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ABSTRACT

We present five band imaging of the Vega debris disc obtaisetyuiheHerschel Space Observatoryhese data span a wavelength range of
70-50Qum with full-width half-maximum angular resolutions of 53%.9’. The disc is well resolved in all bands, with the ring struetuisible

at 70 and 16@m. Radial profiles of the disc surface brightness are pratjumed a disc radius of 21(~ 85 AU) is determined. The disc is seen
to have a smooth structure thoughout the entire wavelergtfer;, suggesting that the disc is in a steady state, rathaerting an ephemeral
structure caused by the recent collision of two large pkesigtals.
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sized grains (a fewm—mm), having been perturbed by radiation
pressure, have a more uniform distribution in the disc.

1. Introduction

Debris discs, of which the Vega (Lyrae) disc is the archetype,
are characterised as discs of dusty material generatecttmpth

The ages of the stars which exhibit these disc8%0 Myr in the
case of Vegd; Song etlal. 2000) precludes the possibilityhier

dust to be primordial, as the time scale to remove such dus

<10 Myr (Backman & Paresite 1993; WW/att 2008).

/Aumann et al.[(1984) as an infrared excess using the Infrar,

S

The debris disc around Vega was first detected k? in the large disc extent observed. Conver

Recent analysis and modelling &pitzer (Werner et al.

lision of planetesimals in belts surrounding main sequeiemes. @) mid-infrared data have reached contradictory cnahs.

find the disc to be ephemeral; in this scenario the di$eis t

result of a recent massive collision of planetesimals, begtib-
tzequent collisional cascade. This results in a high masenyf v

Rall grains (less than a fewm) which are blown out of the

stem by radiation pressure immediately upon creatiulte
e
) succeed in reproducing the surface brightnessl qaidia

Astronomical SatellitelRAS INeugebauer et 21 1984), and ha le using intermediate size grains in elliptical orbits and the

been extensively studied in the infrared and submillimetrer
the subsequent 25 years ( 998; Wilndr
[2002; Su et dl. 200%; Marsh et al. 2006). The appearance of

et?

arent planetesimal ring, and therefore conclude thatdbis
stent with a steady-state model. In the steady-state hohake
ftis destroyed, either by being drawn in to the star due to

disc has been found to vary significantly across this wayglten Poynting-Robertson drag or blown out of the disc by radfatio

regime, changin
infrared 5, hereafter S05), to a structurearstib-
millimetre, wherein the majority of the emission lies in tais-

crete clumps_(Holland et al. 1998).

from a smooth axisymmeiric structure & ﬂﬂ)ressure, is continuously replenished by a steady cailédicas-
cade within the planetesimal belt.

If the small blown-out grains are the origin of the emission
abserved in the mid-infrared then W06 predicts that speal f

In order to understand the reason for the variation in Struﬁires, emanating from the submillimetre clumps, shouldibie v

ture with wavelength it is important to first understand thie o
gin of the clumps seen in the submillimetre. The recent ol

sion of two massive planetesimals is one option, howeveergi
the age of Vega, the statistical likelihood of this occugrimith

le with high-resolution imaging; a smooth structure wostg-
ort the steady-state model.

In this paper we present five-band far-infrared imaging of
the Vega debris disc obtained with th@rschel(mga.

two bodies of sflicient mass to explain the submillimetre obm) Photodetector Array Camera and Spectrometer (PACS:

servations is lowl(Wyatt & Derit 2002). A more favourable alPleiI,SQh et all 2(210% and Spectral and Photometric Imaging

ternative, first proposed by Wilner et al. (2002) and moditig
Wyatt (2006, hereafter W06) ahd Reche étlal. (2008), is treat
clumps are dust grains trapped in resonance with a planetae
the disc. In this scenario the large dust grains (larger ¢hiaw
mm) are trapped in these resonances, while smaller inteateed

* Herschel is an ESA space observatory with science instrtspeo-
vided by European-led Principal Investigator consortia &ith impor-
tant participation from NASA.

Receiver (SPIR ). We discuss the initial anal-

%sis and disc parameterisation, and relate these resuttseto

phemeral and steady-state disc models. In Section 2 werjires
theHerscheldata, outline the processing performed, and analyse
the disc structure and properties. These data are then cechpa
with results from the recer8pitzerobservations (S05) and disc
modelling of W06 and Milller et al. (2010), with our concloiss
summarised in Section 3.
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Fig. 1. Data for the Vega debris disc from zfn to 500um from left to right respectively (top row - star-subtractethges; bottom
row - modelled images). All images are scaled linearly, aoith images within a given band are equally scaled. The winitéec
represents beam FWHM in each band, and the contour lines ateps of 5% of the peak flux. The black dashed circle reptesen
the location of the disc at a radius of"11

2. Observations and data processing model for the stellar contribution in each band. The Vestagen
] ] ) ] .. was rotated to match the position angle of the telescopeinsed

We obtained images of Vega and its associated debris disqiff ghservation of Vega before subtraction of the model Stee
70 and 16Gim with PACS, and 250, 350, and 500 with  photospheric flux in each band was estimated using data given
SPIRE. The data cover an angular scale-@6 and 64 sq. ar- @ng), and colour corrections of 1.02, 10096,
cmin. for PACS and SPIRE respectively, with beam full-widty 99 and 1.04 were applied for the 70 to %00 bands respec-
half-maxima (FWHM) of~5.6, 11.3, 18.1, 25.2, 36.’§_)‘or tr_\e tively (Poglitsch et dil 2010; g 010
short to long wavelength bands. The data were obtained M scgne resulting flux density estimates were 793, 162, 63, 32 and
map mode for both instruments using the nominal observiag pgg mJy for the 70 to 500m bands respectively. The stellar mod-
rameters in both cases, and scanning rates of 10 ad80 g|s were then subtracted from the reduced data.
second for PACS and SPIRE respectively. The total on-sky ob- The heam model used in star subtraction for both the PACS
serving time was 5506 s and 6120s and comprised 70 andglj SpIRE data was obtained using the same observing mode
map repetitions for PACS and SPIRE respectively. parameters as the original data. The PACS beam exhibitsra cha

The PACS data were high-pass filtered to remove lowcteristic tri-lobe structure, while the SPIRE beam corsalear
frequency noise using a cuffecale of 3.7. The data were then side-lobe structure and a small ellipticity. Uncertaistie these
binned to a map using the defaphotProjectmethod in the beam models result in star subtraction artifacts in theraerg-
Herschelinteractive processing environment (HIRE;| Ott 2010)ion of the image. This is especially pronounced in the:mo
The pixelisation of these maps was set to 1 afip@r pixel, image where the stellar contribution is highest. Consetiyitire
equivalent to~1/5 of a beam. The maps haverlnoise levels of star-subtracted maps can only be used to assess the digostru
0.045 and 0.083 mJy arcsécwhich includes 10 and 20% flux at radii larger than 5 arcsee40 AU).
calibration uncertainties, in the 70 and 160 bands. The back-
ground was removed from the maps by subtracting the median .
in the local vicinity of the source. 2.1. Image analysis

The SPIRE data were also reduced using HIPE and mapse five star-subtracted maps are presented in the top row of
were obtained via the defaultaiveMappertask. The 16 re- Fig'm' and range from 70-5@én from left to right. The disc
peat observations allowed the data to be binned to 4, 6, g8dresolved in all bands, and shows a smooth and axisym-
9” sized pixels without losing complete sampling across thgetric structure; centroids of the stellar and disc comptse
source. The I noise level obtained was 0.0148k 10%, and show less than 1 pixel flierence in the position of the star
2.8 x 10*mJy arcse® in the 250, 350, and 5Q@m bands re- with respect to the disc in the 70 and %60 bands, where
spectively; the calibration error is15% (Swinyard et al. 2010). the star and disc locations can be readily identified. The 30%
The SPIRE beams exhibit a 1.07, 1.12, and 1.09 ellipticiy, @ontour of the five star-subtracted discs were fit by an allips
described in the SPIRE beam model release note. and were found to be extremely circular, with ellipticitios

In order to more easily assess the structure in the disc, th&.01+0.002,1.020.003,1.040.04,1.03-0.06 and 1.130.09
photospheric contribution from the star was subtractechfilte for 70-50Qum. The 50Qum image exhibits a significantly higher
image (top row Fig[dl). This was achieved by scaling a highllipticity than the other bands, however, the relatively Ires-
signal-to-noise ratio observation of Vesta, which can lgarged olution in this band coupled with the 1.09 intrinsic beam el-
as a point-source image, to an appropriate flux level to olaai lipticity make the statistical significance of this measoeat
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too low to draw a robust conclusion. The flux densities, ob-
tained via aperture photometry, for the star plus disc syssze
10.12:1.18, 4.61%0.9, 1.680.26, 0.61%0.10 and 0.240.04 Jy
from 70 to 50Qum respectively, with the calibration error domi-
nating the uncertainty. These measurements agree wellinvith
tegrated measurements made at similar wavelengths byfather
cilities (Marsh et al. 2006; Su etlal. 2006). A single apextof
radius 30 was used for all bands, with the same aperture ran-
domly placed around the source to quantify the noise.

With the star-subtracted from the image the ring structdire o
the disc can be clearly identified at 70 and L6@Q The disc is at
a radius of~11”, which at the distance of Vlega (7.76 pc) corre-
sponds to-85 AU. This equates te4 beam half width half max-
ima from the central star, making this detection robust regjai
artifacts from the star subtraction. This is in agreemettt pie-
vious infrared (S05), and submillimetre estimam
[1998;| Marsh et al. 2006). The inner cavity is not visible ie th
SPIRE data due to the decreased resolution relative to treesh
wavelength bands; the large scale disc size remains cotyipara
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2.2. Radial profiles and surface brightness modelling

1.000
The face-on nature of the Vega disc allows us to obtain data on
the general disc structure and extent by azimuthally awegag
the radial intensity profiles. SO5 performed such an anafgsi

the 24, 70, and 160m data fromSpitzerand find that the disc
profile can be fitted by—2 andr—* power laws for the inner and
outer disc respectively. Radial profiles for Vega, deriveshf

the higher resolutioferscheldata, are presented in Fig. 2 for
the raw and star-subtracted maps. The stellar model ussthfor
subtraction is plotted for reference. Radial step sizeakquhe
map pixel scale were used out to a radius of.90

The disc extends to a radius efl’ in all bands before the
signal-to-noise ratio drops and the data become subjeatto u
certainties in the baseline removal. The disc radius is reeg
ment with that found by S05 in both 70 and 166 bands,
with differences 6.4 and 2.8% respectively. To compare these
data the PACS data were convolved to thgitzerresolution
and the disc radius was measured at a surface brightness of
0.5mJy arcsec The PACS radii measured at tBgitzerresolu-
tion were 34.2*02” and 31.833” for the 70 and 16@m bands
respectively, with the errors based on the flux calibratinoces-
tainties.

The drop-dt in radial profile at high radius appears linear in 0.001
the log-linear plots in Fig. 2. The functional form of thi®gk,
characterised between radii of 204565 log,;(S,) = —0.63r +
1.61 at 7Qum, whereS, is the surface-brightness at radius . ) ) ) )
This is in contrast to the power-law slope identified by S05 f¢19- 2. Radial Surface brightness profiles in the fiderschel
the PACS bands. However, SO5 fit the disc out to larger radd@nds for the original, the star-subtracted, and modeléd, d
and within the region we fit the same functional form could b@S well as the scaled stellar photospheric model. Error dlars
similarly applicable. An accurate comparison with SO5 aiira 1-0 are given for the star plus disc measurements.
larger than~50" if difficult as these data are highlffected by
uncertainties in the background subtraction. To further assess the potential disc structure, we develope

The clearly defined ring identified in Figl 1 is evident agaia simple model based only on the observed surface brightness
in the radial profiles at 70 and 1@énh, and is defined by the properties at 7@m. The model comprises twoftirent surface
peak and turn-over of the disc profile at a radius of .1The brightness distributions, separated at a reference ragiuthe
structure observed, however, makes ffidult to obtain a dis- inner profiler < ro was chosen to be a Gaussian function peak-
crete measurement of the inner and outer edges of the disc.idg atrp, and the outer profilery < r, was defined using the
an alternative characterisation we measured a half-width h functional form found for the 70m outer disc described above.
maximum (HWHM) size of the disc, outward in radius from th&he distinction between the inner and outer discs, as parame
peak disc brightness at 1XFig. 2), and using this peak as theterised in this model byy, is a purely observational definition,
reference maximum. We obtained HWHM sizes for the 70 arxhsed on the transition from one brightness distributiodehtm
160um bands, in which the disc radius is identifiable, of 9 anthe other. A more physically meaningful definition for thepse
11.3’ respectively. aration between the inner and outer disc is the peak of thee dis
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N
o

dominated by intermediate size dust grains in ellipticdditsr
about the parent planetesimal belt. This model was found to
simultaneously give good agreement to the data in all bands,
which is unexpected, as the more distant grains should have a
lower temperature, and suggests that the mean grain size de-
creases with distance from the star. This is in-keeping with
observational data which shows a larger disc at shorter wave
lengths. Full modelling of the radial grain size distrilautiwill

be presented in Sibthorpe (2010, in prep).

Offset (arcsec)
o P P N
o = o =
surface brightness (mJy/arcsec?)

o
o

1. We presented resolved images of the Vega debris disasyste
0 Bt resen. in five bands ranging from 70-5@@n obtained using the
HerschelPACS and SPIRE instruments.

Fig. 3. Difference image for the star-subtracted data and the The peak surface brightness of the dust disc was idenified
modelimage at 70m. In this instance the model image is noise- 70 and 16Qm at a radius of 11 (85 AU).

less. 3. The surface brightness profile was found to be well fit in the

profile found at a radius of I1as described above. The model outer disc by alogy(S,) « —0.63r distribution, with a difer-
was then convolved with the appropriate beam model and com- €nt scale factor at each band. The inner profile (o) was
pared to the measured surface brightness profile. likewise modelled, with a Gaussian profile of FWHM20”

A best-fit model was found with parametegs= 14" and found to provide a good fit. The change in surface bright-
inner Gaussian FWHM: 20”. Models for the bands longward ~ ness distribution, occuring at a radius-df4” (~109 AU),is
of 70um were created using the same intrinsic surface bright- used to observationally define the distinction betweenrthe i
ness profile and convolved with the appropriate beam. Thie pea ner and outer disc. This model was found to simultaneously
value of the resultant models were scaled by 0.33,0.10,4n64  give good agreement to the data in all bands. _
0.01 for the 160 to 500m bands respectively to match the data4- The structure of the disc was found to be smooth, with no
and placed in an empty region of the original map to replicate ClUMPy structure to the sensitivity limit of these data.
the realistic instrumental noise (bottom row Fiy. 1). Theiaa 5- While these data cannot preclude the option that the Vega
profile of the output modelled image was measured and plotted disc is the result of a large planetesimal collision, making
with the real data in Fig. 2. There is good agreement between €Phemeral in nature, these data support the hypothesis that
the modelled and real radial profiles, witholresiduals in the the Vega disc is steady-state in nature.

I H .
ﬁO-%O f.ltte? r.eglohn berl]ow 0'35 any persg. arcsfechacé(.)ss all le%knowIedgementsThe authors would like to acknowledge thg PACS and
ands, implying that t . e "%n _er ying structure of the disoss SPIRE instrument teams. PACS has been developed by a dansoftinstitutes

the wavelength range is similar. led by MPE (Germany) and including UVIE (Austria); KU LeuveZSL, IMEC

As the model data are known to be perfectly smooth, a dirg8elgium); CEA, LAM (France); MPIA (Germany); INAFIFBDAA/OAP/OAT,
comparison can be made with the real data to assess the-sighffiVS: SISSA (ltaly); IAC (Spain). This development has beepported by

: PATRP the funding agencies BMVIT (Austria), ESA-PRODEX (BelgiyrCEA/CNES
cance of any potential small scale structure seen withinlithe (France), DLR (Germany), ABNAF (ltaly). and CICYTMCYT (Spain).

F(_)r example, at 160m very low-level structure can be Seengp|re has been developed by a consortium of institutes ledCandit
with flux enhancements in the northern and southern partseof Univ. (UK) and including Univ. Lethbridge (Canada); NAOC Hi@a); CEA,
ring. However, the counterpart model disc image in Eig. )gho LAM (France); IFSI, Univ. Padua (ltaly); IAC (Spain); Stdukim Observatory

i indicati ; (Sweden); Imperial College London, RAL, UCL-MSSL, UKATCnly. Sussex
similar features, indicating that these are at the levdiefioise, (UK): Caltech, JPL, NHSC. Univ. Colorado (USA). This deyigent has been

and should DOt be att,”bu,ted to tru_e disc Strucwre; supported by national funding agencies: CSA (Canada); NACi@na); CEA,
Subtraction of this simple uniform model, without addedNEs, CNRS (France); ASI (ltaly); MCINN (Spain); SNSB (Swejt STFC
noise, from the original data provides another method tdyeas(UK); and NASA (USA). BA is supported by postdoctoral fellship funding
identify disc structure which is otherwiseficult to detect in the from the Fund for Scientific Research, Flanders.
presence of the larger disc; &féirence map at 7@m, the high-
est resolution band, is shown in Fid. 3. The brightest stmect
in this image lies within the inner disc, where the beam sudtr
tion artifacts are strongest. This can also be seen in Fig.& aAumann, H. H., Beichman, C. A., Gillett, . C., et al. 1984,JAR78, L23

difference between the radial profiles of the model and the st%‘f‘ikgn?“lv_l?ﬁiﬁé &122?51%66 4':- 1993, in Protostars and Plahetsl| E. H. Levy
subtracted image at6”. The dark features seen in the outer disg ;5 v Abergel, A., & Abreu, A. 2010, A&A, This volume

region also correspond in structure and _position to thé_e'i'rip Holland, W. S., Greaves, J. S., Zuckerman, B., et al. 199842392, 788
lobed beam pattern, and therefore are disregarded as jbtemarsh, K. A, Dowell, C. D., Velusamy, T., Grogan, K., & Beiolan, C. A.
disc features. With the exception of the beam subtractiarcst 2006, ApJ, 646, L77

- : ._Miiller, S., Lohne, T., & Krivov, A. V. 2010, ApJ, 708, 1728
tures, there is no sign of any other clumpy structure astmtlaNeugebauen G.. Habing, H. J.. van Duinen, R.. et al. 1984, AF8, L1

with the disc, down to the noise limit of these data. Oftt, S. 2010, in ASP Conference Series, Astronomical Datalysis Software

and Systems XIX, ed. Y. Mizumoto, K.-I. Morita, & M. Ohishi
. . . Pilbratt et al. 2010, A&A, This volume
3. Discussion and conclusions Poglitsch, A., Waelkens, C., & Geis, N. 2010, A&A, This volam
. . Reche, R., Beust, H., Augereau, J., & Absil, O. 2008, A&A, 4851

The structure observed in th¢erscheldata shows no sign of Rieke, G. H., Blaylock, M., Decin, L., et al. 2008, AJ, 135482

clumps. There are also no visible spiral arm features, ptedi Song, I., Caillault, J., Barrado y Navascués, D., S&uJ. R., & Randich, S.

by W06, if the disc emission at mid-to far-infrared waveltrsy _ 2000, ApJ, 533, L41

is dominated by small blown-out dust grains (W06 Fig. 3; tigtg;, 'Ff(E\? Ese;a\i/:g '\éa”H”a,'\'mzsgéﬁ’ EEES(;FAIELZ'SO%CA%?%%?

hand panels$ =1-10). The smooth structure observed is Mos}, k. v. L., Rieke, G. H., Stansberry, J. A., et al. 2006, /G5B, 675
consistent with the steady-state model, wherein the eomssi Swinyard, B., Ade, P., & Baluteau, J.-P. 2010, A&A, This vole
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