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Abstract. We present a prospective work undertaken on Spectro-Polarimetric INterferometry (SPIN). Our theoretical studies
suggest that SPIN is a powerful tool for studying the mass loss from early type stars where strong Thomson scattering is present.
Based on Monte Carlo simulations, we computed the expected SPIN signal for numerous hot star spectral types covering a
broad range of geometries and optical depths. The SPIN technique is based on the detection and comparison of the fringe
characteristics (complex visibility) between two perpendicular directions of polarization. The most obvious advantage is its
ability to determine the polarization distribution in spherical winds for which no detection of polarization is achievable by
classical techniques. In particular, we demonstrate that the SPIN technique is very sensitivé pathmeter from the so-

called ‘B velocity law” for optically thin winds. Moreover, the location where the bulk of polarization is generated can be defined
accurately. The required sensitivity for studying main sequence OB star winds is still very demanding (inferior to 0.5%), but
the signal expected from denser winds or extended atmospheres is well within the capabilities of existing interferometers.
The visibility curves obtained in two perpendicular polarizations for LBVs or WR stars ¢&am by more than 15%, and their
corresponding limb-darkened radii obtained by the fit of these curves by more than 35%. The signal expected from the extended
circumstellar environment of Be stars and B[e] appears also to be easy to detect, relaxing the required instrumental accuracy
to 1%. For these spectral types, the SPIN technique provide a good tool to extract the highly polarized and spatially confined
envelope contribution from the bright star emission.

It must be pointed out that the astrophysical environments investigatedffera targe panel of SPIN observing conditions in

terms of geometry and polarization degree. The behavior of the SPIN observables can be transposed, at least qualitatively, to
other astronomical objects for which important local polarization is foreseen.
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1. Introduction Taylor et al. 1991 and Wood et al. 1997). The detection of a jet-
Mass-loss is an intrinsic characteristic of hot stars whi lvw(e structure in the binang Lyrae with an interferometer (cf.
cEarmanec et al. 1996) and a spectropolarimeter (ctfidan

eject a strong wind during their whole ShOTt life. The ligh t al. 1998) illustrates the complementarity of both techniques.
from the central star can be strongly polarized by its close

: ; . However, the interpretation remains limi he averag-
circumstellar environment, essentially by Thomson scatter- owever, the interpretation remains limited by the averag

. A . . ng of the polarized information over the field of view since
ing. The mass ejection is mainly driven by the pressure Shy observation of nearly symmetrical object provides an al-
the intense radiation field mediated by resonant scatteri y Y 5y Jectp

ng. . . g
The young technique of optical interferometry has prov ost undetectable signal. For instance, the precision of current

. . . $hoto- and spectro-polarimetric observations is ffisient to
its efficiency to study the close environment of hot stats

such as Be star disks (Stee et al. 1995; Quirrenbach et al. 1&8 t wind models with latitudinal dependance of the mass-loss

Vakili et al. 1998; Berio et al. 1999) or environment of the? € in O supergiants, which predict a continuum polarization

Luminous Blue Variable (LBV) P Cyg (Vakili et al, 1997).0 ©MY 0-1 percentat most (Harries et al. 2002).

. . . : Within this context, it appears very attractive to equip a
Without spatial resolution, spectro-polarimetry represents L . . ! i
ang- baseline interferometer with a polarimetric mode in order

?rg(ren Zf &?ict;?sst r‘:’]l:nltgg teo?rlﬂglﬁzszlosstsdéegn?/ordiirs)?;t%eapply the so-called Spectro-Polarimetric INterferometry
P Y y n(%E‘PIN) technique. Such attempts have been performed since

Send gprint requests toO. Chesneau, the very beginning of interferometry. The unique Narrabri
e-mail: chesneau@mpia-hd.mpg.de intensity interferometer was used with a polarimeter in
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;(fnljf?{mj long-baseline optical interferometry (i.e. instrumental facili-
& ties, signal performances to be obtained or expected in the near

- ~3 \
N\

yd “\\ \/" future). We develop a set of astrophysical examples in the field
v 2 Y e 7 of hot star winds which covers a broad range of wind geome-
e \ tries and intrinsic parameters such as the wind density struc-
ture. In Sect. 2, the observables provided by long-baseline op-
tical interferometry are presented, together with the ones more
[ specific for the signal study in polarized light provided by
P 5 X\ \ the SPIN technique. Section 3 gives a brief description of the
| | Monte Carlo code MC3D used and adapted for this purpose.
o | In Sect. 4, we deal with spherical winds and perform numeri-
|/ cal tests for stars with fferent spectral types showing signifi-

\ cant winds ranging from A supergiants to Wolf-Rayet stars. In

Sect. 5, we examine 2D geometries, ranging from anisotropic

N Ry radiative winds to the disks of Be stars. We then discuss in-
VRN / strumental polarized devices foreseen and needed for such a
- technique in Sect. 6. Finally, we present the conclusions of this
work.

Fig. 1. Adopted reference system. The figure represents isocontours o
on the apparent disk of a spherical wind as seen with a polarizer par-SPIN description

allel (dashed line) and perpendicular (solid one) to the sky projected ., . . . . S . .
baselineBq;. This axis forms an anglewith the sky coordinate Sys_tlen this section we describe the formalism applied in this arti

tem (.5, 2) and defines a new sky projected coordinate systeim) ( cle. At first, we briefly r_ecall the inte_rferometric observables

for which thes direction is parallel ;. This (s, p) system is also €Xtracted from natural light. We restrict ourself to the case of

the frame used in the polarization analysis. a single interferometric baseline, i.e. with two telescopes. We
adopt the formalism of Domiciano de Souza et al. (2002) and
reproduce here the equations necessary for an introduction to

1974 to give an estimate of the polarization-dependent diatural light interferometry. In Sect. 2.2 this formalism is then

ameter change of3 Orionis (Hanbury Brown et al. 1974), extended to the case of polarized light.

but the signal-to-noise ratio (SNR) limitations were

well above the expected signal. The experiment was rg- :

peated in 1981 with the 12T interferometer an Lyrae 21 Natural light

(Vakili et al. 1981), and in 1997 with the GI2T on the Be stawe consider a spherical star defined by its hydrostatic radius

v Cassiopeiae (Rousselet-Perraut et al. 1997). These obseR¢alocated at the center of the Cartesian coordinate sybtem

tions showed that instrumental polarization has to be carefujlyz) shown in Fig. 1. The axis is defined as the North—South

studied and controlled (Rousselet-Perraut et al. 1997). Te¢wdestial orientation and theaxis points towards the observer.

first theoretical studies on SPIN were performed in the Let us define the sky-projected monochromatic brightness

frame of the Narrabri Interferometer experiment by Sams distribution 1,(y, Z), hereafter called “natural light intensity

Johnston (1974). Cassinelli & Hionan (1975) investigated map”. Interferometers measure the complex visibility, which

the consequences of Thomson scattering around hot stargsgproportional to the Fourier transform by, 2). By denoting

the diameter measurements in linearly polarized light (withe Fourier transform of the intensity map by(y, z) we can

a single baseline). In the outer regions of the star, the lightite the complex visibility in natural light as:

becomes polarized perpendicular in a direction parallel to ’ Tu(f,, )

the limb of the star. Integrated over the apparent disk thigf,, f,, 1) = |V(f,, f,, 2)| ("= = Dy g (1)

polarization cancels out. In contrast to this, an interferometer 1,(0,0)

in polarization mode can detect a signal due to its sensitivityhere f, and f, are the Fourier spatial frequencies associated

to the polarized flux in a preferred direction. The star appeawith the coordinateg andz In long-baseline interferometry

smaller in the plane of polarization parallel to the baseline thée spatial frequencies are given Byoj A+, Wheredes is the

in the plane perpendicular to it. An illustration of thi$ext can effective wavelength of the spectral band consideredBng

be seen in Fig. 1, that shows theoretical iso-intensity contoussa vector representing the baseline of the interferometer pro-

on the disk of the star for two orientations of polarizatiorjected onto the sky. The vectd; defines thes direction,

Rousselet-Perraut (1998) performed a theoretical study vefiich forms an anglé with they axis so that:

the SPIN observables based on simple models with spheri&al o . — i A

and elliptical scattering environments. He also presents 8 ~ (BP’OJ cosf)y + (BP’OJ smg)z, @

methodology that is useful to interpret the results in the pap&vherey andZ are unit vectors.

We intend to present an updated overview of the SPIN ca- We consider linear cuts along the Fourier plane correspond-
pabilities using first, state-of-the-art Monte Carlo simulationg)g to a given baseline directi@ We can define the new spa-
and second a review of the on-going projects in the field tél frequency coordinatesi(v) for which By; is parallel to the
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unit vectoru. In that case the line integral (or strip intensity) oensitivity and their simplicity for interpreting the geometry of

[.(s p) overp for a givené can be written as: the source.
We define the polarized deviation cur&¥p(f) as the dif-
T1(u) = fu’f(s)e—izﬂsuds (3) ference between the visibility curves in polarized light:

The complex visibilityis given by: AVe(Ty. T2, 4) = Vp(fy, Tz )l = Vs(fy. Tz D). (8)

T We can also define the degree of polarized visibility (following
Ve(u, ) = |V{:(U, /l)|ei¢,f(u,l) = L(u) (4) the formalism from Rousselet-Perraut 1997):

11400
1£(0) Vp(fys T2 Dl = IVs(fy, f2 D1
By varying the spatial frequency (baseline length/and/ave- [Viad Ty, Tz, )|

length), we obtain the so-called visibility curve. Equations (3|) . _ ) _
he quantities\Vp andPy are obtained at a given time for a

and (4) say that the interferometric information aldBge; is . . ) _ L
identical to the one-dimensional Fourier transform of the cur@i/€n Projected baseline. Three regions of the visibility curves

resulting from the integration of the brightness distribution i€ °f common interest in stellar interferometry: the first lobe,
the direction perpendiculapj to this baseline. the first minimum and the second lobe’s maximum.

The second lobe’s maximum is very sensitive to the
limb-darkening law of the star, and is consequently particularly
2.2. Polarized light interesting for the study of ffuse light. However, precise ob-
C%ﬂvations in these high spatial frequencies require long inte-

with the filtering view of the baseline and the polarizatiorg.rat'on times in order to compensate the low fringe contrast.

First, it must be stressed that contrary to classical polarime%regvfer’ a;s (;a_r astlqut stars ;rlebconcerned, thlels blasellntta; re-
the polarizer direction isotfixed in the celestial North—South Ired for studying thé second lob€ areé generally farger than

direction {) but related to the baseline direction on the s 00m in the NIR band, except for the few closest stars. This

(s direction). This is due to the fact that the baseline is fix aa_lso true for_the_ first minimum, commonly used for accurate
to the ground, and not to a moveable mount as in the case 5?9'“3 detgrmmatlons. - .
monolithic telescopes. Thus it appears natural (and it is techni- Thu_s, It Is more realistic to concentrate on the first lobe.
cally straightforward) that the polarization analysis is using th& - define t_he spatial frequendyax as the frequency where
baseline coordinate systems) p) showed in Fig. 1. Throughoutthe SPIN signalAVe(fma) = AVimax is maximum. The spa-

the entire article, two particular directions for this polarizer attléalFi‘kreqlée_nct)kl]lsft_exprese_d n u:ns of thg '?r\]/e:fﬁ stgllar radius,
considered: polarizer is direction (parallel to the baseline) /R, and in the figureR. = R;. As seen In the following sec-

and polarizer irp direction (perpendicular to baseline). tions, fmax OCcurs at relatively low spatial frequencies, in the

: . o . f =(0.2-0.6) 1/R; range, which relaxes the spatial resolution
Let I, represent the polarized light contribution of the in-
in FEPTES poanzec 19 Ut "Mheeded to perform SPIN observations drastically.

tensity mapl,(y, 2. Our approach is adapted from the Stoked®
formalism to our time variable coordinate system of polariza-
tion analysis. We simplify the notation by writingy: = 1,(y, 2. 3. The Monte Carlo code

Py(fy, f2,2) =

9)

SPIN allows to derive the geometry of the source as dete

We define .
3.1. Presentation
lin =1 -1 i and 5 : . T : .
fin = Tparallel ™ perpendicular ®) The simulation of visibilities and polarimetric observables are
ls = Inat— lin (6) based on radiative transfer simulations performed with the

Monte Carlo radiative transfer code MC3D (Wolf 2003; see
lp = Inat+ liin. (7) also Wolf et al. 1999; Wolf & Henning 2000). We assume a

spherical, extended star which radiates isotropically, i.e., the
When the baseline direction is coincident with the celestieddiation characteristic at each point of the stellar surface fol-
North-South direction, the polarization analysis system is clows the standard cosine law. The radiation field of the star is
herent with the Stokes formalisty, = 1q. partitioned into “weighted photons” each of which is charac-

The polarized visibility that is measured by a single basterized by its wavelength and Stokes parameters.

line is defined by the Fourier transform of the strip intensity The interaction of the stellar photons with the surrounding
of the intensity maps modulated by the polarization (as definelgctron envelope is described by Thomson scattering. Due to
in Sect. 2.1). When we observe with a polarimetric device, vwmultiple) scattering events the polarization state of the initially
record (simultaneously or not) three quantities: the visibilitynpolarized photons is modified. In order to derive spatially re-
amplitudes curvéV| in natural light (V,a{) and polarized light solved images of thé, Q, andU Stokes vector components
(IVsl and|Vy|). These visibilities are related to the corresponaf the configuration, photons leaving the electron envelope are
ing intensity mapss andl, by relations equivalent to Egs. (3)projected onto observing planes oriented perpendicular to the
and (4). These visibilities can then be related to a radius prath of the photons. Since the optical depth in the electron en-
vided that a simple model of the object light distribution is deselope in some cases becomnes, the enforced scattering con-
fined (see Sect. 3.3). In order to study the polarized signal, eept introduced by Cashwell & Everett (1959) was applied in
concentrate in this paper on a few observables chosen for thegler to achieve a high signal-to-noise ratio for the simulated
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Table 1. Some relevant parameters for the adopted models of spherical winds. The targets cover the range of spectral type for which st
local polarization are expected. Most of the parameters are adapted from Lamers & Cassinelli (1999), exceptefand for WR 40 with
parameters from Aufdenberg et al. (2002) and Herald et al. (2001).

{ Puppis  €Ori Deneb P Cyg WR 40

Type O4lf BOla A2lae  BlIABV WN8
Distance D pc 430 410 685 1800 2260
Stellar radius R R 17 35 172 76 11
Core angular diameter ® mas 0.35 0.8 2.35 0.4 0.04
Stellar temperature T. K 42000 28000 8875 19300 45000
Mass loss rate M Myyr® 6x10°% 4x10°% 1x10% 15x10° 3x10°
Terminal velocity v kmst 2200 1500 225 210 840
Acceleration cofficient S 1.0 15 3 25 1
Optical depth Te 0.2 0.17 0.03 1 3.4

images within a reasonable computing time. This concept HHse two parameters of the fitted function are the LD angular
been used in particular in the study of the wind{oPuppis diameter® p (O ps or ® py in polarized light) and the limb-
presented in Sect. 4.1, and also in Sects. 4.2 and 4.3. darkening cofficientc (cs or ¢cp). These LD radii can be re-
lated by the canonical UD radius by (adapted from Sams &
Johnston 1974):

3.2. Limits

1/2
In this study, an important limitation is that MC3D determine(é _ 1- 1—7503/p @ )® 11
the polarization due to multiple photon scattering by electrons;®s ~ | "1 _¢/3 LDs- (11)

but does not include thefects of continuous hydrogen absorp-

tion and emission seen in disk-like circumstellar envelopes flor order to provide a clear view on the instrumental capabili-

example. Consequently, our modelling of a hydrogen disk fies dfered by contemporary interferometers, we have assumed

Sect. 5 results in an upper limit for the expected interferomettheoretical error curve based on a UD visibility curve estima-

ric signal from an interferometer, especially for disk studietion. Inside the first lobe a good analytical approximation for

This efect is discussed in Sect. 6. the visibility uncertaintiesrV due to the apparent star radius
Rap is given by (Vakili et al. 1997):

3.3. “Numerical” diameters TRy oV (12)
For each example treated in this paper, we perform a fit of e 12202
numerical visibility curves obtained with the code MC3D in

order to derive the apparent diameey, which is by defini whereJ; is the Bessel function of the first kind and second or-
. ! oo T ) . In the followi hat the interf is abl
tion larger than the diamet@®. defined with the hydrostatic der. In the following, we assume that the interferometer is able

. " . ) to constrai with a 1% accuracy, and we build the related
radiusR.. The definition of the paramet€,, is not straight- Rap 0 y

) gV curve. This curve is then overplotted in eat¥p diagram
forward but depends on the model used for the fit. If the centr i Figs. 3, 7, 9—11, Fig. 13) as a visual scale of the instrument

to-limb variation (CLV) of intensity could be observed directly ; :

an intensity radius could be defined in terms of the CLV Shaggcuracy foranillustration purpose.
and then related to a monochromatic optical-depth or filter ra-

dius via a model. In practice, reconstruction of the CLV from_ Spherical winds

interferometric data is élicult with presently attainable accu-

racies and the mean number of visibility points observed fbt this section, we consider spherical winds, for which the in-
each star. Diameters are usually derived by fitting the visibilitgrated polarized information averages out to a null value. In
of a well-defined artificial CLV like, e.g. a uniform disk (UD), Table 1, we present a list of typical early type stars for which
a limb-darkened disc (LD) or a Gaussian intensity distributidh€ spatial characteristics (i.e. mainly the angular diameter and
to the observed visibility (cf. Jacob & Scholz 2002). The radidbge brightness) are well suited for interferometric observations.
estimation based on the Uniform Disk (UD) assumption is nbtoreover, their winds are thick enough to expect a clear SPIN
sufficient since we have chosen spectral types for which the difgnal from their dituse light. It must be pointed out that the
fuse light from Thomson scattering is important. A better wagngular diameters reported in this table are not the expapted

is to perform a fit of the visibilities based on the assumption thB@rent angular diameter®,p, but thecore diametepr ©. used

the emergent radiation follows a simple cosine limb-darkenif§ input parameter for the radiative transfer simulation. The ex-

law across the disk of the star (Limb-Darkened disk, LD): ~ pected apparent angular diameter in natural light is increased
by the wind as the star appears larger as a result of thesdid

| =1—cgp(l—p). (10) light from the halo.
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Fig. 2. Puppis flux integrated in the baseline direction (strip intensity = 0.000
map) for polarizations (solid line) andp (dotted line). Close to the —0.005F ‘ ‘ ‘ ‘ ‘ 1
photosphere, the wind density strongly decreases following a rapid 0.0 0.2 0.4 0.6 0.8 1.0 1.2

acceleration modelled by thlaw. Spotial frequency (1/R-)

Fig. 3. Visibility signal for both polarizationVs in solid line, V;, in

For the wind velocity we apply the so-callgdaw: dotted line (top), and their flerenceAVp (bottom) for the adopted

roV? parameter of Puppis wind. The signal is small, but detectable if the
o(r) = veo (1 - —) , (13) interferometer sensitivity is such that an accuracy of 1% on radii mea-

r surements is possible (illustrated by the dashed curves, from Eq. (12)).
where The discontinuity close to the spatial frequerfcy 1 appears because

1B the first zero point is located at lower frequency for the polarizgtion
ro=Re [1 — (E) ] . (14) intensity map, slightly more extended than thene.
UDO

Cassinelli & Hdfman (1975) also took Puppis as refer-
, . . . . .~ ence and gave the first estimate of the SPIN signal for a star
f;ilu?)ﬁlgaqgugo IS i?g!:ree?r'ﬁscLhOe Qr):?;oséafg Li?]f@ and in with a wind. They used a two-component density model for
The Vr;'ag'vl‘ys rat:a' Ir()allatedsto the densitv and the eIOCv.vhich an extended atmosphere of total thickness= 10 is
. SS 10SS ra 'S. sty v églnnected to a flow region with an optical thickness- 0.19,
via the following relation:

which is close to our standard parameters. However, their wind

The wind velocity is radial, accelerating to the valye The

M = 4rrp(r)o(r). (15) follows a diferent density law:
The local density is extracted from this relation for a giyen ,, _ po(&)n, (16)
law and mass-loss rate. r

We have conducted a comparative study with the Cassinelli &
Hoffman density lawr{f = —2) and the same.. Compared

to our standard’ Puppis model (with thed law), this new

In order to illustrate the expected signal from a spherical winghodel presents a filised light multiplied by a factor 2.5.
we modelled the stat Puppis (HD 66811), an early O4lf For an equivalent optical depthVnax is almost doubled, and
supergiant. Davis et al. (1970) have given an estimation €, = 0.18 only, to be compared witlfi,ax = 0.47 in case

its apparent angular diameter based on a Uniform Disk fdf our “standard” model. The polarization is generated much
Oy = 0.42+0.03 mas. In the following, we perform a study offarther from the star with the power law model and the opti-
the S law parameters and then discuss §heuppis “standard” mum baseline to detect the polarized signal takigg= 1 um
model. (resp. 06 um) should be reduced to 120 m (resp. 70 m).

By performing a least-square fit with a uniform disks to the
simulated visibilities, Cassinelli & Héman expect an angular
diameter ratio between two perpendicular polarization direc-
The parameters of our “standard model” are described tians of 7%, andd,, from a uniform disk fit of the star emis-
Table 1. Using this model, we find a maximum visibility desion is 12% larger than th@.. The results from the “standard”
viation AVmax = 0.017 at the spatial frequendyhax = 0.47. model are smaller by a ratio of 2%, adh, = 1.070..
Taking ¢ = 1 um and the angular diameter ¢f Puppis The contribution from the extended atmosphere included in
(®ap = 0.42 mas), this corresponds to a baseline of 300 i@assinelli & Hdfman appears to strongly favor the polar-
but only 180 m afleg = 0.6 um. As we can see in Fig. 3, such dzed signal compared to our Monte Carlo simulation of the
SPIN signal is close to the detection limit of an interferomet&rind component only. Their result has been confirmed later by
able to detect radius deviations of the order of 1%. Castor et al. (1975) who estimated that the scattering halo of

4.1. ¢ Puppis

4.1.1. “Standard” model
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Fig. 4. Top: Behavior of the maximum SPIN signaVmax and the corresponding spatial frequerfgy, with M. Middle and bottom: result of

fits of the polarized visibility curves with a 2 parameters limb-darkening law: LD angular dian@tgsésolid line) and®,p, (dotted line) and

LD coefficientsuy, (solid line) andus (lower line). In right the rati®,_pp/@ps andu,/us are displayed. As the mass-loss increases, the contrast
betweer®,p, and®,ps increases but,/us evolves more slowly.

¢ Puppis increase®; by 13% with a similar mass-loss rated4.1.3. Velocity: v,

(M = 6.6 x 10°M,/yr). Nevertheless a refined study from . ] ) .
Kudritzki et al. (1983) showed that the atmosphere Buppis NOW M andg are kept fixed to their “standard” valuelét =
cannot be considered as extended, which gives a lower lifix 10° andg = 1. In Eq. (15), we see that increasing the ter-
©. = 0.38+0.03 mas, and a diameter increase of less than 1dvihal velocityv., will decrease the local electron density and

in all cases and probably as low as a few percents, close to i Scattering. The influence of a change in this parameter on
result from the present “standard” model. the local electron density has a similar impact as changing the

mass-loss rate. The behavior of the SPIN signal follows the lo-
cal electron density and the electron optical depth reported in
Fig. 5. As mentioned for the mass-loss ratgax can be con-
sidered as constant. Nevertheless, changindgas a greater
impact onAVpyax than a change of the mass-loss rate: the slope
of AVmax Versus, in Fig. 5 is twice as large as the slope versus

éin Fig. 4. The diferences between the mass loss and velocity

4.1.2. Mass-loss rate: M

In this section we investigate how the mass-loss rate may
fect the SPIN signal. As expected, we see in Fig. 4 that
SPIN signhalAVmax follows the mass-loss rate increase and t
subsequent electron density increase almost linearly. The w,

frfom 4 Plqu'S Its optically thlndth_rr%ughou;[. tlhfe entire ratnggtar (where the radiative field is strong) significantly by chang-
ol Mass-loss rate encompassed. 1he spatia requ_img)a ing the value of . The scattering close to the star is increased
which this maximumAVa« can be detected is relatively sta-

ble. This means that the spatial location where the bulk of tﬁg alarger amount by a change:waf than by a change d.
polarization is generated is relatively dfexcted by a change of

the mass-loss. However, the limb-darkeningfiontscyp,  4.1.4. Power-law index: 3

are very sensitive to the increase offdsed light since they

are multiplied by a factor larger than 3 as seen in Fig. 4. Thidiis parameter defines the density variation from the star to far-
means that the relative light distribution, i.e. the balance of dher regions. Taking the parameters from gifeuppis standard
fuse light near and far from the star evolves with the mass-log0del, we have varigglbetween 0.8 to 1.5.

Slight multiple scatteringféects are visible for highl: AVimax We see in Fig. 6, thafnax and AVmax are strongly sensi-
evolves more slowly withv. tive to 8. This demonstrates that the parametgy is very

ots can be understood by the fact that the optical depth of the
nd varies age = M /veo. Thus,te and the visibility increase
portional toM and inversely withv,,. Moreover the modi-
[¥tion ofv., in theg law affects the local density close to the
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Fig. 7. The expected signal polarization from the Deneb wind model
Fig. 5. Behavior of the maximum SPIN signal and the correspondirig relatively weak, the\Vp curve is below the 1% accuracy illustrated
spatial frequency with parametes. The dashed curve represents théy the dashed curves defined from Eq. (12). Nevertheless, a signal
course of the optical depth. could be still detectable owing to the brightness and the angular diam-
eter of this star.

0.030 ‘ ‘ T710.40 0.60

0.025 - 40.35 0.55}
7 4.3. Deneb

~0.020 , 10.30 0.50¢

>§ 0.015 L 10.05 @8 0451 We perf_ormed simulations for Deneb Cygni) basgd on the

= P - exhaustive work of Aufdenberg et al. (2002). This A super-
0.010 10-20 040 1 giant represents the “cool” detection limit of Thomson scat-
0.005¢1 - 10.15 0.35¢ 1 tering in the wind. Thes law parameters are estimated from
0.000 ‘ ‘ .. 30.10 0.30 ‘ ‘ ‘ a fit of the numerical electron density law from Aufdenberg

08 1.0 1.2 1.4 08 1.0 1.2 1.4  etal (2002) using Eq. (15). The model parameters are dis-
B coefficient B coefficient

played in Table 1. The optical depth due to electron scattering
Fig. 6. Behavior of the maximum SPIN signal and the correspondiri§ about 7 times lower than far Puppis, and the expected ra-
spatial frequency with parametgr The dashed curve represents th&éio between two perpendicular directions of polarization does
course of the optical depth. not exceed 0.5%. Nevertheless, we expect the results from our
Monte Carlo simulation to be a lower limit for the expected
SPIN signal produced in the extended atmosphere of this star
sensitive to the main location of the scattered ligtite smaller (Sect. 3.2), and the radius ratio between perpendicular polariza-
fmax the flatter the density law, i.e. the bulk of the polarizetions could be of the order of 1%. The UD angular diametgy
emission is further away from the stafhis behavior is par- from Aufdenberg et al. (2002) of 2.4 mas is slightly larger than
ticularly interesting since thg parameter is usually flicult the core diameter expected from a non-extended atmosphere.
to constrain by classical techniques using spectroscopic ddtwever, it must be pointed out that Deneb’s rofile ex-
such as spectrum fitting. A changemhas often a small influ- hibits a lack of the broad emission wing seen in the spectra
ence on the spectrum itself: the spatial extent of the line forwf other supergiants, which are normally attributed to electron
ing regions is fiected but the lack of spatial information fronscattering.
spectroscopy prevents from constrainitfigogently this param- In natural light we expect that the apparent diameter of
eter (see Hillier et al. 1998 for instance). Harries et al. (200Reneb remains identical, whatever the baseline direction on
pointed out recently the sensitivity of the polarized line profildae sky may be. The quasi-sphericity of the envelope is well
morphology of O supergiants to the adopted velocity field. Hestablished based on the absence of integrated polarization and
suggests that it may be possible to use it as a diagnostic tooldetectable variation of radius with baseline for interferometric
the wind base kinematics. Such a diagnostic could also be paeasurements (Aufdenberg et al. 2002).
formed by an interferometer with ficient spectral resolution

(see discussion in Sect. 6). 4.4. P Cyg

LBVs are instable blue supergiants which cross a short-lived
stage of instabilities with large mass loss rate in the HR di-
The signal expected fromOri is comparable to the one fromagram. The slow, dense wind from LBVs and in particular
¢ Puppis:v., andM are similar, and thus, also. But this star P Cygni is at least optically thick due to Thomson scattering
is more interesting for interferometric observations since tfie= = 1 for P Cygni), and multiple scattering occurs. The ob-
star is more extended than an O4If star with a similar expectg@rved radius in natural light is veryftérent from the hydro-
SPIN signal. Withleg = 0.6 um (resp.ies = 1 um, the base- static one, defined by the basic P Cygni parameters.

line of half resolution { = 0.5) is only 70 m (120 m). This

means that B supergiaptﬁer a gogd com_pr_omise bgtween POz 4 1. Smooth wind

larized signal and spatial resolution. This is especially true for

those which exhibit the strongest wind manifestations as LBUs Fig. 8 the isocontours of the polarized intensity maps
(Sect. 4.4). Is and |, are shown. They strongly depart from spherical

4.2. € Ori
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symmetry, and thisféect increases with the distance since the
local polarization is larger in this case. Thetdse light is im-
portant and the angular diameter of the star in natural light rep-
resents 135% of the core angular diameter presented in Table 1:
®4 = 0.55mas according to the prediction of the detailed
P Cygni model of Najarro (2001). The SPIN signal is also large
as shown in Fig. 9. The optimum baseline to detect the signal
is 110 m (resp. 185 m) witheg = 0.6 um (resp. Jum). But the
signal is still strong at shorter baselin@d/p = 0.05 at a nor-
malized spatial frequencly = 0.15 (6% visibility diference),
which corresponds to a 40 m baseline figg = 0.6 um and

70 m forAeg = 1 um. The ratio between radii in perpendicu-
lar polarization directions reaches 1.24. The signal amplitude is
well within the accuracy of optical interferometers which com-
pensates the fact that the star is not well resolved.

Such a strong SPIN signal is also expected for well-known
LBVs such as AG Car, HR Car or HD 316285. The last

O. Chesneau et al.: Hot stars mass-loss studied with Spectro-Polarimetric INterferometry (SPIN)
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star has spatial parameters very close to those of P Cy#git. 8. Square root of polarized intensity maps contours for two per-

ones, i.e. an equivalent estimated distance, radius orag-

pendicular polarizers for the P Cygni smooth wind moglélirection

nitude, but difers by its huge mass-loss rate of the order §tdashed line anddirection in dashed-dotted line). The inner contour

2x1074 M, yrt, more than 10 times larger than that of P Cygrfl
(Hillier et al. 1998). Its wind is very thickr¢ ~ 7), and the
ratio between radii in perpendicular polarized lights reachfee
1.37. Due to the high level of multiple scattering, the increase
of mass-loss rate does not increase the SPIN signal compared
to the case of P CygniA/max = 0.08). But the bulk of polar-

ized light is generated far from the star and the weight of these

el

extended polarized regions compared to the essentially unpo- :
larized and heavily damped central star increases dramatically.

The spatial frequency needed for resolving the polarized halo
is consequently much lower compared to the one needed to re-
solve the central star, and the SPIN signal peaksat= 0.18.

The apparent angular diameter in natural light based on the LD
fit reaches d x O, = 1.2 mas (2.5 for the UD angular diam-
eter). It must be noted that the visibility curve of HD 316285

is not adequately described by a Uniform or Limb-Darkened <
disk visibility fit. For these extreme spectral types fits based on's
the assumption of a Gaussian distribution of light have to be &
preferred.

Visibility

4.4.2. Clumps

The integrated polarization of P Cygni exhibits a strong vari-

Visibility

o
~

0.32,.

elimits the level 0.8,,,, wherelnyay is the maximum of the intensity
I. It is close to the core angular diameter of 0.4 mas determined from
P Cygni parameters defined in Table 1. The outer contour delimits the
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ability (~0.4%) on time-scales of days to weeks (Tayldrig-9. Visibility Vs (solid line, up) andv, (dotted line, up) and the
et al. 1991), with no favored position angle which implies &PIN signalAVe (solid line, down) for the P Cygni smooth wind

quiescent state close to sphericity. This behaviour has b
related to strong and localized eruptions and from an

depth study of the spectopolarimetric variability. Nordsiec
et al. (2001) have strongly restricted the “polarized” clump pa-

ol el. The SPIN signal is large and well above the 1% accuracy
if;]L_Jrves (dashed lines, dowm\Vmax = 0.087 at fhax = 0.40, which
?(orresponds to a relative sigrid} larger than 12%.

rameter space: positian < 2R, radius=0.1R;, density con- natural and polarized light is no longer centered on the star
trastp/po = 20. These clumps could be related to those dgnd consequentlyfiects the phase of the fringes. The expected
tected further out (about 0.5 arcsec) with Adaptive Optics lgygna| should be faint but a flérential study between two po-

Chesneau et al. (2000).

larizations or between line and continuum should increase the

Previous interferometric studies have demonstrated tla@icuracy. Such a study for photometry and polarimetry, simi-
the modulus of the visibility (as used in the paper) is ndar to the one carried out by Rodrigues & Magadis (2000),
very sensitive to small scale asymmetries of the object (Vakidi not in the scope of this paper and deserves more extensive

et al. 1997). However, the photocenter of the emission iimvestigation.
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5. Disk geometries
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In this section, we investigate objects for which the close envi-
ronment can no longer be considered as spherically symmetric
and presents a 2D structure created by a colatitude dependance
of the mass-loss rate. The generated structure can be an ex-
] tended compressed equatorial region like for B[e] stars or even
] a disk for Be stars for instance.
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5.1. Be stars

0.10F

008 Be stars are hot and fast rotating stars surrounded by an

extended circumstellar hydrogen envelope. They manifest
the so-called “Be Phenomenon” characterized by Balmer
lines in emission and infrared excess. One of the challeng-
-3 ing questions on Be stars is the geometry of their disk,
; E and in particular their opening angle, about which there
T "o, s stil an active debate. Most authors have considered ge-
' ' Spotial frequency (1/R_+) ‘ ‘ ometrically thin disks (half opening angle of 25 The
Fig. 10. Visibility Vs (solid line, up) andv,, (dotted line, up) and the VETY NATow disks considered by Wood et al. (1997) were
SPIN signalAVp (solid line, down) for the WR 40 modeAVp is well  those predicted by the Wind-Compressed Disks (WCD) the-
above the curves of 1% accuracy (dashed lines, down). The sec8fid Of Bjorkman & Cassinelli (1993). Furthermore, inter-
lobe of the visibility function almost disappears by apodisation for tf@rometric observations have given upper limits of approxi-
WR model because the central star is no longer detectable within thately 20 (Quirrenbach et al. 1997). However, the hypothesis

0.06 F
0.04 F
0.02F

0.00 F

Visibility deviation

-0.02 F

envelope. of such narrow disks faces several problems, and the current set
of observations does not provide a unique interpretation on the
4.5. WR 40 circumstellar geometry (Yudin et al. 1998).

The model from Waters (1986) has been successfully used

The Wolf-Rayet (WR) evolutionary stage is characterized byta explain the near and far IR observations and is coherent
strong mass-loss rate and a very dense and optically thick wiatbo with polarization data (Cet& Waters 1996; Waters &
These stars also exhibit a much smaller hydrostatic radius, andriborough 1992). They model the disk as an equatorial cone
a faster terminal velocity compared to the LBV stage. with a density law described in Eg. (16) with a density gradient

Most of the brightest WR stars are located in distances~ 2-3.5, the density of the disky ~ 10'-10* cm3, the
larger than 1kpc and their core radii are generally smalldisk radiusRy, the viewing angle, and the disk half-aperture
than 4R, which implies core angular diametddg lower than 6 as main parameters. We performed simulations of the polar-
0.04 mas. Nevertheless, the expected apparent diameter caizd emission of Be star disks. These simulations have been
much larger because the wind is optically thick far from thiested using the work from Wood et al. (1996, Fig. 12). We ob-
star. Among WR subtypes, the WN8 stdifars a good compro- tain very similar results for the integrated polarization, (with
mise between luminosity and core radius extent, which rea@ss than 10% deviation) taken into account that our density
10-15R,, and they can therefore be more easily detected witiw is not exactly similar to that used by Wood et al. which
long-baseline interferometers. allows a colatitude dependency of the density. However, their

The parameters of WR40 are extracted from the dedicatgalar-to-equatorial density ratio of 1 : 1@ very strong, so
study of Herald et al (2001), and the SPIN signal presentdtht we can consider the two models being very close. In par-
in Fig. 10. As for HD 31628%\Va« Saturates to the P Cygniticular, we used as template the staffau (B1 IVe-sh star),
value, but the shape okVp is characteristic of a strongly which is a well studied case of an edge-on Be star 82°;
optically thick wind (see also Cassinelli & Himan 1975): Wood et al. 1997). We used a set of parameters close to those
fmax = 0.26, and the visibility curves can no longer be fittedf Wood et al. (1997), i.eR. = 6 Ry, T. = 2x 10° K for the
by UD or LD disk visibility laws. central star and a distance of 120 pc. For the disk simulation

The WR wind parameters are well constrained with curreatvery thin disk of half-opening angle of &nd density law
line-blanketed non-LTE models atmospheres. Nevertheless, tuch defines an optical depth in the disk plane of abgut 3
constrains on thg parameter are still weak. Herald et al. (2001(density gradienn = -3) are used. We recall that in our study
investigategB over a range of 0.5-2 and they did not detectgtie only emission process considered is Thomsésion.
any significantimpact on their spectra. By varygve notice In Fig. 11 we present the expected interferometric signal
that the SPIN signal is also no longer sensitive to this parafor ¢ Tau for diferent inclinations. In the pole-on case, we
eter. The optically thick zone is so large that most of the wirddearly see that the visibility deviation curva¥p(f) are iden-
acceleration is embedded in it and the polarization comes #sal but inverted between both baseline (the baseline is aligned
sentially from regions close to the terminal velocity. The studand perpendicular to the polarizer). This configuration is the
of theg law can only be conducted for optically thin winds. most favorable for the local polarization: the bulk of electrons
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Fig. 11. Model of ¢ Tau for 3 inclinations corresponding to 3 disk inclinations (columns). The upper subpanels show the intensity maps
the sky with the overplotted polarizatidh The thick bar represents a linear polarization of 100%. The lower panels present the overplotte
visibility curves forls andl, maps 6 polarization in solid line ang polarization in dotted line), and theirfeérenceAVp for a vertical ¢,
middle panels) and horizonta},(bottom panels) baseline orientation. For each ofA¥{g curves corresponds a couple of 1% sensitivity curves
(dashed) defined in Eq. (12) to illustrate the strength of the signal.

is perpendicular to the line of sight amd/ .« reaches 0.03. In the equator-on configuration, an unexpected large signal
Fori = 45, the local polarization in the vertical direction is(|AVnad = 0.02) is visible at a high spatial frequencifx =
much weaker. This is due to the thinness of the disk: for mas83) with a vertical baseline (i.e. perpendicular to the disk).
of the electrons, the polarizatioffieiency is only 30% at the This dfect is related to the increasing disk vertical extension
diffusion angley = 45 (P = (1 - cosf)?)/(1 + cosf)?). inthe external regions and is strengthened by the absorption of
The SPIN signal is almost undetectable but for the perpendibe unpolarized star light in the line of sight. With an horizontal
ular baseline, the signal is much strong&V .« = 0.045). We baselinefnax = 0.37, i.e. lower than in the previous case, and
see in this example that the ratio 8Yp between two perpen- AVmax = 0.03. This is also due to the optical thickness of the
dicular baselines provides valuable information on the systetisk, which prevents the observation of high polarization close
inclinationi on the sky and about the aperture of the disk. Thie the line-of-sight to the star. The bulk of polarization is thus
complements the natural light information, i.e. the ratio of tHecated further out, andn.yx is decreased compared to other
radii in two perpendicular directions which provides informanclinations.

tion on the projected 2D intensity map but no indication on the Figure 12 illustrates the fierences and the complementar-
real 3D structure of the object. ity between the polarimetric and interferometric observables.
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Fig. 12. Left polarimetric and SPIN signal for various inclinatioMiddle: expected SPIN signal, represented by the maximum of the deviation
curve (as shown in Fig. 3Right Ratio of uniform diameters (UD) fit between two perpendicular polarization direction. The upper (lower)
curve describes the ratig = 2—; for an horizontal (verticalr,) baseline. Due to the spherical symmetry, the pole-on signal is just inverted
between the baseline. At higher inclinatiopsincreases, but the vertical polarized signal disappears\arehches almost 1.

We reproduce quantitatively the integrated polarization curirgerferometer, one can find young stellar objects such as ex-
from Wood et al. (1996). In edge-on view, there is a strortgeme Herbig Be stars (HaebeBjJe]), together with supergiant
decrease of the local polarization due to the highly opticalstars (sgB[e], see Lamers et al. 1998). The distance estimations
thick line of sight (multiple scattering). Nevertheless the intend hence their luminosity and angular diameter are poorly
grated polarization is compensated by the higher asymmetrycohstrained, which render the classification problem. As re-
the system (right panel in the figure). In pole-on view the interealed from their emission lines and near IRb@and) excess,
grated polarization is null but the SPIN signal is still detectabthe envelopes of sgBJe] stars provide an ample opportunity for
and even slightly larger than in the equator-on case. For inggattering of radiation from the central star by free electrons.
grated polarization and SPIN signals the maximum occursMobreover, dust is evidenced by their IR excess (Melgarejo
the same angle~ 65°. The interferometer is very sensitive tcet al. 2001). It is possible but sometimesfidult to discrimi-
the large projected emitting surface of the pole-on view whictate the electron scattering and the dust scattering regions with
compensates the lower local polarization. spectropolarimetry alone (Oudmaijer & Drew 1999) and our
SPIN technique fiers a great help to disentangle between dif-
ferent extents of the polarizing sources. It is not on the scope
5.2. Ble] stars of this paper to perform a detailed and complex modelling of
several examples of sgBJe] stars. We show here the expected
Ble] stars are hot supergiants showing an important excessrifpact on the SPIN signal of a typical B[e] stars environment,
the infrared due to the presence of hot circumstellar dust. Thege an extended, low density scattering region, optically thin
stars exhibit also the so-called “Be Phenomenon”, but alsdd somewnhat flattened by using a toy model adapted from
show forbidden lines in their spectrum. Zickgraf et al. (198%)lelgarejo et al. (2001).
proposed a model for the LMC BJe] supergiant R126 consist-
ing of a fast wind in the polar regions and a dense and slow For that purpose, we use the same model as for the Be stars
wind in the equatorial region where the dust is formed. In comith a diluted environment (typicalliNe ~ 10° cm™3), more
trast to Be stars, the circumstellar geometry of B[e] stars apenf ~ 5°-20°) and extended (outer raditgyer ~ 40R. —
rather more of an open question. Moreover, within the sam@60 R,), without any dust. The result for an edge-on inclina-
of classified galactic B[e] stars which could be resolved by dion is shown in Fig. 13. The principal characteristic of this



386

Visibility

O. Chesneau et al.

< © e =
IS o o O
L O N NN R

o
o
T

©
o
T

2
o

0.1

0.2

Spatial frequency (1/R_x)

0.3

o
o
r

©

o

&
I

: Hot stars mass-loss studied with Spectro-Polarimetric INterferometry (SPIN)

6. Instrumental application

After a long development, optical interferometry is now ready
to play a significant role in astronomy. The emergence of
well-funded interferometer facilities allows to enlarge the field
of applications of this technique considerably, by increasing
its reliability and its sensitivity. Observing in polarized light
with interferometers promises fascinating new insights into
many areas of astrophysics, although this capability is dif-
ficult to implement with current interferometers. The instru-
mental polarization in interferometers has been studied by
Rousselet-Perraut (1996) and Elias (2001), and we suppose in
this section that the SPIN instrument can control and calibrate

the dfect of the internal polarization on the SPIN observables.
In principle there is no obstacle to equip the focal instru-
ment of an interferometer by polarimetric optics. A simple po-

larization analyzer using a Wollaston prism can perfectly match
iy ] the specifications for calibration and visibility determination

ggoﬁo‘ reqvency m/gi 0.3 in the diferent polarizations. In practice we record fringe pat-
terns in linear polarizations and estimate complex visibilities

Fig. 13. Model for a B[e] star environment without dust. = 6 x  for each of them. The most promising way to calibrate the sig-
10° cm? (constant density)) = 10°, i = 90°, R. = 70R., Ruer = pal is to use a dierential technique (i.e. by cross-correlating
40R., d = 2 kpc.7e = 0.8 in the disk plane, and the system is seefhq signal from both polarization directions for instance). The

edge-on. We show a close-up of the two visibility curyég (solid golarized deviation curve can therefore be determined with

line) and|V,| (dotted line). The baseline is aligned to the disk. Th .
_— . : ; R rgreater accuracy. It is necessary to use an unresolved star as
contribution of polarized light from the envelope is clearly visible i

the oscillation of the polarized fierential visibility curveAVp and the reference to estimate the absolute visibility. This step can be

signal is well above the 1% sensitivity of a state-of-art interferometBfT€ctly carried out only in natural light if the polarized signal
illustrated by the dashed curve. Théfdsed light represents 8% of thecan be considered as second-ordiea. The first observations

total flux and is almost completely linearly polarized which explainBave to use large spectral bandwidth to optimize the sensitivity
why the envelope signal is concentrated only in one polarization. for which a 1% accuracy is expected routinely in natural light.
In the current state-of-the-art of interferometers, it is time
consuming to record many visibility points withftérent base-
line lengthes and directions. For spherical targets, the visibility

) ) ) in natural and polarized light does not depend on the projected
environment is the angular diameter contrast between two digrseline direction, but only on its length. It means that the data

tinct flux sources: the star and a faint but highly polarized exacorded with similar baseline lengths can be added in order to
tended envelope. The envelope contribution can be easily sgRfiease the SPIN SNR, since the polarizer direction of analysis
in Fig. 13. When the baseline and the polarizer are orientgfiows the baseline movement during observation. For Be and
both in the disk direction, the visibility curve is completelg[e] stars, the measured visibility (in natural or polarized light)
dominated by the stellar flux. When the polarizer is a"@”Qﬂ[)es in general not longer depend on the direction of the pro-
with the p direction, the bulk of the envelope becomes Visjected baseline (except for pole-on configurations). The visibil-
ble, superimposed on the stellar component. The envelopgyschanges with the baseline movement (earth rotation) which
highly resolved so that its contribution is detectable at a lostricts the number of visibility points recordable per indepen-
spatial frequencyAVimax = 0.04 at fmax = 0.036 for the model gent configuration compared to the spherical case. This prob-
presented in Fig. 13. The integrated polarizabamounts to |em is compensated by the large signal expected from these
1.8%. The signal amplitude is close to one of the Be star, butdigs as seen in Sect. 5. It can be somewHatdit to over-
shape is very dierent due to the contrast between the point-like;me the degeneracy between disk density, aperture and incli-
central source and the very extended and diluted environmegition but the polarized visibility provides an complementary
In conclusion, for B[e], we expect that the SPIN signal froriiformation useful to constrain the parameter space.
a polarized (by electrons or dust scattering) detached envelopeWhich is the optimum wavelength region for this study?
will be easier to extract from the stellar component due to theom the polarimetric point of view, the polarized flux gener-
contrast between star and envelope extents. The envelopegted by Thomson scattering decreases generally in the IR do-
larized and natural relative contribution, its extent and geomm@ain due to the competing influence from free-free continuum
try could therefore be retrieved from a relatively simple modeptical depthrg. Sincexz « agA?, the local polarization de-
of its extracted visibility curve. For Be stars such a simple rereases as &, For instance, the integrated polarization of
duction process is complicated by the fact that the disk extéhCygni is decreased by a factor 3 between @ud5and 1um
is much lower, and because the disk is supposed to be higilordsieck et al. 2001). It is therefore more interesting to ob-
optically thick for most of the models with small aperture.  serve towards shorter wavelengths. For Be stars the bound-free
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Table 2. Comparison of the SPIN signal between two wavelengths. Be stars radii are estimated from Quirrenbach et al. (1997), and P Cygni
radius from this study. The wavelength correction factors are estimated from spectropolarimetric observations: Quirrenbach et al. (1997) for
Be stars, and Nordsieck et al. (2001) for P Cygni. Infhg columns the corresponding baselength are indicated in units of meters ANdhe

columns the expectefiVp for a 50 m baseline are reported.

Name Distance| O Aeg = 0.55um Ae=0.66um

in pc in mas AVax fmax AVsg AVmax fmax AVsg
vy Cas 190 0.56 | 0.05-0.06| 100 | ~0.02 0.03-0.04 | 120 | ~0.015
{ Tau 130 0.4 0.02-0.03| 130 | ~0.015| 0.015-0.025| 160 | <0.01
n Tau 110 0.71 | 0.03-0.04| 40 | ~0.035| 0.025-0.03| 50 | ~0.025
P Cygni 1800 0.55 | 0.08-0.09| 100 | ~0.05 | 0.065-0.075| 120 | ~0.04

opacities cannot be neglected. In Table 2, we present seMMBER/VLTI could observe, in a first phase, with a polari-
guantitative signal expectations for Be stars and P Cygni cometric device which processes only half of the incoming light.
puted by means of the spectro-polarimetric data available fohis device has beenimplemented in order to control the instru-
these stars. As an example, the spatially integrated polarizeental polarization, but this technical constrain could become
tion of y Cas declines from 0.6% at the Balmer jump, to reachgreat opportunity to test the SPIN technique since it allows to
0.52% at 0.5:m, and 0.4% at 0.66m. This evolution reflects extract directly theAVp parameter.
only the changes in the free-bound opacity and free-free emis- A concept of a polarimetric interferometer for the
sion towards the envelope anfiexcts the local polarization andvery Large Telescope Interferometer (VLTI), VISPER (VLTI
the SPIN signal. The dfierences between the spectrophotoménaging Spectro-PolarimetER) has been presented by Vakili
try of » Tau (nearly pole-one), Cas ( ~ 45°) and Tau (nearly et al. (2001). Since great care was taken on instrumental polar-
edge-on) are mainly due to inclinatioffects. ization efects during the design and construction of the VLTI,
The IR domain is also less attractive in term of spatial regolarimetry could be straightforwardly implemented in the in-
olution. This is particularly striking in the context of hot starserferometric laboratory. The large baselines, high-order adap-
since even for the examples presented in this paper, the niivie optics (in the optical), fringe tracking and the foreseen
imum baseline range needed to resolve the polarized envirdnal-field facility PRIMA can greatly enhance the sensitivity
ment is 150-200 m, i.e. at the upper limit of possible VLTOf an interfero-polarimeter to the measurement of small polar-
baselines. The number of available baselines for such a scigation gfects on the visibility and extend the number of stars
tific task is thus dramatically decreased. for which a SPIN signal can be detected. Finally, the SPIN
On the other hand, the disturbingfect from the atmo- t€chnique implies that the observations are carried out with a
sphere is more striking in the optical, and the interferometéf@rtain spectral resolving power. This resolving power could
able to perform observations in the optical wavelength rangHow & study of the visibility through stellar spectral lines in a
are currently few, and somewhat less sensitive than NIR ongihilar way as spectropolarimetry. Theférential information
We nevertheless estimate that the gain in spatial resolutiipvided by a comparison between the continuum and the lines
and polarized signal is such that the visible wavelength rani§eicher and more sensitive than the one provided by classi-
should be preferred for SPIN observations of hot stars envirdi@l interferometric technics. It allows to retrieve théeliential
ments, at least for electron scattering studies. We also wanPfse information, related to the evolution of the stellar pho-
mention the numerous applications of SPIN for the study tcenter through the spectrum, and also a dynamic information
dusty environments studies, which are not directly in the scop@ the polarized environment through a spectral line (see Vakili
of this paper. For these environments, the requirements in tef@hg!- 1997; Berio etal. 1999). With PRIMA the calibration can

of spatial resolution are strongly decreased, and the IR dom@fh&ven carried out in an absolute way. As an example, the
is best suited. hot star emission lines can often be considered as unpolarized

At that moment, only one long-baseline interferometer, tj@d dger a ?OOd opportun.lt3|/| tof ffe\;\?lgtlatlly ca_IllgraLe the PO_“
GI2T, is equipped with a polarimeter device for routine o arized continuum, especiaily for stars. The dynamically

servations. The GI2T-REGAIN spectro-interferometer is co omplex environment of Be stars could also be studied with
posed of two 1.5-m telescopes which can be displaced ﬁIN. Poeckert & Marlborough (1978) have demonstrated that
a North-South baseline spanning from 12 m to 65 m. T e Hx line is polarized and contains information on the disk

REGAIN beam combiner forms the focus in visible light angtructure and dynamics. This subject should be investigated in

is equipped with a visible spectrograph in whch a polarime"il-fUture work.

ric device can be inserted. For a complete optical scheme and

the status of the instrument, see Mourard et al. (2000a, 2002)

The technical description of the polarimetric observation can

be found in Rousselet-Perraut et al. (2002). Spectro-Polarimetric INterferometry is a new and complemen-
In the near future, further instruments will provide potary way to study the polarized light from hot star environ-

larimetric facilities. For instance, the foreseen near-infraregents. The purpose of this article is to present an overview

Conclusions
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of the potential of the SPIN technique, limited to the studpomiciano de Souza, Vakili, F., Jankov, S., et al. 2002, A&A, 393,
of Thomson scattering within the wind of hot stars. The main 345

point of the SPIN concept is that the star appears to havé&ligs, N. M. 2001, ApJ, 549, 647

different radius depending on the orientation of the polariz#anbury Brown, R., Davis, J., & Allen, L. R. 1974, MNRAS, 168, 93
relative to the baseline. This investigation demonstrates thigrmanec, P., Morand, F., Bonneau, D., et al. 1996, A&A, 312, 879
state-of-the-art optical interferometers can detect the visibifa ¢S T- 3 Howarth, 1. D., & Evans, C. J. 2002, MNRAS, 337, 341

ity difference (the “SPIN signal”) for a broad range of Stellarerald, J. E., Hillier, D. J., & Schulte-Ladbeck, R. E. 2001, ApJ, 548,

w?nd parameters. The signal is_ particularly Iarge for the densmnier] D.J., Crowther, P. A., Najarro, F., & Fullerton, A. W. 1998,
winds and can be detected with small baselines (50-150 m). aga 340, 483

For stars exhibiting dense winds, the envelope is extended &#tman, J. L., Nordsieck, K. H., & Fox, G. K. 1998, AJ, 115, 1576
polarized by a large amount whereas the direct, mostly Wwacob, A. P., & Scholz, M. 2002, MNRAS, 336, 1377

polarized stellar light is damped by the scattering, and orfdritzki, R. P., Simon, K. P., & Hamann, W.-R. 1983, A&A, 118,
barely resolved by the interferometer. The SPIN technique also 245

provides a great wealth of information on Be star disks: diglamers, H. J. G. L. M., Zickgraf, F.-J., de Winter, D., et al. 1998,
radii in natural light for diferent baselines, theftérence of ~ A&A, 340, 117 o .
visibilities between two direction of polarizatiandbaseline -amers, H. J. G. L. M., & Cassinelli, J.P. 1999, Stellar Winds
orientations. When the spatial scales of the polarized envirgn- (Cambridge Univ. Press)

. . elgarejo, R., Magalaés, A. M., Carciofi, A. C., & Rodrigues, C. V.
ment and the central star argfdrent, the extraction of the spa- 2001, AGA, 377, 581

tial infqrmation is simplified, as seen for Ble] stars. Mourard, D., Bonneau, D., Glentzlin, A., et al. 2000, SPIE, 4006, 434
This work has also to be seen in a larger context. TRguyrard, D., Clausse, J.-M., Pedretti, E., et al. 2000, SPIE, 4006, 541

signal modelled in this study is certainly not the largest e€xtourard, D., Abe, L., Domiciano, A., et al. 2003, SPIE, 4838, 9

pected from non-extended astrophysical targets. The envirR@ajarro, F. 2001, ASP Conf. Proc., 233, 133

ments described here are geometrically and physically simikordsieck, K. H., Wisniewski, J., & Babler, B. L. 2001, ASP Conf.,

to astronomical objects ranging from the dusty environment of 233, 261

Young Stellar Objects, AGB stars to the complex environme@tdmaijer, R. D., & Drew J. E. 1999, MNRAS, 305, 166

of AGNs whose apparent angular diameter is equivalent to fAgeckert, R., & Marlborough, J.M., ApJ, 220, 940

targets presented here. Thus, we strongly advocate the de&jrenbach, A., Bjorkman, K. S., Bjorkman, J. E., et al. 1997, ApJ,

opment of interferometric devices dedicated to SPIN measug L4719, 477

o . . odrigues, C.V., & Magalhés, A. M. 2000, ApJ, 540, 412
ments within the frame of second generation VLTI instrumen ousselet-Perraut, K., Vakili, F., Mourard 1996, Opt. Eng., 35(10),

2943
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