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ABSTRACT

We present the discovery of an unusual circumstellar structure associated with the 100+50 Myr old,
nearby (34.6+1.1 pc), sun-like G-dwarf star HD 61005. Spitzer IRAC, IRS & MIPS observations, con-
ducted as part of the FEPS Spitzer legacy science survey of sun-like stars, detail the nature of thermal
emission from the object that is in excess of the expected stellar photosphere. Follow-up 0”1 spatial
resolution HST/NICMOS 1.1 um coronagraphic images reveal a very bright structure (flux density ~ 18
+ 3.3 mJy, 0.77% =+ 0.16% that of the J,,qy = 6.91 star) that scatters starlight to distances as far as 7"
(~ 240 AU) from the occulted star. The structure exhibits a strong asymmetry about its morphological
major axis, but is mirror-symmetric about its minor axis (envision a wing-spread moth with the star as
the head). The scattered light is traced inward to within 10 AU of the star (limited by the coronagraphic
obscuration) with no evidence of a turnover in radial surface brightness profiles. The fraction of 1.1 um
starlight scattered by the structure at r > (/3 is larger than any debris disk previously observed, and
exceeds that of 8 Pictoris by more than a factor of 2. This extremely high scattered fraction compared
with Lir /L. &~ 2 x 1073 suggests that the scattering particles are small (@ ~ 1.1um/27 ~ 0.2um), much
smaller than the blowout size (¢ & 0.3um). The extraordinary, swept morphology of material may be
explained by the motion of the HD 61005 system through its local interstellar medium.

Subject headings: circumstellar matter — infrared: stars — planetary systems: protoplanetary disks —

stars: individual (HD 61005)

1. INTRODUCTION

Our knowledge of the formation and evolution of plan-
etary systems has evolved rapidly within the last two
decades. The landmark discovery made with IRAS of ex-
cess IR emission associated with the A-star Vega (Aumann
et al. 1984) proved conclusively that circumstellar ma-
terial analogous to the debris found in our solar system
can exist around another main sequence star. Subsequent
IRAS and ISO detections of stars with IR excesses (e.g.,
Mannings & Barlow 1998; Spangler et al. 2001)'2 showed
that debris, presumably arising from colliding planetasi-
mals, is fairly common (e.g., Lagrange et al. 2000; Meyer
et al. 2007, and references therein).

The Spitzer Space Telescope Legacy Science program
entitled the Formation and Evolution of Planetary Sys-
tems (FEPS) was designed to extend the earlier JRAS and
150 results to sun-like stars of spectral types F8V through
K3V and ages from 3 Myr to 3 Gyr (Meyer et al. 2004;

2006). The FEPS survey has now successfully identified
many new candidate debris systems with infrared emission
in excess of that expected from the stellar photosphere
(Meyer et al. 2004; Kim et al. 2005; Hines et al. 2006;
Moro-Martin et al. 2007; Hillenbrand et al. 2007; Carpen-
ter et al. 2007).

Models of the spectral energy distributions (SEDs) of
these newly identified debris systems place constraints on
the temperature and size distribution of the material, but
cannot uniquely determine the spatial distribution; the ob-
jects are unresolved by Spitzer. Single-dish sub-mm ob-
servations are limited to spatial resolutions of 10-20”, and
sub-mm interferometry is so far limited to a few arcsec-
onds, comparable with Spitzer. Currently, only high spa-
tial resolution (sub-arcsecond) images of scattered light
can address questions such as: 1) the exact radial extent
of the material; 2) the grain surface density distribution;
and 3) whether the disk exhibits azimuthal asymmetries
indicative of particle shepherding by unseen planets.

1 Space Science Institute, 4750 Walnut Street, Suite 205 Boulder, CO 80301.
2 Steward Observatory, The University of Arizona, 933 N. Cherry Ave., Tucson, AZ 85721.
3 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.

4 University of California, Los Angeles, CA.
5 NASA Ames, Moffet Field, CA 04035.

6 Astronomy, California Institute of Technology, Pasadena, CA 91125.
7 SOFIA, Mail Stop 211-3, NASA-Ames, Moffet Field, CA 94035-1000.

8 Max-Planck-Institut fur Astronomie, Konigstuhl 17, D-69117 Heidelberg, Germany.
9 Department of Astrophysical Sciences, Princeton University, Princeton, NJ 0854.

10 National Optical Astronomy Observatories, AURA
1 Eureka Scientific, 10813 Graeloch Road, Laurel, MD 20723-1124.

12 The sensitivity of both missions limited discovery primarily to fairly luminous, A & F, dwarf stars and younger pre-main-sequence stars.



2 Hines et al.

Therefore, we have begun extensive follow-up ob-
servations of FEPS-identified debris systems using the
HST/NICMOS (near-IR) coronagraph to look for, spa-
tially map, and obtain surface brightness measurements
of starlight-scattering, circumstellar material. Here we re-
port images of 1.1um light scattered by material in the
close circumstellar environment of the 50-150 Myr old,
late G dwarf star, HD 61005 [HIP 36948, SAO 198166; d =
34.6 + 1.1 pc (Perryman 1997)]. The remarkable structure
revealed by these observations is unlike any other debris
systems observed previously.

2. OBSERVATIONS

HD 61005 was observed in the FEPS survey (PID 148)
with all three science instruments on the Spizter Space
Telescope (Werner et al. 2004) using the procedures de-
scribed in detail by Meyer et al. (2006). Reduction of the
data followed the detailed procedures used for the entire
FEPS survey (Carpenter et al. 2007) as generally outlined
in previously FEPS contributions (Kim et al. 2005; Hines
et al. 2006; Bouwman et al. 2007).

IRAC and MIPS'? photometry for HD 61005 are pre-
sented in Table 1, along with synthetic photometry at 13,
24 and 33 pm derived from a low (spectral) resolution IRS
spectrum using rectangular FWHM band-passes of 1.6, 4.7
and 5 um, respectively. These IRS flux densities are the
error-weighted means within each passband. Table 1 also
includes a 60 pm detection from IRAS (HD 61005 was not
detected in the other three IRAS bands).

HD 61005 was observed with the coronagraph in NIC-
MOS camera 2 (scale: 75.8 mas pixel ') using the F110W
(Aefr = 1.104 pm, FWHM = 0.5914 pm) filter. Corona-
grahic images were obtained at two celestial orientations
differing by 131 degrees in the frame of the camera 2 de-
tector. Such observations enable post-processing discrim-
ination against, and reject of, rotationally invariant opti-
cal artifacts in imperfect PSF subtracted images (notably
residuals from the HST diffraction spikes, but other ar-
tifacts as well). The observing strategy, data calibration
methodology and reduction techniques follow those out-
lined in Schneider, Silverstone & Hines 2005 (SSHO05) used
successfully in HST GO program 10177 (PIL: Schneider).
Details of the HD 61005 observing plan are captured in
the publicly available Phase II definition of the GO 10527
program?!4.

Instrumentally calibrated count rate images were cre-
ated from the individual F110W coronagraphic multiac-
cum frames. For each target/visit (orientation) the indi-
vidual images were median combined after verifying the
repeatability of the intra-visit images within the typi-
cal range of inter-image stability. Well characterized in-
strumentally induced artifacts associated with the detec-
tor/readout electronics were removed following the proce-
dures in SSH05, This step was perfomed on all targets in
the GO 10527 program including those of the PSF tem-
plate observations later applied to the HD 61005 observa-
tions.

All similarly processed and instrumentally calibrated
count rate images obtained from the GO 10527 program
that showed no evidence of scattered light excesses them-

selves were tested for suitability as PSF templates. The ef-
ficacy of PSF subtractions requires target/template PSFs
to (a) be well matched in J-H color index (usually |J-H |<
0.3), (b) have roughly comparable “breathing” phase space
(relative HST secondary mirror despace excursions < 1um;
as empirically determined from residual PSF structure),
and (c) have close repeatability of the NICMOS camera
2 cold mask position (which has small thermally driven
metrologic instabilities). For the first orientation HD
61005 observation (denoted “Visit 16”) ten suitable tem-
plate PSFs were found from the GO 10527 target set, and
five for the second orientation (Visit 15) observation. All
images were co-registered in detector coordinates about
the location of HD 61005 image in the Visit 16 image,
and corrected for the ~ 0.7% linear geometrical distortion
in Camera 2. All images were flux scaled (initially) to
an F110W magnitude of 5.0 based upon 2MASS catalog
photometry transformed from J-band using the calcphot
task in the STSDAS package. In doing so we assumed the
stellar spectral type G8V (§4). The F110W transformed
magnitudes were cross-checked as described in SSH05 us-
ing “TinyTim” model PSFs matched in intensity to wings
of short, but core-saturated, contemporaneously obtained
non-coronagraphic images of the stars. The individual im-
ages comprising the two sets of PSF templates (one set of
ten and one set of five) were subtracted from their paired
HD 61005 observations, resulting in fifteen PSF-subtracted
images of HD 61005.

Artifact (diffraction spike and other low-spatial fre-
quency mismatched PSF subtraction residuals) rejection
masks were individually made for the full set of PSF sub-
tracted images. The two sets of HD 61005 PSF-subtracted
masked images from each orientation were, separately, me-
dian combined (rejecting pixels for each image based upon
the masks before median combination). This resulted
in two artifact-rejected median-combined PSF-subtracted
images (one for each HD 61005 visit). These two im-
ages were then both rotated to a “north up” orientation,
and combined, but rejecting pixels unsampled (e.g. along
diffraction spikes or other individually commonly masked
masked artifacts) in either image.

As a check on the procedure, the two images were com-
bined in two ways: first by a simple (masked) mean for the
two visits; and second by a weighted mean of the two vis-
its, with 2:1 weights for visits 16 & 15 predicated upon the
number of input images after pixel masking. The resulting
images (as expected) differ slightly, but these differences
speak to the dispersion in the detailed structure of the in-
put images. The “final” image which we speak to in the
remainder of the paper is based upon the weighted mean
combination.

To verify that the fidelity of the circumstellar scattered-
light structure seen in the HD 61005 image, we followed the
same process multiple times but choosing (each time) a dif-
ferent image from the PSF template set as a (null) test tar-
get in place of HD 61005. All of the resulting “PSF-minus-
PSF” images showed no features bearing any resemblance
to circumstellar scattered-light seen in the HD 61005 pro-
cessed images. The dispersion in the (much lower level)
remaining instrumentally diffracted and scattered light in

13 The FEPS survey did not obtain MIPS 160 um observations for this object.
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the PSF-minus-PSF images was used to assess the sys-
tematic uncertainties in the flux density measures in the
HD 61005 processed images.

3. THERMAL EMISSION AND SCATTERED LIGHT

Figure 1 shows the SED of HD 61005. For complete-
ness we show the TRAS 12, 25 & 100 pm upper limits, a
IRAS 60 pm detection, and a 1.2 mm upper limit (Car-
penter et al. 2005). The SED is well fit by a Kurucz
model (Teg = 5456 K) from the optical through ~ 8um,
but shows a strong excess for A > 18um. The IRS spec-
trum (inset in Fig. 1) is not dominated by obvious spec-
tral features, implying that the thermal emission does not
originate from hot, small grains that would produce strong
silicate emission features. Figure 1 also shows a T = 60K
blackbody SED, scaled to the 24, 60 and 70 pm photom-
etry, that yields Lig /L. ~ 2 x 1072, This blackbody tem-
perature provides a minimum distance of the material of
> 16 AU, using L,/Lg = 0.55 (from integrating the best
fit Kurucz model). Additional modeling as part of an en-
semble study of FEPS-identified, cool debris disks, sug-
gests that the SED may be better fit by an extended (7 <
Raust S 70 AU disk, with a ~ +10K dispersion in black
body temperatures around 60K (Hillenbrand et al. 2007).
Grains that radiate efficiently at ~ 70um, and are in radia-
tive equilibrium with the stellar radiation field will have
a 2 \/2m ~ 10um, but we cannot rule out smaller grains
that radiate less efficiently, and would thus be farther from
the star (see, e.g., Fig. 5, Hines et al. 2006).

Figure 2 shows the 1.1 pum scattered light image as a
log1g color-coded contour map, with the corresponding im-
age inset. The grey circle at image center represents the
0”3 radius coronagraphic obscuration (corresponding to r
= 10.3 AU at the 34.6pc distance of HD 61005). The pat-
tern of scattered light (resembling a Moth) is asymmetric
about its morphological major axis and mirror-symmetric
about its minor axis. The scattered starlight extends to ~
3" (105 AU) along the minor axis to the southeast (celes-
tial PA = 160 deg) and ~6" (210 AU) both sides of the star
along the “major axis.” The maximum extent of the scat-
tered light pattern (the “wingtips of the Moth” below the
major, and toward the minor, axis) is ~ 7”(242 AU). Very
little scattered starlight is detected in the northwest sector
flanking the minor axis. At r = 0.75”, the on-axis ratio of
the south-east to north-west scattered light is ~ 12, and
at 2”7 NW, there is no scattered light detected above the
residual background noise. The total 1.1pum flux density
within an annulus from 0”3 < r < 5" is F(F110W) =
18 mJy + 3.3 mJy. This yields a 1.1pum scattering frac-
tion fgisi/fx = 0.77% =+ 0.16%. This overall morphology
is verified in optical coronagraphic images obtained with
HST/ACS (S. Metchev, private comm).

Figure 3 presents radial surface brightness profiles for
three crosscuts; one along the southern semi-minor axis,
and two along the peak surface brightness ridges extending
“below” the major axis on either side of the star. While
we measure positive flux densities very close to the oc-
culting edge of the coronagraphic hole, we conservatively
show only the profiles for r > 0”7 where we are confident
that systematics do not dominate the result. The surface
brightness profiles from (/7 < r < 5”0 along both sides of

the star in the direction of the ridge of maximum bright-
ness at r = 5" are well represented by unbroken 72> and
r~27 power law fits for the east and west extensions, re-
spectively. Beyond 0//7, the surface brightness profile along
the southern semi-minor axis is well fit by broken »—2:% and
r~=29 power laws, for 077 < r < 174, and 174 < r < 276,
respectively; shallower interior, and steeper exterior, to
the break at = 1”74 than the profiles along the ridges of
maximum brightness in the “wings of the Moth”.

4. THE EVOLUTIONARY STATUS OF HD 61005

HD 61005 is reported as G3/5V in Houk et al. (1982),
but Nordstrom et al. (2004) infer Teg = 5346K from the
Stromgren indecies, suggesting a ~ G9.5 spectral type.
Based on published photometric colors, we find that the
spectrum is well fit by a Kurucz model with Teg = 5456
K, consistent with a G8V spectral type (Fig. 1), which
agrees well with the G8Vk listed by Gray et al. (2006).

Observations of Call (logRjx = -4.30: Soderblom et al.
in prep; Gray et al. 2006; Henry et al. 1996), Ho emission
(EW(Ha) = 13646 mA: Waite et al. 2005) and soft X-ray
emission (logLx = 29.2: Wichmann, Schmitt & Hubrig
2003) show that HD 61005 is chromospherically active,
but not actively accreting. The star does not show opti-
cal variability over a two year timescale (AV < 0.01mag:
Menzies, Marang, & Westerhuys 1990).

The UVW heliocentric velocity vector of HD 61005 (-
22.9, -14.0, -4.1 km s71) 4 (0.4, 0.4, 0.3 km s~ 1) is well-
constrained, and its very negative U-velocity component
places the star away from the velocity locus for most < 100
Myr-old stars within 100 pc (see e.g. Asian et al. 1999;
Chen et al. 1997). Except for stars of type B5 and later,
there are no B stars within 100pc of the Sun that have
motions similar to HD 61005; this at least suggests that
the motion of HD 61005 would be somewhat unusual com-
pared to that of stars with ages of < 80 Myr within 100
pc of the Sun. Interestingly, though, its UVW vector is
almost exactly coincident (within 2 km/s) with the ~ 50-
Myr-old ~ 150-pc-distant IC 2391 open cluster (-22.9, -
13.6, -6.0)(+ 0.8, 0.3, 0.2) (Robichon et al. 1999). To ap-
preciate how close this is, out of 13239 stars in the Nord-
strom et al. (2004) catalog with UVW vectors, only 3
(0.02%) have UVW space motions closer to IC 2391 than
HD 61005. Investigation of any possible kinematic link
between HD 61005 and IC 2391 is beyond the focus of
this study, but if the star is an outlier of IC 2391 (or any
unbound, now-dispersed associations that formed contem-
poraneously with the IC 2391 cluster), then this would
point toward an age of ~50 Myr (Barrado y Navascués,
Stauffer, & Jayawardhana 2004).

The Call H&K emission suggests tsar ~ 135 Myr (Ma-
majek & Hillenbrand, in prep.), and the lithium absorption
(EW(Li) = 164 mA: Wichmann, Schmitt & Hubrig 2003)
implies tgtar ~ 50 Myr upon comparison to Li values for
late G stars in young clusters of known age. Given these
indicators and the space motion, we estimate the age to
be 100450 Myr!5.

5. THE CIRCUMSTELLAR MATERIAL ASSOCIATED WITH
HD 61005

15 M/Mg = 0.84 (Nordstrom et al. 2004), but the ~ZAMS mass is M/Mg = 0.95 (Mamajek, in prep).
© ) 0] Jex, prep
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Although the near-IR scattered light image is remark-
ably similar to that observed for the classical T-Tauri star
GM Aur (Schneider et al. 2003), the SED, including the
lack of active accretion signatures and infrared excess at
A < 8um, argues against a T-Tauri-like disk. Furthermore,
optically thick disks around pre-main-sequence stars such
as TW Hydrae (de la Reza et al. 1989; Weinberger et
al. 2000) and Hen 3-600 (de la Reza et al. 1989; Low et
al. 2006) in the tgpar ~ 8 Myr old TW Hydra Association
(TWA: Webb et al. 1999) both show thermal emission
over a large range of temperatures, with large Lir/Lstar
(e.g., Low et al. 2006). The estimated age of HD 61005
(tstar ~ 80 — 150 My) also argues against this interpreta-
tion, since the oldest T-Tauri objects are ~ 15 — 25 Myr
(Mamajek et al. 2002, White & Hillenbrand 2004). If
HD 61005 possed an optically thick disk, it would be the
oldest example known by at least a factor of two in age.

The unique morphology of HD 61005 could result
from the star illuminating a cloud within the interstel-
lar medium, as was shown for the (Kalas et al. 2002).
However, unlike those examples, HD 61005 is well within
the “local bubble,” and there is no evidence of extended
interstellar structure in the the MIPS 24 and 70pm im-
ages; the images of HD 61005 are unresolved by Spitzer.
Instead, we suggest that the material is physically asso-
ciated with HD 61005, and is debris resulting from the
erosion/collision of planetesimals orbiting the star.

An important clue to the origin of the shape of the scat-
tering structure comes from the space motion, which is
12 km s~! relative to the local ISM and points approxi-
mately NNW in Figure 2 (the “direction” of flight of the
moth). Thus the swept morphology could result from ram
pressure on small grains in the outer regions of the debris
disk. Such a mechanism has been discussed (Lissauer &
Griffith 1989) and considered as a warping mechanism for
BPic (Artymowicz & Clampin 1997) and HD 32297 (Kalas
2005).

The balance between ram pressure and gravitational
force in the vertical direction (relative to the disk plane)
can be expressed as a function of the vertical displacement
fraction

2
2= (25) () () ()

From Figure 2, the warp begins to strongly manifest for
r 2 100AU, and f ~ 0.3. This yields a ratio of ISM den-
sity to ram stripped particle size of ~ 3 x 103. The local
bubble is nearly void of diffuse clouds (Franco 1990), lim-
iting the densities to ~ 100cm™3. This would imply that
the dust we see in the swept wings of the moth would be
quite small a < 0.1pum. Such grains are much smaller than
the blowout size (aplowout ~ 0.3um, so would not survive
long within the system.

The timescale for grain migration due to PR-drag is
about one thousand times longer than the collision time;
the evolution of material around HD 61005 is dominated
by collisions, and the loss of material from the system is
dominated by grain blow out. The blowout time for grains
launched between 16 and 100AU is ~ 30 — 500 yrs, similar
to the orbital time scales at these distance. A recent dust
production event within the disk could have produced the
small particles that we see in the outer regions of the disk.

Alternatively, the small particles could be Bondi-
accreted ISM particles (e.g., Lissauer & Griffith 1989).
The accreted material forms an orbiting disk of interstellar
gas and dust at a radius that is smaller than, but assumed
comparable to, the Bondi radius, which is ~ 10AU for the
velocity of ~ 10 km s~! for HD 61005. The gas then ac-
cretes onto the star via MRI instability, with o = 0.01;
the dust blows out via radiation pressure.

Such small grains would also explain the large 1.1pum
scattered light fraction compared with the fractional dust
luminosity; the grains we see in scattered light are ex-
tremely efficient scatterers, but do not contribute signif-
icantly to the thermal excess. Grains a ~ 1.1pum/21 ~
0.2pum would satisfy this constraint, and would also be
readily expelled from the system. Very small grains may
also explain the powerlaw break in the surface brightness
distribution along the minor axis (Fig. 3); forward su-
perimposed on back-scattering. A full exploration of the
thermal and scattering properties of the system will be pre-
sented in a future contribution that will also present opti-
cal and near-IR polarimetry obtained with the HST/ACS
and HST/NICMOS (Metchev et al., in prep).

6. CONCLUSION

We have discovered a very unusual circumstellar struc-
ture associated with the 10050 Myr old, sun-like star
HD 61005. In particular:

e The thermal SED and the age of the system suggest
that the material is associated with debris rather
than remnants of the primordial disk.

e The structure seen in scattered 1.1um light is highly
asymmetric, rather than the more symmetric debris
disks and rings seen in other stars of similar age
with thermal infrared excesses.

e The fraction of 1.1pym starlight scattered by the
structure at r > 0”3 is larger than any debris disk
previously observed, and exceeds that of 8 Pictoris
by more than a factor of 2.

The swept shape of the debris disk may be caused by
the motion of the HD 61005 system through its local in-
terstellar medium. New data such as planned, HST multi-
wavelength coronagraphic polarimetry, together with more
Spitzer (and future Herschel) data will further elucidate
the nature of this object.

This investigation was based [in part] on observations
made with the NASA/ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute (STScI),
which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS
5-26555. These observations are associated with pro-
gram GO10527, support for which was provided by NASA
through a grant from STScl. This work is also based [in
part] on observations made with the Spitzer Space Tele-
scope, which is operated by the Jet Propulsion Laboratory,
California Institute of Technology under NASA contract
1407. FEPS is pleased to acknowledge support from NASA
contracts 1224768 and 1224566 administered through JPL.
This publication makes use of data products from the T'wo
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Micron All Sky Survey, which is a joint project of the
University of Massachusetts and the Infrared Processing
and Analysis Center/California Institute of Technology,

funded by the National Aeronautics and Space Adminis-
tration and the National Science Foundation. We have
also made use of the SIMBAD database.
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TABLE 1
Spitzer & IRAS PHOTOMETRY OF HD 61005

Band ‘Wavelength Flux Density Tint Trot™ Instrument
(pm) (mJy) (mJy)  (mJy)

3.6 3.535" 755.06 16.21 Spitzer/IRAC
4.5 4.502° 463.90 10.65 Spitzer/IRAC
8.0 7.735 172.45 3.68 Spitzer/IRAC
134 13.17 62.34 3.08 Spitzer/IRS
24 23.68" 41.49 1.70 Spitzer/MIPS
244 45.53 2.80 Spitzer/IRS
33° ... 109.98 .. 6.74 Spitzer/IRS
60° 60 446.5 28.3 28.3 IRAS

70 71.42P 628.7 45.4 Spitzer/MIPS

“The total uncertainty (otot) is the rss of the

bVVeighted average wavelengths.

‘internal” measurement uncer-
tainty (precision) and the “calibration” uncertainties (accuracy).

¢Synthetic band-pass photometry with 1.6, 4.7 and 5um band-widths (FWHM)
for 13, 24 and 33um respectively.

dThe MIPS 24pm photometry has not had a color-correction applied. The
current value for the color-correction would yield F. = 1.014 X Fops = 42.1 mJy).

¢A color correction F, = 0.717 X F,,,s has been applied as per ***

References. — WE MAY NOT INCLUDE TABLE. IF SO, NEED TO ADD
INTERNAL ERROR AND FIX SIG DIGITS. SHALL WE ADD THE SUB-MM
AND THE MIPS 1607
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F1G. 1.— The spectral energy distribution of HD 61005 showing the Kurucz model that best fits the optical and near-IR photometry (solid
curve), the ground and space-based photometry (solid symbols) and the IRS spectrum (green curve). The 1o error bars for each point are
smaller than the symbol sizes. We also show upper limits at 12, 25 and 100um from IRAS, and at 1.23mm from SEST (Carpenter et al. 2005).
The T = 60K blackbody fits the 24 and 70um photometry. The inset shows the observed IRS spectrum multiplied by A? and normalized at
7.5um. The spectrum clearly deviates from Rayleigh-Jeans for A > 18um.
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-2.66 =2.06 =-1.46 -0.86 -0.26 0.3:

Fic. 2.— 1.1 pm logio isophotal contour map of the circumstellar region about HD 61005 derived from the two-orientation combined
PSF-subtracted coronagraphic image (image inset at half spatial scale). Surface brightness contour intervals are shown every £0.3} dex from
7.9 uJy arcsec™2 to 31.6 mJy arcsec™2, and the Logio image inset shows a stretch from 2.18 pJy arcsec™2 to 2.18 mJy arcsec™2. The central
grey circle represents the r = 0’3 HST/NICMOS coronagraphic obscuration. The small region immediately adjacent to the obscuration to
the NW (masked white in contour map, black in image) is invalid due to residual image artifacts at that location.
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10 T
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F1G. 3.— The radial decline in the scattered starlight surface brightness (measured in 0”38 wide radial slices) falls off symmetrically with
respect to the minor axis outward from the location of the star. In the directions of the maximum extent of the scattered-light pattern (red
and green “cuts” overlaid on the image inset), the surface brightness declines as r=2:6£0-1 from 0”7 to 5/0. Along the southern minor axis,
the surface brightness declines as r =20 from 0//7 to 1”4 and as r—%0 from 1”4 to 2/6. The outer part of the scattering region shown in red
in the image inset is detected with > 3 o per pixel significance and corresponds to the outer blue contours in Figure 2. Beyond, additional
scattered light is seen declining to levels of a few pmJy arcsec™2 at the sensitivity limits of the observation to r ~ 7 /.




