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MATISSE vs MIDI
• 6 baselines for a single observation


• 6 measurements of V2 (vs 1)


• 4 measurements of CP (vs 0)


• Addition of L and M bands


• Continuum from 500-700 K dust


• More dust species accessible


• Spatial resolution ~3 times better


• Much higher spectral resolution available (max R=230 with MIDI in N)


• N-band performance not as sensitive as MIDI
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MATISSE

• disk structure on 1-10 au scale, same 
diversity in structure as seen on larger scales 
with ALMA / SPHERE & Co?


• silicate mineralogy in N-band, spatial 
variations in dust composition.


• carbonaceous material (PAHs, nano-
diamonds)


• gaseous lines of water, CO, H-series 


• Ices (water, CO)

Van der Marel+2021, AJ, 161, 33

Furthermore, the parameterization in early studies usually
contained unphysical sharp edges at the gas cavity radii.
Therefore, we reevaluate the gas surface density profiles and
gap radii Rgap by analyzing the normalized azimuthal averaged
intensity profiles of 13CO for each target (Figure 3 and
Appendix B). The properties and origin of each CO image are
summarized in Table 3.

None of the 13CO intensity profiles reveal a gap structure as
expected from simple planet–disk interaction models; the
minimum is located at the center of the disk. However,
the spatial resolution of these images is limited (usually on the
order of the size of the gap, ∼0 2–0 3 or ∼30–50 au), so the
inner gas disk emission, if detected, is either unresolved (see
also Figure 9 in van der Marel et al. 2018a) or lower than
predicted by these models due to either a decrease in
temperature, insufficient knowledge of processes inside the
planet orbit leading to a further depletion of the gas, or both.
Massive planets on eccentric orbits will significantly deplete
the inner gas disk compared to regular planet–disk interaction

models, where planets are held fixed on circular orbits (Muley
et al. 2019).
The deep, high-resolution 12CO images of PDS 70 do reveal

a clear gas gap (Keppler et al. 2019), and high-resolution dust
continuum images reveal that inner dust disks are common in
transition disks (Francis & van der Marel 2020), suggesting
that in fact, many of these disks indeed harbor gaps rather than
cavities. Also, the high accretion rates in transition disks
(comparable to those of full disks) suggest a higher gas surface
density close to the star (Manara et al. 2014; Francis & van der
Marel 2020). Bosman et al. (2019) found evidence that the CO
temperature in Herbig disks must be significantly lower than
physical–chemical models predict to explain the ratios between
different rovibrational lines. Such a decrease in temperature
may also be a reason that 13CO remains undetectable in the
inner parts of the disk; thus, we assume in this study that all
disks in fact harbor gas gaps.
In this work, we derive the gap location directly from the 13CO

profile across the sample. Since Rgap cannot be directly constrained

Figure 1. Gallery of ALMA continuum images at Band 6 or 7 of the disks in the sample of this study. The maps of HD142527 and ABAur are zoomed out compared
to the others because of their size. Details of the observations can be found in Table 2.
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ALMA: huge

diversity in


geometry on

scales of 

≈5-100 AU

Science themes



AO-assisted imaging & sub-mm interferometry
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Andrews et al. (2018). ~50 mas resolution with ALMA.

Garufi et al. (2020). ~30 mas resolution with 
SPHERE.

Access to inner disk regions (~0.1-10 au) requires 
spatial resolution of ≤10 mas. 
Optical/IR interferometry is essential!
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Survey - Sub-Structure
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ALMA - mm

ALMA continuum from Francis & van der Marel (2020) and 
MATISSE model image Lopez et al. (in prep.) for HD 97048



Survey - Overview
Aims 

Characterize the Structure and Composition of the 
planet-forming regions in discs around a variety of 
young sources in the LM (3-5 µm) and N band 
(8-13 µm) 

Overview 

The Survey consists of relatively bright sources 
(mainly Herbig Ae/Be and MYSOs), augmented with 
weaker sources (T Tauri stars), and spectroscopic 
observations (silicate features, PAHs, carbonaceous 
grains, gas, etc.), based on the three MIDI “legacy” 
surveys of Boley+ (2013), Menu+ (2015), Varga+ 
(2018) 

Observed in total ~90 stars (out of ~110) since 2019 
Graphic by L.N.A. van Haastere
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Earlier YSO surveys

With MATISSE and GRAVITY we have KLMN bands (2-13 µm) + much better uv coverage
10

MIDI MYSO survey (Boley et al. 2013)

MIDI MYSO survey (Boley et al. 2013)

MIDI Herbig star survey (Menu et al. 2015)

MIDI Herbig star survey (Menu et al. 2015)



van Haastere+ 2025: L-band  

L-band size vs luminosity (continuum and Br-alpha)



MATISSE

J. Menu et al.: The evolution of Herbig stars as seen with MIDI

Table 3. Classification of the Herbig Ae stars in the sample, following
the Meeus et al. (2001) classification.

Group Sources
Ia V892 Tau, AB Aur, HD 36112, CQ Tau, HD 38120,

HD 259431, HD 100546, HD 139614, HD 142527,
R CrA, T CrA, HD 179218

Ib V1247 Ori, HD 97048, HD 100453, HD 135344 B,
Elias 2-30, HD 169142

IIa RY Tau, SU Aur, HD 31648, UX Ori, HD 36917∗ ,
HD 72106, HD 95881, HD 98922, HD 104237,
HD 142666, HD 144432, HD 144668, HD 150193,
AK Sco, KK Oph, 51 Oph, HD 163296

Notes. (∗) HD 36917 may lack any silicate feature and be a group IIb
source, according to Juhász et al. (2010). Our MIDI spectrum for this
target points to a weak silicate feature.

Fig. 4. Size-color diagram for the Herbig Ae stars within the sam-
ple: plot of the half-light radius (hlr) of the disks, normalized to
the luminosity L1/2, versus the N-band continuum slope (calculated
as −2.5 log(Fν,8 µm/Fν,13 µm). The colors of the points and errorbars in-
dicate the Meeus et al. (2001) classification of the sources.

N band. To compare the objects, which have different lumi-
nosities, we normalize the half-light radii by L1/2, the expected
scaling between characteristic sizes and luminosities (Fig. 3).
We note that the quantities in the plot are distance-independent7.
As is clear, sources with a blue N-band color tend to be small,
while large objects have a red color, on average. Adding a
color to the size comparison thus seems to partly decouple the
degeneracy between sizes and luminosities.

Leinert et al. (2004) derive the mid-infrared sizes of seven
Herbig Ae disks using MIDI interferometry and notice a similar
connection with the mid-infrared disk color. These authors in-
terpret the correlation as evidence for the distinction of group I
and group II by flaring versus flat disks: flaring disks will ap-
pear larger, and the colder outer emitting disk surface will make
the disk redder. The interpretation follows the classical idea of
Meeus et al. (2001).

In the size-luminosity diagram (Fig. 3), it is made clear
that some objects are oversized. We pointed out that several of
these sources are confirmed to have a gap (Sect. 5). The pres-
ence of radial gaps in the disk structure is not included in the

7 Both the estimates for hlr and L1/2 scale linear with the distance, and
colors are obviously independent of distance.

Table 4. Parameters of the radiative-transfer model population.

Parameter Value

Star
mass/lum./eff. temp. (1.7 M⊙, 11 L⊙, 7000 K),
(M⋆, L⋆,Teff) (2.0 M⊙, 21 L⊙, 8500 K),

(2.6 M⊙, 60 L⊙, 10 000 K),
(3.5 M⊙, 200 L⊙, 13 000 K)

distance d 140 pc

Disk
surface density power p 1.0
dust mass Mdust 10−3.5 M⊙
disk inner radius Rin Rsub, 1, 2.5, 4, 6, 8, 10, 15, 20 au
disk outer radius Rout 300 au
minimal grain size amin 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 µm
maximal grain size amax 1 mm
grain size distribution –3.5
dust composition amorphous MgFeSiO4 (90%)

carbonaceous grains (10%)
dust-to-gas ratio 0.01
turbulence parameter α 10−5, 10−4, 10−3, 10−2

inclination i 10, 25, 40, 60, 70◦

Halo
halo inner radius Rsub
halo outer radius 1.3 Rsub
dust composition halo same as disk, a = 0.3–1.0 µm
halo opacity τV 0.2

Interferometric model observations
baseline lengths 10, 20, 30, . . . , 130, 140 m
baseline angles 0, 15, 30, . . . , 150, 165◦

flared- versus flat-disk picture and can be expected to alter the
size-color relation.

6.3. Radiative-transfer models

To disentangle the multiple effects that play a role in our
size-color diagram, we simulated a population of disk models
with various parameters. We used the Monte Carlo radiative-
transfer code MCMax (Min et al. 2009) for this purpose. The code
solves the temperature structure and vertical hydrostatic equilib-
rium in an azimuthally symmetric disk. Additionally, a grain-
settling mechanism based on the strength of turbulence is imple-
mented, parametrized by the α-parameter (for classical α disks).
Lowering α decouples the larger grains and settles them to the
midplane.

The assumed model is a protoplanetary disk with a vary-
ing inner radius and a fixed outer radius (Rout = 300 au, i.e.,
like the temperature gradient in Sect. 3), consisting of amor-
phous silicates of olivine stoichiometry and carbonaceous grains
(Dorschner et al. 1995; Preibisch et al. 1993, respectively).
Of the potentially high number of parameters that can be var-
ied, we limited ourselves to varying the parameters that have
a strong influence on simulating the N-band interferometry of
disks. The other parameters were fixed to representative values
for Herbig Ae stars (e.g., Mulders & Dominik 2012). Standard
radiative-transfer models typically have problems reproducing
the strong near-infrared excess of Herbig Ae stars. Mulders &
Dominik (2012) discuss different methods for adapting stan-
dard disk models in order to reproduce this near-infrared bump
and propose the use of a compact halo component in addi-
tion to the disk. As these authors note, the compact halo is a
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RT calculations:

Menu et al. (2015, A&A, 581, 107)


see also Varga et al. (2018, A&A, 617, 83) Marten Scheuck

10+ years of data from MIDI (predecessor of MATISSE):

Jozsef Varga
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Fig. 1. Different evolution scenarios proposed for Herbig Ae/Be disks. The Herbig Ae/Be phase is indicated in the red boxes.

signatures for the global structure of the disks is highly non-
trivial. We give an overview of the proposed evolutionary scenar-
ios for Herbig Ae/Be disks in Fig. 1, and describe them below.

Waelkens et al. (1994) have distinguished a class of
Herbig Ae/Be stars with a broad dip in the 10-µm region of
their infrared excess. This double-peaked spectral energy distri-
bution (SED) was interpreted as representing a transition phase
between classical broad infrared excesses of young stars and
faint cool excesses of debris-disk objects. The conjectured ex-
planation for this dip by these authors was the development of a
physical gap in the radial dust distribution, which is also the in-
terpretation of van den Ancker et al. (1997). The origin of this
gap would be the formation of larger bodies within the disk.
The full evolutionary scenario that then emerged was shown in
Malfait et al. (1998).

A new classification of the Herbig Ae/Be objects has been
proposed by Meeus et al. (2001). Based on the shape of its mid-
to far-infrared continuum, a source was classified as “group II”
when the continuum was like a power law and “group I” when
an additional cold component was present on the power-law con-
tinuum. The main hypothesis for the spectral behavior is a mor-
phological difference: group I sources having flaring disks, and
group II sources have flat (or self-shadowed) disks. The physi-
cal origin for this difference could be grain growth (Dullemond
& Dominik 2004a), decreasing the opacity throughout the disk,
and/or grain settling (Dullemond & Dominik 2004b), decreasing
the irradiated surface of the disk. A likely evolutionary scenario
for disks, where grains are expected to be growing and settling,
is that group I sources evolve into group II sources.

These evolutionary scenarios are based entirely on spatially
unresolved observations. High-angular-resolution mid-infrared
imaging of Herbig Ae/Be objects is challenging the observa-
tional picture. Honda et al. (2012) point out that many group I
sources are found to have a gapped disk. A new evolutionary
scenario proposed by Maaskant et al. (2013) is that group I and
group II sources are different successors of a common ances-
tor: a primordial flaring disk. Gap formation would then have
preceded the collapse of the outer disk in transitional group I

sources, whereas in group II sources, grain growth and settling
would have flattened the outer disk.

The notion that all group I sources may have gaps confirms
the importance of spatially resolved observations. Typical radii
of directly detected gaps are !20 au (Maaskant et al. 2013),
which is close to the resolution limit of the observations (for
a typical distance of 150 pc). Moreover, for the group II sources,
the amount of structural information from direct observations
is very limited, since the disks tend to appear faint and small.
An interesting alternative to direct imaging is mid-infrared
interferometry:

1. the angular resolution for typical observations is a factor
of 10 higher than for direct imaging;

2. the mid-infrared wavelength range corresponds to the ther-
mal emission of small dust grains in the inner 1–10 au (scal-
ing with the stellar luminosity, see Henning & Meeus 2011),
which is a good tracer for the disk structure;

3. spectrally resolved observations in the 8–13 micron atmo-
spheric window provide additional information on the com-
position of the disk’s small grain population.

Mid-infrared interferometry was successfully used to resolve the
gaps in the group I sources HD 100546 (∼13 au; Benisty et al.
2010), HD 139614 (∼6 au; Matter et al. 2014), and HD 179218
(∼10 au; Menu et al., in prep.).

Given this new evolutionary scenario for
Herbig Ae/Be disks, many new questions need to be ad-
dressed. Are group I and II sources really two distinct classes?
If a “common ancestor” for the two groups exists, what is its
nature? Do both groups evolve into classical debris-disk objects
and/or planetary systems?

In this work, we aim at investigating the structural dif-
ferences within Herbig Ae/Be disks, and protoplanetary disks
in general, from a large set of mid-infrared interferomet-
ric data. During its ten years of operation, the MID-infrared
Interferometric instrument (MIDI) on the Very Large Telescope
Interferometer (VLTI) has been used to observe several dozens
of protoplanetary disk objects. This work presents a statistically
relevant compilation of targets observed with this instrument. In
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Fig. 1. Different evolution scenarios proposed for Herbig Ae/Be disks. The Herbig Ae/Be phase is indicated in the red boxes.
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Given this new evolutionary scenario for
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If a “common ancestor” for the two groups exists, what is its
nature? Do both groups evolve into classical debris-disk objects
and/or planetary systems?
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ferences within Herbig Ae/Be disks, and protoplanetary disks
in general, from a large set of mid-infrared interferomet-
ric data. During its ten years of operation, the MID-infrared
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see also Varga+ (2018, A&A, 617, 83) Marten Scheuck

10+ years of data from MIDI (predecessor of MATISSE):

Jozsef Varga

MIDI size-color diagram
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Radiative transfer calculations & simulated observations by Lucia Klarmann
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Disk gaps: N-band crucial



MATISSE N vs. L size-size diagram

Scheuck+2025

Full disk

Gapped disks

Disks with cavity

Size estimates from 
simple modeling 
with oimodeler



• Three rings in planet-forming disk


• Iron-rich dust in inner 5 au


• (Only?) way to probe future compositions of 
rocky exoplanets


• Cannot “drill”!
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From press release, January 8 2024



● Asymmetric inner structure at r = 0.3 au 
○ Strong indication for variable morphology 
○ Possibly an orbiting clump 
■ P ~ 20-42 Days 
■ Possible dust trap 

● Time-monitoring observations were done and are 
being evaluated

Temporal Variation - HD 163296
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Animation credit: 
R. van Boekel

J. Varga et al. (2021)



IRAS 17216-3801

ALMA continuum

Ahmadi, Boley et al. (in prep)

MATISSE LM

Boley et al. (in prep)

K

Kraus et al. 

MATISSE, ALMA

Most extensive 
interferometric data set for 
any MYSO to date (2-13 µm): 
MIDI, AMBER, GRAVITY, 
MATISSE


Wide range of dust 
temperatures (300-1500 K)


Resolve both the binary and 
individual protostars


Orbital motions over 10+ 
years

Survey - Ongoing Works
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Survey - Ongoing Works

HD 97048 
Lopez et al. (in prep.) 
Image of nanodiamond emission

R CrA 
Matter et al. (in prep.) 
Image of complex inner disk structure19

DX Cha 
Juhász et al. (in prep.) 
Emission perhaps from accretion funnels



Survey - Ongoing Works
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HD 142527 
Scheuck et al. (in prep.) 
Model of complex inner disk structure

HD 100453 
L.N.A. van Haastere et al. (in prep.) 
Model of complex inner disk structure
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Thanks for your attention!


