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Abstract

In recent years, systems involving massive stars with large wind kinetic power have been con-
sidered as promising sites for investigating relativistic particle acceleration in low radio fre-
quencies. With this aim, we observed two Wolf-Rayet systems, WR 114 and WR 142, using
upgraded Giant Meterwave Radio Telescope observations in Band 4 (550-950 MHz) and Band
5 (1050-1450 MHz). None of the targets was detected at these frequencies. Based on the
non-detection, we report 30 upper limits to the radio flux densities at 735 and 1260 MHz (123
and 66 uJy for WR 114, and 111 and 96 uJy for WR 142, respectively). Plausible scenarios to
interpret this non-detection are presented.

Keywords: stars: Wolf-Rayet, stars: WR 114, WR 142, radio continuum: ISM, radiation
mechanisms: thermal, non-thermal

1. Introduction

Wolf-Rayet (WR) stars are characterized by powerful supersonic winds with velocities
ranging between ~ 700-6000 km g1 (e.g., Nugis et al., 1998; Hamann et al., 2000; Nugis
and Lamers, 2000) and intense mass loss rates ~ (1-5) x 107> M yr~! (e.g., Abbott et al.,
1986; Leitherer et al., 1997; Chapman et al., 1999). As these winds propagate, they transfer a
large amount of mechanical energy into the surrounding interstellar medium (ISM) and generate
strong adiabatic shocks suitable for relativistic particle acceleration via diffusive shock accel-
eration (DSA; Drury, 1983). Observationally, this can manifest in the detection of synchrotron
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Table 1: Parameters of WR 114 and WR 142. The spectral type is taken from Smith (1968)
for WR 114, and from Barlow (1982) and Kingsburgh et al. (1995) for WR 142. D is the
distance to the source from Gaia DR3 data (Gaia Collaboration et al., 2023). T, and R, are
the stellar temperature and radius, respectively. M is the mass loss rate and v.. is the terminal
wind velocity (Sander et al., 2019). Fj, is the wind kinetic power.

Spectral type D T, R, M Voo Pyin
(kpc) kK) (R) Moyr™') (kms™!) (ergs™)
WR 114 WC5 1.97+0.09 79 268 3.1x10° 3200 1.0x10%®
WR 142 W02 1.68+0.04 200 0.8 1.6x107° 5000 1.3x10%®

radiation, that is, non-thermal (NT) radio emission produced by relativistic electrons interacting
with the local magnetic fields (Blumenthal and Gould, 1970; White, 1985). The synchrotron
emission, with a spectrum S, o« v% and a canonical spectral index () of —0.5, is dominant in
the low-frequency radio regime.

The energy budget of NT particle acceleration highly depends on the mass loss rate (M) and
the wind velocity (vy). It is directly proportional to the wind kinetic power, B, (= 0.5Mv2).
Consequently, WR stars have the required conditions to drive efficient particle acceleration. In
this paper, we present low-frequency radio observations of two WR stars, WR 114 and WR 142,
using upgraded Giant Meterwave Radio Telescope (uUGMRT). Relevant details of sources are
complied in Table 1. With B, > 10*3 ergs~!, these two stars are promising targets to search
for particle acceleration. WR 114, classified as spectral type WC5, was suggested to be in a bi-
nary system with an OB companion (van der Hucht, 2001). However, in a recent study, Sander
et al. (2012) ruled out the existence of a binary companion based on modelling of optical and
ultraviolet spectra using Potsdam WR model atmosphere code. In their XMM-Newton obser-
vation of WR 114, Oskinova et al. (2003) did not detect any X-ray emission. WR 142 is an
oxygen-rich WR star of the rare spectral type WO2. It is one of only four WO stars identified
in Galaxy. X-ray observations using the XMM-Newton and Chandra telescopes revealed weak
but hard X-ray emission with excess absorption below 2keV (Sokal et al., 2010). These au-
thors suggested NT emission from inverse Compton scattering of stellar photons as a plausible
interpretation of the observations.

2. Radio Continuum Emission

We probed the radio continuum emission associated with WR 114 and WR 142 and their
environment in Band 4 (550-950 MHz) and Band= 5 (1050-1450 MHz) uGMRT at Pune, India.
The details of the GMRT system are described by Swarup et al. (1991) and Gupta et al. (2017).
3C286 and 3C48 were used as primary flux calibrators. For WR 114, we selected 1822—096 and
1911-201 as phase calibrators at Band 4 and Band 5, respectively, and for WR 142, 2052+365
(for both bands) was observed after each 30 min scan of the target to calibrate the phase and am-
plitude variations over the entire observing run. The data reduction was done using the CAsa
Pipeline-cum-Toolkit for Upgraded GMRT data REduction (CAPTURE) calibration and imag-
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Table 2: Details of the obtained radio maps.

WR 114 WR 142
Band 4 Band 5 Band 4 Band 5
550-950 MHz 1050-1450 MHz 550-950 MHz 1050-1450 MHz
Angular resolution ~ 4.3"” x 3.4” 27" x1.6" 4.1" x 3.3" 23" x1.8"
rms (uJy beam™!) 41 22 37 32
30 upper limits (uly) 123 66 111 96

ing pipeline for uGMRT (Kale and Ishwara-Chandra, 2021), which uses tasks from Common
Astronomy Software Applications (CASA; McMullin et al., 2007) and Python.

Figure 1 presents the uGMRT radio maps of WR 114 and WR 142. The map details are
compiled in Table 2. The position of the star is marked in these maps with an ‘X’. We do
not detect radio emission from the stars at either observing frequency. The Band 4 map for
WR 114 shows faint, diffuse emission at the location of the WR star. However, this emission is
most likely part of the emission from the supernova remnant, SNR G017.4-00.1 (Brogan et al.,
2006; Green, 2009). Based on their empirical relation of radio surface brightness to diameter,
Pavlovi¢ et al. (2013) estimated a distance of 18.6 kpc corresponding to the SNR with a large
uncertainty (up to 50%). This distance estimate indicates that the SNR is in the background
along the line-of-sight to WR 114. Thus, these maps provide only upper limits to the flux
density from the stars. The 3¢ upper limits derived from the achieved rms of the uGMRT maps
are given in Table 2 and are plotted in Fig. 2.

3. Discussion

The non-detection of low-frequency radio emission prompts us to explore various scenarios
to interpret the observations. WR stars are often seen to be in binary (or higher multiplicity)
systems or are a consequence of binary evolution (e.g., Meyer et al., 2020). Therefore, in the
case of the two WR stars studied here, although there is no conclusive observational evidence
of binarity, we cannot rule out this possibility. Hence, in the analysis that follows, we consider
two plausible cases: (1) both stars are single stellar systems, and (2) they are in colliding-wind
binary (CWB) systems.

3.1. Single stellar system

In principle, the radio emission from ionised gas in the partially optically thick stellar wind
of a single WR star is thermal free-free radiation with a canonical spectral index of 0.6 (Pana-
gia and Felli, 1975; Wright and Barlow, 1975). For a star with a uniform mass loss rate and
isothermal outflow with constant wind velocity, the observed flux density can be written as:

Sif M kms—'] 1 \*? > [kpe]? 23
B () (e [5]) o
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Figure 1: Radio maps of the region around WR 114 and WR 142, ob-
tained using uGMRT GWB data. All the maps are convolved to a cir-
cular beam of size 5.0”. The cross (x) in all panels shows the po-
sition of WR star. (a) Map of WR 114 at Band 4 (550-950 MHz).
The black contours for the radio emission correspond to the levels of
3,5,7, 11, 14 x 6 (o0 =47 ,ubeeam*I). (b) Same as (a) but for
Band 5 (1050-1450 MHz). The contours correspond to the levels of
3,5,8,13, 19, 28, 38 x 0 (0 =36 ,ubeeam_l). (c) Radio map of
WR 142 at Band 4 (550-950 MHz). The black contours correspond
to the levels of 3, 5, 7, 15, 25, 50, 90, 200, 400, 800, 1400, 1650,
2000, 2100 x o (0 = 35 muly beam™!). (d) Same as (c) but for Band 5
(1050-1450 MHz). The contours correspond to the levels of 3, 5, 9,
17, 23, 55, 120, 190, 280, 500, 880, 1150, 1420, 1600, 1890 x o
(6 = 130 uJybeam™"). In all the panels, the contours are smoothed
over five pixels using a Gaussian kernel.
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Figure 2: Expected spectral energy distribution of WR 114 (solid lines)
and WR 142 (dashed lines) at radio frequencies. The red lines represent
the estimated free-free emission from the stellar wind, the blue lines
represent the lower boundary of the predicted flux density considering
NT emission in a colliding-wind binary system, and the black lines are
the sum of these two contributions. The 3¢ upper limits are shown with
markers. The shaded regions represent the uGMRT bands used for our
observations.

where the free-free Gaunt factor (g¢) can be approximated as (Leitherer and Robert, 1991)

Te3/2

g =9.77 (1—|—O.l3log Zv ) . 2)
Using these expressions, we obtained the predicted flux density values for WR 114 and WR 142
by adopting the values of terminal velocity (v..), mass loss rate (M), distance (D) from Table 1,
and considering 7 ~ 0.3 T at radius much greater than R, (see Drew, 1990); mean molecular
weight, 4 = 4.0; rms ionic charge, Z = 1.005; and mean number of electrons per ion, y = 1.01
(Leitherer et al., 1995). Further, we considered a volume filling factor of f, = 0.2 to take
into account the stellar wind clumping (Puls et al., 2008). The predicted radio spectral energy
distribution (SED) is shown in Fig.2. In the case of WR 114, the uGMRT upper limits are
significantly lower than the model-predicted values. A comparison between them indicates that
we should have detected radio emission from the star at the ~ 40 and ~ 100 levels in uGMRT
Bands 4 and 5, respectively. The non-detection thus implies: (i) the assumed model for the
stellar wind is inappropriate for this WR system and/or (ii) some of the parameters related
to the star and/or the wind used in Egs. (1) and (2) to estimate the free-free flux density are
inaccurate. In the case of WR 142, the flux densities predicted by the model are consistent with
the derived uGMRT upper limits.
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3.1.1. Constraining the mass loss rate in WR 114

Since Sf,f is very sensitive to the mass loss rate (Eq. (1)), we can use the upper limits on
the radio flux density to constrain the mass loss rate of WR 114. This technique has been
widely employed for massive stars in various studies (e.g., De Becker et al., 2019; Benaglia
et al., 2019). Puls et al. (2008) discusses the benefits and limitations of this approach. Using
the flux density upper limit for WR 114 at Band 5, we estimated a mass loss rate of M <
1.2 x 107> M yr~!. A more stringent constraint of M < 0.7 x 107> M, yr~! is obtained from
the probable VLA detection of WR 114 at 3.6 cm with a flux density of 0.15 mJy reported by
Cappa et al. (2004). In this estimate, we subtracted the contribution to the observed emission
from the background SNR in the VLA beam.

3.1.2.  Comparison with WR 102

Radio emission associated with single, non-runaway WR stars could also be NT in nature.
Theoretically, this could be due to local instabilities (e.g., Lucy and White, 1980; White, 1985)
or magnetic confinement (e.g., Jardine et al., 2001) leading to the acceleration of particles in
the stellar winds of single stars. Additionally, NT emission can also be seen in the termination
shocks of stellar bubbles powered by WR stars. These bubbles are formed when powerful stellar
winds sweep up the circumstellar material, which could be comprised of the material ejected in
previous evolutionary phases or dense ambient interstellar material. Such a scenario is revealed
for the stellar bubble G2.4+1.4 surrounding the single WR star WR 102, where synchrotron
emission was detected at low uGMRT frequencies (Prajapati et al., 2019). The WR 102 system
is very similar to WR 142. They are of the same spectral type and have similar wind kinematics
(M,v.,). While WR 102 presents a spectacular stellar bubble, there is no such associated bubble
detected for WR 142. The formation of a bubble is dependent on several aspects like the pro-
genitor evolutionary phase, wind parameters, mass ejected in previous evolutionary phases, the
local ISM density, lifetime in the WR phase, and the proper motion of the star. Comparing the
results of WR 102 and WR 142 indicates a possible correlation between synchrotron emission
and presence of a wind-ISM interaction site where the termination shock in the stellar winds can
drive particle acceleration. However, more case studies along this line are required to assess the
role of the local ISM and its interaction with the powerful WR winds as a necessary ingredient
for particle acceleration in single WR stars.

3.2. Colliding-wind binary systems

van der Hucht (2001) have suggested the existence of a binary companion to WR 114 and
Sokal et al. (2010) invoked a colliding-wind shock model to explain the higher temperature
observed in the X-ray spectra of WR 142. Hence, based on the above inferences, we investi-
gate both systems in the framework of CWBs. In the low-frequency radio domain, particle-
accelerating colliding-wind binaries (PACWBs) are expected to be composite radio emitters,
with a thermal contribution from stellar winds of each binary component which will most likely
follow the free-free radiation model discussed in Section 3.1 and a NT contribution of syn-
chrotron emission from the wind-collision region (WCR). Following the discussion of energy
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budget of PACWBs by De Becker and Raucq (2013), it is clear that a small fraction of the total
wind kinetic power is converted to the final radio emission after going through a downstream of
a series of energy conversion processes. Thus, the radio synchrotron emission is directly pro-
portional to the wind kinetic power, although the proportionality between the two is dependent
on several variables (such as wind properties, wind opacity, the particle acceleration efficiency,
orbital phase, and the geometry of the WCR) that can differ significantly between systems.

To get an estimate of the synchrotron emission, we calculate the fraction of wind kinetic
power that transfers to total radio luminosity (L;agio), Which is defined as radio synchrotron
efficiency, RSE = Lyadio/ Pxin considering the contribution of the thermal component to be neg-
ligible. By utilizing the available radio measurements and the corresponding Fi, for a few
selected PACWBs from the catalog (De Becker and Raucq, 2013), De Becker et al. (2017)
derived empirical equations (see Egs. (1) and (2) of De Becker et al., 2017) for defining the
lower and upper limits of RSE. Using these relations, we obtain the RSE ranges from 10~°7
to 10776 and 1072 to 10778 for WR 114 and WR 142, respectively. The Ly,4io 1S estimated
from the RSE limits, which can then be converted to flux density (SEIT) from NT emission at the

observing frequency (v in Hz) using the following equation:

GNT _ 10%° (a + 1) V¥ Lyagio

- 4717D2(v§a+1) _ vl(a+1))

mlJy,

where « is the spectral index, and D is the distance (in cm) to the source. Using the lower
limit of radio luminosity, vi = 0.1 GHz, v, = 50 GHz, and adopting ¢ = —0.5, we estimate
the lower limit of the flux density at different frequencies. The resultant SEDs for synchrotron
emission are shown in Fig. 2. For both sources, the 3¢ upper limits from our observations are
much lower than the (minimum) expected value. This implies that if NT emission were present,
it should have been detected with a high signal-to-noise in our uGMRT observations.

The non-detection of NT emission for WR 114 and WR 142 could possibly imply that:
(1) the stars are not in binary systems with a massive companion with strong winds; (ii) the stars
are in very wide binary systems (with period of decades), where one of the binary components
is far from periastron, resulting in a very low synchrotron luminosity; (iii) the stars are in close
binary systems, where radio emission would be drastically reduced due to free-free absorption
(FFA) of radio photons by dense stellar wind material. To further analyse case (iii), we estimate
the radius of the wind photosphere (R,) (Wright and Barlow, 1975; Daley-Yates et al., 2016)
at our observing frequencies. This refers to the distance at which the optical depth equals one.
This value sets the lower limit on the size of the region from which radiation at frequency v
can be observed. Considering the same set of parameters as used in Egs. (1) and (2), we obtain
Ry at the uGMRT frequencies of 735 and 1260 MHz, to be 104 and 71 AU, respectively for
WR 114, and 34 and 23 AU, respectively for WR 142. Hence, orbital separation would be less
than ~ 70 AU and ~ 20 AU for WR 114 and WR 142, respectively, for FFA to play a significant
role and pose a severe obstacle for the emergence of radio photons from the binary components.
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4. Conclusions

We studied WR 114 and WR 142 using uGMRT observations at low frequencies (735 and
1260 MHz). Despite the high sensitivity (~ 35 uJy beam™!) and resolution (~ 3”) of our obser-
vations, we did not detect any radio emission from either star at either frequency. As a result,
we have established 3¢ upper limits on the radio flux densities of WR 114 (123 and 66 tJy) and
WR 142 (111 and 96 ulJy) at 735 and 1260 MHz, respectively. To interpret the non-detection we
consider two possible scenarios: stellar wind from a single star and a CWB system. In the first
framework, we are able to constrain the mass loss rate of WR 114 to M < 0.7 x 107 M, yr_l,
which is approximately four times lower than the existing model-based values. Additionally,
if we assume both WR stars to be in CWB systems, the lack of NT emission in the uGMRT
maps indicates the possibility of either a very wide binary system with orbital period of several
decades (not close to periastron) or a close binary system with strong FFA.
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