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ABSTRACT

We present (sub)millimeter imaging at 0.′′5 resolution of the massive star-forming region

G358.93−0.03 acquired in multiple epochs at 2 and 3 months following the recent flaring of its 6.7 GHz

CH3OH maser emission. Using SMA and ALMA, we have discovered 14 new Class II CH3OH maser

lines ranging in frequency from 199 to 361 GHz, which originate mostly from vt=1 torsionally-excited

transitions and include one vt=2 transition. The latter detection provides the first observational evi-

dence that Class II maser pumping involves levels in the vt=2 state. The masers are associated with

the brightest continuum source (MM1), which hosts a line-rich hot core. The masers present a con-
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sistent curvilinear spatial velocity pattern that wraps around MM1, suggestive of a coherent physical

structure 1200 au in extent. In contrast, the thermal lines exhibit a linear pattern that crosses MM1

but at progressive position angles that appear to be a function of either increasing temperature or

decreasing optical depth. The maser spectral profiles evolved significantly over one month, and the

intensities dropped by factors of 3.0 to 7.2, with the vt=2 line showing the largest change. A small

area of maser emission from only the highest excitation lines closest to MM1 has disappeared. There

are seven additional dust continuum sources in the protocluster, including another hot core (MM3).

We do not find evidence for a significant change in (sub)millimeter continuum emission from any of

the sources during the one month interval, and the total protocluster emission remains comparable to

prior single dish measurements.

Keywords: masers — stars: formation — stars: protostars — ISM: individual objects (G358.93-0.03)

1. INTRODUCTION

The recent discoveries of powerful accretion outbursts

in two high-mass protostars – NGC6334I-MM1 (Hunter

et al. 2017, 2018) and S255IR-NIRS3 (Caratti o Garatti

et al. 2017; Liu et al. 2018) – have provided crucial in-

sights on the role of episodic accretion in massive star

formation (Brogan et al. 2018; Cesaroni et al. 2018).

A recent study of Orion suggests that episodic accre-

tion accounts for &25% of a star’s mass (Fischer et al.

2019), suggesting it is an important process in star for-

mation. Both aforementioned outbursts were heralded

by 6.7 GHz CH3OH maser flares (MacLeod et al. 2018;

Szymczak et al. 2018; Fujisawa et al. 2015), and subse-

quent high resolution studies confirmed that the flares

occurred in dense gas surrounding the outbursting pro-

tostar (Hunter et al. 2018; Moscadelli et al. 2017), moti-

vating new hydrodynamic simulations of protostellar ac-

cretion (Meyer et al. 2019a,b). Because Class II CH3OH

masers are pumped by infrared radiation (Cragg et al.

2005), their apparent association with protostellar lu-

minosity outbursts has a theoretical basis. Thus, iden-

tifying and characterizing more events is critical to un-

derstanding massive star formation, which has inspired

the international maser community to form the M2O

group1 to coordinate single-dish monitoring of masers

and to perform rapid interferometric follow-up (e.g.,

Burns et al. 2018). As a result, we are now better posi-

tioned to identify new outbursts, and catch them earlier

in their evolution.

On 2019 January 14, the 6.7 GHz Class II CH3OH

maser line in the massive star-forming region G358.93−0.03

began flaring, rising in flux by an order of magnitude

to 99 Jy after two weeks (Sugiyama et al. 2019). Maser

∗ A.P.M.T. is a Grote Reber Doctoral Fellow at NRAO
† B.A.M. is a Hubble Fellow of NRAO

1 See the Maser Monitoring Organization (M2O) website at
MaserMonitoring.org

emission in this transition toward this region was previ-

ously reported by Caswell et al. (2010, epoch 2006.24)

with a peak flux density of 10 Jy at vLSR=−15.9 km s−1

and by Rickert et al. (2019, epoch 2015.69; 1.7 Jy at

−18.7 km s−1). This region appears as a compact clump

in single dish (sub)millimeter continuum surveys in-

cluding the 1.1 mm BOLOCAM Galactic Plane Survey

(BGPS) (G358.936-00.032, Rosolowsky et al. 2010) and

the 0.87 mm ATLASGAL survey (AGAL358.931-00.029,

Urquhart et al. 2013). Otherwise, this field has been

poorly studied, with no prior (sub)millimeter interfero-

metric observations.

Since the 6.7 GHz CH3OH maser flare in G358.93−0.03

may be indicative of a massive protostellar outburst

event, the M2O group has pursued multi-wavelength

follow-up with telescopes worldwide, leading to the

unprecedented discovery of several never-before-seen

Class II CH3OH maser lines, include some in the

torsionally-excited (vt=1) state. The first published

results are the centimeter wavelength lines (Breen et al.

2019; Volvach et al. 2019). Light curves of the more

common (vt=0) maser lines from Hartebeesthoek Ra-

dio Observatory (MacLeod et al. 2019) show that the

emission rose more rapidly than in NGC6334I-MM1

(8 months, MacLeod et al. 2018) and S255IR-NIRS3

(5 months, Szymczak et al. 2018). While some ve-

locity components have peaked, they persisted longer

than the initial rise time, and other velocity compo-

nents have emerged. Thus, in contrast to the earlier

cases, we have caught this flare during its initial rise,

and additional follow-up is ongoing (Bayandina et al, in

prep.; Burns et al., in prep., Chen et al. 2019). In this

paper, we report first results from 0.87 to 1.5 mm Sub-

millimeter Array (SMA) and Atacama Large Millime-

ter/submillimeter Array (ALMA) observations taken

∼ +2 and ∼ +3 months after the 6.7 GHz maser flare

began.

2. OBSERVATIONS
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Table 1. Observations summary

Band(s) Date Time on PWVa uv rangeb Spectral window Calibratorsd Position rms Cont./Linef

G358 (min.) (mm) (kilo-λ) frequenciesc(GHz) offsete (mJy beam−1)

SMA

240/345 2019-03-14 187 0.3 24–344 202.0 (A), 218.0 (A) J1700-261/J1733-130 (Ga,Fl), −0.′′144, −0.′′012 0.48 / 120

290.3 (A), 306.3 (A) J1744-312, 3C279

345/400 2019-03-22 134 0.4 18–200 334.0 (A), 342.0 (A) J1700-261/J1733-130 (Ga,Fl), −0.′′075, −0.′′088 2.0 / 300

350.0 (A), 358.0 (A) 3C279, J1924-292

ALMA

Band 5 2019-04-16 55 0.9 9–494 189.033 (B), 189.523 (B) J1924-292 (Fl), J1744-312 (Ga) 0.′′0, 0.′′0 0.14 / 2.8

199.610 (C), 200.925 (C),

201.765 (D), 202.295 (D)

Band 6 2019-04-16 55 0.9 11–590 225.936 (E), 229.629 (F) J1924-292 (Fl), J1744-312 (Ga) +0.′′015, +0.′′011 0.12 / 2.5

240.762 (E), 241.622 (E)

Band 7 2019-04-12 49 0.6 16–725 330.231 (G), 330.858 (G), J1924-292 (Fl), J1744-312 (Ga) −0.′′007, −0.′′033 0.35 / 7.2

331.814 (H), 342.943 (H),

343.660 (G), 344.373 (G)
aMean precipitable water vapor at zenith
b Range of projected baseline lengths
c The bandwidth (MHz), and channel width (kHz) are indicated by the following letter codes: A: 8000, 140; B: 117, 61; C: 234, 122; D: 468, 244;

E: 937.5, 244; F: 234, 61; G: 117, 122 ; H: 937.5, 488
dAbsolute flux and complex gain calibrators are marked with (Fl) and/or (Ga), respectively. All listed calibrators were used for SMA bandpass

calibration, while J1924-292 was used for the ALMA observations.
eThe Band 5 ALMA continuum image was used as the reference to remove small position offsets from the other datasets; these offsets were also

applied to the line data.
fAggregate continuum rms noise and representative noise per 0.21 or 0.12 km s−1 channel for SMA and ALMA, respectively.

Table 2. Continuum Source Properties

Source J2000 Fitted Positiona Fitted Sizeb ALMA Flux Density Spectral SMA Flux Percentc

R.A. Dec. major×minor, pa (σsize, σpa) (mJy) Index Density (mJy) Diff.
′′×′′, ◦ (′′, ◦) 195.58 GHz 233.75 GHz 337.26 GHz Fit 210.88 GHz Epochs

MM1 17:43:10.1014 (0.0005) -29:51:45.693 (0.002) 0.26× 0.22,+80 (0.02, 2) 52.5 (0.3) 96.7 (0.3) 281.8 (0.8) 3.06 (0.13) 70.1 (0.9) +3.3

MM2 17:43:10.036 (0.001) -29:51:44.935 (0.005) 0.51× 0.41,+67 (0.06, 4) 8.7 (0.4) 18.3 (0.4) 64.4 (1.2) 3.60 (0.15) 11.0 (1.3) −8.4

MM3 17:43:10.024 (0.002) -29:51:46.123 (0.02) 0.56× 0.32,+50 (0.04, 13) 5.4 (0.4) 10.4 (0.4) 39.9 (1.1) 3.67 (0.17) 7.1 (0.9) +0.0

MM4 17:43:09.975 (0.001) -29:51:46.065 (0.009) 0.55× 0.29,+82 (0.04, 2) 15.4 (0.4) 26.0 (0.4) 93.5 (1.1) 3.34 (0.13) 20.7 (1.3) +7.4

MM5 17:43:09.908 (0.001) -29:51:46.435 (0.005) 0.57× 0.42,+137 (0.03, 9) 7.9 (0.4) 13.4 (0.4) 50.6 (1.2) 3.47 (0.16) 10.0 (1.5) +1.7

MM6 17:43:09.900 (0.008) -29:51:45.92 (0.07) < 0.4 1.6 (0.2) 3.1 (0.2) 9.9 (0.4) 3.28 (0.22) 2.6 (0.4) ...

MM7 17:43:09.841 (0.001) -29:51:45.96 (0.05) 0.52× 0.35,+122 (0.07, 2) 8.9 (0.4) 14.6 (0.3) 62.5 (1.2) 3.68 (0.15) 11.1 (1.3) +2.1

MM8 17:43:09.677 (0.001) -29:51:45.49 (0.05) < 0.2 2.9 (0.3) 4.9 (0.2) 13.3 (0.7) 2.77 (0.21) 3.4 (0.9) ...
aFrom the 195.58 GHz ALMA Band 5 fits, the 1σ uncertainty includes the dispersion among the ALMA bands.
b Error-weighted fitted mean deconvolved size from the three ALMA bands; the 1σ uncertainties include the dispersion between bands and fitting uncertainty

added in quadrature. An upper limit is given when the deconvolved size could not be measured.
c Percent difference of the SMA 210.88 GHz flux density (epoch 2019.20) relative to the value predicted at this frequency by the ALMA spectral index (epoch

2019.29); sources with SMA flux measurements < 7σ are excluded.

The observing parameters of our SMA and ALMA

data are summarized in Table 1. The SMA data were

calibrated in MIR, and the ALMA data were calibrated

using the ALMA CASA pipeline. The SMA employed 8

antennas while ALMA employed 43, and the calibrators

in each observation are listed in Table 1. For consistency,

ALMA flux monitoring data was used to set the absolute

flux scale for all the observations2. We estimate that the

absolute flux calibration uncertainty is 5% and 10% for

the ALMA and SMA data, respectively. All of the data

were imaged in CASA 5.4.0-70, and self-calibrated using

the strongest maser channel in each respective band.

2 ALMA Source Catalog: https://almascience.eso.org/sc

https://almascience.eso.org/sc
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Figure 1. (a) ALMA 0.89 mm (Band 7) continuum image of G358.93−0.03, with an angular resolution 0.′′46× 0.′′42 (∼ 3000 au
at 6.75 kpc). Contour levels are 3.5 mJy beam−1 (1σ)×(8, 12, 24, 48, 72, 96, 144, 240, 336); the continuum components are labeled
for reference. Integrated intensity (b) and velocity (c) images of the CH3CN J = 114−104 transition (Band 5 data, beam 0.′′55),
with the 0.89 mm contours from (a) overlaid. The location of the (sub)millimeter masers is indicated by the blue × symbol
in (b). (d-g) Spatially integrated maser spectra for (d) SMA, near 200 GHz; (e) SMA, near 340 GHz; (f) ALMA, for three of
the same lines as panel d; (g) ALMA, for four of the same lines as panel e. The brightness temperature (Tb) scales (shown in
kiloKelvin) are computed with respect to the synthesized beam, not the fitted size.

The SMA 290.3 and 306.3 GHz windows did not contain

any maser emission and are not discussed further.

The SMA continuum images were made with robust

weighting R = +0.5 and have beam sizes of 0.′′66× 0.′′46

(pa= +4◦) at 210.88 GHz and 1.′′1 × 0.′′7 (pa= +14◦)

at 346 GHz. The ALMA continuum images were made

with R = −0.5, +0.1, and +0.1 for Bands 5, 6, and 7

(1.5, 1.3, and 0.89 mm), respectively, yielding similar an-

gular resolutions that were subsequently convolved to a

common beam of 0.′′46×0.′′42 (pa= −30◦) to measure the

individual source properties. An R = +1.0 Band 7 im-

age was also created to measure the integrated flux den-

sity for comparison to single dish measurements. Small

systematic position offsets among the continuum images
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were removed using the ALMA Band 5 195 GHz image

as the reference (see Table 1). The ALMA Band 5 ab-

solute position uncertainty is estimated to be < 40 mas.

3. RESULTS

3.1. (Sub)millimeter Continuum and Thermal Line

Emission

As shown in Figure 1a, we resolve G358.93−0.03 into a

protocluster of eight (sub)millimeter continuum sources

at an angular resolution of 0.′′46 × 0.′′42 at 0.89 mm.

These sources have been designated MM1...MM8 in or-

der of decreasing right ascension. The morphology is

consistent from 0.89 to 1.5 mm and across the SMA

and ALMA epochs. The projected linear separations

between nearest neighbors are a few thousand to 10,000

au (assuming a distance 6.75 kpc, see below for details),

which is typical of other regions of massive star forma-

tion (Brogan et al. 2016; Beuther et al. 2018). The in-

tegrated flux density of G358.93−0.03 at 0.89 mm from

the R = +1.0 ALMA image is 1.13± 0.03 Jy.

The continuum images from the three ALMA bands,

and the SMA 210.88 GHz image, were fit with eight

2D Gaussian components (the resolution of the 346 GHz

SMA data is too poor to resolve the majority of sources);

the fitted properties are provided in Table 2. After sub-

tracting the model components, two areas of residual

emission are consistently present across all the images.

The brightest is from diffuse emission between MM1 and

MM3, which appears to be a “bridge” connecting the

two and not a distinct source; the second is compact and

located at the peak position of MM1, suggesting addi-

tional unresolved structure not well-fit by a single Gaus-

sian. For the ALMA 1.5 to 0.89 mm images, the “bridge”

has peak intensities of 3.4, 7.0, and 23.5 mJy beam−1,

while the MM1 residual has peak intensities of 2.4, 5.1,

and 18.7 mJy beam−1.

Fig. 1b shows the integrated intensity of the CH3CN

J = 114 − 104 transition (Eupper/k=172.5 K), revealing

that G358.93−0.03 harbors two molecular hot cores co-

incident with MM1 and MM3, with MM1 showing signif-

icantly richer spectra. Using hot core tracers, the center

velocity of MM1 is vLSR=−16.5 ± 0.3 km s−1 and the

full width at half maximum line width is ∆V = 3.1±0.2

km s−1. For MM3, vLSR=−18.6 ± 0.2 km s−1 and

∆V = 3.7 ± 0.2 km s−1. Fig. 1c demonstrates that

hot core tracers like CH3CN show a roughly north-south

velocity gradient across MM1, while MM3 shows little

velocity variation at the current angular resolution.

Lacking a maser parallax distance, we use the

MM1 vLSR to derive a near kinematic distance of

6.75 kpc (model A5, Reid et al. 2014, see http://bessel.

vlbi-astrometry.org/revised kd 2014). This estimate

has considerable uncertainty (+0.37,−0.68 kpc reported

by the model) due to the proximity of the source to the

Galactic center.

The MM1 fitted continuum size (0.′′26×0.′′22, Table 2)

is near the lower limit that can be probed with the

current resolution data, thus the true source size may

well be smaller. Indeed, the methyl cyanide (CH3CN)

J = 11−10, K = 0−6 emission is well-matched to a sin-

gle excitation temperature model with Tex = 172± 3 K

and a background temperature Tbg = 159 ± 3 K (see

methodology in McGuire et al. 2018). This model also

reproduces the emission from other hot core tracing

molecules like glycolaldehyde, ethylene glycol, methyl

formate v=0 and 1, ethanol, and acetaldehyde (full anal-

ysis of the hot core line emission will be provided in a

future work). Given the observed MM1 peak brightness

temperature Tb = 53 K in the 0.89 mm ALMA image,

and assuming that the dust continuum is becoming op-

tically thick at 0.89 mm (so that Tb ≈ physical tempera-

ture when the emission is resolved), this implies that the

size of the dust emission region is ∼ 0.′′14 (∼ 940 au).

3.2. (Sub)millimeter CH3OH Masers

The 14 new Class II CH3OH maser lines first de-

tected in these data are presented in Table 3 and

Figs.1(d-g). All of the newly discovered masers are

located near the peak of MM1, the brightest contin-

uum source (Fig. 1b). The new maser transitions have

Eupper/k=317.1 to 877.2 K; the majority are from ro-

tational levels within the vt=1 torsionally excited state.

One maser arises from a vt=2 transition, providing the

first observational evidence that Class II maser pump-

ing involves levels in the vt=2 state (Sobolev & Deguchi

1994). The brightest maser lines observed with ALMA

have Tb > 106 K. For the seven maser lines that are in
common between the SMA and ALMA, we find that the

integrated flux density has dropped by a factor of 3 to

7 during the intervening month; though the velocity ex-

tent of maser emission stayed constant. The vt=0 line

at 349.1070 GHz, identified as a maser in S255IR-NIRS3

(Zinchenko et al. 2017), was covered in our SMA tuning

but not detected.

Figure 2 shows the spatio-kinematic (combined spatial

morphology and kinematics) behavior of the SMA and

ALMA CH3OH maser lines and representative thermal

lines from the ALMA data. For each plotted line, a two-

dimensional Gaussian was fitted to each channel with

emission. Channels with signal-to-noise (S/N) < 12

and < 16 for ALMA and SMA, respectively, are omit-

ted to ensure relative position uncertainties better than

20 mas. In both epochs, the (sub)millimeter CH3OH

masers consistently trace a roughly elliptical curvilinear

http://bessel.vlbi-astrometry.org/revised_kd_2014
http://bessel.vlbi-astrometry.org/revised_kd_2014
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Table 3. Properties of detected CH3OH maser linesa

Torsional Transition Rest Eupper/kb Channel spacing SMA (2019 Mar) ALMA (2019 Apr) Integrated Flux
State Quantum Frequency SMA ALMA Integrated Flux Integrated Flux Tb

c Ratio
vt Numbers (GHz) (K) (km s−1) (km s−1) (Jy km s−1) (Jy km s−1) (K) SMA/ALMA

1 13−2 − 14−3 E2 199.574851(18) 575.2 0.21 0.12 980 314.0 3.17E+6 3.12

1 183 − 194 E1 200.887863(31) 812.5 0.21 0.12 137 40.5 1.67E+6 3.38

1 16−1 − 17−2 E2 201.728147(29) 728.2 0.21 0.21 250 44.9 1.18E+6 5.56

0 125 − 134 E1 206.001302(15) 317.1 0.21 ... 5.0 ... ... ...

1 61 − 72 A+ 215.302206(19) 373.8 0.21 ... 94.3 ... ... ...

1 61 − 72 A− 217.299205(17) 373.9 0.21 ... 246 ... ... ...

0 154 − 163 E1 229.589056(12) 374.4 ... 0.12 ... 8.6 4.82E+3 ...

2d 113 − 124 A− 330.172526(22) 810.7 0.21 0.12 }
118 16.4 1.39E+4 7.20

2d 113 − 124 A+ 330.172553(22) 810.7 0.21 0.12

1 15−5 − 16−6 E2 331.755099(32) 823.9 0.21 0.12 147 37.2 1.22E+5 3.95

1 13−1 − 14−2 E2 343.599019(26) 624.0 0.21 0.12 738 204.7 1.35E+6 3.61

1 10−2 − 11−3 E2 344.312267(17) 491.9 0.21 0.12 559 187.0 9.27E+4 2.99

1 153 − 164 E1 350.286493(25) 694.8 0.21 ... 174 ... ... ...

1d 184 − 195 A− 358.354940(27) 877.2 0.21 ... }
68.0

... ... ...

1d 184 − 195 A+ 358.355121(27) 877.2 0.21 ... ... ... ...

1 31 − 42 A− 361.236506(17) 339.2 0.21 ... 11.1 ... ... ...
aTransition parameters were extracted from the JPL Line Catalog (Pickett et al. 1998) compiled from Xu et al. (2008).
b Energies are relative to the lowest rotational level (00) of vt=0 A-type methanol at 0 K.
c Peak Rayleigh-Jeans brightness temperature computed from peak intensity and deconvolved size (typically 0.1–0.3 of the beam).
dBlended

pattern centered on the continuum peak, with major

and minor axes of 0.′′20 and 0.′′17 (≈1 light-week), and

position angle +119◦. The brightest masers are located

across from each other, to the northeast (blueshifted)

and southwest (redshifted). An additional set of spots

extending northeast of the continuum peak appears only

in the first epoch, only in the highest excitation lines,

and primarily at the central vLSR (Fig. 2a,b). In con-

trast, the thermal hot core-tracing lines reveal a different

morphology, tracing a linear pattern 0.′′15 (∼ 1000 au) in

length that crosses the continuum peak. Interestingly,

for CH3CN J = 11 − 10, the position angle of this fea-

ture changes from ∼ −33◦ in the lowest (coldest) K=2

transition to ∼ −5◦ in the highest (hottest) K=6 tran-

sition. This progression could result from a temperature

and/or opacity effect, coupled with the emitting region’s

geometry.

3.3. G358.93−0.03 Luminosity

Assuming a distance of 6.75 kpc (§3.1), along with

photometry extracted from 1.1 mm BGPS (Rosolowsky

et al. 2010), 0.87 mm ATLASGAL (Schuller et al. 2009),

and 70-500µm Herschel HiGAL (Molinari et al. 2016)

survey images for the integrated emission from the

G358.93−0.03 region, a single temperature greybody fit

yields Tdust = 28.5±1.5 K, implying an LFIR ≈ 7660 L�,

following the procedure of Towner et al. (2019). We

also fit the full SED, including the MIPSGAL 24µm de-

tection (Gutermuth & Heyer 2015), to the model grid

of young stellar objects of Robitaille (2017), using the

method described in Towner et al. (2019). The best fits

yield Lbol of ≈ 20000 L�, but because the shorter wave-

length data may be contaminated with foreground emis-

sion, this value should be considered an upper limit. Ac-

counting for the distance uncertainty, the plausible lumi-

nosity range (for the near distance) is 5700-22000 L�.

We measured an 0.87 mm ATLASGAL flux density of

1.10±0.16 Jy, after making a correction for an estimated

17% line contamination based on the integrated (non-

maser) line emission in the ALMA Band 7 data. With

this flux density and the Tdust estimate, we find a total

gas mass of 167± 12 M� for G358.93−0.03 protocluster

(assuming a grain opacity spectral index β = 1.7 and

dust-to-gas ratio of 100).

4. DISCUSSION

Maser emission will arise from locations where the

physical conditions are favorable for the maser pump-

ing mechanism, and the line-of-sight affords a velocity-

coherent high column density path length. The rapid

evolution of the maser flare in G358.93−0.03, with dra-

matic changes over the course of only 1 month, together

with the large spatial scale over which changes have oc-

curred (∼ 1200 au), require that the impetus for change
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Figure 2. In each panel, the spatio-kinematics of the indicated line(s) is (are) shown on the 0.89 mm continuum image from
Fig 1a (pixel size 50 mas), zoomed in towards MM1. Each plotted symbol shows the location of the peak emission from
a 2D Gaussian fit in each channel (≤ 0.21 km s−1 wide; the symbols are color-coded by velocity. The fitted relative position
uncertainty is 20 mas, while the absolute uncertainty is twice that. Each panel also shows an ellipse representing the deconvolved
size (FWHM) of the millimeter continuum emission from MM1 (Table 2). Panels (a-c) show CH3OH maser lines from SMA,
panels (d-f) show CH3OH maser lines from ALMA, and panels (g-i) show thermal CH3CN J = 11 − 10 lines from ALMA.
Symbol size is proportional to intensity on the same relative scale within each row; for SMA the maser symbol size is 1/3 the
ALMA maser symbol size. Panels (g-i) also show position angle vectors (dashed) of −33.0◦, −21.0◦, and −5.0◦, respectively.
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must be radiative: the timescale for physical movement

or bulk changes in the line-of-sight path is far too long.

For example, at 6.75 kpc a parcel of gas moving at

100 km s−1 would take 16 years to traverse 50 mas

(∼ 340 au, 1 pixel of Fig. 2).

One explanation for the maser flare is an abrupt

change to more favorable physical conditions, such as the

rapid heating of dust and gas that occurs in a protostel-

lar accretion event (Johnstone et al. 2013). Comparing

our measurement of the 0.87 mm ATLASGAL flux den-

sity (1.11 Jy) with the total ALMA 0.89 mm measure-

ment after scaling to 0.87 mm, 1.22±0.04 Jy (using the

flux-weighted mean dust spectral index of +3.3), yields

a post-flare excess of 0.11±0.19 Jy at 0.87 mm, which

is consistent with no change. Previous estimates of the

ATLASGAL flux density for this source range from 1.09-

1.4 Jy (Csengeri et al. 2014; Contreras et al. 2013), with

the former being the result of applying a spatial filtering

technique, but neither correcting for line contamination.

It is surprising that the spatially filtered flux density is

reduced from the unfiltered values by 22−30% given that

this source is unresolved by ATLASGAL (the fitted size

is smaller than the ATLASGAL beam). Nevertheless,

using the spatially filtered value as a lower limit to the

pre-flare flux density, and correcting for line contamina-

tion (§ 3.1), yields 0.90±0.16 Jy, suggesting a maximum

possible excess of 0.32±0.15 Jy. However, this 2σ re-

sult is larger than the current total flux density of MM1

scaled to 0.87 mm (0.30±0.01 Jy), suggesting any change

was considerably smaller.

It is also feasible that a modest brightening of MM1,

which currently represents 25% of the total ALMA flux,

is being masked by a commensurate loss in the total flux

of the protocluster due to spatial filtering of larger-scale

emission by ALMA compared to ATLASGAL’s 19.′′2

beam. Unfortunately, the lack of prior higher resolution

millimeter data prevents us from testing this possibil-

ity. The two post-flare (sub)millimeter observations do

not show evidence for any significant (> 10%) change

in the continuum flux of MM1 between the 2019.2 and

2019.3 epochs (Table 2). In summary, the uncertainty

in the pre- and post-flare flux densities (and spatial fil-

tering) allow for a modest brightening to have occurred,

but it remained steady between 2 and 3 months after

the maser flare began, in contrast to the masers. Alter-

natively, because the heating and cooling timescale of

the dust is shorter than the gas (Johnstone et al. 2013),

it is possible that modest dust heating was associated

with the maser flare, but had already subsided before

our SMA and ALMA observations. In contrast, the

(sub)millimeter emission of S255IR-NIRS3 increased by

a factor of 2 and subsided after 2 years, while NGC6334I

increased by a factor of 4 and has yet to subside after 4

years (Liu et al. 2019; Hunter et al. 2017, Hunter et al.

in prep.)

The spatio-kinematic pattern of a partial elliptical

ring formed by the CH3OH masers, especially in epoch

2019.3 (Fig. 2d-f), suggests a coherent physical structure

that has been illuminated by a radiative event from the

protostar. The pattern is not consistent with simple ro-

tation of an inclined circular disk – in that case the most

red- and blue-shifted emission should be observed at the

intersection of the ellipse with its major axis. The dis-

tribution of maser spots in G358.93−0.03 is similar to

ring-like structures in the 6.7 GHz maser line originally

found by Bartkiewicz et al. (2005) toward the massive

protostar G23.657−0.127, for which recent proper mo-

tion measurements suggest slow expansion rather than

disk rotation (Bartkiewicz et al. 2018). Such a morphol-

ogy could arise from the walls of an outflow cavity.

Interpreting the velocity gradient in the thermal

CH3CN emission as arising from disk rotation, as seen

in other massive protostars (e.g. Ilee et al. 2018), also

presents concerns. While the radius and linewidth would

imply a dynamical mass of (5/sin i)M�, the higher ve-

locity channels do not peak closer to the center of the

distribution but instead near the edges, which suggests

a ring morphology with edge-on inclination (i ∼ 90◦) for

the thermal gas; or simply two sources at different vlsr.

Interestingly, the faint redshifted spots in the ALMA

maser spot diagrams (Fig. 2d-f) appear to connect with

the redshifted side of the thermal gas velocity gradient.

One explanation for the apparent connection of the

redshifted maser and thermal gas is a spiral filament of

infalling gas, a concept invoked to explain the kinematic

structures in thermal species (including CH3OH) toward

G10.6−0.04 (Liu 2017), and in the methanol masers sur-

rounding Cepheus A HW2 (Sanna et al. 2017). Simi-

larly, hydrodynamic simulations predict spiral shapes in

fragmenting accretion disks around massive protostars,

leading to large accretion outbursts as fragments reach

the protostar, a mechanism proposed to explain the out-

burst in S255IR-NIRS3 (Meyer et al. 2018). Spiral arm

structures can also be driven by an encounter between a

protostellar disk and a massive companion (Cuello et al.

2019; Clarke & Pringle 1993), including cases that gen-

erate a single tidal arm.

In conclusion, while it is clear that a significant ra-

diative event must have occurred in G358.93−0.03 to

produce a strong but rapidly declining CH3OH maser

flare with a coherent velocity pattern, coupled with the

discovery of numerous new CH3OH maser lines, the lack

of conclusive evidence for dust heating is perplexing. For

certain, this event has different characteristics compared
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to the prior two massive protostellar outburst events

(S255IR-NIRS3, NGC6334I-MM1). Ongoing monitor-

ing of the maser decline (also see MacLeod et al. 2019),

future observations of outflow tracers, higher angular

resolution dust continuum observations, and detailed in-

vestigation of the maser pump conditions will provide

essential clues to unravel the nature of this enigmatic

maser flare event.
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