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ABSTRACT

We obtainedHerschel PACS and SPIRE images of the thermal emission of the delsiisadbund the A5V staB Pic. The disk is well resolved
in the PACS filters at 70, 100, and 1661. The surface brightness profiles between 70 anduif68how no significant asymmetries along the
disk, and are compatible with 90% of the emission betweenrtD18®0um originating in a region closer than 200 AU to the star. Altgb
only marginally resolving the debris disk, the maps obtdimethe SPIRE 250 — 5Q@m filters provide full-disk photometry, completing the
SED over a few octaves in wavelength that had been previdnatcessible. The small far-infrared spectral ingex=(0.34) indicates that the
grain size distribution in the inner disk200 AU) is inconsistent with a local collisional equilibniu The size distribution is either modified by
non-equilibrium &ects, or exhibits a wavy pattern, caused by an under-abead#nmpactors which have been removed by radiation pressur
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1. Introduction Nilsson et al. 2009) is inferred to be fairly low, which acdimig
- . to modeling |[(Draine 2006; Natta et al. 2007; Ricci et al. 2010

The g Pic disk, discovered by IRAS (Aumann etlal. 1984), was,, pe inte?p}eted as a de)ficit of small grainé )

the first debris disk to be directly imaged in scattered light |, {1is paper, we present far-infrared iméging of piRic

(Sng;th & Tﬁmle 1.98|4)' It Is Zeen close t%_edge-olngggdA Sebris disk in sixHerschel photometric bands between 70 and

tends in the optical out to 95 corresponding to U 500um. These bands cover for the first time the long-wavelength

(Larwood & Kalas 2001). side of the peak in the thermal emission of the disk, and tigela
BPic_(ASV) is one of the closest (19.440.05pc, ;nertyre of the telescope enables us to resolve the disk-iR fa
van Leeuwen_2007) and youngest debris disks. The estimajed,ejengths for the first time. With these data, we measuge th

age (12 Myri. Zuckerman et’al. 2001) significantly exceeds typ,rface brightness profiles of the disk and readdress the @fs

|call timescales for the survival of pristine. cwcumsteltm.st the grain-size distribution in the inner 200 AU.

grains (e.g., Fedele et|al. 2010), hence continuous regerent

of the dust, presumably through collisions of planetesémisl

needed. The closeness of the object ensures that it canels® bopservations and data reduction

spatially resolved at long wavelengtns: Holland etlal. €)9@- . o _

solved the disk at 850m and Liseau et al. (2003) at 120M.  We obtained maps g8 Pic with the PACS and SPIRE instru-
Optical and near-infrared observations of the inner pahents ofHerschel (Pilbratt et al.l 2010). The in-orbit perfor-

(<100AU) of the disk yield evidence of asymmetries such d8ance, scientific capabilities, calibration methods, aswlieacy

warps and density contrasts, which may relate to the pré&$e outlined by Poglitsch et al. (20]_.0) for the PACS instrome

ence of planetesimals (Kalas & JeWitt 1095; Pantin Et al.7199nd byl Grifin et al. (2010) and Swinyard et al. (2010) for the

Mouillet et al. [1997;[ Heap et hl._2000;_Telesco étlal._2005pPIRE instrument. The observations were carried out dihieg

Lagrange et al.[ (2009) imaged a possible companion at a pg§ience demonstration phase as proposed in the ‘Stell&r Dis
jected distance of 8 AU from the star. Evolution’ guaranteed time proposal (Pl G. Olofsson). €&kl
Images of3 Pic in scattered stellar light directly detect smalgives a summary of the observations. The deep PACS observa-
grains and indirectly larger grains that produce the smaltes tion at 7um and 16@m is a standard PACS photometer scan
through collisions. The grain-size distribution can bergita- ™Map, splitinto a scan and cross-scan on the sky. The sky scan
tively constrained from the spectral energy distributiBED) of SPeed was I0sec”. The homogeneously covered area of the
the disk, in the infrared and (sub)mm domains. The spectral deep map is & x 2.5". The observation at 1Qfn is much shal-
dex of the SED at the longest wavelengths (Liseaulét al.| 20d@wer, with a single scan direction at a rate of’2@c*, homo-
geneously covering an area dfx22’. The PACS beams at 70,
* Herschel is an ESA space observatory with science instrumendd0, and 16@m are 5.6, 6.8, and 11’FWHM. In the SPIRE
provided by European-led Principal Investigator consaatid with im-  observation, the three bands are observed simultaneausly i
portant participation from NASA. standard scan map. The map coverage’is 8. The SPIRE
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Table 2. Overview of measured quantities: position angle PA % LOOORL T T T T T T
northeast (NE) and southwest (SW) extent (signal reacliegt .2 E S — coRsroum |
10 noise), map noise level, beam FWHM, and the flux densit r — - PSFl6oum |
: g F —— disk 70um 1
integrated over a 80aperture. g 1\ disk 100um
© 0.100 E Y = disk 160um -
) F \ ]
A PA° NE SW ITrnoise beam F, » r W\ ]
(um) () () ) my"? () (Jy) 3 i ]
70um 239 68 67 0.079 5.6 16€60.8 £ \
100um 303 55 56 0.086 86  9.80.5 5 0010 \ E
160um 281 63 60 0.044 11.3 540.5 a F My 3
250um 62 72 0.015 181 18041 < C Nt =
350um 42 83 0.007 25.2  0.720.05 3 - N . 1
500um 33 80  0.004 369 0.380.03 € 0.001 |- N < A\ :
5 :\ L1 ‘ L1 11 ‘ | T ‘ 11 S ‘ | - ‘ L1 Il ‘ L1 \\\A
@ 0 10 20 30 40 50 60 70

] ) Offset from star ["]
FWHM beam sizes in the 250, 350, and 200 channels are

18.1, 25.2, and 36'9respectively. Fig.4. Normalised surface brightness profiles along the disk in
The data processing is described in Appendix. The absoldNE direction in the three PACS filters. The profiles were con-

flux calibration accuracy of the resulting PACS maps is bett¥0lved with a Gaussian to match the spatial resolution of the

than 10% at 70 and 1Q8n, and 20% at 160m (Poglitsch et &ll. 160um image. The same convolved profiles are shown for the

2010). The flux calibration accuracy of the SPIRE maps is bdtSF maps.

ter than 15%. (Swinyard et al. 2010). The thoise levels of the

listed in Table 2. . . _
maps are listed in Tablg The comparison of the surface brightness profiles in thethre

PACS filters in Fig[## shows the same brightness profile along
the 30.8 position angle in NE direction. The 70 and 100
profiles were convolved with a Gaussian to match the spatial
In Fig. [, we show the maps obtained in the three PACS fllesolution at 16@m. The same convolution was applied to the
ters (70, 100, and 160m) and the three SPIRE filters (250,70 and 10@m PSF profiles. The shape of these convolved PSF
350, and 50@m). We also compare the point spread functior@ofiles defers significantly from that of the 16 PSF profile.
(PSFs) measured on the asteroid Vesta using the sametsatefiie wiggles in the 160m profile difer up to a factor of 3 from
scan speed, processed asaliéc maps and rotated to align withthe convolved 70 and 1Q6n PSF profiles. Within these uncer-
the telescope pupil orientation on the sky duringgtiic obser- tainties, there is no evidence of a wavelength dependefetcgur
vations as listed in online TadleA.1. brightness. This indicates that the grains producing thisstam
These images show a clearly resolved disk from 704060 at 70,100, and 16m are confined to fthe same locus in the disk.
Each map was fitted using a 2D Gaussian function. Within tf& 70xm, the broadening of the profile with respect to the PSF
27 Herschel pointing accuracy, the Gaussian center match&icates that 90% of the emission originates in a regiohiwit
the star's optical position. The fitted position anglestelisin 117 or 200 AU of the star.
Table[2, agree with the optical disk position angle of&6e-
orted by Kalas & Jewitt (1995). Cross-sections orthogdoal . S
Itohe disk gosition anglein the NV& to SE direction show ng éigni4' The far-infrared SED and grain size
icant broadening compared to the PSF. The disk is not resolvg/e integrated the surface brightness maps over’a&gius cir-
in the vertical direction. The feature towards the NW, Msib cular aperture. Background subtraction was based on anrecta
in the 70-16@m images, is produced by the three-lobed PAC§ular region, selected close enough to the object to berwite
PSF. map region with the same coverage as the center of the map.
In Fig.[3, we present the surface brightness profiles aloag thor the background outlier rejection, the DAOphot algaritim
disk position angle. We compare them with the cross-segtioine HIPE aperture photometry task was used. The aperture pho
aligned in the same direction through the PSFs. At 250 arsimetry obtained provides a good measure of the flux denkity o
350um, the disk is marginally resolved. At 5@@n, thes Pic the integrated disk. The contribution of the stellar phplese
profile shows no significant departure from the PSF profilat these wavelengths is negligible. The error is dominayetid
with the exception of a cold blob in the southwest. As can gesent uncertainties in the absolute flux calibration dhlio-
seen in Fig[L, the location of this feature in the 250 — &0 struments. The full disk flux densities are listed in Table 2.
maps_coincides with the flux peaks seen at 850 andu®70  Figure[% shows the new PACS and SPIRE photometry, and
by Holland et al.|(1998) and Nilsson et al. (2009), respetyiv selected infrared and (sub-)mm flux densities from thediter
However, the 100 arcmfrregion aroungB Pic (depicted in on- ture. Because the disk is optically thin at these wavelength
line Fig[A.Z) shows more than 50 background sources comphe wavelength dependence of the emission directly prdiees t
rable to this feature in the 2%@n map. The feature is thereforedust grains, and, in particular, their size distributiore Wer-
probably a background source. plot two modified Rayleigh-Jeans laws,(cc v?*A)), normalized
Other asymmetries between the northeast and southwest poothe 16Qum datum. The spectral indgkindicates the mean
file are within the errors induced by the asymmetry of the PStfust opacityc « »*. An indexg = 0 corresponds to a black
No sharp disk edge is seen; in all filters, the surface brigggn body with ax independent of wavelength, indicating grains
declines gradually to thevidetection limit of the maps. Tallé 2that are much larger thaty2x. Interstellar grains, which have a
lists the extent of the detected emission region in the NE-S¥ize distribution f(a) a9 with g = 3.5 and an upper size limit
direction. of amax ~ 0.3um, are characterized i = 1.8 + 0.2 (Draine

3. Analysis
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Fig. 1. Surface brightness maps of tA®ic debris disk at 70, 100, 160, 250, 350, and &00 The PACS PSFs, rotated to match
the position angle of the telescope at the time ofglRic observations are depicted in the upper right cornerefrttages. The
SPIRE PSFs are depicted in Hig. A.6. All images are scalegiig, contour lines are in steps of 10% of the peak flux. Tifasa
brightness unit is Jy arcsec The white circle shows the beam FWHM. The position of the fleaks observed at 850, 870, and
1200um bylHolland et al.|(1998), Nilsson etlzl. (2009), and Lisegal g2003) are indicated with H, N, and L.

2006). In protoplanetary diskg-values from 1.5 down to O The small value of3 can be interpreted in a number of
are found, depending on the disk geometry (Acke gt al. [200&#)ays. The grain size distribution can exhibit a wavy pattern
An error-weighted least squares fit of a Rayleigh-Jeans laaused by the absence of impactors small enough tofibe e
to the B Pic photometry at wavelengths beyond 180 yields ciently blown out of the disk by radiation pressure. Thissesi

B = 0.34 = 0.07.INilsson et 2l (2009) obtaingd= 0.67 from an over-abundance of the grains that are just bound, whieimgne
ap-corrected black-body fit to the full disk SED, including mid there are more impactors for the next larger size populafiba
infrared photometry. The fierence between both results shouldeduction of this population causes an over-abundance af a f
not be over-interpreted since both approaches are sensitiv lowing size population and so an (Krivov etlal. 2006). The ywav
different ways to simplifying assumptions about the tempegatwgize distribution can lead to small valuesgpfvhen measured
and size distribution within the disk. In any case, both issuin the FIR (Thébault & Augereau 2007). If the wavy structure
consistently show a value below 0.7. Ricci et al. (2010) demowere as strong as found in this paper for normal and weak ma-
strate that such a low value cannot be explained wigh-a 3.5 terial properties, it would be consistent with the snfailalue
power law. This is a surprise insofar as the latter valueasthr we have measured. However, the strength and phase of the wavy
pected result for a population of bodies in a standard stsgatg pattern in the size distribution depend on both the graircttire
collisional cascade (Dohnanyi 1969). and the eccentricity of the dust orbits in the disk.

The grain size distribution i Pic must be flatter than the  aAyernative explanations of the small valuggéannot be ex-
q = 3.5 power law, meaning that the fraction of small parg|,ged. There are indications that the grains producedsidéep
ticles must be lower. Radiation pressure can push the sshallg, 5t experiment followed a flatter power law with~ 3.1
grains (wWithFraq/Fgray > 0.5) onto hyperbolic orbits, hence re-(jo,qa et 8l 2007). Laboratory experiments illustrate fres-
duce the time these particles spend in the inner part of 8i€ diments produced in collisions of porous aggregates canwollo
which can decrease their volume density by two orders of magy,ch flatter slopesg( = 1.2, [Guttler et all 2009), demonstrat-

nitude (Krivov et all 2000). The disk cannot be fully clearsfd 4 that the porosity of the colliding grains should not bere
small particles, since it has been seen in scattered lightoou garded.

1800 AU. The scattering grains are probably the (gub-yrains

that are blown out of the inner disk, where the collisionsetak

place. However, thisfEect only reduces the densities for grains  Additional dynamical models should be developed to quan-
of size below a few micrometers, and even fully removing ¢hesify the possible contribution of thesdfects to the smajg ob-
grains would not changeto the observed value. served ins Pic.
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Fig. 3. Surface brightness profiles along the disk in NE-SW directiollowing the 30.8 position angle. The black horizontal line
shows the & detection limit in the3 Pic maps. Th@ Pic profiles are shown with theslerrors.

inating in a region within a radius of 200 AU from the star. The

‘ \ Z f;i{;“‘el‘ 4 disk-integrated photometry in the dierschel filters provides a
10.00 4§ scuea | far infrared SED with small spectral indgx ~ 0.34, which is
YU E A N\ % SIMBA E i . . . " . s . .
E N — " Photosphere ] INdicative of a grain size distribution that is inconsidterth a
= r N | Beta=0 1 |ocal collisional equilibrium. The size distribution is miified by
AN — — Beta=0.34 . . o
= L \k _ _ mea— 1 either non-equilibrium#ects, or exhibits a wavy pattern, caused
2 1.00 D N N _| by the under-abundance of impactors that are small enouggh to
a F \\-F\\ i removed by radiation pressure.
9) L \ 4_ ]
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Table A.1. Observation log

observation date Pos Angle  duration filters
SPIRE 1342187327 2009-11-30 15496 3336s 250,350,500
PACS 1342185457 2009-10-07 106’54 866s 100,160

PACS 1342186613 2009-11-01 13098 5506 s 70, 160
PACS 1342186612 2009-11-01 130098 5506 s 70, 160

Appendix A: Data reduction

The PACS data were processed in Hhaschel interactive anal-
ysis environment HIPE (v3.0), applying the standard pipeli
steps. The flux conversion was done using version 5 of the
response calibration. Signal glitches due to cosmic ray im-
pacts were masked out in two steps. First the PACS photMMT-
Deglitching task in HIPE was applied on the detector time-
line. Then a first coarse map was projected, which is then
used as a reference for the second level deglitching HIPE tas
lindLevelDeglitch. In the detector time series we maskesl th
region around the source prior to applying a high-pass fitter
remove the low frequency drifts. The scale of the high pates fil
was taken to be half the length of an individual scan leg on the
sky, i.e. 3.7. The detector time series signals were then summed
up into a map using the PACS photProject task. The pixel scale
for the 70 and 10pm maps was set td’1 while the scale for the
160um map was 2. For the deep map in the 70 and 164 fil-

ter we combined the two detector time series and projectbth
together.

The SPIRE data were also reduced using HIPE and maps
were obtained via the default naiveMapper task. The SPIRE ob
servation consists of several repetitions of a map observat
the same area. As a result it was possible to project the dtta w
a pixel size of 4, 6, and"9while still maintaining complete sam-
pling across the source.



B. Vandenbussche et al.: Teéic debris disk imaged bilerschel, Online Material p 2

SPIRE PSF 500um

Fig.A.6. The 250, 350 and 5Q6m SPIRE PSFs, rotated to match the position angle at the firthee @ Pic observations. The PSF
images are scaled linearly, contour lines are in steps of f0#te peak flux. The white circle shows the beam FWHM.

:a 5.O0E-4 o.omao 00015

Fig.A.2. The 25Qum SPIRE map around the Pic disk. The 10x1®egion delimited by the white square shows more than 50
background sources comparable to the cold blob seen in thbwgest of the disk.
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