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ABSTRACT

IRAS 041584-2805 has long been thought to be a very low mass T-Tauri star (VLMS) surrounded by a nearly edge-on, extremely
large disc. Recent observations revealed that this source hosts a binary surrounded by an extended circumbinary disc with a
central dust cavity. In this paper, we combine ALMA multiwavelength observations of continuum and '>CO line emission, with
H e« imaging and Keck astrometric measures of the binary to develop a coherent dynamical model of this system. The system
features an azimuthal asymmetry detected at the western edge of the cavity in Band 7 observations and a wiggling outflow. Dust
emission in ALMA Band 4 from the proximity of the individual stars suggests the presence of marginally resolved circumstellar
discs. We estimate the binary orbital parameters from the measured arc of the orbit from Keck and ALMA astrometry. We further
constrain these estimates using considerations from binary—disc interaction theory. We finally perform three SPH gas+dust
simulations based on the theoretical constraints; we post-process the hydrodynamic output using radiative transfer Monte Carlo
methods and directly compare the models with observations. Our results suggest that a highly eccentric e ~ 0.5-0.7 equal mass
binary, with a semimajor axis of ~55 au, and small/moderate orbital plane versus circumbinary disc inclination 8 < 30° provides
a good match with observations. A dust mass of ~1.5 x 10~* M, best reproduces the flux in Band 7 continuum observations.
Synthetic CO line emission maps qualitatively capture both the emission from the central region and the non-Keplerian nature
of the gas motion in the binary proximity.

Key words: hydrodynamics — protoplanetary discs —binaries: general.

1 INTRODUCTION

The dynamics of accretion discs in the presence of a second mass
orbiting the primary has been studied and discussed starting from
the early 1980s, when an analytical expression for the tidal torque
exerted by a satellite on the accretion disc in which it is embedded
was provided (Lin & Papaloizou 1979; Goldreich & Tremaine 1980).
The original goal was to model how the moons of Saturn and
Uranus perturbed the dynamics of their rings. Since then, the disc—
satellite interaction framework has been improved both theoretically
and numerically, discussing more generally the effects of the tidal
interaction on the evolution of the properties of any type of binary
objects (star+planets, star+star, black hole+black hole) and the
discs surrounding them: the evolution of the binary semimajor axis
(migration) and its orbital eccentricity (e.g. Syer & Clarke 1995;
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Ward 1997; Ivanov, Papaloizou & Polnarev 1999; Goldreich & Sari
2003; Kanagawa, Tanaka & Szuszkiewicz 2018; Ragusa et al. 2018);
the evolution of the disc structure, i.e. the formation of a gap or
a cavity in the accretion disc (e.g. Artymowicz & Lubow 1994;
Goodman & Rafikov 2001; Pichardo, Sparke & Aguilar 2005, 2008;
Crida, Morbidelli & Masset 2006; Duffell & Dong 2015; Hirsh
et al. 2020); the modulation of accretion rate (e.g. Glinther & Kley
2002; Farris et al. 2014; Dunhill, Cuadra & Dougados 2015; Ragusa,
Lodato & Price 2016; Mufioz, Miranda & Lai 2019; Teyssandier &
Lai 2020) have all been discussed in the literature.

Despite these improvements on the theoretical and numerical side,
direct observation of the effects of binaries on discs is recent. The
advent of new generation interferometers, such as ALMA, and high-
contrast IR imaging, such as the SPHERE instrument mounted on
the VLT, revealed a number of protoplanetary systems showing
features such as spirals, circular gaps, cavities, rings, horseshoes,
clumps, shadows, and warps (Garufi et al. 2017; Andrews et al. 2018;
Avenhaus et al. 2018; Long et al. 2018; van der Marel et al. 2018;
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Garufi et al. 2020). The origin of these features has been mainly
interpreted with the presence of planets or binary stars embedded
in the accretion disc. Nevertheless, some alternative interpretations
for individual structures exist, such as ice lines (Banzatti et al. 2015;
Zhang, Blake & Bergin 2015) for gaps, dead-zones inducing vortices
for horseshoes (Regdly et al. 2012; Regaly, Juhdsz & Nehéz 2017),
and multiple possibilities such as accretion from an external envelope
(Harsono, Alexander & Levin 2011; Lesur, Hennebelle & Fromang
2015), self-gravity roils (Lodato & Rice 2004; Cossins, Lodato &
Testi 2010), or fly-bys for the formation of spirals (Clarke & Pringle
1993; Pfalzner 2003; Cuello et al. 2019).

Discs surrounding resolved binary stars with high mass ratios (g >
0.1) have also been detected. The system HD142527, which hosts
a secondary M-dwarf (Biller et al. 2012; Lacour et al. 2016; Claudi
etal.2019), is able to explain all the main features of the system (Price
et al. 2018b). The system GG Tau A also hosts a large disc with a
cavity carved by a hierarchical triple system — which dynamically
behaves as a binary — with a mass ratio ¢ ~ 0.8-0.9 (Cazzoletti
et al. 2017; Aly, Lodato & Cazzoletti 2018; Keppler et al. 2020).
HD98800 shows polar alignment between the binary and the disc
(Kennedy et al. 2019). GW Ori, a hierarchical triple system, shows
disc warping and tearing (Kraus et al. 2020). Other recent detections
of resolved binaries embedded in a circumbinary disc include 1.1448
IRS 3B (Tobin et al. 2016), L1551 IRS 5 (Cruz-Sdenz de Miera
et al. 2019), BHB 2007 11 (Alves et al. 2019), IRAS 16293-2422
A (Maureira et al. 2020), and V892 Tau (Long et al. 2021). In only
a limited number of cases information about the binary dynamics is
also available (e.g. Cazzoletti et al. 2017; Price et al. 2018b; Long
etal. 2021).

In this paper, we discuss and interpret the multiband observations
of the system IRAS 0415842805 (Andrews et al. 2008; Glauser
et al. 2008; Villenave et al. 2020). This system was suggested to
host an approximately equal mass binary star in its centre, as the
central source showed inconsistencies between its spectral type and
measured kinematic mass (Andrews et al. 2008). Bright emission
at radio wavelengths (ALMA, Band 4 continuum, 2.06 mm) from
the circumstellar discs surrounding the two stars of the binary have
been spatially resolved for the first time by Villenave et al. (2020),
confirming that two gravitationally bound stars are in fact present
at the centre of this system (projected separation of ~0.18 arcsec
i.e. ~25 au at 130 pc). The system IRAS 041584-2805 interestingly
features a circumbinary disc with a cavity of ~200 au in radius and a
prominent azimuthal overdensity located at the western edge of the
cavity.

We complete the available information about the structure of the
system — provided by the multiwavelength observations by Villenave
et al. (2020) (ALMA Band 4, 2.06 mm, and Band 7, 0.890 mm) — by
presenting: (a) CO J = 3-2 line emission and high-resolution ALMA
Band 7 continuum observations (acquired during the Villenave et al.
2020 survey, but not previously published); (b) measures of the
astrometric motion of the binary at different epochs using ALMA
and Keck adaptive optics between 2013 and 2019, allowing us to
gain insights about the binary orbital parameters.

We also present optical observations performed using the Canada—
France—Hawaii Telescope 12K camera (CFHT12K) with an Ha
filter, which shows the presence of a wiggling jet, launched from
the centre of the system and possibly related to the presence of the
binary.

Due to the availability of data at multiple wavelengths, complexity
of the structures, and information about the binary orbital motion, this
system represents a unique laboratory to test binary—disc interaction
theory through a direct comparison with observations.
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Figure 1. Astrometric motion of the binary along with two insets showing
the 2013 and 2019 Keck AO images.

The paper is divided as follows: in Section 2, we present the
observations of IRAS 0415842805 that we will use for our analysis.
In Section 3, we discuss the morphology and available observational
information about the system. In Section 4, we infer the orbital
properties of the binary using the astrometric data and we further
constrain them in the light of the system structure using analytical
considerations; we also provide quantitative estimates of the amount
of gas and dust present in the system from the observed luminosity.
In Section 5, we introduce the numerical gas+dust and Monte Carlo
radiative transfer simulations we performed in order to provide a
direct comparison of our predictions with observations. In Section 6,
we discuss the results and we finally draw our conclusions in
Section 7.

2 OBSERVATIONS OF IRAS 0415842805

2.1 Near-infrared imaging

On 2019 December 20, we obtained laser guide star adaptive
optics imaging of IRAS 0415842805 using NIRC2 on the Keck II
telescope. We used the narrow camera (~0.01pix~') and the K
filter (2.12 pm) and obtained 15 short, unsaturated images to resolve
the close binary. Coupled with co-adding and on-chip dithering
to estimate the sky background, we obtained a total on-source
integration time of 150s. Data reduction consisted of the usual
steps of sky subtraction, flat-field, image registration, and median
combination. A few frames were removed from the stack as they
suffered from significantly inferior image quality. While conditions
were good overall, the faint and somewhat distant tip-tilt guide star
used in the observations (R &~ 17, 22 arcsec away) resulted in a
modest Strehl ratio. The full width at half-maximum (FWHM) of
the point sources in the final image was about 0.09 arcsec, still
sufficient to resolve the binary (see Fig. 1). The relative astrometry
of the binary was estimated by performing Gaussian fitting to the two
components. The binary separation was 0.212 arcsec 4 0.003 arcsec
and its position angle, measured East from North, 244.9° + (0.7°. The
flux ratio between the component is about 2.2 4 0.1 mag.

We also analysed archival NIRC2 data taken on 2013 October 24
with a similar set-up as described above (PI: T. Dupuy). Images using
theJ, H, K ,and L' (1.25,1.63,2.12, and 3.78 pwm, respectively) were
obtained with total on-source integration times ranging from 120 to
240 s. Data reduction followed the same process as described above.
The FWHM of point sources ranged from 0.09 to 0.11 arcsec, with the
highest (lowest) resolution achieved at K' (L). The binary was well
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resolved at all wavelengths (see Fig. 1) and its relative astrometry
was again estimated using Gaussian fits, yielding a separation of
0.169 arcsec £ 0.002 arcsec and a position angle of 241.6° £ 0.7°
(after averaging over all wavelengths). We estimated flux ratios of
1.8, 1.6, 1.3, and 1.1 mag from J to L', with a typical uncertainty of
0.1 mag.

2.2 Ha« imaging

IRAS 0415842805 was observed on 1999 December 29 with
CFHT12K, a wide-field ~0.2 pix~! visible camera installed on the
Canada—France—Hawaii Telescope (CFHT), with the broad-band R
and [ filters (650 and 820 nm, respectively) and with the narrow-
band H « filter (centred at 658 nm and with a 7 nm bandwidth). Total
integration times were 2 x 600, 3 x 1200, and 2 x 300 s with
the R, Ha, and [ filters, respectively. Observational conditions were
worse than average, with point sources having measured FWHM
of 1.0-1.1 arcsec. The data reduction was performed within the
ELIXIR environment, a data processing pipeline developed at CFHT
for intensive large-scale format data reduction. The process includes
the standard steps of bias subtraction, flat-field correction, and fringe
removal (the latter only applies to the / image). The resulting frames
were then registered and averaged to form the final images (Fig. 2).

In this study, we are particularly interested in the Ho image,
which reveals a jet launched by the central binary system. Even
in this narrow-band filter, the image contains a contribution from
photon scattered off the disc surface, so we decided to subtract a
continuum image to highlight the jet emission. Counter-intuitively,
the R filter is not ideal for this purpose as H o emission from the jet
contaminates that image, which would lead to self-subtraction of the
jet. We therefore opted to use the / image of the disc, in which no
evidence of the jet is found (see also Glauser et al. 2008). We scaled
down the / image and subtracted it from the H« image, aiming at
obtaining zero signal in regions located far from the jet axis. Since
the exact disc morphology could be different between R and /, this
process is likely imperfect close to the disc itself but should have
no consequences for most of the jet emission, which is found far
above/below the disc.

2.3 ALMA observations

IRAS 0415842805 was observed with ALMA as part of a survey
of 12 highly inclined discs (Project 2016.1.00460.S, PI: Ménard;
Villenave et al. 2020).

In this work, we combine previously published continuum ALMA
Band 4 (2.06 mm) and Band 7 (0.89 mm, compact configuration)
observations of the source (we refer to section 2.2 of Villenave
et al. 2020 for details about the data reduction) with previously
unpublished '>CO line emission and higher resolution Band 7
continuum observations from the same program.

The Band 4 observations (previously published in Villenave et al.
2020) were performed on 2017 September 27 with four continuum
spectral windows centred on 138, 140, 150, and 152 GHz. We
produce a continuum image from the calibrated visibilities using
the clean function in CASA, with a Briggs robust parameter of
0.5, achieving an angular resolution of 0.093 arcsec x 0.038 arcsec
(zoom-in window of Fig. 3). The rms noise for this configuration is
0.04 mJy beam™".

The Band 7 observations were performed with two array configu-
rations: a compact configuration, observed on the 2016 November 24
with maximum baseline of 0.7 km (previously published in Villenave
etal. 2020), and an extended configuration, observed on 2017 August

Binary—disc dynamics in IRAS 0415842805
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Figure 2. Continuum-subtracted =~ CFHT12K Ha  image  of
IRAS 0415842805, using the /-band image as a jet-free estimate of
the continuum. North is up, East to the left, and the field of view of 25 arcsec
x 40 arcsec. The black cross marks the brightest point in the continuum
image, close to but likely slightly offset from the location of the central stars
due to scattering off the disc. The cyan curve is a guide to the morphology
of the Hu jet.

18 with a maximum baseline of 3.6 km (previously unpublished). The
spectral set-up included three continuum spectral windows, centred
on 344.5, 334.0, and 332.0 GHz, and one spectral window set to
observe the '2CO J = 3-2 transition at 345.796 GHz. We produce two
continuum images from the visibilities, using the CASA task clean,
with a robust Briggs parameter of 0.5. The first image combines the
compact and extended configuration observations and achieves an
angular resolution of 0.108 arcsec x 0.070 arcsec (main panel of
Fig. 3); rms noise is 0.07 mJy beam ™' for band 7 compact-+extended
configuration. The second image is extracted from the compact
array observations only and achieves an angular resolution of 0.481
arcsec x 0.332 arcsec (left-hand panel of Fig. 4); rms noise for this
configuration is 0.2 mJy beam™'.

In both the extended array Band 7 and the Band 4 observations, the
central binary is resolved in two point-like components that represent
the compact circumstellar discs (Fig. 3, see also Villenave et al.
2020). We derived the relative position of the binary from Gaussian
fits to the two continuum maps, resulting in separations of 0.188

MNRAS 507, 11571174 (2021)
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Figure 3. ALMA observations of IRAS 04158+2805, Band 7 continuum compact+extended configuration (grey plot, from Villenave et al. 2020 survey but
previously unpublished) and zoom-in on the circumstellar discs in Band 4 continuum from Villenave et al. (2020). The (0,0) pointing centre for this image is at
RA (hms): 04 18 58.1, Dec. (°’"): 428 12 23.4. The declination of the pointing centre is off-centred by ~0.6 arcsec.

0.012
2
0.010
1 T
0.008 §
8
= ° ‘ E
5 ‘ 0.006 5
-1 g
3
0.004
P 0.002
-3
0.000
-4 -3 -2 -1 o 1 2 3 4
pa[]

0.012
—— B7 comp

0.010

o o
=3 o
S S
- @

o
o
(=]
H

Flux density [Jy - beam™!

0.002

0.000
4 3 2 1 0 -1 -2 -3 -4

Aa ["]

Figure 4. Left-hand panel: ALMA observations of IRAS 04158+-2805, Band 7 continuum using only the compact configuration. Right-hand panel: cut along

the major-axis of the cavity from image in left-hand panel.

arcsec &£ 0.003 arcsec and 0.192 arcsec % 0.002 arcsec and position
angles of 242.4° £ 1.0° and 241.9° 4+ 0.7° in Band 7 and Band 4,
respectively.

Additionally, we present '2CO J = 3-2 observations of
IRAS 04158+2805. After subtracting the continuum from the line
emission with the uvcont sub CASA task, we extracted the '2CO
channel maps from the visibilities of both the compact and extended
configurations, using the t c1ean task. We used a velocity resolution
of 0.25 kms™', the multiscale option and a Briggs robust parameter
of 0.5. Additionally, to increase the signal-to-noise ratio, we used a
uvtaper. We achieve an angular resolution of 0.235 arcsec x 0.201
arcsec. Finally, we extracted the moment O (integrated line emission)
and moment 1 maps (velocity gradient) using the immoments
function of CASA. The moment maps were generated over pixels
brighter than three times the rms and included within the mask used
to clean the different channel maps. We show the moment maps in
Fig. 5.

MNRAS 507, 11571174 (2021)

3 TRAS 04158+2805: A CIRCUMBINARY DISC
AROUND A RESOLVED BINARY

The system IRAS 0415842805 is a young source located in the
Taurus star-forming region.

The near- to mid-infrared spectral index of the system is positive,
classifying it in the Class I category (e.g. White & Hillenbrand 2004).
In general, this is interpreted as a star4-disc system embedded in a
remnant envelope that is still opaque at near-infrared wavelengths.
However, at high inclinations, this interpretation can be incorrect
as the disc itself can block the starlight even in the absence of an
envelope, thus mimicking a younger, embedded system (e.g. Whitney
etal. 2003, Crapsi et al. 2008). The interpretation of the spectral index
is thus ambiguous and additional envelope tracers are necessary to
assert the true nature of the system (e.g. van Kempen et al. 2009).
In the case of IRAS 0415842805, such tracers are not available.
Sheehan & Eisner (2017) reproduced the SED of the system and low-
resolution submillimeter observations with a disc+envelope (Class I)
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Figure 5. Observed moment 0 and moment 1 maps of CO J = 3 — 2 line emission (left- and right-hand panel, respectively). Contours superimposed to the
moment 0 map show emission levels of flux density 7, = {1.5;3.;5.; 7.; 9.} mJy beam~! from the compact array configuration data only, for reference. Moment
1 maps were obtained subtracting a constant velocity field of 7.7 kms~! to account for the proper motion of the system.

Table 1. Summary table of the main observational properties of the discs in IRAS 04158+-2805: D is distance from source (Galli
et al. 2019; Roccatagliata et al. 2020); Fg7 o is the total flux in ALMA band 7; Fg7; and Fpy4; are the averaged (avg[FB,,1, Fp«2])
emission from each circumstellar disc in ALMA band 7 and band 4, respectively; Rcay is the cavity radius; R ; is the circumstellar

discs size; igisc (Glauser et al. 2008; Villenave et al. 2020) and Q24isc Andrews et al. (2008).

Main system properties D FB7 10t Fp7i Fpai Reay Resi ldise Quise
[pel [mly] [mly] [mly] [au] [au] [°] [°]
1304 + 0.6 259 £+ 26 6.5+ 0.8 1+£0.1 185 3-7 62+0.6 93+ 1

model, while Glauser et al. (2008) reproduced the SED and scattered
light images with a simpler disc model. While we cannot definitively
exclude the presence of an envelope in the system, we note that
the large disc radius could account for the large-scale submillimeter
emission, and thus adopt a simpler envelope-free model in line with
Glauser et al. (2008) and Park & Kenyon (2002).

Parallactic measures of its distance provided contrasting results:
89.7 £ 4.6pc in Gaia DR2, 1289 + 89pc in EDR3, but in
either case there are highly significant residuals (Renormalized Unit
Weight Error — goodness-of-fit statistic, RUWE ~ 1.7) indicating a
poor astrometric fit of the Gaia data — from EDR3 documentation
RUWE < 1 indicates a reliable estimate of the parallax. Given the
nebulous nature of the source in the optical, it is reasonable to expect
some/most of the parallactic signal to be confused with brightness
changes. For this reason, we will use an average distance of the
sources in the same part of the Taurus cloud: D = 130.3 & 0.6 pc in
the B10 cloud (group 7 in Galli et al. 2019) and D = 130.5 £ 0.5 pc
in L1495 (Taurus A group in Roccatagliata et al. 2020).

In this section, we discuss the properties of the binary and discs
from current and past observations, which constitute the basis for
a more quantitative analysis that we will provide in Section 4. A
summary of the relevant properties discussed in Sections 3.1 and 3.2
is provided in Table 1.

3.1 Stars/binary in IRAS 0415842805

As previously mentioned, the binary nature of IRAS 0415842805
had already been speculated in the past. Estimates of the total central
mass in this system, based on pre-main-sequence stellar models for its
spectral type M5-6, predicted a mass M, 1o« ~ 0.09-0.16 M (White
& Hillenbrand 2004, see also Sheehan & Eisner 2017 for a review
of past observations). Nevertheless, a kinematic measure of the total

central mass in this system from CO 3-2 line emission constrained the
central mass in the system to range M, o ~ 0.15-0.45 M (Andrews
et al. 2008).

We performed an independent estimate using the same approach
creating a position-velocity diagram — from now on, P-V diagram
(shown in Fig. 6) — with the ALMA CO line data and compared it with
the predictions for different central masses — predictions assume an
inclination of igisc = 62°, a single central mass, and purely Keplerian
motion of the gas. The P-V diagram does not allow us to improve on
the kinematic mass estimate by Andrews et al. (2008), and appears
to confirm the same range of masses previously suggested.

Due to the previous inconsistency between the spectral type
and kinematic mass estimates, Andrews et al. (2008) speculated
about the possible binary nature of this source. Villenave et al.
(2020) confirmed the previous expectation that the central source
in IRAS 0415842805 is indeed a binary. Given the binary nature of
the source, we note that any mass estimate based on the assumption
of Keplerian motion of the material in the proximity of the binary
should be treated as indicative and not as a precise measure. We will
discuss in Section 6 how a change in the central mass might affect
our analysis.

Both Keck (Fig. 1) and ALMA Band 4 and 7 (Fig. 3) confirm
the prediction of Andrews et al. (2008) by showing the presence
of resolved stellar and circumstellar emission at IR and radio
wavelengths, respectively — the latter from the dusty discs around
the individual stars of the binary (as will be better discussed in the
next section). Such a binary has a projected separation ~0.18 arcsec,
i.e. ~25 au at the source distance.

The spectral type mass estimates for the individual stars coupled
with the kinematic total mass suggest the binary being approximately
equal mass (¢ = M,/M, =~ 1). However, the near-infrared images
presented here show that one component is brighter than the other,

MNRAS 507, 1157-1174 (2021)
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Figure 6. P-V diagram along the major-axis from ALMA CO line data.
Velocity curves for single central masses M, o = {0.15,0.3,0.45} Mg,
assuming an inclination of the disc igisc = 62°, and purely Keplerian motion
are plotted in white and yellow. The ellipse in the left bottom corner shows
spatial (major-axis of the beam) and spectral resolution of the diagram.

by 1-2 mag with both wavelength and temporal variations. Inferring
a binary mass ratio from these flux ratios is a complicated exercise
due to (1) the possible contamination by disc emission, and (2) the
fact that absorption and scattering by the circumbinary disc affects
(reduces) the apparent brightness of both components. For simplicity,
in the following sections the analysis will consider an equal mass
binary, since a small change in the binary mass ratio would not affect
significantly our results in any case.

3.2 Discs in IRAS 0415842805

Band 4 and Band 7 dust continuum ALMA images of
IRAS 0415842805 highlight the presence of three disc-like struc-
tures: one circumbinary disc with a large cavity and a crescent-
shaped overdensity at its western edge, and two circumstellar discs
surrounding the individual stars of the binary.

The extended circumbinary disc (total flux in Band 7 Fg7r =
259 + 26 mly) is visible in Fig. 3. The two circumstellar discs are
marginally resolved in Band 4 and in the Band 7 compact+extended
array image (see Fig. 3) and are characterized by very similar mm
fluxes — each disc has a total flux of Fgs; = 1 &= 0.1 mJy in Band
4 and Fg7; = 6.5 & 0.8mly in Band 7 (spectral index ag7 — ps =
2.25) — confirming the binary nature of the source at the centre of the
system.

The cavity appears to be lopsided, with the apocentre located on
the eastern side and pericentre located on the western one. It presents
abright azimuthal asymmetry in the dust emission on the western side
(contrast-ratio West versus East 6, ~ 4). With reference to the right-
hand panel of Fig. 4, we measure the location where the brightness
reaches 50 per cent of the peak value of the corresponding lobe and
define the apocentre radius Ry, ~ 1.65 arcsec, i.e. Ry ~ 215 au
at the source distance, and pericentre radius Rp.; ~ 1.15 arcsec, i.e.
Ryperi ~ 150 au. Note that the emission at the apocentre does not reach
a clear peak, however the cavity edge is visible in the left-hand panel
of Fig. 4. Such radii suggest a dust cavity semimajor axis dcay ~ 185
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au and a cavity apparent eccentricity e.,, ~ 0.2. Unless differently
specified, we will refer to ac,y ~ 185 au as the ‘size’ of the cavity.

The size of the circumstellar discs slightly exceeds the beam along
the minor axis in Band 4. We note that, given the geometry of the
system, there is no reason to believe that the circumstellar discs are
face-on: indeed, they are most likely to be inclined with respect to
the plane of the sky. The projection effect might significantly reduce
their apparent size and be masked by the elongated beam shape if
they have a similar orientation. Considering the minor axis of the
beam in Band 4 (~0.04 arcsec, i.e. ~5 au), we believe that Ry, ~
3 au constitutes a reasonable lower limit for their size, whereas the
beam major-axis Ry, = 7 au constitutes the upper limit.

The disc aspect ratio has been inferred to be H/R ~ 0.12—0.2 at 100
au (Glauser et al. 2008; Sheehan & Eisner 2017). The circumbinary
disc inclination has been estimated to be igi,c ~ 62 + 0.6° (Glauser
et al. 2008; Villenave et al. 2020). The longitude of the ascending
node! of the disc is Qgisc ~ 93 & 1° (Andrews et al. 2008; Sheehan &
Eisner 2017, i.e. the disc near side is South) and the material rotates
counterclockwise as can be noted in the moment 1 map (right-hand
panel of Fig. 5).

The moment 0 map of the CO gas line emission is brightest in
the cavity area, highlighting the presence of gas up to the very
central region of the system (Fig. 5). The emission is characterized
by an X-shaped pattern which is brighter towards North — consistent
with the near side being South. The moment 1 maps show signs of
non-Keplerianity in the cavity area, where the locus of points with
projected velocity along the line of sight v,; = 0 produces an S-
shaped pattern (Rosenfeld, Chiang & Andrews 2014), which might
indicate the presence of gas radial motion of tidal streams in the dust
cavity region. We finally note that if also the gas is characterized by
the same eccentricity as the dust (e.,, ~ 0.2, previously obtained from
geometrical considerations) we expect the velocity ratio between
apocentre and pericentre to be (Murray & Dermott 1999)

Uperi 1+ ecay

~ 1.5. ey
Uapo 1- €cay

However, such a velocity asymmetry is not evident neither from the
moment 1 map in Fig. 5 nor from the P-V diagram in Fig. 6, implying
that the gaseous disc is probably not as eccentric.

4 CONSTRAINING THE PROPERTIES OF THE
SYSTEM FROM OBSERVATIONS

4.1 Constraining the binary orbit using astrometric data

We perform a fit of the astrometric data (shown in Fig. 1) using
IMORBEL (Pearce et al. 2015). For a given sequence of separations
and PAs of the binary along an arc in the plane of the sky, IMORBEL
interpolates the velocities and positions (x, y, vy, v,) measured by
the astrometric data and makes an assumption about z-coordinate
and z-velocity, by sampling uniformly couples (z, v.), that cannot be
captured due to the projection of the orbit along the line of sight of the
observer; the code outputs the distributions of the orbital elements
that best fit the arc.

We prescribe the binary mass to be M, = 0.3 £0.1 Mg, as
discussed in Section 3.1.2 We set the fit to exclude those orbits that

Note that the angle is calculated as the position angle, i.e. starting from the
North axis and proceeding counterclockwise in the plane of the sky.
>The measure performed by Andrews et al. (2008) and our independent

mass estimate suggest M, , = 0.15Mg and Mo = 0.45M as ‘extreme’
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would end up with an apoastron distance Ry, > 180 au, as the
maximum separation of the binary along its orbit cannot exceed the
size of the cavity (R.,y ~ 185 au).

We present in Fig. 7 the distributions of semimajor axis, pericentre
separation, eccentricity, binary inclination, longitude of the ascend-
ing node, and mutual binary—disc inclination: (a, Rperi» €, ibins Lbin,
0), respectively. The distribution of mutual binary—disc inclination
angle 6 (bottom line of Fig. 7) is obtained using (Czekala et al.
2019):

COS(Q) = Cos(idisc) Cos(ibin) + Sin(idisc) Sin(ibin) COS(Qdisc - Qbin)v
2

assuming Qgisc = 93° and ig;c = 62° (see Section 3.2) and couples
of {ibin, Qbin } from each fitted orbit.

It is important to note that these distributions should not be read
as a statistical representation of the best-fitting parameters, but as
an indication to constrain the boundaries of the parameter space
describing the orbit. Indeed, each (z, v;) couple produces a set of
orbital parameters that represents the best fit for such a couple; the
distributions simply quantify the number of (z, v;) couples that are
consistent with a certain value of a given orbital element and highlight
the correlations between the parameters. Different prior distributions
of (z, v;) can substantially change the posterior distribution of the
orbital elements (Pearce et al. 2015).

With reference to Fig. 7, the resulting distribution of the mutual
inclination favours values of 6; ~ 25-30° for a binary ascending
node Qpi, ~ 75° and 6, ~ 120-125° for a binary ascending node
Qpin ~ 255°, for iy, ~ 70°.

More generally, the inclination of the orbit cannot exceed iy, 2,
75° (note that a iy, &~ 90° is readily excluded by the fact that the
orbital motion is not along the radial direction). We also note that
inclinations iy, S 50° imply Ryeri & 4 au, which is in tension with the
size of the circumstellar discs, as we will discuss in the next section.

Possible values of the binary eccentricity are e > 0.5-0.6 with a
peak in the distribution at e &~ 0.95. Even though for low-mass/large-
period binaries the orbital eccentricity distribution is a flat curve (see
Tab 13 in Moe & Di Stefano 2017), making in fact eccentricities
as high as e = 0.95 physically meaningful, we anticipate that in
the following discussion we will further constrain that the binary
eccentricity should not exceed e > (.7. Lowest eccentricities appear
to be available only for inclination values iy, ~ 65°-75° (see
correlation e — i in Fig. 7), further strengthening the reliability of
our estimate of .

Finally, concerning the binary semimajor axis, values of a ~ 20—
95 au seem possible. Further considerations, taking into account the
disc structure, are required to better constrain the value of a, as we
will discuss in Section 4.2.

4.2 Constraining the binary orbit using binary—disc interaction
theory

It is possible to obtain more constraints by considering how the
binary shapes the disc.

We first compare cavity and circumstellar disc sizes with theoret-
ical predictions for given inclinations and eccentricities. The binary
is expected to truncate the disc through two possible mechanisms:

acceptable values; we adapted the mass errors to Mg = 0.10 Mg in order
to limit the mass sampling beyond 1.50 = 0.15 Mg when using IMORBEL:
Gaussian sampling of Mpean = 0.3 Mg Mg = 0.10 Mg will prevent values
with M < 0.15Mg and M > 0.45 Mg to be extensively used.
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resonant (Artymowicz & Lubow 1994; Miranda & Lai 2015) and
non-resonant (Papaloizou & Pringle 1977; Rudak & Paczynski 1981;
Pichardo et al. 2005, 2008). Both approaches to disc truncation have
been developed for gaseous discs, even though the results from Rudak
& Paczynski (1981), Pichardo et al. (2005), and Pichardo et al.
(2008) about non-resonant truncation were based on calculations
with ballistic particles. Dipierro & Laibe (2017) found that planetary
companions are more efficient at opening gaps in the dust rather than
in the gas; also, disc external truncation by a companion has been
observed to occur at smaller radii in the dust than in the gas (Manara
et al. 2019, Rota et al., submitted). However, we are not aware
of analytical works for large mass-ratio companions studying tidal
internal/external truncation of the dust component. In the following
discussion we will rely on the assumption that dust and gas are
sufficiently coupled to have a similar dynamics. Our predictions will
be tested numerically in Section 5.

The general trend for both theoretical frameworks is that the
‘truncation efficiency’ grows for growing binary eccentricities and/or
decreasing mutual inclinations between the disc and the binary
orbital plane 6. This implies that in general, for a fixed value of
6 and binary semimajor axis, larger values of binary eccentricity will
produce larger cavities and smaller circumstellar discs. Vice versa,
for a fixed binary eccentricity and semimajor axis of the binary, the
coplanar case (0 = 0°) will always produce the largest cavity and
smallest circumstellar discs. We are currently not aware of truncation
models accounting also for the circumbinary disc eccentricity; some
numerical results have been discussed in Ragusa et al. (2020) for
circular binaries, but there are no elements that could allow us to
generalize those results to eccentric binaries. In the light of this,
in our analysis we prescribe that the truncation radius is equal to
the cavity semimajor axis (Re,y = dcay) and apply theoretical results
developed for circular discs.

Regarding the possible values of mutual inclination (see Sec-
tion 4.1), on the one hand, the low mutual binary—disc inclination of
the case with & = 25-30° produces results similar to the coplanar
case. For this case, resonant theory predicts a sharp transition from a
cavity truncation radius of R,y ~ 2ay;, (resonance 1:3) to R,y ~ 3dpin
for binary orbital eccentricities ey, 2 0.5 —i.e. truncation occurs at
the 1:5 resonance (Miranda & Lai 2015, see their fig. 9). The exact
threshold value of the binary eccentricity for this transition depends
on the disc viscosity, and inclination 6. In any case, we expect a
semimajor axis of ~60 au to be able to create a cavity of ~185 au
for any value of binary eccentricity e 2 0.5 and 6 < 25°.

On the other hand, the high inclination and retrograde nature of
the orbit with 6 ~ 125° implies that the binary truncation cannot
occur at radii larger than Rc,, ~ 2api, for any choice of binary
eccentricity (Miranda & Lai 2015). These considerations imply that
for the high inclination case a binary semimajor axis of a ~ 100 au
is necessary to truncate the circumbinary disc at the observed radius.
This high inclination configuration can be excluded: large mutual
inclinations between the binary and disc do not favour the formation
of an azimuthal overdense feature, which appears only for relatively
low-inclination discs (6 < 30°, Poblete, Cuello & Cuadra 2019);
furthermore, a retrograde binary would appear as an inversion of
the velocity field in the cavity region of moment 1 map (see Fig. 5)
due to the material in the circumstellar discs orbiting in the opposite
direction with respect to that in the circumbinary disc, which is not
the case. These considerations make a binary—disc inclination of
0, ~ 125° unlikely to properly reproduce the morphology of this
system.

In order to be more quantitative regarding the semimajor axis, we
analyse the low-inclination case using non-resonant truncation theory

MNRAS 507, 1157-1174 (2021)
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Figure 7. Results from IMORBEL (Pearce, Wyatt & Kennedy 2015) fit of the astrometric data in Fig. 1. The histograms represent the posterior distributions of
the orbital parameters fitting the astrometric data completed with 8 x 10* uniformly distributed couples (z, v;) for the variables {a, Rperis €, ibin, pin, 0}: 1.
semimajor axis, pericentre radius, eccentricity, inclination, longitude of the ascending node, mutual binary—disc inclination (as detailed in equation 2, assuming
Quaisc = 93° and disc inclination igi,c = 62°). We assumed a total mass of the binary M, o = 0.3 & 0.1 M. Each set of orbital parameters collected in the
histogram represents an orbit consistent with the astrometric arc. Peaks in the distributions should not be interpreted as most reliable outcomes of the fitting
procedure: these distributions are sensitive to the choice of the prior distribution of the couples (z, v.).

(Pichardo et al. 2005, 2008), which predicts a smoother function of
R..v(a, e) than the typical step-like shape for resonant truncation.
Despite some differences, both theories produce comparable pre-
dictions. In this framework, the cavity size R.,, for a given binary
semimajor axis (a), mass ratio (¢), and binary eccentricity (e) is given
by (Pichardo et al. 2008)

3

q 0.043
Rew(a,e,q) =193 (] +1.01 - 60‘32) |: :| a

(14 ¢)*
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where g = M,/M,.

As previously mentioned in Section 3.2, the inferred cavity size
from the observations is ~185 au at the source distance of D ~
130 pc.

We show in Fig. 8 the couples of binary orbital parameters {a,
e} with which an equal mass binary will carve a cavity of ~185 au
in the circumbinary disc (blue curve), using equation (3). From this
figure, it is easy to notice that binary eccentricity values ¢ > 0.5,
predicted from the fit of the astrometric data, intrinsically exclude
values of semimajor axes a > 55 au.
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Figure 8. The blue line shows the degeneracy between the binary semimajor
axis apin and its eccentricity to obtain a cavity Rcay = 185 au, using equa-
tion (3). Based on the blue curve, orange and red curves show the dependence
of pericentre radius (Rperi = apin[1 — epin]) and external truncation radius
of circumstellar discs (R ;, from equation 4) as a function of eccentricity,
respectively. The blue, orange, and red dotted lines are meant as reference
values for binary semimajor axis (apin = 55 au, to be compared with blue
curve), projected binary separation (Rp;, ~ 25 au, to be compared with orange
curve), and half of the beam minor-axis in Band 4 (Rjow ~ 3 au and Ry, ~ 7
au, to be compared with red curve), respectively.

Despite not constraining directly the binary orbit, we note that the
relatively small projected separation Ry,,; = 0.18 arcsec of the binary
(~25 au at the source distance) does not favour the largest values
of semimajor axis, which are associated with binary eccentricity e
< 0.5: indeed, the pericentre radius Rpe; = a(l — e) (orange curve)
would not be sufficiently small to allow such a projected separation
at any point of the binary orbit.

Analogously, we can use the size of the circumstellar discs to put
an upper-limit on the binary eccentricity. As previously mentioned in
Section 4.2, dust circumstellar discs are marginally resolved in Band
4 (zoom-on panel of Fig. 3), but are most likely to be inclined with
respect to the plane of the sky consistently with the beam shape, so
that R.s; = 3 au constitutes a lower limit for their radius. Using the
non-resonant truncation radius equation by Pichardo et al. (2005)*

0.07

Resi = 0.733 - (1 - ¢)'? <L) Ri Roche- @)
1+g¢g

where R; roche 15 the Eggleton (1983) estimate of the Roche radius of

the i-th star of the binary

049 ¢/
2/3 1/3
0.6-q;”” +1In(1 4 ¢'73)

and q; = M,/M, and ¢, = q = M»/M,, we obtain R.; ~ 3 aufore ~
0.7. This result places an upper limit on the binary eccentricity that
must satisfy e < 0.7 for the circumstellar discs to have R.; = 3 au.

In summary, both the astrometry, presented in Section 4.1, and
the disc size study in this section support a binary with mid-to-high
eccentricity e &~ 0.5-0.7, moderate binary—disc misalignment 0 ~
30°, and a binary semimajor axis a ~ 50-60 au. A selection of orbits
from the IMORBEL fit satisfying these constraints is shown in Fig. 9.

Ri,RUche = Apin, (5)

3Results of resonant truncation for coplanar circumstellar discs in equal mass
binaries (see fig. 5 in Miranda & Lai 2015) appear to be in good agreement
with the non-resonant prediction by Pichardo et al. (2005).
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Figure 9. Selection of 50 orbits fitting the astrometric measures of the binary
in Fig. 1. Such orbits satisfy the additional constraints discussed in Section 4,
namely: binary eccentricity 0.5 < e < 0.7, semimajor axis 50 < a < 65 au,
and inclination 50° < i < 75°. The measured astrometric arc is marked in
orange. We refer to Fig. 1 for a zoom-on the arc area.

4.3 Constraining dust and gas masses from observations

Under the assumption that the dust is optically thin, we can derive
the total dust mass contained in the disc from the total flux F, =
259 £ 26 mJy in Band 7 (336 GHz) using (Beckwith et al. 1990)

D?F,

M us! N
dust ™ B (20 K)

~1.5%x 1074 My, (6)
where D ~ 130 pc is the distance from the source, «, = 1.97 -
(v/336 GHz)"* cm? g ! is the dust opacity, B, (20 K) is the Planck’s
blackbody emission assuming an average dust temperature of (7) ~
20 K (Andrews et al. 2008; Long et al. 2018). The value Mg, ~
1.5 x 107* My, is consistent with previous estimates (Mg ~ 2 X
10~* Mgy Andrews et al. 2008; Glauser et al. 2008). Using a typical
gas-to-dust ratio My/My ~ 100, our dust mass estimate leads to a
total gas mass of ~20 M;. We note that a direct measure of the gas-
to-dust ratio M,/ Maus = 2201’}38 has been provided by Glauser
et al. (2008), due to a separate measurement of the gas mass (fitting
X-ray emission) and dust mass along the line of sight to the star.
However, the dust mass estimate was made by assuming a complete
disc orbiting a single star. For this reason, and in view of the new
data available indicating a different geometry, especially on the line
of sight to the centre, caution should be used when applying the
gas-to-dust ratio derived by Glauser et al. (2008).

Using the same approach provided in equation (6), we present also
a mass estimate of the circumstellar discs. We assume an average
temperature of circumstellar discs to be (T) ~ 50 K (van der Plas
et al. 2016). We get that each circumstellar disc has a dust mass
Mp7; ~ Mps,; ~ 1.3 x 107° M, based on the total flux from the
individual discs in Band 7 and Band 4 (F7; and Fp4; in Table 1),
respectively. However, we note that both the temperature and the
assumption that the material is optically thin in the circumstellar
discs might not be satisfied, making in fact any estimate of their
mass based on equation (6) only a lower limit.

5 NUMERICAL SIMULATIONS

In this section, we further constrain through numerical simulations
the subset of orbital configurations of the binary that better reproduce
the dynamics and electromagnetic appearance of the system, further
refining the cohesive model we have developed in Section 4. With
this goal in mind, based on the previous theoretical estimates, we
perform a set of 3D SPH gas+dust numerical simulations using the
code PHANTOM (Price et al. 2018a).

MNRAS 507, 1157-1174 (2021)

220z 1snBny 20 U 1s9NB Aq ZOEZEEY/LS L L/1/20G/IOIE/SEIUL/WOY dNO"0IWBPED.//:SAYY WO} PAPEOjUMOQ



1166  E. Ragusa et al.

Then, starting from the dust density distribution in the hydro-
dynamic simulations, we carry out a set of Monte Carlo radiative
transfer simulations using the code MCFOST (Pinte et al. 2006, 2009)
in order to directly compare the expected electromagnetic output of
the simulations with the observations.

We note that the numerical simulations in this work are not meant
to provide a fine-tuning of the disc and binary parameters, nor to
study the long-term evolution of the system. As a consequence, we
will not perform a systematic study of the disc structure exploring the
parameter space. We will also limit the study of our systems to the
first 50 binary orbits of evolution, when both circumstellar discs are
still present in the simulation — after that time, mostly for numerical
reasons, their accretion rate exceeds the rate at which they are fed
from the edge of the cavity, which causes them to disappear at long
time-scales (see further discussion in Section 5.3).

5.1 Hydrodynamic simulations

We use the 1-fluid algorithm to treat dust dynamics (Laibe & Price
2014; Price & Laibe 2015; Ballabio et al. 2018) implemented in
PHANTOM (Price et al. 2018a), which is valid under the assumption
of strong coupling between dust and gas (Stokes number St < 1).
In this formalism, one single set of particles stores the information
regarding both the gas component and the dust one. Each particle
represents a fluid element of the gas+dust mixture with a fixed total
mass; the amount of gas and dust carried by each particle is described
by the dust-fraction €, which is allowed to evolve as well as all the
other standard hydrodynamic quantities.

The binary is modelled using two sink particles of mass M| =
M, = 0.15 Mg, for a binary total mass M, o« = 0.3 Mg, consistently
with what is discussed in Section 3.1. Gas+dust particles are removed
from the simulation and considered accreted when they cross the
sink radius Rgnx = 1 au following the prescription in Bate, Bonnell
& Price (1995). The sink particles are allowed to freely move under
their mutual gravitational attraction and the back-reaction force the
disc exerts on to the binary.

We use SPH artificial viscosity to model the physical mechanisms
transporting the angular momentum through the disc by prescribing
an artificial viscosity aay = 0.4, which results in a Shakura &
Sunyaev (1973) viscosity parameter ogs >~ 0.005 (Lodato & Price
2010); we also use Bay = 2 to prevent particle interpenetration
(Price et al. 2018a). We use a locally isothermal equation of state: we
prescribe the sound speed to follow a radial power-law profile ¢, =
¢50(RIRwr) %%, where R, = 100 au and ¢y chosen in order to have
a disc aspect ratio H/R = 0.2 at Ry, consistent with the parameters
derived in Section 3.2. Such a choice is consistent with a temperature
profile T oc R™2, typical of passive protostellar discs.

Our disc consists of a set of Ny = 3 x 10° particles initially
distributed between R;, = 50au and R,, = 700 au in a way that
the initial surface density profile is a tapered radial power law X
= So(R/Ret) Pexp [ — (RIR.)> 7], with p = 1, Rt = 100 au, R, =
600 au. X is set so that the total mass of the disc is Mgisc = 0.02 Mg,
consistent with what derived in Section 4.3. With an initial inner
radius Ry, < 50au (or a full disc), the material in the cavity would
be evacuated anyway but at a greater computational cost.

The dust component is set prescribing an initial gas-to-dust ratio
of 100 uniformly across the entire disc domain. We decide to use dust
particles of 140 pm in size, representative of the dust mixture because
they are the ones with the maximum cross-section for emission in
Band 7, at 890 um.

We use a binary with semimajor axis a = 55 au, as discussed
in Sections 4.1 and 4.2. With such a choice of parameters the
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binary is initially embedded in the disc, so that the cavity and
circumstellar discs can adjust their size after the simulation starts.
Considerations about the binary eccentricity in Section 4.2 suggest
that its value should be 0.5 < e < 0.7. We choose ¢ = 0.5 for our
simulations. Larger binary eccentricities result in a rapid depletion of
the circumstellar discs. We postpone a more detailed discussion about
this effect to Section 6. We simulate three binary—disc inclinations
of = {0°,30°, 60°}, in order to test the agreement of the numerical
simulations with the prediction of low-moderate # we made in
Section 4.2. At the end of the set-up procedure, positions and
velocities of particles and sinks are adjusted in order to have the centre
of mass of the whole system and its velocity set to xcm = (0, 0, 0)
and Vcm = (0, 0, 0)

We let the system evolve for t = 50 binary orbits, which corre-
sponds to a physical time of ~4 x 10* yr. The reason for this choice
will become more clear in the following sections; in short, numerical
effects prevent the circumstellar discs to be long-lived. We also note
that the numerical set-ups presented in this section are extremely
expensive computational-wise. Indeed, they require a large dynamic
range — from a few au (circumstellar discs) up to hundreds of au
(circumbinary disc) — and for this reason they require a high spatial
resolution. They are 3D, as we need to account for inclination. We
must consider dust dynamics. Evolving each simulation for 50 orbits
requires ~60k cpu hours (i.e. more than 2 months of uninterrupted
computation on a 36 CPU machine).

5.2 Radiative transfer and synthetic images

In order to directly compare the results in our hydrodynamic simu-
lations with the observations, we create Band 4/Band 7 continuum
images and CO moment 0 and moment 1 maps of our simulations
using the Monte Carlo radiative transfer code MCFOST (Pinte et al.
2006, 2009). MCFOST uses as an input the distribution of gas and
dust grains to create a Voronoi mesh, each cell corresponds to an
SPH particle. The disc receives passive heating from the radiation of
the two central stars, which are here modelled as two black bodies
with temperature 7' = 3080 K (consistently with their stellar mass
M, ; = 0.15Mg assuming an age of 1-3 Myr, Siess, Dufour &
Forestini 2000) located at the position of the sinks. We note that
Andrews et al. (2008) were not able to measure the luminosity of
the stars due to large uncertainties in the extinction. This, coupled
with the imprecise kinematic mass estimate of the binary, implies an
uncertainty on the radius, temperature, and luminosity of the stars,
which might vary significantly depending on their age.

We assume a DIANA standard dust composition (Min et al. 2016;
Woitke et al. 2016) —i.e. 60 per cent silicates, 15 per cent amorphous
carbon (optical constants from Dorschner et al. 1995 and Zubko
et al. 1996, respectively), and 25 per cent porosity. Opacities were
then computed assuming a minimum dust grain size sy, = 0.03 um
and maximum s, = 3 mm and a grain distribution dn(s)/ds oc s~72.
The code assumes that grains smaller than 1 pm follow the gas;
the spatial distribution of dust grains between 1 and 140 pm is
obtained by interpolation. Dust grains with size 140 pm < s < 3 mm
have the spatial distribution of the dust component in the numerical
simulations.

We discretize the radiation field using N,, = 107 photons in order to
compute the temperature structure of the disc assuming local thermal
equilibrium (LTE), images are then computed via ray-tracing again
with N, = 107 photons. We compute Band 4 (145 GHz, 2.06 mm),
Band 7 (336 GHz, 0.890 mm) continuum images, and CO maps
using the assumption Ty, = Taus. Line emission refers to the CO
molecular transition J = 3 — 2, using a ratio Nco/Ny = 10~*, which

220z 1snBny 20 U 1s9NB Aq ZOEZEEY/LS L L/1/20G/IOIE/SEIUL/WOY dNO"0IWBPED.//:SAYY WO} PAPEOjUMOQ



500

y [au]
=]

-500

500

y [au]
=

-500

500

y [au]
=]

-500 : -4 -3 -2
log [04 dz [g/cm?

Figure 10. Gas and dust density snapshot from the simulations after ~40
binary orbits (*30kyr). Each row shows a different mutual binary—disc
inclinations & = {0°, 30°, 60°} (top, central, and bottom row, respectively).
The left-hand panels show gas density, and the right-hand panels show dust.

is a commonly assumed value (e.g. Miotello et al. 2016). The CO
maps are obtained spanning velocities between vy, = —6kms™!
and vy = 6kms™! using a channel width Av = 0.03km s~! that
were then post-processed to simulate the Avg,s = 0.25km s~ of
observations. Since the gas is optically thick, the line flux is not
sensitive to increase or reduction of the gas mass.

The theoretical dust mass estimate from equation (6) of Mau =
1.5 x 107 Mg, matches with the observed fluxes.

The fluxes were obtained accounting for the circumbinary disc
inclination of i = 62° with respect to the line of sight and smoothing
the infinite resolution image with Gaussian beams consistent with
those synthesized in the observations in Band 4, Band 7, and CO
maps (see Section 2).

We performed some tests including the CO freeze-out at temper-
atures T < 20 K, however this produced a steep cut in the CO maps
which is not visible in the observations (no emission at radii larger
than R 2 200 au). The outer disc is possibly receiving heating from
an external source or photodesorption is effective. For this reason we
decided not to include the effect in our models.

5.3 Results

As soon as the simulations start, the binary repels the material from
its co-orbital region. After ~40 binary orbits (&3 x 10* yr) the
binary has carved a cavity in the gas, whose density profile reaches
its peak at Rpeax ~ 150 au — snapshots in Fig. 10, see also the radial
profile obtained from azimuthal averaging of the case 6 = 0° in
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Figure 11. Gas (blue) and dust (orange) radial density profiles obtained by
azimuthal average for the # = 0° simulation. The dashed lines represent half
of the peak density value.

Fig. 11. A large amount of gas keeps flowing through the cavity in
the form of gas tidal streams feeding the binary, while the dust grains
form a steeper dust cavity of Rc,y ~ 190 au. Two circumstellar discs
of radius Rs; ~ 10 au form around the individual elements of the
binary. These discs appear to be aligned with the orbital plane of the
binary.

For moderate inclinations, & = 0°-30°, the binary also produces a
prominent azimuthal overdensity that follows the Keplerian motion
of the flow at the cavity edge. No azimuthal overdensity is observed
in the = 60° case. Such an overdensity is most evident in the dust
density field, where it reaches a contrast ratio ~10; in contrast, in the
gas density field it is barely visible.

In our 6 > 0 simulations the disc shows a tendency to align with
the binary orbital plane: at the time of the snapshot in Fig. 10, in the
0 = 30° case, the binary and the disc have a mutual inclination 6,y
= 25° in the 6 = 60° case, the binary and the disc have a mutual
inclination Oyp = 55°.

The circumstellar discs are characterized by an unphysically high
accretion rate. Their limited spatial resolution* produces a spurious
growth of the artificial viscosity and triggers a positive feedback
loop (i.e. accretion rate increases as they become sparser) that
causes them to accrete on the sinks at a rate progressively faster
than that at which they are fed from the edge of the cavity. This
implies that after ~50 binary orbits from the beginning of the
simulation the circumstellar discs completely disappear. In reality,
the circumstellar discs are expected to reach a quasi-steady state
when the accretion rate on the individual stars M, ; equals the rate
at which they are fed from the edge of the cavity M.,,. Since the
accretion rate on the individual stars depends on the surface density
¥ as M, x v, one can always find a value ¥ = Xaqy such that
Mﬁ 68 stteady ~ Mcav-

In the light of these considerations, we caution that the amount of
material in the two circumstellar discs does not represent a reliable
estimate of the real amount of material available surrounding the two
stars.

Fig. 12 shows the snapshots presented in Fig. 10 post-processed
with radiative transfer, as described in Section 5.2; the images
combine Band 4 (2060 um, zoom-in plot, orange-shaded colour-
scale) and Band 7 (890 pm, main plot, grey shaded colour scale), to

“Note that in SPH resolution depends on the fluid density. High density
implies a large number of particles in a limited space region and thus a high
resolution,
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Figure 12. Comparison between ALMA Band 7 (compact+extended configuration) and Band 4 continuum observations (top row, originally presented in
Fig. 3) and our synthetic models for binary—disc mutual inclinations 6 = {0°, 30°, 60° } (rows 2, 3, and 4, respectively), obtained applying Monte Carlo radiative
transfer post-processing of the simulation snapshots shown in Fig. 10. Grey-shaded plots show Band 7 extended array configuration, while the zoom on the
circumstellar discs (orange-shaded panel) shows Band 4. Note that the apparent ‘source doubling’ in synthetic Band 4 images are artefacts caused by the sink
particles (having a minimum in brightness at their centre) and the elongated shape of the beam.
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be compared with the actual ALMA observations in the top row —
previously shown in Fig. 3.

We show in Fig. 13 synthetic moment O and moment 1 maps for
the case & = 30°, again from the snapshots shown in Fig. 10. We
note that our models of CO line emission show very similar features
for all binary—disc mutual inclinations ¢, making in fact impossible
to rely on them to distinguish the most suitable model. However, we
consider it instructive to show that qualitative agreement between
simulations and observations concerning flux of the moment 0 map
and morphology of the velocity field of moment 1 (S-shape of
Uproj = 0 region) is achieved. Synthetic moment 0 and moment
1 maps were obtained using the Line.plot_map function of
PYMCFOST.? Contours in the synthetic moment 0 maps were obtained
from the same Band 7 (890 pm) radiative transfer models presented
in Fig. 12, this time smoothed with a beam consistent with the
ALMA compact configuration, for a direct comparison with the
contours in the observed moment 0 map — previously shown in
Fig. 5.

6 DISCUSSION

In the following discussion we will analyse in detail how the results
in our simulations compare with the theoretical estimates (provided
in Section 4) and with the observations of IRAS 04158+2805.

6.1 Dust mass

Our radiative transfer continuum models (see Fig. 12) match the
observed fluxes in Band 7 using a total dust mass Mgy = 1.5 X
107* Mg, consistent with our estimate from Section 4.2 using
equation (6). Glauser et al. (2008) previously estimated the dust
mass Mgy = 1-1.75 x 107 Mg, i.e. in perfect agreement with
our models. Sheehan & Eisner (2017) estimated the dust mass
Mgy ~ 1.5 x 1073 Mg, which is one order of magnitude larger than
the dust mass we used for our models. Using a typical gas-to-dust
ratio Myas/Myuse = 100, such an estimate would lead to a total gas
mass comparable to the mass of the binary, which should result in
the disc being gravitationally unstable. If that was the case, such a
disc would show typical spiral features and possibly other kinematic
effects, which we do not see (Hall et al. 2020; Paneque-Carrefio et al.
2021; Veronesi et al. 2021).

Fluxes from the circumstellar discs in ALMA Band 4 radiative
transfer model (zoom-on orange-shaded panel in Fig. 12) appear to
be in good agreement for the case 0 = 0° and approximately two times
less luminous than the observed ones for 6 > 0°. We note that the
dust mass contained in the circumstellar discs at the moment of the
snapshot for the cases 6 > 0° is Maysy/sim,i ~ 5 X 1077 Mg, which
is a factor ~2 lower than the estimate we provided in Section 4.3.
This discrepancy is qualitatively consistent with the lower brightness
from the circumstellar discs. In any case, we recall that the mass of
the circumstellar discs are probably underestimated as discussed in
Section 5.3, and for this reason it should not be used when comparing
the models with observations.

We conclude this section with a word of caution when comparing
the models with the observations. Even though an overall good
internal consistency between the theoretical estimates (equation 6)
and synthetic fluxes is obtained within the paper, it is important to
note that estimates of the dust mass from the total luminosity are
strongly affected by the underlying model (Class II Glauser et al.

Shttps://github.com/cpinte/pymcfost
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2008; Class I Sheehan & Eisner 2017) and assumptions on the dust
opacity «,: changing the porosity, dust grain size, and composition
might significantly alter the estimated mass.

The size of the discs and whether their emission is optically thick
(in particular for circumstellar discs) have an impact on the total
luminosity. Finally, variations in the stellar properties, which are to
some degree uncertain, affect the disc flux.

6.2 Gas CO line emission

The moment 0 map of the CO line emission for the transition J =
3 — 2 from our radiative transfer model (left-hand panel of bottom
row in Fig. 13) qualitatively matches the observed one (Fig. 5).
Despite the gas depletion in the cavity area surrounding the binary,
enough material is still available to provide optically thick line
emission from the centre of the system. This is not obvious. Indeed,
we note that preliminary tests with smaller disc aspect ratios H/R
~ 0.1 — we recall our simulations use H/R ~ 0.2 — showed lack
of gas in the centre of the system. As a consequence, synthetic
CO moment 0 maps presented a cavity in the gas as well as in the
dust for relatively thinner discs. This result appears to confirm that
the disc thickness is correctly represented in our modelling of the
system.

However, our moment 0 map does not match the flux scale: in
particular, our radiative transfer model is ~1.5 times fainter than the
observed one. Such a discrepancy might suggest that the innermost
material in our simulations is slightly colder than in the observations,
implying that our models require slightly larger stars in order to
precisely match the observed fluxes. This suggests that the stars in
IRAS 04158+-2805 are possibly younger than 1 Myr or slightly more
massive than we assumed. Another possible origin of this discrepancy
could be our assumption that Tg,s = Tgu When performing the
radiative transfer. Above the T = 1 optical depth surface, Ty, Will
start decoupling from 7y, becoming significantly hotter in the upper
layers of the disc atmosphere. That temperature difference could
compensate the missing flux in our models.

Although we did not manage to match the details of the gas
emission, our synthetic moment 0 map captures well the strong
emission from the cavity area. Additional constraints on the stellar
emission properties are required in order to improve the modelling
of the gas emission, however overall we believe our models provide
a decent match with the observations.

We defer the discussion about the gas kinematics and moment 1
maps to Section 6.4.

6.3 Circumbinary and circumstellar discs morphology

With reference to Fig. 10, all our simulations show a cavity size
Reay ~ 3apiy. Fig. 14 shows a comparison of cuts along the cavity
major axis from both observations and synthetic images (Figs 3
and 12). All simulations qualitatively match the observed cavity
semimajor axis de,y ~ 185 au. Even though, a.,, slightly decreases
for growing mutual binary—disc inclination 6, as expected (see
Section 4.2). In contrast, simulations appear to fail to reproduce
the observed cavity eccentricity. In particular, directly measuring the
apocentres and pericentres of the dust cavities from (Fig. 12 and
profiles in Fig. 14) the synthetic images of our models suggests the
dust cavity is in fact consistent with being circular (e,y < 0.05), to
be compared with e.,, ~ 0.2 of the observed one. However, we note
that dust cavities in the snapshots of our models (Fig. 10) show a
certain degree of lopsidedness. We quantified the cavity eccentricity
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Figure 13. Comparison between observations of J = 3-2 CO moment O (left-hand panel) and moment 1 (right-hand panel) maps (top row, originally presented
in Fig. 5). Synthetic model for binary—disc mutual inclinations 6 = 30° (bottom row), obtained from Monte Carlo radiative transfer post-processing of simulation
snapshot in Fig. 10. Contours superimposed to the moment 0 maps show emission levels of flux density 7, = {1.5, 3., 5., 7., 9.} mJy from the compact array

configuration data only, in order to exclude short spatial wavelengths.
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Figure 14. Cuts along the major axis of the cavity from Band 7 compact
configuration images (see Fig. 4). Different colours represent observations
(blue line) and synthetic observations with & = {0°, 30°, 60° } (orange, green,
and red lines, respectively).

comparing apocentre and pericentre in the snapshots of § = 0°—
30° simulations; we obtained a.,, ~ 190 au and e.,, ~ 0.2. The
difference with the observations appears then to be mainly due to
the fact that it was not possible for us to find a snapshot where the

MNRAS 507, 1157-1174 (2021)

phase of the binary, the azimuthal position of the overdensity, and
longitude of the cavity pericentre were right in place at the same time.
The gas snapshots instead show a symmetric gas cavity — which is
consistent with the absence of asymmetric features in the moment
1 map and P-V diagram (Figs 5 and 6). We note that we are not
aware of any theoretical attempt to model the mutual disc eccentricity
evolution in the gas and dust component, which could be an inter-
esting starting point for additional physical considerations in future
analyses.

Only the two moderate binary—disc inclination cases (6 = {0°,
30°}) reproduce the asymmetric emission observed at the cavity
edge. The coplanar case, in particular, appears to perfectly reproduce
the morphology of the western azimuthal overdense feature with a
contrast 84 ~ 4. We note that the binary in the § = 60° was slightly
farther from pericentre when the snapshot was taken than the other
cases; the phase of the binary is not determining the presence/absence
of the overdensity: the overdensity is not present at any orbital phase
of the binary.

In our simulations circumstellar discs with radius R.,; ~ 10 au
form immediately after the beginning of the simulation, consistently
with the value expected for the eccentricity of our binary (e =
0.5) from truncation theory (see Section 4.2). A close inspection
of the circumstellar discs in the radiative transfer models (Fig. 12,
in particular in the & = 0° case) reveals a double lobed nature. We
identify it as an artefact, a spurious feature at the centre of the sink,
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at radii smaller than sink particle size Rk = 1 au,® and because the
convolution beam is very elongated.

We note that we performed some preliminary tests with binaries
with e = 0.7 with the goal to possibly observe smaller circumstellar
discs. Such a large eccentricity configuration leads to a rapid
numerical depletion of the circumstellar area and for this reason
we decided to discard them, as they were not suitable for a direct
comparison with the observations. However, these simulations only
showed a moderate reduction of the circumstellar disc size below
R.; = 10 au (Res; = 9 au), which depends also on the phase of the
binary.

As previously discussed in Section 4.2 (see also orange-shaded
panel of Fig. 3), circumstellar discs are marginally resolved in Band
4 observations (beam minor axis ~3 au), implying two main possible
explanations of their apparent size. First, their size is in fact R.s; ~ 3
au. This can be possibly explained by the fact that gas truncation radii
are different from dust ones, with the latter being on average a factor
2-3 smaller than in the gas (Manara et al. 2019, Rota et al. submitted).
This makes in fact a gaseous disc of R5; ~ 10 au qualitatively
consistent with a dust circumstellar disc with R.; ~ 3 au. This
result might indeed not be captured in our numerical simulations
due to the limited resolution of the circumstellar discs. Second, the
observed circumstellar discs have in fact R.; &~ 10au but they are
inclined with respect to the plane of the sky and oriented accordingly
with the highly elliptic beam. This effect is not captured in our
numerical simulations but, if that was the case, their apparent size
would be qualitatively consistent with the upper limit we discussed
in Section 3.2.

Misaligned circumstellar discs with respect to the circumbinary
one could in principle cast shadows visible in scattered light images
(Nealon, Price & Pinte 2020). However the high inclination of the
circumbinary disc with respect to the line of sight and the large
vertical extent of the disc (H/R = 0.2) at large radii significantly
limit our ability to access the inner regions of the disc at IR
wavelengths, possibly preventing their detection. Furthermore, if the
central binary is not coplanar with the circumbinary disc, then the
circumstellar discs will also be out of plane and may/will not cast
shadows.

6.4 Kinematics and evolution of the system properties

The moment 1 maps in the right-hand panel of Fig. 13 show a
good agreement with the observed one. The scale of the velocity in
our synthetic maps matches well the observed one, confirming our
choice for the binary masses. The locus of points where vy; = 0 is
characterized by a peculiar ‘S’ shape in both our simulated map and
in the observed one. This effect could be due either to the ‘warped’
nature of the cavity induced by the misaligned binary (Rosenfeld
et al. 2014) or to strong radial motions due to lack of centrifugal
balance. We note that a similar velocity pattern has been observed
also in IRS48, where an inner binary has not been detected but it is
strongly suggested by the disc structure (Calcino et al. 2019).
Long-term evolution of the cavity properties, i.e. size and ec-
centricity, has been documented in numerical works (Thun, Kley
& Picogna 2017; Hirsh et al. 2020; Ragusa et al. 2020). Results
suggested that the gas cavity profile progressively steepens to match

SNote that the depleted area is larger than the sink diameter (i.e. &5 au). The
sink introduces an effective boundary condition on the density X(Rsink) =
0, which causes the circumstellar disc density profile to decrease smoothly
starting from a distance larger R = Rgink.
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the theoretical prediction (Hirsh et al. 2020). A large disc thickness
(we recall in this case H/R = 0.2) and viscosity «s appear to prevent
the disc eccentricity to reach large values in the gas (Ragusa et al.
2020), as it would be instead expected for lower disc aspect ratios
(Miranda, Mufioz & Lai 2017; Thun et al. 2017). For this reason, we
do not expect the cavity appearance in our numerical simulation to
significantly change at longer time-scales.

Recent theoretical (Aly etal. 2015; Lubow & Martin 2018; Zanazzi
& Lai 2018), numerical (Martin & Lubow 2018; Cuello & Giuppone
2019), and observational (Kennedy et al. 2019) developments have
demonstrated that discs might tend towards polar alignment when
they are surrounding highly eccentric binaries. It is possible to
identify a critical inclination for polar alignment,” 8¢5 (e, Qe — o),
that depends on the binary eccentricity and on the angle between
the longitude of the disc ascending node and binary longitude of
pericentre €2, _ ; (Farago & Laskar 2010; Cuello & Giuppone 2019).
In our 6 > 0 simulations the disc shows the tendency to align with
the binary orbital plane towards a coplanar configuration. This is
consistent with the theoretical expectations. The threshold for polar
alignment is 6.5 > 60°, when e < 0.7 and Q,_, < 20°, which
appears to be the case for this system. As a consequence, we expect
the disc in both our & = 30° and § = 60° simulations to become
coplanar with the binary across a time-scale of ~1000 binary orbits
(Martin & Lubow 2018), i.e. a physical time of ~10° yr. In the
light of the considerations in Section 3 regarding the spectral class
of the system, we expect this system not to be older than ~1-
3 Myr. Considerations concerning the luminosity of the central
in Section 6.2 and alignment of the circumbinary disc with the
binary orbital plane appear to favour the younger side of this age
range.

It is now an established numerical result that discs surrounding
almost equal mass ratio binaries are characterized by a prominent
azimuthal overdensity at the edge of the cavity (Shi et al. 2012;
D’Orazio, Haiman & MacFadyen 2013; Farris et al. 2014; D’Orazio
etal. 2016; Ragusa et al. 2016, 2017, 2020; Miranda et al. 2017). The
survival of the azimuthal overdense structure at the edge of the cavity
has been documented after long time-scales (¢ 2 2000 to,, Miranda
et al. 2017; Ragusa et al. 2020). Such a density structure can be
barely visible in the gas density field, nevertheless gas overdensities,
even with contrast ratios as low as 8, ~ 1.5, that are co-moving with
the flow can effectively trap dust grains creating high-contrast dust
overdensities (Calcino et al. 2019; Poblete et al. 2019; van der Marel
et al. 2021).

6.5 Origin of the azimuthal overdensity

Azimuthal overdense structures have been often observed in discs
with cavities (e.g. Andrews et al. 2011; Isella et al. 2013; van der
Marel et al. 2016, 2018, 2019; Boehler et al. 2017; Casassus et al.
2018; Pinilla et al. 2018). Three main mechanisms for their formation
have been suggested in the literature. First, the formation of a vortex
when the Rossby wave instability is triggered (RWI, Lovelace et al.
1999; Li et al. 2000; Ataiee et al. 2013; Lovelace & Romanova
2014). In that case, viscosity must be low (Shakura & Sunyaev 1973,
viscosity parameter o ~ 1073). Second, numerical simulations of
discs surrounding high mass-ratio binaries often host a prominent
azimuthal overdensity at the edge of the cavity (Shi et al. 2012;

"Not to be confused with the I.;j; parameter in Zanazzi & Lai (2018) (see
their equation 8), which is a necessary condition for polar alignment to occur,
i.e. the minimum 6 for a given binary eccentricity and Q¢.q = 90°.
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D’Orazio et al. 2013; Farris et al. 2014; D’Orazio et al. 2016; Ragusa
et al. 2016, 2017, 2020; Miranda et al. 2017). In this scenario, these
structures appear to form regardless of the disc viscosity — such a
feature is often present in numerical simulations of discs surrounding
black hole binaries, where the viscosity parameter can be as high as
s = 0.1. The formation of such a feature appears to be related to the
tidal streams ‘thrown’ by the binary against the cavity edge (Shi et al.
2012) and/or possibly to an unstable mechanism that is triggered
when the cavity becomes eccentric (Ragusa et al. 2020). Third,
the interaction of the disc with a (sub)stellar companion causes the
disc eccentricity to grow. The clustering of the disc eccentric orbits
produces an ‘eccentric feature’, sometimes referred to as ‘eccentric
traffic jam’, that appears as an azimuthal overdensity at the cavity
apocentre (Ataiee et al. 2013; Teyssandier & Ogilvie 2016; Thun
et al. 2017).

The first and second mechanism produce an azimuthal overdensity
that co-moves with the flow, i.e. it moves at the cavity edge with
Keplerian frequency (~5 binary orbital periods), and are expected
to act as azimuthal dust traps (van der Marel et al. 2021). The
third mechanism, because the overdensity is always located at the
apocentre of the eccentric cavity, produces an overdensity that moves
at the precession rate of the eccentric cavity, i.e. much slower than
Keplerian (~100-1000 binary orbital periods). Such an overdensity
does not selectively trap marginally coupled dust grains (Birnstiel,
Dullemond & Pinilla 2013).

In the light of these considerations, we note that observing
the overdensity at the pericentre of the cavity — as observed for
IRAS 0415842805 — intrinsically excludes the ‘eccentric traffic
jam’ scenario, where the overdensity is supposed to remain still
at the apocentre of the cavity. Observing the overdensity moving on
a time-scale <100 binary orbits, or selective trapping of marginally
coupled dust grains would confirm that the origin of such features
is the first or second scenario we described. Measuring any type of
vortical motion of the flow in the overdensity region would put low
upper limits on the disc viscosity (ass S 1073) and suggest that RWI
is effective.

6.6 Origin of the wiggling jet

Young stellar sources are often characterized by the presence
of supersonic collimated jets — typical velocities range between
50 and 200kms~! (e.g. Podio et al. 2021 for a recent survey) —
launched from the close proximity of the central stars.

Fig. 2 highlights the presence of a wiggling jet of material launched
from the cavity area. We first note that the counter jet, seen to
the South of the system in the lower panel of Fig. 2, is also bent
and appears to be the flip-mirror (rather than point-symmetric)
counterpart to the main jet and, for this reason, is not consistent
with a simple nozzle model.

With the aim to constrain the jet launching region, we proceed
as follows: we assume that the jet wiggling nature is due to
some dynamical periodic oscillations with a characteristic frequency
within the cavity region; we calculate typical oscillation frequencies;
then, by multiplying the spatial extension of a wiggling segment times
this frequency, we can calculate the launch velocity and compare it
with typical wind velocities.

The distance travelled by the outflow in half wiggling cycle is ~8
arcsec, i.e. ~103 au. We first consider the nodal precession time-scale
of the circumbinary disc, whichis ~2 x 10? binary orbits, i.e. 1.6 Myr
(Eq. 28 in Zanazzi & Lai 2018). This makes the velocity of the
outflow required to cover the spatial extent of ~10° au, vje ~ 3 ms™',
too slow for this type of jets. Using the same approach, but using
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the nodal precession rate of the circumstellar discs fyrec i A 20 for,
(Eq. 22 in Bate et al. 2000) one gets vj, ~ 300 ms~!, which is still
too low for this type of outflows. Using the orbital time-scale of the
binary, ., &~ 800 yr, we get vje; ~ 6 kms~! —i.e. at least one order of
magnitude smaller than vj; ~ 50-200 kms~! we discussed above.

We conclude that any mechanism responsible for the launch of
the jet in IRAS04158+-2805 must act on a time-scale shorter than
the binary orbital time-scale. One possibility could be a boost in the
accretion rate when the binary passes through the pericentre of the
orbit. In order to be consistent with the typical velocities observed
in protostellar jets, assuming a typical vy, & 100 kms™', the jet
precession time-scale should be of ~50 yr (i.e. < 10 per cent of the
binary orbital time-scale).

We caution that the available data are not sufficient to formulate
a reliable hypothesis, or to exclude possible mechanisms launching
the jet. Future dedicated studies are planned to address the issue.

7 SUMMARY AND CONCLUSIONS

In this paper, we presented unpublished observations complemented
with additional data from the literature to develop a cohesive dynam-
ical model of the system IRAS 04158+-2805. This system presents a
resolved low-mass binary in the centre of a large circumbinary disc.
The circumbinary disc has a large lopsided cavity, with semimajor
axis dac,y ~ 185 au and eccentricity eq,y ~ 0.2, in the ALMA band
7 continuum. Two marginally resolved circumstellar discs are also
detected at the centre (ALMA Band 4 and Band 7, see Figs. 3,
for more details see Section 2). Bright CO J = 3-2 line emission
from the central region of the system suggests that some gas is
present in the surroundings of the binary (Fig. 5). Kinematic data
from CO emission appear to confirm the previous estimates of the
binary mass from Andrews et al. (2008) of M, o, ~ 0.3 Mg, but
do not show signs of asymmetry due to the cavity eccentricity
(see P-V diagram in Fig. 6). Higher spectral/spatial resolution
observations of CO line emission are required to assess the real
nature of the eccentric geometry of the dust cavity. A low-contrast
ratio azimuthal overdense feature is present at the western edge of the
cavity.

We present and analyse the astrometric data of the binary hosted
in the system by fitting the observed arc of the orbit using IMORBEL
(Pearce et al. 2015). We further refine the estimates on the binary
orbital parameters, by comparing the disc structures observed by
ALMA with the theoretical predictions from binary—disc interaction
theory (Pichardo et al. 2005, 2008; Miranda & Lai 2015). We also
perform an estimate of the dust mass in the system based on the total
flux detected in the circumbinary and circumstellar discs; we find
a circumbinary dust mass Mg, ~ 1.5 % 10~* My, which suggests a
gas mass of Mg,, ~ 15Mj, assuming a gas-to-dust ratio Mas/Mays
= 100.

The analysis of the binary astrometric data (Section 4.1) favours
large values of binary eccentricity (e > 0.5), a moderate binary—
disc mutual inclination (f < 30°), and semimajor axes a < 100 au.
Our dynamical considerations from binary disc interaction theory we
provided in Section 4.2 further constrain the binary eccentricity value
t0 0.5 < e < 0.7, since values e > 0.7 would imply circumstellar discs
inconsistent with the observed ones — Rs; < 3 au. Using a similar
approach (see Fig. 8), we constrain the binary semimajor axis to a
~ 55 au, while its inclination with respect to the disc orbital plane
appears to exclude values 6 > 30°.

Based on the inferred parameters, we perform three numerical
simulations using the SPH code PHANTOM (Price et al. 2018a) using
a=>55au, e=0.5, and three different mutual binary—disc inclinations
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0 = {0°, 30°, 60°} (see Fig. 10). We perform Monte Carlo radiative
transfer using MCFOST (Pinte et al. 2006) on the snapshots from these
three simulations after 240 binary orbits and compare the results with
observations (Figs 12, 13, and 14), with the goal to directly compare
the models with the observations.

Moderate inclinations (6 = 0°-30°) show a good agreement both
in the morphology of the emission — i.e. cavity and azimuthal
overdensity are well reproduced by our simulations — and in the
flux scale. The high inclination case ( = 60°) does not reproduce
well the characteristic features of the system.

Our synthetic observations do not show a dust cavity eccentricity
exceeding e.,, ~ 0.05 in contrast with what observed. However, we
note that the simulations snapshots of the cases 8 = 0°-30° do show
some degree of lopsidedness in the dust cavity that suggests ecay ~ 0.2
from a measure of the difference between apocentre and pericentre
(see Fig. 10), making the discrepancy due to a projection effect.

Overall, we conclude that the best agreement between our model
and the observations is obtained for the case with binary—disc
inclination 0 = 0° and 6 = 30°. We can safely exclude the 8 = 60°
case, because both the reduced cavity size and the lack of azimuthal
overdensity make this case significantly different from the observa-
tions. Non-coplanarity between the binary and the circumbinary disc
has been previously invoked to explain the morphology in a number
of systems (Price et al. 2018b; Calcino et al. 2020; Poblete et al. 2020;
Ballabio et al. 2021). This highlights that misaligned geometries are
not particularly exotic and is in agreement with the results by Czekala
et al. (2019), who found that distribution of binary—disc inclination
is relatively flat for long period binaries.

Theoretical predictions from binary—disc interaction theory pro-
vide a useful tool to infer the properties of binaries based on the
morphology of the structures in the material surrounding them.
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