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A B S T R A C T 

Stellar binaries represent a substantial fraction of stellar systems, especially among young stellar objects. Accordingly, binaries 
play an important role in setting the architecture of a large number of protoplanetary discs. Binaries in coplanar and polar 
orientations with respect to the circumbinary disc are stable configurations and could induce non-axisymmetric structures in the 
dust and gas distributions. In this work, we suggest that the structures shown in the central region of the protoplanetary disc 
HD 169142 are produced by the presence of an inner stellar binary and a circumbinary (P-type) planet. We find that a companion 

with a mass ratio of 0.1, semimajor axis of 9.9 au, eccentricity of 0.2, and inclination of 90 

◦, together with a 2 M J coplanar planet 
on a circular orbit at 45 au reproduce the structures at the innermost ring observed at 1.3 mm and the shape of spiral features in 

scattered light observations. The model predicts changes in the disc’s dust structure, and star’s astrometric parameters, which 

would allow testing its veracity by monitoring this system over the next 20 yr. 

Key words: hydrodynamics – methods: numerical – planet–disc interactions – protoplanetary discs – binaries: close – stars: in- 
dividual: HD 169142. 
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 I N T RO D U C T I O N  

ne of the most outstanding features in some protoplanetary discs 
s the presence of a cleared-out central cavity, so-called transitional 
iscs or TDs (Strom et al. 1989 ). In recent years, the dynamical
rigin for such central cavities of TDs has been gaining attraction 
e.g. Calvet et al. 2002 ; Espaillat et al. 2010 ; Casassus 2016 ; Stolker
t al. 2016 ; van der Marel et al. 2018 ; Price et al. 2018b ; Francis & van
er Marel 2020 ). Ho we ver, the physical properties of the companions
esponsible for these cavities remain unconstrained by observations 
n all but a few cases (e.g. CoKu Tauri/4, HD 142527, and PDS 70,
 E-mail: pppoblete@uc.cl 
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ublished by Oxford University Press on behalf of Royal Astronomical Society 
reland & Kraus 2008 ; Biller et al. 2012 ; Lacour et al. 2016 ; Keppler
t al. 2018 ; Haffert et al. 2019 ; Wang et al. 2020 ). Companions
anging from planetary to stellar mass, on circular and coplanar 
e.g. van der Marel et al. 2013 ; Calcino et al. 2019 ) to inclined and
lliptical orbits (e.g. Price et al. 2018b ; Calcino et al. 2020 ; Poblete
t al. 2020 ), have been proposed. 

The spiral arms observed in the near-infrared, and structures in 
he thermal emission of dust grains at (sub)millimetre wavelengths 
mong other substructures on the TDs, have been widely studied. 
etter understanding these substructures, through both observations 
nd numerical modelling is necessary to assess their origin. In this
ontext, Poblete, Cuello & Cuadra ( 2019 ) showed that the presence
f dusty clumps embedded in a dust ring can provide information
n the mass, inclination, and eccentricity of a companion located 
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Figure 1. Schematic illustration of the structures observed in the disc of 
HD 169142. The disc exhibits numerous gaps or dips (D1, D2, D3, and D4), 
a central misaligned circumstellar disc (B0), and rings (B1, B2, B3, and B4 
with centre at 26, 57, 64 and 77 au respectively). The B1 ring shows three 
dust clumps highlighted in red. The clumps appear to be separated by ∼90 ◦
among them, with one of them less intense than the other two. Besides, three 
spirals (in blue) appear crossing the region defined by D1, B1, and D2. 
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nside the dust ring. Such clumps resemble some of the asymmetric
tructure seen in the protoplanetary disc around HD 169142 (Mac ́ıas
t al. 2017 ; P ́erez et al. 2019 ), and thus they could be produced by
n inner massive and undetected companion. 

The star HD 169142 has been intensively studied at multiple
avelengths. At a distance of 113.6 ± 0.8 pc (Bailer-Jones et al.
018 ; Gaia Collaboration et al. 2018 ) this F1 pre-main-sequence star
Gray et al. 2017 ) is estimated to have a mass of 1.65 ± 0.5 M �
Carney et al. 2018 ) and an age of 6 + 6 

−3 Myr (Grady et al. 2007 ).
he star is surrounded by an inner circumstellar disc with a radius
f 2.2 ± 0.6 au (P ́erez et al. 2019 ; Francis & van der Marel 2020 )
hat is misaligned between 10–23 ◦ with respect to an outer disc
Lazareff et al. 2017 ; Chen et al. 2018 ; Francis & van der Marel
020 ). The outer disc is inclined by ∼12.5 ◦ (Raman et al. 2006 ;
ani ́c et al. 2008 ) and extends from 10 au to roughly 120 au; whilst

he mm dust continuum emission extends from 26 au to roughly
0 au (Fedele et al. 2017 ; Mac ́ıas et al. 2019 ; P ́erez et al. 2019 ). The
uter disc also shows several prominent features, such as a multiring
tructure (Quanz et al. 2013 ; Monnier et al. 2017 ; Pohl et al. 2017 ;
 ́erez et al. 2019 ), spirals (Bertrang et al. 2018 ; Ligi et al. 2018 ;
ratton et al. 2019 ), and dust clump structures at the innermost ring

Osorio et al. 2014 ; Mac ́ıas et al. 2017 , 2019 ; P ́erez et al. 2019 ).
ig. 1 illustrates the disc morphology. Note that the spirals only
ppear after subtracting an azimuthal average or after filtering by
ngular Differential Imaging. A detailed explanation of the spiral
orphology is given in Section 3.1. 
Mechanisms to explain disc axisymmetrical structures include

hotoe v aporation (Alexander, Clarke & Pringle 2006 ; Alexander
t al. 2014 ), dead zones (Flock et al. 2015 ; Pinilla et al. 2016 ),
isc–wind interactions (Suriano et al. 2018 ), magneto-hydrodynamic
rocesses (Lesur, Kunz & Fromang 2014 ; Riols & Lesur 2018 ),
ust processes (Pinilla et al. 2012a , 2017 ; Cuello, Gonzalez &
NRAS 510, 205–215 (2022) 
ignatale 2016 ; Gonzalez, Laibe & Maddison 2017 ), and planet–
isc interactions (Lin & Papaloizou 1986 ; Pinilla, Benisty & Birnstiel
012b ; Zhu et al. 2014 ; Bae, Zhu & Hartmann 2017 ; Zhang et al.
018 ). The latter is the most promising to describe the multiring
tructure in HD 169142. Different planetary configurations have
een proposed to reproduce the observations, but in general the
isc structure suggests the presence of more than one planet. For
he central cavity alone (noted D1 in Fig. 1 ), at least one planet is
equired to reproduce the cavity size (Pohl et al. 2017 ; Bertrang et al.
018 ; Toci et al. 2020 ). Moreo v er, Pohl et al. ( 2017 ) and Toci et al.
 2020 ) modelled the gap D2 as the result of one super Jupiter planet,
hile Bertrang et al. ( 2018 , 2020 ) modelled it with two Jupiter-like
lanets and an eccentric ring B1. Finally, P ́erez et al. ( 2019 ) could
eproduce the B2, B3, B4, D3, and D4 features just adding one
ini-Neptune at the B3 location (see Fig. 1 ). 
Although planet–disc interaction explains the radial structures

n the disc, with one or more planets it is difficult to explain the
isalignment of the inner disc (B0) and the azimuthal structures at

he innermost ring (B1). External gas inflows are able to produce a
trong misalignment adding angular momentum (Dullemond et al.
019 ; K uffmeier, Goico vic & Dullemond 2020 ), but there is no
vidence of such inflows in HD 169142. Even though planets have
een proposed as triggers of azimuthal asymmetries in the dust (e.g.
ee van der Marel et al. 2013 ; P ́erez et al. 2014 ; Pacheco-V ́azquez
t al. 2016 ; Fuente et al. 2017 ), the dust structures present at the
1 ring remain challenging to explain (we discuss this point in
ore detail in Section 4). More recently, Bertrang et al. ( 2020 )

nd Montesinos et al. ( 2021 ) proposed that the clumpiness and
ts apparent azimuthal rotation observed in Bertrang et al. ( 2018 ),
ould be due to a shadow caused by a circumplanetary disc and
hermal instabilities. In addition, Toci et al. ( 2020 ) found that the
nner planet could be close to the inner edge of the B1 ring due to
he dynamical interaction between the inner and the outer planet,
nd could be interacting with the dusty disc. Nevertheless, those
cenarios currently do not yet provide a compelling match to the
bservations. 
Inspired by our previous work on dusty clumps in circumbinary

iscs (CBDs; Poblete et al. 2019 ), in this paper we show that
he structures at the innermost ring B1 and the cavity size D1 of
D 169142 can be explained by the presence of a polar, moderately

ccentric ( e B = 0.2), low mass ratio ( q = 0.1) inner stellar-mass
ompanion. The parameters chosen are in agreement with the current
bservational constrains for the system. The detectability of such
 companion is discussed in further detail in Section 4.1.2. This
inary hypothesis would change the nature of HD 169142 from a
D to a CBD such as the already confirmed disc HD 142527 (Price
t al. 2018b ) and potential binary systems such as IRS 48 (Calcino
t al. 2019 ), AB Aurigae (Poblete et al. 2020 ), and HD 143006
Ballabio et al. 2021 ). We describe the numerical methods and initial
onditions in Section 2. We report our results in Section 3. We discuss
n Section 4 and draw conclusions in Section 5. 

 M E T H O D S  

e perform 3D hydrodynamical simulations of CBDs using the
HANTOM smoothed particle hydrodynamics (SPH) code (Price et al.
018a ). We use the dust-as-particles method in order to model the
nteraction between gas and dust particles as described in Laibe &
rice ( 2012a , b ) and Price & Laibe ( 2020 ), which include the back-
eaction effect of dust on gas. Our model consists of a central stellar
inary, a circumbinary (P-type) planet and a CBD. 

art/stab3474_f1.eps
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We model the two stars and the planet as sink particles (Bate,
onnell & Price 1995 ). The accretion radii are set to 1 au for the
rimary star, 0.5 au for the secondary star, and 1 Hill’s radius (3.5 au)
or the planet. This choice of parameters a v oids the formation of
 circumplanetary and circumstellar discs, which are numerically 
 xpensiv e to simulate. 

The binary and disc parameters are similar to those in Poblete et al.
 2019 ) for the polar alignment; the case that exhibits clumps very
imilar to HD 169142. We explored a limited number of combinations 
f semimajor axis, and eccentricity of the binary guided by the work
reviously mentioned to get the best values that reproduce the cavity 
ize like the 1.3 mm observation (P ́erez et al. 2019 ). 1 The binary is
nitialized with a mass ratio of q = M 2 / M 1 = 0.1 with M 1 = 1 . 7 M �
nd M 2 = 0 . 17 M �. The companion is placed on an orbit with a
emimajor axis of 11 au, and an eccentricity e B = 0.2, giving a
eriod of roughly 26.68 yr. The CBD is inclined by i = 90 ◦ with
espect to the binary plane at the start of the simulation. The initial
rgument of periapsis ( ω) is set to 0 and 90 ◦ in order to co v er the
xtreme orientations of the polar binary. As usual, the line of nodes
 �) is defined from the direction of the binary pericentre. It is set to
 and 90 ◦ for the first and second case, respectively. The planet has a
ass of 2 M J and is initialized on a circular and coplanar orbit with

espect to the disc at 50 au, i.e. the planet is on a circumbinary orbit
P-type configuration). 

The gas disc in our simulations is initialized with 5 × 10 5 SPH
articles in Keplerian rotation with a total gas mass of 0.01 M �.
t initially extends from R in = 22 au to R out = 125 au, with a
ower-law surface density profile, � ∝ R 

−1 . The disc is vertically
sothermal and the temperature profile follows a shallower power 
aw, T ∝ R 

−0.25 , giving a scale height of H / R = 0.048 at R in and
 / R = 0.074 at R out . We set the SPH viscosity parameter αAV = 0.3,
hich gives a mean Shakura & Sunyaev ( 1973 ) disc viscosity of αSS 

5 × 10 −3 (cf. Lodato & Price 2010 ). The initial dust distribution
oincides with the gas spatial distrib ution, b ut with a lower particle
umber equal to 1 × 10 5 . We consider a dust-to-gas ratio of 0.1, a
rain size of 1 cm, and an intrinsic grain density of 3 g cm 

−3 . These
arameters give an initial Stokes number of ∼2 for the dust at the
nner rim. 

Due to the complexity of determining the inner rim size given 
he binary parameters (see Hirsh et al. 2020 ), our simulated ring
ize was ∼10 per cent larger than the observed one. Consequently, 
e set our code units to certain values to bring the simulation to a
hysical size that matches the observations: We reduced the length 
nit by 10 per cent and time units by ∼15 per cent in order to keep
he gravitational constant invariant. Doing so, we now have a binary 
emimajor axis of 9.9 au with a period of 22.7 yr and a planet with
5 au of semimajor axis. Note that the Stokes number is not affected
y this change despite being 9 mm after the rescaling. Hereafter, we
ill refer to these rescaled values and not to the original ones. 

 RESULTS  

he left and middle columns of Fig. 2 show the disc morphology
fter approximately 230 binary and 45 planet orbits. The disc exhibits 
rominent gas spirals and dusty clumps. These asymmetric structures 
n the disc change periodically with the planet-binary location. These 
spects will be discussed in the next sections. To aid with our
 We remark that the problem is degenerate and other sets of values of 
emimajor axis, mass, and/or eccentricity of the binary can give the same 
avity size. 

w  

e  

e  

o  

i

iscussion, we will use the regions defined in Fig. 1 . Due to the large
ccretion radius used for the planet, at the end, the planet reaches a
ass of ∼3.85 M J and a semimajor axis of 43.46 au. 

.1 Gas spirals 

he simulations exhibit multiple spiral arms in the gas distribution 
hat can be classified spatially into three groups: those triggered by
he planet, the ones located in the B1 ring, and those at the inner
avity D1. 

The planet triggers two prominent spiral arms, one internal and 
ne external to its orbit. Additional spiral arms with lower amplitude
re also generated (Dong et al. 2015 ; Bae & Zhu 2018a , b ), although
nly one additional outer spiral arm is visible in our simulations. The
piral arms interior to the planet interact with the spirals triggered by
he stellar binary. The regions where the planet’s spiral constructively 
nterferes with the spirals originating from the internal binary result 
n higher gas densities. 

The binary-triggered spiral arms are located at the B1 and D1
egions. The simulations show that these spirals are densest close to
he B1 ring. Our previous work shows an azimuthal concentration 
f those spiral arms near the apocentre of the binary (Poblete et al.
019 ). Ho we ver, in this case, the inner planetary spiral concentrates
ost of gas in corotation with the planet. At the B1 ring, this

orotation creates a sector with a gradient of angular velocity between 
he inner planetary spiral (sub-Keplerian mo v ement) and the ones
riggered by the binary, which can affect the dusty clumps. In
ddition, the planet prevents binary spirals to propagate beyond 
he D2–B1 region. These effects combined explain why there are 
o multiple spiral arms azimuthally concentrated as in HD 142527 
Avenhaus et al. 2014 ) and AB Aurigae (Fukagawa et al. 2004 ;
ashimoto et al. 2011 ). 
At the central cavity D1, we observe the third kind of spirals, often

alled streamers in binary models, which feed the central regions 
Dunhill, Cuadra & Dougados 2015 ; Ragusa et al. 2017 ; Price et al.
018b ; Poblete et al. 2019 ; Hirsh et al. 2020 ; Ragusa et al. 2020 ,
021 ). These spirals exhibit a correlation between their shape and the
inary orbital phase. This property is useful for inferring a companion 
nd its location (see Poblete et al. 2020 , for more details). Inside the
avity of HD 169142, Gratton et al. ( 2019 ) report three spiral arms
een in Near-Infrared (NIR) scattered light imaging, and they are 
ummarized in Table 1 . The upper- and lower-left panels of Fig. 2
how the spatial distribution of the observed spiral superimposed on 
ur simulations, which have been rotated in order to get a close match
ith the observed spirals. The primary arm (shown in red) starts at the

ower part of the cavity while the secondary and the tertiary (shown
n blue and green, respectively) start near the upper part. These
pirals arms are expected to connect with a planet but the location of
his putative planet is uncertain. We find a qualitatively good match
ith the observed position of the spirals. It is worth noting that,

ince this is a highly degenerate problem, a variety of matches can
e found for different combinations; from different combinations 
etween rotations and binary orbital phase to different combinations 
f the binary parameters such as semimajor axis, eccentricity, among 
thers. The snapshots of our simulation are thus only one of many
xamples that match the observed morphology. One potential way 
o break this de generac y is to compare the observed gas kinematics
ith those in our simulations. Ho we ver, current ALMA data has not

nough resolution to dra w an y conclusions along these lines (Fedele
t al. 2017 ). Even the dedicated kinematic study by Yu et al. ( 2021 )
nly provides information for radii greater than 50 au, where the
nfluence of the binary is negligible. 
MNRAS 510, 205–215 (2022) 
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Figure 2. Morphology for the simulation after 230 binary orbits and roughly 45 planet orbits for � = 0 ◦ in the upper row and for � = 90 ◦ in the lower row. 
The upper-left and lower-left panels show the gas disc, while the rest of panels show the dust disc. Observed spirals arms in HD 169142 (see Table 1 ) are plotted 
along the gas morphology. The red spiral is the primary, the blue one is the secondary, and the green one is the tertiary. The respective coloured points are those 
reported in Table 1 . The upper-right and lower-right panels show the dust morphology after 300 binary orbits for � = 0 ◦ and � = 90 ◦, respectively. The disc is 
seen face-on while the binary, located inside the cavity, is perpendicular to the disc. The white oval at the lower-left corner in all panels represent the smoothing 
size employed. 

Table 1. Spiral position calculated in Gratton et al. ( 2019 ; see their table 6) 
and fit values. We consider a logarithmic spiral of the form r( θ ) = Ae k( θ−θo ) , 
where k is the pitch angle, and θ the angular polar coordinate. We keep their 
computed pitch angle, and we just fit the rest of the logarithmic spiral 
parameters. 

Name PA R Pitch angle A θo 

(degree) (mas) (degree) (mas) (degree) 

Primary 196 .7 157 15.3 36.3 69.2 
203 .0 172 – – –
244 .2 194 – – –
268 .3 209 – – –

Secondary 321 .0 157 16.3 71.7 138.8 
335 .9 172 – – –

16 .0 194 – – –
28 .0 209 – – –

Tertiary 38 .9 157 20.8 48.6 91.3 
50 .9 172 – – –
79 .0 194 – – –
91 .6 209 – – –
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.2 Dust structures 

adially, the simulations exhibit two well defined dust rings (see
ig. 2 ), and the gaps D1 and D2. Note that we only produce one ring at
oughly 67 au where rings B2, B3, and B4 are observed. Additionally,
e observe dust in D2 at the co-orbital region of the planet. The latter

s densest closer to the planet and can be interpreted as dust trapped
t the Lagrangian points L 4 and L 5 (Montesinos et al. 2020 ). In order
o reproduce the triple ring B2, B3, and B4 an additional migrating
lanet would be needed as proposed by P ́erez et al. ( 2019 ), where a
0 M ⊕ planet is able to split a single ring into three narrow rings. 
The most outstanding aspect of the dust morphology is the

ormation of dusty clumps evenly distributed azimuthally at the B1
ing; similar to those reported in Poblete et al. ( 2019 ). Clump-like
tructures are observed in HD 169142 in multiple mm-continuum
bservations and our simulations display a dust distribution in B1
hat is very similar to the observed one. Both simulations with � =
 

◦ and � = 90 ◦ match reasonably well with the clumps’ azimuthal
eparation. 

The clumps do not necessarily have a stable behaviour, see e.g.
ection 4.1 in Poblete et al. ( 2019 ). They continuously change in
mplitude and position by the action of the gaseous spiral arms and
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Figure 3. The upper panels show the evolution of the azimuthally-averaged radial profile of gas and dust for the case with � = 0 ◦ (left-hand panel) and with 
� = 90 ◦ (right-hand panel). The lower panels show the evolution of the cavity size of both dust and gas distribution, defined using different criteria. Red and 
blue lines represent the cavity size of gas and dust, respectively. The cavity size is computed following, on one hand, the radius of the maximum of the density 
radial profile (solid line), and on the other hand, the radius at the half-maximum (dashed line). 
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heir o wn rotation, respecti vely. The time-scale of those changes 
s about one binary orbit. This would explain why the ALMA 

bserv ations sho w only three clumps instead of four. Since one clump
s needed to form a system of four clumps evenly distributed; we can
se the missed clump as an observational test in future observations 
see Section 4.2). 

Finally, the case with � = 90 ◦ exhibits dust concentrations just 
nterior to the ring B1. These substructures are triggered by the gas
pirals arms present in the cavity. These dust concentrations are 
ignificantly weaker in the case with � = 0 ◦. 

.3 Density radial profiles 

he azimuthally averaged radial profile and the cavity size for both 
as and dust are displayed in Fig. 3 for the case with � = 0 ◦ and � =
0 ◦. Note we are o v erestimating the surface density by a factor of
0 in the B1 ring according to Fedele et al. ( 2017 ). The gas surface
ensity decreases with time at all radii, contrary to the dust surface
ensity which increases in the ring B1 and the outer edge of the
ap D2. Given the high Stokes number for the dust, it concentrates
n the rings that correspond to gas pressure maxima (Pinilla et al.
012a , b ). Changes in the inner cavity (D1) size are small, variations
f a couple of au are observed in both gas and dust, with the strongest
hange in the gas between the first 50 and 100 binary orbits. The dust
avity size increases at the same period, then decreasing at a slow
ate. Recent simulations have shown that cavity sizes can increase 
rastically in the long term; nevertheless, in polar configurations, 
he variations should remain at the level of a few au for our model
arameters (Hirsh et al. 2020 ). 
Finally, our simulations do not produce the circumstellar disc B0. 

his is likely because the large accretion radius and/or the high 
umerical viscosity inside the cavity trigger(s) a rapid draining of 
he disc into the star given the large sink particle accretion radius
hosen. Nevertheless, a circumstellar disc can be misaligned by a 
olar binary (see fig. 1 of Poblete et al. 2020 ). Therefore, the binary
cenario could also explain the misalignment of the inner disc B0. A
lanet in an inclined orbit could warp the inner rim of a disc (Nealon
t al. 2018 ). But in the B0 case, the proposed planet should be inside
f the B0 disc and be massive enough to keep the disc inclined. 

.4 Synthetic 1.3 mm obser v ation 

n this section, we aim to compare the results from the SPH
alculations with the ALMA observations by post-processing our 
imulations using radiative transfer calculations. While the simulated 
rain size of 9 mm (see Section 2) is larger than the typical grain sizes
raced by the ALMA observations ( ∼1 mm), we note that the gas
urface density in our simulations is 10 times higher than the values
easured by Fedele et al. ( 2017 ), as we mentioned in the previous
ection. Therefore, the behaviour exhibited by the 9 mm grains in our
imulations will be equi v alent to the one done by 0.9 mm grains since
he Stokes number would be the same. We, thus, use the distribution
f 9 mm grains in our simulations as tracer of 0.9 mm grains. 
We produce synthetic images using the Monte Carlo radiative 

ransfer code MCFOST (Pinte et al. 2006 , 2009 ). The dust grain size
istribution is set to a power law with d n /d s ∝ s −3.5 for 0.03 μm ≤s ≤
 mm, and a gas to dust ratio of 100. The gas mass is adopted from the
imulations and we assume spherical and homogeneous dust grains 
omposed of astronomical silicate with an intrinsic grain density 
f 3 g cm 

−3 (Li & Draine 2001 ; Weingartner & Draine 2001 ). We
ssume the central star has an ef fecti ve temperature T eff = 7650 K
nd stellar radius of R � = 1.65 R � (Meeus et al. 2010 ), giving a
lackbody luminosity of ∼8.4 L �, consistent with estimated values 
Dent et al. 2006 ). The companion is assumed to have T eff = 3200 K,
 � = 1.07 R �, giving a luminosity of ∼0.11 L �. Using 10 8 Monte
arlo photon packets we computed the temperature and specific 

ntensities at each wavelength, and produced images by ray tracing 
he computed source function. 
MNRAS 510, 205–215 (2022) 
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Figure 4. Left-hand panel: Radiative transfer calculations for the simulations. The left-hand column shows the RT model A while the right-hand column shows 
the RT model B. The upper row shows the simulation for the case with � = 0 ◦ while the lower row shows the simulation for the case with � = 90 ◦. Right-hand 
panel: 1.3 mm ALMA observation. The intensity is normalized to the peak value for each panel. 
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Since we include only a single dust grain size in our SPH
imulations, assumptions are needed to complete the rest of the size
pectrum. We developed two different models, to co v er a range of
ossible behaviours: 

(i) RT model A: We assume that grains with sizes between 0 . 03
nd 100 μm follow the gas particles, while grains between 100 μm
nd 1 mm follow the dust particles. 

(ii) RT model B: We assume that grains with sizes between 0 . 03
nd 500 μm follow the gas particles, while grains between 500 μm
nd 1 mm follow the dust particles. 

hese radiative transfer models are meant to illustrate possible
cenarios for the dust distribution in HD169142. The scalability of
ur model allows for this qualitative exploration. We note that we are
ot claiming that we can constrain the grain sizes with these models.
Fig. 4 displays two different radiative transfer calculations for both

imulations after 230 binary orbits together with the 1.3 mm ALMA
bservation. The observed ring morphology is better reproduced in
= 0 ◦ than in � = 90 ◦ case. But the case � = 90 ◦ can trap dust

ust interior to the ring B1. If we compare it with the 1.3mm ALMA
bservation, an intermediate scenario could be the solution. 
If we just concentrate in the case � = 0 ◦, the RT model B

xhibits dust that is coupled to the gas highlighting the gas structures
oo prominently (disc and inner spiral arms, see Section 3.1). On
he other hand, such features are completely suppressed in RT A
s the emission is dominated by the large grains that are mostly
oncentrated in the ring B1. Taken individually, both our radiative
NRAS 510, 205–215 (2022) 
odels fail to exactly reproduce the fainter emission just interior
o the ring seen in the ALMA observation. That fainter emission,
o we ver, has a morphology that is similar to the dust distribution
een close to the inner rim in RT B. Thus, we speculate that it could
e produced by grains smaller than ≈1 mm, slightly coupled to the
as, and still emitting significantly at 1.3 mm. 

All in all, reproducing the ALMA observation would require a
ultidust species simulation, which is beyond the scope of this work.

 DI SCUSSI ON  

revious studies of HD 169142 had only focused on planet–disc
nteractions and had neglected the possibility of a stellar companion
n the central cavity. Even though one or more planets are probably
eeded to reproduce the outer rings and gaps, dust structures in
he innermost ring suggest a companion in the stellar mass regime.
s shown in Section 3, the polar stellar binary has the capability
f simultaneously triggering the formation of a large cavity, dusty
lumps, and spirals. 

.1 Nature of the companion 

.1.1 Effects of the mass companion 

inary–planet interactions are able to explain the complex mor-
hology of some protoplanetary discs. Recently Ballabio et al.
 2021 ) proposed an inclined binary with a P-type planet to explain
easonably well the HD 143006 disc structures. Additionally, a
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Figure 5. Contrast limits translated into upper limit on the mass from high- 
contrast imaging observations. The upper mass limit is displayed in yellow 

and the binary parameters modelled are displayed in purple. 
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inary-planet system is stable in long-term evolution (Ballantyne 
t al. 2021 ). Although we have shown that the polar binary hy-
othesis could reproduce the non-axisymmetric features seen in 
he HD 169142’s disc, there are a few important considerations 
o e v aluate the likelihood of such scenario. It seems reasonable to
ssume that one or more planets are inside the central cavity D1 due
o the system’s age and the lack of evidence for a stellar companion.
evertheless, in this particular case, planets have not been shown to 

eproduce the observed features thus far. 
First of all, a typical planetary candidate would be coplanar and 

ith an almost circular orbit. Such a planet configuration has already 
een considered in order to reproduce the gas disc of HD 169142
Pohl et al. 2017 ; Bertrang et al. 2018 ), giving a good match for
he density profile. To our knowledge, only Toci et al. ( 2020 ) have

odelled the B1 dust ring with a similar Stokes to our work, and
heir simulations result in a central cavity like the observed one, but
ithout any substructure or clumping at the innermost dust ring. 2 

If we consider a companion with a mass ratio q = 0.01, an order of
agnitude lower than what we propose in this work and coplanar, the

ust ring B1 should be quite axisymmetric (e.g. see fig. 2 of Ragusa
t al. 2017 ), provided the disc viscosity is high enough to subdue the
ossby-wave instability . Additionally , if the mass ratio is increased 

urther then an asymmetric ‘horseshoe’ feature begins to develop 
round the cavity (Ragusa et al. 2017 , 2020 ). Such a structure is not
bserved in HD 169142 (P ́erez et al. 2019 ). Another problem that
rises with increasing the mass ratio of a coplanar companion is that
he cavity begins to become eccentric (Ragusa et al. 2020 ), leading
o the central source being misaligned with the projected centre of
he cavity. But the central source in HD 169142 is well centred in the
avity (P ́erez et al. 2019 ). These facts suggest either a low-mass inner
ompanion, or a companion misaligned with respect to the outer disc. 
ndeed, a polar orientation can produce an alignment between both 
odies in the sky plane, appearing to us as a well-centred system for
ow disc inclinations. 

We highlight that the scenario where there are two or more planets
nside the cavity has not been explored. Planets are able to induce
ust trapping in a vortex (Ataiee et al. 2013 ; Birnstiel, Dullemond &
inilla 2013 ; Lyra & Lin 2013 ), therefore there could be a special
onfiguration that reproduces more than one dust trap in the same 
ing. Ne vertheless, alternati ve models should consider the particular 
zimuthal separation of the observed clumps in HD 169142. 

.1.2 Detectability 

verall, our proposed binary can reproduce reasonably well the 
avity size, the clump structure, and the presence of gaseous spiral
rms. Ho we ver, the system has been studied for a long time, and no
tellar companion within the central cavity has been observed so far
see van der Marel et al. 2021 , for a summary of the observational
onstraints). 

Ligi et al. ( 2018 ) presented high-contrast imaging data for the
ource. From their contrast curves obtained with SPHERE/IFS 

Spectro-Polarimetric High-contrast Exoplanet Research/ Integral 
ield Spectrograph ) in 2017 April (without coronagraph), we can 
erive mass upper limits for any putative companion beyond the inner 
orking angle. To obtain the limits shown in Fig. 5 , we converted

he contrast limits into mass using an age for the system of 6 + 6 
−3 Myr
 Note that Toci et al. ( 2020 ) use PHANTOM as well, which is not able to 
roduce vortices given the high viscosity. Including such vortices, the B1 
ing could exhibit substructures. 

c  

a  

s
c  

h  
nd the evolutionary models BT-SETTL (Allard, Homeier & Freytag 
013 ). 
Additionally, the target was observed by the 4.1 m Southern 

strophysical Research Telescope with the speckle camera, HRCam 

Tokovinin 2018 ) in 2021 March. Two data cubes were taken, to
 xclude an y sporadic phenomena. Assuming the same age and
volutionary model used in the SPHERE/IFS contrast curves, this 
peckle interferometry observation implies a non-detection limit for 
 companion � 400 M J at separations > 4.6 au. 

The proposed inner companion in this work would be at the limit of
he detection. Fig. 5 displays the best current constraints from direct
maging observations. Interior to 4.7 au, the inner working angle, 
he constraints are very poor and the proposed companion would 
av e been missed. F or both binary scenarios we explore, we find that
here is a large ( ∼35 per cent) probability that the binary could have
emained hidden and undetected at such small separations. Elsewhere 
long its orbital path, the companion would lie abo v e the detection
imit. Nevertheless, the proposed companion mass is very close to the
imits exposed in Fig. 5 and thus its detection would be challenging.
n addition, we find that there is a wide parameter space in mass,
emimajor axis, and eccentricity in which the binary could roughly 
eproduce the morphology of the B1 ring. Future monitoring of this
ystem could confirm our proposed scenario if the companion is 
etected, or provide additional multi-epoch constraints if it remains 
ndetected. 
Finally, it is worth mentioning there are no strong spectroscopic 

onstraints of this system, which are ideal to assess the presence of
inaries at close separations ( � 10 au) like the one we are proposing.
o we ver, the spectral features associated to A- and F-types together
ith the unusual X-ray emission observed in HD 169142 lend support

o the binary scenario (Grady et al. 2007 ). In summary, our proposed
inary is consistent with the current published constraints for this 
ystem, and our scenario can be tested with further monitoring. 

.2 Future obser v ational tests 

he dust clumps can evolve over time, as shown by Poblete et al.
 2019 ). This effect can be appreciated comparing the dust panels
middle and right-hand columns) of Fig. 2 where clumps can vanish
t some epoch. We would be observing an epoch where only three
lumps are at the B1 ring. As we discussed in Section 3.2 a single
lump can disappear in roughly one binary orbit (22.7 yr) and form
gain in the same period. Since strong variations happen in time-
cales that are similar to the binary period, future observations 
o v ering a baseline of 20 yr should be able to confirm our binary
ypothesis. If the binary exists, a new clump can appear or disappear
MNRAS 510, 205–215 (2022) 
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Figure 6. Observable tests for the primary star. The upper panel shows the 
mo v ement of the central star in the disc plane, the middle panel shows the 
radial velocity, and the lower panel shows the radial acceleration for the 
primary star. We are assuming that the disc is completely face-on and the 
binary is perpendicular to it to build the panels. The case with � = 0 ◦ is 
displayed as a solid line, while the case with � = 90 ◦ is displayed as a dashed 
line in both panels. 
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n the B1 ring and this can be tested by monitoring this system o v er
he next 23 yr. 

Also, given Gaia ’s astrometric precision of 20 μas (Gaia Collab-
ration et al. 2018 ) it should be possible to determine in the future
f HD 169142 has an astrometric wobble that can be attributed to a
ompanion more massive than a planet in the cavity. If the companion
xists, the primary star HD 169142 should show a projected sky plane
roper motion similar to the upper panel of Fig. 6 . Indeed, Gaia
ollaboration et al. ( 2021 ) give promising preliminary results for the
strometric excess noise that w ould f a v our our model: HD 169142
as 0.12 mas at 5.7 σ level, similar to the 0.16 mas that HD 142527
as, a known q ∼ 0.1 binary. Furthermore, long-term radial velocity
easurements could confirm or rule out the binary scenario as well. It

s worth noting that the presence of the circumstellar disc could give
 ak e astrometric signals if there are shadows or other illumination
ffects. The middle and lower panels of Fig. 6 display the changes
n the radial velocity and the radial acceleration of the primary star,
espectiv ely. Monitoring o v er 5 yr should be enough to detect a RV
rend of ∼0.2 km s −1 yr −1 . 

In reality, since HD 169142’s disc is not perfectly face-on, the
inary on a polar configuration will not be seen perfectly edge-on,
o the effect on the radial velocity will be slightly lower than our
stimation. Nevertheless, due to the low inclination between the disc
f HD 169142 and the sky plane, Fig. 6 is a reasonable approximation.

 C O N C L U S I O N  

e performed 3D SPH gas and dust simulations of CBDs to explain
he properties of HD 169142. Our models show that an unseen
NRAS 510, 205–215 (2022) 
tellar companion inside the disc cavity can reproduce many of
he observed features in this system. If future observations detect
uch a companion, the disc around HD 169142 should be termed
s circumbinary instead of transitional . Our main findings are
ummarized as follows: 

(i) A stellar companion in a polar orbit is able to reproduce the
ust structures (dust clumps and cavity size) observed in HD 169142.
evertheless, in order to reproduce the faint dust emission just

nterior to the ring, a multigrain simulation is needed. 
(ii) The companion produces spiral arms that coincide in scale

ith the observed ones at the disc cavity. But, due to the degeneracy
etween disc rotation and evolutionary stage of the binary in one
rbit, we cannot provide a stronger orbit constraint. In addition, one
f the spirals could connect with the external planet location. 
(iii) We expect future observations to show changes in the dust

nnermost ring morphology. 
(iv) According to our binary model, we expect future changes in

he astrometric parameters of the star HD 169142. Specifically, we
redict radial velocity variations of ∼0.2 km s −1 yr −1 . 

Our work follows the reinterpretation of some protoplanetary
iscs, such as HD 142527 (Price et al. 2018b ), IRS 48 (Calcino et al.
019 ), AB Aurigae (Poblete et al. 2020 ), and HD 143006 (Ballabio
t al. 2021 ) where stellar-mass companions were proposed to explain
he observed disc features. In this case, we are also considering a
lanet further out. Our results support the presence of a massive
ody and (at least) one P-type planet producing the dust structures
n HD 169142. Future observations in the next two decades of the
nner cavity and/or astrometric measurements could confirm or rule
ut our proposed polar binary. 
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he data underlying this article will be shared on reasonable request 
o the corresponding author. The code PHANTOM used in this work is
ublicly available at https:// github.com/danieljprice/ phantom . MC- 
OST is available on request. The reduced ALMA image that 
e used in Fig. 4 is directly available for download from P ́erez

t al. ( 2019 ). The SPHERE data are publicly available and can be
ueried and downloaded directly from http://ar chive.eso.or g/. The 
outhern Astrophysical Research Telescope data were provided by 
ndrei Tokovinin under his permission. Such data will be shared 
n request to the corresponding author with the permission of 
ndrei. The data will be available without requests in early 2022 

n ht tp://www.ct io.noao.edu/∼at okovin/papers/. 
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hen L., K ́osp ́al Á., Ábrah ́am P., Kreplin A., Matter A., Weigelt G., 2018,

A&A , 609, A45 
uello N., Gonzalez J. F., Pignatale F. C., 2016, MNRAS , 458, 2140 
ent W. R. F ., T orrelles J. M., Osorio M., Calvet N., Anglada G., 2006,

MNRAS , 365, 1283 
ong R., Zhu Z., Rafikov R. R., Stone J. M., 2015, ApJ , 809, L5 
ullemond C. P., K ̈uffmeier M., Goicovic F., Fukagawa M., Oehl V., Kramer

M., 2019, A&A , 628, A20 
unhill A. C., Cuadra J., Dougados C., 2015, MNRAS , 448, 3545 
spaillat C. et al., 2010, ApJ , 717, 441 
edele D. et al., 2017, A&A , 600, A72 
lock M., Ruge J. P., Dzyurkevich N., Henning T., Klahr H., Wolf S., 2015,

A&A , 574, A68 
rancis L., van der Marel N., 2020, ApJ , 892, 111 
uente A. et al., 2017, ApJ , 846, L3 
ukagawa M. et al., 2004, ApJ , 605, L53 
aia Collaboration et al., 2018, A&A , 616, A1 
aia Collaboration et al., 2021, A&A , 649, A1 
onzalez J. F., Laibe G., Maddison S. T., 2017, MNRAS , 467, 1984 
rady C. A. et al., 2007, ApJ , 665, 1391 
ratton R. et al., 2019, A&A , 623, A140 
ray R. O., Riggs Q. S., Koen C., Murphy S. J., Newsome I. M., Corbally C.

J., Cheng K. P., Neff J. E., 2017, AJ , 154, 31 
affert S. Y., Bohn A. J., de Boer J., Snellen I. A. G., Brinchmann J., Girard

J. H., Keller C. U., Bacon R., 2019, Nature Astron. , 3, 329 
ashimoto J. et al., 2011, ApJ , 729, L17 
irsh K., Price D. J., Gonzalez J.-F., Ubeira-Gabellini M. G., Ragusa E.,

2020, MNRAS , 498, 2936 
reland M. J., Kraus A. L., 2008, ApJ , 678, L59 
eppler M. et al., 2018, A&A , 617, A44 
uffmeier M., Goicovic F. G., Dullemond C. P., 2020, A&A , 633, A3 
acour S. et al., 2016, A&A , 590, A90 
aibe G., Price D. J., 2012a, MNRAS , 420, 2345 
aibe G., Price D. J., 2012b, MNRAS , 420, 2365 
azareff B. et al., 2017, A&A , 599, A85 
esur G., Kunz M. W., Fromang S., 2014, A&A , 566, A56 
i A., Draine B. T., 2001, ApJ , 554, 778 
igi R. et al., 2018, MNRAS , 473, 1774 
in D. N. C., Papaloizou J., 1986, ApJ , 309, 846 
odato G., Price D. J., 2010, MNRAS , 405, 1212 
yra W., Lin M.-K., 2013, ApJ , 775, 17 
ac ́ıas E., Anglada G., Osorio M., Torrelles J. M., Carrasco-Gonz ́alez C.,

G ́omez J. F., Rodr ́ıguez L. F., Sierra A., 2017, ApJ , 838, 97 
ac ́ıas E. et al., 2019, ApJ , 881, 159 
eeus G. et al., 2010, A&A , 518, L124 
onnier J. D. et al., 2017, ApJ , 838, 20 
ontesinos M., Garrido-Deutelmoser J., Olofsson J., Giuppone C. A., Cuadra 

J., Bayo A., Sucerquia M., Cuello N., 2020, A&A , 642, A224 
ontesinos M., Cuello N., Olofsson J., Cuadra J., Bayo A., Bertrang G. H.

M., Perrot C., 2021, ApJ , 910, 31 
ealon R., Dipierro G., Alexander R., Martin R. G., Nixon C., 2018, MNRAS ,

481, 20 
sorio M. et al., 2014, ApJ , 791, L36 
acheco-V ́azquez S. et al., 2016, A&A , 589, A60 
ani ́c O., Hogerheijde M. R., Wilner D., Qi C., 2008, A&A , 491, 219 
 ́erez L. M., Isella A., Carpenter J. M., Chandler C. J., 2014, ApJ , 783, 

L13 
 ́erez S., Casassus S., Baruteau C., Dong R., Hales A., Cieza L., 2019, AJ ,

158, 15 
inilla P., Birnstiel T., Ricci L., Dullemond C. P., Uribe A. L., Testi L., Natta

A., 2012a, A&A , 538, A114 
inilla P., Benisty M., Birnstiel T., 2012b, A&A , 545, A81 
inilla P., Flock M., Ovelar M. d. J., Birnstiel T., 2016, A&A , 596, 

A81 
inilla P., Pohl A., Stammler S. M., Birnstiel T., 2017, ApJ , 845, 68 
inte C., M ́enard F., Duch ̂ ene G., Bastien P., 2006, A&A , 459, 797 
inte C., Harries T. J., Min M., Watson A. M., Dullemond C. P., Woitke P.,

M ́enard F., Dur ́an-Rojas M. C., 2009, A&A , 498, 967 
oblete P. P. et al., 2020, MNRAS , 496, 2362 
oblete P. P., Cuello N., Cuadra J., 2019, MNRAS , 489, 2204 
ohl A. et al., 2017, ApJ , 850, 52 
rice D. J. et al., 2018a, Publ. Astron. Soc. Aust. , 35, e031 
rice D. J. et al., 2018b, MNRAS , 477, 1270 
rice D. J., Laibe G., 2020, MNRAS , 495, 3929 
uanz S. P., Avenhaus H., Buenzli E., Garufi A., Schmid H. M., Wolf S.,

2013, ApJ , 766, L2 
agusa E., Dipierro G., Lodato G., Laibe G., Price D. J., 2017, MNRAS , 464,

1449 
agusa E., Alexander R., Calcino J., Hirsh K., Price D. J., 2020, MNRAS ,

499, 3362 
agusa E. et al., 2021, MNRAS , 507, 1157 
aman A., Lisanti M., Wilner D. J., Qi C., Hogerheijde M., 2006, AJ , 131,

2290 
MNRAS 510, 205–215 (2022) 

https://github.com/danieljprice/phantom
http://archive.eso.org/
http://www.ctio.noao.edu/~atokovin/papers/
http://dx.doi.org/10.1111/j.1365-2966.2006.10293.x
http://dx.doi.org/10.1051/0004-6361/201321125
http://dx.doi.org/10.1088/0004-637X/781/2/87
http://dx.doi.org/10.3847/1538-4357/aabf8c
http://dx.doi.org/10.3847/1538-4357/aabf93
http://dx.doi.org/10.3847/1538-4357/aa9705
http://dx.doi.org/10.3847/1538-3881/aacb21
http://dx.doi.org/10.1093/mnras/stab922
http://dx.doi.org/10.1093/mnras/stab2324
http://dx.doi.org/10.1093/mnras/277.2.362
http://dx.doi.org/10.1093/mnras/stx3052
http://arxiv.org/abs/2007.11565
http://dx.doi.org/10.1088/2041-8205/753/2/L38
http://dx.doi.org/10.1051/0004-6361/201220847
http://dx.doi.org/10.1093/mnras/stz2770
http://dx.doi.org/10.1093/mnras/staa2468
http://dx.doi.org/10.1086/339061
http://dx.doi.org/10.1051/0004-6361/201732384
http://dx.doi.org/10.1017/pasa.2016.7
http://dx.doi.org/10.1051/0004-6361/201731627
http://dx.doi.org/10.1093/mnras/stw396
http://dx.doi.org/10.1111/j.1365-2966.2005.09825.x
http://dx.doi.org/10.1088/2041-8205/809/1/L5
http://dx.doi.org/10.1051/0004-6361/201832632
http://dx.doi.org/10.1093/mnras/stv284
http://dx.doi.org/10.1088/0004-637X/717/1/441
http://dx.doi.org/10.1051/0004-6361/201629860
http://dx.doi.org/10.1051/0004-6361/201424693
http://dx.doi.org/10.3847/1538-4357/ab7b63
http://dx.doi.org/10.3847/2041-8213/aa8558
http://dx.doi.org/10.1086/420699
http://dx.doi.org/10.1051/0004-6361/201833051
http://dx.doi.org/10.1051/0004-6361/202039657
http://dx.doi.org/10.1093/mnras/stx016
http://dx.doi.org/10.1086/519757
http://dx.doi.org/10.1051/0004-6361/201834760
http://dx.doi.org/10.3847/1538-3881/aa6d5e
http://dx.doi.org/10.1038/s41550-019-0780-5
http://dx.doi.org/10.1088/2041-8205/729/2/L17
http://dx.doi.org/10.1093/mnras/staa2536
http://dx.doi.org/10.1086/588216
http://dx.doi.org/10.1051/0004-6361/201832957
http://dx.doi.org/10.1051/0004-6361/201936820
http://dx.doi.org/10.1051/0004-6361/201527863
http://dx.doi.org/10.1111/j.1365-2966.2011.20202.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20201.x
http://dx.doi.org/10.1051/0004-6361/201629305
http://dx.doi.org/10.1051/0004-6361/201423660
http://dx.doi.org/10.1086/323147
http://dx.doi.org/10.1093/mnras/stx2318
http://dx.doi.org/10.1086/164653
http://dx.doi.org/10.1111/j.1365-2966.2010.16526.x
http://dx.doi.org/10.1088/0004-637X/775/1/17
http://dx.doi.org/10.3847/1538-4357/aa6620
http://dx.doi.org/10.3847/1538-4357/ab31a2
http://dx.doi.org/10.1051/0004-6361/201014557
http://dx.doi.org/10.3847/1538-4357/aa6248
http://dx.doi.org/10.1051/0004-6361/202038758
http://dx.doi.org/10.3847/1538-4357/abe3fc
http://dx.doi.org/10.1093/mnras/sty2267
http://dx.doi.org/10.1088/2041-8205/791/2/L36
http://dx.doi.org/10.1051/0004-6361/201527089
http://dx.doi.org/10.1051/0004-6361:20079261
http://dx.doi.org/10.1088/2041-8205/783/1/L13
http://dx.doi.org/10.3847/1538-3881/ab1f88
http://dx.doi.org/10.1051/0004-6361/201118204
http://dx.doi.org/10.1051/0004-6361/201219315
http://dx.doi.org/10.1051/0004-6361/201628441
http://dx.doi.org/10.3847/1538-4357/aa7edb
http://dx.doi.org/10.1051/0004-6361:20053275
http://dx.doi.org/10.1051/0004-6361/200811555
http://dx.doi.org/10.1093/mnras/staa1655
http://dx.doi.org/10.1093/mnras/stz2297
http://dx.doi.org/10.3847/1538-4357/aa94c2
http://dx.doi.org/10.1017/pasa.2018.25
http://dx.doi.org/10.1093/mnras/sty647
http://dx.doi.org/10.1093/mnras/staa1366
http://dx.doi.org/10.1088/2041-8205/766/1/L2
http://dx.doi.org/10.1093/mnras/stw2456
http://dx.doi.org/10.1093/mnras/staa2954
http://dx.doi.org/10.1093/mnras/stab2179
http://dx.doi.org/10.1086/500587


214 P . P . Poblete et al. 

R
S
S
S  

S  

T
T
v
v
v
W
W
Y
Z
Z

A

A  

n  

d  

t  

r  

T  

d  

a  

b  

d  

n

M

D
ow

nloade
iols A., Lesur G., 2018, A&A , 617, A117 
hakura N. I., Sunyaev R. A., 1973, A&A, 24, 337 
tolker T. et al., 2016, A&A , 595, A113 
trom K. M., Strom S. E., Edwards S., Cabrit S., Skrutskie M. F., 1989, AJ ,

97, 1451 
uriano S. S., Li Z.-Y., Krasnopolsky R., Shang H., 2018, MNRAS , 477,

1239 
oci C., Lodato G., Fedele D., Testi L., Pinte C., 2020, ApJ , 888, L4 
okovinin A., 2018, PASP , 130, 035002 
an der Marel N. et al., 2013, Science , 340, 1199 
an der Marel N. et al., 2018, ApJ , 854, 177 
an der Marel N. et al., 2021, AJ , 161, 33 
ang J. J. et al., 2020, AJ , 159, 263 
eingartner J. C., Draine B. T., 2001, ApJ , 548, 296 
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Figure A1. Dust morphology after 50 binary orbits for different binary configurations and dust particles resolutions. The first ro w sho ws the simulations with 
1 × 10 5 dust particles for � = 0 ◦ (left-hand panel) and � = 90 ◦ (right-hand panel), whilst the bottom ro w sho ws the same simulations using 5 × 10 4 dust 
particles. 
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