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ABSTRACT

Debris disks around main sequence stars are produced bydbkiere and evaporation of unseen parent
bodies, which are potential building blocks of planets. tSptanets may imprint dynamical signatures on
the structure of the debris disk. AU Microscopii (GJ 803) mompelling object to study in the context of disk
evolution across different spectral types, as itis an M diwhose near edge-on disk may be directly compared
to that of its A5V sibling3 Pic. We resolve the disk from 8—60 AU in the neardRK’ bands at high resolution
with the Keck Il telescope and adaptive optics, and developwel data reduction technique for the removal
of the stellar point spread function. The point source d&treensitivity in the disk midplane is more than
a magnitude less sensitive than regions away from the diskdime radii. We measure a blue color across
the near-IR bands, and confirm the presence of substructihe iinner disk. Some of the structural features
exhibit wavelength-dependent positions.

The disk architecture and characteristics of grain contiposare inferred through modeling. Previous efforts
have modeled the dust distribution through a variety of regganging from power law models to calculations
of steady-state grain dynamics. Recent measurements pbthgzation properties of the scattered light in-
dicate the presence of porous grains. The scattering piepef these porous grains have a strong effect on
the inferred structure of the disk relative to the majorifypoeviously modeled grain types. We approach the
modeling of the dust distribution in a manner that complets:previous work. Using a Monte Carlo radiative
transfer code, we compare a relatively simple model of ts&ritlution of porous grains to a broad data set,
simultaneously fitting to midplane surface brightness f@sfand the spectral energy distribution. Our model
confirms that the large-scale architecture of the disk isisbent with detailed models of steady-state grain
dynamics. Here, a belt of parent bodies from 35-40 AU is resitate for producing dust that is then swept
outward by the stellar wind and radiation pressures. We ithfe presence of very small grains in the outer
region, down to sizes 0£0.05um. These sizes are consistent with stellar mass-lossivates 10° M.

Subject headingscircumstellar matter — planetary systems: protoplanetdisks — stars: individual
(AU Mic) — stars: low-mass, brown dwarfs — instrumentati@daptive optics — tech-
nigues: image processing

1. INTRODUCTION spectral energy distributions (SEDs) of these systemsicpar

In the past two decades, observations enabled by new techdlarly th_e range from the IR to the sub-mm, are commonly
nology have substantially broadened our understanding ofuS€d o infer the (often cold) dust temperature and extent of
dust surrounding main-sequence stars. These tenuous diskdiSk inner clearing (e.g. Chen etal. 2005). However, in the a
of dust, found around nearby stars, are fundamentally éinke S€Nce of additional information, significant degeneraeies
to the processes of star and planet formation (Backman &ISt in modeling the dust disks with SEDs (Moro-Martin et al.
Paresce 1993; Lagrange et al. 2000; Zuckerman 2001; Meyef005, and references therein). Severe ambiguities between
et al. 2007). Current scenarios favor casting “debris disks ~ diSk morphology and the grains’ physical characteristies a
the later stages of the systems’ formation, after most of the€Moved with spatially resolved images of the thermal and
primordial gas and dust have dissipated (on timescales of 1-Scattered light; however, the faintness of the dust anchefte
10 Myr; e.g. Zuckerman et al. 1995; Haisch et al. 2001). The [arge dynamic range between the star and disk present signif
debris is freshly nourished by the sublimation, evaponatio icant obstacles to their acquisition. Resolved images aite b

and collisional destruction of orbiting parent bodies dae-  'are and valuable.

cent review, cf. Meyer et al. 2007). Since a portion of these ImaglIeS at gn_ultiplr? v(\j/a\t/)e_lengths are yetlmore é)or"n‘:fsrfm'
parent bodies may take part in the accretion of cores into-pla SPatially resolving the debris across several wavebanms pr

ets — which may in turn gravitationally perturb the dust — vides definitive evidence for the size, space, and composi-

circumstellar debris disks offer evidence for the presesfce  tional distributions of the grains (e.g. Pantin et al. 198yatt
planets and insight into their formation. 2006; Golimowski et al. 2006). Coupling such data with de-

Debris disks are usually discovered by sensing the thermalt@ileéd models of grain dynamics can expose the fundamental

re-radiation of absorbed starlight in the far IR (Backman & Physical phenomena governing the production and diffusion

Paresce 1993; Decin et al. 2003; Bryden et al. 2006) The©f dust throughout the disk. Physical models trace the char-
' ' ' ' ' acteristics of grains (i.e. composition and geometry) ® th
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ner & Holman 2003; Kenyon & Bromley 2004; Wyatt 2006). Meyer et al. 2007). We note, however, that two other recently
Tracing the mechanisms of grain dynamics through resolvedimaged disks, HD 32297 (Kalas 2005) and HD 15115 (Kalas
imaging also addresses crucial questions about the nature cet al. 2007), also scatter blue between the optical andlRear-
dust production in these systems — is the dust distribution Such data are important because images at each new wave-
steady-state, or is the evolution of debris governed by-tran length serve to further constrain the sizes, compositiod, a
sient events, such as rare collisions between massivesdadie structure of grains through analysis of their scatterirgppr-
extrasolar analogs to the Late Heavy Bombardment? Againties.

the images that are critical to addressing these issuear@e r While the scattered light imaging of the disk has attracted
though the number of resolved systems has increased rapidlyattention in the past few years, there has also been sigmtifica
in the past few years (for recent tabulations, see Kalas. et alstudy of the grains’ thermal emission in the SED. The cold
2006 and Meyer et al. 2007). With ever-increasing sample dust around AU Mic was first identified by tHafrared As-
sizes, we have entered an era where we can compare the strutronomical Satellit§|RAS, as excess emission at pth was

ture and evolution of circumstellar dust with quantitiesetth weakly detected (Mathioudakis & Doyle 1991; Song et al.
shape the paths of planet formation, such as stellar mass and002). Recently, sensitive measurements of the 880lux
metallicity. confirmed the presence of cold dust around the star (Liu et al.

Contemporary work has revealed an exciting laboratory for 2004). TheSpitzer Space Telescopas further constrained
the detailed study of circumstellar debris. AU Microscopii the thermal emission of the dust in the mid-IR (Chen et al.
(GJ 803) is a nearby star that harbors an optically thin debri 2005).
disk. The spectral type in the literature ranges from dMO— Results of these studies have been taken as indirect evi-
2.5Ve (Joy & Abt 1974; Linsky et al. 1982; Keenan 1983; dence for the presence of planets around the star. The gravi-
Gliese & Jahreiss 1995). It is a member of tB@ictoris tational influence of such planets provides a possible mecha
moving group, and as such is one of the youngestWgr; nism for generating the substructure in the disk. In paldicu
Barrado y Navascués et al. 1999; Zuckerman et al. 2001) andnean-motion resonances from a planet can trap dust to pro-
among the closest (9.2940.13 pc; Perryman et al. 1997) of duce radial, azimuthal, and vertical structure (e.g. Cagrn
the known resolved debris disks. It is especially attractiv et al. 2000; Wahhaj et al. 2003; Thommes & Lissauer 2003;
to study in the larger context of disk evolution as a function Wyatt 2006), though to date, no models of these mechanisms
of stellar mass. In terms of mass, M dwarfs like AU Mic have been applied to the substructure of AU Mic. Further, the
constitute the dominant stellar component of the Galaxy. De shallow surface brightness profiles in the inner disk anll lac
spite the abundance of such stars, AU Mic is currently unique of thermal excess in the 10—2@n region of the SED have
among the resolved debris systems. It is a touchstone forsuggested an inner clearing of dust, perhaps maintained aga
studying the evolution of circumstellar disks around lowass by the presence of an inner planet (e.g. Roques et al. 1994,
stars. AU Mic has a well-chronicled history of flare activ- Moro-Martin & Malhotra 2005). Nonetheless, it is imperativ
ity (e.g. Robinson et al. 2001). It is likely that strong stel to understand the detailed physics affecting the distidbut
lar activity has a significant effect on dust dynamics anetlif  of dust grains around this disk prior to establishing thespre
times (Plavchan et al. 2005). Notably, we can make directence of unseen planets. The gravity of such perturberstis jus
comparisons across spectral types given AU Mic and its sib-one of many effects which may shape the dust distribution,
ling 8 Pic, the archetypal A star with an edge-on debris disk. including grain-grain collisions, forces from both steltadi-

The scattered light of the dust around AU Mic was dis- ation and wind, and gas drag. Because the disk is along the
covered by Kalas et al. (2004), who used seeing-limiRed line-of-sight to the star, AU Mic is a favorable target foings
band coronagraphic imaging to resolve it into an extended,absorption spectroscopy to search for remnant gas in the dis
near-edge-on disk. Additional high-resolution studies fo Roberge et al. (2005) placed limits on the column oftbt
lowed, with adaptive optics (AO) observations tdtband ward the star using thear Ultraviolet Spectroscopic Explorer
by Liu (2004, hereafter L0O4) and Metchev et al. (2005, here- (FUSE), concluding that giant planets were unlikely to have
after M05), as well as in the visible with tHéubble Space  formed given the rapid dissipation of primordial gas. Dif-
TelescopdHST) by Krist et al. (2005, hereafter KO5). These ferent groups have placed planet detection limits arourd th
detailed images reveal a very thin midplane (FWHA AU) star in very narrown < 2" ~ 20 AU; Masciadri et al. 2005)
with an inner disk closely aligned with the line of sigit{ and slightly wider fields (Neuh&user et al. 2003; M05), and
0.5° for r < 50 AU; KO05). The midplane surface brightness to date none have been directly detected. Certainly the-ques
profiles show a break around 35-45 AU, with brightness de-tion of planets in this system warrants further study, asehe
creasing more sharply at larger projected distances. Hrere different lines of evidence have not been resolved.
slight asymmetries in the overall brightness of the profies Comprehending the physics that sculpt the dust distributio
tween the two disk ansae. Further, the midplane exhibits sub in this debris disk remains a key step for not only deterngnin
structure on smaller scales, including localized enhamecdésn  the existence of planets, but also for informing us about the
and deficits in brightness, and vertical deviations of nadgl evolution of solid material around stars in general. Augare
positions away from that of a uniform disk. Comparison of & Beust (2006) and Strubbe & Chiang (2006, hereafter SC06)
these structures between datasets is required to confidentlhave both investigated the observed break in the midplare su
reject image processing artifacts. The origin of the small- face brightness profile and color gradient in the outer disk,
scale structure remains unexplained. A striking featuthef  and hypothesize that a ring of parent bodies (near the break
scattered light disk is its color. K05 found a blue color in in surface brightness profile) acts as a source of dust grains
the visible withHST, along with an apparent color gradient which are subsequently swept outward by a strong stellar
— the disk is increasingly blue from 30-60 AU. The disk is wind. SC06 provide a detailed physical model for AU Mic for
also blue from the visible to thel band, as noted by M05. this scenario. The steady-state spatial and size distimit
This is unlike many of the disks resolved to date, which are of dust grains are determined by a small set of physical pro-
neutral or red scatterers like Pic (Golimowski et al. 2006;  cesses (e.g. collisions, radiation, wind, etc.), and witireo
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assumptions about grain properties, the model can repeoducsures where the disk was aligned with a diffraction spikeawer
observations of scattered light profiles and the SED. discarded. The filters, total integration times, and focatks

As illustrated by the work done to date, we have constraintsare listed in Table 1. We used d®radius focal plane mask
on the distribution of dust using scattered light images-cou on the second night, however the data in the region around
pled with the SED. However, in this edge-on system, a de-the edge of this mask were discarded due to large residual
generacy remains between the scattering properties afgrai subtraction errors. Calibration employed standard bids su
and their supposed spatial distribution. The advantageeafm traction and flat fielding techniques.
surements in polarized light, rather than total intenstyhat Imaging faint circumstellar material requires suppressio
they give complementary information in the grain scatgrin of the stellar light, whose distribution is given by the on-
properties (for grain sizea such thatx ~ 2ra/\ ~ 1) and axis point spread function (PSF). While the coronagraph sup-
thus reduce this degeneracy. The polarization properfies o presses much of the starlight, a fraction leaks throughytke s
AU Mic’s disk have recently been measured WHIST/ACS tem and must be subtracted from the data in post-processing.
by Graham et al. (2007). The disk exhibits strong gradients i The relative success of this operation is linked to PSF sta-
linear polarization, and their modeling of the flux of pokzdl bility. In observations through an altitude-azimuth telsse

visible light indicates the presence of small porous graims like Keck, the image plane rotates relative to the telescope
an architecture consistent with a significan300:1 in verti- with parallactic angle. However, features in the PSF that ar
cal optical depth to scattering) inner clearing. produced by the telescope (e.g. diffraction spikes) mainta

In this paper, we report and analyze multiband AO obser- a fixed orientation relative to it. We disabled the instrumen
vations of the scattered light disk of AU Mic in the near IR. rotator of NIRC2 to additionally fix the orientation of anyafe
Our high-contrast images were processed with a novel data retures arising from camera aberrations. With the disabléd ro
duction technique which aims to mitigate the effects of poin  tor, the PSF orientation is fixed relative to the detectorsvhi
spread function variability on ground-based observativves the edge-on disk appears to rotate around the stellar image
report on the observed colors and color gradients of the diskwith time. This allows us to disentangle the image of the disk
brightness profiles for our images, and also for reprocessedrom features in the diffraction pattern of the star, as \asl
HST data previously presented by KO5. Guided by the re- use the stable orientation of the stellar PSF on the detéastor
cent characterization of grain scattering properties lgh@m more accurate subtraction. “Roll subtraction” is a genebal
etal. (2007), we simultaneously fit a dust model to near IR andservational methodology that has been applied with success
visible scattered light data as well as the SED. With thisehod to AO imaging of circumstellar disks (e.g. L0O4; M05). An ac-
of dust distribution, we then check the consistency of SE06’ count of our version of the roll subtraction technique falo
physical model for the disk architecture with our empirical : .
results. We examine the question of whether the inner disk 22. PSF Subtraction Technique
is populated, as expected if corpuscular drag forces cam dra  The time variability of the AO PSF is often the limit-
grains inward before they are pulverized through collision ing factor in detecting faint circumstellar material frofmet
We document our observational and data reduction techsiique ground. Rather than subtracting the stellar PSF from non-
in 82; we present our observational results in 83 and analyzecontemporaneous observations of reference stars, we avish t
dust models in 84. Discussion and conclusions follow in 85. directly exploit information from the science target expeEs.
Techniques developed by Véran et al. (1997) and Sheehy et al.
2. OBSERVATIONS & REDUCTION (2006) seek to model the AO system to estimate the PSF, us-
The achievable spatial resolution is a prime motivator for ing telemetry data and crowded field imaging, respectively.
imaging debris disks in the optical and near infrared — re- However, these techniques do not yet have demonstrated ap-
solved images here highlight structural details and dugppr  plicability to high-contrast imaging. For roll subtraatiamit-
erties. However, at these wavelengths the star overwhelmsgation of AO PSF variability can potentially improve con-
the light scattered by the circumstellar debris. This asttr  trast. We note in particular the technique’s advancement in
ratio characterizes a fundamental observational chatlemg  this regard by Marois et al. (2006) for the case of point seurc
such studies of debris systems. To meet this challenge, wealetection.
use AO to concentrate the star’s light and employ a corona- We developed an algorithm suited to the self-subtraction of
graph to occult the resulting stellar image, thereby ingirea ~ time-varying AO PSFs and applied it to the reduction of our
sensitivity to the disk. Here, we detail our use of AO coronag near-IR images. In essence, because the PSF remains in a
raphy and image processing techniques to study the circumfixed orientation while the edge-on disk rotates, one may use
stellar dust (§2.1-2.2). We describe calibration of the &fad  PSF information spanning several exposures to estimate the

in §2.3, and our use MiSTimages in §2.4. stellar PSF (effectively removing the disk). Our refinement
. to the procedure is to estimate the PSF for each exposure,
2.1. Near Infrared Imaging rather than for the ensemble. The PSF estimates are then used

We observed AU Mic on the nights of 2004 Aug 29-30 with to subtract the stellar image from each frame. The residuals
the Keck Il AO system and a coronagraphic imaging mode of are transformed to a common sky orientation and then com-
the NIRC2 camera. AU Mic is sufficiently bright to serve bined to estimate the star-subtracted object field (Figcdr),
as its own reference for adaptive wavefront correctioneAft responding to the disk emission. We detail our procedure,
wavefront compensation, the on-axis starlight is blocked b including the refinements for tracking changes in the time-
a focal-plane mask. Diffraction effects are then suppisse variable AO PSF, in Appendix A.
by a pupil-plane Lyot stop, and the light is reimaged onto a L
1024x 1024 pixel Aladdin detector. The narrow-field mode 2.3. Calibration
of the camera was used, at a scale-df0 mas pixel'. Expo- Immediately after bias subtraction and flat fielding, we cor-
sure times were 30-60 sdHK’ (60 x 1 sinL’), and the filter rected the camera’s geometric distortion in each image.-How
was cycled after a few short exposures in each band. Expo-ever, no attempt was made to calibrate for the scale and ori-
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entation of the detector on the sky, as any differences fromflux calibration error in the final near-IR images at 20% and
nominal values are expected to be minor. When visually com-note that, in general, unsensed fluctuations will tend tecaff
paring withHSTimaging (82.4), we found aQ rotation be- the shorter-wavelength observations to a greater degtés. T
tween the two sets. systematic calibration uncertainty will affect the absellev-

Our calibrations for photometry require measurement of els of the surface brightness profiles we measure in 83.2, and
zero point and PSF. We bracketed our observations of AU Mic depending on the degree in correlation between errors in cal
with photometric standard stars SJ9170 and HD 205772 onibration in different bands, the disk colors (83.3). Measur
the first night, and GJ811.1 on the second (Elias et al. 1982;ments of color gradients will not be affected by this type of
Persson et al. 1998). These observations were used to desrror.
termine the photometric zero point in each band. The stars
were positioned outside the coronagraphic spot, and agertu 2.4. HST Imaging
photometry was used to measure the stellar brightnesse Sinc . ,
large aperture radii could be used on the well-exposed stel- |n order to compare disk images over a wider range of
lar images, no encircled energy corrections were used in deWavelengths, we reduced and analyzed data previously ob-
termining zero points. For all measurements, we applied ant@inéd with theHubble Space Telescopelvanced Camera
airmass correction assuming extinction values apprapfaat for Surveys in the=606Wfilter (A:=606 nm,A\ = 234 nm)
Mauna Kea (Krisciunas et al. 1987). on 2004 April 03 (K05). We acquired the flatfield images

To measure the scattering properties of the dust, we expres8f AU Mic and the PSF reference star HD 216149 from the
the disk flux relative to that of the star. However, measuring HST OPUS pipeline. These data were further calibrated by
the brightness of AU Mic is a challenge with this instrumen- dividing by an appropriate spotflat and multiplying by a pixe
tal configuration because it is too bright for direct unotedl ~ area map. A final image of AU Mic was constructed by av-
imaging, while observations using the focal plane mask com-€raging three frames of 750 seconds integration each, with
plicate calibration. Here we adopt 2MASS photometry for @ppropriate filtering to reject cosmic rays. The final imafe o
the stellar brightnessl & 5.436-+0.017,H = 4.831+0.016, HD 216149 was constructed by averaging eight frames of 225
K = 4529+ 0.020; Skrutskie et al. 2006). We ignore the secon_ds each. We subtracted the PSF subtraction in a manner
small (~ few centi-mag) color correction when transforming described by KO5. There was no need to apply our specialized
from K to K’, as we expect disk photometry to be dominated roII-subtraqt_lon technique (Appendix A) to these data lisea .
by other errors. To determine the brightness of the star in©f the stability of the ACS PSF. The PSF-subtracted AU Mic
L7, we first measured the brightness of GJ811.1 through theimage was then corrected for geometric distortion usingsa cu
partially-transmissive focal plane spotlin We then applied ~ tom IDL routine (J. Krist, private communication). We used
a color correction to compute the zero point (behind the)spot the Tiny Tim PSF modél(Krist & Hook 2004) to compute
in L', and measured the brightness of the AU Mic using the the_enclosed energy in rectangular apertures to enable com-
same photometric aperture, finding 4:38.04 mag ir.’. We parison of surface brightness profiles with our near-IR data
note that our attempts to express the relative disk and stel- We used the same method for computing midplane surface
lar flux ratio should take AU Mic's variability into consicer ~ Prightness profiles described previously (§2.3). We chetcke
tion. The star regularly flares in the X-ray and EUV regions the consistency of ouF606W midplane surface brightness
of the spectrum (for a review with application to grain dy- Measurements against those reported in KOS's Fig. 4 (us-
namics, see Augereau & Beust 2006). Periodic variations ining their 0’25 0725 apertures) and found that our mea-
the visible regions of the spectrum, thought to be caused bySurements of the same data were uniformly G205 mag
spots Amy ~ 0.35mag,P = 4.865d; Torres & Ferraz Mello bnghter. _The discrepancy is due to the fact that K05 d|.—
1973; Cutispoto et al. 2003), are also relevant. However, asvided their images by a factor 0f11-124 when correcting their
noted by MO5, for AU Mic these are likely not problematic  Pixel areas from 2& 25 mas pixet” to 25x 25 mas pixet (J.
since the contrast between spots and the photosphere is lowe<rist, private communication). However, the photometat ¢
in the near IR. ibrations, both in the image headers and produced by SYN-

Itis convenient to measure surface brightness in rectangul PHOT, assume that the final undistorted image is processed
photometric apertures, as are used in the calculationgetbta USing DRIZZLE. The drizzled data product is similar to the
in §3.2. Because of the difficulty in using coronagraphic ob- Manual calibration performed above and in K05, except that i
servations to infer the off-axis (unobscured) PSF, we apply does not include a uniform scallrjg of 'ghe image by a factor of
an aperture correction based on the enclosed energy in thig-124. To correct the error, the disk brightness valuesrtego
aperture by using the unobscured observations of photametr N K05 should be increased by this factor. We adopted KO05's
standard stars as PSF references. In each band, we avezage thelue of 863+ 0.03 mag for the stellar brightness. Aperture
enclosed energy over azimuthal rotation of the referende PS Size aside, our measurement methodology oFb@SWmid-
to simulate the final roll-subtracted image’s PSF. The apert  Plane surface brightness profile presented in 3.2 prodaees
corrections we derived from these enclosed energy measureSults consistent with KOS5 after scaling their surface kingss
ments are susceptible to variability in the AO PSF because th PY & factor of 1.124. The stability of thHdST/ACS PSF en-
reference PSFs are measured non-contemporaneously frorfures that the flux calibration uncertainty, set by the 0.8§ m
those of AU Mic. To estimate the systematic errors in the uncertainty in stellar brightness, is much lower than thafse
overall flux levels, we examined the random error in the en- the near-IR bands. The stellar brightnesE@06Wwas mea-
closed energy of the reference PSF exposures in each bangured in unocculted images at the same epoch, so our mea-
The largest fluctuation on a single night was 16%. Although Surements are unaffected by the star’s variability.
the combination of data from both nights will reduce this un-
certainty € 11%), the potential for unmeasured changes in 3. RESULTS
the PSF from the reference star to science measurements re-
mains. With caution in mind, we estimate the uncertainty in 5 http:/Avww.stsci.edu/software/tinytim/
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3.1. Disk Morphology in an annulus) to the random error estimated from their stan-

The PSF-subtracted images are shown in Figures 2 and 3dard deviation. These are generally less than one, suggesti
As observed by other authors, the disk has a near-edge-of12t any bias in the profiles is smaller than the estimated ran
morphology. The data in each band of Figs. 2 and 3 has beeﬁjqrn errors. Another possible mechanism for systematic erro
divided by the corresponding stellar brightness, suchttiet ~ 7iS€S in the near-IR data because the PSF estimates are de-
resulting colors trace the relative scattering efficieaaiethe  ved from the target exposures (82.2 and Appx. A). If there
dust. We find the disk decreases in brightness relative to thdS insufficient field rotation in the images, light from the in
star with increasing wavelength, upké-band, indicating an ~ Ne' disk may be subsumed in the PSF estimate, resulting in

: ; _ a self-subtraction of the disk. Nearly all of our datasetgeha
ﬁ;g:]acuebilnuﬁ color. We do not detect the disk with strong con APA > 3(° (Table 1), sufficient to exclude this as a source of

The disk midplane shows vertical structure (Fig. 4). We fita Significant error. However, the 2004 Aug 2dand data have
Gaussian functri)on to the vertical profile of the disk as a func SPA=17°, which corresponds to one disk midplane FWHM
tion of projected distance. We subtract this profile from the & ~ 85AU. The 2004 Aug 30 data have much more field
image, scale the residuals by a smooth fit to the amplitudeg©tation, so the effect on the inner region of the compasite
of the Gaussians, and display the results in the left parfels o 22nd surface brightness profiles is likely to be small. fnal
the Figure. This procedure clearly reveals the location of a th€ uncertainties in Fig. 5 do not include potential errare d
sharp midplane. Broader features also show variation — thet© flux calibration, which may be as large as 0.2mag for the
width of the best-fit Gaussians is not constant with projcte JHK' bands (82.3). We conclude tha.t, relative to the random
distance from the star. This effect has been noted and studie &70rS. the systematic errors are unlikely to affect thepsha
by other authors (K05; Graham et al. 2007). Capturing the of the surface brightness profiles at separations greaaer th
vertical structure of the disk is important for detailed phy 8.5AU. .
oG o ove s a1 4.4 1, B ST u et oo o L0 0 05,
strict ourselves to considering only the most basic dislppro . :
erties and defer detailed two—%ime)rgsional modeling fauet ~ Profile around 30-35AU. A break ai 15 AU in the F606W

work. We will discuss the disk substructure (brightness en- data was reported by KOS, though the innermost point_s; in our
hancements and deficits) in §3.4. near-IR profiles are consistent with both a slight flattergsind

no break at all.
) _ Broken power laws provide a compact description of the
3.2. Surface Brightness Profiles observed surface brightness profiles. Using flux-based unit
Midplane surface brightness profiles are useful metrics of rather than magnitudes, we fit a functid(b) oc b™ to the
disk structure. These profiles average over the verticainext midplane surface brightness profiles in Fig. 5, and repert th
of the observed scattered light image, which is naturallg-in  resulting indicesy in Table 2. We scale the formald+an-
grated along the line of sight. This facilitates comparigth dom errors byy/x2 when this quantity is> 1 to partially
scattered light models by reducing the brightness digidhu  account for the ill-fittedness of a strict power-law to pro-
to one dimension. We note that this convenient technique carfiles which exhibit substructure. Errors in subtraction may
fail to capture variation in the projected vertical extehthe be correlated because some PSF structures have significant
disk, though we do follow the vertical centroid as a function radial extent. We ignore measurement covariance in the anal
of projected position. Prior to computing our profiles, wefit  ysis, and thus potentially underestimatg and the quoted
spline to the vertical midplane position along each ansa. Weerrors. We chose to fit over two domains in projected sep-
used 0’1 x 0’5 photometric apertures centered on these po-aration: an inner region of 15.0-32 AU, and an outer region
sitions in unsmoothed images to extract the photometry-(Fig of 32-60.0 AU. The innermost boundary was chosen to mit-
ure 5). The width of this aperture is chosen to provide suf- igate possible biases from systematic errors. The outérmos
ficient spatial resolution along the disk midplane, while th  boundary is an upper limit, and is more precisely set by the
height is sufficient to capture several vertical FWHM of the availability of data in Fig. 5. The break between the two re-
inner disk. As reported by Graham et al. (2007), the apparentgions was chosen to correspond to the kink in the midplane
F606W disk thickness increases outward, reaching the 0 surface brightness profile of the SE ansa, corresponding to
aperture height at-60 AU. Beyond this point, these photo- feature C (§3.4). The power-law fits of obi-band data are
metric apertures do not perform a vertical average; rathey, somewhat consistent with those of L04, who measures for the
sample the midplane brightness. NW (SE) ansax = 1.4+ 0.3 (1.0+0.3) over 20-35 AU and
Our PSF-subtracteld data exhibit very low S/N structures 4.4+ 0.3 (4.4+0.4) over 35-60 AU. Using the same method
along the disk plane i’ at separations of-1” from the as used in Table 2 on these ranges (but different apertwe siz
star, though these may result from PSF subtraction errors. | and positions), we obtaind+0.2 (L54+0.1) and 4440.2
Figure 5, we show upper limits on the disk brightness in this (3.4+0.2), respectively. The values we compute for the SE
band. slopes are steeper in the inner region, but shallower autsid
The uncertainties in Fig. 5 represent the random measureQur measurements are consistent with those of M05 over sim-
ment errors. At each radius, the contribution from residual ilar domains. Those authors measure 1.2+ 0.3 over 17—
speckle and background noise sources was estimated fron33 AU and 40+ 0.6 over 33—-60 AU. Using these ranges and
the standard deviation of photometry in apertures placed inaveraging over ansae (but different aperture parametegs) w
an annulus, excluding the locations near the disk. The photo obtain 14+0.2 and 38+0.2. We have significant differences
noise from disk photometry is also factored into the random in our F606W power-law indices relative to those of KO05.
errors. The inner and outer edges of the profiles are set byThe authors, using apertures that af@® tall in the direc-
the requirement that /Bl > 1. To estimate the contribution  tion perpendicular to the midplane, calculate 1.8 over the
of PSF subtraction to the systematic errors, at each radius w domain 15-43 AU, and.Z in the region beyond 43 AU, both
compared the mean values of the off-disk apertures (placed
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of which are somewhat steeper than our findings.6£t10.1 spatial distribution of disk brightness is also time-vhilie.

and 41+ 0.2 (measuring from 15-43 AU and 43-70 AU with We also note that differences in feature position and bright
our apertures). However, measuring withl0< 025 aper- ness from different authors may arise via analysis methodol
tures over the region 43—60 AU and averaging the fit indicesogy. As we have done in Figs. 7 & 8, it is desirable to high-
over both ansae, we find = 4.7 — consistent with K0O5.  light features by dividing the data by a functidib), where
The differences in these comparisons serve to undersoere thb is the projected stellar separation. For example, L04 used
sensitivity of such power-law measurements to methodology f(b) = |b|™ (see his Fig. 3) and M05 usefdb) = b2 (their
These differences may arise from PSF subtraction residualsFig. 3b). In contrast, KO5 use a fourth-order polynomialdit t
aperture sizes, aperture center locations, and the fit domai the surface brightness profile féfb), while we use a spline
Inferences between different datasets should be basedchen co fit (detailed above). These more complicated functions can

sistent power-law fits. better capture the overall brightness profile of the diskictvh
does not follow a single power law. On the other hand, they
3.3. Disk Color Variation can suppress the appearance of the broadest featureeée.g. f

ture D in the NW ansa).

The application of the spline fit to tHe606W and JHK'-

and data allows us to eliminate analysis methodology as a
potential source of variation in feature brightness and-pos
tion. While there are minor differences in the apparent char-
acteristics of features between the near-IR bands, distific
ferences in feature location arise when comparing those see
in visible to the near-IR.

Feature A, which is a brightness enhancement seen in both
ansae, isv 1 AU further from the star in the visible (26 AU)
compared to the near-IR (25 AU). There is also evidence for
a change in the position of this feature in the near-IR; in par
ticular, theJ-band centroid is further out than kh or K’ (cf.

Fig. 8). Feature B is a brightness deficit in the SE ansa that

also exhibits a similar inward-moving centroid with incsea

ing wavelength. Feature C is a SE brightness enhancement,

. broader than A, that shows a different position depending on
3.4. Disk Substructure the waveband. 1d andH, the feature centroid is at 32 AU,

The AU Mic debris disk is known to exhibit non-uniformity ~ while it peaks closer to 33 AU if606WandK’. Feature D
in its midplane surface brightness distribution (L04; KO5; (37 AU) corresponds to a broad enhancement on the NW ansa,
MO5). In order to remove global structure and highlight lo- a narrower dip in the SE ansa brightness, and the location of
calized variations, we divided each brightness distrdoutly the vertical displacement of the NW midplane. The position
a smooth function in each band. We obtained weighted fits ofof this feature is not significantly wavelength-dependent i
spline functions to the NW and SE ansae’s midplane surfacethese data. We confirm K05’s identification of a dip in mid-
brightness profiles (§3.2) and averaged the results. Ther ord plane brightness inward of feature A, which we denote ‘E.
and smoothness of the splines used to enhance the data havéhe locations of the other features seefr606Wagree with
direct bearing on the spatial frequency content of the tiegul ~ the positions given by K05. Th-band positions and char-
map and may affect the observed positions and brightness oficteristics of features A-D compare favorably to the result
disk features. We used theur fit routine of FITPACK of LO4. Together these strengthen the evidence~fdrAU
to fit a cubic spline to the data in Fig. 5, with smoothness differences in the positions of features A—C. In contrasipM
s=m++/2m, wherem is the number of data points in the Measures positions for A and B slightly closer to the star (by
prof”e. Figure 7 shows aﬁ606W|mage and a]HK/ color 2-3 AU), however those .data. are of lower S/N and the d|ﬁer.'
composite that have been processed in this manner. The ar€Nces may not be significant. A summary of these results is
notations give the locations of substructural featuresgA— 9veénin Table 3. o ) )

To allow for more quantitative comparison of disk features, There are additional deviations in brightness that are de-
in Figure 8 we show surface brightness profiles processed ifected in multiple bands. The broad enhancement 46 AU

the same manner. In order to highlight the structure of mid- in the SE noted by K05 is also detected in all the bands we
plane brightness, these profiles are computed with>00”1 consider. The feature seen in th606W data, characterized
apertures. by a peak enhancement at 15AU and sharper drop at 12 AU,

The imperfect removal of time-variable features in the PSF has corresponding characteristics in the near-IR bands. In
may introduce systematic errors which can masquerade agHK’, the peak is seen at 12-13 AU and the inner cutoff at
disk structures, underscoring the value of independergrebs 11-12 AU. The outer extent of this feature decreases grigdual
vations when identifying particular features. Liu (200dgmn-  from ~ 20 AU in F606Wto 17 AU inK’. The peak enhance-
tified several features of the disk substructure, which werement in the SE at-12 AU in F606Walso has corresponding
also observed by KO5 and MO5. In independent observations€nhancements at 12—13 AUJrandH; an examination of the
such as these, any changes seen in the structures may be dife-band surface brightness profile (Fig. 5) suggests the en-
to PSF-subtraction artifacts. However, given that AU Mie ex hancement may also be presentat3 AU in this band, but
hibits brightness variability due to starspots, it is alsegible 1S not visible in Figs. 7 & 8 due to the spline fitting process.
that these spots differentially illuminate the disk sucht tine

The blue color, relative to the star, of the scattered light
was first reported by KO5. It becomes increasingly blue at b
larger radii F435WF814W=0.2-0.5 mag from 30-60 AU).
The disk also scatters blue when comparing visible data to
the H-band measurements of LO4 and M05. The blue color
of the scattered light extends to alidK’ observations. Fig-
ure 6 shows the color as a function of projected radial posi-
tion along the disk midplane. The stellar contribution te th
apparent disk color has been removed in order to highlight
intrinsic grain scattering processes. Systematic uniodiga
in calibration are not included, though as discussed in-82.3
2.4, these are expected to §e0.3 mag forK’-H and J-H,
and< 0.2 mag forF606WH. In the inner disk € 35 AU), the
observed color gradient is consistent with a flat profile,levhi
the outer disk is increasingly blue with stellocentric diste.

3.5. Point Source Detection Sensitivit
6 See http://www.netlib.org/dierckx/. y



We do not detect any point-like sources in the disk mid- 4.1.1. Monte Carlo Radiative Transfer
plane. We have developed a methodology for utilizing the
artificial insertion of point sources into an image to mea- We model the debris disk around AU Mic using MCFOST,
sure the detection sensitivities in both the background anda Monte Carlo radiative transfer code that uses the Stokes fo
the disk midplane. We detail our technique in Appendix B, malism to treat the interaction between dust grains and pho-
and present our sensitivity limits in Figure 9. We indicdte t  tons to produce SEDs, scattered light images, and polamzat
predicted brightnesses of model giant planets from Burrowsmaps. MCFOST is fully described in Pinte et al. (2006), and
et al. (1997), placing limits on the presence of young, mas-we summarize its main features here. Monochromatic pho-
sive companions. We note the caveat that at young ages, théon packets are emitted by the star and propagated through
emission from Jupiter-mass planets may be sensitive ialinit the disk. The optical depth through which the photon trav-

conditions (e.g. Fortney et al. 2005; Marley et al. 2007). els before it interacts with a dust grain is randomly chosen
from ane™™ probability distribution. Scattered light and the
4. ANALYSIS thermal SED are computed separately. When monochromatic

Models of the grain size and space distributions that re- Scattered light images and polarization maps are produced,
produce the scattered light and thermal emission probe thePhotons are only allowed to scatter off dust grains, withsa lo
dynamical processes affecting the dust distribution. iPrev Of intensity corresponding to the absorption cross-seatio
ous models of the AU Mic disk have attempted to model the the grain. When the SED is computed, photons are either scat-
SED (Chen et al. 2005) and the scattered light profiles (e.g.tered or absorbed, depending on the local albedo; in the latt
KO05). Metchev et al. (2005), Augereau & Beust (2006), case, they are immediately re-emitted at a longer wavetengt
and SCO6 tackled the task of simultaneously fitting both. Us- Selected on the basis of the local dust temperature. Once pho
ing continuous power-law descriptions for the grains’ gpac tons exit the computing volume, they are stored in “receptio
and size distributions (subm to mm sizes), MO5 find they ~ captors,” corresponding to specific inclinations. Mapsliat a
cannot simultaneously account for the scattered-lighorcol  inclinations are simultaneously created, but in this sty
the SED, and the break in the surface brightness profilesfocused on the most edge-on captor, which includes inclina-
at ~35AU. As an alternative to power-law density distri- tions ranging from 889 to 90’, believed to be appropriate for
butions, Augereau & Beust (2006) obtained surface densitythe inner disk of AU Mic. o _
models via scattered-light profile inversion. They tuneel th  To calculate the thermal equilibrium of dust grains, and
size distribution to simultaneously fit the scattered lightt ~ therefore SEDs, the dust properties must be known through-
SED. A distribution of silicate grains successfully matthe Out the electromagnetic spectrum, from the ultraviolet® t
the F606Wband profiles and SED, and in a separate fit, the Millimeter regime. Itis not possible to describe the duatrys
H-band profiles and SED could be matched using a minimumWith a simple parametrization based on the albedo and the
grain size thatis 10 times larger than the visible case. dikis ~ Phase function asymmetry factor, for instance, unlessethes
crepancy implies that size distributions which match tresc ~ are known at all wavelengths. Rather, MCFOST relies on
tered light colors underestimate the amount of large grains ~ Mie theory (i.e., the grains are assumed to be spherical or
sponsible for the sub-mm emission. A different approach wasessentially randomly oriented), so the knowledge of the dus
taken by SC06, who modeled the dynamical structure of theoptical indices (the complex index of refraction) at all wav
debris disk to match thE606Wscattered light and SED. For  lengths is sufficient. Grains with complicated structurests
sufficiently large values of the stellar mass loss Mtethis @S Porous aggregates, are approximated by spheres with an
model produces a blue color, with an outward blue gradient. €ffective optical index at each wavelength. Mie theory is

These previous efforts highlight two essential resultestFi ~ US€d to calculate the scattering and absorption propédies
the blue color of the scattered light suggests small dustgra these effective-medium spheres. In the case of AU Mic, small
scattering in the Rayleigh regime, i.e., submicron pagticl Rayleigh-scattering grains are indicated by the blue cmhor
Seceond, the shallow slope of the long-wavelength SED ishigh polarization fraction (Graham et al. 2007). For compos
best fit with large grains of up to mm size (grains larger than It grains, an effective medium approximation (depending o
this are weakly constrained). More recently, Graham et al. the constituent materials and method for computing the ef-
(2007) demonstrated that the linear polarization ofteesw  €ctive indices) can be reasonably accurate in the Rayleigh
scattered light requires porous grains. These data are imlimit (Voshchinnikov & Mathis 1999). . .
portant because the degeneracy between scattering asymme-MCFOST was first developed to model gas-rich, optically
try and spatial distribution can weaken inferences of debri thick disks surrounding T Tauri stars. Several featuresehav
disk structure based solely on measurements of total intenP&€n added to efficiently and correctly treat the case of op-
sity. As the structure, size, and compositions of the grags ~ tically thin debris disks like AU Mic. The first modification
termine the scattering properties, the assumption of compa Was t0 increase the computational efficiency of treating opt
grain types in previous work warrants reexamination. cally thin material. Rather than expend effort computing th

Our goal is to find the simplest description of the grains fates of all random photons, the majority of which will not
and their distributions that is compatible with the variefy ~ Scatter off grains in the optically thin disk, we enforce the
available observational data. In §4.1 we describe the ndstho ISt scattering of each photon packet to occur within thé.dis
and structure of our models, the process used to fit the modeld "€ expected non-interacting photons are not randomly gen-

to the observed scattered light and SED, and the propefties o€rated; instead we analytically account for the correspand
the resulting best-fit models. We then examine these reaults  ransmitted starlight. This ensures that all randomly geteel

the context of the dynamical model of SCO6 for a steady-stateStéllar photons scatter at least once in the disk withoutggne

rain distribution produced by a ring of parent bodies (§4.2 10SS. Second, in the absence of gas and given the low den-
g P y gorp (® sity of dust particles, the dust grains cannot be considered

be thermally equilibrated with one another. Rather, we com-

4.1. Dust Modeling pute a size-dependent temperature for the grains, eacf bein
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in equilibrium with the surrounding radiation field. In these scattered light images. We therefore explored it by hand, it
of the AU Mic disk, this results in a significantly different eratively narrowing down the possible values for each param
shape of the SED in the mid-infrared due to large difference eter. Our objective is not to find the best possible model, but
in temperature between grains of different size. Futuré-hig to determine if there is at least one solution based on this si
resolution spectra in the 10n region may measure features ple two-zone model that can match the data relatively well,
which can constrain the composition and size distributibn o which would in turn provide support to theoretical birthgin

grains (e.g. Li & Greenberg 1998; Chen et al. 2006). models (SC06; Augereau & Beust 2006). We compare our
Model C . results to these models in 84.2. To further reduce computa-
4.1.2. Model Construction tion, we have elected to fit tHe606W andH-band profiles

Disk models frequently assume power-law descriptions for and the SED, and to later check for consistency wWitland
both the geometry of the disk and the grain size distribution K’-band profiles and=606W fractional polarization curves
This is unlikely to reproduce all observed aspects of thk,dis of Graham et al. (2007). We calculate the model profiles with
such as the complex small-scale structure seen in the scatthe same rectangular aperture sizes as the observed profiles
tered light (83.1). It is nonetheless a valuable approach fo in 3.2 (0’1 x 0'5).
constraining some of the main system parameters and testing We used a grain model that intrinsically includes a high
simple hypotheses. Here, we attempt to reproduce the ob{orosity, a characteristic that provides both strong fedwva
servations of the disk (SED and scattered light profileshwit scattering and polarization — necessary features as demon-
a two-zone disk description. In a narrow inner zone, large strated by Graham et al. (2007). The dust model developed
grains would be present and account for most of the longby Mathis & Whiffen (1989) consists of a mixture of silicate,
wavelength thermal emission, whereas a much more extendedarbonaceous, and icy small elements combined into porous
outer region would contain small grains and be responsibble f aggregates. Withmin = 5nm, amax = 0.9 um, a size distribu-
the scattered light. This is a model that qualitatively rhasc  tion index ofy = -3.9, and a vacuum fraction of 80%, this
models proposed by SC06 and Augereau & Beust (2006),model reproduces the interstellar extinction law from the u
where our inner annulus would represent the observable popiraviolet to the near-infrared. We use the same optical con-
ulation of parent bodies and the outer zone the populatibns o stants but allow the size distribution to vary. We fixed the in
small grains created by collisions of large bodies and sweptner zone’s size-distribution index tp=-3.5. We searched
out by pressure forces. for the power law distributions that would adequately pro-
In both regions, we assume that the surface density and theluce the blue color (in terms of albedmpacity) and roughly
grain size distributions follovi(r) o< r? anddN(a) « a’da. wavelength-independent phase function, so as to maintain
The outer radius is fixed at 300 AU, as scattered light hasroughly parallel surface brightness profiles frét606W to
been detected out to a sensitivity limit of 210 AU (Kalas et al H. It was then possible to adjust the model parameters until a
2004). The inner radius and transition radius between the in match to the SED and the scattered light profiles was obtained
ner and outer regions are free parameters. In addition, thé\Me tuned the boundaries, grain size distributions, sudaoe
surface density index, minimum and maximum grain size sity indices, and total mass of each zone. For comparison, we
and distribution index, and the total dust mass in each ofalso fit a model using the optical properties of compactaiéic
the two zones are free. We initially useya= —7/2 index grains (from Draine & Li 2001) using the same procedure.
for the size distribution, which is commonly assumed for de- i
bris systems and is suitable for a steady-state collisicas 4.1.4. Fit Results
cade (Dohnanyi 1969). While both theory and observations The parameters of our best-fit models are listed in Tables 4
may suggest specific functional forms for the vertical den- and 5, and the results are shown in Figures 10 and 11. Con-
sity profile of the disk, we cede to our preference for simplic sidering theF606W and H-band profiles and the SED, we
ity and assume that the vertical density distribution felca obtain reasonable agreement with the predictions our two-
Gaussian with a fixed width ef = 0.8 AU and a flat radial de-  zone model using porous grains: a region of large grains be-
pendence. In this case, the photometric apertures capiere t tween 35-40 AU, and a region of smaller grains outward of
majority of the scattered light flux during brightness pefil 40 AU. These are slightly further out than the best-fit region
calculation. The particular choice of vertical densitydtian using compact grains, which are more isotropically scager
is unimportant as long as the scale is much less than the phowe find that, if the particles in the inner region are porous,
tometric aperture height (83.2). We defer for future maugli  they must be in the mm-regime (sizes of 3—6 mm). Allowing
the exploration of relationships between the form of the¢iver the size distribution to encompass smaller grains resulis i
cal density profile, the dependence of scale height withusadi  overly steep long-wavelength SED as well as a flux deficiency
grain scattering phase functions, and the geometry of 8ie di  in the outer small grain region. Much larger bodies could be
The data for the SED were first compiled by M0O5 and sup- present yet undetectable; they would emit very little, exen
plemented with newSpitzer measurements by Chen et al. mm wavelengths. For porous dust in the outer region, we re-
(2005). We use 3. = 3600 K, logg = 4.5 NEXTGEN model quire a distribution encompassing small grains (0.05x810
for the stellar photosphere (Hauschildt et al. 1999), using dno a *!da), with a power-law index that is steeper than the
radiusR = 0.88R; to match the observed stellar flux. For collisional steady-state value of -3.5.
scattered light, we use thk, H-, andK’-band profiles from The masses in the inner and outer regions of the porous
data presented here, as well asE&®6W-band profiles from  grain model are around@x 102 Mg, and 23 x 10* Mg, re-
data initially presented by K05 and re-analyzed for thiskvor spectively. The surface density profile falls rapidly odési
in 83.2. of the transition radius (index -2.5 to -3.0), as expectedfr
4.1.3. Fitting Procedure swept up material; shallower indices yield an improved SED
B 9 but insufficient scattered flux inside 40 AU and too-shallow
Thorough exploration of the available parameter space isprofiles overall. Steeper indices yield an excessivelyiprec
a time-consuming task when producing a SED and multiple itous F606W-band brightness profile and excess flux around



50-100um. In the inner region, the surface density can be flat 4.2. Birth Ring Examination

or increase with radius, peaking at the transition radiuss T In the Solar System, the Asteroid Belt and Classical Kuiper
is only loosely constrained: the big grains never get vety o ggjt constitute rings of solid bodies that, through mutulic

in this narrow annulus and there is little effect on the SED. sions, act as sites of continual dust production. Severeéfo
_We performed some exploration of the parameters 0 €S-5¢¢ o the newly liberated grains, and the resulting trajec-
timate uncertainties. The masses are relatively well con-y,jes shape the overall structure of the Sun’s debris disk.
strained, to 50% or so, depending on the grain size distoibut A similar belt of parent bodies has been invoked to explain
parameters. Again, more mass could be hidden in the form ofy, o hreak in the surface brightness profile of th@ic de-
very large bodies in the inner region; the mass derived herey s gisk (Lecavelier Des Etangs et al. 1996; Augereau et al.
I just what is needed to reproduce the long wavelength endhgn1) - additional rings have been proposed to explain fea-
of the SED. In computing the total intensity of scatteretitig  y,ro5'seen in recent imaging (e.g. Wahhaj et al. 2003; Telesc
there is an anticorrelation betweag, and the region bound- o 51 2005) and spatially resolved spectroscopy (Weirgserg
ary at~ 40 AU. We can adjust the minimum grain size by a gt 5| 2003; Okamoto et al. 2004) of this system. An attrac-
factor of 2, and the ring radius by5AU and still achieve e feature of such models is that their dust distributiares
satisfactor=606W andH-band profiles and SED. . in steady-state — we need not appeal to a rare (but recent)
As demonstrated by Graham et al. (2007), the fractional lin- catastrophic collision between large (e.g. km-sized) &sdi

ear polarization profiles provide a complementary constrai g ,ch that fresh grains have had insufficient time to comiylete
on the optical properties of the small grains. The measuredjis,se through the system.

fractional polarization gradually rises to a plateau-85% at The breaks in the slopes of AU Mic's surface brightness
around 50 AU. Our best-fit models using compact and porousy,files naturally raise the prospect of a ring of parent ésdi
grains are comparable in fit quality for the total scattered yp510g0us to the Classical Kuiper Belt. The existence df suc
light intensity profiles and the SED; however the polarmati 5 he|t"\yas proposed by M05, SC06, and Augereau & Beust
curves in Fig. 11 clearly rule out compact grains, whichkeac 5006). " Here, we focus our attention on a detailed theoreti-

maximum fractional polarizations 10%. The porous grains fcal model, developed by SC06, which yields the steady-state
generally follow the measured trend, and reach a plateau Olgyaiia| and size distributions of dust grains in the diskria ¢

S?Eﬁ?gi% 40AU, the starting location of the small outer ical parameter is the stellar mass-loss ritg, which governs
! ) . : : .. the corpuscular forces on the grains. In addition to moddyi
This rrf}ogel rhaidsogge shortﬁgmallngﬁ, hIR trt]gé_ghglrﬁs\'fts the disk structure, the stellar wind is crucial in determini
excess flux around 60-{n a gty L the lifetimes of debris disks around late-type stars (FHanc
scattered-light profile in thél band outside of the transition et al. 2005). Assuming the scenario of steady-state dust pro

ius. This latter point results in a predicted disk colatt ; . L .
ge;%gsnm clﬁange c?utlside ol1J7 1a|s opr))oséd to tr|1e observa- duction b.y aring of pa(ent bodies is apphcaple, one may use
tions. We also note that the model profiles show less agree dynamical model to infekl,. from observations. We note
ment with thed- andK’-band profiles (Fig. 11). The overall that the theory was applied to the AU Mic disk prior to the

flux levels differ (though this may coincide with photometri 0Pservational findings of Graham et al. (2007), who showed
calibration uncer(taint)(;:]; cf. §2.3),yand we overprepdictrrhid- that the disk’s scattered light is strongly polarized, amak t

' ; i . i i fit the polarization profile. In
lane surface brightness in the outer regions. For thigaisal ~ POrous grains are required to | :
\'ID\/e have avoidedggoodness-of—fit metrigs like because our this paper, we examine the disk structure predicted by the

model, by design, will fail to reproduce substructure in the Pirth ring scenario in light of the currently available obse
scatte}ed-light prdfiles. Further. PSF subtraction residin- vational data. After a brief review of the predictions fonto

troduce correlations between errors in the measured sofile Pact grains, we probe madifications to the theory given the
porous grains of our best-fit model and check the consistency

model fidelity by considering the long wavelength end of the Of the theory’s features with those of our Monte Carlo radia-
SED (where the dust contributes). For the nine SED points in tive transfer model. In _th'S context, WE appraise the piadic
Fig. 10 at\ > 10um, the best-fit compact grain model gives Power of the observations to determilk via inferences of
x =8.6 and the porous model givas= 109. The bulk of the the size and space distributions of grains.
deviation arises from the 60—7@n region. A formalyZ anal- : .
ysis is not applicable, as we have also tuned our parameters 4.2.1. The Theoretical Scenario
to match the scattered light. In contrast to the porous grain We first recapitulate the basic physical arguments of the
model, the compact grain model underpredicts the 6@#70  model put forth by SC06. Collisions occur within the ring
flux. With their higher average albedo, the compact grains ab of parent bodies, producing dust grains. The radial compo-
sorb less energy than the porous ones (Table 5), suggesting aents of forces arising from stellar radiation and wind Hesu
better fit may be obtained with grain albedos in the 0.6-0.7 in a pressure acting to push grains away from the star, caus-
range. Still, the fit is satisfying, considering the simijiof ing blow-out for sufficiently small grains. In contrast, the
the model (84.1.2). Presumably, considering non-power lawtangential components of these forces act as a drag mecha-
prescriptions, other dust composition, non-sphericaingta  nism, which for radiative forces is the well-known Poynting
and/or overlap between small and large grains would resulti Robertson (PR) drag. Grains dominated by drag forces spi-
a better fit. One attractive possibility, that we do not explo  ral in toward the star. The competition between these forces
here, is that ever-smaller grains are present as we move outand the relative frequency of destructive grain collisidies
side of the belt of parent bodies (84.2). This could accounttermine the dynamical structure of the disk. In disks domi-
for the increasingly blue color in the outer region as well as nated by drag forces, (SC06’s “type A"), the action of PR and
for the seemingly different transition radii obtained frone corpuscular drags fill the region interior to the birth ringtw
F606W andH-band profiles £ 40 AU vs. ~ 30 AU). grains that avoid destructive collisions. In disks domadat

by collisions (“type B”), this interior is essentially enyptas
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the pulverized remains of colliding grains are quickly stvep
outward. In both cases, the region exterior to the birth isng
largely populated by the small, tenuously bound grains whic
follow elliptical orbits with periastra near the birth rindn

vertical optical depth. In the following analysis, we wié-r
fer to both the vertical optical depth to scatterin§®® and

the geometric vertical optical depth{®>. The former quan-
tity is useful for describing the 1-d brightness profile, lghi

type B disks, these grains are just larger than the blow-outthe latter governs the collisional timescale. For a givem su

size of stellar wind and radiation pressure. In type A dighs,

face mass density, the depthr9°° depends only on the grain

smallest grains are pulled inward by corpuscular and PR dragdensity and size distributiodN/da, while 75 additionally

and the peak of the grain size distribution in the outer disk ¢
responds to a size significantly larger than that of blow-out

SCO06 developed analytical and numerical descriptions of

the results of these processes on the size-space digiributi
of dust grains, and then applied this theoretical framevtork

the case of AU Mic. They postulate a belt of parent bodies at
43 AU, a location determined by the surface brightness pro-

file break inHST imaging. By simultaneously modeling the
scattered light profilesH606W-band from K05 andH-band

depends on scattering efficiency:

o . (0 dN
d
Tjw(r)azg) / [Queda)ma?] d—gda ?)

For a given grain type and size distributierf;° andr$%can
differ by orders of magnitude. As an example, consider the

from MO05) and the SED with compact spheres of pure water outer region of porous grains in our model from the previous

ice, they determine that type B conditions hold and place lim

section. While the size distribution is steefN/da x a™*1),

its on M,. With these assumptions on grain type, there are PecauseQsc{11m) > Qsc{0.05.m), micron-sized grains

two pieces of evidence for an inner disk devoid of in-spirgli
grains, which is expected for type B conditions: (1) a lack
of photospheric excess in the At region of the SED, and
(2) the shallow slope of the surface brightness profile at pro

jected distances interior to the proposed ring. Augereau &
Beust (2006) argue for a similar dynamical scenario for ex-

plaining the observed structure, where corpuscular pressu

contstitute the bulk ofs., despite their relative scarcity. The
geometric depthyge, on the other hand, is dominated by the
smallest grains, resulting ifyeo > Tsca

4.2.3. Disk Structure Analysis: Theoretical Considerations

The models of SC06 delineate three regions of water ice
grains: (1) a birth ring, populated by parent bodies of sizes

forces sweep grains outward. Considering the pressure frormup to~210 cm, (2) an outer region made up of smaller grains

the stellar wind (and additional radiative enhancementély s
lar flares), they determine that radial forces can suffitjent
diffuse small grains into the outer regions to account fer th

(8min < 1 um) on loosely bound orbits, and in type A disks,
(3) an inner region of grainsg pm size, spiraling inward as
a result of corpuscular and PR drag forces. Grains smaller

observed profile break, in analogy with the dominance of ra- than the stellar wind and radiation pressure blow-out size,

diation pressure i Pic’s disk.
4.2.2. Potential Ramifications of Porous Grains

It is important to examine the birth ring scenario in view of
the new constraints on scattering properties from receagim
ing of the disk in polarized light (Graham et al. 2007). The po
larization data strongly indicate the presence of poroamgr
scattering in the Rayleigh regime, reaffirmed in our model-
ing (84.1.4). Such grains are largely forward-scattering a
produce the required high peak polarization fraction. &inc
scattering asymmetry directly affects the inferred spalis
tribution of grains, previous models’ use of spheres ofdsoli

amin (~ 0.1um), have negligible contribution to the disk. Our
modeling of the dust distribution with porous grains (84.1)
shows that a two-zone architecture (lacking an inner region
of drag-dominated grains) is consistent with the obseruati
and, qualitatively, with the architecture predicted by sihy
cally modeling dust generated by a belt of parent bodies.

In the birth ring model, how does the expected grain
size distribution change in light of the differences betwee
the Mathis & Whiffen (1989) grains and water ice spheres?
We first considepy oy, Which is determined by the combined
action of radiation and stellar wind pressures. The dewlgty
crease of porous grains relative to spheres tends to irecreas

material must be re-evaluated with this new evidence. Weay,,. However, this effect is offset by the decrease in the ef-

also stress that, as noted in 83.2, analyses involving cirfa
brightness profiles require consistent methodology acuthss

fective cross section, parameterized @y (a factor for 40
lower for a=0.05um grains), resulting in a net decrease of

data sets. Following these points, it is appropriate to both porous grains’ blow-out size relative to their compact coun
check the consistency of the model by SCO6 with our porousterparts. Rewriting SC06’s Egs. 7 and 8, the blow-out size
grain Monte Carlo model, and to evaluate the strength of suchassuming constant pressure is

models for inference of AU Mic’s stellar mass-loss rate.
In approaching this problem, itis apt to contrast the reieéva

properties of the compact and porous grain types we use in

the models of 84.1. As expected, the porous grains of Mathis

& Whiffen (1989) are less dense than the compact grains, atVe follow SCO6 in adoptingaing =

p=0.5gcm? (compared to 2gcid for Draine & Li 2001
grains). At a given size, the porous grains also couple less e
ficiently to the radiation field than their compact countetpa

3 L.

8r G M..cp 3

Bbjon = M*Vwindc> '

L.
450km s and M, =
2x 107¥M, yrt. We choosé. = 0.12L ., and assume that the

cross section to windQyingma?) is unchangedQying = 1) for
the porous grains. Together these yiald,, = { 0.029, 0.047,

(Qpr +Qwind

Taking a 0.05:m grain as an example, the effective cross sec- 0.23, 2.1 um for M, = {1, 10, 16, 1¢° } M. The minimum

tion for radiation pressureq)maz) is more than an order of
magnitude smaller for a porous grai@p: ~ 2 — 0.05 when
changing from compact to porous. This coupling inefficiency
is similarly manifested in a decrease in the effective csees
tion to scatteringQscqra?, for porous grains.

grain size in the outer region of our disk model (0.0B) is
larger tharayo,, for the weaker stellar winds, which suggests
M, < 1Mo

Next, we consider the implications of our porous grain
model on the amount of disk infill (type A vs. B) predicted

Debris disk structure is commonly parameterized by the by the birth ring theory — a process regulated by the coltisio



rate, which depends atf*° (Eq. 1). In our model for the scat-
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optical depths can be quite different. We firff(r < rgr) <

tered light atrgr = 40 AU, the smallest grains contribute the 2.5x 1072, giving Cgeo S 0.6. While our limit to (geo is Or-
bulk of the total geometric cross section. The abundance ofder unity, the strong decline s, with grain size results in

these grains increase® °at the birth ring relative to the SC06
value by a factor of 10, ta9°(rgr) = 4 x 1072, This short-
ens the timescale for destructive collisions of the avepage
ticle, assuming the specific collisional energy is unchange
The collisional timescale is balanced by the drag-induced i
fall time at a grain size defined tByqk (cf. SCO6 Egs. 36—
37). Grains near this size constitute the bulk $i(rgr), and

in equilibrium, grains of sizesyow < a < apreak fill the in-
terior (r < rgr). Like the case of compact ice spheres, for
porous grains we find thateak is the same order agon:
apreak = { 1.005, 1.03, 1.08, 1Hay ., for a peak geometric
vertical optical depth atgr and the same stellar wind values.

a more stringent limit talsca for 0.05um grain filling. An
inner mass of 3 10°Mg, easily ruled out by our analysis,
corresponds tdsc,~ 1/400. This is the same order as the
limit of Graham et al. (2007), who determinég., < 1/300
inward of 40 AU using a similar method (though without SED
modeling).

While the limit for {scqimplies an inner disk relatively free
of scattering grains, the relevant quantity for the dynaic
structure of the disk iggeo. The weakness of our geometric
optical depth ratio limit implies that we cannot yet deterei
type A vs. B dynamics or make inferenceshf by match-
ing the expected disk structure to current scattered light a

In contrast to SCO06's results for the compact grain case, WeSED data. Rather, perhaps the strongest direct obserahtion
find that @preak— @vlow) < @piow fOr porous grains in all wind  evidence for a type A disk would come from resolved thermal
cases, including stronger values. The implication of th&ukt emission from this zone.

is that no amount of corpuscular drag will produce a signifi-
cant fraction of grains with orbits crossing the inner regio
favoring a clear inner disk (type B).

4.2.5. Future Considerations

. . . o _ When considering more rigorous tests of birth ring theory,
4.2.4. Disk Structure Analysis: Observational Limits on Infill  several enhancements can be made to our simple disk model.

As a complementary approach to examining the birth ring Faithful models must not rely on an artificial separation be-
scenario, we can, for the moment, set aside the final conclu{Ween the site of dust production (inner, large-grain repio
sion of the previous section and use our model from §4.1and the small grains, as we have done in §4.1. SCO6 also
to test allowed small-grain infill. When using MCFOST to Predict different asymptotic power-laws for the outer oegs
model the observed disk with porous grains, can we make adéometric vertical optical depth in type A and B disks (-2.5
distinction between the conditions of type A and B? By defini- and -1.5, respectively). However, the corresponding asymp
tion, our two-zone model lacks grains inward of the putative [Ot€S in scattered light profiles are not reached until desta
birth ring, consistent with a collisionally dominated tye ~ ©f @ few 100 AU, ruling out reliable comparisons with cur-
disk. To test whether the system could be consistent with typ 'ent data. Somewhat more challenging aspects of the theory
A, we now consider adding a third region of grains. If a sig- aré grain size distributions that do not follow power-law de
nificant mass of small grains are present inward-@&5 AU scription (cf. Fig. 3 of SCO6). The prediction of SCO06 is
(type A), then these warmer grains would increase dust emis-8 €Xcess of grains above the Dohnanyi cqlhsmnal cascade
sion in the 10-2@m region of the SED and add to the scat- (dnoc a7/?da) for sizes neagpiow. Incorporating a popula-
tered light of the system (Figs. 10-11). We note that, com- tion of grains at this size, in addition to the power-law size
pared to more isotropically scattering spheres, the stforg  tribution, is a possible avenue for future significanceiest
ward scattering of porous grains allows us to hide more massBoth SC06 and Augereau & Beust (2006) predict diminish-
in this region without strongly affecting the total intetysof ing minimum grain size with increasing stellar distanceg(du
scattered light. The smallest projected separations,avier ~ to ever-more tenuously bound grains as a result of stellad wi
added contribution from forward scattering would be maxi- and radiation pressure), which can effectively model the ob
mal, are lost in the glare of the central star and are behiad th served blue color gradient in the outer region. Future soedt
occulting spot. light modeling may incorporate a functi@g,n(r) in the outer

The additional zone of porous grains has a H4t) o r° Zone.
density profile and ranges from 15-35AU. The inner cut-
off corresponds to the estimate of the ice boundary by M05
(13-15AU). As a general feature of the birth ring condi- Debris disks are a long-lived phase in the evolution of cir-
tions modeled by SCO06, the outer region’s grains l&gyg~ cumstellar material, and they provide indirect probes ffier t
Anreak ~ aplow; therefore we model a single-sized population presence of planets and planetesimals. Resolved imaging is
of a=0.05um grains in this new inner region. The middle crucial for determining the structure and dynamical histufr
and outer regions’ dust distributions were fixed to the lfiest- the dust. In our near-IR imaging, we measured the structure
parameters (Table 4), and we adjusted the mass in the new inef the disk seen in scattered light. We confirmed the overall
ner region in~ 0.5 dex steps until the scattered light profiles architecture of the disk seen lthband by L0O4 and M05, and
(including fractional polarization) or SED showed sigrafi¢ presented the first images seenliandK’ (83.1). We rep-
deviation. We found that the SED first showed noticeable de-resented the global disk structure with a power-law descrip
viation atM = 10"°Mg,; this is an upper limit to the mass of tion of the midplane surface brightness, and noted thatelisc
grains in this population allowed by the observations. tion must be used when comparing between profiles measured

We can express this limit as either the geometric or scat-in different manners (83.2). Scattered light features at bo
tering vertical optical depths relative to the peak deptthin large and small scales are largely consistent across tlisban
birth ring, { = 7. (r < rgr)/7.(rer). The geometric vertical  studied here. The colors we measured in the surface bright-
optical depth is more closely related to the dynamical struc ness profiles (83.3) allow inferences of the scattering prop
ture, while the scattering depth is traced by our imaging ob- erties, which are determined by the composition, sizes, and
servables. As noted in 84.2.2, these geometric and scafteri structures of dust grains.

5. DISCUSSION & CONCLUSIONS
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We used a model for the space and size distributions of thener region, our porous grains are a factor of three larger tha
grains to reproduce these profiles and the SED (84.1). Thethe equivalent best-fit compact ones — the increased opacity
simple, two-zone description of power-law grain distribos means a larger size is needed to match a given temperature.
cannot faithfully reproduce the observations with comgdet Nevertheless, we can compare our dust masses to those
icate grains. Rather, porous grains of dirty ice, whose-pres of other authors. Our estimate is similar to the mass esti-
ence is indicated by recent polarization measurements (Gramated by a single-temperature fit to the long-wavelength SED
ham et al. 2007), have optical constants with which we canby Liu et al. (2004), who found.1 x 102 Mg, of 40K dust at
match such an architecture to the data with reasonabletjideli 17 AU. MO5 found a similar mass as Liu et al., for single-
The key degeneracy is between the scattering phase functiozone power-law distributions of size and density of ISM-
and the density distribution. Models of KO5 and MO5 place like grains. Augereau & Beust (2006) calculate a mass of
grains which exhibit moderate scattering asymmetry intthe i 7 x 103 Mg, by adjusting the grain size distribution in their
ner regions of the disk. The porous grains in the outer zone ofscattered light model in order to match the long-wavelength
our model, which are larger and more forward scattering thanSED. Finally, SC06 argue for parent body sizes up to 10 cm,
the compact grains used in previous efforts, fill in thisoegi  the maximum size participating in a steady-state colligion
of scattered light. As such, our modeling does not require cascade. For their model’s size distribution, the mass of pa
grains inward of 35AU to reproduce the midplane surface ent bodies isv 102 Mg,. However, current observations are
brightness profiles. The inner zone (35-40 AU) of our model not sensitive to grains larger than a few mm, so the maximum
is made up of few-mme-sized grains, which reproduce the far- observed mass in this model is significantly lower. For size
IR end of the SED. The outer zone grains of our model are gjstribution indexy = -7/2, the mas# « a2, and the ob-
smaller (0.05-3.¢m) and produce the majority of the mid-  servable portion of SC06’s mass is a few times smaller than
IR emission and the scattered light. that of our work.

The blue color of the scattered light disk is relatively rare  The interpretation of debris disk observations for infegri
among resolved systems (cf. Table 1 of Meyer et al. 2007).the presence of planets and the history of the grains rests
The succession of modeling efforts have shown that a sig-on sound physical modeling of grain dynamics. The overall
nificant population of submicron grains reproduces the'slisk  shape of the midplane surface brightness profile distobuti
blue scattered-light color, and that the presence of slmhgr s consistent with steady-state dynamics arising from g rin
structure. As other authors have noted, stellar propept®s ight constrairv by examining the density of small grains in
a major role in the removal of submicron grains. As an M he'inner disk £ 35 AU). We found that for the porous grains
dwarf, AU Mic has a uniquely low radiation pressure relative i o,r model, ‘an inner region would be populated primarily
to other stars with sca.ttered-hght debr|.s disks. For s.eimty. by grains just above the blow-out size for a wide rang®lof
low values ofM.., we findayiow is submicron and grains will £ her the constraint of the presence of grains in an inner
scatter blue. While stellar properties can reasonably be use region is set by the mid-IR SED, and we can only say that
Sthe geometric vertical optical depth in this region is at tmos
the same order as the peak depth in the birth ring, consistent
with both drag- and collision-dominated (type A and B) disks
However, the presence of small (0,0%) grains in the outer
region implies that the mass-loss rate is low enough such tha
{hese grains survive blow-out, i.8l, < 1PM.

The overall disk architecture inferred from these modess ha
implications for the substructure seen in scattered light.
83.4, we compared our measurements of features A—E with
the results of other authors, giving further evidence thayt

systems, grain properties can also affect the blow-out gige
we noted in §4.2.2, the smallest of our porous grains have
much smallerQy, relative to their compact counterparts of
the same size. The blow-out sizes we calculate for porous
grains are up to a factor of eight smaller than those of com-
pact grains (as computed by SC06). When blue scattered-ligh
colors are detected around earlier-type stars with stirorage
diation pressure (e.g. HD 32297 and HD 15115; Kalas 2005;
Kalas et al. 2007), inferences of submicron grains may con-

strain their porosity and composition (see also Artymowicz : . At
1988; Grigorieva et al. 2007). are not artifacts of stellar PSF subtraction. Additionadb

The study of debris disk evolution hinges on accurate mea-N€SS enhancements located 11-15 AU from the star have also

identified, though additional observations of the disk
surements of stellar ages and dust masses. The total otiservé)een ! ' . :
mass of the disk in ourgmodel.ax 102M.,) is dominated by Small angles are needed to improve confidence. The appear-

the mm-sized grains in the inner zone. Note that this is a fac—gins(ireib(ijfti)unc_h;&?%“g%&ﬁ(l Liatau;esi;tg?é%r?'ﬂteg (;),},/1 égﬁrgra
tor of few times smaller than the mass we derive for compact ("0 oi0 by ona” 10 AU the features atg roiected dis-
grains (27 x 10°* Ms). Though the equilibrium temperatures tancesginward 031C 40 AU must arise from azimFl)JthJaI erturba-
for the two grain types differ, this is primarily an opacitf e P

L : ... tions in the dust distribution beyond this distance. Some of
fect (Voshchinnikov et al. 2006). The decrease in density in e i .
creases the opacity, which in turn lowers the mass needed t hese features appear to exhibit a wavelength-dependsht po

match the sub-mm fluxes. Since these grains contribute lit- zlgr,k\u(vg?):;foth: pgz'rt'% n d%f ;?)a)tu\;\?hﬁ)é mg%r\]/é?aﬁllosgssi:ié%
tle to the scattered light, we have no information aboutrthei ' PP : P

: : : of a feature may be used to trace a perturbation in the densit
porosity (and correspondingly whether any compaction has i i irion in t?\le outer disk, the W:Evelength dependerfce oy
occurred). Therefore, in addition to the normal caveatsiabo the position mav constrain additional spatial variatiortia
dust masses derived from sub-mm fluxes (e.g. insensitivity P y P

. . o 3 grain size distribution. In a similar vein, any verticalusty
to Iarger bodies), derived debris disk MASSES are addiltyona ture associated with a given feature (Fig. 4) can be tieddo th
uncertain by a factor of a few depending on the grain poros-

; ; ; . . vertical structure of the outer disk.
ity. The same opacity caveat applies to the inferred sizes of In summary, we:

the grains that dominate the sub-mm emission. In the in-
1. Demonstrate a new roll-subtraction technique that at-



. Confirm the blue color of the disk and measured a blue
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tempts to mitigate AO PSF variability (82.2, Ap- This work utilized observations with the NASA/ESAubble
pendix A), Space Telescopebtained at the Space Telescope Science In-
stitute (STScl), which is operated by the Association of-Uni

- Detect the AU Mic debris disk idHK'-band imaging  yersities for Research in Astronomy. Support for Proposal

and place an upper limit on theé-band brightness dis-  numper GO-10228 was provided by NASA through a grant
tribution (§3.1), from STScl under NASA contract NAS5-26555. Some of the
data presented herein were obtained at the W. M. Keck Obser-
; : o : _ vatory, which is operated as a scientific partnership amloag t
goslt))r gradient outside of the transition radius (§3.2 California Institute of Technology, the University of Cfali-
o nia, and the National Aeronautics and Space Administration

. Place detection limits on point sources in the disk mid- The Observatory was made possible by the generous finan-

plane (§3.5) and document a technique for determining cial support of the W. M. Keck Foundation. _This publication
point-source detection sensitivity in the disk midplane makes use of data products from the Two Micron All Sky Sur-

(Appendix B), vey, which is a joint project of the University of Massachiise
and the Infrared Processing and Analysis Center/Californi

. Verified the presence of substructure in the inner disk, Institute of Technology, funded by the National Aeronasitic

and shown that some features exhibit slight variation in and Space Administration and the National Science Founda-

their positions with wavelength (83.4), tion. Facilities: Keck:ll (NIRC2), HST (ACS)

6. Demonstrate the applicability of a simple two-zone
model which simultaneously fits the scattered light pro-
files and SED (84.1),

7. Find that compact silicate grains cannot be used in our
simple model, while porous, icy aggregates of silicate
and carbonaceous grains can reasonably account for the
observed thermal and scattered light (84.1),

8. Determine that a two-zone model is consistent with
steady-state grain dynamics dominated by collisions
(SCO06 type B; §4.2),

9. Show that, by relying on models of the inner disk
(r £ 35AU) structure, we cannot place strong lim-
its on the geometric vertical optical depth of small
(0.05um) porous grains interior to the birth ring and
therefore cannot yet constraM, from this approach
alone (84.2), and

10. Show that the blow-out size for porous grains is con-
sistent with modeled grain size distribution fiof, <
10°M,, (84.2).

The next modeling steps will seek to utilize all available
imaging and SED data. We note in particular that measure-
ments of scattering in polarized light provide strong, com-
plementary constraints on the composition and distriloubio
dust in this system. Future work will incorporate fitting to
scattered light images rather than surface brightnesdespfi
and will begin to probe the vertical structure of the disk ihi
taking into account the effects of projection and blurring b
the PSF. Finally, we emphasize that the global structurbeof t
debris can be explained by steady-state dust production and
diffusion, and we need not invoke a planet to clear the in-
ner region of dust. However, the mechanisms responsible for
maintaining the structure of parent bodies in the birth asg
well as the dust substructure remain undetermined.

The authors wish to thank John Kirist for enlightening the
intricacies of HST ACS coronagraphic data calibration, as
well as Eugene Chiang, Christian Marois, Peter Plavchah, an
Linda Strubbe for insightful discussions. This work was-sup
ported in part by the NSF Science and Technology Center
for Adaptive Optics, managed by the University of Califor-
nia at Santa Cruz under cooperative agreement AST-9876783.
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TABLE 1
OBSERVATIONS OFAU MIC

night band rmask(”) T (s) APA(°)

2004 Aug 29 J 0.75 600 16.9
H 0.75 690 49.8
K’ 0.75 1110 40.5
2004 Aug 30 J 0.50 570 39.0
H 0.50 600 34.5
K’ 0.50 1260 45.6
L’ 0.50 720 43.6

NoTE. — The radius of the coronagraphic focal plane
mask is given bymask Filters were cycled after a few
short exposures in each band. HeFes the total inte-
gration time and\PA is the total amount of field rotation
over the course of the exposure sequence in that band.

TABLE 2
MIDPLANE SURFACE BRIGHTNESS
POWER-LAW INDICES

band ansa fit domain
15-32AU  32-60 AU

F606W NW 1.46+0.09 3.00+0.13
SE 153+0.08 2.97+0.12
avg. 1.49£0.09 2.99+0.12

J NW 1.21+0.10 3.95+:0.19
SE 1.34+0.12 3.27+0.19
avg. 1.27£0.11 3.61+0.19

H NW  1.19+0.19 3.84+0.13
SE 1.58+0.15 3.47+0.17
avg. 1.39£0.17 3.66+0.15

K’ NW 1.244+0.13 5.16+0.23
SE 1.09+£0.10 4.63+0.16
avg. 1.17+0.12 4.90+0.20

NOTE. — Power-law indicesx, calculated
by converting the the midplane surface bright-
ness profiles (Fig. 5) to flux units and fitting
f(b) x b™. Formal le errors are scaled by
/X2 when this quantity is- 1. These errors are
lower limits, as both systematic errors and mea-
surement covariance have been ignored. Entries
marked “avg.” are computed by averagingnd
its variance over both ansae.

TMaximum projected distance used in fit; the
domain may be further restricted by the availabil-
ity of data in Fig. 5.

TABLE 3
COMPARISON OFDISK FEATURES
Label NW SE Location (AU)
LO4 K05 MO5 thiswork
A T 1 25 26 22 25
B | 285 29 26 28
C T 31 33 32 32
D 1 | 37 37 38 37
E 1 ! 23 ... 21

NOTE. — Features are marked in Figure 7. Arrows de-
note localized enhancementy @nd deficits () of disk
brightness. Feature locations in KO5 are seeR6A6W
while LO4 and MO5 areH-band. Average feature loca-
tions in the near-IR data from this paper are in the final
column, based on visual positions in Fig. 7 with uncer-
tainties of approximatelyt0.5 AU. We newly designate
the close-in feature E here.

TABLE 4
BESTFIT MODEL PARAMETERS

region range (AU) dust masMig) a o' p

porous (Mathis & Whiffen 1989)

inner  35-40 1.6102 3-6mm -3.5 +15

outer  40-300 2.810* 0.05-3.Qum 41 -25

compact (Draine & Li 2001)

inner  28-32 2.x107? 1-2mm -35 +15

outer  32-300 2.%10% 0.15-50.um 41 -25
NoTE. — Parameters for our models which produce the best fit to the

F606W andH-band profiles and SED, for both porous and compact grains.
The grain size distribution idN(a) oc ada, while the surface density is de-
scribed by>3(r) o< rP. llluminating star:Te¢ =3600 K, logg = 4.5 NEXTGEN
model, stellar radius 0.88:. Both models give comparable fits to the scat-
tered light and SED, but the measured polarization rules ouipactum-
sized grains (Figs. 10 & 11).

tFixed.

TABLE 5
BESTFIT MODEL AVG.
SCATTERING
PARAMETERS

A g A

porous
606nm 0.83 0.52
1.6um 0.81 0.54
compact

606nm 0.66 0.83
1.6pum 0.60 0.81

NOTE. — Scatter-
ing parameters for the
outer regions of our best-
fit models (Table 4), av-
eraged over the grain size
distribution. The scatter-
ing asymmetry factorg
and albedd are given.
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FiG. 1.— The roll subtraction process, which estimates the imégfeeadisk in the presence of a fluctuating stellar PSF. Thie @sis observed on an alt-az
telescope with no image de-rotati¢ln). The PSF is fixed relative to the detector while the disk imagates due to sidereal motion. The observed disk images
are blurred by different amounts by the time-varying PSFsitiated by different line weights the disk images and theditlee circular stellar halo. Estimates of
the PSF scaled and positioned to match the stellar if@gee subtracted from the observations, leaving residukliniages(d). These images are transformed
to a common framée) and combined to estimate the disk imdfe

) (2) V (F606W)

I/F, (arcsec™?)

FIG. 2.— Images of the AU Mic debris disk with direct starlight rerad via PSF roll subtraction (§2.2). Data are displayed ajuae-root scale, and in each
band the disk brightnedds divided by the stellar fluk.., allowing for comparison of color differences intrinsic tetdust rather than the star. In each image, a
circular software mask (15 diameter) is applied to obscure subtraction residualstabestellar location, marked by a small white circle. The ABaimages
have been additionally smoothed by a Gaussian matched togbleition of the PSF to eliminate small high-frequency errotoduced by the masking process
(Appendix A). The data in panéh) were obtained with the ACS coronagraph abdd&1, while the data ifb)—(d)are newly acquired via Keck AO. The blue
color of the dust is indicated by the trend of decreasingainag efficiency toward longer wavelengths in par(als-(d).
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Fic. 3.— A JHK’ composite image using the data in Figure 2. The data are desplayjative to the stellar brightness, highlighting theiirgic color of the
dust. The structures emanating from the mask outside of theadksesiduals from the stellar PSF subtraction. The bligr obthe disk is visible, as is evidence
for substructure.

— V (F606W) 7]

- — d i
< 4 H |
y — K ]

= \/ﬂ-w

FiGc. 4.— Vertical structure in the near-IR disk images. Paife)sand(b) show aJHK’ composite of disk images, whereby a Gaussian fit to the vertical
structure of the disk has been subtracted. The residuadykhow the location of the sharp midplane, and have bedadsbg a smooth fit to the amplitudes
of the Gaussian functions. The SE side is flipped about thigcstdlow for direct comparison to the NW. The locations of piegl features are indicated (A-E;
cf. Table 3). Panel&) and(d) plot the variation of the vertical midplane position resudtfrom Gaussian fits to the vertical profile. No significaritedences in
midplane position with wavelength are seen.
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FIG. 6.— The disk color vs. the projected distance along the mhislplane. We compute disk colors relative to thévand midplane surface brightness profile.
The contribution of the intrinsic stellar color has been reetb The disk appears blue between the visible and neardPetweerH andK’. Note thatk’-H
colors are shown, which accounts for the reversed gradient F606WWH. Systematic uncertainties in calibration are not includiedugh these are expected
to be < 0.3mag forK’-H andJ-H, and < 0.2 mag forF606W-H (§2.3-2.4). In the inner disk{ 35 AU), the colors are consistent with a flat profile. The
outward branching of these curves in the outer disk indichbee color gradients (most clearly indicated by B&6W-K’ color). These gradients may indicate
differences in grain sizes or compositions.
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FIG. 7.— Substructure in the disk images. The upper and lowerlpaneF606W data, while the middle panels al¢lK’ composites. The image in each
band is scaled by a spline fit to an average of its NW and SE midggarface brightness profiles (§83.2). The SE side is flippedtahe star to allow for direct
comparison to the NW. Feature locations in the near-IR aneated by solid lines (A—E), while the original identificari of feature locations iF606W data
by K05 are shown as dotted lines (cf. Table 3). A broad clummé&SE ansa at 48 AU was also identified by KO5. We confirm theepresof a brightness
deficit at location E. In our favored models (84), the bulk af #rattered light comes from small grains outside of 40 AU. @loee, the features at projected
distances inward of 40 AU (A-E) must arise from azimuthal péstions in the dust distribution outside this radius. Thgip of the substructures is unknown;
they may result from the gravitational influence of unseengtia
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FiG. 8.— Substructure in disk profiles. Surface brightness leofiomputed with 01 x 0’/1 apertures have been processed in the same manner as Fig. 7, by
dividing each wavelength’s profile by a smooth spline functierived from an average of the NW and SE profiles from Fig.eatlire locations derived for the
near-IR data are indicated by solid vertical lines (A—E)jlevbotted lines indicate the feature locationg-B06Wdata by K05.
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FiG. 9.— Point source detection limits (o). The solid curves are for sources outside of the disk, whiéedashed curves give limits for sources residing
in the disk midplane. In some places the midplane is more than aitndgriess sensitive. No point sources were detected almngisk. Horizontal lines
indicate the predicted brightnesses for the model giantgpéaof Burrows et al. (1997), at ages of 10 and 30 Myr (AU Miczng]vlyr; Barrado y Navascués
et al. 1999). Initial conditions play a large role in the luwsity evolution of young~ 1M, planets, and these “hot start” models represent brightngssru
limits (e.g. Fortney et al. 2005; Marley et al. 2007).
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FiG. 10.— A model fit to the scattered light and SED of the systéeft) The surface brightness profiles from Fig. 5 along with sw@fadghtness profiles
from the best-fit model. The gray boxes above the profiles septehe grain locations in our model (cf. Table 4); the dagkore indicates the inner region of
larger grains, while the smaller scatterers are in the ligtiae outside(right) The model SED along with measured photometry of AU Mic. In this elgithe
smaller grains are responsible for the bulk of the scattégld &nd the mid-IR emission, while the larger grains repredhe long-wavelength end of the SED.
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data were not used in the fitting process. The differencesanadl flux may be due to photometric calibration uncertam{®@2.3), though the model clearly
overestimates the emission in the outer zone in these bande ddmplicated models may resolve these discrepancies; ainjangimum grain size with
radius can produce a color gradiefright) The fraction of lineaF606Wpolarization produced by our model compared to measurementabb@ et al. (2007),
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which include both systematic and random errors. Compamtsized grains are ruled out by these data.

FiG. 12.— A comparison of different methods of roll subtractiomn®l(a) shows the resulting image from the technique described & §anelb) is the
same aga), except the scale of the speckle map is not optimized (8A.2)cémparison, pandt) registers an average PSF to each image, rather than fitting a
PSF model. Each of these images is@ a side. In(d), we show the annulams (excluding the disk) of photometry i@ x 0/'5 apertures as a function of
radius for subtractions shown (a)-(c). At a radius of 2, curve(b) is 0.56 mag more sensitive thér), while (a) is 0.16 mag more sensitive thén). The gain

1 2 3 4 5
separation (")

in contrast when subtracting the profile highlights theathility of the technique for edge-on disks.
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APPENDIX
ROLL SUBTRACTION FOR AO

A decisive arbiter of subtraction fidelity is the stabilitf the stellar PSF. We refined the roll subtraction procesg. (E) to
simply accommodate the time variability of ground-base&$3n general, the long-exposure AO PSF is a non-triviattion
of atmospheric turbulence fluctuations, filtration by ctibs@op AO, and additional quasi-static wavefront erroisiag from the
optics in the system (“static speckles”). With the PSF dtmecarising from these effects in mind, we built an emplricadel
of the PSF for each exposure, and then used these modeldrnabypisubtract the stellar image. Our proposed decontstmic
hinges on the removal of the radial profile from each imagis.rttuch more challenging to remove the stellar profile frorages
with face-on disks. The procedure outlined here is mogedudor imaging edge-on disks from the ground.

PSF Model

The ideal model PSF will reproduce the response of the ingagystem to the starlight which has been occulted by the
coronagraph. For our subtraction problem, we are inteddstestimating the structure of the stellar PSF’s outeraiegi—
outside of any coronagraphic focal-plane mask. For the nmbmee ignore the focal-plane mask and consider only the chse
a monochromatic image of an on-axis star. We approximatadiaptively corrected long-exposure point spread funcieh
as the convolutionx) between a “static” PSF and a blurring kernel encompassiagime-variable wavefront errors (e.g. Véran

etal. 1997),
S(X) ~ S(X) * A(X). (A2)

Here, A(X) is determined by the variable wavefront errors of pastialbrrected atmospheric turbulence which, depending on
correction level, has a characteristic widgh\/ro (wherery is the Fried length) Si(x) is the PSF that would arise solely from
time-independent wavefront errors. For a circular pupitlafmeterD with no obscurations or wavefront erroi§(x) is the
diffraction-limited Airy pattern of characteristic width A/D.

With good AO correction, the structure of the long-expos®éE- is characterized by a diffraction-limited core and ingpdisk
halo. Features like diffraction spikes and individual dgpes also play an important role in the structure. To furtnetivate our
model, we first decompose the static PSF into the sum of itsdire ¢ < 1.22) /D) and all other static speckleg ¢ 1.22\/D),

S(X) = Sse(X) + Sssp(X)- (A2)

Note that since the core is sharply peaked relative to thedealle in the blurring kerneh({D < A/rg), Ss¢(X) * A(X) is approxi-
mately proportional ta\ itself; the scale factaw is related to the Strehl ratio. For computational simplicite treat the blurring
effect of A(x) on Ssp(x) by a scalar factofs, which also correlates with correction level — decreasenlrislg increases peak
speckle intensity. Further approximating (A1), we have

S(X) ~ aA(X) + Sssp(X).- (A3)

We have simplified the PSF from a convolution of static andostheric terms (Eq. Al) to a linear combination (Eqg. A3), and
we now seek to increase computational efficiency furthestFive note that with this linear combination, it is strafghward
to generalize to wide-band imaging sinteand S, can each be represented by a linear combination of quasbchoomatic
PSFs. Second, although not strictly true under real carditiwe further assume that the blurring is symmetrlc in agingy).
This leads us to isolate the azimuthally symmetric radiafifer of each term in equation (A3). For an exposiyree estimate
the image of the star as

S(G ®) = pi(0) +ﬂi%sp(9 ), (Ad)

with § ;(x) given byS; sp(x) with the radial profile removed and subsumed into the predite p(x).

We treat the coronagraphic focal mask in our model (Eq. Adpsy. Prima facie the circular mask’s suppression of the stellar
image will be absorbed intp. Errors in centering the star behind the mask will resultddigonal leakage of light outside
the spot via diffraction (Lloyd & Sivaramakrishnan 2005}, effect we ignore. These misalignments manifest themsedge
subtraction errors in the vicinity of the mask edge.

A key requirement for our model is the profile-removed specklp S o,(x). In practice, we use the target images themselves
to construc&s (x). We remove the radial profile from each image, mask out th®nearound the (rotatmg) edge-on disk, and
combine the results to form the speckle map. We additiomaligk the the diffraction spikes from each image when esitigat
the radial profiles;, because the spikes’ blurring (which we treat only by a stadtor 5) can bias the profile estimates. In
practice, we mask the disk with & B-wide strip, and the spikes with regions that af€ Wide, tapering inward fof <5”. With
pi(X) andS ¢4(x) in hand, the PSF model for each image is parametrized siojety, which scales the speckle map.

Subtraction Procedure

We subtract the model PS¥ from each image. The map scale paramgteaand a registration offset are tuned to minimize
subtraction residuals, which are rotated to a common framdecambined to form the image of the disk.

Special software masks are used in various stages of theastibh process. Diffraction spikes and the edge-on distewe
masked during calculation of the radial profile. The disk wB® masked from individual frames before they were contbine
to form the speckle map. Diffraction spikes, the focal plapet, and the disk were excluded from consideration dutieg t
least-squares optimization of the PSF model subtractionallly, diffraction spikes were masked from the subtrattiesiduals
before they were combined to form the final disk image.

In summary, the sequence is to
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. register each frame to a fiducial position using stellatroed estimates,
. mask the diffraction spikes and the disk, then extractalél profile about the fiducial poinpi,

. remove the profile and combine the residuals from eachert@gbtain the speckle mag,),

1

2

3

4. construct a PSF model for each image, using a scaled speeld (3 S, ;) and the radial profilec),

5. use an optimization method to subtract PSF model from énsalving for stellar position and speckle map scal (
6

. repeat the process from step (1) using updated centriiidaes if not in final iteration,
7. mask diffraction spikes, rotate the subtraction red&limo the sky’s frame, and combine to form the disk imagerexte.

We find that, for these data, three iterations of this proesaough for convergence to visually detectable levels.

Technique Comparison

The subtraction procedure described in the previous secigocompared with similar implementations in Figure 12panel
(a), we follow the steps we outlined above. In pa(i®| we restrict the model fitting process so that the scale o$pleekle map
() is fixed and only offsets were optimized. Finally,(ir) we discard the PSF models altogether and fit the offset ard sta
an average PSF. No spike or object masking were used whenmogbesidual images i(c). In panel(d) we display curves of
annularms(corresponding to the photometric errors shown in FigureXgluding the regions near the disk. These curves show
that fitting the speckle scale gives modest contrast ggif.{ mag), while larger gains are obtained when removing thearad
profile of the observations prior to combination Q.5 mag).

MIDPLANE DETECTION SENSITIVITY

When quoting sensitivity limits for the detection of poinusoes around a star, it is common practice to measure thdastan
deviation of pixel values in concentric annui(r), and to set a scale to this curve with artificially insertedrses. In this case,
o represents a by-eye threshold. Here we wish to extend thisadelogy for the case of sources within the disk. To this,end
we adopt a model for the sensitivity and solve for this madp#irameters through visual detection of randomly insestetices
(both inside and outside of the disk) and maximum likelihtexhniques.

We assume that the process of detecting a source can be tehi@ext by zero-mean, normally distributed backgroundgeoi
fluctuations. In this case, the background can be charaetkbyo, and the probability of detecting a source (denofing 1 for

detection) of fluxf is given by

1 f
which is the cumulative normal distribution function. Oask is to determine, which we can assume is proportionabt{) in
regions devoid of disk light. Similarly, in the disk midpknwve expect an additional contribution to the backgrounctdktions
from the disk light. For our ground-based observationssehffuctuations are dominated by speckle noise (includinghSt
quctuationsg rather than photon statistics, and therdfweevariance of this contribution is proportional to the @guof the disk
brightness| < (e.g. Aime & Soummer 2004; Fitzgerald & Graham 2006). We nhdtesensitivity in the midplane by

o%(X, 11,€) = 1263 (x) + EA1%(X). (B2)

We fix £ = 0 to model the sensitivity in regions devoid of disk light.eWWeasure (r) with a sigma-clipped sample standard
deviation of pixels in concentric annuli, excluding regiaf disk emission.

We randomly generated positions and fluxes for artificiaksesi to be inserted in each of our ground-based images. Two
populations of sources were generated — one set randontljodied along the disk midplane, and another in the ofkdégjion.
The number of sources in each population was drawn from a®wistribution, and no blending of sources was allowedxés
were drawn from a log-uniform distribution abotifx, 1 = 1,£ = 1) in the midplane and(x, . = 1, = 0) elsewhere. After the
computer inserted the randomly generated sources, theesnagre inspected and detections recorded. False detectzne
ignored in our analysis.

With these data in hand, the problem reduces to finding the likely model parameters &) given the set of artificial source
positions, fluxes, and detectiofis, f;, D;}. Our sensitivity curves will use the model parameters whietximize the probability
densityp(u, &|{x;, fi,Di}). This quantity can be re-written with Bayes’ Theorem,

, (B1)

P, €[ {3, i, DiY) o< P, )P, i, Di} 11, €), (B3)
= P, ) | TP, fis 1, P, ), (84)
o< p(p &) | [P, i, 11,6). (85)

The final step is valid since we are free to choose the positiwhflux distribution of independent artificial sources with
regard to the model parameters. Our prior information omtbdel parameters is representeddfy, £), and we assume uniform
distributions which are also independent.of. We maximized the logarithm of this function with respecftand¢ for each
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of our JHK’ images, to obtain best-fit &-sensitivities, and we show ourdbpoint source detection sensitivity as a function of
separation from the star in Figure 9. Midplane sensitigiiee averaged over both ansae. We show predicted planktiagges
using models of Burrows et al. (1997) at different agesyatig inference of detection limits for planet mass.

REFERENCES

Aime, C. & Soummer, R. 2004, ApJ, 612, L85

Artymowicz, P. 1988, ApJ, 335, L79

Augereau, J. C. & Beust, H. 2006, A&A, 455, 987

Augereau, J. C., Nelson, R. P., Lagrange, A. M., Papaloido@. B., &
Mouillet, D. 2001, A&A, 370, 447

Backman, D. E. & Paresce, F. 1993, in Protostars and Plahgi283-1304

Barrado y Navascués, D., Stauffer, J. R., Song, ., & Catllal-P. 1999,
ApJ, 520, L123

Bryden, G., et al. 2006, ApJ, 636, 1098

Burrows, A., et al. 1997, ApJ, 491, 856

Chen, C. H., etal. 2005, ApJ, 634, 1372

Chen, C. H., et al. 2006, ApJS, 166, 351

Cutispoto, G., Messina, S., & Rodono, M. 2003, A&A, 400, 659

Decin, G., Dominik, C., Waters, L. B. F. M., & Waelkens, C. 208pJ, 598,
636

Dohnanyi, J. S. 1969, J. Geophys. Res., 74, 2431

Draine, B. T. & Li, A. 2001, ApJ, 551, 807

Elias, J. H., Frogel, J. A., Matthews, K., & Neugebauer, G32,9AJ, 87,
1029

Fitzgerald, M. P. & Graham, J. R. 2006, ApJ, 637, 541

Fortney, J. J., Marley, M. S., Hubickyj, O., Bodenheimer&.jssauer, J. J.
2005, Astronomische Nachrichten, 326, 925

Gliese, W. & Jahreiss, H. 1995, VizieR Online Data Catald@y,&g 0

Golimowski, D. A., et al. 2006, AJ, 131, 3109

Graham, J. R., Kalas, P. G., & Matthews, B. C. 2007, ApJ, 658, 59

Grigorieva, A., Artymowicz, P., & Thébault, P. 2007, A&A, 468837

Haisch, Jr., K. E., Lada, E. A, & Lada, C. J. 2001, ApJ, 55%31

Hauschildt, P. H., Allard, F., & Baron, E. 1999, ApJ, 512, 377

Joy, A. H. & Abt, H. A. 1974, ApJS, 28, 1

Kalas, P. 2005, ApJ, 635, L169

Kalas, P., Fitzgerald, M. P., & Graham, J. R. 2007, ApJ, 665, L8

Kalas, P., Graham, J. R., Clampin, M. C., & Fitzgerald, M. P.&®pJ, 637,
L57

Kalas, P., Liu, M. C., & Matthews, B. C. 2004, Science, 30309

Keenan, P. C. 1983, Bulletin d’'Information du Centre de Da8tellaires,
24,19

Kenyon, S. J. & Bromley, B. C. 2004, AJ, 127,513

Krisciunas, K., et al. 1987, PASP, 99, 887

Krist, J. E., et al. 2005, AJ, 129, 1008

Krist, J. E. & Hook, R. 2004, The Tiny Tim User's Guide, Vensi6.3
(Baltimore: STScl)

Kuchner, M. J. & Holman, M. J. 2003, ApJ, 588, 1110

Lagrange, A.-M., Backman, D. E., & Artymowicz, P. 2000, Prt¢dos and
Planets 1V, 639

Lecavelier Des Etangs, A., Vidal-Madjar, A., & Ferlet, R989 A&A, 307,
542

Li, A. & Greenberg, J. M. 1998, A&A, 331, 291

Linsky, J. L., Bornmann, P. L., Carpenter, K. G., Hege, E. KingyR. F.,
Giampapa, M. S., & Worden, S. P. 1982, ApJ, 260, 670

Liou, J.-C. & Zook, H. A. 1999, AJ, 118, 580

Liu, M. C. 2004, Science, 305, 1442

Liu, M. C., Matthews, B. C., Williams, J. P., & Kalas, P. G. 20@J, 608,
526

Lloyd, J. P. & Sivaramakrishnan, A. 2005, ApJ, 621, 1153

Marley, M. S., Fortney, J. J., Hubickyj, O., Bodenheimer&A_jssauer, J. J.
2007, ApJ, 655, 541

Marois, C., Lafreniére, D., Doyon, R., Macintosh, B., & NadeD. 2006,
ApJ, 641, 556

Masciadri, E., Mundt, R., Henning, T., Alvarez, C., & BaroaglNavascués,
D. 2005, ApJ, 625, 1004

Mathioudakis, M. & Doyle, J. G. 1991, A&A, 244, 433

Mathis, J. S. & Whiffen, G. 1989, ApJ, 341, 808

Metchev, S. A, Eisner, J. A, Hillenbrand, L. A., & Wolf, S0@5, ApJ, 622,
451

Meyer, M. R., Backman, D. E., Weinberger, A. J., & Wyatt, M. ©0Z, in
Protostars and Planets V, ed. B. Reipurth, D. Jewitt, & K| K&3-588

Moro-Martin, A. & Malhotra, R. 2005, ApJ, 633, 1150

Moro-Martin, A., Wolf, S., & Malhotra, R. 2005, ApJ, 621, 197

Neuhéuser, R., Guenther, E. W., Alves, J., Huélamo, N., Qt& Eckart, A.
2003, Astronomische Nachrichten, 324, 535

Okamoto, Y. K., et al. 2004, Nature, 431, 660

Ozernoy, L. M., Gorkavyi, N. N., Mather, J. C., & Taidakova,A. 2000,
ApJ, 537, L147

Pantin, E., Lagage, P. O., & Artymowicz, P. 1997, A&A, 327, 1123

Perryman, M. A. C., et al. 1997, A&A, 323, L49

Persson, S. E., Murphy, D. C., Krzeminski, W., Roth, M., & RieM. J.
1998, AJ, 116, 2475

Pinte, C., Ménard, F., Duchéne, G., & Bastien, P. 2006, A&,48®7

Plavchan, P., Jura, M., & Lipscy, S. J. 2005, ApJ, 631, 1161

Roberge, A., Weinberger, A. J., Redfield, S., & Feldman, P. @52 ApJ,
626, L105

Robinson, R. D., Linsky, J. L., Woodgate, B. E., & Timothy, J.2801, ApJ,
554, 368

Roques, F., Scholl, H., Sicardy, B., & Smith, B. A. 1994, Icarl08, 37

Sheehy, C. D., McCrady, N., & Graham, J. R. 2006, ApJ, 647, 1517

Skrutskie, M. F., et al. 2006, AJ, 131, 1163

Song, |., Weinberger, A. J., Becklin, E. E., Zuckerman, B., 8e@, C. 2002,
AJ, 124,514

Strubbe, L. E. & Chiang, E. I. 2006, ApJ, 648, 652

Telesco, C. M., et al. 2005, Nature, 433, 133

Thommes, E. W. & Lissauer, J. J. 2003, ApJ, 597, 566

Torres, C. A. O. & Ferraz Mello, S. 1973, A&A, 27, 231

Véran, J.-P., Rigaut, F., Maitre, H., & Rouan, D. 1997, 14730

Voshchinnikov, N. V., Il'in, V. B., Henning, T., & Dubkova, DN. 2006,
A&A, 445, 167

Voshchinnikov, N. V. & Mathis, J. S. 1999, ApJ, 526, 257

Wahhaj, Z., Koerner, D. W., Ressler, M. E., Werner, M. W., Baean, D. E.,
& Sargent, A. I. 2003, ApJ, 584, L27

Weinberger, A. J., Becklin, E. E., & Zuckerman, B. 2003, A4 5.33

Wyatt, M. C. 2006, ApJ, 639, 1153

Wyatt, M. C., Dermott, S. F., Telesco, C. M., Fisher, R. S., damg K.,
Holmes, E. K., & Pifia, R. K. 1999, ApJ, 527, 918

Zuckerman, B. 2001, ARA&A, 39, 549

Zuckerman, B., Forveille, T., & Kastner, J. H. 1995, Naturé3,3494

Zuckerman, B., Song, |., Bessell, M. S., & Webb, R. A. 2001, /&P, L87



