.1.0.124 in a standard manner. The
bandpass and gain calibrators are summarized in Table 1. The
flux scaling was derived on the bandpass calibrator using flux
information provided by the Joint ALMA Observatory (JAO).

The observing conditions with respect to weather and
precipitable water vapor were normal in the three bands.

After calibration, we created images for each observation
using the CLEAN algorithm within CASA. We employed
Briggs weighting with a robust parameter of 0.5, balancing
between sensitivity and resolution. The resulting synthesized
beam sizes are presented in Table 1. The image size of B1259
is consistent with a point source, and the upper limit is given by
the beam sizes.

3. Results
3.1. Light Curves

Our ALMA observations of B1259 reveal significant
variability in the millimeter and submillimeter emission across
different orbital phases and frequency bands. The observed
fluxes are listed in Table 1, and the light curves for the three
bands are shown in Figure 1.

In Band 3 (97 GHz), the flux remains relatively low and
constant during the early approach to periastron (z, = —61 and
—28 days). However, we observe a dramatic increase in flux as
the system approaches periastron, with the emission peaking at
3.17 & 0.20 mly at t, = —1 days. This is a tenfold increase
from pre-periastron levels. At #, = 429 days the flux begins to
decline, but remains elevated compared to the initial observa-
tions, measuring 1.34 £ 0.10 mJy. The significant flux increase
at 1, 2 —20 days is similar to that at lower frequencies
(S10GHz; S. Johnston et al. 2005), suggesting synchrotron
emission from relativistic electrons (L. Ball et al. 1999;
T. W. Connors et al. 2002). We note that since the number of
our ALMA observations is small, the double peaks found in the
light curves for the low-frequency radio and X-ray bands
(M. Chernyakova et al. 2021), associated with the disk passage
of the pulsar at f,, ~ —10 and +20 days, cannot be discussed for
our observations.

The emission at Band 6 (233 GHz) shows a general increase
as the system approaches periastron, similar to the trend
observed in Band 3 (Figure 1). However, the relative amplitude
of this increase is less pronounced, with the flux near periastron
(2.48 £+ 0.23 mJy) being only about 2.7 times higher than the



THE ASTROPHYSICAL JOURNAL LETTERS, 977:L22 (Spp), 2024 December 10

101 T Il T T | T T Il T
| |
| |
5 :l B7(343GHz) § ¥ 4 :l
| |
é 100_U|| $ * YN [ o
x | I
=) [ Iy
- | ¢ §B3(97GHz) |
2l Ik
10-1 i ! ! | ! L | b
-460 -100 0 100 770

t, (Days)

Figure 1. Radio light curves of B1259. The black, light green, and red symbols
represent Band 3 (97 GHz), Band 6 (233 GHz), and Band 7 (343 GHz),
respectively. The solid circles represent the 2024 observations. For reference,
the 2017 (Paper I) and 2019 (Paper II) observations are represented by open
triangles and open squares, respectively. Note that the 2019 observations
shown at £, ~ —460 days and those shown at £, ~ 4770 days are identical.

initial measurement (0.93 £ 0.18 mlJy at ¢, = —61 days).
Interestingly, the flux at #,=-—1 day from periastron
(2.48 £ 0.23mly) is lower than the corresponding measure-
ment in Band 3 (3.17 & 0.20 mly). This inversion of the
spectrum suggests a transition in the dominant emission
mechanism, from the thermal to the synchrotron emission,
around these two frequencies (see Section 3.2). The post-
periastron measurement at 7, = +29 days (1.89 £ 0.15mly)
shows a slower decay compared to Band 3, remaining at about
76% of the near-periastron value. This behavior hints at a
possible contribution from thermal emission from the compa-
nion star's circumstellar disk, which would be expected to vary
more slowly than the synchrotron component.

Band 7 observations at 343 GHz provide insights into the
system's higher-frequency behavior, despite fewer data points.
The pre-periastron measurement at f, = —57 days is higher
than the corresponding measurements in Bands 3 and 6. This
suggests a positive spectral index (o > 0), where the index is
defined as S, o< v, in the undisturbed state before the pulsar
passes the disk. The post-periastron observation at #, = +24
days shows a slight increase in flux to 3.11 &+ 0.54 mly.

For reference, we show the results of our 2017 (Paper I) and
2019 (Paper II) observations in Figure 1, although the flux at a
given t, can vary for each orbital period. While the flux in Band
3 varies significantly during an orbital period, the flux in Band
7 does not,

3.2. Spectral Energy Distributions

To better understand the emission mechanisms at play, we
constructed spectral energy distributions (SEDs) for the system
at different orbital phases. Figure 2 shows the SEDs at four key
phases: early approach (z, = —61 to —57 days), mid-approach
(=31 to —28 days), near-periastron (—1 day), and post-
periastron (4-24 to 429 days).

When the pulsar is approaching periastron (Figures 2(a) and
(b)), the spectrum rises with frequency. The fluxes are close to
those at #, ~ +770 days (Figure 1), suggesting that the Band 3
emission is the pulsed emission from the pulsar (dashed—dotted
red line in Figure 2), while the Band 6 and 7 emissions are the
thermal radiation from the circumstellar disk (dashed black
lines in Figure 2; see Paper II).

Near periastron (Figure 2(c)), the emission, especially in the
lower frequency (Band 3), increases dramatically, causing an
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Figure 2. Radio SEDs of B1259. Our new ALMA observations in 2024 are
indicated by open purple diamonds. (a) From #, = —61 days to —57 days. (b)
From t, = —31 days to —28 days. (c) Att, = —1 days. (d) From ¢, = 4-24 days
to +29 days. The exact observation dates are shown in the Table 1. Averaged
pulsed fluxes obtained with ATCA before and after the 2004 passage are shown
by open red triangles (S. Johnston et al. 2005). The associated red bars are the
standard deviations of the data at each frequency. The dash—dotted red line is a
spectrum represented by S, oc 7. The normalization is set so that the line
passes through the 2019 ALMA observation at 97 GHz (see Figure 3 in
Paper 1II). The dotted green line is a typical unpulsed spectrum
for +10 < t, S 430 days for the 2021 periastron passage, represented by
S, oc %" (M. Chernyakova et al. 2024a). The normalization is set so that the
line passes through the ALMA observations at 97 GHz in (c) and (d),
respectively. The dashed black lines show the infrared emission from the
circumstellar disk of LS 2883 for different disk sizes predicted by B. van
Soelen & P. J. Meintjes (2011). The disk sizes are (from bottom to top) 10, 20,
30, 40, and 50 R,.

inversion in the spectrum between Bands 3 and 6. This
suggests the emergence of unpulsed synchrotron emission from
electrons accelerated as the pulsar passes through the stellar
wind and/or circumstellar disk (Papers 1 and II). The
synchrotron emission appears to outshine the thermal emission
at Band 6. However, the spectral index between Bands 3 and 6
is a ~ —0.3. The slope is less steep compared to a typical
unpulsed synchrotron emission (a ~ —0.75; dotted green line
in Figure 2), which could indicate a contribution of the disk
emission to the Band 6 emission.

After periastron (Figure 2(d)), the spectrum rises again with
frequency, although the absolute fluxes are larger than before
periastron (Figures 2(a) and (b)). The emission seems to come
from the disk again, especially in Bands 6 and 7. However, the
spectrum between Bands 3 and 6 is less steep than that between
Bands 6 and 7, suggesting that the unpulsed synchrotron
emission may contribute to the Band 3 emission (dotted
green line).

4. Discussion

Our multiband ALMA observations of B1259 reveal a
complex and dynamic picture of the binary system's millimeter
and submillimeter emission.

The dramatic increase in the Band 3 flux near periastron
(Figure 1) is strongly suggestive of synchrotron emission from
relativistic electrons. This is because the behavior is consistent
with observations at lower radio frequencies (T. W. Connors
et al. 2002; S. Johnston et al. 2005). As the pulsar approaches
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periastron, it encounters increasingly dense regions of the
stellar wind and/or circumstellar disk. The collision between
the fast pulsar wind and the slower, denser stellar material
creates a shock front where particles can be accelerated to
relativistic energies (M. Tavani & J. Arons 1997). The strength
of this interaction, and consequently the intensity of the
synchrotron emission, peaks near periastron when the pulsar is
closest to or possibly passing through the densest part of the
disk. However, in detail the Band 3 flux at #, = +29 days is
smaller than that at 7, = —1 days, while they are comparable at
lower frequencies (M. Chernyakova et al. 2021). Moreover, the
X-ray emission, which is also considered to be synchrotron
radiation, is much stronger at #, ~ 429 days than at periastron
(M. Chernyakova et al. 2021). This suggests that there are
multiple electron components such as weakly and strongly
shocked electrons (M. Chernyakova et al. 2020). The
clumpiness of the stellar wind may also affect the synchrotron
radiation (M. Chernyakova et al. 2020), although the details are
beyond the scope of this study.

While the Band 3 observations are dominated by synchro-
tron emission, the positive slope o > O spectra at higher
frequencies (Bands 6 and 7 in Figures 2(a), (b), and (d)) reveal
a significant contribution from thermal emission from the
companion's circumstellar disk. The persistence and even
enhancement of the emission at Band 7 after periastron passage
(Figure 1) suggests that the circumstellar disk remains largely
intact despite the pulsar's close approach. This finding is
consistent with hydrodynamical simulations, which predict that
the disk may be perturbed but not completely disrupted by the
pulsar's passage (A. T. Okazaki et al. 2011). In fact, a
comparison with the thermal emission model of B. van Soelen
& P. J. Meintjes (2011) shows that the disk size is ~ 20-30 R,,
where R, is the radius of the companion, well before periastron
(Figure 2(a)), while it is ~40R, at t, ~ +24 to 29 days
(Figure 2(d)). Note that the latter size is comparable to the
binary separation at that epoch.

The observed increase in the Band 7 flux after periastron
could be due to disk expansion. A. Kawachi et al. (2021)
observed the variability of B1259 in the near-infrared (NIR)
bands with the InfraRed Survey Facility (IRSF) 1.4m
telescope. The observations were mainly performed for about
1 month around the periastron passages of 2010 and 2014. The
NIR luminosity change in A. Kawachi et al. (2021) is thought
to be the result of the disk being stretched by the tidal
interaction, but the resulting brightening is only <0.1 mag
(<10%). In contrast, the change in luminosity at Band 7 was
about 200%. The radio emission is emitted from a more outer
region of the disk than the NIR emission (e.g., A. C. Carciofi &
J. E. Bjorkman 2006; see also T. Rivinius et al. 2013) and is
therefore more subject to tidal interactions. However, even
taking this into account, it would be difficult to explain the
twofold brightening by tidal interactions alone. In view of these
considerations, the brightening in Band 7 may be due to the
effect of pulsar winds pushing the disk outward (A. T. Okazaki
et al. 2011; J. Takata et al. 2012).

Previous observations have shown that the Ha equivalent
width of B1259 also has a large (~30%) post-periastron
increase: it peaks at #, ~ +10 to +20 days and starts to
decrease at 1, ~ +30days (M. Chernyakova et al.
2021, 2024b). This behavior is thought to be related to changes
in the disk structure not directly associated with the so-called GeV
flares (B. van Soelen et al. 2016; M. Chernyakova et al. 2024a). If
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future Band 7 observations with a higher cadence show a similar
light curve, it will support the idea that the Band 7 emission
comes from the part of the disk where the Ha line arises, but is
not related to GeV flares. Conversely, if a significant difference is
observed between the Band 7 light curve and variations in the Ha
equivalent width, this will allow us to trace how disturbances in
the disk evolve between the radio-emitting and Ha-emitting
regions. Hydrodynamical simulations with radiative transfer could
provide valuable insights into the detailed evolution of the disk.

In general, the Band 7 light curve, including the 2017 and
2019 observations (Figure 1), shows that the circumstellar disk
is relatively stable. This stability is critical for understanding
the high-energy phenomena observed in this system over
several periastron passages. For example, GeV flares
(A. A. Abdo et al. 2011) and X-ray ejecta (G. G. Pavlov
et al. 2011; J. Hare et al. 2019) could be associated with a
partial destruction of the circumstellar disk. Indeed, GeV flares
have been observed (M. Chernyakova et al. 2024b) when the
Band 7 flux increased (Figure 2(d)), which may be caused by
the disk expansion with the partial destruction.

5. Conclusions

Our multiband ALMA observations of the gamma-ray binary
B1259 have provided new insights into the complex interplay
between the pulsar and the circumstellar disk of the companion
star. The main results of our study are as follows:

1. Strong variability in the Band 3 (97 GHz) emission,
peaking near periastron, is consistent with synchrotron
radiation from shock-accelerated electrons in the pulsar—
stellar wind interaction.

2. A more complex behavior in Band 6 (233 GHz), suggesting
a transition between synchrotron and thermal emission
mechanisms: the synchrotron emission becomes dominant
at periastron (z, ~ —1 days), whereas the thermal emission
is the dominant emission mechanism at other phases.

3. The post-periastron brightening in Band 7 (343 GHz)
indicates the resilience of the circumstellar disk and
possible expansion of the disk.

These results demonstrate the power of millimeter and
submillimeter observations to probe the physical conditions
and processes in gamma-ray binaries. The persistence of the
circumstellar disk, as evidenced by our Band 7 data, has
important implications for understanding the long-term stability
and nature of the high-energy phenomena in B1259.
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