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Abstract

Massive stars are significant throughout the universe, however the mechanism by which they
form is poorly understood. Here we present JWST-NIRCam observations of the Galactic
Center molecular cloud Sagittarius C (Sgr C) in order to take a census of its star formation
activity and test theoretical models of massive star formation in this extreme environment.
In conjunction with ancillary NIR, MIR, FIR, and sub-mm data from Spitzer, SOFIA,
Herschel, and ALMA, we characterise the massive protostars in (359.44-0.102 via SED
fitting obtaining masses of ~ 20 M. The NIRCam data reveals in high resolution the
outflows from these protostellar sources in the form of atomic and molecular hydrogen
shocked material as well as large-scale ionised (HII) gas structures surrounding the main
protocluster as traced by Brackett Alpha. Global color analysis also indicates the presence
of YSO candidates across the field and helps shed light on the protocluster environment in
this extreme region. Finally, we report the discovery of a new star-forming region, named
(359.42-0.104, 1’ to the south-east of the main protocluster, hosting two prominent bow
shocks visible in Hs emission driven by at least two actively forming YSOs.



2 Star Formation in the Galactic Center with the JWST

The content of this document has been adapted from the accepted publications in The
Astrophysical Journal presented in|Crowe et al. (2024a) and Bally et al.| (2024).

1 Introduction

Massive stars (m, > 8 M) are fundamental in star and planet formation, they impact their
birthplaces from early on in their formation ionizing the interstellar medium through their
radiation and winds. They also drive much of the physical and chemical evolution of galaxies
as many of these massive protostars will end their life in the form of supernovae. However,
formation mechanisms for massive stars are still poorly understood. In particular, it is unclear
whether they form in a similar, but scaled-up, manner as low-mass stars, or whether they
form more chaotically at the centre of dense clusters (see, e.g., (Tan et al.|[2014}; Rosen et al.
2020, for reviews).

One of the most extreme star-forming environments in our Milky Way is the Central
Molecular Zone (CMZ), usually defined as the region within a Galactocentric radius of ~
300 pc (see, e.g., Henshaw et al. 2023). This is a region of high metallicity (i.e., about
2 X Zg; |Giveon et al.|[2002; Schodel et al.|[2020; Nogueras-Lara 2022), thermal pressures
(Py, ~ 10 "Yerg cm™3; [Morris & Serabyn|[1996), molecular gas temperatures (e.g., 2> 60 K;
Ginsburg et al.|[2016)), cosmic ray ionization rates (¢ 2 1071% s=1; |Carlson et al.[2016), and
magnetic field strengths (> 50uG over large scales and up to ~ 5mG in dense molecular
clouds; |Pillai et al.[2015). In this extreme environment, there is an asymmetry of dense
gas distribution (and therefore star formation) in the CMZ, with around 2/3 of the dense
gas being located at positive (eastern) Galactic longitudes (Yusef-Zadeh et al.|2009; |[Sormani
et al.|2018).

Sagittarius C (hereafter Sgr C) is an active star-forming region in the CMZ, and therefore
one of the key laboratories for testing theories of star formation in this extreme environment
(Yusef-Zadeh et al. 1984; [Law & Yuset-Zadeh|2004; Kendrew et al.|2013; Lu et al.|2016,
2019bjay, 2022). SgrC is the most massive and luminous star-forming region in the western
(negative longitude) side of the CMZ (Kendrew et al. 2013), and it holds large reserves of
gas that are necessary to produce the observed star formation activity. In this region, much
attention has been paid to the most luminous source in the cloud, G359.44—0.102 (Kendrew
et al. 2013, and its immediate surroundings. The source itself is a prominent “Extended
Green Object” (Cyganowski et al. [2008; (Chen et al. [2013), a class of objects visualised in
Spitzer-IRAC images (identified in the 4.5um IRAC2 filter) and associated with massive
star formation, methanol maser emission and protostellar outflows. There has been some
discussion if the rest of the Sgr C cloud is quiescent (e.g., Kendrew et al. 2013) or star-
forming (e.g.,|Lu et al.|[2016]). From the analysis of ALMA Band 6 continuum data, Lu et al.
(2020)) and Kinman et al.| (2024)) have found > 100 low- to high-mass mm cores distributed
throughout Sgr C, indicating that star formation is likely more widespread.

2 Main Results

The top panel of Figure [I] shows a Red(F480M) - Green(F360M) - Blue(F182M) image of Sgr
C and its surroundings covering a total FOV of 2’ x 6/. These filters mainly trace continuum
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Figure 1: RGB image of Sgr C showing two different color schemes. N is right and E is up in
both panels. Top: “Continuum” image with F480M shown in red, F360M in green, and F182M in
blue. Bottom: “Emission line” image with F470N shown in red, F405N in green, and F360M in blue.
Features of interest are labelled. Note that the figure is rotated 90 degrees with the y-axis R. A..

emission, especially from stars. The bright red emission to the south of the image is the
primary target of the observation, the massive protostellar source G359.44-0.102 in Sgr C,
and its associated protocluster. Engulfing this region there is a molecular cloud, which blocks
much of the light from background stars. This cloud extends mainly to the east and north
of the protocluster. The bottom panel of Figure [1| shows the same region, but now red is
used for the F470N filter (Hy 0-0 S(9) line at 4.6947 pm), green for F405N (covering the
Hydrogen Recombination Line -HRL- Br-a at 4.05 um), and blue for F360M (mostly covers
continuum at 3.6 gm). Most prominent in this image is the glow of HRL emission Br-c, which
traces ionised gas surrounding G359.44-0.102 in northern, western and southern directions.
The Br-a nebula displays remarkable linear, “needle”-like features, which have a variety of
orientations, which may be related to large-scale magnetic fields (see Bally et al.|2024]). This
panel includes labels for the most prominent features in the region discussed above.




4 Star Formation in the Galactic Center with the JWST

In the G359.44-0.102 star-forming region, there are two dominant massive protostars,
(359.44a and G359.44b. Combining the JWST-NIRCam observations with ancillary data
from the near- to the far-infrared from Spitzer, SOFIA, and Herschel, the main physical prop-
erties via SED-fitting have been derived (see Fedriani et al.|2023b, for details in the fitting).
Both protostars have estimated protostellar masses of ~ 20 Mg and bolometric luminosities
> 10% L, Figure shows a zooming view of the main massive star-forming region, with
the JWST-NIRCam images of Bra and Hy continuum-subtracted shown in green and red,
respectively. These images reveal a plethora of outflow knots, 88 in total, with many of them
associated with the two main protostars. This may indicate episodic accretion resulting in
the ejection of outflow knots from the source, a phenomenon that has been previously ob-
served in massive star-forming regions (e.g., Caratti o Garatti et al. |2017; |Cesaroni et al.
2018; Fedriani et al. 2023a). The outflow axis as well as their outflow cavity walls are also
very well-defined. In order to further peer into the larger scale star-forming region, we com-
bined the IR data with sub-mm from ALMA to reveal and cross-match young stellar objects
(YSOs) candidates, especially across the molecular cloud.

Finally, we also report the discovery of a new star-forming region revealed via Hs line
emission features indicating star formation activity ~ 1’ to the South of the main Sgr C
protocluster. We name this star-forming region G359.42-0.104. It can be seen to the south
of the bright HII region shown in Figure[l] bottom panel. The red channel in the RGB image,
showing the FA70N filter, i.e., shocked H2 emission, reveals two prominent bow shocks.

3 Summary and conclusions

In this study (Crowe et al. 2024al), we have presented NIRCam observations of the CMZ
star-forming region Sgr C which, along with ancillary IR and millimetre data, provide a
high level of detail into the star formation activity of the main cloud and its surroundings.
We have characterised the two most massive protostars in the heart of the main Sgr C
protocluster, G359.44a and (G359.44b, and obtained their physical properties via SED-fitting;
in particular, masses of ~ 20 Mg have been derived for each protostar. We have made a
cross-match between JWST sources and ALMA cores in order to identify a sample of lower-
mass protostars. From these sources, there are 5 matches that are redder than the overall
population, which we take to be our strongest sample of low-mass YSOs in the cloud. We
have carried out a census of the narrow-band NIRCam data, using the filters F212N, F405N,
and F470N, which trace shocked molecular and atomic hydrogen emission from protostellar
jets, to identify line-emitting features. We have identified 88 features, which we believe to
comprise protostellar outflows from over a dozen protostellar outflows in the NIRCam data.
We attribute about a quarter of these outflow knots to the massive protostars G359.44a and
G359.44b, forming an outflow axis for each protostar that agrees well with molecular line
data from ALMA and archival IR data from Spitzer. There are ~ 40 others likely originating
from other, lower-mass star formation activity in the cloud.

The remaining outflow knots are attributed to a newly-discovered star-forming region,
(G359.42-0.104, located ~ 1’ to the South of the main Sgr C protocluster. NIRCam data in
(G359.42-0.104 reveals a pair of prominent bow shocks in both F470N and F212N (tracing Ho
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shocked emission), which we estimate to have originated from two protostars, G359.42a and
(G359.42b, the former of which we speculate may be a massive protostar due to its SED-fit
inferred mass (m. > 8 M ). However, the distance to this region, and whether it is inside the
CMZ or foreground, is still uncertain.
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