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HD 142527: clear case for  a 70deg warp

• Shape of the shadows unambiguously confirms  a 
dramatic warp, with a 70deg inclination 
change(Marino+ 2015). Note clean shadow → 
regular, long lived inner disk.
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Figure 1. Schematic view with arbitrary orientation of the parametric model
presented in Section 2. The central star is placed at the origin. The outer disk lies
in the x–y plane. The angle α is the relative inclination between the midplane of
the outer disk and the plane of the inner disk. The dust mass density distribution
of the inner disk and outer disk sections are rendered in false color. The gap is
shown devoid of material for simplicity. The inner disk is scaled up in size and
density for better visualization.

amorphous carbon and silicate grains with sizes between 1.0 to
10.0 µm. The total dust mass of this section is 1.0 × 10−8 M⊙.
The disk in this section connects the inner and outer regions
varying the inclination linearly from 70◦ to 0◦ between 10 and
15 AU, where it matches the outer disk orientation. A larger
warp would have been obvious in the 12CO kinematics inside
the gap (Perez et al. 2014), with a concomitantly larger region
where the inclination crosses the plane of the sky.

Finally, the outer disk extends over 115 AU to 300 AU with
a rounded disk wall between 115 to 140 AU. It is composed of
3.0 × 10−6 M⊙ of amorphous carbon grains with sizes ranging
from 1 to 10 µm and 1.0 × 10−2 M⊙ of silicate grains with sizes
ranging from 100 µm to 5 cm. The dust masses inferred in our
models are biased by the lack of grain porosity. The resulting
dust masses are also directly affected by uncertainties on the
internal densities.

We assume that the small grains that account for the bulk of the
near-IR opacity approximately follow the gas background, and
we define an axisymmetric gas distribution with a rounded disk
wall (Mulders et al. 2013; Lubow & D’Angelo 2006) described
by the following surface density:
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where γ = 6, w = 0.1, and rc = 148.0 AU. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:
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with Rs = 148 AU and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:
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]
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with H (r) = 20.0(r/(130 AU))1.17. The exact value of this
flaring exponent is not well constrained.

This parametric model also includes the effect of dust
trapping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the opacity
in the H band is driven by particles well below the sizes required
for efficient aerodynamic coupling, and so the effects of dust
trapping in the outer disk are not relevant to this report. The
runs detailed in Section 3 confirm that the outer disk is optically
thick at the H band and that the scattered light does not trace the
crescent shape seen in the submillimeter.

2.1.1. Emergent intensities

We use radmc3d3 for radiative transfer computations (ver-
sion 0.38; Dullemond et al. 2014). Scattering and polarization
for the last scattering are treated with scattering matrices for our
different dust species, each one with a power-law distribution in
grain sizes with an exponent of −3.5. To compute the full dust
opacity and scattering matrices, we made use of complementary
codes in RADMC3D and a code from Bohren & Huffman (1983)
for “Mie solutions” to scattering by homogeneous spheres. We
used the optical constant tables for amorphous carbon grains
from Li & Greenberg (1997), and for silicate grains we used
Henning & Mutschke (1997).

We implemented our model in RADMC3D using spherical
coordinates, with regular spacing for the azimuthal angle and
logarithmic spacing in radius and colatitude (polar coordinate).
Thus, the grid is naturally refined near the inner disk and the
midplane. The radial grid is additionally refined as it approaches
the inner wall of the outer disk (near 140 AU) to ensure a gradual
transition from the optically thin gap to the optically thick outer
disk. We used 106 cells in total, half of them covering the inner
disk and gap and the rest sampling the outer disk. The number
of points in the radial, azimuthal, and polar grid meshes is
100 each.

As proposed by Fujiwara et al. (2006), the eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular line extensions into the outer disk
(Christiaens et al. 2014). Hence, we calculated the synthetic H-
band images by inclining the system at 24◦ with respect to the
plane of the sky,4 along a position angle (P.A.) of −20◦.

3. RESULTS

In order to constrain the P.A. of the inner disk and α, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Figure 2,
we summarize the radiative transfer predictions of five different
configurations. P.A.s much different from −8 are ruled out, as
even a P.A. of 0◦ (see Figure 2(e)) displaces the southern shadow

3 http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
4 The outer disk defines the plane of the system.
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Figure 2. Impact of the inner disk orientation on the H-band light scattered off the outer disk. (a) NACO-PDI H-band image from Avenhaus et al. (2014) compared
with the C18O(2–1) emission at systemic velocity from Perez et al. (2014). The C18O(2–1) emission, represented here as one white contour at 0.75 maximum, shows
that the position angle (P.A.) of the outer disk is at −20◦ east of north, and perpendicular to the solid gray double arrow, while the position angle of the intensity nulls
is indicated by the dashed double arrow (−8◦). (b)–(f) Radiative transfer prediction for polarized intensity in the H band for different inner disk P.A.s (indicated in
degrees on the plots) and for different relative inclinations α between the inner and the outer disks. The x− and y−axes indicate offset along R.A. and decl., in arcsec.

so that it is inconsistent with the observations. In parallel, for low
and negative α, the inclination and orientation of the shadows
do not fit the shape of the nulls (see Figures 2(c) and (f)). A
qualitative match with the observations is obtained with an inner
disk inclined at α = 70◦ relative to the outer disk, and along a
P.A. of −8◦ (Figure 2(b)). We can rule out configurations with
P.A.s beyond 10◦ of −8◦ so that the 1σ error bar is about 5◦.
Likewise, the relative inclination is constrained within 60◦–80◦

so that the 1σ error is also ∼5◦.
An inner disk orientation along a P.A. of ∼60◦ has been

proposed by Pontoppidan et al. (2011) based on the long-
slit spectroscopy of the CO 4.67 µm line along with a purely
Keplerian disk model. However, as illustrated in Figure 2(d),
such an orientation can be discarded from the H-band imaging.
It is possible that non-Keplerian kinematics may have biased
the orientation inferred from the ro-vibrational CO.

It is interesting that our models predict a peak H -band
intensity at the same position as in the observations, at ∼1.5 hr
(north–northwest). However, the second peak in the PDI image
to the northeast does not coincide with our radiative transfer
predictions. This can be due to an effect of fine structure in the
outer disk, or to deviations from a perfect ring, or to the stellar
offset from the center of the cavity. These details are beyond the
scope of our model.

The width of the shadows in the outer disk is dominated by
the scale height of the inner disk, as it covers a wider solid
angle of the star. A more detailed study could lead to a better
constraint on the aspect ratio and flaring of the inner disk.

4. DISCUSSION

Warped disks are found in varied astrophysical contexts.
Galactic warps may be due to a misalignement between a
galaxy’s angular momentum and its surrounding dark matter
halo (Binney 1992) or by tidal encounters with nearby galaxies

(Hunter & Toomre 1969). Christiaens et al. (2014) propose that
the two-armed spirals in the outer disk of HD 142527 might be
indicative of a recent close stellar encounter (see also Quillen
et al. 2005). Although a flyby could also explain the tilt between
the inner and outer disks, no partner for such a stellar encounter
has been identified.

In the prototypical T-Tauri disk TW Hya, Rosenfeld et al.
(2012) proposed a warp to understand the sinusoidal (m = 1)
azimuthal modulation seen in Hubble Space Telescope images,
as well as features of the CO gas kinematics of the innermost
regions. They found that a standard Keplerian disk model
was unable to account for the CO line wings and spatially
resolved emission near the central star and explored three
possible interpretations to account for the observed kinematics:
(1) scaling up the temperature by a factor of three inside the
cavity, (2) allowing super-Keplerian tangential velocities near
the star, and (3) invoking a warped disk model in which the
line-of-sight disk inclination increases toward the star.

Dynamical interaction between circumstellar disks and
(proto)planets or sub-stellar companions may lead to warps
(Mouillet et al. 1997). In the β Pictoris debris disk, the in-
ner disk warp may have been dynamically induced by β Pic b
(Dawson et al. 2011), whose orbit is found to be aligned with
the inclined warped component (Lagrange et al. 2012; Chauvin
et al. 2012).

A warped inner disk in HD 142527 bears consequences on the
physical conditions in the outer disk. The shadowed regions in
the outer disk behind and along the inner disk midplane can be
diagnosed in terms of temperature decrements in sub-millimeter
continuum imaging (S. Casassus 2015b, in preparation). There
are other interesting consequences on the dynamics of the
system. A question arises as to the origin of this warped disk,
which is probably driven by the low-mass companion (Biller
et al. 2012; Rodigas et al. 2014; Close et al. 2014), although it
could also be linked with the disk–envelope interaction leading

3



HD 142527: temperature drop under the shadows

Cycle 2 continuum observations of HD 142527

Figure 10: Top:) Grey-body diagnostics inferred from b4, b6, b7 and b9. Middle:) example
SEDs at selected locations. Bottom: predictions at ATCA frequencies.
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Cycle 2 continuum observations of HD 142527

Figure 8: Multi-frequency continuum in HD 142527, including b9. a) RGB image of the multi-
frequency continuum degraded to the resolution of band 4 (0.36600 ⇥ 0.29200 ), with band 4 in red,
band 6 in green, and band 9 in blue, all in a linear stretch. b: Band 4 continuum at 138 GHz, units
are in Jy beam�1 with a beam of (0.36600 ⇥ 0.29200 ). The contours are chosen at fractions of the
peak intensity of 0.5, 0.75 and 0.9. c: Band 6 continuum at 232 GHz (beam of 0.23900 ⇥ 0.17700 ),
and with contours as in Fig. 1b). d: Band 7 continuum at 277 GHz (beam of 0.20800 ⇥ 0.16900 ,
and contours as in Fig. 1b). e: Band 9 continuum.

Figure 9: Top:) Grey-body diagnostics inferred from b4, b6, b7 and b9, keeping beta fixed Bot-

tom:) example SEDs at selected locations
.

8

~30% drop in T 
(Casassus+ 2015a). 



• Resolved gas-rich cavities ➪  interesting kinematics (Casassus+ 2015b). 
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Figure 7. Comparison of observed and model CO(6-5) kinematics in the central regions of HD 142527. The origin of coordinates is set to
the stellar position. Velocity-integrated intensity in CO(6-5) is shown in grey scale. The colored contours for vlsr have constant interval and
are spread over [0.21, 7.87] km s�1 (as in Fig. 1). a): Observed moment maps extracted on the MEM datacubes. b): moments extracted on
the radiative transfer prediction, after smoothing to the resolution of the MEM datacubes. c): same as b) but in native model resolutions,
without smoothing. Regions without contours near the origin correspond to higher velocities. d): same as b) but with a slow velocity
component perpendicular to the disk plane (vwarp in the text).

dubbed disk tearing (Nixon et al. 2013; Nealon et al.
2015; Doğan et al. 2015), where nodal precession torques
induced by the binary produce a warp at the inner edge
of the disk. If the disk is unable to communicate the
warp e�ciently, then the disk will e↵ectively break at
some radius Rbreak. Annuli of gas then begin to tear
o↵ of the inner edge and can precess freely, undergo-
ing self-interaction and angular momentum cancellation
causing a subsequent infall of gas driving very high ac-
cretion rates (Nixon et al. 2012).
To date this process has primarily been studied in the

thin-disk regime appropriate for black hole accretion,
where the dimensionless viscosity parameter is larger
than the disk aspect ratio, i.e. ↵ > H/R (Nixon et al.
2012, 2013). Nevertheless it has also been shown to work
in the thick-disk regime where ↵ < H/R (Nealon et al.
2015), which is more likely to hold true for circumstellar
disks like HD 142527.
It is possible to estimate a value for the radius Rbreak

at which disk tearing will occur (see Eq. A3 of Nixon
et al. 2013) using the parameters of the disk and binary.
With appropriate values for HD 142527, we expect that
the disk could break at Rbreak ⇠ a, where a is the binary
semimajor axis. However, Nealon et al. (2015) found a
consistent o↵set between the estimated minimum value
and the true breaking radius in a series of SPH simu-
lations, by a factor of 2–3. Estimates of a ⇠ 15 AU
are therefore entirely consistent with a breaking radius
of 30 AU, as demanded by our model. However, as this
is likely very sensitive to the parameters of the system a
more quantitative comparison of this scenario with the
observed data is out of the scope of this paper, requiring
the development of targeted numerical simulations.
We also note that while this scenario seems to ade-

quately explain both the inner warp and the free-falling
velocities, it does not explain the presence of the ⇠
130 AU cavity in the system. This should not be sur-
prising, given the large di↵erence in scale between the
warp and the cavity (and therefore di↵erent timescales
associated with physical processes at these radii), but
means that the model is not yet a complete description
of the system.

4.4. Long term Kozai oscilations and the large cavity

The dynamical influence of the low-mass companion on
its current orbit will not extend out to the 100 AU scale
needed to explain the large extent of the cavity. It is
possible, however, that its orbit may have changed over
time. The highly inclined orbit of the companion relative
to that of the massive outer disk could trigger Kozai os-
cillations (Teyssandier et al. 2013), with a period of the
order of 105 yr if the outer disk has a mass of 0.1 M�.
A Kozai cycle would result in (damped) oscillations be-
tween the current inclined circular orbit, and a highly
eccentric coplanar orbit which would perturb the disk
out to greater radii. Numerical simulations are needed
to determine if such a cycle is possible in HD 142527.

4.5. Non-axial symmetry in the cavity. Signature of

obscured planets?

Observationally we cannot test directly for past copla-
nar eccentric orbits, as in the Kozai oscilations, but we
can instead look for other mechanisms that could account
for the clearing, such as additional bodies at ⇠100 AU.
Stringent limits are available (Casassus et al. 2013c),
⇠4 Mjup bodies should have been detected unless they
are obscured.
An interesting feature of the Cycle 0 HCO+(4-3) data

is the faint filament crossing the cavity to the East, at
low velocites, with perhaps another filament to the West
(see Fig. 8 for a summary, Casassus et al. 2013c). It is
tempting to associate these HCO+ features with planet-
induced accretion flows, i.e. gaseous streamers due to ob-
scured protoplanets inside the cavity, that feed the faster
flows at the disk breaking radius. As the critical density
for the excitation of HCO+(4-3) is nH2 ⇠ 106 cm�3, and
higher than the CO(3-2) critical density of ⇠ 103 cm�3,
in the streamer interpretation the HCO+ filaments and
high-velocity flows would trace the densest regions of the
general accretion flow across the gap, which is also re-
flected in the ‘twisted’ CO kinematics. If the free-falling
accretion is initially fed by planet accretion at ⇠ 100AU,
there should be corresponding azimuthal modulations of
the H2 density field. Perhaps this is reflected in the struc-
ture of the faint, low-velocity HCO+(4-3) inside the cav-
ity.
An alternative to azimuthal modulations of the H2 den-

sity field in the cavity, is that only the abundance of
HCO+ is modulated. The tilted inner disk is shadow-

Intra-cavity kinematics 7

Figure 5. Radial cuts for the surface density profiles (red) and
magnitude of the radial velocity component (blue). The CO abun-
dance is modulated with a Gaussian taper inside 30 AU, to account
for photo-dissociation.

Figure 6. Intensity maps (moments 0) extracted from the
RADMC3D predictions, after smoothing to the resolution of the
deconvolved CO(6-5) datacubes.

the cavity ‘twist’ with the inner disk, corresponding to
the loci of bluest and redest velocities in Fig. 7 b. These
ridges are missing in the model without vwarp (Fig. 7d).

4. DISCUSSION

4.1. Ro-vibrational CO

The CRIRES observations by Pontoppidan et al.
(2011) assign bright rovib CO to an inner disk, with
similar inclination as the outer disk but o↵set in PA, at
61± 3� - so within uncertainties coincident with the di-
rection of the high-velocity HCO+. The total line-widths
in CO(v=1-0) at 4.67µm, at zero-intensity, are close to

⇠40 km s�1 (Pontoppidan et al. 2011). With a spectroas-
trometric o↵set of only 0.2 AU, CO(v=1-0) is either fairly
uniform or else confined to the central few milli-arcsec.
We check the astrometric signal of a modified version

of our disk model and find it to be in agreement with the
spectro-astrometric CRIRES observations. We take the
predicted CO(6-5) emission and transform the intensity
with an 1/r↵ mask to mimic the CO ro-vibrational emis-
sion, which traces higher temperatures and emits closer
to the star compared to the CO rotational lines. We
manually add continuum emission scaled to reproduce a
line to continuum ratio of 1.1, as in the observed rovibra-
tional CO, and convolve with a 0.192” FWHM Gaussian
to mimic the PSF of the AO-assisted CRIRES observa-
tions. After superimposing a 0.2” arcsecond wide slit
positioned at 150 degrees, we recover a line profile and
spectro-astrometric signal similar in shape and magni-
tude to that reported by Pontoppidan et al. (2011) when
using ↵ ⇠ 2.5.

4.2. What about an outflow?

The orientation of the disk is well known. As explained
in Secs. 1 and Sec. 3.1, the shadows seen in scattered
light imply that the inclination of the outer disk is such
that the far side lies to the East. The Eastern side being
brighter in the mid-IR is also in support of this orienta-
tion (Fujiwara et al. 2006). In addition several near-IR
spirals have been found that are all consistently trailing
(Fukagawa et al. 2006b; Casassus et al. 2012; Canovas
et al. 2013; Avenhaus et al. 2014), even in their radio
extensions into the outer disk (Christiaens et al. 2014).
Given this orientation, we can rule out an outflowing
disk wind: the velocity component orthogonal to the disk
would broaden the lines and preserve reflection symme-
try about the outer disk PA, while the radial component
in the plane of the disk would twist the kinematics in the
opposite direction than observed.

4.3. Origin of the free-falling velocities

The radial velocity in a warped viscous disk is pre-
dicted to be greater than in a flat disk (Pringle 1992), but
is not expected to exceed the sound speed cs = (h/r)vK .
Supersonic disk inflow is in principle possible in re-
gions of the disk that lose angular momentum rapidly
through a magnetized wind, rather than via internal vis-
cous transport, though whether this can occur without
equally rapid mass loss (for which there is no evidence
in HD 142527) is not clear. Alternatively, the free-fall
velocity signal could be a consequence of strong dynam-
ical perturbations. If the low-mass companion detected
in the system (Biller et al. 2012; Close et al. 2014) is mis-
aligned to the outer disk in the same way as the inner
disk, which is known to be inclined by 70� (Marino et al.
2015), then an observable dynamical impact is highly
likely. The alignment of the companion in the plane of
the inner disk seems a natural way to explain the incli-
nation of the inner disk itself. Miranda & Lai (2015)
have recently shown that large o↵sets between the or-
bital planes of circumprimary disks and the plane of the
binary can be stable for several Myrs, longer than the
expected lifetime of the disk.
It has been shown recently that such strongly mis-

aligned binary-disk systems can undergo a process

with r 130 AUg2 = , and where f = 1.1 is a factor to avoid
divergence at rg2, and

v GM
r f r

2
1 1

.
g

ff
2

⎛
⎝⎜

⎞
⎠⎟�= ´ -

We use a stellar accretion rate of dM dt M10 7
� = -

: (Garcia
Lopez et al. 2006). The stellar mass is set at M1.8 :; higher
masses produce higher velocities inside the cavity than
observed.

The orientation of the disk is parametrized in spherical
coordinates, where the vertical axis ẑ ¢ is the normal to the local
disk plane, and where the origin of azimuth f¢ is the local line
of nodes (i.e., the disk PA as a function r). The azimuthal
velocity vf¢ is set to Keplerian rotation v vK=f¢ , except in
regions where v 0r∣ ∣ > , where we assumed that the specific
energy density was close to 0, so that v v vrff

2 2= -f
(neglecting the internal energy).

In the warp itself, between r _ 20 AUorient in = and
r _ 23 AUorient out = , material continuously connects both orien-
tations. We investigated a range of values for the vertical
velocity component in the warp and obtained a closer match to

the observations with relatively fast velocities, v vwarp= =q¢

v sinK ( )f¢ (see Section 3.2.2).
The temperature profile we adopted is T 70 K= if

r 30 AU< , or

T r
r

r70
30AU

K, if 30 AU, 2
0.5
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⎝

⎞
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which allows us to approximately reproduce the CO(6–5) line
profile. Equation (2) is probably not the best representation of
the actual CO temperature field. It could be improved by
adding structure, especially in the outer disk, where the gas
temperatures probably flatten out. Equation (2) results in gas
temperatures slightly lower than the dust temperatures in the
outer disk, which leads to negatives in continuum-subtracted
data. These absorption features appear to be necessary to
account for the decrements seen in the molecular-line in the
outer disk, and which are discussed in a companion paper
(Casassus et al. 2015, see also Section 3.2.1). These
temperatures are also well below the dust temperatures in the
closer-in regions. If we impose thermal equilibrium between
both solid and gas phases, the predicted flux densities soar an
order of magnitude above the observations.
Close to the star, CO is probably photodissociated. The line

intensity of CO(6–5) appears to display a decrement inside
0 2, which we accounted for with a Gaussian taper of the gas
abundance inside 30 AU, with a 1s width of 5 AU.

3.2. Radiative Transfer Predictions

3.2.1. Adopted Abundance Fields and Depth of the Cavity

We adopted a nominal H2/
12CO ratio X 10CO

4= - , and the
following molecular abundances relative to H2 (no selective
photodissociation was required). For 13CO, we used the ISM
isotopic abundance for 12C/13C of 76 (Stahl et al. 2008),

Figure 5. Illustration of the key elements of the parametric model that we
propose to explain the CO(6–5) velocity field in HD 142527. The crescent in
hues of red and purple represents the distribution of millimeter-sized grains.
The solid arrows trace the velocity field. Inside the warp that connects the two
disk inclination, material flows along the dashed and curved arrows.

Figure 6. Radial cuts for the surface density profiles (red) and magnitude of the
radial velocity component (blue). The CO abundance is modulated with a
Gaussian taper inside 30 AU, to account for photodissociation.

Figure 7. Intensity maps (moments 0) extracted from the RADMC3D
predictions, after smoothing to the resolution of the deconvolved CO(6–5)
datacubes.
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inclination relative to the plane of the sky is i 133. 3~ n , so that
the eastern side is near, while east is far for the outer disk.11

The inner disk probably contains the orbit of the low-mass
companion reported by Biller et al. (2012) and Close
et al. (2014).

Radial cuts illustrating our choice of velocity and surface
density profiles are shown in Figure 6 inside the cavity. We
caution that this parametric model is meant to help the
interpretation of the data, and is not derived from a systematic
search in parameter space. It is not a dynamically consistent
model. Along with the warp, we also add a radial velocity
component that accounts for accretion. We connect zero
accretion at ∼140 AU to free-fall at 30 AU, with a cubic
profile. The free fall halts at 23.3 AU. The tilted inner disk is
assumed to be in pure Keplerian rotation, so that inside 20 AU

we set zero accretion (a build-up of accreted mass onto the
inner disk could then trickle to feed pole-on stellar accretion).
The total surface density profile in the gap follows from the
assumption of steady-state accretion:

r
dM
dt

rv2 ,r( )( ) � pS =

as a function of spherical polar radius r, where vr is the radial
velocity component,

v r r r
v v r r r
v v r r r

v v
f r r

f r r
r r
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0.1 if , with 23.3 AU, or
0.9 if , with 30 AU, or
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r g g

r

r

r
g
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g
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ff stop stop
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2

2 1

3
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⎣
⎢⎢
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Figure 4. Moment maps in HCO+(4-3) and CO(3-2). For each species, we plot both restored images (labeled rest.) and the corresponding deconvolved models
(labeled MEM). Columns correspond to spectral moments, from left to right we show: intensity (see Appendix B.2), specific intensity peak, Gaussian velocity centroid,
and Gaussian 1σ velocity width.

11 In other words, the parallactic angle of the normal to the disks is rotated
by 168°.
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Disk breaking in HD142527?
• Only 1 case of resolved cavity kinematics: HD142527 ➪ 

clear case for fast accretion (at free-fall) through an 
abrupt warp.  

• Disk breaking by a tilted companion?
HD142527B orbit 
Lacour+ 2016

• HD142527B: mass 
ratio ~0.1 (Close+ 
2014, Christiaens+ 
2018)

S. Lacour et al.: An M-dwarf star in the transition disk of Herbig HD 142527

Fig. 6. Likely orbits for HD142527B from MCMC simulation.
The red and blue curves correspond to maximum likelihood
parameters. The gray curves indicate possible solutions from
the MCMC computations. The SAM observation indicate black
squares. The green lozenge corresponds to a MagAO observa-
tion reported by Rodigas et al. (2014).

was mostly una↵ected by the circumsecondary emission (to the
10% level).

If we assume that the NIR emission is caused by a circum-
secondary environment, we can focus on the shorter wavelength
observations (R and J band observations) to determine the pa-
rameters of the star. The result is that HD142527B is a fairly
standard young low-mass star that matches standard evolution
mechanisms. However, at least according to the Bara↵e et al.
(2015) models, this last statement is only valid if we assume an
age of 1.0+1.0

�0.75 Myr.

6.2. Age of the system

If we increase the age of the system to 5 Myr (according to
Mendigutı́a et al. 2014), then the colors of the companion start to
disagree with its absolute magnitudes. To reconcile a more ad-
vanced age with our observations, we would have to increase the
apparent magnitude (make the star fainter). For the magnitudes
to agree in the HR diagrams of Fig. 4 with an age of 5±1.5 Myr,
we would have to add 1.0 and 1.5 mag to the R and J band mag-
nitudes, respectively. That would put the target at 70 pc, which is
not compatible with the distance estimated in Section 3.1. Dust
absorption would only decrease the absolute magnitude, giving
an opposite e↵ect.

Although previous episodes of intense accretion can change
the structure and thus the position of a young object in a
magnitude-temperature diagram, it seems di�cult to invoke ac-
cretion e↵ects to get an age of 5 Myr, instead of 1 Myr, for the
observed luminosity of the low-mass companion. As discussed
in Bara↵e et al. (2009, 2012), cold accretion would have the op-
posite e↵ect. The only, very unlikely possibility, would be for
the low-mass star to have had a previous episode of intense hot
accretion that would increase its luminosity and radius. The ob-
ject would thus look younger than its nonaccreting counterpart.
This accretion episode, however, should be recent. Otherwise,
the object would have time to contract back to a size compatible
with the models.
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Fig. 8. Possible apocenter distance of the companion vs. its
inclination relative to the outer disk plane. The shaded region
shows allowed orbits and the dashed lines indicate the 1� er-
rors on this region. The thick red line is the inner edge of the
outer disk, showing that the companion cannot have an apocen-
ter close to this edge and simultaneously orbit in the same plane
as the disk. The black area in the lower right of the allowed re-
gion shows orbits lying within 5 degrees of the inner disk plane.

The age estimations of HD142527 A&B rely on evolutionary
models that have their own intrinsic source of errors. It has been
shown that these uncertainties can be well above a few million
years (Soderblom et al. 2014). Especially, it has been shown that
the ages of intermediate-mass stars tend to disagree with the ages
of the T Tauri stars in same clusters (Hartmann 2003).

This system thus seems to confirm the existence of a dis-
agreement between ages derived from low-mass star models and
those from intermediate-mass star models. Since the source of
uncertainties in the physics and modeling of these two families
of objects is di↵erent, more e↵orts and more of those systems
are needed to determine whether the remaining uncertainties are
inherent to the former or the latter models (or to both)

6.3. Interaction with the circumprimary and circumbinary
disks

The orbital elements of the binary system are not in agreement
with the orientation and inclination of the outer disk, but they are
in agreement with the parameters of the inner disk derived by
Marino et al. (2015) and Casassus et al. (2015a): an inclination
of 140 degrees with respect to the sky plane (70 degrees with
respect to the outer disk) and a PA of the ascending node at -3
degrees. It is therefore likely that the kinematics of the inner disk
are linked to the kinematics of HD142527B.

The remaining question concerns the gap. Is the inner edge
of the outer disk truncated by the companion? If there are orbital
solutions that place the companion in the outer disk plane with
its apocenter located close to the inner edge of the disk, then
the companion may have an ongoing role in sculpting the disk.
Figure 8 shows the apocenter distance of the companion versus
its inclination to the outer disk plane for all possible orbital solu-
tions. We assumed the outer disk is circular with an inner edge at
90 AU, an inclination of 28 degrees to the sky, and a major axis
position angle of 160 degrees (Verhoe↵ et al. 2011; Perez et al.
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PHANTOM simulation

  (Price+ 2018)

Circumbinary dynamics in the HD142527 disc 11

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.

Figure 7 shows the dust column density in these two simula-
tions (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 are consistent with the observations. We
find that the 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 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. Figure 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”). In hind-
sight this is not surprising, since the peak emission in wavelength
is roughtly 2⇡ times the grain size.

Using grains ten times smaller produces slower migration to
the cavity edge and, as a result, a more radially extended dust dis-
tribution (right panel of Figure 7). The asymmetry driven by the
binary in the gas produces a horseshoe remarkably similar to the
observed mm horseshoe. Figure 8 makes the direct comparison.
The predicted continuum emission is shown in red in Figure 11.

The main disagreement between the simulations and observa-
tions concerns the prominent dip seen in the mm-horseshoe at a po-
sition angle of ⇠ 10� (top right). Caution is required in making this
comparison since our visualisation shown in Figure 8 assumes op-
tically 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 tem-
perature. This is interesting, because a temperature decrement is
indeed observed at this position angle 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. More-
over, 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 asymme-
tries in HD142527 without recourse to vortices or additional com-
panions; 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, Figure 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 ob-
servations 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 be-
tween 0.5 and 1” from the central source, as seen in the observa-
tions.

The main source of disagreement is that we do not reproduce
the two dips in emission at the position angles 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
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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 occur naturally in the
models caused by the streamers which penetrate the cavity.

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 two).

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 Figure 2 explain the fast radial flows?
Figure 10 shows the radial velocity of the SPH particles, binned as
a function of radial distance from the centre of mass (red line), com-
pared to the model used to fit the kinematic data by Casassus et al.
(2015b) (blue line). Inflow speeds can be seen to reach 10 km/s 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 orig-
inate in the streams of material that feed the inner disc.

4.8 Gap-crossing filaments

One of the great mysteries in HD142527 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. Figure 11 compares the pre-
dicted HCO+ J=4–3 emission from our simulations (right panel) to
the corresponding figure from Casassus et al. (2015a) (left panel).
As in the observational figure, we show our predicted continuum
map for the mm grains (extrapolated from our ”medium grains”
dust simulation) in red, with the predicted HCO+ emission in se-
lected velocity channels in green and the predicted 12CO emission
in blue.

Our predicted HCO+ emission shows a thin, faint filament
crossing the cavity (right panel), remarkably similar to what is ob-
served (left panel). This suggests that this feature is indeed of phys-
ical origin, originating in the streams of material that feed the cir-
cumprimary disc across the cavity. This serves as further confir-
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t=2358 yrs

100 au

Figure 6. Shadows. Column density in the R1 orbit simulated with initial Rin = 50au after 20 orbits at the observed orbital phase (right), showing the
orientation of the (transient) circumprimary disc, compared to the scattered light (600-900nm) ZIMPOL polarisation image (left; taken from Figure 1 of
Avenhaus et al. (2017) ©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).

0 0.02 0.04
dust column density [g/cm2]

R2 + large dust

0 5×10-3 0.01 0.015 0.02
dust column density [g/cm2]

R2 + medium dust

Figure 7. Dust. Dust column density in dust-gas simulations using orbit R2 with mm grains (left panel) and 100µm-sized grains (right 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 ten
(right panel) produces a more radially extended dust structure.

4.4 Shadows

Figure 2 shows the formation of transient circumprimary discs in
the Rin = 50 au calculations during the first 20 orbits, caused by
the clearing of the inner disc material. The orientation of these inner
discs are highly sensitive to the orbit of the companion. For exam-
ple, the circumprimary disc in calculation B3 is formed with major
axis aligned east-west in our images (i.e. horizontal in Figure 2) ,
while orbits R1 and R2 produce a disc aligned north-south (i.e. ver-

tical in Figure 2) — a second piece of evidence favouring the red
orbit family. Caution is required, however, since the inner disc pre-
cesses with time, though on a timescale longer than our simulations
(⇠ 0.5Myr; 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 (Figure 5; this mainly indi-
cates 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).

MNRAS 000, 1–16 (2017)

Disk breaking in HD142527?
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Another 70deg warp:  HD 100453

• Illumination effects in 
HD100453 (SPHERE 
1.04um, Wagner+ 2015, 
Casassus 2016)

Figure 2. PSF-subtracted Y-, J-, and H-band IFS images of HD 100453, verifying the detection of the spiral disk in each band.

Figure 3. (Top row) Azimuthal brightness of the ring, taken at half-degree increments and smoothed by a running boxcar. (Bottom row) Surface rightness profile in
the spiral arms, with the K1 IRDIS image overlaid to show the apertures used to extract the surface brightness. Each image is normalized independently.

3
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Fig. 5. overlay of the SPHERE + ALMA data for HD 100453 (top two
panels). Note the increase in submm emission outside the shadows (are
they?) visible in the SPHERE image. Also, the continuum disk extents
farther out (thus, the SPHERE image doesn’t show the back side of the
disk as suggested in Benesty+2016?), and there is about 1 mJy of emis-
sion in the gap at the stellar position (is that the inner disk casting the
shadows?). The bottom two panels show the moment 1 maps for the
12CO (left) and 13CO (right) J=2-1 emission lines, with the approx-
imate location of the M-dwarf companion noted in the lower left (at
1.0500and 132 degrees).

7. HD 100453

Great stu↵ here. In the continuum image comparison with
SPHERE shows a very interesting feature outside the shadowed
parts (Figure 5) where the emission actually shows an increase. I
didn’t expect this since naively the part of the disk in the shadow
would be cooler and hence less bright. The companion at PA =
13200and separation = 1.0500is located just outside the 3� 12CO
emission, and thus could actually be bound and be orbiting in the
same plane as the disk. orbital direction is counter-clockwise,
which opens the possibility that the deformed velocity field
at the NE side of the disk might be due to interaction of the
companion with the disk.

I made a first attempt at modeling the continuum emission
in the uv plane using simple shapes (following the same
methodology in the HD 34282 paper). This is shown in Figure
6. Note that my use of sharp edges for the disk models leaves a
clear imprint in the residuals. Also, we appear to pick up on one
spiral arm but not the other (??), and also, the decrement behind
the shadows is almost gone.

See Figure 7 for the gas summary for the 12CO, Figure 8 for
the gas summary for the 13CO, and Figure 9 for the gas summary
for the C18O emission lines.
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Fig. 1. R
0 (top), I

0 (middle), and J band (bottom) polarized intensity images Q� (left) and U� (right) images. In the optical images, the inner bright
region corresponds to saturated pixels inside our IWA. In the NIR images, the inner dark region is masked by the coronagraph. The color scale of
the Q� and U� are the same, and arbitrary. For all images, East is pointing towards left.

allows to decrease the e↵ect of instrumental polarization, was set
to four positions shifted by 22.5� in order to construct a set of lin-
ear Stokes vectors. The data is reduced according to the double
di↵erence method (Kuhn et al. 2001), which is described in de-
tail for the polarimetric modes of IRDIS and ZIMPOL in de Boer
et al. (2016), and lead to the Stokes parameters Q and U. Un-
der the assumption of single scattering, the scattered light from
a circumstellar disk is expected to be linearly polarized in the
azimuthal direction. Hence, we describe the polarization vector
field in polar rather than Cartesian coordinates (Avenhaus et al.

2014) and define the polar-coordinate Stokes parameters Q�, U�

as:

Q� = +Q cos(2�) + U sin(2�) (1)

U� = �Q sin(2�) + U cos(2�), (2)
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Another 70deg warp:  HD 100453
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the system is not seen face-on. Deriving the geometric parame-
ters of the inner disk, needs to properly take these aspect into
account.

In section 2 of this letter, we derive analytical formulas for
the location of the shadow lanes cast by a highly misaligned in-
ner disk onto the surface of a geometrically thick outer disk. In
section 3 we demonstrate how the equations can be applied to the
shadows seen in HD 100453 and compare the derived geometry
with values obtained for the innermost hot disk regions through
near-IR interferometry. In particular we show that, in contrast to
claims by Long et al. (2017), the geometric parameters derived
for HD 100453 in Benisty et al. (2017), are correct.

2. Analytic equations for shadow locations

We define the coordinate system where we put the positive
x�axis towards the North, the positive y�axis towards the East,
and the positive z�axis towards the observer. The normal vector
of the inner disk, n̂1, and outer disk, n̂2 have to be rotated ac-
cording to their respective inclination and position angles, ✓1,2
and �1,2. We rotate the vectors along the x-axis for inclination
with the rotation matrix

R✓ =

2
6666666664

1 0 0
0 cos(✓) sin(✓)
0 � sin(✓) cos(✓)

3
7777777775
, (1)

and after that for the position angle along the z-axis with the
matrix

R� =

2
6666666664

cos(�) � sin(�) 0
sin(�) cos(�) 0

0 0 1

3
7777777775
. (2)

This gives for the normal vectors of the rotated disks:

n̂ =

2
6666666664

� sin(✓) sin(�)
sin(✓) cos(�)

cos(✓)

3
7777777775
. (3)

These two normal vectors define the planes of the two disks. We
assume for the remainder that the inner disk is very thin, and
the shadows are cast on the scattering surface of the outer disk
which is lifted a distance h above the midplane. Note that the
scattering surface is the height in the disk where the radiation
hits an optical depth ⌧ = 1. This is not to be confused with the
scaleheight of the disk, H, which is usually significantly lower.

The misalignment of the disks, �✓, is simply given by the
angle between the normal vectors

�✓ = cos�1 [n̂1 · n̂2] (4)
= cos�1 ⇥

sin(✓1) sin(✓2) cos(�1 � �2) + cos(✓1) cos(✓2)
⇤
.

The angle between the shadows as measured in the plane of the
outer disk is

! = 2 tan�1

s
tan2(�✓)
(h/R)2 � 1. (5)

For a cartoon raytracing of the geometry see Fig. 1. This im-
age was generated with the 3D version of the radiative trans-
fer code MCMax (Min et al. 2009) using the special ’cartoon-
mode’. In this mode the density distribution of the disk has a
hard-edge surface instead of an exponential vertical density pro-
file. This makes it much easier to visualise the geometry of the

Fig. 1. Cartoon representation of the shadows cast on the outer disk of
a transitional disk by a misaligned inner disk. For the purpose of clarity
the inner disk is blown up significantly to be able to better visualise the
geometry. Indicated are the ellipses of the inner and outer disks showing
their position angles. Also indicated by the blue line is the connecting
line between the shadows.

disks. As a basis we use the model created for the Herbig star
HD 100453 presented in Benisty et al. (2017). We removed the
spiral arms from this model and increased the size of the inner
disk to make it clearly visible in the cartoon image. Note that
the shadow in this cartoon representation shows the shadow on
the East side as a hook due to the fact that we can see the spa-
tially resolved shadow directly on the vertical wall. On the West
side we see the shadow only on the surface of the disk due to
the geometry of the system. In an observation with finite spatial
resolution we expect the shadow on the surface to dominate on
both sides.

2.1. Position angle of the line connecting the shadows

The intersection line of the two planes of the two disks defines
the position angle of the line connecting the two shadows. Note
that the position angle of the line connecting the shadows is in-
dependent of the height of the outer disk. The intersecting line
of two planes need to be parallel to both normal vectors and thus
is defined by a = n̂1 ⇥ n̂2.

a =

2
6666666664

sin(✓1) cos(✓2) cos(�1) � cos(✓1) sin(✓2) cos(�2)
sin(✓1) cos(✓2) sin(�1) � cos(✓1) sin(✓2) sin(�2)

sin(✓1) sin(✓2) sin(�2 � �1)

3
7777777775
. (6)

The position angle of the shadows, ↵, is given by:

↵ = tan�1
 

ay

ax

!
(7)

= tan�1
 

sin(✓1) cos(✓2) sin(�1) � cos(✓1) sin(✓2) sin(�2)
sin(✓1) cos(✓2) cos(�1) � cos(✓1) sin(✓2) cos(�2)

!

This simplifies to ↵ = �1 in the case that the outer disk is face on
(i.e. ✓2 = 0) or when �1 = �2.
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Searching for illumination effects in TTauri 
stars with Differential Polarized Imaging 

• PDI + next generation cameras (Avenhaus+ 2018)



DoAr 44: a TTauri warp at 30deg

• mm-continuum: face-on cavity ~33au radius  
• SPHERE  DPI:  smaller ring with two-sided decrements 

The shadowed ring of DoAr44 5105

Figure 1. Polarized intensity in H band and deconvolved 336 GHz radio continuum from DoAr 44. x- and y-axis show offset from the stellar position in the
direction of RA and Dec., in arcsec. (a) H-band Qϕ image, with a resolution close to the diffraction limit of 49.5 mas. (b) 336 GHz continuum image of DoAr
44, deconvolved using our uvmem algorithm for an effective angular shown by the beam ellipse (0.17 arcsec × 0.13 arcsec, or about 1/3 the natural weights
clean beam). (c) The 336 GHz image in black contours and overlaid on Qϕ (H). The 336 GHz contours are linearly spaced at fractions of [0.5, 0.6, 0.7, 0.8,
0.9] times the peak intensity. We also show green contours for Qϕ (H) at [0.05,0.1,0.2,0.5] times the peak. The circular markers indicate the position of the
decrements along projected circles that best approximate the ring: in green for Qϕ , and in grey for the 336 GHz continuum. The stellar position is marked by a
yellow symbol. The semitransparent orange disc indicates the 0.1 arcsec radius, meant to illustrate the total radial extent of the coronagraph.

to be exploited. Perhaps most discs around small mass ratios bi-
naries (q∼ 0.01–0.1) could warp when the migrating companion
crosses the resonance between its precession period and that of
the inner circumprimary disc (Owen & Lai 2017). In any case,
thanks to accurate knowledge on disc structure and orientation,
the sharply warped systems represent an opportunity to understand
the physics underlying warped protoplanetary discs in general.
What is the response of circumstellar discs under the forcing of
an out-of-plane companion? What are the dynamical consequences
of shadows deep enough to cool the gas and reduce the pressure
locally? What can we learn about disc viscosity? These long stand-
ing questions in disc hydrodynamics (e.g. Papaloizou & Terquem
1995; Nixon, King & Price 2013; Montesinos et al. 2016; Facchini,
Juhász & Lodato 2018) require input from concrete observational
evidence.

The general goal of understanding the warp hydrodynamics, and
connections with the origin of TD cavities, motivates the present
analysis of a new sharply warped system, this time at T Tauri masses.
As part of our survey of Disks ARound T Tauri Stars with SPHERE
(DARTTS-S, PI: H. Avenhaus, see Section 2), here we report deep
decrements in the stellar infrared radiation that is reflected, and
polarized, on the outer ring of TD DoAr 44 (also called ROXs
44, see Fig. 1a). DoAr 44 is located in the L1688 dark cloud of
Ophiuchus (Andrews et al. 2011), so likely close to the distance
of +120.0+4.5

−4.2 pc derived for the Ophiuchus core by Loinard et al.
(2008). The ALMA continuum image (van der Marel et al. 2016)
shows a fairly face-on orientation (inclination of i = 20 deg), with
a smooth ring and shallow decrements that are strongly modulated
by convolution with the synthetic beam, and which we empha-
size here with super-resolution in non-parametric image synthe-
sis (Fig. 1b, Section 2). With radiative transfer predictions for the
SPHERE+IRDIS polarization images and for the 336 GHz contin-
uum images, we confirm that the decrements in polarized intensity
cannot be reproduced by radiative transfer effects alone at such
low inclinations. Instead, the data can be interpreted in terms of a
sharply tilted inner disc, in which part of the outer disc is directly
exposed to stellar light (Section 3). We discuss the observability of
the warped kinematics in the cavity of DoAr 44 (Section 4) before
summarizing our conclusions (Section 5).

2 O B S E RVAT I O N S

2.1 Instrumental setups

DoAr 44 was acquired using SPHERE+IRDIS as part of project
096.C-0523(A). The full data set is described in Avenhaus et al.
(2018). Here we report the DoAr 44 observations acquired in H
band, on 2016 March 15, with a total exposure time of ∼2560 s. The
data were reduced following as in Avenhaus et al. (2017) to produce
the Qϕ linear combination of the two orthogonal linear polarizations,
which represents an unbiased estimate of the polarized intensity
image. This Qϕ(H) image is shown in Figs 1(a) and (c), where
we also compare with a deconvolved image of the 336 GHz radio
continuum. Details on the radio image synthesis are provided in
Section A and Fig. A1.

While the continuum ring is fairly smooth and is approximately
a projected circle viewed close to face-on, the Qϕ(H) ring is divided
into bipolar arcs, separated by broad and deep intensity dips. In this
respect, the DoAr 44 decrements are reminiscent of the shadows
in HD 142527, which are best seen in near-IR imaging, with only
shallow counterparts in the continuum. On the other hand, their
coarse and broad shapes in DoAr 44 contrast with the finely drawn
inner disc silhouettes seen projected on the outer rings of HD 142527
and HD 100453. If due to a central warp, this difference could
reflect the coarser resolution, especially relative to the ring radius,
or it could represent a difference in warp geometry, with a shallower
inner disc tilt in DoAr 44.

2.2 Radio/IR alignment

The usage of additional frames for centring, with four bright spots
imposed by a waffle pattern on to the deformable mirror of SPHERE,
ensures that the SPHERE/IRDIS images are centred on the star to
within a fraction of a detector pixel (so within 12 mas). In turn, the
accuracy of the absolute astrometry of the ALMA data is usually
taken as ∼1/10 the synthetic beam, so in this case about 25 mas.

While at the time of writing a parallax for DoAr 44 is not yet
available, the HSOY catalogue (Altmann et al. 2017, based on a
preliminary GAIA release) provides astrometric data for DoAr 44
at epoch 2000: J2000 (16:31:33.4635, −24:27:37.222), extrapolated
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DoAr 44: a TTauri warp at 30deg

• DPI shadows correspond to mm-
continuum dips ⇨temperature 
decrements, as in HD142527.


• Shadow PA + stellar offset + angle 
between shadows  gives inner disk 
orientation ⇨ relative inclination 35±5deg.
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DoAr 44: how do the planes connect?

A large disk mass from the cooling timescale in the shadowed ring DoAr 44

Table 1: Position and contrast for the intensity decre-
ment in Q�(H) and in 330 GHz continuum.

1 h 6.5 h
Q�(H) 330 GHz Q�(H) 330 GHz

f
a
s 15% 64% 12% 73%
✓s

b -25.9 -31.4 167.6 157.8
r
c
s 0.120 0.258 0.121 0.325

a minimum intensity over peak along the ring
b PA of the Gaussian centroid for the shadows, in de-
grees East of North, as viewed on the sky
c stellocentric separation, on the sky in arcsec, of the
intersection between the projected and offset ring with
the direction ✓s.

3 Radiative transfer model

3.1 SED and stellar parameters

Fig. 3 and Table 2 summarise the available information
from the spectral energy distribution (SED).

3.2 Parametric model

The RT model follows from van der Marel et al.
(2016a). We initially implemented their parametriza-
tion for the dust, including two populations of grains
(small and large), and confirming their SED for a pla-
nar disk. However, by exposing the outer ring directly
to the star, an inner disk tilt boosts the far-IR flux den-
sities by a factor of 10. Additionally, the two step
function gas density profile proposed by van der Marel
et al. (2016a) results in a double concentric ring struc-
ture in optical/IR scattered light. We therefore pro-
ceeded to modify this parametric model for a flatter
outer ring, with lower scale height, and with a cubic
taper inside the cavity. Since the small grains inside
the cavity shield the outer ring, we required very lit-
tle settling to raise the temperature of the large grains
(i.e. with � = 0.8, see Eq. 2 below). Another modifi-
cation is that we used a Kurucz model (Kurucz, 1979;
Castelli et al., ????) atmosphere for the stellar spec-
trum, with Te↵ = 4750 K, log(g) = �4.0, dered-

F⌫ (mJy) � (µm)
USNOa 183, 262.7, 186.22, 0.43 , 0.54 , 0.47,

357.8, 450 0.62 , 0.75
2MASSb 583, 747.7, 765.5 1.23, 1.66, 2.16
IRACb 620, 540, 489, 673 3.6 , 4.5 , 5.8 , 8
WISEc 601.5, 582.9, 3.4 , 4.6 ,

778.4, 2055 12 , 22
MIPSb 1690, 2560 24 , 70

AKARId,e 1459, 3874, 3638 18 , 65 , 90
ALMAf 183.77 880
JCMTg 105 1300

a Zacharias et al. (2013) b Evans et al. (2014) c Cutri & et
al. (2012) d,e Ishihara et al. (2010); Yamamura et al. (2010)

f Andrews & Williams (2007) g van der Marel et al.
(2016a)

Table 2: Observed total flux densities in DoAr 44 .

Figure 3: Observed and model (solid line) spectral en-
ergy distribution for DoAr 44.
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A large disk mass from the cooling timescale in the shadowed ring DoAr 44

Figure 4: top: radial profile for the mass surface den-
sity ⌃(R), defined as a function of radius in cylindri-
cal coordinates. bottom: scale height h(R), also as
a function of polar radius. The vertical dashed lines
indicate important boundary regions.

dened by AV = 2.2mag, and with a stellar radius of
1.5 R�. Accretion luminosity was parametrised as
in van der Marel et al. (2015). The radial profiles in
Fig. 4 summarise the main features of this paramet-
ric model, which we required to be consistent with the
SED (Fig. 3). ***cite for Kurucz***

The inner disk is tilted by defining a variable disk
orientation that is a function of cylindrical polar ra-
dius, in the frame of the outer disk (as in Marino et al.,
2015; Casassus et al., 2015b). In our best model, the
relative disk inclination ↵(R) and orientation ✓(R)
connect linearly from ↵ = 0 at R = Rwarp out to
↵ = 30 deg at R = Rwarp in. We chose to place
the transition in a gap devoid of material since high-
resolution 12CO data would be required to sample the
warp region directly. At the time of writing this data is
only available in HD 142527 (Casassus et al., 2015b).

The gas density profile is parametrised as follows,

in cylindrical coordinates,

nH2(R
00
, ✓

00
, z

00) = ⌃(R00)
e
� 1

2

⇣
z00

R00h(R00)

⌘2

p
2⇡r00h(R00)

, (1)

where the double primes denote coordinates in a trans-
formed coordinate system S 00. This rotated frame is
obtained by rotating the outer disk frame S , whose
(x̂, ŷ) plane correspond to the midplane. We rotate
S by �(r) around ẑ, to an intermediate frame S 0, and
then by ↵(r) around x̂

0. The disk scale height is

h(R00) = �h� (R
00
/Rh�)

�
, (2)

where � is a settling parameter (as in Andrews et al.,
2011). The surface density profile is the usual,

⌃(R00) = !taper⌃� (R
00
/R⌃�)

�1 exp

✓
� R

00

R⌃�

◆
,

(3)
in which !taper(R00) implements a gradual gas drop
inside the cavity,

!taper(R
00) = �cavity + (1� �cavity)

✓
R

00 �Rcavgas

Rcavdust �Rcavgas

◆3

, (4)

with �cavity = 10�2 inside Rcavgas < R < Rcavdust,
and �cavity = 1 elsewhere.

We considered two dust populations, with sizes
coresponding to small and large grains. The small dust
is assumed to be coupled with the gas, while the larger
grains are affected by moderate settling, correspond-
ing to � . 1. Large grains are asssumed to be rarefied
inside the cavity, by a factor �dust. Grain optical prop-
erties were calculated using 70% astro-silicates, and
30% amorphous carbon, with optical constants from
Draine (2003) and Li & Greenberg (1997), and mixed
using the Bruggeman formula for a solid density of
2.9 g cm�3. For reference, the resulting grain opacity
is 3.1 g cm�2 at 1300 µm.

Parameter values are given in Table 3. We caution
that this parametric model is meant to distribute the
observed emergent flux accross the surface area, and
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Figure 8. Expected CO(6–5) velocity centroid overlaid on the Qϕ predic-
tion (after convolution with a 30 mas beam), for an inner disc tilt of 30 deg.
The contour colours correspond to the velocities given by the wedge, in km
s−1.

to dust ratio of 100 and the model of Section 3). This depletion
time is about a couple of orbits of the outer ring, which would
make the observation of the inner disc a very unlikely phenomenon.
Thus, material must cross the cavity and replenish the inner ring,
much like in HD 142527. In steady state, the radial and infalling
velocity component is directly linked to the surface density profile,
"(r) = (dM⋆/dt)/(2πrvr), so that the gap should correspond to fast
radial infall.

Even without the incorporation of a radial velocity component,
i.e. in pure Keplerian rotation, the proposed inner disc tilt in DoAr
44 should be detectable with ALMA in 12CO(6–5), as shown in
Fig. 8 (we confirmed that the integrated line profile of the synthetic
13CO(3–2) is consistent with that reported by van der Marel et al.
2016). The higher J lines are preferred to minimize absorption by
diffuse ISM screens, especially in the direction of Ophiuchus at
vLSR ∼ 3−4 km s−1, so close to the systemic velocity of DoAr
44 (vLSR ∼ 4 km s−1). The RT predictions for CO(6–5) have been
smoothed to a 30 mas beam, which is the best possible with ALMA
in band 9. We see that the tilt of the inner disc should correspond
to a shift in PA, and to a discontinuity in the velocity pattern.
Any residual absorption by the diffuse screen near systemic ve-
locity would not affect the higher velocity channels. Incidentally,
the apparent PA of the inner disc is not coincident with the di-
rection of the optical/IR shadows, an effect already noted by Min
et al. (2017).

The intra-cavity velocity field of DoAr 44 is unlikely to be Kep-
lerian, and should bear similarities to HD 142527. We have already
mentioned the need for infall to replenish the inner disc. In addi-
tion, in a continuous warp material must be accelerated from one
plane to the other. So inside a warp there should be a velocity com-
ponent orthogonal to the plane of the disc vwarp. Interestingly, the
inclusion of vwarp improves the model of HD 142527, the only warp
for which we have data, with fairly point-symmetric high velocity
ridges connecting the cavity ‘twist’ with the inner disc, which are
missing in a model without vwarp (the ‘slow warp model’ in Casassus
et al. 2015, see their figs 1b and d). We expect similar features in
DoAr 44. Resolved observations in CO(6–5) would thus inform on

the detailed structure of the warp: the range of stellocentric radii
where the disc breaks from one plane to the other, and the radial ve-
locity field. We may even expect azimuthal modulations in HCO+
(as in the HCO+(4–3) filamentary structures seen in HD 142527
Casassus et al. 2013), if the gas connects the two orientations along
streamers.

5 C O N C L U S I O N S

New DPI imaging of T Tauri star DoAr 44 with SPHERE+IRDIS
reveals deep azimuthal decrements in Qϕ(H). These dips have a
counterpart in the radio continuum at 336 GHz. The observed DPI
decrements are much deeper than in the radio: while the inten-
sity drops by ∼88 per cent in Qϕ(H), the radio dips in the decon-
volved images are relatively shallow, with a drop of ∼24 per cent
at 336 GHz. The location of the optical and radio decrements are
coincident, within fairly narrow uncertainties, and including image
synthesis biases. A parametric model with a central warp provides
a simple explanation for these features. We conclude that an inner
disc tilt of 30 ± 5 deg accounts for the observations.
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Cárcamo M., Román P. E., Casassus S., Moral V., Rannou F. R., 2018,

Astron. Comput., 22, 16
Casassus S., 2016, PASA, 33, e013
Casassus S., Cabrera G. F., Förster F., Pearson T. J., Readhead A. C. S.,

Dickinson C., 2006, ApJ, 639, 951
Casassus S. et al., 2013, Nature, 493, 191
Casassus S. et al., 2015, ApJ, 811, 92
Castelli F., Gratton R. G., Kurucz R. L., 1997, A&A, 318, 841
Close L. M. et al., 2014, ApJ, 781, L30
Cutri R. M. et al., 2012, Technical report, Explanatory Supplement to the

WISE All-Sky Data Release Products. Available at: http://adsabs.harva
rd.edu/abs/2012wise.rept....1C

Debes J. H. et al., 2017, ApJ, 835, 205
Draine B. T., 2003, ApJ, 598, 1026
Dullemond C., Juhasz A., Pohl A., Sereshti F., Shetty R., Peters T.,

Commercon B., Flock M., 2015, RADMC3D v0.39. Available at:
http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/

MNRAS 477, 5104–5114 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/477/4/5104/4966999
by guest
on 18 June 2018

• CO observations can test the warp hypotheses 



• Another less when known dipper: J1604-2130 (Ansdell+ 2017)

Pinilla+ 2015

Dippers not inclined to edge-on orbits L103

Figure 2. Top panels show ALMA sub-mm continuum images (5 arcsec×5 arcsec) with fitted disc inclinations and beam sizes (Sections 3.2 and 4.1). Contours
are 10σ and 100σ for EPIC 204638512 and 5σ , 20σ , and 50σ for EPIC 205151387 and EPIC 203850058. Bottom panels show the real part of the visibilities
as a function of projected baseline length.

custom photometric apertures for individually extracting the light
curves of the primary and secondary sources while also correcting
for spacecraft motion. We confirmed that the dipper activity is as-
sociated with the primary target with negligible contributions from
the secondary source in both cases. We use the K2SFF light curves
in the remainder of this work, as they show improved pointing error
corrections compared to the light curves produced by our KEPPCA
pipeline.

We used the K2 light curves to infer stellar rotation periods (Prot)
and characterize the dipper activity in terms of dip depth (Ddip)
and quasi-periodic (Q) or aperiodic (A) variability (see section
2.2 in Ansdell et al. 2016). Table 1 provides these dipper prop-
erties, though the Prot of EPIC 204638512 is uncertain due to a
weak rotational signal. The three dippers in our sample generally
follow the trends with stellar and disc properties identified in Ans-
dell et al. (2016), indicating that they are not unusual among the
overall dipper population. In particular, they follow the correlation
between extinction-corrected WISE-2 excess and Ddip (see fig. 9 in
Ansdell et al. 2016), which was interpreted as evidence that the dips
are related to hot inner (rather than cool outer) disc material. The
three dippers also follow the observed correlation between Prot and
Teff, although EPIC 205151387 has a long Prot for its Teff value.
SED modelling by Ansdell et al. (2016) also showed that dippers
typically have inner dust discs extending to within a few stellar
radii. The infrared colour excesses for EPIC 205151387 and EPIC
203850058 indicate they host full discs (see fig. 6 in Ansdell et al.
2016). Although EPIC 204638512 hosts a disc with a large inner
cavity in the sub-mm, it exhibits variable infrared excess consistent
with dust at small (!0.1 au) orbital radii (Dahm 2010; Zhang et al.
2014).

3.2 Resolved sub-mm data

EPIC 204638512 hosts the well-characterized face-on TD known as
J1604-2130, which was discovered by Mathews et al. (2012) using

the Sub-millimeter Array (SMA; Ho, Moran & Lo 2004). Mathews
et al. (2012) resolved a ∼70-au inner dust cavity in their continuum
map and derived a precise disc inclination of 6◦ ± 1.◦5 using their
12CO 3–2 first-moment map. Zhang et al. (2014) later compared the
dust and gas radial structures using ALMA Cycle 0 observations;
Fig. 2 shows the cleaned 880 µm continuum image from the ALMA
Science Archive (project code: 2011.0.00526.S) with a clearly re-
solved source and 0.67 arcsec × 0.42 arcsec (∼100 au × 60 au)
beam.

EPIC 205151387 was also observed during ALMA Cycle 0
(project code: 2011.0.00526.S) in the 880 µm continuum and 12CO
3–2 line (Carpenter et al. 2014). Fig. 2 shows the cleaned contin-
uum image from the ALMA Science Archive with a 0.64 arcsec ×
0.45 arcsec (∼95 au × 65 au) beam. We also plot the real part of
the visibilities as a function of projected baseline length, where the
clear decrease in visibility with UV distance indicates a spatially
resolved source.

EPIC 203850058 was imaged at high resolution in the 870 µm
continuum during ALMA Cycle 1 (project code: 2012.1.00046.S).
The calibrated continuum data were not available from the ALMA
Science Archive, thus we downloaded the raw visibilities and ex-
ecuted the pipeline calibration script, then extracted the contin-
uum image by averaging over the continuum channels and in-
teractively cleaning with a Briggs robust weighting parameter of
+0.5, giving a beam size of 0.28 arcsec × 0.19 arcsec (∼35 au
× 25 au). Fig. 2 shows the cleaned continuum image and the real
part of the visibilities as a function of projected baseline length;
the slight decrease in the visibilities indicates a marginally resolved
source.

3.3 Adaptive optics imaging

We searched the literature for adaptive optics (AO) imagery to
check whether close companions could be influencing the dips.
EPIC 204638512 has been imaged extensively with AO, providing
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Table 1. Properties of dippers with resolved sub-mm images.

EPIC 2MASS RAJ2000 DecJ2000 Mem. SpT Teff (K) AV (mag) Disc Prot (d) Ddip Var.

204638512 16042165-2130284 16:04:21.655 −21:30:28.50 USc K2 4900 0.7 TD 5.00 0.57 A
205151387 16090075-1908526 16:09:00.762 −19:08:52.70 USc M1 4000 0.8 Full 9.55 0.31 Q
203850058 16253849-2613540 16:27:06.596 −24:41:48.84 Oph M6 2700 3.0 Full 2.88 0.18 Q

Figure 1. Normalized K2 light curves (Section 3.1) showing !10 per cent dip depths with ∼0.5–2 d durations typical of dipper stars.

nearly edge-on inclinations (e.g. i = 70◦) and thus observing transits
of dusty structures lifted above the disc mid-plane. However, these
geometric assumptions have not yet been compared to observations.

In this Letter, we present the three known dippers whose circum-
stellar discs have been resolved in archival sub-mm data such that
their inclinations can be constrained. Surprisingly, we find discs
with a range of inclinations, most notably the face-on transition
disc (TD) J1604-2130 (Mathews, Williams & Ménard 2012; Zhang
et al. 2014). This indicates that nearly edge-on disc inclinations
are not a defining characteristic of the dippers, and motivates a
re-examination of the dipper mechanisms so that we can properly
interpret these objects in the context of planet formation.

2 SA MPLE

Our sample consists of the three dippers with publicly available
high-resolution sub-mm data sufficient to constrain disc inclina-
tions. The dippers were identified from their K2 light curves and
are located in the ∼10-Myr old Upper Sco (Pecaut, Mamajek &
Bubar 2012) and ∼1-Myr old ρ Oph (Andrews & Williams 2007)
star-forming regions. EPIC 205151387 and EPIC 203850058 were
reported in Ansdell et al. (2016), while EPIC 204638512 is a newly
identified dipper. To our knowledge, these are the only currently
known dippers with resolved sub-mm data. Table 1 gives their
Ecliptic Plane Input Catalog (EPIC) and Two Micron All-Sky Sur-
vey (2MASS; Skrutskie et al. 2006) names, right ascension and
declination, cluster membership (Mem.), spectral type (SpT), ef-
fective temperature (Teff), optical extinction (AV), and disc type
(Disc). Stellar properties are from the literature (Natta et al. 2002;
Carpenter, Ricci & Isella 2014; Ansdell et al. 2016).

EPIC 204638512 is a K-type pre-main-sequence star with spec-
troscopic signatures of weak accretion (e.g. Dahm, Slesnick &
White 2012) and hosts the face-on TD known as J1604-2130 (Math-
ews et al. 2012; Zhang et al. 2014). EPIC 205151387 is a pre-main-
sequence M1 star that hosts a full disc (Carpenter et al. 2014) and
exhibits variable accretion signatures (Dahm et al. 2012; Ansdell
et al. 2016). EPIC 203850058 is the brown dwarf ρ Oph 102, which
hosts a well-studied full disc (Natta et al. 2002; Ricci et al. 2012)
that shows evidence for significant mass accretion as well as winds
and molecular outflows (Natta et al. 2004; Whelan et al. 2005;
Phan-Bao et al. 2008; McClure et al. 2010; Manara et al. 2015).

3 DATA & A NA LY S I S

3.1 K2 optical light curves

Fig. 1 presents the K2 light curves of the three dippers in our sample.
As in Ansdell et al. (2016), we use the K2SFF light curves made
publicly available by the Mikulski Archive for Space Telescopes
(MAST). These light curves were extracted from the Kepler Target
Pixel Files (TPFs) using photometric apertures with the Self Field
Flattening (SFF) technique, which corrects for spacecraft motion
by correlating observed flux variability with spacecraft pointing
(Vanderburg & Johnson 2014).

For EPIC 204638512 and EPIC 205151387, fainter secondary
sources are visible within their K2SFF photometric apertures. How-
ever, these potentially contaminating interlopers are at sufficiently
large projected distances (>8 arcsec) from the primary targets that
their separate light curves can be manually extracted. We obtained
the TPFs from MAST and used the KEPPCA pipeline to apply
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White 2012) and hosts the face-on TD known as J1604-2130 (Math-
ews et al. 2012; Zhang et al. 2014). EPIC 205151387 is a pre-main-
sequence M1 star that hosts a full disc (Carpenter et al. 2014) and
exhibits variable accretion signatures (Dahm et al. 2012; Ansdell
et al. 2016). EPIC 203850058 is the brown dwarf ρ Oph 102, which
hosts a well-studied full disc (Natta et al. 2002; Ricci et al. 2012)
that shows evidence for significant mass accretion as well as winds
and molecular outflows (Natta et al. 2004; Whelan et al. 2005;
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As in Ansdell et al. (2016), we use the K2SFF light curves made
publicly available by the Mikulski Archive for Space Telescopes
(MAST). These light curves were extracted from the Kepler Target
Pixel Files (TPFs) using photometric apertures with the Self Field
Flattening (SFF) technique, which corrects for spacecraft motion
by correlating observed flux variability with spacecraft pointing
(Vanderburg & Johnson 2014).

For EPIC 204638512 and EPIC 205151387, fainter secondary
sources are visible within their K2SFF photometric apertures. How-
ever, these potentially contaminating interlopers are at sufficiently
large projected distances (>8 arcsec) from the primary targets that
their separate light curves can be manually extracted. We obtained
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Figure 2. Top row: channel maps of the CO J = 3–2 emission from J1604-2130. The contours begin at 3σ (45 mJy beam−1) in each 0.42 km s−1 wide channel and
are spaced by 10σ . The cross indicates the direction of the disk major and minor axes. Bottom row: the moment 0 and moment 1 maps of CO J = 3–2 emission are
shown in (a) and (b). Contours on the moment 0 map start at the 3σ level and increase by 10σ ; those on the moment 1 map are spaced by 0.08 km s−1. (c) Azimuthally
averaged CO J = 3–2 emission visibilities as a function of deprojected baseline length, integrated over the seven channels plotted in the upper row. (d) CO J = 3–2
spectrum of J1604-2130 integrated over a central 6′′ × 6′′ box.
(A color version of this figure is available in the online journal.)

self-calibration to be applied to the data, reducing the de-
correlation caused by atmospheric turbulence.

The radially averaged imaginary visibilities show values
consistent with zero up to about 400 kλ, implying that the
continuum emission is symmetric on angular scales as small
as 0.′′5. Note that the apparent double-lobed morphology in the
continuum map is due to the elliptical shape of the beam, and
not to an intrinsic asymmetry in the dust emission. A slight
deviation from azimuthal symmetry is observed on the longest
baselines, where the imaginary visibilities reach values near
10 mJy, and in the continuum image, where the northern peak
is ∼10% brighter than its counterpart to the south.

An overview of the CO J = 3–2 data is provided in Figure 2.
The line channel maps in the first row show clear signatures of
rotation, with emission firmly detected (>5 σ ) over a narrow
velocity range between 3.46 and 6 km s−1 due to the nearly
face on geometry. We measure an integrated intensity of 21.4 ±
0.2 Jy km s−1 over a central 6′′ square box, consistent with
CO 3–2 line flux from single dish observations of 21.7 ±
0.8 Jy km s−1 (Mathews et al. 2013) but 4.1 times larger than
that reported by the SMA (Mathews et al. 2012), for which the
line flux was calculated by summing over only those regions
with an S/N ! 2. The higher S/N of the ALMA image allowed
CO J = 3–2 emission to be detected over an extended region of
the disk which contains a significant fraction of the total flux.

In the second row of Figure 2 we display the CO J = 3–2
zeroth (a) and first (b) moment maps, the deprojected visibility
profile (c) and the spatially integrated spectrum (d). Similar to
the continuum emission, the CO J = 3–2 momentum zero map
shows a double-lobed morphology, which indicates an inner
cavity in the CO emission, but the peak-to-peak separation in CO
(a preliminary indication of the inner ring radius) is noticeably
smaller than that of the continuum emission. The CO emission is
also more diffuse than the continuum, extending to ∼290 AU in

radius. Figure 2(c) displays the deprojected CO visibility profile
(integrated across the line shape). Compared to the continuum,
the null in the visibility profile occurs at a longer baseline length
and the side lobes are less prominent, indicating a smoother CO
brightness distribution.

The CO J = 3–2 moment zero map shows depressed emission
in the inner ∼0.′′3, which could in principal be explained either
by a depleted gas surface density or temperature variations. We
argue that temperature variation is unlikely to be the case here.
Extremely cold gas inside of 30 AU is physically implausible.
For hot gas inside this radius the resulting excitation can indeed
produce an optically thin J = 3–2 transition, but we do not detect
any CO rovibrational emission at 4.7 µm with Keck NIRSPEC
(probing gas temperature ! 300 K; e.g., Salyk et al. 2009). This
rules out the possibility of a significant high temperature CO
reservoir in the inner disk. Since CO and H2 can survive the
intense UV radiation in the cavities of transition disks down to a
gas surface density of 10−4 g cm−2 (Bruderer 2013), we assume
CO coexists with H2. We thus consider the most likely case for
the depressed CO emission is that the gas is largely depleted
inside the cavity.

4. MODELING ANALYSIS

The goal of this section is to model the continuum and
CO emission from the disk around J1604-2130. Because of
differences in optical depths, these two tracers probe different
regions of the disk. At the typical densities of circumstellar
disks, the millimeter-wave dust emission is typically optically
thin and therefore traces the dust density and temperature in the
disk mid-plane. In contrast, the CO emission is expected to be
optically thick and therefore traces the gas temperature at larger
scale heights. For this reason, we fit models to the dust and CO
observations in separate steps.
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Fig. 1. R
0 band (0.626 µm) VLT/SPHERE/ZIMPOL images of J1604 (they are not scaled by r

2). From left to right: polarised intensity (PI), polar-
coordinate Stokes parameters Q� and U� respectively, such that PI =

q
Q

2
� + U

2
�. The clean U� image shows that we had an optimal correction for

the instrumental polarisation. The colour scale is the same for the three panels; it is linear and in arbitrary units. The dashed lines in the left panel

correspond to 0.35 and 0.48 arcsec, which is the region where the azimuthal profile is calculated in Fig. 3 to distinguish the dip.

⇠145 pc (de Zeeuw et al. 1999). The disk is an excellent can-
didate to identify structures because it has one of the largest
cavities reported in TDs and is seen almost face-on (⇠6�,
Mathews et al. 2012). Its cavity was resolved with observa-
tions from the Submillimeter Array (SMA; Mathews et al.
2012) and was recently observed with the Atacama Large
Millimeter/submillimeter Array (ALMA) in Cycle 0 (Zhang
et al. 2014), with a beam size of 0.7300 ⇥ 0.4600 (106 ⇥ 67 AU at
145 pc). The observations with ALMA showed that the gas cav-
ity is much smaller than the mm-dust cavity (radius of 31 AU in-
ferred from CO emission vs. 79 AU from the continuum, Zhang
et al. 2014). In addition, near-infrared polarised intensity images
obtained with HiCIAO at 1.6 µm (Mayama et al. 2012) revealed
an asymmetric ring of ⇠63 AU radius, with a dip located at a po-
sition angle (PA, measured from north to east) of 85�. A tentative
second dip was suggested at PA of 255�.

This Letter is organised as follows. In Sect. 2 we describe
the observations and data reduction. The main results from the
data analysis and the comparison with previous observations of
this disk is presented in Sect. 3. We conclude with the discussion
and perspectives in Sect. 4.

2. Observations and data reduction
VLT/SPHERE/ZIMPOL observations of J1604 were performed
on June 10, 2015, as part of the observing run 095.C-0693(A).
We have used field tracking, polarimetric (P2) mode with the
R
0 filter (�0 = 0.626 µm, FWHM = 0.148 µm) for both cameras.

Although there is currently no alternative to ZIMPOL for polari-
metric imaging of southern targets in the visible, the R = 11.8
magnitude of J1604 (Cutri et al. 2003) poses a serious chal-
lenge for SAXO, the SPHERE extreme adaptive optics “xAO”
(Beuzit et al. 2006; Fusco et al. 2014). A beamsplitter divides
the visible light of the star between ZIMPOL and the wave
front sensor (WFS) of SAXO. Observing in R

0 band allowed
us to use the dichroic beamsplitter, which sends all visible light
except for the R band to the WFS, thus ensuring an optimal
AO correction. During the observations, the seeing conditions
were moderate to poor (0.900�1.200), which caused the Strehl ra-
tio to vary by more than a factor of two. The median Strehl ratio
obtained was ⇠3.5%, resulting in a FWHM of ⇠53 ⇥ 47 mas.
The observing block was divided into six cycles of the half-
wave plate (HWP), during which the HWP moved to four an-
gles (✓hwp = 0�; 45�; 22.5�; and 67.5�) to measure the two lin-
ear Stokes components. For each HWP position, two exposures
were taken of 120 s each, which adds up to 96 minutes of total
observing time.

The data reduction is described in detail by De Boer et al.,
in prep., based on the description of ZIMPOL by Schmid et al.
(2012). The pixels of the two detectors have a plate scale of
3.5885 ± 0.0025 mas per pixel (Ginski et al., in prep.). We
binned the pixels to a size of 14.354 mas. We then substracted
the two di↵erent states of the ferro-electric liquid crystal (FLC),
the 0 and ⇡ frames (Schmid et al. 2012), the ordinary and extra-
ordinary beams of the polarising beam splitter; and the two
matching HWP angles to obtain Stokes Q (for ✓hwp = 0� and 45�)
and U (for ✓hwp = 22.5� and 67.5�).

Figure 1 shows the polarised intensity PI image and the
polar-coordinate Stokes parameters Q� and U� (Schmid et al.
2006), computed according to

PI =
p

Q2 + U2, (1)
Q� = Q ⇥ cos 2� + U ⇥ sin 2�, (2)
U� = Q ⇥ sin 2� � U ⇥ cos 2�, (3)

where � is the position angle.
By measuring the signal over an unpolarised region sur-

rounding the star in the Q and U images, we determined the
instrumental polarisation (IP), for which we corrected using the
method described by Canovas et al. (2011).

The models of Canovas et al. (2015) show that it is possi-
ble for an astrophysical signal to appear in the U� images, even
when single-scattering dominates. However, this U� component
only occurs for disks at high inclination (i > 40�). Since the disk
of J1604 has an inclination of i = 6±1.5� (Mathews et al. 2012),
we can use the assumption that the polarised scattered light is
entirely tangential and therefore only appear in Q�, while U�

should not contain any scattered light signal from the disk. We
optimised our IP correction by minimising the U� signal and
found an optimum when we used an annulus of 10  r  15
binned pixels.

3. Results
3.1. Radial profile
Figure 2 shows the overlay of the R

0 band Q� reflected light and
880 µm continuum map from ALMA Cycle 0 observations (re-
trieved in the ALMA archive, Zhang et al. 2014). The radial pro-
file of the polarised surface brightness is also illustrated. This
profile was obtained by calculating the mean value at each ra-
dius from the centre of the Q� image, and the error bars corre-
spond to the standard deviation at each position. As a result of
poor seeing and moderate AO performance, speckle noise inside
a region of 0.100 surrounding the star still dominates. Therefore,
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• The DPI shadows are variable but roughly 2-sided (Pinilla+ 2018)

Illumination effects in dipper star J1604-2130
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• Molecular line data show warped kinematics (Mayama+ 2018)

Illumination effects in dipper star J1604-2130

Figure 1. ALMA images of J1604-2130. An ellipse at the bottom right corner for (a)–(c) and bottom left corner for (d), (e) denotes the ALMA synthesized beam. The
unit of the color bar for (a), (b) and (d)–(f) is [Jy beam−1 km s−1] and [km s−1], respectively. (a) HCO+ (4–3) moment 0 map. Contour levels are (5, 10, 15, 20,
25)×rms. (b) CO (3–2) moment 0 map. Contour levels are (5, 10, 20, 30, 40, 50, 60)× rms. (c) Color map of continuum emission overlaid with and contours at
(5,50, 100, 150, 200, 250, 300)×rms. (d) HCO+ (4–3) moment 1 map. (e) CO (3–2) moment 1 map. (f) CO moment 1 map is shown in the color map. Continuum in
black contours at (5, 50, 100, 150, 200, 250, 300)×rms is overlaid. Purple line denotes the position angle 135° of inner disk minor axis. Brown line denotes the
position angle 170° of outer disk minor axis.The black cross gives the stellar position.
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•DPI shadows may 
also be seen in 
continuum, despite 
coarse elongated 
beam (Mayama+ 
2018)

Figure 2 shows a plot of overlaid CO (3–2) channel maps
indicating the position angle of the inner and outer parts of the
disk. With this figure, we confirmed that the PAs of both inner
and outer disks derived from the CO (3–2) moment 1 map are
perfectly consistent with those derived from this CO (3–2)
channel map.

3.3. Continuum Emission

Figure 1 shows the 0.87 mm continuum image of J1604-
2130 with an rms of 39 μJy beam−1. As seen in this figure, at a
lower level, 5σ contours show that the emission is considerably
more extended from the star; while the ring is located about
0 6 inward, the emission extends down to about 0 2 from the
star, especially on the east side. This means that it is not empty
inside the ring in the continuum, although the stellar position is
free of detectable continuum emission. Overall, the east side of
the ring appears to be broader radially. There is also an
emission signal outside of the ringlike disk. The continuum
disk also shows two dips. Orientations of these two dips, which
are east–northeast and west–southwest, are almost the same as
seen in the HCO+ (4–3) emission.

3.4. Elliptical Fitting

Elliptical fitting was performed to measure outer disk
angular separations of the major and minor axes. The position
angle, derived from CO (3–2) observation, is used as a fixed
parameter. For the angular separations of the major and minor
axes, CO (3–2), HCO+ (4–3), and continuum data are
separately used for fitting. We first measured disk radial
profiles in 10° position angle increments, and then extracted
coordinates of the brightest peak area. Those coordinates were
used to fit an ellipse and used to measure the surface brightness
to plot Figure 3(b). The Trust Region Reflective algorithm was
performed. The derived semimajor and semiminor axes are
called “peak radii” in this Letter and are relatively larger than a
cavity wall radius that is often derived in submillimeter
transition disk modeling studies. Elliptical fitting results are as
follows: for the continuum, peak radii of major and minor axes
are 583± 3 and 576± 3 [mas], respectively. For HCO+

(4–3), peak radii of major and minor axes are 452± 5 and
418± 5 [mas], respectively. For CO (3–2), peak radii of major
and minor axes are 385± 3 and 375± 3[mas], respectively.

Figure 3. (a) Azimuthally averaged normalized intensity of ALMA observations of J1604-2130. Blue, green, and red tracers correspond to 0.87 mm dust continuum,
CO (3–2), and HCO+ (4–3), respectively. Normalized intensity against deprojected radius in arcseconds is plotted, assuming PA=80° and inclination=6° (Dong
et al. 2017). (b) Azimuthal normalized surface brightness profile of 0.87 mm dust continuum, CO (3–2), and HCO+ (4–3) with position angle measured from north to
east. Each curve shows the measured flux of pixels. PAs of the local minimum fitted by Gaussian and PAs of the inner disk are annotated. ((c)–(e)) Simulated
azimuthal normalized surface brightness profiles by using toy models of a ring disk. Shape of dips including their depth and azimuth width is varied in (c)–(e). 70.0%,
80.0%, and 80.0% labeled on the top of the panels denote the dip depth in (c)–(e), respectively. 10°, 10°, and 20° labeled on the top of the panels denote the dip
azimuth width in (c)–(e), respectively. The black line denotes the shape of the dips. The red line denotes the profile with dips after convolution with an elongated
beam, same as our ALMA observation. The blue line denotes profile without dips after convolution with an elongated beam, same as our ALMA observation.
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• TTauri star HD143006 also appears to show 2-sided shadows, 
roughly consistent with a mild ~3deg warp  (Benisty+ 2018) 

• Not matched by decrements in ALMA continuum, but CO(2-1) 
kinematics do show signs of a warp (Pérez, L.+ 2018)

Most recent reported warp: HD 143006

8 Pérez et al.

Figure 5. Comparison between the ALMA continuum emission (left), the SPHERE polarized intensity J-band observations
(middle) and the 12CO peak emission map (right, also known as moment 8 map). The thin dashed lines go along and perpen-
dicular to the PA of the outer disk, while the location and geometry of the features, as constrained by the best-fit model, are
indicated by dashed lines for B8, B40, and B64, and a dotted line for the arc. Contours are drawn at 25, 50, 75, and 95% of the
peak value of the SPHERE image on the middle panel. Ellipses on the bottom-left corner indicate the beam size for the ALMA
observations.

the destruction of the vortex (see, e.g., Fu et al. 2014).
Thus, it is not surprising that the observed arc has in-
ternal substructure.
The radial and azimuthal extent of the arc constrained

by our model is about 5 by 21 au. From the mid-
plane temperature profile (Tmid) assumed in Huang
et al. (2018a), we estimate that at the vortex loca-
tion (⇠ 74 au), the pressure scale height corresponds
to Hp ⇠ 5 au (assuming a local sound speed of cs =
(kBTmid/µmp)0.5, and µ = 2.3). Thus, the vortex is ra-
dially as wide as HP and it extends azimuthally over a
few pressure scale heights, still consistent with the vor-
tex scenario. In particular, the ⇠ 21 au azimuthal extent
is consistent with that of vortices formed at the edge of
a gap/cavity, as it has a much smaller width than the
⇡-wide vortices expected due to instabilities at the dead
zone (Regály et al. 2017). However, the arc is outside
of the millimeter dust disk, rather than at the edge of a
dark annulus, and it is radially separated from B64 by
⇠ 10 au. Such a configuration is similar to that of the
disk in HD 135344B, which resolves into a narrow ring
with an asymmetric arc outside of the ring (Cazzoletti et
al. 2018). Simulations by Lobo Gomes et al. (2015) show
that after a vortex forms at the edge of a planet-induced
gap, the surface density can be enhanced further out in
the disk than at the initial vortex location. Such density
enhancement triggers again the Rossby wave instability
and a second generation vortex may form beyond the
primary, leaving only the outermost vortex once the first
one is damped. Thus, a second-generation vortex may

explain the location of the observed arc in the outer disk
of HD143006.
We note that the vortex-like structure is not asso-

ciated to spiral arms in scattered light (Benisty et al.
2018), unlike the well-studied cases of MWC758 (Dong
et al. 2018), HD142527 (Avenhaus et al. 2014) and
HD 135344B (Stolker et al. 2016), which in addition are
classified as transition disks from their spectral energy
distribution and whose central stars are Herbig ABe ob-
jects.

4.2. Substructures seen in scattered light

Figure 5 presents our continuum image (left), the po-
larized scattered light coronagraphic image of HD143006
obtained with VLT/SPHERE1 (middle), and the peak
intensity of the CO line at each velocity, also known as
moment 8 map (right). The scattered light image is a
good tracer of small micron-sized dust grains located
in tenuous disk surface layers, while the ALMA contin-
uum image traces the millimeter-sized dust grains at the
midplane. The peak intensity of the (optically thick)
gas emission from CO (moment 8 image) also traces the
upper disk layers.
Each pixel of the scattered-light image (middle panel,

Figure 5) was scaled by r
2, where r is the distance to

the central star, to compensate for the drop o↵ in stel-
lar illumination and allow a better detection of faint

1
We note that the SPHERE infrared (1.2µm) image has a

resolution of 37⇥37mas, comparable to the spatial resolution of

the ALMA observations (Benisty et al. 2018).



with r 130 AUg2 = , and where f = 1.1 is a factor to avoid
divergence at rg2, and

v GM
r f r
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1 1

.
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ff
2

⎛
⎝⎜

⎞
⎠⎟�= ´ -

We use a stellar accretion rate of dM dt M10 7
� = -

: (Garcia
Lopez et al. 2006). The stellar mass is set at M1.8 :; higher
masses produce higher velocities inside the cavity than
observed.

The orientation of the disk is parametrized in spherical
coordinates, where the vertical axis ẑ ¢ is the normal to the local
disk plane, and where the origin of azimuth f¢ is the local line
of nodes (i.e., the disk PA as a function r). The azimuthal
velocity vf¢ is set to Keplerian rotation v vK=f¢ , except in
regions where v 0r∣ ∣ > , where we assumed that the specific
energy density was close to 0, so that v v vrff

2 2= -f
(neglecting the internal energy).

In the warp itself, between r _ 20 AUorient in = and
r _ 23 AUorient out = , material continuously connects both orien-
tations. We investigated a range of values for the vertical
velocity component in the warp and obtained a closer match to

the observations with relatively fast velocities, v vwarp= =q¢

v sinK ( )f¢ (see Section 3.2.2).
The temperature profile we adopted is T 70 K= if

r 30 AU< , or

T r
r

r70
30AU

K, if 30 AU, 2
0.5

( ) ( )⎜ ⎟⎛
⎝

⎞
⎠= >
-

which allows us to approximately reproduce the CO(6–5) line
profile. Equation (2) is probably not the best representation of
the actual CO temperature field. It could be improved by
adding structure, especially in the outer disk, where the gas
temperatures probably flatten out. Equation (2) results in gas
temperatures slightly lower than the dust temperatures in the
outer disk, which leads to negatives in continuum-subtracted
data. These absorption features appear to be necessary to
account for the decrements seen in the molecular-line in the
outer disk, and which are discussed in a companion paper
(Casassus et al. 2015, see also Section 3.2.1). These
temperatures are also well below the dust temperatures in the
closer-in regions. If we impose thermal equilibrium between
both solid and gas phases, the predicted flux densities soar an
order of magnitude above the observations.
Close to the star, CO is probably photodissociated. The line

intensity of CO(6–5) appears to display a decrement inside
0 2, which we accounted for with a Gaussian taper of the gas
abundance inside 30 AU, with a 1s width of 5 AU.

3.2. Radiative Transfer Predictions

3.2.1. Adopted Abundance Fields and Depth of the Cavity

We adopted a nominal H2/
12CO ratio X 10CO

4= - , and the
following molecular abundances relative to H2 (no selective
photodissociation was required). For 13CO, we used the ISM
isotopic abundance for 12C/13C of 76 (Stahl et al. 2008),

Figure 5. Illustration of the key elements of the parametric model that we
propose to explain the CO(6–5) velocity field in HD 142527. The crescent in
hues of red and purple represents the distribution of millimeter-sized grains.
The solid arrows trace the velocity field. Inside the warp that connects the two
disk inclination, material flows along the dashed and curved arrows.

Figure 6. Radial cuts for the surface density profiles (red) and magnitude of the
radial velocity component (blue). The CO abundance is modulated with a
Gaussian taper inside 30 AU, to account for photodissociation.

Figure 7. Intensity maps (moments 0) extracted from the RADMC3D
predictions, after smoothing to the resolution of the deconvolved CO(6–5)
datacubes.
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Summary: observations 
• Sharp misaligned inner disks  with 30deg to 70deg tilts  

fairly  common in gapped disks: 5 systems so far.  
• The 2-sided Optical/IR shadows correspond to dust 

temperature decrements in HD142527, DoAr44 and 
J1604,  but not in HD100453 and HD143006. 

• When available, 12CO data match expected warped 
kinematics (HD142527, HD143006, J1604). 

• Origin of warp?  
Are these all circumbinary disks?



Outline

1. The sharp warp in HD142527 

2. A few more warps 
3. What can we learn from warps?   

4. Summary



What can we learn from warps?

•Disk response to forcing by out-of-plane companion 
depends on the disk viscosity  �   and  disk mass. 
•Perhaps  comparing resolved kinematics with hydro 
predictions could constrain  �   and the mass?  

•Need case-studies where companions have been 
characterized. 

•Only HD142527 for now (Price + 2018), pending 
new data…

αT

αT



What can we learn from warps?

•Why is there such a variety in the radio counterparts to 
the optical/IR shadows?

•  In  3 examples dust cools fast enough for detectable 
temperature drops ⇒finite cooling times and rotation 
should result in shift ahead of  shadows. 

•Can we measure the cooling timescale and the disk 
mass by observing the OIR/radio shift?



Simple model for the temperature in the gaseous flow 
under fixed shadows

Casassus+ 2019

Fc ≈ − 2(1 − exp(−τP))σT4

Fh ≈ 2(1 − exp(−τP))σT4
h

FD
ϕ ≈

∂
R∂ϕ

2πH2Λ
16σT3

3κRΣ
∂T

R∂ϕ

Fa = −
v
R

∂U
∂ϕ

Vertical cooling through surface layers 

Vertical heating through surface layers 

Azimuthal radiative diffusion 

Advection of internal energy 

Fa + FD
ϕ + Fc + Fh = 0

• In steady state, energy balance requires: 



Simple model for the temperature in the gaseous flow 
under fixed shadows

• Simple ODE for the temperature profile          

• Disk geometry and heat source            fixed either by 

observations or RT modeling.

• Key free parameters are:  gas surface density     ,  gas-to-

dust mass ratio      ,  dust filling factor      and  maximum 
grain size         .

T(ϕ)
Th(ϕ)

Σ
fgd f

amax Cooling in shadowed rings L59

which Section 3 applies to the cases of HD 142527 and DoAr 44.
Section 4 concludes on the two questions that motivate this letter.

2 M O D E L F O R TH E T E M P E R AT U R E D RO P O F
S H A D OW E D M AT E R I A L

In a two-layer model for a passive disc (Chiang & Goldreich 1997),
where the bulk mass is in the interior at a temperature Tg, the internal
energy per unit surface in the disc is

U ≈ 1
γ − 1

k
"

µmp

Tg, (1)

where " is the gas mass surface density, γ is the adiabatic index (γ
≈ 1.4 for diatomic gas), k is the Boltzmann constant, µ = 2.3
is the mean molecular weight, and mp is the proton mass. An
approximation to cooling per unit area in the disc due to radiation
from both disc surfaces is given by dust emission at a representative
temperature Td,

Fc ≈ −2(1 − exp(−τP ))σT 4
d , (2)

where τP = "κP, and κP is the Planck-averaged absorption opacity
(as in the deviation coefficients used by Dullemond, Dominik &
Natta 2001). In the absence of shadows, the heating per unit area of
the interior layer due to the stellar radiation transferred by the two
surface layers can be written in terms of another temperature T◦,

Fh ≈ 2(1 − exp(−τP ))σT 4
◦ . (3)

The factor 2(1 − exp (− τP)) in equation (3) allows for Td = T◦ in
steady state, and in the absence of shadows, i.e. T◦ is the equilibrium
temperature of the irradiated disc, as in Chiang & Goldreich (1997).

We will assume perfect thermal coupling of dust and gas, so
that Tg = Td = T for the interior layer. The error involved in
this approximation is within ∼ 20 per cent, if it is similar to the
difference in equilibrium temperature, evaluated at the midplane,
for the small and large grain populations in the RT models used
in Section 3. Under the isothermal approximation and with perfect
thermal coupling, the cooling time-scale can be defined as

&tc ≡
∣∣∣∣
U

U̇

∣∣∣∣ = 1
γ − 1

k"

2(1 − exp(−τP ))σµmpT 3
◦

. (4)

If T◦ drops suddenly to 0 at φ = 0 when entering a shadow that
extends to +∞ along a straight line s⃗ = Rφŝ, then (keeping τP

fixed at the unshadowed value),

T ≈ T◦

[
1 + 3Rφ

v&tc

]−1/3

. (5)

This approximation neglects cooling due to transport of mechanical
energy, as in the work required in launching spiral arms (Montesinos
et al. 2016). We assume that the power dissipated in spirals is similar
to viscous heat dissipation, which is much less than that due to stellar
radiation beyond a few au (e.g. Bitsch et al. 2013).

In optically thick media, with a gas density ρ, the transport of
radiative energy density is due to diffusion, with a local flux

gD = −)
16σT 3

3κRρ

dT

ds
, (6)

in direction ŝ. The Rosseland-mean opacity κR(T) is given by

1
κR(T )

=
∫ ∞

0 dν(1/κν)∂Bν(T )/∂T
∫ ∞

0 dν∂Bν(T )/∂T
, (7)

in which κν is the total mass opacity at frequency ν. The dimen-
sionless control factor ) = 1 for the Rosseland approximation,

Figure 1. log10(κR(amax, T)) for two dust filling factors, f = 1 and f = 0.1.
The three contours correspond to half the extrema of the colour bar and 0.

which requires a small photon effective mean-free-path (the net
displacement due to scattering before absorption, Rybicki & Light-
man 1986), i.e. l⋆ ≪ H at the Wien wavelength. This condition can
be approximated as τR ≡ κR" ≫ 1. In the applications below, 0.01
< τR < 27, so in order to extend equation (6) to the optically thin
transition, we parametrize the control factor as in Dobbs-Dixon,
Cumming & Lin (2010, their equations (11) and (12)).

The radii of cavities that can be resolved by direct imaging
are !30 au, where the equilibrium temperature in the midplane
is usually <100 K for Herbig Ae/Be and TTauri stars. The mass
opacity κν is therefore due to grains with water ice mantles. The
available formulas for κR(T) focus on higher temperatures and use a
small maximum grain size, typically of amax ∼ 1 µm (e.g. Zhu et al.
2012). Since the large rings in Class II discs are associated with dust
trapping, and possibly grain growth, we compute κR(T, amax) for a
mix of water ice, silicates, and graphite, with mass fractions of 0.4,
0.3, and 0.3, and an internal grain density ρ• = 1.8 g cm−3. The
analytical formulas in Kataoka et al. (2014) give the absorption and
scattering cross-sections Qabs

ν (a) and Qsca
ν (a) for spherical grains

with radii a and filling factor f. For a power-law size distribution
with exponent q,

κν = 1
fgd

3
4f ρ•

q + 4

a
q+4
max − a

q+4
min

∫ amax

amin

da(Qabs
ν + Qsca

ν )aq+2. (8)

We set q= −3.0; this rather shallow value anticipates an application
to transition disc rings, thought to undergo grain growth. The
resulting Rosseland-mean opacities κR(amax, T) are shown in Fig. 1,
for a gas-to-dust mass ratio fgd = 100.

The total radiative flux in the azimuthal direction, i.e. in the
direction φ̂, through a section of the disc at constant φ, is

FD
φ =

∫
dr

∫
dzgD ≈ &R

∫
dzgD, (9)

for some small interval in stellocentric radius &R/R ≪ 1. Equa-
tion (6) is applicable only to the disc interior, above the disc
surface the radiation field points in the vertical direction, whereas
in the low-density limit, equation (6) yields equal components in all
directions. We assume that azimuthal radiation transport occurs at
mid-plane densities, and that it extends over a vertical full-width-
half-maximum,

FD
φ ≈ &R

√
2πhRgD|midplane, (10)

for a hydrostatic and vertically isothermal disk with 1σ thickness
H = hR, where h is the 1σ disk aspect ratio. We checked this
approximation a posteriori, using the temperature profiles in the
applications of Section 3 by modulating equation (6) with the
hydrostatic Gaussian, finding that equation (10) underestimates
equation (9) by a factor ∼ 3 ± 1, which we chose to ignore. The net
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Choice of the heat source for HD142527   
• Large grains in the mid plane heated by IR photons so  

heat source �  follows  bolometric mean intensity.    Th(ϕ)L60 S. Casassus et al.

heating per unit disk surface is thus

FD
φ = − 1

"R

∂FD
φ

R∂φ
≈ ∂

R∂φ
2πH 2%

16σT 3

3κR(

∂T

R∂φ
. (11)

Likewise, in the radial direction, the total flux of radiative diffusion
through an arc length R"φ is FD

R ≈ R"φ
√

2πHgD|midplane, and
the net heating per unit disk surface is

FD
R = − 1

R"φ

∂FD
R

∂R
= 1

R

∂

∂R
R2πH 2%

16σT 3

3κR(

∂T

∂R
. (12)

Radial diffusion turns out to be small compared to Fc. For a power-
law disc with H ∝ R−β+ 3

2 , T ∝ R−2β , ( ∝ R−γ, a constant κR,
β = 3

8 , setting % = 1, and at the peak surface density with γ = 0,

FD
R = 3π

κR(

H 2

R2
2σT 4 ≈ −0.1Fc, (13)

where the last approximation assumes κR( ∼ 1 and h ∼ 0.1.
For an incompressible Keplerian flow, at a fixed radius R and at

constant velocity v in the direction ŝ ∥ φ̂, the net internal energy
advected into a volume dV =

√
2πHRdRdφ is −vdRdφ ∂U

∂φ
. The

net heating per unit disc surface due to advection is thus

Fa = − v

R

∂U

∂φ
, (14)

This advection term is similar to that in the usual convective
derivative. We neglect the random-walk delay associated to vertical
diffusion, τ ν × H/c, which is of the order of a few days for IR
photons.

Energy balance requires that

Fa + FD
φ + Fc + Fh = ∂U

∂t
, (15)

where we have neglected radial diffusion. Following equation (3),
we parametrize the heat source with an effective temperature Th ,
so that Fh(φ) = 2(1 − exp(−τR))σT 4

h (φ). We replace τP by τR for
simplicity, and equation (15) gives:

− 1
γ − 1

v(
k

µmp

∂T

∂φ
+ 2πH 2 16σ

3(R

∂

∂φ

(
fgd

100
% T 3

κR(T , amax)
∂T

∂φ

)

−2σ (1 − exp(−τR))R(T 4 − T 4
h ) = R

∂U

∂t
. (16)

In steady state ∂U
∂t

= 0. We solve equation (16) with centred second-
order finite differences, starting with a flat initial condition, and with
periodic boundary conditions in φ ∈ [0, 2π ].

We can now estimate a spatial scale associated to the smoothing
effect of azimuthal radiation transport. For an infinite line along
s = Rφ, in the absence of a heat source beyond the onset of a
shadow at s = 0, without advection, and in the limit τR ≫ 1,
equation (16) yields an exponential decay with e-folding length
LD/H ≈

√
fgd/(100τR) ≪ 1. However, if τR ≪ 1, assuming

exponential decay yields LD/H ≈ fgd/(100τR), and radiation will
strongly smooth out any temperature decrement. Likewise, away
from the mid-plane, equation (6) suggests larger radiation flux at
lower ρ. In the rarefied disk surface, e.g. where 12CO rotational
lines originate, the medium is optically thin and we qualitatively
expect that the much larger photon mean-free path will smooth out
the decrements.

3 A P P L I C AT I O N S

The shape of the shadows and Th (φ) can potentially be constrained
by observations and RT modelling. If we consider the details of

Figure 2. Mean intensity profile J(φ) =
∫

dνJν (φ), as a function of azimuth
φ, at the outer edge of the cavity and in the midplane of a parametric model
for HD 142527. We compare the UV/optical field, JUV corresponding to λ

< 1µm, with the IR field, JIR, for λ > 1µm, and with the bolometric field
Jbolo. All profiles are calculated in a model without outer disc, except for
the dashed line, labeled ‘w/ring’, which corresponds to J

w/ring
bolo . .

Th (φ) as fixed, as well as R and H, which are given by the disc
structure, then in this simplified model the only free parameters
governing the gas temperature as it crosses the shadows are: the
disk surface density (, the gas-to-dust mass ratio fgd, the maximum
grain-size amax, and the grain filling factor f.

3.1 HD 142527

The very lopsided ring of HD 142527 (Casassus et al. 2013)
originates fairly optically thick mm-continuum in a stratified disc, so
that the continuum profile is not axially symmetric, which hampers
an isothermal description. A detailed comparison of the effect of
advection under the shadows requires 3D RT models, as well as fine
angular resolution data to infer the observed continuum temperature
profile. Also, despite this source being the first in which sharp
shadows from an inner disk were inferred, the precise location of
the centre of the shadows in the outer disc mid-plane has not yet
been worked out. For now, we use our simplified model to make
qualitative predictions on the shape of the temperature decrements.

Under the shadows some radiative heating persists mainly due to
IR thermal radiation from the inner disk. To guide the choice of the
heat source Th (φ), we examine the mean radiation intensity field in a
parametric RT model meant to approximate the disc of HD 142527
at a distance of 140 pc, so somewhat less than the GAIA distance
of 156 pc (hereafter the RT1425 model, Marino et al. 2015; Casassus
et al. 2015a,b). This model was computed with the RADMC3D
package (Dullemond et al. 2015). The gas and the small grains are
heated by UV radiation in the surface layers, while dust in the mid-
plane will absorb transferred IR radiation. Using the RT1425 model,
we compute the mean radiation intensity J(φ) inside the cavity, right
at the inner edge, and in the midplane of the gaseous outer disc (so
at a radius of 115 au). Fig. 2 compares the mean intensity field for
λ < 1 µm, JUV, with the mean field for λ > 1 µm, JIR, and with the
bolometric field Jbolo, both in the presence and absence of the outer
disc. About one-third of J

w/ring
bolo is thermal emission from the outer

disc, hence its harmonic modulation in azimuth and its smoother
profile under the shadows.
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Solutions for HD142527   
•    HD142527 disk  very lopsided, only  Northern shadow is 

clearly matched by a radio decrement.Cooling in shadowed rings L61

Since the dust responsible for the mm-continuum is thought to
be trapped at the pressure maximum in the outer disk, radiation will
be attenuated as it is transferred through the intervening material.
This can be incorporated by setting the unshadowed temperature
T◦ to the temperature of the larger grains (i.e. 1 mm – 1 cm).
Since equation (16) accounts for outer disc radiation in the limited
diffusion approximation, once we have set T◦, Th(φ) should follow
only radiation stemming from the star and the inner disc, which
appears to be fairly square. The choice of a square profile for Th(φ),
with a total width φS for each shadow, and a floor temperature TS,
is also useful to estimate how the shape of the shadows maps into
the temperature profile T(φ). We use hyperbolic tangents to round
the edges.

The temperature for the largest grains close to the northern
shadow is observed to be T◦ ∼ 27.5 K (Casassus et al. 2015b). The
floor temperature TS can be inferred from the drop in radiation
intensity, from J◦ in the unshadowed regions, to JS under the
shadows, TS

T◦
∼ (JS/J◦)1/4. Inspired by Jbolo(φ) in Fig. 2, we set

TS = 0.44 T◦ for RT1425.
The peak gas surface density in the RT1425 model is "

∼ 83 g cm− 2, at R =155 au, for a gas to dust mass ratio fgd =
100. The corresponding peak dust surface density is similar, within
50 per cent, to that reported by Boehler et al. (2017) and Muto et al.
(2015). In the analysis of Boehler et al. (2017) of CO isotopologue
data, at the position of the peak in dust continuum, the gas-to-
dust mass ratio is only fgd = 1.7, increasing to fgd ∼ 20 in the
direction of the minimum in continuum emission. For the northern
shadow, there is general agreement in the literature on the dust
surface density peak, around "d ∼ 1 g cm− 2. Since " = fgd"d, we
vary only fgd. The maximum grain size in the dust trap is at least
amax ∼ 1 cm (Casassus et al. 2015b), for which κR = 0.05 cm2 g− 1

if f = 1, and κR = 0.32 cm2 g− 1 if f = 0.1, so that τR ∼ 4 to 27. The
cooling time-scale is %tc ∼ 100 × (fgd/100) yr. The shadow crossing
time is %tK ∼ 152 yr, for a stellar mass of 2.0 M⊙ (Mendigutı́a et al.
2014), and for a shadow width φS ∼ 40 deg. Thus, if fgd ∼ 100
under the northern shadow, we expect dust to cool but not down to
the floor temperature, since %tc ∼ %tK. Since LD/H ∼ 1/

√
τR ! 1,

the smoothing effect of radiative diffusion should have little impact.
This scenario appears to be observed, given the temperature drop
of ∼ 30 per cent reported by Casassus et al. (2015b).

Example solutions of equation (16), with the above parameters,
are shown in Fig. 3. We see that for fgd = 100, radiative diffusion
has no impact and the profile follows a cooling curve close to equa-
tion (5). A massive disc results in conspicuous shifts ηS between the
temperature minimum and the centroid of the illumination pattern.
For fgd = 100, ηS = 19.1 deg if f = 0.1 and amax = 1 cm, while for
fgd = 10, ηS = 14.4 deg if f = 1 and ηS = 16.2 deg if f = 0.1.

For the southern shadow, in the RT1425 model, the maximum
grain size that is not affected by azimuthal trapping is ∼ 0.1 cm, for
which κR = 0.35cm− 2 g− 1 if f = 1, and κR = 1.1cm− 2 g− 1 if f = 0.1
(both values at 27.5 K). We consider a single case for ": a gaseous
disc mass contrast of ∼ 3 as in Boehler et al. (2017), with fgd ∼
20 and " ∼ 0.3 g cm− 2, so τR = 1.65 if f = 0.1, and τR ∼ 0.5 if
f = 1. Gas should cool much faster than in the northern shadow,
since %tc/%tK " 10− 2, but radiative diffusion should have more of
an impact. Example solutions are shown in Fig. 3, where we also
include a curve for amax = 1 cm and f = 1, for which τR ∼ 0.015.
In this latter case, the averaging effect of radiation transport almost
completely smooths out the temperature decrement.

Figure 3. Example profiles for T(φ) that approximate HD 142527. All lines
were computed for amax = 1 cm and f = 0.1 unless otherwise indicated in
legends. The labels give surface density " in g cm− 2. Gas flows towards
+φ̂.

Figure 4. Mean radiation intensity J(φ) in a RT model for DoAr 44, without
the outer disk. We plot J(φ) in the mid-plane and at two radii: at the edge of
the gaseous cavity, so at Rcavgas = 14 au, and at the edge of the large-dust
cavity, at Rcavdust = 32 au. The profiles at Rcavdust have been multiplied by
10. Conventions for the spectral domains follow from Fig. 2. .

3.2 DoAr 44

The cavity in DoAr 44 is very different from HD 142527. In the
parametric model of Casassus et al. (2018, hereafter RTDoAr44), the
polarized-intensity image in H-band is reproduced with a gaseous
cavity radius Rcavgas =14 au, while the continuum at 336 GHz corre-
sponds to a larger cavity for the mm-sized dust, with Rcavdust =32 au.
Thus, if due to shadowing, the continuum drops seen at 336 GHz,
of ∼ 24 per cent, result from a heat source profile Th(φ) that has
been substantially processed by intervening material, composed
of gas and small dust (with radii a < 1µm in RTDoAr44). This is
illustrated in Fig. 4, which plots the bolometric mean intensity field
Jbolo at the edge of the gaseous cavity at Rcavgas and at Rcavdust, in the
absence of the outer disk. The broad and V-shaped decrements in
Jbolo are very different from square profiles. Instead, for Th(φ) we use
J

1/4
bol , extracted at the edge of the large-dust cavity, i.e. at Rcavdust =

32 au, smoothed and normalized so that the peak temperature is
that computed in the RTDoAr44 model (with the outer disk, and for
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Solutions for HD142527   
• HD142527 disk  very lopsided, only  Northern shadow is 

clearly matched by a radio decrement.    
 


• Simple 1D model predicts >10deg shift for massive 
gaseous disk, with peak �  

• At low �  such that � , radiation will smooth 
out the temperature decrements.           

Σ > 8.3 g cm−2

Σ τR = κRΣ ≪ 1



Radio/IR shift in HD142527 ? 

emission is the best probe of the physical temperature of the
gas if the emission at the line center is optically thick, as in the
case of the 13CO J=3-2 emission in the outer disk of
HD142527 (Muto et al. 2015). The map shown in the top-right
panel of Figure 3 therefore unveils the thermal structure of the
13CO J=3-2 emitting layer.

Figure 4 compares the peak emission coming from the crest
of the two molecules with the dust-continuum. The peak
emission of the molecules is warmer than the dust emission
with differences between dust and 13CO J=3-2 of ∼20 K on
the dust crescent and 40 K on the opposite side. The horseshoe
structure is more pronounced in the dust with brightness
temperature varying between 30 K on the dust crescent to 5 K
on the opposite side, but is also visible in C18O, with
temperature varying from 47 to 31 K.

The 13CO emission, which is more azimuthally symmetric,
has a maximum brightness temperature of 54 K in the northeast

part of the disk. In general, the eastern side of the disk is
warmer than the western side, which is consistent with the
east–west asymmetry observed in the mid-infrared thermal
emission by Fujiwara et al. (2006). The temperature difference
probably comes from the disk inclination as the inner wall of
the outer ring on the east side is exposed to the observer at a
more face-on inclination. Also, the 13CO peak emission map
shows a local minimum at P.A. =130°–180° with a local
decrease of ∼10 K, corresponding to the larger azimuthal
minimum observed in the integrated map, and due probably to
the inner disk shadow. We nevertheless do not clearly see this
feature in C18O or in the opposite side of the disk as in the
integrated maps.
The bottom panel of Figure 4 shows the radial position of the

crests, which are located at smaller radii for the CO molecules
than for the dust. 13CO, the most optically thick molecule,
generally has its crest at smaller radii than C18O. This suggests

Figure 2. Top left: 13CO J=3-2 integrated intensity (Moment 0) map. The FWHM of the synthesized beam is 0 27×0 31 and is indicated by the white ellipse.
The contours correspond to 25%, 50%, and 75% of the maximum emission. Top right: 13CO J=3-2 integrated intensity as a function of radius and P.A. The dashed
line represents the 13CO crest position in the disk. The red lines indicate the 3σ contours with σ=7.2 mJy beam−1 km s−1 for 13CO and 7.8 mJy beam−1 km s−1 for
C13O. Bottom panels: same as the top panels but for C18O J=3-2.

5

The Astrophysical Journal, 840:60 (16pp), 2017 May 1 Boehler et al.

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

PDI image from Avenhaus+ 2017

C18O(3-2) integrated intensity from Boehler+ 2017



Choice of the heat source for DoAr44   
• In DoAr44 the mm-ring is at ~32au, while the IR ring is at 

14au, so heat source           must be transferred through 
cavity gas and small dust. 

Th(ϕ)
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Figure 1. Polarized intensity in H band and deconvolved 336 GHz radio continuum from DoAr 44. x- and y-axis show offset from the stellar position in the
direction of RA and Dec., in arcsec. (a) H-band Qϕ image, with a resolution close to the diffraction limit of 49.5 mas. (b) 336 GHz continuum image of DoAr
44, deconvolved using our uvmem algorithm for an effective angular shown by the beam ellipse (0.17 arcsec × 0.13 arcsec, or about 1/3 the natural weights
clean beam). (c) The 336 GHz image in black contours and overlaid on Qϕ (H). The 336 GHz contours are linearly spaced at fractions of [0.5, 0.6, 0.7, 0.8,
0.9] times the peak intensity. We also show green contours for Qϕ (H) at [0.05,0.1,0.2,0.5] times the peak. The circular markers indicate the position of the
decrements along projected circles that best approximate the ring: in green for Qϕ , and in grey for the 336 GHz continuum. The stellar position is marked by a
yellow symbol. The semitransparent orange disc indicates the 0.1 arcsec radius, meant to illustrate the total radial extent of the coronagraph.

to be exploited. Perhaps most discs around small mass ratios bi-
naries (q∼ 0.01–0.1) could warp when the migrating companion
crosses the resonance between its precession period and that of
the inner circumprimary disc (Owen & Lai 2017). In any case,
thanks to accurate knowledge on disc structure and orientation,
the sharply warped systems represent an opportunity to understand
the physics underlying warped protoplanetary discs in general.
What is the response of circumstellar discs under the forcing of
an out-of-plane companion? What are the dynamical consequences
of shadows deep enough to cool the gas and reduce the pressure
locally? What can we learn about disc viscosity? These long stand-
ing questions in disc hydrodynamics (e.g. Papaloizou & Terquem
1995; Nixon, King & Price 2013; Montesinos et al. 2016; Facchini,
Juhász & Lodato 2018) require input from concrete observational
evidence.

The general goal of understanding the warp hydrodynamics, and
connections with the origin of TD cavities, motivates the present
analysis of a new sharply warped system, this time at T Tauri masses.
As part of our survey of Disks ARound T Tauri Stars with SPHERE
(DARTTS-S, PI: H. Avenhaus, see Section 2), here we report deep
decrements in the stellar infrared radiation that is reflected, and
polarized, on the outer ring of TD DoAr 44 (also called ROXs
44, see Fig. 1a). DoAr 44 is located in the L1688 dark cloud of
Ophiuchus (Andrews et al. 2011), so likely close to the distance
of +120.0+4.5

−4.2 pc derived for the Ophiuchus core by Loinard et al.
(2008). The ALMA continuum image (van der Marel et al. 2016)
shows a fairly face-on orientation (inclination of i = 20 deg), with
a smooth ring and shallow decrements that are strongly modulated
by convolution with the synthetic beam, and which we empha-
size here with super-resolution in non-parametric image synthe-
sis (Fig. 1b, Section 2). With radiative transfer predictions for the
SPHERE+IRDIS polarization images and for the 336 GHz contin-
uum images, we confirm that the decrements in polarized intensity
cannot be reproduced by radiative transfer effects alone at such
low inclinations. Instead, the data can be interpreted in terms of a
sharply tilted inner disc, in which part of the outer disc is directly
exposed to stellar light (Section 3). We discuss the observability of
the warped kinematics in the cavity of DoAr 44 (Section 4) before
summarizing our conclusions (Section 5).

2 O B S E RVAT I O N S

2.1 Instrumental setups

DoAr 44 was acquired using SPHERE+IRDIS as part of project
096.C-0523(A). The full data set is described in Avenhaus et al.
(2018). Here we report the DoAr 44 observations acquired in H
band, on 2016 March 15, with a total exposure time of ∼2560 s. The
data were reduced following as in Avenhaus et al. (2017) to produce
the Qϕ linear combination of the two orthogonal linear polarizations,
which represents an unbiased estimate of the polarized intensity
image. This Qϕ(H) image is shown in Figs 1(a) and (c), where
we also compare with a deconvolved image of the 336 GHz radio
continuum. Details on the radio image synthesis are provided in
Section A and Fig. A1.

While the continuum ring is fairly smooth and is approximately
a projected circle viewed close to face-on, the Qϕ(H) ring is divided
into bipolar arcs, separated by broad and deep intensity dips. In this
respect, the DoAr 44 decrements are reminiscent of the shadows
in HD 142527, which are best seen in near-IR imaging, with only
shallow counterparts in the continuum. On the other hand, their
coarse and broad shapes in DoAr 44 contrast with the finely drawn
inner disc silhouettes seen projected on the outer rings of HD 142527
and HD 100453. If due to a central warp, this difference could
reflect the coarser resolution, especially relative to the ring radius,
or it could represent a difference in warp geometry, with a shallower
inner disc tilt in DoAr 44.

2.2 Radio/IR alignment

The usage of additional frames for centring, with four bright spots
imposed by a waffle pattern on to the deformable mirror of SPHERE,
ensures that the SPHERE/IRDIS images are centred on the star to
within a fraction of a detector pixel (so within 12 mas). In turn, the
accuracy of the absolute astrometry of the ALMA data is usually
taken as ∼1/10 the synthetic beam, so in this case about 25 mas.

While at the time of writing a parallax for DoAr 44 is not yet
available, the HSOY catalogue (Altmann et al. 2017, based on a
preliminary GAIA release) provides astrometric data for DoAr 44
at epoch 2000: J2000 (16:31:33.4635, −24:27:37.222), extrapolated
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Since the dust responsible for the mm-continuum is thought to
be trapped at the pressure maximum in the outer disk, radiation will
be attenuated as it is transferred through the intervening material.
This can be incorporated by setting the unshadowed temperature
T◦ to the temperature of the larger grains (i.e. 1 mm – 1 cm).
Since equation (16) accounts for outer disc radiation in the limited
diffusion approximation, once we have set T◦, Th(φ) should follow
only radiation stemming from the star and the inner disc, which
appears to be fairly square. The choice of a square profile for Th(φ),
with a total width φS for each shadow, and a floor temperature TS,
is also useful to estimate how the shape of the shadows maps into
the temperature profile T(φ). We use hyperbolic tangents to round
the edges.

The temperature for the largest grains close to the northern
shadow is observed to be T◦ ∼ 27.5 K (Casassus et al. 2015b). The
floor temperature TS can be inferred from the drop in radiation
intensity, from J◦ in the unshadowed regions, to JS under the
shadows, TS

T◦
∼ (JS/J◦)1/4. Inspired by Jbolo(φ) in Fig. 2, we set

TS = 0.44 T◦ for RT1425.
The peak gas surface density in the RT1425 model is "

∼ 83 g cm− 2, at R =155 au, for a gas to dust mass ratio fgd =
100. The corresponding peak dust surface density is similar, within
50 per cent, to that reported by Boehler et al. (2017) and Muto et al.
(2015). In the analysis of Boehler et al. (2017) of CO isotopologue
data, at the position of the peak in dust continuum, the gas-to-
dust mass ratio is only fgd = 1.7, increasing to fgd ∼ 20 in the
direction of the minimum in continuum emission. For the northern
shadow, there is general agreement in the literature on the dust
surface density peak, around "d ∼ 1 g cm− 2. Since " = fgd"d, we
vary only fgd. The maximum grain size in the dust trap is at least
amax ∼ 1 cm (Casassus et al. 2015b), for which κR = 0.05 cm2 g− 1

if f = 1, and κR = 0.32 cm2 g− 1 if f = 0.1, so that τR ∼ 4 to 27. The
cooling time-scale is %tc ∼ 100 × (fgd/100) yr. The shadow crossing
time is %tK ∼ 152 yr, for a stellar mass of 2.0 M⊙ (Mendigutı́a et al.
2014), and for a shadow width φS ∼ 40 deg. Thus, if fgd ∼ 100
under the northern shadow, we expect dust to cool but not down to
the floor temperature, since %tc ∼ %tK. Since LD/H ∼ 1/

√
τR ! 1,

the smoothing effect of radiative diffusion should have little impact.
This scenario appears to be observed, given the temperature drop
of ∼ 30 per cent reported by Casassus et al. (2015b).

Example solutions of equation (16), with the above parameters,
are shown in Fig. 3. We see that for fgd = 100, radiative diffusion
has no impact and the profile follows a cooling curve close to equa-
tion (5). A massive disc results in conspicuous shifts ηS between the
temperature minimum and the centroid of the illumination pattern.
For fgd = 100, ηS = 19.1 deg if f = 0.1 and amax = 1 cm, while for
fgd = 10, ηS = 14.4 deg if f = 1 and ηS = 16.2 deg if f = 0.1.

For the southern shadow, in the RT1425 model, the maximum
grain size that is not affected by azimuthal trapping is ∼ 0.1 cm, for
which κR = 0.35cm− 2 g− 1 if f = 1, and κR = 1.1cm− 2 g− 1 if f = 0.1
(both values at 27.5 K). We consider a single case for ": a gaseous
disc mass contrast of ∼ 3 as in Boehler et al. (2017), with fgd ∼
20 and " ∼ 0.3 g cm− 2, so τR = 1.65 if f = 0.1, and τR ∼ 0.5 if
f = 1. Gas should cool much faster than in the northern shadow,
since %tc/%tK " 10− 2, but radiative diffusion should have more of
an impact. Example solutions are shown in Fig. 3, where we also
include a curve for amax = 1 cm and f = 1, for which τR ∼ 0.015.
In this latter case, the averaging effect of radiation transport almost
completely smooths out the temperature decrement.

Figure 3. Example profiles for T(φ) that approximate HD 142527. All lines
were computed for amax = 1 cm and f = 0.1 unless otherwise indicated in
legends. The labels give surface density " in g cm− 2. Gas flows towards
+φ̂.

Figure 4. Mean radiation intensity J(φ) in a RT model for DoAr 44, without
the outer disk. We plot J(φ) in the mid-plane and at two radii: at the edge of
the gaseous cavity, so at Rcavgas = 14 au, and at the edge of the large-dust
cavity, at Rcavdust = 32 au. The profiles at Rcavdust have been multiplied by
10. Conventions for the spectral domains follow from Fig. 2. .

3.2 DoAr 44

The cavity in DoAr 44 is very different from HD 142527. In the
parametric model of Casassus et al. (2018, hereafter RTDoAr44), the
polarized-intensity image in H-band is reproduced with a gaseous
cavity radius Rcavgas =14 au, while the continuum at 336 GHz corre-
sponds to a larger cavity for the mm-sized dust, with Rcavdust =32 au.
Thus, if due to shadowing, the continuum drops seen at 336 GHz,
of ∼ 24 per cent, result from a heat source profile Th(φ) that has
been substantially processed by intervening material, composed
of gas and small dust (with radii a < 1µm in RTDoAr44). This is
illustrated in Fig. 4, which plots the bolometric mean intensity field
Jbolo at the edge of the gaseous cavity at Rcavgas and at Rcavdust, in the
absence of the outer disk. The broad and V-shaped decrements in
Jbolo are very different from square profiles. Instead, for Th(φ) we use
J

1/4
bol , extracted at the edge of the large-dust cavity, i.e. at Rcavdust =

32 au, smoothed and normalized so that the peak temperature is
that computed in the RTDoAr44 model (with the outer disk, and for
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Solutions for DoAr44   

• Available observations rule out a massive disk with 
�  at 5�  given a standard dust populationΣ > 13 g cm−2 σ

L62 S. Casassus et al.

Figure 5. Example profiles T(φ) that approximate DoAr 44. All curves
correspond to f = 1, and we vary the gas-to-dust ratio fgd, for amax = 0.1 cm
and amax = 1 cm. The heat source Th(φ) is shown in black line. The direction
of Keplerian rotation is towards +φ̂. .

the large dust population). The stellar mass for DoAr 44 is 1.3 M⊙
(Espaillat et al. 2010), and its distance in RTDoAr44 is 120 pc (now
revised to 145.9 pc, Gaia Collaboration et al. 2016). The RTDoAr 44

model suggests that the disc aspect ratio is h ∼ 0.08 at Rcavdust,
coincident with the peak gas surface density of " = 13 g cm−2 for
fgd = 100, if amax = 1 mm.

As summarized in Fig. 5, the effect of advection is more important
for a massive outer disc. In particular, the case for fgd = 100, f =
1, amax = 1 cm, with κR(48 K) = 0.06 cm−2g, corresponds to " =
130 g cm−2 for the same mass in dust smaller than 1 mm as in
RTDoAr 44, and results in a large shift between the azimuthal position
of the minimum in Th and that of the minimum in T: ηS = 16 deg.
The curves for fgd = 100, amax = 0.1 cm, and fgd = 10, amax = 1 cm,
both correspond to " = 13 g cm−2 (given the grain size exponent
of q = −3.0), and ηS = 2.9 deg. A run for fgd = 1, amax = 1 cm
(κR(48 K) = 0.40 cm−2g, not shown in Fig. 5), results in ηS =
0.36 deg. In all runs τR ≫ 1.

From the available observations, Casassus et al. (2018) report
ηS = −2.8 ± 0.9 deg, which is a shift along the direction of rotation
if the disc is rotating clock-wise (so if the northern side is the
far side). With this direction of rotation, the faint arc to the
North-West (seen in polarized intensity, Avenhaus et al. 2018)
can be seen as a trailing spiral arm. However, the substantial
disc thickness in the H-band, and the finite inclination, result in a
model ηm

s = +3.0 deg, as calculated with the RTDoAr 44 predictions
at native angular resolutions. After uv −plane filtering, the shift is
ηm

s = −1.3 deg. If we take this offset of 4.3 deg as an indication of
systematics, the observed value would be +1.5 ± 0.9 deg. A very
massive disc can thus easily be ruled out, and we can also discard
at 5σ the cases with fgd = 10, amax = 1 cm, and fgd = 100, amax =
0.1 cm. A 3D RT model that incorporates advection, along with
finer angular resolution data, could eventually refine these limits.

4 C O N C L U S I O N

The midplane gas and dust cool when flowing across shadows cast
by inner warps. In this letter, we propose a simplified 1D model
to explain the broad variety of temperature responses under the
shadows, and to assess how the shape and depth of the temperature
profiles depend on the outer disc mass. At low surface densities
", such that τR = κR" ≪ 1, or in the disk surface, radiation will
smooth out the temperature decrements. In massive rings, such that
τR ! 1, the temperature minimum will be shifted in the direction
of rotation relative to the centroid of the illumination pattern due to

advection. This shift ηS is a probe of the gas-to-dust mass ratio for
a given dust population.

Detailed applications to specific objects require the incorporation
of advection in 3D radiative transfer. Meanwhile, we report some of
the prediction from our 1D model. The square illumination profile
in HD 142527 allows to illustrate the impact of advection, even if
in the isothermal approximation. A massive disc with fgd > 10 near
the continuum peak should result in a conspicuous shift, 14 deg"
ηS " 20 deg. A comparison with observations requires high angular
resolution continuum data. In DoAr 44, the available observations
rule out a massive disc with " > 13 g cm−2 at 5σ , and given a
standard dust population.
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⃗u ⋅ ⃗∇ (aT4) = − κPρcaT4 + ρ∫ dνκa
ν Jν

Prospects for more realistic models of 
temperature drops?

• 1st order approximation for 3D model: post-process 
temperature field. Solve for T in:

• Perhaps full-blown hydro + RT possible with 
PHANTOM?



Outline

1. The sharp warp in HD142527 

2. A few more warps 
3. What can we learn from warps?   

4. Summary



with r 130 AUg2 = , and where f = 1.1 is a factor to avoid
divergence at rg2, and

v GM
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We use a stellar accretion rate of dM dt M10 7
� = -

: (Garcia
Lopez et al. 2006). The stellar mass is set at M1.8 :; higher
masses produce higher velocities inside the cavity than
observed.

The orientation of the disk is parametrized in spherical
coordinates, where the vertical axis ẑ ¢ is the normal to the local
disk plane, and where the origin of azimuth f¢ is the local line
of nodes (i.e., the disk PA as a function r). The azimuthal
velocity vf¢ is set to Keplerian rotation v vK=f¢ , except in
regions where v 0r∣ ∣ > , where we assumed that the specific
energy density was close to 0, so that v v vrff

2 2= -f
(neglecting the internal energy).

In the warp itself, between r _ 20 AUorient in = and
r _ 23 AUorient out = , material continuously connects both orien-
tations. We investigated a range of values for the vertical
velocity component in the warp and obtained a closer match to

the observations with relatively fast velocities, v vwarp= =q¢

v sinK ( )f¢ (see Section 3.2.2).
The temperature profile we adopted is T 70 K= if

r 30 AU< , or

T r
r

r70
30AU

K, if 30 AU, 2
0.5

( ) ( )⎜ ⎟⎛
⎝

⎞
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-

which allows us to approximately reproduce the CO(6–5) line
profile. Equation (2) is probably not the best representation of
the actual CO temperature field. It could be improved by
adding structure, especially in the outer disk, where the gas
temperatures probably flatten out. Equation (2) results in gas
temperatures slightly lower than the dust temperatures in the
outer disk, which leads to negatives in continuum-subtracted
data. These absorption features appear to be necessary to
account for the decrements seen in the molecular-line in the
outer disk, and which are discussed in a companion paper
(Casassus et al. 2015, see also Section 3.2.1). These
temperatures are also well below the dust temperatures in the
closer-in regions. If we impose thermal equilibrium between
both solid and gas phases, the predicted flux densities soar an
order of magnitude above the observations.
Close to the star, CO is probably photodissociated. The line

intensity of CO(6–5) appears to display a decrement inside
0 2, which we accounted for with a Gaussian taper of the gas
abundance inside 30 AU, with a 1s width of 5 AU.

3.2. Radiative Transfer Predictions

3.2.1. Adopted Abundance Fields and Depth of the Cavity

We adopted a nominal H2/
12CO ratio X 10CO

4= - , and the
following molecular abundances relative to H2 (no selective
photodissociation was required). For 13CO, we used the ISM
isotopic abundance for 12C/13C of 76 (Stahl et al. 2008),

Figure 5. Illustration of the key elements of the parametric model that we
propose to explain the CO(6–5) velocity field in HD 142527. The crescent in
hues of red and purple represents the distribution of millimeter-sized grains.
The solid arrows trace the velocity field. Inside the warp that connects the two
disk inclination, material flows along the dashed and curved arrows.

Figure 6. Radial cuts for the surface density profiles (red) and magnitude of the
radial velocity component (blue). The CO abundance is modulated with a
Gaussian taper inside 30 AU, to account for photodissociation.

Figure 7. Intensity maps (moments 0) extracted from the RADMC3D
predictions, after smoothing to the resolution of the deconvolved CO(6–5)
datacubes.
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• Transition disks allow  identification of warp 

geometries, especially  sharp inner disk tilts.

• Data on warp kinematics only in HD142527, 

gas flows through the warp in freefall.

• In HD142527, DoAr44, J1604, dust 
cools enough under the shadows for 
detectable continuum decrements, but 
not in HD100453, HD143006. 


• Lack of temperature decrements  due 
to smoothing by radiation in low 
surface densities and/or short crossing  
times.   


• Shape  of  temperature profiles can 
constrain  surface density,  gas to dust 
ratio,  amax  and grain filling factor.







Radio/IR shift requires very fine and circular beams 
in DoAr44.  

• Simulations: strong bias with elliptical beam is 
alleviated by non-parametric image synthesis, 
(with regularization).     


