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ABSTRACT

Observed changes in protostellar brightness can be complicated to interpret. In our JCMT Transient
monitoring survey, we discovered that a young binary protostar, HOPS 373, is undergoing a modest
30% brightness increase at 850 um, caused by a factor of 1.8-3.3 enhancement in the accretion rate.
The initial burst occurred over a few months, with a sharp rise and then shallower decay. A second
rise occurred soon after the decay, and the source is still bright one year later. The mid-IR emission,
the small-scale CO outflow mapped with ALMA, and the location of variable maser emission indicate
that the variability is associated with the SW component. The near-infrared and NEOWISE W1 and
W2 emission is located along the blueshifted CO outflow, spatially offset by ~ 3 to 4” from the SW
component. The K-band emission imaged by UKIRT shows a compact Hy emission source at the edge
of the outflow, with a tail tracing the outflow back to the source. The W1 emission, likely dominated
by scattered light, brightens by 0.7 mag, consistent with expectations based on the sub-mm lightcurve.
The signal of continuum variability in K-band and W2 is masked by stable Hs emission, as seen in
our Gemini/GNIRS spectrum, and perhaps by CO emission. These differences in emission sources
complicate infrared searches for variability of the youngest protostars.

Keywords: stars: formation — stars: protostars — stars: variables: general — submillimeter: stars —

accretion
1. INTRODUCTION Accretion outbursts are thought to play an important
role in the growth of the protostar and evolution of its
disk. Historically, most accretion bursts were discovered
Corresponding author: Gregory J. Herczeg, Jeong-Eun Lee with optical variability and are therefore identified dur-
gherczegl@gmail.com, jeongeun.lee@khu.ac.kr ing the later stages of protostellar evolution, after the

star has already grown to near its final mass and has
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shed its envelope (see reviews by Hartmann & Kenyon
1996 and Audard et al. 2014 and subsequent discoveries
from Gaia by, e.g., Hillenbrand et al. 2018 and Szegedi-
Elek et al. 2020). However, accretion outbursts may play
an even more important role at the youngest stages of
stellar growth, as indicated by indirect probes such as
outflow knots (e.g. Reipurth 1989; Plunkett et al. 2015),
envelope chemistry (e.g. Lee 2007; Jorgensen et al. 2015;
Hsieh et al. 2019), and by models of disk instabilities
(e.g. Bae et al. 2014). A few accretion outbursts have
been detected toward very young low-mass protostars
(e.g. Késpédl et al. 2007; Safron et al. 2015; Kdspél et al.
2020).

Over the past few years, several surveys at longer
wavelengths have been designed to statistically evaluate
accretion variability at earlier stages of protostellar evo-
lution (e.g. Scholz et al. 2013; Rebull et al. 2014; Antoni-
ucci et al. 2014; Lucas et al. 2017; Johnstone et al. 2018;
Fischer et al. 2019; Lee et al. 2021; Park et al. 2021; Za-
kri et al. 2022), when the star is still in its main growth
phase and the disk is accreting from the envelope. For
protostars, sub-mm emission is produced by warm dust
in the envelope (and disk), serving as a bolometer that
can be converted into a luminosity (e.g. Johnstone et al.
2013; MacFarlane et al. 2019a,b; Baek et al. 2020). How-
ever, the infrared emission from deeply embedded ob-
jects may be much more complicated, since this emission
may escape only through optically-thin outflow cavities
(e.g. Lee et al. 2010; Herczeg et al. 2012; Tobin et al.
2020a). In three previous cases, varying infrared emis-
sion has been resolved into scattered light nebulae sur-
rounding embedded protostars (Muzerolle et al. 2013;
Balog et al. 2014; Caratti o Garatti et al. 2015; Cook
et al. 2019).

In this paper, we dissect the ongoing, modest accre-
tion outburst of HOPS 373 as seen in near-IR, mid-IR,
sub-mm, mm, and c¢m observations. The central proto-
star has characteristics that are typical of a very young
protostar driving a powerful outflow. The protostellar
envelope of HOPS 373 was initially identified in sub-
mm mapping of NGC 2068 (distance of 428 pc, Kounkel
et al. 2018) in the Orion B cloud complex (Phillips et al.
2001; Johnstone et al. 2001; Motte et al. 2001), follow-
ing the discovery of a large CO outflow (Gibb & Lit-
tle 2000) and a nearby maser (Haschick et al. 1983).
From fits to the near-IR through mm spectral energy
distribution, the protostar has a bolometric luminosity
of 5.3 — 6.1 Ly and a bolometric temperature of 37 K
(Kang et al. 2015; Furlan et al. 2016). The SED, with
a total-to-submm luminosity ratio of 34, is red enough
to be a PACS Bright Red Source (Stutz et al. 2013)
and consistent with an early stage of a Class 0 pro-

tostar. HOPS 373 and its associated outflows are not
detected in X-rays (Getman et al. 2017). The central
object was resolved with high-resolution mm interfer-
ometry into two distinct mm peaks separated by 3”6, or
1500 AU (Tobin et al. 2015, 2020b). The source drives a
powerful outflow. Sub-mm CO emission from the large-
scale outflow extends over 1 arcmin to both the blue
(southeast) and red (northwest) directions with a dy-
namical time of 10* yr (Mitchell et al. 2001; Nagy et al.
2020). Far-IR spectra reveal excited molecular emission
that likely traces the walls of an outflow cavity (Tobin
et al. 2016), with far-IR CO emission that is the bright-
est of all PACS Bright Red Sources and amongst the
brightest of all low-mass protostars (Manoj et al. 2016;
Karska et al. 2018).

The NGC 2068 star-forming region, including HOPS
373, has been monitored in the sub-mm by the JCMT
Transient Survey since December 2015 (Herczeg et al.
2017). Beginning in 2016, HOPS 373 had gotten fainter
by 10% (Johnstone et al. 2018) and stayed steady in
this lower luminosity state until a brief increase of 25%
in late 2019 (Lee et al. 2021), a pattern also seen at
4.5 pym with NEOWISE (Contreras Pena et al. 2020;
Park et al. 2021). We report that HOPS 373 has since
returned to the bright state in the sub-mm, and analyze
in detail the location of emission across the spectrum.
We combine the sub-mm lightcurve with near-IR spec-
troscopy and imaging to dissect how the source is seen
across a range of diagnostics. In Section 2, we describe
the array of observations that are used in this paper.
In Section 3, we describe the sub-mm and NEOWISE
lightcurves and provide a physical interpretation for the
sub-mm variability. In Section 4, we describe the mor-
phology of the emission sources. In Section 5, we present
Gemini/GNIRS spectra to demonstrate the dominance
of Hy emission in the K-band imaging. In Section 6, we
interpret these results and discuss their importance in
on-going and future searches for variable protostars.

2. OBSERVATIONS
2.1. Sub-mm Monitoring at 450 and 850 pm

The JCMT-Transient survey (Herczeg et al. 2017)
has been using SCUBA-2 (Holland et al. 2013) on the
James Clerk Maxwell Telescope (JCMT) to monitor
every month emission at 450 and 850 pm from eight
regions, including NGC 2068, beginning in December
2015. We also include an earlier data point from the
JCMT-Gould Belt Survey (Kirk et al. 2016) obtained
from 2014 November 16-22, reported and re-analyzed
by Mairs et al. (2017a). In November 2019, we discov-
ered that HOPS 373 had brightened and increased our
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Figure 1. SCUBA-2 850 um continuum images of HOPS 373 in the quiescent phase (left, coadded from 14 epochs in 2017), in
the burst phase (center, coadded from 12 epochs in 2020-2021), and the residual (burst minus quiescent) image (right).

observational cadence of NGC 2068 to once every two
weeks (Figure 1).

JCMT Transient Survey observations occur only when
the precipitable water vapor content is < 2.58 mm
(opacity of < 0.12 at 225 GHZ), corresponding to JCMT
weather bands 1-3. Because of telluric absorption, the
450 pm imaging is only useable from the ~ 50% of our
observations that occur during epochs with the lowest
precipitable water vapor content.

A full description of the data, advanced reduction, rel-
ative alignment, and calibration process developed by

Table 1. Selected sub-mm peak brightness®

MID 450°  850° MID 450° 850°
[Jy/beam] [Jy/beam)]

57403.348 5.07 1.31 | 58850.285 5.32 1.32
57424.223 4.91 1.32 | 58872.391 5.14 1.27
57505.215 4.54 1.23 | 58915.297 4.99 1.26
57997.668 4.75 1.22 | 59072.633 1.42
58025.621 4.26 1.19 | 59087.645 6.21 1.47
58095.422 4.89 1.18 | 59106.723 6.09 1.48
58133.410 4.35 1.20 | 59155.480 6.07 1.46
58486.270 4.38 1.19 | 59180.371 6.22 1.43
58519.336  4.73 1.23 | 59256.199 5.96 1.44
58580.258 1.26 | 59275.273  6.08 1.46
58715.621 1.35 | 59300.223 6.47 1.52
58752.539 1.48 | 59321.219  6.69 1.57
58774.727 6.02 1.41 | 59454.633 6.31 1.45
58788.465 5.75 1.40 | 59485.562 5.81 1.48
58836.355 5.58 1.34 | 59541.398 1.41

“Full table available online, selected points shown here
*Error of 5% at 450 pm, 2% at 850 um

the JCMT Transient Survey is provided by Mairs et al.
(2017b) for the 850 um data and by Mairs et al. (in
prep) for 450 pm data. For HOPS 373, a bright sub-mm
source, the relative flux calibration is typically accurate
to 2% at 850 um and ~ 5% at 450 pum. The effective
beam sizes are 14”1 and 9”6 at 850 and 450 pm, respec-
tively (Dempsey et al. 2013; Mairs et al. 2021).

The absolute alignment of the SCUBA-2 images is un-
certain by ~ 2”. Six objects in the field are compact,

Table 2. Mid-IR Photometry from NEOWISE

MID w1 Err W2 Err

mag] [mag] [mag [mag]
55266.88* 15.32  0.27  10.930 0.021
55458.14* 15.49 0.38 10.933 0.026
56731.57 15.01 0.24 10.765 0.031
56923.07 15.32 0.50 10.802 0.040
57090.68 14.99 0.24 10.741 0.029
57284.77 15.13 0.42 10.745 0.036
57285.24 15.12 0.25 10.772 0.024
57449.77 15.08 0.26 10.768 0.038
57649.51 15.29 0.30 10.867 0.037
57814.28 15.49 0.40 10.942 0.036
58016.13 15.52 0.42 10.954 0.040
58171.58 15.38 0.36 10.983 0.035
58380.29 15.44 0.35 10.966 0.032
58537.98 15.38 0.33 10.905 0.031
58744.87 14.49 0.15 10.602 0.033
58902.25 15.09 0.24 10.835 0.035
59111.60 14.31 0.14 10.515 0.036

“ALLWISE photometry from Cutri et al. (2021)
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bright enough for centroid, and have a well-identified
WISE or 2MASS counterpart. The position of HOPS
373 is shifted to the average WISE position of those ob-
jects, with a standard deviation in the positional differ-
ences of 1”4. However, possible systematics across the
field! limit our confidence to 2.

Table 3. Selected K-band Photometry®

MID Brt Err Tail Err texp
[mag] [mag] [mag] [mag] [s]
51093.310  15.224+0.16 summed 2MASS K%
55164.335 15.037 £ 0.029 summed VISTA K¢
55984.308 15.74  0.02 16.26  0.03 72
56262.376 15.67  0.03 16.09 0.04 72
57990.635 15.67  0.02 16.32  0.03 72
58566.254 15.70  0.03 16.28  0.05 72
58812.650 15.67  0.02 16.25 0.03 72
58814.551 15.67  0.02 16.25 0.03 72
58818.513 15.71 0.03 16.28 0.04 72
59075.633 15.63  0.02 16.03  0.03 72
59103.641 15.61 0.02 16.11  0.02 72
59105.629 15.59  0.02 16.14  0.03 72
59100.576 15.62  0.02 16.15 0.02 360
59105.588 15.62  0.02 16.16  0.02 360
59114.569 15.61 0.02 16.11  0.02 360
59118.632 15.59  0.02 16.11  0.02 360
59122.538 15.59  0.02 16.14  0.02 360
59132.591 15.60  0.02 16.10  0.02 360
59136.594 15.57  0.02 16.07  0.02 360
59144.565 15.57  0.02 16.10  0.02 360
59161.540 15.59  0.02 16.07  0.02 360
59172.479 15.57  0.02 16.05 0.02 360
59229.241 15.55  0.03 16.05  0.03 360
59247.368 15.57  0.03 15.97 0.03 360
59257.290 15.62  0.02 16.08  0.02 360
59277.303 15.55  0.02 15.96  0.02 360
59295.228 15.49  0.02 15.85  0.02 360
59436.638 15.48  0.02 15.86  0.03 72
59451.640 15.51 0.02 15.87  0.02 72
59477.540 15.51 0.02 15.92  0.03 72

“Full table available online, selected points shown here.

*Includes bright compact object and tail.

“Extended source extraction with 577 diameter aperture
from McMahon et al. (2013).

I Matching 2MASS and WISE coordinates with compact SCUBA-
2 sources in the Ophiuchus star-forming region yields ~ 2 — 3"/

trends across the image. This trend is unexplained.

2.2. Mid-IR Imaging from 3-24 pm

The Wide-field Infrared Survey FExplorer (WISE)
(Wright et al. 2010) surveyed the entire sky in four
bands, W1 (3.4 ym), W2 (4.6 pm), W3 (12 pm), and
W4 (22 pm), with the angular resolutions of 6”1, 6”4,
6”5, and 12", respectively, from January to September
2010. After the depletion of hydrogen from the cryostat,
the NEOWISE Post-Cryogenic Mission (Mainzer et al.
2011, 2014) has been observing the full sky in W1 and
W2 at a 6-month cadence since late 2013. HOPS 373
has been observed in March and September each year
from 2014-2020.

Each epoch consists of ~ 10 — 20 exposures taken over
a few days. Each set of exposures are averaged to pro-
duce a single photometric point per epoch (following
Contreras Pena et al. 2020). No significant variability is
identified within each epoch.

We identify consistent seasonal offsets in the NEO-
WISE position of HOPS 373, as observed during fainter
epochs. In March, the average position in W1 is lo-
cated 07109 £ 07018 west and 07152407016 south of the
average position in September; for W2 the September
position is 07120 & 07016 west and 0//149 4+ 0”016 south.
The average standard deviation in the seasonal position
in a filter is 07024 in each direction, which we adopt for
the uncertainty in individual measurements. We are not
aware of the reason behind these seasonal differences or
whether they are common.

The field of HOPS 373 was observed multiple times us-
ing Spitzer space telescope and the Infrared Array Cam-
era (Fazio et al. 2004) in the IRAC bands 1, 2, 3 and
4, centered at 3.6, 4.5, 5.8 and 8 um, respectively. We
obtained and averaged TRAC images from three AORs
(4105472, 4105728 and 4105984) from the Spitzer Her-
itage Archive. Figure 2-right shows a color composite
image in a 1’ x 1’ field extracted from the averaged im-
ages in Band 1 (blue), Band 2 (green) and Band 4 (red).
The near-IR counterpart of HOPS 373 has excess IRAC
Band 2 emission, consistent with classification as an ex-
tended green object (EGO; Cyganowski et al. 2008).

The Spitzer/MIPS scan map observing mode covered
the NGC 2068 region on 2004 March 15. We obtained
the MIPS images at 24 pm, with the AOR of 4320256
from the Spitzer Heritage Archive.

2.3. Far-IR Imaging from 70-160 um

The Herschel Space Observatory (Pilbratt et al. 2010)
surveyed protostars in Orion star forming regions (Stutz
et al. 2013) with PACS 70 gm and 160 pm photometry.
The PACS 70 pm and 160 pm data of HOPS 373 were
acquired over 8 x 8 field size with beam sizes of 5”6
and 1077, respectively. We obtained the PACS images



THE ACCRETION BURSTS OF HOPS 373 5

Declination

1
325 320 315 310 305 546:30.0 295  29.0
Right ascension

325 320 315 310 305 546:30.0 29.5 29.0
Right ascension

Figure 2. A 1’ x 1’ field around HOPS 373 from (left) UKIRT K-band imaging and from (right) Spitzer/IRAC imaging in
Band 1 (3.6 um; blue), Band 2 (4.5 um; green) and Band 4 (8 um; red). Both images also show blue contours (99.9, 99.8,
99.5 percentiles) from UKIRT 2.122 pym H> imaging and the yellow contours (99.5, 99.0) from emission in the ALMA 890 pm
continuum map; the left image shows green contours (99.9, 99, 98.5) from Spitzer IRAC 4.5 um imaging.

of HOPS 373 observed on 2010 Sep 28 and 2011 Mar 6
from Herschel science archive with the observation ID of
1342205216, 1342205217, 1342215363, and 13422115364
(Fischer et al. 2020).

2.4. Monitoring at 2.2 pm and imaging from 1-2.5 um

We monitored HOPS 373 at near-IR wavelengths us-
ing the Wide Field Camera (WFCAM; Casali et al.
2007) on the 3.8-m UKIRT telescope from Febru-
ary 2012 to March 2021. WFCAM employs four
2048 x 2048 HgCdTe Hawaii 1T arrays at an image scale of
0”4 pixel~!. The object was dithered to nine positions
separated by a few arcsecs, with 2x2 microsteps at each
dither position to achieve an image scale of 0”2 pixel !
in the final mosaics. The observations were obtained
using the J, H and K MKO filters centered at 1.25,
1.65 and 2.2 um respectively, and in a narrow-band fil-
ter centered at the wavelength of the Hy 1-0 S(1) line at
2.1218 pm. The monitoring comprised of a set of shallow
observations (1 sx2 coadds per frame; 72 s integration
per mosaic) in J, H and K filters from 2012 to 2021
and observations with deeper integration in K (2 sx5
coadds per frame; 360 s integration per mosaic) from
September 2020 to March 2021. The magnitudes are
derived using the average zero points estimated from a
set of isolated point sources, with absolute scaling from
images obtained on a clear, photometric night. Data
points are discarded if the the standard deviation of the
zero points on the derived on field stars is larger than
0.03 mag.

We observed HOPS 373 in the Hj line on eight epochs.
The dither and microstep patter were similar to that in
K, but with the per frame exposure time of 40s. This
gives a total integration time of 1440 sec for the mo-
saic from each epoch. The H; images are continuum-
subtracted using the K-band images obtained closest
in time and with the best agreement in seeing. The
background-subtracted K-band image is divided by the
average ratio of counts [K/Hs| obtained for a few iso-
lated point sources in the K and Hy images. This image
is then subtracted from the background-subtracted Hs
image to obtain the continuum-subtracted emission line
image. Since clouds were present during some of those
observations, the continuum subtracted images from the
different epochs were weighted according to the extinc-
tion from clouds and averaged.

The near-IR emission from HOPS 373 consists of a
compact source with a tail. The magnitudes for these
components, presented in Table 3, are estimated in
two apertures of diameter 2”, centered on the compact
source at «=5:46:30.631 6=-00:02:35.43 (J2000) and on
the tail closer to the YSO, 1774 NE of the first position.
Figure 2 shows a 1'x1’ field surrounding HOPS 373 in
K, generated from the average of the K-band images
from the epochs with deeper integration. The contours
derived from the averaged continuum-subtracted Hy im-
age are overlaid on the K-band image.

We also obtained an acquisition image with Gemini
North/GNIRS for our spectrum (Section 2.5). Because
HOPS 373 shows extended structure in near-infrared,
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seven K-band acquisition images were taken to locate
the GNIRS slit position precisely. Each image consists of
12 coadded frames with the exposure time of 2 seconds.
A blank sky image was generated by combining seven
images after masking the emission region; it was then
used for background subtraction and flat fielding. The
total exposure time of the integrated image is 168 s. The
pixel size of 0’15 and position angle of 157.49° were used
to put the imaging scale and orientation on the sky.

2.5. Spectroscopy from 1.9-2.5 um

We obtained a near-IR JHK spectrum of HOPS 373
using GNIRS on Gemini North in Fast Turnaround
Time, program GN-2020B-FT-110 (PI: Doug John-
stone) on 2020 October 3 (HJD=2459126.12). The inte-
gration time was 2400 s, split into two ABBA sequences
with individual exposures of 300 s.

The data were obtained in the cross-dispersed mode
with the 32 mm grating, the short camera, and a /3 slit
to achieve R = 1700 spectra from 1-2.5 ym. Our focus
here is on the K-band spectrum, since little emission
is detected in H and none in J. The slit of 073x7"
was aligned with the parallactic angle of 157.49°, almost
perpendicular to the direction of the source extension,
and centered on the compact source, which dominates
the observed emission. The spectra were obtained at
an average airmass 1.07. The data were reduced and
extracted following standard techniques.

The data were corrected for telluric absorption using
B8 V star HD 39803 observed immediately after HOPS
373 at an airmass of 1.14. The flux calibration of the
HOPS 373 spectrum, with an estimated synthetic mag-
nitude of K = 15.56, is estimated by the relative bright-
ness to the same telluric standard star, as measured in
the acquisition images, and assuming that the standard
star is constant in brightness across the band.

The wavelength solution is accurate to ~ 0.5 A, or
7 km s—!. However, each pixel covers 80-100 km s™*,
so any asymmetry in spatial extent of the source within
the slit may cause additional shifts. We corrected for
the local standard of rest (LSR) velocity frame using
the IRAF task rvcorrect.

2.6. Radio observations with the VLA

Observations toward HOPS 373 were conducted with
the NSF’s Karl G. Jansky Very Large Array (VLA) lo-
cated on the Plains of San Agustin in central New Mex-
ico, USA. HOPS 373 was observed in multiple bands
both before and after the outburst.

2.6.1. C-band Observations at 5 cm

Observations of HOPS 373 were conducted in C-band
at a central frequency of 6 GHz on 2015 Oct 06 (2 execu-

tions) and on 2015 Oct 07, as part of archival program
15A-369. Both observations were obtained while the ar-
ray configuration was transitioning from A to D configu-
ration, with 21 useable antennas in the D-configuration.
The 2015 Oct 07 data were unusable due to a sys-
tem issue that occurred during observations. We per-
formed subsequent observations on 2021 Mar 24 (pro-
gram 21A-409) and 2021 May 15 (program 21A-423) in
D-configuration, replicating the setup of the archival ob-
servations. In 2015, J0541-0541 was used as the phase
calibrator and 3C147 was used as the bandpass and flux
calibrator. For 2021, we used J0552+0313 as the com-
plex gain calibrator and 3C147 as the flux and bandpass
calibrator.

We reduced and imaged the data using the VLA cal-
ibration pipeline in Common Astronomy Software Ap-
plication (CASA, McMullin et al. 2007) version 6.1.2.
The correlator was configured for 3-bit mode where the
entire 4 to 8 GHz band is covered with a single set-
ting. We performed additional flagging for system issues
(amplitude jumps and spws total swamped with radio
frequency interference [RFI]) and re-ran the calibration
pipeline. We imaged each observation using the CASA
task tclean using robust=0.5 weighting. We also cut out
the inner 1.4 kX baselines using the wvrange parameter
to remove contributions from large-scale emission asso-
ciated with the nearby H II region. The 2015 data were
self-calibrated to remove dynamic range artifacts associ-
ated with a bright source in the field of view. The same
source was substantially fainter during the 2021 obser-
vations and therefore self-calibration was not required.

For the 2021 observations, we restored the image
using the same beam as the archival observations
(14777x11740) to perform data analysis with beam-
matched data sets. The noise in each observation is
6.28, 5.35, 4.88 uJy beam ™! in respective chronological
order.

2.6.2. K-band Observations at 1.3 cm

D-configuration observations were conducted in K-
band (22 GHz) on 2015 Oct 17 and 2015 Nov 21 as
part of program 15B-229. On 2021 Apr 05 we acquired
additional D-configuration observations (program 21A-
409). The 2015 observations used 8-bit samplers and
observed spectral lines and continuum within two 1-
GHz basebands. The main lines targeted were NHg
(1,1), (2,2), (3,3) and the HoO (water) maser transi-
tion (J = 616 — 523)) at 22.23507980 GHz. For the
follow-up observations in 2021, we used 3-bit samplers
to obtain the maximum continuum bandwidth, but also
observed the same lines as observed in 2015. We only



THE ACCRETION BURSTS OF HOPS 373 7

discuss the water maser emission and continuum data in
this paper.

The data were all calibrated using the same method-
ology as described for C-band. Imaging was performed
with the CASA task tclean using robust=0.5 for the
continuum data, and robust=2 for the line data with
0.5 km s~! channels. The noise in the continuum im-
ages is 7.2 and 10.7 uJy beam ™! for the 2015 and 2021
data, respectively, while the noise in the water maser
data cubes is 1.23 and 5.55 uJy beam™! for the 2015
and 2021 data, respectively.

2.6.3. Ka-band Observations at 9 mm

Observations were conducted in C-configuration at
Ka-band (33 GHz) on 2016 Jan 30 as part of program
16A-197 and again on 2021 Apr 07 in D-configuration
(program 21A-409). Both observations utilized the 3-bit
samplers to cover a total bandwidth of 8 GHz, but in
2021 we centered the two 4 GHz basebands at ~29 and
37 GHz to sample a wider fractional bandwidth.

The data were all calibrated using the same method-
ology as described for C-band. Imaging was performed
with the CASA task tclean using robust=0.5 for the
D-configuration data observed in 2021. Then for the C-
configuration data, we used robust=2.0 and uvtaper="70
kX to better match the D-configuration beam.

2.6.4. Fluz Density Measurements with the VLA

To measure the flux densities of the continuum sources
in C, K, and Ka-bands, we used the CASA imfit task
to fit the source with two Gaussian profiles in K and
Ka-bands, where the sources are resolved, and a single
Gaussian profile in C-band, where the two sources are
unresolved. We provided imfit with initial estimates for
the position, flux density, and source size and allowed
the fitting to converge on its own. At C-band, we fixed
the source size to be a point source.

For the C-band data, we also measured the flux den-
sities of all sources that appeared in both the 2015 and
2021 data since numerous YSOs and background sources
lie within the field of view. This enables us to charac-
terize any systematic offsets in flux density calibration.
Twenty-five sources detected in both the 2015 and 2021
observations show a median variation of +15 uJy, with
a corresponding median flux density ratio of 1.22. Simi-
larly, for the two 2021 epochs, 28 matched sources show
a median variation of +1 pJy, with a corresponding me-
dian flux density ratio of 1.01.

The median flux density ratio of 1.22 for the 2015
to 2021 epoch is larger than the expected flux density
uncertainty of 5-10% in C-band. Furthermore, the same
absolute flux calibrator (3C147) was used for both the
2015 and 2021 observations and the calibrator has had

consistent flux density within ~1% between 2016 and
2019. We therefore expect that the large difference of
measured flux densities between epochs is due to real
variability in the sources and not flux density calibration
error.

2.7. ALMA Observations

The Atacama Large Millimeter/submillimeter Array
(ALMA), located in northern Chile on the Chajnantor
plateau at an elevation of ~5000 m, consists of 50 12 m
antennas that constitute the main 12-m array, ten 7 m
antennas that form the ALMA Compact Array (also
called the Morita Array), and an additional four 12-
m antennas that are used for total power observations.
The analysis of HOPS 373 makes use of data from stan-
dalone observations with the ACA and the 12m array.
No data combination is performed.

2.7.1. ACA Observations at 1.33 mm

The Atacama Compact Array (ACA) and Total Power
(TP) antennas conducted the Band 6 observation to-
ward HOPS 373 on 2019 March 21 as a part of program
(2018.1.01565.S; PI: Tom Megeath). The beam size of
the continuum is 4”4 x 6”8 and the reference frequency is
225.69 GHz (1.33 mm). The '2CO J=2-1 line (230.538
GHz) analyzed in this work is obtained from the spectral
window having the reference frequency of 230.59 GHz
and bandwidth of 250.00 MHz. The spectral resolution
is 0.317 km s~ 1.

2.7.2. ALMA 12m Array and ACA Observations at 0.89
mm

The observations of HOPS 373 with the 12m array
were conducted as part of program 2015.1.00041.S (PI:
John J. Tobin) and were carried out in Band 7 on 2016
September 03, 04, and 2017 July 19. The time on HOPS
373 during each execution was ~20 seconds for a total
integration time of ~1 minute. The maximum baseline
length for the 2016 and 2017 observations was ~2500 m
and ~3700 m, respectively. The correlator was config-
ured to have two basebands observed in low-resolution
continuum mode, each baseband having a bandwidth of
1.875 GHz divided into 128 channels that are 31.25 MHz
wide. The other two basebands were configured for spec-
tral line observations. The first was centered on 2CO
(J =3 — 2) at 345.79599 GHz, having a total band-
width of 937.5 MHz and 0.489 km s~! channels. The
second spectral line baseband was centered on 3CO
(J =3 — 2) at 330.58797 GHz, having a total band-
width of 234.375 MHz and 0.128 km s~! channels. The
line-free regions of the spectral line basebands were also
used in the continuum imaging to result in an effective
bandwidth of ~4.75 GHz at 0.89 mm. Reduction of the
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dates that are used for Table 4.

raw data and subsequent imaging was performed using
CASA version 4.7.2. Self-calibration was also performed
on the continuum data to increase the S/N, and the self-
calibration solutions were also applied to the spectral
line data. The resultant 0.89 mm continuum image cre-
ated using the CASA task clean with robust=0.5 has a
beam of ~0”11 and a noise of 0.27 mJy beam~!. The
12C0 (J = 3 — 2) image was created using natural
weighting, but the visibilities were also tapered, start-
ing at 500 kA to increase sensitivity to large scale struc-
tures, resulting in a ~0725 beam with a noise level of
20 mJy beam™! (see Tobin et al. 2020b for further de-
tails on the observations and data analysis).

The ACA observation is conducted on 2018 Octo-
ber 2 as a part of program 2018.1.01284.S (PI: Tom
Megeath). The continuum is observed with the beam
size of 570x2”9 at reference frequency of 338.239 GHz.

2.8. Gaia Astrometry of the Parent Association

HOPS 373 is likely associated with the NGC 2068 -
1 group described by Kounkel et al. (2018) from Gaia
DR2 astrometry, located at 428 pc (Gaia Collaboration
et al. 2018). The mean proper motion of this group is

0.254 mas/yr in right ascension and -0.573 mas/yr in
declination. This proper motion leads to spatial offsets
of ~ 0701 between the 2MASS epoch and later epochs
from ALMA and NEOWISE. This offset is negligible for
our analysis and is not applied to our astrometry. The
velocity relative to the local standard of rest (vg,.) is
~ 10.3 km s7! (e.g. Mitchell et al. 2001; Kang et al.
2015; Nagy et al. 2020).

3. LIGHTCURVES OF SPATIALLY UNRESOLVED
EMISSION

In this section, we describe the time variability of
HOPS 373 and present a fiducial model to explain the
sub-mm brightening as a response to increased accre-
tion luminosity from a protostar deeply embedded in an
envelope.

3.1. Qualitative and Quantitative Description of the
Lightcurves

The burst was initially detected in monitoring at 850
pm (Figure 1), triggering the follow-up investigation an-
alyzed here. Figure 3 and Tables 1-3 present lightcurves
for HOPS 373 in the sub-mm, mid-IR, and near-IR. Fig-
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Figure 4. The sub-mm and WISE lightcurves of HOPS 373.
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sub-mm fluxes (black circles). The dotted vertical lines in-
dicate January 1 for each year.

to date, surpassed by only by HOPS 358 and Serpens
Main EC 53 (Lee et al. 2021).

The NEOWISE mid-IR lightcurves also follow the
same general pattern, with a lower cadence of one epoch
every six months. The 2015-2016 decay occurred from
a previous stable period that was 25% brighter in W1.
HOPS 373 then stayed faint until February 2019, with a
bright epoch in September 2019, a faint epoch in March
2020, and then another bright epoch in September 2020.
The NEOWISE epoch in late 2019 occurred about 8
days before the first SCUBA-2 peak, including one ex-
posure just 4 days earlier. In 2020, the mid-IR returned
to quiescence and then burst again, with an epoch four
days after a SCUBA-2 observation. The two mid-IR
bright measurements are 2.46 and 2.88 times brighter
than quiescence at W1 but only 1.39 and 1.51 times
brighter than quiescence at W2.

The K-band monitoring is consistent with the sub-
mm and mid-IR lightcurves, but with the scale of vari-
ability suppressed. Prior to the first burst, the K-band

ure 4 and Table 4 compare the size of the burst in each
band.

Starting in December 2015, HOPS 373 had an initial
flux density of 1.3 Jy/beam at 850 pum for a few months,
before decaying to a steady local minimum (quiescent)
level of 1.2 Jy/beam by April 2016. An early point
from the Gould Belt Survey in November 2014 (Mairs
et al. 2017a) is consistent with the initial level in De-
cember 2015. HOPS 373 then brightened by 25% to
1.5 Jy/beam in September 2019 and decayed back to
quiescence by 7 March 2020. By the next data point, in
August 2020, HOPS 373 was again bright and has stayed
in this bright state in all epochs through the end of 2021.

emission showed stochastic fluctuations within a 0.1 mag
range that are consistent with a constant brightness.
The K-band monitoring missed the first burst. The
most recent points are ~ 0.15 — 0.25 mag brighter than
those in quiescence.

The sub-mm and mid-IR lightcurves follow each other

closely, but with differences in the amplitude of change.
Averaging the two bursts and comparing against the
mean of the preceding quiescent period (Table 4), the
minimum to peak increase is a factor of 2.66 (1.06 mag)
at W1, 1.45 (0.40 mag) at W2, and 1.24 (0.23 mag) at
850 pum. Scaled to the 850 pm observations, both the

The SCUBA-2 450 pm data are noisier and sparser but
follow the same trend as the 850 ym measurements?,
with F450 X F815.8i0.1-

The late 2019 outburst is narrower and more peaked

W1 and W2 emission increased more during the 2020
peak than in the 2019 peak. However, this difference
may be the consequence of the offset in time between
the mid-IR and sub-mm observations in the first burst.
The higher cadence of sub-mm observations and the long

in time than a Gaussian profile. The rise time is very
uncertain and can be arbitrarily steep, since only one
point is clearly in the increasing part of the lightcurve. If
the rise is exponential, the timescale near the peak must
be shorter than 70 days (doubling time shorter than 50
days), based on the peak flux plus the one point in the
rise. The decay is better constrained, with an e-folding
timescale® of 10573 days (halving time of 73 days). The
brightening of 30% from minima to maxima is the third
largest change in flux seen in the JCMT Transient survey

2 All uncertainties are 1o

3 The decay is also consistent with a linear decay with a slope of
~ (1.1 £0.2) x 1073 Jy/day, although the peak itself would be

an outlier inconsistent with this fit.

duration at a near-constant flux during the second burst
makes the relative changes more reliable.

The previous Spitzer photometry is consistent with

the WISE photometry*, with IRAC Band 1 of 13.86 and
TRAC Band 2 of 10.79 mag (Stutz et al. 2013; Getman
et al. 2017).

3.2. A Fiducial Model for the Sub-mm Lightcurve
The variability in the sub-mm lightcurve is likely a

response to a luminosity change within the deeply em-

4 HOPS 373 is brighter in IRAC Band 1 than W1, likely because
W1 has higher transmission than IRAC Band 1 at < 3 ym. A
direct comparison is challenging for HOPS 373 because of the
filter mismatch.



10 YOON ET AL.

Table 4. Flux versus wavelength®

MJD= 57750-58450 58748 59111°
A (pm) Quiescent  Burst 1 Ratio Burst 2 Ratio
2.2 comp® 3.42e-4 - - 3.72e-4  1.087
2.2 tail® 1.97e-4 - - 2.30e-4 1.170
3.6 2.02e-4 4.96e-4 246 5.82e-4  2.88
4.5 7.10e-3 9.87e-3 1.39 10.7e-3  1.51
450 4.30 - - 5.91 1.37
850 1.20 1.485 1.24 1.490 1.24

¢All fluxes in Jy; ratios are burst/quiescent flux.
Relative offsets from MJD=59111 may be more reliable,
SCUBA-2 averaged from MJD 59107 and 59121.

“Compact source and tail in K-band.

bedded protostar. The variable emission at 850 pm,
where the envelope is optically thin, is the consequence
of a change in the dust temperature within the dense
enshrouding envelope (see for example, Johnstone et al.
2013). Infrared wavelengths are closer to the peak of the
spectral energy distribution and should directly trace
the emission from the protostar and inner disk, but with
interpretations that are complicated by uncertain opti-
cal depth effects, including scattering. As we will show
in Section 4, for this deeply embedded source, the out-
flow cavity is the surface of last emission for the energy
that escapes in the mid-IR, although that energy should
trace changes in the emission from the central protostar
and its disk.

For sufficiently low dust temperatures, the 450 pm
emission is somewhat shortward of the Planck func-
tion Rayleigh-Jeans limit, such that small temperature
changes result in larger than linear brightness response.
In contrast, the longer wavelength 850 pum emission is
always closer to the Rayleigh-Jeans limit. Indeed, for a
mean dust temperature in the envelope of 10 — 15K at
quiescence, the observed relationship between the sub-
mm brightnesses, Fys0 oc Fiz$, is well recovered, as the
heating leads to a larger response at 450 pm versus
850 pm.

Along with the variation in the amplitude of bright-
ness changes across wavelengths to underlying protostar
luminosity changes, the Johnstone et al. (2013) model
predicts a time delay for the sub-mm emission due to
the finite light propagation that is required for the dust
heating within the envelope. The crossing time of a
5000 AU core is about 30 days. Given that most of the
core mass is on large scales, Johnstone et al. (2013) an-
ticipated a smoothing of the light curve on timescales
shorter than a month.

To roughly estimate the sub-mm lightcurve, we model
the time-dependent sub-mm transport of energy through
the envelope as a response to a jump in protostellar lu-
minosity. Because the expected density and tempera-
ture profiles within the core decline as radial power-laws
outward from the centre, the sub-mm time response is
not uniform but rather highly peaked toward the first
few days and with a long tail reaching out to months
(heating the backside of the core introduces twice the
delay from light travel time). Using this time depen-
dent response to fit the observed sub-mm lightcurve in
late 2019, we find that the limit on the exponential rise
doubling time of the source shrinks to less than 30 days
while the ~ 75 day decay halving time stays the same.
The timing of the underlying burst, however, is shifted
earlier by about 25 days. This is not the entire story,
however, as the sub-mm response is approximately a
dust temperature response and thus the underlying pro-
tostar luminosity change should be much stronger (i.e.
expected to be more similar to the W1 lightcurve; John-
stone et al. 2013; Contreras Pena et al. 2020). We there-
fore expect that the protostellar luminosity change dur-
ing the burst event was significantly more peaked than
that seen in the sub-mm, with a half-maximum width
of only days for the rise and weeks for the decay.

4. MORPHOLOGY OF EMISSION COMPONENTS

In the previous section, we demonstrate that HOPS
373 is variable in the mid-IR and sub-mm and interpret
the sub-mm variability in terms of an accretion burst. In
this section, we dissect the source into distinct structures
to understand the variability. In the sub-mm, HOPS 373
has been resolved into two compact continuum sources
with a small-scale CO outflow from the SW component
(Figure 5). These structures together serve as bench-
marks for interpreting the emission sources across wave-
lengths (Figure 6). In this section, we first describe the
binary components and the outflow, and then describe
the locations of emission in different bands.

For each instrument and image, the precise location
of the emission related to HOPS 373 is determined by
centroiding nearby compact sources (Table 5). The ab-
solute images are then registered to the WISE astro-
metric frame. Appendix A describes the details of these
positional shifts.

4.1. Binarity in the sub-mm

High-resolution mm imaging shows two distinct con-
tinuum sources with a separation of 3”6 and a position
angle 232° (Figure 7, Tobin et al. 2015, 2020b), using
the NE component as the reference point. The contin-
uum sources seem to be surrounded by a large envelope,
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Table 5. Centroid positions

Instrument A RA? Dec?

05 46 00 +X° -00 02 00 -Y®
2MASS 1.2-2.5 pm 30.648 35.02
WISE 3-25 pm 30.705 35.23
IRAC 3.6 um 30.686 35.26
IRAC 4.5 pm 30.692 35.26
IRAC 5.8 pm 30.709 35.16
IRAC 8.0 um 30.698 35.07
MIPS 24 pm 30.726 35.10
PACS 70 pm 30.859 35.31
PACS 160 pum 30.855 34.87
SCUBA-2 450 pm 30.902 34.17
SCUBA-2 850 pm 30.913 34.43
ALMA ACA 1.33 mm 30.973 34.11

“For uncertainty of centroid positions, see Appendix A
®As example, the first source is 05 46 30.648 -00 02 35.02

which is resolved out in the high-resolution image. In
Figure 7, the diffuse emission surrounding the sources is
associated with this unseen larger envelope.

The binary components of the 0.89 mm emission are
HOPS 373 NE centered at 05:46:31.100 -00:02:33.02 and
HOPS 373 SW at 05:46:30.905 -00:02:35.20 (Tobin et al.
2020b). The integrated flux of the NE and SW sources
are 85.0+3.3 mJy and 81.84+1.7 mJy, respectively, as
measured from the integrated flux in a 2D Gaussian fit

of imfit in CASA. The total 0.89 mm emission® in the
two continuum sources is ~ 0.17 Jy, or about 9% of the
integrated flux in the 850 pm emission seen in SCUBA-
2. Most of the emission is resolved out with the small
beam.

The ACA 1.33 mm continuum emission, obtained
with a 6”8x4”4 beam, has a centroid of 05:46:30.971
-00:02:34.13, between the two compact components, is
elongated in the position angle of those components, and
has a flux of 36249 mJy. In the Rayleigh-Jeans limit,
this flux at 1.33 mm implies a flux of 886 mJy at 850
pum, or 45% of the total emission from the source. In a
simulation of the ACA observation, if only the two point
sources are present, they would be marginally resolved.
However, the ACA continuum image shows an emission
peak between the two sources, which requires some dif-
fuse emission surrounds the two compact sources.

During the burst, the centroid of the residual (burst—
quiescent) emission in the SCUBA-2 850 pm images is
located 1”1 closer to the SW component than the qui-
escent emission, consistent with expectations if the SW
component is the source of the variability. The resid-
ual emission also has a compact profile, consistent with

5 The fluxes measured by Tobin et al. (2020b) are ~ 15% higher
from the same observation, due entirely to differences in sub-
tracting the nearby emission. The compact emission in the two
components is located on top of diffuse emission on scales small
enough that it does not resolve out.
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Figure 7. ALMA Band 7 (0.89 mm) continuum image of
HOPS 373. The NE and SW sources show a weak extended
continuum emission surrounding the compact emission.

a

FWHMS of ~ 7”, while the quiescent emission has a

FWHM of 15" in the SCUBA-2 data.

4.2. CO Outflows
The ALMA images from the ACA and the 12 m array

reveal large-scale outflows in CO 2-1 emission (see Fig-
ure 5 and also channel maps from the high-resolution
12m array observations of the CO outflow presented

in

Appendix A). At large scales, the blueshifted out-

flow is located to the southeast of the source while the
redshifted outflow is located to the northwest (see also
Mitchell et al. 2001; Nagy et al. 2020). At small scales,
the outflow direction is the opposite: the blueshifted
outflow is launched to the west, while the redshifted
outflow is launched to the east. The small-scale outflow

is

in

driven by the southwestern component.
The position-velocity (PV) diagram (the upper panel
Figure 8) along the position angle of 90° centered

on HOPS 373 SW shows that the blue and redshifted
outflows extend to 4" from the source. CO emission is
also detected in extremely high-velocity components, or
bullets, in a jet-like collimated morphology with veloc-
ities of —60 and 65 km s~! in each direction, relative
to the source velocity of 10 km s~!(the lower panel in
Figure 8). Such bullets are commonly detected in CO
emission in jets from very young protostars (Tychoniec

et

al. 2019). However, since the CO (3-2) line obser-

vation was carried in 2016, the jet-like feature is not
directly related to the recent outburst.

6 The precise FWHM is uncertain since the profile width is much
narrower than the 14”71 beam size of SCUBA-2 at 850 pm.
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Figure 8. Top: Position-velocity diagram of CO 3-2, cen-
tered at HOPS 373 SW and aligned along the outflow axis,
with a position angle of 90°. Extremely high velocity bul-
lets are detected within 1” of the star in both the red and
blueshifted jets. The velocity shown here is not corrected for
the source velocity of ~ 10 km s™'. Bottom: *CO (3-2) in-
tegrated intensity and the 0.89 mm continuum maps (green
contours) overlaid on the GNIRS K-band acquisition image.
Cyan and magenta contours show CO emission integrated
over the velocity ranges from -50.0 to -17.0 km s™* and 38.0
to 75.0 km s™', respectively, with contour levels set to (3, 5,
7, and 10) xo, with o = 0.19 Jy beam™* km s~ .

The northeastern component is not associated with
any detected small-scale outflow. Any outflow from the
northeastern component would have to either be low-
velocity and absorbed by the cloud or large enough that
it is resolved out. The large-scale outflow is either a
historical remnant of an outflow driven by the north-
eastern component, or the southwestern component has
precessed such that the wind direction changed from red
to blue. A large change in outflow direction has been
identified in another very young protostar, IRAS 15398-
3359 (Okoda et al. 2021).

4.3. Radio emission from 0.9-5 cm
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Figure 9. VLA images toward HOPS 373 at 5 cm; the 2015 data are on the left and the 2021 data are on the right. The
images clearly show that the 2021 data are brighter at 5 cm, potentially a calibration issue. The positions of the SW and NE
compact continuum components of HOPS 373 are marked by crosses in each panel. The beam in each image is 14”77 x11"40.

The archival observations from the VLA were ob-
tained in 2015 October, just prior to the start of JCMT
monitoring. At that time, the protostar was likely in
a quiescent state, though brighter than the minimum.
Our follow-up C-band observations in 2021 occurred ~6
months after the current and on-going burst began.

Emission at 5 cm: The large VLA beam encompasses
both of the distinct sub-mm continuum sources. The
flux density of HOPS 373 was 3246 pJy in 2015 and
4746 pJy in 2021 (see Table 6), apparently brighter dur-
ing the burst but consistent with no change to within 2¢.
As detailed in Section 2.6.4, there is a systematic offset
in the distribution of flux density differences and ratios
measured for other sources in the field between 2015
and 2021. Therefore we cannot be confident that the
difference in flux density at C-band represents a true
variation. These uncertainties also do not include the
5-10% absolute flux density calibration uncertainty.

Emission at 1.8 ¢cm: At 1.3 cm the two continuum
sources are marginally resolved when imaged at the
same resolution in 2015 and 2021 (Table 6). The NE
component appears brighter than the SW at 1.3 cm in
2015, while in 2021 the SW source appears to be the
brighter (Figure 10), though with flux densities consis-
tent within the uncertainties.

Emission at 0.9 ¢cm: At 0.9 cm, the NE source is
brighter than the SW source in both 2015 and 2021, but
the sources are both overall brighter in 2021 relative to
2015 (Figure 10). Using the well-resolved and high S/N
detections of each source at 9 mm, we find a NE/SW
flux density ratio of 1.7740.13 in 2015 and 1.454+0.12 in
2021, suggesting that the SW source brightened; again a

constant ratio cannot be ruled out at the 20 level”. Most
of the 9-mm emission is produced by thermal dust, so
the brighter emission from the SW source indicates an
increase in the dust temperature, in agreement with the
JCMT sub-mm observations.

Emission in water masers: The water maser emission
is only associated with the SW source, with a spatial
position that did not change between 2015 and 2021
(Figure 10). The flux density increased by a factor of
~10 from 2015 to 2021 (Table 6) and changed in velocity
from -15 km s~! in 2015 to ~10 km s~! in 2021 (rela-
tive to the local standard of rest and not corrected for

Table 6. VLA Flux Densities®

Flux Density  Flux Density  Flux Density

A 2015/2016 2021 Mar/Apr 2021 May
(cm) (1dy) (1dy) (1dy)
0.9 761424 96030

1.3 323+10 337+38 xx
5.0 3246 4746 4546
NE

0.9 486£17 569+21

1.3 1707 175£27

SW

0.9 275+17 391421

1.3 153+7 162£27

H20 Maser (mJy kms™!) (mJy kms™')

1.349 5.5 £0.8 56.1+£7

“Measured from fits with Gaussian profiles

7 These ratios ignore the absolute flux calibration, since that un-
certainty is applied in the same way to both targets.
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Figure 10. Top: VLA images of HOPS 373 at 9.1 mm in 2015 (left) and 2021 (right). Although both sources appear brighter
in 2021, possibly because of absolute calibration error, the ratio of flux densities indicates that the SW source is brighter in
2021. Bottom: VLA images toward HOPS 373 at 1.3 cm with HoO maser contours overlaid, in 2015 (left) and 2021 (right),
both shown with the same color stretch. The positions of the northeast and southwest components of HOPS 373 are marked by
crosses. The HoO maser emission is associated with the southwest source and brightened substantially in 2021 relative to 2015;
the contours start at 3¢ and increase on 20 increments where 02015 = 1 (mJy km s™')/beam and 2021 = 4 (mJy km s™')/beam
demonstrating a 7x increase in maser emission between 2015 and 2021. The 2015 maser emission is integrated from -15.5 to

-14.5 km s~ !, and the 2021 maser emission is integrated from 9.5 to 10.5 km s

the source velocity). The maser lines are narrow, with
FWHM of <1 km s~! in both epochs. The previously
published single-dish maser observations toward the re-
gion detected maser activity at substantially higher flux
densities and at velocities of ~20 km s™! (Haschick et al.
1983).

4.4. Near- and Mid-IR emission from the outflow

The WISE W1 and W2 emission is centered 371
to the west of the ALMA-observed southwestern sub-
mm continuum source and is spatially unresolved due
to the ~ 6” point spread functions. The two epochs
when HOPS 373 was bright occurred in Sept. 2019 and
Sept. 2020. Compared to the centroid position from pre-

—1

vious September epochs, in 2019 the centroid position in
W1is 07176 W and 07093 N of previous Sept. epochs;
in 2020 the centroid is 07122 W and 0’077 N. In W2,
the offsets are 0’132 west and 0.068 north in 2019 and
07133 W and 0.079 N in 2020. Based on previous epochs,
each position has a 1o uncertainty of 07025. These cen-
troid positions include the quiescent emission and the
emission added from the burst. After subtracting the
quiescent emission, the position of the burst would be
even further away from the quiescent centroid.

The K-band images of HOPS 373, mostly Hs emission
(see Section 5), are dominated by a compact source 4.2”
west of the southwestern continuum component, with
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a tail of fainter emission extending back to the north-
east toward the source (Figure 5). The IRAC 4.5 um
emission also shows very faint emission to the east of
this source, likely associated with the redshifted outflow
(Figure 2).

The K-band tail follows the southern half of the
blueshifted CO emission. The K-band compact emis-
sion is located just beyond the extent of the CO emis-
sion, perhaps indicating a bow-shock at the end of the
jet (Varricatt et al. 2010).

The J- and H-band emission seen with UKIRT is spa-
tially consistent with the K-band emission and likely
traces molecular and atomic line emission from the out-
flow. The total source brightness is J = 21.18 £ 0.4 and
H = 18.78 £0.09, but the emission is too faint to divide
into individual epochs or to separate into different com-
ponents. Spezzi et al. (2015) reported H = 19.34 from
the VISTA Orion Survey, fainter than measured here,
either because of variability or a smaller aperture over
which the emission was measured.

4.5. Far-IR emission from the SW component

The Herschel PACS 70 and 160 pum emission is nearly
centered on the HOPS 373 SW (Figure 6). The binary
is not resolved and the emission is not elongated in any
direction. The total fluxes at 70 ym and 160 pum are
5.46 Jy and 36.3 Jy, respectively (Furlan et al. 2016).
The far-IR emission seems to be mainly associated with
HOPS 373 SW, attributed to the thermal emission from
the HOPS 373 SW envelopes rather than the scattered
light from the cavity wall or the shocked emission, seen
in shorter wavelengths.

4.6. Summary of source morphology

The HOPS 373 protostar consists of two compact dust
sources, HOPS 373 NE and SW, separated by 3”6, cor-
responding to a projected separation of 1500 AU at the
distance of 428 pc. Both a molecular outflow and maser
emission are associated with the SW component. No
small-scale outflow is seen from HOPS 373 NE.

In Figure 6, we identify the location where each emis-
sion component is detected. The near- and mid-infrared
emission centroids are all consistent with emission lo-
cated along the blueshifted outflow from the central
source, where the opacity should be reduced. At 70
pm, the emission is located nearly on the position of
the SW source. In the ALMA ACA Band 6 imaging at
1.33 mm, the emission centroid is located between the
sources, as is the emission at ~850 pym from SCUBA-2.
The NE source does not show any emission feature over
the mid-infrared images. However, as the wavelength
gets longer through far-infrared to sub-mm, the thermal

emission from each individual dust component becomes
significant and the flux of the NE source increases.

The variability in the infrared continuum and in the
maser emission, along with the detected outflow, con-
clusively demonstrates that the SW component is the
component that is actively accreting and variable. The
variability in maser emission is consistent with past as-
sociations between maser emission and accretion (e.g.
Burns et al. 2015, 2020; Hirota et al. 2021; Stecklum
et al. 2021). Assuming that the maser variability is re-
lated to the accretion event, then the water masers are
responding to the increase in radiation field. The masers
may also brighten due to an increase in outflow activity,
any such change would occur over longer timescale than
observed for HOPS 373 and would mean that the corre-
lation between maser emission and sub-mm emission is
only a coincidence.

The NE source is only bright in the sub-mm and is not
detected in the mid-IR. The luminosity must be very
low. The compact object is the size of a disk, but the
central source must be low-mass and is not actively driv-
ing any outflow. The large-scale outflow may be a rem-
nant outflow from the NE source or may be an outflow
from the SW source that changed direction.

5. MOLECULAR EMISSION IN THE
NEAR-INFRARED

The compact near-IR emission is located ~4.3" away
from HOPS 373 SW and has ~1” in diameter. The elon-
gated emission feature extends ~3" to the east, towards
the driving source. We obtained the near-infrared spec-
trum from the compact source by placing the 0.3" x 7"
slit nearly perpendicular to the extended near-IR emis-
sion feature (see Figure 5). The near-IR spectrum of the
compact K-band source is dominated by rovibrational
H, emission, detected in vibrationally excited lines up
to v = 3 (Figure 11). Table 7 provides the intensities of
the Hy lines, measured from fitting Gaussian profiles to
the lines. The flux error is estimated from the standard
deviation in the continuum near each line. The Hy 1-0
S(1) line center is shifted from the central wavelength
by about -22 km s~! in LSR velocity, or ~ —32 km s~!
relative to the source velocity.

For an optically thin line, the intensity is proportional
to the column density N,; in a given rovibrational level
as follows

Ix(v,J)  Ahc

Q 4w

where I is the line flux given in the unit of W cm™2, A is
the Einstein coefficient, A is the Planck constant, ¢ is the

speed of light, N is the column density at a given rovi-
brational level, and ) is the area that the emission comes

N(v,J) 107044 (1)
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from, with 0’3 x1”adopted here for simplicity. The near-
infrared extinction to the Hy emission is estimated to be
8.440.1 at 1 pum from the Hsy line ratio of 1-0 S(1) to 1-0
Q(3) with the extinction law of Ay/A; = A\=2-27 where
A is the extinction at 1 pm (Maiz Apelldniz et al. 2020).
Other Hy line ratios yield Ay = 4 — 10 mag but are
less reliable because they rely upon lines at wavelengths
that are progressively longward of 2.4 pum, where our
telluric correction is more uncertain. For comparison,
if we adopt the extinction law of Wang & Chen (2019),
with a near-IR power-law index of 2.07, the Hy 1-0 S(1)
to 1-0 Q(3) line flux ratio would lead to extinctions of
Ag = 1.5 mag and A; = 7.8 mag.

After correcting for the near-infrared extinction, the
Hy v=1-0, 2-1, and 3-2 rovibrational transitions are fit-
ted with the excitation temperatures of about 2900,
1700, and 4700 K, respectively (Figure 12). A com-
bined fit to all lines® leads to an excitation temperature
of about 2100 K and a total column density of 4.4x10%*
em™? calculated assuming a 0/3x1” emitting area on
the sky. These temperatures are roughly consistent with
H, excitation temperatures from other protostellar jets
(e.g. Giannini et al. 2002; Takami et al. 2006; Beck et al.
2008; Oh et al. 2018) and, together with the 1-0 to 2-
1 S(1) line ratio of ~8 (Smith 1995), indicate thermal
excitation from shocks. The lines from the v’ = 3 are
somewhat stronger than thermal excitation, suggesting
a possibility that populations in high vibrational lev-
els are enhanced by UV irradiation (e.g. Black & van
Dishoeck 1987; Nomura et al. 2007).

The total flux of Hy emission in the K-band between
wavelengths from 2.03 to 2.37 ym is 4.0x1072! W cm 2,
based on the best-fit to all lines. This flux is 12.0 times
brighter than the total continuum flux in the K-band, as
measured from the spectrum. Extrapolating from an Hy
excitation temperature of 2100 K and column density
of 4.4x10' ecm™2, extincted by A; = 8.4 mag, leads
to Hy fluxes of 3.21x1072° W c¢cm~2 in the WISE W1
band and 2.97x 1072° W cm~2 in the WISE W2 band
(magnitudes of 16.8 and 15.8, respectively). Even with
some correction for emission outside of the slit, these
magnitudes are much fainter than the observed W1 and
W2 brightness.

The CO v=2-0 and 3-1 overtone bandheads are de-
tected in emission with an integrated flux 50-90 times
weaker than the summed Hy line emission (Figure 13).

8 One outlier from the fit, v=1-0 Q(5) line at 2.4548 um, is a factor
of 2.2 weaker than expected, likely because the flux overlaps ex-
actly with a telluric absorption line. The telluric absorption line
is barely seen at low resolution but would be strong if resolved.
This line is ignored in our fits.

These lines typically trace emission at ~ 3000 K, hot-
ter than either the sub-mm outflow emission seen in
the outflow or the warmer far-IR emission (Tobin et al.
2016). The critical density required to excite these lev-
els, ~ 1012 —10' em =3 (Najita et al. 1996), is associated
with dense inner disks and not with outflows.

If the W1 and W2 variability are both caused by
continuum emission that scales in the same way, then
~ 73% of the quiescent emission in W2 would have
to be produced by lines (assuming that the lines are
non-variable). Although the Hy component identified in
the K-band cannot explain such line emission at W1,
a cooler Hs emission component may be present that
could contribute flux at W2 but not in W1 or in the
K-band (see, e.g., excitation diagrams in Giannini et al.
2006). This scenario would also be consistent with the
warm (~ 300 K) CO component detected in the far-IR
(Tobin et al. 2016). Alternately, strong shocks may also
produce strong CO emission, as inferred in the 4-5 pm
emission in photometry for the outflow shock HH 212
and the young protostar NGC 1333 IRAS 4B (Tappe
et al. 2012; Herczeg et al. 2012). Strong CO fundamen-
tal (v = 1—0) band emission has been detected from the
outflow of GSS 30 (Herczeg et al. 2011), an embedded
protostar that also shows excited far-IR, CO emission,
like HOPS 373 (Green et al. 2013; Tobin et al. 2016).

6. THE DISSECTION OF THE HOPS 373
ACCRETION BURST

The broadband wavelength coverage and K-band
spectroscopy help us to dissect the response to an ac-
cretion burst of different structural components in the
HOPS 373 protostar. In this section, we step through
the different wavelengths to describe the changes in the
central source, as seen at long wavelengths, and how
some of that emission escapes in the outflow cavity at
short wavelengths. We then describe the importance of
these results for surveys that search for variable proto-
stars.

6.1. The sub-mm variability and change in luminosity

The sub-mm continuum emission seen with
JCMT/SCUBA-2 traces dust in the envelope, heated
primarily by emission from accretion onto the central
protostar (see Section 3.2). Since the envelope acts
as a bolometer, any change in the sub-mm emission
should probe changes in the dust temperature pro-
file caused by variable accretion luminosity (Johnstone
et al. 2013). The different scales for emission are impor-
tant: the SCUBA-2 imaging has an angular resolution
of 14”1 (~6100 AU), so most of the envelope emission
is detected in a single resolution element. The ALMA
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Figure 11. The normalized K-band spectrum of HOPS 373. The rovibrational transitions of Ho dominate the K-band emission.
The rovibrational transitions of v=1-0, 2-1, and 3-2 are denoted with red, green, and blue labels above the lines.

Table 7. Hs Linelist

Line A Flux Error
1D (pm) (1072 W cm™?)
1-0 S(4) 1.8919 67.3 0.9
2-1S(5) 1.9449 4.7 0.4
1-0 S(3) 1.9576 293.8 0.4
2-1S(4) 2.0041 3.8 0.4
1-0 S(2) 2.0338 92.0 0.1
3-25(5) 2.0656 2.5 0.1
2-1S(3) 2.0735 16.5 0.1
1-0 S(1) 2.1218 168.7 0.6
3-25(4) 21280 1.8 0.3
2-1S5(2) 2.1542 8.7 0.1
3-25(3) 22014 3.7 0.2
1-0 S(0) 2.2233 77.0 0.1
2-1S(1) 2.2477 21.8 0.3
3-25(2) 22870 1.3 0.2
2-1 S(0) 2.3556 6.0 0.3
3-25(1) 2.3865 3.5 0.5
1-0 Q(1) 2.4066 201.1 0.5
1-0 Q(2) 2.4134 100.2 0.5
1-0 Q(3) 2.4237 173.2 0.6
1-0 Q(4) 2.4375  96.2 0.3
1-0 Q(5) 2.4548 62.7 0.4
1-0 Q(6) 2.4756 46.1 0.9
1-0 Q(7) 2.5000 69.5 1.0
1-0 Q(8) 2.5280 30.5 2.0

12-m Array observations have an angular resolution of
~ 0.08”, the typical scale of protoplanetary disks, and
filter out most of the envelope emission, which occurs
on scales larger than ~ 1”.

In the SCUBA-2 monitoring, HOPS 373 brightens by
a factor of ~ 1.25 at 850 ym. The single-dish SCUBA-
2 and ACA sub-mm emission is centered between the
two sources. The variability is associated with the SW
source, as inferred by the location of WISE mid-IR
emission, ongoing outflow activity, and increase in HoO
maser emission. In the resolved ALMA observations of
the continuum emission at 890 pm, obtained during a
quiescent period of the NEOWISE lightcurve, the SW
source is 88% as bright as the NE source. Neverthe-
less, while the NE component is bright in high-resolution
sub-mm images, the images at shorter wavelengths indi-
cate that this source is faint and contributes little to the
heating and total luminosity of the envelope. The SW
component dominates the emission in the far-IR, where
the combined SED peaks (Stutz et al. 2013); the SW
component is also not detected at shorter wavelengths.

The bolometric luminosity of 5.3 Lo (Kang et al.
2015), measured during a low luminosity epoch, corre-
sponds to an accretion rate of approximately

R« 0.3M,
2 X R@ M*

Myee =1.4 %1076 Meyr—t.  (2)
The SW component is expected to contribute most of
the envelope heating. With this assumption and scaling
from radiative transfer models by Baek et al. (2020), the
25% brightness increase at 850 pm translates into an in-
crease of the source luminosity by a factor ~ 1.8. How-
ever, if both targets contribute equally to the source lu-
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minosity, and therefore the heating of the envelope (sim-
ilar to the measured ratio on small scales with ALMA),
then we would infer a brightness increase of 50% at 850
pm from the southwest source. This brightening would
correspond to a luminosity increase of a factor of 3.3.

Our monitoring probes only changes during what we
identify as the quiescent level of emission. The far-IR
CO emission is about 30 times stronger than that ex-
pected for its luminosity, based on correlations estab-
lished for protostellar outflows (Manoj et al. 2016). In
addition, HOPS 373 is the only PACS Bright Red source
detected in far-IR [OI] and OH emission in the Tobin
et al. (2016) sample, indicating the presence of very
strong shocks in the outflow.

If the high far-IR CO luminosity is associated with
a photo-dissociation region along the outflow cavity
walls, then the current internal luminosity must be,
higher than that from the SED fitting, given the cool-
ing timescales. Inspecting the SED model of HOPS 373
by Furlan et al. (2016), the model flux peaks at shorter
wavelengths than the observed SED. The envelope may
be more massive than ~ 0.3 Mg (Furlan et al. 2016),
since no near- and mid-IR emission is detected from the
protostar itself. We estimated the envelope mass from
the 850 pum flux to be ~ 3.6 Mg by using equation 1
in Johnstone et al. (2001) with the dust temperature
of 20 K and the dust opacity of 0.01 cm? g~! at 850
pm. The source luminosity may be underestimated, if
some uncertain fraction of the energy escapes the sys-
tem through the outflow cavities, although any under-
estimate would likely be much less than the factor of 30
needed to explain the CO emission.

On the other hand, if the far-IR CO emission is dom-
inated by the shocked gas, then the internal luminos-
ity and far-IR CO emission might not be necessary to
be contemporaneous. HOPS 373 is the only one of the
PBRS with strong far-IR, CO and H5O lines, along with
some OH and [O I] emission (Manoj et al. 2016; Tobin
et al. 2016). The ALMA observation of CO emission
shows a well-collimated jet and spot-like Ho emission at
along the outer boundary of CO outflows and at the ter-
mination of the outflow. These observational results in-
dicate non-dissociative C-shocks, and a time difference
of 1000 yrs might be possible in the consideration of
shock chemistry. Other young sources, such as NGC
1333 TIRAS 4B, HOPS 108, and HOPS 370, also have
anomalously strong CO emission, perhaps because the
emission is produced by non-dissociative C-shocks (e.g.
Herczeg et al. 2012; Manoj et al. 2013; Karska et al.
2018).

6.2. Interpreting the brightness changes in the infrared
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Figure 12. The excitation diagram of Hsy transitions for
HOPS 373. The column densities per statistical weights of
H, transitions are normalized by that of Hy 1-0 S(1) line.
The vibrational transitions of v=1-0, 2-1, and 3-2 are fitted
by red, green, and blue straight lines, respectively. The Hs 1-
0 Q(5) line is excluded from the fit. The total Hy transitions
are fitted by the black solid line. The shaded regions show
the 3 sigma error of the fitted lines.

The warm dust and gas emission seen in the near- and
mid-IR traces the outflow (see schematic from Visser
et al. 2012). The Hy emission is produced in shocks
in the outflow and along the cavity walls. The con-
tinuum emission, which dominates the W1 imaging, is
most likely produced by the warm inner disk, which ir-
radiates the cavity walls, although we cannot rule out in
situ, emission from warm dust that could line the cavity
walls. In this scenario, the mid-IR emission from the
disk is detected in scattered light off of the cavity walls.
The high extinction through the envelope to the central
star absorbs all short-wavelength emission, with a dense
envelope that causes the SED to peak at 100 pum, while
the line of sight extinction to the Hs emission in the
outflow is A; = 8.4 mag. This extinction is caused by
dust in the interstellar medium and in the circumstel-
lar envelope. The disk origin for the infrared continuum
emission is supported by the detection of CO overtone
band emission and by the ratio of changes in the infrared
compared with the sub-mm.

The CO overtone bands (Av = 2) in our GNIRS spec-
trum are likely produced in the disk (e.g. Brown et al.
2013; Tlee et al. 2013), since the critical density to ex-
cite the upper levels is higher than expected for out-
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flow shocks. The detected CO emission would therefore
be seen only because the outflow scatters emission that
originates in the disk. This scenario strongly supports
the idea that the W1 emission is scattered light. For
the high-mass protostar, IRAS 11101-5829, CO overtone
emission is detected in scattered light by the outflow wall
but is generated by the disk (Fedriani et al. 2020). The
high-mass protostar S255IR NIRS 3 also seems to have
a similar morphology, with variability in continuum and
CO emission traced to light echoes (Caratti o Garatti
et al. 2017). This specific scenario, with Hy emission
from extended winds and CO emission produced by the
disk but seen only in scattered light, also has a direct
analog with the post-main sequence, pre-planetary neb-
ula IRAS 16342-3814 (Gledhill & Forde 2012).

The relation between the variability in W1 and that at
850 pm, Fid—1r X Fgsg, is 1 ~ 4.6 for HOPS 373, con-
sistent with the empirical correlation found for mid-IR
and sub-mm variability for a subset of JCMT Transient
Survey embedded protostars, n = 5.53+£0.29 (Contreras
Pena et al. 2020). This correlation is also close to ex-
pectations from radiative transfer models that include
mid-IR emission from disks scattering of light off of out-
flow cavities (Baek et al. 2020).

The variability is smaller in other IR bands, with
n ~ 1.8 at W2 and n ~0.5 at K-band (average of the
bursts in Table 4). Since the K-band emission is domi-
nated by Hy lines, the observed variability must be pro-
duced by either large changes in the continuum emission
or small changes in the Hs emission. The continuum
variability at W2 is also likely veiled by stable molecu-
lar emission, either a cool Hy component or CO emission
from a strong shock in the outflow.”

The raw W2—W1 color is an extreme outlier in proto-
star samples (e.g. Gutermuth et al. 2009; Dunham et al.
2015). If we correct the W2 photometry by assuming
that the continuum variability at W1 and W2 are the
same, then the W2 continuum brightness would be 1.4
mag fainter than measured, or W2 = 12.3, during qui-
escence; the remaining 75% of the quiescent W2 emis-
sion is produced by either CO or Hs. The W1 — W2
color is then ~ 3.1 mag, still an outlier among proto-
stars. Compared to the variable young protostar EC 53
(W1 — W2 = 2.3 from Lee et al. 2020 and Ay ~ 10
from Dunham et al. 2015), HOPS 373 is 0.8 mag red-
der than EC 53, so if the emission sources are similar,
then there should be Ay = 60 mag more extinction to
HOPS 373 than to EC 53 (for the extinction curve of

9 The molecular emission from shocks should be constant on
relevant timescales and change only on the longer (centuries)
timescales for the outflow to travel ~ 1000 AU.

Wang & Chen 2019), so Ay ~ 70 mag. This excess
extinction is the sum of extinction in our line of sight
to the outflow emission (including any interstellar dust)
and in the line between the outflow emission and the
central source. While this extinction estimate is highly
uncertain, the very red color even after correcting for
molecular line emission indicates that either the extinc-
tion to the mid-IR emission from the outflow is high, or
the emission is from a very cool source. The extinction
of Ay ~ 70 mag is higher than that inferred from the
Hs, but the Hy emission in the slit is dominated by the
compact source while the mid-IR emission is centered
closer to the central object. The extinction in our line
of sight to the central source is probably even larger than
this value.

The mid-IR (and any near-IR) continuum emission is
either scattered light or produced in situ by dust along
the cavity walls. If this continuum is produced by scat-
tered light, the quiescent brightness of W1 = 15.0 would
correspond to a central source brightness of W1 ~ 6, af-
ter very roughly correcting for both the scattered light,
as follows. We assume that the scattering source in-
tercepts 1% of the stellar emission (5 mag reduction in
brightness) and then re-radiates that emission over 4w
steradians (2.75 mag reduction). The albedo is 0.3-0.55
at 3.5 um (Weingartner & Draine 2001), and the extinc-
tion (if the same as the Hy extinction) causes a 0.3 mag
reduction in brightness. The source would still have a
very red W1 —W2 color, so the extinction to the mid-IR
emission may be higher than that to the Hy emission.
The W2 absolute brightness would then be comparable
to the bright outbursting star FU Ori (e.g. Zhu et al.
2007), in other words, very bright but still physically
plausible. Any infrared emission from the central star
itself is entirely attenuated by the optically thick enve-
lope and not directly detected. If the energy from the
central source is beamed out of the cavity, the bolomet-
ric luminosity of 5—6 Ly may be somewhat underesti-
mated because the fluxes in near- and mid-IR are not
the total fluxes originated from the central protostar it-
self. This might be hinted at by the overluminous far-IR
CO emission, as discussed in Section 6.1.

An alternative to the scattering hypthesis for the in-
frared emission is that dust emission could be produced
from the cavity walls themselves. Such emission could
be explained by ~ 200 K dust emission along the ob-
served emission area, leading to a very red spectrum
with a flux that is roughly consistent with the observed
brightness. In this scenario, excess luminosity from the
protostar would heat the dust enough to increase the
near-IR emission on light travel timescales (< 10 days).
However, the high density of the CO overtone emission
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Figure 13. GNIRS CO overtone band spectrum. The
IGRINS spectrum of TRAS 0344543242 (Lee et al. 2016),
multiplied by 13, is overlaid with red. The spectrum of
HOPS 373 is not continuum-subtracted.

makes it challenging to explain with in situ emission
from the cavity walls. Additionally, the region where the
2000-3000 K CO emission is produced is hotter than the
dust sublimation temperature, so dust emission would
not be co-located exactly where the CO emission occurs.
A time-dependent SED, including measurements at 5—
15 pum where the albedo is much smaller than at shorter
wavelengths, would break the degeneracy between scat-
tered and in situ emission.

6.3. Implications for Variability Surveys

The morphology of the emission from HOPS 373 has
important implications for variability surveys that in-
clude protostars. The variability in the sub-mm indi-
cates a modest burst in the source luminosity by about
a factor of 2 (Section 6.1), presumably due to enhanced
accretion. The near- and mid-infrared emission from the
central protostar is too extincted to be directly detected
(Section 4.4). The observed emission escapes along the
outflow cavities, where the infrared extinction is about
8 mag, as inferred from the Hs lines. The change in lu-
minosity implied by the sub-mm variability is consistent
with the level of variability seen at W1 (Section 6.2).

However, since the W1 emission emerges from the
outflow cavity, any robust interpretation is empirical,
depends on multiple lines of sight in a complicated ge-
ometry, and may be suspect. That the W1 emission is
seen in scattered light does not necessarily affect the in-
terpretation of the variability, unless there are optical
depth changes anywhere along the lines of sight (as seen
for some large outbursts, including V2492 Cyg and V346
Nor, Hillenbrand et al. 2013; Késpédl et al. 2017).

For HOPS 373, the near-IR and W2 emission are
dominated by stable molecular emission, which reduces
the detectability of any changes in the continuum emis-
sion. EGOs and the youngest (Class 0) protostars also
have K-band emission dominated by Hs lines (Caratti o
Garatti et al. 2015; Laos et al. 2021), such that any con-
tinuum variability would be veiled and not large enough

to trigger follow-up. The variability in W2 is also less
than expected, likely veiled by non-variable CO and/or
Hs emission. The line emission is produced along the
outflow cavity walls, detected here as Hs and sub-mm
CO emission, and at a strong bow shock that produces
Hs emission but no significant sub-mm CO emission (see
also far-IR, CO emission, Tobin et al. 2016).

Searches for variability in the K-band (e.g., VVV Sur-
vey, Contreras Pena et al. 2017; Lucas et al. 2017) or in
W2 (Park et al. 2021) may miss variability in sources
like HOPS 373. Many spectra of outbursts identified in
the VVV survey show strong Hs emission (Guo et al.
2020), although none are nearly as extreme as HOPS
373 because they would not have been identified as can-
didate outbursts. The variability in W1 emission should
be more reliable than K or W2 of diagnosing changes
in the warm dust emission from the disk. Any IR color
analysis would indicate molecular emission rather than
any spectral index for the dust continuum emission. For
follow-up investigations of protostellar variables, sources
that are found to have spatial offsets between the in-
frared and sub-mm emission are likely to yield similar
K-band spectra as HOPS 373, with strong Hs emission.

6.4. Future experiments with high-cadence lightcurves

The protostellar morphology is a confounding variable
but also a potential source of leverage because of delays
caused by light travel time and opacities. If the outflow
is nearly in the plane of the sky, to maximize the light
travel time for infrared light from the source scattered
by the blueshifted outflow, then the emission at ~ 3
— 4 arcsec (1400 — 1800 AU) would by delayed by 7
— 9 days. Very high time resolution might be able to
trace the outflow shape as the emission scatters off of
dust at progressively larger distances from the central
object. Such reverberation mapping has been applied
to variable protostars IRAS 18148-0440 (Connelley et al.
2009), LRLL 110 (Muzerolle et al. 2013), and L1527 IRS
(Cook et al. 2019). The infrared lightcurve from the
central star would only be delayed and not appreciably
smoothed out.

On the other hand, the sub-mm emission is expected
to be delayed and smoothed out (see Section 3.2 and
Johnstone et al. 2013). The energy from the central
star heats the envelope, which is optically thin at 850
pm. The heating occurs in all directions away from
the central star, including the far side of the envelope.
Even though the envelope dust temperature equilibrates
quickly, the associated light crossing timescale for the
core is on the order of one month and thus any short
timescale burst will be smoothed out. Competing with
this relatively long smoothing function, the steep den-
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sity and temperature radial gradients in the envelope
make the initial sub-mm reaction to an instantaneous
burst strong, with a long weaker tail to the response.
The first burst of HOPS 373 has a sub-mm lightcurve
with a steep rise (< 50 day doubling time), which is ex-
pected to have been broadened by the envelope heating
and light propagation times — implying an underlying
rise that must have been even faster. Conversely, the
broader observed decay, ~ 75 day halving time, is not
much influenced by the envelope response time. Future
simultaneous, well calibrated and high cadence (daily)
monitoring of a protostellar burst in both the infrared
and sub-mm could place much stronger constraints on
the envelope structure.

7. CONCLUSIONS

In recent years, infrared and sub-mm variability sur-
veys have been developed to search for large accre-
tion outbursts on protostars. In this paper, we eval-
uate multi-wavelength emission for the modest accre-
tion burst of HOPS 373, a deeply embedded protostar
in NGC 2068 in Orion, with the following results:

e Variability in the sub-mm continuum emission
provides an indirect probe of variability of the
central source luminosity, dominated by accretion.
The source luminosity brightens by ~ 1.8 — 3.3,
depending on the contribution to the quiescent lu-
minosity from the northeast source.

e High-resolution mm imaging reveals two distinct
compact sources, which complicates the conversion
of sub-mm brightness variability to changes in ac-
cretion luminosity onto the varying source. The
southwest component is identified as the variable
because it launches the small-scale outflow and is
associated with maser emission, which is also much
brighter in 2021 than in 2015.

e The observed near and mid-IR continuum emis-
sion is likely scattered light from the central proto-
star and disk scattered in the outflow cavity; simi-
lar to the spatially resolved variability in the scat-
tered light nebulae of low-mass stars LRL 54361
(Muzerolle et al. 2013) and L1527 IRS (Cook et al.
2019). In the infrared and sub-mm, the variable
emission from the protostar and its disk cannot be
detected directly.

e For the youngest protostars, the W1l-band is likely
optimal for measuring continuum changes. The
K- and W2-band emission are dominated by CO
and Hy emission lines produced by the outflow,
along the cavity walls and at a bow shock. The

line emission is expected to be much more steady
than the continuum emission, so these contribu-
tions will reduce any variability signal that might
otherwise be measured from the continuum.

These results together indicate that photometric vari-
ability (or lack of variability) for protostars require spec-
troscopic and multi-wavelength investigations for phys-
ical interpretations. The K-band and W2 bands pose
challenges for some subset of young protostars. Vari-
ability searches in W1 may be more reliable because of
the lack of strong lines coincident with the filter trans-
mission. With existing facilities, the sub-mm provides
the most robust measurement of protostellar variability,
but is limited by sensitivity and spatial resolution, and
should be coupled with observations at shorter wave-
lengths and sub-mm observations with high resolution.
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APPENDIX

A. ASTROMETRIC SHIFTS AND UNCERTAINTIES FOR ACCURATE POSITIONAL COMPARISONS

The absolute astrometry for some observations may be unreliable. In each image listed in Table 8, we measure the
centroid of a set of objects and then register the absolute pointing of the image based on the positions of those objects
in WISE (Cutri et al. 2021).

Table 8 and 9 lists the adopted uncertainties in right ascention and declination in each band. For 2MASS, PACS,
and SCUBA-2 450 and 850 um images, the uncertainties are measured from the astrometry using the centroids of
objects presented in Table 8. The uncertainties in the WISE image are adopted from the ALLWISE catalog. Table 9
lists the uncertainties in mid-infrared images which are estimated from the 2-dimensional Gaussian fit and assuming
that the astrometry is accurate.

B. CHANNEL MAPS FOR CO EMISSION FROM HOPS 373

Figure 14 presents the channel maps for '2CO 3-2 emission from HOPS 373. The blueshifted emission from the
central velocity of 10.3 km s~! is distributed along with the elongated feature of the GNIRS Ks emission. On the
other hand, the redshifted emission shows a limb-brightened structure that traces the outflow cavity wall.
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Figure 14. The 2CO (3-2) channel map. The central velocity is 10.3 km s~!. The grey contours show the flux density levels
of 4ox(1, 2, 3, 4 5) with 1o = 2.74 x 1072 Jy beam™*. The 0.89 mm continuum is superposed on the map in red contours with
levels of 50x (1, 2, 4, 6, 10, 20) and 16=4.0x10"* Jy beam~'. The GNIRS K-band emission is overlaid onto the channel map
with the yellow contours, in which the contour levels are 200, 500, 1000, 1500, and 2000 with 10=8.4 in arbitrary units. The
beam size is presented in bottom left in each panel.
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Table 8. Centroid positions

Object Type® RA (J2000) Dec (J2000) ARA (")* ADec (")°
WISE Positions
HOPS 388 Protostar 05 46 13.136  -00 06 04.85 - —
LkHA 301 Disk 05 46 19.466 -00 05 20.02 - —
HOPS 321 Protostar 05 46 33.184 00 00 02.03 - -
HOPS 363 Protostar 05 46 43.129 00 00 52.28 - -
Adopted HOPS 373 05 36 30.705 -00 02 35.23 - -
2MASS Positions
HOPS 388 Protostar 05 46 13.135 -00 06 04.82 -0.015 0.034
LkHA 301 Disk 05 46 19.468 -00 05 19.99 0.030 0.027
HOPS 321 Protostar 05 46 33.188 00 00 02.15 0.067 0.116
HOPS 363 Protostar 05 46 43.112 00 00 52.30 -0.246 0.022
Shift -0.041 0.050
Uncertainty 0.141 0.044
Adopted HOPS 373 05 46 30.648 -00 02 35.02 -0.855 0.210
SCUBA-2 Positions®
850 pm
LkHa 298 Disk 05 46 04.618 00 04 59.88 -0.09 1.71
V1647 Ori FUor disk 05 46 13.140 -00 06 04.06 -0.05 0.79
LkHa 301 Disk 05 46 19.457 -00 05 18.55 -0.12 1.39
(LkHa 309) Disk, excluded 05 47 06.861 00 00 48.81 -1.57 1.16
MGM2012 3292 Disk 05 46 18.032 00 12 12.89 0.32 0.73
450 pm
HOPS 315 Protostar 05 46 03.604 -00 14 47.33 -0.44 2.19
HOPS 385 Protostar 05 46 04.801 -00 14 15.20 0.24 1.49
V1647 Ori FUor disk 05 46 13.174 -00 06 02.74 0.57 2.11
LkHa 301 Disk 05 46 19.530 -00 05 18.00 0.98 1.94
Shift 0.18 1.54
Uncertainty 0.42 0.52
Adopted HOPS 373 850 um 05 46 30.913 -00 02 34.43 3.12 0.80
Adopted HOPS 373 450 um 05 46 30.902 -00 02 34.17 2.96 1.06
MIPS 70 pm Positions
HOPS 388 Protostar 05 46 13.046 -00 06 04.64 -1.359 0.207
LkHA 301 Disk 05 46 19.473 -00 05 16.21 0.100 3.805
HOPS 321 Protostar 05 46 33.250 00 00 03.83 0.991 1.796
HOPS 363 Protostar 05 46 43.145 00 00 55.14 0.247 2.857
Shift -0.005 2.166
Uncertainty 0.983 1.543
Adopted HOPS 373 05 46 30.916 -00 02 37.85 3.165 -2.62
PACS 70 pm Positions
HOPS 388 Protostar 05 46 13.128 -00 06 04.84 -0.128 0.013
LkHA 301 Disk 05 46 19.432 -00 05 19.64 -0.512 0.372
HOPS 321 Protostar 05 46 33.152 00 00 01.45 -0.485 -0.581
HOPS 363 Protostar 05 46 43.084 00 00 51.93 -0.665 -0.347
Shift -0.298 -0.136
Uncertainty 0.233 0.417
Adopted HOPS 373 05 46 30.859 -00 02 35.31 2.310 -0.08
PACS 160 um Positions
HOPS 388 Protostar 05 46 13.150 -00 06 05.08 0.207 -0.233
LkHA 301 Disk 05 46 19.450 -00 05 19.27 -0.243 0.751
HOPS 321 Protostar 05 46 33.291 00 00 00.62 1.609 -1.405
HOPS 363 Protostar 05 46 43.081 00 00 51.08 -0.712 -1.195
Qhif+ N215% 0519
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Table 9. Uncertainty in centroid positions for mid-infrared images

Instrument A ARA (") ADec ()
IRAC 3.6 pm 0.012 0.009
IRAC 4.5 pm 0.018 0.012
IRAC 5.8 pm 0.020 0.014
TIRAC 8.0 pm 0.020 0.014
TIRAC 8.0 pm 0.020 0.014
MIPS 24 pm 0.072 0.063
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