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Abstract

We present observations toward HOPS 383, the first known outbursting Class O protostar located within the Orion
molecular cloud using the Atacama Large Millimeter/submillimeter Array (ALMA), Very Large Array (VLA),
and Submillimeter Array (SMA). The SMA observations reveal envelope scale continuum and molecular line
emission surrounding HOPS 383 at 0.85, 1.1, and 1.3 mm. The images show that HCO " and H'>*CO™ peaks on or
near the continuum, while NH™ is reduced at the same position. This reflects the underlying chemistry where CO
evaporating close to the protostar destroys N,H" while formmg HCO™. We also observe the molecular outflow
traced by 2CO0 @ =2—1) and (J =3 — 2). A disk is resolved in the ALMA 0.87 mm dust continuum,
orthogonal to the outflow direction, with an apparent radius of ~62au. Radiative transfer modeling of the
continuum gives disk masses of 0.02 M, when fit to the ALMA visibilities. The models including VLA 8 mm data
indicate that the disk mass could be up to a factor of 10 larger due to lower dust opacity at longer wavelengths. The
disk temperature and surface density profiles from the modeling, and an assumed protostar mass of 0.5 M, suggest
that the Toomre Q parameter < 1 before the outburst, making gravitational instability a viable mechanism to
explain outbursts at an early age if the disk is sufficiently massive.
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1. Introduction

Protostellar disks around young stars found within the
molecular clouds play a fundamental role in the formation and
evolution of protostars (Shu et al. 1987). These protostellar disks
not only accrete mass onto their stars, driving the evolution of
the protostars, but also provide the raw material for planet
formation (Testi et al. 2014). Starting with FU Orionis in 1936
(Wachmann 1939), several young stars have been observed in
recent years to have luminosity bursts consistent with episodic
accretion. However, it is still debated whether episodic accretion
is an integral part of star formation, or if the star formation
process is mostly smooth with only a few accretion bursts
(Audard et al. 2014; Dunham et al. 2014). Determining the
accretion history for stellar mass assembly is important because
the physical and the chemical properties of the protostellar
envelopes and their disks are affected by accretion bursts.

These episodic accretion bursts help to resolve the luminosity
problem in young stellar objects (YSOs). Simply stated, the
luminosity problem results from observations of YSOs indicat-
ing that they are under-luminous compared to predictions from
accretion models (Kenyon et al. 1990; Evans et al. 2009;
Kryukova et al. 2012). The mass-dependent model of accretion
or models with accretion bursts are able to solve the luminosity
problem (Offner & McKee 2011; Dunham & Vorobyov 2012;
Fischer et al. 2017), although in reality both processes may
occur. These accretion bursts dramatically increase the lumin-
osity of the protostellar system, which continues for decades to
perhaps centuries (Hartmann & Kenyon 1996) and most of the
stellar mass is accreted in these bursts. Most of these observed

accretion bursts are from Class I/Class II, pre-main-sequence
YSOs. However, recent IR observations have extended these
bursts into the protostellar phase (e.g., Graham & Frogel 1985;
Reipurth & Aspin 2004; Fischer et al. 2012, 2019; Muzerolle
et al. 2013). This is consistent with the idea that accretion
bursts should be detectable throughout the protostellar phase
(Vorobyov & Basu 2006).

Episodic accretion bursts have the ability to significantly
alter the chemical composition of the protostellar envelope and
the disk (e.g., Visser & Bergin 2012; Jgrgensen et al. 2015;
Visser et al. 2015). These chemical effects primarily result from
the change in temperature of the surrounding gas and dust
due to the luminosity increase by ~100x. The increase in
temperature can evaporate the CO (and other molecules) that
were frozen on the grain mantles, releasing them back into the
gas phase (Lee et al. 2007; Visser & Bergin 2012; Visser et al.
2015; Vorobyov et al. 2013). Since the freeze-out timescale of
CO at protostellar envelope densities is longer than the duration
of the bursts, the effects of the burst can be seen long after the
actual burst has occurred (Jgrgensen et al. 2015; Visser et al.
2015). The increase in luminosity can also alter the D/H ratio
of water and other chemical species, triggering a series of
changes in the molecular composition of the envelope (Owen
& Jacquet 2015). Chemical signatures of outbursts have been
detected in the past in low mass protostars. For example,
Jgrgensen et al. (2013, 2015) and Frimann et al. (2017) found
that nearly half of the Class 0/I protostars they observed had
extended CO emission, corresponding to a transient rise in
luminosity in the past 10* yr. Likewise, tracing CO and H,O


https://orcid.org/0000-0002-6195-0152
https://orcid.org/0000-0002-6195-0152
https://orcid.org/0000-0002-6195-0152
https://orcid.org/0000-0002-9209-8708
https://orcid.org/0000-0002-9209-8708
https://orcid.org/0000-0002-9209-8708
https://orcid.org/0000-0001-7629-3573
https://orcid.org/0000-0001-7629-3573
https://orcid.org/0000-0001-7629-3573
https://orcid.org/0000-0002-3747-2496
https://orcid.org/0000-0002-3747-2496
https://orcid.org/0000-0002-3747-2496
https://orcid.org/0000-0001-9133-8047
https://orcid.org/0000-0001-9133-8047
https://orcid.org/0000-0001-9133-8047
https://orcid.org/0000-0002-6872-2582
https://orcid.org/0000-0002-6872-2582
https://orcid.org/0000-0002-6872-2582
mailto:rajeeb.sharma-1@ou.edu
http://astrothesaurus.org/uat/1302
http://astrothesaurus.org/uat/849
http://astrothesaurus.org/uat/235
https://doi.org/10.3847/1538-4357/abbdf4
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abbdf4&domain=pdf&date_stamp=2020-11-23
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abbdf4&domain=pdf&date_stamp=2020-11-23

THE ASTROPHYSICAL JOURNAL, 904:78 (16pp), 2020 November 20

snowline, Hsieh et al. (2018, 2019) derived accretion burst
interval of ~2400 for Class 0 sources.

The youngest known YSO to have a detected outburst is the
deeply embedded Class O protostar, HOPS 383 (Safron et al.
2015). HOPS 383 is located in the Orion Molecular Cloud 3
(OMC3) region and was classified as a protostar in the Spitzer
(Megeath et al. 2012) and Herschel Orion Protostar Survey
(Furlan et al. 2016; Fischer et al. 2017). It went through an
outburst around the year 2006, which is most prominently seen
at a wavelength of 24 yum. The luminosity of the protostar
system increased from ~0.2 to ~7.5 L, in between 2004 and
2008. Furthermore, IR to submillimeter follow-up of HOPS
383 through 2010 shows no notable signs of decline in
luminosity (Safron et al. 2015). Given the duration of the
outburst and the lack of decrease in luminosity, it is consistent
with the characteristics of FU Orionis-type outbursts, indicating
that such outbursts are possible in the Class 0 phase.

Following the outburst, Galvan-Madrid et al. (2015)
searched the Karl G. Jansky Very Large Array (VLA) archive
for radio observations of HOPS 383 and were able to find only
mild variations of flux from 1998-2014, suggesting that
accretion and ejection enhancement do not follow each other,
at least not within short periods of time. Comparing 850 ym
James Clerk Maxwell Telescope JCMT) Gould Belt Survey
data with JCMT Transient Survey data obtained between 2012
and 2017, respectively, Mairs et al. (2017) suggested that
HOPS 383 could be a “possible” variable candidate with a
brightness decrease of 2.66% + 0.64% yr~'. More recently,
Grosso et al. (2020) suggested that the outburst of HOPS 383
peaked in 2008 and ended by 2017 September based on 4.6 um
observations of HOPS 383 with Wide-field Infrared Survey
Explorer and Near-Earth Object Wide-field Infrared Survey
Explorer Reactivation between 2010 and 2019. On the other
hand, most of the flux density at 4.6 um is scattered light from
the central protostar and disk, and can be affected by other
factors than changes in the internal luminosity of the protostar.

The accretion burst in HOPS 383 provides a rare opportunity
to observe the physical and chemical effects of an accretion
burst on a protostellar envelope. Since the infalling envelopes
are very dense in this phase, the continuum and molecular line
emission of Class O objects are entangled with that of the disk
(Tobin et al. 2018). Thus, the properties of Class 0 disks such
as their mass, radii, and temperature have not been determined
for a broad sample. It is unclear if processes such as
gravitational instability play an important factor at such a
young stellar age. Constraining the cause, effects, and
timescales of the outbursts would give us some predictive
power to find other disks that might be capable of generating
outbursts, or based on the chemical signatures around the
protostar, predict if a system may have undergone outburst in
the past.

In this paper, we report the molecular line observations of
2co, "co, C'™0, N,H", HCO™, and H"®CO™ from the
Submillimeter Array (SMA) in multiple configurations. We
also present the continuum imaging from the Atacama Large
Millimeter/submillimeter Array (ALMA) and the VLA and use
these continuum observations to create a model of the disk and
the envelope. The observations and the data reduction are
described in Section 2. The empirical results from the
observations and the radio spectrum are presented in
Section 3. We detail the radiative transfer modeling of ALMA
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and VLA visibilities in Section 4. The implications of our
results are discussed in Section 5 and the conclusions are
presented in Section 6.

2. Observations and Data Reduction
2.1. SMA

We used the SMA located on Maunakea, Hawaii, in the
subcompact and the extended configuration to observe HOPS
383. The subcompact configuration was sensitive to the larger-
scale emission at a resolution of 4”-7" (~1700-3000 au).
Combining with extended configuration data provided an
angular resolution of ~1” (420 au).

2.1.1. Subcompact Observations

The subcompact observations were conducted on 2015
October 27 using six antennas and on 2015 November 4 using
eight antennas for a total time on source of 4.7, 3.6, and 7.5 hr
for wavelengths of 850, 1.1, and 1.3 mm, respectively. The
flux, bandpass, and complex gain calibrations were carried out
using Uranus, 3C279, and 0607-085, respectively. We used
three different tunings centered at ~225.5, ~267.5, and at
~351 GHz in the subcompact configuration. The 225.5 and
351 GHz observations were conducted simultaneously in dual-
receiver, 2 GHz mode. This setup covered 12CO, 13CO, c®o
(J=2—1), HCO" (J =4 — 3), and H’CO"(J = 4 — 3).
The 267.5 GHz tuning used a single-receiver, 2 GHz mode to
observe the continuum and N,H' (J =3 —2), HCO"
(J=3—2), and H®CO" (J =3 — 2) lines. Our setup
at 1.3 mm was also intended to observe the H,CO (J =
303 — 203), SiIO (J =5 — 4), and SO (Jy = 5¢ — 4s) lines
but we could not observe these lines due to problems with the
correlator.

2.1.2. Extended Observations

The extended observations were conducted on 2016
November 20 and on 2016 November 27 using eight antennas
for a total time on source of 5.9 and 2.8 hr for wavelengths of
1.1 and 1.3 mm, respectively. For the November 20 observa-
tion, Uranus was used as the flux calibrator and for the
November 27 observation, both Uranus and Callisto were used
as the flux calibrators. Bandpass and complex gain calibrations
for both observations were carried out using 3C279 and 0607-
085, respectively. We used two tunings centered at ~225.5 and
at ~267.5 GHz in the extended configuration. We observed the
same spectral setup as in the subcompact configuration, but
were able to also observe the H,CO (J = 3, — 25), SiO
(J =5 —4), and SO (Jy = 5¢ — 45) lines.

2.1.3. Data Reduction

In both subcompact and extended observations, all lines had
a spectral resolution of 0.25 km s ! except 13CO and H,CO,
which had a spectral resolution of 0.5 km s 'and 12CO, which
had a spectral resolution of 1 km s~ '. Calibration and editing of
the SMA data were performed using the IDL-based Millimeter
Interferometer Reduction (MIR) software package. MIR was
originally developed for the Owens Valley Radio Observatory
and adapted by the SMA group. The estimated uncertainty of
the absolute flux calibration is expected to be about 10%—20%.
The imaging of both the continuum and the spectral line data
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Figure 1. HOPS 383 continuum images at 870 ym (left) and 9 mm (right) observed with ALMA and the VLA, respectively. The ALMA image clearly shows the
source extended orthogonal to the outflow direction, marked by the red and blue arrows. The beam size in each figure is 0.11” x 0.10” and 0.09” x 0.06” at 0.87 and

9 mm, respectively.

were performed using the Multichannel Image Reconstruction,
Image Analysis and Display (MIRIAD); Sault et al. 1995)
software package.

2.2. ALMA

HOPS 383 was observed on 2016 September 6 and 2017
July 19 with ALMA located in the Llano de Chajnantor, Chile
in band 7 (0.87 mm, project code: 2015.1.00041.S) as part of
the VLA /ALMA Nascent Disk and Multiplicity Survey (Tobin
et al. 2020). The total on source time was ~54 s. The baselines
covered ranged from 15-3697 m.

The correlator setup for the 0.87 mm observations consisted
of two of the basebands set to low spectral resolution
1.875 GHz continuum windows of 31.25 MHz channels. These
basebands were centered at 333 and 344 GHz. The third
baseband was centered on '>CO (J=3—2) at 345.8GHz
with a 937.5 MHz spectral window (0.489 km st channels)
and the last baseband was centered on *CO (J = 3 — 2) at
330.6 GHz with a 234.375 MHz (0.24 kms ' channels)
spectral window, although we were unable to detect it. The
bandpass calibrator used during the two 2016 observation was
JO510 + 1800, and J0522-3627 during the 2017 observation.
JO510 + 1800, JO541-0541, and JO750 + 1231 were used as
the absolute flux calibrators for the respective observations and
J0541-0541 was used as the complex gain calibrator for all the
observations. The estimated uncertainty of the absolute flux
calibration is expected to be about 10%.

To account for the variation of the quasar J05104-1800 used
for flux calibration, the data were reduced manually by the
Dutch Allegro ARC Node. All further processing was done
using Common Astronomy Software Applications (CASA)
version 4.7.2 (McMullin et al. 2007). The spectral line data
were continuum subtracted using the task uvcontsub, fitting the
continuum to the line free channels in each spectral window.
The data were imaged using the task clean with a velocity
resolution of 1 km s~} for '2CO, and 0.5 km s~! for '*CO. The
signal-to-noise ratio of the continuum images was improved by

performing self-calibration on the continuum and also by
applying these solutions to the spectral line data. The final
continuum image was produced using Briggs weighting with a
robust parameter of 0.5, providing a balance between
sensitivity and resolution. This resulted in a synthesized beam
of 0.11” x 0.10” and rms noise of 0.28 mJy beam .

2.3. VLA

HOPS 383 was observed with the VLA located in the plains
of San Agustin, New Mexico, USA, in the lower resolution
(~0.7") C-array on 2016 February 16 and in higher resolution
(~0.065") A-array on 2016 November 16. During each
observation, 26 antennas were operating and the entire
observation lasted 2.5 hr. The observations were conducted
with the Ka-band receivers and three-bit correlator mode with
one 4 GHz baseband centered at 36.9 GHz (8.1 mm) and the
second 4 GHz baseband was centered at 29 GHz (1.05 cm).
We used 3C48 (JO137 + 3309), 3C84 (JO319 + 4130), and
J0541-0541 as the absolute flux, bandpass, and complex gain
calibrators, respectively. The estimated uncertainty of the
absolute flux calibration is expected to be about 10% for the
VLA observations. To reduce the effect of rapid atmospheric
phase variations in high-frequency observations, the observa-
tions were made in fast-switching mode (2.65 minute cycle
times) and the total time on source was ~64 minutes.

The data were reduced using the scripted version of the VLA
pipeline in CASA 4.4.0. The continuum was imaged using the
clean task in CASA 4.5.1 using natural weighting, multi-
frequency synthesis with nterms=2 across both basebands. The
final image has an rms noise of 7.16 uJy beam ' and a
synthesized beam of 0.08” x 0.07"” (32 x 28 au).

3. Results

3.1. Continuum

We show the continuum images of HOPS 383 obtained from
ALMA at 870 ym and the VLA at 9 mm in Figure 1. The
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Figure 2. HOPS 383 12CO (J = 3 — 2) redshifted and blueshifted integrated intensity map tracing the outflow from the SMA 850 pm observations overlaid on the
Spitzer-IRAC 4.5 (Jm image (left). The velocity ranges are 0.0 — 10.0km s~ ' and 13.0 — 15.0 km s~ for the respective blueshifted and redshifted emission. The
right panel shows 2CO (J = 3 — 2) emission observed with ALMA. The blueshifted contours start at 5o with steps of 20 with o ~ 0.15 Jy beam ™~ '. The redshifted
contours start at 40 with steps of 1o with & ~ 0.045 Jy beam™'. The black arrows show the possible knots that appear on both the SMA and the ALMA observations

images show a very strong detection at these wavelengths, with
the ALMA images showing that the dust continuum emission
from HOPS 383 is resolved with its major axis oriented
perpendicular to the outflow direction (Figure 2). Thus, the
resolved emission orthogonal to the outflow is consistent with
the continuum emission tracing a resolved protostellar disk.
The VLA image is more compact but is marginally resolved
and has consistent position angle (PA) with the ALMA image.
We observe a decrease in flux at the longest baselines from the
VLA visibility profile (see Section 4), indicating that we have
resolved the continuum and peak intensity is less than the
integrated flux density.

The disk radius is estimated to be ~62 au from Gaussian
fitting of the ALMA 870 pum continuum enables. This radius
was originally reported by Tobin et al. (2020) using the 20 of
the Gaussian distribution radius derived from a single
component Gaussian fit. The deconvolved FWHM source size
is 0.18” x 0.12" and a PA of 49.7°; FWHM =~ 2.3550. The
deconvolved size also enables us to estimate the inclination of
HOPS 383 to be ~48° calculated from arccos(Omin/Omaj)-

The integrated flux density of HOPS 383 at 870 um
is 157.8 &+ 3.2mJy with peak intensity value of 47 &
0.7 mJy beam . Likewise, the integrated flux density for the
8 mm wavelength data from the VLA is 411 £ 17 pJy with
peak intensity value of 290 4 7 uJy beam™'. We also calcu-
lated the integrated flux density of HOPS 383 obtained from
the SMA. In the subcompact configuration, we obtained
integrated flux density of 323.46 + 12.7, 147.74 4+ 12.2, and
136.63 + 6.7mlJy at 0.85, 1.1, and 1.3 mm, respectively.
Likewise, in the extended configuration, we obtained integrated
flux density of 128.81 4 5.65 mJy and 75.72 £ 3.7 mly at 1.1
and 1.3 mm, respectively. The SMA continuum is not as well
resolved as the ALMA and the VLA. However, the lower flux
density of SMA extended configuration versus subcompact
configuration indicates that the subcompact SMA fluxes
contain a contribution from the envelope that is partially
resolved out in the extended configuration data. The integrated
flux densities from the SMA, ALMA, and the VLA observa-
tions are listed in Table 1.

3.2. Line Results

The spectral setups of the SMA cover the N,H", N,D™,
HCO™, and H'*CO™ molecular lines, which were the key lines
of interest. We show the integrated intensity (moment zero)
maps from the combined subcompact and extended configura-
tion in Figure 3, overlaid on the 1.3 mm SMA continuum for
these molecular lines. The peak signal-to-noise ratio of these
transitions is ~5-7¢ in 0.25km s~ ' channels. These molecules
serve as complementary tracers that allow us to test the
predictions of chemical models for outbursting systems by
Visser et al. (2015).

N,H" and N,D™ trace the cold dense regions (n ~10° cm >,
T < 20 K) around the protostar and its envelope where CO is
mostly frozen out (e.g., Jorgensen 2004a; Bergin &
Tafalla 2007; Visser & Bergin 2012). We see N,H" appearing
marginally double peaked about ~250 au (north), and ~500 au
(south) straddling the protostar position as shown in Figure 3.
HCO™ mainly forms when CO reacts with H and also as a by-
product of gas-phase CO reacting with N,H™ (Jgrgensen et al.
2004b). HCO™ should be present with a higher concentration
inside R ~500 au where the increase in luminosity converts the
frozen out CO to a gas phase, converting NoH™ to HCO™. In
Figure 3, we can see that HCO™ is peaked near the protostar
position, corresponding to the warmer regions where we
observe the decrease in N,H'. We also detect N,D" and
H'>CO™ as shown in Figure 3 around HOPS 383 with similar
spatial distributions to N,H" and HCO™, respectively. The
surface brightness of N,D* does not peak as strongly as that of
N,H™, somewhat resembling the structures observed in N,H ™"
and N,D* toward the Class 0 L1157-mm (Tobin et al. 2013).

The SMA spectral setup also clearly detects the molecular
outflow in '2CO (J = 3 — 2). The integrated intensity maps of
the blueshifted and redshifted outflow from HOPS 383 are
shown in Figure 2. Based on the orientation of the outflow, we
determine the PA to be about 137.5°. Feddersen et al. (2020)
found the PA of HOPS 383 to be 128° £ 0.5° based on
observations from the Combined Array for Research in
Millimeter-wave Astronomy-Nobeyama Radio Observatory
(CARMA-NRO) Orion survey However, their observations
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Table 1
Integrated Flux Density of HOPS 383 Obtained from Various Submillimeter to Millimeter Wavelength

Wavelength Flux Density Peak Intensity rms Instrument Configuration Beam Size
(mm) (mJy) (mJy bm™") (mly) Q)

0.85 323.46 £+ 12.7 237.36 5.44 SMA Subcompact 2.92" x 2.78"
0.87 15775 £ 3.2 47.11 0.72 ALMA 0.11”7 x 0.10"
1.1 147.74 £ 12.2 76.73 34 SMA Subcompact 6.07" x 2.93"
1.1 172.47 £ 89 131.72 3.93 SMA Subcompact w SWARM* 5.94" x 2.81”
1.1 128.81 £ 5.65 107.17 2.75 SMA Extended 1.18” x 0.92"
1.3 136.63 £ 6.7 90.81 2.70 SMA Subcompact 3.77" x 3.67"
1.3 75.72 £ 3.7 68.88 2.0 SMA Extended 1.46" x 1.06”
8.1 0.500 £ 0.027 0.338 0.106 VLA AC combined 0.07" x 0.06”
10.3 0.351 £ 0.024 0.238 0.094 VLA AC combined 0.10" x 0.07”
9 0.411 £ 0.017 0.290 0.070 VLA AC combined 0.09” x 0.06”

Notes. The uncertainties on the flux densities are statistical only and do not include ~10% absolute flux calibration uncertainty.

% SMA Wideband Astronomical ROACH2 Machine.

had lower resolutions compared to ours. Hence, the small
difference is reasonable.

We also detected the C'®0 (J= 2 — 1) and H,CO
(J = 303 — 203) emission in our spectral setup. Figure 4
shows the integrated intensity map of the blueshifted and
redshifted emission from the combined extended and sub-
compact configuration for the C'8O and the subcompact
configuration for the H,CO overlaid on the 1.3 mm SMA
continuum. Jgrgensen et al. (2015) found that an accretion
burst increases the sublimation radius of CO around the
protostar. However, our C'®0 data cube is contaminated by a
foreground cloud that is also emitting at a similar velocity
range, which mostly affected the blueshifted emission. There-
fore, the C'®0 emission must be used with caution. Compared
with Figure 2, unlike '2CO, C'®0 is not significantly affected
by the outflow from HOPS 383. This is mainly because C'®0 is
mostly optically thin and highly sensitive to the inner 1000 au
radii near where CO is evaporated from the dust grains
(Jgrgensen et al. 2015). H,CO is peaked near the protostar from
a smaller radius than that of CO showing that it requires a
warmer temperature to sublimate. Experiments by Noble et al.
(2012) and Fedoseev et al. (2015) found binding energy of
H,CO ~3300 K giving a freeze-out temperature of ~70 K.

3.2.1. Knotty Structures in the >CO Outflow

Both the low- and high-resolution outflow maps of HOPS
383 show some evidence of clumpy '*CO emission. We denote
these structures with black arrows in Figure 2. Such clumpy
emission or knots may be related to time-variable accretion
onto the protostar (Reipurth & Aspin 1997; Plunkett et al.
2015). Hence, the observation of knots in the outflow may help
us constrain the number and timescale of previous accretion
bursts (Hsieh et al. 2016). Plunkett et al. (2015) observed many
knots in the outflow from the Class 0 protostar CARMA 7,
having dynamical timescales of ~100-6000 yr. Vorobyov et al.
(2018) compared the dynamical timescales of the outflow knots
to the accretion burst timescales from their numerical
hydrodynamical simulations, finding evidence for accretion
bursts in gravitationally unstable disks happening on similar
timescales to outflow knot ejections. From the number of bursts
detected in Orion, Fischer et al. (2019) inferred a burst rate of
1 per 1000 year for a protostar.

Since the observations used in this paper are only about 10 yr
after the burst, any knots produced from the burst have not had

enough time to be resolved with the resolution of the
observation. The knot closest to the protostar is about 1.35”
away. We can roughly calculate the dynamic timescale of the
closest knot using the spectral cube from ALMA and the
formula 74y, = D/Vhow(cos i/sini) (Plunkett et al. 2015).
Here, D is the distance between the knot and the protostar,
Viow 15 the line-of-sight velocity of the knot, and i is the
inclination of the outflow to the line of sight. We get
Tayn A 215yr, with Vje, ~ 10km s~ ! for the inclination
derived at Section 3.1. Thus, the most recent clump in the
outflow was ejected too long ago to be associated with the most
recent accretion burst. However, if there is a one-to-one
relationship between accretion bursts and outflow knots, there
could have been past outbursts in HOPS 383.

We can also roughly estimate when the other knots in the
SMA plots were ejected. Assuming the knots travel at a
constant speed after being ejected, they are traveling at a speed
of ~1” every 160 yr. The knots on the SMA are roughly 9”
apart from one another, which translates to roughly 1400 yr
between the knots. This aligns well with the rate of bursts
inferred by Fischer et al. (2019).

3.3. Millimeter to Centimeter Spectrum

Using the data from ALMA and the VLA, we extend the
radio spectrum of HOPS 383 from millimeter to centimeter
wavelengths. Figure 5 shows the spectrum of the protostar at
the millimeter wavelengths along with a few centimeter
wavelengths data from the VLA archive reported by Galvan-
Madrid et al. (2015). From the archival data, we averaged the
2014 data and discarded the upper limits (see Table 1, Galvan-
Madrid et al. 2015). HOPS 383 is not at the phase center of
these archival data but lies within the field of view.

Figure 5 shows that the spectrum at millimeter wavelength
has a steeply declining slope with respect to wavelength
indicative of the emission being dominated by dust emission
while centimeter wavelengths have a flat slope indicative of the
emission being dominated by free—free emission. The 8§ mm to
1 cm data falls in the transition from dust to free—free emission.
We use the curve_fit function from Python’s SciPy library to fit
the free—free emission power law to the longer wavelength data
and subtract the extrapolated contribution from the free—free
emission to the flux densities on the 8 mm to 1cm data.
We then fit another power law for the dust emission from
0.87 mm to 1cm. The free—free contribution to the 8 mm,
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Figure 3. Integrated intensity images from the combined compact and extended SMA observations of N,H" (J/ = 3 — 2), N,D (J = 3 — 2) (up), HCO*
(J =3 — 2)and H3CO" (J = 3 — 2) (down) overlaid on the continuum obtained from the combined compact and extended 1.3 mm SMA data. The contours start
at 40 with steps of 20 for N;HT, HCO™, and H>CO™ with o & 0.34, 0.15, and 0.095 Jy beam ™', respectively and start at 3¢ with steps of 1o for N,D with
o~ 0.078 Jy beam™~'. The velocity ranges are 11.5 — 14.5kms™', 12.75 — 13.5kms ', 12.75 — 145kms™', and 12.5 — 14.0kms~' for N,H', N,DT,
HCO™, and H"*CO™, respectively. The white cross represents the peak flux of the continuum used in the background. The beam size is 4.3” x 2.5” for N,H",
3.5" x 3.0" for N,DT, 2.0” x 1.4" for HCO™T, and 4.1” x 1.9" for H>*CO™. The background continuum beam size is 1.5” x 1.2” and is shown on the top left of the

N,H" image.

9 mm, and 1cm data is found to be ~0.232 mlJy, ~0.234 mly,
and ~0.237 mly, respectively. From the spectrum, we get the
power law as Fy guse = (0.17 £ 0.08) X 285+095 mJy and F, ¢ =
(0.24 & 0.09)(A/10.0mm)*P*0-27 m]Jy,

3.4. Disk Mass

The resolved dust continuum emission from the VLA and
ALMA can be used to estimate the mass of the total disk
structure surrounding HOPS 383. Assuming isothermal dust
emission, well-mixed gas and dust, and optically thin emission,
the disk mass is given by

D?F,

Md S —Y
S kB (Taust)

ey

where D is the distance to the HOPS 383 (~400 pc), Tyuy is the
dust temperature, Fy is the flux density observed at \, « is the dust
opacity, and B, is the Planck function at the wavelength, \. We
take Ky 3mm = 0.899 cm? gfl for thin ice mantles from dust
opacity models of Ossenkopf & Henning (1994) and scale the
opacities to the wavelength of ALMA and VLA using the equation

1.3 mm )3
A b

where [ is the dust opacity spectral index. For a typical
protostar with low luminosity (~1-3 L), Tqus 1S assumed to be
constant at 30 K, compatible with protostar disk estimates on
~100 au scales (Whitney et al. 2003). We can thus scale the
average Ty, for HOPS 383 using (L/LQ)O'25 , as expected from

@)

KA = K13mm X (
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Figure 4. HOPS 383 redshifted and blueshifted integrated intensity map tracing the emission from C'®0 (left) and H,CO (right) from the SMA observations overlaid
on the continuum obtained from the combined compact and extended 1.3 mm SMA data. The C'®0 contours start at 4o with steps of 20 with o ~ 0.06 Jy beam ™' and
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o ~ 0.03 Jy beam ' for the redshifted and blueshifted emission, respectively. The velocity ranges are 12.5 — 14.0km s~ ' and 12.75 — 14.0 kms ' for C'"%0 and
H,CO, respectively. The white cross represents the peak flux of the continuum used in the background. The beam size is 2.2 x 1.9” for C'*0 and 4.2” x 3.5" for
H,CO. The background continuum beam size is 1.5” x 1.2”, the same as shown in Figure 3.
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Figure 5. The observed millimeter to centimeter spectrum of HOPS 383. The
black circles are the data from the ALMA and the VLA used in this work. The
black triangles are data taken from the VLA archive as shown in Table 1 of
Galvan-Madrid et al. (2015). We exclude the points with only upper limits and
flux data before the outburst. We also only include the average of all the flux
data for the 10 GHz archival data. The green stars represent the VLA fluxes
used in this work with the extrapolated free—free emission subtracted.

thermal equilibrium. This gives us an average temperature of
~50 K for Ly, = 7.8 L, which we use as a high temperature
estimate for HOPS 383. Assuming canonical Interstellar
Medium (ISM) dust-to-gas mass ratio of 1:100 (Bohlin et al.
1978), we multiply the resulting dust mass by 100 to get the
total disk mass.

The continuum flux density from ALMA at 870 um has
a flux density of 158 + 3.2 mJy. Assuming § ~ 1.78, which
is appropriate of young, embedded cores, we obtain disk mass
of 0.082and 0.043 M, for T4,y = 30 K and Ty, = 50 K,

respectively. The dust emission may not be optically thin at
0.87 mm for all radii, thus, the disk masses are likely lower
limits for their respective temperatures. Based on the study of
328 protostars in Orion, Tobin et al. (2020) found that the mean
disk mass of Class 0 protostars was 0.0078 M. HOPS 383
appears to be more massive than the mean Class 0 disk based
on ALMA derived flux density.

The continuum flux density from the VLA at 9 mm has a
flux density of 411 + 1.7 pJy. Assuming (5 ~ 1 here, which
yields more consistent results between 1.3 mm and 1cm
(Tobin et al. 2016; Tychoniec et al. 2018), we obtain total disk
mass of 0.25 M, and 0.15 M, for Ty, = 30 K and Ty =
50 K, respectively. Subtracting the contribution of the free—free
emission at 9 mm (0.234 mJy), we get a total disk mass of
0.11 M. and 0.063 M, for Tyqus = 30 K and Ty = 50 K,
respectively. Compared with the results from Tobin et al.
(2020), we again find that the HOPS 383 is more massive
compared to the average mass of Class O disks. The dust
emission at 9 mm is likely more optically thin than the
dust emission at 870 um, which is why it is tracing higher dust
mass. This may explain why we measure larger masses at
9 mm, assuming that our adopted dust opacities at both
wavelengths are correct.

4. Continuum Modeling

To understand the cause of the outburst and study the
features of HOPS 383 in detail, we use Monte Carlo radiative
transfer modeling to create synthetic models of the protostellar
systems that match the visibilities from the VLA and/or
ALMA and the spectral energy distribution (SED) of HOPS
383. We followed the modeling procedure of Sheehan & Eisner
(2014) and Sheehan & Eisner (2017). The models have a
protostar at the center, surrounded by a circumstellar disk and
an envelope with an outflow cavity. The different components
and the free parameters of the models, along with a brief
outline of the modeling technique are described below.
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4.1. Protostar

Our models include a central protostar with a temperature of
4000 K, representative of a general low mass star in the pre-
main-sequence phase. Since the T.¢ of Class 0 YSOs such as
HOPS 383 have not been classified, this is a reasonable
estimate to use for the models as nearly all emission in its SED
is reprocessed; a small fraction of stellar light might be
observed as scattered light in the outflow cavity. The
luminosity, L., which includes stellar luminosity and accretion
luminosity, is left as a free parameter in all our models.

4.2. Protostellar Disk

The protostellar disk model uses the standard density profile
of a flared exponentially tapered accretion disk (e.g., Lynden-
Bell & Pringle 1974),

o) o bl ) o
P =\ 7 s Pl % .
ol
h(R) = ho(i) . @)
1 au

Here, R and z are the usual variables in cylindrical coordinates.
po is the density of the midplane at a radius of Ry = 1 au.
Similarly, A(R) is the disk scale height, and & is the scale
height at 1 au. We truncate the inner disk at a specific inner
radius, R;,, which is left as a free parameter.

We define the disk surface density profile as

RY" RT
E‘E°(R—o) "(H ] )

Here, ~ is the surface density power-law exponent given by
v=a — (B, and [ is scale height power law. For the outer
radius of the disk, Ry, we run both models with Rgg
truncated at a specific outer radius and with Ry; exponentially
tapered. In exponentially tapered models, Rg;s signifies where
the exponential taper starts. We model two different types of
disks as it is unclear which type of disk better reflects the
underlying protostellar disk structure. Similarly, in the models
we treat the disk mass, Mg, ho, 7, and (§ as free parameters
as well.

4.3. Envelope

A Class 0 protostar such as HOPS 383 is embedded in an
envelope extending beyond the protostellar disk. We model the
envelope using the solution for the density profile of a rotating
collapsing envelope found by Ulrich (1976),

1

. - -1

M : R.

p= 71(1 + i] (i + 2#3—] . (6)
4 (GMy,3)> Ho Ho r

Here M, is the mass of the protostar only used for setting
density structure and is not constrained by fitting, M is the
mass infall rate from envelope to disk and R.. is the centrifugal
radius inside which the envelope material can be rotationally
supported (Ulrich 1976; Terebey et al. 1984). In our model
R. = Rgisx, 1+ = cos 0, and r and 6 are the usual variables in
spherical coordinates. pig = cos 6y is the initial angle of the
infalling material (Ulrich 1976). The envelope in our models is

Sharma et al.

truncated at the same inner radius, R;,, as the disk and an outer
radius, R.,,. The envelope mass M., and R.,, are left as free
parameters.

Our envelope models have an outflow cavity, whose location
is determined by

z> 1lau + ré, @)

where r is in the midplane (Eisner 2012). Inside the outflow
cavity, the envelope density is reduced by the scaling factor for
the density, f.,,. Likewise, ¢ is related to the outflow cavity
opening angle as

opening angle = 2tan~! (R{/*™") ®)

and is left as a free parameter in all our models along with f.,,.
We also leave the viewing angle parameters, inclination of the
system (i) and PA as free parameters in our models.

4.4. Dust

Our disk models use the dust opacities from Woitke et al.
(2016). The dust grain models consist of 60% silicate, 15%
amorphous carbon, and 25% porosity. Our models follow a
power-law grain size distribution with n o< a ” withp = 2.5 to
4.5, based on p = 3.5 given by Mathis et al. (1977), where a is
the dust grain size. The minimum grain size is assumed to be
0.005 pm for all opacities. We use maximum dust grain size of
1 um for the dust in the envelope. However, in the disk, the
maximum size of the dust is left as a free parameter.

4.5. Radiative Transfer Code

We use RADMC-3D (Dullemond 2012) for the continuum
modeling and to calculate the temperature throughout the
density structure of the disk and envelope. The results are then
used to produce synthetic observations of HOPS 383 that are
simultaneously fit to either the 0.87 mm visibilities or both the
0.87 and 8 mm visibilities plus the SED using Markov Chain
Monte Carlo (MCMC) fitting with the emcee code (Foreman-
Mackey et al. 2013). Once we have the temperature and the
density, synthetic SEDs and millimeter images are produced
using ray tracing in RADMC-3D. Synthetic visibilities are then
created by Fourier-transforming the synthetic millimeter
images.

The MCMC walkers use Bayesian statistics to move through
parameter space and reach a steady state to provide estimates
on the best-fit value for each of the free parameters. They aim
to maximize the model likelihood, or equivalently, minimize
the x* of the model in log-space. We use the weighted sum of
the X2 values of visibilities and the SED,

X2 = insX%is + WSEngED, )

where w is the weight of each data set. Our fits use w,;; = 0.5
and wggp = 1 for both the ALMA-only and the ALMA+VLA
models, which we empirically determined to fit both data sets
simultaneously. The walkers converge toward the regions of
parameter space, which fit the data well. The best-fit value is
considered as the median position of the walkers once it has
reached a steady state and the parameter changes only
marginally over a large number of steps, i.e., the best-fit
values of the parameters remain more or less constant for
~150-200 steps. The 1o value around the median containing
~68% of the walkers is considered as the uncertainty on the
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Table 2
Best-fit Model Parameters for HOPS 383
Parameter (unit) Description ALMA ALMA+VLA
Truncated Tapered Truncated Tapered
8 Disk scale height exponent 0.907997 0.617542 0.77°9% 0.8070%4
foav Outflow cavity scaling factor 0.13+993 0.0979%3 015993 0.16°3:5¢
v Surface density exponent 0.65%048 —0.09 544 1967393 0.615004
ho(au) Scale height at 1 au 0.049% 0.05+92 0.09700] 0.0519%
i®) Inclination 51.1793 51.5%0% 50.9709 511792
£ Cavity shape power-law exponent 1217393 1.227°9% 0.83+:43 1.1050:03
Li(Ls) Stellar luminosity 50703 49703 4757 3.9007
Mg (M) Disk mass 0.02670004 0.020%35%; 0.330109% 0.214+0011
Meny (M) Envelope mass 0.38070328 1.1117045% 0.320*0:98¢ 0.091+9917
Raisk (au) Disk radius 64.96+138 38.3371% 57.6710%2 19.03+5:29
Reny (au) Envelope radius 5857.1612343%0 12543.301320:72 2687.7113294 242351737833
Ry, (au) Disk inner radius 1617038 1.047933 0.955011 1055098
Gmax () Maximum grain size in disk 11165779938 1907.35+843:68 313.65+8948 495.65133:2
p Grain size distribution exponent 4347998 3.817942 3.59+011 3.81799
PA () Position angle 49551044 49431032 49.917033 49351077
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Figure 6. Best-fit model to HOPS 383 at 870 um using the truncated disk. The left panel shows the circularly averaged visibility amplitudes of the data (black dots)
compared to the model (green line) for ALMA (top) and the VLA (bottom). The middle panel shows the data with the contours of the best-fitting model overlaid. The
right panel shows the model of the SED (green line) overlaid on the SED data from the literature.

parameters. The walkers that are lost, meaning that they are
outside the primary distribution of walkers, are “trimmed” and
not considered when determining parameter uncertainties.

4.6. Model Fitting

In this paper, we fit models to the visibilities from ALMA,
and combined visibility data from ALMA and the VLA to find
the best-fitting models of the continuum from HOPS 383. We
do not include the visibility data from the SMA due to their
lower signal-to-noise. The emcee code uses parallelization to
spread the model calculations to a large number of cores,
significantly speeding up the computation of the models.

4.7. Model Results

Our continuum dust models simultaneously reproduce the
visibilities and the broadband SED for HOPS 383. We list the
best-fitting parameter values for our disk models of HOPS 383
in Table 2, and show the different models compared with the
data in Figures 6-9. It is important to note that the models only
directly constrain the dust masses in the disk and envelope.
Thus the actual values constrained by the models are dust-only.
In Table 2, however, we list the total mass using the canonical

gas-to-dust ratio of 100. While we model the envelopes, their
properties are expected to be poorly constrained due to the lack
of short baseline data. Envelope mass and radii are expected to
be highly uncertain. We discuss the results of our models
below.

4.7.1. HOPS 383 ALMA Model

Although the envelope masses (0.38 and 1.1 M) and radii
(5700 and 12,000 au) differ between the truncated and tapered
model, the radii, and therefore the masses, are not well
constrained and they are within the 1o uncertainties. Both
models have a protostellar disk mass of ~0.02 M. and
independently find the same inclination (i ~ 51°) and PA
(PA =~ 49°). The model inclinations are also in good agreement
with the estimate made from the deconvolved source size in
Section 3.1. The tapered model has a smaller Ry than the
truncated model, as expected. The truncated disk radius is
similar to the disk radius we measured in Section 3.1. In both
cases, the source is surrounded by a compact disk which is
embedded within a large envelope which is more massive than
the disk.
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Figure 7. Best-fit model to HOPS 383 at 870 pum using the tapered disk. The left panel shows the circularly averaged visibility amplitudes of the data (black dots)
compared to the model (green line) for ALMA (top) and the VLA (bottom). The middle panel shows the data with the contours of the best-fitting model overlaid. The
right panel shows the model of the SED (green line) overlaid on the SED data from the literature.

The Iuminosities of both models are very similar with
L ~ 5L.. The previous model of HOPS 383 by Safron et al.
(2015) wusing Spitzer, Herschel, and Atacama Pathfinder
EXperiment (APEX) photometry found luminosities of 6 L., <
Lyo1 < 14 L, and inclination of 41° < i < 63°. Also, Furlan
et al. (2016) found Ly of 7.8 L. Our models have a consistent
inclination but slightly lower luminosities. We believe that the
SED fits we obtained from the models are not as optimal,
underestimating the 100 and 160 um region, which results in a
overall lower luminosity compared to the luminosities obtained
by Safron et al. (2015) and Furlan et al. (2016).

4.7.2. HOPS 383 ALMA+VLA Model

The ALMA+VLA model results found massive disks of
M ~ 0.33M. and M ~ 0.21M, for the truncated and the
tapered cases, respectively. However, the disk radius of the
truncated model is about three times larger than the tapered
model, similar to the ALMA-only case. The truncated disk
model has a very similar envelope mass compared to the
ALMA-only models with M,, = 0.32 M.. However, the
tapered disk model has a very low envelope mass of 0.09 M.
Both have smaller envelope radii (~2500 au) than the ALMA
models, which is partially responsible for the low envelope
masses. The truncated disk radius is similar to the disk radius
we measured in Section 3.1. The luminosities are also fairly
low with ~4.0 L, for both models. The source appears to be
less embedded than the ALMA-only models with the disk more
massive than the envelope. Similar to the ALMA models, our
ALMA+VLA models also have lower luminosities compared
to those of Safron et al. (2015) and Furlan et al. (2016). The
models do not fit short baselines as well as the ALMA-only
models and the fit to the far-IR and submillimeter SED is less
optimal than the ALMA-only models.

Our models are not able to fully reproduce the visibilities
from the VLA, without sacrificing the fit for the SED. This can
be seen in the best-fit model of the VLA in Figures 8 and 9,
where the SED fit appears worse visually. The fitting to the
visibility data from the VLA also does not account for a
contribution from the free—free emission that was calculated in
Section 3.3. This mostly affects the fit to the baselines longer
than 1000 kA since dust dominates on larger scales. This is
probably why there is a small excess of emission in the longer
baselines, and the points do not go to zero like the ALMA
visibilities (Figures 8 and 9). This excess could also in part

10

explain why the VLA models arrive at such higher disk masses.
Model results will be further discussed in Section 5.

5. Discussion
5.1. HCO" and N,H"

The chemical effects of accretion bursts result from the
change in temperature of the circumstellar gas and dust. In the
low temperature environment, 7 < 20 K, CO is frozen out on
the dust grains and N,H™ is abundant in the cold regions where
CO is frozen out. However, as the dust temperature increases to
T 2 20 K due to the accretion burst, CO begins to sublimate
off the dust grains. The CO evaporation rate is exponentially
proportional to the temperature of the dust grains. Hence, the
evaporation is effectively instantaneous. Consequently, NoH™"
gets destroyed by proton exchange with the evaporating CO
molecules forming HCO™. This brings about a significant
change on the radial abundance of these molecular species
before and during bursts (Visser & Bergin 2012; Visser et al.
2015).

This effect can be seen in Figure 3. At the central region near
the protostar, where the temperature increase is the highest, we
see that HCO™ is peaked whereas NoH" is reduced. Instead,
N,H" is double peaked surrounding the protostar position.
Such depression in N,H" near the protostar is seen in non-
bursting protostars of luminosity greater than 1 L, as well (e.g.,
Jgrgensen 2004a; Matthews et al. 2006; Tobin et al. 2011;
Hsieh et al. 2019). However, the pre-outburst luminosity of
HOPS 383 is estimated to be around 0.2-0.5 L., which might
not have heated the envelope to a level where the CO could
sublimate out to such a large radius. We test this by looking at
the radial temperature profiles of the models in Figure 10. We
see that currently, the ALMA-only and the ALMA-+VLA
models have 25 K temperature limit at ~550 au radius and
~250-400 au radius, respectively. These values are in agree-
ment with the region where N,H™ is depressed in Figure 3.
Before the outburst, the models have the 25 K temperature limit
at a radius around 50-100au, which suggests that the
depression in NoH™ would be closer to the protostar than it
is currently situated.

Another possible alternative is that if the outflow knots
discussed in Section 3.2.1 does in fact represent a previous
burst about 215 yr ago, the observed structure of N,H™ could
be a chemical feature that may represent the cumulative effect
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Figure 8. Best-fit model to HOPS 383 at 870 pum (top) and 8 mm (bottom) using the truncated disk. The 870 ym data comes from the ALMA and 8 mm comes from
the VLA. The left panels show the circularly averaged visibility amplitudes of the data (black dots) compared to the model (green line). The middle panels show the
data for ALMA (top) and the VLA (bottom) with the contours of the best-fitting model overlaid. The right panel shows the model of the SED (green line) overlaid on

the SED data from the literature.

of multiple outbursts, rather than the latest one. It may not have
been long enough since the last outburst for the changes in
N,H" to propagate to where we can resolve it in our
observations. Nevertheless, in both cases, these observations
are in good agreement with the models of Visser & Bergin
(2012). However, it is important to note that while the models
of Visser & Bergin (2012) suggest that N,H™ should only be
present outside R ~ 500 au, outside the region with abundant
HCO', we do see spatial overlap between the HCO" and
N,H" emission. This is due to the longer destruction timescale
of N,H" compared to the instantaneous CO evaporation. The
molecular destruction of N,H' takes roughly 50-100 yr.
Hence, there simply has not been enough time for the
destruction of N,H™" in this region since the outburst in ~2006.

Once the accretion burst is over and the protostar enters its
quiescent phase, the temperature on the grains begins to drop.
The evaporated CO eventually does freeze out onto the dust
grains. However, the freeze-out rate is significantly slower than
the evaporation rate. The CO freeze-out rate, given by the

equation,
6 ~rn—3
=1 % 10* 10 K 10° cm ’
T, n(Hy)

depends on the collision rate between molecules and the grains
(Charnley et al. 2001). This means that for a H, density of
10° cm ™ and gas temperature of 10 K, the freeze-out timescale
of CO is 10* yr, longer than the ~1000 yr interval between
bursts inferred by Fischer et al. (2019). Thus, even after
protostar enters its quiescent phase, the effects of the outburst
are apparent for quite some time, explaining the extent of C'*0

(10)
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emission in the envelopes around protostars (Jgrgensen et al.
2015; Frimann et al. 2017). This has the effect that N;H™ could
continue to be destroyed out to larger radii long after the
outburst.

5.2. Long-term Chemical Effects of Accretion Burst

In addition to N,H" and HCO"' mentioned above, the
accretion burst also impacts the chemistry of other molecules.
Various models have created to study the impact of outbursts in
embedded protostars (e.g., Jorgensen et al. 2015; Rab et al.
2017; Molyarova et al. 2018). These models can be used as
guidelines on how different chemical species surrounding
HOPS 383 are expected to evolve. Rab et al. (2017) found that
C'"80 (J = 2 — 1) stays in the gas phase for 10°~10* yr and its
post-burst emission can be fitted by a two Gaussian fit. Since
our C'80 observations using SMA were contaminated, we
refrain from conducting the Gaussian fits of our data. Likewise,
C'80 freezes from the inside-out as the freeze-out timescale of
C'0 is a function of the gas density, creating a gap in the
intensity of C'®0 (Rab et al. 2017). This gap becomes visible
by 1000 yr post-outburst and is visible as an X-shaped emission
pattern for inclined targets such as HOPS 383.

Similarly, Molyarova et al. (2018) studied post-burst
chemical signature on the disk, in the absence of an embedded
envelope. Particularly, they found that formaldehyde (H,CO)
grows by 4-6 orders of magnitude during the outburst and
stays in the gas phase for several decades as it freezes out. We
did observe H,CO centered around the protostar with the SMA,
however, we cannot determine whether the emission is
primarily coming from the disk or inner envelope at the
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Figure 9. Best-fit model to HOPS 383 at 870 pm (top) and 8 mm (bottom) using the tapered disk. The 870 pm data comes from the ALMA and 8 mm comes from the
VLA. The left panels show the circularly averaged visibility amplitudes of the data (black dots) compared to the model (green line). The middle panels show the data
for ALMA (top) and the VLA (bottom) with the contours of the best-fitting model overlaid. The right panel shows the model of the SED (green line) overlaid on the

SED data from the literature.

resolution of our observations. Nevertheless, the effect of an
outburst on H,CO in the inner envelope could be similar to the
disk. Taquet et al. (2016), Molyarova et al. (2018), and Wiebe
et al. (2019) also suggest that observation of organic molecules
such as CH30H and more complex species can be indicative of
multiple outbursts. However, we did not detect any of the
CH;O0H lines that were contained in our spectral windows.
These lines are typically only detected for higher-luminosity
protostars due to the excitation temperatures greater than 100 K
(Tobin et al. 2019).

5.3. Flux Density Derived Toomre Q

The observed flux density from ALMA gives us disk masses
of 0.082-0.043 M., for the adopted Ty, = 30 K-50 K,
respectively. Similarly the VLA masses range 0.1-0.06 M, for
the same temperatures. We focus on the ALMA masses
because the appropriate dust opacity at 9 mm for the VLA
observations is uncertain. With these masses we can calculate
Toomre’s Q parameter to assess the stability of the rotating disk
of HOPS 383 against gravitational collapse. It calculates the
ratio of rotation shear force and thermal pressure to the self-
gravity of the disk,

Y
TGy’

Q 1)
where ¢ is the sound speed, 2 is the differential rotation value
of a Keplerian disk, G is the gravitational constant, and X is the
surface density. The stability of the disk requires Q > 1, and
Q < 1 indicates that the disk is gravitationally unstable and
may be prone to fragmentation.
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We can rewrite this equation (Kratter & Lodato 2016; Tobin
et al. 2016) in the form,

MyH

i

~2
Q MyR

12)

where M, is the mass of the protostar, H = ¢,/Q2, M, is the
mass of the disk and R is the radius of the disk at which the ¢ is
measured. Using a typical protostar mass of 0.5 M, (Kenyon &
Hartmann 1995), we find that Q = 1.67 and 0.87 for My =
0.043M, and 0.082 M., respectively, for the disk masses
obtained from the ALMA flux density. Thus, at current
estimates of Tyqu = 50 K, Q is >1 and the disk is being
stabilized, but prior to the outburst when T, was more likely
~30 K, Q would be lower and closer to instability by a factor
of (50/30)°3, as Q scales by +/T. Furthermore, with the likely
underestimate of disk mass, Q would be lower as well.
Likewise, since the pre-outburst luminosity was not well
constrained, but estimated to be 0.2 L., the disk could have
been even colder. This would lead toward a lower value of Q.
Thus, while we cannot absolutely confirm that the disk is or
was unstable, the disk appears to have sufficient mass to make

gravitational instability a very plausible outburst mechanism
for HOPS 383.

5.4. Discussion of Best-fit Model Parameters

Except for the ALMA tapered disk model, all other models
have positive v, i.e., decreasing surface density with increasing
radius, as expected. The negative v for the ALMA tapered
model can be attributed to the optically thick dust emission at
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Figure 10. Temperature as a function of radius for the different HOPS 383 models. The dashed lines represent the temperature values at the current luminosity derived
from the models and the dashed lines represent the temperatures values prior to the outburst obtained by scaling the temperature by a factor of 4/0.5L, /Ly, where
0.5 L., is taken to be the luminosity of HOPS 383 before the outburst. The dotted horizontal line marks the temperature value of 25 K. Currently the models have 25 K
limit around 250-550 au. Before the outburst, the models have 25 K limit around 50-100 au.

870 pm, which makes it difficult to constrain y very well. The
emission at 8 mm is more optically thin and traces the dust in
the disk more closely than at 8§70 ym.

A curious result of our models is the significantly higher disk
mass of ALMA+VLA models compared to the ALMA-only
models. The SED fit to the ALMA+VLA models is noticeably
worse than the ALMA-only models, not fitting the far-IR and
submillimeter flux density that trace the bulk of the luminosity
and envelope emission. This is likely because the ALMA
+VLA models do not fit the envelope well. Similarly, the
higher disk mass of the ALMA+VLA models could result
from the 8 mm emission tracing the dust in the disk that is
more optically thin compared to the 870 um emission. In
addition, the VLA data that we used for modeling contains a
free—free contribution as well, which can further increase the
estimate the disk mass.

The disk radius follows a similar pattern across the models,
the tapered disk models have lower disk radii than the truncated
models. It is difficult to properly define the disk radii for the
tapered disk models as the disk does not end at the critical radii,
R, like in the truncated models. Instead, at R. density of the
disk starts to falloff exponentially. Since the emission is likely
optically thick, adding much more mass in the disk does not
make it any brighter at short A (i.e., 870 yum). So we can have a
very massive disk with a small R. where the disk density starts
to falloff, but it can still appear well resolved out to the larger
radii in the tapered models. For this reason, it is difficult to
interpret radius of the tapered models compared to the
truncated models. The radius of the disk where we see
emission is better constrained by the truncated models. For this
reason, we favor the truncated models values of disk radius.
The ALMA-only models have larger dust grains with
Amax > 1000 pym compared to the ALMA+VLA models. The
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dust in the ALMA+VLA models have similar @,,,x < 500 ym
with power-law grain size distributions of 3.59 for the
truncated model and 3.81 for the tapered model. The larger
dust grains of the ALMA-only models might also contribute to
the lower disk masses fitted for the ALMA-only models.

The envelope mass and radius of the ALMA+VLA tapered
model are significantly lower than its ALMA-only counter-
parts. This mostly has to do with the number of points available
for the fitting in the visibilities. The shorter uv-distances of the
visibilities, specifically distances < 100 kA represent the
envelope while the longer uv-distances represent the disk (see
Figures 6-9; left plots). There are only two points at less than
20 kA uv-distance. Thus, our models will be able to best fit the
inner envelope and disk. Likewise, the visibilities from the
VLA have fewer points for fitting the envelope compared to the
visibilities from the ALMA, reducing their weight in the fit.
The envelope is expected to be composed of smaller dust and
as such should have very few centimeter-sized dust grains. This
means we get very low emission at the longer VLA wavelength
from the envelope. The low envelope radii of the ALMA
+VLA model also contributes to the lower envelope mass
compared to the ALMA-only model. However, we are most
concerned in fitting the disk portion of the protostar, so that we
can constrain the parameters of the disk and we are able to do
that fairly well; even though we do not fit the envelope ideally.

5.5. Toomre Q versus Radius

The RADMC-3D synthetic models of HOPS 383 continuum
in Section 4 have radial profiles of surface density and disk
temperature embedded in them. Extracting these, we can use
Equation (11) to plot Toomre’s Q as a function of radius.
Figure 11 shows the Q as a function of the radius using the data
from the ALMA-only models, whereas Figure 12 does the
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the same as Figure 11. Unlike the ALMA-only models, the disk seems to currently be marginally unstable at the critical radius, R, in most cases. Prior to the outburst,
we see that the disk is gravitationally unstable for all the cases, suggesting GI was at least partly responsible for the accretion burst.

same using the data from ALMA+VLA models. We assume
the disk around HOPS 383 to be Keplerian since there is no
evidence pointing otherwise. However, we do not know the
exact mass of the central protostar, which changes the value of
Q. Therefore, we plot the Q with different protostar masses
of 0.1-0.5 M.

We assume a dust-to-gas mass ratio of 1:100 for our
calculation. We take an average temperature of a few slices
above the midplane for a more consistent temperature profile
from the models. The dashed lines in the figures represent the
current Q values as a function of the disk radius. However, we
need to determine Q before the outburst to determine if GI was
a viable mechanism for the outburst. To do this, we scale the
disk temperature by 4/Lx pre/Lxburse based on the fact that
following the outburst, the temperatures (and consequently c;)
are larger. We use the model derived luminosities for L pyrst
and take Ly e = 0.5 Lo; this is slightly larger than the
estimated pre-burst luminosity from Safron et al. (2015). The
solid lines in Figures 11 and 12 represent the Q values prior to
the outburst.

The disk around HOPS 383 appears to be stable with Q > 1
for the ALMA-only models. However, all these values are quite
close to critical value of Q = 1, so the disk may have been
susceptible to Gravitational Instability (GI) at ~20-60 au, in
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the ALMA-only models. The disks for the ALMA+VLA
models appears to be gravitationally unstable around the
critical radius in both cases. Furthermore, our millimeter
observations are likely not sensitive to all the mass in the disk,
which suggests that the disk is likely more massive than our
ALMA-only results. The higher the disk mass, the more likely
it is to be gravitationally unstable. If the cause of the outburst is
from a clump being accreted onto the protostar, the clump was
most likely produced by GI. Hence, GI appears to be a viable
mechanism for the accretion outburst in HOPS 383.

5.6. Estimating Free—free Subtracted Disk Properties

For the ALMA-+VLA models, the ratio of free—free emission
to total flux density is 234 pJy/411 pJy ~ 0.57. Since the
ALMA visibilities are not strongly affected by the free—free
emission and can be fit with much lower disk masses, we can
scale the ALMA+VLA disk masses by 0.43 (1-0.57) to
estimate the mass without the free—free emission. Using the
values from Table 2, this gives us disk masses of ~0.14 and
~0.092 M, for the truncated and the tapered ALMA-+VLA
models, respectively. The lower disk mass would decrease the
surface density of the disk and consequently change the
Toomre’s Q value as a function of the disk radius as
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My < ¥R7. Thus, the Q values for the free—free subtracted
cases would be about 2.3 times higher than shown in Figure 12.
However, to obtain realistic parameters, we need to run models
with the free—free contribution incorporated from the VLA
visibilities. We are currently running these models and will
present the findings in a future paper.

6. Conclusions

We have characterized the first known outbursting Class 0
protostar. We have examined the chemical signatures expected
for an outburst and the disk to characterize the origin of the
outburst with spatial resolutions of 1600-500 au. The effects of
the outburst are seen on the chemistry of the highly embedded
protostellar system of HOPS 383. The two peaks in the N,H™"
intensity straddle the position of the protostar; although of
marginal significance, this morphology suggests that this
molecule is being destroyed by reactions with the evaporating
CO molecules, forming HCO'. The HCO"' emission is
concentrated around the protostar position, where N,H™ is
reduced (Jgrgensen 2004a). Our models suggest that the
depression in N,H" indicates the region where CO evaporated
after the outburst as suggested by Visser & Bergin (2012). Since
the freeze-out of CO takes about 10* VI, N,H" in the inner
regions of the envelope should continue to react with CO to
larger radii, significantly changing the radial abundances of these
molecules. We also observe emission from N,D* and H'*CO™,
which do not peak as strongly but follow the spatial distributions
of N,H' and HCO™, as expected from an outburst.

The ALMA and the VLA continuum is observed with
~40 au resolution. The ALMA observations resolve the dust
continuum at 870 um, revealing a protostellar disk orthogonal
to the outflow. The VLA observation at 9 mm is resolved but is
much more compact than the ALMA observations. We
estimate the disk mass from the ALMA and the VLA
continuum to be ~0.043 and ~0.15 M, respectively for a
typical dust temperature of 50 K after the outburst, as indicated
by its luminosity of 7.8 L. Using the ALMA disk mass and a
typical protostar mass of 0.5 M., we calculate Toomre’s Q,
finding a disk becoming gravitationally stabilized with Q =
1.67. Prior to the outburst, however, the lower luminosity
would lead to a lower a lower disk temperature, making it
likely to be gravitationally unstable.

We fit a radiative model of a disk and envelope heated by an
internal protostar to the ALMA-only visibilities and the ALMA
+VLA visibilities. In both cases, the observed SED of the
protostar was an additional constraint. We found that the
ALMA visibilities can be well modeled with an envelope and
disk. The best-fit truncated disk model has a disk mass of
0.1 M, and a radius of ~67 au, whereas the tapered model
has a disk mass of 0.065 M., and a radius of ~40 au. The
ALMA+VLA models indicate ~10x more disk mass than the
ALMA-only models. We also examine Toomre’s Q as a
function of the disk radius, finding that the disks of ALMA-
only models are currently gravitationally stable at most radii
but could have been marginally unstable prior to the outburst
around the critical radius. However, the ALMA-+VLA models
appear to be unstable, providing an indication that GI could be
responsible for the outburst.
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