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ABSTRACT
We present 3D hydrodynamical models of the HD 142527 protoplanetary disc, a bright and
well-studied disc that shows spirals and shadows in scattered light around a 100 au gas cavity, a
large horseshoe dust structure in mm continuum emission, together with mysterious fast radial
flows and streamers seen in gas kinematics. By considering several possible orbits consistent
with the observed arc, we show that all of the main observational features can be explained
by one mechanism – the interaction between the disc and the observed binary companion.
We find that the spirals, shadows, and horseshoe are only produced in the correct position
angles by a companion on an inclined and eccentric orbit approaching periastron – the ‘red’
family from Lacour et al. Dust–gas simulations show radial and azimuthal concentration of
dust around the cavity, consistent with the observed horseshoe. The success of this model in
the HD 142527 disc suggests other mm-bright transition discs showing cavities, spirals, and
dust asymmetries may also be explained by the interaction with central companions.

Key words: accretion, accretion discs – planet–disc interactions – protoplanetary discs –
binaries: general – submillimetre: planetary systems.

1 IN T RO D U C T I O N

Around the young star HD 142527 lies an enigmatic and spectacular
protoplanetary disc. Cycle 0 observations with the Atacama Large
Millimeter/submillimeter Array (ALMA) by Casassus et al. (2013)
revealed a ‘horseshoe’ of dust continuum emission (first detected
by Ohashi 2008) surrounding a ∼90–140 au central cavity (cavities
being the defining feature of so-called ‘transitional’ or ‘transition
discs’; Strom et al. 1989; Espaillat et al. 2014). The first ALMA
observations also revealed diffuse CO gas inside the cavity along-
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side mysterious ‘streamers’ or ‘filaments’ seen in HCO+ emission,
thought to indicate flow across a planet-induced gap (Casassus et al.
2013).

The star itself is a Herbig Fe star of spectral type F6 IIIe (M ≈
1.8 M�) at a distance of 156+7

−6 pc (Gaia Collaboration et al. 2016) in
the Sco–Cen association (Biller et al. 2012; Mendigutı́a et al. 2014).
Modelling of the spectral energy distribution (SED) suggested a
disc gap between 30 and 130 au (Verhoeff et al. 2011), confirmed
by the initial ALMA observations (Casassus et al. 2013). Earlier
mid-infrared (IR) observations (van Boekel et al. 2004; Fujiwara
et al. 2006) and more recent scattered light images (Avenhaus et al.
2017) found a small inner disc inside the cavity of ∼10 au in radius.
The high accretion rate on to the central star (≈2 × 10−7 M� yr−1;
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Garcia Lopez et al. 2006; Mendigutı́a et al. 2014) implies that the
small inner disc must be refilled from the outer disc, most likely in
an episodic manner (Casassus et al. 2013).

Even before ALMA, the disc around HD 142527 had proved
spectacular, with a spiral arm detected at R � 100 au in scattered
light observations in the near-IR by Fukagawa et al. (2006). Further
observations revealed a wealth of spiral structure, including small
near-IR spirals at the edge of the cavity (Casassus et al. 2012;
Canovas et al. 2013; Avenhaus et al. 2014, 2017), a counterpart to
the Fukagawa et al. (2006) spiral seen in the CO emission in further
ALMA observations, and two further large-scale (∼500 au) spiral
arms by Christiaens et al. (2014).

Fukagawa et al. (2006) first suggested that the spirals might be
caused by an inner companion, with the presence of a 0.1–0.4 M�
companion with a projected separation of ∼13 au confirmed by
Biller et al. (2012) using Sparse Aperture Masking (SAM) with the
NACO instrument on the Very Large Telescope (VLT). More recent
observations have refined both the orbit and the companion mass
(Close et al. 2014; Lacour et al. 2016, hereafter L16).

Scattered light images also revealed shadows cast across the outer
disc (Fukagawa et al. 2006; Avenhaus et al. 2014). Marino, Perez &
Casassus (2015a) satisfyingly reproduced the observed illumination
pattern by assuming a compact ∼10 au inclined and thin inner disc
casting shadows on the outer disc, with a relative inclination of
∼70◦. This is consistent with the estimated inclination of the inner
binary with respect to the disc (L16).

Perhaps the greatest surprise were the complexities found in
detailed kinematic studies using CO(6–5) molecular line data by
Casassus et al. (2015a), with evidence for a warped disc and near
free-fall motions within the central cavity, suggested to be related
to theoretical models of ‘disc tearing’ in warped accretion discs
(Nixon, King & Price 2013; Nealon, Price & Nixon 2015).

Understanding the origin of features in the HD 142527 disc is
important because several of these appear common to a broad class
of discs. In particular, dust horseshoes or rings surrounding the cen-
tral cavities in mm-bright transition discs appear to be widespread
(Canovas et al. 2016; van der Marel et al. 2016; see review by
Casassus 2016), with horseshoes normally interpreted as ‘dust traps’
caused by a vortex at the edge of a planet-induced gap (e.g. Pinilla
et al. 2012; van der Marel et al. 2013; Marino et al. 2015b; Baruteau
& Zhu 2016). Spirals are also observed in an increasing number
of discs (Garufi et al. 2013; Benisty et al. 2015, 2017; Pérez et al.
2016). Thus, unlocking the mystery of HD 142527 may help to shed
light on the origin of these features in this wider class of discs.

Our approach is to perform 3D hydrodynamical and dust–gas
simulations of the disc–binary interaction, to try to explain the
observed features in the HD 142527 disc. We describe the key ob-
servations in Section 2, methods and initial conditions in Section 3.
Results are in Section 4. We discuss in Section 5 and summarize in
Section 6.

2 O B S E RVAT I O NA L C O N S T R A I N T S

The sheer volume of data collected on HD 142527 provides tight
constraints on theoretical models, and it seems optimistic to assume
that a single model could explain multiple observed features simul-
taneously. From a dynamical perspective the main puzzles are as
follows.

(i) Shadows. The close agreement found by Marino et al. (2015a)
between their radiative transfer model and the scattered light images
means these shadows are almost certainly cast by an inner circum-

primary disc inclined to the outer disc plane by ∼70◦. The size of
such a disc would be consistent with the IR observations (Verhoeff
et al. 2011). The constraints from ALMA CO observations of the
inner disc suggest that it is small and with unusual (non-Keplerian)
kinematics between the inner and outer disc (Casassus et al. 2015a;
Perez et al. 2015).

(ii) Fast radial flows. Casassus et al. (2015a) suggested an expla-
nation for fast radial flows in terms of disc tearing by an inclined
inner binary (e.g. Nixon et al. 2013). However, subsequent simula-
tions by Dunhill and collaborators (reported in Cuadra 2016) found
that such a binary tended to simply break the disc into two distinct
sections, as found by Facchini, Lodato & Price (2013) and con-
sistent with expectations of warp dynamics in thick (H/R ∼ 0.1)
protoplanetary discs. Rosenfeld, Chiang & Andrews (2014) also
found that the fast radial flows were better explained by free-fall
radial velocities rather than a warp, suggesting material is somehow
able to shed angular momentum and plunge into the central regions.
Those authors proposed gravitational torques from giant planets or
brown dwarfs as a possible solution.

(iii) Spiral arms. Spirals are seen immediately outside the cavity
in both scattered light (Fukagawa et al. 2006; Avenhaus et al. 2014,
2017; Rodigas et al. 2014) and in CO emission (Christiaens et al.
2014). These are usually attributed to the presence of either com-
panions orbiting interior or exterior to the arms (Dong et al. 2015),
to a gravitationally unstable disc (Dipierro et al. 2015a), or to some
combination of both (Pohl et al. 2015). Quillen (2006) offered an
explanation of similar spirals seen in the disc around HD 100546
in terms of a precessing, warped disc driven by misaligned embed-
ded protoplanets. Montesinos et al. (2016) also showed that spiral
structure could be induced by temperature fluctuations caused by
shadows.

(iv) Cavity. The origin of central cavities in transitional discs
is not yet certain (Williams & Cieza 2011). Traditionally central
holes were thought to arise from either photoevaporation of gas by
the central star or depletion of gas and/or dust due to formation
of planetary mass companions (Andrews et al. 2011; Williams &
Cieza 2011; Espaillat et al. 2014; Owen 2016). Zhu et al. (2012)
found that dust filtering by giant planets (e.g. Rice et al. 2006)
could partially explain the mm-dust holes seen in many transition
discs, but that the depletion in small particles was insufficient to
explain the near-IR deficit in the SED. An alternative possibility is
the tidal truncation of the disc from a central binary (Artymowicz
& Lubow 1994). While a low-mass companion has been found in
HD 142527 (see below), previous authors (e.g. L16) have assumed
that the projected orbital separation of ∼13 au is too small to tidally
truncate the disc out to 100 au – the size of the observed CO cavity
(Muto et al. 2015; Perez et al. 2015; Boehler et al. 2017).

(v) Dust horseshoe. Currently the main accepted model for pro-
ducing dust horseshoes in mm-bright transition discs involves dust
trapping by a gap-edge vortex (Pinilla et al. 2012; Lyra & Lin
2013). Ataiee et al. (2013) considered an alternative model where
dust horseshoes could be produced by eccentric circumbinary cavi-
ties, but dismissed this model based on their simulations. However,
dust evolution was added only in post-processing that neglects the
role of tidal torques on the dust and backreaction, leading to po-
tentially misleading conclusions. Recently, Ragusa et al. (2017)
showed that central binaries can produce both rings and horseshoes
in dust emission. Indeed, eccentricities around the cavity edge are
a common feature in hydrodynamical simulations of circumbinary
discs (Kley & Dirksen 2006; Farris et al. 2014; Ragusa, Lodato
& Price 2016). Ragusa et al. (2017) showed that more massive
companions produce progressively more asymmetric structures,
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with simulated ALMA observations closely matching observed
discs.

(vi) Gap-crossing filaments. Casassus et al. (2013) attributed
these to flows of gas through a planetary gap, as observed com-
monly in simulations of gap opening by embedded planets in discs
(e.g. Bryden et al. 1999; Lubow & D’Angelo 2006). However, it is
not clear how the ‘filaments’ might be obviously related to either
the companion or any other putative planets, nor how they relate to
the fast radial flows, or whether they may be illumination effects
due to shadowing from the tilted inner disc.

A clue to solving the puzzle is that all of the above features may
in principle be caused by the interaction with an (inclined) central
binary (Fukagawa et al. 2006). The main issue is how a binary with
a ∼13 au projected separation could carve a ∼90–140 au cavity.
This led L16 to conclude that the cavity could not be created by the
binary. However, the orbit is poorly constrained, with best-fitting
orbits from L16 suggesting significant eccentricity.

3 N U M E R I C A L M E T H O D S

We perform 3D hydrodynamics simulations of the disc–binary inter-
action using the PHANTOM smoothed particle hydrodynamics (SPH)
code (Price et al. 2018; for reviews of SPH see Monaghan 2005;
Price 2012). We also perform several models with dust and gas to
see if we can simultaneously produce the dust horseshoe. Our ap-
proach to dust–gas modelling is similar to that used in our previous
papers (Dipierro et al. 2015b, 2016), where we model the dust using
a separate set of particles coupled to the gas via a drag term (Laibe
& Price 2012a,b; Price et al. 2018).

3.1 Initial conditions

3.1.1 Binary

We model the binary using sink particles that interact with the gas
disc only via gravity and by accreting gas (Bate, Bonnell & Price
1995). The sink particles are free to migrate and also change mass
and orbital parameters due to interaction with the gas disc. We set
the primary mass to 1.8 M� (from the spectral type), and con-
strained by the total mass estimate of ∼2.1 ± 0.2 M� from the
Keplerian motion of the outer disc (Casassus et al. 2015a) we set
the companion mass to 0.4 M� (the latest observational estimates
based on spectral fitting are in the range 0.2–0.4 M�; Christiaens
et al. 2018). Since our chosen mass of 0.4 M� is at the higher end of
this range, we also performed an additional set of calculations em-
ploying lower mass companions. We found that our results are not
strongly sensitive to the secondary mass, with companion masses as
low as 0.1 M� producing the same cavity but with lower amplitude
perturbations around the cavity edge. The change in mass due to
accretion is negligible in our simulations.

We fix the accretion radii for both sinks to 1 au in order to resolve
the circumprimary disc, if present.

3.1.2 Binary orbit

After a few trial simulations with binaries of various semimajor
axes and eccentricities, and from previous attempts at modelling
HD 142527 (see Cuadra 2016), we realized the importance of the
known observational constraints on the orbit. To this end we em-

Table 1. Orbital elements for HD 142527B for six trial orbits, drawn from
fits to the observed arc with IMORBEL. From left to right: semimajor axis (a,
au), eccentricity (e), inclination (i,◦), position angle (PA) of ascending node
(�,◦; east of north), argument of pericentre (ω,◦), true anomaly (f,◦), orbital
period (P, yr), and relative angle between disc and binary (θ ,◦).

Orbit a e i � ω f P θ

B1 26.5 0.24 119.9 349.7 218.0 25.93 91.8 40.4
B2 28.8 0.40 120.4 340.3 201.5 33.78 104 39.6
B3 34.3 0.50 119.3 159.2 19.98 35.04 135 80.7
R1 31.4 0.74 131.3 44.95 27.88 249.3 118 43.1
R2 38.9 0.61 120.3 19.25 354.0 268.3 164 45.3
R3 51.3 0.70 119.3 201.4 173.3 270.4 247 76.3

ployed IMORBEL1 to fit the orbit, written by Tim Pearce and Grant
Kennedy (Pearce, Wyatt & Kennedy 2015). The same code was also
used in L16.

Rather than taking the orbital fits directly from L16, we produced
a revised set of orbital fits using the Gaia distance measurement and
with our assumed primary and secondary masses. IMORBEL produces
a plot similar to the one shown in fig. 5 of L16, from which one
may interactively select orbits with given parameters that match
the observational constraints. Our guiding wisdom in selecting trial
orbits was (i) to examine orbits similar to the ‘blue’ and ‘red’ orbit
families found in the Monte Carlo fitting shown in fig. 6 of L16, and
(ii) to ensure an apoastron separation for the binary large enough to
plausibly explain the cavity size.

Table 1 lists the orbital elements used for the six representative
orbits shown in this paper, with the resultant orbits shown in Fig. 1.
For clarity we show three representative ‘blue’ orbits (B1, B2, B3)
and three ‘red’ orbits (R1, R2, R3) listed in order of increasing
semimajor axis. The most tightly constrained parameter is the in-
clination, which is i = 120◦ for all but one of the orbits. We choose
eccentricities ranging from 0.24 to 0.7. The two classes of orbits
are ‘families’ only in a projected sense, as the values of � and ω

(and hence the orientation perpendicular to the sky plane) change
dramatically. The main similarity between each family is simply
the location of the periastron in position angle (PA) on the sky and
thus whether the binary is approaching (red) or receding (blue) from
periastron. The last column in Table 1 gives the angle between the
disc and binary angular momentum vectors.

The Monte Carlo fitting performed by L16 found semimajor
axes 11 < a < 40 au, eccentricities e = 0.5 ± 0.2, and inclinations
125◦ ± 15◦ to within 1σ probability. Thus all our chosen orbits
except R3 fall are probable to within 1σ of these constraints.

Finally, we adopted slightly different conventions for the orbital
elements to those used in Pearce et al. (2015) and L16. In particular,
we removed the assumption by Pearce et al. (2015) that the angle
between the binary and the sky is restricted to be less than 180◦

(thus flipping the observer from +z to −z depending on the orbit).
Since the absolute orientation of the disc and binary is irrelevant
in SPH, for convenience we defined the observer to be viewing the
disc down the z-axis (i.e. from z = ∞). That is, we tilted both the
disc and binary in our initial set-up. This simplified our analysis
since replicating the observers view of HD 142527 simply meant
making an x–y plot in our computational coordinates. Finally, we
adapted the set-up routine in PHANTOM to use orbital elements from
IMORBEL in the form given in Table 1, such that the public codes are
mutually compatible.

1 http://github.com/drgmk/imorbel
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Figure 1. Binary orbit. Left: orbital fits for HD 142527B (credit: Lacour et al. 2016, reproduced with permission C©ESO). Right: selected trial orbits for
HD 142527B used in this paper, corresponding to the orbital elements listed in Table 1. We assume the Gaia distance of 156 pc. The star gives the location of
the primary. Motion is clockwise.

3.1.3 Circumbinary disc

We performed two sets of calculations, both with a 0.01 M� cir-
cumbinary gas disc but with inner radius set initially to either 50 or
90 au. The Rin = 50 au calculations ensure that clearing of the inner
regions is entirely due to tidal effects, while starting with Rin = 90 au
avoids transient formation of circumprimary and circumsecondary
discs. We set the outer radius to Rout = 350 au (purely for computa-
tional efficiency; the real disc extends to ∼600 au). We assume an
initially power-law surface density profile � ∝ R−1 and model the
disc with 106 SPH particles assuming a total gas mass of 0.01 M� –
see Price et al. (2018) for details of the disc set-up used in PHANTOM.
We adopt a mean Shakura–Sunyaev disc viscosity αSS ≈ 0.005 by
setting a fixed artificial viscosity parameter αAV = 0.25 in the code
and using the ‘disc viscosity’ flag (see Lodato & Price 2010). Since
the artificial viscosity is explicitly specified in SPH, the value of
αSS is directly related to αAV according to

αSS = 1

10
αAV

〈h〉
H

, (1)

where the ratio 〈h〉 is the mean resolution length at a given radius
and H is the disc scale height. There are no additional sources of
numerical diffusion in SPH (see Lodato & Price 2010 for detailed
calibration and tests). For our chosen resolution the mean h/H in
the outer disc is 0.2 (i.e. 5 resolution lengths per scale height), hence
the values of αSS and αAV given above.

We prescribe temperature as a function of (spherical) radius ac-
cording to T = 28 K(r/rin)−0.3, consistent with the disc model fit
by Casassus et al. (2015a) to the observational temperature profile
(we use spherical rather than cylindrical radius to avoid confusion
when the disc is warped or inclined; see Lodato & Price 2010).
This corresponds to H/R = 0.066 at R = Rin and H/R = 0.11 at
R = Rout. More recent observations (Muto et al. 2015; Boehler et al.
2017) found higher temperatures that may suggest a thicker disc.
Further modelling of the temperature changes in the disc due to the
companion is beyond the scope of this paper but may be important
(Verhoeff et al. 2011).

The disc was oriented by i = 160◦ with respect to the z = 0 plane,
rotated about a position angle of −20◦. That is, our disc is inclined
by 20◦ to the line of sight but with the disc rotating clockwise on
the sky, consistent with e.g. Casassus et al. (2015a).

3.2 Radiative transfer

To perform a direct comparison with observations of HD 142527 we
post-processed a subset of our simulations using the Monte Carlo
radiative transfer code MCFOST (Pinte et al. 2006, 2009). MCFOST is
particularly suited to post-processing data from SPH codes because
it uses a Voronoi tessellation where each cell corresponds to the
position of an SPH particle. Properties such as density, temperature,
and velocity may then be mapped directly from the particles to the
radiative transfer grid without interpolation.

To irradiate the disc we used the two sink particles as isotropic
sources with stellar spectral models appropriate to their mass.
Specifically, we adopt 3-Myr isochrones from Siess, Dufour &
Forestini (2000), with Teff = 4800 K and a luminosity of 2.7 L�
for the primary and Teff = 3700 K and L = 0.22 L� for the sec-
ondary. We assume astronomical silicates (Draine 2003), with a
grain size distribution ranging from 0.03 μm to 1 mm, and a slope
of −3.5. Optical properties are calculated using Mie theory. We then
used MCFOST to predict line emission from our gas-only simulations
for the isotopologues of carbon monoxide including 12CO, 13CO,
and C18O and HCO+. We assume a uniform abundance of 5 × 10−5,
7 × 10−7, 2 × 10−7, and 10−9 for 12CO, 13CO, C18O, and HCO+,
respectively. We assume the gas is in local thermodynamic equi-
librium with Tgas = Tdust. We predicted only the line emission, not
the continuum, from our gas-only simulations under the assumption
that the dust follows the gas. This is a good assumption for grain
sizes �10 μm, but for larger grains this assumption no longer holds
(see Section 4.5).

4 R ESULTS

4.1 Cavity

Fig. 2 shows the column density view of the six calculations cor-
responding to the orbits listed in Table 2, shown after 20 binary
orbital periods with initial Rin = 50 au. Transient circumprimary
discs are present in all calculations except B1. For both ‘blue’ and
‘red’ sets of orbits the cavity size scales with semimajor axis (left
to right; Artymowicz & Lubow 1994). Cavity size also increases
with eccentricity due to the increased apocentre separation (but de-
creases with inclination; Miranda & Lai 2015). Comparison with
the cavity size seen in scattered light, we can exclude binary orbits
with a � 50 au. That with plausible orbits for the observed binary
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Figure 2. Gas surface densities after 20 orbital periods of the binary for the calculations with Rin = 50 au, showing the initial dynamical carving of the cavity
for binary orbits shown in Fig. 1 and listed in Table 1. Top row shows the ‘blue’ orbits (binary just past periastron), while bottom row corresponds to the ‘red’
orbits (binary approaching periastron) from L16. Cavity size scales with apastron separation, with more eccentric binaries (R2, R3) producing cavity sizes
consistent with those observed in HD 142527. Transient circumprimary discs are visible in all calculations except B1.

Table 2. Gas mass interior to 90 au (first column); pitch angles along the
outer spiral arm at PA of 265◦ (second column), and within the first and
second half of the spiral in PA (third and fourth columns); comparing our
simulations to the observations (top row) after 50 orbits of the binary. The
final column indicates whether or not the spiral arms show a bifurcation or
‘fork’ towards the south-west. All simulations obtain residual mass interior
to the cavity consistent with the observations. Simulations B3, R2, and R3
show pitch angles most consistent with the data.

M (<90 au) Pitch ang. Pitch ang. Pitch ang. SW
(×10−3 M�) (PA 265◦) (1st half) (2nd half) fork?

Obs 1.7 ± 0.6 4.8◦ − 3.6◦ 9.9◦ Yes
B1 2.0 1.5◦ 3.1◦ 0.0◦ No
B2 1.9 1.3◦ 3.2◦ 2.5◦ No
B3 1.6 5.1◦ 7.1◦ 3.2◦ No
R1 2.1 − 1.8◦ − 4.0◦ 0.6◦ Yes
R2 1.5 6.0◦ 6.4◦ 5.7◦ No
R3 1.4 3.6◦ 6.8◦ 0.4◦ No

we can already produce a cavity size too big solves one of the major
mysteries of HD 142527 – how a binary with a projected separation
of 13 au can produce a 100 au cavity.

Fig. 3 shows the surface density binned as a function of cylin-
drical radius in the sky plane (z = 0). The red dotted line shows
the parametrized model adopted by Perez et al. (2015) from fits to
the CO emission (specifically, we plot equation 6 from their paper,
with parameters taken from their best-fitting model corrected for

the Gaia distance, giving Rcav = 100 au). Simulation R2 produces
the closest match to the data, with Rcav within a few per cent
of the observational fit. The remarkable agreement demonstrates
that orbits consistent with those inferred by L16 indeed produce
cavities of the correct size.

4.2 Gas inside the cavity

The drop in surface density seen in Fig. 3 indicates that the cavity
interior is not completely devoid of gas. To quantify this, Table 2 lists
the mass interior to 90 au in each of our simulations, compared to
the observational measurement from Perez et al. (2015). Regardless
of our choice of binary orbit the residual mass inside the cavity
agrees with the observational estimate to within the error bars. For
example, we measure a residual gas mass of 1.5 × 10−3 M� within
90 au in simulation R2 after 50 orbits, within 11 per cent of the
(1.7 ± 0.6) × 10−3 M� measured by Perez et al. (2015).

Fig. 4 shows the predicted 12CO J = 2–1 emission from simu-
lation R2 (right-hand panel), convolved to a beam size consistent
with the Perez et al. (2015) Cycle 0 ALMA data (shown in left-hand
panel). We find remarkable agreement with the observed 12CO emis-
sion from inside the cavity. In particular there is sufficient gas inside
the cavity such that the 12CO is optically thick, as observed. The
binary scenario thus naturally explains the residual gas found within
the cavity around HD 142527.
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Figure 3. Cavity. Surface density as a function of cylindrical radius (in the sky plane) from the Rin = 90 au calculations after 50 binary orbits. Red dotted line
shows the model adopted by Perez et al. (2015) from radiative transfer fitting to CO gas. Simulation R2 shows the closest match to the observed cavity size,
with Rcav within a few per cent of the gas cavity size inferred from the CO data.

Figure 4. Gas inside the cavity. Predicted 12CO J = 2–1 emission from simulation R2 (right), compared to ALMA observations (left; credit: fig. 1 of Perez
et al. 2015 C©AAS, reproduced with permission). Sufficient gas remains inside the cavity to produce optically thick 12CO emission, as observed.
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Figure 5. Spirals. Gas surface densities after 50 binary orbital periods in calculations with initial Rin = 90 au, showing the spiral arms. As in Fig. 2, top row
shows the ‘blue’ orbits (binary just past periastron), while bottom row corresponds to the ‘red’ orbits (binary approaching periastron) from L16. Comparison
with the observed spiral structure (left-hand panel of Fig. 6) favours the latter. Comparison with Fig. 2 shows the cavity size is independent of the initial Rin.
Red lines show polynomial fits to ‘inner’ and ‘outer’ spiral arms tracing a PA range similar to the scattered light spirals (Fig. 6).

4.3 Spirals

Fig. 5 shows the column density from the Rin = 90 au calcula-
tions after 50 binary orbital periods. In every case three or more
prominent spiral arms are seen around the cavity. The compan-
ion thus already explains why spiral arms are present around the
cavity without needing to invoke gravitational instability or other
physics. Comparing the Rin = 50 au calculations shown in Fig. 2
shows that both calculations produce the same cavity sizes, with the
cavity size approximately constant after �10 orbits of the central
binary.

Comparing our results with scattered light (Avenhaus et al. 2014,
2017) and 2-μm (Casassus et al. 2012, 2013) images of HD 142527
shows that the blue orbits (top row) tend to produce spirals in-
consistent with the observations. For a more quantitative com-
parison, we fit the spiral structure with a polynomial of the form
r(θ ) = ∑4

i=0 aiθ
i . Aside from the formula used to fit the spirals, the

fitting procedure is otherwise identical to that described in Chris-
tiaens et al. (2014). That is, we trace pixels along the maxima in
column density and fit a polynomial to the resulting points using
a least-squares fit. Using this procedure we fit ‘inner’ and ‘outer’
spiral arms spanning the PA ranges [260◦, 305◦] and [180◦, 270◦],
respectively, corresponding to the two main spirals seen to the south-
west of the cavity in the scattered light image. Red lines in Fig. 5
show the corresponding fits. For orbits B1 and B2 no inner spiral
could be fitted, so we only show the outer arm.

Table 2 lists the resulting pitch angles for the outer spiral mea-
sured at a PA of 265◦, and with the first and second half of the spiral
(in PA), corresponding to PA ranges [180◦, 225◦] (third column)

and [225◦, 270◦] (fourth column). Orbits B1 and B2 in particular
show pitch angles too small and little or no asymmetry in the gas
distribution around a cavity that is close to circular. Orbit B3 shows
promising spirals to the north-east of the cavity, but the spiral arms
to the south-west show a series of almost circular tightly wrapped
arms not seen in the observations.

The red orbits, by contrast, produce spiral structure and asym-
metry in both the cavity and the gas distribution more similar to
what is observed (bottom row). In particular, orbit R1 is the only
simulation to show a bifurcation in the spiral arms to the south-west
of the cavity, as seen in the scattered light image (see Table 2).
Orbit R2 is closest to the observed cavity size (Fig. 3) and develops
an eccentric cavity similar to those found in previous circumbi-
nary disc simulations (e.g. Farris et al. 2014; D’Orazio et al. 2016;
Ragusa et al. 2016) and used by Ragusa et al. (2017) to explain
dust horseshoes. The spiral arms appear fixed in relation to the bi-
nary orbit, but superimposed on this is an overdensity that rotates
at the Keplerian frequency of the outer disc, i.e. on a timescale of
2–3 binary periods (Dunhill, Cuadra & Dougados 2015; Muñoz &
Lai 2016). Orbit R3 shows the most open spiral arms (Table 2) but
the overdensity around the cavity is less prominent, making it less
promising for the observed dust structures. The cavity size is also
too big (Fig. 3).

4.4 Shadows

Fig. 2 shows the formation of transient circumprimary discs in the
Rin = 50 au calculations during the first 20 orbits, caused by the
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Figure 6. Shadows. Column density in the R1 orbit simulated with initial Rin = 50 au after 20 orbits at the observed orbital phase (right), showing the
orientation of the (transient) circumprimary disc, compared to the scattered light (600–900 nm) the Zurich Imaging Polarimeter (ZIMPOL) polarization image
(left; taken from fig. 1 of Avenhaus et al. 2017 C©AAS, reproduced with permission). Dotted line indicates the expected shadow from our simulated inner disc
(right), which lies close to the orientation of the observed shadows (left).

clearing of the inner disc material. The orientation of these inner
discs is highly sensitive to the orbit of the companion. For example,
the circumprimary disc in calculation B3 is formed with major axis
aligned east–west in our images (i.e. horizontal in Fig. 2), while
orbits R1 and R2 produce a disc aligned north–south (i.e. vertical in
Fig. 2) – a second piece of evidence favouring the red orbit family.
Caution is required, however, since the inner disc precesses with
time, though on a time-scale longer than our simulations (∼0.5 Myr;
e.g. Owen & Lai 2017). Furthermore, in our Rin = 90 au calculations
we find rotationally supported circumprimary discs only with the
R3 orbit at this resolution (Fig. 5; this mainly indicates that the disc
mass in other calculations is too low or that the numerical viscosity
drains the disc too fast at this resolution; not that circumprimary
discs do not exist).

Fig. 6 shows the resultant inner disc structure after 20 orbits
(right), shown alongside the scattered light image taken from
Avenhaus et al. (2017) (left). Despite the remaining uncertainty
in the orbital dynamics the PA of the expected shadow is consistent
with the northern shadow seen in the scattered light image, and
within 10◦ of the southern shadow. A difference of 10◦ is not sig-
nificant – shadows do not exactly fall in the projected plane of the
inner disc due to the vertical extension of the discs (Min et al. 2017).
We do not imply that this is the only possible orbital configuration
that can explain the shadows – nor even the most probable – merely
that it is possible to produce a satisfactory orientation of the inner
disc to produce the correct shadow from our calculations. We also
demonstrate that the orbital dynamics of the companion naturally
produces a circumprimary disc with an orientation and size consis-
tent with the structure invoked by Marino et al. (2015a) to explain
the observed shadowing.

4.5 Dust horseshoe

Ragusa et al. (2017) found that dust horseshoes similar to those ob-
served by ALMA could be naturally produced by eccentric cavities
in gas and dust around binary stars. However, that paper assumed
tightly coupled dust grains such that the dust structures merely re-

flected those in the gas. Whether or not this is the case for the
mm continuum emission in HD 142527 (see discussion in Casassus
et al. 2015b) depends on the Stokes number – the ratio of the dust
stopping time to the disc orbital period.

Assuming subsonic Epstein drag the Stokes number depends only
on the gas surface density, according to (Dipierro et al. 2015b)

St = 1

(
�

0.2 g cm−2

)−1(
ρgrain

3 g cm−3

)(
sgrain

1 mm

)
, (2)

where ρgrain is the intrinsic grain density and sgrain is the grain size.
Modelling dust–gas dynamics in discs is usually uncertain because
the gas surface density is poorly constrained, being measured only
from multiplying the dust continuum emission by a factor (typically
100). For HD 142527 we are already confident in our assumed sur-
face density profile because of our match to the measured gas mass
inside the cavity and to the surface density profile (Fig. 3). However,
there remains uncertainty in the assumed CO-to-H2 conversion.

Our assumed gas disc mass of 0.01 M� corresponds to � =
0.6 g cm−2 at R = Rin, giving a Stokes number for mm grains of ≈0.3
at 90 au and ≈1 at 300 au (see Fig. 3). Thus we expect decoupling
of grains in the outer disc, since St = 1 corresponds to maximal
radial drift (Weidenschilling 1977).

Since orbit R2 produces a cavity close to the observed size with
a prominent asymmetry seen in the gas in the PA similar to the
observed mm horseshoe, we computed two additional simulations
using grain sizes of 1 mm and 100 μm, respectively. We set up
dust disc initially between Rin = 120 au and Rout = 250 au using
2.5 × 104 dust particles, with an (arbitrary) initial dust-to-gas ratio
of 0.01 and properties otherwise reflecting the gas disc (composed
of the usual 106 SPH particles). The smaller dust disc is merely
to avoid numerical problems during the initial disc response to the
binary. This also ensures that any dust migration to the cavity edge
occurs naturally rather than as a result of the initial conditions.

Fig. 7 shows the dust column density in these two simulations
(left and right, respectively), shown after 62 and 63 binary orbits,
respectively, such that the orbital phase of both the binary and the
dust structures is consistent with the observations. We find that the
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Figure 7. Dust. Dust column density in dust–gas simulations using orbit R2 with mm grains (left-hand panel) and 100-µm-sized grains (right-hand panel).
Our ‘large’ (mm) grains are close to Stokes number of unity, and hence quickly migrate to form a thin ring at the cavity edge. Decreasing the grain size by a
factor of 10 (right-hand panel) produces a more radially extended dust structure.

dust in both simulations drifts radially, concentrating at the cavity
edge within a few tens of orbits. The larger grains, with St ∼ 1, form
a thin ring around the cavity edge (left-hand panel). We also observe
dust grains collecting into azimuthally distinct structures, trapped
by the pressure bumps at the locations where spiral arms in the gas
cross the dust ring. Although these grains are nominally ‘mm-sized’
in our simulations, the resulting dust structures appear more similar
to what is seen at cm wavelengths. Fig. 8 shows a direct comparison
with the ATCA 34-GHz image from Casassus et al. (2015b) (top
left shows the ATCA image; bottom left shows our simulation). To
make this comparison we simply convolved our dust column density
image to a beam size of 20 au (0.12 arcsec). In hindsight this is not
surprising, since the peak emission in wavelength is roughly 2π

times the grain size (Kataoka et al. 2016).
Using grains 10 times smaller produces slower migration to the

cavity edge and, as a result, a more radially extended dust distribu-
tion (right-hand panel of Fig. 7). The asymmetry driven by the
binary in the gas produces a horseshoe remarkably similar to
the observed mm horseshoe. Fig. 8 makes the direct comparison.
The predicted continuum emission is shown in red in Fig. 11.

The main disagreement between the simulations and observations
concerns the prominent dip seen in the mm-horseshoe at a PA of
∼10◦ (top right). Caution is required in making this comparison
since our visualization shown in Fig. 8 assumes optically thin dust
emission where spectral index variations show that the continuum
emission is optically thick (Casassus et al. 2015b). Our models also
do not account for any azimuthal variation in temperature. This is
interesting, because a temperature decrement is indeed observed at
this PA caused by the shadow from the circumprimary disc. Such a
temperature decrement will affect the dust emission and would need
to be accounted for in making accurate radiative transfer predictions
from our simulations. Moreover, it suggests that thermodynamic
effects from the shadow may be important (see Montesinos et al.
2016).

Two conclusions stand out: (i) decoupled dust dynamics around
a binary-carved cavity can naturally explain the observed asym-
metries in HD 142527 without recourse to vortices or additional
companions; and (ii) the distinct ‘blobs’ seen in the radio emission
may be real and not just artefacts of noisy observations.

4.6 Gas density contrast

Casassus et al. (2015b) note that some of the asymmetry seen in
the dust emission is also seen in the gas. To quantify this, Fig. 9
compares the predicted 13CO J = 3–2 and C18O J = 3–2 (moment 0)
emission maps from simulation R2 (bottom row) to the ALMA
observations recently published by Boehler et al. (2017) (top row;
see also Muto et al. 2015). For both spectral lines we find a bright,
asymmetric ring of emission surrounding the cavity at a radius
between 0.5 and 1 arcsec from the central source, as seen in the
observations.

The main source of disagreement is that we do not reproduce
the two dips in emission at the PAs coincident with the scattered
light shadows. This again suggests that the shadowing of the outer
disc by the circumprimary disc needs to be accounted for in the
CO emission. Our models suggest that the underlying gas density
structure is more axisymmetric. If one neglects the dips caused
by the shadows, then the contrast in emission around the cavity is
similar between our simulations and the observations (i.e. roughly
a factor of 2).

Again, the close match with the observed line emission does not
suggest alternative hypotheses other than the binary are needed.

4.7 Fast radial flows

Can the streamers seen in Fig. 2 explain the fast radial flows? Fig. 10
shows the radial velocity of the SPH particles, binned as a function
of radial distance from the centre of mass (red line), compared to the
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Figure 8. Horseshoe. Dust column density comparing observations (top) to our simulations (bottom). We show orbit R2 with grain sizes of 1 mm (‘large’)
and 100 µm (‘medium’) (bottom panels, left and right, respectively) smeared to a beam size of 20 au (white circle). The larger grains (bottom left) show dust
column densities consistent with the ATCA observations at cm wavelengths, while the smaller grains (bottom right) produce an overdense ‘horseshoe’ in the
dust surface density at the correct PA to explain the ALMA observations (top right). Top row credit: fig. 6 of Casassus et al. (2015b) C©AAS, reproduced with
permission.

model used to fit the kinematic data by Casassus et al. (2015b) (blue
line). Inflow speeds can be seen to reach 10 km s−1 at a distance of
20–30 au, consistent with the ‘fast radial flows’ needed to fit the
kinematic data. This suggests that these flows indeed originate in
the streams of material that feed the inner disc.

4.8 Gap-crossing filaments

One of the great mysteries in HD 142527 concerns the origin of
the ‘filaments’ of gas seen across the cavity in HCO+ emission by
Casassus et al. (2013). These were seen only in HCO+ emission in

a particular range of velocity channels. Fig. 11 compares the pre-
dicted HCO+ J = 4–3 emission from our simulations (right-hand
panel) to the corresponding figure from Casassus et al. (2015a)
(left-hand panel). As in the observational figure, we show our pre-
dicted continuum map for the mm grains (extrapolated from our
‘medium grains’ dust simulation) in red, with the predicted HCO+
emission in selected velocity channels in green and the predicted
12CO emission in blue.

Our predicted HCO+ emission shows a thin, faint filament cross-
ing the cavity (right-hand panel), remarkably similar to what is ob-
served (left-hand panel). This suggests that this feature is indeed of

MNRAS 477, 1270–1284 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/477/1/1270/4937802
by Universidad de Chile user
on 11 June 2018



1280 D. J. Price et al.

Figure 9. Gas. Predicted 13CO J = 3–2 and C18O J = 3–2 emission (moment 0) from simulation R2 after 50 orbits (bottom two panels), compared to Boehler
et al. (2017) ALMA data (top two panels; credit: fig. 1 of Boehler et al. 2017 C©AAS, reproduced with permission). The ring-like feature seen in both spectral
lines is reproduced in our simulations. The ‘broken ring’ effect seen in the observations is not reproduced in our models because we do not account for the
temperature dip caused by the shadows from the circumprimary disc.

physical origin, originating in the streams of material that feed the
circumprimary disc across the cavity. This serves as further confir-
mation that the dynamical interaction with the binary companion
is the source of almost all of the mysterious features present in
HD 142527. It also suggests that HCO+ should be more widely
employed to detect intracavity flows in circumbinary discs. The
main discrepancy our comparison with observations in Fig. 11 is
that the PA of the stream differs from our simulation. This mainly
indicates that orbit R2 is not the true orbit.

4.9 Kinematics

Finally, Fig. 12 compares the predicted moment 1 maps from simu-
lation R2 in 13CO and C18O emission (bottom row) with the equiv-
alent maps taken from Boehler et al. (2017) using ALMA data (top;
see also Muto et al. 2015). Although the broad pattern is similar,
there is a small discrepancy between the inner disc kinematics in
the observations (top) compared to our simulations (bottom). We
attribute this to the secular change in the disc orientation caused
by the torque from the binary. This occurs because orbit R2 is not
a stable binary–disc configuration. In particular, the torque from

the binary on the outer disc vanishes only when the binary is either
planar or perpendicular to the disc. It may therefore be fruitful in fu-
ture investigations to search for orbits that match the observed data
but are consistent with one of these arrangements (see discussion
below).

5 D I SCUSSI ON

If the observed companion can explain the otherwise unexplained
features observed in HD 142527 disc, this has potential implica-
tions for our understanding of mm-bright transition discs in general
(cf. Casassus 2016; Owen 2016). These represent the fraction of
transition discs with large, mm-bright cavities and high mass ac-
cretion rates. Observations of transition discs with mass flow on to
the central star continuing unabated despite the presence of a large
cavity already led numerous authors to conclude that the transition
disc population is not a homogeneous class (Alexander & Armitage
2007; Najita, Strom & Muzerolle 2007; Owen & Clarke 2012) and
that the likely explanation for the mm-bright subclass is the pres-
ence of ‘objects massive enough to alter the accretion flow’ (Najita,
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Figure 10. Fast radial flows. Maximum inflow velocity on the SPH particles
binned as a function of radius, in our model R2 (red), compared to the radial
velocity model used to fit the kinematic data (from Casassus et al. 2015b;
solid blue line). Fast radial flows of order 10 km s−1 occur naturally in the
models caused by the streamers that penetrate the cavity.

Andrews & Muzerolle 2015). Such an explanation was offered as
far back as Skrutskie et al. (1990).

Cavities in transition discs are thought to be explained by either
photoevaporation or companions – the latter either by dynamical
clearing, similar to gap opening, or by having simply used up the
dust to form planets. We have shown that the cavity in HD 142527
can be satisfyingly explained by dynamical interaction with the ob-
served binary companion, hereby reclassifying it as a circumbinary
disc. The streams of gas across the cavity provide a natural expla-

nation for the high accretion rate. Indeed, the average accretion rate
in circumbinary discs with H/R ∼ 0.05 is expected to be similar
(within a factor of a few) to that in a disc around a single object
(e.g. Farris et al. 2014; Ragusa et al. 2016). In our simulations we
measure a mass accretion rate of ≈10−7 M� yr−1 on to the primary,
consistent with observational estimates of 2(±1) × 10−7 M� yr−1

(Mendigutı́a et al. 2014).
Interestingly, HD 142527 is not the first transition disc to have

been reclassified as circumbinary. Similar reclassifications were
made for CoKu Tau/4 (Ireland & Kraus 2008) (inspiring the first
part of our title) and CS Cha (Espaillat et al. 2007; Guenther et al.
2007). This is largely due to the difficulty in detecting close-in
companions. HD 142527 demonstrates that it is easy to hide even
relatively massive companions inside discs, given that the compan-
ion in this case is massive (stellar!) but was only discovered in 2012
due to its close proximity to the central star (Biller et al. 2012).

In a recent study, Ragusa et al. (2017) found that circumbinary
discs could naturally explain the cavity-edge rings, asymmetries,
and horseshoes seen in ALMA images of mm-bright transition
discs including HD 135344B, HD 142527, SR 21, DoAr 44, and
Lk Hα 330. Stellar mass companions were only required for the
largest asymmetries (i.e. in HD 142527). Substellar companions
still produce large cavities, but with lumpy rings around the cavity
edge, rather than horseshoes. They found that the required compan-
ion masses were consistent with the observational upper limits for
the above discs, with IRS 48 a possible exception.

There are already tentative detections of central companions in
several other cases of discs with large cavities, including HD 100546
(Quanz et al. 2013, 2015; Brittain et al. 2014; Currie et al. 2014,
2015), LkCa 15 (Sallum et al. 2015), and even more intriguingly in
MWC 758 (Reggiani et al. 2018). There are strong hints in other
cases (e.g. HD 100453; Wagner et al. 2015). It does not require a
great leap of imagination to suppose that the observed companions

Figure 11. Streamers. Predicted HCO+ emission from simulation R2 (right; HCO+ in green), compared to the corresponding Cycle 0 image (left; credit: fig.
8 of Casassus et al. 2015a C©AAS, reproduced with permission). Both images show the mm dust horseshoe in red with HCO+ emission shown in green, with
12CO emission in blue. A filament can be seen crossing the cavity in our simulations, similar to what is observed (albeit with a different PA, indicating our
orbit is not the correct one). We thus identify this feature with the streams of material feeding the primary across the circumbinary cavity.
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Figure 12. Kinematics. Predicted moment 1 emission maps in 13CO 3–2 and C18O from our simulation R2 (bottom left and right, respectively) compared to
the observations with ALMA (top; credit: Boehler et al. 2017 C©AAS, reproduced with permission).

may be responsible for the central cavity, spiral arms, and other
features in these cases too.

Whether or not our conclusions can be applied beyond the mm-
bright subclass is more speculative and beyond the scope of this
paper. Certainly stellar mass companions are ruled out in many
cases (Pott et al. 2010; Kohn et al. 2016; Ruı́z-Rodrı́guez et al.
2016), nor would they be expected from the known statistics of the
field binary population (e.g. Raghavan et al. 2010). Massive planets,
however, could perform a similar role in carving central holes in
discs, as shown by Ragusa et al. (2017).

No modelling is perfect, and despite some success, there are
a number of remaining caveats to our modelling of HD 142527.
The main one from our perspective is the secular change in both
the binary and outer disc orientation on long time-scales (�100
orbits). That is, the binary and the disc in our simulations are
not in a steady configuration. Recent works by Aly et al. (2015),

Martin & Lubow (2017), and Zanazzi & Lai (2018) suggest that the
equilibrium configuration for eccentric binaries inclined by more
than ∼60◦ is for the disc to align perpendicular to the binary (i.e.
in a polar alignment). An interesting follow-up would be to try to
reproduce the disc features with a binary in such an equilibrium
configuration, to see whether it can be ruled in or out (a binary
orbit with HD 142527B at 90◦ to the outer disc seems possible; see
L16). An equilibrium configuration is likely given the typical align-
ment time-scale of order 1000 orbital periods (Martin & Lubow
2017) –105 yr in HD 142527 – is much shorter than the disc lifetime
(∼Myr). Using better orbital constraints to determine whether the
binary is in or out of equilibrium with the disc could therefore place
strong constraints on formation models.

A second caveat is the mismatch in the orientation of the streams
seen in HCO+ emission. Better orbital constraints should also help
to solve this problem, since there are currently a wide range of
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possible orbits. The observed orientation of the streamers itself
presents a powerful constraint on the orbit.

If large cavities are produced by eccentric massive companions in
the disc plane they should be observed, on average, at large projected
separations, possibly even embedded in the disc (as appears to be the
case in HD 100546). Polar orbits could help to solve this coincidence
problem since for a face on disc (such as HD 142527) the range in
projected separation on the sky is much smaller. For the orbits we
chose for HD 142527, the companion spends 48, 43, and 31 per cent
of its period at projected separations less than 20 au (0.13 arcsec)
for orbits B1, B2, and B3, respectively. In orbits R1, R2, and R3 this
fraction is 19, 22, and 15 per cent, respectively. So the coincidence
problem is not too severe with our chosen orbits.

The most valuable observational follow-up would thus be to bet-
ter constrain the binary orbit and the companion mass, since this
directly influences the modelling. Better observations of the inner
disc similar to recent observations by Avenhaus et al. (2017) would
be very valuable in helping to constrain its geometry, mass, and
orientation. Finally, we found that kinematic data provide a rich
source of information on the cavity dynamic. In particular, HCO+
is a powerful probe of the streams of gas crossing the cavity. Detec-
tion of similar streamers in other mm-bright transitional discs would
be a powerful way to infer the presence of hidden companions.

That such eccentric and inclined binaries appear to exist in na-
ture opens many fruitful avenues for theoretical investigation into
warped and inclined discs around binaries. For example, Owen &
Lai (2017) proposed that large misalignments of inner and outer
discs as in HD 142527 may occur through a resonance between the
precession period of the inner disc and the precession of the sec-
ondary. However, they predict that the orbital plane of the binary
should be aligned with the outer disc, which does not appear to be
true in HD 142527 based on L16 and our models.

Another interesting direction (in our view) would be to try to infer
the binary orbit from the spiral pattern induced around the cavity.
This should be possible given sufficient observational constraints on
the temperature structure of the disc. Current analytic prescriptions
for spiral arms from companions work only in the linear regime
(i.e. for low-mass companions; see Ogilvie & Lubow 2002; Rafikov
2002), leading to potentially misleading conclusions regarding the
number and mass of the required companions (e.g. Stolker et al.
2016).

The dynamical and thermodynamical influence of the circumpri-
mary disc shadow on the outer disc in HD 142527 also presents
an interesting avenue for further investigation. For example,
Montesinos et al. (2016) showed that shadows can trigger addi-
tional spiral arms in the outer disc.

6 C O N C L U S I O N S

(i) The cavity, spiral arms, shadows, dust horseshoe, gap-crossing
filaments, and fast radial flows seen in HD 142527 can all be ex-
plained, in part or in full, by the interaction with the observed
central binary companion. HD 142527 should therefore be firmly
reclassified as a circumbinary rather than transitional disc.

(ii) Orbits drawn from the best-fitting orbits considered by L16
readily produce a cavity of the required size in HD 142527, implying
that the observed binary is likely the origin of the large ≈90 au dust
cavity in this disc. Constraints from the cavity size imply a binary
semimajor axis a � 50 au.

(iii) Comparison of the spiral structure and shadows with the ob-
servations favours the ‘red’ family of orbits considered by L16 with

the binary approaching periastron, with large eccentricity e = 0.6–
0.7, and almost polar inclination with respect to the outer disc.

(iv) Binary orbits from L16 with the companion approaching
periastron naturally produce an inclined circumprimary disc with
major axis oriented north–south, fed by streams from the outer disc.
This orientation of the inner disc is consistent with the radiative
transfer model used by Marino et al. (2015a) to fit the shadows.

(v) We find radial velocities across the cavity of order 10 km s−1,
consistent with the observed ‘fast radial flows’. We thus offer an
explanation for fast radial flows in terms of the streams of material
connecting the inner and outer discs.

(vi) We find gas and dust are decoupled in HD 142527. Dust
migration to the cavity edge produces features consistent with the
observed dust emission, including the prominent mm-horseshoe.

Given that all of the features present in HD 142527 are present in
some or all mm-bright transition discs, explaining them may help
to explain this class of discs in general. For example, spirals and
shadows seen in scattered light around the ∼45 au dust cavity in the
disc of HD 135344B (Garufi et al. 2013) are best explained by an
‘inner dust ring’ inclined by 22◦ and an ‘accretion funnel flow’ on
to the star (Stolker et al. 2016). In the context of the model we have
presented in this paper, these phrases sound eerily familiar.
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