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ABSTRACT

We have imaged the circumstellar debris disk around the A0 Ve/B9.5 Ve star HD 141569 (D ¼ 99 pc), at
� ¼ 12:5, 17.9, and 20.8 lm using the Keck II telescope, and confirm the general morphology from other
recently published mid-infrared observations. Model fits to an assumed flat radially symmetric dust disk yield
an inclination i ¼ 53� � 5� and a position angle of �6� � 4� for the tilt axis and indicate the presence of a
depression in optical depth by a factor of about 4 within a radial distance of 30 AU (0>3) from the star. Such
a depression is suggestive of a density depletion and is consistent with published spectral energy distributions
that indicate the absence of a near-infrared excess even though a mid-infrared excess is present. Our mid-
infrared results, in conjunction with previously published near-infrared scattering images, suggest that the
two wavelength regimes are viewing, respectively, the inner and outer parts of a common disk structure,
which is dominated by small (probably submicron) grains throughout.

Subject headings: circumstellar matter — infrared: stars — planetary systems —
stars: individual (HD 141569)

1. INTRODUCTION

The presence of dust in orbit around main-sequence stars,
the so-called Vega Phenomenon, has been established
through far-infrared photometry with IRAS (Aumann et al.
1984; Backman & Paresce 1993; Lagrange, Backman, &
Artymowicz 2000 and references therein). Until recently,
direct evidence that the dust was located within a disk had
been available only for � Pic, at first through scattered light
observations (Smith & Terrile 1984), and then through ther-
mal dust emission (Lagage & Pantin 1994), in spite of
attempts at imaging such disks around other Vega-like stars
(Kalas & Jewitt 1996). Two groups have recently imaged the
thermal dust emission of the disk around the star HR
4796A (Koerner et al. 1998; Jayawardhana et al. 1998), and
a third group independently imaged this disk in scattered
radiation (Schneider et al. 1999). Thermal dust emission has
also been imaged in the vicinity of several other Vega-like
stars in the mid-infrared (Silverstone et al. 1998) and sub-
millimeter (Holland et al. 1998; Greaves et al. 1998).

Here we present observations of the Vega-like star HD
141569 (V ¼ 7:13; spectral type A0 Ve/B9.5 Ve: Dunkin,
Barlow, & Ryan 1997), located at a distance of 99:0þ8:9

�7:5 pc
(Hipparcos Catalog), whose initial detection as an extended
source (�100 AU in radius) at mid-infrared wavelengths of

10.8 and 18.2 lm was reported by Fisher et al. (2000). We
had selected it for study based on the IRAS flux ratios,
which suggested a source size of several tens of AU (Walker
& Wolstencroft 1988). Near-infrared scattered light obser-
vations reported by Weinberger et al. (1999) and Augereau
et al. (1999) show that the mid-infrared source is surrounded
by a larger scale outer ring of dust, which extends to a radial
distance of about 500 AU. More recently, the outer region
has been imaged in optical scattered light also (Mouillet et
al. 2001). The star has two M dwarf companions, which are
located within a projected distance of 900 and believed to be
physically associated (Weinberger et al. 2000). Based on the
companions’ X-ray flux, lithium absorption, and location
on the Hertzsprung-Russell diagram, Weinberger et al. esti-
mated the age of the HD 141569 system to be 5Myr.

2. OBSERVATIONS

We observed HD 141569 with JPL’s Mid-InfraRed
Large-well Imager (MIRLIN) (Ressler et al. 1994) on the
Keck II telescope on 1998 June 5, 6, 13, and 14 UT. MIR-
LIN uses a 128� 128 pixel Si:As BIB detector and has a
plate scale on the Keck II telescope of 0>138 pixel�1, result-
ing in a focal plane field of view of 1800 � 1800. MIRLIN was
fitted with a pupil stop, which undersized the telescope’s pri-
mary to a 9 m diameter circular aperture. To facilitate sub-
traction of the signal from the background, the chop-nod
technique was used, whereby the telescope’s secondary was
chopped by 500 or 600 at a rate between 4 and 5 Hz, and the
telescope moved as a whole (i.e., nodded) at longer inter-
vals, typically after 300 chops. The chop-and-nod throws,
respectively, were 500 north-south and 500 east on June 5, 500

east-west and 500 north on June 6, and 600 east-west and 800

north on June 13 and 14.
Background subtraction was accomplished by first differ-

encing the chop pairs at each nod position and then differ-
encing the resulting image pair. Each nod thereby yielded
four images of the source: two positive and two negative.
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The source images from all of the differenced nods were then
combined using a shift-and-add operation in which the
amount of shift in each case was determined from the esti-
mated position of the corresponding peak. In order to maxi-
mize the signal-to-noise ratio (S/N) for the purpose of the
position estimation, the peak detection was done using a
matched filter. This was an iterative process, whereby the
first iteration used a filter kernel derived from the theoretical
point-spread function (PSF), while subsequent iterations
used the shift-and-add image from the previous iteration.

Observations were made with filters centered at � ¼ 12:5,
17.9, and 20.8 lm and bandwidths of 1.2, 2.0, and 1.7 lm,
for total on-target integration times of 24.6, 36.3, and 38.9
minutes, respectively. S/Ns for a single matched filter frame
(defined as the ratio of peak value to standard deviation)
were typically 10, 14, and 5 at 12.5, 17.9, and 20.8 lm,
respectively; the corresponding S/Ns for the final shift-and-
add images were 133, 40, and 24, respectively.

The stars HD 141377 and HD 145206 were observed
closely in time (and sky position) for PSF and flux calibra-
tion. Additional information for flux calibration purposes
was obtained from observations of � Lyr. The total inte-
grated flux from the HD 141569 system detected in these
observations in a 500 diameter circular aperture is

0:333� 0:022, 0:936� 0:094, and 1:19� 0:16 Jy at 12.5,
17.9, and 20.8 lm. Observing conditions were photometric.

The observed FWHMs of the PSF calibration stars at
each wavelength (0>32, 0>44, and 0>55 at � ¼ 12:5, 17.9,
and 20.8 lm, respectively) were comparable to the diffrac-
tion limits of the Keck Telescope, which, for the undersized
primary, corresponded to �=D ¼ 0>29, 0>41, and 0>48 at
� ¼ 12:5, 17.9, and 20.8 lm, respectively.

The observed (shift-and-add) images of HD 141569 and
of the PSF stars are presented in Figure 1. The HD 141569
images were deconvolved using the Richardson-Lucy algo-
rithm (Richardson 1972; Lucy 1974), and the results are pre-
sented in the same figure. The deconvolved images show an
elongated structure with a maximum radial extent of about
100 at the longest wavelength, in agreement with the data of
Fisher et al. (2000).

Our multiwavelength images can provide important con-
straints on the radial variation of dust column density, and
we present our modeling results in x 3.

3. RADIALLY SYMMETRIC MODEL FITS

To derive the basic parameters of the circumstellar disk, a
radially symmetric disk model was fitted to the observed

Fig. 1.—Images of HD 141569 and the PSF stars. The first column shows the observed (shift-and-add) images of HD 141569 at wavelengths 12.5, 17.9, and
20.8 lm; the peak intensities are 0.76, 0.94, and 0.74 Jy arcsec�2, respectively. The second column shows the corresponding PSFs, derived from observations of
HD 145206 at 12.5 and 20.8 lm, and HD 141377 at 17.9 lm. The third column shows the deconvolved images of HD 141569, whose peak intensities are 4.5,
2.0, and 2.3 Jy arcsec�2 at the three wavelengths, respectively. The field of view in all cases is 4>4� 4>4, and the orientation is such that north is up and east is
to the left. The intensity scale is logarithmic, spanning 1.5 decades, as shown by the gray-scale bar.
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(shift-and-add) images at all three wavelengths simultane-
ously, taking into account the PSFs and the various
uncertainties.

The model disk was assumed to be geometrically flat and
inclined to the line of sight by an angle i, with a position
angle (P.A.) h for the axis of tilt. The distributions of dust
temperature, T, and optical depth, �� (along a line perpen-
dicular to the disk plane, at a specified wavelength, �), were
assumed to be described by one-dimensional functions of
the radial distance, r, from the star.

We have modeled TðrÞ using the energy balance calcula-
tions of Backman & Paresce (1993) for various assumed
grain types, as follows:

1. small (ISM-type) grains,
2. midsized grains, �0 ¼ 0:3 lm,
3. midsized grains, �0 ¼ 1:0 lm,
4. midsized grains, �0 ¼ 3:0 lm, and
5. large (blackbody) grains,

where �0 represents the critical wavelength above which the
grains radiate inefficiently. The corresponding grain radius
would be approximately �0 or �0=2� in the case of moder-
ately or strongly absorbing (in the infrared) dielectrics,
respectively (Backman & Paresce 1993). The resulting set of
model temperature profiles is shown in Figure 2. Since these
profiles span the large and small grain limits, we assume that
they cover the range of temperature variations likely to exist
in HD 141569.

In order to relate the �� at each wavelength of observa-
tion, we have assumed that the opacity, ��, varies with fre-
quency, �, as �� / ��, where � takes values of 1.5, 1.0, and 0
for small, midsize, and large grains, respectively (Backman
& Paresce 1993). On this basis, we related the �� to a single
reference wavelength, which we chose to be 12.5 lm. The
radially dependent quantity in our model fits was therefore
�12:5ðrÞ.

Additional parameters involved in the model fit were the
offsets {Dxk;Dyk : k ¼ 1; 2; 3} of the star from the centers of
the observed images at the three wavelengths and also a set
of factors f�k : k ¼ 1; 2; 3g representing flux calibration
corrections. The latter were assumed to be Gaussian ran-
dom variables with a priori means of unity and a priori
standard deviations, ��k

, corresponding to the flux calibra-
tion errors, which were 6.6%, 10.0%, and 13.4%, at 12.5,
17.9, and 20.8 lm, respectively. Their role in the model-
fitting process is such that if the algorithm finds that the
observed spectral index is physically implausible, based on
the opacity law and the form of the Planck function, then it
is free to adjust these factors within the stated uncertainties
of flux calibration. For brevity, we will denote the set of �k

by the 3 element vector, �, and use the 18 element vector z to
denote the remainder of the unknowns, which are i, h,
fð�12:5Þj : j ¼ 1; . . . 10g, fDxk;Dyk : k ¼ 1; 2; 3g, where the
ð�12:5Þj represents the 12.5 lm optical depth of the dust at 10
regularly spaced samples of radial position, with a sampling
interval of 0>138 (13.7 AU).

Fig. 2.—Modeled temperature profiles and estimated optical depth profiles for the five assumed grain types, as indicated. The reduced 	2 (	2
�) values give a

measure of the quality of fit to the observed images in each case.
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Themaximum likelihood solution for the disk parameters
was then obtained by maximizing the conditional probabil-
ity Pðz; �jbÞ with respect to z and �, where b is a vector rep-
resenting the set of pixel values of the observed images at all
three wavelengths. The negative log probability can be
expressed as

� lnPðz; �jbÞ ¼
X
k;m

1

2�2
km

bkm � �k Hk �MkðzÞ½ �m
� �2

þ
X
k

ð�k � 1Þ2

2 �2
�k

þ const: ; ð1Þ

whereHk represents the PSF at the kth wavelength, �km rep-
resents the measurement noise in the mth pixel at the kth
wavelength, MkðzÞ represents the theoretical intensity dis-
tribution projected onto the plane of the sky for the particu-
lar set of model parameters, and * denotes convolution.

The solution was obtained by the numerical minimization
of the right-hand side of equation (1) subject to a positivity
constraint on the values of optical depth. The evaluation of
this expression involved calculating a set of model images
on a subdivided grid (whose sampling interval was one-third
of a focal plane pixel) using sinc interpolation of the ð�12:5Þj
values and convolving with the observed point-spread func-
tion at each wavelength.

The model images incorporated a central point source
representing the stellar photosphere. The flux of the latter
was estimated by extrapolation from near-infrared photom-
etry at the longest published wavelength attributable to pure
photospheric emission, which we took to be 2.2 lm
(K ¼ 6:80; Sylvester et al. 1996), and the MIRLIN filter set
zero points,7 assuming a photospheric color of zero at these
wavelengths. The extrapolated photospheric fluxes used
were 0.048, 0.024, and 0.018 Jy at 12.5, 17.9, and 20.8 lm,
respectively.

Maximum likelihood solutions were obtained for all five
assumed grain types listed above. The resulting estimated
radial profiles of optical depth are shown in the bottom plot
of Figure 2, together with the reduced 	2 value, 	2

�, in each
case. The best fits were obtained for the midsized grains with
�0 ¼ 1 and 3 lm, both of which gave 	2

� ¼ 1:23. Assuming
moderately absorbing dielectric grains, the characteristic
radii would therefore be in the range 1–3 lm, in agreement
with the conclusions of Fisher et al. (2000), who used argu-
ments based on total flux rather than spatial intensity varia-
tion. However, the presence of polycyclic aromatic
hydrocarbon-like mid-infrared spectral features (Sylvester
et al. 1996) suggests the presence of much smaller grains,
which could be reconciled with our inferred �0 values by
assuming strongly absorbing dielectrics. The characteristic
radii would then be��0=2�, i.e., 0.2–0.5 lm.

The corresponding maximum likelihood estimates of
P.A. and inclination were �6� � 4� and 53� � 5�, respec-
tively, which agree well with the values derived from near-
infrared images by Weinberger et al. (1999), which were
�4� � 5� and 51� � 3�, respectively. They are also in agree-
ment with the Fisher et al. (2000) estimate of the P.A., corre-
sponding to�5� � 10�.

The fact that 	2
� was close to unity indicates that, within

the prevailing uncertainties, the observed images at all three
wavelengths were completely consistent with a radially sym-
metric, planar disk.

The estimated radial profiles of optical depth in Figure 2
all show the presence of a central depression or void within
a radial distance of about 30 AU from the star. There is also
the suggestion of a rise inside of 20 AU, although for the
best-fitting cases (�0 ¼ 1–3 lm), this rise is only at the 2 �
level when all of the various errors are taken into account,
including that of the assumed photospheric flux. We will
therefore characterize the morphology as a central void,
even though the possibility exists that it may represent a dis-
crete gap.

We have investigated the significance of the central void
by attempting to fit ‘‘ voidless ’’ profiles in which the optical
depth was forced to be monotonically decreasing with radial
distance. Under this constraint, the best fit was obtained for
the 0.3 lm mid-sized grains, resulting in a 	2

� value of 1.33.
The question of whether this represents a significantly
poorer fit than that for the unconstrained case (	2

� ¼ 1:23) is
determined by the probability ratio PðvoidjbÞ=
PðvoidlessjbÞ, which, by applying Bayes’ rule, can be
obtained to a reasonable approximation using

lnPðvoidjbÞ=PðvoidlessjbÞ

¼ �1
2

X
k;m2Sk

ðbkm � Cvoid
km Þ2 � ðbkm � Cvoidless

km Þ2
h i

=�2
km ; ð2Þ

where Sk represents a set of statistically independent pixels
at the kth wavelength of observation and Cvoid

km , Cvoidless
km rep-

resent the PSF-convolved model images corresponding to
the ‘‘ void ’’ and ‘‘ voidless ’’ cases, respectively. Assuming
that pixels separated by the FWHM of the PSF at a given
wavelength are statistically independent, we obtain a value
�105 for the probability ratio, implying that the void has
been detected at the 5 � significance level.

The significance of the void can also be judged from a vis-
ual comparison of the twomodel fits to the observed images,
taking into account the observational error bars. Such a
comparison is facilitated by Figure 3, which shows that
although the ‘‘ voidless ’’ model is capable of producing a
reasonably satisfactory fit at 12.5 lm, it results in a central
peak at 17.9 and 20.8 lm, which is systematically too sharp,
even though the fit has been optimized using all available
degrees of freedom. This supports the conclusion obtained
from statistical arguments that the central void is a feature
that is required by our data.

The results of the unconstrained fits indicate that the
actual depletion factor in the central void is approximately
4. In order to put useful error bars on this quantity, we have
examined its sensitivity to the various parameters involved
in the model fits (given the measurement errors) and find
that the largest source of uncertainty arises from the possi-
ble variation in grain size. Over the range of assumed grain
sizes (with the exception of the large-grain limit), we obtain
a mean and standard deviation of 3:7� 1:2 and regard this
as our best constraint on the depletion factor.

Using a similar methodology, we have also investigated
the significance of the falloff in optical depth beyond a radial
distance of about 80 AU. We have found that this falloff is
not specifically required by the data and can evidently be
attributed to the Wien cutoff of the Planck function at a
given wavelength as the temperature decreases with radius.

7 The MIRLIN filter table is available at http://cougar.jpl.nasa.gov/
MIRLIN/filters.html (M. E. Ressler 1998).
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4. COMBINING MID-INFRARED AND
NICMOS RESULTS

Weinberger et al. (1999) and Augereau et al. (1999) have
published scattered light images of the HD 141569 disk in
the near-infrared using HST NICMOS2 data at wave-
lengths of 1.1 and 1.6 lm, respectively. Both sets of observa-
tions show that the intensity of scattered light increases
beyond a radial distance, r, of about 100 AU and then goes
through a local minimum at r ¼ 250 AU before gradually
decreasing out to a distance of approximately 500 AU.
These data are, in many ways, complementary to the mid-
infrared data, since the inner portion of the disk covered by
the mid-infrared data (r ¼ 0–100 AU) is largely obscured in
the near-infrared images as a result of scattered light arti-
facts associated with the edge of the coronographic hole.
This causes the sensitivity of the near-infrared images to fall
off sharply for r < 100 AU.

We can, in principle, combine the data in the two wave-
length regimes to yield a continuous profile of column den-
sity from the star out to �500 AU. In the absence of
detailed knowledge of the grain properties, however, we
express the results in terms of �1:1ðrÞ, the radial profile of
optical depth perpendicular to the disk plane at 1.1 lm. In
the case of the mid-infrared results, we obtain �1:1ðrÞ from
�12:5ðrÞ using an approximate scaling law in which opacity
scales inversely with wavelength down to �0 and is constant
at shorter wavelengths. For the near-infrared results, we

simply divide the Weinberger et al. (1999) estimate of �1:1!
by the albedo, !, estimated by the latter authors to be 0.4
(based on the near-infrared scattered light and the far-
infrared flux).

On this basis, we have calculated profiles of �1:1ðrÞ from 0
to 524 AU, and the results are presented in Figure 4.

5. DISCUSSION

The central void represents a depression in optical depth
by a factor of approximately 4 in the region from 0 to 30
AU relative to the region immediately beyond 30 AU.
Although the simplest interpretation is that it represents a
physical clearing (i.e., reduction in the number density of
grains), there may be alternate explanations involving a
change of grain properties in the central region, leading to a
decrease in the radiation efficiency of those grains. For
example, grains near the star may be smaller as a result of
the evaporation of an outer mantle.

It is interesting that the void was not apparent in the
intensity images, even when those images were deconvolved.
The reason that the intensity is centrally peaked is because
the dust near the star is hot, even though the dust is less
dense (or, at least, less emissive) there. The presence of a
central void is, in fact, suggested by the spectral energy dis-
tribution (SED) for this object (see Fig. 11 of Sylvester &
Skinner 1996), which shows the absence of a near-infrared
excess even though amid-infrared excess is clearly present.

The close agreement between the values of P.A. and disk
inclination obtained from the mid- and near-infrared data
(
 ¼ �6� � 4� vs. �4� � 5�; i ¼ 53� � 5� vs. 51� � 3�) pro-
vides strong support for the idea that the same basic geo-
metric structure is being seen in both wavelength regimes.
This is particularly important because the observations
cover completely different regions of the disk; the mid-
infrared observations cover the region from 0 to 100 AU,
and the scattering covers from 100 to 500 AU. It argues

Fig. 4.—Estimated profiles of dust optical depth (normal to the disk
plane) at 1.1 lm, obtained by combining the mid-infrared emission data
(12.5–20.8 lm) with near-infrared scattering data (1.1 lm). Values esti-
mated from the mid-infrared data are indicated by open circles (best uncon-
strained fit, for which �0 ¼ 1 lm) or filled circles (constrained so as not to
fall off at large radial distances; �0 ¼ 3 lm), while the open triangles repre-
sent values obtained from the near-infrared. The error bars are derived
from the results of Monte Carlo simulations of measurement errors for the
mid-infrared data and are taken fromWeinberger et al. (1999) in the case of
the near-infrared data.

Fig. 3.—Plots showing the sensitivity of the observations to the presence
or absence of a central void. The solid lines represent a slice through the
observed images at a P.A. of �6�, corresponding to the major axis of the
source. For comparison, the dashed and dotted lines represent the best
model fits with and without a central void, respectively, as discussed in the
text. The range of the intensity scale in absolute units is 0–1 Jy arcsec�2 at
12.5 and 20.8 lmand 0–1.2 Jy arcsec�2 at 17.9 lm. The error bars on the left
side of each plot represent typical 1 � uncertainties, taking into account
both random noise in the observations and the uncertainty of the PSF
at each wavelength, estimated from the repeatability of the calibrator
observations.
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against interpretations involving a central disk and an over-
lying envelope such as has been suggested for some Herbig
Ae stars (Hartmann, Kenyon, & Calvet 1993).

On the question of estimated grain sizes, the mid-infrared
data are inconsistent with large (blackbody) grains and indi-
cate that the characteristic grain radius in the inner region is
d3 lm and possibly as small as 0.2 lm. In the case of the
outer region (r > 100 AU), there is evidence for small grains
also. We base this on the near-infrared scattering data of
Weinberger et al. (1999), which show that, at a given radial
distance, the intensities of scattered light at 1.1 lm are not
too different for the near and far sides of the disk, with a
ratio of about 1.5. Since the disk is quite highly inclined, this
suggests that the scattering is reasonably isotropic and is
consistent with submicron grains. Thus, the currently avail-
able data are all consistent with small (submicron) grains
throughout the disk, and there is not yet any evidence that
the grains responsible for near-infrared scattering are any
different from those responsible for mid-infrared emission
except possibly that the former may be ice-coated, as sug-
gested byWeinberger et al. (1999).

Because of the low inferred total mass of dust for the
overall emitting and scattering region (�2 Earth masses,
from the SED-based estimate of Sylvester & Skinner 1996)
and the fact that small grains would be blown out by radia-
tion pressure and therefore need continual replenishment

(Weinberger et al. 1999; Fisher et al. 2000), it seems likely
that the entire disk represents collisional debris. The picture
that emerges is that the dust in the HD 141569 disk repre-
sents a zodiacal cloud whose radial structure is punctuated
by density depletions, which may result from the gravita-
tional effects of planets, based on clearing mechanisms that
have been discussed by Bryden et al. (1999) and others. The
present work has revealed the existence of an apparent solar
system–sized clearing in the center of the disk, which may be
due to such effects.
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Keck II telescope. We also thank an anonymous referee for
helpful comments. The use ofMIRLIN at the Keck Observ-
atory was supported by an award from NASA’s Origins
program. Portions of this work were carried out at the Jet
Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space
Administration. This research made use of NASA’s Astro-
physics Data System Abstract Service, the Simbad data-
base, operated at CDS, Strasbourg, France, and
XCATSCAN, an Internet service provided by the Infrared
Processing and Analysis Center (IPAC), which is operated
by the Jet Propulsion Laboratory and the California Insti-
tute of Technology under contract to NASA.

REFERENCES

Augereau, J. C., Lagrange, A. M., Mouillet, D., &Ménard, F. 1999, A&A,
350, L51

Aumann, H. H., et al. 1984, ApJ, 278, L23
Backman, D. E., & Paresce, F. 1993, in Protostars and Planets III, ed. E. H.
Levy & J. I. Lunine (Tucson: Univ. Arizona Press), 1253

Bryden, G., Chen, X., Lin, D. N. C., Nelson, R. P., & Papaloizou, J. C. B.
1999, ApJ, 514, 344

Dunkin, S. K, Barlow,M. J., & Ryan, S. G. 1997,MNRAS, 286, 604
Fisher, R. S., Telesco, C. M., Piña, R. K., Knacke, R. F., & Wyatt, M. C.
2000, ApJ, 532, L141

Greaves, J. S., et al. 1998, ApJ, 506, L133
Hartmann, L. K., Kenyon, S. J., & Calvet, N. 1993, ApJ, 407, 219
Holland,W. S., et al. 1998, Nature, 392, 788
Jayawardhana, R., Fisher, S., Hartmann, L., Telesco, C., Pina, R., & Fazio,
G. 1998, ApJ, 503, L79

Kalas, P., & Jewitt, D. 1996, AJ, 111, 1347
Koerner, D. W., Ressler, M. E., Werner, M. W., & Backman, D. E. 1998,
ApJ, 503, L83

Lagage, P. O., & Pantin, E. 1994, Nature, 369, 628
Lagrange, A.-M., Backman, D. E., & Artymowicz, P. 2000, in Protostars
and Planets IV, ed. V. Mannings, A. P. Boss, & S. S. Russell (Tucson:
Univ. Arizona Press), 639

Lucy, L. B. 1974, AJ, 79, 745
Mouillet, D., Lagrange, A. M., Augereau, J. C., &Ménard, F. 2001, A&A,
372, L61

Ressler, M. E., Werner, M. W., Van Cleve, J., & Chou, H. A. 1994, Exp.
Astron., 3, 277

Richardson,W. H. 1972, J. Opt. Soc. Am., 62, 55
Schneider, G., et al. 1999, ApJ, 513, L127
Silverstone,M. D., et al. 1998, AAS, 193.7316
Smith, B. A., & Terrile, R. J. 1984, Science, 226, 1421
Sylvester, R. J., & Skinner, C. J. 1996,MNRAS, 283, 457
Sylvester, R. J., Skinner, C. J., Barlow, M. J, & Mannings, V. 1996,
MNRAS, 279, 915

Walker, H. J., &Wolstencroft, R. D. 1988, PASP, 100, 1509
Weinberger, A. J., Becklin, E. E., Schneider, G., Smith, B. A., Lowrance,
P. J., Silverstone, M. D., Zuckerman, B., & Terrile, R. J. 1999, ApJ, 525,
L53

Weinberger, A. J., Rich, R. M., Becklin, E. E., Zuckerman, B., &
Matthews, K. 2000, ApJ, 544, 937

430 MARSH ET AL.


