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Abstract. — The observations of the MUSICOS 1992 campaign concerned three scientific programs, among which

was the study of azimuthal structures in the wind and chromosphere of the pre-main sequence Herbig Ae star AB
Aur. The He 15876 Â line of AB Aur, which is formed in the expanding chromosphere of this star, most probably
in the innermost parts of its wind, was continuously monitored at a spectral resolution of 30000 for about 4 days.
The line was discovered to be variable in a spectacular way, the profile changing from pure emission to a composite
profile including a deep absorption component in the course of a few hours. In this paper we present strong clues that
suggest a rotational modulation of the line, with a period corresponding to the stars rotation period of 32 hrs. We
confirmed the covariation of several non-photospheric spectral lines, formed at very different radial distances of the
star, which strengthens the idea that the variability is the signature of azimuthal structures in the wind of AB Aur,
most probably due to magnetically confined streams or loops emanating from the stellar surface. We present the data
collected during the MUSICOS 1992 campaign, but also a data set of the Hel D3 line obtained with FOE at KPNO
during the years 1991-1994 and a series of IUE spectra containing the Mgllh&k UV lines obtained one month prior
to the campaign. A thorough discussion of the possible interpretations of the spectacular variations of the He I 5876 Å
line is presented.
Key words: line: formation — line: profiles — stars: magnetic fields
— stars: emission line, Be
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432

T. Böhm et al.: Azimuthal structures in the wind and chrosmosphere of the Herbig Ae star AB Aur

1. Introduction
The Herbig Ae/Be stars are pre-main sequence objects
of intermediate mass (2-5 M0). They show conspic
uous signs of intense activity, extended chromospheres
and strong stellar winds, with mass loss rates in the
range of 10-9 — 10- 6 Mo yr- 1. In the case of the pro
totype Herbig Ae star AB Aur (spectral type AOe, Teff =
10000 K), a semi-empirical model of its wind and chromo
sphere (Catala & Kunasz 1987) led to an estimate of its
mass loss rate (10- 8M0 yr-1) and to the determination
of the structure of its chromosphere (maximum tempera
ture ≈ 17000K; size ≈ 1.5R*).
The location of the Herbig Ae/Be stars in the HR dia
gram indicates that they are in the radiative phase of their
contraction towards the main sequence, i.e., that they
do not possess outer convective zones, according to the
standard theory of stellar evolution (Iben 1965; Gilliland
1986). Considering that stellar activity is generally at
tributed to magnetic fields and/or acoustic waves gener
ated in a convection zone, these active phenomena are
quite paradoxical in the Herbig Ae/Be stars.
Nevertheless, we already have some indirect clues that
the activity of the Herbig Ae stars might be of magnetic
origin. Praderie et al. (1986) and Catala et al. (1986) ob
served rotational modulation of the MgII and CaII res
onance lines in the spectra of the prototype star AB Aur
(spectral type AOe, Teff = 10000K), with a period consis
tent with the stellar rotation (Prot ≈ 32hrs). By analogy
with the solar wind, they proposed that the modulation
might be due to the corotation of fast and slow streams,
the wind structure being controlled by a surface magnetic
field.
However, the link between the stellar wind modulation
and a structured magnetic field is far from being firmly es
tablished. In particular, we have no clear indication that
the source of the modulation is near the stellar surface,
since the lines for which such a modulation has been ob
served are formed far out in the wind. Are we seeing a
corotating structure linked to the stellar surface by a mag
netic field, or some other type of variable phenomenon occuring in the wind itself, like e.g., inhomogeneities passing
periodically through the line of sight?
Observatoire de Haute-Provence 1.52 m telescopes, and based
on
observations by the International Ultraviolet Explorer (IUE)
collected at the Goddard Space Flight Center (NASA) and the
Villafranca Satellite Station (ESA), + Visiting Astronomer,
Kitt Peak National Observatory, National Optical Astronomy
Observatories, which is operated by the Association of Univer
sities for Research in Astronomy, Inc. (AURA), under coopera
tive agreement with the National Science Foundation, ++ Visit
ing Astronomer, National Solar Observatory, National Optical
Astronomy Observatories, which is operated by the Association
of Universities for Research in Astronomy, Inc. (AURA), under
cooperative agreement with the National Science Foundation.

In this framework, the study of a variable spectral line
formed close to the stellar surface is of major interest; the
strongly variable He 15876 Á line, which is formed at the
very base of the wind/chromosphere complex (Catala et
al. 1993), is an excellent variability tracer. The simultane
ous variation of this line and the Fell5018Å line (formed
in the bulk of the expanding chromosphere) indicates the
presence of a globally structured chromosphere (Böhm &
Catala 1993a; Catala et al. 1993). However, due to the
lack of a consistent data set, these authors were only able
to conclude that the observations are in good agreement
with a rotational modulation, which does not prove the
model.
The goal of the “AB Aur” program of the MUSICOS
1992 campaign was therefore to observe the He 15876 Â
line during several stellar rotation periods with a complete
time coverage to verify whether the rotational modulation
is also found close to the stellar surface, and to constrain
better the azimuthal structure of the wind and chromo
sphere by time resolved observations. The He 15876 Â line
was monitored at a resolution of 30000 nearly continu
ously for about 4 days. During the preliminary analysis of
the observations a spectacular variabilty of this line was
discovered (Catala et al. 1994), the profile changing from
pure emission to a composite profile including a deep ab
sorption component in the course of a few hours. It has
been suggested that this variability can be the signature
of azimuthal structures in the wind of AB Aur.
This paper presents a thorough description and anal
ysis of the MUSICOS 1992 observations, but includes
also a large data set of medium resolution observations
(R ≈ 12000) of the same line obtained during 1991, 1992,
1993 and 1994 with the Penn State Fiber Optic Echelle
(FOE) at Kitt Peak National Observatory (KPNO), as
well as a data set of the Mg II h and le UV lines observed
by IUE one month prior to the campaign (R ≈ 15000).
Section 2 presents the observations and data reduc
tions. Section 3 gives the results of the observed variabil
ity. In Sect. 4 the results are discussed and conclusions are
drawn in Sect. 5.

2. Observations and data reduction
This section describes in some detail the instrumentation
used for the MUSICOS 1992 campaign, but also for the
FOE/KPNO and IUE observations included in the present
analysis. Table 1 shows the participating sites and the cor
responding observers. Some additional spectra were ob
tained at Vainu Bappu Observatory, India (observer K.K.
Ghosh) during the MUSICOS 1992 campaign; due to their
low spectral resolution and low S/N ratios they could not
be included in the analysis of this article.
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Table 1. Instruments - Observers. (E): echelle spectrograph. From the KPNO/FOE echelle spectrograph, only HeID3 line
data are presented in this paper. Instruments/observers participating in the MUSICOS 1992 campaign are described in the first
group; additional data are provided by instruments/observers of the second group

UH 2.2 m + MUSICOS (E)
OHP 1.52 m + Aurélie
Xinglong 2.16 m + ISIS
Kitt Peak 1.5 m McMath-Pierce
WHT 4.2 m + Utrecht (E)

T. Böhm, J. Baudrand, J. Czarny, T. Simon
C. Catala, J.-F. Donati
S. Jiang, J. Hao, L. Huang, D. Zhai, F. Zhao, B. Foing
J.E. Neff
E. Houdebine

KPNO/FOE 2.1 m and coudé feed [(E)]
IUE

A. Welty, J. Hall
T. Simon, A. Talavera

2.1. Data from the MUSICOS 1992 campaign
This section describes in some detail the instrumentation
used during this campaign, and the methods of data re
duction employed. All data are accessible via anonymous
ftp at “mus.obs-mip.fr” , directory “pub/mus92”.
Because the instruments were not identical from site
to site, different procedures were used for the various sites.
The log of the observations is given in Table 2; included are
also 2 additional spectra from Xinglong and 3 additional
spectra from UH, obtained within the 7 days following the
AB Aur observations of the MUSICOS 1992 campaign.
2.1.1. UH 2.2 m
The MUSICOS fiber-fed echelle spectrograph, described
in Baudrand & Böhm (1992), was mounted on the 2.2
m telescope of the University of Hawaii, at Mauna Kea
Observatory. The detector was a 2048 x 2048 Tektronix
CCD.
The data were reduced using dedicated software, de
veloped by one of us (JFD), which is based on the optimal
extraction algorithm (Horne 1986) and uses a 2D polyno
mial fit of Th/Ar line spectra to calibrate in wavelength.
Low amplitude fringes appearing both on the stellar
and flat-field spectra could not be entirely removed. This
problem does not affect the analysis of line profile vari
ations, which have a much higher amplitude than the
fringes.

stellar spectra were divided by an average of 10 flatfield
spectra. They were then calibrated using Th/Ar lamp
spectra, cleaned from cosmic ray hits, and normalized to
the continuum.
2.1.3. Xinglong 2.16 m
The fiber-fed ISIS spectrograph (Felenbok & Guérin 1988)
was mounted on the 2.16 m telescope of the Beijing Astro
nomical Observatory, with a 512 x 512 Tektronix CCD. A
special improvement of this instrument, consisting of the
installation of an image slcer, was performed at Meudon
Observatory before shipment of the instrument to China.
As a first step of the reduction procedure, a 2D repre
sentation of the background, estimated from areas of the
CCD free of stellar light, was subtracted from the stel
lar and the flatfield spectra. Cosmic ray hits were then
removed by interpolating between adjacent pixels. Stellar
and flatfield spectra were extracted, by simply summing
the columns belonging to slices of the image slicer. The
stellar spectra were subsequently divided by the flat-field
spectra. This division after spectrum extraction is justified
here because the flat-field spectra fall exactly on the same
pixels as the stellar spectra, and, due to the fiber-feed,
have the same shape perpendicularly to the dispersion.
Finally, the stellar spectra were calibrated with the help
of Th/Ar lamp spectra.

2.1.2. OHP 1.52 m

2.1.4. Kitt Peak McMath-Pierce

We used the Aurélie spectrograph on the 1.52 m telescope
of the Observatoire de Haute Provence. This instrument
was equipped with a Thomson 1D 2048 pixel detector.
The OHP data, as well as the Xinglong and Kitt Peak
data, were reduced with the eVe reduction software devel
oped at Paris-Meudon Observatory.
After subtraction of an average of 10 electronic bias
frames obtained before and after the stellar exposure, the

We used the stellar spectrograph, with a 800 x 800 TI
CCD. Due to the image sheer used with this instrument,
the flat-field spectra are wider than the stellar spectra.
We nevertheless used a procedure identical to that of the
Xinglong data. However, we reduced one of the spectra
with a different and in principle more appropriate method:
(1) background subtraction; (2) pixel-by-pixel division by
the flat-field; (3) extraction and weighted average of the
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Table 2. Log of the MUSICOS 92 observations. Some additional spectra were obtained shortly after the campaign (# 90-94).
Columns: (1) # of spectrum. (2) UT date and (3) time of observations. (4) Observing site; XL: Xinglong 2.16 m + ISIS
spectrograph. UH: UH 2.2 m + MUSICOS spectrograph. KP: Kitt Peak McMath-Pierce + stellar spectrograph. WHT: WHT
4.2 m telescope + Utrecht Echelle spectrograph. OHP: OHP 1.52 m + Aurelie spectrograph. (5) Exposure time. (6) Time
difference to the first spectrum. (Δ tmid.exp.)

#

UT: date

(1)

(2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

3 Dec. 92

4 Dec. 92
5 Dec. 92

6 Dec. 92

UT: time
(mid.exp)
(3)

Site

14 03
17 23
18 58
20 00
20 30
21 05
22 15
23 22
01 17
18 55
20 16
21 34
22 37
23 48
02 02
03 03
04 15
05 13
06 19
07 10
07 59
08 31
08 34
09 20
09 26
09 55
10 32
10 35
11 03
11 23
11 33
11 58
12 22
12 47
13 11
13 34
14 07
14 15
14 30
16 05
18 22
18 51
19 54
21 27
22 40

XL
XL
XL
OHP
XL
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
OHP
UH
UH
UH
KP
UH
UH
KP
UH
KP
UH
UH
UH
KP
UH
UH
UH
UH
UH
UH
XL
UH
XL
XL
OHP
OHP
OHP
OHP

(4)

texp
(min)
(5)

At
(hrs)
(6)

90
90
90
60
90
60
60
60
60
90
60
60
60
60
60
60
60
60
30
60
30
42
30
30
60
30
60
30
15
18
60
18
18
18
18
18
18
90
18
90
120
60
60
60
60

0.00
3.33
4.92
5.95
6.45
7.03
8.20
9.32
11.23
52.89
54.22
55.52
56.57
57.75
59.98
61.00
62.20
63.17
64.27
65.12
65.93
66.47
66.52
67.28
67.38
67.87
68.48
68.53
69.00
69.33
69.50
69.91
70.31
70.73
71.13
71.52
72.07
72.20
72.45
74.03
76.32
76.80
77.85
79.40
80.62

#

UT: date

(1)

(2)

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

7 Dec. 92

90
91
92
93
94

8 Dec. 92
10 Dec. 92
14 Dee. 92
15 Dee. 92

8 Dec. 92

UT: time
(mid.exp)
(3)

Site

texp
(min)
(5)

At
(hrs)
(6)

02 55
03 58
04 59
06 02
06 52
07 03
08 03
08 04
08 38
09 11
09 15
09 45
10 17
10 21
10 54
11 17
11 30
12 11
13 00
13 53
23 29
23 40
23 56
00 09
00 23
00 38
00 49
01 02
01 19
01 31
01 43
01 55
02 07
02 19
02 31
03 34
03 45
04 02
04 14
04 27
04 41
04 53
05 10
05 21

KP
KP
KP
KP
UH
KP
UH
KP
UH
UH
KP
UH
KP
UH
UH
KP
UH
UH
UH
UH
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT
WHT

60
60
60
60
30
60
30
60
30
30
60
30
60
30
30
60
30
45
45
45
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

84.87
85.92
86.93
87.98
88.82
89.00
90.00
90.01
90.58
91.13
91.20
91.70
92.23
92.30
92.85
93.23
93.45
94.13
94.95
95.83
105.43
105.62
105.89
106.10
106.33
106.58
106.77
106.98
107.27
107.47
107.67
107.87
108.07
108.27
108.47
109.52
109.70
109.98
110.18
110.40
110.63
110.83
111.12
111.30

20 14
20 34
08 08
05 48
11 00

XL
XL
UH
UH
UH

60
60
45
20
25

126.18
174.51
258.08
279.75
284.95

(4)
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Wavelength (A)
Fig. 1. Dynamic spectrum of the He I 5875.63 Â line, obtained during the MUSICOS 1992 campaign. The three thin vertical lines
correspond to the rest wavelength of the line and the corresponding maximum rotational broadening at ± v sin i (v sin i =80±5
km s-1 ; Böhm & Catala 1993b)
ceeded to a final application of a 3 pixel mean and a
3 pixel median filter. The final flat-fielded spectrum no
longer shows the presence of fringes, but its S/N ratio
does certainly does not correspond to the achievable max
2.1.5. La Palma 4.2 m William Herschel telescope
imum since the pixel-to-pixel variations have only partly
This telescope was used with the Utrecht echelle spectro been taken into account. The final resolution was dimin
ished by this “flatfielding” procedure from R = 40000 to
graph and a 1280 x 1180 EEV CCD.
The data were reduced with the same software as the R = 31000.
UH spectra (Sect. 2.1.1). A neutral density filter, used
during the flatfield exposures, caused an important fringe 2.1.6. Subsequent treatment
pattern in the flatfield-spectra with an amplitude of the
order of 3—4%. These fringes do not exist in the stellar ex The normalization was performed in a homogeneous way
posures and generate a major problem in the flat-fielding for all spectra recorded during the campaign. We used at
procedure. We used the following, empirically established maximum a polynomal of degree 4 to fit the continuum,
method to “clean” the flatfield: on the optimally extracted ensuring always a sufficiently high number of fitting points
Â line. Special
flatfield we applied a 3 pixel mean filter followed by a 3 shortward and longward of the He 15876Å
pixel median filter iteratively for 10 times. Thereafter we care was taken not to affect the sometimes extended wings
divided the optimally extracted monodimensional stellar of the line. Cosmic ray events were manually eliminated
spectrum by the corresponding filtered flatfield and pro from all spectra.
stellar spectrum. The resulting spectrum was identical to
that obtained by the standard procedure to within 0.1%.
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The FWHM and wavelength position of the NaID in
terstellar lines were measured on all spectra. The wave
length scale was subsequently shifted so that the interstel
lar lines fall at their rest wavelengths: it has been shown
(Finkenzeller & Jankovics 1984) that the Herbig Ae/Be
stars are physically associated with their parent molecu
lar clouds and that the interstellar Na I D (5889.95 Á and
5895.92 Â) lines have the same radial velocity as the star
itself with a precision better than about ± 5 km s_1.
The resolution of the original spectra was R = 31000
at Xinglong 2.16 m telescope, R = 30000 at UH 2.2 m
telescope and OHP 1.5 m telescope, R = 24000 at Kitt
Peak 1.5 m McMath-Pierce telescope, and R = 40000
at William Herschel 4.2 m telescope. The spectra were
then convolved with Gaussians with appropriate widths
to standardize their resolution to that of the Kitt Peak
spectra.
A dynamic spectrum of the AB Aur observations of
the MUSICOS core-campaign (hrs 0 - 112 in Table 2) is
shown in Fig. 1.
2.2. FOE/KPNO data 1991-1994

F0E_KPN0_1991

Wavelength (A)
Fig. 2. Time series of the He 15875.63 Â line obtained at
FOE/KPNO in 1991. Vertical scale: 10% of the continuum cor
respond to 15.2 hrs on the Time-axis. The vertical lines rep
resent the rest wavelength and the corresponding maximum
rotational broadening at ± v sin i (v sin i = 80±5 km s_1)

F0E_KPN0_1992

A large set of medium resolution He 15876 Â observations
(R = 12000) of AB Aur was obtained during 1991, 1992,
1993 and 1994 with the Penn State Fiber-Optic Echelle
(FOE) Spectrograph at the 2.1-m (1992 [first week of
the run], 1993, 1994) and coudé feed (1991, 1992 [second
week of the run]) telescopes of the Kitt Peak National Ob
servatory (KPNO). The instrument was equipped with a
T2KB CCD; the wavelength coverage was 3850—9050 Â.
Further details for the FOE may be found in Ramsey &
Huenemoerder (1986) and Ramsey et al. (1987). The log
of the observations can be found in Table 3.
Each observing night, in addition to object exposures,
various calibration images were obtained for processing
of that night’s data. We used NOAO’s IRAF package for
all the data reduction. The average of several bias frames
was subtracted from every non-bias exposure. Each stellar
exposure was divided by the average of several flat field
exposures to correct for the pixel-to-pixel sensitivity vari
ations. Wavelength calibration was obtained by observing
the known spectrum of a thorium-argon hollow cathode
lamp.
The time series of these observations are represented in
Figs. 2-5. Special attention should be given to the series of
1992, obtained less than one month before the MUSICOS
1992 campaign.
2.3. IUE observations - Nov. 1992

Wavelength (A)
An important additional data set of the Mg IIh and k
UV lines was obtained one month prior to the MUSICOS Fig. 3. FOE/KPNO data from 1992. 10% of the continuum
campaign with IUE at a resolution of R = 15000. The log correspond to 15.2 hrs on the Time-axis
of the observations can be seen in Table 4, the data are
displayed in Fig. 6.
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Table 3. Log of the FOE/KPNO observations. Columns: (1) # of spectrum. (2) UT date and (3) time of observations. (4)

Exposure time. (5) Time difference to the first spectrum
#

UT: date

(1)

(2)

1
2
3
4
5

13 Sep. 91

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

14 Sep. 91

6 Nov. 92
7 Nov. 92
8 Nov. 92
9 Nov. 92
10 Nov. 92
11 Nov. 92
12 Nov. 92

13 Nov. 92
14 Nov. 92
15 Nov. 92
16 Nov. 92
17 Nov. 92
18 Nov. 92
19 Nov. 92

UT: time
(beg.exp)
(3)

texp

At

00
(4)

(hrs)
(5)

12 05
12 16
09 39
09 52
12 28

500
750
750
750
481

0.00
0.18
21.57
21.78
24.38

12 55
13 06
05 49
13 00
05 43
05 50
13 01
05 41
05 48
13 01
05 50
06 47
07 57
09 29
13 00
05 48
05 56
07 52
09 50
13 04
05 49
11 18
04 36
11 24
04 32
11 22
07 58
03 56
04 28
10 43
05 29

500
150
400
400
300
300
300
300
450
500
600
300
300
500
500
360
60
300
450
400
720
720
720
720
720
720
720
600
720
600
900

0.00
0.18
16.88
24.08
40.80
40.92
48.08
64.75
64.87
72.10
88.92
89.87
115.03
116.55
120.08
136.88
137.02
138.95
140.92
144.15
160.88
166.38
183.68
190.48
207.62
214.45
235.05
255.02
279.55
285.80
304.58

#

UT: date

(1)

(2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

4 Dec. 93

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

9 Dec. 94

5 Dec. 93
6 Dec. 93
7 Dec. 93
8 Dec. 93
9 Dec. 93

10 Dec. 94
11 Dec. 94
12 Dec. 94
13 Dec. 94
14 Dec. 94

15 Dec. 94

UT: time
(beg.exp)
(3)

texp

(s)
(4)

At
(hrs)
(5)

03 49
03 51
07 54
07 56
12 06
03 40
08 52
12 16
03 36
07 34
12 15
03 32
07 24
12 03
03 40
07 42
11 39
04 56
07 47

60
360
50
400
60
300
300
240
300
240
240
300
300
600
300
300
600
300
300

0.00
0.03
4.08
4.12
8.28
23.85
29.05
32.45
47.78
51.75
56.43
71.72
75.58
80.23
95.85
99.88
103.83
121.12
123.97

03 48
07 24
11 24
03 27
07 23
11 21
04 02
04 19
11 18
05 17
03 37
08 04
10 51
03 46
07 22
07 28
11 01
03 05
06 44
10 55

250
240
240
240
240
300
900
900
300
900
300
300
300
300
300
100
300
300
300
300

0.00
3.60
7.60
23.65
27.58
31.55
48.23
48.52
55.50
73.48
95.82
100.27
103.05
119.97
123.57
123.67
127.22
143.28
146.93
151.12

age in the second half of the observation period is very
good, but we experienced some weather problems in the
3.1. Variability of the He 15876 Â line
first half, leading to an overall duty cycle of about 50%.
We see spectacular variations in this emission line; the
3.1.1. The MUSICOS 1992 data
HeID3 line is mostly in emission, but a deep absorp
Figure 1 shows a dynamic spectrum of the He 15876 Â tion at 80 hrs and a less deep absorption at 110 hrs are
line, constructed from the data obtained during the
MUSICOS 1992 campaign on AB Aur. The time cover

3. Results
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F0E_KPN0_1993

Wavelength (A)
Fig. 4. FOE/KPNO data from 1993. 10% of the continuum

correspond to 15.2 hrs on the Time-axis

FOE_KPNO_1994

Wavelength (A)
Fig. 5. FOE/KPNO data from 1994. 10% of the continuum

correspond to 15.2 hrs on the Time-axis

striking. Also, the emission seems to be somewhat
blueshifted compared to the rest-wavelength of the line.
Figure 7 shows the same data set of the MUSICOS
92 campaign (Logs in Table 2), including the additional
spectra obtained at UH and XL within one week after the
campaign. We refer to this figure for the discussion of the
profiles.
Around 0, 60, 65, 126 and, somewhat more intense, at
284 hrs we observe repeatedly a similar emission-profile,
which is very broad, approximately symmetric and cen-

Table 4. Log of the IUE observations of the Mg II h and k UV
lines. Columns: (1) # of spectrum. (2) UT date and (3) UT
time of observations. (4) Exposure time. (5) Time difference to
the first spectrum

#

UT: date

(1)

(2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

30 Oct. 92
31 Oct. 92

1 Nov. 92

2 Nov. 92

UT: time
(mid.exp)

texp
(S)

(hrs)

(3)

(4)

(5)

22 29
23 48
01 05
02 23
03 40
06 08
07 22
08 33
09 45
10 58
12 21
13 54
15 14
16 38
18 01
20 18
21 48
23 10
00 30
01 51
03 14
04 44
06 07
07 31
08 51
10 04
11 23
12 42
14 03
15 36
17 05
18 46
20 09
21 35
23 04
00 33
02 12
03 41

2100
11

1800
11
11

1500
11
11
11

1800
2100
”
11

”
11
11
11
”

'
'

”
''
2400
11

1800
11

2100
11
11

2400
11

2100
11

”
”
2400
11

11

At

0.00
1.32
2.60
3.90
5.18
7.65
8.88
10.07
11.27
12.48
13.87
15.42
16.75
18.15
19.53
21.82
23.32
24.68
26.02
27.37
28.75
30.25
31.63
33.03
34.37
35.58
36.90
38.22
39.57
41.12
42.60
44.28
45.67
47.10
48.58
50.07
51.72
53.20

tered (or slightly blue-shifted) on the rest-wavelength of
the star. This profile seems to appear the most frequently;
in the following we will therefore call this profile some
what arbitrarily the “basic”-profile of the HeID3 line. An
averaged profile of spectra # 1, 2, 14-17 and 19 (corre
sponding to 0.00, 3.33, 57.75—62.20, 64.27) has the fol
lowing properties: an emission-peak 13% above the con
tinuum, an equivalent width of —750 mÂ, a FWHM of
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The spectacularly broad and deep absorption compo
nent around t = 80 hrs appeared only for about 6 hours.
The spectra show then a combined profile, composed of
a blueshifted emission and a redsliifted absorption. The
deepest absorption component of the series is seen in spec
trum # 45 at 81 hrs. Its centroid is shifted by +100 km s-1
and it extends redwards up to ~380 km s-1. The equiv
alent width of this component is around 320 mÂ, and it
reaches a depth of 7% below the continuum. The “blue”
component is shifted by —200 km s-1, its edge is extend
ing bluewards up to - 540 km s_1, the equivalent width
is —260 mÂ and arises about 6% above the continuum.
Spectrum # 89 at 111 hrs shows even wings extending as
far as - 700 km s-1 to the blue and more than 450 km s_1
to the red.
3.1.2. FOE/KPNO data 1991-1994

Wavelength (A)
Fig. 6. Time series of the Mg IIh and k UV lines observed

by IUE one month prior to the campaign ( R = 15000). 10%
of the continuum correspond to 0.8 hrs on the Time-axis. The
two sets of vertical lines (dashed and dotted) represent the rest
wavelengths of the h and k line (2795.523 Â and 2805.698 À)
and their corresponding maximum rotational broadening at
± sin i (v sin i =80± 5 km s_1). Two additional full lines
blueshifted at 340 km s-1 with respect to the central wave
lengths help to locate the variations of the blue edges of both
lines

350 km s_1, an extension from —370 to +250 km s_1, and
a centroid-position of - 50 km s-1. These velocities show
only the order of magnitude of the encountered velocities;
the individual spectra used for this combined “typical”
spectrum show easily 10—20% deviation from the values
given above. This averaged profile can be seen in Fig. 8.
The emission of spectrum # 94 at 284 hrs exceeded
the continuum by about 17% and reached a equivalent
width of - 930 mÂ, but was perfectly centered on the restwavelength. The centroid of spectrum # 65 at 95 hrs was
shifted by —100 km s-1.

The FOE/KPNO data set from 1991 (Fig. 2) covers only
24 hrs with 5 exposures. No major variations can be de
tected in the HeID3 line. It can noticed that the profile
resembles the profiles # 26 at 214 hrs or # 14 at 80 hrs in
the FOE/KPNO data set from 1992 or 1993, respectively.
A very interesting FOE/KPNO data set was obtained
in 1992 (Fig. 3). The data cover 305 hrs with 31 spectra.
Spectrum # 28 at 255 hrs shows again the presence of a
very deep absorption component. Its centroid is shifted by
+ 100 km s_1 and it extends redwards as far as ~400 km
s-1 ; the equivalent width of this component is 420 mÅ and
it reaches a depth of 10% below the continuum. The “blue”
component is shifted by —220 km s-1, its edge is extending
bluewards as far as - 520 km s-1 the equivalent width is
—200 mÅ and rises almost 6% above the continuum. The
variability of the HeID3 line is again tremendeous dur
ing these observations. Nevertheless, we observe again a
“basic”-profile similar to the one observed in the MUSI
COS 1992 data set, but somewhat flat-topped). An aver
age of different “basic”-profiles (# 7, 10, 11, 12, 21 and
25) is shown in Fig. 8. Its properties are similar to the
one from MUSICOS 1992: a well centered emission with
W\ = -650mÂ, extending from - 290 to +270 km s_1,
with a maximum height of 10% over the continuum.
The FOE/KPNO data set from 1993 contains 19 spec
tra spanning over 124 hrs. Both “standard” features ap
pear again. The averaged “basic”-profile (Fig. 8) of the
similar spectra 12, 13, 14, 18, 19 has a maximum height
of 11%, a blue and a red edge of - 350 and + 270 km s_1,
respectively; the equivalent widht is —700 mÅ and the cen
troid is shifted by only 14 km s_1. Spectrum # 8 at 32 hrs
has an absorption component with a depth of 5% of the
continuum extending redwards as far as 320 km s_1, an
equivalent width of 170 mÅ and a centroid displacement
of +110 km s_1. The “blue” component is shifted - 170
km s_1 bluewards and extends as far as - 450 km s-1.
Its emission reaches 5% above the continuum and has an
equivalent width of 170 mÂ.
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observations_MUSICOS_1992

observations_MUSIC0S_1992

Wavelength (A)

Wavelength (A)

Wavelength (A)

observations_MUSIC0S_1992

observations_MUSICOS_1992

observations_MUSIC0S_1992

Wavelength (A)

Wavelength (A)

Wavelength (A)

Fig. 7. Time series of the HeI5875Å

line, obtained during the MUSICOS 1992 campaign, containing the additional UH
and XL spectra (# 90 - 94). Only the excesses to the continuum (of the normalized spectra) are plotted; 10% of the continuum
correspond to 2.24 hrs on the time-axis. The individual panels correspond to blocks of 32 hrs in the time domain [consistent with
the stellar rotation period (Prot = 32 hrs)]. The vertical line corresponds to the rest wavelength of the line and the corresponding
maximum rotational broadening at ± vsin i (v sin i =80±5 km s-1). This representation shows well the different types of profiles
we observed, while Fig. 1 shows better the continuous variation of the profile

The 1994 data set (Fig. 5) shows only emission compo expected rotation period. Studies by Praderie et al. (1986)
nents for the HeID3 line. It’s basic profile is shown in Fig. and Catala et al. (1986) reveal that the Ca IIK line shows
8 and has properties comparable to the MUSICOS-1992- a periodic behavior with a period of 32 hours, while the
“basic”-profile. No clear absorption appears, the varia Mg IIh&k variations exhibit a period of 45 hours; these
authors suggest that the CaII K line, formed near the
tions seem also very complex.
base of the wind, is modulated with the star’s rotation pe
riod, while the Mg IIh&k lines, formed further out in the
3.2. Rotational modulation?
wind, are modulated with a longer period corresponding
We know from previous studies of AB Aur that spec to the rotation period of more remote parts of the stellar
tral lines formed in its wind, like the Ca IIK line or the envelope. In this model, the variations would be due to
Mg IIh&k lines, are modulated with periods close to the
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alternating fast and slow streams in the stellar wind, con
trolled by a magnetic field.
The variability of the Mg IIh&k P Cygni profile
of AB Aur, observed with IUE one month before the
MUSICOS 1992 campaign is in agreement with a period
close to 46 hrs. The detailed analysis of the blue wings of
both lines shows nevertheless that a periodicity as short as
32 hrs would not correctly match the data. However, even
if the small time-basis of the data set makes any precise
periodicity determination impossible, the observed behav
ior resembles the one from 1982 and 1984 for these lines.
A thorough time variability analysis in all the data sets
of the HeID3 line in 1Â wide wavelength bins, but also
for the total equivalent width of the line, was subsequently
performed. We applied very different methods, but the
most efficient were the “Phase Dispersion Minimization”
(Jurkevich 1971; Stellingwerf 1978) and the “Information
Entropy” method proposed by Cincotta et al. (1995).
Figure 9 shows the result of the “Information
Entropy”-analysis applied on the total equivalent width
(EW) of the line, integrated for each spectrum between
5870 Å and 5882 Å. After rephasing the data set with a
given period, the information entropy of the resulting 2D
cloud of points has been calculated on a 3 x 3 grid, follow
ing Cincotta et al. (1995). A clear minimum of the entropy
is detected for a period close to 32 hrs. In order to ver
ify the physical significance of this result, we performed
a consistency-check by applying the same method to ran
dom data sets, each one obtained in the following way:
for all points (t0bsi, EWi) [t0bs is the time of observation,
i indicates a spectrum number within the time series] we
replaced EWi by EWj, where j is randomly selected from
the total number of spectra constituing the analyzed time
series. This random assignment therefore removes any un
derlying periodicity linked to a physical phenomenon. The
large number of random data sets reduces the risk of de
tecting coincidental periodicities. The artificial data sets
reveal some relative minima, which can be attributed to
the window function of the data set; however, the absence
of a 32 hrs periodicity in these artificial data sets clearly
supports the physical existence of this periodicity in the
original data set.
Since the different periodicity analysis methods
strongly suggest the presence of a period close to 32 hrs in
those data, despite the moderate phase coverage achieved
during the MUSICOS 1992 campaign, we decided to make
a consistency-check of the whole HeID3 data set in view
of a rotational modulation with the stars rotation period
of 32 hrs.
We subtracted the corresponding “basic”-profiles from
each single HeID3 spectrum of all 5 data sets and
rephased the data with different assumed periods; the
smoothest variations in the phase diagram corresponded
again to a period around 32 hrs. Figures 10-14 show the re
sulting phase-diagrams. For all data except the 1991 data
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set we decided to split the phase diagram in individual
cycles, each cycle corresponding to one stellar rotation.
“Cycle n.m” indicates the nth rotation of 32 hrs and the
fraction (=phase) m; cycles are counted relatively to the
first spectrum of each individual data set. In fact, the
strong intrinsic variability and the limited duration of the
individual phenomena make an absolute time calibration
senseless.
The detailed analysis of Fig. 10, corresponding to the
MUSICOS 1992 campaign data, reveals different remark
able properties that can be interpreted as clues for rota
tional modulation.
Spectra close to integer cycle values, e.g., spectra from
cycles [0.0- 0.3], [1.6-2.0], [2.0-2.3], [2.8-3.0] and 3.9 are
almost completely flat. Close to cycle 2.5 we observe a
deep, broad and almost symmetric absorption appearing
in these relative profiles. It reappears at cycles [3.3- 3.5],
but weakens until cycle 5.5. The wavelength position of
this absorption component seems almost centered on the
rest-wavelength of the line and does not move much during
its appearance of a few hours; however a slight shift of the
centroid towards the red side of the line seems to appear
in cycles [2.3- 3.0]. Notice the enormous extended wings
of the profiles. Cycles [8.0- 9 .0] show unvariable profiles,
which, like cycles [2.8- 3.0], contain some minor emission
and absorption components. The relative flatness of spec
tra close to cycle 0.4 show that the periodical phenomenon
has a typical lifetime of some 5 to 10 cycles, i.e., 5 to 10
stellar rotations. The intrinsic variations between spectra
at cycle 2.0 and spectra close to cycle 3.0 should be noticed
and will be discussed later.
The FOE/KPNO 1991 data set is too small to make
any statistical analysis of spectral recurrence. We decided
therefore to take the first spectrum of the series as a
“basic”-profile, even if this might not have great signifi
cance. Only the occurence of a minor (relative) absorption
during the night can be observed (Fig. 11).
Figure 12 shows the rephased FOE/KPNO 1992 data
set. Clear absorptions occur at cycles 0.7, 6.7 and 7.9, mi
nor absorptions at cycles 1.3, [3.5—3.8], [5.7—6.0] and 7.3.
It is interesting to observe that the absorption at cycle
0.7 disappears completely until cycle 2.7, assuming from
the preceding results that the periodicity of 32 hrs is re
sponsible for the variations. The slowly increasing absorp
tion feature from cycle [5.7—6.0], 6.7, 7.9 disappears com
pletely at cycle [8.7—9.0], This could again indicate the
occurence of a phenomenon with a short life-time, of the
order of several stellar rotations. These data might also
suggest the additional presence of several minor absorp
tion features (e.g., at cycle 1.3), not related to the main
phenomenon. The absorption at cycle 7.9 could be the
reappearence of the absorption observed 7 cycles earlier,
making the assumption that physical conditions responsi
ble for the phenomenon were transiently inactive.
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Quiet profiles

ble to one hour. Its profile is mostly in emission, al
most centered on the rest-wavelength, extending red- and
bluewards around 300 km s-1. This profile changes only
slightly from one data set to the other, it is therefore
called “basic” . However, some spectra show in addition
the presence of deep absorption components in the red
part of the profile. These absorptions appear only for few
hours and are recurrent with a periodicity close to the
expected stellar rotation period of ~32 hrs; their overall
lifetime seem not to exceed a few stellar rotations. The
rotational modulation of the line is strongly reinforced by
these observations. It is interesting to notice the shape of
the residual spectra once the “basic”-profiles have been
subtracted: they all present rather symmetric and cen
lambda
tered absorptions. However, in some cases the slight shifts
between the centroids and the asymmetric wings of both
Fig. 8. “Basic” profiles from FOE/KPNO 1992 (full),
components lead to profiles presenting a blueshifted emis
MUSICOS campaign 1992 (dash), FOE/KPNO 1993
sion
and a redshifted absorption. Like the “basic”-spectra,
(dot-dash) and FOE/KPNO 1994 (dot)
the residual spectra have very broad wings extending redHe_l_D3_EW
and bluewards several hundred kms-1, i.e., many times
the projected rotational velocity (v sini = 80±5 kms-1 ;
Böhm & Catala 1993b). This indicates clearly that rota
tion can not explain by itself the broadening of the resid
ual spectrum. Minor variations of the “basic”-profiles can
most probably be attributed to intrinsic profile-variations.
In some data sets the simultaneous existence of more than
one recurrent phenomenon is likely. Clearly, the situation
is more complex than expected on the basis of the past
results on the CallK and Mg II resonance lines.
3.3. Variability of other spectral lines

Fig. 9. “Information Entropy”-analysis of the total equivalent
width (EW) of the He ID3 line time series, obtained during the
MUSICOS 1992 campaign (full line). A minimum of entropy
is detected for a period close to 32 hrs. The dotted lines show
the same analysis, performed on artificial data sets (see text for
details); the absence of any 32 hrs periodicity in the artificial
data demonstrates its physical reality in the MUSICOS 1992
data set

This idea seems to be reinforced when we take into
account the FOE/KPNO 1993 spectra (Fig. 13): the deep
absorption component at cycles [0.7—0.9] reappear in the
following cycle (1.8), but disappear completely at cycle
3.0. The absorption appearing at cycle 1.0 belongs most
probably to the one previously described.
Figure 14 shows the FOE/KPNO 1994 data set treated
in the same way. Only minor absorptions appear, the gen
eral situation seems very “quiet” .
The general behavior of the HeID3 line in all previ
ously discussed data set can be summarized as follows:
The line is extremely variable on timescales compara

Interesting supplementary information is provided by
the wide spectral coverage of the echelle spectra ob
tained with the MUSICOS spectrograph at UH on the
6th and 7th of December 1992 and the Utrecht echelle
spectrograph at WHT on the 8th of December 1992.
The most important non-photospheric lines were H/β,
Fe II5018.44Â, HeI5875.61Â, HeI6678.15Â, OI7773Â
and Call8542.09 Å. The Ha line is saturated in some of
the spectra. We adopted the following way to compare
their variation throughout the 3 nights: Each spectrum of
a night has been divided by the first spectrum of its corre
sponding night. The “ratio”-spectra were adjusted to the
stellar rest-wavelength and a 3-pixel mean- and a 3-pixel
median-filter were applied twice consecutively to reduce
the noise. In order to increase the S/N-ratio we averaged
groups of 3 or 4 consecutive spectra. Figure 15 shows the
result of this treatment. All “ratio”-spectra corresponding
to the different lines evolve in a very similar way: dur
ing the first night (UH Dec. 6th) most of them develop
an absorption component on the red side of the “ratio”line profile; this is seen clearly for He 15876 Á, 0 I7773
and H/3, much weaker for CaII 8542. They tend to move
redwards during the night. The FeII5018Â “ratio”-line
develops also an absorption which seems centered on the
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Fig. 10. Time series of the He I5875.63 Å line, obtained during the MUSICOS 1992 campaign. The basic profile displayed in

Fig. 8 has been subtracted from all spectra. 10% of the continuum correspond to 0.07 on the Phase-axis (same rela tive y-scale
than in Fig. 7). The vertical line corresponds to the rest wavelength of the line and the corresponding maximum rotational
broadening at i±
sn i
v
(v sin i =80±5 km s-1)

rest-wavelength of the line. H/3 shows in addition two com
plex absorption components developing on the blue side of
the “ratio”-line. All of them develop more or less strong
blueshifted emission during this first UH night. The si
multaneous development of emission during the second
UH night (Dec. 7th) reinforces the idea of a covariation.
This emission (in the “ratio”-profile) seems to arise more
intensively in the blue part of the profile. In night 3 at
WHT (Dec. 8th) all “ratio”-profiles develop absorption
on the red side of the profile, some also emission on the
blue side. The H/3 line, which, unlike the others, is formed
thoughout all the stellar atmosphere, exhibits for this rea

son a somewhat more complex behavior than the other
lines.
Very low-level variations at the limit of detectability
are present in many photospheric lines. These variations
consist in a slight change in the asymmetry of the lines,
and occur with time-scales of hours. The analysis of these
variations using the complete set of photospheric lines
present in the echelle spectra of these nights is presented in
Catala et al. (1996). Catala et al. computed residual spec
tra with respect to an averaged photospheric profile and
plotted thereafter “ratio”-spectra of the residuals in the
same way as in Fig. 15. A comparison shows that during
the first night even the photospheric “ratio”-lines develop
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F0E_KPN0_ 1991

Period: 32.0

Wavelength (A)

Fig. 11. Rephased time series of the Hel 5875.63 Â line ob
tained at FOE/KPNO in 1991 with a phase of P = 32 hrs.
The basic profile displayed in Fig. 8 has been subtracted from
all spectra. 10% of the continuum correspond to 0.07 on the
Phase-axis. The vertical lines represent the rest wavelength and
the corresponding maximum rotational broadening at ± v sin i
(v sin i =80±5 km s- )
an absorption component becoming deeper and moving
redwards during the night. It is more difficult to draw
conclusions for the second night. “Ratio”-spectra from the
3rd night at WHT show again some similarities in their
evolution.
It has been shown by Böhm & Catala (1993b) that the
variable lines analyzed above are formed in different radial
distances in the chromosphere/wind complex of the star.
We now have direct clues that all the non-photospheric
lines, but most probably also the photospheric lines, are
varying simultaneously. That strongly supports the idea
of a globally azimuthally structured wind and chromo
sphere of the star and confirms prior speculations (Böhm
& Catala 1993a; Catala et al. 1993).

4. Discussion
The results of the MUSICOS 1992 campaign, the IUE ob
servations one month prior to the campaign, as well as the
different data sets obtained with FOE at KPNO from 1991
to 1994 strongly reinforce the idea of a rotational modula

tion of the HeID3 line, but also of other non-photospheric
lines forming in the wind and the chromosphere of the star.
Previous studies of the He 15876 Â line of AB Aur
(Catala et al. 1993) show that this line varies dramati
cally and that one typical profile appears frequently: this
profile consists of a blueshifted emission component and
an absorption component whose deepest part is at zero
velocity and which includes a red extended wing. Most
of the time, the width of this absorption component cor
responds to the expected rotational broadening. We call
this type of profile the composite profile. The observation
of the He 15876 Â line in a large sample of Herbig Ae/Be
stars reveals that this type of profile is very common, and
that the width of the absorption component is systemat
ically proportional with the stellar rotational broadening
(Böhm & Catala 1995). This clearly reinforces the idea
that this line is formed very close to the star, in a re
gion of the wind which is co-rotating with the stellar sur
face. Figure 16 gives an example of such a profile in the
case of AB Aur. In the previous studies of the HeID3 line
of AB Aur this composite profile was interpreted as the
“basal”-chromosphere profile of this line.
The analysis of the more complete HeID3 data sets
presented in this paper reveals that the most frequent pro
file is not the composite one, but rather the one we called
“basic,” i.e., a broad, almost centered, strong emission
profile. It should be noticed that this profile appeared also
in the various data sets analyzed in Catala et al. (1993).
The composite profile observed frequently in the past
in AB Aur and in other Herbig stars is compatible with
the superposition of this “basic” profile in emission and
an additional absorption component.
The region of formation of this line is certainly close
to the stellar surface, in a zone of increasing temperature
within the chromosphere (Böhm & Catala 1993b; Catala
et al. 1993; Böhm & Catala 1995). Taking into account all
observations of this line analyzed until now, including the
results presented in this paper, we conclude that the chro
mosphere of AB Aur generates mainly 2 components in
the He 15876 Â line, one “basic”-component and one rotationally modulated absorption component. The line never
appears purely in absorption, which reveals the permanent
existence of the “basic”-profile.
The existence of a modulation of the line with the
star’s rotation period provides a direct clue for an az
imuthally structured atmosphere; these structures are
corotating with the star and most probably are of mag
netic origin. Both components of the line are formed in
chromospheric regions, since the He 15876 Â line cannot be
formed in the photosphere of an AO star, but they witness
different physical conditions of the chromosphere. Both
components are usually seen simultaneously; in the case
of the observations presented in this paper the “basic”component dominates, while in other observations of the
same line (Catala et al. 1993) and in observations of other
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Fig. 12. Same figure as previous, but for the FOE/KPNO 1992 data
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Fig. 13. Same figure as previous, but for the FOE/KPNO 1993 data

Herbig Ae/Be stars (Böhm & Catala 1995) the absorption
component seems to dominate.
Considering the very large widths of both components,
it is clear that they are formed in regions of high macrotur
bulent motions; these motions can reach several hundreds
kms- 1, a value consistent with previous estimates (Catala
& Kunasz 1987; Catala 1988; Catala et al. 1993). We sug
gest the following interpretation of the behavior of both
components of the He 15876 Â line:
—the “basic”-component is a broad and rather sym
metric emission profile, approximately centered on the
rest-wavelength. Figure 8 shows such profiles. It must
be generated in the increasing temperature zone of the
chromosphere, where the high temperature is responsi
ble for the strong emission. Very high turbulent veloci

ties, up to several hundreds kms- 1, must be present in
this region to account for the more or less symmetrical
shape of this component.
—the absorption component is formed in hypothetical
streams originating from or directed towards the stellar
surface; there may be one or several of these streams.
These streams are likely to be controlled by the struc
ture of a surface magnetic field. Due to the lower den
sities in these magnetically confined streams, the line
is formed closer to the stellar surface compared to the
“basic”-component: its region of formation is therefore
close to the base of the wind and chromosphere, where
the chromospheric temperature is not far above the
effective temperature, and is not yet high enough to
generate an emission line.
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Fig. 14. Same figure as previous, but for the FOE/KPNO 1994 data

The stream structure at the origin of the behavior of
the HeID3 line is also responsible for the variations of
other non-photospheric lines, formed at different heights
in the chromosphere. This result shows that the mag
netic structure affects extended regions of the star’s at
mosphere, and not only those close to the surface.
If this model is valid, the very strong and recurrent ab
sorption component observed during the MUSICOS 1992
campaign (Figs. 7 and 10) must originate from a stream
component located close to the hidden pole of the star; this
would explain its short appearance during cycles [2.0- 3.0].
Furthermore, its lifetime seems to be of the order of a
few rotation periods. This explains also the existence of
longer periods of inactivity. Additional intrinsic variations

of both components seem to be present, probably due to
temperature, mass loss or wind velocity variations.
Three possible scenarios can be envisaged concerning
the kinematics inside the streams responsible for the gen
eration of the absorption component:
1. The streams are magnetically confined jets in which
material is ejected from the star. At a certain distance
the magnetic field confining these jets becomes weaker
than the magnetic equipartition field and the streams
are dissipated in the circumstellar medium. This would
explain why the period of the modulation observed for
the Mg II UV lines is longer than the stellar rotation
period (see Sect. 3.2). Very high turbulent velocities
would be required in these streams to explain the large
widths of the absorption component.
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Fig. 15. Variability of other spectral lines present in the echelle spectra of UH and WHT. The time-axis is aligned with the

MUSICOS 1992 campaign. The spectra cover 3 nights (2 nights UH and 1 night WHT). Each spectrum was divided by the
first spectrum of the same night. These spectra contained a normalized continuum. The amplitudes A (expressed in hrs) of
the plotted “ratio”-profiles can be calculated by the following relation: A = α ( F λ λ l ) , F\ and F1λ are the fluxes of both
spectra; αi
s 14.1 hrs for Hß (4861.32 Á) and 37.6 hrs for the Fe II 5018.44 Å, HeI5875.61 Â, He 16678.15 Å, OI7 m 3Â and
Ca II8542.09 Å lines. The dashed and the dotted vertical lines correspond to the rest-wavelength and to a shift of ± v sini,
respectively; the dashed vertical lines in the plot of the O I 7773 line indicate the position of the two strongest single components
of the OI blend at 7771.94 Â and 7774.17 Å
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(at velocities higher than - 340 km s_1), while the main
variations in the HeID3 line are observed close to the
rest-wavelength of the line or even slightly redshifted. It
is possible that some cool material in the wind gets heated
to high temperatures and then starts to fall back onto the
star, while cooler gas continues to flow outward. There
could be few loops, the tops of which get hot enough to
produce X ray emission (Zinnecker & Preibisch 1994), and
in the bottoms of which one forms lines like HeID3, while
Mg II and other wind lines originate in field free or open
field regions.
5. Conclusion

Fig. 16. Example of a typical composite profile observed in
AB Aur the 16 Dec. 91 with the MUSICOS spectrograph. Su
perimposed (full thin line) is a synthetic photospheric spec
trum, computed with the stellar parameters

2. The streams are magnetic flux tubes in which mat
ter is falling down to the stellar surface, for instance
accreted from a circumstellar disk (see e.g., Königl
1989, 1991). In this case, the flux tubes extend from
a region close to the corotation radius (for AB Aur
.Rcorot ~ 3.0 R* [for M* = 3.2M0, R*=2.7R@ from
Hillenbrand et al. 1992, sin i = 60° and v sini = 80±5
km s_1 from Böhm & Catala 1993b]) the disk down
to the photosphere. However, a “basic”-component is
still present in this situation. This scenario seems un
likely since the presence of a significant circumstellar
accretion disk around AB Aur and most of the other
Herbig Ae/Be stars is very doubtful (Böhm & Catala
1993b, 1994).
3. The streams are magnetic loops in which matter is
ejected from the stellar surface. After moving through
the loops the matter falls down again on the star.
Broad absorption wings extending redwards are ob
served in some of the spectra described in Sect. 3.1 and
could reinforce this idea. This model would not require
high turbulent velocities in the loops, but rather high
velocities for the material travelling along them.
The limited lifetime of the absorption component could
be attributed to variations of the magnetic field responsi
ble for the confinement of the streams.
Regarding the model, we are driven by the behavior of
the other lines, e.g., MgII, to conclude that the “basic”
emission component is formed over an extended region
surrounding the star (but perhaps a smaller volume than
produces the MgII “P Cygni” emission feature), and that
the absorption in He I is produced in projection against
the disk (as is the MgII absorption). It is not easy to
understand why most of the variations in the Mg II line
are occuring on the blue edge of the absorption component

A detailed analysis of AB Aur’s He 15876 Å line obtained
during the MUSICOS 1992 campaign and of additional
data sets yielded the following main results:
1. The strong variability of the He 15876 Â line is con
firmed. Spectacular variations within a short timescale are observed repeatedly. In certain periods of ob
servations, the variability is much lower than in others,
i.e., the star is in a “quiet” phase. In this case, the line
has a broad and almost centered emission profile.
2. The main variations are most probably due to rota
tional modulation of the line with a period correspond
ing to the star’s rotation period, i.e., Prot ~ 32hrs.
A qualitative model, involving magnetically controlled
streams, is compatible with the observations.
3. The stream structure observed during the MUSICOS
1992 campaign has a dominant component close to the
hidden pole of the star. The lifetime of this structure is
relatively short, of the order of a few rotation periods.
4. This stream structure originating from the stellar sur
face affects extended regions of the atmosphere, as wit
nessed by the co-variation of various lines probing dif
ferent heights in the atmosphere.
However, due to the incomplete phase coverage and
therefore the lack of continuous data in the MUSICOS
1992 campaign we are not able to prove unambiguously
the hypothesis of rotational modulation and to disentangle
the role of the different components of the line.
The only way to understand completely the complex
behavior of AB Aur’s spectral variability would be to mon
itor continuously a sample of spectral lines formed in dif
ferent regions of the stellar atmosphere during several
rotation periods. This approach would give us access to
an unambiguous determination of the three-dimensional
structure of the stellar atmosphere and of the star’s sur
face.
These results confirm the presence of a structured at
mosphere, with an origin of the structure close to the stel
lar surface at the base of the chromosphere/wind com
plex. Nevertheless, the origin of the structure remains un
explained and the existence of a surface magnetic field
responsible for this phenomenon has still to be established.

450

T. Böhm et al.: Azimuthal structures in the wind and chrosmosphere of the Herbig Ae star AB Aur

If confirmed, the paradoxical existence of a magnetic field Catala C., Kunasz P.B., 1987, A&A 174, 158
in a star in radiative contraction towards the main se Catala C., 1988, A&A 193, 222
Catala C., Böhm T., Donati J.-F., Semel M., 1993, A&A 278,
quence will have to be explained.
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