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ABSTRACT

Context. BA-type supergiants are amongst the most optically-brighits. They are observable in extragalactic environméasts;e potential
accurate distance indicators.

Aims. An extensive record of emission activity in therHine of the BA supergiantg Orionis (Rigel, B8la) andr Cygni (Deneb, A2la) is
indicative of presence of localized time-dependent masstieps. However, little is known about the spatial disttibn of these apparent
structures. Here, we employ optical interferometry to gtiled He line-formation region in these stellar environments.

Methods. High spatial- £0.001") and spectral- (R30 000) resolution observations ofrtvere obtained with the visible recombiner VEGA
installed on the CHARA interferometer, using the S1S2 alraseline (34m). Six independent observations were donemeb over the
years 2008 and 2009, and two on Rigel in 2009. We analyze #tasdt with the 1D non-LTE radiative-transfer code CMFGEN] assess
the impact of the wind on the visible and near-IR interferomesignatures, using both Balmer-line and continuum phst

Results. We observe a visibility decrease inaHor both Rigel and Deneb, suggesting that the line-fornmatiegion is extended~(1.5-
1.75R,). We observe a significant visibility decrease for Denebhim $ir6371A line. We witness time variations in theffdrential phase
for Deneb, implying an inhomogeneous and unsteady ciralfasenvironment, while no such variability is seen iffeliential visibilities.
Radiative-transfer modeling of Deneb, with allowance fellar-wind mass loss, accounts fairly well for the obsdrdecrease in the &
visibility. Based on the observedfiérential visibilities, we estimate that the mass-loss odfeeneb has changed by less than 5%.

Key words. Techniques: high angular resolution — Techniques: intenfietric — Stars: emission-line — Stars: mass-loss — Stadividual
(HD 197345, HD 34085) — Stars: circumstellar matter

1. Introduction momentum-luminosity relationship (WMLR)) (Kudritzki et]al
Supergiants of spectral types B and A (BA-type supergian'zsgJO : [Evans & Howarll] 20p3; Kudritzki etlql. 1999). As

. . i consequence, nearby BA supergiants have been analyzed
are evolved massive stars of typical initial mass of 25-40 I\/Fl q y perg y

. Lo ) S with sophisticated radiative-transfer tools. Two sulgeof
and high luminosity £10° Lo). Their luminosity and temper- intense scrutiny, both observationally and theoreticdibve

ature place them among the visually brightest masswe.stadgen Denebd Cygni, HD 197345, A2 la) and RigekOrionis,

Therefore, they are particularly interesting for extragst . - -
astronomy [(Puls_et h[. 2008). Moreover, they represent hm 30.58:§2||(Dse(;]h;|k|;)3f& Przybilla 2008; Aufdenberg e} al

tractive distance indicators by means of the identified win - . o - .
Intensive spectroscopic monitoring of the activity of wind

Send offprint requests to: Olivier.Chesneau@oca.eu forming lines, such as & suggests that the stellar-wind vari-
* Based on observations made with the CHARA array ability of luminous hot stars is associated with localized a




2 O. Chesneau et al.: TheaHine-formation region of Deneb and Rigel

co-rotating surface structures. The pioneering wor uc BA supergiants rotate slowly gini of about 25-40km's),
(L974) based on a period analysis of radial-velocity curvas least relative to their terminal wind-velocity 0f200-
of Deneb obtained in 19332 by [Paddodk[(1935) revealed400km st. Spectrally resolving the Doppler-broadened
the simultaneous excitation of multiple non-radial putsat Balmer lines thus requires a resolving power as higR &40
(NRPs). This &ort was followed by the extended opticaD00. At optical wavelengths, the most conspicuous indicato
Heros campaigns|(KaufHr 19P8), monitoring fed00 consec- of mass-loss in early-type supergiants is,Hvhich exhibits
utive nights late B-typ@\-type supergiﬁ?_tmwme distinctive P-Cygni profile morphology and has oftenrbee
f[996 ) and early B-type hypergiarfts (Rivinius ¢fal. )99 crucial estimator of the mass-loss rate in spite of its docu
Attempts to associate this activity with large-scale stefmag- mented variability. Whilg Aufdenberg et|al. (2002) was suc-
netic fields have so far been unsuccesgful (Schneri et aff; 20€essful in reproducing many observables obtained for Deneb
Merdugo et dJ[ 2043; Henrichs el l. 20p3; Bychkovﬂl%al. EOOShe modeling of the H line proved dificult. The most sig-
However, the appearance of thin surface convection zonesificant and persistent discrepancy between the synthetic a
the supergiant stage may favor the formation and emergeonbtserved profiles has been the depth of the absorption com-
of magnetic fields{(Cantiello et dl. 2909), and may also havepanent, which is significantly weaker in the observed spectr
significant impact on potential NRPs. (residual intensity-0.6). Furthermore, while the velocity of the
BA-type supergiants such as Rigel (B8la) and Denelbsorption component minimum is quite variable, it is narel
(A21a) exhibit observational evidence of the random aritiever, shifted blueward by more thasb0km s, which is
pseudo-cyclic activity of the stellar wind. A pulsationindng ~20% of the terminal velocity. Schiller & Przybilla (2008)ads
mechanism has often been proposed, although the assadiifferent strategy, using thedprofile as a reference for a de-
ated micro-variability is observed for a wide range of lumitailed modeling of the wind characteristics, and reached@em
nosity and lodles. [Gautschly |(1992) argued for the presencatisfactory solution. Nevertheless, they also reporneuesre-
of strange modes. Gauts¢hy (2P09) tentatively proposed thaining discrepancies in matching the Hbsorption, and pro-
Deneb’s micro-variability is caused by a thin convectiomeo posed additionalféects that may need to be considered in the
efficiently trapping the non-radial oscillations, and sigmifit modeling, such as wind structure or the influence of a weak
progress has been made in determining the mechanism leaditagnetic field.
to mass ejectior{ (Crannjfer 2009). The collectiffee of multi- The VEGA recombiner of the CHARA array is a recently
ple NRPs was also proposed as a promising means of explaiommissioned facility that provides spectrally disperisger-
ing the large value of the macro-turbulence parameter; NRfgsometric observables, with a spectral resolution rezgiit
also represent an attractive mechanism for the formati@eef =30 000, and a spatial resolution of less than oas. The in-
star disks[(Aerts et #l. 200P; Neiner e}[al. 2009). strument recombines currently the light from two telesgype
Based on intensive monitoring of spectroscopic lines, mabyt 3-4 telescope recombination modes are foreseen in a near
observational campaigns have attempted to discriminate h#ure. The Hr line of bright, slow rotators such as Deneb
tween these models. Monitoring of Deneb and Rigel is stil onr Rigel can be isolated from the continuum, and the spatial
going (Danezis et § i I. 2DP8; Rriaev POO&operties of the line-forming region can thus be studietth wi
Markova et ] 8; Morel eflal. 2004)nprecedented resolution. Using the smallest baselinbeof t
Rivinius et al| 1997} Kaufer et § 6b, for a non-exhawstiCHARA array (baseline of 34m), we conducted a pioneering
list). temporal monitoring of Deneb uncovering a high level of ac-
The uniform-disk (UD) angular diameters of Deneb antivity in the Ha line-forming region. Rigel was also observed a
Rigel are 2.4 mas and 2.7 mas, respectivply (Aufdenberd etfalv times.
R008; [Mozurkewich et gl 20D3), making them good targets The paper is structured as follows. In Sd¢t. 2 we present
for accurate long-baseline optical interferometry. Are@sive the optical interferometry data and their reduction, initoid
study of Deneb was performed lpy Aufdenberg gt @l. (0029, complementary spectra obtained by amateur astronomers.
using diferent radiative-transfer models (with allowance fone then review in Secf. 3.1 the previous interferometric-mea
the presence of a wind), and constraints from optical ieterf surements aiming to more tightly constrain the diameter of
ometry data. Deneb’s wind should enhance the limb darkeRigel and Deneb. We then apply this extensive record of mea-
ing relative to hydrostatic models that neglect it. Howetleis  surements in the visible and near-IR continuum to interpret
can only be constrained observationally by using long basgmi-quantitatively the spectrally-dispersed measunisnia
lines in the near-IR (longer than 250m) or by observing in tf&ect]3.p, and to elaborate a radiative-transfer modekcdtdrs
visible, thus relaxing the constraints on the baselinestaga in Se.
tor of about 3-4. The H line is particularly interesting in that
context. Its large opacity makes it very sensitive to charage ) )
the stellar surface and above, in particular through mdihuia 2 Observations and data processing
?n stellar-wind proper_ties. Its extended Iine-formati@g@on 2 1. VEGA observations
is therefore more easily resolved than the deeper-fornong c
tinuum.|Dessart & Chesndal (2002) investigated the possilideneb and Rigel were observed with the Visible spEctroGraph
ity of monitoring the mass-loss activity in wind-formingnéts  And Polarimeter (VEGA instrumerit, Mourard effal. 2p09) inte
by means of optical interferometers equipped with spedeal grated within the CHARA array at Mount Wilson Observatory
vices of stfficient dispersion. (California, USA,|ten Brummelaar et|dl. 2005). Deneb obser-
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Table 1. VEGA/CHARA observing logs. baselines coupled with a fringe tracking performed in the
near-IR. This possibility is foreseen in the future. Theref
Date Time  SCICAL  Projected Baseline calibrator observations were not performed systemayidatit
Length[m] PAT] only to ensure that the instrument was behaving well.
2008.07.28 06:04 Deneb 334 6.2
ggggg;;g cl)ggi geneb 329 -18.8 The data reduction method is fully described in Mourard
.07. : eneb 26.2 -46.7 .

5008.0730 0520  Deneb 333 103 etal. ) and_we only summarize it shortly here_. The spect
2008.07.30 07:42  Deneb 323 9.9 are extracted using a classical scheme, of collapsing tHeiRD
2008.07.30 11:32  Deneb 30.1 -37.6 in one spectrum, wavelength calibration using a Th-Ar lamp,
2009.07.27 0751 CALF 31.8 19 and normalization of the continuum by polynomial fitting. We
2009.07.27 08:11  Deneb 33.3 111 note that the photon-counting cameras saturate when tae rat
2009.07.2% 08:28 CALF 31.4 -23 of photons is too high locally. Because of the brightnessef t
2009.08.26 06:51 CALA 31.1 -26.8 sources, neutral density filters of 0.6 to 1 magnitudes had to
2009.08.26  07:06  Deneb 33.0 -18.5 be applied, depending on the atmospheric conditions and the
2009.08.26  07:25  CAL1 30.5 -31.0 spread of the speckle images on the slit. Spectra with alsigna
2009.10.01  03:56  Deneb 33.2 143 to-noise ratio (SNR) of 300-400 were routinely obtained, al
2009.10.01  04:34  CALL 33.2 -14.3 though clear signs of saturation were found in a few of them.
2009.10.01 05556 Dgneb 32.2 213 After careful testing, we checked that the saturation hdg an
2009.10.01 11:35 Rigel 25.3 -6.5 o . .
5000.10 28 0251 Deneb 353 565 very I|m|Fed dfect on the interferometric measur_enjents. When
50091117 OL35  Denecb 358 504 the quality of the spectra was s_uch that telluric lines are qb
2009.11.17  09:48 Rigel 271 205 servable, these are used to refine the wavelength calibratio

although most of the time the VEGA spectral calibration was
# CALL: HD 184006, A5V, \=3.7, estimated diameterchecked against the reference spectra obtained by amateur a
) 0.6+0.05mas from SearchCal@JMMC tronomers. A series of spectra for Deneb is shown in[fig. 1.
Observations performed remotely from France The raw squared visibilities @Y were estimated by com-
puting the ratio of the high frequency energy to the low fre-
guency energy of the averaged spectral density. The saate tre
vations were carried out at regular intervals between JOB82 ment was applied to the calibrators, whose angular diameter
and November 2009. Rigel observations were performedvas computed using the software Searcfl@Bbnneau et 3l.
October-November 2009. The VEGA control system can P®0§). The expected absolute visibilities of VEGA in the con
handled from France remotely. A detailed description o$ thiinuum from the short baselines do not provide strong con-
control system is presented@OOS)- straints on the angular diameter and a calibrator was net sys
The red detector was centered around 656nm, and wenatically observed. When such an observation is availabl
made use of the high-resolution mode£R30 000). For each we carefully checked that the observed visibilities werseo
observation, VEGA recombined the S1 and S2 telescopgsible with the expected ones. A contemporary measurement
forming the S1S2 baseline. This is the smallest baseline gftained with the medium resolution mode is presented in
the array, for which the extendedatemission is not over- Mourard et aJ. (2009).
resolved. The S1S2 baseline is almost aligned north-south The information in a line was extractedfi@girentially by
and the projection of the baseline onto the sky does not vagymparing the properties of the fringe between a reference
much during the night. This is considered an advantage in t€annel centered on the continuum of the source, and a slid-
context of our observations, which are designed to detect {Rg science narrow channel, using the so-called crossismec
time variability of the Hr line-forming region. Details of the method 9)_ The absolute orientation of ifie d
observations can be found in Taljle 2. On several occasiorgential phase was established by considering the charige i
more than one acquisition of Deneb was performed duriggectral slope of the dispersed fringps (Koechlin ¢f al§199
the night, providing interesting, albeit limited inform@t when changing the delay line position. Thupasitive value
about the spatial asymmetry of the source. Since our goal wasresponds to a photocenter displacement along the SbS2 pr
to investigate the spectral and spatial properties of the kikcted baselinen the south direction.
line relative to the continuum, emphasis was not placed on The width of the science channel was 0.02 nm in good at-
obtaining very precise calibration of the absolute vislie$. mospheric conditions, and degraded to 0.08 nm in poor weathe
The angular diameters of Rigel and Deneb are well knowgnditions. The rms of the spectrally dispersed visibilitghe
(see Sect] 3.1), so we relied on the published values to sq@-655nm continuum ranges from 3-4% at visibility 1 in the
the continuum absolute visibilities. Moreover, it isfidiult highest quality nights (20087/28, 200807/30, 200910/01) to
to find a suitable bright calibrator when observing at highhout 7-8% in medium nights (2009.07.27, 2009.08.26) and
spectral resolution, which is not well-suited to an acaragore than 10% in poor nights (20A9/17). The rms of the
determination of the absolute visibility which implies ada differential phases follows the same trend ranging froni 1-2

continuum window. |mprOVing upon the current determir‘atiQn good Conditions] to 34in medium ConditionS, and 526n
of the angular diameter in the visible would require a dedida

observing strategy using the medium-resolution modeglarg * httpy/www.jmmc.fr/searchcall
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Radial velocity metric signal. The spectral location of thefdrential visibil-
—400 —200 0 200 400 800 800 . b . .

- L L ity and diferential phase dips are stable at a level of 0.005nm
| ] (~3km s1). Information from the blue camera was also used,
I A ot as some important lines, e.gu$i343-6371A can be investi-

=% VO .
/ ] gated (see Fid] 3 and Sefct.]3.3).

2009.10. 25/30\ R

2009.10.01

bAoA A A

2.2. Spectroscopy from amateur astronomers

Several hk spectra were obtained during the same period
with the 0.28 m amateur telescope (Celestron 11) located in
Castanet-Tolosan (France) equipped with the eShel spectro
graph and a QSI1532 CCD camera (CCD KAF3200ME). These
spectra were used in this study as an indication of the eomssi

o WW\ """" MMMMM level and variability of the stars. The typical resolutidrifese
spectra is~11 000.

F‘)\/F‘C + const.

2009.11.17 Rigel (BBIa)

2009.10.01

The reduction of these data was performed using the stan-
g [T dard echelle pipeline (Reshel software V1.11). H20 tadluri
| Roovoros DTS (R ] lines are removed by means of division by a synthetic H20
spectrum using Vspec software - the telluric-line list wasen
from GEISA database (LMITNRS). We corrected for the
diurnal and annual earth velocity are corrected for (spéctr

0'255‘ e ‘65‘6‘ B ‘65‘7‘ T s wavelengths are given in an heliocentric reference for a-sta
wavelength in nm dard atmosphere). Systematidfdiences were found in the
Radial velocit VEGA/CHARA and amateur continuum correction producing
‘“H‘Tﬁ‘?‘?w(ﬁ??‘wH?HHmﬁ?‘?”wﬁ‘f‘?‘wﬁ?‘?wmf the diferences seen in Fi] 1 between the solid (VEGA) and

dashed lines (eShel).

1.0 ARG A NN IO 3. Results

3.1. The diameters of Deneb and Rigel

F) /P

0.9 . For the most accurate estimates to date of the diameters

of Rigel and Deneb, we refer tp_Aufdenberg ef al. (2008,
p006h), in which CHARAFLUOR observations in the K band
with baselines reaching 300m are described. These obser-
vations infer a UD angular diameter of 24#®01mas, and
2.363:0.002mas, for Rigel and Deneb, respectively. To first
order, no significant change in these diameters inferreah fro
N O the visible or the near-IR is expected, the wind being tooten
655.5 656.0 6565 657.0  0us to shift the continuum-formation region (see S|§ct. A)sT

wavelength in nm value of the Deneb UD angular diameter agrees with the dptica
measurements ¢f Mozurkewich et al. (2003) obtained with the

arklll interferometer using multiple observations withde-

Ifies ranging from 3m to 28m with 2.39.05mas at 0.8m,

0.8

Fig.1. Top: Montage of Hr observations at various epoch
for Deneb and Rigel. We also include one observation of the

calibrator (HD17643). The dashed Ilnfes |nd|c§te the SPECY 56,0 06mas at 0.56m, and 2.250.05mas at 0.44m. The
recorded by amateur astronomeBsttom: Normalized multi- 2 .
few V< measurements secured from the present observations

epoch Hr observations of Deneb. The color coding is the samé h i d | f h th
as that used in the top panel with a very limited spatial frequency range agree with the

' Marklll measurements. We estimated the uniform disk diam-
eter of Deneb using only the red camera to be 2(B@Q4mas
at 0.65um, and using both cameras found the diameter to be
poor conditions. Figuresﬂ E—S illustrate the best obs@mat 2.34+0.03mas. Only the best observations could be used, as
of Deneb secured in 2008. A Gaussian fit was applied to ttie visual magnitude of the calibrator€8.7) was too faint to
differential visibilities and phase to retrieve accurate imfa+r often obtain a reliable estimate of the absolute visihikyen
tion about the spectral FWHM and position of the interferassing the broadest possible spectral band (i.e. 5nm).
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Radial velocity Radial velocity Radial velocity
—-400 —-200 O 200 -400 -200 0 200 —400 -200 0 200
T 1.2T T T

1.2 T T T 1.2 T T

Normalized

[ 2008.07.28.10.51 |
[ PA=-37/-46 deg‘ ]
T Pl I S

R PR L L R P NS P R L
655.0 655.5 656.0 656.5 657.0 655.0 655.5 656.0 656.5 657.0 655.0 655.5 656.0 656.5 657.0
T T T T T T T T 30 L L 30 - - T T T T T T T T T T T ]

20

20F

10 10F

Differential Phase (degree)

B 1 S Y HR PR B B L J Y Y S B 710: P NI N .
655.0 655.5 656.0 656.5 657.0 655.0 655.5 656.0 656.5 657.0 655.0 655.5 656.0 656.5 657.0
wavelength in nm wavelength in nm wavelength in nm

Fig. 2. Top row: Normalized flux (upper curve) and dispersed visibility (Baveurve; spectral band 0.02 nm) for the Blbserva-
tions of Deneb obtained on 2008.07.28 (solid line) and orBA0N 30 (dotted line). The resolutionks= 30000.Bottom: Same
as top row, but now for the fierential phase. A strong signal changing with baselinectioe is observed, indicating that there
was a significant asymmetry in the line-forming region as tirhe.

Table 2. VEGA/CHARA V? measurements performed orphology, or the density structure of the wind. The signiftcan
2009.07.27 and 2009.08.26. changes in the line-profile shape with time indicates that th
Ha line-formation region is asymmetric, and that this asymme-

i 2 2
Date WaE\r/](raT:(]angth B[r?]s]elme V V< error try changes with time.
2009.07.27 654 3207 0421 0.019 The Hx line observed in Deneb exhibited evidence of some
2009.07.27 657 32.97 0.444  0.024 activity during the 2008-2009 observations, but not of arar d
2009.07.27 630 3297 0.376 0.016 matic change in mass-loss rate. The Rigel spectra werelaso o
2009.08.26 654 33.19 0418 0.051 tained during what appears to have been quiet periods #ied di

from the “typical” spectrum shown in Fig. 1 al.
_ _ _ (008). As can be seen here in Hip. 1, the lime is as deep as
3.2. The Ha line-formation region the carbon @ lines at 657.8 and 658.3nm in Rigel. This is not

The He line is one of the most optically thick of all lines seer@n unusual state, asatbften appears in pure absorption and
in the optical and near-IR spectra of hot stars, hence reptes t0 be symmetric about the line center (in the rest-framejiabo
an excellent tracer of their winds. This line has mostly bee®% of the time (using Morrison etfal. (2Q08) statistics).
observed by means of spectroscopy at various spectraliresol Both the Deneb and Rigel dispersed visibilities exhibit a
tion, and in some dedicated campaigns with a very intensieofound dip in the Kt line, suggesting that the line forms over
time coverage aimed at recovering the time variability & than extended region above the continuum. These dips are sym-
line-forming region. We refer t§ Rzdey (2008) and Morrisometric about the line center (in the rest-frame) in both cisie

et al. {200B) for the latest reports on Deneb and Rigel. TAifie FWHM of the visibility dip was estimated by perform-
conspicuous line-profile variability suggests that thedvin  ing a Gaussian fit to data of the high quality nights in 2008.
self, where the k line forms, is variable in its properties. ForThese measurements yield a FWHM of 0.20907 nm, i.e.
example, variations may take place in the ionization, the-m®8+3 km s for Deneb (Figl]Z). By comparison, the visibility
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Radial velocity

Radial velocity

Radial velocity

~200 0 200 400 600 ~200 0 200 400 600 ~200 0 200 400 600
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| |
| | 1of
| | [
| | r
0.8
o
()
N |
g ‘-' 0.6 hl
s !
Z o4l Deneb o4l . Deneb 1 o4l Deneb 1
|
0.2 b 0.2 | b 0.2 q
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Differential Phase (degree)
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—-10 T Y S S B L
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wavelength in nm

—100L. .
636.5

637.0 637.5 638.0 638.5
wavelength in nm

637.0 637.5 638.0
wavelength in nm

Fig.3. Same as Figﬂ 2, but now showing Deneb observations obtaiitadive blue camera, whose spectral range covers the
Sin6371 line. For a clearer comparison, the ordinate rangekegrieidentical. The $i6371 line is seen as a strong absorption
(the continuum level of the spectrum iffiget by 0.1 for clarity), marginally resolved by VE@2HARA. However, no phase
signal is observed.

signal is narrower for Rigel, with a FWHM of 2B km s!. signal can be observed in the rotating circumstellar enviro
One can estimate the visibility in the line by using a contimment of Be-star disks (see Delaa et al. in preparation; Berio
uum derived from published values of the angular diametet. al. [L99P] Vakili et d|[ 1999, Side 1996), and also directly
The corresponding UD estimates for the highest extensionasf the photosphere of a rotating star (Le Bouquin gt al. 2009)
the Hx line-forming regions are 440.2mas and 4£20.2mas Approaching and receding regions of a rotating star expeee
for Deneb and Rigel, representing 1.75 andR}.,.3espectively. different Doppler shifts and are thus spectrally separated. In

The diferential phases are a direct indication of the positidhe sky, the natural consequence is that the line-absorbing
of the H line-forming regions at dierent radial velocities, by gions are seen by the interferometer at one or the other side
comparison to the continuum considered as the referenceobthe continuum, generating the well-known S-shape signal
phase. For the 2008 data, the Gaussian fits provide FWHHKp€ diferential phases. This signal might have been detected
thatincrease from the baselines oriented rédr to -4C° from  in Rigel data of the 2009-10-01 (see Fy. 4). The rms of the
61+2km st to 84t4 km s1. Sub-structures are also detected®hase of these data is 7,7/and the maximum and minimum
with the highest peak near the zero velocity, and two stslli Of the signal are at 26and -17, respectively, at the blue and
at about 40km . The peak level reached by thefdrential red sides at+15km s from line center. The signal is kept at a

phases follows a trend from a large photo-center shift at Pgimilar level when extracted with a double binning of 0.04nm
close to 5-10that decreases towarB80-50. and the phase rms is decreased tG.51#is is on the order of

The diferential phases recorded for Deneb between 208 estimated sini of the source of about 36 km's We were
and 2009 are shown in Fif]. 5. Dramatic changes are obsery@ble to detect a similar signal for Deneb probably because

with periods of large phase signal alternating with pericais- of the limited spectral resolution, iniicient to resolve its low
taining no detectable signal. estimatedssini of 20 km s?. As the signal is anti-symmetric,

The “calm” periods may potentially provide important initcancels outif the spectral resolution is too low. One nalsd

formation about the rotation of the star. This characﬁeristkeep in mind that the quality of the data fluctuated and thet th
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Fig. 4. Top: Ha observations of Rigel on 2009.10.01 (uppeFig. 5. Time evolution of the dferential phases of Deneb.
curve), and the correspondingfdirential visibility, scaled to The strong phase signal observed in 2008 is indicative of a
the expected absolute level of the continuum (lower curveery asymmetric environmentffecenterd from the continuum
Bottom: Differential phase curve exhibiting a clear S-shape sigpurce. No clear S-shape signal is observed, in agreem#nt wi
nal, indicative of rotating circumstellar material. A vieel dot- the lowvsini of Deneb of~20 kms?, unresolved by the in-
ted line is shown in both panels to indicate the location ef tistrument.

Ha rest-wavelength determined by a Gaussian fitting of the vis-

ibility curve.

binning could not be kept identical at all epochs. It is not inextended than the continuum forming region, witffefiential-
possible that weak signals are blurred (such a signal might\isibility dips of 10%, 19%, and 15% for baselines in the rang
visible the 200811/17; Fig.[$). Given the large extension ang5°:107], [-10°:-20°], and [-35:-50°]. The rms of the dispersed
the activity observed in the fierential phases indd this line is  visibilities is 5%. The line FWHM estimated from Gaussian
probably not ideally suited to inferring the rotation of tstar. ~ fitting is 55t3km st and the FWHM of the visibility dip
To first order, and for marginally resolved sources, the di§ narrower with a FWHM decreasing from 88km s* to
ferential phases can be considered to linearly depend on 244 km st for P.A. from [5:10°] to [-35°:-50°], respectively.
photo-center position of the emitting source. This is nayem One can roughly estimate the extension of the line-forming
the case when the source is significantly resolved as in ¢@gion using the minimum of the visibility and UD approx-

case, but we consider this as a rough estimate. Assuming ifzation to be 2.6 mas, 2.7 and 2.75mas using the value of
the line emission represent a fractiog;§ of typically 50% 2.34 mas from NPOI as the diameter at 630 nm. One may spec-

of the light in the Hr line core, the following relation is usedulate whether this trend in the visibilities is permanentaor

p = —(¢/360)(1/B)(1/ fraic). We find that the astrometric shiftstransient event closely related to the asymmetries infifroem
induced by the inhomogeneousrHemission reach 0.5masthe diferential phases in thedline. Because of a spectro-
(0.2R,), but are lower than 0.3 mas most of the time. The eve@itaph realignment carried out in 2009, the 6871 line was
observed in 2008 is remarkable as the full line appeared to@ any longer observable with the blue camera in 2009, but
off-center relative to the continuum. A similar event was ofibe Sit 6347 was well-centered and could be analyzed. No such
served on 20040/01 to have an opposite direction. signal was observed at anytime.

Despite the large depth of the silicon lines, nfighential-
phase signal was detected above an rma0f This means that
the imprint of the rotation of the star on then$ine-formation
The Sii6371 line was observed simultaneously with the Hregion is not detected in the data, probably because offinsu
line in the blue camera (Fig.3) in 2008. The line profile showsent spectral resolution. StrongiSines were also observed
a pure absorption, but is slightly asymmetric with an exeghdin Rigel's spectrum, but neither fiérential visibility nor any
blue wing due to extended absorption in the wind regions. Thhase signal was detected. The SNR of the data is poorer than
VEGA/CHARA observations of Deneb obtained in 2008 indithe Deneb observations, with an rms in the dispersed vitgéisil
cate that the line-formation region of thai$i371 line is more and phases of 10%.

3.3. The Sin 6347-6371A line-formation regions
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Fig. 6. Left: In the bottom panel, we show a contour plot of the quamity (P) as a function of Doppler velocity and impact pa-
rametetP for Ha, computed with CMFGEN using the stellar parameters of Demela mass-loss rate value of 8107 Mg yr?,
corresponding to the best-fit model. This figure illustratesdistribution of intensity with impact parameter, andarticular
serves to infer the regions that contribute significant flothte line, and hence the spatial extent of the lihe-formation
region. In the top panel, we show the corresponding normdl&/nthetic flux in k4. Right: Same as left, but now for a mass-
loss rate value of 6:210" M, yr*. Notice the sizable change in profile morphology, echoirggadhange in the extent of the
line-formation region.

4. Comparison with radiative transfer models — To what extent the angular diameter inferred from optical
and near-IR continua is sensitive to changes in mass-loss
rates?

The BA supergiants, especially nearby ones, have been-exten Are the Hy, Pg8, and Bry line-formation regions repro-

sively studied with sophisticated radiative-transferesadt is duced by radiative-transfer simulations accounting for a

not in the scope of this paper to determine more reliably the wind? These lines form in tferent parts of the wind and

fundamental parameters of Deneb or Rigel. However, we wish can thus be used simultaneously to constrain its properties
to investigate several importantissues related to theipataf-

fects of the wind on the interferometric observables. Déresh  In this paper, we focus on thecHine because it can be ob-

been observed by several northern-hemisphere interfeepsneserved with VEGACHARA. A similar study for PA and Bry

in both the visible and the near-IR. Rigel is currently monline-formation regions is postponed to another paper ipgpre

tored with VEGACHARA in the northern hemisphere, as welration.

as in the southern hemisphere with the VLTI. Hence, in this

study, we used the stellar parameters obtained by Przdiilla : : .

al. (2006) and Schiller & Przybilla (2008) for Rigel and Dene -+ Numerical simulations

respectively. After developing a convergent model for @ref Our radiative-transfer calculations were carried out with

ence mass-loss rate value at which 4 predicted in absorp- line-blanketed non-LTE model-atmosphere code CMFGEN

tion, we then increased the mass-loss rate (keeping the offiillier & Miller 998} Dessart & Hillief [2005), which solve
stellar parameters fixed) until theaHine exhibited a well- the radiation-transfer equation for expanding media incitve
developed P-Cygni profile. In this way, we explored the fomoving frame, assuming spherical symmetry and steadg;stat
lowings questions: and under the constraints set by the radiative-equilibraumach
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Fig. 7. Top: Theoretical visibility curves for Deneb, computed at stddavavelengths in the rang&562—6571A, and thus con-
taining the Hr line, and for mass-loss rate values of:81D~" My, yr~* (left) and 6.%10-'M,, yr! (right). Bottom: Same as top,
but now for Rigel and using mass-loss rate values of 1 (left)2x10~" M, yr~* (right). The dotted and dashed lines correspond
to the best UD curves fitting the visible and the near-IR curdj respectively. The range of baselines of the VEGAMRA is
indicated by two vertical dash-dotted lines.

statistical-equilibrium equations. It treats line and thamum  which infers a luminosity estimate of 5:8x10*L,. This re-
processes, and regions of both small and high velocitiés (rassessment directly scales down by almost a factor tworthe li
ative to the thermal velocity of ions and electrons). Heriice,ear scales of the size parameters. Furthermore, recaliatg t
can solve the radiative-transfer problem for both O stars, the mass-loss rate scales with the luminosity, this shanfdyi
which the formation regions of the lines and continuum edtem weaker steady-state wind mass loss for Deneb. The corre-
from the hydrostatic layers out to the supersonic regiorib®f sponding uncertainties are considerably lower for Righiciv
wind, and Wolf-Rayet stars, in which lines and continuunhbots much closer than Deneb.

originate _in regio_ns of the wind that may have reached hslf it By adopting values these parameters from previous works,
asymptotic velocity. we find that the synthetic spectra computed by CMFGEN agree
We used the stellar parameters inferred by Schiller yorably with the observations. We thus adopt these stedia
Przybilla (2008) for Deneb, and by Przybilla et al. (2006ameters and vary the mass-loss rate value to assess thetimpa
and [Markova et 4l.[(2008) for Rigel. The Mgesonance on the spectrum and in particulanHand Sit6347—6371.4A.
lines suggest terminal wind speeds~#40km s'for Deneb |n practice, we explore theffect of a wind mass-loss rate of
(Schiller & Przybilla 2008) and-230 km s*for Rigel (Kaufer 1.55, 3.1, 6.2, and 1240’ M, yr! for Deneb, and values
et al. 1996b). Their projected rotational velocities aw, Ioe. of 1, 2, 4, and 8108 M, yr* for Rigel. A typical dfect that
20+2km s'and 3&:9km s respectively. appears in theoretical models is illustrated in the bott@m-p
Even for sources as “close” as Deneb and Rigel, the dals of Fig.|]5, where we show the distribution of the emergent
tance estimates remain quite inaccurate. Schiller & Phaybiintensity | (scaled by the impact parametg), as a function
(2008) derived a luminosity of 1.88.0° L, for Deneb, using a of Doppler velocity andp. This type of illustration was in-
distance of 80266 pc (assuming that Deneb is a member of theoduced by{ Dessart & Hillipr[ (20| 5) to study line formation
Cyg OB7 association), while the one derived from Hipparcas hydrogen-rich core-collapse supernova ejecta. Hegoi
(van Leeuwelp 2007) is significantly smaller (i.e., 4321 pc), vides a measure of the extent of the line-formation region of
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Fig.8. Left: In the upper panel, we compare ther Hine profile obtained in July 2008 (black; rectified) of Denafd the
corresponding model predictions for wind mass loss rate®{drange), 3.1 (red), 6.2 (green) and 218~ M, yr* (blue). In
the lower panel, we give the corresponding dispersed litgilidor a nominal baseline of 33 nRight: Same as before, but now
for Sin 6371A.

Ha relative to the neighboring continuum and the sites whefée angular diameter of the star in the continuum neade-
most of the emergent photons originate. Comparing themeft atermined by a UD fitting of the visibility curve does not there
right panels suggests that a variation by a factor of two @ tfiore change by more than 2%. However, we note that the sec-
mass-loss rate value leads to sizable changes in the exterdral lobe is significantly fiected. This conclusion is also true
the line-formation region, and correspondingly, largendes in the near-IR. All models also show that the near-IR UD an-
in the observed line profile. While spectroscopy is sensitigular diameter is systematically larger than the visible by
to the latter, interferometry is sensitive to the formerldde ~2.5-3%, due to the increasing continuum opacity with wave-
we describe the interferometric signals associated witlseh length (free-free and bound-free processes). The neareli®R m
intensity maps computed with CMFGEN and produced usimds were scaled to match the accurate CHARAJOR value
the stellar parameters suitable for Rigel or Deneb, anawari of 2.363 mas, and this implies that the expected UD diameter i
mass-loss rates tuned to match observations. This isrdhest the Hx overlapping continuum is2.31+0.02 mas. This expec-
in Figﬂ in the case of Deneb and Rigel, using twfedent tation agrees with the NPOI measurements of 285 mas
mass-loss rates. The visibility curves for various spéctran- at 0.8:m and 2.26:0.06 mas at 0.58m.
e 1 e ol e o e nclon f 1850281 For e tn afernce between te nearIR UD ang
' lar diameter and its visible counterpart is increased Hiigh

gzzglrizri\gn(%gt)\//v zlé);tlggntqhaenfze;zrrﬁ)value fora given prOJeCtedreach~3.0-3.5%. Using the .FLUO/IE:HARA mef'isurement of

' 2.758 mas as reference, this would imply a diameter of about
2.64mas in the visible. In the near-IR, some instrumenth suc
as FLUORCHARA have an accuracy often better than 1% de-
pending on the atmospheric conditions, and the ability to ob

In Fig@, we show a zoom of the Quén and 2.2um squared- Serve with long baselines. The interpretation of the olmserv
visibility curves of Deneb in the second lobe with the vagoutions obtained with this instrument might bigected by a mass-
mass-loss rate values used in this paper. The visible coni@ss rate variation in the form of localized inhomogensitteut
uum appears to be far more sensitive to such changes tRE@Pably on a smaller scale than an instrument with a similar
the near-IR continuum. We note that these visibility curvégcuracy operating in the visible..

are computed for a spectral resolution of 30 000, and can- The second lobe of the visibility curve is far more sen-

not be directly compared with the broadband measuremegige 1o any fluctuation of the mass-loss rate in the visible
of FLUOR/CHARA over the fullK’-band [Aufdenberg et &l. ihan the infrared. The reasons are twofold: a higher sensiti
00%). ity to limb-darkening fects in the visible, and a more ex-
Doubling the mass-loss rate from 3.1 to 15 'Myyr' tended continuum-formation region, despite the very tahit
does not significantly alter the optical thickness of thedvinamount of flux involved (the wind remains in any case opti-

4.2. Visible and near-IR continuum forming regions
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cally thin). This can be seen in Fjg]10 as the second lobesof th
visibility at 2.2um is closer to the uniform disk model than the

one at 0.@m. Balmer bound-free cross-sections increase from -200 0 Rad'az!o‘(')elomtioo 600

400 to 800nm. This causes the continuum photosphere to shift 14 i ‘ ‘ ‘ ‘ ‘

weakly in radius across this wavelength range and alscsalter 12p ]
the limb-darkening properties of the star. Thiteet might also £° 1.0k ~ ﬁ\w
be discernible in the Marklll datd (Mozurkewich ef gl 20003, \‘o sl 7
Sect{3]1), Deneb appearing smaller at wavelengths cldase to = " S 1.0x1077 Mo yr™! ]
Balmer jump, although the baselines were too short to probe 0.6 P xz e ]
the second lobe of the visibility curve. An interferometblea 0.4t \ \ \ ‘

to resolve a hot star up to the second lobe in the visible is 6555 656.0 656.5 657.0 6575 658.0
very sensitive to the mass-loss rate, even in the case ofya ver i'zi ]
weak wind. In the near-IR, the free-free emission strentghe A: Rigel : Ha
Free-free opacities increase at longer wavelengths, asirg = O'B;

the photospheric radius relative to that measured in thblgis = 0.6 ¥

Changing the mass-loss rate does not significarfiigcathe 5 04¢

limb-darkening and the temperature scale near the stas, thu 0.2+

the location of the extended emission. As a consequence, the ~ 0.0E. : : : : ‘
free-free emission causes a larger diameter in the neamR, 6555 6560 6565 657.0 6575 658.0

dependently to first order of the mass-loss rate.

Fig. 9. Same as the upper panel of Fﬁb 8, but now for Rigel.
4.3. Dependence of the Ha and Siu lines on the

mass-loss rate
suggests that the mass-loss rate has not changed by more than

. T 17
We then computed the spectrum and the dispersed visibilitie °
the Hx line at a spectral resolution#30 000. We were unable
to perform a satisfactory fit to thedHprofile for either Deneb

or Rigel, the absorption component being systematically t(t)O the 2008 VEGACHARA measurement of B8 km s
deep(Fld]8).Th|s conclusion was reached in many studes, Fhe FWHM of the corresponding model visibility dip are

these profiles could not be reproduced in terms of Spheﬁcalfndependent of the mass-loss rate, being unchanged at the
symmetric smooth wind models (see for instance Fig. 7 n '

. value 19.5km stand lower than the measured mean value of
8|)|n ?ﬁi?fgzegr:ttﬁle' gpiorﬁg’ ?r?g i%fgg S94_r5 km s! for the 2008 observations. The depth of the visi-

y P P gime, ility dip fits more accurately the curve with a mass-losg rat
6.2x107" rather than the nominal value of %10~ Mg yr~*
erred from the K line. It is not possible to establish whether
this issue is related to a particular event occurring dutimg

However, this discrepancy is mitigated by the quality of thé008 observations, or a permanent situation, or even amias i
visibility fit shown in the upper panel of Fiy.8, which is by fa the radiative-transfer model.
less sensitive to small absorptioffiects along the line-of-sight. ~ Despite the lower quality of the interferometric data on
Changing the mass-loss rate by a large factor of 2—4 has a dRigel, one can see in F[§.9 that the model provides a reason-
matic impact on the H line-formation region’ Changing theab|e fit. We note that theiClines at 6578A and 6583A in the
spectrum appearance and the dispersed visibility curverwtspectrum of Rigel are also slightlyfacted by the wind. Their
using a baseline in the range 26-33 m, there is a relatiohship visibility for the VEGA baselines are about 0.5-1% lowerrtha
tween the mass-loss rate and the FWHM of the visibility drdpe nearby continuum (using our model predictions), depend
in the line that can be approximated by a second-order pelyridd on the mass-loss rate. Detecting such a weak signal would
mial in the range considered (1.55 to 1214 ’M, yr~1). One require that the accuracy on thefdrential visibility is about
can see in Fid. 31 that the nominal model of Deneb with a mags3 times better than the current instrument performance.
loss rate of 3.%¥10°7 M, yr~1 fits the observed visibility curves
well. The model FWHM of the visibility is 89 km$ and the
observed FWHM is 983 km s*. Given the FWHM-mass-loss
relationship, this would correspond to a mass-loss ratéen t
range 3.%40.2x10°" M yr~L. For Rigel, a similar relationship The variability in the dfferential phase signal observed is a
provides a mass-loss rate in the rangetD.8x10~"' My yr~t. clear sign of the stochastic activity of the wind of Denebef&v
We have studied the variations in 2008 and 2009 of the visirough the data secured are partial, one can note that no dif-
bility profile without detecting any significant variation the ferential phase signal exceeds 3@hich is impressively large
visibility profile, which, translated in a mass-loss ratei@ion, considering that the baseline is limited. In 2008 and in Beto

By comparison, the $i6371A line is less sensitive to any
variation in the mass-loss rate (Fig.8). The FWHM of the sim-
ulated line weakly increases from 40 to 43 kmt,scompared

systematically predict profiles in absorption partly fiHedby f
wind emission, hence only lower limits to the mass-loss rza.(i%
can be derived by fitting the dline.

4.4. A rough investigation of the morphology of the
line-formation regions
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Fig.10. Synthetic continuum squared-visibility curves aFig.11. Variation in the FWHM measured from theaHvis-
0.6um (top) and 2.2m (bottom) as a function of spatial fre-ibility curves computed with the intensity maps produced by
quency, and given for wind mass-loss rates of 1.5 (orangk), EMGEN, shown here as a function of mass-loss rate and adopt-
(red), 6.2 (green), and 1240 'Myyr* (blue). The dotted ing the stellar parameters suitable for Deneb. The adopted
black line corresponds to a uniform disk of 3.32mas, and thaseline is 33m. For a high mass-loss rate value, the H
dashed black line to a uniform disk of 3.36mas. line-formation region is fully resolved, and the FWHM of
the visibility curve is close to the wind terminal velocity.

e dotted lines indicate the mass-loss rate inferred fiwen t

2009, the dferential phase signal was able to be observ GA/CHARA measurements.

throughout the full line, at a level above 30his signal did
not appear to be due to an increased level of stochasticghois
expected from the signature of small, localized clumpsghut
hibited a well-structured signature. At other times, thiéeden- phases observed with the two other baselines [(Fig.2). iRjaci
tial signal was only observed closetwsini, and some patternsthe perturbation farther away leads to a phase signal tifat is
were reminiscent of the S-shape signature, originatingrim- a weaker than to the observations, since the line-formingreg
tating structure. of the unperturbed model naturally ends at 5-6 stellar radii
The radiative transfer models demonstrate that at the iPhis is a limitation of this ad hoc approach. Making the per-
ferred mass-loss rate of Deneb, significant emission aatgi turbation larger in size, even with a much lower flux contrast
in a circumstellar region of up to 2-4 stellar radii, and ttie leads to a noticeable change in théeliential visibilities. The
level of this extended emission depends strongly on the masgme consequence is reached when putting the perturbadion t
loss rate. We tried to investigate theffdrential phases with close to the star. Finally, if the perturbation is too smaé.(
ad hoc approaches using the models as a basis to generat&¥EIM < 0.1 mas), the flux contrast required to reach the ob-
perturbation. Diferential visibilities and phases provide conserved phases is unrealistically high, and such that afsignt
tradictory and stringent constraints. On the one hand cagtr 'binary’-like perturbation in the visibilities should béserved.
differential phase signal is observed, but on the other hand, Hieally, this perturbation study suggests that a large tawalp
differential visibilities did not vary by more than 5% over th&ariability in the visibility and phase is expected in thsile
two years of sparse observations. This restricted corsitier at high spatial frequencies corresponding to the secoreldbb
the size, flux, and location of the perturbation. The emergghe visibility curve.
flux of the best-fit model was perturbed using a 2D Gaussian as Clarke & McLean (1976) and McLean & Clatke (1979) did
a weighting function. The parameters of the perturbatiorewenot detected any significant variation in the polarizatibthe
its location, FWHM and flux ratio compared to the unperturbddj3 and Hx lines in Deneb and Rigel, at a typical level of about
model. The best parameter range was reached for a pertuha%.|Haygs|(1986) performed an intensive broadband moni-
tion located at 2-3 stellar radii from the star, with a FWHMoring in B-band polarization of Rigel, revealing a variability
of 0.3-0.7 stellar radii, and a flux contrast of 10-25. One caxt a typical level of 0.2%. The variability pattern in tie— U
see in FidﬂZ that the fierential visibilities of the perturbed plane suggested that the ejection of material was not lirde
and unperturbed models are similar, whereas a significknt di plane, and non-radial pulsation were thus proposed asdhe r
ferential phase signal is observed. The baseline is aligndb cause of these localized ejections. This might be causeldeby t
direction of the perturbation observed in July 2008, i.etmo limited amount of intensive observations. This might algo b
of the star. This model is also compatible with thé&atiential a consequence, in the case of Deneb, of a small inclination of
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Fig. 12.Comparison on the unperturbed model (dashed lines) withehteirbed model (blue lines, as explained in the text). The
thick lines are the observation of July 2008. The parametitise perturbation are the followings: flux contrast of 2WyIHM

of 0.5 stellar radius, and position at 2.8 stellar radiuglsofithe star. The insert shows the square root of the pextimmodel at
the wavelength corresponding to the core of the line, whHezesignal is maximum.

the rotation axis on the sky. Any large-scale structliregiodd & Przybilla

in the equatorial plane would generate a significg

tion variability, without any preferential direction. Idition,

no direction appears to be preferred by our observ.

nt paarizmixing sig
proposed
htiongho is currently

we emphase that such a conclusion is very limitgd given the |n the g

stringent limitations in theiv coverage.

5. Deneb as a fast rotator

Aufdenberg et al [ (2008, 20Q6a) presented evideng
is a fast rotator, based on 24 high accuracy FL

Ha line-for
be dfecteo
those that
temperatu

RARA  (2008), hy

visibilities in the K’-band with projected baselings ranginéOgg'

from 106 m to 310 m, sampling the first and second
visibility curve. They detected slight departures frg

lobes of the Neithe
m aghy Presented

(2008). To more clearly interpret the pronoudce
hature with nuclear-processed matter, thedeoasit

hat Deneb was probably a fast rotator initialyg a
evolving to the red-supergiant stage.

ontext of our observations, the consequences on the
mation region must be evaluated. The lhe may

by a moderate change in wind properties, such as
occur due to a latitudinal variation in thHeeetive

e of the star, estimated to-b#0K (Aufdenberg
aa). Moreover, as stated py Schiller & Przybilla
drogen lines are mainly sensitive to variatiams i

the VEGACHARA data nor the theoretical study
in this paper can provide definitive support for, o

spherical model at a level of about 2% in the near-IR, a digxclude, this interpretation. TheaHvariability observed by

covery that had not been anticipated for an AB
They tentatively fitted the data with a rotating m
sphere, and demonstrated that despite thevisiwi of
a model at half critical speed, seen nearly pole-on
for the interferometric observations. A by-product
ting process is the determination of crucial param
context, namely the inclination, estimated toib80°,
orientation on the sky of the rotation axis found to

supergiaMEGA/CH
pdel atmavind of th

ARA is related to localized inhomogeneities in the
s star. Is not impossible that that these inhomo-

he star, geneities

may auconand, alth
of thits tions in m

eterhim tsecond lo
and the based on

be at aboifpat the wi

P.A=150 east from north. These findings have po

ntially inflomogensg

portant implications. In a general context, Deneb Wouldhge tthe conting
first AB supergiant proven to be the descendant pf a fast ro- The 20
tator. Support for this interpretation was provided|by 8ehi rotator mo

ay féect the continuum forming region in the K
gh is has been shown in Sec}. 4.2 that large varia

u
gss-loss rate are required to significanffea the

be of the visibility curves. Yet, this conclusian i
he ideal case of a spherical model, although given
nd is very optically thin in the continuum, those i
ities should not significantly alter the propsrtie
um-formation regions.

08 data arguably provide some support for the fast

Hel. We note that the S1S2 projected baselines wer




14 0. Chesneau et al.: TheHine-formation region of Deneb and Rigel

roughly aligned (range of -4515 degrees) within the direction1.5 mas, that are large enough, but also bright enough to make
of the asymmetry found with CHARALUOR at 150, i.e. the use of the highest spectral dispersion of the VEGA instrumen
direction of the pole in the fast rotator model (Aufdenberglp  (limiting magnitude of about 3). This concerns the AB super-
). On the other hand, thevHlifferential phases are ob-giants closer than 1.5 kpc, and the supergiants in the Orion
served to increase from a baseline roughly aligned to the pobmplex @i ~500pc) are in this context of particular interest.
direction at PA=150 . This may imply that the asymmetry isSimultaneous 3 telescope recombination would provide much
greater in a direction perpendicular to the pole. On therotheetteruv coverage than the one presented in this paper. Another
hand, the Si line dispersed visibilities seem deeper in the dinteresting possibility is to add to this study several diast
rection of the pole, suggesting a more extended line-faomattic lines such as the @ainfrared triplet (849.8nm, 854.2nm,
region. Moreover, the high mass-loss rate inferred fronfithe 866.2nm). These resonance lines are highly sensitive te non
to the visibilities through the Sill line may also be an iration LTE effects arising close to the photosphere and may shed some
of a co-latitude dependence of the mass-loss rate. That-noleght on the regions were the material is launched.

idence of rotation was detected in theéfdiential phases is an _ _
additionnal argument for a lowsini, and therefore a near|yAcknowIedgements. VEGA is a collaboration between CHARA and

QCA/LAOG/CRAL/LESIA that has been supported by the French
programs PNPS and ASHRA, by INSU and by the région PACA.

. . . . . The project has obviously taken benefit from the strong sudppo
pretation still needs to be investigated, both theoreyicand the OCA and CHARA technical teams. The CHARA Array is oper-

observationally. This could be. done, for instance, by répga ated with support from the National Science Foundation aedr@a
the FLUORCHARA observations to check whether the neaktate University. We warmly thank Christian Hummel for maypro-
IR interferometric signal has changed or not, or by devoéingvided the Markill data. The referee, Mike Ireland helped yshis
full VEGA/CHARA run with more extensive coverage, preferaseful comments to improve this paper significantly. Thisesgch
ably by using the 3T mode. It would also be of interest to irlas made use of the Jean-Marie Mariotti CerstexrchCal service
vestigate the impact of the fast rotation of Deneb on the Hl co-developed by FIZEAU and LAOG, and of CDS Astronomical

and Sit 6371A line-forming regions, using a radiative transfépatabases SIMBAD and VIZIER M.B.F. acknowledges Conselho
model of a rotating star with a wind. Nacional de Desenvolvimento Cientifico e Tecnologico FgN

Brazil) for the post-doctoral grant.

pole-on configuration for Deneb. These limited observatio
cannot provide definite conclusions, and the fast-rotartiar4
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