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Abstract

The 30 Doradus region in the Large Magellanic Cloud (LMC) is the most energetic star-forming region in the Local Group. It is powered by the feedback from the massive stars in R 136, the 1–2 Myr old central massive cluster. 30 Doradus has therefore long been regarded as a laboratory for studying star and star cluster formation under conditions reminiscent of the early Universe. We use JWST NIRCam observations to analyse how star formation proceeds in the region. Using selections based on theoretical isochrones on colour-magnitude diagrams, we identify populations of different ages. We select pre-main-sequence (PMS) stars and young stellar objects that show excess emission from warm dust or emission lines. Studying the spatial distribution of the different populations, we find that the youngest PMS stars with ages <0.5 Myr are located in an elongated structure that stretches towards the north-east from the central cluster. The same structure is found in the sources that show an infrared excess, appears to be overlapping with cold molecular gas, and covers previously investigated sites of ongoing star formation. Pre-main-sequence stars with ages between 1 and 4 Myr and upper main-sequence stars are concentrated in the centre of R 136, while older stars are more uniformly distributed across the field and likely belong to the LMC field population. Nonetheless, we find stars with excess emission from on dust or emission lines as far as 100 pc from the centre, indicating extended recent star formation. We interpret the elongated structure formed by the youngest PMS stars to be an indication of the still-ongoing hierarchical assembly of the R 136 cluster. Additionally, the lower density of old PMS stars with emission due to ongoing accretion in the central region suggests that feedback from the R 136 stars is effective in disrupting the disks of PMS stars.

Key words: Magellanic Clouds / galaxies: star clusters / galaxies: star formation: individual: R 136


★ Based on observations with the NASA/ESA Hubble Space Telescope and the NASA/ESA/CSA James Webb Space Telescope, which are operated by AURA, Inc., under NASA contracts NAS5-26555 and NAS 5-03127.

★★ ESA research fellow.



1 Introduction
The 30 Doradus region (also known as the Tarantula nebula) in the Large Magellanic Cloud (LMC) is the most luminous and most energetic star-forming region in the Local Group. In its centre lies the OB association NGC 2070, which itself hosts the compact subcluster R 136 at its core, a young (1–2 Myr; Crowther et al. 2016; Bestenlehner et al. 2020) star cluster that contains some of the most massive stars known (Crowther et al. 2010; Brands et al. 2022). 30 Dor is therefore the closest example of a massive extragalactic star burst, powered by a young massive cluster, and it is often considered as a local analogue of the extreme star and star cluster formation conditions in more distant interacting galaxies (e.g. Bastian et al. 2013) or at high redshift (e.g. Bouwens et al. 2021).
Consequently, understanding how star formation proceeds in 30 Dor has been the focus of many observational campaigns across the full wavelength range. X-ray and ultraviolet studies have established the significant contribution of the R 136 cluster to the ionising flux and mechanical feedback in the region (Bestenlehner et al. 2020; Cheng et al. 2021; Crowther et al. 2022), but early ground-based studies already suggested that star formation is ongoing beyond the central cluster (e.g. Walborn 1991; Hyland et al. 1992; Rubio et al. 1992). For example, Walborn & Blades 1987 and Walborn (1991) identified three O-stars that are deeply embedded in nebular knots to the north-east and west of R 136 with spectroscopy, while Rubio et al. (1998) detected several infrared (IR)-bright sources in the nebular filaments surrounding the central cluster with deep ground-based imaging.
Optical imaging with the Hubble Space Telescope (HST) Wide Field Planetary Camera 2 (WFPC2) revealed highly complex nebular structures with compact dust regions and extended pillars (Hunter et al. 1995b; Scowen et al. 1998; Rubio et al. 1998; Walborn et al. 2002). Complementary to ground-based IR studies, Walborn et al. (1999) presented HST Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) imaging of several fields in 30 Doradus, resolving previously identified IR-bright sources into small clusters with multiple components. Brandner et al. (2001) used the same data to identify pre-mainsequence (PMS) stars.
Using HST Wide Field Camera 3 (WFC3) observations of the 30 Dor nebula, De Marchi et al. (2011b, 2017) identified more than 1150 PMS stars in a 40 × 40 pc region. Similarly, an extended distribution of upper main-sequence (UMS) stars was found by the Hubble Tarantula Treasury Program (HTTP; Sabbi et al. 2013, 2016), a multi-band HST imaging survey spanning a much larger region of 30 Dor. Using these data, Ksoll et al. (2018) identified more than 16000 likely PMS stars with a machine-learning approach. These stars are distributed across a 200 × 175 pc region in loose and sometimes filamentary structures.
Using observations in the mid- and far-IR with the Spitzer and Herschel space telescopes, tens of embedded young stellar objects (YSOs) have been identified based on their colours and spectral energy distributions (e.g. Whitney et al. 2008; Gruendl & Chu 2009; Carlson et al. 2012; Walborn et al. 2013). Recently, Nayak et al. 2023 reanalysed data from the Spitzer SAGE (Meixner et al. 2006) and Herschel HERITAGE (Meixner et al. 2013) surveys to identify a large sample of nearly 300 candidate high-mass YSOs in 30 Doradus, some distributed in clumps 45 pc away from R 136. High angular resolution ALMA CO(2–1) observations of the region presented by Wong et al. (2022) also found a complex network of filamentary structures in cold molecular gas, but Nayak et al. (2023) found only ~40% of their YSO candidates to be associated with the CO molecular gas, suggesting that a majority of the cold H2 gas is not traced by CO.
Overall, observational studies of 30 Doradus have revealed it to be a complex region organised in clumps and filaments, in which multiple episodes of star formation have occurred in the past ~30 Myr and are still ongoing in the molecular gas around 30 Dor (Rubio et al. 1992; Walborn et al. 1999; Kalari et al. 2018; Nayak et al. 2023). R 136 was found to host multiple generations of stars as young as 0.5 Myr (Crowther et al. 2016; Bestenlehner et al. 2020), whereas the Hodge 301 cluster, located 45 pc to the north-west, is substantially older, with an age of up to 30 Myr (Lortet & Testor 1991; Grebel & Chu 2000; Cignoni et al. 2016). Using HST, De Marchi et al. (2017) found low-mass PMS stars as old as 50 Myr to be separated spatially from R136, and widely distributed O and B stars found by the VLT-FLAMES Tarantula Survey (VFTS; Evans et al. 2011) indicate distributed star formation within the past few million years (Schneider et al. 2018). Additionally, the massive YSO candidates identified from Spitzer and Herschel data by Nayak et al. (2023) suggest an increase in the star formation activity in the region in the past few million years.
In this work, we build upon existing studies of the young and old stellar populations in the 30 Doradus region using JWST NIRCam photometry of the region. While Spitzer and Herschel have been instrumental in identifying deeply embedded YSOs that are invisible to the optical cameras of the HST, their limited sensitivity and angular resolution restricted the analysis to short-lived YSOs with masses of ≳ 5 M⊙. On the other hand, HST-based studies in the optical enabled identification of low-mass PMS stars down to ~0.5 M⊙ that have a considerable age spread (De Marchi et al. 2017), but miss the most embedded phases. With its high sensitivity, high angular resolution, and coverage in the infrared, the JWST now allows us study PMS stars of various ages even in highly dust-obscured regions, as shown, for example, with the JWST NIRCam observation of NGC 346 in the Small Magellanic Cloud (SMC; Jones et al. 2023) or NGC 6822 (Lenkić et al. 2023; Nally et al. 2023). In this work, we used publicly available NIRCam data of the central field from Early Release Observations (ERO programme 2729, PI: K. Pontoppidan) as well as two NIRCam fields separated from the centre of the cluster (programme 1226, PI: De Marchi) to distinguish the various stellar populations in 30 Doradus.
The paper is structured as follows. Section 2 describes the data reduction and photometry workflow, and Sect. 3 describes how we corrected for extinction. Our methods of selecting different subpopulations are presented in Sect. 4. Section 5 describes their spatial distributions in the 30 Doradus region. We discuss our findings with respect to the literature in Sect. 6 and conclude in Sect. 7. Throughout this work, we assume a distance to the LMC and 30 Doradus of D = 51.3 kpc, corresponding to a distance module of µ = 18.55 mag (Panagia et al. 1991; Panagia 2005). At this distance, 1′ corresponds to 14.9 pc and 1″to 0.25 pc, respectively.
	[image: thumbnail]	Fig. 1 Greyscale DSS2 red image of 30 Doradus. The red, orange, and blue rectangles show the footprints of the central, northern parallel, and southern parallel fields, respectively. The black circles indicate the location of well-known clusters in 30 Doradus. North is up, and east is to the left. The greyscale image has a size of 17.5′ × 17.5′ (260 × 260 pc). The centre field spans a 7.4′ × 4.4′ region (110 × 66 pc), and the parallel observations consist of two fields each with an area of 2.2′ × 2.2′ (33 × 33 pc), corresponding to the footprint of the NIRCam A and B modules.



2 Data
In this work, we used publicly available JWST NIRCam data from the Early Release Observations programme 02729 as also described in Fahrion & De Marchi (2023), where we used the JWST data in combination with HTTP HST data to derive the extinction law in 30 Dor from 0.3 to 4.7 µm. Here, we complemented the public JWST data of the central region of 30 Doradus (called central field or centre field in the following) with two additional NIRCam pointings that were observed on 8 July 2023 as parallel observations to NIRSpec observations in programme 01226 (PI: De Marchi). We refer to these fields as the northern and southern parallel fields. Table 1 lists basic details of the observations such as the filter combinations and exposure times. Figure 1 shows an overview of the 30 Doradus region with a DSS2 red image and the footprint of the JWST data highlighted. Figure 2 shows the image from the offical release1.
2.1 Data reduction
For this paper, we further refined our photometric catalogues presented in Fahrion & De Marchi (2023). Firstly, we reran the NIRCam data reduction pipeline steps 2 and 3 using JWST_PIPELINE version 1.10.02 with the CDRS context map JWST_1089.PMAP. We aligned the world coordinate systems to the Gaia DR3 catalogues. The main difference to the older data reduction version used in Fahrion & De Marchi (2023) is the treatment of bad-quality pixels that were set to zero in the old version and are now NaN values. This leads to a smoother appearance in the final mosaics, but does not affect the derived photometry.
	[image: thumbnail]	Fig. 2 False-colour images of the centre field from the official image release. Red: F444W, orange: F335M, green: F200W, and blue: F090W. The field shows a region of 7.4′ × 4.4′ (110 × 66 pc). Credit: NASA, ESA, CSA, STScI, Webb ERO Production Team.



Table 1 
Overview of NIRCam observations.

2.2 Source detection and photometry
While Fahrion & De Marchi (2023) used only the bright red clump stars, we are now interested in the full stellar populations. For this reason, we repeated the source extraction and photometry. For source detection, we used the combined mosaics with an optimised background subtraction to improve the detection of faint sources in regions with strong nebular emission. As in Fahrion & De Marchi (2023), we used PHOTUTILS MMM-BACKGROUND to estimate and subtract the 2D background. Then, we detected all sources in the background-subtracted image that have two connected pixels 3σ above the root mean squared of the background. For the narrow-band filters such as F187N and F470N, we used a 2σ threshold. Then, this master list from the mosaics was used to obtain forced-aperture photometry on the individual exposures using an aperture radius of 2.5 pixels. The background was determined in an annulus with an inner radius of 4 and an outer radius of 5.5 pixels and was subtracted from the aperture flux. To ensure that the world coordinate system was consistent between mosaics and individual exposures, we used calibrated but not combined TWEAKREGSTEP files. They were corrected for the 1/f striping using the routine of Chris Willot2.
As another advancement, we now also performed PSF photometry using PHOTUTILS with the WebbPSF models version 1.1.0. We used a grid of 25 PSFs per detector. For the aperture photometry, the PSF photometry was applied to the individual exposures using the master catalogue from the respective mosaic, but the centroid positions were fitted freely. We note that this only leads to small adjustments on a sub-pixel level in the centroid positions and does not lead to source confusion, but optimises the fits. For each exposure, the two-dimensional background was derived using a box size of 5 × 5 pixels and a filter size of 3 pixels. This background was then supplied to the PSF-fitting routine. We also experimented with directly creating PSF models from the data. However, due to the strongly varying background, we found that the WEBBPSF models perform better. The corresponding aperture corrections are listed in Appendix A.
For each filter, we first obtained the photometry in each exposure and then combined this into a master table. We calculated the magnitudes as the mean from each individual exposure and the corresponding uncertainties as the standard deviations. Then, the catalogues for each filter were combined into a master catalogue, considering only sources that were detected in at least two JWST filters. The final catalogue of the centre field has 149 589 sources. Out of these, 109 782 (73%) can be matched to the HTTP catalogue in the NIRCam footprint. Of those without a HST match, more than half are redder than F090W – F200W = 1.5 mag.
For the parallel observations, we used the same data reduction and source extraction steps. In the northern parallel fields, 26 610 sources are found in at least two of the four filters, but only 3465 of them have a match to the HTTP because the overlapping footprints are small. In the southern parallel observations, 37 680 sources are detected, 12 636 of which are matched to the HTTP. Although the exposure time is the same for both parallels, the larger number of filters and the choice of wide filters over medium wide filters in the southern parallel observations leads to the larger number of detected sources.
	[image: thumbnail]	Fig. 3 False-colour images of the northern parallel (top) and southern parallel (bottom) fields. The orange arrow indicates the orientation on the sky. The images were constructed using different JWST NIRCam filters in the respective fields. The colours for the northern parallel field are red: F430M, yellow: F405N, blue: F182M, and cyan: F187N. The colours for the southern parallel field are red: F444W, yellow: F405N, blue: F200W, and cyan: F187N. Each large square has a field of view of 2.2′ × 2.2′(33 × 33 pc). The dark space in the middle corresponds to the 44″ gap between the NIRCam A and B modules, while the cross shape arises from the ~5″ gaps between the four individual detectors in the short-wavelength channel. In dithered observations such as the observations of the centre field, these gaps disappear. The location of these fields on the sky is shown in Fig. 1.



2.3 Colour images of the parallel observations
Figure 3 shows false-colour images of the two parallel fields, created by combining all of the available NIRCam filters. Red represents long wavelengths, and blue represents short-wavelength channels.
These images clearly show nebulosity with a high level of detail in both parallel fields, in particular, in the western parts of the observations, which are closer to the centre of 30 Doradus. The eastern parts also show faint nebular features. The north-west corner of the southern parallel field covers part of the SL 639 cluster, for which Britavskiy et al. (2019) reported an age of ∼22 Myr based on VFTS data (see also Evans et al. 2015).
	[image: thumbnail]	Fig. 4 Extinction correction for the centre field. Top left: original F090W – F200W CMD. The cyan line represents a 4 Myr (log(Age) = 6.65) MIST isochrone with metallicity [Fe/H] = −2.5 dex (solid in the upper main sequence). The red parallelogram shows our selection of UMS stars that we used to derive the extinction by placing them back onto the isochrone. Top right: extinction-corrected CMD. Bottom left: normalised histogram of the derived extinction values AF090W. The mean is at 1.31 ± 0.20 mag, and the arrow in the top left panel corresponds to this extinction. Bottom right: map of derived extinction values. The smooth appearance is caused by the smoothing parameter ϵ.



3 Correcting for extinction
We derived the extinction law in 30 Doradus in Fahrion & De Marchi (2023) using the same JWST NIRCam data in the centre field as well as archival HST data from the HTTP. We now used the derived law to correct the colour-magnitude diagrams (CMDs) of the central field for extinction using a similar approach as described in Ksoll et al. (2018) or De Marchi et al. (2011a, 2017). As we are mainly interested in correcting young populations and PMS stars, we based our extinction correction on UMS stars for which the absolute extinction can easily be derived by placing them back onto a theoretical isochrone. We first selected UMS in the F090W – F200W CMD as shown in Fig. 4 and then placed each UMS star back to its theoretical location on an unreddened 4 Myr MIST3 isochrone (Dotter 2016; Choi et al. 2016) with [Fe/H] = −0.35 dex (Choudhury et al. 2021, see also Sect. 4.1). This isochrone already includes also extinction in the Galactic foreground. For this component, we used the extinction law from Cardelli et al. (1989), with RV = 3.1, and AV = 0.22, which is the value that is generally adopted for this line of sight (e.g. Brunet et al. 1975; Isserstedt 1975; Fitzpatrick & Savage 1984). As the extinction law derived in Fahrion & De Marchi (2023) has only considered the slope of the extinction vector rather than the absolute extinction value, we did not attempt to consider the total extinction correction, which would also include foreground extinction (see e.g. Maíz Apellániz et al. 2014). In this way, we calculated the absolute extinction in F090W for all selected UMS stars across the field of view.
We then used the UMS stars to derive the F090W extinction for the full sample of stars by calculating the distance-weighted extinction of the nth nearest UMS stars (see also Ksoll et al. 2018),
[image: equation](1)
with weights wi,
[image: equation](2)
where di is the distance to the nth nearest UMS star, and ϵ is a smoothing parameter in the same units as di. Using these parameters, we find an mean extinction of AF090W = 1.31 ± 0.20 mag, as shown in the bottom left panel of Fig. 4.
After testing, we chose to use the 20 nearest UMS stars with a smoothing of ϵ = 5″ around each star in the catalogue. To test this correction, we also applied it to the UMS stars, but in this case, we first removed the respective UMS star from the sample and then used other nearby UMS stars to derive its mean extinction. We found that these parameters resulted in a narrow UMS sequence that closely matched the theoretical isochrone. The right panel in Fig. 4 shows the extinction-corrected CMD in F090W – F200W. We used the extinction law from Fahrion & De Marchi (2023) to also correct all stars in the other JWST NIRCam bands.
The extinction map in the bottom right panel of Fig. 4 shows the distribution of the derived extinction values, clearly illustrating that the extinction follows the optical appearance of the nebula. Figure 4 shows that the extinction-corrected CMD fits the 4 Myr isochrone much better and shows a more narrow UMS. The still extended red clump shows that the correction is not perfect, especially for old populations. However, this is not expected either because by choosing to use the UMS stars for correction, we aimed to correct the extinction for the young populations. The old populations such as red giant stars are not spatially correlated with the UMS stars and therefore cannot be dereddened using UMS stars as reference. Additionally, we caution that we made the assumption that PMS stars follow the same extinction law as the UMS, even though the intrinsic colours of these populations are different and non-linearities in the extinction can have an effect, especially at large absolute extinctions (e.g. Maíz Apellániz et al. 2014; Maíz Apellániz & Barbá 2018). Following Maíz Apellániz et al. (2020), at absolute extinctions in F090W of ~ 1.3 mag, we might expect to see effects at the level of 0.05 mag, similar to the typical uncertainty of the PMS stars. Consequently, disentangling this effect with our data is challenging, especially given that the typical scatter in extinction values of neighbouring UMS stars are about 0.1 mag.
We did not apply a similar extinction correction in the parallel fields because the filter choices were made to identify sources with emission line excess (see Sect. 4.2). As a consequence, no colour combinations are available in which the upper main sequence can be well separated from the red giant branch. Additionally, only a small subset of stars in the parallels overlap with the HTTP footprint and have available HST colours that could be used to derive the extinction. However, we note that we are still able to identify PMS stars and YSOs based on their excess emissions, as described below.
	[image: thumbnail]	Fig. 5 Extinction-corrected CMDs of the central field with MIST isochrones between 0.5 and 20 Myr. The different panels show different colour combinations. Only stars with photometric uncertainties smaller than 0.5 mag are plotted. The black arrows indicate the direction of extinction.



4 Selecting subpopulations
In the following, we describe our approaches to select subpopulations of different ages using colour–magnitude and colour–colour diagrams. For the central field, we used extinction-corrected data.
4.1 Comparison with isochrones
We compare the extinction-corrected CMDs of the centre field in Fig. 5 with theoretical MIST isochrones with ages of 1, 4, 8, and 20 Myr. The isochrones use [Fe/H] = −0.35 dex (see Choudhury et al. 2021) and a Milky Way foreground extinction of AV = 0.22 mag following the law from Cardelli et al. (1989).
The CMD shows that isochrones with ages even younger than 1 Myr are needed to describe the red and faint populations, but some stars are significantly redder than any of the isochrones. This is particularly clear in the right panel, which shows the F200W – F444W CMD. Here, a population of sources with a significant excess towards longer wavelengths is visible. Additionally, the comparison between these two panels illustrates that two blue JWST filters with sufficient separations in their central wavelengths (e.g. F090W and F200W) are needed to different populations using isochrones. Because filters like this are missing in the parallel observations, comparisons with isochrones cannot be used there to distinguish between populations.
We used the MIST isochrones to make a simple selection based on the expected ages of different populations in 30 Doradus. Firstly, we again selected the UMS stars in the CMD, this time, using a simple rectangle and a magnitude limit of F090W = 18.5 mag. For the faint populations, we only considered stars fainter than F090W = 19.5 mag to avoid confusion with giant stars. In the same way as for the youngest stars, we selected all stars redder than the 0.5 Myr MIST isochrone, as shown in Fig. 6. PMS stars with intermediate ages were selected to lie in the region bounded by the other isochrones, selecting stars with ages between 0.5 and 1, 1 and 2, 2 and 4, 4 and 8, 8 and 20, and stars older than 20 Myr. For the oldest stars, we chose an even stricter brightness cut of F090W = 20 mag. To account for photometric uncertainties, we only made these selection for stars with uncertainties <0.1 mag in both the F090W and F200W filters. We note that this selection reaches down to F090W = 25 mag, mass of 0.5 M⊙ for a 20 Myr isochrone, 0.25 M⊙ for a 4 Myr isochrone, or 0.1 for a 1 Myr isochrone. This shows that low-mass PMS stars are included. At the same time, the brightness cut at 19.5 mag sets a limit to stars less massive than 3 M⊙.
As the focus of this work is to investigate how JWST NIRCam can be used to distinguish different populations, we did not consider a more refined fitting of ages and masses, as is often done with HST data (e.g. De Marchi et al. 2017). However, we note that especially when the extinction is very high, the reddening correction can be a source of uncertainty in the age determination, and in individual cases, it can move stars from one selection to the next.
	[image: thumbnail]	Fig. 6 Selecting populations of different ages in a extinction-corrected CMD. The lines show the same isochrones as in Fig. 5. The coloured dots show the selected stars of different ages. We only selected stars fainter than F090W = 19.5 mag to avoid confusion with older giant stars.



4.2 Populations with excess emission
The large number of filter combinations that also consider multiple narrow-band filters allows us to select and study stellar populations within 30 Doradus that show an excess compared to the main populations. This excess can either be caused by emission from certain emission lines (e.g. the HI Paα, Brα, or H2 lines), or from warm dust that emits at long wavelengths. We selected sources that show excess emission using colour cuts, as shown in Fig. 7. This figure shows CMDs using the colours described below.
We considered excess towards the mid-infrared (called IR excess in the following) using the F200W – F444W colours (or F182M – F430M for the northern parallel field). To select excess due to emission from the Paα line, we used F200W – F187N (or F182M – F187N) colours, and for excess due to emission from molecular hydrogen, called H2 excess, we used F444W – F470N (for the centre field and southern parallels). Additionally, the parallel observations were covered with the Brα narrow-band filter F405N, so that we used F444W – F405N for the southern and F430M – F405N for the northern parallel field to select sources with excess in this emission line. Finally, the southern parallel observations also used the F212N narrow band, which covers the 2.12 µm line of H2. To select excess sources, we used the F200W – F212N colour in this case.
Our colour cuts are listed in Table 2. We required the selected sources to have larger (redder) colours than these thresholds. To account for the photometric uncertainties, we only considered sources with magnitude uncertainties below 0.1 mag. Additionally, we only selected sources that met the colour cuts with at least 5σ significance, where σ is the combined uncertainty of the respective two filters.
The last column of Table 2 reports the resulting number of stars that meet these criteria. They are plotted in different colours in the CMDs of Fig. 7. Especially the centre field, many of the excess sources also include bright stars, whereas the parallel observations farther away from the centre of 30 Doradus tend to show fewer excess sources and fainter sources, illustrating that especially massive star formation is mainly limited to the central region. Nevertheless, there are still sources with IR or emission line excess in the parallel fields, clearly indicating ongoing or recent star formation in the parallel fields. These sources lie as far as ~100 pc from the centre of 30 Doradus.
We note that visual inspection of the sources with an Paα excess higher than two magnitudes revealed that around half of them are extended sources in the F187N filter. These mini-HII regions are frequently not detected in F090W.
A combined comparison of the different populations in the centre field is shown in Fig. 8. The left panel of this figure reveals that the IR-excess sources are redder than the main populations in this CMD, while the H2-excess sources scatter across the full range of colours, but are mainly relatively bright due to the limited depth of the F470N observations. In some red and bright Paα sources, the Paα emission is probably caused by winds around massive stars (possibly Be stars), but there might also be some massive PMS stars in this selection. Stars with faint Paα excess show a bimodal distribution. Some of them are close to the main sequence, while others lie towards redder colours, in the area of PMS stars. This is similar to the results of De Marchi et al. (2017), who used HST Hα narrow-band observations in conjunction with broad-band filters to identify accreting PMS stars. In this way, they identified bona fide PMS stars with locations both on PMS tracks and close to the main sequence. This was interpreted to show that older PMS stars that have almost reached the main sequence can also still show an excess in hydrogen emission, likely caused by ongoing accretion. With NIRSpec spectroscopy of similar targets in NGC 346, this emission was then confirmed. This clearly shows that PMS stars in the low-metallicity environment of the SMC can accrete for several dozen million years (De Marchi et al. 2023).
	[image: thumbnail]	Fig. 7 Selecting sources with excess emission. Each panel shows a different filter combination that was used to select sources (from left to right) with IR, Paα, H2, Brα, and H2(2.12 µm) excess. The selected sources are shown with coloured dots. As a result of the filter choices, additional influence of reddening is very small.



Table 2 
Overview of selected populations with excess emission.

	[image: thumbnail]	Fig. 8 F090W – F200W CMD for the centre field. Left: different excess populations are shown by the coloured dots. Right: triangles show sources that show excess in two or more selections.



4.3 Colour-colour selections
While we made the initial selections based on only one colour, the position of excess sources in colour-colour space gives further insights into their nature. Figure 9 shows different colour combinations for the different fields. We note that combining different colours to create these figures significantly reduces the number of sources, especially when one of the long-wavelength channel narrow-band filters is included because these data are not as deep.
The leftmost panels of this figure show the colour-colour combinations of the centre field, revealing a population of stars that have both excess in the IR and Paα emission. These are interesting candidates for accreting still deeply embedded PMS stars. The right panel in Fig. 8 shows that many of them are indeed located where PMS stars are expected, but some brighter stars also have excess in IR and Paα. These could be candidates of more massive PMS stars. We note again the population of stars with very high Paα excess (F200W – F187N > 2), which also have a significant IR excess. As described above, many of them show extended structures in the F187N filters and are discernible as mini-HII regions in the images.
Similarly, there are stars with both an excess in IR and H2 emission in the centre field. Some of them are also Paα-excess sources. De Marchi et al. (2023) showed with NIRSpec spectroscopy that accreting PMS stars might also show H2 lines from their natal cloud. Inspection of the sources in the F090W – F200W CMD (Fig. 8) finds them to be brighter than our isochrone-based PMS stars, likely because of the limited depth of the long wavelength data. These stars are likely more massive YSOs and appear to fall on the 1–2 Myr isochrones shown in Fig. 5 for example. Interestingly, all sources with excess in both Paα and H2 also show IR excess.
Because there are fewer stars and the distance to the centre of 30 Doradus is larger, the colour-colour diagrams for the northern and southern parallel observations are less strongly populated with excess sources. The southern parallel observations include a handful of sources with both Paα and IR excess emission, as well as some with H2 emission, creating an excess in both the F470N and F212N filters. We find that sources with an excess in Paα do not necessarily also show an excess in Brα. This probably is because Brα is intrinsically fainter than Paα and also because the F444W filter contains the line, hindering the characterisation of the continuum.
	[image: thumbnail]	Fig. 9 Colour-colour diagrams used to select sources with excess emission due to warm dust or emission lines. Left panels: selection of sources in the centre field with Paα (cyan), H2 (magenta), and IR (purple) excess. Middle panels: selection of sources in the northern parallel field with Paα (cyan), Brα (peach), and IR (purple) excess. Right panels: selection of sources in the southern parallel field with Paα (cyan), H2 (4.70 µm, magenta), H2 (2.12 µm, pale green), Brα (peach), and IR (purple) excess.



5 Spatial distributions of different populations
In the following, we focus our analysis on the spatial distribution of the different populations across the field of view. We then also compare to the distribution of cold molecular gas.
5.1 Two-dimensional histograms of spatial distributions
Figure 10 shows the spatial distributions of the various selected populations in the centre field as two-dimensional histograms overplotted on the DSS2 red image for visualisation. Each bin in the histograms corresponds to 15″×15″. Figure 11 shows similar histograms for the parallel fields.
The distribution of UMS stars peaks sharply in the centre of R136, the young massive cluster in the centre of the 30 Doradus region, and shows a rather smooth distribution across the field of view. This underlines the findings by the HTTP and the VFTS that young, massive stars are widely distributed (e.g. Sabbi et al. 2013; Schneider et al. 2018), likely indicating a widely distributed star formation within the last million years. The very central bin on top of the centre of R 136 shows a drop in these PMS stars, however, we find that this because the extremely massive stars in the centre of R 136 are saturated in all of the NIRCam filter and are thus lacking from our catalogue.
In contrast, the youngest and reddest selected PMS stars (<0.5 Myr) show an elongated distribution towards the northeast of R 136, reaching deep within the highly extinguished region. Ground- and space-based NIR detections of PMS stars have already established that star formation is ongoing in this region (e.g. Rubio et al. 1998; Walborn et al. 1999). With increasing age of the isochrones used for selection, this elongated structure becomes weaker. Instead, stars with colours consistent with ages between 1 and 4 Myr are again concentrated on R 136, but not as peaked as the UMS stars. Stars older than 4 Myr begin to show an elongated curved structure that is displaced from the centre of R 136 and instead fills the rather dust-free region in the centre of NGC 2070. This structure is also found in the 8–20 Myr age bin, but disappears for the oldest stars (>20 Myr), where the dusty regions instead become visible as regions of lower density. We found this to be caused by a selection effect because this population mainly contains faint stars that have a lower detection rate in these regions due to extinction. An additional magnitude threshold of F090W < 22.5 mag for these stars results in a smooth distribution, indicating that this population belongs to the LMC field population.
The third row of Fig. 10 shows two-dimensional histograms for sources selected based on their excess emission. The IR-excess sources show a very similar elongated distribution as the youngest PMS stars (<0.5 Myr). The Paα-selected stars reach the highest densities in the central region of 30 Doradus and overlap with the regions that also have a high density of young and IR-excess populations. Additionally, Paα-excess sources appear at the edges of the nebular regions at the borders of the central NIRCam field of view. Sources with H2 excess are concentrated towards the centre of 30 Doradus and appear to trace the molecular filaments (see also Fig. 12). The parallel fields also contain these excess sources, even as far as 100 kpc from R 136 (Fig. 11).
In the bottom row of Fig. 10, we show histograms when two or more selections are combined. We find that sources that both have an IR excess and are selected to be redder than the 8 Myr isochrone in the F090W – F200W CMD are clearly elongated towards the north-east, while IR-excess stars with older ages are more uniformly distributed across the field. This highlights that the youngest PMS stars often also have IR excess, indicating that they have very red spectral energy distributions. This is expected for PMS stars that are still deeply embedded in their natal cloud (e.g. Robitaille et al. 2007).
Sources with Paα excess and ages younger than 8 Myr are found to be located on regions with high nebulosity in the central region, while almost all Paα excess stars with older ages are located in the other regions of the cloud. We suggest that this indicates that the radiative feedback from the massive stars in R 136 is efficient in destroying the accretion disks of PMS stars in the central regions, while PMS stars at larger radii are able to accrete longer. This erosion of accretion disks due to photo-evaporation was also suggested by De Marchi et al. (2011a) based on the finding that older accreting PMS stars are displaced from the centre of R 136 based on Hα narrow-band HST observations of a central field in 30 Doradus.
	[image: thumbnail]	Fig. 10 Spatial distributions of different populations of the centre field as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image. Top and first row: selections based on the F090W – F200W colour magnitude diagram and comparisons with isochrones as shown by two-dimensional histograms. Third row: histograms show individual stars selected based on their excess. Bottom row: histograms showing stars that fall in two or more selections. A scale bar of 2′ is shown in the first panel.



	[image: thumbnail]	Fig. 11 Spatial distributions of different populations of the northern (top) and southern parallels (bottom) as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image (see Fig. 1 for the placement of these fields in the 30 Doradus region). Histograms show individual stars selected based on their excess.



	[image: thumbnail]	Fig. 12 Spatial distribution of different populations in the centre field on top of the F335M mosaic (top left and as background in each panel). The red arrow indicates the location of the central cluster R 136, and the red crosses mark the positions of previously well-studied IR-bright knots (e.g. Walborn et al. 1999). Top right: 12CO moment zero maps from ALMA (data from Wong et al. 2022) as green to yellow contours. The coloured dots show individual stars selected in different populations. The image has a field of view of 7.4′ × 4.4′ (110 × 66 pc).



	[image: thumbnail]	Fig. 13 Fraction of sources in different selections that overlap with the ALMA CO(2–1) map from Wong et al. (2022). The cross shows the fraction of overlap without any intensity constraint, the plusses show the overlap with regions in which the CO intensity exceeds 1.0 K km s−1. The black symbols refer to the full JWST catalogue, and the grey symbols and bands show the expected values for a uniform distribution of stars across the field of view with both JWST and ALMA coverage. These values are higher than for the old stars (>20 Myr) because only a few are detected in the highly extinguished regions.



5.2 Comparison with cold molecular gas
While Fig. 10 compares the spatial distributions of different selected populations against the appearance of 30 Doradus in the optical, we compared the youngest PMS stars and the excess sources in the centre field to the ALMA 12CO(2–1) moment zero map from Wong et al. (2022). As discussed in detail by these authors, the high-resolution CO maps show a high degree of complexity, with fine filaments organised in a larger bow-tie structure that fans outwards from the centre of R 136. By comparing with the NIRCam images, we find that the F335M mosaic matches the CO maps best, likely because this filter traces the emission of polycyclic aromatic hydrocarbon molecules (PAHs) that closely follow the distribution of the molecular gas.
The comparison to the youngest PMS shows that many of them are located in cold molecular gas filaments, especially towards the north. The overlap for the IR-excess sources is slightly less obvious because many sources outside the CO filaments are also found. Additionally, both populations show clumps and substructure, many of which are associated with features in the CO map. In addition, there appears to be a diffusely distributed component to these populations, especially the IR-excess sources, illustrating that recent star formation in 30 Doradus was not only restricted to the densest regions.
Similarly, many stars with Paα excess are found outside and at the edges of the cold molecular regions, but some are also located in the nodes of high (but not highest) flux density. In contrast, some of the H2-excess sources are found in the highest flux density regions, likely indicating embedded regions. Many of the H2-excess sources are also found outside of the cold molecular gas filaments, however.
To determine the overlap between populations and the CO maps, we determined the number of stars that are located in a non-zero entry of the ALMA CO(2–1) map compared to all stars in the footprint of the CO map as seen in Fig. 13. We also show the fraction of stars that overlap with regions in which the CO flux densities ≥1 K km s−1 as a stricter limit.
The highest fractions are reached for stars that are selected to be younger than 0.5 Myr. Here, 65% of these stars are associated with CO, and 53% even fall in the high flux density regions. This underlines the qualitative finding based on their distribution on the CO maps and suggests that these PMS stars are indeed still associated with the cold molecular gas filaments.
The next-highest fraction is found for the stars selected based on the H2 excess as identified by the F470N narrow-band filter. Even though this filter traces emission from excited molecular hydrogen, it appears to still be a viable tracer of the most embedded regions. Similarly, selecting sources with IR excess from broad-band colours results in a high overlap with the CO maps.
For the other selections, we find that the fraction with CO overlap decreases with age to fractions <20% for the oldest stars. While this small fraction shows that the old population is unlikely to be associated with the CO emission, we caution that this small fraction is also driven by the low luminosity of these stars. As the CO emission overlaps with the regions of highest extinctions, we detect fewer of these faint, old stars in these regions, as also shown in Fig. 10. To illustrate this further, we include in Fig. 13 the values for all stars in the JWST catalogue. Of these, 27% fall onto a non-zero entry of the CO map, and 18% lie in a region with ≥1 K km s−1. When we instead assume a completely uniform distribution of stars, 28% would be associated with non-zero CO and 20% with the higher-intensity regions. With a magnitude limit on the old stars (>20 Myr), we can recover these fractions. This indeed suggests a uniform distribution.
Although this simple comparison cannot account for the three-dimensional distribution in 30 Doradus, it already shows that the youngest populations are not all associated with the dense molecular gas as traced by CO. This could either be an observational effect due to the limited depth of the CO observations, or it might indicate a large fraction of CO-dark H2, as also concluded by Nayak et al. (2023). These authors compared the location of massive YSO candidates to the same CO(2–1) map and reported that only 38% were associated with the CO molecular gas.
In this regard, the sources with H2 excess that are not associated with the CO molecular gas are particularly interesting because the excited H2 gas traced by the 4.70 µm line might be directly associated with an accretion disk around the stars and not with the natal molecular cloud, as confirmed with NIRSpec spectroscopy of some PMS stars in NGC 346 (De Marchi et al. 2013). However, spectroscopy of multiple H2 lines is required to determine the excitation mechanism (e.g. Jones et al. 2022).
6 Discussion
We have presented an photometric analysis of JWST NIRCam data in three different fields in the 30 Doradus star-forming region. Using public data of the central field as well as two NIRCam pointings conducted as NIRSpec parallel observations, we derived PSF photometry for more than 200 000 stars detected in at least two NIRCam filters. We used selected different populations by a) comparing with theoretical isochrones and b) applying colour-cuts to select sources with a colour excess due to emission from warm dust or excited emission lines. We then analysed the spatial distributions of different populations.
6.1 Comparing approaches based on optical HST and JWST data
The high sensitivity and spatial resolution of NIRCam allowed us to analyse CMDs with similar techniques and accuracy as is typically used for HST photometry. We found a good match to expectations from theoretical isochrones after dereddening the data of the centre field, and we used these isochrones to select PMS stars in а F090W – F200W CMD with ages between 0.5 and 20 Myr. We note here that we did not fit for the ages, but rather used their location in the reddening-corrected CMD to select stars that would fall in a given age bin. Our selection reaches F090W ~ 25 mag, selecting stars with masses between ~0.1 and 3 M⊙. This mass range is similar to that studied with HST within the HTTP project (Sabbi et al. 2013, 2016; Ksoll et al. 2018). Similar to the results of De Marchi et al. (2011a), Sabbi et al. (2016), and Ksoll et al. (2018), we found that the young PMS stars are centrally concentrated and sometimes organised in loose clumps and filaments, while older stars are displaced from the core of R 136. The distribution of UMS stars is strongly peaked at the location of R 136 but also shows a widely distributed component. This agrees with the distribution of UMS stars in the HTTP (Sabbi et al. 2013) and the finding of widely distributed О and В stars from the VFTS (Schneider et al. 2018).
As an alternative to using broad-band colours alone, De Marchi et al. (2010) established that low-mass PMS stars can be identified with high confidence by using optical HST colours in combination with Hα narrow-band observations to search for Hα excess emission. Created by the gravitational energy released from infalling matter in an accretion disk around PMS stars, this feature can be clearly associated with low-mass star formation and has now long been used to identify PMS stars in various star-forming regions in the Local Group (e.g. De Marchi et al. 2010, 2013; Tsilia et al. 2023; Vlasblom & De Marchi 2023). Using HST WFC3 data, De Marchi et al. (2011b) and De Marchi et al. (2017) used this approach to study the PMS stars with Hα excess in 30 Doradus, finding them to be centrally concentrated. With the JWST, we could now perform a similar approach by using the excess in Paα as traced by the F187N filter. As also found by De Marchi et al. (2017), the Paα sources appear to have a broad range in ages. Some of them are clearly located in the PMS region of the CMD, while others are close to the main sequence. This agrees with the interpretation that PMS stars older than 20 Myr can still be accretion material. Based on NIRSpec spectroscopy, emission lines including Paα were indeed recently identified in PMS stars in NGC 346 in the SMC (De Marchi et al. 2023), and a similar study is planned for a sample of about 100 PMS stars in 30 Dor.
Using filters also at longer wavelengths, we were further able to select stars from the same data with an excess in infrared colours, thereby tracing stars with excess emission due to warm dust. This allowed us to study these low-mass PMS stars even in the highly dust obscured regions of 30 Doradus. This is better than what was previously possible in the optical with HST. Comparing the distributions of CMD-selected PMS stars and IR-excess sources, we found the latter to be distributed farther out in the optically obscured regions of the nebula. Using NIRCam observations of the SMC star-forming region NGC 346, Jones et al. (2023) also found that the JWST-selected PMS stars closely follow the dust filaments. Compared to this region, the PMS stars in 30 Dor appear to be both more widely distributed and numerous. This might be expected because 30 Doradus is a more massive region and hosts the most energetic starburst event in the Local Group.
	[image: thumbnail]	Fig. 14 Zoom-ins around the three IR-bright knots 1, 2, and 3. Top row: colour images of 5″ × 5″regions. Red: F444W, green: F200W, blue: F090W. Bottom row: greyscale F200W images with selected sources as coloured dots. The larger purple dots refer to IR-excess sources, and the smaller maroon, red, orange, and yellow dots are stars selected with isochrones with ages of 0.5, 1, 2, and 4 Myr, respectively.



6.2 Comparison to NIR studies
Over the past decades, 30 Doradus has been studied extensively in the near-infrared regime using both ground-based telescopes and HST NICMOS. Numerous IR-bright sources have been detected, in particular towards the north-east and in the western filament next to R 136 (e.g. Hyland et al. 1992; Rubio et al. 1992, 1998; Walborn et al. 1999; Brandner et al. 2001). In these regions, we now also identify a large number of both IR excess and young PMS stars. A particular focus was placed in the previous studies on some of the brightest sources: three early O-type stars embedded in nebular knots, called knots 1, 2, and 3 (Walborn & Blades 1987; Walborn 1991). HST NICMOS observations of these regions revealed them to consist of multiple stellar components embedded in complex nebular and dusty structures, and they are surrounded by fainter stars (Walborn et al. 1999; Brandner et al. 2001). Follow-up observations with HST WFPC2 further showed the complex nebular structure and embedded populations around these knots (Walborn et al. 2002).
Figure 14 shows the JWST view of these three regions, presented in small cut-outs around each knot (see Fig. 12 for their position in the field of view). The panels in the bottom row show the position of sources selected with isochrones (up to 4 Myr) and with IR excess. While the originally studied O-stars are saturated in at least one of the JWST filters, many of the fainter bluer sources seen close to them are young PMS stars. The sources that appear orange or red in the RGB images are predominantly IR-excess sources in our selection. Additionally, the long-wavelength filter F444W shown in red in these images reveals several sources that are not visible at shorter wavelengths.
6.3 Comparison to Spitzer and Herschel sources
Previous studies in the infrared with Spitzer or Herschel were limited to bright, massive YSOs, but used similar colour-based approaches as in this work, or a spectral energy distribution fitting to select PMS stars in the embedded stages of star formation (e.g. Whitney et al. 2008; Gruendl & Chu 2009; Carlson et al. 2012). To understand how these studies compare to our results, we matched our photometric catalogues to the 299 YSO candidates from Nayak et al. (2023). This matching is not straightforward because our catalogues contain many sources within the photometric uncertainties of these candidates. Therefore, we first selected all stars within 1″ from the YSO candidates and then performed a match when a source with an F335M magnitude within 1 mag of the IRAC 3.6 µm or with an F444W magnitude within 1 mag of the IRAC 4.5 µm magnitude was reported in Nayak et al. (2023). This resulted in 72 matches out of the 488 sources listed in Nayak et al. (2023), 30 of which were classified as YSOs.
We note here that not all sources of Nayak et al. (2023) overlap the NIRCam footprint, but the main reason for the low number of matches probably is that most of the YSO candidates are so bright that they are saturated in the NIRCam imaging. The matched sources exclusively have 2MASS Ks magnitudes >15, while the brighter sources are not recovered in the NIRCam images. Consequently, in our selections, even the matched YSOs are mostly missed due to their brightness, showing that an analysis with JWST like this is highly complementary to previous studies of higher mass YSOs. Additionally, in some cases, the YSO candidates could not be matched in magnitude even when measurements were available. The reason probably is that in some cases, the JWST imaging reveals that the YSO candidates consist of more than one source (see also e.g. Jones et al. 2022).
6.4 30 Doradus in the context of star cluster formation
As some of the oldest stellar systems in the Universe, ancient globular clusters (GCs) are often used as tracers of galaxy evolution. These tracers allow us to constrain the assembly of galaxies (e.g. Brodie & Strader 2006; Beasley 2020). However, because they are so old, it is unclear so far how they formed. In general, two pathways are discussed, which either propose that GCs formed under conditions unique to the high-redshift Universe, for example in dark matter minihaloes, or that they are simply the product of violent star formation in high-density conditions that are rare in the local Universe (e.g. Forbes et al. 2018). In the latter scenario, young massive clusters (YMCs) have been proposed as local analogues of GCs at high redshifts and seem to have similar properties as GCs in terms of masses and densities (e.g. Portegies Zwart et al. 2010; Adamo & Bastian 2018; Adamo et al. 2020b). However, their formation is rare in the Local Group, and they are found in high numbers in interacting galaxies (e.g. Whitmore et al. 2010; Adamo et al. 2020a).
In this context, NGC 2070 in 30 Doradus is a unique region in which to study the formation of massive star clusters in great detail. While there are other YMCs in the Milky Way or the Small Magellanic Cloud (e.g. Westerlund 1 & 2), NGC 2070 with its subcluster R 136 is by far the most massive YMC. Mass estimates of the full cluster range from ~7 ×104 M⊙ to 5 × 105 M⊙, while the R 136 subcluster has an estimated mass between 2.2 × 104 and 1 × 105 M⊙ (Hunter et al. 1995a; Andersen et al. 2009; Bosch et al. 2009; Cignoni et al. 2015).
R 136 is known to have an age of 0.5–2 Myr based on its CMD, and the older more diffuse population in NGC 2070 has an age of ~3–7 Myr (Selman et al. 1999; Sabbi et al. 2012; Cignoni et al. 2015; Bestenlehner et al. 2020; Brands et al. 2022). Figure 15 shows that where we selected stars within a 10″ distance (2.5 pc, the typical effective radius of a GC) from the centre of R 136, we can reproduce this finding with the JWST photometry. Domínguez et al. (2023) were able to explain the presence of the younger R 136 subcluster within NGC 2070 with N-body simulations, finding that the original feedback from the stars that formed in the first generation was likely not sufficient to fully expel the gas, allowing a second generation to form that was more centrally concentrated. They interpreted this within the frequently discussed multiple population problem of GCs (e.g. Bastian & Lardo 2018).
The elongated structure of very young (<0.5 Myr), IR-bright stars towards the north-east of the cluster might present additional evidence for a still ongoing hierarchical formation of this massive star cluster. As hydrodynamical simulations suggest, small subclusters form first in filaments during the collapse of giant molecular clouds and then grow through hierarchical mergers while still accreting gas to form a more massive star cluster on a timescale of a few million years (e.g. Howard et al. 2018; Lahén et al. 2020; Guszejnov et al. 2022). In this context, the observed CO filaments might correspond to inflowing material that supplies cold molecular gas and the PMS stars embedded within to the central region of the star cluster to sustain star formation. At some point, feedback from massive stars is thought to heat and dispel the molecular gas, slowing down star formation (e.g. Krumholz et al. 2019; Krause et al. 2020). Given the radiation pressure from the young massive stars in R 136, the filamentary CO structure could also be interpreted as stemming from outflows (Wong et al. 2022). Moreover, our finding that the older Paα sources are mainly found at larger distances from R 136 might indicate that the feedback from the massive stars in R 136 already impedes the accretion of PMS stars in the centre. When the first supernovae explode in NGC 2070, the expelled gas and star formation will likely be halted, leaving a mostly gasfree cluster with stars that formed within a very short time span of a few million years.
	[image: thumbnail]	Fig. 15 Colour-magnitude diagram of R 136 (orange dots) on top of the full region (black). The orange dots refer to all stars within 10″ from the centre of R 136. The coloured lines show theoretical MIST isochrones.



7 Conclusions
We presented a JWST NIRCam analysis of the young and old populations in the 30 Doradus star-forming region. We focused on how JWST filters can be used to select different populations, and we analysed their spatial distributions in the region. Our main results are summarised below:

	We presented PSF photometry for more than 200 000 sources with at least two NIRCam magnitudes, about 150000 in the centre field and the remaining sources in two parallel fields. Including a short-wavelength filter bluer than 2 µm is crucial for separating different populations in CMDs using classical approaches based on isochrones. We found that the same methods that are long established with HST photometry can be applied. The PSF photometry closely matches the expectations from theoretical isochrones after a reddening correction is applied;


	We used different approaches to separate various populations, such as a comparison with isochrones of different ages and colour-cuts to separate populations that show excess emission due to either warm dust as traced by a long-wavelength broad-band filter or due to line emission from excited neutral and molecular hydrogen as traced by a corresponding narrow-band filter;


	Using isochrones on top of the F090W – F200W CMD, we selected low-mass sources whose colours are consistent with ages between 0.5 and 20 Myr down to masses ~0.1 M⊙. We found that the youngest sources (<0.5 Myr) show an elongated structure towards the north-east of the region that extends deep into the nebular regions. Stars with ages between 1 and 4 Myr are centrally concentrated on R 136. In contrast, PMS stars with intermediate ages between 4 Myr and 20 Myr were found to be spatially separated from the very centre of R 136, in an elongated structure, and stars older than 20 Myr appear to be uniformly distributed across the 30 Doradus region, indicating that they belong to the LMC field population;


	Selecting stars that show an excess towards long wavelengths using the F200W – F444W colour, we found a very similar distribution as for the isochrone-selected <0.5 Myr PMS stars in a more elongated structure. This suggests that there is a population of still embedded very young PMS stars to the north-east of the central cluster that possibly still feeds its assembly through hierarchical mergers of small subclusters;


	Using the narrow-band filter F187N, we selected sources with an excess in Paα as a tracer of ongoing accretion onto the PMS star. These sources are concentrated towards the centre of the cluster, but are also found further outwards in the optically visible nebular features of 30 Doradus. Placing the Paα sources in a colour-magnitude diagram showed that they are not only in the PMS locations, but also closer to the main sequence, revealing that the accretion can persist many tens of million years. The F470N narrow-band filter as an indicator for excess due to H2 emission predominantly selects more massive stars because the depth is limited. These sources appear to be distributed along the dust regions, but are also found to be distributed more widely;


	While most of the selected PMS and YSOs are found in the central field, we also find sources with excess due to warm dust and emission lines in the parallel fields. This suggests that star formation is ongoing or very recent as far as 100 pc from the centre. The nebulosity seen in the colour images supports this;


	By comparing with available CO(2–1) maps from ALMA (Wong et al. 2022), we found that most of the youngest PMS stars (<0.5 Myr) are associated with the CO molecular gas, whereas older or IR-excess stars do not always overlap with the CO maps. About half of the H2-excess sources do not appear to be associated with CO emission. We interpreted this as further evidence for a large amount of CO-dark H2 gas.



JWST NIRCam, with its many filter choices and enhanced sensibility, has allowed us to combine methods that were previously used separately to perform a comprehensive study of the star formation in 30 Doradus.
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Appendix A  Comparing aperture and PSF photometry
We list in Table A.1 the derived aperture corrections for our default choice of an 2.5 aperture with a background annulus between 4 and 5.5 pixels, as well as other choices. These corrections were determined by calculating the offset between aperture photometry and PSF photometry for all unsaturated stars brighter than 20 mag in the respective filter.
Table A.1 
Aperture corrections in magnitudes for different choices of aperture radius.
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	[image: thumbnail]	Fig. 1 Greyscale DSS2 red image of 30 Doradus. The red, orange, and blue rectangles show the footprints of the central, northern parallel, and southern parallel fields, respectively. The black circles indicate the location of well-known clusters in 30 Doradus. North is up, and east is to the left. The greyscale image has a size of 17.5′ × 17.5′ (260 × 260 pc). The centre field spans a 7.4′ × 4.4′ region (110 × 66 pc), and the parallel observations consist of two fields each with an area of 2.2′ × 2.2′ (33 × 33 pc), corresponding to the footprint of the NIRCam A and B modules.
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	[image: thumbnail]	Fig. 2 False-colour images of the centre field from the official image release. Red: F444W, orange: F335M, green: F200W, and blue: F090W. The field shows a region of 7.4′ × 4.4′ (110 × 66 pc). Credit: NASA, ESA, CSA, STScI, Webb ERO Production Team.
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	[image: thumbnail]	Fig. 3 False-colour images of the northern parallel (top) and southern parallel (bottom) fields. The orange arrow indicates the orientation on the sky. The images were constructed using different JWST NIRCam filters in the respective fields. The colours for the northern parallel field are red: F430M, yellow: F405N, blue: F182M, and cyan: F187N. The colours for the southern parallel field are red: F444W, yellow: F405N, blue: F200W, and cyan: F187N. Each large square has a field of view of 2.2′ × 2.2′(33 × 33 pc). The dark space in the middle corresponds to the 44″ gap between the NIRCam A and B modules, while the cross shape arises from the ~5″ gaps between the four individual detectors in the short-wavelength channel. In dithered observations such as the observations of the centre field, these gaps disappear. The location of these fields on the sky is shown in Fig. 1.
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	[image: thumbnail]	Fig. 4 Extinction correction for the centre field. Top left: original F090W – F200W CMD. The cyan line represents a 4 Myr (log(Age) = 6.65) MIST isochrone with metallicity [Fe/H] = −2.5 dex (solid in the upper main sequence). The red parallelogram shows our selection of UMS stars that we used to derive the extinction by placing them back onto the isochrone. Top right: extinction-corrected CMD. Bottom left: normalised histogram of the derived extinction values AF090W. The mean is at 1.31 ± 0.20 mag, and the arrow in the top left panel corresponds to this extinction. Bottom right: map of derived extinction values. The smooth appearance is caused by the smoothing parameter ϵ.
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	[image: thumbnail]	Fig. 5 Extinction-corrected CMDs of the central field with MIST isochrones between 0.5 and 20 Myr. The different panels show different colour combinations. Only stars with photometric uncertainties smaller than 0.5 mag are plotted. The black arrows indicate the direction of extinction.
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	[image: thumbnail]	Fig. 6 Selecting populations of different ages in a extinction-corrected CMD. The lines show the same isochrones as in Fig. 5. The coloured dots show the selected stars of different ages. We only selected stars fainter than F090W = 19.5 mag to avoid confusion with older giant stars.
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	[image: thumbnail]	Fig. 7 Selecting sources with excess emission. Each panel shows a different filter combination that was used to select sources (from left to right) with IR, Paα, H2, Brα, and H2(2.12 µm) excess. The selected sources are shown with coloured dots. As a result of the filter choices, additional influence of reddening is very small.
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	[image: thumbnail]	Fig. 8 F090W – F200W CMD for the centre field. Left: different excess populations are shown by the coloured dots. Right: triangles show sources that show excess in two or more selections.
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	[image: thumbnail]	Fig. 9 Colour-colour diagrams used to select sources with excess emission due to warm dust or emission lines. Left panels: selection of sources in the centre field with Paα (cyan), H2 (magenta), and IR (purple) excess. Middle panels: selection of sources in the northern parallel field with Paα (cyan), Brα (peach), and IR (purple) excess. Right panels: selection of sources in the southern parallel field with Paα (cyan), H2 (4.70 µm, magenta), H2 (2.12 µm, pale green), Brα (peach), and IR (purple) excess.
In the text



	[image: thumbnail]	Fig. 10 Spatial distributions of different populations of the centre field as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image. Top and first row: selections based on the F090W – F200W colour magnitude diagram and comparisons with isochrones as shown by two-dimensional histograms. Third row: histograms show individual stars selected based on their excess. Bottom row: histograms showing stars that fall in two or more selections. A scale bar of 2′ is shown in the first panel.
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	[image: thumbnail]	Fig. 11 Spatial distributions of different populations of the northern (top) and southern parallels (bottom) as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image (see Fig. 1 for the placement of these fields in the 30 Doradus region). Histograms show individual stars selected based on their excess.
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	[image: thumbnail]	Fig. 12 Spatial distribution of different populations in the centre field on top of the F335M mosaic (top left and as background in each panel). The red arrow indicates the location of the central cluster R 136, and the red crosses mark the positions of previously well-studied IR-bright knots (e.g. Walborn et al. 1999). Top right: 12CO moment zero maps from ALMA (data from Wong et al. 2022) as green to yellow contours. The coloured dots show individual stars selected in different populations. The image has a field of view of 7.4′ × 4.4′ (110 × 66 pc).
In the text



	[image: thumbnail]	Fig. 13 Fraction of sources in different selections that overlap with the ALMA CO(2–1) map from Wong et al. (2022). The cross shows the fraction of overlap without any intensity constraint, the plusses show the overlap with regions in which the CO intensity exceeds 1.0 K km s−1. The black symbols refer to the full JWST catalogue, and the grey symbols and bands show the expected values for a uniform distribution of stars across the field of view with both JWST and ALMA coverage. These values are higher than for the old stars (>20 Myr) because only a few are detected in the highly extinguished regions.
In the text



	[image: thumbnail]	Fig. 14 Zoom-ins around the three IR-bright knots 1, 2, and 3. Top row: colour images of 5″ × 5″regions. Red: F444W, green: F200W, blue: F090W. Bottom row: greyscale F200W images with selected sources as coloured dots. The larger purple dots refer to IR-excess sources, and the smaller maroon, red, orange, and yellow dots are stars selected with isochrones with ages of 0.5, 1, 2, and 4 Myr, respectively.
In the text



	[image: thumbnail]	Fig. 15 Colour-magnitude diagram of R 136 (orange dots) on top of the full region (black). The orange dots refer to all stars within 10″ from the centre of R 136. The coloured lines show theoretical MIST isochrones.
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      Fig. 2 

      
        [image: thumbnail]
      

      
        False-colour images of the centre field from the official image release. Red: F444W, orange: F335M, green: F200W, and blue: F090W. The field shows a region of 7.4′ × 4.4′ (110 × 66 pc). Credit: NASA, ESA, CSA, STScI, Webb ERO Production Team.

      

    

  
    
      Table 1 

      Overview of NIRCam observations.

      
        


	Field
	Filter
	Exposure time (s)





	Centre
	F090W
	182



	Centre
	F187N
	289



	Centre
	F200W
	193



	Centre
	F335M
	182



	Centre
	F444W
	193



	Centre
	F470N
	289



	




	Northern parallel
	F182M
	451



	Northern parallel
	F187N
	451



	Northern parallel
	F405N
	451



	Northern parallel
	F430M
	451



	




	Southern parallel
	F187N
	451



	Southern parallel
	F200W
	451



	Southern parallel
	F212N
	451



	Southern parallel
	F405N
	451



	Southern parallel
	F444W
	451



	Southern parallel
	F470N
	451





      

      
Notes. Exposure times refer to individual exposures. The parallel observations include three exposures per filter. The central field is a mosaic of 20 individual pointings, and the depth is not uniform across the field of view, but most sources were covered by at least three exposures.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        False-colour images of the northern parallel (top) and southern parallel (bottom) fields. The orange arrow indicates the orientation on the sky. The images were constructed using different JWST NIRCam filters in the respective fields. The colours for the northern parallel field are red: F430M, yellow: F405N, blue: F182M, and cyan: F187N. The colours for the southern parallel field are red: F444W, yellow: F405N, blue: F200W, and cyan: F187N. Each large square has a field of view of 2.2′ × 2.2′(33 × 33 pc). The dark space in the middle corresponds to the 44″ gap between the NIRCam A and B modules, while the cross shape arises from the ~5″ gaps between the four individual detectors in the short-wavelength channel. In dithered observations such as the observations of the centre field, these gaps disappear. The location of these fields on the sky is shown in Fig. 1.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Extinction-corrected CMDs of the central field with MIST isochrones between 0.5 and 20 Myr. The different panels show different colour combinations. Only stars with photometric uncertainties smaller than 0.5 mag are plotted. The black arrows indicate the direction of extinction.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Selecting populations of different ages in a extinction-corrected CMD. The lines show the same isochrones as in Fig. 5. The coloured dots show the selected stars of different ages. We only selected stars fainter than F090W = 19.5 mag to avoid confusion with older giant stars.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Selecting sources with excess emission. Each panel shows a different filter combination that was used to select sources (from left to right) with IR, Paα, H2, Brα, and H2(2.12 µm) excess. The selected sources are shown with coloured dots. As a result of the filter choices, additional influence of reddening is very small.

      

    

  
    
      Table 2 

      Overview of selected populations with excess emission.

      
        


	Field
	Excess
	Colour
	Threshold (mag)
	N





	Centre
	IR
	F200W – F444W
	0.60
	1637



	Centre
	Paα
	F200W – F187N
	0.10
	518



	Centre
	H2
	F444W – F470N
	0.10
	242



	




	North
	IR
	F182M – F430M
	0.60
	121



	North
	Paα
	F182M – F187N
	0.10
	164



	North
	Brα
	F430M – F405N
	0.10
	37



	




	South
	IR
	F200W – F444W
	0.60
	456



	South
	Paα
	F200W – F187N
	0.10
	161



	South
	Brα
	F444W – F405N
	0.10
	71



	South
	H2
	F444W – F470N
	0.10
	70



	South
	H2 (2.12 µm)
	F200W – F212N
	0.10
	193





      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        F090W – F200W CMD for the centre field. Left: different excess populations are shown by the coloured dots. Right: triangles show sources that show excess in two or more selections.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Spatial distributions of different populations of the centre field as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image. Top and first row: selections based on the F090W – F200W colour magnitude diagram and comparisons with isochrones as shown by two-dimensional histograms. Third row: histograms show individual stars selected based on their excess. Bottom row: histograms showing stars that fall in two or more selections. A scale bar of 2′ is shown in the first panel.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Spatial distributions of different populations of the northern (top) and southern parallels (bottom) as two-dimensional histograms with 15″ bin size overlaid on the DSS2 red greyscale image (see Fig. 1 for the placement of these fields in the 30 Doradus region). Histograms show individual stars selected based on their excess.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Spatial distribution of different populations in the centre field on top of the F335M mosaic (top left and as background in each panel). The red arrow indicates the location of the central cluster R 136, and the red crosses mark the positions of previously well-studied IR-bright knots (e.g. Walborn et al. 1999). Top right: 12CO moment zero maps from ALMA (data from Wong et al. 2022) as green to yellow contours. The coloured dots show individual stars selected in different populations. The image has a field of view of 7.4′ × 4.4′ (110 × 66 pc).

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Fraction of sources in different selections that overlap with the ALMA CO(2–1) map from Wong et al. (2022). The cross shows the fraction of overlap without any intensity constraint, the plusses show the overlap with regions in which the CO intensity exceeds 1.0 K km s−1. The black symbols refer to the full JWST catalogue, and the grey symbols and bands show the expected values for a uniform distribution of stars across the field of view with both JWST and ALMA coverage. These values are higher than for the old stars (>20 Myr) because only a few are detected in the highly extinguished regions.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Zoom-ins around the three IR-bright knots 1, 2, and 3. Top row: colour images of 5″ × 5″regions. Red: F444W, green: F200W, blue: F090W. Bottom row: greyscale F200W images with selected sources as coloured dots. The larger purple dots refer to IR-excess sources, and the smaller maroon, red, orange, and yellow dots are stars selected with isochrones with ages of 0.5, 1, 2, and 4 Myr, respectively.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Colour-magnitude diagram of R 136 (orange dots) on top of the full region (black). The orange dots refer to all stars within 10″ from the centre of R 136. The coloured lines show theoretical MIST isochrones.
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