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Abstract. The MgII h and k lines of 78 single stars observed
with the International Ultraviolet Explorer (IUE) observatory
have been analyzed. Stars of spectral classes F, G, K and M
and luminosity classes I-V are represented in the sample. From
these data it is shown that the Wilson-Bappu relation for the Mg
II h and k lines is fulfilled over a range of 18 magnitudes, i.e.
from M, =+12 to M, = -6.

The sample contains slowly rotating stars of different ac-
tivity levels and is suitable for investigations of a possible re-
lation between line width and stellar activity. It is found that
active stars have broader lines and show a larger variation in
line widths than quiet stars. Observations of the active RS CVn
binary cGem taken at epochs when it shows different levels of
activity, clearly demonstrate line broadening following higher
activity.

Possible implications of the new results for the interpretation
of the Wilson-Bappu relation are briefly discussed.
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1. Introduction

The systematic broadening of the bright Ca Il emission lines in
spectra of late type stars (surface temperature equal to that of
the Sun or cooler) with increasing stellar luminosity, which was
first pointed out by Wilson and Bappu (1957), is of fundamental
interest for the understanding of the temperature and density
structure of outer stellar atmospheres.

McClintock et al. (1975) reported later on that a similar re-
lation exists for the Mg I h and k lines and H Ly «, from obser-
vations of five K giants with the Copernicus satellite. Various
W-B relations have been established by a number of authors
(Kondo et al., 1976; Stencel, 1977; Weiler and Oegerle, 1979;
Engvold and Elgargy, 1987; Vladilo et al., 1987).

From model calculations Ayres (1981) predicted that the
FWHM of the Mg II h and k emission lines should be nearly
independent of the activity of the star. In their study of high-
resolution spectra of late-type stars from F5 to K5, and lumi-
nosity classes III - IV, Cerruti-Sola et al. (1992) concluded that
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there were no dependence of the Mg II k line widths on activity
level. On the other hand, Montes et al. (1994) concluded from
studies of Ca II H and K line widths in active binaries that the
emission line widths for very active stars were larger than in
less active stars. This also seems to agree with White and Liv-
ingston (1981) and Sivaraman et al. (1987) who found a small
but significant increase in line width with solar activity. It is
noted that in the cases of rapidly rotating stars the measured
line widths are strongly influenced by rotational broadening. It
is not clear how the inclusion of rapidly rotating stars in the
study of Cerruti-Sola et al. may have overshadowed a possible
activity dependent effect. In an attempt to resolve the seemingly
contradicting results above, we have investigated the line width
dependence on stellar activity based on a number of slowly ro-
tating stars. Our sample covers a total range of 18 magnitudes,
from +12 to —6, the spectral classes F, G, K and M and the
luminosity classes [-V.

Since the initial detection by Wilson and Bappu, the physi-
cal basis for the width-luminosity relation has been vigorously
debated. The two basic theories are based on assumptions about
systematic effects in, (i) Doppler broadening with stellar abso-
Iute magnitude, or (ii) column density above the temperature
minimum, respectively. Detailed discussions of the two sugges-
tions are presented in papers by Ayres (1979), Linsky (1980)
and Lutz and Pagel (1982). Engvold and Rygh (1978), and En-
gvold and Elgargy (1987) presented evidence showing that the
chromospheric mass column density, by its relation to the line
opacity, is the dominant parameter for the Wilson-Bappu effect.

2. The data

The generation of the data base used in the present paper started
out with an original sample of 17 cool giant and super-giant
stars used in a study by Joras (1989). Later, additional medium
and low luminosity stars have been added, both from new TUE
observations and by de-archiving the VILSPA data base, to make
up the present set of nearly 80 stars.

The addition of the medium and low luminosity stars was
done after a careful search in the Catalogue of Nearby Stars
(Gliese, 1969). The following criteria were used in the selection
process:
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1. The stars should be evenly distributed over as wide a range
as possible of spectral types and luminosity classes.

2. Both active and quiet stars should be represented.

3. Stars with Mg II lines severely affected by absorption in the
local interstellar medium (LISM) should be avoided.

4. Stars with special peculiarities, such as high rotational
velocities, severely affecting the line profiles, should be
avoided.

5. Close binaries should be avoided, in particular all spectro-
scopic binaries.

The chromospheric emission weakens from cool to hotter
stars and, as a consequence, only the photospheric absorption is
visible in the spectrum. In K and M stars, the emission peaks are
usually very strong and easily measurable. In early G stars, and
particularly in F stars, the peaks weaken and become increas-
ingly more difficult to measure. We therefore find no reason to
investigate stars hotter than spectral type F.

The highest luminosity stars are usually easy to observe and
have strong Mg Il emission lines, but their profiles are always
affected by central reversals due to self absorption in the outer
extended stellar atmosphere or in circumstellar shells, or due
to interstellar absorption. These “contaminations” often make
determinations of the line profile parameters very difficult. The
most luminous star in the sample is o Ori with M, = —5.6.

In the lower end of the luminosity scale the Mg1I lines are
often “clean” and show no self-reversals, but the stars are so
weak that even with exposure times of several hours it is diffi-
cult to obtain a good signal to noise ratio. Because of the long
exposure times needed relatively few high resolution spectral
observations exist of these weak stars.

In our data sample there are a few stars that have been ob-
served two or more times. In these cases we use mean values
for the line profile parameters. In the case of two stars, o Gem
and « Ori, a large number of high resolution spectra are at at our
disposal, since these stars have been studied in other programs
dealing with long term spectral variability (Engvold et al., 1988;
Joras, 1989).

Items 2—4 above need a more detailed explanation, which is
given below.

Stellar activity It is well known that stars of all luminosity
classes show different levels of activity. Active stars are charac-
terized by strong emission in the “hot” lines like CIV and SilV,
which originate in the transition region. These stars also have a
hot corona and strong magnetic fields. Quiet stars, on the other
hand, show little or no emission in these “hot” lines, only in
“cool” chromospheric lines like OI, ST, SiIl and Mg]II. These
stars have no transition region and consequently no corona, only
a stellar wind, and the magnetic fields are weak. A few stars,
termed hybrid stars, show some characteristics of both classes,
having weak, but detectable transition region lines and rapid
stellar winds.

The chromosphere-corona transition region lines are located
in the short wavelength range of the IUE spectra covered by
the SWP camera (1200-2000 A). The MgII lines at 2800 A,
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on the other hand, are in the long wavelength region, covered
by the LWR or LWP cameras (2000-3200 A). Thus, only stars
for which both SWP and LWR/P spectra are available can be
readily classified as either quiet or active according to the above
criterion. Unfortunately, not all LWR/P spectra are accompanied
by SWP spectra. Of course, a number of stars are well known
from earlier studies to be either active or quiet, such as the cool
supergiants, the RS CVn stars, and the active dwarfs of the flare
star type, but in general we cannot say a priori whether or not a
given star is active. In general the Mg II surface flux may serve
as an activity indicator.

We define a separation between active and quiet stars at a
surface flux in the Mg IT k line of log Fyyf i = 5.2 (see discussion
later in this paper). Most main sequence stars are active.

LISM absorption The structure and dynamics of the Local In-
terstellar Medium (LISM) has been studied in a number of pa-
pers (Crutcher, 1982; Molaro et al., 1984, 1986; Vladilo et al.,
1985). The LISM velocity, v ;sv, in the direction (117, /1), may
be calculated with considerable confidence using the Crutcher
relation:

ULISM . .
=sin b’ sin bl + cos T cos bl cos(t!T — 1Fy (1)

ULISM,0

representing the uniform motion of a cloud with velocity
vLismo = 28km s~! in the direction (IJ7,b{7) = (25°,+10°)
(Crutcher 1982; Vladilo et al., 1985). In this way we may choose
stars for which v gy combines favorably with the stellar radial
velocity vy in order to avoid severe contamination of the Mg II
h and k line profiles. Recent work has shown that the kinematics
of the LISM is more complex than implied by Eq. (1). However,
within the limits of the velocity resolution of high resolution IUE
data, it is still correct to make use of this equation.

The conditions used to select stars free of LISM absorp-
tion in the steepest part of the wings, defined to be the region
0.3-0.7 FWHM from the line center, are the following. We se-
lect stars that satisfy either |vLism — vr,«| < 0.3 X FWHM req,
having absorption in the central region, or |vLism — Ur«| >
0.7 x FWHM ¢4, having absorption in the far wings or com-
pletely outside the line. Here FWHM)yq is the full width at half
maximum for the k line predicted from the star’s M,, using the
relations of Vladilo et al. (1987). This criterion of selection is
rather crude since the M, values often are poorly known and
the actually measured width often deviates significantly from
the predicted one. It was therefore no surprise to find that a few
of the spectra turned out to be quite useless. These are subse-
quently discarded.

Stellar rotation The rotational rates of stars are discussed, for
instance, by Gray (1992; Chapter 17). The so-called rotation
dividing line runs diagonally across the lower half of the HR
diagram from about FSV to G21II (Fig. 1). Crossing this line
from left to right there is a very rapid drop to small rotational
velocities of the order of 5-10 km s~'. No such sharp boundary
is seen in the upper half of the HR diagram, but stars cooler than
about GOI-II generally have moderate velocities of < 20km
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Fig. 1. The distribution of the stars in the HR diagram. A separa-
tion between active (large symbols) and quiet (small symbols) stars
at log Fourx = 5.2 is made. The rotational braking line and coronal
dividing line are shown as solid and dashed lines, respectively.

s~!. Fig. 1 shows that practically all stars in our data set occupy
this low or moderate velocity region. For the present study it
is essential to use a sample of slowly rotating stars in order to
eliminate broadening effects due to rotation (cf Montes et al.
1994).

We have examined the v sin ¢ values listed in the Bright Star
Catalogue (Hoffleit 1982) for all stars in our data set. Most G-K
I-III stars are listed with vsini < 17km s~!. These stars have
Mg I line widths of the order of 100-200km s, and using a
square correction for rotation (W? = W2 — W2 ) we see that
rotation has only a negligible effect on the Mg II widths for these
stars. Thus the highest rotation rate (27 km s~!) in the RS CVn
system o Gem leads to only a 2 % correction in the Mg II width,
which is well inside the expected error of measurement.

The remaining stars in our sample have either no listed value
at all or rather small values for v sin ¢, in accordance with their
location in the slow-rotation region. Even the upper limits of
vsini < 17km s~! for a few stars would lead to corrections
smaller than the expected errors of measurement in each case.
Thus, when we restrict our data set to the slow-rotation region,
all corrections for this effect are rather insignificant. These con-
siderations justify our decision not to make any corrections at
all for stellar rotation in our data.

Errors in stellar data Apart from the errors of measurement,
there are also errors in some of the basic stellar data. The most
important of these are the errors in the M, values, which enter
directly in the Wilson-Bappu type diagrams. We have compared
the M, values given in two catalogues: “Sky Catalogue 2000”
(Hirshfeld and Sinnott, 1982) and “Catalogue of nearby stars”
(Gliese, 1969; Gliese and Jahreiss, 1979), which are listed in
Table 1.In most cases, the discrepancies are within a few tenths
of a magnitude, but in 6 stars the differences are 2 magnitudes or
more. The worst cases are GL 201 and GL 113.3, which appear
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in the listing with differences of 6 magnitudes. In these cases,
the star is listed as a giant in one catalogue but as a dwarf in
the other. The best way to treat such cases is to consider the
widths of the MgII lines and compare with other stars with
similar profiles to select the best of the two M, values. When
the difference is as large as 6 magnitudes, it is usually a simple
task to discard one value as erroneous. When the distinction is
less clear we just adopt the Sky Catalogue 2000 values for the
brightest stars and the Gliese values for the medium and weak
stars. The discarded M, values are put in parentheses in Table 1.

It is reasonable to assume that the adopted M, values have
uncertainties of the order 0-2 mag. Calculating the mean of
the M, differences for all stars that have two values listed (dis-
regarding the two worst cases mentioned above) we arrive at
oM, ~ 1.0 mag, which is regarded as a reasonable error esti-
mate of the M, values.

When the Hipparcos data are released in the near future,
the precision in absolute magnitudes and distances will become
much better, which hopefully will lead to improved definition
of the relations derived in the present work.

A complete list of the stars is given in Table 1.

3. Data processing and analysis of the profiles

The data have been processed and analyzed using the British
Starlink software (Bromage, 1984). The IUEDR program (Gid-
dings, 1983; Giddings and Hook, 1985) is used to extract cali-
brated spectra from each IUE image. The standard calibrations
of IUEDR are used in the process. Program DIPSO (Howarth,
1984) is used to analyze these extracted spectra. The main ob-
jective of the DIPSO analysis is to measure the widths and fluxes
of the Mg II lines, using a least squares Gaussian fitting. Before
line fitting, the photospheric flux level is subtracted and any de-
fect parts of the spectrum, either due to bad pixels, “false lines”
or absorptions, may be excluded from the fit (see Joras 1989).

Since the data span a very large range of luminosities and
temperatures, the appearance of the Mg II line profiles vary sub-
stantially. It is therefore difficult to find a single method to mea-
sure line profiles that is equally well suited to be used for all
spectra. The conventional method, used by Vladilo et al. (1987),
is to measure widths at an intensity of 50 % between the bot-
tom (k; and h) and the top (k, and h;) of the chromospheric
emissions. The line fluxes may then be directly measured by
an integration across the line profile. However, if the line is af-
fected by LISM absorption, a certain fraction of the flux will be
missing, and the usefulness of this method is considerably re-
duced. In such cases we have considered the alternative method
of extrapolating the line profile with a Gaussian fit. A major
problem is that it is often difficult to decide whether a reversal
is due to LISM absorption only, or is formed in the stellar at-
mosphere itself. In many cases, it is a combination of the two.
The methods considered are described below.

All line measurements start by subtracting the photospheric
flux level and fitting that part of the line which is unaffected by
a possible central reversal to a Gaussian (Fig. 2). This usually
means a fit to the line wings (excluding the reversal). If there
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Table 1. The observed stars

Star Image'! ? Spec M.} M,* B.C.
0 Dra 211087 G2II 2.1 -0.24
19933
¢ Cap 2 13554 G4lbpe -45 -0.29
56 Peg 2 14084 KOIlp -2.1 -0.50
o Aur 210257 G6III + FOIII 0.0 -0.36
A And 2 14805 GSIII-IV 1.8  -0.38
2 16890
G Cet 211372 KOIII (0.88) 0.2 -0.50
211373
o Gem several x KIIII 0.0 -0.55
8 Aqr 2 8935 GOIb -4.5 -0.16
a Aqr 2 13538 G2Ib 45 -0.22
213976
aTrA 16163 K3III -0.1  -0.76
A Vel 2 14088 K5Ib 44  -1.02
18331
G Gru 2 14087 M3II 24 -2.00
« Ori several x MIl-2la-Iab -5.6  -1.62
a Boo 2 15752 K2III (-0.25) -0.2  -0.61
112787
« Tau 112538 KS5III (-0.63) -0.3  -1.02
112539
G And 116750 MOIIIa (0.33) -04  -1.26
116877
7 Cru 2 1356 M3III 0.0) 0.5 -1.87
aCen A 22097 G2V (4.08) 44  -0.20
x Ori 12235 GOV (4.42) 44  -0.18
GL 783 A 121426 x K3V 6.54 (6.6) -0.50
GL 201 121251 x K5Ve 6.80 (-0.1) -0.72
GL 845 121252 x K5Ve 7.01 (7.0) -0.72
GL 142 121250 x K7V 7.61 -1.01
GL 169 113950 x MlVe 8.08 -1.62
GL 825 113952 x MOVe 8.75 -1.38
GL 616.2 1 8262 M1.5Ve 8.38 -1.62
GL 803 2 13553 MOVe 8.87 -1.38
GL 96 119848 x MIl.5Ve 9.11 -1.50
GL 239 119849 x M1V 9.71 9.6) -1.38
GL867A1 114210 x M2Ve 10.3 -1.62
GL 867 A2 114210 x 11.0
GL 388 18278 M4.5Ve 10.98 -2.55
GL 799 several x M4.5Ve 10.53 -2.55
GL 867 B 114209 x M4dVe 11.80 -2.38
GL 285 1 8281 M4.5Ve 12.29 -2.55
70 Vir 21945 x  GSIV-V 3.03 5.2) -0.24
6 Cen 24416 KOIII-IV 1.12 (1.7) -0.45
€ Ret 24417 K2IVa 349 (-0.3) -0.55
n Cep 24427 KOI'Ve 2.74 (3.2) -0.40
v 2 CMa 2 4440- KOI'Ve 2.70 0.0) -0.40

is no reversal, of course the whole line is fitted. We denote the
spectral fluxes of the emission line and the Gaussian fit by F)y
and F{, respectively. The corresponding peak fluxes are denoted
I and Ijj, which are the parameters that determine the flux level
at which the line widths are measured. The line is usually partly
asymmetric, and [ is measured at the highest of the two (red or
violet) peaks. We let A(y) denote the full width of the line profile
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Mo B-V
-2.34  -0.98
-4.79 1.00
-2.60 1.34
-0.36 0.80
1.42 1.01
-0.30 1.02
-0.55 1.12
-4.66 0.83
-4.72 0.97
-0.86 1.44
-5.42 1.66
-4.40 1.60
-7.22 1.85
-0.81 1.23
-1.32 1.54
-1.66 1.58
-2.37 1.59
4.20 0.71
4.22 0.59
6.04 0.87
6.08 1.09
6.29 1.05
6.60 1.34
6.46 1.35
7.37 1.38
6.76 1.46
7.49 1.44
7.61 1.49
8.33 1.50
8.68 1.49
8.43 1.54
7.98 1.58
9.42 1.62
9.74 1.59
2.70 0.71
0.67 1.01
2.94 1.08
2.34 0.92
2.30 1.06

at the flux level y, and A’(y’) the corresponding quantities for
the Gaussian fit.

In the conventional method the width is defined as the full
width of the line at the 50 % level of the peak line flux, A(Iy/2).
However, since the spectrum usually is noisy and often difficult
to define, even in the line wings, the actual measurement is
better done at the Gaussian fit rather than at the emission line.
Besides, the spectrum may in some cases be so asymmetric that



Table 1. (Continued)

Star

€ Sco
72 Her
31 Aql
a Ari

47 Uma
a Ser
61 Uma
¢ Tuc

39 Tau
9 Cet
GL 117

11LMi
12 Oph
GL5

GL 761.1
GL 211
503.2
GL 224.1
6 Sgr

Kk Cet
GL 380
GL 113.1
o Ind

44 And
6 Cet

v Phe

(3 Cae

50 Per

v 2 Col
GL 297.1
a Crv
HN Peg
08 Hyi

GL 259
GL309
GL 320
GL 454
GL484
GL593.1
Notes:

Image’
24444
25317
26308
27067
14039
27350
27575
210314
210687
23699
211724
211851
211875
1 14453
213233
213311
2 14654
2 16089
12107
13101
1 4903
15932
16787
18279
111877
113105
216091
12201
12203
26299
214714
12205
212858
210421
25013
1 6404
29686
1 24840
124841
124842
1 24850
124851
124853

1) 1=LWP, 2=LWR
2) x = observed by the authors
3) Gliese(1969), Gliese & Jahreiss (1979)
4) Hirshfeld and Sinnott (1982): Sky Catalogue 2000

LT o T B

Spec
K2III
GOV
G8IV
K2Ille

GOV
K2IIle
G8Ve
GOV

G5V
G2V
KOVe

G8IV-Ve
KOV
KOVe
G5V
K1Ve
G1.5Ve
K31V
K2III
G5Ve
K7Ve
KOIII
KOIII
F8V
Fov
F8V
F2vV
F7V
F2v
F5V
F21V
GOVe
GIIV

KOVe
KOV
K1V
KOIV
GOV
K411
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M,’
0.97
4.70
4.05
0.24

4.39
1.10
5.56
4.97

5.09
4.78
6.59

5.58
5.55
5.29
5.41
5.89
531
2.97
(0.98)
4.99
8.29
(5.15)
(1.40)
420
4.00
4.15
3.80
3.81
3.58
3.44
3.22
5.08
3.83

5.87
6.06
6.48
5.07
5.03
(3.37)

M,*
-0.1)
(4.4)
(3.2)
-0.1)

4.4)
-0.1)
(5.5)
(5.0)

(5.2)
A4.7)
(6.6)

(5.6)
(5.9)
(5.9)
(5.2)
(6.1)
(4.5)

0.1
(5.0)
(8.3)

0.2

0.2
(4.0)
(3.7)
(4.0
(4.0)
(3.8)
(3.0)
(3.4)
(1.9)
4.4)
(3.8)

(5.9)
6.1)
(6.5)
(3.2)
(4.4)

03

B.C.
-0.61
-0.18
-0.34
-0.61

-0.18
-0.61
-0.26
-0.18

-0.21
-0.20
-0.31

-0.30
-0.31
-0.31
-0.21
-0.37
-0.20
-0.50
-0.61
-0.21
-1.01
-0.50
-0.50
-0.16
-0.15
-0.16
-0.11
-0.15
-0.11
-0.14
-0.11
-0.18
-0.21

-0.31
-0.31
-0.37
-0.40
-0.18
-0.94

Mpoy  B-V
036 1.15
452  0.62
371 0.77
-0.37  1.15
421  0.61
049 1.17
530 0.72
479 058
488  0.62
458  0.66
628  0.87
528  0.77
524 0.82
498 0.75
520 0.72
552 084
5.11  0.60
247  1.05
-0.71 1.38
478  0.68
728  1.36
-0.30
-0.30  1.00
4.04 0.60
385 049
399 0.58
3.69 038
3.66 0.54
347 046
330 043
311 032
490 0.59
3.62 0.62
556 0.90
575  0.79
6.11 093
467 -0.77
485 055
-1.24 1.33

the lowest peak doesn’t even reach the 50 % level. The quantity Thus, we define
A(ly/2) would then be meaningless, since it would give the

width of the dominating peak rather than the width of the whole = W = A'(1o/2) (2)
line. By using the Gaussian fit as an extrapolation to “fill in” the F= / FydA 3)
missing flux we obtain a much better estimate of the width. The '

flux is then defined as the integrated flux under the line profile.

In the alternative method the width is defined as the full
width of the fit at 50 % of its peak level, and the flux is defined
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Fig. 2a and b. The measurement of line profiles, using € Ret as an
example. a illustrates the two methods for line width measurement.
The emission line profile is shown both before and after correction for
the photospheric flux level. The predicted relative position of the LISM
absorption, indicated by the vertical bar, coincides closely with the
observed reversal. Three possible Gaussian fits to the corrected lines,
with reversal excluded, are made by slightly changing the positions
of the cutoff points limiting the central reversal region, thus giving
an empirical error estimate of W’. b illustrates the two methods for
measuring fluxes. (The wavelength scale is relative to the IUE frame
of reference, since no correction for the spacecraft velocity has been
made.)

as the integrated flux under the Gaussian fit
W'=A'(15/2)
p:/ﬂw.

Normally, three independent fits are made by slightly chang-
ing the positions of the cutoff points that limit the excluded cen-
tral reversal. The largest and smallest of these fits are taken to
represent the range of possible fits, and thus give an estimate of
the errors in the line fitting process. Finally, the line widths and
fluxes W’ and F” are calculated as weighted means of the three
fits.

In a method which has been extensively used the width at the
base of the emission, W = A(0) is measured. The advantage of
this method is that it is unaffected by self reversals, but because

“
(&)
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the k; and h; minima usually are not well defined in the IUE
spectra we find it useless. In some cases, however, it may be
used as a test method for comparison with other methods.

The conventional method (Egs. 2 and 3) has the advantage
that there are no extrapolations and that the actual measurements
can be carried out with rather high precision. If the central re-
versal is due to absorption in the stellar atmosphere itself, then
some or all of the flux that is missing from the line center may
be redistributed to the wings. Then the directly integrated F' is a
much better flux estimate than the extrapolated F”. On the other
hand, if the central reversal is due to absorption in the local in-
terstellar medium, the absorbed flux is totally removed from the
line, and the extrapolated flux F” is the best estimate.

All lines in our sample have been measured using the two
methods illustrated in Fig.2. The parameter F' is used a the
primary flux estimate. Both W and W' are used as alternative
width parameters, and the results are compared. All derived
line widths are corrected for the instrumental broadening, us-
ing a square correction (W? = W23 — W2, .,), where Wi,s; =
21 km s~! at the wavelength of the Mg II lines (Turnrose and
Thompson, 1984). It should be noticed that the width of the
narrowest lines in the spectra are near to the width of the instru-
ment profile. Hence, a small error in the measurement of the
observed FWHM causes a larger error in the determined intrin-
sic width of the chromospheric line. An error estimate for these
lines has previously been made by Elgargy (1988) and Elgargy
et al. (1990). Furthermore, if the instrumental FWHM has been
over-estimated, the line width of the faintest dwarfs would be
under-estimated. We rely on the value given by Turnrose and
Thompson for the instrumental profile, but even if its width was
over-estimated by an amount corresponding to several km s~!
it would not invalidate our conclusions.

In addition to the errors introduced by detector noise and un-
certainties in the interpretation of the central reversal of the line
profiles, some spectra are also affected by pixel saturation and
reseau marks in the Mg II lines. In particular, the Mg IT k line at
2795A is affected by a reseau mark in a number of LWP spectra.
In these cases, the errors of measurement are correspondingly
increased.

4. Results
4.1. The Wilson-Bappu relation for Mg 11

Fig. 3 shows the width-luminosity relation of the MgII h and
k lines for our sample of 78 stars observed with IUE. In each
case, two least squares regression lines are calculated, one for
M, versus log W and one for log W versus M, and the mean
of the two lines is adopted as the final regression line shown
as a solid line on each plot. The correlation coefficient r is
independent of the order of the two parameters and is written
on each plot together with an equation for the mean regression
line of the form M, = AlogW + B.

The error estimates 6TV’ are shown as horizontal error bars
on Fig. 3c,d together with a single vertical error bar giving the
magnitude error 6 M. No error bars are plotted on Figs. 3a and
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b. The errors in W are expected to be smaller than the errors in
w’.

The Figures clearly show that the absolute magnitude and
width follow a relation of the type M, = AlogW + B. The
correlation coefficient is close to -0.95 in all cases. A conclusion
derived from our sample of 78 stars is that the Wilson-Bappu
relation for Mg Il is valid over the entire range of 18 magnitudes,
i.e. from M, =+12 to M, =-6.

We have also plotted the regression lines found by Vladilo
et al.(1987) (dashed line) and Weiler & Oegerle (1979) (k line
only, dotted) in Fig. 3a,b.

When comparing the results it is important to notice that dif-
ferent line width parameters are used. For the strongly reversed
profiles of the brightest stars, W > W', while for the weakest
stars there is no such difference. This leads to a smaller slope
|A| in Figs.3a and b than in ¢ and d. The Weiler & Oegerle
(WO) line is based on log W} rather than log Wy, giving sys-
tematically larger widths, but the slope is basically the same as
our slope for Wy. In this sense the two datasets are consistent.

Vladilo et al. used the same definition as applied in the
present work (Wy, W), so the results should be directly com-
parable. But the slope of the Vladilo data is steeper than found
by us. However, it is very close to the slopes we find when using
Wl; and W,; W' may be a better choice than W since W' is
best for luminous stars and W and W' give identical results at
low luminosities. Another possible reason for these small dis-
crepancies in slope is the fact that the sample of Vladilo et al.
covered a smaller range in M, (M, from -1 to +7) than the
sample used in the present investigation.

At this point it is interesting to note that the slopes found by
other workers for Mg I and Ca Il lines are all in the range -14.7
to -15.2, although the methods of measurement differ (Wilson
and Bappu, 1957; Mc Clintock et al., 1975; Engvold and Rygh,
1978). When the width parameter W' is used the resulting slope
for Mg II is slightly steeper than for Ca II. This might imply
that the Ca Il H and K, and the Mg II h and k lines are formed in
slightly different chromospheric layers. For lines formed at quite
different heights, different slopes of M, to log W, would be
expected, as was actually found by Stencel (1977). A discussion
of the physical reasons behind the slopes of the various W-
B relations is of substantial interest, but should be based on
large samples of high precision data. Hipparcos data will be
invaluable for this task.

Interesting differences are revealed in the spread in the data
of Vladilo et al. (1987), Weiler and Oergerle (1979) and the
present data. Since they do not cover the same M, ranges,
a direct comparison requires that we consider only the range
—1 < M, < 6, which is common to all data. The correlation
coefficients for the WO, Vladilo and our data restricted to this
range are -0.72, -0.95 and -0.86, respectively. Another useful
parameter is the total width deviation from the mean relation,
which is roughly 0.30, 0.10 and 0.30 for the three datasets.
Thus, the WO data show somewhat lower correlation than our
data, which was expected because of the poor quality of the
Copernicus data compared to IUE spectra. On the other hand,
the Vladilo data show remarkably good correlation, and much
smaller spread than our data. The reason for this difference is not
clear, but it could be a result of the way the stars were selected.
A possible explanation could be that our data generally contain
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more active stars than the Vladilo data, since active stars show
larger variations in widths, as discussed in Sect. 4.3.

In conclusion, our data satisfy a Wilson Bappu type relation
of the form M, = AlogW + B, valid for M, = +12 to —6.
The slope A is in the same general range as that found by other
workers, even though A is ~-19 for Mg II when W' is used.

4.2. Stellar activity parameters
4.2.1. The MgII surface flux: a direct activity measure

One of the most direct activity parameters would be the strength
of the transition region (TR) lines relative to the chromospheric
(CHR) lines. However, to measure these lines we need SWP
high resolution spectra, which are unavailable for all but about
20 of the stars, mostly giants and supergiants. We may then
consider the MgII k line surface flux (the flux measured at the
stellar surface) since this is accessible from all spectra, although
it is not expected to be as strong an indicator of stellar activity
as the TR to CHR flux ratio. The surface flux is obtained from
the observed flux (in cgs units) using the formula

Fut = (4/0%) Fyps = 170 x 10" Fs /67 (©6)

where © and 6 are the stellar angular diameters measured in
radians and milli-arcseconds, respectively. Observed values of
0 are used, if available, otherwise they are calculated from the
stellar distance and radius. Distances are adopted from the Sky
Catalogue 2000 (Hirshfeld and Sinnott, 1982) or the Catalogue
of Nearby Stars (Gliese, 1969). Stellar radii are derived from

log(R/Re) = —0.2 Mo — 2log Terr — 8.451 7)

(Lang, 1992, 9.2) where My, = M, + BC, while BC and T
are adopted from Lang (1992, 9.7). We estimate the error in
the derived surface fluxes to amount to approximately 50%,
corresponding to an uncertainty of 0.3 in the logarithm of the
surface flux.

The TR flux, Fi, is defined as the sum of the fluxes of NV
1238-43, SiIV 1393-1402 and CIV 1548-50; the CHR flux,
Fepy, as the sum of O11302-06, ST1807-26 and Si IT 1808-17.
All these lines are found in the SWP spectra. To test the use-
fulness of the Mg I k line surface flux as an activity parameter,
log Fyt x versus Fi./ Fone for those 23 stars for which we have
high resolution SWP spectra, is plotted in Fig. 4a. Supergiants,
giants and dwarfs are distinguished by the size of the symbols.
The RS CVn system o Gem has been observed a number of
times, and the measured range of variation of both parameters
are indicated by the inclined solid bar. The horizontal dotted bar
indicates the uncertainty of the flux ratio for w Cen A caused by
strong saturation of the SWP spectrum above 1800 A.

The quiet stars, characterized by complete absence of TR
lines (Fy/ Fope = 0), all cluster in the lower left of the diagram,
below about log Fyf = 5.0, while the active stars, with sub-
stantial TR fluxes, are in the upper part, above log Fyyt i = 5.2.
The only exceptions to this pattern are the three hybrid stars,
marked by asterisks (x). They all have very small, but detectable
TR fluxes, although one of them, the giant o Tr A, has weak
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Fig. 4. a the MgII k line surface flux versus flux ratio of hot (tran-
sition zone) to cold (chromospheric) lines for the 23 stars for which
high resolution SWP spectra are available. The symbol size indicates
luminosity class. The inclined solid bar shows the range of variations
of o Gem, while the horizontal dotted bar indicates that the flux ratio
for aeCen A is very uncertain because of strong saturation of the SWP
image above 1800 A. The three hybrid stars are marked by asterisks.
There is a clear separation between quiet stars (Fy/Fee = 0) in the
lower part, and active stars (Fiy/Fene > 0) in the upper part of the
Figure. We define the separation between these two classes to be at
log Fuuf,x = 5.2. b the same as in a but the flux ratio F},/Fx is plotted
along the ordinate instead of log Fiuf k-

MgII surface flux like the quiet stars, while the supergiants
a Agr and 3 Aqgr have strong surface fluxes like the active stars.

These 23 stars represent all spectral and luminosity classes
of this study, even though the dwarfs are somewhat underrep-
resented. Therefore, we find it reasonable to assume that the
pattern shown here is of a more general validity. We may then
introduce a separation between active and quiet stars at a con-
stant value of log Fyur x of, say, 5.2. Thus, stars above this line
are defined as active, those below as quiet. The obvious advan-
tage of such a definition is that the Mg II fluxes are available for
all stars in our sample, in contrast to the TR fluxes.

Certainly, such a sharp division is artificial, since there ac-
tually seems to be a continuous transition from quiet to active
stars. Nevertheless, this two-level model is very useful for easy
visualization of important differences between the two groups.
The exact position of the separation is somewhat arbitrary, de-
pending on which property we choose to characterize stellar
activity. Therefore, one may adjust the value log Fyr x = 5.2
somewhat up or down to better illustrate special effects.
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Fig. 5. The distribution of the stars according to absolute magnitude and
Mg Il k-line surface flux. As in Fig. 4, symbol sizes indicate luminosity
classes. Stars with e-suffix in the spectral type (emission line stars) are
marked by squares. The vertical dotted line at log Fy.x = 5.2 defines
our separation between quiet (to the left) and active stars (to the right).

Our adopted value of 5.2 may, perhaps, seem somewhat
low compared to the results of Cerruti-Sola et al. (1992) for the
Sun and stars. They found no difference between Mg Il surface
fluxes of quiet solar regions and coronal holes. The “average”
fluxes for quiet and active (plage) regions were found to be
log Fyutx = 5.8 and 6.7, respectively. In a flare the flux might
be even larger. There was a considerable spread in the solar
values.

The data of Cerruti-Sola et al. (1992) comprise 55 stars
of spectral class F5 to K5 and luminosity class IV or V, with
log Fyyt x ranging from 5.5 to 7.0. These are thus all active
stars according to our definition. In comparison, the stars of
luminosity class V in our dataset range from about 5.0 to 6.8
(Fig. 5). We also note that the more luminous stars in Fig. 5 show
a much larger range of activity than the dwarfs. In particular,
a number of the giants and supergiants have very low surface
fluxes.

4.2.2. The MgII h/k ratio: as a measure of activity

In addition to the Mg II surface flux, the Mg II h/k line flux ratio
may be readily determined from the TUE spectra. It is therefore
of interest to see if the ratio can be used as a measure of activity.

The ratio of the Call H and K line fluxes is indicative of
chromospheric optical depth and temperature gradients (Kelch
et al., 1978, 1979). The Mgl h to k line flux ratio Fj,/Fx can
also be used as a measure of opacity. This ratio is expected to
lie between 0.5 and 1.0, corresponding to the optically thin and
thick cases, respectively. It is generally believed that opacity
plays a major role in the general widening of the lines with
increasing luminosity (Elgargy et al., 1990).

Moreover, as will be demonstrated below, there is a close
connection between the widening of lines and stellar activity.
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Fig. 6. The MgIlI activity (log Fsurf,n versus width deviations
(Alog Wy,) of the MgII k-line, defined as the difference between the
measured width and the least squares fit to the data shown in Fig. 3a.

This means that we would expect F}, / Fi to be a relevant param-
eter for measuring stellar activity.

In Fig. 4b this ratio is plotted versus Fi/Fgp, for the same
sample of stars as in Fig. 4a (the number of points is somewhat
smaller since the flux ratio could not be measured in all cases).
A general increase in the h/k flux ratio with increasing activity
as measured by Fi./Fg, is clearly seen. Also, there seems to
be a separation at about F},/Fx = 0.75, in the sense that stars
above this line have Fy;/ Fiy,, > 0 and are thus active, while stars
below this line are quiet.

In our data we find a relatively weak variation of the line
flux ratio F},/F}, with surface flux (activity level). This could
mean that the latter is the result of an increase in the fractional
area covered by active regions, as also suggested by Cerruti-
Sola et al. (1992), rather than local changes in thickness of an
active chromosphere. Thus, Fl,,, 1 seems to be a more direct
and reliable activity parameter than the flux ratio F}, / F.

4.3. The Wilson-Bappu relations for quiet and active stars

The very active RS CVn star cGem has been observed by these
authors several times in connection with another project (En-
gvold et al. 1988; Elgargy et al. 1995). Since the activity of this
star varies, it is well suited for a study of the relation between
activity and Mg II h and k line widths. In Fig. 6 the results of
14 observations are shown. The usual parameter log Fy, ¢,k 1S
replaced by log Fsy,y,n since the k-line in several cases was
over-exposed. The least squares regression line reveals larger
line width with higher activity. This is an important result since
errors in surface fluxes are minimized because all measurements
refer to the same star.

It is now a matter of interest to see if the effect of activity
is revealed in the Wilson-Bappu relation of the Mg II lines. For
this purpose the material was divided in two groups, quiet and
active stars, respectively, according to surface flux in the Mg II
k-line. The respective width-luminosity relations are shown in
Fig.7a,b. (In the Figure the parameter W' is used since it may
be best for luminous stars (cf. Sect. 3). But W may, of course,
also be used. However, W and W' are in practice equivalent
at low luminosities.) Both quiet and active stars are seen to
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Fig. 7a and b. The width-luminosity relation for quiet and active stars,
using W), as the width parameter. a shows the plot for the quiet stars,
while the active stars are shown in b. The asterisk () marks the position
of the two hybrids « and (8 Aqr, which are coincident. Not that in
order to obtain a larger number of stars in a we have pushed the limit
between quiet and active stars up to log Fyrf,x =5.5. In both diagrams
the correlation coefficient is high. Accordingly, the uncertainties in the
coefficients for the linear regression line become rather small. In the
case of panel b they amount to +0.88 and +1.54, for the slope and
constant, respectively. For the upper panel the uncertainties are nearly
the same, being +0.80 and 4-1.44.

follow Wilson-Bappu relationships. The Figure reveals some
interesting differences between the two groups.

The active stars apparently show a somewhat larger spread
in line widths than the quiet stars (Fig. 7a and b). An alternative
and maybe better illustration of this increased variation in widths
is given in the plot of log Fi¢ x versus Alog Wy in Fig. 8. Note
that AlogWy, is defined as the difference between the measured
width and the least squares fit to the data shown in Fig. 3a. This
should not be confused with the definition of deviation used in
Elgargy et al. (1990) which was relative to the fit of Vladilo et
al. (1987).

The slope of the regression line for the active stars is smaller
than for the quiet stars. Active giants and supergiants appear to
have significantly wider Mg II lines than those that are quiet.

The most important information contained in Fig. 7 is thus
that active high luminosity stars have substantially broader lines
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Fig. 8. The MgII activity (log Fyurx) versus the width deviation
(Alog Wy) of the MgII k line, defined as the difference between the
measured width and the least squares fit to the data shown in Fig. 3a.
The range of variations of o Gem is indicated by the inclined bar.

than quiet stars, and show greater variation in line widths. This
variation is mostly due to the large range of activity levels from
star to star. However, since stellar activity is closely connected
with variability, such as in UV Ceti stars (flare stars) and the
active binaries of the RS CVn and BY Dra types, some of the
variation is very likely a result of the changing levels of activity
on each individual star. Long-term observations of a selected
sample of stars would be of interest (cf cGem).

This Section has demonstrated that stellar activity is affect-
ing the line widths. This is clearly borne out from our observa-
tions of cGem and confirmed by the comparison between quiet
and active stars in our sample. Thus, the Wilson-Bappu relation
should be modified to include an activity term, in analogy with
the relation of Lutz and Pagel (1982), who expressed the line
width in terms of fundamental atmospheric parameters such as
gravity, effective temperature and metallicity.

5. Discussion and concluding remarks

We have analyzed the spectra and measured MgII h & k line
profile parameters of 78 stars observed with the IUE satellite.
With a very few exceptions these are all single stars with low
to moderate rotational velocities. They are also all selected so
as to avoid serious absorption by interstellar MgII in the line
wings. The strong central reversals in luminous stars make the
determination of line profile parameters difficult. Therefore, two
alternative methods of measuring widths and fluxes are consid-
ered. The present data represent an improvement in amount and
quality, and span a larger range of absolute magnitudes as com-
pared with earlier work.

The measured broadening of the chromospheric emission
lines with absolute stellar magnitude follows the Wilson-Bappu
relation over almost 18 magnitudes. The Mg IT h and k lines fol-
low a Wilson-Bappu type relation of the form M, = AlogW +
B, valid for the whole range from M, = +12 to M, = —6. The
slope A is about -16 when the line widths are determined in the
conventional way. But when W' is used, which seems to be the
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best width parameter for the entire range in luminosities, the
slope becomes steeper with A ~-19.

From high resolution spectrographic observations of the RS
CVn binary system HR 1099 (primary star K1 IV) Wood et al.
(1996) find enhanced emission in the wings of Mg Il h & k.
They suggest that micro flaring activity and associated turbu-
lence may affect the wings of both chromospheric and transition
region lines. The micro flaring activity must be quite substan-
tial in order to affect the FWHM of the line profiles. The line
widths are in the range 1.25 < log W}, < 2.30, which in the
case of turbulence corresponds to velocities ranging from about
20 km s~! to 200 km s~!. In the event that the chromospheric
turbulence increases from the lower to the upper chromosphere
(Harper 1992) an increasing line broadening from turbulence
may follow an increasing opacity. The widths of optically thin
chromospheric lines correspond to about 10 km s~! (Engvold
and Elgargy 1987), which then may represent the non-thermal
velocities in the lower chromospheres.

The assumption that non-thermal motions control the Mg II
line profiles would imply a highly supersonic turbulence. The
sound speed in the stellar chromospheres is expected to be less
than 15 km s~! (at temperature T ~ 10* K). (In the transition
region the sound speed is about 30 km s~!.) Recent numerical
modeling of the Ca II H, and K, grains in the solar chromo-
sphere shows that these line profiles could result from outward
propagating acoustic waves that form shocks and dissipate their
energy (Carlsson and Stein 1995). It is not yet clear what the
situation will be in magnetic flux tubes, but future modeling
including magnetic fields may show whether or not the Wilson-
Bappu relation may reflect flux tube dynamics (cf. Rutten 1995).
However, radiative transfer modeling suggests that the Wilson-
Bappu effect can be explained by chromospheric opacity (Qing
Qi-cheng 1996).

It has been shown that the Mg II h and k surface fluxes char-
acterize quite well the stellar activity level. The stars may be
classified as active stars when the parameter log Foy,rr > 5.2
[cgs units]. Non-active stars fall below this set limit. The line
flux ratio F}, / Fy,, on the other hand, which should be an indica-
tor of optical thickness, show very weak correlation with activ-
ity. The reason for this is presumably that for optical thickness
TMGIT k< 106 (see Elgargy et al. 1990) the line is effectively
optically thin. For opacities less than this value the emergent
line flux is not noticeably dependent on 7 (Elgargy et al. 1990).

The MgII k line surface flux may be used as an activity
parameter, instead of the strength of the transition region lines,
which in many cases are unavailable because of lack of SWP
spectra. This is in agreement with the results of Cerruti-Sola et
al. (1992). There is a continuous transition from the most quiet
(log Four,x ~ 3.7) to the most active (log Fyytx ~ 6.8) stars.
Although there is no sharp limit between quiet and active stars,
we have chosen log Ft x = 5.2 as the “best value”.

Dwarfs are generally more or less active, since they almost
all have log Fyf x > 5, whereas amongst giants and supergiants
there are both quiet and active stars.

Active stars generally have wider lines than less active stars.
Moreover, the intrinsic variation in line widths seems to be larger
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for active stars. This is a combined effect of the large ranges of
activity between different stars, and the variability of individual
stars. An example of this is the RS CVn variable o Gem, which
has wider lines at high activity than at low.
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