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Inner regions of Young Stellar Objects 

From Isella et al. (2007)
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Outline
• Introduction

– Physical conditions in the inner regions of YSOs
– Need for very high angular resolution
– Physical processes

• Infrared interferometry
– Principles and observables
– Instruments available for inner regions studies
– Elements of bibliography

• Inner disk physics
– Morphology of circumstellar structures
– Constraints on disk structure (T, z,…)
– Dust mineralogy
– Gas/dust connection
– Transition disks

• Other AU-scale phenomena
– Hydrogen line emission : Outflows / winds or Magnetosphere?
– Importance of Binaries and multiple systems

• Future prospects
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INTRODUCTION

– Formation of stars, disks and planets
– Physical conditions in the inner regions of YSOs
– Need for very high angular resolution
– Physical processes
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Physical conditions in the close 
environment of young stellar objects

• Physical phenomena
– Keplerian accretion disk: gas + dust

– Stars from K to B spectral types (4000K to 
10000K)

– Strong outflowing wind

– Companions

– Magnetophere

– Protoplanets

• Physical conditions
– Radius ranging from 0.1 AU to 10 AU

– Temperature ranging from 150 K to 4000 K

– Velocity ranging from 10 km/s to few 100 km/s

! At 150 pc (Taurus), this corresponds to :
1µm ! " ! 20µm and spatial scales between 0.5 et 70 mas

Dust

Accretion disk

Magnetosphere

Gas
Planets
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Close environment of young stars

Millan-Gabet et al. NASA Keck Proposal 2011B 6 
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34 The inner regions of protoplanetary disks

Figure 1: Pictogram of the structure and spatial scales of a protoplanetary disk.
Note that the radial scale on the x-axis in not linear. Above the pictogram it
is shown which techniques can spatially resolve which scales. Below it is shown
which kind of emission arises from which parts of the disk.
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Fig. 1. This figure (Dullemond & 

Monnier 2010) sketches the  

different gas and dust regions of 

the disk surrounding a typical 

young star. With the angular 

resolution and spectral coverage 

of the Keck Interferometer, the 

inner disk regions (sub-AU to 

few-AU) can be directly probed. 

Fig. 2. Model images (left panels) 

and corresponding visibility curves 

(right panels) at 3.5 µm and 10.7 µm 

for one of our primary targets, the 

well known Herbig Ae object AB 

Aur. We note that for ease of 

comparison, we have converted the 

observable measured by the KI 

Nuller (null depth) into its 

equivalent visibility modulus. These 

models are predictions from the 

solution developed in Tannirkulam 

2008 for this object. Note an 

alternative way to visualize the data 

that can be obtained: at each value 

of the projected baseline, we will 

have 382 spectrally dispersed 

visibility points across the K, L and 

N bands (330 in K, 10 in L and 42 in 

N). 

Fig. 3. Representative 

examples of calibrated data 

obtinaed thus far. All 

objects appear clearly 

resolved. Note the large 

null N-band leakages (20-

80%). Note also the clearly 

higher V2 in the Br! line, 

showing that hot gas 

emission originates inside 

the dust sublimation radius. 

Dullemond & Monnier (2010, ARAA)
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Instrumental requirements

• Wavelength domain
Temperature ranges  ! " ~ 1 to 20 µm: 

• Angular resolution
Spatial scales

1.22 "/D 0.1 AU 1AU 5AU 10AU

75pc 1.5mas 15mas 70mas 150mas

150pc 0.7mas 7mas 30mas 70mas

450pc 0.2mas 2mas 10mas 20mas
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Instrumental requirements

• Wavelength domain
Temperature ranges  ! " ~ 1 to 20 µm: 

• Angular resolution
Spatial scales

1.22 "/D 0.1 AU 1AU 5AU 10AU

75pc 1.5mas 15mas 70mas 150mas

150pc 0.7mas 7mas 30mas 70mas

450pc 0.2mas 2mas 10mas 20mas

Spatial telescopeAdaptive optics

Interferometry



VLTI Summer school 2010 - Inner regions of YSOs revealed by interferometry - F. Malbet  

Infrared
Interferometry

Ground-based 
telescopes

Mm interferometry

ALMA

Dust 
sublimationW

in
d
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Infrared
Interferometry

Ground-based 
telescopes

Mm interferometry

ALMA

Dust 
sublimationW

in
d

Optical Interferometry
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Infrared and visible 
Interferometry

– Principles and observables
– Instruments available for YSO studies
– Elements of bibliography on YSO science results
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Basics of optical interferometry



VLTI Summer school 2010 - Inner regions of YSOs revealed by interferometry - F. Malbet  

Basics of optical interferometry

Visibility 
ampltitude

V(u,v)

Visibility 
phase
!(u,v)
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Spatial coherence

Interferogram 1

Interferogram 2

Reduced contrast
Shifted phase

Zernicke-van Cittert theorem

Visibility = Fourier transform of the brightness spatial distribution 
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Visibilities

Uniform disk Binary with unresolved 
components

Binary with resolved 
component
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70

KI
V" K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V", CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70

KI
V" K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V", CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70

KI
V" K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V", CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research

Small apertures
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70

KI
V" K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V", CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research

Large apertures
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70

KI
V" K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V", CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research

Spectral 
resolution
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Facility Instrument
Wavelength
(microns)

# tel.# tel.
Tel. 

Diam.
(m)

Baseline
(m)

Existing facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilitiesExisting facilities

PTI V" H, K 33 0.4 80-110

IOTA V", CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70
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V" K, L / spectral

22 10 80KI
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8.2
1.8
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8-200
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MIDI: V", V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V", CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V", nulling 1-12 µm 22 8.4 6-23

MROI V", CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research

Im
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Interferometry publication OLBIN database

http://olbin.jpl.nasa.gov

# 71 astrophysical results published to date, ~100 objects observed.

http://olbin.jpl.nasa.gov
http://olbin.jpl.nasa.gov
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YSOs + Debris disks observed (1998-2009)
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INNER DISK PHYSICS

– Disk structures
– Constraints on disk structure (T, z,…)
– Dust mineralogy
– Gas/dust connection
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UV and IR excesses in 
Spectral Energy Distribution

18

 Geometrically thin optically thick accretion disk +  irradiation 
 = « classical » accretion disk model

Malbet & Bertout (1995, A&AS )
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Original disk concept

• Optically thick disk both for inner gas and outer dust

• Simple power-law temperature distribution (T " r-0.75, T " r-0.5)

• Oblique disk heating

  ! fits rather well spectral energy distributions (SEDs)

e.g. Malbet & Bertout (1995, A&AS 113, 369)
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Millan-Gabet et al. (2001, ApJ 546, 358)
Monnier & Millan-Gabet (2002, ApJ 579, 694 )

Eisner et al. (2003, ApJ 588, 360)
Wilkin & Akeson (2003, Ap&SS 286, 145)

Eisner et al. (2004, ApJ 613, 1049)
Akeson et al. (2004, ApJ 622, 440)
Eisner et al. (2005, ApJ 623, 952)

Monnier et al. (2005, ApJ 624, 832)
Akeson et al. (2005, ApJ 635, 1173)
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Millan-Gabet et al. (2001, ApJ 546, 358)
Monnier & Millan-Gabet (2002, ApJ 579, 694 )

Eisner et al. (2003, ApJ 588, 360)
Wilkin & Akeson (2003, Ap&SS 286, 145)

Eisner et al. (2004, ApJ 613, 1049)
Akeson et al. (2004, ApJ 622, 440)
Eisner et al. (2005, ApJ 623, 952)

Monnier et al. (2005, ApJ 624, 832)
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Millan-Gabet et al. (2001, ApJ 546, 358)
Monnier & Millan-Gabet (2002, ApJ 579, 694 )

Eisner et al. (2003, ApJ 588, 360)
Wilkin & Akeson (2003, Ap&SS 286, 145)

Eisner et al. (2004, ApJ 613, 1049)
Akeson et al. (2004, ApJ 622, 440)
Eisner et al. (2005, ApJ 623, 952)

Monnier et al. (2005, ApJ 624, 832)
Akeson et al. (2005, ApJ 635, 1173)

e.g. Dullemond et al. (2001, ApJ 560, 957)
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Millan-Gabet et al. (2001, ApJ 546, 358)
Monnier & Millan-Gabet (2002, ApJ 579, 694 )

Eisner et al. (2003, ApJ 588, 360)
Wilkin & Akeson (2003, Ap&SS 286, 145)

Eisner et al. (2004, ApJ 613, 1049)
Akeson et al. (2004, ApJ 622, 440)
Eisner et al. (2005, ApJ 623, 952)

Monnier et al. (2005, ApJ 624, 832)
Akeson et al. (2005, ApJ 635, 1173)

Must include ACCRETION 
luminosity onto star 

Muzerolle et al. (2003, ApJ 597, 149)

Herbigs Ae         Be

T Tauris
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Inner region discussion

• Inner rim shapes: how sharp is it?
     Dust sublimation Isella & Natta (2005, A&A 438, 899)

vs Dust settling & grain growth Tannirkulam et al. (2007, ApJ 661, 374)

• Inner hole? but
–optically thick disk beyond the dust sublimation barrier 

e.g. TTS  Akeson et al. (2006, ApJ 635, 1173)

–disk halo with 0.15-0.8 optical depths
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Inner region discussion

• Inner rim shapes: how sharp is it?
     Dust sublimation Isella & Natta (2005, A&A 438, 899)

vs Dust settling & grain growth Tannirkulam et al. (2007, ApJ 661, 374)

• Inner hole? but
–optically thick disk beyond the dust sublimation barrier 

e.g. TTS  Akeson et al. (2006, ApJ 635, 1173)

–disk halo with 0.15-0.8 optical depths
  Vinkovic & Jurkic (2007, ApJ 658..462)
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The geometry of the inner rim
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The geometry of the inner rim

• If inclined disk: asymmetries (skewness) depending on dust 
characteristics Tannirkulam et al. (2007, ApJ 661, 374)

bg=
NIR

interferometry

E. Tatulli

Principles

Recombination

Atmospheric

turbulence

The observables

Interferometry

& YSOs

Context

NIR continuum

emission

Emission lines

Imaging

State of the art

Next steps

Perspectives

The structure of the inner rim
How sharp is the inner rim?

Depends on dust grains size and distribution

If inclined disk: asymmetries (skewness) depending on dust

characteristics

Closure phase is a powerful observable to probe such asymmetries

[Tannirkulam et al. 2007]
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The geometry of the inner rim

• If inclined disk: asymmetries (skewness) depending on dust 
characteristics Tannirkulam et al. (2007, ApJ 661, 374)

• Closure phase is a powerful observable to probe such 
asymmetries Monnier et al. (2006, ApJ 646, 444)
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FU Orionis

Malbet et al. (2005, A&A, 437, 627)
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FU Orionis

Malbet et al. (2005, A&A, 437, 627)
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FU Orionis

Malbet et al. (2005, A&A, 437, 627)

• The 4 brightest FUors have been observed

• FU Ori well constrained  Quanz et al. (2006, ApJ 648, 472)

• Others like Z CMa appear more extended: background 
emission or companion? Millan-Gabet et al. (2006, ApJ 645, L77) 

• Recent FUOr: V1647 Ori   Ábrahám, Mosoni, Henning et al. (2006, A&A 449, L13)
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Radial temperature distribution of disks

Commonly used analytic temperature-power-law disk models (T # r -1/2 or T # r -3/4)
cannot describe the measured wavelength-dependence of the apparent size
! Detailed physical modeling required

T # r -3/4

T # r -1/2
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]

Wavelength [µm]

Viscous disk
(Lynden-Bell &
 Pringle 1974)

Irradiated disks
(King et al. 1998)

Kraus et al. (2007, ApJ 676, 490)
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MWC 147: a full disk model to understand 
NIR and MIR measurements
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Inclination: 60º, Ṁacc = 9$10-6 Mʘ/yr
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Kraus et al. (2007, ApJ 676, 490)
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Effect of extended scattered light

• Ring radius fitting can lead to 
overestimated sizes

• Careful modeling must be performed 
including all sources of radiation

Pinte et al. (2007, ApJ 673, L63)
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Vertical structure @ 10 microns

Leinert et al. (2004, A&A, 423, 537)
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Vertical structure @ 10 microns

Flaring

Self-shadowed

Leinert et al. (2004, A&A, 423, 537)
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Vertical structure @ 10 microns

Sizes consistent with 
flat self-shadowed / 
flaring disk model SED 
classification

Flaring

Self-shadowed

Leinert et al. (2004, A&A, 423, 537)
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Dust mineralogy in HAeBe

Whole Disk

Van Boekel  et al. (2004, Nature, 432, 479)
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Dust mineralogy in HAeBe

Whole Disk

Inner disk

Van Boekel  et al. (2004, Nature, 432, 479)
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Dust mineralogy in HAeBe

Whole Disk

Inner disk Outer disk

Van Boekel  et al. (2004, Nature, 432, 479)
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… also in T Tauri disks!

Ratzka et al. (2007, A&A 471, 173)

Whole disk Inner regionTW Hya

! Inner disks (< 2 AU) have:
–larger silicate grains
–higher fraction of silicates is crystalline (40-100%) 
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51 Oph: NIR CO overtone emission

Tatulli, et al. (2008, A&A 489, 1151)

Averaged data in NIR
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51 Oph: NIR CO overtone emission

All observations fitted by the standard 
disk model!

but it seems not to be physically 
possible

Tatulli, et al. (2008, A&A 489, 1151)

Averaged data in NIR



VLTI Summer school 2010 - Inner regions of YSOs revealed by interferometry - F. Malbet  

Region of CO emission in 51 Oph

NIR excess continuum

Visibility amplitudes

Tatulli, et al. (2008, A&A 489, 1151)
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Region of CO emission in 51 Oph

NIR excess continuum

CO emission
0.3AU size

Visibility amplitudes

Tatulli, et al. (2008, A&A 489, 1151)
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Region of CO emission in 51 Oph

NIR excess continuum

CO emission
0.3AU size

Visibility amplitudes

Visibility phases

Tatulli, et al. (2008, A&A 489, 1151)
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Region of CO emission in 51 Oph

Comprehension of the dust vs gas morphology 
will increase with better coverage.

NIR excess continuum

CO emission
0.3AU size

Visibility amplitudes

Visibility phases

Tatulli, et al. (2008, A&A 489, 1151)
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Transition disks: the case of T Cha

• Transition disks are disks with lack of MIR 
emission compared to FIR (discovered by 
Spitzer)

• Believe to have disk holes and therefore 
having starting planetary formation 

• Discovery of disk gap between 0.17 and 
7.5 AU (Olofsson et al. 2011)

• Discovery of a planet by Huelamo et al. 
(2011) at 62mas +/- 7mas, i.e. 6.7AU

Olofsson et al.: VLTI/AMBER observations of the T Tauri star TCha 3

input variables of this model are the position angle of the disk
(PA, 0◦, meaning the major semi-axis is oriented north-south),
the inclination on the line of sight (i, 0◦ is face-on), and the in-
ner diameter (θ). We fixed the star-to-ring flux ratio to account
for H and K band excess derived using a Nextgen synthetic spec-
trum of the star (see Sect. 3.2). The widthW of the uniform ring
is given by W/(θ/2) = 0.18. We performed a grid exploration
for these three parameters, with a χ2r minimization. The bottom
three panels of Fig. A.1 show the reduced χ2r maps for the three
pairs of free parameters. Only the diameter is determined well
with this approach, while the position angle and inclination can-
not be strongly constrained, because of the almost unidirectional
alignment of the (u, v) points. The final best fit (χ2r = 0.76) re-
turns PA = 67◦+91

−56, i = 42
◦+32
−40, and θ = 1.82

+0.52
−0.38 mas. Therefore,

a dust ring model at a tenth of AU or so from the star is con-
sistent with the AMBER visibilities and with the photometric
excesses in the H- and K-bands. Nonetheless, the above model
is an oversimplified description of a disk and ignores the disk’s
asymmetry, as well as the SED at other wavelengths.We develop
a refined model in the next section.

3. Radiative transfer modeling
Hipparcos has estimated a 66+19

−12 pc distance for TCha, but, as
explained in Schisano et al. (2009), proper motions measure-
ments by Frink et al. (1998) and Terranegra et al. (1999) sug-
gest that this distance is underestimated. TCha may in fact
belong to a star association cluster located at 100 pc, which
is the distance that we adopt in this study. The disk inclina-
tion is also uncertain. An inclination of 75◦ is commonly used
in the literature. This value comes from v sin i measurements
(54 km.s−1, Alcalá et al. 1993) indicative of a highly inclined
object. Schisano et al. (2009) measured v sin i of 37±2 km.s−1,
which could suggest a slightly smaller inclination. However,
TCha displays CO in absorption in the 4.7µm fundamental band
(Brown et al. in prep), which requires a high inclination (∼60–
70◦). In the following, the inclination is therefore considered as
a free parameter and is further discussed in Sect. 3.2.

3.1. Model setup
To model the disk emission and to reproduce simultaneously, the
squared visibilities and CP in H & K bands, as well as the SED,
we used the MCFOST radiative transfer code (Pinte et al. 2006).
MCFOST calculates synthetic observables, such as SEDs and
monochromatic raytraced images. The computation is done by
propagating packets of photons inside the disk. Light scattering,
absorption, and re-emission processes are included. The geom-
etry of the disk is defined by several parameters: the inner and
outer radii (Rin and Rout, respectively), the index α for the sur-
face density (Σ(r) = Σ(r/r0)α), and a disk scale height H(r) as-
suming a vertical Gaussian distribution (exp[−z2/2H(r)2]), ger-
mane to a disk at the hydrostatic equilibrium. The disk’s flaring
is described by a powerlaw determining the scale height as a
function of the radius (H(r) = H0(r/r0)β). The dust content is
described by a differential powerlaw for the grain size distribu-
tion (dn(a) ∝ a−pda), between the minimum (amin) and maximal
(amax) grain sizes. The radiative transfer code can handle spa-
tially separated disk zones.

3.2. Results and discussion
To reproduce the stellar photosphere, we adopt a NextGen stel-
lar atmosphere model (Allard et al. 1997). All the stellar pa-
rameters, except the inclination i, were taken from Brown et al.
(2007). The two parameters Teff and R∗ were then varied only to

 

1 10 100 1000
! (µm)

10-18

10-16

10-14

10-12

!F
! (

W
 m

-2
)

Photosphere
Scattered stellar light
Thermal emission

Fig. 2. Observed and modeled SED of TCha. Photometric mea-
surements were gathered from the literature (Brown et al. 2007,
Lommen et al. 2010, Alcalá et al. 1993 and reference therein).
The gray area represents the modeled SED for the extreme val-
ues on Rin, inner disk, within the uncertainties (see Sect. 3).

Table 1. Parameters of the disk model

Parameter Inner disk Outer disk
Size distribution index p -3.5 -3.5
amin – amax [µm] 0.1 – 10 0.01 – 3000
Mdust,disk [M&] 1×10−9 1.75±0.25 × 10−4
Rin [AU] 0.13±0.03 7.5±0.5
Rout [AU] 0.17±0.03 300
Flaring index (β) 1.11 1.11
H/R (at 1AU) 0.106 0.15
Surface density index (α) -1 -1

remain unchanged once theUBVRI bands were reproducedwell
enough. In the end, the star is defined with the following param-
eters: Teff = 5400K, log(g) = 3.5, R∗ = 1.3R&, M∗ = 1.5M&,
and Av = 1.5.

The disk is known to have a depleted zone (gap) according
to SED modeling (Brown et al. 2007). Therefore, two separate
zones were defined for the circumstellar material: an inner and
an outer dusty structure. Given the high angular resolution of
our observations, the outer disk is overresolved, so changing its
characteristics will only affect the SED. For the inner disk we
use a mixture of astro silicates (Draine & Lee 1984) and amor-
phous carbon (Zubko et al. 1996) with a mass ratio of 4:1 be-
tween silicate and carbon. We choose to use this composition,
because these grains will produce a very weak emission fea-
ture at 10 µm, which has not been detected in the IRS spectrum
(Brown et al. 2007). From previous tests with different composi-
tions (e.g., less carbon), such features, even a small one, will fill
the dip in the 7-15µm range and will not produce a good fit to the
SED.We try using larger grains (≥ 10 µm) to avoid any emission
features, without any satisfying results on both visibilities and
SED. In our model,the dust mass of the inner disk is 10−9 M&,
and falls in the optically thick regime. The near-IR excess can-
not be reproduced by an optically thin inner disk. However, as
the AMBER observations only trace the τ = 1 surface, further
constraints on the inner disk mass cannot be established. For the
outer disk, we use grain opacities of astro silicates, and the to-
tal dust mass of the outer disk, for grain sizes up to 3mm, of
[1.75 ± 0.25] × 10−4 M& is constrained well by the millimeter
observations. We choose to use an inclination of 60◦, while 75◦
is often used in the literature. With an inclination higher than
60◦, the outer disk hides the inner disk, which would account
neither for the NIR excess nor for the interferometric measure-
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Fig. 1. Left panel: (u, v) coverage of the observations. Observed squared visibilities (middle) and CP (right). H and K-bands data
are represented by squares and circles symbols, respectively. Overplotted are the predictions from our best disk model (empty
symbols). Dashed and dotted lines in the middle panels are a 2nd-order polynomial fit the modeled visibilities for the extreme values
on Rin, inner disk within the uncertainties (see Sect. 3).

2. Results and first analysis

2.1. VLTI/AMBER observations
TCha was observed at the VLTI, using the AMBER instrument
that allows the simultaneous combination of three beams in the
near-IR with spatial filtering (Petrov et al. 2007). The instrument
delivers spectrally dispersed interferometric visibilities, closure
phases (CP hereafter), and differential phases at spectral resolu-
tions up to 12 000. In the following, we present K- and H-bands
(around 2.2 and 1.65µm, respectively) observations taken in the
low spectral resolution mode (LR; R ∼35) with the 8.2 m Unit
Telescopes (UTs), coupled with the use of adaptive optics. TCha
was observed with 5 different baselines of two VLTI configu-
rations (UT1-2-4 and UT1-3-4), during June 11 and 12, 2009.
The longest baseline length is ∼130m corresponding to a maxi-
mum angular resolution of 1.3milli-arcseconds (mas). The inte-
gration time per framewas 50ms. In addition to TCha, a calibra-
tor (HD107145, F5V) was observed to correct for instrumental
effects. Observations were performed without fringe-tracking.

Data was reduced following the standard procedures de-
scribed in Tatulli et al. (2007) and Chelli et al. (2009), using the
amdlib package, release 2.99, and the yorick interface pro-
vided by the Jean-Marie Mariotti Center (http://www.jmmc.fr).
Raw spectral visibilities and CP were extracted for all the frames
of each observing file. A selection of 80% of the highest qual-
ity frames was made to minimize the effect of instrumental
jitter and non-optimal light injection into the instrument. The
AMBER+VLTI instrumental transfer function was calibrated
using measurements of HD107145, after correcting for its di-
ameter (0.3±0.1mas, which was obtained using the getCal soft-
ware, http://nexsciweb.ipac.caltech.edu/gcWeb/gcWeb.jsp). The
H-band measurements have a lower signal-to-noise ratio since
they have been obtained close to the instrument-limiting mag-
nitude. With about 20 spectral channels through the H and
K bands, the total data set (after processing) is made of 585 and
195 spectrally dispersed visibilities and CP, respectively (aver-
aged for each baseline and baseline triplet to provide 36 and 12
broad-band visibilities and CP, respectively).

Figure 1 presents the final reduced data for TCha: the (u, v)
coverage (left panel), the squared visibilities in H and K broad
bands as a function of the spatial frequencies (gray and black, re-
spectively, middle panel), and the CP (right panel). The squared
visibilities show that the circumstellar emission around TCha
is marginally resolved: the squared visibilities decrease with in-
creasing spatial frequency, but remain at a high level (V2 ≥ 0.3).

We do not observe strong discrepancies between H and K bands
visibilities, suggesting that the same structure is responsible for
most of the emission in H and K bands. Finally, the CP are
close to zero, indicative of a centro-symmetric structure at the
given spatial resolution of the observations. We first investigate
the possibility of a companion around TCha, and then examine
whether an inner dusty disk as proposed by Brown et al. (2007)
can reproduce the data.

2.2. Geometric models

To see whether our interferometric datapoints are compatible
with a companion around TCha, we used a toy model that aims
to describe a binary system where both stars are individually un-
resolved (e.g., Lawson 1999). To find a model that best repro-
duces both AMBER visibilities and CP, we performed a χ2 min-
imization exploration through a 3-dimensional grid: flux ratio
between the two components (F2/F1), separation (ρ), and po-
sition angle (PA). The reduced χ2r values are then transformed
into normalized probabilities to perform a statistical (Bayesian)
analysis. The top three panels of Fig.A.1 display the reduced χ2r
maps for the three pairs of free parameters. We derived uncer-
tainties from the probability distributions. The binary parame-
ters for the best model (χ2r = 0.29) are the following: flux ratio
of F2/F1 = 0.95+0.05−0.85, separation of ρ = 1.15

+0.57
−0.49 mas, and po-

sition angle on the sky of PA = 68◦+25
−68 east of north. The un-

certainty on the flux ratio is rather large, because the squared
visibilities (36 values) can also be reproduced for a small-flux
ratio. However, in that case, CP (12 values) are not close to zero
and CP are only matched for higher flux ratio, close to unity. The
large uncertainties on F2/F1 therefore reflect the larger amount
of visibility with respect to the number of CP. That the flux ratio
is about F2/F1 ∼ 1 implies that the emission profile of the com-
panion, if any, would be similar to the one of the primary and not
colder, as expected in order to match the near-IR excess probed
from SED modeling (Brown et al. 2007). Besides this consider-
ation, Schisano et al. (2009) conclude from radial velocity mea-
surements, that even a low-mass object (0.05M%) at a distance of
0.1AU would have been detected. Additionally, NaCo narrow-
band imaging observations of TCha at 2.12 and 1.75µm rule out
any stellar companion with a mass higher than 0.15M% between
∼2 and 10AU (Vicente et al. submitted). A close companion in
the first tenths of AU around TCha is therefore not a satisfying
solution.

We now consider the case of a uniform ring aimed at repre-
senting the inner disk edge (e.g., Eisner et al. 2004). The three

Huélamo et al.: A companion candidate in the gap of the T Cha disk.

1992; Alcala et al. 1993; Schisano et al. 2009). If the line
is related to accretion episodes, then the average accretion
rate is Ṁ = 4× 10−9 M⊙/yr.

The age of the source is variously estimated to be be-
tween 2–10Myr according to different methods (Fernández
et al. 2008). A complete study of the � Cha association
by Torres et al. (2008) provides an average age of 6Myr,
while da Silva et al. (2009) estimate a slightly older age
(between 5-10Myr) based on the Lithium content of the �
Cha members. Finally, a dynamical evolution study of the
η Cha cluster, which probably belongs to the � Cha associ-
ation, provides an age of 6.7Myr (Ortega et al. 2009). For
the purpose of this paper, we adopt an age of 7Myr.

The distance to the source, based on the Hipparcos par-
allax, is 66 pc±15 pc. A more reliable value of 100 pc was
obtained using proper motion studies (Frink et al. 1998;
Terranegra et al. 1999). Torres et al. (2008) provided a kine-
matical distance of 109 pc for T Cha, and an average value
of 108±9 pc for the whole association. We have adopted the
latter value for this paper.

Finally, we note that previous works based on radial
velocity (RV) and direct imaging and coronographic tech-
niques have not reported the presence of any (stellar or very
low-mass) companion around T Cha (Schisano et al. 2009;
Chauvin et al. 2010, Vicente et al. (submitted)). SAM ob-
servations allow to fill the gap between between RV and
direct imaging observations.

3. Observations and Data Reduction

The observations presented here were obtained with NAOS-
CONICA (NACO), the AO system at the Very Large
Telescope (VLT), and SAM (Tuthill et al. 2010) in two dif-
ferent campaigns. L’ observations were obtained on March
2010 under excellent atmospheric conditions (average co-
herent time of τ0=8ms, and average seeing of 0.��6), while
Ks band data were obtained on July 2010 under moderate
atmospheric conditions (τ0=4ms, and seeing of 1.��0).

On March 2010, T Cha was observed with the
L27 objective, the 7-hole mask and the L� filter (λc=
3.80µm, ∆λ=0.62 µm). The target and a calibrator star
(HD102260) were observed during 10 minutes each. We re-
peated the sequence star+calibrator 9 times, integrating a
total of 48 minutes on-source. The observational procedure
included a dithering pattern that placed the target in the
four quadrants of the detector. We acquired datacubes of
100 frames of 0.4 sec integration time in each offset posi-
tion. The plate scale, 27.10±0.10mas/pix, and True

North orientation of the detector, -0.48±0.25 de-

grees, were derived using the astrometric calibrator

θ Ori
1
C observed on April 2010.

In the case of the Ks-band data, we used the S27 ob-
jective and the same strategy but integrating in datacubes
of 100 frames with 0.5 sec of individual exposure time. We
spent a total of 20 minutes on-source, and we used two
stars, HD102260 and HD101251, as calibrators.

All data were reduced using a custom pipeline detailed
in Lacour et al. (in preparation). In brief, each frame is
flat-fielded, dark-subtracted, and bad-pixel corrected. The
complex amplitudes of each one of the 7× 6/2 = 21 fringe
spatial frequencies are then used to calculate the bispec-
trum, from which the argument is taken to derive the clo-
sure phase. Lastly, the closure phases are fit to a model of
a binary source.
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Fig. 1. Results from the L�
SAM observations: a companion

candidate is detected at 61.8 ± 7.4mas from the central source

with a flux ratio of 0.92±0.20% in L’. Upper Left panel: χ2
as

a function of the position of companion candidate (degrees of

freedom = 314). The black circle correspond to the imaging res-

olution of the telescope (1.22λ/D). Upper Right panel: best fit of
the model of the companion (solid line) overplotted on the de-

convolved phase. Lower panel: Orientation of companion

detections made using each of the 9 individual data files

plotted in raw detector coordinates. Spurious structures

should appear fixed, while real features will rotate with

the sky, as illustrated by the overplotted solid line de-

picting the expected orientation for an object with sky

position angle of 78 degrees.

4. Main Results

4.1. L� detection

The three free parameters of the fit are: the flux ratio, the
separation and the position angle of the companion candi-
date. The upper left panel of Fig. 1 depicts the minimum
χ2 as a function of position angle and separation. For an
arbitrary fit, χ2 is high (reduced χ2 of ≈ 9), however the
map shows a clear minima for a companion to the west of
the star. The phase corresponding to the best fit model is
shown on the right panel of the same figure. It consists of a
sinusoidal curve with a specific angular direction, and a pe-
riod of half the resolution of the 8.2 meter telescope. On the
same figure are plotted phases deconvolved from the mea-
sured closure phases and projected onto the orientation of
the best-fit binary.

The best-fitting companion parameters for the L-band
data are separation of 61.8± 7.4mas, position angle 78.5±
1.2 degrees and a fractional flux relative to the central ob-
ject of 0.92 ± 0.20%. To confirm the validity of the de-
tection, each one of the nine star+calibrator data pairs
was also analyzed separately. As observations were taken
in ‘pupil tracking mode’, all optical and electronic aberra-
tions should remain at frozen orientation on the detector,
while real structure on the sky will rotate with the azimuth
pointing of the telescope (close to the sidereal rate). This

expected rotation of the detection is illustrated in

2

Olofsson et al. (2011, A&A 528, L6)

Huélamo et al. (2011, A&A 528, L7)
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HYDROGEN LINE 
EMISSION

– Outflowing winds?
– Magnetospheres? 
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Disk and wind spatially are spectrally resolved in 
MWC 297
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Disk and wind spatially are spectrally resolved in 
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Disk and wind spatially are spectrally resolved in 
MWC 297
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Disk and wind spatially are spectrally resolved in 
MWC 297
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Disk and wind spatially are spectrally resolved in 
MWC 297
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# Investigate the link 
between disk, star and wind
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Magneto-
centrifugally driven 

disk wind
G. Weigelt et al.: Spectro-interferometry of MWC 297 with VLTI/AMBER
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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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
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Table 2. Geometric model fit radii of MWC 297 in the continuum and the center of the Brγ emission line.

Wavelength component C1 diameter of C1 component C2 diameter of C2 flux ratio
range (dominant compact core) (halo) (C1/C2)

Continuuma Gaussian 4.63 ± 0.21 mas Gaussian >
∼ 22 mas c 4.6

Continuuma Ring (20%)b 4.47 ± 0.20 mas Gaussian >
∼ 19 mas c 3.6

Brγ center Gaussian 12.6 ± 0.75 mas d - - -

Notes – a average over continuum wavelengths between 2.147 and 2.194 µm (except the line region). b Inner radius of a ring
model with a ring width of 20% of the inner ring radius. c Due to the lack of data at small spatial frequencies, the size of the
extended halo component is not well constrained by our measurements. Therefore, we can only give a rough estimate:
22(19) ± 5 mas or larger, but smaller than the AMBER AT FOV of 250 mas. d Continuum-compensated diameter (see text).

The continuum-compensated visibilities required for the
size determination of the line-emitting region discussed
above were calculated in the following way. Within the
wavelength region of Brγ, the measured visibility has
two constituents, a pure line-emitting component and a
continuum-emitting one, the second of which includes emis-
sion of both the circumstellar environment and the unre-
solved star. The emission line visibility VBrγ can be written
as (Weigelt et al. 2007)

FBrγVBrγ =

=
√

|FtotVtot|2 + |FcVc|2 − 2FtotVtot FcVc · cosΦ, (1)

where Vtot (Ftot) denotes the measured total visibility (flux)
in the Brγ line, Vc (Fc) is the measured visibility (flux) in
the continuum, and Φ describes the measured wavelength-
differential phase within the Brγ line. ¿From the AMBER
spectrum (see Fig. 1), we find Ftot = 4.5 and FBrγ = 3.5×Fc

at the emission line center.
We derived a large continuum-compensated radius

(HWHM) of 6.3 ± 0.4 mas (1.6 ± 0.1 AU) for the line-
emitting region at the peak wavelength of the emission line,
which is ∼3 times larger than the 0.56 AU HWHM radius of
the compact continuum-emitting Gaussian component. The
smaller line-continuum size ratio obtained by Kraus et al.
(2008a) can be explained by the lower spectral resolution of
R = 1500, which leads to an averaging over different diam-
eters corresponding to different wavelengths. Figure 3 also
shows that the size of the line-emitting region is smaller in
the wings of the Brγ emission line than at the line center.
This wavelength dependence is one of several observational
results that have to be explained by models, such as the
disk-wind model presented in the next section.

4. Comparison of the observations with a model of
a magneto-centrifugally driven disk wind

We now present a disk-wind model and compare the ob-
served spectrum, visibilities, and phases of MWC 297 with
the model predictions. In this disk-wind model, mass ejec-
tion is driven by magneto-centrifugal forces. The theory of
these winds was originally proposed by Blandford & Payne
(1982) and has been elaborated by many authors,
mainly for T Tauri stars (see Königl & Pudritz 2000,
Pudritz & Banerjee 2005, Ferreira 2007, and references
therein). An important property of the launching mech-
anism in magneto-centrifugally driven disk winds is the

Fig. 4. Sketch of the MWC 297 disk-wind model adopted
in this paper.

topology of the magnetic field in the disk: magnetic field
lines in the wind-launching region are inclined with re-
spect to the disk plane by less than 60◦ (Blandford &
Payne 1982). The radiation pressure of hot stars proba-
bly changes the trajectories of the gas streams, leading to
a flatter disk wind (de Kool & Begelman 1995; Drew et al.
1998; Everett et al. 2001). Figure 4 shows a sketch of the
disk-wind model that we consider. It assumes that both an
accretion disk and a disk wind contribute to the observed
emission.

4.1. Geometry and kinematics of the disk wind

To model the extended disk wind, we follow an approach
used by Shlosman & Vitello (1993) in their studies of disk
winds in cataclysmic variables. This approach provides a
simple parametrization of a disk wind, which has geomet-
rical and kinematical properties similar to those used by
Kurosawa et al. (2006) for T Tauri stars (see Fig. A.1 in
the Appendix). Here, we use a similar description of the
kinematical parameters of the wind where according to the
conservation of angular momentum, the tangential velocity
u decreases along a streamline from the Keplerian velocity
at the base of streamline. The radial velocity v increases
along the streamline from the initial value v0 to v∞ (see
Eqs. A.1 and A.2 and Fig. A.2 in Appendix A), where v0
and v∞ are the model parameters.

The local mass-loss rate per unit area of the disk, ṁw,
is a function of the cylindric radius ω. To describe ṁw, we
use a simple power-law

ṁw(ω) ∼ ω−γ , (2)
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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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with that of the Spitzer/IRS spectrum taken with a smaller aper-
ture (see Fig. 7b) suggests that the SED at λ >∼ 15 µm is dom-
inated by emission from this envelope. The SED model fits by
Borges Fernandes et al. (2007) suggest that the system is seen
under low to intermediate inclination (i <∼ 70◦).

The line profiles of the strong hydrogen recombination lines
were modeled as emission from a spherically symmetric gas en-
velope (Benedettini et al. 1998). Acke et al. (2005) interpreted
the profile of the optical [O ] line in the context of a wind
originating from the surface layer of a passive disk.

Using the AMBER visibilities measured at continuum wave-
lengths, we compare the ring diameter measured towards various
PAs (covering a position angle range of ∼68◦) and find no indi-
cations for an elongation of the continuum-emitting region. This
is consistent with the measured small Brγ line closure phase
(see Table 4), indicating that the brightness distribution of the
combined line- and continuum-emitting region is nearly centro-
symmetric, as in the case when the line-emitting region is seen
nearly face-on. Furthermore, V921 Sco exhibits a continuum-
emitting region which is more compact than expected for an
irradiated dust disk, which might suggest that the NIR contin-
uum emission is dominated by emission from an optically thick
gaseous inner accretion disk (similar to MWC 297).

Within the Brγ line, we measure a slight increase in visi-
bility (see Fig. 7). Furthermore, the continuum-corrected line-
visibilities VBrγ (ranging between 0.7 and 0.5) show that the
Brγ-emitting region is also spatially resolved and only slightly
more compact than the continuum-emitting region (RBrγ/Rcont ≈
0.7). Therefore, the Brγ region is too extended to be consis-
tent with magnetospheric accretion or an X-wind as dominant
Brγ-emitting mechanism, which makes a strong stellar wind, a
disk wind or a gaseous inner disk the most likely scenario.

7. Discussion of general trends

Since our sample covers a wide range of stellar parameters,
we investigated whether the measured size of the continuum
and Brγ-emitting region correlates with the stellar parameters
or the spectroscopic properties. Revealing such relationships
could provide more insight into the involved physical mecha-
nisms and is also essential to confirm the empirically found cor-
relations between the Brγ luminosity and other estimators for
the mass accretion rate (Calvet et al. 2004). In order to fur-
ther expand our sample, we include in this section not only
the five objects which we have investigated with AMBER, but
also the MWC 480 Keck-Interferometer measurement published
by Eisner (2007). For MWC 480, we assume L = 17 L$, d =
140 pc, Teff = 8700 K, a P-Cygni Hα-line profile (Acke et al.
2005), and a Brγ line luminosity log (L(Brγ)/L$) = −2.8 (as
determined by Testi and Natta from unpublished TNG spectra;
private communication).

7.1. Continuum emission

Earlier interferometric investigations of the continuum-emitting
region of HAeBe stars have established a relation between the
size of the continuum-emitting region and the stellar luminosity,
suggesting that the continuum emission mainly traces hot dust
located at the dust sublimation radius. In order to check for sim-
ilar trends, we plot the determined K-band continuum ring radii
as a function of the stellar luminosity L$ in Fig. 8. For compar-
ison, we computed the predicted inner disk radii corresponding
to dust sublimation temperatures Tsubl of 2000 K, 1500 K, and
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Fig. 8. Top: the fitted ring radii for the continuum (Rcont, black points)
and Brγ line (RBrγ, red points) plotted as a function of stellar luminos-
ity. For the Brγ line, we show the ring radius, determined by fitting
only the spectral channel with the line center. For comparison, we plot
the spatial extension of the stellar surface R$ (grey area) and the dust
sublimation radius corresponding to dust sublimation temperatures of
2000, 1500, and 1000 K (computed using Eq. (2) and assuming ε = 1).
Bottom: providing a natural measure for the temperature distribution
within the circumstellar disk, we normalized RBrγ by the size of the
continuum-emitting region Rcont. In particular, this normalization seems
important considering the large range of stellar luminosities covered by
our sample.

1000 K using the analytic expression for the dust sublimation
radius Rsubl by Monnier & Millan-Gabet (2002)

Rsubl = 0.034 AU
(

1500 K
Tsubl

)2 √L$
L$

1
ε
· (2)

In this relation, ε denotes the ratio of the absorption efficiencies
of the dust at the sublimation temperature Tsubl and at the stellar
effective temperature T$, i.e. ε = κP(Tsubl)/κP(T$) with κP(T ) =∫

Qabs(λ)Bλ(T )dλ/
∫

Bλ(T )dλ. We assume ε = 1, corresponding
to rather large dust grains of several µm in size and, therefore, to
the innermost region of the inner dust rim.

We find that the measured continuum radii of three of the
five objects (HD 163296, HD 104237, HD 98922) follow the
Rsubl ∝ L1/2

$ law rather closely assuming dust sublimation tem-
peratures Teff between 1300 K and 1500 K, which is in agree-
ment with the results obtained in earlier NIR broadband interfer-
ometric survey observations (Monnier & Millan-Gabet 2002).
For the Herbig Be stars MWC 297 and V921 Sco, the derived
ring diameters are significantly more compact than the expected
dust sublimation radii. A possible explanation for the small ap-
parent continuum sizes might be inclination effects, although,
based on complementary information from the literature (see
Sect. 6), we expect notable inclination only for HD 163296.

A systematic study of the origin of the Brϒ 
emission in Herbig Ae/Be stars

Kraus et al. (2008, A&A 489, 1157)
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with that of the Spitzer/IRS spectrum taken with a smaller aper-
ture (see Fig. 7b) suggests that the SED at λ >∼ 15 µm is dom-
inated by emission from this envelope. The SED model fits by
Borges Fernandes et al. (2007) suggest that the system is seen
under low to intermediate inclination (i <∼ 70◦).

The line profiles of the strong hydrogen recombination lines
were modeled as emission from a spherically symmetric gas en-
velope (Benedettini et al. 1998). Acke et al. (2005) interpreted
the profile of the optical [O ] line in the context of a wind
originating from the surface layer of a passive disk.

Using the AMBER visibilities measured at continuum wave-
lengths, we compare the ring diameter measured towards various
PAs (covering a position angle range of ∼68◦) and find no indi-
cations for an elongation of the continuum-emitting region. This
is consistent with the measured small Brγ line closure phase
(see Table 4), indicating that the brightness distribution of the
combined line- and continuum-emitting region is nearly centro-
symmetric, as in the case when the line-emitting region is seen
nearly face-on. Furthermore, V921 Sco exhibits a continuum-
emitting region which is more compact than expected for an
irradiated dust disk, which might suggest that the NIR contin-
uum emission is dominated by emission from an optically thick
gaseous inner accretion disk (similar to MWC 297).

Within the Brγ line, we measure a slight increase in visi-
bility (see Fig. 7). Furthermore, the continuum-corrected line-
visibilities VBrγ (ranging between 0.7 and 0.5) show that the
Brγ-emitting region is also spatially resolved and only slightly
more compact than the continuum-emitting region (RBrγ/Rcont ≈
0.7). Therefore, the Brγ region is too extended to be consis-
tent with magnetospheric accretion or an X-wind as dominant
Brγ-emitting mechanism, which makes a strong stellar wind, a
disk wind or a gaseous inner disk the most likely scenario.

7. Discussion of general trends

Since our sample covers a wide range of stellar parameters,
we investigated whether the measured size of the continuum
and Brγ-emitting region correlates with the stellar parameters
or the spectroscopic properties. Revealing such relationships
could provide more insight into the involved physical mecha-
nisms and is also essential to confirm the empirically found cor-
relations between the Brγ luminosity and other estimators for
the mass accretion rate (Calvet et al. 2004). In order to fur-
ther expand our sample, we include in this section not only
the five objects which we have investigated with AMBER, but
also the MWC 480 Keck-Interferometer measurement published
by Eisner (2007). For MWC 480, we assume L = 17 L$, d =
140 pc, Teff = 8700 K, a P-Cygni Hα-line profile (Acke et al.
2005), and a Brγ line luminosity log (L(Brγ)/L$) = −2.8 (as
determined by Testi and Natta from unpublished TNG spectra;
private communication).

7.1. Continuum emission

Earlier interferometric investigations of the continuum-emitting
region of HAeBe stars have established a relation between the
size of the continuum-emitting region and the stellar luminosity,
suggesting that the continuum emission mainly traces hot dust
located at the dust sublimation radius. In order to check for sim-
ilar trends, we plot the determined K-band continuum ring radii
as a function of the stellar luminosity L$ in Fig. 8. For compar-
ison, we computed the predicted inner disk radii corresponding
to dust sublimation temperatures Tsubl of 2000 K, 1500 K, and
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Fig. 8. Top: the fitted ring radii for the continuum (Rcont, black points)
and Brγ line (RBrγ, red points) plotted as a function of stellar luminos-
ity. For the Brγ line, we show the ring radius, determined by fitting
only the spectral channel with the line center. For comparison, we plot
the spatial extension of the stellar surface R$ (grey area) and the dust
sublimation radius corresponding to dust sublimation temperatures of
2000, 1500, and 1000 K (computed using Eq. (2) and assuming ε = 1).
Bottom: providing a natural measure for the temperature distribution
within the circumstellar disk, we normalized RBrγ by the size of the
continuum-emitting region Rcont. In particular, this normalization seems
important considering the large range of stellar luminosities covered by
our sample.

1000 K using the analytic expression for the dust sublimation
radius Rsubl by Monnier & Millan-Gabet (2002)

Rsubl = 0.034 AU
(

1500 K
Tsubl

)2 √L$
L$

1
ε
· (2)

In this relation, ε denotes the ratio of the absorption efficiencies
of the dust at the sublimation temperature Tsubl and at the stellar
effective temperature T$, i.e. ε = κP(Tsubl)/κP(T$) with κP(T ) =∫

Qabs(λ)Bλ(T )dλ/
∫

Bλ(T )dλ. We assume ε = 1, corresponding
to rather large dust grains of several µm in size and, therefore, to
the innermost region of the inner dust rim.

We find that the measured continuum radii of three of the
five objects (HD 163296, HD 104237, HD 98922) follow the
Rsubl ∝ L1/2

$ law rather closely assuming dust sublimation tem-
peratures Teff between 1300 K and 1500 K, which is in agree-
ment with the results obtained in earlier NIR broadband interfer-
ometric survey observations (Monnier & Millan-Gabet 2002).
For the Herbig Be stars MWC 297 and V921 Sco, the derived
ring diameters are significantly more compact than the expected
dust sublimation radii. A possible explanation for the small ap-
parent continuum sizes might be inclination effects, although,
based on complementary information from the literature (see
Sect. 6), we expect notable inclination only for HD 163296.

A systematic study of the origin of the Brϒ 
emission in Herbig Ae/Be stars

Kraus et al. (2008, A&A 489, 1157)

•magnetospheric accretion
•disk wind
•X-wind or disk wind ?
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with that of the Spitzer/IRS spectrum taken with a smaller aper-
ture (see Fig. 7b) suggests that the SED at λ >∼ 15 µm is dom-
inated by emission from this envelope. The SED model fits by
Borges Fernandes et al. (2007) suggest that the system is seen
under low to intermediate inclination (i <∼ 70◦).

The line profiles of the strong hydrogen recombination lines
were modeled as emission from a spherically symmetric gas en-
velope (Benedettini et al. 1998). Acke et al. (2005) interpreted
the profile of the optical [O ] line in the context of a wind
originating from the surface layer of a passive disk.

Using the AMBER visibilities measured at continuum wave-
lengths, we compare the ring diameter measured towards various
PAs (covering a position angle range of ∼68◦) and find no indi-
cations for an elongation of the continuum-emitting region. This
is consistent with the measured small Brγ line closure phase
(see Table 4), indicating that the brightness distribution of the
combined line- and continuum-emitting region is nearly centro-
symmetric, as in the case when the line-emitting region is seen
nearly face-on. Furthermore, V921 Sco exhibits a continuum-
emitting region which is more compact than expected for an
irradiated dust disk, which might suggest that the NIR contin-
uum emission is dominated by emission from an optically thick
gaseous inner accretion disk (similar to MWC 297).

Within the Brγ line, we measure a slight increase in visi-
bility (see Fig. 7). Furthermore, the continuum-corrected line-
visibilities VBrγ (ranging between 0.7 and 0.5) show that the
Brγ-emitting region is also spatially resolved and only slightly
more compact than the continuum-emitting region (RBrγ/Rcont ≈
0.7). Therefore, the Brγ region is too extended to be consis-
tent with magnetospheric accretion or an X-wind as dominant
Brγ-emitting mechanism, which makes a strong stellar wind, a
disk wind or a gaseous inner disk the most likely scenario.

7. Discussion of general trends

Since our sample covers a wide range of stellar parameters,
we investigated whether the measured size of the continuum
and Brγ-emitting region correlates with the stellar parameters
or the spectroscopic properties. Revealing such relationships
could provide more insight into the involved physical mecha-
nisms and is also essential to confirm the empirically found cor-
relations between the Brγ luminosity and other estimators for
the mass accretion rate (Calvet et al. 2004). In order to fur-
ther expand our sample, we include in this section not only
the five objects which we have investigated with AMBER, but
also the MWC 480 Keck-Interferometer measurement published
by Eisner (2007). For MWC 480, we assume L = 17 L$, d =
140 pc, Teff = 8700 K, a P-Cygni Hα-line profile (Acke et al.
2005), and a Brγ line luminosity log (L(Brγ)/L$) = −2.8 (as
determined by Testi and Natta from unpublished TNG spectra;
private communication).

7.1. Continuum emission

Earlier interferometric investigations of the continuum-emitting
region of HAeBe stars have established a relation between the
size of the continuum-emitting region and the stellar luminosity,
suggesting that the continuum emission mainly traces hot dust
located at the dust sublimation radius. In order to check for sim-
ilar trends, we plot the determined K-band continuum ring radii
as a function of the stellar luminosity L$ in Fig. 8. For compar-
ison, we computed the predicted inner disk radii corresponding
to dust sublimation temperatures Tsubl of 2000 K, 1500 K, and
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Fig. 8. Top: the fitted ring radii for the continuum (Rcont, black points)
and Brγ line (RBrγ, red points) plotted as a function of stellar luminos-
ity. For the Brγ line, we show the ring radius, determined by fitting
only the spectral channel with the line center. For comparison, we plot
the spatial extension of the stellar surface R$ (grey area) and the dust
sublimation radius corresponding to dust sublimation temperatures of
2000, 1500, and 1000 K (computed using Eq. (2) and assuming ε = 1).
Bottom: providing a natural measure for the temperature distribution
within the circumstellar disk, we normalized RBrγ by the size of the
continuum-emitting region Rcont. In particular, this normalization seems
important considering the large range of stellar luminosities covered by
our sample.

1000 K using the analytic expression for the dust sublimation
radius Rsubl by Monnier & Millan-Gabet (2002)

Rsubl = 0.034 AU
(

1500 K
Tsubl

)2 √L$
L$

1
ε
· (2)

In this relation, ε denotes the ratio of the absorption efficiencies
of the dust at the sublimation temperature Tsubl and at the stellar
effective temperature T$, i.e. ε = κP(Tsubl)/κP(T$) with κP(T ) =∫

Qabs(λ)Bλ(T )dλ/
∫

Bλ(T )dλ. We assume ε = 1, corresponding
to rather large dust grains of several µm in size and, therefore, to
the innermost region of the inner dust rim.

We find that the measured continuum radii of three of the
five objects (HD 163296, HD 104237, HD 98922) follow the
Rsubl ∝ L1/2

$ law rather closely assuming dust sublimation tem-
peratures Teff between 1300 K and 1500 K, which is in agree-
ment with the results obtained in earlier NIR broadband interfer-
ometric survey observations (Monnier & Millan-Gabet 2002).
For the Herbig Be stars MWC 297 and V921 Sco, the derived
ring diameters are significantly more compact than the expected
dust sublimation radii. A possible explanation for the small ap-
parent continuum sizes might be inclination effects, although,
based on complementary information from the literature (see
Sect. 6), we expect notable inclination only for HD 163296.

A systematic study of the origin of the Brϒ 
emission in Herbig Ae/Be stars

Kraus et al. (2008, A&A 489, 1157)

•magnetospheric accretion
•disk wind
•X-wind or disk wind ?

! No correlation with L∗ as suggested by Eisner 
et al. 2007

! We are probing mostly outflows phenomena: 
Brγ indirect accretion tracer through accretion-driven mass loss?
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Spatially and Spectrally Resolved Hydrogen Gas 
within 0.1 AU of T Tauri and Herbig Ae/Be Stars
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Fig. 13.— Observed fluxes, V 2, and ∆φ values (gray regions indicate 1-σ confidence inter-

vals), and synthetic data for best-fit disk (dotted curves) and infall/outflow (dashed curves)

models.
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Fig. 14.— Figure 13 continued.
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Fig. 15.— Figure 13 continued.

Eisner et al. (2010, ApJ 718, 774)
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V2129 Oph magnetic field

Donati et al. 2010

Cold spot Hot spot

2009 field strength *1.5-3 
stronger than in  June 2005 : 
non-stationary dynamo 

Magnetic map consistent 
with hot/cold spot location 
(as in AA Tau)

2.1kG octupole + 0.9kG dipole, both tilted at ~20 deg onto the rot. axis 
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V2129 Oph MHD simulations
Tilted 1.2kG octupole + 0.35kG dipole 

Dipole + 
octupole

Dipole 
alone

Romanova et al. 2010

Disc truncation by the dipole 
(dominates at large 
distances) @ rm=6.2R*

Accretion flow redistributed 
into the octupole close to the 
star



Spectro-astrometry of Z CMa 
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Fig. 1.— Continuum subtracted velocity channel maps of the Z CMa [FeII] 1.257 µm jet

emission with the dashed lines delinating the PA of the jet structures. Contour levels start
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√
2. The emission below S/N = 3 is

masked. Jet A (PA ∼ 245◦) is revealed, the origin of which is the Herbig Be star (H). This jet

shows signs of possible precession (also see Figures 2 and 3) which explains why the chosen

PA does not correspond exactly to the jet axis (on the smallest scales). A lower velocity jet,

Jet B at a PA of ∼ 235◦ is also seen. This jet extends to ∼ 0.��4 and is clearly driven by the

FUOR (F). Note the position of knot K1 and the lower velocity emission associated with

both jets. Panel (f) is a channel map extracted from a SINFONI observation obtained in
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detected. It is included here as it confirms that the FUOR is the driver of Jet B. K1 is also

detected in the SINFONI data.
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MULTIPLE SYSTEMS
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Aperture synthesis imaging of the θ1 Orionis C 
system with IOTA

bg=
NIR

interferometry

E. Tatulli

Principles

Recombination

Atmospheric

turbulence

The observables

Interferometry

& YSOs

Context

NIR continuum

emission

Emission lines

Imaging

State of the art

Next steps

Perspectives

Short historic of the results
Aperture synthesis imaging of the θ1

Orionis C system with IOTA

[Kraus et al. 2007]

Kraus et al. (2007, A&A 466, 649)
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HD 98800B: orbit and masses

Boden et al. (2005, ApJ 635, 442)

+ radial velocities
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GW Orionis triple system4 J.-P. Berger et al.: First astronomical unit scale image of the GW Ori triple system

Fig. 2. Left: Reconstructed image of the 2004 epoch using the MIRA software. Three components are resolved (encircled dots) and
identified according to their brightness (A, B and C respectively from brightest to dimmest in H). Blue crosses indicate the positions
as obtained from model fitting. Centre: presentation of the data from Table 2. Square point represents the alternative position for
epoch 2005. Right: Predicted H-band flux ratio as a function of the secondary mass with a primary mass of 3.6M!. Shaded region
is the flux-ratio constraint from our observations (epoch 2004). Vertical dashed lines provide the system inclination. Vertical blue
lines are the secondary mass estimate corresponding to distance d ≈ 414 ± 7pc.

mary was Teff ≈ 5700K and the age ≈ 106yrs. We interpolate
from the 106yrs isochrones that this corresponds to a primary
mass of ≈ 3.6M!. The rightmost plot in figure 2 shows the ex-
pected flux ratio from the Siess et al. (2000) computation as a
function of secondary mass. The straight line materializes the
observed flux ratio (i.e 0.57 ± 0.05, 2004). Additionally, we use
the mass ratio and mass function determined from radial velocity
to compute the requested orbital inclination as in Mathieu et al.
(1991).

If we take the most recent and precise determination of the
distance by Menten et al. (2007), i.e 414 ± 7 pc, we can extract
from figure 2 the following information:

– Our observation can be explained by a binary system with
a mass ratio close to unity at low inclination and no excess
from circumstellar emission. Indeed, taking the uppermost
distance estimate of 421 pc the observed flux ratio in the H
band can be reproduced by a system seen at low inclination
(i ≈ 9◦) with a secondary mass of ≈ 3.1M!, i.e a mass-ratio
of the order of 0.86;

– With decreasing distance the observed flux ratio requires
the addition of H-band excess to the secondary and a slight
increase in inclination. For example, if we take the low-
est distance boundary of 407 pc, the expected secondary-
to-primary ratio is ≈ 0.29, which requires a secondary cir-
cumstellar excess of roughly the same value ≈ 0.28. The re-
quested inclination is then ≈ 11◦

Although this analysis is subject to important uncertainties,
including the primary spectral type estimate, we tested that our
conclusions hold at a qualitative level, i.e that the GW Ori inner
system is probably seen at a much lower inclination (i.e ≈ 10◦)
with more circumsecondary H band emission than previously
thought (Mathieu et al. 1991). Reconciling our observation with
the observed eclipses by Shevchenko et al. (1998) is a puzzle we
cannot solve.

Another important discovery of our work is the existence of
source C. We detected C in each epoch and found clear evidence
for motion with respect to the inner pair AB. We compared our
motion to the preliminary 3850 day orbit recently inferred from
long-term radial velocity monitoring (Latham, priv. comm.) but

did not find a solution that could simultaneously fit our motions
and the spectroscopic orbital elements. If the 20 mas separation
of AC is the true semi-major axis, then we would expect an or-
bital period of ∼3600 days, which is quite close to the period
seen in the RV residuals. It is far from clear if this hierarchical
triple is stable. Additional interferometric monitoring of the in-
ner pair will allow the inclination to be measured directly and
the matter will be settled quantitatively in the near future.

5. Conclusion
We have presented the first direct detection of the CTTS GW
Orionis as a triple system: both the secondary and tertiary
companion are spatially resolved. Our results show that the
inner stars have H-band fluxes within a factor of 2 of each other,
which suggests that the exact status of the pair should be revis-
ited. The outer companion is clearly detectable, consistent with a
roughly 3500 day orbital period, in line with hints from radial ve-
locity residuals. GW Orionis offers a unique laboratory to study
the dynamical evolution of a close, young and (perhaps) hierar-
chical triple system and its interaction with a massive disk and
envelope. Rapid progress in determining the full orbital elements
of the three components is possible with current interferometers
in the coming years.
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First steps to imaging

Closure phase provides information on 
departure from centro-symmetry

Isella & Natta (2005, A&A 438, 899)

Millan-Gabet et al. (2006, ApJ 645, L77)

AB Aur



First images of young disks

Image reconstruction is tricky:
‣ # measures  ~1500 with VLTI/AMBER: 3 AT configs
‣ artefacts due to the (u,v) plane coverage
‣ disk + ring model consistent with Benisty 2009
‣ 1/1000 contrast  compared with first VLA images

# First indices on the morphology of disks 
around young stars

Renard, Malbet, Benisty et al. 2010
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4 S. Renard et al.: Milli-arcsecond images of the Herbig Ae star HD 163296
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Fig. 1. Reconstructed images of HD 163296 in H (left) and in K band (right), after a convolution by a Gaussian beam at the interferometer

resolution. The colors are scaled with the squared root of the intensity with a min cut corresponding to the maximum expected dynamic range (see

text for details). The blue ellipse traces the location of the main secondary peaks while the green ellipse corresponds to the location of the rim in

the B09 model. North is up and East is left.
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Fig. 2. Image contours of the reconstructed images of HD 163296 in H (left) and in K band (right), after a convolution by a Gaussian beam at the

interferometer resolution. The contour vary linearly between the min cut corresponding to the maximum expected dynamic range and the image

maximum. North is up and East is left.

In the H band, the dust rim totally disappears in the recon-

structed image as a ring of blobs, but still seems to define the

outer boundary of the object. The main reasons are that firstly

the rim represents only 10% of the flux to be compared with

30% in the K band, and, secondly the angular resolution is not

high enough in the H band data while it is in the K thanks to the

CHARA data. For the dust rim to be seen in H band, we need

data at longer baselines and a higher contrast in the reconstructed

image (1000 at least, 2000 to be unambiguously seen). As in K

band, the bright inner disk is also present in the H image under

the form a big spot in the middle of the image, which would not

have existed with the presence of the star only. This inside blob

represents 86% of the total flux.

In order to demonstrate that the bright inner disk is well seen

in the reconstructed images, i.e. that the central spot represents

more energy that a star alone, reconstruction of an even simpler

model is performed. This model is the same as the B09 model,

without the bright inner disk, i.e. a star surrounded by a Gaussian

ring. The emission of the bright inner disk is then transferred to

the Gaussian ring since the emission from the star was computed

on the spectral energy distribution. Fig. 4 indicates clearly that

the star alone does not spread more than the Gaussian width of

4 pixels, which is less than in Fig. 3.

This analysis performed on existing models allows us to state

which features in the reconstructed images can be trusted. We

believe that the main secondary peaks present around the main

central spot are real. Their spatial distribution along an ellipse

and the intensity present between these peaks and the central

spot is also real. However the structure of the ring is probably not

representative of the reality, but only of the actual (u, v) plane.

More observations at different spatial frequencies will probably

change the actual position of these peaks along the ellipse and

may also be smoothed. However, we believe that the inclina-

tion and orientation of the observed distribution of peaks along

an ellipse is actual. Actually, this orientation and inclination is

very close to the ones fitted by B09. The second feature that we

think is representative of the reconstructed image is that the cen-

tral spot is extended and not reduce to an unresolved point as a

Source

Model

H K

H K

VLTI/AMBER

Benisty et al.  (subm. A&A)

HR 5999

MWC 275



VLTI Summer school 2010 - Inner regions of YSOs revealed by interferometry - F. Malbet  

• A major leap in less than 10 years: 

– ~100 objects observed so far, 

– +70 refereed papers (mainly with one baseline broad-
band observations, but it is changing).

–  new types of observations with spectral 
resolution, closure phases, imaging

• Observations are mature enough to allow 
detailed modeling.

Conclusion
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More images?

Klahr & Kley (2005)

Hot accreting planets in 
disks?

Micro-jets

Thiébaut et al. (2005, Ap&SS, 286, 171)

Tuthill et al. (2002, ApJ, 577, 826)
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Kloppendorf et al. (2010)
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More images?
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Open issues

• Disks starts to be imaged: shifts from axial symmetry? 

• NIR emitting zone larger than corotation / 
magnetospheric radii .

What implications for disk/star connection?

• Which implications do these measurements have for 
the initial conditions of planetary formation? 

• Need to combine NIR+MIR to secure the disk structure. 

• Origin of the Br$ emission ?

• Companions, formation of planets


