THE ASTROPHYSICAL JOURNAL, 584:L.33-L37, 2003 February 10
© 2003. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE FIRST SPATIALLY RESOLVED MID-INFRARED SPECTROSCOPY QOF PICTORIS

A. J. WEINBERGER
Department of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road, NW, Washington, DC 20015; weinberger@gdtm.ciw.e
AND
E. E. BECKLIN AND B. ZUCKERMAN
Division of Astronomy, University of California at Los Angeles, Box 951562, Los Angeles, CA 90095-1562; becklin@astro.ucla.edu, ben@asiuo.ucla.
Received 2002 September 13; accepted 2002 December 26; published 2003 January 14

ABSTRACT

Long-slit spectra probe the southwest side of the disk in the @riBegion. Dust within (8 of the star shows
silicate emission features, including amorphous and crystalline species. Farther out, the disk spectra are featureless
and are entirely dominated by dust thermal continuum emission. Mid-infrared imagtgioforis reveals spatial
asymmetries in its dusty circumstellar disk at a spatial resolution!®f \Gisible for the first time is an inner
(r <20 AU) warp in the disk that is aligned differently from a larger scale warp observed in scattered light by
the Hubble Space Telescope. At 12 um, as has been observed before, the southwest extension of the disk is
brighter than the northeast side. This asymmetry appears to be not as significaphat3e spatially resolved
spectra show that this asymmetry cannot be accounted for by small dust grains that have a spectral feature.

Subject headings: circumstellar matter — radiation mechanisms: thermal — stars: indiviguRigtoris) —
techniques: spectroscopic

1. INTRODUCTION length Spectrograph (LWS; Jones & Puetter 1993). LWS uses a
128 x 128 pixel Boeing Si:As detector and has a plate scale of
0.08 pixel*, resulting in a focal plane field of view of "B

. o ; square. It also provides a dispersion of 0.Q37 pixel*; when
data (Gillett 1986) resulted in intense study of this A5 IV star. combined with a 6 pixel (&8) slit, the resolution iR ~ 120 .

Imaging of the disk in scattered light (Smith & Terrile 1984) Vignetting through the long slit limited the field of view t638

and discovery of trace circumstellar gas (Hobbs et al. 1985) The atmospheric transparency was excellent, with low water

uickly suggested the existence of a planetary debris disk. The .
gistan)(/:e t(%gPic is now well establishe% byippgrcosmission vapor optical depth and no clouds. As measured at the Caltech

astrometry atl9.3+ 0.2 pc. Its age, 12 Myr, has recently Submillimeter Observatory, the 225 GHz optical depth was

been determined from lower mass members of its comoving ;%gg'ﬂﬁgindh%&s t&eﬁisur:fghg‘wt;%tzr?llteg /at k?(;?grllngri_clfgrg-r
group (Barrado y Navasctseet al. 1999; Zuckerman et al. 9 9 y 570 b

2001). Thusp Pic is one of the youngest, closest stars to Earth. tlﬁg.to-lr—:eetralgtrg?nsasll ;?rrrn?ggggrmatiebagi?s sorr]eg‘ defjrgiggﬁrgpégr
Ground-based infrared observations gave the first direct com-P y P P

" ; . o hotometry at large air mass, and it was 5% per air mass at
positional information on the dust when they showed silicate P . .
emission similar to that in solar system comets (Telesco & 11.7,m and 25% per air mass at 146, which are reasonable
Knacke 1991; Knacke et al. 1993frared Space Observatory for a dry night at a high-altitude site. Observations were made
(10) spectra, while confirming these features, showed littie cor- ©f 8 Pic and a nearby PSF reference star, HR 2553, as they

respondence between the disk and the comet Hale-Bopp at |0ngeliransited at an air mass of 3.0 (Table 1). The data were taken in
wavelengths (Pantin, Waelkens, & Malfait 1999). a chop-nod mode with a chopper throw df Borth-south at

Asymmetries in the disk have been observed in scattered? HZ for spectroscopy and an imaging and 5 Hz for 1gm
and emitted light at all spatial scales. In scattered light at radii Imaging. The telescope was nodded Sorth-south every
greater than 20(400 AU), the northeast (NE) side of the disk ~12 S. In imaging mode, this scheme placed an image of the
is brighter than the southwest (SW) side (Kalas & Jewitt 1995). Star on the detector in all four chop-nod positions. In each set,
At radii 40-120 AU, a warp is observed in the disk (Mouillet the fourimages were double differenced to produce a finalimage
et al. 1997; Heap et al. 2000). In emitted radiation ath? with one positive and two negative images of the star. Then the
the SW side of the disk is brighter (Lagage & Pantin 1994). star centroid was measured, and all of the differenced images
Large-scale asymmetries in the disk may be explained by thewere aligned at the location of the positive star image in the first
near passage of another star (Kalas et al. 2000), and smallset. The filters employed had wavelength bandpasses of
scale asymmetries may be evidence of dynamical perturbationsl1.2-12.2 and 16.9-188m and are hereafter referred to by
induced by planets within it, just as the zodiacal cloud in our their central wavelengths of 11.7 and 179, respectively.
own solar system is sculpted by the planets (Augereau et al. The images o Pic were flux-calibrated based on photometry
2001). We have obtained spatially resolved imaging and spectraof the PSF star, HR 2553, from thBAS Faint Source Catalog.
of the disk of 8 Pic that clarify the spatial distribution and The flux densities of the PSF star, after color correction from
composition of its dusty material. the catalog values to a slope &f are 23.5 Jy (0.20 mag) at
12pmand 5.79 Jy (0.16 mag) at 2&n. These were also assumed
to be the PSF magnitudes in the 11.7 and LirBLWS filters,
respectively. We estimate the uncertainty in this calibration pro-

Mid-infrared observations were taken at the W. M. Keck Ob- cess at 10% in each band, which dominates the statistical (photon
servatory on 2000 December 11 with the facility Long Wave- counting) uncertainty in the images. The resulting t@dPic
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The discovery of excess infrared emission from the nearby
star 8 Pictoris in thelnfrared Astronomical Satellite (IRAS)

2. OBSERVATIONS, DATA ANALYSIS, AND PHOTOMETRY
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TABLE 1
LoG OF OBSERVATIONS 12 um

Filter  Integration
Center Time

Z (arcsec)

Mode Object (um) (s) Nods Air Mass
Imaging ........... B Pic 11.7 216 8 3.13
B Pic 11.7 216 8 3.19
HR 2553 11.7 81 3 3.03 _
B Pic 17.9 225 8 3.28 H]
8 Pic 17.9 225 8 3.37 5
HR 2553  17.9 56 2 3.00 S
HR 2553 17.9 56 2 3.01
Spectroscopy..... B Pic 10.3 624 26 3.28 i :
B Pic 10.3 624 26 3.05 deconvol. 18 pum
B Pic 10.3 624 26 3.03 e
HR 2553  10.3 72 3 3.07 g
HR 2553 10.3 72 3 3.09 ~
HR 2553 10.3 72 3 3.12
-4 -2 0 2 4 -1 0 1
disk plus stellar flux densities a@&54 + 0.25 Jy in the 11.7 gl

pm filter and3.35+ 0.33 _‘Jy in the ]_'7'9‘m filter. The 8 Pic Fic. 1.—Top: Image of the star plus disk ¢f Pic at 11.7um (left) with
photometry agrees well with the published photometry by Back- contours drawn at 147.3 mJy arcseé ), 3, 4, 5, 7, 8, 11, 13, 14, ands15
man, Gillett, & Witteborn (1992). and a corresponding 1dm PSF ¢ight). Middle: Image at 17.9um (left) with
Three two-dimensional spectra, each composed of 26 nod setsgontours drawn at 121.4 mJy arcse¢ ), 2, 3, 5, 10, 15, 30, 45, 65, and
of the SW side of the Pic disk were taken with the star in the 89 ¢ and a corresponding 17,6m PSF (ight). Bottom: 17.9m image after
bottom half of the detector. Three two-dimensional spectra. eac 13 iterations of Lucy_—Rlchardson deconvolutideft) and a'S|m|Iar|y decon- )

p - ! hvolved 17.9um PSF imagerfght). The peaks and warps in the disk at radii
composed of three nod sets, were taken on the PSF in the samer ~2 in the deconvolved image have signal-to-noise ratios of only 1-3 per
manner. All spectral data were taken in a chop-nod mode, andresolution element. However, a ilt in the innérdisk is evident even in the
after double differencing, all of the nod sets were aligned spa-raw image at 1&m. In all images, north is 124rom vertical (+Z), as shown
tially. Nod sets that, due to image wander, were too close to the e amow in the bottom plot.
array edge were eliminated, leaving 66 nod sets in the final S )

A Pic spectrum and nine in the PSF spectrum. images are seeing-limited at a resolution~@'5. The central

An average one-dimensional spectrum of the PSF star Wasregion of the disk (Saturated on this color stretch) is also extended
extracted by fitting a Gaussian at every spectral pixel location. compared with the PSF. The SW side of the disk is brighter and
The two-dimensionaB Pic spectra were binned in the spatial more extended at 1Zm but approximately equal in surface
direction, i.e., along the disk, in 5 pixel wide bins, with the brightness to the NE side at 18n, consistent with previous
first bin centered on the star. This created 10 one-dimensionalesults of Pantin, Lagage, & Artymowicz (1997) at a slightly
spectra at O intervals along the disk. Each of these one- Poorer spatial resolution. There is no evidence of a point source
dimensional spectra was divided by the average PSF spectrun®ther than the star. _ S
and then multiplied by the Planck function at the temperature ~ The disk images were fitted with elliptical isophotes to de-
of the PSF star to recover the intringdPic spectrum at every ~ termine the position angles reported in Table 2. At radii of
location. Terrestrial ozone strongly absorbs the stellar contin- 1'—4’, our results agree to within the uncertainties with the
uum around 9.6:m in a time- and air-mass—dependent way, angles measured in scattered light by Heap et al. (2000) and
so it does not calibrate out well. The spectral region from 9.4 Mouillet et al. (1997) over the same region. Because it is ori-
to 9.8 um was therefore excluded from further analysis. ented 46 east of the large-scale scattered light disk, those

At any given location, the spectrum of tfiePic disk contains ~ authors refer to this region as the “inner warp.” At a radius of
a contribution from the disk at that location and from unresolved 1°0, there appears to be an abrupt discontinuity between this
stellar flux distributed spatially by the effects of diffraction and Previously imaged region and a central portion of the disk
seeing. Atmospheric seeing dominated the size of the image withvisible for the first time in mid-infrared images. Within a radius
a FWHM of 05 (6 pixels) at 11.7um. The two-dimensional ~ 0f 1", the mid-infrared images clearly show a portion of the
PSF spectral image was binned in the same manner @sRfte ~ disk that is tilted 18 west of the previously imaged’34’
spectral image discussed above, and the flux contributed fromportion. The tilt is a consistent feature in all the nod sets ob-
the PSF at every spatial location was measured in each binnedained. The tilt geometry is most easily seen in the 8
spectrum. For everg Pic spectral location, the contribution due images, in which the contamination of the image by the central
to the photosphere was subtracted off, assuming it behaved astar is less. The ellipticity and position angle (P.A.) of this
a Rayleigh-Jeans function at the star’s effective temperature. The'€gion are constant as a function of radiu®a&7 = 0.02  and
photospheric flux density was taken to be 1.177 Jy at gfin7

based on an extrapolation of theband measurement of Back- TABLE 2
man et al. (1992). Disk POSITION ANGLES
Radius P.A.
3. RESULTS (arcsec) (deg) Reference
i 0-1....... 18.5+ 2.4  This Letter
3.1.Imaging 14 ... 33.3+ 2.0 This Letter
Images of Pic at 11.7 and 17.2m are shown in Figure 1. 1-5 ... 354  Heap etal. 2000

The disk can be seen to extend’ (77 AU) from the star. These 520 ... 308+ 06 Kalas & Jewitt 1995
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TABLE 3
A T R Disk COLOR TEMPERATURE?
oo, Radius -

0.5

TEMPERATURE

0.0 ] Rapiws  Measured Blackbody Silicate
(AU) (K) (K) (K)

] 0 474 + 16
AR A 1 77 277+ 9 163 208
i 1 154 ...... 259+ 11 115 159
232 ...... 311+ 19 24 142
309 ...... 324+ 26 82 123
386 ...... 283+ 20 73 114
46.3 ...... 270+ 17 67 106

# As a function of distance from the star along
the SW arm as measured in the spectra compared
with model blackbody and smoothed astronomical
silicate (Drain & Lee 1984) grain temperatures.

0.4

0.3

0.2

Flux Density (Jy)

0.1¢

0.0 : 3.2. Spectroscopy

Shown in the top panel of Figure 2 are 813 spectra of
the SW (brighter) side of thg Pic disk after subtraction of the
photospheric component. The spectrum extracted from within
072 of the star agrees very well with that observed previously
by Knacke et al. (1993), including a flat-topped profile char-
acteristic of a mixture of amorphous and crystalline silicates.
The temperature of the grains at each radius was estimated
by the color temperature measured out of the silicate feature,
i.e., at 8.0-8.4 and 12.5-12m, extending as low and as high
in wavelength as there were data available. These are given in
Table 3. A Planck function at that color temperature was then
normalized to the long-wavelength flux and subtracted from
each spectrum. The results are shown in Figurd@tgm
panel). At radii less than ], a clear contribution from silicates
is present, and for these three spectra, the silicate—to—continuum
flux ratios and silicate line shapes are equal to within the un-
certainties. This implies that the relative abundances of amor-
phous and crystalline grains remain approximately constant
with radius. At radii greater than”1flux from the disk is
8 0 10 11 12 detected in the spectra (see the top panel of Fig. 2). If the
silicate—to—continuum flux ratio at these radii were the same
Wavelength (Mm) as the ratio within 4, silicate emission would have been de-
tected between’2? and 24.

127
1.0
0.8
0.6
0.4
0.2
0.0

02

Normalized Flux Density

Fic. 2.—Top: Spectra of the SW side of the disk (after subtraction of the
contribution of the photosphere) shown as a function of radius (the curves shown
are, from the top down, binned iri@intervals centered at radii of@ 0’4, 0’8, 4. DISCUSSION
1'2, 1'6, 20, and 24). Bottom: Spectra after subtraction of a continuum fit to
the 12.6um/8.2um color temperature. Silicates are seen in the first three spectra, The main puzzles to be explained are the various tilts of the

but only the continuum is seen at larger radii. The vertical black bar blocks the disk and its brightness asymmetries in light of the spectroscopic
noisy region contaminated by strong telluric ozone absorption. data. The P.A. of the disk does not change monotonically with
increasing radius but rather appears to shift discontinuously and
185 + 224, respectively. The shape of the PSF does not havein opposite directions at”land~4". The discovery of a previ-
this same behavior. Over the sam&-0l’ region, the PSF  ously unseen warp in the innermost part of the disk along with
ellipticity is monotonically decreasing to 0.18 at, land its the already known warp at34’ suggests active perturbation of
P.A. is variable with an average ef14° + 5°. the disk (cf. Wahhaj et al. 2003). The outer warp alone has been
To better characterize the warp of the disk, a Lucy-Richard- modeled as induced by the presence of a giant planet (Augereau
son deconvolution of the 18m data was performed using one et al. 2001). Two planets in orbits inclined to each other could
of the PSF observations taken just after th€ic data. This in principle reproduce both warps as well as perhaps explain
PSF was also used to deconvolve a second PSF observatiowhy the planets’ orbits are inclined to the dust disk at all. How-
(see Fig. 1). The deconvolution algorithm is that in the ever, grains must be fairly small to emit efficiently into the
STSDAS package of IRAF (Snyder 1991) and includes the 10 um silicate feature, so our spectra show that within 20 AU,
effect of additive read noise of the detector. The algorithm was there must be grains of sizel0 um. Such grains are the most
allowed to iterate 13 times. The P.A. of the disk withihid susceptible to radiation pressure blowout on an orbital timescale.
the deconvolved image, 21, agrees (1.2) with that measured It remains to be modeled how the grains can be sculpted into
in the undeconvolved image. The deconvolution also revealswarps during their short lifetimes in the disk.
structure in the outer part of the disk, but the signal-to-noise  Our spectra also show that the strength of the silicate feature
ratios of these variations from a smooth disk are low. does not decrease with distance until a radius-2® AU. In
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their model of the grains in this disk, Li & Greenberg (1998) wavelengths, at larger distances. However, as seen in Table 3,
predict that the silicate emission feature comes from grains within the temperatures determined from the spectra are substantially
40 AU, and our data are broadly consistent with their model in hotter than those expected from blackbody grains in thermal
which grains sublimated from comets produce the mid-infrared equilibrium with the 6.9L, (I. Song 2002, private commu-
emission. However, the grains in comet comae in our own solarnication) star. Nor do 0.km “smoothed UV astronomical sil-
system show the same Lfn band silicate feature seenfrPic icates” (Draine & Lee 1984), which, thanks to their emission
at a wide range of heliocentric distances corresponding to black-properties, reach higher temperatures, reproduce the measured
body and observed continuum temperatures of 270-600 K (Han-temperatures. A specialized size distribution of very small dust
ner, Lynch, & Russell 1994). Cometary silicate—to—continuum grains could probably explain the high color temperature but
flux ratios do not appear to change substantially over this tem-would also be expected to show the silicate emission feature.
perature range. Based on the comet data, we would expect tdf these grains, despite their susceptibility to radiation pressure
see silicates at all the continuum temperatures measured fronblowout, could be captured into a resonance with a planet, then
our spectra and given in Table 3. The disappearance of the silicatéhey could also explain the NE/SW dust asymmetry.

feature beyond 20 AU shown in the bottom panel of Figure 2  The simple heating of dust grains by a small body within
therefore indicates a decrease in the ratio of the number of smalthe disk is insufficient to produce these temperatures. For ex-
silicate grains to large grains contributing to the thermal emissionample, a 1M, , planet at an age of 12 Myr has a luminosity

at increasing radius from the star. of ~107° L, (Burrows et al. 1997). At a distance of 0.1 AU,

A higher density of small silicate grains in the inner part of the dust is heated only an additional 30 K by such a planet.
the disk could be due to increased production in close to the starThe heating mechanism, if that is indeed the explanation for
and then the dispersal of the grains to larger radii by radiation the enhanced color temperature, remains unknown.
pressure, if the outer part of the disk has a parent distribution
of larger grains. We do not see a measurable change in the
amorphous/crystalline silicate ratio with distance. If grains are
being annealed in the inner regions of the disk, then radiation
pressure must be transporting them to outer regions efficiently. g

_The asymmetry of the mid-infrared disk, i.e., that the SW ight imaging, even with thédubble Space Telescope. A tilt of
side is brighter than the NE side at utn, could in principle 0 jnner disk is revealed in the mid-infrared that, relative to the
be explained by surface density, composition, or temperaturep a of the extended disk beyond 100 AU, is much greater than
changes within the disk. The disk is optically thin at all wave- ;14 in a direction opposite to that of the warp previously ob-
lengths, so an increase in brightness could be due to an increasgaryeq in scattered light between 20 and 80 AU from the star.
in the surface density of emitting grains. If this were the case, 1y first spatially resolved spectroscopy of the disk shows amor-
as has been noted before by Pantin et al. (1997) and Augereay o5 and crystalline silicates out to 20 AU from the star. Beyond
et al. (2001), the grains would have to be efficient emitters 54 Ay, the proportion of small silicates relative to larger grains

only at 12um and poor scatterers because otherwise we would yecreases. Small grains may be preferentially generated in the
expect to see the same level of brightness asymmetry @il8  yar portion of the disk, because of a higher collisional rate of

and in the visual scattered light. We would have expected these, anetesimals, and then distributed to larger radii by radiation

presumably small, iceless grains at 20—40 AU to show the pressure. Spatial asymmetries in the 12 anduf8 emission

silicate feature, but our spectra indicate that they do not. cannot easily be explained by compositional or density differ-
An enhancement in the broadband d& flux density on ences in theydisk' th%y remair): mystFe):rious. y

the SW side could be due to composition if it consisted of
material emitting in a spectral feature in that band. However,
at the location of the enhanced SW flux, at raelll’ from the This Letter is based on observations at the W. M. Keck
star, the spectra in Figure 2 show a slowly rising featurelessObservatory, which is operated as a scientific partnership
continuum with no emission lines. Therefore, the asymmetry among the California Institute of Technology, the University

5. CONCLUSIONS

The structure of thegs Pic disk can be probed closer to the
ar, 10-20 AU, with mid-infrared imaging than with scattered-

is unlikely to be due to compositional effects. of California, and the National Aeronautics and Space Ad-
An increase in temperature on the SW side of the disk could ministration, and was made possible by the generous financial
increase the 12m flux substantially more than the L#n flux. support of the W. M. Keck Foundation. We acknowledge sup-

The slowly rising continuum seen in our spectra is consistent port from the UCLA and CIW nodes of the NASA Astrobiology
with the idea that large grains in the disk are heated primarily Institute, a NASA Origins grant to UCLA, and the NASA
by the central star, so they get colder, and emit more at longerSOFIA project.
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