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Table 1
Summary of the JWSNIRCam Observations
Filter Pair Wavelength Tracing Readout Groups Integrations Total Exp. Time
(SW and LW Emission Pattern /Int [ Exp
(m €
F115W and F360M 1.15 and 3.60 cont. SHALLOW2 3 1 773.047
F162M and F405N 1.62 and 4.05 »® and Br SHALLOW?2 6 1 1739.357
F182M and F480M 1.82 and 4.80 -8 and cont. SHALLOW?2 6 1 1739.357
F212N and F470N 2.12 and 4.69 >H SHALLOW?2 6 1 1739.357

Furthermore, there is an asymmetry of dense gas distributiorpossibility of an outow from G359.480.102 on the basis of
(and therefore star formatipim the CMZ, with around /23 of detection of faint atomic hydrogefBr ) and molecular
the dense gas being located at positjeasterh Galactic hydrogen emission features in the region using infrared
longitudes(F. Yusef-Zadeh et ak009 M. C. Sormani et al. ~ spectroscopy.
2018. There has been some discussion about whether the rest of the
Sagittarius C(hereafter Sgr LCis an active star-forming Sgr C cloud is quiescer(e.g., S. Kendrew et ak013 or
region in the CMZ, and therefore one of the key laboratories forstar-forming (e.g., X. Lu et al.2016. From analysis of
testing theories of star formation in this extreme environmentALMA Band 6 continuum data, X. Lu et a2020 and
(F. Yusef-Zadeh et all984 C. Law & F. Yusef-Zadel2004 A. V. I. Kinman et al.(2024 have found>100 low- to high-
S. Kendrew et aR013 X. Lu et al.2016 20193 2019h 2022. mass millimeter cores distributed throughout Sgr C, indicating
It is the most massive and luminous star-forming region in thethat star formation is likely more widespread.
western(negative longitudeside of the CMZ(S. Kendrew In this paper, we present JWST-Near Infrared Camera
et al. 2013, and it has furthermore been suggested to be a(NIRCan) observations of Sgr C, which provide an infrared
connection point to a stream of gas and dust linking the CMZ view of its massive protostars, its lower-mass star-forming
and nuclear stellar disk to the Galactic t@r Molinari et al. activity, and the wider environment surrounding the molecular
2011, J. D. Henshaw et aR023, potentially explaining the  cloud. Observations and reduction of the data used in this
strong 24 m emission in this regio(8. J. Carey et aR009 as study are presented in SectidnOur results are presented in
high amounts of warm dust heated by ionizing stars. This alsoSection 3. Discussion of the broader implications of these
explains the presence of large reserves of gas in this region thaesults is made in Sectioh A summary and conclusion are
are necessary to produce the observed star formation activitygiven in Sectiorb.
Despite confusion surrounding the distance to the cloud due
to its line-of-sight velocity, 60 km %, which may imply a

foreground distance of 5 kpc, previous studies have ahed 2. Observations and Data Reduction

the _cIouds Iopation at the CMZ djstance based on its 2.1. James Webb Space Telescope
consistency with CMZ gas kinemati¢S. Kendrew et al. ) _

2013 J. M. D. Kruijssen et al2015 X. Lu et al. 2019H). Observations with the James Webb Space Telegdug81)

Therefore, we adopt a distance to Sgr C as the generalvere taken on 2023 September @ogram ID 4147; PL:

galactocentric distance measured by M. J. Reid ¢2@19 to S. Crowg.”” NIRCam(M. J. Rieke et al2003 was used with

be 8.15+ 0.15 kpc based on water maser parallaxes. Primary Dither Typd=ULLBOXand Primary Dither§TIGHT,
Much attention has been paid to the most luminous source inl-€., @ total of six dither positions. Theal eld of view(FOV)

the cloud, G359.480.102 (S. Kendrew et al2013, and its  Using this observing strategy+2' x ¢'. The lIters used were

immediate surroundings. The source itself is a prominentPaired in Short Waveleng($W) and Long Wavelengt{L W)

“extended green objéct(C. J. Cyganowski et al2008 lters, as I|s£ed in Table. Each SW lter has a pixel scale of

X. Chen et al2013, a class of objects visualized in Spitzer 07031 p!xefl, while each LW lter has a pixel scale of

IRAC images (identi ed in the 4.5m IRAC2 lter) and 07063 pixeP™. _The readout pattern for aIIIter.palrs was

associated with massive star formation, methanol maseSHALLOW2 with Groupéint 6 and Integratior€Exp 1

emission, and protostellar ootws. Accordingly, the source resulting in a total exposure time of 1739.35(scept for

is associated with a Class Il 6.7GHz M maser; the lter pair F115W and F360M, where Grolpg 3 and

additionally, a neighboring source is associated with both alntegrationsExp 1 were used, resulting in a total exposure time

CHzOH masel(J. L. Caswell et al2010 and a 1665 MHz OH of 773.047 % The position angle with respect to the V3 axis

maser(W. D. Cotton & F. Yusef-ZadeB016, indicating that ~ (PA_V3) was 9F42. See Tablel for a summary of the

the region is forming at least two massive st&sL. Breen  oObservations. _

et al.2013 X. Lu et al.20193. X. Lu et al.(2022 analyzed _The data were reduced using the Python package JWST

Atacama Large Millimetésubmillimeter ArrafALMA ) Band ~ Pipeline(versior= 1.12. 5; H. Bushouse et a2023 and the

6( 1.3 mn) observations of G359.80.102 to reveal thatitis ~ Calibration Reference Data System Corntextrst_1217.

a massive protostgmeasuring a stellar massmmf  30M,) pmap. The raw data, i.e., the_ UNCAL frames, were down-

with a Keplerian disk with spiral features, potentially induced l0aded from the MAST archive using the Python package

by dynamical interactions. The ALMA Band 6 molecular line @stroqueryA. Ginsburg et al2019 C. E. Brasseur et &020).

data also indicate the presence of several protostellaowst — , o

throughout the cloud, including a collimated jet proposed to , the JWST data presented 1 fhis article were obtaied from the Mikulsid

have originated from G359.840.102(see Figure 21 of X. Lu Insctitll\Jlt?e. 'I9he SEZ((::% obzee:/%ct)ﬁjis analz/z:d cai bep:g((:aessic??/(i:}?(g%iggéence

et al. 202)). S. Kendrew et al.(2013 also discuss the  p8dv-8593
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We then ran the standard JWST reduction in the three stages, 2020. To do this, we applied an aie transformation
but modifying a number of default parameters, which we using common stars in the images.
summarize below:

1. Stage 1 This involves applying the basic detector-level 2.1.1. Continuum-subtracted Images
corrections to our imaging uncalibrated mutilaccum ramp
products. We set theuppress_one _group=False
in the input ramp_fit to recover saturated pixels
between the rst and second read. The rest was set as
default.

2. Stage 2.This involves applying instrumental corrections
and calibrations to the output products from Stage 1. All
input parameters were set to the default values.

3. ¥/ f noise removall/ f noise is a pixel-to-pixel correlated

To characterize the line-emitting structures in the narrow-
band images, particularly shocked emission from protostellar
out ows, continuum-subtracted images were made following
the methods detailed in K. S. Long et @020 and used in
S. Crowe et al(2024. Brie y, the method involves sampling
the ux from 15 to 20 isolated, nonsaturated point sources
throughout a given region in both continuum- and narrowband
images in order to constrain the ratio between thakes,

. ; : S which is used to scale the continuum data to subtract from the
noise, causing horizontal banding in JWST NIRCam p5qrowhand images pixel by pixel. Although the NIRCam
images. The distinctive pattern offlnoise varies with  jnages are already normalized for the differences in bandwidth
gach readqut of the detector._Desp]te th_e rattipg step  of each Iter (having units of MJysH) and could be

in the pipeline(Stage ] reducing this noise, traces of it  gyptracted directly, the former method is effective at account-
remain VISIble. in the resulting rate images. Thls effect is ing for differences between the continuum and line image
not removed in the standard JWST reduction. We used yxes owing to the high levels of extinction in this region,
the Scrlptimageloverf.pY-lg The tool is designed to  which F. Nogueras-Larg2024 has shown to be-2.6 Ax on

run on the calibratedles that are output from the Stage 2  the basis of red giant color analy&ge F. Nogueras-Lara et al.
pipeline. In summary, the script subtracts a background2022 for a description of the methods

and masks sources to determinfd &tripes. The input Due to the large size of the imag@$ x 6’), we split each
parameters used wergigma_bgmask=3.0, sig- image into four main parts for the creation of continuum-
ma_lfmask=2.0, splitamps=True, anduseseg- subtracted images using the above method: one part containing

mask=True. The former input assumes that these stripesthe Sgr C protocluster and extended molecular cloud, a second
can be split, whereas the latter input allows us to use apart enclosing the star-forming region G35%82104 (see
segmentation image as the mask befateng the 1f Section3.5) and the western-most side of the image, a third
stripes. The output from this script can be used throughpart enclosing the rest of the southern half of the in{age

the Stage 3 pipeline as usual. We only applied this most of the bright HI regior), and a fourth part that covers the
correction to the SW lters, i.e., F115W, F162M, rest of the northern half of the imaggee Figurel). We note
F182M, and F212N, which improved the image quality that the ux ratio between the line and continuum images

signi cantly. On the other hand, the LWters showed  varied by<10% over all parts of the image.
no improvement, or even a slight decrease in the image The above method was carried out directly for the F470N
quality, when the Af noise removal was applied. image, from which we subtracted the F480M image. We

Therefore, we used the LW images without applying acknowledge the caveat that, given the overlap between the

this correction. Iters, there _Wi_II inevitably be some,4.7 m line emission_ in
4. Stage 3 This involves taking the calibrated slope images F480M that is inadvertently subtracted from the FA70N image;
and combining them into thenal mosaics. Theomap however, given that the bandpass of F480M is relatively large

version used provided us with accurately aligned mosaicscompared to that of F470{0.303 m for FA80M compared to
between modules A and B. Here we also forced thel 0.051 m for F470N:; i.e., 8 higher bandpas$, this subtle

shape of the imagge., the number of pixels in the and “oversubtraction poses negligible impact to thaixes in the
y-axes to be the samé betweeliers. We set anal shape F470N continuum-subtracted images, meaning that at hést 1

for the LW of 5660< 2280 and the SW lters of of the b ux is over subtracted in the F470N image. The same
11,450x 4740. To do this, we set, in thesample step general method was used to subtract the F212N image using

the F182M image.
the argumenbutput_shape: (2280,5660) for the ! . . .
LW Iters andoutput_shape: (4740,11450) for The F405N image was subtracted by linearly interpolating

. . : . the F360M and F480M imageuxes at each pixel to estimate
tf;tee rsSVxVeltZrlzb Zgltscfe?gilttizrer?orttmeu;)egr?(t:iraetgsq t?)ems(lagft the continuum ux at 4.05 m. This interpolation is considered
aligniﬁg with the pixel axegandx, respectively, by setting 'more robust thar_l takingux .from a single Ite(, since F3_60_M
; ' S and F480M provide an estimate of the continuum emission on
in the resample step the argumentotation: 0.0. both the blue and red sides of F405N without themselves being

5. Registration The output images, after the three stages of

duct lianed in the World Coordi S contaminated with any Br ux. Similar methods have been
reduction, were aligned in the World Coordinate System 55t for continuum subtraction of the F335Mer to
to the Gaia DR3 reference fran{Gaia Collaboration

) : isolate polycyclic aromatic hydrocarbd®RAH) emission in

et al. 2023. However, in the pixel frame, there were noqrhy star-forming galaxiésee, e.g., Section 3.1 of B. Gregg
subpixel shifts between the images. Therefore, we g al.2024).

registered the images to the FA70N and F212ers We note that the continuum subtraction performed imper-

for the LW and SW lters, respectively. We did this using  fectly on some of the stars in the image, producing residuals as
the Python packagestroalign (M. Beroiz et al.

3 14 httpst/ jwst-docs.stsci.edjwst-near-infrared-caménaircam-
httpst/ github.com chriswillott jwst/ blot/ mastetimageloverf.py instrumentatiohnircam- lters


https://github.com/chriswillott/jwst/blob/master/image1overf.py
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters
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Figure 1. RGB image of Sgr C showing two different color schemes. North is up and east is to the left in both panétaritifttun’ image with F480M shown in
red, F360M in green, and F182M in blue. Righgmission-lin& image with F470N shown in red, F405N in green, and F360M in blue. Notable features discussed in
the text are labeled.

17844m455

a combination of dark and bright pixels. These are mainly due 2.2. Archival Data
to the fact that the stellar point-spread functiqSF3 The mosaicked 25 and 3Tn images provided by the

between NIRCam lters are diffraction limited and therefore Stratospheric Observatory for Infrared AstronotSOFIA)
wavelength dependent. We also note imperfections in somg&oRCAST Galactic Center Legacy SUrSOFIA Level 4
regions of nebulosity in the image resulting from color gata products; M. J. Hankins et 2020 were used to provide
differences in these regions with respect to the stars. Thesgyid-infrared(MIR) and far-infraredFIR) uxes for spectral
features are typical in continuum-subtracted imafes., energy distributiofSED) tting. Note that the survey covers a
M. Reiter et al2022 J. Bally & B. Reipurth2023 and do not  total area of 403 arcmfir(2180 p@é), including regions such as
have any signicant effect on our characterization of the the Sgr A, B, and C complexes and the 50 Km molecular
authentic features in the images. cloud. However, in this paper we limit our analysis to the
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region observed with JWST, Sgr C. In addition, archival emission at 3.6m. Most prominent in this image is the glow
images from the Spitzer Space Telescope GALCEN surveyof hydrogen recombination line emission Bwhich traces
(S. Stolovy et al2006 at 3.6, 4.5, 5.6, and 8.0m and from ionized gas surrounding G3593@.102 in northern, western,

the Herschel infrared Galactic Plane Sur{ieiyGAL; S. Mol- and southern directions. We note that the lack of @nission
inari et al.2016 at 70, 160, 250, 350, and 5000 were used  to the east could potentially be explained by extinction of the
for SED tting. main Sgr C dark cloud, i.e., an infrared dark cloud. The Br
nebula displays remarkable linedfneedl&-like features,
2.3. Atacama Large Millimet@ubmillimeter Array which have a variety of orientations. We discuss this Br

i emission further in Sectiof, while its main analysis will be
We used ALMA Band 61.3 mm) continuum and spectral presented in a forthcoming paper.

line data(Program ID 2016.1.00243.$h Sgr C(X..Lu et al. _ Also present in the right panel of Figuteare “knots’ of
2020 to compare to our JWST data. The synthesized beam siz@ mission that appear red and trace0H0 S(9) line emission,

of these observations |§{1?5>< 0717, and the rms noise is in o axcited molecular hydrogen, that may be powered by
the range 4060 Jy bearft”, shocks from protostellar outws. These are key tracers of star

We also utilized ALMA Band 33 mm) continuum data  tormation activity, which we discuss extensively in Seclgh
from the ALMA Central Molecular Zone Exploration Survey

(ACES) program(Program ID 2021.1.00172.L; PIl: Longmjre _ )
The beam size of these observations’i871x 1”52, and the 3.2. The Massive Protostars in Sgr C

rms noise is 0.2 mJy beam®. We use the Band 3 data solely There are two main massive protostars in Sgr C, which we

to explqre the region G359.81’).104(_see SectiqB.S). Afull _ refer to as G359.444G359.440.102; see Sectiod) and
description of the reduction of this data will be given in G359 44b. Figure shows the inner region surrounding both
A. Ginsburg et al.(2024, in preparatign D. Walker et al.  yroiostars in several NIRCamiters, all of which trace
(2024, in preparatign and S. Longmore et al2024, in predominantly continuum emission from the protostars,
preparatio)] however, some additional details about the survey j,cjyding scattered light in their oww cones. The protostar
and data reduction can be found in A. Ginsburg et24124 G359.44a itself can be seen in FASQW6p left panel of
and M. Nonhebel et a(2024). Figure 2), along with its outow cone, which extends in
“greer’ emission toward the northeast part of the image. A
3. Results bright limb of the inner cone near G359.4¢aarked with a

Here we present the near-infraf@iR) data obtained from ~ White plus sigh can be seen in brightred’ emission.

JWST NIRCam on the Sgr C molecular cloud, featuring broad N€bulosity associated with the ootv axis of G359.44b can

and deep coverage of the entire cloud, its associatedgion, also be seen ingreen to the east, although the protostar itself
and the surrounding environment. We use this imaging to!S NOt @ prominent infrared source. Going to shorter
directly characterize three luminous massive protostars viavavelengths, the emission from both protostars drops off
SED tting, identify as young stellar obje€fSO) candidates dramatically, likely due to the effects of high extinction toward
ve highly reddened IR sources that have matching ALMA the heart of the protocluster and toward Sgr C in general
Band 6 dust cores, and survey 88 bright line emission features(™2-0 Ax,; F. Nogueras-Lard024. In F360M, G359.44a still
most likely knots of shocked outw emission produced by —aPpears to be visible as a point source, and extended continuum

over a dozen protostellar oatws. Some of the star formation ©MISSion is seen tracing its oow cone; additionally, some
activity is located in a newly discovered regienl’ to the emission can be seen in F182M toward the northeast of

south of Sgr C. G359.44a and toward the northwest of G359.44b, likely
re ected light off of the outow cavity walls very close to
each protostar. Both protostars and their associateadwsit
are, however, essentially invisible in both F162M and F115W.
The left panel of Figur& shows an RGB image of Sgr C and SED tting was performed on these two massive protostars
its surroundings, covering a total FOV2fx 6’. Red is used  to place constraints on their physical properties. We note that
for F480M, green for F360M, and blue for F182M emission. these sources are colocated with millimeter continuum cores
We expect that thesdters mainly trace continuum emission, sgrc65 and sgrc22, respectively, that were identiby X. Lu
especially from stars. Glowing red in the lower middle of the et al. (2020. The central coordinates of G359.44a and
image is the primary target of the observation, the massiveG359.44b argR.A.= 17“44m40?23,v decl= $29°2814”903
protostellar source G35988.102 in Sgr C, and its associated and (R.A.= 17'44M40°63, decl= S29°2815"458), respec-
protocluster. This source is surrounded by a relatively darktively, with these positions deed from the local emission
region, which is inferred to be a dusty molecular cloud, which peaks of the SOFIA-FORCAST 3T image.
blocks much of the light from background stars. This cloud The SEDs were constructed using JWST NIRCam 1.62,
extends mainly to the east and north of the protocluster. Otheil.82, 3.60, and 4.80m; Spitzer IRAC 3.6, 4.5, 5.6, and
dark clouds are also apparent in the image, including prominenB8.0 m; SOFIA-FORCAST 25 and 37m; and Herschel PACS
examples at R.A. 17'44™37° decl. § 29°26'10”, to the NW and SPIRE 70, 160, 250, 350, and 500 data(see SectioR).
of G359.440.102 and at R.A. 17'44™38°, decl. S 29°29 Aperture photometry and SED construction were performed
30", which we will see is associated with the star-forming using the open-source Python packagdcreator(R. Fedriani
region G359.430.104(see Sectiors.5). et al. 2023, generally following methods developed in the
The right panel of Figur& shows the same region, but now SOFIA Massive(SOMA) Star Formation Surve{J. M. De
red is used for the F470Nter (covering the H 0-0 §9) line Buizer et al2017% M. Liu et al. 2019 202Q R. Fedriani et al.
at 4.6947 m), green for F405Ncovering the H line Br at 20231. However, the Sgr C massive protostars are relatively
4.05 m), and blue for F360M, which mostly covers continuum closely separated, i.e., by5”. This is smaller than the

3.1. Overview of NIRCam Imaging of the Sgr C Region
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Figure 2. Five-panel view of the heart of the Sgr C protocluster in several NIR@ars, shown and labeled in descending order of wavelength from left to right, top
to bottom. North is up and east is to the left in all panels. Indicated as white plus signs are the massive protostar§va3erd4aarkgrand G359.44lfeastern
marker; see textCoordinates for each protostar are taken from X. Lu é2620. A logarithmic scale is used to highlight both the bright emission feafeugsthe

out ow cone surrounding G359.44and the dimmer nebulosity and sources surrounding the massive protostars.
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minimum separation normally treated in the SOMA Survey of predict a core size that is greater than twice the aperture used to
10", which allows each source to have a minimum aperturede ne the SED, i.elR.> 2x Ry,

radius of 3 (the resolution of Herschel at 7én). Thus, rather G359.44a, G359.44b, their SEDs, and the 2D parameter
than the standard SOMA method of using the Herschen70  space plots of theirtting are shown in Figur@. A summary of
image to dene source apertures, we ae these from the key physical parameters from théting results is given in
longest-wavelength image at which they are clearly resolved,Table 2. Note that this table containgting results for an

i.e., SOFIA-FORCAST 37m. The aperture radii are derived additional massive protostar candidate, G359.42a, which is

using the automated algorithm of R. Fedriani et(2023b outside the main Sgr C cloud and will be discussed in
applied to this image, in which the aperture size is increasedSection3.5. _
from a minimum size of Buntil background-subtractedix We note a good agreement in the SED for each protostar

attains an approximate plateau, with the background evaluate@€tween the Spitzer and NIRCam data po{stse the data
in an annulus from one to two aperture radii, excluding overlap POiNts below 10m in their SEDp and we note that the
with nearby source aperturdg. Telkamp et al. 2024, in additional NIRCam points do not appear to have sicamtly

preparation The tted aperture radii for the two sources are 2ltered the results of theting. A peak in each SED at 70n is
4725, Pixels overlapping both apertures are distributed to the?!SC Seen, as is typical of the SEDs of massive protosees
closer source. These aperture geometries are heid for ~ ©:9- R. Fedriani et ak023h.

evaluating the uxes at wavelengths of 3™ and shorter.

For longer wavelengths, where the sources are unresolved, we 3.3. A Search for Low-mass Protostars

use the same algorithm to dee a new joint aperture for
the two sources, based on the 7 image, of 9, centered
in the 70 m emission peak via visual inspection at
(R.A.= 17"44™40:19, decl= $29°2815"344). We then dis-
tribute the uxes and errors to G359.44a and G359.44b in a 3:1density of 4, minimum signi cance of a structure of 1and

ratio for "?‘” waveleng_ths'.I(Il m, based on theux ratio of the. minimum area of a structure of one beam. These values were
sources in the 37m |mage(t_he Iongest-wavelength image in - a4opted to match those used by X. Lu et(8020, and we
which the sources are still resolyedrhis approximation  yerify that we recover the same sources as presented in their
appears to be valid in the 7@n image, where G359.44a study. Of the 274 cores in X. Lu et §2020, 267 are within
appears to remain the brighter source. _ the FOV of the NIRCam observations.

Photometry was conducted in allters with the above We next used th8tar ndertool to extract PSFs and perform
apertures, and errors are assigned for each for uxes photo-astrometry on the NIRCantters F162M, F360M, and
below 100 m this error is derived fromuctuations in the  F480M (E. Diolaiti et al.2000). In brief, we constructed the
background ux taken from the annulusee R. Fedriani etal.  pSFs for each mosaic by selecting bright, unsaturated, isolated
2023h, and for uxes above 100m this error is taken as the  stars, running source detection and iterating on the procedure.
integrated backgroundux over the annulugfrom one to two  The cores of all but the most strongly saturated stars were
aperture radji All errors are taken in quadrature with an repaired via PSF tting. Finally, we performed photo-
assumed systematic error of 10%. Aluxes and their  astrometry with a 5threshold(using the error maps provided
associated error for each wavelength for each source are giveby NIRCam as noigeThis algorithm was run on a 158 90"
in AppendixA. box centered at the coordinatefR.A.= 17'44™42:85,

The observed SEDs were them to the model grid of  decl.= $29°27'20”055), enclosing the entire part of the Sgr
radiative transfer models of massive star formation viaC cloud covered by the NIRCam data, resulting in the
monolithic core collapse from Y. Zhang & J. C. T&018, identi cation of 91,642 sources in F162M, 40,287 sources in
which has primary parameters of mass surface density of thd=360M, and 40,382 sources in F480M. We refer further details
clump environment, initial core massdM,, current stellar  to a follow-up paper focused on the global stellar population in
massmx (which measures the extent of evolution of a given the NIRCam images.

To search for lower-mass protostars in the Sgr C region, we
start with the 1.3 mm emission cores detected by ALMA. We
ran a dendrogram sourceding algorithmE. W. Rosolowsky
et al. 2008 using the following parameters: minimunux

protostellar modgl inclination angle iew, and level of Cross-matching between IR sources and ALMA cores was
foreground extinctior,. The goodness oft of models was  carried out for those sources ideet in the longest NIRCam
then assessed via a reducégarameter, and since SERing wavelength of 4.8 m (F480M), where we expect embedded
results are subject to degeneradiesg., betweer, and iew, protostars to be relatively bn_ght and dust extinction to be
and betweei and yiew; See Y. Zhang & J. C. TaP018 for m_lmmlzgq A source was cor}S|dered to match an ALMA core
more informatiojy we present averages of the resultsgufod’ it its position was within 010, i.e., half an ALMA beam, from
model ts, following the methods of R. Fedriani et @023H), the peak of the dust emission. This corresponds to a physical

which we describe here. If the minimurf of all models in the projected separation of about 800 au. Using this cr_iterion, 23 of
tting routine, 2. , is less than 1, we average together all the ALMA cores were found to have a matching F480M

L pomin T . source.

models with =< 2;if ., > 1, we average all models with Due to the high stellar density of the CMZ, there is a
x> <2 x xa.- We note that, following methods from possibility that some of these 23 hNiR matches are aligned

J. M. De Buizer et al(2017, M. Liu et al. (2019 2020, by chance. We estimate the expected number of spurious
and R. Fedriani et af2023D), all uxes below 10m were  matches in the following way. First, we calculate the stellar
designated as upper limits owing to the addition of strong density of the eld by dividing the number of F480M sources
contaminants to the emission at these waveler{gths, from in the Star nder catalog by the area of theeld. The source
PAH band3 that are not modeled by the Y. Zhang & J. C. Tan density is 3.0 sources arcse@r = 0.10 sources per FWHM
(2018 model grid. We also note that we exclude models that ALMA beam. If we assume that the number of sources in a
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Figure 7. Diagram of the Sgr C molecular clough) Magni cation of the entire cloud, with ALMA Band 6 continuu@¥. Lu et al. 2020 contours(masked for
primary beam response0.4) with 10, 20, 30, 50, 100, 260 rms noise of the image. White crosses mark the positions ofviné’ SO candidates idengd in
Section3.3. (b.1) Magni cation of the Sgr C protocluster, with ootv knots labeled. The cyan contours are the same as in the previous (hd)svagni cation

of the knot 19 complexb.1.2 Magni cation of the knot 41 complefh.1.3 Magni cation of the inner part of the Sgr C protocluster, with knots and sources labeled.
The FOV is the same as FiguzeNote the“‘yellow” pixels(e.g., around G359.4)¢hat are the result of saturation in the F480M image used for subtraction. White
stars mark the positions of the massive protostars discussed in the text. White and blue crosses mark the positions of OH masers from W. D. CetidadeF. Yus
(2016 and CHOH masers from J. L. Caswell et 2010, respectively. Magenta diamonds represeraiitl Br line features observed by S. Kendrew e{2013.

(b.2) Upper part of the Sgr C dark cloud, with oatv knots and lamentary structures labeled. The contours are the same as in previous panels.
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Figure 7. (Continued)
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Figure 8. Diagram of the G359.420.104 star-forming complex with knots and sources idedtand labeled. The FOV is the same as indicated inrdiganel of
Figure6. Top: continuum-subtracted F470N data. The cyan contours show 3 mm ALMA continuu(Befztian2.3) and representx6 and 16 rms noise of the
data. The green cross represents the site of a water maser detected in VLA Ban@XC ldatet al. 2019H. Bottom: F212N continuum-subtracted image. The
contours and green cross are the same as in the left panel. Left: ozdigmi of the G359.42b complex aSsigni cance mapin the style of AppendiB; contours in
F470N (top) represent 15to 100 in steps of 5 above the local background; contours in F21(BNttorm) represent 10 to 100in steps of 5 above the local
background. Right: magniation of the southwest region of G35942104, with several bright line-emitting features labeled in both F4T@)l and F212N
(bottorm). Magni cation of the two prominent bow shocks in G35%482104, labeled as 21A and 21B and shown in F47eR) and F212N(right). The contours in
each Iter have the same levels as in pafeel).

Therefore, we tentatively adopt a distance to this region asavailable. Using this distance, SEmRing was conducted on
the galactocentric distance of 8.15 Kpt J. Reid et al2019, the protostar G359.42a via similar methods to those described
placing G359.430.104 in the CMZ until further evidence is in Section 3.2, but with a single 35 aperture that was
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Figure 9. Magni cation of the protocluster in G35920.104. The cyan contours show 3 mm ALMA continuum d8ection2.3) and represent& and 1 rms
noise of the data. The green cross represents the site of a water maser detected in VLA Bar{d.@ da&ral. 2019. Box (c.1) from Figure8 is shown for
reference. The protocluster candidate and illuminated cloud discussed in the text are indicated.

algorithmically t to the source in the SOFIA 37 image(see Section3.2and Table?), is in good agreement, within uncertainties,
R. Fedriani et al2023h for further details This aperture was  with the measurement ok = 31.7+ 4.7M, made by X. Lu et al.
used for photometry across all wavelengths. An eight-panel(2022 based on the dynamical mass inferred by rotation velocities
image showing G359.42a from the NIR to FIR, along with its in its protostellar disk. The bolometric luminosity,,,=

SED and 2D parameter space plot, is shown in FigQOre 9‘71-5).6 x 10*L,, and disk massMyg = 6.9t‘2‘;§ M., for
G359.44a predicted by SEDting are also in good agreement
4. Discussion with the measurements made by X. Lu ef2022 with ALMA of
_ o Lpo 10° Lo and Mgy = 4.773]s M., corroborating that
4.1. Massive Star Formation in Sgr C G359.44a is indeed a massive protostar and placing independent
Star formation in the Sgr C cloud is dominated by two massive constraints on its yisical parameters.
protostars, G359.44a and G359.44b, separated &Y (i.e., G359.44b, on the other hand, appears to be a much more

0.2p9. The SED-tted mass for G359.4420.7"1%' M., (see deeply embedded, though perhaps eventually more massive,
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Figure 10.Top: eight-panel image of the protostar G359.42a in NIR and Nt#s. In all panels north is up and east is to the left. Bottom left: protostellar SED for
G359.42a, with SED ttings overlaid and color-coded by, with the best-t SED as a black line. Bottom right: 2D parameter space plots fortting results on
G359.42a. Various parameter pairings are given or-thedy-axes of each plot, with each pairing of parameter values color-coded Bashed gray lines indicate
the lowest 2 (i.e., best-tting) pair of parameter values.

protostar. Although the NIR to FIR emission in Sgr C is dominated There is also evidence for other, slightly more evolved YSOs
by G359.44a, itself a lght infrared sourcésee, e.g., Figurg), in the vicinity of G359.44a and G359.44b. The FA0MNY )
G359.44b is much brighter inlimneter wavelengths, being Iter shows three bright ultracompdttC) H Il regions in the
associated with a millimeter core that has almost double thevicinity of the protostars, each surrounding a point source in the
ALMA Band 6 1.3mm ux (and therefore inferred mass; NIRCam datgsee Figurell). Two of these match with Very
Mmm= 303.7M.) as G359.44aMn= 154.8M.). The same  Large Array(VLA) Band C(6 cm) UC Hil regions in X. Lu
trend is seen in ALMA Band @ mm) data(Table5). G359.44b is etal.(20193, C102 and C103. The presence of U@ kegions

also associated with a methanol maser almost two orders ofurrounding young, ionizing massive stars in the vicinity of
maghnitude brighter than that associated with G35934a Cas- these massive protostars implies that multiple generations of
well et al. 2010, as well as an OH maségw. D. Cotton & star formation have occurred and are coexisting in Sgr C; this is
F. Yusef-Zadel201§. SED tting on both protostafSection3.2) further corroborated by the extended, mature SgriGddion
indicates that although they J®a nearly identical masses, (with an age of 4 Myr; J. P. Simpso2018 and the detection
G359.44b is more luminous, younger, embedded in a moreof >10°M, of young stars in the Sgr C region by F. Noguer-
massive envelope, and surrounded by a denser environment thaas-Lara(2024), which have an estimated age 020 Myr.
G359.44a(see Table2). These differences are within the error  The stellar density in the region can also be estimated. This
bounds on each measurement; however, they are consistent witas been put forward as a potential metric for assessing the
the other available evidence imdicating that G359.44b either is formation conditions of massive protostars, in particular in
currently more massive than3&9.44a or will be after its determining the degree of YSO crowding in the vicinity of
formation. these protostars to compare with massive star formation models
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(see, e.g., S. Crowe et &024. Within a ¢ (0.35 pg radius of instead be a fragment of thdamentary Hi region, which
G359.444, the source that appears to be central in the nebulosifominates the FA05N emission outside of the cl(aek the
de ning the protocluster region, the surface density of sources rst panel of Figure).
identi ed in F480M that are invisible in F115\énd therefore The SIiO emission measured by X. Lu et @021 for
more likely to be protocluster mivers owing to the high levels of G359.44a corresponds well with that seen in the infrared,
extinction toward Sgr Cis 2600pC® The surface density particularly in encompassing knots 22 and 24. The blueshifted
of millimeter dust cores identd by X. Lu et al.(2020, which wide-angle outow cone of G359.44a can also clearly be seen
represent additional YSO cadates not visible in the IR, is  with NIRCam (see, e.g., Figure® and 11), with knot 22
400 pC?. Therefore, the total YSO ndidate surface density ~appearing to compose part of the amw cavity wall close to
surrounding G359.44a is 3000 pc® However, it must be  the source and knot 24 composing part of the SO,
acknowledged that many of the IR sources idedtiare likely  which ows through the middle of the wide-angle auw cone
spurious detection.e., foregrountbackground sourcgsrather  (see Figuré/(b.1.3). This is consistent with the understanding
than YSOs associated with the Sgr C protocluster, due to theyf jets and outow cones in local, low-mass star-forming
highly crowded nature of CMZ staelds. Furthermore, the bright  regions (see J. Bally2016. The outow cone detected in
and extended nebulosity surrourg®359.44a limits the detection  NJRCam is also in good agreement with Spitzer IRAC2 45
of sources in this region to only the brightest objects, further emissjonshown as purple contours in Figur#). This Iter is
limiting the completeness of the source colatsl meaning that  known to trace both molecular hydrogen and CO emission
the mass sensitivity also varies across the regiMore from out ows from “extended green objetts(EGOs;
sophisticated methods for digfinshing protocluster members ¢ 3 cyganowski et aR00§ T. P. Ray et al2023, a class
(YSOs from contaminants, as well as for conducting completenessyt gpjects of which G359.444 is a prominent exaniileChen
corrections to account for sourcessad in the bright nebulosity, ¢ g|. 2013. From the NIRCam data, we measure an opening
will be needed to place accurate constraints on the YSO surfacgng|e of the outow cone of G359.44a of 70°.

density in the vicinity of G359.44a and to properly compare itwith  There are other oubw knots farther away that also appear

massive star formation models. to be associated with G359.44a: knots(4€e Figure?, panel
(b.1.2), 25 (panel(b.1.3), 31 (panel(b.1.3), 33 (panel(b.1)),
4.1.1. Outows in the Main Sgr C Molecular Cloud 35 (panel(b.1)), and 37(panel(b.1)). These knots trace out a

curve that bends over its full extent, potentially indicating some
precession of the protostaiout ow axis over time. The chain
of knots(from knot 37 to knot 1pis about 45 (or 1.75 pc at
distance of 8.15kpclong. We can also make a rough
estimation of the dynamical age for knot 37, which is likely
the farthest knot associated with G359.44a. Assuming a knot
velocity of 56-100 km $* (see, e.g., R. Fedriani et 8018
' 202Q for H, knot velocity estimationsand taking its angular
separation| 36"; see Tabled) at a distance of 8.15 kpc, we
calculate a dynamical age of 14,006-28,000yr. This
indicates that the G359.44a system is at leadd* yr old to
have generated this object.

S. Kendrew et al(2013 identi ed NIR emission in the

The out ow axes for G359.44a and G359.44b implied by the
identi ed shocked emission features in this work correspond
well with those identied using ALMA molecular line data in
X. Lu et al.(2021). Figure11 shows a comparison between the
ALMA Band 6 SiO 54 line data and the NIRCam data of
out ows from each protostar.

The redshifted SiO emission from G359.44b, in particular
aligns very well with the line of oubw knots comprising
knots 34, 32, and 2{see Figure7(b.1.3), which extends for

5" ( 0.2 pg. However, the blueshifted end of this sousce
out ow is entirely invisible in the NIRCam data, despite its
prominence in SiO. This could be explained as the redshifted
out ow from G359.44b entering into a region of much lower . - : ;
extinction than its blueshifted lobe, potentially in this case the ViCinity of G359.44a and G359.44b inHit 2.12 m and in
out ow cavity cleared out by other sources in the regiog.,, ~ Bf  (2.16 m), which they proposed to represent shocked
G359.44% This phenomenon, the redshifted aw lobe out ow materlal. Our data match WeIIW|th thee Imefga’gures
being brighter than the blueshifted lobe, is well documented inidenti ed in S. Kendrew et a(2013 tracing their origin to
other systems, such as the HH-80 system(J. Bally & G359.44a and G359.44bee Figuréd(b.1.3). In particular, the

B. Reipurth2023 and references thergiand HH 135136 NIRCam data would indicate that their features 1 and 2

system(see, e.g., Figures 1 and 5 of R. Fedriani e2ap0), correspond with emission from G359.44a, whereas features 3,
both of which host outows with a signicantly brighter ~ 4. and 5 can be traced back to G359.44b.
redshifted lobe. Previous author¢e.g., S. Kendrew et aR013 found no

A similar process may be occurring with the bright chains of evidence of star formation in the Sgr C cloud outside of the
shocked H emission just south of the main dark cloud, i.e., Protostars G359.44a and G359.44b. The advances in sensitivity
knots 17, 20, 23, 28, 29, 36, 16, 18, and(38e Figure$(a) and spatial resolution brought by ALMA and JWST have
and11). The brightness of these knots compared to material infévealed a population of dense submillimeter cOtetu et al.
the cloud could be explained by this material having just exited202G A. V. I. Kinman et al.2024 and widespread signs of
the high-extinction medium of the cloud, causing it to appear out ow activity (X. Lu et al.2021), indicating that the cloud is
much brighter along our line of sight compared to the knots harboring signicant star formation after all. We have ideati
deep in the cloud. Some of these knots may be attributable to 40 line-emitting features that we associate with star formation
G359.44a anibr G359.44b; however, such an association is activity in Sgr C besides G359.44a and G359.44ke
unclear, and they may have instead originated from otherTable 4). Although there is a possibility that some of these
protostars in the cloud. Spatially coincident with the bright H objects could be shocked emission unrelated to star formation
knots is what may be a bow shock in B(F405N emission, activity, or foreground to the CMZ and unrelated to Sgr C
labeled in Figurd 1, which may have been driven by protostars entirely, a survey of the line-emitting objects outside of star-
in the cloud. Despite the brightness of this object, it may forming regions in the dafpresented in Appendi®) indicates
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Figure 11. The region around G359.44a and G359.44b. F470N is shown in red and F405N in green, both continuum subtracted. The protostars are labeled al
indicated_by white stars. Blue and orange contours show ALMA Band 6 $iGi&ta from X. Lu et al(2021) in blueshifted emissiofintegrated fron580 to

$51 km s°1) and redshifted emissidintegrated fron$ 48 to$25 km s°1), respectivelysimilar to Figure 21 of X. Lu et aR021). Both sets of contours are shown

with levels of 0.06, 0.12, and 0.18 Jy beamand pixels with primary beam respors@.6 have been masked. The blue- and redshiftecbauéxis of each source is

indicated by the blue and orange arrows, respectively. Purple contours show Spitzer IRA@Refriission around G359.44a with levels of 50, 100, 200, and

300 MJy sPL. The out ow cone of G359.44a measured from the NIRCam data, with an opening angl€°ofs indicated by the dotted red lines. Other features
discussed in the text are labeled.

that there are relatively few, and those that are present ar¢2021); this will be presented and discussed further in a
extended, dim, and clearly distinct from the concentrated knotsforthcoming paper.
of shocked H emission associated with the main Sgr C cloud.

There is also the possibility that some of the idedtiknots _ _ _ _ o
could have been produced by large-scale shocks passinél'l'z' Comparison with JWST Stgd|e§ of Massive Star Formation in
through Sgr C and interacting with its dense gas. However, it is the Galactic Disk
noteworthy that many of these line-emitting features coincide H. Beuther et al(2023 present JWST MIRI-MRS spectro-
with bright regions of ALMA Band 6 continuum data, which imaging data on the massive star-forming complex IRAS
trace warm protostellar cores in the regignLu et al.2020); 23385 6053(d 5 kpd), which acts as a useful Galactic disk
see, e.g., pane(b.1) and(b.2) of Figure7. There is also aclose  counterpart to Sgr C. The MIRI data reveal a complicated
correspondence between the features idedtin F470N and system with multiple oubw structures, centered on the
the SiO 54 molecular line data presented in X. Lu et al. primary massive protostémx 9 M), in several MIR atomic
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and molecular line¢H,, [Fell], [Nell]). These structures are measured millimeter core mass depend heavily on the adopted
corroborated by emission seen in 3.5 mm SiQ data taken  distance to the region, which we take to be at the galactocentric
with the IRAM NOrthern Extended Millimeter Array distance of 8.15 kpc, but which may be lower if the region is
(NOEMA). Unlike IRAS 23385 6053, which displays at least foreground to the CMZ. For example, if the distance to
three separate ouiw axes centered at its main massive G359.450.104 is instead 4 kpc, the SEming derived mass
protostar in MIR 5.511 m H,(0-0)S(7) emission(see Figure 5  and millimeter core mass estimate wouldrbe; 5M, and

of H. Beuther et al2023, Sgr C does not show evidence of M, 22Mg, respectively.

multiple out ow axes for either of its main massive protostars, A dynamical age estimate can be derived for G359.42a, as
G359.44a and G359.44b, particularly in the MIRIHe lter for G359.44a. Assuming a knot velocity of 80 km $'%, and
F470N. Rather, single outw axes for both G359.44a and with an angular separation between the bright bow shock K21B
G359.44b are well-dened in both IR and millimeter lingsee and G359.42a of 26" and with our adopted distance
Figure 11), implying that they are forming relatively unper- to the source of 8.15kpc, we estimate a dynamical age of
turbed by nearby YSOs, although G359.44a does demonstraté0,008-20,000 yr, placing a lower limit on the age of G359.42a
some indication of precession in its oo that may have of 10%yr old, depending on its distance.

been caused by dynamical interactions with nearby sources Although G359.42a is the only protostar in G35%82104
(Section4.1.1). This nding is somewhat counterintuitive, associated with both a millimeter core and water maser, there is
given the extremity of CMZ conditions compared to the evidence for other protostars in the region. We call the most
Galactic disk; however, it may indicate that massive starpromising candidate G359.42b, which was idesdi based on
formation can occur in the CMZ in a largely similar manner to the distinctive morphology of its surrounding emissigee

that in the Galactic disk. Figure8(c.2). One of its associated emission-line objects, knot
However, as the results of H. Beuther et(2023 indicate, 13, has a morphology reminiscent of an aw cone
multiple infrared tracers of jedut ow emission, such g&eil] emanating from G359.42b; in this case, we estimate this

and [Nell], which are not included in the present study, are out ow cone to have an opening angle o40°. We also note
needed to obtain a full picture of the different components ofthat some of the oubw knots originating from G359.42b
out ows in these regions. Additionally, measurements of come in pairs on opposing sides of the source, e.g., knots 14
accretiofejection rates, the former of which H. Beuther and 11(2731 and 197 from G359.42b, respectivelyThis
et al. (2023 make with the Humphreys HI(7-6) line at may provide an indication of episodic accretion resulting in the
12.37 m, and probes of the warmot gas content ejection of outow knots from the source, a phenomenon that
( 200-2000K) in the wider environment can place further has been previously observed in massive star-forming regions
constraint on massive star formati(@. Gieser et al2023. (e.g., A. Caratti o Garatti et #2017 R. Cesaroni et aR018
Therefore, high-resolution MIR spectroscopy measurement®R. Fedriani et al20233. From end to end, the outw from
with JWST, on G359.44#& and other CMZ massive protostars G359.44b appears to bel8 ( 0.7pc at a distance of
in other clouds(e.g., Sgr B, 50km¥', 20km$?!, and the  8.15kp9, including knot 21A.
Brick; see A. Ginsburg et 023 for more information about Ultimately, higher-sensitivity and higher-resolution observa-
the Brick in particuldy;, along with further studies on Galactic tions of G359.480.104, especially in the milimeter and
disk massive protostatom, e.g., the IPA survey; T. Megeath submillimeter, where individual protostellar cores can be
et al. 2021, S. Federman et aRk024, will be needed to identi ed and traced back to potential oatv knots, will be
construct a proper comparison between massive star formationeeded to disentangle the full picture of star formation in this
in the CMZ and the Galactic disk. region. Potential relationships with the Sgr C cloud, and
especially with the Sgr C Hregion, which is directly adjacent
in projection to G359.420.104 (see Figures), may also be
revealed with further observations and study of this star-
Another promising result of analysis of the F470N forming region and its denitive placement at the CMZ
continuum-subtracted emission near Sgr C is the discoverydistance(or nof) with further data.
and tentative placement at the galactocentric distance of a new
star-forming region, G359.40.104(Section3.5). The source
G359.42a, the brightest infrared source in the region, may be a
massive(m > 8 M) protostar, with a current stellar mass  The rst unambiguous detection of protostellar awts in
predicted by SEDtting of mx ; 9M, (Table2). This claim is the CMZ in the Sgr C cloud and their corroboration directly

4.1.3. Outows in G359.420.104

4.1.4. Outows in the CMZ

supported by its massive associated millimeter ¢btg,, with ALMA, presented in this study, have sigoant
90 M) and the relatively large luminosity of its associated implications for future infrared studies of the CMZ, especially
water maser, 1x 10°°L, (X. Lu et al.2019b, which implies in the infrared. Infrared observations of the CMZ, particularly

massive star formation activity as suggested by the relationshighose with the aim of resolving individual protostars and their
between HO maser luminosity and host source luminosity associated oubw features, have been historically difilt for
observed by J. S. Urquhart et §017). It is worth noting, a number of reasons, most notably a lack of resolving power
however, that the trend observed by J. S. Urquhart €2Gil.) and the effects of extinction and crowdiffg Nogueras-Lara
experiences quite a substantial spread and that water masers atal.2018 2019. Studies that attempt to provide comprehen-
known to vary by orders of magnitude over relatively short sive identi cation and characterization of CMZ massive
timescale¢X. Lu et al.2019h). The lower bound on the current protostars (see, e.g., F. Yusef-Zadeh et &009 have
stellar mass of G359.42ay ; 3.5M, is also outside of the  signi cant limitations in conrming protostellar detections
normal mass range for massive protos{ars> 8 M,) and and, in turn, constructing a robust catalog. For example,
would instead be indicative of an intermediate-mass protostarfollow-up studies on the global sample of CMZ massive YSOs
Additionally, the SED-tting derived parameters and from F. Yusef-Zadeh et a(2009 prove, using spectroscopic
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