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Abstract

Episodic accretion has been proposed as a solution to the long-standing luminosity problem in star formation;
however, the process remains poorly understood. We present observations of line emission from N,H' and CO
isotopologues using the Atacama Large Millimeter/submillimeter Array (ALMA) in the envelopes of eight very
low luminosity objects (VeLLOs). In five of the sources the spatial distribution of emission from N,H" and CO
isotopologues shows a clear anticorrelation. It is proposed that this is tracing the CO snow line in the envelopes:
N,H" emission is depleted toward the center of these sources, in contrast to the CO isotopologue emission, which
exhibits a peak. The positions of the CO snow lines traced by the N,H™ emission are located at much larger radii
than those calculated using the current luminosities of the central sources. This implies that these five sources have
experienced a recent accretion burst because the CO snow line would have been pushed outward during the burst
because of the increased luminosity of the central star. The N,H™ and CO isotopologue emission from DCE161,
one of the other three sources, is most likely tracing a transition disk at a later evolutionary stage. Excluding
DCEI161, five out of seven sources (i.e., ~70%) show signatures of a recent accretion burst. This fraction is larger
than that of the Class 0/I sources studied by Jgrgensen et al. and Frimann et al., suggesting that the interval
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between accretion episodes in VeLLOs is shorter than that in Class 0/1 sources.
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1. Introduction

The long-standing luminosity problem was first noted by
Kenyon et al. (1990). The bolometric luminosity, dominated by
the accretion luminosity L,.. (Hartmann & Kenyon 1996), is
predicted to be a few tens of L., (Offner & McKee 2011;
Dunham et al. 2014) assuming a typical mass accretion rate of
~2 x 1070 M, yr~' (Shu 1977; Terebey et al. 1984; McKee &
Ostriker 2007). On the other hand, bolometric luminosities
derived from surveys covering large samples of young stellar
objects (YSOs) are found to be much lower than the predicted
luminosity (Enoch et al. 2009; Evans et al. 2009; Kryukova
et al. 2012; Dunham et al. 2013). Kenyon et al. (1990) first
proposed the episodic accretion process to explain this
discrepancy, and this is now considered to be the most
plausible explanation. This mechanism proposes that a
protostellar system is in a quiescent accretion phase most of
the time, with occasional accretion bursts that deliver material
onto the central protostar. This process predicts a low
protostellar luminosity for the majority of the time, while also
enabling the central source to acquire sufficient material to
form a star.

A number of theories have been proposed to explain the
origin of episodic accretion (Audard et al. 2014). Of these, the
favored origin is accretion bursts driven by disk instability.
Evidence for the presence of unstable disks comes from recent
high-resolution near-infrared images for four sources under-
going accretion bursts (Liu et al. 2016). Disk instabilities may
arise as a result of several mechanisms, including thermal
instability (Lin et al. 1985; Bell & Lin 1994; Barsony
et al. 2010), gravitational instability (Vorobyov & Basu 2005;

Boley & Durisen 2008), or a combination of both (Armitage
et al. 2001; Zhu et al. 2009). In addition, stellar (or planetary)
encounters can be a possible trigger of protostellar episodic
accretion (Clarke & Syer 1996; Lodato & Clarke 2004; Forgan
& Rice 2010).

Theoretical models predict a number of characteristics of the
episodic accretion process that require observational confirma-
tion. Vorobyov & Basu (2005, 2010) modeled the collapse of a
rotating cloud and found that dense clumps formed through
disk fragmentation can fall onto the central star and trigger an
accretion burst. In this scenario, the episodic accretion process
is more prone to occur at the Class I stage, when the disk is
sufficiently massive to fragment (Vorobyov et al. 2013;
Vorobyov & Basu 2015). Besides, in a more continuous
accretion process, radiative feedback can suppress fragmenta-
tion by heating the cloud core above 100 K (Offner et al. 2009;
Yildiz et al. 2012, 2015; Krumholz et al. 2014). Stamatellos
et al. (2012) proposed that episodic accretion can moderate the
effect of radiative feedback provided that there is sufficient
time for a disk to cool and fragment in the quiescent phase.
Further, this allows the formation of low-mass stars, brown
dwarfs, and planetary-mass objects through fragmentation of
the protostellar disk. This mechanism in turn highlights that the
interval between accretion episodes may be critical for
determining the low-mass end of the initial mass function
(Stamatellos et al. 2011; Mercer & Stamatellos 2016).

Recent observations have provided direct or indirect
evidence for the occurrence of episodic accretion in low-mass
protostars. YSOs undergoing luminosity outbursts (e.g., FU
Orionis and EX Orionis events; Herbig 1966, 1977) are
considered to be direct evidence for episodic accretion (Audard
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et al. 2014). Direct detection of an accretion burst is difficult
because of the relatively long time interval between bursts
(~5 x 10*-5 x 10* yr; Scholz et al. 2013). Hence, only a few
cases have been reported to date (V1647 Ori: Abrahim
et al. 2004; Andrews et al. 2004; Acosta-Pulido et al. 2007;
Fedele et al. 2007; Aspin et al. 2009; OO Serpentis: Késpal
et al. 2007; [CTF93] 216-2: Caratti o Garatti et al. 2011; VSX
J205126.1: Covey et al. 2011; Kdéspal et al. 2011; HOPS 383:
Safron et al. 2015). However, all sources except HOPS 383
(Safron et al. 2015) are at the very late Class I or later stage,
near the end of the embedded phase (Covey et al. 2011; Kdspél
et al. 2011). Luminosity variations in the earlier embedded
phase will be probed by an ongoing submillimeter survey that
monitors 182 Class 0/I objects over 3.5yr (Herczeg
et al. 2017).

Apart from the direct detection of luminosity variations,
chemical signatures provide an excellent way to trace the
episodic accretion process. This is because the chemical
composition of the gas is sensitive to temperature changes
(Kim et al. 2011, 2012; Visser & Bergin 2012; Visser
et al. 2015; Taquet et al. 2016). The location of snow lines
(or sublimation radii) of molecules is thus a powerful indicator
of the thermal history of protostellar envelopes. Using the water
snow line tracers, H>*CO™* and CH;OH, J. grgensen et al. (2013)
found that IRAS 15398-3359 has likely experienced a recent
accretion burst because the snow line is located at a radius
larger than that expected from the current luminosity. The
outward shift of the water snow line in IRAS 15398-3359 is
further confirmed by HDO observations (Bjerkeli et al. 2016).
Similarly, the CO snow line can be used to probe episodic
accretion (Jgrgensen et al. 2015; Anderl et al. 2016; Frimann
et al. 2017). The radii of several CO snow lines reported by
Jgrgensen et al. (2015) and Frimann et al. (2017) are larger than
those predicted from the current luminosities. They concluded
that 20%—50% of their sample sources have experienced recent
accretion bursts. Assuming a timescale of ~10,000 yr for CO to
refreeze out (Visser et al. 2015), the interval between accretion
bursts was estimated to be (2-5) x 10* yr. This is comparable
to the value derived from the luminosity monitoring of 4000
YSOs by Scholz et al. (2013). On the other hand, the CO snow
lines in four Class O protostars studied by Anderl et al. (2016)
did not reside at larger radii than the expected values.

Very low luminosity objects (VeLLOs) were first discovered
by the Spitzer Space Telescope (Young et al. 2004) and are
defined as YSOs with internal luminosities L, < 0.1 L,
(Di Francesco et al. 2007). Given their low internal
luminosities, the discovery of VeLLOs exacerbates the
luminosity problem. One explanation is that VeLLOs are in a
quiescent phase of the episodic accretion process. This
hypothesis is supported by several studies (L673-7: Dunham
et al. 2010b; L1521F: Takahashi et al. 2013) that found that the
averaged mass accretion rates derived from molecular outflows
from these YSOs are a few times higher than that inferred from
their internal luminosity. Furthermore, the low internal
luminosity also suggests that VeLLOs are either young
Class 0 sources (IRAM 04191: André et al. 1999; Belloche
et al. 2002; Dunham et al. 2006; L1521F: Bourke et al. 2006;
Takahashi et al. 2013; Cha-MMS1: Belloche et al. 2006; Tsitali
et al. 2013; Viisild et al. 2014; IRAS 16253: Hsieh et al. 2015,
2017) or extremely low mass protostars or even proto-brown
dwarf candidates (LL328: Lee et al. 2009, 2013; L1148:
Kauffmann et al. 2011; IC 348-SMM2E: Palau et al. 2014).
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In any case, VeLLOs are unlikely to have a massive disk prone
to fragmentation.

In this paper we present ALMA observations of emission
from N,H" and CO isotopologues toward eight VeLLOs. The
aim is to search for evidence of episodic accretion using the
position of the CO snow line traced by C'*0 / 3CO and N,H"
emission. The sample of VeLLOs and observations are
described in Section 2. The observational results of both
continuum and molecular line emission are given in Section 3.
The analysis of molecular abundances and modeling of the
observations are detailed in Section 4. Finally, the discussion
and a summary of the results are given in Sections 5 and 6,
respectively.

2. Observations
2.1. Sample—VelLLOs

We selected 8 (Table 1) out of the 15 VeLLOs identified by
Dunham et al. (2008) based on data from the “Spitzer Legacy
Project: From Molecular Cores to Planet Forming Disks” (c2d;
Evans et al. 2003, 2009). Sources in our sample are designated
with the initials of the first three authors followed by the source
number in Dunham et al. (2008), e.g., DCE185. The seven
VeLLOs that have been excluded from the full sample can be
grouped into (1) identified as a galaxy: DCE145 (Hsieh et al.
2017); (2) well-studied sources: DCE001 (IRAM 04191: André
et al. 1999; Belloche et al. 2002; Belloche & André 2004),
DCEO038 (L1014: Bourke et al. 2005; Crapsi et al. 2005; Huard
et al. 2006), DCE025 (L328: Lee et al. 2009, 2013), and
DCE004 (L1521F: Crapsi et al. 2004; Bourke et al. 2006;
Takahashi et al. 2013); (3) not observable by ALMA: DCE032
(L1148-IRS: Kauffmann et al. 2011); and (4) at the late Class I
stage: DCE181 (Tyo = 429 K). Our eight targets are thus
deeply embedded objects (Ty, = 24—-126 K) that have not yet
been studied in detail. This is especially true for the two
southernmost objects, DCE161 and DCEO18. The distances to
the selected targets range from 125 to 300 pc, which is
sufficiently close to allow us to study their cloud core
properties in detail.

Some properties of our selected VeLLOs have been reported
in the literature. Among the eight targets, five were observed in
a previous single-dish survey measuring N,D*/N,H" ratios
(Hsieh et al. 2015), and six were included in a previous infrared
survey for outflows (Hsieh et al. 2017). The high deuterium
fractionations and small outflow opening angles (Table 1)
suggest that these sources are at a very early evolutionary stage.
DCEO64 may be slightly more evolved than the others.
Furthermore, DCEO031 and DCEI85 are suggested to be
undergoing episodic accretion. Using CO outflow observations
of DCEO31, Dunham et al. (2010a) found an average L,.. much
larger than the current L;,, which indicates a luminosity
variation and an episodic mass accretion process. Hsieh et al.
(2016) suggested that DCE185 has experienced a recent
accretion burst by comparing the position of the CO snow
line from C!3%0 (2—1) emission with that expected from the
current luminosity.

2.2. ALMA Observations—N,H" and 105 GHz Continuum

We observed N,H' (1-0) and dust continuum emission at
105 GHz simultaneously toward the eight VeLLOs from 2016
March to May with ALMA (Cycle 3 project 2015.1.01576.S).
The ALMA configurations were C36-1, C36-2, or C36-3, and



Table 1
Target List
Source Other Name Region® R.A. Decl. Lin Lol Tl Distance N,D/N,H™ Opening Angle. References
(Lo) Lo) K) (po) (deg)
DCE018 DC 3272418 1542:1699  —52:48:022  0.04 0.6 £ 0.01 105 + 3 250
DCE024 CB130-1-IRS1 CB130-3 18:16:16.39 —02:32:37.7 0.07 0.20 + 0.04 55 +£ 10 270 15 +25 1
DCEO031 L673-7 L673-7 19:21:34.82 +11:21:23.4 0.04 0.09 + 0.03 24+ 6 300 0.040 =+ 0.006 N 2
DCE064 Perseus 03:28:32.57 +31:11:05.3 0.03 0.20 + 0.05 65 + 12 250 0.018 = 0.006 55 +£25
DCE065 Perseus 03:28:39.10 +31:06:01.8 0.02 0.22 + 0.06 29 +3 250 0.087 + 0.011 N 3
DCEO081 Perseus 03:30:32.69 30:26:26.5 0.06 0.18 + 0.04 33+4 250 0.028 + 0.002 N
DCEIl61 Lupus IV 16:01:15.55 —41:52:35.4 0.08 <0.11 <126 150
DCE185 IRAS 16253-2429 Ophiuchus 16:28:21.60 —24:36:23.4 0.09 0.45 + 0.08 302 125 0.064 + 0.005 <35 4,5,6
Notes.

 Regions are defined the same as defined by the c2d team (Evans et al. 2009).

® N,D*/N,H" abundance ratios from Hsieh et al. (2015).

¢ The outflow opening angles were measured through near-infrared scattered light by Hsieh et al. (2017). “N” stands for sources that were observed but not detected in this infrared study.

References. (1) Kim et al. 2011; (2) Dunham et al. 2010a; (3) Hung 2010; (4) Yen et al. 2015; (5) Hsieh et al. 2016; (6) Yen et al. 2017.
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the corresponding baselines ranged from 4 to 100 kA (C36-1)
and from ~5 to 209 kA (C36-3). The spatial resolution, with
natural weighting, is from 175 to 3”0 depending on the source
decl. and observing time (Table 2). The channel width of the
N,H" (1-0) observations was 15.259 kHz (0.049 km sfl) and
was binned to 0.05 km s~ in the output maps. We note that the
spectral resolution of the data is 0.098 kms ™' because of the
default ALMA Hanning smoothing. The continuum spectral
window has a bandwidth of 2 GHz at a central frequency of
105 GHz. To enhance the sensitivity, we combined these data
with the continuum window at 110 GHz (see Section 2.3).

2.3. ALMA Observations—CO Isotopologues and 110 GHz
Continuum

We used ALMA (in the same project as described in
Section 2.2) to simultaneously observe c'®o 1-0), “co
(1-0), C'70 (1-0), and dust continuum at 110 GHz toward the
eight VeLLOs from 2016 March to May with the C36-1,
C36-2, or C36-3 configurations. The channel widths were
61.035kHz (~0.17kms_") for *CO (1-0) and 30.518 kHz
(0.08 km s~ 1) for both C'®0 (1-0) and C'7O (1-0). These data
were later binned to 0.2 and 0.1 kms ' in the final channel
maps, respectively. The continuum spectral window has a
bandwidth of 2 GHz with a central frequency of 110 GHz, and
the data were later combined with the continuum window at
105 GHz to increase the sensitivity using the CLEAN
algorithm in CASA. Table 2 lists the resulting rms noise
levels of the continuum maps and the integrated line
intensity maps.

3. Results
3.1. Continuum Emission

The continuum emission is robustly detected toward the
infrared sources in DCEO18, DCE024, DCEO31, DCE161, and
DCEI185 with a signal-to-noise ratio (S/N) > 25, and it is
marginally detected in the remaining three sources with an S/N
between 3 and 5 (Table 3). The continuum images, at least for
the five sources with firm detections, show no signs of
multiplicity at the angular resolution of the observations of
several hundred au (Figures 1 and 11-18). This suggests that
these VeLLOs are single protostellar systems. We fit the
continuum maps with a 2D Gaussian function using the CASA
task imfit. Table 3 lists the deconvolved source sizes and
respective position angles. Given the source distances (Table 1;
Evans et al. 2009), the physical sizes from the Gaussian fits
range from 60 to 500 au. The major (long) axes are
approximately perpendicular to the outflow axes in the four
sources with outflow detections from the literature (DCE064:
Hsieh et al. 2017; DCE024: Kim et al. 2011; Hsieh et al. 2017;
DCE185: Stanke et al. 2006; Barsony et al. 2010; van der
Marel et al. 2013; Hsieh et al. 2016, 2017; DCE031: Dunham
et al. 2010a). For DCE161, the elongated structure (079 x 072,
135 x 30 au) has a position angle of 158°, which is consistent
with that (156°) found for the circumstellar disk by Ansdell
et al. (2016) using resolved 890 um continuum emission
(J16011549-4152351 in the literature).

The 3 mm continuum emission in DCE065 peaks at ~~4”
southeast from the infrared source and coincides with the N,H™
peak (Figure 15). Although the S/N is low (=24), it is consistent
with the SMA 1.3 mm continuum map at a resolution of
474 x 3"4 (Hung 2010; see Figure 15 in Appendix A), which
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reveals two distinct components. This suggests that DCE065
may host a binary system with a projected separation of 5”7
(1400 au).

3.2. co (1-0), c'®0 (1-0), and C'70 (1-0) Maps

Figure 1 shows the integrated intensity maps of C'*0 (1-0) and
Bco (1-0) overlaid on the continuum images. In order to avoid
contamination from the protostellar outflows, the integrated
velocity ranges are set to be quite narrow (Table 2). Because
C"0 (1-0) emission is only marginally detected in DCE018 and
DCE185 even when integrating over all three hyperfine
components, we do not plot it in Figure 1. The negative contours
in Figure 1 suggest that these line intensity maps suffer from
spatial filtering. This is especially true for the '*CO maps (e.g.,
DCEQ064). The missing flux is likely due to emission from
structures larger than about 25” (~3000-8000 au), which is the
largest angular scale that can be probed by our data.

C"0 and CO are detected (S/N > 3) toward all sources
except for '*CO in DCE024 and C'®0 in DCEO081 (Table 3). The
BCO emission in DCEI85 is only marginally detected
(S/N ~ 3.3) in a very small area toward the continuum source in
Figure 1. For DCE024, we integrate a narrow velocity range
covering the C'®0 line emission where '*CO shows a self-
absorption dip. This feature may originate from optically thick
3CO emission. In DCE081, C'®0 emission is undetected
(S/N ~ 2) in the integrated intensity map, but it is marginally
detected in the spatial intensity profiles (see Section 4.1). All of
the detected CO isotopologue emission peaks at the continuum
sources (within the beam size), which coincides with the infrared
sources. Emission from '*CO in DCE018 is an exception to this.
The '>CO emission in DCE018 peaks 2”4 away from the
continuum position and is likely to be contaminated by
the outflow. In DCE081, although the '*CO emission peaks at
the continuum /infrared source, the extended '*CO emission is
likely to be affected by the outflow cavity in a nearly north—south
direction (Figure 2). More details about the outflows will be
discussed in a separate paper.

We fit a 2D Gaussian to estimate the emitting area of the gas-
phase CO isotopologues. Table 3 lists the deconvolved source
sizes and the position angles of the long axes (east from north)
of the C'®0 and '>CO emission. For the detected sources, the
CO isotopologue emission always occupies a larger area than
that of the continuum emission.

3.3. NoH" (1-0) Maps

We integrated emission from all seven hyperfine components
of N,H" over the velocity range listed in Table 2. NoH™ is
detected toward all eight targets. Compared with the CO
isotopologue emission, NoH" shows more extended emission
from the envelopes (Figures 2 and 3). The negative contours in
the N,H™' integrated intensity maps suggest that there is
significant missing flux. Taking DCE185 as an example, the
ALMA-IRAM 30 m combined N,H" integrated intensity map
has a higher peak by a factor of ~1.5, and about 87% of flux is
missing within a radius of ~15”. Note that, given the
complicated structure, the estimated missing flux is highly
dependent on the selected area.

All the N,H" peak positions are offset from the infrared
continuum sources, except for DCE161 and DCE(024. Apart
from these two objects, N,H™ is likely depleted toward the
center of the envelope, where the CO isotopologue emission



Table 2
Parameters of Molecular Integrated Intensity Maps and of Continuum Maps
N,H" (1-0) 1BCo (1-0) C'0 (1-0) Cc0 (1-0) Continuum
Source Vel. Range Beam ms Vel. Range Beam rms Beam rms Beam rms Beam ms Peak (S/N)
(kms™h) (arcsec) (km s’]) (arcsec) (arcsec) (arcsec) (arcsec) (pdy beam’]) (pdy beam ™)
DCEO18 —0.52-0.25 2.13 x 1.42 9.5 —0.45-0.05 2.27 x 1.84 2.7 2.29 x 1.89 2.6 2.22 x 1.89 5.1 2.08 x 1.53 46 2003 (43.1)
DCE024 7.12-8.02 3.14 x 1.67 15.3 7.25-7.75 2.08 x 1.73 3.6 2.08 x 1.77 3.1 1.99 x 1.77 6.1 2.26 x 1.64 50 1839 (36.1)
DCEO031 6.54-8.08 2.75 x 1.67 19.5 6.90-7.50 1.78 x 1.58 3.7 1.83 x 1.65 35 1.77 x 1.65 7.1 1.88 x 1.66 53 1439 (26.7)
DCE064 6.65-7.55 3.17 x 2.03 19.0 7.35-7.85 2.94 x 1.79 39 2.94 x 1.80 42 2.92 x 1.80 8.2 2.76 x 1.82 60 324 (5.4)
DCE065 6.73-7.29 3.17 x 2.03 9.8 6.25-6.95 2.94 x 1.79 6.1 2.94 x 1.80 5.6 292 x 1.80 9.9 2.75 x 1.83 55 233 (4.3)
DCE081 5.91-6.41 3.12 x 2.03 14.3 6.30-6.90 2.88 x 1.79 4.7 2.88 x 1.80 4.9 2.87 x 1.80 8.5 271 x 1.82 61 212 (3.4)
DCEl61 3.31-4.25 2.07 x 1.37 10.5 3.90-4.50 1.70 x 1.28 3.6 1.69 x 1.22 34 1.64 x 1.22 5.8 1.73 x 1.20 42 2760 (65.7)
DCE185 3.60-4.29 2.71 x 1.99 6.5 3.70-4.30 1.66 x 1.16 3.6 1.66 x 1.17 3.7 1.62 x 1.17 7.1 2.13 x 1.52 47 2320 (48.6)

Note. For N,H' (1-0) and C70 (1-0), all seven hyperfine components are integrated over the velocity ranges (Columns (2) and (4), respectively) in order to increase the sensitivity. Columns (2) and (5) indicate the
integrated velocity ranges for the N,H™ map and the three CO isotopologue maps. The rms noise level of the line emissions is in units of mJy beam ' km s~
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Table 3
Parameters of 2D Gaussian Fits
o (1-0) C'®0 (1-0) Continuum
Source Size/P.A. Peak S/N Size/P.A. Peak S/N Size/P.A. Peak S/N
(arcsec)/(deg) (mJy beam™' kms™") (arcsec)/(deg) (mJy beam™' kms™") (arcsec)/(deg) (pJy beam™")
DCEO18 7.1 £0.8 x 45 £ 0.5 (121°) 34.2 12.5 7.9 £ 0.9 x 5.7 £ 0.6 (106°) 514 19.6 0.6 & 0.2 x 0.5 & 0.2 (176°) 2003 43.1
DCEO024 10.4 29 49 £ 0.5 x 3.6 & 0.4 (161°) 24.8 8.0 14 £ 0.3 x 1.3 £ 0.4 (31°) 1839 36.1
DCEO031 37402 x 1.7 £0.1(67° 47.5 12.7 3.6 + 0.5 x 2.0 £ 0.4 (72°) 26.2 7.4 254+ 0.3 x 1.2 £0.3 (165°) 1439 26.7
DCE064 4.0+ 1.4 x 3.7 & 1.6 (159°) 80.1 20.6 20.0 4.7 4.5 +£2.0 x 0.8 & 0.6 (168°) 324 5.4
DCEO065 29.6 4.8 28.3 5.1 9.1 £22 x 7.6 £ 1.9 (160°) 233 4.3%
DCEO81 7.7 £ 1.1 x 4.6 £ 0.7 (160°) 77.8 16.4 14.0 2.9 12.1 £3.2 x 3.8 £ 1.2 (37°) 212 3.4
DCEI161 38+ 05 x 34404 (38 44.9 12.6 134 4.0 0.9 &£ 0.1 x 0.2 & 0.2 (158°) 2760 65.7
DCEI185 11.7 33 11.0 £ 0.7 x 8.4 £ 0.5 (113°) 35.5 9.5 12402 x 0.8 £0.2 (127°) 2320 48.6

Note. The Gaussian sizes are deconvolved sizes (FWHM) toward the sources detected with an S/N higher than 7. The numbers in parentheses represent the position angles of the major axis from north through east.
 The peak continuum intensity of DCE065 is about 4” southeast of the infrared source.
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Figure 1. Integrated intensity maps of C'®0 (1-0) and *CO (1-0) overlaid on the 107.5 GHz dust continuum emission maps toward the target VeLLOs. The green
and purple contours represent the c'®*o (1-0) and Bco (1-0) line emission, respectively, with contour levels at 3¢, 5o, 70, 100, and 15¢. The thin contours show the
negative levels for each line with the corresponding colors. The red plus signs indicate the infrared source positions from the Spitzer Space Telescope.

peaks. The observed anticorrelation between N,H" and CO
emission, as seen in Jgrgensen (2004) and Bergin et al. (2002),
suggests that N,H" is destroyed by CO through the well-
known gas-phase chemical reaction (Caselli & Ceccarelli 2012).
This property makes N>H™ a robust tracer of the CO snow line.
For DCE161 and DCE024, emission from both N,H" and the
CO isotopologues peaks at the same position as the infrared/
continuum source. In DCE161 (J16011549-4152351) a trans-
ition disk has been identified by van der Marel et al. (2016)
based on fitting of the spectral energy distribution. Subse-
quently, Ansdell et al. (2016) found a disk with a dust mass of
0.061 My, and gas mass of 6.7 My, using resolved ALMA
890 pm observations. We speculate that emission from the CO
isotopologues and N,H™ traces the high-density region in the
disk of DCE161. We hereafter remove DCE161 from our study
of episodic accretion because it is most likely a more evolved
source with a dissipating envelope. This prevents us from
measuring the radius of the CO snow line using N,H™. In the
case of DCE(024, there are two possibilities to explain the
common peak position for N,H' and C'80: (1) the emission
from N,H™ and C'®0 is in fact spatially separated but projected

onto the same region along the line of sight, and (2) the spatial
resolution of our data is too low to resolve the anticorrelation
between emission from NoH™" and the CO isotopologues.

The N,H' integrated intensity maps reveal flattened
envelopes in six out of eight targets (except for DCEO18 and
DCE161), four of which have major axes perpendicular to their
outflow axes (Figure 2) as determined from the literature
(DCE024, DCE064, and DCEI185 in Hsieh et al. 2017;
DCEO31 in Dunham et al. 2010a). Although the presence of
outflows is not yet reported for DCE065 and DCEOS81, the
flattened envelopes are likely perpendicular to potential
outflows. In DCEOS81, the 13CO emission is likely associated
with an outflow (see Section 3.2) orientated perpendicular to
the major axis of the envelope traced in N,H" emission. In
DCE065, the N,H" emission shows two “U-shaped shells”
(or “H-shaped”). This emission morphology, as seen in the
sources with a detected outflow (DCE031, DCE064, DCE065,
DCEI18S5), likely originates from an outflow-compressed
envelope (Figures 2 and 3). As a result, NyH™ emission would
appear to highlight the outer shells, while that from the CO
isotopologues traces the outflow entrained gas or the outflow
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Figure 2. Integrated intensity maps of N,H" (1-0) (orange contours) overlaid on the '*CO (1-0) integrated intensity maps. The contour levels are 30, 50, 70, 100, and
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arrows represent the outflow directions from the literature, and the hollow arrows show the guessed outflow orientations based on the morphology of N,H" emission,

whereas the dashed green lines show the guessed outflow cavity.

cavity walls. Therefore, if we adopt the shells as the outflow
orientations in DCEO81 and DCEO065, the flattened envelopes,
including the four sources with detected outflows, are roughly
perpendicular to the outflow axes in all six flattened envelopes
as traced in emission from N,H™.

4. Analysis

Figure 4 summarizes the analysis we perform in this section
using the results for DCE064 as an example. The details of
each step are described in the following subsections. We first
take the intensity profiles of the molecular line emission along a
cut perpendicular to the outflow axis of each VeLLO. Then,
abundance profiles for N,H' and CO are calculated assuming a
density profile in the envelope. Third, the radius of the CO
snow line is determined by modeling the N,H" abundance
peak position. Using the radius of the CO snow line, the
luminosity of the central star during the past accretion burst
was derived assuming a CO sublimation temperature of 20 K.
Finally, the modeled temperature profiles are coupled with a

time-dependent full chemical network to model the evolution
of the abundance of CO and N,H" through the envelope of
each source in time.

4.1. Comparison of Intensity Profiles

To compare the spatial distribution of emission from N,H" and
CO, we plot the intensity profiles of N,H" and the CO
isotopologues (Figure 5). These profiles are obtained using the
integrated intensity maps shown in Figures 1-3 along the cuts
shown in Figures 11-18. The cuts cross the source centers and
have a width of 4”, about 1-3 times the beam size, which should
only marginally affect the profiles. The position angles of the cuts
are selected based on the following criteria. For the four sources
with outflow detections in the literature, the cuts are taken
perpendicular to the outflow axes (DCE024, DCE064, and
DCE185 from Hsieh et al. 2017; DCEO31 from Dunham et al.
2010a). For the two sources with potential outflows (DCE065
and DCEO81), we take the cuts perpendicular to the assumed
outflow axes that are inferred from our N,H" and CO maps
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(see Section 3.3; Figure 2). DCE018 and DCE161 show no clear
indication of the existence of protostellar outflows, nor their
orientations in the plane of the sky. In DCE018, both '*CO and
C'80 maps show elongated structures with the long axis roughly
aligned from the northwest to the southeast (Table 3). The N,H"
map shows an arc-like structure directed toward the southwest that
surrounds the continuum emission (Figure 11). We choose the cut
across the two arms of the N,H" arc-like structure from the
northwest to the southeast in order to feature the two N,H" peaks
in the intensity profile (Figure 5). In DCE161, we choose a cut
along the major axis of the continuum emission (Gaussian fit in
Table 3). The position angle of the cut is consistent with the long
axis of the protostellar disk found by Ansdell et al. (2016) from
resolved continuum observations at 890 ym.

Figure 5 shows the spatial intensity profiles of N,H" (1-0),
13CO (1-0), and C'®0 (1-0) obtained along the cuts described
above. Based on these profiles, we categorize the targets into
three types (excluding DCE161; see Section 3.3):

(a) Detection of N,H" depletion toward the center where CO
evaporates: DCEO18, DCE031, DCE064, DCE081, and
DCEI85 enter into this category. N,H" is destroyed by
gaseous CO and therefore highlights the CO snow line.

Hsieh et al.
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Figure 3. Same as Figure 2, but with C'®0 (1-0) maps in gray scale instead of '*CO (1-0) maps.

(b) Detection of N,H' depletion toward the center with
very weak CO emission: in DCE065, N,H™ depletion is
clearly seen, but the C'"%0 (1-0) and *CO (1-0) lines
are very weak toward the center as observed with
ALMA, and both C'®0 (2-1) and '*CO (2-1) lines are
undetected with SMA (Hung 2010). A possible
explanation is that DCE065 has experienced a burst
but the inherently low abundance CO gas is consumed
by reaction with N,H". An alternative possibility is the
freeze-out of N,, the parent molecule of N,H™, in the
high-density central region as interpreted in IRAM
04191 by Belloche & André (2004). Furthermore, the
SMA observations of Hung (2010) reveal N,D*
depletion toward the center with a radius similar to
that of N,H"' (Figures 5). This result is different from
the case of L1157, in which Tobin et al. (2013) find a
depletion radius of N,D* larger than that of N,H".
This difference in radius is explained by invoking the
fact that, after an accretion burst, N,D T takes a longer
time to recover than N,H" owing to the lack of
abundant H,D* when 7 > 20 K (Caselli & Ceccar-
elli 2012). As a result, either DCE065 has experienced
a very recent burst, and thus the radius difference has
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Figure 5. Intensity profiles of N,H™ (1-0) (orange), C'®0 (1-0) (green), '>CO (1-0) (purple), and C'’O (1-0) (gray) along the cuts shown in Figures 11-18. The
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The color bars in the lower left corner indicate the 10 rms noise level of the profiles in the same color. The sources are sorted by the three categories in Section 4.1. The
N,D" (3-2) profile in DCE065 corresponds to SMA observations of Hung (2010).

not yet become significant, or both N;H and N,D* are
depleted owing to the freeze-out of N, in the high-

den

sity central region.

(c) Extended N,H" and C'"80 emission with a similar peak
position: in DCEQ024, the N,H" emission and c®o

emission have a common peak position toward the

10
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Figure 7. Abundance profiles of N;H™ (orange) and CO along the same cuts as in Figure 5. The abundances represent the average values of both sides. The CO
abundance is calculated by multiplying the isotopic ratio with the abundances of C'%0 (green), '*CO (purple), or C'’O (gray) estimated under the assumption of
optically thin emission. The yellow area represents the radius of N,H" abundance peak with its uncertainty (width; see Appendix B). DCE024 and DCE161 show
no evidence for N,H" depletion (see Section 4.3). The blue lines show the location where the dust temperature is predicted to be 20 K based on the current
bolometric luminosity under the assumption of an envelope mass of 1 M, and the blue area shows the range predicted for envelope masses between 0.5
and 3.0 M,,.

infrared sources. One possibility is that the overlap in 4.2. Molecular Column Densities

peak position between N,H™ and C'®0 is due to a We derive the CO and N,H" column density maps toward
projection effect. Alternatively, an anticorrelation all eight VeLLOs. Figure 6 shows the column density maps
between C'®0 and N,H' may exist on spatial scales derived for DCE064 and DCEI185 as examples. The N,H"
smaller than those probed by our observations. column density maps of the eight VeLLOs are further shown in
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Figure 8. Time-dependent models of the abundance profiles. First column: profiles during the quiescent phase with L = L. Second column: profiles during the burst
phase with L = Ly (Table 4) assumed to last for 100 yr. Third to fifth columns: profiles 1000, 10,000, and 50,000 yr after the burst phase, with L = L. The
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indicate those of CO and N, sticking onto dust grains. The colored areas represent the range of profiles resulting from assuming envelope masses between 0.5 and
3.0 M. Synthetic abundance profiles smoothed to the angular resolution of the observations are shown in Figure 9.
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Figure 10. Radii of the CO snow line vs. the bolometric luminosity (red). The
radii of the red points correspond to Ry in Table 4. The black points and blue
points are taken from Jgrgensen et al. (2015) and Frimann et al. (2017),
respectively. The radii from the literature are measured through the CO
extended emission, and for comparison, the orange points indicate the radii
calculated through CO observations of VeLLOs. Considering the envelope
mass of 0.5-3.0M., the gray area and blue area indicate the modeled radii
where the dust temperatures are 20 and 30 K, respectively, with the bolometric
luminosity. The yellow area shows the modeled radius for a dust temperature of
20 K and assuming a 100 times higher luminosity.

Figures 11-18. The details of the calculations are described
below for CO (Section 4.2.1) and N,H ™" (Section 4.2.2).

4.2.1. Column Density of CO—Assumption of Optically Thin CO
Isotopologue Emission

We estimate the column density of CO under the assump-
tions of optically thin emission of C'®0 and local thermo-
dynamic equilibrium (LTE) with an excitation temperature of
10K in our eight targets. Here we discuss the validity of the
assumption of optically thin emission based on the intensity
ratios between the three CO isotopologues, 13CO, C180, and
C'0. Taking the isotopic ratio, '*CO/C'®0 ~ 7.3, in the local
interstellar medium (ISM; Wilson & Rood 1994), the C'®0
emission can be considered as optically thin (7 < 1) if the
intensity ratio of '>CO to C'®0 is larger than ~1.6 (see, e.g.,
Equation (7) in Shimajiri et al. 2014). Thus, the intensity
profiles in Figure 5 imply that the C'®0 emission in DCE031,
DCEO064, DCEO81, and DCE161 is most likely optically thin.
Similarly, given the isotopic ratio of C180/C17O ~ 3.2, the
intensity ratio of C'®0 to C'7O is larger than ~2.4 when the
C'®0 emission is optically thin. Therefore, the C'*0 emission
from DCEO024 is likely to be optically thin given the
nondetection of C'’0. The C'®0 emission from DCE065 is
assumed to be optically thin, because both 13CO and C'®0 lines
are only marginally detected. For the two sources in which
C70 is detected, DCE0O18 and DCE185, we assume that the
emission from both C'’0 and C'®0 is opticall;/ thin. We find
that the resulting column density ratios of C'’O to C'®0 are
broadly consistent with the local ISM abundance ratio (see
Figure 7).

It is noteworthy that three sources (DCE018, DCE024, and
DCE185) have C'®0 intensities larger than that of '*CO. This
mostly comes from the optically thick emission and self-
absorption of '*CO, which suffers from substantial spatial
filtering in the interferometric observations.
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4.2.2. Column Density of N.H"

We calculate the NoH™ column density map toward each
source using the isolated component (JF; F: 101-012) under the
assumption of optically thin emission. We adopt this assump-
tion because some uncertainties prevent us from estimating the
optical depth accurately from the hyperfine structure. First,
although our data reveal clear N,H" detections based on the
integrated intensity (Figure 2), the S/Ns are sometimes
insufficient to fit the hyperfine spectra (Figures 11-18).
Second, our data sets have missing flux problems as shown
by the negative contours in Figure 2. Spatial filtering not only
results in underestimating the overall intensity but also affects
the relative intensities of the hyperfine components. Therefore,
the optical depth (7) derived from these ratios is also affected,
because components with different opacities may probe
different structures. Third, hyperfine anomalies due to
nonthermal effects (Daniel et al. 2006, 2007; Keto & Rybicki
2010; Loughnane et al. 2012) could also change the ratios
between the hyperfine components. Although the optical depth
cannot be determined precisely across the whole map, we find
that the optically thin assumption is reasonable for the isolated
101-012 component in our targets (see Appendix A). We
therefore use this component and assumption to derive the
column density maps for NoH™.

We calculate the N,H" column density using the isolated
101-012 component (except for DCE161; see the following)
under the assumptions of optically thin emission and LTE with
an excitation temperature of 10K (see, e.g., Equation (79) in
Mangum & Shirley 2015). The assumed excitation temperature
is comparable to the estimated gas temperature from the non-
LTE analysis with RADEX (van der Tak et al. 2007) of the
N,H" (3-2)/(1-0) ratio spectra in our single-dish survey of
VeLLOs (Hsieh et al. 2015), which includes five of our targets.
The column density will change by factors of 0.3 and 1.7 if we
assume excitation temperatures of 5 and 15K, respectively.
Figures 11-18 show the resulting column density maps. Two
caveats should be kept in mind. First, spatial filtering is
significant as indicated by the negative contours in Figure 2.
Given the largest angular scales (~25", ~3000-8000 au) of the
data, the missing flux is mostly related to the cloud core and
cloud structures (220,000 au), which may not significantly
affect our analysis at the scale of the envelope (~1000-10,000
au). Second, due to the hyperfine anomalies described above,
the isolated 101-012 component is usually considerably
brighter than that expected from the statistical weight
(Figures 11-18). However, in our study of the N,H"
distribution, the absolute column density will not significantly
affect our conclusions.

For DCE161, the N,H" emission is too weak if we only
integrate the isolated 101-012 component (3/27 of the
strength of the whole multiplet). We thus calculate the
column density using the integrated intensity over all
hyperfine components. We suggest that the assumption of
optically thin emission for all seven hyperfine components is
reasonable because the weak emission (<2 K toward the
strongest component; Figure 17) is unlikely to trace a region
with a high column density.

4.3. Abundance Profiles of N.H and CO

In order to calculate the N,H' abundances relative to H,, we
construct a model core with a spherical symmetry and a broken
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Table 4
Current and Predicted Luminosity and the Corresponding CO Snow Line Positions and Mass Accretion Rate
1 Source 2 Lbnl 3 Lint 4 RLbol 5 RLint 6 RLbOLCOH\’OIVCd 7 RNzHﬂpeak 8 Lburst 9 Rburst 10 Macc
Le) (Lo) (aw) (auw) (aw) (au) (Le) (au) (Mo yr )

DCEO018 0.06 + 0.01 0.04 114-164 102-145 275-311 775.0-1149.0 1.0-4.0 633-836 (0.6 £0.4) x 107°
DCE024 0.20 = 0.04 0.07 186277 122-175 422-486
DCEO031 0.09 = 0.03 0.04 134-194 102-145 362-410 1919.0-2100.0 5.1-13.4 1527-1593 (23+1.0) x 107
DCEO064 0.20 + 0.05 0.03 186-277 94-132 428-493 1649.0-3075.0 3.9-29.1 13162404 (4.1+32) x 107°
DCE065 0.22 £+ 0.06 0.02 195-290 87-117 437-505 1850.0-2049.0° 4.7-12.7 1459-1547 (22+1.0) x 107°
DCEO081 0.18 = 0.04 0.06 177264 115-165 417-480 1249.0-1900.0 2.2-10.9 961-1426 (1.6 +1.1) x 1077
DCEl61 >0.11 0.08 145-212 128-185 251-290
DCE185 0.45 £+ 0.08 0.09 272-418 134-195 356-457 1362.0-1900.0 2.7-10.9 1073-1426 (1.74+1.0) x 1073

Note. Columns (1)—(3): source properties from Dunham et al. (2008). Column (4): CO sublimation radius (20 K) corresponding to the current luminosity in column
(2). The uncertainty is given by the different assumption of envelope mass from 0.5 to 3.0 M. Column (5): CO sublimation radius (20 K) corresponding to the
internal luminosity in column (3). Column (6): CO sublimation radius (column (4)) convolved with the observational beam size. Column (7): measured radius of
N,H" abundance peak; see Section 4.3. Column (8): source luminosity at the burst phase from models; see Section 4.5. Column (9): CO sublimation radius (20 K)
corresponding to the outburst luminosity (Lpurst) in column (8). Column (10): mass accretion rates estimated based on the outburst luminosity (L) in column (8).
? The N,H" depletion in DCEO65 could alternatively come from the freeze-out of the parent molecule, N,. In such a case, DCE065 did not experience a recent

accretion burst.

power-law density profile. The power-law index, p, was
assumed to be —1.5 for the inner free-fall region and —2.0
for the outer static region (Young & Evans 2005). The
transition radius from static to free-fall is adopted to be 3000 au
based on the dynamical model of the well-studied VeLLO,
IRAM 04191 (Belloche et al. 2002). We assume three core
masses of 0.5, 1.0, and 3.0 M within a radius of 10,000 au,
which are comparable to those (0.3-1.0 M) from the single-
dish observations toward the four VeLLOs in Perseus and
Ophiuchus (Enoch et al. 2008). We integrate the density of the
material along the line of sight to obtain the H, column density.
To derive the N,H" and CO abundances, we divide the
corresponding molecular column density (Section 4.2) by the
H; column density. We then calculate the abundance profiles as
a function of radius (Figure 7) by averaging over that of the two
sides of the protostar along the selected axis.

We obtain the peak radii of the N,H™ abundance (RN, 1+ peaks
Table 4), which are used for the modeling in Section 4.5. The
derived peak radii may be affected by the assumed H, density
profile because the abundance profile depends on the H,
column density. In order to test this, we compare the derived
RN 1+ peak With that calculated by assuming pure power-law
density profiles with indices of p = —1.5 and p = —2.0. The
abundance profiles for the model with p = —1.5 are almost the
same as those for the broken power law, whereas those with
p = —2.0 have steeper slopes toward the centers (Figures 19).
For the model with p = —2.0, Rx,u+,peak 18 larger by 3%—13%
than that with p = —1.5. This difference is taken as the
uncertainty in this measurement (Appendix B). In the case of
DCEO024, the N,H" abundance profile drops toward the source
center, especially for the model with p = —2.0. However,
the decrease (by a factor of ~2-5) is likely to be produced by
the assumed density profile rather than destruction by CO
because of the centrally peaked N,H"' intensity profile
(Figure 5). Therefore, we measure Ry,utpeak Only for the
sources with N,H"' depletion in the intensity profiles (i.e.,
categories (a) and (b) in Section 4.1).

4.4. Models of Temperature Profiles

Given the bolometric luminosities (Table 1), we use the 1D
radiative transfer code DUSTY (Ivezié et al. 1999) to model the
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temperature profiles of our VeLLOs. We use the modeled cloud
density distribution described in Section 4.3, which is scaled to
the envelope masses of 0.5, 1.0, and 3.0 M, within 10,000 au.
Assuming a gas-to-dust mass ratio of 100 and a dust opacity of
1063.8 cm® g~ ' at 8 um (Ossenkopf & Henning 1994), we
calculate the dust temperature profile with the radiative transfer
modeling. As a result, we find that the CO snow line, assumed
to be at a temperature of 20 K, is located at a very small radius
of Ry, ~ 150-450 au when considering only the bolometric
luminosity at the present time (Table 4). These values imply
that the faint central source of a VeLLO can evaporate CO and
in turn destroy N,H" in a region that is not resolved by our
observations. Table 4 lists the CO sublimation radii predicted
by the radiative transfer model in two cases: one in which the
luminosity is assumed to be equal to the internal luminosity,
and another in which it is assumed to be equal to the bolometric
luminosity. Furthermore, for a better comparison to the
observations, the model temperature profiles are convolved
with a Gaussian with the same size as the observed beam
(RLboLconvo]ved in Table 4).

4.5. Chemical Modeling

We model the observed NoH' abundance profiles at the
post-burst phase for the six sources with N,H" depletion and at
the quiescent phase for all eight sources. We adjust the
luminosity used as an input for the DUSTY simulation so that
the temperature profile leads to an NoH' peak located at a
radius Rn,n+peak as determined from the observations
(Section 4.3). The best-fit outburst luminosity (Lypyy) and its
corresponding CO sublimation radius (Rpys at 20 K) are listed
in Table 4. A lower limit of 10K is set for the temperature
profiles to mimic the external heating from the interstellar
radiation field for all models except for DCE024. To better
reproduce the extended N,H" emission toward DCE024, we
take 15 K as a lower limit. This temperature is slightly lower
than the N, sublimation temperature of 18 K at a density of
10° cm ™ given a binding energy of 955 K (see below).

The N,H" abundance profiles are modeled using a full time-
dependent deuterated chemical network. The network is based
on the UMIST database for Astrochemistry version RATE06
(Woodall et al. 2007) extended with deuterium fractionation
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Table 5
Chemical Network Reactions and Adopted Rate Coefficients

ID Reaction ¢ « 153 ¥

(G (em® 571 K)
1 Hf +H, - H{ +H 2.08 x 107 0.00 0.0
2 Hi + HD — H,D™ + H, 3.50 x 10710 0.00 0.0
3 Hj +e — H+H 1.60 x 107° —0.43 0.0
4 Hi +e —H,+H 6.70 x 1078 —0.52 0.0
5 H,D* + e — H,+ D 6.79 x 1078 -0.52 0.0
6 HCO" +e — CO+H 2.80 x 1077 —0.69 0.0
7 DCO" +e” — CO + D 2.40 x 1077 —0.69 0.0
8 N,H" +e — N, + H 2.60 x 1077 —0.84 0.0
9 N,D* + e~ — N, + D 2.60 x 1077 —0.84 0.0
10 H7Y + CO — HCO" + H, 1.61 x 107° 0.00 0.0
11 H,D" + CO — DCO" + H, 5.37 x 10710 0.00 0.0
12 H,D" + CO — HCO" + HD 1.07 x 107° 0.00 0.0
13 N,H" + CO — HCO" + N, 8.80 x 10~10 0.00 0.0
14 N,D* + CO — DCO" + N, 8.80 x 1010 0.00 0.0
15 HY + N, —» N,H" + H, 1.80 x 107° 0.00 0.0
16 H,D* + N, — No,DT + Hy 6.00 x 10710 0.00 0.0
17 H,D" + N, — N,H" + HD 1.20 x 107° 0.00 0.0
18 HCO" + D — DCO' + H 1.00 x 107° 0.00 0.0
19 DCO" + H — HCO'" + D 220 x 1077 0.00 796.0
20 Hi +D — H,D" + H 1.00 x 107° 0.00 0.0
21 H,D" +H —Hj +D 2.00 x 1077 0.00 632.0
22 N,H" + D — N,D* + H 1.00 x 107° 0.00 0.0
23 N,D* + H — N,H" + D 2.20 x 10°° 0.00 550.0
24 Hy+c —Hj +¢ 121 x 1077
25 H,D* + H, — H{ + HD 1.40 x 10710 0.00 232.0
26 H,D* + H, — Hf + HD 7.00 x 101! 0.00 61.5
reactions (McElroy et al. 2013). The network includes gas- reaction, the rate coefficient is given by
phase chemistry, gas—grain reactions (freeze-out, thermal 3
desorption, and cosmic-ray-induced photodesorption), and k = Q(L)‘ exp (_l) (cm?s™), 4)
grain-surface reactions (Hasegawa et al. 1992). The rate 300 T

coefficient for freeze-out (gas to ice) is obtained by

ey

kace = 04 <Vi> nq (Sil)a

while the rate coefficient for thermal desorption (ice to gas) is
given by
—d“"(’)) (s, @

kgesp = 10 exP( T T
d

where oy is the dust grain cross section with an assumed grain
size of 0.1 pm, (;) is the thermal velocity of species i, nq is the
dust number density, Eqe, (i) is the molecular binding energy,
and v is the characteristic vibration frequency of the absorbed
species. The characteristic vibration frequency is given by

2 N; Egesp (i
Vo=, 2 tenll) s,
T m;

where N, = 1.5 x 10'5 cm ™2 is the number density of surface
sites on the dust grains and m; is the mass of the species i.
Table 5 lists the relevant reactions used in the network, along
with the parameters needed to calculate the rate coefficient for
two-body reactions and cosmic-ray ionization. For a two-body

3)
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with the temperature denoted by 7. For cosmic-ray ionization,
the rate coefficient is described by

k=¢ (s, &)

Table 5 lists the parameters «, (3, v, and ¢ needed to calculate
the rate coefficient of each reaction.

The chemical network is coupled with a source density and
temperature profile as a function of radius. The abundances of
CO and N, relative to H,, X0 and Xy, are fixed at a constant
value of 4 x 10 and 1 x 10™*, respectively. The binding
energy of CO is assumed to be 1150 K (corresponding to a
sublimation temperature of ~20 K), and the N, binding energy
is taken as 0.83 times that of CO (955 K; Anderl et al. 2016).
This binding energy is similar to that derived experimentally
(Bisschop et al. 2006; Fayolle et al. 2016). This model setup
calculates the sublimation radius of CO and N, for a given
temperature profile. The aim is to reproduce the N,H" ring
with the inner radius set by the destruction of N,H' by gaseous
CO and the outer radius determined by the freeze-out of Nj.

To reproduce the chemical evolution of episodic accretion,
the quiescent, burst, and post-burst phases are modeled for each
object. The results of this time-dependent chemical model are
shown in Figure 8. For the quiescent phase, the source density
and temperature profile with the current measured luminosity
are used. CO and N, are initially set to be completely frozen
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onto the dust grains (Xeco =4 x 1074, Xpn, =1 x 1079,
and the model is evolved for 10° yr. This phase is followed by
the accretion burst, where the source profile is switched to that
with an increased luminosity (i.e., Lyys in Table 4). The model
is then evolved for 100 and 200 yr (Vorobyov & Basu 2005),
which is the expected duration of an accretion burst. However,
the duration of the burst does not appear to have a significant
effect on the distribution or abundance of N,H". Finally, the
source profile is again switched back to the luminosity of the
quiescent phase in order to model the evolution of the gas post
accretion burst. The post-burst model is evolved up to 10° yr,
and the results at 1000, 10,000, and 50,000 yr after the burst are
compared in order to see how the peak abundance positions of
CO and N,H™ shift with time. Shortly after the accretion burst
has ended, CO starts to drop at a radius of about 400 au,
causing N,H" to generate a second inner peak at the radius of
the CO drop. With time, the second inner peak of N,H™
becomes more prominent, while the gas in the outer peak starts
to freeze out onto the dust grains again. Thus, starting from the
inner high-density region, N,H™ progressively resumes its
initial position during the quiescent, pre-burst phase.

To compare the chemical models with the observations, we
smooth the modeled abundance profiles in Figure 8 to the
observed angular resolution. We convolve the profiles with a
Gaussian of FWHM equal to the FWHM of the beam (Table 2).
The convolved abundance profiles are shown in Figure 9.
These profiles indicate that the inner N,H" peak after the burst
cannot be resolved in our current data.

The observed N,H" abundance profile is well described by
the models during the quiescent or post-burst phases for almost
all VeLLLOs (Figure 9). This indeed confirms that five VeLLOs
have undergone episodic accretion, because the N,H' peak
could not have moved outward to radii of ~1000 au with the
current luminosity. This is only possible through the cloud core
being heated up considerably. In addition, the time-dependent
model suggests that the radius of the N,H" abundance peak
does not significantly change in ~10,000yr. This result
suggests that the position of the N,H' peak can reflect the
highest luminosity that the central source reached in the past
accretion burst.

5. Discussion
5.1. Occurrences of Burst or Not?

Figure 10 shows the radius of the CO snow line measured
using N,H" as a function of bolometric luminosity, i.e., Ryurst
in Table 4. By comparing the location of the CO snow line
predicted for the current luminosity to the measured value, we
find at least five of our targets likely experienced a recent
accretion burst. Excluding DCE161 (see Section 3.3), we now
discuss whether or not a previous burst has occurred toward the
seven VeLLOs (see also Figure 7):

1. Five of the targets (DCE018, DCEO031, DCE064,
DCEO081, DCE185) have CO snow lines located at larger
radii than the predicted values from the model using the
current luminosity, suggesting that they have experienced
an accretion burst.

2. DCE024 shows no N,H™ depletion in the intensity/
abundance profile, with very weak C'®0 and '*CO
emission peaks at the center. Given the roughly
constant N,H" abundance profile, DCE024 is most
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likely at a quiescent accretion phase without a recent
burst.

3. The depletion of N;H" in DCE065 could originate from a
previous accretion burst or the depletion of the parent
molecules N, by freeze-out onto dust grains (see
Section 4.1).

As a result, out of the seven VeLLOs, five show evidence for
the occurrence of a past burst, one has no recent accretion
burst, and one is ambiguous. Statistically, five to six VeLLOs
with a past burst out of seven VeLLOs would result in a
probability of 71%-86% with an uncertainty of 17%-13%
assuming binomial statistics.

It is noteworthy that in a low-density region molecules may
not have had enough time to freeze out onto dust grains since
the assembly of the molecular cloud. Thus, the radius of the CO
snow line may highlight not only the area heated by a
luminosity burst but also a region where CO has not yet frozen
out (Jgrgensen et al. 2005). The slow freeze-out process of CO
can be seen in the chemical model at a large radius of
22000-3000 au (Figure 8). However, at a radius of
<1000-2000 au, CO can freeze out within ~10,000 yr
(Figure 8), which is much shorter than the lifetime of a starless
core of ~10° yr (Enoch et al. 2008). Therefore, CO within the
mentioned radius is most likely evaporated by a past luminosity
outburst.

Figure 10 also shows the data points from Jgrgensen et al.
(2015) and Frimann et al. (2017) that plot the half-width at
half-maximum (HWHM) of the C'®0 (2-1) emission as a
function of the bolometric luminosity. For comparison, we plot
in orange the HWHM of the CO isotopologue emission from
our targets (Table 3). This comparison indicates that the radii of
the CO snow lines are larger than the HWHM of the CO
isotopologue emission by a factor ranging from 1 to 4, while
the model in Anderl et al. (2016) found a factor of 1.6.
The scatter in the observed HWHM likely originates from
the spatial resolution of observations (Table 2). In addition, the
outflow contamination cannot be completely removed from the
CO isotopologue observations.

5.2. Mass Accretion Rate during Burst

The estimated Ly, (Table 4) provides us with an
opportunity to estimate the mass accretion rate during the
accretion burst. Assuming L,.. = Ly, We estimate the mass
accretion rate  (Me.) during the burst phase using
Lace = GMy:M,.. /R, where G is the gravitational constant,
R is the protostellar radius (assumed to be 3 R; Dunham et al.
2010a), and My, is the mass of the central source (assumed to
be 40 Myypirer; Huard et al. 2006). As a result, we find mass
accretion rates during the burst phase of ~6 x 10704 x
1075 M, yr', with a median of ~2.0 x 1075 M, yr '. We
note that this estimate could be considered to be a lower limit
because (1) a fraction of N,H" may have recovered since the
past burst such that the measured N,H" depletion radius is
smaller than that during the accretion burst, and (2) the
protostellar disk or torus-like structure, if present, can shield the
outer envelope from heating by the central protostars (Murillo
et al. 2015; Rab et al. 2017). The latter point is important to
consider given that the abundance profiles are derived from the
cuts perpendicular to the outflows.
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Given the derived mass accretion rate, we can further
estimate how much time a protostar spends in the burst phase.
Assuming that most of the material is accreted during the burst
at an accretion rate of ~2.0 x 1075 M, yr ', the total time of
the burst phase is estimated to be ~25,000 yr, which is the time
necessary to acquire the typical stellar mass of 0.5 M. Taking
the lifetime of the embedded phase (Class 0/I) to be
0.4-0.5 Myr (Evans et al. 2009; Dunham et al. 2014; Carney
et al. 2016), we find that a protostar spends ~5%—-6% of the
time in the burst phase, which is on the same order as the
simulation results of ~1.3% from Dunham & Vorobyov (2012)
and is also consistent with the observational statistical results of
~5% with M > 10-5M, yr ' from Enoch et al. (2009).

5.3. Timeline of the Episodic Accretion Process

One of the most important parameters in the episodic
accretion process is the time interval between two accretion
bursts because this timescale moderates the effect of radiative
feedback on disk fragmentation (Mercer & Stamatellos 2016).
Disk fragments may later be ejected, forming a proto-brown
dwarf (Reipurth & Clarke 2001; Bate et al. 2002; Rice
et al. 2003; Stamatellos & Whitworth 2009; Basu &
Vorobyov 2012), or fall onto the central star, causing an
accretion burst (Vorobyov & Basu 2005, 2010; Dunham &
Vorobyov 2012), or migrate to a stable orbit, resulting in a
multiple system. Multiplicity is discussed further in Section 5.4.
Out of our seven VeLLOs, we found that at least five show
evidence for the occurrence of a past burst. This fraction is
similar to or slightly higher than the value of 20%-50% found
by Jgrgensen et al. (2015) and Frimann et al. (2017) in Class 0/T
sources based on SMA C'®0 observations. Taking the timescale
of 10,000 yr for CO to refreeze out (Visser & Bergin 2012;
Visser et al. 2015), we suggest that 71% + 17% to 86% + 13%
of these VeLLLOs have experienced a past accretion burst within
10,000 yr. If we assume that all protostars are undergoing
episodic accretion, this result suggests a timescale of intervals
between bursts of 12,000-14,000 yr in VeLLOs, in comparison
to 20,000-50,000 yr from Jgrgensen et al. (2015) and Frimann
et al. (2016). However, if an accretion burst lasts for 100-200 yr
(Vorobyov & Basu 2005) and in turn accretes material with a
mass of ~(2-4) x 1073 M, (Section 5.2), it would take
125-250 bursts, i.e., (1.5-3.5) x 100 yr in total, to build a star
with a mass of 0.5 M. This is too long compared with the
lifetime of the Class 0/1 stage, 0.4-0.5 Myr (Evans et al. 2009;
Dunham et al. 2014; Carney et al. 2016). Thus, either a
significant fraction of mass (=70%) accretes during the
quiescent phase, or stronger outbursts occur at a later
evolutionary stage, assuming that VeLLOs are early Class O
sources (Hsieh et al. 2015, 2017). Alternatively, these VeLLOs
will form very low mass stars with a mass <0.5 M. Another
possible explanation is that the interval between bursts is in fact
shorter than the timescale for CO to freeze out (10,000 yr). For
such a case, this means that six out of seven sources are
undergoing episodic accretion, whereas the remaining source,
DCEO024, has not yet started this process.

In addition to the time interval between bursts, the detection
of accretion bursts in VeLLOs suggests that the episodic
accretion process may start from a very early stage since
VeLLOs could be extremely young protostars (Dunham et al.
2014; Hsieh et al. 2015, 2017). The onset time of episodic
accretion is important because it is associated with the origin of
accretion bursts. Vorobyov & Basu (2005, 2010) suggested that
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dense protostellar clumps fall onto the central protostar,
causing an accretion burst. Further, Vorobyov & Basu (2010)
and Vorobyov et al. (2013) found that this dense clump may
form through disk fragmentation under the conditions of a low
Toomre Q-parameter (Toomre 1964) and a short local cooling
time. However, this process requires a fairly massive disk
around the central star (Vorobyov et al. 2013; Kratter &
Lodato 2016). The presence (or otherwise) of disks in VeLLLOs
remains unclear because they are considered to be either very
early stage protostars or extremely low mass protostars
(Dunham et al. 2014). Though the presence of a protostellar
outflow strongly suggests the existence of a disk, the resolution
of our data (~300-600 au) is insufficient to resolve it for most
of the targets. Although protostellar disks have been detected in
some Class 0 sources (Lee 2011; Tobin et al. 2012; Murillo &
Lai 2013; Murillo et al. 2013; Ohashi et al. 2014), the disks in
VeLLOs are likely still forming if they are indeed extremely
young Class 0 sources. For example, Yen et al. (2015, 2017)
suggest that the disk size is very small (6 au) in one of our
targets, DCE185 (IRAS 16253), while it shows clear evidence
of a recent accretion burst. As a result, the high fraction of burst
signatures in VeLLOs is in conflict with the simulation results
(Vorobyov et al. 2013; Vorobyov & Basu 2015), in which
episodic accretion processes are found to occur preferentially
during the Class I stage after the formation of a star—disk
system. To address this issue, we propose two possible
scenarios: (1) the accretion burst may not necessarily be
triggered by an infalling fragment, but by a different
mechanism regulating the accretion process, or (2) the fragment
may not necessarily be formed in a disk (disk fragmentation),
but in a large-scale envelope or pseudo-disk-like structure. It
should also be noted that the disk can be consumed by past
accretion bursts (Jgrgensen et al. 2015). However, in such a
case, these VeLLOs would have once contained a massive disk
before the burst.

5.4. Multiplicity

Multiplicity is common in embedded protostellar systems,
and fragmentation of the cloud core or disk is widely agreed
to be the mechanism of formation. Numerical calculations
have shown that the thermal feedback from newly formed
protostars can suppress fragmentation in cloud cores
(Krumholz et al. 2014), while episodic accretion can
moderate the effect of thermal feedback. During the interval
of an accretion burst, the cloud core can cool down and
fragmentation can occur in the disk (Stamatellos et al. 2012)
or in the rest of the cloud core, where the temperatures fall
well below 100 K. On the other hand, the mass of the core
may be an important factor in fragmentation as well (Offner
et al. 2016). VeLLOs that are undergoing episodic accretion
would be expected to be multiple protostellar systems.
However, none of the VeLLOs studied so far have shown
convincing evidence of multiplicity, with probable compa-
nions only detected in the submillimeter but not in the
infrared (Chen et al. 2012; Takahashi et al. 2013), or through
outflow kinematics (Hsieh et al. 2016). At separations larger
than 250 au, the sources in our sample do not show a
secondary companion or signs of multiplicity. DCE065 may
be the exception, with the SMA continuum observations
hinting at a possible binary system; however, Tobin et al.
(2016) did not find indications of companion sources in
DCEOQ65. Further studies would be needed to determine



THE ASTROPHYSICAL JOURNAL, 854:15 (29pp), 2018 February 10

whether DCEO065 is a true proto-binary. The angular
resolution of our observations, ~174-3"1, is not enough to
probe the existence of a companion at separations smaller
than 250 au. A recent unbiased survey at millimeter
wavelengths of all protostars in the Perseus molecular cloud
probed down to 15 au separations (Tobin et al. 2016). The
Perseus VeLLOs included in our sample (DCE064, DCE065,
and DCEO81) have been found to be single protostars. The
measured Ly, of an unresolved binary is higher than that of a
single protostar, even if the protostars are at similar
evolutionary stages (Murillo et al. 2016). If we compare the
Ly, from the VeLLOs in Perseus to the rest of our sample, the
luminosities are similar. Thus, either the rest of the sample is
also composed of single protostars, or they are binaries with
even dimmer components.

Episodic accretion cannot be a hindering factor in
fragmentation, since several embedded multiple protostellar
systems in Perseus have evidence of accretion bursts
(Frimann et al. 2017). The low frequency of multiplicity in
our sample of VeLLOs could be explained by a few possible
scenarios. One possibility is that the time between accretion
bursts is too short to allow the gas to cool down enough for
fragmentation to take place. Even if there were areas of cold
gas, there may not be areas of high enough density that can
trigger instabilities and fragment. Another possibility is that,
while temperature may play an important role in the star
formation process, it may not be the deciding factor in the
formation of multiple protostellar systems through
fragmentation.

6. Summary

We present an ALMA survey of N,H (1-0), '*CO (1-0),
C'"®0 (1-0), and C'"O (1-0) line emission and dust
continuum emission in eight VeLLOs. We use the molecular
pair, N,H" and CO isotopologues, to probe the positions of
the CO snow lines in the natal envelopes. We use the
measured position of the CO snow line, together with that
predicted from the current luminosity, to identify VeLLOs
that have experienced a recent accretion burst. We summarize
our results as follows:

1. We found five to six VeLLOs out of seven that have
experienced recent accretion bursts. This fraction is larger
than that found for Class 0/I objects (~20%-50%;
Jgrgensen et al. 2015; Frimann et al. 2017), and it implies

a time interval between accretion bursts of
12,000-14,000 yr, assuming a CO refreeze-out time of
10,000 yr.

2. Our chemical model reproduces well the observed N,H"
depletion toward the source center due to a past accretion
burst. In addition, we find that the radius of the CO snow
line remains relatively static after the burst, suggesting
that it can be used as an indicator of the burst luminosity.

3. From the observed positions of the CO snow lines, we
estimate mass accretion rates of ~6 x 10704 x
1075 M, yr' with a median of ~2.0 x 1075 M, yr '
during the burst. Given the lifetime of the protostellar
embedded phase, we suggest that a protostar spends
~5%—6% of the time in the burst phase to form a typical
mass (0.5 M,,) star.
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4. The evidence of accretion bursts in VeLLOs is in conflict
with simulations (Vorobyov & Basu 2015), which
suggest that episodic accretion should preferentially
occur during the Class I stage after accreting sufficient
material onto a protostellar disk. We propose two
possibilities to solve this issue: (1) the accretion burst
may not necessarily be triggered by an infalling fragment,
but by a different mechanism regulating the accretion
process, or (2) the fragment may not necessarily be the
product of disk fragmentation, but may form in a large-
scale envelope or pseudo-disk structure.

5.In our sample of VeLLOs, we find no evidence
for multiplicity down to spatial scales of 250 au,
implying a low frequency of multiplicity. We suggest
that (1) the short time interval between bursts prevents
the gas from cooling down and fragmenting to form a
binary system, and/or (2) given the cold envelopes
around VeLLOs, the absence of multiplicity suggests
that temperature may not be the deciding factor for
fragmentation.
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Appendix A
Hyperfine Fitting of N,H" Spectra

To derive the optical depth, we fit the hyperfine structure for
each pixel (074) in the N,H" maps. The fitting is done for the
pixels with S/N > 5 (the rms noise levels range from 0.21 to
0.58 K at a channel width of 0.05kms™"). For DCE031, the
spectra show a “wing-like” structure toward the four spikes
seen in the images (e.g., point 1 in Figure 13), which are likely
associated with the outflow entrained gas. We thus fit the
spectra only on the central flattened envelope in DCEO31.

With the high spectral resolution of ~0.1km s™', we find
that many of the regions in fact contain two (or even more)
velocity components along the line of sight (e.g., point 3 in
Figure 16). For these regions, we fit the spectra with a two-
component hyperfine structure. However, depending on line
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Figure 11. N;H" column density map and spectra of six arbitrarily selected positions (blue plus signs) in DCE018. The green star indicates the infrared
source position. The black contours show the ALMA 3 mm continuum emission with levels of 30, 50, 100, 200, 300, and 500. The gray dashed line indicates the
cut that is used to measure the intensity profiles (Figure 5) and abundance profiles (Figure 7). In each panel for spectra, the best-fit results are shown in green
lines for one-component fitting and blue and red lines for two-component fitting, with the bottom subpanel showing the residuals. The best-fit parameters (7 for
the weakest component N;H' 110-011) are shown in the upper left corner in each spectrum panel for blueshifted (left) and redshifted (right) components if

present.

width and separation of the two components, the double-peak
structures are sometimes only seen in a few of the seven
components (e.g., point 4 in Figure 14). In addition, the weak
component is usually marginally detected, together with
hyperfine anomalies, making the fitting with two components
more difficult. As a result, we suggest that the fitting results are
decent for the primary component, and for the weak
component, the centroid velocity and line width are broadly
reliable since they are less affected by the S/N and hyperfine
anomalies. Further details on the dynamics are outside the
scope of this paper and will be discussed elsewhere.

The results of hyperfine fitting are shown in Figures 11-18
(note that the optical depth is for the weakest component

20

110-011, which is one-third of the isolated component
101-012). When hyperfine anomalies, with reversed relative
intensities, are not present, the optical depth is generally low
(<0.5-0.7), with the one- or two-component fitting in the
primary component, which is relatively reliable. Note that we
plot the N,H™ spectra toward the position with a relatively high
integrated intensity where the column densities, as well as 7,
are expected to be high in the map. The hyperfine fitting results
can be seriously affected by anomalies. For example, the
irregularly high intensity of the isolated hyperfine component
in points 4, 5, and 6 in Figure 18 may result in the high optical
depth in the best fit. In addition, since the line profiles do not
saturate even for the strong component, the high optical depth



THE ASTROPHYSICAL JOURNAL, 854:15 (29pp), 2018 February 10

Hsieh et al.

T T

4l

T (K)

0.5

0.0

-0.5

-32'24"

Dec (J2000)

06"
RA (J2000)

04'00"

Visr(kms ™)

T (K)

0.0

-0.5 L L L

Visn (ks 1)

-0.5 L

Figure 12. Same as Figure 11, but for DCE024.

from the best fit is likely affected by hyperfine anomalies. If we
take the optical depth of 0.5-0.7 as an upper limit (1.5-2.1 for
the 101-012 component), the optically thin assumption will
result in an underestimation of the column density by a factor

21

Vg (ks 1)

of ~1.9-2.4, which is much smaller than the degree of N,H"
depletion toward the center (see Section 4.3). Therefore, we
suggest that assuming optically thin emission is reasonable for
calculating the column density with the 101-012 component.
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The column density was estimated by assuming that all components are optically thin.
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Appendix B
Uncertainty of the Peak Radius of N;H
Abundance, Ry,u+ peak

Since the N,H" abundance profiles are obtained from the ratio
between the N,H' and H, column densities, the uncertainty in
RN H# peak primarily comes from (1) the modeled H, density
profiles and (2) differences between the two sides of the cut used
to derive the abundance profile. Thus, we measure the peak
radius in the abundance profile on each side of the cut separately.
For each side, the density structure is assumed to be either (1) a
broken power law (Figure 7) in Section 4.3, (2) a single power
law with p = —1.5, or (3) a single power law with p = —2.0
(Figure 19). In total, we get six measurements for each source.
Table 4 lists the range of derived radii, and we take this range as
the uncertainty in the measurement.
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