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van Boekel et al., Nature, 2004

VLTI-MIDI observation of 3 Herbig 
Ae stars (van Boekel et al., 2004):

•Different shapes of the spectra ⇒ 
difference in dust composition

•Dust in the inner disk is highly 
crystallized (even before any planet 
formation). 

1-2 AU 2-20 AU
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observations), provided that a reservoir of crystalline material is
present in the innermost disk regions. Our data prove that this
reservoir exists.

Secondary processing of dust in large parent bodies produces
hydrous silicates by means of aqueous alteration. Studies of meteor-
ites have shown that the fine-grained matrix material of chondrites
often consists of hydrous silicates16. However, we can exclude the
possibility that the grains in our sources are predominantly hydro-
silicates, because these show a fairly sharp peak near 10 mm, as seen
in interplanetary dust particles (IDPs) rich in hydrosilicates17. We
conclude that aqueous alteration, followed by parent-body destruc-
tion, has not yet resulted in the production of a large abundance of
small hydrosilicate grains in HD 142527. Therefore, parent-body
processing can be excluded as themain source of crystalline silicates.

Figure 3 shows a remarkable similarity between the inner-disk
spectra of our objects and those of Solar System comets, suggesting
that the composition of the dust is also comparable. Therefore, the
building blocks of comets in our Solar System have been processed
in a similar way and to the same degree as in the inner disks of our
programme stars. This is surprising, because comets formed in the
icy regions of the solar nebula, further than 5 AU from the Sun.
Cometary crystalline silicates are Mg-rich18. Chemical-equilibrium
models indeed predict the formation of Mg-rich crystalline silicates
at very high temperatures11. Measurements of the composition of

crystalline silicates that form in the outflows of red giants19 support
such chemical models. In addition, crystalline silicates found in
fluffy, chondritic IDPs have a whisker or platelet morphology and
internal crystallographic defects, indicative of gas-phase conden-
sation5. This latter process is unlikely to occur in the outer regions of
proto-planetary disks, but is expected to be important in the
innermost regions. The most natural explanation for the presence
of thesematerials in comets therefore seems to be transport by radial
mixing from the rich reservoir of processed, Mg-rich crystalline
silicate grains in the inner disk. Furthermore, radial-mixing models
can account for the presence of cold crystalline silicates in the outer
(. 20 AU) regions of some proto-planetary disks10,20 as well as the
occurrence of large (10–20mm) FeS crystals in IDPs of cometary
origin5.
It has been suggested that the degree of crystallinity of proto-

planetary disks slowly increases with time after the accretion of
matter on the star has stopped21. This evidence is based on the lack
of crystalline silicates in infrared spectra of embedded young stars in
the active phase, which are still accreting gas and dust from an
interstellar cloud22. In contrast, passive proto-planetary disks
around optically visible stars that are no longer accreting matter
can show strong crystalline silicate emission20. The star with the
highest abundance of crystalline silicates in our sample, HD 142527,
is also the youngest one, with an age of approximately 1 million
years (R.v.B. et al., manuscript in preparation). Our observations
thus imply that crystallization of almost the entire inner disk and a
substantial part of the outer disk must have occurred very early in
the evolution of the disk. Because dust processing—both radial
mixing and shock processing—is more efficient during the active-
disk phase, our observations provide strong evidence that crystal-
lization occurred in the active-disk phase. The formation of the
planets and asteroids in the inner Solar System is believed to have
occurred on a much longer timescale23, during the passive disk
phase. Therefore, our observations indicate that, as was the case in
the early Solar System16, the silicate dust in the inner regions of
proto-planetary disks is highly crystalline before planet formation
occurs. A
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Figure 3 A comparison between the spectral shapes of various astronomical objects (left
column) with those of the inner- and outer-disk regions of our three Herbig Ae stars (right

column). In the first row, we compare the silicate feature of the interstellar medium (ISM1)

with the outer-disk spectrum of HD 144432. The silicate grains in the ISM are small

(,0.1mm) and amorphous. This results in a spectrum that has a typical triangular shape,

peaking at 9.7 mm. The outer-disk spectrum of HD 144432 is very similar, although a very

weak shoulder at 11.3 mm can be seen, indicating the presence of small amounts of

processed material. In the second to the last rows, we compare the inner-disk spectra of

our three Herbig stars with three Solar System comets2,18. The shapes of these spectra are

very different from that of the ISM, indicating a higher degree of crystallinity, and on

average larger dust grains. Grain growth makes the silicate emission band broader.

Crystalline silicates have several bands in the 8–13-mm spectral region, the strongest of

which is at 11.3 mm. Modest crystallinity causes the silicate feature to have rather sharp

shoulders around 9.5 and 11.5mm, whereas in highly crystalline sources the crystalline

silicates show prominent peaks (see Hale Bopp and HD 142527). The spectra are shown

here in order of increasing crystallinity from top to bottom.
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van Boekel et al., Nature, 2004

VLTI-MIDI observation of 
3 Herbig Ae stars (van 
Boekel et al., 2004):

•Inner disk: Broadening 
indicates dust grain growth 
and similarity to comets of the 
Solar System.

•Different crystalline 
“species” in the outer and 
inner disk

•More crystallized silicates in 
the inner disks (mostly 
olivine)
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DG Tau

Rodríguez et al., 2011

POSSII

• T Tauri type young star (∼106 
yrs)

• distance: ∼140 pc

• ∼1.3 LSun

• ∼0.7 mSun

• Spectral type: K5V

N

E
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DG Tau

• Spitzer observations(5.2-14.5μm) 
show variable silicate emission

• Scenarios: short timescale -> 
exclude variability in the dusty 
envelope 
• inner disk’s rim cast a shadow
• cooler dust gets above the disk 

via turbulent mixing or via disk 
winds

No. 1, 2009 10 µm SILICATE VARIABILITY IN TTS L171

Figure 3. All epochs of spectra acquired for both DG Tau and XZ Tau with Spitzer IRS. In each case, the silicate feature represents a different compositional signature.
The silicate feature for DG Tau appears strongly peaked near 11.3 µm the location of crystalline forsterite emission, while the very smooth silicate feature of XZ Tau
peaks at shorter wavelengths and lacks this notable crystalline emission. Therefore, by inspection and the previously used crystalline indices, the silicate dust grain
populations are characterized by an abundance of crystalline dust grains in the disk of DG Tau and amorphous grains for XZ Tau. Note that the absolute flux error bars
show that the small variations are not likely to be real, which rule out week-long silicate variability in these observations.

evidence of emission from crystalline forsterite at 11.3 µm, a
common signature of sources determined to possess relatively
high abundances of crystalline grains (Forrest et al. 2004;
Kessler-Silacci et al. 2006; Sargent et al. 2009). The silicate
emission feature for DG Tau appears dominated by crystalline
forsterite in all epochs of observations presented here.6 Detailed
modeling of the silicate feature is required to extract the
crystalline-to-amorphous ratio and will be presented in J. M.
Leisenring et al. (2010, in preparation).

In Figure 4, the silicate flux appears to be marginally
correlated with the [6.0]–[13.5] color index for both DG Tau
and XZ Tau. However, such weak correlations do not provide
compelling evidence for a common physical mechanism that
is directly responsible for the variations in the silicate feature
and also for changes in continuum emission. We hope to
further inquire into this relation with (near-)simultaneous multi-
wavelength observations.

3.1. Preliminary Modeling

In addressing the evolutionary sequence previously proposed
as an explanation for the amorphous and crystalline silicate
abundances, we adopted the two-temperature dust models (in-
cluding the same dust species and related opacities) of Sargent
et al. (2009; see Equation (1)) and performed compositional fits
to the 10 µm silicate feature at each phase of modulation for DG
Tau and XZ Tau. The models returned statistically significant
fits only for the epochs possessing maximum silicate emission
(DG Tau: JD 2453653 and 2453659; XZ Tau: JD 2454026 and
2454031). Therefore, the models were unable to provide a reli-
able fit to the silicate feature when the emission was diminished
or self-absorbed. The failure of this simple method led us to
develop a two-temperature two-slab model of the dust emission
from the surface of the disk. In order to produce the observed
variations of the silicate feature, the top, intervening layer was
assumed to be cooler than that of the lower, emitting region. This
two-slab model confidently fits all epochs of the silicate emis-
sion features for both sources, especially when both slabs pos-
sessed dust grains with similar compositions. The results of this

6 Watson et al. (2009) were unable to confidently extract a meaningful
crystalline index from a single-epoch observation for this source.

Figure 4. Silicate flux plotted vs. the [6.0]–[13.5] color for both DG Tau and
XZ Tau. We obtain respective Pearson correlation coefficients between these
two parameters of 0.61 and 0.66 for DG Tau and XZ Tau. The probabilities that
these correlations could have been produced from a random distribution (see,
for example, Taylor 1997) are 8.1% and 5.3%, respectively. Thus, we find only a
weak correlation between the strength of the silicate feature and the continuum
flux.

model7 suggest that the observed variability can be explained
by an intervening population of similarly composed cooler dust
grains. Therefore, the variations observed in the silicate feature
do not necessarily indicate a change in the composition of the
emitting grains. The introduction of an absorbing column of
dust grains explains the inability of previous silicate decompo-
sition models to fit silicate emission features in DG Tau and
other similar sources (Sargent et al. 2009; Watson et al. 2009).

4. INTERVENING COOLER DUST GRAIN SCENARIOS

The timescales over which the variations occur strongly
suggest that the phenomena associated with intervening cooler
dust must occur on dynamical timescales consistent with the
motion of dust in the disk at radii less than or equal to 1 AU.
These short timescales rule out a clumpy dust envelope as the

7 The models and results will be detailed in J. M. Leisenring et al. (2010, in
preparation).

Bary et al., 2009

L170 BARY, LEISENRING, & SKRUTSKIE Vol. 706

Figure 1. Examples of the wavelength-dependent correction factors employed
to account for flux loss due to the target being offset from the center of the slit
by 0.′′5 (solid line) and 1.′′0 (dashed line). The blue portion and red portion of
the spectra correspond to Short-Low order 2 (5.2–7.7 µm) and 1 (7.4-14.5 µm),
respectively. The green portions of the spectra correspond to the bonus order
segment (7.3–8.7 µm). Error bars are based on a pointing accuracy of 0.′′2 (SSC
Helpdesk 2008, private communication) and represent the standard deviation
in the absolute flux corrections to the spectra and not errors in flux from one
wavelength resolution element to the next.

with widths of 0.8 µm and 1.0 µm, respectively, and the color
index ([6.0]–[13.5]; see Table 1).

3. RESULTS

Of the 11 sources included in our program, only DG Tau and
XZ Tau exhibit variability of the silicate complex over month-
and year-long timescales.5 In both systems, the silicate emission
feature is observed to weaken and strengthen over the three years
worth of observations, with the short wavelength portion near
9 µm in XZ Tau falling nearly to the level of the continuum.
The silicate variability in the spectrum of DG Tau has previously
been observed (Wooden et al. 2000; Woodward et al. 2004; Sitko
et al. 2008) and is confirmed by these observations, while the
variations in the spectra of XZ Tau are observed for the first
time.

Using the JD 2453069 observation of XZ Tau, Sargent et al.
(2009) determined that the silicate feature is dominated by
amorphous grains by fitting a two-temperature blackbody with
solid angle dependence and laboratory measured opacities for a
variety of dust grain sizes and compositions. By inspection of
the XZ Tau spectra (Figure 3), for all epochs, this source lacks

5 We note that the preliminary data analysis found evidence for short
day-to-day and week-long timescale variations (Leisenring et al. 2007).
However, once the correction factors for mispointings were applied, these
short timescale variations were no longer confidently detected.

Figure 2. Two epochs of spectra for both DG Tau and XZ Tau are the solid black lines in each panel. The smooth gray line represents the best third-order polynomial
fit to the short (5.2–6.4 µm) and long (13–14 µm) wavelength portions of the spectra. For comparison, the residual spectra (black dot-dashed lines) depict the shapes
and relative fluxes of the silicate features, clearly illustrating the large variability observed between these epochs of observations.
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DG Tau - VLTI/MIDI 
observations

• 2011.10.10

• UT1 - UT2: 33.4m, PA=30°

• UT1 - UT3: 75.4m, PA=45°

• 2011.12.13

• UT1 - UT2: 36.5m, PA=34°

• UT1 - UT3: 55.7m, PA=35°

• 2012.02.04/05

• UT1 - UT2: 45m, PA=40°

• UT1 - UT3: 83.9m, PA=46° 

• The obtained data products:

• Total spectrum: 8-13 μm

• Correlated spectrum
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DG Tau - MIDI prelim. results: total 
spectra
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DG Tau - MIDI prelim. results: total 
spectra
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DG Tau - MIDI prelim. results: 
continuum subtracted total spectra
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DG Tau - MIDI prelim. results: 
continuum subtracted total spectra
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shorter baseline
lower resolution

less compact component

longer baseline
better resolution

more compact component

U1 - U2

U1 - U3
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Summary

• Long wavelength (>10μm) comes from ∼3 AU sized disk

• Temporal variations on timescale of months observed 
with VLTI/MIDI in the total spectra (whole structure)

• change in the continuum and

• change in the silicate feature

• Silicate emission in total spectra, but absorption in 
correlated spectra -> absorption in the inner disk

• ?? Dredged-up material above the disk

• ?? Rim of the disk gets puffed up (and cast a shadow) - 
can be related to changes in the accretion rate
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