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We start «seeing» disks with milli-arcsec 
resolution !!
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Figure 2: The synthesized images from the 2009 Observations. The model

discussed in the text is superimposed on the image in white. A circle of

diameter of 2.27 mas is drawn for the F-star and the position of the ellipse

for each epoch is shown. CHARAs H-band resolution (0.5 mas) is shown

in the bottom right of the left gure. In order to represent our images in

terms of pre-eclipse surfacebrightness, we have assumed eclipse depths of

0.40 mag and 0.53 mag for 2009 Nov and Dec respectively based on the

ongoing AAVSOmonitoring.
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4 S. Renard et al.: Milli-arcsecond images of the Herbig Ae star HD 163296

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 (shown at the right bottom). The colors are scaled with the squared root of the intensity with a 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 B10 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.

Fig. 3. Reconstructed images of the B10 model of HD 163296 in H (left) and in K band (right). The dashed green ellipse corresponds to the

location of the rim in this model. The models used are presented in the bottom right square. Same conventions as in Fig. 1.

Fig. 4. Reconstructed images of a geometrical model of HD 163296 with only a star plus a Gaussian ring in H (left) and in K band (right). The

dashed green ellipse corresponds to the location of the rim in this model. The models are presented in the bottom right square. Same conventions

as in Fig. 1.

Kloppendorf et al. (2010)

Renard et al. (2010)
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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
– Sizes of circumstellar structures
– Constraints on disk structure (T, z,…)
– Dust mineralogy
– Gas/dust connection
– Debris disks

• Other AU-scale phenomena
– Outflows and winds
– Magnetosphere
– 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 ≤ λ ≤ 20µm and spatial scales between 0.5 et 70 mas

Dust

Accretion disk

Magnetosphere

Gas
Planets
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Instrumental requirements

• Wavelength domain
Temperature ranges  → λ ~ 1 to 20 µm: 

• Angular resolution
Spatial scales

1.22 λ/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  → λ ~ 1 to 20 µm: 

• Angular resolution
Spatial scales

1.22 λ/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
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Infrared
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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
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Basics of optical interferometry

Visibility 
ampltitude

V(u,v)

Visibility 
phase
Φ(u,v)



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

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 V² H, K 33 0.4 80-110

IOTA V², CP H, K 33 0.4 5-38

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

KI
V² K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V², CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V², V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V², CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V², nulling 1-12 µm 22 8.4 6-23

MROI V², CP, imaging V, NIR 3/6 (10)3/6 (10) 1.4 7.5-340

Interferometers involved in YSO research
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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 V² H, K 33 0.4 80-110

IOTA V², CP H, K 33 0.4 5-38

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

KI
V² K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V², CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V², V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V², CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V², nulling 1-12 µm 22 8.4 6-23

MROI V², 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 V² H, K 33 0.4 80-110

IOTA V², CP H, K 33 0.4 5-38

ISI Heterodyne 11 2/32/3 1.65 4-70
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V² K, L / spectral

22 10 80KI
nulling N 

22 10 80

VLTI
AMBER: V², CP 1-2.5 / spectral 3

4 (8)
8.2
1.8

40-130 
8-200

VLTI
MIDI: V², V 8-13 / spectral 2

4 (8)
8.2
1.8

40-130 
8-200

CHARA V², CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V², nulling 1-12 µm 22 8.4 6-23

MROI V², 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 V² H, K 33 0.4 80-110

IOTA V², CP H, K 33 0.4 5-38
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CHARA V², CP, Imaging 1-2.5 (spectral) 2/4 (6)2/4 (6) 1 50-350
Future facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilitiesFuture facilities

LBT V², nulling 1-12 µm 22 8.4 6-23

MROI V², 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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Interferometry publication OLBIN database

http://olbin.jpl.nasa.gov

http://olbin.jpl.nasa.gov
http://olbin.jpl.nasa.gov
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Young stellar objects and debris disks in 
general interferometry

Total publications
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Census of results

→ 95 young stellar objects observed  and published to date,
→ 13 debris disks observed  and published to date,
→ 58+7 refereed articles (65 total) in a decade

# Name Type Instrument Band Spect. Resol. ObservablesReferences
1 FU Ori  FUOr  PTI, IOTA, MIDI  H, K, N BB, LR V² 01, 15, 23
2 AB Aur  HAeBe  IOTA, PTI, CHARA, MIDI  H, K, N BB, LR V², CP 02, 04, 06, 10, 21, 22, 27, 39, 46, 49
3 T Tau N  TTS  PTI, MIDI  K, N BB, LR V² 03, 51
4 SU Aur  TTS  PTI  K BB V² 03
5 MWC 147  HAeBe  IOTA, PTI, AMBER, MIDI  H, K, N BB, LR V² 03, 04, 08, 38
6 V380 Ori  HAeBe  IOTA  H BB V² 04
7 MWC 166  HAeBe  IOTA  H BB V², CP 04, 22
8 Omega Ori  HAeBe  IOTA  H, K BB V² 04
9 MWC 863  HAeBe  IOTA, KI  H, K BB, LR V², CP 04, 22, 47

10 MWC 361  HAeBe  IOTA  H, K BB V², CP 04, 22
11 V1685 Cyg  HAeBe  IOTA, PTI, KI  H, K BB, LR V² 04, 06, 10, 14, 27
12 MWC 1080  HAeBe  IOTA, PTI, KI  H, K BB, LR V², CP 04, 06, 10, 22, 27, 47
13 MWC 297  HAeBe  IOTA, PTI, AMBER, MIDI  H, K, N BB, MR, LR V², CP 04, 08, 10, 22, 25, 42, 44
14 V1295 Aql  HAeBe  IOTA, PTI, KI  H, K BB, LR V², CP 04, 08, 10, 22, 27, 47
15 MWC 614  HAeBe  IOTA, PTI, MIDI  H, K, N BB, LR V², CP 04, 08, 09, 22
16 V594 Cas, MWC 419 HAeBe  IOTA, PTI, KI  H, K, L BB, LR V² 04, 08, 52
17 MWC 275, HD 163296 HAeBe  IOTA, MIDI, KI, CHARA, AMBER  H, K, N BB, LR, MR V², CP 04, 09, 11, 14, 22, 39, 44, 46, 47, 56
18 T Ori  HAeBe  IOTA, PTI  H, K BB, LR V² 04, 10, 27
19 LkHa 101  HAeBe  ISI  N BB V² 05
20 VV Ser  HAeBe  PTI, KI  K BB, LR V² 06, 10, 27, 47
21 AS 442  HAeBe  PTI, KI  K BB, LR V² 06, 10, 14, 27, 47
22 DG Tau  TTS  KI  K BB, LR V² 07, 17, 47
23 V1057 Cyg  FUOr  PTI, KI  K BB V² 08, 20
24 HD 142527  HAeBe  MIDI  N LR V² 09, 11
25 HD 144432  HAeBe  MIDI, KI, IOTA  N, K, H BB, LR V², CP 09, 11, 14, 22, 47
26 HD 100546  HAeBe  MIDI, AMBER  K, N LR V² 09, 57
27 HD 179218  HAeBe  MIDI  N LR V² 09, 45
28 KK OPh  HAeBe  MIDI  N LR V² 09
29 51 Oph  HAeBe  MIDI, AMBER, KI  K, N LR, MR V², nuller 09, 43, 54
30 CQ Tau  HAeBe  PTI  K BB, LR V² 10, 27
31 MWC 120  HAeBe  PTI  K BB, LR V² 10, 27
32 HD 158352  HAeBe  PTI  K BB V² 10
33 MWC 480  HAeBe  PTI, KI, IOTA  K, H BB, LR, MR V², CP 10, 22, 27, 29, 47
34 MWC 758  HAeBe  PTI, AMBER, KI  K, H BB, LR V², CP 10, 14, 27, 40, 47
35 HD 141569  HAeBe  PTI, KI  K BB, LR V² 10, 14, 47
36 RY Tau  TTS  PTI, MIDI, KI  K, N BB, LR V², CP 12, 22, 36, 47, 58
37 DR Tau  TTS  PTI, MIDI  K, N BB, LR V² 12, 50
38 AS 207A  TTS  KI  K BB V² 13
39 V2508 Oph  TTS  KI  K BB V² 13
40 AS 205A  TTS  KI  K BB, LR V² 13, 47
41 PX Vul  TTS  KI  K BB V² 13
42 UX Ori  HAeBe  KI  K BB V² 14
43 ZCMa-NW  HAeBe  KI, AMBER  K BB, LR V² 14, 37
44 HD 58647  HAeBe  KI  K BB V² 14
45 HD 146666  HAeBe  KI  K BB V² 14
46 HD 143006  HAeBe  KI  K BB V² 14
47 HD 150193  HAeBe  KI  K BB V² 14
48 WW Vul  HAeBe  KI  K BB V² 14
49 AS 477  HAeBe  KI  K BB V² 14
50 HD 98800B  TTS  KI  K BB V² 16, 34
51 BP Tau  TTS  KI  K BB V² 17
52 DI Tau  TTS  KI  K BB V² 17
53 GM Aur  TTS  KI  K BB V² 17, 58
54 LkCa15  TTS  KI  K BB V² 17, 58
55 RW Aur A  TTS  KI  K BB, LR V² 17, 32, 47

# Name Type Instrument Band Spect. Resol. Observables References
56 V830 Tau  TTS  KI  K BB V² 17
57 TW Hya  TTS  KI, MIDI  K, N BB, LR V² 18, 31
58 V1515 Cyg  FUOr  KI  K BB V² 20
59 ZCMa-SE  FUOr  KI  K BB V² 20
60 V1647 Ori  FUOr  MIDI  N LR V² 19
61 HR 5999  HAeBe  MIDI  N LR V² 24
62 HD 45677  HAeBe  IOTA  H BB V², CP 22
63 MWC 342  HAeBe  IOTA  H BB V², CP 22
64 HD 104237  HAeBe  AMBER  K MR V² 26, 44
65 Theta1 Ori C  HMS  IOTA  H BB V², CP 28
66 Hen 3-1191  HAeBe  MIDI  N LR V² 30
67 CI Tau  TTS  KI  K BB V² 32
68 DK Tau A  TTS  KI  K BB V² 32
69 DK Tau B  TTS  KI  K BB V² 32
70 AA Tau  TTS  KI  K BB V² 32
71 RW Aur B  TTS  KI  K BB V² 32
72 V1002 Sco  TTS  KI  K BB V² 32
73 V1331 Cyg  TTS  KI  K BB V² 32
74 DI Cep  TTS  KI  K BB V² 32
75 BM And  TTS  KI  K BB V² 32
76 V773 Tau A  TTS  KI  K BB V² 33
77 W33A  HMS  MIDI  N LR V² 35
78 Harro 1-14c  TTS  KI  K BB V² 41
79 HD 98922  HAeBe  AMBER  K MR V² 44
80 V921 Sco  HAeBe  AMBER  K MR V² 44
81 HD 101412  HAeBe  MIDI  N LR V² 45
82 HD 135344  HAeBe  MIDI  N LR V² 45
83 HD 142666  HAeBe  KI  K LR V² 47
84 DQ Tau  TTS  KI  K BB V² 48
85 GW Ori  TTS  MIDI  N LR V² 50
86 HD 72106B  TTS  MIDI  N LR V² 50
87 RU Lup  TTS  MIDI  N LR V² 50
88 HBC 639  TTS  MIDI  N LR V² 50
89 S CrA N  TTS  MIDI  N LR V² 50
90 S CrA S  TTS  MIDI  N LR V² 50
91 T Tau S  TTS  MIDI  N LR V² 51
92 M8E-IR  HMS  MIDI  N LR V² 53
93 R CrA  HAeBe  AMBER  K, H LR V², CP 55
94 DM Tau  TTS  KI  K BB V² 58
95 UX Tau A  TTS  KI  K BB V² 58

1 Vega Debris CHARA/FLUORK BB V² d01
2 τ Ceti Debris CHARA/FLUORK BB V² d02
3 ε Eri Debris CHARA/FLUORK BB V² d02
4 β UMa Debris CHARA/FLUORK BB V² d03
5 η Crv Debris CHARA/FLUORK BB V² d03
6 σ Boo Debris CHARA/FLUORK BB V² d03
7 α CrB Debris CHARA/FLUORK BB V² d03
8 γ Oph Debris CHARA/FLUORK BB V² d03
9 ζ Aql Debris CHARA/FLUORK BB V² d03

10 α PsA, FomalhautDebris VLTI/AMBER, VLTI/VINCIK BB, MR DP, V² d04, d06
11 e Corvi Debris VLTI/MIDI N LR V² d05
12 HD 69830 Debris VLTI/MIDI N LR V² d05
13 ε Aur Debris CHARA/MIRCH LR image d07
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01 Malbet, Berger, Colavita et al. 1998 ApJ, 507, L149 FU Orionis Resolved by Infrared Long-Baseline Interferometry at a 2 AU Scale 1
02 Millan-Gabet, Schloerb, Traub et al. 1999 ApJ, 513, L131 Sub-Astronomical Unit Structure of the Near-Infrared Emission from AB Aurigae 1
03 Akeson, Ciardi, van Belle et al. 2000 ApJ, 543, 313 Infrared Interferometric Observations of Young Stellar Objects 3
04 Millan-Gabet, Schloerb & Traub 2001 ApJ, 546, 358 Spatially Resolved Circumstellar Structure of Herbig AE/BE Stars in the Near-Infrared 15
05 Tuthill, Monnier, Danchi et al. 2002 ApJ, 577, 826 Imaging the Disk around the Luminous Young Star LkHa 101 with Infrared Interferometry 1
06 Eisner, Lane, Akeson et al. 2003 ApJ, 588, 360 Near-Infrared Interferometric Measurements of Herbig Ae/Be Stars 5
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INNER DISK PHYSICS

– Sizes of circumstellar structures
– Constraints on disk structure (T, z,…)
– Dust mineralogy
– Gas/dust connection
– Debris disks
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Original disk concept

• Optically thick disk both for inner gas and outer dust

• Simple power-law temperature distribution (T α r-0.75, T α 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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e.g. Dullemond et al. (2001, ApJ 560, 957)
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Must include ACCRETION 
luminosity onto star 

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



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

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)



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

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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A tool to probe the 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

D
ia

m
et

er
 [m

as
]

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

N
IR

 v
is

ib
ili

tie
s

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)



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

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. (2007, in prep.)

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. (2007, in prep.)

Averaged data in NIR
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Region of CO emission in 51 Oph

NIR excess continuum

Visibility amplitudes

Tatulli, et al. (2007, in prep.)
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Region of CO emission in 51 Oph

NIR excess continuum

CO emission
0.3AU size

Visibility amplitudes

Tatulli, et al. (2007, in prep.)
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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. (2007, in prep.)
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Region of CO emission in 51 Oph

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

NIR excess continuum

CO emission
0.3AU size

Visibility amplitudes

Visibility phases

Tatulli, et al. (2007, in prep.)
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Debris disksO. Absil et al.: Circumstellar material in the Vega inner system 239

Fig. 1. Fit of a uniform stellar disk model to the E2–W2 data. The qual-
ity of the fit is satisfactory (reduced χ2 of 1.29), with small residuals that
do not display any obvious trend except for a small underestimation of
the actual data for baselines between 140 and 150 m.

between all calibrators and stable night after night to
around 85%. Data that share a calibrator are affected by a com-
mon systematic error due to the uncertainty of the a priori an-
gular diameter of this calibrator. In order to interpret our data
properly, we used a specific formalism (Perrin 2003) tailored to
propagate these correlations into the model fitting process. All
diameters are derived from the visibility data points using a full
model of the FLUOR instrument including the spectral band-
width effects (Kervella et al. 2003).

3. Data analysis

3.1. Stellar diameter

The measurements obtained with the long E2–W2 baseline
are particularly appropriate for a precise diameter determina-
tion, because they provide good spatial frequency coverage of
the end of the first lobe of the visibility curve (see Fig. 1).
Previous interferometric measurements obtained in the visible
by Hanbury Brown et al. (1974) and Mozurkewich et al. (2003)
were used to derive uniform disk (UD) diameters θUD = 3.08 ±
0.07 (λ = 440 nm) and θUD = 3.15 ± 0.03 (λ = 800 nm) re-
spectively. In the K band, where the limb-darkening effect is not
as strong, Ciardi et al. (2001) estimated the UD diameter to be
θUD = 3.24 ± 0.01 mas. We have fitted a uniform stellar disk
model to our E2–W2 data, assuming that Vega’s photospheric
intensity I(φ, λ) equals the Planck function with an effective tem-
perature of 9550 K for all angles φ. The best-fit diameter is θUD =
3.218 ± 0.005 mas for an effective wavelength of 2.118 µm,
which significantly revises the previously obtained estimates1.
The quality of the fit is quite good (χ2

r = 1.29). Unlike in the
PTI data of Ciardi et al. (2001), we do not see any obvious trend
in the residuals of the fit, except for three points at projected
baselines between 140 and 150 m which are slightly above the
fit (by ∼1.5σ). In fact, Fig. 3 not only shows a significant dis-
crepancy between the CHARA/FLUOR and the PTI data, but
also between the 1999 and 2000 PTI data. Our observations do
not support the scenario of Ciardi et al. (2001), who proposed
a uniform dust ring with a 3−6% integrated flux relative to the
Vega photosphere in K band to account for the trend that they

1 The K-band diameter proposed by Ciardi et al. (2001) was com-
puted with the assumption of a flat spectrum for the Vega intensity. This
explains a large part of the discrepancy with our new value.

Fig. 2. The data obtained with the S1–S2 baseline (∼34 m) are displayed
as a function of the projected baseline’s position angle together with the
best UD fit computed over the whole data set (3.217 mas). The data
points are significantly below the best UD fit, with a mean visibility
deficit ∆V2 # 2%. The addition of a uniform diffuse source of emission
in the FLUOR field-of-view reconciles the best fit with the data (dotted
line). Note that there is no obvious dependence of the data points with
respect to position angle, which would be indicative of an asymmetric
extended emission.

observed in the residuals of the fit obtained with a simple limb-
darkened disk (LD) stellar model.

Note that fitting an LD stellar model to our data would only
marginally improve the fit (see Table 3), as the shape of the
first-lobe visibility curve is not very sensitive to limb darken-
ing. Moreover, the actual limb-darkening parameter may be sig-
nificantly larger than standard tabulated values because Vega is
suspected to be a fast rotating star viewed nearly pole-on and the
equatorial darkening may bias the limb profile (Gulliver et al.
1994; Peterson et al. 2004). Complementary observations to our
data set, obtained by Aufdenberg et al. (2006) at ∼250 m base-
lines, confirm this fact and lead to an accurate estimation of the
K-band limb profile, which mostly affects visibilities beyond the
first null and will not be discussed here.

3.2. Visibility deficit at short baselines

With this precise diameter estimation, we can now have a look at
the short-baseline data. In fact, these points do not significantly
contribute to the UD fit because of the low spatial frequencies
they sample. Including all the data points in the fitting procedure
gives a best-fit diameter θUD = 3.217 ± 0.013 mas, but with
a poor χ2

r = 3.36. We show the reason for this poor reduced χ2

in Fig. 2, where the S1–S2 data points are plotted as a function
of position angle together with the best UD fit (solid line). The
observations are consistently below the fit, with a ∆V2 = 1.88 ±
0.34%.

Systematic errors in the estimation of the calibrator diam-
eters or limb-darkened profiles are possible sources of bias in
interferometric observations. In order to explain the measured
visibility deficit in the S1–S2 data, the diameters of the three
short-baseline calibrators (Table 2) should have been underes-
timated by 0.26, 0.35 and 0.33 mas respectively, which repre-
sent about 10 times the estimated error on their diameters. We
have made sure that such improbable errors were not present
in our calibration procedure by cross-calibrating the three cali-
brators. No significant departure from the expected LD diame-
ters was measured, and the calibrated visibilities of Vega do not

Absil et al. (2006)

• Debris disks are difficult 
because of the contrast (<2%)

• Need for short baselines
• accurate interferometry

VLT NACO, Lagrange et al. 2009

β Pictoris
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Fig. 3. AMBER spectro-astrometric positions p(λ) in the continuum (a) and across the Br-γ absorption line (b). Colors refer to
the wavelength bin, as shown in Fig. 2. The signature of the rotating photosphere (c) is clearly detected and is compared to the
debris disk and the planetary companion (d) imaged in the visible by Kalas et al. (2008). For the sake of clarity, the astrometric error
ellipses are represented by their projection into the North and East directions.

2007), it gives a lower limit istar > 15◦. We conclude that the cur-
rent existing constraints are compatible with the literature value
for the disk inclination (idisk = 65.9◦), but does not represent a
significant test. Interferometric observations at higher precision,
higher spectral resolution, and ideally with longer baselines may
certainly answer this important point.

Besides constraining the orientation of the stellar photo-
sphere, spatially and spectrally resolved observations also con-
strain the direction of its spin vector. Taking into account that
the Br-γ line is in absorption, we conclude that the South-East
part of the star is moving towards us. If we assume that the or-
bital angular momentum of the planetary companion points to-
wards the same direction as the stellar spin, the Western side
of the debris disk is located on the observer’s side of the sky
plane. Combined with the observed increased brightness in the
Eastern part of the disk (Kalas et al. 2005), it suggests that the
dust grains are mostly backward-scattering. This finding is in
contradiction with the well-known forward-scattering properties
of circumstellar dust grains in our Solar system, generally as-
sumed to be true in all debris disks (e.g., Weinberger et al. 1999;
Kalas et al. 2005). Unfortunately, this question only appeared as
a very interesting by-product at the time of the study, and our ob-
serving strategy has not been specifically designed to answer it.
Especially, no check star is available in the data-set to perfectly
secure the sign of the AMBER phase.

We did our best to calibrate the phase sign a-posteriori.
First we checked that a positive delay corresponds to a nega-
tive phase as measured by the AMBER reduction package we
used. Secondly, we converted the phase curvature across the K-
band (due to atmospheric refraction) into actual position in sky.
We found that the blue part of the band is indeed shifted to-
ward the zenith (as it should be). However, even if we are confi-
dent, we cannot draw definite conclusions before a real spectro-
astrometric reference has been observed.

4. Conclusions
From the technical point of view, these observations are
a strong validation of the remarkable potential of the
spectro-interferometer AMBER/VLTI, especially in its Medium
Resolution mode and associated with the fringe-tracker FINITO.
Stacking 17min of effective integration on a K = 0.94mag star,
we were able to reach a spectro-astrometric accuracy of ±3 µas.

Associated with a spectral resolution R = 1500, this was enough
to resolve the rotating photosphere of Fomalhaut, with an appar-
ent diameter of 2.2mas and a rotational velocity of 93 km/s. We
believe this to be the first detection of the astrometric displace-
ment created by an absorption line in a fast rotating photosphere.

Fitting our complete dataset, we find the position angle of
Fomalhaut rotation axis to be PAstar = 65◦ ± 3◦, perfectly
perpendicular to the literature measurement for the disk angle
PAdisk = 156.◦0 ± 0.◦3. This is the first time such a test could be
performed outside the Solar system for a non-eclipsing system.
However, as when using the Rossiter-McLaughlin method, the
inclination angle remains unknown. We can only conclude that
there is strong evidence, but no definite proof, that the plane-
tary system of Fomalhaut is in the equatorial plane of the central
star. Additionally, by determining the direction of the stellar spin
vector, we demonstrate that the technique is able to constrain the
scattering properties of the dust grains surrounding Fomalhaut.
Such measurements as presented in this paper are only possible
thanks to the remarkable combination of a fast stellar rotation, a
large stellar apparent diameter, the presence of a resolved disk,
and of a planetary companion with resolved orbital motion.

We plan to continue observing the Fomalhaut system to pro-
vide even better constraints on the rotation of the central star,
as well as to extend the study to other fast rotating stars hosting
resolved debris disks.

Acknowledgements. JBLB warmly thanks the complete VLTI team of the
Paranal Observatory. This work has made use of the Smithsonian/NASA
Astrophysics Data System (ADS) and of the Centre de Donnees astronomiques
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OTHER AU-SCALE 
PHENOMENA

– Outflowing winds
– Magnetospheres 
– Binaries and multiple systems
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Disk and wind spatially are spectrally resolved in 
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Nature of Brγ in the HAe star HD104237 

Disk truncated by 
magnetosphere

Gas within the disk

Outflowing wind

Tatulli et al. (2007, A&A 464, 55)
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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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Aperture synthesis imaging of the θ1 Orionis C 
system with IOTA

bg=
NIR

interferometry

E. Tatulli

Principles
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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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FUTURE PROSPECTS

PTI IOTA ISI KI VLTI CHARA
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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
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Closure phases constrains disk geometry

800 S. Kraus et al.: Revealing the sub-AU asymmetries of the inner dust rim in the disk around the Herbig Ae star R CrA

Fig. 14. Comparison of the measured wavelength-dependent closure phases with the predictions from our best-fit BINARY model (Sect. 4.3),
SKEWED RING model (Sect. 4.4), VERTICAL RIM model (Sect. 4.5), and CURVED RIM model (Sect. 4.6). In each panel, the position angle
of the three baselines and the projected length of the longest baseline BE0−H0 is given. Given the equal spacing of the employed linear telescope
array, the other two baselines have projected length of BE0−G0 = BE0−H0/3 and BG0−H0 = 2BE0−H0/3.

existence of a very deeply embedded companion, which
might not contribute significantly to the near-infrared emission.
However, this scenario is rather unlikely, since the SED of R CrA
peaks in the K-band (Fig. 12, bottom, left), which makes the ex-
istence of an additional strong, far-infrared-emitting component
unlikely.

Our non-detection of a binary component around R CrA sug-
gests that the detected hard X-ray emission is not associated with
a hypothetical Class I source (Forbrich et al. 2006), but with
a single Herbig Ae star. This finding on R CrA is in line with
the study by Hamidouche et al. (2008), who concluded from

statistical arguments that the X-ray emissions of Herbig Ae/Be
stars have an intrinsic origin. Since neither coronal nor shock-
excited X-ray emission is expected for A-type stars, more the-
oretical work is clearly required in order to identify the X-
ray-emitting mechanism of single intermediate-mass pre-main-
sequence stars such as R CrA.

5.3. Constraints on the rim geometry

Given that our best-fitting results were obtained with the skewed
ring model (Sect. 4.4) and the curved rim model (Sect. 4.6), we

S. Kraus et al.: Revealing the sub-AU asymmetries of the inner dust rim in the disk around the Herbig Ae star R CrA 801

Fig. 15. At visual wavelengths the field around R CrA is dominated by the reflection nebula NGC 6729 (left panel; color composite: blue: B-band,
green: V-band, red: R-band; North is up and east is to the left). Within the reflection nebula, two bow shock-like structures appear (middle panel,
dashed lines), suggesting an east-western outflow axis, which is roughly perpendicular to the polarization disk reported by Ward-Thompson et al.
(1985) and the sub-AU disk resolved by our VLTI/AMBER observations (right panel; CURVED RIM model image; please note that there is still
an 180◦-ambiguity in the derived orientation, as discussed in Table 2). The B/V /R-band images were taken with the Wide Field Imager (WFI) at
the 2.2-m MPG/ESO telescope on La Silla (ESO Press Photo 25a-b/00; image courtesy: European Southern Observatory and F. Comeron).

consider it most likely that our observations are directly trac-
ing the asymmetries introduced by material at the inner trunca-
tion radius of the dust disk around R CrA. This interpretation
is also supported by the fact that the H- and K-band visibilities
follow within the error bars the same visibility profile (Sect. 3
and Fig. 5, left), providing important information about the tem-
perature distribution of the near-infrared emitting disk mate-
rial. Earlier spectro-interferometric observations on two other
Herbig Ae/Be stars (Kraus et al. 2008; Isella et al. 2008) mea-
sured in the H-band a significantly higher visibility than in the
K-band, which was interpreted as the presence of an optically
thick, hot gaseous disk component located inside of the dust
sublimation radius. For R CrA, we do not measure this visibil-
ity increase towards shorter wavelengths, indicating that the disk
material in the probed temperature range (>∼1000 K) is located at
similar distances from the star, likely in a narrow region around
the dust sublimation radius.

Concerning the detected asymmetries, it is interesting to
compare our results with earlier studies on HD 45677 (Φ <∼ 27◦,
Monnier et al. 2006) and AB Aur (Φ <∼ 4◦, Millan-Gabet et al.
2006), which also detected asymmetries in the inner region
around these Ae- and Be-type stars. Comparing HD 45677 and
R CrA, it is remarkable that the closure phases from the two
objects could be represented well with a skewed ring model.
However, a major difference between both objects concerns the
evolutionary stage: HD 45677 is likely an evolved B[e] star,
while R CrA is a young, actively accreting Herbig Ae star.
Compared to the Herbig Ae star AB Aur, a major difference con-
cerns the physical nature of the asymmetry. For AB Aur, the
modeling of Millan-Gabet et al. showed that the asymmetries
around this object originate from a localized region within the
disk (maybe a hot accretion spot), while our data seems more
consistent with a diffuse structure around the dust sublimation
radius. Another Herbig Ae/Be star where strong asymmetries
were detected is LkHα101. Near-infrared aperture-masking ob-
servations by Tuthill et al. (2001) revealed a skewed circular
structure at a distance of ∼3.4 AU around this rather massive
(M" ≈ 5−10 M%) and luminous (L" ≈ 480 L%) Herbig Be
star. Remarkably, the structure in their observations shows some
similarities with our best-fit skewed ring model, which might

suggest that, contrary to earlier suggestions (Vinković & Jurkić
2007), Herbig Ae and Herbig Be have a common rim structure.

To determine the precise rim shape, we have fitted three
different models, namely the skewed ring model (Sect. 4.4),
the vertical rim model (Sect. 4.5), and the curved rim model
(Sect. 4.6). Formally, the best agreement was found with the ge-
ometric skewed ring model (χ2

r = 1.96), although it should be
noted that the skewed ring model is a purely geometric model
and has the largest number of adjustable free parameters (5 disk
and 2 envelope parameters). On the other hand, the curved rim
model (χ2

r = 2.14) has less free parameters (3 disk, 2 enve-
lope, and 1 stellar parameter) and is based on detailed theo-
ries about disk structure and dust properties, allowing a direct
physical interpretation of the fitted parameters. In this context,
the dust cooling efficiency parameter ε is of particular interest,
since this parameter is directly related to the dust properties in
the inner disk regions. For instance, Isella et al. (2006) used the
curved rim model to derive the maximum dust grain size for
a sample of five Herbig Ae/Be stars, finding in all cases rela-
tively large dust grains (>∼0.2 µm). Assuming the same Silicate
dust chemistry, we derive for R CrA dust grain sizes larger than
1.2 µm (corresponding to ε >∼ εcr), indicating that the dust in
the inner disk regions was already significantly processed by
grain growth. In order to reproduce the interferometric data and
the SED simultaneously, we require that the incident luminos-
ity, which is heating the inner dust rim, is around 29 L% and
that 35% of the stellar light is reprocessed at near-infrared wave-
lengths. This fraction is somewhat higher than the theoretical
value of ∼20% predicted by the IN05 model (see Fig. 4 in IN05).
However, this might reflect the fact that a significant fraction of
the near-infrared emission is likely not reprocessed light from
the inner rim, but scattered light contributions from a circum-
stellar envelope (Sects. 4.2 and 5.1). Although it is currently
unfortunately not possible to properly decompose the disk and
envelope SED, it is likely that the β-value has to be corrected
by a similar factor as the determined envelope/disk K-band flux
ratio of 1/3 (Sect. 4.2), which would result in a good agreement
with the expected theoretical value. Alternative explanations for
the derived high value of β would include an underestimation
of the gas disk mass (Mdisk = 0.012 M%) and the resulting

Kraus et al. (2009)

R CrA



First images of a young disk around MWC 275

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
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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
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Fig. 3. Reconstructed images of the B09 model of HD 163296 in H (left) and in K band (right). The dashed green ellipse corresponds to the

location of the rim in this model. The models used are presented in the bottom right square. Same conventions as in Fig. 1.

Fig. 4. Reconstructed images of a geometrical model of HD 163296 with only a star plus a dust rim in H (left) and in K band (right). The dashed

green ellipse corresponds to the location of the rim in this model. The models are presented in the bottom right square. Same conventions as in

Fig. 1.

naked star would be. The shape of this central spot is certainly

dependent of the (u, v) plane configuration, however the position

of the centroid is certainly representative of the true image. In

the next section, we will discuss possible speculation about the

new information brought by these reconstructed images.

4. Discussion

4.1. Dynamic range

The dynamics on the image retrievable given the interferometric

data quality can be estimated using the following equation from

Baldwin & Haniff (2002):

�
n

(δA/A)
2 + (δφ)2

(3)

where n is the number of data, δA/A is the relative error on the

visibility amplitude and δφ is the error on the visibility phase

in radian. This number gives the maximum contrast that can

be reached in the image given the data, i.e. the ratio between

the maximum of the image and the minimum value that can be

trusted.

Applying Eq. (3) to the data, a dynamic range of 570 is found

in K band. In H band, as there is less data and as the error bars are

slightly larger, a dynamic range of 215 is computed. Minimum

cut levels respectively of 1/570 and 1/215 are applied in all the

figures.

4.2. Use of the spectral information

The decision to present one reconstructed image in H and one

in K band results from different tests made on the B09 model. A

trade-off has to be done between enough data to pave the (u, v)

plane and the wavelength dependency as expected from circum-

stellar disks. Because of the chromaticity of the physical pro-

cesses, we prefer to reconstruct two separated images in H and

K bands, otherwise two separated visibilities could correspond

to the same spatial frequency. For each band, we used all the

data points in the different spectral channels, assuming implic-

itly the object to be gray in each separated band. Compared to

Source

Model

H K

Hogg et al.  (1969, AJ 74, 1206)

Virgo A - 3C274
(3 antennes, NRAO 1967)

H K

VLTI/AMBER
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• A major leap in less than 10 years: 

– ~100 objects observed so far, 

– +60 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?

   GW Ori a triple system?

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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Open issues in YSO physics

• 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. 

• Can we apply this technique to gas disk ?

• Origin of the Brϒ emission ?

• Companions, formation of planets
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A tool to study the inner regions of 
Young Stellar Objects 

From Isella et al. (2007)


