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ABSTRACT

We present resolved scattered-light images of the debris disk around HD 107146, a G2 star 28.5 pc from the
Sun. This is the first debris disk to be resolved in scattered light around a solar-type star. We observed it with
the Hubble Space Telescope/Advanced Camera for Surveys coronagraph, using8adtculting spot and the
F606W (broadv) and F814W (broad) filters. Within 2' from the star, the image is dominated by point-spread
function subtraction residuals. Outside this limit, the disk looks featureless, except for a northeast-southwest
brightness asymmetry that we attribute to forward scattering. The disk has scattered-light fractional luminosities
of (Lo, )rsosw = (6.8 = 0.8) x 10°and (L . .JL.)reraw = (10 = 1) x 10°°, and it is detected up t6BHaway
from the star. To map the surface density of the disk, we deproject26by- 5° , divide by the dust-scattering
phase @reosw = 0.3+ 0.1 grguw= 0.2+ 0.1 ), and correct for the geometric dilution of starlight. Within the
errors, the surface density has the same shape in each bandpass, and it appears to be a broad (85 AU) ring with
most of the opacity concentrated at 130 AU. The ratio of the relative luminosity in F814W to that in F606W
has the constant value @f3 + 0.3 , with the error dominated by uncertainties in the vatueadach filter.

An examination of far-infrared and submillimeter measurements suggests the presence of small grains. The colors
and the derived values @f are consistent with the presence of dust particles smaller than the radiation pressure
limit. Possible scenarios that may explain the shape of the surface density profile are the creation of a small
planet or the scattering and circularization of a large one.

Subject headings. planetary systems: formation — planetary systems: protoplanetary disks — stars: imaging —
stars: individual (HD 107146)

Online material: FITS files

1. INTRODUCTION The disk around HD 107146 was marginally resolved by
Williams et al. (2004) at 45Qum. Submillimeter and mid-

The presence of dusty disks around main-sequence Stars’gnfrargd measurements indicate that its fractional excess lu-
serves as a marker for the existence of planetesimals. Withouthinosity isf, = Ly/L, = 1.2 x 10°°, due to a dust mass of
collisions among planetesimals, or their evaporation, the dust0-1-0.4Ms, comparable to that of the Pictoris disk. An inner
would not be replenished, and it would have disappeared fromholeé 31 AU) is suggested by the lack &RAS 25 um de-
the system long ago. Thus, debris disks indicate that the planef€ction. No gas measurements have been reportedHijire
formation process is occurring or has occurred. In particular, Parcos distance of the host star is 28.5 pc, its luminosity is
the study of disks around low-mass stars illuminates the planet!-1Le, and age estimates range from 30 to 250 Myr (Williams
formation process in the relatively low radiation environments €tal. 2004). The star is a candidate periddioand photometric
analogous to the solar system. Resolved images of these sysvariable = 7 days; Koen & Eyer 2002).
tems help to constrain their physical and geometrical properties.

Scattered-light images sample the whole disk regardless of its

temperature, and this, coupled with the fact that optical and 2. OBSERVATIONS

near-infrared detectors have higher angular resolution than far-

infrared and submillimeter ones, allows us to have a rich un- HD 107146 and the point-spread function (PSF) reference star
derstanding of the systems. HD 120066 were observed with thidubble Space Telescope

Here we present coronagraphic scattered-light images of the(HST) Advanced Camera for Survey (ACS) high-resolution cam-
disk around the G2 V star HD 107146. This is the first debris era (HRC) on UT 2004 June 5 and July 20. The observations
disk resolved in scattered light around a solar-like star. The were conducted as part of the guaranteed observing time awarded
observations presented here address the issue of the diversittp the ACS Investigation Definition Team (proposal IDs 9987
of planet formation histories within stars of the same spectral and 10330). The images were taken with the F606W (bkgad
type, like HD 107146 and our Sun. To date, only one other and F814W (broad) filters. For each band and each target, a
debris disk around a non-A star (the MO star AU Mic; see short direct exposure was followed by a coronagraphic exposure
Krist et al. 2004, Liu 2004, and Kalas et al. 2004) has been using the 18 mask. The coronagraphic exposures for the target
resolved in scattered light. were 2330 s long in F606W and 2150 s long in F814W. For HD

120066, they were 1990 s in F606W and 2250 s in F814W.

! Department of Physics and Astronomy, Johns Hopkins University, 3400  Here we present a summary of the reduction procedure: a
North Charles Street, Baltimore, MD 21218, o _ more detailed description, applied to different targets, can be
Zlﬁgtace Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD found in Krist et al. (2004) and C]ampln et al. (2003). The

3 NASA Goddard Space Flight Center, Code 681, Greenbelt, MD 20771. reSU|t,s of the measurements are in Table 1. To measurg the

4 Institute for Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822. magnitudes of the target and the PSF reference star, we inte-

5 UCO/Lick Observatory, University of California, Santa Cruz, CA 95064. grated the direct image flux within a circular aperture greater
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TABLE 1
MEASURED QUANTITIES
Band Stellar Brightness Le./L.® Disk Magnitudé g°
F606W...... 59+0.3Jy,V=705+0.05 (6.8+08)x10° V=175+0.1 03+1
F814W...... 6.9+ 0.3 Jy,I =6.35+ 0.05 10+ 1) x 10°® | =164+ 0.1 02+ 1

#Measured in a circular annulus betwe€is &nd 80 (the brightest part of the disk).
® Integrated magnitude in a circular annulus betwethahd 60.
¢ Scattering asymmetry parameter in a Henyey-Greenstein phase function.

than @ in radius, which includes the saturated stellar Gore. Handbook indicates that a mismatch of three spectral classes
The transformation between counts per second and magnitudesvould produce subtraction residuals for a star of this brightness
was obtained using the STSDAS synthetic photometry packageof the order of 0.2:Jy arcsec? (or 25.73 mag arcseéin the
SYNPHOT, which simulates mo$iST observing configura-  V band), 3 away from the target. The actual errors in these
tions. The coronagraphic image of HD 120066 was normalized observations are likely to be smaller because\thd colors
to, aligned with, and subtracted from the image of HD 107146. of the two stars are the same within errors: for HD 120066,
Alignment of the images is accurate to within0.2 pixels we measurd/ = 6.32+ 0.05 V-1 = 0.68=+ 0.07 . The in-
(£07005). The resulting subtracted image was smoothed usingstrument handbook also indicates that typical time-dependent
a 3 x 3 median filter and corrected for geometric distortion. PSF variations within an orbit (due to variations in focus) will
Figure 1 shows the result. To increase the signal-to-noise ratioresult in errors of the same order. However, Figure 2 suggests
of the displayed images, we have performed an additionalthat this may underestimate the error in our observations, as
5 x 5 median smoothing and rebinned by a factor of 2. subtraction residuals”6 from the star occur at the level of
Subtraction errors, caused by mismatches in the colors of~1 uJy arcsec®.
the stars or PSF time variability, dominate the emission within  To quantify the systematic error in the normalization constant
~2" from the star and contribute light at large distances. With between the target and the PSF reference star, we compare the
only one reference star, we cannot quantify very precisely the value of this constant obtained by using four different methods:
magnitudes of these two error sources. The ACS Instrumenttaking the ratio of the stellar flux in each band, taking the ratio
of the flux of each star away from the saturated columns, taking
S Instrument Science Reports, R. L. Gillland, 2004 January 5, hitp:// the ratio of the number of saturated pixels per unit time in the
www.stsci.edu/hst/acs/documentsfisrs. direct images for each band, and adjusting the value of the
constant to produce the cleanest visual PSF subtraction. For
each filter, the four methods yield the same normalization con-
stant within 1%, which corresponds to photometric errors of
0.1 and 0.2 mag arcsecin the brightest and faintest regions
of the disk, respectively. Given that this is an estimate of a
systematic error, in what follows we propagate it linearly to

“ACS Instrument Handbook, http://www.stsci.edu/hst/acs/documents/
handbooks/cycle13/cover.html.
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Fic. 1.—Disk around the G2 V star HD 10714®op left: F606W filter 0.1
(broadV); top right: F814W filter (broad). To obtain these images, a reference -10 : -
PSF (HD 120066) was normalized to, aligned with, and subtracted from the Distance to the star (")
coronagraphic images of HD 107146. Th¥ 3pot in the upper right-hand
corner has been masked o@ottom: Maps of the scattering optical depth Fic. 2.—Surface brightness as a function of distance, obtained by taking
7w (the product of the total optical depth times the albedo), obtained by de- the median of the flux in rectangular boxeswide (centered in the stellar
projecting the disk (assuming an inclination of 2m face-on), multiplying position) by 0125 long. The measurements are taken along a path with a
by the distance squared from the stellar position, correcting for forward scat- position angle of 58(the disk’s minor axis). Positive displacements are toward
tering, and dividing by the stellar fluRottom |eft: F606W filter;bottom right: the southwest. The thick-black (red-dashed) line is the trace in the F606W

F814W filter. Note that the bottom row images have the same color scale but (F814W) band. The dotted lines are positioned"dt@m the star. This profile
that the top row ones do not. FITS versions of these images are available assuggests that subtraction residuals dominate beyébda the level of~1
a gzipped tar file in the electronic edition of the Journal. wly arcsec?; 10 pJy correspond t&/ = 21.48 oF = 20.95 .
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estimate uncertainties in calculated quantities. For the quantities
calculated below, this error dominates over all others, including
the ~5% random photometric error.

3. RESULTS

The circumstellar disk is clearly seen in the subtracted images.
Within the limitations of the observations, it appears elongated 80 80 100 120 140 160 180

Tw x 108
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along the southeast-northwest direction and featureless, except g 20 N ]
for the fact that the southwest side is brighter than the northeast g , i 17 B E
side. The excess color of the disk with respect to the star is ; y 1 HF
AV —1) = 0.4 £ 0.3 (Table 1). This would be the intrinsic 310 3 1H T = rllTlJ[
color of the disk if the scattering phase function were independent  * osh ubgl ﬂ

of wavelength. We also detect an objet8 &outhwest of the s i MEAT

star. The time baseline between the observations taken in the = 00

60 80 100 120 140 160 180

two filters is too short to detect any difference in the relative Distance from star (AU)

positions between the star and the object. Smooth elliptical fits
subtracted from the object reveal residual spiral structure. There- fig. 3 —Top: Medianw as a function of distance from the star, obtained
fore, we believe this to be a faint background spiral galaxy in a series of annuli'@4 wide, measured from the bottom panels of Fig. 1.
(V =19.4 V-1 = 1.2). The galaxy is at a different position  The solid line is the F606W observatiagkfey = 0.3+ 0.1 ). The red-dashed
. X - — 0o
angle than the offset with respect to the optical position of the "r?e is the Ff814|W ObSbe”.’a“g’gF@ﬁ'w 0-5 + dOI'DlSF).' The error barsd'”d'catz
fthe SCUBA 45Q1,m or the ma ,S extension (W|I||ams the range or values o taine -I the standar IS oversu tracte‘ or unaer-

star o ) p's ex subtracted by 1%Bottom: Ratio of (7w)egiay 10 (70) reosns @S @ function of
et al. 2004). This suggests that the submillimeter measurementsistance from the star. As above, the error bars show the dependence on errors
are not contaminated by the presence of the galaxy_ in the normalization. The dashed lines indicate the dependence of the ratio on

The slightly red color of the disk with respect to the star the "a'_“% gfgéntgiﬁgpbgggﬁ]d g‘:g o ggg‘iﬂzg assumi9oon = 8'2 ?ndd
suggests the presence of small grains, which leads us to interpreS‘B“W — 0.1 These choices produce extremal ratios. Woow = O-
the northeast-southwest brightness asymmetry as being due to~ "

preferential forward scattering in an inclined disk. This inter- c5\cylated £5%) for the observations to be consistent with
pretation is consistent with the slightly elongated shape of the cqnstant opacity within this limit. The difference in the shape

observed disk. By fitting elliptical isophotes to the disk image, of ., between the two bands is not significant, given the sub-
we conclude that the disk minor axis has a position angle of 5tion residuals in the deprojected F814W image.

58 * 5° The bright southwest region is sy|_'nmetr|c.W|th respect  £or the adopted values of the scattering optical depth is
to this axis. The measurements are consistent with the picturegimijar in both bands. To measure the color of the deprojected
of a circular disk inclineds” + 5° from the plane of the sky.  isk we take the ratio of the two deprojected images and obtain

Assuming that the disk is optically thin (as impligd by its oW 1 adians of annular sections of the result (Fih&tom panel).
f-value), we can map the surface density (Clampin et al. 2003). Thg color can be reliably determined only between 100 and

We deproject the disk, assuming that it is intrinsically circular, 180 AU. Between these limits the disk is uniform in color
and multiply the resulting image by , wherds the distance it the mean of the ratio imw of the two filters being
to the star, to correct for the geometric dilution of starlight. 1 3+ 93 The uncertainty is determined from the uncertainty

Finally, we divide the deprojected image by a Henyey-Greenstein;; he g-values. The uncertainty in the mean4s0.06.
phase function, adjusting the scattering asymmetry parameter,

until the front- and back-scattering regions have the same bright-
ness (Table 1). After dividing by the stellar luminosity, the result
(Fig. 1, bottom panels) is a map of the scattering optical depth, The outer radius of the disk resolved in scattered light is
which we write asrw , the optical depth times the albedo in the similar to the submillimeter one. To fit the thermal emission,
band. The scattering optical depth is proportional to the surfaceWilliams et al. (2004) used a single-temperature modified
density (Weinberger et al. 1999; Clampin et al. 2003). To elim- blackbody function, in which the emission is proportional to
inate the galaxy, we fitted its isophotes to a series of ellipses ofQ,B,, with Q, = 1 — exp [F(A\,/\)?] and\, = 100 um (the
varying centers, ellipticities, and position angles and generatedcharacteristic grain size). They concluded that 51 + 4 K
a model to be subtracted from the image. andB = 0.69+ 0.15.

Within the level of the errors, the disks shown in the bottom A detailed model of the thermal infrared emission of the sys-
panels of Figure 1 are azimuthally featureless, and they havetem is beyond the scope of this Letter. Here we note that if we
the same shape. The observed morphology is a broad ring, withconstrain the thermal emission to originate at 130 AU (the radius
maximum opacity at 130 AU and a FWHM of 85 AU. By of maximum brightness in scattered light) and use the values of
taking medians of annular sections of the deprojected disks,\,, 8, and T from Williams et al. (2004), the disk will not be
we map the scattering optical depth as a function of distancein thermal equilibrium with the stellar radiation (Backman &
(Fig. 3,top panel). The shape ofw can be parameterized, as Paresce 1993, eq. [1]). In the context of this model, the only
r?, by two power lawsp = 1.6 = 0.5 (from 80 to 130 AU)  way to preserve thermal equilibrium is by reduckyg , the char-
andp = —2.8 + 0.3 (from 130 to 185 AU). Given the large acteristic particle size. By keepifyj= 0.7  constant, we fit the
subtraction residuals withir60 AU from the star, our obser- data withT~45+ 5 Kand\, = 2 = 1 ym. With3 = 1, we
vations are not inconsistent with the presence of dust within obtainT ~40 £ 5 K and\, = 15 + 3 um. The precise values
this radius or with a constant optical depth within 80 AU. of 8 and\, are poorly constrained, as shown by the fact that
However, we clearly detect a decrease in the dust opacity withinboth sets of parameters fit the thermal data and satisfy thermal
130 AU: the normalization error would have to be larger than equilibrium. For comparison, Dent et al. (2000) found that for

4. ANALYSIS AND DISCUSSION
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B Pic, € Eri, Vega, and Fomalhauf\, = 10-100 um and the outer edge of the ring marks the position at which planets
B = 0.8-1.1 The 25um IRAS nondetection (Williams et al.  are starting to form. From their calculations, a planet at 170 AU
2004) and the results of the fit (with = 0.7 ) imply that the could grow to the appropriate size if the mass in solids of the
dust surface density at 130 AU g5 times more than at  disk is between~10 and~70 times larger than that of the
60 AU, similar to the conclusion reached in scattered light. minimum-mass solar nebula. The range is due to the uncertainty
Even though it is poorly constrained, the value\gf  suggestsin the age of HD 107146. The dust ring maximum fractional
the presence of small grains in the disk. The scattering asym-luminosity would bef, ~ 1072 , larger than the observations. On
metry parameteg = 0.2—0.3 , is also consistent with the pres- the other hand, these kind of models produce very axisymmetric
ence of small grains. Similar values gfare obtained in other  structures, similar to those seen in Figure 1.
debris disks: e.gg = 0.15-0.25 for HD 141568AClampin An alternative to local planet formation is the migration of a
et al. 2003) andy = 0.4 for AU Mic (Krist et al. 2004). For planet formed at a smaller radius. Weidenschilling & Marzari
the standard “astronomical silicate” (Draine & Lee 1984; Laor (1996) show that gravitational interactions among multiple large
& Draine 1993), such values indicate the presence of submicronbodies can scatter one of them into an eccentric large orbit in
grains, although the actual predicted size is not very sensitivedynamical timescales. Dynamical friction will induce large ec-
to the value ofj (Weingartner & Draine 2001). The color is also centricities in smaller bodies, increasing their collision rate and
sensitive to grain size. Assuming compact astronomical silicategenerating broad rings (Kenyon et al. 1999). The timescale for
particles with size distributios* , whesds the particle radius,  this process will depend on the relative masses of the planet and
one can obtain a color ratio between the two bands as large ashe planetesimals. This scenario would imply that at least two
~1.2 if the lower limit of the size distribution is0.3 um. With giant planets are present in the HD 107146 system and that the
this dust model, a gray disk is observed when the dust particlespresence of the hole reflects the relative paucity of an underlying
are=1 um. The ratio of the force due to radiation pressure to population of planetesimals, expelled by the (giant) planets. A
the gravitational force i8z, = 0.55 , within microns (assum- 50 Myr old, 1M, planet would havem ~ 23 mag (Burrows
ing a unity radiation pressure coefficient and a dust density of et al. 1997). If the PSF is spread over 4 HRC pixels, each would
0s = 1.259g cm 3, see Takeuchi & Artymowicz 2001). Grains have a brightness of 16.5 mag arcsetn the F814W-subtracted
with Bg> 0.50r s< 1 um will be expelled from the systemin  image of HD 107146, the mean surface brightness wittnis
dynamical timescales. In other words, the mean color is consis-15.9 + 2 mag arcse@, which implies that the planet would not
tent with the presence of grains smaller than the radiation pres-be detected photometrically.
sure limiting size. A more detailed analysis (with a more realistic ~ Does this disk represent an earlier stage in the evolution of
dust model) is necessary to confirm this result, although a similarour solar system? The observed dust disk is larger and pro-
situation has been found for the debris disk around HD 141569 portionally much wider than the solar system Kuiper Belt (KB),
(Ardila et al. 2005). and it has~4 orders of magnitude more dust (Greaves et al.
The appearance of a symmetric ring is one of the features2004). In order to look like the KB, the disk would have to
of the models by Takeuchi & Artymowicz (2001). Another is shrink by a factor o~3 and become narrower by a factor of
dust segregation: their models predict that the smallest grains~8. This evolutionary path seems contrary to current ideas
present in the systenB{.~ 0.5 ) should reside at the largestabout the solar system. Gomes (2003) argues that the KB
radii and that larger grains should remain closer to the star.formed closer inward and was pushed out by interactions with
The actual parameters of the segregation depend on the beNeptune. Additionally, Levison & Morbidelli (2003) argue that
havior of the gas density at the disk edge. Even in the absencahe sharp exterior edge of the KB is determined by a 2:1
of gas, smaller grains should, on average, reside farther outresonance with Neptune. Defining the edge of the HD 107146
than larger grains. Over the wavelength span of the two bandsdisk at 185 AU implies a planet at 116 AU. There is no dy-
we detect no significant difference in the surface density profile namical or photometric signature of this object in the scattered-
or any systematic color change as a function of distance. Com-light image. We believe therefore that HD 107146 is unlikely
parisons among observations performed over a wider range ofto evolve into a system like our own.
wavelengths (e.g., NICMOS vs. ACS/HRC) are crucial to de-
tect any size separation. We wish to thank the team from Williams et al. (2004) for
Kenyon & Bromley (2004) show that increased collisions providing us with the name of their target before publication.
among planetesimals due to the formation of planets with radii ACS was developed under NASA contract NAS 5-32865, and
larger than 1000 km can generate dust rings. In their models,this research has been supported by NASA grant NAG5-7697.
We are grateful for an equipment grant from Sun Microsystems,
s Because of a typo, the value gffor the HD 141569A disk is quoted as  INC. The Space Telescope Science Institute is operated by

g = 0.25-0.35in Clampin et al. (2003). AURA, Inc., under NASA contract NAS5-26555.
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