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ABSTRACT

In order to study the inner parts of the circumstellar matearound optically faint, infrared
bright objects, we present the first medium-resolution sppolarimetric data taken in the
near-infrared. In this paper we discusssHme data of GL 490, a well-known embedded
massive young stellar object, and of MWC 349A and MWC 342, aptically faint stars that
are proposed to be in the pre-main sequence phase of evoldsoa check on the method,
the classical Be star Tau, known to display line polarization changes at opticalelengths,
was observed as well. Three of our targets show a “line éfeemioss P&. For ¢ Tau and
MWC 349A this line effect is due to depolarisation by a ciratetlar electron-scattering
disk. In both cases, the position angle of the polarisaioronsistent with that of the larger
scale disks imaged at other wavelengths, validating iat@pectropolarimetry as a means
to detect flattening on small scales. The tentative detedfa rotation in the polarization
position angle at Rain the embedded massive young stellar object GL 490 sugtfests
presence of a small scale rotating accretion disk with aarihnle — similar to those recently

arXiv.astro-ph/0509662v1 22 Sep 2005

discovered at optical wavelengths in Herbig Ae and T Taarisst
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1 INTRODUCTION

Many open questions regarding the formation and evolutiatess
require the ability to probe the inner parts of their circtefiar
material, where accretion processes occur and stellaowstfind
their origin. A powerful tool to address such issues is ggtine
polarimetry. The method can utilise the fact that free etext in
ionised material scatter photons and thereby polariseogpberic
radiation. In the case of spherical symmetry, all polaibsavec-
tors cancel, and if the envelope is unresolved a net zeraigala
tion is observed. On the other hand, if the circumstellanyztoy
is aspherical, such as a disk, a measurable net polariszdiote
observed. This aspect of the method exploits the fact thaséad
gas also emits recombination lines, which, by virtue of rthei
cation within the extended ionised gas undergo less stajteby
electrons, and will thus be less polarised. A “line-effeist'then
observed. Electron scattering typically results in pslation of or-

is particularly relevant for follow-up modelling (Drew et 2004,
Harries 2000, Vink, Harries & Drew 2005a).

Given the debate in the massive star formation community
about the respective roles of isolated disk accretion wecaum-
petitive accretion in dense cluster environments or evergens of
lower mass protostars, it is crucial to add discriminatibgerva-
tional constraints to this discussion. In particular, it leeen ar-
gued that the absence of accretion disks in massive youtigrste
objects (YSOs) is reason to question the relevance of theatis
cretion scenario (e.g. Wolfire & Cassinelli 1987; see alsodsm
& Maeder 2000). Although a positive detection of a disk akban
YSO should by no means be seen as proof for disk accretiom-a co
tinuing absence of reliable disk signatures may eventimliaken
as evidence against it.

We have obtained spectropolarimetric data of the interatedi
mass pre-main sequence Herbig Ae/Be stars using thedis-
sion line (Oudmaijer & Drew, 1999, Vink et al. 2002). More tha

der 1% (see Poeckert & Marlborough 1976) and occurs at scaleshalf of the Herbig Ae/Be stars show the line-effect, while to-

of order several stellar radii (e.g. Cassinelli, Nordsi&dilurison,
1987). The method can be used for objects that display ewnissi
lines, and immediately provides the answer to the questiwether
the circumstellar (electron-scattering) material is sjgadly sym-
metric when the source itself cannot be resolved in imaging. (
Oudmaijer & Drew 1999, Harries et al. 2002, Schulte-Ladbetk
al. 1993). A further advantage of spectropolarimetry ig thpro-
vides additional constraints to straightforward spectopy, which

sition angles of the circumstellar material are consisteitt the,
larger scale, disks that in some cases have been imaged &y oth
techniques (see the compilation by Vink et al. 2005b). Ttgh hi
proportion of line effect detections in these objects sstthatll
Herbig Ae/Be stars are surrounded by disks on small scatds. T
result provides indirect support to the notion that Herbig/Be
stars have grown via accretion.

However, more massive stars with even stronger radiation
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Table 1. Targets

Name \Y J texp (S)  Peont (%) Ocont (°)
GL 490 14 10.5 4800 15.590.05 130.14+0.3
MWC 349A 13 7.0 800 3.66 0.04 176.6+ 0.3
¢ Tau 3 3.2 240 1.14 0.005 35.4+0.1
MWC 342 106 ~6 320 0.4@: 0.03 152.5+ 2.3

Continuum polarisations are measured in line-free regiorthe spectra.
The error bars are internal errors, and small due to the lammeber of
pixels that are averaged. The external errors are estintatee 0.15% and
20,

pressure have remained elusive. These most massive yoelng st
lar objects stay embedded in their parental cloud until af¢tling
on the zero-age main sequence, which prevents the use ofbpti
line polarimetry. It is therefore necessary to go to (néafrgred

For the linear polarisation observations, the IRPOL2 instr
ment was employed. This polarimetry module consists of a MgF
prism and a half-waveplate. The QU spectra were recordedrat v
ious positions of the waveplate, while the objects were eddadp
and down the slit to facilitate sky-subtraction. The obsag\se-
guence consisted of consecutive observations of sourcskgr(tdy
nodding over the slit) for every position of the waveplatelafised
and un-polarised standards were observed throughout ghé @
log of the observations is provided in Table 1.

The data were reduced iRAF, and included flatfielding, sky
and bias subtraction, bad pixel masking and extractionesgec-
tra. The resulting spectra were then imported in the Stdrlifime
Series and Polarimetrysp software, in which the Stokes parame-
ters were determined. Further manipulations were doneciStar-
link POLMAP package for the polarisation spectra ardFr for the
intensity spectra.

From the two unpolarised standards, HD 10476 and
HD 202573, we determined the instrumental polarisation éo b
0.165% at an angle of 122.2This value was subtracted from the

wavelengths to study such objects. This has never been done s reduced data. The zero-point of the polarisation angle vessrd

far, presumably because common-user polarisation optiesa-
infrared optimised telescopes are rare. To do such a stuafirst
need to consider which line to observe, which is no triviakta
One has to take into account the intrinsic strength of the, lihe
large extinction towards these objects and the contribuf@xcess
emission due to thermally re-radiating dust. At the longeband
wavelengths the sources suffer less from extinction, betdiast
excess emission may set an upper limit to the observablaléne
polarisations. This is because the magnitude of the “lfifect is
determined by the strength of the intrinsic continuum pségion
against which the change across the unpolarized line isasiet.
Any excess emission due to an extended envelope will effdygti
dilute the stellar continuum polarisation and conseqyethik re-
quires more sensitive data. As these issues can not be atswer
easily pending dedicated observations, we decided to abadui-
lot study to observe optically faint objects and, for thetftime,
apply this method in the near-infrared. We chose to use thie Pa
line in the J-band, one of the strongest hydrogen recombination
and at a wavelength where the observable continuum raditio
more likely to be dominated by the star.

We observed four objects, MWC 349A, MWC 342 and GL
490, and as a cheakTau. The first two objects are optically faint

mined assuming the polarisation standard stars HD 2351Hand
43384 to have polarisation angles of 29ahd 170.7 respectively.
These values correspond to tReband values listed by Hsu &
Breger (1982). The corrections were withihftom each other. The
polarisation measured in the standard stars at Lr28s slightly
(0.1%) larger than an extrapolation from their optical dasing
a Serkowski law would suggest. This is a well-documenteelcgff
the polarisation in the near-infrared drops of shallowantm the
optical (e.g. the review by Whittet, 1996).

The errors in polarisation per pixel range frem0.05—0.1%
for the brighter stars to 0.25% for MWC 342 and MWC 349A and
0.40% for GL 490. For the brightest objects, the error in thiap
isation is observed to increase with increasing wavelenttrs is
most likely due to low level fringing occurring in the opticEhe
final, external, accuracies are estimated to be of orde®.45d
2° respectively.

3 RESULTS

Here we discuss the results individually for the objects. &t
by describing the results of the classical Be gtdrau, and then

and are proposed to be young pre-main sequence stars while Glcontinue with the massive young stars. In Table 1 the medsure

490 is a well-known embedded massive young stellar ohjeEau
is a classical Be star, known to display a line effect at aptiave-
lengths. It was observed as well to test and prove the concept

2 OBSERVATIONS & DATA REDUCTION

The observations were taken during the night of th& Zeptem-

ber 1999 using the UKIRT telescope on Mauna Kea, Hawaii. The
weather was reasonable, with a seeing of order 1.3 arcsec. Th
CGS4 spectrograph was used in conjunction with the 150/limas
grating and the long camera. The detector was a«<25® InSb ar-

ray which has a pixel size projected on the sky of 0.6 arcsednD

the observations, the slitwidth was 4 pixels (2.4 arcset) the slit
was oriented East-West. A krypton arc-lamp was used for wave
length calibration. This set-up resulted in a wavelengtigeaof
1.256 - 1.31um, with pixels of~ 2.1 x10~*um. The final spectra
have a spectral resolution of 170 km's The objects do not appear
to be extended in our data.

polarisations of the objects are presented.

31 (Tau

Because/ Tau has a long history of (spectro)polarimetric obser-
vations, it is an ideal object to test the diagnostic powenexr-
infrared spectropolarimetry. Alsg, Tau is known to have a large-
scale disk found through interferometry, consistent with tn-
trinsic line polarisation at optical wavelengths (Quitvanh et al.
1997). Our data are presented in Hify. 1, where the Stokes | (in
tensity) vector is plotted in the bottom panel, and the psdgion
percentage and polarisation angle (PA) are displayed imilidle
and upper panels respectively. The polarisation acrosBdhdéine
shows a marked drop with respect to the continuum.

The continuum polarisation of 1.1% is slightly lower and the
PA is very close to the optical values of Quirrenbach et 971

L http://star-www.rl.ac.uk/
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Figure 1. The left hand plot shows the polarisation dataldfau represented as a function of wavelengtiuin, the bottom panel shows the (continuum-
normalised) intensity spectrum, while the middle and upgeerels show the polarisation and position angle respéctiVle latter two are rebinned to a
corresponding accuracy in the polarisation of 0.05% . Tgletfand plot shows the Stokes QU vectors with the same Igragpiplied. The excursion of the

depolarisation in the QU plane implies a best fitting intidrRA of 32°.

their mean values are about 1.5% and@)3The small change in
polarization from the optical to the NIR is not expected fram
Serkowski law, where the dust polarisation drops off steepth
wavelength, but is consistent with the flatter dependerara &lec-
tron scattering. We can measure thé&insic PA from the excur-
sion across the line profile observed in Q¥ diagram;© = %x
atan(AU/AQ) yielding 32t1°. As scattering in the optically thin
case gives a PA perpendicular to the disk, this comparesweilty
with the disk’s position angle ef58 4+ 4° measured interferomet-
rically by Quirrenbach et al. (1997).

In summary, the near-infrared spectropolarimetry is a demp
mentary technique to optical spectropolarimetry and fatemetry
allowing us to move to longer wavelength ranges where we ban o
tain detailed observational constraints on types of olfextwould
otherwise remain obscured.

3.2 MWC 349A

This well-studied object is mostly considered to be a maspie-
main sequence star (e.g. Danchi, Tuthill & Monnier 2001; btey
Nordsieck & Hoffman 2002) although it is sometimes proposed
be an evolved massive star (strong proponents are Hofmaailn et
2002). It had not been previously observed by usatld the object
is too faint in the optical for medium resolution spectr@ohetry.
Our data are plotted in Fiffl 2. The Phne is strongly in emission,
whilst the Hel 1.27 um line, blueward of P4, is clearly present
as well. The observed continuum polarization of 3.5%, at aPA
~ 180, is consistent with optical values (Yudin 1996). There is a
clear signature of a line effect at Pgparticularly seen as a drop in
polarization percentage across the line (middle panel).
Representing the data QU space, such as shown in Fig. 2
allows one to obtain the intrinsic PA of the polarisatiodepen-
dentof any foreground polarization, which only adds a consldt
vector to the intrinsic polarization. There is a strong efffever the
line, with a magnitude of- 1.5% at a polarization angle of 21°
as determined from a weighted least squares fit throughQtte
data points, as above. A similar, less strong effect at theesRA

is visible for the helium line. There is one earlier reporadfine-
effect’ in MWC 349A: Meyer et al. (2002) obtained low resolu-
tion (7.5-103) optical spectropolarimetry, and reported strong line
depolarisations. Earlier, broad-band optical polarimeircompa-
nied by narrow-band H polarimetry was obtained by Zickgraf &
Schulte-Ladbeck (1989), but they did not report the lirfeatf pos-
sibly because it was smeared out over the large wavelengtera
covered by the Hi filter.

We also note that although the polarization angle changes by
about 10 over the emission line, this does not necessarily have
to be an intrinsic property of the polarization. One measuhe
vector sum of both intrinsic and interstellar polarizati@ue to
this vectorial nature, a simple depolarisation can chamigesi more
complicated profile with the addition of ISP (see e.g. Ougenait
al. 1998 for a marked change in the case of HD 87643). Therlinea
excursion observed QU space strongly suggests that we deal with
a straightforward depolarisation.

The obvious question that now arises is where does the scat-
tering arise, in the well-known ionised North-South bipodeat-
flow visible in the radio (White & Becker 1985) or the East-Wes
circumstellar disk as is evident from imaging of hydrogerorabi-
nation line masers (e.g. Planesas, Martin-Pintado & Serab92;
Rodriguez & Bastian 1994)? As mentioned in the previous sub-
section, in the optically thin case we will measure a poitn
angle perpendicular to the disk plane, while modelling ofsBar
disks implies polarization percentages not much more tHan 2
(Cassinelli et al. 1987; Waters & Marlborough 1992), witk fho-
larization decreasing with inclination angle.

The intrinsic position angle of the polarization is 21 1°,
which is almost perpendicular to the position angle of £@7,
measured from the H30line maser (Planesas et al. 1992) and the
100+3°measured from interferometric images tracing warm dust
(Danchi et al. 2001). This is consistent with the scattedogurring
in a structure at the same PA. As the larger scale disk is vbder
to be close to edge-on, the depolarization of about 1.5%slertta
support to the idea that the spectropolarimetry, and aautline
effects, are due to a circumstellar ionized disk.
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Figure 2. As previous figure. The polarization data of MWC 349A rebithiie 025%. The dashed line is an enhanced version of the itytespectrum
intended to reveal the relatively strong, twice the contmyHel A 1.27842:m line. The polarization spectrum shows an effect acrods thet P@# and Hel
emission lines. The depolarization is smaller across thellde because of the relatively larger contribution of thetéauum to the observed polarization.

Since MWC 349A is such a well-observed object, we now
consider how our Badata fit in with existing ideas about the ion-
ized gas around this object. Spectropolarimetry shouldavgcol-
larly helpful as it, in principle, probes the ionized gassedo the
star.

Hamann & Simon (1986, 1988) proposed a model of the cir-
cumstellar material, based on velocity resolved optical aear-
infrared spectroscopy of the star. They found that the \uidth,
and peak separation of resolved hydrogen recombinaties lie-
creased as function of distance to the star. The Helium rbcom
nation lines showed the largest widths, and were suggestéd t
originating at the inner edge of a Keplerian rotating cirstetiar
disk at a distance of- 2 AU from the star. The hydrogen recom-
bination lines, especially optically thick lines likeokiwere placed
much further from the star, consistent with the observedréxbf
the hydrogen masers at 60 AU and more (e.g. Planesas et a). 199
The authors explicitly introduced a low density region bextw the
star and the disk/wind. This is mainly because of the obsHiwie-
widths: if MWC 349 is indeed a massive hot star, the line wadth
of order 100 km s are too small to be identified with a hot stel-
lar wind whose observed velocities are generally largestelad,

3.3 MWC 342

This object, often classed a young Herbig Be star, has a niib-e
sion line spectrum with H displaying a P Cygni profile, indicat-
ing current outflow, while the presence of many forbiddensemi
sion lines class the object a BJe] star (Jaschek & Andril2@9).
The most in-depth study to date of MWC 342 is probably that of
Miroshnichenko & Corporon (1999) who suggest the object is a
luminous evolved star based on its extinction distance. [fae
ature does not report any observations that specificallyystie
geometry of the circumstellar material. Clues that at lesashe
asymmetries are present come from the variable opticakipata
tion reported by Bergner et al. (1990). The continuum poégidn
around Pg of this object is 0.4% This makes it the least polarized
of the objects in our sample and corresponds to a phase ofdtw o
cal polarization (Bergner et al 1990, Miroshnichenko, @gvcom-
munication). The data are plotted in Fig. 3 but no line effean

be inferred with confidence. Since the polarization acrbedihe
measured per pixel is only at the Zevel - as opposed to the value
derived in Tabl€ll which is derived from many pixels - it is dhar
to measure an effect at a significant level, and easy to deepiret
such data. Rebinning the data would yield severely undgutsaim
data and potentially lead to misleading results. The uag#ytin
polarization of the individual pixels is 0.25%, so the uppmsnit

Hamann & Simon locate the ionised gas in a photo-evaporating g the line-depolarisation is at least 0.75%, as an entieluéion

disk (see also Hollenbach et al. 1994), further away fromsthe
where the local escape velocity is low. This would preserdtec
ent picture, where a comparatively low density fully iomzaner
disk is responsible for the observed electron-scatteridgéed po-
larization.

We wish to mention a possible alternative that can explan th
low outflow velocity and still be consistent with a circunmikte
disk. Drew, Proga & Stone (1998) present a hydrodynamicaeho
of radiation driven disk winds for YSOs that also predictroar
H1 line emission in the equatorial plane, and higher veloaitgre
tenuous emission in the polar regions. Such a model coutdbas
responsible for the observed line-profiles in MWC 349A.

element needs to be covered.

34 GL 490

AFGL 490 is a heavily embedded massive young star with a lumi-
nosity of order 18L ;, (e.g. Schreyer et al. 2002). It is subject to an
optical extinction> 20 (Bunn et al. 1995), and is surrounded by a
thick dusty disk at a PA of around 120-145The disk structure has
been observed using a variety of techniques: near-infiarading
was done by Minchin et al. (1991); high resolution molec@&
observations were taken by Schreyer et al. (2002), whilsarslz

et al. (2004) detect a, possibly transient, structure in-ideared
speckle interferometry. In addition, a flattened radioctice was
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Figure3. As previous figures, but now the polarization data of MWC 3tinned to 0.25% are plotted. The large errorbars combinbdive low polarization

prevent the detection of a line-effect.

found by Campbell, Persson & McGregor (1986). The central ob
ject powers a wide bi-polar CO outflow roughly perpendicutar
the disk (e.g. Mitchell et al. 1995, Schreyer et al. 2002).

The optical polarization was studied by Haas, Leinert &
Lenzen (1992). They found that the bulk of the optical pakati
tion of ~18% can be explained by a combination of foreground
polarization (surrounding stars have optical polarizatiof up to
13%) and polarization by circumstellar dust. As electramttseing
typically would contribute around 1-2%, it is indeed mo&ely
the dust scattering, rather than electron scattering thatributes
most to the circumstellar polarization. Because the dushoaex-
ist close to the star owing to its comparatively low condénsa
temperature, the Paline forming region and the central source
continuum will be seen as a point sources by the dust and talyqu
polarized. Although the observed polarization is a comtdnaof
interstellar dust and circumstellar dust and electrortasdag, the
“intrinsic” electron scattered radiation is revealedQkl space, as
the interstellar and circumstellar dust polarization adid respec-
tive constanQU polarization vectors, whereas the intrinsic electron
scattering polarization can be dependent on the velocities

Our polarimetric spectrum of GL 490 is presented in Elg. 4.
The emission line itself is resolved as it is slightly widean the
instrumental profile, thereby allowing the study of changethe
polarization characteristics across the line itself. Wasoee a con-
tinuum polarization ofv 15% at a PA of 130, which is consistent
with the PA measured by Haas et al. (1992) in optical contimuu
polarization measurements, and also with with the largie sttty
disk seen using imaging polarimetry (Minchin et al. 199h)tHe
polarisation triplot, there appears evidence of changbseémolar-
isation, in particular a rotation in the PA. This is most like real
feature because the emission line is resolved in our datke wie
feature is larger than the formal errorbars in both the PA&pm,
and theQU graph.

We note that this effect may well be similar to the line ef-
fects measured in many Herbig Ae stars by Vink et al. (2002). |
their work on these objects they found that the polarisatimanges
across kv were narrower than the width of the intensity profile it-
self — which is inconsistent with depolarisation. Instetd data
showed line polarisations that are thought to be dued@hhission

originating from a compact source of photons that scattéfraro
exterior rotating medium. In contrast to the effect of depishtion
observed for MWC 349A, these line polarisations may yieleki
matic information. The PA rotations across the line profimslate
into “loops” when the same data are plottedJ®/ space.

Indeed, the excursion in QU space resembles a loop, rather
than the straight line observed for MWC 349A. Comparisorhwit
models by Vink et al (2005a, see also Wood, Brown & Fox 1993)
indicates that such behaviour is the result of the presefiaeatat-
ing disk with an inner hole. For comparison, rotating diskthaut
an inner hole, extending down to the stellar photospherdandis-
play a double loop in the QU diagram. If the detection is can be
confirmed, it provides strong clues that GL 490 is surrourtaied
disk and is still actively accreting material.

4 SUMMARY

We have presented the first hydrogen recombination lineisyes
larimetric observations in the near-infrared. The resfutim this
study are encouraging. Our targets were two optically triggr-
big Be type objects (MWC 349A and MWC 342), an optically
faint massive Young Stellar Object, GL 490 and for compariso
the well-known classical Be stgrTau, known to be surrounded by
an ionised disk.

Three of these stars show a line effect. Edfau and MWC
349A the line-effect is explained as being due to opticttiy-elec-
tron scattering in a circumstellar disk. These objects Hzgé-
resolution imaging data available and in both cases theiposi
angle of the (larger scale) disk on the sky is consistent thith
angle derived from the polarization data. This validatescgppo-
larimetry as a good means to detect disks on small scales.

The preliminary detection of a PA rotation in GL 490 may
indicate the presence of a small scale rotating accretisi diith
an inner hole similar to those recently discovered i iH Herbig
Ae and T Tauri stars (Vink et al. 2002, 2005b).

Acknowledgementsie thank Tim Harries for discussing the intri-
cacies of reducing near-infrared spectropolarimetrie.date thank
Anatoly Miroshnichenko for providing us with machine reblia
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Figure4. As the previous figures. The polarization data of GL 490,mebd to 0.25% per pixel.

data from the Bergner et al. (1990) paper, supplemented by ad Oudmaijer R.D., Proga D., Drew J.E., de Winter D. 1998, MNRZ®,
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