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ABSTRACT
We present a deep radio-polarimetric observation of the stellar bow shock EB27 associated to the massive star
BD+43◦3654. This is the only stellar bow shock confirmed to have non-thermal radio emission. We used the Jansky
Very Large Array in S band (2–4 GHz) to test whether this synchrotron emission is polarised. The unprecedented
sensitivity achieved allowed us to map even the fainter regions of the bow shock, revealing that the more diffuse
emission is steeper and the bow shock brighter than previously reported. No linear polarisation is detected in the
bow shock above 0.5%, although we detected polarised emission from two southern sources, probably extragalactic
in nature. We modeled the intensity and morphology of the radio emission to better constrain the magnetic field and
injected power in relativistic electrons. Finally, we derived a set of more precise parameters for the system EB27–
BD+43◦3654 using Gaia Early Data Release 3, including the spatial velocity. The new trajectory, back in time,
intersects the core of the CygOB2 association.
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1 INTRODUCTION

When a runaway star with a powerful stellar wind travels
through the interstellar medium (ISM) with a velocity larger
than the sound speed of the ambient medium, it sweeps and
heats the ambient dust and gas forming a bow-shaped fea-
ture that glows in infrared (IR) emission. These stellar bow
shocks (BSs) started to be identified systematically by means
of IRAS data (see Noriega-Crespo et al. 1997, and references
therein). Recently, Peri et al. (2012, 2015) presented the Ex-
tensive stellar BOw Shock Survey (E-BOSS) of about 70 ob-
jects, built mainly by searching all-sky WISE images. Later,
Kobulnicky et al. (2016) published the currently largest cat-
alog with over 700 such structures by scrutinizing Spitzer
results. The shape and dynamics of stellar BSs have been
addressed by several authors (e.g. Dyson 1975; Wilkin 1996;
Meyer et al. 2016; Christie et al. 2016).
The presence of strong shocks allow for in situ accelera-

tion of relativistic particles (e.g. Bell 1978). Such particles
can produce non-thermal emission from radio to gamma rays
(del Valle & Romero 2012, 2014; del Valle & Pohl 2018; del
Palacio et al. 2018). This seems to be the case of the object
G70.7+1.2, that presents a bow shock with non-thermal radio
emission (Kulkarni et al. 1992), and where relativistic parti-
cles are most likely produced at a pulsar wind in a binary
system, although its nature has not been entirely settled (see
also Cameron & Kulkarni 2007). Aside from compact objects,
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so far non-thermal emission has been unambiguously detected
only in one stellar BS in the radio band (Benaglia et al. 2010).
Studies at high energies have been unsuccessful at detecting
the expected X-ray (Toalá et al. 2016; De Becker et al. 2017;
Toalá et al. 2017) or γ-ray (Schulz et al. 2014; H. E. S. S. Col-
laboration et al. 2018) emission from stellar BSs. The only
exception is the possible association of two stellar BSs with
Fermi sources (Sánchez-Ayaso et al. 2018). Moreover, non-
thermal radio emission from other BSs also remains elusive
(C.S. Peri, private communication; Very Large Array -VLA-
projects 13B-212, 16A-152).

In this context, obtaining further evidence of the non-
thermal physics of stellar BSs is compelling. In particular,
deep radio-polarimetric observations can provide us with ad-
ditional information of the relativistic particle population and
the magnetic field properties in the BSs. We report here on
a polarimetric study of the surroundings of EB27, the bow
shock from which non-thermal emission was detected (Be-
naglia et al. 2010). Section 2 presents what is known about
this object and its proposed exciting star. In Sect. 3 the radio
observations and related processing are described. The results
are gathered in Sect. 4, analysed and discussed in Sect. 5, and
we close with some conclusions in Sect. 6.
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2 P. Benaglia et al.

Figure 1. Continuum emission at 1420 MHz, as portrayed by the Canadian Galactic Plane Survey; data taken with the Dominion Radio
Astrophysical Observatory, with angular resolution of ∼ 1′ × 1′(cos δ)−1, and typical rms of ∼0.3 mJy beam−1 (Taylor et al. 2003). The
position of BD+43◦3654 is marked with a green star.

2 THE BOW SHOCK EB27 AND THE STAR
BD+43◦3654

The massive O4If star BD+43◦3654 has a strong, fast wind
(terminal velocity v∞ ≈ 3000 km s−1, e.g. Muijres et al. 2012)
that, due to the supersonic motion of the star relative to the
local ISM, produces a stellar BS. This BS was first identified
by Comerón & Pasquali (2007) using IR MSX data, and it
was later named EB27 by Peri et al. (2015). The BS has an
extension in the IR sky of 8’. The object lays almost at the
Galactic plane (l, b = 82.45◦,+2.35◦), in a region with bright
radio emission at all angular scales, as testifies the image from
the Canadian Galactic Plane Survey (Taylor et al. 2003) that
we reproduced in Fig. 1. EB27 was the first stellar BS to
be detected at radio wavelengths, by Benaglia et al. (2010).
Their work presented VLA observations at 1.4 and 4.9 GHz,
from which a mean negative spectral index alpha of −0.5
was measured in the BS emission (we adopt the convention
S ∝ να). This spectrum was later corroborated with Giant
Metrewave Radio Telescope observations at lower frequencies
(610 and 1150 MHz) by Brookes (2016). Their finding were
indicative of non-thermal processes taking place at the BS,
in particular relativistic particle acceleration -most likely due
to diffusive shock acceleration at the shock- and synchrotron
emission.
Under such conditions the relativistic electrons are ex-

pected to produce high-energy emission via inverse-Compton
upscattering of ambient photons (IR from the dust, optical
from the star; e.g. Benaglia et al. 2010). One can characterise
the non-thermal electron energy distribution and predict its

high-energy emission by feeding theoretical models with the
measured fluxes and spectral index in the radio band (e.g.
del Palacio et al. 2018). However, these predictions are really
sensitive to even small uncertainties in the derived radio spec-
tral index and other parameters related to rather unknown
physical processes, such as the diffusion regime (del Valle &
Pohl 2018).
Regarding the star, the latest results from the Gaia mis-

sion1 (Gaia Collaboration et al. 2016; Collaboration et al.
2020) provided the most accurate astrometric measurements
to date: RA,Dec(J2000)= 20:33:36.076, +43:59:07.38; paral-
lax Π = 0.582 ± 0.012 mas (thus d = 1.72 kpc); proper mo-
tions (µα cos δ, µδ) = (−2.59± 0.01, +0.73± 0.01) mas yr−1.
The distance we obtained is significantly larger than the value
of 1.32–1.4 kpc typically used in the literature for this object;
however, this value is in great agreement with the value of
≈ 1.7 kpc found more recently by other authors for Cyg OB2
(Berlanas et al. 2019; Maíz Apellániz et al. 2020).
We used the former values to derive the spatial veloc-

ity of the star with respect to its local interstellar medium
(see e.g. Comerón & Pasquali 2007). We first transformed
the stellar proper motion to galactic coordinates, namely
(µl cos b, µb) ≈ (−0.96, 2.52) mas yr−1. We then corrected
these values by subtracting the local Galactic velocity field,
calculated with the updated values of the Oort constants
given by Bobylev & Bajkova (2019), getting (µG

l cos b, µG
b ) ≈

1 Early Data Release 3, https://gea.esac.esa.int/archive/
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(−5.07,−0.92) mas yr−1; we obtained ∆(µl cos b, µb) ≈
(4.12, 3.43) mas yr−1.
Once we disaffected the proper motions from Galactic rota-

tion, we could derive the tangential velocity Vt ≈ 43.6 km s−1,
and a direction of motion angle of ≈ −86.7◦ (measured North
to East; see Figs. 2 and 3). As a reference, the values de-
rived from Comerón & Pasquali (2007) were 38.7 km s−1 and
−74.9◦, respectively. The new parameters are more consis-
tent with the expectation of the stellar motion being aligned
with the brightest region of the bow shock (see Fig. 3).
Finally, we projected the trajectory of BD+43◦3654 back

in time using these new parameters. In principle, a runaway
star moves with a constant velocity, as there is no friction
with the ISM given that the stellar wind shields the star
from its environment. In addition, we considered that the
trajectory can be well-approximated as ballistic given that
for the small scales involved (tens of pc) the effects of the
Galactic potential would be neglectable in principle. In Fig. 2
we represent the path of the star, showing that it traverses the
core of CygOB2, crowded with OB systems. Assuming that
the star moves at Vt ≈ 44 km s−1, the time spent to travel
that distance (≈ 60 pc) is ∼1.5 Myr. This value fits well with
the estimated age of 1.6 Myr for BD+43◦3654 (Comerón &
Pasquali 2007). According to Uyaniker et al. (2001), the age
of this OB association is 5 Myr. In conclusion, we provided
additional support to the hypothesis that BD+43◦3654 is a
runaway star from CygOB2, possibly kicked off after close
encounter(s) with other system(s).

3 OBSERVATIONS AND DATA REDUCTION

We observed the field of EB27 with a single Jansky Very
Large Array (JVLA) pointing in D configuration at S band,
on September 8, 2018. The time on source was 2.33 h. The
flux calibrator used was 3C286, and the phase calibrator was
J2052+3635. The polarisation calibrator was OQ208, an un-
polarised source to obtain the D terms. The observed band
was centred at 3 GHz, and 2-GHz wide, divided in 16 spectral
windows, of 64 channels each. We recorded full polarisation
products (2MHz per channel, at 8 bit sampling, standard
data rate of 2.4MB s−1).
The data reduction was performed using the Common As-

tronomy Software Applications (CASA) package2, mostly the
5.6.2 release. The calibration processes included, besides stan-
dard steps, the application of the ionospheric correction rou-
tines which made use of Total Electron Content data. For the
flux scale we used the Perley & Butler (2017) scale. The posi-
tion angle of 3C286 across the entire band was set according
to Perley & Butler (2013). The last flagging was performed
with pieflag (Hales & Middelberg 2014).
The imaging steps were performed with CASA task

tclean. Since EB27 is an extended source with many an-
gular scales, we cleaned using multiple scales together with
w-projection for each facet, to take into account the non-
coplanarity of the baselines as a function of distance from
the phase centre. We set a cell of 3′′ and a maximum scale of
50 pixels. The cleaning algorithm included as well multi-term

2 https://casa.nrao.edu/

Figure 2. Direction of motion (thicker arrow line) of the star
BD+43◦3654 (filled circle). The line intersects the very central
part of the association Cyg OB2, which is marked with the large
circle (Uyaniker et al. 2001). The small crosses represent the Wolf-
Rayet stars and the open circles, the O-type stars catalogued as in
the literature (see Tables 1, 2, and 6 from Benaglia et al. 2020, and
references therein). The grey dashed line is the direction of motion
by Comerón & Pasquali (2007).

multi-frequency corrections to account for the frequency-
dependent variation due to the wide fractional bandwidth.
A robust weighting of 0.25 provided the best combination of
good angular resolution, low noise and contribution of large-
scale emission. Out of 16 spectral windows, data from one of
them (spectral window number 02) had to be flagged. The im-
ages were corrected for primary beam using widebandpbcor
when needed. As the standard practice, the cleaning was han-
dled playing with a large number of iterations and a thresh-
old, in a combination such to grant convergence.
The polarisation data processing consisted of performing

rotation measure synthesis (RMS) of the linear polarisa-
tion. We used a python-based RMS code developed by M.
R. Bell and collaborators, pyrmsynth3. The routines request
full Stokes cubes at individual spectral windows as input,
and a parameters file containing information on the Faraday
depth axis (minimum, maximum and interval, see relevant
equations in Brentjens & de Bruyn 2005). We consequently
imaged the observed FoV at each spectral window and ob-
tained the IQUV cubes. The routines delivered an image of

3 https://github.com/mrbell/pyrmsynth, version 1.3.0.
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the polarised surface brightness |P |, related to the fractional
polarisation (here called D) as P = DI = Q + iU , and per-
formed RM cleaning of the spectra (e.g., Heald 2009). The
Faraday depth (φ) interval probed, bounded by ∆φ ≈ πλ−2

min,
was ±106 rad m−2. The resolution in Faraday space for our
sample was 235 rad m−2.

4 RESULTS

4.1 Total intensity image and spectral index
distribution

Figure 3 presents the I-Stokes image of the observed field.
The synthesised beam resulted in 20.2′′ × 12.5′′, PA =
0.6 deg. The rms, estimated over regions with no emission,
is 0.1mJy beam−1. At the position of the star BD+43◦3654
there is still some diffuse emission, at a mean level of
0.3mJy beam−1(averaged over a 30′′ size box). The thermal
flux density expected from the star is lower than 0.1 mJy
(for the corresponding equations see for instance Leitherer
et al. 1995). For this last calculation, we adopted a sur-
face temperature of 40 kK, a mass-loss rate Ṁ ≈ 5 ×
10−6 M� yr−1(Muijres et al. 2012), a mean molecular weight
of 1.5, and an rms ionic charge and mean number of electrons
per ion of 1.
At S band, the radio brightness distribution observed with

the JVLA mimics those of Benaglia et al. (2010) at L and
C bands with the VLA (Fig. 3). We detected up-close to
the north, a source with a small-extension companion to the
NE, dubbed ES (elliptical source) by Benaglia et al. (2010).
We also detected with very high signal-to-noise and dynamic
range two unresolved sources to the SE and to the SW of
EB27; we tagged these sources S1 and S2, respectively.
The object here identified as ES corresponds to an Hii re-

gion, reported by Lockman (1989) as 82.454+2.369, a radio
recombination line source. It was observed at 3 cm with 3′

angular resolution. Its radial velocity, −9.7±2.4 km s−1, im-
plies a distance of ∼4 kpc.
Gaussian fits to S1 and S2 yielded integrated flux densities

of SS1 = 136 ± 4 mJy and SS2 = 96 ± 2 mJy, along the
observed S band.
According to the literature, S1 was previously detected

at 327 MHz (WSRTGP 2032+4346, 627±130 mJy, Taylor
et al. 1996), at 365 MHz (TXS2032+437, 499±100 mJy, Dou-
glas et al. 1996) and at 1.4 GHz (NVSS J203418+435650,
115±3 mJy, Condon et al. 1998). And S2, at 327 MHz
(WSRTGP 2031+4343, 157±24 mJy), and at 1.4 GHz
(NVSS J20332+435353, 84±2 mJy). Both S1 and S2 sources
show spectral indices favouring an extragalactic nature, prob-
ably AGN, from which we expect variable flux densities on
years or even months. We therefore refrain to derive spectral
indices from measurements years/decades apart and, in the
next Subsection, we focus only on the behaviour at the 2-GHz
width of the observed S-band.
The bibliographic information related to ES, S1 and S2,

points at distinct sources, detached from EB27, in very dif-
ferent environments, and thus, all physically unrelated.
Along with the total intensity image, tclean provides the

spectral index map and its error. Figure 4 presents these re-
sults. The images are masked with SI ≥ 1.5 mJy beam−1

to remove low signal-to-noise regions with unreliable spectral
index determinations.

4.2 Results per spectral window

We built I-Stokes images per spectral window, and plotted
the integrated flux of EB27 above two different intensity con-
tours: 1.5 and 2.3 mJy beam−1. We assumed a 3% uncer-
tainty in the flux at each spectral window. We carried out
a fit of the spectral index, and obtained α = −1.09 ± 0.09
and α = −0.87 ± 0.11, respectively (Fig. 5). This is consis-
tent with the fainter regions being steeper, as seen in Fig. 4.
We decided to exclude from the spectral energy distribution
(SED) the integrated fluxes reported in Benaglia et al. (2010).
This is because the present observations not only were much
deeper, but also the current CASA routines to deal mainly
with non-coplanarity effects, emission at very different scales,
and extended emission far from the field centre, are in the
state of the art and allow to recover much more flux density
than those associated with VLA data back a dacade ago.
The same procedure was followed for the source ES. In

this case we included in the fit the fluxes from Benaglia et al.
(2010), as this source is rather compact and we do not expect
the emission from an Hii region to vary. The value obtained
for the spectral index is α = −0.14 ± 0.03 (Fig. 6), which is
consistent with the canonical index for ionised material in an
optically thin regime (α = −0.1) and with the value obtained
by Benaglia et al. (2010).
For the spectral fit for sources S1 and S2 we considered only

the flux densities measured at spectral windows of S band, to
exclude flux variability issues with non-coeval observations
at other wavelengths. The SEDs and their fits are shown in
Figs. 7 and 8. The resulting spectral indices are characteristic
of extragalactic (non-thermal) sources: αS1 = −1.05 ± 0.06,
and αS2 = −1.24± 0.07.

4.3 RM synthesis and polarisation information

Figure 9 presents the polarised surface brightness modulus
distribution (Brentjens & de Bruyn 2005) resulting from
RMS. The attained rms is 5µJy beam−1.
The Faraday depth can be expressed as the path integral

φ(l) = 0.81
∫
neB|| dl radm−2, with ne the electron density

in cm−3, B|| the magnetic field component parallel to the
line-of-sight in µG, and dl the differential path length in pc
(Brentjens & de Bruyn 2005). For a uniform slab of size ∆l
(in this case, the shocked stellar wind in the BS), we can
approximate |φ| ≈ 0.81ne|B|||∆l, where |B||| ∼ B/

√
3 and B

is the magnetic field intensity (Hales et al. 2017). A simplified
estimate of |φ| from EB27, using the values of ne < 10 cm−3,
B < 140 µG (Benaglia et al. 2010), and shock width ∆l ≈
0.3R0 ≈ 0.6 pc (del Valle & Romero 2012, R0 the stagnation
point), yields |φ| < 500 radm−2 (further discussion on the
system parameters is provided in Sect. 5.1). This value serves
as a reference for the expected Faraday depth of this source.
Along the Faraday depth interval (−3000, 3000) radm−2,

P was clearly detected for sources S1 and S2, and weakly for
ES source. In Fig. 10 we show the φ profiles for S1, S2, ES,
and the heart of the BS. This last spectrum shows no peaks,
and the values remain below 0.1 mJy beam−1 RMTF−1. Fits
to the maxima of the other three sources resulted in PS1 =
3.6 mJy beam−1 RMTF−1 at φ = +210±13 rad m−2; PS2 =
1.9 mJy beam−1 RMTF−1 at φ = −333±14 rad m−2; PES =
0.1 mJy beam−1 RMTF−1 at φ = −25± 18 rad m−2. Taking

MNRAS 000, 1–?? (2021)
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Figure 3. Continuum image at 3 GHz of the object EB27 (not corrected for primary beam). The sources ES, S1 and S2 are identified.
The star symbol represents the position of BD+43◦3654, and the dashed arrow its direction of motion.

into account the Stokes-I emission corresponding to the three
sources, we get DS1 = 3.5%, DS2 = 2.4%, and DES = 0.35%.
With respect to the ES source, we note that it was formerly

identified with an Hii region (Sect. 4.1). This is further sup-
ported by the spectral index we obtained (α = −0.14± 0.03;
Fig. 7), which is consistent with thermal emission from an
optically thin plasma. In addition, its main and only P fea-
ture is distributed around φ ∼ 0. All these facts lead us to
interpret the bump in the ES spectrum as leakage. In this
scenario, we can set DES as the fractional leakage, and use
this value to characterise the error in |P |.

5 DISCUSSION

5.1 Emission model

The dominant radiative process at low radio frequencies
is synchrotron radiation produced by relativistic electrons.
Thus, the radio fluxes derived are valuable for constraining
parameters related to the synchrotron luminosity of the BS.
We highlight that the pioneer results by Benaglia et al. (2010)
reported a flux of ∼ 100 mJy for EB27 at 1.4 GHz, whereas
in this study we obtain a flux of ∼ 700 mJy at 2 GHz. More-
over, the corrected distance we presented here is (1.72/1.32)
times larger than previously assumed. Overall, the intrinsic
luminosity of the BS should be more than ten times larger
than considered in earlier works.
We applied the emission model presented in del Palacio

et al. (2018) in order to extract physical information from
the radio SED of the BS. This model assumes that rela-
tivistic particles are accelerated at the reverse shock of the
BS (the one that propagates in the stellar wind). At each
position along the BS, the injected particle distribution is

Q(E) = Q0E
−p exp (−E/Emax), where Q0 is a normalisa-

tion constant, p is the spectral index (related to the radio
spectral index as p = −2α + 1), and Emax is the maxi-
mum energy achieved by the particles. These particles are
convected with the shocked flow along the BS while they suf-
fer radiative and non-radiative losses. The thermodynamical
properties of the gas along the BS are calculated using the
Rankine-Hugoniot jump conditions for a strong shock. In ad-
dition, a prescription for the magnetic field is adopted such
that the magnetic field pressure is a fraction ζB of the ther-
mal pressure of the gas. At each position along the BS, the
synchrotron luminosity is calculated using the computed par-
ticle population and the magnetic field intensity. This allows
us to generate 3-D emission maps that are projected and con-
volved with a gaussian beam in order to produce synthetic
emission maps. For further details on the model we refer to
del Palacio et al. (2018).
Regarding the model parameters, we need a set that can

reconcile the high value of R0,proj ≈ 3.9′ (R0 ≈ 1.9 pc),
the non-detection of the free-free emission of the stellar
wind, and the high synchrotron luminosity of the BS (Lsy ≈
6×1033 erg s−1). The value of R0 is given by the pressure bal-
ance between the stellar wind and the ambient ram pressure.
The most relevant parameters involved are: the density of the
medium (nISM), the stellar wind velocity (v∞) and mass-loss
rate (Ṁ), the peculiar velocity of the star (V?), the source
distance (d), the fraction of the stellar wind power injected
into non-thermal electrons (fNT,e), and the intensity of the
magnetic field in the BS (B); we refer to del Palacio et al.
(2018) for the scaling between these parameters and R0 and
Lsy.
According to the velocity calculated in Sect 2, we have

V? > 44 km s−1. We adopt a rather high value of v∞ =

MNRAS 000, 1–?? (2021)
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Figure 4. Upper panel: Spectral index α. Lower panel: Error in
spectral index. Mask used: pixels above 1.5 mJy beam−1.

3000 km s−1, which can be expected in this type of stars.
Kobulnicky et al. (2018) estimated that the ambient density
was nISM ≈ 19 cm−3, but it should be decreased at least by a
factor 1.32/1.72 (due to the correction in the distance to the
star), which yields nISM = 15 cm−3. However, this density is
too high as it needs to be compensated by an excessive value
of Ṁ ≈ 2 × 10−5 M� yr−1, which does not satisfy the radio
flux constraints (Sec. 4.1). We therefore adopt nISM = 9 cm−3

and Ṁ ≈ 10−5 M� yr−1as consistent values that can reconcile
the observational constraints.
From the spectral index maps (Fig. 4), in the apex of the

BS the emission has an index α ≈ −0.6, which translates in
an injection index of p ≈ 2.2 (softer than the value p = 2 pre-
viously considered). The regions with a more negative spec-
tral index can be caused by: i) efficient cooling of the elec-
trons, ii) efficient diffusion, iii) an observational bias towards
underestimating the flux at higher frequencies. In principle,
convective escape is expected to dominate the losses for elec-
trons (del Palacio et al. 2018), though diffusion escape could
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Figure 5. SED for the BS taken from contours >
1.5mJy beam−1(top) and > 2.3mJy beam−1(bottom). Filled
lines represent 3-σ uncertainties in the fit.
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Figure 6. SED for the northern source ES. Filled lines represent
3-σ uncertainties in the fit.

also be relevant depending on the unknown diffusion regime
(del Valle & Pohl 2018). In addition, the softer electron en-
ergy distribution implies a smaller high-energy flux, which is
easier to reconcile with the non-detection in X-rays by Toalá
et al. (2016) and in γ-rays by Schulz et al. (2014).
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Figure 7. SED for the source here named S1. Filled lines represent
3-σ uncertainties in the fit.
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Figure 8. SED for the source here named S2. Filled lines represent
3-σ uncertainties in the fit.

Figure 9. Polarised surface brightness modulus distribution (color
scale, in mJy beam−1 RMTF−1). In black, the 4-mJy beam−1

contour of the Stokes-I image convolved to a 34.5′′ × 21.0′′ beam.

Figure 10. Cleaned Faraday depth profiles at four locations of the
field-of-view: the core of the bow shock (EB27), and the sources
ES, S1 and S2.

5.2 Synthetic emission maps

The observed morphology of the BS provides further informa-
tion that can be taken into account in an extended emission
model. We therefore produce synthetic emission maps by con-
volving the modeled emission from the BS with a gaussian
beam of 20.2′′ × 12.5′′. These maps are compared with the
observed maps in Fig. 11.
One of the most relevant parameters in shaping the ob-

served morphology of the BS is the inclination angle between
the line of sight and the peculiar velocity of the star. This
angle can be estimated as i ≈ arctan (Vr/Vt), where Vt and
Vr are the tangential and radial components of the stellar
velocity with respect to its surrounding medium. We derived
a value of Vt ≈ 43.6 km s−1(Sect. 2), but the value of Vr
is poorly constrained. Kobulnicky et al. (2010) reported a
radial velocity of ∼ −66 km s−1, but this value has a large
uncertainty and it is not corrected for the motion of the sur-
rounding medium. Here we show that the observed morphol-
ogy is consistent with an angle i ∼ 60◦, which translates in
Vr ∼ −25 km s−1and V? ≈ 50 km s−1.
The shape of the BS is also determined by the hydrodynam-

ics of the interaction between the stellar wind, the ISM, and
the shocked material. The model by del Palacio et al. (2018)
uses the analytical prescriptions for the geometry of the BS
given in Christie et al. (2016). In this formalism, the ISM can
have a non-negligible pressure (unlike the solution by Wilkin
1996, that is valid only for a cold ISM) that helps to colli-
mate the BS structure. This is incorporated through a factor
r defined as the ratio between the thermal pressure in the
ISM and the ram pressure in the ISM (Pkin ∝ nISMV

2
? ). The

value of r is related to the Mach number asMs = (γadr)
−1/2,

with γad = 5/3 the adiabatic coefficient. A value of r � 1
corresponds to a cold medium that exerts a negligible pres-
sure (or to Ms � 1), whereas for a warm, ionised ISM with
temperature 10 000 K we expect r ≈ 0.07 (or Ms ≈ 2.9). In
Fig. 11 we show that the observed morphology is more con-
sistent with a warm medium exerting a significant pressure
such that r ∼ 0.3. Nonetheless, other effects such as a high

MNRAS 000, 1–?? (2021)
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stellar magnetic field can also have an influence in the shape
of the BS (Meyer et al. 2017; Mackey et al. 2020).

5.3 Magnetic field intensity

To fit the observed flux of ≈ 500 mJy at 3 GHz, we eval-
uate two extreme cases. First, we consider a high magnetic
field value such that the magnetic field pressure is equal to
the thermal pressure in the shocked wind (ζB = 1). Higher
values of the magnetic field would render the fluid incom-
pressible and therefore no shock would form, which in turns
means no diffusive shock acceleration would be possible. This
equal pressure condition yields B ≈ 100 µG. To match the
observed flux, it is required that a fraction fNT,e ≈ 1.5% of
the available stellar wind kinetic power is transferred to rel-
ativistic electrons. Assuming that the kinetic power injected
in relativistic protons is ten times larger than in electrons,
the ratio between the energy density in relativistic parti-
cles and the energy density in the magnetic field ranges from
UNT/UB ∼ 10−5 to 10−3 along the bow shock. In this case,
the high B values should be attained by magnetohydrody-
namical processes (e.g., adiabatic compression of stellar mag-
netic field lines, del Palacio et al. 2018) and not by amplifi-
cation by the cosmic rays. This requirement can be met by a
surface stellar magnetic field of B? ≈ 2.5B (R0/R?) ≈ 360 G.
Second, we consider an extreme case in which the injected

energy in relativistic electrons is fNT,e ≈ 10%, from which we
obtain B ≈ 35 µG to match the observed fluxes. Lower values
of the magnetic field would require an excessively efficient
conversion of wind kinetic power into relativistic particles. In
this case, we get UNT/UB ∼ 5 × 10−4 to 5 × 10−2 along the
bow shock. Once again, this B values are not likely to be
achieved by magnetic field amplification by the cosmic rays.
Instead, a high stellar magnetic field B? ≈ 1 kG would be
required.
We thus conclude that the magnetic field in the BS should

be B ∼ 35–100 µG, and that electrons are efficiently accel-
erated obtaining 1–10% of the available wind kinetic power
in the BS. The non-thermal particle population is in energy
subequipartition with respect to the magnetic field (UNT �
UB).

5.4 Non-detection of polarisation in EB27

In Sect. 4.3 we obtained information of the observed polar-
isation of EB27 and other sources in the field. Given a rel-
ativistic electron population of the form N(E) ∝ E−p, the
intrinsic linear polarisation of their synchrotron spectrum is
Di(p) = (3p + 3)/(3p + 7). Notwithstanding, a synchrotron
source can have a lower polarisation due to a series of fac-
tors. Following Hales et al. (2017) and references therein, a
turbulent magnetic field greatly decreases the observed po-
larisation degree Dobs:

Dobs(p, ν) = Di(p)
B2

0

B2
0 +B2

r

ξ(ν), (1)

where Br and B0 are the random and ordered components of
the magnetic field, respectively, and the function ξ(ν) takes
into account additional depolarisation effects. These effects
are either frequency-independent or stronger at shorter fre-
quencies. Most depolarisation mechanisms have significant ef-
fects in the regime where |φ|λ2 > 1, so that the value of |φ|λ2

helps to assess whether depolarisation is likely to be impor-
tant. For sources S1 and S2 φ-values were derived, but for
EB27, since its Faraday depth profile resulted in noise, no
information on φ could be retrieved.
If depolarisation effects are neglected, the random and or-

dered components of the field relate with the observed po-
larisation as Br/B0 =

√
Di/Dobs − 1. Applying this formula

to EB27, for which Di & 70% and Dobs < 0.5%, we get
Br/B0 > 12. Thus, the very low value of Dobs can be the
footprint of a highly turbulent medium, in which the diffusion
shock acceleration mechanism is unlikely and other mecha-
nisms such as turbulent magnetic reconnection could be at
work (Hales et al. 2017, and references therein).
Previous works on BSs associated with pulsars showed that

their magnetic fields are usually well-ordered, leading to high
polarisation degrees (see for instance Kulkarni et al. 1992;
Reich & Schlickeiser 1992; Yusef-Zadeh & Gaensler 2005; Ng
et al. 2012). However, pulsars have stronger magnetic fields
than stars, which can significantly reduce the turbulence in
the BS (e.g. van Marle et al. 2014, for the case of stellar
BSs). In addition, pulsar winds are much lighter than the
winds from massive stars, which can also lead to a less signif-
icant Faraday rotation and consequent depolarisation. Thus,
it is reasonable to expect a lower polarisation degree in a BS
associated to a massive star.
In the case of the sources S1 and S2, we get p = 3.1,

Di = 75.5%, and p = 3.48, Di = 77.1% respectively; these
values are characteristic of extragalactic (active galactic nu-
clei) sources. However, for these sources, neglecting depolar-
isation effects is likely to be misleading due to their high |φ|
values.
Among the possible depolarisation effects, one can list the

contribution from thermal (un-polarised) emission, differen-
tial (depth) Faraday rotation, internal Faraday dispersion,
external Faraday dispersion, and (for unresolved sources) gra-
dients in RM across the beam; see the detailed description
given in Sect. 4.2 of Hales et al. (2017) in the context of shocks
in massive colliding-wind binaries. Nonetheless, none of these
seem to be relevant in the BS scenario (studied here) given
that the source is resolved and the plasma is more diluted
and with lower magnetic fields than in the scenario analysed
by Hales et al. (2017). On the contrary, some of these depo-
larisation mechanisms are likely to have a significant effect
in the observed polarisation for sources S1 and S2, since for
both sources |φ|λ2 > 1 (for S1, |φ1|λ2 ≈ 2.1, and for S2,
|φ2|λ2 ≈ 3.3).

6 CONCLUSIONS

Wide S-band radio observations towards the object EB27 al-
lowed us to better characterise this source and its surround-
ings.
By taking advantage of the latest results from the Gaia

mission, we found that the corrected proper motion now in-
dicates that the apex of the bow shock from BD+43◦3654
coincides with its brightest spot, as expected. Moreover, the
trajectory of the star coincides with it having been ejected
from the centre of Cyg OB2 roughly 1.5 Myr ago.
The upper limit of the flux density measured at the stellar

position discards relevant non-thermal emission from a pu-
tative colliding wind region, and thus that BD+43◦3654 is

MNRAS 000, 1–?? (2021)
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Figure 11. Observed map (top) and simulated maps (bottom). Bottom left is for r = 0.01 and bottom right for r = 0.3. Contour levels
are 1, 1.5, 2, 3, 4, 5, and 6mJybeam−1.

either a runaway single star or perhaps a very tight system.
This upper limit also sets constraints to the stellar mass-loss
rate.

We were able to detach EB27 from the surrounding sources,
and helped also by previous studies and measurements, to
confirm they are at very different distances and thus physi-
cally unrelated. We gathered additional evidence towards the
extragalactic origin of sources here named S1 and S2, and de-
rived the observed rotation angle at S-band for both of them.
We corroborated the nature of the Hii region right north,
though farther away from EB27.

Our deeper radio observation revealed that the BS is
steeper and brighter than previously reported. On the one
hand, together with the larger distance than previously as-
sumed, this requires an intrinsically brighter emission. This,
in turn, suggests that the stellar wind is more powerful and
massive that usually assumed. On the other hand, the steeper
radio spectrum implies a smaller high-energy flux, which is
easier to reconcile with the non-detection in X-rays and γ-
rays.

Finally, the polarimetric study with unprecendented sensi-
tivity in the EB27 kind of objects showed a degree of linear
polarisation below 1%; the steps followed to derive these re-
sults are validated by polarisation measurements of S1 and
S2 at a ∼10 signal-to-noise level. A highly turbulent magnetic
field and/or Faraday rotation in a diffuse, ill-imaged medium
on this galactic plane region full of emission at different an-
gular scales are possible causes of the absence of detection.
We tentatively suggest that non-polarised synchrotron emis-
sion might be a common denominator to systems involving
massive stars.
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