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Abstract:
Density waves in circumstellar disks are a key ingredient to explain mass transfer and disk secular evo-
lution, including planet formation. In this context, Be stars form an ideal laboratory to study the
general properties of disk instability and/or oscillations. We propose to use the unique capabilities of
AMBER+FINITO+UTs in its high spectral resolution mode to probe the kinematics and the structure
of the “one-armed” oscillation discovered in ζ Tau (and two other adequate Be stars).

Scientific Case:
Density waves are a key ingredient to explain mass transfer and secular evolution in circumstellar disks
(including planet formation). To study them, decretion disks around rapidly rotating Be stars are ideal
laboratory: (i) Their asymmetric double-peak profiles of Balmer emission lines (quantified with the V/R
ratio) have been interpreted as a consequence of a density perturbation traveling across the Keplerian
disk. (ii) They are known for long time, and long sequence of photometric, spectroscopic and polarimetric
data are available. (iii) They are just close enough to be spatially resolved by the most up-to-date
optical/near-IR interferometers like VLTI or CHARA.

Important progress in understanding the oscillation characteristic have already been done these last years
thanks to spatially resolved observations. Gies et al. (2007 ApJ 654) determined geometrically the size,
inclination and orientation of 4 northern Be-star disks by the mean of broad band (K’) observations at
the CHARA array. Latter, Meilland et al. (2007 A&A 464) detected an asymmetry in the disk of κ CMa
using the spectro-interferometric capabilities of AMBER at Medium Resolution (MR, R = 1 200), even
if this seems to be poorly explained within the “one-armed” viscous disk framework.

Recently, our group compiled a wealth of observations of the classical Be star ζ Tau, including photo-
metric, spectroscopic, polarimetric and interferometric AMBER MR observations (Stefl et al., paper I
in prep). The main interest of ζ Tau is to show a clear pseudo periodic behavior in the V/R ratio, as
well as other periodic spectral features (e.g appearance of triple-peak Hα line profiles), linked to the
“one-armed” oscillation traveling the disk with a period of 1500 d. We have carried out a detailed three-
dimensional, NLTE radiative transfer calculations using the code HDUST, with the goal to conduct a
critical quantitative test of the global oscillation scenario (Carciofi et al., paper II in prep). The results
of a global fit are impressively consistent for all kinds of observations (V/R time series, interferometric
snapshot, polarimetry), including the general geometry and size but also the phase of the “one-armed”
density wave (see Fig. 1).

The next step is to constraint not only the phase, but also the shape and the kinematic of this density
wave. The best road to achieve this goal is to: (i) increase the spectral resolution of the interferometric
observations to better resolved the double-peak emission line (which is only resolved over 5 pixels in our
dataset), (ii) increase the super-resolution effect by improving the data SNR (our data set was obtained
without fringe-tracking) and (iii) increase the temporal coverage to catch the wave at different azimuthal
positions within the disk (see Fig. 1).

The SD run of AMBER+FINITO+UTs is perfectly suited to initiate this observing campaign, since it
enables High Resolution interferometry (HR, R = 12 000) at high accuracy, and within a short time line
(ζ Tau only becoming observable again in 7 months). Moreover, in October 2008, the ζ Tau disk oscillation
will be approximately at the opposite phase (V/R maximum) compare to our AMBER observation of
December, 2006 (V/R minimum), which makes these two data sets very complementary.



Based on our previous modeling, we believe a single observation of ζ Tau at R = 12 000 in Oct. 2008
will already provide wealth of information on the density, shape, and velocity field of the oscillation.
We propose to observe this star in the emission lines Brγ and He I in order to model the structure
of the density wave at different distances from the central star (He I being formed much closer). The
overdensity was barely detected in our previous He I observations (December 2006) but we believe it is
now well feasible thanks to the gain in SNR obtained with FINITO.

In addition to ζ Tau, we propose to observe 2 more Be stars with proved disk oscillation (Rivinius
et al., 2006 A&A 459) and similar parallax and general properties as ζ Tau (so spatially resolved by
AMBER/VLTI). They represent a limited sample with compact properties, and so already permit a test
of the excitation mechanism. For all of them we have many spectra and we have already done their
analysis. However, unlike for ζ Tau, due to variable lengh of individual cycles, we cannot predict the
m=1 phase of the oscillation.

All together, the proposed AMBER measurements promises to lead to an important leap in our general
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Fig. 7. Top left: Density perturbation pattern corresponding to our best-fit model. The line of sight towards the observer is marked for 5 V/R phases.
The VLTI/AMBER observations corresponds to τ = 0.57. The two circles mark the position on the disc for # = 2 R and # = 5 R. Top center:
Density perturbation pattern projected onto the plane of the sky, at the time of the VLTI/AMBER observations. Top right: Continuum synthetic
image at 2.16 µm. Apparent from the plot is the brighter southern hemisphere of the star, which is little affected by the presence of the geometrically
thin disc. Bottom panels: Synthetic images for three wavelengths across Brγ, as indicated. Alex: add projected baselines, photocenter position
and stellar centre position

Fig. 9. Temporal evolution of the polarization across the V/R phase. The
model polarization (line) is compared with the observations (points with
error bars).

4. Discussion

Our analysis of the data using the global oscillation scenario pro-
posed by Okazaki (1997) and Papaloizou et al. (1992) shows that
this model has both strong and weak points.

With this model we have been able to reproduce many ob-
servational characteristics of ζ Tau. Of particular relevance is

the overal good fit of the V/R cycles Hα and Brγ lines and the
excellent fit to the VLTI/AMBER observations. This favourable
outcome of the analysis implies that the general morphology of
the asymmetries in the disc of ζ Tau are correctly reproduced by
the model, at least in the regions of the disc where most of the
Hα and Brγ radiation comes from. In addition, the fit of the ob-
served phase difference between the V/R cycles of Hα and Brγ
strongly supports the theoretical prediction that the density wave
has a helical shape.

However, two weak points of the model stand out from our
analysis. Our results did not reproduce correctly the phase of
the V/R cycle of the Br15 line, even though the amplitude was
correctly reproduced. Also, the model predicts large variations
in polarization across one V/R cycle, which are not observed.
The Br15 line and the polarization have an important point in
common, both are formed in the very inner part of the envelope,
within a few stellar radii.

From the above a pattern emerges. Observables that map the
larger scale of the disc (Hα and Brγ) are reproduced by the
model, whereas observables that map the inner disc (Br15 and
polarization), are not. This suggests that the global oscillation
model is failing to reproduce the shape and/or amplitude of the
density wave in the inner disc, but it does reproduce the gen-
eral features of the outer disc. This is a important result that may
help drive more theoretical progress in the area of density waves
in astrophysical discs.
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plot the projected angular size for each baseline orientation and
the position of the photocenter (red circle), as derived from the
VLTI/AMBER observations. The combination of the disc asym-
metries and the effects of rotation adds up to generate a very
complex brightness distribution.

3.3.4. Polarization and other quantities

Besides the line V/R variations, the model also predicts flux and
polarization variations across one V/R cycle. This can be readily
seen from the results in Figure 8, where we compare the ob-
served SED, polarization spectrum and Hα line profile with the
model predictions for different phases. The polarization varia-
tions are further illustrated in Figure 9.

What causes the variations in polarization is the occultation
of part of the disc by the star in this nearly edge-on system. Our
models show that the polarization comes mainly from the re-
gion of the disc between # = 1 to # ≈ 5 R. From the diagram
in Figure 7, we see that the bulk of the density between those
radii is in front of the star for τ ≈ 0.5. Since polarization is
roughly proportional to the number of scatterers, the polariza-
tion is expected to be greatest at this phase, as in indeed the case
(Figure 9). As the density perturbation pattern precesses, even-
tually the bulk of the material will move behind the star at τ ≈ 0.
The light scattered by this material will be partially absorbed by
the star, with the effect of decreasing the polarization.

The flux excess in visible wavelengths comes from light
emitted by the recombination of a free electron with a proton
(bound-free radiation). The recombination rates are roughly pro-
portional to the square of the density and fall very rapidly with
distance from the star. Thus, the bulk of flux excess in the vis-
ible comes from a very small region of the disc, roughtly up to
2 stellar radii. If we consider just this small region, the density
enhancement due to the global oscillations is behind the star for
τ ≈ 0.5 and in front of it for τ ≈ 0., just the opposite situation
described above for the polarization (Figure 7). This explains
why the flux is smaller for τ = 0.55 in Figure 8. The model
does not predict important variations of the IR fluxes (second
panel of Figure 8) because in this case emission comes from a
much larger fraction of the disc and occultation by the star have
a smaller effect.

In Figure 9 the predicted modulation of the polarization is
compared to the observations. We plot the data from the spec-
tropolarimetric monitoring of ζ Tau carried out with the HPOL
spectropolarimeter at the PBO observatory REF, from 1989 to
2004, and the data from the monitoring that was made from
1984 to 1997 at the Limber Observatory (McDavid, 1994, 1999).
We have folded the data in phase using the V/R ephemerides of
Table 1, and only data from 1993 and later is plotted. The polar-
ization data seems to present a big challenge to the model. The
model predicts large polarization variations of up to 40%, and
this is not observed. We will come back to this important point
in Sect. 4.

Unfortunately, to our knowledge no systematic photometric
monitoring was carried out for ζ Tau after the onset of the V/R
variations in 1993, so our predictions for the brightness varia-
tions cannot be tested at the moment.

We end this section discussing the role of the parameter Σ0
in our 3D analysis. When the global oscillations are considered,
Σ0 represents the azimuthally averaged density scale of the disc.
Interestingly, we have found, from our 3D analysis, the same
value of Σ0 that has been obtained from the previous 2D analysis.

Fig. 8. Emergent spectrum from ζ Tau. The observations are shown
as the dark grey lines and the V/R phase of each observation, τobs,
is indicated in each panel. Also plotted are the model predictions for
three different V/R phases, as indicated in the top panel. Top: Visible
SED (data from Wood et al., 1997). Second from top: IR SED (data
from the 2MASS and IRAS catalogs error bars. Second from bottom:
Continuum polarization (data from Wood et al., 1997). Bottom: Hα line
profile (data from Paper I). As if Fig. 2, the light grey line corresponds
to the unattenuated stellar SED.
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Figure 1: Left: Our best-fit model of the nearly edge-on disk around ζ Tau, showing the “one-armed”
overdensity pattern in red (central star has been removed, celestial North is up and East is right).
Middle: Hα emission line showing the V/R variation, which was the first clue of a traveling overdensity.
This profile periodically shows 3 peaks which may be a phase with decisive information. Right: Our Brγ
AMBER MR (R = 1 200) observations converted into astrometric shift, superimposed with the result of
the model (solid lines). Note the clear lack of spectral resolution to study the line kinematic, as well as
the impressive spatial accuracy (∼ 25 µas) which would be even overcome with higher SNR data.

Calibration strategy:
As shown in this proposal, our team has a strong expertise in Be stars, disk-modeling, and AMBER
observations. Our main interest is in differential quantities within the lines, and we have no special need
of absolute calibration. We can easily share the calibrator(s) with other programs requiring the same
mode, even far in sky and time.

Targets and number of visibility measurements
The target are ranked from highest (ζ Tau) to lowest priority. Already a successful observation of one of
these stars in a single band (Brγ or He I) would already provide wealth of information on the overdensity.

Target RA DEC V H K Size Vis. Mode # of
mag mag mag (mas) (cont.) Vis.

ζ Tau 05 37 38 +21 08 33 3.3 3.1 2.8 2 >0.5 HR 2.172, HR 2.056 1
ν Gem 06 28 57 +20 12 43 4.1 4.5 4.3 2 >0.5 HR 2.172, HR 2.056 1
28 Tau 03 49 11 +24 08 12 5.0 5.0 4.9 2 >0.5 HR 2.172, HR 2.056 1

Time Justification:
For a given star and for a given spectral band, one measurement is enough to achieve our goals. ζ Tau
and ν Gem can only be observed at the end of the nights (for an airmass below 1.5), but they can be
used to test/try the system at higher airmass, since we don’t have any specific LST constraints.


