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ABSTRACT

Debris disks have been found primarily around intermediaig solar mass stars (spectral types A-K) but rarely aroowdtass
M-type stars. We have spatially resolved a debris disk atebea remarkable M3-type star GJ 581 hosting multiple pkasing deep
PACS images at 70, 100 and 1661 as part of the DEBRIS Program on tHerschel Space Observatoffhis is the second spatially
resolved debris disk found around an M-type star, after theesurrounding the young star AU Mic (12 Myr). However, GJ &31
much older (2-8 Gyr), and is X-ray quiet in the ROSAT data. Wariaxisymmetric model of the disk to the three PACS images an
found that the best fit model is for a disk extending radialbyni 25+ 12 AU to more than 60 AU. Such a cold disk is reminiscent
of the Kuiper Belt but it surrounds a low mass staB(®,) and its fractional dust luminosityy,s/L. of ~ 1074 is much higher. The
inclination limits of the disk found in our analysis make tinasses of the planets small enough to ensure the long-tahititgtof

the system according to some dynamical simulations. THeiglisollisionally dominated down to submicron-sized gesaand the
dust cannot be expelled from the system by radiation or whedgures because of the low luminosity and low X-ray lunitgasf

GJ 581. We suggest that the correlation between low-masetsland debris disks recently found for G-type stars alptiepto
M-type stars. Finally, the known planets, of low masses abiing within 0.3 AU from the star, cannot dynamically pett the disk
over the age of the star, suggesting that an additional péaigts at larger distance that is stirring the disk to reisle the dust.

Key words. debris disks : circumstellar matter - planetary systemsmétion - stars: planetary systems

1. Introduction by the evolution of the planetary system in which they forng (e
o . . . Petit et al. 2001; Morbidelli et al. 2005; Lykawka ef al. 2p09
A debris disk around a main sequence star is a collection@lism, 4 contain objects whose accretion was stymied by the for-
bodies left overfro_m the planet formation process. In ouBsSo 1\ ation and migration of giant planets in the system, or sim-
system, the Asteroid belt and Edgeworth-Kuiper Beltarewiee 00 rred too slowly for them to grow larger. Since debris
best known reservoirs of objects that remain from the Plarﬁgks contain a vast number of objects on very similar orbits
formauor_] process and range in Size from hundre_ds of k'lomﬁfey experience a continual collisional grinding whichgwoes
ters in diameter to meter-scale bodies (e.g. Jewittlet @020 504 continually replenishes a population of dust. This diist
Sheppard & Trujillc 2006). Such reservoirs are highly stdp |55 s to directly detect debris disks around other state/in
ways. The dust is heated by radiation from the central stat, a
therefore emits thermal radiation with a temperature dtara
* Herschelin an ESA space observatory with science instrumen}StiC of its distance from its host star (elg. Aumann et aB49

provided by European-led Principal Investigator conacatid with im- >r€aves et al. 2005). In addition, the smallest grains of cs
portant participation by NASA. efficiently scatter the light of the host star (e.g. Smith & Terri
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1984;| Kalas et al. 2005). The physical and observationgdprgrocesses for a large fraction of the star lifetime (Planatzal.
erties of debris disks were defined by Lagrange et al. (200QD05).
and their studies were recently reviewed by Wyatt (2008) and This paper describes observations carried out as part of
Krivov (2010) and will eventually place our Solar systemame the Key Program DEBRIS (Disc Emission via a Bias-free
text (Greaves & Wyatt 2010). Reconnaissance in the Infray8db-mm) on théderschel Space
Almost all debris disks detected by the satelllBAS, ISO Observatory(Pilbratt et all 2010). DEBRIS is an unbiased flux-
and Spitzer (Bryden et al.| 2006;_Su etal. 2006; Trilling ef allimited survey to search for dust emission &t= 100 and
2008), HST l(Golimowski et al. 2011), and ground-based telé6Qum toward the nearest89 stars of each spectral type
scopes(Wyzlt 2008) surround A-type and F,G,K-type stars d& F,G,K,M as evidence of debris disks (see_Matthews let al.
spite several deep surveys of large samples of M stars ceetiu¢2010) and_Phillips et al. (2010) for the sample descrigtion
from mid-IR to submillimeter wavelengths (Plavchan et aFor selected targets, complementafgrschelobservations at
2005; | Lestrade et al. 2006;_Gautier etlal. 2007; LestradE et70, 250, 350, 50um were also conducted. The first results
2009;|Avenhaus et al. 2012). Currently, among the nearby Mf this program have already shown that these observations
stars, the only spatially resolved debris disk is aroundvidty can detect disks down to much fainter levels than previously
young M1 star AU Mic |(Kalas et al._2004; Liu etlal. 2004achieved, and moreover can spatially resolve debris disks a
Krist et al.| 2005] Wilner et al. 2012) which has been modelddr-IR wavelengthd (Matthews et al. 2010; Churcher &t al120
by lAugereau & Beust (2006) and Strubbe & Chiang (2006). lennedy et al. 2012a; Wyatt et/al. 2012; Kennedy &t al. 2012b;
addition, there are a few candidate disks with excesseseab®eooth et all 2012; Broekhoven-Fiene el al. 2012).
photospheric level (e.g. Smith et al. 2006; Lestrade letG062 As part of this survey, we have spatially resolved a disk
Plavchan et al. 2009). F|r_1ally, inthe cIuster_NGCZSMQ Myr  around the M3 spectral type star GJ 5814at70, 100, and
old and~ 433 pc), dee@pitzer MIPSbservations have revealech 60 ym. Hence, this is the second resolved debris disk around
11 M-stars with 24um excesses above photospheric level angh M-star, but, in contrast to the star AU Mic which is young
no excess at 70m; these observations have been interpreted @ Myr, [Zuckerman & Son@ 2004), GJ 581 is old (2-8 Gyr,
warm dust in debris disks (Forbrich etlal. 2008). see§ @). Also, GJ 581 is surrounded by at least four low mass
The fact that debris disks are more seldomly observed amgfliénets with minimum masses of 1.9, 15.6, 5.4, and 7¢ M
M-stars than around higher-mass stars seems surprisingtat forbital radii of 0.03, 0.04, 0.07, and 0.22 AU, and eccetric
since all spectral types have similar detection rates ofoproties between 0.0 and 0.32, detected by radial velocity measu
planetary disks in the earlier stage of their evolution,cade ments [(Bonfils et al. 2005; Udry etlal. 2007; Mayor €t al. 2009;
ing to observations of low density clusters like Taurusigar [Forveille et al[ 2011). All these planets are within the kidak
andp Oph (e.g.. Andrews & Williams 2005). However, in highregion of this M3 spectral type stax(.25 AU) and hence are
density clusters like Orion, external photoevaporatiomibgnse expected to be synchronously rotating and potentially tgme
FUV radiation field can severely limit the production of planing atmospheric instabilitie5s (Wordsworth eflal. 2011:ekét al.
etesimals around low mass M-stars on a timescale shorter tp@11). Planets GJ 581c and d are near and in the conventionall
~10 Myr (Adams et al. 2004). Another hazard for M-stars dugefined Habitable Zoné (Selsis et al. 2007), respectivefye T
ing the first~100 Myr is close stellar flybys, when co-eval stargresence of one or two additional planets in the system is de-
are still in the expanding cluster of their birth and strong-  bated [(Vogt et &. 2010; Forveille et/al. 2011; Vogt €t al. 201
teracting with each other. During these early close stéjtays, In this paper, we describe thiderschel observations of
planetesimals are stripped from disks, and this is moreeééve 3 581 as well as archival MIPS and IRS data fi§pitzer and
disks around low mass stars in high stellar density cluse?s NjCMOS data fronHSTin §[2. The stellar parameters of GJ 581
Orion according to simulations (Lestrade et al. 2011). used are in§ 3. Reconnaissance of a cold debris disk around
Recently, Wyatt et al. (2012) have found evidence of thg 3581 in the three PACS images at 70, 100, and60and
prevalence of debris disks in low-mass planetary systefss (ain the presence of background sources contaminating tre fiel
Moro-Martin et al. in prep) and suggest that this correfati js gescribed ir§ . Modeling of these images to determine the
could arise because such planetary systems are dynansitally spatial distribution of the emitting dust is describedii. The
ble over Gyr timescales. Recent observations show that |(2%§7ectra| energy distribution SED including the IRS speutnf
mass planets are more abundant among M-stars than around3hesg1 and modeling of a hypothetical second component of
other stars|(Bonfils et al. 2011; Howard etlal. 2012). Herice,\yarm dust are described 6. An upper limit on the bright-
the correlation between debris disks and low-mass plawets fess of scattered light using the NICMOS image is discussed i
G-stars applies to M-stars, then debris disks should bévela s [7, pPhysical conditions in the disk and its relationship wita

common around them, in contrast to a paucity of detections. pjanetary system around GJ 581 are discuss&@in
However, debris disks around M-stars are harder to detect

than around more massive stars at the same distance simply be
cause they are less luminous, meaning that the dust Witlpnie—ex2 Observations
riences significantly less heating. Therefore, to deteztsime <

disk around a later type star requires deeper observabstar » ; Herschel

debris disks may also be less detectable because addijiGial

removal processes are operating. For example, a physicat pesJ 581 was initially observed with PACS (Photodetector and
larity of M-stars is that they are structurallyfiirent from solar- Array Camera & Spectrometer, Poglitsch et al. (2010)) on 11
type stars. Their interiors have deep convective zondglly August 2010 using the standard DEBRIS observing strategly, a
convective for M3 spectral type and laterthat produce strong a resolved disk was tentatively detected at 100 anduhéOWe
coronal magnetic fields responsible for their opficalio flares then acquired deeper PACS images at 100 and:&66n 29 July
and X-ray emission_(Hawley etlal. 2000). This activity genef011, a PACS image at zfh (and 16@m) on 1 August 2011,
ates also stellar winds of energetic particles (Wargelinrt@ke as well as SPIRE images at 250, 350 and p@0on 30 January
2001) which might dominate the circumstellar grain remov&011. These observations are summarised in Table 1.
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Table 1. Herschel observations of GJ 581. tainty includes both statistical and calibration uncertias and
the corresponding excess rafigg is 2.7 with our estimate of
Obsld Date Instrument Integrationthe photospheric flux density of 5.6 mJy at 71,42 (see$§ [6).

Photospheric flux densities predicted for late type staraufi

1342202568 11 August 2010  PACS ]UED 890s \1) by the Kurucz or Next Gen models have been shown to be

1342213474 30 January 2011 SPIRE/250/500 185s overestimated in the mid-IR by as much as 5-10% (Gautier et al
1342224948 29 July 2011  PACS 7060 7190s o e et Al 5009). H thi be treated
1342225104 1 August2011 PACS/I60 3936s rlrawier etal. )- Hence, this excess can be treatad a

lower limit.

The IRS observations of GJ 581 (AOR22290432) were taken
on 31 August 2007, and the details of the data reduction are in
2.1.1. PACS Beichman et d1[(2006) and Dodson-Robinson ef al. (2011).

The PACS observations used the mini-scan map mode with eight

legs of a 3length, with a 4 separation between legs in a singl® 2 2 HST/NICMOS

scan direction at a rate of 20 arcse¢, sand two scan directions

(70° and 110). These data were reduced using the Herschel 581 was directly imaged with HAVICMOS on 6 May

Interactive Processing Environment HIFE {Ott 2010) versio 1998 (GO-7894; Pl Todd Henry). The NICMOS data and the

and implement version FM6 of the flux calibration. The dat@verall observing program are described_in Krist etial. €99

were pre-f”tered to remove |Ow-frequency/(:)_ noise using a and_Golimowski et al. (20()4) We reanalyzed the F110W data

box-car filter with a width of 66 arcsec at 70 and 1@@ and for GJ 581 consisting of 128 seconds of cumulative inte-

102 arcsec at 160m. This data filtering results in the sourcegration on the NIC2 camera (0.07Bixel, 256<256 pixels).

flux density being underestimated by 20 + 5% as discussed Target stars were not placed behind the occulting spot,- near

in detail byl Kennedy et al._(2012a). Maps were made from the&entemporaneous observations of PSF reference stars were n

filtered timelines using the photProject task in HIPE. made, and multiple telescope roll angles were not employed.
The pixel scales in the images presented ifFFig 1 were setlfaerefore the observations were not optimized for hightrest

1 arcsec at 70 and 1(pmn’ and 2 arcsec at 160"']’ i_e_' smaller Imaging of low surface b”ghtness C|rCUmS.te"ar nebuy)SIt.

than the natural pixel scales. This enhanced sampling sitfes Nevertheless, we subtract the GJ 581 point-spread-functio

because of the high level of redundancy provided by the scdfSF) using observations of LHS 1876 (GJ 250B) made on 24

map mode used but it comes at the cost of correlated noise Merch 1998 as part of the same scientific program, and in so

tween neighbouring pixels. We have also made images with #@ing, set constraints on the scattered light disk brigserees

natural pixel scales of 3.2 arcsec at 70 and 400 and 6.4 arc- d_lscussed irg8. PSF subtrgictlon techniques, |n<_:lud|ng a discus-

sec at 16(im to evaluate the impact on the parameter estimatigiPn of scattered light artifacts and other spurious festuare

in our modeling. The noise rms for the images with the natgdescribed in greater detailed by Krist et al. (1998).

ral pixel are 0.47mJ%.6”beam at 7Qum, 0.48mJy6.7’beam at

100m, and 0.77mJiL.1.4"beam at 16gm. 3. Stellar parameters of GJ 581

212 SPIRE GJ 581 (HIP 74995) lies relatively nearby.388+ 0.071 pc ;
Phillips et al. [(2010)) and is classified as a star of spetypd
Follow-up observations were taken on 30 January 2011 with3.0 (Reid et all 1995). Recent CHARA interferometric mea-
SPIRE (Spectral & Photometric Imaging REceiver fiamiet al. surements of its physical radius209+ 0.010R,) imply an ef-
(2010)) using the small-map mode, resulting in simultaseotective surface temperature of;; = 3498+ 56K, a bolometric
250, 350 and 50@:m images. The data were reduced usinlyminosity of 001205+ 0.00024_, and a stellar mass of28M,
HIPE (version 7.0 build 1931), adopting the natural pixellsc (von Braun et al. 2011).
ggii,elﬁ)r;ét?ercgic r?:ﬂfgg;'t?:gm?ng.gﬂgqugsgg\;%% ;’rr:g A variety of different techniques have been discussed in the

8.3 mJy36.3"beam at 250, 350 and 5Qn, respectively, and llérature as a means to determine the age of GJ 581, includ-
the image at 250m is shown in§ &4 ing klr)emat_lc_s, magnetic activity (X-ray observatlopd;br,mno-
spheric activity, stellar color, metallicity and rotatiobeggeit

(1992) finds that the galactic velocities of GJ 581 are ingerm

2.2. Ancillary data diate between those typical of the young and old galactik dis
) M-stars. Bonfils et al. (2005) conclude that the low limit ¢ i
2.2.1. Spitzer X-ray emission, the low siniand the weak Call H and K emis-

MIPS 70 um observations of GJ 581 (AOR 22317568) wergion, taken altogether, suggest that GJ 581 is at least 21Gyr o

taken on 21 August 2007 (no 24n MIPS were taken) and 'Selsis et al.(2007) establishedlagf Ly versus age relation for
a small measured excess, with the S|gn|f|caﬁﬁﬁ: (FObS — M- K- G- Spectral '[ype stars to estimate that the age of GJ 581

F:)/o = 3.6 in [Kospaletal. [(2009) ang, = 2.2 in could be around 7 Gyr. Recently. Engle & Guinan (2011) have

Bryden et al. [(2009) with the same data, forms a tentati@établlshed an age-rotation period relation for M—stactsdaa’tgr-
discovery. We re-reduced the archival data using an updafgthed an age of .3 + 0.8 Gyr for GJ 581. Clearly, GJ 581 is an
pipeline and the flux calibration summarized[in_ Gordon &t !d star well above 1 Gyr. .
(2007) providing the new flux density 2@:6.3 mJy by PSF High contrastimaging f_or GJ 581 has revealed no companion
fitting to the image at the feective wavelength of 71.4am Of ~7 Jupiter masses or higher between 3-30 AU (Tanner et al.

(Co|0r correction for -EUSI:40 K app“ed : 08@) The uncer- 2010) In addition, the limits pI’OVided by the HARPS radie..l'v
locity measurements exclude planets that are more massive t

1 httpy/irsa.ipac.caltech.ediataSPITZERdocgmipy Jupiter with semimajor axes inside 6 AU (Fig 13.in_Bonfils et al
mipsinstrumenthandbogikl/ 2011).
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All the parameters of GJ 581 are summarized in Table 2. The extended emission revealedby these profiles can also
be seen directly in the photosphere-subtracted imagesydf Fi
(middle column), most prominently at 6n because the pho-

Table 2. Stellar parameters of GJ 581. tospheric flux density is highest at this wavelength.
Parameters values references . .
4.2. Gaussian source fits

R.-A. ICRS(2000) 1819"27.509 Hag et al. (2000)
Dec. ICRS(2000) -07°4319.44" ” As a second approach to verify that the central emission i mo
HoCOD —-1.228' fyr "’ extended than the PSF, we fit an elliptical 2D Gaussian to each
Hs _ —0.098" jyr ! photosphere-subtracted image with masking applied to the p
Galactic longitude 3508 sition of the N W source at 100 and 1¢@n. At 70 um, we
Galactic latitude  +40.01 . found FWHM of the minor and major axes of53+ 0.7” and
glstance €338+ 0.071 pe Phillips et al. (2010) 157, 1 17 4 position angle of12@ 10°; and a flux density of

pectral type M3.0 Reid et al. (1995) . - : .
Radius 299+ 0.010 R, von Braun et al. (2011) 188+ 1.4 mJy after adding back in the photospheric cor)/tnbu-
Mass 0.28 M " tion. At 100um, we found, respectively, values of99: 1.0”,
Bolometric lum. 122+ 0.02 102 L, ” 133+0.5”, 120+ 10C°, and 211 + 1.5 mJy for the minor and ma-
Effective temp. 3498 56 K " jor axes FWHM, the position angle, and the 100 flux density,
Metallicity [Fe/H] -0.25 Bonfils et al. (2005) after masking the N W source (all pixels in a’1 12” square
v sini < 2.1km/s Delfosse et al. (1998) centered at9” and+6” from the star). Given that the FWHM
Rotation period 92 + 1 days Vogt et al. (2010) of the PACS PSFs are® and 68" at these wavelengths, we
LogLx (erggs) <2644 Schmittetal. (1995)  conclude that the emission is significantly extended, asadly
Age 2-8Gyr se¢3 shown by the radial profiles, and is elongated at-PR20.

The ICRS coordinates of the 7@n Gaussian peak in this fit
are 1% 10™ 25.905:0.05° and—7° 43 2279+ 0.7 and difer
only by 0.3” from the adjusted position of the 1@@n Gaussian

4. Herschel images of GJ 581 peak. These coordinatesidir by +0.66” and-1.48" from the

) _ right ascension and declination of the star GJ 581 predigitu
In Fig[d, we present our deep PACS images of GJ 581 croppfid Hipparcosastrometric parameters (Talile 2). Thes@edi
to the region+50” from the star. At each wavelength, the maiinces are consistent with the: pointing accuracy of 2 for the
emission is close to the star position (image center) anduhe Herscheltelescope. We conclude that the main emission in the
rounding field is contaminated by several other sourcesctiel pacs images at 70 and 1@@n is centered on the star position
160um, as is expected for submillimeter galaxies in the back- 14 160um image is the product of the coaddition of two

grou_nd.The central emission is suggestive of a spatiadiyived images taken independently with the PACS18D and PACS
debris disk not fully separa_ted from the backgrou_nd sounce 100/160 instruments only a few days apart in 2011 (Table 1).
the N W. In the next ;ubs_ecn_ons, we analyse quantitativielge o registration of these two images were facilitated bynibg-
PACS images to verify this view. ligible displacement due to proper motion over the shorddaqf
time and by the fortuitously smallfierence of B” between the
4.1. Radial profiles of the emission in the PACS images pointing positions of the two instruments as found abover. Ou
o ) ] o first 160 um image in 2010 was not coadded because no fea-
First, in Fig2, we present the radial profiles of the emissithe ~ tyre in the image could be used to check the registratioresiac

threelyvavelen%ths b)r/]compﬁur}g ;he mean brllgh.tnes: 'nrc]al'% signal-to-noise ratio was/12.5 times lower. Although this first
annuli centered on the peak of the main emission. At the thr age was crucial in our decision to observe deeper, its use o

wavelengths, these radial profiles show that the emissiex-is o : : :
v not is inconsequential for our analysis. For the fit at 460 we
tended about this peak when they are compared to the Gaus the position of the Gaussian to the coordinates deteythi

profiles of a hypothetical point source in the bz_ickground. _at 70um. This was necessary because the large magk{(16”

We computed these profiles after subtractmg from each "Qduare) used for the N W sourciexted the independent deter-
age a PSF scaled to the photosphere flux den.SWO(osphe’ez mination of this position. The best fit 2D Gaussian paranseter
5.8,2.8,1.1 mJy at 70, 100 and 160m, respectively, se§B). | are minor and major axes of B2: 1.5” and 215+ 2”; a posi-

The emission peak position was found to be less than 2 arc§eh angle of 125 10°; and a flux density of 22+ 5.0 mJy, after

from the star in each image, consistent with the pOintingJaCCadding back in the photospheric contribution. Given the BAC

racy of theHerschettelescop. We have tested elliptical annuli PSF at 16Qum of 114”, this indicates that the emission is ex-
at PA =120 and with inclinations 0 (circular), 25, 40° and tended at this wavelength as well.

75’, anticipating that the disk may not be in the plane of the The disk inclinations resulting from the ratios of the minor

sky. We found that all these radial profiles were more extdndend major axes determined above, and corrected quadhatical
than the Gaussians at the three wavelengths, and slightlg m drthe convolved PSFs, are : 337 (0° is face-on), 54 6°, and

for the inclination of 40. The imprint of the N W source at the 6i 7° at 70, 100 and 160m respectively. Although scattered,

radial distance of 11 arcsec can be seen in these profile9at P g : L
and 160um. We have tested the method by computing the r 1ese values are statistically consistent, since they étanv

.50 from their weighted mean (88 and indicate an inclined
disk which has implications for the masses of the planeth®f t
system as discussed $1B.3.

We note that the three major axes above, corrected quadrati-
2 httpy/herschel.esac.esa/imtiki/bin/view/PubligSummaryPointing cally for the convolved PSF, are very closely proportionahte

dial profile of the emission of the South East backgrounds®u
in the same way. We satisfactorily found that its profile rhatc
within 10~ the Gaussian expected for a point source.
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Fig.1. PACS images of GJ 581 cropped#60 arcsec from the star, at 70, 100 and L6Dfromtop to bottomrespectively. In the
left-hand columnthe raw images show that the main emission is centrallytéatabout the star position (image center) and that
there are several point-sources in the field, barely deteatt@Oum, significantly at 10Qum, and more prominently at 166n, as
expected for submillimeter background galaxieinwe show that the main emission is extended and centerd@atar position,

as expected for a debris disk, and mingles with a backgroontte~11 arcsec toward the North West. The panels innthedle
columnare the photosphere-subtracted images. The panels iigtitehand columrshow the best subtraction (lowest residuals)
of a two-point source model, which assumes that there is basidisk around GJ 581 but an extra background source lbcate
exactly behind the star in addition to the N W source. This eh@irejected because of the systematic residuals leftatide of

an extended structure, especially at 70 and 490 At each wavelength, the contours levels of the three image the same and
correspond to 1,2,3,9,&% (0o = 0.0135 mJyl”pixel) at 70um, 1,2,3,6,9,12,15q (0o = 0.0094 mJyl”pixel) at 100um, and
1,2,3,5,7,9,1d¢ (0o = 0.0251 mJy2”pixel) at 160um. The coordinates of the image center provided in the latmi®spond to
the star position at epoch of observation (July 29th - Auds$t2011). The hatched circles are the beam FWHMs : 5.6, 6B, a
11.4 arcsec at 70, 100, and 14, respectively.

wavelength, suggesting that the disk is radially broadesemis- The flux densities from our fits above have been scaled up to
sion at longer wavelength probes colder dust, more distant f account for the flux removed by the data filtering during the re
the central star. construction of the images; the correction factors are 2@&rid

21% with an uncertainty of 5% estimated for point sources in
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Fig.2. Radial profiles of the mean brightness of the photosphen&-atted images. Each point of these curves was computbd as t
mean of the emission in an elliptical annulus centered opé#ad of the main emission close to the image center. Thegsoond

to an axisymmetric disk model inclined to 4lative to the plane of the sky (see text). They are one piia, i.e. 1 arcsec in the
70 and 10Qum images and 2 arcsec in the 1&® image. The Gaussian with the FWHM of the beam is the profiteeted for a
hypothetical point source in the background aligned by ckawith the star and shown for comparison.

the DEBRIS survey by Kennedy et al. (2012a). The uncertairityave two is only 1.8% by using the Poisson probability distri
of each PACS flux density determined above is based on thaion with the mean source surface densitysN{ 6.6mJy) ~
quadratic sum of the statistical uncertainty in our Gauwsita 4000 sourceged at 16Qum provided by the Herschel PEP sur-
the absolute flux calibration accuracy of 3% at 70 and 2®0 vey (Berta et al. 2011) (see also Sibthorpe et al. (2012¥p15ed
and 5% at 16@:m, provided by theHerschelproject, and the the spectra of these test sources removed from the images may
5% uncertainty of the correction factor for the data filtgrilhe or may not be physical. The flux densities removed at the
uncertainty of the flux density at 1¢0n is formally 2 mJy with N W source position (1.4, 2.9 and 6.6 mJy at 70, 100 ang.h60
this calculation but our fit depends to some degree on the pasispectively) are consistent with the spectrum of a galdxy a
tion of the mask applied for the N W background source. So we- 1.5 according to Fig 4 of Blain et al. (2002) valid for a typi-
have increased this uncertainty to 5 mJy at this waveleraghdb cal high-z galaxy enshrouded in dust88 K, L ~ 5 x 10%°L,)
on several fits with dferent masks. and radiating in the far-IR and submm. However, the flux densi
ties removed at the star position (4.9, 6.9 and 9.4 mJy at(m, 1
and 16Qum respectively) above the photospheric levels make the
ratio S1oq.m/S7q.m lower than expected for a galactic spectrum
As afinal test, we consider the possibility that the exterefeis- according to that work.
sion in the central part of the image could be caused by the su-
perposition of two backgound sources instead of a disk. oty 4 spRE images
end, we subtracted two PSFs from each PACS image (in addi-
tion to subtracting the phostospheric emission), adjgstireir The SPIRE image at 25@m in Fig[3 shows an elongated struc-
flux densities in order to remove as much emission as possililge at PA~ 120° which has two peaks at ther2evel that match
The first PSF was located at the position of the N W sodiree, the positions of the star and the N W source. This structure is
at—-9” and+6” from the star, and the second was tested at siso extended to the S E. Although this structure is of low sta
locations ; the star position itself, as well as a half FWHNMhHe tistical significance, it is consistent with the emissiotedéed at
North, South, East and West of the star, and half way betweé&e PACS wavelengths. The two other SPIRE images, at 350 and
the star and the N W source. The lowest residuals were foupl@0 xm, are dominated by noise and no reliable structure can
after removing 1.4, 2.9 and 6.6 mJy for the first PSF at 70, 10@ recognized. A 2D Gaussian could not satisfactorily mtie|
and 16Qum, respectively, and 4.9, 6.9 and 9.4 mJy for the secogghission at 25@m, and so we carried out photometry with an
PSF at the star position at 70, 100 and 469 respectively. Note aperture of 36 arcsec and measured a flux density ef@¢Jy.
that these latter flux densities are free of the photosphwereic This flux density is considered an upper limit for the diskcsin
butions estimated i§ [6.1. Despite this removal process, ther#s emission is blended with that of the N W source.
is still significant structure left in the residual image®wh as
thetwo-point source subtracted imagesFig[ (right-hand col-
umn). This structure can be best explained as resulting frem
extended emission of the disk incompletely removed by ttas p A SpitzerMIPS image at 7um was made on 21 August 2007,
cess. Hence, we conclude that this test rejects the passthét four years before our PACS image (1 August 2011). We fit a
the superposition of two background point sources can be @aussian with the FWHM of 19 arcsec (Z@n MIPS beam)
sponsible for the central emission. to the emission of the MIPS image and found the coordinates
We elaborate further by discussing the probability to findf the Gaussian peak to be at= 15" 10" 26.08:0.17° and
such contaminant sources in the field and their spectrat, Fits = —7° 43 232 + 2.5” in the ICRS system. The relatively
the probability to have one background source stronger thiaigh noise of the MIPS image did not permit a solution for
6.6 mJy at 16Qum within 11" from the star is 18 %, and to the FWHM. The dfferences in the coordinates compared with
our 70 um PACS position given ir§ 4.2 areAa = -2.56"
3 httpy/herschel.esac.esa/mtiki/pulyPubligPacsCalibrationwgb ~ andAs = +0.45” (PACS minus MIPS) with an uncertainty of

4.3. Considering the superposition of two point-sources

4.5. Spitzer MIPS image at 70 um
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rameter in our fit. Here we illustrate how to interpret thisgra-
1 eter using a simplified model of the absorption and reeniissio
of the starlight by the grains. For dust with the absorptiod a
emission €icienciesQaps and Q, a straightforward derivation
shows thatfr = (Qaps/Q)Y* for a grain at thermal equilibrium,
ignoring that thesef&ciencies should be averaged over the spec-
1 trum of incoming and outgoing radiation, and integrated tive
dust size distribution. If we assume that grains larger tham
absorb starlight with thefciency Qaps = 1 and reemit it at
longer wavelengths at the loweffieiencyQ, then the simple in-
terpretation is thaty is directly related to the emissioffieiency
] through the relationshipr = Q4.
20 20 o o0 0 The termZ,r¢ in eq (1) is the emitting cross-sectional area of
15h 19 m 25.860s + Aucoss (") the grains per unit area of the disk surface. These grairspare
tially distributed according to a radial profile taken asplogver-
Fig.3. SPIRE image of GJ581 at 230n. Pixel size is 8 and Jaw Z,r, and their total cross-sectional areafisSince these
the contour levels are 1 and-2vith o= 6.1 mJy182"beam. The grains reemit with the ficiency Q, their total emission is pro-
star symbol is the position of GJ 581 at the date of obsematiopgrtional toQ . A = fr:m 2nrdr,re. Hence, ife # -2, the

" as ()

—7d 43 ' 21.31

codficient of the power-law is

3.3” when combining the astrometric uncertainty of the MIPS
Gaussian fit (& in both coordinates) and the pointing accura-
cies of 2’ for Herschel and of "1 for Spitzefd. The predicted

displacement of GJ 581 between the two epochs of obsergati

is Aq = ~4.98" andA¢ = ~0.41” computed with the proper mo- 5o free parameters in our [fit Grains smaller than &m are

tion_ in_ Table[2. Hence, the coordinatdfarences of the Am o important because they emit so fiingently that their flux
emission measured between the two epochs are compatible V(‘ﬂ'énsity is negligiblel (Bonsor & Wyatt 2010).

this prediction but the star has not movedimiently between — pg tot) cross-sectional aréacan be converted into mass

these epochs for us to confirm that the 70micron emission-is %Rsuming a size distribution and a mass densitgr the ma-
moving with the star at a statistically significant level. terial. Adopting the standard size distributingD) o D35 for

spherical particles of_ diamet® betweenDpi, and Dmay the
5. Modeling the PACS images of GJ 581 corresponding mass is

5.1. Parametrized model Mg =(2/3).A.p. VDmin. VDmax (4)

We fit a parametrized model of the disk to the PACS images. This model is complemented with a point source photo-
The model is axisymmetric and truncated by the inner radius sphere centered on the image by two free parameters (coordi-
and the outer radius, which are free parameters in our fit. Itsnatesx. andy,) and having the flux densities estimated from the
dust emission is optically thin, and the flux density fromfeaaNext Gen stellar atmosphere modegifl but lowered by~ 20%

o=t AL (@+2)/ @ (52 -, (3)

n

Ad the total cross-sectional ardand the power-law index

elementk, ) of the grid covering the disk is because of the data filtering used to reconstruct the images a
) already mentioned i§ [2.1.3. This model is projected onto the
ASk) = €B,(T(rk1)) - Zpr, - Aa/ds, (1) sky with the inclinatiori and the node orientatia®, and finally

onvolved by the telescope PSF provided by the PACS images of
he reference star Boo at 70um, 100um and 16Qum. Hence,
our model has 9 free parameterg,(ous, @, fr, A i, Q, X, Yo)-
The best fit is found by minimizing

whereB, (T (r))) is the Planck function that depends on the grai
temperaturer (ry)) at the radial distance from the starAa
is the area of the element in the grid,is the distance to the
star, andz,, is the codficient of the power-law (e.g. Wyatt etlal.
1999)F. To fit individually each PACS image if[5.2, we set Ok — Cif\2
the factore to unity in eq (1). To fit simultaneously the three X2 = Z Z (7) )]
PACS images at = 70 um, 100um, and 16Qum in § 5.3, we kol 7o
implement a grey bodyfeect (e.g. Dent et al. 2000) by settieg computed with the residuals between the image (O) and the
to unity if 4 < Ao, ande = 1.0 x (lo/4)’ if A > do, wheredoand el (C) over all the pixels of the image, and assuming
B(> 0) are free parameters in our fit. . the same measurement uncertainty for all the pixels. To

In our model, no assumption is made for the size dIStI’Ibutl%mpute the model, we used a grid on the sky which has a
of the grains, their mineralogical composition and posodite  agojution of 0.5” at 10Qum and 70um, and 1” at 16Qum,

thermal structure of the disk is taken as i.e. twice as fine as the pixel size of the images of [Hig 1, and
has dimensions 128 128 at 70 and 10um, and 64x 64
T() = fr.Tes(), (2) at 160 um. These dimensions can accommodate the largest

wherefr is a scaling factor applied to the black body temperalisk model testedrf,=150AU) extended by twice the beam
tureTgg(r) = 278. (L/Lo)*%5 . (r/1AU)°5 (K), and is a free pa- FWHM. This sky grid is the same for all the models tested so

that the number of degrees of freedoms the same for all

4 httpy/irsa.ipac.caltech.ediataSPITZERdocgspitzermissioh of them. To use thg? probability distribution to discriminate
missionovervieyspitzertelescopehandbg@g/ between them, we carefully estimate #npriori uncertaintyo

5 There is a dferent but equivalent derivation of the flux density
given in.Zuckerman (2001) based on the surface emittaBge bifa=-2,%,=f* A/ (21 (IN(rou) — In(rin)))
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Table 3. Best fit models of the disk for each individual image and fer tbombined fit.

image(s) X\% v @ AP linner Fouter 43 fr id Qe
(AU?)  (AV) (AV) ) )
lower (formal)

70um 1.04 408 B+05 252 >40 (62) -2<a<0 405 < 60 120+ 20
100um 099 408 2+12 312 >55 (100) -2<a<0 355 < 60 110+ 20
160ym  0.97 90 15407 378 >90 (145) -2<a<0 4595 40<i<80 12020

Combined 1.03 922 2+11 252 >60 (110) -2<a<0 3590% 30<i<70 120420

a: based on the number of natural pixels (the natural pixel3gtimes larger than the pixel in the images shown).
b: Ais the total cross-sectional area of all the grains (J&dl)

¢ : lower limit (see text) and, in parenthesis, the formal eaterresponding to the minimugg given.

d:j =0 is face on.

€:Q>0isEofN

by computing the noise rms over the image limited to the sKigs in which the reduceg? are increased to 1.12 and 1.25 with
grid dimensions and after excluding the central park(25”) all the other parameters freely adjusted. These thresloids
where the disk emission is located. For GJ 581, the noise rmasspond to a probability of 5% ip2-statistics that the reduced
oo, is 0.0135mJ” pixel at 70 um, 0.0094mJsi”pixel x? of pure noise exceeds 1.12 and 1.25 for the number of de-
at 100 ym, and 0.0251mJg”pixel at 160 um, corre- grees of freedony = 408 and 90, respectively. This is a stan-
sponding to 0.49mJ§.6”beam, 0.50mJ®.7’beam, and dard criterium in fitting procedures. We have also inspetted
0.81mJyll4”beam, respectively, by using the beam arezorresponding residual maps and noticed nascent systerfati
7 x FWHM?/41n 2. these degraded fits as expected. For the outer ragliyenly the
Finally, we used the SPIREs3upper limits as a constraint to lower limits and the best fit values of the fits are given in &abl
reject any model with a flux density of the dust emission largé because the upper limits are not well constrained since any
than 24 mJy at 250m. distant dust becomes very cold, even accounting for thelémti
interstellar radiation field as a source of heating (Lestretal.
2009, Fig Al). The resulting range fop andr,,; does not per-
5.2. Fits of individual PACS images mit a conclusive estimate of the radial breadth of the GJ 581

First, we searched for the best fit model for each individoal i disk.

age. The ranges of the model parameters tested wWarél to

20 AU rip of 3.1t0 80.0 AU ot Of ri t0 150.0 AU;a of -3.0t0 5.3, Combined fit of the three PACS images

0.0; fr of 1.0t0 6.0j of 0.0t0 90.0 (0. is a disk seen face-on);

andQ of 0.0 to 180.0 (0.0° is North and increasing is East). In order to consolidate these results and to break coroelsti

The range for the index was chosen to cover possibilities suclbetween parameters, we combined the three PACS imagdes at

as grains being blown out of the system by radiation pressut@, 100, and 16@m in a single fit by setting the factar of

(@ = -1), and having a distribution akin to that of the Minimuneq. (1) to unity ifA < 1o and toe = 1.0 x (1p/2)? if 1 > Ao,

Mass Solar Nebula (MMSN)o{ = —1.5), as discussed in thein order to implement a grey bodyfect. Our search covered

modeling of the disk around the A-stauLeo by Churcher et al. successively the combinations®& 0.0, 0.5, 1.0, 1.5, 2.0 and

(2011). The two background sources, N W and S E of GJ 58%, = 70 um, 85um, 130um. The ranges of the other model

were masked as shown in the residual maps of Fig 4. Roughlgrameters tested were the same as for the individual images

50 million models were tested in our search for the best fit.  §[5.2. The two background sources were masked. Note that the
We found the reducegE = 1.04, 0.99, and 0.97 for the bestl60um image with 4 times fewer pixels has a lower weight than

fits to the three images at 70, 100, and L&) respectively. The the two other images in this combined fit.

numbers of degrees of freedom are- 408 at 70 and 10Qm, The best fit has the reducgd of 1.03 ¢= 922) forg = 0,
andv =90 at 16Qum. These reducegE indicate noise-like post- indicating formally no grey bodyfEect for 1o < 160um and so
fit residuals according tg*-statistics. The residual maps in Eig 4a disk dominated by large grains. However, there is a high cor
do not show any systematic residuals as expected in these g@tion betweer and the pairg, 1) so that these parameters
ditions. We stress that the uncertainty used for eq (5) is the cannot be properly constrained in reality. In fact, in thscdis-
value determined priori and is not purposefully twveakedpos-  sjon below, we argue that small grains should be abundant in
teriori to make the reducexf close to unity. the disk by comparing timescales of collision and removat pr
The best fit values of the parameters are in Table 3. Theresses. The best fit values of the other parameters are ia Tabl
are significant correlations between parameters, espebiad and their uncertainties were determined as describéia.
tweenA, a, rouer and fr, as we found by inspecting the two-The total cross-sectional area of the dAst 2.3 AU? can be
dimensional projections of thg? hypersurfacee.g. Fig[3 for converted to the dust masg = 2.2x 103 yDmax/10 cm inMg,
the pairA and fr. To estimate the parameter uncertainties ifor a collisional cascade, using eq(4) wjth= 1.2 gicm® for
these conditions, we have determined the lower and uppgslinicy grains andDpmi, = 1 um. The maximum diameteD ,x iS
around the best fit value of each parameter that correspdhd tounconstrained although objects larger than 10cm congibe)-
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Fig. 4. Maps of residuals for the best fit models of the disk to the PXa&yes at 70, 100, and 1@én from left to right The post-fit
residuals are betweesB.50, coded as black, blue, orange, yellow and white over thigedn, is the same noise rms as used for
contours in Fidg1L but the color scale is not the same as inlFinBooming the electronic version, the contours apparetiiése
maps are -3, -2, -1, 1, 2,d, (dashed contours are negative levels). The two backgreaunttes are masked in the 100 and 60
images as the dotted squares show.

ligibly to the emission at the wavelengths considered is a- In this model, the inner part of the system is populated with
per. Nonetheless, the size distribution probably extemgeibd dust making the inner radius determined with the power law su
10 cm as discussed §i8.2. The inclination could be anywhereface density ir§ 5.3 less definitive.

within a relatively broad range (3G i < 70°) that matches the
purely geometrical determination based of the ratio of tiagom

and minor axes of the Gaussians fit to the central emission in
§[4.2. The inner radius is 26 12 AU potentially providing an
indication of the scale of the planetary system around GJI581

a similar way to the fits of the individual images, we cannst di
tinguish between a relatively narrow ring and a disk extegdi
beyond 100 AU with this combined fit. The best fit valuefpis
3.5"25, making the dust temperature between 50 and 30 K over
the extent of the disk, despite the low luminosity of GJ 581isT
factor is partially correlated witth as shown in Fig5 but it is
clearly inconsistent with unity as we have established bgihg

fr = 1.0 in the model and found a reducg@ as high as 1.92 o 7
for the best fit with this constraint. An emission model irdihg

a grain size distribution instead of a fixdg as in our current . : ‘ ! ! ‘
model would be more realistic, but this can be best implegnt 2 4 6 8 10
only if the SED is finely sampled spectroscopically from ni- A (AUD)

to submm (e.g. Lebreton etlal. 2012).

Fig.5. Map of the reduce@? showing the correlation between
the temperature factds and the total cross-sectional arsaf

5.4. Model with a Gaussian profile for the grain surface - . . AR
w ussian prof grain su the dust. The minimung? is the white region in this map.

density

Finally, instead of a power law for the radial distributiohtioe
grain surface density, we tested a Gaussian prBjiexp(-0.5x
((r - rg)/Wg)?) peaking at radiugy and having FWHM of

. The SED and IRS t f GJ 581
Wy x 2V2In2. The sky grid for the model, the calculation of6 © an spectrum o

X?u and the ranges of model parameters testedfds, i, andQ We present the SEDs of the star GJ 581 and modeled dust emis-
were as ir§[5.2. Values of4 ranged from X wg to 150AU, and sion that we used to determine the fractional dust lumigosit
wy ranged from 3.1AU tag/2 (the Gaussian profile is truncated-dus/L. ~ 107 of the disk. The archival IRS spectrum shows
to 2wy toward the star). We modeled the three PACS images in@imarginally significant excess above the photospheri¢ teae
vidually and in combination. The resulting best fits haveucsiti ~ provides additional constraints on the dust emission. hewe

X% of 1.03, 0.94, and 1.05 at 70, 100, and 160, and of 1.04 we show that a single cold disk model and a two component
for the combined images with = 0 (no grey body fiect). The disk model cannot be distinguished to explain this 2xcess.
residual maps are featureless. These best fits are sttistic
distinguishable from those with the power law presentef{5if
and5.B. The resulting parameters arg= 52+ 15AU, FWHM=
38+ 15AU, A=25+12AU? fr =30+05, i <60°,and The photometry data collected for the SEDs are summarized
Q=120+ 20. in Table[4. The flux densities have been color corrected when

6.1. The SED and the fractional dust luminosity of the disk
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Fig. 6. SED of the cold disk model. Theeft-hand figureshows the best fit to the three PACS images opfy= 1.03, TabléB). The
Right-hand figureshows the best fit to both the three PACS images and the IR%spe(()(,%ACS +X|2Rs)/2 = 1.05). The modeled
cold dust emission is thielue curve, the Next Gen stellar atmosphere spectrum igitegcurve, and their sum is thgreencurve.
The IRS spectrum is ired. The upper inset zooms on the IRS wavelengths and displagsra@msS, x (1/24Y on a linear scale for
clarity. The lower inset zooms on the three PACS bands. Intetitdnand figure, the best fit model satisfactorily fits thedSAdata
as shown by the lower inset but misses the IRS data as shovirelypper inset. In the right-hand figure, the best fit modeiadr
misses the PACS data but satisfactorily fits the IRS data.

required]. The SED of GJ 581 is based on the NextGen stedf the Long-Low IRS module as prescribed in_Carpenterlet al.
lar atmospheric model (Hauschildt et lal. 1999), with theueal (2008 2009). We computed the synthetic flux densBigs,m =
log(g)=5.0 and the fiective temperature 3500 K, fit to the32.3 + 1.9 mJy (IRS) and 28.4 mJy (Next Gen) yielding the 2
Johnson UBV and Cousins RI photometry, the JHiotom- excess 3 + 1.9 mJy, andSis96m = 1107 + 0.85 mJy (IRS)
etry from 2MASS, and the recent photometry from AKARI anénd 109.2 mJy (Next Gen) yielding the lower significance ex-
WISE. Note that the flux densities of the photosphere used fss 15 + 0.85 mJy. We computed these synthetic flux densities
our modeling in§ [§ were predicted from this fit (5.8, 2.8 andas the weighted mean of the data points in these bands, argl usi
1.1 mJy at 70, 100 and 160n, respectively). In Figl6 (left-hand the same weights for the corresponding Next Gen synthefic flu
panel), we show this SED for the star and the SED for the dudnsities. The IRS flux density uncertainty includes an kitso
emission from our modeling. The fractional dust luminosigs calibration error of 6%. Photospheric flux densities prestidor
determined by integrating the SED of the dust emission andlége type stars (K and M) by the Kurucz or Next Gen models
Lausy L. = 8.9%x107°. This value is consistent with the fractionahave been shown to be overestimated in the mid-IR by as much
dust luminosityQaps . A / 4r.r’ = 9.9 x 10°° determined from as 3-5%|(Gautier et al. 2007; Lawler eflal. 2009). Hence,ithe s
the cross-sectional area of the graiks- 2.3 AU? from our fit nificance of the marginal excess at 3irf is likely higher in re-

in Table[3, using the mean disk radius (25+ 60)/2 = 43 AU, ality. If real, this excess for the mature M-star GJ 581 isabts
and assuming the absorptioffieiency Qans = 1 for the grains because, even among A-type and solar-type starsu@vex-
larger than 1um. The agreement between these two indepecesses are less frequent thanun® excesses and decrease with
dent determinations of the fractional dust luminosity jdes a age (Rieke et al. 2005; Trilling etial. 2008; Lohne et al. 00
self-consistency check of our modeling. This fractionadtdu- In the next two sections, we investigate the implicationsfie
minosity is higher than that of the Kuiper Belt by severaleysd system around GJ 581 if this excess is real.

of magnitude.

6.2.2. Modeling the IRS and PACS data with the cold disk
6.2. IRS spectrum model

6.2.1. Synthetic photometry First, we fit the single cold disk model &f simultaneously

: ; : , the three PACS images and the IRS spectrum, minimizing
The SpitzerIRS spectrum is superimposed on the star's SE
P P perme 4 2 \cs + Xas)/2 wherey3 , - andy ¢ are the reduced

in Fig[@. As is standard with IRS spectra, the short Waveluzng’ftzot = Wpacs _ ) - e
module SL (76 — 14.2 um) has to be adjusted to the predicteds for the PACS and IRS data, respectively. With this definition
photosphere' and IRS flux densities were scaled up by tl’mfa(ﬁoth data sets have the same We|ght in the fit. The best fit model
1.066 for GJ 581. In Fifl6 and insets, a small excess is apparéiy's obtained is gharacterlzed I, = 118, resulting from
above the photospheric level at the longest wavelengthseof #irs = 1.25 andysacg = 1.11, and its SED is shown in Fig 6
spectrum (module LL1 : 2@ — 34.9 um). (right-hand panel). The main parameter changesfare 5.5

We have carried out synthetic photometry with a recta@dA = 0.8 AUZ, instead offr = 3.5 andA = 2.3 AU? in
17 um which gives the widest wavelength range while still insidé this Table and is high for the number of degrees of freedom

of 1186 iny2-statistics (probability= 1% of pure noise). It is
7 httpy/herschel.esac.esa/imtiki/pulyPubligPacsCalibrationwgb  instructive to compare the SEDs of these two fits in Figure 6 ;

cc_reportvl.pdf the simultaneous fit to the PACS and IRS data in the right-hand
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‘ o' ‘ ' ‘ ! definitive proofs are still missing to establish the reatifythis
e 2s warm belt in the GJ 581 system.
Q % o Table 4. Photometry of GJ 581
= O] *Q\ e ]
2SSt 4 Wavelength S,  References
FF o LN ) (mJy)
_al ’f’ ] 0.36 83+2 Hipparcos (Koen et al. 2010)
SL. Zsf ] 0.44 61+ 10 @)
S Sl ] ] 055 2227+3 )
%% T e ] 0.66 5231+13 )
- ) / ] 0.81 1490+ 14 )
D | . | TR N 1.23 3317482 2MASS (Cutri et al. 2003)
- 1 10 100 1000 1.66 3939 120 )
2.16 3051+ 65 @)
A (km) 9.0  322:18 AKARI (Ishihara et al. 2010)
Fig. 7. SED of the best fits of the cold disk and warm belt mod- ;;(13 261132*32 W'SE((,Y)V“QN etal. 2010)
els. Thegreencurve corresponds to the warm and cold dust 700 189414 PACS this work
emissions added to the Next Gen stellar atmosphere spectrum 71 45 200153 MIPS (¥
(grey). IRS spectrum is irred. We also show separately the 1000 215+15 PACS this work
best fit of the warm belt emissiom,( = 0.2 AU andm, = 160.0 22+50 )
2.8x107°M ) (yellow) and the best fit of the cold disk emission 250.0 <243 SPIRE this work
(parameters of the combined fit are in TdDlet3)é). Insets and 350.0 <26() @)
photometric data points are the same as in the legend of Fig 6. 500.0 <27 (%) ()

1200.0 <21(3r) MAMBO (Lestrade et al. 2009)
Color correction factors : 1.125 for AKARI, 0.956 for WISE at

panel does appear to be skewed to some degree. The ass J%":{)Oétg% fgrilc\)lcl)scl)z igéijﬂ;mfeasnigﬁ?/glz’ 0960, 0.995 for PACS
tion in our current model that the temperature does not dpei . o+ icedin the fit. P y-

on grain size and wavelength is a limitation. A size distiiti a: goes@ 7.

would broaden the SED, and it may improve the ability to fit a

single disk model to the flux densities of the IRS spectrum and

the PACS bands simultaneously.

6.2.3. Modeling the IRS and PACS data with a two 7. Brightness limit on scattered light around GJ 581

component model Our HSTNICMOS F110W image of GJ 581 after PSF subtrac-
tion (Fig.[8) is sensitive to a region front’4adius (30 AU)

to approximately 10 radius (62 AU) along PA120 degrees.

We estimate the @ sensitivity to nebulosity in this region as

' Tr11om = 18.7 mag arcseé. We used the radiative transfer code
MCFOST (Pinte et al. 2006) to produce synthetic F110W de-
O o bris disk images for pure astronomical silicate and pure wa-
is fit to the IRS spectrum alone by m|n|m|2|q%s. V;/e f?%‘”d ter ice models that match the SED based on the geometry de-
w = 02 AU (Taust = 191 K) andAy, = 7 x 10; AUZ, gviNg  rjved in TableB, using the standard F110W NICMOS through-
a corresponding dust mass wly, = 2.8 x 10 M, assum- . The maximum surface brightnesses in the 20" range

ing the standard grain size distribution D~3°) between Jum  at the forward scattering peak for pure water ice grains and
and 1 mm-sized particles apd= 3 g/cm® (noting the depen- for pure astronomical silicates are 19.4 mag arcse® and
dence of this estimate on the unknown maximum size givenin 212 mag arcsed® , respecti\/e|y_ Hence, our dust models
eq. 4). However, acceptable fits could also be found fobe- are consistent with the non-detection of scattered lightiad
tween 0.05 AU Tqust= 382 K) and 0.4 AU Taust = 135 K), en-  GJ 581, but show that the disk may be detectable in deeper ob-
compassing the orbital radii of the planets GJ 581c and Gd.584¢rvations.

The IRS data alone cannot constréjrbut if this parameter were

larger than unity, the dust would K¢ times further out than the

rw quoted above for the correspondifig,s. The SED of the g piscussion

two component model is shown in Higj 7 where we had to de-

crease the cold dust cross-sectional gkdsy 6% from its value We have spatially resolved a disk around the mature M-star
of Table[3 to account for the warm dust contributions to the fluGJ 581 hosting four planets. This cold disk is reminiscent of
densities at 70, 100 and 1@&@n. The fractional dust luminosity the Kuiper Belt in the Solar system but it surrounds a low mass
iS Lausy L. = 5.7 x 107° for this warm belt shown in yellow in star (03 M) and has a much higher fractional dust luminosity
Fig[@. Such a belt is comparable to the warm disk around thgysy/L. of ~ 1074, It shows that debris disks can survive around
KO star HD69830 (Lisse et al. 2007). However, the proximity dV-stars beyond the first tens of Myr after the protoplanetisi

the warm dust to the known planets suggests that it could be dijsperses, and they can be detectable although they hawe bee
namically unstable (e.g. Moro-Martin etlal. 2007). Nekeless, elusive in searches so far.

We explore another possibility, a two component model inclvhi
a belt of warm dust is added to our cold disk modef8f The
model of this belt is simply based on blackbody grains (ive
set fr = 1 for the warm component) located at radiysand
having a total cross-sectional ag This two parameter model
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other grains. This results in a collisional cascade withze si
distribution with a characteristic slopgD) o« D~’/? (assum-
ing dust grain strength is independent of size). For smadt du
grains, perturbing forces truncate (or at least signifigaté-
plete) the size distribution at scales where one of the pgertu
ing force timescales is shorter than the collisional lifedi(e.qg.
Wyatt et al! 2011). To ascertain the process dominating tis¢ d
removal requires a comparison of the relevant timescales.
Fig.[d shows the rati@ of the radiation pressure to stellar
gravity experienced by icy dust grains offférent sizes. This
peaks for sizes comparable to the wavelength where tharstell
spectrum peaks and is also proportionali¢M., whereL. and
M., are the luminosity and mass of the star (Gustafsoni1994). The
low luminosity of GJ 581 means that< 0.5 for all icy grains
regardless of size, and the same is true for other compuositio
Since dust with3 < 0.5 that is created in collisions is always
placed on a bound orbit, this means that radiation pressure i
Fig.8. HST/NICMOS F110W image of GJ 581 (North is up,not a mechanism that can be invoked to expel the dust from the
East is left). The star was not placed behind the occultimg sgsystem (Wyatt et al. 1999).
available on the NIC2 camera. We subtracted the PSF using Fig.[9 also shows the ratjg,, of the stellar wind pressure
observations of GJ 250B made earlier in the same scientific Stellar gravity [((Gustafson 1994). This depends on the ste
program, as described lin Krist ef dl. (1998). The circulackl lar mass loss rate and stellar wind speed that are poorlyrunde
digital mask has ‘4 radius (30 AU) and blocks the central restood and hard to measure for M-stars. Here we estimate the
gion where PSF subtraction artifacts are significant. Altrgg mass loss rate from the non-detection of X-rays from GJ 581
position angle of the disk (PAL20 degrees) the field of view by ROSAT implying loglx < 26.44 ergs (Schmitt et al. 1995).
is limited to approximately 10 radius (62 AU). We estimate The correlation between X-ray surface flux and mass losofate
the 3r sensitivity to nebulosity in the’410” radius region as GKM-type stars|(Wood et al. 2005) then yields the upper limit
Tr1iav = 18.7 mag arcseg. Lack of detectable scattered lightof 2 Mo, where the solar mass loss rélg = 2x 10 Mg yr.
at this level is consistent with the dust model derived frova t We also consider the stellar wind speed to-#90 kny's as ap-
far-IR PACS images. propriate for GKM-type stars (Woad 2004). Finally we assdme
100% eficiency of momentum coupling between dust and the
stellar wind (and used eq. 12 lof Plavchan etlal. (2005)). With
8.1. Dust temperature in the cold disk these assumptions we found thag, can only be> 0.5 for
dust smaller than a few nm, meaning that stellar wind pressur
The factorfr is significantly larger than unity in our analysis andtould only truncate the collisional cascade below the naiesc
indicates that the dust temperature ranges froB0 to~ 30 K furthermore, stellar wind pressure would beffeetive if small
from the inner to the outer radius of our modeled disk. This grains couple inficiently to the stellar wind (e.g. Minato etlal.
about three times the black body equilibrium temperature 12006).
the dust around this low luminosity M3-type star. Valuesfpf A comparison of timescales first requires an estimation of
larger than unity have also been found for the debris disksrat  the collisional lifetime of dust grains of fierent sizes. Here we
the G-type star 61 Vir (Wyatt et al. 2012) and several A-typgse eq. 4 and the parameters for the disk found from the mod-
stars [(Booth et al. 2012). This is akin to disks resolved mt-sc eling of the combined images presented in Table 3 to deriwe th
tered light which tend to be more extended than their sizes @stal massMy; = 2.2 x 1073 +4/D¢/10 cm in Mg, assuming the
timated from blackbody SED _(Rodriguez & Zuckerman 2012%tandard size distribution betweBr,i, =1 um and the diameter
Valuesfr > 1 are interpreted as evidence for dust grains of sma)|; of the largest objects and the density= 1.2 g/cn?® for icy
sizes angbr optical properties dlierent from blackbody spheresgrains. The collisional lifetime is estimated using eq. 18/gatt
(Backman & Paresce 19983; Lisse etlal. 2007; Bonsor & Wyq008) with the additional assumptions that dust orbitaleee
2010). When the SED of a debris disk is finely sampled specttgicities are 0.05 and that their strength i Ifkg (independent
scopically from mid-IR to submm, a parameter search for corof size so as to be consistent with the assumptions abouizine s

position, structure, size distribution of the grains cancbe- gjstribution). The resulting collisional lifetime isZ2vVD Myr,
ducted usefully (e.g. Lebreton et al. 2012). Such a paramefghereD is in um. Since we expect the cascade to extend up to
search would be degenerate for GJ 581 because of its limitggles for which their collisional lifetime is equal to theseaf the
photometry, _and so theséects have been reduced to the singlggy ¢ 5000 Myr), then as long as our assumptions apply up to
parameteffr in our model. large sizes we can get a rough estimate of the total mass of the
disk as 016Mg, in objects up td. = 0.5 km in diameter.

Fig.[I0 shows the timescale for dust to migrate from the in-
ner edge of the disk at 25 AU to the star due to P-R drag. The
dependence of this timescale on particle size results frecak
In addition to gravitational forces, dust dynamics is col#d ing« 1/8which means that this has a minimum value of 60 Myr.
by radial forces (radiation and stellar wind pressures) layd Since this timescale is longer than the collisional lifegiat all
tangential forces (Poynting-Robertson and stellar wirahdy. sizes, P-R drag is not a significant loss process from the disc
For large dust grains, these perturbing forces act on mudelo Fig.[I0 also shows the corresponding timescale for migmnatio
timescales than collisions, and such grains simply orleitstiar due to stellar wind drag. This also includes a scalind/Bsw,
until they are broken into smaller fragments in collisionghw and the &icient momentum coupling assumed here means that

8.2. Collision, Poynting-Robertson and stellar wind time
scales for the GJ 581 system
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Fig.9. The ratios of radiation pressure (solid line) and stelldig. 10. Dust removal timescales as a function of particle size,
wind pressure (dashed line) to stellar gravity as a functibn due to collisions (solid line), Poynting-Robertson draggfded
particle diameter for icy grains around GJ 581. Particldb@/i> line), stellar wind drag (dash-dot line), and stellar windgsure
0.5 are put on hyperbolic orbits as soon as they are created #ddtted line).
so removed from the system on orbital timescales, thusgetti
the blow-out limit.
sources. If the disk mid-plane and the orbits of the planets a
coplanar, this range of inclination makes the masses ofldre p
this timescale decreases indefinitely to smaller sizd3. As a ets of GJ 581 no more thanl.6 times their measured minimum
result, ‘_stellar wind drag timescales become shorter thiin COmasses by radial Ve|oci[y and, interesting]y, ensuresdhg-]
sional timescales at a size of around 3 nm. term stability of the orbits in this system as shown in dyreahi
Thus, if all of the assumptions hold, we would expect thetudies by Beust et al. (2008) and Mayor éetlal. (2009).
collisional cascade to extend down to 3 nm, while smallet dus |n our DEBRIS sample of 89 M-stars, there are only three M-
is removed by stellar wind drag. However, it should be natedi t stars with known planets overall (GJ 876, GJ 832 and GJ 581).
there are significant uncertainties, both on the magnitideb  GJ 581 hosts low mass planets and now has a detected disk,
lar wind drag and itsféiciency of coupling to small grains, andwhile GJ 876 and GJ 832 host Jupiter mass planets and have no
on the geometry of the dust disk which impacts the collisiongetected disk brighter than the fractional dust luminosiy’ in
lifetimes. As such this plOt should be considered as repkase gyr survey as we shall present in a future Study (Matthewg eta
tive of the kind of arguments that need to be considered when fh prep)_ Hence, using these three stars as a Samp|e’ thenoeite
Sessing the fate of material in the debris disk of GJ 581 Heurt is one disk for one low mass p|anet Systemlhnd no disk for
study of this issue is left to later papers, but here we natettle  two high mass planet systemgZ Although this is small num-
existence (or not) of grains smaller thanuth is not important per statistics, we note that it is suggestive that the caiosl
for the observable properties of the disk discussed in th®p petween low-mass planets and debris disks recently found fo
since such grains are ificient emitters in the far-IR. G-stars by Wyatt et al[ (2012) also applies to M-stars. li$s a
Another scenario that we have not considered in detail jisriguing that the only debris disk confidently detectecbirr
that the dust is all in large mono-sized grains, in a configuraurrent analysis surrounds the one star in the sample tis&s ho
tion meaning that the dust collides at low enough velocitie$ |ow-mass planets. We note that simulationd by Raymond et al.
particles bounce fb each other rather than destroy each othgp011/2012) suggest that a correlation might exist beti@en
(Heng & Tremaine 2010). Two constraints on such models aigass planets and debris as a result of planet formation psese
that the SED should look like a black body (since all the dsist Note that the star AU Mic does not fall in the DEBRIS sample
large), and the fractional luminosity should not be largewh  of the nearest M-stars, and so is not included in the siisti
that collisions must necessarily occur at high velocityrddite  above; this young star (12 Myr) has a bright disk, but no known
fractional luminosity only constrains the collision veltycat the planets, although radial velocity measurements toward At M
inner edge to be 0.3nys which is not stiicient to require a col- are insensitive to planets with masses lower than a fewehspit
lisional cascade. However, although there is no eviderm® fr even for short orbital periods because of its high chromesph
our limited photometry of GJ 581 that the spectrum depadt®ifr activity (see GJ 803 in Fig 19 bf Bonfils et al. 2011).
black body shape, the resolved location of the dust showsttha  Current programs show that a large fraction of M-stars are
is significantly hotter than black body, consistent with files-  orbited by low-mass planets. The radial velocity survey @2 1
ence of small grains and so incompatible with this model.  M-stars conducted by Bonfils et/al. (2011) yields the high oc-
curence of 35{%% for low mass planets (2-10 M) around
M-stars, unlike the low occurence of giant planets~0f2%,
for orbital periods under 100 days. Transit observationthé
First, we note that our determination of the inclination loét Kepler field show that small candidate planets{2IR;) with
disk relative to the plane of the sky is3& i < 70° (face on P < 50 days are found around 2510 % of the M-stars
disk isi = 0°). This is mostly constrained by the 1Géh image (Terf = 3600— 4100 K), seven times more frequently than
and is fairly insensitive to the masks used for the backgdouaround the hottest stars (6600-7100 K). There is no such a de-

8.3. Planets and disk relationship for the GJ 581 system
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pendence for larger planets {432R;) with P < 50 days, found ger destructive collisions between planetesimals oveatjeeof

uniformly around 2= 1 % of the stars across all spectral types ithe star, but a hypothetical outer planet, for example a iNept

theKeplerfield (Howard et al. 2012). Hence, if there is a correlamass planet with an orbital radius of 5 AU and a moderate ec-

tion between the debris disks and low-mass planets of Mratar centricity, could replenish the system with dust. Alteively,

a level similar to that found for G stars/@nearby G-stars with the self-stirring mechanism could operate for this old stars-

detectable low-mass planets have detectable disks, Whadit eing suficient dynamical excitation to produce the observed dust.

(2012), the high fraction of M-stars with low-mass planetand It is intriguing that, in our current analysis of the DEBRIS

explain the detection of the disk around GJ 581 but would ympsample of 89 M-stars, the only debris disk confidently deigct

also that more disks were expected to be detected in our DEBRiround a mature M-star also happens to be around the only star

M-star sample. We defer this discussion to a paper thatitbescr known to have low mass planets. This could mean that the-corre

those observations in more detail, since not all obsematwe lation between low-mass planets and debris disks recemityd

sensitive to disks at the same level. However, GJ 581 is a#ie for G-stars by Wyatt et al. (2012) also applies to M-starerh

dian distance of our DEBRIS M-star sample that was observé® high fraction £ 25%) of M-stars known to host low mass

to uniform depth, so it could simply be the brightest becanfse planets in the radial velocity andepler observations should

some intrinsic properties. The explanation could also ke#ed make debris disks relatively common around them. If thesledi

to its multiple planetary system. have not been detected yet, it may be because searchesinave si
Secular perturbation theory has been applied to planetgsly not been deep enough, or because the disk around GJ 581 is

mals in debris disks perturbed by planets in Wyatt et al. £ 99%the brightest owing to some intrinsic properties ; for examp

and | Mustill & Wyatt (2009). The outermost planet GJ 581Hosting a multiple planetary system.

(5.4 Ms, a,=0.22 AU, and g=0.25, the highest eccentricity in  Future studies and complementary observations of GJ 581 at

the system) cannot stir the diskat= 25 AU because the time higher angular resolution will enhance further our knowleof

scale for orbital crossing of planetesimals is much lonbant this remarkable system around an M-star.

the stellar age (eq. 15 in Mustill & Wyatt 2009). However, a hy
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