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ABSTRACT

Two thirds of the F star members of the 12 Myr gldPictoris Moving Group (BPMG) show
significant excess emission in the mid-infrared, severdlaniyears after the expected dis-
persal of the protoplanetary disc. Theoretical models ahet formation suggest that this
peak in the mid-infrared emission could be due to the foromadif Pluto-sized bodies in the
disc, which ignite the collisional cascade and enhance théyztion of small dust. Here we
present resolved mid-infrared imaging of the disc of HD18A.(F5V in the BPMG) and con-
sider its implications for the state of planet formationhistsystem. HD191089 was observed
at 18.3um using T-ReCS on Gemini South and the images were compareddelmof the
disc to constrain the radial distribution of the dust. Théssion observed a.3um is shown
to be significantly extended beyond the PSF at a positioneanigBC. This is the first time
dust emission has been resolved around HD191089. Modaétighigates that the emission
arises from a dust belt from 28-90 AU, inclined3af from edge on with very little emission
from the inner 28AU of the disc, indicating the presence ofrarer cavity. The steep slope
of the inner edge is more consistent with truncation by agtléiman with ongoing stirring. A
tentative brightness asymmet%‘g— = 0.80 + 0.12 (1.80) between the two sides of the disc

could be evidence for perturbations from a massive body ataentric orbit in the system.

1 INTRODUCTION

The majority &80 per cent) of stars are born with protoplan-
etary discs|(Haisch etial. 2001) which are massive and gontai
large amounts of gas, with an estimated gas to dust ratio@fL10
(Andrews & Williams 2005). These discs have a lifetime-@Myr
(Haisch et al. 2001) and at ages of a few Myr undergo a transiti
the nature of which is still unclear (Muzerolle etlal. 2018pme
protoplanetary discs have inner holes (Luhman et al.|20a0e
systems retain an optically thick outer disc and are oftdadé&ran-
sition discs to signify that this is a phase that discs goutbho At
later times & 10Myr) the remaining optically thick material in the
disc has also disappeared, leaving optically thin debseddi

Debris discs surround-15 per cent of main sequence stars
(see Wyalt|(2008) for a recent review). The dust particledeioris
discs are generally small, and so are subject to radiatime$such
as radiation pressure and Poynting-Robertson (P-R) doag tine
central star (Backman & Paresce 1993) which remove graams fr
the system on timescales much shorter than the stellainiéeso
the dust must be continuously replenished. The collisideatruc-
tion or sublimation of larger bodies (planetesimals) caatz such
dust particles. Effectively, the small dust can be used ascet
for the presence of bodies many hundreds of kilometers ethiat
are otherwise undetectable. Inner cavities have also heserved
in debris discs, either directly through images or indisetttrough
an absence of hot dust. The holes imply a lack of planetesimal
the inner region, as rapid collisional processing meartsiiae of
the dust created in the outer disc reaches the inner regigat{W
2006).

Since gas giants must form in the gas-rich protoplanetay di

then it is possible that the planetary system is fully forrogdhe
end of the transition phase. Imaging of debris discs at ages o
10Myr shows evidence that planet formation in these systeams
already finished and formed Jupiter mass planets. The Bgiste
of such planets was inferred from debris disc observati@uslien
2006] Wyatt et dl. 2005) and subsequently confirmed throirgletd
imaging of planets in systems such as @M., planet imaged
arounds Pic, a 10Myr old A star with a debris disc (Lagrange et al.
2009) and a <3M,, planet imaged around Fomalhaut (Kalas et al.
2008 Chiang et al. 2009).

However models indicate that the growth of solid objects in a
debris disc can continue for several 100 Myr (Kenyon & Bromle
2004). In such self-stirred models a bright ring appearsnima
tended planetisimal disc where Pluto sized bodies havédised.
These bodies stir the planetesimal belt into collisionaitidetion
and increase dust production, causing the disc to brighténisa
location. There is some evidence in favour of this; obseaatof
a peak in the brightness of debris discs around A stars atades
to 10 Myr (Currie et al. 2008) can be explained in this conbexta
more detailed examination indicates that these modelsetilire
an inner hole to reproduce the observations. The innermegiald
have been cleared by a planet that is then stirring the oetgoms
of the discl(Kennedy & Wyaltt 2010).

Resolved imaging of young debris discs is therefore importa
in discriminating between discs being perturbed by a fubiyrfed
planet, such as in the pericentre glow model applied to HR479
(Wyatt et all 1999) and discs in which planet formation may st
be ongoing such ag Tel (Smith et all 2009) where the disc is
modelled using the delayed stirring models of Kenyon & Breynl
(2004).
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Many young stars are too distant to study their discs in Hetai

image to ensure a flat background. Pixels which showed high or

but young moving groups in this age range, such as the BPMG low gain in comparison with the median response throughoert t

(12Myr) provide a relatively nearby, young population inigfhto
assess the origin and diversity of debris disc emissioniatatye
(Zuckerman & Sorig 2004).

HD191089 (HIP 99273) is an F5V star at a distance of

observation were masked off. In order to avoid errors in ddizg

the data which could arise from misalignment of the imagesfitw
ted a Gaussian with a sub-pixel centroid to accurately deterthe
centre of the image and so the position of the star. The neiign

54pc (Perryman et al. 1997) that was identified as a candidate was done using bilinear interpolation across the array.

debris disc by Mannings & Barlow (1998) based on IRAS pho-

tometry. The age of this source is somewhat uncertain and es-

timates in the literature vary widely. Isochrone fitting gegts
older ages, with Nordstrém etlal. (2004) giving an age of 3 Gyr
and| Chen et al! (2006) finding 1.6 Gyr. However, when consider
ing evidence of youth such as X-Ray emission and Lithium abun
dance data amongst other techniques, the age indicateghi§i-si
cantly younger; Zuckerman & Sang (2004) find 100Myr. However
Moodr et al. (2006) suggest that the source is a possible meafibe
the 8 Pictoris Moving Group (BPMG) due to HD191089's proper
motion and high rotation rate, giving it an age of 12 Myr. Titnism-
bership appears to be confirmed from further proper motiodiss
by|Lépine & Simon[(2009). The BPMG is a rich source of debris
discs with~23 per cent/(Rebull et £l. 2008) of members harbour-
ing a disc. Here, we adopt an age of 12Myr when interpretiigy th
source.

Using the Spitzer fluxes for this source (Hillenbrand et al.
2008) and other sun-like stars, an analysis similar to tmat p
sented in_ Smith & Wyatt (2010) for A star debris discs showed t
HD191089 was the most favourable target for imaging delisissd
with deep mid-IR observations.

In 82 we present 18, 8n imaging of HD191089 taken with

The standard star was observed at a similar airmass to
HD191089. The calibration levels were compared with thmags
for the standard star observations and no correlation wasifcso
no extinction correction was applied to the calibratiortdas.

In order to calibrate the images an average of the calibratio
factors determined from standard star observations wak I$e
standard star, HD18983F(s = 3.44Jy from.Cohen et al. 1999;
Adelmai 2001) was observed twice per group of observatigas (
Table[1 for detail of Observations Groups). A coadd of the two
standards from each group was used to calibrate the ohisziwvat
of HD191089 in the same group. The average calibration éoror
the five groups of observations was 6 per cent. The groupsdiad ¢
ibration factors that varied by 3 per cent, 6 per cent, 12 pet,c
6 per cent and 4 per cent. These values were used to calcalated
calibration error for the fluxes. These centred, flux catéalam-
ages from each group were then used to produce final images of
HD191089 and the standard star.

3 RESULTS
The final co-added images for HD191089 and the standard star

the T-ReCS instrument on Gemini South. In §3 we analyse these HD189831 for PSF reference are shown in Fidgire 1. The soié li

observations and show that we have resolved the debris Idisc.
84 we confront these observations with models to deterntire t
disc parameters and in 85 discuss the implications of therried
structure for the status of planet formation in this systboth in
the context of the Pericentre Glow model (Wyatt et al. 1998) a
the self-stirred model (Kenyon & Bromley 2004).

2 OBSERVATIONS

These observations were taken under proposal GS-20094Ai28 u
T-ReCS on Gemini South with filter Qa( = 18.3um, AX =
1.51wm). The pixel scale of the T-ReCS instrument is 0".09 and the
total field of view of is 29’k 22", These observations were taken in
parallel chop-nod mode with a chop throw of 15” and chop parsit
angle of55° (East of North). The data were taken over three nights
(9th June 2009, 12th July 2009, 13th July 2009). The totabonce
time was 7200s. Observations of standard star HD18983tt(spe
type K5llI) listed inlCohen et al! (1999), were made to caltbr
the photometry and also to monitor the PSF of the obsenstion
The order of the observations and the on source integratitest
are shown in Tablgl1.

These data for HD191089 were taken in sets of four 360s long
integrations with 6 complete nod cycles (ABBA). The dataewer-
duced using custom routines described in Smith et al. (2008
data reduction involved determining a gain map for eachvase
tion using the mean values of each frame to construct a magedf p
responsitivity. The on-source pixels were masked duritg ho-
cess, making this equivalent to a sky flat field frame. A DCaiffs
was then determined by calculating the mean pixel values-in e
ery row and every column, again masking pixels where there wa
source emission present. This was then subtracted fromrhk fi

contours shown in the images are 25 per cent, 50 per cent guet 75
cent of the peak for both HD191089 and the standard. The dashe
contour represents 10 per cent of the peak emission. Thevpaak
for HD191089 in the final coadded QA image is 344mJy/arcsec
and the peak value for the standard is 27648 mJy/atcsec

Photometry was performed using a 1".0 radius circular aper-
ture centred on the star. The stellar flux in the Qa filter iseeigd to
be 44mJy from the K band flux (see Section 4.2). Our photometry
yields a flux of 16322 mJy including both calibration and photo-
metric errors for the final co-added image of HD191089 shawn i
Figure[d with an S/N of 38 (not including calibration error§hus
the photometry gives an excess of #22 mJy in a 1” radius aper-
ture centred on the star. The IRS spectruim of Chenlet all 2886 a
subtraction of the stellar flux gives an excess of £3mJy. The
T-ReCs photometry presented here therefore agrees witliRthe
results. It does not appear that the IRS spectrum includesrais-
sion centred on the star outside the 1" aperture used heghtor
tometry, as might happen in the larger IRS beam (extractetye
3.7" slit). The total error on the photometric measuremémtta-
ble[d consists of both the calibration error and the statiktioise.
The statistical noise was determined using an annulus withreer
radius of 3" and an outer radius of 4” centred on the star,ltiegu
in an error averaged over all the groups of 1.1mJy/afcsec

There is clear ellipticity in the image of HD191089 (centfe o
Figure[1) and a 2D Gaussian fit to HD191089 gives the elliptic-
ity of the image at the 50 per cent contour(@$04+0.015 with
the major axis at position angle 80° + 10° East of North. The
same ellipticity is seen on all three nights. In comparidenellip-
ticity of the standard wa8.024 + 0.007 with the major axis at a
position angle o65° + 2° East of North. As all the observations
were performed with no on-sky rotation and chop-nod peréatm
at55° East of North, the ellipticity in the PSF could be due to chop
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Table 1. Observations taken under proposal GS-2009A-Q-28 in okifee that the on source time is half of the total integratioretlisted in the table. Fluxes
are for a 1" radius aperture centered on the star. The graligaites the standard-science-standard observing pageth One standard was used in groups 2

1.0

0.0

-1.0

and 3 due to an omitted calibration observation. Each seiebservation consists of 4 sub integrations.

Date Object Group | Name | Filter | Integration Time (s)| Calibrated Flux (mJy)
09/06/09 | HD189831 1 Std1l QA 120 3441
09/06/09 | HD191089 1 Im1 QA 1440 158 £+ 21
09/06/09 | HD189831 1 Std2 QA 120 3441
12/07/09 | HD189831 2 Std3 QA 1440 3441
12/07/09 | HD191089 2 Im2 QA 1440 167+22
12/07/09 | HD189831 2/3 Std4 QA 120 3441
12/07/09 | HD191089 3 Im3 QA 1440 166 + 23
12/07/09 | HD189831 3 Std5 QA 120 3441
12/07/09 | HD189831 4 Std6 QA 120 3441
12/07/09 | HD191089 4 Im4 QA 1440 145424
12/07/09 | HD189831 4 Std7 QA 120 3441
13/07/09 | HD189831 5 Std8 QA 120 3441
13/07/09 | HD191890 5 Im5 QA 1440 174431
13/07/09 | HD189831 5 Std9 QA 120 3441

Figure 1. Left to Right: The final co-added images of the standard &) @nd HD 191089 (centre) and a residual emission imaga/stafter subtracting

an azimuthally symmetric PSF created from the standardratege scaled to the expected photospheric emission fronOHO89 (44mJy) from the science
image (centre). Note that the distinct ellipticity seenhe tmage of HD191089 is not seen in the standard star. Cantouthe left and central plots are at
25, 50 and 75 per cent of the peak (solid lines) and 10 per dehe@eak (dashed line). The contours on the residual epnissiage are at 25 per cent, 50
per cent and 75 per cent of the peak. Orientation of the imagisrth up, East left. The peak value for HD191089 in QA is Bddy/arcset and the peak
value for the standard is 27648 mJy/arésébhe peak value for the residuals is 55mJy/arés@te residual image has been smoothed by convolving with a
Gaussian with a width of 4 pixels.The colour scale is lineant 0 to the maximum pixel value in each image.
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smearing, but the extension seen in the HD19089 images is at athe angle between the peaks in the residual image and wad foun
to be at30° £+ 10° East of North, consistent with the orientation of

very different position angle and so is unlikely to be anfacti of

the chopping process.

The rightimage in Figurlgl 1 is the residual image of HD191089

the ellipticity found for the science observations befarbtgaction

of the PSF.

In order to assess the robustness of this putative disc,cand t
ensure that it is not an artifact of the PSF, we examined time te
poral variability of the FWHM of the science data and ass&sse
the significance of the extension. We also looked for any depe
dence of the FWHM on time or airmass. We took linecuts at po-
sition angles corresponding to the major and minor axes ef th
fitted ellipticity in the science images (PA 80° and 170°) for
each group of HD191089 observations (see Table 1 for observa
tion groups) and for PSF standards from each observatioaapg
residual image, consistent with a disc that is at some irgdiate The linecuts were smoothed by a Gaussian of width 3 pixels and
inclination between edge on and face on. The position arfgleeo were then fitted with a Gaussian profile to determine the FWHM.
peaks (and hence the major axis of the ring) was found by findin No dependence on airmass or time was found, and the median

after the subtraction of the standard star image scaledetdluk
expected from the photosphere of HD191089 (44mJy) follolsed
smoothing by a Gaussian of width 4 pixels. Scaling the sabtma

to the expected stellar flux means that we are not removingfny
the disc emission. We also tried subtracting the standardraage
scaled to the peak of the HD191089 image, to see if there was an
additional unresolved flux present at the peak, and founi i
results in a subtraction of 49mJy, indicating that thereeig \ittle
unresolved disc flux contributing to the peak. A ring is saethie
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FWHM values and standard errors were found tash&t +0.2 pix-
els at80°for the standard).95+0.3 pixels at80° for HD191089,
8.10+0.1 pixels atl70° for the standard, anfl.464-0.4 pixels for
HD191089 atl70°. There is naturally a large degree of scatter in
the intensity profiles, due to variations in observing ctinds, but
HD191089 shows extension when compared to the stand&ff at
and there is also some evidence of extension along the mxier a
of the image at 70°. This is shown graphically in Figuté 2 which
shows the linecuts through each integration (of 2880s, skle t
[I) of HD191089 (diamonds) and corresponding standard rstay i
grations (plus signs). HD191089 also has broader wings ttian
standard star image &0° .

The residual image of HD191089 shown in Figlie 1 also
shows tentative evidence for a brightness asymmetry betwree
two sides of the disc. The ratio of the flux in a 0.5” radius aper
ture, centred on the E peak (found by fitting a Gaussian at sub-
pixel resolution) and the flux in an identical aperture cediat the
same radial location on the W side Wé% = 0.80. This aper-
ture size was chosen to maximise the asymmetry observedzAn a
imuthally symmetric PSF was used for the subtraction shown i
Fig.[, so this apparent brightness difference is not sindply to
non-axisymmetric features in the PSF. This was also chebked
looking for any systematic azimuthal variations in the P&8f by
redoing the subtraction using each of the 10 standards tatifjua
the effect of PSF variability on the measured asymmetry.ds w
found that variability in the PSF FWHM and asymmetries cleang
the flux ratio by+0.02, or< 0.2¢ significance. The final stacked
PSF image used had a FWHM of 8.82 pixels &t 8ad 8.10 pixels
at 170.

The significance of this putative asymmetry was assessed us-
ing a Monte Carlo method. We created 10 000 axisymmetric disc
models (see Section 4.1), convolved these models with fisgrax
metric PSF and added Poissonian noise consistent with the ob
served levels in the images Q0.1mJy/pixel). This does not account
for the effects of any spatially correlated noise, such dweEnt
variation in the PSF over the course of the observationswben
we examined the PSF from each group of observations (see Tabl
[@) we found no systematic asymmetries. This modelling jolesi

Figure 2. The profile of the line cuts through the total imagessat E

of N (top) and170°E of N (bottom). The median FWHM measurements
taken over all sub-integrations from Gaussian fits to théilpsoat the two
angle are indicated for reference. The averaged profiles fith the line
cuts for both HD191089 and the standard star are also shola.pio-
file for HD191089 (dashed line) &0° is much broader in the wings than
that of the standard star (solid line). There is also soméeexe of a less
pronounced extension af70° as seen in the lower image. Note that mul-
tiple intensity profiles for the science target (diamonds) ¢he standard
(crosses) are shown here. These are taken for each groupieatéad in
table 1.
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a first guess at the chance of observing such an asymmetry sim-

ply due to uncertainty from Poissonian noise in the imagés T
average observed asymmetry between the two sides of theeimag
in these noisy asymmetric models was 12 per cent. The beghtn
asymmetry observed is then significant at th& level.

4 MODELLING
4.1 Axisymmetric Disc Model

To determine constraints on the radial distribution of thréssion
seen in the resolved L8» image we first considered the simplest
possible model of the disc structure. This model is compaded
single axisymmetric disc component, defined by four freaiper-
ters: disc radius (r), width (dr), inclination (i) and suwéadensity
distribution X2, which is assumed to have the forh « r”. The
disc opening angle (which sets the disc height) is assumied
but this parameter is unconstrained by the modelling psoCEse
flux from annuli in the disc at different radii was determirseum-
ing a grain composition and size distribution that were transed
using the emission spectrum as outlined in section 4.2.eSine
SED fitting process fixes the total flux from the disc model to be
~115mJy this did not have a significant impact on the derived sp
tial distribution.

In order to constrain the dust location, as well as the width

of the disc, the inclination and the surface density profilgyrid

of models was run. The model images were convolved with an az-
imuthally symmetric PSF and compared with the observediuesi
als using the images as well as the linecuts both in the @recf
extension (PA30°) and perpendicular to the extension (P20°).

The use of both linecuts allowed us to constrain the indlimesi-
multaneously with the radial morphology. The reduced chissed

of the fit (2 = M = 1 wherev is the number of free pa-
rameters and 1 represents a good fit) to each of these thmssme
observational data were calculated and were then combimeatly

with equal weight to come to a final mean reduced chi-squared

2 2 2
Xrlinegg +X7‘l7.n5170 tXrres

(chombmd = ) which was then min-
imised across the grid of models The ranges of model pasmet
tested wereR;,,:10 to 50AU (1 AU intervals)Ro.:: 50 to 100AU
(5 AU intervals), inclination: 10to 60° (5° intervals, where Dis
edge on), surface density index-0.5 to -3.0 (0.5 intervals). The
values for gamma were chosen to cover possibilities suclhes t
surface density distribution expected from grains beiroyvbl out
of the system by radiation pressurg=(1.0), and that of the Min-
imum Mass Solar Nebular (MMSN)E-1.5). The best fit model
was found to be a ring at 281 to 90+5AU, with an inclination
of 35+5° from edge on, and a surface density profite 1.5+0.5.
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This best fit model had?_ =~ = 1.30 with x7;,,.,,=1.34,
Xotine; =140, X7cs = 1.19. The best fit model residual image
is shown on the left of Figuid 3 and can be compared directilly wi
the observed disc (FIg 1 right) which has the same colouescal

PSF variation can have an important impact on the observa-
tional residuals, and we used an azimuthally symmetricameer
PSF. This was motivated by the lack of effects of temporalspad
tial variation in the PSF (see Section 3). The modelling pssdor
the axisymmetric disc was repeated using the PSF with tgedar
FWHM (Std 8) and the smallest FWHM (Std 6) to find that PSF
variation had no effect on the modelling results within thetgd
errors.

4.2 SED Models

The emission spectrum of HD191089 is shown in Fiddre 4. The
stellar photospheric emission has been modelled using adgur
model atmosphere with a temperature of 6440K (Kurucz|19it9),
ted to the 2MASS K band photometry implying a stellar lumibos

of 3.2L¢, at the inferred distance of 53.5 pc. Photospheric flux con-
tributions have been subtracted from the fluxes shown &tum
which thus represent the excess emission from the disc.speis-
trum is approximately that of a blackbody fit with a temperatof

99 + 9K and a fractional luminosity { = %) of 1.5 x 1073
(Chen et al. 2006). :

To calculate the emission from grains in the model they were
assumed to have a size distribution witfD) oc D~3-5, where D
is the grain diameter, which is the standard solution foremtéti-
cal collisional cascade (see Dohnanyi 1969), that is triatcat a
minimum and maximum grain size. For the assumed composition
grid of models was calculated with a range of minimum sizés 0.
10Dy, whereDy, is the largest grain size removed from the system
by radiation pressure for which=0.5 wheres = iiiﬁf,v the ra-
tio between radiation and gravitational forces (Burns S1.8I79)
which depends on stellar properties, grain compositionpaords-
ity. The maximum size was fixed at 1cm since larger grains have
negligible contribution to flux from a model with this sizesttibu-
tion. The grains were assumed to have a silicate core (arosph
olivine) and an accreted mantle of organic refractoriesipced
by UV photoprocessing of ice. (as usec_ in Li & Greenderg 1997;
Augereau et al. 1999). A range of compositions was also, et
amorphous silicate fractions varying from 0 per cent to 90ceat
by volume and with porosities (i.e. vacuum fraction of grain
volume) from O per cent to 95 per cent. Dielectric constargsew
calculated from tabulated laboratory values (Li & Greenl397;
Augereau et al. 1999) using Maxwell-Garnett effective madi
theory. The optical properties of the grains were calcdlatsing
Mie theory, Rayleigh-Gans theory and Geometric Optics éhb-
propriate size regimes (Bohren & Huffman 1983).

This resulted in a grid of 360 models over whighi was
minimised by fitting to the spectrum and MIPS flux@d{m and
70um). The fit to the IRS spectrum was calculated usiffgs =
W whereF,; is the observed fluxt,.q is the model
flux and N is the number of points in the observed IRS spectrum.
This normalises(?x s So that when calculating the fingP the fit
to the spectrum was given equal weight to the fits to then24nd
70um MIPS fluxes. The best fit model with a reducedt of 1.14
has a minimum grain size that is coincident with the blowgrain
size (1.46um for the composition used) and a composition of amor-
phous silicate fraction of 10 per cent by volume, and a ptyai
60 per cent with the rest of the grain composed of organiacefr
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tory materials, with no ices present. The fractional lursitois

1.4 x 1073, As there are no obvious spectral features in the SED,
the main constraint on the composition and size distrilbutimmes
from allowing the appropriate range of temperatures to lesqnt
given the constraint that the dust is in the region 28-90 Adcl-
body grains would have to be at a radius of 15 AU to achieve the
observed temperature. Although our model provides a camsis

fit to both image and SED, it is not expected that the compusiti
has been uniquely constrained by this process.This duselnnes
then used as an input to the model grid and there was no change t
the best fitting model of the 18n images.

The total mass in the collisional cascade, with the assumed
size distribution ofn(D) o« D™*® scales a0t < vDimaz.
Thus for D,q. = 1km the total mass would be 134 two or-
ders of magnitude higher than the current mass of the Kuipén(B
Bernstein et al. 2004), but note that we have no informatiothe
maximum size of objects in this system.

4.3 Emptinessof thelnner Hole

It is possible to fit all excesses in the spectrum with a molad t
only extends from 28AU-90AU. There is no requirement either
from the image or from the spectrum for emission at <28AU. The
observed 18m image of HD191089 shows a resolved belt of dust
from 28-90 AU, with a cleared inner region extending to a wadi

of ~28AU. We compared the photometry of the observations in the
inner 28AU (0.5” radius aperture) and then repeated the uneas
ment with the same aperture on the models, where an unresolve
flux component could be added at the position of the star.Ugtkaty
calibration uncertainties, the measured flux density witni0.5"
radius aperture on the & image was 4&4mJy of flux, with

a photospheric contribution of 33mJy (75 per cent of totaltph
spheric flux, measured in the same aperture using a scaled PSF
The same measurement on the model with no stellar or unessolv
flux component added gives 16mJy.Therefore the maximum unre
solved component that can be added to the model that does not
exceed a & upper limit of the observations is 12mJy. However
these measurements do not account for the 12 per cent ¢alibra
uncertainty in the photometry or the error in photosphetiz due

to uncertainties in the spectral fitting to the star, whickls2mJy

(on total photospheric flux). Since a change in calibratiaubd
also result in a corresponding change in the mode fluxl (tdét t
peaks at the correct level), it is instructive to consideatuliould
have been derived with a revised calibration factor andiestéux.

In the extreme situation that the calibration was 36 per hagiter

(i.e. a 3 upper limit on the calibration factor) and the stellar flux
was lower by 3.2mJy @ lower limit), the flux measured in the
previously described apertures would have beehB8Jy with a
corresponding model flux of 22mJy. Thus the excess would have
been135mJy and so gives a maximum unresolved component of
<28mJy for a 3 deviation in both calibration and statistical uncer-
tainty.

4.4 Pericentre Glow Model

The brightness asymmetry seen in Figure 1 is reminisceritatf t
seen in the disc of HR4796 (Telesco etal. 2000). The 6 per cent
asymmetry of HR4796 was interpreted as a consequence of peri
centre glow, where the secular gravitational perturbatioh a
planet on an eccentric orbit imposes a forced eccentriaityhe
planetesimal belt, causing the forced pericentre side efdisc
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Figure 3. The best fitting axisymmetric disc model for thept8 emission (see section 4.1). The model residual image (¢aftObe compared directly with
the observed residuals (Figdide 1, right). The differendsvéen the observed residuals and the model residuals)(ifglitates an over subtraction near the
disc ansae and a slight under subtraction at the peak. Sien§gd for details.
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Figure 4. Spectral Energy Distribution (SED) of HD191089. The phptee of HD191089 is fitted with a Kurucz model profil®/{;q, = 1.4Mg,
Lstar = 3.2Lg, Tstar = 6440K) scaled to the 2MASS K band flux and shown with a solid line.éetions at> 5um are shown after the subtraction of
the photospheric contributions: the IRS spectrurn_of Chexh @006 (solid line fronb — 30um), MIPS fluxes|(Carpenter etlal. 2009) (triangles) and IRAS
colour-corrected excesses (asterixes) and Gemini TRe&ssfin 0.5” radius aperture (square), and sub-mm/mm uppeislicrosses) from SHARC and
CARMA. The excess measurements are first fitted with a 99K figadblackbody (dashed line), for comparison to a realistirgfit (solid line) described in
section 4.2
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to be closer to the star and hence hotter and brighter (Wyatte  improves thexf.wmbmd from 1.31 to 1.15, but in general adding
1999). Here we applied the same model to the HD191089 disc. an extra parameter will improve the fit of any model. However,
The disc is defined by the inner and outer semi-major axis ®f th given the tentative (18 nature of the asymmetry, is adding this

disc, @,in and a... with a proper eccentricity &0 (SO &.in extra parameter to the model justified? We assess the jasitific
and a,.. are equivalent to.f;, and r,.. in the axisymmetric for this extra parameter through use of the Bayesian Infaoma
model), the power law index for the distribution of semi-oragxes Criterion (BIC):

vpc = y+1 wherey is the surface density index from the axisym- )
metric model, and a forced eccentricity. & he best fit model has BIC = Nin(Xr o ppineq) T RN
parameters .2, =28, 8na==90, yp¢ = 2.5 and =0.12 and is

- where N is the number of data points, k is the nhumber of
shown in Figuréb.

free parameters angf is the minimum combined reduced

combined

This addition of an extra parameter (the forced eccengjicit x> for the model. The BIC considers the fit of the model but
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Figure 5. The best fitting disc from the pericentre glow model which dalsd and shown in the same way as the HD191089 residualsréfl for
comparison. The disc parameters are the same as those foeghéitting axisymmetric disc shown in Figure 3 (28-90AH35°, Y ocr?) Right: linecut
through the observed and model images at a PA 8f(8bserved: solid line, Model: dotted line)
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penalises the model for extra parameters(see Wahhaj @b, 2
Liddle|2007). Two models were considered: the axisymmelisc
model(see sectidn 4.1) and the pericentre glow model (s#®ise
[Z:4). The BIC value for the axisymmetric disc is 19.3 and fa t
pericentre glow model is is 19.2. There is very little diace be-
tween the BIC values, indicating that there is no preferdmee
tween the two models.

5 DISCUSSION

5.1 Implicationsfor the Planetary System

There are 3 different possible interpretations of the sthf@anet
formation in the HD191089 system based on the resolved inipge
The inner cavity and brightness asymmetry are due to thedtoom
of planets interior to the inner edge of the resolved disE.1, i)
The disc is in the process of forming Pluto-sized bodies aken
delayed stirring models of Kenyon & Bromley (200B) (5]112j0
The disc is a remnant of the protoplanetary disc (5.1.3).

5.1.1 Planetinthe Central Cavity

The 18:m image of HD191089 shows a resolved belt of dust from
28-90 AU, inclined at 3% from edge on with a cleared inner region
extending to a radius ef28AU. The brightness asymmetry seenin
the HD191089 disc could be evidence for a planet on an ed¢centr
orbit (see Section4l4). The pericentre glow model only gsazon-
straints on the forced eccentricity imposed on the debsis oy the
planet’s secular perturbations and this cannot be usednstrean
its mass and semi-major axis. The only constraint is thalover
the mass of the planet the longer the secular precessiondates.
Although it is not known it seems likely that should such a
planet exist, the same planet that is causing the asymnsetguis-
ing the inner edge, as proposed| by Quillen (2006). The indge e
of the resolved dust belt at 28AU could therefore mark thesout
edge of the planetary system, especially if a giant plarsstitpting
the inner edge of the disc, as in the case of Fomalhaut (Kakls e
2008] Chiang et al. 2009) which has a dust belt with a well éefin
inner edge and a brightness asymmetry.

Offset, arcsecs

the discs seen in_Kenyon & Bromley (2004), a surface dengity o
¥ « % from 5-28AU is required to satisfy the observes @pper
limit of 27mJy (see section 4.3) on emission from this regibinis

is steeper than surface density profileSak »7/3 predicted in the
models of Kenyon & Bromleyl (2004). For a surface density pro-
file like those of the delayed stirring models to be consistéth

the observations, then the disc would have to be truncatiAt.
Assuming the disc is being truncated by a planet at just@2&RhU
and that the disc is currently being stirred, then this aainst on
the secular timescale means a minimum mass for the pertcaber
be derived using Eq. 42 from Wyatt et al. (1999) which givesam
imum planet mass of 2.6Mfor a system age of 12 Myr.

5.1.2 Delayed Stirring Model

Another possible interpretation of these observationisasthe re-
solved belt corresponds to a region of a more extended dist#s
recently formed Pluto sized objects. In these self-stimedlels of
Kenyon & Bromley [(2005) the evolution of an extended plagete
imal belt is followed, allowing both the velocity and sizestli-
butions to evolve self-consistently. A destructive cadliisal cas-
cade is only ignited in the disc when planets forming in thecdi
reach Pluto-size. The timescale for the formation of thelséoP
sized objects depends strongly on their distance from tireasid
on the surface density of the disc so the outer disc regioas ar
stirred at later times. We performed further modelling blasa
the prescriptions for the evolution givenlin Wyatt (2008} ae-
fined in Kennedy & Wyatt (2010) which provides an empirical fit
to the self-stirred models bf Kenyon & Bromley (2005). Thisdel
consists of a planetesimal belt with radii:f, and ... with sur-
face density scaled to the MMSN divided into annuli at difer
radii which have a suppressed dust production rate unttitine at
which Pluto sized bodies have formed, stirring the annuhtis &
destructive collisional cascade, increasing the prodoadf small
dust and causing it to brighten. The dust emission