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Inclined binary with a disc:  
1 million phantom SPH particules ➔ 1 million MCFOST Voronoi 
cells

Example of post-processing

Scattered	light	:	1.6μm Thermal	emission	:	1.3mm

mcfost <para_file>  -phantom <dump>





Fargo model

Coupling hydro + chemistry + RT

+ 
Astrochem



Live coupling hydro + RT
• mcfost is now available as a library (libmcfost.a)

• pass SPH particles (position, velocity, n(a))

• MCFOST performs Voronoi tessellation + 
radiative transfer and returns Tdust + radiation 
pressure vectors without interpolation

• takes ~ few minutes for 106 particles : 

‣ can be performed every few time steps yo get 
full hydro+RT simulations

syntax specific to phantom (thanks Daniel) so far,  
but trivial to extend to other code



MCFOST + phantom :  
recovering hydrostatic equilibrium



MCFOST + phantom :  
recovering hydrostatic equilibrium



Gas temperature

mcfost + ProDiMo (Woitke 2009) model



Gas heating & cooling



Chemical 
abundances



Estimating Tgas via Machine Learning

Also predicts election density (-> MHD), molecular 
abundances 

Prediction from 100 ProDiMo models training set



ALMA and SPHERE views of IM Lupi
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Figure 1: Left: SPHERE IRDIS H band DPI of IM Lupi, showing the disk flared surface with the
presence of at least 2 bright rings around 90 au. The green dashed line represent the location of
the dip seen in our ALMA continuum data. Center: Surface brightness profile along the major axis
in band 3 (red), 6 (green )and 7 (blue) as observed by ALMA in cycle 2 (0.3”). The disk is more
compact at longer wavelength indicating migration and a dip is detected at ⇡90 au in all 3 bands.
Right:

12CO emission in our cycle 2 data. The two CO surfaces above the freeze-out region are
clearly detected. Our objective is to asses the exact nature of the dip seen in the ALMA continuum
images and compare to the distribution of (sub-)micronic grains observed here with the distribution
of the (sub-)mm grains and of the molecular gas.

Our ALMA data (Band 3 & 6) clearly indicates that the mm dust has settled and migrated
compared to the small grains and gas. Combined with archival Band 7 data, we have a global
picture of the disk at 0.3” scales. Because the disk is viewed at an intermediate inclination and is
bright in CO, IM Lupi presents the perfect configuration to locate the molecular layer with sub-arcsec
observations. In a given velocity channel, this inclination avoids line of sight confusion (Fig. 1, right
panel, Pinte et al. in prep.). We have 2 transitions in each of the CO isotopologues: 12CO, 13CO
and C18O, allowing us to measure the gas temperature has a function of r, z, i.e. to build a 2D
temperature map of disk. With the high spectral resolution and high signal of our 12CO data, we were
also able to put strong constraints of the turbulence velocity in the disk surface: vturb < 0.05� 0.1 cS
(Pinte et al. in prep.), similar to what is observed in other disk (Flaherty et al. 2015).
The SPHERE image reveals a flared surface consistent with the CO channel maps (Fig. 1) as well

as the presence of at least 2 bright rings separated by a darker gap (Fig. 1, Avenhaus et al, in prep.).
The rings are located at about 90 au, i.e. where one of the molecular rings has been imaged by
Öberg et al. (2015). Excitingly, at the same position, we detect an inflexion/dip of the continuum
brightness profile in all 3 ALMA bands. Our current resolution of 0.3” (⇡ 77 au) does not allow us to
determine the exact nature of this structure. Is it a gap ? a change of brightness slope ? In any cases,
it is co-spatial with the SPHERE and molecular rings. The goal of this proposal is to understand
how these structures are connected and put constraints on the physical and chemical mechanisms at
play.

2 Immediate objective

IM Lupi presents ideal characteristics to become one of the new benchmark case to
study the first steps of planet formation. We aim to observe the disk at 1.3mm (band
6) in the continuum and 3 CO isotopologues at a resolution of ⇡ 0.05 arcsec to match
the resolution of the SPHERE image. Our main science goals are i) to asses the nature
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Fig. 1.— H band images displayed in logarithmic stretch. The data were re-scaled to represent the same physical size, thus the 100au
scale bar in the first panel applies for all panels. Because the angular scales are di↵erent, a 100bar is shown in each panel. Immediately
obvious is the extraordinary size of the IM Lup disk compared to the others, with RXJ 1615 coming in second. Areas marked green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels). The red dot
in the center marks the position of the star. North is up and east is to the left in all frames.
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Fig. 2.— Azimuthally averaged, normalized surface brightness versus distance from the host star for our targets. Solid lines represent H,
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Fig. 1. 12CO (left) and 13CO (right) channel maps displayed with a channel width of 80 m/s. The data is not continuum subtracted. The dv is
relative to the systemic velocity of 4.5 km.s�1. The beam is indicated on the bottom right corner.

Wavelength or line Disc-integrated flux Beam Image or moment 0 RMS (1�)
1.3 mm cont. 225 ± 23 mJy 0.36” ⇥ 0.55” at -80� 0.05 mJy/beam
12CO (2-1) 24.1 ± 2.4 Jy.km/s 0.36” ⇥ 0.56” at -78� 3.5 mJy.km/s
13CO (2-1) 7.9 ± 0.8 Jy.km/s 0.38” ⇥ 0.58” at -79� 4.2 mJy.km/s
C18O (2-1) 1.3 ± 0.2 Jy.km/s 0.38” ⇥ 0.58” at -78� 3.9 mJy.km/s

Table 1. Summary of observations. The continuum flux was measured over the area where the signal is above 3 times the map RMS
(estimated far from the source). The line flux was measured by integrating the flux where the signal is above 3 times the per-channel RMS,
estimated from the scatter in line-free channels.

lence (e.g., Flaherty et al. 2015). Indirect mapping via chemical
imaging (Qi et al. 2013 with N2H+ and Mathews et al. 2013
with DCO+) has also been used to estimate the location of the
CO snow line. However, Aikawa et al. (2015), van’t Ho↵ et al.
(2017) and Huang et al. (2017) have shown that these species
are not robust CO snow line tracers, and that detailed chem-
ical modelling is required to infere the midplane CO snow
line location from N2H+ or DCO+ observations.

The combination of high spatial and spectral resolution and
sensitivity o↵ered by ALMA opens new avenues to directly map
the disc thermal and kinematic structure by resolving the gas disc
both radially and vertically. Dutrey et al. (2017) recently intro-
duced a method to map the thermal and density gas structure of
discs close to edge-on inclinations. Discs at intermediate incli-
nations are also ideal targets as the Keplerian velocities spatially
separate the emitting regions, eliminating line of sight confusion
(e.g., de Gregorio-Monsalvo et al. 2013; Rosenfeld et al. 2013).

IM Lupi is a M0V T Tauri star (distance of 161±10 pc, Gaia
Collaboration et al. 2016) surrounded by a large and massive disc
with an inclination of 48� ± 3� (Pinte et al. 2008; Cleeves et al.
2016). The disc is detected in rotational CO emission up to a ra-
dius of 970 au, in the millimetre continuum up to 310 au (Panić
et al. 2009; Cleeves et al. 2016) and scattered light up to 320 au
with a well-defined disc morphology (Pinte et al. 2008, rescaled
to the updated distance), but with an extended component up to
720 au in radius. We present here a framework to directly mea-
sure the altitude, velocity and temperature of the CO layers from
new high spectral (0.05 km/s) and intermediate spatial (0.4”) res-
olution ALMA observations of the disc surrounding IM Lupi.

2. Observations and data reduction

IM Lupi was observed with ALMA in band 6 on the night from
the 9th to the 10th of June 2015 with a total on source time of
37.4 min (Program ID 2013.1.00798.S). The array was config-
ured with 37 antennas and baselines ranging from 21.4 to 784 m.
Titan was used as a flux calibrator and the quasars J1517-2422
and J1610-3958 were used as bandpass and phase calibrators.
Two of the four spectral windows of the correlator were config-
ured in Time Division Mode (TDM) centered at 218.9 GHz and
231.7 GHz, with 1.875 GHz usable bandwidth each. The other
two spectral windows were configured in Frequency Division
Mode (FDM) to target the 12CO J=2-1, 13CO J=2-1 and C18O
J=2-1 transitions, with a channel spacing of 30.5 kHz and a chan-
nel averaging of 2. Because of the Hanning smoothing used to
reduce spectral ringing, the actual spectral resolution is 35 kHz,
corresponding to 45 – 48 m/s depending on the line. The median
partial water vapor was 0.93 mm. The data sets were calibrated
using the Common Astronomy Software Applications pipeline
(CASA, McMullin et al. 2007, version 4.6.0). We performed 3
successive rounds of phase self-calibration, the last one with so-
lutions calculated for each individual integration (6s), followed
by a phase and amplitude self-calibration. The continuum self-
calibration solutions were applied to the CO lines. A CLEAN
mask was manually defined for the continuum image and each
channel map. Channel maps were produced both without and
with continuum subtraction (using the CASA task uvcon-
tsub). We estimate the flux calibration uncertainty to 10 %.

The disc is spatially resolved in all transitions and channel
maps show the typical butterfly pattern of discs in Keplerian
rotation. The measured fluxes are presented in table 1 and the
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Fig. 1. 12CO (left) and 13CO (right) channel maps displayed with a channel width of 80 m/s. The data is not continuum subtracted. The dv is
relative to the systemic velocity of 4.5 km.s�1. The beam is indicated on the bottom right corner.

Wavelength or line Disc-integrated flux Beam Image or moment 0 RMS (1�)
1.3 mm cont. 225 ± 23 mJy 0.36” ⇥ 0.55” at -80� 0.05 mJy/beam
12CO (2-1) 24.1 ± 2.4 Jy.km/s 0.36” ⇥ 0.56” at -78� 3.5 mJy.km/s
13CO (2-1) 7.9 ± 0.8 Jy.km/s 0.38” ⇥ 0.58” at -79� 4.2 mJy.km/s
C18O (2-1) 1.3 ± 0.2 Jy.km/s 0.38” ⇥ 0.58” at -78� 3.9 mJy.km/s

Table 1. Summary of observations. The continuum flux was measured over the area where the signal is above 3 times the map RMS
(estimated far from the source). The line flux was measured by integrating the flux where the signal is above 3 times the per-channel RMS,
estimated from the scatter in line-free channels.

lence (e.g., Flaherty et al. 2015). Indirect mapping via chemical
imaging (Qi et al. 2013 with N2H+ and Mathews et al. 2013
with DCO+) has also been used to estimate the location of the
CO snow line. However, Aikawa et al. (2015), van’t Ho↵ et al.
(2017) and Huang et al. (2017) have shown that these species
are not robust CO snow line tracers, and that detailed chem-
ical modelling is required to infere the midplane CO snow
line location from N2H+ or DCO+ observations.

The combination of high spatial and spectral resolution and
sensitivity o↵ered by ALMA opens new avenues to directly map
the disc thermal and kinematic structure by resolving the gas disc
both radially and vertically. Dutrey et al. (2017) recently intro-
duced a method to map the thermal and density gas structure of
discs close to edge-on inclinations. Discs at intermediate incli-
nations are also ideal targets as the Keplerian velocities spatially
separate the emitting regions, eliminating line of sight confusion
(e.g., de Gregorio-Monsalvo et al. 2013; Rosenfeld et al. 2013).

IM Lupi is a M0V T Tauri star (distance of 161±10 pc, Gaia
Collaboration et al. 2016) surrounded by a large and massive disc
with an inclination of 48� ± 3� (Pinte et al. 2008; Cleeves et al.
2016). The disc is detected in rotational CO emission up to a ra-
dius of 970 au, in the millimetre continuum up to 310 au (Panić
et al. 2009; Cleeves et al. 2016) and scattered light up to 320 au
with a well-defined disc morphology (Pinte et al. 2008, rescaled
to the updated distance), but with an extended component up to
720 au in radius. We present here a framework to directly mea-
sure the altitude, velocity and temperature of the CO layers from
new high spectral (0.05 km/s) and intermediate spatial (0.4”) res-
olution ALMA observations of the disc surrounding IM Lupi.

2. Observations and data reduction

IM Lupi was observed with ALMA in band 6 on the night from
the 9th to the 10th of June 2015 with a total on source time of
37.4 min (Program ID 2013.1.00798.S). The array was config-
ured with 37 antennas and baselines ranging from 21.4 to 784 m.
Titan was used as a flux calibrator and the quasars J1517-2422
and J1610-3958 were used as bandpass and phase calibrators.
Two of the four spectral windows of the correlator were config-
ured in Time Division Mode (TDM) centered at 218.9 GHz and
231.7 GHz, with 1.875 GHz usable bandwidth each. The other
two spectral windows were configured in Frequency Division
Mode (FDM) to target the 12CO J=2-1, 13CO J=2-1 and C18O
J=2-1 transitions, with a channel spacing of 30.5 kHz and a chan-
nel averaging of 2. Because of the Hanning smoothing used to
reduce spectral ringing, the actual spectral resolution is 35 kHz,
corresponding to 45 – 48 m/s depending on the line. The median
partial water vapor was 0.93 mm. The data sets were calibrated
using the Common Astronomy Software Applications pipeline
(CASA, McMullin et al. 2007, version 4.6.0). We performed 3
successive rounds of phase self-calibration, the last one with so-
lutions calculated for each individual integration (6s), followed
by a phase and amplitude self-calibration. The continuum self-
calibration solutions were applied to the CO lines. A CLEAN
mask was manually defined for the continuum image and each
channel map. Channel maps were produced both without and
with continuum subtraction (using the CASA task uvcon-
tsub). We estimate the flux calibration uncertainty to 10 %.

The disc is spatially resolved in all transitions and channel
maps show the typical butterfly pattern of discs in Keplerian
rotation. The measured fluxes are presented in table 1 and the
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C. Pinte et al.: Imaging the vertical CO snow line in the disc surrounding IM Lupi
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Fig. 2. Single 12CO channel with a schematic of the quantities we mea-
sure. The disc has been rotated so that the semi-major axis is horizontal.
The position of the central object is marked by a star. For a given o↵set
�x along the disc major axis, two maxima N and F on the same ver-
tical are located on the near and far sides of the disc’s upper surface.
These two points are on the same inclined circular orbit (white ellipse),
whose centre is marked by a diamond. Indicated are the geometrical pa-
rameters from which the cylindrical radius, height and velocity of the
points F and B can be measured. By repeating the procedure for each
�x (green points, sampled every 0.08”) and each velocity channel, a
full mapping of the CO upper surface is performed. The cyan points
mark the location of the lower surface (near side), while the magenta
points represent the symmetric of the far upper surface relative to disc
major axis.

representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a

Upper surface
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Upper surface
Near side

Lower surface
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vertical
snow line

Top of the CO layer
observed in 12CO

Bottom of 
the CO layer
observed in 
12CO

Bottom of the 
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in 13CO and C18O

gas CO layer

atomic and 
ionized layer

Fig. 3. Schematic view of the various layers observed in the CO lines.

circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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Fig. 1. 12CO (left) and 13CO (right) channel maps displayed with a channel width of 80 m/s. The data is not continuum subtracted. The dv is
relative to the systemic velocity of 4.5 km.s�1. The beam is indicated on the bottom right corner.

Wavelength or line Disc-integrated flux Beam Image or moment 0 RMS (1�)
1.3 mm cont. 225 ± 23 mJy 0.36” ⇥ 0.55” at -80� 0.05 mJy/beam
12CO (2-1) 24.1 ± 2.4 Jy.km/s 0.36” ⇥ 0.56” at -78� 3.5 mJy.km/s
13CO (2-1) 7.9 ± 0.8 Jy.km/s 0.38” ⇥ 0.58” at -79� 4.2 mJy.km/s
C18O (2-1) 1.3 ± 0.2 Jy.km/s 0.38” ⇥ 0.58” at -78� 3.9 mJy.km/s

Table 1. Summary of observations. The continuum flux was measured over the area where the signal is above 3 times the map RMS
(estimated far from the source). The line flux was measured by integrating the flux where the signal is above 3 times the per-channel RMS,
estimated from the scatter in line-free channels.

lence (e.g., Flaherty et al. 2015). Indirect mapping via chemical
imaging (Qi et al. 2013 with N2H+ and Mathews et al. 2013
with DCO+) has also been used to estimate the location of the
CO snow line. However, Aikawa et al. (2015), van’t Ho↵ et al.
(2017) and Huang et al. (2017) have shown that these species
are not robust CO snow line tracers, and that detailed chem-
ical modelling is required to infere the midplane CO snow
line location from N2H+ or DCO+ observations.

The combination of high spatial and spectral resolution and
sensitivity o↵ered by ALMA opens new avenues to directly map
the disc thermal and kinematic structure by resolving the gas disc
both radially and vertically. Dutrey et al. (2017) recently intro-
duced a method to map the thermal and density gas structure of
discs close to edge-on inclinations. Discs at intermediate incli-
nations are also ideal targets as the Keplerian velocities spatially
separate the emitting regions, eliminating line of sight confusion
(e.g., de Gregorio-Monsalvo et al. 2013; Rosenfeld et al. 2013).

IM Lupi is a M0V T Tauri star (distance of 161±10 pc, Gaia
Collaboration et al. 2016) surrounded by a large and massive disc
with an inclination of 48� ± 3� (Pinte et al. 2008; Cleeves et al.
2016). The disc is detected in rotational CO emission up to a ra-
dius of 970 au, in the millimetre continuum up to 310 au (Panić
et al. 2009; Cleeves et al. 2016) and scattered light up to 320 au
with a well-defined disc morphology (Pinte et al. 2008, rescaled
to the updated distance), but with an extended component up to
720 au in radius. We present here a framework to directly mea-
sure the altitude, velocity and temperature of the CO layers from
new high spectral (0.05 km/s) and intermediate spatial (0.4”) res-
olution ALMA observations of the disc surrounding IM Lupi.

2. Observations and data reduction

IM Lupi was observed with ALMA in band 6 on the night from
the 9th to the 10th of June 2015 with a total on source time of
37.4 min (Program ID 2013.1.00798.S). The array was config-
ured with 37 antennas and baselines ranging from 21.4 to 784 m.
Titan was used as a flux calibrator and the quasars J1517-2422
and J1610-3958 were used as bandpass and phase calibrators.
Two of the four spectral windows of the correlator were config-
ured in Time Division Mode (TDM) centered at 218.9 GHz and
231.7 GHz, with 1.875 GHz usable bandwidth each. The other
two spectral windows were configured in Frequency Division
Mode (FDM) to target the 12CO J=2-1, 13CO J=2-1 and C18O
J=2-1 transitions, with a channel spacing of 30.5 kHz and a chan-
nel averaging of 2. Because of the Hanning smoothing used to
reduce spectral ringing, the actual spectral resolution is 35 kHz,
corresponding to 45 – 48 m/s depending on the line. The median
partial water vapor was 0.93 mm. The data sets were calibrated
using the Common Astronomy Software Applications pipeline
(CASA, McMullin et al. 2007, version 4.6.0). We performed 3
successive rounds of phase self-calibration, the last one with so-
lutions calculated for each individual integration (6s), followed
by a phase and amplitude self-calibration. The continuum self-
calibration solutions were applied to the CO lines. A CLEAN
mask was manually defined for the continuum image and each
channel map. Channel maps were produced both without and
with continuum subtraction (using the CASA task uvcon-
tsub). We estimate the flux calibration uncertainty to 10 %.

The disc is spatially resolved in all transitions and channel
maps show the typical butterfly pattern of discs in Keplerian
rotation. The measured fluxes are presented in table 1 and the
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representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a
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circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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rameters from which the cylindrical radius, height and velocity of the
points F and B can be measured. By repeating the procedure for each
�x (green points, sampled every 0.08”) and each velocity channel, a
full mapping of the CO upper surface is performed. The cyan points
mark the location of the lower surface (near side), while the magenta
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representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a
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circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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rameters from which the cylindrical radius, height and velocity of the
points F and B can be measured. By repeating the procedure for each
�x (green points, sampled every 0.08”) and each velocity channel, a
full mapping of the CO upper surface is performed. The cyan points
mark the location of the lower surface (near side), while the magenta
points represent the symmetric of the far upper surface relative to disc
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representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a
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circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a
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circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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Fig. 4. Measured altitude, velocity and brightness temperature of the CO layers as a function of radius: 12CO (blue), 13CO (red) and C18O (green).
Data points were extracted for all channel maps and binned according to distance. The error bars represent the dispersion within the bins added
quadradically to the uncertainty resulting from inclination (48 ± 3�). Left: solid lines display a broken-power law fit (below and above r = 300 au)
for the 12CO and 13CO. Centre: The black full line represents the Keplerian velocity for a 1 M� central star, derived from the C18O position-velocity
diagram (Appendix A). The shaded area represents an uncertainty of 0.1 M�. The red and blue dashed lines show the expected Keplerian velocities
taking into account the altitude of the 12CO and 13CO layers. The red and blue full lines display the velocity of the 12CO and 13CO layers
taking into account the altitude and the pressure gradient term, as derived from our MCFOST model. Right: circles and triangles represent the
temperature measured on the upper and lower surfaces, respectively. The brightness temperatures are similar on the upper and lower surfaces for
13CO and C18O and we only plotted the upper surface for clarity.

3.3. Gas kinetic temperature

For optically thick emission, and as long as the emission fills the
beam, the observed brightness temperature Tb is very close to
the excitation temperature Tex, Tb = Tex(1 � exp(�⌧)). Low J
CO lines are close to local thermodynamic equilibrium, with an
excitation almost equal to the gas kinetic temperature Tkin (e.g.,
Pavlyuchenkov et al. 2007). For optically thick lines, the peak
intensity then provides an accurate estimate of the gas tem-
perature. This is the case for the 12CO and 13CO lines (see
discussion in section 4), but the C18O emission is partly op-
tically thin, and the brightness temperature is lower than
the actual excitation temperature. To reconstruct the disc
temperature profile, we measured the brightness temperature at
all points extracted above. We also extracted in the same way
the brightness temperature of points on the disc lower surface
(Fig. 2).

3.4. Reconstructing the full spatial, kinematic, and thermal

structure of the CO layers

As described above, by locating the position of the maxima in
each isovelocity curve and for each x in a given channel map
(where we sampled x every 0.08”, i.e., ⇡ 1/4 of the beam),
we can directly measure r and the corresponding elevation h and
velocity 3, as well as estimate Tgas.

Each channel probes a range of distances from the star, de-
pending on the velocity. By repeating this procedure for each
channel, we can reconstruct the complete 2D velocity and tem-
perature distribution of the CO emitting layers, as shown in
Fig. 4.

3.5. Caveats

The central channels of 12CO (within ±0.7 km/s from the
systemic velocity) su↵er from strong foreground extinction
(Panić et al. 2009; Cleeves et al. 2016). They were excluded

from the analysis for the temperature estimate. The mor-
phology of the channel maps is not a↵ected however, and we
included them to measure the altitude and velocity.

The method presented in this section can only be applied
in regions where the emission is originating from a vertically
thin layer, so that an altitude h can be defined, i.e., a clear
maximum can be detected in the channel map. This is only
possible when the projected width of the emitting layer is
signficantly smaller than the beam. This is the case for in-
stance when the molecular layer itself is a narrow layer, or when
the optically depth gradient is steep around the ⌧ = 1 surface and
we can only see a narrow layer.

These conditions are met for the CO layers of IM Lupi
up to a radius 450 au, where we are able to distinctly iden-
tify the location of the isovelocity curves, but are no longer
valid far from the star, even though the emission is detected
up to ⇡1 000 au. As already noted by Cleeves et al. (2016),
the CO emission at large scales (> 450 au) becomes very dif-
fuse, making it impossible to locate the isovelocity curve and
to estimate an altitude. This is very likely the result of UV
photo-desorption of the CO by external irradiation from the
interstellar radiation field (see for instance Fig. 5 d), allow-
ing gas CO to exist even in the midplane, and to emit from a
vertically extended region.

The presented framework also requires su�cient signal in
a given channel to accurately locate the emission. For 12CO we
were able to use the intrinsic channel width, but for 13CO and
C18O we needed to bin the data to channel widths of 80 and
320 m/s, respectively. This introduces spatial smearing due to the
disc Keplerian velocity and reduces correspondingly the range
over which we can accurately measure the CO layer altitude2.
For 13CO and C18O, this prevented a measurement of the

2 Note that this mainly a↵ects our ability to measure h, which depends
on the small distance between the star’s position and the center of the
gas orbit. The radius and velocity are less a↵ected as they depend on
larger lengths in the channel map.
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Data points were extracted for all channel maps and binned according to distance. The error bars represent the dispersion within the bins added
quadradically to the uncertainty resulting from inclination (48 ± 3�). Left: solid lines display a broken-power law fit (below and above r = 300 au)
for the 12CO and 13CO. Centre: The black full line represents the Keplerian velocity for a 1 M� central star, derived from the C18O position-velocity
diagram (Appendix A). The shaded area represents an uncertainty of 0.1 M�. The red and blue dashed lines show the expected Keplerian velocities
taking into account the altitude of the 12CO and 13CO layers. The red and blue full lines display the velocity of the 12CO and 13CO layers
taking into account the altitude and the pressure gradient term, as derived from our MCFOST model. Right: circles and triangles represent the
temperature measured on the upper and lower surfaces, respectively. The brightness temperatures are similar on the upper and lower surfaces for
13CO and C18O and we only plotted the upper surface for clarity.

3.3. Gas kinetic temperature

For optically thick emission, and as long as the emission fills the
beam, the observed brightness temperature Tb is very close to
the excitation temperature Tex, Tb = Tex(1 � exp(�⌧)). Low J
CO lines are close to local thermodynamic equilibrium, with an
excitation almost equal to the gas kinetic temperature Tkin (e.g.,
Pavlyuchenkov et al. 2007). For optically thick lines, the peak
intensity then provides an accurate estimate of the gas tem-
perature. This is the case for the 12CO and 13CO lines (see
discussion in section 4), but the C18O emission is partly op-
tically thin, and the brightness temperature is lower than
the actual excitation temperature. To reconstruct the disc
temperature profile, we measured the brightness temperature at
all points extracted above. We also extracted in the same way
the brightness temperature of points on the disc lower surface
(Fig. 2).

3.4. Reconstructing the full spatial, kinematic, and thermal

structure of the CO layers

As described above, by locating the position of the maxima in
each isovelocity curve and for each x in a given channel map
(where we sampled x every 0.08”, i.e., ⇡ 1/4 of the beam),
we can directly measure r and the corresponding elevation h and
velocity 3, as well as estimate Tgas.

Each channel probes a range of distances from the star, de-
pending on the velocity. By repeating this procedure for each
channel, we can reconstruct the complete 2D velocity and tem-
perature distribution of the CO emitting layers, as shown in
Fig. 4.

3.5. Caveats

The central channels of 12CO (within ±0.7 km/s from the
systemic velocity) su↵er from strong foreground extinction
(Panić et al. 2009; Cleeves et al. 2016). They were excluded

from the analysis for the temperature estimate. The mor-
phology of the channel maps is not a↵ected however, and we
included them to measure the altitude and velocity.

The method presented in this section can only be applied
in regions where the emission is originating from a vertically
thin layer, so that an altitude h can be defined, i.e., a clear
maximum can be detected in the channel map. This is only
possible when the projected width of the emitting layer is
signficantly smaller than the beam. This is the case for in-
stance when the molecular layer itself is a narrow layer, or when
the optically depth gradient is steep around the ⌧ = 1 surface and
we can only see a narrow layer.

These conditions are met for the CO layers of IM Lupi
up to a radius 450 au, where we are able to distinctly iden-
tify the location of the isovelocity curves, but are no longer
valid far from the star, even though the emission is detected
up to ⇡1 000 au. As already noted by Cleeves et al. (2016),
the CO emission at large scales (> 450 au) becomes very dif-
fuse, making it impossible to locate the isovelocity curve and
to estimate an altitude. This is very likely the result of UV
photo-desorption of the CO by external irradiation from the
interstellar radiation field (see for instance Fig. 5 d), allow-
ing gas CO to exist even in the midplane, and to emit from a
vertically extended region.

The presented framework also requires su�cient signal in
a given channel to accurately locate the emission. For 12CO we
were able to use the intrinsic channel width, but for 13CO and
C18O we needed to bin the data to channel widths of 80 and
320 m/s, respectively. This introduces spatial smearing due to the
disc Keplerian velocity and reduces correspondingly the range
over which we can accurately measure the CO layer altitude2.
For 13CO and C18O, this prevented a measurement of the

2 Note that this mainly a↵ects our ability to measure h, which depends
on the small distance between the star’s position and the center of the
gas orbit. The radius and velocity are less a↵ected as they depend on
larger lengths in the channel map.
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Fig. 5. Representative models of IM Lupi. The disc has been rotated so that the semi-major axis is horizontal. From left to right: a: without any
freeze-out of CO, b: with complete freeze-out of CO where T< 21 K, c: with depletion of gaseous CO by 10�4 where T< 21 K, d: same as c
including the interstellar radiation field. The models are designed for a qualitative comparison only. They are convolved to the ALMA resolution,
but not degraded to the same noise level as the observations.

the possible vertical "smearing" of the ice line due to turbulent
vertical mixing (Aikawa 2007; Furuya & Aikawa 2014).

4.3. Vertical velocity gradient and sub-Keplerian rotation

The di↵erent altitudes probed by the CO isotopologues also al-
low for the first measurement of the vertical gradient on the ro-
tational velocity of the disc. Fig. 4 clearly shows that the 12CO
is rotating slower than the 13CO and C18O. This is expected as
the radial projection of the gravitational force by the star per unit
mass decreases with altitude:

32

r
=

rp
r2 + h2

⇥ G M?
r2 + h2 . (4)

Within 300 au, the di↵erence in the measured velocity fields be-
tween 12CO and 13CO/C18O is in good agreement with the verti-
cal dependence of the gravitational field (Fig. 4, central panel).

At larger radii, the gas becomes clearly sub-Keplerian. This
can be understood by including the pressure gradient term (e.g.
Rosenfeld et al. 2013):

32

r
=

GM?r
(r2 + h2)3/2 +

1
⇢gas

@P
@r
. (5)

With both the density and temperature profile generally decreas-
ing with distance, this term is negative, reducing the gas velocity
compared to the fiducial Keplerian velocity. This phenomenon
is thought to play an important role in the radial migration and
growth of solids in these discs (Weidenschilling 1977; Barrière-
Fouchet et al. 2005; Brauer et al. 2008).

Interestingly, the radius at which we see significant sub-
Keplerian velocities coincides with the radius where the gas
surface density transitions from a power-law to a tapered pro-
file (Panić et al. 2009; Cleeves et al. 2016), i.e., where the disc
pressure gradient is becoming larger, and where the velocities
should deviate the most from Keplerian. At a radius of 400 au,
the measured deviations from the altitude dependent Keple-
rian rotation are of the order of 0.15 km/s for both 13CO and
12CO. This is consistent with the expected pressure gradient as
derived from the temperature and density structure of our MC-
FOST model (Fig. 4), which predicts a slightly smaller correc-
tion of ⇡ 0.1 km/s at 400 au. This value depends on the local
density and temperature gradients, which are not well con-
strained at these distances from the star, and the pressure
gradient term might be able to explain fully the observed
deviations. Note that the deviations from Keplerian veloci-
ties starts at slightly di↵erent radii for both isotopologues,

⇡300 au for 12CO and ⇡350 au for 13CO. The di↵erence is
about one beam size and would need to be confirmed with
higher spatial resolution observations. This behaviour is not
captured by our model, suggesting that an additional process
might be at play.

A possible explanation is that we could also be observ-
ing the base of a photo-evaporative wind. Haworth et al.
(2017) showed that the large scale "halo” of CO emission
(> 1 000 au) described by Cleeves et al. (2016) could be in-
terpreted as the result of a photo-evaporative wind created
by irradiation from the local (weak) external radiation field.
The CO abundance in the flow remains high enough to be
comparable to the observed large scale emission around IM
Lupi. Interestingly, as shown by Facchini et al. (2016) and
Haworth et al. (2016), such a photo-evaporative wind can
also result in a sub-Keplerian rotation field (see for instance
Fig. 10 of Haworth et al. 2016), between the outer edge of
the disc and the H-H2 transition. For the 1D models of IM
Lupi presented by Haworth et al. (2017), the expected devia-
tion from Keplerian rotation is at the 0.1 - 0.2 km/s level (Ha-
worth, private communication), and would also be consistent
with our observations. Such a photo-evaporative wind could
also explain why the deviations from Keplerian rotation seem
to start closer-in at high altitude, where the density is lower,
allowing the external radiation to penetrate further in. How-
ever, both Facchini et al. (2016) and Haworth et al. (2016)
predict that the wind should also be associated with a ra-
dially increasing gas temperature profile. This is clearly not
the case for IM Lupi, and more detailed modelling (e.g., 2D)
might be necessary to test further the hypothesis of external
photo-evaporation.

4.4. 2D temperature structure and vertical CO snow line

In the upper disc surface, we find that the 12CO temperature is
decreasing with radius, as expected from direct heating by the
star (Fig. 4, right panel and Fig. 6). In the lower surface, on the
other hand, the 12CO temperature is virtually constant at ⇡ 21 K,
between 130 and 300 au. Because we are looking at this sur-
face through the disc, we are looking at the emitting CO layer
which is the closest to the midplane. At these large distances
from the star, the dust continuum is optically thin (see Appendix
C) and the measured CO brightness temperature is attenuated
by at most 3 % by continuum absorption. Because the whole
CO layer is optically thick, we are observing its top in the upper
surface, and its bottom in the lower surface. The di↵erence in
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Fig. 4. Measured altitude, velocity and brightness temperature of the CO layers as a function of radius: 12CO (blue), 13CO (red) and C18O (green).
Data points were extracted for all channel maps and binned according to distance. The error bars represent the dispersion within the bins added
quadradically to the uncertainty resulting from inclination (48 ± 3�). Left: solid lines display a broken-power law fit (below and above r = 300 au)
for the 12CO and 13CO. Centre: The black full line represents the Keplerian velocity for a 1 M� central star, derived from the C18O position-velocity
diagram (Appendix A). The shaded area represents an uncertainty of 0.1 M�. The red and blue dashed lines show the expected Keplerian velocities
taking into account the altitude of the 12CO and 13CO layers. The red and blue full lines display the velocity of the 12CO and 13CO layers
taking into account the altitude and the pressure gradient term, as derived from our MCFOST model. Right: circles and triangles represent the
temperature measured on the upper and lower surfaces, respectively. The brightness temperatures are similar on the upper and lower surfaces for
13CO and C18O and we only plotted the upper surface for clarity.

3.3. Gas kinetic temperature

For optically thick emission, and as long as the emission fills the
beam, the observed brightness temperature Tb is very close to
the excitation temperature Tex, Tb = Tex(1 � exp(�⌧)). Low J
CO lines are close to local thermodynamic equilibrium, with an
excitation almost equal to the gas kinetic temperature Tkin (e.g.,
Pavlyuchenkov et al. 2007). For optically thick lines, the peak
intensity then provides an accurate estimate of the gas tem-
perature. This is the case for the 12CO and 13CO lines (see
discussion in section 4), but the C18O emission is partly op-
tically thin, and the brightness temperature is lower than
the actual excitation temperature. To reconstruct the disc
temperature profile, we measured the brightness temperature at
all points extracted above. We also extracted in the same way
the brightness temperature of points on the disc lower surface
(Fig. 2).

3.4. Reconstructing the full spatial, kinematic, and thermal

structure of the CO layers

As described above, by locating the position of the maxima in
each isovelocity curve and for each x in a given channel map
(where we sampled x every 0.08”, i.e., ⇡ 1/4 of the beam),
we can directly measure r and the corresponding elevation h and
velocity 3, as well as estimate Tgas.

Each channel probes a range of distances from the star, de-
pending on the velocity. By repeating this procedure for each
channel, we can reconstruct the complete 2D velocity and tem-
perature distribution of the CO emitting layers, as shown in
Fig. 4.

3.5. Caveats

The central channels of 12CO (within ±0.7 km/s from the
systemic velocity) su↵er from strong foreground extinction
(Panić et al. 2009; Cleeves et al. 2016). They were excluded

from the analysis for the temperature estimate. The mor-
phology of the channel maps is not a↵ected however, and we
included them to measure the altitude and velocity.

The method presented in this section can only be applied
in regions where the emission is originating from a vertically
thin layer, so that an altitude h can be defined, i.e., a clear
maximum can be detected in the channel map. This is only
possible when the projected width of the emitting layer is
signficantly smaller than the beam. This is the case for in-
stance when the molecular layer itself is a narrow layer, or when
the optically depth gradient is steep around the ⌧ = 1 surface and
we can only see a narrow layer.

These conditions are met for the CO layers of IM Lupi
up to a radius 450 au, where we are able to distinctly iden-
tify the location of the isovelocity curves, but are no longer
valid far from the star, even though the emission is detected
up to ⇡1 000 au. As already noted by Cleeves et al. (2016),
the CO emission at large scales (> 450 au) becomes very dif-
fuse, making it impossible to locate the isovelocity curve and
to estimate an altitude. This is very likely the result of UV
photo-desorption of the CO by external irradiation from the
interstellar radiation field (see for instance Fig. 5 d), allow-
ing gas CO to exist even in the midplane, and to emit from a
vertically extended region.

The presented framework also requires su�cient signal in
a given channel to accurately locate the emission. For 12CO we
were able to use the intrinsic channel width, but for 13CO and
C18O we needed to bin the data to channel widths of 80 and
320 m/s, respectively. This introduces spatial smearing due to the
disc Keplerian velocity and reduces correspondingly the range
over which we can accurately measure the CO layer altitude2.
For 13CO and C18O, this prevented a measurement of the

2 Note that this mainly a↵ects our ability to measure h, which depends
on the small distance between the star’s position and the center of the
gas orbit. The radius and velocity are less a↵ected as they depend on
larger lengths in the channel map.
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Fig. 2. Single 12CO channel with a schematic of the quantities we mea-
sure. The disc has been rotated so that the semi-major axis is horizontal.
The position of the central object is marked by a star. For a given o↵set
�x along the disc major axis, two maxima N and F on the same ver-
tical are located on the near and far sides of the disc’s upper surface.
These two points are on the same inclined circular orbit (white ellipse),
whose centre is marked by a diamond. Indicated are the geometrical pa-
rameters from which the cylindrical radius, height and velocity of the
points F and B can be measured. By repeating the procedure for each
�x (green points, sampled every 0.08”) and each velocity channel, a
full mapping of the CO upper surface is performed. The cyan points
mark the location of the lower surface (near side), while the magenta
points represent the symmetric of the far upper surface relative to disc
major axis.

representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a
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Fig. 3. Schematic view of the various layers observed in the CO lines.

circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.

Article number, page 3 of 11



Comparison with models
C. Pinte et al.: Imaging the vertical CO snow line in the disc surrounding IM Lupi

brightness temperature between the two sides of the disc is then
a direct observations of the vertical temperature gradient.

The constant 21 K of the lower surface is consistent with the
expected CO condensation temperature for binding onto pure
CO ice (e.g., Sandford & Allamandola 1988; Bisschop et al.
2006; Martín-Doménech et al. 2014; Fayolle et al. 2016). We
interpret it as a strong indication that we are seeing gaseous CO
just above the freeze-out region. This is reinforced by the mea-
sured brightness temperature of the 13CO on the upper surface,
which is extremely close to the 12CO brightness temperature on
the lower surface (Fig. 4, right panel). The combination of 12CO
and 13CO allows us to probe both sides of the gaseous CO just
above the freeze-out region. In other words, our method allows
us to directly map the vertical snow line as a function of radius.
The very similar temperature profiles, despite a typical factor
⇡ 70 in abundance, indicate that the lines remain optically thick
and that we are indeed measuring the gas temperature in this
region, hence directly measuring the CO condensation tempera-
ture.

A range of CO freeze-out temperatures have been es-
timated indirectly via thermo-chemical modelling and/or
chemical imaging for the discs around the T Tauri star
TW Hya (Qi et al. 2013 : 17 K, Zhang et al. 2017 : 27 K) and
the Herbig Ae star HD 163296 (Qi et al. 2011 : 19 K, Mathews
et al. 2013 : 19 K, Qi et al. 2015 : 25 K), where freeze-out tem-
peratures larger than 25 K would suggest ice mixtures where
the binding energy is higher (Collings et al. 2003, 2004; No-
ble et al. 2012). The most meaningful comparison is probably
with the results of Schwarz et al. (2016), who also measured
directly the gas kinetic temperature from the peak bright-
ness of the CO isotopologue lines of TW Hya. Interestingly,
their measured freeze-out temperature of 21 K is very close
to the one we obtained for IM Lupi. In particular, the plateau
observed in the kinetic temperature at ⇡ 21 K (see their Fig.
3a) is strikingly similar to the one we observe for IM Lupi
(Fig. 4, right panel). This suggests that the ice composition
is likely similar, despite the significant age di↵erence: 0.5 –
1 Myr for IMLupi (Mawet et al. 2012) compared to 2–10 Myr
for TW Hya (Barrado Y Navascués 2006; Vacca & Sandell
2011).

The C18O emission has a brightness temperature of ⇡ 8 K on
both surfaces between 150 and 300 au. With an excitation tem-
perature of 21 K as for 13CO, this means that the C18O optical
depth is of the order of 0.5. With a typical abundance ratio of
8:1, the corresponding 13CO optical depth is ⇡ 4, confirming
our assumption of Tex = Tkin. This moderate optical depth also
explains why we observe the gas 13CO in the dense region just
above the CO snow line, but not at higher altitude, where it be-
comes optically thin (while 12CO remains optically thick) due to
the reduced densities.

At distances larger than 300 au, where the gas density drops,
the temperature of the CO region above the snow line appears
to decrease (as measured by both 12CO and 13CO) with distance
down to ⇡15 K at 400 au. This is consistent with the expected
dependence of the CO condensation temperature with density
(e.g., Collings et al. 2003; Bisschop et al. 2006; Hollenbach &
Gorti 2009). Detailed modelling by Cleeves et al. (2016) has
shown that UV photo-desorption naturally explains the di↵use
CO emission outside 400 au (see also Fig. 5d). We might also
observe this e↵ect between 300 and 400 au, where the increas-
ing external radiation field can allow the CO to remain in the gas
phase at lower and lower temperature as the density decreases
with radius. Another possibility is that we are starting to see de-
viations from local thermodynamic equilibrium, as the density
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Fig. 6. Comparison of the measured temperature (points) with the tem-
perature structure from our MCFOST model (background). The same
color map is used for the data and the model. The white contour is the
T = 21 K level, and the dashed contours correspond to T = 15, 30, 40
and 50 K.

becomes progressively lower than the critical density, and the
measured excitation temperature can become lower than the ac-
tual kinetic temperature.

Closer in, the emission along the isovelocity curve becomes
very compact and does not fill the beam anymore, resulting in a
drop of the brightness temperature, which cannot be used to es-
timate the gas temperature anymore. But, interestingly, this drop
does not occur at the same radius for the high altitude 12CO emit-
ting region (r ⇡ 160 au) and for the CO layer just above the snow
line (r ⇡ 130 au). This is a direct indication that, in this range of
radius, the vertical temperature gradient is becoming steeper at
high altitude in the disc, as expected from models of irradiated
discs (Fig. 6). When the beam becomes larger than the actual
emitting region, a fraction of the beam is filled with emission
originating from the wings of the local spectral line, i.e., with
lower optical depth, meaning that part of the emission is origi-
nating from further away along the line of sight. If the temper-
ature gradient is shallow, the emission will remain at the same
level, as seen for 13CO, C18O, and 12CO on the lower disc sur-
face. This is consistent with the similar temperature we obtain
while observing this layer from both sides with 13CO and 12CO.

5. Concluding remarks

We have presented a general framework to measure directly the
altitude, velocity and temperature of the CO emitting layers in
protoplanetary discs at intermediate inclination. These simple
geometrical considerations were applied to IM Lupi. Because
these measurements are performed directly on the ALMA chan-
nel maps and do not rely on any modeling of the disc, they put
unbiased constraints on the disc structure, which, in turn, are
critical to feed models of disc structure, dust evolution, and early
stages of planet formation.

The results are so far in agreement with the broad picture
of how we understand protoplanetary discs, with a tapered-edge
disc structure passively heated by the central star. The accuracy
of our measurements is currently limited by the spatial resolu-
tion of ⇡ 0.4” of our data. The presented framework is generic.
We applied it to IM Lupi which holds an unusually large disc.
However, the required high spectral (. 0.1 km/s) resolution can
be reached by ALMA down to spatial resolutions of ⇡ 0.1 –
0.2” in a few hours to detect emission with Tb ⇡ 20 K, making
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TABLE 4
Ring fits

Ring Radius (arcsec) Radius (au) Inclination Pos. Angle Flaring (h/r)

V4046 Sgr ring 1 0.212± 0.001 15.48± 0.06 30.53� ± 0.62� 74.40� ± 1.04� 0.093± 0.006
V4046 Sgr ring 2 0.373± 0.001 27.24± 0.10 32.18� ± 0.51� 74.66� ± 0.72� 0.130± 0.004

RXJ 1615 ring 1 0.279± 0.002 51.66± 0.30 43.90� ± 1.12� 150.61� ± 0.94� 0.148± 0.018
RXJ 1615 ring 2 1.040± 0.003 192.45± 0.63 47.16� ± 0.87� 145.04� ± 0.48� 0.168± 0.012
RXJ 1615 ring 3 1.455± 0.013 269.24± 2.33 46.78� ± 1.50� 143.82� ± 1.74� 0.183± 0.020

PDS 66 ring 1 0.861± 0.004 85.19± 0.34 30.26� ± 0.88� 189.19� ± 1.33� 0.139± 0.012

MY Lup ring 1 (⇤) 0.77± 0.03 115.50± 4.50 77� ± 1.5� 239� ± 1.5� 0.21± 0.03

IM Lup ring 1 (⇤) 0.58± 0.02 93.50± 3.22 53� ± 5� 325� ± 3� 0.18± 0.03
IM Lup ring 2 (⇤) 0.96± 0.03 154.75± 4.84 55� ± 5� 325� ± 3� 0.18± 0.04
IM Lup ring 3 (⇤) 1.52± 0.03 245.02± 4.84 55� ± 5� 325� ± 3� 0.23± 0.04
IM Lup ring 4 (⇤) 2.10± 0.08 338.52± 12.90 56� ± 2� 325� ± 2� 0.25± 0.05

Results from fitting the rings present in our data. It is assumed that the rings are circular and displaced in vertical direction
from the disk mid-plane. The h/r parameter describes the height of the ring over the disk mid-plane, divided by the radius
of the ring. This does not correspond directly to the gas scale-height of the disk, which we can not measure with our data,
but the height of the last scattering surface. Note that the rings of IM Lup and MY Lup (marked with ⇤) are not fit using
our procedure, but by eye. The radii in au are calculated using the distances to the stars and do not take into account the
uncertainties in these distances, but only the statistical errors from the MCMC.

V4046 Sgr RXJ 1615 PDS 66 MY Lup IM Lup

V4046 deprojected RXJ 1615 deprojected PDS 66 deprojected MY Lup deprojected IM Lup deprojected

Fig. 3.— Upper row: The disks of V4046 Sgr, RXJ 1615, and PDS 66 overlaid with their ring fits. For MY Lup and IM Lup, rings were
overlaid by eye, because the automatic fitting procedure failed. Tracking points are red, ring fits and rings overlaid by eye are green. The
rear edge of the disk (mirrored from the outermost ring) is shown in dark blue where applicable (MY Lup, IM Lup, RXJ 1615). Lower
row: De-projected images of the disks, overlaid with their rings. We use flaring exponents of ↵=1.605 (V4046 Sgr), ↵=1.116 (RXJ 1615)
and ↵=1.271 (IM Lup) for de-projection (see Section 4.3). For MY Lup and PDS 66, where only one ring can be tracked, we use ↵=1.2.
In the de-projected image of MY Lup, we additionally mark the approximate position of the second ring further in at r=0.30800/ 46.2au.
For the de-projections, the semi-major axis is along the vertical, the semi-minor axis along the horizontal direction and the near side of the
disk is always on the right.

of the star. However, de-projection still makes it possible
to more clearly see the location of the inner ring. What
is also clear is that our naive visual fitting of the rings
does not produce the correct radii of the ring, but rather
fits the position of the outer edge.

4.3. Vertical disk structures

When looking at more than one ring, the behavior of
h/r with radius can be described as a power law:

h

r
=

h0

r0
·
✓

r

r0

◆(↵�1)

Where h0 describes the h/r value at a radius r0, and
↵ is the flaring index. ↵ has to be higher than 1 in order

to see the outer rings, because otherwise they would lie
in the shadow of the inner rings. This also means that
h/r should be increasing with radius. We show all h/r
we measure in Figure 4, where it can be seen that h/r
clearly does increase with radius.
Theoretical studies can derive flaring indices based on

assumptions about the disk physics and geometry. For
example, the Chiang & Goldreich (1997) model, by as-
suming a surface density profile �(r) / r�1.5, gives a
temperature profile which translates into ↵ = 9

7 = 1.29.
For a thin disk model, with very small mass compared to
the central star, the flaring is expected to be ↵ = 1.125
(Kenyon & Hartmann 1987).
In practice, we measure a flaring index of 1.605± 0.132

in the case of V4046 Sgr, 1.116± 0.095 in the case of
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Concluding remarks

• New ALMA and adaptive optics observations 
require advanced models coupling hydro + RT 
+ chemistry

• Modern continuum RT codes can be coupled 
efficiently with hydro codes

• Tgas, ionisation chemistry can be estimated via 
Machine Learning trained on databases of 
thermo-chemical models


