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Exploring dust around HD142527 down to 0.02500/ 4au using SPHERE/ZIMPOL 3
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The

T. Stolker et al.: Shadows cast on the transition disk of HD 135344B

Fig. 3. Azimuthally integrated ratio of the U� and Q� polarized surface
brightness. It reaches a minimum of the order of a few percent around
high S/N disk locations. The error bars show 5� as derived from the U�

image. The dashed lines show the 25 au scattered light cavity, the 46 au
millimeter cavity from Andrews et al. (2011), and the outer radius at
which the spiral arms are visible.

Multiple scattering in a moderate inclined and axisymmetric
disk will produce non-azimuthal polarization in the U� image
with values up to ⇠5% of the Q� flux (Canovas et al. 2015). For
a nearly face-on disk, the U� signal will be lower since forward
scattering of large dust grains (2⇡a & �, with a the grain radius
and � the photon wavelength) reduces the number of multiple
scattered photons that are directed towards the observer. A hard
color stretch of the J-band U� image (see Fig. 2) is required to
reveal the non-zero residual.

We determine the ratio of the azimuthally integrated U� and
Q� signal in 25 linearly spaced annuli around the star between
0.0005 and 1.000 (see Fig. 3). The number of bins is chosen such
that the width of each annulus is approximately equal the an-
gular resolution of the image. The J-band observation is used
for this analysis because of the high S/N compared to the other
filters. We have used the absolute pixel values because the annu-
lus integrated U� signal from a face-on and axisymmetric disk
will be zero. As expected, the ratio approaches unity both in the
cavity (.0.002) and the outermost disk region (&0.007) because the
scattered light flux in the Q� image is similar to the noise level.
The integrated U� signal is between 2.5% and 3% of the inte-
grated Q� signal where the S/N is largest, i.e., where the U�/Q�
ratio reaches a minimum in Fig. 3. This might suggest that the
e↵ect of multiple scattering in the disk is non-negligible.

3.2. Disk morphology and brightness asymmetries

The disk is clearly detected from approximately 0.001 up to 0.007
in the r

2-scaled Q� images of both ZIMPOL and IRDIS (see
Figs. 1 and 2). Additionally, there is a tentative detection of the
disk in J-band from 0.007 to 1.000 (see Sect. 3.4). We have iden-
tified a number of structures in the r

2-scaled Q� images which
are related to the morphology and surface brightness of the disk.
The features have been labeled in Fig. 4 and will be described in
more detail below. The figure shows a color composite image of
the r

2-scaled ZIMPOL R- and I-band images. We have scaled the
I-band image by a factor of 1.05 to correct for the larger photo-
metric flux in I-band with respect to R-band (Coulson & Walther
1995).

Two prominent spiral arms, S1 and S2 (Muto et al. 2012;
Garufi et al. 2013), are visible in all Q� images (see Fig. 4) and
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Fig. 4. Color composite RGB image of ZIMPOL R-band (blue),
ZIMPOL I-band (red), and the average of R- and I-band (green). The
field of view is 1.004⇥1.004 and the main features that have been identified
are labeled.

can be traced from the outer disk cavity edge at ⇠0.002 to ⇠0.006
(⇠28-64 au). Spiral arm S1 separates from the cavity edge at a
position angle (east of north) of ⇠80� and spiral arm S2 at a posi-
tion angle of ⇠260�, both spiral arms span an azimuthal range of
⇠240�. The spiral arms are approximately azimuthally symmet-
ric in their location and pitch angle and have a surface bright-
ness contrast of a factor of 2-3 with the background disk in the
r

2-scaled images. There appears to be a spiral arm branch on the
east side of the disk, also detected by Garufi et al. (2013), which
we label S3 (see also the r

2-scaled J-band image in Fig. 2 where
this feature is better visible). A kink in the S1 spiral arm is visible
at a position angle of 225� (see Fig. 4) which is identified by the
sudden change in pitch angle of the spiral arm. We will discuss
this feature in Sect. 5.2. We infer that the near side is along the
southern minor axis because of the preceding and receding CO
lines (Pérez et al. 2014) and assuming that the observed spiral
arms are trailing.

The scattered light cavity, initially revealed by Garufi et al.
(2013), is clearly visible and has an approximate radius of 0.0018
(25 au). The cavity edge of the outer disk will be studied in the
context of spatial segregation of dust grain sizes in Appendix B.
Multiple surface brightness depressions, which are unlikely to be
related to changes in disk or dust properties, are in particular well
detected in the high S/N J-band observation. These features are
likely shadows that are cast by the innermost disk regions. We
will identify the shadow features and elaborate on their detection
in Sect. 3.5.

All filters show in the r
2-scaled Q� image a positive sur-

face brightness gradient in southwest direction. In particular the
ZIMPOL images show a distinct bright wedge-shaped region
(see Fig. 4). The mean r

2-scaled pixel value in the bright wedge
between 0.0015 and 0.007 is a factor of 3.7 larger than the mean
value from the same sized wedge in opposite direction. A possi-
ble interpretation of this brightness gradient will be discussed in
Sect. 5.3.
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4 Huang et al.

(a) Top: ALMA 1.25 mm continuum images of the Elias 27, IM Lup, and WaOph 6 disks. The synthesized beam is shown in the lower
left corner of each panel. Bottom: The continuum emission deprojected and replotted as a function of disk radius and polar angle.

(b) Top: Residual emission after subtracting the median radial intensity profile. White stars mark the continuum emission peaks. Ellipses
mark the locations of all annular substructures identified in Huang et al. (2018). Dotted ellipses correspond to D69 in the Elias 27 disk,
D117 in the IM Lup disk, and D79 in the WaOph 6 disk. Solid ellipses correspond to B86 in the Elias 27 disk, B134 in the IM Lup disk,
and B88 in the WaOph 6 disk. Bottom: Residual emission replotted as a function of disk radius and polar angle. Dotted lines mark the
locations of gaps and solid lines mark the locations of bright rings.
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Multi-wavelength observations are crucial

Modelling the star–disc fly-by in RW Aurigae 2001

Figure 3. Fig. 1 from Cabrit et al. (2006), showing the interferometric data
of PdBI. From their caption: ‘(a) 1.3 mm continuum map of the RW Aur
system. Contour levels are 3, 6, 12, 24, and 48σ (1σ = 0.47 mJy beam−1).
Crosses indicate the peak positions, which closely correspond to RW Aur
A and B. The large arrow shows the direction of the blueshifted jet. (b)
12CO(J = 2–1) emission blueshifted and redshifted with respect to the RW
Aur A systemic velocity. Contour spacing is 3σ (0.12 Jy km s−1), truncated
to 18σ for clarity. (c and d) Heliocentric centroid velocity and line width
(i.e. first and second order moments) of the 12CO(J = 2–1) line.’

according to line-of-sight velocity. Fig. 4 shows the evolution of the
fly-by with rendered plots. Fig. 5 explores the parameter space near
the best-fitting model. It shows how observable features depend on
variations of each orbital parameters.

This model successfully reproduced the following observed fea-
tures of the system.

(i) The north-east lobe of the disc is blueshifted with radial ve-
locity of ∼−3 km s−1 with respect to Star A while the south-west
lobe of the disc is redshifted with radial velocity of ∼3 km s−1.

(ii) The tidal arm has the observed spiral shape with the cor-
rect handedness. It is entirely redshifted with a radial velocity
of ∼3 km s−1 which is larger than the escape velocity at the corre-
sponding distance. The tidal arm is thus unbound, as observed.

(iii) The molecular complex on B is blueshifted with respect to
star A. The shape of the captured material around B is similar to
that observed with its major axis being tilted slightly to the east of
north. This good agreement suggests that the gas observed around
B may indeed be material captured from A’s disc (even if B also
originally possessed a small-scale disc of its own).

Comparing the observation and simulation more quantitatively,
Table 1 lists the various quantifiable morphological features. Our
simulations matches the observations in nearly all respects. The
strikingly good agreement demonstrates that the system’s morphol-
ogy is most likely associated with a tidal interaction.

5 R E S U LT S O F S Y N T H E T I C O B S E RVAT I O N S

5.1 Line profiles

We took snapshots from our hydrodynamic models at ∼570 yr
(tobs ∼ 1.1Pperi, where Pperi is the Keplerian period at the pericentre)
after pericentre and post processed them with TORUS to produce syn-
thetic 12CO data cubes (c.f. Section 3.2). Fig. 6 shows the integrated
12CO (J = 2−1) emission map of RW Aur after correcting for beam
dilution.

The synthetic observations allow us to constrain the temperature
normalization and the initial mass of the disc Md, since these two
quantities regulate the flux density normalization and the optical
depth of the emission lines. In the case that the line is optically thick,
the ratio 12CO(J = 2–1)/ 12CO(J = 1–0) should be ∼4 in Rayleigh–
Jeans limit. We have therefore multiplied the 12CO(J = 1–0) by 4
for the regions of the tidal arm and the primary disc, to demonstrate
whether these components of the system are optically thick. We
do not consider the 12CO(J = 1–0) line for the gas around star
B, since this line has been marginally detected by Cabrit et al.
(2006), as discussed above. The radial velocities were corrected to
heliocentric frame by adding the mean heliocentric velocity of star
A (15.87 ± 0.55 km s−1; Cabrit et al. 2006).

First, we consider the impact of temperature normalization. By
using the temperature profile as estimated by Cabrit et al. (2006,
T(R) = 450 K × (R/au)−0.5), the most outstanding discrepancy is
that the simulated flux densities are three to five times higher than
the observed flux densities. We argue that the most likely cause
is that the limitation of BS93 model led to Cabrit et al. (2006) over-
estimating the temperature of the disc. Although BS93 assumed
local thermal equilibrium (LTE), this assumption may not be ap-
propriate for RW Aur. TORUS is capable of treating both LTE and
non-LTE, allowing us to test this. The comparison in Fig. 7 demon-
strates that the resultant flux densities are indeed about two to three
times lower in the LTE case.

This indicates that in order to explain the observed flux, Cabrit
et al. (2006) would have overestimated the temperature by assum-
ing an LTE model. Furthermore, if we use a lower temperature,
more consistent with theoretical expectation from stellar irradiation
and accretion, (T = 30 K at 40 au; Chiang & Goldreich 1997), the
resultant theoretical emission is more compatible with the observed
integrated flux densities. Note that lower temperatures are also in-
dicated by Infrared SED fitting by Osterloh & Beckwith (1995,
T = 25 K at 40 au).

We try to constrain the disc mass by requiring the tidal arm
and the disc orbiting star A to be optically thick. This requires an
initial disc mass of 1.67 × 10−3 M⊙ and a current disc mass of
1.05 × 10−3 M⊙. In order to estimate the latter, we have con-
sidered an outer disc radius of 57 au, as estimated by Cabrit
et al. (2006). This estimate is higher than that estimated by both
Cabrit et al. (2006) and Osterloh & Beckwith (1995) (10−4 M⊙
and 3 × 10−4 M⊙, respectively), but lower than the ones estimated
by Andrews & Williams (2005, 4 × 10−3 M⊙). Note however that
mass estimates from dust and CO isotopologues are always affected
by very large uncertainties, and that our prescription for the tem-
perature dependence is so simple that we do not expect to recover
the observed mass with high precision.

After adopting the temperature normalization and initial disc
mass as described above, the resultant line profiles show better
agreement with the observations. Fig. 8 shows line profiles from
subsets of these data cubes after applying convolution accounting
for the IRAM beam size, for the best-fitting model. In particular,

MNRAS 449, 1996–2009 (2015)

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

26� 10’ 0”

20”

40”

11’ 00”

20”

40”

12’ 00”

D
ec

lin
at

io
n

(2
00

0.
0)

100 µm

5 · 107

108

I �
1

(J
y/

sr
)

26� 10’ 0”

20”

40”

11’ 00”

20”

40”

D
ec

lin
at

io
n

(2
00

0.
0)

160 µm

5 · 107

108
I �

2
(J

y/
sr

)

4h 38m 36s 34s 32s 30s 28s
Right Ascension (2000.0)

26� 10’ 0”

20”

40”

11’ 00”

20”

40”

D
ec

lin
at

io
n

(2
00

0.
0)

15.0

20.0

25.0

30.0

T
d
u
st

(K
)

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)
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RW Aur: Dai+2015
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Treacherous & vicious 
offenders

Potentially hidden 
inside or outside the disc. 

It’s likely nearby… 
but we do not where exactly

Fast & strong 
delinquents

Should be easy to notice,  
but already gone…  

Hit & run ! 
almost never caught red handed

Observational signatures? 
Interpretation? 

Planet formation in 
multiple systems?
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ASTROPHYSICAL CLUEDO
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Who? Massive (stellar or planetary) body 
How? Weapon: gravitational torque 

Modus operandi: type of orbit 
Where? Inside or outside the disc 

When? During the disc lifetime ~ few Myrs

Treacherous 
Dan 2.0

Fearless 
Valentino

Eccentric 
Dan 1.0

The French 
Chris

Massive planet 
embedded 
in the disc

Inner companion 
eccentric and/or 

inclined

Massive companion 
wandering in the 
outer disc regions

Fast & furious! 
Extremely 
dangerous
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The

ECCENTRIC DAN 1.0: STELLAR INNER COMPANION
6/21

Price, Cuello, Pinte et al. (2018)



THE FRENCH CHRIS: EMBEDDED KINKY PLANET
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See talk by 
S. Pérez 

See posters by 
C. PintePinte, Price, Ménard et al. (2018)

3. Results and Analysis

The disk shows the typical butterfly pattern of disks in
Keplerian rotation (de Gregorio-Monsalvo et al. 2013; Rosenfeld
et al. 2013). In a given channel, the emission is concentrated
along an isovelocity curve, corresponding to the region of the
disk where the projected velocity is equal to the channel velocity.
The emission from the upper and lower surfaces—above and

below the midplane as seen by the observer—and from the near
and far sides of these surfaces, is well separated (Figure 1, and
schematic view in Figure 3).
In a recent paper (Pinte et al. 2018) we showed how to

reconstruct the position and velocity of each of the CO layers, for
disks at intermediate inclination, by simple geometrical arguments
based on the emission in each channel map. HD163296 displays

Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission at +1 km s−1 from the systemic velocity
(top right, with a close-up shown in the bottom right) shows a distinct “kink” in the emission (highlighted by the dotted circle). Comparison with the continuum
emission (top left) locates this outside of the outermost dust ring. The corresponding emission on the opposite side of the disk (bottom left; showing −1 km s−1

channel) shows no corresponding feature, indicating the disturbance to the flow is localized in both radius and azimuth. The channel width is Δv=0.1 km s−1. The
white contour shows the 5-σ (σ=0.1 mJy beam−1) level of the continuum map. The dashed line is the expected location of the isovelocity curve on the upper surface
of a disk with an opening angle of 15° and an inclination of 45°. Dotted lines in the bottom-right figure indicate 15% deviations (≈0.4 km s−1) from Keplerian flow
around the star. The potential planet location is marked by a cyan dot, assuming it is located in the midplane.

2

The Astrophysical Journal Letters, 860:L13 (6pp), 2018 June 10 Pinte et al.



TREACHEROUS DAN 2.0: BOUND COMPANION
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– 3 –

Fig. 1.— Schematic diagram of the HD 100453 system constructed from the SPHERE data in Wagner et al.

(2015). The primary A-star hosts an M-dwarf companion and a spiral protoplanetary disk. The disk also hosts a gap

comparable in size to Uranus’s orbit about the Sun (R ⇠20 au). The actual details inside of the gap are obscured by

the coronagraph and subtraction residuals, and should not be physically interpreted from this image. The brightness

of the stars with respect to the disk and to each other have been reduced for clarity, and the image colors of red,

green, blue are composed of Y�, J�, and H-bands, respectively.

responsible for the spiral structure. Indeed, Montesinos et al. (2016) provide an alternate mechanism

for generating the spiral structure in this disk (further discussed in Benisty et al. 2017) without

invoking the gravitational perturbations from the companion, which may be the case if it is in fact

on a much wider orbit. Thus, knowledge of the binary’s true orbit may be used to discriminate

between these hypotheses for the generation of the spiral arms, thereby providing constraints on the

dynamics and evolution of this disk and, potentially, provide more general insights into disks with

two-armed spiral structures. If the arms are induced by the companion, then any other e↵ects, such

as the influence of potentially embedded planets, disk photoevaporation, gravitational instability,

or shadow-induced density variations, are not necessary to explain the origin of the spiral arms,

and furthermore must not be strong enough to significantly alter their morphology.

In this paper we present a fourteen-year baseline of astrometric measurements from adap-

tive optics imaging with the Very Large Telescope Nasmyth Adaptive Optics System and Near-

Infrared Imager (VLT/NACO), Spectro-Polarimetric High Contrast Exoplanet Research instru-

ment (VLT/SPHERE), and Magellan Adaptive Optics (MagAO) system. We use these data to

provide the first orbital analysis of the HD 100453AB system. We also present disk kinematic

modelling of publicly available Atacama Large Millimeter/Sub-millimeter Array (ALMA) CO data

to measure the inclination of the disk around HD 100453A, and combine these in our analysis with

other disk inclination values from the literature. We explore the resultant disk structure through

hydrodynamic and radiative transfer modelling. Finally, we assemble the known information on the

Wagner, Dong, Sheehan et al. (2018) 
van der Plas,  Ménard, Gonzalez et al. (2019)



DISCS & FLYBYS MODELING

Degenerate problem: infinite ways to chose a flyby orbit 
however: orbit <—> disc structure
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ß135: 
inclined 

retrograde

ß45: 
inclined 

prograde

Non-penetrating 
encounters: 
R_peri > R_d



FLYBYS: DYNAMICAL SIGNATURES
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Inclined prograde (ß=45º) encounter 
GAS – Face-on view
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Inclined prograde (ß=45º) encounter 
GAS – Edge-on view

FLYBYS: DYNAMICAL SIGNATURES



Flybys: dynamical signatures

More information in Cuello+2019b
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Cuello, Dipierro, Mentiplay et al. (2019)
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If we assume that 
L⇤ / M Ṁ
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—> FU Ori events?
L suddenly x2  x10 

L↗ with ↗q

FLYBY-INDUCED ACCRETION EVENTS
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Cuello, Mentiplay, Louvet et al. (almost submittable)

Emission at 1.6 µm with MCFOST

ß45 
inclined 

prograde 
orbit

FLYBYS IN SCATTERED LIGHT
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ALMA Band 7 with MCFOST and then CASA

CO mom 0

15/21

CO mom 1

FLYBYS IN THE CONTINUUM AND CO LINES

Cuello, Mentiplay, Louvet et al. (almost submittable)

Kinematics = information about disc orientation



CO channel maps for the inclined prograde case

16/21
FLYBYS IN THROUGH THE CHANNELS

Cuello, Mentiplay, Louvet et al. (almost submittable)



FLYBY VICTIM I: UX TAU
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projected 
404 au

Ménard, Cuello, Gonzalez et al. (in prep)

Based on dynamical arguments, the orbit should be prograde. 
But, is it bound or unbound?



FLYBY VICTIM II: AS 205
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1: dust continuum (Kurtovic+2018) 
2: CO mom 0 (Kurtovic+2018) 
3: scattered light obs. (S. Pérez+) 
4: preliminary hydro sim. (Cuello+, in prep) 
5: CO mom 1 (Kurtovic+2018)

Work in progress!



FLYBY VICTIMS III & IV: SR24 & FU ORI (?!)
S. Pérez, Cuello, Avenhaus et al. (in prep)

19/21
6 PEREZ ET AL.

Figure 3. Evidence of disk kinematics seen in the 12CO channel maps of FU Ori. The disk orientation inferred from the continuum emission is
indicated by the white dashed lines for both components. The northern component shows signatures of rotation as blue- and red-shifted 12CO
emission loci along the disk PA. The red and blue points show the locations of FU Ori north and south, respectively. The velocities, in km s-1,
are given in the lower right corners. Each panel shows 12CO emission via color-filled contour maps for 70, 80, and 90% of the peak flux in each
channel. The dot-dashed unfilled contour shows lower level (50% of the peak) emission. The CO maps beam size is shown by the white ellipse
in the lower left corner. The systemic velocity (⇠11 km s-1) channel is not shown due to heavy foreground absorption. Relative RA and DEC
are shown with respect to the location of FU Ori north (peak of the continuum). The background shows the HiCIAO polarized scattered light
image published in Takami et al. (2018), see also Liu et al. (2016).

than the emission patterns in the vicinity of the northern com-
ponent. There is a switch from blue- to red-shifted emission
along the southern continuum disk PA. The switch happens
at a systemic speed (for the southern disk) near the 10 km s-1

channel. The southern disk emission is much fainter than its
northern counterpart in channels with velocities >11 km s-1.
This could be due to intra-cloud absorption around the south-
ern component. The larger scale kinematics is complex and
heavily influenced by cloud emission and absorption, and
also by a slow outflow (Hales et al. in prep).

CO channels show a prominent elongated emission feature
at 9 and 10 km s-1 (and to a lesser extent at 8 and 12 km s-1),
immediately east to the primary. At 9 km s-1, the extended
emission is connected (via the lower level flux countour)
to the southern component’s kinematics. Yet, at 10 km s-1

the emission appears connected to the northern component’s
blue-shifted disk kinematics. Interestingly, the brightest fea-
ture seen in reflected light also appears as an arc-like elonga-
tion to the east of FU Ori north (Takami et al. 2018). As
shown in Fig. 3, the extended arc in CO emission indeed
could be counterpart to the bright arc in scattered light. This
would imply that the arc-like structure could be moving at
(projected) speeds of ⇠2-3 km s-1, with respect to the north
component’s systemic speed.

Although using wide spectral channels allows to pinpoint
disk kinematics, this resolution is not ideal to determine the
kinematics of the bright blue arc. To study the nature of this
feature, whether it is an outflowing or inflowing structure,
requires deep gas observations in optically thinner tracers.

5. DISCUSSION
5.1. FU Ori disk sizes and masses

Modeling of the continuum emission yields disk sizes that
are 11 AU in radius for both components. These small disk
sizes are comparable to those of protostellar disks, which
have typical radii of less than 10 au at 8 mm (Segura-Cox
et al. 2018). The slope of the density distribution of each
FU Ori disk is ⇠0.4, closer to TTauri disks (Andrews et al.
2010) than other FUor sources observed at 1.3 mm (Cieza
et al. 2018). The dust masses and disk sizes inferred from
the RT modeling are small compared to the continuum emis-
sion from other FUor and EXor sources. Cieza et al. (2018)
fit the continuum emission of eight FUor and EXor targets
(their figure 6), and found that FUor are more massive than
EXor. Interestingly, our resolved observations of FU Ori
north and south suggest that the FUor prototype system have
dust masses comparable to the EXor sources in Cieza et al.
(2018)’s sample.

In SR24: bridge between both stars 
surprisingly no mm disc around SR24N 

In FU Ori: non-coplanar spiral 
excellent match with scattered light spiral! 

—> non-coplanar interaction!

Bridge of 
material

S. Pérez, Hales, Liu et al. (submitted)
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WHEN SHOULD YOU SUSPECT A FLYBY?

OBSERVATIONAL SIGNATURES 

Bridges & spirals with large pitch angles 

Dust trapping in the spirals 

Disc truncation 

Warped discs 

Diffuse halo 

Accretion events / outbursts ?

PROGRADE? 

Yes 

Yes 

Yes 

~ 

Yes 

Yes

RETROGRADE? 

~ 

Yes 

No 

Yes 

No 

No

Cuello, Mentiplay, Louvet et al. (almost submittable)



FINAL WORDS
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OPEN QUESTIONS 
- disc long-term evolution after the encounter? 
- planet formation in perturbed/multiple systems? 
- connexion with the Solar & exoplanetary systems?

1) Do we observe stellar flybys? 
2) How does the disc react to a flyby? 
3) How does a flyby look like? 
4) Can we identify flyby suspects? 
5) Implications for planet formation?

Disc structure <—> Flyby parameters

14 
DRINKS


