of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 00, 1 (2023) https://doi.org/10.1093/mnras/stad1614

Resolving the binary components of the outbursting protostar HBC 494
with ALMA

Pedro Henrique Nogueira *,'** Alice Zurlo *,"? Sebastidn Pérez ' ,>** Camilo Gonzalez-Ruilova ">

Lucas A. Cieza ", Antonio Hales *,%’ Trisha Bhowmik *',">* Dary A. Ruiz-Rodriguez *,” David
A. Principe *,® Gregory J. Herczeg .’ Jonathan P. Williams *,'° Jorge Cuadra ' ,!!"13

Matias Montesinos *,'>!3 Nicolas Cuello “,'* Prachi Chavan "> Simon Casassus
Zhaohuan Zhu “ %1% and Felipe G. Goicovic *~?°

Affiliations are listed at the end of the paper

2,15,16,17
b

Accepted 2023 May 24. Received 2023 May 19; in original form 2023 January 25

ABSTRACT

Episodic accretion is a low-mass pre-main sequence phenomenon characterized by sudden outbursts of enhanced accretion.
These objects are classified into two: protostars with elevated levels of accretion that lasts for decades or more, called FUors,
and protostars with shorter and repetitive bursts, called EXors. HBC 494 is a FUor object embedded in the Orion Molecular
Cloud. Earlier Atacama Large (sub-)Millimeter Array (ALMA) continuum observations showed an asymmetry in the disc at 072
resolution. Here, we present follow-up observations at ~0703, resolving the system into two components: HBC 494 N (primary)
and HBC 494 S (secondary). No circumbinary disc was detected. Both discs are resolved with a projected separation of ~0718
(75 au). Their projected dimensions are 84 £+ 1.8 x 66.9 = 1.5mas for HBC 494 N and 64.6 £ 2.5 x 46.0 = 1.9 mas for
HBC 494 S. The discs are almost aligned and with similar inclinations. The observations show that the primary is ~5 times
brighter/more massive and ~2 times bigger than the secondary. We notice that the northern component has a similar mass to the
FUors, while the southern has to EXors. The HBC 494 discs show individual sizes that are smaller than single eruptive YSOs.
In this work, we also report 12C0, 13C0, and C'®O molecular line observations. At large scale, the 12CO emission shows bipolar
outflows, while the 1*CO and C'80 maps show a rotating and infalling envelope around the system. At a smaller scale, the '>CO
and '*CO moment zero maps show cavities within the continuum discs’ area, which may indicate continuum over-subtraction
or slow-moving jets and chemical destruction along the line of sight.

Key words: stars: protostars —protoplanetary discs—radio continuum: planetary systems—accretion, accretion discs —radio

lines: planetary systems —ISM: jets and outflows.

1 INTRODUCTION

During their evolution, young stellar objects (YSOs) dissipate their
envelopes while feeding their developing protostars through accre-
tion via a disc. However, YSOs are underluminous compared to the
luminosity and accretion rates expected from steady disc accretion.
This discrepancy has been established as the ‘luminosity problem’
(Kenyon et al. 1990; Evans Neal J. et al. 2009). One potential solution
to the luminosity problem is that young stars undergo episodes of
high accretion interspersed by quiescent phases. During the episodes
of enhanced accretion, large amounts of material are accreted very
quickly (e.g. Dunham & Vorobyov 2012). Such phenomena have
been observed in low-mass pre-main sequence stars like FU Orionis
and EX Lupi, the prototypes of the two subclasses that display the
episodic accretion phenomenon.

FU Orionis type stars, also known as FUors, are pre-main sequence
low-mass stars that show variability in both luminosity and spectral
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type due to variation in the accretion mass rate, on a short time-scale
(Herbig 1966). Their optical brightness can dramatically increase
due to enhanced mass accretion by more than five magnitudes over a
few months. After this outburst, FUors can remain in this active state
for decades. This occurrence is considered episodic and suspected
to be common at the early stages of star formation. Throughout an
outburst, the star can accrete ~ 0.01 M, of material, roughly the mass
of a typical T-Tauri disc (Andrews & Williams 2005). The bolometric
luminosity of the FUors during the outburst is 100 — 300 L, and the
accretion rate is between 107 and 107*My yr~! (Audard et al.
2014). EX Lupi type stars, also known as EXors, are a scaled-down
version of the FUors, with shorter and less intense outbursts (Herbig
2007). The EXors enhanced accretion stage can last months to years,
with accretion rates ranging from 1077 to 107° Mg, yr~!, which are
the order up to 5 magnitudes brighter than quiescent periods. The
episodic recurrence is also on the order of years (e.g. Jurdana-Sepi¢
et al. 2018; Giannini et al. 2022).

The mechanisms producing the eruptions in systems like FUors
and EXors have yet to be understood (Cieza et al. 2018). Several
different triggers have been proposed to explain this phenomenon,
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such as disc fragmentation (Vorobyov & Basu 2005; Zhu et al. 2012;
Vorobyov & Basu 2015), coupling of gravitational and magneto-
rotational instability (MRI) (Armitage, Livio & Pringle 2001; Zhu
et al. 2009), and tidal interaction between the disc and a companion
(Bonnell & Bastien 1992; Lodato & Clarke 2004; Borchert et al.
2022b). In terms of evolution, a scenario where FUors are understood
as an earlier phase followed by an EXor phase could explain
some of the observed properties of these systems (Cieza et al.
2018). EXors have less prominent (or lack of) outflows, and smaller
masses/luminosities than FUors since the mass loss, accretion, and
outbursts will significantly remove the gas and dust material during
their evolutionary stages.

If most stars undergo FUor/EXor-like episodic accretions during
their evolution, imaging the circumstellar discs of FUors at sub-
mm/mm wavelengths can inform or constrain the underlying outburst
mechanisms. For class 0/I objects (e.g. those still accreting from
their circumstellar discs and envelopes), the massive disc could be
expected to be prone to be gravitationally unstable, which can, con-
sequently, trigger the MRI and/or disc fragmentation. Additionally,
close encounters of stars can shape both gas and dust disc morphology
(Cuello et al. 2019). Inferring which scenario plays in each disc
requests an analysis that strongly depends on how well-resolved and
which features one can extract from the observations. Consequently,
when eruptive discs give a hint of irregular morphology or kinemat-
ics, follow-up observations at higher resolution are needed to resolve
the substructures and infer the nature of the system.

HBC 494 is a Class I protostar, located in the Orion molecular
cloud at a distance of 414 £+ 7pc (Menten et al. 2007), and has
been classified as a FUor' (Audard et al. 2014). This young eruptive
object (also called Reipurth 50) was discovered during an optical
survey and described as a bright, conical, and large nebula reflecting
light from a 250 L® infrared 1.5 arcmin away. Both were located
at the southern part of the L1641 cloud in Orion (Reipurth 1985;
Reipurth & Bally 1986). This nebula was claimed to appear after
1955, and its first detailed study showed high variability between
1982 and 1985, a consequence of a primordial IR source variability.
Posterior studies have also confirmed its variability. For example,
Chiang et al. (2015) reported a dramatic brightening (thus clearing
of part of the nebula) that occurred between 2006 and 2014. These
events can be explained by an episode of outflow coming from HBC
494. More recently, Postel et al. (2019), using archival photometry
data along with Herschel and Spitzer spectra presented the detection
of several molecular lines and the spectral energy distribution (SED)
of HBC 494. The SED presented strong continuum emission in the
mid- and far-infrared, which is indicative of envelope emission. Such
violent outflows were observed and described in Ruiz-Rodriguez
et al. (2017).

ALMA Cycle-2 observations in the millimeter continuum (~0725
angular resolution) show that the disc is elongated with an appar-
ent asymmetry (Cieza et al. 2018), indicating the presence of an
unresolved structure or a secondary disc. In this work, we present
ALMA Cycle 4 observations at ~0703 angular resolution that reveal
the binary nature of the HBC 494 system. Only Cycle 4 data were
used in this work. The paper is structured as follows. The ALMA
observations and data reduction are described in Section 2. The
results from the continuum and line analysis are described in Section
3. The discussion is presented in Section 4, while we conclude with
a summary of our results in Section 5.

I'The FU Ori classification is still controversial and has been contested by
Connelley & Reipurth (2018).
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Table 1. List of the Cycle 4 ALMA observations of the target HBC 494,
used in this work.

Date of
PI Project ID Angular resolution ~ observation  Integration
(beam minor axis)
Zurlo  2016.1.00630.S 07142 2016 October ~ 8.39 min
09
Zurlo  2016.1.00630.S 07027 2017 25.55 min
September 26

Table 2. ALMA imfit analysis results and physical parameters inferred
from the HBC 494 continuum discs.

HBC 494 N HBC 494 S
Flux density (mJy) 1052 £ 1.9 21.1£0.6
Peak flux (mJy beam™) 23.0+04 8.74+0.2
Major axis (mas) 84.0+ 1.8 64.6 +£2.5
Minor axis (mas) 669 £ 1.5 46.0 £ 1.9
Major axis (au) 34.8 £0.7 267+ 1.0
Minor axis (au) 27.8 £0.6 19.9 £0.8
Position angle (deg) 70.0 £ 4.5 654+53
Beam major axis (mas) 41.2 41.2
Beam minor axis (mas) 29.8 29.8
Beam Position angle (deg) 40.6 40.6
Beam area (sr) 3.3e-14 3.3e-14
rms (uJy beam™") 34.0 34.0
Dust mass (Myyp) 1.4 0.3
Gas mass (Mjyp) 143.5 28.7
Inclination (deg) 37.24+24 447 +3.3
FWHM Radius (au) 348 £0.7 26.7+ 1.0

2 OBSERVATIONS AND DATA REDUCTION

HBC 494 has been observed during the ALMA Cycle-4 in band 6
(program 2016.1.00630.S; PI: Zurlo) for two nights, one on the 2016
October 9 and the other on the 2017 September 26 (see Table 1). On
the first night, the short baseline configuration was acquired, with
a precipitable water vapour of 0.42 mm. The ALMA configuration
of antennas was composed of 40 12-m antennas with a baseline
from 19 to 3144 m. The flux calibrator and bandpass calibrator were
both J0522-3627, and the phase calibrator was J0607-0834. The
total integration on the target was 8.39 min. The second night, the
long baseline data set, had precipitable water vapour of 1.08 mm.
The ALMA configuration consisted of 40 12-m antennas with a
baseline from 42 to 14 851 m. The flux calibrator was J0423-0120,
the bandpass calibrator was J0510+1800, and the phase calibrator
was J0541-0541. The total integration on the target was 25.55 min.

The central frequencies of each spectral window were: 230.543
(to cover the transition '2CO J=2-1), 233.010 (continuum), 220.403
(3CO J=2-1), 219.565 (C®O J=2-1), and 218.010 (contin-
uum) GHz. The minimum spectral resolution achieved (second night)
for '2CO was 15.259kHz (~ 0.02kms™"), while for *CO and
C8CO, it was 30.518 kHz (~ 0.04kms™!). Both continuum bands
presented 2 GHz bandwidths. The data were calibrated with the
Common Astronomy Software Applications package (CASA v.5.5,
McMullin et al. 2007), and the python modules from CASA API,
casatasks, and casatools (CASA Team et al. 2022). The standard
calibrations include water vapour calibration, temperature correction,
and phase, amplitude, and bandpass calibrations.



2.1 Continuum imaging

We started our analysis by fixing the visibilities’ phase centre on
J2000 05h 40m 27.448 s —07d 27 m 29.65s. The image synthesis
of the 1.3 mm continuum emission was performed with the fclean
task of CASA. For the high-resolution data, we used the Briggs
weighting scheme with a robust parameter of 0.5, resulting in a
synthesized beam size of 41.2 x 29.8 mas, and a position angle of
40.6. The pixel scale of the image was set to 1.5 mas. One iteration
step of self-calibration was applied to both observations. For the first
night (low-resolution image: 142 mas), it resulted in an improvement
of ~6 SNR. For the second night (high-resolution image: 27 mas), it
resulted in an SNR improvement of ~ 1.6.

Our final continuum image was produced from a concatenated
measurement set combining both, the short and the long baseline
visibilities, using the concat task of CASA. We used the same image
synthesis parameters used for the second night of observation.

2.2 Line imaging

The visibilities were fixed at the same phase centre as was done for the
continuum coordinates (see sub-Section 2.1). After producing a dirty
image from the visibilities, we noticed that the emission mimicked
the presence of gaseous envelopes around the discs (moment 0 maps,
see Fig. 1, left column) but no gas dynamic signatures were revealed
(moment 1 map, see Fig. 1, right column). Therefore, we proceeded to
remove the visibility’s continuum contributions by using the CASA
task uvcontsub.

Further, we performed the rclean process using Briggs weighting
with a robust parameter of 0.5, Hogbom deconvolver, and pixel
scale of 6 mas. The total velocity ranged between —6 and 18 kms™!,
although a smaller range (0 — 11kms™) was used to create the
13CO and C'®0 moment maps. We used spectral resolution widths
of 1kms™! for '2CO and of 0.3km s~ for '3CO and C'30. The rms
values, obtained for the channel without a clear signal on the channel
maps (4 kms™), were 1.9, 3.6, and 2.6 mJy beam™' for '2CO, '3CO,
and C'80, respectively.

3 RESULTS

3.1 Continuum analysis

With the high-resolution data shown in Fig. 2, we could reveal the
binary nature of the HBC 494 system. Each of the components
in HBC 494 is surrounded by continuum emission, most likely
associated with circumstellar discs.

We performed a 2D Gaussian fitting with the imfit tool of CASA in
order to characterize the newly resolved components. The projected
separation between the two sources is 0718 (75 au). We name each
component with the usual convention, ‘N’ and ‘S’, referring to
the northern and the southern source, respectively. We assume the
northern component to be the primary as it is five times brighter than
the southern (secondary) disc. Both individual discs are resolved
according to our Gaussian fit. For the primary component, we find
a major axis FWHM of 84.00 + 1.82 mas and a minor axis of
66.94 £+ 1.50mas (34.8 &+ 0.7 x 27.8 £ 0.6au), with a position
angle of 70.01 % 4.46° (values deconvolved from the beam). For the
secondary, the major axis FWHM is 64.60 =+ 2.49 mas and the minor
axis FWHM is45.96 &+ 1.89 mas (26.7 £ 1.0 x 19.9 £ 0.8 au), and the
position angle is 65.38 & 5.32°. The integrated fluxes for ‘N’ and ‘S’
are 105.17 £ 1.89 mJy and 21.06 £ 0.63 mly, respectively. The peak
fluxes are 22.96 £ 0.35 and 8.71 & 0.21 mJy beam™ for the primary
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Figure 1. Small-scale moment maps for the analysed CO isotopologues,
12CO (top), '3CO (middle), and C'¥0 (bottom), without subtraction of the
continuum. The black stars mark the peak flux positions of the continuum
discs. The dashed black contours correspond to 100xrms from the continuum
emission (100 x 34 uJy beam™). Left: moment 0 maps for each mentioned
molecular line. The rms values at the bottom of each panel are in units
(mJy beam™!)(km s~!). The '>CO moment 0 map (top-left) has contour levels
of 5,7, and 9 xrms showed at the bottom of the panel. 13CO and C'¥O moment
0 maps (middle and bottom — left) have contour levels of 3 and 4 x rms showed
at the bottom of each panel. Right: moment 1 maps for each mentioned
molecular lines. The contours are the same as each left panel respectively.
The maps include only pixels above three times the rms measured from the
set of channels used for each molecular line (-6 — 18 kms™! for '2CO and 0
- 11kms™! for 13CO and C'80).

and secondary sources, respectively. The rms is ~0.034 mJy beam™!,
as observed in a circular region with a radius of 225 mas without
emission. The inclinations are calculated using the aspect ratios of
the discs. These are assumed as projected circular discs when face-
on, thus elliptical when inclined:

i = arccos (Z), where ‘b’ and ‘a’ are the semiminor and semi-
major axes, respectively. It resulted in 37.16 & 2.36° inclination for
HBC 494 N and 44.65 &+ 3.27 for HBC 494 S. At 30 mas resolution,
no substructures were detected (see the radial profiles in Fig. 3).

A large fraction of the mm-sized grains in protoplanetary discs
resides in the mid-plane. They are usually optically thin to their own
radiation. Thus, assuming standard discs, we can use the observed
fluxes to estimate the dust masses of HBC 494 N and S. For that, we
use the following formula (as in Beckwith et al. 1990; Andrews &
Williams 2005; Cieza et al. 2018):

F,d?
ku Bv(Tdust) ’

where F, is the observed flux, d is the distance to the source, B, is the
Planck function, and «, is the dust opacity. Adopting the distance of
414 pc, isothermal dust temperature (74,5 = 20 K) and dust opacity
assuming a M ,s/Maus fraction of 100, (x, = 10 (v/ 10'?Hz) cm? g=';
Beckwith et al. 1990) we get dust masses of 1.43 My,, (HBC 494 N)

Myt = (D
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Figure 2. ALMA observations at 1.3 mm of the HBC 494 system. The images reveal the binary nature of HBC 494 with two components surrounded by
continuum emission associated with circumstellar dust. The respective signal-to-noise ratios of each image are shown in each panel. We show the resulting
images from the long baseline observation with a resolution of 07027 arcsec (left), the short baseline data at 0 142 arcsec resolution (middle), and the combination
of the two observations with 070298 (right). Dashed green lines in the left and middle images represent a 3o contour associated with the lower-resolution
continuum image. The combined image has a beam size of ~ 41 x 30 mas, shown in the lower-left corner of the image. Its contours correspond, from the yellow
(more external) to the pink dashed lines, to 10, 40, 70, and 100 times the rms value, respectively. The rms is ~0.034 mJy beam™!.
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Figure 3. Radial brightness profile of HBC 494 N and HBC 494 S. The surface brightness (dots), measured in apertures ranging from the beam’s major axis
to three times the semimajor axis FWHM of each continuum disc, were normalized to the peak fluxes. The shaded regions indicate 1o error measured in each

aperture. The dashed lines correspond to the ALMA imfit FWHM of each disc.

and 0.29 M;,, (HBC 494 S). Following the standard gas-to-dust mass
ratio of 100, we report disc gas masses estimations of 143.46 My, for
HBC 494 N, and 28.68 M), for HBC 494 S. The physical parameters
based on the CASA analysis are listed in Table 2.
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3.2 Line analysis

The further two subsections describe the large and small-scale
structure analyses. The large scale, using the extent of 8000 au, shows
the results of outflows and envelopes. At such a scale, there is not
enough resolution to display both discs’ dynamics and their possible
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interactions. The small scale (150 au) fulfills this role, and thus, both
gas scenarios must be taken into account.

3.2.1 Large-scale structures (8000 au)

The channel maps (Figs 4, C1 and C2) show southern and north-
ern '2CO wide-angle arcs (~150°) and no clear signal of large
structures from the other molecular lines. This bipolar outflow was
previously described in Ruiz-Rodriguez et al. (2017). The wide-
angular structure shows an outflow morphology expected for Class I
discs (Arce & Sargent 2006). In our observations, the southern and
northern arcs are defined by the velocity ranges of [-6 — 1 kms™']
and [5 — 18 kms™'], respectively. The moment 0 and 1 '2CO arcs
are shown in Fig. 5. However, it is noticable that the northern arc
(redshifted emission) dominates the displayed velocities. The lack
of signal in the southern arc can be explained by lower molecular
density, or due to intracloud absorption. Fig. 6 shows the three
molecular lines’ concentration and dynamics (moment O and 1
maps), as well as the spectral profile measured within the dashed
regions.

The '3CO emission traces the rotating, infalling, and expanding
envelope surrounding the system, showing a small deviation from
the '2CO outflowing arcs’ rotation axis. The blue-shifted emission
concentrates around 3kms™!, while the red-shifted emission is
around 5 km s, It is noticable that the '*CO emission has a rotation
axis almost perpendicular to the '>CO outflows axis, ensuring that
the physical processes behind the two are different. The spectral
13CO also shows a dip around 4kms™!, but this may not trace an
absorption but a lack of signal due to the analysed UV-coverage or
cloud contamination.

The C'®0O emission, however, is faint and hardly distinguishable
from the surrounding gas in moment O maps. It has also the
lowest abundance of the three analysed isotopologues, being a good
tracer of the higher gas densities in the innermost regions of the
cloud. Its velocity maps show that a faint blueshifted motion was
detected around 3 km s™!, very weak when compared to the redshifted
emission detected principally around 5kms™'. Due to the higher
concentration of gas in the northern part, it is reasonable that we
observed a weak gas counterpart in the southern region. At large
scale, our results are comparable with the ones presented in (Ruiz-
Rodriguez et al. 2017). Furthermore, a lower limit of the envelope
material of ~600Jykms~' towards HBC 494 could be traced using
Total Power (TP), ALMA compact array (ACA), and the main array
ALMA observations with C'30 data in the range of 4.3 £ 0.5km s~!
(Ruiz-Rodriguez private communication).

3.2.2 Small scale structures (150 au resolution)

We started by removing the continuum contribution from all molec-
ular lines observed ('2CO, '3CO, C'30). We already expected that
12CO would trace the gas in larger scales due to its optical depth
and, thus, could blend with smaller gas signatures. To avoid cloud
contamination during the creation of '>CO small-scale moment maps,
we removed the channels that were more affected. We considered
velocities in the range of [-6 — 1kms™'] and [5 — 18kms™'], as
similarly done for the different large-scale arcs described in the
previous subsection.

Following CO channel maps and moment 0 and 1 maps were
produced to explore potential hints of interaction between the stars
and the two circumstellar discs. In particular, we looked for disc
substructures and perturbed rotation patterns. The moment maps can
indeed provide valuable information about the binary orbit and the
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discs’ geometry. However, by looking at the molecular lines in this
scale (see the moment maps in Fig. 7, left and middle columns), we
could not clearly detect the presence of the discs or their rotational
signatures. We can only notice that the '>CO and '3CO moment 0
maps show an interesting pattern, where less gas emission is found
where the continuum discs are. Additionally, the area within the
continuum discs highlights regions similar to cavities or ‘holes’ (Fig.
7, left column, upper and middle row). Interestingly, Ruiz-Rodriguez
et al. (2022) observed similar features from the same molecular lines,
in addition to HCO™, for another FUor system, V883 Ori. The work
also showed that the origin of cavities and ring emission around discs
can be interpreted in two ways, one based on gas removal and the
other on optical depth effects.

If the signal traces the lack of gas surrounding the discs, the leading
mechanism may be slow-moving outflows. The central regions of
young continuum discs are expected to be constantly carved by the
influence of magneto-hydrodynamical jets (Frank et al. 2014). In
addition, it is also expected that the lower emission observed comes
from the chemical destruction by high-energy radiation (more active
discs will create bigger cavities). By looking at the size of the gaps,
we can observe that HBC 494 S exerts a smaller influence on the gas
than HBC 494 N and, thus, HBC 494 N is the more active disc in the
system if this hypothesis is correct.

Another interpretation of the negatives in our gas maps is that this
is a spurious result of continuum subtraction. Usually, the continuum
emission is inferred from channels devoid of gas line emission. The
usual procedure does not consider the line emission where these chan-
nels overlap. Suppose the emission lines are optically thick above the
continuum. In that case, the foreground gas can significantly absorb
the photons coming from the underlying continuum, which may
lead to a continuum overestimation. Consequently, in such cases, the
continuum may be over-subtracted, causing the ‘hole’ feature that is
stronger where the line peaks (see e.g. Boehler et al. 2017; Weaver,
Isella & Boehler 2018).

4 DISCUSSION

4.1 Multiplicity and triggering mechanisms

Besides HBC 494, there are ~ 25 known FUor objects within 1 kpc
(Audard et al. 2014). As previously commented, many triggering
mechanisms can cause episodic accretion events. From this sample,
only HBC 494 and a few other FUor systems are known binaries
(e.g. FU Orionis, L1551 IRS, RNO 1B/C, AR 6A/B; Pueyo et al.
2012 and references therein).

Given the high occurrence rate of stellar binaries harbouring discs,
the lack of detection of multiple YSO systems remains a case of
investigation. Additionally, young discs evolve in crowded star-
forming regions, enhancing the hypothesis that the outbursts of Class
0/1 discs may affect other discs, driving episodic accretion events.
Also, surveys and studies using ALMA and NIR data for Class I-III
discs, show that there is a lack of detection when only visual multiple
systems (separations of 20 —4800 au) are considered (e.g. Zurlo et al.
2020, 2021). When all the possible separations are taken into account,
the multiplicity frequencies considerably increase. For Taurus, for
example, it goes up to 70 per cent when spectroscopic binaries are
included (Kraus et al. 2011). In the case of Orion, 30 per cent of
the systems are multiple with separations between 20 and 10 000 au
(Tobin et al. 2022). The latter study also noticed that the separations
decrease with time (when comparing Class 0, I, and flat-spectrum
discs) and that the multiplicity frequency in Class O is higher than
in the later evolutionary stages. Therefore, multiple eruptive young
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Figure 4. '2CO channel maps of the HBC 494 system. The star in the centre marks the position of the continuum discs. The southern arc is more evident
between the velocities -6 and 1 km s™!, while the northern is more easily seen between 7 and 18 km s7h

systems must be common, and more detectable within evolutionary
time. They probably are not frequently detected due to the short time
duration of enhanced accretion events in comparison with the lifetime
of discs in class 0/ stages (see Audard et al. 2014 for a FUors review).
Still, it is not clear if discs belonging to close-separation systems are
more susceptible to eruptive events than isolated ones.

For each HBC 494 disc, no clue of trigger mechanisms was found,
since the gas and continuum data did not reveal clear spiral or clumpy
features indicating a case of infall or GI (see e.g. Zhu et al. 2012;
Kratter & Lodato 2016). Looking at the dust continuum (Fig. 2),
CO isotopologues moment maps (Fig. 7), and the scattered '>?CO
emission (Fig. 12 of Ruiz-Rodriguez et al. 2017), the hypothesis of
stellar flybys is also not encouraged since no trace of perturbation
was detected (Cuello et al. 2020; Cuello, Ménard & Price 2023).
Moreover, dynamical data (small-scale moment 1 maps) also can
provide clues for the triggering mechanism (Vorobyov et al. 2021).
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However, it requires clear detection of quasi-Keplerian rotation,
which was not observed.

In the case of binaries, the first component to ignite the FUor
outbursts can quickly trigger the secondary one by inducing per-
turbations and mutual gravitational interactions (Bonnell & Bastien
1992; Reipurth & Aspin 2004; Vorobyov et al. 2021; Borchert et al.
2022a, ). Therefore, we can assume that all the discs in FUor multiple
systems like HBC 494 might have undergone successive enhanced
eruptive stages, despite the differences in mass and radius between
each component. However, it is not clear how the outbursts in HBC
494 N and HBC 494 S affect each other since the moment maps do
not show the connection between discs. Although on larger scales,
we detected the difference in the amount of gas mass detected in
the northern regions compared to the southern. This scenario may
be described if the more massive disc (i.e. HBC 494 N) has a higher
contribution to the outbursts and winds.
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With astrometric data, the eccentricity of orbits can be determined.
If both discs are still accreting gas from the environment, it is
expected that quasi-circular orbits trigger enhanced accretion every
few binary periods. Eccentric orbits, on the other hand, can induce
eruptive events in every orbit, preferentially when the binaries reach
the pericentre (see e.g. Dunhill, Cuadra & Dougados 2015; Lai
& Muiioz 2022). Observational evidence of circumbinary discs in
different YSO stages was found (see e.g. Dutrey, Guilloteau & Simon
1994; Mathieu et al. 1997; Tobin et al. 2016a; Maureira et al. 2020)
and are seen as a common counterpart of young binaries in formation.
However, no HBC 494 circumbinary gas disc was observed due to
cloud contamination and optical depth effects.

4.2 Disc sizes and masses

FU Orionis, the precursor of the classification FUor, is also a binary
system. HBC 494 system, however, has smaller discs separation
compared to the 210 au between FU Orionis north and south

components (Pérez et al. 2020). FU Orionis components have similar
sizes and masses between their discs, contrary to the HBC 494
components. We can argue that, due to HBC 494 being a close-
packed system with substantially different masses between their
components, a scenario of radius truncation can be tested. However,
the FU Orionis discs are exceptional compared to other FUors, which
are generally more massive and larger. Nevertheless, it is important
to check if HBC 494 follows the trend which shows that FUor objects
are more massive than class 0/I discs and that discs from multiple
systems are smaller compared to those from non-multiple systems
(Cieza et al. 2018; Hales et al. 2020; Tobin et al. 2020; Zurlo et
al. 2023 ). First, we will describe our results regarding masses and
radius. Then, we will compare HBC 494 discs to FUors and Orion
YSOs in the literature.

We assumed dust masses (assuming the gas-to-dust ratio of 100)
inferred by optically thin approximation (described in Section 3.1).
However, it is worth mentioning that the optically thin analysis can
not take into account the innermost regions of the disc (optically
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thick). This may lead to an underestimation of the dust masses.
Also, an underlying miscalculated dust grain temperature can alter
the results, overestimating the masses if the dust is warmer than
expected. The chosen assumptions of temperatures (fixed 20 K for
dust grains) and opacities for both discs lead to 1.43 Mj,, and 0.29
My, for HBC 494 N and HBC 494 S, respectively. Based on these
results, we can say that the HBC 494 N is comparable to other
FUor sources, but HBC 494 S has its dust mass comparable to EXor
discs (Cieza et al. 2018). The disc sizes were calculated using the
deconvolved Gaussian FWHM/2 radius obtained from 2D Gaussian
fits. This methodology was also used for other ALMA data sets (e.g.
Hales et al. 2020; Tobin et al. 2020). Therefore, it allows a consistent
comparison with other discs. The dust mass vs radius comparison
between HBC 494 N and HBC 494 S, a sample of 14 resolved FUors
and EXors (extracted from Hales et al. 2020) and Class 0/1 systems
(Tobin et al. 2020), can be seen in figure 8. Here, as previously
stated, we notice that HBC 494 discs (black, hexagon symbols),
as other eruptive systems (hexagon, square, and triangle symbols),
present higher masses than young systems, which are not in the

stage of episodic accretion. However, there is no obvious distinction
between the disc sizes of individual systems, eruptive or not. A clear
difference is seen when we compare the discs from multiple systems
(hexagon symbols) and single systems. The latter present bigger
sizes as they are not targets for tidal truncation, enhanced radial drift,
and more aggressive photoevapouration — processes known to rule
close-systems dynamics and evolution (see e.g. Harris et al. 2012;
Kraus et al. 2012; Rosotti & Clarke 2018; Zurlo et al. 2020, 2021).

4.3 Binary formation and alignment

Different scenarios have been proposed to explain the formation
of binary systems. The main one for close-separated systems is
fragmentation, followed by dynamic interactions (for a review, see
Offner et al. 2022).

The fragmentation process consists of partial gravitational collapse
from self-gravitating objects. To be successful, many initial physical
conditions are relevant as thermal pressure, density, turbulence, and
magnetic fields. In addition, the fragmentation can be divided into
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et al. (2018); Hales et al. (2018); Cruz-Sdenz de Miera et al. (2019); Takami et al.

two main classes: direct/turbulent (e.g. Boss & Bodenheimer 1979;
Bate & Burkert 1997) and rotational (e.g. Larson 1972; Bonnell 1994;
Bonnell & Bate 1994a, b; Burkert, Bate & Bodenheimer 1997).

The direct/turbulent fragmentation from a collapsing core is
highly dependent on the initial density distribution. It can form
wide-separated multiple YSO systems with uncorrelated angular
momentum. Thus, the direct/turbulent fragmentation may lead to
preferentially misaligned multiple systems (Bate 2000; Offner et al.
2016; Bate 2018; Lee et al. 2019). The rotational fragmentation,
instead, is caused by instabilities in rotating discs and leads to
preferentially spin-aligned and coplanar systems (Offner et al.
2016; Bate 2018). Moreover, later dynamical processes such as
stellar flybys (Clarke & Pringle 1993; Nealon, Cuello & Alexan-
der 2020; Cuello et al. 2023) and misaligned accretion from the
environment (Dullemond et al. 2019; Kuffmeier, Goicovic & Dulle-
mond 2020; Kuffmeier et al. 2021) can also induce alignment or
misalignment.

The HBC 494 discs have similar inclinations (Ai = 7.5 £ 4.1°)
and similar PAs (APA = 4.6 £+ 7.0°). The relative orientations
of the discs suggest that the system is coplanar. Assuming they
are quasi-coplanar, with the same PA, the unprojected separation
would be ~0724 (99au). Therefore, the HBC 494 discs may
show a spin-alignment situation, more typical to observed close-
separated systems (see e.g. Tobin et al. 2016b, 2020). Thus, we
tentatively suggest that HBC 494 was formed by rotational disc
fragmentation rather than direct collapsing. However, more precise
observation of the kinematics of the surrounding gas on a small
scale (Vorobyov et al. 2021), complemented with orbital information
coming from astrometrical measurements, is required to evaluate this
hypothesis.
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(2019); Hales et al. (2020); Pérez et al. (2020).

In this context, IRAS 041584-2805 is of interest as Ragusa et al.
(2021) reported the detection of two circumstellar discs, similar to
HBC 494 in terms of small to moderate misalignment, and an external
circumbinary disc. However, in contrast to IRAS 0415842805, no
circumbinary disc was detected in HBC 494. This difference could be
explained either by the absorption of the circumbinary disc emission
due to cloud contamination, or because HBC 494 had enough time
to sufficiently empty the circumbinary mass reservoir. Since most
hydrodynamical models of star formation naturally produce young
binaries with individual discs and a surrounding circumbinary disc
(Bate 2018, 2019; Kuruwita, Federrath & Haugbglle 2020), itis likely
that a circumbinary disc formed at some earlier evolutionary stage
of HBC 494. If the circumbinary disc is actually there, but remains
undetected, the supply of material could extend the disc lifetime
of the circumstellar discs in HBC 494. Deeper multiwavelength
observations would provide more information, enabling us to solve
this binary riddle.

5 CONCLUSIONS

In this work, we presented high-resolution 1.3 mm observations of
HBC 494 with ALMA. The unprecedented angular resolution in this
source (07027), reveals that HBC 494 is a binary that can be resolved
into two discs, HBC 494 N and HBC 494 S. The discs have a projected
separation of ~75au. We derived sizes, orientations, inclinations,
and dust masses for both components. Both objects appear to be in a
quasi-coplanar configuration and with their sizes halted by dynamical
evolution, besides preserving high masses, common to FUors and
EXors than typical (not eruptive) Class O/I discs. Comparing the
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two sources, we noticed that HBC 494 N is ~5 times brighter/more
massive and ~2 times bigger than HBC 494 S.

The gas kinematics was analysed at two different spatial scales:
8000 and 150 au. At large scale, we have obtained similar results as
those presented in Ruiz-Rodriguez et al. (2017), revealing the wide
outflow arcs (traced by the '2CO) and the infalling envelopes ('*CO
and C'80). At the small-scale, we detected depleted gas emission
(cavities) for both discs ('>CO and '*CO, moment 0). They were
probably formed by slow outflows and jets coming from the discs
along the line of sight or by optical depth effects and over-subtraction
of the continuum emission. The dynamics of both discs in such scales
were masked principally by cloud contamination.

Further observations with similar resolution but of optically thin-
ner molecular lines may lead to the characterization of the dynamical
interaction of the two components. For example, the identification
of rotational signatures from the discs can be used to identify the
dynamical masses of their central stars. With this information, we
could also constrain truncation radii. Additionally, observations of
small-scale gas structures, allied to astrometric measurements, can
be used to constrain the possible formation scenarios.

We conclude that the HBC 494 system constitutes a test bed for
eruptive binary-disc interactions and the connection between stellar
multiplicity and accretion/luminosity processes (such as outbursts).
Also, it provides a statistics enhancement about the rarely observed
systems FUors and Exors.
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APPENDIX A: EFFECTS OF CONTINUUM
OVER-SUBTRACTION

To evaluate the effects of continuum oversubtraction, we generated
spatial profiles for each disc using >CO moment 0 maps at small
scales before and after continuum subtraction. We created cuts that
crossed the semimajor axis of each disc (see red lines in Fig. Al,
top panels) for this purpose. Fig. A1, top-left panel displays moment
0 maps before continuum removal, while the top-right panel shows
the same maps after this process. The comparison between these
effects is better visualized in the bottom panels, where continuum
emission (magenta diamonds/lines) has a similar shape as '2CO
before continuum subtraction (orange crosses/lines), but shifted in
flux, for both discs. The spatial profile subtractions are displayed
by black lines. However, they display higher fluxes when compared
to the spatial profiles produced after continuum subtraction (blue-
filled circles/lines). Additionally, the continuum was overestimated
by foreground optical depth molecular lines that absorbed continuum
emission and then propagated to the uvcontsub CASA task. The
‘holes’ or cavities seen in the top-right panel could potentially be
diminished by manually adding back some of the lost line signal,
but this would only create a fake signal at the level of noise. Thus,
optically thinner lines must be used to obtain the real signal of discs
in moment O and 1 maps.
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Figure Al. The top panels show the '>CO moment 0 maps before (left) and after (right) continuum removal, along with their spatial profiles. The moment 0
contours represent values of 50, 75, 100, 150, and 200 times the rms (~0.06 mJy beam™ kms™! ). The red lines trace the axis used to create spatial profiles,
which can be seen in the bottom panels. The bottom left panel shows the spatial profile of the HBC 494 N disc, while the bottom right panel shows that of
the HBC 494 S disc. The vertical black-dashed lines indicate the centre of the discs. The orange crosses/lines represent spatial profiles before the continuum
subtraction, created using the red line axis in the top panel, left. The magenta diamonds/lines represent the continuum spatial profile. The black lines represent
the subtraction between the 12CO+-continuum and the continuum spatial profiles for each disc. The dark blue filled circles/lines represent spatial profiles after
the continuum subtraction, created using the red line axis in the top panel, right.

APPENDIX B: 2CO, *CO, AND C'®*0 CHANNEL
MAPS WITH CONTOURS AND THE EFFECT OF
CLOUD CONTAMINATION

This appendix presents the '2CO, '3CO, and C'®O channel maps
with contour plots (see Figs B1 and B2). To visualize the signals
and corresponding flux values using a colour bar, we also provide
versions of the same channel maps without contours (see Figs 4 and
Cl).

Fig. B1 shows the 3-rms significant southern arcs (velocity
channels from -6 to 1kms™) and northern arcs (velocity chan-
nels from 5 to 18kms™). However, cloud contamination affects
channels between 2 and 6kms~'. These channels were not used
in the creation of large-scale moment maps. Channel 6kms™!
shows the most evidence of cloud contamination, with contour
plots showing innermost flux values near the discs (marked by
the central orange star). It also shows some significant contours
on both horizontal extremes, which can be tracers of the filtered
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Figure B1. '2CO channel maps of HBC 494 system with contours. The contours were displayed in black and they are equivalent to three times the rms of every
channel. The rms values were calculated using all data in each channel, through the CASA task imstat. The peak flux values have reached up to 19 times the
rms values. The star in the centre marks the position of the continuum disc around HBC 494 N.

signals using only the main array data. The data partially trace
features that, due to their large extension, require a combination
of the ALMA main and single dish arrays to recover extended flux
emission.

In Fig. B2, the '3CO channel maps are heavily marked by 3-
rms black contours, which show the significant gas signal on each
channel. Specifically, channels from 2.20 to 6.10kms™ indicate
gas in-falling clumps near where the discs are located, but also

MNRAS 00, 1 (2023)

show random/scattered signals far from the discs due to cloud
contamination.

The C'"®O channel maps represented in Fig. B3 are also heavily
marked by 3-rms black contours. Channels from 2.80 to 4.60 km s™!
indicate gas in-falling clumps near where the discs are located, but
also show random/scattered signals far from the discs due to cloud
contamination. Other channels are affected by cloud contamination
or lack a significant signal.
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Figure B2. '3CO channel maps of HBC 494 system with contours. The contours were displayed in black and they are equivalent to three times the rms of every
channel. The rms values were calculated using all data in each channel, through the CASA task imstat. The peak flux values have reached up to 11 times the
rms values. The star in the centre marks the position of the continuum disc around HBC 494 N.
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Figure B3. C'30 channel maps of HBC 494 system with contours. The contours were displayed in black and they are equivalent to three times the rms of every
channel. The rms values were calculated using all data in each channel, through the CASA task imstat. The peak flux values have reached up to 13 times the
rms values. The star in the centre marks the position of the continuum disc around HBC 494 N.
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APPENDIX C: EXTRA CHANNEL MAPS

The 3CO (large scale), C'#0 (large scale), >’CO (small scale and
with continuum subtracted), *CO (small scale and with continuum
subtracted), and C'®0 (small scale and with continuum subtracted)
channel maps are displayed in Figs C1, C2, C3, C4, and CS5,

respectively.
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Figure C1. 3CO channel maps of HBC 494 system. The star in the centre marks the position of the continuum disc around HBC 494 N.
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Figure C2. C'30 channel maps of HBC 494 system.
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Figure C3. '2CO channel maps of HBC 494 system, small-scale, after removing the continuum contribution.
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MNRAS 00, 1 (2023)

5N40M27.46°5 27.455  27.445 5M40™27.465 27.45° 27.445 5h40™M27.465 27.45° 27.445

10

mJy/beam


art/stad1614_fC4.eps

ALMA resolves the binary HBC 494 21

7

-7°27'29.5" Q) k-m/s u 1.00 km/s
29.6"
29.7"
29.8"

w A\

29.9" & 50aul 50 au

-7°27'29.5" HEXIEGIS 1! 4,00 km/s -
" - N

w 5
29.6" L9

29.8"

29.9" =
-7°27'29.5" 8.00 km/s

29.6" - 3
o
29.7"

29.8"

29.9" ™ 60 au
-7°27'29.5" ¥ 1000kms

29.6"

29.9"

5h40m27.465 27.45% 27.445 5h40m27.465 27.45° 27.445 5h40M27.465 27.45° 27.445

Figure C5. C'80 channel maps of HBC 494 system, small-scale, after removing the continuum contribution.
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