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Abstract. In order to improve our knowledge about the struct. Introduction
ture of the winds of the Herbig Ae/Be stars and the mechanisms . . .
it e hem, e performec  NLTE anayssof o form © 179 A8 (TASDe)stasre el suence et
tion of helium lines in the wind of AB Aur, the prototype of :

the whole class. These lines are indeed expected to form in %eefme this class is the presence of a rich emission line spec-

densest layers of the envelope, at the very base of the wind, trrlilc']ﬂ (Herbig 1960; Th et ql. 1994)' A significant fraction of
. . . HAeBe present PCygni profiles atvtdnd Mgll h & k res-
therefore to provide constraints on these regions where the wing

originates. A large observational data setis now available whighance lines (Finkenzeller & Mundt 1984; Catala et al. 1986b)

we have extensively used to deduce strong constraints on \fﬁhe'Ch demonstrate that these stars experience phases of mass

physics that prevail in the inner part of the wind. Among the I%ss through stellar winds. In addition to these conspicuous wind

data, we particularly used those from the MUSICOS 1996 Ca?ﬁz_atures, these stars also present signatures of high temperature

paign, which show that the He | D3876 A) line is made of :e %Iogf;\llnvthgg ﬁ?r\:figzzst’r i?)lljgtha?]?j SHIeI\I/'D% II?:\(!rs]?r? (Iar:n?:ssigap-
two distincts components: a blue-shifted emission compone atala et al. 1986a: Hamman & Persson 1992: Bouret et al.

and a redshifted component alternatively seen as an absorpti 87) We shall call these characteristics “active phenomena”

or an emission. : !
in the following.

The classical model for AB Aur's wind (Bouret & Catala .
) : The past two decades have seen important efforts to under-
1998; Catala & Kunasz 1987) fails to reproduce the observed . ) :
. . . . stand these active phenomena, which could help define the place
profile. We find that the observations can be explained by at\gPHAeBe in the context of stellar evolution towards the main
component model in which the base of the wind includes dense ! X voluti W '

and hot clumps of outflowing material, while the bulk of thgeauence.

S . A first class of models postulate an external origin for these
wind s still described by the model by Bouret & Catala (1998.?/\'/inds high ionization anctl) emission phenomena ginvoking an

;Téi;:;:gﬁ%gggﬁ:ﬁ;iﬂ rf?)?rl::t\f\:ﬁ?r;hfzgtr i?;lcnigfis%fﬁ%?cretion disk (Hillenbrand etal. 1992; Marsh etal. 1995; Grinin
Rostopchina 1996; Corcoran & Ray 1998).

overtake slow streams. Our results show that a blue-shifted An acoretion disk mav indeed drive a radiative wind with
emission is formed in such conditions, and can be rotation- y

ally modulated as observed, due to fast and slow streams al edr(_aquate mass loss rates and terminal velocities, as suggested

nating on the line of sight as the star rotates y Proga et al. (1998) and Drew et al. (1998) for intermediate
: ass protostars.

: : m
Our model can also explain the occasional presence of an .
absorption component near rest wavelength, as formed in theIt has been also shown (Croswell et al. 1987) that PCygni

bulk of the extended chromosphere. Concerning the red en%gfiles could be produced in disk winds, provided a disk chro-

sion component, which is occasionally observed instead of trﬁgsphere IS present,' wh|gh helps to produce the emission com
: : . onent of the PCygni profile.
absorption one, we argue that it may arise from polar downflows. . . .
Moreover, according to a model first proposed for classical T

Tauristars (CTTS), the source of the observed active phenomena

Key words: line: formation — line: profiles — stars: atmospherecsOuld be found through the release of the disk gravitational

i : ) -energy in a boundary layer at the stellar surface (Bertout et
— stars: chromospheres — stars: mass-loss — stars: pre-main se- : . .
quence P P aﬁ 988; Basri & Bertout 1989). Alternatively, magnetospheric

accretion (Konigl 1991; Shu et al. 1994; Hartmann et al. 1994),
could also explain the appearance of emission lines (He | D3,
O 1 A7773 and\8846...) in HAeBe spectra.
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However, the presence of accretion disks around HAeB®agnetic, the ultimate source of energy is the star’s internal
is still uncertain. The disk model invoked by Hillenbrand etotation.
al. (1992) to account for the infrared excesses of the HAeBe Amongthe HAeBe, AB Aurigae (A0 Ve+sh; Eretal. 1994)
has been criticized by Berrilli et al. (1992) and Hartmann & often considered as the prototype of the HAeBe with P Cygni
al. (1993), who explain the observed IR excesses with spheripedfiles (the P Cygni subclass). Because of the straightforward
dust envelopes. More recently Pezzuto et al. (1997) showed tinéérpretation of its strong PCygni profiles as formed in a wind
the spectral energy distribution of a large group of Herbig Ae/Band because of its rather complete observational (spectral and
stars is well explained by a spherically symmetric model féemporal) coverage, AB Aur is suitable for a precise modelling.
matter distribution, the dust being constituted by noncrystalline In a first attempt to model the wind of this star, Catala et al.
particles. ®hm & Catala (1994) and Corcoran & Ray (1997) ob1984), Catala & Kunasz (1987), and Catala (1988), using the
served that those HAeBe that are less deeply embedded in thgrll and C IV resonance lines, as well agrHsuggested that
parental cloud exhibit symmetric and unshifted forbidden [O ifjis spherically symmetric, with a mass loss rate of about®10
lines, in contrast to the majority of CTTS or the deeply embet . yr—!, and includes an extended chromosphere of moderate
ded HAeBe, which show strongly asymmetric and blueshiftédmperature (T=17,000 K). Since then, this model has been suc-
forbidden lines. Such asymmetries and blueshifts are interpretedsfully extended to three other HAeBe of the PCygni subclass
as evidence for an optically thick accretion disk that hides tiiBouret & Catala 1998); radiative losses of a few percent of the
receding half of a wind in which the forbidden lines are formeibtal stellar luminosity were found, which are of the same or-
(Appenzeller et al. 1983, 1984). Finally, longslit observatiorder of magnitude as what is found in CTTS (Calvet & Albarran
by Bohm & Hirth (1997) ruled out the possibility for the [O 1] 1984; Bouvier 1987).
lines of some HAeBe to be formed in an extended thin region There is growing evidence that magnetic fields play an im-
at the surface of an accretion disk. portant role in controlling the active phenomena of HAeBe.
On the other hand, elongated structures of several hundFeaxbt of all, rotational modulation of lines formed in the wind
AU have been detected around some HAeBe, using high angulbseveral HAeBe, including AB Aur, was reported (Praderie
resolution millimeter observations (Mannings & Sargent 19978t al. 1986; Catala et al. 1986b, 1989, 1991; Beskrovnaya et
which probably indicates the presence of extended circumstebidr1995; Bhm et al. 1996). This modulation is interpreted in
disks for these objects. Whether these remote disk-like strierms of corotating streams controlled by a surface magnetic
tures can play arole in powering the active phenomena discusBeldl. Second, Donati et al. (1997) have recently reported the di-
above still remains to be investigated. rect detection of a surface magnetic field in the southern Herbig
We note in this respect that recent near infrared interferde star HD 104237.
metric observations of AB Aur, the prototypical Herbig Ae star, Ithas been suggested that the corotating streams responsible
seem to exclude classical accretion disk models for the sub-#ty the rotational modulation in AB Aur, also give rise to coro-
structure of its circumstellar environment, and favor a modeagting interaction regions (CIRs), similar to those of the solar
ately flattened distribution of matter (Millan-Gabet et al. 1999)ind (Catala et al. 1986b). Such CIRs have been shown to be
Evaporating falling bodies have been invoked to explaable to explain t N V and X-ray emission, respectively ob-
some spectral characteristics of HAeBe, like the red absorptisgrved with HST/GHRS and ROSAT, which cannot be produced
components of the NaD doublet at 5938)(()Sorelli etal. 1996). by the model of Catala & Kunasz (Zinnecker & Preibisch 1994;
They have also been assumed to be responsible for the sBmiret et al. 1997). An appealling alternative to this interpreta-
troscopic and photometric variability of these stars (Skrutskiien is a magnetically confined wind, such as the one suggested
et al.1996; Grady 1996 et al., 1999). However, they cannot dx Babel & Montmerle (1997) for the Ap star IQ Aur. In the
count for most of the active phenomena discussed here, sframework of this model, #a¢ N V resonance lines and the X-
as, e.g., the CIV and NV resonance doublet, blue-shifted witdy flux would be formed in a post-shock region in the magnetic
respect to their rest wavelengths. Finally, the spectral featuegpiatorial plane, where magnetically channelled streams from
produced by such infalling bodies are formed at distances higliee two hemispheres collide.
than 5 stellar radii, which leaves unexplored the regions in the The influence of a magnetic field on the structure of the wind
immediate vicinity of the stars, where the outflow and the actives also been invoked to explain the behaviour of thelinle
phenomena originate from. of AB Aur, which has been shown to vary from a typical type
Alternately, several authors have suggested that the soutd@Cygni profile b a a single-peak emission profile (Beskrov-
of energy responsible for the observed active phenomena leya etal. 1991, 1995). The equatorial wind model proposed by
inside the star, rather than in its circumstellar environment. Pogodin (1992) assumes that the wind is confined to equatorial
model has been proposed by Vigneron et al. (1990), then regions by a magnetic field whose opening angle is variable.
visited by Tout & Pringle (1995), and completed recently biach time the line of sight intercepts the wind region, a PCygni
Lignieres et al. (1996), in which rotational braking of the staorofile is formed, while a single-peak emission profile appears
via a strong stellar wind excites turbulent motions below traherwise.
star’s surface. These turbulent motions would be responsible More recently Strafella et al. (1998) investigated the com-
for a dynamo that generates the magnetic field needed to shined effects of several acceleration mechanisms, like thermal
tain activity. In this model, which assumes that the activity isxpansion, radiative pressure, centrifugal acceleration by a coro-
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tating magnetic field and hydromagnetic waves, on the emer- et 03 fine profles = Musicos 19se
gence of the winds of HAeBe. Calculating line profiles fatrH - |
in AB Aur’s case, they were able to qualitatively reproduce the™
aforementioned variations and suggested a value<038-40G
for the strength of the magnetic field (at the star’s poles). gl
Clearly, a better understanding of the mechanisms at work
in AB Aur and the other HAeBe requires a better and more re-
liable description of the physical conditions prevailing in theix -
winds (densities, velocity fields, temperatures, magnetic fields).
Some of this can be achieved by modelling quantitatively spec-
tral lines formed in these winds. Although observational evi-2
dence is accumulating that the structure of these winds is com-
plex and involves 3D structures, simpler 1D and 2D models are
still necessary to understand the physical conditions in whicl? |
the spectral lines are formed. Moreover, we can take advantage *® 0 200 0 200 00 o0
of the fact that various spectral lines probe various density and
temperature regimes to study separately the different comfig- 1. Observed profile of the He | D3 line, during the MUSICOS 96
nents of the winds of these stars. All the constraints obtaingdnpPaign. The profile shown in full line is an average of all the spectra
separately on these different components can be then assem%ti’gﬂne‘j during the campaign. One particular spectrum obtained during
to build a complete model. his campaign, and showing an absorption component centered near
zero velocity, is shown in dashed line.
The goal of the present work is to provide a first analysis
of the formation of He I lines in the winds of HAeBe, repre-
sented by the prototypical AB Aur. These lines are one of tReon of the He | D3 line is modulated in velocity with a 45hr
fundamental pieces of the puzzle, not only because of their mgegiod; (i) that the red component, alternating from emission
presence around an AOVe star like AB Aur (the UV radiatiofh absorption, does not vary significantly in velocity but rather
field from such stars is indeed too weak to populate signiffy intensity, with a possible 45hr periodicity. In addition, the
cantly the excited levels of He I, so that collisional processg@griations of the equivalent width of this component are well
are needed to produce He I lines), but also because of their vggyrelated with those of the photospheric lines.
peculiar variability which allows us to probe in detail charac- Fig. 1 presents the He | D3 lines of AB Aur, as observed
teristic phenomena occurring at the base of the wind. during the MUSICOS 96 campaign. The profile displayed in
In Sect. 2, we review the results of previous related work agdlid line in this figure is an average of all the spectra obtained
summarize the main properties of the He | D3 line in AB Aur'guring several days, and therefore is representative of the av-
wind. Sect. 3 is devoted to a description of the modelling toddsage structure of its line formation region. The profile shown
we have used and to the influence of the atomic model on §{&jashed line corresponds to one particular spectrum obtained
line profile. The whole set of results we obtained is presenteddiring the campaign, and shows the high level of variability of
Sect. 4, together with comments on the physics of the He I lii@is He | line during the campaign.
formation. A general conclusion, as well as some implications Two interpretations were proposed by Catala et al. (1999)
of the present calculations on our understanding of the physigs the behaviour of the blue component. In the first one, this
properties of the wind, are given is Sect. 5. component is formed at the base of a wind originating from
the equatorial regions of the star, with a variable aperture angle
(see Pogodin 1992). The observed modulation is then caused
by the presence of stream structures, analogous to those already
The presence of the He | 58#dine in AB Aur has been known invoked to explain the modulation seen in the Mg Il resonance
foralongtime (see e.g. Felenbok et al. 1983; Catala et al. 198#)es (Praderie et al. 1986), and the preserfdd ¥ lines and
The line exhibits a complex structure, that can be subdividedXaray emission through CIR (Bouret et al. 1997).
two components. The first component is a blueshifted broad The other interpretation requires the presence of a rotating
emission (up to 300 knTs' Catala et al. 1993), which is alwayscircumstellar disk, from which the stellar wind is originating
observed. The second one is a slightly redshifted component (see Proga etal. 1998; Drew et al. 1998). In this model, the period
ther in absorption or in emission. Although the absorption coraf modulation of the He | D3 line is that of the disk rotation in
ponent is of non photospheric origin, its width seems consistéhe regions from where the wind originates. Using the observed
with a broadening due to stellar rotation alone; this behavionmodulation period and the modulation amplitude (200 ki)s
is also observed in a large sample of HAeB&liB & Catala aswellasaninclination angle of about{®annings & Sargent
1995). This leads us to the first conclusion that the region whelr@97), it is possible to infer that the blue component of the He |
this component is formed is very close to the photosphere. D3lines formsin regions of the wind originating from the diks at
More recently, the observations from the 1996 MUSICO&bout 1.6 R (Catala et al. 1999). This distance may correspond
campaign (Catala et al. 1999) have shown (i) that the blue entisthe inner boundary of the accretion disk.

AV (km.s™")

2. The He | lines in AB Aur
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In addition, Catala et al. (1999) suggest the presence 8f This red-shifted emission component sometimes disap-
downflows onto the stellar pole to explain the formation of the pears, revealing a slightly redshifted absorption component,
red component when seen in emission. with a width compatible with the measured projected rota-

As shown by Hartmann et al. (1994) or Muzerolle et al. tion velocity of the star.

(1998), magnetospheric accretion model could also explain tde The He 1IA1640A line does not appear on the IUE archive
appearance of the He | D3 line with the observed two com- spectra of AB Aur, indicating that its intensity must be
ponent profile. Nevertheless, it does not seem possible, in this F'/F, < 1.1. This line must therefore be less intense than
framework, to explain the observed centroid variations of the the He I D3 line.

blue component, which always stays blue-shifted. This modeéd, The He | 447R appears in absorption, slightly deeper than
which did not include rotation, show that, as the inclination an- the one given by Kurucz models for AB Aur's parameters
gle of the disk increases, the emission component gets more(Bohm & Catala 1993).

and more centered on the rest wavelength, while the absorpti®n The other lines and continua of AB Aur (hydrogen Balmer
becomes more prominent. If rotation was to be included, it is lines, hydrogen continua, Mg Il and C IV resonance lines),
very likely that the emision component would be modulated in used in previous analysis (Catala & Kunasz 1987; Catala
velocity, alternating from blue to red as the star rotates, which 1988; Bouret & Catala 1998) and reasonably well repro-
is not observed. This strengthens the interpretation that the blueduced by the “standard” Bouret & Catala (1998) (hereafter
component and the red one result from different mechanisms. BC) model, must not be affected by any additional features

Allthese models are qualitative, and the question of whether to this model.
the He | D3 lines can indeed be formed in these models with
their observed characteristics is still awaiting quantitative con-
firmation. In this paper, we focus mainly on the equatorial wingl, Modelling the He | - He Il spectrum
model. Indeed, there are so far no decisive arguments against o
a (more or less) spherical wind, to explain the observed phel- Wind model and radiative transfer

nomena in AB Aur. It is therefore legitimate to test, improvey, a first step, it is necessary to build a set of models for the wind
and refine the existing model of AB Aur’s wind, by modellingof AB Aur, that will provide the physical quantities needed to
new lines and atomic species. We performed radiative transfiform radiative transfer calculations. The models we used are
calculations to check the capability of this model to indeed prepnstructed in the same way as in BC. The reader is referred to
duce both a blue-shifted emission Component behaVing like % paper for more deta”s_ These Spherica”y Symmetric mod-
observed one and an absorption component redward of the ggstinclude an extended chromosphere, located above the mini-
wavelength. We also checked that episodic accretion onto {igm of temperature of the photosphere, and surrounded by an
stellar pole can produce the observed redshifted emission cQggthermal cooler region. The chromospheric radiJs is the
ponent. The quantitaﬂve mOde”ing of the disk-wind model iéne where the maximum of temperatmﬁaw is reached. The
beyond the scope of this paper, and will be treated later.  velocity law is monotonically increasing outward. Additionaly,
Other He | lines oof the optical spectrum can be used in thjg ysed another parameter, the Doppler random velogifyo
analysis. The\ 4471A line (triplet) is seen in absorption andgescribe turbulent motions in the wind. This parameter acts as
deeper than the Kurucz model corresponding to AB A@HB  a non thermal broadening component. The photosphere at the
& Catala 1993). The singlet 6678 line has the same shap@ase of the wind is simulated by a Kurucz model (1979) with
as 5876 but with a smaller intensity, while the4921 is not 7, .. — 10,000K andlog g = 4.0.
observed at all, probably because it is blended with the strong After the model is constructed, it is possible to calculate the
Fe Il lines in this spectral range §Bm & Catala 1993). Finally, |ine profiles, taking into account NLTE effects. We carried out
we note that the He Il 164Aline is absent from the IUE archive thjs step with the ETLA code, which solves the radiative transfer
spectra. equation in the comoving frame of the wind, in the equivalent
In summary, a model of the formation of the He I-He Ity level atom formulation (Mihalas & Kunasz 1978). The out-
lines in the wind of AB Aur must comply with the following pyt from ETLA (populations of atomic levels, source functions
constraints: and opacity in lines and continua...) are used to calculate emer-
gent intensities of interest, in the observer’s frame. The corre-
sponding emergent fluxes are then obtained by integrating the
1. The He | D3 line always has a blue-shifted emissiafinergent intensities on a set of rays parallel to the line of sight

component with an average velocity of approximatelifom the observer (see Catala & Kunasz 1987 for details).
—100 kms~! and an average intensity above the contin-

uum level of F//F,. = 1.1. This velocity of the blue-shifted .

component is modulated with a period near 45 hrs (Catae- 1€ atomic model

etal. 1999). We also had to build an atomic model, that is to say we had to
2. The He | D3 line also often exhibits a red-shifted emissiqthoose among the atomic levels, those which are relevant to the

component with a velocity near100 kms™', modulated calculations we intend to perform. He | was then represented

in intensity but not in velocity (Catala et al. 1999). by 29 levels; all the LS states upio= 5 were introduced and
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Fig. 2. Computed source function of the He | D3 line with 29 level&ig. 3. Computed profiles of the He | D3 line for the model BC; 29
(full line) and with 19 levels (dashed line). The Planck function (dottddvels (full line) and 19 (dashed line)
line) for the model BC is shown to indicate the temperature law.

the line source function, foramodel with 19 levels (upte: 4),
treated as separate levels. He Il was assumeata 6 level ompared to that obtained with the model used for this work.
atom. Finally, we also introduced the single state of He Ill. In the bulk of the chromosphers,, with our 29 levels atomic

Itis worth mentioning that the atomic data that are currentlyyqe| is notably higher than what is produced when only 19
available are reliable for the levels upito= 4 only. Aboven = |oye|s are considered. The consequences on the line profile are
4, the intrinsic accuracy of these data considerably decreagggyn in Fig. 3. Clearly, the inclusion of high lying levels plays
(Berrington & Kingston 1987) and little is known about the,, jmnortant role in the line strength. In the present case, the
mfluenqe of the highly excited levels on the spectrum of he““’@hange is of 12 the emission component. We have checked that

Oscillator strengths and energy levels for both He | anflis effect exists for even higher temperatures, by performing the
He Il are from Wiese et al. (1966). For bound-bound transitioRs me kind of calculations for a model With, . = 40, 000 K.
of He I, we used collision cross-sections from Berrington & - cqnsidering this important impact on the resulting source
Kingston (1987), up tov = 4. The inclusion of ther = 5 fnction and the line profile, we used an atomic model with 29

andn = 6 levels was achieved thanks to a program written Qe for He | in all the calculations described in this paper.
Sahal-Béchot (private communication) and based on the Seaton

approximation (1962). For a few transitions involving levels

with n = 5, we also used data from Benson & Kulander (1972%. Results

Concerning the collisional ionization rates from levels of He |

we used the data and relations from Mihalas & Stone (196§).1' The standard BC model

The collisional rates (bound-bound and bound-free) of He The “standard” BC model was built to reproduce lines and con-

were taken from TLUSTY code (Hubeny 1988). The source thuaformed inthe wind of AB Aur and in the bulk of its chromo-

the photoionization cross-sections of He | is the Opacity projespthere (hydrogen Balmer lines, hydrogen continua, Mg Il and

database (Fernley et al. 1987), while for He Il (hydrogenic iof, IV resonance lines). These results confirmed those obtained

7 = 2), we took the same form as for hydrogen (cf. Mihalagy Catala & Kunasz (1987) as well as mass loss rate estimates

1978). based on radio continuum observations (Skinner et al. 1993),
We assumed a Voigt profile for the line; the natural dampirand the parameters derived for the wind and the chromosphere

parameter was written following the classical expressios: of AB Aur seem therefore quite reliable.

2.47342 x 1072212 /4w Avp, wherev is the frequency of the As can be seen from Fig. 3, the standard BC model for
line andAvp, is the Doppler broadening. AB Aur does not produce any blue emission component in the
Although the atomic data for levels with= 5 andn = 6 He I D3 line, but rathea P Cygni type profile, with a blueshifted
are approximate, the inclusion of these levels provides a bet@sorption component and a weak redshifted emission compo-
description of the transitions involving levels with= 4 and nent. Such a model is therefore inadequate to explain the char-

n = 5 respectively and for the recombination cascades as weltteristics of the observed He | D3 lines in AB Aur. A close
The influence of these levels on the line formation will nowxamination of the results obtained with this model indicates
be discussed, for the best fit model of AB Aur’s wind obtainetthat the source function does not rise sufficiently in the chromo-
by BC, which we will consider as the reference model in thepheric region to yield a blue emission component (see Fig. 2).
following. We present in Fig. 2 the run with the optical depth ofherefore, on the rays that hit the stellar core (see Sect. 3.1), the
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specific intensity in the line is always lower than in the adja&able 1. Parameters of models mentionned in the text. Models m1-7
cent continuum, contributing in the emergent flux to the strorge plotted while models M1-4 are only discusskg.., the distance
blueshifted absorption component seen on Fig. 3. Itis clear frd@rtar center of the maximum temperatufg.(.) region, is expressed
Fig. 2 that NLTE effects in the temperature maximum regidh units of photospheric radiug®, = 1.75 x 10" cm), Tinao is in
tend to decrease strongly the line source function, resulting/{lVin. while the wind velocity reached at that poifit/ Z»..), and

the strong absorption component seen in Fig. 3. The standard Bg:20PPler random velocity, are inkms . Please refer to BC for
model is based on a quantitative interpretation of lines forme(e]ta'ls'

in the wind and the maximum temperature region of the chr,

‘ lodels R, Trax
mosphere, and the regions near the base of the chromospi@crc o

=

Rhot) ()5) M (M@/yr)

-8
and the temperature minimum are not well constrained in t i'gj gg'ggg j‘ 22 }; i 18_8
model. It is therefore very natural to investigate what physic% 1'04 40’000 4' 45 1'2 % 10-8
conditions in these loosely constrained regions could give risg 1:005 20'000 9'_ 75 3:3 % 10-8
to the observed characteristics of the He | D3 line. ms 1.005 24,000 9. 75 3.3%10-8
mé 1.005 30,000 9. 75 3.3x107°
—6
4.2. Departures from the standard BC model m7 1.005 30,000 139 10/759.6 x 10
. . M1 1.04 50,000 4. 45 1.2x 1078
4.2.1. Results with a hot ¥ 140,000 K) region M2 1.04 55000 4. 45 12x10-%°
-7
Recent observations with the HST/GHRS have shown the prg@- 1.0025 20,000  100. 75 10x 10_7
1.015 30,000 100. 75 1.0 x 10

ence 6N V resonance lines in AB Aur, indicating the presence
of high temperature regions in its wind (Bouret et al. 1997). The

N V lines were used to constrain these hot regions, and it was. . )

proposed that they result from shocks produced in co-rotatifijit of £/Fc = 1.1. Atthe same time, the hot regions do not
interaction regions (CIR) in the wind of AB Aur. These CIR ma§ontribute significantly to the formation of the He | D3 line,
also be responsible for the observed X-ray emission of AB Ad¥hich is mainly formed in the cooler parts of the BC chromo-
detected by ROSAT (Zinnecker & Preibisch 1994). The hot réPhere, and thus ends up va P Cygni profile similar to that
gions created by the CIR are not spherically homogeneous, BRSented in Fig. 3. Conversely, if we assume a higherfilling fac-
rather encompass only a small fraction of the wind volume, & for the hot regions, in such a way that the He | D3 emission
sulting in small filling factors for 1& N V line emitting region. Component reaches the observed intensity, a very intense He ||
By analogy with the solar case, itis generally assumed that CH%BA}OA line is formed, in contradiction with its absence in the
are generated by the presence in the wind of shocks betweendifive IUE spectra. We therefore conclude that the 140,000 K
and slow streams of material, the latter being confined by ti@S Present in the CIR, invoked to explain the observed N V
surface magnetic field of the star (Mullan 1984). Unlike the s§D'€S, cannot account for the observed He I-He Il lines.

lar case, the CIRs of AB Aur can be located very close to the

star’s surface (Catala et al. 1986b). The rotational modulatiarp.2. Formation of a blue emission component

of the He I D3 line (Bhm et al. 1996; Catala et al. 1999) and of in the He | D3 line

other lines formed in the wind (Praderie et al. 1986; Catala et al. . i , ) . »
1986b) is often associated with the presence of such azimuti& Need to investigate in detail what physical conditions are

structures in the wind of AB Aur, rotating with the star. required to produce a blue emission component in the He | D3

In this section, we investigate whether the same type Brfoflle. Clearly, sgch a component can be ot_)taln_ed on_ly_ if the
shock-bounded hot regions can be responsible for the obser/ag Source function near the base of the wind is sufficiently
He | D3 line characteristics, while being consistent with all othYgh. as discussed in Sect.4.1. In order to identify the physi-
observations available, including the absence of He I lines. \&@! conditions necessary for this rise in the source function, we

used the model proposed by Bouret et al. (1997), which sinfHilt models of spherically symmetric winds including hot re-
lates the CIRs as clumpy hot regions with-T40,000 K, and gions near the base of the wind, and explored systematically the

which is able to reproduce the obsedéV resonance lines. We Parameter space of these models. The parameters of some of the
find that such models, including a spherically symmetric wind 'Bod€ls used in this analysis, and more particularly discussed in
moderate temperature (17,000 K) extended chromosphere (i (€Xt are listed in Table 1. - o

ilar as the BC model), and a hot (140,000 K) thin clumpy region e find that models in which the hot region is located at
near the base of the wind, produce an intense HelB40A the same place as the chromosphere in BC, with temperatures
line, much stronger than the resulting He | D3 line. This is dJgher than that of the BC chromosphere (models m1-3), still
to the fact that neutral helium is severely depleted in these ispduce PCygni profiles, but also include a blue bump increas-
regions, where the helium ionization equilibrium is shifted tdnd In intensity until7;;,.; ~ 50,000K (model M1), then de-
ward He IIl. The filling factor for these hot regions derived if"€asing as we checked with the results obtained with model
Bouret et al. (1997) analysig & 10~3) is small enough that the M2- AS S00n asl’y,q; ~ 40, 000K (Fig. 4), this blue bump is

resulting He 11\ 1640A line falls well below the IUE detection Sirong enough to be in emission, yielding a P Cygni type Il
profile, in the Beals (1950) classification, but with an additional
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Fig. 4. Three profiles for models witfh,, .. = 25,000 K (m1, full line), Fig.5.Profiles for three models with increasing temperaturés,; =

Traz = 33,000K (M2, dashed line) afd, ... = 40,000 K (m3, dotted 20,000 K (m4), 24,000 K (m5) and 30,000 K (m6) respectively) reached

line). The blue bump clearly develops&s.. increases. closer to the star’s surface than for models of Fig. 4. The influence of
Tmae ON the central depression appears clearly.

blueward absorption. These models fail to produce as intensgable 2. Velocity laws in kms™*
blueshifted emission component as observed, basically because

the line source function is always too low in the regions formingR,, BC 1998 BC99 m7
the He I D3 line, and therefore they do not provide the requirgd 0.001 0.001 0.001

physical conditions to account for the observed characteristiceos - - 139
of this line. 1.020 - - 168
Models with hot regions closer to the star than the BC chrg-057 - - 170
mosphere, with small velocity gradients within the hot regioh01 0.7 7 -
(m4—-6), yield double peak emission profiles forthe He ID3lind;1 8 8 180
which appear as a wide and symmetrical emission with a centd] 50 50 190
absorption component. Fig. 5 displays profiles produced by 011'—5 122 122
ferenttemperature maximum (reached at the same distance f 150 150 200
the photosphere). Increasifig,... mainly changes the level of 5 290 290 290
the central depression with respect to the continuum level. Thig 300 300 300

effect is easy to understand if one considers the emergent spe-

cific intensity on the rays that hit the stellar disk. For model m4,

the specific intensity profile on the central ray is still mainly ithe presence of the observed velocity rotational modulation for
absorption, again because the line source function in the lite blue emission component in the framework of these models.
forming region is too low. The specific intensity profile turns We have also checked the effect of increasing the exten-
in emission at higher values of the impact parameter, but is faon of the hot region. For the models producing double peak
from being intense enough to fill in the absorption producqmofiles, extending the hot region only contributes to produce
on the central rays, and the resulting flux profile appears aaraadditional absorption trough, blueward of the blue emission
double peak emission, whose central depression reaches belomponent.

the continuum level. For models m5 and m6, in which the tem- Clearly, the only way to obtain a blue emission component
perature maximum is higher, the line source function increasésmed in high velocity wind regions, so that it can possibly be
and the specific intensity profile on central rays is a double pemlodulated in velocity during the star’s rotation by the alternation
emission with a central depression above the continuum levafl.fast and slow streams, is to increase the velocity gradient
The resulting flux profile is therefore still a double peak emigf the model in the hot region at the base of the wind, while
sion, but with a central depression reaching above the continukegping the density to high values in this region. In our models,
level. These models produce a blue emission component wittha presence of such rapid and dense regions can be simulated
high intensity, and for models with;,,,.. < 30,000 K no sig- by artificially increasing the mass loss rate above the standard
nificant He 11 \1640A line is produced, as required. Howeveryalue of the BC model. For models with gas velocities higher or
the He I D3 line is entirely formed in low wind velocity regionsequal to 100 kms! at the point wher&,,.., is reached (models

(V < 40kms™1), the presence of the blue and red emissidfi3—4, m7, see Table 2 for the adopted velocity law in this latter
component being simply due to the large turbulent velocitiease), it is possible to obtain a blue-shifted emission for the
assumed in these models. It is therefore impossible to expl&éia | D3 line. The requirement is that the density of the region
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Fig. 6. Profiles for models (m7) only differing by the valuew#. In  Fig. 7. Run with velocity of the line source function for the model m7
one caselp = 10km s, full line), the line is clearly dominated by a (full line) detailed in the text, producing the profile in full line of Fig. 6.
blue-shifted emission, while in the other casg €75 kms™*, dashed The dashed line is the source function of BC's model.

line) we rather obtain a double peak emission profile, although with a

significant blue-shift.

Models with high values of the Doppler random velogity
essentially behave in the same way, except that now both the
of maximum temperature is higher thar63 10~'2 g.cnm2, emission and absorption components produced in the intensity
which can be simulated in our model by artificially imposingpecific profile on the central rays are much wider. In the result-
a mass loss rate higher thad~" Mo .yr—1. In these models, ing fluxemergent profile, the line thus appears as awide, intense,
the Doppler random velocity plays a fundamental role in ttend blueshifted emission, in which a wide and blueshifted ab-
appearance of the line either as a classical double peak emissiaption component is dug (dashed line in Fig. 6). The crucial
with a blueshifted central depression, or as a profile dominatasbect of these models with high velocity gradients near the base
by a blueshifted emission, as shown in Fig. 6. of the wind is the source function rise in a region of high velocity
Understanding the formation of such profiles requires(see Fig. 7), which produces a blueshifted emission component,
close examination of both the line source function and of tlag observed. In these models indeed, NLTE effects depopulate
specific intensity profiles of different rays (Figs. 7 and 8 respeitie lower level 2p 2 P°) more efficiently than the upper level
tively). (3d 3D) in the hot region at the base of the wind. This relative
Let us first examine the case when the Doppler random werder-population of the lower level is mainly caused by the fact
locity is small (full line in Fig. 6). The line source functigly, that in this region, the\10830 A line is optically thin, which
directly maps on the specific intensity profile, on the central ragigeans that many photons in this transition cross the hot region
(impact parameter p=0). Indeed, on the red side of the line, thighout interacting with atoms. In order to illustrate this effect,
point wherer,, = 1 is reached only inside the star; therefore, uwe present in Fig. 9 the run with optical depth at 5606 the
to AV = 0, there is no contribution to the line. Just above theeparture coefficients for the two levels of thas76 A line.
photosphere, we find regions where the velocity is small afitie ratio of the departure coefficients,/b,, is indeed lower
S, decreases. A small absorption is therefore produced. Pil@an unity in the hot region near the base of the wind.
ceeding outwardS;, now presents a kind of plateau, while the  Only these models with a deep hot region, and presenting a
velocity increases up to about 100 kmts This plateau is also strong velocity gradient at the base of the wind, as well as high
seen in the specific intensity profile. Between v=100 krh s densities in these regions, are capable of producing a strong
and v=150kms!, S, increases strongly, which contributes tdlueshifted emission component formed in a high velocity wind
produce a strong blueshifted emission. Further in the wind, riégion, so that we can expect it to be modulated by the star’s
regions corresponding to the external border of the hot regiootation if fast and slow streams alternate on the line of sight.
Sy, steeply falls off, which is denoted by the absorption com-
ponent appearing blugward .Of f[he emission component. TQ'%.& Constraints from the He | 44A&dline
type of specific intensity profile is obtained up to the rays that
are tangent to the stellar core € p. =~ R.). As p increases, The profile of the He 1 4471 line observed during the MUSICOS
the specific intensity profile changes from a PCygni to a singl®96 campaign is slightly deeper than the one expected for a
absorption profile, becoming progressively shallower, until r&urucz models with AB Aur’'s parameter ancsin: = 80+
gions where the density of He I is too low to contribute to thekm s~, which is consistent with the observation o &
line. Central rays have larger weights in the integration of ti@atala (1993). This small difference, which is very likely due to
emergent flux, which explains the final line flux profile. awind contributionto the line, is extremely helpful to derive new
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Fig. 8. Evolution of the specific intensity with the impact paramet¢for model m7).

constraints on the density and velocity field at the very baserefisonably approximated by a convolution of the profile com-
thewind. Classical models (Catala & Kunasz 1987, BC) produpated without rotation with a rotation profile wittsin i = 80+
aline which is much deeper and narrower than the observed diem s~! ande = 0.6 (¢ being the limb-darkening coefficient,
On the other hand, increasing the velocity gradient in the lisee Gray 1992). We found that it is then consistent with the pro-
formation region (which extends from 0.00J;Rto 0.003R,, file observed during the MUSICOS 1996 campaign (Fig. 10).
above the photosphere) by a factor 2.5 (everything else being We also investigated the contribution to this line of the pre-
kept fixed) in BC, yields a line only slightly deeper than theiously described hot-dense regions at the base of the wind.
observed one and wider than in BC model. This changé\Vin It turns out from our calculations that as long @< 6.1 x
in this region is small enough that it does not affect the othed—1° g.cn3, the line appears as an absorption line, shifted to
lines previously modelled, which are formed in the bulk of thine blue with respect to its rest wavelength, which, as we shall
chromosphere. Hence, animportantresult of this study is that #ee later, would not be inconsistent with the observations. On
velocity law in BC model needs to be changed for the model to thee other hand, for a value of the density higher than this limit,
consistent with the helium spectrum. More precisely, referrirde 4471A appears as a weak emission line shifted toward the
to the table from Catala & Kunasz (1987) for the velocity lawlue, which would give to the line the same shape as the one
(also used in BC), we have to adopt instead the one preseraéHie | 5876A line (see hereafter), that is clearly not observed.
in Table 2. We will refer to this modified BC model as BC99. We therefore adopted this value as an upper limipon

In addition, at such a distance above the photosphere, the
wind is probably still in corotation with the star and it is therez1
fore very tempting to interpret the difference in depth of the
computed and observed He | 4471 line in terms of a rotatiorfad far, we have established that the base of the wind of AB Aur
broadening (and therefore shallowing) of the line. The line fomust be represented by a modified BC model (identified as
mation region being rather narrow, the final line profile can lC99), in order to remain consistent with the observed He 1 4471

3. A two-component model
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Fig. 9.Departure coefficients for the lower level (dashed line) and uppefy. 10.0bserved profile of He 1 4474 (full line) and computed profile
level (full line) for the2p * P°~3d ® D transition, produced by model from a two component model, convolved by a rotation profile with
m7. The ratich, /b., is clearly greater than unity in the hot region atthe/, . =8okms™! (dashed line). The observed profile was corrected for
base of the wind. the star radial velocity, taken from Catala et al. (1999)

line. We have also seen that the observed characteristics of the

He 15876 line, as well as the absence of the He |1 1640 line, Ngsseryational material at our disposal. As argued earlier, the CIR

cessitate an additional deep hot and clumpy region near the bgggc(yre assumed to be responsible ferthV resonance lines,

of the wind. More precisely, this additional hot region must Bgith temperatures of the order of 140,000 K, cannot produce the
located closer than0151,,,, from the star's center (model M4), ohqerved He | and He Il line profiles. The regions responsible for
otherwise no blueshifted emission can be produced in the Hgl e | 3 plueshifted emission component must be cooler and
D3 line, regardless of the temperature. Atthe same time, the fatyied very close to the star's surface. In order to reconcile these
region cannot be closer tharl025R,,, from the star's center yqq,jirements with those derived from the analysis of the N V
(model M3)Z without affect_lng seriously the formation of all theagonance lines by Bouret et al. (1997), we may consider that
photospheric features which are well reproduced by a standgfd c|R exhibit a complex temperature structure, with several
Kurucz model (B5hm & Catala 1993). These two values for thgs mheratures regimes: from 20,000 to 30,000 K to produce the
location of the hot region can therefore be considered as UPpgS| p3 jine as observed, around 140,000 K to account for the
and lower limits, respectively. With the hot region location sg§ \, lines, and in the range 1-2 million K to explain the X-
atits lower limit, we find that’},,., must be atleast 20,000 K to 5y 1 ohserved by ROSAT. Alternatively, we can imagine the
produce an emission He | D3 line. On the other hand, when hg.sence of several families of CIR in the wind of AB Aur, with

hotregionis located dt015R,,,, the He 11 16404 line appears jtarent densities and temperatures, depending on the strength
in emission, which is not observed, for valuesI®f,, above of the shocks creating them.

30,000 K, which must therefore be considered as the upper limit |, oqer to quantitatively assess the possibility that the He |

for Tinaz. D3 line is produced in such conditions and that the presence

These results, together with those already presentedqincirs in the wind does not affect the shape of neither the
Sect. 4.2 can be summarized by the following constraints PR, | 4471 line nor the lines modelled up to now, we built a

the model parameters: two-component model of the wind of AB Aur, proceeding as

— temperature: 20,000 K Tynar < 30,000 K follows. , o

— location:1.0025R,), < Rpe; < 1.015R,;, First, we introduced a hot geometrically thin region at the
— velocity: V > 100pknTs—1 o P base of the wind model of BC99, between the minimum of
_ density:1.63_>< 10712 < p < 6.1 x 10-10g.cnr3 temperature and the point wheéfg,,, (BC99) is reached. The

density was set to the value required by He | D3, by artificially

The velocity laws assumed in these various models (BCB®reasing the mass loss rate. The full set of radiative transfer
for the bulk of the wind; m7 for the hot dense clumps) are givasquation and statistical equilibrium equations was solved for the
in Table 2. corresponding model, yielding line source functions and opaci-

With these results at hand, we examine below how a twties for all transitions in our He I-He lI-He 11l atomic model. The
component model involving a “standard” BC-type wind andmergent specific intensities were then calculated as described
chromosphere on one hand, and a set of dense and hot reginr&ect. 3.
with the characteristics detailed above, created by CIR near Inasecond step, we removed the hot region from this model,
the base of the wind on the other hand, can account for tteecalculated the emergent specific intensities, then evaluated
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the contribution of the hot regions to the emergent specific inten=
sity (I'(v, 6)) by subtracting the latter set of emergent specific Y
intensities from the former. _ [

The third step consists of the calculation of the emergent P
specific intensities from a BC99 model with its normal mass ;o
loss rate { ~ 1.2 x 107® Mgy yr~'), noted°(v,6) in the  _ A
following. @

Finally, for calculations in the observer’s frame, we simu-
lated the presence of hot regions with high densities at the base.
of the wind when calculating the emergent flux as follows:

0.8
T

2m /2
F(v) = /o do cos [r(&, qb)[l(z/, 0)+[1—7r(6,9)]

—7/2

1 2m 7T/2 0 —600 —400 —200 0 200 400 600
x I'(ve, )] d9—|—/ do cosO I”(v,0)do. (1) & (k=)
0 —m/2
o . ! . o Fig. 11. Line profiles of He | 5876\ resulting from simulation of

The weighting function:(6, ¢) describes the distribution of ying with two components. The profile in full line is obtained with
the CIR in the wind. It is possible to simulate distributions of ,=10kms~!, the profile in dashed-dotted line is obtained with
CIR more or less crowded near the equator. The same methge50 kms—" and the profile in dashed line results from calculations
was developed when calculating the contribution to the profilgth vp=75kms1.
of C IV resonance line, of discrete high temperature regions in
AB Aur's wind (Bouret et al. 1997).

Integration of the (6, ¢) function over all angles providesthe resulting profile from the same two-component model as
thefilling factorf. The lower limit for the CIR density derived in for the He | D3 line and found that it has indeed the same kind
Sect. 4.2.2 allows us to set an upper limit for the filling factoof shape as the observed one, although not intense enough (see
f < 0.18. We also found that foif < 2.5 x 1074, it is no Fig. 10). On the other hand, Catala et al. (1999) found that the
more possible to obtain a significant emission on the blue sidleotospheric lines of AB Aur are asymmetric and generally
of the He | D3 line, whathever we choose for the density itcomposed of both a redshifted and a blueshifted component,
the CIRs. It is possible to obtain a more constraining upptre latter showing a periodic modulation in the velocity space
limit on f, thanks to the He | 447A line. Observations (seeranging from -40to -100 knmrs. The 34 hrs period measured in
Fig. 10) show that this line is centered on its rest wavelengtt996 is assumed to be the rotation period of the star itself. These
indicating that it is formed in a region where the velocity isbservations led the authors to suggest that at least one expand-
low. This is consistent with the result from the BC99 modeing region, with velocities up to 150 knT$, exists deep enough
In the framework of a two-components model, the presencein$ide the star, to contribute to the formation of photospheric
CIRs produces an additional absorption blue shifted by abdimes. They also found that these regions have to be located at
100kmst. So as to achieve a reasonable agreement with thigh latitudes. Therefore, if present, the contribution of CIRs to
observed profile (i.e to prevent the He | 44%1ine profile the He | 447 line profile is very likely completely blended
from being affected by the presence of CIRs) it is mandatorywéth this blue photospheric component. Finding a way to dis-
assume thaf is lower tharnt.6 x 1072, entangle these two effects is beyond the scope of the present

In summary, a two-component model as described hereork.
above is consistent with observations for a filling factor in the Asillustrated in Fig. 11, the profiles obtained with two com-
range2.5 x 1074 < f < 4.6 x 1072, ponents models are in qualitative agreement with the He | D3

Figs. 10 and 11 show the profiles of He | 448 Bnd He | profiles observed from time to time in AB Aur, with a blue-
5876A resulting from a two-component model built with BC9%hifted emission component and an absorption component more
+m7 of Table 1 (both with alow and a high value for the Doppler less centered at zero velocitydBm et al. 1996; Catala et
random velocityp in Fig. 11). al. 1999). In addition, the blueshifted emission component is

The agreement is qualitatively and quantitatively good in tHermed in a high velocity part of the wind, so that its centroid
case of He | 447R, which supports our interpretation of thevelocity is sensitive to the velocity gradient near the base of
wind structure and give further credit to the constraints derivéite wind. If the wind is made of an alternation of fast and slow
so far. streams, the star’s rotation can provide an explanation for the

A closer look at the observed profile shows that an addibserved modulation of this component.
tional weak absorption component seems to develop bluewardIn the equatorial wind model, because the line formation
of the line center. We interpret this as possibly produced bggion is very close to the photosphere, it is very likely that it
the hot-dense component of the wind. We already mentioniedn corotation with the star, whose projected rotation veloc-
(see Sect. 4.2.3) that this component gives rise to a blue-shifityds vsini = 80kms~! (Bohm & Catala 1993). The line is
absorption as long a8 < 6.1 x 10~ g.cn3. We computed therefore additionally broadened by rotation, which was already
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Fig. 12.Observed profile of He | 5878 and computed profile from a Fig. 13.Computed profile of He | 587Aforahot, dense, regionlocated
two component model with f=7 1072 andup=50 kms~*, convolved around the pole of the star. The following parameter were adopted:
by a rotation profile (dashed line). The observed profile was correctg,:=30,000 K,A/=10"7 Mg yr 1, r(0,9)=1if 0 < 75°, r(0,$)=0

for the star radial velocity, taken from Catala et al. (1999) elsewhere

mentioned in Bhm et al. (1996). This broadening induces iAB Aur is non homogeneous. This component appears episod-
turn a weakening of the line intensity (so as to conserve the lilwally in emission, slightly redshifted, with no modulation of its
equivalent width), which means that the filling factor must beentroid velocity (Catala et al. 1999). A tentative interpretation
increased to maintain an agreement with the observations. Tiéhis component given in Catala et al. (1999) assumes that it
He I D3 line in our model is formed in a compact region near thie produced by hot material accreting onto the stellar pole.
base of the wind, where in addition we can reasonably assume aAlthough our model is not capable of dealing rigorously with
solid rotation because of the presence of a magnetic field. Caaeretion, we can nevertheless check quantitatively whether hot
volving the computed profile with a rotation profile is thereforgas near the stellar pole can indeed produce an emission compo-
a reasonable approximation. The result is illustrated in Fig. b2nt with similar characteristics as observed. We mention that,
for the two component model with f=7 102 (analogous to in this context, the approach used by Muzerolle et al. (1998)
the one found by Bouret et al. 1997). constitutes another powerful and reliable tool to check this as-

Finally, we have checked thoroughly that the other linesimption on the process leading to the formation of the red
studied previously, and well accounted for by the “standard” B&mponent in emission.
model (Hx, Mg Il and C IV resonance lines), are unchanged in We have simulated the presence of a hot and dense polar
our two-component model, i.e. they are not affected whatsoevegion by using Eq. 1, with a weighting functie(?, ¢) strongly
neither by the slight change in velocity gradient near the basi@sed toward the pole, and settiig = 0 so that only the
of the wind introduced in model BC99, nor by the addition afontribution from the polar region is considered. The results
the CIR required by the He | D3 line. This is due to the fact thaf these calculations are presented in Fig. 13, and show that
these other lines are formed either in the temperature maximanch a polar hot region can indeed produce a strong emission
region of the chromosphere, or in the remote regions of the wirthmponent. In our model, this emission component is centered
so that they are not sensitive at all to the velocity gradient at thezero wavelength, as the velocity of the material producing it
base of the wind, nor to the additional hot and dense regions tisatear zero. We suggest that downward motions at the visible
we have introduced to account for the blue emission componstellar pole will create the same kind of emission component, but
of the He | D3 lines. We also checked that our model does rretishifted, as observed, due to the plasma motion with respect
produce any detectable HeXI1640A line, does not affect the to the observer. Such a redshifted emission component, whose
previously calculate N V resonance lines (Bouret et al. 1997)maximum intensity is not decreased by rotation because it is
and does not produce any detectable emission nor absorpfiinmed at the pole, is likely to fill in the underlying absorption
in the N IV )\ 1718A line, which is also absent from the IUEcomponent produced by the two components model discussed
spectra (Bouret et al. 1997). in Sect. 4.3 (see Fig. 12).

On the other hand we note that the He | D3 line some-
times appears as depicted in dashed line in Fig. 1., i.e. with a
blueshifted emission component, and a wide absorption compo-
The red component of He | D3 behaving differently than theent roughly centered at zero velocity (Catala et al. 1998yB
blue one, it is very likely that their regions of formation aret al. 1996; Catala et al. 1999). Our calculated He | D3 line pro-
distinct. This constitutes yet another evidence that the windfdé in the framework of the two-component model, i.e. without

4.4. The red emission: a three-component model



J.-C. Bouret & C. Catala: NLTE calculations of neutral helium lines in the wind of AB Aur 1023

a hot dense region at the stellar pole, is in agreement with sudh@se shocked regions, the material can be heated and its density
profile. This indicates that, whatever the mechanism that forman be enhanced, up to the values needed by the blue emission
the redshifted emission component when it is seen (e.g. patamponent of He | D3. This was simulated by a procedure simi-
accretion), this mechanism vanishes from time to time, leavifay to the one developed for studyingtN V line in the wind of
the He | D3 line with its basic blue-emission/central absorptidhis star. These simulations again strengthen the interpretation
profile. We suggest that this basic profile is formed in a winof the rotational modulation of the He | D3 line as caused by
structure similar to the one simulated in our two-componetite presence of streams of material rotating with the star.
models, involving a roughly spherically symmetric wind and The red component of the He | D3 line, when appearing in
extended chromosphere with a mass loss rate of the ordeab$orption, can be formed in the bulk of tbkassical chro-
10~8 My, yr—! and temperature near 17,000 K, and a set of hatosphere lying in the wind (Bouret & Catala 1998). When it
and dense CIR occurring near the base of the wind. appears in emission, this red component can be due to accretion
We also suggest that the He | D3 line, when observed asro the stellar pole, as our calculations suggest.
double emission line (see, e.g., the average profile of the MU- On the basis of the calculations presented in this paper, we
SICOS 1996 campaign, depicted in solid line in Fig. 1), can lbenclude that this interpretation of the He | D3 line of AB Aur
explained by a three-component model, involving (i) a more or terms of an equatorial wind + polar accretion is valid and
less spherically symmetric wind with a mass loss rate and lwnsistent with all the available observational material.
sic velocity and temperature structures similar to those of the The second possible interpretation of the He | D3 line pro-
BC99 model; (ii) a hot and clumpy medium produced e.g. lposed by Catala et al. (1999) involves both a disk-wind model,
the expected CIR in the equatorial regions of the wind; (iii) a hat which material is flowing out of an accretion disk, and polar
and dense region created by downflowing material at the polascretion down to the stellar pole. In this case, the period of
which produces the red emission component, hiding the underadulation of the He | D3 line is that of the disk rotation in the
lying absorption component formed in the bulk of the chromeegions from where the wind originates. Although attractive,
sphere. This model is capable of explaining quantitatively alich a model also needs thorough quantitative checks, which is
the observed characteristics of the He I-He Il lines, includifgeyond the scope of this paper. In particular, this will require
their temporal variability, as well as of all the other lines angbols able to treat radiative transfer in highly non-homogeneous,
continua observed in AB Aur. non isotropic media, with important velocity fields, but outside
the range of conditions under which the Sobolev approximation
is applicable. Such tools are now under construction and could,
in principle, be used for simulating either accretion columns,

Due to its high lying levels, the He | D3 line of AB Aur was€xpanding and rotating winds, or disk-winds.

considered to form in dense, hot regions, and is a perfect tool to

probe these regions located at the base of the wind of this stafknowledgementsive thank Sylvie Sahal-Bchot for providing us

Catala et al. (1999) discussed two possible interpretatio\ﬁl h her numerical code for calculations of collisional transition rates

L . . and John Tully for providing us with various atomic data. We also
of the characteristics of the He | D3 line. In the first one, the Hea knowledge fruitful discussions with lvan Hubeny, about radiative

Dj?’ lines, as Wel_l as other wind lines, are_ formedinan equ"_itorf?o{nsfer problems. Finally, we thank the MUSICOS collaboration for

wind, a model first proposed by Pogodin (1992) to explain thgaking data available to us. This work was performed while one of us

episodic disappearance of the absorption components ofthe {J.-c. B.) held a National Research Council-(NASA GSFC) Research

line PCygni profile. In this interpretation, the He | D3 line musAssociateship.

be modulated by the star’s rotation. The present paper was aimed

at quantitatively checking the relevance of this interpretation
A NLTE analysis of the formation of this line has provide(ﬁ(Eferences

new information on the physics in layers close to the star, frofppenzeller 1., Jankovics I., Krauter J., 1983, A&AS 53, 293

where it probably originates. Using the He | 59%6s well as Appenzeller I, Jankovics IOstreicher R., 1984, A&A 141, 108

other He land He Il lines, we performed a systematic study of thebel J., Montmerle T., 1997, A&A 323, 121

influence of the physical parameters of our models, which prigasti G., Bertout C., 1989, ApJ 341, 340

vided a full set of constraints (temperature, density, gas velocigals C.S., 1950, Publ. DAO 9, 1

location of the emitting layers) required to form these lines &nsoN R-S., Kulander J.L., 1972, Solar Phys. 27, 305

observed. In particular, the question of the physical mechanigg{"Ili F- Corciulo G., Ingrosso G., etal., 1992, ApJ 398, 254

driving the He | 5876\ line emission was addressed and wgemngton KA., Kingston A.E., 1987, J. Phys. B 20, 6631

showed that departures from LTE are indeed implied. ertout C., Basri G., Bouvier J., 1988, ApJ 330, 350

In the f K of this i . fthe He | D3 li Beskrovnaya N.G., Pogodin M.A., Tarasov A.E., Sherbakov A.G.,
n the framework of this interpretation of the He IN€, 1991, Pis'ma Astron. Zh. 17, 825 (Sovit Ast. Lett. 17, 349)

the presence of dense, hot regions, concentrated at low Iﬂg'skrovnaya N.G., Pogodin M.A., Nadjenov I.D., Romanyuk .I.,
tudes, at the base of AB Aur's wind, is necessary to explain 1995 A&A 298, 585

the blue emission component which is always observed in tighm T., Catala C., 1993, A&AS 101, 629

line. These dense hot regions can be naturally interpreted as Bolem T., Catala C., 1994, A&A 290, 167

to co-rotating interaction regions near the base of the wind. Bohm T., Catala C., 1995, A&A 301, 155

5. Conclusion



1024 J.-C. Bouret & C. Catala: NLTE calculations of neutral helium lines in the wind of AB Aur

Bohm T., Catala C., Carter B., et al., 1996, A&AS 120, 431 Hubeny I., 1988, Comput. Phys. Comm. 52, 103

Bohm T., Hirth G.A., 1997, A&A 324, 177 Konigl A., 1991, ApJ 370, L39

Bouret J.-C., Catala C., Simon T., 1997, A&A 328, 606 Kurucz R.L., 1979 ApJS 40, 1

Bouret J.-C., Catala C., 1998, A&A 340, 163 Ligniéres F., Catala C., Mangeney A., 1996, A&A 314, 465
Bouvier J., 1987, Ph.D. Thesis, UnivegsRaris 7 Mannings V., Sargent A., 1997, ApJ 490, 792

Calvet N., Albarran J., 1984, Rev. Mex. Astron. Astrofis. 9, 35 Marsh T.R., Kenneth A., Van Cleve J.E., et al., 1995, ApJ 451, 777
Catala C., 1988, A&A 193, 222 Mihalas D., 1978, In: Stellar Atmosphere§%edition

Catala C., Kunasz P.B., Praderie F., 1984, A&A 134, 402 Mihalas D., Stone M.E., 1968, ApJ 151, 293

Catala C., Praderie F., Kunasz P.B., 1984, A&A 154, 103 Mihalas D., Kunasz P., 1978, ApJ 219, 635

Catala C., Praderie ., Felenbok P., 1986, A&A 182, 115 Millan-Gabet R., Schloerb F.P., Traub W.A,, et al., 1999, ApJ 513,
Catala C., Felenbok P., Czarny J., et al., 1986b, ApJ 308, 791 L131

Catala C., Kunasz P.B., 1987, A&A 174, 158 Mullan D.J., 1984, ApJ 283, 303

Catala C., Bhm T., Donati J.-F., Semel M., 1993, A&A 278, 187  Muzerolle J., Calvet N., Hartmann L., 1998, ApJ 492, 743

Catala C., MUSICOS collaboration, 1999, A&A 345, 884 Pezzuto S., Strafella F., Lorenzetti D., 1997, ApJ 485, 290
Corcoran M., Ray T.P., 1997, A&A 321, 189 Pogodin M.A., 1992, Pi&a Astron. Zh. 18, 1066

Corcoran M., Ray T.P., 1998, A&A 331, 147 Praderie F., Simon T., 1986, ApJ 303, 311

Croswell K., Hartmann L., Avrett E.H., 1987, ApJ 312, 227 Proga J., Stone J.M., Drew J.E., 1998, MNRAS 295, 595

Donati J.F., Semel M., Cater B.D., etal., 1997, MNRAS 291, 658 Seaton M., 1962, Proc. Phys. Soc. 79, 1105

Drew J.E., Proga D., Stone J.M., 1998, MNRAS L6-L10 Shu F., Najita J., Ostriker E., et al., 1994, ApJ 429, 781

Felenbok P., Praderie F., Talavera A., 1983, A&A 128, 74 Skinner S., Brown A., Stewart R., 1993, ApJS 87, 217

Fernley J., Taylor K., Seaton M., 1987, J. Phys. B 20 Skrutskie M.F., Meyer M.R., Whalen D., Hamilton C., 1996, AJ 112,
Finkenzeller U., Mundt R., 1984, A&AS 55, 109 2168

Grady C., Rrez M.R., Talavera A,, etal., 1996, A&AS 120, 157  Sorelli C., Grinin V.P., Natta A., 1996, A&A 309, 155

Grady C., Rrez M.R., Bjorkman K.S., etal., 1999, ApJ 511, 925  gtrafella F., Pezzuto S., Corciulo G.G., et al., 1998, ApJ 505, 299
Gray D.F.,, 1992, In: The observation and analysis of stellar photphg P.S., de Winter D.,&ez M., 1994, AGAS 104, 1

spheres. Qdedition Tout C.A., Pringle J.E., 1995, MNRAS 272, 528
Grinin V.P., Rostopchina A.N., 1996, Astron. Rep. 40, 171 Vigneron C., Mangeney A., Catala C., Schatzman E., 1990, Solar Phys.
Hartmann L., Kenyon S.J., Calvet N., 1993, ApJ 407, 219 128, 287
Hamman F., Persson S.E., 1992, ApJS 82, 285 Wiese W.L., Smith M.W., Glennon B.M., 1966, NSRDS-NBS 4, \ol. 1
Herbig G., 1960, ApJS 4, 337 Zinnecker H., Preibisch Th., 1994, A&A 292, 152

Hillenbrand L., Strom S.E., Vrba F.J., Keene J., 1992, ApJ 397, 613



	Introduction
	The He I lines in AB Aur
	Modelling the He I - He II spectrum
	Wind model and radiative transfer
	The atomic model

	Results
	The standard BC model
	Departures from the standard BC model
	Results with a hot (T$approx $ 140,000,K) region
	Formation of a blue emission componenthfill penalty -@M in the He I D3 line
	Constraints from the He I 4471,AA  line

	A two-component model
	The red emission: a three-component model

	Conclusion

