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ABSTRACT

Context. The majority of the intermediate mass, pre-main-sequererbibl AgBe stars reside in binary systems. As these systems
are young, their properties may contain an imprint of the fetanation process at intermediate masses (®41p However, these
systems are generally spatially unresolved, makindfitodilt to probe their circumstellar environment to searchmfianifestations of
their formation process, such as accretion disks.

Aims. Here we investigate the formation mechanism of HerbigB&eg HAgBe) binary systems by studying the relative orientation
of their binary orbits and circumstellar disks.

Methods. We present linear spectropolarimetric observations of /BAestars over the &l line, which are used to determine the
orientation of their circumstellar disks. In conjunctioiitiwdata from the literature, we obtain a sample of 20 birsawéh known
disk position angles (PAs). We subsequently compare okrRiAsdata to a model to investigate whether HBe binary systems and
their disks are co-planar. Moreover, in the light of a retli recent suggestion that some HBe star spectropolarimetric signatures
may not necessarily be related to circumstellar disks, wessess the relationship between spectropolarimetn@giges and disk
PAs. We do thidy comparing spectropolarimetric and high spatial resofutibservations of young stellar objects (both HBeand

T Tauri stars).

Results. We find that spectropolarimetric observations of pre-nsgquence stars do indeed trace circumstellar disks. Tlidin

is significant above thed3level. In addition, our data are entirely consistent witl $ituation in which HABe binary systems and
circumstellar disks are co-planar, while random orientetican be rejected at the &.Rvel.

Conclusions. The conclusive alignment (at more tham)3etween the disk PAs derived from linear spectropolariynand high
spatial resolution observations indicates that lineactsppolarimetry traces disks. This in turn allows us to dode that the orbital
planes of HA¢Be binary systems and the disks around the primaries ary lizkdbe co-planar, which is consistent with the notion
that these systems form via monolithic collapse and sulesgqlisk fragmentation.

Key words. Techniques: polarimetric — Stars: emission-line — fororatt binaries — pre-main-sequence — variables: T Tauri,igerb
Ae/Be

1. Introduction mary disk PAs of the systems in their sample are preferéntial
Herbia AgBe st int diat 25M . aligned. This indicates that the circumstellar disks lithmsame
erbig AgBe stars are intermediate mass; 25Mo, pre-main- ,5n0 o the binary orbit. In turn, this suggests that thestems

sequence stars (see €.9. Herbig 1960; Hillenbrang et ag; 19 rmed via a scenario that features fragmentation, as @gjtos
Waters & Waelkens 1998; Hernandez €t al. 2004). They are the, o tives involving the capture of bir?ary companions.

most massive objects to experience an optically visible pre

main-sequence (PMS) phase. Therefore, they provide a key op This is consistent with one model of massive star formation.
portunity to study the early evolution of stars more masti® ysing 3D radiation-hydrodynamic simulatiohs, Krumholzabt
the lower mass T Tauri stars at these wavelengths. HerbigeAe ) show that stars of even M@ can form via monolithic
(HAe/Be) stars span the transition between low and high massilapse and disk accretion. A prediction of these modetlsds
objects. As a result, it has been postulated that there isageh disk fragmentation leads to binary systems. The resultant b
in accretion mechanism within the HARe mass range (see e.gnary system is aligned with the original fragmented diskistr
\Vink et all[2002; Eisner et al. 2004; Monnier 2005). If thishie  tyre. Therefore, because of angular momentum considegatio
case, the more massive Herbig/Be stars may form in the samethe pinary system is also aligned with the inner accretick di
fashion as the most massive stars. Consequently, the studyn@t reaches onto the primary star's surface. In additmsec-
Herbig AgBe stars may be used to constrain the process of m@gmary, at a distance of approximately 1000 AU, has a relitiv
sive star formation, which is still not fully understoodé€se.g. high mass. It has also been proposed that massive stars form

Zinnecker & Yorke 2007). via competitive accretion. In this scenario, a star gaingema
Baines et dl.|(2006) used spectroastrometry to detect unried from its parental cluster. In the process, binary systare

solved HA¢Be binary systems and they compared the podbrmed via stellar capture. These binaries start as solas tiia
tion angle (PA) of the systems to the orientation of their cinaries at separations of the order of 1000 AU and evolve into
cumprimary disks. They reported that the binary and ciraiimpclose high mass binaries at approximately 1 AU (Bonnell &Bat
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[2005), much closer than in the monolithic accretion scenarHere we investigate whether there is a clear relationshipésn
Also, as these systems are formed via stellar capture, tiagybi the angle of polarisation and disk orientation which, atimim
orbital planes and circumprimary disks do not necessaslinl signals alignment between the unresolved and resolvedhkpat
the same plane_(Moeckel & Bally 2007), unlike the monolithiscales. Such an outcome is required if indeed the bulk of the
collapse and disk fragmentation scenario. Therefore,thpgs- observed linear polarisation of these objects is due tocaiair

ties of binary systems can be used to constrain the star famma stellar disk.

mechanism at high masses. This paper is structured as follows. In Secfidn 2 we evaluate

The work of [Baines etal. [ (2006) was extended bipe alignment of HA@Be binary systems and circumstellar disks
Wheelwright et all.[(2010) who used spectroastrometry terdetusing linear spectropolarimetry overtio determine the PAs
mine the mass ratios of HABe binary systems. They found thatof disks in HAgBe binary systems. To justify the use of spec-
the mass-ratio distribution of HABe binary systems favourstropolarimetry to trace circumstellar disks, we reassesseéla-
comparable masses, further indicating that these sysmeé tionship between spectropolarimetric signatures andRhskin
via disk fragmentation. However, the samplet &ectiorB. Finally, we discuss the results and concludedperp
(2006) which initially suggested this was small (6 objeatg)ile  in SectiorL 4.

a comparison with model simulations of co-planar binary or-

bits and disks was lacking. Therefore, the relative aligminod . . . .
HAe/Be binary orbits andgcircumstellar disks is still ugncertainz' The relative orl.entatlon of HAe/Be binary

We aim to extend the work of Baines et al. (2006) and addressSyStéms and circumstellar disks.

this uncertainty by enlarging the sample of binary HBestars The key to determining whether H/e binary planes and cir-
with known disk PAs. cumstellar disks are preferentially aligned is to use aglaam-

To achieve this, we require a large sample of Bebi- ple of binary systems with known disk PAs. There are several
nary systems with known disk orientations. We generate a sagtudies of HAgBe star binary systems (see €.g. Baineslet al.
ple of 20 such systems using linear spectropolarimetry égtd h2006;| Wheelwright et al. 2010). However, there are few mea-
spatial resolution data from the literature. Spectroplatry surements of the orientation of the circumstellar diskshigse
offers a unique opportunity to probe the circumstellar envsystems. Linear spectropolarimetry is the favoured tepkato
ronment of young stellar objects on scales small enough peobe the orientation of HABe star disks since a sample-at0
study accretion disks. If a star is surrounded by a hot diskan be obtained in a few nights of observing (see e.g. V2002).
free electrons in the disk can polarise the light of the cedo maximise our sample of disk PAs, we have conducted new
tral star. Emission-line photons emanating from the diskidb Ha spectropolarimetric observations; taken linear specieop
pass through the polarising medium, unlike the continugimtli metric results from previous work; and assimilated addéio
Consequently, emission lines are depolarised with respebe constraints on HA@e star disk orientations from the literature.
continuum. Therefore, a depolarisation signature overmais-e We first present the additional spectropolarimetric obesgons
sion line can be used to infer the presence of a small-scakg undertook (Sectidn 2.1). We then use the assembled sample
otherwise undetected disk (Clarke & McLéean 11974: Poelckeart disk PAs, in conjunction with a simple model (described in
(1975 Poeckert & Marlboroufih 1976). Alternatively, if agion  SectiorZ.B), to evaluate the hypothesis that circumsteiks
shocks produce emission lines close to the star, the preseiicHAe/Be binary systems lie in the orbital plane (Secfion 2.4).
of a disk may be manifest by scattering polarisation of a com-
pact source of line emissioﬁm 02, hereafter@2)0
Furthermore, spectropolarimetric signatures can alscsbd to
constrain the geometry of such disks (e.g. Vink et al. 2005b) We present linear spectropolarimetric observations of /Bae

Linear spectropolarimetry is well established as a tecRlars conducted in the band and centred ond Here we de-
nique to study spatially unresolved disks around pBkestars SCTib€ the observing procedure and the data reduction bteps
(see e.gl Oudmaijer & Dréw 1999; Vink ef al. 2002 200540re presenting the observed spectropolarimetric sigaatu
Mottram et all 2007). However, the use of spectropolariyretr The sample was predominately chosen from the catalogue
study disks has recently been revisited by Harrington & KutefThé et al. 4). Targets were selected based on thsiabi
(2007). The authors report observations of spectropoktrim magnitude ¥ < 12-13). This is because spectropolarimetry re-
signatures across absorption components@ehhission lines. quires high signal-to-noise-ratio (SNR) data and thus brityht
It is suggested such signatures are due to a process othmer tasgets can be observed. Most of the targets were binaryigierb
scattering in a disk. Instead, Kuhn et dl. (2007) proposé the/Be stars that had not been observed with spectropolarimetry
optical pumping and absorption in winds may be responsibfyeviously, and these were primarily drawn from Eé[ nes ket al
Optical pumping, i.e. a preferential population offdient mag- (2006) and Thomas etlal. (2007). Several objects with exsti
netic sub-states of the lower level of an atomic transitinay Spectropolarimetric data were observed to check the seatst
be caused by an anisotropic radiation field. If a gas is olpticaconsistent with previous observations.
pumped, its opacity will depend upon the orientation of tlee-e The linear spectropolarimetric data were obtained usieg th
tric field of incident radiation. As a result, the absorptadtight ~ William Herschel Telescope (WHT) from 08-11-2008 to 10-11-
in such gas can result in linear polarisatiaiieets across ab- 2008. Clouds were present for the majority of the three sight
sorption features (see Kuhn etlal. 2007, 2010). We note thatpreventing observation for some, but not all, of the timee Th
spectropolarimetric signatures require a flattened, asstmien seeing was typically fair{1”), although on occasions it became
geometry otherwise the polarisation vectors cancel. This-i poor (2-2.8). The observations were conducted with the ISIS
dependent of the polarising mechanism. Nonetheless, ipdhe spectrograph which was equipped with polarising optics-com
larisation signatures of HABe stars originate in significantly prising of a calcite block and a rotating half-wave plateeTh
asymmetric winds, this does not automatically demand an i81200R grating was used and the central wavelength was set
ward coplanar extension of any large-scale circumsteisk. d to 6560 A. Several slit widths were used, ranging from 1 to 1.8

2.1. Linear spectropolarimetric observations
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arcsec, and the minimum spectral resolution was found to beder 0.1 per cent, and is not the dominant source of cominuu
~4250, or 70 kmst, polarisation. Interstellar polarisation is not correctedeither,

The calcite block separated the incident light into two pefS Such corrections are typically subject to significaneutaen-
pendicular rays: the ordinary (O) and the extraordinaryrégs. ties (see e.d. Jensen etlal. 2004). Contaminant polarissitio-
Each observation comprised of both the O and the E ray sp# adds a wavelength independent vector to the StQkasdU
trum of the science target, and a corresponding set of sky spparameterstherefore, plotting the spectrally disperspagainst
tra. The polarisation at PAs of 0225°, 45° and 675° was mea- U _allows the intrinsic ang_le of polarisation, and hence thiapo
sured by rotating the half-wave plate. Multiple polarisatstan- 1Sing media, to be established.
dard stars were observed to characterise the instrumesitalp
sation and calibrate the polarisation angle. A log of theeoles:
tions is presented in Tadlé 1.

2.1.1. Spectropolarimetric signatures

We present an example of the spectropolarimetric signatle

dD:talre(_:Iulgno_r;_twas %’wae_d ustl_ng th_(tehlma?e RedL.JtCt'QQrved in Figur&l1. Data aroundHor all the stars in the sam-
?nn in rl]r?tyflsti\?cltl) ytI({AE n n conjun%:ondwl rroéj mtiesnwr: ~ ple are presented in AppendiX A in Figlre A.1, while contimmuu
€ eractive Data Languagei). The data reduction pro- polarisation measurements are included in Table 1. Theasign

cess for each observation consisted of trimming, bias wbtrtures of the objects previously observed with spectrojrokr
tion, flat-field division and cosmic-ray removal. Followitige are generally consistent with published results d&_g%
above, the target O and E spectra, and those of the sky if tlm,lma. Mottram et EI. 2007). This provides an impdrtan
were present, were extracted from each fraiBley spectra, cpocy on the data reduction process. In general, the data are
which were not always detected, were typlc_ally a few percegf slightly inferior quality to previous observations. §hHs at-

of the stellar spectra. We note that polarisation signatoker tributed to the poor weather conditions throughout the nbhse

Ha, which are the focus of the paper, are fieated by con- in S : :
. L o g. Consequently a coarser binning is used than is typaral f
taminant sky polarisation. Therefore, the sky polarisatias no such data. Five objects exhibit a change in both linear polar

influence on our final result&Vavelength calibration was Per-isation and the polarisation angle over HHD 179218, HK

forr_neq using CuNe and CuAr arc spectra, which were obtain i, MWC 1080, V586 Ori & MWC 147). MWC 1080 and

periodically during the observing run. MWC 147 were also observed by Mottram et al. (2007, hereafter
Once the O and E ray spectra had been extracted, the Sta@e®07). While the data are broadly consistent with the mesi

parameters for each data set were calculated using a rouiiRe observations, the linefiects are not obvious in tHgU diagram.

ten inior. The method used is that outlined in the ISIS polarisgis is probably a result of the coarse binning. Less coarse b

tion manual by Jaap Tinbergen and René RfttEor each set ning does not reveal any signatures as the scatter increases

of polarisation data, i.e. data obtained with the half-wplse siderably. Therefore, the results of M2007 are used ratteer t

at 0’and 43 or 225°and 675°, the ratio of the O and E raysthese new data. Of the three remaining objects that exiilgit |

in each spectrum was calculated. To obtain the degree of-polgtects, HK Ori and V586 Ori exhibit an excursion@U space

isation, the data obtained at a given PA were averaged and #gl HD 179218 exhibits a clump of data surrounding the centin

following equations were used: uum value, with a slight extension along theaxis.
R2 looo/lgee To arrive at the disk position angle from these spectropo-
- loas /g ae 1) larimetric signatures, one should have some knowledgeeof th

polarising mechanism. In general, if the polarimetric sityme
R_1 is the result of simple depolarisation, the polarisatiootoein
9=R1 (2) QU space should be measured from the line to the continuum. In
case of intrinsidine polarisation, the reverse is trudfectively
whereq = Q/I, | is the total flux input andoang and resulting in a diference of 90 from the former mechanism. To
leang are the fluxes of the O and E rays at the stated half-wadéferentiate between the two, the width of the linf€eet is often
plate PAs. This procedure was repeated for the other set-of pged as a proxy (see V2002). The intrinsic polarisationesof
larisation data, i.e. data obtained with half-wave-plates Bf HK Ori and V586 Ori are determined via linear fits to th@u
22.5°and 675°, to calculateu. excursions, assuming the signature is due to depolanséd®
To calculate the total polarisation and the polarisatiogien 1€ Width of the spectropolarimetric signatures is comipiarto
the data were combined Ssing the following eguations:ogi the emission line W'qth’ sée Vink ef - 02). The po!amat
angle of HD 179218 is calculated assuming the excursionlys on

> 5 in theU direction and that the signature is due to intrinsic polar-
P=4ya+u (3) isation (since the signature is narrower than the emissie). |
The uncertainties in the polarisation angles calculatedag-
0= %tan—l (g) (4) proximately 10.

whereP represents the total polarisation, ahid the polari-
sation angle. The continuum polarisation presented in Tdlle 1 is broadly
Instrumental polarisation was not corrected for. The stahd CONSistent with literature values (see e.g. Maheswar @0aR).

observations indicate that the instrumental polarisasaf the HOwever, there are exceptions. For example, we note that the
continuum polarisation of HK Ori and MWC 758ftkrs from

! httpy/iraf.noao.edy seé Tody[(1993) literature values. This may be due to intrinsic variabilgg
2 httpy/www.ing.iac.egAstronomyobservingmanuals both objects are known to exhibit variable polarisatione(se
/html_manualgwht_instrisispofisispol.html| Baines et dl. 2004; Beskrovnaya et al. 1999).
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Table 1. The log of observations. The continuum polarisation wassuesl in the wavelength region 6520-6600 A, excluding
changes over thedlline. The uncertainty in the continuum polarisation is tgly 0.1 per cent and the uncertainty in the continuum
polarisation angle is of the order of.IThe polarisation angles are in the equatorial frame.

Object Alt. Name RA Dec Spec. Type V Texp Slit Seeing Date Bt Ocont
(J2000) (J2000) (mags) (mins) ”)( (") (%) ©)
XY Per HD 275877 034936.3 +385855.5 A2llv 9.4 120.0 1.2 0.7 10-11-2008 .41 128
MWC 758 HD 36112 0530275 +251957.1 AS5IVe 8.3 60.0 15 1.0 08-11-2008 50 47
HK Ori MWC 497 0531281 +120910.2 Adpev 11.7 133.3 15 15 08-11-2008 .4 1 113
V586 Ori HD 37258 053659.2 -060916.4 A2V 9.8 146.7 15 0.9 09-11-2008 90 84
BF Ori HBC 169 053713.3 -06350.6 AS5ll-lllev 10.3 133.3 15 0.8 09-11-2008 .60 58
V350 Ori HBC 493 054011.8 -094211.1 A1 11.5 120.0 15 0.6 10-11-2008 .11 65
MWC 147 HD 259431 06335.2 +101920.0 B6pe 8.8 534 15 0.9 09-11-2008 .0 1 100
GU CMa HD 52721 0701495 -11183.3 B2Vne 6.6 153 15 13 08-11-2008 80 24
HD 179218 MWC 614 191111.3 +154715.6 AOIVe 7.2 60.0 15 1.2 08-11-2008 .50 111
HBC 310 AS 477 215234.1 +471343.6 B9.5Ve 10.2 110.0 15 1.0 09-11-2008 .0 1 50
Il Cep HD 216629 225315.6 +620845.0 B2IV-Vne 9.3 86.7 15 1.3 08-11-2008 .34 100
MWC 1080 V628 Cas 2317 25.6 +605043.6 BOeq 11.6 96.7 15 1.0 09-11-2008 .7 1 78
- 128 [ HD 179218 error 0.2 ] 120 % . WZZ | V886 Ori error 0.1 ]
> 90fF , « 100F E @
60 80F E 80 : :
& oot E g 15F 3 £ 1.2
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~ 2.5 b — L ] —
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Fig. 1. An example of the spectropolarimetric signatures of theptanThe top half of the figure presents the spectropolarimet
PA, the percentage polarisation, and the Stokes intenségtsa centred upondd The data are binned to a constaolarisation
error, which is stated in the plots. The solid red line is thebinned line profile. Th&QU diagrams of the signatures are displayed
in the lower half of the figure. The solid lines mark the difectof the intrinsic polarisation.

2.2. Literature data The sample was then further supplemented by adding disk
PAs determined from direct imaging and multi-baselineriete

To supplement the spectropolarimetrically observed samipl o etry. The additional sample is also presented in Table 2.

trinsic polarisation angles (determined using spectraiole-
try) and binary PAs were taken from the literature. The rasul
sample of objects for which both spectropolarimetricamaély 2.3, Modelling co-planar binary systems and disks

PAs are available is presented in Tdlle 2. As the originalistu

from which the data are taken were not primarily concernel wiln order to compare disk and binary PAs in a meaningful way,
disk orientations, we re-assessed all the polarisatioleamgken a model is required to predict thefiirence in the two angles
from the literature to ensure they are calculated condigtdihe expected for various scenarios. Baines et al. (2006) sicqnty-

QU data associated with the PAs listed in TdBle 2 were employpdre disk and binary PAs. However, binary PAs do not necessar
to determine approximate angles. If thes@ated by more than ily relate to the binary orbital plane. For example, even mhe

90 from the literature values, the reported angles were rdtateinary system and its circumprimary disk lie in the same @Jan
by 90 (see the discussion above on calculating disk PAs froifrthe system is seen face-on, the binary PA is unrelatedat®
spectropolarimetry). Tablg 2 presents the resultant sampl  of the disk. In the case of more edge-on systems, the binary PA
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Table 2. Binary systems for which a measurement of the intrinsic jigdéion angle (from linear spectropolarimetoy)a direct
constraint on the orientation of the circumprimary diskl the PA of the binary system is available. Column 3 denotespleetral
type of the system primary, taken from SIMBAD unless otheeastated. Column 4 lists the binary PA, column 5 lists thensic
polarisation angle and column 6 contains the disk PA. Gitertypical errors, the angles are presented to the closgsale

Object Alt. Name Type Bin.PA Pol. PA Disk PA
©) ©) ©)

Only spectropolarimetry

MWC 166 HD 53367 BO 298 46

HD 58647 BD-13° 3008 B9 118 20t

MWC 158 HD 50138 B9 30 135

MWC 120 HD 37806 A2 34 90

V586 Ori HD 37258 A2 21% 81°

T Ori MWC 763 A3 107 20*

HK Orri MWC 497 A4 471 169

Spectropolarimetry and imagingterferometry

HD 200775 MWC 361 B2 164 9% 7

MWC 147 V700 Mon B6 82 168 o

HD 45677 FS CMa B2 15C° 164 77

BD +40° 4124 V1685 Cyg B3 173 36 1108

MWC 1080 V628 Cas BO 269 75 5513

CQ Tau HD 36910 F3 56 20t 1204

HD 179218 MWC 614 A0 14% ~45 2315

Only imaginginterferometry

MWC 758 HD 36112 A5 31% 1283

V892 Tau HBC 373 B8 2% 536

R Mon MWC 151 BO 287" ~80'8

MWC 297 NZ Ser BO 31¥ 1650

HR 5999 V856 Sco A7 ~117% ~25%2

HD 101412 PDS 57 B9.5 226 3815

References. 1: From the data presented|in Wheelwright etlal. (2010), 20042 3: Baines et all_(2006), 4: Vink et &l. (2005a), 5: Thes,d
see Sectiof 2.1.1, 6: Pirzkal ef dl. (1997)[ 7. Okamotolel@109), 8: Kraus et all (2008), B: Cidale el al. (2001), [10ePet al. (2006), 11:
Monnier et al. [(2006), 12:_Thomas ei dl. (2007), 13: Eisnellef2004), 14{ Doucet et hl._(2006), 15: Fedele étlal. (20a8)[Monnier et dl.
(2008), 17:[Weigelt et &l (2002), 18: Fuente €t Al._(2008), ¥ink et al. [2005c), 20f_Manoj et all_(2007), 21 Steckiumak (1995), 22:
Preibisch et a1[(2006).

is likely to be aligned with the disk PA. Nonetheless, at@@rt use imaging observations which are less sensitive to iatidin,
phases of the orbit, the binary PA will be quitdtdrent to the alow cut-df value (10) is usedThe imaging and spectropolari-
circumprimary disk PA. Itis only in the extreme case of anedgmetric samples have fiiérent cut-&f values. However, neither
on, co-planar system that the disk and binary PAs are cathstarsample is large enough to be used in isolation, and thus &sing
aligned. Here we employ a new model to predict the averaget-of value is required. Changing the cui-ealue has a similar
distribution in the diference between disk and binary PA whesffect to changing the eccentricity. Since we use the eccémptric
circumstellar disks and binary orbits lie in the same plane. as a free parameter, the use of a single d¢iivalue for the sam-
The model is characterised by a random orbital phase; i€ Of bothimaging and spectropolarimetric data will nahent
clination; semi-major axis and PA of the line about which th@ fit to the data. By varying the eccentricity to fit the data, tn-
system is inclined. The eccentricity of the system was kept ¢ certainty in the cut-fy value is essentlally mcorp_orated into the
stant. Although a constant eccentricity is not truly repreative Pest-fitting eccentricity as a systematic uncertainty.
of the eccentricity distribution of PMS binary systems (seg: Figure[2 presents a typical distribution. We are only con-
Goodwin et all 2007), neither is a random eccentricity &8t cerned with the magnitude of thefiiirence between disk and
tion. Since the eccentricity carffact the results, the input €C-pinary PAs. Therefore, we convert allfiirences between these
centricity is left as a constant and is treated as a free peteam angles to be in the range-09¢°. For example, a dierence of
This allows us to fit the observed distribution irffdrences be- 17 is 10 away from alignment, and is thus classified as a dif-
tween binary and disk PAFhe masses of the components wergyence of 10. An alignment between disk and binary PAs cor-
kept constant at 6 & Mo. The component masses have littllgesponds to anfiset of 0. It can be seen that the distribution
influence on the final distribution and are mentioned only fQgnds towards intrinsic alignment, and appears noticedifilsr-
completeness. ent to the distribution expected if the two angles are naiteel.
We used 10000 random systems to determine the distrit&pecifically, the distribution does not exhibit a directredation
tion in the diference between the disk and binary PA®A). between binary and disk PA, but does demonstrate an excess of
Spectropolarimetry is insensitive to face on systems agithe aligned angles over the random distribution. This is to be ex
jected polarisation vectors cancel one-another out. Toere pected based on the previous discussion. To reiteratelacaip
systems with low inclinations are discarded. The value ef thilisks and orbits are more likely to be observed to be aligha« t
cut-of inclination doesffectthe final distribution. However, so not, since at high inclinations the disk and binary PAs wlithe
long as large values (exg50°) are not chosen, the fierences same. This is not the case for non-coplanar systems. Thierefo
between the final distributions are relatively small. Simeealso the co-planar distribution exhibits a preference for agratient
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Fig.2. The expected distribution in theftérence between po- riq 3. The diference in disk and binary PAs presented in Table

sition angles of disks and binary systems in a co-planar noge(red dashed). This is compared to the co-planar model with a

(_blue solid linewith an eccentrlc_:lty_oé = 0.5. The black dptted constant eccentricity of 0.1 (blue solid) and a distribotien-

Ilng represents the e>§pected distribution due to a rand@n-or grated by assuming the two angles are randomly alignedi(blac

tation of binary and disk PAs. dotted). Note thatPA refers to the dference between binary
and disk position angle (i.e. accounting for the® @ffset be-

. . . tween spectropolarimetric signatures and disks).
between disk and binary position angles compared to therand P P g )

distribution.
Improving the current statistics requires further enlaggi
the sample. We find that if the data followed the model distri-
We note that comparing this model to observations assuniegion exactly, dierentiating between the two scenarios at a
that the orientation of the circumstellar disks in the samipl 30 level would require a sample of approximately 50 objects.
primordial. This need not be the case. Even if the circurfastel Nonetheless, the current data are consistent with the aapl
disks in HAgBe binary systems originally lie in the plane of thehypothesis and furthermore, this scenario is favoured mer
binary orbits, gravitational interactions with anothearshave dom alignments.
the potential to alter their orientation (see e.g. the dismn in
0). This would weaken an intrinsic corretatie-
tween binary and disk PA. Therefore, any observed cormiati3
between disk and binary PA may be more significant than it ini-
tially appears. However, quantifying this is beyond thepscof

the paper. Our use of spectropolarimetry assumes that the spectmpola
metric signatures of HABe stars can be used to trace the ori-
entations of their circumstellar diskkinear polarisation has
been used for some time to probe the orientation of circumste
The final sample of HABe binary systems with disk PAs con-lar disks (see e.qg. Bastien & Menard 1998pwever, the pro-
tains 20 objects, and is thus more than three times greater tiposal of Harrington & Kuhn (2007) and Kuhn et al. (2007) that
that of(Baines et al| (2006). Theftirences between disk andthe spectropolarimetric signatures of HBe stars are due to op-
binary PAs in the sample are compared to the co-planar modehl pumping and not scattering in a disk implies that theige
and a random distribution. In Figuré 3 we show the cumulativeatures do not have to trace disks. We address this issuamere
distribution of the diferences in PA between the binary systemgo this by comparing spectropolarimetric observationsonfng
and those derived for the disks. Also in the figure are theidiststellar objects with independent measurements of thetatien
butions predicted by the co-planar model and a completely raf their disks. To increase the sample we include obsemsitid
dom association of disk and binary PAs. A first glance in@&isatboth HAgBe and T Tauri stars.

that the align.ed.sce_nario prqvides a better fit to the data tha T5p|e[3 presents the sample of young stellar objects, both
the random distribution. This is corroborated by a Kolmayer |4,y mass T Tauri objects and Herbig /& stars, for which the
Smirnov (KS) test; while the co-planar model is found to bB-CO compination of spectropolarimetric observations and jiete
sistent with the data (it can only be ruled out at theoOl@vel),  gent opservations of their circumstellar disks is avagaie
the random hypothesis is barely consistent with the datican st concentrate on the HABe sample and then assess whether
be rejected at a level of 222 there is a general trend within the combined sample of young
This 2o level of rejection may seem low, but we note thastellar objects. The majority of HABe disks are thought to be
both models are more similar in their cumulative distribos optically thin (see e.mﬁlon. If the observelhp
than one might naively expect. As mentioned earlier, thiseis isation signatures are due to single scattering in theses,dise
cause inclined binary systems do not necessarily have the sgolarisation angles will be perpendicular to the disks’ PAtloe
observed orientation as their circumprimary disks. Thigea sky. Therefore, if the spectropolarimetric signatures é&lBe
plain why our significance, with an improved data-set, ishef t stars are due to disks, thefiégrence between the disk and po-
same order &s Baines et al. (2006) found with a smaller ddtaigrisation angles for this sample will be 90n testing this hy-
and a more simplistic model. pothesis, we allow for an uncertainty in thetfdrence between

Does spectropolarimetry really trace
circumstellar disks?

2.4. The relationship between binary and disk position angle
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polarisation and disk PAs of15°, which is typical for the val- aligned or perpendicular to the disk. In general, we do neeha
ues used. In some cases, there is a systematic uncertamty ghior knowledge of the optical depth of the disks. Therefare
to different PAs being reported byftérent authors. For exam-test the relationship between polarisation and disk angheowt

ple, in the case of AB Aur, Mannings & Sargent (1997) report@makinga priori assumptions.
disk PA of 79 while I_Qo_Ld_er_eLEil.L(ZQ_(DS) report various possi- In the scenarios mentioned above, th@atence between the

ble angles ranging from 260 85 . However, such cases are noglisk and spectropolarimetric angle is either 0 of,3fepending
common, and are unlikely to influence conclusions regarttiag upon the optical depth of the inner disk. Consequently,nitfoa
whole sample. expected that theffset from 45 to the diference between disk
and spectropolarimetric angle (hencefontt) is always 45.
We note that this is the case regardless of whether the signat
. is interpreted as being due to line polarisation or depsédion,
3.1. Herbig Ae/Be stars or whether the disk is optically thin or thick. Thereforasttest

In the case of the HABe stars in Tablgl3, the majority of the ob{S €ven more robust than the previous which assumes opticall
jects (7 out of 9) have polarisation angles approximatetppe- thin scattering and is subject to the polarisation sigreahging
dicular to theirimaged disks. This might be expected if thiap  interpreted correctly. Here we compare this hypothesiséo t
isation signatures are due to single scattering in disksrafbre, sample presented in Talilé 3. The disk and spectropolaiametr
this appears to validate the use of spectropolarimetryaoetr angles in TabléI3 are used to calcula#. This is then com-
disks. Here we quantify this. We use the HBe star data in pared to the hypothesis tha¥ is 45’ by calculating the average
Table3 to test the hypothesis that the intrinsic polamsesingle 0f 10 000 equally sized samples in whia¥ is 45’ but with an

is always perpendicular to the disk PA (within the errord)eT additional random error contribution with a maximum valde o
cumulative distribution of the éierence in disk PA and polarisa-15°(see Figurél4).

tion PA is shown in Figurgl4. We find that the hypothesis that th

disk and polarisation angles are unrelated to each othethaisd The hypothesis that¥ is random can be discounted at a
randomly oriented can be discounted at a significant level @gnificant level (aboved). This leaves the hypothesis th&¥
3.1 according to the KS test). In contrast, the hypothesis thatalways 458, which cannot be rejected at greater thanca 1
the spectropolarimetric signatures of the HBe stars are ori- level and is thus consistent with the data. This confirms &re e
ented perpendicularly to their disks cannot be rejectedmbey lier finding that spectropolarimetric signatures traceksliand
the 1o level, and is thus consistent with the data. Therefore, wemonstrates that this is not dependent on spectral typelasid
find that spectropolarimetric signatures of HBe stars do trace sification (i.e. T Tauri star or HABe star).

the orientation of their circumstellar disks. To summarise, we show that the spectropolarimetric data
We note that, although the majority of H/&® objects ex- presented in Tablg 3 do appear to trace circumstellar digks.

hibit a difference in disk and polarisation angle that is close twould be expected if the polarisation is due to scatteririgése

9(°, two objects have disk and polarisation angles that are esks. However, Harrington & Kuhn (2009) claim many of the

sentially aligned. This is contrary to expectations basedin- HAe/Be stars in our sample have polarisation signatures which

gle scattering occurring in an optically thin disk. In themaller require optical pumping and absorption in outflows (e.g. AB A

sample|_Vink et 8. (2005a) also note several objects winése tand MWC 480). We show here that regardless of the polarising

is the case. They suggest that while the spectropolariosti mechanism, spectropolarimetry can be employed to tracarihe

natures of all young stellar objects are due to circumstdliks, entation of circumstellar disks.

the angle of the resulting polarisation vector is dependpon

the properties of the inner disk. If the inner disk is optigétin,

single scattering dominates and the resulting polarisatiztor 4. Discussion and Conclusion

is perpendicular to the disk PA. In contrast, if the innekdss

optically thick, the polarisation vector is parallel to ttisk PA

due to multiple scattering.

Many of the T Tauri stars in Tab[@ 3 also have disk and pdhe results presented in this paper indicate a direct @orrel
larimetric PAs that are aligned. Therefore, if this argummisn tion between the spectropolarimetric signatures of prexma
correct, it would appear that the majority of T Tauri starkdis Sequence stars and the orientations of their circumstgittis.
are optically thick in the inner regions. This is significant above theo3level and appears indepen-

dent of the classification of the young stellar objects. €fme,
. . we conclude that spectropolarimetric signatures of youalj s
3.2. Removing the dependence on optical depth lar objects do indeed trace the orientation of their circieis

Although the previous test provides a statistically sigaifit re- 1@r disks. This is expected in the case of polarisation dieste
sult, it could be argued that this is dependent upon priomkno @nd accretion shock photons by disks (McLean & Clarke 1979;
edge of the disks’ optical depth. Assuming HBe star disks Vink etal[2002). In the case of polarisation via optical gum
are optically thin is in part justified. The vast majority dfet N9 @nd absorption, the relationship between spectrojpogiric
HAe/Be stars considered have affiset between disk and polari-Signatures and disks is less clear.

sation angle that is close to Q@s expected for single scattering We note that_Kuhn et all (2010) suggest that the polarisa-
in optically thin disks. However, it could be argued thastisia tion signature of the Herbig Be star HD 200775 is due to op-
circular argument. Moreover, in the case of the T Tauri disjectical pumping and that the signature does trace the orienta-
the disk and polarisation angles are generally aligned. Aemdion of an imaged disk. However, the spectropolarimetrig si
appropriate hypothesis for the total sample may be a combimature of this object is observed across a double-peakest emi
tion of the two scenarios, i.e. that polarisation anglesrelated sion line profile, and might therefore be the result of depola
to the PAs of disks, but that the polarisation angles cantherei sation after all. Nevertheless, many Herbig/Be stars, several

4.1. On the use of spectropolarimetry to probe circumstellar
disks
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Table 3. Young stellar objects (column 1) for which spectropolatiriceobservationsnd a direct measurement of their disk PA are
available. The disk and adopted polarisation angles aepted in columns 4 and 5 and théfelience between them is listed in
column 6. Finally, column 7 indicates objects where tHeedénce is close to 9q_L) or O° (])).

Object Alt. Name Type Disk PA  Pol. PA APA
@) @) )

HAeBe

HD 200775 MWC 361 B2 ¥ 93? 86 L

MWC 147 V700 Mon B6 8 168 88 1

HD 45677 FS CMa B2 7r 164 87 L

BD +40° 4124 V1685Cyg B3 110 36 74 1L

MWC 1080 V628 Cas BO 55 75 20 ||

CQ Tau HD 36910 F3 1%0 20° 80 L

MWC 480 HD 31648 A3 150 55° 85 1

AB Aur HD 31293 A0 790 160° 81 L

HD 179218 MWC 614  AOIVe 24 4512 22 |

T Tauri

RY Tau HD 283571 F8 63 163 79 1L

SU Aur HD 282624 G2 127 130 3

FU Ori HBC 186 G3 4% 45 2 |

GW Ori HD 244138 G5 56 (60)° 4 |

DR Tau HBC 74 K5 128 1209 8 |

References. 1:[Okamoto et al[(2009), 2: M2007,[3: Kraus et al. (2008}, #ia@ et al.[(2001), 5: Monnier etlal. (2006),6: Patel &t2006), 7:
Eisner et al.[(2004), 8: Doucet ef al. (2006)[9: Vink ét[ab0®4), 10 Mannings & Sargérnt (1997), 11: Fedele lef al. (RO0B these data, 13:

|Akeson et al.[(2003), 14: Akeson ef al. (2002),[15: Malbet g2805), 16/ Mathieu et al. (1995), 17: Kitamura et al. (200
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Fig. 4. The distribution in the dference between spectropolarimetrically predicted dislaRé observed disk PA for the sample
presented in Tabld 3 (blue dashed). This is compared to @naddstribution (black short dotted). On the left we showstribution
where polarisation signatures are always orientated peipelarly to circumstellar disks and on the right we presleadistribution
for a scenario where the spectropolarimetric signaturedeaeither perpendicular or parallel to disks (see the taxnre detail).
Both model distributions have a maximum error of 1 both cases, a random orientation of disk and polarisgt@sition angles
can be discarded at ther3evel.

of which are in our sample, exhibit polarisation signatumes |Rousselet-Perraut etlal. (2010) resolved thedthitting region
somated with P Cy%m line profiles, i.e. outflowing gas (s&g e around AB Aur and found that it could be modelled as the base

9). Here we show that the signaturdis stof a wind represented by a flattened torus encompassing a cir-
appear to trace the orientation of circumstellar diskssTim- cumstellar disk. Provided the inclination and the angleveen
plies that, if the spectropolarimetric signatures are dugptical the wind surface and disk mid-plane is low {2&hd 35 in the
pumping and absorption in a wind, the wind geometry essetase of the disk-wind model of Rousselet-Perraut et al.[2010
tially mirrors that of the disk, at least in the regions wh#re such a flattened torus might well appear to have a similar mor-
polarisation occurs. phology to the disk.

This is partly substantiated by recent observations of
the Hr emission of the Herbig Ae star AB Aur with the4.2. On the alignment between binary systems and their
CHARA array byl Rousselet-Perraut et al. (2010). This object circumprimary disks
has been proposed to exhibit polarisation due to opticalppum
ing since it displays polarisation across the P Cygni absorfo investigate the relative alignment of H&= binary systems
tion component of its b emission|(Harrington & Kuhh 2007). and circumstellar disks we have used spectropolarimetdy an
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high spatial resolution data to determine the orientatibcil®  Baines, D., Oudmaijer, R. D., Mora, A., et al. 2004, MNRAS33697
cumstellar disks around the primary components of such S)B@;esy D., Oudmaijer, R. D., Porter, J. M., & Pozzo, M. 200BJRAS, 367,
tems. We then combined these_d|sk angles v_wth bmary.paragé;tien’ P. & Menard, F. 1990, ApJ, 364, 232

eters to assess whether HBe circumstellar disks and binarygae M. R, Bonnell, I. A., Clarke, C. J., et al. 2000, MNRARY, 773
systems are co-plana@tudies of lower mass T Tauri stars haveeskrovnaya, N. G., Pogodin, M. A., Miroshnichenko, A. $2le1999, AZA,
found that the circumstellar disks in T Tauri star binary-sys 343, 163

tems tend to be aligned, suggesting that such systems nray f@%”;;:”'L g "ij‘e faje’gﬁ"ﬁ,; an?g’hc')"”E‘Ron%l3%21§68 160

via fragmentation (see elg. Wolf ef al. 2001: Jensen &t 820 Clanee’ ' & MeLean, 1. S, 1974, MNRAS, 167, 27P
Monin et al/ 2006). Here we investigate whether this is @t tCorder, S., Eisner, J., & Sargent, A. 2005, ApJL, 622, L133

case for HAgBe systemsWe note that Maheswar etlal. (2002)Doucet, C., Pantin, E., Lagage, P. O., & Dullemond, C. P. 26@8, 460, 117
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these were calculated via broadband polarimetry and this sp g ™" "i0 e e Acke, B., et al. 2008, A&814809

ject to uncertainties in the correction for the interstepalari- - ryene’ A" Alonso-Albi, T., Bachiller, R., et al. 2006, A#9, L119
sation). These authors find that their data are inconsisté#ght Goodwin, S. P., Kroupa, P., Goodman, A., & Burkert, A. 2007Piotostars and
a random association of disk and binary position angles with Planets V, ed. B. Reipurth, D. Jewitt, & K. Keil, 133-147
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Appendix A: Observed spectropolarimetric
sighatures

Here we present the spectropolarimetric signatures ofritieee
sample over k. Figure[A.] presents the signatures in terms of
the total flux, the amount of polarisation and the polarsaén-

gle overthe K line. TheQU diagrams of MWC 1080 and MWC
147, objects which display a spectropolarimetric sigraathat

was not presented in the main body of the paper, are presented

in Figure[A2.
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Fig.A.1. The spectropolarimetric signatures of the sample. For ebjgtt the spectropolarimetric PA, the percentage pealaois,
and the Stokes intensity spectra are presented centredHiporhe data are binned to a constantarisatiorerror, which is stated

in the plots. The solid red line is the un-binned line profile.
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the plots.
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