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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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members. The first five rows show the SEDs of stars in the mass
range of TTSs (0.1Y1.0M!), while the last row shows the SEDs
of stars in the mass range of HAeBe stars (>2M!). SEDs (solid
lines) are normalized to the J band and are sorted by different
levels of IR excesses, indicating differences in the disks. Each
panel is labeled with the internal running identification number
and the classification from the IRAC SED slope analysis (x 4.2).
The dotted line represents the median SED (Table 4) of opti-
cally thick disk stars in the mass range of TTSs defined in Fig-
ure 11 (hereafter the optically thick disk median SED); error
bars denote the quartiles of the distribution. This typical disk
emission in the ! Ori cluster is lower than the median in Taurus
(D’Alessio et al. 1999; dot-dashed line in the top left panel ),
which has an age of "1Y2 Myr, indicating differences due to
evolutionary effects such as grain growth and/or settling to the
disk midplane (see also Sicilia-Aguilar et al. 2006; Lada et al.
2006) or a lower accretion rate (D’Alessio et al. 2006). The dashed
lines represent the median photospheric SED (Table 5) in the
T Tauri mass range.

The first row of Figure 13 shows the SEDs of evolved disk
objects (SO 905, SO 1057, SO 759, and SO 587) that exhibit
modest infrared disk emission. The lower level of infrared excess
emission could be explained by decreasing the height of the ir-
radiation surface in the disks due to a higher degree of settling,
which diminishes the degree offlaring, thus producing flatter disk
structures (D’Alessio et al. 2006). The second row of SEDs (SO
120, SO 1268, SO 299, and SO 897) shows some transition disk
candidates, which exhibit little or no excess in IRAC bands but
have 24 "m emission similar to that of optically thick disks. This
indicates a removal of small dust particles in the inner disks,
but not depletion or removal in the outer disk. In the next rows,
the stars SO 818, SO 1267, SO 908, SO 1156, SO 540, and
SO 1266 show somewhat weaker IRAC excesses. The stars
SO 73, SO 927, SO 1154, SO 1153, SO 457, and SO 668 show
larger infrared excesses than the optically thick median, which
might indicate more highly flared disk structure (D’Alessio
et al. 2006; Dullemond & Dominik 2005), edge-on disks, or a
contribution from an envelope. SO 927 has strong emission in
H# (Weaver & Babcock 2004). SO 1153 (V510 Ori; HH 444)
and SO 1154 (HH 445) are Herbig-Haro objects producing
collimated outflows (Andrews et al. 2004). Finally, SO 457
has been identified by Oliveira & van Loon (2004) as a class I
object.

TABLE 5

Median SEDs and Quartiles of Non-excess Stars

Wavelength

("m)

Median

log kFk /1:24FJð Þ Upper Lower Stars Used

0.44................. %1.360 %1.206 %1.550 60

0.55................. %0.863 %0.610 %1.166 116

0.64................. %0.597 %0.400 %0.870 128

0.79................. %0.204 %0.144 %0.324 97

1.235............... 0 0 0 137

1.662............... %0.057 %0.037 %0.073 137

2.159............... %0.257 %0.241 %0.273 137

3.6................... %0.748 %0.733 %0.777 137

4.5................... %1.038 %1.007 %1.083 137

5.8................... %1.306 %1.278 %1.348 137

8.0................... %1.693 %1.660 %1.723 137

24.................... %3.259 %3.198 %3.431 42a

a Includes stars in the mass range of IMTTSs and HAeBe stars.

Fig. 14.—Fraction of stars with near-infrared disk emission as a function of
the age of the stellar group. Open circles represent the disk frequency for stars in
the TTS mass range, derived using JHKL observations: NGC 2024, Trapezium,
NGC 2264, and NGC 2362 fromHaisch et al. (2001), Chamaleon I fromGómez
& Kenyon (2001), and the OB1a and OB1b subassociations from Hernández
et al. (2005). Filled symbols represent the disk frequency calculated for stars in
the TTSmass range using IRAC data: Taurus (Hartmann et al. 2005), NGC 7129
(Gutermuth et al. 2004), IC 348 (Lada et al. 2006), Tr 37 and NGC 7160 (Sicilia-
Aguilar et al. 2006), Upper Scorpius (Carpenter et al. 2006), $ Chameleonis
(Megeath et al. 2005a), and the ! Ori cluster (this work).

Fig. 15.—IRAC SED slope distribution for young stellar groups with dif-
fering ages. Fractions of disk-bearing stars and stellar ages are included in each
panel: Taurus (Hartmann et al. 2005), IC 348 (Lada et al. 2006), ! Ori (this
work), and Tr 37 (Sicilia-Aguilar et al. 2006). The median of the # slope and its
quartiles for disk-bearing stars in each stellar group are indicated with arrows
and error bars, respectively.

SPITZER STUDY OF DISKS IN ! ORI CLUSTER 1077No. 2, 2007

Hernandez et al. 2007
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Figure 1. SMA aperture synthesis maps of the 880 µm continuum emission from this sample of transition disks. Each panel is 2.′′7 on
a side (offsets are referenced to the disk centers listed in Table 1; see §2) and contains a 50AU projected scale bar in the lower right for
reference. Contours are drawn at 3σ intervals, and the synthesized beam dimensions are marked in the lower left corner (RMS noise levels
and beam dimensions are provided in Table 2). The inset images for the DM Tau and WSB 60 disks were synthesized with higher angular
resolution, and are shown to scale.

coverage across the sample, a range of visibility weight-
ing schemes were adopted to make the maps: the typ-
ical Briggs robust parameter values were 0-1, although
in some cases uniform (DM Tau, WSB 60) or natural
(SAO 206462) weighting schemes were used. The syn-
thesized beam sizes are marked in the lower left of each
panel and a projected 50AU scale bar is shown on the
lower right. The disks located at southern declinations
have elongated synthesized beams because their low ob-
serving elevations prevent sufficient long-baseline Fourier
sampling in one dimension. The same is true for some
northern sources that were scheduled for only a partial
observing track (e.g., DM Tau). The image statistics are
summarized in Table 2, including the total integrated
flux densities, the flux densities recovered in the syn-
thesized images in Figure 1 (note that 1 − Frec/Ftot in-
dicates how much emission is spatially filtered for the
adopted visibility weighting scheme), peak fluxes, noise
levels, and beam dimensions. Each target exhibits the
continuum morphology expected for a resolved emission
“ring”, with substantially reduced intensities near the
stellar position. For intermediate viewing inclinations
(or elongated synthesized beams), these limb-brightened

rings display a distinctive double-peaked structure on ei-
ther side of the stellar position. While that peak-to-peak
separation offers a preliminary indication of the inner
ring radius, more detailed modeling is required to accu-
rately infer the disk structures.
With these unique 880µm emission morphologies,

defining a disk center that can be used as a reference
in such modeling can be problematic. Emission from the
stellar photosphere is well below our detection limits at
these long wavelengths, so there is no point-like reference
in the data. We made an initial estimate of the disk cen-
ters based on the optical/near-infrared stellar positions,
corrected for any known proper motion (Perryman et al.
1997; Høg et al. 1998; Cutri et al. 2003; Ducourant et al.
2005). Aside from the multiple systems UX Tau and
SR 24 (for which proper motion estimates are particu-
larly uncertain), those positions were near the apparent
emission centers in the synthesized 880µm images and
well within the absolute SMA astrometric uncertainties
(∼0.′′1). Those positions were then refined using a grid
search that minimized the imaginary component of the
visibilities (i.e., the position for which the RMS of the de-
viations from zero imaginary flux was smallest). In prin-
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K. M. Maaskant et al.: Identifying gaps in flaring Herbig Ae/Be disks using spatially resolved mid-infrared imaging

however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.600 (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >⇠50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are di↵erent. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ⇠200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing e↵ects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.

7.3. Consequences for the evolutionary link between group I
and group II

While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both e↵ects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.

gr

gr

Fig. 11. Sketch of an evolutionary scenario for disk evolution in Herbig
Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the di↵erent evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant di↵erence between group I (red dots and orange
triangles, F30/F13.5 >⇠ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >⇠ 5.1), as expected for a disk with a large gap and a
vertical wall of T ⇠ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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A. Matter et al.: MIDI view on HD139 614
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Fig. 5.Maps of the reduced χ2 combining the SED and the visibility (χ2r tot). Here, we represent ∆χ2r = χ2r −χ2r,min with respect to the free parameters
of the two-component disk model as a result of the wide scan (see Table 4). These maps are shown for the high-density case. For each pair of
parameters, the ∆χ2r shown is the lowest value of all combinations of other parameters. The white areas correspond to ∆χ2r > 4.

Outer disk inner rim

Outer disk inwardly 
truncated at 5.6 AU

Extended inner component (0.2-2.3 AU)

HD 139614
Outer disk 

Fig. 6. Schematic view of our best-fit two-component disk model, which includes a spatially extended and optically thin inner component, a gap,
and an outer disk.

ing as part of the accretion process. However, this is unlikely
to be dominant given the low accretion rate of 10−8M⊙ /yr
inferred for HD 139 614 (Garcia Lopez et al. 2006) and its
pre-transitional status.

– emission from gas species, such as hot water or CO2.
Assuming LTE opacities, Muzerolle et al. (2004) computed

the emission of purely gaseous disks around Herbig Ae stars.
For typical accretion rates (≈ 10−7M⊙ /yr), implying high
gas surface density in the inner region (≈ 103 g/cm2), the
near-infrared emission appears to be strong enough to repro-
duce the observations. However, the age and pre-transitional
status of HD 139 614 are not in favor of an optically thick

11

B. Acke et al.: Flaring and shadowing in Herbig Ae/Be disks. 3

Fig. 2. Left panels: (a) The clear anti-correlation between the 7-µm excess and the Spitzer [30/13.5] flux ratio. Meeus group I and
II sources are resp. black and red dots. Also shown are the best linear fits to the correlation for group I (black) and II (red line).
Group I: 1. HD31293, 2. HD34282, 3. HD36112, 4. RR Tau, 5. HD38120, 6. HD250550, 7. HD97048, 8. HD100453, 9. SS73
44, 10. HD135344B, 11. HD139614, 12. HD142527, 13. HD169142, Group II: 14. HD31648, 15. HD35187, 16. HD244604, 17.
HD37258, 18. BF Ori, 19. HD37357, 20. HD37411, 21. HD37806, 22. HD72106S, 23. HD85567, 24. HD95881, 25. HD101412,
26. HD104237, 27. HD142666, 28. HD144432, 29. HD152404, 30. VV Ser, 31. WW Vul, 32. HD190073, 33. HD203024. (c) and
(e): Identical to panel (a) with all models included (dots). The stars refer to the observations. (c) The color of the dots refers to
the total disk mass in small dust grains: logm [M⊙] = −3 to −7 from red to blue. The models shift from upper right to lower left
with decreasing mass in small dust grains. (e) Colors refer to the inner disk scale height parameter Φ: yellow are the models in
hydrostatic equilibrium, green and blue refer to Φ equal to 2 and 3. The models shift from upper left to lower right with increasing
inner rim scale height. Right panels: (b) The [30/13.5] flux ratio as a function of the [13.5/7] ratio. A tight correlation between both
flux ratios is noted for group II. (d) and (f): Identical to panel (b) with models included (dots). The same plotting convention as in
the left panels is used. The models shift from upper left to lower right with decreasing mass in small dust grains (d) and from upper
right to lower left with increasing scale height (f).

study. Based on their 60 µm excess, roughly half would be clas-
sified as Meeus group I sources, the other half as group II.

Varying the inclination of the considered disk models only
has a minor influence on the 7-µm excess (variations of 0.2 mag)
and the IR flux ratios (25%). A spread in inclinations there-
fore cannot reproduce the range, location and correlations of the
observations in the diagrams. The locus of the models is pre-
dominantly determined by the mass in small dust grains (see

Fig. 2c,d). The higher the mass in small dust grains, the larger
the outer disk’s flaring angle becomes, and hence the redder the
model appears in the [30/13.5] flux ratio. However, the dust mass
cannot account for the correlation that is seen between the 7-µm
excess and the [30/13.5] flux ratio in both groups, and the corre-
lation between the [13.5/7] and [30/13.5] flux ratios in group II.

The power of the surface density law has a moderate in-
fluence on the location of the models in the diagrams: models

Meeus et al. 2001,Acke et al. 2009, Juhasz et al. 2010

Maaskant et al. 2013
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all low-/intermediate-mass pre-main-sequence stars have disks. An often used indicator of the
presence of a circumstellar disk, or at least of circumstellar material, is IR flux in excess of what
can possibly be explained by a stellar photosphere of a reasonable size. By studying the fraction
of stars with NIR excess flux in young clusters of ages from 0.5 to 5 million years, Haisch, Lada
& Lada (2001) established a clear trend: that the “disk fraction” decreases with age, or in other
words, that disks have a lifetime of a few million years.

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

νF
ν (

er
g 

s–1
 c

m
–2

)

λ (μm)

10–7

10–8

10–9
0.1 1.0 10.0 100.0

AB Aurigae

NIR bump

Stellar flux

Planck
curve
1600K

Figure 2
The spectral energy distribution of the Herbig Ae star AB Aurigae. Red is the measured emission. Blue is the
steller spectrum predicted with a Kurucz stellar atmosphere model. The excess of flux above the atmosphere
(the “IR excess”) is the thermal emission from the dust in the disk. The emission in the near-IR (NIR) clearly
has a bump-like structure and is often called the NIR bump. In green, a Planck curve at a temperature of
1,600 K is overplotted. The golden curve is the sum of the Planck curve and the stellar atmosphere.
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Magnetospheric
accretion

Accretion
shock

Dust-free inner
gas disk

Rounded off dust inner rim:
a dust chemical reactor

Weak shadow cast
by the dust rim (?)

Near-IR-emitting
surface of the
dust inner rim

Shadow cast
by the gas (?);

a possible “safe
haven” for dust

Optically
thick gas (?)

Figure 3
Pictographic representation of the inner disk region out to a few astronomical units. Shown are the
magnetospheric accretion depicted near the star, the dust-free gas disk in the middle, and the dust rim on the
right.

Goldreich model and thus obtained a complete description of the SEDs of Herbig Ae/Be stars in
terms of a simple irradiated disk model.

So if this simple model of the NIR bump is basically correct, then one may wonder why mainly
Herbig Ae/Be stars show such a huge bump while T Tauri stars are not known for displaying
such a conspicuous feature. Dullemond, Dominik & Natta (2001) argue that because the stellar
luminosity is at much longer wavelengths for T Tauri stars, a bump of this kind would be partly
“swamped” by the flux from the star, though a close look at the spectrum should still reveal such a
bump. On first sight, T Tauri star SEDs do not show such a strong bump. But through a careful
subtraction of the stellar spectrum, Muzerolle et al. (2003) show that T Tauri stars consistently
have such a NIR bump, though perhaps weaker in a relative sense than the Herbig stars. So in
that sense, T Tauri stars are no different from Herbig stars.

In spite of the early success of these models, there was no easy way of telling with just NIR
photometric data whether it was indeed the true nature of these objects. Indeed, much sim-
pler spherically symmetric envelope models, in which the dust was also removed inward of the
dust evaporation radius, could also fit the NIR bump and even in a number of cases the en-
tire SED (Pezzuto, Strafella & Lorenzetti 1997; Malfait, Bogaert & Waelkens 1998; Mirosh-
nichenko et al. 1999; Bouwman et al. 2000; Vinković et al. 2006). In fact, such models appear
to be more consistent with the lack of clear observed correlation between the NIR flux and
the disk inclination. For a simple perfectly vertical wall model of the rim such a correlation
is clearly expected, with little NIR flux observed at near face-on inclinations as illustrated in
Figure 4a,b, and discussed in more detail in Section 3.1. Perhaps the most clear counter-example
is AB Aurigae, which has a huge NIR bump (see Figure 2) but is known not to be very far from
face-on (e.g., Eisner et al. 2003; Corder, Eisner & Sargent 2005). Note, however, that AB Auri-
gae is an object that is still surrounded by a substantial amount of non-disk-related circumstellar
material, which may contribute to the NIR flux.

The key to distinguishing these models from each other is to spatially resolve the NIR disk
emission. Because the spatial scale we are talking about here is about 1 AU in diameter, which
means 7 mas at typical distances of Herbig Ae stars, no NIR telescope is even remotely able to
make spatially resolved images of these structures to tell which model is correct.
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Disk “rim” height determines outer disk 
irradiation (global energy balance);

Dust processing factory;

Sets the inner boundary to planetary 
formation (?);
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NIR size-luminosity diagram

100 102 104 106

Lstar + Laccretion (Lsolar)

10–2

10–1

100

101

102

Ri
ng

 ra
di

us
 (A

U
)

Disk with optically thin cavity (dust backwarming)
(Dullemond, Dominik & Natta 2001)

Disk with optically thin cavity (no backwarming)
(Monnier & Millan-Gabet 2002)
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(Hillenbrand et al. 1992)
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Figure 7
The size-luminosity diagram obtained from near-IR (NIR) interferometric measurements of T Tauri and
Herbig Ae stars. The observed NIR sizes can be compared against different disk models, including disks with
optically thin cavities and those that are optically thick but geometrically thin. The most realistic disk models
that include backwarming suggest dust evaporation temperatures are between 1,500 and 2,000 K. Adapted
from Millan-Gabet et al. 2007.

whereas (the very few measured) T Tauri disks seemed broadly comparable to the Herbig Ae
disks.

Following the first generation of measurements, larger samples of high-quality measurements
were collected using the longest baseline interferometers, especially the PTI and Keck Interfer-
ometers (Eisner et al. 2004, 2005; Akeson et al. 2005a,b; Monnier et al. 2005). A summary of these
data are reproduced in Figure 7 and allow a detailed examination of disk properties as a function
of luminosity beyond the earlier work. We see here that with reasonable assumptions about disk
backwarming (see Section 3.3), the inferred dust evaporation temperatures are typically between
1,500–2,000 K even when assuming gray dust; as we discuss in more detail below, these high
temperatures are somewhat problematic based on laboratory data of real grains. Note that most
of these measurements were only done along one position angle of the disk; due to projection
effects, the true inner radius might be somewhat larger.

Another key result from the size-luminosity diagram is a definite departure from the Rrim ∝ L1/2
∗

scaling law for some (but not all!) of the brightest sources in the sample, the Herbig B0–B3 stars:
For these sources, the measured radii are smaller than the trend of the rest of the sample (see
Figure 7). In other words, they are undersized. Apparently, the nature of the dust inner rim and/or
the gas inward of the dust rim changes for these very luminous sources. Monnier & Millan-Gabet
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Decoding interferometry data
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Figure 5
Single-baseline IR interferometers have revolutionized our understanding of the inner disk of young stellar
objects (YSOs) by measuring the size scale and morphology of the dust and gas at the inner edge within
1 AU of the central star. In this figure, we present a primer on how to decode interferometry data as typically
presented in observational papers. The interferometer measures the object’s “visibility” as a function of the
telescopes separation (“baseline”), with longer baselines probing finer angular scales. Here we show two
simple examples of inner disks, a “sharp rim” model and a “fuzzy rim” model—the intensity images are
shown as well. Using arrows and labels, we show how measurements at different baselines can be used to
directly constrain the size of the disk, the sharpness of the rim, and the fraction of light coming from the star
and disk. By combining multiwavelength measurements from multiple interferometers such as VLTI, Keck,
and CHARA, we can now span a wide range of spatial scales necessary to unmask the true nature and
morphology of the inner regions of YSO disks. New instruments are being developed to allow true imaging
within the next few years.

Herbig Ae disks conducted by Millan-Gabet, Schloerb & Traub (2001)]. At that time, before the
theoretical advances of the hot inner dust rim, the large measured sizes were seen to support the
spherical envelopes models (e.g., Miroshnichenko et al. 1999), which had the feature of a large,
optically thin inner cavity. Also, detailed measurements of AB Aurigae showed little size variation
with position angle, consistent with a spherical geometry.

However, for two bright Herbig Be stars direct evidence for disk-like (i.e., nonspherical) ge-
ometry was obtained using a variant of IR interferometry called “aperture masking.” The aperture
masking technique uses a single telescope, in this case the Keck telescope (Tuthill et al. 2000),
and puts a mask in the optical beam to allow light from only a partial set of subapertures to
interfere at the camera focal plane. This masking mimics a set of small telescopes observing simul-
taneously as a miniature interferometer. Because the aperture mask can contain relatively many
subapertures, this technique allows for a true image reconstruction, in contrast to “long baseline”
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L152 MALBET ET AL. Vol. 507

Fig. 4.—Accretion disk model: the left panel displays the SED from the literature data (circles) of the accretion disk model (dashed line), the star (dotted line),
and the whole system (solid line), the middle panel displays the synthetic image of the accretion disk at 2.2 mm, and the right panel displays the visibility curves
of the accretion disk model for the x- and y-directions (solid line and dashed line, respectively). The result of our PTI observation of FU Ori is placed on the
figure with its error bars.

2 to 2 ), depending on the geometrical arrangement of the1 3
2 4

dust and heating source (Friedjung 1985). The temperature of
dust 2 AU from this L, object, i.e., at the minimumL ª 500
physical distance resolved by these observations, is ª750 K;
at the 17 AU radius of the halo suggested by the speckle results,
it is ª310 K. Hot material close to the star would emit strongly
at 2.2 mm and with an optical depth roughly 5 times greater
than the scattering optical depth (Draine & Lee 1984). The
ratio of emitted light to scattered light is roughly

B [T (r)]n gr ,22qB (T )(r/R)n eff

where q is the albedo (ª0.2; Draine & Lee 1984), r is the
distance to the center, and R and are the equivalent radiusTeff
and effective temperature of the central source, respectively.
With R, and K, the ratio is muchR 5 4 T 5 6000–8000eff
larger than 1 at 2 AU and much smaller than 1 at 17 AU.
While a detailed radiative transfer model must be used to assess
the relative importance of scattering and thermal emission, we
regard thermal emission as likely to be dominant if the radius
of the putative dust halo is much smaller than ª10 AU, whereas
scattering will be important if the radius is much larger.
Accretion disk model.—Following MB95, thermal emission

from an accretion disk of the type proposed by HK85 and
KHH88 is expected to be resolved in the PTI data, with ap-
proximately the observed fringe visibility. We computed a disk
model with a surface temperature distribution proportional to

in order to fit the observed SED.8 The model implies an23/4r
accretion rate of M, yr21 for a 1 M, star, an25Ṁ ª 6# 10

mag, and an inclination angle of . The resultingCA ª 1 i ª 30V

synthetic image at 2.2 mm is displayed in Figure 4 (middle
panel), together with the predicted visibility curves for the
major and minor axes (right panel). Our interferometric data
are in very good agreement with the accretion disk model.
However, the precision of the individual visibility measure-
ments is inadequate to constrain the position angle for the disk.

5. CONCLUSIONS

We have resolved a young stellar object for the first time
using long-baseline interferometry in the near-infrared, achiev-
ing a projected spatial resolution of 2 AU using the Palomar
Testbed Interferometer. Although the single visibility measure-
ment presented here can offer only limited constraints on ex-
isting astrophysical models, it is reassuringly consistent with
the accretion disk that was inferred from earlier spectral and
spectrophotometric data. More sensitive multiaperture infrared
interferometers like the Keck interferometer and the Very Large
Telescope Interferometer, which are now under construction,
will soon enable more robust studies by producing true images
of the disks of FU Orionis stars with ª2 AU resolution and
even more detailed images of the disks of less luminous
T Tauri stars.

8 The photometry data are from Allen (1973), Glass & Penston (1974),
KHH88, and the IRAS.
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Visibility curve for MWC275
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Fig. 5.— MWC275 visibility vs ‘Effective Baseline’. Effective Baselines are useful in pre-
senting data along multiple uv vectors in a concise manner (under the assumption of axial

symmetry). The NIR size deduced from the Keck Interferometer data (triangles) is ∼20%
larger than the size obtained with the CHARA data. This variability of MWC275 is discussed

in §4.1.2
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A survey of Herbig AeBe 
stars

ESO Large Program 
090C-0963(PI: Berger)
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VLTIAperture synthesis at VLTI is now 
operational
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VLTIThe SAMPLE
PIONIER: 4 telescopes H band combiner small spectral 
resolution (3), no spectral R in faintest case

Sample: Hillenbrand et al. (1992), Thé et al. (1994), 
Malfait et al. (1998) from B0 to G

VLTI: 3 configurations small-medium-large

30 nights awarded and used

dec (small) - jan (large) - feb (medium)

jun-jul 

55 targets surveyed (with additional OI)
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VLTI“Structured” non zero closure 
phase signal
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Data analysis strategy

Model fitting of all visibility and closure 
phase curves.

Underlying model: a smooth 
sublimation transition with azimutal 
modulation

Image reconstruction of the best uv 
coverage data.

Detailed radiative transfer modelling of 
best observed targets
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Results : HD45677

 The sublimation ring of HD45677
 B. Lazareff, W.F. Thi, J.P. Berger, J.B. Le Bouquin, M. Benisty, et al
 Parametric image of star and circumstellar dust
 Radius (9.5mas) and temperature (1300K) of emitting ring consistent with inner 

rim @ sublimation radius
 Still at issue: full RT model
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Preliminary analysis
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Outliers ...
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VLTIDust/Star differential spectral 
index
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At least two near infrared emitters
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Malfait et al. 1998
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Chromatic response explained (?)
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The inner disk of HD 100546
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Fig. 7: Schematic view of the disk model with the three di↵erent regions : an inner tenuous disk, a gap, a massive outer disk with
small grains in an upper layer. Adapted from Benisty et al. (2010b).

Fig. 8: Results of the HD 100546 model of (Tatulli et al., 2011). Left panel : the 60 inner AU of the MCFOST simulated image.
The flux is expressed in W.m2 on a logarithmic scale. Middle : Visibility profile of the model (orange dots) with a corresponding
polynomial piecewise interpolation of the scatter (orange curve). The PIONIER visibility data of HD 100 546 are overplotted (black
dots). Right: Spectral energy distribution generated by the model (black curve), with the contribution of the photosphere (gray
dotted line), superposed to the photometric and spectroscopic data of HD 100 546. Photometric data used by Benisty et al. (2010a)
are shown as black dots. The FUSE spectrum is plotted with red dots, the IUE spectrum with blue dots, the archival ISO data
are plotted with cyan dots for ISO-PHOT, green dots for ISO-SWS, and magenta dots for ISO-LWS. The IRAS-LRS data are
represented by yellow dots.

Table 1: Parameters of best models of Tatulli et al. (2011)

inner disk surface layer outerdisk
Mdust [M ] 1.75e-10 3e-7 4.3e-4
Rin [AU] 0.24 13 13
Rout [AU] 4 50 500
H100AU [AU] 6 12 12
� 1 0.5 1.125
q -1 -1 -1
amin [µm] 0.1 0.05 1
amax [µm] 5 1 10000

4.1.1. The Inner Disk

Given the resolution and field of view corresponding to our ob-
servations, we expect our data to probe the innermost AU of the
circumstellar environment of HD 100 546. In our model, it is de-
scribed as a tenuous inner disk. We examine to what extent the
geometry and the composition of the inner disk should a↵ect PI-
ONIER observations.

Inner Radius. On Figure 9 (top left), we compare di↵erent
simulations with di↵erent locations of the inner radius between

0.2 AU and 0.33 AU. For simplicity, we only keep the interpo-
lation of the scatter of points computed over the (u,v) plan (col-
ored curves) in all that follows. The rest of the parameters are
the same as the set adopted by Tatulli et al. (2011), except for
the scale height H100 AU of the outer disk raised from 12 AU to
16 AU to better match the shortest baselines (see Section 4.1.2).
The data are again overplotted as black circles.

We note that the smaller the inner radius is the larger is the
baseline at which the visibility reaches its first minimum. For the
largest inner radius simulated, Rin 0.33 AU, there is a quick
bounce in the visibility, whereas in the cases Rin 0.24 AU,
the visibility seems to reach a plateau over about 20 M� when it
reaches the minimum.

As the spatial resolution limit of the data is about 0.28 AU,
right in this range of radii, this di↵erence of behavior is not sur-
prising. The visibility is related to the ratio of unresolved flux.
For the longest baselines, the unresolved flux corresponds to the
stellar flux. Therefore, if the visibility plateau at long baseline is
lower for the smallest inner radius, it means that the stellar con-
tribution to the NIR emission is smaller in this case. Certainly it
is in fact that the inner rim, marginally resolved, is brighter as
it lies closer to the star, so the stellar contribution is relatively
smaller.

Article number, page 10 of 18
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Marylou Gabrié and Jean-Philippe Berger as supervisor: Probing planet formation regions with optical interferometry

Fig. 9: Influence of the properties of the inner disk on the visibility profile. On the four panels the data are shown as black dots with
the error bars, and the results of the simulations as the interpolation of the scatter of points computed. On top left, we show the
results of similar simulations with varying inner radius of the inner disk (see paragraph Inner Radius.). On top right, all parameters
are kept equal expect for the scale height of the inner disk (see paragraph Scale Height.). Similarly, on bottom right and left the edge
parameters and the minimum grain size respectively are tested (see paragraphs A Sharp or Smooth Rim. and Dust Grains Size.).

Thus, we expect our data to be highly sensible to the position
of the inner rim and provide strong constraints on this parameter.

Scale Height. On the top right panel of Figure 9 we explore
the influence of the geometric thickness of the inner disk. Here
again, the simulations correspond to a set of parameters sim-
ilar to the set adopted by Tatulli et al. (2011), apart from the
scale height H100 AU of the outer disk raised to 16 AU. It appears
that the visibilities at the longest baselines are substantially af-
fected by the scale height of the inner disk. It is all the more
striking if we compute the actual variation of thickness at the
inner rim between the di↵erent simulations. The flaring expo-
nent � of the inner disk is equal to 1, so a height of 10 AU at
100 AU corresponds to a height of 0.024 AU at Rin 0.24 AU.
Similarly for H100 AU 3 AU, h Rin 7.2 10 3 AU and for
H100 AU 2 AU, h Rin 4.8 10 3 AU.

Given this scale height is roughly proportional to the frac-
tion of the sky seen by the star covered by the rim, it in turn
determines for a great part the strength of the NIR emission (see
Appendix Section A.1). Thus, the surface brightness profile of
the innermost regions, probed by the longest baselines covered

in our sample, greatly depends on H100 AU, which is reflected in
the visibilities at long baselines.

Modifying the value of the scale height of the inner rim in
the original model of Tatulli et al. (2011) (see Figure 8) seems to
be a key element to match the PIONIER data. Below we propose
an adjusted set of parameters in which we lowered H100 AU from
6 to 2.5 AU for the inner disk. This di↵erence is explained either
by the variability of the NIR emission of the young stellar objects
(Sitko et al., 2008), or by the quality of the AMBER data used
by Tatulli et al. (2011), as mentioned before.

Dust Grains Size. Micron-sized grains are good scatterers at
the wavelengths used by PIONIER since their sizes are of the
order of near-infrared wavelengths. Yet as we approach the res-
onance peak, at a 2⇡� 1, the particles albedo may vary con-
siderably with the size of the particles. Moreover, the cooling
e�ciency of the grains typically depends on their size so the
temperature at the inner rim and the thermal emission may as
well depend of on the dust composition. We test the influence
of the minimum size amin of grains allowed in the tenuous inner
disk.

Article number, page 11 of 18
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Fig. 10: Left pannel : Visibility at short baseline for di↵erent scale height of the disk wall (blue, green and orange circles) and
two inclinations of the disk (plain circles for i=42 and empty circles for i=53 ). Observations of HD 100 546 are plotted as black
crosses. Middle and right pannel : MCFOST image at � 1.675µm for i=42 and i=53 respectively, with flux in W.m 2 in
logarithmic scale.

Fig. 11: Results of the re-adjusted model corresponding to the set of parameters listed in Table 2. Top: Modelled visibility profiles
(colored scatter and line for the interpolation) superposed to the PIONIER data (black scatter and line for the interpolation) for the
three spectral channels. Bottom left : Modelled closure phases (red crosses) superposed to the PIONER data (black dots) as functions
of the longest baseline in the telescopes triangle. Bottom right : Modelled spectral energy distribution (black curve) compared with
photometric data of HD 100 546 (same colors than in Figure 8). The model adequately matches the data. The MIR flux is slightly
overestimated by the model. The NIR flux fits the ISO-SWS spectrum and not the photometry, provided the young stellar objects
have a highly variable NIR emission (Sitko et al., 2008) a simultaneous measurement of the photometry with the interferometric
data would actually be necessary if a precise fit is desired.

sure phases we choose to plot them as a function of the longest
baseline in the triplet.

It is striking that our model fails at reproducing the closure
phases observed (Figure 11, bottom left). While the observations
feature closure phases of amplitudes up to 15 (black dots), the
model generates non-zero closure phases smaller than 1 (red
crosses). In particular, the observed closure phases significantly
di↵er from zero for the longest baselines longer than 100 m.

The closure phases indicate deviation from point-symmetry.
Thus, we examined whether o↵-centering the star within the op-
tically thin inner cavity could generate closure phases similar to
the observations. Although MCFOST can carry out a simulation
with an o↵-setted star, for simplicity, we move the star numeri-
cally in the original point-symmetric image simulated. The vis-
ibilities and the closure phases are then recomputed from this
new image.

Article number, page 13 of 18
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Fig. 10: Left pannel : Visibility at short baseline for di↵erent scale height of the disk wall (blue, green and orange circles) and
two inclinations of the disk (plain circles for i=42 and empty circles for i=53 ). Observations of HD 100 546 are plotted as black
crosses. Middle and right pannel : MCFOST image at � 1.675µm for i=42 and i=53 respectively, with flux in W.m 2 in
logarithmic scale.

Fig. 11: Results of the re-adjusted model corresponding to the set of parameters listed in Table 2. Top: Modelled visibility profiles
(colored scatter and line for the interpolation) superposed to the PIONIER data (black scatter and line for the interpolation) for the
three spectral channels. Bottom left : Modelled closure phases (red crosses) superposed to the PIONER data (black dots) as functions
of the longest baseline in the telescopes triangle. Bottom right : Modelled spectral energy distribution (black curve) compared with
photometric data of HD 100 546 (same colors than in Figure 8). The model adequately matches the data. The MIR flux is slightly
overestimated by the model. The NIR flux fits the ISO-SWS spectrum and not the photometry, provided the young stellar objects
have a highly variable NIR emission (Sitko et al., 2008) a simultaneous measurement of the photometry with the interferometric
data would actually be necessary if a precise fit is desired.

sure phases we choose to plot them as a function of the longest
baseline in the triplet.

It is striking that our model fails at reproducing the closure
phases observed (Figure 11, bottom left). While the observations
feature closure phases of amplitudes up to 15 (black dots), the
model generates non-zero closure phases smaller than 1 (red
crosses). In particular, the observed closure phases significantly
di↵er from zero for the longest baselines longer than 100 m.

The closure phases indicate deviation from point-symmetry.
Thus, we examined whether o↵-centering the star within the op-
tically thin inner cavity could generate closure phases similar to
the observations. Although MCFOST can carry out a simulation
with an o↵-setted star, for simplicity, we move the star numeri-
cally in the original point-symmetric image simulated. The vis-
ibilities and the closure phases are then recomputed from this
new image.

Article number, page 13 of 18
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Group I sources
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Kluska et al. in 
submitted
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Using archival photometry but  variability 
forces photometry program (REM and SAAO)
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A large fraction of the sample is spatially resolved
7 candidate binaries out of 52 
Inner rim smooth except for some high massive 
stars (wind?)
Image reconstruction is possible but requires good 
photometric knowledge. Same for visibility fitting. 
Reconstruction reveals inner rim but also the 
absence of it ?
Evidence for unresolved non-stellar component
Evidence for extended flux. Relation with inner rim 
of outer disk component (group I vs group II)
Are we seeing symmetric component (i.e 
inclination independent)
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Isella 2005
Kama 2009 Thi 2011
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Fig. 5.— Synthetic images of the central region of the dusty Herbig disk with (left to right) no

magnetic support, magnetic support throughout, and a magnetically-supported bump. The field

of view is 2.5 AU wide and the system is inclined 60� from face-on. The star is shown to scale at

the center of each panel’s left edge. The blue, green and red channels in each image correspond

to wavelengths 1.25, 1.6 and 2.2 µm or J, H and K bands, respectively. A shared logarithmic

intensity scale is used in all three panels.

8.2. Is the System Bright Enough at Near-Infrared Wavelengths?

We wish to know whether the magnetic support increases the near-infrared excess

enough to account for the observed SEDs. From the three spectral energy distributions

in the first panel of figure 7, we see that all the dust-depleted models are too faint at wave-

lengths 2–4 µm by factors of two or more relative to the median Herbig system. Similar

problems a✏ict the hydrostatic models that are dusty throughout, as well as those that

are dusty only in a central ring (blue curves in second and third panels). By contrast, the

versions with magnetic support lie close to the median SED at near-infrared wavelengths

(green and red curves). Considering all nine models together, we see that four exceed the

median observed near-infrared excess. All four have, just outside the sublimation radius,

both a magnetized atmosphere and a near-interstellar dust-to-gas mass ratio. The key to

reprocessing the extra starlight is a su�cient column of dust in the atmosphere, so lower

dust-to-gas ratios would allow a similar outcome if the disk contained more gas than our

chosen model (figure 1). With enough dust present, the magnetic support readily accounts

for the excess that is missing from hydrostatic models.

Turner et al. 2013
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Do we see a dependance of parameters with 
spectral type ?
Can we constraint physical mechanisms 
controlling disk evolution;
Can we link inner rim emission with accretion/
wind activity ?
What is the origin of inner disk emission ?
Can we relate inner properties with outer (e.g the 
group category and flaring)
Tight integration with ALMA disk studies


