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ABSTRACT

The young star AB Aurigae is surrounded by a complex combination of gas-rich and dust dominated
structures. The inner disk which has not been studied previously at sufficient resolution and imaging
dynamic range seems to contain very little gas inside a radius of least 130 astronomical units (AU)
from the star. Using adaptive-optics coronagraphy and polarimetry we have imaged the dust in an
annulus between 43 and 302 AU from the star, a region never seen before. An azimuthal gap in an
annulus of dust at a radius of 102 AU, along with a clearing at closer radii inside this annulus, suggests
the formation of at least one small body at an orbital distance of about 100 AU. This structure seems
consistent with crude models of mean motion resonances, or accumulation of material at two of the
Lagrange points relative to the putative object and the star. We also report a low significance detection
of a point source in this outer annulus of dust. This source may be an overdensity in the disk due
to dust accreting onto an unseen companion. An alternate interpretation suggests that the object’s
mass is between 5 and 37 times the mass of Jupiter. The results have implications for circumstellar
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disk dynamics and planet formation.

Subject headings: instrumentation: adaptive optics — methods: data analysis — stars: individual
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1. INTRODUCTION

The star AB Aurigae (hereafter AB Aur; distance
d = 144 parsecs; visual magnitude, V = 7.04™; spec-
tral type AOVe; mass M = 2.4+ 0.2 Mg; age 1 — 3
Myr; also known as HD 31293, HIP 22910, BD+30 741;
van den Ancker et al! (1997); [DeWarf et all (2003)) has
been intensively studied and is widely perceived as pro-
totypical of young, intermediate-mass stars, the so-called
Herbig Ae stars. The star belongs to the Taurus-Auriga
star-forming region, which is thought to be between 1 and
3 Myr old, where the dispersion in ages is most likely due
to observational or calibration errors (White et al! 2007,
e.g.). Because of its brightness, age and proximity to
Earth, this star presents an important opportunity for
investigating star and perhaps planet formation.

Indeed, the star exhibits a fascinating array of phenom-
ena, including a reflection nebula extending thousands of
astronomical units (AU; the Earth-Sun distance) away
from the star (Grady et alll1999); a more compact, an-
nular (100-750 AU) region mainly composed of gas as
detected in 3CO, 2CO, C¥0, HCO™*, H,, and millime-

ter wavelength continuum i imaging (IMzmnmgs_&LSalgﬂnﬂ
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, e.g.); and an apparent inner region within about
100 AU of the star which exhibits gas depletion, where
the ratio of the mass in dust to that in gas is large
é)%ed on the surface densities derived by mj

)). It seems that the dusty inner disk has an outer
radius at about 130 AU (Fukagawa et all [2004), out-
side of which the gas column density rises. Also, near
infrared (NIR) imaging reveals a spiral structure out-
side of the inner disk (from 130 to a few hundred AU;
Fukagawa et all (2004)). Ancillary to this study, but of
importance in understanding this system, the material
also exhibits a central hole of radius between 0.3 and
0.6 AU (Millan-Gabet et all 2001). A bright spot has
also been detected about 1-4 AU away from the star

- [2006) with NIR interferometry.

Interpretations of these observations are inconsistent
with each other in the literature, with some authors de-
scribing disk-like structures and others not. The system
is clearly complicated, and it may have properties of both
gas-rich and debris disks, based on qualitative consid-
eration of the observations mentioned above. As such,
it may be in a stage of evolution that is intermediate
between these two states, and it presents an ideal ob-
servational opportunity to study disk evolution and the
formation of small bodies in such disks. This means that
high resolution observations of the region between 1 and
130 AU are particularly important.

However, this region has been difficult to image in light
scattered from the dust because of the extreme bright-
ness difference between the star and the dust. We present
the first images of polarized light from this region in the
NIR with sufficient contrast (residual starlight after sup-
pression of < 107 at radii of 0.3 to 2.2 arcseconds) and
resolution (14 AU) to resolve structure in the dust disk.
This level of starlight suppression was achieved using po-
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FiG. 1.— Images of the stars HD 107146 (a and b) and AB Aur (c and d) showing the 4.7 arcsecond field of view with N up and E
left. (a) and (c) are the summed intensity I images shown with logarithmic scale spanning the minimum and maximum counts. Significant
starlight exists throughout the field of view for both stars. (b) and (d) are the double-differenced P images (see text) also shown with
logarithmic color scale. The coronagraphic occulting spot is slightly smaller (0.45 arcsecond diameter) than the rejected region of each
image, indicated by the shaded circle 0.6 arcsecond in diameter in both images. Cardinal direction arrows are 1 arcsecond long and drawn
to scale. Note that the maximum count level in (d) is about ten times that in (b).

larimetry in conjunction with high-order adaptive optics
(AO; for spatial resolution) and advanced coronagraphy
(for starlight suppression) under the aegis of the Lyot
Project (Oppenheimer et al) 12004, 2003; [Hinkley et al.
2007; [Sivaramakrishnan et all[2001)).

2. POLARIMETRY

Scattered light from the gas and dust in the vicinity of
a star should be linearly polarized with the electric field
perpendicular to the plane of incidence as seen from the
telescope (assuming a single scattering process). Thus,
dust in close proximity to a star will, in general, induce
a spatially variable polarization angle and fractional po-
larization as seen in a polarized light image. This makes
imaging polarimetry of stars a valuable tool for study-
ing star formation. In fact, numerous imaging polarime-
try observations of disks have been made, permitting the
observation of extremely faint sources in close proxim-

ity to stars, because starlight can be efficiently removed
by forming a polarized light image (Kuhn et all 2001;
Perrin et alll2004; [Apai et all2004; [ Tamura et all2006).
Indeed, direct light from the star is only minimally po-
larized by small-angle (< 5 x 10~% degrees) forward scat-
tering due to the Earth’s atmosphere or the interstellar
medium. In contrast, light from the star that has scat-
tered off of material in the near-star environment is im-
parted with far more polarization due to the large angle
of scattering (near 90° for a face-on disk). Thus by differ-
encing images obtained in orthogonal polarization states
(ie. I+Qand I —Q,I+U and I —U, or I +V and
I—V, using the standard Stokes vector notation) the star
light is removed, and an image of polarized light, a “P
image,” can be formed where P = /Q? + U2 + V2. The
spatial variation of the P image is a sensitive measure of
variations in the scattering properties of the near-stellar
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F1a. 2.— P image of the AB Aur system as in Fig. 1d, but with a median filter applied with a five pixel bounding box, matched to half
the diffraction-limited resolution of the instrument. The image at upper right is a magnified portion centered on the location of a point
source (see text). In this box, the color scale is adjusted to aid interpretation. The color scale is logarithmic.

dust and gas and is insensitive to atmospheric speckle
noise. A further discussion can be found in the appendix
of this work. The series of images acquired (six sets of
two simultaneous images, each with different polarimeter
settings; see Appendix) are also added together to form
a separate total intensity or “I” image.

3. OBSERVATIONS AND DATA REDUCTION

Over a period of one hour and thirty-eight minutes,
commencing at 09:55 on 2006 December 12 UTC, we ac-
quired ten polarimetric measurements in H-band (1.45-
1.83pum) with the Lyot Project coronograph installed
on the 3.63m AEOS telescope atop Haleakala, Maui.
Each measurement is a series of six dual-beam polar-
ized images (60-s exposures) with different liquid-crystal
retarder settings (see appendix for details), to permit
derivation of the P image. The weather at the observa-
tory was photometric, with winds of less than 8 km/h
and relative humidity below 12%. The local Fried pa-
rameter, rg, a measure of the strength of turbulence

in the atmosphere above the observatory, spanned the
range of 15 to 32 cm, indicating ideal conditions for
AO observations at AEOS. AEOS has a 941-actuator
AO system which suppresses imaging distortions due to
the atmosphere (Roberts & Neyman 2002). The coro-
nagraph (Oppenheimer et all 2004, 2003; Hinkley et al.
2007) is coupled with a NIR camera called “The Ker-
mit” (Perrin et all 2003), with which we image the 4.7
arcsecond field of view centered on the star at a pixel
scale of 13.7 mas pixel~!. The diffraction-limited imag-
ing resolution of the system is approximately 94 mas in
H-band.

Used here as an experimental “control” observation,
data on HD 107146 (a V = 7.07™ G2V star) were taken
in a manner identical to that of AB Aur commencing at
15:14 on 2006 December 12 UTC, with a similar range of
weather conditions and telescope pointing relative to the
horizon. We observed this star because it has a known
debris disk, although the likelihood of our detecting it
was extremely low, because the disk is optically very thin
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and has only been imaged outside of the Lyot Project
field of view (Ardila et alll2004). Furthermore, a lack of
infrared excess at 18 pum indicates a central hole at least
as wide as 31 AU (1 arcsec) in radius (Williams et al.
2004). As expected, HD 107146’s disk was not detected
within our field of view (within 67 AU). Further discus-
sion of these points can be found in the appendix.

Calibration of the system includes standard dark
current and flat-fielding gain images (acquired us-
ing incandescent lamps each night), bad pixel maps
(Soummer et alll2006; Hinkley et alll2007), and observa-
tions of binary stars with well-known orbits to ascertain
pixel scale and image rotation fiducials. The appendix
to this work describes the steps in more detail.

Fig. 1 shows the I and P images of both HD 107146
and AB Aur. The structure we see in these images is
better analyzed after filtering the image with a median
pixel selection over a box matched to half the instru-
ment’s diffraction limit (3.5 pixels, rounded up to 5).
Oversampling in the image plane aids speckle removal in
postprocessing, but it can dilute real signals in final anal-
yses. The median filtered P image of AB Aur is shown
in Fig. 2. Before analyzing the structure in this image,
we must establish quantitative sensitivity limits.

4. DETECTION LIMITS

According to a technique we developed previously
(Hinkley et all [2007), we have derived the difference in
magnitude between the occulted star and a 3-c point
source as a function of position in the I images for HD
107146, to evaluate the sensitivity of the AB Aur data
without the presence of its disk, or any other source in
the field of view.

Fig. 3, a so-called “dynamic range plot”
(Oppenheimer et al! 2000), shows the difference in
magnitude (AM) between the occulted star and a point
source that would be detected at the 3-0 level in our I
image, as a function of radial distance from the star.
The photometric values were calibrated to unocculted
images of AB Aur taken immediately prior to the
occulted images. An extension of this technique was
applied to the polarimetric data to derive the sensitivity
limits for various fractional polarizations. For a real
source in our data, only a lower limit to the fractional
polarization is measurable, because of the contamination
from the starlight throughout the image (see appendix).

5. AB AUR IMAGES

The images of the AB Aur system (Figs. lc, 1d and
2) exhibit several important features. In the I image,
starlight dominates the entire field of view (Fig. 1c) and
shows some elongation along a position angle (PA) of 321
4 1°. This elongation, which is purely instrumental, and
apparent in both the AB Aur data and the HD 107146 I -
image, is due to a combination of the wind’s effect on AO
image improvement (Sheehy et all[2006, e.g.), and some
residual image motion compensation errors. (The wind
had an average prevailing direction of 320° during these
observations.) In the P image (Fig. 1d), light is detected
throughout the field of view but is mostly constrained
to a region 2.1 arcseconds (302 AU) in diameter centered
near the star. Outside of the central region, the detection
is of low significance, but does exhibit some amplification
to the NE, which is where the brightest “spiral” feature

surface brightness (mdy/arcsec?)
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F1G. 3.— Dynamic Range Plot. This plot shows the difference in
magnitude (AM) between a star occulted by the coronagraph and
a 3-0 point source or surface brightness as a function of angular
separation. Corresponding surface brightness is given on the right.
The size of the occulting mask is indicated by the dark shaded
region and the lighter shaded region corresponds to the rejected
part of the data. The solid line indicates the dynamic range for
the I-image while the dashed lines are dynamic range functions
indicating the total intensity for sources with various fractional
(%) polarizations.

has been seen in other studies (Fukagawa et al![2004). In
the inner region significant structure is present. The pho-
tocenter of the inner disk is shifted 88 mas (12 AU) along
a PA of 336 + 2°. The outer annulus of material in this
inner disk shows a distinctly non-uniform distribution in
the azimuthal direction, with a deep depletion of polar-
ization centered 700 mas (102 AU) away from the star at
a PA of 333 + 2°. In a study conducted at the Subaru
telescope (Fukagawa et all 2004), there appears to be a
similar depleted region in this outer annulus, although it
is right on the edge of their coronagraphic mask.

It is important to note that none of the structure seen
in the P image correlates with structure in the I im-
age, reinforcing the fact that only lower limits to the
fractional P can be determined. For example, the I-
image elongation is at least 15 degrees away from the
depleted region’s azimuthal angle in the outer annulus.
The residual P/I amplitude in HD 107146 was about
1%. In contrast the P/I structure we observe in AB Aur
was between 1 and 9% — significantly larger than the
residual systematic polarization noise we measure in the
non-detection around HD 107146.

In the center of the depleted region, there appears to
be a 2.8-0 amplification of polarization fraction spanning
a seven-pixel diameter circular aperture ( ~ A/Dryot, Or
94 mas). This appears to be an unresolved point source
with P/I > 5%. We investigated all other features in the
image and found none to have point source shape or scale
(based on unocculted images) with significance greater
than 2.5-0. No optical ghosts have ever been observed in
the NIR in our system since it was commissioned in early
2004, and we have never observed spurious reflections
from bright stars outside the field of view. This putative
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point source may or may not be real, and despite its
marginal detection, we include it in our analysis below,
although the principal observations of structure in the
disk stand regardless of the reality of the point source.

Fic. 4.— Derived radial surface brightness of the AB Aur disk
in Stokes I, using the HD 107146 data, where no polarized diffuse
light was detected, as a reference azimuthally averaged brightness
of an occulted point source. Error bars indicate one standard de-
viation for the range of values observed in each annulus of data.
The dashed line indicates the radial profile derived from Subaru
coronagraphic data (Fukagawa et all[2004).

Further structure in the P image seems to indicate a
drop in polarized light as one proceeds radially inward
from the outer region toward the star. This is partic-
ularly pronounced in the NW at a radius of about 570
mas (83 AU). Closer to the star, the polarized light in-
creases again up to the region obscured by the corona-
graphic mask. There may be an annular depletion zone
in close proximity to the coronagraphic mask edge, but
we state this with less certainty. This annular depletion
zone (which, also, shows no correlation with speckles in
the I image) is located at roughly 300 mas (43 AU) ra-
dius from the star and a PA of about 142°.

6. INTERPRETATION: CIRCUMSTELLAR MATERIAL

The azimuthally averaged surface brightness of the cir-
cumstellar material provides initial measurements of the
disk material. We use an azimuthal average, because
the only effective way to remove the stellar light from
the I-image, without restricting study to polarized light,
is to use a reference star with no detectable circum-
stellar material. AO point spread functions are highly
variable and complex, meaning that point-spread func-
tion subtraction is not practical (at best). An azimuthal
average permits a first order understanding of the dif-
ference between AB Aur and a reference star, and the
simplest measure of flux from the disk alone. To this
end, we used HD 107146’s azimuthally averaged I-image
subtracted from the same average for AB Aur (Fig. 4).
The disk shows surface brightness ranging from about 80
to 3 mJy/arcsec? at radii of 50 to 150 AU. This agrees
with the values previously derived from 120 AU outward
in the H-band (Fukagawa et all[2004). These values are
also useable as a conservative upper limit to HD 107146’s
disk flux in the 8 to 66 AU region around that star.

Interpretation of the morphology present in the P im-
age depends on the notion that that polarization frac-
tion in a given pixel in the image is a function of the
column density of dust in the disk. What exactly this

means in terms of the disk’s structure is not entirely
clear. A number of other studies suggest that this disk
is optically thick in the mid-IR out to radii of about 118
AU |Marinas et all (2006), roughly the region we have
detected, although data on the spatial scales reported
here are lacking. If the disk is optically thick at the
wavelengths we are observing here, then the P image re-
veals only a map of the inhomogeneities in the surface of
the disk, not the mid-plane features. If the disk is opti-
cally thin at these wavelengths and spatial scales, then
the P image will map the full structure of the dust in
the disk. This is critical to interpretation, because, as
Jang-Condell & Boss (2007) note, the surface structure
in a relatively thick disk will not necessarily reflect the
interior density structure. The full structure of the den-
sity is necessary to utilize detailed modeling of disks to
provide rigorous theoretical interpretation. therefore, we
need to know whether the disk is optically thick or thin.
However, the estimates of optical depth derived thus far
are based on extremely simplistic models that assume az-
imuthal and vertical homogeneity in the disk structure,
with a radial dependence. What is beyond doubt is that
these models are inaccurate based on the highly asym-
metric morphology of the disk as revealed here. The
conclusion must be that some parts of the disk may be
optically thick while others may not be, including some
of the regions imaged here. Numerical models, not sim-
ple analytical ones are needed.

The primary feature of the observed region is in the an-
nulus at an approximate radius of 102 AU with a width
equivalent to the image resolution 4+ 10 AU, where there
is an apparent hole at a PA of 333°. In addition, there are
clumps approximately 60° from the gap in the azimuthal
direction, and a general reduction of density on the op-
posite side of the gap. We note that the very outer edge
of this depletion zone is seen in data reporting a spiral
structure in the near-IR, right at the edge of the cor-
responding coronagraphic mask (Fukagawa et all 2004).
This structure, as noted above, also seems offset from the
stellar position by about 12 AU. Since we are imaging in
polarized light, some of this geometry could be due to
the efficiency of scattering due to the inclination angle
of the disk, variously reported for this inner region to
be between 12° and 30°, with a major axis near 60 to
80° (Marinas et all 2006). Indeed, if these numbers are
correct, the annular depletion zone is nearly aligned with
the minor axis of the disk and the opposite side would be
expected to have reduced polarization fraction because it
would be subject to the more weakly polarizing forward
scattering by the dust. Because of the great uncertainty
in the inclination angle and the large range in values
depending on the material imaged in a given study, we
did not see the value in adopting a particular inclination
angle for the region we have imaged. Thus we have no
“deprojected” image of the disk, which would also re-
quire a model for the scattering material and its Mueller
matrix.

A veritable zoo of models for structure in circumstel-
lar disks exists, with a dominant competition currently
between so-called “core accretion” and “gravitational in-
stability” theories to explain the formation of low mass
objects in disks. These competing models predict differ-
ent types of structure in disks. However, as far as could
be determined from published material, the structure we
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see in this disk is most similar to models where a small
object is present that dynamically induces mean motion
resonance structure (Wolf et all 2007, e.g). That struc-
ture creates amplifications of density in the azimuthal di-
rection roughly +60° away from the forming object, with
a weaker clump opposite the object (Wolf et all 2007,
esp. Fig. 10). This structure also has clearing just in-
side the annulus as well as amplified density further in,
another set of features that seem to exist in our P im-
ages. There are issues with interpreting AB Aur’s disk
in this manner. These models exhibiting mean motion
resonance generally require optically thin disks with no
gas present. We made the point above that the optical
depth is uncertain, and other observations show that this
inner region is highly depleted of gas (Piétu et alll2005).
If this interpretation is correct, a small body would be
forming in the gap and should be centered therein. How-
ever, the theoretical modeling effort for disks of this type
is not sufficiently mature to provide a complete interpre-
tation. The observations can most simply be interpreted
as showing an amplification of material around the L4
and L5 Trojan or Lagrange points relative to an object
that is situated in the gap. We discuss the possible de-
tection of that object below.

Comparing the AB Aur structure with other disks is
important. First we note the large size of this disk and
associated other structures (> 120 AU). A few low-mass
companion formation theories exclude the formation of
objects at such large distances as 102 AU, due to a pre-
sumption of very low dust density (Jang-Condell & Boss
2007, e.g. and references therein). These models claim
that very low mass companions at such distances could
only be there through dynamical interactions after form-
ing near the star, and therefore should have highly eccen-
tric orbits. The core accretion models can form objects
at such distances, but generally of extremely low mass
(Baraffe 12005), and interestingly, the gravitational in-
stability models can only form objects in the 50 to 100
AU range because the disk is too hot closer to the star
(Jang-Condell & Boss 2007). However, observations of
other disks reveal significant structure at scales certainly
as large as this, albeit for older systems. For example, the
star Fomalhaut has an offset ring of material, with some
models claiming that this ring is due to a Saturn mass
object at an orbital distance of ~ 120 AU (Quillen 2006)
with low eccentricity. In some respects one could specu-
late that the AB Aur structure is an evolutionary precur-
sor to that found around the older Fomalhaut, which is
very similar in physical properties to AB Aur except for
its age. Furthermore, the star HD 142527 shows evidence
for another offset (~ 20 AU) disk of radius 500 AU and
a hole of about 125 AU in radius (Fukagawa et alll2007).
Such a structure is much larger than what we report here,
and not too dissimilar to a smaller scale structure around
epsilon Eridani (Greaves et all[1998).

Unfortunately few other Herbig Ae/Be stars have been
observed at the spatial scales (< 100 AU) presented here
or with polarimetry, so direct comparison with similarly
aged objects is difficult. There are two possible excep-
tions: observations of HD 141569 and HD 100546, which
have been observed with, for example Hubble STIS on
larger scales and in optical scattered light (which traces
a variety of phenomena; |Grady et all (2003, 2001)). In
the case of HD 100546, complex structure is revealed at

essentially all probed radii from the star and because it
is significantly fainter at larger radii (> 500 AU) from
the star than AB Aur, it may be more evolved and opti-
cally thin. The observations of this star within 100 AU
are, unfortunately lacking and so direct comparison with
these observations provides little insight.

For HD 141569, which is widely described as a “tran-
sitional” disk (Quillen et al! 2005; Herrmann & Krivov
2007, e.g.), shows a spiral structure, also at large radii (>
300 AU) and a continuous distribution of dust at closer
radii with multiple ring-like structures (Clampin et al.
2003). This has direct similarity with the structures we
have observed in AB Aur, and the star is of similar spec-
tra type and age. The azimuthal gap structure that we
observe, though, does not seem to be observed in any
other circumstellar disk material.

One other comparison can be drawn with the star 49
Ceti (Wahhaj et all[2007), which is an A1V star about
10-20 Myr old. Some authors claim that this object is
evolving from the Herbig Ae stage to the more mature
“Vega” state, and it is clear that there is a transition
in dust properties with smaller grains dominating in the
30-60 AU region (Wahhaj et all[2007). This may be a
slightly more mature version of the disk we observed here
and shows a similar radial hierarchy of structures and
dust properties, even though in AB Aur the transition in
dust properties seems to be at 130 AU, rather than at 60
AU. The difference in age suggests that these very similar
stars, when compared, provide clues to the evolution of
disks around intermediate mass stars.

7. INTERPRETATION: A PROBABLE COMPANION

It may be possible to derive a mass for whatever object
is causing the perturbations in the dust density in the
disk through detailed modeling of the resonance struc-
ture and an estimate of the mass of material in this struc-
ture. This is beyond the scope of this paper, and requires
significant theoretical work. Here, we explore the possi-
bility that the point source reported above in the annular
depletion zone is a bona fide companion of AB Aur, and
provide two possible interpretations of what it is. This
discussion assumes that the detection is real, even though
it has low signal-to-noise ratio.

Although we have not confirmed that the object de-
tected in the gap is physically associated with AB Aur,
through the detection of orbital motion or common
proper motion, we have determined the probablilty of for-
tuitous alignment with unassociated background sources.
More details on this calculation are provided in the ap-
pendix. The object’s apparent H magnitude, m, ranges
from 12.76 in the brightest possibility where it is just be-
low the detection limit in the I-image (at a radius of
0.7 arcsec), and 17.26 in the faintest case where it is
100% polarized. These are the sum of the values from
the dynamic range curve and my = 5.06™ for AB Aur
(Skrutskie et all 2006). Our model indicates that the
probability that a background object happens to lie in
this location is less than 3.4 x 10~7 for the brighter limit
and 9.9 x 1075 for the fainter one. The probability is so
minute that we assume physical companionship.

There are two ways to interpret this companion. First,
we can derive limits to its mass by assuming that we
have detected thermal emission from a cooling body
coeval with the star. The H-band (A = 1.6um) ab-
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solute magnitude based on the distance to AB Aur is
7.0m < My < 11.5™. Using a solar luminosity of
My = 3.35™, the H band luminosity of the object is
between 3.5x1072 and 5.6x10~* L, the luminosity of
the Sun. Given the 1 to 3 Myr age of the system, this
companion has a mass of between 5 and 37 Mj based
on theoretical cooling models [Baraffe (2005). Although
these models are not ideal for such young ages and the
results are dependent on the initial conditions for the
models, there is a lack of alternative theory to constrain
these physical parameters.

A second interpretation may be more appropriate in
this case, because the object exhibits polarization of
greater than 5%. Although planets orbiting stars should
exhibit polarization, when viewed in reflected light, as
high as 50% (Tomasko et al![1978, e.g.) there is no pos-
sibility, due to the brightness, that this source represents
light from the star reflected off of a tiny planet at 100
AU. In fact, if it were reflected light, the simple geome-
try of the reflection would demand that the object have a
radius of 0.1 AU, about 10 times larger than the primary
star, if the albedo were 1. The object is in the midst of a
rather dusty region, albeit depleted from neighboring re-
gions. Perhaps our images merely detect the infall of dust
onto an obscured, accreting companion, rather than the
companion itself. Models of planet formation suggest, in
some cases, vortices of material surrounding the sites of
cores of new planets. Such regions would be unresolved
at the imaging resolution available to the Lyot Project,
for example. As such, they would appear to be unre-
solved clumps of dust that could scatter starlight just as
the main part of the disk would. Other models, where
the disk is denser (optically thick even), predict bright
spots and shadows at or slightly offset from the location
of planet accretion due to a hole formed by the influx
of material onto the forming body (Jang-Condell 2007,
e.g.). No models exist that permit us to estimate a mass
for this object based on the polarimetry presented here.
However, if this is an accretion process, one would cer-
tainly expect a high degree of temporal variability as the
companion is bombarded at random moments by larger
particles or planetessimals as the disk continues to thin
out.

8. CONCLUSION

AB Aur and its environment are indisputably a com-
plex system that provide clues to the physical processes
of star and planet formation. Our study provides some
insight into a new scale on par with our own solar system.
The combination of observations of this system suggest
that (a), because of the 1-4 AU gap between the star and
disk (Millan-Gabet et all[2001, 2006), the star is mostly
formed and has completed its main accretion phase, al-
though there is significant outflow still; (b) planet for-
mation, if it will happen, has already begun, due to the
presence of an apparently organized disk with depleted
gas (Piétu et all[2005), some of which may be adsorbed
onto the dust itself; (c¢) the region imaged here should
have a similar temperature to the giant planet region
of our solar system, and as such these data could pro-
vide constraints on giant planet formation mechanisms;

(d) the remaining thin dust and gas at larger radii are
either flowing into or out of the disk, as indicated by
strong spiral features at larger distances from the star
(Fukagawa. et _alll2004; |Grady et al!|1999; Henning et al.
1998, e.g.). In addition, projection effects complicate this
interpretation particularly if there really is an organized
inner disk (such as we have imaged), with external ma-
terial distributed more isotropically, or at least not in a
series of coplanar disks.

Regarding the structure we have resolved, models
of disks showing mean motion resonances also suggest
strong outflows or infalls of material at coeval epochs
with significant material trapped in mean motion reso-
nant orbits (Wolf et alll2007). These are the only models
that seem to come remotely close to mimicking the struc-
ture we observe. We may be witnessing such a process in
action for the first time, or some combination of processes
not yet modeled, and the poorly detected point source
in our data may be related to the structure in the disk.
Higher resolution and more sensitive observations of this
fascinating system may be able to constrain planet and
star formation models and permit distinguishing between
competing theory. Unfortunately such observations can
only be expected once new, large sub-mm observatories,
such as ALMA, are in operation. The critical need here
involves spatial resolution superior to 100 mas and dy-
namic range greater than 12 magnitudes. A major space
mission such as the Terrestrial Planet Finder, would pro-
vide a crystal clear view of what is happening in this fas-
cinating system. In the near term, HST’s NICMOS in-
strument can conduct similar polarimetric observations
at lower resolution, and possibly worse dynamic range.
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APPENDIX
ASTROMETRIC CALIBRATION AND DATA QUALITY

We used the star HD 76943 for the astrometric calibration, observed at 14:13 on 2006 December 16 UTC under
similar observing conditions. On this date, the orbit determination shows that the secondary component is at 0.546
arcseconds at a position angle of 333.54° (N-E)(Hartkopf & Mason 2000). Images of that star are shown in Fig. Al to

demonstrate the fidelity of the AO correction, roughly estimated via the Strehl ratio, S = exp_‘72, where o is the root

mean square of the residual wave front error. S exceeded 85% in these images, as determined through comparison
with laboratory-based images with the coronagraph (Roberts et all 2004). This performance is similar in acquisition
images of AB Aur taken immediately before the primary data acquisition.

Fic. 5.— Image of the binary star HD 76943 used to determine plate scale and rotation parameters. The first Airy ring of the PSF
is broken into four spots due to the oversized spider vanes in the coronagraph’s Lyot stop. The secondary star has a separation of 0.546
arcsec at PA 333.54°. Pixel scale is 13.7 mas and N is up with E to the left.

POLARIMETRY

Kuhn et al! (2001) describe a double-difference method that minimizes instrumental effects in imaging polarimetry.
To derive our P images, following the [Kuhn et all (2001) technique, we take differences of simultaneous orthogonal
polarization images (e.g. I + @ and I — @). We then difference these images again after spatially interchanging the

polarization states [Kuhn et all (2001)) and then sum them in quadrature to form a “P” image P = \/Q? + U2 + V2.
Instrumental and other systematic polarization effects are removed or tend to be spatially constant in this polarized
image. To achieve this, a Wollaston prism located immediately after the coronagraph’s Lyot stop splits the light into
two images, viewed simultaneously side-by-side on the Kermit’s detector, with the two images carrying perpendicular
vectors of the polarization. Using liquid crystal variable retarders (calibrated with a Glann-Taylor prism), the instru-
ment can swap the vectors for each field of view or rotate them. As a result, we obtain six sets of two images. The two
images are recorded on the same detector simultaneously and with the same exposure time. By swapping the vectors
on the two images in a subsequent exposure—the two exposures comprising a “set”—we can remove instrumental
effects induced by the different optical paths of the two simultaneous images.

Taking the first two exposures, for example, we subtract the left and right images in both and then subtract the
resulting final image. This provides an image in polarized light that we call “Q,” with “U” and “V” images derived with
the subsequent exposures in the same way. These Q, U and V images are from the reference frame of the instrument.
In order to derive the QQ, U, V images in the reference frame of the sky, they have to be reprojected taking into account
the Mueller matrix of the telescope and instrument as a function of pointing in the sky. However, this Mueller matrix
is not only extremely complex, but is also unknown (Harrington et all 2006; [Harrington 12008). Fortunately, the P
image is immune to these effects, because it is the quadrature sum of the Q, U and V images, but this ”cross-talk”
induced by the telescope requires that we also measure V, which is often excluded in observations similar to these.

Our P image does not directly reveal the absolute polarization amplitude or direction of the near-star optical
scattering, because the intensity image has significant spurious scattered starlight and atmospheric speckle noise
(Hinkley et all 2007, e.g.). In addition, as mentioned above, the AEOS telescope changes both the magnitude and
polarization angle of incoming light to the telescope (Harrington et alll2006; [Harrington 2008). Fortunately this spu-
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rious polarization cross-talk is essentially constant over the telescope field-of-view, meaning that the relative structure
in the P image is not instrumental in nature. The observed AB Aurigae Q, U and V images were all very similar
in nature with small relative rotations in the polarization angle and degree of polarization as the telescope changes
pointing. However, the quantity /Q? + U2 + V2 was constant during all ten polarization sequences (6 dual images
for each). Despite these limitations, the spatial variation of the P image is a sensitive measure of variations in the
scattering properties of the near-stellar dust and gas and is insensitive to atmospheric speckle noise.

EFFICACY OF SPECKLE SUPPRESSION

To demonstrate how completely the starlight (and speckle noise) is removed with our imaging polarimetry process,
we examine, in more detail, the observations of the star HD 107146 which is used in the main article as a “control”
non-detection. It is bright in the coronagraphic I image (Fig. 1a), with a total of 1.33x10® photons detected in a 360
second sequence of exposures. However, the star is almost entirely absent in the P image (Fig. 1b) with 1.60x10°
photons, most of which, due to diffraction, are behind the coronagraphic occulting mask, a region of no consequence
to scientific results. The polarimetry method reduces the residual starlight by a factor of 843 in this case and brings
the vast majority of the field of view to the instrumental throughput limits—the P image shows a typical readnoise-
limited background. No speckle structure remains in the region usable for scientific investigations. Combined with
the coronagraph, the central star’s light has been suppressed by a factor of about 10~° over the entire field of view,
and possibly by much more since our images were not limited by the starlight but rather instrument sensitivity. It is
important to note that none of the speckles in the I image are present in the P image. This is true for the AB Aur
data as well.

POLARIMETRY SENSITIVITY

To determine our sensitivity in the P image, artificial point sources with a given intensity and fractional polarization
were placed radially into the constituent images prior to composing the P image, with appropriate adjustments in the
pairs of simultaneous images so that the relevant fractional polarization was correctly represented by the fake sources.
These images were double differenced as described above (Polarimetry). The total intensity of these point sources in
the original images was adjusted until a 3-0 detection was obtained in the processed @, U, and V data. (P images
have non-Gaussian noise properties so noise must be derived from the constituent images.) The total intensity (not
just the flux in net-polarized light) for a given fractional polarization is plotted in the dynamic range plot, although for
any real source detected, only a lower limit to the fractional polarization is measurable, because of the contamination
from the starlight throughout the image.

PROBABILITY OF POINT SOURCE CONTAMINATION

We constrained the probability that a point source would be co-aligned with features in AB Aur’s disk using our
detection limits and a model for the density of objects on the sky. Deriving a star count-magnitude relationship from
the Two-Micron All-Sky Survey Point Source Catalog (Skrutskie et al!2006) and using a fit to galaxy count-magnitude
relations (Chen et all2002), we find that sources in the region of sky around AB Aur have a sky surface density of

log g = —8.73 +0.30mpy (E1)
my

log Ny _ —4.69+ 0.45mpy (E2)
de

where N, and N, are the number of stars and galaxies per square degree, respectively, and my is the apparent H-band
magnitude.

Because we have detected this source in polarized light, we must modify these equations to reflect the fact that the
majority of celestial sources have immeasurable (< 1%) polarization with our technique (Whittetl 2004). Based on
results of a survey of polarized starlight (Fosalba et al!|l2002), we very conservatively assume that 50% of all stars and
galaxies are polarized to the point where they would be detected in our P-image. This adds a constant of -0.30 to the
equations above.

To apply this, we make two estimates of the object’s my, which are 12.76 in the brightest possibility where it is
just below the detection limit in the I-image (at a radius of 0.7 arcsec), and 17.26 in the faintest case where it is 100%
polarized. These are the sum of the values from the dynamic range curve and my = 5.06™ for AB Aur (Skrutskie et al
2006). From equations (1) and (2) and the area of the depleted region in the outer disk annulus, a circle of radius 0.2
arcsec, the probability that a background object happens to lie in this location is less than 3.4 x 10~7 for the brighter
limit and 9.9 x 1075 for the fainter one. The probability is so minute that we assume physical companionship.
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