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Universal link 
within the first AU

Massive YSO ? 



[Wyatt et al. 2008]

• viscous accretion

• dust settling / growth

• photo-evaporating wind 

• dynamical clearing

[Williams&Cieza 2011]

Disk evolution
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Disk evolution



Jet launching and collimation zone.

Dust sublimation and accretion zone.

Conditions for planet formation.

LkHα 233 

[Perrin et al. 2007]

distance 

gas gas+dust

1 100.1 AU

mas7070.7

NIR emission
~1500-2000 K

MIR emission
~200-500 K

The inner AU 



[Lynden-Bell & Pringle 1974
Chiang & Goldreich 1997]

NIR Sizes
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all low-/intermediate-mass pre-main-sequence stars have disks. An often used indicator of the
presence of a circumstellar disk, or at least of circumstellar material, is IR flux in excess of what
can possibly be explained by a stellar photosphere of a reasonable size. By studying the fraction
of stars with NIR excess flux in young clusters of ages from 0.5 to 5 million years, Haisch, Lada
& Lada (2001) established a clear trend: that the “disk fraction” decreases with age, or in other
words, that disks have a lifetime of a few million years.

A question is, however, whether one can be sure that the NIR excess is indeed from a disk
and not from some circumstellar envelope or disk wind. Although we know from imaging that
the cold outer circumstellar material is indeed disk-like, little is known about the nature of the
material inward of what telescopes can spatially resolve. The lack of correlation between AV and
NIR excess (Cohen & Kuhi 1979) is inconsistent with a spherical dust geometry, and the spectral
shape of the IR excess for T Tauri stars and brown dwarfs can be explained fairly well with models
of irradiated dusty disks with a flat (Adams & Shu 1986) or flared shape (Kenyon & Hartmann
1987, Calvet et al. 1992, Chiang & Goldreich 1997, Menshchikov & Henning 1997, D’Alessio
et al. 1998). However, for Herbig Ae/Be stars this was initially not so clear and still remains under
debate. It appears that the JHKL photometric points nicely line up to form a bump very similar,
though not identical, to the peak of the Planck function at a temperature of about ∼1,500 K.
This is perhaps most clearly seen in the spectrum of the prototype Herbig Ae star AB Aurigae
(Figure 2). This NIR bump was not at all expected from any of the above mentioned models:
They tend to yield relatively smooth multicolor blackbody curves in which a continuous series
of Planck peaks at different temperatures add up to a smooth curve. Now there appeared to be
a single Planck peak in the spectrum, albeit often with a bit of excess emission toward longer
wavelengths. This NIR bump, as it is often called, is not just a small feature: It contains a large
amount of energy. The bump alone can contain up to half the IR flux from the entire system and
nearly all the emission originating from the inner AU or so. It can therefore not be ignored; it
must be understood in terms of some physical model.
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Figure 2
The spectral energy distribution of the Herbig Ae star AB Aurigae. Red is the measured emission. Blue is the
steller spectrum predicted with a Kurucz stellar atmosphere model. The excess of flux above the atmosphere
(the “IR excess”) is the thermal emission from the dust in the disk. The emission in the near-IR (NIR) clearly
has a bump-like structure and is often called the NIR bump. In green, a Planck curve at a temperature of
1,600 K is overplotted. The golden curve is the sum of the Planck curve and the stellar atmosphere.
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[Lynden-Bell & Pringle 1974
Chiang & Goldreich 1997]

NIR Sizes
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[Millan-Gabet et al. 2007]

RNIR  ∝L∗
1/2 ∝Rsub

HAe

Dullemond, Dominik & Natta 2001, Isella & Natta 2005

Optically thin gas

Puffed up inner rim

Before the VLTI : 
Measurements of NIR sizes

What is the rim shape?



Before VLTI VLTI

Acke et al. 2007 

Eisner et al. 2004

K band
H+K band

N band



Before VLTI VLTI

New Era: 
• Better UV coverage
• Multi-wavelength obs
• Spectral dispersion...
• ... with detailed 
analysis  Acke et al. 2007 

Eisner et al. 2004

K band
H+K band

N band
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Inner disk Outer disk

Inner disks (< 2 AU) have:
• larger silicate grains
• high fraction of silicates is 

crystalline (40-100%) 

Dust size distribution

van Boekel et al. 2004; also Ratzka et al. 2007, Schegerer et al. 2007 



Rim morphology

Kraus et al. 2007

RCrA (F5-B8)

Strong CP traces the vertical structure 



Rim morphology

Curved and smooth inner rims are favored

Kraus et al. 2007

RCrA (F5-B8)

Strong CP traces the vertical structure 



H band − A0−D0−H0H band − A0−D0−H0

 0  2  4

−20

 0

 20

Hour Angle (h)

C
lo

su
re

 P
ha

se
 (o )

Hour Angle (h)

C
lo

su
re

 P
ha

se
 (o )

K band

Keck−I
CHARA

K band

Keck−I
CHARA

 0  100  200  300
0.0

0.5

1.0

Effective Baseline (m)

V2

Effective Baseline (m)

V2

A complex inner disk
HD163296 (A1)



H band − A0−D0−H0H band − A0−D0−H0

 0  2  4

−20

 0

 20

Hour Angle (h)

C
lo

su
re

 P
ha

se
 (o )

Hour Angle (h)

C
lo

su
re

 P
ha

se
 (o )

K band

Keck−I
CHARA

K band

Keck−I
CHARA

 0  100  200  300
0.0

0.5

1.0

Effective Baseline (m)

V2

Effective Baseline (m)

V2

A complex inner disk
HD163296 (A1)

Benisty et al. 2010a

Graphite
Iron
Corundum

−0.5 0.0 0.5 1.0 1.5
−14

−13

−12

−11

−10

Log λ (µm)

Lo
g 
λ 

F λ
 (W

/m
2 )

Optically thin dust

54% in H 
50% in K

An additional component to the rim

Refractory dust species ... ?
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1/2 (irra

diated disk)

MWC147
(B6, 800pc)

2 μm

5 AU

8 μm 13 μm

AMBER

MIDI

Inner gaseous disk

Dust sublimation radius

A complex inner disk

.... or optically thick gas ? 

• Temperature power laws do not fit 
the wavelength-dependent sizes. 

• Passive disk+inner accretion disk 
reproduce SED+NIR+MIR 
interferometry

• NIR emission dominated by 
accretion luminosity

• MIR emission also from outer disk

also  Wheelwright et al. 2013

MWC147, B6

Kraus et al. 2008a



Inner disk kinematics

Kraus et al. 2012b

Brɣ emitted in a 
disk in Keplerian 
rotation inside 
the dust rim

Luminous 
Herbig Be star

V921 Sco

also, Ellerbroek et al. 2014



In the imaging era
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from J. Kluska, JP Berger



A variety of morphologies

From J. Kluska, JP Berger 
Large Program PIONIER 



Dynamics during outburst

Mosoni et al. 2013

V1647 Orionis (TTS)



Dynamics during outburst

Mosoni et al. 2013

V1647 Orionis (TTS)

• Structural changes traced on 
AU-scales.  

• Accretion rate, disk/enveloppe 
radii increased during outburst. 



0.1”N
E

K band

Dynamics during outburst

Benisty et al. 2010

ZCMa



Jet launching region
G. Weigelt et al.: Spectro-interferometry of MWC 297 with VLTI/AMBER
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Fig. 7. Comparison of the observations (left panel; see Fig. 1) with the corresponding model quantities of model 5 for
two different PAs of the model image (middle and right panel; the model quantities are calculated for AMBER’s spectral
resolution of 12 000, as discussed in Sect. A.3 and Fig. A.3). The middle and right panels show the dependence of the
interferometric observables (spectrum, visibilities, wavelength-differential phases, and closure phases) of our best-fit disk-
wind model 5 (disk-wind emitting region, continuum accretion disk, plus central star; Tables 3 and A.1) on the wavelength
across the Brγ line for an inclination angle of i = 20◦, clock-wise motion of the disk wind, and for two different PAs of
the projected disk polar axis on the sky: 65◦ (middle) and 300◦ (right). Several other PAs that are also approximately
in agreement with the observations are discussed in the text and Figs. A.4 and A.5. The detailed dependence of the
interferometric observables on the PA is presented in Figs. A.4 and A.5.

What type of matter radiates in this compact inner
disk inside the dust sublimation radius? We assume that
it is a mixture of the warm, mostly neutral molecular gas
plus refractory (e.g. graphite) grains. Similar properties of
the inner compact material were found by Benisty et al.
(2010) for the HAeBe star HD 163296. Interaction of the
dust grains with the stellar radiation possibly plays an im-
portant role in the acceleration of dust and gas and the
formation of the disk wind.

As shown above, an inner gap in the disk of MWC 297
is needed to explain the observations. This gap region may
be filled with material that is either fully transparent or
semi-transparent in the infrared (e.g., Tannirkulam et al.

2008). The formation of this gap could be a result of bina-
rity (Artymowicz & Lubow 1994). Another possibility for
gap formation is the interaction of stellar radiation and
wind with the inner disk. The strong radiation pressure
and the stellar wind can blow away the disk atmosphere
(Drew et al. 1998). As a result, the disk can partially or
fully dissipate in the vicinity of the star.

4) The critical rotation velocity vcrit =
√

(2GM∗/(3R∗)
(Maeder & Meynet 2000) of MWC 297 would be
450 km s−1 for R∗ = 6 R$ and M∗ = 10 M$, as adopted
in our paper. For our determined inclination angle i =
20 ± 10◦, the maximum value of vrot sin i would be 150 ±
80 km s−1 for vrot < vcrit. This is in clear contradiction

9
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Fig.A.1. Sketch of the geometry of the disk-wind model adopted.

Fig.A.2. Left: Radial velocity of the outflow along the different streamlines as a function of l; numbers 1-6 denote the
number of the streamline. Right: The same for the rotational velocity; the dashed line shows the Keplerian velocity in
the disk.

where d is the distance between point S and the star. The
total mass-loss rate is then

Ṁw =

∫ θN

θ1

Ṁw(θ) sin θdθ. (A.4)

In this case, we can write the continuity equation in its
usual form

4πρ(l, θ)v(l, θ)l2 = Ṁw(θ). (A.5)

Using this equation, one can calculate the distribution of
the number density at each point in the disk wind.

A.2. Calculation of the model intensity distributions

For the calculations of the 2-D intensity distributions
(maps) of the emitting region, we use the coordinate sys-
tem (x, y, z) centered on the star. The (x, y) plane coincides
with the sky plane, the x axis is the intersection of the disk
plane with the sky plane, and the z axis is parallel to the
line-of-sight. In this case, the intensity of radiation at a
frequency ν within a spectral line is

Iw(ν, x, y) =

∫ zmax

zmin

S(r)φ(ν− ν0
vz(r)

c
) e−τ(ν,r)κ(r)dz, (A.6)

where r is a vector, |r| = (x2 + y2 + z2)1/2, vz(r) is the
projection of the velocity at point r on the line-of-sight,
and S is a source function for a transition between energy
levels i and j

S(r) =
2hν3

c2

(

nj(r)

ni(r)

gi
gj

− 1

)−1

, (A.7)

κ is the integrated line opacity in the considered spectral
line, τ(ν, r) is the line optical depth at point r and for the
frequency ν in the direction to an observer, and ni is the
number density of atoms in the i-th state

τ(ν, r) =

∫ zmax

z
κ(r′)φ(ν − ν0

vz(r′)

c
)dz′ , (A.8)

where φ is the profile function normalized to unity, r′ is
the vector with coordinates (x, y, z′), and z′ changes from
the current value z in Eq. A.6 to the outer boundary value
zmax.

The optical depth of the disk wind in the line frequencies
in the direction toward the star is τ∗(ν) = τ(ν, r = 0). We
assume that there is a complete redistribution of the line
frequencies in the reference frame of the atom and use the
Doppler profile φ in the calculations of the Brγ and the
Voigt profile for the Hα line (with the same constants as
in Kurosawa et al. 2006).

The calculations of the ionization state and the number
densities of the atomic levels were performed in a cylinder
with a radius rc up to 300R∗ and a height hc = 600R∗

divided into grid cells in l, θ coordinates. In each cell, we
solved the equations of the statistical equilibrium for the 15-
level hydrogen atom + continuum, taking into account both
collision and radiative processes of excitation and ionization
(see Grinin & Mitskevich 1990 for more details). We as-
sumed that the distribution of the atomic sub-levels follows
their statistical weights. Johnson collision rates (Johnson
1972) were used for all transitions except 1-2; for the lat-
ter, we used those from Scholz et al. (1990).
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Fig. 5. Intensity distributions of our best-fit disk-wind
model 5 (i.e., intensity distribution of the continuum disk
plus the disk wind; the central star is not shown; see
Tables 3 and A.1) at the center of the Brγ line (v =
0 km s−1) and at 14 other velocities (the labels give the
velocity in km s−1). For the calculation of the model im-
ages in this figure, a clockwise motion of the disk wind was
assumed. Therefore, in the blue-shifted images (left pan-
els), mainly the disk regions on the right hand side of the
star are bright. The radius of the inner edge of the disk
wind ejection region (i.e., radius of the inner hole) is ω1 =
17.5 R∗ (∼0.3 AU). The inclination angle (angle between
the polar axis and the viewing direction) of the model is i
= 20◦ (i.e., almost pole-on). The colors represent the inten-
sity in erg ster−1 s−1 Å−1 cm−2. In these images, AMBER’s
spectral resolution of 12 000 was modeled, as described in
Sect. A.3.

Fig. 6. Normalized Brγ line profiles of the disk-wind model
5 from Table A.1 at the inclination angles i = 10◦ (dotted
line), 20◦ (solid), 40◦ (dashed), and 60◦ (dashed-dotted;
high spectral resolution, not degraded to the spectral reso-
lution of AMBER).

Table 3. Range of parameter variations for our continuum-
disk plus disk-wind model calculations

Parameters Range Model 5
Disk:
Rin 0.25–3 AU (8.8–105 R∗) 0.3 AU (10.5 R∗)
Rout 1–5 AU (35–175 R∗) 3 AU (105 R∗)
Rs 0.85–1.25 AU (30–44 R∗) 0.9 AU (31.5 R∗)
α1 −0.4– −0.75 −0.5
α2 −0.34– −0.4 −0.33
Tin 1400–2000 K 1800 K

Disk wind:
ω1 0.1–3 AU (3.5–105 R∗) 0.5 AU (17.5 R∗)
ωN 0.5–5.7 AU (17.5–200 R∗) 1 AU (35 R∗)
γ −1– 5 2
f 0.5–3 0.5–3
β 0.3–2 1
θ1 10◦–80◦ 80◦

Ṁw 10−9–10−6M$yr−1 10−7M$ yr−1

proach to find models that can approximately reproduce
the observations:

1) To select the most appropriate the disk parameters,
we calculate the continuum intensity of the disk, Id, at
wavelengths near Brγ and compare it with the stellar in-
tensity I∗. A good solution has to reproduce the observed
ratio Id/I∗, the observed K–band flux, and the observed
visibilities.

2) We determine the velocity and density distribution
along each streamline corresponding to the wind geometry
and kinematics parameters (see Sect. 4 and Appendix A).

3) Using the velocity and density distribution, and
choosing the temperature law along each streamline (we
use a constant electron temperature of 8000 K), we solve
the equations of the statistical equilibrium for the hydrogen
atoms and compute the population of the hydrogen atomic
levels and the ionization degree along each streamline.

4) We then calculate the Brγ line profile and compare
it with the observed line profile. The solution is good if
the theoretical line profile is in good agreement with the
intensity and shape of the observed one.

5) For each disk-continuum and disk-wind model (see
Table 3), we compute the two-dimensional intensity distri-
bution map for several inclination angles. We calculate all

7

Magneto-centrifugally 
driven disk wind

also, Malbet et al. 2007, Kraus et al. 2008, Garcia et al. 2013

MWC297

Weigelt et al. 2011

Brɣ indirect tracer 
of accretion ? 
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Transition disks
• Tiny inner disk : 0.07-0.13 AU

• M = 3 10-11 M☉ of carbon

• H=0.2 AU @ 1 AU sets outer disk radius

• Anisotropic scattering 

Olofsson et al. 2011, 2013; also Matter et al. 2014, Benisty et al. 2010b, Tatulli et al. 2011

T Cha



Transition disks

Mulders et al. 2013, also Panic et al. 2012

• Rounded wall
• Massive planet

HD100546



Transition disks

Kraus et al. 2013 see also Carmona et al. 2014

Carbonaceous
material inside

the gap

V1247 Ori
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Massive YSOs

Boley et al. 2013

• Early evolutionary phases 
not well understood 

• Distribution of infalling/
outflowing materials? 

• Significant deviations from 
spherical symmetry

• Supports scenario of 
MYSO formation via 
accretion from disks

Also, Kraus et al. 2010,  Boley et al. 2012, Grellmann et al. 2011



Massive YSOs

de Wit et al. 2010,2013

W33A (O7.5)

• Non spherically symmetric 
emitting structure at 100 AU

• MIR emission from cavity walls

• MIDI rules out presence of disk 
more massive than 0.01 Msun



Multiplicity

Kraus et al. 2012a
also Kreplin et al. 2012 Grellmann et al. 2013

V921 Sco Theta Ori C

Discover of a 25 mas companion Orbit and stellar parameters



Conclusions

• Multi-wavelength observations are insightful 
• Detailed studies confirm that the inner AUs of  YSOs are complex 

(rim+additional component)
• Transition disks show compact inner disks (in small grains) and 

interferometry can bring strong constraints on the amount of 
material located inside the gap

• MYSOs environments show deviations from spherical symmetry 
• TTS models require active disks and (sometimes) envelopes 

• Second generation instruments will provide better sensitivity, 
better UV coverage, a good wavelength coverage for disk-studies 



Perspectives

28

Jet launchingPlanet forming region

VEGA-
CHARA (V)
0.4-4 mas 

MATISSE/VLTI (L,M,N,Q)
5-20 mas

ALMA (mm) 
5-100+ mas

PIONIER/VLTI (H)
2-5 mas 

GRAVITY/VLTI (K)
2-5 mas 


