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Fig. 1. The SEDs of the sample sources with sufficient data to determine n. The circles indicate photometric measurements with error bars.
The full line represents a reddened Kurucz model corresponding to the photosphere of the central star. The model was fitted to the optical
photometric data. The (sub-)mm slope of the SED is given by the dashed line.

60 micron measurements in the literature. For 26 of the stars for
which this IR photometry was available, also (sub-)mm obser-
vations were present in the literature. Our final sample consists
of these sources.

At (sub-)mm wavelengths, one observes the
Rayleigh-Jeans part of the SED of the cold grains. Grains that
are large compared to the wavelength at which they radiate,
have a spectrum λFλ ∝ λ−n with spectral index n = 3 (black
body). When the grains are smaller, n is larger, if the dust is op-
tically thin at these wavelengths. Hence the (sub-)mm spectral
index can be interpreted in terms of the grains size distribution
of the cold dust in the circumstellar disk (Sylvester et al. 1996;
van den Ancker et al. 2000; M01). Nevertheless, this should
be done with some caution, as we will discuss in the next
section. We compute the (sub-)mm spectral index fitting a
power law to the photometry between 350 and 2700 µm. In
case only one (sub-)mm photometric point was available, we
determined a lower limit to the (sub-)mm spectral index using
the (sub-)mm data point and the IRAS 100 micron measure-
ment. For BF Ori, we used the IRAS 60 micron measurement,

since the IRAS 100 micron measurement resulted in an upper
limit in this case.

We note that the fluxes used to compute n come from a
variety of literature sources, both single-dish and interferomet-
ric. However, the vast majority of measurements come from
single-dish instruments. There are only four sample sources
(V376 Cas, Elias 3-1, HD 34282 and UX Ori) in which inter-
ferometric data are used. The latter two sources (HD 34282
and UX Ori) appear rather isolated (Malfait et al. 1998).
Therefore the interferometric fluxes are expected to be iden-
tical to those obtained with single-dish measurements. For the
two sources with possible envelope emission (V376 Cas and
Elias 3-1: Henning et al. 1998; di Francesco et al. 1997) for
which we have mixed interferometric and single-dish measure-
ments, we do not note any systematic differences between the
two. In Fig. 1 the SEDs of the sample sources with sufficient
(sub-)mm photometry to determine n are presented.

The IR SED of the sample sources can be character-
ized with two quantities: the ratio of the near-IR lumi-
nosity LNIR (derived from the broad-band J, H, K, L and
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e.g. Acke et al. 2004, Brown et al. 2007, Maaskant et al. 2013, Carmona et al. 2014
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CAVITY AND SPIRAL ARMS: SIGNPOSTS FOR PLANET FORMATION?

ALMA band 9 
dust continuum 
cavity = 60 au 
(Perez et al. 2014)

The Astrophysical Journal Letters, 783:L13 (6pp), 2014 March 1 Pérez et al.

Figure 2. SAO 206462 ALMA observations (top left panel) compared with best-fit models for a ring (middle panels) and a ring with a vortex prescription (right
panels). Residual maps were produced by subtracting the best-fit model from the SAO 206462 ALMA observations. Contours start at ±3σ , successively spaced by
±3σ . Ellipses indicate beam size and colorbar defines scale used. Bottom row, left panel: H-band polarized intensity image and the best-fit spiral arms from Muto
et al. (2012). Spirals S1 and S2 also shown with grey lines in residual maps.
(A color version of this figure is available in the online journal.)

and SR 21, respectively. These figures compare ALMA obser-
vations (top row, leftmost panel) with the best-fit model and
residual maps (middle and right panels), where the residual
emission is found by subtracting the model from the observa-
tions. When considering only a ring, the best-fit model corre-
sponds to the average flux of the disk over all azimuthal angles.
Hence large regions of negative emission are expected since
the azimuthally averaged flux also encompasses flux from the
large-scale asymmetry. The addition of a vortex prescription in
the fitting improves the resulting residual map and χ2 of the fit,
although significant emission (!12σ ) remains.

5. DISCUSSION

The cavity radius (Rcav) found in the literature for these disks
has some scatter, on average Rcav ∼ 45 AU for SAO 206462
and Rcav ∼ 35 AU for SR 21 (Brown et al. 2009; Andrews
et al. 2009, 2011; Lyo et al. 2011). We find that Rcav from these
studies is consistent with our constraints within rR ± σR for all
but the Brown et al. (2009) observations of SAO 206462, which
have lower angular resolution than these ALMA observations.

The analysis presented above demonstrates that a ring of
emission does not describe the disk structure of SAO 206462
and SR 21; the addition of a vortex prescription describes the

large-scale asymmetries better. However, the observed asym-
metries might not directly trace the mass surface density, since
short-wavelength observations may not be completely optically
thin. Future long-wavelength observations will confirm that
these asymmetries correspond to mass rather than temperature
variations.

The vortex encompasses 15% of the total flux density for
SAO 206462 and 28% for SR 21. These are quite similar to the
recently studied disk around LkHα 330 (30%) but much less
dramatic than the Oph IRS 48 and HD 142527 disks, where a
horseshoe shape, rather than a ring, is observed at millimeter
wavelengths. The flux density in the asymmetry corresponds to
a mass (dust+gas) of ∼2 MJup for both SAO 206462 and SR 21,
assuming a temperature of T = 35 K, a gas-to-dust ratio of 100,
and a dust opacity of κν = 10 cm2 g−1 at 450 µm (Beckwith
et al. 1990). These are lower limits on the vortex mass, given
the uncertainty in optical depth at this wavelength. Compared to
recent examples of large-scale asymmetries observed in LkHα
330 and Oph IRS 48, the radial extent of the vortices in SAO
206462 and SR 21 is also quite narrow, with a FWHM of few
tens of AU (see Table 2). Azimuthally, the vortices are well
resolved, and while the SR 21 asymmetry has a FWHM ∼ 120◦,
similar to LkHα 330 and Oph IRS 48, the azimuthal extent in
SAO 206462 is 30% larger, covering almost half of the disk.

4

A&A 585, A58 (2016)

Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).

A58, page 4 of 14

ALMA CO isotopologs 
cavity = 30 au, δΣ ∼ 10-4 
(van der Marel et al. 2016)

The Astrophysical Journal Letters, 748:L22 (7pp), 2012 April 1 Muto et al.

Figure 2. Top: PI image of SAO 206462 in the north-up configuration with log-stretch color scales. The filled orange circles at the center indicate the mask size
(r = 0.′′15). The circles have r = 0.′′2, exterior to which the features are considered to be real. The right panel is central region’s close-up. Different color scales are
used to enhance the spirals labeled as “S1” and “S2.” The “Dip” may be due to depolarization. Bottom: PI profile along the red line in the top right panel. The arrow
indicates the location of S2. The position errors are not shown for visibility.

are found to have constant radii. After removing these points,
we have 27 (S1) and 56 (S2) points as representing samples of
non-axisymmetric spirals, with the opening angle of ∼15◦ for
both S1 and S2. We estimate that the uncertainty of the location
of the maxima is given by the FWHM of the PSF.

In order to fit the non-axisymmetric structures by
Equation (1), we fix α and β at 1.5 (Kepler rotation) and 0.4,
respectively, as in Lyo et al. (2011), while other parameters are
varied as (0.′′1 < rc < 0.′′9, 0 < θ0 < 2π, 0.05 < hc < 0.25).
Note that different values of β yield similar results. Since
it is difficult to fit S1 and S2 simultaneously, they are fitted
independently.

The “best-fit” parameters are (rc, θ0, hc) = (0.′′39, 204◦, 0.08)
for S1 (reduced χ2 = 0.52) and (rc, θ0, hc) = (0.′′9, 353◦, 0.24)
for S2 (reduced χ2 = 0.31). The spiral shapes with these
parameters are shown in Figure 4. However, the parameter
degeneracy is significant. Figure 5 shows the parameter space of
(rc, θ0) with 63.8% confidence level for hc = 0.1 and hc = 0.2.
Note that in Figure 5, the “best-fit” of (rc, θ0) is outside the
domain of confidence in some cases because hc is not the same
as the best-fit. Despite the parameter degeneracy, the values of
the aspect ratio which fit the shape of the spiral (hc ∼ 0.1) are

consistent with those obtained from the sub-mm map of the disk
(e.g., h = 0.096(r/100 AU)0.15; Andrews et al. 2011).

The spiral density wave theory predicts that the pattern speed
deviates from the local Kepler speed;

Ωpattern = 0.8
( rc

70 AU

)−3/2
(

M∗

1.7 M⊙

)1/2

(deg yr−1) (2)

is not necessarily equal to Ω(r). When rc = 0.′′5(∼ 70 AU), the
spiral will move ∼10◦ in a decade, corresponding to a movement
of 0.′′1. Considering the PSF scale of our observations and the
locations of the spirals, such deviations can be detectable over
a couple of decades. Moreover, if the two spirals have distinct
corotation radii, their relative locations change in time due to
the pattern speed difference. Such measurements will confirm
that the observed feature is really the density wave, providing
indisputable evidence of dynamical activity.

Note that it would be difficult to detect spirals in colder disks
(smaller hc), where spirals are more tightly wound, due to the
blurring by the PSF. The lower detectable limit of hc is typically
hc ∼ 0.01–0.03 for our set of parameters. The combination of
high angular resolution and warm temperatures allows the spiral

4

Spiral arms resolved 
(Muto et al. 2012)

A&A 560, A105 (2013)

Fig. 1. Reflection nebulosity around SAO 206462. First two rows, from left to right: P⊥ image, P∥ image, and P⊥ image with blue and pink stripes

indicating the position of the major and minor axis, respectively. The first row is H
band, the second is K

s band. Third row, from
left to right:

comparison between the P⊥ image in K
s band and continuum

emission from sub-mm
observations by Brown et al. (2009), polar mapping of H

and K
s band with angles measured with respect to north. Images are upscaled by a factor 3 to minimize smoothing effects throughout the sub-pixel

data shifting and are scaled with r 2
to compensate for stellar light dilution. The color scale is linear and arbitrary. The red central region indicates

the area on the detector with non-linear pixels. Continuum contours are drawn at 3σ intervals starting from 3σ.

calibration. No significant difference in the brightness profile is

found between H and K
s band (apart from the polarized flux be-

ing a factor 2.5−3 higher in the former than that in the latter).

We average the radial profiles over all angular directions

neglecting any geometrical effect due to the disk inclination.

Since the disk is known to be almost face-on (11 ◦, Andrews

et al. 2011), we assume that this approach does not introduce

large systematic errors. The azimuthally-averaged profile of both

bands is fitted by a power-law with β = −2.9± 0.1. However, we

find that a spatially separate fit with a broken power-law pro-

vides a better match. A slope of −1.9±0.1 is found for the range

0.2 ′′−0.4 ′′(∼28−56 AU) and a slope of −5.7±0.1 (H band) and

−6.3 ± 0.1 (K
s band) for the range 0.4 ′′−0.8 ′′

(∼56−114 AU)

(see Fig. 3).The two spirals are starting from axisymmetric locations on

the rim. The contrast of the spiral with the surrounding disk

varies from
1.5 to 3.0. S1 appears as the most prominent arm.

It covers an angle of ∼240 ◦
and shows an enhancement to the

SW
(almost twice as luminous in surface brightness as the con-

tiguous part of the arm). S2 covers a smaller angle (∼160 ◦) but

also shows a “knot” (to the SE, factor 1.5 brighter in surface

brightness than the contiguous part of the arm).

A105, page 4 of 10

VLT/NACO PDI 
cavity = 28 au 
Dust filtration 
(Garufi et al. 2013)

Dip

See next talk by Nienke van der Marel 
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SPECTRO-POLARIMETRIC HIGH-CONTRAST EXOPLANET RESEARCH

▸ Polarimetric differential imaging (PDI) 
▸ ZIMPOL R’ and I’ (epoch 1)  

70 min, resolution = 30 mas, coronagraph = no 

▸ IRDIS BB_J (epoch 2) 
80 min, resolution = 40 mas, coronagraph = 80 mas 

▸ 1 month between epoch 1 and 2



EPOCH 2 - IRDIS BB_J



EPOCH 2 - IRDIS BB_J



IRDIS BB_J - SHADOWS
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POLAR PROJECTION: VERTICAL SHADOW FEATURES

A CB

D

IRDIS BB_J May 02 2015
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B

C

D



ONE MONTH EARLIER…
D

A B C

IRDIS BB_J - May 02 

ZIMPOL R’ - March 31 2015
Similar shadows? 
Wavelength effect? Shadow C not present



A&A 530, A85 (2011)
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Fig. 11. Hα line profiles of HD 135344B. The plots are ordered with
respect to their phase value according to a 5.77 d period, which is shown
in the upper left corner of each plot.

to accretion, whereas a blue-shifted absorption (P Cygni profile)
represents an outflow of material. We measured the equivalent
width, EW(Hα), of HD 135344B in our FEROS spectra. The
measured values are listed in Table A.1 in the Appendix. To mea-
sure EW(Hα), we selected several distinct wavelength intervals
on both sides of the Hα line and used a second order polynomial
to describe the continuum. This was repeated four times for dif-
ferent intervals. The deviation of all four measurements defines
our error. For EW(Hα), we obtained a mean value of −10 Å.
We were unable to reliably determine a period from the GLS
periodogram of the EW(Hα) values.

We also measured the full width of Hα at 10% height,
W10(Hα), which is frequently used for TTSs to distinguish
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 1
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Fig. 12. Phase-folded plot of the W10(Hα) data. The solid line is a
sinusoidal fit with a period of 5.77 ± 0.02 d and an amplitude of
0.70 ± 0.08 Å. The green triangles are the average values computed
by binning the phase in 0.1 wide bins. Their error bars are derived by
computing the standard deviation of the corresponding W10(Hα) values
in each bin.

between chromospheric activity and accretion of circumstellar
material (White & Basri 2003; Natta et al. 2004; Jayawardhana
et al. 2006). We applied the same method to normalize the spec-
tra as for EW(Hα). We measured a mean value of 9.8 Å for
W10(Hα), which corresponds to an accretion rate of 3 ×
10−9 M⊙ yr−1 if Eq. (5) in Natta et al. (2004) is applied. The
measured values of W10(Hα) are listed in Table A.1 provided in
the Appendix. The periodogram of W10(Hα) has a significant pe-
riod at 5.77 d with a FAP of 1.9 × 10−6. A phase-folded plot for
the W10(Hα) data (black data points) and the sinusoidal fit (red
line) is shown in Fig. 12. Assuming Keplerian rotation of the
circumstellar gas, this period corresponds to a radial distance of
≈0.07 AU. The error bars of W10(Hα) are the statistical errors
in the single measurements and reflect the precision of the indi-
vidual measurements. These error bars most likely overestimate
the accuracy of each measurement, since the distance of the data
points to the sinusoidal fit often exceeds the error bars signifi-
cantly. A possible reason for an accuracy bias in the individual
W10(Hα) measurements is that the Hα line can form at differ-
ent locations. The formation might also be caused by different
processes, e.g. accretion column, accretion shock on the stellar
surface, disk surface, and wind. Therefore, we see a significant
scatter in the measured W10(Hα) values around the sinusoidal fit,
the level of which exceeds the precision of the individual mea-
surements. However, the bias in each individual measurement is
statistically spread around the fit. We binned the phase in 0.1
wide bins and averaged the W10(Hα) values lying in the corre-
sponding bin. The displayed error is the standard deviation of
the values in each bin. These values are overplotted in Fig. 12
with green triangles. The green error bars now reflect both the
precision and accuracy of the W10(Hα) measurements and are
described well by the sinusoidal fit.

5. Discussion
The observed 0.16 d period might be caused by the rota-
tional modulation of one or more spot(s) on the stellar sur-
face. Adopting the stellar radius of 1.4 ± 0.25 R⊙ and v sin i⋆ =
82.5 ± 2.9 km s−1 from Table 1, the inclination of the stellar ro-
tation axis is i⋆ = 11◦ ± 2◦. We thus see the star almost pole-on.
This could explain the weak correlation between the BVS and
RV⋆ (Sect. 4.3). The disk of HD 135344B is also found to be
almost face-on with inclination measurements of !20◦ (Grady
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WHAT IS HAPPENING IN THE INNERMOST DISK REGIONS?The Astrophysical Journal, 745:29 (13pp), 2012 January 20 Sitko et al.

Figure 3. Model for SAO 206462. The SED consists of the underlying
photospheric emission of the star plus thermal emission by the inner dust
ring. The relative strengths of the two components were adjusted to match
the observed continuum emission of the star plus disk system.

Figure 4. Time variability of the near-IR continuum for all 13 epochs. The
outburst in 2009 seems to have appeared first in the J-band, and is similar to the
“high-J” state described by Grady et al. (2009). We have set the uncertainties
on the data at all but the first epoch at 7%, which are propagated into the line
flux measurements; the agreement among the various flux-normalization sets is
often much better. The AAVSO photometry and SpeX Prism data on February
18 agree to better than this precision. The uncertainty in the first epoch was set
to a generous 15% because no independent flux calibration data was available
for it. As no LXD spectrum was obtained on 2007 July 8, there is no L-band
flux plotted for that date.

calculated by integrating over the flux-calibrated continuum-
subtracted line profile. In Figure 5 we show an example of the ex-
traction process for the Paβ line on 2009 July 10. In Figure 6, the
resulting continuum-subtracted Paβ for all 13 epochs is shown.

The line fluxes extracted in this manner for Paϵ, Paδ, Paγ ,
Paβ, Brγ , and Brα and the O i line at 0.8446 µm for each
epoch are shown in Table 3. While line strengths were also
extracted for the Ca ii triplet near 0.85 µm, and the Pa 14,
Pa 12, Pa 11, Pa 10, and Pa 9 lines, these were very weak, in
many cases only partially filling in the absorption featured of
the photosphere. Because SAO 206462 is a rapidly rotating star,
its photosphere cannot be approximated accurately by using a
spectrum characterized by a single effective temperature and
surface gravity, so only the strongest emission lines that are
located where the photospheric lines are weak, such as Paϵ,
Paδ, Paγ , Brγ , and Brα are useful in the analysis of this star.
O i is a different case, as it sits on top of weak circumstellar
emission and photospheric absorption of Pa 18. However, we
retained this line, as it is being produced at least in part (and
perhaps primarily) by H i Lyβ Bowen fluorescence, and it might
provide some measure of the strength of Lyman line emission,
which is inaccessible from the ground.

Figure 5. Line extraction for Paschen β for 2009 July 10 UT. Here the difference
between the observations and the model is offset for clarity. The vertical lines
and the plus symbols indicate the wavelength range over which the net line
strength was measured.

Figure 6. Flux-calibrated continuum-subtracted Paschen β for all 13 epochs.
The “jitter” in the central wavelength is likely dominated by a combination of
the spectral sampling and uncertainties in the wavelength calibration.

We also measured the He i line at 1.083 µm, which exhibits
a combination of blended emission and absorption, with a
“P Cygni” type of line profile, indicative of mass outflow, usually
attributed to some form of wind. For this line, the strengths of the
longer-wavelength emission and shorter-wavelength absorption
were measured separately. The continuum-subtracted He i lines
for all epochs, along with those of the adjacent Paγ line, are
shown in Figure 7. The integrated fluxes of the two components,
and their ratio, are listed in Table 4.

Finally, Figure 8 shows the light curves for the K band
continuum, Paβ, Brα, and O i line at 0.8446 µm lines. The
resultant wavelength-integrated line strengths are given in units
of W m−2 to match that of the continuum, which is in λFλ.
Figure 9 compares the strengths of the He i net absorption and
emission components with that of Pa γ .

4. CHARACTER OF THE VARIABILITY AND MASS
ACCRETION RATES

4.1. Interrelations: Hydrogen, Helium, and Dust

It is evident from examining Figures 8 and 9 that the dust, the
hydrogen lines, and the He i line all behave differently. Although
the changing strength of the hydrogen and He i lines were first
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Fig. 8. Phase-folded plot of the RV⋆ data. The solid line is a sinusoidal
fit with a period of 0.16045 ± 2 × 10−5 d and an amplitude of 493 ±
86 m s−1.
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Fig. 9. GLS periodogram of the residual RV⋆ data after subtraction of
the sinusoidal fit. The red arrow marks the position of the 0.16 d period,
which is no longer present, as well as its corresponding aliases. The
new peak with the highest power at 0.14 d has a FAP of 3.4% and is
therefore insignificant.

4.3. Bisector analysis

Stellar activity such as cold and hot spots, granulation, and pul-
sation can mimic significant RV variations that can be periodic
because of stellar rotation. For a cold (i.e. dark) spot, the line
profile becomes asymmetric because of the fainter stellar light.
Stellar rotation leads to a modulation of the asymmetry and
causes RV variations depending on the stellar inclination and lat-
itude of the spot. The analysis of the line profile (in the follow-
ing bisector) is routinely applied to search for extrasolar planets
when the RV technique is used to determine whether the ob-
served periodic RV variations are caused by stellar activity or a
companion (e.g. Queloz et al. 2001). A correlation between RV⋆
and bisector velocity span would indicate that the RV⋆ variation
is caused by line shape asymmetries, i.e. by rotational modula-
tion caused, for example, by a spot. The shape of the computed
cross-correlation function (CCF) represents the mean line profile
of the selected lines in the observed spectra. We measured the
bisector velocity span (BVS), bisector displacement (BVD), and
bisector curvature (BC) for all our spectra following the defini-
tion of Povich et al. (2001). To construct the bisector, the middle
points of the horizontal segments, which connect a point on the
left to the right side of the CCF at the same flux level, are com-
puted. The bisector is divided into three zones. The BVS is sim-
ply the difference between the upper and lower zones. The BC
is defined as the difference between the upper and lower bisector
spans. To derive the BVD, we calculate the average of the three
bisector velocity zones. To compute the individual quantities, we
chose heights of 30%, 50%, and 85% of the bisector. As for the
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Fig. 10. Bisector quantities versus RV⋆. For each plot, the linear corre-
lation coefficient r and the probability p that the data are linearly uncor-
related are computed (Bevington & Robinson 2003). There is no linear
correlation between the bisector quantities and RV⋆.

RV⋆ measurements, we measured BVS, BVD, and BC for each
computed CCF. The final bisector values were derived by aver-
aging the single values. The errors in BVS, BVD, and BC are the
standard deviations of the means. In Fig. 10, we have plotted all
three bisector quantities against RV . The computed linear corre-
lation coefficients r are noted in the upper right corner of each
plot. We find that there is a significant linear correlation for none
of the three quantities. Only a weak trend might be present for
BVS and BD. However, the sensitivity of the bisector method
decreases rapidly when it comes to low stellar inclinations (e.g.
Desort et al. 2007). For HD 135344B, we can assume that we see
the star almost pole-on (Sect. 5), hence we do not expect there
to be a strong correlation between BVS and RV .

4.4. Hα measurements

The Hα line profile of HD 135344B undergoes rapid and sig-
nificant changes. Finkenzeller & Mundt (1984) classified the
Hα line profile of HAeBe stars into three categories: single-
peak, double-peak, and P Cygni profiles. The Hα line profile
of HD 135344B adopt each of these types at different times.
Figure 11 shows the Hα line profiles of our spectroscopic data
set of HD 135344B ordered with respect to their phase value ac-
cording to a 5.77 d period. A double-peaked profile corresponds
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Figure 3. Model for SAO 206462. The SED consists of the underlying
photospheric emission of the star plus thermal emission by the inner dust
ring. The relative strengths of the two components were adjusted to match
the observed continuum emission of the star plus disk system.

Figure 4. Time variability of the near-IR continuum for all 13 epochs. The
outburst in 2009 seems to have appeared first in the J-band, and is similar to the
“high-J” state described by Grady et al. (2009). We have set the uncertainties
on the data at all but the first epoch at 7%, which are propagated into the line
flux measurements; the agreement among the various flux-normalization sets is
often much better. The AAVSO photometry and SpeX Prism data on February
18 agree to better than this precision. The uncertainty in the first epoch was set
to a generous 15% because no independent flux calibration data was available
for it. As no LXD spectrum was obtained on 2007 July 8, there is no L-band
flux plotted for that date.

calculated by integrating over the flux-calibrated continuum-
subtracted line profile. In Figure 5 we show an example of the ex-
traction process for the Paβ line on 2009 July 10. In Figure 6, the
resulting continuum-subtracted Paβ for all 13 epochs is shown.

The line fluxes extracted in this manner for Paϵ, Paδ, Paγ ,
Paβ, Brγ , and Brα and the O i line at 0.8446 µm for each
epoch are shown in Table 3. While line strengths were also
extracted for the Ca ii triplet near 0.85 µm, and the Pa 14,
Pa 12, Pa 11, Pa 10, and Pa 9 lines, these were very weak, in
many cases only partially filling in the absorption featured of
the photosphere. Because SAO 206462 is a rapidly rotating star,
its photosphere cannot be approximated accurately by using a
spectrum characterized by a single effective temperature and
surface gravity, so only the strongest emission lines that are
located where the photospheric lines are weak, such as Paϵ,
Paδ, Paγ , Brγ , and Brα are useful in the analysis of this star.
O i is a different case, as it sits on top of weak circumstellar
emission and photospheric absorption of Pa 18. However, we
retained this line, as it is being produced at least in part (and
perhaps primarily) by H i Lyβ Bowen fluorescence, and it might
provide some measure of the strength of Lyman line emission,
which is inaccessible from the ground.

Figure 5. Line extraction for Paschen β for 2009 July 10 UT. Here the difference
between the observations and the model is offset for clarity. The vertical lines
and the plus symbols indicate the wavelength range over which the net line
strength was measured.

Figure 6. Flux-calibrated continuum-subtracted Paschen β for all 13 epochs.
The “jitter” in the central wavelength is likely dominated by a combination of
the spectral sampling and uncertainties in the wavelength calibration.

We also measured the He i line at 1.083 µm, which exhibits
a combination of blended emission and absorption, with a
“P Cygni” type of line profile, indicative of mass outflow, usually
attributed to some form of wind. For this line, the strengths of the
longer-wavelength emission and shorter-wavelength absorption
were measured separately. The continuum-subtracted He i lines
for all epochs, along with those of the adjacent Paγ line, are
shown in Figure 7. The integrated fluxes of the two components,
and their ratio, are listed in Table 4.

Finally, Figure 8 shows the light curves for the K band
continuum, Paβ, Brα, and O i line at 0.8446 µm lines. The
resultant wavelength-integrated line strengths are given in units
of W m−2 to match that of the continuum, which is in λFλ.
Figure 9 compares the strengths of the He i net absorption and
emission components with that of Pa γ .

4. CHARACTER OF THE VARIABILITY AND MASS
ACCRETION RATES

4.1. Interrelations: Hydrogen, Helium, and Dust

It is evident from examining Figures 8 and 9 that the dust, the
hydrogen lines, and the He i line all behave differently. Although
the changing strength of the hydrogen and He i lines were first
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814 D. Fedele et al.: The structure of protoplanetary disks. II.

Fig. 4. Same as Fig. 3 for HD 135344 B.

law distribution (T ∝ r−q; Σ ∝ r−p), i.e. the disk’s surface is
cooler at larger radii. The result of the UR model (Fig. 4, solid
line and Table 3) are: inner radius 0.05 AU, outer radius 1.8 AU

Fig. 5. Correlated spectrum of HD 135344 B measured on 2006 May 13
(dotted), 2006 June 13 (dashed) and 2006 July 12 (dot-dashed). The
spectra were shifted for clarity. The mean, single telescope, spectrum
is also plotted (solid line). The absence of the PAH emission feature at
11.3 µm in the correlated spectrum is a signature of spatially extended
PAH emission compared to the continuum emission.

Table 3. Best fit parameters of the UR model for HD 101412 and
HD 135344 B.

Star Rin Rout i φ χ̃2

[mas/AU] [mas/AU] [◦] [◦]
HD 101412 2.5 ± 0.6 11.9 ± 0.6 80 ± 7 38 ± 5 0.4

0.4 ± 0.1 1.9 ± 0.1
HD 135344 0.35 ± 1.79 12.8 ± 1.4 60 ± 10 180 ± 60 3.9

0.05 ± 0.25 1.8 ± 0.2

Rin and Rout are the inner and outer ring radii and are given in milliarc-
sec (first row) and AU (second row). The last column lists the value of
the reduced χ2. Values close to one indicate a good agreement between
model and observations.

(assuming a distance of 140 pc, van Boekel et al. 2005), incli-
nation 60◦ and position angle of the disk major axis 180◦. The
inclination found here is slightly higher than the result of Doucet
et al. (2006) (45◦), obtained with direct imaging at 20.5 µm. Dent
et al. (2005), modeling the J = 3–2 transition of 12CO, find a
smaller disk inclination (11◦, disk nearly face-on). Nevertheless,
the UR model is not able to reproduce the decreasing visibility
observed with MIDI and the disk parameters are not well con-
strained.

We converted the MIDI visibility to the Gaussian full width
half maximum (FWHM) at each spatial frequency. The FWHM
represents the extent of the emitting region and is defined as:

θ =

√
ln (V(s f ))
−3.56s f 2 (1)

where V(s f ) is the MIDI visibility at spatial frequency s f .
A Gaussian distribution is only a crude approximation of the
real brightness distribution valid at high visibilities. Similarly
to Quanz et al. (2006), we also fitted the FWHM measured on
each baseline with an ellipse wavelength by wavelength. The
best-fit ellipse parameters at three reference wavelengths (9 µm,
11 µm, 12.5 µm) are listed in Table 4. As expected, the disk
looks larger at longer wavelengths. The ellipse semi-major axis
increases from 1.1 AU at 9 µm to 1.9 AU at 12.5 µm. The in-
clination and position angle varies by ∼5◦ and ∼9◦ respectively

Possible misaligned inner disk 
(Fedele et al. 2008)
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A PLANETARY ORIGIN OF THE SPIRAL ARMS?
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Fig. 4.— Comparison between 6ISO125 (left, 1/r2-scaled convolved image) and MWC 758

(right, Benisty et al. 2015). The model is rescaled to rp = 158 AU, and the Gaussian PSF

convolution adopts the source distance (280 pc) and the angular resolution of the observation

(FWHM=0.0300). Units are arbitrary. The green dot in the model image marks the location

of the planet (Mp/M? = 6⇥ 10�3).

Massive planet in the outer disk 
(Dong et al. 2015)

M. Benisty et al.: Asymmetric features in the protoplanetary disk MWC 758
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Fig. 1. Left and middle: polarized intensity images (Q�) obtained in December 2014 and March 2015, respectively. East is toward the left. Right:
radial map of the deprojected Q� image from March 2015 using i = 21� and PA = 65�. The dashed line indicates a radius of 0.2300. Each pixel has
been scaled with the square of its distance from the star, r2, to compensate for the r�2 dependency of the stellar illumination. The color scale is
arbitrary.

are indicated by arrows in Fig. 1: (1) a spiral arm located in
the south and east (hereafter, the SE spiral) at deprojected dis-
tances r ⇠ 0.2600�0.5300; (2) an arc in the west at r ⇠ 0.200–
0.300; (3) a spiral arm in the northwest (hereafter, the NW spiral)
at r ⇠ 0.2200–0.3400; (4) an arc located north of the NW spi-
ral at r ⇠ 0.3200–0.5300; (5) substructures inside the spirals at
r ⇠ 0.100–0.200 and (6) a substructure branching o↵ the SE spiral
at r ⇠ 0.2100–0.2700. We note that although there is some clear
scattered light signal very close to the coronagraph, the exact
morphology of feature (5) may be a↵ected by the e�ciency of
the AO correction and the coronagraph centering. Appendix A
provides the U� images (Fig. A.1) and S/N maps (Fig. A.2). The
features are detected above the disk background at more than
3� and do not appear in the U� images. This suggests that they
are real and not di↵raction residuals that would a↵ect the Q�
and U� images alike. Although one could naturally see a sin-
gle spiral arm in the west, extending from PA ⇠ 180� to 350�,
the radial mapping (Fig. 1, right) shows that it consists of dif-
ferent features that have a very distinct dependence on the PA,
with a sharp transition at PA ⇠ 240�. In the December 2014 im-
age, feature (2) hosts an area that is ⇠1.5 times brighter than the
NW spiral, at PA ⇠ 240��260�. In the March dataset, the area at
PA ⇠ 260� in contrast seems fainter than the background spiral.
Since it is very close to the residual spiders, it is di�cult to con-
clude whether it is an instrumental e↵ect, or if it has a physical
origin which, considering the timescale of the variations, would
point to a variability in the inner disk. While the detected struc-
tures agree with the HiCIAO H-band image (Grady et al. 2013),
we did not detect a significant di↵erence in the extent of the scat-
tered light signal between the west and the east sides.

4. Spiral feature modeling

Planets embedded in circumstellar disks are known to launch
spiral waves at Lindblad resonances both inside and outside of
their orbit (e.g. Ogilvie & Lubow 2002). The shape of the spiral
wake is determined by the disk rotation profile and by the sound
speed (i.e., temperature) distribution in the disk. In this section,
we attempt to fit the shape of the two regions where there is a sig-
nificant departure from circular symmetry, features (1) and (3),
with a model based on the spiral density wave theory. As the spi-
ral features are very similar in both datasets, and since the ob-
servations in March were obtained under better conditions, we

only fit the corresponding dataset. We assume that the observed
scattered light traces small dust grains that are well coupled to
the gas, and thus, that it indirectly traces the gas. Following the
prescription of Rafikov (2002) and Muto et al. (2012), the spiral
wake in polar coordinates (r,�) follows

�(r) = �c +
sgn(r � rc)

hc
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where ↵ and � are the exponents of the disk rotation and
sound speed profiles, respectively: ⌦ / r�↵, cs / r��. hc =
cs(rc)/rc⌦(rc) is the ratio of the pressure scale height H to the
radius (also called disk aspect ratio) at the location of the planet
(rc,�c). The pitch angle of the spirals depends on the disk tem-
perature (hence on the aspect ratio) and the distance from the
launching planet. The flaring index, ↵ � � � 1, determines the
variation of H/r with radius. Equation (4) is valid in the lin-
ear or weakly nonlinear regimes, in which a single spiral wave
is launched by an embedded planet, and approximates well the
shape of the density wave given by the WKB theory (Rafikov
2002).

We attempted to fit both spirals simultaneously assuming
that they are launched by two planets in circular orbit at di↵erent
radii in the disk. We assumed that the disk is in Keplerian rota-
tion and fixed ↵ = 3/2. Varying � has little influence on the fit,
and we fixed � = 0.45, following Andrews et al. (2011). We con-
sidered that hc is a global disk parameter, meaning that the values
of aspect ratios at the locations of the planets should be consis-
tent. This leads to five free parameters in total. We restricted
our models to planets located inside the submillimeter cavity,
whose extent is ⇠0.3600 within large uncertainties (Isella et al.
2010; Andrews et al. 2011) and considered disk aspect ratios of
at most 0.20 to be consistent with the modeling of the spectral
energy distribution (SED; Andrews et al. 2011). The parameters
are thus varied as 0.03  hc  0.20, 0.0100  rc,NW/SE  0.3600,
0  �c,NW/SE  360�, in 20, 50, and 50 linearly spaced values,
respectively.

We deprojected the image and fit the locations of the sur-
face brightness maxima along a set of azimuth angles (PA ⇠
70��200� (80 linearly spaced values) and 280�–340� (50 val-
ues), for the SE and NW spirals, respectively). We minimized
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Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further
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moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
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moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further
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SHADOWS CAST ON THE TRANSITION DISK OF HD 135344B

CONCLUSIONS

THANK YOU

▸ VLT/SPHERE PDI observations show multiple reductions 
in surface brightness 

▸ Interpretation: shadows cast by the innermost disk region 

▸ Disk warp, accretion flow, inner disk instability/perturbation, 
asymmetric disk wind, circumplanetary disk, …? 

▸ Monitoring of the shadows has the potential to provide 
new insight into variable/transient phenomena in the 
inner disk, well beyond the reach of SPHERE


