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Planet Formation

The history planet formation processes is imprinted on 
the nature and distribution of circumstellar solids.
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Circumstellar Disks & Debris

• Asteroid and Kuiper Belts 
contain primitive remnant bodies

• Collisions and evaporation of 
these bodies create fresh dust

• Forces alter grain trajectories, 
creating a disk

• ~15% of nearby stars have 
detectable dust debris
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Circumstellar Disks & Debris

• Asteroid and Kuiper Belts 
contain primitive remnant bodies

• Collisions and evaporation of 
these bodies create fresh dust

• Forces alter grain trajectories, 
creating a disk

• ~15% of nearby stars have 
detectable dust debris
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Planetesimal Dynamics

• Grain growth and solid transport 
initially tied to gas disk

• expect compositional gradients

• Dust production is enhanced by 
stirring

• recently formed Pluto-sized bodies 
(e.g. Kenyon & Bromley 2008)

• inner giant planets’ secular 
perturbations (e.g. Wyatt 2005)

• Migration of planets
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Gravitational Perturbations

Wyatt (2006)

Planetesimal trapping in Mean-Motion Resonances
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Debris Disk Detection
• Infrared Excess around main-

sequence star

• Most excesses can be 
characterized by single-T 
blackbody

• Hundreds detected, few 
resolved in scattered light or 
thermal emission

• Scattered light is dominated 
by star

Wyatt (2008)

ANRV352-AA46-10 ARI 25 July 2008 4:42
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Debris Disk Detection
• Infrared Excess around main-

sequence star

• Most excesses can be 
characterized by single-T 
blackbody

• Hundreds detected, few 
resolved in scattered light or 
thermal emission

• Scattered light is dominated 
by star
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Figure 10
Evolution of 70-µm fractional excess for sun-like stars (Habing et al. 2001, Beichman et al. 2006a, Moór et al. 2006, Hillenbrand et al.
2008, Trilling et al. 2008). Stars with excess emission also detected at 24 µm are shown with filled red circles. Images of individual disks are
highlighted to illustrate the origin of the emission as a function of age. Images are of scattered light for HD 181327 (Schneider et al. 2006),
HD 15115 (Kalas, Fitzgerald & Graham 2007), HD 15745 (Kalas et al. 2007), HD 61005 (Hines et al. 2007; see Section 4.6), HD 107146
(Ardila et al. 2004), and HD 139664 and HD 53143 (Kalas et al. 2006). Images are of submillimeter emission for ε Eridani (Greaves
et al. 2005), η Corvi (Wyatt et al. 2005), and τ Ceti (Greaves et al. 2004b). The slow fall-off with age can be explained by steady-state
processing (Löhne, Krivov & Rodmann 2008), although this does not rule out a role for delayed stirring in debris disk evolution.

the more distant stars did not reach this level. As expected, a lower fraction with excess is seen
in surveys in which a larger number of targets are sensitivity limited (∼10% of the 328 targets in
Hillenbrand et al. 2008 were found to have excess). It is debatable whether there is a dependence
on spectral type within the FGK spectral-type range. Although the fraction of stars with excess
decreases across spectral types A-M, it could be constant within the FGK range (Bryden et al.
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Sizes of Dust Belts

• Inferred sizes around 
FGK stars span Solar 
System scales

• both asteroidal and 
cometary type dust

• Sizes inferred from IR 
excesses often 
underestimate by factor 
of ~3

The Kuiper Belt and Other Debris Disks 37
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Fig. 19 Probability distribution for disk inner radii based on the analysis of the spectra (12–35
µm) of 44 debris disks around FGK stars from the FEPS survey. The dashed and grey histograms
correspond to sources with and without 70 µm excess, respectively (with best fit parameters are
shown as open and grey circles). Typical disk inner radius are ∼ 40 AU and ∼ 10 AU for disks
with and without 70 µm excess, respectively, indicating that most of the debris disks observed are
KB-like. Figure adapted with permission from Carpenter et al. (in preparation).

and Carpenter et al. in preparation). Figures 21 and 22 from Trilling et al. (2008)
show that for FGK type stars the debris disks incidence and fractional luminosity
do not have a strong dependency with stellar age in the 1–10 Gyr time frame, in
contrast with the 100–400 Myr evolution timescale of young (0.01–1 Gyr) stars seen
in Figure 23. Trilling et al. (2007) argues that this data suggests that the dominant
physical processes driving the evolution of the dust disks in young stars might be
different from those in more mature stars, and operate on different timescales: while
the former might be dominated by the production of dust during transient events like
the LHB in the Solar system or by individual collisions of large planetesimals (like
the one giving rise to the formation of the Moon), the later might be the result of a
more steady collisional evolution of a large population of planetesimals. The debris
disks evolution observed by Spitzer for solar-type (Figure 23 – Siegler et al. 2007)
and A-type stars (Rieke et al. 2005 and Su et al. 2006) indicate that both transient
and more steady state dust production processes play a role; however, their relative
importance and the question of how the dust production could be maintained in the
oldest disks for billions of years is still under discussion.

Jewitt et al., Carpenter et al.
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ANRV352-AA46-10 ARI 25 July 2008 4:42

with the latter occurring more often at large distances from the star (Goldreich, Lithwick & Sari
2004b).

The models of Kenyon & Bromley (2004a,b, 2005, 2006) make specific predictions for the
amount of dust produced in this process. The quiescent level of dust during the initial runaway
growth period is found to be relatively low. However, once the largest protoplanets have grown
to 2000 km, their dynamical perturbations stir the population of <100-km planetesimals so that
collisions among their population no longer result in net accretion, but have sufficient energy to be
destructive. A collisional cascade is then initiated that depletes the <100-km population through
the generation of dust, which is removed by radiation forces (see Section 4.1). In these models the
timescale for the formation of 2000-km planetesimals depends only on the distance from the star
and the surface density of solid material

t2000 km ≈ 600(!0/!MMSN)−1r3, (12)

in years, where r is in AU, !MMSN is the surface density in the minimum mass solar nebula (MMSN),
and a surface density that falls off ∝ r−1.5 has been assumed (Kenyon & Bromley 2004a). Because
planetesimal stirring takes longer further from the star, this is referred to as delayed stirring. An
extended planetesimal disk in this model exhibits a ring of bright emission that moves to larger
radius with time (Kenyon & Bromley 2004a). Figure 4 shows the predictions of these models
for the 24-µm emission from dust produced during planet formation in the terrestrial zone of a
sun-like star (Kenyon & Bromley 2004b) and in a Kuiper belt around a 3-M$ star (Kenyon &
Bromley 2005).
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Figure 4
Predictions of planet-formation models for the detectability of dust produced in this process using 24-µm observations (Kenyon &
Bromley 2005). The y axis shows the ratio of total flux to that of the star, and the x axis is the time since the model is started at which
point kilometer-sized planetesimals are assumed to have formed already. Observations that can detect an excess ratio of 0.1 at 24 µm
(e.g., Equation 10) imply a detectability limit of log F24/F24∗ > 0.04 on these plots. In these models the level of dust emission remains
low until the largest protoplanets reach 2000 km in size, at which point they stir the disk, resulting in a collisional cascade fed by
100-km planetesimals. (a) Model of terrestrial planet formation in the zones 0.68–1.32 AU (red dashed line) and 0.4–2 AU (blue solid line)
around a sun-like star. Spikes in dust emission are seen when individual 100-km objects collide. (b) Model of planet formation in annuli
at 3–20 AU and 30–150 AU from a 3-M$ star. No spikes are seen from individual collisions at such large distances. Because the
formation of 2000-km planetesimals takes longer further from the star, ∼1 Gyr in this simulation at 150 AU, this is referred to as the
delayed stirring, or self-stirring, model. Figure reproduced by permission of the AAS.

350 Wyatt

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
8.

46
:3

39
-3

83
. D

ow
nl

oa
de

d 
fr

om
 a

rjo
ur

na
ls

.a
nn

ua
lre

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 - 
B

er
ke

le
y 

on
 1

0/
01

/0
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

Kenyon & Bromley (2004)

Dust Production by Stirring
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Debris Disk Structure

• Resolved imaging to break degeneracies 
between grain properties and disk 
structure

• Scattered-light imaging requires high 
contrast

• Thermal imaging requires good sensitivity 
and angular resolution
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Topics Addressed with AO

• Location and timing of planet formation

• Composition and structure of solids

• Giant planet migration mechanisms

Wednesday, June 20, 2012



Current AO Work

• Imaging in scattered light

• only bright, dusty systems

• previously resolved

• sharp features amenable to PSF 
subtraction

• Only a handful resolved with AO
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Observations Filtered PSF Subtracted
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AU Mic

• M1V

• 10 pc

• β Pic Moving Group

• 12 Myr (Zuckerman et al 2001)

• LIR/L* ~ 5×10-4

JHK′

Fitzgerald et al. (2007)
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Fitzgerald et al. (2007)
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A&A 524, L1 (2010)

suggests two distinct components, a nearly edge-on disk or ring
and a swept-back component that interacts with the ISM. Both
papers focused on the properties and origin of the swept-back
component. In this work, we present high-contrast ground-based
imaging with unprecedented angular resolution. We discover and
characterize a distinct asymmetric ring in the inner disk compo-
nent and discuss the probability of a planetary companion.

2. Observations and data reduction

We observed HD 61005 on February 17, 2010 with the NACO
instrument (Rousset et al. 2003; Lenzen et al. 2003) at the VLT.
The observations were obtained in the framework of the NaCo
Large Program Collaboration for Giant Planet Imaging (ESO
program 184.C0567). The images were taken in the H-band
(1.65 µm) in pupil-tracking mode (Kasper et al. 2009) to allow
for angular differential imaging (ADI, Marois et al. 2006). The
field of view was 14′′ × 14′′ and the plate scale 13.25 mas/pixel.
We performed the disk observations without a coronagraph, and
used the cube-mode of NACO to take 12 data cubes. Each cube
consisted of 117 saturated exposures of 1.7927 s, yielding a total
integration time of 41.95 min. The saturation radius was ∼0.′′15.
A total of 112◦ of field rotation was captured while the pupil
remained fixed. Before and after the saturated observations we
took unsaturated images with a neutral density filter to mea-
sure the photometry for the central star. The adaptive optics sys-
tem provided a point spread function (PSF) with a full-width at
half-maximum (FWHM) of 60 mas with ∼0.′′8 natural seeing in
H-band (22% Strehl ratio).

The data were flat-fielded, bad-pixel corrected, and centered
on the star by manually determining the center for the middle
frame and aligning the others through cross-correlation. We re-
moved 3 bad-quality frames and averaged the remaining im-
ages in groups of three for a total of 467 frames. We then used
LOCI (locally optimized combination of images, Lafrenière
et al. 2007) and customized ADI to subtract the stellar PSF to
search for point sources and extended non-circular structures.

In ADI, each image is divided into annuli of 2 FWHM width.
For each frame and each annulus, a frame where the field ob-
ject has rotated by 2 FWHM is subtracted to remove the stel-
lar halo. Additionally, the resulting image is subtracted by a
back-rotated version of itself. Finally, all images are derotated
and median combined. In LOCI, each annulus is further di-
vided into segments, and for each segment an optimized PSF
is constructed from a linear combination of sufficiently rotated
frames. A minimum rotation of 0.75 FWHM is optimal for point
source detection and has led to several detections around other
targets (Marois et al. 2008; Thalmann et al. 2009; Lafrenière
et al. 2010). To reveal the extended nebulosity around LkCa 15,
Thalmann et al. (2010) used a much larger minimum separation
of 3 FWHM. For the nearly edge-on and therefore very narrow
debris disk around HD 61005, we obtain an optimal result for
a minimum separation of 1 FWHM, but using large optimiza-
tion areas of 10000 PSF footprints to lessen the self-subtraction
of the disk. We also reduced the data with LOCI with a separa-
tion criterion of 0.75 FWHM and small optimization segments of
300 PSF footprints to set hard detection limits on companions.

Additionally we attempted a classical PSF subtraction using
a reference star, which is detailed in Appendix A.

3. Results

The NACO H-band images obtained by reduction with LOCI
and ADI are shown in Fig. 1. The circumstellar material is

Fig. 1. High-contrast NACO H-band images of HD 61005, a) reduced
with LOCI, b) reduced with ADI. The slits used for photometry are
overlaid. The curved slit traces the maximum surface brightness of the
lower ring arc, while the rectangular boxes enclose the streamers. In
both images the scaling is linear, and 1′′ corresponds to a projected
separation of 34.5 AU. The arc-like structures in the background are ar-
tifacts of the observation and reduction techniques, and are asymmetric
because the field rotation center was offset from the star. The region
with insufficient field rotation is masked out. The plus marks the posi-
tion of the star, the cross the ring center.

resolved to an off-centered, nearly edge-on debris ring with a
clear inner gap and two narrow streamers originating at the NE
and SW edges of the ring. A strong brightness asymmetry is seen
between the NE and SW side and between the lower and upper
arc of the ring. The inner gap has not been previously resolved by
HST, where only the direction of the polarization vectors hinted
at a disk-like component separate from the extended material
that interacts with the ISM.

LOCI provides the cleanest view of the ring geometry with
respect to the background because it effectively removes the stel-
lar PSF while bringing out sharp brightness gradients. The neg-
ative areas near the ring result from oversubtraction of the ro-
tated disk signal embedded in the subtracted PSF constructed by
LOCI. In particular, the ring’s inner hole is enhanced. However,
tests with artificial flat disks showed that while self-subtraction
can depress the central regions, the resulting spurious gradients
are shallow and different from the steep gradients obtained from
the edge of a ring. Because of significant variable flux loss, pho-
tometry is unreliable in the LOCI image. In the ADI reduction,
the self-subtraction is deterministic and can be accounted for,
while the stellar PSF is subtracted adequately enough to allow
photometric measurements. In the image produced by reference
PSF subtraction (Fig. A.1) the stellar PSF is not effectively re-
moved. The image is unsuitable for a quantitative analysis, but
it confirms the streamers and the strong brightness asymmetry,
and also suggests the presence of a gap on the SW side.

3.1. Surface brightness of ring and streamers

The surface brightness of the ring and streamers (Fig. 2) is ob-
tained from the ADI image. We measure the mean intensity of
the bright ring arc as a function of angular separation from the
star in a curved slit of 5 pixels width (see Fig. 1b) following the
maximum brightness determined in Sect. 3.2. For the streamers
the slit is rectangular and of the same width. We calculate the
mean intensity in the intersection of the slit with annuli of 9 pix-
els width. To estimate the self-subtraction because of ADI, we

Page 2 of 5

Buenzli et al. (2011)

HD 61005

• G3/G5 V

• 35 pc

• 40 - 120 Myr 

• LIR/L* ~ 2×10-3

• VLT/NaCo - H band

• Detected offset
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HR 4796A

• Subaru/HiCIAO - H band

• LIR/L* ~ 5×10-3

• Detected offset

Thalmann et al. (2012)

Extended Outer Regions of the Debris Ring Around HR 4796 A 3
TABLE 1

NUMERICAL RESULTS ON HR 4796 A

Maximum merit ellipse size ang. sep. projected (AU)(1)
Semimajor axis a(2) 1.′′087 ± 0.′′023 79.2 ± 1.7
Semiminor axis b 0.′′248 ± 0.′′007 18.0 ± 0.5
Maximum merit ellipse orientation degrees
Position angle Ω 26.4 ± 0.5
Inclination i = arccos(b/a) 76.7 ± 0.5
Maximum merit ellipse center ang. sep. (mas) projected (AU)(1)
x (along RA) −6.6 ± 4.0(3) −0.48± 0.21(3)
y (along Dec) −22.1 ± 4.8(3) −1.61± 0.28(3)
u (along major axis)(4) −16.9 ± 5.1 −1.23± 0.31
v (along minor axis)(4) 15.8 ± 3.6 1.15 ± 0.16
Upper limits on planets 5σ contrast Mass (MJup)(5)
At 0.′′3 = 18AU in proj. 5.8 · 10−4 ∼17
At 0.′′5 = 36AU in proj. 1.2 · 10−4 ∼9
At 1′′= 73AU in proj. 5.7 · 10−6 ∼2.8
At 2′′= 146AU in proj. 8.6 · 10−7 ∼1.4
NOTES. (1) Conversion from arcsec to projected AU assuming a distance of
72.8 pc; the uncertainty of 1.7 pc is not included in the errors. (2) Based on the
model disk described in Section 4.1, the photometric peak-to-peak radius â is
∼96% of the maximum merit semimajor axis; this would yield a value of â =
1.′′044 ± 0.023 consistent with Schneider et al. (2009). (3) Errors in (x, y)
are correlated; use the uncorrelated errors in (u, v) instead. (4) The axes
of the (u, v) coordinate system are aligned with the disk’s major and minor
axes, thus they are rotated counterclockwise from the RA/Dec coordinate
system (x, y) by Ω̄ = 26.4◦ . (5) Conversion from H-band contrast via the
COND evolutionary models (Allard et al. 2001; Baraffe et al. 2003), assuming
an age of 8Myr.

bris disks, such as HD 61005 (“The Moth”, Buenzli et al.
2010) and Fomalhaut (Kalas et al. 2010). They are thought
to represent part of the thin, extended, tapered outer reaches
of the debris disk, which are most detectable at the ansae.
Oversubtraction makes them appear narrower than they are.
In both simple ADI and LOCI, the flux at a given separation
is unaffected by any flux at smaller separations (Marois et al.
2006; Lafrenière et al. 2007), thus the streamers cannot be ar-
tifacts caused by the bright ring further inwards.
Schneider et al. (2009) note a marginal flux deficit in the

southwestern quadrant of the debris disk. Although there are
some indications of substructure in the same location in our
dataset (dashed green arrows), the S/N ratio is insufficient to
confirm the existence of a physical disturbance in the disk.

3.2. Ring geometry from maximum regional merit fitting
The crisp representation of the disk’s inner edge in the con-

servative LOCI image allows accurate measurement of its ge-
ometrical properties. For that purpose, we have devised the
maximum regional merit technique, which is loosely based on
the method of Buenzli et al. (2010).
First, we apply a median filter on the spatial scale of 5 pix-

els (≈1λ/D), which reduces the pixel-to-pixel noise while
keeping larger edges and structures intact. We then convert
the image into a signal-to-noise map (S/N; Figure 2a) by cal-
culating the standard deviation in concentric annuli around the
star and dividing the pixel values in each annulus by this noise
level. The disk itself is masked during noise calculation. The
S/N map emphasizes the well-resolved outer parts of the disk.
We then generate a large number of ellipses with random-

ized major and minor semi-axes (a, b), position angles (Ω),
and center positions relative to the star (x, y). We assign a
merit value η to each set of parameters, defined as the mean
value of the pixels in the S/N map that lie within an ellipse-
shaped sampling area described by the numerical parameters.
The sampling area for a given parameter set (a, b,Ω, x, y) is

FIG. 2.— Derivation of geometric parameters. (a) Signal-to-noise map of
the conservative LOCI image of HR 4796 A, calculated in concentric annuli
around the star and excluding the bright ring from noise estimation. The
stretch is [−10σ, 10σ]. (b) The same, but with red shading marking the
sampling ellipse pixels for the best-estimate ellipse. (c) Histogram of merits
η measured in empty sky, showing a quasi-Gaussian distribution. (d) Scatter
plot of the center offset parameters (x, y) for the solution with merits η within
1ση (black), 2ση (red), and 3ση (orange) of the maximum merit value ηmax,
drawn fromMonte Carlo simulations of 300,000 parameter sets. A white plus
sign marks location of the best estimate (x̄, ȳ); a black plus sign marks that
of the star. To guide the eye, white dashed ellipses with semiaxes of 1–4
spatial standard deviations of the 1 ση family along the major and minor axes
are provided, as well as dotted black circles marking the 1–4σ uncertainty
regions of the star’s position.

defined as the area between two nested ellipses that share the
same orientation and center (Ω, x, y) but have semi-axes of
(a + δ, b + ε) and (a − δ, b − ε), respectively. We choose
ε = 0.7 px, which results in a single-pixel thickness along the
minor axis, and δ = 4 px, for a 7-pixel thickness along the
major axis. The value for δ corresponds to the observed width
of the high-flux areas in the ansae of the disk; this is to ensure
that a well-fitted sampling ellipse will be delimited by strong
gradients in the S/N image on all sides, and thus sensitive to
displacement and scaling (Fig. 2b).
We find that this method yields more accurate results for

our data than the conventional method of fitting of an el-
lipse to flux maxima in the ring (as applied to HST data by
Schneider et al. 2009), since our data has finer spatial sam-
pling but a higher photometric noise level than the HST data.
The disk profile is flat around the flux maxima and thus vul-
nerable to noise, while the tracking of sharp gradients is ro-
bust and profits from the fine spatial sampling.
We find a maximum merit of ηmax = 3.46. In order to

estimate the noise inherent to this merit figure, we measure
η for 104 sampling ellipses placed in the empty sky region
90◦ away from the position angle of the disk. We find a

1.1″ = 79.2 AU

HD 15115
• LBT/LMIRcam - L′ band

•   LIR/L* ~ 5×10-44 Rodigas et al.
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Fig. 1.— Top: Final PISCES Ks band image of the HD 15115
debris disk, in units of mJy/arcsecond2 , with North-up, East-left.
The white dot marks the location of the star, and represents the
size of a resolution element at Ks band. For display purposes a 0.′′8
radius mask has been added in post-processing. The western side
SB is ∼ a magnitude/arcsecond2 brighter than the eastern side SB,
as is seen at shorter wavelengths (Kalas et al. 2007; Debes et al.
2008). Bottom: SNRE map of the image. The eastern side is
detected at SNRE ∼ 3 out to ∼ 2.′′1. The western side of the disk
is detected at SNRE ∼ 3-8 from ∼ 1-2.′′5.

tion times to obtain units of counts/s, nod-subtracted,
and corrected for bad pixels. Due to the large quantity
of data, images were averaged in sets of 4. We registered
the images to a fiducial pixel by calculating the center
of light around the star, excluding the saturated pixels
within ∼ λ/D, in the same manner as for the Ks band
images. We performed similar center of light calcula-
tions on the unsaturated images of HD 15115 and found
the difference between the measured and true centroid to
be ∼ 0.2 pixels (2 mas). We then calculated the radial
profile of each image and subtracted it, also in the same
manner as for the Ks band images. To test the quality of
the data, we median-combined the first half of the data,
the second half, and the entire set. We saw that though
the quality of the PSFs was good, the second half of the
data suffered from bright extended streaks appearing in
the raw data, out to several arcseconds. These streaks
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Fig. 2.— Top: Final L′ image of the disk obtained with LMIR-
cam, in units of mJy/arcsecond2 , with North-up, East-left. The
white dot marks the location of the star, and represents the size of
a resolution element at L′. For display purposes a 0.′′9 radius mask
has been added in post-processing. The image has been smoothed
by a Gaussian kernel with FWHM = λ/D and binned by a factor
of 4 to bring out the disk. At L′ the disk is mostly symmetric and
is equally bright on both sides. These features are nearly opposite
to what is seen at Ks band and at shorter wavelengths. Bottom:
SNRE map of the final L′ image shown above. The disk is detected
at SNRE ∼ 2.5 between ∼ 1-1.′′5 on both sides.

were not caused by the spider arms, and were not sym-
metric, so they could not be easily masked out and would
overwhelm the brightness of any disk structure seen in
the final image. Therefore we used only the first half
of the data (∼ 40 minutes of integration, with ∼ 50◦ of
parallactic angle rotation).
After scaling and subtracting (in the same manner as

for the Ks band images) the master PSF from each im-
age in the first half of the data (240 averaged images;
960 total), we rotated each image by its parallactic an-
gle plus an offset to obtain North-up, East-left. The
offset was determined to be 1.81◦ ± 0.0685◦ by calculat-
ing the PA of the binary HD 37013, which was observed
with LMIRcam the night before. The error was deter-
mined by independently calculating the offset with two
different software routines and measuring the difference.

Rodigas et al. (2012)
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ExAO Systems 
(Coming Soon)

• GPI, SPHERE, etc.

• low WFE

• bright NGS

• polarimetry

• GPI J-K, SPHERE/ZIMPOL 0.5-0.9 um
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Dual-Channel Polarimetry

• Simultaneous measurement 
of two polarization states

• Upstream modulation

• Calibration of instrumental 
polarization

• Break degeneracies 
between scattering phase 
function and dust spatial 
distribution
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Camera

Detector
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Dual-Channel Polarimetry
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GPI Debris Disks

1 arcsec

0.09 ��offset

Total Intensity Polarized Intensity
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GPI Debris Disks
• contrast gains due to high-order AO 

and APLC

• increase in contrast by looking in 
polarized light

• decrease in IWA increases number of 
accessible systems

•
can produce detectable polarized light
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AO Disk Imaging Summary

• High Contrast enables detection

• low WFE

• PSF stability

• Scattered light traces dust properties and 
location

• 0.5 to 10s of arcseconds
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Future Facilities

• ALMA

• 0.03″ resolution on 
longest baselines (1 AU 
@ 30 pc)

• mapping structures 
traced by mm grains

• sensitivity to resolved 
structure will be 
roughly limited to 
Spitzer-detected sample

The impact of ALMA on debris disk research
S. Ertel 1, S. Wolf 1, C. Eiroa 2, J.-C. Augereau 3, S. Metchev 4, G. Schneider 5,

M. D. Silverstone 6, J. Rodmann 7, and the Herschel/DUNES team
1 University of Kiel, 2 Universidad Autonoma de Madrid, 3 University of Grenoble, 4 State University of New York,

5 University of Arizona, 6 University of Alabama, 7 ESA/ESTEC

Outline
Debris disks are optically thin dust disks around stars produced by ongoing collisions of planetesimals left over from
the planet formation process. They help us to improve our understanding of the formation and evolution of planetary
systems. Our Herschel open time key program DUNES (DUst around NEarby Stars) aims at detecting debris disks with
fractional luminosities similar to the Edgeworth-Kuiper Belt (EKB) level around a volume limited sample (d < 20 pc) of
FGK stars including some additional sources. We present observations for the DUNES science demonstration object q1Eri
and illustrate the need of ALMA observations. In addition, we present a study on the observability of the planet-disk
interaction in debris disks with ALMA, a multi-wavelength study of the debris disk around HD107146 and the impact of
ALMA observations on this object, as well as three debris disks with unusual SEDs, revealed by DUNES observations.

Questions?
The author of this poster is
present and happy to answer

your questions!

Personally or via e-Mail:

Steve Ertel
sertel@astrophysik.uni-kiel.de

The q1Eri debris disk
The q1Eri (F8V, d = 17pc) debris disk has been spatially resolved by Herschel/DUNES
at 70µm, 100µm, 160µm, and 250µm, and detected at 350µm and 500µm [1, 2].
Simultaneous modeling of images and SED reveals a heavy EKB analog and additional
evidence for an Asteroid Belt analog. A giant planet (a = 2AU, [3]) completes the
system’s similarity to our solar system.

Herschel/PACS data of q1 Eri. The PSF is shown in the upper right corner, respectively.

ALMA observations will resolve the inner component and thus put strong constraints on
possible further planets [4]. ALMA’s multi-wavelength high resolution maps will strongly
constrain the radial dust distribution and allow detailed modeling of its composition.

Simulated ALMA observations of our best-fit model. Parameters for simulation: λ = 350µm,
max. baseline = 260m, PWV = 0.8mm, time on target = 8 h. 1σ = 0.04mJy/beam.

Planet-disk interaction
We perform dynamical simulations to study the observability of structures induced in
debris disks by planet-disk interaction with present and future instruments [4, 5]. ALMA
provides unique opportunities for such observations, but is limited by its sensitivity, not
its resolution, due to the low surface brightness of debris disks.

Simulated ALMA observations of planet-disk interaction. Parameters for simulation:
PWV = 0.8mm, time on target = 8 h. The numbers represent the predefined array configurations
(CASA). The color scales have been adjusted to fit the dynamic ranges. Top: Initial ring of debris
at 5AU, planet (Mp = 1MJ) at 3.1AU (2:1 resonance, e.g., εEri planet & inner disk [6]), d = 3 pc.
Total flux: Scaled to the level of the εEri inner disk. Bottom: Ring of debris at 50AU (e.g., EKB
or HD105), planet (Mp = 1MJ) at 50AU, d = 50 pc. Total flux: Scaled to HD105 level.

The HD107146 debris disk
Combined multi-wavelength modeling of images and a well sampled SED (star: G2V,
d = 28.5 pc) reveals a broad (∼ 90AU) ring at R ∼ 130AU [7]. CARMA observations
[8] show two peaks, consistent with dust trapped into resonance by a giant planet. We
find the smallest dust grains present to be significantly (5 times) larger than the radiation
blow-out size, contradictory to the known physical processes taking place [7].

Top: Resolved observations (upper) and modeled images (lower).
Maximum baseline for the CARMA observations: 148m. Con-
tours start at −1σ (white) and +1σ (black), increments:
1σ = 0.35mJy/beam. White ellipse: beam FWHM. Peak surface
brightness in the CARMA map: ∼ 5σ.
Left: Photometric data along with applied stellar photosphere
model and simulated SED from our best-fit model.

If the structures can be confirmed, with its high surface
brightness the HD107146 disk will provide excellent condi-
tions to study planet-disk interaction in debris disks with
ALMA [4]. High resolution multi-wavelength images by

ALMA will strongly constrain the dust composition and lower dust grain size.

A peculiar kind of debris disks
Photometry
& best-fit
model of
the three
peculiar
SED sources.

Herschel/DUNES revealed debris disks with
unusually steep decrease of the SED in the
Rayleigh-Jeans regime [9]. Modeling re-
veals dust at ∼ 35AU. Emission seems to
be dominated by a very distinct grain size
(∼ 3 to 24µm), contradictory to the size distri-
bution from a standard collisional cascade [10].
We might be faced with a completely new kind
of debris disks here.

References. [1] Liseau et al. (2010); [2] Augereau et al. (in prep.);
[3] Butler et al. (2006); [4] Ertel et al. (in prep.); [5] Rodmann (2006);
[6] Backman et al. (2009); [7] Ertel et al. (submitted); [8] Corder et al. (2009);
[9] Ertel et al. (in prep.); [10] Dohnanyi (1969)

Ertel et al.
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Future Facilities

• ALMA

• 0.03″ resolution on 
longest baselines (1 AU 
@ 30 pc)

• mapping structures 
traced by mm grains

• sensitivity to resolved 
structure will be 
roughly limited to 
Spitzer-detected sample

Parameter space for resolving disks 

Q: What parameter space will ALMA be able to resolve disks? 
A: Same plot of parameter space 

Not only will
 ALMA measure
 dust mass,
 temperature
 (radius), spectral
 slope (dust size)
 for hundreds of 
 disks, it will also
 directly measure
 most of their radii
 and search for
 asymmetries  
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For sun-like stars at 10pc 

Wyatt et al.
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Connection to Future GNAO

• Optimize for:

• relatively narrow field (<10″)

• NGS

• low WFE

• Highest contrast with ExAO-like system

• Save money: bring GPI to GN, or GPI upgrades

• Exploit 3-5 μm regime

• 100 nm WFE @ 1.6 μm ⇔ 200 nm WFE @ 3 μm

• also advantageous for emission from young gas giants

• better angular resolution than HST
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Connection to Future GNAO

• Polarimetry is important for contrast

• up-looking port

• waveplate before any high-incidence optics (M3) 
or transmissive optics (dichroic)

• Push toward shorter wavelengths

• better angular resolution

• however smaller grains more strongly affected by 
dynamical perturbations, e.g. radiation pressure

• poor PSF stability compared to HST
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