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Introduction
Recent spectacular observations of dust and gas in nearby protoplanetary discs with the Atacama Large Mil-
limeter Array (ALMA) have revealed substructures in the form of crescent shaped features van der Marel
et al. 2016, often explained in terms of vortices, that however require unphysically low levels of viscosity
Ataiee et al. (2013). At the same time, recent extensive surveys of extra-solar planets around main sequence
stars have revealed that planetary systems are often very eccentric, further indicating the importance of non
axi-symmetric evolution of young protoplanetary systems. Indeed, the mutual exchange of energy and an-
gular momentum between a planet and the disc can perturb the circular keplerian motion of the gas, leading
naturally to the formation of non-axisymmetric features in the disc. Furthermore, these structures exert a
backreaction on the companion that triggered their formation, causing a variation of the semimajor axis of the
planet (migration) and of its eccentricity (see Kley & Nelson, 2012 for a review). In this poster I will present
our results in this context.
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Figure 1: Top and middle rows: results of SPH simulations. Gas and
dust surface density in units of g/cm2 in logarithmic scale after 140 bi-
nary orbits for binary mass ratios q = {0.01, 0.05, 0.1, 0.2} (left to right,
respectively). High mass ratio binaries drive the formation of a large ec-
centric cavity leading to non-axisymmetric overdensities in both gas and
dust (q & 0.05). Low binary mass ratios produce more axisymmetric
overdensities around a smaller central cavity. (q . 0.05; left columns).
Bottom row: results FARGO3D simulations. Color plot of gas surface
density in code units after 3 × 104 orbits. Left panel represents the light
case (Md/Mp = 1/5), the right one the massive one (Md/Mp = 1/5).
It can be noticed the formation of an eccentric, non-axisymmetric cavity
carved by the planet.

Two sets of numerical simulations, one using
the 3D Smoothed Particle Hydrowdynamics
(SPH) PHANTOM (Price et al., 2017), the
other using the grid code FARGO3D (Benı́tez-
Llambay & Masset, 2016) in the 2D con-
figuration. The SPH simulations (Ragusa
et al., 2017) (black background panels in
Fig. 1), consist in simulations of a gas+dust
(one fluid model St = ts/tdyn << 1,
where St is the Stokes number) disc (qd =
Md/M? = 10−3) surrounding a binary ob-
ject, using different binary mass ratios, in
particular q = {0.01, 0.05, 0.10, 0.20} and
αss = 0.05. The output is then processed
the RADMC-3D Monte Carlo radiative trans-
fer code (Dullemond, 2012) together with
the Common Astronomy Software Applica-
tion (CASA) ALMA simulator (version 4.5.3),
focusing on ALMA band 7 (continuum emis-
sion at 345 GHz) (see Fig. 2) in order to obtain
mock ALMA observations.

The grid simulations (white background pan-
els in Fig. 1) consist instead of two very long
time scales (one up to t = 3 × 105 orbits)
simulations of a binary with fixed mass ra-
tio (q = 0.013, typical of a star + hot jupiter
system), surrounded by a gaseous disc with
Md/Mp = 1/5 and Md/Mp = 3/5, denoted as “light” and “massive” disc cases, respectively.

Horseshoes in protostellar discs
The idea that large scale asymmetries might be due to a planetary companion was explored by Ataiee et al.
(2013), who concluded that planetary mass objects only produce ring-like features in the disc, in contrast to
the observed horseshoe. However, we have shown the dynamics induced in the disc by low and high mass
companions is markedly different. It is known that low-mass companions, with q ∼ 10−3 can produce ec-
centric cavities, that precess slowly around the star-planet system (Kley & Dirksen, 2006). In contrast, more
massive companions, with q & 0.04 (Shi et al., 2012; D’Orazio et al., 2016; Ragusa et al., 2016) produce
strong non-axisymmetric lumps that orbit at the local Keplerian frequency. For sufficiently massive compan-
ions (binary mass ratio q = 0.2) we obtain an azimuthal contrast of the order of ∼ 10 in mm-wave map, with
the contrast an increasing function of the binary mass ratio.
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Figure 2: Comparison of ALMA simulated observations at 345 GHz of disc models (first and second columns from left) and real
ALMA observations (third and fourth column from left) (van der Marel et al., 2016). Simulated images have mass ratios q = 0.01
(first top panel from left), q = 0.05 (second top panel), q = 0.1 (first bottom panel) and q = 0.2 (first bottom panel). Real images
represents the objecs HD135344B, Doar44, SR21 and IRS48 (third and fourth columns top down). Intensities are in mJy beam−1.
The white colour in the filled ellipse in the upper left corner indicates the size of the half-power contour of the synthesized beam:
0.12× 0.1 arcsec (∼ 16× 13 au at 130 pc.).

Name Contrast Dust trapping Companion Consistency
HD135344B . 10 No Strong indication Yes

SR 21 . 10 No Indication Yes
DoAr 44 . 10 ? ? Yes
IRS 48 & 100 Yes ? No

HD142527 ∼ 30 cm grains? Yes Yes
Lk Hα 330 . 10 ? Indication Yes

Table 1: Summary of transition discs displaying horseshoe or other non-axisymmetric features. For each source, we in-
dicate the observed contrast in mm images, whether there is evidence for dust trapping in the crescent, and whether the
system is known to host a massive companion. The last column indicates whether the observed structures are consistent
with our model, given the upper-limits on the companion mass as reported in the literature.

Planetary eccentricity growth during disc migration
In the following equations we will use the following notation Ej = |Ej|eiΦj, j = {p, d}, where |Ej| = ej
is the “physical” eccentricity and Φj is its pericentre phase, the pedices p and d refer to the planet and disc-
“virtual” planet. In fact, we generalize the equations ruling the planet disc interaction Teyssandier & Ogilvie
(2016) treating the disc as if it was a second planet undergoing secular interaction with the first one. The
equations ruling the evolution of the complex eccentricities Ep and Ed have the form (Zhang et al., 2013)(
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where C1 and C2 are constants that depend on the initial conditions, g± = $± + iγ± and (η±, 1) are the
complex eigen-values and complex eigen-vectors of the sum of the matrices in eq. (1).
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Figure 3: Eccentricity e as a function of time for light (top
panel) and massive (bottom panel) case. The blue curve shows
the planet eccentricity, the green curve the disc eccentricity at
R = 4.5 in the light case and at R = 5 in the massive one,
finally the red curve estimates the global amount of the disc
eccentricity starting from the AMD. Both the light and the
massive case present a rapid exponential growth of the disc
eccentricity during the first stages of evolution (t . 1.5× 104

orbits) of the system up to values ed ∼ 0.11, then a slower
decrease at later times. The planet eccentricity in the massive
case shares a similar behavior: it grows fast in the beginning,
hits a value Ep = 0.14 and start decreasing at the same rate
as the disc eccentricity. The planet eccentricity in the light
disc case in contrast has a completely different behavior: the
growth of the planet eccentricity oscillates around Ep = 0.025
for t < 5 × 104 orbits, but then at later times starts growing
again at constant rate.
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Figure 4: pericentre phase as a function of time for light (top
panel) and massive (bottom panel) case. The cyan and vio-
let curve represent planet and disc pericentre phase. It can
be shown that the disc pericentre phase do not depend on the
radius, in fact showing a rigid precession. During the first
4 × 104 orbits both simulations show an anti-aligned preces-
sion (|Φp − Φd| ≈ 180◦). After 4 × 104 orbits in the light
case the planet precession decouples from that of the disc: the
planet precession rate becomes much slower than that of the
disc. At very late times (t > 2 × 105 orbits) in the light case
also the disc precession rate slows down, and the gas orbits
precess along the planet one in a pericenter aligned configu-
ration. The massive case remain in the anti-aligned configu-
ration much longer even though also in this case a transition
toward the slow aligned configuration is likely taking place at
t ∼ 2× 105. ).

Conclusions
•We propose a new model to account for the horsesoes features often observed in transitional discs. In this

model, the structures are a direct probe of the presence of an unseen binary companion at small radii (see
Tab. 1).
•Non-axysimmetric features can be formed also by sufficiently massive (q > 0.1) binary companions in the

mass regime of brown dwarfs without requiring the vortex scenario and low disc viscosities (Ragusa et al.,
2017).
•We demonstrate that planet-disc interaction during planetary migration can induce a significant planetary

eccentricity, potentially explaining some of the high eccentricities discovered in recent years in the exoplan-
etary population.
• The system undergoes secular eccentricity oscillations visible on long timescales (t > 1.5× 104 orbits), and

the global eccentricity growth/decrease trend depends apparently also on secular planet-disc interaction.
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