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1. Introduction

Empirical data on the chemical composition of
strs provide s unique passibiit for testing and
orrecting modern theories of stellar evolution.
Jight chemical clomente, namely He, C, N and O,
n surface layers of young massive stars are of
<pecial interest. Actually, their abundances change
gnificantly in stellar interiors during the hydro-
core burning which is realized in stars of in-
rest through the CNO cycle. If some mixing ex.
s between interiors and surface layers of the

H on age was found for hot MS stars that are compo-
nents of close binaries. The dependence seems not to
be monotonic; in fact, the initial abundance He/H is
unchanged for the first half of the MS lifetime, but
then it increases abruptly by about two times (Lyu-
bimkov 1996). There are also some hints of similar
nomotosts ineresnent of He/ B for ingle B stars
(Lyubimkov 1998). Second, one can expect that, ac-
cording to the theory, there are correlations between
the He and N abundances at the end of the MS
phase, on the one hand, and rotational velocities of
thestars,on the ther il Fowever, allatempls o

ars, appreciable changes of surface
these elements should take place, too. This proc-
s can have a noticeable influence on all subse-
-uent evolutionary stages of the stars. Moreover,
nen these massive stars explode as Type IT su-
cernovae at the end of their evolution and eject
~atter into the ambient interstellar medium (ISM),
& mass of ejected elements seems to be strongly
pendent on the mixing during this early evolu-
nary phase known as the main sequence (MS)
-nase. Since supernova explosions are the main
ce of ISM enrichment by many elements, this
y mixing should be taken into consideration in
odels of the Galaxy's chemical evolution.
Observational manifestations of the mixing in
= 0- and early B-type MS stars were reviewed
detail elsewhere (see, e.g., Lyubimkov 1996, 1998;
-der & Meynet 2000). It should be noted that the
hints of the mixing came more than 25 years
» from studies of the surface helium abundance
= hot MS stars (Lyubimkov 1975, 1976; see also
_rubimkov 1988). It was shown that this value in-
~ases as the stellar age increases. Later a signifi-
=nt increment was found for the surface nitrogen
z~undance (Lyubimkov 1984). These data on the He
:=d N enrichment of surface layers of O and B
~=rs during the MS phase were unexpected for the
“=<ory of that time. However the present-day the-
~ recognizes a reality of this process and suggests
tellar rotation as a source of the mixing (see,
Meynet & Maeder 200 Heger & Langer 2000)

‘Unfortunately, available data on the He, C, N
and O abundances in O and B stars were insuffi-
cient in order to understand more in detail the
process of mixing and, in particular, to solve two
above-mentioned problems. It was necessary to in-
crease strongly the number of the stars observed
and to raise an accuracy of the abundances de-
rived. Therefore the project “Surface abundances
of light elements for a large sample of early B-

as presented as a result of collaboration
between the Crimean Astrophysical Observatory
(Ukraine) and the University of Texas at Austin
(USA). Permanent members of the Crimean team
are LS. Lyubimkov, T.M. Rachkovskaya, S.I. Ros-
topchin and D.B. Poklad. The American team is pre-
sented by Prof. D.L. Lambert. Our general goal was
to provide new comprehensive observations for a
large sample (about 100) of early B-type MS stars
and to complete a thorough analysis of CNO-cycle
elements, namely He, C, N and O. A brief de-
scription of main results is given below.

2. Observatory

High-resolution spectral observations of 123 B0-
B5 stars, which are likely to be in the MS phase,
were implemented in 1996-1998 at two observato-
ries, namely the Crimean Astrophysical Observato-
ry (CrAO) and the McDonald Observatory (McDO)
of the University of Texas. The 2.6-m telescope and
the coude with a 1024x256 CCD were

‘wo important details remain
he viewpoint of the theory. First, an interest-
pendence of the surface helium abundance He/

used at the CrAO, while the 2.7-m telescope and
coude 2D Echelle spectrometer with 2048x2048 CCD
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were employed at the McDO. All details of the ob-
servations and reductions of spectra are described
in Lyubimkov et al. (2000, hereinafter Paper I).

There were some limitations when B stars were
selected for the observations. The limitations arise
from the locations of the stars on the sky, their
visual magnitudes and their physical properties. The
electronic version of the Bright Star Catalogue (Hof~
fleit & Warren 1991) has been used for the selection.

In particular, we tried to observe only normal
B stars. Spectroscopic binaries, Be stars and varia-
ble stars were usually excluded. Nevertheless, 16
of 123 stars from our list were found to show
hints of Ha emission, duplicity or pulsations, so
they are not normal. We measured for these 16
stars the equivalent widths of HI and Hel lines,
but excluded them from further analysis.

Furthermore, we selected rather bright and,
therefore, rather near B stars. Two reasons can be
given for our selection. First, unlike faint stars,
spectra of high quality can be obtained for bright
stars. Second, one may expect for distant stars that
their initial helium abundance ¥ and metal abun-
dance Z (by mass) differ from the Y and Z values
for stars in the solar neighbourhood. Further anal-
ysis will demand the use of evolutionary tracks
Tor determinations of masses and ages of the stars.
The tracks depend on Y and Z ; therefore, gener-
ally speaking, it is impossible o use one and the
same set of the tracks both for near stars and for
distant ones. The B stars with the visual magni-
tudes I 6.7 have been included in our list

One of our goals was to search for possible
correlation between the He, C, N and O abun-
dances and the observed rotational velocities v sin
i. So, we selected B stars with a wide range of
sin i values, from 0 to about 300 km/s where this
value is known. For many observed stars the rota-
tional velocities were unknown; they are deter-
mined for the first time in this project.

Other details of the star selection, as well as
the full list of 123 programme stars are presented
in Paper

3. Hydrogen and helium lines

Equivalent widths W of two Balmer lines, Hb
and Hg, and ten Hel lines were measured for 123
programme stars, as well as of the Hell 4686 line
for the hottest ones. The Balmer lines are used as a
good indicator of the surface gravity log g, whereas
the Hel lines are used for determination of the he-
lmm abundance He/H, the microturbulent parame-

er V and the projected rotational velocity v sini.

Aﬂ ‘measurements of the equivalent widths have
been implemented by the Crimean team. Two hy-
drogen lines were measured i by two

WA (CrAO)
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Figure 1: Comparison of the mean Hel equivalent
widths measured from the CrAO and McDO spec-
tra for 14 common stars.

It is interesting that there were 14 common
stars, for which all these lines have been observed
both at the CrAO and at the McDO, so we were
able to compare the equivalent widths derived
from two sets of spectra. Such comparison for Hel
lines is presented in Fig.L. A very good agreement
is seen between the CrAO and McDO data; in fact,
there s no systematic difference, and the acciden-
tal scatter is within + 5 per cent. The measured
equivalent widths, as well as their detailed analy-
sis can be found in Paper I

4. Basic parameters

As mentioned above, 16 of 123 programme
stars are not normal, so our further analysis in-
cluded 107 remaining stars. We determined basic
parameters of these stars, first of all their effec-
tive temperatures T.,.and surface gravities Iog g.
Both were derived
the basis of standard T, — log g diagrams Two
colour indices were used as good indicators of T.,,,
namely the index @ in the UBV photometric sys-
tem and the index [c,] in the uvby system. As is
known, both values ate independent of interstel-
lar extinction. As far as log g is concerned, equiva-
lent widths W of the above-mentioned Balmer
lines, i.e. Hb and Hg, as well as the b-index were
used as good indicators of this parameter.

InFig.2 the T,,, ~ log g diagrams are shown as
examples for two B stars, namely HR 8797 (B0.5
1V) and HR 6588 (B3 1V). Various curves here are
the loci from the theoretical models, which pre-
dict the observed value for each of the considered

‘members of the team, whereas helium lines were
measured independently by three members. When
comparing different sets of the W values, we ob-
tained a good agreement. The averaged W values
are employed in further analysis.

Pitoimetee s o bt star Y 5797
we also display in Fig.2 the curve that corresponds
to the Hell 4686 line. It should be noted that all
computed values in our analysis are based on Ku-
rucz’s (1993) model atmospheres.
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Figure 2: Diagrams for the T, and log g determi-
nation for the stars (a) HR 8797 (B0.5 IV) and (b)
R 6588 (B3 IV).

Furthermore, we found the interstellar extinc-
onin the V band, i.e. the A, value, basing on the
by phuu)metry Using Lhree derived parameters,
.amely T, log g and A, one can evaluate the
Fistance d'ot the stars (note that the masses M are
necessary as well; they were determined from ev-
lutionary tracks, see below). We found the d val-
ses and compared them with distances obtained
“rom the Hipparcos parallaxes (ESA 1997). The com-
oarison is presented in Fig.3. The upper panel shows
“he two sets of d values with their errors. In the
ower panel the relative difference between our
d the Hipparcos data including common errors
both sets is displayed. When taking into account
ncertainties in the d values, one may see that
greement between the two sets is rather good. In
ticular, the scatter in the lower panel is mostly
vithin #50 per cent and can be explained, as a
ule, by errors of the d determination.
In Fig. 4 the T, and log g values derived for
gramme stars are compared with the evolu-
onary tracks of Claret (1995). One may see that

1e tracks we estimated the masses M of the stars.

Furthermore, using the M values, we determined
the radius R and luminosity L. The age t was eval-
uated as well from Claret’s computations.

The derived values of T,,, log g, d, M and
iher patamoters for 107 Stars are pesaenten and
discussed in Lyubimkov et al. (2002, Paper II). In-
terpolating among Kurucz's (1993) model atmos-
pheres, we found for each star the model atmos-
phere according to its T,,, and log g values. These
models were used in further analysis of the He,
C, N and O abundances.

5. Helium abundances and microturbulent pa-
rameters

Non-LTE analysis of Hel lines in spectra of
102 programme stars was implemented in order to
determine the helium abundance He/H, the mi-
croturbulent parameter V, and the projected rota-
tional velocity v sin i (five stars of 107 were omit-
ted). A determination of He/H and V, was based
on the equivalent widths measured in Paper I, the
lines 4471 and 4922 were used as indicators of He/
H and the lines 4713, 5016, 5876 and 6678 were
used as indicators of V.. The velocities v sin  were
found from profiles of the same lines.

The He/H-V, diagram for the star HR 8797 is
shown in Fig.5 as an example. An idea of such dia-
gram is similar to the well-known T, ~log g dia-
gram (see Fig.2); various curves here are the loci
from the theoretical models, which predict the ob~

o0 |- 1

Distance (present work)
g

Relative difference, %

50 500 750
Distance (Hipparcos)

Figure 3: Comparison of our distances d (pc) with
the Hipparcos d values
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Figure: 4. Location of programme stars on the ev-
olutionary diagram. Claret’s (1995) evolutionary
tracks are shown for stars with masses M from 3.2
t0 25.1M,, Dotted line corresponds to the ZAMS.

served equivalent widths of the used helium lines.
This diagram allow to obtain simultaneously both
parameters, He/H and V,, basing on the different

f the lines on the mi

Two of 102 stars were found to be the helium-
weak stars. Since one of our objectives was a search
of possible correlations of He/H and V, with stel-
lar masses M, we divided the remaining 100 stars
into three groups as follows. Group A includes the
stars with relatively low masses between 4.1 and
6.9M,, 42 objects in all (M, is the solar mass). Group
B contains the stars of intermediate masses be-
tween 7.0 and 11.2M,, 46 objects in all. Group C
includes the most massive stars with M between
12.4 and 18.8M,, 12 objects in all.

We analyzed a relation between the microtur-
bulent parameter V, and the relative age t/t, , for
each group separately (here ¢, _is the MS lifetime).
In group A the parameter V, Seems to be small for
all stars independently of t/t,_. The V, values vary
within the 0-5 km./s region, 35 a rule. Similar low
velocities V, were found for stars of group B with
the relative ages 0.0<t/t_<0.8, however the
evolved stars with 0.8<¢/t "<1.02 showed a large
scatter of V, from 0.3 to 11.0'km/s. For most mas-
sive stars of group C, in contrast with group A
and B, a strong correlation between V, and t/t, .
was obtained. Actually, for the non-evolved stars
with t/t_<0.3 the V, values varied from 4 to 7
km/s, whereas for the most evolved stars with
t/t,,>0.8 the high velocities V, in the 16 to 23 km./
s range were found.

It interesting that whenV>7 kam/s, the V,(Hel)

pa-
rameter V,. The 4471 and 4922 curves, on the one
hand, and the 4713, 5016, 5876 and 6678 curves,
on the other hand, show a number of intersec-
tions; their averaged coordinates give He/H and V,
for the star. In particular, for HR 8797 the parame-
ters He/H=0.131 and V,=13.8 km//s were obtained.
The He/H and V, values for 102 stars are presented
in Lyubimkov et al. (2003, Paper III).

HR 8797

=
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Figure 5: Diagram for the He/H and V, determi-
nation for the star HR 8797.

ly overestimatedi as compamd with the V{(OILNTD
values derived from OII and NII lines. Moreover,
this discrepancy tends to increase as V, increases, so
the most marked difference takes place for hottest
evolved B giants. One may suppose that the veloci-
ty gradient due to mass loss is very likely to exist in
atmospheres of such giants, like O and B super-
giants. This elfect can be a principal cause of over-
broadening of Hel lines as compared with weaker
Ol and NII lines (see Paper III for details).

We analyzed as well a relation between the
helium abundance He/H and the relative age t/,.
A correlation was found for each of the groups A,
B and C, so the helium abundance tends to in-
crease with the age. For instance, Fig.6 displays
this relation for stars of group A. The straight line
drawn by the least squares method shows that the
He/H value increases from 0.105 to 0.13¢ during
the MS phase when t/1,, varies from 0to 1. There-
fore, the mean helium énrichment of atmospheres
of the 4.1-6.9 M, stars is 28 per cent

The most pronounced helium increment was
found for most massivesstars, ie. for group C. When
using the V,(Hel) values derived from Hel lines, we
obtained for this group the mean He enrichment
of 43 per cent, while when the V,(OILNII) values
based on OII and NII lines are employed, the He
abundance increases on the average by 2.2 times. It
should be noted that the He/H values based on the

V,(OILNII) scale are in better agreement with the
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= 7. Concluding remarks
o . ° . A significant part of the project is already im-

He/it

plemented. Actually, high-resolution spectra of
more than 100 early B stars were obtained. A
number of basic parameters was determined in-
cluding the effective temperatures T, surface
gravities log g, masses M, ages t etc. A detailed
non-LTE analysis of Hel lines was effected to find
the helium abundance He/H, microturbulent pa-
rameter V, and rotational velocity v sin i Rela-
i hefuees He/H and V,, from the one hand,
and M, and v sin i from the other hand,
were constructed It was conflrmed that there is
the helium enri he MS phase, which

e
Figure 6: The helium abundance as a function of
the relative age for stars of group A. The straight
line is drawn by the least-squares method.

theory (see Paper III). There is a possibility that

correlates with the masses M and rotational veloe.
ities v sin 4. It is necessary to note that from the
outset we tried to get a highest accuracy on each
stage of this work.

At present we are implementing a last stage of
the project, i.e. an analysis of CII, NII and OIL
lines on the basis of non-LTE computations. Our
goal is an accurate determination of the C, N and

such massive singl
of binaries, keep their mmal He abundance un-
changed during the first half of the MS lifetime.

6. Rotational velocities

A determination of the projected rotational
welocities v sin i for 102 programme stars was based
2 analysis of profiles of the same Hel lines; the
ndividual parameters He/H and V, were taken
sto consideration for each star. The non-LTE pro-
es computed for the various v sin i values were
ted to the observed ones to derive v sin 7. It is
portant that a difference in v sin ¢ for various
lines was found to be small. The averaged
Stational velocities are presented in Paper IIT;
y vary from 5 to 280 km/s. It should be noted
ai for many stars the v sin i values have been
not determined easfer.
The

o and a search for correlations with
M, t/t, andvsini.
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