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Abstract

Star formation is a fundamental, yet poorly understood, process of the Universe. It is important to study how star
formation occurs in different galactic environments. Thus, here, in the first of a series of papers, we introduce the
Low-metallicity Star Formation (LZ-STAR) survey of the Sh2-284 (hereafter S284) region, which, at
Z ~ 0.3-0.5Z., is one of the lowest-metallicity star-forming regions of our Galaxy. LZ-STAR is a multifacility
survey, including observations with JWST, the Atacama Large Millimeter/submillimeter Array (ALMA), Hubble
Space Telescope, Chandra, and Gemini. As a starting point, we report JWST and ALMA observations of one of the
most massive protostars in the region, S284pl. The observations of shock-excited molecular hydrogen reveal a
symmetric, bipolar outflow originating from the protostar, spanning several parsecs, and fully covered by the JWST
field of view and ALMA observations of CO(2-1) emission. These allow us to infer that the protostar has
maintained a relatively stable orientation of disk accretion over its formation history. The JWST near-infrared
continuum observations detect a centrally illuminated bipolar outflow cavity around the protostar, as well as a
surrounding cluster of low-mass young stars. We develop new radiative transfer models of massive protostars
designed for the low metallicity of S284. Fitting these models to the protostar’s spectral energy distribution implies a
current protostellar mass of ~10 M, has formed from an initial ~100 M_, core over the last ~3 x 10> yr. Overall,
these results indicate that massive stars can form in an ordered manner in low-metallicity, protocluster environments.
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1. Introduction

Star formation is a fundamental process for the cosmos with
many open questions. To gain a comprehensive understanding,
it is crucial to study star-forming clouds in a wide range of
environments. Among various environmental factors, metalli-
city (Z) stands out as a particularly interesting variable. Since
cosmic metallicity increases in time with the evolution of the
Universe, the formation of stars at low metallicities, especially
the determination of their characteristic mass scales, is
important for understanding properties of high-redshift
galaxies and the early history of the Milky Way. Metallicity
may affect star formation via influencing heating and cooling
processes and the ionization fraction in molecular gas, which
may then regulate collapse, fragmentation, and stellar feed-
back. For example, theoretical and observational studies
indicate that metallicity may affect global star formation
properties, including the stellar initial mass function (e.g.,
M. Marks et al. 2012; K. E. I. Tanaka et al. 2018; J. Li et al.
2023). The lifetimes of protoplanetary disks may also be
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impacted by the metallicity of the environment (G. De Marchi
et al. 2024).

Due to limitations in sensitivity and spatial resolution,
observational studies capable of spatially resolving low-
metallicity star-forming cores and the resulting young stellar
populations have primarily focused on relatively nearby
targets, such as the Large and Small Magellanic Clouds
(LMC and SMC) and the extreme outer Galaxy (defined as
regions with galactocentric distances greater than 18 kpc;
C. Yasui et al. 2006). These regions, with subsolar
metallicities of ~0.2-0.5Z, offer low-metallicity environ-
ments that may resemble those of high-redshift galaxies or the
early Milky Way. With advancements in recent observational
facilities, significant progress has been made. The unprece-
dented capabilities of the James Webb Space Telescope
(JWST), for example, have enabled the detection of dusty,
subsolar mass young stellar objects (YSOs) in the NGC 346
region of the SMC (O. C. Jones et al. 2023). C. Yasui et al.
(2024) reported the detection of brown dwarfs and a mass
function with a relatively low peak mass in the outer Galaxy
region, Digel Cloud 2. For embedded YSOs still in their early
stages of evolution, observations with interferometers such as
the Atacama Large Millimeter/submillimeter Array (ALMA)
have significantly advanced our understanding of the physical
processes involved during massive star formation, including
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Figure 1. Color composite image of the S284 region constructed by combining Herschel 250 pm (blue), 350 pm (green), and 500 pm (red) images. The colored
rectangles or circles indicate the field of view (FOV) of our observations from different facilities including ALMA, JWST, the Hubble Space Telescope (HST),
Gemini, and Chandra. For Chandra the FOV of an archival observation program targeting the Dolidze 25 cluster is also shown (dashed rectangle; M. G. Guarcello

et al. 2021).

the characterization of filaments (K. Tokuda et al. 2023, 2025),
chemically rich hot cores (T. Shimonishi et al.
2016, 2020, 2021, 2023), molecular outflows (Y. Fukui
et al. 2015; K. Tokuda et al. 2022), and jets with associated
rotating toroids (A. F. McLeod et al. 2018, 2024). These
studies provide valuable insights into star formation in low-
metallicity environments. However, a systematic investigation
that combines the characterization of star-forming gas and the
newly formed stellar content at low metallicity remains
lacking.

1.1. LZ-STAR Survey Overview

To obtain a more comprehensive understanding of star
formation in low-metallicity conditions, we have undertaken
the Low-metallicity Star Formation (LZ-STAR) survey of
Sh2-284 (Co-PIs: Y. Cheng and J. C. Tan). Initially identified
as a diffuse nebula in the Sharpless catalog (S. Sharpl-
ess 1959), Sh2-284 (hereafter S284) is located in the outer
Galaxy, approximately 4.5 kpc from the Sun (I. Negueruela
et al. 2015). Spectroscopic observations of OB stars within
5284 indicate a low metallicity, with abundances of 0.3 dex
(Si) and 0.5 dex (O) below solar values (I. Negueruela et al.
2015), i.e., corresponding to metallicities of approximately
one-third to one-half solar, which are comparable to those of
the LMC. As such, S284 is one of the most metal-poor star-
forming regions currently known in the Milky Way. In

addition, S284 is a large, active star-forming complex
spanning at least 50 pc as projected on the sky. One of its
main features is an HII region ionized by the young open
cluster Dolidze 25. Surrounding the HII region are dense
molecular clouds with ongoing active star formation (E. Puga
et al. 2009).

Figure 1 shows a Herschel far-infrared (FIR) image of the
S284 region, along with annotations of the various subregions
that have been targeted in the LZ-STAR survey. The survey
involves multiple facilities operating at different wavelengths
to trace the star formation at different stages from the dense
gas to already formed young stellar clusters. Here we give a
brief overview of these observations, with most of the data and
results to be presented in future papers in this series. We have
identified six regions (S284-FIR1 to FIR6) in S284 with active
star formation, as evidenced by the strong dust emission seen
in Herschel images (Figure 1) and large numbers of young
stars in previous infrared surveys (E. Puga et al. 2009;
M. G. Guarcello et al. 2021).

ALMA observations were carried out toward S284-FIR1 to
FIR6 in Cycles 8 and 11 in band 6 (1.3 mm), achieving a
spatial resolution of 075-1.5. As described in more detail in
Section 2, these observations are designed to detect millimeter
continuum dust emission from dense cores, as well as
molecular line emission from various species tracing both
dense gas and protostellar outflows. Additional data from
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APEX-nFlash230 and SEPIA345, and IRAM-30m-NIKA2
have also been obtained for one of the regions (S284-FIR1, see
Figure 1) to provide dust continuum and gas kinematics on
large scales.

To study the young stellar population, we have carried out
near-infrared (NIR) observations with the Gemini-South, HST,
and JWST. JWST Near-Infrared Camera (NIRCam) observa-
tions have been obtained for one region (S284-FIR1),
described in more detail in Section 2, using six filters from
1.6 to 4.7 pm designed to detect continuum emission, as well
as Brav and excited H, emission. HST/WFC3 /IR observations
in the F125W, F139M, and F160W filters (Cycle 21), cover
four of the six regions (FIR1, FIR4, FIRS, and FIR6) with the
primary goal of characterizing YSO properties. Similarly,
Gemini-South observations with Flamingos-2 in the J, H, and
Ks filters also cover these four regions and are also sensitive to
YSOs. In addition, Chandra ACIS-I observations (Cycle 23,
270 ks) have also been obtained to facilitate identification of
pre-main-sequence stars in a 17 x 17" FOV centered on
S284-FIR1.

In this paper, the first of a series presenting results from the
LZ-STAR survey, we present ALMA band 6 and JWST/
NIRCam observations toward the dense clump S284-FIR1 and
report a candidate massive protostellar object with its outflow
structure well resolved in both CO and the H; 4.7um line. The
structure of this paper is as follows: the observations are
described in Section 2; the results are presented in Section 3;
the implications of these results are discussed in Section 4; and
a summary is given in Section 5.

2. Observations
2.1. ALMA Observations

The ALMA observations of S284-FIR1 were conducted in
band 6 in Cycle 8 (Project ID 2021.1.01706.S, PI: Y. Cheng),
during the period from 2021 November to 2022 May. We
divided the entire survey field (5.5 x 3') into three strips, each
about 3’ long and 1.8 wide. We employed the compact
configuration C43-3 to recover scales between 076 and 7”.
Additionally, a 7 m array mosaic was performed for each strip,
probing scales up to 29”. Total-power observations of the
region were also carried out. We set the central frequency of
the correlator sidebands to be the rest frequency of the
N,D*™(3-2) line at 231.32 GHz for spectral window (SPW)
zero with a velocity resolution of 0.046 km s~ '. The second
baseband SPW1 was set to 231.00 GHz, i.e., 1.30 mm, to
observe the continuum with a total bandwidth of 1.875 GHz,
which also covers CO(2-1) with a velocity resolution of
1.46 km s~ '. SPW2 was split to cover the 13CO(2—1) and
C'80(2-1) lines, both with a velocity resolution of 0.096 km s .
The frequency coverage for SPW3 ranged from 215.85 to
217.54 GHz to observe DCN(3-2), DCO"(3-2), SiO(5-4),
and CH3OH(51?4—42,2).

The raw data were calibrated with the data reduction
pipeline using CASA 6.2.1. The continuum visibility data
were constructed with all line-free channels. We performed
imaging with the tclean task in CASA and during cleaning
we combined data for all three strips to generate a final
mosaic map. The combined 12 m array and 7 m array data
were imaged using a Briggs weighting scheme with a
robust parameter of 0.5, which yields a resolution of
0764 x 0”54 for the continuum. The 1o noise levels in the
continuum image are 0.11 mJy beam™'. We feathered the line
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images with the total-power images to correct for the missing
large-scale structures. In this paper we mainly focus on the
CO(2-1) line, which has a spatial resolution of 0774 x 0764
and a sensitivity of 3.5 mJy beam ' per 1.5 km s~ channel.

2.2. JWST Observations

JWST observations of S284-FIR1 were conducted on 2022
October 19 with NIRCam (M. J. Rieke et al. 2005; C. A. Bei-
chman et al. 2012) using the F162M, F182M, F200W, F356W,
F405N, and F470N filters (GO:2317, PI: Y. Cheng), available
at MAST at doi:10.17909/5ne9-9¢82. The brightest part of
FIR1 was centered in one of the CCDs of NIRCam and, to ease
scheduling, the orientation was left unconstrained. This
ultimately yielded partial overlap with the ALMA FOV (see
Figure 1). The exposure time for the six filters were 1739 s,
1739 s, 644 s, 644 s, 1739 s, and 1739 s, respectively. The
observations were performed adopting a Fullbox3 tight dither
pattern as well as two subpixel dithers, to cover a field of
approximately 5’ x 2'. The 6.5 m diameter of JWST gives an
angular resolution of ~0”07-0”17 over the range of NIRCam
wavelengths in this study. The NIRCAM images were
rereduced using the JWST Calibration Pipeline version
1.12.5 (H. Bushouse et al. 2023). The three short-wavelength
(SW) filters were reduced using a single pixel scale of 0703
and the first read was used for increased dynamic range. The
long-wavelength module was reduced in a similar manner, but
with a pixel scale of 0”06.

3. Results
3.1. Star Formation in S284-FIR1

S284-FIR1 is one of the most active star-forming regions in
S284. It contains a parsec-scale main clump and an extension
of dense gas to the SE. From a 2D gaussian fit to the Herschel
Hi-GAL FIR dust emission derived column density map
(S. Molinari et al. 2010), we estimate the clump has an FWHM
of about 30” (0.65 pc) and a dust mass of 2.7 M. To estimate
the total gas mass, we adopt a metallicity of —0.3 dex
(I. Negueruela et al. 2015), i.e., 0.5Z;. Scaling the local
Galactic refractory dust-to-gas mass value of 141
(B. T. Draine 2011) for this metallicity yields a ratio of 282
and a total gas mass of about 760 M. Thus the mass surface
density of the clump averaged inside the half-mass radius is
Yo = 0.15gcm 2 Such clump mass surface densities are
known to be sufficient to form massive stars in more typical,
higher-metallicity regions of the Galaxy (J. M. De Buizer
et al. 2017; M. Liu et al. 2019, 2020; R. Fedriani et al. 2023;
Z. Telkamp et al. 2025).

3.1.1. ALMA 1.3 mm Continuum

Figure 2 presents the ALMA 1.3 mm dust continuum map of
S284-FIR1 with a resolution of 0764 x 0”754 (2870 au x 2430
au). The image reveals compact sources that are sparsely
distributed over the FOV. We identify cores using the
astrodendro algorithm (E. W. Rosolowsky et al. 2008)
using parameters of a 40 threshold, 1o minimum step, and
minimum core area of half a beam. These choices represent a
reasonable compromise between completeness and the robust-
ness of source identification (e.g., Y. Cheng et al. 2018); this set
of parameters is also adopted in a series of core mass function
(CMF) studies by Y. Cheng et al. (2018), M. Liu et al. (2018),
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Figure 2. (a) ALMA band 6 (1.3 mm) continuum of the S284-FIR1 region shown in blue color scale and contours. The contour levels are 0.11 mJy beam™ " x (5, 10,
20, 40, 80). We overlay the Herschel 500 pm image in gray contours for comparison. The identified cores are numbered. A zoom-in view is shown in the top left
corner, where the red crosses denote the positions of identified dense cores. (b) Three-color image made with ALMA data in the same FOV as (a), where green is
C'"®0(2-1) emission integrated over —5 to 5 km s~ relative to the systemic velocity; and blue /red is CO(2-1) integrated from 5 to 10 km s~ ' blue-/redshifted
relative to the systemic velocity. The yellow box indicates the position of the main outflow discussed in this work, which is further shown in Figure 5.

T.J. O’Neill et al. (2021), and A. V. I. Kinman et al. (2025). We
note that cores are identified in the ALMA images before any
primary beam correction is applied, which allows a uniform
noise level. Then final flux and mass estimates are adjusted to
account for the primary beam correction, which is relevant near
the edge of the mosaic regions.

The cores are labeled in Figure 2(a). We estimate core gas
masses by assuming their emission arises from optically thin
isothermal dust, i.e.,

d’F,

Myas = Rog——2—,
e e B (Ty)

e))

where d is the distance, Ry is the gas-to-dust mass ratio, F, is
the observed flux density, B, is the Planck function, Ty is the
dust temperature and k, is the dust opacity at the observed
wavelength. Following Y. Cheng et al. (2018), we assume a
uniform dust temperature of 20 K and adopt x;3mm = 0.899
cm? g~ ! (i.e., from the moderately coagulated thin ice mantle
model of V. Ossenkopf & T. Henning 1994). We also adopt
Rgq = 282, as discussed above.

With the above assumptions, the identified cores have
masses ranging from 0.37 M, to 68.2 M., If temperatures of
10 K or 30 K were to be adopted, then the mass estimates
would differ by factors of 1.85 and 0.677, respectively. Thus
we see that relatively massive cores are present, which have
the potential to form massive stars. In Figure 3, we present the
CMF derived from the observed core sample. Due to the
limited number of cores, the functional form of the distribution
is not well constrained. We expect that incorporating
additional ALMA observations from other regions in S284
in future work will improve these constraints. Also note that

101 4

100 4

107! 10° 10t 10 103
M(Mo)

Figure 3. The mass distribution of cores detected in the S284-FIR1 region.

the flux densities and areas returned by the dendrogram may be
underestimated due to isophotal cutoffs, and require further
correction before being used for assessing the cumulative
properties of the core sample (e.g., A. V. 1. Kinman
et al. 2025).

From examination of the ALMA data tracing high-velocity
(both blue- and redshifted) CO(2—1) emission (Figure 2(b)),
we see that most of these cores are associated with molecular
outflows, often exhibiting highly collimated morphologies.
This confirms the presence of active and widespread star
formation in S284-FIR1. Among the detected outflows, the
most prominent one appears to be driven by a source near the
center of the main clump in S284-FIR1 (shown in the yellow
box in Figure 2). It extends several parsecs along the NE-SW
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Figure 4. JWST images in six filters (F162M, F182M, F200W, F356W, F405N, and F470N) toward the S284-FIR1 region.

axis. This outflow is mostly likely associated with a massive
protostar, which we refer to as S284pl.

3.1.2. JWST Images

In Figure 4, we present JWST images in all six observed
filters toward S284-FIR1. The images reveal a cluster of
approximately 200 stars in the northern part of the FOV,
coinciding with the main clump in S284-FIR1. Analysis of the
colors and fluxes of these stars indicates that they are
embedded, recently formed YSOs (M. Andersen et al. 2025,

in preparation), with a significant fraction exhibiting infrared
excess (A. Brizawasi et al. 2025, in preparation). A prominent
IR continuum reflection nebula is visible, particularly at longer
wavelengths (F356W, F405N, and F470N), powered by
sources near the cluster center and extending to the SW.
Additionally, the F470N image, which traces the H, 4.7 pym
line, reveals a large bipolar jet ejected from the cluster center.
This emission line corresponds to the pure rotational transition
H,(0-0 S(9)), with an upper state energy level of 10,263 K,
making it an excellent tracer of shocks in jets and outflows
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Figure 5. Overview of the massive protostar S284p1 and its outflow. (a) JWST color composite image with 1.62 pm, 2.0 pm, 3.56 pm, and 4.70 pm in blue, green,
red, and cyan, respectively, and with the latter highlighting excited H, emission. (b) Same as (a). The green cross indicates the position of S284p1 and the orange
dashed arrows show the connection between S284pl and the outflow termination shocks. (¢) Zoom-in view of S284pl in 1.3 mm (ALMA) continuum emission
(contour levels of 5, 10, 20, 40, and 80 x 0.11 mJy beamfl). The magenta crosses indicate the positions of identified dense cores. The dashed arrows indicate the
orientation of the outflows as in (b). The magenta contour highlights the core boundary for c1 returned by ast rodendro. We manually separate the two peaks (cla
and clb) in cl, with the boundary shown by the dashed red line. (d) A further zoom-in view of S284pl, now showing the F356W image. The ALMA 1.3 mm

continuum emission is shown with the same contours as in (c).

(J. Turner et al. 1977). Toward the eastern middle of the
F470N FOV, at least two additional collimated jets are visible,
which are also detected in the CO data. Some jets or jet knots
are also seen in other filters, including wide- and medium-band
filters, which are likely partly contributed by molecular
hydrogen lines within their frequency ranges.

3.2. The Massive Protostar S284pl1
3.2.1. Location of the Protostar and its Immediate Environment

A prominent outflow is identified in both CO(2-1) and
H,(0-0 S(9)), which appears to be driven by a source near the
center of the main parsec-scale clump in S284-FIR1. This is
further illustrated in Figure 5(a), where we present a JWST
color composite image combining the F162M, F200W, F356W,
and F470N bands, represented in red, green, blue, and cyan

colors, respectively. The F470N (H, 4.7 um line) emission
highlights a protostellar outflow matching the basic orientation
traced by the primary CO(2-1) outflow. The outflow extends
about 2 (~2.6 pc) on the sky and contains numerous knots,
arcs, and more diffuse emission features. This is among the
longest outflow structures associated with a massive protostar
ever observed via molecular hydrogen (e.g., J. Bally 2016). The
large spatial extent and symmetric appearance of the jet suggest
that the protostar has maintained a steady orientation throughout
the majority of its formation history. The global geometry of the
outflow, defined by the directions from the driving source to the
termination bow shocks, is highlighted in Figure 5(b) and
discussed in more detail below.

The driving source (S284pl) can be identified from the 1.3
mm continuum map as well as the JWST images. Figure 5(c)
shows a zoom-in view of the ALMA 1.3 mm continuum
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Figure 6. Zoom-in to outflow structures from S284pl. (a) F470N image in color scale with 1.3 mm continuum overlaid in contours. The white crosses denote the
position for the two peaks in core c1. The dashed green arrows show the orientation of the outflows ejected from cla and c1b. (b) Integrated CO(2-1) high-velocity
emission in blue and red contours with 1.3 mm continuum overlaid in color scale and contours. The CO emission is integrated from 5 to 10 km s blue-/redshifted
relative to the systemic velocity. The contour levels are 0.01 Jy beam ' km s~' x (5, 10, 20, 40, 80, and 160).

emission near the center of S284-FIR1. This image reveals
seven dense cores within the clump, among which cl has the
highest millimeter flux densities and an estimated gas mass of
68.2 M., assuming a temperature of 20 K. A close inspection
of the image shows that cl is fragmented into two peaks
separated by ~5000 au. These are not identified by astro-
dendro as two separate cores since they do not reach the
minimum delta value (lo) threshold. However, since the
protostar (S284pl, identified from the JWST F356W image, as
will be discussed below) appears to be located at the position
of the eastern peak (cla), we manually divide cl with the
dividing line drawn along the emission minimum ridge. cla is
estimated to have a gas mass of 20.7 M, while c1b has a mass
of 47.5 M,. Based on the morphology of the H, 4.7 um and
CO(2-1) integrated intensity maps (Figure 6), we identify cla
as the host for the driving source for the large-scale bipolar
outflow. We also note that clb hosts another protostar that
drives another collimated outflow also seen in CO and H,,
which is approximately orthogonal to the main outflow from
cla. This outflow exhibits a single-lobed and collimated
appearance, extending to the NW direction from clb. Given
the overlapping blue- and redshifted high-velocity CO
emission (Figure 6), we expect this outflow to be oriented
close to the plane of sky. Therefore, its small extent likely
indicates the protostar hosted by clb is still in an early
evolutionary stage.

The JWST/NIRCam data further reveal the NIR counter-
parts of the dense cores (Figures 5(d), 6(a), and 7). While c1b
appears to have most of its NIR emission blocked by high
extinction, cla (i.e., S284pl) is clearly visible at 3.56 ym and
longer wavelengths (i.e., in the F356W, F405N, and F470N
images). S284pl is best resolved in the F356W band, which
reveals a point source from the protostellar object surrounded
by cone-like emission. Such morphology is expected for an

outflow cavity centrally illuminated by a massive protostar.
Thus much of the observed F356W continuum emission is
mostly likely dominated by scattered light emerging from
outflow cavities, similar to morphologies observed around
some lower-mass protostars (e.g., S. A. Federman et al. 2024).
This cone-shaped emission extends approximately 0”5 (~2250
au) on both sides of the protostar, with a half-opening angle of
~25°. The orientation of the cone is broadly consistent with
that of the main outflow axis. The NE outflow cone is
significantly brighter than the SW cone, which suggests that
the NE outflow is oriented toward our line of sight. This is
consistent with there being a greater amount of blueshifted
CO(2-1) emission on the NE side than on the SW side (see
Figure 6(b)), although some blue- and redshifted emission is
present on both sides, indicating a wide opening angle of the
outflow (see also Figure 2(b)). For the narrowband F405N and
F470N images, significant emission enhancement is clearly
visible around the protostar but the cone morphology is less
clear. We performed continuum subtraction but did not find
clear evidence for line-emitting structures near the protostar
(see Appendix A).

In all NIRCam bands there exists another illuminated
feature about 1” to the north of cla, which also has a cone-like
shape and shows similar morphology as the low-level 1.3 mm
emission. It is possible that this is an IR reflection nebula that
is illuminated by cla or another source in the region. There is
additional IR nebulosity to the south and east of cla, where
several point sources, likely to be YSOs, are also seen. The
most prominent of these points sources, which we label
S284p2, is approximately 3000 au to the east of S284pl (see
Figure 5(d)). Given its spectral energy distribution (SED), we
consider that S284p?2 is likely to be an embedded intermediate-
mass YSO based (see Section 3.2.2).



THE ASTROPHYSICAL JOURNAL, 990:173 (18pp), 2025 September 10

Cheng et al.

Figure 7. A zoom-in view of the NIR emission surrounding the massive protostar S284pl. (a) NIRCam F162M band image in color scale overlaid with 1.3 mm
continuum in contours. The contours levels are (5, 10, 20, 30, 40, and 50) x 1.1 Jy beam ™. The magenta crosses show the positions of the protostars S284p1 and
S284p2. (b) Same as (a) but for F182M. (c) Same as (a) but for F200W. (d) Same as (a) but for F356W. (e) Same as (a) but for F405N. (f) Same as (a) but for F470N.

3.2.2. Properties of S284p1 from Spectral Energy Distribution Fitting

To determine the properties of the protostar S284pl, we
performed an SED analysis. In addition to the JWST/
NIRCAM data, we also retrieved the following archival data
sets: Spitzer 3.5, 4.5, 5.8, and 8.0 um; Wide-field Infrared
Survey Explorer (WISE) 12 and 22 pm; and Herschel 70, 160,
250, 350, and 500 um (see Figure 8). We conduct the SED
analysis following the methods of R. Fedriani et al. (2023),
which is based on radiative transfer (RT) models developed
within the framework of turbulent core accretion theory
(Y. Zhang & J. C. Tan 2018, hereafter ZT18) and implemented
with the Python package sedcreator. This method has
been previously applied to Galactic high- and intermediate-
mass protostars in a wide range of environments (e.g., J. M. De
Buizer et al. 2017; M. Liu et al. 2019, 2020; R. Fedriani et al.
2023; Z. Telkamp et al. 2025).

The three primary physical parameters of the protostellar
model grid are the initial mass of the core (M.), the mass
surface density of the clump environment that the core is
embedded in (X)), and the current protostellar mass (m.),
which describes the evolutionary state of a given core. Then
the two remaining secondary parameters are the angle of the

line of sight to the outflow axis (fyiw) and the level of
foreground extinction (Ay). Other model parameters, such as
initial core radius (Rcye), remaining core envelope mass
(M.,y), and protostellar accretion rate (ri14) are specified by the
three primary parameters.

To account for the low-metallicity condition of the region,
we have computed a new grid of RT models scaling the
opacity per unit gas down by a factor of two compared
the ZT18 models. These models, to be presented separately in
a future paper (Y. Zhang & J. C. Tan 2025, in preparation), are
designed to represent massive protostars forming under half-
solar-metallicity conditions. Below we investigate the sys-
tematic differences that arise in the SED fitting process from
using the solar and half-solar-metallicity grid.

As input for the SED fitting we perform aperture
photometry with a fiducial 15” radius aperture. This radius
was defined with the automated method based on the radial
gradient of the background-subtracted enclosed flux at 70 pm
(R. Fedriani et al. 2023). We will consider cases where this
fixed aperture is used at all wavelengths, which was the
standard method of (R. Fedriani et al. 2023). However, we will
also consider a case where at shorter wavelengths (i.e., probed
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Figure 8. Maps of S284c1 at different wavelengths observed with JWST, Spitzer, WISE, and Herschel. The red circle in each panel indicates the aperture used for
photometry for the fiducial SED analysis. These apertures have a radius of 15” for wavelengths > 10 um and 5” for shorter wavelengths.

by the NIRCam data, i.e., <5 um), a smaller aperture of 5”
radius is selected to avoid contamination from other sources.

We note that a major assumption of the SED fitting method
is that a single protostar dominates the flux of the SED at each
wavelength. In the case that other, secondary sources
contribute significantly, then the derived bolometric luminos-
ity and other related properties, such as current protostellar
mass, should be regarded as upper limit constraints on the true
source properties. In the case of S284pl, there are a number of
factors that suggest the assumption of a single, dominant
source is reasonable. First, there is a single, dominant
protostellar outflow from the region, as traced by both excited
H; emission and high-velocity CO emission. As discussed in
Section 3.2.1, the next most significant outflow from the local
vicinity appears to be driven from the core clb, but the extent
of this outflow (see Figure 6) is only ~4”, i.e., at least 10 times
smaller than the outflow from S284p1. Nevertheless, below we
will consider the impact on our results for S284pl if clb
contributed 50% of the total flux. Next, the morphology of the
source at FIR wavelengths near the peak of the SED, i.e., at
70 pm is spatially concentrated and centered on the location of
S284pl. Thus, we do not expect significant contributions to the
FIR SED from sources in the more extended cluster. However,
as noted, at shorter wavelengths, i.e., <5 pm, secondary
sources can become more important, which then motivates
their exclusion via use of a smaller aperture around the main
source S284pl.

In terms of estimating the uncertainties associated with the
flux measurements we first present cases that follow the
methods of R. Fedriani et al. (2023). However, in the previous
SED fitting analyses, data points at wavelengths < 10 um were
treated simply as upper limits, since the RT models do not
include polycyclic aromatic hydrocarbon (PAH) emission or
thermal emission from transiently heated small grains. To
make better use of the JWST/NIRCam fluxes, we also explore
an option for using the JWST data points as valid measure-
ments, instead of upper limits, but allowing an additional 50%
systematic uncertainty to account for the PAH and small dust
grain emission.

In summary, to investigate the sensitivity of the results to
the choice of SED fitting method, we examine three cases.

1. Case 1. The standard method in R. Fedriani et al. (2023),
i.e., using the Spitzer, WISE, and Herschel data with the
solar-metallicity model grid. Here the Spitzer flux
densities are included as upper limits.

2. Case 2. Same as Case 1 but using the 0.5Z. metallicity
model grids.

3. Case 3 (the fiducial case). Same as Case 2, but including
the JWST data. The flux densities in the F356W, F405N,
and F470N bands are measured with an aperture of 5” to
exclude flux contributions from resolved secondary
sources. In addition, these fluxes are now treated as
measurements, rather than upper limits. To account for
the uncertainties introduced due to PAH emission and
emission from small dust grains, we add in quadrature an
extra 50% systematic uncertainty. The Spitzer data at
similar wavelengths are not included in the fit.

In Figure 9 we show the observed SED of S284pl (panel
(a)), followed by the SED fitting results of Cases 1, 2, and 3
(panels (b), (c), and (d), respectively). For the selection of
acceptable, i.e., “good,” models, we follow the methods of
Z. Telkamp et al. (2025). These are models that satisfy y* < 2
(or the 10 best physical models if anin > 2), where X?nin is the
minimum value of the x? statistic obtained across all models.
The average and dispersion of the parameters of all “good” RT
models are listed in Table 1.

For the fiducial Case 3, we derive a current protostellar mass
of my = 10.23"2 M., forming from a core with initial mass of
M. ~ 110 M, that was embedded in a clump environment with
a mass surface density of Y = 0.107001 g cm 2 The
protostar is estimated to be accreting at a rate of
tig = 60708 x 1075 M. yr', while the current core
envelope mass is M.,, ~ 80 M. The bolometric luminosity
of the source is ~1.5 x 10* L, and the age of the system is
fage ~ 3 x 10° yr.

We see that several of the derived parameters align well
with other observational constraints. For example, the estimate
of the current envelope mass agrees well with the mass of core
cl, which we estimated from the ALMA 1.3 mm flux to have a
mass of 68 M. (but based on the uncertain assumption of a
dust temperature of 20 K). We note that given the aperture
radius of 15” used for SED fitting at longer wavelengths, this
mass estimate includes the entire cl core. Thus, protostellar
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Figure 9. (a) Protostellar SEDs with fluxes that define the SED for S284p1, with telescope facilities labeled in the legend. (b)—(d) The SED fitting results for S284p1
with different fitting setups. The best-fitting protostar model is shown with a black line, while all other “good” model fits (see text) are shown with colored lines (red
to blue with increasing x?). (b) Case 1: fitting uses Spitzer, WISE, and Herschel data with solar-metallicity model grids following method of R. Fedriani et al. (2023).
(c) Case 2: same as (b), but using the half-solar-metallicity model grids. (d) Case 3: same as (c), but now fits include JWST/NIRCam data.

properties of initial core mass and current envelope mass that
are at the lower end of the allowed ranges, i.e., M, ~ 90 M,
and M.,, ~ 60M,, may be more preferred. Additional
properties that are derived include the best-fit clump mass
surface density, which matches the estimates from the
Herschel derived column density map (i.e., 0.15 g cm ).
Finally, the half-opening angle of the outflow cavity,
Owese = 29° £ 10° is consistent with the estimate from the
IR morphology seen in the JWST/NIRCam images (~25°).

We see that the impact of using the half-solar-metallicity
models is to slightly reduce the estimate of the current
protostellar mass, while more significantly increasing the
estimate of the initial core mass and current envelope mass.
The impact of using the JWST fluxes (compared to the
Spitzer/IRAC upper limits) is to tighten the constraints on the
received flux, which impacts the isotropic bolometric lumin-
0sity, Lpoliso- This yields slightly tighter constraints on
parameters such as the current protostellar mass, accretion
rate and age of the system.

As has been known from previous studies (e.g., R. Fedriani
et al. 2023), SED fitting is prone to significant degeneracies.
These are illustrated for the three primary model parameters in
Figure 10. However, one of the main conclusions that can be
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drawn from these distributions is that the inference of a
relatively high protostellar mass, i.e., with m, ~ 10M.,
appears to be relatively robust. However, it should be noted
that the models assume a single dominant source is responsible
for the observed fluxes. If another protostar (such as S284p2 or
the one in the core clb) contributes to this flux significantly,
e.g., at the 50% level, then the mass estimate for S284pl
would be reduced, but only by a relatively modest amount, i.e.,
from my = 10.2733 M., to my = 9.1135 M...

On the other hand, we also attempt to assess the properties
of S284p2 with SED fitting, as the source is clearly resolved in
the NIRCam images. Although its flux contribution at longer
wavelengths is not well constrained, our analysis suggests that
S284p2 can be interpreted as an intermediate-mass protostar
viewed through significant extinction (see Appendix B).

3.2.3. The S284p1 Outflow

To search for H, line-emitting structures, we present the
continuum-subtracted F470N image in Figure 11(a). The
continuum level is estimated by extrapolation from the
F356W-band flux densities. The idea is that the continuum
emission in the F470N is most likely dominated by the
nebulosity on larger spatial scales, while shock knots that emit
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Table 1
Parameters of the Average and Dispersion of “Good” Models
Case # Mc Ec] 5 Rccre My eview AV Menv ew,esc Sﬁ’l* ) Lbrztl,iso Lzml tasge
(M) (gem™) (po) Me) (deg.) (mag) (M) (deg.) (107°Mg yr) (10°Le) (10°Le) (10° yr)
S284pl-casel #79 63173 021447 0.13+3%2 12,7479 38+ 16 152 + 38 253 47413 7.9431 3.1733 2473 2451
S284p1-case2 #148 10773 0.1179% 0.2379% 117773 48 +21 147 £ 32 68133 34+ 14 6.3%1¢ 17533 1973 3241
S284p1-case3 #95 11073 0.10931 0247094 10.213¢ 58 + 18 129 + 21 80131 29 + 10 6.019% 09794 15588 3.1

Note. Columns from left to right describe the source and case of SED fitting method; number of “good” models that are able to fit the SED; initial core mass (M.); mass surface density of the clump environment (X));
radius of the core (R_core); current protostellar mass (m.); angle of the line of sight to the outflow axis (6y;cw); amount of foreground extinction (Ay); mass of the infalling envelope (M.,,); half-opening angle of the
outflow cavity (6, csc); accretion rate of the protostar (riz4); bolometric luminosity assuming isotropic emission of the flux (Lyoyiso); true intrinsic bolometric luminosity (Lyo1); and age of the protostar (f,gc).
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Figure 10. Diagrams of the reduced x* distribution of SED model fitting in $—M, space, nm,—M, space, and m,— space. The black crosses and dashed gray lines
mark the locations of the best models. The white regions are where X2 is larger than 50. Panels (a)—(c), (d)—(f), and (g)—(i) show the SED fit results for Cases 1, 2, and

3, respectively (see text).

H2 lines are expected to be relatively compact. To isolate such
features, we first derive a ratio map for F(4.70 um)/F(3.56
pm) on a pixel-by-pixel basis and smooth it with a Gaussian
kernel with an FWHM of 15”. We then take this smoothed
ratio map as a proxy for the nebulosity continuum ratio
between the two bands. We have tested different FWHM sizes
and found that 15” provide an optimal compromise between
capturing broad-scale nebulosity and minimizing artifacts. We
then multiply the F356W image by this ratio map to estimate
the continuum contribution in the F470N band, which is
subsequently subtracted from the original F470N image. We
note that the F356W image could contain lines from H, so the
470 pm line emission could potentially be somewhat
oversubtracted.

From Figure 11(a) we see that the global extent of the outflow
appears to be contained in the image. The furthest extent of the
eastern outflow is defined by knot E1, while that of the western
outflow by knot W1. With the central driving source, i.e.,
S284pl, identified in the JWST/F356W images located at R.A.,
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decl. of (6" 46™ 15.93%,  +0° 6/ 28”2). From this position we
can draw vectors that extend to the furthest extent of the
outflows seen in the image (Figure 5(b)). The morphology of the
H, emission at these extremities suggests that these are
collimated bow shocks associated with the outflow propagating
into the ambient interstellar medium (ISM). The positions
defining the end points of the outflow, i.e., the locations of E1l
and W1, are not as well defined as that of S284p1. However, we
set them to be (6"46™21.165, +0°6'47”09) for the NE
outflow and (6"46™ 12.675, +0°5 51711) for the SW
outflow. Thus the position angles of the NE and SW vectors
are 66.3 and 2328, respectively. Their linear extents in the
plane of the sky are 46”5 (1.01 pc) and 6172 (1.34 pc),
respectively, i.e., an average length of 1.18 pc.

If E1 and W1 represent the locations of the outer bow
shocks of the outflow, then we can assess the average speed
that they have propagated through the ISM given the estimated
age of the protostar, i.e., fge ~ 3 X 10° yr. In the plane of the
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Figure 11. The S284p1 massive protostellar outflow seen in the H, 4.7 ym and CO(2-1) lines. (a) The F470N image after continuum subtraction. The blue contours
show ALMA 1.3 mm continuum emission with contour levels of (5, 10, 20, 40, 80) x 0.11 mJy beam ™. The green circles and red arrows denote the prominent knots

in the main jet and other possible jets in the region. (b) The blueshifted and redshifted CO (2—1) emission integrated in three velocity ranges from 5 to 20 km s

relative to the systemic velocity.

sky, this average speed is 3.8 km s~ '. The true 3D length and
average speed of the outflow is greater than the plane-of-sky
component by (sin 6,y )~! . The value of ., is not very well
constrained from the SED fitting, but if we adopt a value of
60°, then the 3D length and average speed are only boosted by
a factor of 1.15, i.e., an implied average 3D speed of 4.4 km
s~!. We note that a near plane-of-sky orientation for the
outflow axis is supported by the fact that both blue- and
redshifted CO emission components are seen in the eastern
outflow.

The speed of the primary wind material launched in
protostellar outflows is expected to increase as the mass of
the protostar grows. Thus it is possible that the current extent
of the outflow, as traced by E1 and W1, is driven by more
recent outflow activity. For example, if the material defining
El and W1 was launched 10° yr ago, then the average
propagation speed would be 3 times greater than the above
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estimates, ie., ~13 km s L. Furthermore, the current
propagation speed, e.g., which may be possible to measure
via future proper motion studies, would be expected to be
larger than the average.

Figure 11(a) reveals other H, emission features along the
outflow axis. On the western side, we identify the W2 knot
complex, which, like W1, also exhibits a bow-shock-like
morphology. W2’s location is about 75% of the distance to
W1. On the eastern side, after E1, the next most prominent H,
emission feature is the E2 complex, which also shows a bow-
shock morphology. It is located about 65% of the distance to
El. It is thus possible that W2 and E2 were caused by a
common event of increased level of outflow activity that
occurred after the earlier outflow activity that produced W1
and E1. It is possible that such outflow activity has been driven
by a relatively transient accretion “burst.” However, it could
also reflect a more sustained level of faster outflow speeds.
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Such an increase in outflow speed is expected as the protostar
grows in mass and/or shrinks in size (e.g., J. E. Staff et al.
2023). We also note that on the eastern side, there are a greater
number of other outflow knots present, including the
prominent E3 complex that is interior to E2. As marked in
Figure 11(a), there are also several features that may trace
outflows driven by other protostars in the region.

Next we consider the outflow traced by CO(2-1) emission.
Figure 11(b) presents the CO(2-1) integrated intensity map
over different velocity ranges relative to the systemic velocity,
Veys = 41.2Kkm s~!, which is determined from dense gas
tracers, such as C180(2—1) and DCO"(3-2). On the eastern
side, where there is a greater level of CO emission than the
western side, where the CO(2-1) emission exhibits a spatial
extent similar to that of the H, 4.7 pm line. The relative lack of
CO emission on the western side may indicate a stronger FUV
radiation field in this location, which would be consistent with
a scenario of greater exposure to the radiation field from the
Dolidze 25 young cluster, which is to the west of S284-FIR1.
If the western molecular outflow has suffered a greater degree
of photodissociation, then it should be correspondingly
brighter in emission from atomic and/or ionized carbon.

Considering kinematics, as shown in Figure 11(b), most of
the CO emission is present at velocity amplitudes from 5 to
10km s~' away from the systemic velocity, with smaller
amounts from 10 to 15 km s 'and very minor components
from 15 to 20 km s~ '. The overlapping of blueshifted and
redshifted emission in both the eastern and western lobes
suggests that the global outflow orientation is close to the
plane of the sky. However, if the protostellar outflow has
evolved to have relatively wide angle driving at the core scale,
then a large range of both blue- and redshifted gas is expected,
especially in the inner regions.

We measure the integrated fluxes of the eastern outflow lobe
in order to estimate its associated mass. The column densities
are derived from the measured line fluxes, using the calcu
toolkit (S. Li et al. 2020), for which local thermodynamic
equilibrium conditions and optically thin line emission have
been assumed. We assume a constant excitation temperature of
20 K and a '*CO abundance of 0.5 x 10~* with respect to Ha,
i.e., half the canonical abundance of solar neighborhood clouds
(G. A. Blake et al. 1987). For the blueshifted component (from
30 to 40.5 km s~ ') we estimate a mass of 4.6 M., (with the
innermost 1.5 km s~ ' channel contributing 1.6 M), while for
the redshifted component (from 43.5 to 67 km s_l) we derive
8.4 M., (with the innermost channel contributing 1.8 M,).
Thus the total mass traced by CO(2-1) emission in the
eastern lobe is about 13 M. The total may be underestimated
by a few solar masses, since we have excluded the innermost
+1 km s~ 'about the systemic velocity.

We can compare the above CO-traced mass with the amount
of core mass swept up by outflow feedback from the best-
fitting SED models (Section 3.2.2). For Case 3, the half-
opening angle of the outflow cavity is estimated to be
Owesc = 32°. Thus the fraction of one hemisphere of the
initial core mass that is swept up by one outflow cavity is
1 — cos Byesc — 0.15 (assuming a spherical core). For the
best-fit initial core mass of 110 M, this implies a swept-up
mass of ~9 M. Although the systematic uncertainties are at a
level of at least a factor of 2, the approximate agreement
between the observed and theoretical mass estimates of the
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outflow lobe suggests further support for the core accretion
model.

While observations of outflow momentum fluxes can, in
principle, constrain protostellar models (see, e.g., D. Xu et al.
2024), this becomes highly uncertain when the orientation of
the system is close to the plane of the sky, i.e., since only a
small part of the momentum flux is traced by line-of-sight
motions. Thus, we do not attempt here to measure the
momentum flux of the outflow. We note that the maximum
observed CO(2-1) velocities from a beam-sized extracted
spectrum of S284pl are about 15 km s~ 'from the systemic
velocity of the core. Such maximum observed velocities can,
in principle, be used to help constrain the inclination angles
and other properties of core accretion models.

3.2.4. Implications of the S284p1 Outflow Geometry for Massive Star
Formation Theories

Here we consider the observed global geometry of the
outflow from S284pl and the implications for massive star
formation theories. As discussed, Figure 5(b) shows annota-
tions that indicate the geometry of the two sides of the outflow.
We see that the S284pl outflow exhibits a high degree of
symmetry. The end points of the two sides (E1 and W1 knots
shown in Figure 11(a)) are well aligned with a common axis,
i.e., their angular offset from a common axis is in total only
1375, or <7° for each side of the outflow. Similarly, the total
plane-of-sky-projected outflow lengths are very similar, i.e.,
each deviates from the average length of 1.18 pc by <15%.
Variations in the density of the ambient ISM on either side of
S284pl, as well as jet precession, could lead to such
differences in outflow directions or extensions. Another
optional scenario is that if S284pl has a plane-of-sky motion
in a direction perpendicular to the outflow axis that differs
from that of the initially launched gas, then this could lead to
the observed level of misalignment. Such motion could result
from acceleration acquired by S284p1 during the course of its
formation.

To evaluate the level of acceleration that is required, we
adopt an estimate of the protostellar age based on SED
fitting (Section 3.2.2) of 5 ~ 3 X 10° yr. If S284p1 started
forming at a location that was perfectly aligned with the
observed axis connecting the two outflow bow shocks, then it
has moved by a projected distance of about 0.14 pc in the
plane of the sky. The magnitude of (constant) acceleration
needed to achieve this diszplacement over the course of 3 x
10° yris a ~ 10% em s™ (leading to a current plane-of-sky
motion of about 1 km s_l). However, the current observed
bow shocks were most likely launched more recently, when
the protostar was already relatively massive, i.e., the current
observed outflow timescale should be foufow < fage FOr
example, adopting foufiow ~ 10° yr then requires a ~ 9 X
1078 cm s and a current plane-of-sky motion of 2.7 km s~ .

The most likely cause of acceleration for S284pl is
gravitational infall toward the core clb, with the resulting
direction of motion being consistent with this scenario. In
addition, the expected magnitude of this acceleration is
acy = 7 % 107%(M_15/50 Mo)(d/0.1 pc) 2 cm s~ 2. Thus,
while these estimates are quite uncertain, to an order of
magnitude the amplitude and direction of acceleration due to
gravitational infall toward clb could explain the apparent
offset of S284pl’s current location from the outflow axis
defined by the pair of outer bow shocks.
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Regardless of whether S284pl has suffered recent accel-
eration at the above levels, to first order the global outflow
morphology is very symmetric. The main conclusion that can
be drawn from this symmetry is that the protostar has held a
steady orientation over the lifetime of the observed outflow,
i.e., especially of its inner disk, which is expected to launch the
fastest part of the outflow. Such a stable orientation is most
naturally expected in core accretion models (e.g., C. F. McKee
& J. C. Tan 2003), in which the disk is fed by the collapse of a
relatively symmetric core-infalling envelope. In contrast, in
competitive accretion models (e.g., I. A. Bonnell et al. 2001;
M. Y. Grudié¢ et al. 2022) the accretion (and thus outflow)
history is expected to be much more disordered leading to
significant changes in outflow orientation. The observational
constraints presented above on the degree of symmetry of
oppositely directed outflow bow shocks from a massive
protostar motivate the need for quantitative measures of this
property as tests of numerical simulations of massive star
formation. We note that the reason why certain numerical
simulations of massive star and star cluster formation often
show evidence of competitive accretion is likely to be due to
initial conditions that do not include regions of dynamically
important magnetic fields (see, e.g., M. J. Butler &
J. C. Tan 2012; J. C. Tan et al. 2014; C.-Y. Law et al. 2024).

4. Discussion

Massive stars (210 M) have a major impact on their
surroundings via their radiative, mechanical, and chemical
feedback. Despite this importance, the mechanisms of their
formation and how these may vary with environmental
conditions remain subjects of intense investigation (J. C. Tan
et al. 2014). Theoretical models predict substantial dependen-
cies on metallicity in the formation, feedback, evolution, and
end products of massive stars (e.g., K. E. I. Tanaka et al.
2018), but direct observations rarely probe down to the
immediate surroundings of individual YSOs at a few thousand
astronomical unit scales due to their typical large distances.
The best characterized case to date, HH 1177 in the LMC, is
found to be a massive protostar system with a collimated jet
and rotating toroid (A. F. McLeod et al. 2018, 2024), which is
consistent with the canonical disk-mediated star formation
picture. However, HH 1177 is relatively isolated. Furthermore,
it is an optically revealed source that has evacuated most of its
natal material and is thus likely to have evolved beyond its
main accretion phase.

In contrast to HH 1177, S284p1 is deeply embedded in its
natal material and is actively accreting, thus providing an
opportunity to examine low-metallicity massive star formation
at an early stage. S284pl is also seen to be forming in a
clustered environment, i.e., surrounded by hundreds of lower-
mass YSOs, as well as several other lower-mass protostars
driving relatively small jets. In addition, being at a much closer
distance, allows the resolution of much smaller spatial scales
in the case of S284pl compared to HH 1177.

In this paper, the first of the LZ-STAR survey, we have
focused on a detailed, quantitative study of the properties of
the most massive protostar in the region, S284pl. We have
argued that its highly symmetric outflow morphology is strong
evidence for an “ordered” formation history, consistent with
the simplest expectations of core accretion models. We have
developed new massive protostar RT models designed for the
low-metallicity (half-solar) conditions of the S284 region.
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Fitting these models to the NIR to FIR SED of S284pl yields
estimates of the current protostellar mass of about 10 M, with
a current age of ~3 x 10° yr. We have explored the
degeneracies in protostellar properties that arise from SED
fitting. While SED fitting results are quite uncertain, several
other pieces of evidence provide quantitative support to the
derived model. These include the JWST/NIRCam-observed
NIR outflow cavity, which aligns with the global outflow axis
and has a half-opening angle that is broadly consistent with
that derived from SED fitting. In addition, the amount of CO-
traced mass in the outflow lobe is consistent with the material
expected to have been ejected from the natal core by the action
of outflow feedback.

We note that some qualitative features of the star formation
activity in S284 based on the public ALMA and JWST data of
the LZ-STAR survey have been presented by O. R. Jadhav
et al. (2025), however this study, which we have only become
aware of in the final stages of the preparation of our paper, is
not part of the LZ-STAR survey and has not influenced our
analysis.

For a better understanding of the massive protostar S284pl,
higher angular resolution ALMA observations are needed to
better probe its accretion disk, especially to see if its current
orientation aligns orthogonally to the outflow axis. Observa-
tions of disk kinematics could also yield a dynamical estimate
of the current protostellar mass that can be compared to the
SED-derived value. JWST spectroscopic studies of the
protostar and its outflow (see, e.g., H. Beuther et al. 2023,
for an example of such observations) should yield improved
kinematic constraints on the theoretical models, as well as
probing ice absorption features in the infalling envelope.
Finally, a second epoch NIRCam observation is needed to
constrain proper motion kinematics of the outflow features.

5. Conclusion

We have undertaken a multiwavelength survey in the outer
Galaxy star formation region S284 (LZ-STAR survey). As first
paper of the series, we present ALMA and JWST observations
of one of the most active star-forming sites in S284, S284-
FIR1. Key conclusions from our study are as follows.

1. ALMA 1.3 mm continuum observations reveal a
population of 22 dense cores with masses ranging from
~0.37 M, to ~68 M., A subset of these cores drive CO
outflows, indicating active ongoing star formation.

2. The JWST/NIRCam images reveal the presence of a
nascent star cluster of about 200 detected members,
whose detailed properties are the focus of the next paper
in this series. A spectacular bipolar outflow traced by
H,(0-0 S(9)) emission is seen to be launched from a
protostar near the center of the cluster (in projection).
The outflow spans a total length of 2.6 pc on the sky and
is also clearly seen in CO(2-1) emission, with the
kinematics indicating an orientation near that of the plane
of the sky.

3. ALMA observations reveal that the dense core hosting
S284pl (cl) is fragmented into two subcores, with
S284pl residing in the ~20 M. component cla. The
JWST /NIRCam F356W image reveals S284pl as a point
source surrounded by a well-defined, cone-shaped NIR
cavity.
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4. We have developed RT models of massive protostars
designed for the low metallicity of S284 and the resulting
SED analysis yields a current protostellar mass of
~107% M., which has been forming for last ~3 x 10° yr.

. The symmetric, bipolar outflow observed in both CO and
H, emission suggests that S284pl has undergone a
stable, disk-mediated accretion over its formation history
that is consistent with basic expectations of core
accretion models.
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Appendix A
Local Continuum Subtraction for JWST Narrow Bands
F405N and F470N

In the narrowband F405N and F470N images, significant
emission enhancement is clearly visible around the protostar,
although the cone morphology is less distinct. To identify
potential line-emitting structures near the protostar (S284pl),
we performed continuum subtraction. This is done in a way
similar to that described above for F470N on larger scales, i.e.,
the narrow filter images are subtracted by extrapolating the
F356W image to estimate the continuum fluxes. Since we
focus on the localized region centered on S284pl, we estimate
the continuum flux ratio for F(4.05 pum)/F(3.56 pum) (or F
(470 pm)/F(3.56 pm)) with that empirically derived for a
region within an aperture of 3”, which is presumably
dominated by diffuse nebular emission. The resulting con-
tinuum-subtracted images are shown in Figure Al. Some
residual emission is seen near S284pl, but it is currently
unclear if it originates from excess line emission or potential
curvature of the continuum SED.

F470N_subtracted (MJy/sr)
-100 -50 0 50 100 150

The contours show the

F356W image with levels of (50, 100, 200, and 400) x MJy sr™'. Right: same as the left panel but for F470N.
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Appendix B clearly detected, we measure its flux densities using a smaller

The Spectral Energy Distribution Fit for S284p2 aperture (1”) and use these measurements in the SED fitting.
S284p2 is resolved in the NIRCam images, so we are able The SED fitting results show that a wide range of parameter
to place some constraints its source properties from SED combinations can reproduce the observed data (owing to the
fitting. Figure B1 and Table B1 present the SED fitting results many upper limit measurements). The best-fit solutions
for S284p2. Located at a distance of ~0”6 from S284pl, it is suggest that S284p2 can be explained as an intermediate-
challenging to separate the flux densities of the two sources at mass protostar seen through significant extinction. Since it is
most wavelengths, except for the JWST bands. Since S284pl likely that most of the bolometric flux comes from S284pl,
is most likely the dominant source in the region, we adopt the these estimated protostellar properties for S284p2 should
same flux measurements as S284pl but treat them as upper mostly be regarded as upper limits, e.g., on the current

limits for S284p2. For the JWST bands, where S284p2 is protostellar mass.

Table B1
Parameters of the Average and Dispersion of “Good” Models for S284p2
CB.SC # Mc E(:1 Rcure My Gview AV Menv ew,esc m* Lbol,iso Lbol ta e
(M.)  (gem™®)  (po) M) (deg) (mag) (M.)  (deg) (10°Myyr) (10'Lo)  (10°Lo)  (10° yr)
S284p2 #5896  75FM0 0417350 010100 447N s58+£21 4694278 47714 26420 9.87%8 0372 0572 0.8%)¢

Note. Columns from left to right describe the source and case of the SED fitting method; number of “good” models that are able to fit the SED; initial core mass (M.);
mass surface density of the clump environment (X,); radius of the core (R_core); current protostellar mass (m.); angle of the line of sight to the outflow axis (Oyiew);
amount of foreground extinction (Ay); mass of the infalling envelope (M,,,); half-opening angle of the outflow cavity (6, cs.); accretion rate of the protostar (rit);
bolometric luminosity assuming isotropic emission of the flux (Lyo1iso); true intrinsic bolometric luminosity (Lyo); and age of the protostar (f,ge).
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Figure B1 SED fitting results for S284p2. The best-fitting protostar model is
shown with a black line, while all other “good” model fits (see text) are shown
with colored lines (red to blue with increasing .
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