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JWST/NIRCam detections of dusty 
subsolar-mass young stellar objects in the 
Small Magellanic Cloud

Olivia C. Jones    1  , Conor Nally2, Nolan Habel3, Laura Lenkić3, 
Katja Fahrion    4, Alec S. Hirschauer    5, Laurie E. U. Chu    6, 
Margaret Meixner    3, Guido De Marchi    4, Omnarayani Nayak5, 
Massimo Robberto    5,7, Elena Sabbi5, Peter Zeidler    8, 
Catarina Alves de Oliveira9, Tracy Beck5, Katia Biazzo    10, Bernhard Brandl11, 
Giovanna Giardino4, Teresa Jerabkova12, Charles Keyes    5, James Muzerolle    5, 
Nino Panagia5, Klaus Pontoppidan5, Ciaran Rogers    11, B. A. Sargent5,7  
& David Soderblom    5

Low-mass stars are the most numerous stellar objects in the Universe. Before 
the James Webb Space Telescope ( JWST), we had limited knowledge of how 
planetary systems around low-mass stars could form at subsolar metallicities. 
Here we present JWST observations of NGC 346, a star-forming region in 
the metal-poor Small Magellanic Cloud, revealing a substantial population 
of subsolar-mass young stellar objects (YSOs) with an infrared excess. We 
notice that continuing low-mass star formation is concentrated along dust 
filaments. We detected roughly 500 YSOs and pre-main-sequence (PMS) 
stars from more than 45,000 unique sources, using all four NIRCam wide 
filters with deep, high-resolution imaging. From these observations, we 
construct detailed near-infrared colour–magnitude diagrams with which 
preliminary categorizations of YSO classes are made. For the youngest, 
most deeply embedded objects, JWST/NIRCam is ten magnitudes more 
sensitive than Spitzer observations at comparable wavelengths, and reaches 
two magnitudes fainter than Hubble Space Telescope for more evolved 
PMS sources, corresponding to roughly 0.1 M⊙. The infrared sensitivity and 
resolution of JWST allows us to detect embedded low-mass star formation in 
an extragalactic environment. Furthermore, evidence of infrared excesses and 
accretion suggests that the dust required for rocky planet formation is present 
at metallicities as low as 0.2 Z⊙, which are akin to those in place at cosmic noon.

Located in the Small Magellanic Cloud (SMC) at a distance of roughly 
62 kpc (ref. 1), NGC 346 is a prominent young cluster (roughly 3 million 
years (Myr)2) of actively forming stars. It is the brightest and largest 
star-formation region in this metal-poor galaxy (roughly 1/5 Z⊙; ref. 3) 

that has a comparable metallicity to galaxies at the epoch of peak star 
formation ‘cosmic noon’ (refs. 4,5). Below these levels of chemical enrich-
ment, the dust content of the interstellar medium drops precipitously, 
altering the environment in which stars form (for example, refs. 6,7).
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dust and PAHs, together with the intermediate-age BS90 cluster37 just 
above the centre. The brightest red stars are located along dust ridges, 
in tips of warm dust lanes, in large subclusters within the centre NGC 
346 arc or in smaller clumps located along the main arc and northeast 
perpendicular filament. The images show large variations in the dust 
morphology and highlight feedback from the complex star-formation 
history of the region. The impact of star formation and stellar feedback 
is revealed by the heating of the dust and fluorescing PAHs due to C–H 
bond stretching in the F335M band38,39,40. This occurs on the edges of 
the main arc structure illuminated by ultraviolet photons from mas-
sive stars compared to the surrounding roughly T = 600 K dust seen 
in the F444W band. The northeast filament perpendicular to the NGC 
346 main body extends further than what is seen in HST data and is 
brightest in the F335M band.

Identification of YSOs
As they are enshrouded in collapsing dusty envelopes and accretion 
discs41–43, young YSOs are best identified using infrared colours. As 
they evolve and the circumstellar envelopes and discs dissipate, the 
central star becomes more apparent in shorter-wavelength light. From 
our initial band-matched photometric catalogue, 45,583 unique point 
sources were detected in all four of our wide-band NIRCam filters. 
This selection provides the most reliable colour–magnitude diagrams 
(CMDs) at the cost of some additional photometric depth.

CMDs constructed from the galactic extinction-corrected pho-
tometry are presented in Fig. 2. The details of the aperture photom-
etry and corrections are given in the section on Photometry. In these 
near-infrared CMDs, the populations of red giant branch (RGB), red 
clump and upper main-sequence (UMS) stars are clearly separated 
from the dominant population of lower main-sequence and PMS stars. 
Table 1 lists the colour selection criteria for these populations and the 
number of sources in each class. Only JWST–NIRCam data were used 
in these classifications. Evolved stars (for example, red supergiants, 
asymptotic giant branch and postasymptotic giant branch stars) are 
brighter than the saturation limit and thus not expected to appear in 
this CMD. Furthermore, as NIRCam (point spread function of roughly 
0.1 arcsec) resolves structures for distant galaxies, contamination 
from background galaxies and extended sources is negligible in our 
point-source catalogue and corresponding CMDs.

The F115W filter is essential to the identification of UMS, red clump 
and RGB stars, as these sequences, as well as main-sequence turn-off 
stars, are conflated in CMDs using longer-wavelength colours. In our 
CMDs, elevated photometric uncertainties cause scatter for sources 
near our detection limit, whereas a spread of ages and differential 
extinction across the field broadens the shape of the evolutionary 
sequences at all magnitudes. To visualize the effect of extinction, we 
show on the diagrams the reddening vector corresponding to a total 
extinction of AV = 5 according to the SMC Bar Average Extinction Curve 
of ref. 44.

When compared to optical CMDs derived from HST data, we find 
more than 6,000 sources that are consistent with PMS stars in the mass 
range between roughly 0.5 and 4 M⊙ on the basis of their colours and mag-
nitudes15,16. Furthermore, we find candidate PMS stars in F115W extend-
ing at least two magnitudes below the HST detection limit, suggesting 
that we can observe T-Tauri stars down to roughly 0.1 M⊙. Reference 18  
used Hα excess to identify bona fide PMS with active accretion. Of 
these PMS candidates, 435 have a match in the NIRCam point-source 
catalogue, we refer to these sources as HST-PMS in the figures.

To disentangle young stars (less than 10 Myr) from other popula-
tions in the field, we use an F200W–F444W versus F115W–F187N col-
our–colour diagram (2CD, Fig. 2). Narrow-band photometry with the 
F187N filter traces the hydrogen Paα recombination line at 1.875 μm, 
characteristic of young PMS stars undergoing mass accretion. Approxi-
mately 8,500 sources are reliably detected in F187N. When this can be 
unambiguously identified, the accretion luminosity and mass accretion 

It is unknown whether sufficient quantities of dust survive 
the star-formation process to contribute to the formation of rocky 
planetary systems in low-metallicity environments. Below a certain 
threshold of metal abundance, planetesimal formation via the stream-
ing instability is suppressed8,9. The metallicity of inner protoplan-
etary discs is therefore thought to play a critical role in the ability 
to form terrestrial planets. Further, the dust content of discs sets 
their lifetimes as lower-metallicity systems are more susceptible to 
fast photo-evaporation10. It is therefore of great interest to identify 
low-mass young stellar objects (YSOs) and discern their dust content.

The star-formation history of NGC 346 is complex, with multiple 
stellar populations identified within the cluster, for example, ref. 11.  
Powering the ionization of this giant H II region are more than 30 spec-
troscopically identified massive (35–100 M⊙) O-type stars12–14, the largest 
such sample in the SMC, which dominate the radiative and mechani-
cal feedback. Deep Hubble Space Telescope (HST) images reveal 
thousands of low-mass (0.6–3 M⊙) pre-main-sequence (PMS) stars15, 
which are distributed throughout the nebula and are connected by 
gas and dust filaments16–18. Spitzer and Herschel surveys of the SMC19–21  
unveiled approximately 100 candidate YSOs in the very early stages 
of formation within the NGC 346 complex22–24. These high-mass YSOs 
possess typical masses of 8 M⊙ and have formed within roughly the past 
1 Myr. They are located at the edge of or inside dusty pillars, which are 
often associated with Hα emission. Their presence establishes that 
star formation is ongoing throughout the complex at a rate of more 
than 3.2 × 10−3 M⊙ yr−1 (ref. 22). In the infrared, spectroscopic data for 
the young populations in NGC 346 are limited. Spitzer infrared spec-
trograph data spectroscopically confirmed the identity of six massive 
YSOs in the cluster25. Reference 26 obtained HK band spectra to confirm 
the existence of three early-type stars in NGC 346. Most recently, ref. 27 
used VLT/KMOS to observe roughly 15 other YSO candidates that were 
resolved into multiple young stars still accreting mass.

Overall, NGC 346 possesses a complex distribution of hierarchi-
cally linked star clusters of varying ages that inhabit a variety of envi-
ronments28, and which are dispersed across the extended field17,29,30. 
Within the interstellar medium, there is a wide range of substructures 
exhibited in polycyclic aromatic hydrocarbon emission (PAH) (8 μm), 
warm dust (24 μm) and molecular gas CO J = 2−1 (refs. 28,31,32). A tight 
correlation is seen between the molecular gas, 8 μm emission and Hα, 
which presents as a well-defined bar extending from the centre of the 
region to the northeast and as an arc structure extending from south-
east to northwest. A recent Atacama Large Millimeter/Submillimeter 
Array (ALMA) CO(J = 1−0) study33 discovered that the intersection of 
three colliding clumpy filaments is cospatial with the locations of a 
cluster of YSOs and PMS stars. Using HST proper motions and VLT 
and MUSE radial velocities, refs. 34 and 35 showed that stars in NGC 
346 move along a wide spiral and that clusters of YSOs and young PMS 
stars seem to be predominately located where the coherent motion 
field shows significant changes, hence turbulence is still driving star 
formation across the system.

NGC 346 is one of the most active star-forming regions in the 
Local Group. Its proximity, size (roughly 100 × 100 pc2), low fore-
ground extinction and an abundance of wide-field, high-resolution 
panchromatic data make it an ideal system for the study of both low- 
and high-mass star formation, the effects of this star formation on the 
surrounding medium and the potential triggers of star formation in an 
environment vastly different from our local galactic surroundings, and 
akin to galaxies at cosmic noon.

Results and discussion
Images
We observed NGC 346 with JWST, using the Near Infrared Camera (NIR-
Cam36) F115W, F187N, F200W, F277W, F335M and F444W filters. The NIR-
Cam images of NGC 346 shown in Fig. 1 reveal the complex filamentary 
structure of the NGC 346 main arc, dominated by emission from warm 
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rate can be derived following methods similar to that developed by 
ref. 45 using Hα.

The F200W–F444W versus F115W–F187N 2CD shows a substan-
tial concentration of sources, with the UMS clustered around the 
(−0.6,−1.5) point and the red clump and RGB stars slightly to the right 
at (0,−1.5). To conservatively identify the YSOs, we define a horizontal 
line (F200W–F444W = −1.1) and a vertical line (F115W–F187N = 0.3) that 
enclose almost all of the UMS, red clump and RGB stars. In particular, 
the vertical line ensures that we are not including RGB stars with winds 
that may have a Paα excess.

A minority of sources appear to spread in the upper-right direc-
tion, roughly following our representative SMC reddening vector. In 
principle, these sources could be interpreted as either highly reddened 
objects due to their circumstellar material or as objects with substantial 
infrared excess, possibly associated with accretion emission in the 
F187N filter.

To break this degeneracy, we may look at the distribution of these 
outliers in the 2CD (Spatial distribution of NGC 346 stars). Examin-
ing the quadrants defined with respect to (0.3,−1.1), objects in the 
bottom-left quadrant are generally compatible with the main popula-
tions, with negligible reddening. Second, objects in the bottom-right 
quadrant (blue dots) have F200W–F444W compatible with stellar phot-
ospheres, but show a substantial F187N excess. One of these sources 
also showed Hα excess when observed with HST. Strong line emission 
in this case is the most viable explanation, with mass accretion, possibly 
a sporadic large episode, as a plausible source. In this case, the lack of 
F444W excess may suggest that the accreting disc has cleared its inner 

hot-dust component and accretion is supported largely by the gaseous 
phase. The spatial location of these objects in the NGC 346 field, several 
of them rather bright in the F115W filter, shows some concentration 
in correspondence with the brightest clumps of nebular emission.  
A notable fraction is spread in the field, however, suggesting that these 
accreting YSOs may be relatively evolved and dispersed. For simplicity, 
we refer to these objects as PMS objects.

Third, objects in the top-left quadrant (red squares), which we 
shall refer to as YSOs, have near-IR colours compatible with stellar 
photospheres and a substantial F444W excess, a characteristic incom-
patible with reddened objects. Of these, 29 also showed an Hα excess 
in the HST catalogue. These objects are clustered at the centre of the 
region but become more spread out in the southern part of our field. 
This latter grouping may be a candidate for transitional YSOs (that 
is, protoplanetary discs with inner holes in the dust distribution and 
negligible mass accretion).

Finally, the last class of objects (orange diamonds) is composed 
of sources in the top-right quadrant of the 2CD. In the F115W–F444W 
CMD, they appear well above the region occupied by low-mass MS and 
PMS stars, suggesting that they may be highly reddened, relatively 
massive stars. HST photometry indicates that 80 of these objects 
also show Hα excess. Their spatial distribution traces the main fila-
ments of the region, suggesting that they are associated with ongo-
ing star-formation sites. A large fraction of the accreting PMS stars 
detected by HST lie in this sector, supporting the hypothesis that these 
are bona fide YSOs that have not yet appreciably migrated from their 
birthplace. We shall refer to them as YSOs with Paα emission.

PMS
YSO Paα
YSO
HST PMS

N

E

F277W
F335M
F444W

F335M

BS90BS90

NE filament

Main arc

Centre arc

Fig. 1 | NIRCam mosaics of NGC 346. The left panel shows a three-colour 
composite mosaic of NGC 346 combining the F277W (blue), F335M (green) and 
F444W (red) filters. The region is rich in structures of knots, arcs and filaments. 
Areas of bright pink and/or red emission are associated with clumpy star 
formation. The spatially resolved PAH emission excited by ultraviolet photons 
in green is brightest in regions corresponding to the edges of dense material, 

characteristic of a photodissociation region. Massive stars, stars belonging to the 
BS90 cluster (circled in green) and the SMC field population are also visible. The 
right panel shows a mosaic image from the F335M filter showing four different 
populations of stars (Fig. 2): PMS stars (blue circles), YSOs with Paα (orange 
diamonds), YSOs without Paα (red squares) and stars matched with the HST-PMS 
catalogue (purple stars).
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This simplified, yet conservative selection of YSO and PMS can-
didates represents the deepest census of a star-forming region in a 
low-metallicity galaxy. Our data include redder candidates that are 
not present in HST optical catalogues because they are undetectable in 

those bands, as well as low-mass (roughly less than 2 M⊙) sources signifi-
cantly below the completeness limit of Spitzer surveys. Typically, YSOs 
in the early stages of formation can be completely obscured at optical 
wavelengths and faint in the near-infrared; however, the unprecedented 
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Fig. 2 | CMDs and colour–colour diagrams highlighting sources classified 
photometrically and as stellar density Hess diagrams for all point sources in 
the NGC 346 catalogue. Hess diagrams are shown on the left, while individual 
sources and their photometric classification are shown on the right. The RGB, red 

clump (RC), main-sequence turn-off and UMS are all easily identified in the stellar 
populations. In the bottom panels, the red dashed line separates sources with an 
infrared excess, whereas the blue dashed line separates objects with a Paα excess 
from the rest of the population.
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sensitivity of NIRCam enables the detection of sources with colours 
that are consistent with embedded low-mass YSOs, although additional 
mid-infrared data are necessary to assess the physical properties of the 
most embedded YSOs with ages younger than 0.1 Myr and to identify 
Class 0 sources, for example, ref. 46.

Spatial distribution of NGC 346 stars
Figure 1 shows there is a high degree of spatial overlap between YSOs 
(red squares), YSOs with Paα excess (orange diamonds) and the bright 
F444W dust emission. At optical wavelengths, many of these sources 
are either not visible (roughly 27%) or may be erroneously misidenti-
fied as main-sequence stars (De Marchi, in preparation), highlight-
ing the importance of infrared observations to accurately interpret 
star-forming regions. We note that the location of both YSOs and YSOs 
with Paα excess do not necessarily correspond to the clusters previously 
identified in the HST data16. On the contrary, they tend to encircle the 
cavities created by the NGC 346 OB stars35. The distribution of the PMS 
stars and the newly identified YSOs supports the scenario proposed by 
ref. 34, in which a global hierarchical collapse culminates in ‘river-like’ 
structures responsible for the formation of clumps where significant 
changes in the coherence of the motion field are detected, and therefore 
where one expects high gas friction.

On the other hand, the older PMS stars (blue dots) that have 
cleared their dust envelopes and are optically thin are diffusely dis-
tributed across the field. This larger spatial dispersion is consistent with 
formation episodes over the past 20 Myr (refs. 18,47), and is probably 
due to both turbulent star formation and early dynamical evolution, 
in agreement with the spiralling nature and increasing rotation with 
distance from the centre of NGC 346, for example, refs. 11,34,35,47, 
due to hierarchical collapse48.

As expected, we find that JWST surpasses the capability of Spitzer 
to detect candidate YSOs using only aperture photometry. This expands 
the observed sample of approximately 100 YSO candidates within NGC 
346 by over a factor of three. Our survey reveals a population of dusty, 
subsolar mass YSOs and represents the deepest extragalactic census of 
these objects at low metallicity. The discovery of an associated infrared 
excess in these objects reveals substantial dust around low-mass YSOs 
in a 0.2 Z⊙ extragalactic environment, suggesting that the material to 
form rocky planets is present at this low metallicity.

Methods
NIRCam observations and data processing
We have mapped NGC 346 with JWST/NIRCam (Program ID 1227; 
PI Meixner), in the F115W, F187N and F200W short-wavelength 
bands, and F277W, F335M and F444W long-wavelength bands. The 
images, obtained on 16 July 2022 are centred at right ascension of 

00 h 59 min 04.9451 s, declination of −72° 10′ 9.15″ and cover an area 
of roughly 31.05 arcmin2 (Table 2). The NIRCam observations used 
both the A and B modules to provide the largest field of view with one 
pointing. They were obtained in a four-by-four mosaic using the bright2 
readout pattern with two groups per integration at four subpixel dither 
positions for an exposure time of 171.8 s per filter, for three of the tiles. 
The last tile was observed with seven groups per integration, to enable 
Mid-Infrared Instrument (MIRI) parallels, for a total exposure time of 
601.3 s per filter.

The level two NIRCam data were reprocessed using a slightly modi-
fied version of the JWST official pipeline (v.1.7.2). These modifications 
correct for 1/f noise (using image1overf.py; ref. 49), flat field correc-
tion noise, World Coordinate System alignment issues, differences in 
background matching across the mosaic and include the most recent 
NIRCam calibration files jwst_0989.map of the Operational Pipeline 
Calibration Reference Data System produced on 3 October 2022 with 
on-sky derived photometric zero points50,51. The final pixel scale of 
the mosaics is set to 0.0315″ for the three short-wavelength bands and 
0.0629″ for the three long-wavelength bands.

Photometry
Aperture photometry was performed on the individual exposures in 
each band using the starbug II tool52. starbug II, which incorporates 
modules from photutils53, is optimized for observations using both NIR-
Cam and the MIRI54 on JWST and is designed to detect and extract point 
sources in crowded environments with complex diffuse emission and 
variable backgrounds. The sources identified in the single frames are 
extracted at a 3σ level above the local background, which was charac-
terized and globally subtracted using a combination of three different 
background estimation techniques. This ensures objects in complex 
nebular regions in which background determination is more problem-
atic are not prematurely excluded. An aperture with radius 1.5 pixels 
and an annulus from 3.0 to 4.5 pixels surrounding each source was then 
used in the photometric extraction. Sharp cuts between 0.4 and 0.9 
and round equal to or less than ∣1.0∣ are applied, and then only sources 
detected in at least three of the four frames are retained. Sources with 
mean and median values that differ by more than 0.1 dex between 
exposures were flagged and removed as mismatches. This eliminates 
cosmic rays, noise spikes from the point spread function and extended 
sources such as resolved background galaxies, and ensures high fidel-
ity of the final point-source catalogues. Aperture corrections pro-
vided in the CRDS reference files were then applied to all photometry. 

Table 1 | NGC 346 stellar populations identified using JWST/
NIRCam (the stellar population, selection criteria and the 
resulting number of sources belonging to that class are 
listed below)

Population Colour selection Number of 
sources

RC inside (x1,y1 = (−0.45,18.8), x2,y2 = (−0.45, 19.10), 
x3,y3 = (0.10,19.55), x4,y4 = (0.10,19.15)) where 
x = F115W and y = F115W–F200W

448

RGB 0.1 > F115W–F200W > −0.45 and F115W < 21.5 2,176

UMS −0.6 > F115W–F200W > −1.18 and F115W < 21.5 1,982

YSO F115W–F187N < 0.3 and F200W–F444W > −1.1 
and F335M–F444W > −0.3

136

YSO Paα F115W–F187N > 0.3 and F200W–F444W > −1.1 
and F335M–F444W > −0.3

216

PMS F115W–F187N > 0.3 and F200W–F444W < −1.1 179

Table 2 | Summary of the NGC 346 NIRCam survey, 
Guaranteed Time Program no. 1227 and values adopted 
for the properties of NGC 346 (the completeness limit 
corresponds to aperture photometry with a 1.5-pixel radius 
to 3σ)

Characteristic Value

Nominal centre point 00 h 59 min 04.9451 s − 72° 10′ 9.15″

Survey area (arcmin2) 31.05

Central λ (μm) 1.154, 1.874, 1.990, 2.786, 3.365, 4.421

FWHM at λ (pixel) 1.290, 2.065, 2.129, 1.460, 1.762, 2.302

Point-source completeness 
limits at λ (mag)

26.6, 23.2, 26.7, 25.4, 24.5, 26.4

Maximum total exposure 
time per pixel

601.3 s

Distance to NGC 346 60.4 kpc

Distance modulus (m − M)0 18.96 (ref. 1)

E(B − V) 0.08

Metallicity [Fe/H] (dex) −0.9–1.0 Z = 0.002
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To generate a band-merged point-source catalogue, the individual 
catalogues from each of the six filters were merged using the closest 
astrometric separation less than 0.25″. Source blending/confusion is 
negligible (less than 3%) when combining between different filters. 
We correct the photometric values for galactic foreground extinction 
using E(B − V) = 0.08 and the extinction curve of ref. 55 with RV = 2.7, but 
not for any extinction intrinsic to NGC 346. The final band-matched 
catalogue includes roughly 525,000 unique point sources, of which 
45,583 are reliably detected in all four NIRCam wide bands. We refer to 
the latter sample as our NIRCam source catalogue, which we present 
in AB system magnitudes. Point sources in this catalogue have fewer 
nulled wavelengths, smaller photometric uncertainties and are typi-
cally brighter, thus less likely to have mismatched photometry when 
cross-matching with other telescopes (for example, HST, Gaia).

In the F115W band, the point-source completeness magnitude of 
26.6 allows for the characterization of young populations (less than 
10 Myr) down to an initial mass of roughly 0.1 M⊙, corresponding to 
stars in the T-Tauri range. Sources brighter than F115W = 17.3 mag are 
saturated. To verify the PMS mass limits, we match (using R < 0.3″) our 
NIRCam catalogue to the refs. 29 and 18 HST data that include mass and 
age estimates. There are 24,367 sources in common, including PMS 
stars with masses from 0.4–4 M⊙ and ages 1–30 Myr.

Data availability
The data used in this study may be obtained from the Mikulski Archive 
for Space Telescopes (MAST, https://mast.stsci.edu/) and are associated 
with program no. 1227.

Code availability
This research made use of astropy56, photutils53 and topcat57. The 
starbug II tool52 optimized for JWST–NIRCam and MIRI point-source 
photometry in complex crowded environments is available via pip 
install starbug2.
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