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ABSTRACT

Aims. The goal of this study is to analyse a set of four H I shells and their potential role in triggering star formation.
Methods. We analysed the H I 21-cm line and far-infrared emission distributions to characterize the four shells. To investigate star
formation associated with these shells, we identified massive OB-type star candidates using Gaia data and a spectrophotometric method.
Results. The H I characterisation of the four shells reveals that they are expanding structures, with expansion velocities ranging from
6 to 9 km s−1 and kinetic energies between 2.5 × 1048 and 8.4 × 1048 erg. Some of the shells appear to be in collision with each
other. The analysis of the IR emission reveals the presence of 28 H II regions seen projected into the borders of the H I shells, some of
them located at the interfaces of two shells. The spectrophotometric analysis used to identify ionising star candidates in these regions
indicates a distance of 2.7 ± 0.5 kpc for 27 of the H II regions. Since their radio recombination line (RRL) velocities are consistent
with the systemic velocities of the H I shells, we can infer that the shells are located at the same distance.
Conclusions. The distribution of 27 H II regions along the borders of four H I shells is consistent with a scenario in which the massive
stars responsible for their ionisation may have formed as a consequence of the shells’ expansion and, in some cases, their collision.
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1. Introduction

Neutral hydrogen (H I) shells are structures that have been
recognised as essential features in our Galactic interstellar
medium (ISM). These structures, often shaped like shells or
arc-like formations, hold crucial information about the underly-
ing physical processes responsible for their formation and their
potential impact on star formation within their vicinity.

The H I shells and supershells, large structures with diame-
ters exceeding 200 pc, have been detected and catalogued using
different H I databases and identification techniques (Heiles
1979; McClure-Griffiths et al. 2002; Ehlerová & Palouš 2005,
2013; Suad et al. 2014).

The origin of the supershells is still a subject of debate.
Several mechanisms have been proposed that could have pos-
sibly led to their formation, including the cumulative effects of
stellar winds and/or supernova explosions (McCray & Kafatos
1987; Tenorio-Tagle & Bodenheimer 1988; Kim & Ostriker
2015; Suad et al. 2019), as well as the interaction with high-
velocity clouds (HVCs) (Tenorio-Tagle 1981). Assessing the
kinetic energies of the shells and considering their dynamic
ages is a way to constrain the most likely processes responsible
for their creation. In this context, Suad et al. (2019) calcu-
lated the kinetic energies of the structures catalogued by Suad
et al. (2014), shedding light on the ongoing debate regarding
their origin. The calculated energy values ranged from 1 ×1047

to 3.4 ×1051 erg, falling within a range that aligns with the
potential influence of stellar winds and/or supernova explosions

⋆ Corresponding author: lsuad@iafe.uba.ar
⋆⋆ PhD Fellow of CONICET, Argentina.

associated with OB associations. These energy levels were esti-
mated by assuming a 20% efficiency in converting the mechan-
ical energy of stellar winds into the kinetic energy of Galactic
shells, as suggested by Weaver et al. (1977).

The expansion of Galactic shells into the ISM has signifi-
cant implications for star formation processes. It creates cool and
dense regions with high column density on vast spatial scales
(Dawson et al. 2011a, 2013; Dawson 2013), which can poten-
tially become gravitationally unstable and trigger the formation
of new stars, particularly along the periphery of the H I struc-
tures (McCray & Kafatos 1987; Oey et al. 2005; Zucker et al.
2022; O’Neill et al. 2024).

The collision of expanding H I shells is another well-known
mechanism of triggered star formation, as it was reproduced in
numerical and analytical models by different authors (Chernin
et al. 1995; Ntormousi et al. 2011). Inutsuka et al. (2015)
proposed a ‘bubble-dominated’ model for molecular cloud
formation, suggesting a multi-generational process in which
giant molecular clouds (GMCs), capable of hosting star for-
mation, form in overlapping regions of shells from cold H I .
High-resolution magneto-hydrodynamical simulations reveal
that magnetic pressure resists cloud contraction (Inoue &
Inutsuka 2008, 2009; Ntormousi et al. 2017), indicating that
dense clouds with particle densities greater than 103 cm−3

require repeated episodes of supersonic compression (Inutsuka
et al. 2015). As a result, the interfaces of the colliding H I shells
may provide ideal conditions for GMC formation. Although
shock waves from colliding H I shells are considered a poten-
tial mechanism for molecular cloud formation and subsequent
star formation, only a few cases have been documented in
our Galaxy, (e.g. Dawson et al. 2015; Gaczkowski et al. 2017;
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Krause et al. 2018; Suad et al. 2022; Yamada et al. 2024), as well
as in several nearby galaxies (e.g. Fujii et al. 2021; Egorov et al.
2018).

The present work provides a comprehensive study of the H I
21-cm line and far-infrared emission distributions detected in a
specific region of the Galaxy centred at (l,b) = (109◦, –1◦), cover-
ing an area of 5◦ × 4◦. In the following sections, we identify and
characterize four H I shells and search for signatures of expan-
sion, with the aim of assessing their potential impact on local
star formation.

2. Data

High angular resolution H I data, covering the region under
study, were obtained from the Canadian Galactic Plane Survey
(CGPS, Taylor et al. 2003). The angular and velocity resolutions
are 1′ and 1.3 km s−1, respectively. The channel separation is
0.83 km s−1.

The infrared images at 60 and 100 µm were obtained from
the Improved Reprocessing of the IRAS Survey (IRIS, Miville-
Deschênes & Lagache 2005). The angular resolution ranges from
3.′8 to 4.′3.

We used the SIMBAD database (Wenger et al. 2000), the
Galactic O-Star Spectroscopic Survey (GOSSS; Sota et al.
2014), and the Galactic Wolf-Rayet Catalogue (Rosslowe &
Crowther 2015) to search for confirmed OB-type stars. Photo-
metric information was provided by Gaia Data Release 3 (DR3;
van Leeuwen et al. 2022), which was cross-correlated with the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and
complemented with individual distances from Bailer-Jones et al.
(2021). The photometric data cover the G, GBP, and GRP filters
in the optical and the JHK bands in the IR.

3. H I emission distribution

To investigate the large-scale distribution of the atomic gas in the
region, we analysed the H I emission over the velocity range from
−46.0 to −67.4 km s−1. Figure 1 presents a mosaic of nine panels
centred at (l, b) = (109◦,−1◦), covering an area of about 5◦ × 4◦.
Each panel corresponds to the average of three consecutive
velocity channels. In the first panel, centred at −46.8 km s−1, a
shell-like structure (yellow circle) is visible and can be followed
down to ∼−64 km s−1. As the velocity decreases, two additional
shells appear, indicated by cyan and magenta ellipses, spanning
the ranges of −49.3 to −66.6 km s−1 and −49.3 to −64.1 km s−1,
respectively. At −51.8 km s−1, another shell (orange circle)
is detected and persists up to ∼−64 km s−1. All four shells
are detected across several consecutive velocity channels, sup-
porting their interpretation as expanding structures. Moreover,
between −51.8 and −64.1 km s−1, they are simultaneously
visible, sharing a common velocity range. For reference, we
designate them as GS 108–0.4–057 (Shell 1, in orange), GS 109–
02–056 (Shell 2, in magenta), G 110–0.3–54 (Shell 3, in yellow),
and GS 111+0.0–060 (Shell 4, in cyan) throughout this work.

Figure 2 shows the H I emission averaged over the velocity
range from −56 to −59 km s−1, where the four shells are simul-
taneously visible. The shells, indicated by the coloured ellipses
defined above, appear as structures with bright rims outlining
their general morphology.

To characterize the H I shells we estimated their physical
parameters. Assuming a symmetric expansion at velocity Ve, an
H I shell reaches its maximum extent at the central velocity V0.
At the extreme velocities – either approaching (Vm = V0 − Ve)

or receding (VM = V0 + Ve) – only the near or far edges of the
shell are detected, appearing as small emission caps. The cor-
responding velocity range, |VM − Vm| = ∆V , and the expansion
velocity of the structures, Ve = ∆V/2, were defined based on the
channels in which the shell emission is clearly distinguishable
from the surrounding background and remains morphologically
coherent across adjacent velocity panels (see Fig. 1). The dynam-
ical age can then be derived from tdyn = Re/Ve, where Re =

√
a b,

and a and b are the major and minor semi-axes of the ellipses
representing the shells, respectively.

The total gaseous mass associated with each shell can be esti-
mated from MH I = NH I AH I, where NH I is the calculated H I

column density, NH I = C
∫ VM

Vm
∆Tb dV , with ∆Tb = |Tsh − Tbg|.

Here, Tsh is the mean brightness temperature within the H I shell,
measured inside the dashed ellipse in Fig. 2, which marks the
outer boundary at 40% of the H I shell radius. This 40% value
was found to be optimal for the maximum H I shell width param-
eter ∆R, based on a statistical comparison between H I shells
automatically identified by the algorithm in Suad et al. (2019)
and a subset of structures analysed manually in that work. As can
be seen in Fig. 2, the adopted value of ∆R fits well the morphol-
ogy of the studied structures. The local background temperature,
Tbg, was estimated from regions outside the shell that are not
associated with the structure. The derived NH I values should be
regarded as lower limits, as the calculation assumes optically thin
emission, which may not hold if a significant fraction of the shell
gas is cold. The area of each H I shell (AH I) was calculated as
AH I = ΩH I d2, where ΩH I is the solid angle covered by the struc-
ture and d is its distance from the Sun (see Sect. 6). Adopting
solar abundances, the total gaseous mass of each shell can be
estimated as Mt = 1.34 MH I. Another important property of the
shells is their kinetic energy, calculated as Ek = 0.5 MHI V2

e . All
relevant parameters for the shells analysed here are summarised
in Table 1. The derived kinetic energies range from 2.5 × 1048 to
8.5 × 1048 erg, consistent with the values reported by Suad et al.
(2019), suggesting that the formation of these structures could
have been driven by the action of massive stars.

4. Infrared emission distribution

Figure 3 shows the IR emission distribution at 60 µm, in the
region under study. The H I shells (indicated by the ellipses) tend
to coincide with regions of reduced IR emission, suggesting that
the cavities are also traced in the dust component. In some cases,
such as the eastern edge of Shell 1 or the northeastern border
of Shell 2, the IR emission partially follows the H I boundary,
while Shell 3 shows a clearer contrast between its interior and
surroundings. Shell 4, although partially filled with IR emission,
still appears to be associated with a local depression in the dust
distribution.

To investigate the dust temperature distribution within the
region, we followed the methodology outlined by Schnee et al.
(2005) to create a dust temperature map. We generated this map
using the ratio of observed fluxes (R) in two distinct infrared
bands, specifically at 60 and 100 µm. We assumed that dust emis-
sion is optically thin and adopted a spectral index of β = 2 for
thermal dust emission. With these assumptions, the dust temper-
ature Td can be derived from the ratio of the observed fluxes as

R = 0.6−(3+β) e144/Td − 1
e240/Td − 1

. (1)

Figure 4 shows the dust temperature map derived for the
region of interest. The cyan crosses denote the positions of H II
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Fig. 1. CGPS H I emission distribution in velocity range from –46.0 to –67.4 km s−1. Each panel is an average of three consecutive velocity channel
maps, with the central Local Standard of Rest (LSR) velocity indicated in its top right corner. The colour bars show the brightness temperature in
kelvin. The four H I shells are outlined in orange (1), magenta (2), yellow (3), and cyan (4). H II regions are marked with red circles (see Sect. 4).

Table 1. Parameters derived for H I shells.

Shell Long. Lat. V0 ∆V Radius Distance Age Gaseous mass Kinetic energy
(deg) (deg) (km s−1) (km s−1) (pc) (kpc) (Myr) (M⊙) (erg)

GS 108–0.4–057 (Shell 1) 108.0 –0.37 –57.0 12.3 29.6 2.7 4.8 6.6 × 103 2.5 × 1048

GS 109–02–056 (Shell 2) 109.2 –1.8 –55.5 14.8 37.7 2.7 4.9 1.5 × 104 8.4 × 1048

GS 110–0.3–54 (Shell 3) 109.6 –0.3 –54.2 17.3 25.0 2.7 2.9 1.1 × 104 8.5 × 1048

GS 111+0.0–060 (Shell 4) 111.3 0.0 –59.6 17.3 22.0 2.7 2.5 3.4 × 103 2.5 × 1048

Notes. Uncertainty in V0 is determined by velocity resolution of data, which is ±1.3 km s−1. The error in ∆V is 2.6 km s−1, while the uncertainty
in the radius is 16%. The distance error is about 20%, and the age uncertainty is around 24%. Estimated masses carry an error of about 50%, and
the error in kinetic energy is about 60%.
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Fig. 2. Mean brightness temperature of CGPS H I emission averaged
over velocity range from −56 to −59 km s−1. Colour ellipses mark the
locations of the H I shells while the dashed line ellipses mark their outer
boundaries.

Fig. 3. IRIS 60 µm emission map in region under study. Contour levels
are at 23 and 40 MJy/sr. Coloured ellipses mark the locations of the four
H I shells.

regions present in The WISE Catalogue of Galactic H II Regions
(Anderson et al. 2014), from which we considered only objects
classified as ‘K’ (known H II regions) and ‘G’ (sources belong-
ing to groups of H II regions). In addition, we retained only those
H II regions whose radio recombination line (RRL) or associ-
ated molecular LSR velocities coincide with the velocity range
where the H I shells are detected (from –46.0 to –67.4 km s−1),
as well as those for which no velocity information is available
but that coincide spatially with the H I shells. The blue (x) sym-
bols indicate the positions of H II regions from the Sharpless
catalogue (Sharpless 1959). The spatial distribution of these H II
regions coincides with areas where the dust temperature matches
the expected values for warm dust mixed with ionised gas (e.g.
Anderson et al. 2012).

Table 2 lists the H II regions that meet the selection crite-
ria. The upper part of the table corresponds to the WISE H II
regions, while the lower part lists the classical H II regions from
the Sharpless catalogue. For the WISE sources, all information
except for the last column was extracted from the online version

Fig. 4. Dust temperature map derived from emission distributions at 60
and 100 µm. The cyan (+) and blue (x) symbols mark the position of
the H II regions from the WISE and Sharpless catalogues, respectively.
These represent a subsample of the catalogued H II regions, whose
selection criteria are described in Sect. 4. Contours are at 25 and 27 K.
Coloured ellipses mark the locations of the four H I shells.

of the catalogue1, which provides the most updated parameters.
The table columns include: source identification, type (K or G),
Galactic coordinates, angular radius, LSR radial velocity derived
from RRL, LSR velocity of any associated molecular gas, molec-
ular tracer, and distance. Distances, as reported in the catalogue,
are estimated either kinematically or from parallaxes, as indi-
cated in the table notes. The last column assigns each region
to the corresponding ‘Area’ defined in Section 5.2. Most of the
regions listed in Table 2 have velocities measured from RRLs or
molecular emission, and their locations are shown in Fig. 1 at the
corresponding velocity channel.

One of the main goals of this study is to assess whether the
H I shells and the H II regions projected along their borders are
physically associated. The consistent radial velocities of the H II
regions with available kinematic data, matching those of the H I
shells and used as a key selection criterion, suggest that they
share the same systemic motion, allowing us to assume that they
are located at the same distance.

Distances are usually inferred from radial velocities using
Galactic rotation models, but this approach is unreliable in the
Perseus arm, where non-circular motions lead to significant dis-
tance overestimates. This problem is well known, as shown by
the work of Foster & MacWilliams (2006), who demonstrated
that assuming purely circular rotation leads to systematic overes-
timates of up to several kiloparsec for sources in this arm. Very
Long Baseline Interferometry (VLBI) parallax measurements to
masers have independently confirmed that the Perseus arm lies
at 2–3 kpc in this longitude range (e.g. Xu et al. 2006; Reid
et al. 2014), in contrast to the larger kinematic distances predicted
by rotation curves. More recent 3D dust mapping (Zucker et al.
2019) also supports this distance scale.

To obtain reliable, non-kinematic distances, we adopted a
spectrophotometric approach previously applied by Suad et al.
(2022), based on the ionising stars of the H II regions. In the fol-
lowing section, we search for massive star candidates within each
H II region and use their Gaia-based spectrophotometric mea-
surements to determine distances, which can then be assigned
to the corresponding H II regions and, by extension, to the H I
shells.
1 https://astro.phys.wvu.edu/wise/
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Table 2. HII regions from WISE and Sharpless catalogues.

WISE name Type GLong GLat Radius VLSR VLSR(Mol.) Molecule Distance Area
(deg) (deg) (arcsec) (km s−1) (km s−1) (kpc)

G108.191+00.586/Sh2–146 K 108.191 0.587 307.8 –57.1 4.37 ± 0.54 b A5
G108.273-01.066/Sh2–147 K 108.273 –1.065 195.4 –54.9 4.98 ± 0.32 a A6
G108.375-01.056/Sh2–148–149 K 108.375 –1.056 187.1 –53.5 –52.4 12CO 4.76 ± 0.42 a A6
G108.752-00.972/Sh2–152–153 K 108.753 –0.971 42.2 –51.3 –51.5 NH3 4.61 ± 0.37 a A2
G108.758-00.989/Sh2–152–153 K 108.758 –0.988 46.4 –51.3 –51.5 NH3 4.64 ± 0.35 a A2
G108.764-00.952/Sh2–152–153 K 108.764 –0.951 237.4 –51.3 –50.3 CS 4.60 ± 0.33 a A2
G108.770-00.974/Sh2–152–153 K 108.771 –0.973 38.2 –51.3 4.66 ± 0.31 a A2
G109.068-00.322 K 109.068 –0.321 180.4 –55.4 4.94 ± 0.36 a A7
G109.104-00.347 K 109.104 –0.346 95.3 –47.9 –45.8 NH3 4.05 ± 0.35 a A7
G110.099+00.042/Sh2–156 K 110.099 0.042 192.3 –51.0 –50.1 HCO+ 4.48 ± 0.39 a A8
G110.252+00.009 K 110.252 0.010 153.2 –59.6 –53.9 HCO+ 5.24 ± 0.36 a A8
G110.927-00.731/Sh2–157 G 110.927 –0.730 1058.7 A10
G111.196-00.798/Sh2–157 G 111.196 –0.798 74.0 –52.9 HCO+ A9–A10
G111.245-00.924/Sh2–157 G 111.245 –0.923 345.9 A9–A10
G111.286-00.660/Sh2–157 K 111.286 –0.660 236.8 –48.1 –44.7 HCO+ 3.40 ± 0.19 b A9
G111.430-00.790/Sh2–157 G 111.430 –0.789 587.0 A9
G111.478-00.591/Sh2–157 G 111.478 –0.591 620.8 A9
G111.543+00.775 G 111.543 0.776 69.4 –57.4 HCO+ A4
G111.558+00.804 K 111.558 0.804 573.9 –61.6 2.65 ± 0.12 b A4
G111.601+00.393/Sh2–159 G 111.601 0.393 62.6 A11
G111.612+00.371/Sh2–159 K 111.612 0.372 54.9 –66.7 5.80 ± 0.37 a A11
G111.640+00.360/Sh2–159 G 111.640 0.360 232.6 A11
G111.653+00.95 K 111.653 0.950 273.5 –53.0 4.60 ± 0.32 a A4
G111.802+00.526 K 111.802 0.526 96.9 –53.9 4.69 ± 0.32 a A12

Sharpless Diameter
(arcmin)

Sh2–144 107.661 +0.821 4 A13
Sh2–146 108.197 +0.580 2 A5
Sh2–147 108.272 –1.072 2 A6
Sh2–148 108.375 –1.056 2 A6
Sh2–149 108.365 –1.054 1 A6
Sh2–151 108.690 –2.630 20 A1
Sh2–152 108.758 –0.951 2 A2
Sh2–153 108.749 –0.950 5 A2
Sh2–156 110.106 +0.044 2 A8
Sh2–157 111.292 –0.658 90 A3–A9–A10
Sh2–158 111.538 +0.811 10 A4
Sh2–159 111.612 +0.374 7 A11
Sh2–161 111.877 +1.067 55 A4

Notes. (a)Kinematic distance. (b)Parallax distance.

5. Study of the H II regions

OB-type stars, particularly those earlier than B2, are the pri-
mary sources responsible for the ionisation of H II regions (see
Table 2). In this section, we provide an overview of our approach
to identifying such stars and analysing their association with the
expanding shells. The methodological details are presented in
the following subsections.

We begin by searching the literature for confirmed OB-type
stars with known spectral classifications within the H II regions
listed in Table 2. This enables us to select a representative
sample of massive stars from which we derive characteristic
standard parameters of colour excess and distance. We obtain
these parameters using individual distances from Bailer-Jones
et al. (2021) in combination with spectroscopic and photomet-
ric methods. Subsequently, based on this sample and the spatial
distribution of the H II regions listed in Table 2, we define 13

areas (see Table 3) where we carry out photometric and astro-
metric analyses to identify additional massive star candidates.
The position and size of these 13 areas are defined using all H II
regions in Table 2. In one specific area, we use a smaller radius
than the one listed in the Sharpless catalogue, as the original size
extends beyond the area relevant to our stellar search.

5.1. Spectroscopic data and analysis

To find stars with confirmed spectral types (ST), we use the SIM-
BAD database, GOSSS, and the Galactic Wolf–Rayet Catalogue.
While these spectral classifications come from multiple cata-
logues, their consistency and applicability are sufficient for our
analysis. From these catalogues and databases, we collect a total
of 27 OB-type stars with luminosity class (LC) V, of which 22
have Gaia DR3 counterparts. Of these 22 OB-type stars, 10 are
confirmed massive stars.
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Table 3. Central coordinates and diameters of analysed areas.

Area l b Diam

(deg) (arcmin)

A1 108.69 –2.63 20.0
A2 108.76 –0.95 7.9
A3 111.20 –0.20 32.0
A4 111.88 1.07 55.0
A5 108.19 0.59 10.2
A6 108.33 –1.06 15.5
A7 109.08 –0.33 8.0
A8 110.13 –0.03 22.0
A9 111.48 –0.72 30.0

A10 110.93 –0.73 35.3
A11 111.64 0.36 8.0
A12 111.80 0.53 3.2
A13 107.66 0.82 4.0

Notes. Identification, central coordinates, and diameters of 13 areas
where we search for additional massive star candidates.

Fig. 5. Gaia Gmag versus distance (from Bailer-Jones et al. 2021) for
stars located within H II regions listed in Table 2. Blue dots correspond
to spectral types earlier than B2, and pink dots to spectral types later
than B2. Vertical lines show the distance uncertainties. Dashed lines
mark the adopted distance limits of 2.2 and 3.2 kpc.

Figure 5 shows the distribution of the 22 stars with con-
firmed spectral types and Gaia DR3 counterparts, where Gaia
Gmag is on the x-axis and the distance from Bailer-Jones et al.
(2021) is on the y-axis, including their associated uncertain-
ties. The blue and pink dots represent spectral types earlier and
later than B2, respectively. The figure shows that all ten con-
firmed massive stars lie between 2.2 and 3.2 kpc, as indicated
by the dashed lines. Figure 6 shows a WISE colour image where
coloured ellipses and circles represent the position and size of
the H I shells, white circles indicate the H II regions, and red
circles represent the 13 areas mentioned above. In this figure,
the population of stars earlier than B2 appears clustered within
the H II regions. Therefore, massive stars in the direction of the
detected H I shells lie within that distance range. By contrast,
stars later than B2 are more widely dispersed in both distance and
position on the sky, showing typical characteristics of foreground
field stars.

We use the entire sample of OB-type stars located between
2.2 and 3.2 kpc, which includes ten massive stars and three that
are later than B2. In an initial inspection, we detect that sources
Gaia DR3 2014957793521124224 and 2013435042937606656
exhibit abnormal reddening and a high distance error, respec-
tively; thus, they are not considered for estimations. The remain-
ing 11 OB-type stars lie in four of the 13 areas (see Table 4). With
this final sample, we conduct spectroscopic and photometric cal-
culations to determine standard parameters of colour excess. The
calculations are performed using absolute magnitudes and intrin-
sic colour calibration values obtained from the Gaia survey2 for
main sequence (MS) spectral type (ST) classifications, and we
apply linear interpolation for spectral types that are not listed in
this survey. We combine these values with the Gaia photometric
system GBP − GRP to compute the colour excesses and trans-
form them to the standard E(B−V) using the relative absorption
quantities given by Cardelli et al. (1989). For all calculations,
we apply a normal value for the total-to-selective extinction ratio
RV = 3.1. The spectral information for the sample of OB-type
stars, along with the calculated results, is listed in Table 4, along
with the distances given by Bailer-Jones et al. (2021).

For each of the four areas containing confirmed OB-type
stars, we first perform the analysis using these confirmed mas-
sive sources to anchor the parameters. We compute the weighted
average distance and its weighted standard deviation (Gaiadc),
as well as the average colour excess (E(B−V)c). Based on these
calculations – and taking into account high differential redden-
ing and/or possible evolutionary effects – we set the highest and
lowest values of E(B − V) as boundaries, denoted as E(B−V)M
and E(B−V)m, respectively. Within these adopted boundaries, we
then conduct the analysis of all 13 areas to search for additional
massive star candidates, as described in Sect. 5.2.

5.2. Massive star candidates

We next focus on identifying additional massive star candi-
dates not previously catalogued in the literature. We perform this
search in the 13 areas listed in Table 3 and also shown in Figure 6.
As was previously explained, these areas are defined considering
all catalogued H II regions listed in Table 2 and the distribution
of confirmed massive stars.

We select additional massive star candidates using a criterion
based on the photometric information provided by Gaia DR3,
which we cross-correlate with 2MASS IR data and combine
with the individual distances given by Bailer-Jones et al. (2021)
from Gaia EDR3. The main-sequence reference values for the
IR are given by Koornneef (1983) and Sung et al. (2013). The
method is the same as that applied in previous works (Molina-
Lera et al. 2016; Molina Lera et al. 2018; Molina Lera et al.
2019) and the description of the criterion is detailed in Suad et al.
(2022). In summary, we use the photometric information to build
two-colour diagrams (TCDs) in the IR (J − H) vs. (H − K) and
colour–magnitude diagrams (CMDs) in the IR J vs. (J − H) and
optical G vs. (GBP−GRP). In the optical CMD G vs. (GBP−GRP),
we delimit a region by placing the MS reference curve at two
different positions to select sources within an enclosed area.
The positions of these curves are set using the previously men-
tioned standard parameters for distance and colour excess: 2.2
and 3.2 kpc (i.e. V◦ − Mv = 11.7–12.5), combined with E(B−V)M
and E(B−V)m, respectively. These parameters, computed in the
four areas with confirmed spectral types, are applied to all 13
areas to search for additional massive star candidates. For each
2 https://gea.esac.esa.int/archive/documentation/GEDR3/
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Fig. 6. Aladin WISE colour image. The coloured ellipses and circles indicate the position and size of the H I shells, as depicted in Fig. 1. The
white circles show the H II regions, while the red ones show the 13 areas selected to search for massive star candidates. The blue and pink dots
from Figure 6 are stars with confirmed spectral types, earlier and later than B2, respectively.

Table 4. Main parameters of massive stars with confirmed spectral types.

Area SIMBAD id Gaia–2MASS id ST STa E(B − V)c Gaiadc
(mag) (kpc)

A1

HD 240171 23024450+5708335 B1V B1.0V 0.5 2.1±0.1

A2

[RHM2011] 5 22584708+5846201 B2V B2.0V 1.6 2.4+0.2−0.1
[RHM2011] 4 22584222+5845458 B2-3V B2.0V 1.5 2.4+0.3−0.2
[RHM2011] 3 22584219+5845330 B2-3V B2.0V 1.9 2.5+0.3

−0.2

A3

Cl* Mrk 50 BVC 6 23151321+6026216 B1.5V B1.5V 0.9 2.8±0.1
Cl Basel 3 1 23145990+6027154 B1.5V B1.5V 0.7 2.8±0.1
Cl Basel 3 30 23151440+6026182 B2V B2.0V 0.8 2.7±0.1
Cl Basel 3 25 23151644+6026217 B3V B3.0V 0.8 3.1+0.2−0.1
Cl Basel 3 24 23151811+6026054 B8V B8.0V 0.7 2.5+0.3−0.2

A4

2MASS J23133024+6130103 23133024+6130103 O9.5V+B0.5V O9.5V 1.8 2.9±0.1
TYC 4279-1463-1 23133438+6130146 O3.5V((f*))+O9.5V O3.5V 1.6 2.8+0.1

−0.2

Notes. Table lists stars with confirmed spectral types located in each of four analysed areas and within adopted distance range. Only stars of
luminosity class V are included. The columns give the area identification, SIMBAD and Gaia-2MASS source names, the ST, the ST adopted for
the calculations, the derived E(B-V), and the geometric distance with its uncertainty as determined by Bailer-Jones et al. (2021).
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Table 5. Main parameters of the 11 areas with associated massive star
candidates.

Area n Dist Gaiadc E(B−V)c E(B − V) E(B−V)m E(B−V)M
(kpc) (mag)

A1 5 2.4±0.3 2.1 0.5 0.7 0.4 1.0
A2 2 2.4 2.4±0.1 1.6 1.5 1.4 1.9
A3 13 2.8±0.1 2.8±0.1 0.8 0.7 0.5 1.0
A4 35 2.6±0.3 2.8±0.1 1.7 1.7 1.6 1.8
A5 1 2.8 – – 0.7 0.5 1.0
A6 1 3.0 – – 0.7 0.5 1.0
A7 2 2.4±0.1 – – 0.7 0.5 1.0
A8 5 2.8±0.1 – – 0.7 0.5 1.0
A9 18 2.7±0.3 – – 0.7 0.5 1.0
A10 23 3.0±0.2 – – 0.7 0.5 1.0
A11 1 2.8 – – 0.7 0.5 1.0

Notes. For each of 11 areas with associated massive star candidates,
table lists number of massive star candidates (n), weighted average
distance and its weighted standard deviation (Dist.) computed from n
individual values given by Bailer-Jones et al. (2021), weighted average
distance and its weighted standard deviation, and average colour excess
derived from confirmed OB-type stars listed in Table 4. Additionally,
we provide the colour excess and its adopted range.

selected massive star candidate, we calculate two representative
values of the absolute magnitude in the Gaia G band (MB

G and
Mb

G). We derive these magnitudes by combining the upper and
lower distance limits for each source, as given by Bailer-Jones
et al. (2021), with E(B−V)M and E(B−V)m. The MB

G and Mb
G val-

ues are then compared to those corresponding to known spectral
types with LC V to establish their spectral classification. Finally,
we select the sources whose MB

G or Mb
G correspond to absolute

magnitudes of stars earlier than B2. Additionally, we examine the
distribution of these sources in the IR TCD and CMD. Although
these IR diagrams cannot definitively establish their nature, they
serve as an effective diagnostic tool to exclude objects located
outside the loci expected for early-type stars. No such cases have
been found; consequently, the diagrams provide further support
for the robustness of our selection.

The photometric diagrams are shown in Fig. A.1 in
Appendix A. With coloured circles, we indicate sources situ-
ated within 2.2 and 3.2 kpc. Main-sequence calibration curves
are represented by blue lines. The thinner blue lines in the opti-
cal CMD on both sides of the MS define the aforementioned
area. Massive star candidates are depicted as blue circles, while
small yellow circles represent potential low-mass stars. Sources
that we discard are indicated with green circles, and grey dots
represent sources at distances lower than 2.2 kpc or greater than
3.2 kpc. The figure also shows that all selected massive star can-
didates are distributed as expected in the photometric diagrams.
Their parameters are shown in Table A.1 in Appendix A, along
with the calculated absolute magnitudes and their previous spec-
tral classifications (when available). Furthermore, our spectral
type classification is consistent with those reported in the liter-
ature, reinforcing the validity of the criterion. Table 5 lists the
parameters of the 11 areas, where each distance (Dist) represents
the weighted average computed using the individual distances
provided by Bailer-Jones et al. (2021). The table also includes
the number of massive star candidates (n), the colour excesses
(E(B−V)) and their adopted ranges (E(B−V)m, E(B−V)M), and the
designation associated with each area shown in Fig. 6. We iden-
tify a total of 106 massive star candidates, including confirmed
massive stars, in 11 of the 13 areas, located at a distance of 2.7 ±
0.5 kpc.

Fig. 7. Map showing spatial distribution of analysed structures. The
coloured ellipses and circles indicate the position and size of the H I
shells, as depicted in Fig. 1. The white circles show the H II regions,
while the blue dots indicate the massive star candidates.

6. Discussion

In the previous sections, we analysed four H I shells and
28 H II regions (grouped into 13 areas) projected along their
borders, and identified several massive star candidates likely
associated with most of them. Figure 7 shows the spatial cor-
respondence between the massive star candidates and the H II
regions listed in Table 2. Most H II regions host identified
massive star candidates, while three very compact regions –
G108.273–01.066/Sh2–147 (A6), G111.802+00.526 (A12), and
Sh2–144 (A13) – do not. In A6 and A12, the ionising stars
may still be too deeply embedded to be detected; however, both
exhibit radio recombination line (RRL) emission with velocities
consistent with those of the corresponding H I shells. In con-
trast, Sh2–144 (A13) shows neither RRL emission nor massive
star candidates, and thus its association with the shells can-
not be confirmed. Taking this into account, we consider that
27 H II regions, together with the four H I shells, are located
at a common distance of 2.7 ± 0.5 kpc, as derived from the
spectrophotometric distances of the identified massive stars.

Expanding H I shells are among the main sources of large-
scale compression in the interstellar medium, as their expansion
sweeps up mass into dense, cold shell walls. Instabilities can
develop within these walls (McClure-Griffiths et al. 2003), lead-
ing to the formation of high-density condensations, some of
which may give rise to new stars. Several observational stud-
ies have provided evidence that star formation can be triggered
by the expansion of H I shells (e.g. Elmegreen 2002; Oey et al.
2005; Dawson et al. 2011a,b; Suad et al. 2012, 2016, 2022).
Within the scope of this work, the H II regions under study are
located along the rims of the H I shells with a few located at over-
lapping edges of two structures, where shell interactions may
occur. This spatial alignment suggests a possible causal link,
which we explore in the following analysis.

If the expansion of the H I shells is indeed the mechanism
responsible for triggering the formation of the ionising stars
associated with the H II regions, a difference in age between
these structures would be expected. According to Table 1, the
estimated ages of the H I shells were found to range from 2.5
to 4.9 Myr. These values were obtained under the assumption of
constant expansion velocity and do not take into account possible
deceleration effects or projection uncertainties. All confirmed
massive stars associated with the H II regions are of LC V, with
ST ranging from O3.5 to B2. Their MS lifetimes (∼3–22 Myr;
Schaller et al. 1992) therefore set upper limits to the ages of the
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ionising sources. Since these lifetimes provide only upper lim-
its, they do not allow us to establish whether the H I shells are
older than the H II regions. To better constrain their relative
ages, we can estimate dynamical timescales for the WISE H II
regions (Table 2) using tdyn−HII = R/vexp. For the H II regions,
we adopt typical expansion velocities of vexp ≃ 5–10 km s−1,
representative of compact and evolved regions in a variety of
ambient conditions (e.g. Dyson & Williams 1997). Using the
angular radii listed in Table 2 and assuming a distance of 2.7 kpc,
the resulting physical radii (R) range from 0.5 to 13.8 pc, yield-
ing tdyn−HII ∼ 0.05–2.7 Myr. These values are smaller than, or at
most comparable to, the dynamical ages derived for the H I shells
(2.5–4.9 Myr; Table 1). Although this comparison does not pro-
vide conclusive evidence for a causal link, it is consistent with a
scenario in which the expansion of the H I shells may have played
a role in triggering massive-star formation along their rims.

Several H II regions are located at the overlapping edges of
the H I shells, corresponding to potential zones of shell inter-
action. As seen in Figs. 1 and 7, the H II regions in areas A2
and A6 lie at the interface between GS 108–0.4–057 (Shell 1)
and GS 109–02–056 (Shell 2), while those in area A8 are
found where GS 110–0.3–054 (Shell 3) intersects GS 111+0.0–
060 (Shell 4). These observations support the idea that the
collision of expanding shells may have triggered the formation
of stars in these regions.

7. Summary

In this work, we analysed four expanding H I shells and their
possible connection with 28 H II regions projected along their
borders. The H I shells share a common velocity range (–46 to
–67 km s−1) and show evidence of partial overlap, suggesting
interactions between them. The H II regions, distributed along
the rims and intersections of the shells, exhibit RRL velocities
consistent with those of the H I gas, indicating a likely physical
association.

Because kinematic distances are unreliable in the Perseus
arm, we performed a spectrophotometric analysis based on Gaia
data to identify massive star candidates and determine a com-
mon distance. We found 106 massive or candidate OB stars in
25 of the 28 H II regions, yielding an average distance of 2.7 ±
0.5 kpc, which we adopt for the entire complex.

Comparison of the dynamical ages of the H I shells (2.5–
4.9 Myr) and those of the associated H II regions (≤2.7 Myr)
suggests that the formation of the ionised regions could have
been influenced by the H I shell expansion, although a causal
connection cannot be firmly established.

These results suggest that the expansion and the interaction
of the H I shells may both have played an important role in the
recent star formation observed in this part of the Perseus arm.
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Appendix A: Additional figures and table

This appendix presents Figure A.1 and Table A.1 referred to in
Sect. 5.2.

Fig. A.1: Photometric diagrams for 11 areas containing massive-star candidates (area label at top of each panel). The MS locus is the thick blue line;
thin blue lines enclose the selected region (Sect. 5). Coloured circles mark sources at 2.2–3.2 kpc; grey dots are outside this range. Massive-star
candidates are shown as blue circles (labels give ST). Potential low-mass stars are yellow; discarded sources are green.
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Fig. A.1: Continued.
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Fig. A.1: Continued.
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Fig. A.1: Continued.
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Table A.1: Massive star candidates in each of 11 areas.

Area SIMBAD id DR3Name Gmag Gaia–dist ST STcandidate MGB MGb

[mag] [kpc] [mag]
1 HD 240171 2009853997984924928 9.83 2.1 ± 0.1 B1V O7–B2 -4.92 -3.11
1 – 2009947873089335552 12.22 2.9 ± 0.1 – B1–B4 -3.23 -1.42
1 – 2009960998509358080 12.67 2.4 ± 0.1 – B2–B7 -2.37 -0.56
1 – 2009947048455625984 12.70 2.3 ± 0.1 – B2–B7 -2.25 -0.43
1 – 2009964434483174016 12.97 2.6 +0.3

−0.2 – B2–B8 -2.31 -0.24
2 [RHM2011] 4 2013247301330572288 14.12 2.4 +0.3

−0.2 B2-3V B0–B3 -3.75 -1.76
2 [RHM2011] 5 2013247301330571008 15.54 2.4 +0.2

−0.1 B2V B2–B7 -2.31 -0.52
3 LS III +60 58 2013907351903934080 10.53 2.6 ± 0.1 B0 O8–B2 -4.65 -2.95
3 LS III +60 56 2013906492910288512 10.55 2.9 ± 0.1 B0.5III O7–B2 -4.89 -3.21
3 LS III +59 52 2013809048689021312 10.56 2.9 ± 0.1 OB- O7–B2 -4.84 -3.17
3 LS III +60 57 2013901304589830784 10.78 3.0 ± 0.1 B1.5 O8–B2 -4.67 -3.03
3 Cl Mrk 50 31 2013906561629760768 11.03 3.0 ± 0.1 B2 O8–B2 -4.51 -2.82
3 Cl* Mrk 50 BVC 6 2013906492910285824 11.76 2.8 ± 0.1 B1.5V B0–B3 -3.6 -1.89
3 Cl Basel 3 1 2014094264572576128 12.22 2.8 ± 0.1 B1.5V B1–B4 -3.13 -1.49
3 TYC 4279-1525-1 2014112170299931904 12.26 2.8 ± 0.1 – B1–B4 -3.09 -1.44
3 Cl Basel 3 30 2013906492910286464 12.30 2.7 ± 0.1 B2V B1–B4 -3.2 -1.34
3 – 2013807223335231488 12.35 2.3 +0.3

−0.2 – B1–B6 -2.74 -0.77
3 – 2013998714442541696 13.00 2.9 ± 0.2 – B2–B7 -2.51 -0.71
3 – 2013901338949569536 13.32 3.0 ± 0.1 – B2–B7 -2.14 -0.5
3 Cl Basel 3 25 2013906492910287360 13.67 3.1 +0.2

−0.1 B3V B2–B8 -1.97 -0.24
4 V* V1019 Cas 2015049435241306368 10.87 3.0 ± 0.1 – O2–O3 -7.14 -6.31
4 TYC 4279-1463-1 2014960718396556160 11.21 2.8 +0.1

−0.2 O3.5V((f*))+O9.5V O2–O3 -6.7 -5.8
4 2MASS J23133024+6130103 2014960718396258816 13.36 2.9 ± 0.1 O9.5V+B0.5V O8–B1 -4.59 -3.71
4 IRAS 23158+6116 2014223113595492864 13.59 2.9 ± 0.1 – O9–B1 -4.38 -3.53
4 – 2015063694532638720 13.70 2.7 ± 0.1 – O9–B1 -4.07 -3.26
4 – 2014980372167476608 13.90 2.2 ± 0.1 – B0–B2 -3.36 -2.58
4 – 2015026482935648000 14.10 2.2 ± 0.1 – B1–B3 -3.21 -2.4
4 – 2014977245431361664 14.11 2.2 ± 0.1 – B1–B3 -3.21 -2.41
4 – 2015013563674089088 14.18 2.3 ± 0.1 – B1–B3 -3.19 -2.38
4 – 2014980921923320064 14.21 2.3 ± 0.1 – B1–B3 -3.24 -2.44
4 – 2014979066496885888 14.26 2.3 ± 0.1 – B1–B3 -3.12 -2.31
4 – 2014936666579846400 14.48 2.2 ± 0.1 – B1–B3 -2.82 -2.0
4 – 2015041669939918336 14.49 2.3 ± 0.1 – B1–B3 -2.95 -2.13
4 – 2015061942186026368 14.51 2.7 +0.2

−0.1 – B0–B3 -3.29 -2.39
4 – 2015047923412848256 14.51 2.8 ± 0.1 – B0–B3 -3.32 -2.44
4 – 2015049435241308160 14.60 2.3 ± 0.1 – B1–B3 -2.85 -2.02
4 – 2014936426061682432 14.61 2.4 ± 0.1 – B1–B3 -2.93 -2.07
4 – 2015033457963547520 14.62 2.6 ± 0.1 – B1–B3 -3.12 -2.25
4 – 2014937250695392640 14.65 2.7 ± 0.1 – B1–B3 -3.16 -2.29
4 – 2015016724769986560 14.71 2.7 ± 0.1 – B1–B3 -3.03 -2.19
4 – 2014975149486741120 14.75 2.5 ± 0.1 – B1–B3 -2.85 -2.01
4 – 2015016449892091648 14.78 2.2 ± 0.1 – B1–B3 -2.58 -1.73
4 – 2015050912710071168 14.90 3.2 +0.1

−0.2 – B1–B3 -3.23 -2.35
4 – 2015031362018444160 14.92 2.6 ± 0.1 – B1–B3 -2.77 -1.9
4 – 2014991882679254656 15.10 2.5 ± 0.1 – B2–B4 -2.52 -1.65
4 – 2015014246568988032 15.16 2.5 +0.1

−0.2 – B2–B4 -2.48 -1.55
4 – 2014955117759244032 15.19 3.0 +0.3

−0.2 – B1–B3 -2.92 -1.93
4 – 2015026311136963968 15.22 2.6 ± 0.1 – B2–B4 -2.51 -1.63
4 – 2015017201506620672 15.29 2.2 ± 0.1 – B2–B5 -2.1 -1.21
4 – 2014938040969351168 15.36 2.4 ± 0.1 – B2–B5 -2.18 -1.27
4 – 2015017308885530112 15.43 2.6 ± 0.2 – B2–B4 -2.34 -1.41
4 – 2015046682163239040 15.55 2.6 ± 0.2 – B2–B5 -2.24 -1.28
4 – 2015047889053110656 15.59 3.0 +0.3

−0.2 – B2–B4 -2.53 -1.5
4 Gaia DR2 2014997002280223744 2014997002280223744 15.83 2.9 +0.3

−0.2 – B2–B5 -2.23 -1.19
4 – 2014974359212794112 15.85 2.7 +0.3

−0.2 – B2–B6 -2.08 -1.02

Notes. Table lists massive star candidates identified in each of 11 analysed areas. The successive columns give the area identification, SIMBAD
and Gaia DR3 source names, Gaia G band magnitude, geometric distances determined by Bailer-Jones et al. (2021), previously reported ST, the
spectral type range derived in this work, and the corresponding absolute magnitudes in the Gaia G band.
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Table A.1: Continued.
Area SIMBAD id DR3Name Gmag Gaia–dist ST STcandidate MGB MGb

[mag] [kpc] [mag]
5 – 2014534829438189312 12.91 2.8 ± 0.1 – B2–B6 -2.46 -0.76
6 WRAM 7 2013214556499125760 12.29 3.0 ± 0.1 – B1–B4 -3.21 -1.55
7 TYC 3997-1655-1 2013525576545210240 12.17 2.6 ± 0.1 – B1–B4 -3.2 -1.35
7 – 2013607284004339200 12.41 2.3 ± 0.1 – B2–B6 -2.52 -0.89
8 LS III +59 41 2013666180898369792 10.29 2.9 +0.3

−0.2 OB- O5–B1 -5.22 -3.36
8 WRAM 17 2013666249617840640 13.10 2.9 ± 0.1 – B2–B7 -2.34 -0.65
8 – 2013650615936971520 13.22 2.7 ± 0.1 – B2–B7 -2.07 -0.42
8 – 2013669341994190592 13.25 2.7 ± 0.1 – B2–B8 -2.04 -0.38
8 – 2014029638207352832 13.38 3.0 ± 0.1 – B2–B7 -2.11 -0.45
9 BD+59 2692 2013886014506640128 9.77 2.7 +0.2

−0.1 B2 O2–B1 -5.56 -3.81
9 Hilt 1208 2013832688190640128 10.68 2.9 ± 0.1 B2 O8–B2 -4.76 -3.08
9 LS III +60 62 2013845435653722880 10.69 2.9 +0.2

−0.1 B5 O7–B2 -4.8 -3.09
9 IRAS 23149+5938 2013819631490109952 11.63 3.2 +0.2

−0.1 – O9–B3 -4.09 -2.38
9 LS III +59 70 2010818548859732608 11.71 2.5 ± 0.1 B7 B0–B4 -3.41 -1.73
9 LS III +59 71 2010821327694332160 12.04 2.9 ± 0.1 B3 B0–B4 -3.37 -1.7
9 TYC 4010-249-1 2013821035933074304 12.08 2.2 ± 0.1 A1 B1–B5 -2.77 -1.13
9 – 2013883089620620160 12.23 2.4 +0.1

−0.2 – B1–B6 -2.81 -1.03
9 – 2013824063896660096 12.53 2.8 ± 0.1 – B1–B5 -2.8 -1.14
9 – 2013883639376430976 12.59 2.3 ± 0.1 – B2–B7 -2.32 -0.69
9 – 2013837498553956352 12.72 2.1 +0.6

−0.4 – B2–B9 -2.49 0.1
9 – 2010819751450862336 12.93 3.4 +0.9

−0.5 – B0–B6 -3.31 -0.89
9 – 2013817913503473280 13.10 2.8 ± 0.1 – B2–B7 -2.23 -0.59
9 – 2013828668101560832 13.35 2.7 ± 0.2 – B2–B8 -2.04 -0.22
9 – 2013821761793940480 13.54 3.3 ± 0.1 – B2–B7 -2.17 -0.5
9 – 2010813218797067136 13.54 2.9 +0.6

−0.5 – B2–B9 -2.23 0.11
9 – 2013823273622665856 13.63 2.8 +0.5

−0.3 – B2–B9 -2.01 0.16
9 – 2013818394539518720 14.40 3.8 +0.9

−0.6 – B2–A0 -2.2 0.38
10 BD+59 2681 2013737305553964416 10.17 3.5 +0.8

−0.6 B O2–B1 -6.07 -3.67
10 V* V807 Cas 2013726276077656960 10.73 2.7 ± 0.1 B3 O8–B2 -4.52 -2.9
10 LS III +59 58 2013740535369325440 10.75 3.2 ± 0.1 B0 O7–B2 -4.88 -3.21
10 LS III +59 54 2013739813816938368 11.29 3.3 +0.1

−0.2 B2 O9–B2 -4.4 -2.68
10 – 2013785271749932288 11.96 2.8 ± 0.1 – B0–B3 -3.42 -1.76
10 – 2013780804984289152 11.99 3.3 ± 0.1 – B0–B3 -3.71 -2.05
10 EM* GGR 136 2013738675641124736 12.17 2.9 ± 0.1 – B1–B4 -3.23 -1.59
10 TYC 4010-333-1 2013738748665059712 12.34 2.7 ± 0.2 – B1–B5 -3.04 -1.13
10 TYC 4279-562-1 2013788875218913152 12.40 2.7 ± 0.1 – B1–B5 -2.9 -1.26
10 TYC 4010-1003-1 2013740466649851392 12.41 3.0 ± 0.1 – B1–B4 -3.09 -1.39
10 – 2013787505133249280 12.67 2.6 ± 0.1 – B1–B6 -2.58 -0.89
10 – 2013739813814802304 12.67 3.2 ± 0.1 – B1–B4 -2.96 -1.3
10 Gaia DR3 2013737855309770752 2013737855309770752 12.75 2.9 ± 0.1 – B1–B6 -2.64 -1.01
10 – 2013830592246600320 12.83 2.6 ± 0.1 – B2–B6 -2.39 -0.75
10 – 2013740363570655488 12.89 3.0 ± 0.1 – B1–B6 -2.63 -0.91
10 TYC 4279-1409-1 2013741772319868544 13.00 3.2 +0.2

−0.1 – B1–B6 -2.7 -0.98
10 – 2013734866012561920 13.19 3.2 ± 0.1 – B2–B6 -2.48 -0.77
10 – 2013719816447246592 13.19 2.9 ± 0.1 – B2–B7 -2.19 -0.54
10 – 2013781560898523136 13.20 3.2 ± 0.1 – B2–B6 -2.41 -0.76
10 – 2013714662486174336 13.22 2.7 ± 0.1 – B2–B8 -2.2 -0.37
10 – 2013735720703625728 13.37 3.3 ± 0.1 – B2–B7 -2.32 -0.65
10 – 2013787092816414336 13.37 2.9 ± 0.1 – B2–B8 -2.06 -0.39
10 – 2013741944118582144 13.61 3.3 ± 0.1 – B2–B8 -2.09 -0.41
11 – 2014171956246055168 12.81 2.8 ± 0.1 – B1–B6 -2.54 -0.88
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