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ABSTRACT

Lambda Boo stars are predominately A-type stars with sdlandant C, N, O, and S, but
up to 2 dex underabundances of refractory elements. Th& stamsual surface abundances
could be due to a selective accretion of volatile gas ovet. diisas been proposed that there
is a correlation between the Lambda Boo phenomenon and ¢Bssgs which are the result
of a debris disk or interstellar medium (ISM) interactioroyiding the accreting material.
We observe 70 or 100 and 160n excess emission around 9 confirmed Lambda Boo stars
with the Herschel Space Observatory, to differentiate whether the dust emission is from a
debris disk or an ISM bow wave. We find that 3/9 stars obserest Wwell resolved debris
disks. While the remaining 6/9 are not resolved, they arensistent with an ISM bow wave
based on the dust emission being more compact for its tetiyperand predicted bow wave
models produce hotter emission than what is observed. WetHiméhcidence of bright IR-
excesses around Lambda Boo stars is higher than normalr&-3taexplain this given our
observations, we explore Poynting-Robertson (PR) dragraschanism of accretion from
a debris disk but find it insufficient. As an alternative, wegse the correlation is due to
higher dynamical activity in the disks currently underwiagrge impacts of planetesimals or
a higher influx of comets could provide enough volatile gasafecretion. Further study on
the transport of circumstellar material in relation to thedance anomalies are required to
explain the phenomenon through external accretion.

Key words: circumstellar matter, stars: HD 11413, HD 30422, HD 31295, Hi873, HD
110411, HD 125162, HD 183324, HD 198160, HD 221756

1 INTRODUCTION

The Lambda Boo stars are a class of Population |, B9-F3 tygre st
(~1.5-2.5 solar masses) of various ages with strongly deplete
and Fe-peak element abundances, but relatively normal aols-
dances of C, N, O, and 5 (Paunzen 2004). The distinction legtwe
these species is that C, N, O, and S have a lower sublimation te
perature on dust grains_(Lodders 2003). An abundance agomal
could be formed where volatile elements are accreted orgo th
star in the gas state while the refractory elements are tbakey

in dust grains which are blown away from the star due to radia-
tion pressurel (Venn & Lambert 1990; Waters, Trams & Waelkens
1992). The accretion would need to be relatively recentrgibe
fact that meridional circulation would mix the surface ir2 Myr
timescales| (Turcoite 2002). While Lambda Boo stars arecpart
larly metal deficient, A stars in the solar neighbourhood tgpe
ically found to be metal rich in Fe-peak elements, likely dae
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their post-solar formation age or correlation with the Amphe-
nomenon|(Hill 1995; Murphy et al. 2012). The abundance patte
based on sublimation temperature or excitation potentlaiva
these stars to be distinguished from intrinsically metahkvstars
such as Pop Il or F-weak stars to constitute a class of their ow
(Paunzen et al. 2014).

Multiple theories have been proposed to explain the Lambda
Boo phenomenon, but none have been proven to be the direset cau
of the surface abundance pattern. There are 34 confirmeddamb
Boo stars|(Gray & Corbally 1993), or approximately 50 in¢ched
candidates, which suggests they are less than 2% of allvgittuia
their spectral range (Gray & Corbally 2002). This rarity uggs
the mechanism to be too weak to be widely observed or occur in-
frequently, but also explain their many unique properfidgories
for what causes the Lambda Boo phenomenon fall into two cate-
gories: those internal to the photosphere and those extertiae
photosphere.

One of the internal mechanisms which has been proposed is a
modification of the mass-loss theory in AmFm stars (Michaiual le
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1983). AmFm stars have a chemical peculiarity on their serfa
which has been observed and modelled by a selective diffusio
of heavy metals towards the surface (Richer, Michaud & Titieco
2000). If the mass-loss due to a radiatively driven stellamdw
on an AmFm star was on the order a6~ '*Mg /yr, then

it could produce a Lambda Boo-like signature on the sur-

oids which generate dust (Artymowicz & Clampin 1997). ThMIS
interaction will create a bow wave of locally heated dustha di-
rection of motion as the star passes through the cloud. aipic
bow waves have been referred to as “bow shocks” in the litera-
ture, but this implies that the gas is being shocked, whichots
what is being modelled, so we will not refer to it as such. 8inc

face because the radiation pressure would be more efficientthe gas density can be low and dust does not shock like a fhed, t

for heavy metals| (Michaud etial. 1983). However, the mass-lo

dust is rather pushed around a cone of avoidance from radiati

rates have not been found to be significant around AmFm stars pressure. The significant fraction of the emission will ieflom

(Richer, Michaud & Turcotiz 2000). Furthermore, the AmFneph
nomenon is not observed in stars with equatorial rotaticedp
above~90 km/s due to meridional circulation mixing the abun-
dances with the lower layers of the star (Charbonneau 1$93¢e
Lambda Boo stars on average rotate withsn(i) of 120 km/s,
this mechanism alone is not plausible to explain Lambda B@o-
abundances.

There are other observed effects that may point to

the over density of warm dust in the bow front, but emissiot wi
also arise from the surrounding cloud especially when oleskat
longer wavelengths.

There are however some problems with the ISM accretion the-
ory. First,§ Velorum is a star which is well known to be interacting
with the ISM, but is not a Lambda Boo star (Gaspar et al. 2008
It has a well resolved, asymmetric bow structure seen @pttrer
and was modelled with dust around Q.h in size and astrosilicate

an unknown internal mechanism. For instance, Lambda Boo composition, typical for the ISM. Furthermore, most starghe

stars are more likely to pulsate in the instability strip
(Bohlender, Gonzalez & Matthews 1999; Paunzen 2004). This i
often called thed Scuti phenomenon and is due to the increas-
ing/decreasing of the opacity of the ionized helium boundayer.
This oscillation in ionizing helium occurs because the zatibn
temperature is within the internal temperature and pressunge of

local solar neighbourhood, where some Lambda Boo staralactu
reside (including all of the stars presented in this papeye a low
probability of interacting with the ISM. Although, otherstances

of ISM accretion can be found in more dense ISM regions exte-
rior to the local bubble or in the galactic centre (Buchhdlale
2013). In those cases, polarimetry has been shown to aidein th

a main-sequence A star (De Boer & Seggewiss 2008). Lambda Booidentification of bow waves through the determination of plee

stars are characterized by higher overtone modes rathetawar
mode oscillations typical of Scuti stars|(Paunzen 2004). How-
ever, there is no observed correlation with the Period-lnasity-
Colour relation ofy Scuti stars and metallicity, which would distin-
guish Lambda Boo stars from “normal’Scuti stars (Paunzen et al.
2002). It may be that the pulsations are linked to a yet unknaifv
fusion or mixing process in main sequence A stars which catie
abundance pattern on the surface (Paunzen 2004). This hts ye
be a well developed theory, but it is a unique characterigtibese
stars which is rooted in observations and therefore shooilda
ignored (e.g. see Moya et|al. 2010)

As for external mechanisms, spectroscopic binaries, slebri
disks, and ISM interactions have been proposed to be theecaus

larization angle relative to the emission, which helpsetiéhtiate
the origin of the IR excess emission as bow waves. However, AO
assisted spectroscopy from large ground-based telescopds
be required to identify a Lambda Boo-like signature in thetses,
which has not been done. This could cement the relationsdip b
tween ISM interactions and surface abundance anomaliéger Ot
metal poor stars have also been searched for nearby excéss em
sion to explain the stars’ abundance anomalies. Venn e2@1.4)
found no excess emission, but the observations were nottisens
enough to rule out a typical debris disk.

Both of the accretion scenarios are supported by obsengtio
of gas toward several Lambda Boo stars (Holweger & Sturenbur
1993). If gas is detected, then it may indicate a reservoiptztiles

In the case of close binaries, the Lambda Boo phenomenon mayis available to accrete on to the star. For example, specpis

not be a real phenomenon, but is rather an artifact from rsatve

ing the stars| (Faraggiana et al. 2004). In this sense, theokhen
tion of two stellar spectra make the A-star spectra seeml peta
when it actually isn’t. For example, one of the stars in oungle,

HD 11413, was found to be a composite spectra binary via €ross
correlation with a synthetic spectrum. This method is prongys-
tematic error and was not a definitive radial velocity (RVjei¢ion

of a binary._Griffin, Gray & Corbally (2012) did a multi-yegpec-
troscopic survey of Lambda Boo stars to detect RV shifts andd
none to be composite spectra binaries. Some of those stacsiar
sidered here, including HD 125162, HD 183324, and HD 221756.
This in general contradicts the claim of a composite spdotrblD
11413 causing its Lambda Boo-like properties.

shell line detections of Ca Il or Na | are indicative of gasmea
the star|(Bohlender & Walker 1994). However, the true |lanabf
the gas is unknown as the spectra are the culmination of rakter
along the line of sight and therefore may not be associattéuthe
star itself. UV observations with higher energy transiiat RV
shifts consistent with Keplerian motion provide confirmatithat
the gas is indeed circumstellar, such as around the Lambda Bo
star 131 Taul(Grady etal. 1996). However, this star was obder
with Spitzer and no excess dust emission was detected oution70
(Su et al. 2006), so the source of this accreting gas is skthawn,
but adds credence to external accretion mechanisms. Tinablea
spectroscopic absorption, often interpreted as fallingpevating
bodies (or FEB), have also been observed around Lambda 8o st

The other external mechanisms considered are debris disks(Montgomery & Welsh 2012).

and ISM interactions. Both of these mechanisms superfjqoeil-

lute the surface with gas but push out metal-rich grains adi-r
ation pressurel_(Waters, Trams & Waelkens 1992). These two ex
ternal mechanisms cannot be distinguished with spectriggn
distribution (SED) characterization alone since they bregult in
thermal emission from dust, which manifests as excess flax de
sity above the expected stellar photosphere. Debris diskes lheen
detected around-24% of A stars|(Thureau etlal. 2014) witter-

schel and result from the collisional cascade of comets and aster-

It is also important to note that any gas accretion will be
counter balanced by meridional circulation. This could atega
polluted abundance pattern 4110°yrs and yet Lambda Boo stars
are observed at various ages in theiGyr main sequence life-
time (Turcotte 2002). This requires the Lambda Boo mechanis
to operate at any time during the main sequence, which #&gtual
gives some additional support to the external mechanisahd.it-
teractions can occur randomly with age. Debris disks formodu
protostellar material and deplete with age, yet they halleosen
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Table 1. List of Herschel observation ID numbers for target stargluse
this paper. The RA and Dec listed are the observational egumiintings.

Star (HD) RA Dec ObsID(s)
11413 01h49™06%5 —50°12/19/8 1342224383/ 84
30422  04P46™25%7  —28°05'14/6 1342242078 /79
31295  04P45™5651  +10°09'01774 1342241872 /73
74873  08M46™56%0  +12°05714"76 1342254577 /78

110411  12P41™53%0 +10°14/08"2 1342212660 /61
125162  14M16™23%0  +46°5107"9 1342210928 / 29
188324  19M29™01%0  +01°57/01"8 1342231678 /79
198160  20P51™38%4  —62°25'47"/0 1342232490 /91
221756  23P34m3735  4+40°14'10"3 1342223973 /74

found around stars of-1 Gyr in age, subgiants, and even white
dwarfs (Bonsor et al. 2014a; Matthews et al. 2014b). If thelme
anism were internal, A stars would need to have a very specific
criteria for initiating and ceasing a Lambda Boo-like phdade-
pendent of age and stellar evolution.

In order to place constraints on the two accretion mechag)ism
we utilize Herschel observations of known Lambda Boo stars with
IR-excesses indicative of nearby dust to differentiate thaethe

Lambda Boo star debrisdisks 3

Boo stars were imaged with the Photoconductor Array Cameata a
Spectrometer, or PACS (Poglitsch et al. 2010). Two werergbse
as part of the DEBRIS Open Time Key Programme (HD 110411 (
Vir), HD 125162 @ Boo)) and were found to host resolved debris
disks by Booth et all (2013). Six of the stars were observedtas
geted Pl proposal (HD 11413, HD 30422, HD 31295, HD 183324,
HD 198160, HD 221756) to look specifically at Lambda Boo stars
with previously known excesses (see Tadble 1). All eight haddb-
band imaging at 100 and 160n. Another Lambda Boo star (HD
74873) was observed under another targeted PI proposaland h
70 and 16Qum imaging (Morales et al. submitted). PACS was de-
signed to take dual band imaging simultaneously in eith&/16D
wm or 70/160um configurations, so no stars have observations
at all 3 wavelengths. HR 8799 was also observed \vénschel
(Matthews et &l. 2014a) and is found to host a resolved deisis
with a ‘mild’ Lambda Boo-like abundance anomaly (Gray & Kaye
1999;| Sadakane 2006). Given the varied nature of specizsco
detections, we choose to limit our sample of stars to thosehwh
have been considered confirmed Lambda Boo stars in thetlitera
(Gray & Corballyl 1998), although we do not find HR 8799 to be
inconsistent with the conclusions of this paper.

Herschel PACS images are produced as mini-scan maps with
the Herschel Interactive Pipeline Environment (HIPE] Q11 ®).

IR-excess around nearby Lambda Boo stars are due to an ISM bowThe PACS scanning strategy covers the same region of sky-mult

wave or from a debris disk. By collectively comparing theispec-
tive structure and dust grain properties, we can discerrthene
one of the external mechanisms is more likely. The fundaatent
comparison is that ISM grains would give rise to hotter efiss
compared to debris disk grains at a fixed stellocentric désa
Or equivalently that for an observed temperature the stetitysic
distance of small ISM dust grains would be farther out than fo
larger debris disk dust, as was noticed with the originabdet
tion of debris disk hosting stars which ruled out ISM intei@ts
(Backman & Paresce 1993; Smith & Terrile 1984). The SED de-
generacy between temperature and distance resulting fiffen-d
ent dust grain sizes and compositions can be broken by iegolv
where the emission is located.

First, we describe the data in Section 2. Then we determine
the spatial extent of the excess emission in Section 3. Ihidec
4, we determine the temperature of the dust and the hostrstar p
erties. In Section 5, we test the spatial scale and dust fifepe

against bow wave models to break the SED degeneracy and deter

mine which mechanism is more likely. We also re-affirm theig
cance of the correlation between IR excesses and Lambda@&so s
in Section 6. In Section 7, we explore what connection detsiss
may have to the Lambda Boo-like spectroscopic propertiesiy

in Section 8, we attempt to connect observations to the nmésing

at work which could generate the abundance anomaly.

2 HERSCHEL DATA

The Herschel Space Observalor is a European Space Agency
(ESA) Infrared and Sub-millimeter observatory with a mattit
3.5 meter mirror orbiting at the second Earth-Sun Lagrangant,
or L2 (Pilbratt et all. 2010). The wavelength range of 55 to 670
is largely opaque from the ground which necessitates spased
observations to find far-IR emission. In total 9 confirmed bala

1 Herschel is an ESA space observatory with science instruments pedvid
by European-led Principal Investigator consortia and withortant partic-
ipation from NASA
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ple times which can be combined in a ‘drizzle’ method to peziu
an image with better pixel sampling at the cost of correlaigide
(Eruchter & Hook 2002). This is a beneficial method given tieat
solving the emission is one of our primary science goals.0At@0
wm, the pixel scale is 1 arsecond per pixel while 160 maps are
2 arcseconds per pixel.

3 EXTENT OF FAR-IR EXCESSEMISSION

By resolving the spatial scale of the emission, the SED degey
between dust grain size and stellocentric radius for a fizegper-
ature can be broken. This is done through a Gaussian decenvol
tion to get the projected size of the emission on the sky. Giviss
the resolved outer radius of the emission to compare withtise
temperature. A debris disk model is also favoured if the lvesb
emission appears compact and bilaterally symmetric thrdRgF
subtraction.

All images were rotated for north up orientation, east to the
left. Each target star is selected from the centre of the @weigh
a box of 20< 20 pixels, in either band, by fitting a two dimensional
Gaussian profile with MPFIT2DPEAK in IDL. These sources were
visually identifiable as where the stellar emission was etqubto
be. Observations of the calibration staiDraconis were reduced
and used in conjunction with these observations to serveP&a
reference star. The PSF reference star can be scaled to dke pe
emission and subtracted from the data images to test foreohe
structure indicating emission with a spatial scale largntthe
PSF. All of the sources appear as centrally peaked in reduced
ages, yet some are plainly resolved with PSF subtracticnKge
ure[1). However, we will not necessarily resolve a bow wave or
debris disk (see Sectibn 5.2). The emission around HD 31285,
110411, and HD 125162 are well resolved, exhibiting a symmet
ric structure in the PSF-subtracted emission on either cidbe
star. HD 11413, HD 30422 and HD 74873 also have faint residual
structures which can be seen to either side of the star.

The morphology of the data in Figué 1 can be qualitatively
compared to bow wave models and debris disk models seen-in Fig
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Figure 1. 70/100um and 160um images of all known Lambda Boo stars targetedHeyschel and analysed in this paper. The field of view (FOV) in each
subpanel i80” x 80 and each image is individually scaled linearly to the minimand maximum values. The ‘drizzle’ map is shown on the lett te
residual after PSF subtraction on the right with surfacghiriess (SB) in milli-Janskys per arcsecond squared. Vehitevs indicate the direction of stellar
proper motion. Relative star-cloud motion is estimated astcases to be 15° from the stellar motion. Vectors are normalized to a uniféength to indicate
direction and not velocity. There is no preference for egs@mission to be in the direction of motion for any of the stes HD 74873, HD 183324 and HD
221756, background sources at 70/108 have been removed with a PSF fit from the residual imagesgtdight the emission associated with the star. At
160 um, background sources are likely blending with the excesfastemission and were pre-subtracted from the ‘drizzlaps) based on positions in the
70/100pm images, in order to measure excess emission associatetheistar. Note that HD 74873 was the only star observed anYthstead of 10:m
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Figure 1. Continued.
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Figure 2. The top set of figures show a single debris disk model at @iffeviewing angles as it would be viewed witterschel PACS at 100um. The
inclinations are the angle between the proper motion veidrthe line of sight. While the disk is inclined by the angiévieen its orthogonal axis relative
to the line of sight. The PA is the angular position on sky. @ik model is a 80 to 120 AU ring around a nominal A-type sta&8Gpc on top. The bottom
set of figures is a bow wave model imaged from the same viewigtea, again around an A-type star at 30 pc, based on the sndelstribed in Gaspar et al.
(2008). The models assume an inner avoidance radiwsof 5 AU and aRouter Of the surrounding spherical cloud to be 905 AU, as was typiith models
from|Martinez-Galarza et al. (2009) usiBpitzer data fit to Lambda Boo stars IR excesses. The models are vedvaith a PACS beam and PSF subtracted
by peak scaling to compare with the morphological strucbirthe residual excess emission seen in Fiflire 1. By defiitee bow wave models’ bilateral
symmetry is perpendicular to the proper motion seen by thigeveirows. Debris disks bilateral symmetry on the otherdhare not causally connected to
their proper motion. Furthermore, the scale of emissiohénttow wave models are much more extended due to the ISM ctouddhit, which is ultimately
necessary to match total flux at longer wavelendths (Meztf@alarza et al. 2009). The density of the ISM cloud has bealed such that it roughly matches
the peak flux density of the observations in Fiddre 1.
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Table 2. Measured extent of emission around Lambda Boo stars at F@d6 160um. The table shows the angular size of emission assumingh@u/
Gaussians to constrain the spatial scale of far-IR emisdiba radii of the emissionRouter) are the projected sizes given the known distance to each sta
from Hipparcos (van Leeuwen 2007). Note that HD 74873 is the only star oleska 70um, while the rest were observed at 1001.

Star Distance 70/100m 160 m

(HD) d (pc) Gmcasurcd (”) esky (”) Router (AU) emcasurcd (”) esky (”) Router (AU)

11413 7 8.08 £0.12 4.224+0.23 162+ 9 12.75 £ 0.17 7.00 £0.31 270 £ 12

30422 56 7.95+£0.13 3.97+0.26 111+7 12.31 £0.40 6.17 +0.80 173 + 23

31295 36 9.95 £ 0.09 7.18 £0.12 129 £ 2 15.22 £0.89 10.87 £1.25 193 + 22

74873 54 6.22+0.16 2.98 £0.33 80+9 13.05 £ 0.89 7.49 + 1.57 202 £+ 42
110411 36 9.75 £ 0.07% 7.09 £0.09 128 +1 12.90 4 0.19% 7.28 £0.33 131+6
125162 30 9.31 £0.10f  6.474+0.14 97 £21 13.62 £ 0.39% 8.49 +0.61 127+ 9
1833241 50 7.87+0.45 3.80 £ 0.95 116 £ 29 13.84 £0.61 8.84 £0.95 270 =+ 297
198160 76 7.11£0.17 1.75 £ 0.87 < 86* 11.94 £0.51 5.40 £ 1.15 246 £+ 43
2217561 80 7.05 £ 0.42 1.49+1.44 < 116* 14.60 £ 1.15 8.12+1.69 326 + 681

 Sources are likely contaminated with nearby emission.

* Measurements errors were below PSF resolution limit ane:tbee should be treated as upper limits.

 Adopted from Booth et al| (2013).

ure[2 which have been convolved with a PACS beam and PSF sub-
tracted in the same manner. Figlile 2 (Top) shows a debris disk

from 80 to 120 AU projected at a distance of 30 parsecs aroand a
A-type star at multiple inclinations and position angledistance

of 30 pc is consistent with the best resolved stars in our farfipe
bow wave models of Figufd 2 (Bottom) represent a spheriddl 1S
cloud with an inner avoidance radius of 5 AU and an outer iadfu
905 AU assuming the dust interaction geometry from Gaspal.
(2008), which creates a cavity within the cloud. An inneridvo
ance radius of 5 AU represents the scenario with the leasilpbs

ity of resolving the bow wave in our sample (see sedtioh T8¢
uniform density of the cloud has been arbitrarily scaleddweeha
resulting peak surface brightness-of mly/(asec), typical of the
data.Herschel’s pointing accuracy is not precise enough to astro-
metrically measure the location of the star and/or use akiticag-

ing to determine if the excess emission were offset from the s
As a result, PSF centering with a Gaussian could cause asiyiome
emission of a bow wave to appear more symmetric.

In Figure[2, the large scale emission from the ISM cloud is
readily apparent. It also has a “horseshoe” shape as the boa/sv
influence on the cloud is only partially resolved. On the otiend,
debris disk emission is relatively more compact to reactstme
peak surface brightness efl mJy/(ase®. The debris disk models
also have a double peak symmetry except when face-on. Furthe
more, the symmetry in the bow wave models is causally coerdect
to the proper motion, while the debris disk emission symynistr
independent of proper motion. Given a maximal offsed@f, the
difference between the stellar proper motion and the velatioper
motion for a star travelling 25 km/s with an ISM cloud moving 7
km/s is a deviation of~15°. It should also be noted that there is a
third velocity into and out of the page which is not represdriy
the white arrows but changes the residual morphology asciifum
of inclination. Overall, we find the morphology of the em@sito
be more consistent with debris disks.

In addition to subtracting a peak-scaled PSF, the outealadi
extent of excess emission can be measurederschel PACS ob-
servations by measuring the observed Gaussian FWHM with the
expected PSF FWHM_(Kennedy ef al. 2012). The largest FWHM
is then used as a measurement of the outer radius of the emissi
(Omeasurea). The true on sky extent of the emissidhy, ) is calcu-
lated with simple Gaussian deconvolution with therschel PACS
PSF, as shown in Equatidd (1).

— PSF?

fwhm

951‘)’ = \/9r2ncasurcd (l)

This is repeated for both 70, 100, and 180 where the FWHM of
the PSFis 5.46, 6.69, and 10.65 arcseconds, respectively gi20
(")/s scan speed (Poglitsch etlal. 2010). The result of thilysisa
can be seen in Tablé 2, where tRgu:.: is the outer limit on the
radial extent of the emission in astronomical units (AU)jected

at the distance of the star.

In order to estimate the error in the outer radial extent, the
maps are randomly measured with apertures of the same size to
determine the standard deviation of the noise in the bacigto
This error is then propagated to the estimated Gaussianréitrpa
eters in MPFIT down to the deconvolution which determines th
error in projected AU from the star. The error in tHgoparcos dis-
tance measurement is considered negligible in the caionlaf the
projected radius. Some error measurements result in FWHi¢hwh
indicate they could be less than the instrumental FWHM fasiatp
source, which is non-physical, but suggests that the eomigsinot
resolved and can only be used to place upper limits on the oute
radial extent of emission.

HD 74873, HD 110411, HD 183324 and HD 221756 are seen
to have adjacent, but well separated point sources. Thepare
haps high redshift galaxies which have been found in greduien-
dance withHerschel than predicted (Dowell et al. 2014). There are
no previously identified far-IR galaxies at the observedtiden
these patches of sky. The bright A star nearby also makesabpti
observations impractical to determine if it is a galaxy withhigh
contrast or star subtraction techniques. Verifying they galax-
ies would require further characterization which is unia@de at
this time. Still, the emission is well separated at 70/100 and
therefore unlikely associated with the star. At 160, poorer res-
olution causes the sources to blend. In these cases, theyrear
cesses were fit with PSFs and subtracted away before painteso
PSF subtraction and angular size measurements were made by u
ing 70/100:m data as a positional reference (see Figlire 1).

4 SPECTRAL ENERGY DISTRIBUTIONS

We now require knowledge of the temperature of the excess-emi
sion in order to compare with the spatial extent and brealSt#
degeneracy due to grain size and compaosition.

In the 70/100um images the sources were sufficiently sepa-
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Figure 3. SEDs of all 9 Lambda Boo stars observedHbgrschel in combination with archival photometry. Measured fluxes lalack dots. Black triangles
are upper limits from IRAS (Moshir & et al. 1990) and JCMT _(Raet al. 2013). Brown dots are excess-only, star subtafitxes. Grey dots show star-
subtracted fluxes that are consistent with zerocatad grey triangles show their associatedupper limits.Spitzer IRS spectra are shown as green dots.
The blue line is a PHOENIX stellar spectrum model fit to optarad near-IR data (Brott & Hauschildt 2005). Red-brown diree the blackbody SED fits of
excess emission. In some cases, two black body fits are aegdedit the excess emission and are shown separately asdiesti-brown lines. The black
line is the star+excess SED.

Soitzer (Su et all 2006; Chen etlal. 2009; Morales et al. 2009), and
be used to extract the stellar and excess emission assbuiite Akari (Ishihara et al. 2010) were used. In each case the stel-
the star. An aperture radius of 4&nd 36 for 70/100 um and lar photosphere was fit with a PHOENIX Ames-COND model
160 um images, respectively, was used for all target stars. Aper- (Brott & Hauschildtl 2005), using only the photometry at wave
ture correction was applied to the fluxes in all bands as destin lengths shorter than 10m. The stellar model SED fits determine
Balog et al.|(2014) and can be seen in Table 3. For HD 74873, HD the T.s, and in combination with a known distance, the luminosity
110411, HD 183324 and HD 221756, there were additional point seen in Tabl&l4. Furthermore, an approximate stellar masbea

rated from contaminating sources that aperture photonuemyd

sources with extended excess emission present. In thogs,cas
background PSF subtracted images were necessary to datmrre
nearby emission from emission associated with the stdf lise
fore measuring the flux with an aperture. Again, it can be sean
the adjacent point sources of emission are distinctly sepdrat
70/100 zm and only appear connected via overlapping wings of
the PSFs at 16pm (see Figurgll).

The Herschel measurements were used in conjunction with
archival photometry to construct a multi-wavelength SEBnfr
the UV atmospheric cutoff to sub-mm. When available, phetom
etry from optical surveys (Hauck & Mermilliod 1998; Mernidb
2006), 2MASS [(Cutri et all 2003)MSE (Wright et al. | 2010),

© 2002 RAS, MNRASD00, [1H18

tabulated following relationships of modelled main seqéestars
taken from_Schmidt-Kalzr (1982) and Pecaut & Mamaiek (2013)

A modified black body spectrum was then fit to the mid- to
far-IR observations to model the contribution due to exahsst
emission (See Figufd 3). The black body equation in Jy/sibean
seen in Equatiohl2 whereis Planck’s constant; is the speed of
light, andk is Boltzmann’s constant. The main independent vari-
ables over a given wavelength range are the temperatureffacd e
tive emitting area of dust in steradiari3)(which can vary to fit the
flux density ) of the observations in Jy (Ed. 3). Uncertainties are
determined from the diagonal elements of the covarianceiceat
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Table 3. Photometry of the excess emission around the targeted attars
70/100pm and 16Qum. Note that HD 74873 is the only star observed at 70
um, while the rest were observed at 1061.

Star (HD)  70/10Qum (mJy) 160um (mJy)
11413 55.8 + 2.6 40.6 £2.3
30422 40.2+ 3.8 16.4+1.5
31295 392+ 14 190.7 £ 8.4
74873 29.6 + 1.1 13.7+£2.4

110411 154 + 7.0% 67.3+ 7.0%

125162 272 + 154 142 + 12%

183324 2544+ 1.1 17.2+3.3

198160 30.7+1.2 14.34+1.7

221756 241+ 1.1 12.5 £ 2.0

t Image required PSF fitting to remove nearby background sourc
 Adopted from Booth et all (2013).

Table 4. Table of stellar parameters from SED fits. The stellar lurgino
ity and mass are in solar units. The effective temperatuna iKelvin.
Stellar masses were tabulated from main-sequence stebidels from
Schmidt-Kaler|(1962) and broadly belived withif0.4 solar masses given
variation seen when comparing these measurements to malermstellar
models|(Pecaut & Mamajek 2013).

Star (HD) L. (L) Topp (K) M. (Mg)
11413  20.5-0.34 7818+ 38 1.8
30422  8.72£0.17 7948+ 54 1.9
31295  14.7+0.47 8666+ 95 2.3
74873  10.8-0.21 8340+ 48 2.1

110411  13.2£ 0.25 8835+ 58 2.4
125162  17.H0.31 8606+ 52 2.3
183324 157 0.28 8605+ 53 2.3
198160 23t 7905+ 98 2.4%
221756  32.2-0.60 8391+ 46 2.1

T HD198160 has an indeterminate luminosity and mass becdtise o
combined luminosity due to its binarity.

from the least-square fit. The fit itself is weighted by the suead
magnitude uncertainties.

2hc? 1
B\, T)= "F — 2
( ) AO ekl;\CT _1 ()
F. :/B()\,T)dQ 3)

Dust grains are inefficient emitters at wavelengths much
greater than the grain size and require a modified Rayleighsle
tail power law to match observations at wavelengths gretatar
~50 um. Therefore,3 and Ao parameterize the slope and wave-
length where the modified blackbody intensity deviates feonor-
mal Rayleigh-Jeans tail (see Equafidn 4). In some casesithaot
enough long wavelength information to fit a modified exporient
which case3 = 1 and\o = 210um are adopted by default.

A\ P
Brodified = B(A7T) X ()\—0) ] when A > Ao (4)

In the case of HD 31295, HD 74873, HD 110411 and HD
125162, two blackbody functions were fit to the SED in order
to account for the mid-IR as well as the far-IR excess. Each is
refereed to as a “warm” or “cold” component in Table 5. Based
on these SED fits, the basic parameters of the dust can bederiv
The radius of the dust will scale with a dust temperature aelths

luminosity relation, given that the dust has reached anlibguim.
Using Equatiofi b, wher@&,,, is the excess blackbody temperature
in Kelvin andL.. is in solar luminosity, giveRy, in AU (Wyatt
2008).

o= (522" v

Dust parameters calculated from the blackbody SEDs aesllist
Table[®. The uncertainties in the dust radius result fronpagat-

ing the uncertainty in the temperature and luminosity dheileed
in the SED fits.

Comparing the derived stellar parameters to other litegatu
values show they are largely comparable within one sigmaminc
tainties. A few outliers exist by a few hundred Kelvin in effige
temperature ang 0.1 log solar luminosity, but given we more com-
pletely sample the Planck function and fit to a stellar moude,
feel this is an improvement on past methods of using pureiizalp
photometry to classify the star (Paunzen et al. 2002).

5 1SM BOW WAVE OR DEBRISDISK?

Given the image analysis in Sect{dn 3 and SED fitting in Sefio
we can now compare the observations of the excess emissibbn wi
expectations of an ISM interaction model and a debris disdeho
First, we consider the debris disk interpretation of thesotzstions.
Second, we test the ability to resolve the bow structuretly,ase
test whether the excess emission temperature and radégitexe
consistent with ISM or debris disk dust grains given thespetive
size and composition.

5.1 DebrisDisk Interpretation

Many observations such as these have been found to be the re-
sult of debris disks, however in this study we must not assume
this to be the case given we are trying to differentiate themo
tial mechanisms of the Lambda Boo phenomenon, even if circum
stellar disks are predominately the default interpretatio most
cases, debris disks are parameterized by a single temperchta
to the dust typically being arranged in a narrow annulus ragou
the star. For a two-body fit, it is commonly presumed and some-
times confirmed, that a second, inner belt exists within ffetesn
(Kennedy & Wyatt 2014). This would not be unrealistic givair o
solar system is a two-belt system with a warm asteroid béliden
Mars and Jupiter’s orbits and a cold Kuiper belt beyond Neghu
orbit. Since these SED fits of the inner disks are not confirored
resolved disks (whereas the outer disk are in some casesgnve
only say that the blackbody SED fits are consistent with two se
arate components. To a first order approximation, we canidens
the blackbody temperatures and radii to be the debris diskpér-
atures and radii. The blackbody radius is typically undirested
due to the specific dust grain properties, which only servesake
them more resolvable with Herschel. Since the on sky sapariat
greater than the instrumental FWHM for a few of the stars we ca
say their outer radius of emission is resolved.

As an example HD 31295 has a resolved outer radius which
is 129 AU with a blackbody SED estimate of 74 AU. This is a
factor of 1.74 increase in distance from the blackbody mdiod
is consistent with previously resolved debris disks ragdimom 1
to 2.5 times the blackbody radius, thus making its dust ptase
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Table 5. Table of blackbody SED fitting parameters. Inferred dustgeraturesTy,;,, are from the modified blackbody fit (HJ[2-4). The fractiolahinosity

of the excess emission is given fadn the cases where two fits were required, the “cold” compomgpically has the higher fractional luminosity (and
therefore mass) in the system. The stellocentric dustsddliln AU and is calculated from Equatibh 5. These radii mesasents are approximations based on
blackbody grains and scaled based on the temperature ofthe®\o = 210m ands = 1.00 were adopted by default when those values were umeored

by the data (Ed.]4).

Star “Warm” Component “Cold” Component

(HD) Top (K)  f(x107°)  Rpp (AU)  Thp (K) f(x1075%)  Rpp (AU) Ao B

11413 5542 2.42+ 0.33 118+ 10 210 1.00

30422 ces e cee 75+1 4.51+ 0.47 41+ 2 71 0.85

31295 182+ 42 1.55+1.61 9+ 4 63+ 3 6.09+ 0.70 74+ 6 123  1.00

74873 246+ 91 2.80+5.01 44 3 108+ 21 2.04+ 0.40 22+ 8 210 1.00
110411 20370 1.61+0.28 75 68+ 13 4,774+ 0.56 604+ 22 41 0.81
125162 106t 6 2.95+ 1.05 28+ 3 37+5 1.42+1.21 235+ 67 61 1.48
188324 S e e 87+2 1.794+0.13 404 2 210 1.00
198160 79+ 6 1.98+ 0.63 41+ 6 71 0.49
221756 88+ 4 1.504+ 0.16 57+ 5 149 1.00

Table 6. Table of observed stellar velocities. Right ascension afirthtion are in the J2000 epogh., and .. are the proper motions of RA and Dec in
milliarcseconds per year. Parallax is measured in arcsiscétarallax is converted to distance in parsecs (pc) fereate. All measurements were compiled
utilizing SIMBAD for Hipparcos and spectroscopic radial velocity data (van Leeuwen Z0@ntcharov 2006).

Star (HD) tra(maslyr) tdec(mMaslyr)  viaq(kmis) Parallax() Distance (pc)
11413 -48.2°H 0.24 -4.42+ 0.30 3.0£0.7 12.96+ 0.30 77
30422 -3.82+ 0.23 17.58+ 0.33 144+ 1.0 17.80+0.33 56
31295 41.49+ 0.26 -128.73+ 0.16 11.141.2 28.04+0.25 36
74873 -64.46+ 0.51 -51.6%+ 0.29 23.3+-2.0 18.53+0.43 54

110411 82.64 0.20 -89.08+ 0.13 1.6+£2.0 2757t0.21 36
125162 -187.33: 0.14 159.05+ 0.11 7.9+ 1.6 32.94+ 0.16 30
183324 -1.0H 0.35 -32.83+ 0.22 12.0+4.3 16.34+0.36 61
198160 83.74+ 0.45 -46.35+ 0.59 -16.0£7.4 13.10+0.64 76
221756 -17.14+ 0.17 -46.694 0.15 13.14+0.6 12.45+0.26 80

consistent with other debris disk systems (Booth &t al. [POLBe need to be more compact than 182 AU and not be influenced as the

precise size distribution of dust and compostion will leathis off-
set from blackbody grains. All of the stars have “cold” comgnt
Ry, within a factor of 2.5 of theR,uter as measured at 1Q@m,

stars orbit their mutual centre of mass. The unresolvedeatithe
PACS data means we cannot explicitly determine the truetsirel
of the emission, as the potential bow waves structure cambéer

except for HD 74873. Still HD 74873 is within a factor of 4, whi in scale than the resolution limit.
can result from late spectral type stars or variations ie sistri-
butions of the dust (Booth etlal. 2013). Previously HD 125163
fit with a single exponent but was noticeably left with excigs
in its residual after an annulus disk model was applied, ssiijgg
there is some warm component or the structure of the disk i® mo

widely distributed than a simple ring (Booth etlal. 2013).

5.2 Bow Wave Models

When a star passes through a pocket of ISM dust, it creates a
bow wave like structure in the direction of its relative nooti
Radiation pressure creates a cavity of avoidance withircked
where the dust is repelled by the radiative force from the. sta
Artymowicz & Clampin (1997) developed the following modet f

an ISM bow wave based on the required physics described bg-Equ

tions[8 andT7.

HD 198160 is the most consistent with an unresolved point
source. This may be due to the binary companion truncatiag th
outer edge of a circumstellar disk around one of the stars.bih
nary pair is separated by 2.4 arcseconds (or 182 AU projemted
the sky) and is a resolved pair of equal magnitude stars efylik rav () = 2(B(a) —1) M. G ©)
the same mass (Jasinta, Raharto & Soegiertini|1999). If ithie-e * vZ,
sion were the result of a bow wave, the ISM cloud could encom-
pass both stars (e.g. the multiple component sysievielorum; B(a) = 0.57 Qp:c(a) ;/[* atpt @
(Argyle, Alzner & Horch 2002)) since it would likely be largthen *

182 AU. A circumbinary disk would be unlikely as the configura The avoidance radius {,(a)) is the bow wave’s apex or the
tion would be unstable from an oscillating gravitationatepuial. closest a dust grain of a given size can get to a star with andmp
The stellar separation and inferred dust radius from teatper parameter of zero. While this is the location of the peakHirigss,
match observed properties of a stable circumstellar disksnary due to its proximity to the star, the cloud as a whole will bradi-
star systems_(Rodriguez et al. 2015). This provides angillaut ated and should have extended surface brightness fartmartfre
circumstantial evidence that the excess emission obséreelis star as well. This avoidance radius is a function of the rattigolar
from a debris disk and not a bow wave. The total ISM cloud would radiation pressure pushing the dust outward relative tgtheita-
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Table 7. Table of Galactic stellar velocities and model bow wave abtaristics. The Galactic velocities (U, V, W) for the targtars are measured by proper
motions and line-of-sight velocities from Tallk 6. All veities are in km/s. The heliocentric speed through the Giagiven bywv,,;. The average relative
velocity with a cloud is given as,.;, assuming local ISM clouds travel at7 km/s relative to the local sidereal rate (Artymowicz & Clein1997). It can
be seen that in most cases the measurement uncertainty stetta® motion is much less than the systematic error immeding the ISM cloud’s velocity of
order+7 km/s. The avoidance radius,() and temperaturelt, ) for astrosilicate composition and Q.in grains for the ISM are given by Equatidis{8.

Star (HD) U Y, w Vgal Viel  Tav (AU)  Tav (K)
11413 -23.0H-0.03 22.05+ 0.27 0.35+ 0.22 31.78:£0.30 32.6 9 261
30422 2.61+ 0.27 8.05+ 0.06 -2.38+ 0.68 8.79+0.74 11.2 25 152
31295 -3.94 1.23 -9.62+ 0.07 -3.33+0.14 10.93+1.24 13.0 53 137
74873 13.60+ 1.93 -8.31+ 1.54 0.95+ 0.55 15.97+ 2.53 17.4 12 248
110411 -28.64t 0.07 8.09+ 2.87 4.09+ 1.05 30.04+ 3.06 30.8 7 305
125162 26.85+ 0.02 7.104+1.22 1.60+ 1.33 27.82+ 1.80 28.7 5 350
183324 -22.72+ 10.98 13.8A4 2.70 0.80+4.82 26.63£12.30 27.5 12 234
198160 27.26k 27.92 5,214+ 21.97 -3.98+4.94 28.04+-35.87 28.9 23 200
221756 -24.93t 0.07 0.25+ 0.26 -2.89+ 0.03 25.09+ 0.28 26.1 10 227
10° _— 10? _—
0n 0n
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Figure 4. The angular size of the avoidance radius as a function ofghagit size given a silicate-organic composition (Left) astrosilicate composition
(Right). Typical ISM dust grain size of 0..m is marked with a vertical line. The FWHM of théerschel PACS beam at 100 and 168m are shown for
reference as horizontal lines. HD 31295 has a bow wave maitiekie highest potential to be resolved.

tional force pulling it irﬁ(ﬁ(a)) and the velocity of the star through W are all positive towards Galactic anti-centre, mean Galao-
the cloud ¢..1). The avoidance radius is proportional to the inverse tation, and North Galactic pole, respectively. The effddhe ob-
square of the relative velocity, such that a faster moviag wfll server’'s motion is removed by subtracting the local siderelac-
compress a wave front closer to the star itself. The paramefe ity (Coskunoglu et al. 2011). The final galactic relativocities,
the star such as masgsl() and luminosity LL..) relative to solar can vgal, are calculated in Tablg 7. Other literature sources caed|
be determined by SED fits shown previously (TdHle 4). Assump- galactic velocities for these stars, but did not use conteery

tions about the dust grains such as sizgeif um, density p) in g Hipparcos measurements and didn’t correct for the local sidereal
cm~3, and absorption efficiencyy,.) determine how effective the  rate necessary to compare with ISM measurements (Paunaén et
radiation pressure is, using Mie theory. 2002).

Since all of our target stars are bright and neatippar- Since the ISM cloud itself can also have velocity relative to
cos measurements of proper motions have been well determinedthe star, we add in quadrature an additional velocity terflafi/s
(van Leeuwen 2007). Radial velocities along the line of sigive as an estimate of the actual cloud to star relative velodity.q

also been measured from offsets in spectroscopic line measu - (Artymowicz & Clampinl 1997). The cloud could be as much as
ments |(Gontcharov 2006). These measurements are compiled i +7 km/s but would require precise alignment of the two velocit

Table[6. Using these velocities, the actual motion of thesithin vectors which is unlikely. In most cases the stellar veloisimuch
the Galaxy can be calculated using a matrix transformatipn b higher than the ISM velocity and therefore only modestheetf
knowing the location of the Galactic centre and the projectf the cloud-star relative velocity (see Table 7).

velocities relative to earth (Johnson & Soderblom 1987V,land Furthermore, we assumeis 3.3 g cni™® as the dust density

typical of the ISM|(Draine & Lele 1984) and used in previoudhy o

served and modelled bow waves (Artymowicz & Clampin 1997;
2 Not to be confused with exponept of Equation[% commonly used in  |Gaspar et al. 2008). In conjunction with the mass and losity
SED fitting from the SED fits,6(a) can be calculated using Mie theory and
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Figure5. Plots showing Equatidn 8 for @m grains (dotted), typical of debris disks around A-typesstand 0.1um grains (solid) typical of the ISM. On left,

a dust composition of silicate-organics is used in calaudathe absorption efficiency for dust. On right, an astrosie composition is used. The temperature
range based on the “cold” component SED fits from Thble 5 (BFK) is shown in red. The outer radial extedyter) of the 70/100um emission from
Table[2 (71-171 AU) is shown in blue. Stars denote the exaesmenents of the resolved stars HD 31295, HD 110411, and HRE2 The overlapping
region in purple is the parameter space consistent withre@isens. Error bars have been included on the total rangepé systems which are at the PACS
resolution limit. Debris disk size dust matches the tempeeaand radius well regardless of composition. Astrasiccomposition of ISM size dust is more
well suited to the observations but still falls outside theasured temperature range for the given distance. Bow wadelsmiwould suggest that the dust is
located much closer, at 5-53 AU, which would mean the dushgraould be hotter than what is observed in red.

an assumed composition as a function of grain size. Sjsecan pelling out smaller grains. In fact, such large grains wik fbe
vary with composition, we calculatetia) for two compositions; present in a bow wave as the radiation pressure is too ireffitd
pure astronomical silicate (Draine & Llee 1984) and a mix tf si  divert the dust grains (i.¢2(10 xm) < 1), which can be seen in the
cates and organics (Augereau et al. 1999). Astrosilicatsypi- rapid drop ofr,, in Figure[4.

cal of the ISM, while silicate organics are typical of deldisks

(Augereau et al. 1999). This in turn gives the avoidanceusadf

the bow wave from the star via Equat[dn 6. This radius is digidy 5.3 |ISM vsDebrisDisk Equilibrium Temperature

the distance (d) to the star to get the angular size and is a@dp o ) ) N

with the PSF FWHM oHerschel PACS as a function of grain size ~ BY combining the derived temperatures and spatial scals, it

in Figure3. principle possible to distinguish between the two modelsiof
It can be seen in Figufd 4 that the system which has the best!SM bow wave and a debris disk using grain size. Typical dust

chance for a bow wave to be resolved is HD 31295. Since HD 9rains in the ISM are of order0.1 um due to its origin in AGB

31295 is well resolved to have symmetric features not atigoe ~ Winds and supernova (Draine & Lee 1984). Evidence of thisésis

its motion at both 100 and 166m, we have some evidence that N the size distribution of ISM grains peaking at Quin grains

HD 31295 is not interacting with an ISM dust cloud (see Fig@re (Mathis, Rumpl & Nordsieck 1977; Mathis 1996; Kim & Maitin

For the other starsjerschel cannot explicitly resolve a bow wave ~ 1994). Also, meteorite samples have shown pre-solar gies
apex. typically less than a micron, but larger grains of a few misrgan

Other studies on ISM bow waves, such as by still be found (Davis 2011). On the other hand, disk grairstgp-
Martinez-Galarza et All (2009), calculate the ,outer sdifi a ically ~10 um in size for A-type star luminosities as the blow-out

uniform density ISM cloud heated by the star needed to be con- 9”3?"‘ size is on .the order of a few mi_crons (Augerea_tu 2129199
sistent with the excess 7@m emission fronpitzer observations. ;hls m(ianst?ralnds. stmaller tharil0 m|%rons gw:l be Ej.tec.ted from
They integrate a size distribution from 0.001 to 10 microsma h'edst);ws elm y ra !a“lv(eB presle_Jre on& %/pfr 29";;” 115 Hiigaive-

models consistent with the ISM from Draine & l.ee (1984). Tehes ind Ihe farger grains {burns. Lamy oter .)' N
are also the same type of models shown in Figlre 2. For the 4 The variation in grain size leads to a change in the equilibri

stars in common between these studies, the outer regionsede gemperat'ure of ?u‘q aftf.a' given ;tellocentnc rladlui from stae.
emission were found to have to bel500 AU away from the star. ust grains are less efficient emitters at wavelengths muedter

We can constrain the observed emission to within 150 AU fbr al than the grain size (Gustafson 1894). The smaller grairisheife-

stars (see Sectidd 3). This both rules out an ISM bow wave mode fore reach a hlfghedr eqwhpnu;n Femperatu;e thfan Iarﬁengra'he
and rules out confusion with nearby cirrus ISM emission, as w temperature of a dust gain of size at a radius from the star, Is

observed with false positive debris disks from IRAS (Kalkale given below{(Gusiafsein 1394):

2002) or what is seen in the background within the FOV of HR <Qupe> 0.25
8799 with Herschel (Matthews et al. 2014a). Therefore we again T'(a,r) = (‘Iié) Tob (8)
favour a debris disk model <Qabs>T(ar)
This does not rule out debris disk models where emission is 278.3 _0.25
dominated by larger 1@m grains due to radiation pressure pro- *P> TL* ©
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<Qaups> is the absorption efficiency averaged over either the stel-
lar spectrum (denoted witff) or the blackbody spectrum at a
given dust temperature (denoted wilia, r)). SinceT'(a, r) is on
both sides of the equation it requires iterative solvingdoverge

the temperature on either side. Solvifiga, ) for both sizes of
dust grains (&0.1 and 10um) around each star and plotting as a
function of stellocentric distance allows comparison viite mea-
surements of the temperatures and outer radial extent extess
emission. The absorption efficiency is again related to asition

so we use the same compositions from Sedtioh 5.2. The cothpute
temperature-distance curves for each star can be seenurefg

Since Herschel PACS data have higher resolution at
70/100um and has less contamination from background sources,
we use those radii measurements to constrain the radial sttle
excess emission. For constraining temperature, we useatiger
of blackbody temperatures from the “cold” components inl&&b
In Figure[® (Left), a mixture of organic silicates was usedhas
composition for determining the absorption efficienciebjol is
typical of debris disks (Augereau etlal. 1999). In Fiddre (R, a
mixture of astrosilicates typical of the ISM was used (Deafl ee
1984). It can be seen that given Qufn dust grains, the curves are
outside the observed temperatures and radii (purple rediarger
grains, however, cross through the region constrained éyrtba-
surements of the excess emission regardless of composkin
trosilicates which are more typical of the ISM are slightlgser
to the measured values but are still warmer than the emistion
served. Of the two compositions, silicate organics beshétre-
solved excess measurements denoted as stars in the figast
important to note that bow wave models show thatb0 grains
will not be a major constituent of dust in the bow wave itsélie
radiation pressure is too ineffective such that the effectadius
of avoidance plummets very close to the star for these grains
dicating they will simply pass-by even if they were presenthie
ISM (See Figurgl4). We therefore conclude that the excessséni
from the stars stems from debris disks, rather than ISM bovesja
because the data are consistent with largep:0dust which is
generally colder for its given stellocentric distance te bost star.
This is further supported by the lack of resolving large s@his-
sion from a cloud.

The temperature of dust at the avoidance radii)(from the
bow wave models in Sectidn .2 effectively discredit an 1Sdwb
wave of pure astrosilicates because the temperature @ffd.dust
would be~137-350 K at the minimum modelled radius, which is

too high compared to the measured SED temperatures of 50-108

K (see TableEl5 arid 7). While some stars have “warm” SED com-
ponents, from~106-246 K, that are consistent with the bow wave
temperatures at.,, not all the stars in our sample do. In our sam-
ple4411%% of disks have two components which is consistent with
other estimates for debris disk star hosts in general ofr@8%
(Kennedy & Wyatt 2014). HD 125162\(Boo) for example, has a
warm component SED temperature of 106 K for its disk, but has

6 CORRELATION WITH IR-EXCESS

The Lambda Boo phenomenon has often been associated with an
IR photospheric excess (Paunzen 2004). Estimates of thecina
of Lambda Boo stars which have an IR excess have previously be
shown to be23T1°% (Paunzen et al. 2003), which is typical of A-
stars in general (Thureau et lal. 2014). The Paunzen et mhagst

is rather conservative and if modified by including disks timay
have an excess (a detection in only one band) and excludang st
with only 1SO upper limits (which are non-deterministic of ex-
cess), the estimate can be up5&112% (from 6/26 to 8/15). In
fact the system HD 11413, which was previously contentidais,
definitively associated with an excess througérschel observa-
tions. Therefore the constraints placed in the past aresncaclu-
sive given that more sensitive far-IR observations can meadily
detect cold disks around these stars.

While all the Lambda Boo stars presented here exhibit an ex-
cess withHerschel, this fact is not statistically significant because
they were targeted with prior knowledge of their excesmstead
we look at the 123-stafpitzer sample (Malmquist unbiased by
observing down to the stellar photosphere) flom Sulet aD§20
excluding B-type stars, an excess around 40 stars was edtect
(~33+3%). This sample was only biased by reliable age determi-
nations. Of the 123 total, there were 13 Lambda Boo stargebde
Ofthe 13, 10 have an IR excess detected at 24 @777, %).
Specifically, HD 319, 142703, and 210111 had no excess @atect
out to 70um, while HD 11413, 30422, 31295, 110411, 111786,
125162, 188324, 198160, 204041, and 221756 had detecti@ts i
least one band. The median age of the sample as a whole is 300
Myr and the median age of the Lambda Boo star sample is also 300
Myr. The median age of Lambda Boo stars with non-detections
is higher than it is for detections (600 vs 200 Myr), which may
mean non-detections are the result of intrinsically fairttebris
disks given debris disk fractional luminosity fades witledt\yatt
2008). The median distance of the sample as a whole was 74.8 pc
while the Lambda boo stars’ median distance is 59 pc. Theibias
distance may allow for dimmer debris disks around Lambda Boo
stars to be detected more easily than the control samplethEor
non-detections around Lambda boo stars, the distancestavedn
52 and 80 pc. In general, there are no extreme biases whicldwou
clearly account for the discrepant detection rates arowsdlda
Boo stars (77 vs 38). The spectroscopic surveys for identifying
Lambda Boo stars do not appear to be biased towards stars with
IR-excesses either (Gray & Corbally 2002).

A Fisher Exact test comparing those two populations sets of
A-stars and Lambda Boo stars fr@pitzer results in a p-statistic of
0.0042. It is therefore very improbable that the two sampkege

an identical distribution of bright IR excesses. It is thégn#i-
cant to say that Lambda Boo stars are more likely to have tanigh
IR-excesses. Based on dderschel data, we can say that the IR-
excesses around Lambda Boo stars most likely arises frorresde
disk. Thus, it would logically follow that the higher incidee of

the highest expected bow wave dust temperature at 350 K. Only bright IR-excess around Lambda Boo stars is really a higher i

through resolved imaging of the inner component can a di&i|
scenario be completely ruled out. A combination of both ase n
mutually exclusive since sandblasting (i.e., the erosioa debris
disk from an ISM interaction) will not significantly destrdye de-
bris disk (Artymowicz & Clampin 1997).

cidence rate of bright debris disks. Surveying more Lambda B
stars with a similar or better sensitivity of far-IR obsdieas will
strengthen the correlation found here. Furthermore, wddwalgo
need more spectroscopic classification of Lambda Boo stihs w
such IR observations.

© 2002 RAS, MNRASD00, [1HI8
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Figure 6. The metal abundance correlation to sublimation tempezaftire

solid horizontal line indicates solar composition. C anda@@éhthe lowest
condensation temperatures (for elements shown here) ansblar abun-
dant. Whilea: and Fe-peak elements, which are under-abundant, have high
condensation temperatures. Abundances used here tyfiealt measure-
ment uncertainties o£0.2 dex. HD 30422 presently has no known refrac-
tory abundance measurements and is therefore excludedttfisrfigure,

but it has been confirmed as a Lambda Boo star through spelzsaifica-

tion (Gray & Corbally 1993).
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Figure 7. The mean abundance of refractory elements versus diskstadiu
There is a weak trend , if at all, for the lower refractory adbamces to be
positively correlated with smaller debris disks radii @gimg HD 11413 as
an outlier). The error in abundance is taken as the standaidtibn in the
metal abundances. The error in the disk radius is from the ffE§®e Table
[B). Crosses show stars with additional “warm” componentsst@ccretion
models such as PR-drag are expected to be radius dependethieasfore
potentially correlated (see Sectioh 8).

7 SPECTROSCOPIC COMPOSITION

If there is a causal link between an IR excess (i.e., a delsig d
and the abundance anomaly on the surface, there should e cor
lations with the dust excess. Logically, there would be diconm

of accretion rates from the different debris disk configora,
which would lead to a variation that is proportional to thiatige
abundances on the surface. Fidure 6 illustrates a knowelaton
between volatile and refractory elements using literattakeies
for spectroscopic abundances (Heiter 2002; Sturenburg?)199

© 2002 RAS, MNRAS000, [1H18
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and elemental condensation temperatures (Lodders 2003)do
Lambda Boo stars in this sample. It can be seen that the metal
deficiency is: a) present with elements which have condensa-
tion/sublimation temperatures greater than 1200 K; andhb) t
refractory metals which are underabundant vary from statda
This relation suggests that the Lambda Boo phenomenonviesol
dust sublimating in the terrestrial zone of at least a few KPbut

not too close to the stellar surface such that refractorgnetes

will vaporize or accrete directly on the star. Stars can akee a
varying degree of refractory-poor metallicity rather tharstrict
abundance fingerprint, such that the composition of acgeti
material must vary from star to star. The strength of the aipm
may then be strongly related to the proximity of the dust twedr

a higher magnitude of accretion. As an exampl€Ric has a disk
where collisions are creating sub-micron dust (Telescd/ 2085)

and volatile gas (Dent et lal. 2014), but is not a confirmed Ldanb
Boo star Holweger et al. (1997). However, one could imagia t

B Pic may have been a Lambda Boo star if its disk were closer to
the star where the conditions could be met for the volatike tga
viciously accrete onto the star (Fernandez, Brandeker £2006).

As a test, we try to determine these possible trends with disk
configuration. Using the average of the refractory abunelamgth
a condensation temperature greater than 1200 K, the speapic
composition of Lambda Boo-like properties and disk prdpsrte-
rived in our sample can be compared. Disk/stellar lumiypgm-
perature, and mass were not found to have a significant atimel
with the mean refractory abundances. Since surface aboesane
not correlated with stellar properties, within the contefthem all
being A-type stars, it is suggestive that it is not an intemech-
anism. One parameter which may have some significance is disk
radius seen in Figurgl 7. If valid, this relation would imphat
the closer the dust is observed to the star, the more sigmifiba
abundance anomaly. However not all are resolved disk aandli
therefore prone to uncertainty by up to a factor of 2.5 (Baithl.
2013). Furthermore, the range in refractory abundancesypre
cally a factor of+0.4 dex in standard deviation, which doesn't al-
low for a large degree of variance between Lambda Boo stees gi
uncertainty in current measurements. It may therefore Issiple
that stars with bright debris disks do not have the speabfwsc
precision to detect a weak incidence of Lambda Boo-like prop
erties. Higher precision spectroscopic measurementsesaived
disk imaging are required to observe such trends.

8 MECHANISMSFOR SECONDARY ACCRETION
8.1 Poynting-Robertson Drag

Poynting-Robertson drag is the mechanism by which orbidinsgt
grains lose momentum and spiral in towards the star. Wheh dus
is being slightly irradiated in the direction of motion, dteits
orbital path, the radiation imparts a “drag” force causing-m
mentum loss from incident photons (Burns, Lamy & Soter 1979)
van Lieshout, R. & Min, M.|(2014) and Wyatt (2005) have worked
out several analytic approximations for the accretion cdtdust
due to PR-drag into the inner solar system by a collisiorediyve
debris disk. In general, the model is ideal for explaining differ-
entiated accretion needed to explain the Lambda Boo phemmme
Dust is accreted from a debris disk which acts as a reseiModg.
dust enters the inner stellar system as large grains wheegihs

to sublimate volatile elements into gas, which is accretad the
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Figure 8. A cartoon depicting a model for secondary accretion via aiseb
disk. Large grains with volatile elements C, N, O, and S aveen out on
grains (blue). When PR-Drag brings them into the inner sojatem, they
sublimate the volatile ices. The gas accretes onto the dide the now
smaller, refractory-rich dust grains (green) experiendggaer radiation
pressure relative to gravity(> 0.5) and are blown out on hyperbolic orbits.

star. The dust grains will then decrease in size as theyrsatsi
their volatile mass. The smaller, refractory metal richtdyrains
are then more susceptible to radiation pressure and arentdawv
of the system (see Figuiré 8). The maximum accretion rateits un
of Mg /yr of dust grains with a giveps value down to a radius’

of zero is as follows:

\% 1:{dlsk >
Qpr is the radiation pressure efficiency on the dust/arm'Jthe ratio
of radiation pressure to gravity. These are fundamentggties
of the grain which vary with dust grain size and compositidaw-
ever, we will assume that we want the maximum possible goaret
rate. We therefore s¢t = 0.5 (as the maximum possible value for
bound grains) an@),,. = 2 (as it can be physically confined between
0to 2;van Lieshout, R. & Min, N.. 2014). This simplifies the equ
tion to stellar and disk parameters which have been measored
our target stars:

max|[Mpg (r = 0)] = 5.6 x 107" % (10)

Mipax = 1.12 x 1012 & VM L. (11)

Ryp

Where M, and L. are the mass and luminosity in solar units.
Ry, is the blackbody estiamte of the disk radius in AU. Us-

Table 8. The maximum accretion rates of dust due to PR-drag in each sys
tem based on stellar and disk measurements of Table[4 anddEgiiation

[I1. HD198160 is a binary star and therefore has radiati@csffrom both
stars which are not adequately approximated in this model.

Star (HD)  Minax (x10712 22)

11413 3.0
30422 1.9
31295 7.9
74873 8.7
110411 8.7
125162 5.4
188324 4.0
198160 N/A
221756 7.1

to be~107% Mg /yr for the phenomenon to occur at some point
within the stars’ lifetimes and be observable. Again thisliso
based on the assumption that there are no dissipationefiadhe
stellar surface when in fact there are (e.g. meridionalutition).

The minimum plausible estimate is 2 orders of magnitude drigh
than the estimated maximal accretion rates for these stees g
the PR model. It makes sense to rule out PR-drag as the mecha-
nism which causes the Lambda Boo phenomenon, since thismech
anism would be universal to debris disks and so would be in con
tradiction with the fact that not all bright debris disk Hogt stars

are detected as Lambda Boo stars (Holweger & Rentzsch*Holm
[1995;| Kamp, Hempel & Holweger 2002). Therefore, some other
rare accretion mechanism must play a role in causing the-abun
dance anomaly, if the phenomenon is indeed related to asdgibki
mechanism.

8.2 Dynamical Activity

It is also possible that the Lambda Boo phenomenon and bright
emission from a debris disk may be causally connected due to
their independent correlation to a third phenomenon, sagiian-
etary scattering. It has been proposed that the source afahe
lar zodiacal cloud is through the continual disruption ofnexts

(Nesvorny et al. 2010). Interferometric surveys have tban oc-

currence rate ob0713% for hot exozodi dust around A stars

ing the measurements from Talble 5 4d 4, the maximum accre- (Absil et al.| 201B| Ertel et &l. 2014). If a moderately sizdangt

tion rates of dust are compiled in Talile 8. They lie in the eang
of 2 — 10 x 1072 Mg /yr. Gas-to-dust ratios of comet coma,

(< Jupiter mass) were to migrate through a cold debris diskulicco
potentially achieve a sustained accretion rate~of0~° Mg /yr

warmed to levels within our solar system, range from 0.1 to 1 in mass within 3 AU for over a Gyr to replenish the exozodi

(Singh, de Almeida & Huebrler 1992). Again for the maximum re- (Bonsor et al. 2014b). This is within reason to achi@\ds Mg, of

alistic accretion rate, these accretion estimates need teduced
by a factor of 2 for the accretion rate of just volatile gasuesing
the sublimation timescale is negligible. These rates aasamable
since they are lower tha.33 Mg /yr, where gas and dust will
entrain and prevent the differentiation of metals in theemAU of
the system (Waters, Trams & Waelkens 1992).

volatlle gas based on the stellar age constraint from befdre ac-
cretion rate is dependent upon planetary and disk archiedbut
higher rates of 108 Mg /yr have also been achieved in shorter
bursts |(Bonsor et al. 2014b). For exozodi, sustained doorés
preferred to explain the high prevalence of hot dust. Thigyraf
the Lambda Boo phenomenon, however, allows for the aceretio

Based upon stellar atmospheric models, the estimated massrate to be higher and occur for shorter periods of time (ate-I|
of volatile gas required on the surface of a Lambda Boo star heavy bombardment events). The diffusion due to meridicine-

is roughly 0.33 Me (Waters, Trams & Waelkens 1992; Turcbtte
[2002;| Turcott harbonneau 1993). A simple inversion @ th
maximal accretion rate from PR-dragidf~'* Mg, /yr, shows that

it will take 33 Gyr for that amount of gas mass to accumulatéhen
surface. This exceeds the age of the universe by a significant
gin. Given that the age of a main sequence A star is at massyr,

lation is on the order 010~ Mg, /yr (Turcotté 2002). Meridional
circulation could then dissipate the abundance anomaly2ir,
which means the heightened accretion would need to haveredcu
recently (Turcotié 2002). The accretion rate in order torcvme
diffusion and build a layer of volatile gas equald33 Mg within

1 Myr would be~10~" Mg, /yr. This is higher than previous mod-

the minimum accretion rate for that amount of mass would need els have shown, but could be the result of more extreme dyszmi
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scenarios. Itis also plausible that the dust productionpraduced
relatively close in by some large impact scenario of eartbshad-
ies, such as with the giant impact theory for the Moon’s fdaiora
(Canup 2008; Jackson & Wyatt 2012). Planetary impacts sy al
help explain older Lambda Boo stars1 Gyr) because the circum-
stellar disk is expected to diminish over time, whereas gty
impacts could provide stochastic bursts of material at lages.
The rarity of Lambda Boo stars ¥, with the abundance pattern
lasting for 2 Myr until the surface can mix, means that only 10
such events are needed around all A-stars’ within theitifife to
account for their observed prevalence (0.02 * 1 Gyr = 2 Myr * 10
events). If fewer A-star systems can achieve such everds,ttie
number of events or estimated lifetime of the events wouledne
to increase. Therefore it is plausible that the prevalericgebris
disks around Lambda Boo stars may be related to recent dynami
cal activity driving a higher rate of accretion and dust prcttbn
around these stars.

8.3 Previous|SM Interactions

It may be feasible that the pollution could have occurrechimit
the past million or so years given the surface mixing timee Th
stars may have already left an ISM cloud which caused the-abun
dances anomalies presently observed. The stars in our sahpl
most move 30 km/s, which over a million years would transtate
about 30 pc of movement from their current location. Givezsth
stars are less then 100 pc away, they will likely have resiteiely
within the local bubble out to 150 pc (Lallement et al. 2003)us,
they would not have been able to preserve an abundance anomal
if the migrated from a higher density ISM region outside & tb-

cal bubble. There are local ISM clouds within the bubble thay

still have intersected the path of the stars, but decortgtigithe
local ISM and stellar kinematics would require a much more de
tailed study to rule out this unlikely, but feasible scenali maybe
that this mechanism plays a greater role in denser ISM redian

for our local sample is not very likely. If the origin was a pE8M
interaction, then there wouldn’t necessarily be a cori@batvith

an IR-excess like what is observed (see Segilon 6), sincewth
have left the ISM cloud that would produce the IR-excess.

9 CONCLUSIONS

Through the detailed analysis of the PACS images and capai
ysis of the two competing models of external accretion, weeha
shown that the abundance pattern for Lambda Boo stars ailg lik
not caused by ISM accretioklerschel has offered an improvement
in sensitivity and resolution of far-IR excess emissionahiallows
us to confirm the association with the star and resolves ttex car
dius of the emission. Together, this information, allows B8ED
degeneracy to be broken to determine if the excess emissiGM
or debris disk in nature.

Lambda Boo star debrisdisks 17

dust too close to the star, where its peak emission would l@mu
hotter than what is observed for the sample. Some stars have
“warm” components within this temperature range, but tlsis i
likely coincidental. (see Sectién 4 apd]5.3)

e Dust around the targeted stars was confined to a radial
extent and temperature consistent with dust grains on tteror
of ~10 um in size which are typical of debris disks, regardless
of composition. Furthermore, the emission was inconsistetin
0.1 um grains typical of the ISM. (see Sectigh 3 5.3)

o Diffuse or extended emission around the stars outside of 150
AU was not found down to a few mJy noise limit. Background
sources were locally confined and separate from the star (see
SectiorB)

The photospheric excess is more likely to arise from a de-
bris disk than an ISM interaction, but the cause of the abucela
anomaly in the stars has yet to be identified. If we favour the h
pothesis of a debris disk as the causal relation to the stablan-
dance anomaly, then we need to ascertain how the accretici-me
anism might function. This requires detailed modeling efstellar
surface to investigate if the required accretion rate isigitzle for
the debris disks we observe. It may also be true that thelatime
with debris disks is not directly causal but coincidentalyated.
Something to consider is that large impacts of planetaryesoadr
heightened influx of comets could provide the volatile gaees
accretion onto the star at a higher rate than PR-drag. Inctss,
the debris disk may be a symptom of dynamical stirring cainci
ing with planetary migration, rather than the singular naegtm
of accretion. This scenario would also provide an explamagis to
why not all debris disk hosts exhibit Lambda Boo charadiieds
For stars of a later spectral type, planetary stirring catiltloccur
but the effect of accretion would be mitigated by a convectn-
velope, which leads to a cutoff for the Lambda Boo phenomenon
in the F-type stars.

Future observations which can verify conclusions in this pa
per are feasible in the near future. For example, resolViaguarm
inner components for some of the two component stars in oor sa
ple through high contrast imaging would verify the emisg®not
from disk+ISM interaction systems. As well as looking fondyn-
ically induced structure. Furthermore, searching for aatation
to exozodi dust around Lambda Boo stars with near-IR interfie
eters could determine if they are indeed surrounded by hst du
sublimating volatile gas near the surface. The true inadeof
IR-excess with Lambda Boo stars will have to be answered by a
statistical, spectroscopic study of stars to more rigdyoigkentify
Lambda Boo stars with and without debris disk detectiongeit
there are indeed effects of secondary accretion attrikutatlebris
disks.

We conclude that the IR excesses seen around our sample of

Lambda Boo stars originate from debris disks because:

e 3/9 of the targeted stars host resolved emission ConSIStentACKNOWLEDGMENTS

with debris disks. The resolved emission was mostly symmetr
and without a preference towards the direction of properianot
(see Sectiohl3)

e Bow wave models of dust grains Oun in size and astrosil-
cate composition, typical of the ISM, would place the obedrv
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