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ABSTRACT

Context. Runaway stars with peculiar high velocities can generate stellar bow shocks. Only a few bow shocks show clear radio
emission.

Aims. Our goal is to identify and characterize new stellar bow shocks around O and Be runaway stars in the infrared (IR), as well as
to study their possible radio emission and nature.

Methods. Our input data is a catalog of O and Be runaways compiled using Gaia DR3. We used WISE IR images to search for bow
shock structures around these runaways, Gaia DR3 data to determine the actual motion of the runaway stars corrected for interstellar
medium (ISM) motion caused by Galactic rotation, and archival radio data to search for emission signatures. We finally explored the
radio detectability of these sources under thermal and nonthermal scenarios.

Results. We found nine new stellar bow shock candidates, three new bubble candidates, and one intermediate structure candidate. One
of them is an in situ bow shock candidate. We also found 17 already known bow shocks in our sample, though we discarded one, and
62 miscellaneous sources showing some IR emission around the runaways. We geometrically characterized the sources in IR using the
WISE-4 band and estimated the ISM density at the bow shock positions, obtaining median values of ~6 and ~4 cm™ using 2D and
3D peculiar velocities, respectively. Most of the new discovered bow shocks come from new runaway discoveries. Within our samples
we found that ~24% of the O-type runaway stars show bow shocks, while this decreases to ~3% for Be-type runaway stars. Two bow
shocks present radio emission but not as clear counterparts, and two others show hints of radio emission. The physical scenarios indi-
cate that two sources could still be compatible with nonthermal radio emission.

Conclusions. The new sample of O and Be runaway stars allowed us to discover both new stellar bow shocks and bubbles. Their
geometrical characterization can be used to assess the physical scenario of the radio emission. Deeper radio observations are needed

to unveil a population of radio-detected bow shocks, and the physical scenarios occurring in these sources.
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1. Introduction

Runaway stars move with a high peculiar velocity relative to
their environment (see Blaauw 1961 for a seminal work, and
Carretero-Castrillo et al. 2023 for an updated reference). Aside
from the studies of the origin of their runaway status, there is a
whole area of research related to the phenomena that occur when
a runaway star, through its strong stellar wind, interacts with the
interstellar medium (ISM).

Stars of spectral types O and early B are among those with
the most intense stellar winds. About 30% of O stars and 5-10%
of B stars have been found to be runaway stars (Blaauw 1961;
Stone 1979; Carretero-Castrillo et al. 2023). Detailed studies to
identify runaway stars have been performed by several authors
(Tetzlaff et al. 2011; Boubert & Evans 2018; Maiz Apellaniz
et al. 2018; Kobulnicky & Chick 2022; Carretero-Castrillo et al.
2023). In this context, a stellar bow shock is formed by the accu-
mulation of ISM matter as a runaway star with a powerful wind
passes through the ISM (first findings, e.g. Gull & Sofia 1979).
If the motion is supersonic (i.e., the peculiar velocity of the star
is greater than the speed of sound in the environment that is typ-
ically of some kilometers per second) strong shocks take place
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around a discontinuity surface separating the two media (see for
instance Mackey 2023, and references therein).

The swept-up matter, formed by warm dust and heated by
stellar ultraviolet photons, shines at infrared (IR) wavelengths.
The bow shocks usually show an arc-shaped structure but some-
times even a bubble surrounding the star, where part of the edge
can be enhanced (that in the direction of the stellar motion).
Initial searches for nearby runaway stars were carried out by
Noriega-Crespo et al. (1997) (see also references therein). The
authors studied high-resolution IRAS satellite images around
runaway OB stars and published the first catalog of 21 pos-
sible bow shocks and 4 possible bubbles. One of them, later
named EB27 and associated with the star BD+43 3654, was well
resolved with IR data from the MSX satellite by Comerén &
Pasquali (2007). More recently, four relevant catalogs of stellar
bow shocks with IR emission have been compiled. The first one
compiled by Peri et al. (2012, 2015), called the Extensive stellar
Bow Shock Survey (EBOSS), presented 73 object candidates in
WISE images. Almost half of them had an associated runaway
star. For the rest, there was either no information on the velocity
of the star (i.e., its runaway status) that could be associated with
the bow shock, or, in the case of a few of them, no associated star.
The second catalog was compiled by Kobulnicky et al. (2016),
with 709 candidates detected using WISE and Spitzer images.
In Kobulnicky et al. (2017), the team publish the photometric
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data, and in Chick et al. (2020), they study the 84 — out of 709
— cases in which stars have been identified supporting the bow-
shock nebulae. The third one, Bodensteiner et al. (2018), was
compiled from different O, B, Be, and A-type star catalogs, but
for general IR nebulae (including bow shocks) around massive
stars. In this work, they test if the IR nebulae information could
be a binary indicator, and confirm that for about 29% of their
sample. The fourth one, Jayasinghe et al. (2019), contains 1394
bubbles and 453 bow shocks, compiled through the Milky Way
Project using Spitzer data.

In terms of theoretical developments, the shape, dynamics,
and emission of bow shocks have been modeled. Wilkin (1996)
presented one of the first solution methods that provided, among
other parameters, the shape of the shell, the mass column
density, and the velocity distribution of the shocked gas within
it. The spectral energy distribution (SED) down to gamma rays
of stellar bow shocks formed by O-type runaway stars was com-
puted by del Valle & Romero (2012) using p Oph as a test case.
del Palacio et al. (2018) developed a multi-zone stellar bow shock
model and SED for different scenarios, along with synthetic
radio maps to reproduce the morphology of EB27 and predicted
the high-energy (HE) emission. Using deep Very Large Array
(VLA) low-frequency observations of the same target, Benaglia
et al. (2021) model the intensity and morphology of the radio
emission.

Strong bow shocks are promising places for the accelera-
tion of particles up to relativistic velocities. Relativistic particles
radiate across the electromagnetic spectrum, particularly in the
radio, X-rays, and gamma rays (del Palacio et al. 2018; Martinez
et al. 2023). In this context, Binder et al. (2019) searched for X-
ray emission after stacking archival Chandra observations from
60 IR-bright Galactic bow shocks. Although there was no detec-
tion, the authors could establish a constraining upper limit on the
X-ray luminosity of IR-detected bow shocks of <2 x 10% erg s!,
which is on the same order as model predictions. The question
of whether particles can be accelerated up to relativistic energies
at the shocks of these structures was investigated in the radio
domain by Benaglia et al. (2010). They performed L- and C-band
radio observations of the source EB27 with the VLA, to look for
nonthermal radio emission. Their ultimate goal was to determine
whether bow shocks could be the counterparts of HE gamma-
ray sources, especially of the unassociated ones. Radio emission
coinciding with the IR extension of the EB27 bow shock was
detected in both bands, and a central part of it showed a spectral
index, a (with S, ~ v%), close to —0.5, which is characteris-
tic of nonthermal emission. Follow-up JVLA observations in
the S-band in full polarization mode showed no polarized emis-
sion above the 1% degree level (Benaglia et al. 2021). Martinez
et al. (2023) have studied the nature of the radio emission for
EB27 using a multi-zone model. Compared with radio observa-
tions, they conclude that the emission of EB27 can be explained
through nonthermal electrons following a hard energy distri-
bution below ~1 GeV. Nevertheless, the emission from EB27
together with its spectral index and polarization absence needs
further investigation.

In recent years, the commissioning of interferometers in the
southern hemisphere has allowed several radio detections of stel-
lar bow shocks and spectral index studies. van den Eijnden et al.
(2022a) detected the Vela X-1 bow shock in radio with MeerKAT
and found that its multiwavelength emission is more com-
patible with thermal free-free emission than with nonthermal
synchrotron emission. van den Eijnden et al. (2022b) examined
the Rapid ASKAP Continuum Survey (RACS, McConnell et al.
2020) at the positions of 50 EBOSS candidates and detected
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10 structures, classifying them as 3 radio bow shocks, 3 probable
radio bow shocks, 1 to be confirmed, and 3 unclear (probably
not radio bow shocks). The analysis of the first seven structures
yielded results consistent with nonthermal emission for two of
them. In addition, Moutzouri et al. (2022) measured a spectral
index below —0.5 for the northern of the Bubble Nebula (NGC
7635, most likely formed by the runaway star BD+60 2522),
which is the second bow shock with clear evidence for non-
thermal emission. However, the question of bow shocks capable
of accelerating relativistic particles and producing HE emission
remains open.

The runaway stars associated with the bow shocks may
also produce radio emission. In binary systems containing a
massive O or Be star and a compact object, nonthermal radio
emission can be produced by synchrotron-emitting relativistic
electrons. There are two main types of these binary systems:
(a) X-ray binaries with a radio jet or microquasars (Mirabel &
Rodriguez 1999; Fender & Muiioz-Darias 2016); and (b) gamma-
ray binaries (Dubus 2006; Bosch-Ramon et al. 2012; Dubus
2013). For the latter, three of the nine confirmed TeV-emitting
gamma-ray binaries are runaways: LS 5039, PSR B1259-63 and
1FGL J1018.6—-5856 (Ribo et al. 2002; Miller-Jones et al. 2018;
Marcote et al. 2018). Therefore, new gamma-ray binaries could
be found by searching for massive runaway stars and their asso-
ciated multiwavelength emission. This strategy could provide
new members of this reduced sample, eventually allowing for the
population studies that are needed to answer some of the many
open questions in this area of HE astrophysics (see Bordas 2023,
and references therein).

For all of the above reasons, any study of stellar bow shocks
and their radio counterparts can add information on a wide vari-
ety of phenomena. This is especially true if the runaway star that
produces the bow shock is identified. In this work, we aim to
detect bow shocks around new runaway stars and describe their
characteristics. In Sect. 2, we present the data used in this work.
In Sect. 3, we describe the methodology of the search, and the
identification and characterization of the objects. In Sect. 4, we
present the results for the different types of objects we found.
We discuss these results in Sect. 5. We close with a summary
and prospects for further studies in Sect. 6.

2. Data
2.1. Runaway star catalogs

Bow shocks are expected around massive runaway stars. There-
fore, we used the catalogs of runaway O and Be stars obtained
by Carretero-Castrillo et al. (2023), which were identified using
Gaia DR3 astrometric data. In this work, the authors cross-
matched the GOSC (Maiz Apelldniz et al. 2013) and the BeSS
(Neiner et al. 2011) catalogs with Gaia DR3 data. After apply-
ing several quality cuts, they produced the GOSC-Gaia DR3
catalog with 417 O-type stars, and the BeSS-Gaia DR3 cata-
log with 1335 Be-type stars. In the GOSC-Gaia DR3 catalog,
they found 106 O runaway stars, with 42 new identifications
as runaways. In the BeSS-Gaia DR3 catalog they found 69 Be
runaway stars, with 47 new identifications as runaways. The run-
away percentages found with respect to the catalogs are 25.4%
and 5.2% for the O and the Be runaway stars, respectively. The
runaway stars were identified through an E value (see Eq. (3) in
Carretero-Castrillo et al. 2023), which indicates the normalized
significance of the runaway nature. Therefore, higher E values
denote more confident runaway star identifications. The first ten
rows of data corresponding to the runaways with the higher E
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Table 1. Data of the 10 out of 106 GOSC-Gaia DR3 runaway stars with higher values of E in decreasing order.

Runaway id GOSC name Gaia DR3 id RA Dec d My corr Hécorr G S.T. Vi E  Run. Ref. Bow. Ref.
(hms) ') (kpc) (masyr™) (masyr!) (kms™")

GR1 V479 Sct 4104196427943626624 18 26 15.06 —-145054.4 1.94 7178 -6.866 10.80 ON6 909+49 428 1 -
GR2 CPD -34 2135 5546501254035205376 08 13 35.36 —342843.9 3.23 5.848 —2.894 9.18 075 851+56 3.85 2 -
GR3 BD +60 134 427457895747434880 00 56 14.21 61 4536.9 2.69 2.928 -5.840 1040 055 779 £4.8 3.70 3 -
GR4 HD 104 565 6072058878595295488 12022777 -58 14343 472 -8.694 4.853 9.07 0OC9.7 193.7+252 3.47 2 -
GRS HD 155913 5953699131931631232 17 16 26.32 —-424004.0 1.21 -9.539 7.676 8.18 045 70.6+45 343 2 -
GR6 HD 75 222 5625488726258364544 08 47 25.13 -364502.5 2.09 0.123 6.320 731 09.7 674+69 3.03 2 -
GR7 ALS 12 688 2003815312630659584 22554494 5628 36.6 4.34 4.061 —1.815 1039 055 745+6.8 290 3 -
GR38 BD —14 5040  4104201586232296960 18 253891 —144505.8 1.63 5.548 -3423 1002 055 504+23 287 2 LI
GR9 HD 41 997 3345950879898371712 06 08 55.82 1542 18.0 1.75 —-0.586 -9.374 8.30 075 773 +91 2.79 2 -
GR10 Y Cyg 1869256701670871168 2052 03.58 3439272 1.39 4.731 —11.691 726 095 821+100 2.78 2 -

Notes. Run. Ref. (Runaway Reference) column provides a reference in case the star had already been reported as runaway: (1) Rib6 et al. (2002);
(2) Maiz Apelléniz et al. (2018); (3) Kobulnicky & Chick (2022). Bow. Ref. (Bowshock Reference) column provides a reference in case the star
had already been reported as having a bow shock: (I) Peri et al. (2015); (II) Kobulnicky et al. (2016). The proper motions corrected for the ISM
motion caused by Galactic rotation (see text) are p;, .., and pscorr (With g5, .o = Mo corr €08 6). The complete version of this table including the 106

classified runaways is available at the CDS.

Table 2. Data of the 10 out of 69 BeSS-Gaia DR3 runaway stars with higher values of E in decreasing order.

Runaway id BeSS name Gaia DR3 id RA Dec d Ha corr Mo corr G ST Ve E  Run. Ref. Bow. Ref.
(hms) ')  (kpc) (masyr™') (masyr ') (kms™")
BR1 CD-29 6963 5641493526747324416 08 5648.24 -30 11 01.8 3.70 4.128 -0.848 915 Be 602+38 285 - -
BR2 HD 181409 2049168552364523520 19 1903.72 332319.2 055 -13.680 -30.266 6.55 B2e 853+58 2.64 1 -
BR3 HD 114200 5843657293789559296 13 10 52.71 -704831.1 2.29 5.223 -2.846 835 Ble 74780 255 - -
BR4 BD-21 1449 2938176961013250432 0625 16.94 -212004.3 270  -3.596 0354 1043 Be 523+57 244 - -
BR5 EM* StHA 143 1333493685058234880 17 14 25.38 3135004 4.12 15466 -13.428 1170 Be 131.7+175 2.33 - -
BR6 HD 77147 5297543543432635008 08 572329 -632949.1 0.68 —-1.481 -7969 842 B8 66.1+22 233 - -
BR7 HD 127617 1239086696118147712 14 31 59.56 1846 00.5 1.71 0.228  -13.091 871 BSe 105.7+162 2.28 2 -
BR8 BD-112043  3033914530822194688 07 3942.24 -121533.3 3.64 1111 1962 943 Be 527+9.6 216 - -
BR9 HD 43789 5567419359659568896 06 15 56.55 —443710.6 0.92  -9.042 1732 851 B6.5 385+3.6 207 - -
BR10 HD 159489 5955254318081779072 17 37 13.83 —-450926.7 1.05 —-6.572 1.668  8.15 Ble 33.6+3.1 2.07 - -

Notes. Run. Ref. (Runaway Reference) column provides a reference in case the star had already been reported as runaway: (1) Hoogerwerf et al.
(2001); (2) Boubert & Evans (2018). Bow. Ref. (Bowshock Reference) column provides a reference in case the star had already been reported as
having a bow shock. The proper motions corrected for the ISM motion caused by Galactic rotation (see text) are i, .o, and scorr (With g, .o =
HMacorr €08 0). The complete version of this table including the 69 classified runaways is available at the CDS.

values, of the GOSC and BeSS-Gaia DR3 runaway catalogs,
respectively, are shown in Tables 1 and 2. These tables include
the runaway id from the original work, the star names, the
Gaia DR3 ids, coordinates (J2000), distances, corrected proper
motions (see Sect. 3), G magnitudes, spectral types, the two-
dimensional peculiar velocities computed in Carretero-Castrillo
et al. (2023), E values, the runaway references (in case the star
had already been reported as runaway), and a last column indi-
cating the reference in the cases that they had already been
reported to contain bow shocks. As for the runaway id, GR
(GOSC Runaways) refers to runaways identified from the GOSC
catalog, while BR (BeSS Runaways) to those from the BeSS
catalog.

2.2. Infrared data: WISE

The Wide-field Infrared Survey Explorer (WISE, Wright et al.
2010) was a mission funded by NASA that mapped the whole sky
at mid-IR wavelengths from December 2009 to February 2011.
It had a much better sensitivity than that of earlier IR survey
missions. The different survey bands and resolutions are shown
in Table 3.

Bow shocks are related to the warm dust emission, and this
emission is mostly expected in the W4 band. Therefore, we used
the W4 band to look for bow shock or bubble-like structures

Table 3. Main properties of the WISE survey used in this work.

Survey Band Wavelength Resolution Coverage

(um) (")
WISE W1 34 6.1 All sky
w2 4.6 6.4 All sky
W3 12 6.5 All sky
w4 22 12 All sky

around the runaway stars. WISE images are available through
the WISE Image Service' of the NASA/IPAC Infrared Science
Archive.

3. Methodology
3.1. Bow shock searches and identification

We performed and cross-checked a visual inspection of the W4
images for all the 106 and 69 runaways in Tables 1 and 2,
respectively. We used the astronomical data visualization tool
SAOImageDS9 (Joye & Mandel 2003) to process the WISE

I irsa.ipac.caltech.edu/applications/wise/
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images. We used WISE images of size 20" X 20" to make sure
that we did not lose part of the possible bow shock structures. We
looked for bow shock or bubble-like structures around the posi-
tion of the runaway stars. We also found some features that we
would classify not as bow shocks or as bubble-like, but as mis-
cellaneous structures near the runaway stars. These cases will be
treated separately. The criterion defined to classify a bow shock
or a bubble candidate around a runaway star was based on two
aspects:

1. The presence of a bow shock or a bubble-like structure
around the runaway star.

2. The arc-shaped structure, or (part of) the rim of the bub-
ble, must be in the direction of the runaway star’s corrected
proper motion.

To verify the second point, we used the Gaia DR3 proper
motions corrected for the ISM motion caused by Galactic rota-
tion. For this, we followed the prescription given in Comerén &
Pasquali (2007) (originally from Scheffler & Elsédsser 1987), in
which it is assumed that the ISM at any given position moves
in a circular orbit around the Galactic center (GC) following a
rotation curve. This prescription uses the Oort constants (see
Oort 1927; Ogrodnikoff 1932), which can be computed for any
given Galactic rotation curve. As was done in Carretero-Castrillo
et al. (2023), we used the Galactic rotation curve provided by
the AS fit of Reid et al. (2019) and fit the original data to com-
pute the rotation curve slope. The values we used for the velocity
of the Sun, its distance to the GC, the circular rotation veloc-
ity at the position of the Sun, and its slope (for distances to
the GC larger than 5 kpc) are: Uy = 10.6 + 1.2 km s7!, Vg =
10.7+6.0kms™!, Wo =7.6+0.7kms™", Ry = 8.15+0.15 kpc,
@y =236+ 7 km s}, and d®/dR = —1.4 + 0.3 km s~! kpc™'.
These are the same values used in all computations presented
in Carretero-Castrillo et al. (2023), though some of them are
incorrectly quoted in the original manuscript. We could then
compute the Oort constants needed to compute the ISM proper
motion, and found them to be A = 15.7 + 0.5 km s~! and
B = -13.8+0.5 km s~'. We finally subtracted the local ISM
proper motions to the star’s proper motions, and found the proper
motions of the star with respect to its local ISM (i.e., the cor-
rected proper motions). The corrected proper motions associated
with the runaway stars are listed in Tables 1 and 2. We also
computed the propagation of uncertainties for these variables.
From the corrected proper motions and their uncertainties, we
computed for each star the position angle (PA) from north to
east of the corrected proper motions and its uncertainty, APA.
For the O-runaway stars, APA ranges from 0.7 to 15.5°, with
a median of 3.9°. For the Be-runaway stars, APA ranges from
1.1 to 12.4°, with a median of 5.1°. Thus, APA is usually only
a few degrees; it has a tendency to increase as the peculiar
velocity of the star decreases, since the uncertainties of the cor-
rected proper motions are larger compared to the modulus of
the corrected proper motion itself. We included the corrected
proper motions in @, in 4, and its modulus and PA, together
with their corresponding uncertainties, in the electronic versions
of Tables 1 and 2. Finally, to check for the second item above,
we overlapped in the WISE images arrows with 2 length in the
direction of the corrected proper motion.

3.2. Bow shock characterization

Once the bow shock and bubble-like candidates were identified,
we proceeded to their geometrical characterization. We mea-
sured the sizes of the IR geometrical structures in the W4 band
of the bow shock and bubble candidates projected on the plane
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Fig. 1. Image of a known bow shock illustrating the geometric charac-
terization used in this work. R is the projected standoff distance, [ is the
projected length of the bow shock, and w is its projected width. The arc
of the ellipse shown with a continuous yellow line was used to derive /
(see text for details).

of the sky. For this purpose, we used the region tools provided
by SAOImageDS9. For the bubble candidates, only the projected
width, w — the diameter of the bubble structure — was measured.
For the bow shock structures, we also measured the projected
standoff distance, R, which is the distance between the bow
shock apex and the star, and the projected length, /, of the bow
shock. The shape of a bow shock structure can be approximated
by a partial ellipse (see Fig. 1). Therefore, we used an ellipse
shape to parameterize the bow shock in IR and measure its arc
length. For each bow shock, we superimposed an ellipse to the
W4 image and obtained its semimajor and semiminor axes. We
determined the initial and final angles that define the arc length
of the IR emitting region, measured from the center of the ellipse
and defined counterclockwise from the semimajor axis. With all
these parameters, we can compute the partial perimeter of the
ellipse — that is, the length, / (continuous yellow arc in Fig. 1) —
using the differential arc length equation for a curve defined
by an ellipse. We note that these measurements were computed
more accurately than the ones presented in Peri et al. (2012) and
Peri et al. (2015). The results of the geometrical measures are
presented in Sect. 4. The values given in linear units (parsec)
were computed using the distances provided in Tables 1 and 2.

3.3. Interstellar medium ambient density

We estimated the ISM ambient density, nisy, at the bow shock
position using Eq. (1) of Wilkin (1996):

Mve,
Ry = 4| —>—, (1)
Amp, Vg

where Ry is the standoff distance (not the projected one that
we measure, R), M is the stellar mass-loss rate, v, is the wind
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Table 4. Stellar parameters and velocities of the runaway stars associated with the new bow shock (BS) and bubble (BU) candidates, and geometrical
IR measures in the W4 images for the bow shock and bubble candidates.

Runaway star ST M x10° Voo vy Ref VglE)C VSEDC BS/BU R I w e nlzé)M n%EM
Mo yr™) (kms™) (kms™) (kms™") (kms™) " o) () ey () (po) (cm™?) (cm™?)
HD 41 997 075V 0.07 3349 -18 1 71.3 87.8 BS-GR9 19 016 123 1.05 38 0.32 051 3.6 2.8
ALS 11 244 04.5101  1.00 3465 -39 2 33.6 45.4 BS-GR34 151 122 393 316 56 0.45 0.37 5.1 2.8
HD 64 568 o3v 3.90 4175 77 1 40.4 42.1 BS-GR35 91 177 309 6.02 34 0.66 0.70 7.7 7.1
HD 89 137 ONO9.7II  0.06 3110 -17 1 39.4 45.9 BS-GR71 55 0.63 171 196 73 0.84 043 0.8 0.6
BD +50 886 04V 4.01 3984 -36 2 30.5 322 BS-GR72 30 043 223 3.17 30 0.43 0.18 221.2 198.6
HDE 338 916 075V 0.07 3349 -1.5 3 21.2 23.2 BS-GR75 28 028 310 3.11 110 1.10 047 152 127
HD 192 001 09.5IV  0.07 3157 =27 1 21.7 28.7 BU-GR78 - - - - 125 1.03 - - -
HD 189 957 09.7111  0.07 3116 39.9 1 21.0 52.1 BS-GR&80 20 019 178 174 90 0.88 029 299 49
HD 116 282 O8IIT 0.05 3268 -39 3 28.0 28.6 BS-GR93 32 060 225 421 101 1.89 021 14 1.4
ALS 17 591 05: - - -10.2 3 16.0 49.8 BU/BS-GR100 -/13 -/0.20 -/261 —-/4.13 69/74 1.09/1.17 -/0.51 - -
V372 Sge BO.Selll  0.05 3044 -18 1 44.4 51.6 BU-BR21 - - - - 105 0.99 - - -
HD 225985 BlpsheV 0.06 3053 - - 329 - BU-BR46 - - - - 78 0.67 - - -
CI*NGC 663G 159 Be - - - - 30.0 - BS-BR65 112 026 138 032 36 0.08 0.71 - -

Notes. The left side of the table provides information associated with the runaway stars, while the right side provides information associated with
the corresponding bow shock and bubble candidates. Spectral types (STs) were taken from the GOSC (Maiz Apelldniz et al. 2013) and the BeSS
(Neiner et al. 2011) catalogs. M, mass-loss rates, were linearly interpolated from Vink & Sander (2021). Wind terminal velocities were obtained
by applying a linear regression to Vink & Sander (2021) data. Radial velocity references: (1) de Bruijne & Eilers (2012); (2) Kobulnicky & Chick
(2022); (3) Kharchenko et al. (2007). Vﬁgc are those from Carretero-Castrillo et al. (2023) and VSEDC are obtained with the same methodology using
the quoted v, values (see text for details). The right side of the table provides the classification id of the IR structure around the runaway star: BS
for bow shocks; BU for bubbles; and BU/BS and BS/BU for intermediate structures between BS and BU. R is the projected standoff distance from
the star to the midpoint of the bow shock, [ is the length, and w is the width of the bow shock structure. These distances are projected in the plane

of the sky. For bubbles, only the width was measured. Column e provides the eccentricity of the ellipse used to measure the bow shocks. n22, and

n3D

ISM

ism are the ISM densities of the medium around the bow shock position considering either VIZEC or VSEDC as Vpgc in Eq. (1). The horizontal line

separates O-type stars (upper part) from Be-type stars (bottom part). This table is available at the CDS.

terminal velocity, Vpgc is the peculiar velocity of the star, and p,
is the ambient medium density. From Eq. (1), we estimated p,,
and from p, = unism, we finally derived nigy. In this equation,
we assumed that Ry ~ R, which will be the case if the motion
occurs in the plane of the sky. We note that ngy is the volume
density in H atoms, and y is the mass of the ISM per H atom.
We assumed that the fractional abundances for the hydrogen and
the helium are X = 0.9, and Y = 0.1, respectively. Therefore,
the mass of the ISM per H atom is then u = pug + 0.1ug. =
[09-1.67+0.1-6.6]x1072*g=2.16x 107> g.

The stellar parameters, M and v, for each of our stars were
derived from the tables in Vink & Sander (2021)?, assuming
solar metallicity for our runaway stars, and using the effec-
tive temperatures, masses, and luminosities from Martins et al.
(2005). Runaway stars without a luminosity class (GR100 and
BR65) were not considered given the large uncertainty in the
determination of their temperatures, masses, and luminosities.
Given the linear dependence of v, on the T.g of the star, we com-
puted a linear regression to the values quoted in Vink & Sander
(2021), and used it for our stars. Owing to the variability of the
mass-loss rates as a function of T.g, we preferred to compute a
linear interpolation to assign mass-loss rates to our stars.

For the values of Vpgc, we considered either the 2D or
3D peculiar velocities. The first ones are those from Carretero-
Castrillo et al. (2023). To compute the 3D peculiar velocities of
the runaway stars, we searched for their heliocentric radial veloc-
ities in the literature. For stars with measured values, we com-
puted the regional standard of rest (RSR) velocities in the man-
ner described in Carretero-Castrillo et al. (2023), but using real
radial velocities instead of the theoretical ones used there. We
then computed the 3D peculiar velocities, Vi, as the moduli of
the RSR velocities. We highlight here that we used the 2D and

. .. 2D 3D .
3D peculiar velocities to compute n;gy, and njgy,, respectively.

2 We also used v,, from Prinja et al. (1990) as an additional check.

However, since the 3D peculiar velocities might be contaminated
by radial velocity variations in the case of binary systems, nf?M
might be seen as more reliable, although contamination from
binarity is unlikely to exceed a few tens of kilometers per sec-
ond in the case of massive stars. We note that the obtained n’>

ISM
values will always be higher than the nfé)M ones, as lower veloc-

ities (VIEEDCVS.VSEDC) require higher ISM densities to form a bow
shock, assuming all other parameters remain the same in Eq. (1).

The stellar parameters, velocities, and computed ISM densi-
ties are shown in Tables 4 and 5. We caveat that the values of
nism should be taken as estimates, given the large uncertainties
in the determinations of the stellar parameters, and the fact that
we used the projected distance, R, as the Ry value in Eq. (1).

4. Results

During the examination of the W4 images, we found a wide vari-
ety of IR structures around the runaway stars: bow shock and
bubble-like candidates, intermediate structures’, and miscella-
neous structures. There were also some bow shocks or bubbles
that were already known. Therefore, we grouped the results in
three different categories: new, known, and miscellaneous IR
structures. We finish this section by summarizing the search for
radio emission from the bow shocks and bubbles discussed in
this work.

4.1. The new candidates for stellar bow shocks or bubbles

We identified nine new bow shock candidates, three bubble-like
candidates, and one intermediate structure for the runaway stars
in the GOSC- and BeSS-Gaia DR3 runaway catalogs. These

3 We call “intermediate” structures those that are halfway between bow
shocks and bubbles.
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Table 5. Stellar parameters and velocities of the runaway stars associated with the known bow shock (BS) and bubble (BU) candidates that were
not characterized by previous works, and geometrical IR measures in the W4 images for the bow shock and bubble candidates.

Runaway star ST M x 10° Voo oy Ref V2D, Vare BS/BU R 1 w e nn,  may
Mo yr™) (kms™) (kms™) (kms™) (kms™h () () () (o) () (po) (cm™) (em™)
HD 46 573 o7V 0.11 2992 29.3 1 40.4 40.4 BS-GR40 54 035 369 240 88 0.57 0.54 3.8 3.8
BD -08 4623 BO0.5:Ia: 0.50 2293 - - 28.8 - BS/BU-GR51®  21/— 0.22/— 200/ 2.05/— 74/74 0.76/0.76 0.46/— 71.5 —/—
CPD -26 2716 06.51ab  0.60 2909 57.8 2 73.7 717 BS-GR70 53 145 292 797 54 1.47 051 04 0.3
HD 155775 09.711 0.07 3116 -9.0 1 23.8 24.4 BS-GR83 15 0.07 118 0.54 56 0.26 0.54 202.5 192.6

Notes. The left side of the table provides information associated with the runaway stars, while the right side provides information associated with
the corresponding bow shock and bubble candidates. Spectral types (STs) were taken from the GOSC (Maiz Apelldniz et al. 2013) and the BeSS
(Neiner et al. 2011) catalogs. M, mass-loss rates, were linearly interpolated from Vink & Sander (2021). Wind terminal velocities were obtained by
applying a linear regression to Vink & Sander (2021) data. Radial velocity references: (1) de Bruijne & Eilers (2012); (2) Williams et al. (2011).
VgEDC are those from Carretero-Castrillo et al. (2023) and VSEC were obtained with the same methodology, using the quoted v, values (see text for
details). The right side of the table provides the classification id of the IR structure around the runaway star: BS for bow shocks; BU for bubbles;
and BU/BS and BS/BU for intermediate structures between BS and BU. R is the projected standoff distance from the star to the midpoint of the
bow shock, [ is the length, and w is the width of the bow shock structure. These distances are projected in the plane of the sky. For bubbles, only
the width was measured. Column e provides the eccentricity of the ellipse used to measure the bow shocks. nlng and n?SDM are the ISM densities of
the medium around the bow shock position considering either VSEDC or VSEDC as Vprc in Eq. (1). This table is available at the CDS. ®Previous works
classified it as bubble; we classified it as an intermediate structure.

HD 64568
GR35

ALS 11244
GR34

HD 41997
GR9

Fig. 2. WISE RGB images in W4+W3+W?2 for three examples of the new bow shock and bubble candidates presented in Table 4 in equatorial
coordinates, with north up and east to the left. Dashed white arrows indicate the directions of the original proper motions from Gaia DR3, and
solid cyan arrows indicate the directions of the proper motions corrected for the ISM motion caused by Galactic rotation. Each field has a different
size, but the arrows are fixed to 2’. Each panel contains the name of the star provided in the GOSC or the BeSS catalogs, and the runaway star id.
The remaining RGB images of the sources from Table 4 are presented in Appendix A.

13 sources are presented in Table 4. Ten of these structures are
associated with O-type runaway stars, and only three of them
with Be-type runaway stars. Table 4 presents their associated
runaway star, with stellar parameters and velocities, the type id
(bow shock (BS) or bubble (BU)), and the geometrical measure-
ments, R, [, and w, of the IR structures in the W4 images. We
also provide the eccentricity, e, of the ellipse used to measure
the length of the bow shocks. The last two columns present the
estimated nisp 2D and 3D values for the bow shock candidates
for which we have all the necessary data (see Eq. (1), where we
used the projected value, R, as the real value, Ry). For the new
bow shock candidates, the 2D ISM density, nlng, ranges from 0.8
to ~220 cm ™3, with a median of 6.4 cm™. In the 3D case, nfé)M
ranges from 0.6 to ~200 cm™3, with 3.8 cm™ as the median®.
As is mentioned in Sect. 3, nlzé)M values are always higher than

the nI?M ones. BS-GR72 has the largest ISM densities probably

4 Using v,, from Prinja et al. (1990), we obtained nsy values a factor
of 1.1-1.8 lower, depending on the case. This also applies to the known
bow shocks.

A250, page 6 of 19

due to the high mass-loss rate and wind terminal velocity of its
runaway star, combined with a small value for the R distance.
For each candidate, we present the corresponding RGB
image in W4+W3+W?2 bands in Figs. 2 and A.l. The dashed
white arrows indicate the directions of Gaia DR3 proper motions
and the solid cyan arrows the directions of the corrected proper
motions. We note that in some cases the corrected proper motion
direction of the runaway star is not well aligned with the bow
shock direction. We tabulate and comment on these differences
in Appendix B. We note that some of these cases could be
examples of in situ bow shocks (Povich et al. 2008; Kobulnicky
et al. 2016), which result from the interaction of outflows from
star-forming regions with the stellar wind of massive stars. The
orientation of these bow shocks is the result of the flowing ISM
and is thus not related to the runaway star motion. Thus, we fur-
ther inspected the new bow shock fields that showed the largest
misalignments, those with angular differences (ADs) greater
than 50 (see Appendix B), to determine whether they are in
fact in situ bow shocks. For this, we searched for H1I regions
or molecular clouds in the Simbad database around the position
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BS J075339-2616.5

Fig. 3. WISE RGB image in W4+W3+W?2 for the bow shock candidate
BS J075339-2616.5 in equatorial coordinates, with north up and east to
the left. The white cross indicates the center of the bow shock emission,
at coordinates RA = 07h 53m 39.1s and Dec = —26° 16’ 31”. This bow
shock appeared in the WISE field of BS-GR35 (see Fig. 2), and has no
associated runaway star.

of these bow shocks. We inspected larger WISE fields centered at
the bow shock positions, and finally, we looked for counterparts
in HII region catalogs such as the Green Bank Telescope H 11
Region Discovery Survey (Anderson et al. 2012) and the WISE
Catalog of Galactic H 11 Regions (Anderson et al. 2014).

We shall comment now on the three cases with AD above
50: BS-GR71, BS-GR72, and BS-GR93. For BS-GR71, there
were no HII regions found on the field. Therefore, this can-
not be a case of an in situ bow shock and we have kept it as
a bow shock candidate associated with the runaway star GR71.
In contrast, BS-GR72 is coincident with the evolved H II region
$206 (or NGC 1491), located at a distance of 2.96"07 kpc
(Méndez-Delgado et al. 2022). This distance is compatible
with the one of the runaway star GR72, 2.94 + 0.3 kpc
(Carretero-Castrillo et al. 2023). Therefore, this bow shock could
be indeed an in situ bow shock. In addition, we note that this
H1 region S206 presents radio emission (see Appendix C).
BS-GR93 has the molecular cloud [DB2002b] G307.25+2.86
(Hartley et al. 1986) at ~10’, related to the globule BHR 87,
whose distance appears to have different values in the literature:
400 pc (Launhardt et al. 2010) and 1 kpc (Bourke et al. 2005).
However, none of these distances is compatible with the one of
the runaway star GR93, 3.85 + 0.35 kpc. Therefore, we cannot
claim that BS-GR93 is an in situ bow shock candidate.

We shall now comment on two particularly interesting cases,
BS-GR35, and BU-BR46. While working with the RGB image
of BS-GR35, we discovered another bow shock candidate in
the field, ~2" south from the runaway GR35 (see Fig. 2). We
called it BS J075339-2616.5 because of the coordinates of its
center: RA = 07h 53m 39.1s and Dec = -26° 16" 31”. It has a
perfect bow structure in the W4 and W3 images. We show an
RGB image centered and zoomed on this source in Fig. 3. We
note that it cannot be associated with our runaway star GR35
because of its position and orientation with respect to the star
and its proper motions. We looked for possible Gaia stars nearby
BS J075339-2616.5 but did not find a clear candidate. We also
looked for possible associated sources in the region, but there

is only one IRAS source, IRAS 07515-2608. Notably, we found
a radio detection for this new bow shock candidate in RACS-
low and RACS-mid images, but it does not appear to be a clear
counterpart (see Appendix C.2). As for BU-BR46, we origi-
nally proposed it as a bow shock candidate. However, after a
detailed examination of the IR structure, we classified it as a
bubble. We found that the bow shape was actually caused by
another star inside the W4 region of emission, to the southwest
of BU-BR46 (see Fig. A.1). It is a long-period variable star,
2MASS J19493059+3257068, that is not physically related to
our runaway.

4.2. Known candidates for stellar bow shocks or bubbles

There are a total of 17 known bow shocks or bubble-like candi-
dates among the GOSC-Gaia DR3 runaway stars. There is only
one known candidate among the BeSS-Gaia DR3 runaways, BS-
BR14, which is indeed coincident with BS-GR42 because it is
a runaway star common to the two catalogs®. Their bow shock
or bubble references are from different catalog searches (Peri
et al. 2012, 2015; Kobulnicky et al. 2016; Maiz Apelldniz et al.
2018; Moutzouri et al. 2022), and are included in Tables 1 and 2.
However, some of them have not been geometrically character-
ized in previous works. In this section, we focus on these cases.
We selected those bow shocks and characterized them using the
same procedure as for the new bow shocks discovered in this
work. Table 5 presents their associated runaway stars, with stellar
parameters and velocities, the type id, the geometrical measure-
ments of the IR structures in W4, and the eccentricity, e. Again,
we estimated the ISM densities for the known bow shock can-
didates. In this case, njQ\; ranges from 0.4 to ~200 cm™, and

n3g, ranges from 0.3 to ~190 cm™2, with BS-GR83 presenting
the largest value due to its short R distance.

As for the new candidates, we also present the corresponding
WISE RGB images in W4+W3+W2 bands in Fig. 4. We shall
comment here on two special cases: BS/BU-GR51 and EB43 of
Peri et al. (2015), coincident with GR20.

BS/BU-GRS51 is a known IR structure identified in Maiz
Apellaniz et al. (2018). In that work, they introduce it as an
asymmetric region of hot dust around the runaway star rather
than a bow shock. The likely existence of an IR bubble around
GRS51 was already identified in Simpson et al. (2012). However,
given the asymmetric morphology, we have classified this can-
didate as an intermediate structure, since a bubble should be
more spherical. The RGB image in W4+W3+W?2 can be seen
in Fig. 4.

We also comment on the particular case of EB43, a bow
shock candidate of Peri et al. (2015). The position of this bow
shock is coincident to the runaway GR20. However, the strange
shape of EB43, cut in half just in the direction in which the
bow shock is expected, does not meet the criterion presented in
Sect. 3 and has made us discard it as a bow shock candidate. We
note that it was already proposed as a doubtful candidate on the
basis of morphology in Peri et al. (2015). Therefore, although the
number of known bow shocks within our sample was initially 17,
after discarding this one we considered only 16 cases.

4.3. Miscellaneous infrared structures

In this section, we present different types of IR structures found
in the W4 images around the runaway stars. We cannot classify

5 This star is classified as a 09.2 type star in GOSC, while it appears
as O9%¢ in BeSS.
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HD 46573
GR40

BD -08 4623
GR51

CPD -26 2716
GR70

HD 155775
GR83

Fig. 4. WISE RGB images in W4+W3+W2 for the known bow shock and bubble candidates presented in Table 5 in equatorial coordinates, with
north up and east to the left. Dashed white arrows indicate the directions of the original proper motions from Gaia DR3, and solid cyan arrows
indicate the directions of the proper motions corrected for the ISM motion caused by Galactic rotation. Each field has a different size, but the
arrows are fixed to 2’. Each panel contains the name of the star as provided in the GOSC or the BeSS catalogs, and the runaway star id.

these various structures as bow shock or bubble candidates with
certainty, but they present a particular morphology that makes
them interesting in their own right. Therefore, we decided to
group them in a category we called miscellaneous IR structures,
and dedicate this section to them. All the sources belonging to
this category are presented in Table 6, along with a morpholog-
ical classification. In what follows, we comment on a particular
subgroup that we call mini-bubbles and discuss the possible
origin of the W4 emission.

When examining the W4 images, we found some runaway
stars that exhibit relatively compact emission: 35 and 22 sources
among the GOSC- and the BeSS-Gaia DR3 runaways, respec-
tively. We note that all of them look point-like in the other WISE
bands. We applied Guassian fits to the W4 images at the position
of these sources. We found that most of them are compatible with
being point-like. However, we found two particular Be-runaway
stars, BR10 and BR15, that have excesses spanning around two
times the WISE PSF in W4 (which is 12””). We then classified
the objects in this subgroup as mini-bubbles, since they are not
as extended and big as typical bubbles (the minimum size among
our bubbles is 69”), but they are not compatible with point-like
source emission®.

We looked for explanations for the W4 excesses found in
point-like sources and mini-bubbles in the literature, but did not
find a clear pattern. In the case of Be-type stars, this IR emission
could be related to the presence of a circumstellar disk (Rivinius
et al. 2013). We found a runaway star in the literature, V452 Sct,
with an IR excess in W4 that is visually consistent with what we
have called mini-bubbles. Its RGB image is presented in Fig. 6
of Maiz Apellaniz et al. (2018). In this work, they present the
IR emission as an excess in W4 consistent with it being a point
source centered on the star, but not a bow shock. They also found
that this excess was studied in Miroshnichenko et al. (2000),
which proposed that it was likely caused by an LBV-type out-
burst in the past. We applied a Guassian fit to the W4 excess,
and found that the size was larger than twice the WISE PSF
in W4. Therefore, we also consider this runaway star to be a
mini-bubble.

We also inspected the point-like sources and mini-bubbles
with the VizieR Photometry viewer tool, which allows for easy
visualization of photometry-enabled catalogs in VizieR. We used
this tool to search for components in addition to the expected

6 We inspected the availability of 24 um Spitzer images for the point-
like sources and mini-bubbles listed in Table 6. We only found data for
GR84, which is point-like as in the W4 WISE image.
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blackbody stellar component. For the case of V452 Sct, the mini-
bubble of Maiz Apelldniz et al. (2018), two components can
be clearly distinguished. However, we only found another clear
bump in BR29, and some hints in GR41, BR10, BR15, BR28,
and BR34. Therefore, it is difficult to associate the mini-bubble
nature with any additional component in their SEDs. We present
in Appendix D the RGB images for the seven miscellaneous
sources from Table 6 that are not point-like.

4.4. Search for radio counterparts

We conducted a search for radio emission among the newly
detected IR structures. Details of this search can be found in
Appendix C, with data presented in Appendix C.l and the
obtained results shown in Appendix C.2. We did not find point-
like radio emission coincident with the positions of the runaway
stars. We did not find any clear radio counterparts of the IR
sources either, but we found radio emission partially overlapping
them in six particular cases that are discussed in Appendix C.2:
BS-GR9, BS-GR72, BS-GR75, BS J075339-2616.5, BS/BU-
GR51, and BS-GR83.

We also investigated a thermal or nonthermal origin of the
possible radio emission for the bow shock candidates, based
on their IR characterization and the RACS radio data used in
this work (see Appendix C.3). We conclude that the sources
BS-GR75 and BS-GR83 should be detectable in radio for stan-
dard parameters. Future, more sensitive radio observations could
reveal radio emission in these sources, which are more likely
to show nonthermal than thermal radio emission (see details in
Appendix C.3).

5. Discussion

In this section, we compare our results with those of previous
works in terms of bow shock searches, the geometrical charac-
terization of the IR structures, and the estimated ISM densities.
We found nine new stellar bow shock candidates, three new
bubble candidates, and one new intermediate structure candi-
date within the catalogs of O and Be-runaway stars compiled in
Carretero-Castrillo et al. (2023). Among the catalogs, there were
also 17 known bow shock candidates (see Bow. Ref. column in
Tables 1 and 2). The mean V0. are 34 kms™', and 42 km s™!, for
the runaways associated with the new and the known IR struc-
tures, respectively. The mean E values are 1.53 and 1.84 for the
runaway stars associated with the new and the known IR struc-
tures, respectively. The runaways associated with the known bow
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Table 6. Miscellaneous IR structures and their W4 morphology.

Run.id W4 Morph. Run.id W4 Morph. Run.id W4 Morph.

Run.id W4 Morph. Run.id W4 Morph. Run.id W4 Morph.

GR4 . GR6 . GR10 ° GRI11 ° GR19 . GR21 °
GR23 . GR30 . GR32 ° GR33 . GR36 . GR37 .
GR38 ) GR41 . GR43 . GR46 . GR47 ) GR48 .
GR49 . GR53 . GR55 . GR57 . GR58 . GR60 .
GR63 . GR64 . GR66 . GR68 O GR69 . GR74 .
GR79 . GRSl O GR8&4 . GR85 ° GR86 . GR&7 .
GR94 . GR96 . GR98 . GR101 D

BR1 ° BR2 . BR3 . BR4 ° BR5 ° BR7 °
BRS . BR9 . BR10 o BR11 . BRI15 o BRI16 .
BR20 ° BR27 ° BR28 ° BR29 . BR30 . BR32

BR34 ° BR37 ° BR45 ° BR58 °

Notes. Morphology observed in W4 image: D curved structure; O kind of bubble; e point-like source; o mini-bubble.

shocks have higher velocities and E values because they were
the most obvious and easiest to find. In Carretero-Castrillo et al.
(2023), we discover new runaways that are closer to the runaway
threshold (E ~ 1, not as evident as the already known ones),
and that thus have slower velocities. More than half of our new
discoveries in the IR are associated with the new runaway dis-
coveries in Carretero-Castrillo et al. (2023), and they are closest
to the runaway threshold. Therefore, more detailed searches for
runaway stars, such as the one presented in Carretero-Castrillo
et al. (2023), working with space velocities and the accurate
Gaia DR3 data, open the door to identifying both new runaway
stars and bow shock structures around them.

Among the 17 known bow shocks found, we discarded the
one associated with GR20 (EB43 in Peri et al. 2015), and reclas-
sified the bubble of GR51 as an intermediate structure. In this
work, we thus confirm 16 known candidates as bow shocks. The
known bow shocks were identified for the first time in the follow-
ing works: Peri et al. (2012), Peri et al. (2015), Kobulnicky et al.
(2016), Maiz Apelldniz et al. (2018), and Moutzouri et al. (2022).

We note that among the 106 O-type runaway stars we have
found 9 new bow shocks plus 16 known ones, representing
23.6%. This is very similar to the percentage one can obtain from
Peri et al. (2015) considering the sample of O-type runaways of
Tetzlaff et al. (2011): 11 bow shocks among 54 runaways repre-
senting 20.4%. In contrast, for Be-type runaway stars we obtain
2 bow shocks among the 69 runaway stars in our sample, rep-
resenting ~3%. By comparison, among the 12 Be runaway stars
from Tetzlaff et al. (2011), there were no bow shocks identified
by Peri et al. (2015).

From the references listed in the previous paragraph, only
Peri et al. (2015) and Moutzouri et al. (2022) provide a geo-
metrical characterization of the bow shocks in W4-band WISE
images. In this work, we also include the geometrical measure-
ments for both the bow shock and the bubble candidates. We
also characterize those known bow shocks of our runaway cata-
logs that are not geometrically characterized in Kobulnicky et al.
(2016), Maiz Apelldniz et al. (2018), Bodensteiner et al. (2018),
and Jayasinghe et al. (2019). The order of magnitude for R and w
is less than 1 pc, while for / it is a few parsecs. We conclude that
both new and known bow shocks have similar and compatible R,
[, and w to those presented in Peri et al. However, in this work we
have improved the procedure of measurement, using the SAOIm-
ageDS9 software to measure / through ellipse shapes. We have
also provided the eccentricity of the ellipses used to measure

the bow shocks. We highlight the importance of the geometrical
characterization of these objects, as it can be used to put con-
straints on the underlying radio emission mechanism of these
sources (van den Eijnden et al. 2022b).

The surrounding ISM densities, nIZéDM and nI?M, were esti-
mated for 2D and 3D peculiar velocities, respectively, using
Eq. (1), and are presented in Tables 4 and 5. The medians
obtained for nf\, and 35 are 6.4 and 3.8 cm™, respectively.
We note that these values were computed with our reduced sam-
ple of 12 bow shocks, for which we could estimate ISM densities.
In Peri et al. (2012) and Peri et al. (2015), they computed nsy in
3D for 28 and 31 sources, respectively. The median nygy; for all
their 59 sources is ~2 cm™>. Despite our reduced sample, our
3D median and theirs are quite similar. Their sample is much
larger, so their median should be more reliable than ours. How-
ever, we remark that our geometrical measures are more accurate
than theirs (see Sect. 3). The typical densities of the cold neu-
tral ISM have a wide dispersion, in a range from 1-100 cm™
(see Kulkarni & Heiles 1988 for a review and the introduc-
tion of the recent paper Patra & Roy 2024). Our values fit well
within this range, with two particular exceptions with densities of
~200 cm~3, BS-GR72 and BS-GR83. We note that small R mea-
sures result in large ngy; estimates. Therefore, projection effects
may overestimate ISM densities. This is probably the case for
BS-GR8&3. However, for BS-GR72 it seems to be a combina-
tion between its small R, high mass-loss rate, and wind terminal
velocity. However, if BS-GR72 were an in situ bow shock, the
nism estimate would not be so relevant in this particular case. We
emphasize again that the individual results in ISM density esti-
mates should be used with caution because they are derived from
a combination of M, ve, Vihe or Vb, and R values, for which:
i) R is used instead of Rj in Eq. (1), though in particular cases
they might differ significantly for very small values of R, and ii)
it is difficult to obtain accurate estimates of M and v, values.

6. Summary and future work

In this work, we have searched for stellar bow shocks around the
new sample of O and Be runaway stars provided in Carretero-
Castrillo et al. (2023), using WISE IR images, Gaia DR3
astrometric data, and radio data. The main conclusions of these
work are summarized below.

While searching for stellar bow shocks around runaway stars,
we found nine new stellar bow shock candidates, three new
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bubble candidates, and one new intermediate structure. Of these,
ten are associated with O-type stars, and only three with Be-type
stars. We also visually found a bow shock candidate in the BS-
GR35 field, with no associated runaway star, which we called
BS J075339-2616.5. We investigated and quantified the pos-
sible misalignment between the runaway star corrected proper
motions and bow shock directions, and we found BS-GR72 as
an in situ bow shock candidate related the H 11 region S206. We
identified 17 known bow shocks, all of which are associated with
O-type stars, but discarded the one associated with GR20 (EB43
in Peri et al. 2015). We identified 62 miscellaneous IR structures,
40 and 22 of which are associated with O- and Be-type stars,
respectively. Among them, we introduced a new designation for
bubble-like sources with around twice the W4 PSF: mini-bubble
sources. We found two, BR10 and BR15, which are Be-type
stars. We include under this new designation sources such as
V452 Sct, of Maiz Apelldniz et al. (2018). More detailed stud-
ies of these sources could reveal the nature of the IR emission
around these runaways.

On the other hand, we conducted a geometrical characteriza-
tion of the sources through IR measures in W4. For bow shocks,
we measured the projected standoff distance, R, length, /, and
width, w, while for bubbles we only provided the width. The
values of R and w are always similar, and their order of mag-
nitude is less than one parsec. The values of [ are typically a few
parsecs. The geometrical IR measures, together with mass-loss
rates and stellar wind velocities of the runaway stars, allowed us
to estimate the ISM density of the medium in a 2D- and 3D-
peculiar velocity case. We found nIZ;)M in the range from 0.8 to

~220 cm~3, with a median of 6.4 cm~3, and nfé)M in the range

from 0.3 to ~200 cm™>, with a median of 3.8 cm™>. Particularly
high values could be overestimated due to projection effects in
the R measurement. Both the geometrical IR measures and the
nism estimates obtained are in agreement with previous works
(Peri et al. 2012, 2015; Patra & Roy 2024 and references therein).
We note that the obtained values of nisy, even considering the
limitations outlined in Sect. 5, are estimated at the position of our
sources. Therefore, they could be useful for other studies at those
positions, such as stellar formation studies or radiation processes
in these regions.

The extensive bow shock and bubble searches performed in
works such as Peri et al. (2012), Peri et al. (2015), Kobulnicky
et al. (2016), Bodensteiner et al. (2018), and Jayasinghe et al.
(2019) leave few options for finding new ones from such sources
in the sky. However, deeper searches for runaway stars using
accurate Gaia DR3 data (Carretero-Castrillo et al. 2023) allow
new runaway stars to be found closer to runaway thresholds,
and then a still-hidden population of bow shocks. Most of the
new bow shock candidates identified correspond to new runaway
discoveries in Carretero-Castrillo et al. (2023). They also have
smaller VSEDC velocities than known bow shocks. The differences

are, on average, about ~7 km s~!. As for the bow shock per-
centage in runaways by spectral type, we obtained 23.6% and
~3% for O and Be runaway stars, respectively. On the other
hand, the main difference with previous works of general bow
shock searches is that here we provide the geometrical IR char-
acterization of the sources identified. These measurements are
very useful to assess the underlying radio emission mechanism
in these sources (see van den Eijnden et al. 2022b).

In this context, we searched for radio emission from these
bow shocks in archival radio data and we evaluated the possible
thermal or nonthermal origin of the radio emission mecha-
nisms for our sources. More sensitive observations are needed
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to detect bow shocks at radio wavelengths, uncover a previously
undetected population of radio-emitting bow shocks, and shed
light on their radio and HE emission connection.

Data availability
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Appendix A: WISE RGB images for new bow shock and bubbles

HD 89137
GR71

HD 192001
GR78.

ALS 17591
GR100

Fig. A.1. WISE RGB images in W4+W3+W?2 for the new bow shock and bubble candidates presented in Table 4 in equatorial coordinates with
North up and East to the left. Dashed white arrows indicate the directions of the original proper motions from Gaia DR3, and solid cyan arrows
indicate the directions of the proper motions corrected for the ISM motion caused by Galactic rotation. Each field has a different size, but the
arrows are fixed to 2’. Each panel contains the name of the star as provided in the GOSC or the BeSS catalogs, and the runaway star id. The RGB
images of the first three sources from Table 4 are presented in Fig. 2.

A250, page 12 of 19

Carretero-Castrillo, M., et al.: A&A, 694, A250 (2025)

CI*NGC 663 G 159
BR65

BD +50 886
GR72

HD 189957
GR80

V372 Sge
BR21

HDE 338 916
GR75

HD 116282
GR93

HD 225985
BR46




Carretero-Castrillo, M., et al.: A&A, 694, A250 (2025)

Appendix B: Bow shock direction differences

As can be seen in some of the bow shocks shown in Figs. 2, A.1, and 4, the corrected proper motion direction of the runaway star is
not well aligned with the bow shock direction. We tabulate and comment on these differences here.

For each runaway with an associated bow shock, either new or known, we list in Table B.1 the position angle, PA, com-
puted from north to east of the corrected proper motion of the runaway star, as well as its corresponding uncertainty APA, as
explained in Sect. 3. We also list the bow shock angle, BS Angle, that we estimate visually from the W4 images and indicates
the direction of the bow shock in the plane of the sky, together with an assumed systematic uncertainty that we call ABS
Angle of 5° at 10-. We also list the AD, computed as the absolute value of the difference between PA and BS Angle for each bow
shock, together with AD Significance, which is the significance in o~ units of the AD considering the previously quoted uncertainties.

For comparison, we list these values both for the new and the known bow shocks identified in our samples. For AD above 30,
there are 4 new and 5 known bow shocks, while above 50, there are 3 new and 3 known bow shocks. This indicates that some bow
shock candidates identified in previous studies also exhibit misalignments between their proper motion and bow shock directions.
For the new bow shocks that have AD above 50, we comment on their possible origin as in situ bow shocks in Sect 4.1.

Table B.1. Runaway star corrected proper motion direction (PA) and bow shock (BS) direction angles with their uncertainties, their difference and
significance, for the new and known bow shocks.

Runaway id Type PA APA  BS Angle ABS Angle Angular difference (AD) AD Significance

) ) ) ) )
GR9 New 183.6 2.2 180.4 5.0 3.2 0.6
GR34 New 2769 3.3 276.9 5.0 0.0 0.0
GR35 New 89.6 4.9 72.5 5.0 17.2 2.5
GR71 New 3239 31 17.3 5.0 53.4 9.1
GR72 New 213.1 74 288.5 5.0 75.3 8.4
GR75 New 2820 78 309.5 5.0 27.5 3.0
GR80 New 2928 59 310.9 5.0 18.1 2.4
GR93 New 3135 124 54.4 5.0 100.9 7.5
GR100 New 271.1 5.2 296.6 5.0 25.5 3.5
BR65 New 90.6 2.0 90.6 5.0 0.0 0.0
GR8 Known 121.7 5.2 116.7 5.0 5.0 0.7
GR13 Known 6.4 2.3 3371 5.0 29.3 5.3
GR16 Known 356.0 1.9 355.7 5.0 0.3 0.1
GR22 Known 226.6 2.4 174.0 5.0 52.6 9.5
GR25 Known 3544 21 10.3 5.0 15.8 2.9
GR40 Known 279.5 6.8 279.5 5.0 0.0 0.0
GR42 Known 475 2.3 38.9 5.0 8.6 1.6
GR50 Known 171.7 2.3 138.8 5.0 32.9 6.0
GR51 Known 2743 94 318.7 5.0 444 4.2
GR56 Known 2856 3.5 304.9 5.0 194 3.2
GR65 Known 24.5 5.1 11.5 5.0 13.0 1.8
GR70 Known 2921 11.2 308.3 5.0 16.3 1.3
GR76 Known 35.1 8.7 56.7 5.0 21.6 2.1
GR83 Known 128.0 10.5 114.6 5.0 13.4 1.2
GR92 Known 2791 15.5 287.5 5.0 8.4 0.5
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Appendix C: Search for radio emission
C.1. Radio data

Stellar bow shocks emit mainly at IR but there is some obser-
vational evidence of radio emission coming from these sources
(Benaglia et al. 2010; van den Eijnden et al. 2022a,b; Mout-
zouri et al. 2022). For the IR sources identified, we searched
for observations carried out with the Very Large Array’ (VLA),
the Giant Metrewave Radio Telescope (GMRT) (Swarup et al.
1991), and the Australian Square Kilometre Array Pathfinder
(ASKAP) (Schinckel et al. 2012). In particular, we searched for
the images provided by the NRAO VLA Sky Survey (Condon
et al. 1998, NVSS), the VLA Sky Survey (Lacy et al. 2020,
VLASS), and the Rapid ASKAP Continuum Survey, in both
RACS-low, and RACS-mid images (Hale et al. 2021; Duchesne
et al. 2024, respectively). In addition, in the case of GMRT and
VLA archival observations, we looked for projects that might
have produced related papers and images. Table C.1 presents the
main properties of the radio surveys used in this work. These
include their wavelength, angular resolution and sky coverage.
We note that not all our sources are visible for each of the
mentioned radio interferometers due to declination limits.

Table C.1. Main properties of the radio surveys used in this work.

Survey Band Wavelength Resolution Coverage Ref.

(cm) ™)
NVSS 21 45 02 -40° 1
VLASS 10 2.5 02 -40° 2
RACS  low 34 ~15 05 +49° 3
RACS  mid 22 ~10 05+49° 4

Reference. (1) Condon et al. (1998); (2) Lacy et al. (2020); (3) Hale
et al. (2021); (4) Duchesne et al. (2024).

C.2. Search for radio counterparts

We performed a search for radio observations for the 17 objects
listed in Tables 4 and 5, together with the BS J075339-2616.5
candidate. In the various radio archival data presented in C.1,
we looked for radio emission that could be superimposed in the
plane of the sky, either on the runaway stars or on the bow
shock and bubble candidates, and focusing in the direction of
the movement of the runaway star. No discrete radio emission
was detected at the specific positions of the runaway stars. We
include a summary of the findings for each of these sources in
Table. C.2. For a few of them, the images presented reduction
artifacts, precluding any findings (ill-imaged). We note that the
fact that some emission was found does not indicate that it is
a radio counterpart of the IR source. Out of the 18 objects, we
comment on 6 cases where we found radio emission partially
overlapping the IR source at some frequency (even if not signif-
icant in some cases). For the most interesting cases, we include
the corresponding RACS images since they have better angular
resolution than those of NVSS, and VLASS images are opti-
mized for discrete rather than extended emission. The sources
are presented in the same order as in Table C.2.

7 https://science.nrao.edu/facilities/vla
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C.2.1.BS-GR9 (HD 41997)

In NVSS and RACS, we did not find emission at the bow shock
position, but ~ 4’ southward from it. We found that this emission
is not associated with the bow shock but to the Lower’s Nebula
Sh2-261, which is an HII region (e.g., Wang et al. 2023, and
references therein).

We highlight here that we found that BS-GR9 (and GR9)
is contained in the uncertainty ellipse of the new Fermi source
4FGL J0609.1+1544 of the latest 4FGL-DR4 release (Abdol-
lahi et al. 2022; Ballet et al. 2023). This High Energy (HE)
gamma-ray source is not associated with any known source at
other energies. Although this Fermi ellipse has a semimajor
axis of 25’ and a semiminor axis of 18’, an association of this
new HE source with the bow shock would be very interesting,
because it could provide additional evidence of nonthermal pro-
cesses in these sources (Benaglia et al. 2010). In this context, we
note the attempts by H.E.S.S. to search for Very High Energy
(VHE) gamma-ray emission from bow shocks of runaway stars
(H.E. S. S. Collaboration 2018). Deeper radio observations than
the available ones from RACS would be interesting in the search
for nonthermal emission from this bow shock. Moreover, run-
away stars can be found in binary systems containing compact
objects (see Sect. 1), which can present nonthermal point-like
radio emission and eventually HE and/or VHE gamma-ray emis-
sion. GRY is not detected in the VLASS image with an RMS of
~0.2 mJy beam™'. Thus, deeper observations could unveil the
presence of a nonthermal radio source that could be connected
to the HE gamma-ray one.

C.2.2.BS-GR72 (BD +50 886)

For the source BS-GR72 there are continuum images at 235, 325
and 610 MHz from GMRT data (Omar et al. 2002) showing a
rather strong and extended source closely overlapping the extent
of the WISE bow shock candidate. This radio source has been
identified as the evolved H1I region S206 (or NGC 1491), at a
distance of 2.96*)17 kpc (Méndez-Delgado et al. 2022). At max-
imum angular resolution, its size is ~ 4’ or 740 pc. Omar et al.
(2002) derived the electron temperature and emission measure
of the source, and showed a spectral index (their Fig. 2) consis-
tent with optically thick emission of such an object at the lower
frequency bands, and a turnover around the largest frequency
they observed, 610 MHz. The radio emission is also visible in
the NVSS image. The VLASS images showed some emission
at ~10” scales superposed to the position of this bow shock, but
with severe reduction artifacts. The runaway star GR72 is located
at 2.94 + 0.3 kpc (Carretero-Castrillo et al. 2023) in the same
direction of S206. Therefore, this bow shock could be indeed an
example of an in situ bow shock formed by ISM outflows from
the H 11 region (see Sect. 4.1).

C.2.3. BS-GR75 (HDE 338 916)

For BS-GR75, the VLASS, RACS, and NVSS images show
emission close to the bow shock position. However, it seems
to come from a strong and extended source to the southeast, in
the opposite direction of motion of the runaway. We then dis-
carded that the mentioned emission can be a counterpart for
our bow shock. That emission, in the case of VLASS, produces
severe artifacts in the field, and through the bow shock posi-
tion itself. The RACS fields are also quite noisy, so we did not
include these radio images here. The RMS are 0.5 mJy beam™!
and 0.2 mJy beam™' for RACS-low and -mid images, respec-
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Table C.2. Results of the search for radio emission overlapping the new and the known bow shock (BS) and bubble (BU) candidates in different

radio surveys.

BS/BU RA DEC NVSS VLASS RACS-low RACS-mid
(hms) (0!
New BS and BU candidates associated with O-type runaway stars
BS-GR9™ 0608 55.822 1542 18.02  no emission no emission no emission no emission
BS-GR34 202237757 414029.19  no emission discrete sources  no images discrete sources
BS-GR35 07 53 38.205 —26 14 02.53  no emission no emission no emission no emission
BS-GR71 10 1540.071 -511523.99 — — no emission no emission
BS-GR72® 04 0320.746 51 18 52.49  extended source ill-imaged — —
BS-GR75® 194542111 2521 16.35  no emission ill-imaged no emission no emission
BU-GR78 20 11 01.700 4207 36.33  no emission no emission no images no emission
BS-GR8&0 200059.998 420030.76  unrelated emission discrete source  no images ill-imaged
BS-GR93 1323 56.244 -594834.82 — — no emission no emission
BU/BS-GR100 1513 55.196 -5907 51.64 — — no emission no emission
New BS and BU candidates associated with Be-type runaway stars
BU-BR21 2009 39.591 210443.49 no emission no emission no emission no emission
BU-BR46 194932908 32572216 no emission no emission no emission no emission
BS-BR65 01 45 11.716 61 1022.89  no emission no emission — —

New BS candidate found in the field of BS-GR35 (no runaway star associated)

BS J075339-2616.5®

07 53 39.1 —26 16 31 weak emission no emission emission weak emission
Known BS and BU candidates
BS-GR40 063423562 02320296 noemission no emission no emission no emission
BS/BU-GR51® 18 3034.785 —-08 38 03.72  emission no emission emission weak emission
BS-GR70 07 5301.006 —-270657.70  no emission no emission no emission no emission
BS-GR83®™ 17 1522.330 -38 1246.79  no emission no images weak emission  no emission

Notes. The horizontal lines separate the objects in four groups as indicated in the table. RA and DEC coordinates are those of the runaway stars,
except for BS J075339-2616.5 which are the BS coordinates. ’— means that the source is not visible for the observing instrument. ) These sources

have their own discussion in Sect. C.2.

tively. The mentioned strong radio emission hampers the pos-
sible detection of a weaker radio emission coming from our
bow shock. Therefore, deeper radio observations, preferentially
including also shorter baselines, could unveil a possible radio
counterpart for BS-GR75 (see Sect. C.3).

C.2.4.BS J075339-2616.5 (-)

As explained in Sect. 4.1, this bow shock candidate was found
in a different way than those presented in this work. It appeared
in the BS-GR35 WISE field, at ~2” south from the GR35 run-
away. The RGB image in W4+W3+W?2 centered and zoomed
in BS J075339-2616.5 is presented in Fig. 3. The white cross
in this figure denotes the center of the bow shock emission,
whose ICRS coordinates, RA = 07h 53m 39.1s, DEC = -26°
16" 31”7, give it its name. No VLASS and only weak NVSS emis-
sion were detected at the position of this source. However, it has
radio emission in both RACS-low and -mid images. Figure C.1
shows the RACS-low (top panel) and -mid (bottom panel) emis-
sion centered in BS J075339-2616.5. In RACS-low, the radio
emission appears to be bright and extended, while in RACS-mid,
the radio emission is rather compact and weak. The radio source
in RACS-low is contained in the RACS Stokes I source catalog
(Hale et al. 2021), which identifier is RACS_0741-25A_1914.
The integrated flux is 6.8+2.1 mly, and the root mean square
(RMS) is ~0.3 mJy beam™'. We computed the RACS-mid flux
using a Gaussian function, and obtained 2.0 + 0.5 mJy. We also

estimated the RMS and found ~0.2 mJy beam™!. Searching in
SIMBAD at the position of BS J075339-2616.5 we only found
the IRAS source IRAS 07515-2608. Therefore, there appear
to be no known astrophysical sources in the region associated
with this radio source. However, the peak position and the mor-
phology of the radio source do not follow the ones of the IR
emission, and we cannot confirm that it is associated with the
BS J075339-2616.5 bow shock candidate.

C.2.5.BS/BU-GR51 (BD -08 4623)

Although there is no radio emission in VLASS, there is in NVSS
and RACS images at the position of BS/BU-GR5I1. There are
actually two sources, one at the position of the bow shock and
another brighter one to the North; see the RACS-low and -mid
images presented in top and bottom panels of Fig. C.2, respec-
tively. The northern source appears in Hale et al. (2021) catalog,
RACS_1824-06A_1653, and does not seem to be related to our
bow shock. In RACS-low, there is radio emission close to the
center of the bow shock. However, the morphology does not
seem to follow that of the bow shock in W4. Therefore, we leave
this source as a likely radio counterpart, but we cannot claim
for a clear association. In any case, we measured the radio flux
density and found 5.1 + 0.1 mJy. In RACS-mid, there are just
some peaks of radio emission at the position of the bow shock,
so a possible radio counterpart to the bow shock is doubtful. The
flux density measured in RACS-mid over the 30- (RMS) contour
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Fig. C.1. WISE W4 image of the bow shock candidate

BS 1J075339-2616.5. The color scale is WISE flux measured
in profile-fit photometry, in units of Digital Numbers (DN; see
https://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/secl_4c.html#photcal). Top: RACS-low emission con-
tours onto W4, levels at —0.7 (in white), 0.7, 2 and 3 mly beam™ (in
black); synthesized beam of 25” x 25”. Bottom: RACS-mid emission
contours onto W4, levels at —0.5 (in white), 0.5 and 1 mJy beam™! (in
black); synthesized beam of 9.4 x 8.3”.

is 0.9 £ 0.1 mJy (RMS = 0.3 mJy beam™!). The fact that the
emission decreases with increasing frequency could indicate a
possible nonthermal origin of the radio emission.

C.2.6.BS-GR83 (HD 155775)

For BS-GR83, we did not find images from VLASS. In NVSS,
there is no relevant emission superimposed to the bow shock.
However, in RACS-low (see Fig. C.3 top panel), there is weak
radio emission at the position of the bow shock. In RACS-mid
(see Fig. C.3 bottom panel), there are only two very weak peaks.
The measured RACS-low flux density is 2.5 + 0.6 mJy; the RMS
of RACS-mid image is 2 mJy beam™!. We note that both radio
maps are quite noisy. Therefore, we cannot claim a radio detec-
tion in this case, but there are some radio hints. As in BS-GR75,
deeper radio observations could reveal radio emission, and, in
this case, it may in fact be nonthermal (see Sect. C.3).
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Fig. C.2. WISE W4 image of the bow shock candidate BS/BU-GR51.
The color scale is WISE flux measured in profile-fit photometry, in
units of Digital Numbers (DN; see https://wise2.ipac.caltech.
edu/docs/release/allsky/expsup/secl_4c.html#photcal).
Top: RACS-low emission contours onto W4, with levels at —2.1 (in
white), 2.1, 3, 3.5, 3.8 and 6 mJy beam™! (in black); synthesized beam
of 25” x 25”. Bottom: RACS-mid emission contours onto W4, with
levels at —0.5 (in white), 0.5 and 1 mJy beam™' (in black); synthesized
beam of 10.9” x 8.2”. The cross indicates the position of the runaway
star.

C.3. Testing radio emission mechanisms for bow shocks

Following van den Eijnden et al. (2022b), we can consider the
nonthermal (synchrotron) and the thermal (free-free) scenarios
to estimate the expected peak radio flux densities for the non-
detected bow shocks. For this, we need the observables from
radio images in conjunction with geometrical IR measurements
(R, w), stellar parameters (M, v,), distances, and the estimated
ISM density nf’?Mg. In our work, we already obtained all the nec-
essary ingredients of the IR characterization for the bow shock
candidates (see Tables 4 and 5).

To compute the radio observables, we used RACS-low DR1
images corresponding to a frequency of 887.5 MHz (34 cm).
We accessed the images through the CSIRO Data Access Por-
tal®. There are two types of RACS images: raw data and final
data products. The raw data have reduced sensitivity towards the
edge of the field, but provide higher resolution for any individ-
ual tile. The final data products are obtained by convolving to

8 We note that in this section we only used the 3D ISM density given
that it is the one used by van den Eijnden et al. (2022b).
9 https://data.csiro.au/domain/casdaObservation
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Fig. C.3. WISE W4 image of the bow shock candidate BS-GR83. The
color scale is WISE flux measured in profile-fit photometry, in units
of Digital Numbers (DN; see https://wise2.ipac.caltech.edu/
docs/release/allsky/expsup/secl_4c.html#photcal). Top:
RACS-low emission contours onto W4, with levels at —1.5 (in white),
1.5, 2.1 and 4 mJy beam™ (in black); synthesized beam of 25" x 25”.
Bottom: RACS-mid emission contours onto W4, with levels at —0.5
(in white), 0.5 and 1 mJy beam™ (in black); synthesized beam of
9.7” x 8.5".

a common resolution of 25”. van den Eijnden et al. (2022b)
worked with the raw data products because the final ones were
not available at the time of writing. We worked with the two for
comparison, but here we only present the raw data to be coherent
with that work. The differences we found between the two data
products are: elliptic and smaller beam sizes in raw images, and
larger RMS values in final images. The RMS is always larger in
final data products: depending on the field we found relative dif-
ferences from 6 to 86%, with a mean value of 40%. In Table C.3,
we present the radio observables needed from RACS-low (raw)
images: the RMS measured in a circular region of 2’ centered at
the bow shock position, the full image RMS, the beam major and
beam minor axes, and the field name of the RACS image used.
In van den Eijnden et al. (2022b), a nonthermal scenario is
set by assuming either a low magnetic field of B = 10 uG or
the maximum magnetic field Bp,x so that the bow shock can
form with a compressible stellar wind (see Eq. (2) in van den
Eijnden et al. 2022b, and references therein). Other assumptions
by these authors are: a high injection efficiency 5, of 10%, a
maximum electron energy Ep.,x = 10'2 eV, and a radio spectral

Table C.3. Radio observables obtained from RACS-low images for new
and known bow shock candidates.

id Runaway Star RMS Image RMS BMAJ BMIN RACS field
(Wy) — (uly) (O G)
BS-GR9 HD 41997 422 272 20.0 13.6 0606+18A
BS-GR35 HD 64568 461 268 21.6 156 0741-25A
BS-GR71 HD 89137 252 176 146 134 1027-50A
BS-GR75 HDE 338916 413 261 2277  13.0 1955+25A
BS-GR93 HD 116282 286 317 20.1  13.0 1314-62A
BS-GR40 HD 46573 737 307 237 16.5 0624+00A
BS-GR70 CPD -26 2716 424 268 21.6 156 0741-25A
BS-GR83 HD 155775 911 376 13.6 12.8 1721-37A

Notes. The RMS is measured in a 2’ circle centered at the position
of the bow shock. Image RMS is median image RMS over the tile.
BMAJ and BMIN are the beam’s major and minor axis size for each
image, respectively. We only included here the radio non-detected bow
shock candidates that contain all the stellar parameters and estimated
mism needed. We did not include here BS-GR51 because it has a clear
radio detection, neither BS-GR72 because it is not visible by ASKAP.
We included BS-GRS83 because it does not have a clear radio detection.
The horizontal line separates the new bow shock (top) from the known
bow shock candidates (bottom).

index'© @ = —0.5. van den Eijnden et al. (2022b) also consid-
ered a thermal scenario based on thin free-free emission. The
electron number density n, and temperature 7 of the electron
population within a bow shock are the two primary physical
properties that determine the thermal free-free emission from a
shock. These parameters determine both the radio luminosity of
the system and the surface brightness of H, line emission. Using
observational and literature constraints on these quantities, van
den Eijnden et al. (2022a) inferred values on n, and tempera-
ture 7', which were compatible with the range of T = 6 x 10° K
or T = 1.4 x 10° K found for a sample of H, detected bow
shocks in Brown & Bomans (2005). This was the temperature
range employed by van den Eijnden et al. (2022b) and subse-
quently by us in this work. For n,, it is expected a shock density
enhancement in the bow shock. van den Eijnden et al. (2022b)
assumed n, = 4nigm, based on the 4 factor predicted by Rank-
ine—Hugoniot equations (Landau & Lifshitz 1959) (for more
details on the scenarios considered and/or the assumptions, see
the original work by van den Eijnden et al. (2022b)).

Thanks to the data availability from van den Eijnden et al.
(2022b), we can use their published code!! to easily reproduce
their results and integrate ours. To implement Fig. 10 of this
work with our data, we only took the bow shock (not bubbles)
candidates in Tables 4 and 5 that have estimated values of njg, ,
RACS-low images available, and are non-detected bow shocks.
They are BS-GR9, BS-GR35, BS-GR71, BS-GR75, BS-GR93;
BS-GR40, BS-GR70, and BS-GR83. We excluded BS-GR5I
since it has a clear radio detection, although it does not appear to
be associated with the bow shock. We did not exclude BS-GR83
because its possible radio detection is not clear.

The predicted peak radio flux densities for our bow shocks in
the nonthermal and thermal scenarios are presented in Fig. C.4.
They are plotted as a function of three times the local RMS of
each bow shock. Left panel corresponds to the nonthermal sce-
nario, while right panel to the thermal one. The different markers

10 The flux density at a given frequency S, is related to the spectral
index @ by S, o v*. Note that van den Eijnden et al. (2022b) use the
alternative notation S, o v~ and thus @ = 0.5

' https://github.com/jvandeneijnden/RACSRadioBowshocks
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Fig. C.4. Predicted peak radio flux density as a function of three times
the local RMS for the nonthermal (left) and thermal (right) scenarios.
This plot contains the original data presented in van den Eijnden et al.
(2022b), and our sources in yellow and magenta colors, with differ-
ent symbols depending on the scenario conditions. The one-to-one line
is shown by the red line; sources above it should, at minimum, have
observable emission in a single beam.

show the different conditions in B or 7 of the scenarios, and
also differentiate van den Eijnden et al. (2022b) sources of ours.
There are two markers for each source: circles and squares rep-
resenting the minimum and maximum considered values of B,
respectively (left panel); and triangles and pentagons for the min-
imum and maximum considered values 7', respectively (right
panel). Therefore, for the nonthermal scenario, the minimum and
maximum predicted peak radio flux density for each source is
given by a circle and a square, respectively (except for 3 cases
where van den Eijnden et al. 2022b found Bp,x < 10 uG). In the
thermal scenario, the minimum and maximum predicted peak
radio flux for each source is given by a pentagon and a trian-
gle, respectively. In both panels the red line denotes where the
two flux densities are equal, i.e., sources above that line are
expected to be detected in RACS-low images. Thus, the figure
gives an idea of how feasible it would be to detect a source in
one scenario or the other. For the nonthermal scenario, 6 of our
sources should be detectable for the maximum B (two yellow
squares are overlapping), and two sources, BS-GR75 and BS-
GR83, should be detectable for both magnetic fields. This is the
main difference with respect to van den Eijnden et al. (2022b)
sources, where they only found detectable sources for the maxi-
mum B. For the thermal scenario, we find the same two sources
detectable for both electron temperatures, and BS-GR35 barely
for the minimum one. The non-detection of BS-GR75 and BS-
GR83 could be attributed to i) the significant fine tuning required
for M, ve, and nygy, to have a magnetic field close to Bpay; ii) the
lower limit of B = 10 uG is susceptible to small variations (for
B = 8 uG the sources would not be detectable); iii) the possible
overestimation of nygyr that would leave the sources undetectable
in the thermal scenario. Explanation iii) could play an impor-
tant role when working with projected distances (as it is our case
here), because of the inverse relation between R and ngyy.
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The non-detection of BS-GR83 could be questionable, since
it exhibits doubtful emission at the bow shock position (see
Sect. C.2.6). A possible explanation for its unclear detection
could be its noisy radio field (see Fig. C.3). In case the radio
source is confirmed, it seems to fit better the nonthermal sce-
nario, since the predicted flux density in the thermal scenario is
strongly influenced by a very high nig), value. In the case of the
non-detection of BS-GR75, the RACS-low image shows a strong
radio source near its position. This bright source could hamper
the detection of our source. Contrary to BS-GR83, in the case of
BS-GR75 it is more difficult to choose one scenario or the other,
since its nfé)M does not seem to be so clearly overestimated. More
detailed radio observations on these two sources could probably
lead to radio detections.

Lastly, we comment on BS-GR51. This source has a radio
detection, and there are hints of nonthermal emission (see
Sect. C.2.5). Moreover, its R is also small. The radio flux den-
sity obtained for this source is 5.1 mJy. Therefore, following the
above work but in the inverse sense, and assuming a nonthermal
scenario, we can estimate as 4.3 uG the magnetic field required
to explain the BS-GR51 flux density. This is a reasonable mag-
netic field of the order of the typical value of 10 uG (Gabici et al.
2007; Martinez et al. 2023), and therefore the nonthermal sce-
nario could explain the observed flux density. However, we note
here again that it is not clear if this radio source is associated
with the bow shock.

C.4. Summary of radio emission searches

We searched in different archives for observational evidence
of radio emission coming from our sources. In particular, we
used data from NVSS, VLASS and RACS radio surveys. For
BS J075339-2616.5, and BS-GR51, we found radio emission
coincident to the position of the bow shock. However, the mor-
phology of the radio emission differs to some extent from that of
the WISE bow shock. Therefore, we cannot claim that they have
actual radio-emitting counterparts. For BS-GR75 and BS-GR83,
there are some hints of radio emission, but their noisy fields
make it difficult to assess whether they have real radio detections.
BS-GR72 presented radio emission coincident to the bow shock
position. However, it is associated with the H 11 region S206, and
it is indeed thermal radio emission (Omar et al. 2002). Finally,
for BS-GR9 we found radio emission but at ~ 4’ south from it.
This radio emission is also associated with a HII region, in this
case, the Lower’s Nebula Sh2-261 (Wang et al. 2023). We also
investigated a thermal (free-free) and nonthermal (synchrotron)
scenario for the origin of the radio emission. We computed a
predicted radio flux density of our non-detected bow shocks.
We found that two sources, BS-GR75 and BS-GR&3, should be
detectable in both scenarios and under all conditions consid-
ered. Their non-detection could be explained by the difficulty
to reach By, small variations in the lower limit of B, and a pos-
sible overestimation of ”i?m' However, taking into account the
geometrical characterization of these sources (small R), and the
observational radio results, they could still be compatible with
nonthermal radio-emitting sources.

All these leave us with a clear conclusion: more sensitive
observations are needed to detect bow shocks at radio wave-
lengths, and clarify the physical mechanisms that could give rise
to the radio emission. Deep radio observations with more sensi-
tive instruments as VLA could uncover a new population of as
yet non-detected radio bow shocks, and shed light on their radio
and HE emission connection.
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Appendix D: Miscellaneous IR structures

The miscellaneous IR structures found in W4 around some runaway stars were introduced in Sect. 4.3. In this appendix we include
the WISE RGB images in W4+W3+W2 of the sources presented in Table 6, except for the point-like sources. The images are
presented in Fig. D.1. Some of the sources present complex IR fields (GR47, GR68), doubtful IR structures (GR38, GR101), some
are mini-bubbles (BR10, BR15), and another presents a kind of bubble followed by a trail (GR81). Detailed multiwavelength studies
on these sources could unveil the nature of the IR emission.

On the other hand, from the 62 miscellaneous sources we found, 55 presented nearly point-source IR emission. This emission
could be associated with an IR excess from the circumstellar disk, especially in the Be-type stars (Rivinius et al. 2013).

[
HD 190066 THA 35-11-42
GR38 GR68

HD 15137 HD 164438 HD 159489
GR81 GR101 BR10

V2166 CYg
BR15

Fig. D.1. WISE RGB images in W4+W3+W?2 for the miscellaneous IR structures presented in Table 6 (except for the point-like sources) in
equatorial coordinates with North up and East to the left. Dashed white arrows indicate the directions of the original proper motions from Gaia DR3,
and solid cyan arrows indicate the directions of the proper motions corrected for the ISM motion caused by Galactic rotation. Each field has a
different size, but the arrows are fixed to 2’. Each panel contains the name of the star as provided in the GOSC or the BeSS catalogs, and the
runaway star id.
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