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ABSTRACT

Aims. We present a panchromatic study, involving a multiple technique approach, of the circumstellar disc surrounding the T Tauri
star IM Lupi (Sz 82).
Methods. We have undertaken a comprehensive observational study of IM Lupi using photometry, spectroscopy, millimetre interfer-
ometry and multi-wavelength imaging. For the first time, the disc is resolved from optical and near-infrared wavelengths in scattered
light, to the millimetre regime in thermal emission. Our data-set, in conjunction with existing photometric data, provides an extensive
coverage of the spectral energy distribution, including a detailed spectrum of the silicate emission bands. We have performed a simul-
taneous modelling of the various observations, using the radiative transfer code MCFOST, and analysed a grid of models over a large
fraction of the parameter space via Bayesian inference.
Results. We have constructed a model that can reproduce all of the observations of the disc. Our analysis illustrates the importance of
combining a wide range of observations in order to fully constrain the disc model, with each observation providing a strong constraint
only on some aspects of the disc structure and dust content. Quantitative evidence of dust evolution in the disc is obtained: grain
growth up to millimetre-sized particles, vertical stratification of dust grains with micrometric grains close to the disc surface and
larger grains which have settled towards the disc midplane, and possibly the formation of fluffy aggregates and/or ice mantles around
grains.

Key words. circumstellar matter – accretion, accretion disks – planetary systems: protoplanetary disks – radiative transfer –
stars: formation – pulsars: individual: IM Lupi

1. Introduction

During the first stages of planet formation following the core nu-
cleated accretion scenario (Lissauer & Stevenson 2007), evolu-
tion of dust grains within the protoplanetary disc surrounding the
central forming object is expected. Micrometre size dust grains
will start to grow by coagulation during low relative velocity
collisions, leading to the formation of larger, potentially fluffy
aggregates (Beckwith et al. 2000; Dominik et al. 2007; Natta
et al. 2007, and references therein) that will ultimately give birth
to kilometre size planetesimals promoting gravitational focusing

and eventually leading to planets. Timescales for the formation
of these aggregates strongly depend on the physics of aggrega-
tion as well as the physical conditions within the disc, such as
differential velocities between grains and grain-gas interactions.

In parallel to grain growth, dust grains are expected to settle
towards the disc midplane and then to migrate inward as a re-
sult of the conjugate actions of the stellar gravity and gas drag
(e.g. Barrière-Fouchet et al. 2005; Fromang & Papaloizou 2006).
This settling is highly dependent on the grain size. Small grains
(<1 μm) are strongly coupled to the gas, they follow its motion,
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and do not settle at all. Conversely, grains in the mm-cm regime
are considerably slowed down by the gas drag. They completely
decouple and settle very rapidly in a thin midplane.

The result is the formation of a dust sub-disc close to the
equatorial plane (e.g., Safronov & Zvjagina 1969; Dubrulle
et al. 1995) that may become unstable and produce planetes-
imals when the density of the dust layer exceeds the gas one
(e.g., Goldreich & Ward 1973; Schräpler & Henning 2004;
Johansen et al. 2007). Models suggest grain growth to large par-
ticle sizes with a population of small grains remaining close to
the surface and larger grains deeper in the disc (e.g. Dominik
et al. 2007). However, many details of process remain uncer-
tain. For example, it is not clear how dust grains overcome the
“metre size barrier” without being accreted onto the star (e.g.
Weidenschilling 1977; Brauer et al. 2008) or destroyed by high
speed collisions (e.g. Jones et al. 1996; Blum et al. 2000), or how
Kelvin-Helmholtz instabilities prevent the dust sublayer from
fragmenting (e.g. Johansen et al. 2006).

Detection of the large building blocks of planets (particle
sizes >1 m) in the disc midplane is far beyond current observa-
tional capacities, but we can expect to detect signatures of their
formation. The stratified structure resulting from grain growth
and settling has direct consequences on disc observables like
their spectral energy distributions (SEDs) and scattered light
images (e.g. Dullemond & Dominik 2004, hereafter D04). A
variety of observational techniques have been used to obtain
insights into the disc properties and their dust content: SEDs
(e.g. D’Alessio et al. 2001), scattered light images (Watson et al.
2007), thermal emission maps in the millimetre regime (Dutrey
et al. 2007), mid-infrared spectroscopy (e.g. Kessler-Silacci et al.
2006). However, each technique only provides a limited view of
a disc. SED analysis leads to multiple ambiguities (e.g., Thamm
et al. 1994; Chiang et al. 2001) since the lack of spatial reso-
lution precludes from solving the degeneracies between model
parameters like geometry and opacity. Spatially resolved obser-
vations in a single spectral band (scattered light in the optical or
near-infrared regime or thermal emission in the millimetre do-
main) also gives incomplete information about the disc. As the
dust opacity is a steep function of wavelength and because high
temperature gradients are present within the disc, a single-band
observation gives insight to only a limited region of the disc.
Thus, scattered light images probe the surface layers of these
optically thick discs at large radii whereas, millimetre observa-
tions are mainly sensitive to the bulk of the disc mass closer to
the midplane. To precisely study fine physical processes like dust
evolution and stratification, it is necessary to combine the afore-
mentioned methods in a multi-wavelength, multiple technique
observational and modelling approach.

In this paper, we study the circumstellar environment of
the T Tauri star IM Lupi. The disc surrounding IM Lupi
(Schwartz 82, HBC 605, IRAS 15528-3747) was first detected in
scattered light with the WFPC2 instrument on board the Hubble
Space Telescope (HST) as part of a T Tauri star imaging survey
(Stapelfeldt et al. 2008, in prep.). IM Lupi is an M0 T Tauri
star located within the Lupus star forming clouds. It is one
of four young stellar objects in the small 13CO(1−0) Lupus 2
core near the extreme T Tauri star RU Lupi (Tachihara et al.
1996). Despite the low accretion-related spectroscopic activity
of IM Lupi (Reipurth et al. 1996; Wichmann et al. 1999), longer
wavelength observations reveal ample evidence for circumstel-
lar material in the system with strong mm continuum emis-
sion (Nuernberger et al. 1997). Single dish 12CO and 13CO line
observations indicate that the disc is gas rich and are consis-
tent with a rotating disc model (van Kempen et al. 2007). The

3.3 mm continuum emission from the disc was spatially resolved
by Lommen et al. (2007). Preliminary models by Padgett et al.
(2006) showed that the infrared excess is well-reproduced by a
disc model.

We have built a rich data set of observations of the disc:
a well sampled SED, HST multiple wavelength scattered light
images, Spitzer near- and mid-infrared spectroscopy and SMA
millimetre emission maps. These observations provide differ-
ent, complementary detailed views of the disc structure and dust
properties. We investigate whether all of these observations can
be interpreted in the framework of a single model from optical
to millimetre wavelengths, and whether we can derive quantita-
tive conclusions regarding the evolutionary stage of the disc. In
Sect. 2, we describe the observations and data reduction proce-
dure. In Sect. 3, we first draw constraints on the disc and dust
properties from the various observations and then, in Sect. 4,
we present simultaneous modelling of these observations. A de-
tailed study of the dust properties is presented in Sect. 5. In
Sect. 6, we discuss the implication of the results, and Sect. 7
contains the concluding remarks.

2. Observations

2.1. Scattered light images

2.1.1. HST/WFPC2 observations and data processing

HST imaging observations of the protoplanetary disc surround-
ing IM Lupi were obtained as part of an WFPC2 snapshot sur-
vey of nearby T Tauri stars (HST Cycle 7 GO/7387 program,
PI: Stapelfeldt), on 1999 February 18, using the HST Planetary
Camera 1 (spatial scale of 45.5 mas pixel−1). The data consist of
short and long exposures through the F606W and F814W filters
(F606W: 8 s and 100 s; F814W: 7 s and 80 s) which roughly
correspond to Johnson R and I. The spatial resolution in both
filter bands F606W and F814W is 0.06′′ and 0.08′′, respectively.
In the long exposures, the star is heavily saturated in an attempt
to reveal low surface brightness circumstellar nebulosity. After
standard WFPC2 data reduction, the stellar point spread func-
tion (PSF) was compared to our large database of WFPC2 PSFs,
and a suitable match, HD 181204, was found in field position,
colour, and exposure level. The sub-pixel registration, normal-
isation, and subtraction of the stellar PSF was performed fol-
lowing the method of Krist et al. (1997). Figure 1 shows the
long F606W and F814W long exposures after PSF subtraction.
Obvious PSF artifacts remain in the subtracted image in the form
of the saturation column bleed and residual diffraction spikes.

2.1.2. HST/NICMOS observations and data processing

Complementary near-IR observations were carried out on
2005 July 11 with the Near Infrared Camera and Multi-Object
Spectrometer (NICMOS) as part of the HST Cycle 13 GO/10177
program (PI: Schneider). High contrast images of IM Lupi’s cir-
cumstellar disc were obtained using NICMOS camera 2’s coron-
agraphic imaging mode (spatial scale 75.8 mas pixel−1) follow-
ing a strategy nearly identical to that used to image the debris
discs around HD 32297 (Schneider et al. 2005), HD 181327
(Schneider et al. 2006) but at a wavelength of 1.6 microns
(F160W filter λeff = 1.604 μm, FWHM = 0.401 μm, spatial
resolution of 0.16′′).

To mitigate the potentially degrading effects of localised, but
rotationally invariant, optical artifacts that appear in NICMOS
coronagraphic images, IM Lupi was observed at two celestial



C. Pinte et al.: Probing dust grain evolution in IM Lupi’s circumstellar disc 635

Fig. 1. The IM Lupi circumstellar disc observed in scattered light by HST. Left and middle panels: respectively F606W and F814 WFPC2 PC1
PSF-subtracted images. The dark diagonal feature running through the star is an artifact of charge bleeding along the CCD detector columns. Right
panel: NICMOS PSF-subtracted coronagraphy at 1.6 μm. The central circle represents the 0.3′′ radius coronagraphic obscuration. All images are
shown in square root stretch, with North up and East to the left. The field of view is 5 × 5′′ (dashed boxed in Fig. 2).

orientation angles offset by 29.86◦. IM Lupi was autonomously
acquired and optimally positioned behind the 0.3′′ radius coron-
agraphic obscuration following 0.241 s target acquisition imag-
ing (also in the F160W filter) at each of the two spacecraft (and
field) orientations. Following their respective target acquisitions,
two sets of F160W coronagraphic observations (each yielding
704 s of integration time after median combination of count-
rate images derived from three STEP32 multiaccum exposures)
were obtained in a single spacecraft orbit to minimise instrumen-
tally induced temporal variability in image structure on multi-
orbit timescales. Direct (non-coronagraphic) images of IM Lupi
(10.15 s), were also obtained after slewing the target out of the
coronagraphic obscuration.

A set of similarly observed, high SNR, coronagraphic im-
ages of bright, isolated, non-disc bearing stars1 observed in
GO/10177, served as point spread function (PSF) templates to
create PSF subtracted images of the IM Lupi disc. This process
reduced the stellar light below the enhanced contrast levels pro-
vided by the coronagraph alone. The PSFs of two of the tem-
plate stars with J − H and H − K colours similar to IM Lupi,
GJ 3653 (M0.5V) and GL 517 (K5V), were well matched in
structure to IM Lupi stellar PSF impressed upon the disc im-
ages. The deeply exposed F160W images of the PSF templates
(total integration times of 1352 s and 1224 s, respectively, for
GJ 3653 and GJ 517) were flux density renormalised to that of
IM Lupi (based on target acquisition and direct imaging of all
three stars) and used to construct four PSF subtracted images of
the IM Lupi circumstellar disc (two from each orientation using
both PSF templates). Residual optical artifacts arising from the
HST secondary mirror support structure were masked in the in-
dividual PSF-subtracted images. All four images were then me-
dian combined after re-orientation to a common celestial frame
to produce the then photometrically calibrated image shown in
Fig. 1 (right panel) and used in the analysis discussed in this
paper. For further details of the technique and process we refer
the reader to the aforementioned disc imaging papers: Schneider
et al. (2005) and Schneider et al. (2006).

1 As determined from earlier (HST Cycle 7) NICMOS coronagraphic
observations, specifically from GO/7226 for the PSF template stars dis-
cussed here.

2.1.3. Disc morphology, brightness and scattering fraction

PSF subtracted images reveal, at all wavelengths, a compact neb-
ula adjacent to the SW of the star. Morphologically, the nebula
is a broad, gentle, symmetrical arc nearly 4′′ in size (celestial
PA = 143◦ ± 5◦). No clear differences are found between the
nebulosity at 0.606 and 0.814μm despite the presence of Hα
and other emission lines in the F606W filter. In the more sensi-
tive 1.6 micron image, the “nebulosity” is (like in the WFPC2
images) brightest to the SW, but is clearly seen circumscribing
the star. The scattered light to the NE is not apparent in the PC2
images partly due to the instrumental sensitivity limitations in
PC2 PSF subtraction compared to NICMOS coronagraphy with
PSF subtraction.

The IM Lupi images bear a striking morphological resem-
blance to the protoplanetary disc around the T Tauri star GM Aur
(Schneider et al. 2003) and indicate the presence of a circum-
stellar disc inclined in the range 40−60◦ towards the line of
sight. Because of the similar appearance of the nebula in F606W,
F814W and F160W, with a strong front/back asymmetry, we
conclude that it is dominated by scattered light from the star.
To the SW of the elliptically shaped circumstellar nebulosity,
an arc-like dark band (presumably the higher opacity disc mid-
plane centered at r ≈ 1.5′′ along the disc morphological minor
axis), bifurcates an isophotally concentric lower surface bright-
ness scattering region (presumably the “lower” scattering sur-
face of the back side of the disc) extending to r ≈ 2.5′′ on the
morphological minor axis of the disc. This feature is most obvi-
ous in the F814W and F160W images. The dark lane between the
upper and lower scattered light nebulae is best seen ∼1.4′′ south-
west of the star. This coincides with the probable forward scat-
tering direction given the purported disc inclination (see Fig. 2).

The total brightness of IM Lupi in the saturated WFPC2
images was measured using the method of Gilliland (1994). The
results are 0.088 ± 0.0044 Jy (F606Wmag = 11.44 ± 0.05) and
0.150±0.0075Jy (F814Wmag = 10.52±0.05) in the F606W and
F814W filters respectively. The fraction of light scattered by the
disc (relative to the stellar flux at this wavelength) is 0.0186 in
the F814W image, measured in the region beyond 0.2′′ radius
from the star.

From the PSF-subtracted coronagraphic image, the mea-
sured F160W-band disc flux density at 0.3′′ > r > 4.5′′

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=1
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disk upper surface

envelope?

disk lower surface

dark lane

Fig. 2. NICMOS F160W image in log stretch. The field of view is 11 ×
11′′ with North up and East to the left. The dashed box corresponds
to the field of view in Fig. 1. The central white circle represents the
0.3′′ radius coronagraphic obscuration. The full green lines indicate the
upper and lower scattering surfaces of the disc (separated by the dark
lane which corresponds to the disc midplane). The green dashed circle
represents the possible envelope surrounding the disc.

is 11.8 mJy (uncertainty ≈4%). This flux density excludes the
small near-central area, shown in black in Fig. 1, which is insuf-
ficiently sampled due to masked optical artifacts. From the direct
and target acquisition images we measure the F160W-band stel-
lar flux density as 0.616±0.012 Jy (F160Wmag = 8.11±0.02) via
TinyTim2 (Krist & Hook 1997) model PSF fitting and aperture
photometry. Thus, the fraction of 1.6 μm starlight scattered by
the disc (beyond 0.3′′ from the star) is 0.019 ± 0.001, consistent
with the F814W value.

In the F160W image, a large scale fainter halo is sensitively
detected to a distance of ≈4.′′4 from the central star, along the
morphological major axis (see Fig. 2). This large scale nebula
may indicate the presence of a tentative envelope surrounding
the circumstellar disc. Because the dark lane and counter nebula
of the disc, which are seen through the potential envelope, are
detected, this envelope must be optically thin at optical wave-
lengths. It is not detected in the F606W and F814W images. In
the following, we focus on the disc properties and do not try to
reproduce the halo in our modelling.

2.2. Spitzer IRS and MIPSSED spectra

IM Lupi was observed with the IRS spectrograph installed on-
board the Spitzer Space Telescope as part of the “Cores to
Discs” (c2d) legacy program (AOR: 0005644800, PI: Evans,
Kessler-Silacci et al. 2006). The observations took place on
2004 August 30 using the four proposed modules (Short-Low,
Long-Low, Short-High and Long-High), corresponding to a
wavelength coverage of 5.2−38.0 μm with a spectral resolution R
between 60−127 for the two “low” modules and R ∼ 600 for the
two “high” modules. The data reduction was performed using

2 http://www.stsci.edu/software/tinytim/tinytim.html

Table 1. Details of the Spitzer/IRS observations. SL, SH, LL, and LH re-
fer to Short-Low, Short-High, Long-Low, Long-High respectively. R is
the spectral resolution and SNR the signal to noise ratio.

Module R Integration time SNR Pointing
(tint × ndce × nexp) offset (′′)

SL 60−127 14 × 1 × 2 20 –0.8–0.2
SH ∼600 31 × 2 × 2 71 0.7–1.3
LL 60−127 14 × 1 × 2 35 –1.4–−0.3
LH ∼600 60 × 1 × 2 66 3.0–1.2
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Fig. 3. Spitzer/IRS spectrum of IM Lupi. The large features of amor-
phous silicates are seen at 10 and 18 μm, as well as crystalline features
at 9.3 μm and around 27 μm. A blend around 24 μm is tentatively de-
tected. The spectrum has been slightly smoothed to reduced the noise.
The jump at 20 μm is an instrumental artifact resulting from the transi-
tion between the Long-Low and Long-High modules of IRS. The inset
shows the fit of the 10 μm continuum subtracted silicates feature. The
thick grey line represents the observed spectrum (corresponding to the
black line in the main panel) and the dot-dashed black line is the fitted
synthetic spectrum (see Sect. 5.1).

the c2d legacy team pipeline (Lahuis et al. 2006) with the S13
pre-reduced (BCD) data, using the aperture extraction method3.
Pointing errors of the telescope can produce offsets between
the different modules which were corrected for by the reduc-
tion pipeline. Table 1 summarises the details of the observations
while the spectrum is presented in Fig. 3.

The 52−97 μm MIPSSED data (R ∼ 15−25) were taken on
2006 March 31 (Program ID 1098, PI: Kessler-Silacci). The ba-
sic calibrated data (BCDs) were coadded using the MOsaicking
and Point source EXtractor (MOPEX) software. Because the
flux from IM Lupi is weak, the automated MOPEX extraction
failed to extract the flux. MOPEX indeed focused on the edge of
the detector, where there are a lot of hot pixels, rather than on the
signal from the source. The MIPSSED spectrum was therefore
extracted with IRAF since it allows the user to set the centre of
the aperture (around Cols. 12−16) and performs an optimised ex-
traction. The resulting spectrum remains too noisy to detect any
spectral features, such as the 70μm cystalline emission band. In
order to increase the signal-to-noise and get a better estimate of

3 The extraction was done following two different methods: full aper-
ture extraction and PSF extraction. PSF extraction is less sensitive to
bad data samples but for some modules the estimated PSF is subpixel-
sized. As a consequence, the PSF extraction becomes unstable. In this
paper,we adopt the spectrum obtained with the full aperture extraction
method because of its better stability.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=2
http://www.stsci.edu/software/tinytim/tinytim.html
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=3
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Table 2. Photometric measurements of IM Lupi.

λ (μm) Flux (Jy) Date Ref.
0.545 0.0655 ± 0.0007 06/2004 (1)
0.638 0.120 ± 0.0012 06/2004 (1)
0.797 0.216 ± 0.0022 06/2004 (1)
1.22 0.483 ± 0.0048 03/06/2000 2MASS
1.63 0.591 ± 0.0059 03/06/2000 2MASS
2.2 0.511 ± 0.0051 03/06/2000 2MASS
3.6 0.324 ± 0.0184 12/08/2004 Spitzer/IRAC
4.5 0.220 ± 0.0178 12/08/2004 Spitzer/IRAC
5.8 0.313 ± 0.0156 12/08/2004 Spitzer/IRAC
8.0 0.370 ± 0.0223 12/08/2004 Spitzer/IRAC
24 0.765 ± 0.0708 02/08/2004 Spitzer/MIPS

61.1 1.42 ± 0.22 31/03/2006 Spitzer/MIPSSED
70 1.581 ± 0.127 02/08/2004 Spitzer/MIPS

74.8 1.48 ± 0.37 02/08/2004 Spitzer/MIPSSED
89.3 1.26 ± 0.51 02/08/2004 Spitzer/MIPSSED
1300 0.1758± 0.0351 21/05/2006 SMA
3276 0.013 ± 0.0026 08/2005 (2)

References: (1) Padgett et al. (2006); (2) Lommen et al. (2007).

the mid-IR slope of the SED, we decided to bin the spectrum
to calculate 3 photometric measurements at ∼60, 75 and 90 μm
(see Table 2).

The IRS spectrum of IM Lupi clearly shows silicate emis-
sion features typical of Class II objects (Hanner et al. 1998;
Kessler-Silacci et al. 2006). In addition to the amorphous fea-
tures at 10 μm (Si-O stretching mode) and 18μm (O-Si-O
bending mode), other features are visible in the spectrum that
we attribute to crystalline forsterite (Mg-rich end member of
the olivine group) and crystalline enstatite (Mg-rich pyroxene,
Koike et al. 2000; Molster et al. 2002). The 9.3 μm feature, at-
tributed to enstatite, is clearly visible, as is the crystalline com-
plex at around 27 μm. This latter complex is likely a blend of a
forsterite feature at 27.6μm plus an enstatite feature at 28.2μm
(Fig. 3). A complex around 24 μm may also be tentatively de-
tected at a signal-to-noise between 1 and 3. This complex is pos-
sibly a blend of enstatite features at 23.8 and 24.5 μm and of a
forsterite feature at 24 μm. The forsterite feature at 33.6 μm is
not observed.

The shape and strength of the amorphous 10μm feature are
related to the mean size of the emitting grains. These have been
used as observational diagnostics for grain growth in discs (e.g.
van Boekel et al. 2005; and Kessler-Silacci et al. 2006). We
measured the shape and strength of the IM Lupi 10 μm fea-
ture following the approach described in Kessler-Silacci et al.
(2006). The continuum normalisation is obtained using their first
method. The fluxes at the reference wavelengths, S 11.3 and S 9.8,
are then calculated by integrating over a wavelength range of
0.1 μm centered on λ = 9.8 μm and 11.3μm. Finally, the feature
strength is estimated by calculating the mean peak flux, S Peak,
of the normalised spectrum. We obtain a S 11.3/S 9.8 ratio of 1.00
and a S Peak of 1.60, which locates IM Lupi in the bulk of the
class II objects observed by Kessler-Silacci et al. (2006) with a
flat 10 μm feature, consistent with the presence of micron-sized
grains. Overall, these features indicate a significant level of pro-
cessing of the silicate grains in the disc compared to those ob-
served in the interstellar medium, which instead are found to be
submicron-sized and largely amorphous (<1% of crystalline sil-
icates, Kemper et al. 2004).
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Fig. 4. SMA 1.30 mm aperture synthesis image of IM Lupi. Contours
begin at 6 mJy/beam and step in factors of

√
2 in intensity. The black

ellipse shows the CLEAN half-intensity beam size. The orientation is
the same as in Fig. 1. The zero position is RA = 15:56:09.203, Dec =
−37:56:06.40 (j2000).

2.3. Spatially resolved SMA observations
of 1.3 mm continuum emission

The 1.3 mm (230.538 GHz) thermal dust emission from IM Lupi
was observed with the Submillimeter Array4 (SMA). See Panić
et al. (in prep.) for the observational details and full analysis. The
extended configuration of the SMA, with baselines up to 180 m,
provided an excellent sampling of the uv-plane. The correspond-
ing beam is 1.84′′ × 1.25′′, with a position angle of 0.2◦.

Figure 4 presents the CLEAN map of IM Lupi’s disc. The
disc is clearly resolved with FWHMs of 2.33× 1.72′′ and a posi-
tion angle of 167◦. Taking into account the beam elongation, this
PA is in agreement with the PA of 143◦ derived from scattered
light images. The emission extends to ≈2′′ from the star at the
3 sigma level of 6.28 mJy/beam.

The total integrated 1.3 mm flux is 175.8 ± 4 mJy. Together
with the 3.3 mm flux of 13 mJy measured by Lommen et al.
(2007), this leads to an estimate of the millimetre spectral index
αmm = d log(Fν)/d log(ν) = 2.80 ± 0.25.

Because of the relatively large noise of individual visibilities
in the uv-plane, a direct model fitting to these is not very infor-
mative, and some form of averaging is necessary. Figure 5 shows
the amplitude averaged over uv-distance in concentric circular
annuli. We compare this amplitude with the amplitude averaged
in elliptical annuli of eccentricity e = 0.65 (corresponding to a
axisymmetric structure observed at an inclination of 50◦). The
latter is aimed at providing a more correct representation of the
data, taking into account projection effects (Lay et al. 1997). The
difference in amplitude for the two averaging methods is smaller
than the rms levels of the observations at all baselines. Thus,
the deprojection of the visibilities is not necessary in this study.

4 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of
Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=4
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Fig. 5. Circularly averaged 1.3 mm (upper panel) and 3.3 mm (lower
panel) visibility data (crosses) compared to the models (lines) with dif-
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enforced to be 50◦ (see Sect. 4.3).

In the following, we adopt the amplitude averaged in concen-
tric circular annuli and use the same procedure to calculate the
visibilities of the different models.

2.4. Spectral energy distribution

IM Lupi is an irregular variable (Batalha et al. 1998) and has
been observed to flare dramatically in U band (Gahm et al.
1993). To limit the effect of variability in our analysis, we
adopt the optical photometry presented by Padgett et al. (2006),
which is contemporaneous to the mid-IR measurements. Mid-
and far-infrared flux densities for IM Lupi were measured by the
c2d legacy project (Evans et al. 2003). A detailed description of
the reduction and source extraction procedures used for the IRAC
and MIPS measurements can be found in Harvey et al. (2006,
2007) and in the c2d delivery document (Evans et al. 2007). All
measurements are quoted in Table 2.

3. Simple estimation of some of the star and disc
parameters

Each of the previously presented observations gives, by itself,
strong insights into the properties of IM Lupi’s disc and its dust
content. Our goals in the following sections are to exploit this
complete data set in order to draw complementary constraints
and obtain a finer understanding of the circumstellar environ-
ment of IM Lupi and its evolutionary state. We aim at building a
as coherent a picture as possible, by analysing the different ob-
servations simultaneously, in the framework of a single model.

Even with simple assumptions to describe the disc structure
and dust properties, exploring the whole parameter space is far
beyond current modelling capabilities. Instead, the analysis was
performed in 2 steps:

1. we extract, whenever possible, parameters “directly” from
observations or via simple modelling: disc size from scat-
tered light images, disc dust mass and maximum grain size

from the millimetre spectral index and dust composition
from mid-infrared spectroscopy (this section). We also fit the
SED alone, by a manual exploration of the parameter space,
to test the need for a spatial differentiation of dust grains
within the disc. The goal of this preliminary analysis is to de-
termine which parameters can be kept fixed, allowing us to
significantly reduce the dimensionality of parameter space to
be explored, and which parameters need to be varied in our
modelling;

2. we then systematically explore these remaining parameters,
which cannot be easily extracted from observation and/or
can be correlated with each other. We calculate a full grid
of models and perform a simultaneous fit to all observations
(Sect. 4).

3.1. Model description

Synthetic images and spectral energy distributions are computed
using MCFOST, a 3D continuum radiative transfer code based
on the Monte Carlo method (Pinte et al. 2006). MCFOST in-
cludes multiple scattering with a complete treatment of polariza-
tion (using the Stokes formalism), passive dust heating assum-
ing radiative equilibrium, and continuum thermal re-emission. In
short, the code first computes the temperature structure assum-
ing that the dust is in radiative equilibrium with the local radia-
tion field. This is done by propagating photon packets, originally
emitted by the central star, through a combination of scattering
(following Mie theory), absorption and reemission events until
they exit the computation grid. This step uses the algorithms de-
scribed in Bjorkman & Wood (2001) and Lucy (1999) with a to-
tal number of 1 280 000 photon packets. The SEDs are then com-
puted by emitting and propagating the proper amount of stellar
and disc thermal photon packets, ensuring that at least 12 800
packets are contributing in each wavelength bin. All of these
packets are allowed to scatter in the disc as often as needed. We
use 102 wavelength bins, globally distributed in a logarithmic
scale between 0.3 and 3500μm but with an increased resolu-
tion (linear scale with bins of 0.5 μm) between 5 and 40μm, to
properly sample the regime observed with the IRS spectrograph.
About 4 millions packets were used to compute each of the scat-
tered light images and thermal emission maps The maximum
wavelength of HST observations being 1.6 μm, we assume that
the disc thermal emission is negligible in the scattered light im-
ages. For the millimetre maps, both the disc thermal emission
and star contribution are considered.

We consider an axisymmetric flared density structure with
a Gaussian vertical profile ρ(r, z) = ρ0(r) exp(−z2/2 h(r)2) valid
for a vertically isothermal, hydrostatic, non self-gravitating disc.
We use power-law distributions for the surface density Σ(r) =
Σ0 (r/r0)α and the scale height h(r) = h0 (r/r0)β where r is the
radial coordinate in the equatorial plane and h0 is the scale height
at the radius r0 = 100 AU. The disc extends from an inner cylin-
drical radius rin to an outer limit rout.

Dust grains are defined as homogeneous and spherical parti-
cles (Mie theory) with sizes distributed according to the power-
law dn(a) ∝ ap da, with amin and amax the minimum and max-
imum sizes of grains. Extinction and scattering opacities, scat-
tering phase functions, and Mueller matrices are calculated us-
ing Mie theory. We adopt a power-law index p = −3.5, which
is generally used to reproduce interstellar extinction curves. We
choose a minimum grain size amin, small enough that its exact
value has no effect (we fix it to 0.03μm). The maximum grain
size amax is considered as a free parameter.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=5
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3.2. Star properties

Krautter (1992) discussed the available distance estimates for the
Lupus star forming regions, ranging from 130 up to 300 pc, and
concluded that the most likely distance is between the limits 130
and 170 pc. The most recent determinations are from Hughes
et al. (1993), who proposed a distance of 140 ± 20 pc and from
Wichmann et al. (1998), who concluded a distance of 190±27 pc
from Hipparcos parallax. In the following, we adopt this value
of 190 pc and discuss the effect of distance uncertainties on the
parameters derived from our modelling in Sect. 4.4.

IM Lupi has been classified as an M0 star from photometric
measurements by Hughes et al. (1994). The estimated age for
this system ranges from 105 yr to 107 yr (Hughes et al. 1994),
depending on the pre-main sequence evolutionary track used. In
the following modelling sections, we adopt a NextGen stellar
atmosphere model (Allard et al. 1997) with 3900 K and log(g) =
3.5, a stellar radius of 3 R	 (L = 1.9 L	) and an AV of 0.5 mag,
which matches the optical photometry of IM Lupi. Following
the star evolution models of Baraffe et al. (1998), this roughly
corresponds to a 1 M	 star with an age of 106 yr.

Hipparcos observations suggested a companion with a sep-
aration of only 0.′′4 (Wichmann et al. 1998). However, neither
near-IR speckle observations (Ghez et al. 1997) nor the current
HST observations confirm the presence of a close companion.
The extended nebulosity may have been marginally detected by
Hipparcos and incorrectly interpreted in terms of a binary.

3.3. Dust composition

The strength and shape of the 10 and 20 μm emission silicate
features give us some information on the dust grain composi-
tion. We find that micron sized amorphous olivine (Mg Fe SiO4,
refractive indices from Dorschner et al. 1995) dust grains repro-
duce in a qualitative way the emission bands. In the following
general modelling approach, we do not try to match perfectly
the shape of the features, but instead their strength, and we fix
the composition of dust to 100% amorphous olivine. A detailed
analysis of the silicates features is presented in Sect. 5.1. The
results of this analysis are consistent with the composition we
adopted here.

3.4. Disc outer radius

Scattered light images reveal the presence of a disc with a diame-
ter of approximately ≈4′′. The fact that we see the dark lane and
the corresponding counter-nebula, produced by scattered light
from the backside of the disc, indicates that the disc, if it remains
optically thick at optical wavelengths, cannot extend much fur-
ther away than 400 AU (assuming a distance of 190 pc). In the
following we fix the outer radius in our models to 400 AU.

3.5. Disc mass

Basically, the millimetre fluxes give access to the product of the
disc dust mass with the dust absorption opacity. Assuming amor-
phous olivine spherical grains (Dorschner et al. 1995), we obtain
a maximum absorption opacity at 1.3 mm of 2 cm2 per gram of
dust, corresponding to a grain size distribution with a maximum
grain size close to 3 mm. This value is also the value adopted by
Beckwith et al. (1990) and more recently Andrews & Williams
(2007). With this opacity, the millimetre visibilities are repro-
duced by a dust disc mass of 10−3 M	. This mass is estimated
using the temperature structure from the solution of the radiative

equilibrium. Grain size distributions with a significantly smaller
or larger maximum grain size have a lower opacity at millimetre
wavelengths and would imply larger disc dust masses to account
for the observed fluxes. With the assumption that the gas to dust
ratio is 100, as in molecular clouds, the minimum total disc mass
is 0.1 M	. With a star mass close to 1 M	, the disc mass can-
not be much larger than 0.1 M	. We then consider it also as a
maximum value and fix the disc mass to this value. It should be
noted that millimetre dust opacities remain poorly known. The
disc mass should thus be understood as an estimate with an un-
certainty of a factor of a few.

3.6. Assessment of the need for grain size stratification

The SED of IM Lupi presents some clear features that we can
use to guide our analysis on the dust properties. Our modelling
confirms that the disc is almost entirely optically thin in the mil-
limetre regime. We can therefore use the millimetre spectral in-
dex of 2.80± 0.25 to constrain the grain size and, thus the corre-
sponding millimetre opacity slope is βmm = 0.8±0.25. This value
is significantly lower than the expected value between 1.5 and 2
for interstellar medium (ISM) grains (≤1 μm), which indicates
that larger grains, of the order of 1 mm in size, are present in the
disc. However, the IRS spectrum clearly shows strong silicate
emission bands that cannot be reproduced by a simple power-
law grain size distribution extending to millimetre sizes, even if
it contains a high fraction of micron-sized grains. The silicate
emission requires that the maximum grain size do not exceed a
few microns in warm (close to the star), optically thin regions of
the disc at mid-IR wavelengths (surface). In this section, we ex-
plore whether a dust population that is perfectly mixed with the
gas, and hence uniform in the disc, can simultaneously repro-
duce both of these features, or whether a stratified structure with
spatially separated dust populations of small and large grains is
required to solve this apparent contradiction.

Assuming that the dust and gas are perfectly mixed, the sil-
icate emission features are best reproduced with a maximum
grain size amax ≤ 3 μm, essentially because larger grains are
featureless at mid-IR wavelengths. Figure 6 (blue dotted line)
presents such a synthetic SED, with amax = 3 μm. However,
this model (βmm = 4) fails to reproduce the observed millime-
tre spectral index, as expected for grains in the Rayleigh regime.
Furthermore, because of the low opacity of micron size grains in
the millimetre regime, we also find a millimetre flux too low, by
a factor of 10 relative to observations.

The spectral index between 1.3 and 3.3 mm suggests instead
the presence of at least millimetre-sized grains. Thus, a grain size
distribution with a maximum grain size close to amax = 3 mm
(Fig. 6, dashed green line) is in good agreement with our mil-
limetre observations. This kind of grain size distribution how-
ever, does not reproduce the silicate emission features which
almost completely disappear. Indeed, for a grain size distribu-
tion with a slope p = −3.5 and a maximum grain size >∼100 μm,
the mid-IR opacities are not dominated by the sub-micron sized
grains but rather by the grains a few microns in size which have
featureless opacities (see for instance Fig. 5 of Kessler-Silacci
et al. 2006). We can then conclude that millimetre grains are
present in the disc, but that they do not dominate the opac-
ity in regions producing silicate emission features: inner edge
and disc surface at radii smaller than a few astronomical units.
A spatial dependence of the dust properties, particularly grain
size distribution, seems to be required to account for all observ-
ables. In the following, we assume that this spatial dependence
is produced by vertical dust settling in the disc. This structure is
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Fig. 6. Qualitative analysis of the SED of IM Lupi. The blue dotted
line presents a SED calculated with submicron particles (amax = 3 μm).
Silicates emission bands are well reproduced but the millimetre fluxes
are too low, even with a disc mass of Mdisc = 0.1 M	. A model with
millimetre grains (amax = 3 mm, green dashed line) performs much bet-
ter at long wavelengths but the silicate features then disappear. A model
including millimetre grains (amax = 3 mm) close to the midplane and
submicron grains in the upper layers (i.e. with a stratified structure as
described in section 3.6), can reproduce both the silicates bands and the
millimetre fluxes (red full line). The thin black dot-dash line represents
the stellar photosphere.

characterised by small grains on the disc surface, which produce
the silicate emission, and larger grains in the midplane which
emit most of the thermal radiation in the millimetre regime. We
discuss other possible explanations for the grain size stratifica-
tion in Sect. 6. We describe this dust stratification by a simple
parametric law, the reference scale height being a function of
the grain size

h◦(a) = h◦(amin)

(
a

amin

)−ξ
· (1)

In the case where the dust and gas are perfectly mixed, ξ = 0,
and h◦(a) = h◦(amin) is independent of the grain size and is equal
to the scale height of the gas disc.

The full red line in Fig. 6 presents a SED calculated with
amax = 3 mm and the stratification described above, taking ξ =
0.1. This kind of model reproduces both the silicate emission
bands and millimetre fluxes and gives support to the presence
of a stratified structure in the disc of IM Lupi. We would like
to emphasise that, at this point, this model is not a fit, just an
educated guess as far as disc parameters are concerned, meant
only to illustrate the impact of settling on the SED. A similar
effect was also found by D04 and D’Alessio et al. (2006). In the
following, we fix the maximum grain size to amax = 3 mm to
match the spectral index and consider ξ as a free parameter.

4. Inferred disc model parameters
from multi-technique model fitting

Encouraged by the previously described qualitative behaviour,
we then moved to a quantitative analysis by exploring a full
grid of models. The goal is to find a single model which self-
consistently fits all observables and estimates the parameters as
well as their range of validity and uncertainties. Because the
F606W and F814W images are very similar, we restrict our fit-
ting of the scattered light images to the F606W and F160W

Table 3. Ranges of parameters explored in our grid of models.

Parameter Min. Max Nsampl Sampling

i (◦) 0 90 10 linear in cos
α –2.0 0.0 5 linear
β 1.0 1.25 6 linear
rin (AU) 0.05 1.5 12 logarithmic
h◦(amin) (AU) 8 16 13 linear
ξ 0.0 0.2 9 linear
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Fig. 7. SEDs of the best models. The dashed red line corresponds to best
model for the fit of the SED only and the full green line corresponds to
the simultaneous fit of all observations.

bands. Since they are the shortest and longest wavelengths: the
intermediate F814W image is likely to be well fitted by a model
that adequately represents these 2 wavelengths.

4.1. Explored parameter space

Exploration of the parameter space was performed by varying
the geometrical properties of the disc (rin, β, α, h◦(amin)) and
the degree of the dust settling ξ. Scattered light images give us
a good idea of the inclination angle, around 50◦, but we con-
sider it as a free parameter in order to fine tune our estimation.
This results in a total of 6 independently varied parameters. The
range explored for each parameter is summarised in Table 3. All
combinations of parameters were explored, resulting in a total
of 421 200 calculated models. The ranges were chosen to sam-
ple physically plausible values for the different parameters, and
adapted during the course of the modelling to calculate all the
models which may be a reasonably good representation of data.
The probability curves we obtain (Fig. 9) for the different pa-
rameters show that we have sampled a large enough fraction of
the parameter space.

4.2. Fitting procedure

The fitting of the SED is performed through the definition of a
reduced χ2: χ2

SED from the observed and synthetic fluxes, and
from the observational uncertainties. Because synthetic SEDs
are sampled with a large number of packets, we neglect the
model Monte Carlo error bars which are significantly smaller
(<1%). We can get a sense of their amplitude in the silicate fea-
ture (inset in Fig. 7).

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=6
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Fig. 9. Bayesian probabilities of the various parameters for the scattered light images at 0.6 μm (dashed blue) and 1.6 μm (dotted red), the SED
(dot-dash green), the millimetre visibilities (dot-dot-dash pink) and for the images, SED and mm visibilities simultaneously (full black line). The
triangles represent the parameters of the best model.

Comparing synthetic images with observations is a more del-
icate procedure due to the presence of the star that dominates
the flux in the synthetic images. Observational effects are taken
into account by choosing pixel sizes similar to those of obser-
vations, i.e. 0.045 ′′/pixel at 0.6 μm and 0.076 ′′/pixel at 1.6 μm.
Real scattered light images were obtained by manual subtraction
of the PSF. Such a procedure cannot be considered for the mod-
els however, given the large number of models dealt with here.
To make the problem of PSF subtraction tractable, we choose

to convolve our models only with the PSF core (up to 5 pixels
from the peak) in order to reproduce its smoothing effect, but
at the same time avoiding the superimposition of the convolved
direct stellar light on the disc, where it is detected in the actual
PSF-subtracted images. The disc appears left-right symmetrical
in both WFPC2 and NICMOS images. To increase the signal-
to-noise ratio and to reduce artifacts, the observed images were
symmetrised relative to the semi-minor axis of the disc, prior to
comparison with models.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=8
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A pixel-by-pixel comparison between models and observa-
tions is very sensitive to observation artifacts. It requires a pre-
cise map of the observational uncertainties in the image in order
to make optimal use of its information. This procedure is com-
plex for high contrast PSF subtracted images. Large deviations
in small regions of the image can strongly bias the fitting proce-
dure. Also, PSF subtraction uncertainties introduce systematic,
as opposed to random, errors, which are not properly taken into
account in a χ2 minimisation. Instead, we adopt an image fitting
performed by extracting geometrical observables. Our goal here
is to reproduce the main characteristics of the images, allow-
ing small parts of the model images to not be in perfect agree-
ment with the observations, if necessary. We therefore adopt the
following method, illustrated in Fig. 8, which is based on the
azimuthal intensity variations. For both wavelengths, we calcu-
late the observed intensity variations normalised to the average
flux in the azimuthal angle range [−15◦,+15◦] (centered on the
disc’s semi-minor axis). For each 10◦ sector, we extract the av-
erage flux of the pixels encompassed between two ellipses of
eccentricity e = 0.65 (corresponding to a circularly-symmetric
structure observed at an inclination of 50◦) and of semi-major
axis of 1.5 and 2.1′′. Regions presenting diffraction artifacts are
moreover excluded from these sectors. Uncertainties were calcu-
lated by repeating the same procedure on the observations from
which we have added and subtracted the estimated error maps.
These error maps are constructed by taking the shot noise from
photon statistics and adding in a PSF scaled by the uncertainty
factor in the normalisation used for PSF subtraction.

The synthetic brightness profiles were extracted in the same
way from Monte Carlo images. We do not consider any uncer-
tainties for these synthetic profiles. For the 1.6 μm image we fur-
ther use the positions of the dark lane and second nebula as ge-
ometrical observables to fit for. We compare the synthetic maps
and the observations using reduced χ2 based on the previously
defined observables5: χ2

0.6μm and χ2
1.6μm.

Model comparison with SMA and ATCA data was performed
in (u, v) plane to avoid additional uncertainties from the image
reconstruction with the CLEAN algorithm. Synthetic visibili-
ties were computed by Fourier transform of the MCFOST emis-
sion maps. The visibilities were then binned in circular annuli
as done for the observed visibilities, and the reduced χ2 is com-
puted from these binned visibilities: χ2

mm. Because only 6 data
points are available for the ATCA observations, it is not possible
to define a meaningful reduced χ2 for these observations alone.
Instead, we fit simultaneously the ATCA and SMA data by defin-
ing a unique reduced χ2. To avoid an eventual contamination by
a potential envelope and/or surrounding cloud, fitting was only
performed for baselines larger than 40 kλ which probe spatial
scales smaller than 5 ′′, i.e. corresponding to the disc observed
in scattered light.

We compute a total χ2
tot defined as the sum of all the re-

duced χ2:

χ2
tot = χ

2
SED + χ

2
0.6μm + χ

2
1.6 μm + χ

2
mm. (2)

This χ2
tot allows us to do a global fitting of all observations

simultaneously.

4.3. Best model

The parameters of the model with the lowest χ2
tot are described

in Table 4. Overall, the best fit model is in very good agreement

5 A total of number of 31 and 34 measurements were used at 0.6 and
1.6 μm respectively.

Table 4. Best model parameters. The best model is the model with the
lowest χ2

tot. The valid range for each parameter is defined as the range of
values which symmetrically enclose the central 68% of the probability
(see text for details). This is equivalent to a 1σ confidence interval.

Parameter Best model Valid range
Teff (K) 3900 fixed
Rstar (R	) 3.0 fixed
distance (pc) 190 fixed
rout (AU) 400 fixed
Mdust (M	) 10−3 fixed
dust composition 100% amorphous olivine, fixed
amin 0.03 μm fixed
amax 3 mm fixed
i (◦) 50 45–53
surface dens. exp –1 –0.84−−1.21
flaring exponent 1.15 1.13–1.17
rin (AU) 0.32 AU 0.25–0.4
h◦(amin) 10 AU 9.5–10.3
settling exponent ξ 0.05 0.02–0.07

Table 5. Reduced χ2 values for the best models.

Model χ2
0.6 μm χ2

1.6 μm χ2
SED χ2

mm χ2
tot

Best 0.6 μm 1.16 17.24 83.47 83.60 185.47
Best 1.6 μm 3.02 0.48 29.75 18.64 51.89
Best SED 22.83 139.53 9.87 51.24 223.48
Best mm 22.69 46.13 560.75 0.43 630.00
Best all obs. 1.56 0.68 14.02 1.18 17.44

with all observations, especially taking into account the range
of wavelengths and the variety of observations analysed in the
fitting procedure. Table 5 shows the χ2 corresponding to best
models fitting only one of the observations and to the global best
model. The global best models has χ2 values only slightly larger
than the χ2 of the best models fitting each of the observations,
showing that it offers a good representation of all observations.

The SED of this model is represented in Fig. 7. It is in
very good agreement with observations from the optical to the
millimetre regimes. In particular, it reproduces both the sili-
cate bands and millimetre fluxes, and hence the millimetre spec-
tral index. The silicates features are roughly reproduced but the
shape is not exactly identical to the observed one, resulting in
relatively high values of the χ2. This is due to our very simple
approximation on optical properties, with dust grains only com-
posed of amorphous silicates. We recall here that a precise match
of the silicate emission bands was not our goal at this stage of
the modelling and that we were only interested in the amplitude
of the silicate features.

Synthetic images of the best model are compared with ob-
servations in Fig. 8. The general shape is well reproduced at
both wavelengths, with the right roundness, brightness distribu-
tion and a dark lane in good agreement with observations. The
central and right panels show a quantitative comparison of the
azimuthal brightness profiles. The agreement is good as shown
by the values of the χ2 in Table 5. The model predicts profiles
that are very similar at both wavelengths whereas the observa-
tions suggest (given the relatively low SNR and large PSF uncer-
tainty) a stronger contrast at 0.6μm, with a back side compatible
with a non-detection. We discuss this point in detail in Sect. 5.2.

Figure 5 shows the results of the fit of the 1.3 and 3.3 mm
visibilities. The agreement is also very good for the base-
lines >40 kλ on which the fitting was performed. At smaller
baselines, the best models are marginally below the data points.
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This may be due to a small contamination of the observations
by the surrounding molecular cloud and/or envelope. Millimetre
visibilities are mainly sensitive to the apparent spatial distribu-
tion of the dust, i.e, the surface density exponentα, the disc outer
radius, the total mass and the disc inclination. With an outer ra-
dius of 400 AU derived from scattered light images and a dust
disc mass based on the millimetre flux, our modelling allow us
to constrain the surface density profile (Fig. 5). The α = −1
model (full line) provides an excellent match. Conversely, the
other two models (α = 0 and α = −2) fail to successfully re-
produce the data, if we force the inclination to be close to 50◦.
Models with α = 0 provide a good match to the observations for
a disc closer to edge-on (inclination of ≈70◦), which is incom-
patible with the scattered light images.

In Figs. 7 and 8, we present both the overall best fit model
and best fits to single observables. This quantitatively shows that
the best overall fit is very similar to the individual fits and illus-
trates how limited single data sets are: families of models can be
found that give equally good fits to the observations. It is only
through a combination of the various observations that we can
solve most ambiguities and disentangle between models (Fig. 9).

4.4. Validity range of parameters

To determine the range of validity of the different parameters,
we use a Bayesian inference method (Press et al. 1992; Lay et al.
1997; Pinte et al. 2007). This technique allows us to estimate the
probability of occurrence of each value of a given parameter. The
relative probability of a point of the parameter space (i.e. one
model) is given by exp(−χ2/2) where χ2 refers to the previously
defined reduced χ2 of the corresponding model. All probabilities
are normalised at the end of the procedure so that the sum of the
probabilities of all models over the entire grid is equal to 1. This
method analyses all the models in a statistical sense and does not
give any specific attention to a given model, including the best
model.

The Bayesian method relies on a priori probabilities on the
parameters. Here, we assume that we do not have any prelim-
inary available information, and we choose uniform a priori
probabilities which correspond to a uniform sampling of the pa-
rameters. However, in the absence of any data, some grid points
are more likely than others: consideration on solid angles show
that an inclination between 80 and 90◦ (close to edge-on) is
more likely than a inclination between 0 and 10◦. Uniformly
distributed disc inclinations and orientations in three dimensions
correspond to a uniform distribution in the cosine of the inclina-
tion. Also, some physical quantities, like the inner radius, tend
to be distributed logarithmically. The grid was built according to
these distributions (Table 3).

Figure 9 presents the relative figure of merit estimated from
the Bayesian inference for each of the parameters, for the fitting
of the scattered light images, SED, and millimetre visibilities.
These results were obtained by marginalising (i.e. summing) the
probabilities of all models where one parameter is fixed suc-
cessively to its different values, i.e. the probabilities of our 6-
dimension parameter space are projected successively on each of
the dimensions (they are not cut through the parameter space).
Potential correlations between parameters are entirely accounted
for with this approach, and the error bars extracted from the
probability curves take into account the interplay between pa-
rameters. The resulting histograms represent the probability that
a parameter takes a certain value, given the data and assumptions
of our modelling.

Both scattered light images are similar and naturally lead to
similar probability densities (blue dashed and red dotted lines).
Because the error bars are smaller for the NICMOS image, the
resulting constraints on the parameters are stronger. The disc in-
clination is well constrained in the range 45−55◦. Fitting of both
images tends to prefer flaring exponents ≥1.1. Because the disc
is optically thick at optical and near-infrared wavelengths, scat-
tered light images are insensitive to the surface density. These
images probe the outer part of the disc, and due to the flared
geometry adopted in the current work, the stellar illumination
does not depend on the inner radius. As a consequence, we do
not get any constraint on the inner edge of the disc. The az-
imuthal brightness profile is strongly sensitive to the disc scale
height. Both images give slightly different, but compatible, con-
straints on the scale height, with a peak of probability at 10 AU.
The probability curve for the 0.6 μm image also presents sec-
ondary peaks at 5 and 15 AU. These peaks correspond to the two
inclination bins adjacent to the most probable bin centered at
cos(i) = 0.65.

The analysis of the SED gives different constraints (green
dot-dash line in Fig. 9). As expected, the inclination is not well
constrained. Only the models with high inclination, i.e. models
that occult the star, are excluded. As the disc is very massive,
it remains opaque to its own radiation up to long wavelengths,
and the SED is only slightly sensitive to the disc surface density
index. The flaring index, describing the disc geometry and its ca-
pacity to intercept stellar light, is strongly constrained with most
probable values between 1.1 and 1.15. The inner radius is con-
strained between 0.15 and 0.6 AU. The probability curve for the
settling index is of particular interest. The value 0, corresponding
to the case without settling, has a significantly lower probability
than those corresponding to a relatively low amount of settling.
The peak of probability is around ξ = 0.025 and is followed by
a decreasing probability density towards strongly settled discs.
The probability becomes negligible for ξ > 0.15. Indeed, high
degrees of settling result in silicate features that are too strong
and mid-infrared fluxes that are too low. The scale height is con-
strained to be around 10 AU, in agreement with the modelling of
the scattered light images.

The pink dot-dot-dash line shows the constraints resulting
from the fitting of the millimetre visibilities. As expected, be-
cause they are mainly sensitive to the bulk of the disc mass,
these observations do not give any constraints on the inner ra-
dius, scale height or degree of dust settling. Because our fitting
was realised on azimuthally averaged visibilities, the inclination
is not well constrained. Only the close to edge-on disc models
are excluded. As previously mentioned however, the CLEAN
map does give an inclination consistent with the one deduced
from scattered light images. The main constraints are obtained
on i) the flaring index, with the most probable value between 1.1
and 1.2, which is in agreement with the results of the SED mod-
elling and ii) on the surface density index, with a peak of prob-
ably close to −1, and the extreme values of 0 and −2 being
excluded. There is a strong correlation between the surface den-
sity index and the inclination, models with α > −1 correspond-
ing to inclinations >55◦. Indeed, the millimetre interferometers
probe the apparent spatial distribution of the dust and an inclined
disc can mimic a disc with a more concentrated dust distribution.

Combined, the various observations give complementary
constraints on the model parameters. Figure 9 illustrates, in
a quantitative way, the complementarity between the results
extracted from the scattered light images, the SED, and the
millimetre visibilities. The Bayesian analysis gives the relative
likelihood pi(M|Di) of different models M, given the data Di
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(scattered light images, SED or millimetre visibilities) that have
been measured. Given the n different data sets, the relative like-
lihood of a model is then:

p(M|D1 . . .Dn) =
n∏

i=1

pi(M|Di), (3)

because the uncertainties in each data set are independent. In our
case, this is equivalent to calculate the probability from a χ2

tot
we have defined as the sum of the individual reduced χ2. The
black line in Fig. 9 shows the resulting marginalised probabil-
ities, corresponding to the simultaneous fitting of the two scat-
tered light images, the SED, and the millimetre visibilities. All
parameters are constrained within narrow ranges and the corre-
sponding probability curves are much sharper, i.e. the constraints
on the parameters are stronger (see Table 4). This illustrates the
need for simultaneous modelling of various kinds of observation
to quantitatively derive disc parameters and obtain finer mod-
els. Table 4 gives the range of validity of the different parame-
ters. For each parameter θ with a density of probability p(θ), this
range of validity is defined as the interval [θ1, θ2] where∫ θ1

θmin

p(θ) dθ =
∫ θmax

θ2

p(θ) dθ =
1 − γ

2
(4)

with γ = 0.68. The interval [θ1, θ2] is a 68% confidence inter-
val and corresponds to the 1σ interval for a Gaussian density of
probability.

The triangles in Fig. 9 represent the different parameters
of the best model. Although this is not necessarily the case
in Bayesian studies, it coincides here with the most probable
model, defined as the model with the parameters which have
the highest probabilities. This means that the best model cor-
responds to the global minimum of χ2 in the parameter space.
There is no contradiction between the constraints from the dif-
ferent observations indicating that our model, although based
on simple assumptions, provides an adequate description (at the
precision level of present observations) of the disc structure and
dust properties.

4.5. Effect of distance

The results described thus far have been determined using a
distance of 190 pc. It should however, be noted that the dis-
tance of IM Lupi is relatively uncertain (see Sect. 3.2). An alter-
nate distance value will thus affect the results of our modelling.
Fortunately, due to the self-similarity of the radiative transfer
equations, our results can be scaled for an alternate distance.
If instead the distance to IM Lupi is A × 190 pc, where A is
a real positive number, the calculations will be mathematically
identical to the ones that we have presented if (i) all lengths in
our model (star radius, disc inner and outer radius rin and rout)
are multiplied by A; (ii) the geometry is not modified (the scale
height at 100 AU, flaring and surface density indices, degree of
dust settling remain identical); and (iii) the disc mass is multi-
plied by A2 (ensuring that the disc opacity is not modified).

5. Detailed analysis of the dust properties

In the previous section, we performed a global fit to all of the
observations simultaneously. Such a fit however cannot account
for the fine signatures we detect in the various observations. In
this section, we analyse in detail the silicate emission bands and
scattered light images to infer additional information on the dust
properties.

5.1. Disc mineralogy

5.1.1. Compositional fitting of the 10μm silicate feature

A detailed study of the 10 μm feature provides quantitative infor-
mation on the composition and size of the grains responsible for
the observed emission (e.g. Bouwman et al. 2001; van Boekel
et al. 2005; Apai et al. 2005; Schegerer et al. 2006; or more
recently Merín et al. 2007; Bouy et al. 2008; and Bouwman
et al. 2008). To fit the 10 μm feature, we use five dust species:
olivine (glassy Mg Fe SiO4, Dorschner et al. 1995), pyroxene
(glassy Mg Fe SiO6, Dorschner et al. 1995) and silica (amor-
phous quartz (silicon dioxide) at 10K, Henning & Mutschke
1997) for the amorphous grains, and enstatite (Jaeger et al.
1998) plus forsterite (Servoin & Piriou 1973) for the crystalline
species. Furthermore, we consider two single representative
grain sizes (generally 0.1 and 1.5μm, although other grain sizes
have been tested) following previous studies. Once the contin-
uum emission has been subtracted, a fit to the amorphous 10 μm
feature is calculated. This is done by multiplying grain opacities
with relative mass fractions and with a single-temperature black-
body. A pseudo-χ2 minimisation procedure provides the best rel-
ative mass fractions for all of the species and grain sizes, as well
as the best temperature.

Achieving a good estimation of the dust continuum emission
contributing to the spectrum is the most difficult part for this sort
of analysis, because it influences the derived composition. We
learned from previous studies that a simple local continuum of
the 10 μm feature is not a good solution, despite the fact that it
is the simplest one. We find that it is necessary to leave flux at
the end of the amorphous feature, at around 13.5μm, because
amorphous silicate grains are still contributing to the emission
at these wavelengths. We therefore adopt the continuum pro-
duced by the MCFOST code to obtain a more realistic estimate
of the continuum shape around 10 μm. Nevertheless, the best-
fit disc model includes amorphous silicate grain emission, and
consequently the SED is not featureless. We generated another
continuum by artificially removing the amorphous features in
the MCFOST calculations. Refractive indices in the wavelength
range 7−35μm, which includes the silicates features, were re-
placed by a log− log interpolation with wavelength of the refrac-
tive indices from the values at λ = 7 and 35 μm. This solution,
although providing a more physical continuum, remains imper-
fect. First, the interpolated refractive indices are very likely to
be a strong simplification of what would be the refractive in-
dices without silicate features. Second, the energy normally es-
caping through the amorphous features is redistributed over adja-
cent wavelengths and this overestimates the flux near the feet of
the amorphous features. A smoothing treatment is thus required
to obtain a good estimate of the continuum.

5.1.2. Results

We investigated the influence of the grain size on the goodness of
the fit, the result of which is that only grains of an approximate
size of 1.5 μm are able to reproduce the amorphous feature (inset
in Fig. 3). A first fit with grain sizes of 0.1 and 1.5μm reveals
that 94% of the grains need to have a size of 1.5 μm. A sec-
ond run assuming grain sizes equal to 1.5 and 3.0μm indicates
that 97% of the grains have a size of 1.5μm. Because 3.0 μm
grains are not featureless at 10μm, our results on the low fraction
of these grains are robust. This confirms the qualitative result we
obtained with the ratio S 11.3/S 9.8 versus the S Peak, which indi-
cated micron-sized grains responsible for the 10 μm feature. The
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result is very robust against using different continua. The derived
temperature of these 1.5 μm grains is always around 350 K. The
best fit is obtained for a temperature of 357 K.

In the radiative transfer modelling of the disc, the flux re-
ceived by the observer in the 10 μm silicate band mainly comes
from grains slightly smaller than 1 μm in size: 50% of the energy
is emitted by grains between 0.1 and 1.2 μm and the the peak of
the emission originates from grains 0.9 μm in size. This explains
the slightly sharper silicate features in the model compared to
observations (Fig. 7). The average temperature of the grains re-
sponsible for the received emission at 10 μm is 690 K, which
is significantly higher than the value for the fit of the silicate
feature. This may indicate that grains around 1.5 μm, responsi-
ble of most of the emission in the silicate band, are located at
larger radii and/or in deeper regions than what is assumed in the
global modelling. However, the large difference between tem-
peratures should be interpreted with care and should be consid-
ered indicative only. Indeed, contrary to the global modelling,
the detailed composition fit of the silicate feature has been per-
formed after subtraction of the continuum from the MCFOST
calculations (then at a temperature of 690 K). This continuum
represents about 50% of the flux at a wavelength of 10 μm.

In order to reproduce the amorphous silicate feature, the frac-
tion of crystalline grains is always less than 10%. For the best
fit, the crystallinity fraction is 7%. This can mainly be explained
by the presence of the enstatite feature at around 9.3μm. Long-
wavelength features, due to enstatite and forsterite grains, also
indicate the presence of crystalline grains in cooler regions of
the disc (larger radii and/or deeper in the disc) than the regions
probed at 10 μm (Merín et al. 2007). However, these features re-
mains weak. No features are detected at wavelengths larger than
30 μm which also suggests a low degree of crystallinity.

5.2. Are we observing fluffy aggregates?

Light scattering strongly depends on the dust properties, with
the general trends that grains significantly smaller that the wave-
length produce isotropic scattering and that the larger the grains
the more anisotropic the scattering phase function becomes. All
of IM Lupi’s scattered light images present a strong front-back
asymmetry indicating anisotropic scattering. This implies the
presence of grains at least comparable in size with the wave-
length, in the regions of the disc probed by scattered light, i.e.
the disc surface at large radii (>∼a few 10 AUs). Interestingly, the
front-back flux ratio is higher at the shortest wavelength indicat-
ing that scattering could be more forward throwing in that case.
Our modelling has lead to solutions that are marginally compat-
ible with the flux level in the back side of the F606W image,
although with a systematic overestimation (Fig. 8). In this sec-
tion, we explore what kind of dust grains could produce a more
contrasted azimuthal brightness profile at 0.6μm, whilst remain-
ing in good agreement with the azimuthal brightness profile at
1.6 μm, i.e. we try to find dust properties that could produce a
flux ratio F(180◦)/F(0◦) of 0.05 at 0.6 μm and of 0.2 at 1.6 μm
(180◦ and 0◦ refer to the azimuthal angles as in Fig. 8, and not to
the scattering angles). As our best model is already marginally
compatible with the observations, we do not try to perform a
new fit to all observations simultaneously, instead only focusing
on the effect of the dust properties on the flux ratios. We adopt
the geometry of the previously estimated best model. We do not
consider dust settling here and take amax as a free parameter. This
value should now be understood as the maximum grain size in
the disc surface.
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Fig. 10. Asymmetry parameter as a function of maximum grain size for
different dust compositions. The top panel is for λ = 0.6 μm and the
bottom panel for λ = 1.6 μm. The full line corresponds to the olivine
compact grains used in the global modelling (slope of the grain size
distribution p = −3.5). The dashed line corresponds to the same grains,
with a porosity of 80% (p = −3.5). The dot-dashed line corresponds to
compact grains with p = 0. The dotted line corresponds to pure water
ice grains. The shaded areas represent the region that would fit the flux
ratio of both the F606W and F160W scattered light images. A model
reproducing both scattered light images must lie on the shaded area of
both panels for the same maximum grain size.

The scattering anisotropy can be described, as a first approx-
imation, in terms of the asymmetry parameter gλ = 〈cos θλ〉
where θλ is the scattering angle at the wavelength λ. The models
we have presented so far correspond to g values around 0.6 for
both wavelengths, whereas for a better agreement on the flux on
the backside of the disc, models with g0.6 μm ≈ 0.8 are needed.
In Fig. 10, we plot the region (g0.6 μm ≈ 0.8, g1.6 μm ≈ 0.6) as a
shaded area. This corresponds to models that would reproduce
both observed azimuthal brightness profiles.

The dust grains we have used so far cannot account for the
observed scattering properties, regardless of the maximum grain
size (Fig. 10, full line). Indeed, they cannot result in an asymme-
try parameter larger than ≈0.65. Within the assumption that the
scattering properties of the grain can be represented with the Mie
theory, there are two ways to increase the scattering anisotropy:
larger grain sizes and lower refractive indices.

Then, we first tried to see whether we could reproduce the
g values at both wavelengths with a different grain size distribu-
tion, by varying the slope of the distribution. We find a solution
with a slope p = 0 (Fig. 10, dot-dash line), which is notice-
ably flatter than that of interstellar medium grains. This corre-
sponds to a dust population almost devoid of very small grains
(<0.1 μm). Models of dust coagulation (Dullemond & Dominik
2005; Ormel et al. 2007) show that, at least during the first stages
of the process, the slope of the grain size distribution does not
vary much in the regime that we are interested in. Therefore,
we consider that the solution with a flat grain size distribution is
unlikely to occur.

The optical properties of amorphous olivine we have used
correspond to compact grains. An attractive solution to increase
the scattering anisotropy is to consider porous grains, com-
posed in a high fraction by vacuum, which will result in lower

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=10
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refractive indices. The porosity is defined as the fraction of
the grain volume composed of vacuum: P = Vvacuum/Vgrain =
1−Vsolid/Vgrain, where Vvacuum, Vsolid and Vgrain represent the vol-
umes of the vacuum component, of the solid component (olivine
silicates in this case) and the total volume of the grain, re-
spectively. We calculate the optical properties of these porous
grains assuming the Bruggeman effective medium mixing rule
(Bruggeman 1935). The dashed line in Fig. 10 represents the
multi-wavelength scattering properties of olivine grains with a
porosity P = 0.8. These grain complexes, with a maximum
grain size of around 0.7 μm, mimic well the scattered properties
inferred from HST images and in particular predict a more for-
ward throwing scattering at 0.6 μm than at 1.6 μm (Fig. 8, blue
dotted lines). We consider this as an indication that we may be
observing scattered light by highly porous dust grains.

We also explored other dust compositions, in particular the
porous mixture of silicates and carbon of Mathis & Whiffen
(1989, model A). This model also has a porosity P = 0.8, and
the scattering properties are very similar to those of our porous
olivine dust grains. This model only predicts very faint silicate
emission features and cannot account for the observed IRS spec-
trum. However, this reinforces our conclusion that grains with
high porosity, independently of their exact composition, may
provide a good explanation for the observed brightness profiles.
Interestingly, scattering properties of porous grains have been
found to be a good representation of those of fluffy aggregates,
as long as the size of the inclusions is in the Rayleigh regime
(Voshchinnikov et al. 2005). If the inclusions are larger, then the
accuracy of the effective medium theory becomes insufficient
and more complex models, such as multi-layered spheres, are
required to obtain a precise description of scattering properties.
But the general trend, of an increase of forward throwing scat-
tering with porosity, remains valid.

The presence of porous aggregates suggested by the scat-
tered light images is very likely to also modify the SEDs, in par-
ticular the profile of the silicate bands, shifting the peak wave-
length and affecting the shape of the bands (Min et al. 2006;
Voshchinnikov & Henning 2008), as well as the dust emission
in the millimetre regime (Wright 1987). Both the opacity at
long wavelength (see for instance Fig. 4 in Wright 1987) and
in the silicate bands are however strongly dependent on the
shape of the aggregates, and not only on the degree of porosity.
Voshchinnikov & Henning (2008) find that small porous grains
have signatures of large grains whereas Min et al. (2006) find
that large aggregates composed of small spheres have signatures
of small grains. Different methods are used to represent the ag-
gregates in both cases (multi-layered spheres and discrete dipole
approximation, respectively) indicating that the micro-structure
of the grains is very likely to be a key element in the opacity of
aggregates.

An alternative explanation is the presence of ice mantles
(H2O, CO, . . . ) around dust grains. Ices have refractive indices
significantly smaller than rocks (≈1.3 for water ice and ≈1.2 for
CO2 for instance). The dust grain temperature at the surface of
the disc, for radii larger than 100 AU, does not exceed 70 K,
allowing the formation of such ice mantles. The dotted line in
Fig. 10 presents the scattering properties of grains composed
of water ice (Irvine & Pollack 1968). With a maximum grain
size around 0.9μm, these grains can also reproduce the scatter-
ing anisotropy at both wavelengths.

Current observations do not allow distinction between these
two solutions (porous rock grains or grains with ice mantles).
As shown in Graham et al. (2007) and Fitzgerald et al. (2007)
in the case of the debris disc surrounding AU Microscopii,

resolved polarimetry is a powerful tool to solve this ambiguity.
Only porous grains can produce strongly anisotropic scattering
and a high level of polarization.

6. Discussion

6.1. A border line CTTS but with a massive disc

IM Lupi displays only a modest amount of emission-line ac-
tivity, with a Hα equivalent width which is known to vary
from 7.5 to 21.5 Å (Batalha & Basri 1993). Studies of Hα emis-
sion show evidence of accretion, including variability: Reipurth
et al. (1996) concluded that the Hα feature shows an inverse P
Cygni profile (classification IV-Rm) and Wichmann et al. (1999)
observed a III-R profile. International Ultraviolet Explorer low
dispersion LWP spectra show that the Mg II 2798 Å line also
varies, by a factor of about 2 in net flux (Valenti et al. 2003).
The relatively weak emission lines and lack of optical veiling
caused Finkenzeller & Basri (1987) and Martin et al. (1994) to
classify this object as a weak-line T Tauri star, although our re-
sults show it would be more properly categorised as a borderline
classical T Tauri star. IM Lupi is a relatively weak-lined T Tauri
star with a large and massive circumstellar disc. Our modelling
indicates a large dust disc mass of Mdust = 10−3 M	, extending
up to a radius of 400 AU. This large mass is puzzling given the
weakness of the Hα line, which suggests a low accretion rate. It
is however possible that the diagnostics of accretion have only
been observed during periods of low or moderate accretion.

6.2. Disc structure

Our multi-technique modelling allows us to quantitatively con-
strain most of the geometrical parameters of the disc. A flared
geometry with a scale height of 10 AU at a reference radius
of 100 AU is required. The best model has a midplane tem-
perature of 14 K at 100 AU. If we assume the disc is vertically
isothermal (with the temperature equal to the midplane temper-
ature), the hydrostatic scale height

√
kBr3T (r)/GM∗μ (where μ

is the mean molecular weight) is 12 and 8.5 AU, respectively,
for a central mass object of 0.5 and 1 M	, respectively. This is
in good agreement with the scale height deduced from the ob-
servations (10 AU), indicating that the outer parts of the disc are
very likely to be in hydrostatic equilibrium. Figure 11 presents
the calculated midplane temperature compared to the tempera-
ture corresponding to the gas scale height of the best model. The
agreement is very good at the inner edge and in the outer parts of
the disc. In the central parts of the disc (<30 AU and excluding
the very inner edge), the midplane temperature obtained in our
passive disc model is too low to explain the scale height required
by observations, indicating that an additional heating mechanism
(like viscous heating) may be at play in the disc.

The inner radius is constrained to be between 0.25 and
0.40 AU, which corresponds to a maximum dust temperature
around 1000 K. The modelling of the SED alone allows values
of the inner radius down to 0.15 AU corresponding to temper-
atures close to the dust sublimation temperature (1500 K). The
modelling of other observations gives additional constraints on
the disc parameters and because of the correlations between pa-
rameters, this reduces the range of possible values for the in-
ner radius. However, scattered images and millimetre visibilities
constrain the large scale structure of the disc. Because we as-
sume that the disc can be described in terms of power-laws from
the inner edge to the outer radius, these constraints affect the de-
rived inner radius. However, it is very likely that the description
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Fig. 11. Temperature structure of the disc. The full and dashed lines
represent the midplane and surface temperatures, respectively. The disc
surface at a given radius is defined as the altitude above the midplane
where the temperature is maximal. Both temperatures become equal at
the inner edge of the disc because it is directly heated by the stellar
radiation. The shaded area represents the temperature corresponding to
the vertical gas scale height of the best model, assuming that the disc is
vertically isothermal and that the central mass is between 0.5 and 1 M	.

of the disc using power-laws is too simplistic, and more complex
geometries may slightly shift the inner radius inwards, making it
compatible with the dust sublimation radius.

The surface density exponent is found to be close to −1.
This value corresponds to the median measurement for discs in
Taurus-Aurigae obtained by Andrews & Williams (2007). This
also corresponds to the theoretical value for a disc in steady-state
accretion (Hartmann et al. 1998). The surface density at 5 AU
is 70 g cm−2. This value is within the broad peak around the me-
dian value of 14 g cm−2 for Taurus (Andrews & Williams 2007).

Considering a probable stellar mass of ≈1 M	 and a gas to
dust mass ratio of 100, the disc to star mass ratio is ≈0.1, mean-
ing the disc may be unstable through gravitational collapse. The
stability of the disc will depend on the surface density. Our de-
rived value of the surface density exponent α = −1, as opposed
to values of 0 or −2, provides disc stability at all radii accord-
ing to the Toomre stability criterion (Toomre 1964). Collapse of
gravitationally unstable discs (Durisen et al. 2007) is one sug-
gested mode for planet formation. The disc of IM Lupi repre-
senting about 1/10 of the star mass, local enhancement of density
may be sufficient to start planet formation in the disc following
this process.

Hughes et al. (2008) have shown that simultaneous studies
of the dust continuum and CO emissions in several well-studied
discs can be reproduced with disc models that include a tapered
exponential outer edge and not a sharp outer radius as we have
used here. Current observations of IM Lupi do not allow us
to study in details the outer edge of the disc but the NICMOS
image indicates that dust grains are still present at radii larger
than 400 AU. However, as the counter nebulae of the disc is
seen in scattered light images at 0.8 and 1.6 μm, we can get a
rough estimate of the maximum value for the surface density in
front of this second nebulae. Dust present at radii larger than
400 AU must be optically thin, allowing us to see the counter
nebulae through the disc and the tentative envelope. This can be
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Fig. 12. Cumulative received fluxes for the best model as a function of
the distance from the star at a wavelength of 10 μm (full line), 20 μm
(dashed line), 70 μm (dotted line) and 1.3 mm (dot-dash line).

translated into a upper limit for the surface density of the disc6:
Σ(r ≈ 500 AU) × κ0.8 μm <∼ 1. If we assume that the dust compo-
sition and grain size distribution are the same as in the rest of the
disc, this corresponds to Σ(r ≈ 500 AU) <∼ 0.2 g cm−2 at 500 AU,
i.e. about 3.5 times smaller than the extrapolated density from
our disc model, assuming it extends at radii larger than 400 AU.
This implies that the density at radii larger than 400 AU must
decrease significantly faster than the 1/r dependence we found
for the disc in regions inside 400 AU.

6.3. Grain growth and dust settling

As with many other classical T Tauri stars, the slope of IM Lupi’s
millimetre continuum suggests a dust opacity following a law
close to κabs(λ) ∝ λ−1, indicating dust grains in the disc are
larger than those in the interstellar medium. Millimetre photom-
etry mostly traces the thermal emission of cold dust in the outer
part (>15 AU) of the disc midplane (see Fig. 12), while the hot
grains in the central regions contribute little to this emission.

The strong silicate features in the mid-IR spectrum indicate
the presence of micron-sized grains in the disc surface inside the
first central AU. The silicate emission indeed comes from the
central parts of the disc: 90% of the emission at 10 and 20μm
originates from radii smaller than 1 and 10 AU, respectively
(Fig. 12). Larger grains (>∼3 μm) appear to be almost absent in
these regions (Sect. 5.1).

As already mentioned, the slope of the mm continuum and
the mid-IR silicate features indicate a stratified structure for the
disc, with large grains in the deeper parts of the disc and small
grains (<∼1 μm) in the surface of the disc. This surface layer of
small grains remains difficult to characterise precisely. We have
explored a structure where stratification of grain size is verti-
cal and caused by settling of larger particles towards the disc
midplane. Our model with vertical settling allows us to accu-
rately reproduce the SED, scattered light images and millimetre
emission maps. However, we cannot assess the uniqueness of the
solution and other explanations may be envisaged. The warm re-
gion emitting the 10 micron silicate feature is close to the star,
while the mm/submm continuum comes from the whole volume

6 The constraint is stronger at 0.8μm than at 1.6μm, due to the larger
dust opacity.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=11
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=12
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of the disc. We may be observing small particles close in and
big grains in the outer regions of the disc. However, most phys-
ical processes: grain growth, radial drift by gas drag in the disc
midplane, radiation pressure or stellar wind, will preferentially
result in larger grains in the central regions and/or remove small
grains from these regions. Mid-infrared interferometric observa-
tions (van Boekel et al. 2004, for HAeBe stars; and Ratzka et al.
2007; and Schegerer et al. 2008, for the T Tauri stars TW Hydra
and RY Tau respectively) have confirmed these trends by show-
ing the presence of larger and more processed grains at small
spatial scales. Timescales for the production of large grains are
significantly shorter in the central parts of the disc and it is dif-
ficult to imagine a physical process that will efficiently produce
large grains in the outer disc without also producing them in the
inner disc. Even if the current observations do not allow us to
firmly conclude this point, vertical grain size stratification, prob-
ably resulting from a combination of settling and enhanced grain
growth close to the midplane, appears to be a more natural ex-
planation, and is, for now, our preferred model for the disc of
IM Lupi.

Following the previously described argument, the presence
of millimetre grains at large radii strongly suggests that such
large grains are also present in the central AU, where the process
of grain growth should be more efficient. The 10 μm features,
dominated by the emission from grains of size around 1.5 μm,
indicate that the mixing in the disc is sufficient to maintain mi-
crometric grains in the disc surface. Moreover, the absence of
3 μm grains in the IRS spectrum indicates that the decoupling
between gas and dust starts for a grain size between 1 and a
few μm, i.e. grains larger than this threshold are settled below
the surface τ10 μm = 1. Given the high densities in the inner re-
gions of the disc, an increase of 1 in optical depth is obtained
over a very small spatial scale. Even a moderate amount of dust
settling is sufficient to produce the observed effect. The very low
values we derive for the settling index confirm that the settling
remains efficiently counterbalanced by vertical mixing, due to
turbulence for instance.

It is very likely that the process of dust settling evolves with
different timescales as a function of the distance from the star.
The silicate emission bands provide strong indications of the effi-
ciency of dust settling as a mean of removing grains larger than a
few microns from the upper layers in the central parts of the disc.
The SED also gives some insights on the presence of settling
in the outer parts. The MIPS far-IR fluxes, which are low com-
pared to the mid-IR emission, indicate that the disc intercepts
a relatively small fraction of the stellar radiation at large radii
(>10 AU) compared to the fraction intercepted at radii <10 AU
probed in the mid-IR (see Fig. 12). This is expected in the case
of dust settling (see for instance Fig. 7 in D04). The decreas-
ing SED of IM Lupi in the mid-infrared is very reminiscent of
the models including dust settling of D04. Thus, we tried to fit
the SED without taking into account the mid-infrared fluxes (be-
tween 5 and 35 μm), and hence not considering the silicate fea-
tures. The resulting Bayesian probabilities still exclude models
without dust settling, which do not manage to reproduce simulta-
neously both the millimetre and far-infrared fluxes. We conclude
that dust settling is very likely to occur even in the outer regions
of the disc.

D04 predicts that settled discs may become undetectable in
scattered light due to the formation of a self-shadowed opac-
ity structure in the outer disc. This is clearly not the case for
IM Lupi. As noted by D04, the self-shadowed structure only ap-
pears for low values of the turbulence. This may indicate that the
turbulence level in IM Lupi is large enough to prevent the disc
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Fig. 13. Strength of the 10 μm silicate features as a function of the mil-
limetre opacity slope for the T Tauri stars listed in Table 6. IM Lupi is
represented by the red star. The effect of grain growth and dust settling
are schematised by arrows.

from self-shadowing or that we are observing the outer disc at a
relatively early stage of the dust settling process.

6.4. Evolutionary state of IM Lupi and comparison with other
classical T Tauri stars

Our modelling has lead to a very detailed picture of the disc sur-
rounding IM Lupi. We have already seen that the disc structure
of IM Lupi is similar to those of other classical T Tauri stars. In
this section, we compare the signature of dust evolution in the
disc with the results obtained for other T Tauri discs, in order
to determine whether it is a singular object or whether it can be
considered as representative of other T Tauri stars.

Our conclusions on the degree of dust settling in IM Lupi
result from the strong silicate emission feature and shallow mil-
limetre spectral slope. Other objects show similar characteris-
tics. Thus, Fig. 13 presents the strength of the 10 μm silicate as
a function of the exponent of the opacity law in the millime-
tre for a set of T Tauri stars (Table 6). IM Lupi is located in
the bulk of T Tauri stars and our results can probably be ex-
trapolated to other sources: detailed analyses of the individual
sources are required, but it is likely that at least some of them
are undergoing some dust settling. A semblable conclusion was
reached by Furlan et al. (2005, 2006) and D’Alessio et al. (2006)
based on similar evidence i.e., the presence in the SEDs of 10
and 18 μm emission silicate bands and the slope and fluxes at
(sub-)millimetre wavelengths.

The tentative correlation between the strength of the sili-
cate feature and millimetre spectral index suggested by Lommen
et al. (2007) does not appear as clear in our larger sample of
T Tauri stars. This correlation was interpreted as an indication
of fast grain growth in both central and outer regions of the disc.
Indeed, as grains grow from sub-micron sizes to several microns,
the 10 μm feature becomes weaker and less peaked. When they
reach millimetre to centimetre sizes, the slope of the millime-
tre emission becomes shallower. But, as we have shown, the
strength of the silicate features is strongly related to the degree
of dust settling. The stronger the settling, the smaller the appar-
ent (i.e. probed in the infrared) grain size, making it difficult to
obtain a precise estimate of the actual grain sizes present in the
midplane.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810121&pdf_id=13
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Table 6. Millimetre opacity slopes and strengths of the 10 μm silicate
features of T Tauri stars.

Name βmm S Peak(10 μm) Ref.

IM Lup 0.8 ± 0.25 1.60 this work
HT Lup 0.4 ± 0.5 1.39 (1, 2)
GW Lup 0.5 ± 0.5 1.48 (1, 2)
CR Cha 1.5 ± 0.6 2.52 (1, 3)
WW Cha 0.8 ± 0.8 1.92 (1, 3)
RU Lup 0.8 ± 0.5 1.54 (1, 2)
RY Tau 0.8 ± 0.1 2.75 (4, 5)
FT Tau 0.9 ± 0.3 1.74 (4, 5)
DG Tau 0.7 ± 0.1 1.52 (4, 5)
UZ Tau E 0.8 ± 0.1 1.65 (4, 5)
DL Tau 1.0 ± 0.2 1.1 (4, 5)
CI Tau 1.3 ± 0.4 1.5 (4, 5)
DO Tau 0.5 ± 0.1 1.19 (4, 5)
GM Aur 1.6 ± 0.2 2.54 (4, 5)

References: (1) Lommen et al. (2007); (2) Kessler-Silacci et al. (2006);
(3) Przygodda et al. (2003); (4) Rodmann et al. (2006); (5) Furlan et al.
(2006). The source T Cha presented in Lommen et al. (2007) was not
selected, because of the presence of PAH emission. Both Rodmann et al.
(2006) and Lommen et al. (2007) take a contribution of optically thick
emission into account in their derivation of βmm.

The detailed analysis of the silicate features indicates a small
degree of crystallisation (<10%) in spite of a high mass fraction
of micrometric (hence evolved) grains. As shown by Schegerer
et al. (2006, see their Fig. 9 for instance), this is the case for sev-
eral objects and IM Lupi is not unique on that aspect. Schegerer
et al. (2006) did not find any correlation between the degree of
crystallisation and amount of micron-sized grains.

Furlan et al. (2005, 2006) and D’Alessio et al. (2006) have
estimated the degree of dust settling based on the colours and
SEDs of a large population of Classical T Tauri stars in the
Taurus molecular cloud. They claim that to make a synthetic
SED consistent with the median SED of class II objects in
Taurus, the dust to gas mass ratio in the disc atmosphere should
be around 1% (between 0.1 and 10%) of the ISM ratio. In our
modelling, the grain size distribution and the dust to gas ra-
tio are continuous functions of the height above the midplane.
With ξ = 0.05, the dust to gas ratio starts at 1.5 times the ISM
value in the disc midplane and reaches 10%, 1% and 0.1% of
the ISM value at 2, 3 and 6 scale heights, respectively. These
regions roughly correspond to what is defined as the disc sur-
face in Furlan et al. (2005, 2006) and D’Alessio et al. (2006).
Although not directly comparable, our estimation of the degree
of dust settling appears consistent with the calculations of these
authors.

7. Summary

We have constructed a high quality data set of the circumstellar
disc of IM Lupi, spanning a wide range of wavelengths, from the
optical to the millimetre. All of these observations can be inter-
preted in the framework of single model. A Bayesian analysis of
a large grid of models allows us to establish strong constraints
on all the parameters of the model. Although each individual
observation provides valuable information on the disc, the pre-
sented method clearly illustrates the need for multi-wavelength
and multi-technique studies in order to obtain finer understand-
ing of protoplanetary discs. The conclusions of this work are:

1. The disc structure is very well constrained. The disc ex-
tends from an inner radius<0.4 AU, compatible with the dust

sublimation radius, up to 400 AU. The scale height is 10 AU
at 100 AU and varies with a flaring index of 1.15, indicating
that the disc is in hydrostatic equilibrium in its outer parts.
The slope of the surface density is confined to values close to
−1, which is in agreement with the median value of Andrews
& Williams (2007) and predictions of steady-state accretion
disc models.

2. The millimetre spectral index indicates that grains have
grown up to a few millimetre in sizes in the disc midplane.

3. The strong silicate emission bands, probing the surface of the
disc in the central few AUs, also present signatures of dust
evolution. They are dominated by grains around 1.5μm but
are almost devoid of grains larger than 3 μm.

4. We conclude that a spatial stratification of the dust grains,
depending on their size is present in the disc. The disc of
IM Lupi has probably entered the first phases of planetary
formation: dust grains with sizes several orders of magnitude
larger than interstellar grains are present in the disc and dust
settling is probably occurring, at least in the central parts but
potentially also in the outer regions of the disc. Models with-
out dust settling are excluded but the settling is constrained
to a low value, suggesting that mixing, by turbulence for in-
stance, remains efficient in the disc.

5. IM Lupi presents signatures of crystalline grains but with a
low overall degree of crystallinity (<10%). This is in agree-
ment with the results of Schegerer et al. (2006) who found
that grain growth and crystallisation occurs simultaneously
in T Tauri discs, although grain growth is dominant.

6. The simultaneous analysis of the 0.6 and 1.6 μm scattered
light images suggests that light scattering can be more for-
ward throwing at short wavelengths. Although the data are
marginally compatible with compact silicate grains, this
could indicate the presence of grains with low refractive in-
dices. They may be fluffy aggregates (porous grains) and/or
the result of the formation of ice mantles around grains. Both
phenomena are expected to occur in discs and additional in-
formation (like polarisation) is required to distinguish be-
tween them.

The combination of our observations and modelling makes
IM Lupi one of the best studied protoplanetary disc surround-
ing a solar mass star. With the exception of its low accretion
signatures, all of the observations indicate that IM Lupi is a typ-
ical classical T Tauri star. Although significant differences are
expected between individual objects, IM Lupi can probably be
considered as good prototype of protoplanetary discs for further
studies.
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