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ABSTRACT 
We present far-ultraviolet line fluxes of prominent transition region emission lines, as obtained with the 

International Ultraviolet Explorer satellite, for a sample of solar-type stars. We combine the ultraviolet obser- 
vations with existing soft X-ray measurements obtained by the Einstein Observatory (HEAO 2). We utilize the 
resulting data set and a new coronal loop model numerical code developed at the Harvard-Smithsonian 
Center for Astrophysics to perform a preliminary investigation of the applicability of coronal loop models to 
solar-type stars. In a few cases, reasonable agreement between the predictions of single-component, coronal 
loop model atmospheres and the observational data is achieved for a relatively well-defined, plausible range of 
values in the pressure-filling factor (p, f) plane. In general, however, we find that the addition of non- 
simultaneous ultraviolet observations to a previously acquired soft X-ray data set does not provide a sufficient 
constraint on the range of possible loop filling factors and pressures for loop model atmospheres that may be 
producing the observed X-ray and transition region emissions. We discuss the origins of the discrepancies 
between the model results and the observations within the context of (1) stellar variability, (2) multiple coronal 
components, and (3) the presence of relatively low temperature loops that give rise to far-ultraviolet emission 
but not to coronal X-ray emission. We suggest on the basis of the results presented in this investigation that 
in order to verify the applicability of coronal loop models to solar-type stars, simultaneous far-ultraviolet and 
moderate spectral resolution X-ray observations will eventually have to be obtained. 
Subject headings : stars : coronae — stars : late-type — ultraviolet : spectra 

I. INTRODUCTION 

The atmosphere of the Sun exhibits a variety of structural 
inhomogeneities that are defined by magnetic field configu- 
rations. These magnetic field structures are often observed to 
coincide with sites of intense chromospheric and coronal emis- 
sion (e.g., see Van Speybroeck, Krieger, and Vaiana 1970) 
where the degree of emission enhancement is empirically 
related to the open or closed nature of the magnetic field con- 
figuration and the associated nonradiative heating mechanism 
that is operative (e.g., see Rosner et al 1978; lonson 1978). We 
now recognize these atmospheric inhomogeneities as a funda- 
mental property of the solar outer atmosphere (see the review 
by Vaiana and Rosner 1978). Magnetic field configurations 
that control atmospheric thermal inhomogeneities are espe- 
cially evident in the solar corona, which is characterized by 
open and closed coronal loop structures. The investigation of 
these structures included the delineation of the physical struc- 
ture of open (Rosner and Vaiana 1977) and closed field regions 
in the solar corona, culminating in the development of scaling 
laws relating loop size, temperature, and pressure for coronal 
loops in hydrostatic equilibrium (Rosner, Tucker, and Vaiana 
1978, hereafter RTV). The hydrostatic loop models have been 
generalized by Serio et a/. (1981) and utilized by Pallavicini et 
al (1981) for the analysis and interpretation of solar X-ray, 
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extreme ultraviolet, and radio observations. The results of 
these solar investigations may be applicable to stars given that 
the occurrence of stellar surface features similar to solar plage 
and sunspots is now well established (e.g., see Wilson 1978; 
Vaughan et al. 1981 ; Radick et al 1983). 

The existence of stellar surface inhomogeneities, analogous 
to solar surface features, provides compelling circumstantial 
evidence for the presence of stellar coronal magnetic field 
structures that are similar to solar coronal loops. Thus the 
analysis of stellar transition region and coronal emission 
within the context of solar coronal loop models is a natural 
extension of solar physics. Conversely, stellar observations 
provide the means of comparing the chromospheres and 
coronae of stars with varying levels of activity, thus enabling us 
to verify the applicability to solar-type stars of specific atmo- 
spheric scaling laws originally developed for the Sun. In this 
perspective the study of stellar atmospheres becomes an inte- 
gral part of solar chromospheric and coronal physics. 

The widespread occurrence of coronae among active, late- 
type stars (Vaiana et al 1981 ; Pallavicini et al 1981) has stimu- 
lated investigations of the hypothesis that the observed X-ray 
emission arises from structured loop atmospheres, similar to 
that of the solar corona, but at enhanced levels in terms of loop 
pressures, temperatures, lengths, and filling factors. In particu- 
lar, Walter et al (1980) explored the applicability of coronal 
loop models to explain the observed emission measures, pres- 
sures, temperatures, and variability exhibited by RS CVn 
systems, as deduced primarily from X-ray data. In addition, 
Swank et al (1981) utilized the solid state spectrometer on 
board the Einstein Observatory (HEAO 2) to infer the presence 
of two-component X-ray emission from RS CVn systems. 
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More specifically, these investigators suggested that the 
coronae of RS CVn binaries are well described by an active, 
hot component (T ~ 107 K) composed of compact, high- 
pressure (p > 102 dynes cm-2) loops covering only small frac- 
tions of the stellar surfaces combined with a quiescent 
component characterized by temperatures T ~ 106 K, pressure 
p < 10 dynes cm“2, and filling factors near unity. 

Recently, Golub et al. (1982a) discussed the applicability of 
coronal loop models to more nearly solar-type stars in their 
examination of the detected X-ray emission from the a Cen- 
tauri system. These investigators emphasize that, without addi- 
tional constraints, coronal loop models deduced solely on the 
basis of spatially unresolved stellar X-ray observations can 
only yield a locus of possible atmospheres in the coronal 
pressure-filling factor (p,/) plane. Golub et al. (1982a) note, 
however, that the coronal filling factor of identical loops can be 
uniquely determined if the loop lengths are all equal to the 
local coronal pressure scale height. Finally, Walter, Gibson, 
and Basri (1983) simultaneously acquired X-ray, ultraviolet, 
and radio eclipse data for the RS CVn system AR Lacertae. In 
this way, these investigators were able to deduce geometrical 
scales that enabled them to determine more uniquely the 
coronal properties of this system. In particular, they inferred 
that the coronae must be composed of a large number 
(~ 105-106) of magnetic loops to produce the observed emis- 
sion. Moreover, the inferred pressures and densities were 
similar to those found in small solar flares. 

In this study we present a unique extension of previous 
investigations of the applicability of solar coronal loop 
models as descriptions of stellar coronal and transition region 
emission (see also Schmitt et al. 1985). More specifically, we 
utilize observed far-ultraviolet line fluxes of prominent tran- 
sition region emission lines, as obtained with the International 
Ultraviolet Explorer (IUE) satellite, combined with measure- 
ments of coronal soft X-ray emission, acquired by the Einstein 
Observatory, to construct semiempirical, single-component 
loop model atmospheres that best fit the aforementioned 
observations for a sample mainly composed of solar-type stars. 
In this way, we can ascertain the extent to which the addition 
of UV transition region observations to X-ray measurements 
can constrain the range of possible loop atmospheres. We 

discuss the observational data base for this investigation in § II. 
We describe the model computational techniques and sum- 
marize the stellar coronal loop model results in § III. In § IV we 
discuss the implications of the results, and we present a 
summary of our conclusions along with suggestions for the 
directions of future research in § V. 

II. OBSERVATIONS 

The transition region line spectra were obtained with the 
short-wavelength (1175-2000 A) SWP camera on board the 
IUE satellite. A description of the IUE spacecraft and its in- 
flight performance, including the telescope, spectrographs, and 
standard data reduction procedures, is given by Boggess et al. 
(1978a, b). The far-ultraviolet observations were acquired 
through the large aperture in the low-dispersion mode. We 
reduced the acquired UV spectra utilizing standard IUE data 
reduction techniques. We applied the intensity transfer func- 
tion given by Bohlin and Holm (1980) for the SWP camera. 

In this investigation, we are principally concerned with the 
observed fluxes of the prominent, optically thin transition 
region emission lines in the 1200-2000 Â range accessible to 
IUE. These features include the C iv 21550 resonance doublet, 
the Si iv-O iv blend at 1400 Â, and the N v 21240 resonance 
line. The electron temperatures at which the maximum line 
emissivities occur (basically corresponding to the maxima of 
the ionization fractions for the aforementioned ions) for these 
particular features are approximately Tmax = 79,000, 110,000, 
and 200,000 K, respectively (J. C. Raymond 1983, private 
communication). The observed fluxes at the Earth for these 
transition region lines are given in Table 1. We estimated the 
errors in the fluxes by inspection of the signal fluctuations near 
these features. We deduce the error in the observed fluxes to be 
in the range 20%-30%. The fluxes of the bright emission lines 
of C iv 21550 and the 1400 Â Si iv-O iv blend are generally 
accurate to within 15%-25%, while the error in the weaker 
N v 21240 line fluxes are more nearly 25%-35%. These error 
estimates do not include any systematic errors that may be 
present in the IUE absolute flux scale. 

The observed X-ray fluxes and the deduced coronal tem- 
peratures, as obtained by the Einstein Observatory, for the stars 
considered here are also listed in Table 1. We emphasize that 

TABLE 1 
Observed Ultraviolet and X-Ray Fluxes 

Spectral Si iv-O iv C iv N v X-Ray Torona 
Object Type (ergs cm-2 s-b (ergs cm-2 s-b (ergs cm-2 s-b (ergs cm~2 s-b (K) 

Solar minimum   G2 V 3.8 (-2)a 1-2 (-l)a 8.2 (-3)a 2.1 (-l)b 1.8 (6)b 

Solarmaximum  G2 V 1.1 (-l)a 2.9(-l)a 1.9 (-2)a 5.5(-l)b 3 (6)b 

a Cen B  Kl V 8.6(-13)a l.l(-12)a 1.9(-13)a 1.3(-ll)b 2.1 (6)b 

/Per    G4V 1.9(-13) 1.2(-13) 1.5(-14) 1.9(-13) 2.6(6) 
//Her   G5IV 9.4(-14) 2.5(-13) 5.6(-14) 6.6(-13) 2.6(6) 
a Dra   KO V 1.6 (-13) 1.7 (-13) 4.1 (-14) 1.4 (-12) 2.3(6) 
HR 3538   G3V 4.5 (-14) 7.2 (-14) 1.8 (-14) 9.7 (-13) 3.1(6) 
eEri   K2V 4.2(-13)a 1.0(-12)a 1.9(-13)a 1.3(-ll)c 3.4 (6)c 

HD 206860-ld  GOV 1.1 (-13) 1.2 (-13) 2.1 (-14) 2.2(-12)e 4.4(6) 
HD 206860-2d  GOV 1.1 (-13) 1.2 (-13) 2.1 (-14) 2.2(-12)e 4.4(6) 
HD 5303   G2V( + F) 1.5 (-13) 5.7 (-13) 4.5 (-14) 8.3(-12)f 2.5 (7)f 

a Following measured or quoted values from Ayres, Marstad, and Linsky 1981. 
b From Golub et al. 1982a. 
c Average value determined from data given in Ayres, Marstad, and Linsky 1981 or from this paper. 
d Multiple ultraviolet observations obtained for this object. 
e Note that only one X-ray measurement is available for this object. 
f Average of two measurements. 
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the X-ray and ultraviolet data given in Table 1 were not 
acquired simultaneously. A description of the in-flight per- 
formance of, and instrumentation for, the Einstein spacecraft is 
given by Giacconi et al. (1979). The X-ray fluxes displayed in 
Table 1 were measured with the imaging proportional counter 
(IPC). The spectral sensitivity of the IPC is nominally 0.2-4 
keV. Additional details regarding the instrumentation com- 
bined with a discussion of the procedures adopted to finally 
derive the observed X-ray fluxes are given by Golub et al. 
(1982h). 

III. MODEL COMPUTATIONS AND RESULTS 

Following Golub et al. (1982a), we envisage a stellar atmo- 
sphere consisting of loops of magnetically confined plasma 
where each loop is subject to the constraint imposed by the 
RTV scaling law 

T = 1.4 x 103(pL)1/3 , (1) 

where T, p, and L are the coronal temperature, base pressure, 
and loop semilength, respectively. Equation (1) is applicable to 
loops which are in hydrostatic equilibrium and which are char- 
acterized by lengths L < sp, where sp is the local coronal pres- 
sure scale height. As shown by Serio ei al. (1981), equation (1) 
requires modification by a multiplicative term for loops char- 
acterized by lengths L < sp, or 

T = 1.4 x 103(po L)0 33 exp [-0.04L(2/sH + l/sp)] , (2) 

where p0 is the base pressure of the loop and sH is the energy 
deposition scale height of the presumed magnetic field-related 
nonradiative heating occurring within the loop. The relations 
(1) and (2) essentially divide coronal loops into two classes, 
namely, those loops which are entirely filled with emitting 
plasma and those for which the exponential decline in plasma 
density becomes significant. 

The construction of the stellar coronal loop atmospheric 
models we present here relies upon several assumptions, the 
applicability of which has been verified by previous solar work. 
In particular, we assume that (1) the transition region of a 
solar-type star is a geometrically thin, constant pressure inter- 
face between the stellar chromosphere and corona and thus 
constitutes the base of the stellar corona, in analogy to the 
solar transition region, (2) the loops are in hydrostatic equi- 
librium, (3) a single temperature component produces the 
observed coronal emission, (4) the loop cross section is con- 
stant with height, (5) the heating in the loop is uniform (with 
respect to volume), and (6) the loops are all identical. The first 
assumption of a geometrically thin transition region analogous 
to the solar transition region is corroborated by the results of 
Ayres and Linsky (1980). These investigators find that models 
of the transition regions of a Cen A and B are quantitatively 
similar to that of the solar transition region. The second 
assumption follows Serio et al. (1981), who employed static 
modeling, since active and quiet solar loop structures are 
observed to be relatively quiescent on typical cooling time 
scales. The third assumption is less certain, especially in view of 
the previously described results of Swank et al. (1981), who find 
evidence for two-component X-ray emission from RS CVn 
systems. A determination of the presence and nature of an 
additional X-ray-emitting high-temperature (active) com- 
ponent on solar-type stars from Einstein IPC data alone will 
require the development of a more refined technique for IPC 
data analysis that is beyond the scope of this investigation. We 

thus defer consideration of multicomponent stellar coronae to 
a future, more comprehensive investigation (Vaiana et al. 
1985). 

Our use of loop models characterized by loops of constant 
cross section and uniform heating is based on the results of the 
detailed calculations by Withbroe (1978) and Serio et al. (1981), 
who investigated the effects of varying sH and loop expansion 
parameters (see also Vesecky, Antiochos, and Underwood 
1979). Serio et al. (1981) find that the inclusion of flux-tube 
expansion in the transition region between the temperatures 
7 x 105 K and 106 K has a negligible effect on the loop tem- 
perature and pressure profile; the only noticeable effect is a 
slight increase in differential emission measure in this tem- 
perature range. Withbroe (1978) finds that the scaling law rela- 
ting loop temperature, pressure, and length for a loop in which 
the energy is deposited at the top, rather than uniformly dis- 
tributed over the loop volume, is nearly identical with the RTV 
scaling law. In basic summary, derived stellar coronal par- 
ameters do not sensitively depend on the effects arising from 
flux-tube expansion and heating scale height (see also Pallavi- 
cini et al. 1981; Peres et al. 1982; Schmitt et al. 1985), with the 
exception noted by RTV and Serio et al. (1981), namely, that 
short (sH sp) energy deposition scale heights result in 
unstable loop configurations. The last assumption is a neces- 
sary simplification which reflects the lack of direct observa- 
tional data concerning the distribution in geometrical scales of 
the stellar outer atmosphere. Finally, we emphasize that the 
observed UV fluxes only determine the emission measure at 
T ~ 105 K; a determination of electron densities and pressures 
requires the formulation of density-sensitive line ratios that are 
not available in our data set. 

The observational constraints that a model must satisfy 
include the derived value of the coronal temperature, assumed 
to be equal to the maximum loop temperature,5 which, in turn, 
occurs at the top of the loop (RTV), and the observed ultravio- 
let line fluxes combined with the soft X-ray flux. We adopt the 
theoretical constraints outlined by Pallavicini et al. (1981) for 
the static stellar loop models we construct in this investigation. 
In particular, we impose an energy balance requirement of the 
form 

Er(s) + Eh(s) = div Fc(s) , (3) 

where ER = —N^P(T) represents radiative losses, is the 
energy deposited in the loop, and Fc is the conductive flux 
parallel to the magnetic field (Pallavicini et al. 1981). In accord 
with the application of the RTV scaling law, we require that 
the conductive flux vanish at the loop footpoints (RTV ; Serio 
etal.mi). 

In order to compute the emergent UV line fluxes and the 
broad-band X-ray emission from a loop, we utilize a numerical 
code developed by Serio et al. (1981). In particular, the flux of 
an effectively thin, collisionally excited transition region spec- 
tral line formed under conditions of coronal equilibrium 
(Thomas 1965) is given by (Pottasch 1963; Withbroe 1975; 
Pallavicini et al. 1981) 

F = 1.75 x lO-164/0eff Q(T)G(T)dT , (4) 

5 We note that, as discussed by Schmitt et al. (1985), some error will be 
introduced in this approach, since the coronal temperature derived from IPC 
observations is weighted by the stellar coronal emission measure distribution, 
the plasma cooling function, and the instrument response. Thus the inferred 
temperature really corresponds to a coronal “effective temperature” that 
would, in general, be less than the temperature at the top of a loop. 
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where F is the total line flux, A is the elemental abundance 
relative to hydrogen, / is the oscillator strength of the line or 
the effective oscillator strength of an unresolved multiplet, geff 
is the effective Gaunt factor, and G(T) is a temperature- 
dependent function that describes the excitation and ionization 
properties of the atom producing the line. The function Q{T) is 
the differential emission measure defined by (Withbroe 1975, 
1978; Pallavicini et a/. 1981) 

Q(T) = NlidT/dhy1 cm-5 K-1 , (5) 

where Ne is the electron density and /z is a coordinate along the 
line of sight. The functions G(T) and Q(T) are estimated from 
the results of the ionization equilibrium and line emissivity 
calculations of Raymond and Doyle (1981). The results 
obtained by Raymond and Doyle (1981) are appropriate for 
regions where Ne ~ lO^-lO11 cm-3. We consider these kinds 
of densities to be representative of the enhanced pressures that 
characterize solar and stellar active regions. We note that the 
ionization equilibrium calculations of Jordan (1969) are valid 
for low-density (Ne < 109 cm-3) plasmas that are likely more 
representative of the conditions in the quiet Sun exterior to 
coronal loop structures. 

Gaunt factors and oscillator strengths for the lines con- 
sidered here are given by Wiese, Smith, and Miles (1969), 
Burton et ai (1971), and Dupree (1972). We adopted the solar 
abundances presented by Withbroe (1976) as quoted by 
Raymond and Doyle (1981, their Table 1). We reduced the 
observed flux of the Si iv-O iv blend by 30% in order to 
achieve a more accurate comparison between our model pre- 
dictions of the Si iv 21400 line flux and the observations. The 
percentage contribution of Si iv to the Si iv-O iv blend was 
empirically ascertained from solar data acquired by the Skylab 
ATM Experiment (Gohen 1981). The total line fluxes are com- 
puted on the basis of the static loop model that is finally 
derived. The same procedure also applies to the computation 
of the broad-band soft X-ray emission. In particular, we uti- 
lized the coronal radiative loss function for an optically thin 
plasma of solar abundances as calculated by J. C. Raymond 
and tabulated by RTV. 

We compute the filling factor of identical loops that is 
required to yield the observed emission by comparing the emis- 
sion from a single loop to the observed UV and X-ray fluxes. 
More specifically, we solve for the value of the filling factor that 
minimizes the sum of the squares of the logarithmic differences 
between the observed and computed values of the UV and 
X-ray fluxes. The “ best-fit ” model (or models) was determined 
by an intercomparison of a computed grid of models in the 
(p, /)-plane combined with our subjective assessment of the 
overall quality of the agreement between the model predictions 
and the actual ultraviolet and X-ray data available for a given 
star. As an illustrative example, we display a sequence of pos- 
sible models for p Her in Figure 1. The computational results 
for g Her, as shown in Figure 1, reveal that acceptable fits to 
the data (that are within the observational errors) are achieved 
for loop filling factors in the range 0.09 </< 0.38 and loop 
base pressures between about 0.25 and 1.0 dyne cm“2. Lower 
loop pressures yield unrealistic filling factors and X-ray fluxes 
that are less than the observed fluxes, even with filling factors 
greater than unity. Loop model atmospheres characterized by 
significantly higher pressures and lower loop filling factors can 
yield the observed X-ray flux of p Her, but these models consis- 
tently underpredict the UV transition region line emissions. 

The static loop model itself is obtained through an iterative 
procedure. We initially select a coronal base pressure 
(corresponding to the transition region pressure) and loop 
length that, according to the RTV scaling law (eq. [1]), yield 
the observed coronal temperature listed in Table 1. The pro- 
cedure used to construct static loop models is based on the 
simple fact that in equilibrium, the total heat input into the 
loop must equal the total radiative losses from the loop 
(thermal conduction only serves to redistribute heat within a 
loop); if this equality is satisfied, then the conductive flux at the 
loop apex will vanish (the conductive flux at the loop base is 
always assumed to be negligible in our models). Thus, we begin 
with a trial temperature-density distribution with a loop of 
fixed dimensions and fixed base pressure, determine where 
along the loop the conductive flux vanishes (in addition to the 
zero at the loop footpoint), and then iteratively adjust the spa- 
tially uniform heating rate until the conductive flux vanishes at 
the loop apex. In this way, we determine the equilibrium solu- 
tion to the loop atmosphere problem for fixed base pressure 
and loop length. The radiative emission from a single loop is 
subsequently computed and the filling factor of identical loops 
is finally determined on the basis of the observed UV and 
X-ray fluxes, and the model predictions of these quantities, as 
previously outlined. 

We delineate in Table 2 the stellar parameters we adopt for 
each object considered in this investigation. We derive the 
stellar surface gravity from the spectral type and the corre- 
sponding mass and radius estimates given by Allen (1976). 
In some cases we deduce the stellar radius from the 
(F —R)-angular diameter relations determined by Barnes and 
Evans (1976) and Barnes, Evans, and Parsons (1976) for those 
stars in our sample for which measured (V — R) colors are 
available. Stellar distances follow from the parallax measure- 
ments tabulated by Gliese (1969), with the exception of HD 
5303. In the case of this star, we estimate the distance from its 
spectral type and apparent magnitude (Seward and Mitchell 
1981). Moreover, we assume that the primary emitter in this 
RS CVn system is the later type G2 V star. Furthermore, either 
multiple UV or multiple X-ray observations are available for 
some objects. In these instances we adopt the mean X-ray flux 
(and mean Tcorona) for the comparison of the model predictions 
with the observations for HD 206860 separately in order to 
examine the potential effects of both intrinsic stellar atmo- 
spheric variability and the lack of simultaneously acquired 
X-ray and UV data for the sample of stars considered in this 
investigation. 

We list the loop model parameters that best fit the observa- 
tional data for the objects considered here in the final three 
columns of Table 2. The fourth column is a list of the 
maximum loop temperatures, which are, in turn, identified as 
the stellar coronal temperatures. We display in Figures 1 and 2 
examples of the comparisons between the predictions of the 
emission from static loop atmospheres and the observations. 

We display in Figure 3 the distribution of the emission coef- 
ficients with distance 5 along the loop for the spectral bands 
considered in this investigation. The particular loop model 
shown corresponds to the solar maximum model with p = 1.50 
dynes cm“2 (cf. Fig. 2). Inspection of Figure 3 reveals that the 
locations of the maxima of the transition region lines are 
located two orders of magnitude lower in the atmosphere than 
the maximum of the coronal soft X-ray (HEAO 2) emission. We 
mention this in order to emphasize that observed X-ray emis- 
sion is the only direct diagnostic of coronal plasma (T > 106 
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Fig. 2.—Examples of the computed values of the transition region and soft X-ray coronal emissions versus electron temperature for the best-fit stellar coronal 
loop atmospheric models discussed in this investigation. The observed values are noted by an asterisk. The computed values are designated by crosses located at the 
temperature of maximum volume emissivity, while the bars extend over the temperature range in which the volume emissivity is greater than i/e of the 
corresponding maximum value. 
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TABLE 2 
Stellar Atmospheric Loop Model Parameters 

Vol. 289 210 

9 d ^max P L 
Object (cm s~2) (pc) R/Rq (^) (dynes cm-2) / (cm) 

Solar minimum (GS V)    2.75 (4) 4.848 (-6) 1 2.5 (6) 0.10 0.56 7.0 (10) 
Solar maximum (G2 V)  2.75 (4) 4.848 (-6) 1 3.0 (6) 1.50 0.03 6.9 (9) 
aCenB(KlV)    3.23 (4) 1.34 0.87 2.4 (6) 0.56 1.68 9.5 (9) 
/ Per (G4 V)     2.91 (4) 11.6 0.95 2.6 (6) 0.65-0.85 1.25-1.69 7.5 (9)-9.8 (9) 
H Her (G5IV)      5.06 (3) 8.06 3.10 2.6 (6) 0.35 0.27 1.8 (10) 
a Dra (K0 V)a   2.95 (4) 5.68 0.85 2.3 (6) 4.0-16.0 0.04-0.16 2.8 (8)-l.l (9) 
HR 3538 (G3 V)a   2.88 (4) 11.8 0.98 3.2 (6) 5.0-10.0 0.085-0.17 1.1 (9)-2.2 (9) 
e Eri (K2 V)a   3.08 (4) 3.31 0.82 3.5 (6) 5.0-20.0 0.54-0.22 7.5 (8)-3.0 (9) 
HD 206860-lb (GO V)   2.75 (4) 17.5 1.05 4.4 (6) 6.0-8.0 0.35-0.47 3.8 (9)-5.0 (9) 
HD 206860-2b (GO V)       2.75(4) 17.5 1.05 
HD 5303 (G2 V + F)   2.75 (4) 66 1.0 24 (6) 25.0 3.64 2.2 (1)) 

a The quoted range of loop model parameters is applicable in the regime where the model transition region densities are required to be 
less than 1012 cm-3. In general, no unique, well-constrained models that satisfy both the far-UV and X-ray data could be determined. 

b Multiple ultraviolet observations available for this object. See Table 1. 

K), while the UV lines are purely transition region diagnostics 
(T ~ 105 K) formed at the base of a stellar corona. Thus an 
acceptable semiempirical, single-component stellar coronal 
loop atmospheric model must correctly predict the observed 
X-ray emission, since the X-ray flux is the only available diag- 
nostic of regions at coronal temperatures. Transition region 
line emission alone cannot be confidently utilized in the devel- 
opment of self-consistent stellar coronal loop models, since 
these features are not direct diagnostics of plasma at tem- 
peratures T > 106 K (compare Brown and Jordan 1981; see 
Schmitt et al. 1984). We therefore regard the stellar coronal 
loop models we construct in this investigation as atmospheric 
models that attempt simultaneously to account for both the 
observed transition region line emission and the coronal X-ray 
emission in a fully self-consistent manner. 

IV. DISCUSSION 

We present in Table 2 the range of (p,/)-values that “best 
fit ” (according to the previously described method) both the 
far-ultraviolet and the X-ray data for the solar-type stars con- 

Fig. 3.—The distribution of the emission coefficients with distance s along 
a loop for the solar maximum model characterized by p = 1.50 dynes cm-2. 
See § III for a discussion. 

sidered in this investigation. Examination of Table 2 and 
Figure 2 reveals that the model approach adopted herein yields 
mixed results. For example, the models corresponding to the 
solar minimum and solar maximum cases fit the data, to within 
the observational errors, with reasonable values of loop pres- 
sure and filling factor. As expected, the solar minimum case is 
best fit by low-pressure, large-scale loops with a filling factor 
near unity; the solar maximum observations are best fit by 
higher pressure, compact loops with lower filling factors. The 
best-fit models for a Cen B and i Per do not satisfy all the 
radiative diagnostics. Agreement between the X-ray emission 
and one of the UV lines is achieved, but the model predictions 
for the remaining transition region lines are not in accord with 
the data to within the errors. Moreover, the filling factors for 
both best-fit models are slightly greater than unity and there- 
fore may be physically unrealistic. 

In the cases of a Dra, HR 3538, and e Eri, the models exhibit 
a systematic overprediction of the UV line emissions. We 
found that significantly higher pressure loops (i.e., values of p 
that were from one to nearly three orders of magnitude higher 
than those shown in Fig. 2) combined with filling factors of 
/ 1 could equally satisfy the observational data to within the 
same errors. However, these kinds of loops were characterized 
by transition region densities NTR ~ 1013-1014 cm-3. Such 
densities are more nearly photospheric (e.g., see Vernazza, 
Avrett, and Loeser 1981), although densities of this order of 
magnitude can be attained during intense flare events. In fact, 
Walter, Gibson, and Basri (1983) deduce loop pressures in the 
coronae of the AR Lac system that are similar to those found 
in small solar flares. Nevertheless, the problem of assigning a 
unique loop model atmosphere on the basis of the data still 
remains for these program stars. We note, parenthetically, that 
low-pressure (pel) loop atmosphere models can be con- 
structed that predict the observed transition region line emis- 
sion, but the filling factors are unphysical (/> 1) and these 
models tend to underpredict the X-ray emission by factors 
>10. 

Finally, the model atmosphere for the assumed primary 
emitter in the RS CVn system HD 5303 is characterized by 
high-pressure loop structures with loop lengths L> R and a 
filling factor/> L Both Swank et al. (1981) and Walter et al. 
(1980) find similar results in their investigations of RS CVn 
systems within the context of loop model atmospheres. The 
inferred loop length L > R can be attributed to the high 
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coronal temperature (Tcorona = 2.5 x 107; see Table 1) com- 
bined with a consideration of the RTV scaling law (eq. [1]). 
Thus the inferred filling factor is more representative of a 
volume, rather than surface, filling factor of emitting loops. 
Additional evidence of these kinds of loop structures is given 
by Simon, Linsky, and Schiffer (1980) in the specific case of the 
RS CVn system UX Ari. In brief summary, we attained satis- 
factory fits to the data with loop models characterized by rela- 
tively unique, plausible stellar coronal parameters for some 
stars. This category includes n Her, HD 5303, and the solar 
minimum and maximum cases, respectively. However, the 
results for the remaining stars are less satisfactory in self- 
consistently accounting for the observed far-UV and X-ray 
emission. 

Given the mixed results achieved in our attempt to construct 
relatively unique, semiempirical loop model atmospheres that 
satisfy both the UV and the X-ray data, it becomes necessary 
to examine the possible origins of the discrepancies between 
the model predictions and the observations. For example, we 
obtained models that satisfactorily predicted the observed 
X-ray emission and partially accounted for the initial UV 
observations for HD 206860 (designated HD 206860-1 in 
Table 2 and Fig. 2). However, no acceptable model could 
account for both the X-ray emission and the second set of UV 
observations acquired for this star (designated HD 206860-2 in 
Table 2 and Fig. 2). More specifically, all models that correctly 
predicted the X-ray emission consistently overpredicted the UV 
emission in all lines. Models characterized by low-pressure 
loops correctly predicted the UV emission of HD 206860-2, but 
they underpredicted the X-ray emission by at least an order of 
magnitude. These low-pressure models were further character- 
ized by physically unrealistic filling factors of/1. Inspection 
of Table 1 reveals that the transition region UV emission of the 
initial observation of HD 206860 (HD 206860-1) is enhanced 
relative to the later observation (HD 206860-2). Thus the single 
measurement of the X-ray emission from the star must be more 
compatible with the relatively enhanced transition region of 
HD 206860-1 than with that of the later observation of this 
object. We note that the loop model atmospheres for HR 3538 
and e Eri also overpredict the UV emission (see Fig. 2). We 
therefore suggest on the basis of the results for HD 206860 that 
intrinsic stellar variability can contribute to the discrepancies 
between the observations and the model predictions for the 
stars considered in this investigation. Conversely, the success of 
the loop models (in terms of predicting all of the observed UV 
and X-ray data to within the errors) constructed for the solar 
case is likely due to the fact that the UV measurements are 
known to correspond to the quoted soft X-ray measurements 
at each of two phases in the solar cycle. 

In addition to intrinsic transition region and coronal stellar 
variability, the presence of a hard component (Tcorona > 107 K) 
which can contribute at least half the emission measure in the 
observed soft X-ray emission (e.g., Swank ei al. 1981) will inevi- 
tably lead to discrepancies and uniqueness problems in a 
single-component model approach. Furthermore, we note that 
while sites of X-ray emission on the Sun always coincide with 

underlying sites of UV transition region emission, sites of 
far-UV emission do not always correspond to sites of coronal 
X-ray emission. For example, large, “cool loops” character- 
ized by a high EUV line luminosity, but no X-ray emission, are 
observed in the vicinity of sunspots (Foukal 1975; Raymond 
and Foukal 1982). Finally, there may be a significant contribu- 
tion to far-UV emission by network, while the soft X-ray emis- 
sion originates predominantly from active regions, at least in 
the case of active stars, following the solar analogy (cf. Golub 
1982). In low-activity stars, a combination of network and 
large-scale, evolved structures would be expected to dominate 
the contributions to observed UV and soft X-ray emission. 
Clearly, if this phenomenon is present on the surfaces of solar- 
type stars, then it would again be manifested, in part, through 
discrepancies between the observations and the predictions of 
single-component loop models. 

V. SUMMARY 

We have sought to constrain the range of possible coronal 
loop model atmospheres, as applied to interpret stellar obser- 
vations, through the addition of nonsimultaneously acquired 
IUE ultraviolet transition region line emission data to pre- 
viously obtained Einstein IPC soft X-ray observations. We find 
that the addition of these UV data alone is not sufficient, in 
most cases, to provide well-constrained, relatively unique 
models of stellar coronae and transition regions characterized 
by plausible parameters in the pressure-filling factor plane (see 
also Schmitt et al. 1985). We tentatively attribute the origins of 
the discrepancies between the model predictions and the obser- 
vations to (1) the effects of stellar coronal and transition region 
variability, (2) the presence of multiple coronal components, 
and (3) the possibility that, as on the Sun, there is not always a 
one-to-one correspondence between sites of transition region 
UV and coronal soft X-ray emission. 

The results of this investigation suggest that the applicability 
of coronal loop models to stars can be rigorously examined 
only through the acquisition of simultaneous ultraviolet and 
moderate (E/AE ~ 100) spectral resolution X-ray observations. 
Moderate resolution X-ray spectroscopy is necessary in order 
to distinguish between multiple coronal components. Further- 
more, observations of active, eclipsing systems in this mode 
(e.g., Walter, Gibson, and Basri 1983) can potentially yield 
geometrical scales for the plasma emission, thus providing an 
invaluable model constraint. 
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