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Abstract. High-resolution spectra of the RS CVn system ARovered with spots that are assumed to document the existence
Lac taken during total eclipse of the primary component leafl magnetic fields, chromospheric and coronal activity in much
to a precise determination of the stellar effective temperatuhe same way as in the Sun (Kfon'1947, Eaton & Hall1979, Poe
of the secondaryl.;y = 5100 & 100K, and a surface gravity & Eaton[1985, Solanki 1996, Lanza et[al."1998).
logg = 3.65 + 0.1. The small-scale motions are well repre- The more recent analyses of X-ray spectra observed with
sented by a microturbulence velocitygf= 1.6 +0.3kms™!. the ROSAT, ASCA and EUVE satellites have considerably ex-
Examination of a number of spectral windows by means of speended our knowledge of these systems. One of the more ex-
trum synthesis based on solar spectrum reference fits produg#ieg results was that the coronae of RS CVn stars apparently
a pattern of photospheric metal abundances that is essentibfiybour subsolar element abundances, sometimes comparable
represented by solar or slightly enhanced values. This is at vavith abundances found in the oldest Galactic disk stars. Thus,
ance with the subsolar metal abundances reported from X-#&g Lac was reported to show spectral features of the more im-
observations with the ROSAT and ASCA satellites. portant metals requiring abundances 4 times lower than solar
The effective temperature determined here restricts the spinotospheric (or meteoritic) values (White ef al. 1994, Singh et
face fraction of cool matter such as confined in star spots duriald1996, Kaastra et al. 1996). This has led Ottmann et al. (1998)
the present observations to values around 0.3. For a close birtarpok for evidence of a metallicity gradient in the outer atmo-
system with an active chromosphere the photospheric spespaeres of anumber of RS CVn stars using phase-resolved high-
are normal. No spectrum variations on a half hour time scakesolution spectroscopy. For Il Peg akénd, the two binaries
are detected. among their sample with published coronal abundances, the
differenceswith respect to the photospheric metal abundances
Key words: stars: starspots — stars: individual: AR Lac — staramount toA [Fe/H]~ —0.8, significantly above any observa-
coronae — stars: binaries: eclipsing — stars: abundances  tional errors of high resolution spectroscopy or the uncertain-
ties of spectrum analysis, whereas the photospheric abundances
themselves were found at most a factor of 2 different from solar.
In direct comparison with theolarcoronaitis evident that such
an underabundance contradicts any simple interpretation such
AR Lac is one of the brightest and therefore most well-observad thefirst ionization potentiaéffect (FIP, Meyer 1985).
eclipsing active binary systems consisting of a close pair of stars While spectral modeling of these stars required ondjra
in very similar stages of evolution. The primary component gle atmospheric contribution together withapriori unknown
the less evolved G2 IV subgi@nﬁt is totally eclipsed every 2 contribution from starspots, self-consistent synthesis of AR Lac
days by the secondary, a KO IV subgiant. The system is claggectra doubles the input from two stellar surfaces with cor-
enough to have a circular orbit, and it should also be very nearéspondingly different spot contributions. The notable excep-
co-rotation. It is particularly well-known for its chromospheridion to this constellation is, however, the short stellar eclipse of
and coronal activity documented by the results of the HEAOZR Lac’s primary. Our present approach to photospheric ele-
EXOSAT, ROSAT, EUVE and ASCA missions (e.g. Walter emnent abundances is thus applied to a series of 3 short-exposure
al. (1983, White et al. 1990, Ottmann et [al. 1993, Patterer sgtectra taken during total eclipse of the primary component of
al.[1993, Kaastra et dl. 1996). The surfaces of both stars AR Lac. Although most likely a snapshot of the ever-varying
hotospheric surface we believe that the photospheric abun-
ances obtained from these spectra are independent of the par-
UCular binary configuration, a notion that is confirmed during

1. Introduction

Send offprint requests t@. Gehren (gehren@usm.uni-muenchen.d%
* Based on observations collected at the German-Spanish Astron
ical Center, Calar Alto, Spain

! Following past conventions, we referto the G2 IV component ast”ée analysis. ) . )
primary although it is the optically fainter, less luminous, less massive " the following section we comment on the observations ob-

and less evolved star tained with the FOCE&chelle spectrograph. The secondary’s
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Table 1.The RS CVn-type binary system AR Lac. Index “1” refers tdable 2. Echelle spectra of AR Lac obtained during total eclipse of the

the primary secondary at August 28, 1996 (JD 2450323.5 + ET)

RA(2000) 22 08™41.07 Exposure 63 64 65

DEC (2000) +45° 44’ 29.1”

SpT (2000 KOIV+G2IV  Walter et al 1983 ut 03'08708  03'27"25  03'45"43

my 6.11 outside eclipse Vraa —37.2kms_1 —41.3 kmil —46.4 kms_l

T 23.79 + 0.59 mas HIPPARCOS[I997 o(Vrad) 1.2kms 1.1kms 1.4kms

Vo —33+2kms™* Poppef 1990

To JD 2426623.844  epoch of zero longitude

P 1.983222 days Hall & Kreinér 1980 — The spectrograph is detached from the telescope thus al-
i 87° 4 1° Chambliss 1976 lowing an extremely precise wavelength calibration. Re-
a 4.538R¢ Sanford 1951 cent results (Pfeiffer et al. 1998) have demonstrated that the
Mv.1 4.0 Popper 1990 wavelength scale of a singkhelle order is reproducible
},\gw if?i okms! within an rms error of only 2 to 4 rA. Thus unresolved

K; 113+ 2kms- §tellar absorption Iings allqw a radial velocity detgrmina—
M, 1.23+ 0.05 Mo tion of ~ 0.25kms™! in a single spectral order; using the
Mo 1.27+0.05 M, whole set of between 60 and &Bhelle orders the error of
Ria 1.52+ 0.04 R, the mean can be as small as 0.02 krh.sHowever, such
Ry 2.72 + 0.10 Ro numbers cannot be obtained with spectra of AR Lac, since

the absorption lines are broadened by a rotational velocity
of more than 70 km's!.

fundamental parameters are determined in Sect. 3 taking ac-The order spectra were reduced and combined using the
count of a possible contamination by star spots; this sectigyailable order overlap information. Tests of control objects
also describes spectrum synthesis based on model atmosprattly extremely metal-poor halo stars) demonstrate the flat-
techniques. Finally, we discuss the synthesis results and thgigs of the continuum after flatfield calibration. The exposure
reliability in the last section with a short excursion to spectrugiata are assembled in Table 2. The rotational velocity as mea-
variations. sured from spectrum synthesis of medium and strong lines (cf.
next section) isv,,; = 73 & 3kms~!. This is substantially
lower than the unpublished 81 km'sof Fekel (1998, see the
catalogue of Strassmeier et al._1893); it fits perfectly to the

The basic data of the eclipsing binary system AR Lac are frofd kms™* cited in Huenemoerder & Ramséy (1984) butis some-
Sanford (‘1951)' but Tab| 1 gives some more recent upda\fé’@.t hlghel’ than would be obtained in the case of CO'rOtation,
from Popper (1990) and other references. It should also be notéiere the data in Table 1 suggest a value around 69Kms
that AR Lac is a system with significant period variations (Hallhe accuracy of our fits is significant; thus a value as high as
et al[1976, Gunn et dl. 1996, Jetsu ef al. 1997). 81 kms ! must be ruled out for simple flux-convolved profile
The observations discussed here have been obtained ufigrand if co-rotation were assumed to be valid the radius of the
extremely unfavourable weather conditions with the fibre optiggcondary should be aroutiti= 2.85 R, instead of2.72 R,
Cassegraitechelle spectrograph FOCES at the 2.2m telescop® given by Popper (1990). Such a radius would still fit to the
of the DSAZ on Calar Alto. Three exposures of 15 min eadirface gravity determined by spectrum synthésisg = 3.65
have been taken during total eclipse of the secondary. THepmpared withiog g = 3.67 found in Tablexxxviir of Pop-
were all recorded with 20242 Tektronix CCD with a 2-pixel Per).
(48 um) resolution ofR = 40 000. The signal-to-noise ratiois ~ As noted in Tablé]2 the radial velocity varied by roughly
approximately 200 in the red but reaches only 100 near thel@kms " over a time interval of 37 min, in full accordance
band. The spectra are flatfield-calibrated with a halogen lamgh the predicted orbit. The most precise determinations are
spectrum, and put on a proper wavelength scale with a dispersiii@ined in the red using therrestriallines of H, O from which
solution obtained from a Th-Ar lamp exposure. The scramblifge find V,..a = 0.0040 & 0.0002kms~2. The accuracy of our
of the light rays in the fibre coupling the Cassegrain focal plafte.c determinations is not as good as would be expected, and

with the spectrograph results in two important advantagesitis not easy to explain the degradation of the radial velocity
compared with other instruments, correlation functions. Part of it undoubtedly results from the

strong rotational broadening which spoils the steepest profile
— The flatfield calibration produces reallyflat spectral con- gradients, but there must be other sources of degradation; this
tinuum with virtuallyno modulation left except the ratio of could be small intrinsic variations of the photospheric spectra
flux temperatures from object (AR Lac) and halogen lamthemselves. Most interestingly, the spectra show no distinctive
For each single order this ratio varies by less then 2% of thigns of chromospheric activity except possibly in the very cores
continuum flux. of strongly saturated lines. Another possible source of radial

2. Observations and data reduction
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velocity degradation is the dominance of terrestrial absorptien5000...5200K, M,,; = 2.97...3.07. The effective tem-
linesinthe red spectra. Whereas they help finding accurate ragietatures for thesbolometric magnitudeare between 5160
velocities they are also relatively strong, and their appeararased 5040 K, roughly consistent with the temperatures assumed
spoils even the well-developped line troughs as shown in[Figdos the bolometric corrections. Assuming temperatures below
and. 5000 K would require BC~ 0.3; this results in M,; = 2.92

and thus leads to a high&g ;¢ , = 5220 K, in contradiction to

the assumed temperature; this shows that the possible tempera-
3. Stellar parameters and spectrum synthesis ture variations circle around a mean temperature of 5100 K. A

The basic data obtained from the binary orbit and the photonféhaller surface fractiogf, = 0.2 leads to M; = 3.36, and with

try in Table[1 can be employed to determine stellar paramet@rolometric correction of 0.20 a consistent temperature is pro-
such as are commonly used to construct models of single stdfed forles s, = 4930K; a larger fractionf; = 0.4 implies
atmospheres. As noted above the mass and radius of the §-= 3.05. and with BC = 0.2 a considerably higher effective
ondary subgiant lead tosurface gravityof log g = 3.67. Our  t€mperaturelc;, ~ 5300K, is required. Both alteratives are
independent determination from spectrum synthesis result<[{y marginally compatible with the observed spectrum; in fact,

log g = 3.65, a value that will be used in the following analysis®n!Y values aroungf; = 0.3 fit perfectly to our observations.
Theeffective temperatureannot be determined in a straighfor-  OUr approach to the abundance analysis of cool starsis based

ward manner. It is known since Krofi (1947) that a substant@ SPectrum synthesis. Synthetic spectra require the specifica-
fraction of the stellar surface must be covered with dark spdtan of atmospheric models which are represented here by line-
similar to those found on the Sun. Current estimates of tHYgnketed flux-constant stratifications in hydrostatic, convective
fraction of the projected stellar surface are between 0.0 and 81! local thermodynamic equilibrium. Such model atmospheres
(e.g. Lanza et al. 1998). It is important to note that these spH/€ been used for quite some time (Gehren 1977, Fuhrmann
with temperatures assumed between 3000 and 3500 K (Po&1gl-1997), and they produce nearly the same results as those
Eator{ 1985, Lanza et 4l.T998) contribute in different ways f Kurucz (1992) taking into account his opacity distribution
thevisual spectrunand to thduminosityof the secondary. This functions (ODF). All atmospheric models are specified in terms
is obvious when theolometricluminosity is synthesized from Of the four parameterg. s ¢, log g, [Fe/H], andv;, where [Fe/H]

the two surface components. Starting with thigual absolute refers to themetalabundance assuming for simplicity a solar
magnitude of the secondary,\\ = 3.6, we assume that this (meteoritic) mixture. The determination of these parameters fol-

magnitude combines the contributions of a surface fracfjon lows a well-defined scheme that makes use of the temperature

covered by the quiet atmosphere and a fracfion= 1 — f sensitivity of the Balmer lines, the gravity sensitivity of the Mg
emerging from cool spots. ‘ “Iblines, whereas [Fe/H] ang are fitted to the medium strong

If we allowed only for a bolometric correction of the in-metal lines of ionized iron. There are a few ambiguities detected,
tegral secondary spectral type, BC(KOIW) 0.15, the ab- and thus a number of spectral windows have been examined, the

solute bolometric magnitude would beyM, = 3.45, and most important being the regions around ihe H3 range, the

A[T,;f] = [L] — 2[R] would lead to an effective temperaturd/d ! b window, and the G band between 4250 and 4830-

of T, ;s = 4800K, a value that has been used in previous invesluding th_e Hy line. Further windows are added to obtain very
tigationd. Such a low temperature is, however, clearly outsid@Ugh estimates of other metal abundances. The surface grav-
any reasonable interpretation of the observed line spectra. 'S In fact[ assumed known from both mass and radius of the
stead, it is necessary to account for the fact that most of fffgeondary; therefore the valuigg g = 3.65 has been adopted
flux produced by thepotsis emitted in the far red and does noS the final parameter. _ _

affect the visual magnitude. Estimating the spot temperature by SPectrum synthesis is calibrated with the solar flux atlas
T.;7.s = 3000...3500K and the effective temperature of the? Kurucz et al.[(1984) using the same line list as for the atmo-
quiei atmosphere by, ., = 5000. .. 5200K, the flux ratios spheric models. In all spectral windows investigated, the numer-
in the V band calculated from the respective Planck functioRs'S absorption lines were individually adjusted to fit the solar
lead to a spot contribution between 5 and 19% of the total fluPeCtrum (considering up to a few thousand lines per window).
Thus we correct the observed visual magnitude for an assunféticular emphasis was attributed to the many weak lines in-
surface fraction covered by spots and obtain a visual magﬁ'iud'”g the contributions of a number of diatomic molecules.
tude that would be observed if thehole stellar surface were YEt there remain a few intervals in which even stronger lines
covered by the quiet atmosphr&he corresponding virtual _have not been ider_ltified_. A typical fit to the solar spectrum us-
brightness increase depends on the cool spot surface fractf$htTE line formation with the same type of model atmosphere
f,: for f, = 0.3 the magnitude correction &My = —0.38, (i.e.notan empirical solar model) is shown in Fig. 1.

and My, = 3.22. Applying a bolometric correction of BC No othe.r ;tar is normglly obsgrved with sgch a high reso-
= 0.25...0.15 for KOIV subgiants with temperatur@s; ., lution, and it is therefore informative to examine the sensitiv-

ity with respect to changes of the individual stellar parameters
2 The square brackets are defined[s} = log(X./Xo) of a solar-type spectrum that is broadened by a rotation ve-

3 Note that this procedure is necessary only to relate the prop@fity Of vor ~ 75kms™'. This is displayed in Figl2, where
effective temperature to the unspotted atmosphere the influence of temperature, gravity, and abundance variations
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Fig. 1. The solar flux spectrum (Kurucz etial. 1984) near the Mg | b lines. The thin curve represents the fit to this spectrum using an ODF-blanketed
model with solar parameterg, ;s = 5780K, log g = 4.44, [Fe/H] = 0.0, andy; = 1.2kms™*, thoroughly adjusting’ values and damping
constants. Note the numerous molecular lines p&@d MgH; note also the missing lines near 5162, 5171 and A181
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Fig. 2. The solar flux spectrum as displayed in Fig. 1, but convolved with a rotational profile correspondipg$e75kms™!. The synthetic
spectra refer to the variation &7, sy = —200K (dot-dashes)A log g = —0.5 (dashes), and\[Fe/H] = —-0.3 (dots)

is demonstrated. It is evident from Fig. 2 that the influence af2A FWHM by rotation. Experience shows that the accuracy

different parameter variations can be localized in the spectvath which the solar spectrum must be fitted is inversely pro-

window. This is even more pronounced in the spectrum sypertional to the resolution of the stellar spectrum to which the

thesis of AR Lac below. We note that the solar spectrum whewnthetic spectrum fits are applied.

convolved with such a rotational profile loses its continuum po- With the improved line data obtained from solar spectrum

sitions which are normally detected with high resolution atsynthesis it is now possible to extend the synthesis method to
number of wavelengths. However, there remains a fundamerstiars with different parameters, although it must be stated that
difference betweelow-resolutionspectra that sample only onethe reference to the solar spectrum is not valid for all types of
spectral element everyﬁiZand a FOCESigh-resolutionspec- stars; in particular very cool stars of K and M spectral types

trum that is sampled at a resolution of @ Dut broadened to with a significant part of their spectrum covered by molecular
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Fig. 3.top: AR Lac spectrum neardd The three single exposures are corrected for radial velocity variation and co-added (fat continuous curve).
The sharp lines are due to terrestrial® their width reflects the radial velocity variation. The thin continuous spectrum shows the final fit
with T.ry = 5100K, log g = 3.65, [Fe/H] = 0.0, and»; = 1.6 km s~!. The other synthetic spectra refer to the variatiol\df. sy = —100K
(dot-dashes), and\[Fe/H] = +0.2 (dots). All synthetic spectra are convolved with a rotational profile.f = 72kms™". bottom:AR Lac
spectrum near B. The synthetic spectra refer to the same parameters as above.

bands require an additional reference star. However, even a firgt. thesunspotspectrum; the AR Lac spot contribution is so
glimpse on the spectrum of AR Lac shows that this subgiasmnall, that its spectrum which is also strongly broadened by
is not very cool, and the spectral features are still similar totation can be represented as well by a constant fraction of the
those seen in the Sun spectrum. As mentioned above, in the fitsterved continuum flux. Note that such a cool spot flux fraction
step of the analysis it is necessary to determine the basic stedlepends strongly on wavelength; thus it varies from 1% of the
parameters of AR Lac. The object observed here is the secondamtinuum at the G band to 1.5% af3Ho 2% at Mg Ib and
componentwitmocontribution of the primary (whichis slightly 3% at Hv. For most of the spectral features this difference will
fainter and completely occulted during all three exposures). Owt be observed since its amplitude is proportional to the line
estimates above also lead to the conclusion that the fractiordepressiomnd thus visible only in the centers of saturated lines.
the stellar surface covered by cool spots is of the order of 30%
corresponding to a spepectrumcontribution to the observed
visual stellar continuum of roughly 2..3%. Since no other
evidence is available this flux fraction could be represented Bigs[3 tdb display the four standard spectral windows used to
determine the basic parameters of AR Lac. We start their inter-

4. Photospheric abundances and discussion
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Fig. 4.top: AR Lac spectrum near the Mg | b lines (see the corresponding part of the solar spectrunilin Fig. 1). The synthetic spectra refer to the
same parameters as in Hib. 3, with an additional curve refering to the variation of the microturbulence parameterby0.4kms™* (long

dashes). The thin continuous spectrum shows the standard fit witH fo0Fend [Mg/Fe] = Obottom:Profile wings of Mg b line at 516&. The

left window demonstrates the influence of thelfand when varying the C abundanceb§.2 dex, the window on the right shows the variation

of Mg Ib and the MgH lines with Mg abundance whekMg/H] = +0.2 dex. In both windows the positions of the respective molecular lines

are indicated

pretation by noting that — for the purpose of spectrum synthesislearly from the AR Lac continuum. All the faint modulations
the continuum positions are unknown since the high rotatioraflthe U-shaped rotation troughs are real and also due;t0.H
broadening efficiently hides continuum windows; the contifFhey are more readily visible in the single exposures in[Fig. 7.
uum position is therefore an additional free parameter. In spithus, any acceptable fit to this spectrum may not produce flux
of the low surface temperature thexivindow in Fig[3 (top) residualsbelowthose observed. Postponing the discussion of
is still sensitive to theffective temperaturghich would be fit- the problem documented in the innetti/ings we note that the
ted byT. ;s = 5100 K over most of the profile except the neaother stellar parameters fit the observed spectrum with sufficient
wings at£3 A. Since Hyis in principle the least blended line inaccuracy.

the whole spectrum it should be fitted with the highest accuracy. The H3 window displayed in Fid.13 (bottom) should pro-
There is no significant noise in this part of the spectrum, andle an independent temperature estimate as much aoeks.
every small-scale frequency variation must therefore be du€eTtois results from the different origins of the line broadening
terrestrial features of which the stronger,B lines stand out which for Ho is mostly due taesonance broadeninigy colli-
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Fig. 5. AR Lac spectrum covering the G band. The thin continuous spectrum shows the final fit with [C/Fe] = 0. The other synthetic spectra refer
to the variation ofAT. ;; = —100K (dot-dashes), anc\[C/H] = +0.2 (dots) and —0.2 (long dashes), respectively. In addition to the stronger
metal lines only the positions of the CH lines have been marked

sions with neutral hydrogen atoms whereas &hd the higher Table 3. Final stellar parameters of AR Lac secondary component
series members are broadened mainly byStaek effectThe obtained during eclipse spectroscopy of the primary
lines therefore have their origin in different layers of the stellar

atmosphere (Fuhrmann et al. 1893): the wings gfdtiiginate  vrot 734+ 3kms™! including macroturbulence
in optical depths ~ 1, and those of 4 also represent substan-Test 5100 + 100K surface without spots
tial contributions from7 < 1. The spectrum fit with the final 1089 3.65+0.05
parameters is at least as satisfactory as thatofiHen the line 1.6 £0.3kms
cores are ignorédIn fact, even the solar spectrum fit is unabl e/t] ~ 0.0£0.1 [Na/H] - 0.15+0.1

. o/H]  0.040.1 [Ca/H] 0.140.15
to reproduce the very Balmer line cores because these emer g,

. i/H  0.1+£0.3 [Ba/H] 0.240.2

part fromchromospheridayers that are not represented by th JH] 0.0+ 0.1

photospheric models. ThedHvindow also strongly emphasizes
the dependence of the spectral fluxes on the metal abundance
(where in this particular case [Fe/H] in fact refers to H®  5nge of 5160 to 516K become dependent on the atmospheric
abundance). A factor of 2 in_creasg or decrease of the Fe e}bb'r’é'ssure and therefore sarface gravity The G lines in the
dance would not be compatible with most of the observed irgRy1om left panel make it relatively easy to distinguish between
line spectrum in this window. gravity and metal (carbon) abundance variations. In the synthe-
Fig[3 makes it clear that at solar abundances and tempgk ca|culations presented here we have for simplicity assumed
atures as low as 5100K rotation can efficiently hide much gf;¢ [Mg/Fe] = O; this is confirmed by the wing-to-core ratios
the Balmer lines’ temperature sensitivity. Consequently, mgstine p lines in the bottom right panel. Part of that window
of the necessary information is contained in the Mg Ib wirkenween 5190 and 52@6is not reproduced here; it contains a
dow of Fig[4. At these low effective temperatures the photpsge number of lines sensitive to thecroturbulencevelocity
spheric ionization equilibrium of magnesium becomes heaVid%{imilar to the region around ). Together with some of the
weighted towards the Mg | state, and it reacts on any tempe&gonger lines these lines discriminate between microturbulence
ture change. At the same time the strong Mg line wings in the,y metal abundance being responsible for profile broadening.
Fig.[3 shows a large part of the G band which can be suc-
4 For strongly rotationally broadened stellar spectra the convoluti6§Ssfully reproduced with [C/H] = [Fe/H] = O; we note that
of non-photospheric parts of the line profiles into the photosphetige synthetic spectra are based on a spectrum fit to the solar flux
wings is an unsolved problem spectrum thatrequired tiedividualadjustment of all contribut-




228 T. Gehren et al.: Photospheric metal abundances of AR Lacertae
N0 | E————— w
| N - “\\\ _ = == s
. \ N _ /— ~ 17 e
i "W AV \\ \ / //
i \ e \, y /
0.8 j ‘\\“\\ // ‘\\\ . p / ), i
O\ / N\~ 7
- \\ / /: N Y, N
| \ ~ _ / \ B _
0.6[— o/ a ]
i 7l [ s i
9 & 5 & JIF=Ed 4 5 g &= N
) 58‘85 58‘90 58‘95 59‘00 -
L L A A r— 1 1 1T T ]
oD IOTEEE T T T T T 3 vof I TFTETHAMITEE TRFAEY T AU 1 8
E \ _A / \ :
0.9 0.9; =
i g \
0.8 I 0.8 I N ]
I M0 | AL TN
oﬁm I 9 8 ¥ FzF 9 ] 075,55993 17332 3 PIZ E
0.6E ol L L R 0.6E ‘ - - R T M
6158 6160 6162 6164 6166 6136 6138 6140 6142 6144

Fig. 6.top: AR Lac spectrum near &ll D lines. The thin continuous spectrum shows the fit with [Na/Fe] = 0. The other synthetic spectra refer
to the variation ofAT. sy = —100K (dot-dashes), antA\[Na/H] = +0.2 (dots) and —0.2 (long dashes), respectiv@jtom:Strong Ca | lines

near 616 (left), and Ba Il line at 61424 (right). Synthetic spectra are the same as above, with dots and dashes refering to [Ca/H] and [Ba/H]
abundance variations, respectively. Positions pfides are indicated

ing lines. Yet there are unexplained features between 4310 &imth et al. (1998) shows a similar tendency. Thus the proper
4320A that display the present shortcomings of both spect@bundances of Na and Ba may well be solar.
line identifications and stellar atmosphere theory. None of the spectral windows leads to a full set of funda-
Silicon abundances have been estimated from a set of reteental stellar parameters by itself. It requires, however, little
tively strong lines near 74]2’@(spectrum not shown here). Na,experience to disentangle the interdependence of the spectral
Ca and Ba abundances are determined from the spectral wagions on different parameters once the reliability of the spec-
dows shown in Fid.J6. All four elements seem to show slightlyophotometry can be judged. This is where the superb quality of
enhanced abundances as compared with the Sun. DeviatiothefFOCES%chelle spectra is needed with their fully predictable
the atmospheric excitation and ionization from LTE must playader continua that represent a relative spectral flux accuracy
marginal role in our analysis because AR Lac is not metal-pobetter than 1%. Thus looking for the fits in different windows
Recent calculations of Baldiitier et al. [199B) indicate that in we conclude that the parameters given in Table 3 are the best
this region of the HR diagram thiue (NLTE) abundance of Na overall data. We refrain from specifying more exact values for
tends to be between 0.02 and 0.05 Wexerthan obtained from the abundances since this would require a considerable increase
an LTE determination, and the work on Barium by Mashormn spectral information input and methodical accuracy which, in
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0.90 . “ Fig. 8. Photospheric abundances as a function of the first ionization
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0.80 tation of the FIP effect as documented by Meyer (1993). Also shown
are coronal abundances of Mg, Fe and Si from Kaastra et al. (1996,
0.70F open squares)
0.60f
050k ‘ ‘ ‘ ‘ ‘ ‘ by assuming a slightly lower spot surface fraction. However,
5888 5800 5892 5894 5896 5898 5900  turning to other windows such as Mg Ib and the G band, it
: becomes evident that the resulting increase in core saturation
10k of strong metal lines (the b lines themselves but also the strong
Lo B lines near 4328, cannot be compensated by a decrease of metal
o8l ‘ abundances.
X it v, ] Another reason for rejecting lower effective temperatures on
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the basis of the H wings alone is a possible spectrum variabil-
ity reported by a number of observers. Bopp & Talcott (1978)
have found the H core filled in during flare activity, H has
been cited as showing variable emission by Goraya & Srivastava
‘ ‘ ‘ ‘ ‘ ‘ (1984). More evidence for variability of thedHprofile comes
4306 4308 4310 4312 4314 4316 from Bopp & Talcott[(1980) who find “presumably a randomly

Fig. 7. The strongly varying spectra refer to the single exposures No. §griable absorption profile”, a result that was, however, not con-
(dots), 64 (dashes) and 65 (continuous) of Table 2 corrected for radined by Huenemoerder & Ramséy (1984). There has been no
velocity variation. The small variations of the exposures with respdtigh-resolution confirmation of this kind of spectrum variabil-
to amean spectrurtnot shown here) are represented as labeled curviy, the data of both Goraya & Srivastava and Huenemoerder &
shifted by appropriate amounts to fit into the panels. Different pangi&msey are not conclusive, but if there were any spectrum vari-
include Hx (top), Na | D (middle), and part of the G bandbottor) ability in the residuals of Huenemoerder & Ramsey’s Fig. 2c,
it would be detected aroundl3 . .. 4 A off the line center, i.e.
exactly where our high-resolutiondprofile fit fails.
turn, would require an even higher spectroscopic standard. As We have therefore analyzed our single exposures for spec-
is now obvious the metal abundance represented by [Fe/H}rism variability; the results are documented in Elg. 7. Whereas
best determined in the Hwindow, and [Mg/H] comes mainly the influence of terrestrial lines is evident in both lind Na |
from the Mg I b lines. Variations of the carbon abundance abBeexposures, all three windows definitely shoaevidence for
seen both in the Jines in the Mg | window and in the CH lines variability of the stellar spectrunduring the eclipse observa-
of the G band. Note in particular the different run of carbon anithns. This does of course not rule out spectrum variability on
metal abundance in the Mg | window. a longer time scale but it leaves the strange profile shoulders of
Ha unexplained.

06|

0.4

4.1. Spectrum invariability

Although the interpretation of the spectrum synthesis resuﬁ’sz' Coronal and photospheric abundances

is straightforward, the discrepancy on the near wings af Hrhe photospheric abundances presented in Table 3 are not com-
remains. At first sight the selection of a lower temperature, egarable in accuracy with the results usually obtained when an-
Tog = 4900K, would seem to remove the problem with thalyzing normal stellar spectra of stars with low rotational ve-
line fit in the Hx window although the overall fit to the Balmerlocities. The reason for this is obviously that abundances in the
lines would become significantly worse. This could be adjustedse of AR Lac are always obtained from synthesis of many
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single lines blended together. The corresponding errors of taghrmann K., Pfeiffer M., Reetz J., Gehren T., 1997, A&A 323, 909
abundances make it difficult to give a detailed discussion GehrenT., 1977, A&A 59, 303

the star’s chemical composition. Actually, all the photospherforaya P.S., Srivastava R.K., 1984, IBVS 2579

abundances of AR Lac are in approximate agreement wit3gnn A.G., Hall J.C., Lockwood G.W., Doyle J.G., 1996, A&A 305,
solarabundance mixture. There appears to be a slight enhance-146 _

ment in the abundances of Na, Ba, and Ca, but a fraction of t ID.S., Kreiner J.M., 1980, Acta Astron. 30, 387

overabundance may well be due to our simple assumption_0 | D.S., Richardson T.R., Chambliss C.R., 1976, AJ81, 1138
Yy e P PUon, Ol pArcos Catalogue, 1997, electronic version, CDS, Strasbourg
local thermodynamic equilibrium (see above).

. - Huenemoerder D.P., Ramsey L.W., 1984, AJ 89, 549
Fig[8 shows the discrepancy between the abundances figs, | . pagano I., Moss D., et al., 1997, A&A 326, 698

rived from either photospheric or coronal line analyses. For tR@astra J.S., Mewe R., Liedahl D.A., et al., 1996, A&A 314, 547
low FIP elements Mg, Fe and Si this discrepancy is clearly beron G.E., 1947, PASP 59, 261
yond the error bars. In particular, Fe and Mg definitely have solaunrucz R.L., 1992, Rev. Mex. Astron. Astrofis. 23, 181
photospheric abundances whereas the X-ray data are obviolsigucz R.L., Furenlid, 1., Brault, J., Testerman, L., 1984, Solar Flux
subsolar. Most of the other coronal abundances are subsolar, togAtlas from 296 to 1300 nm. Kitt Peak National Solar Observatory
(Kaastra et al. 1996); thus on the basis of coronal abundank@dza A.F., Catalano S., Cutispoto G., Pagano I., Roddr 1998,
alone, a FIP effect must be ruled out. The same would hold A&A 332,541 ) _
for the photospheric abundances, if the FIP abundance curv igghonkina L., Gehren T., Bikmaev I., 1998, A&A, submitted
Meyer [1993) were used as reference. Unfortunately, the o everJ.P., 1985, ApJS 57, 173 .

L ’ o . | ’ )f})feyer J.P,, 1993, In: Prantzos N., Vangioni-Flam E., €dds (eds.)
gen triplet near 7778 was outside the spectral coverage o

. Origin and Evolution of the Elements. Cambridge Univ. Press,
our spectrograph; we are therefore unable to determine O abun-campridge, p. 26

dances, and C is the only element with a reasonably high FIR3fimann R., Schmitt J.H.M.M., #ister M., 1993, ApJ 413, 710
our analysis of the photospheric spectrum. Ottmann R., Pfeiffer M.J., Gehren T., 1998, A&A, in press

Adirect comparison of photospheric and coronal abundaneatterer R., Drake J., Vedder P., Craig N., Bowyer S., 1993, BAAS 25,
data shows agreement only for Ni which appears to be similar 861
in both plasmas. However, this value is neither very strongRfeiffer M., Frank C., Bauriller D., Fuhrmann K., Gehren T., 1998,
supported by our analysis nor by Kaastra et[al. (1996). There- A&AS 130, 381

fore, our analysis does not resolve the current problem with thee C-H-, Eaton J.A., 1985, ApJ 289, 644
Popper D.M., 1990, AJ 100, 247

X-ray abundances. Sanford R.F., 1951, ApJ 113, 299
Singh K.P., White N.E., Drake S.A., 1996, ApJ 456, 766
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