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18
NAOJ Chile Observatory, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo, Japan
19
Oxford Astrophysics, Denys Wilkinson Building, Oxford, UK
20
Department of Physics & Astronomy, University of the Western Cape, South Africa
21
SKA South Africa, 3rd Floor, The Park, Park Road, Pinelands, South Africa
22
Department of Physics, The George Washington University, Washington, USA
23
LESIA, Observatoire de Paris, CNRS, UPMC, Université Paris-Diderot, Meudon, France
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Abstract. LS I +61 303 is a gamma-ray binary that exhibits an outburst at GHz frequencies each orbital cycle of 26.5 d and
a superorbital modulation with a period of 4.6 yr. We have performed a detailed study of the low-frequency radio emission of
LS I +61 303 by analyzing data from the Giant Metrewave Radio Telescope (GMRT) at 150, 235 and 610 MHz, and from the Low
Frequency Array (LOFAR) at 150 MHz. We have detected the source for the first time at 150 MHz, which is also the first detection
of a gamma-ray binary at such a low frequency. We have obtained the light-curves of the source at 150, 235 and 610 MHz, all
of them showing orbital modulation. The light-curves at 235 and 610 MHz also show the existence of superorbital variability. A
comparison with contemporaneous 15-GHz data shows remarkable differences with these light-curves. At 15 GHz we see clear
outbursts, whereas at low frequencies we see variability with wide maxima. The light-curve at 235 MHz seems to be anticorrelated
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with the one at 610 MHz, implying a shift of about 0.5 orbital phases in the maxima. We model the shifts between the maxima at
different frequencies as due to changes in the physical parameters of the emitting region assuming either free-free absorption or
synchrotron self-absorption, obtaining expansion velocities for this region close to the stellar wind velocity with both mechanisms.

INTRODUCTION
Gamma-ray binaries are binary systems composed of a young massive star and a compact object. These systems
exhibit non-thermal emission from radio to TeV gamma-rays, with their spectral energy distribution clearly dominated
by the MeV-GeV photons. Up to now only five systems have been discovered: PSR B1259−63, LS 5039, LS I 61 303,
HESS J0634+057, and 1FGL J1018.6−5856. A detailed review of all these systems can be found in [1].
LS I 61 303 is composed of a young B0 Ve star and a compact object orbiting it every 26.4960 d [2] in an
orbit with an eccentricity of ∼0.72 [3]. The system exhibits a 1–10 GHz radio light-curve orbitally modulated. The
source exhibits a clear outburst per orbital cycle [4, 5, 6]. A modulation with a period of 1667 d is also observed at
all wavelengths, the so-called superorbital modulation [2]. This modulation affects the amplitude of the non-thermal
outbursts and the orbital phases at which the peak emission takes place.

OBSERVATIONS
To perform a detailed study on the variability of LS I +61 303 below 1 GHz we have analyzed all the archival observations from the Giant Metrewave Radio Telescope (GMRT) at 150, 235 and 610 MHz. The last two frequencies were
recorded simultaneously during the same observations. Most of these observations were taken during a monitoring
of the source performed during three consecutive orbital cycles in 2005–2006. We have also conducted and analyzed
observations at 150 MHz with the Low Frequency Array (LOFAR) in 2013. All these data have been compared with
contemporaneous observations at 15 GHz with the Ryle Telescope and the Owens Valley Radio Observatory 40-m
telescope (OVRO), which show the known behavior of LS I +61 303.
Whereas the GMRT and RT observations were taken at a superorbital phase of ∼0.2, the LOFAR and OVRO
observations were taken at a superorbital phase of ∼0.8–0.0. The behavior of the source at these two different superorbital phases is expected to be completely different. A comparison between the three low frequencies is thus impossible
and both datasets will be discussed separately in the following.

RESULTS
Light-curves at 235 and 610 MHz
The monitoring performed by the GMRT at 235 and 610 MHz in 2005–2006 allowed us to determine the behavior of
LS I +61 303 during three consecutive orbital cycles. Despite each cycle is poorly sampled, a folding of the data with
the orbital phase show the light-curves of the source at the two mentioned frequencies, see Figure 1. The 610-MHz
light-curve shows a quasi-sinusoidal emission, with the maximum taking place at a orbital phase between 0.8 and 1.1.
Whereas the increase of the emission starts at similar orbital phases than the one at 15-GHz, the maximum is much
more wider and the decay takes place around 0.3 orbital phases after the one at 15 GHz.
The spectral indexes are basically modulated by the 610-MHz emission (see Figure 1, as the source exhibits a
smaller variability at 235 MHz.

Light-curve at 150 MHz
At 150 MHz only six observations have been conducted at the moment. However, the presence of variability in the
emission of LS I +61 303 at this frequency has already pointed out (Figure 2. We observe a flux density modulation
with the maximum emission taking place at orbital phases around 1.0. A comparison of these data with contemporaneous OVRO data at 15 GHz shows that the peak of the emission is delayed ∼0.5 orbital phases.
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FIGURE 1. Top: Folded light-curve of LS I +61 303 with the orbital period at 235, 610 MHz (GMRT data), and 15 GHz (RT data).
Whereas the source exhibits a quasi-sinusoidal modulation at 610 MHz with the maximum located at orbital phases between 0.8
and 1.1, we observe a delay of about 0.5 orbital phases in the light-curve at 235 MHz. The variability is clearly different form the
one observed at 15 GHz. Bottom: Spectral index derived from the 235 and 610 MHz data.
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FIGURE 2. Folded light-curve of LS I +61 303 with the orbital period at 150 MHz (LOFAR and GMRT data) compared with
contemporaneous 15-GHz OVRO data. We observe a similar behavior, although a delay of about 0.5 orbital phases could be
supported from these data.

DISCUSSION
We have obtained for the first time the light-curves of LS I +61 303 at frequencies below 1 GHz. These light-curves
show significant differences with respect to the known behavior of the source in the frequency range of 1–15 GHz
(see e.g. [6]). Additionally, the observed flux densities support the presence of a turnover between 235 and 1 GHz (the
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FIGURE 3. Expected shift in orbital phase for the peak emission of LS I +61 303 at a frequency ν with respect to 15 GHz for
different expansion velocities, vFFA . In this model we have assumed a region dominated by free-free absorption (FFA). The black
circles represent the shifts derived from Figure 1.

emission at larger frequencies is known to be consistent with a power-law [6]).
The most plausible scenario at this point is that the absorption mechanisms responsible for the turnover could
also be responsible for the observed differences in the light-curves. The available data do not allow us to infer the
dominant absorption mechanism at frequencies below 1 GHz. However, in this kind of systems we expect that either
free-free absorption (FFA) or synchrotron self-absorption (SSA) dominates at around the turnover frequency (see e.g.
[7]. In the following we model the radio emitting region of LS I +61 303 assuming a region dominated by free-free
absorption or by synchrotron self-absorption. With these models and the available data we infer the properties of this
region.
In both cases we have assumed a one-zone model with an homogeneous synchrotron-emitting region. A detailed
explanation of the considered models can be seen in [8]. We assume that the peak emission corresponds to a change
in the opacity of the emitting region, becoming optically thick at a particular frequency. Given that the transition
between an optically thin to an optically thick region would take place at different moments for different frequencies,
this assumption can easily explain why the peak emission takes place at different orbital phases. The delay between
the different frequencies can thus constrain the expansion velocity of this region.
A FFA dominated region would require an expansion velocity of ∼ 700 km s−1 (see Figure 3) to explain the
observed delays at 235 and 610 MHz for an assumed mass-loss rate of 5 × 10−8 M yr−1 [9].
In the case of a SSA dominated region, an additional dependency of the magnetic field, B with the angular size
of the region, ` is required. In this case we can assume a decay inversely proportional to the size (as in a conical or
toroidal expansion) or to the square of the size (as expected in a spherical expansion). Figure 4 shows the effect of
different expansion velocities for both cases. An expansion velocity of ∼ 1 000 km s−1 and of ∼ 17 000 km s−1 is
derived from this model for a dependency of B ∼ `−2 or B ∼ `−1 , respectively.

CONCLUSIONS
We have studied for the first time the emission of LS I +61 303 at frequencies below 1 GHz. The presence of a
turnover at frequencies between 235 MHz and 1 GHz is inferred from these observations. Moreover, we have detected
variability at 150, 235, and 610 MHz, seen significant differences with respect to the light-curves observed at 1–
15 GHz. These differences can be explained by the presence of transition to an optically thick region. Whereas the
dominant absorption mechanism remains unclear, we have modelled this emitting region with the two most plausible
scenarios: a region dominated by free-free absorption and by synchrotron self-absorption.
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FIGURE 4. Expected shift in orbital phase for the peak emission of LS I +61 303 at a frequency ν with respect to 15 GHz for
different expansion velocities, vSSA . In this model we have assumed a region dominated by synchrotron self-absorption (SSA) and
two possible dependencies of the magnetic field, B, with respect to the size of the region, `. The black circles represent the shifts
derived from Figure 1.

In both cases we have derived expansion velocities for the emitting region which are clearly sub-relativistic.
Additionally, in some cases these velocities are close to the stellar wind velocity (∼ 1 000 km s−1 ). This fact would
give further support to the scenario of a young non-accreting pulsar with a collision between the stellar wind and the
relativistic pulsar wind. A micro quasar scenario would provide much higher expansion velocities, due to the presence
of a relativistic jet.
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