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Summary. We observed the RS Canum Venaticorum system AR
Lacertae systematically over an orbital period with the Interna-
tional Ultraviolet Explorer in October 1983. Contemporaneous
radio observations were obtained at the Very Large Array (VLA).
The spectra of the Mgl k emission line were analyzed using a
Doppler imaging technique. In this way, we identified three dis-
crete regions of emission in the outer atmosphere of the K star —
two “plages” and a chromospheric brightening that was related
to a radio flare. The widths of the plage profiles indicate that
the two plages together cover about 2% of the visible stellar hemi-
spherg, and their vsini values indicate that they lie close to the
equator of the K star. The Mg k surface flux in the plages is
about five times the mean Mg k surface flux of the K star. We
then used the far-ultraviolet spectra obtained at the eclipse phases
to separate the individual contributions of the two stars and the
plage and flare regions in order to estimate their line surface
fluxes.

Key words: stars: atmospheres of — stars: chromospheres of —
stars: binaries: spectroscopic — stars: AR Lacertae — stars: radio
radiation of

1. Introduction

Stellar atmospheres have traditionally been modelled as homo-
geneous, plane-parallel or spherically-symmetric layers. In such
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single-component atmospheres the local physical parameters de-
pend only upon radial position. The Sun, however, has dark
sunspots, magnetic loops, and a variety of other structures at all
levels from the photosphere through the corona and on all ob-
servable scales (e.g., Eddy, 1979). If solar analogy, the initial as-
sumption in studies of the “solar-stellar connection”, is to be
applied to other late-type stars, then realistic stellar atmosphere
models must include temperature and density inhomogeneities
analogous to those that exist on the Sun.

We stress the word analogous because observations of late-
type stars indicate that some stars are far more active than the
Sun. For example, many active dwarfs and subgiants have dark
regions (starspots) that cover as much as 209 of their photo-
spheres (e.g., Vogt, 1983; Rodond, 1983; Poe and Eaton, 1985),
compared to the less than 0.19 surface coverage of sunspots
(Bray and Loughhead, 1965). The ultraviolet emission line fluxes
observed in many active late-type stars can not be explained even
by complete surface coverage of solar-like active regions (Simon
et al., 1985). To account for this extreme level of activity one is led
to hypothesize (a) continuous low-level flaring, (b) emission from
solar-like structures but at much higher pressures than observed
on the Sun, or (c) completely new types of surface structures. In
order to determine the physical conditions within these regions
we need to determine their relative surface area coverages and
the spectra of the individual regions.

There are several techniques that can be used to identify and
study discrete atmospheric structures (which for convenience we
call plages if brighter than the surrounding atmosphere and spots
if darker). One technique, rotational modulation, is to associate
the variation in stellar flux in a given passband with the passage
of regions of contrasting brightness across the visible hemisphere
as the star rotates. Many observers (e.g., Eaton and Hall, 1979;
Hall, 1981; Poe and Eaton, 1985; Rodono et al., 1986, Paper I)
have studied the broad-band optical light curves of RS Canum
Venaticorum systems and active dwarfs to determine the surface
coverage of dark spots in their photospheres. Variations in the
intrinsic colors have been used to derive the spot sizes and tem-
peratures, while asymmetries in the light curve have been used to
constrain the number and shape of discrete photospheric spots.
Marstad et al. (1982; see also Rodono et al., 1987, Paper III)

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1987A%26A...186..241W&db_key=AST&nosetcookie=1

FTI987ARA © _I86. ZZ41Wh

242

found a bright transition region plage on the RS CVn star II
Pegasi and Byrne et al. (1987, Paper VI) estimated its area using
the rotational modulation of far-ultraviolet line fluxes. Linsky et
al. (1984) and Byrne et al. (1987) used these observations to con-
struct two-component atmospheric models for IT Peg. However,
rotational modulation provides information along only one di-
mension (projected longitude). Longitudes are determined from
timing the appearance and disappearance of discrete features
over the stellar limb, and extents of the features are estimated
from the shape of the light curve. Further, the absence of rota-
tional modulation does not imply the absence of discrete regions
of enhanced contrast. Only a highly nonuniform distribution of
regions of greatly enhanced contrast will produce a rotational
modulation in the disk-averaged light.

A second technique is to use the occultation of stars in an
eclipsing binary system. Discrete surface structures produce ob-
servable deviations in the light curve obtained during an eclipse.
We have applied this technique to AR Lac to deduce its coronal
structure from X-ray observations (Walter et al., 1983, hereafter
WGB), and its photospheric structure from optical photometry
(Rodono, 1986).

One would like to obtain an image of the stellar chromo-
sphere and transition region. Unfortunately stellar surfaces can
not be imaged directly, except perhaps by applying speckle inter-
ferometry to the stars with the largest apparent diameters (e.g.,
Soderblom, 1985). However, a third technique, Doppler imaging,
can be used to construct such an image. In this technique, the
position of a discrete component on a spectral line profile that
is broadened mainly by rotation is used to determine the distance
of that component from the rotational axis on the projected
stellar disk. If the inclination of the rotation axis is known, then
this distance, when followed over the entire orbital cycle, provides
both the latitude and longitude of that feature on the stellar sur-
face. In order to construct an image, the shape of the feature must
also be determined from the spectral width of the feature and
from details of the light curve.

Vogt and Penrod (1983) applied a Doppler imaging technique
to map the dark photospheric structures (starspots) on HR 1099.
Their technique involved a detailed synthesis of composite ab-
sorption line profiles using the relative brightnesses of the spot
and photosphere as input to the model. In this paper, we de-
scribe a Doppler imaging technique that allows us to determine
the relative brightnesses and areas of discrete regions in the
chromospheres of active, late-type stars.

In order to apply our Doppler imaging technique, high-
resolution ultraviolet spectra must be obtained at many phases
throughout an orbital cycle. We obtained such observations of
AR Lacertae in October 1983. The results of the Doppler imaging
analysis, coupled with observations at other wavelengths, allow
us to map the chromospheres of the AR Lac system at this epoch.
Using this map, we are able to model each emission component
separately (Neff et al.,, 1986a).

2. The AR Lacertae system

AR Lacertae (HD 210334; HR 8448) is the brightest (V = 6.1)
known eclipsing RS CVn system. In this paper we use the system
parameters (Table 1) given by Chambliss (1976). AR Lac is com-
posed of two active, evolved stars — a G2 subgiant located about
1 mag above the main sequence and a KO subgiant located about

Table 1. AR Lacertae system parameters

Property G21v KOIII-IV Units
star star
Mass 1.35 1.36 Mg
Radius 1.54 2.82 Ro
vsini 40 72 kms™!
K 116.1 115.6 kms™?
Vv 6.94 6.75 Magnitudes
B-V 0.68 0.93 Magnitudes

2.5mag above the main sequence. The system has a semi-major
axis of 9.1 Ry, an inclination of 87°, and an orbital period of
24 min less than 2 days. The G subgiant is totally eclipsed for
2.1h at primary minimum; secondary eclipse is annular, with
309 of the K star occulted. The K star has nearly four times
the surface area of the G star, is more massive (but by less than
1%), and has a bolometric luminosity of about 0.5 mag brighter
than that of the G star. Both stars rotate nearly synchronously
with the orbital period.

The G component of AR Lac was the first star for which dark
starspots were proposed to explain photometric irregularities
during the eclipses (Kron, 1947). Some of the observed irregulari-
ties, however, were due to a variable comparison star (Blanco
and Catalano, 1970), the long-period RS CVn system HK Lac.
Although AR Lac is one of the original members of the RS CVn
class (Hall, 1976; Popper and Ulrich, 1977), it is atypical of this
class in that both stars are somewhat evolved and both exhibit
strong stellar activity. AR Lac is an ideal system for an investi-
gation of stellar activity and stellar surface inhomogeneities for
the following reasons:

(1) The system is bright and eclipsing.

(2) The stellar lines are broad because of the nearly synchro-
nous rotation, with v sini = 72 and 40kms ™! for the K and G
stars, respectively. Rotationally broadened lines are required for
Doppler imaging techniques.

(3) The emission lines from the two stars are easily separated
at moderate spectral resolution, since the maximum radial ve-
locity difference is 232kms ™! (Batten et al., 1978). Even at first
contact the projected stellar orbital velocities differ by about
100kms~ 1.

(4) Both stars are active.

In addition, we are dealing with stars of the same age, rotational
period, and nearly identical masses, but in somewhat different
evolutionary states. The system may therefore provide some clues
to the dependence of stellar activity on evolution.

For these reasons, AR Lac has been the subject of many
studies in the past. Naftilan and Drake (1977) and Naftilan and
Aikman (1981) discussed the optical spectra and the behavior of
the CanH and K emission lines. The system is a variable radio
source (Gibson and Hjellming, 1974; Owen and Gibson, 1978)
as well as a bright X-ray source (Walter et al., 1980). From an
analysis of Einstein SSS data, Swank et al. (1981) deduced a two
temperature component model for the X-ray corona. WGB ob-
served the X-ray eclipses and deduced the geometrical structure
of the corona.

The ephemeris of the system (zero phase = primary eclipse),
based on photometry in 1981 and 1982 (Paper I), is
JD 2444977.0216 + 1.983170E. Due to the variation of the or-
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bital period, phases computed using this ephemeris are 0.014
larger than those computed from the ephemeris of Hall (1981).

3. Observations and analysis

The ultraviolet spectra were obtained on 3-5 October 1983
using the International Ultraviolet Explorer (IUE; see Boggess et
al., 1978). We obtained eight long-wavelength (LWR) spectra of
the Mgu h and k lines with about 0.20 A resolution, and nine
low-resolution (6 A), short-wavelength (SWP) spectra. The data
were reduced at the Colorado Regional Data Analysis Facility
(RDAF) by applying the standard flux calibrations (Cassatella,
et al. 1982; Bohlin and Holm, 1980). The starting times of these
observations, orbital phases, and exposure durations are given
in Table 2.

In support of the IUE observations, we obtained 12h of
VLA observations at 2, 6, and 20cm on 4 and 5 October 1983.
Ground-based photometry was obtained at several sites over a
several month period bracketing our other observations. The
photometry and spot-modeling results will be presented in a later
paper in this series (Cutispoto et al., in preparation).

3.1. Line profile fitting technique

All line profile and line flux measurements were made at the
Colorado RDAF by fitting the spectral lines with a specified
number of gaussian profiles (one to five) and the background
with a quadratic function. The fitting program is based upon the
CURFIT program (Bevington, 1969), which uses the Marquardt
algorithm to minimize the chi-square of the fit. In practice, all
parameters (three for the quadratic background plus three for
each gaussian profile) were allowed to vary. Initial estimates can
be input interactively. Alternatively, results from a previous fit
can be used as initial estimates, allowing interactive changes to
be made in any parameter before proceeding with the subsequent
fit.

Table 2. Log of IUE observations
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Although our fitting program can be used with any assumed
analytic profile, we have found that gaussian profiles provide an
acceptable description of both the low-resolution SWP and high-
resolution LWR emission lines. The SWP spectra are unresolved,
and their profile is therefore instrumental. By using a gaussian
fit, we can determine the SWP fluxes far more consistently than
by simply integrating the flux between two arbitrary base points,
primarily because the continuum level is set by a fit to many
background points well removed from the line.

The intrinsic Mgu h and k line profiles, in the absence of
stellar rotation, presumably have central reversals, and the line
widths are likely given by the Mg analog of the Wilson-Bappu
relation (Ayres, 1980; Stencel et al., 1980). However, stellar rota-
tion is expected to “fill in” the central reversal and enhance the
Doppler emission core (Bielicz et al., 1985). Also, IUE has a very
limited dynamic range, so it is likely that the exposure times
appropriate to optimally expose the emission core will not be
sufficient to detect any emission far in the (perhaps non-gaussian)
line wings. For more deeply exposed spectra, however, this might
not be the case. Finally, the stellar line profile is convolved with
the IUE instrumental response. The net result is an observed
line profile that is effectively gaussian.

We stress that Doppler imaging techniques, to be useful for
determining the physical conditions within the discrete region,
must provide more information than just the location of discrete
regions. If the goal is to determine the physical properties of that
region, its size and spectrum must first be determined. We further
emphasize that a casual inspection of “bumps and wiggles” in
the line profile is not sufficient to construct a Doppler image.
The observed profile is a composite of many profiles formed in
regions of different atmospheric structure and emanating from
different positions on the visible disk. Only under special cir-
cumstances (i.e., a very narrow line superposed on a very broad
line) do two line profiles add in such a way that the position of
the resulting bump is the same as the position of one of the
components.

Exposure start Exposure Phase
time (1983 UT) time of mid
Image Resolution d h min (min) exposure
LWR 16916 HIGH 276 21 39 50 0.88
LWR 16917 HIGH 277 00 06 42 0.93
LWR 16918 HIGH 277 02 16 45 0.97
LWR 16922 HIGH 277 12 27 55 0.19
LWR 16925 HIGH 278 01 06 45 0.45
LWR 16926 HIGH 278 03 43 55 0.51
LWR 16927 HIGH 278 06 09 55 0.56
LWR 16928 HIGH 278 08 37 45 0.61
SWP 21222 LOW 276 20 13 80 0.85
SWP 21223 LOW 276 22 36 80 0.90
SWP 21224 LOW 277 00 52 80 0.95
SWP 21225 LOW 277 03 05 80 0.00
SWP 21230 LOW 277 13 27 80 0.21
SWP 21234 LOW 278 01 56 100 0.50
SWP 21235 LOW 278 04 43 80 0.53
SWP 21236 LOW 278 07 10 80 0.59
SWP 21237 LOW 278 09 31 60 0.64
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3.2. LWR spectra

The eight LWR spectra commence at orbital phase ¢ = 0.88 and
provide phase coverage around a single orbit, although five of
the spectra were obtained within one tenth of a phase of either
primary or secondary minimum. As we justify below, the Mg k
spectrum obtained at ¢ = 0.19 (see Fig. 1) is composed of two
broad emission components, an absorption feature on the blue-
ward side of the red emission component, and a small emission
feature on the redward side of the same emission component. We
attribute the broad emission components to the global chro-
mospheric emission of the G and K stars (the blue and red com-
ponents, respectively). The absorption feature is interstellar; its
width indicates the instrumental resolution. We attribute the
small emission feature on the red edge of the K star Mg k line
to a region of enhanced emission on the leading hemisphere of
the K star, Plage B, which we discuss in detail in Sect. 4.1.

These details that we ascribe to the line profile shown in Fig.
1 were identified only after a careful analysis of the spectra. We
applied an iterative method that employed a minimum number
of assumptions in each step, and we selected improvements a
posteriori based not upon a better match to the line profile
but, more importantly, upon a better reproduction of those well
determined aspects of the system (e.g., projected stellar radial
velocities).

As an initial step, it was obvious that at least two components
are required to match the profiles. We first fit the profiles with
one emission plus one absorption component and, alternatively,
with two emission components. The former yielded unacceptable
fits to the profiles and two components of widely varying position
and width. The latter gave a good first-order approximation to
the line profiles and is consistent with emission from both stars
in the system. However, there was always an additional, narrow
absorption feature, which we then fit with a third component
(using the original 2 component fit as an initial estimate). This
resulted in an unresolved absorption line at the same wavelength
in each spectrum, which we attribute to interstellar absorption.

AR LAC OCT 1983

h

; | | l
®:=0.19

-2 -l

erg cm s

OBSERVED FLUX (102

2792 2794 2796

WAVELENGTH (&)

Fig. 1. The Mg k line profile of AR Lac at ¢ = 0.19 with a 4 component
fit (the G and K stars, the interstellar absorption, and Plage B) superposed
on a quadratic background. The histogram is the observed profile, and
the heavy line is the resultant (sum) fit of the 4 components (dashed lines)
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Fig. 2. The predicted radial velocities of the G and K stars (solid lines)
using elements from Batten et al. (1978). The measured K star velocities
are the crosses, while the measured velocities of the G star are denoted
by asterisks. Notice that we did not force exact agreement with the pre-
dicted positions, but rough agreement was the primary motivation for
the addition of Plage A

Since the optical depth of the interstellar medium in a given line
of sight is constant, the equivalent width of this feature can be
assumed to remain constant. Before adding any additional com-
ponents to these fits, we plotted the line centroids, widths, and
fluxes against phase, using the mean interstellar position as a
velocity fiducial. Most of the measured emission line positions
agreed with the expected (and well known) stellar velocities.
However, at several phases the only way to make the global
stellar line profile match (within ~10kms™1!) its expected posi-
tion was to add a fourth component to the fit. Furthermore,
the line widths and fluxes were anomalously high at these phases.
We therefore added an extra component onto the global K star
profile. Figure 2 shows the centroid velocities of the resultant fits
along with the projected stellar radial velocities. With four com-
ponents we were able to adequately represent the global features
of the line profiles. However, a narrow component was then seen
in the residual spectrum at several phases. We fit this feature
with a fifth component and found that the inferred position on
the surface of the K star, its measured line width, and its line flux
are constant. We therefore assert that our multiple-component
fits provide the simplest accurate representation of the observed
line profiles. The final fits are presented in Fig. 3 and summarized
in Table 3. Using these fits, we were able to determine the follow-
ing characteristics of the AR Lac system:

(1) The systemic velocity is —30 + 8 kms ™! (measured from
the six spectra furthest removed from mid-eclipse; the uncertainty
is the standard deviation of the individual measurements), in
excellent agreement with the published values of —33.7kms™!
(Batten et al., 1978) and —35kms~! (Hoffleit, 1982).

(2) The mean measured wavelength of the interstellar absorp-
tion line, 2795.52 + 0.04 A, corresponds to a heliocentric inter-
stellar medium velocity of +2 + 5kms~! in the line of sight
towards AR Lac. Bohm-Vitense (1981) and Crutcher (1982) pre-
dict a mean interstellar medium velocity of +5kms™! and
—8kms ™!, respectively, in this line of sight. Using the measured
wavelength of the interstellar line as a fiducial mark, the ITUE
velocity scale during the course of these observations was stable
to better than about +3kms™ L.
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Fig. 3. All 8 observed Mg k line profiles (histograms) with fits superposed. The heavy solid lines are the sum of the 4 or 5 gaussian components
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Table 3. Observed Mgt k line fluxes (10”*2ergem™2?s™ %)

Image Phase K star G star Plage A Plage B Flare
16916 0.88 4.0 2.3 0.82 0.06 -
16917 0.93 4.6 0.9 0.60* 0.12 -
16918 0.97 >4.3° <04° mn 0.08 -
16922 0.19 44 2.4 - 0.12 1.3
16925 0.45 4.5 2.5 - - 0.4
16926 0.51 2.6 2.5 0.37 - -
16927 0.56 44 22 <0.1 - -
16928 0.61 5.4¢ 2.5 0.14° - -

® Estimated by constraining the equivalent width of the interstellar absorp-

tion to remain constant.

® Lower limit due to line blending problems near primary eclipse.
¢ Upper limit due to line blending problems near primary eclipse.

4 Unmeasurable due to proximity to interstellar absorption and line blend-

ing problems near primary eclipse.

¢ Lower limit on plage flux; upper limit on K star flux. Flux indicates that
the plage is present, but it is not seen as a discrete feature on the line profile.

(3) Using the six observations outside of eclipse, we were
able to measure the epoch of zero phase independently of the
photometric determination. The radial velocity data are in excel-
lent agreement with the photometrically determined ephemeris,
giving a best fit phase offset of —0.004 + 0.006. Based on these
radial velocity data alone, any uncertainty in the ephemeris at
the time of observation is likely to be less than 15min and is
therefore negligible relative to the integration times (typically
45 min) of the IUE spectra.

(4) We have used the outside-of-eclipse fits to determine
mean amplitudes and widths of the global stellar emission com-
ponents. Outside of eclipse, the mean widths (FWHM) of the
quiescent emission line with the instrumental width deconvolved
are 76 + 5and 87 + 5kms ™ for the G and K stars, respectively.
These line widths are in good agreement with those predicted
by convolving the stellar rotation with the intrinsic line width
predicted from the Mg analog of the Wilson-Bappu relation
(Stencel et al., 1980), which, for a stellar luminosity corresponding
to a distance of 40 pc, predicts line widths of 68 and 91kms™?!
for the G and K star, respectively.

(5) The fluxes in the various components are plotted in Fig.
4. The mean flux observed from the G star was fairly constant at
2.5+ 05107 *2ergs™ ! cm ™2 corresponding to a Mg k line sur-
face flux of 3.010%ergs™! cm™2. Primary eclipse (¢ = 0) is evi-
dent in the G star light curve. The K star flux showed significantly
more variability, primarily between phase 0.97 and phase 0.19,
when it increased by about 50%;. We attribute the large increase
in flux from the K star at phase 0.19 to a transient brightening
associated with the radio flare discussed below and the high levels
prior to the flare and at ¢ = 0.61 to a large plage. The mean flux
observed from the K star, omitting the eclipses and the plage
components, is 4.5 £ 0.510" 2 ergs ™! cm ™2, corresponding to a
Mg k line surface flux of 2.110%ergs™*cm™2 The observed
fluxes in the G and K stars are quite uncertain at phases 0.97
and 0.51 due to the eclipses.
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Fig. 4. The observed Mg k line flux versus time. The global fluxes of
the G and K stars, and the total K star flux (including the plages and
the flare) are indicated. The arrows indicate the phase of the 1st through
4th contacts for both the total (¢ = 0.0) and annular (¢ = 0.5) eclipses.
Primary eclipse (¢ = 0.00) is evident in the G star light curve; the dip in
the K star light curve at ¢ ~ 0.50 is due to the annular eclipse. Notice
the variation in the plage flux (primarily due to Plage A) between ¢ = 0.88
and the end of the observations (¢ = 0.61). See also Table 3. The K
star flux is a lower limit, and the G star flux an upper limit, at
¢ =0.97 due to line blending. The K star flux at ¢ = 0.61 is likely
overestimated because the plage is not spatially resolved at this phase

INTEGRATED FLUX
(1072 erg cm2s7h)

We have measured all of the Mg11 4 lines in a similar fashion.
The h lines lie well down on the echelle blaze and hence are less
well exposed than the k lines. The shape of the k line is identical
to that of the k line at the same phase. A comparison of the h
and k lines at phase 0.88 is shown in Fig. 5. All departures be-
tween the profiles are 3 points or less in width (the unresolved
interstellar absorption feature is 5 points FWHM).

We estimate that the formal uncertainties in the measured
stellar velocities are less than 6km s~ *. However; there could be
small systematic errors if the true line shapes are not gaussian,
since the wavelengths are determined by fitting the entire line
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Fig. 5. The Mgu h line profile (histogram) at ¢ = 0.88, illustrating its
similar line shape but poorer S/N than the k line. The solid line is the
k line profile shifted in wavelength. At all phases, multiple-component
fits to the h lines agreed in detail with those to the k lines. The instru-
mental resolution is 5 points

2804

profile. The absolute uncertainties in the measured flux depend
on the uncertainties in the IUE calibration (10 to 20%), but the
relative flux measurements are more accurate (< 10%).

We have identified two discrete regions of emission (plages)
on the K star. We will refer to these features as Plage A and
Plage B.

Plage A is the cause of the asymmetry seen between the K
star k line (henceforth the Kk line) center and the interstellar
absorption feature at phase 0.88 (Fig. 3). The emission from Plage
A is completely absorbed by interstellar Mg at ¢ = 0.97. It is
likely seen reappearing over the blue limb between phases 0.51
and 0.61, but the strongest evidence for reappearance is the in-
creasing line flux, because the discrete plage component in the
line profile is only marginally detected. This plage component
appears to be spatially extended, as the velocity half width of
the component at ¢ = 0.88 is about 20kms™* (the instrumental
full width resolution is about 25kms™1).

Plage B is evident as the small emission peak on the redward
wing of the Kk line at ¢ = 0.19. It can be seen blueward of the

Table 4. Observed SWP line fluxes (10" *3ergcm ™25 1)
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Kk peak at ¢ = 0.88 and 0.93 (Fig. 3), and it might be present
at the edge of the interstellar absorption at ¢ = 0.97. The plage
was not on the visible hemisphere between phases 0.45 and 0.61.
The deconvolved Doppler width of the emission from this plage
is consistent with the instrumental resolution (ie., <15kms™1).
The velocity of the feature is consistent with the emission being
localized near stellar longitude 345° + 5°, where the longitude of
the central meridian is defined as 360° times the phase. Since the
inclination is very close to 90°, projection may be ignored.

There is also a prominent emission feature seen on the red
wing of the Kk line at ¢ = 0.45. This is likely due to the decay
of a chromospheric flare that is responsible for the enhanced flux
at ¢ = 0.19. We will discuss the flare and the two plage regions
further in Sect. 4.

3.3. SWP specta

We summarize the low-resolution SWP fluxes in Table 4 and
Fig. 6. Given the low resolution of the SWP spectra, it is not
possible to separate the contributions due to the two stars by
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Fig. 6. The observed SWP line fluxes as a function of time, plotted against
orbital phase. All flux measurements were made by fitting gaussians to
the low-resolution profiles. The fluxes at ¢ = 0.00 can be attributed to
the K star alone. At all other phases, the flux includes the G star, K star,
plage, and (at ¢ = 0.21) flare contributions. The observations began at
¢ = 0.85, and there was no phase overlap. As in Fig. 4, the phases of 1st
through 4th contact are indicated by arrows. See also Table 4

Image Phase Nv O1 Co Sitv Civ Hen Sin Sim
1240 1305 1335 1396 + 1402 1550 1640 1808 + 17 1893
21222 0.85 3.1 4.5 9.2 44 15.4 6.4 6.1 1.2
21223 0.90 2.1 33 6.5 3.7 12.8 6.8 6.0 1.0
21224 0.95 2.6 2.4 4.8 2.5 8.6 4.6 4.7 0.4
21225 0.00 1.8 2.6 45 1.1 8.1 32 3.8 1.0
21230 0.21 3.1 4.0 7.5 4.0 159 3.5 5.6 11
21234 0.50 22 2.6 5.6 3.8 11.1 39 44 0.8
21235 0.53 2.6 3.8 713 43 15.5 4.7 5.0 1.2
21236 0.59 23 3.6 7.3 33 12.8 3.8 4.7 0.8
21237 0.64 2.1 34 9.1 2.8 133 3.8 42 0.8
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Table 5. Derived fluxes of the individual components®

Line Jx Je Fy® Fg fr Fpt Fp/Fy (Fp/Fg)?
Nv 1.8 0.9 0.8 1.1 04 9.0 11.3 51.1
O1 2.6 0.8 1.2 1.0 1.2 27.0 22.6 136.4
Cn 4.5 2.5 2.1 29 2.3 53.8 26.0 200.0
Sitv 1.1 3.0 0.5 3.6 0.3 5.8 11.1 61.0
Civ 8.1 54 37 6.4 2.1 48.3 12.9 57.6
Hen 32 1.7 1.5 2.0 1.6 379 259 179.3
Sin 3.8 1.7 1.8 2.0 0.7 15.0 8.6 414
Sim 1.0 0.1 04 0.1 0.1 32 7.4 34.3
Mg (k) 45 25 21 30 3¢ 92 4.4 -
Mg (k) 1f >92 >4.4 -

Observed line fluxes (f) are in units of 10~ *3ergem 25~ 1.
Surfaces fluxes (F) are in units of 10°ergecm ™25 1,

2 Assuming R = 0, Eq. 1.

® Calculated with 98% filling factor.

¢ Calculated with 29 filling factor.

4 Assuming R = 1, Eq. 1.

¢ Plage A only.

f Plage B only.

S

using their relative Doppler shifts. However, the constraints im-
posed by the fluxes observed during eclipse, together with those
imposed by requiring consistency with the Mg 11 Doppler imaging
results, do permit us, in principle, to determine the contributions
of the individual stars.

We assumed that the flux measured during primary eclipse
(SWP 21225) can be attributed to the global emission from the
K star plus some emission from the plage regions (Plage A is
near the limb at primary eclipse and Plage B should contribute
a negligible fraction of the total flux). Similarly, we assumed that
the flux measured at secondary eclipse (SWP 21234) is the sum
of the G star flux plus a fraction of the K star flux determined
at primary minimum. We would not expect to see any emission
from the plages at this phase, since they would not be on the
visible surface. With these two fluxes, it is possible to infer the
plage and flare contributions if we assume that the global fluxes,
like the Mg emission, remained constant between the eclipses.
A low level of Mg 11 variability, however, does not guarantee that
the hotter (and probably optically thin) lines also remain steady.

If F,, F,, and F, are the line fluxes measured during the
primary (total) eclipse, secondary (annular) eclipse, and the spec-
trum obtained when both plage regions were roughly centered
on the visible disk (¢ = 0.87), then to a first approximation

F,~(1—f)K +RP, (1a)
F,=G+ (0.70)K, (1b)
and

F,=(1-f)K+P+G, (10)

where K and G are the global fluxes from the K and G stars and
P is the flux due to both plages. We take the total filling factor,
f, for both plages to be 0.02, based on the sum of the Mgn k
plage filling factors (see Sect. 4.1). The ratio of the flux observed
from the plages when they are near the limb to that when they
are near disk center is given by R. If the plages are optically thin,
we expect R ~ 1. The actual value of R for large stellar active

regions must be determined by future Doppler imaging studies.
Although we expect R to be near 1, we have set R = 0, because
this yields a minimum plage spectrum. Increasing R increases the
emission line flux in the inferred plage spectrum at the expense
of the K star spectrum. The fraction of the K star flux that is
eclipsed, 0.30 using only the geometrical obscuration, might be
overestimated near mid-eclipse and underestimated when one
limb is eclipsed if the chromosphere and transition region are
limb brightened.

Using these assumptions we solved Eq. (1) for K, G, and P
to yield the surface fluxes in the three components (Table 5). In
most lines, the surface fluxes of the two stars are roughly com-
parable (cf. WGB and Paper III). We also show in Table 5 the
derived surface flux enhancements if R = 1. In Fig. 7 we show
the modelled spectra for the individual stars and for the plages.

Some of the SWP line fluxes appear to be enhanced at phase
0.21 (SWP 21230). Assuming that this enhancement is related to
the radio flare, we derived the flare spectrum shown in Fig. 7 by
subtracting the G and K star global contributions from the
¢ = 0.21 spectrum. Only the hottest lines (Nv and C1v) are
clearly visible in the flare spectrum. We discuss the flare further
in Sect. 4.2.

The largest flux variation observed, in Ci, is only 25%, so
it is possible to attribute most, if not all, of the out-of-eclipse
variability to uncertainties in measuring the IUE fluxes. How-
ever, we took every precaution in extracting and measuring the
line fluxes and are confident that variations in excess of ~15%
are significant. Without observations covering several orbits, it
is not possible to separate secular variability from rotational
modulation.

3.4. The radio observations

We obtained VLA observations on 4 and 5 October 1983 con-
temporaneously with those at other wavelengths. The VLA was
split into 3 subarrays so that data could be obtained at 3 wave-
lengths — 2, 6, and 20cm — simultaneously. These observations
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include the first detection of AR Lac at 2cm. From 0232 to
0437UT 4 October 1983 the source was relatively quiet, and
no significant radio variability was seen. The flux densities at
1440 MHz (20 cm), 4860 MHz (6 cm), and 14960 MHz (2 cm) were
3mly, 15mlJy, and 11 mlJy, respectively. On 5 October between
0230 and 1100 UT we detected the decay of a relatively large
radio flare.

The radio flare (Fig. 8) is exceptional in several respects. First,
the flare was not seen at 20 cm. This suggests that the emitting
region lies below the optical depth unity surface at 20cm and,
thus, only the lower portion of the corona is involved in the
radio flare. Secondly, the radio spectrum turned over between 2
and 6cm (ie, « became less than 0, where S, ~ v*) during the
decay phase of the flare. Inverted spectra are very rare in eclipsing
RS CVn systems (Owen and Gibson, 1978), including AR Lac.
The observation of such an optically thin spectrum suggests that
there is little gas in this line of sight. Thirdly, some very rapid
timescale variability (t < 2min) in the form of “dips” occurred
during the decay of the flare. These are particularly evident at
0410 and 0910 UT. They occur at both 2 and 6 cm but are deeper
at the shorter wavelength. We have no explanation for these dips,
although we note that they may be similar to the precipitous
drop seen in the 1972 flare of Algol (Hjellming and Gibson, 1980).

We used the temporal, spectral, and polarization information
from the flare to infer a number of coronal parameters in the
flaring region. Assuming that the emission is synchrotron or
gyrosynchrotron, consistent with other events of this type, and
that the maximum in the observed spectrum (v, ~ 5 GHz)
occurs near the critical frequency, we have

V

B
2 yrsing, )
C

V., =
max ~ Ve
4
e

where  is the pitch angle of the synchrotron electron (i is taken
as 45°). Thus we infer that the local (average) B field and particle

energies y (the Lorentz factor) are related by
By? 5 1700G. A3)

If the decay of the flare at 2cm is due to synchrotron radiation
losses, the time for the source flux to decay to half of its initial
value is given by

12 & 500 B~ *(ymc?) ™", 4
This leads to a second important inequality,

B% <$3.410°G2. ®)
Solving Egs. (3) and (5) for the two unknowns, we have
B<90Gandyz4. (6)

These values for B and y are typical of those found in other
RS CVn flares (Hjellming and Gibson, 1980). The observed low-
frequency spectral shape indicates that it is unlikely that Razin-
Tsytovitch suppression occurs at wavelengths shorter than 30 cm.
The Razin frequency is given as

v 20m,

it J . 7
" 3vg Bsiny @)
This relation leads to the inequality

%53.5 107em 3G~ )
Using Eq. (6) to solve for n, we obtain

n, <310°cm™3. Q)]

If the source became optically thin at 2 and 6 cm during the
decay of the flare, we can estimate the particle energy spectral in-
dex I' (such that N[E] oc E~T) from the relation o = —(I' — 1)/2,
where « is the spectral index defined such that S, oc v*. This rela-
tion for o assumes the unlikely scenario that there is no evolution
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Fig. 8. Three frequency VLA observations of the large radio flare on
5 October. Note the lack of activity at 20cm and the peculiar “dips”
seen at 2 and 6cm

of the particle energy spectrum. We doubt that the spectrum
would evolve solely by synchroton losses (in which case o =
(2I' + 1)/3), since collisional losses are also likely to be important,
especially for the lower energy particles. For « = —0.5, near the
end of the observation, I' = 2. This suggests that the flare pro-
duced a hard spectrum of relativistic particles, typical of that pre-
dicted for reconnection events. By following the analysis of Owen
et al. (1976) we can use our estimate of I' to infer the angular
and, consequently, projected linear size of the radio emission
region. The brightness temperature is given by Tg = i,oymc?/k,

where i,, is a factor that depends on y and I'. For o > 4 and
I'=2,i,~04and Ty < 10*°K. Given a distance of 40 pc to
AR Lac, this implies that the size of the radio emitting region is
Rg = 0.75 R The fact that no linear polarization was observed
is consistent with the generally accepted hypothesis that any
synchrotron-type emission would be Faraday depolarized over
a relatively short length L ~ 108 cm, given the parameters deter-
mined above.

Although we have no simultaneous V' LBI data, previous ob-
servations of this and other RSCVn systems suggest that the
flaring plasma expands little if any, even during larger flares. This
implies that the coronal dynamics are controlled by the magnetic
field; i.e., the plasma = (87nkT)/B? < 0.3. Using our previously
determined upper limits for n, and B we can estimate the upper
limit of the coronal temperature to be T < 2.5108K.

4. Discussion of the surface features
4.1. The plages

The simplest explanation for the asymmetries of the Kk line is
the existence of regions of enhanced Mg surface flux —ie.,
plages — on the K star. Our data suggest the presence of at least
two long-lived plages and one transient brightening of the K star.

The location and size of Plage B can be determined in a
straightforward manner. Since the emission is unresolved in
velocity, we make the assumption that the rotational velocity
smearing is <10km s~ 1. The spatial extent of the plage in longi-
tude must therefore be less than ~ 10°. The longitude (345°) of
the plage is well determined from the four observations. The
latitude is more difficult to estimate. The amplitude of the
observed radial velocity curve (see Fig. 9) is consistent with a
location near the stellar equator. The observed vsini = 90kms™?
(relative to the K star) at ¢ = 0.19 exceeds the photospheric vsin i
slightly and is inconsistent with latitudes greater than about 20°
If we assume that the plage is roughly circular, then its filling
factor (fractional area coverage) is <0.005 of the visible stellar
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Fig. 9. Observed and predicted radial velocities of the plages. The thick
line is the predicted radial velocity of the K star. The crosses mark the
observed radial velocities of Plage A, and the pluses are the same for
Plage B. The thin solid and dashed lines are the predicted velocities for
features on the equator at stellar longitudes 280° and 345°, respectively.
These lines are plotted only where the plage longitudes are on the visible
hemisphere of the K star
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hemisphere. Given this filling factor, the Mg surface flux in the
plage is at least five times larger than that of the mean K star
surface flux.

The flux observed from Plage B remained constant to within
309 between ¢ = 0.88 and 0.19. Although the limited phase
coverage did not permit redetection of this plage on two succes-
sive rotations, the data suggest that it was not a short-lived,
transient brightening.

The details of Plage A are somewhat more difficult to
ascertain. This plage is most prominent at ¢p = 0.88 (see Fig. 10a)
as an asymmetry redward of the peak of the Kk line. The residual
emission has a resolved velocity width of ~20kms™!, implying
resolved spatial extent of ~20° in longitude (or a filling factor
of 0.015), if the velocity width is due solely to geometrical effects
and if the plage is circular.

The plage is present at ¢ = 0.93, although it is nearly un-
measurable due to its proximity to the interstellar absorption.
The plage position coincides with the wavelength of the absorp-
tion at ¢ = 0.97. Because the interstellar absorption optical depth
is constant, the equivalent width of the absorption should remain
constant irrespective of the varying emission line profile. We have

AR LAC MgI k
1 | |
OCT 1983 a

2 erg cm 25787

OCT 1981 b

OBSERVED FLUX (10
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WAVELENGTH (R)

Fig. 10. a The Mg k line profile at ¢ = 0.88, showing both plages. The
total flux in the plage components is about 109 of that in the global
component at this phase. b A fit to the 1981 ¢ = 0.86 profile requires at
least four components to adequately model the global emission of the
two stars. As in a, the plage component is needed to account for the
asymmetry of the K star emission in the 1981 spectrum
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used this fact to establish the definite presence of plage emission
at ¢ = 0.97 and to estimate the flux in the plage at ¢ = 0.88 and
0.93. The observed plage flux is ~310"*3ergs™'cm™2 If the
plage is circular, then the Mg contrast enhancement over the
mean K star flux is comparable to that of Plage B.

The central wavelength of the emission from Plage A at
¢ = 0.88 implies that its longitude is near 280°. This plage would
be over the limb at ¢ = 0.19 and 0.45 and should be visible again
from ¢ = 0.51 to 0.61. It is not clear that the plage reappeared;
there is certainly far less contrast with the global Kk line than
there had been. There is a residual emission on the blue wing of
the Kk line at ¢ = 0.51 at a velocity consistent with that expected
from the plage but at ~ 259 of the expected flux. There is mar-
ginal evidence for the plage, again at roughly the proper velocity
but at a much lower flux level, at ¢ = 0.61, but no obvious plage
was observed at ¢ = 0.56. The enhanced Kk flux at ¢ = 0.61
(comparable to that at ¢ = 0.88) might indicate that the plage
redistributed itself over a much larger range in longitude, lower-
ing its contrast with the surface while still contributing to the
total Kk flux.

The plage velocities indicate that they lie at or near the stellar
photosphere. Heights greater than 0.2 stellar radii above the
photosphere are inconsistent with the data shown in Fig. 9.

It is clear that the plages represent discrete areas of enhanced
surface brightness, but they might undergo a substantial change
in brightness or surface area on an orbital timescale. There is no
evidence for comparable enhancements superimposed upon the
fainter G-star profiles. The composite far-ultraviolet spectrum of
the plages is presented in Fig. 7.

4.2. The transient brightening associated with the flare

There are four lines of evidence that lead us to conclude that
there was a transient brightening of the chromospheric line fluxes
associated with the radio flare. The radio emission was decaying
at ¢ = 0.45. We do not know when the radio flare began, or
how bright it became, but if its decay timescale is consistent with
previously observed flares, it might have begun before ¢ ~ 0.20.

The first point concerns the Kk line profile at ¢ = 0.19, when
the stellar profiles are most widely separated in this data set. At
this phase the flux in the Kk line is enhanced by nearly 509, over
that seen at all other phases (except for ¢ = 0.61; see discussion
in Sect. 4.1). It is possible to attribute this excess flux to a tran-
sient brightening near disk center associated with the observed
radio flare, because a bright spot with a velocity centroid near
that of the K star and a broadening comparable to the stellar
vsini cannot be deconvolved unambiguously from the quiescent
stellar profile. We therefore refit the Mgu k profiles obtained at
phase 0.19 by constraining the Kk line flux and width to be near
the mean of the values observed at the other phases. The fit ob-
tained is acceptable (Fig. 11), but it is not quantitatively superior
to the original fit shown in Fig. 1. The residual emission is broad,
corresponding to turbulent motions of 85kms™! (T = 10°5 K).
This width indicates that the Mg broadening is not of thermal
origin. In light of the evidence for a radio flare, this broad emis-
sion component might indeed be real, and the most likely ex-
planation is that it is due to turbulent motions or flows in the
lower chromosphere that were associated with the coronal radio
flare.

The second piece of evidence is the prominent enhancement
on the red wing of the Kk line seen at phase 0.45. The radial
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Fig. 11. Fit to the Mg k line profile at ¢ = 0.19, where we constrained
the width and amplitude of the global K-star component to be the mean
of the values determined at other phases in order to reveal the flare
component. The flare component is quite broad, indicating velocities of
order 85kms~!. Compare with Fig. 1

velocity is consistent with a bright spot that would have been
near disk center at ¢ = 0.19, and its flux is lower at this phase
(by about an order of magnitude) than the excess in the Kk line
at ¢ = 0.19. This observation is consistent with a decaying tran-
sient associated with the radio flare and the ¢ =0.19 Kk
enhancement.

The third point is that there is no evidence for any plage or
enhancement on the blue wing of the Kk line at ¢ = 0.97, as
would be expected if the phase 0.45 enhancement is due to a
long-lived plage. Since at phase 0.97 the blue wing of the Kk line
is clear of the eclipse and the interstellar absorption, an enhance-
ment with flux comparable to that seen at ¢ = 0.45 would have
been easily measurable.

Finally, the SWP spectrum obtained at phase 0.21 appears
to show a slight enhancement in the lines of C1v and N v once
the G and K star fluxes determined at eclipse are subtracted.
-Although previous observations of flares on AR Lac (Walter et
al., 1984) indicated that the hot lines decay much faster than the
cooler lines, the hot lines are also enhanced by much greater fac-
tors. A likely scenario is that the flare spectrum shown in Fig. 7
is the remnant of a flare that began one to two hours before this
observation. This would place the previous LWR observation
(¢ = 0.19) closer in time to the actual flare, explaining the higher
enhancement at Mg

We conclude that a large flare occurred on the trailing hemi-
sphere of the K star (near longitude 90°) at about 1200 UT on
4 October 1983. This flare caused a 50% increase in the Mgn
emission flux from the K star. The radio emission and the Mgn
flux were still decaying 13 h later.

4.3. Comparison with previous results

Figure 12 is a scale drawing of the AR Lac system. We have in-
cluded our best estimate of the surface brightness distribution
of the lower chromosphere of the K star. We note that the plages
occupy the same hemisphere as that occupied by the extended

component of the X-ray corona in 1980 (WGB). If the migration
period of the photometric wave in AR Lacis about 12.5 yr (WGB),
the active hemisphere might be expected to have rotated one
quarter of the way around the star between 1980 and 1983. How-
ever, WGB argued that the photometric wave in this system is
likely due primarily to the G star. The WGB 1980 X-ray data
are in agreement, since the dark hemisphere at that epoch coin-
cided with the X-ray bright hemisphere of the G star and the
quiet hemisphere of the K star.

Since the limited phase coverage of the October 1983 data
set left some uncertainty regarding the longevity of Plage A, we
analyzed a spectrum obtained with TUE in October 1981 at ¢ =
0.86 and reprocessed by NASA/IUE with the current software
so that we could compare them with the October 1983 data (see
Fig. 10b). The two line profiles are very similar, suggesting that
Plage A was present at the time. More recent data, obtained in
1985 (Neff et al., 1986b) also show similar line profiles at this
phase. Thus, we conclude that the emission we attribute to Plage
A is due to a long-lived region of stellar activity. A detailed
comparison of the surface structure at different epochs will be
the subject of a later paper in this series.

We conclude that the active hemisphere of the K star remained
fixed relative to the binary system from 1980 throughout 1983
and is independent of the photometric phase of the system if the
migration rate is as fast as WGB claimed. This hypothesis can
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Fig. 12. The three discrete components observed in October 1983 (Plage
A, Plage B, and Flare) are compared with the picture derived by WGB
based on X-ray and UV observations in June 1980 (their Fig. 9). The
solid line surrounding both stars represents the Roche surface. The thick
solid line indicates the location of bright X-ray emission in the low
corona, and the dashed lines surrounding the K star indicate the inner
and outer radii (1.5 and 2.0 Ry) of the extended component of the K-star
corona both seen in June 1980. The flaring loop also seen in June 1980
at ¢ ~ 030 is not drawn to scale (R,,,, < 0.05Rg). Note the similar
longitudes of the flaring regions in 1980 and 1983 and of the plages with
that of the active hemisphere of the K-star extended corona. The longi-
tudinal extent of the 1983 flaring region is shown as an upper limit based
upon the first and last observations of it. The flare component on the
Mgu k line profile at ¢ = 0.45, however, indicates that the region is
probably compact (<20°)
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Table 6. AR LAC K star: properties of the extended coronal
component

WGB This paper
n, (cm~3) 2910° ° $3.010°
T, (K) 3.0107 <25108
R " 0.85 >0.75

* R is the equivalent radius perpendicular to the line of sight of
the coronal source in units of the stellar radius.

be tested by examining the IUE archival data as well as by ob-
taining new observations. If true, this will affect our understand-
ing of differential rotation and of the mechanisms responsible for
creating and sustaining localized activity. We also note that the
location of the flare is near the location inferred by WGB for
their flaring loop, although this could be coincidental.

The coronal parameters derived from the radio observations
are consistent with those determined for the extended component
of the K star corona by WGB during their X-ray eclipse obser-
vations of this system in 1980 (see Table 6). This similarity, to-
gether with the conclusion that the active hemisphere of the K
star has remained about the same over the 3.3 yr interval, allows
us to conclude that the radio emission probably arose from this
extended coronal component. Using the parameters derived by
WGB, we can calculate the free-free optical depth at each of the
three frequencies,

v = [ u)dl,
L

where u(v) = 0.018Z*N,N g, (v, T)/V*T*?*cm™ ', g, = (3"%/m) -
log(2.2kT/hv) as given by Tucker (1975), and L = SR, is the
line-of-sight thickness of the K star corona as viewed at the time
of the flare. We find 7, ,,, = 0.026, 74 ., = 0.26, and 7,4 ., = 3.05,
consistent with our earlier conclusion that the flaring region lies

" below the optical depth unity surface at 20cm. We note further
that the plasma f 2 0.12 is consistent with a magnetically bound
corona well beyond the Roche surface.

(10)

4.4. Caveats

Spatially resolved spectra, which can be derived from the varia-
tions in the SWP line fluxes in concert with spatial information
from the Mg Doppler imaging, can be used to generate multi-
component atmospheric models that must be more realistic
than simple uniform model atmospheres.

Our results provide several useful insights and constraints
concerning the construction of multiple-component atmospheric
models. First, observations of active stars must be made in as
many different spectral regions as possible. This is necessary to
understand the relationships of spots, plages, and flares. In addi-
tion, full and uniform phase coverage should be obtained. Further,
this coverage should extend over more than one orbital cycle in
order to confirm the longevity of the observed structures. The
data set we have presented falls short on these last two counts,
as the coverage was sparse and clustered near the eclipses (we
had originally intended to make use of the occultation method
of mapping structures) and extended over somewhat less than
one orbit. We have recently obtained a more complete data set
with continuous coverage of 90% of an orbit (Neff, et al., 1986b).
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The conclusions we have presented are based on the simplest
self-consistent explanation of the Mgl line profiles and the radio
and UV fluxes as a function of time. Our scenario is not unique;
more elaborate models with more free parameters might provide
better fits to the data. The major drawback of this data set is
the poor coverage near quadrature, when the lines are well sep-
arated and most amenable to analysis by our Doppler imaging
technique. The 1981 data (Paper III) show features near quad-
rature that might be inconsistent with our model if the surface
features remained substantially unchanged over the two-year
interval. We suspect that, upon proper examination, the AR Lac
system will prove more complex than we have concluded here.

5. Summary

We have demonstrated that it is possible to deconvolve discrete
emission features from the composite Mg k profiles of AR Lac
using Doppler imaging techniques. Using the Doppler imaging
results and the eclipse modulation, we were also able to deter-
mine the spectra of the two plages and a chromospheric bright-
ening that was related to the radio flare. The velocities of these
features and their Mg k profiles allowed us to locate them on
the surface of the K star and to determine their fractional area
coverages and line surface fluxes. These data will permit us to
determine the atmospheric structure within the plage regions
alone. The Mg surface flux enhancement in the plages relative
to the mean (global) emission is roughly a factor of 5. The surface
flux enhancement appears to be a maximum for the moderate
temperature lines of O1 and Cu. We are using this information,
along with observations obtained at other epochs and other
wavelengths, to construct multiple-component atmospheric mod-
els for AR Lac at all heights (photosphere to corona) and over
a long timescale.
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