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Abstract

A compact source, G0.02467-0.0727, was detected in Atacama Large Millimeter/submillimeter Array 3 mm
observations in continuum and very broad line emission. The continuum emission has a spectral index a =~ 3.3,
suggesting that the emission is from dust. The line emission is detected in several transitions of CS, SO, and SO,
and exhibits a line width FWHM = 160 km s~ . The line profile appears Gaussian. The emission is weakly
spatially resolved, coming from an area on the sky S < 1" in diameter (<10 au at the distance of the Galactic center,
GC). The centroid velocity is v gg & 40-50 km s ], which is consistent with a location in the GC. With multiple
SO lines detected, and assuming local thermodynamic equilibrium (LTE) conditions, the gas temperature is
Tite = 13 K, which is colder than seen in typical GC clouds, though we cannot rule out low-density, subthermally
excited, warmer gas. Desplte the h1gh velocity dispersion, no emission is observed from SiO, suggesting that there
are no strong (>10km s~ ') shocks in the molecular gas. There are no detections at other wavelengths, including
X-ray, infrared, and radio. We consider several explanations for the millimeter ultra-broad-line object (MUBLO),
including protostellar outflow, explosive outflow, a collapsing cloud, an evolved star, a stellar merger, a high-
velocity compact cloud, an intermediate-mass black hole, and a background galaxy. Most of these conceptual

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
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models are either inconsistent with the data or do not fully explain them. The MUBLO is, at present, an

observationally unique object.

Unified Astronomy Thesaurus concepts: Galactic center (565); Millimeter astronomy (1061); Millimeter-wave

spectroscopy (2252)

1. Introduction

The center of our Galaxy contains billions of stars, tens of
millions of solar masses of gas, a supermassive black hole, a
tenth of our Galaxy’s ongoing star formation, and an extensive
graveyard of stellar remnants (e.g., Morris & Serabyn 1996;
Henshaw et al. 2023). It is therefore the likeliest place to find
new classes of objects. We present one such object in
this work.

The following will describe observations (Section 2) and
measurements (Section 3) of spectral (Section 3.1), spatial
(Section 3.2), spatiospectral (Section 3.3), and continuum
(Section 3.4) data, followed by analysis and modeling
(Section 4) of the excitation conditions (Sections 4.1 and
4.2), chemistry (Section 4.3), and dust (Section 4.4). We then
discuss the location of the source (Section 5), both along the
line of sight (Section 5.1) and on the sky (Section 5.2). We
engage in extended discussion of the similarities and
differences between this object and other classes of objects
(Section 6) before concluding that we do not know exactly
what this object is (Section 7). Several appendixes present
additional spectra (Appendix A), detailed chemical models
(Appendix B), and RADEX non-local thermodynamic equili-
brium (LTE) models (Appendix C).

2. Observations

The ALMA CMZ Exploration Survey (ACES) large program
(2021.1.00172.L; PI: Longmore) observed the central molecular
zone (CMZ) with the Atacama Large Millimeter/submillimeter
Array (ALMA) in Band 3 (B3). In brief, these data cover six
windows: two medium-width windows covering 86-86.5 and
86.7-87.1 GHz, two broad windows covering 97.66-99.54 and
99.56-101.44 GHz, and two narrow windows covering 60 MHz
centered on HNCO 4-3 (Vs = 87.925238 GHz) and HCO*
(Vrest = 89.18852 GHz). The latter two in particular were shifted to
try to cover the full range of velocities of CMZ clouds, since their
full bandwidth is only ~200 km s~'. The ACES project covers the
whole molecular component of the Galactic Center (GC), spanning
roughly —0°6 < ¢ < 079 and —0°3 < b < 0°2 with a total area of
1200 arcminz, though in this work, we focus only on the few-
arcsecond region around the millimeter ultra-broad-line object
(MUBLO). Details of the observational setup are given in Table 1.

The measurement sets were produced by the ALMA pipeline
using CASA 6.4.1.12 pipeline 2022.2.0.64; these data were
retrieved from the ALMA archive and restored on disk. The
data were imaged using CASA 6.4.3-2, adopting the same
parameters as used in the original ALMA-delivered pipeline
products but with modifications as needed to fix bad cleans
(specifically, iterative clean runs that diverged and produced
spurious signals) to image windows that were left unimaged
because of size mitigation (the two broadband windows were
often excluded) or to image those windows with full spectral
resolution for the same reason. The continuum data were
imaged using the default parameters from the ALMA pipeline,
including continuum identification in the UV domain from the
ALMA pipeline’s findcont task. We have combined the

ACES 3 mm data with MUSTANG images from Ginsburg
et al. (2020) for display purposes in several figures, but all
measurements given below are from the ALMA data alone.
The full ACES data are still being processed, so as of this
publication, we do not yet have a complete census of the
broader context.

In this Letter, we focus only on field aa, with member
observation unit set ID A001_X15a0_X13c. During the
quality assessment process for the ACES data reduction, we
discovered an object with a surprisingly large line width in
several spectral lines. We label this a MUBLO, since we do not
know its nature beyond its observational properties.

To verify that this feature was not an image artifact (though
there was no particular reason to suspect it was), we searched
the ALMA archive for overlap with this object. Two programs
observing the 50 km s~! cloud, a molecular cloud centered at
roughly £ =0°02, b = —0°08, visg = 50 km s~ (Tsuboi et al.
2009), covered this source. Project 2012.1.00080.S (PI:
Tsuboi) in B3, which overlaps with the ACES spectral
coverage, and 2017.1.01185.S (PL: Mills) in Band 7 (B7),
with only the 7 m array, both cover the MUBLO, though it is at
the edge of the field in the latter and subject to high noise. We
reimaged the archival data from both programs using the ACES
pipeline. We note that, while images and cubes were obtained
from the 2012.1.00080.S project, and the results below are
reasonable, there are some artifacts that persist in that data set
that lead us to assign lower credence to differences between
those and the ACES data. The problems with the 2012 data set
are severe enough that we choose not to show any of the
images and strongly caution against interpreting the measure-
ments of these data based only on their statistical errors.
Nevertheless, the spectral line measurements from the 2012
data show a few additional detections (see Section 3.1), and the
consistent detection of overlapping lines gives us high
confidence that the ACES detections are not spurious.

The relevant observational parameters, including uncertain-
ties and beam sizes, are given in Table 1.

3. Measurements

We report measurements of the spectral lines (Section 3.1),
the spatial location of both the lines and continuum
(Section 3.2), the spatial-spectral structure (Section 3.3), and
the continuum (Section 3.4) in this section.

3.1. Spectral

We detect the lines of CS, SO, and SO, listed in Table 2. We
fitted Gaussian line profiles to the detected lines, and for CS
2-1 and SO 2(3)-1(2), we included foreground absorption
components in our models (Figure 1). The line widths are
0=60-70km s~' (FWHM ~ 160 km s ).

Figures 2 and 3 show spectra of many candidate lines
smoothed to 5km s~ resolution. These spectra are extracted
from the peak emission location, i.e., International Celestial
Reference System (ICRS) equatorial coordinates 17"45™57.575
—28°57"10."717.
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Table 1
Data Properties
Data Type Observation Date Major Minor PA rms Vinin Vinax
Y ® © (mJy beam ™) JyK™h (GHz) (GHz)
Continuum
(2012.1.00080.S) 2013-05-31T09:52:50.256001 2.359 1.397 86.991 0.4 44.0 85.2491 98.4496
Continuum
(2017.1.01185.S) 2018-09-27T21:30:24.144000 4337 2.519 88.344 8.8 0.9 342.2384 357.9871
Continuum spw33+-35
(2021.1.00172.L) 2022-09-15T00:26:52.128000 1.538 1.306 —59.907 0.2 61.4 97.6648 101.4321
Continuum spw25+27
(2021.1.00172.L) 2022-09-15T00:26:52.128000 1.837 1.468 —70.832 0.2 60.5 85.9664 87.1328
spw25 2022-09-16T00:31:34.272000 1.926 1.573 —71.850 3.1 54.3 85.9664 86.4328
spw27 2022-09-16T00:31:34.272000 1.945 1.566 —72.502 32 53.1 86.6665 87.1328
spw33 2022-09-15T00:26:52.128000 1.626 1.440 —52.088 3.4 53.7 97.6648 99.5394
spw35 2022-09-16T00:31:34.272000 1.570 1.293 —67.596 2.6 59.6 99.5619 101.4321

Note. The data types labeled spwnn (spw is an abbreviation of spectral window) are from the ACES 2021.1.00172.L data. The 2017.1.01185.S data are from the 7 m
array at ALMA, while the other data sets are from the 12 m array.

Table 2
Spectral Line Measurements

Species Rest Freq Amp oa Center Oy cen Veen Oy cen FWHM OEWHM

(GHz) (K) (K) (GHz) (GHz) (kms™) (kms™ ") (kms™ ") (kms™h
CS 2-1 97.980950 1.032 0.044 97.9656 0.0010 47.1 3.1 164.5 6.7
SO 2(3)-1(2) 99.299870 1.748 0.025 99.2866 0.0004 40.1 1.1 161.2 2.6
350 2(3)-1(2) 97.715317 0.216 0.024 97.7039 0.0026 349 8.0 146.8 19.7
SO 2(2)-1(1) 86.093950 0.383 0.026 86.0829 0.0015 38.5 53 159.6 12.6
SO, 2(2,0»-3(1,3) 100.878105 0.172 0.029 100.8748 0.0048 9.9 14.3 173.9 33.6
2012
C¥s 2-1 96.412951 0.139 0.021 96.3966 0.0034 50.8 10.6 139.8 24.9
CS 2-1 97.980950 0.538 0.027 97.9676 0.0011 40.7 35 158.6 7.7
S0 2(3)-1(2) 97.715317 0.129 0.015 97.6974 0.0031 54.8 9.4 168.8 22.1

Note. The columns with ¢ values give the uncertainty on their neighbors (e.g., 04 is the uncertainty on the amplitude). All values are from Gaussian fits to the line
profile, so the widths are the Gaussian width parameter, not the FWHM.

Table 3
Spatial Measurements
Image Amp Amp[mly] R.A. Off Decl. Off Major Minor PA
X) (mJy) (milliarcsecond) (milliarcsecond) O @ @)
SO 2(3)-1(2) m0 148.3 (1.1) 2795.0 (21.0) —149 (5) 4 (5 1.549 (0.012) 1.816 (0.014) 205.1 (1.9)
0.85 0.51 —81.16
CS 2-1 m0 55.65 (0.76) 1021.0 (14.0) —22 (14) —6 (11) 2.555 (0.035) 1.928 (0.026) 86.0 (1.9)
2.04 1.17 80.22
CS 2-1 2012 m0 39.36 (0.46) 1459.0 (17.0) 411 (21) 96 (16) 4.34 (0.051) 3.299 (0.039) 95.9 (1.7)
3.38 2.80 —78.42
Continuum spw33+35 0.1036 (0.0029) 1.77 (0.05) 20 (20) 62 (18) 1.73 (0.049) 1.499 (0.043) 85.3 (8.0)
0.99 043 60.15
Continuum spw25+27 0.1077 (0.0022) 1.758 (0.035) —55 (16) 149 (15) 1.971 (0.04) 1.783 (0.036) 62.4 (8.2)
1.22 0.21 33.67
Continuum 2012 cont 0.0906 (0.0031) 1.479 (0.05) —34 (27) 304 (18) 1.958 (0.066) 1.245 (0.042) 436.3 (2.9)
Continuum B7 0.0896 (0.0037) 98.2 (4.0) 371 (53) 569 (40) 1.3 (0.13) 0.993 (0.096) 88.3 (6.1)

Note. The Amp and Amp[mJy] values are in K km s~

1

and Jy beam™ km s~ ! for the spectral lines. The R.A. Off. and Decl. Off. columns give offsets from the

coordinate 17"45™57.5753 —28957™10.5769. In the Major, Minor, and PA columns, the alternating rows with no error bars give the beam-deconvolved sizes.

3
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Figure 1. The SO 2(3)-1(2) (left) and CS 2-1 (right) spectra from the ACES data with best-fit models, including narrow absorption and emission features, overlaid.
The bottom spectrum shows the fit residual, with the dashed line indicating the zero level. The legend shows the best-fit parameters for the 1D Gaussian function fit, A
is the amplitude in K, Ax is the velocity in km s", and o is the width in km s~ .
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Figure 2. Spectra of detected lines in the ACES spectral coverage (left) and relevant nondetections (right). Only CS, SO, and SO, and their isotopologues are detected.
Appendix Figure 14 shows the same data with the TP spectra, which cover larger physical scales (~2 pc), overlaid.

CS 2-1

SO 2(2)-1(1)

Brightness Temperature T (K)
Brightness Temperature T (

S0, 2(2,0)-3(1,3)

3.2. Spatial systematic errors that are larger; we expect the dominant

We fitted 2D Gaussian profiles to the continuum and systematic uncertainty to be from separation between the

integrated intensity images in all three data sets. The fit structured background brightness and the compact Gaussian.

parameters from both the continuum and spectral line fits are in While the statistical errors appear to show significant offsets

Table 3. The uncertainties in this table give only the statistical between the different measurements, we regard these as
errors, but all of the spatial measurements are likely affected by unlikely to be real given the systematic uncertainty.
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Figure 3. Spectra from 2012.1.00080.S in B3 (left) and 2017.1.01185.S in B7 (right). These show (marginal) detections of 3480 2(3)-1(2) and 3*CS 2-1 in B3 while
confirming the clear detections of CS 2—-1 and SO 2(2)-1(1). There are no detections in B7. The features in the CO 3-2 spectrum (also seen at the edge of SO,
13(2,12)-12(1,11)) are from line-of-sight extended features that are poorly reconstructed in the image cube.

Figure 4 shows the 3 mm continuum image from the ACES
data alongside the integrated intensity (moment zero) images of
CS 2-1 and SO 2(3)-1(2).

3.3. Spatio-spectral

The integrated and peak intensity maps of the detected
emission lines are spatially weakly resolved. The deconvolved
size is ~1” x 0.5” (see Table 3).

There is a weak sign of a spatial velocity gradient. We fitted
2D Gaussian profiles to each channel in the SO 2(3)-1(2) cube
but found that the fits were too unreliable at the modest signal-
to-noise ratio (S/N) in each channel. We therefore collapsed
the red (64152 km s ') and blue (—68 to 34 km s~ ') sides of
the cube into moment zero images, excluding an extended
cloud that created narrow absorption and emission features
around 45 km s~ '. Figure 5 shows the result of this fitting. We
find that the red and blue sides of the spectrum are spatially
separated at ~10¢ significance (and unlike the measurements
in Section 3.2, the systematic uncertainties in the red and blue
measurements are expected to cancel out). The separation is
2000 4+ 200au assuming d=8kpc over a 112km s '
difference, resulting in a gradient of 11,000km s 'pc'.
Repeating the same measurement with CS 2-1 shows a gradient
in the same direction but with a much larger amplitude and
lower S/N; the CS measurement was more affected by
contamination from extended CMZ clouds.

3.4. Continuum

We detect continuum emission in Bands 3 and 7. Assuming the
continuum comes from a single point source, which is consistent
with the measurements in Table 3, the spectral index is
a=3.251+0.06 (statistical) £ 0.17 (systematic) (adopting 10%
calibration uncertainty), indicating that the emission is coming
from dust that is mostly optically thin. Adopting a standard
dust opacity for protostellar cores (k1099 Ggu, = 0.002 cm? gf1
extrapolated from Ossenkopf & Henning 1994; however, see
Section 4.4), assuming 7= 20 K and a gas-to-dust mass ratio of
100 (so the mass in « is the total gas+dust mass), we estimate the
mass from both frequencies:

M =47 M, S102 GHz ( T )1
18mly JA20K
-1 2
x il b\, (1)
0.002 cm? g~ 8 kpc
_ -1
M=35M, 8350 GHz ( T ) ! K
98 mJy J\20K 0.018 cm? g~ !
2
« L. 0
8 kpc

The millimeter dust opacity is low, 7<0.01, at both

frequencies. The column density, N(H,) ~4 X 102 cm ™2,

corresponds to extinction Ag ~ 20. For the B3 source size of
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Figure 4. Images of the source at three wavelengths: ACES 3 mm continuum (a), CS 2—1 moment zero (b), and SO 2(3)-1(2) moment zero (c). The moment zero
(integrated intensity) images exclude frequencies at which absorption is seen in the line profile or significant extended structure is detected around the source. Moment

zero maps showing those velocities, which give a sense of the possible host environment, are shown in Figure 10.
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Figure 5. (Left) Moment map made from integrating the red (64—152 km s ™', weighted 104 km s~ ') and blue (-69 to 435 km s~ ', weighted -8 km s~ ') sides of the
SO 2(3)-1(2) line profile. Contours are shown at 100 and 200. The plus signs show the 2D Gaussian fit centroids for each moment map. They are separated by 0.5 +
0.06 pixels (0”723 + 0703, or 2000 = 240 au). Both the image and contours show the same data. (Right) Same for CS but with more limited velocity ranges. The
centroid separation has the same general direction but is less significant, with a measured offset of 0”46 4 0/ 12—consistent at the 20 level. The CS integral was
taken from —120 to —20 km s~ ' on the blue side to avoid contamination from Galactic center clouds, exaggerating the offset and reducing the S /N. The red side is

integrated from 75 to 200 km s~ '.

r= 5000 au, assuming spherical symmetry, the molecular

number density is n(H,) ~ 10" cm 3. Combining the dust

mass with the CS and SO line widths, the energy in the gas is
o \2

70 km s’]) :

We caution that the dust properties assumed above might not
be appropriate for all of the types of sources considered in the
explanations for the MUBLO discussed in Section 6. Some
aspects of nonstandard dust properties are discussed in
Section 4.4.

To further constrain the dust properties, we extract limits
from multiwavelength data. From the Spitzer (Ramirez et al.
2008; Carey et al. 2009) and Herschel (Traficante et al. 2011)
data, we adopt the surface brightness at the position of the
source as an upper limit, since in all wavelengths, there is
significant extended emission. Table 4 gives the upper limits
we determine at each wavelength. Figure 6 shows the spectral
energy distribution (SED) with modified blackbody models
overlaid. The modified blackbodies are labeled with the
adopted temperature in K and column density in cm >
assuming = 1.5. For a modified blackbody with a power-

very large, Eyin = 5 x 10% erg(#m)(

Table 4
SED

Wavelength Surface Brightness Beam Area Flux
(pum) (Mly s (s1) ay)
3.6 51.613 1.065e-10 0.0055
45 62.788 1.065e-10 0.00669
5.8 211.374 1.065e-10 0.0225
8.0 492.624 1.065e-10 0.0525
24.0 1304.027 9.588e-10 1.25
70.0 26,726.094 2.764e-09 73.9
160.0 26,034.621 4.887e-09 127
250.0 12,025.196 1.451e-08 175
350.0 4771.450 2.442¢-08 117
500.0 1484.628 4.794¢-08 71.2
850.0 299.154 3.283e-10 0.0982
2939.1 18.810 9.412e-11 0.00177
60,000.0 1.481 7.484e-11 0.000111
200,000.0 12.638 4.261e-10 0.00539

Note. Except for the ALMA measurements at 3 mm and 850 pm, these values

are upper limits.
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Figure 6. SED of the MUBLO. The data at A < 24 pm are from Spitzer, those
from 70 to 500 pm are from Herschel, the millimeter-wavelength data—the
detections—are from ALMA, and the longer-wavelength data are from the
VLA (Lu et al. 2019) and MEERKAT (Heywood et al. 2022). Triangles
indicate upper limits. Four curves are overplotted showing modified blackbody
models as described in Section 3.4, with temperature indicated in K and

column density in cm 2 All models adopt a dust opacity spectral

index 3= 1.5.

law opacity function, v”, the allowed range of dust
temperatures is 15 K <7'<50 K: the 850 pm data point sets
the temperature lower limit, while the 24 pm and 70 pm upper
limits from Spitzer and Herschel data set the temperature upper
limits (Figure 6).

4. Analysis

In this section, we attempt to measure the gas temperature by
modeling the SO lines under simple conditions (Section 4.1).
We then allow for greater complexity in the excitation
(Section 4.2) and chemistry (Section 4.3). Finally, we explore
the possibility that the dust has atypical properties
(Section 4.4).

4.1. LTE Modeling

We detect two transitions of SO with different energy levels
and obtain an upper limit on a third, allowing us to make a
rotational diagram and fit the temperature and column density
assuming LTE conditions, which is reasonable assuming
the above density. The temperature from the SO 2(3)-1(2) to
2(2)-1(1) line ratio is T = 14.1 £ 1.4 K (Figure 7; however, see
Section 4.2).

We overplot a model emission spectrum based on the LTE fit
on the spectral data. Figure 8(a) shows the best-fit model for SO
overlaid on the ACES data, and Figure 8(b) shows the model on
the 2012 data. In both figures, the CS and SO, column densities
are scaled to fit the data while assuming the fitted SO rotational
temperature. Lines of C*S and **SO are also detected, giving a
ratio %S / S~ 8, consistent with some measurements in
the GC (Yu et al. 2020) but inconsistent with others that find
325 /%S = 16 + 4 (Humire et al. 2020) or 19 + 2 (Yan et al. 2023).
The column density is M(SO) =4 x 10" cm % Assuming the
same temperature for the other molecules, we obtain column
densities N(CS)=10" cm™2 NC*S) = 12x 10" cm™2,
N(SO,) = 2 x 10" cm ™2, and N(*SO) = 5 x 10" cm ™. These
estimates are dominated by systematic uncertainty in the excitation
temperature, which may be more than an order of magnitude. At

Ginsburg et al.
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Figure 7. Rotation diagram showing the best fit for the SO lines. The orange
point shows the upper limit from the 5(4)—4(4) line.

these column densities, the peak line optical depth is 7~ 0.1, so
the lines are still well approximated as optically thin.

In these same figures (Figure 8), we show model emission
lines with the same centroid, line width, and excitation
temperature for nondetected lines that we would expect to
see in typical molecular and/or shocked gas: H'*CO™, H'*CN,
and SiO. The models correspond to parts of the spectrum with
no detection, so they give a rough upper limit on the column
densities of these molecules. For H>CO™, the figure appears to
show a detection, but this emission comes from the diffuse
medium, not the MUBLO.

SO and CS appear to be 2100 more abundant than H"CO™,
H'’CN, HC;N, and SiO. If we adopt the dust-derived column
density N(H,) ~ 4 X 10% cm 2, the abundances relative to H, are
Xso~ 1078, Xcsa2 x 107°, Xuscor ~ Xpren < 5 % 1071,
Xsio < 107", and Xgen < 1 x 10719,

4.2. Non-LTE Conditions?

If our mass measurement above is overestimated, the SO
lines could be out of LTE, which could significantly change the
above abundance and column density calculations.

Non-LTE models confirm the LTE column density estimate.
We ran a grid of RADEX (van der Tak et al. 2007) models to test
whether non-LTE conditions can match the data. The most useful
constraint on the non-LTE physical conditions comes from the
intensity ratio of SO 2(3)-1(2)/2(2)-1(1), since this ratio should be
mostly unaffected by the unknown filling factor of the emission.
Using this measured ratio, R3; = 4.6 4= 0.3, and the lower limit on
the SO 2(3)-1(2) intensity S5, > 1.75 K from the filling factor
ff < 1, only a narrow range of parameter space is allowed in LTE
models: 5 x 10" < N(SO) <2 x 10"°cm *and 5 K< T< 13 K.
RADEX one-zone models, adopting dv =70 km s, give a wide
range of solutions for different temperatures. For example, for
T=50 K, the H, density can be 10> ecm ™2 < n(H,) < 10° cm ™3
for 10" cm™2 > N(SO) > 10" cm ™ (see Appendix C). Values of
column density >0.5 dex from the LTE model are not allowed
even under non-LTE conditions, though the temperature is
essentially unconstrained by the RADEX models. However, if
we incorporate our estimate of the H, number density based on the
dust, the non-LTE models are ruled out: all of the high-temperature
(T Z 20 K) models require low densities (n(Hy) < 10°° cm ™).
Additionally, the Meudon photodissociation region (PDR) models
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Figure 8. (a) The ACES spectrum. Two detections of SO and one upper limit let us put a constraint on the temperature and column density. The red curve shows an

LTE model spectrum with physical parameters shown in the text labels and velocity v =41 km s~', FWHM =

167 km s~ '. (b) The 2012.1.00080.S spectrum. Note

that the apparent detection of H'*CO™ is not from the MUBLO—while there is emission at this velocity, it is spatially diffuse and not associated with the MUBLO.

that match the low HCN/CS up];er hmlt and the CS/SO ratio
require a high density (n(H,) = 10" cm™ ) see Section 4.3 below
and Appendix B. We therefore dlsfavor the non-LTE, low-density
model, but additional observations to further test this hypothesis by
imaging other SO lines are straightforward and should be
performed.

4.3. Chemical Modeling

We have run chemical models to search for physical
parameter space consistent with the observations. We ran both
Meudon PDR (Le Petit et al. 2006) and UCLCHEM (Holdship
et al. 2017) models.

Using the time-dependent gas-grain open-source chemical code
UCLCHEM* (Holdship et al. 2017), we ran models of a
collapsing cloud that varied in final density, UV irradiation,
cosmic-ray ionization rate, and temperature. The complete
description of the models can be found in Appendix B.2. In
brief, there is ample room in the parameter space of radiation
field, temperature, density, and cosmic ray ionization rate that
produces high SO/SiO ratios (SO/SiO > 100). This ratio is
produced by more models for longer time periods at higher

3 https:/ /uclchem.github.io

densities (n 2> 10° cm73) and temperatures (7'~ 50 K). With
the present data set, these chemical models do not rule out any
of the physical models considered below, but they point in
constructive directions for what can be observed next to better
understand the MUBLO.

We ran Meudon PDR* (Le Petit et al. 2006) models
spanning a range of extinction, CRIR, density, and UV
field (see Appendix B). The Meudon model predicts line
intensities in addition to abundances, so we compare to the
predicted intensities for these models. The observed line
ratio SO 3(2)— 2(1)/CS 2—1 can be reproduced at high
den51‘}/ (ng ~ 107 cm™ ) for a wide range of CRIR
1077 < Cer< 1071 571, At lower density, ng ~ 10°,
the intensity ratio is at least an order of magnitude below what
we observe. The Meudon models therefore favor higher
densities and support adopting LTE conditions for SO
excitation modeling.

4.4. Weird Dust?

Since we do not know that the dust is protostellar, we
evaluate other possibilities. Bianchi & Schneider (2007) adopt

» https://pdr.obspm.fr/
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Figure 9. Large-scale images to provide context for the source. The left image shows 'CO integrated intensity from 45 to 55 km s~ ' from the Nobeyama GC survey
(Tokuyama et al. 2019). The MUBLO 3 mm continuum is shown in cyan contours at 40 and 80 mJy beam ' at the very center of the image. The clouds to the left are
the “three little pigs” (Battersby et al. 2020), and to the right is the 50 km s ' cloud (Uehara et al. 2019). The right image shows the MUSTANG combined with ACES
3 mm data. The inset shows the same data as the parent image with higher contrast to emphasize the MUBLO. The bright source toward the right is the minispiral,

which contains Sgr A*. The arched filaments can be seen in the upper left.

a simple power law for dust in supernovae, which becomes

m\!4 _
mooar, = 04(1520) " = 00034 om” g, a factor of 2

larger than we assumed; supernova dust would be only
marginally different from our assumptions. Following
Kaminski (2019), who modeled dust in the circumstellar
envelope of evolved star VY CMa, we extrapolate the Draine &
Lee (1984) opacities to be Kig2 g, =0.00032 and
K350 gz = 0.0040. If the dust is like that in VY CMa, the
mass is substantially (~5x) larger than we reported. Draine
(2006) gives a range of dust opacities of 0.0003 cm?®g '
< K102 gaz < 0.03 cm’ g”, where the large end of this range
corresponds to carbonaceous dust (pyrolized cellulose) that is
too opaque to comprise a significant amount of the interstellar
medium (ISM). If the dust is comprised primarily of carbon, the
mass may be as much as 15x smaller than we reported, a mere
2 M., of gas, though this possibility is especially unlikely given
the large column density of SO and SO, detected, which
indicates that the medium is not especially carbon-rich.

In all of the above measurements, we have adopted a
standard gas-to-dust ratio of 100. If we were looking at a
hydrogen-free object, comprised entirely of dust, the mass
would be quite small, merely ~0.5 M. Such totally métal
objects have been suggested to be possible to assemble in the
turbulent ISM (Hopkins 2014), but there is no immediate
reason to expect it to exhibit extreme line widths.

Reservoirs with ~0.5 M, in dust alone have been inferred in
some supernova remnants (SNRs) and evolved stars. Kamiriski
(2019) suggests that the envelope of VY CMa might contain
0.5M. of dust (see also Section 6.2 below), but (as
Kamiriski 2019 points out) this value is uncertain because of
the substantial optical depths involved in this calculation.
Chawner et al. (2019) infer dust reservoirs of 0.3-0.5 M., in
pulsar wind nebulae based on Herschel data. Given stellar
masses of < 10? M., that produced these quantities of dust,
there must be gas-to-dust mass ratios of <10% higher dust
opacities than assumed in the respective analysis, or both. Such
work demonstrates that, under certain conditions, continuum
emission at an intensity seen in the MUBLO can be produced

by gas reservoirs well below the nominal value of

Mg, ~ 50 M, from Section 3.4.

5. Where Is It?

While the MUBLO is seen in projection close to the GC,
only 5'from Sgr A", its line-of-sight location has to be
determined. In this section, we cover the evidence that it is
genuinely in the GC, likely 10-100 pc from Sgr A*.

5.1. Line-of-sight Location

The line-of-sight velocity v; sgr &~ 40-50 km s~ ! is similar to
other GC objects. There are absorption lines seen in front of the
broad lines, and these are clearly from GC gas based on their
continuity with clouds that are definitely in the CMZ (the “three
little pigs” and the 50 km s ' cloud). Assuming these are
genuine absorption features and not interferometric artifacts (it
remains difficult to be entirely certain that all interferometric
artifacts have been removed, even when working with
combined 12m + 7m + total power, TP, data), the source
cannot be in the foreground of the CMZ. These absorption
features are discussed further in Appendix A, which shows the
ACES single-dish TP data extracted from the same position
overlaid on the spectrum we have already shown from the 12 m
data. While it is clear that the MUBLO is behind these GC
clouds, it is possible that it could be in the far side expanding
3 kpc arm (Dame & Thaddeus 2008), which exists at a similar
velocity.

5.2. Spatial Location

Figure 9 shows where the MUBLO resides in the large-scale
context of the CMZ, showing both CO and 3 mm continuum
images. On these larger scales, the MUBLO resides in an
underdensity or cavity in the CO gas (Tokuyama et al. 2019).
Figure 10 shows the object in its local context from the ACES
data, indicating that there is surrounding molecular gas but that
this gas is not particularly associated with the MUBLO. The
gas seen in Figure 10 is sparser than in the neighboring dense
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Figure 10. In both images, the gray scale shows the integrated intensity over the range 45-55 km s ~'. The left image shows CS 2-1, and the right shows SO 2(3)-1

(2). The contours show the MUBLO integrated over the full velocity range but with contaminated velocities masked out; the contours are at 20, 40, and 60 K km s

—1

(CS:; left) and 20, 60, and 100 K km s~! (SO; right). These images provide context on where the compact source resides. The MUBLO is not detected in CS over the
narrow velocity range because the “diffuse” molecular gas at that velocity dominates over the compact source, while the MUBLO is still well detected in SO over the
same velocity range, presumably because the SO 1(2) level (the lower state of the SO 2(3)-1(2) transition) is un- or underpopulated in the diffuse cloud.

clouds seen in Figure 9; it is the wispy edge of the clouds seen
on the larger scales.

We next check multiwavelength archival data for any
counterparts to this source. Figure 11 shows contours from
the ACES data overlaid on high-resolution near-IR images
from the GALACTICNUCLEUS (Nogueras-Lara et al.
2018, 2019) and Hubble Space Telescope (HST) (Dong et al.
2011) surveys. No source is evident in the near-IR data at the
location of the MUBLO. If anything, there is a hint of a deficit
of flux at the position of the MUBLO in the HST images,
which could be caused by the dust extinguishing background
sources. Archival images from the Hubble Legacy Archive in
the F127M, F139M, and F153M filters show this feature more
distinctly (Whitmore et al. 2016). We also checked the
surrounding sources from Shahzamanian et al. (2022) within
r < 10" and saw no obvious pattern in the proper motions of
nearby sources that might indicate a recent runaway or a
particularly deep potential well. We searched Vizier (Ochsen-
bein et al. 2000) for any public catalogs with a source at this
location at any wavelength and found no compelling counter-
parts. The closest sources listed in any catalog are >1" away,
and these can readily be seen to be outside the contours of the
MUBLO in Figure 11.

We further checked longer-wavelength data. Figure 12
shows this source in context, with cutouts of the GLIMPSE
(Churchwell et al. 2009), MIPSGAL (Carey et al. 2009), HiGal
(Molinari et al. 2010), Very Large Array (VLA) C-band (Lu
et al. 2019), and MEERKAT (Heywood et al. 2022) surveys.
The only detections are with ALMA at 3 and 0.85 mm. This
source is unfortunately not covered by the millimeter-
wavelength survey CMZoom (Battersby et al. 2020).

No X-ray sources are present at this location. The closest
cataloged source is >7” away (Muno et al. 2009). We have
examined recently taken Chandra X-ray data (Vikhlinin et al.
2024, in preparation) comprising 708 ks effective integration at
this location. The 3¢ upper limit is <2.8 x 10> counts s~ ' in
the 3-8 keV band, equivalent to Sy <7 x 107! erg s™'em ™2
assuming a =2 power-law spectrum.
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6. What Is It?

We have demonstrated the existence of a dusty, broad-line-
width source that is detected only at millimeter wavelengths.
Given this limited information, we now attempt to classify the
object.

We consider many options. Plausible mechanisms include
protostellar outflow, explosive outflow, protostellar inflow,
ejecta from an evolved star, a planetary nebula (PN) or pre-
planetary nebula (PPN), stellar collision, a high-velocity
compact cloud (HVCC), an intermediate-mass black hole
(IMBH), a galaxy, or a supernova. We evaluate each of these
hypotheses in the following sections but find that none
satisfactorily explain the data.

6.1. Something Associated with Star Formation

Star formation is prevalent in the GC, with roughly 10% of
the Galaxy’s star formation occurring in the central r < 100 pc
(Longmore et al. 2013; Barnes et al. 2017; Henshaw et al.
2023). We therefore evaluate several hypotheses associated
with star formation. Star-forming regions are naturally dust-
and molecule-rich. We consider whether the MUBLO is a
protostar (Section 6.1.1), a typical protostellar outflow
(Section 6.1.2), an explosive outflow (Section 6.1.3), a
protostellar inflow (Section 6.1.4), a protostar collision
(Section 6.1.5), or a prestellar core collision (Section 6.1.6).
While these hypotheses can explain some of the bulk properties
of the MUBLO, they all fail in the details, particularly
energetics, morphology, and chemistry.

6.1.1. Protostar

Before digging into the specific models to explain the gas,
we evaluate what kind of central source is allowed by the
observed dust SED described in Section 3.4. Using the
Richardson et al. (2024) update to the Robitaille (2017) grid,
we searched for models consistent with either of the two
ALMA millimeter detections (we did not require that both
measurements match the models since the model grid does not
allow for a varying § parameter). We search for models that
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Figure 11. Near-infrared continuum images with millimeter continuum contours from the ACES 12 m data overlaid at 40 and 80 mK. (Top row) Left is the K-band
image from GALACTICNUCLEUS (Nogueras-Lara et al. 2018, 2019), middle is the F190 filter from the HST, and right is the F187-F190 Paschen « from HST
(Dong et al. 2011). All are shown with darker colors indicating brighter emission. There is a hint of Paa absorption on the north end of the source and just to the
northwest of the source, but it is unclear how much to trust these; the bright star to the northwest may produce the apparent absorption as an artifact of the continuum
subtraction. (Bottom row) The left and middle panels are the same, just zoomed further in. The right panel is the HST F187 filter, which is the narrow band that

contains the Pac line.

have a flux density within 5000 au apertures matching the
ALMA measurements to within 25% and falling below the 24
and 70 pm upper limits. There is a narrow range of parameter
space compatible with the ALMA measurements and Herschel
and Spitzer upper limits, all with 10* L., < L < 10*’ L., and
3 M < Mg,(<5000 au) < 28 M. While these objects are part
of the model grid, they are not compatible with most models of
star formation, since the implied central source is an M 2
10 M, star that is surrounded by a comparable amount of cold
gas in a stable envelope-plus-disk configuration. Instead, these
models demonstrate that there exist solutions in which high-
luminosity, but still L < 10° L., stars may be embedded in
dusty envelopes that produce enough millimeter-wavelength
emission while not exceeding the short-wavelength limits.

6.1.2. Protostellar Outflow

The hypothesis that the object is a protostellar outflow from
a previously unknown star-forming region is plausible.
However, there is a good deal of evidence that suggests that
this is not the correct interpretation.

11

1. The limited number of emission lines detected, and
especially the lack of SiO, would make this outflow
unlike any others in the Galaxy. Admittedly, our
sensitivity to CO is limited, since it was only covered
in the coarse spatial resolution B7 data such that diffuse
molecular gas along the line of sight is confused with and
may absorb any compact emission associated with the
MUBLO.

. Tt is surprisingly compact, <10* au, which suggests that it
is almost perfectly face-on (any angle would produce an
extended, red/blue bipolar signature). Similarly, the
small value of the spatial gradient with velocity suggests
that it is face-on. This situation is unlikely but possible.

. The line profile is Gaussian. Such a profile is unexpected
for a straight-on outflow, which would more likely
include some sharper features or flattening from the high-
velocity tails. However, if the material we observe is
entirely entrained ISM, a Gaussian profile is not
impossible.

. Assuming this is a face-on outflow-driving source, we
would expect to see the central young stellar object
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Middle row: MIPS (Carey et al. 2009) and Herschel (Traficante et al. 2011). Bottom row: ALMA (this work), VLA (Lu et al. 2019), and MEERKAT (Heywood

et al. 2022).

(YSO) at infrared wavelengths. The nondetection at
wavelengths short of 850 um suggests either that there is
a very optically thick dust envelope or that the driving
source is low-mass and low-luminosity.

5. The source appears isolated, with no surrounding sources
at any wavelength and very little surrounding cloud
material. YSOs are not often found in such environments.

6. High-velocity outflows are expected to produce high-
velocity shocks in the dense ISM gas. The lack of SiO
emission and the low inferred temperature both imply that
there are no high-velocity shocks. This evidence is the
most problematic for the protostellar outflow hypothesis.

7. Such massive (50 M), compact (<104 au) cores are
rarely observed and are generally much hotter (e.g.,
Bonfand et al. 2017, 2024; Budaiev et al. 2024; Jeff et al.
2024).

A protostellar source is not strictly ruled out but is very
unlikely.
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6.1.3. Explosive Outflow

Could this be an explosive outflow at an early stage
analogous to Orion BN/KL (e.g., Bally et al. 2015, 2017)?

For this hypothesis to hold, the explosion must be very
young, with 7~ 10* au/70 km s' ~ 700yr. An isotropic
explosion is consistent with the line profile.

This hypothesis has several problems in common with the
protostellar outflow hypothesis: there is little surrounding ISM,
there is no associated infrared emission (especially near-
infrared H, and [Fe 1], which would show up in the K band),
there is no shocked SiO emission, and the excitation
temperature is very low. The Orion BN/KL outflow is bright
in all of these features that are not detected toward the
MUBLO.

6.1.4. Protostellar Inflow

Could this be a site where large amounts of material are
inflowing toward a central, collapsing source? This hypothesis
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explains the lack of infrared detection but otherwise fails to
explain all the main observables. In particular, the huge line
width is unexpected for a collapsing source unless it is
extremely massive (see Section 6.4). We would also expect to
see an accretion shock, which might be expected to produce hot
line emission.

6.1.5. Protostellar Collision

Protostars are likelier to collide than their main-sequence
counterparts. They are bloated during their early phases as they
radiate away their gravitational energy, and they reside in a
dissipative medium that can result in multiple systems
inspiraling. A protostellar collision would appear similar to a
later-stage stellar merger as described in Section 6.2.2. We
defer further discussion to that section.

6.1.6. Prestellar Core Collision

Gas falls in along the Galactic bar at high velocity, impacting
the CMZ at high speeds (Sormani & Barnes 2019; Gramze
et al. 2023). If dense prestellar cores were to form along the
Galactic bar’s dust lanes and impact one another in the center
of the Galaxy, the high observed velocity dispersion could be
produced. However, in doing so, extremely strong shocks
should occur; therefore, we would expect to see bright SiO
emission. Furthermore, this scenario is intrinsically unlikely, as
the freefall timescale for a prestellar core with half the mass of
the MUBLO (assuming two equal-mass cores, the most
conservative limit) is only 25 kyr, so these cores would have
had to have formed extremely recently.

6.2. Evolved Star

Could this be some sort of evolved star, such as an
asymptotic giant branch or red supergiant star with an extreme
wind? These mass-losing stars are generally detected in
emission from sulfur-bearing species (e.g., Omont et al.
1993). The main evidence against this hypothesis is the lack
of an infrared source, though the lack of an SiO v =1 maser in
the ACES data is also weak evidence against the MUBLO
being an evolved star (at least 15% of red supergiants exhibit
SiO masers; Verheyen et al. 2012). These end-of-life stars are
generally extremely luminous; the known red supergiants in the
GC have observed K-band magnitudes myg < 6 (Schultheis
et al. 2020).

It is theoretically possible that one could be hidden by a very
high column density of dust produced in its own wind, similar
to the R Coronae Borealis stars and OH/IR red supergiants like
VY CMa (Humphreys et al. 2024), or episodic mass loss
leading to events like Betelgeuse’s Great Dimming (Levesque
& Massey 2020; Montarges et al. 2021), but the high column
density required for this mechanism to completely block the
star’s infrared light would make the MUBLO unique. The
required local extinction must be Ax > 10 for an myg = 6 star to
be undetected in the GALACTICNUCLEUS data (Nogueras-
Lara et al. 2019); while this amount of dust is compatible with
the observed millimeter-derived column density (Section 3.4),
a 10° L, star would heat the dust well above the upper limit of
Tp <50 K (the protostar models discussed in Section 6.1
demonstrate this point).

VY CMa is a helpful reference case as perhaps the most
extreme mass-losing supergiant star in the Galaxy. It is an L ~
2 x 10° L., (Monnier et al. 1999) star with M > 2.5 x 10~* M,
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of circumstellar dust (M > 2.5 x 10~2 M, of gas using our gas-
to-dust ratio; O’Gorman et al. 2015, but see Kaminski 2019,
who model dust mass as much as 100x higher). If we were to
consider VY CMa as only a millimeter continuum source, it is
similar to the MUBLO: its 350 GHz flux, scaled to a distance of
8 kpc, is 40 mJy (Kaminski et al. 2013; O’Gorman et al. 2015),
within a factor of 2 of the MUBLO. Similarly, its 100 GHz flux
(which we extrapolate from Figure B.1 of O’Gorman et al.
2015) scaled is 2 mly, about what we measure. However, the
dust temperatures they measure are >10x hotter than allowed
by our observational limits. VY CMa is a bright IRAS source,
with S»s,m =149 Jy (scaled to d=8kpc; Helou & Walker
1988; Matsuura et al. 2014), which is >100x the Spitzer MIPS
upper limit.

Additionally, the stars that produce the most dust in their
winds tend to drive slower winds, while hotter stars that drive
faster winds, compatible with the >70 km s ' we observe, tend
to have less massive winds (e.g., the fastest winds in a sample
of mass-losing giants, VY CMa and IRC+10240, have FWHM
~ 60km s~', less than half of the MUBLO’s; Kemper et al.
2003; Quintana-Lacaci et al. 2023). Most of the mass is in
lower-velocity material, with V. < 40 km s~! (Quintana-
Lacaci et al. 2023). The molecular winds in these sources are
bright in SO, like the MUBLO, but comparably bright in SiO,
which the MUBLO is not (Kaminski et al. 2013; Matsuura
et al. 2014; Quintana-Lacaci et al. 2023).

The dust mass we infer requires a truly extreme star to
reproduce. The only star we know of that has ejected ~10 M,
of matter outside of a supernova is 7 Carinae, whose great
eruption produced ~10 M, in only a few years. However, 7
Car bears no observational similarities to the MUBLO. It has
narrow molecular lines (Bordiu et al. 2022) because most of the
ejecta are ionized. The system is also far too bright; its
distance-scaled flux is S;09 g, =~ 3 Jy (Morris et al. 2020), over
10 x greater than the MUBLO.

6.2.1. (P)PN

Following along the evolved star route, could this be a star
that has evolved past the point of nuclear burning, traveling
into the PPN or PN phase? The PN hypothesis is unlikely, since
there is no sign of ionized gas, but PPNe can be much higher
density and cooler. The limited number of molecules detected
could be a consequence of some peculiar enrichment process in
the star, though we have no model for such a process.

The line width is one possible problem with this hypothesis.
In observed PNe/PPNe, the core line width in molecular gas is
generally small (e.g., CRL 618 has widths of ~15km s~ '; Lee
et al. 2013a, 2013b). There are examples of broad lines,
though: the Boomerang nebula has ~100 km s ' wide
absorption from its fastest-expanding material seen in CO
(Sahai et al. 2017). There are also many ~150 km st
molecular jets detected among (P)PNe (Sahai & Patel 2015;
Guerrero et al. 2020). These jets tend to be much fainter broad-
wing components next to a central, more massive component,
and in at least some cases they have coincident SiO, so the
MUBLO would still stand out as unique, but there are analogs.

In one of the most extreme molecular PPN examples,
108005, which has 200 km s~! wide CO and SiO lines, no
continuum was detected at an upper limit of 1 mJy at 870 pm at
a distance of 3 kpc (Sahai & Patel 2015). The detection of the
MUBLO at 90 mJy at 8 kpc at the same wavelength makes it
>400x brighter in the millimeter continuum than this PPN.
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This difference suggests that the MUBLO is too dust-rich to be
a PPN.

The lack of a detected continuum source at short
wavelengths is again a problem for the PPN hypothesis. For
a PN, we would not necessarily expect a central continuum
source to be detectable in the infrared, but PPNe usually have
fairly large stellar photospheres and are luminous in the
infrared.

While there are some similarities between (P)PNe and the
MUBLO, most of the evidence suggests that these are not the
same class of object.

6.2.2. Stellar Merger: A Luminous Red Nova

Could the object be the result of stellar merger? Luminous
red novae (LRN) are a class of transients thought to be
associated with stellar mergers, and the MUBLO shares some
observational features with the remnants of these events. Stellar
mergers are expected to be more common in the high-density
inner Galaxy and may even be the origin of the G objects near
the GC (Ciurlo et al. 2020). Stellar mergers that produce LRN
are often accompanied by high-velocity, cold molecular
outflows (Kaminski et al. 2018). The energy released in stellar
merger events can be ~10* erg (Retter et al. 2006),
comparable to the energy in the MUBLO (Section 3.4), though
the component in the molecular remnant of these mergers is
~10% erg (Kaminski et al. 2018). The very large energy in the
molecular gas in the MUBLO, E ~ 5 x 10*® erg, suggests that
a complete merger rather than a glancing collision is more
likely; the gravitational energy in a merger of two solar-mass
objects is 4 x 10*® erg.

Among the handful of known Galactic LRN, four with
millimeter/submillimeter spectral line observations exhibit
SO/SiO ratios ranging from 1 to 7, as reported in studies by
Kaminski et al. (2015, 2018, 2020). These ratios are notably 2
orders of magnitude lower than the ratio observed toward the
MUBLO. Gas temperature estimates from SiO, SO, and SO,
for three of these four sources exceed T > 50 K, with Kaminski
et al. (2018) identifying temperatures above 200 K in SO,,
which is substantially higher than the temperature estimates for
the MUBLO. CK Vul, the oldest red nova, stands out as the
only exception, with a temperature of 12 K. Therefore, the
chemistry and excitation conditions of the MUBLO are
different from the handful of known red novae.

We explore two examples, V838 Mon and CK Vul, in more
detail.

V838 Monocerotis—V 838 Mon exhibits some similarities to
the MUBLO. ALMA observations of V838 Mon 17 yr after
outburst reveal broad line widths, vewpm~ 150km s~ ', in
lines of CO, SO, SiO, and AIOH spread over ~700 au
(Kaminski et al. 2021b). The integrated intensity of the SO
5(6)-4(5) line in their data is S~9 Jy km s~!, which, if
converted to a distance of 8 kpc, would drop to ~4 Jy km s !
(dvg3g=15.9 kpc), comparable to the observed integrated
intensity of SO 2(3)-1(2) in the MUBLO (Table 3). However,
they observe an SiO 5-4/SO 5(6)-4(5) ratio >2, while our
object has SiO 2-1/SO 2(3)-1(2) < 0.02, implying that a
dramatically different chemistry is present. The continuum
observed toward V838 Mon at Imm is S~2 mlJy (1 mJy at
8 kpc); for comparison, interpolating our observed flux
between the B3 and B7 observations, the expected flux of the
MUBLO is S m = 30 mly, so about 30 times brighter.
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V838 Mon is also a notably bright infrared source. From
2010 to 2020, it remained at mg <5 (Woodward et al. 2021),
which would be roughly mg <6 at d=38 kpc. The K-band
upper limit from GALACTICNUCLEUS is about mg > 16 (the
80% completeness limit; Nogueras-Lara et al. 2020), so
Ag>10 would be required to hide a central source like
V838 Mon in the MUBLO (and extinction along the Galactic
plane is only Ag ~ 3 toward the GC). In the mid-infrared, V838
Mon is bright, Sj97 ,m =38 Jy (18 Jy at dgc), while the upper
limit from Spitzer 24 pm toward the MUBLO is about 1.3 Jy,
which requires A4 ,m~3 to hide. At longer wavelengths,
V838 Mon is fainter, and the limits from Herschel are less
stringent.

CK Vulpecula—A second comparison source of interest is
CK Vulpecula, an LRN that occurred in 1670. Unlike V838
Mon, its SED is a reasonable match to that of the MUBLO. It
has long-wavelength fluxes that are comparable to those of the
MUBLO; assuming dcg =3.2kpc (Banerjee et al. 2020;
Kamiriski et al. 2021a), its fluxes scaled to d=8kpc are
SlOO GHz ~ 2 m]y, S35() GHZ’R‘JZO mJy, 524 pum — 1.5 mJy, and
S¢ cu,=0.2 ml]y (Kaminski et al. 2015). The millimeter
measurements are within a factor of a few of the MUBLO’s
measurements, and the others are consistent with the upper
limits: CK Vul does not have a detected central source at
infrared (<24 pm) wavelengths. The preferred SED model in
Kaminski et al. (2015) has dust with 7= 15K and 6= 1, with
inferred central source luminosity®® L~20 L., and these
authors infer a total gas mass of M = 1M, from their CO
observations (they do not report a dust mass).

The key differences between CK Vul and the MUBLO are in
its emission lines. All of the molecules seen in the MUBLO,
SO, SO,, and CS, are detected in CK Vul (Kaminski et al.
2020). However, the SO and SO, lines in CK Vul are
210x fainter than the SiO lines that are not detected in the
MUBLO, and several lines of SO seen in the MUBLO are not
detected in CK Vul because they are swamped by transitions
from other molecules, e.g., HC™N, that are not present in the
MUBLO (Kaminski et al. 2017). While there is Sifgniﬁcant
emission in CK Vul with FWHM ~ 100—200km s~ seen in
CO and CS, the SO, lines are narrow, <50 km s ! (Kaminski
et al. 2020; SO is detected, but its line profile is not shown).
The abundances of SO, SO,, CS, SiO, and HC;N are all
roughly the same (equal within error bars) in CK Vul
(Kaminski et al. 2020), in contrast to the MUBLO, where SO
and SO, are much more abundant than SiO and HC;3N. In
summary, while CK Vul is quite similar to the MUBLO in the
continuum, it is dramatically different in molecular lines.

The stellar merger/LRN hypothesis seems quite plausible,
but there remain several features that distinguish the MUBLO
from other LRN. The dust mass is substantially larger, by more
than an order of magnitude, than observed toward any other
merger remnant. There is no hint of a central source at infrared
wavelengths, making the MUBLO much more obscured than
any previous LRN except CK Vul. The chemistry is
dramatically different, with the MUBLO characterized by a
lack of SiO. Together, these arguments imply that if the
MUBLO is a merger remnant, it is from a merger of more
massive stars than previously observed LRN (to account for the
extra mass), and it occurred >10 yr ago to account for the re-

36 Kamifiski et al. (2015) reported L=1 L., but that work adopted
dck = 0.7 kpc; later works have all confirmed that it is more distant (Banerjee
et al. 2020; Kaminski et al. 2021a).
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freeze-out of SiO (but in old LRN, like CK Vul, SiO has not
frozen out). The nova itself should have been extremely
luminous, then, and have driven light echoes comparable to
those created by V838 Mon—these might then be detectable in
scattered light in the infrared if the event was recent enough.

6.3. High-velocity Compact Cloud

There have been many HVCCs reported in the GC region.
These are peculiar clouds characterized by their compact sizes
(d <5 pc) and broad velocity widths (AV > 50 km s~ ). These
have been explained as either material accelerated by supernova
explosions, a connecting bridge between colliding clouds, or gas
orbiting around invisible massive objects (Oka et al. 2014,
2016, 2022; Iwata et al. 2023). The MUBLO shares some
properties with HVCCs, specifically the broad line width, but it
is much smaller than the known HVCCs. All reported HVCCs
have been found with single-dish telescopes and thus are
extended over parsec scales, while the MUBLO has a radius
smaller than » < 5000 au (r < 0.02 pc). Recent ALMA observa-
tions toward two HVCCs detected several unresolved ultra-
compact clumps with broad velocity width (AV ~ 50 km s
Takekawa et al. 2019; Iwata et al. 2023). These differ from the
MUBLO in a few observational respects: their line widths are
somewhat narrower, they are detected in different lines (CO,
CH;0H, SiO, HCN), they do not contain compact millimeter
continuum sources, and they are surrounded by and connected to
extended high-velocity-dispersion gas. They are therefore
unlikely to be the same class of object.

6.4. Intermediate-mass Black Hole

Given the broad line width, it is possible that the MUBLO is
comprised of gas in orbit around a very deep potential well.
Because of the nondetection at multiple wavelengths, that
potential well is dark, so a cluster of stars is an unlikely
explanation. We therefore consider whether the object may be
an IMBH (of order 10* M..).

There have been many previous claims of IMBH detections
in the CMZ (Oka et al. 2016; Tsuboi et al. 2017; Takekawa
et al. 2019, 2020). These have been hard to confirm, since there
exist many alternative explanations for broad-line-width gas
(Oka et al. 2017; Ballone et al. 2018; Ravi et al. 2018;
Tanaka 2018). We therefore approach this hypothesis cau-
tiously, recognizing that significant evidence is required to
claim that a black hole is the only acceptable explanation.

The velocity profile observed has a width that could be
produced by an orbit around a central potential. An orbital
velocity of 70-80 km s~ ' (roughly the half-width of the
MUBLO’s line profile) would occur at 10°—10%au for a few
10* M, black hole (see Figure 13). However, a disk with a pure
Keplerian orbit seen edge-on should not produce a Gaussian
profile but should instead produce a double-peaked profile with
peaks corresponding to the disk’s outermost radii. The peak of
the SO profile is a key limit on this model, since it appears
consistent with a smooth Gaussian (e.g., Figure 2). In order for
the double-peaked profile to be obscured, either the purported
disk would need to be face-on, which would reduce the
observed line width, or the gas would need to be very turbulent.
A very high degree of turbulence is plausible but would likely
produce significant shocks; therefore, we would expect to see
SiO emission.
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Figure 13. For the IMBH model, we plot r = GM/ v? to obtain limits on the
mass assuming the source is resolved (see Table 3). The green highlighted zone
covers the range from the minor to major deconvolved source size. The red line
at 2000 au shows the location of the fitted offset between the red and blue lobes
of the SO line (Figure 5).

Alternatively, a lower-mass object would produce this broad
line width at smaller radii. The apparent low optical depth of
the SO and CS lines sets a lower limit on the radius: if we
assume the lines are optically thin, the filling factor must be
ff > 0.1 (Section 3.1), limiting the radius to » > 1400 au, which
implies a lower mass limit Mgy > 8000 M. following
Figure 13. This is not a strict limit, however, as the line profile
would not necessarily appear non-Gaussian for moderate
optical depth; more detailed modeling would be needed to
produce a firm lower limit.

Despite the apparent problems with a disk model, we explore
it a bit further. We assume a central mass M = 10* M, such
that the orbital velocity reaches ~70 km s~ at around 2000 au.
We adopt a simple viscous disk model with o = 0.001 and total
mass 50 M., which results in surface densitP/
¥ =7 x10%cm 2 and Planck mean opacity k=3 cm® g~
The midplane temperature is then (Krumholz 2015, problem set
4)

2 1/3
T, — 27 kg 327 K2 ’ 3)
64m053
which we parameterize as
2/3 1/3 1/3
T,=73 K | -2 ~ [ 4 ]
50 M, 3 cm?g! 1073
—4/3
x [_” ] . 4)
2000 au

This temperature is within a plausible range to explain the
observed Ty 1g ~ 13 K, though it may imply either higher «, a
smaller emitting radius, or perhaps that some other heating
source is present (e.g., cosmic rays). We also compute the inner
radius 7y, = 9 au by inverting Equation (4) and assuming
Thax < 10* K, since there is no detected ionized gas in the
centimeter continuum or in recombination lines. The inner
radius at which we would expect to detect molecular lines is
roughly the dust destruction radius, 7=~ 2000 K, at r =30 au.

Additionally, we checked the stellar kinematics in the
vicinity of our target source. Shahzamanian et al. (2022)
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reported proper motions measured using the GALACTICNU-
CLEUS data. Within a few arcseconds of this object, there are
several measured proper motions, but there is no apparent
trend; in particular, there is no increase of proper motion closer
to the source. This lack is not evidence for or against the IMBH
hypothesis, though, as most stars in the field of view are likely
at a large physical distance from the MUBLO despite their
small projected distance.

While there are several appealing features of the IMBH
model, in its simplest form, it does not explain all of the
observed features of the MUBLO. We regard it as a possible
explanation but do not favor it above other models.

6.5. Galaxy

Could this object be a background galaxy?

Assuming we have correctly identified the spectral lines in
Section 3.1, the line-of-sight velocity of 40 km s~' makes a
background galaxy hypothesis very unlikely. There are few
galaxies at this redshift (i.e., near zero), and these galaxies
occupy a low density on the sky. If the MUBLO were a galaxy,
we would be observing a very compact component of it,
perhaps the center. Assuming a size scale of the center of
r~ 100 pc, in order to be unresolved at 1” resolution, it would
need to be at D =20 Mpc. At that distance, the expected
redshift is HoD ~ 1400 km s, such that the required peculiar
velocity for this to be a galaxy would be ~—1300 km s ',
much larger than expected in the local neighborhood.

The observed chemistry is also evidence against this being a
galaxy. We compare the MUBLO to the entire CMZ: taking the
average over the whole of the GC from ACES TP observations,
our CMZ has an average CS 2-1 brightness of 53 K km s~
and SO 2(3)-1(2) brightness of 10 K km s™'. Table 2 shows
that the MUBLO has SO 2(3)-1(2)/CS 2-1 of about 1.8, while
the CMZ has a ratio of 0.19, about a 10x difference. This other
hypothetical CMZ would have to exhibit a dramatically
different chemistry from our own. The HC3N/CS brightness
ratio in the MUBLO is R < 0.04, while the measured value in
the CMZ is 0.11 from both our measurements and Jones et al.
(2012), which is also a discrepancy but not quite as difficult to
reconcile as the SO/CS ratio.

Given that a correct identification of the lines essentially
rules out a background galaxy, could we have misidentified the
lines? This possibility is entirely ruled out, as we have
identified several lines of SO and its **S isotopologue in
addition to a CS and C**S line. While any one line could be
misidentified, a grouping of five different lines redshifting
exactly on top of the rest frequencies of lines of another species
is exceedingly unlikely.

6.6. Supernova

Could this be the remnant of a star that went supernova, or
perhaps even a failed supernova? A supernova would readily
explain the lack of an infrared source, since the purported
source would have exploded.

There is at least one recent example of a “failed supernova”
candidate in which a source remained afterward but was highly
reddened and fainter (Adams et al. 2017; Beasor et al. 2024,
Kochanek et al. 2024). As far as we are aware, though, there
are no millimeter-wavelength observations of N6946-BH1, so
we cannot (yet) make a direct comparison between it and the
MUBLO.
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The presence of molecules is somewhat compatible with a
supernova. SN 1987A exhibits molecular emission in CO and
SiO with widths of ~1000 km s~ (Cigan et al. 2019). If the
MUBLO is an SNR, it is both much narrower in line width and
chemically distinct from SN 1987A. Under the SNR hypoth-
esis, we should probably adopt a much lower gas-to-dust ratio
such that the total mass of the MUBLO is <1 M. As
explained in Section 4.4, recent work suggests the presence of
dust mass reservoirs of ~0.5 M., in some SNRs, underlining
this point.

There is weak circumstantial evidence from the morphology
of the surrounding material that there was an explosive event at
the MUBLO’s location. The gap between the 50 km s~ cloud
and the three little pigs (Figure 9) could be produced by a
supernova, in principle. The MEERKAT and Chandra images
of the area give no hint of an SNR, though, so if this was a
supernova-driven cavity, its hot gas has already disappeared.
Additionally, the size scale of the apparent gap is several
parsecs, while the MUBLO’s molecular emission is only a few
thousand au, which is difficult to reconcile.

Supernovae are comprised of fast-moving ejecta and there-
fore should expand over time. The line width and the molecular
and dust continuum intensity have all stayed roughly constant
from 2012 to 2022 (Section 3.4). It is not clear how a
supernova scenario would explain the steadiness of the
observed dispersion over this ~10 yr period. It is possible
that we are seeing only the inner remnant that has been
confined by the reverse shock.

In summary, we cannot rule out an SNR as an explanation
for the MUBLO, but such a model does not account for all of
its features.

7. Conclusion

We found a source exhibiting extremely high velocity
dispersion, which we call a MUBLO. We do not have a
conclusive classification of this source. Several hypotheses
produce many of the observed features, but none explain
them all.

The key observational features of the MUBLO are as
follows.

1. It has a large line width (FWHM = 160km s !, o=
70 km sfl) in molecular lines (SO and CS).

2. It is likely in the GC, since the broad lines show
absorption from GC clouds.

3. It is compact, Orwamma < 1”7 (S8000au assuming a
distance of 8 kpc).

4. Its chemistry is unlike that of other known objects: the
ratio of SO to CS and of SO and CS to other molecules is
different from other GC and Galactic disk clouds and
from evolved stars and stellar merger remnants. Most
significant is the nondetection of SiO, which is a strong
indication that there are no shocks in the MUBLO.

5. It is dusty, as evidenced by the spectral index of its
continuum emission from 3 mm to 850 um, o =3.25.

6. It is likely massive, with Mg,, ~ 50 M, assuming typical

ISM dust and a gas-to-dust ratio of 100, and therefore
dense.

. It is cold, Tyas~ 15 K and Ty < 50 K.

. No counterpart is found at other wavelengths for which

comparable resolution data exist, including infrared
(1-25 pm), radio (A >3 mm), and X-ray (2-10 keV).

[ BN |
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Given these observational features, we considered many
physical explanations of the MUBLO. Among the most
promising for follow-up are the stellar merger and IMBH
hypotheses. There are no exact analogs to the MUBLO among
known astronomical objects. Future mid-infrared and milli-
meter observations will be needed to determine what this
object is.
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Appendix A
TP Spectra

Figure 14 shows the ACES 12 m spectra with spectra from
the TP (12m single-dish) array overlaid. The TP peaks
coincide with the dips in the 12 m spectra, indicating that the
dips are caused by absorption lines either from foreground
clouds or from interferometric imaging artifacts from resolved-
out clouds. It is not possible to tell from the images whether the
absorption is real or not, despite the clear absorption-line
profile seen in Figure 1.
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Figure 14. A repeat of Figure 2 with the TP data at this pointing, with ~1’ resolution, overlaid. For the detections (left), the TP data are scaled by factors of 1, 3, 10,
20, and 20 for CS, SO 2(3), SO 2(2), **SO 2(3), and SO, respectively. The overlap between the TP peaks and the 12 m array data dips confirms that the narrow

features come from foreground molecular clouds.

Appendix B
Chemical Modeling

To guide our interpretation of the chemistry of the MUBLO,
we use two types of astrochemical modeling codes: Meudon
PDR (Le Petit et al. 2006) and UCLCHEM (Holdship et al.
2017). The former is a photochemical model of a 1D stationary
PDR, and the latter is a 0D model that tracks the time evolution
of the chemistry of a cloud.

The Meudon PDR code computes abundances of atoms and
molecules and level excitation of any number of species at each
position in the cloud (a stationary plane-parallel slab of gas and
dust illuminated by a radiation field). The code solves the far-
UV (FUV) radiative transfer at each point of the cloud, taking
into account absorption in the continuum by dust and in
discrete transitions by H and H,. This model computes the
thermal balance, taking into account heating processes (cosmic
rays, photoelectric effects on grains, H, formation on grains,
chemistry, grain—gas coupling, turbulence, photons, photodis-
sociation and photoionization, and secondary photons) and
cooling from discrete radiative transitions in IR and millimeter
lines of various species following collisional excitation, free—
free emission, and H, dissociation. A postprocessor code
computes the line intensities and column densities.

The UCLCHEM code is a 0D model that follows the time
evolution of the chemistry of a cloud. We use it to predict
chemical abundances rather than intensities.
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B.1. FUV and Cosmic-Ray Irradiation Models

We use the Meudon PDR code to model the MUBLO as a
constant density cloud illuminated by the FUV radiation field
(Gp). We adopt enhanced (compared to that in Galactic disk
giant molecular clouds) H, CRIR (e.g., {(cr =~ (3.5£1.4) x
107" s~ for the LSR velocity range 2075 km s~ ' associated
with the 50 km s~! cloud; see Indriolo et al. 2015). Table 5
shows the input parameters. We accounted for the sulfur
depletion usually needed in starless cores (a factor of >100)
and that estimated in hot cores or bipolar outflows (a factor of
~10; see Fuente et al. 2023, and references therein).

Figure 15 shows the model predictions of the SO-to-CS
column density ratio, N(SO)/N(CS), and the I(SO 3,-2,)/I(CS
2-1) intensity ratio as function of the CRIR (({cgr). The blue
shaded area represents the estimated and observed ratios,
respectively (see Section 4.1 and Table 2). The estimated region
comes from LTE modeling (Section 4.1), while the Meudon
model performs non-LTE modeling of the line ratio, which is
why the blue shaded regions are different for these two panels—
i.e., the Meudon model suggests that the line ratio is not in LTE.
These models show that a high density (ny>10" cm™) is
required to match the observations: when ny =2 X 10° cm_3,
N(SO)/N(CS) is larger than 20 for all {cg. Hence, the computed
intensity and column density ratios never overlap with the
estimated ratio from Section 4.1.

Figure 16 shows the abundance and gas temperature profiles
of a model with ny; =2 x 10" cm ™2, {cg = 3 x 107 s™! per
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Figure 15. Meudon PDR model predictions for different values of (cr (and fixed Gy = 10%, iy =2 x 107 ecm 2 (left and center) and nyg = 2 x 10° cm ™3 (right), and
Ay, max = 20, 200, and 800 mag). Blue and cyan stars are the ratios in models with sulfur depleted 10 and 100 times. Red and blue dots are models with
Ay =200 mag and sulfur abundance [S], and [S]y/ 10, respectively. Red and blue plus signs are models with Ay = 800 mag and sulfur abundance [S], and [S]y/
10, respectively. Left: markers show the SO vs. CS column density ratio. The blue horizontal shaded area represents the estimated column density ratio of ~4 with a
50% uncertainty (see Section 4.1). Center and right: markers show the SO 3-2 to CS 2-1 intensity ratio. The blue horizontal shaded area represents the observed
intensity ratio of ~1.8 (see Table 2) with a 20% uncertainty.

Table 5

Input Parameters in the Meudon PDR Code
Parameter Unit Value Note
Ny em 3 2 x 10%,2 x 107 ny = n(H) + 2n(Hy), (1)
AV max mag 20, 200, 800 (2), L ~ 125, 1250, 5000 au
FUV radiation field, G, 10° 3)
Cosmic-ray ionization rate, (cg s~ per H, 2x 1077 2 x 1071 @), (5)
Dust extinction curve Galaxy 6)
Ry 3.1 (6)
Ny/EB-V) = Cp cm 2 5.8 x 107! (7
[S] [Slox (1, 0.1, 0.01) [Slo = 1.4 x 107° (8), (9), (10)

Note. (1) See Section 4.2. (2) The relation between Ay, max and the size of the computed cloud, L, in centimeters is L = Ny/ny = (Cp/ny)(Ay/Ry). (3) Scaling
parameter to the interstellar radiation field; Mathis et al. (1983). (4) Indriolo et al. (2015). (5) Le Petit et al. (2016). (6) Fitzpatrick & Massa (2007). (7) Bohlin et al.
(1978). (8) Asplund et al. (2009). (9) Goicoechea & Cuadrado (2021). (10) Fuente et al. (2023).

Lgeptn [au] narrow range of parameters consistent with the observed SO/

0 1000 2000 3000 4000 5000 CS intensity ratio and estimated SO/CS column density ratio,
10-5 ' ' : : 40 ng ~2x10"em 2 and 1076 < (er < 5x 107057
i 35
T 107° 5 S0,
© El B.2. UCLCHEM Models
€ 10774 so o
T 25 35 We describe the UCLCHEM models run in this section.
£ 1084 50 S Table 6 shows the parameter grid we ran. We accounted for the
§ 10-° ] e e g observed depletion of silicon (Si; e.g., Savage & Sem-
s TN F15 8 bach 1996) and sulfur (S; e.g., Palumbo et al. 1997)
é 10-10 e . 1, 0§ abundances by evaluating both a model with solar initial
< ny=2x107 cm™3 abundances and a model with a depletion of a factor of 10 for S
107 o | fer=3%x10"" st -5 and 100 for Si. For models with gas and dust temperatures set
l0-12 [Slo/10 0 to 15 K (see Figure 17), we find that the observed ratio SO/
0 100 200 300 400 500 600 700 800 SiO > 100 is predicted for densities <10° cm >, while for the
Ay [mag]. Depth into the MUBLO 50 K models (see Figure 18), the ratio can be recovered for all
Figure 16. Abundance and T, profiles of constant density gas-phase cons@ered densities. SO/ SiO > 100 is reachable for all
photochemical models with ny = 2 x 10" em™, (er = 3 x 10757, and considered CRIR and UV field strengths regardless of the gas

sulfur abundance depleted by a factor of 10 (see blue plus signs in Figure 15). and dust temperatures; however, in the case of the lowest-
density scenario (n = 10° cm*3) for the 50 K models, the ratio
is only recovered after more than 10’ yr. For the medium-

H, molecule, and sulfur abundance depleted by a factor of 10. density scenario, the ratio is quickly achieved and persists over

The gas temperature at large Ay is Ty ~ 10-15 K, which agrees a long chemical timescale. For the highest-density scenario, the
with the measured 7yrg = Tex(SO). ratio increases rapidly during the collapse, but once the final
In Section 3.1, we show that this source has an /(SO density is reached, both SiO and SO quickly freeze out.
35-21)/1(CS 2-1) ratio of about 1.8, while it has N(SO)/N(CS) Moreover, K. M. Dutkowska et al. (2024, in preparation)
of about 4, though the estimated N(CS) value is dominated by explored a wide range of continuous shock model parameters,
systematic uncertainty in 7. The model predictions result in a covering shock velocity 5-30kms™', preshock medium
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Figure 17. The evolution of the SO/SiO ratio in UCLCHEM models at a temperature of 15 K for both gas and dust. The parameters used in the models are detailed in
Table 6. The ratio value of 100, which is the lower limit derived in Section 4.1, is represented by a thick horizontal gray line, while the vertical line indicates the time
when the final density is reached. The ratio was calculated for time steps where both species are above the observable limit; i.e., their abundance is >10~'2. For all

models where the ratio of SO/SiO > 100, that ratio only occurs at late times, after the final density is reached. However, no models with a density of 107 em™

rightmost column, can predict the observed ratio.

3, in the

Table 6

Parameter Space Covered with UCLCHEM Models
Parameter Unit Values Notes
AH, final cm 10%, 10, 107 ny = n(H) + 2n(Hy); ny, iy = 10> cm >
Tgas,dus[ K 15; 50 A
¢/ 10%, 10% 10° Co=1310x 1077 57!
Fuv Habing 10°, 10%, 10°
X(Si) 17878 178767 X(Si),, (Jenkins 2009)
X(S) 35177, 3517 X(S)., (Jenkins 2009)

Note. The * symbols in the Values column indicate the source cited for the solar abundance in the Notes column.

temperature  15—35 K, preshock density 10*—10°cm 2,
magnetic field 10'—10° 4G, CRIR 1.31 x 107'°~1.31 x
10713 sfl, and UV irradiation 10°—10* Habing. In these
models, SO/SiO ratios are low, <100, during and shortly after
the shock. The high SO/SiO ratio in the MUBLO is therefore
either inherited from the collapse/quiescent cloud stage or
achieved long after the shock has passed. Shocks with a
velocity of <5km s~ are the only ones capable of maintaining
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a ratio above 100. For a higher shock velocity, the SO/SiO
ratio stays below 100, though given enough time after the
shock, the SO/SiO ratio can eventually exceed 100 again.
Lastly, models at higher temperatures of 100 K and 150 K
were simulated, since these higher temperatures are observed in
the CMZ (Mills & Morris 2013; Ginsburg et al. 2016;
Zeng 2018). For these models, an identical grid of models
was run. These models reproduce the SO/SiO ratio only for
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Figure 18. As in Figure 17 but for a temperature of 50 K. In this case, the ratio of SO/SiO is greater than 100 for all densities considered. However, for a density of
10° cm 2, it takes a much longer time to reach the desired ratio, which exceeds the presented time range.

high CRIR, under which conditions the SiO is quickly
destroyed and the SO reaches a steady state.

From these time-dependent gas-grain simulations, we
conclude that a shock-free medium is favored to reproduce
the high SO/SiO ratios. The ratios can be reproduced
sufficiently by dense and possibly quiescent environments.
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Appendix C
RADEX Models

We show parameter slices from the grid of RADEX models
described in Section 4.2. The models use the large velocity
gradient approximation with dv =70 km s~'. Figure 19 shows
these model grids.
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Figure 19. RADEX model grids used to constrain the temperature and density. Each plot shows in gray scale the ratio of the surface brightness of SO 2(3)-1(2) to SO
2(2)-1(1). The red contour shows the observationally allowed range, Rso = 4.87 £ 0.33. The cyan and blue contours show the allowed values for SO 2(2)-1(1) and
SO 2(3)-1(2), respectively: S,_; = 0.38 + 0.02 K and S3_, = 1.87 & 0.03 K. The parameter space up and to the right (higher density and column density) of the blue

curves and within the red curves is also allowed if the filling factor is ff < 1.
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