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ABSTRACT

Context. There is considerable debate about the formation of massive stars, including whether a high-mass star must always form
with a population of low-mass stars, or if it can also form in isolation. Massive stars found in the field are often considered to be
runaways from star clusters or OB associations. However, there is evidence in the Milky Way and the Small Magellanic Cloud of
high-mass stars that appear to be isolated in the field and they cannot be related to any known star cluster or OB association. Studies
of more distant galaxies have been lacking so far.
Aims. We identified massive star candidates that appear isolated in the field of the nearby spiral galaxy NGC 4242 (at a distance of
5.3 Mpc) to explore how many candidates for isolated star formation we find in a galaxy outside the Local Group.
Methods. We identified 234 massive (Mini ≥ 15 M�) and young (≤10 Myr) field stars in NGC 4242 using the Hubble Space Telescope
Solar Blind Channel of the Advanced Camera for Surveys, the UVIS channel of the Wide Field Camera 3 from the Galaxy UV
Legacy Project (GULP), and optical data from the Legacy ExtraGalactic UV Survey (LEGUS). We investigated the surroundings of
our targets within the range of projected distances expected for runaway stars, 74 pc and 204 pc.
Results. Within the threshold radii, 9.8% and 34.6% of our targets have no young star clusters, OB associations, or massive stars.
This causes them to appear isolated. This fraction reduces to 3.2%−11.5% for the total number of massive stars expected from the
observed UV star formation rate.
Conclusions. Our results show that there is a small population of young and massive potentially isolated field stars in NGC 4242.

Key words. stars: formation – stars: massive – galaxies: stellar content – ultraviolet: stars

? Corresponding author: pietro.facchini@stud.uni-heidelberg.de

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A168, page 1 of 18

https://doi.org/10.1051/0004-6361/202555780
https://www.aanda.org
http://orcid.org/0009-0003-6044-3989
http://orcid.org/0000-0002-1891-3794
http://orcid.org/0000-0001-5171-5629
http://orcid.org/0000-0003-2954-7643
http://orcid.org/0000-0001-8658-2723
http://orcid.org/0000-0001-8608-0408
http://orcid.org/0000-0002-1723-6330
http://orcid.org/0000-0001-7746-5461
http://orcid.org/0000-0002-8192-8091
http://orcid.org/0000-0002-5189-8004
http://orcid.org/0000-0001-6291-6813
http://orcid.org/0000-0001-6000-6920
http://orcid.org/0000-0002-1722-6343
http://orcid.org/0000-0002-5581-2896
http://orcid.org/0000-0002-0560-3172
http://orcid.org/0000-0002-0806-168X
http://orcid.org/0000-0001-8289-3428
http://orcid.org/0000-0002-6091-7924
mailto: pietro.facchini@stud.uni-heidelberg.de
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Facchini, P., et al.: A&A, 705, A168 (2026)

1. Introduction

Although small in number, massive stars are powerful engines
that affect the local star formation activity of the host galaxy
by quenching star formation in their neighborhood (through
stellar winds or supernova explosions; e.g., Westmoquette et al.
2008) or triggering new star formation episodes at larger dis-
tances (a supernova explosion can compress the interstellar
medium, which triggers star formation; e.g., Deharveng et al.
2009). Moreover, they are key agents of galactic chemical evo-
lution.

Lada & Lada (2003) reported that stars usually form
in clustered structures via the collapse and fragmentation
of a giant molecular cloud. In massive rich OB clusters,
García & Mermilliod (2001) further showed that O stars are fre-
quently found in multiple or binary systems. Given their short
lifetimes and their usual low velocity, high-mass stars usually do
not have enough time to move away from their parental star clus-
ters or from the OB associations in which they formed. Oey et al.
(2004) reported, however, that up to 35% of the massive stars in
the Small Magellanic Cloud (SMC) are located in the field, while
Gies (1987) found a fraction of 22% for the Milky Way (MW).
The question now is whether these findings imply that massive
stars can also form in isolation.

The competitive accretion model of star formation predicts
that the formation of a high-mass star requires the presence of a
population of low-mass stars (Bonnell et al. 2004). In this sce-
nario, the fragmentation of the parental molecular cloud pro-
duces exclusively low-mass cores, some of which compete to
accrete the remaining gas and produce high-mass stars. The mass
of the most massive object (mmax) is then connected to the mass
of the resulting cluster (Mcl) via Mcl ∝ m1.5

max (Bonnell et al.
2004). In contrast, the core-accretion model of star formation
allows high-mass stars to form in isolation (Krumholz et al.
2009). In this case, the heat produced by the accretion of gas
onto a stellar core can be absorbed by the cloud, and this can
prevent the further fragmentation of the parental molecular gas
cloud. If the column density of the latter is high enough, a mono-
lithic collapse of the clump might occur and lead to the forma-
tion of a single massive star. The feedback produced by massive
stars has been proposed by Elmegreen & Lada (1977) to trig-
ger the formation of massive stars. In this model, the ionization
front from an already formed group of massive stars compresses
the neutral gas layers, heats them, and induces the formation of a
new group of stars (e.g. Zavagno et al. 2006). The higher thermal
Jeans mass in the irradiated layers would favor the formation of
more massive stars, whereas the formation of low-mass stars will
proceed independently and spread out over the cloud. However,
this proposal contradicts observations in the Scorpius-Centaurus
OB association (Sco-Cen, Preibisch & Zinnecker 2007), which
showed that low-mass T Tauri stars are coeval with the OB pop-
ulation. More recently, Ratzenböck et al. (2023) reconstructed
the star formation history of Sco-Cen using Gaia data. The
authors revealed a coherent and sequential pattern of clusters in
space and time that is reminiscent of the scenario proposed by
Elmegreen & Lada (1977). They did not address the initial mass
function of the sequentially formed clusters, however, nor did
they address whether low- and high-mass stars might originate
from distinct formation channels. In the context of ionization-
triggered star formation as in Elmegreen & Lada (1977), it is
plausible that an early-formed single massive star suppresses the
subsequent star formation through its feedback, and thus ending
up isolated. We note that the model of Elmegreen & Lada (1977)
only investigates the formation of the new group of massive stars
and leaves the formation process of the first massive stars undis-

puted. A more detailed review of high-mass formation theories
and observations can be found in Zinnecker & Yorke (2007).

Previous investigations of the OB field star population in the
SMC have shown that the field population is dominated by run-
away OB stars from parental star clusters or OB associations
(Dorigo Jones et al. 2020). OB stars can be ejected from their
parental star cluster or OB association via two main possible
mechanisms: the dynamical ejection scenario (DES), in which
strong gravitational interactions in the cluster core can slingshot
a massive star into the field (Blaauw 1961; Poveda et al. 1967),
and the binary supernova scenario (BSS), in which the supernova
explosion of the most massive star in a binary system can eject its
high-mass companion (Blaauw 1961; Renzo et al. 2019). More
recently, Polak et al. (2024) have proposed a third scenario, the
subcluster ejection scenario (SCES). In the hierarchical forma-
tion of a star cluster, subclusters merge and form a single cluster.
During the merging process, however, a subcluster can fall into
the contracting central gravitational potential of the protocluster,
where it is disrupted by the gravitational force and ejects its own
stars as runaways in tidal tails.

By definition, the minimum 3D peculiar velocity of a run-
away is 30 km s−1 (Gies 1987; Hoogerwerf et al. 2001), which
translates into a transverse 2D velocity of 24 km s−1 assuming
equal velocity components in space (Dorigo Jones et al. 2020).
These velocities imply that the runaway star can travel from tens
to hundreds of parsec from its birthplace. Thus, it becomes cru-
cial to determine how many O-type stars in the field might be
interpreted as runaways, as opposed to the number of truly iso-
lated massive stars that formed in-situ, in order to improve star
formation theory and evolution.

Observations in the MW suggest that 4% ± 2% of all O
stars may be truly isolated from known star clusters and OB
associations and cannot be attributed to runaways (de Wit et al.
2004, 2005). Recently, Zarricueta Plaza et al. (2023) observed
an O3If* that appears to be isolated in the field, without evidence
of clustering of low-mass stars. Moreover, the authors excluded
a runaway nature based on the 2D kinematics. In the SMC,
Oey et al. (2013) analyzed 14 isolated OB stars and reported that
9 stars show a low overdensity of low-mass stars around them,
while the remaining 5 stars are candidates for in situ star forma-
tion. Lamb et al. (2010) analyzed 8 possibly isolated OB stars in
the SMC and found that 3 of them show clustering of low-mass
stars, 2 are runaways, and 3 are isolated. Vargas-Salazar et al.
(2020) found that 4−5% of their field O-type star sample in the
SMC are not runaways, but are surrounded by a small clustering
of low-mass stars. Thus, the authors argued that the O stars that
appear to be isolated are in fact the “tip of the iceberg” of very
sparse star clusters.

In this work, we used photometry in the far-ultraviolet to
optical range to identify possible massive and young field stars
in NGC 4242 and analyzed their surroundings by studying the
isolation of each target with respect to young star clusters, OB
associations, or other massive stars. The paper is organized as
follows. Section 2 describes the observations and catalogs, the
color-magnitude diagrams and extinction law analysis are pre-
sented in Sect. 3, and the isolation is analyzed in Sect. 4. The
discussion and conclusions are presented in Sects. 5 and 6.

2. NGC 4242 and data description

We studied the unbarred spiral galaxy (SAd)
NGC 4242, which is located at RA(J2000) = 12:17:30.18,
Dec(J2000) = +45:37:9.51, at a distance of 5.3 Mpc (Sabbi et al.
2018). Its photometrically estimated metallicity is Z = 0.02.
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Fig. 1. Optical image of NGC 4242 using the grz filters from the Legacy
Survey DR6 (Dey et al. 2019) and the GULP (F150LP in purple, and
F218W in green) and LEGUS mosaics (F275W in red).

Table 1. Observation log.

Obs. date Instrument Filter Total exposure time
(yy mm dd) (s)

13 Feb. 2021 HST/ACS F150LP 5400
29 Apr. 2021 HST/WFC3 F218W 2160
12 Apr. 2014 HST/WFC3 F275W 2376
12 Apr. 2014 HST/WFC3 F336W 1116
12 Apr. 2014 HST/WFC3 F438W 962
12 Apr. 2014 HST/WFC3 F555W 1140
12 Apr. 2014 HST/WFC3 F814W 986

Notes. Observation dates, instruments, filters, and total exposure times
for the drizzled images.

The galaxy is part of the star-forming galaxies studied by
Lee et al. (2011), who derived a star formation rate (SFR) over
the past 100 Myr of ∼0.09 M� yr−1 using the far-ultraviolet emis-
sion detected by GALEX, corrected for the Galactic dust atten-
uation using the maps of Schlegel et al. (1998) and a distance of
7.43 Mpc (Kennicutt et al. 2008).

The face-on orientation of NGC 4242 makes the galaxy an
excellent benchmark for the search for isolated massive stars. A
more strongly inclined orientation would instead have required
probing the distribution of massive stars through the stellar
disk, which is likely rich in dust. This would have considerably
affected the UV observations we used in this paper.

The images of NGC 4242 for our analysis were obtained
using the Hubble Space Telescope’s (HST) Solar Blind Channel
of the Advanced Camera for Surveys F150LP filter (FUV) and
the UVIS channel of the Wide Field Camera 3 (UVIS/WFC3) fil-
ter F218W (MUV) from the Galaxy UV Legacy Project (GULP;
PI Sabbi, GO-16316). Moreover, we used UVIS/F275W (NUV),
F336W (U), F438W (B), F555W (V), and F814W (I) images

from the HST Legacy ExtraGalactic UV Survey (LEGUS; PI
Calzetti, GO-13364, Calzetti et al. 2015) to extend the photo-
metric coverage from the far-ultraviolet to the optical wave-
lengths. Figure 1 shows the FUV, MUV, and NUV mosaics we
used in this paper.

While the UV filters can be used to detect young massive
stars, star clusters, and OB associations, the wide photometric
coverage helps us to better constrain the spectral energy distri-
butions (SEDs) between ∼1500 Å and ∼8100 Å of these high-
mass stars. This results in better estimates of their age and mass.
Furthermore, the UV filters are key factors to quantify how
strongly and efficiently ultraviolet light emitted by massive stars
is absorbed by dust grains.

The observing dates, instruments, filters, and exposure times
are reported in Table 1. All the frames were aligned to Gaia Data
Release 3 (Gaia Collaboration 2021) and drizzled to a common
pixel scale of 0.04′′/px (the native WFC3 pixel size) using the
F438W frame as reference.

Fluxes for point-like sources in the F275W, F336W, F438W
(reference frame), F555W, and F814W filters were measured via
PSF-fitting using the WFC3 module of the photometry pack-
age DOLPHOT version 2.0 (Dolphin 2000, 2016). The list of stars
detected by DOLPHOT in the F275W filter was then used as input
to perform aperture photometry in the filters F150LP and F218W
using the Astropy package Photutils (Sabbi et al., in prep.).
The aperture radius around each object was 3 pixel, and an annu-
lus with an inner radius 12 pixels and a width of 2 pixels was
used for the sky subtraction. All the magnitudes are in the Vega-
mag system.

2.1. The stellar photometric catalog

To correctly study the properties of massive stars, we needed
to remove as many extended objects or spurious detections as
possible. We did this in two steps. First, we applied selection
criteria on the photometric error, sharpness, and roundness of
objects observed in the F438W and F555W filters. All sources
with a photometric error larger than 0.3 mag and |roundness| > 2
were removed. A further constraint was placed on the sharpness:
objects whose sharpness deviated by more than 1σ from the
50th percentile value per magnitude bin were discarded. Figure 2
shows the change in the photometry quality as a function of the
magnitude in the B filter. The black points represent the full cat-
alog, and the red points show the sources that passed the full
selection process.

As a second step, we only considered the sources with a
flux detection in the F275W filter out of the sources that passed
the criteria above. Stars that were observed in one or both of
the FUV and MUV filters were only selected when their pho-
tometric errors in these filters were smaller than 0.3 mag. At
the end of the selection phase, we had sources that were only
observed in the LEGUS filters (from the NUV to the I band),
stars that were observed in all the filters (from the FUV to the
I band), and sources with only one GULP flux. In fact, for this
galaxy, GULP and LEGUS observations do not completely over-
lap, and we did not want to miss any massive star candidates (see
Fig. 1).

2.2. Star cluster and OB association catalog

The LEGUS collaboration identified candidate star clusters and
OB associations in the star-forming galaxies observed by the
survey (Adamo et al. 2017; Grasha et al. 2017). We summarize
their procedure here.
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Fig. 2. Quality of the PSF photometry for the sources detected by
LEGUS in the F438W (B) filter. In each panel, the black dots refer to
the full sample, and the red points indicate sources that passed the full
selection process, as described in Sect. 2.1.

An automatic pipeline extracted candidates and computed
the concentration index (CI). The concentration index is defined
as the magnitude difference between apertures at radii of 1 pixel
and 3 pixels. A sample of isolated and bright stars was used to set
the threshold CI value between stars and candidate star clusters.
For NGC 4242, the threshold value was 1.3 mag for the WFC3
F555W filter. The CI cut allows the user to remove a large num-
ber of stars from the catalog. However, compact and unresolved
candidate star clusters whose effective radius is 1 pc or smaller
might be removed by the CI cut. Multi-band aperture photome-
try and averaged aperture corrections were performed for each
target whose CI was higher than the threshold value. In order to
remove possible outliers, the sources from the automatic catalog
were visually inspected. All the candidates that were observed in
at least four bands with a photometric error smaller than 0.3 mag
and whose F555W absolute magnitude was brighter than −6 mag
were visually inspected. During the visual inspection, sources
that were clearly clusters and were missed during the automatic
procedure were added to the catalog. The visually inspected
sources were then divided into four classes. Class 1 objects are
centrally concentrated objects whose full width at half maximum
(FWHM) is more extended than that of a star. Class 2 objects
have a less symmetric light distribution, and Class 3 objects are
characterized by a multi-peak light distribution. Finally, Class 4
objects are potentially single stars or artifacts.

The physical properties of the candidates (e.g., age, mass,
and dust extinction) were obtained using the SED fitting tech-
niques described by Adamo et al. (2017). We used the cata-
log based on Yggdrasil SSP models (Zackrisson et al. 2011)
with a Kroupa initial mass function (IMF; Kroupa 2001), neb-
ular continuum and emission lines with a covering factor 0.5,
a metallicity Z = 0.02, Padova isochrones (Marigo et al. 2008;
Girardi et al. 2010; Tang et al. 2014; Chen et al. 2015), and a
MW extinction law (Cardelli et al. 1989). Figure 3 shows the

Fig. 3. Mass and age distribution of clusters or OB associations identi-
fied by the LEGUS collaboration using the theoretical models described
in Sect. 2.2. The red lines correspond to the 100 M� cutoff and the
15 Myr cutoff used in Sect. 4.

mass and age distribution of Class 1 + Class 2, and Class 3
objects. In particular, it shows that a large fraction of clusters
at young ages (≤15 Myr) have a low mass. This trend is used in
Sect. 4 to refine the cluster sample.

2.3. Hα and infrared images

In order to explore the environment around our massive star can-
didates, we used auxiliary Hα and infrared images. In particu-
lar, we used the stellar continuum-subtracted Hα image taken
by Kennicutt et al. (2008) with the Bok Telescope to identify the
ionized regions around massive stars.

For the dust distribution in NGC 4242, we used the infrared
maps obtained by Dale et al. (2009) using the Spitzer Telescope.
The Infrared Array Camera (IRAC) 8.0 µm image provides
information on the polycyclic aromatic hydrocarbon (PAH)
molecules, while the Multiband Imaging Photometer (MIPS)
24.0 µm maps show the hot dust. We removed the stellar emis-
sion to obtain the pure PAH and hot-dust emission using the
3.6 µm as continuum. We computed the stellar PSF of the 3.6,
8.0 and 24.0 µm images. The pixel scale for the 3.6 and 8.0 µm
data is 0.75′′/px, and it is 1.5′′/px for the 24.0 µm data. We
convolved the 3.6 µm image with the 8.0 µm PSF and the 8 µm
image with the 3.6 µm PSF using the IRAF function convolve.
In order to account for the different pixel scale of the 24.0 µm
image, we first magnified the 3.6 µm image and the PSF using
the magnify function in IRAF, and we then convolved it with
the 24 µm image and the PSF. The convolved images were then
subtracted using the equation presented by Helou et al. (2004)
and Dale et al. (2009),

ν fν (8.0 µm)dust = ν fν (8.0 µm) − η8∗ ν fν (3.6 µm), (1)

and we repeated this for the 24.0 µm image, where ν is the fre-
quency, fν is the specific flux density, η8∗ = 0.232 × 3.6/8.0 for
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Fig. 4. Hess diagrams for different combinations of filters. The Padova isochrones for different ages are overplotted using Z = 0.02, E(B − V) =
0.05 mag, a distance modulus µ = 28.61 mag (Sabbi et al. 2018), and the extinction coefficients from the Gordon et al. (2016) model with RV = 3.1
and fA = 1.0. The black arrow indicates the reddening vector using AV = 0.5 mag.

the 8.0 µm image, and η24∗ = 0.032 × 3.6/24.0 for the 24.0 µm
map. We refer to these stellar continuum-subtracted images as
“pure” Hα, 8.0 µm, and 24.0 µm images.

3. Identification and characterization of massive
stars

Color-magnitude diagrams (CMDs) are useful tools for inter-
preting the resolved stellar component in the host galaxy. The
emission of massive stars peaks at ultraviolet wavelengths,
which makes them bright objects in the UV filters of the GULP
and LEGUS surveys. The dust component of the host galaxy
absorbs a large fraction of the ultraviolet light, however, and
re-emits it at longer wavelengths. Moreover, different empirical
extinction laws for different environments have been found. It
is therefore crucial to determine the correct extinction law for
NGC 4242 in order to interpret the properties of its massive stars.

3.1. Extinction law

The change in extinction as a function of the wavelength
was measured for a number of galaxies, including the
MW (Cardelli et al. 1989; Fitzpatrick 1999) and the Mag-
ellanic Clouds (Nandy & Morgan 1978; Gordon et al. 2003;
Maíz Apellániz & Rubio 2012). While the MW extinction law
exhibits a bump in the absorption of photons at a wavelength of
2175 Å (the so-called UV-bump), the SMC extinction law does
not.

We first removed the Galactic foreground extinction using
Cardelli et al.’s (1989) extinction law and a value of AV =
0.033 mag (Schlafly & Finkbeiner 2011). We then used the mix-
ture model from Gordon et al. (2016) with MW and SMC com-
ponents to determine the effect of extinction on the photometry
of our data. This model depends on the total-to-selective extinc-
tion ratio, RV , and fA which regulates the amount of extinction

from the MW component alone (see Gordon et al. 2016). We
chose the RV and fA parameters by visually inspecting the V-
I and UV Hess diagrams in two steps. First, we varied the RV
value to match the V-I Hess diagram. Then, keeping RV fixed, we
fine-tuned the fA parameter with the aim to match the blue edge
in the FUV-B and MUV-B Hess diagrams. We found that the
distribution of stars in different Hess diagrams (from the FUV to
the I band) is well described by Padova isochrones (Marigo et al.
2008; Girardi et al. 2010; Tang et al. 2014; Chen et al. 2015)
using a true distance modulus µ = 28.61 mag, an intrinsic extinc-
tion of E(B − V) = 0.05 mag, and a metallicity Z = 0.02
(Sabbi et al. 2018) for the pair (RV , fA) = (3.1, 1.0). This cor-
responds to the MW extinction law (Fitzpatrick 1999 with RV =
3.1) for NGC 4242. Figure 4 shows the Hess diagrams, and the
Padova isochrones corrected for extinction using RV = 3.1 and
fA = 1.0 are overplotted.

3.2. Age separation

We decided to differentiate stars according to their age esti-
mated via the F150LP versus F150LP–F814W, F814W versus
F150LP–F814W, F218W versus F218W–F814W, and F275W
versus F275W–F814W CMDs. Figure 5 shows the four different
CMDs using Padova isochrones and the extinction parameters
from Sect. 3.1. The stars were divided in age ranges according
to their position within two consecutive isochrones.

We were only interested in massive and young objects,
and we therefore removed all the objects with an initial
mass lower than 15 M� from each CMD. Using Padova
isochrones and a foreground MW extinction AV = 0.033 mag
(Schlafly & Finkbeiner 2011), we removed all the objects fainter
than 24.7, 21.4, 22.2, and 21.8 mag for the F814W, F150LP,
F275W, and F218W filters, respectively. Schneider et al. (2018)
analyzed 173 O stars in 30 Doradus finding an average maximum
age of about 10 Myr. We therefore decided to consider objects
in the age range 1−10 Myr. Stars that are bluer than the 1 Myr
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Fig. 5. Color-magnitude diagrams used to differentiate stars according to age. The Padova isochrones for ages 1, 3, 5, 10, 15, 20, 25, 30, 40, and
50 Myr, a metallicity Z = 0.02, a distance modulus µ = 28.61 mag, and intrinsic E(B−V) = 0.05 mag are superimposed. The extinction coefficients
were taken from the model of Gordon et al. (2016) with RV = 3.1 and fA = 1.0. The stars are color-coded by the age determined based on their
positions between consecutive isochrones in each CMD. The black points show stars that do not lie in between consecutive isochrones. The dashed
red line shows the luminosity of a main-sequence star with Mini = 15 M� and an age of 10 Myr. The black arrow indicates the reddening vector
using AV = 0.1 mag.

isochrone (possibly due to photometric errors, uncertainty on the
metallicity, the extinction law, and theoretical models) were also
taken into account. At this point, stars younger than 10 Myr and
brighter than the magnitude cut in at least one of these CMDs
were considered. We selected 242 objects from the four CMDs.
Assuming that these objects are single non-rotating stars, we
estimated their initial mass (Mini), age, and intrinsic extinction
(AV ) based on their photometry by minimizing the difference
between the observed and theoretical magnitudes. Let yobs and
σ be the vectors of the observed magnitudes and photometric
errors, and yth the vector of the synthetic reddened magnitudes
derived from the Padova isochrones. In the theoretical models,
the age varies between 1 and 10 Myr with steps of 0.2 Myr, Mini
varies between 0.08 and 350 M�, and AV ranges from 0.0 to
1.0 mag with steps of 0.01 mag. We computed the χ2 for the sin-
gle model as

χ2 =

nfilters∑
i=1

(
yobs,i − yth,i

)2

σ2
i

, (2)

and the sum was run over the number of filters. The mini-
mum χ2 gave the best (logt, Mini, and AV ) triplet. To estimate
the error on each parameter, we perturbed the observed pho-
tometry of each star using a multivariate normal distribution,
N(µ = yobs, σ

2 = σ2), centered on the observed photometry and
with the photometric errors as its σ. We ran 100 Monte Carlo

iterations for each star and took the standard deviations of the
100 best triplets as the corresponding errors of each parameter.

The χ2 confirmed that 234 sources are younger than 10 Myr
and have an initial mass higher than 15 M�. The fluxes of 100
stars are available in all filters, for 110 stars only one GULP
flux is available, and the remaining stars (24) only have LEGUS
fluxes (see Sect. 2.1 and Fig. 1).

Figure 6 shows the best values obtained for AV , age, and
Mini, color-coded by the degree of freedom (d.o.f. = 4 for a com-
plete wavelength coverage, d.o.f. = 3 for only one GULP flux,
and d.o.f. = 2 for a detection only in between the NUV and
the I bands). The histograms show that the age and AV of our
selected stars are distributed throughout the age range and the
0.0 to 1.0 mag interval, with a mean age of 5.7 Myr and an aver-
age intrinsic extinction of AV = 0.18 mag, in agreement with
Sabbi et al. (2018). The majority of our stars have Mini between
15 and 100 M�, while some others exceed Mini = 150 M� and
AV = 0.4 mag. A possible explanation for the latter is the pres-
ence of a star cluster around our targets or other unresolved
stars that can contaminate the photometry. Some of our targets
are close to star clusters identified by LEGUS (see Adamo et al.
2017), which increases the χ2, and the parameter estimate is less
precise.

In order to test how our derived stellar ages, initial masses,
and dust extinctions depend on the metallicity of the isochrone
and on the extinction law assumed for NGC 4242, we fit
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Fig. 6. Best values for age, AV , and Mini and their histogram distributions using Padova isochrones with a fixed metallicity Z = 0.02, an age range
of 1−10 Myr, and a varying intrinsic extinction AV ∈ [0.0, 1.0] based on the extinction coefficients from Gordon et al. (2016) for RV = 3.1 and
fA = 1.0 (Sect. 3.1). The targets are divided in three groups based on the degrees of freedom, which depend on the number of available filters
as explained in Sect. 2.1 (d.o.f. = 4 for a complete wavelength coverage, d.o.f. = 3 for one GULP flux alone, and d.o.f. = 2 for detection only in
between the NUV and the I bands). The histograms are normalized to the total number of sources. The dashed black histogram shows the total
frequency.

the observed photometry using three different setups: Padova
isochrones with an SMC metallicity reddened with a MW extinc-
tion law, Padova isochrones with solar metallicity and an SMC
extinction law (RV = 2.74 Gordon et al. 2003), and Padova
isochrones with an SMC metallicity and an SMC extinction
law. We found that at fixed metallicity, the average age of our
sample becomes younger by 1 Myr and the average extinc-
tion slightly increases by 0.01 mag, while at fixed extinction
law, the population becomes older by 1 Myr and the extinction
increases by no more than 0.02 mag. The results are described in
Appendix A.

3.3. Spatial distribution of the targets

We expect to find massive and young objects along the spiral
arms of NGC 4242. Figure 7 shows the spatial distribution of
the targets grouped into four different age bins. We used the
stellar continuum-subtracted Hα image taken by Kennicutt et al.
(2008) with the Bok Telescope to connect young targets with Hα
emission (drawn in magenta). The comparison between Figs. 1
and 7 shows that most of the targets are distributed along the
faint spiral arms of NGC 4242, as delineated by the Hα emission
in Fig. 7.

In most of the cases, our targets are located in Hα emission
regions. The left panel of Fig. 8 shows the spatial distribution of
the targets color-coded by the best values for their reddening. We
note that some targets need a very low reddening even when they
coincide with Hα emission. We suggest that these targets are not
in the Hα emission region, but in the foreground, and that the Hα
is in the background within the galaxy NGC 4242. On the other
hand, some targets with a high reddening are not associated with
Hα emission. Stars with a high reddening value might lie behind

Fig. 7. Spatial distribution of the selected targets grouped into four dif-
ferent age bins. The underlying pure Hα emission (in magenta) was
taken by Kennicutt et al. (2008) with the Bok Telescope.

dust lanes. The right panel of Fig. 8 shows a composite image of
the pure Hα emission (in magenta), the pure 8.0 µm (in green),
and the pure 24.0 µm (in orange). The dust images were taken
by the Spitzer Space Telescope (Dale et al. 2009), and the stellar
continuum subtraction is described in Sect. 2.3.
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Fig. 8. Spatial distribution of the targets color-coded by the best value of their intrinsic extinction AV . The left panel shows the pure Hα emission
in magenta. The right panel shows the underlying pure Hα in magenta, the pure 8.0 µm in green (PAH emission), and the pure 24.0 µm in orange
(hot-dust emission).

4. Isolation analysis

4.1. Isolation with respect to star clusters or OB associations

Even though massive stars are short-lived, those in the field are
frequently considered to be runaways or walkaways from known
star clusters or OB associations (Blaauw 1961; Poveda et al.
1967; Gies 1987; Hoogerwerf et al. 2001; Dorigo Jones et al.
2020). Thus, we used the spatial distribution of our targets and
the visually inspected young star clusters and OB associations
(age ≤15 Myr) from Adamo et al. (2017, see our Sect. 2.2) to
determine the number of stars from our sample that might be
runaways from these stellar groups. We note here that while in
the MW and the SMC, the runaway or walkaway nature of a star
can be tested via spectroscopic radial velocities and astrometric
tangential velocities, this is not feasible with the existing instru-
mentation in a galaxy at the distance of NGC 4242.

The clusters can be divided into three classes according to
their PSF shape: spherically symmetric, asymmetric, or multi-
peak PSF (see Sect. 2.2). We grouped symmetric and asymmet-
ric objects together, and we refer to these objects as star clusters,
while multi-peak PSF objects were considered OB associations
because of their larger size. We decided to only consider objects
more massive than 100 M� and younger than 15 Myr, which
amount to 74 star clusters and only 14 OB associations, with
a median separation of ∼180 pc. This is justified by the work of
Hunt & Reffert (2023), who, using Gaia data, were able to iden-
tify Galactic open clusters as massive as ∼100 M� that contain a
few massive stars as massive as 50 M�.

Runaway OB stars can be produced via two main mecha-
nisms: the dynamical ejection scenario, and the binary super-
nova scenario. In the former, gravitational interactions in dense
clusters could eject a massive star (Blaauw 1961; Poveda et al.
1967), while in the latter, the supernova explosion could eject
the companion star (Renzo et al. 2019; Blaauw 1961). Recently,
Polak et al. (2024) have analyzed the production of runaways
through the subcluster ejection mechanism, where stars in a sub-
cluster can be ejected during the tidal disruption of the par-
ent subcluster that falls into the deeper gravitational poten-
tial of the protocluster. Runaway stars are traditionally defined

to have a 3D peculiar motion of at least 30 km s−1 (Gies
1987; Hoogerwerf et al. 2001), which corresponds to a trans-
verse 2D minimum velocity of 24 km s−1 assuming equal veloc-
ity components in space (Dorigo Jones et al. 2020). Fast run-
aways with a velocity of 200 km s−1 in the SMC have been
found by Dorigo Jones et al. (2020), but theoretical studies
(Perets & Šubr 2012) showed that the runaway frequency is
strongly reduced with increasing peculiar velocity. This agrees
with Dorigo Jones et al. (2020), who found that the local veloc-
ity of only 48 stars out of 199 runaway stars in the SMC is higher
than 75 km s−1. The authors showed that the peak of the distribu-
tion of runaway stars is reached between 30 and 75 km s−1 with a
steep drop for higher velocities. A steep decrease in the distribu-
tion of runaway stars was also found for the massive star cluster
R136 in the Large Magellanic Cloud (Stoop et al. 2024). Only 8
(out of 23) O-type stars are runaways from R136 with tangen-
tial velocities higher than 50 km s−1. Based on these velocities as
references, a runaway star can travel tens to hundreds of parsecs
in a few million years. For example, Stoop et al. (2024) found
that the population of O runaway stars had traveled a mean dis-
tance of 59 pc from the center of R136, and this value reached
a value of 115 pc when they also considered the runaways with-
out a spectral classification. The theoretical studies of the BSS
by Renzo et al. (2019) revealed that a main-sequence massive
companion star travels ∼75 pc on average, which agrees with the
50 pc found by Eldridge et al. (2011). However, both distribu-
tions of the maximum distance are characterized by a large scat-
ter.

We identified the closest star cluster or OB association from
each star target to determine the probability that the target
belongs to that stellar group. We de-projected the positions of
stars, star clusters and OB associations on the galaxy plane by
adopting an inclination of i = 40.5◦ (Calzetti et al. 2015), and
then computed their 2D projected distance.

In order to take the velocity distribution found by
Dorigo Jones et al. (2020) into account, we decided to take two
threshold distances: dthresh,1 = 74 pc and dthresh,2 = 204 pc. The
former corresponds to the distance traveled by a star in 1 Myr
with three times the minimum 2D runaway velocity, while the
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Fig. 9. De-projected distances between stars with d.o.f. = 4 and star clusters (top panel) or OB associations (bottom panel). On the x-axis, we show
the star ID from the sample. The circles show the distance of the closest cluster from each target (method 1), and the squares show the closest
cluster with an age similar to that of each star (method 2). The dashed vertical black lines connect the distances from method 1 and method 2 when
they find two different stellar groups. The symbols are color-coded according to the derived age of the stars. The horizontal gray lines show the
maximum tangential distances that a star can travel in 1 Myr with a constant velocity of 24 km s−1, 100 km s−1, and 200 km s−1. These distances are
24, 102, and 204 pc (horizontal solid, dot-dashed, and dotted lines, respectively). At a distance of 5.3 Mpc, 1 pc is 0.039 arcsec.

latter is the distance that a fast runaway can travel in 1 Myr at
200 km s−1. These two threshold distances allowed us not only
to identify runaway candidates with the former velocities and
1 Myr travel time, but also runaways with a combination of
velocities and travel times. For example, the dthresh,2 can help us
identify runaway stars with the minimum 2D runaway velocity
that have traveled for ∼8 Myr.

Every star that has a star cluster (or OB association) closer
than the threshold distance was considered a possible walkaway
or runaway from that particular group, otherwise, it was consid-
ered to be in isolation (method 1). Each circle in Fig. 9 shows
the location of the closest star cluster or OB association for each
star with d.o.f. = 4. When a star is found near to a star cluster, this
does not imply that they are connected. We decided to also use
the age information, and selected stellar groups whose age dif-
fered by 5 Myr at most from the age of the star. We then searched
for the closest cluster or OB association (method 2). The range
of 5 Myr takes the age spread of O-type stars found in Cygnus
OB2 (Berlanas et al. 2020) and in the massive star cluster R136
(Schneider et al. 2018) into account. Moreover, it corresponds
to the maximum error on the age of our stars as computed in
Sect. 3.2. The mean error on the age of a star from the isochrone
fitting is 1.8 Myr, while the maximum error is 5 Myr. We chose
the latter as the maximum age difference between a star and a
cluster to create possible connections between them. Each square
in Fig. 9 shows where the closest star cluster (or OB associa-
tion) is located for each star with a similar age. The stars are
divided into age bins. The two methods for the distances found
the same connection between star and stellar groups in some
cases (no connecting dashed line), while some stars appeared
to be close to a stellar group whose age difference is more than
5 Myr. This means that their connections are less likely true, and

increases the probability that they are unrelated to those stellar
groups.

Following the age bins in Fig. 9, we computed the median
separation between stars and their nearest cluster (or OB asso-
ciation) using methods 1 and 2. For the star clusters, we found
a positive correlation. The median distance between young stars
and star clusters increased toward older age bins, but this trend
became weaker for method 2. On the other hand, for younger age
bins, OB associations were found to be closer to young stars,
and the trend disappeared using method 2. The different trend
between clusters and OB associations is most likely due to the
small number statistics of the latter.

Fig. 10 shows the connections between star and star clusters
(or OB associations) we were able to find as a function of the
projected distance. The figure shows that there are stars located
far away from known star clusters or OB associations, being
potentially isolated. Table 2 summarizes the number of isolated
objects given the method or the threshold value. Some of our
stars might have traveled a longer distance (with a higher run-
away velocity or for a longer time) and might contaminate the
isolated star sample. Conversely, stars in projected proximity to
clusters or OB associations might be unrelated to them.

4.2. Isolation with respect to other massive stars

Another criterion for the isolation is that no other massive and
young object is found in the vicinity of each target. Follow-
ing Dorigo Jones et al. (2020) and Renzo et al. (2019), we also
investigated the isolation of each target with respect to other
massive and young stars from our sample. We decided to con-
sider method 1 and the two threshold distances as constraints for
the isolation from other massive stars. Table 3 shows the number
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Fig. 10. Distance distributions. Panels A and B show the simple projected 2D distance between our stars and the nearest star cluster and OB
association, respectively. Panels C and D show the distances from the nearest star cluster or OB association that differ by 5 Myr at most from the
estimated stellar ages. The sample is color-coded according to the degree of freedom, and each histogram is normalized to the total number of
stars in the sample. The dashed black histogram shows the total frequency. All bins have an equal size of 100 pc. The vertical black lines show the
distances that a star can travel in 1 Myr with a constant velocity of 24 km s−1, 100 km s−1, and 200 km s−1. These distances are 24, 102, and 204 pc.

of objects without known young stellar groups and other mas-
sive and young stars nearby for different threshold distances. The
new constraint implies a reduction in the isolation frequencies.
Regardless of the method and the threshold value used, the final
frequency of potentially isolated objects is never zero.

This final sample contains two types of objects: stars that
might have been formed in situ in the field in isolation (or with
a small population of low-mass stars around them), and possible
runaways that traveled for a longer period of time than the travel
times we considered, or they traveled with higher velocities.

5. Discussion

We investigated the environment around 234 young massive star
candidates in order to study the phenomenon of possible isolated
massive star formation. In the previous section, we examined
the possibility that some of our targets might be runaways from
known star clusters or OB associations. Regardless of whether
runaway objects are produced via binary supernova, dynamical
ejection, or subcluster ejection mechanisms, their peculiar veloc-
ity in the galaxy plane is 24 km s−1 at least (Dorigo Jones et al.
2020). Considering this velocity as the typical velocity of run-
aways, we set dthresh,1 = 74 pc as the first threshold distance
typically traveled by a runaway. We found with method 1 that
68% ± 6% (= 159/234) of the stars in the sample lie at a larger
distance and have no known young star clusters and OB associ-
ations around them.

There is evidence that some stars can reach very high run-
away velocities (Dorigo Jones et al. 2020; Sana et al. 2022). In
order to remove possible fast runaways from our sample, we
adopted dthresh,2 = 204 pc as our second threshold distance. As a
consequence, the fraction of possible isolated stars with respect

to star clusters and OB associations using method 1 decreased to
34% ± 4% (= 79/234).

We set the minimum threshold (dthresh,1) to three times the
distance traveled by a runaway star in 1 Myr at the minimum 2D
velocity. This not only enabled the selection of stars that might
move at higher velocities or for longer times, but also accounted
for the uncertainty of ∼0.5 Mpc in the distance of NGC 4242
(Sabbi et al. 2018). For very high velocities, the number of very
fast runaways drops sharply with the velocity (Perets & Šubr
2012; Dorigo Jones et al. 2020). Increasing dthresh,2 would lead to
a large number of connections between stars and clusters, not all
of which are necessarily true. We expect to miss only a few faster
runaways because there are so few of them. Moreover, these two
threshold distances allowed us not only to identify runaway can-
didates traveling for only 1 Myr at the two constant velocities,
but also runaways with a combination of velocities and travel
times.

The possible connections between stars and stellar groups
were only based on the projected distance. When the similarity in
age between stars and stellar groups is also considered, the num-
ber of possible physical connections decreases. We assumed a
maximum age difference between a star and a star cluster (or OB
association) of 5 Myr. This age difference reflects the age spread
that Berlanas et al. (2020) and Schneider et al. (2018) found for
massive stars in Cygnus OB2 and R136, respectively. More-
over, 5 Myr corresponds to the maximum age error we obtained
for our sample, and it is consistent with the age discrepancy
of 0.2 dex found by Stevance et al. (2020) between single-star
isochrone and binary SED fitting with BPASS (Binary Pop-
ulation and Spectral Synthesis). This uncertainty only affects
method 2, but the results from method 1 are not affected.

Ten (for dthresh,1) or twenty-four (for dthresh,2) stars that we
previously associated with star clusters or OB associations as
possible runaways differ by more than 5 Myr from those stellar
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Table 2. Number and frequency of possible isolated stars relative to nearby clusters or OB associations.

Sample Method 1 Method 2
dthresh,1 = 74 pc Number Frequency Number Frequency

Only clusters
d.o.f. = 4 70 0.299 72 0.308
d.o.f. = 3 86 0.368 90 0.385
d.o.f. = 2 19 0.081 20 0.085
Whole sample 175 0.748 182 0.778
Only OB associations
d.o.f. = 4 81 0.346 87 0.372
d.o.f. = 3 92 0.393 94 0.402
d.o.f. = 2 15 0.064 16 0.068
Whole sample 188 0.803 197 0.842
Clusters + OB associations
d.o.f. = 4 66 0.282 69 0.295
d.o.f. = 3 80 0.342 85 0.363
d.o.f. = 2 13 0.056 15 0.064
Whole sample 159 0.679 169 0.722
dthresh,2 = 204pc Number Frequency Number Frequency
Only clusters
d.o.f. = 4 35 0.149 40 0.171
d.o.f. = 3 57 0.244 68 0.291
d.o.f. = 2 9 0.038 11 0.047
Whole sample 101 0.432 119 0.509
Only OB associations
d.o.f. = 4 64 0.274 71 0.303
d.o.f. = 3 84 0.359 91 0.389
d.o.f. = 2 11 0.047 13 0.056
Whole sample 159 0.679 175 0.748
Clusters + OB associations
d.o.f. = 4 26 0.111 33 0.141
d.o.f. = 3 49 0.209 62 0.265
d.o.f. = 2 4 0.017 8 0.034
Whole sample 79 0.338 103 0.440

Notes. Number and frequency of possible isolated stars relative to nearby star clusters or OB associations, given the threshold distance of dthresh,1 =
74 pc and dthresh,2 = 204 pc. Method 1 only takes the de-projected positions of stars, clusters and OB associations into account, while method 2
considers stellar groups whose age difference to the stars is 5 Myr at most. The frequencies are normalized to the total sample of stars.

groups, which makes these links less likely to be physical. The
resulting fractions of possible isolated objects using method 2
become 72% ± 6% (= 169/234) and 44% ± 4% (= 103/234) for
dthresh,1 and dthresh,2, respectively.

A further constraint was the isolation with respect to other
massive stars outside of clusters. Depending on the threshold
distance and method, the frequency varied from a minimum of
9.8% ± 2% (= 23/234 for dthresh,2 and method 1) to a maximum
of 34.6% ± 3% (= 81/234 for dthresh,1 and method 2). The errors
are for Poisson statistics alone.

Observations suggest that 4% ± 2% of all O stars in the
MW appear to be isolated from known star clusters and OB
associations and cannot be interpreted as runaways (de Wit et al.
2005). This result is consistent with Vargas-Salazar et al. (2020),
who found that 4−5% of O type stars in the field of the
SMC appear to be isolated from star clusters and OB asso-
ciations, but these authors also observed small clustering of
low-mass stars around these seemingly isolated massive stars.
Parker & Goodwin (2007) found that the fraction of sparse star
clusters (M < 100 M�) with only one massive O-type star varied
between 1.3% and 4.6% for a cluster mass function exponent of
β = 1.7 and β = 2, respectively.

In order to compare our findings with those of de Wit et al.
(2005), we computed the expected number of massive stars
(Mini ≥ 15 M�) that did not explode as a supernova at
10 Myr. We computed the SFR(UV) directly from the GALEX
FUV image (Lee et al. 2009) in the F275W HST footprint,
using the equation presented by Kennicutt (1998), a distance
of 5.3 Mpc, and the correction for the Galactic foreground
extinction from Schlafly & Finkbeiner (2011). This resulted in
a SFR(UV) = 0.038 M� yr−1. We corrected this star formation
rate for the intrinsic mean extinction found in Sect. 3.2, obtain-
ing SFR(UV) = 0.057 M� yr−1. We also estimated the SFR(Hα)
from the Bok image in the F275W HST footprint, following
the flux calibration described by Kennicutt et al. (2008) and
using the equation presented by Kennicutt (1998). We applied
the same distance and foreground and intrinsic extinction cor-
rections (using the mean extinction from Sect. 3.2 using solar
metallicity and a MW-like extinction law) and used the star-
to-gas extinction conversion from Calzetti et al. (2000). We
found that the SFR(Hα) is 57% lower than the SFR(UV),
which agrees with the value found by Lee et al. (2009). Dif-
ferent studies of H II regions in galaxies with different metal-
licities, masses, and SFRs have shown that the escape frac-
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Table 3. Number and frequency of possible isolated stars relative to nearby clusters, OB associations and massive stars.

Sample Method 1 Method 2
Number Frequency Number Frequency

Clusters + OB associations (dthresh,1)
and stars (dthresh,1) isolation
d.o.f. = 4 31 0.132 31 0.132
d.o.f. = 3 42 0.179 43 0.184
d.o.f. = 2 6 0.026 7 0.029
Whole sample 79 0.338 81 0.346
Clusters + OB associations (dthresh,1)
and stars (dthresh,2) isolation
d.o.f. = 4 6 0.026 6 0.026
d.o.f. = 3 20 0.085 20 0.085
d.o.f. = 2 2 0.009 2 0.009
Whole sample 28 0.120 28 0.120
Clusters + OB associations (dthresh,2)
and stars (dthresh,1) isolation
d.o.f. = 4 15 0.064 17 0.073
d.o.f. = 3 29 0.124 33 0.141
d.o.f. = 2 2 0.009 5 0.021
Whole sample 46 0.197 55 0.235
Clusters + OB associations (dthresh,2)
and stars (dthresh,2) isolation
d.o.f. = 4 4 0.017 4 0.017
d.o.f. = 3 17 0.073 18 0.077
d.o.f. = 2 2 0.009 2 0.009
Whole sample 23 0.098 24 0.103

Notes. Number and frequency of possible isolated stars relative to nearby clusters, OB associations and massive stars and given the threshold
distance of dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 only takes the de-projected positions of stars, star clusters and OB associations into
account, while method 2 considers stellar groups whose age difference to the star is 5 Myr at most. The frequencies are normalized to the total
sample of stars.

tion of the ionizing photons can reach values of about 67%
(Della Bruna et al. 2021; Ramambason et al. 2022; Egorov et al.
2018; Gerasimov et al. 2022; Pellegrini et al. 2012). The large
escape fraction can lead to an underestimation of the SFR(Hα)
of up to a factor of three. Therefore, we decided to assume a con-
stant SFR = 0.057 M� yr−1 from the GALEX FUV over the last
100 Myr to compute the expected number of massive stars in our
HST footprint. We computed the expected number of massive
stars that did not yet explode as a supernova using the equation
presented by Kim et al. (2013),

P∗ =
Ṁ∗
m∗

∆t, (3)

where Ṁ∗ = 0.057 M� yr−1 is the dust-corrected SFR(UV),
∆t = 10 Myr is our age range, and m∗ = 812 M� is the total
mass in massive stars that have not yet exploded as a supernova.
The latter was computed using a Kroupa IMF (Kroupa 2001)
and a mass range 15−18.88 M�. These two masses are the lower
initial mass for our sample and the upper limit for a star that sur-
vives for 10 Myr without exploding. We found that the expected
number of massive stars in the field and stellar groups for our
mass and age limits is ∼707 objects. For the expected total num-
ber of massive stars, the fraction of possible isolated objects is
3.2±0.7%−11.5±1.3%. The value 11.5% we found for a thresh-
old of 74 pc is higher by a factor of three than what was reported
by de Wit et al. (2005), who used a threshold of 65 pc.

We recomputed the fraction of candidate isolated massive
stars using the stellar parameters obtained in Appendix A for the

three different setups described in Sect. 3.2. For solar metallic-
ity and SMC-like extinction, the fractions vary between 2.2 ±
0.5%−7.6 ± 0.9% because the average extinction is higher, and
consequently, the dust-corrected SFR(UV) is higher, while the
fractions become higher for an SMC-like metallicity with a MW-
like extinction law (3.3 ± 0.6%−12.0 ± 1.2%). Finally, the com-
bination of an SMC metallicity with the SMC-like extinction
law gives fractions in between 2.1 ± 0.4%−7.6 ± 0.7% (see
Appendix A).

We note that our fractions of isolated massive star candi-
dates are upper limits. The cluster catalog only contains clus-
ter candidates that were visually inspected and whose effective
radius is at least 1 parsec (see Adamo et al. 2017). Potentially
unresolved clusters with sizes of 1 parsec and smaller might
be missed. These compact star clusters can reduce the num-
ber of possible isolated objects. On the other hand, this is mit-
igated by the requirement that other massive stars around each
target were avoided. Moreover, the distinction between possi-
ble runaways from star clusters and isolated objects was only
based on position information and not on local velocities for our
targets. The runaway nature of a star can be tested via spec-
troscopic radial velocities and astrometric tangential velocities
in the MW and SMC, but this is not feasible in a galaxy at
the distance of NGC 4242. Therefore, some of our final tar-
gets might still be very fast runaways or might have traveled
longer from their original birthplace. Finally, some of the iso-
lated candidates might be surrounded by an undetected cluster-
ing of low-mass stars (Vargas-Salazar et al. 2020) that we are not
able to detect. Conversely, we might be missing truly isolated
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stars that are seen to lie close to clusters or OB associations in
projection.

6. Conclusions

In summary, we carried out a galaxy-wide search of massive
stars throughout the entire galaxy NGC 4242 using far- and mid-
ultraviolet data from HST to find young massive stars that are
isolated with respect to star clusters, OB associations, and other
massive stars. We first presented the identification of possible
single young massive field stars by exploiting the F150LP and
F218W fluxes from ACS/SBC and WFC3 from HST and iden-
tified 234 candidates. We then analyzed the surroundings of
these targets and searched for young (≤15 Myr) star clusters and
OB associations identified in the LEGUS survey (Adamo et al.
2017). In fact, massive stars can be ejected from star clusters or
OB associations and become runaways or walkaways.

We set two threshold distances, 74 and 204 pc. The former
corresponds to three times the distance traveled by a massive
star in 1 Myr with the minimum 2D velocity of 24 km s−1, while
the latter corresponds to the distance traveled by a fast runaway
in the same time interval with a velocity of 200 km s−1. Every
star closer to a star cluster or OB association than the threshold
distance might be a potential runaway from that star group. We
decided to analyze the isolation of our targets based not only on
their positions, but also on the similarity in age between stars
and star clusters or OB associations. In this second method, we
investigated the spatial distribution of star clusters and OB asso-
ciations with differences in age smaller than 5 Myr from the esti-
mated age of the selected massive star.

The surroundings of the possible isolated objects were then
analyzed, and other massive stars were searched for. Depend-
ing on the method and threshold distance, the frequency for
isolation in the field of NGC 4242 varies from 9.8% to 34.6%,
using dthresh,2 and dthresh,1, respectively. These fractions reduce to
3.2 ± 0.7%−11.5 ± 1.3% when they are computed with respect
to the total expected population of massive stars in the galaxy,
with the latter larger by a factor of three than what was reported
by de Wit et al. (2005) for the MW. However, our fractions are
upper limits to the fraction of truly isolated massive stars. We
cannot probe the possible clustering of low-mass stars around
our targets, that is, we cannot exclude the presence of very sparse
star clusters. The fraction of apparently isolated massive stars
around which faint clustering of low-mass stars was found is
4−5% in the SMC (Vargas-Salazar et al. 2020). Moreover, our
results can still be affected by very fast runaways or objects that
have traveled for a longer period of time. Conversely, we might
be missing truly isolated stars located in close apparent proxim-
ity to star clusters due to projection effects.

This is the first study that searched for isolated massive stars
in a galaxy beyond the immediate neighborhood of the Milky
Way. Overall, we found a fraction of potentially isolated mas-
sive stars similar to the early work for the MW and Magellanic
Clouds (de Wit et al. 2005). Future studies at higher resolution
are needed to elucidate this issue further.
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Appendix A: The effect of different metallicity and
dust models on the isolation results

Following the mass-metallicity relation from Gallazzi et al.
(2005) and given the mass M = 1.2 · 109 M�, we decided to
explore how our results change when we select stars and fit
their SEDs using isochrones computed for Z = 0.004 (SMC-
like metallicity). Using the foreground Galactic extinction AV =
0.033 mag (Schlafly & Finkbeiner 2011), the new magnitude
cuts for M = 15 M� become 25.2, 21.4, 22.5 and 22.1 mag for
F814W, F150LP, F275W and F218W filters, respectively. Fol-
lowing the analysis method from Sect. 3.2 and the extinction law
from Gordon et al. (2016) with RV = 3.1 and fA = 1.0, we found
306 possible massive and young stars outside known clusters and
OB associations. The fainter magnitude cuts resulted in a bigger
sample of candidates. We re-ran the isochrone-fitting code and
found an average age of 8 Myr and a higher average extinction
(AV = 0.19 mag) than the results of Sect. 3.2. Tables A.1 and A.2
show the final results for the isolation with respect to clusters and
OB associations and the isolation considering also massive stars.
We find that the numbers of isolated candidates (and the relative
frequencies) stay close to the results in Sect. 5. At this metallic-
ity, stars with Mini = 19.96 M� did not yet explode as supernova,
resulting in a total number of expected massive stars of ∼ 876
for a corrected star formation rate of SFR(UV)=0.059 M� yr−1.
Thus, the fraction for the total isolation varies between a mini-
mum of 3.3±0.6% to a maximum of 12.0±1.2%, slightly higher
than the results from Sect. 5.

A second unknown factor that can affect our analysis is the
presence or the absence of the 2175 Å UV-bump. We present
an analysis using solar metallicity and SMC-like extinction law
using RV = 2.74 (Gordon et al. 2003). The resulting sample
of possible massive and young field stars is composed of 235
objects. The SMC-like extinction law makes the sample slightly
younger with a median age of 4.4 Myr and redder than the MW-
like extinction law results. Even if the absence of the 2175 Å
UV-bump could affect the method 2, the isolation analysis shows
no/small changes. In fact, the largest variation between the iso-
lation fraction with and without the 2175 Å dust-bump is of the
order of 1% (see Tables A.3, A.4 for the isolation fraction using
Z = 0.02 and RV = 2.74). However, the higher average extinc-
tion (AV = 0.19 mag) results in a higher corrected star formation
rate, SFR(UV)=0.085 M� yr−1, and a larger number of expected
massive stars (∼ 1052). The resulting fractions can vary in the
smaller range 2.2 ± 0.5 − 7.6 ± 0.9%.

Finally, it is straightforward to model our isochrone-fitting
technique using an SMC metallicity and SMC-like extinction
law. We found 306 possible massive and young field stars: the
average age becomes older (5.5 Myr) and the mean extinction
AV = 0.22 mag. Even if the new set of analyses describes a sam-
ple older than the original one, we found only very small changes
in the fraction of isolated stars (see Tables A.5, A.6). The higher
maximum initial mass to not undergo as supernova explosion at
10 Myr at SMC metallicity and the higher extinction result in a
corrected star formation rate of 0.094 M� yr−1 and an expected
number of massive stars of ∼ 1382. The resulting fraction can
vary between 2.1 ± 0.4 − 7.6 ± 0.7%.
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Table A.1. Number of possible isolated stars relative to nearby clusters or OB associations (SMC-like metallicity and MW-like extinction law
setup)

Sample Method 1 Method 2
dthresh,1 = 74pc Number Frequency Number Frequency

only clusters
D.O.F=4 93 0.304 104 0.340
D.O.F.=3 117 0.382 123 0.402
D.O.F.=2 23 0.075 23 0.075
whole sample 233 0.761 250 0.817
only OB associations
D.O.F.=4 111 0.363 121 0.395
D.O.F.=3 128 0.418 133 0.435
D.O.F.=2 18 0.059 21 0.069
whole sample 257 0.840 275 0.899
clusters + OB associations
D.O.F.=4 89 0.291 102 0.333
D.O.F.=3 112 0.366 119 0.389
D.O.F.=2 16 0.052 19 0.062
whole sample 217 0.709 240 0.784
dthresh,2 = 204pc Number Frequency Number Frequency
only clusters
D.O.F.=4 44 0.144 59 0.193
D.O.F.=3 74 0.242 87 0.284
D.O.F.=2 12 0.039 15 0.049
whole sample 130 0.425 161 0.526
only OB associations
D.O.F.=4 89 0.291 105 0.343
D.O.F.=3 117 0.382 127 0.415
D.O.F.=2 13 0.042 18 0.059
whole sample 219 0.716 250 0.817
clusters + OB associations
D.O.F.=4 34 0.111 52 0.170
D.O.F.=3 65 0.212 79 0.258
D.O.F.=2 6 0.020 13 0.042
whole sample 105 0.343 144 0.471

Notes. Number and frequency of possible isolated stars relative to star clusters and OB associations and given the threshold distance of dthresh,1 =
74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations, while method 2
considers stellar groups whose age difference is 5 Myr at most. The number of stars is 306 using an SMC-like metallicity and a MW-like extinction
law.

Table A.2. Number of possible isolated stars relative to nearby clusters, OB associations, and massive stars (SMC-like metallicity and MW-like
extinction law setup)

Sample Method 1 Method 2
Number Frequency Number Frequency

clusters + OB associations (dthresh,1)
and stars (dthresh,1) isolation
D.O.F.=4 39 0.127 39 0.127
D.O.F.=3 58 0.190 59 0.193
D.O.F.=2 7 0.023 7 0.023
whole sample 104 0.340 105 0.343
clusters + OB associations (dthresh,1)
and stars (dthresh,2) isolation
D.O.F.=4 12 0.039 12 0.039
D.O.F.=3 25 0.082 25 0.082
D.O.F.=2 3 0.010 3 0.010
whole sample 40 0.131 40 0.131
clusters + OB associations (dthresh,2)
and stars (dthresh,1) isolation
D.O.F.=4 20 0.065 24 0.078
D.O.F.=3 36 0.118 41 0.134
D.O.F.=2 3 0.010 5 0.0163
whole sample 59 0.193 70 0.229
clusters + OB associations (dthresh,2)
and stars (dthresh,2) isolation
D.O.F.=4 9 0.029 9 0.029
D.O.F.=3 17 0.056 18 0.059
D.O.F.=2 3 0.010 3 0.010
whole sample 29 0.095 30 0.098

Notes. Number and frequency of possible isolated stars relative to nearby star clusters, OB associations and massive stars and given the threshold
distance of dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations,
while method 2 considers stellar groups whose age difference is 5 Myr at most. The number of stars is 306 using an SMC-like metallicity and a
MW-like extinction law.
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Table A.3. Number of possible isolated stars relative to nearby clusters or OB associations (solar metallicity and SMC-like extinction law setup)

Sample Method 1 Method 2
dthresh,1 = 74pc Number Frequency Number Frequency

only clusters
D.O.F.=4 70 0.298 70 0.298
D.O.F.=3 87 0.370 91 0.387
D.O.F.=2 19 0.081 20 0.085
whole sample 176 0.749 181 0.770
only OB associations
D.O.F.=4 81 0.345 83 0.353
D.O.F.=3 93 0.396 95 0.404
D.O.F.=2 15 0.064 16 0.068
whole sample 189 0.804 194 0.826
clusters + OB associations
D.O.F.=4 66 0.281 66 0.281
D.O.F.=3 81 0.345 86 0.366
D.O.F.=2 13 0.055 15 0.064
whole sample 160 0.681 167 0.711
dthresh,2 = 204pc Number Frequency Number Frequency
only clusters
D.O.F.=4 35 0.149 41 0.174
D.O.F.=3 58 0.247 70 0.298
D.O.F.=2 9 0.038 11 0.047
whole sample 102 0.434 122 0.519
only OB associations
D.O.F.=4 64 0.272 68 0.289
D.O.F.=3 85 0.362 91 0.387
D.O.F.=2 11 0.047 13 0.055
whole sample 160 0.681 172 0.732
clusters + OB associations
D.O.F.=4 26 0.111 33 0.140
D.O.F.=3 50 0.213 64 0.272
D.O.F.=2 4 0.17 8 0.034
whole sample 80 0.340 105 0.447

Notes. Number and frequency of possible isolated stars relative to nearby star clusters and OB associations and given the threshold distance of
dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations, while
method 2 considers stellar groups whose age difference is 5 Myr at most. The number of stars is 235 using a solar metallicity and an SMC-like
extinction law.

Table A.4. Number of possible isolated stars relative to nearby clusters, OB associations, and massive stars (solar metallicity and SMC-like
extinction law setup)

Sample Method 1 Method 2
Number Frequency Number Frequency

clusters + OB associations (dthresh,1)
and stars (dthresh,1) isolation
D.O.F.=4 31 0.132 31 0.132
D.O.F.=3 41 0.174 42 0.179
D.O.F.=2 6 0.026 7 0.0298
whole sample 78 0.332 80 0.340
clusters + OB associations (dthresh,1)
and stars (dthresh,2) isolation
D.O.F.=4 6 0.026 6 0.026
D.O.F.=3 20 0.085 20 0.085
D.O.F.=2 2 0.009 2 0.009
whole sample 28 0.119 28 0.119
clusters + OB associations (dthresh,2)
and stars (dthresh,1) isolation
D.O.F.=4 15 0.064 17 0.072
D.O.F.=3 29 0.123 32 0.136
D.O.F.=2 2 0.009 5 0.021
whole sample 46 0.196 54 0.230
clusters + OB associations (dthresh,2)
and stars (dthresh,2) isolation
D.O.F.=4 4 0.017 4 0.017
D.O.F.=3 17 0.072 17 0.072
D.O.F.=2 2 0.009 2 0.009
whole sample 23 0.098 23 0.098

Notes. Number and frequency of possible isolated stars relative to nearby star clusters, OB associations and massive stars and given the threshold
distance of dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations,
while method 2 considers stellar groups whose age difference is 5 Myr at most. The number of stars is 235 using a solar metallicity and an SMC-like
extinction law.
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Table A.5. Number of possible isolated stars relative to nearby clusters or OB associations (SMC-like metallicity and SMC-like extinction law
setup)

Sample Method 1 Method 2
dthresh,1 = 74pc Number Frequency Number Frequency

only clusters
D.O.F.=4 93 0.304 98 0.320
D.O.F.=3 117 0.382 126 0.412
D.O.F.=2 23 0.075 23 0.075
whole sample 233 0.761 247 0.807
only OB associations
D.O.F.=4 111 0.363 117 0.382
D.O.F.=3 128 0.418 133 0.435
D.O.F.=2 18 0.059 20 0.065
whole sample 257 0.840 270 0.882
clusters + OB associations
D.O.F.=4 89 0.291 94 0.307
D.O.F.=3 112 0.366 122 0.399
D.O.F.=2 16 0.052 18 0.059
whole sample 217 0.709 234 0.765
dthresh,2 = 204pc Number Frequency Number Frequency
only clusters
D.O.F.=4 44 0.144 52 0.170
D.O.F.=3 74 0.242 93 0.304
D.O.F.=2 12 0.039 14 0.046
whole sample 130 0.425 159 0.520
only OB associations
D.O.F.=4 89 0.291 100 0.327
D.O.F.=3 117 0.382 127 0.415
D.O.F.=2 13 0.042 16 0.052
whole sample 219 0.716 243 0.794
clusters + OB associations
D.O.F.=4 34 0.111 43 0.141
D.O.F.=3 65 0.212 85 0.278
D.O.F.=2 6 0.020 10 0.033
whole sample 105 0.343 138 0.451

Notes. Number and frequency of possible isolated stars relative to nearby star clusters and OB associations and given the threshold distance
of dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations,
while method 2 considers stellar groups whose age difference is 5 Myr at most. The number of stars is 306 using an SMC-like metallicity and an
SMC-like extinction law.

Table A.6. Number of possible isolated stars relative to nearby clusters, OB associations, and massive stars (SMC-like metallicity and SMC-like
extinction law setup)

Sample Method 1 Method 2
Number Frequency Number Frequency

clusters + OB associations (dthresh,1)
and stars (dthresh,1) isolation
D.O.F.=4 39 0.127 39 0.127
D.O.F.=3 58 0.190 59 0.193
D.O.F.=2 7 0.023 7 0.023
whole sample 104 0.340 105 0.343
clusters + OB associations (dthresh,1)
and stars (dthresh,2) isolation
D.O.F.=4 12 0.039 12 0.039
D.O.F.=3 25 0.082 25 0.082
D.O.F.=2 3 0.010 3 0.010
whole sample 40 0.131 40 0.131
clusters + OB associations (dthresh,2)
and stars (dthresh,1) isolation
D.O.F.=4 20 0.065 23 0.075
D.O.F.=3 36 0.118 42 0.137
D.O.F.=3 3 0.010 3 0.010
whole sample 59 0.193 68 0.222
clusters + OB associations (dthresh,2)
and stars (dthresh,2) isolation
D.O.F.=4 9 0.029 9 0.029
D.O.F.=3 17 0.056 18 0.059
D.O.F.=2 3 0.010 3 0.010
whole sample 29 0.095 30 0.098

Notes. Number and frequency of possible isolated stars relative to nearby star clusters, OB associations and massive stars and given the threshold
distance of dthresh,1 = 74 pc and dthresh,2 = 204 pc. Method 1 takes into account only the de-projected positions of stars, clusters and OB associations,
while method 2 considers stellar groups whose age difference is 5 Myr at most. The number of stars is 306 using an SMC-like metallicity and an
SMC-like extinction law.
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