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Abstract. We present H, He1 A 2.058 um and 6 hydrogen 1. Introduction

Brackett and Pfund lines af Sco (B0.2V) obtained using the I . o
ground-based INT and UKIRT instruments as well as sateIIi%u"’}nt't""t'\/e spectrqscopy ISa poweriul methpq to obtain infor-
data from ISO. The infrared lines all show core emission. V\rlgatlon on the physical conditions that prevail in stellar atmo-

) ) . . . . Pheres. Theoretical models for stellar atmospheres and their
have investigated the formation of these lines using sophlsS ‘nthetic spectra are widelv used to determine basic stellar
cated non-LTE models. Y IC SP wiaely u ! !

%rameters such as.d, logg, projected rotational velocity

The observed emission in the most pronounced hydro . S ) o
v ISsion | P y Y gr%nd chemical composition. The technique of quantitative spec-

lines, such as Br and Pt is stronger than predicted by ourr scopy is of particular interest when applied to the infrared
models. The velocities of peak emission are blue-shifted Py P L PPIE )
) wavelength band. As extinction properties of interstellar

5-10 kms ! with respect to the stellar velocity. This togethe . :
with the surprisingly strong width of Brand the peculiar profile and/or circumstellar dust are not nearly as severe in the IR as
ompared to the visual, the IR allows for the study of hot stars

of Her ) 2.058 suggests that shock-induced turbulent veloci% ated in regions of high optical extinction. Examples are the

. : C
fields may be present in or somewhat above the stellar photo: . o N
sphere, as has already been suggested from analysis of opﬁ%"ﬁ forming sites in the Galactic disk and the hot stars located

and ultraviolet data. We derived = 324+-2 kK from the infrared n f’he gala_lctlc center. .

. . : . . In particular, the IR part of the spectrum of hot stars contains
data alone, a value consistent with previous optical analysis. Theide ranae of strona and weak hvdroaen and helium lines that
good agreement indicates that quantitative analysis of infrar%}g’ formec? in the outger lavers of %e s?atic atmosohere. and in
lines alone (e.g. for hot stars in regions of high extinction) ct & lower parts of the steﬁ/ar wind. The strenath rfnd sr;a e of
be used to characterize photospheres accurately. We also in¥r1eesée Iinesp are very sensitive to thé structure gf the atmos phere
tigate the mass loss afSco and find an upper-limit of 6 10 y b ’

1 and hence provide strong constraints on model atmospheres in

Moyr™". . S ! . :
A parameter study of the infrared hydrogen and heliug{rzgigég)at is difficult to probe with other techniques (Najarro

lines indicates that emission may be expected in 8nd P
' indi 1581 y xP In recent years, the IR part of the spectrum has become ac-

for stars with T < 16 kK and will dominate the profiles of cessible to quantitative spectroscopy due to the development of
these lines for I = 31 and 26 kK, respectively. He\ 2.058 q P Scopy P
) : o : large IR arrays, and the launch in 1995 of the Infrared Space Ob-
will be in emission for 20< Teg < 33 kK and Herr line ;
. . i o servatory (ISO). We have embarked on an observational study
profiles will contain emission at.f = 33 kK. The effect of ) . .
. . of the IR spectra of hot stars, in order to (i) observationally
surface gravity on these values is small. . . .. . .
characterize hot stars in the IR, (ii) derive basic parameters of
hot stars, and (iii) derive information about the circumstellar
Kev words: stars: atmospheres — stars: earlv-tvoe — Starrg,aterial in hot stars (either in outflows or in disks).
y words: - atmosph >lars. early-type = Stars. e MK standard star Sco (HD149438, Sp. Type: B0.2 V)
emission-line, Be — infrared: stars — line: formation — radiative . . X 4
iS one of the best studied hot stars and is very bright, allowing
transfer . . ) .
high quality observations: Sco shows enhanced stellar wind
features for its spectraltype (Walborn et al. 1995). However, its
derived mass mass loss rate of 88 My yr—! (Lamers &
: Rogerson 1978; Kudritzki et al. 1989) is not expected to effect
Send offprint requests 16.A. Zaal optical and IR lines (see Sect. 4.3). This allows us to investigate
based on data obtained with the ESA Infrared Space Observatﬂ% photospheridR spectrum. The effective temperature and

I(Isigg’,\\:: fA?téT]eTLele s'zg;;egNt?eLs;%pjnggf IRT, Hawaii) and with thelog g for 7 Sco are 31.4 kK and 4.24 respectively (Kilian 1992).
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Peters & Polidan (1985) and Lamers & Rogerson (1978) derive | ‘ i
comparable values. Waters et al. (1993) first reported the pres- |
ence of strong Bt emission inr Sco, and attributed this emis-
sion to the presence of a low-density disk. However, subsequent
studies by Murdoch et al. (1994) showed that the emission in
7 Sco and in the O9V star 10 Lac can also be understood:n -
terms of non-LTE (LTE = Local Thermodynamic Equilibrium)‘g
line formation in a plane-parallel atmosphere, without the ne%d
for circumstellar gas. — 0.8
In this paper we present new ground-based and space- b@ed
optical and IR spectroscopy of Sco that confirm the emis- s
sion character of the cores of many IR hydrogen lines (as Wé”oj
as Hei1 )\ 2.058), pointing to significant non-LTE effects in=
the line-forming regions. In Sect. 3, we present new non-LTE
model atmosphere calculations (H&He models) for hot stars.
Sect. 4 discusses the physical mechanisms responsible for the
formation of emission line cores in the IR lines of plane-parallel
hot-star atmospheres. Sect. 5 discusses the mass lesSoof i L
and the extent to which this is expected to affect the IR lines. 1000 —-500
Here we also address the possibility the observed IR line emis-
sion is due to the presence of a (low-density) disc. In SectFfy. 1. Ha observed in 1996 May 2nd with INT during commissioning
we present convenient diagnostic diagrams to compare the lifiéhe Mmusicos instrument.
strengths of the IR lines to observations, and we compare the

I T B R R
500 1000

O —Ha«

Velocity (kms™1)

models on which these diagrams are based to the observed lines*F ™ | R T 1 T
Bro Hel 52—4F 4.0523 um

of 7 Sco Also a comparison is made between fully line blan- ; 5
keted and H&He models. Finally, Sect. 7 summarizes the results

of this paper. Lr
Eo
|oE T T e
2. The observations @1_1§ Bry 2.1661 pm
Spectra ofr Sco were obtained in both the optical and IR spe@ 0.9 W
tral range. They cover mainly hydrogen and helium lines. TIiEeo 8

description of the observations and the data reduction is lelqu >

into three parts: the optical INTddspectrum; the ground- base¢ 11

UKIRT spectra; and the 1SO spectra. All spectra discussed tm 1

low are corrected for the motion of the earth, the Sun andgao 9

stellar radial velocity of-2 kms™! (Hoffleit & Jaschek 1982). 0.8
1.2
1.1

1

An Ha spectrum was obtained in 1996 May 2nd with the Isaac0-9

Newton 2.5m Telescope (INT) on La Palma during the commis-9-8

sioning run of the MUSICOS spectrograph. In total the spectro-

graph has 50 orders covering the spectral range 4718-4139

To obtain the k spectrum we extracted the order which coveredd. 2. UKIRT observations of hydrogen emission profiles-iSco.

the wavelength interval 6527—6686 The spectral resolving

power, R = A\/d), for this spectral range is 3.0 40The data

were reduced with the MIDAS echelle reduction package, ysrofiles of the blue and red wing suggests that thaHiee is

ing standard reduction steps for echelle spectra: order definitidominated by emission.

order extraction and wavelength calibration (Th-Ar spectrum).

The Hx line is normalized using a 2nd order polynomial fIE 2 The UKIRT data

through the continuum.

The normalized i spectrum is shown in Fig. 1 and derivedJnited Kingdom Infrared Telescope (UKIRT) spectra were ob-
spectral parameters are given in Table 1. The wings of the litséned over two observing runs using the echelle of the facility
show blends of Har 6—4 at —132 kms™! (relative to Hy) grating spectrometer, CGS4. The first two spectral ranges shown
and Ci1 at +695 and+-917 kms t. Comparing the absorptionin Fig. 2, centered on Br (4.052:m) and Bty (2.17um), are

2.1. The INT data

%

Il ‘ Il Il ‘ Il ‘ Il ‘ Il Il ‘ Il
—400 -200 0 200 400
Velocity (kms™!)
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Table 1. Basic parameters of the observed line profiles. Given are the spectral resolution, the line over continuuith ratgpéak velocity
Vpeak, the equivalent width (EW), the full width at half maximum (FWHM) of the feature, the signal to noise ratio and the telescope used. A
negative (positive) EW means net emission (absorption). The errein is ~ 1/10 the velocity characteritic for the spectral resolution.

Line Resolution )1, E.W. Line flux Vpeak ~ FWHM  S/IN Telescope/
(A) (W/m?)  (kms™) (kms%) Instrument

Ha 36000 0.65 3.0 — 0 200 100 INT/MUSICOS

Bra 14000 1.86 —10.3 —1.53e-15 -4 71 75

Bry 15000 0.96 5.2 — —-14 - 220

Pig 15000 1.07 -1.0 — -14 70 80 UKIRT/CGS4

Pfy 15750 1.04 1.6 - -11 — 110

He1 X 2.058 18700 1.12 -0.4 — 21 40 50

Bra 2017 15 -12 1.8e-15 -10 150 100

Brg (a) 2070 0.96 43 —5.7e-15 10 200 40 ISO/SWS AOT02

Brj (e) 1.05 -0.7 5.4e-16 20

Pfa 1457 1.4 —-23 3e-16 0 206 20

—
Hel 2P—2S

{ Hel 7d—4d(S=3
)

x—shift=+0.2 pix

observed on July 4th 1994 and are reduced as described by
Zaal et al. (1997). The spectral coverage is about 1500 kms
for each spectrum. The last two spectral ranges, covering Pf
(3.740pm) and PP (4.653um), were taken on July 26th 1995.. o
With the 256 x 256 InSb array installed previously in that year, |
the spectral coverage is much larger: about 4000 Knfier each c
spectrum. Similar specifications apply for their2p' S-2s'P° 3
(2.058um) line shown in Fig. 3. In order to subtract the telié 0.6
luric lines we used R CrB (HD141527, Spt GOlep) as ratio star
for the Pfy and PP spectrum. For the Hespectrum we used -0
HR6366 (HD154783, Spt A/Fm). Thef&nd Pf spectra suf- o
fer from fringing. These were removed with the defringe tool
“FRINGEAAR” as developed for the data reduction of the SWS- 000 . . . |
ISO data and which is part of the Interactive Analysis package. -400 -200 0 200
The derived spectral parameters are given in Table 1. velocity (kms™)
For all spectra shown in Fig. 2 we find the (local) emissiorig. 3. The Her 2.058:m spectrum as observed with UKIRT. The top
feature to peak at a negative velocity (see Table 1). Moreovgsectrum as reduced with a slight shift of 0.2 pixel (1.1 krdor the
all lines are slightly asymmetric in that they show enhanceatio star, HR6366. The bottom spectrum as reduced without shifting
emission at the violet side of the profile. As pointed out by Zatile ratio star. Also the“raw” spectra ofSco and HR6366 are given to
et al. (1997) this indicates that at the depths where the (ndistrate the strong telluric lines present.
LTE) line centers are formed there is an overall outward (line
of sight) velocity. In the case of Brwe add that He A\ 4.049
(at—234 kms* from Bra) is suspected to be in emission. In ) ) ) o _
the case of Bf we note that the absorption #8420 kms ' isa I He1is real, i.e. the weaker Heine velocity is zero relative
residual from a strong telluric line. to the local standard of rest velocity efSco (see Fig. 13). In
The Her A 2.058 line is situated in a difficult atmospheri¢his paper we will only use the Hespectrum as derivedith
window, as a series of strong telluric lines is present. The r&Rifting the ratio star.
spectraare showninthe lower panel of Fig. 3. A slight shifting of
the position of the ratio star in the slit in the dispersion directign3. The 1SO data
has a large impact on the shape of the intrinsic line profile. The .
equivalent width of the line, however, is conserved. The shal)¢ observed- Sco with the Short Wavelength Spectrograph
difference is illustrated in the top two tracings shown in Fig. 35WS) on board of the Infrared Space Observatory (de Graauw
For a 0.2 pixel shift (1.1 knis') the overall residuals of the tel- €t al- 1996; Kessler et al. 1996). The SWS was used in the
luric lines are minimal. Independent on the shift of the ratio st¥VS02 mode. The aperture size is £420 for the spec-
we find that line emission is only present at positive velocitie§2! range covered by our observations. The spectral resolution,
We detected also weak Hemission at-287 kms ! relative Whichis wavelength dependentand ranges figiih ~ 1400to
to He1 A 2.058. Comparison between model calculations akd00; is givenin Table 1. The spectra as shown in Fig. 4 were re-

the observed Hespectrum shows that the red-shifted emissidit'ced using the SWS Interactive Analysis (IA) programs within
Interactive Data Language (IDL).
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are shownin Fig. 4. The spectral parameters are givenin Table 1.
.3 Br 3 The Big profile shows a weak emission feature on top of broad
absorption wings. The Br emission, which is just resolved,
looks similar to the Ba spectrum as observed with UKIRT. It
shows an asymmetric emission peaking-at-10 + 10 kms™!
and the blue emission wing is stronger and extends up to larger
‘ ‘ ] velocities than that of the red wing. The measured equivalent
~2000 ~1000 0 1000 2000 width of Bra differs significantly ¢ 14%) from that of the
velocity (kms?) UKIRT data (see Table 1). We cannot conclusively say that this
variability is due to calibration problems; it is likely intrinsic.
For Pfx, the spectral resolution is much lower than atvBsee
1 Table 1) and no asymmetry can be detected. As thespéctrum
3 suffers from fringes the actual S/N is lower than the error in
Fig. 4 (i.e. noise per bin) indicates. The fringes, clearly visible
] at~ —1000 kms™'relative to Pf, could not be devided out as
1 the S/N in the fourier domain was too low to detect the fringe
08t ‘ ‘ ‘ ‘ ‘ ] period. The H 8—6 line at+1715 kms! relative to Pé is in
—2000  -1500 710036\00&50(Ems") 0 500 1000 emission. We did, however, not use thig 86 in our analysis
as the edges of the observed ISO spectra are poorly covered
‘ ‘ ‘ and thus have too low S/N. Furthermore many Hmes are
g Pfo 7 situated around Rf The strongest are at1115,—-895 and
B ] —168 kms! relative to P&. Also Herr 12—10 is seen at-135
kms~!. None of these helium lines are detected, implying they
are at least weaker than 15 percent of the continuum although
the latter two lines might be stronger as they blend with. Pf

16 Broo 1

Normalized Intensity

Normalized Intensity

0.6L

~2000 ~1000 0 1000 2000 3. The model calculations
velocity (kms™)

To model the IR lines of- Sco, we use the non-LTE atmo-
sphere codeLusTy (Hubeny 1988; Hubeny & Lanz 1995)
version 195. The statistical equilibrium equations for hydrogen
and helium are solved subject to the constraints of radiative
The applied data reduction is quite different from the staand hydrostatic equilibrium. The atmosphere is assumed to be
dard pipeline in that we make use of the algorithms developpldine-parallel. We first constructed a grid of H&He model at-
by Valentijn & Thi (1999). These algorithms are specificallynospheres covering a broad range ix Bndlogg. In order
developed in order to detect weak lines. The algorithms addrés@ccount for all relevant recombination and cascading chan-
the problem that the dark current often shows drifts on varionsls, we made use of quite extended atomic models. Details of
time scales as well as sudden jumps in the mean level. Dudhe levels included and the treatment of the transitions between
cosmic ray hits both the dark current and the science data shtbem are given below. In the calculated grid of models the effect
glitches. Such glitches can be detected as sudden jumps in ao$éine blanketing, i.e. the consistent treatment of thousands of
ries of ramp slopes (the so called “maxi-glitches”) or as a smajpectral lines of ions of species other than H&He is neglected.
jump within a particular ramp (“mini-glitches”). These can b&lanketing effects, however, may be of importance (Lanz et al.
identified using the standard deviation of ramp fits. The dat@97) and we will return to this point in Sect.4 and 5. Line
processing of Valentijn & Thi (1999) also makes use of selprofiles were calculated using the spectral synthesis sose
calibration, i.e. to define the pulse shape from the science dategc. The Hi and Hett line profiles are computed as described
which results in a better linearization of the ramp. Globally they Hubeny et al. (1994). For the H&ne profiles we use a “clas-
algorithm first filters out the glitches and uses the darks whiskcal” profile implying the Stark broadening is approximated by
are not affected by glitches to do the dark current subtractianvoigt profile, withI' = 10® n. n3;, wheren, is the electron
employing a polynomial fit. density andu.g is the effective quantum number defined in the
We observed Sco three times for optimizing the signal tausual way.
noise ratio (S/N) of various lines. From this data set the spectra To get an overview of how IR Hand Her lines depend on
with the best S/N were selected.Bwas taken on February effective temperature ardg g, and to see in which way non-
17th 1996, BB on September 17th 1996 andhRdn March 8th LTE effects influence the line shapes, we have first set up a grid
1998. Due to the poor signal to noise of theifihe spectrum of models ranging from 16 to 40 kK in.% with a stepsize of
we will not include this line in our analysis. Instead we use tHekK and inlog g using values from 3.7 to 4.3 with a stepsize
Pfg spectrum obtained with UKIRT. The reduced 1SO spectaf 0.15. All other parameters are kept fixed. The results of this

Fig. 4.1SO observations of IR hydrogen profilesirSco.
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first step will be discussed in Sect. 5. Here, we will summariZb) affect the transfer of radiation — by desaturating the lines.
model ingredients especially important for IR lines. This allows photons to escape from deeper layers, enhancing
the non-LTE character (e.g. Sigut & Lester 1996); &oidin-
fluence the profile function in the formal solution to recover the
line profile.
The hydrogen model atom consists of 15 explicit levels, while Thetestcalculations covered the effective temperature range
higher levels, up tor» = 80, are merged into an averagedrom 28 to 34 kK andog g from 3.7 to 4.3. We assumeg,,,
non-LTE level accounting for level dissolution as described by10 kms!. For H1 IR lines we found an overall enhancement
Hubeny et al. (1994). The highest membetsx 15) of the of the line emission. Besides the increase of the line width due
Lyman and Balmer line series are then represented by theirt@mechanisnfa), also the line over continuum ratio increases
spective transitions to this merged level and are representedig to mechanisr(b). As a result the equivalent width of these
means of opacity distribution functions. lines decreased (i.e. more line emission) by some 20 percent for
The Heir model atom treats the first 14 levels explicitlyall models. Thev,,, effect on Her \ 2.058 and Kk is more
He1is represented by a 69 level atom, which treats all levels upmplex. We will return to this in Sect. 5.1. The neglect of tur-
to quantum leveh, = 7 and angular momenturh < 3 sepa- bulence may lead to an overestimate of the effective temperature
rately. The levels with. > 3 are grouped into a superlevel forby approximately 400 K (assuming 10 km'sis realistic). The
each main quantum number up7io= 7. From levelsn > 8 effect onlog g is not significant.
andn < 20 the singlet and triplet levels for a given quantum
level are grouped into single superlevels. Allowed bound-boupd
transitions of Ha (having an Einsteim,,; coefficient> 10%)
are treated in full non-LTE while forbidden transitions are a$n this section we will discuss the formation of IR emission lines
sumed to be in radiative balance. In this way the most importdaterms of simple physics.
line transitions of Ha are treated consistently and cover all
transitions of concern for the analysis presented in this papgq The principle of non-LTE line emission
Atomic transition probabilities for the bound-free and bound-
bound transitions of He are from the Opacity Project TOP-In a plane-parallel atmosphere line emission may occur either
BASE database (Cunto & Mendoza 1992) for all levels up tfrough a temperature inversion or through a non-LTE effect
quantum leveh = 4. For levelsn > 4 we use a hydrogenic in which the upper level of the transition gets overpopulated
approach for the bound-free transitions and the atomic data®gtive to the lower level. We will briefly discuss the principle
Martin (1987) for the bound-bound transitions, kindly supplie@f both effects. The important point we want to show is that it
by Paco Najarro (private communication). requires only a small deviation of the ratio between the non-LTE
To check the sensitivity of the Heines to the used atomic departure coefficient of the upper and lower level from unity (i.e.
data, we performed a test using different sources of atomic dhfd) to cause a spectral line to go into emission. Anticipating
used for transitions between lower levels, < 3 and upper the results of the model calculations, we note that Bco the
|eve|synu > 4. In this test, we created a new Hatomic model population inversion is the more important of the two effects.
using the Opacity Project data upsto= 3 and Martin'’s data ~ The line source function between upper levednd lower
(1987) forn > 4 and compared this with a run using our starlevell is given by:
dard Her atomic data as described above. A model atmosphere oh? by hy -1
with Teg =32 kK andog g =4.0 was used. No significantchanges; ,, = —* [b exp (kTO ) — 1} 1)
was found in relatively strong Hand Her profiles including € u e
Her A 2.058. Only for the weak HeA 4.049u:m line emission %Nhereuo is the line frequencyb,, = n/n* denotes the depar-

_ 1 i
at—230kms " fromthe center of B (see Fig. 2) a decrease Otl,lre of the level population from the LTE valuen*, and T, is

about 30 percent in line strength was predicted in case Martif)'s .
. . e electron temperature. The constants have their usual mean-
data was used. One should beware of this problem as it m

o . |ﬁ¥ We assume the continuum to originate from a layer with
affect the overall synthetic line profile of B(4.052;:m) when :

. : characteristic temperaturé &nd to emit a radiation field given
convolved to the resolution of the ISO observations. . L . :
by the Planck function. Normalizing the line source function to

this continuum background yields:

Stv, N exp(hv, [kTg) — 1 (2)
In the presented grid of H&He models, effects of small-scalg, éLz exp(hvy/kTe) — 1
motion fields — generally referred to as “micro-turbulent veloc- “

ities” have not been taken into account. To investigate the effagifirst order Eq. (2) gives the peak strength of the emission line
of micro-turbulence we performed test calculations treating it jfthe temperature Tis characteristic for the layer in which the

a consistent manner. This implies that turbulence was allowgtk pecomes optically thick at its central wavelength.

to (a) modify the hydrostatic structure of the model —through an | et ys first discuss the temperature inversion effect. To do
induced turbulent pressure gradient — (e.g. de Jager et al. 1983);we assumé, /b,=1. For a spectral line located in the IR we

3.1. Atomic physics

The formation of emission lines due to non-LTE effects

3.2. The influence of turbulent velocity
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O B of stellar effective temperature for
0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00

Bra. Four values are indicated.d
b/ b, b/ by =27.5, 30, 32.5 and 35 kK.

may apply the Rayleigh-Jeans approximation. This reduces ttyevisible in Fig. 5a in case of Rfexists because of stimulated
expression for the continuum normalized line source functi@mission. Note that in a real stellar atmosphere the emission
toS/B = T./T, i.e. the peak strength scales linearly with theill be “tempered” by continuum opacity contributions.
ratio of the temperatures. This implies that in case>T T; Theb,, /b, sensitive population inversion effect is the domi-
in the line forming region one may expect an emission profileant cause of IR line emission inSco. Other effects that may
Temperature inversion occurs in our H&He model atmosphergsoduce line emission will be discussed in Sect. 5.

We now turn to the population inversion effect. In Fig. 5a we
present for our simple model the ratity B for different ratios
b, /b, assuming T/TX = 0.8. The different lines are for dd
He1 X 2.058, Bry, and P#.. Fig. 5a clearly shows that for the IRDetails about the formation of d&d Pfo. and Her A 2.058 in a
lines only a few percent differencedp andb, yields significant TLUSTY model are given in Fig. 6. The model parameters are
peak emission. Line amplification is small for the optical H Tes = 31.4 kK andog g = 4.24 and are characteristic foiSco
line, essentially because the exponential temperature behavigian 1992). The top three panels give the dependence of tem-
dominates the line source function at short wavelengths. Tiperature, density and the ratip/b,, of the three investigated
photospheric temperature dependence is illustrated in Fig. Blkes on Rosseland optical depth. The middle set of panels give
The strong dependency of emission strengtlh,of; in the IR the continuum (dashed line) and line (solid line) source func-
can be simply understood by introducing the following approsion. The symbols in the source function plot give the position

4.2. TheT'(r) andb,, (r) effect withinTLusTy

imation: at which the continuum and line reach monochromatic optical
S 1 depth 2/3. The bottom row of panels show the emerging line
3 =TT (3) profiles.

R v e Our grid of H&He models exhibits a temperature rise at the

surface. This temperature rise is a classical non-LTE effect first

wheres = huy,, /kT? ande = b, /b, —1 (See also Sigut & Lester, described by Auer & Mihalas (1969; see also Mihalas 1978) and
1996). Depending on the sign afnon-LTE effects can either is the result of an indirect effect of Balmer lines on the heat-
result in enhanced absorption:$ 0) or in enhanced emissioning in the Balmer continuum. Line blanketed models have the
(e < 0). The amplification factor of emission is determined btendency not to show this behaviour because of more efficient
1/4. In Sect. 4.2 we will demonstrate that for (several) &hd cooling through spectral lines in the outer layers. The H&He
He1 lines of early B-type stars, the valuelgf'b, can become temperature inversion is of minor importance for weak lines,
smaller than unity, i.e= < 0, in the region of line formation. such as Ha A 2.058, as for weak lines the forming region is

One may expect significant emission when< 0 and typically situatedinsideof the layer where the temperature is
le|/§ — by/b, * T: /T, at the depth where the line is formed~ 10% above the minimum. For the stronger line transitions,
We will refer to this effects asb~amplification”. The singular- such as K, Bra and Pt, which have a line forming region



P.A. Zaal et al.: The infrared lines efScorpii 579

4.5 . . . . 7 . . . . 2.0
40F g PO) (b) 18F
:,‘Q 3.5 -9 e 1.6
S 30} @ —10 S
= E 3
= R25F -11 1.2¢
2.0F -12 1.0
structure structure
1.5 . . —-13 . . . . 0.8
o -1 -2 -3 -4 -5 0 -1 -2 -3 -4 -5
log Tg log T4
1.6 (N=3)H1-(N=2)H1 (d) 1.8 (N=B)H1-(N=5)H1 e) (f)
1.4 B k ]
1.2¢ ]
% 1.0F & i &
: : ]
0.6 .
0.4 source function 1 0.6¢ source function 1 source function
0.2 L L L L 0.4 L L L L 0.5 L L L
0 -1 -2 -3 —4 —5 [4) -1 -2 -3 —4 -5 0 -1 -2 -3 —4 -5
log 7x log 7x log 74
12 (N=3)H1-(N=2)H1 (g) 25 (N=B)H1—(N=5)H1 (h) 25 1s2p1PoHel—1s2s1SeHel i)
Lor ] 2of O ] 2.0F AN ]
0B 1
o , 151 B . 15F 1
S 0.6) ] < <
= = 1.0 = 1.0
04f X ]
02l 051 1 0.5 b
profile profile profile
0.0 L L L 0.0 L L L 0.0 L L L
—-1000 -500 0 500 1000 —400 —200 0 200 400 —-400 —200 Q 200 400
Velocity (kms™) Velocity (kms™) Velocity (kms™)

Fig. 6a—i. An overview of the atmospheric structure and of the line and continuum source functions for three din@fxtnd Her \ 2.058.

The bottom three panels show respective predicted line profiles. Information about different lines is indicated with different symbols. Data are
foraTLusTYy model atmosphere withefs = 31.4 kK andog g = 4.24. The top panels show the run of temperature, density;g@hg with depth.

Marked are the positions where line core and continuum reach optical def2f8. The non-LTE line (solid line) and continuum (dashed line)
source functions given in the middle three panels are normalized to the continuum source function value at cersi@m

extendingbeyondthe temperature inversion, the rise in tempeson why the line is in emission. Unlike &#fthe temperature

ature is expected to be of importance. For these strong linesitnesrsion effect does not help to boost the line (Fig. 6a). Both

temperature in the line forming region is typically more thacontinuum and line core are formed in the regime of the tem-

10% above the minimum. We will return to this in Sect.5.  perature minimum. Note that the amplification effect is again
In the case of I4, clearly the line to continuum source func-hicely demonstrated by the behaviour of the line source func-

tion ratio (atr = 2/3 in line and continuum respectively) is lession plotted in Fig. 6f. This function reaches a sharp maximum

than unity and absorption line is the result (see Fig. 6d). Intereatiog 7ross ~ —3. The line core is formed on the slope of this

ingly, Fig. 6a shows that the temperature in the continuum angaximum.

line forming layer is about equal. This implies that it must hold

that in the line f(_)rmmg layeb, /bs > 1’_Wh'Ch IS copﬂrmed N5 Alternative effects that may produce IR emission lines

Fig. 6¢. The main part of the central line depression can be ex-

plained by the model rati®, /b3 ~ 1.5. The continuum at Rfis  In principle, IR emission lines may also be produced by material

formed farthest out of the three lines shown in Fig. 6. Actually,iim a circumstellar disc or in a stellar wind. In this section, we

originates at about the temperature minimutogtr.ss ~ —2 Wil discuss the validity of these scenarios.

(Fig. 6a). The core of the line is formed around the temperature

maximum. We find T/T¢ ~ 1.22. This explains part of the 5 1 Emjission from a circumstellar disc aroundsco

predicted line emission in Bf reaching a peak strength ef

1.7 (Fig. 6h). The second effect of importance is the amplifickor rapidly rotating B-type stars wittsini > 230 kms ' Bjork-

tion of the line over continuum source function ratio. This ig1an & Cassinelli (1993) expect disc formation. For such a disc

nicely illustrated in Fig. 6e. At around the line core formatiostellar UV photons may ionize the gas and depending on the lo-

region one sees a steep increase in this ratio, while Fig. 6¢c she@ktemperature and density recombination may give rise to line

that the ratiohs /bs deviates only slightly from unity. Also for emission in the optical and IR. Indeed, about 10% of the O9/B2

He1 A 2.058 the b-amplification” effect is the dominant rea-stars are known to havedmission (Jaschek & Jaschek 1983).

If the viewing angle of the disc is close to edge-on, this gives
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rise to double-peaked line emission; if seen pole-on, a relativélyv and Civ resonance lines, that its ionization is not expected
sharp emission lines are expected such as seersitp. Zaal to be influenced by shock induced soft X-ray emission (e.g.
et al. (1995) pointed out that low-density discs can give rise taicy & White 1980). Fig. 7 compares the observed\Spro-

H 1 IR emission without having significant emission inHThe file (thick line) of - Sco with predicted line profiles (thin lines)
density and temperature in these low-density discs are compassuming five different mass loss ratd$,= 4, 6, 8, 10 and

ble to the temperature and density in the formation region of thé 10-° M. yr—!, respectively. The lines may be distinguished
IR lines in our H&He models. This suggests that line formatiogasily as an increasiny’ yields progressively more absorption

in a low-density disc may also be affected by non-LTE effectat large blueshifts. Interestingly, wind absorption sets in first at
However, we do not expect the IR line-emissiorriBco to be the terminal velocity. One may easily understand this applying
the result of a disc. Zaal et al. (1997) showed that 7 out ofSbbolev theory: the radial line optical depth at given wavelength
slowly rotating stars in their samplegini < 50 kms™!), in- in the observers frame is proportionalsg(dv/dr)~!. In the
cludingr Sco, show single peaked emission imBS6ince itis case ofr Sco the small velocity gradient close to where the ter-
not likely all these stars have a pole-on low-density disc, timeinal speed is reached — compared to, say, the lower regions
most likely (and simple) interpretation for the IR line emissionf the wind — dominates over the decrease of thevSiopula-

of H and He is photospheric. tion. Consequently, one first reaches- 1 at large velocity. In

this way we derive an upper limit to the mass loss.af 10~
Mgyr~—!. This number is very similar to the mass loss rate de-
rived by Lamers & Rogerson (1978). We note that the derived
The mass loss rate af Sco has been derived by Lamers &upper limit is a very sensitive function of effective temperature.
Rogerson (1978) assuming the rapid acceleration of the ga3ést calculations show that if.# = 33 kK, then the ionisation
due to radiation pressure in UV-resonance lines. They derivefaSi will have changed so dramatically th&f can only be
mass loss rate of 70~ Mg, yr~! using ultraviolet lines such constrained to be less than 1020V yr—'. Similarly, if T.g

as Cur, C1v, N1, N v, Sitv and Ovi. We re-investigated = 30 kK, the mass loss should be less than 2710/, yr—*.

the mass loss af Sco three different way$i) by modelling the

M-sensitive Siv resonance Iir_1e using non—Lj'E unifieq modeélz_le using radiation driven wind theory

atmospheres; angi) by applying the analytical solutions of
radiation driven wind theory. We used the analytical solution for radiation-driven winds of
Kudritzki et al. (1989) to predict the mass-loss raterdsco.

In this formulation, the line force is expressed in terms of three
distance-independent force multiplier parametérsy ands.
The presented models are calculated using the most recent ldally, the values of the force multipliers should be obtained
sion of the non-LTE unified Improved Sobolev Approximatiofrom detailed full multi-level non-LTE calculations. Pauldrach
codersA-WIND for stars with stellar winds (de Koter etal. 1993gt al. (1990) were the first to perform such calculations for a grid
de Koter et al. 1997, 1998). Here, we will not discuss model asf models representative for early-type stars. From their grid,
sumptions, input atomic physics nor numerical methods, whiale adopt: = 0.024, o = 0.737 and a typical valué = 0.1 for

are treated in detail in the above mentioned references. We gofee multiplier representing the ionization balance throughout
fice to say that detailed atomic models are included for H, Hée wind. The predicted mass loss is 5.3 10/, yr—! for an

C, N, O, Siand S and that line blending by iron-group elemerdgopted mass of 12 M This result is close to the upper limit
is included in the formal solution yielding the synthetic spe@erived from the Siv profile. Cohen et al. (1997) use line-
trum. The adopted effective temperature anglg values are force parameters calculated by Abbott (1982) and detive
from Kilian (1992). The stellar radius is derived using the Hig8.1 108 M. yr~! for the mass loss of Sco. The large dis-
parcos distance (ESA 1997). Adopting a bolometric correctianepancy is mainly due to the significantly different luminosity
BC= —3.06 (Kurucz 1991), the derived bolometric luminosityadopted by these authors.

implies a radiusk, = 4.7 Rs. The applied stellar parameters

are as given by Kilian (1992); the terminal flow velocity, =

2000 kms'! is adopted from Lamers & Rogerson (1978) anfl- Results

corresponds to the maximum blueshift in theCresonance The outcome of therLusTy model calculations over a wide
doublet. We assumed @&type velocity law with3=0.5. This range in Ts andlog g give a good indication of the regime in
value implies a steeper velocity law than that typical for OByhich to expect IR line emission in hot stars. To facilitate this
type stars wherg ~ 0.8. However, this value reproduced theyyerview we first presentc; —log ¢ contour plots of the equiv-
absorption part of the Siv AX1393, 1403 best. alent width (EW) of selected synthetic line profiles. These EW's
Note that we did not attempt to do a complete non-LTE Wingte compared with those observedriSco. The fundamental
analysis. In contrast, we concentrated solely on fitting the' Si guestion we want to address is whether one may determine basic
profile using an IUE spectrum as supplied by the INES servergg|jar parameters using IR lines only. In a second step we take
the IUE archive in Vilspa (Barylak & Ponz 1998).Siis asen- 3 closer look at the corresponding line profiles over this range
sitive mass loss diagnostic and has the advantage over, e.gj{he . andlog g. Finally a comparison between the outcome of

5.2. The stellar wind of Sco

5.2.1. M using unified model analysis
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Fig. 7. The observed Si line profile of Sco and the synthetic spectra as derived with the ISA-WIND code for five different mass-loss rates,
given in the legend in units of 10 Mgyr~1. IncreasingM yields progressively more absorption at large blueshifts, which can be used to
derive an upper limit of the mass-loss rate~o6 10°° Mgyr—!.

our H&He model and a fully line blanketed model foiSco is bounds further as a larger bound would lead to larger errors in
made. the EW as a result of the uncertainty in the continuum level. The
hydrogen lines Ri, Pf3 and Bkx show net emission, starting

at about 26, 30.5 and 30.8 kK respectively. At lowef The
lines show net absorption, but core emission is present. This
The H&He models span the rangexTe [16,40] kK andlogg is also the case for the weaker hydrogen lines like3, Bry

€ [3.7,4.3].7 Sco, for which we adoptcfr =31.4+ 0.3 kK and and Pfy. The EW of Hy, dominated by the absorption wings,
log g = 4.24+ 0.03 (Kilian 1992), is situated well within this gradually decreases (i.e. less absorption) with increasing ion-
range. We will use the model grid to address two questions. Filigation, i.e. increasing effecive temperature. Fg& & 34 kK

in which part of parameter space may one expect IR emissioon-LTE effects starts to become important at large depths lead-
lines? Second, can these lines be used to derive basic stéfigrto an increase of the width of the central absorption. This
parameters? The latter question is of particular interest for thgain results in an increase of the equivalent width (i.e. more
study of hot stars located in regions of high extinction, such absorption). Ha X 2.058 shows line emission from agq of

e.g. OB-stars embedded in their natal clouds or located in th@to 33 kK due to the-amplification” effect. At Tz < 16
galactic center. kK LTE prevails and the line is in absorption. Atg~ 33 kK,

In Fig. 8 we show the synthetic equivalent width contours efhere helium starts to be double ionized, the line again turns
the eight lines observed faerSco. The EW’s are measured beinto absorption. For this last regime we find thath,, > 1, i.e.
tween—/+ 300 kms ! from line center, except for the broadH non-LTE enhances the absorption.
profile for which we used an interval betweeht- 1000 kms . From Fig. 8 we may conclude thamission profiles of pho-

To facilitate the comparison between observed and predictegpheric originfor Pfa, Pf3 and Bin may be observed from
EW's, we re-measured the observed values using the same wapectral type B2—-3 extending to earlier types assuming these
length intervals. In principle, these re-measured EW'’s may difres are fully resolved (say/d\ = 5000). In all the lines the

fer from those given in Table 1 if absorption is present beyomglavity dependence is very weak, except far.H his implies

—/+ 300 kmst. The adopted bounds guarantee that for all IRat the EW of the IR emission lines can be usedy as a
lines the central emission is included. This does not holds fegnsitive T diagnostic. For determinintpg g they lack this

the wings of the lines. However, we did not want to extend thedictive power. In Sect. 6.2 we will show that the g sen-

6.1. The equivalent width dependence gp dandlog g



582 P.A. Zaal et al.: The infrared lines ofScorpii

Wl e

42}
[ Jo
04,0 0401 8
=) r =) r
S r k) 3
3.8] 3.8 8
3A67 L L L L 367 L L L \BFO( il
15 2.0 2.5 3.0 3.5 4.0 15 2.0 2.5 3.0 3.5 4.0
T (10°K) T (10°K)
[ | L | ] [ / | I ]
4.2—i i) © o b 42 Q,oﬁ LJ b
[ : 6 9 ] i ~ Ne ;R ]
i T 1 ¥ 1
W 4.0F . W 4.0F .
20 ] 20 ]
e . e ]
38r ] 38r ]
sel ‘ ‘ ‘ ‘Brﬁ ] sel ‘ ‘ ‘ ‘Bry ]
15 2.0 2.5 3.0 3.5 4.0 1.5 2.0 2.5 3.0 3.5 4.0
T (10°K) T (10°K)
[ Do ] / Z[ |
o —
4.2;/ L o= b 42F 0 LH' b
i roeTs 1 i P 1
= o40F o . = o40f : .
=0 r Lo 1 =0 r . 1
St Pl ] S : ]
381 el b 381 . b
gl Pfoe 1 gl PIf ]
15 2.0 2.5 3.0 3.5 4.0 15 2.0 2.5 3.0 3.5 4.0

i |
4‘2; / - Fig. 8. Predicted Tg¢——logg contour
1ol ) plots for eight line profiles. The con-

ot tours represent the equivalent width (in
asf

A) of the line profiles between/+ 300

log g

] [ S ] kms™*, except for H where we used
36l ‘ ‘ ‘ Pty ] a6l ‘ ~ Hel 2.058um 1 aninterval between-/4+ 1000 kms*.
15 2.0 2.5 3.0 3.5 4.0 15 2.0 2.5 3.0 3.5 120  Solid (dashed) lines indicate net absorp-
T (10°K) T (10°K) tion (emission).

sitivity can be improved by selecting a different bound for theff compared to those derived with the H&He models. The mis-
EW measurement. For stars with spectral type earlier than @atch in Hx may mainly be ascribed to the central absorption,
(Te = 34 kK) the investigated IR spectral lines will start tavhich is not as strong as predicted by the non-LTE calculations.
be affected by stellar winds. This also holds for the late O- adiso the observed EW’s of Brand Pt (see Table 1) are consid-
early B-type giants and supergiants (Najarro et al. 1998). émably smaller (i.e. stronger in emission) and are not within the
these cases one needs to include the stellar wind in the maalet range of Fig. 9. We investigate two possible causes for this
calculations to predict realistic line strengths. discrepancy. First, we study the effects of small scale turbulent
The contours in the k—log g diagram as given in Fig. 9 velocities. Second, we explore the differences between H&He
represent the photospheric parameters as derived from H&#ted more sophisticated line-blanketed model atmospheres.
model calculations using the observed (re-measured) EW'’s. By As shown in Sect. 3.2 a highey,,;, enhances the strength
combining all the different contours we try to derive g Tor 7 of the line. An increase imy,,;, from 0 — 10 kms™! results
Sco. The EW's of B$, Pfy, Br and Her A 2.058 are all consis- in an overall shift of—-400K in T, and+0.04 inlog g in Fig.
tent with a temperature.f = 32+ 2 kK. This is in agreement 9. Although such a1, shifts the EW of the synthetic spectra
withthe 31.4+ 0.3 kK as derived by Kilian (1992). The observedlightly closer to observed values, it is not enough to explain the
EW of Bry, which is dominated by relatively strong Stark broadapparent discrepancy between the two.
ened wings matches a loweggTof about 28 kK. Interestingly, A second possible explanation for the discrepancy may be
the observed EW values ofd{ Bra: and Pty are considerably the neglect of effects of line blanketing. The effect of including
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““I7 Al lines ] strength. Bev and Py, presented in Fig. 11, are dominated by
r 1 a central emission. Here also, the emission increases with in-
/ ] creasing Tg. Over the whole range ing the line center of ki

*

B
Bt

is strongly affected by non-LTE, resulting in an enhancement
1 of the central absorption. At = 34 kK a slight inversion in
- the line core is visible. The absorption strength at line center
decreases for increasinggl, contributing to a decrease in EW.
i At T ¢ > 34 the EW of Hy starts to increase as non-LTE effects
- become more import at larger depths, increasing the width of
1 the central absorption. He\ 2.058 shows a maximum strength
L ] at T.g = 30 kK. The line profile for Tg¢ = 34 kK demonstrates
—_ the depth dependencelgf/b,, i.e. this ratio shows a minimum
1.5 2.0 2.5 3.0 3.5 4.0 ; ; : .
T (10%K) in thg line forming region.

Fig. 8 shows that the dependencelogg for the EW of
Fig. 9. Teg—log g diagram in which for each line are plotted the cony 1 |R lines is weak Compared to the dependence an For
tours where the predicted equivalent width matches the observed o{i¢ effective temperature.J = 30 kK Fig. 12 shows théog g
Preglictions are based on H&He mc_)dels. 'Fshe_y_mbol indica_tes the dependence for four line profiles: BrHe1 A 2.058, PB and
e e 'Ly PP Difrent than Fg.B suggests, et ine proes do
matches two contours as the predicted EW shows a maximumn atShOW a S|gn|flcant graylty erendenqe. both the_core emission
25-30 kK (see Fig. 8). The observed EW ofiHBra, and P fall and the wing absorption increase with decreadivyy. The
outside the range of this plot (see text). :ﬂel A 2.058 dependence dog g is weak compared to the H

ines.

Because we have chosen the velocity range over which to

line blanketing on the photospheric structure is complex ascalculate the equivalent width rather broad/(+ 300 kms''),
may change the temperature structure as well as the excitatféfline core and line wing effect tend to cancel outitipes sen-
and ionization structure, sometimes through subtle mechanistiiyity in the EW determination. For decreasihg g the con-
(e.g. Schmutz 1997). Studying the difference in temperatdfution of the extra core emission is canceled by the slightly
structure between H&He and line blanketed models may alrea@iyonger absorption in the line wings. Although the EW sensi-
give insight in the effect of blanketing on line profiles. tivity of the H 1 lines is dominanted by temperature, fog g

In general, line blanketing heats the inner photosphere a#nsitivity can slightly be improved by decreasing the bounds
cools the outer layers, removing the temperature inversihabout—/+ 60 kms ' (assuming the central emission to be
present in H&He models. Line blanketed models show a higH@&solved). Furthermore, if one decrease the effective tempera-
temperature at the point of formation of the local continuufre, Tes S 30 KK, thelog g dependence for the HIR lines
and a steeper temperature gradient over the line forming regifAds to become weaker. FaizT< 30 kK thelog g dependence
compared to the structure in a H&He model. Consequently, liféghtly increases, most notably forfPéand Pf.
profiles show an enhanced absorption in case LTE applies as is
often the case for the line wings. For instance, in the caseg8. Comparison of observed and predicted profiles
Br-, which shows strong absorption wings, blanketing strongly ) ) )
affects the derived EW. An overall comparison between the ndR-order to assess the importance of line blanketing, we com-

blanketed and blanketed models (see Sect. 6.3) shows that BEed @ H&He model and a line blanketed model using the
blanketing enhanceg-“amplification”. literature values of Kilian (1992) for i andlog g (resp. 31.4

kK and 4.24). The latter calculations include a consistent non-
] . LTE treatment for the elements H, He, C, N, O, Si, S, Fe and
6.2. The dependence of the line profile ap &ndlog g Ni. For consistency with the relatively simple H&He models,

In this section we will discuss line shapes. Unfortunately, identical hydrogen and helium atomic data was used. Figs. 13
parameter study using blanketed models only is — in view 8hd 14 show a comparion of the synthetic and observed spec-
computational costs — not yet feasible. We therefore show trediggn. The first are convolved to the spectral resolution given
of the profiles in T andlog g using H&He models. In Figs. 10 in Table 1. The line blanketed spectra show an overal better fit
and 11 we show the temperature behaviour for eight differd@f the wings of Bf, Pfy and Bry. The predicted absorption
line profiles. For each spectrum four different temperatures haifgength for these lines are much stronger compared to H&He
been plotted, i.e. J = 28, 30, 32 and 34 kK respectively. Thanodels due to a steeper temperature gradient and because the
value for the gravity was kept fixed kg g = 4.3. temperature inversion is removed. This has direct implications
Fig. 10 shows the relatively weak By Bry, Pf3 and Pfy for Fig. 9, where we compared the derived EW from the H&He
profiles. With increasing effective temperature the central liaodel with observed values. In case line blanketing would have
emission increases as non-LTE effects become more enhanB&gn considered, the derivegyTfollowing from the B3, Pfy
For the same reason the line wings decrease in (absorpti®A§l Bry lines would agree even better with the literature value of

log g
N
o
T

THel 2.058,,

g
o
S
o
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-

31.4 kK. In case of H the core is somewhat better representdans—!, whereas the predicted spectra shevB0 kms™!. The
when accounting for line blanketing. However, including linebserved line-core over continuum ratio agrees with the value
blanketing does not improve the fit for thexHine wings. from the line blanketed model and the mismatch in EW fax Br
The predicted line strength of Brand P& are more similar is obviously due to the extra line flux at larger velocities (up
to that observed, but remain significantly weaker. Fig. 13 shotes200 kms!). The discrepancy suggests that high turbulent
that Brv is not fully resolved with SWS as the grating resolutiomelocities may be present in the photosphere 8to. Since the
is much lower. Although itis clear that the observed line width Bfa. spectrum is also observed with SWS — with a relatively low
broader than predicted by both models. The: BIKIRT obser- resolution — we expect that the mismatch in this profile is also
vation —which fully resolves the line — shows the discrepancyiintrinsic, i.e. more emission at high velocities should have been
line width much clearer. It shows a half line width of about 20@redicted. The fit to He A 2.058 improves when line blanket-
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ing is included, although the derived line profile is still far off imon-LTE models. Second, we have modeled the B0.2V star
shape and line strength. The observed Ae€2.058 line profile 7 Sco using state-of-the-art line blanketed models.
has a peculiar shape. It has an emission profile red-shifted by The grid of H&He models shows that IR emission lines are
+ 20 kms™!. This observed asymmetry can not be a result ekpected to be most pronounced fonBind Pf, which show
an error in the wavelength calibration, as theit-4d(S=3) netemission atJ; = 30.8 and 26 kK respectively, independent
line at about-300 kms ! from He1 )\ 2.058 is at zero velocity. of logg (see Fig.8). Core emission in these lines is already
The red-shift suggests that also this line is subject to turbulgmwesent at much lower temperaturesl6 kK). Also Her A 2.058
and/or large-scale stochastic motions. We note that the H&Hed P show significant central emission in thisgTregime.
and line blanketed models predict the Héd-4d(S=3) line — The models show that two effects may cause this emission. First,
formed relatively deep in the photosphere — to be in absorptignmay be due to the presence of a temperature inversion in the
The observed spectrum shows that this line has weak emissiauter layers of the atmosphere. Emission due to this effect is
We conclude that the incorporation of line-blanketing in ounore prominent in strong lines such asoBand Pt.. These
non-LTE models gives an overal improvement to the spectiimes are of sufficient strength to have their cores formed in the
fits. However, the fits of our final blanketed model are not optiegion of increasing temperature. Second, it may be the result
mal and the peculiar behaviour of some of the IR lines 8co  of a non-LTE effect referred to ag-amplification”. The main
strongly point to the presence of turbulent and/or stochastic wenstraint for this mechanism is that the line is formed in the
locity fields. An increasing micro turbulent velocity, which iRayleigh-Jeans part of the spectrum. For hydrogen this results
not included in our model calculations, has the effect of em IR core emission for Jz = 16 kK. For Her it occurs for 20
hancing the core emission and increasing the full width haf T.¢ < 33 kK and for Hetr at Tog = 33 kK.
maximum of the line emission (see Sect. 3.2). This is exactly An important goal of this paper has been to investigate to
what we need to overcome the mismatch between observatiamat extent basic stellar parameters may be derived from IR
and model spectra of our HR lines. diagnostics only. Using equivalent widths of several IR lines,
we derive an effective temperature fo6co of T =32+ 2 kK,
which is consistent with the value of 3140.3 kK derived from
a detailed analysis by Kilian (1992) using optical lines. This is
an important result in view of the study of hot stars in regions
We have investigated the formation of IR emission lines in het high extinction. We intent to investigate the robustness of the
stars using plane-parallel hydrostatic model atmospheres. Spgithod applied in this paper to a larger sample of stars. The
models are expected to be appropriate for early-type stars @g@hperature sensitivity of the IR lines dominates over a modest
showing significant stellar winds, e.g. B-type main sequenggavity dependence. A simultaneous determination of begh T
stars. We have taken two approaches. First, we have performagélog g is therefore difficult. Only if onedoptsan effective

a parameter study using non-LTE models consisting of H&Hemperature, the cores of tha khes show a reasonable gravity
only. Such models may be viewed as present-day “standard”

7. Discussion and conclusions
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Fig. 13.Comparison between observed INT
and 1SO spectra and predictions based on
a fully line blanketed model (dashed line)
and a H&He model (solid line), using.& =
31.4 kK andlog g =4.24. The line blanketed
model yields an improved fit to the Bipro-

file and helps decrease the discrepancy in
Bra.

Fig. 14. Comparison of fully line blanketed
(dashed line) and H&He model (solid line)
with UKIRT observations (as in Fig.13).
The line blanketed model gives an improved
fit to Bra and Bry, but yields a poorer fit to
Pfs.

dependence which (in principle) may allow folg g estimate. These observations imply the atmosphere &fco is complex.

To use the line wings to derive gravity, one requires high S/Mhe IR spectrum of Sco and the O9V star 10 Lac, a star ex-

observations together with line blanketed models. pected to be very similar, have been investigated by Murdoch
Despite its standard star statusSco seems far from nor- et al. (1994). They find that 10 Lac gives much better line fits

mal. High turbulent velocities are found to have effects in tHfer Bra and Bry than does Sco. This seems to corroborate the

UV (Lamers & Rogerson 1978) and in the optical (Smith &omplex nature of the atmosphererdbco and warrants further

Karp 1978). The star is also a source of X-rays (Swank 1988udy.

Cassinelli et al. 1994) with an unusually hard X-ray spectrum, The H&He models with parameters appropriate fd8co
suggesting the presence of very hot gad.(” K) near the star. clearly show emission profiles for those lines observed to be
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in emission. This demonstrates that non-LTE effects play &arylak M., Ponz J.D. 1998, in Astronomical Data Analysis Software
important role in the line formation of IR lines. However, they and Systems VII, ASP Conf. Series, eds. R. Albrecht, R.N. Hook,
do not properly reproduce the line strength of the strongest lines H.A. Bushouse, Vol. 145, 404

(Bra, Pfa), nor do they match the observed widths of these lindgorkman J.E., Cassinelli J.P., 1993, ApJ 409, 429

. . . . .CassinelliJ.P., Cohen D.H., MacFarlane J.J., Sanders W.T., Welsh B.Y.,
We investigated to what extent the profile dlscrepancug? 1994, ApJ 421, 705

might be conn_ected with the ”eg'e‘?t of I?ne blr?lnketing or Qfohen D.H., Cassinelli J.P., Waldron W.L., 1997, ApJ 488, 397
turbulent velocity fields. Overall the lines fit the line-blanketednto W., Mendoza C., 1992, Rev. Mexicana Astron. Af. 23, 107
model better, but still the model does not properly fit all diageSA, 1997, The Hipparcos Catalogue, ESA SP-1200
nostic profiles. For instance, the emission in the wings of tireldmeier A., 1995, A&A 299, 523
resolved B line reaches velocities up to 150 kmst. This de GflzaULVZgTh-: Beintema D.A., Roelfsema P.R., et al., 1996, A&A
is significantly broader than expected and suggests the presence=>

9 .y P . gg P Hoffleit D., Jaschek C., 1982, Bright Star Catalogue, 4th revised ed.,
of a strong field of turbulent or stochastic motions, corroborat- .
. h Its f ical and di id fb Yale Univ Obs New Haven CT
mg'F e resu ts from opt|ca.an UV stu es. Evidence o U‘Kubenyl., 1988, Comp. Phys. Comm., 52, 103
motions is also seen. For instance, most khes show neg- Hupeny I., Lanz T., 1995, ApJ 439, 875
ative peak velocities of the core emission as well as evidengebeny I., Hummer D.G., Lanz T., 1994, A&A 282, 151
of enhanced blue-shifted emission. TheHe2.058 profile is de Jager C., de Koter A., Carpay J., Nieuwenhuijzen H., 1991, A&A

clearly assymmetric. None of these properties are matched by?244, 131
our models. Jaschek C., Jaschek M., 1983, A&A 117, 357

Interestingly, the small scale turbulent motions of the ordéﬁ;ﬂ%r Ml'gézst,ig; ‘;'GAZ" /.i\;‘(ljeregg ME. etal., 1996, A&A 315, L27

of 100-200 kms' seen in the line formation regions of@and  ge koter A., Schmutz W. Lamers H.J.G.L.M., 1993, A&A 277, 561

likely Pfa can not be present in the formation region of the UWe Koter A., Heap S.R., Hubeny I., 1997, ApJ 477, 792

metal-line spectrum. The photospheric turbulent velocity useéed Koter A., Heap S.R., Hubeny 1., 1998, ApJ 509, 879

inthe synthetic spectrum presented in Fig. 7is 20kiavalue Kudritzki R.-P., Pauldrach A.W.A., Puls J., Abbott D.C., 1989, A&A

which reproduces the metal-line spectrum around the 8is- 219, 205 o . _

onance line fairly well. A turbulent velocity value of 50 kmls ~ Kurucz B.L., 1991, in *Precision photometry: astrophysics of the

however, already it too high producing metal-line widths which galaxy”, October 3-5, 1990, meeting held in Schenectady, New
’ - York at Union College, Schenectady, N.Y.: L. Davis Press, p27-44

are too broad. The unifiedA-wiND model shows that the ge-| smers H.J.G.L.M., Rogerson J.B., 1978, AGA 66, 417

ometrical difference between the UV and IR formation regimesinz T., Hubeny 1., Heap S.R., 1997, ApJ 485, 843

is about six characteristic density scaleheights @104 R,. Lucy L.B., White R.L., 1980, ApJ, 241, 300

The continuum at Br and P forms just below the sonic point. Martin W.C., 1987, Physical Review 36, 3575 .

This implies that the central part of the lines are formed aroufyihlas D., 1978, Stellar Atmospheres (San Francisco: Freeman)

urdoch K.A., Drew J.E., Anderson L.S., 1994, A&A 284, L27

the sonic point. Apparently, this is where the turbulence first o ajarro F., Kudritzki R.-P.. Hillier D.J.. et al.. 1998, in “ISO's view on

curs. Such a turbulent velocity profile Seems roughly _conS|s_t_en stellar evolution”, Noordwijkerhout, The Nederlands, 1-4 July 97,
with the shock structure expected from the line-force instability ;. wer eds. Waters L.B.E.M.. Waelkens C.. van der Hucht K.A.

existing in supersonic line-driven outflows (e.g. Owocki 1992, zaalpA., p137

1994). Detailed numerical simulations of this instability reveal@wocki S.P. 1992, in The Atmospheres of Early-Type Stars, eds. U.
highly structured wind with many shocks occuring only beyond Heber and S. Jeffery (Heidelberg:Springer), 393

the sonic point (Feldmeier 1995). This studyoSco shows Owocki S.P. 1994, in Instability and Variability of Hot Star Winds,
that IR lines may provide important diagnostics for studying eds. A.F.J. Moffat, A.W. Fullerton, S.P. Owocki, N. St-Louis (Dor-

drecht:Kluwer),3
these problems. Pauldrach A.W.A., Kudritzki R.P., Puls J., Butler K., 1990, A&A, 228,

125
ers G.J., Polidan R.S., 1985, A&A 152, 182
mutz, W., 1997, A&A 321, 268
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