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ABSTRACT

James Webb Space Telescope (JWST) images in the Mid-Infrared Instrument filters are characterized by prominent inter-
stellar bubbles, most of which are expected to be created by mechanical energy injected into the interstellar medium
by dying massive stars. In this work, we use resolved stellar populations in JWST/NIRCam images of NGC 628 from
the JWST-FEAST data set to determine the demography of stellar populations within these bubbles by comparing them
with PARSEC + COLIBRI isochrones using a Bayesian framework. Our analysis reveals the presence of multiple stellar
populations younger than 100 Myr within the bubbles, suggesting secondary star formation following the first generation
of stars that formed the bubble. We find a clear preference for the most recently formed stars to lie closer to the bubble
shell. In contrast, relatively older stars are distributed throughout the bubble interior, consistent with a scenario in which
stars formed in dense shells are left behind as the shell expands. We also examine PHANGS-HST cluster candidates
within large bubbles and find no convincing progenitor clusters responsible for the initial trigger, indicating that low-
mass clusters or OB associations may be sufficient to drive the initial expansion. However, the cluster may dissolve as
it co-evolves with the bubble, producing the dispersed stellar distributions observed in larger bubbles. We establish a
Fundamental Plane relation for stellar feedback-driven bubbles that involves the stellar population mass, age, bubble size,
gas density, and feedback efficiency, highlighting the ability of JWST/NIRCam colour-magnitude diagrams to characterize
stellar populations driving interstellar bubble expansion in nearby galaxies.
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1 INTRODUCTION

Bubbles are voids in the interstellar medium (ISM) of galaxies
formed by feedback from massive stars (e.g. R. Weaver et al. 1977,
M.-M. Mac Low & R. McCray 1988; B.-C. Koo & C. F. McKee
1992; D. S. De Young & T. M. Heckman 1994; M.-M. Mac Low &
A. Ferrara 1999; S. A. Silich et al. 2001; U. P. Steinwandel et al.
2020). Stellar feedback processes such as stellar winds and su-
pernovae (SNe) inject energy and momentum into the ISM, pro-
ducing expanding shells and filaments (G. Tenorio-Tagle & P. Bo-
denheimer 1988). As feedback accumulates over time, expanding
shells become superbubbles with radii of hundreds of parsecs (E.
I. Vorobyov & S. Basu 2005). Observations from the James Webb
Space Telescope’s (JWST) Mid-Infrared Instrument (MIRI), par-
ticularly from surveys like JIWST-PHANGS (J. C. Lee et al. 2023),
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have revealed a completely new way to detect superbubbles. This
is because most of the MIRI filters (e.g. F770W) intercept spectral
features from polycyclic aromatic hydrocarbons (PAHs) that orig-
inate from the diffuse ISM as well as photodissociation regions
around H 1I regions. Bubbles show up as bright-rimmed, almost
circular structures as the energetic UV photons from stellar feed-
back processes destroy the PAHs inside them (e.g. B. Gregg et al.
2024, and references therein) and the stellar feedback sweeps
up material, forming bright PAH shells with high flux contrast
(e.g. J. E. Pineda et al. 2023). One of the most striking examples
among JWST-PHANGS galaxies is the late-type spiral NGC 628
(M74), which hosts a kiloparsec-scale superbubble known as the
‘Phantom Void’ (A. T. Barnes et al. 2023).

Bubble formation around massive stars had been theoretically
predicted almost half a century ago (J. Castor, R. McCray & R.
Weaver 1975; R. Weaver et al. 1977). G. Tenorio-Tagle & P. Bo-
denheimer (1988) discussed the effect of stellar feedback on large
scales in galaxies, including the creation of large-scale outflows
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seen in starburst galaxies such as M 82 (A. R. Sandage & W. C.
Miller 1964). Before JWST observations, bubbles were traced
mainly as HT holes using the 21-cm radio emission (E. Brinks &
E. Bajaja 1986; I. Bagetakos et al. 2010), or in ionized gas (e.g.
Ho emission) in galaxies (D. A. Hunter 1994; D. A. Hunter, D. M.
Boyd & W. N. Hawley 1995). The use of HTI holes as a bubble de-
tection strategy was limited by the relatively low shell-to-bubble
contrast and the typical few arcsec spatial resolution available,
even with the interferometric arrays, whereas the ionized shells
are often broken or incomplete, making it hard to trace all existing
shells in a galaxy. The subarcsec spatial resolution, the high shell-
to-bubble contrast of the PAH emission, and a field of view (FoV)
large enough to cover the star-forming discs in the MIRI/F770W
images have allowed the possibility of detecting all bubbles larger
than a few parsecs in nearby star-forming galaxies. The availabil-
ity of a uniform catalogue of bubbles opens up an opportunity to
address the role of stellar feedback in disc galaxies with moderate
star formation (SF). We aim to address this issue here in NGC 628,
the most iconic of the JWST-PHANGS galaxies (J. C. Lee et al.
2023).

A comprehensive study of stellar feedback processes requires
knowledge of the stellar populations responsible for creating the
bubbles (e.g. D. R. Weisz et al. 2009). The Hubble Space Tele-
scope (HST) and the JWST/NIRCam have filters that trace direct
emission from stellar populations of diverse ages, thus allowing
a comprehensive study of the formation, energetics, and survival
of the bubbles in normal disc galaxies.

Y. D. Mayya et al. (2023) used HST colour-magnitude diagrams
(CMDs) to construct the star formation history (SFH) of stars
inside the Phantom Void, finding that it formed from feedback by
stellar populations over the past ~50 Myr. The study also revealed
spatially segregated, sequential SF, indicating SF in the expanding
bubble.

In this work, we extend the resolved stellar population studies
to more bubbles in NGC 628 to throw light on the typical time-
scale of survival of JWST/MIRI bubbles. In particular, we inves-
tigate the age and star-formation history of stellar populations
residing inside the bubbles using the CMDs constructed with the
JWST/NIRCAM images in F115W, F150W, and F200W filters,
available from the JWST-FEAST! survey (GO-1783, PI: Adamo,
see A. Pedrini et al. 2024 for data description). NGC 628 is a
mildly star-forming galaxy with a star formation rate (SFR) of
~1.8 M@yr*1 (F. Santoro et al. 2022) and is nearly face-on with
an inclination of i = 9° (J. Kamphuis & F. Briggs 1992; P. Dutta
et al. 2008; S. Aniyan et al. 2018) and a position angle of the major
axis of 21° (S. Aniyan et al. 2018). The galaxy has been a target
of several studies ranging from metallicities, gas kinematics, H 11
regions, and SF (F. F. Rosales-Ortega et al. 2011; S. Aniyan et al.
2018; F. Santoro et al. 2022). In a recent study, A. Ck et al. (2025)
revised its distance from the usually used distance of 9.8 Mpc
(G. S. Anand et al. 2020) to 9.16 Mpc based on the JWST-based
tip of the red giant branch (TRGB) measurements, which we
adopt in this work. Section 2 describes the bubble sample and
stellar photometry. Section 3 describes the methodology utilized
for obtaining ages of stars and SFHs from CMDs. In Section 4,
we present properties of stellar populations within the bubbles
derived from CMD analyses and how they are connected to the
energetics of the feedback.

1Feedback in Emerging extrAgalactic Star clusTers.
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2 THE BUBBLE SAMPLE AND STELLAR
CATALOGUE

2.1 Bubble sample

In the present work, we aim to study a representative sample of
bubbles spanning a diverse range of sizes. In the massive star
feedback-driven scenario of bubble formation, the sizes of bub-
bles are set by the density of the gas and the cumulative energy
output from the massive stars (e.g. M. S. Oey & C. J. Clarke 1997;
B. B. Nath, P. Das & M. S. Oey 2020; S. Jiménez et al. 2023). The en-
ergy and momentum output from massive stars make the bubbles
expand over time. The bubbles grow larger at lower ISM densities
and with higher energy output from massive stars. The energy
output originates from stellar winds at ages less than ~5 Myr,
with the Type II SNe contributing to it at older ages up to around
40 Myr when the last of the massive stars explodes as SNe (C. Lei-
therer etal. 1999). Given the prolonged duration of SN explosions,
it is expected that the larger bubbles are systematically older than
the smaller bubbles and vice versa, assuming that ISM density
does not vary much from region to region. A study of the ages of
stellar populations responsible for bubbles of a diverse range of
sizes would allow us to test these theoretical expectations, which
were mostly carried out for idealized conditions.

While bubble-shaped structures are easily perceived by the
human eye in the JWST/MIRI images, counting the bubbles is a
complex problem, as bubbles exhibit a wide range of sizes, shapes,
and flux contrasts. Often, the boundary walls (referred to as shells
hereafter) of the bubbles are discontinuous and non-uniformly
illuminated. Furthermore, it is common to have smaller bubbles
nested near the shells of the larger bubbles. All these problems
make an automated approach highly incomplete as of now. E. J.
Watkins et al. (2023) carried out a first census of bubbles on
a JWST image, visually counting more than 1000 bubbles in
NGC 628. They found that the manually fitted sizes obey a power-
law distribution with an index of —2.2 spanning a bubble radius
between 20 and 800 pc. Their observed slope is close to that ex-
pected for star-forming galaxies in hydrodynamical simulations
of B. B. Nath et al. (2020). To guard against the results being
affected by the subjectivity of the human eye, they presented
the results for three samples independently obtained by three
of the co-authors, finding that the statistical results obtained for
the three samples are identical within the errors, although the
number of bubbles and their exact definition varied among the
three samples. They found that the large bubbles often contain a
number of smaller bubbles within them.

For the purpose of our study here, we require a representative
bubble sample covering the entire range of sizes rather than a
complete census of bubbles. Given this objective, we visually
identified a sample of stellar-feedback-driven bubble candidates
in the NGC 628 using the JWST-MIRI F770W image, following a
strategy similar to that of E. J. Watkins et al. (2023). A bubble is
characterized by a low flux followed by a sharp increase in the
PAH emission traced by the F770W image. This sharp increase
is because of the accumulation of the swept-up material forming
the shell structure. To facilitate a neat association of bubbles with
the stellar population responsible for their creation, we ensured
that the selected bubble is well clear of any other bubble of
comparable or larger size. This criterion reduces confusion from
overlapping structures without losing the statistical properties of
the sample by E. J. Watkins et al. (2023) (henceforth, the W23
sample).
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Figure 1. JWST/MIRI F770W image of NGC 628 covering a field of view of 6 arcmin x 2 arcmin. The cyan ellipses indicate bubbles, along with their

identification numbers. The red-filled circles indicate supergiants (SGs) selected using the CMD in NIRCam filters F115W and F200W. The largest of

the bubbles (bubble #0 at the top-left) has a radius of 815 pc. The north-east compass is shown at the bottom-right corner to guide the orientation of the

RA-DEC tick marks.

Table 1. Geometrical parameters of our sample of bubbles®.

ID RA (J2000) Dec (J2000) a q PA. Rg Dgc
hhmmss ddmmss arcsec deg pc kpc
1 2 3 4 5 6 7 8
0 01h36m47.14s +15d45m08.46s 18.53 0.98 60 815 6.03
1 01h36m44.57s +15d46m20.73s 10.04 0.88 —-17 418 2.53
2 01h36m40.68s +15d48m05.50s 9.63 0.63 —=25 340 291
3 01h36m42.72s +15d48m41.37s 5.71 0.81 —-17 229 4.45
4 01h36m42.47s +15d45m53.79s 6.39 0.65 75 228 3.0
5 01h36m44.39s +15d45m31.80s 5.71 0.80 45 227 4.28
6 01h36m45.44s +15d46m35.70s 5.10 0.96 —-17 222 2.61
7 01h36m43.35s +15d47m39.24s 5.74 0.74 —70 219 1.97
8 01h36m45.51s +15d45m56.53s 5.09 0.91 —-17 215 3.72
9 01h36m43.29s +15d48m08.99s 5.32 0.67 25 193 3.14

Notes.* The largest 10 bubbles are shown here. A complete table with all 104 bubbles is provided in the Supplementary

Material.

Notes to Columns: (1) Bubble ID. (2) Right Ascension of the bubble centre. (3) Declination of the bubble centre. (4) Semi-
major axis of the ellipse inscribing the bubble in arcsec. (5) Axis ratio of the ellipse. (6) Position angle of the ellipse
with respect to the sky plane, measured counter-clockwise from West. (7) Effective radius of the bubble in parsec units.
(8) Galactocentric distance of the bubble centre from the centre of the host galaxy in kpc units.

Given that it is the nature of bubble growth that a large bubble
contains a lot of smaller bubbles in its periphery, we ignored
any such small bubbles as well. On the other hand, we selected
smaller bubbles that are isolated from any other bubbles. This
resulted in a sample of 104 bubbles, which are shown superposed
on the F770W image in Fig. 1. It can be seen that the selected
bubbles are distributed over the entire face of the galaxy, covering
a variety of sizes.

For bubble identification, we used the more recent data set
of NGC 628 obtained from the FEAST data set rather than the
JWST-PHANGS data set on which W23 carried out the bubble
search, because it covers a slightly wider radial extent. In addi-
tion, the JWST-FEAST data set includes JWST/NIRCAM images
covering the same spatial extent as the MIRI images in three
broad-band short-wavelength filters, providing stellar data at spa-
tial resolutions around a factor of two better than those possible
with the HST images.

To quantify bubble morphology, we inscribe ellipses that fit the
inner edge of the bubble shell, avoiding the shell as shown in
Fig. 1. The bubbles cover an effective radius, defined as Ry = Jab
(a and b, the semi-major and semi-minor axes, respectively), from
8.5 to 815 pc. In Table 1, we present the physical properties of
the sample bubbles. The bubbles are numbered from 0 to 103,
arranged in decreasing order of Rg.

The distribution of bubble effective radii as a function of galac-
tocentric distance is shown in Fig. 2 (left). A trend of median
size systematically increasing with galactocentric distance up to
5.5 kpc can be noticed. In the right panel, we show the size dis-
tribution of the bubbles, along with the power law fit from W23.
It can be inferred that our sample includes the whole range of
bubble sizes in the W23 sample. For the large bubbles (>80 pc),
our sample includes almost all bubbles from that sample.

The largest bubble (Bubble #0) with an Ry = 815 pc is a clear
outlier in Fig. 2. The PAH shell of this bubble covers less than

MNRAS 550, 1-19 (2026)
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Figure 2. Left: Bubble radius versus galactocentric distance. Bubbles
with at least 10 massive stars (filled circles) are distinguished from the
rest. The median bubble radius (dashed line) shows a tendency to increase
from 40 pc near the centre to 80 pc at 5.5 kpc, decreasing again to 40 pc at
7 kpc. Right: Histogram of bubble radii (line). Bubbles containing at least
10 massive stars are indicated by a solid histogram. The dashed step plot
shows bubbles containing fewer than 10 massive stars. The red dashed
line shows the distribution for the W23 sample, which is a power law with
an index of -2.2.

50 per cent of its circumference. It is the only bubble in the sample
whose selection is biased from other data sets, the HI map (F.
Walter et al. 2008) in this case. This corresponds to the largest of
the HT holes in the large FoV of the HI map. We included this
bubble to allow us to shed light on the differences, if any, in the
stellar populations inside H I holes and classical stellar feedback-
driven bubbles.

2.2 Catalogue of resolved stellar populations

In a recent study, A. Ck et al. (2025) obtained photometry of
resolved stellar populations in NGC 628 on JWST-FEAST images
in the NIRCam SW filters F115W, F150W, and F200W, using the
DOLPHOT routine (A. E. Dolphin 2000; A. Dolphin 2016). We used
the photometric catalogue and the spatially resolved complete-
ness curves obtained in that work to trace the resolved stellar
populations inside the bubbles in our sample. The resulting CMD
using the F200W and F115W data is shown in Fig. 3 (top), display-
ing approximately 1.1 million stars across a 6 arcmin x 2 arcmin
field that spans the NGC 628 disc. In the same figure, we overlay
PARSEC + COLIBRI? (A. Bressan et al. 2012; P. Marigoetal. 2017;
G. Pastorelli et al. 2020) isochrones at selected ages and metallici-
ties, adopting a distance modulus of 29.81 mag (A. Ck et al. 2025),
a foreground extinction of Ay = 0.19 mag (E. F. Schlafly & D. P.
Finkbeiner 2011), and the extinction law from K. Fahrion & G.
De Marchi (2023).

For obtaining spatially resolved completeness curves, we di-
vide the NIRCam field into 24 arcsecx24 arcsec (~1 kpc?) re-
gions, forming a 15x 6 spatial grid. For each grid cell, we perform
DOLPHOT artificial star tests across the filters and model the com-
pleteness fraction using the Pritchet function (D. E. McLaughlin,
W. E. Harris & D. A. Hanes 1994; K. A. Alamo-Martinez et al.
2013; R. A. Gonzalez-Lépezlira et al. 2017; L. Lomeli-Nufiez et al.
2021). The bottom panel of Fig. 3 shows the variation in the

2We utilized PARSEC 1.2S + COLIBRIS_37 + COLIBRIS_35 + COLIBRI
PR16, generated using web interface CMD 3.9 with nj,rpc = 10 and
NReimers = 0.2.
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Figure 3. Top: NIRCam F200W versus F115W—F200W Hess diagram
over the entire galaxy disc of NGC 628. The PARSEC + COLIBRI
isochrones of selected ages are superposed, with the younger (log(age
[yr])<9) isochrones being metal-rich (Z = 0.02) than the older ones (Z
=0.002). The red box shows the location dominated by red and blue super
giants (RSGs and BSGs). Vertically aligned red bars show typical error
bars on magnitude and colour for the complete range of observed magni-
tudes. Bottom: Spatially resolved map of F200W 50 per cent completeness
magnitudes (msg) in 24 arcsecx24 arcsec (~1 kpc?) grids covering the
entire field of view of the FEAST image.

50 per cent completeness magnitude (msy) in the F200W filter
across the grid.

We obtained a catalogue of stars located within the ellipses
defining each bubble. The availability of the age of each star
in the catalogue helps us to classify the bubbles based on the
number of massive stars (age<50 Myr). For the majority of the
bubbles, the number of massive stars was insufficient to con-
struct a statistically significant SFH, whereas the largest bubbles
contained more than 2000 stars (see Ngas column in Table 2).
Using simulated CMDs, we found that at least 10 young stars
(age<50 Myr?) are required to recover a reliable SFH associated
with bubble formation. Bubbles containing at least 10 massive
stars are systematically bigger than those containing fewer than
10 massive stars. Applying this criterion yields a sub-sample of
30 large bubbles (Rg > 60 pc, henceforth, big bubble sample)
and 74 small bubbles. The right panel of Fig. 2 compares the

3The stellar ages are derived using the resolved stellar population method
described in Section 3.2.
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Table 2. Derived stellar population properties of bubbles.

ID Grid ID te M50, F200W to I2s tso t75 M, Nitars
Myr mag Myr Myr Myr Myr log Mg
1 2 3 4 5 6 7 8 9 10
0 80 100.0 259 100.0 86.4 66.0 50.4 6.5 12217
1 56 50.1 24.6 39.8 37.5 31.7 21.5 5.8 5744
2 26 50.1 24.6 39.8 37.8 31.9 15.4 5.3 3375
3 18 63.1 25.2 39.8 37.9 29.7 13.6 4.8 1269
4 63 50.1 24.9 50.1 48.4 40.5 26.4 5.4 1565
6 55 50.1 24.6 25.1 17.3 14.2 12.6 4.8 1398
7 37 31.6 24.2 25.1 20.2 11.7 7.5 4.6 1390
8 62 50.1 24.9 31.6 22.8 13.5 7.5 4.8 1339
9 30 50.1 24.6 31.6 18.9 9.5 7.3 4.5 1115
11 12 100.0 25.7 39.8 36.3 30.9 23.2 5.0 631
12 8 63.1 25.5 39.8 25.0 18.3 11.9 5.4 464
13 56 31.6 24.1 31.6 23.5 12.1 7.7 4.6 622
14 75 100.0 25.7 39.8 28.2 18.3 13.5 5.6 339
16 40 31.6 24.2 31.6 26.7 16.9 9.1 5.2 441
18 30 50.1 24.7 25.1 15.5 12.4 8.4 4.5 359
19 67 63.1 25.2 63.1 43.8 20.2 11.7 5.5 329
20 19 63.1 25.1 63.1 60.0 40.4 26.8 5.2 387
21 43 25.1 23.8 25.1 23.2 15.1 8.2 4.7 306
22 34 31.6 24.0 31.6 24.4 18.0 11.1 4.9 331
24 57 50.1 24.6 39.8 29.1 20.4 13.3 4.9 320
25 33 31.6 24.1 31.6 29.4 15.7 10.6 5.0 232
26 22 50.1 25.2 50.1 45.5 30.1 14.2 5.2 249
27 49 31.6 24.0 31.6 26.1 13.4 10.0 4.8 258
28 8 125.9 259 63.1 351 21.0 11.9 4.8 135
30 14 63.1 25.1 39.8 31.7 12.3 10.5 4.7 198
33 13 63.1 25.4 50.1 36.6 24.5 15.2 5.0 166
35 40 25.1 23.7 25.1 23.6 17.8 9.6 4.8 157
38 22 63.1 25.2 63.1 55.6 39.8 22.1 4.9 142
43 45 25.1 22.4 25.1 24.3 16.2 7.7 4.9 121
48 76 100.0 25.7 50.1 35.8 20.1 12.8 4.7 63

Note. Columns: (1) Bubble ID. (2) ID of the grid in which the bubble is located. (3) Youngest age bin at
which incompleteness correction is greater than 1.5. (4) F200W msg. (5-8) Derived quantities from the SFH.
(9) Integrated stellar mass of stellar populations inside the bubble. (10) Number of stars inside the bubble above

completeness limits.

size distribution of the big and small bubble samples against the
overall bubble size distribution of bubbles.

3 ANALYSIS OF THE CMDS TO DETERMINE
THE SFHS OF THE BUBBLE STARS

The CMD of a region carries information on the ages of all the
stars belonging to the region. A region like a bubble contains at
least two distinct populations of stars: (1) stars responsible for the
creation of the bubble and (2) stars belonging to the underlying
disc. Here, by underlying disc stars, we refer to stars that are
not associated with the SF related to the bubble. These stars are
detected within the bubble region purely due to projection effects.
The position of the stars in the CMDs is dictated by the metallicity
and interstellar extinction, both of which could be different for
the two populations. We describe in this section the procedure
we have followed to take into account these differences.

3.1 Interstellar extinction and age-dependent
metallicities of bubble stars

A key challenge in recovering ages of resolved stellar populations
using the isochrones is the degeneracy among age, metallicity,

and extinction. For young populations, metallicity can be con-
strained by the nebular metallicities derived for the ionized gas.
PHANGS-MUSE data set for NGC 628 provides such informa-
tion (E. Emsellem et al. 2022). We used this data set and the
N2 (M. Pettini & B. E. J. Pagel 2004) relation to obtain mean
current metallicities. We have used a solar 12 + log(O/H) = 8.69
(M. Asplund, N. Grevesse & A. J. Sauval 2006) and Z = 0.017
(E. Magg et al. 2022) for converting our nebular abundances to
metallicities in grids of 24 arcsec x 24 arcsec over the entire image.
The resulting metallicity in each grid is shown as a function of
the galactocentric distance of the grid centre in the top panel of
Fig. 4.

A. Ck et al. (2025) obtained the metallicity of TRGB stars in
each of the 90 grids. These metallicities are representative of old
stellar systems in the disc. The TRGB metallicity for each grid is
shown in the middle panel of Fig. 4. Like the nebular metallicity,
the old stellar metallicity also shows a gradient, but the values in
general are a factor of eight smaller.

The interstellar extinction from the PHANGS-MUSE nebular
data set is also available for NGC 628. However, these extinction
values correspond to those in star-forming regions whose extinc-
tion properties are distinct from the relatively gas-free regions in-
side the bubble. The empty nature of the bubble ensures that the
stellar populations inside the bubble experience little extinction.

MNRAS 550, 1-19 (2026)
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Figure 4. Metallicities and diffuse ISM extinctions in ~1 kpc? square
regions, spanning the NIRCam FoV. Top: Gas-phase metallicity derived
using N2 relation with MUSE data. Middle: Metallicity obtained from
TRGB colour-magnitude measurements. Bottom: Ay of the diffuse ISM
obtained from TRGB colour-magnitude measurements. The dashed line
joins the median values in radial bins of 1 kpc width (see Section 3.1 for
details).

A. Cketal. (2025) obtained extinction in diffuse gas in this galaxy
using the TRGBs, which are plotted in the bottom panel of Fig. 4.
In general, Ay values lie below 0.35 mag, with a median value of
0.12 mag.

3.2 Bayesian method of determination of age and SFH

The SFH of the populations inside the bubbles is obtained em-
ploying the statistical model from (J. A. Alzate, G. Bruzual & D. J.
Diaz-Gonzalez 2020; Y. D. Mayya et al. 2023). This method applies
Bayes’ theorem in a hierarchical mode to infer the SFH of any
resolved stellar population based on the photometry of its stars.
Within this framework, the algorithm determines the probability
distribution of stars’ positions in the CMD by expressing them as
a linear combination of theoretical isochrones of different ages.
Each isochrone is assigned a weight a;, which corresponds to
the fraction of the total stellar population that aligns with that
particular isochrone (E. E. Small, D. Bersier & M. Salaris 2012).
This statistical approach differs from the traditional method of
retrieving the SFH by minimizing the number of stars in bins of
colours and magnitudes in a CMD (e.g. MATCH, A. E. Dolphin
2002). Our approach enables us to utilize existing data across all
available filters. Additionally, this approach also provides a best-
fit age for each star. More details about the Bayesian model are
shown in Appendix B.

In the present work, we utilized JWST/NIRCam F115W,
F150W, and F200W photometry and completeness estimates to
determine the ages of stellar populations inside bubbles. We

MNRAS 550, 1-19 (2026)

use 34 stellar isochrones from PARSEC + COLIBRI between
6.7< log(age [yr])<10 with A log(age [yr]) = 0.1 dex. The stellar
masses between 0.1 and 350 M are used in the isochrones,
along with P. Kroupa (2001) initial mass function (IMF). The
isochrones of all ages are reddened by the Ay value corre-
sponding to the grid under analysis. The metallicities of the
isochrones are chosen to be the nebular metallicity nearest to
Z € {0.014,0.017, 0.02} in the grid where a given star is located
if the isochrones’ ages are younger than 1 Gyr, and that of the
TRGBs (Z € {0.001, 0.002, 0.003}) if they are older. The choice of
1 Gyr as the delimiting age for metal-rich and metal-poor systems
is motivated by the fact that there are hardly any systems older
than 1 Gyr with solar metallicity. Ideally, an age-metallicity re-
lation should be employed for a smooth transition, which would
be necessary to obtain an accurate SFH, covering the entire age
range. For this work, where we restrict the SFH to the recent 100
Myr, the choice of only two metallicities and the chosen transition
age does not affect the obtained results.

The age resolution of our SFH is primarily limited by the
0.1 dex age separation between successive isochrones. Given the
sensitivity of the JWST CMDs to the entire age range used, stars
at certain locations in the CMD could have an equal probability of
belonging to completely different ages. One such location is to the
left of the red giant branch (RGB), where the location in the CMD
of stars of around a hundred million years (within the errors of
interstellar extinction) coincides with the stellar population of
several gigayears. The former corresponds to the core He-burning
(CHeB) sequence of intermediate-age stars, whereas the latter
corresponds to low-mass stars in their RGB phase.

This degeneracy is naturally broken if we modify the statistical
model described in Y. D. Mayya et al. (2023) by adding a weight
factor to account for logarithmic isochrone bins:

Al
S AL

Where At is the age bin width of the i isochrone. Niso is the
total number of isochrones. Due to the use of logarithmic age
bins, At; becomes larger at older ages (e.g. 10 Gyr) and smaller at
younger ages (e.g. 100 Myr). This, in turn, helps break the CHeB-
RGB degeneracy.

Finally, after applying completeness cuts using ms, values for
each filter to the observed photometry, we run MCMC sampling
on the statistical model to infer the a;, which is converted to SFRs
using the procedure described in Section 4.3 of Y. D. Mayya et al.
(2023).

ey

u/l-:

3.3 Completeness, incompleteness, and simulated CMDs

The ability to recover the SFH depends critically on the number
of stars present in each age bin above the completeness limit. To
assess the reliability of the recovered SFH, we test the recovery
procedure on simulated CMDs. Synthetic CMDs are constructed
by generating stellar populations of 105 Mg at each age bin
within the range 6.7< log(Age [yr]) <10, with a step size of 0.1
dex, using the PARSEC web interface.* In this simple SFH simu-
lation, all stars belonging to a logarithmic age bin have the same
age corresponding to the midpoint of that bin.

For building a specific SFH, the 10° M population is repli-
cated as many times as required. For example, a 10° Mg

“https://stev.oapd.inaf.it/cgi-bin/cmd_3.9
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Figure 5. Left: PARSEC simulated F115W—F200W versus F200W CMD with distance modulus and foreground extinction corresponding to NGC 628
with a custom SFH. PARSEC + COLIBRI isochrones of selected ages, with the younger [log(age yr~!) < 9] isochrones being metal-rich (Z = 0.02) than
the older ones (Z = 0.002), are superposed. Right: Bayesian SFH of the simulated CMD. The black line indicates SFH retrieved without completeness
magnitude cuts. The red lines indicate retrieved SFH for CMDs with simulated completeness effects. The spread in the SFH originates from the Monte
Carlo sampling for completeness effects. The bottom panel shows the incompleteness correction, which is the ratio of the input number of stars and the
retrieved number of stars. The dashed black and red horizontal lines indicate & = 1 and & = 1.5.

population is obtained by adding the 10° M« population ten
times to the CMD. In this work, we adopt an SFH that guaran-
tees at least 200 stars above the completeness limit in each age
bin. This choice ensures adequate sampling across all ages while
minimizing computational cost, in contrast to a constant star-
formation rate case that would require unfeasibly large stellar
populations at older ages due to their larger At;.

Photometric errors are added based on the observed uncer-
tainties, and completeness effects are incorporated using com-
pleteness curves for the three filters. Specifically, completeness
is simulated by probabilistically removing stars, with survival
probabilities assigned according to the Pritchet function (Pr). The
survival probability of each star is defined as
PCompleteness = Pr(mFIISW )Pr(mFISOW )Pr(mFZOOW) (2)

Using Peompleteness» W€ generate several Monte Carlo (MC) sam-
ples of the synthetic CMDs for each bubble and grid cell. An
example simulated F115W—F200W versus F200W CMD for one
of the bubbles (Bubble #0) is shown in Fig. 5 (left). In Fig. 5 (top
right), the comparison between the input SFH (black) and the
recovered (red) SFH is shown for ages less than 100 Myr. The
spread in the recovered SFH arises from the MC CMD samples
and shows the variation in the offset. The ratio between the input
SFH and recovered SFH is used as a correction factor (hence-
forth, incompleteness correction, &), which is calculated for each
bubble and grid cell. The resulting incompleteness correction
function for the illustrative region is shown in the bottom-right
panel, where the horizontal black dashed line corresponds to a
unitary correction factor. The correction factor (&) is less than 1.5
for ages less than 100 Myr for the illustrative region, as indicated
by the horizontal red dashed line.

The correction factor for all 30 bubbles is shown in Fig. 6,
which in general follows the tendency displayed for the illus-
trative region. However, for 9 bubbles & rises above 1.5 for ages
younger than 50 Myr. These are the bubbles that have complete-
ness magnitude F200W <24.5 (see Fig. 3 bottom), which results in

LN S N B S i LN N S S S S B S D N B S S S B B S R e o

10!

&

Lol

(R R 7
log (Age [yr])

7.00

Figure 6. Incompleteness correction factor for all 30 bubbles is indicated
by grey step plots. The blue step plot highlights the incompleteness cor-
rection shown in Fig. 5 (right). The dashed black and red horizontal lines
indicate £ =1and & = 1.5.

the non-detection of the blue-loop stars of intermediate masses,
which are the most abundant at ages beyond 50 Myr. The grid
number (See Fig. Al for the grid overlay on the F770W image)
where the bubble is located, the youngest age at which & >1.5
for each bubble, and the completeness magnitude are given in
columns 2, 3, and 4, respectively, in Table 2. For this study, we
restrict our analysis to ages younger than 100 Myr, the age range
where £ <1.5, as we do not expect stellar populations older than
this age inside the bubbles for the reasons described below.

In a systematic analysis of more than 1000 HI holes in 20
nearby galaxies, I. Bagetakos et al. (2010) found that the majority
of the holes are consistent with being created by the feedback
effects of massive stars. The smallest size of their holes is lim-
ited by the spatial resolution of 50 pc, which is similar to the
minimum size of our big bubble sample. The dynamical ages of
the majority of their holes are less than 100 Myr, with the few
older holes lying beyond the optical radius of the galaxies. They
also find the holes being more elliptical in regions of galaxies

MNRAS 550, 1-19 (2026)
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experiencing shear, illustrating that dynamical effects in the discs
of spiral galaxies destroy the bubbles in time-scales less than 100
Myr. The majority of the area covered by the JWST images in
NGC 628 experiences shear because they lie in the rising part of
the rotation curve (S. Aniyan et al. 2018). Thus, we should be
able to trace the populations responsible for the creation of MIRI-
bubbles in NGC 628 by constructing SFH up to 100 Myr.

In addition to the incompleteness correction, the simulated
CMDs also revealed that a minimum of 10 massive stars (younger
than 50 Myr) is required for a reliable recovery of the bubble
SFH, which corresponds to at least 6500 M of cluster mass for
the Kroupa IMF and PARSEC isochrones. This is motivated by
statistical considerations of 1 star per bin on average between
6.7< log(Age) < 7.7. While, in principle, even a single star would
yield a formally defined SFH, such a solution would lack sta-
tistical robustness. In these low-number regimes, the Bayesian
framework can produce an apparent SFH driven primarily by
the underlying probability distribution functions, specifically by
how individual stars map on to isochrones in the CMD, rather
than by meaningful sampling of the underlying stellar popula-
tion. By requiring a minimum of 10 young stars, we ensure that
such stochastic effects do not dominate the inferred SFHs and
instead reflect a minimally constrained, physically interpretable
distribution of recent SF.

3.4 Star formation history of the bubble population

We show a colour-composite image of all the big bubbles® and
the JWST CMD is shown in the left and middle panels of Fig. 7,
respectively. The colour-composite image contains four filters
that enable tracing stellar continuum (F115W and F200W as blue
and green components, respectively), ionized gas (MUSE-Hu in
red), and PAH emission (F770W as light green). The contrast of
the F770W image is adjusted so that the shell boundary of the
selected bubble, which is depicted by a red ellipse, is noticeable.
It may be recalled that a bubble is considered big if it contains at
least 10 stars younger than 50 Myr. The stars in the left and middle
panels are colour-coded to differentiate their ages, as indicated
by the colour bar adjacent to each panel. The isochrone approx-
imately representing stars younger than 100 Myr is overplotted
in the middle panel, with its age indicated in one of the corners.
The isochrone is a poor fit to the data in all cases, illustrating
the presence of multiple-age populations over the past 100 Myr
inside the bubble. The SFH plot on the right panel contains many
derived quantities, which are explained in the next subsection.
The primary goal of deriving the SFH of bubbles is to determine
the age of the stellar population likely responsible for their for-
mation. Some disc stars unrelated to the formation of the bubble
are also expected to be seen projected on to the bubble area.
In order to account for these stars, we characterize the SFH of
the disc at the same galactocentric radius as that of the bubble.
For this, we compute the SFH in each of the 90 grids of 24x24
arcsec? area. For each bubble, we define a subjacent disc SFH as
the median of the SFHs of all the azimuthal grids at the same
galactocentric distance, omitting the grid (or grids if the bubble
encompasses more than one grid) that contains the bubble. The
grid-to-grid dispersion of the SFH is taken as the error on the
subjacent disc SFH (See Appendix C for more details on subjacent

SPlots for the selected five bubbles are shown in the main text. Similar
plots for other bubbles are provided in the Supplementary Material.

MNRAS 550, 1-19 (2026)

disc estimation). To account for the difference in areas of the
bubble and the grids used for sampling the disc SFH, we convert
the SFR to SFR density by dividing both the bubble and subjacent
SFR by their respective areas in kpc? (Zspz). We subtract this
baseline to obtain the excess populations inside the bubble, which
must be responsible for the creation of the bubble. Following the
discussion in the previous subsection, we limit our SFH analysis
to the last 100 Myr.

In the right panel of Fig. 7, we show the Xggg of the excess pop-
ulation of stars detected in the bubble (blue) over the last 100 Myr.
The plotted SFH already takes into account the correction & for
both the bubble and disc stars. The error bars are obtained as
the quadratic sum of Poissonian errors for the stars inside the
bubble and azimuthal dispersion in the SFH of the disc at the
same galactocentric distance as the bubble. In all cases, there is a
positive excess after taking into account the error bars, especially
at smaller ages. This excess confirms the presence of recently
formed stars inside the bubble. We carefully analysed this excess
to find out the age of the population that most likely triggered the
formation of the bubble. We define it as the oldest age t,, above
which the excess is zero after taking into account the errors on the
determined SFH curves. In a few cases (9) that lie in the inner part
of the galaxy, where the & reaches values above 1.5 at age < to,
we fix the f, as the age at which & = 1.5, which is a lower limit
to the age of the bubble population. This can be inferred from a
comparison of columns 5 and 3 of Table 2.

We did not find any bubble that required isochrones younger
than ~5 Myr. This is due to a combination of the following two
effects: (1) massive main-sequence stars have large bolometric
corrections in the JWST filters, which take them below our limit-
ing magnitude. (2) Most of the current SF is in the shell, which is
just outside our ellipse boundaries used for SFH analysis. We used
the MUSE He fluxes inside the ellipse and in the shell to obtain
the respective Yspr(young). We display the resulting values as
green and cyan-coloured horizontal lines that fill the gap in the
SFH obtained from the resolved populations. The SFH within the
ellipse is nearly zero in all cases, indicating the absence of current
SF within the bubble. On the other hand, the shell is active in the
current SF in all cases. The SFR of the shell is almost identical
to the average of the SFH in the first few bins obtained from the
resolved stellar populations. This agreement of the SFR obtained
from completely different approaches is heartening and validates
the assumptions used in both these methods. The agreement also
suggests that the shell SF is the continuation of the SF that was
triggered inside the bubble.

3.5 Derived quantities

A quick glance at the Ygpr for each region reveals that the SFH
is not peaked at a single bin, or equivalently, all the stars do not
crowd around a single isochrone, as expected if the bubble was
created by a single event of SF with no SF posterior to that event.
Instead, the general trend is a more continuous SF of varying rates
starting from f,, the age of the precursor event that triggered the
bubble formation, up to the last 5 Myr. As we illustrate later on
in this section, stars from older events are distributed throughout
the bubble, whereas stars from more recent events are closer to
the shell. In order to obtain more insight into the SF inside the
bubble, we obtain the growth rate of stellar mass inside the bub-
ble. We start by constructing a cumulative mass fraction (fy) by
integrating the SFH from ¢ = t, to t = 5 Myr (from past to present)
and normalizing it to the integrated total mass (M,; bubble mass).
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Figure 7. Left: Colour-composite image of a bubble using PHANGS-MUSE/Ha (red), NIRCam/F200W (green), NIRCam/F115W (blue), and
MIRI/F770W (light green). The red ellipse encloses the inscribed bubble. Filled star symbols denote stars younger than 25 Myr, with colours indicating
ages derived from Bayesian isochrone fitting. Filled circles show PHANGS-HST clusters. Middle: F115W—F200W versus F200W CMD, where the colour
represents the best-fitting stellar ages from Bayesian isochrone fitting. Right: The blue step plot shows the star formation rate density, Xspr, of the
excess stellar population inside the bubble. This excess is obtained by subtracting from the bubble Xgrr an average Xspr of the disc population at the
same galactocentric distance as the bubble. The yellow region indicates the age beyond which the derived Xspr is uncertain due to a relatively large
incompleteness correction (§ > 1.5). The black, red, green, and blue dashed lines mark to, t»s, 50, and t;s, respectively. The magenta curve shows the
normalized cumulative mass function integrated from t,. The green and cyan dashed step plots indicate the SFR within the bubble and in its shell,
respectively, estimated from the dust-corrected Ho luminosity in PHANGS-MUSE maps.

MNRAS 550, 1-19 (2026)

920z AInr 90 uo Jesn (IOVNI) edluoioe|3 A eondo ‘eoisyolsy op eN oInsul A ¥6v€ 1 28/G81 L BEIS/Z/0GS/Bl0E/SIUL/ WO dNo"dIWBpEd.//:Sd)Y WOlj PapEojuMOQ



10 A.Cketal

We define t,s, tso, and 75 as the ages when the bubble formed
its first 25, 50, and 75 percent of this mass, respectively. The
SFH of the bubble and the disc stars, ty, t,s, tso, and 75, and the
cumulative mass function for each bubble are all shown in the
right panel of Fig. 7. These quantities are tabulated in columns
5-8 of Table 2, and M., is tabulated in column 9.

4 DISCUSSION

Having obtained useful physical quantities of the bubble pop-
ulation for a sample of 30 big bubbles, we now compare these
properties with those expected theoretically from the massive-
star-driven bubbles.

4.1 Are the bigger bubbles older?

In the scenario of bubbles formed from stellar feedback from
multiple generations of SF, continuously injecting momentum
and energy into the ISM, we should expect larger bubbles to have
older stellar populations. Additionally, for a bubble expanding in
a medium of constant density, the bubble radius is expected to
grow following the equation: Ry = %vexp t (M.-M. Mac Low & R.
McCray 1988; G. S. Bisnovatyi-Kogan & S. A. Silich 1995).

In Fig. 8(a), we show f,s, taken as a proxy for the bubble age,
against bubble radius. Most of the bubbles have ages between
20 and 60 Myr with a median of f,5 of ~30 Myr. There is no
relation between the two plotted quantities, implying that, in
general, bigger bubbles are not systematically older. However,
if we restrict the analysis to bubbles of Ry <100 pc, we see a
tendency for the oldest of the bubbles to be larger. On the other
hand, there are some 100 pc-sized young bubbles. For bubbles
with Rg >100 pc, the upper age boundary decreases with bubble
size. This could be because the bubble size depends on other
quantities, such as the non-constant expansion velocity and the
amount of injected kinetic energy, which is proportional to the
stellar mass formed since t,. To illustrate the multi-parameter
dependence of the bubble radius, we overlay the plot with lines
of constant expansion velocity and colour-code each point based
on the accumulated stellar mass. It can be inferred from the plot
that a range in expansion velocities between 1 and 5 km s™! can
produce the observed scatter at any given age. Thus, expansion
velocity, not age, is the fundamental controller of the size.

There is a tendency for older bubbles to harbour more massive
stellar populations at fixed expansion velocities. To investigate
this tendency, in panel (b) of Fig. 8, we plot the stellar mass
formed within each bubble as a function of the age of its oldest
stellar population.

A general trend is evident in which older bubbles tend to host
more massive stellar populations. The stellar mass is not formed
with a single burst, and instead accumulates over time with stars
forming continuously.

The size being controlled by expansion velocity rather than
stellar mass or age is intriguing. In order to understand this na-
ture, we explore the expansion velocity evolution by calculating
Vexp for each bubble, assuming linear growth. The resulting vey
is plotted as a function of age in Fig. 8(c). A tendency for the
older bubbles to have lower vy, can be inferred from this figure,
suggesting decelerating bubbles.

In Fig. 8(d), the mass of stars projected inside the bubble is plot-
ted against the circularized radius of the bubble, and we find that

MNRAS 550, 1-19 (2026)
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Figure 8. (a) The left panel shows t,5 versus bubble radius. Filled circles
indicate the primary bubbles. The red, green, and blue lines represent
constant expansion speeds of 1, 5, and 10 km s~!, respectively. The colour
axis indicates the mass accumulated since ¢ = fy. The right panel shows
the distribution of #,5 with the black dashed line indicating the median
age. (b) Stellar mass of stars formed inside bubble (M) versus t»s. (c)
Expansion velocity as a function ¢,5. (d) Stellar mass of stars formed inside
the bubble versus the circularized radius of the bubble. The red and blue
outlined circles indicate the Phantom Void and HI hole in the plots.
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Figure 9. Fundamental plane of the stellar feedback-driven bubbles. The plot includes not only the big bubbles (filled circles), but also smaller
bubbles (filled squares) that contain at least one star younger than 50 Myr. The dashed lines that enclose all the observed points represent equation
(6) corresponding to the annotated values of n/7. The observed points are colour-coded based on their ages, following the colour bar to the right. The
red and blue encircled points indicate the Phantom Void and H 1 hole, respectively. See text for details.

bigger bubbles are more massive, albeit with a substantial spread
in the relation. The scatter is possibly due to a combination of
reasons, including selection effects, feedback efficiency, and the
local gas density of each bubble. However, the increase in bubble
size with an increase in stellar mass of stars formed projected
inside the bubble is consistent with bubbles being created due to
accumulated stellar feedback.

From the above analysis, we draw the following inferences.
Bubble size grows linearly with time until it reaches a size of
~100 pc, which is the typical scale height of the interstellar gas in
the disc. This corresponds to the spherical bubbles in the energy-
conserving phase. When the bubble size exceeds the scale height,
it breaks open, blowing out the energy injected by the exploding
SNe. Such a bubble takes a cylindrical form, growing in diam-
eter due to the momentum conservation, which makes the vey,
decrease with time as we observe. In this phase, energy injected
from exploding SNe is lost into the halo, and the size is controlled
only by the momentum gained when the blowout happens.

4.2 On the energetics of wind and supernova-driven
bubbles

From a theoretical standpoint (M.-M. Mac Low & R. McCray
1988; G. S. Bisnovatyi-Kogan & S. A. Silich 1995, and references
therein), the size of a bubble depends on the total feedback energy
injected and the time-scale over which this energy is dissipated.
The mechanical energy driving the expansion is directly propor-
tional to the total mechanical energy supplied by the underlying
stellar population. The mechanical power liberated by the stellar
population is given by

"pop Ly Ly
Lijech = ( m) M. () = ( m) Mr
« Z M SSp M SSp

i
Mr
=5x10°( — ) ergs?,

where Ly, is the kinetic power of a stellar population of mass M
as calculated from single stellar population (SSP) models, M, (t;)
is the mass of the ith population, and M7y is the total stellar mass
contributing to feedback.

3

The mechanical power contained in a spherical shell of radius
Ry, and swept-up mass My, can be written as

gas |:7(9V B 4)j| M. vgxp

= s 4
Mech 27()/ — 1) sh Rb ( )

4 3R
where My, = —ﬂRgnmpu for a spherical bubble, and vey, = — =

(R. Weaver et al. 1977) for free expansion, and y = 5/3 is the
adiabatic index. Equating equations (3) and (4) yields

Li?:ch = nLﬁI:/Iech’ (5)
where 7 is the efficiency factor that quantifies the fraction of

mechanical energy from stellar feedback that is transferred to the
gas, driving the bubble’s expansion. This relation can be rewritten

as
M t
log — L ) +3 log
10°M¢p 10 Myr

=5lo Ry + | lo n_ 00 —-3.5
=08 100 pc g\ em3 n -

where n is the ISM particle density. We have here used the

(6)

L .
kin = 5 x 10* from STARBURST99 (C. Leitherer et al.
10°Mg SSP

1999) for a solar metallicity SSP. Equation (6) represents the Fun-
damental Plane for stellar feedback-driven bubbles.

In Fig. 9, we plot the observed values for our sample of bub-
bles in the Fundamental Plane equation (equation 6). The plot
includes not only the big bubbles (filled circles) but also smaller
bubbles (filled squares) that contain at least one star younger
than 50 Myr. For the big bubbles, we use M, and ts from Ta-
ble 2, which are obtained from a detailed SFH analysis. For
smaller bubbles, we use the median age of stars formed within
the last 50 Myr inside the bubble as t,s and the cluster mass
required to produce the observed number of stars as M,. These
latter masses vary between 1000 and 15000 M. Due to stochas-
tic IMF sampling and low-number statistics, the derived stellar
masses for the smaller bubbles are potentially upper limits, be-
cause of which we indicate these masses as upper limits in the
plot.

MNRAS 550, 1-19 (2026)
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Figure 10. Normalized cumulative mass fractions of bubbles. The red
dashed curve indicates the case for exponentially decaying SFR with t =
10 Myr, the black dashed curve indicates the case of constant SFR, and the
blue dashed curve indicates the case for exponentially growing SFR with
7 = 10 Myr. The thick orange line indicates the SFR of Phantom Void.
The colour map indicates the kernel density of fys of the bubbles. See
text for details.

The dashed lines (slope = 5) that enclose all the observed
points represent equation (6) corresponding to the annotated val-
ues of n/n. The upper and lower boundaries of points correspond
to dense regions with low mechanical feedback efficiency (n/n =
5 x 10° cm™3) and the low-density regions with higher mechani-
cal feedback efficiency (n/n = 20 cm~3). These parameter ranges
encompass nearly all bubbles in our sample. This comparison il-
lustrates that the models of stellar feedback triggering an expand-
ing bubble in a uniform medium are able to reproduce the general
demography of the bubbles seen on the MIRI images. In reality,
the ISM in star-forming regions is far from a uniform medium,
and the bubbles are not energy-driven once their size exceeds
the disc scale height, which would make the properties deviate
from the simple theoretical model presented above. Specifically,
the bubble geometry changes from spherical to cylindrical shape,
as can be seen in the detailed modelling of the Phantom Void by
S. Jiménez et al. (2023). In fact, we see evidence for a break in the
Fundamental Plane relation at Rg = 100 pc towards flatter slopes
for larger bubbles, as expected for expanding bubbles that change
from a spherical to cylindrical form. Hence, in summary, the bub-
ble properties follow the Fundamental Plane relation expected for
stellar feedback-driven bubbles.

4.3 On the scenario of star formation in an expanding
bubble

Analysis of the SFH of our big bubble sample in the previous
section showed that all bubbles enclose populations formed over
an extended period of time, similar to what was found for H1
holes in dwarf galaxies by D. R. Weisz et al. (2009) and S. R.
Warren et al. (2011), and more recently for the Phantom Void by
Y. D. Mayya et al. (2023), all using HST CMDs. In the case of the
Phantom Void, most of the stellar mass was formed at early times.
In Fig. 10, we show how the stellar mass was built up in each of
the bubbles by plotting the fraction of accumulated stellar mass
fu as a function of normalized time, where 0 corresponds to the
epoch when the event of SF that triggered the formation of the
bubble happened, and 1 corresponds to the present epoch.

The observed fy values (thin lines) are compared with those
from models corresponding to a constant SFR (black), an

MNRAS 550, 1-19 (2026)

T e B B ST S e B B 1.0
40F ]
—=30F u z
> T 1 c
= [ ] 8
E090F ] §°°t
<7 1 3
10F -
-l P S T T I T T T RO N T B T l: 0.1
0.00 0.25 0.50 0.75 1.00

Normalized Radius

Figure 11. Best-fitting stellar ages as a function of distance of star with
respect to the bubble centre, normalized with bubble radius, shown using
the kernel density of the stars, for all bubble stars in our sample with
age<=ty (median age for small bubbles).

exponentially declining SFR (red), and an exponentially rising
SFR (blue). We construct the kernel densities of fy at each nor-
malized time to indicate the general behaviour of f; as a function
of time. The peak of the kernel density lies between the blue and
black lines, implying a steady build-up of stellar mass after the
initial event that triggered the bubble formation.

The behaviour of the SFH of the majority of the bubbles sug-
gests that a steadily increasing SFH is more successful in generat-
ing bubbles than events wherein most of the mass is formed in a
single burst. This is consistent with the results of the simulations
of E. I. Vorobyov & S. Basu (2005), who found a greater chance
of survival of bubbles if the energy deposition is steady over time
instead of an instantaneous burst. On the other hand, the curve
for the Phantom Void (thick orange line) lies above the peak
of the kernel density, following the form of the exponentially
decreasing SFR. It is likely that the first generation of stars did
not lead to the creation of the Phantom Void. Instead, the cur-
rent size of the Phantom Void is maintained by the subsequent
generations of stars. Its location in the inter-arm region allowed
its growth without encountering any neighbouring expanding
bubbles.

Y. D. Mayya et al. (2023) proposed a scenario of SF in which
successive generations of stars are formed in the shell of the
expanding bubble. The characteristic signature of such a scenario
is the spatial segregation of stellar ages, with the youngest popula-
tions residing at the inner boundary of the current shell position,
Rg. Having obtained the ages of all stars inside the bubble, we
now investigate whether such a scenario holds for our bubble
sample. In Fig. 11, we present the distribution of stellar ages
within the bubbles as a function of elliptical distance® from the
bubble centre, with the distance for each bubble normalized by
the bubble’s effective radius. The values are plotted as the kernel
densities, with darkest regions being the densest. The youngest
stars (<15 Myr) are systematically located close to the shell (75—
95 per cent of the bubble radius), with hardly any star in the inner
40 per cent of the radius. On the other hand, relatively older stars
(25-45 Myr) are distributed beyond 25 per cent of the normalized
radius. The trend of recent generations of stars forming at outer

OElliptical distance is the effective radius of the ellipse that passes through
the star with the same parameters as the ellipse inscribing the bubble.
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radii continues to the present day, with the shell being the cur-
rently active site of SF. This can be inferred from the H,-derived
SFR (cyan dashed line) of the shell shown in the right panels of
Fig. 7. As pointed out previously, the shell ¥spg derived from H,
over the last 5 Myr is comparable to the average over the last few
age bins derived from the resolved stellar populations.

The presence of active SF in the shell and the spatial seg-
regation of stellar ages inside it support the star-formation in
expanding bubble scenario proposed to explain the trend seen
in the Phantom Void. It is interesting to note that the spatial
segregation of ages is present independent of whether the SFR
in the expanding shell increases or decreases with time. Thus,
spatially segregated SF seems to be a natural consequence of shell
expansion.

4.4 On the possibility of compact clusters as precursors of
bubbles

The resolved stellar population analysis we have carried out as-
sumes that the high-mass end of the precursor stellar population
isresolved into stars. This was motivated by the visual appearance
of massive SG stars inside all big bubbles, illustrated in Fig. 1.
Only unresolved sources whose intensity profiles are consistent
with the point spread function profile are retained in the cat-
alogue, which does not exclude the possibility of the presence
of marginally resolved compact clusters inside the bubble. We
utilize the PHANGS-HST cluster catalogue (D. Maschmann et al.
2024) available for this galaxy to identify these compact clusters.
These clusters are indicated by filled magenta circles in the left
panel of Fig. 7. Such clusters are also present in some of the small
bubbles that are not part of our big bubble sample. In several
cases, PHANGS clusters’ spatially coincide with sources classi-
fied as stars in our JWST/NIRCam photometric catalogue. Given
that the PHANGS cluster catalogue is based on HST imaging, it
is expected that some of the sources may have been misclassi-
fied as extended sources due to crowding and the comparatively
lower spatial resolution of HST, which are resolved into multiple
sources in the JWST images.

In Fig. 12, we show all the PHANGS-HST clusters seen in-
side the bubbles in the colour-colour diagram (top) and CMD
(bottom) using the photometry given in the PHANGS-HST cat-
alogue. The diagram includes the SSP models from G. Bruzual &
S. Charlot (2003, hereafter BC03) for a cluster of solar metallic-
ity with no reddening corrections. The majority of the clusters
have ages between 1 and 30 Myr, with the other clusters also
consistent with ages less than ¢, with moderate amounts of red-
dening (Ay <2 mag) and cluster mass in the range 10°-10* M.
These cluster masses are systematically less than the accumu-
lated stellar mass in each bubble. Besides, these clusters in Fig. 7
are not preferentially located at the geometrical centres of the
bubbles, indicating that they are unlikely to be precursor clus-
ters responsible for triggering bubble formation. Instead, they are
most likely formed in the dense parts of the expanding shells. To
assess this quantitatively for the big-bubble sample, we examine
the spatial and temporal relationship between clusters and their
host bubbles by plotting the ratio of the cluster age (¢.)® to the

7We include all PHANGS clusters, irrespective of their assigned class.
8t. was obtained by comparing SSP colours to observed cluster colours
shown in Fig. 12.
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Figure 12. Top: HST colour—colour diagram of cluster candidates inside
bubbles. Red, green, and blue filled circles indicate PHANGS cluster
classes 1, 2, and 3, respectively. Classes 1 and 2 are compact clusters, and
Class 3 is for compact associations based on PHANGS-HST human cluster
classifications. The grey curve indicates the SSP models from BC03, with
black crosses indicating selected ages. The black arrow indicates the red-
dening vector for Ay = 1. Bottom: HST CMD of cluster candidates inside
bubbles. The clusters are colour-coded by approximate ages obtained
from the colour-colour diagram. The dotted, dashed, and solid curves
indicate BC03 SSPs of mass 10, 10%, and 10> My, respectively.

bubble age (,5) as a function of the cluster-centric distance nor-
malized by the bubble’s effective radius, r/Rg (Fig. 13). Genuine
precursor cluster candidates are expected to lie near the bubble
centre (r/Rp ~ 0) and to have ages comparable to the bubble age
(t./trs = 1). Instead, we find that the majority of clusters pro-
jected within the bubbles are significantly younger than ¢,s. In the
few cases where cluster ages are comparable to t,s, the clusters are
preferentially located near the bubble rims. This spatial-temporal
distribution strongly indicates that these cluster candidates are
unlikely to be precursor clusters responsible for initiating bubble
expansion. Rather, they are more consistent with having formed
in the dense, swept-up material of the expanding shells. However,

MNRAS 550, 1-19 (2026)
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Figure 13. The ratio of the cluster age (f.) to the bubble age (t;5) as a
function of the cluster distance from the bubble centre, normalized by the
bubble effective radius. The red dashed line indicates the locus where t, =
t5. The black dashed rectangle highlights the region in which potential
precursor clusters are expected to reside.

we note that there could be some clusters below the detection
limit of the HST cluster catalogue. Based on the V band detection
limit (my = 23.0) for NGC 628 (D. Maschmann et al. 2024), the
cluster catalogue is only sensitive to clusters with mass more than
6000 My, for clusters as old as 50 Myr.

4.5 Stellar populations responsible for the creation of
small bubbles

We have 74 bubbles from our main sample where the
JWST/NIRCam CMDs did not have a sufficient number of
stars (10 stars younger than 50 Myr) for the construction of
the SFH. In Fig. 14, we show the colour-composite images of
four examples of these smaller bubbles (left) along their CMDs
(middle) and age histograms (right). These being candidates for
low-mass clusters or OB associations, they are not expected to
contain a continuous distribution of stellar masses along the
isochrones, due to the stochastic nature that gives rise to an IMF.
Nevertheless, the few young (age<50 Myr) stars that are present
in these bubbles cannot be fit by single isochrones, suggesting a
large age spread of the stellar populations within these bubbles.
This suggests that these small bubbles are created by one or a
few massive stars, with newer stars forming within the bubble
later on, most likely in the dense parts of the expanding shell.

Three of the 74 small bubbles contain a PHANGS-HST cluster
candidate inside the bubble, located close to the geometrical cen-
tre of the bubble. In four cases, we identify isolated resolved stars
near the bubble centres, while the corresponding IMF-associated
stellar population is absent from the CMD. These sources could
be partially resolved cluster candidates or OB associations.

Out of the 74 small bubbles in our sample, 51 have at least one
star younger than 50 Myr and are also plotted in the Fundamental
Plane for feedback-driven bubbles in Fig. 9. They also follow the
fundamental relation, occupying the low size end of the relation.
The figure shows a tendency for these small bubbles to lie in the
high n/n regime. However, we cannot ascertain this tendency
given that the stellar masses responsible for the creation of these
bubbles could be less than the derived age due to the low number
of stars detected in our CMD, which could bring them to a lower
n/n regime.

We now briefly discuss the origin of the subsample of 23
bubbles with radii predominantly less than 50 pc that show no
evidence for either young (age < 50 Myr) stars in the resolved

MNRAS 550, 1-19 (2026)

population or a partially resolved PHANGS-HST cluster candi-
date. Three examples of this class of bubbles are shown in Fig. 15.
Starless bubbles are expected by exotic events such as a gamma-
ray burst (Y. N. Efremov, B. G. Elmegreen & P. W. Hodge 1998)
or a high velocity cloud (G. Tenorio-Tagle et al. 1987) impinging
on the disc. However, such events are expected to create bubbles
of radius greater than 100 pc. Given their relatively small sizes,
these starless bubbles most likely represent single-star events
where the responsible massive star has exploded as an SN, with
no secondary SF. Alternatively, the star responsible for creating
these bubbles may be a runaway star, which currently lies outside
the bubble. Incidentally, there are young (age < 50 Myr) stars in
the periphery of most of these starless bubbles, which could be
these runaway stars. However, most of the starless bubbles are
found in active star-forming sites, which makes an unambiguous
association of the likely runaway stars with the nearest starless
bubble a difficult task. We also note that some of these bubbles
are hosted in crowded regions, hence insensitive to our star and
cluster catalogue. Future elaborative studies incorporating multi-
wavelength data would be required to elucidate the nature of
these interesting objects.

4.6 The H1 hole

The HI hole is the largest bubble in our sample (Bubble #0) and
is nearly twice the size of the next largest structure, the Phantom
Void. Despite its large size, the HI hole broadly follows the same
scaling relations between bubble radius, enclosed stellar mass,
and stellar population age as the smaller bubbles in the sample.
The only notable deviation appears in the velocity versus t,s rela-
tion, where the HI hole lies as an outlier. Given its large radius,
the HI hole has likely broken out of the disc, and its expansion is
therefore no longer in the energy-conservation regime modeled
in the previous section. The SFH and the CMD both indicate
continuous SF over the past ~100 Myr, which appears longer than
the expected lifetime of a feedback-driven bubble in the shearing
environment of a rotating galactic disc, unlike the H1 holes in
dwarf irregular galaxies studied in similar works (e.g. D. R. Weisz
et al. 2009; S. R. Warren et al. 2011). To assess whether the H1
hole in NGC 628 could survive the effects of rotational shear, we
estimate the shear time-scale, which is given by

dQ2
Ry—
dR

where 2 is the angular frequency and Ry, is the bubble radius. We
adopt |[dQ/dR| = 9.87 [km s~! kpc~2] at a galactocentric radius of
6 kpc based on the kinematic analysis of J. C. Speights, V. Aust &
Q. Lu (2025). This yields a shear time-scale of tghear ~ 120 Myr.
These estimates suggest that the H 1 hole could survive the effects
of rotational shear, although, based on the HI hole age derived
in this work, after ~ 100 Myr the structure would likely become
significantly elongated or fragmented due to differential rotation.

In the scenario where the H1 hole is produced by a high-
velocity cloud or a sub-halo impinging on the disc (R. Kannan
et al. 2012), the oldest stellar population associated with the HI
hole based on SFH analysis would not represent the age of the
bubble, since the triggering energy would instead originate from
the collisional wave produced by the perturbing high-velocity
cloud or sub-halo.

Finally, based on all the analyses presented in this work, we
do not find any discernible difference between the origin of the
H1 hole (e.g. I. Bagetakos et al. 2010) and that of superbubbles
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Figure 14. Bubbles with at least 1 star and at most 10 stars, younger than 50 Myr. Left: Colour-composite image of a bubble using PHANGS-MUSE/Hu
(red), NIRCam/F200W (green), NIRCam/F115W (blue), and MIRI/F770W (light green). The red ellipse encloses the inscribed bubble. Filled star symbols
denote stars younger than 25 Myr, with colours indicating ages derived from Bayesian isochrone fitting. Filled magenta circles show PHANGS-HST
clusters. Middle: F115W—F200W versus F200W CMD, where the colour represents the best-fitting stellar ages from Bayesian isochrone fitting. Right: No.
of stars versus log (age) of stars within the bubble. * Indicate bubbles for which PHANGS-MUSE data were not available.

based on the resolved stellar populations projected within them. impinging high-velocity cloud, subhalo, or stellar feedback from
This is because most of the energy that powers the bubbles comes a cluster, the subsequent evolution of the bubble seems to be
from secondary SF. Whether the first trigger occurs due to the similar.
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NIRCam/F115W (blue), and MIRI/F770W (light green). The red ellipse (black ellipse in the right panel) encloses the inscribed bubble. Filled star symbols
denote stars younger than 50 Myr, with colours indicating ages derived from Bayesian isochrone fitting.

5 CONCLUSIONS

In this study, we used JWST/NIRCam photometry of NGC 628
from the JWST-FEAST programme to determine the ages and
spatial distribution of resolved stellar populations associated
with JWST/MIRI bubbles. By reconstructing SFHs within a
Bayesian framework applied to the JWST/NIRCam F115W,
F150W, and F200W bands, in combination with PARSEC + COL-
IBRI isochrones, we characterized the temporal and spatial evo-
lution of stars projected inside these feedback-driven structures.
For the larger bubbles in our sample, the CMD and SFH analyses
reveal multiple stellar populations within the bubble interiors,
indicating that successive generations of stars contribute to driv-
ing their expansion. In most cases, the precursor cluster mass
is only a small fraction of the total stellar mass currently found
inside the bubble, suggesting that SF becomes progressively more
efficient as the bubble evolves. Phantom Void is an exception to
this general scenario, which formed most of its stellar mass at
early epochs. The geometrical centre of the bubbles does not con-
tain any partially resolved or unresolved object that could have
been the surviving precursor cluster. On the other hand, the re-
solved population contains stars of multiple ages. This behaviour
is consistent with an initial triggering by a low-mass cluster or
an OB association, followed by their gradual dissolution as the
bubble expands, giving rise to the more spatially dispersed stellar
populations observed in mature systems.

The spatial distribution of stellar ages exhibits a radial gra-
dient: Younger stars are preferentially located near the bubble
rims, while older stars are distributed throughout the interiors.
This pattern supports a scenario in which SF propagates out-
ward, with new stars forming in the swept-up shell and sub-
sequently contributing additional feedback that drives further
expansion.

A subset of smaller bubbles shows no evidence for young stars
or clusters either within their interiors or along their rims. These
cases likely represent episodes where shell-driven SF was inef-
ficient or absent, possibly reflecting episodic triggering that de-
pends on the physical conditions of the accumulated material in
the shells.

We do not find a clear relation between the bubble size and
the age of the precursor stellar population, which is due to the
non-negligible role of other parameters, such as the mass of the
stellar populations, gas density, feedback efficiency, etc., in af-
fecting the size of bubbles. All observed bubbles, including the
small bubbles, follow a Fundamental Plane relation, which we
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defined based on the theory of stellar feedback-driven bubbles in
a uniform medium.

Overall, these results support a picture in which stellar feed-
back both sculpts the surrounding ISM and promotes sequential
SF along expanding shells. The systematically rising SFHs im-
ply that SF within bubbles is cumulative and self-propagating,
with the most recent activity concentrated along the bright PAH-
emitting rims. The JWST/MIRI bubbles in NGC 628 therefore
provide direct, spatially resolved evidence that stellar feedback
can simultaneously regulate and stimulate SF in normal disc
galaxies. More broadly, this work highlights JWST’s ability to re-
solve the interplay between stellar feedback and SF on sub-bubble
scales, offering new insight into how feedback-driven structures
seed subsequent generations of stars.
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APPENDIX A: DISC SFH GRIDS

Fig. Alis auxiliary to Fig. 1, where we show the bubbles overplot-
ted on the F770W image along with the ~kpc? grids used for esti-
mating quantities such as completeness, MUSE gas-phase metal-
licity, TRGB-based metallicity, and extinction measurements and
disc SFH.
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APPENDIX B: BAYESIAN STAR FORMATION
HISTORY

Bayes’ theorem in hierarchical form:
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APPENDIX C: SUBJACENT DISC SFH

Stars seen projected inside the bubble are the sum of the stars
from the subjacent disc population plus any stars associated with
the event that created the bubble. We are interested in isolating
the latter, which can be obtained by subtracting the disc popu-
lation at that region. The latter can be estimated by using the
typical stellar populations at the same galactocentric radius as the
bubble.

We use the azimuthal regions at the same galactocentric ra-
dius to obtain the typical stellar population, rather than regions
adjacent to the bubble, because often the adjacent regions are
star-forming in the spiral arms. Since there is no ongoing star
formation inside the bubble, using the adjacent disc region re-
sults in oversubtraction of the young stellar populations. Obtain-
ing the median of the azimuthal regions ensures that we are
approximating a non-star-forming region at that galactocentric
radius.

An example of the grids used for azimuthal median averaging
for estimating the subjacent disc of an example bubble (Bubble
#1) is shown in Fig. C1. In the figure (top panel), all grid regions
that are at the same galactocentric radius as the example are high-
lighted, except the region(s) containing the bubble. SFH for each
of these grids is shown in red in the bottom left panel, with their
median indicated by the black line. The bottom right panel shows
the subjacent disc-subtracted SFH of the bubble. As described in
Section 3.3, the bubble SFH is corrected for incompleteness as
well.
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Figure C1. Illustration of the procedure adopted to obtain pure SFR of the stars involved in the bubble formation by subtracting the SFH of the adjacent
disc from the observed SFH. Top: Image in F115W showing all the bubbles (cyan ellipses) and the areas (highlighted grids) used to determine typical
disc SFH. The bubble under analysis is shown by a red ellipse. The median of the SFHs of all grids that are at the same galactocentric distance as the
bubble (white dashed circle) is used as the typical SFH of the stars from the subjacent disc seen projected inside the bubble. Bottom left: The blue step
plot shows the Xgpr of the bubble. The red step plots show the Zgpr of different subjacent disc regions, with the black step plot showing the median
SFH of the subjacent disc. Bottom right: The blue step plot shows the disc-subtracted Xspr of the bubble, corrected for incompleteness (see Fig. 7 for the

rest of the details in the figure).

APPENDIX D: SFR FROM MUSE Hu«x

To obtain the He SFR within the bubble and shell using MUSE
data, we applied several filters to ensure that only star-forming
spaxels are selected. Specifically, we required that

(i) S/N > 3 for the Ho, HB, [OmI1]A5007, [N11]A6583, and
[S11]16717 + 6731 emission lines.

(ii) Spaxels satisfy the star-forming criteria in both the
[O111]/HP versus [N11]/Ha and [O111]/HpB versus [S11]/Ha BPT
diagrams (A. Baldwin, M. M. Phillips & R. Terlevich 1981; G.
Kauffmann et al. 2003; L. J. Kewley et al. 2006).

© The Author(s) 2026.

(ili) EW(He) > 50 A, which corresponds to a stellar popula-
tion younger than 5Myr (Y. D. Mayya 1995), where EW(Ho) is
the Ho emission equivalent width.

The SFR is calculated using the R. C. Jr Kennicutt (1998) rela-

tion using calibrations from R. C. Kennicutt & N. J. Evans (2012):
SFR[Mg yr'] = 5.4 x 107 *L(Ha), (D1)

where L(Ha) is the extinction corrected Ho luminosity in ergs™?.
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