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More flyby candidates: SR 24, AS 205, ZCMa 
—> Implications for planet formation
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Stellar flybys in a nutshell
2/12

y

z

x

☋

periastron

perturber
plane disc

plane

�

1

2

β=
13
5º

What is a stellar flyby ? 
interaction between 2+ stars with e ≥ 1 

at a reasonable 100 < d < 1000 au 

Why do flyby occur ? 
Chaotic nature of star formation 

Hierarchical decay in multiples 
e.g. Bate (2018), Reipurth & Mikkola (2015) 

What is the encounter probability ? 
Eq. 2.1 in Davies (2011) 

What is a “probable” perturber like ? 
e ~ 1 & Mp < 1 Msun 

see Figs. 6 & 7 in Pfalzner (2013)

A&A 549, A82 (2013)
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Fig. 2. Mean cluster density as function of the cluster age for star-
burst (circles – observed values and dashed line – interpolation as in
Pfalzner 2009) and leaky clusters (triangles and solid line, observa-
tions and interpolation, respectively). The red box shows the density
requirement for solar-system-forming encounters to be likely. The open
squares show the parameters of the clusters modelled in Sect. 4. The thin
dashed line shows a fit through the data case where the Arches cluster
is excluded from the starburst cluster sequence. Here only the errors
in cluster age are given, the errors in cluster densities can be found in
Fig. 2 of Pfalzner (2009).

requirements derived by Brasser et al. (2006) and Schwamb et al.
(2010) for the solar birth cluster, one has to correct for the fact
that the values by Brasser et al. and Schwamb et al. are cen-
tral densities, whereas Eq. (1) describes the mean density. The
reason why these authors considered central cluster densities is
that many star clusters exhibit mass segregation at early ages
(<1 Myr) with the most massive stars preferrentially being lo-
cated close to the cluster centre. From that it follows that most
likely the Sun was located near the cluster centre because oth-
erwise it could not have been in close vicinity to the exploding
supernova.

The mass density values quoted in Pfalzner (2009) are ob-
tained by dividing the cluster mass by its volume – implying
an average density. The stellar density in a cluster is in fact
a strong function of the radial distance to the cluster centre.
Consequently, the central density of a cluster is usually much
higher than its mean density. For model clusters of the Orion
Nebula Cluster (details of the simulation method can be found
in Olczak et al. 2010) we find – depending on the definition
of “central” – that the central cluster density ranges from a
factor 5–100 times higher than the average stellar density ob-
tained at the half-mass radius. Observations confirm this fact
at least for low-mass clusters: for example, Guthermuth et al.
(2003) found that in all of the three embedded clusters that
they observed, the mean volume densities were of the order
of 102–103 M⊙ pc−3, whereas their peak volume densities ranged
from 104–105 M⊙ pc−3. Whether this holds also for high-mass
clusters needs further investigation.

Accordingly, the requirement by Brasser et al. (2006) and
Schwamb et al. (2010) that the central density in the solar sys-
tem birth cluster should lie in the range 103 M⊙ pc−3 < ρsb

c <
105 M⊙ pc−3 translates into a mean density of 10 M⊙ pc−3 <
ρsb

m < 104 M⊙ pc−3. In Fig. 2 this area is depicted by a red
box. It can be seen that the density requirement for the solar
birth cluster overlaps with the development of starburst clusters
at ages tc > 4 Myr.

However, at younger ages starburst clusters have densities
up to 102 times higher. At these high densities many of the stars
would be completely stripped of their discs by gravitational in-
teractions (Olczak et al. 2010).
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Fig. 3. Probability for encounters closer than 100 AU taking place as
function of cluster age. The solid and the dashed lines show the esti-
mates for starburst and leaky clusters, respectively. The thick and thin
lines distinguish between the entire cluster and the central area only.

The average time τenc until a star undergoes an encounter
with a certain periastron distance rperi can be approximated by
(Davies 2011).

τenc ≃ 33 Myr
(
100 pc−3

n

) ( v∞
1 km s−1

) (103 AU
rperi

) ( M⊙
m

)
, (2)

where n is the stellar number density in pc−3, v∞ the mean rel-
ative velocity at infinity of the cluster stars and m the mass
of the considered star in M⊙. With the cluster mass Mc ≈
0.5 Nc M⊙, where Nc is the number of cluster members, it fol-
lows that ρ[M⊙ pc−3] ≈0.5n. Therefore the encounter probabil-
ity in a star burst cluster can be approximated by

τsb
enc ≃ 33 Myr

(
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)
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In a simplified picture an encounter closer than 100 AU would
lead to a truncation of the disc to rdisc < 30 AU (Adams 2010).
This deprives the disc of the material necessary to form the outer
planets, that is the resulting planetary system would no longer
resemble our solar system. Equation (3) can be used to estimate
the likelihood of such a destructive encounter to occur in a star-
burst environment. Figure 3 (solid lines) shows the likelihood of
a destructive encounter (rperi < 100 AU) in a starburst cluster
as a function of cluster age using the density development given
by Eq. (1). The thin line shows the probability for such an en-
counter to happen in the entire cluster and the thick line the result
for the cluster center, assuming the density there to be on aver-
age about 20 times denser then the mean cluster density. Here
disc destruction is assumed if each star is likely to experiences
at least one encounter closer than 100 AU during a time inter-
val of 1 Myr. Or in other words, the destruction probability is 1,
if τsb

enc < 1 Myr and 1/τsb
enc[Myr] for τsb

enc > 1 Myr. This definition
does not include repeated encounters, so in reality meaning that
disc destruction would be even higher than indicated in Fig. 3.

In both cases the cluster environment is extremely collisional
and encounters closer than 100 AU are very common. For the
outskirts of the cluster this changes after 3 Myr, but for the cen-
tral area it continues up to 7–8 Myr. Disc destruction happens
on fairly short timescales. For example, for a solar-type star in
a cluster with ρc > 105 M⊙ pc−3, which is typical for starburst
cluster environments younger than <2 Myr, an encounter closer
than 100 AU can be expected already after τsb

d ≪ 0.3 Myr. The
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Probability for ≠ stellar environments ? 
ex: d < 300 au & nc = 500 - 50.000 pc-3 

10 % < P(xmin < 300 au) < 100 % after 3 Myr 
see Fig. 7 in Winter et al. (2018b)

Take away message: flybys occur in (young) regions of high stellar density



Dynamical signatures (1/2)
Flyby-induced spirals: 
Clarke & Pringle (1993) 

Ostriker (1994) 
Pfalzner (2003) 

Disc truncation: 
Breslau et al. (2014, 2017) 

Vincke et al. (2015) 
Bhandare et al. (2016, 2019) 

Winter et al. (2018b) 

Warps and inclined discs: 
Xiang-Gruess (2016) 

Marzari & Picogna (2013) 
Nealon, Cuello & Alexander (2020) 

Accretion events 
Bonnell & Bastien (1993) 

Pfalzner (2004, 2008) 
Takami et al. (2018) 

Vorobyov (2015, 2020) 
Cuello et al. (2019)
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Phantom SPH code: Price et al. (2018)



Dynamical signatures (2/2)
Dust trapping & radial drift for different type of stellar flybys 

Inclined & prograde flyby (e=1, q=M2/M1=1, β=45º) from Cuello et al. (2019)
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Flyby orbit <—> Disc morphology 

Planetesimal formation (vrel < vfrag) vs. disruption (vrel > vfrag) ? 
Do flybys speed up or prevent the process of planet formation ?

Credit: Giovanni Dipierro



Observational signatures
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Observing flybys in protoplanetary discs 509

Figure 4. Observations at different wavelengths for the inclined prograde β = 45◦ encounter, taken 550 yr after the passage at pericentre. Upper row: scattered
light from Fig. 1 (left); moment 0 (middle), and moment 1 (right) of the 12CO(3–2). The contours in grey highlight the continuum emission at 850 µm (same as
the top left panel in Fig. 3). Bottom: channel maps of the 12CO(3–2). The contour levels in each panel start at 5σ with 5σ steps, where σ = 10.5 mJy per Beam.
The white stars indicate the location of the stars. The non-coplanar southern spiral clearly appears in the negative channels between − 2 and − 0.5 km s− 1. The
perturbed disc around the primary and the bridge of material in between the two stars is seen for channels around the systemic velocity (0 ± 1.0 km s− 1). This
is in agreement with the scattered light emission (Fig. 1).

Within the field of view, any non-coplanar disc with respect to the
plane of the sky appears as an almost symmetric region with a given
spread in velocities (typically of a few km s− 1). Hence, the features
in the right-hand panel of Fig. 4 reveal evidence of both discs. The
disc around the primary (although more massive and extended) has
a relatively weak observational signature in moment 1 because it
is almost coplanar to the plane of the sky. The disc of captured
material around the perturber, being more inclined, has a larger
kinematical signature, see middle column of Fig. 1. Prominent disc
structures (such as spirals) translate into more asymmetric patterns

in the moment 1 map. These features are however better seen by
scanning through the individual channel maps.

Fig. 4 shows the 12CO J = 3–2 channel maps at 0.5 km s− 1

resolution (from +3 down to − 2.5 km s− 1). The spiral in the south-
west appears prominently across most of the negative channels
from − 1 up to − 2.5 km s− 1. The width of the spiral decreases
with increasing channel velocity (from systemic velocity). This
is because the channels corresponding to faster velocities (e.g.
− 2 km s− 1) trace the lower disc surface while the channels for
slower velocities (e.g. − 1 km s− 1) trace the bulk of the disc instead.

MNRAS 491, 504–514 (2020)
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- Spirals in scattered light 
gaseous “bridges” 

- Compact emission in the continuum 
dust trapping & segregation 

- Non-coplanar structure in CO emission 
e.g. warps & inclined discs 

—> search in the channels maps

506 N. Cuello et al.

Figure 1. Disc evolution during an inclined prograde flyby (β = 45◦) in scattered light (λ = 1.6 µm). A prominent bridge of material appears between the
perturber and the disc. Upper row shows face-on view (i = 0◦) while lower panel shows edge on (i = 90◦). The beam is 50 mas × 50 mas, and is indicated by
the small grey circle in the bottom left of each figure.

the perturbed disc during the flyby, without requiring interpolation
between the SPH and radiative transfer codes.

We considered two sources of radiation: the central star sur-
rounded by the disc and the perturber. This combination asym-
metrically illuminates the disc (see Figs 1 and 2). Considering
each star has a mass of 1 M⊙, we used a stellar spectrum and
luminosity derived from a 3 Myr Siess isochrone (Siess, Dufour &
Forestini 2000): Teff = 4262 K, L = 0.997 L⊙, and R = 1.722 R⊙.
We used 107 photon packets in the temperature calculation and to
compute the monochromatic specific intensity. Final images were
generated using a ray-tracing method (Pinte et al. 2009). Dust optical
properties were computed using Mie theory, assuming astrosilicate
composition (Draine & Lee 1984). For the radiative transfer, we
rescaled the dust mass of each dust size bin in order to obtain a total
dust-to-gas ratio of 0.01. Within each cell of the Voronoi mesh,
the grain size distribution was split into 100 logarithmically spaced
bins. We assumed that the spatial distribution of grains smaller than
1 µm followed the gas, i.e. the spatial distribution of modelled grain
sizes did not affect the spatial distribution of small grains. The
size distribution of these grains was assumed to follow a power-
law dn(a) ∝ a−3.5 da. Grains between 1 µm and 0.1 mm follow the
same power law such that the mass in 0.1 mm grains match the
models for that grain size. For grains larger than 0.1 mm, the spatial
distribution of dust with respect to the gas was determined from the
output from the PHANTOM simulations. The sizes for grains between
the modelled size bins were interpolated using a linear interpolation
in log–log space.

We set the distance to 100 pc and the image size to 1000 au ×
1000 au (equivalent to 10 arcsec × 10 arcsec). We calculated scat-
tered light images in the H band at 1.6 µm, thermal emission

at 850 µm, and 12CO J = 3–2 molecular emission. For the CO
emission we assumed a CO-to-H2 abundance ratio of 10−4 (Lacy
et al. 1994; France et al. 2014) and produced channel maps at
0.1 km s−1 resolution with a turbulent velocity of 0.05 km s−1. We
assumed the CO is in local thermodynamic equilibrium (as we only
look at low-J CO lines) and a gas temperature equal to the dust
temperature computed by MCFOST.

For direct comparison with recent observations in the sub-
millimetre, we produced synthetic ALMA observations of our
models with the CASA package (McMullin et al. 2007). We
computed the 12CO(3–2) emission (resp. continuum) at the cen-
tral frequency of ∼346 GHz (resp. 353 GHz) in a bandwidth of
23 MHz (resp. 600 MHz) and a spectral resolution of ∼0.1 MHz
(resp. 600 MHz). All the synthetic observations were done using
the ‘alma.cycle10.cfg’ configuration of the interferometer and a
precipitable water vapour of 0.4 mm to set the thermal noise. This
resulted in a synthetic beam size of ∼0.30 arcsec for both the 12CO
and continuum emissions (see Figs 3 and 4).

3 R ESULTS

We adopt the observational convention where North is up and East
is left for describing the synthetic images obtained at different
wavelengths.

3.1 Scattered light

Figs 1 and 2 show scattered light synthetic observations at
λ = 1.6 µm for β = 45◦ and β = 135◦, respectively. We show
three different times: when the perturber is at pericentre (t = 0),

MNRAS 491, 504–514 (2020)
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SPHERE or Subaru obs. ALMA continuum & moment maps

 Cuello et al. (2020)

Credit: Fabien Louvet



Flybys & environment
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Hyp: flybys preferentially occur in regions of high stellar density 
—> Any link with the stellar environment ?

Courtesy of Isabelle Joncour
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Close to a stellar nest ? Hierarchical decay ? Random encounters ?
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Close to a stellar nest ? Hierarchical decay ? Random encounters ?

RW Aur A & B: 
Dai et al. (2015) 

Rodriguez et al. (2018)

2002 F. Dai et al.

Figure 4. Evolution of the tidal encounter in the plane of the sky, shown with four different snapshots. The bottom-right panel shows the structure as seen
today. From top left to right bottom, the snapshots are taken at −589, −398, −207 and 0 yr from today, respectively. The surface density is logarithmically
scaled, and was chosen such that the final snapshot resembles the observations by Cabrit et al. (2006). Note that a stream of material linking star A and star
B is present, even though it does not appear in the bottom-right panel, due to the choice of surface density threshold (compare this final snapshot with the
right-hand panels of Fig. 11).

both the A disc and the tidal arm are optically thick as observed,
and their peak flux is in broad agreement with the observations by
Cabrit et al. (2006), together with the moderate asymmetry of the
double-horned line profile of the disc. The disc has in fact gained a
small eccentricity, as apparent from the right-bottom panel of Fig. 4.
The 12CO(J = 2–1) line profile of the gas around star B recovers the
main features of the observed profile, besides the peak flux, which
is lower than the observed one by a factor of 2. This may result from
incorrect assumptions about the temperature profile around star B
(temperature has a simple dependence on the distance from star A),
but may also simply reflect that star B also possessed a disc prior to
the encounter (in contrast to what we assume here, where the final
disc is composed of material entirely captured from the disc of star
A).

Cabrit et al. (2006) obtained an indirect measure of the size
of the disc around star A by using the position of the peaks of the
typical double-horned profile of the emission lines (see Section 2.1).
They observed a line profile with peaks at ∼3.5 km s−1 from the
centre, whereas in our synthetic observation we obtain the two peaks
at ∼2.5 km s−1 from the centre of the line. This seems to suggest
that the disc in our simulations is larger than the one observed by a
factor ∼2. However, if we look at the hydrodynamical simulation of
our best model (see Fig. 9), or if we look at the synthetic continuum
emission shown in Fig. 10, the disc size is in good agreement with

the observations (∼50 au). After convolution, we are obtaining
contamination from low-velocity gas in the inner part of the tidal
arm and the elliptical outer region of the disc. The difference in our
synthetic line profiles implies that we are overestimating emission
from these outer regions. Detailed thermal modelling is however
beyond the scope of this project; the agreement with the size derived
from the thermal continuum reassures us that the dynamical effects
of the encounter are well reproduced.

5.2 Dust emission

We used TORUS (c.f. Section 3.2) to produce a synthetic observation
of the continuum emission at 1.3 mm of the same snapshot showed
in Fig. 6. We consider standard assumptions on the dust properties.
First of all we assume that spatial distribution of the dust follows
exactly the gas distribution. This is likely to be the case in our
framework, since the dynamics of the gas itself is mainly ballistic
during the encounter. The dust component is dynamically driven
by the same gravitational potential. At the moment we neglect sec-
ondary effects, that might be due to hydro terms in the dynamics
of the gas. We assume a gas-to-dust ratio equal to 100, and a grain
size distribution ranging between 50 Å and 1 cm. We use a typical
grain size distribution, where dn/ds ∝ s−w, where n is the numerical
density of dust particles, and s is the grain size. It is well known

MNRAS 449, 1996–2009 (2015)

Courtesy of Isabelle Joncour

Hyp: flybys preferentially occur in regions of high stellar density 
—> Any link with the stellar environment ?



Flybys & environment
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HV Tau & DO Tau: 
Winter et al. (2018c)

2 Winter, Booth & Clarke

2 OBSERVATIONAL CONSTRAINTS

2.1 Stellar Components

HV Tau is a young triple system in Taurus. It is comprised
of a tight optically bright binary AB, projected separation
10 au (Simon, Holfeltz & Ta↵ 1996), and a third star HV
Tau C at approximately 550 au separation with common
proper motion (Duchêne et al. 2010). The tight binary has
an estimated age 2 Myr and a combined mass of ⇠ 0.6M�
(White & Ghez 2001). The separation of AB could be larger
than 10 au due to orbital eccentricity or deprojection, as
suggested by a comparatively long orbital period (Duchêne
et al. 2010). A mass of 0.5�1M� is inferred from the CO maps
of the edge on disc of HV Tau C (Duchêne et al. 2010). It is
observed to be exceptionally red, with a high accretion rate
(Woitas & Leinert 1998; Monin & Bouvier 2000).

DO Tau is a G star located at a projected distance 1.26⇥
104 au (90.8” at 140 pc) west of HV Tau, which has position
angle 95.3� relative to DO. Mass and age estimates range
between 0.3M�, 0.16 Myr (Hartigan, Edwards & Ghandour
1995) and 0.7M�, 0.6 Myr (Beckwith et al. 1990). The whole
system is depicted with the components labelled in Figure
2.

2.2 Disc Properties

Kwon et al. (2015) used CARMA observations and models
to deduce properties of 6 protoplanetary discs, including DO
Tau. Their models found an outer disc radius of ⇠ 75 au
and consistent values for mass Mdisc ⇡ 0.013 M�, inclination
⇠ �33�, and position angle ⇠ 90�, following the convention
as described by Piétu, Dutrey & Guilloteau (2007). There
remains ambiguity as to which side of the disc is closer to
the observer as the quoted negative inclination angle can
produce two rotation senses with the same aspect ratio.

HV Tau A and B have no associated infrared excess
and therefore are not expected to host a substantial disc,
while C has an edge on disc of radius 50 au and mass
⇠ 2⇥10�3 M� (Woitas & Leinert 1998; Stapelfeldt et al. 2003).
Monin & Bouvier (2000) find that the observed disc radius
does not depend on wavelength. This suggests the disc has
been truncated, as otherwise the grain size-dependent ra-
dial drift of dust particles leads to a wavelength-dependent
disc extent. To the contrary they note that the ratio of disc
size to projected separation between C and close binary
AB is Rdisc/xmin ⌘ Rtidal ⇠ 0.1, where Rdisc (= 50 au) is the
outer disc radius, and xmin is the closest approach distance.
This makes truncation due to tertiary interaction at the cur-
rent separation unlikely as a ratio of around Rtidal ⇡ 0.35 is
expected if the masses of C and combined AB are equal
(Armitage, Clarke & Tout 1999). It remains possible that
the orbit of AB is highly eccentric, and that the periastron
distance is su�ciently small to cause tidally induced trunca-
tion. Alternatively, an historic encounter may have left the
disc truncated.

In modelling the disc around HV Tau C, Duchêne et al.
(2010) find an inclination ✓i ⇡ 80� and PA of approxi-
mately 20�, corresponding to an orientation such that the
blue shifted side of the disc is pointing east with the north-
ern side closer to us. It is further noted that the coplanarity
of the centre of mass of AB and the disc of C is unlikely as
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Figure 1. Produced using the data discussed in Howard et al.
(2013). The top two images are the specific intensity in the
100 µm, and 160 µm overlaid with logarithmic contours. Both
stars appear to be associated with extended emission. The edge
of the image is close to DO Tau (east), which results in excess
noise. The bottom panel is the inferred dust temperature distri-
bution assuming that the cloud is optically thin, likely yielding an
overestimate close to the stars. The point spread function (PSF)
in the 100 µm observations also lead to noise in the temperature
determination in these regions.

the nearly edge on angle would lead to a very large actual
separation. Duchêne et al. (2010) also suggest that scattered
light images might imply a disc size greater than 50 au, and
gas emission alone suggests a radius up to 100 au. A model
with temperature profile T / R�q is found to fit well with
0.4 < q < 0.6 and a temperature at 50 au of 15-30 K.

MNRAS 000, 1–?? (2018)

Close to a stellar nest ? Hierarchical decay ? Random encounters ?

RW Aur A & B: 
Dai et al. (2015) 

Rodriguez et al. (2018)

2002 F. Dai et al.

Figure 4. Evolution of the tidal encounter in the plane of the sky, shown with four different snapshots. The bottom-right panel shows the structure as seen
today. From top left to right bottom, the snapshots are taken at −589, −398, −207 and 0 yr from today, respectively. The surface density is logarithmically
scaled, and was chosen such that the final snapshot resembles the observations by Cabrit et al. (2006). Note that a stream of material linking star A and star
B is present, even though it does not appear in the bottom-right panel, due to the choice of surface density threshold (compare this final snapshot with the
right-hand panels of Fig. 11).

both the A disc and the tidal arm are optically thick as observed,
and their peak flux is in broad agreement with the observations by
Cabrit et al. (2006), together with the moderate asymmetry of the
double-horned line profile of the disc. The disc has in fact gained a
small eccentricity, as apparent from the right-bottom panel of Fig. 4.
The 12CO(J = 2–1) line profile of the gas around star B recovers the
main features of the observed profile, besides the peak flux, which
is lower than the observed one by a factor of 2. This may result from
incorrect assumptions about the temperature profile around star B
(temperature has a simple dependence on the distance from star A),
but may also simply reflect that star B also possessed a disc prior to
the encounter (in contrast to what we assume here, where the final
disc is composed of material entirely captured from the disc of star
A).

Cabrit et al. (2006) obtained an indirect measure of the size
of the disc around star A by using the position of the peaks of the
typical double-horned profile of the emission lines (see Section 2.1).
They observed a line profile with peaks at ∼3.5 km s−1 from the
centre, whereas in our synthetic observation we obtain the two peaks
at ∼2.5 km s−1 from the centre of the line. This seems to suggest
that the disc in our simulations is larger than the one observed by a
factor ∼2. However, if we look at the hydrodynamical simulation of
our best model (see Fig. 9), or if we look at the synthetic continuum
emission shown in Fig. 10, the disc size is in good agreement with

the observations (∼50 au). After convolution, we are obtaining
contamination from low-velocity gas in the inner part of the tidal
arm and the elliptical outer region of the disc. The difference in our
synthetic line profiles implies that we are overestimating emission
from these outer regions. Detailed thermal modelling is however
beyond the scope of this project; the agreement with the size derived
from the thermal continuum reassures us that the dynamical effects
of the encounter are well reproduced.

5.2 Dust emission

We used TORUS (c.f. Section 3.2) to produce a synthetic observation
of the continuum emission at 1.3 mm of the same snapshot showed
in Fig. 6. We consider standard assumptions on the dust properties.
First of all we assume that spatial distribution of the dust follows
exactly the gas distribution. This is likely to be the case in our
framework, since the dynamics of the gas itself is mainly ballistic
during the encounter. The dust component is dynamically driven
by the same gravitational potential. At the moment we neglect sec-
ondary effects, that might be due to hydro terms in the dynamics
of the gas. We assume a gas-to-dust ratio equal to 100, and a grain
size distribution ranging between 50 Å and 1 cm. We use a typical
grain size distribution, where dn/ds ∝ s−w, where n is the numerical
density of dust particles, and s is the grain size. It is well known
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Fig. 2. J- and H-band combined image. The native image
(12.25 mas px�1) was binned by a factor of 4 and smoothed with a
Gaussian filter of 2 binned pixels. The intensity scale is relative to the
peak of the image. The color scale saturates (in yellow) at 0.5% of the
peak. The mean signal in the southern spiral is detected at 3.9� above
background in the binned images, before smoothing. For comparison,
the dust ring seen by ALMA is overplotted in red, to scale. A di↵erent
rendering of the spirals in the J band, using a novel de-noising proce-
dure (Price et al., in prep.), is presented in Fig. C.1.

3. Hydrodynamical modeling of UX Tau

We now test the hypothesis that the spirals observed in UX Tau A
are due to the dynamical response of the disk to a gravitational
perturbation by UX Tau C. In the following, we place ourselves
in the reference frame of UX Tau A and call UX Tau C the per-
turber.

We model the hydrodynamical evolution of the disk around
UX Tau A by means of the smoothed particle hydrodynamics
(SPH) Phantom code (Price et al. 2018a). The disk is mod-
eled using 500 000 gas SPH particles and assuming a total disk
mass of 0.05 M� (Akeson et al. 2019). At the beginning of the
calculation, the disk surface density follows a power-law pro-
file ⌃ / R

�1. We further assume that the disk is vertically
isothermal. We adopt a mean Shakura–Sunyaev disk viscosity
↵SS ⇡ 0.005 by setting a fixed artificial viscosity parameter
↵AV = 0.25 and using the “disk viscosity” flag of Phantom
(Lodato & Price 2010). The disk inner and outer radii are ini-
tially set to Rin = 10 au and Rout = 60 au. The value of Rin –
although in agreement with the SPHERE and ALMA observa-
tions – is not critical in this study since we are interested in the
spirals external to the disk. The value of Rout is more di�cult to
choose a priori because we expect the disk to be truncated as a
result of the gravitational interaction with the perturber. There-
fore Rout should not be compared directly with the observations.
In order to ease the comparison with the observations, the disk
is set with an inclination id = 40� and PA= 167� before the
perturbation, following the analysis of Francis & van der Marel
(2020).

There are few observational constraints regarding the orbit
of the perturber. This yields a highly degenerate geometry for
the multiple system. The projected separation in the plane of the
sky between UX Tau C and UX Tau A is known: dC ⇡ 400 au
at position angle ✓C = 181�, east of north. There is no apparent
motion between A and C in the period 2009–2018 (<000.05, 7 au).
Lastly, the mass ratio q = MC/MA ranges between 0.08 and 0.22
(Kraus & Hillenbrand 2009; Zapata et al. 2020). The systemic
velocities measured by Zapata et al. (2020) indicate, marginally,
that UX Tau C is slowly approaching to us with respect to UX

Tau A (Zapata et al. 2020). In this work, we do not intend to
explore the whole orbital parameter space available, but rather to
compare two possible scenarios: a bound companion where the
orbital eccentricity 0  e < 1 and a parabolic flyby where e = 1.
These runs are labeled B- and F-, respectively. We assume that
the orbit of the perturber lies in the plane of the sky. Hence there
is an angle of 40� between the orbit of the perturber and the disk
midplane. The masses of the primary star and the perturber are
set to 1.0 M� and 0.2 M�, for a mass ratio q = 0.2, within the
range given above.

For B-runs, we fix the semimajor axis to 400 au, that is, equal
to the current projected distance, and vary the orbital eccen-
tricity: e = 0 (B60�e0), e = 0.5 (B60�e05), and e = 0.75
(B60�e075). In addition, we perform a calculation with Rout =
90 au and e = 0.75 (B90�e075) as the most extreme bound
orbit. For e = 0.5 and e = 0.75, the distance between the stars
at pericenter, Rp, is equal to 200 and 100 au, respectively. The
morphology of the spirals and the location of the perturber in
the images suggest that the latter is currently past pericenter
(Cuello et al. 2019). We find that an argument of pericenter of
! = �130� simultaneously produces a pair of spirals (shortly
after pericenter passage) and the correct current projected sep-
aration of 400 au at position angle ✓C = 181�. In the plane of
the sky, the pericenter is located at position angle ✓P = 45�. We
compute the disk evolution for ten binary orbits. Lower values
of Rp produce a disk truncation that is incompatible with the
observations.

For F-runs, we consider prograde flybys with Rp = 100 au
and ! = �130� as well. The flybys are non-penetrating since
Rp/Rout > 1. However, because this ratio is close to 1, the flybys
trigger a pair of prominent trailing spiral arms, in agreement with
the observational data. For comparison, non-penetrating retro-
grade flybys with q < 1 are unable to produce such prominent
spiral arms (e.g., Cuello et al. 2019). Since the perturbation that
truncates the disk occurs only once, the disk size prior to the
encounter can in principle be larger than the observed value.
Hence, we compute two simulations, F60-a100 and F90-a100,
where Rout = 60 and 90 au. The results, which are presented in
Fig. 3 and discussed below, strongly favor a stellar flyby over a
bound orbit in UX Tau.

4. Discussion

4.1. UX Tau C: Bound companion or flyby

The results of the SPH calculations demonstrate that in B-runs
the disk around UX Tau A always becomes heavily truncated
after a few orbital periods. The direct observational consequence
is that the spirals triggered by UX Tau C would be more tightly
wound and less dense compared to those triggered by a flyby.
Moreover, since in F-runs the gravitational interaction occurs
only once, there is more material available at large disk radii to
feed the spirals. During such a close and inclined prograde flyby,
a bridge of material is created and remains between both stars for
a long time after the passage at pericenter. This bridge should
be detectable in deep NIR scattered light observations and deep
CO line observations as shown by Cuello et al. (2020, see their
Fig. 4). This is because micron-sized dust grains are strongly
coupled to the gas and are e�ciently trapped and dragged along
the gas spiral arms.

We observe that in F60�a100 and F90�a100 there is a small
fraction of the initial disk that is captured by the perturber. This
is an expected dynamical outcome of prograde flybys when Rp
is close to Rout (Cuello et al. 2019). The captured material is
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Fig. 3. Gas column density of the disk around UX Tau A being gravitationally perturbed by UX Tau C. The orbit of the perturber is in the plane
of the sky and the disk is inclined by 40� with PA= 167�, as in the observations. The letters F- and B- label flyby and bound orbit models,
respectively. The morphology of the spirals and the current projected distance between the stars suggest that UX Tau C is on an unbound orbit.
We note that increasing the outer disk radius for a flyby (as in F90-a100) renders the spirals denser and brighter in scattered light, as they capture
more disk material. In each panel, the position (separation, PA) and relative motion (proper motion, relative Vrad) of UX Tau C are compatible with
observations. Videos of F90�a100 and B90�e075 are available online.

expected to form a disk around the perturber, presumably on an
inclined orbital plane compared to the primary disk midplane.
This is also seen for B90�e075 and B60�e075 since some mate-
rial is stripped from the disk around UX Tau A during the first
orbit. However, after a few orbits the spirals become much more
tenuous and the bridge disappears.

Interestingly, the velocity gradients observed in the two
disks are not along the same position angle (see also Zapata
et al. 2020) and the inclination of UX Tau C, i � 60� (see
Appendix A), is significantly di↵erent from UX Tau A. The
two disks are likely not coplanar. In addition, the peak veloc-
ity map (Fig. B.2, right panel) shows that the bridge connecting
the two stars overlaps significantly with the scattered light spi-
rals of Fig. 2. This kind of kinematics and material exchange
is typical of prograde flybys. The presence of a disk around
the perturber prior to the flyby cannot be excluded. However,
if present, that disk probably had a compact radial extension.
Otherwise, given our choice of pericenter, there would be much
more disk material scattered all around and the disk of UX Tau C
would harbor large spirals. Our simulations are unable to repro-
duce the outer spiral located to the southwest (see right panel
in Fig. B.2).

The relative orientations of the disks cannot be used safely
to infer the origin of the multiple system. If UX Tau C acquired
its disk during the flyby, then the disk misalignment is a nat-
ural outcome of the three-dimensional interaction (Bate 2018;
Cuello et al. 2020). If UX Tau A, B, and C were born from the
same molecular core, misaligned disks could indicate a turbu-
lent formation process (O↵ner et al. 2016; Bate 2018) or, more
likely, trace the e↵ects of dynamical evolution within the sys-
tem. Indeed, the perturber is unlikely to come from the larger,
low stellar density, Taurus star formation region, but instead is
likely to come from within the smaller UX Tau group (already
known to contain three other T Tauri stars). A similar conclusion
was drawn by Winter et al. (2018b) for DO Tau and HV Tau.

4.2. UX Tau A: Disk inner cavity

At millimeter wavelengths, it is well documented that the disk
of UX Tau A has a ringed shape (Andrews et al. 2011; Pinilla
et al. 2014). Francis & van der Marel (2020) studied in detail the
continuum emission obtained from the same archival data set we
used for 12CO. Our reduction of the same continuum data is pre-
sented in Fig. B.2, left insert. Francis & van der Marel (2020)
modeled a decrease (a jump) in dust surface density in the cavity
by a factor in excess of 200, based on the nondetection of mil-
limeter flux inside the cavity. We show in Fig. 1 that NIR scattered
light may be marginally detected inside the cavity observed by
ALMA. However, these results are not immediately in contradic-
tion with those of Francis & van der Marel (2020) because small
dust particles have low millimeter opacity and because the coro-
nagraphic mask used for the SPHERE observations also covers
most of the cavity (see Fig. 1). Pending a deep non-coronagraphic
image that would confirm this, the detection of scattered light
inside millimeter cavities is common for transition disks whose
cavities are not fully devoid of gas, as is the case here (see Fig. B.2
middle panel and right insert). This is also in agreement with the
pre-transition disk nature identified by Espaillat et al. (2010).

Regarding the origin of the inner cavities in transition disks,
it is often suggested that they are carved by an inner very low-
mass companion. One or several undetected low-mass planets
could easily create a decrease in the gas surface density, thereby
causing large dust particles to remain trapped at the edge of
the cavity and explaining the ring shape seen by ALMA; small
dust particles, however, may be able to filter into the cavity
together with the accreting gas (see, e.g., Perez et al. 2015; van
der Marel et al. 2018). However, a more massive stellar com-
panion within the cavity can probably be excluded on dynamical
grounds since in that case we should see more asymmetries in the
dust and in the gas. Similarly, a stellar companion within the cav-
ity can potentially trigger prominent spirals arms in protoplane-
tary disks, as in, for example, HD 142527 (Price et al. 2018b),
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Fig. B.2. CO J=3-2 integrated intensity map (moment 0, in grayscale at the center) of the region spanning UX Tau A and C, located at o↵set [0,0]
and [0,-2.7], respectively. The left insert is a zoom of the ringed-disk seen in 0.84 mm continuum emission. The right insert is a map of the peak
intensity velocity, where the rotation signature of the disk of both UX Tau A and C are clearly seen. Labels indicating the various features are
added. The two green lines indicate the direction of the velocity gradients in the disks. The deep J-band scattered light map of Fig. 2 is shown in
black contours. In each panel the brown contour ellipse around UX Tau A is drawn at 10 times the continuum RMS of 58 µJy. The beam is shown
in the bottom left of each panel.

Fig. C.1. J-band polarized intensity images. Left panel: Native J-band
image shown in log stretch. The two spirals a barely detectable above
background noise. Right panel: Denoised J-band image. At the expense
of a slight loss of angular resolution, the de-noised spirals are easily
detectable.

the original image according to

< I(x, y) >=
X

i

X

j

I(xi, y j)�x2W(|x � xi|, |y � y j|, h(xi, y j)),

(C.1)

where i and j sum over the number of pixels in the x and y direc-
tions, �x is the pixel spacing, and W is a 2D smoothing kernel.
We then implemented an adaptive smoothing by relating h to the
local pixel intensity using

h(x, y) = hmin

s
Imax

< I(x, y) >
, (C.2)

where hmin is the beam size at I = Imax. Since both the smoothed
intensity and the smoothing length itself are mutually depen-
dent, we solved (C.2) and (C.1) iteratively, according to the usual
practice in SPH (e.g., Price & Monaghan 2007). We adopted the
usual cubic B-spline kernel (Monaghan & Lattanzio 1985) for
the interpolation. We also employed the exact sub-pixel interpo-
lation method from Petkova et al. (2018) to ensure that the total
flux is conserved by the interpolation procedure. The new set of

pixels (x, y) is arbitrary, but in practice we interpolated to a set
of pixels that are the same as those in the original image.

We chose Imax to be the maximum intensity in the image and
found best results with hmin = 1.25 times the original pixel spac-
ing for the UX Tau J-band polarized intensity image presented
in Fig. C.1, right panel. For polarized intensity images we found
it best to de-noise each polarization separately before combin-
ing to form a total polarized intensity image. This is shown in
fig. C.2. A paper describing our open source de-noising tool in
detail is in preparation (Price et al. 2020, in prep).

Fig. C.2. J-band polarized intensity images. Left panel: Native J-band
image shown in log stretch. Middle panel: De-noised J-band polarized
intensity image where the Stokes Q and U images were combined be-
fore applying the de-noising procedure. Right panel: De-noised J-band
image where the Q and U images were de-noised separately before com-
bining to produce the polarized intensity de-noised image.
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Appendix A: Disk of UX Tau C

Fig. A.1. SPHERE J-band linearly polarized intensity image (Q�) of
the disk of UX Tau C. The image is binned by a factor of 2 to improve
contrast. The data are shown in linear stretch, and the scale is absolute in
detector units (ADU). The disk is faint and compact. The disk position
angle is PA= 5� ± 2�. The axis ratio suggests an inclination larger than
i = 60�. The disk is detected over 000.13, or ⇠19 au.

Appendix B: ALMA archival data

The UX Tau system was observed multiple times with ALMA.
The continuum emission of component UX Tau A was discussed
by Pinilla et al. (2014) and Akeson et al. (2019). Only the disk
of UX Tau A is detected in the continuum. Francis & van der
Marel (2020) and Zapata et al. (2020) presented archival deep
and high-resolution data obtained by program 2015.1.00888.S
(PI Akiyama). This program included 12CO (3-2) line emission
data that we use here as well. The observations have a veloc-
ity resolution of 410 m s�1 for the CO line data. The observation
took place on 2016 August 10. We performed our own reduc-
tion using the supplied reduction script and version 4.7.2 of
the CASA software (McMullin et al. 2007). We self-calibrated
the continuum visibilities using three rounds of phase-only self-
calibration using successively shorter solution intervals (1, 60s,
40s), resulting in a gain of a factor ⇠2 in RMS noise and dynamic
range.

We imaged the continuum visibilities using Briggs weight-
ing resulting in a 000.20⇥ 000.17 beam at PA=�21.0�. For the CO
emission we subtracted the continuum data using the uvcon-
tsub routine of CASA, and applied the self-cal solution to the
resulting visibilities. We imaged the CO line using a channel
width of 0.24413 MHz and a natural weighting resulting in a
000.24⇥ 000.18 beam at PA=�24.7�. The CO line emission and
the dust continuum emission maps are shown in Fig. B.2. From

Fig. B.1. Peak intensity map (moment 8) made from the Briggs-
weighted CO(3-2) data. The black contour is the continuum emis-
sion traced at the 1� level (58 µJy). The position of UX Tau C is
labeled. The northern spiral arm seen in scattered light in Fig. 2 is also
indicated.

the same continuum data, Francis & van der Marel (2020) fit an
inclination id = 40� at a PA= 167�.

The middle panel of Fig. B.2 shows the CO (3–2) integrated
intensity map (moment 0) of the region spanning UX Tau A and
C found at o↵set [0,0] and [�2.7,0], respectively. The CO emis-
sion overlaps with the two stars. The left insert is a zoom of
the Band 7 (0.84 mm) continuum emission showing the ringed
structure of the disk at that frequency. The insert on the right
is an overlay of the CO (3–2) map of the velocity of the peak
emission in color with the deep J-band SPHERE image of Fig. 2
in contours. The bridge between components A and C suggested
in Fig. 2 is located just inside the inner CO spiral labeled in the
figure. Two, possibly three, spirals can be identified in CO emis-
sion on the western side of UX Tau A: the one seen in scattered
light, which may correspond to a distinct CO spiral; and two oth-
ers labeled inner and outer spirals, which have the same general
curvature but are located further away. The northern spiral seen
in scattered light is also clearly detected in the CO peak intensity
map shown in Fig. B.1. This spiral is part of the same dynamical
structure creating the inner and outer CO spirals. The front face
of the disk being on the western side, the faint spirals detected
by SPHERE and the CO spirals observed by ALMA are trailing
spirals.

The rotational signature of the two disks is well resolved.
The orientation of the velocity gradients is indicated by green
lines in Fig. B.2, right panel. They are not parallel to each other.
SPHERE marginally resolved the disk of UX Tau C and the incli-
nation is i� 60�. The disks of UX Tau A and C are likely not
coplanar. The tail of material attached to UX Tau C reported by
Zapata et al. (2020) is also visible on the same panel, to the left
of UX Tau C. All these are expected signatures of stellar flybys
with pericenters approximately the size of the original primary
disk radius.
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Fig. B.2. CO J = 3 � 2 integrated intensity map (moment 0, in grayscale at the center) of the region spanning UX Tau A and C, located at o↵set
[0,0] and [0,�2.7], respectively. Left insert: zoom of the ringed-disk seen in 0.84 mm continuum emission. Right insert: map of the peak intensity
velocity, where the rotation signature of the disk of both UX Tau A and C are clearly seen. Labels indicating the various features are added.
The two green lines indicate the direction of the velocity gradients in the disks. The deep J-band scattered light map of Fig. 2 is shown in black
contours. In each panel the brown contour ellipse around UX Tau A is drawn at 10 times the continuum RMS of 58 µJy. The beam is shown in the
bottom left of each panel.

Appendix C: Novel DE-NOISING procedure

To smooth the noise in the SPHERE images and highlight the
spirals directly from the native images without stacking or bin-
ning, we used a novel adaptive de-noising procedure based on
the adaptive kernel smoothing employed in SPH and imple-
mented in the splash software (Price 2007). Figure C.1 shows
the native J-band polarized intensity image on the left and the
de-noised image in the right panel. The two spirals are visible
on both images, but more contrast and more details are visible in
the de-noised version. We note that only one data set was used
to produce Fig. C.1, contrarily to Fig. 2.

The main idea behind the de-noising procedure is to use a
beam size (smoothing length) that is locally adaptive for each
pixel, inversely proportional to the square root of the intensity.
Specifically, we constructed a smoothed intensity image from
the original image according to

hI(x, y)i =
X

i

X

j

I(xi, y j)�x
2
W(|x � xi|, |y � y j|, h(xi, y j)), (C.1)

where i and j sum over the number of pixels in the x and y direc-
tions, �x is the pixel spacing, and W is a 2D smoothing kernel.
We then implemented an adaptive smoothing by relating h to the
local pixel intensity using

h(x, y) = hmin

s
Imax

hI(x, y)i , (C.2)

where hmin is the beam size at I = Imax. Since both the smoothed
intensity and the smoothing length itself are mutually depen-
dent, we solved (C.2) and (C.1) iteratively, according to the usual
practice in SPH (e.g., Price & Monaghan 2007). We adopted the
usual cubic B-spline kernel (Monaghan & Lattanzio 1985) for
the interpolation. We also employed the exact sub-pixel interpo-
lation method from Petkova et al. (2018) to ensure that the total
flux is conserved by the interpolation procedure. The new set of
pixels (x, y) is arbitrary, but in practice we interpolated to a set
of pixels that are the same as those in the original image.

We chose Imax to be the maximum intensity in the image and
found best results with hmin = 1.25 times the original pixel spac-
ing for the UX Tau J-band polarized intensity image presented

Fig. C.1. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. The two spirals a barely detectable above
background noise. Right panel: denoised J-band image. At the expense
of a slight loss of angular resolution, the de-noised spirals are easily
detectable.

Fig. C.2. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. Middle panel: de-noised J-band polarized
intensity image where the Stokes Q and U images were combined
before applying the de-noising procedure. Right panel: de-noised J-
band image where the Q and U images were de-noised separately before
combining to produce the polarized intensity de-noised image.

in Fig. C.1, right panel. For polarized intensity images we found
it best to de-noise each polarization separately before combin-
ing to form a total polarized intensity image. This is shown in
Fig. C.2. A paper describing our open source de-noising tool in
detail is in preparation (Price et al., in prep.).
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Appendix A: Disk of UX Tau C

Fig. A.1. SPHERE J-band linearly polarized intensity image (Q�) of
the disk of UX Tau C. The image is binned by a factor of 2 to improve
contrast. The data are shown in linear stretch, and the scale is absolute in
detector units (ADU). The disk is faint and compact. The disk position
angle is PA= 5� ± 2�. The axis ratio suggests an inclination larger than
i = 60�. The disk is detected over 000.13, or ⇠19 au.

Appendix B: ALMA archival data

The UX Tau system was observed multiple times with ALMA.
The continuum emission of component UX Tau A was discussed
by Pinilla et al. (2014) and Akeson et al. (2019). Only the disk
of UX Tau A is detected in the continuum. Francis & van der
Marel (2020) and Zapata et al. (2020) presented archival deep
and high-resolution data obtained by program 2015.1.00888.S
(PI Akiyama). This program included 12CO (3-2) line emission
data that we use here as well. The observations have a veloc-
ity resolution of 410 m s�1 for the CO line data. The observation
took place on 2016 August 10. We performed our own reduc-
tion using the supplied reduction script and version 4.7.2 of
the CASA software (McMullin et al. 2007). We self-calibrated
the continuum visibilities using three rounds of phase-only self-
calibration using successively shorter solution intervals (1, 60s,
40s), resulting in a gain of a factor ⇠2 in RMS noise and dynamic
range.

We imaged the continuum visibilities using Briggs weight-
ing resulting in a 000.20⇥ 000.17 beam at PA=�21.0�. For the CO
emission we subtracted the continuum data using the uvcon-
tsub routine of CASA, and applied the self-cal solution to the
resulting visibilities. We imaged the CO line using a channel
width of 0.24413 MHz and a natural weighting resulting in a
000.24⇥ 000.18 beam at PA=�24.7�. The CO line emission and
the dust continuum emission maps are shown in Fig. B.2. From

Fig. B.1. Peak intensity map (moment 8) made from the Briggs-
weighted CO(3-2) data. The black contour is the continuum emis-
sion traced at the 1� level (58 µJy). The position of UX Tau C is
labeled. The northern spiral arm seen in scattered light in Fig. 2 is also
indicated.

the same continuum data, Francis & van der Marel (2020) fit an
inclination id = 40� at a PA= 167�.

The middle panel of Fig. B.2 shows the CO (3–2) integrated
intensity map (moment 0) of the region spanning UX Tau A and
C found at o↵set [0,0] and [�2.7,0], respectively. The CO emis-
sion overlaps with the two stars. The left insert is a zoom of
the Band 7 (0.84 mm) continuum emission showing the ringed
structure of the disk at that frequency. The insert on the right
is an overlay of the CO (3–2) map of the velocity of the peak
emission in color with the deep J-band SPHERE image of Fig. 2
in contours. The bridge between components A and C suggested
in Fig. 2 is located just inside the inner CO spiral labeled in the
figure. Two, possibly three, spirals can be identified in CO emis-
sion on the western side of UX Tau A: the one seen in scattered
light, which may correspond to a distinct CO spiral; and two oth-
ers labeled inner and outer spirals, which have the same general
curvature but are located further away. The northern spiral seen
in scattered light is also clearly detected in the CO peak intensity
map shown in Fig. B.1. This spiral is part of the same dynamical
structure creating the inner and outer CO spirals. The front face
of the disk being on the western side, the faint spirals detected
by SPHERE and the CO spirals observed by ALMA are trailing
spirals.

The rotational signature of the two disks is well resolved.
The orientation of the velocity gradients is indicated by green
lines in Fig. B.2, right panel. They are not parallel to each other.
SPHERE marginally resolved the disk of UX Tau C and the incli-
nation is i� 60�. The disks of UX Tau A and C are likely not
coplanar. The tail of material attached to UX Tau C reported by
Zapata et al. (2020) is also visible on the same panel, to the left
of UX Tau C. All these are expected signatures of stellar flybys
with pericenters approximately the size of the original primary
disk radius.
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Fig. B.2. CO J = 3 � 2 integrated intensity map (moment 0, in grayscale at the center) of the region spanning UX Tau A and C, located at o↵set
[0,0] and [0,�2.7], respectively. Left insert: zoom of the ringed-disk seen in 0.84 mm continuum emission. Right insert: map of the peak intensity
velocity, where the rotation signature of the disk of both UX Tau A and C are clearly seen. Labels indicating the various features are added.
The two green lines indicate the direction of the velocity gradients in the disks. The deep J-band scattered light map of Fig. 2 is shown in black
contours. In each panel the brown contour ellipse around UX Tau A is drawn at 10 times the continuum RMS of 58 µJy. The beam is shown in the
bottom left of each panel.

Appendix C: Novel DE-NOISING procedure

To smooth the noise in the SPHERE images and highlight the
spirals directly from the native images without stacking or bin-
ning, we used a novel adaptive de-noising procedure based on
the adaptive kernel smoothing employed in SPH and imple-
mented in the splash software (Price 2007). Figure C.1 shows
the native J-band polarized intensity image on the left and the
de-noised image in the right panel. The two spirals are visible
on both images, but more contrast and more details are visible in
the de-noised version. We note that only one data set was used
to produce Fig. C.1, contrarily to Fig. 2.

The main idea behind the de-noising procedure is to use a
beam size (smoothing length) that is locally adaptive for each
pixel, inversely proportional to the square root of the intensity.
Specifically, we constructed a smoothed intensity image from
the original image according to

hI(x, y)i =
X

i

X

j

I(xi, y j)�x
2
W(|x � xi|, |y � y j|, h(xi, y j)), (C.1)

where i and j sum over the number of pixels in the x and y direc-
tions, �x is the pixel spacing, and W is a 2D smoothing kernel.
We then implemented an adaptive smoothing by relating h to the
local pixel intensity using

h(x, y) = hmin

s
Imax

hI(x, y)i , (C.2)

where hmin is the beam size at I = Imax. Since both the smoothed
intensity and the smoothing length itself are mutually depen-
dent, we solved (C.2) and (C.1) iteratively, according to the usual
practice in SPH (e.g., Price & Monaghan 2007). We adopted the
usual cubic B-spline kernel (Monaghan & Lattanzio 1985) for
the interpolation. We also employed the exact sub-pixel interpo-
lation method from Petkova et al. (2018) to ensure that the total
flux is conserved by the interpolation procedure. The new set of
pixels (x, y) is arbitrary, but in practice we interpolated to a set
of pixels that are the same as those in the original image.

We chose Imax to be the maximum intensity in the image and
found best results with hmin = 1.25 times the original pixel spac-
ing for the UX Tau J-band polarized intensity image presented

Fig. C.1. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. The two spirals a barely detectable above
background noise. Right panel: denoised J-band image. At the expense
of a slight loss of angular resolution, the de-noised spirals are easily
detectable.

Fig. C.2. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. Middle panel: de-noised J-band polarized
intensity image where the Stokes Q and U images were combined
before applying the de-noising procedure. Right panel: de-noised J-
band image where the Q and U images were de-noised separately before
combining to produce the polarized intensity de-noised image.

in Fig. C.1, right panel. For polarized intensity images we found
it best to de-noise each polarization separately before combin-
ing to form a total polarized intensity image. This is shown in
Fig. C.2. A paper describing our open source de-noising tool in
detail is in preparation (Price et al., in prep.).
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1st detection of disc around C 
in scattered light 

Disc also seen in CO 

No continuum emission ! 
Misaligned discs 

See also Zapata et al. (2020)

Was this disc captured 
during the encounter ? 

First dust radial drift 
then flyby + gas capture 

Further constraints on C orbit 
gas + dust modelling 

Ejected from UX Tau B ?

CO J=3-2ALMA

0.84 mm cont.

SPHERE J-band

mom 1
mom 0
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Fig. B.2. CO J = 3 � 2 integrated intensity map (moment 0, in grayscale at the center) of the region spanning UX Tau A and C, located at o↵set
[0,0] and [0,�2.7], respectively. Left insert: zoom of the ringed-disk seen in 0.84 mm continuum emission. Right insert: map of the peak intensity
velocity, where the rotation signature of the disk of both UX Tau A and C are clearly seen. Labels indicating the various features are added.
The two green lines indicate the direction of the velocity gradients in the disks. The deep J-band scattered light map of Fig. 2 is shown in black
contours. In each panel the brown contour ellipse around UX Tau A is drawn at 10 times the continuum RMS of 58 µJy. The beam is shown in the
bottom left of each panel.

Appendix C: Novel DE-NOISING procedure

To smooth the noise in the SPHERE images and highlight the
spirals directly from the native images without stacking or bin-
ning, we used a novel adaptive de-noising procedure based on
the adaptive kernel smoothing employed in SPH and imple-
mented in the splash software (Price 2007). Figure C.1 shows
the native J-band polarized intensity image on the left and the
de-noised image in the right panel. The two spirals are visible
on both images, but more contrast and more details are visible in
the de-noised version. We note that only one data set was used
to produce Fig. C.1, contrarily to Fig. 2.

The main idea behind the de-noising procedure is to use a
beam size (smoothing length) that is locally adaptive for each
pixel, inversely proportional to the square root of the intensity.
Specifically, we constructed a smoothed intensity image from
the original image according to

hI(x, y)i =
X

i

X

j

I(xi, y j)�x
2
W(|x � xi|, |y � y j|, h(xi, y j)), (C.1)

where i and j sum over the number of pixels in the x and y direc-
tions, �x is the pixel spacing, and W is a 2D smoothing kernel.
We then implemented an adaptive smoothing by relating h to the
local pixel intensity using

h(x, y) = hmin

s
Imax

hI(x, y)i , (C.2)

where hmin is the beam size at I = Imax. Since both the smoothed
intensity and the smoothing length itself are mutually depen-
dent, we solved (C.2) and (C.1) iteratively, according to the usual
practice in SPH (e.g., Price & Monaghan 2007). We adopted the
usual cubic B-spline kernel (Monaghan & Lattanzio 1985) for
the interpolation. We also employed the exact sub-pixel interpo-
lation method from Petkova et al. (2018) to ensure that the total
flux is conserved by the interpolation procedure. The new set of
pixels (x, y) is arbitrary, but in practice we interpolated to a set
of pixels that are the same as those in the original image.

We chose Imax to be the maximum intensity in the image and
found best results with hmin = 1.25 times the original pixel spac-
ing for the UX Tau J-band polarized intensity image presented

Fig. C.1. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. The two spirals a barely detectable above
background noise. Right panel: denoised J-band image. At the expense
of a slight loss of angular resolution, the de-noised spirals are easily
detectable.
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Fig. C.2. J-band polarized intensity images. Left panel: native J-band
image shown in log stretch. Middle panel: de-noised J-band polarized
intensity image where the Stokes Q and U images were combined
before applying the de-noising procedure. Right panel: de-noised J-
band image where the Q and U images were de-noised separately before
combining to produce the polarized intensity de-noised image.

in Fig. C.1, right panel. For polarized intensity images we found
it best to de-noise each polarization separately before combin-
ing to form a total polarized intensity image. This is shown in
Fig. C.2. A paper describing our open source de-noising tool in
detail is in preparation (Price et al., in prep.).
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J-band PI Q+U then de-noised Q & U de-noised before

Fast and cheap way to recover “hidden” signal close to noise level 
Better results if de-noising before PDI 

See Appendix C in Ménard et al. (2020) 
Available in SPLASH (Price 2007)
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From Kurtovic et al. (2018)
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AS 205: N & Sa+SbSR 24: Na+Nb & S Z CMa: A+B & C 

Common point ? 

Figure 5. Same as Figure 2 but for Z CMa observed at J- (1.2 μm, upper), H- (1.65 μm), and K-bands (2.2 μm, lower). Two binary components are shown in the
software mask based on our measurement using short exposures (d= 0 11, P.A.= 136°). The location of the individual binary components in the mask is not
accurately known due to the opaque coronagraphic mask. The half-transparent white triangles show the direction of two jets associated with the two binary
components (P.A.= 235° and 245°; Whelan et al. 2010). The features discussed in the text are marked as *A*, *B*, and *C* in the top images.
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respectively, and fN and rN are the brightness and
distance to SR24N, respectively. fS and fN are 513
and 301 mJy, respectively (16). Thus, the denom-
inator of Eq. 1 denotes the local radiation flux at
the reflector and is normalized so that the effective
reflectivity is nondimensional. The effective reflec-
tivity is expected to be proportional to the product
of the reflection efficiency and irradiation angle of
the reflector when the reflector surface is nearly
tangential to the radiation from the light sources.

We compared the reflection efficiency at the
H band relative to that at the optical wavelengths
(Fig. 2, right panel). The northeast sides of both
disks have higher relative efficiencies, implying
that the reflection at the H band is less efficient in
the arm and in the southwest side of the primary
disk. This inefficiency may be due to a smaller
optical depth in the arm.

The effective reflectivity ranges from 0.02
to 0.07 in the disks, suggesting that they are geo-

metrically thin and that their thickness is ap-
proximately 5% of the radial distance from the
hosting star. The bridge has a similar effective
reflectivity and color to those of the disks,
indicating that it has almost the same geometrical
thickness as the disks. The southeastern end of
the spiral arm has a high effective reflectivity
of 0.14 despite its blue color. This means that
this part has a large-scale height along the line
of sight.

Fig. 2. Effective reflectivity and H-optical images of
SR24. The length of the bar indicates 500 AU or 3.1
arc sec. North is up, and east is toward the left. The
emission indicated by the purple ring is a ghost. (A)
Effective reflectivity of SR24 as defined by Eq. 1. (B)
Ratio of magnitudes at 1.6 mm (H band) and 0.61
mm (optical) of SR24. We retrieved the optical
image from the Hubble Space Telescope archive; it
was obtained by the Wide Field and Planetary
Camera 2 on 28 May 1999, with a total integration
time of 500 s. A large ratio of H-band–to–optical
magnitude is denoted by red, and a small ratio is
denoted by blue.

Fig. 1. Observed and simulated images of the
young multiple star SR24. (A) H-band (1.6-mm)
coronagraphic image of SR24 after point spread
function (PSF) subtraction of SR24S and SR24N.
The total integration time was 1008 s. The length of
the bar indicates 500 AU or 3.1 arc sec. The unit of
the color bar is mJy/arc sec2. North is up, and east is
toward the left. The edges of the image (east, 2.7
arc sec region; west, 5.1 arc sec region; north, 3.6
arc sec region; and south, 2.3 arc sec region) were
trimmed away because no emission was seen on
these regions. The PSFs of the final images have
sizes of 0.1 arc sec (full width at half maximum) for
the H band. The inner and outer Roche lobes are
overlaid on the Subaru image as dotted and dashed
lines, respectively. L1, L2, and L3 represent the
inner Lagrangian point, outer Lagrangian point on
the secondary side, and outer Lagrangian point on
the primary side, respectively. (B) Snapshot of
accretion onto the binary system SR24 based on 2D
numerical simulations. The color and arrows denote
the surface density distribution and velocity
distribution, respectively. In the simulations, we
treated SR24 as a binary system composed of
SR24S and SR24N instead of a triple system
composed of SR24S, SR24Nb, and SR24Nc. In the
simulation, the SR24 system rotated counter-
clockwise as suggested by the morphology of the
spiral arm.
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More flyby-shaped discs

Courtesy of Ruobing Dong 
Subaru J-band

Common point : 
Triple stellar systems in “hierarchical” configuration 

—> hierarchical ejection or random encounter ?  . 
—> flybys are able to reproduce disc morphology
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AS 205: N & Sa+SbSR 24: Na+Nb & S Z CMa: A+B & C 

Courtesy of Sebastián Pérez 
SPHERE observation 
Credit: H. Avenhaus

3.3. Simple Modeling of the SR24S Disk Kinematics

The C18O(2-1) line emission is only detected toward SR24S
and not SR24N. Although fainter than the 12CO line, its
emission is more optically thin and is less affected by the cloud
absorption (Pinilla et al. 2017). This is the reason why the
C18O(2-1) line is the best molecular proxy available to study
the kinematics of the SR24S disk. We made a simple model of
a rotating and accreting thin disk, which does not include
radiative transfer, as the goal is to study the disk kinematics and

geometry. The surface density is described by a tapered power
law consistent with the theoretical predictions for accretion
disks (Lynden-Bell & Pringle 1974; Hartmann et al. 1998;
Facchini et al. 2017; Factor et al. 2017):
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where cS is proportional to the disk mass, rc informs about the
radial extent of the gas disk, and γ is the power law index that

Figure 1. Left: 1.3 mm ALMA continuum image (red contours) on top of an f606w HST archive image (gray scale). Contours are 0.15, 0.30, 4, 7, and 10 mJy beam−1.
The rms noise level is 0.044 mJy beam−1. The synthesized beam is 0. 18 0. 12 ;´ ´ ´ P.A. 71 . 5= n . Right: same as for the left panel but with a 2MASS J-band image instead
of the HST image. Note the good positional agreement (the astrometry uncertainty for the 2MASS data is about 0. 5´ ) of the two disks seen at IR (gray scale) and mm
wavelengths (red contours).

Figure 2. Left: 12CO integrated emission from SR24S. Redshifted emission is integrated from 7.3 to 12.4 km s−1 (red contours at 27%, 42%, 69%, and 96% of the
peak emission); near zero-velocity emission is integrated from 2.2 to 4.1 km s−1 (yellow contours at 50%, 65%, 80%, and 95% of the peak emission); blueshifted
emission is integrated from −6.0 to 1.6 km s−1 (blue contours, same as redshifted contours). Contours are overlapped on top of a 1.3 mm continuum emission (gray
scale) and the beam is shown in the bottom left corner. Right: same display as in left panel for SR24N. In this case, redshifted emission is integrated from 6.6 to
10.5 km s−1 (red contours at 20%, 30%, and 40% of the map peak emission located at SR24S); zero-velocity emission is integrated from 5.3 to 6.0 km s−1 (yellow
contours at 50% and 60% of the map peak emission); blueshifted emission is integrated from −0.3 to 2.2 km s−1 (blue contours at 50% and 60% of the map peak
emission).
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From Fernández-López et al. (2017) 
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Flyby parameters <—> disc morphology 
e.g. orbital inclination, q=M2/M1, and Rout/Rp 

Multi-wavelength observations are key 
Possible to reconstruct past & ongoing flybys 

—> bound companions tend to fail 

UX Tau: ongoing prograde & inclined flyby  
discovery of gaseous spirals with SPHERE & ALMA 

captured gaseous disc around C ? 

To be discussed: 
- Connection with FU Ori events 

- Effects on planetesimal formation 
- Resulting planetary architectures


