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Abstract. — We present an atlas of very high resolution (R ~ 50000) He line profiles of 63 pre-main sequence stars,
divided among 43 T Tauri stars, 18 Herbig Ae/Be stars, and 2 FU Orionis objects. Ho emission is the most common
and prominent spectroscopic feature of pre-main sequence stars, and although it is optically very thick it is still the
most frequently modelled emission line in young stars. In T Tauri stars the principal models involve magnetically
driven winds, and more recently the role of infalling magnetospheric material has been explored. For Herbig Ae/Be
stars a variety of models have been proposed, current emphasis is directed towards obscuration by clumpy circumstellar
disk structures. In order to provide constraints on such models, we have made a statistical analysis of the 63 high
resolution profiles. We here ignore the considerable variability of the Ha emission, which is discussed in detail in a
second paper. Most of our observed lines show complex profiles due to an interplay between emission and absorption
features, and we suggest a two-dimensional classification scheme to describe these line profiles, based on the relative
height of a secondary peak to the primary peak, as well as whether the absorption is blue- or red-shifted. Among
T Tauri stars, 25% have symmetric profiles, 49% have blueshifted absorption dips, and 5% have P Cygni profiles; the
remaining 21% show a variety of redshifted absorptions. For Herbig Ae/Be stars symmetric lines are quite rare (11%),
indeed almost all of these stars have deep and prominent central absorptions. We have measured the extent of the
line wings for all of our stars at the Imax/40 level, and find that almost all have very extended wings, with typical
extents of +350 km/s, but in high S/N spectra the wings can be traced to lower intensities, and velocities as high as
4900 km/s have been observed. Pronounced asymmetries of these extended wings are found for many stars, suggesting
the possibility that the highest velocity material could be non-uniformly distributed. The equivalent widths of the
Ho emission in our sample of stars span two orders of magnitude, with a distribution that increases with decreasing

equivalent width.
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1. Introduction

Among the earliest recognized characteristics of young
stars in dark clouds was the often strong Ha emission
line seen in low dispersion spectra (Joy 1945), and Ha
emission remains a prominent feature of almost all known
young stars. Indeed, until recently the principal method
for identifying new young stars was to perform red objec-
tive prism surveys looking for stars with Ho emission near
dark clouds.

Herbig (1962) noted that Balmer lines of T Tauri stars
can display blueshifted absorption components, and sug-
gested that they are evidence for strong stellar winds, an
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interpretation that still stands today. Walker (1972) drew
attention to a sub-class of the T Tauri stars, the YY
Orionis stars, which have redshifted absorption in the
Balmer lines, particularly the higher ones. These inverse
P Cygni profiles have generally been interpreted in terms
of material accreting onto the young stars.

Studies of high resolution emission line profiles offer
the possibility to understand the physical conditions in
the line-emitting regions. The Ha line has the impor-
tant advantage for high resolution work that it is usually
bright and indeed normally the brightest emission line in a
young star. Additionally, it is located at a wavelength near
the peak sensitivity of CCD detectors, allowing observa-
tions of relatively faint stars even with medium-size tele-
scopes. For these practical reasons, the Ha line is the most
commonly observed emission line, and a number of high
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resolution studies of Ha emission in T Tauri stars have
been made, among others by Hartmann (1982), Mundt
(1984) and Fernandez et al. (1995); for Herbig Ae/Be
stars Finkenzeller & Mundt (1984) presented a large at-
las of Ha profiles. However, the Ha line suffers the draw-
back that it is usually optically thick, limiting its use-
fulness as a probe of physical conditions. A more com-
plete understanding of a variety of line-forming regions re-
quires the simultaneous study of the profiles of many lines,
and such studies are increasingly becoming available (e.g.
Finkenzeller & Basri 1987; Hamann & Persson 1992;
Edwards et al. 1994). Nonetheless, within its limitations,
the Hee line remains an important probe of circumstellar
gas near young stars.

T Tauri stars and Herbig Ae/Be stars differ among
other things in their temperatures and amount of UV radi-
ation, and consequently their environments are sufficiently
different that we in the following treat these two categories
of stars separately. While the Ha line in T Tauri stars is
principally shaped by winds and infall, the profile of the
Ha line in Herbig Ae/Be stars may be significantly af-
fected by a clumpy circumstellar environment.

In this paper we present high resolution, good signal-
to-noise spectra of the Ha line in 63 young, mostly south-
ern stars. The majority are T Tauri stars, but a signif-
icant number of Herbig Ae/Be stars were also observed.
Ferndndez et al. (1995) recently presented an atlas of Ho
profiles of a similar sized sample of mostly northern stars;
our studies have only 6 stars in common, and therefore
largely complement each other. The purpose of the present
study is to analyze statistically the properties and profiles
of the He line in a large sample of pre-main sequence stars.
Many of the stars have been observed more than once, on
time-scales of weeks and years, and we discuss the vari-
ability of the Ha line in a subsequent paper (Pedrosa et
al. 1997, hereafter Paper II).

2. Observations

The observations were carried out at the La Silla Obser-
vatory (ESO) with the 1.4 m Coudé Auxiliary Telescope
(CAT) and the Coudé Echelle Spectrograph (CES). We
used the short camera mode and a high resolution detec-
tor, CCD (ESO #9) with 640x1024 pixels of 15x 15um
size, yielding a resolving power KAX = 55000. Details of
the instrument are given by Lindgren & Gilliotte (1989).
The relatively long integration times allowed us to achieve
good S/N, typically between 10 and 100, and each spec-
trum covers approximately 50 A centered at Ha. To cali-
brate the spectra in wavelength, one exposure of the tho-
rium lamp was done after each exposure of the stars while
for the flat-field calibration we used a screen installed at
the dome.

The present spectra were obtained with an identical in-
strumental configuration in five different runs: May/June
1987, December 1987/January 1988, August 1990, Febru-
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ary 1993, and March 1994. This set of data covers the ma-
jority of southern young stars with Ha emission that can
be observed with this telescope, considering the relatively
low efficiency of the CES, the resolution and the telescope
size, therefore restricting the observations to stars brighter
than V' = 12—13. Consequently our program was limited
by the scarcity of bright stars and the relatively long inte-
gration times needed to achieve such a relevant S/N ratio
while looking at the detailed shape of the Ha line profile.

We have observed 63 young stars, and have obtained a
total of 219 spectra, of which we here show one per star.
Time series of spectra for selected stars will be discussed in
Paper II. Approximately three quarters are T Tauri stars
and the remaining are Ae/Be stars. Table 1 presents a
list of the stars along with other useful information. The
first column gives the most common name for each star,
the second column lists the HBC number from Herbig &
Bell (1988), the third column adds other common names,
the fourth column gives the 1950 position, followed in
the fifth column by a spectral type, mostly taken from
Herbig & Bell (1988). The sixth column lists a represen-
tative V-magnitude, but it should be kept in mind that
almost all these stars are likely to be variable. The seventh
column gives the equivalent width of Ha corresponding to
the line profile shown in Fig. 1. The eight column lists
the heliocentric velocity of the star which we have used
to indicate the rest velocity of each star in Fig. 1; a colon
indicates that the velocity is uncertain, either because it is
a mean of velocities for surrounding stars in the same as-
sociation, or it is the velocity of the associated molecular
cloud. The ninth column gives the velocities of the blue
and red emission line wings at 1/40 of the observed peak
intensity, relative to the stellar rest velocity, that is, the
wavelengths of the I,,.x/40 points have been converted
to velocity after adjusting for the stellar velocity listed in
column seven. The tenth column gives our classification of
the He profile, and the last column indicates the date on
which the spectrum of each star in Fig. 1 was taken.

The data was reduced using MIDAS routines, at La
Silla and at the Centro de Astrofisica da Universidade do
Porto. Procedures were developed for automatic reduction
following the usual steps, namely,

— evaluation of the average bias level

subtraction to the calibration and flat field frames
flat-fielding

sky subtraction

— spectra extraction

— line identification

— wavelength calibration.

|

The bias frames were not subtracted to avoid the intro-
duction of an extra source of noise. The analysis of dark
frames or even the CCD pixels not exposed, showed that
there was no need for dark subtraction even for the longer
exposures.
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Table 1. Pre-main sequence stars observed
Star HBC other identification « (1950) & (1950) Spec. v Wegq VHel V(Immax/40) Ha Type Date
type [mag] [A) [k /8] [kin/s)
T Taun 35 4 19 04.2 19 25 05 Ko 9.9 71.8 +19 —318, +320 1 B 14 Aug 90
UX Tau A 43 4 27 10.0 18 07 21 K2 10.7 6.2 +14 —~304, 4272 IIR 1 Jan 88
GG Tau 54 4 29 37.1 17 26 22 K7 12.2 31.2 +18 —296, 4284 I B 2 Jan 88
UX Ori 430 5 02 00.06 -03 51 20 A3 9.7 5.4 +26: —453, +331 III Rm 24 Feb 93
CO Ori 84 524 51.2 11 23 12 Fs 9.8 42 | 423 —21, +363 | IV Bm 2 Jan 88
GW Ori 85 5 26 20.8 11 49 53 G5 9.8 290.2 +25var -=337, 4362 1 28 Dec 87
HK Ori 94 5 28 40.1 12 07 00 A 11.6 40.2 +26: —316, 4280 1B 1 Jan 88
V1044 Ori 113 5 31 49.3 —~056 38 44 G5 11.6 4.0 +26 —261, 4275 II Bmn 22 Fehb 93
EZ Ori 114 5 31 50.8 =056 06 46 Go 11.0 11.7 +26: —323, +257 111 Bm 15 Aug 90
LL Ori 126 5 32 38.2 -056 27 14 K23 11.7 42.5 +27 —200, 4313 B 25 Feb 93
V380 Ori 164 5 33 59.5 =06 44 406 Al: 10.0 94.2 +22 —269, +284 1 13 Mar 94
P2441 167 5 34 22.7 —04 27 27 Gb5: 10.8 12.9 +29 —167, 4253 1Iv B 12 Mar 94
V586 Ori 485 534327  —06 1102 A2 05 | 12.4 | 426 —364, 4323 | II Rmn 26 Fel 93
BF Ori 169 5 34 47.2 =06 36 45 A5 10.3 11.3 +206: —3505, +442 IIT R 25 Fel 93
FU Ori 186 5 42 38.0 09 03 02 FUor 9.2 1.4 +28 —26, +243 IV B 29 Dec 87
R Mon 207 G 36 26.0 08 46 54 B 11.3 47.0 +27 —480, +557 1B 1 Jan 88
Z CMa 243 7T 01 22.5 —11 28 36 FUor 9.3 20.9 +30 —120, 4353 IV B 28 Dec 87
NX Pup 5652 CoD —44°3318, Bs 1356 717 66.5 —~44 20 35 Fl: 2.8 48.3 +17 —382, +408 1B 29 Dec 87
ESO Ha 28 8 33 33.6 —40 26 11 B8 12.3 51.3 +20: —314, +362 11 Bm 1 Jan 88
ESO Ha 137 838 34.0  —40 53 30 B3 121 | 2800 | +421: —286, +310 | 1 2 Jan 88
HD 76534 8 53 20.6 -43 16 30 B2 8.2 10.6 +17 -326, 4312 II B 24 Feb 93
SY Cha 565 Sz 3, HM 7 10 55 18.5 —~T76 55 35 MO: 13.0 23.8 +15 —264, 4191 I 22 Feb 93
SZ Cha 566 10 57 05.7 -77 01 17 Ko 12.0 3.5 +14 —272, 4272 IIT Rmn 22 Feb 93
CR Cha 244 Sz 6, LHa 332-20, HM 4 10 57 50.8 —76 45 33 K2 11.2 29.5 +14 —281, 4267 I 1 Jun 87
TW Hya 568 10 59 30.1  —34 26 07 K7 | 100 | 104. | 412 -332, 4287 | 11 B 22 Feb 93
CS Cha 569 Sz 9 HM 7 11 01 07.8 -T77 17 25 K5: 11.6 54.3 +15 —318, +234 Ine 26 Feb 93
CT Cha 570 Sz 11, HM 9 11 02 43.6 —76 11 06 K7: 12.4 65.6 +14 —369, 4364 II Rm 4 Jun 87
DI Cha 245 Sz 19, HM 13, LHa 332-17 11 05 57.5 =77 21 50 G2 10.7 16.6 +13 —243, 4250 I B 30 May 87
VW Cha 575 Sz 24, HM 17 11 06 38.1 -T77 20 12 K2 12.5 T1.7 +21 —402, +428 11 B 1 Jun 87
CU Cha 246 | HD 97048, Sz 25. HM 18 110639.6  —79 23 01 Aop 8.4 | 487 | +26: -233, 4312 | IV Bm 24 Feb 93
CoD —20°8887 1106 48.8  —20 45 23 Mo | 111 1.8 | +10 —100, +83 | 1 25 Feb 93
VZ Cha 578 | S231, HM 22 1107 51.9  —76 07 02 K6 | 12.8 | ss.2 | 414 —334, 4353 | I 26 Feb 93
Hen 3-600 1108 05.5  —37 15 33 M3 121 | 308 | +12 —240, +160 | Im 24 Feb 93
WW Cha 580 Sz 34, HM 24 11 08 28.5 —76 18 38 K5: 13.3 G5.8 +6 -401, +520 111 Bm 24 Feb 93
Sz 41 588 11 10 50.2 —76 20 45 KO0 11.6 1.4 +16 —237, 4251 1 23 Feb 93
CV Cha 247 Sz 42, HM 30, LHa 332-21 11 10 53.8 —76 28 01 G8 11.0 70.7 +13 —407, 4305 B 9 Mar 94
BF Cha Sz 54 13 01 24.6 -T77 22 57 ? 12.5 43.0 +14 —326, +329 11 B 27 Feb 93
HT Lup 248 | Sz 68, CoD —33°10685 1542 01.4  —34 08 08 K2 10.3 73 | -2 —284, +282 | 11 Bm 23 Feb 93
GQ Lup 250 | Sz 76, CoD —35°10525 1545 58.3  —35 29 58 K7 | 114 | 317 | -4 -403, 4300 | IR 31 May 87
Sz 77 603 15 48 32.4 —35 47 47 MO 12.5 9.4 -3 —196, +192 Im 4 Jun 87
Sz 82 605 1552 51.1  —37 47 24 Mo | 110 | a7 | -3 —180, +119 | IV R 4 Jun 87
RU Lup 251 Sz 83 15 53 24.3 —37 40 35 K 10.5 136, -1 ~386, 4395 II R 16 Aug 90
RY Lup 252 15 66 05.0 —40 13 36 Ko0,1 10.4 7.3 -4 —286, 4265 II1 B 1 Jun 87
EX Lup 253 HD 325367 15 59 42.6 —40 10 09 MO: 13.1 31.3 -4 —381, +279 11 B 13 Mar 94
HO Lup 612 Sz 88 16 03 39.4 —38 54 19 M1 12.9 239 -3: ~384, 4358 nB 4 Jun 87
HK Lup 616 | Sz 08 16 05 00.9  —38 56 44 | K7,M0 1290 | 418 | -1 —380, 4290 | Il Bm 1 Jun 87
HR 5999 619 V856 Sco, HD 144668 16 05 12.8 —38 68 23 AT G.8 10.0 -3: —377, +345 1B 16 Aug 90
ESO Ha 300 16 05 11.7  —38 58 11: ? 13: | 140 | -4 -261, +280 | 1 1 Jun 87
AS 205 254 16 08 37.7 —18 30 43 K& 12.4 103, -25 —422, 4443 Il Bm 26 Feb 93
AS 206 259 SR 4, DoAr 20, ROX 6 16 22 54.9 —24 14 02 KG6,7 12.9 100. -5 —~3564, 43756 I R 16 Aug 90
AS 207 264 SR 0, DoAr 34, ROX 29 16 24 38.9 —~24 156 23 K5,7 11.4 6.4 -8 —236, 4131 IV Rm 15 Aug 90
Haro 1-16 268 DoAr 44, ROX 44 16 28 31.7 -24 2110 K2,3 12.6 57.8 -5 —310, +288 II R 15 Aug 90
Elias 2-49 HD 150193, MWC 863 1637 16.4  —23 47 56 A0 91 | 107 | —6: ~207, 4306 | III Bm 26 Fel 93
AS 200 270 V1121 Oph 16 46 25.2 —14 16 566 Kb 11.5 94.6 -9 —~384, 4363 1 5 Jun 87
AK Sco 271 | CoD —36°11056 16 61 23.1  —36 48 29 F5 8.8 28 | -1 -362, +348 | II R 15 Aug 90
V4046 Sgr AS 202, HD 319139 18 10 53.7  —32 48 27 K5,6 104 | 419 | -7 —283, 4313 | I 17 Aug 90
VV Ser 282 IrCh 21 18 26 14.3 00 06 40 A2 11.8 46.5 -5z —426, +460 1B 17 Aug 90
S CrA 286 18 57 46.1 & —37 01 37 K6: 11.1 120. [\] —-429, +427 III Bin 4 Jun 87
R CrA 288 18 58 31.6  —37 01 30 AB: 10.7 | 102 | o —306, 4353 | IR 30 May 87
T CrA 290 18 58 36.5  —37 02 10 Fo: | 134 | 186 | o —351, +350 | IR 16 Aug 90
VV CrA 201 18 59 43.9 —37 17 15 KT7: 13.0 35.4 0O —222, 4315 II1 B 4 Jun 87
AS 353A 202 V1352 Agql, IrCh 34 19 18 09.4 10 56 15 K2 12.5 86.6 —-156: —05G8, +654 111 B 5 Jun 87
WW Vul 686 BD+20°4136, HD 344361 19 23 49.0 21 0G 28 A0.3 10.6 17.9 —~18: —=391, 4399 11 B 22 Aug 90

For the sky subtraction we used two pairs of columns
at each side of the spectra. In the case of the LL Ori
spectra we can still see the Orion Nebula emission lines of
NIII] (6548 A, 6584 A) and Ha superimposed on the stellar
spectra, presumably due to inhomogeneities in the Orion
Nebula. By comparison with spectra where this contribu-
tion was not removed we conclude that the procedure used
was able to remove 99% of the sky background. The same
phenomena could be observed in V1044 Ori but due to
the lower contribution from the Orion Nebula, the resid-
ual effect is undetectable.

Any remaining error in the wavelength calibration is
expected to be smaller than 0.003 A (0.14 km s~'). The
spectra were normalized to the continuum. It was obtained

by fitting a spline to points selected with the cursor away
from the Hea line. The final spectra were calibrated to
heliocentric velocities.

3. The atlas

In Fig. 1 we show 63 panels with an Ho emission line
profile for each of the stars we have observed. The date of
observation is indicated in Table 1. Each panel indicates
with a horizontal dotted line the continuum, normalized to
a value of 1.0. A vertical dotted line is shown at the stellar
heliocentric velocity listed in Table 1. A second horizontal
dotted line is plotted above, at 1/40 of the observed peak
emission; the velocities where the blue and red wings cut
this line are listed in Table 1. For each panel is given the
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name of the star, its emission line class (see Sect. 7) and
its type (T: T Tauri star, H: Herbig Ae/Be star, F: FUor).

The heliocentric velocities for the stars have been taken
from the literature. In the cases where no velocity could
be found, either a velocity of the associated CO gas or
a mean of surrounding stellar velocities was used; such
velocities are marked with a colon.

We note that very broad low level features, like under-
lying weak and broad photospheric absorption lines seen
in a few Herbig Ae/Be stars, are likely to be removed in
the normalization process, since the wavelength range of
the echelle order containing He is small.

3.1. Stellar absorption lines

It is common for T Tauri stars to show a great number
of photospheric absorption lines, and they are visible in
many of the spectra presented here, although they change
according to the spectral type and in some cases they are
diluted by the veiling. For a detailed line identification the
spectrum of an unveiled WT'TS CoD —29° 8887, of spec-
tral type MO, is shown in Fig. 2 with the stronger lines
labelled with their rest wavelengths according to Moore
(1972). Any difference in wavelength between this spec-
trum and the ones in the atlas is due to the different stellar
radial velocities.
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Fig. 2. Photospheric lines of an M0 star (CoD —29°8887

3.2. Atmospheric H,O lines

The spectra usually show very narrow absorption lines
due to water vapor. They are stronger for those spectra
obtained in the runs of May/June 1987 and March 1994.
The lines are variable, not only in strengh but their ratios
can also vary, as seen for example by comparing the ab-
sorptions present in the blue part of the continuum of RY
Lup and DI Cha.
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In Fig. 3 we show a spectrum obtained from normaliz-
ing a stellar spectrum with Ha in absorption. It is labeled
with the wavelengths taken from the solar spectrum of
Moore et al. (1966).

The reader should keep in mind when comparing this
spectrum with the atlas, that the wavelengths of the ab-
sorptions change according to the heliocentric correction
applied to each spectrum. It should be noted that there
are several HoO lines that fall near the peak .of the Ho
emission in many of the spectra shown here, particularly
clear examples are seen in VW Cha, CV Cha and S CrA.
However, they do not significantly affect the Ha line pro-
file, because they are comparatively much narrower and
weaker.
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Fig. 3. Telluric absorption lines obtained from normalization
of an early-type stellar spectrum with Ha in absorption

4. Comments on individual stars

T Tau. A classical T Tauri star with a strong emission
line spectrum, and prototype of its class. Ha profiles are
shown by Hartmann (1982) and Mundt (1984). It has a
bright infrared companion (e.g. Maihara & Kataza 1991),
and both drive Herbig-Haro flows (e.g. Bohm & Solf 1994).

UX Tau-A. A weak-line T Tauri star, which is part of
a triple system (e.g. Reipurth & Zinnecker 1993; Magazzi
et al. 1991).

GG Tau. A classical T Tauri star, which is part of
a hierarchical quadruple system (Leinert et al. 1991). An
extended disk structure is resolved around the star (e.g.
Kawabe et al. 1993; Dutrey et al. 1994). Spectroscopic
studies by e.g. Hartigan et al. (1991) and Valenti et al.
(1993).

UX Ori. A Herbig Ae/Be star with the spectroscopic
and infrared properties of its class, but not associated with
nebulosity. The star is highly variable, with occasional
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deep minima of 2—3 mag in V. A number of photometric
studies have been made (e.g. Evans et al. 1989; Bibo &
Thé 1990, 1991; Herbst et al. 1994), and a detailed spec-
troscopic/photometric study is presented by Grinin et al.
(1994), including high-resolution spectra of the Ha line.

CO Ori. A T Tauri star; with a spectral type between
F8 and G5, this is one of the more luminous T Tauri stars
known. The star is a visual binary (Herbig 1962; Reipurth
& Zinnecker 1993). Photometric variations are discussed
by Herbst et al. (1994). An Ha profile is shown by
Fernandez et al. (1995). It is noteworthy that the Ha pro-
file is reminiscent of FU Ori with a pronounced P Cygni
profile, and combined with the early spectral type (for a
T Tauri star) and its brightness, this could suggest that
CO Ori is a star gradually coming out of a FUor outburst.

GW Ori. A classical T Tauri star; with a spectral
type of G5 this is one of the more luminous members of
the class. An Ha profile is shown by Hartmann (1982)
and Fernandez et al. (1995). It is a spectroscopic binary
(Mathieu et al. 1991), surrounded by significant amounts
of circumbinary material (Mathieu et al. 1995).

HK Ori. A Herbig Ae/Be star. Spectral and photo-
metric characteristics are discussed by Herbig (1960). Its
emission line spectrum is studied by Hamann & Persson
(1992) and Béhm & Catala (1994). An Ha profile is shown
by Finkenzeller & Mundt (1984). It is associated with a
Herbig-Haro object (Goodrich 1993).

V1044 Ori. A little studied rather luminous T Tauri
star. The apparent P Cygni profile seen in Fig. 1 is caused
by the presence of a wide stellar absorption line, probably
broadened by very large rotation.

EZ Ori. A little studied T Tauri star.

LL Ori. A little studied T Tauri star. It is located in a
bright and very inhomogeneous part of the Orion Nebula,
which makes extraction of an Ha line profile difficult.

V380 Ori. A Herbig Ae/Be star. Herbig (1960) gives
a detailed spectral description. A companion with a sep-
aration of 0.17 arcsec was found by Leinert et al. (1994).
An Ha profile is shown by Garrison & Anderson (1977)
and Finkenzeller & Mundt (1984). The star drives several
HH objects (Herbig 1974; Corcoran & Ray 1995) and a
molecular outflow (Levreault 1988).

P2441. A G-type star with Ha emission and Li ab- -

sorption, belonging to the Orion association (Cohen &
Kuhi 1979; King 1993). It is a visual binary and is as-
sociated with Herbig-Haro objects (Reipurth & Graham
1988).

V586 Ori. A Herbig Ae/Be star according to Thé
et al. (1994). Photometry is presented by Pugach &
Kovalchuk (1986) and Bibo & Thé (1991).

BF Ori. A Herbig Ae/Be star, which has been exten-
sively observed. Photometric variability is discussed by
Bibo & Thé (1991) and a detailed spectroscopic study is
presented by Welty et al. (1992a). An Ha profile is shown
by Finkenzeller & Mundt (1984).
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FU Ori. An FU Orionis star, and prototype of its
class. The photometric and spectral evolution is discussed
by Herbig (1966, 1977). A vast literature exists on this
star. A number of theoretical models for line formation
exists; a recent one, with references to the literature, is
Hartmann & Calvet (1995).

R Mon. A Herbig Ae/Be star. The star and its envi-
ronment is very well studied at all wavelengths. A detailed
spectroscopic analysis is made by Herbig (1968). An Ha
profile is shown by Finkenzeller & Mundt (1984). The star
is surrounded by a disk (Sargent & Beckwith 1987), a large
variable reflection nebula (e.g. Lightfoot 1989), and drives
Herbig-Haro objects (e.g. Schwartz & Schultz 1992).

Z CMa. An FU Orionis star (Hartmann et al.
1989), which is very well studied at all wavelengths.
The photometric history is summarized by Covino et
al. (1984). High resolution spectroscopy is presented by
Finkenzeller & Mundt (1984), and modelled by Welty et
al. (1992b). The evolutionary state of the star is considered
by Hessman et al. (1991). The star has an infrared com-
panion, (e.g. Koresko et al. 1991), and the system drives
a Herbig-Haro jet (Poetzel et al. 1989).

NX Pup. A Herbig Ae/Be star (Tjin-A-Djie et al.
1984). The photometric behaviour is discussed by Bibo
& Thé (1991). An Ha profile is shown by Finkenzeller
& Mundt (1984). The star is located in a Bok globule
(Reipurth 1983), and has two companions (Brandner et
al. 1995).

ESO-Ha 28. An Ha-emission star in RCW27 in the
Vela star forming region (Pettersson & Reipurth 1994). Of
spectral type B8, it is probably a Herbig Ae/Be star.

ESO-Ha 137. An Ha-emission star in RCW27 in the
Vela star forming region (Pettersson & Reipurth 1994). Of
spectral type B3, it is probably a Herbig Ae/Be star.

HD 76534. A probable Herbig Ae/Be star, according
to Thé et al. (1985, 1994). An Ha profile is shown by
Finkenzeller & Mundt (1984). The star is a close visual
binary (Innes 1927; Reipurth & Zinnecker 1993).

SY Cha. A little studied T Tauri star (e.g. Gauvin
& Strom 1992). There is a weak indication of an inverse
P Cygni profile in the spectrum in Fig. 1, but this is not
certain, since a group of stellar absorption lines are also
present at the same position.

SZ Cha. A little studied T Tauri star (e.g. Gauvin &
Strom 1992).

CR Cha. A T Tauri star. High resolution spec-
troscopy is discussed by Finkenzeller & Basri (1987),
Hamann & Persson (1992) and Batalha & Basri (1993).

TW Hya. A classical T Tauri star. A spectro-
scopic and photometric study is presented by Rucinski &
Krautter (1983). Further high-resolution spectra are given
by Franchini et al. (1992).

CS Cha. A T Tauri star (e.g. Gauvin & Strom 1992).

CT Cha. A T Tauri star. A spectroscopic study is
presented by Hamann & Persson (1992).
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DI Cha. A T Tauri star. The star has a faint com-
panion (e.g. Reipurth & Zinnecker 1993). High resolution
spectroscopy is presented by Finkenzeller & Basri (1987),
Franchini et al. (1991, 1992), and Batalha & Basri (1993).

VW Cha. A T Tauri star. High resolution spec-
troscopy is discussed by Hamann & Persson (1992).

CU Cha. A bright Herbig Ae/Be star, that is partic-
ularly well studied in the infrared (see e.g. Assendorp et
al. (1990) for references).

CoD—29°8887. A weak-line T Tauri star according
to de la Reza et al. (1989). It is a binary (Reipurth &
Zinnecker 1993).

VZ Cha. A T Tauri star. Detailed high resolution
spectroscopy is presented by Krautter et al. (1990) and
Hamann & Persson (1992).

Hen 3-600. A binary T Tauri star, with components
of almost equal brightness. Both stars show Ha emission
(de la Reza et al. 1989). The separation of the components
is 1”5, and both stars fell in our slit.

WW Cha. A little studied T Tauri star (e.g. Gauvin
& Strom 1992).

Sz 41. A little studied T Tauri star (e.g. Gauvin &
Strom 1992). The star is a binary (Reipurth & Zinnecker
1993).

CV Cha. A T Tauri star. High resolution spec-
troscopy is presented by Penston & Lago (1983),
Appenzeller & Wagner (1989) and Hamann & Persson
(1992). The star is a binary (e.g Reipurth & Zinnecker
1993).

BF Cha. A little studied T Tauri star (e.g. Gauvin &
Strom 1992).

HT Lup. A weak line T Tauri star. High resolu-
tion spectroscopy is discussed by Finkenzeller & Basri
(1987), Hamann & Persson (1992), Franchini et al. (1992)
and Batalha & Basri (1993). The star has a companion
(Reipurth & Zinnecker 1993), and the system drives a
Herbig-Haro jet (Heyer & Graham 1989).

GQ Lup. A T Tauri star (e.g. Hughes et al. 1994).
High resolution spectroscopy is discussed by Appenzeller
et al. (1978), Bertout et al. (1982), Appenzeller & Wagner
(1989) and Hamann & Persson (1992)

Sz 77. A T Tauri star (e.g. Hughes et al. 1994).
High resolution spectroscopy is discussed by Finkenzeller
& Basri (1987) and Batalha & Basri (1993)

Sz 82. A T Tauri star (e.g. Hughes et al. 1994).
High resolution spectroscopy is discussed by Finkenzeller
& Basri (1987) and Batalha & Basri (1993)

RU Lup. A T Tauri star. High resolution spectroscopy
is discussed by Schwartz & Heuermann (1981), Lago
(1982), Hamann & Persson (1992), Hamann (1994) and
Giovanelli et al. (1995). Photometric variations are dis-
cussed by e.g. Hutchinson et al. (1989) and Giovanelli et
al. (1991).

RY Lup. A T Tauri star. Photometric variations are
discussed by e.g. Liseau et al. (1987), Gahm et al. (1989)
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and Hutchinson et al. (1989). Simultaneous spectroscopic
and photometric observations are presented by Gahm et
al. (1993).

EX Lup. A T Tauri star, belonging to the EXor group
of eruptive variables (e.g. Herbig 1989). Long term pho-
tometry is reported by Bateson et al. (1990). Photometric
and spectroscopic observations are discussed by Lehmann
et al. (1995).

HO Lup. A little studied T Tauri star (e.g. Hughes
et al. 1994). The star is a binary (Reipurth & Zinnecker
1993).

HK Lup. A T Tauri star (e.g. Hughes et al. 1994).
High resolution spectroscopy is presented by Finkenzeller
& Basri (1987) and Batalha & Basri (1993)

HR 5999. A Herbig Ae/Be star, well studied by
many authors. High resolution spectroscopy is presented
by Tjin-A-Djie et al. (1989). Monitoring of line profiles is
reported by Baade & Stahl (1989). Photometric variabil-
ity is discussed by Bibo & Thé (1991) and Perez et al.
(1992).

ESO-Ha 300. This is a faint star, which is located
about 15 to 18 arcsec north-west of HR 5999, the north-
ern star in the bright HR 5999/6000 double. It has been
missed in previous Ha surveys (e.g. Schwartz 1977), pre-
sumably due to being drowned in the glare of HR 5999,
and was observed by us out of curiosity because of its prox-
imity to HR 5999. Upon detection of Ha emission, we here
designate it ESO-Ha 300, in the series of ESO-Ha discov-
eries started by Pettersson & Reipurth (1994). HR 5999
has a companion, Rossiter 3930, of similar brightness to
ESO-Ha 300, but in position angle 110° and only 1.3 arc-
sec from the bright star. These two companions were at
some early stage confused, and the Ha spectrum referred
to by Stecklum et al. (1995) in fact refer to ESO-Ha 300
and not to Rossiter 3930. No spectral type is known, but
our detection of Ha emission strongly suggests that the
star is a T Tauri star, similar to the small cluster of Ha
emission stars in its immediate surroundings (Schwartz
1977).

AS 205. A T Tauri star (Cohen & Kuhi 1979). An
Ha profile is shown by Mundt (1984) and Ferndndez et
al. (1995). High resolution spectroscopy is presented by
Hamann & Persson (1992), and Hamann (1994). The star
is a binary (Cohen & Kuhi 1979).

AS 206. A T Tauri star. Spectroscopy reported by
Bouvier & Appenzeller (1992) and Valenti et al. (1993).

AS 207. A T Tauri star. Spectroscopy reported by
Bouvier & Appenzeller (1992) and Valenti et al. (1993).

Haro 1-16. A T Tauri star (Cohen & Kuhi 1979).
Spectroscopy reported by Valenti et al. (1993).

Elias 2-49. Probably a Herbig Ae/Be star. It is a

bright near-infrared source (Elias 1978). The star is a bi-
nary (Reipurth & Zinnecker 1993).
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AS 209. A T Tauri star (Cohen & Kuhi 1979). Spec-
troscopy reported by Valenti et al. (1993). An Ha profile
is shown by Fernandez et al. (1995).

AK Sco. A Herbig Ae/Be star. Andersen et al. (1989)
have made a detailed study, and find that it is a spectro-
scopic binary. Photometric variability is studied by Bibo
& Thé (1991).

V4046 Sgr. An isolated T Tauri star that is a spec-
trocopic binary (de la Reza et al. 1986, Byrne 1986).

VV Ser. A Herbig Ae/Be star (Herbig 1960). Line
profiles are discussed by Ulrich & Knapp (1979). A photo-
metric and spectroscopic study is presented by Chavarria
et al. (1988). An Ha profile is shown by Finkenzeller &
Mundt (1984) and Ferndndez et al. (1995).

S CrA. A T Tauri star. Detailed spectroscopic stud-
ies are presented by Appenzeller & Wolf (1977), Wolf
et al. (1977), Bertout et al. (1982) and Hamann &
Persson (1992). High resolution spectroscopy is discussed
by Appenzeller et al. (1986), Krautter et al. (1990),
Graham (1992), and Hamann (1994). Spectroscopic vari-
ability is discussed by Edwards (1979) and Mundt (1979).
The star is a close binary (e.g. Reipurth & Zinnecker
1993). The system drives a Herbig-Haro flow (Reipurth
& Graham 1988).

R CrA. A Herbig Ae/Be star (Herbig 1960). High
resolution spectroscopy is discussed by Hamann (1994).
The He line is highly variable (Graham & Phillips 1987,
Graham 1992). The star drives a Herbig-Haro flow
(Graham 1993).

T CrA. A Herbig Ae/Be star. Spectroscopic obser-
vations are discussed by e.g. Herbig (1960), Bibo et al.
(1992) and Graham (1992). An Ha profile is shown by
Finkenzeller & Mundt (1984).

VV CrA. A T Tauri star. High resolution spec-
troscopy is discussed by Appenzeller et al. (1986), and
Hamann (1994). The star is a binary (Graham 1992;
Reipurth & Zinnecker 1993).

AS 353A. A T Tauri star. Spectroscopic studies are
discussed by Bohm & Raga (1987), Eisloffel et al. (1990),
Hamann & Persson (1992), Hamann (1994), and Edwards
et al. (1994). An Ha profile is shown by Mundt (1984) and
Fernandez et al. (1995). The star is a binary (e.g. Reipurth
& Zinnecker 1993) and the system drives a Herbig-Haro
flow (e.g. Herbig & Jones 1983).

WW Vul. A Herbig Ae/Be star. A detailed study is
presented by Friedemann et al. (1993).

5. Models of Ha emission in T Tauri stars

The Ha line is the most prominent feature in the visible
spectra of T Tauri stars. As we discuss in Sect. 7, the line
strength varies from star to star spanning over two orders
of magnitude in equivalent width, up to 250 A or more in
the most extreme cases. The line profile takes a variety of
shapes, from symmetric to highly asymmetric, displaying
one (or more) absorption components mostly in the blue
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wing and, less commonly, in the red wing. The strength of
these absorptions also varies quite widely although only
rarely do they reach below the level of the continuum.

The existence of a variety of processes to produce Ha
emission make this line not the most ideal diagnostic tool.
This is even more so since the line is always optically very
thick in T Tauri stars, and therefore requires an adequate
treatment of radiative transfer when modelling the pro-
file. A further complication is due to the fact that the line
results from contributions of different regions around the
star where a large diversity of physical and dynamical con-
ditions may exist. In fact there is increasing evidence that
a significant part of the He line flux is produced quite
close to the star (in a dense chromosphere or boundary
layer, depending on the authors) while a much larger re-
gion also gives some contribution. The relative importance
of the contributions and extent of such regions, while most
probably varying from star to star, is not a settled issue.

Even so, fitting of the Ha line profile is still the
most commonly used tool when modelling T Tauri stars,
and several approaches have been adopted over the last
decades.

Thermally driven winds were ruled out more than a
decade ago on the grounds that they failed to comply with
the observations: in T Tauri stars the Ha line half width
may reach up to 500 km s~! or more, and being late type
stars there is no way that such high velocities can be ex-
plained just by the effect of thermal pressure, even when a
large (and unphysical) turbulent velocity component is in-
cluded. Similarly, rotation broadening is not of much help
- T Tauri stars are mostly relatively slow rotators. Other
mechanisms have been invoked, such as opacity effects,
but they are only minor contributors - observational ev-
idence for the Sun and theoretical modelling for T Tauri
stars (Calvet et al. 1984) show that such contributions are
unlikely to play a major role as broadening mechanisms.

To overcome the difficulties in explaining the broad
Ha lines that are observed, models of magnetically driven
winds were proposed - most of them include the presence
of a magnetic field and Alfvén waves propagating out-
wards as the wind driving mechanism. Although the first
models did not attempt to fit the He line profile (mainly
because of the existing limitations in computing power at
the time for an adequate treatment of the radiative trans-
fer), higher Balmer lines, assumed to be optically thin,
were fitted using observationally constrained values for the
density and velocity as function of height above the stellar
photosphere (Lago 1979).

A similar model was also used for a more general dis-
cussion on the observable consequences of the magnetic
field structure to the shape of the line profiles, includ-
ing the Ha line (DeCampli 1981). Later, also in a similar
model, a schematic treatment of wave dissipation was in-
troduced to obtain the temperature structure in the wind
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and to compute the Ha line profiles (Hartmann et al.
1982).

A realistic approach in the treatment of radiative
transfer (fifteen levels plus continuum for the H atom
model while determining the level populations) was taken
by Natta et al. (1988). Although adopting an ad-hoc ve-
locity law, their calculations confirm the very high optical
thickness of Ha (and also of Hf) as well as the dominant
contribution of the layers close to the star to the flux in
the line; another important result is that such winds are
likely to be primarily neutral, therefore removing the ap-
parent contradiction in the values of M derived from the
stellar winds or from the CO outflows (Evans et al. 1987;
Levreault 1988).

Again a spherical wind driven by Alfvén waves was
adopted by Hartmann & Kenyon (1990) with a postulated
velocity law that included a large turbulent velocity, and
radiative transfer was calculated considering an eight level
H atom. The resulting flux in the He line was found to
be not very sensitive to the temperature in the range of
values imposed to guarantee the Ha line in emission at
distances up to 3 R.. However, the line profiles were found
to be sensitive to the velocity field. The computed He
(and Hp) profiles were systematically broader and more
asymmetric than observed in T Tauri stars (probably a
consequence of the large turbulent velocity component).
The blue absorption features overlapping the He line are
also much broader and deeper (well below the continuum)
than most observed ones.

A quite different approach was taken by Calvet et al.
(1992). Here the wind (a spherically symmetric flow) was
assumed to originate in a boundary layer between the slow
rotating star and a rapid rotating disk and to flow within
a conical aperture whose geometry (opening and inclina-
tion angle) were free parameters. Other free parameters
included the inclination of the system (star + disk) rel-
ative to the line of sight, as well as the inner and outer
radii of the disk, and the mass loss M. The velocity law
was the same as in the Hartmann & Kenyon (1990) mod-
els. Some of the features observed in the He lines of T
Tauri stars, such as the central absorption and, to a less
extent, the blue shifted absorption could be reproduced
by these models. However, the absorption tends to be ex-
cessive when compared to the observations. The attempt
to reproduce the centrally peaked or triangular profiles, so
frequent in T Tauri stars, led the authors to an alterna-
tive set of models where a rotational velocity component
was included. The resulting profiles display a double peak
structure - a relatively rare occurrence in T Tauri stars -
and remained broader than the observed ones, and once
more with a deep absorption component well below the
continuum. Similar features also characterized the com-
puted HB and H~ line profiles.

A further set of models has been proposed by Calvet
& Hartmann (1992). This time, instead of a wind there
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is an isothermal accretion flow down to the star, follow-
ing a ballistic law. This accretion of material is restricted
to an axially symmetric configuration by a dipolar mag-
netic field, and the flow velocity constrained by a bound-
ary velocity condition immediately above the stellar sur-
face. These models are able to reproduce reasonably well
some of the general characteristics of the Ha line profile
in T Tauri stars although in most cases displaying an ab-
sorption component (redward displaced) not only in the
He but also in the higher Balmer lines.

Further development of the previous models has re-
cently been presented by the same authors (Hartmann et
al. 1994). A dipolar magnetic field controls the free fall
of material from a disk onto the star. The infalling gas
reaches velocities up to several hundred km s~! above
the stellar surface and is then decelerated in a strong
shock. The extent of the magnetosphere (inner and outer
radii), its temperature and the star’s inclination are the
main parameters determining the shape and intensity of
the profile of the Balmer lines. These profiles are calcu-
lated using a two level model for the hydrogen atom and
assuming the ionization to be controlled by the balance
between recombination to the second level and photoion-
ization. Other parameters introduced are the mass, radius
and temperature of the star. The resulting Ha line pro-
files are asymmetric and with a red displaced absorption
that might reach below the continuum level. The model
is therefore able to produce inverse P Cygni type pro-
files. The blueshifted absorption must arise in a wind.
However, the authors argue that the emission generally
arises in the infalling magnetospheric material, and only
the blueshifted absorption is due to a wind.

Edwards et al. (1994) present for a sample of 15 classi-
cal T Tauri stars a set of high resolution profiles (Hea, H3,
Hv, H6, He I A 5876 A and the Na I D lines) with the goal
of establishing the percentage of CTT showing evidence
for high speed mass infall. The authors adopt the models
of Hartmann et al. (1994) and although the sample is too
small for a complete statistical analysis they do see evi-
dence that the Balmer emission forms predominantly in
infalling zones in most CTT stars.

Models of stochastic winds in which blobs of mate-
rial are accelerated in the region close to the star and
decelerated further out have been proposed by Grinin &
Mitskevich (1991) and Mitskevich et al. (1993). The main
parameters are the (prescribed) acceleration force and ex-
tent of the region where it occurs, before the decelera-
tion of the wind sets in, and a volume filling factor. This
last parameter seems to determine whether the resulting
Ha profile is double or single peaked. The main difficul-
ties of these models when comparing with the observed
Ha profiles are the far too narrow separation between
the emission peaks in the case of the double profiles, and
the excessive sharpness of the blue side of the main peak
emission.
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Nevertheless these models propose a natural solution
for a wide range of observed Ha line profiles and asso-
ciated variability. Furthermore, there are other lines of
evidence supporting the presence of a wind comprising an
acceleration region close to the star, followed by decelera-
tion further out in some TTS (Penston & Lago 1982).

The detailed modelling of line profiles, mainly for the
very thick lines such as Ha, is very sensitive to the radia-
tive transfer and the calculation of the level populations,
as well as to the density and velocity conditions. There-
fore, the adoption of a simplified treatment can lead to
misleading results. Furthermore, there is growing evidence
that the Ha line might result from the combined contribu-
tion of more than one region. Such evidence comes from
speckle interferometric observations. In T Tau, as much
as 80% of the flux in the Ha line originates in a region
only marginally resolved (approx. 0.05”) the remaining
20% resulting from a region of several hundred stellar radii
(Devaney et al. 1995). A detailed study of the behaviour
of the Ha line profile on various time scales in LkHa 264
also points in the same direction: the highly variable com-
ponent of the Ha line affects mainly the blue side and the
central region of the profile and has to be produced in a
relatively narrow and dense region, not too far from the
stellar surface (Gameiro & Lago 1995).

6. Models of Ha emission in Herbig Ae/Be stars

Herbig (1960) identified the class of the Ae/Be stars in
order to find and study the higher-mass counterparts to
the T Tauri stars. In the intervening years, Herbig’s Ae/Be
stars have been confirmed as pre-main sequence (PMS)
stars with masses of about 2 to 10 M. From the point of
view of the present study, it is important to note that it is
not easy in all cases to separate Herbig Be stars from the
conventional Be stars (e.g. Herbig 1994), and consequently
we cannot be totally certain that each one of the stars
listed in Table 1 as Herbig Ae/Be stars are indeed PMS
objects.

Finkenzeller & Mundt (1984) made a comprehensive
study of He profiles of Herbig Ae/Be stars based on high-
resolution spectroscopy, and found that 95% of the pro-
files could be classed as either “double-peaked”, “single-
peaked” or “P Cygni”, with only 5% showing more com-
plex shapes.

Variability of the Ha emission is a characteristic of
Herbig Ae/Be stars, and some stars are known to change
their Ha profiles from one type to another (e.g. Herbig
1960; Finkenzeller & Mundt 1984; Catala 1994). This is
discussed in more detail in Paper II, here we merely note
that such profound changes in the Ha emission suggest
that the type of Ha emission profile is not linked to dif-
ferent masses or evolutionary status (e.g. Catala 1989).

While the presence of P Cygni profiles at Ha is widely
accepted as originating in a stellar wind, the other pro-

237

files have been interpreted in a variety of models, outlined
below (see also Catala 1994).

Clumpy circumstellar environment

A sub-set of the Herbig Ae/Be stars belong to the
photometrically defined group of variable stars with non-
periodic Algol-type minima (Hoffmeister 1949), which we
here prefer to call stars with deep minima.! Four of the
Herbig Ae/Be stars we have observed (UX Ori, V586 Ori,
BF Ori and WW Vul) belong to this group. A crucial ob-
servational fact is that the polarization increases strongly
as the star fades, while the colours, after an initial red-
dening, become bluer again. Grinin (1992) suggests that
clumps in a circumstellar disk seen more or less edge-on
occasionally obscure the star, making the scattered radi-
ation of the disk account for a larger fraction of the total
light, thus increasing the polarization and the blue light.
Voshchinnikov et al. (1995) find that up to 30% of the to-
tal radiation may be scattered by dust grains. At the same
time, the equivalent width of the Ha emission increases
(Kolotilov 1977; Herbst et al. 1983), which suggests that
the Ho emission arises at least partly in an extended cir-
cumstellar gas envelope that is less occulted by the clumps
than the star itself. In the case of UX Ori, Grinin et al.
(1994) found that Ha changed from an inverse P Cygni
profile at light maximum to a symmetrical line at mini-
mum, which has been modelled with the variable screening
model by Grinin & Tambovtseva (1995). Further support
for this model comes from the fact that Herbig Ae/Be
stars with Ha profiles with deep central absorptions
are also having larger photometric variations (Grinin &
Rostopchina 1996). The consequences of assuming the cir-
cumstellar matter to reside in optically thick clumps have
been analyzed by Mitskevich (1995a,b). While certainly
not all Herbig Ae/Be stars display deep minima, the dif-
ference may be merely one of inclination, and the concept
of a clumpy circumstellar environment is likely to be rel-
evant for all Herbig Ae/Be stars.

Magnetic models

It has been suggested that Herbig Ae/Be stars may
have magnetic fields at their surfaces which are strong
enough to force a stellar wind to co-rotate up to the
Alfvénic radius. Lines formed inside this radius would ex-
hibit a double-peaked profile, while lines formed inside
plus outside the Alfvénic radius would display a P Cygni
profile. Such a model has been used to explain the Ha
profiles seen in AB Aur (Beskrovnaya et al. 1991).

If the magnetic fields have much structure, then
line profiles may be modulated with the period of

'Recently the group has also been called UXors, after UX Ori-
onis, thus reminiscent of FUors and EXors (Herbst et al. 1994).
However, while FUors and EXors are almost certainly related
accretion driven phenomena, the UX Ori type stars represent a
completely different type of physical process, and we therefore
believe UXor is a misnomer.
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rotation, with smaller periods originating closer to the star
(Praderie et al. 1986; Catala et al. 1986).

Winds with velocity gradients

In a study of classical Be stars, which can be readily
applied to Herbig Ae/Be stars, Cidale & Ringuelet (1993)
showed that different velocity gradients at the onset of
the wind can result in very different Ha profiles, ranging
from single-peaked emission to P Cygni profiles to double-
peaked emission in order of decreasing velocity gradients.

Rotation

A rotating star /envelope configuration will give rise to
characteristic double-peaked emission lines, and if there
is also some expansion of the envelope, a large variety of
profiles can be achieved (e.g. Conti & Leep 1974).

7. Analysis and discussion
7.1. Types of profiles

Even a cursory examination of the atlas of Ha emission
line profiles in Fig. 1 reveals an almost bewildering amount
of structure. In this section we discuss the classification
system that we have devised to analyze Ha emission line
profiles.

The purpose of a classification system is to produce
some order into a large and complex data set, by group-
ing together similar but not precisely identical objects,
and classification is therefore done at the expense of de-
tail. A data set can often be classified in a variety of ways;
a successful classification system must, firstly, to some ex-
tent be simple to use, and, secondly, be meaningful, in the
sense that the classification must reflect something of an
underlying physical process.

We have considered three existing classification sys-
tems of line profiles, namely those of Beals (1951), Ulrich
& Knapp (1979) and Finkenzeller & Mundt (1984). The
Beals classification considers eight groups of line profiles
found in P Cygni type stars, but includes classes with
broad absorption lines not seen in our spectra, and more-
over not all of our observed profiles are easily fit into this
description. The Ulrich & Knapp classification is an em-
pirical system derived from inspection of a large number of
Ha profiles of young stars, it contains six classes and most
of our profiles could fit into this system. It does, however,
lack an underlying idea, and is therefore not as useful as it
could have been. Finkenzeller & Mundt considered Herbig
Ae/Be stars, and used a system of three classes, which ac-
counted for most of their stars. It is, however, too simple
to describe the varieties of profiles we see. Consequently,
in the following we outline a classification scheme which
we believe is useful for the study of Ha profiles in young
stars.

The profiles in Fig. 1 can all be understood if we as-
sume that they are the result of an interplay between an
underlying symmetrical emission line and one or more su-
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perposed absorbers. What gives a profile its characteristic
shape is then defined by 1) the width of the emission,
2) the characteristic velocity of the absorbing material,
and 3) the strength (depth and width) of the absorption.
The best single parameter to characterize this interplay
between emission and absorption is the relative height of
a secondary peak to the primary peak. Since addition-
ally the absorption can sit both on the blue as well as on
the red side of the emission peak, this parameter must
be included. We here use the following two-dimensional
classification system, with four classes depending on the
secondary-to-primary peak ratio, and two branches, cor-
responding to blue or redshifted absorptions. The types
are illustrated schematically in Fig. 4.

I1

I11

v

B R

Fig. 4. A classification scheme for Ho emission line profiles.
The dotted line indicates 50% of maximum line intensity

e Type I profiles are symmetric with no or only very
slight influence from absorption features.

e Type II profiles have two peaks, and the secondary
peak exceeds half the strength of the primary peak. In
cases with very weak absorption the double-peaked profile
may degenerate to a single peak with a hump.

e Type III profiles have two peaks, and the secondary
peak is less than half the strength of the primary peak.

o Type IV profiles are P Cygni or inverse P Cygni pro-
files, that is, the absorption has a sufficient velocity to be
present beyond the wing of the underlying emission line,
and no secondary peak is visible.

Depending on whether the secondary peak is located
bluewards or redwards of the primary peak, a second
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parameter B or R is appended to the roman numeral.
Among the type IV profiles, normal P Cygni profiles are
labelled B and inverse P Cygni profiles are labelled R.

In a significant number of cases, more than one ab-
sorption is present, and such multiple absorptions are in-
dicated by the suffix ‘m’. In rare cases, this could lead to
two different classifications, e.g. CU Cha can equally well
be classified IV-Bm and II-Rm (we have chosen the for-
mer, considering the P Cygni profile the physically more
important feature).

7.2. The profiles of T Tauri stars vs Herbig Ae/Be stars

In Fig. 5 we show a histogram of the Ha profile classes
divided between T Tauri stars and Herbig Ae/Be stars;
the two FUors are not included. With 43 T Tauri stars
the statistics is reasonably good, while with only 18 Her-
big Ae/Be stars the statistical significance is less good.
Nonetheless, it is clear that the two categories of stars
have certain differences in their Ha profiles.

HAeBe

IVB IlIB 1B T 1R IR IVR
Ha Class

Fig. 5. A histogram of Ha profile classes for 43 T Tauri stars
and 18 Herbig Ae/Be stars. The two FUors FU Ori and Z CMa
are not included

Among the T Tauri stars, 25% of all our stars have
symmetric profiles, indeed such profiles are the second-
most common profile type. For Herbig Ae/Be stars, on
the other hand, only 11% (2 out of 18 stars) have sym-
metric profiles. By far the most common profile type for
Herbig Ae/Be stars is type II, with doublepeaked lines
having deep central absorptions. The most common pro-
file type among T Tauri stars is type IIIB, which 33% (14
out of 43) stars display.
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P Cygni and inverse P Cygni profiles (type IV) are few
among the T Tauri stars, and only one case is seen in our
sample of Herbig Ae/Be stars.

The distribution of blue and redshifted absorptions is
slightly higher for blue absorptions than red among the
Herbig Ae/Be stars (10 vs. 6), whereas there is a signifi-
cantly larger number of blueshifted relative to redshifted
absorptions (24 vs. 9) among the T Tauri stars.

These results are further discussed in Sect. 7.6.

7.3. Line widths and high velocity wings of Ha

Almost all the Ha profiles in Fig. 1 show extensive wings
reaching velocities of several hundred km/s. As an exam-
ple we show in Fig. 6 the base of a very high signal-to-
noise spectrum of RU Lup, with evidence of symmetric
wings extending to beyond £900 km/s. Our general spec-
tra have much less S/N, and such extremely high velocity
wings, if present, could not be measured in all of our at-
las spectra. Moreover, the normalization of our spectra
could, at least in principle, introduce subtle changes in
the extended wings because of the limited spectral range
over which the echelle order permits to define a contin-
uum. We have therefore, upon careful examination of our
spectra, chosen to measure the line width at 1/40th of the
maximum line intensity. Dotted horizontal lines in each
of the spectra of Fig. 1 show the I,,.x/40 level. This is a
conservative measure which allows a meaningful determi-
nation of the line width even for our lowest S/N spectra,
and which would not be affected by putative normaliza-
tion problems. However, as is abundantly clear from Fig.
6, even the I;,ax/40 level will dramatically underestimate
the true line-width in the cases when very faint and ex-
tremely high velocity wings are present. In most cases we
believe the I.x/40 width will give a valid, albeit conser-
vative estimate of the extent of the line wings, and it is
certainly useful for analyzing the asymmetries of the line
wings. An additional problem is that for lines with low-
velocity absorption, which makes a central absorption that
cuts out the true peak of the emission line, the I,.x/40
level is lower than it would otherwise have been. These
limitations should be kept in mind in the following dis-
cussion.

In Table 1 Col. 9 we list the I;,ax/40 velocities for the
blue and red wings of all stars. While we obviously would
expect all type IV stars to show asymmetries, we addition-
ally find that many other stars have significant differences
between their blue and red wings, possibly indicating the
presence of very high velocity absorption. In Fig. 7 we have
plotted the blue and red I,,x/40 velocities against each
other, where T Tauri stars are marked with a +, Herbig
AeBe stars with a O and FU Orionis stars with a x. The
three diagonal dotted lines indicate the expected location
for stars which have symmetric wings within £15 km/s.
Stars with significant blue absorption fall below this line
(note especially the positions of the two FUors and the
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Fig. 6. The wings of RU Lup seen in a very high signal-to-noise spectrum. The spectrum of RU Lup shown in Fig. 1 was taken
on another night. The horizontal dotted line represents the Imax/40 line, similar to the ones shown in Fig. 1

FUor like T Tauri star CO Ori), and stars with strong red
absorption move to the left of the line. We have no reli-
able way of estimating how many stars suffer simultaneous
blue and red absorption, and ignore this possibility in the
following.

In Fig. 8 we show a histogram of the number of stars in
30 km /sec bins of the parameter AVying, which is the sum
of the blue and red wing velocities listed in Table 1. The
central bin of £15 km/s corresponds to the diagonal lines
in Fig. 7. We see that 18 out of 63 (35%) of our stars have
wings that are symmetric. This is larger than the number
of type I stars in Fig. 5, because also stars with central
absorptions can have symmetric wings. When from our
sample of 63 stars we subtract the 18 stars with symmet-
ric wings and the 5 T Tauri stars of type IV (P Cygni and
inverse P Cygni profiles) and the 2 FUors, we are left with
the surprising result that 38 stars have asymmetric wings.
As can be seen from Fig. 7, 11 of these stars are Herbig
Ae/Be stars, and the remaining 27 are T Tauri stars, that
is, roughly two thirds of both groups of stars have asym-
metric line wings. This curious result is further discussed
in Sect. 7.6.

The actual velocities measured at I;,.x/40 are plotted
in Fig. 9, which shows that typical wing velocities are in
the range 250 to 400 km/s, with essentially no difference
in the range of blue and red velocities. As can be seen in
Fig. 7, Herbig Ae/Be stars tend to have somewhat larger
wing-velocities than T Tauri stars.

7.4. Equivalent widths

In Fig. 10 we show a histogram of equivalent widths for
all stars in the atlas. The measurements refer only to the
emission part of the line, and possible absorption beneath

the continuum is disregarded. We should from the begin-
ning warn that this distribution is likely to be seriously
affected by selection effects. Our stars were chosen be-
cause we knew that they had Ha in emission, so young
stars with weak Ha emission which might have been over-
looked in He emission surveys are underrepresented in this
work. Also, as we discuss in Paper II, the equivalent width
of Ha can change considerably for a given star. Keeping
these limitations in mind, the snapshot of Ha emission of
our sample of stars shows that although most of the stars
observed have equivalent widths exceeding 10 A the bin
in Fig. 10 with the weakest emission (<10 A) is clearly the
most populated, and also that there is a steady decrease in
the numbers of stars with increasing Ha emission equiva-
lent width. The star with highest equivalent width is the
T Tauri star HO Lup, which with an equivalent width of
239 A is close to two orders of magnitude larger than the
weakest emission line stars. Each column in Fig. 10 is di-
vided between T Tauri stars and Herbig Ae/Be stars, and
we see that, to within the statistical noise in the data, the
two categories of stars have the same equivalent widths,
and show the same decrease in numbers with increasing
equivalent width. Of course, since A and B stars have
much brighter continua than K and M stars, it follows
that the strength of the emission of Herbig stars is much
higher than for T Tauri stars.

We have tried to quantify the line asymmetries caused
by the absorptions commonly influencing the line profile
by measuring the equivalent width longwards and short-
wards of the rest wavelengths listed in Table 1. We plot
these red and blue equivalent widths against one another
in Fig. 11. Perfectly symmetric emission lines lie on the
45° dotted line, and emission lines with the same frac-
tion of asymmetry will be lying on lines passing through
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the origin but with other angles. From the distribution
of classifications in Fig. 5 we know that for the T Tauri
stars, asymmetric lines with blue absorptions are signifi-
cantly more common than similar ones with red absorp-
tion. Figure 11 shows additionally that emission lines with
small equivalent widths have comparable percentages of
blue and red absorption. However, among the relatively
few stars with total equivalent widths of 70 A or so, stars
with blue absorptions are not only more common, but
their asymmetries are also more pronounced.

r P
' + — TTS P
L /'.'/:
-600~ (O — HAeBe i A
T X — FUor +
= &
~ B
\ -
< N
&£ -400
b C
g C
5 = i
) N ez
% B ey
—200 - £
N P
L 7.7
L s X
- L
- 75"
[=. sk
s
W L DO Bio B P <8 SRR FER TN TP
0 200 400 600

Red wing (km/s)

Fig. 7. Velocities of the red wing versus the blue wing at
Imax /40 for all stars in the atlas

7.5. The absorption dips

We are discussing the strength, kinematics and nature of
the absorption dips in more detail in Paper II, and here
only present some basic statistical facts about these fea-
tures.

Absorption is evident in at least 50 out of our 63 stars,
which is the number of stars of types II-III-IV. Even the
type I sources can have subtle asymmetries, as for exam-
ple seen in the spectrum of Sz 77. The strength of this
absorption has a very large range, from manifesting itself
merely as a depression in the line profile (e.g. AS 206),
to reaching well beneath the continuum (e.g. AK Sco).
Strong absorption is common, in 17 out of 63 stars the
absorption goes beneath the continuum level, and there is
no statistically significant difference between it happening
in T Tauri stars (10 out of 43) or in Herbig Ae/Be stars
(5 out of 18).

Absorption dips can be narrow (e.g. CU Cha) as well
as broad (e.g. Haro 1-16), suggesting that the absorbing
material may span a range of velocities. In some cases the
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Fig. 8. A histogram of the sum of the blue and red wing
velocities showing the number of stars in 30 km/s bins. Stars
with large red absorptions have small red wing velocities and
therefore the sum of the wing velocities become negative, and
vice versa for the stars with large blue absorptions
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Fig. 9. A histogram of the blue and red wing velocities Imax/40
in 30 km/s bins for all stars in the atlas

absorption features split into several dips (e.g. AS 205)
or several absorption features are seen, for example on
either side of the emission peak, as seen in HT Lup. Such
stars have an ‘m’ in their classification, and 23 of our 63
stars are marked this way. Multiple absorptions are thus
a frequent feature.

7.6. Profiles versus models

We have in this paper presented a statistical analysis of a
large collection of high resolution He line profiles of young
stars. Variability of these lines, to be discussed in Paper 11,
provides further important constraints on the mechanisms
which produce the observed line profiles, and we therefore
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Fig. 10. A histogram of the equivalent widths for all stars in
the atlas. For each column it is indicated how many stars are T
Tauri stars and Herbig Ae/be stars. The measured equivalent
widths refer only to the emission part of the line

defer a more detailed comparison with models to Paper II.
However, a few remarks will already be made here.

In Sect. 7.3 we found that approximately two thirds of
both T Tauri stars and Herbig Ae/Be stars show asym-
metries of their extended line wings at the I;,.x/40 level.
This could be due to three different mechanisms. Firstly, it
may be caused by high velocity absorbing material. Given
that there is ample evidence for the presence of absorbing
material at lower velocities in our spectra, it cannot be
excluded that some exists also at higher velocities. Sec-
ondly, the emitting region in which the Ha line is formed
may not be spherically symmetric, but could for exam-
ple be spiralshaped, as expected in the magnetohydrody-
namic models which have appeared in recent years (e.g.
Konigl 1991; Hartmann et al. 1994). If so, the blue/red
wing asymmetries should change with the orbital period
of the star. Finally, even if the line forming regions should
be spherically symmetric, it is conceivable that the small
amount of very high velocity material is optically thin and
clumpy, and that the high velocity line asymmetries are
caused by emission from such clumps. At the moment it is
impossible to give preference to any of the above models
on the basis only of the present data, but it appears that
further study of high velocity wings of both T Tauri stars
and Herbig Ae/Be stars could provide valuable constraints
on emission line models.

The types of profiles of T Tauri stars differ from those
of Herbig Ae/Be stars, as discussed in Sect. 7.2 and shown
in Fig. 5, suggesting that different line formation mecha-
nisms may be at play. The very small number of symmetric
lines and the ubiquity of deep central absorptions for Her-
big Ae/Be stars is consistent with a single mechanism as
the principal shaper of the profiles of these stars, with only
minor contributions from other phenomena. The clumpy
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Fig. 11. The equivalent width of the part of the emission line
bluewards of the stellar rest velocity plotted against the equiv-
alent width of the similar red emission component for all stars
in the atlas. The dotted lines help to visualize the symmetries
and asymmetries in the distribution

interstellar environment model elaborated by Grinin and
collaborators (see Sect. 6) is a very attractive hypothesis
because it can explain not only almost all the Ha profiles
we observe, but also a large number of other types of ob-
servations. The fact that the large majority of our Herbig
Ae/Be stars show deep central absorptions suggests that
the equatorial torus of obscuring material must be very
thick, unless our sample of stars are mostly having the
equatorial plane close to the line of sight, which is highly
unlikely.

The situation is more complex for the T Tauri stars,
and it is very doubtful that a single model can account
for the rich variety of profiles we see. The clumpy circum-
stellar environment model is at least applicable to some
T Tauri stars (e.g. Grinin & Mitskevich 1991; Mitskevich
1995a,b), foremost among them RY Lup, which in terms
of its line profile, its photometric variability and color
changes, and polarimetric variations closely mimics the
behaviour of Herbig Ae/Be stars with deep minima, de-
spite being a K star (e.g Gahm et al. 1989, 1993; Drissen
et al. 1989). However, other models discussed in Sect. 5
can claim equal success in explaining line profiles for spe-
cific stars. Below we discuss various aspects of different
models of line formation in T Tauri stars, as applied to
our atlas of line profiles.

Spherical symmetric models of winds driven by Alfvén
waves (i.e. Hartmann 1982), seem adequate to produce the
type IV-B profiles, but these correspond to only 7% of the
cases in our sample.
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The type III-B profiles seem reasonably well repre-
sented by the stochastic wind model of Grinin & Mis-
tkevich (1991), although it fails to adequately account for
the separation between the two emission peaks (far too
narrow), resulting in the blue absorptions to be located
at much lower velocities than in our profiles. Another dif-
ficulty is the presence of a secondary blue absorption at
higher velocities. In subsequent work (Mitskevitch et al.
1993), the models and observations disagree in the exces-
sive sharpness of the transition between the main emission
peak and the blue absorption, while on the contrary the
red wing of the secondary emission peak is systematically
less abrupt than shown in the great majority of our spec-
tra. However this model looks quite adequate to the Ha
profile observed for the star AS 353A but for the more
extended red wing present in the data.

This same star and in general type III-B profiles where
the absorption goes below the continuum, could broadly
speaking also be partially accommodated by a decelerat-
ing wind model such as Kuan & Kuhi (1975), even if it
fails to predict for Ha a substantial amount of emission
further to the blue of the absorption and a primary emis-
sion peaked not centered at the star’s rest velocity.

Also a III-B type profile with narrower absorption cen-
tered near the rest velocity of the star, much like the one
of EZ Ori, is also reproduced by the model proposed for
SU Aur by Johns & Basri (1995).

The series of models proposed by Calvet & Hartmann
(1992), where the infall material flows inside two coaxial
cones, lead to profiles of type II-R or III-R, depending on
the adopted parameters. From the 6 stars in our sample
belonging to these classes, only GQ Lup shows an Ha line
that can be reasonably well described by these models, if
quite restrictive conditions are adopted.

Broadly speaking, all models in the literature adopt a
photosphere with temperatures around 4500 K and a line
forming region not exceeding 10 stellar radii with an elec-
tron temperature between 5000 K and 10000 K, although
in some models (Hartmann et al. 1982) the temperature
tends to peak at ~3R, where it reaches the higher values
needed for the balance of the cooling and heating rates.
For the wind models the mass loss rate is between 10~°
to 1078 Mg /yr and the maximum velocity for the wind
around 300 km/s, or lower in those models invoking high
turbulence. In the infall models the maximum velocity is
of the same order and the accretion ranges from 10~7 to
108 Mg /yr. This results in the presence of high density
regions, and the need to invoke lower gas temperatures,
around 7000 K (Calvet & Hartmann 1992).

Altogether, while there is reasonable agreement on the
range of adopted values for the mass loss, the mechanism
for producing the observed Ha lines, as well as the dy-
namics and geometry of the lineforming region is still un-
certain. In any case, if these matters are to be clarified
and the Ha line profile kept as a useful probe, it is quite
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clear that an adequate treatment of the H atom levels
population and of radiative transfer are unavoidable.
Equally important is the simultaneous study of other
lines that will provide further constraints on the physical
and dynamic conditions prevailing in the outer layers and
immediate surroundings of pre-main sequence stars.
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Fig. 1. An atlas of Ho emission line profiles in young stars
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