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Stellingen behorend bij het proefschrift

STELIAR MÄGKETIC ACTIVITY

1. De basale straling van chromosferen van sterren met een convectieve
mantel is wellicht het gevolg van verhitting door geluidsgolven.

(Dit proefschrift, hoofdstuk 3)

2, Afschuiving van het magneetveld door granulatie levert voldoende
vermogen voor de verhitting van coronae in actieve gebieden op de
zon.

(Dit proefschrift, hoofdstuk 11)

3. De verandering van de helderheid van de zogenoemde "rustige gebieden"
met het globale niveau van de magnetische activiteit van een ster
veroorzaakt een niet-lineair verband tussen chromosferische en
coronale stralingsverliezen.

(Dit proefschrift, hoofdstuk 12)

4. De coronae van de magnetisch actieve sterren Capella en a 2 coronae
Borealis bestaan niet uit quasi-stationaire magnetische bogen met
constante doorsnede en uniforme verhitting.

(Dit proefschrift, hoofdstuk 7)

oe hoeveelheid straling in elk van de spectrale diagnostieken voor de
corona en het overgangsgebied van een ster met een convectieve mantel
wordt vastgelegd door één enkele parameter. Deze activiteitsparameter
hangt sterk af van de omwentelingsperiode van de ster.

(Dit proefschrift, hoofdstukken 2 t/m 5)

6. Een meerdimensionale correlatie-analyse kan behulpzaam zijn bij het
vinden van relevante grootheden in een fysisch probleem, alsook bij
het vaststellen van de meest geschikte vorm om deze grootheden in uit
te drukken.

(Toegepast in hoofdstukken 2 en 4)

7. Ondanks hun geringe helderheid dienen coronale gaten gezien te worden
als een verschijnsel van magnetische activiteit: vorming op lage
heliocentrische breedten veteist immera een bijzondere ordening van
nabijgelegen actieve gebieden.

(Nolte, J.T., et al.: 1978, Solar Physics 60, 143)



8. Bij het aanpassen van modelspectra aan waargenomen spectra onderkent
de X2-methode niet altijd dat een aanpassing niet voldoet bij signi-
ficante afwijkingen in één of enkele spectraallijnen.

(Dit proefschrift, kanttekening bij hoofdstukken 5 en 7)

9. Een geschikt gasmengsel voor een afbeeldende proportionele detector
voor zachte Röntgenstraling bevat voornamelijk Argon en xenon, met
geringe hoeveelheden kooldioxide en methaan.

(A.J.P. den Boggende, C.J. Schrijver: 1984, Nuclear
Instr. Meth. in Phys. Res. 220, 561)

10. Het massaverlies van B-type sterren vertoont geen duidelijke afhanke-
lijkheid van de omwentelingsperiode. Anderzijds treedt een groot
massaverlies vrijwel uitsluitend op bij sterren waarvan de omwente-
lingsperiode een kritische waarde overschrijdt.

(Waters, L.B.P.M.: 1986, Astron. ftstrophys. 159, LD

11. Een beschrijving van een ongewoon of weinig bestudeerd verschijnsel
in de zonsatmosfeer dient aanwijzingen te omvatten omtrent de veel-
vuldigheid van het verschijnsel en de omstandigheden waaronder het
zich voordoet. Indien deze aanwijzingen ontbreken is de wetenschappe-
lijke waarde van de beschrijving gering.

12. Logica is, blijkens de noodzaak haar wetten te toetsen aan praktische
voorbeelden, een empirische wetenschap. Derhalve staan haar conclu-
sies bloot aan pogingen tot falsificatie.

13. Intuitie, de neerslag vain lange reeksen ervaringen, speelt een
belangrijke rol in het proces van wetenschappelijke theorievorming.
Dit wordt door maatschappelijke instanties onvoldoende onderkend.

14. Vergaderingen zouden aanmerkelijk sneller verlopen indien sprekers
zich zouden richten naar het feit dat het herhalen van een bepaalde
uitspraak daaraan geen grotere waarde geeft - evenmin als dat het
geval is bij uitspraken van een praatzieke papegaai.

15. De ongelukkige keuze van de term "game theory" voor de analyse van
strategische problemen heeft hopelijk geen gevolgen voor de "spelhou-
ding" van politieke leiders.

22 september 1986 C.J. Schrijver
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TOW.

Some twentythree centuries ago, Theophrastes, a Greek scholar,
noticed dark spots on the rising Sun, and clearly distinguished them
from atmospheric clouds in front of the disk (Wittmann, 1978). Many
centuries later the spots were rediscovered by scientists in Western
Europe just a few years after the discovery of the telescope: Harriot
(1610) in England, Scheiner and Fabricius (1611) in Germany, and
Galilei (1612) in Italy, were the first to report on the existence of
spots on the surface of the Sun.

In the three centuries following the discovery of sunspots the
ideas about the Sun changed drastically: at first the Sun was
considered to be a burning fire, later a ball of lava, and finally a
fusion reactor, speculations on the nature of sunspots ranged fro*
clumps of lava surfacing fro* tine to tine, to holes in the cloudcap
(photosphere) covering the dark, solid solar surface. The Modern
interpretation could only develop after 1908 when Hale demonstrated the
existence of magnetic fields in sunspots. Nowadays, sunspots are known
to be large concentrations of magnetic flux in which the photospheric
plasma is relatively cool, and therefore relatively dark. Modern
magnetographs have shown that magnetic flux appears almost everywhere
in the photosphere.

The empirical knowledge of the atmosphere of the Sun increased
rapidly during the first half of our century. Diagnostics were
discovered which allowed a detailed study of the tenuous outer
atmosphere. Spectra revealed a rise of temperature over the
photosphere, and monochromatic sptctroheliograms showed an utterly
unexpected degree of structure in the chromosphere. The development of
the coronograph (Lyot, 1932) made observations of the corona
independent of occasional solar eclipses. Grotrian and Edlen
demonstrated that the coronal temperature is in excess of a million
Kelvin, which immediately raised questions on the nature of
non-radiative heating in the atmosphere.

Pioneering space research in the sixties and seventies produced
the first X-ray images of the sun, again with a wealth of detail, m e
coincidence of the brightest parts of the corona with large
concentrations of magnetic flux suggests that the heating is related
with magnetic fields.

The ubiquitous magnetic field varies strongly with time.
Small-scale changes may occur on time scales of an hour, or less. Large



active regions may live for periods up to several months. The ll-year
solar activity cycle was seen to be more than a cyclic variation of the
number of sunspots on the solar surface: the preceding and following
magnetic polarities in centres of activity appeared to alternate with a
period of 22 years.

Magnetic activity is of course not restricted to the Sun:
Wilson, in the sixties, pioneered in the study of stellar activity when
he started monitoring stars for cyclic variations in the chromospheric
Ca II H and K resonance lines. The study of activity in stars of
different mass and age is needed to find out how the basic stellar
parameters determine the structuring and heating of the outer
atmosphere. Such studies suggest that solar-like stellar magnetic
activity is limited to stars with a convection zone underlying the
photosphere.

Phenomena controlled by the magnetic field can only be studied
in detail on the Sun. Hence, the studies of the Sun and of the stars
are complementary. Oddly enough, solar and stellar astrophysics were
viewed as distinct disciplines. Such a distinction, based merely on the
distance of the object of study and the consequent difference in
instrumentation, hampers the promising interaction between solar and
stellar research.

This thesis is concerned with the empirical study of the outer
atmospheres of the Sun and of stars. The study is limited to solar-type
stars, i.e. to stars with convective layers just beneath the
photosphere. Convection in rotating stars is thought to drive the
mechanism that generates the magnetic field, the so-called dynamo
mechanism. This thesis combines observations with ground-based
instruments and with satellites, at optical, ultraviolet and X-ray
wavelengths, in order to investigate a wide range of temperatures in
the outer atmosphere of stars.

1. Structure of the solar atmosphere.

The observational data used in this thesis are mostly averaged
over an entire stellar disk or, in the case of the Sun, averaged over a
sizeable fraction of the solar surface. The detailed structure of the
atmosphere, however, is important in the interpretation of the
observations. The lack of spatial resolution for stellar observations
requires the use of phenomena observed on the Sun as examples for other
stars. Some aspects of solar activity are therefore discussed below.

l.l Chromosphere, transition region, and corona.

Three distinct regimes are identified in the outer atmosphere of
the Sun: chromosphere, transition region and corona. The terms
chromosphere and corona are sometimes defined using the optical



thickness of the atmosphere: in the chromosphere the optical continuum
is optically thin but the strong spectral lines are optically thick.
Whereas in the corona both continuum and lines are optically thin. In
this definition a chromosphere and corona exist regardless of the
amount of non—radiative heating in the atmosphere. In current
literature the terms chromosphere and corona are usually reserved for
parts of the atmosphere which are profoundly affected by non-radiative
heating processes, and have become associated with a temperature scale.
In this new definition the chromosphere is the region between the
temperature minimum above the photosphere up to a few tens of thousands
of Kelvin. The term corona is reserved for matter with a temperature
above, say, a million Kelvin. The term transition region, in simple
spherical models the region geometrically separating chromosphere and
corona, is now used for the intermediate temperature regime. Throughout
this thesis I use the terms chromosphere, transition region and corona
for different temperature regimes, without reference to the geometrical
shape or location of these regions.

1.2 Quiet regions.

Most of the surface of the Sun is covered by "quiet regions"
with a relatively small magnetic flux density. The magnetic flux in the
photosphere is concentrated in tiny elements whose diameters may be
smaller than a few hundreds of kilometers with field strenghts between
1 and 2 kG. The interaction of the magnetic flux with the large-scale
flow of the supergranulation results in a magnetic network which
outlines the boundaries of the convection cells. The network shows up
in the chromospheric and transition-region emissions, but is virtually
absent in coronal emissions. The network covers approximately half the
area of supergranulation cells in the chromospheric Ca II K line.

1.3 Active regions.

Large-scale concentrations of magnetic flux on the solar surface
are called active regions. The net magnetic flux contained in these
bipolar regions is small as compared to the flux in each of the
polarities. Host of the field lines connect opposite polarities within
one active region, forming loops or arches high over the photosphere.
These active regions are very bright in chromospheric,
transition-region and coronal emissions. Despite the brightness in the
coronal soft X-ray emission, the average contribution to the total
X-ray luminosity of the Sun by active regions is only approximately 15%
if some 10 active regions are present on the solar disk (Vaiana et al.
1976, see also chapter 12).

Poletto et al. (1975) calculate the coronal magnetic field over
active regions fron the observed longitudinal field in the photosphere.
Assuming that it is a potential field, they show for a few examples
that there is an overall correspondence between X-ray features and the



calculated field lines, both with regard to the topology and to the
number density of lines and brightness of the X-ray emission. Vaiana et
al. (1973) report that the intensity of the X-ray emission is largest
above the line separating the magnetic polarities (the "neutral line").
The X-ray intensity is particularly large in cases Where the gradient
in the longitudinal field near the neutral line is large, or where the
shape of the neutral line is complex. Webb and Zirin (1981) show that
long-lived, short, bright loops have one or both ends embedded in
regions of emerging magnetic flux, strong fields and/or large field
gradients. Loops with one or both feet in areas of rapidly changing
magnetic fields are also bright. These observations suggest that the
location and magnitude of non-radiative heating of the outer atmosphere
are controlled by the magnetic field.

Although the corona is generally bright where the magnetic field
is strong, non-flaring coronal loops are never in emission over umbrae
of large, stable sunspots. On the other hand, small spots and pores may
be at the base of quite intense loops, and the brightest loops often
terminate in penumbrae (Webb, Zirin 1981).

The radiative and conductive cooling times of the coronal plasma
are smaller than the characteristic lifetirce of individual loops, so a
continuous input of energy is required (Vaiana et al. 1973). Large
changes may occur in the emission of coronal features of active regions
on a time scale of hours or less. Many of these changes are
evolutionary in nature: loops may gradually grow in size, some loops
change in shape (Krieger et al. 1971, 1976). Local increases in
brightness in the corona are mainly due to increases in the density
within the loops (Pye et al 1978, Little, Krieger 1977). The time
scales of these changes are long compared to conductive, radiative and
sound-travel tine scales. Withbroe (1981) and Priest (1981) review the
physics of static loop structures, loop flows, and loop stability.

Eruptive phenomena such as flares, with a tine scale shorter
than those mentioned above, are not studied in this thesis.

There are no simple relations between the temporal and spatial
changes in brightness of the chromosphere and the corona. For example,
the Ha plage emission and the coronal loop brightenings are not well
correlated in time, except during flares. The transition region
manifests itself mostly as spikes of emission at the end points of
loops in which the emission from the hot corona is relatively weak
fSheeley et al. 1975, Webb and Zirin, 1981). Hatter at
transition-region temperatures sometimes outlines complete loops
(Foukal 1976), although in many cases these are post-flare loops. On
the scale of the active region the correlation between chromospheric
and coronal emissions is much better.

1.4 coronal loops connecting active regions.

Remote active regions often interact (Toussay et al. 1973):
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large-scale coronal arches may interconnect active regions, sometimes
even across the equator. These loops appear to end in the outer parts
of plages, where the Magnetic flux density is low. Coronal loops
connecting active regions may font within hours of the birth of an
active region (Webb, Zirin 1981). The X-ray spectrum of interconnecting
loops is softer than that of active regions (Vaiana et al. 1976). The
X-ray emission from the family of interconnecting loops is a small
fraction of the total solar luminosity.

1.5 Large-scale coronal loops.

Active regions are the most conspicuous sources of X-ray
emission, but sire not responsible for the bulk of the solar X-ray
luminosity: with 10 active regions on the disk some 85% of the average
soft X-ray luminosity is emitted by large-scale loops over quiet
regions. Below the brightest of these quiet coronal regions
active-region remnants may be seen in Ha, or enhanced network in Ca II
K. The X-ray spectrum of large-scale loops is even softer than that of
loops interconnecting active regions.

1.6 Coronal holes.

The corona over large regions of weak, unipolar magnetic fields
sometimes shows an exceptionally low X-ray emission. These coronal
holes are virtually everpresent over the poles, but are only
occasionally seen at low latitudes. The Ha and Ca II K network cannot
be clearly distinguished from the network in normal quiet regions
(Vaiana et al. 1973). Large unipolar regions seem to be formed at low
latitudes by a combination of fortuitously located active regions: if
the regions are in a favourable configuration coronal holes may appear
nearly simultaneously with these active regions. Large coronal holes at
low latitudes are rare near the time of solar minimum; this is in part
due to the the lack of large active regions surfacing close together,
but NOlte et al. (1978) suggest that it is also in part due to the
emergence of large numbers of small-scale, short lived active regions.

2. «n outline of ttii» thesis.

This thesis consists of three parts. Fart I (Chapters 2 - 9 )
concentrates on stellar activity. Fart II (Chapters 10 - 11) studies
solar activity. The conclusions from solar and stellar observations are
combined in part III (Chapters 12 and 13).

Chapter 2 compares the stellar emission in the chromospheric Ca
II H+K lines with the coronal soft X-ray emission, measuring the
effects of non-radiative heating in the outer atmosphere at
temperatures differing two orders of magnitude. The derived relation

11



between the emissions in Ca II H+K and in soft X-rays relies heavily on
the choice of the unit in which the radiative emission is expressed.
Several units have been proposed by different authors: surface flux
densities F, flux densities relative to bolc«ietric flux densities
(F/Fbol)/ or luminosities L. This problem is addressed in Chapter 2,
and again in Chapters 4 and 6. The character of the unit in which
activity is best expressed provides an important constraint on the
theory of heating of the outer atmosphere.

Chapter 3 extends the comparison of stellar flux densities in Ca
II H+K and X-rays to fluxes from the transition-region and the
high-temperature chromosphere; this chapter searches for a consistent
set of relations between diagnostics of stellar magnetic activity.
Chapter 3 also demonstrates the existence of a basal chromosphere,
independent of the stellar level of magnetic activity.

The stellar magnetic field is probably generated in the
differentially rotating convective envelope. Chapters 4, 5 and 6 search
for the relation between rotation rate and the stellar level of
activity measured in chromospheric, transition-region, and coronal
radiative diagnostics.

Chapter 4 discusses the structure of the corona interpreted in
terms of a model for quasi-static magnetic loops. Chapter 5 analyses
high-resolution soft X-ray spectra of Capella, o* Coronea Borealis and
Procyon as obtained with the transmission grating spectrometer of the
EXDSAT satellite, offering more insight into the structure of stellar
coronae than the low-resolution spectra discussed in Chapter 4. Chapter
7 addresses the detailed interpretation of the soft X-ray spectra of
Capella and o 2 CrB in terms of models derived for quasi-static
magnetic loops.

Chapter 8 discusses X-ray observations of the binary

X Andromedae. Spectroscopy, photometry and modulation - due to
rotation - in soft and hard X-rays are used to estimate typical
parameters for magnetic loops of the corona of the primary component.

The relations derived in Chapters 2 through 6 hold for the
majority of the cool stars. Chapter 9 discusses the departure of M-type
dwarfs from the main relations, and the implications for the structure
of the chromospheres of these stars.

Variations of the average surface flux densities of the sun
during the 11-year activity cycle agree with flux-flux relations
derived for other cool stars, suggesting that the interpretation of the
stellar relations may be furthered by studying the solar analogue in
more detail. Chapter 1O is the first step in this approach in that it
relates the intensities of active and quiet regions in chromospheric,
transition-region and coronal emissions. Chapter 11 addresses the
relation between the radiative emissions of active regions and the
magnetic field: radiative emissions from the corona and the
chromosphere are related with parameters characterizing the large-scale
properties of the magnetic field of active regions.

12



Chapter 12 synthesizes the emission from solar active and quiet
regions, thus simulating the flux from a star like the Sun. The results
are compared with the relations derived in Chapters 2 and 3.

Chapter 13 summarizes the main conclusions, and tries to arrange
them into a coherent picture.
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PART I

STELLAR ACTIVITY



CHAPTER 2

RELATIONS BETWEEN SKRMEIEHS CHARACTE

' SVEWIt 9THDCRIIIE M D ACTIVITY.

summary.

A sample of 66 stars, containing dwarfs and giants, is subjected
to a multidimensional common-factor analysis. The parameters used are
the soft X-ray flux density at the stellar surface Px, the Ca II H+K
line-core flux density P<;aii '

 a n d Parameters determining the stellar
interior. We find a high correlation between Px and the Ca IX H+K
excess flux AFcaii ' otrtained by subtracting an observational lower
limit from FCaII . He argue, that the Ca II lower-limit flux is
uncorrelated with hot. X-ray emitting, magnetic structures.

The common-factor analysis shows that, for the stars in the
present sample, the relation between Fx and A*caII does not depend on
the stellar mass ox radius. All stars included in the analysis - single
dwarfs and giants, and components of short-period binaries - follow the
relation over four decades in Fx:

The Sun follows this relation during its activity cycle, which
suggests that structural changes occur on the Sun (as required by the
non-linearity of the above relation) similar to the structural
differences between stars with different average levels of activity.

Key words: stellar activity, stellar coronae,
stellar chromospheres, late-type stars.

l. introduction.

In a preceding paper (Mewe et al., 1981) we demonstrated a
correlation between the x-ray flux per unit area at the stellar surface
Fx and the calcium II H+K line core flux *caH . The search for such a
relation is inspired by observations of the Sun. In the solar
atmosphere the areas with chromospheric line emission coincide with
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areas with strong magnetic fields. This suggests that the emission flux
in chromospheric lines can be used as a meaaure of the level of
magnetic activity. Our present understanding of solar and stellar
magnetic activity suggests that the magnetic field on all cool stars
consists of discrete elements of high field strength (see Zwaan 1977,
1981), so the line-core flux per unit area at the stellar surface is a
measure for the fraction of the stellar surface covered with magnetic
fields.

Much of the solar X-ray flux originates from coronal
condensations over active regions, and therefore it may be considered
to be an activity measure as well. This is confirmed by the crude
correlation between Px and FcaU found by Hewe and Zwaan (1980). The
correlation is strongly improved if the Ca II flux FCaII is replaced
by the ca II excess flux AFCaI1 , which is defined as the line-core
flux above an observational lower limit in the diagram of F^axi versus
(B-V). This lower limit depends on (B-V) and luminosity class (see
Figures la and b).

However, analyses of this sort, correlating two quantities at a
time, cannot answer all questions. For instance: does the relation
between Px and *call

 o r AFCaII d ePOd on parameters determining the
internal stellar structure? In order to answer this question a type of
analysis is required that enables us to study correlations between all
the variables included in the analysis at the same time. He use a
method called common-factor analysis1 (Kendall and Stuart 1968) with
which we can obtain the number of independent parameters present in the
data. The method is applicable only if the relations between the
variables are linear, which often is a good approximation if the
parameters are replaced by their logarithmic equivalents. He use the
parameters Px, Fcall

 o r ^rCail ' a n d t w o parameters determining the
internal stellar structure: the radius R and the mass M, or (B-V) and
the bolometric absolute magnitude M ^ j (see also section 5).
Preliminary results were presented by Schrijver et al. (1982).

2. Observations.

The X-ray data of the stars used in the present analysis are
collected from various authors (see Tables 1 a,b and 2), and were
obtained with the imaging proportional counter (IPC) or the high
resolution imager (HRI) onboard the HEAO-2 EINSTEIN satellite. A
description of these instruments is given by Giacconi et al. (1979).

IPC counting rates are converted to X-ray fluxes at Earth (0.15
- 4. KeV) using a factor 1.7 10"11 erg cat"2 of 1. This was derived by
folding line and continuum spectra of optically thin plasmas of solar
composition, as given by Raymond and Smith (1977) and Mew* and
Gronenschild (1981), through the instrumental response function using
computer programs available at the center for Astrophysics (CfA) in

1 It was P. Brosche who drew our attention to this method.
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Table la. Stars used in the comnon-factor analysis and their sources,
countrates are given for stars observed by Hewe and Zwaan (1980).

m no.

4128
4502
4628
6723

11443
13480
13974
17925
19373
22049
26965
27130
27292
27383
27685
27771
27836
27859
27991
28034
28068
28099
28205
28605

29317
32357
35296
36079
39587
62044

Otter
d««lg.

Sun(ain)
Sun(max)
8 cat
C And
BK 222
p Psc
a Trl
6 Trl
S Trl
HS 857
t Par
e Eri
o 2 l r l
vB 22
v l 27
vl 29
v> 39
VB 46
VB 50
VB 52
VB 57
V* 59
vB 63
v> 64
VS 65
v» 92
V* 96
3 C a
1 2 C
UlTau
8 l ea
x'otia G*B

K«f. IPC count
rate(.-l)

9
9
1

11
7

10
10
4 0.531

11
4 0.249
5
3
8
6
6
6
6
6
6
6
6
6
6
6
6
6
6

14
11
4 0.387

10
4 0.314
2

HD no.

S2509
72905
82210
98230

101501
102870
111456
114710
115383
120476
121370
131156
143761
144284
148387
153751
154417
154906
161797
16534U
1653410
175306
1B1391
184398
190406
190771
197373
201091
201092
203387
216489
219834
222107

otlwr
d»i;.

Pollux
»>UMa
24UMa
C UKB
61Ota
B Vlr
HK 4867
S Cam
59vir

n Boo
K Boo
o crB
©Dra
n Dxa
c UHI
m 6349
u Dra
V Har
700phK
700phB
o Dra
26 Aql
811 7428
ISSca
TO 7683
81 792S
61Cyg»
61Cyg»
t Cap
UK 8703

» And

Kef.

1

14
4
8

10
12

8
11
10
11
2
1

li.
3
3

14
13
11

4
2

13
3
3
4

11
13
11

JPC Count
rata(a~1)

0.693

0.126

0.162

0.282

0.01B

0.359

1: Ayraa, at al. 19B1.

2i Balfand and Calllault 1982.
3: Johnaon 1981.
4: Haw* and zwaan.
5; Pallavlcinl, at al. 1981*.
«: Stmrn, «e «1. 1981.
7.- Top*a, at al. 1982.

8 > Topka 1980.
9 : Valana and Ronar 1978.
10: Valana, at al. 1981.
II; Haltar 1981a.
12: Halter 198111.
13: Halter 1981c.
14: Zlrln 1982.

Table lb. stars with known upper limits (not included in the analysis).
Countrates are given for stars observed by Mewe and zwaan (1980).

BD no.

28
3546
3712
3765

10700
12929
16141
25604

Othar
deal9.

33PIC
c AM
a Cat

T cat
a Art

37TW

Kef.

13
4
1
7
3

10
4
4

IPC Count
rate la'1)

<0.007

<0.009
<0.007

BD no.

43318
130817
139195
144287
175635
197989
218240

Othar
deelg.

!» 2233
HI 5529
165er

•X 7140
l Cyg
86 Aqr

Kef.

4
4
7
7
7
1
7

IPC Count
rate It'')

<0.012
<0.011

Table 2. Characteristics of the stars used in the analysis, values
between brackets indicate the nunber of upper linits (not included in
the comon-factor analysis).

(iwctral typ*

ro - M

F5 - F9

oo - a*
05-09

XO - M

KS - »

ZZ - ZIZ

zzz

SO)

7(4)

halnodty clan

IZI - IV
XV

2

2

6(1)

1(2)

IV - V
V

2(1)
10(1)
12
8(2)
7(1)
4
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Cambridge. The presented average conversion factor results (with a
spread of approximately 10%) for temperatures ranging from 2 to 20 HK,
assuming negligible interstellar absorption. The overall uncertainty in
the flux is estimated to be 20 to 30% due to the combined effect of the
instrumental gain variations and the differing stellar spectra. For
typical observation times (3 ks) the uncertainties due to counting
statistics are less than 10% for a flux higher than 1O~12 erg cm"2 s"1.

The HSI coversion factor of 6 10"11 erg cm"1 ct"1 was derived
using the detector response function given as a function of temperature
by Cash et al. (198O) for the spectral model of Raymond and Smith
(1977) and Raymond et al. (1976). For negligible interstellar
absorption the conversion factor varies from "4 10~" erg cm""2 ct~* for
a temperature T near 2 MK) up to "9 1O"11 erg cm"2 ct"1 (for T > 8 MK).
As dwarfs appear to have typical coronal temperatures of 2 to 4 MK
(e.g. Mewe et al., 1981, 1982) we use an averaged value for that
temperature range, we estimate the overall uncertainty in the HRI flux
to be comparable to that in the IPC flux.

The measured X-ray flux at the Earth fx is converted to Fx per
unit area at the stellar surface using:

P X " a Teff f

where a is the Stefan-Boltzmann constant, T e f f the stellar effective
temperature and fj^j the bolometric flux at the Earth obtained from:

"bol " 4'60'

where m^^ is the bolometric magnitude. Bolometric corrections are
derived using data published by Johnson (1966), using (B-V) values from
Hoffleit (1964). Effective temperatures are from BOhm-Vitense (1981)
or, if not given there, from Flower (1977).

The a II B and K line-core fluxes used are derived from
measurements performed at the Ht. Wilson observatory by Wilson (1978),
vaughan and Preston (1980), Middelxoop (1982 a,b) and Rutten (1984).
The measured S values (fluxes in 1 A bands in the ca II H and K line
cores, relative to the neighbouring continuum) are converted to surface
fluxes Fcaxi u s i n9 a procedure given by Middelkoop (1982a) and modified
by Rutten (19B4)a. Figures la and b are FCaZI - (B-V) diagrams in which
the stars in the present sample ax* indicated.

stellar masses arc obtained from evolutionary tracks by Van der
Linden (1982), using data from Breakiron and Upgren (1979) who gave

1 Hot* that th*r* should be an additional factor 1O~14 on the
right-hand side of Eq. (7) in the paper by Kiddelfcoop (1982a). Mot*
also that the F C M I values used her* differ from those used by Mewe et
al. (19B2).
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-1.0
0.4 0.6 OS 1.0 1.2 0.4 0.6 O-8 1.0

B-V B-V

Figure I. Adopted loner limits for the Ca It R+K line core flux FCaI1
as a function of B-V, for a giants and b dwarfs. These louar limits are
based on measurements of several hundreds of stars. In tfte3e figures
only the stars used in the analyses are indicated.

absolute visual magnitudes for parallax stars with MK spectral
classifications. For the Hyades a distance of 45 pc is assumed (Hanson
19BO). Stellar radii were derived using absolute magnitudes and
effective temperatures as above, thus ensuring internal consistency.

For all spatially unresolved binaries with components of nearly
identical spectral type the x-ray flux is assumed to be equal for the
two stars. For binaries classified as RS CVn systems (see Hall 1981),
the X-ray flux is attributed to the active G or K giant. The
(non-flaring) Sun is used twice * once with minimal and once with
maximal Fx and FCaII .

3. Principles of the common-factor analysis.

As the method of common-factor analysis has been applied rarely
in astronomy (for example. Deeming 1964, and Brosche 1973) we present a
short summary of its principles.

Assume the logarithmic values of m variables to be given for n
different stars. Each variable is normalised by subtracting its mean
value and dividing by its intrinsic standard deviation (this
normalization allows us to use simple orthonormal transformations). In
the normalised coordinates the correlation coefficients Cjk can b*
written asi
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xik

Where Xy is the value of the j-th variable for the i-th star, after
normalization. Cjk is a positive definite, symmetric matrix. Hence it
can be transformed into a diagonal matrix and its m eigenvalues \a are
non-negative. If we take the eigenvector system fa to be the new
coordinate system, the transformed variables are uncorrelated. m e
variance corresponding to the vector fa is Xa which follows from Eq.
(3) bearing in mind that the mean value of the new variables equals
zero. Since the sum of the eigenvalues equals m, the fraction of the
total variance corresponding to the vector fa is Xg/m. The total
variance contained in any subspace spanned by a subset of eigenvectors
is found by adding the corresponding variances Xtf. A suitable length
of the new coordinate vectors is (X a)

1 / 2, so that the variances in all
directions equal unity.

Once the eigenvalues are determined the discrimination has to be
made between I significant eigenvalues, representing most of the
intrinsic spread, and the remaining m-Z. values, considered to represent
noise. Thi3 means selecting I eigenvalues from the set so that the
cumulative variance corresponding to these eigenvalues exceeds a
prescribed level, or until further adding of eigenvalues results in an
insignificant increase of the cumulative variance.

The vector x^, with components x^j' c a n b e Projected onto a
subspace V spanned by the significant eigenvectors. (A
three-dimensional analogue is given in Figure 2, for the case of a
two-dimensional subspace V.) The components of the vector connecting x^
and its projection onto v are the residuals of the lower dimensional
representation. These residuals contain, apart from measurement errors,
deviations from linearity and effects from variables not included in
the analysis.

The correlation coefficients without the influence of these
residuals can be determined by subtracting the residual of each
corresponding value and applying Eq. (3) to these projected data.

An easier method of obtaining the correlation coefficients uses
the concept of a gradient: a gradient corresponding to any one of the
original stellar variables is a vector within the subspace V,
perpendicular to the intersections of v and hyperplanes on which the
corresponding variable is a constant. An example for a
three-dimensional analogue is given in Figure 2a. The intersections
corresponding to the third variable are lines labelled x3«0 and x3-c.
Also the gradient (perpendicular to these lines and within V) for the
third variable is shown. Figure 2b shows the gradients in V
corresponding to the second and tlurd variable. The correlation
coefficient of any pair of stellar parameters determined after
projection of the data points onto the subspace v is equal to the
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x.,.0

Figure 2a. Illustration of the concepts of the common-factor analysis,
mj coordinate vectors corresponding to the original variables; fa neu
coordinate vectors, eigenvectors of the correlation matrix C; V
subspace spanned by the significant eigenvectors fl and f2: O3 the
gradient In V for the third original variable; x, a data point; P(xA
the projection of Xj onto V; R the residual vector and Rj the
component of the residual vector R In the direction of e,..

Figure 2b. The gradients of the second and third variable shoun utthln
the plane V spanned by the significant eigenvectors, perpendicular to
the lines on uhich the corresponding variable is a constant. The cosine
of the enclosed angle 0 is the correlation coefficient between these
variables after projection of the points onto the subspace V.

cosine of the angle enclosed lay the two gradients. In Figure 2b the
correlation coefficient between the second and the third variable
equals the cosine of the enclosed angle (*.

4. Results of the analysis.

In Figure 3a the stars used in the analysis are plotted in an HR
diagram. It is evident that the relation between M ^ and T e f f (or B-V)
is curved; for this reason this set of paraawters cannot be used in a
coMMon-factor analysis (see section 3). Vtt» curvature is far less
severe when dealing with the subsets of dwarfs and of giants (defined
as indicated in Figure 3a). If the co«Hon-f actor analysis is applied to
these subsets the conclusions are analogous to those presented below.
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B-V (giants)

0.4 0.6 0.8 tO 12

380 3.75 3.70 3.65

i t i i

-0.2

0.4 0.8 12

log(R/R.)
0.6 0.8 10 1.2

B-V Wwarts}

Figure 3a. HR diagram for the stars In the present sample. Indicated
are the general trend, several lines of equal radius, and the line on
vihlch the classification duarf or giant ts based fcn this paper.

Figure 3t>. Relation between mass and radius for the stars In the
present sample.

Inclusion of all the stars - dwarfs and giants - in the same
analysis requires other parameters describing the stellar interior. The
stellar mass and radius can be used for this purpose, but appear to be
highly correlated quantities for our sample (correlation coefficient
0.98, see also Figure 3b>. nhe high correlation is a fortuity due to
the selection of F-, G- and K-type dwarfs and G- and K-type giants, and
to our assumption that the giants in the sawple are still evolving away
from the main sequence. Because of the high correlation with R and the
uncertainty of the stellar masses, the number of variables included in
the analysis is reduced to three: Px, (A) Pcall

mean values and the standard deviations of the stellar
variables for the stars included in the common-factor analysis (Table
la) are given in Table 3, where these values are also given for the
mass. OTiese quantities define the normalization of the (logarithmic)
stellar parameters. Vhe upper half of the symmetric three-dimensional
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Table 3. Mean values and intrinsic standard deviations of the
variables.

i

1

2

3

i

Variable

loj Fx

^ i P Cal l
log en/ma

Mean value

5.55

0.009

0.329

0.130

Standard deviation

0.B44

0.505

0.461

0.240

Table 4. Results of the common-factor analysis.
Correlation i

log Fx

log Px 1

l o g tfCall
log (R/B®)

•atrix c

l o g *
Call

0.911
1

log

- 0 .

- 0 .

1

3 0 5

369

Elgen
Values

\a

2.11
o.eo
0.09

Cumulative
variances

0.705

0.971

1

- 0

- 0

0

Significant
eigenvectors

fJ £2

.94

.95

.57

-0.29
-0.21
-0.82

Table 5. Correlation coefficients after projection of the data points
onto the subspace V spanned by the significant eigenvectors.

log

logF^

log /IF
Ca.l

0.977

1

log

-0.308

-0.382

1

correlation matrix is given in Table 4. This table shows the high
correlation between log Fx and log cau
reflects the earlier results (Hewe et al. 1981).

viz. C12-o.9i, which

The eigenvalues X a and the significant eigenvectors fa of the
correlation matrix for the three variables are given in Table 4. There
is a clear separation of two significant eigenvalues and a
non-significant one. The fraction of the total variance contained by
the two significant dimensions is 0.97.

The correlation coefficients of the variables after projection
onto the subspace V spanned by the two significant eigenvectors are
given in Table 5. These values demonstrate that the correlation between
the first two coordinates (log Px and log AFcau ) is very high. There
is but a weak anticorrelation between either one of these variables and
the radius. This is caused by the fact that, in the present sanple, the
average level of activity for dwarfs (<log Fx>v«5.8) is higher than
that for giants (<log PX>I];I-S.2). Repeating the analyses for the
subset of giants shows that there is no significant correlation within
V between the radius and the other two variables; for dwarfs a snail
positive correlation (Co.4) results. As the correlation between Vx and
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0

-1

-2

dwarfs

-

4F —

high
activity

' X

. .'}
*~\ ')
•* *\

1 1

low -
activity

•

• • -

-

giants
i

- 2 - 1 0 1 2
direction of T,

Figure 4. The subspace V spanned by the frx> significant eigenvectors,
snowing the projected data points, and the gradients corresponding to
the original stellar variables (see text and Figures 2a and 5). Points
one standard deviation auay from the average valve (the origin of the
neu coordinate system) lie on the unit radius circle.

ApCaIl appears to be unaffected by working with these subsets, we
conclude that there is no significant dependence of the relation
between Px and AFcall

 o n t h e internal structure as described by R (and
M). Therefore, any relation resulting from these analyses between Fx

and APcaii w i l 1 have a low and poorly defined exponent for B.
Deviations from the relation between Fx and AFcaii are probably due to
the non-simultaneous measurement of these quantities, errors in the
derivations of these quantities from observations, and possibly from
parameters not included in the analyses. Mote, that the actual level of
the stellar activity may still depend on R (and M).

Figure 4 is a representation of the subspace v with the
projected data points and the gradients. The nearly right angle between
the gradients of the two parameters measuring the stellar activity and
the one determining the stellar interior, indicates a weak
anti-correlation. The small angle between the two gradients measuring
the level of activity indicates a very high correlation.

Figure 5 shows the residuals of the analysis (compare Figure 2)
for the various stellar variables. The figure shows that there are no
conspicuous deviations from linearity in the residuals, so we can
conclude, a posteriori, that the method is applicable to our case.

Every point in the subspace V can be represented by a linear
combination of the two significant eigenvectors within V: for every
data point J^ lying within v the relation

- a fx + b f2 (4)
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Figure 5. Residuals of the three variables against the data values
after subtraction of the residuals.

holds, where a and b are coefficients that can be determined as a
function of, in this particular case, two components of x^, thus
determining the remaining one. Note, that in order to obtain a
correlation as high as expected from Table 5, it is necessary to
project the data onto V, before comparing it with the fit; application
of the fit to additional data without projecting will not give equally
high correlations, although the fit will be a good approximation. For
the relation between Fx, APCarr and R we finds

* 3.0 (5)

with Fx in erg cm~
2 s-1and APc^u in the adopted arbitrary units (see

Middelkoop 1982a; Rutten 1984). In order to investigate the
significance of the radius dependence we use Eq. (5) to derive a radius
R', given Fx and &Fca.lI ' t̂y* correlation between R, obtained as
explained in Section 2, and R* is only 0.17. so, at least for the
present sawple, the radius dependence in the relation between the
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\J • 1
K>g[4t (arbitrary units)]

1 0
log[F Cartjitrary units)]

Figure 6. Soft X-ray flux Fx us. the Ca II H+K excess flux AFCarx

Symbols utth arrouheads indicate upper-limit fluxes (not Included In
the analyses). The line represents the relation (6).

Giants Dwarfs
L.C. ll-lll/lll IZI-IV/IV IV-V/V

B-V * 0.6 A D O
0.6 < B-V * 0.8 A O 9
0.0 < £-? A • •

Figure 7. Fx against the ca II fl+JC /lux
caption Figure 6.

. -For the symbols, see

parameters measuring the stellar activity is insignificant. & simple
correlation analysis between log Px and log AFcaU results in:

- 3.4 105 (6)

plotted in Figure 6, in which also stars have been plotted with known
upper limits (see Table lb).
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Vie have also performed analyses using the total line-core flux
pCalI instead of the excess flux AP^xi • T h e result is again a
two-dimensional subspace. 'Hie fraction of the total variance contained
in the subspace is 0.94, Which is slightly below the result mentioned
above (0.97). However, the fraction of the variance not contained in
the subspace is more than three times larger and as this is caused
solely by replacing the excess flux AFCaII by the total Ca II flux
pCaII w e may expect a lower correlation coefficient for the relation
between log Fx, log F ^ n and log */XQ- *» find :

2 82 O 62
PX ( ! > Pcall W R >

with a correlation coefficient of 0.77 for unprojected data. The radius
dependence in relation (7) originates in the dependence of the Ca II
H+K lower-limit flux on (B-V) and luminosity class (Mewe et al., 1981).
This is demonstrated in Figure 7 where stars within several B-v
intervals and of different luminosity class have been indicated. The
separation between the groups is not seen in Figure 6 where AFcail i s

used. Also the division between dwarfs and giants disappears by using
the Ca II H+K excess flux. Note also, that the upper limits indicated
in Figure 7 do not agree with the detections (see also Figure 6).

5. Discussion and conclusions.

He find, that for the range of effective temperatures and
luminosities in the present sample the mass M and radius P appear to be
almost equivalent parameters (see Figure 3b). Therefore the stellar
mass is dropped as an independent parameter.

The analyses show that the relation between coronal and
chromospheric activity is unaffected by parameters determining the
internal stellar structure and that deviations from the relation (6)
are due to non-simultaneous measurements of Fx and ̂ call ' "teasurement

thx
 call

errors and errors made in the derivation of the surface fluxes from the
observational data. (Note, however, that the relation between Fx and
Fcall "*? depend on the chemical composition, since the lower limit in
pCall Spends on it, Middelkoop and Zwaan 1981).

A two-dimensional analysis shows that all stars in the sample,
single dwarfs and giants, and components of binaries (including RS CVn
systems), follow the same relations

Fx - 3.4 10
5
 I£]

The exponent in relation (6) is higher than that given by Schrijver et
al, (1982) and Zwaan (1982), caused by the use of another algorithm for
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the derivation of Fgaxi £ r o M the observational quantities (Rutten,
1984) and the adoption of a slightly different lower limit in ?caxi
(see also Fig. 1). As the correlation between Fx and FCaII (0.77) is
Much lower than that between Fx and AFcall (0.91)/ we suggest that the
Ca II lower-limit flux is uncorrelated to the part of the Magnetic
structure that produces hot coronal loops emitting X-rays. Possibly the
Ca II lower-limit flux originates from the non-magnetic parts of the
atmosphere, as well as from magnetic elements comparable to the Solar
quiet network structure in coronal holes.

We conclude that APCalr is a measure for the fraction of the
area covered with footpoints of X-ray emitting loops. If only the
number of X-ray emitting features would change with AFcall a linear
relation would result between Fx and APcall ' A s t n e exponent in the
relation (6) is larger than unity the average structure of the X-ray
emitting, magnetic features must change with changing activity. The
fact that the Sun, during its activity cycle, also follows the relation
(6) (see Figure 6) may indicate that the same structural changes occur
in time on the Sun as are observed for stars with different average
levels of activity, insight into the cause of the non-linearity of
relation (6) may then be gained by investigating in what way coronal,
transition-region and chromospheric emissions from various coherent
regions on the Sun are related; regions such as active regions of
different ages, quiet areas with coronal emission, and coronal hole
regions (see also Zwaan 1982, and Part II of thin thesis).

Oranje et al. (1982) have found that the relation between
transition-region line flux Ftr and chromospheric line flux Fcnr, both
in the UV spectral region, iss Ftr (i) P c n r

1 4 4 ± + 0- 0 2, which is also
non-linear. The relation between coronal and transition-region fluxes
will be investigated in Chapter 3.

ttie relation between the stellar coronal and chromospheric
fluxes appears to be unaffected by the internal stellar structure, and
a single activity parameter, varying along the relation (6), uniquely
determines the flux levels of the outer atmosphere. The actual value of
the activity parameter is not solely determined by the parameters
presently included in the analyses, or by equivalent ones. Indications
have been found that the magnetic activity is also determined in part
by the stellar rotation rate (Wilson 1966, Kraft 1967, Zwaan 1977,
Middelkoop and Zwaan 1981, Pallavicini et al. 1981b, Middelkoop 1982a,
Halter 1982). Results of analyses including a rotational parameter are
discussed in Chapters 4, S and 6.

I am grateful to c. Zwaan and R. Newe for valuable discussions
and for critically reading the manuscript. R.G.M. Rutten permitted the
use of data prior to publication.
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CHAPTER 3

KEUTIONS BE1HUN RHDXWnVE FUSES MEASURING 3IELXM ALT1V1TZ,

JMD EVIUUME FOR TWO OQWOHOHS HI SSIUIR ' 'nufMuw.u»«.

Tight power-law relations between chromospheric,
transition-region, and coronal surface flux densities of late-type
stars are obtained, provided that a lower-limit flux <* is subtracted
from radiative flux densities originating in the lower chromosphere. We
determine lower-limit, or basal, flux densities +± that optimize
correlation coefficients for power-law relations between the soft X-ray
flux density and the chromospheric excess flux density (F^-0^) in the
ca II H and K, Hg II h and x, and Si II resonance lines. The basal flux
density #j depends strongly on colour, but may be independent of
luminosity class. The basal fluxes #j match empirical lower-limit
fluxes Qj determined from diagrams of flux density versus colour.
Values for #j in the C II and C IV emission lines fall below the
present detection limit.

The basal fluxes in chromospheric lines measure non-radiative
heating in the outer atmospheres of cool stars, that is unrelated with
stellar coronal activity. It is suggested that the basal flux densities
measure purely acoustic heating. Power-law relations involving
transition-region flux densities and chromospheric excess flux
densities are linear within their uncertainties. The exponents of
power-law relations involving the coronal soft x-ray flux density and a
transition-region flux density or a chromospheric excess flux density
are approximately 1.5.

Power-law relations between excess flux densities in Ca II H+K,
:<g II h+k and (possibly) Si It are valid over a large range in
activity, as are power-law relations between c II, c IV and soft x-ray
flux densities. Relations comparing fluxes not within the same of these
two subsets, however, are curved for the most active stars (with a soft
x-ray flux larger than approximately 2. 106 erg cm~2s~1 ).

Key words> starsi chromospheres of, stars: coronae of,
starsi late-type, starsi non-radiative heating.
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Xm Introduction•

A number of chromospheric and transition-region emission-line
fluxes and the coronal X-ray flux quantify magnetic activity in stars
with convective envelopes. The large anount of data presently available
allows a detailed analysis of the relations between fluxes from various
temperature regines in the outer atmospheres of these cool stars.
Power-law relations have been derived between emissions measuring
stellar activity for stars of spectral types ranging from mid-F to M
(Ayres, Harstad and Linsky 1981, Oranje, zwaan and Middelkoop 1982,
Schrijver 1983, Zwaan 1983, Oranje and Zwaan 1985, Oranje 1986).
Schrijver (1983, 1985 - Chapters 2 and 5 of this thesis) and Rutten and
Schrijver (1986 - Chapter 6) demonstrate that the stellar level of
activity is best expressed in terms of the radiative surface flux
densityi if the activity is expressed in other units, such as the
luminosity (I<i) or the ratio of 1^ to the bolometric luminosity, the
resulting relations are less tight and require the inclusion of other
stellar parameters.

With the exception of but a few types of stars (described
below), tight power-law relations hold between each pair of radiative
flux densities. The relations are independent of colour or luminosity
class, and hold for single stars as well as for components of binaries.
These simple power-law relations are not valid for stars with rotation
periods below approximately one day, as found in semi-detached or
contact binaries (Vilhu and Rucinsky 1983). Schrijver and Rutten (1986
- Chapter 9) show that M-type dwarfs deviate from power-law relations
between chromospheric and coronal flux densities, as did oranje (1986)
for relations between chromospheric and transition-region flux
densities.

Diagrams of chromospheric surface flux densities against colour
exhibit lower limits below which very few data points are found. Such a
colour-dependent lower-limit flux is particularly conspicuous in a
diagram of the ca II H+K surface flux density P ^ H against colour (see
Rutten 1984). Rutten (1986) shows that, due to the transmission profile
of the Ca IX H+K photometer, a large fraction of the empirical
lower-limit flux density in Ca II H+K, *call ' i s accounted for by
•mission from an atmosphere in radiative equilibrium. Diagrams of flux
densities in Kg II h+k or Si II against colour indicate a lower-limit
flux which cannot at all be explained by models of atmospheres in
radiative equilibrium. These lower-limit fluxes correspond to
line-reversals> Doherty (1985), for example, shows that even the least
active solar-type stars show definite reversals in the line cores of Mg
II h and x.

Oranje and Zwaan (1985) demonstrated the relevance of the lower
limit in the relation between two chromospheric diagnostics. They
assumed the relation between 'call a n d tn* **9 ZI n 4 X f l u x density F^xi
to be linear, and derived functions a and fi that yield the highest
correlation for the relationi
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The functions or and 0 depend on colour (B-V) and luminosity class. The
lower-limit flux *call in Ca II H+X can be transformed into a flux in
Mg II h+k using Eg. (la):

**Hgll " « • <*call -*>»

The resulting function **ngii serves well as a lower limit to
(Oranje and Zwaan 1985, their Fig. 4.), which suggests that the
chromospheric flux actually measuring stellar activity is the flux from
which the lower-limit flux has been subtracted. Oranje (1986) finds
indications that subtraction of a lower-limit flux from the
chromospheric flux yields tighter relations between chromospheric and
transition-region fluxes.

Comparison of the X-ray flux density Fx and the Ca II H+K flux
density ̂ call provides a strong case for the subtraction of a
lower-limit flux: a tight relation between Fx and PcaU is obtained
provided that the empirical lower-limit flux, *c an ' l s subtracted
from FCaI1 - yielding the ca II H+K excess flux AFcan (Mewe,
Schrijver and Zwaan 1981, Schrijver 1983 - Chapter 2, Rutten and
Schrijver 1986 - Chapter 6). The resulting relation (Schrijver 1983 -
Chapter 2) is independent of colour or luminosity class, and valid for
both giants and dwarfs:

1 C34-n If)

(2)

Hence, the lower-limit flux in Ca II H+K does not depend on the level
of coronal soft X-ray emission.

In previous studies the empirical lower-limit flux density <t>j,
determined from flux-colour diagrams, was subtracted from measured
chromospheric fluxes without proof that this procedure yields the best
correlations for flux-flux relations; another colour-dependent flux 0^
may yield better results. In this paper we optimize the correlations of
power-law relations between chromospheric , transition-region , and
coronal fluxes by iterative determination of functions #^ for four
chromospheric resonance lines and one transition-region resonance line.
Section 2 presents the data, and Section 3 describes the method. The
chromospheric fluxes #A are determined in Section 4. Relations between
transition-region and chromospheric excess fluxes are compared in
Section 5. Conclusions are discussed in Section 6. Preliminary results
were presented by Schrijver (1986a) and Zwaan (1986).

2. selection of stellar data.

Stars are selected of luminosity classes ranging from II-III to
V. The (B-V) colours for stars of luminosity classes Il-lli to XV
(hereafter referred to as giants) range from 0.3 to 1.3. For the dwarfs
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(luminosity class IV-V and V) we limit the range to 0.3 - 0.9, because
too few stars are available beyond (B-V) - 0.9 to yield significant
results, we select stars for Which uv fluxes are determined with an
accuracy better than 25% (see Oranje 1986 for estimates of the
uncertainties). Stars with rotation periods shorter than one day (see
Section 1) are excluded. Also excluded are binaries in which a
secondary component may contaminate the colour or the fluxes measuring
activity (i.e. binaries with Amy < 1.5 magnitudes), unless the stars
are of equal spectral type, in which case we assign half the flux to
each of the components of the binary.

Table 1 lists the selected 58 giants and 4O dwarfs. At least two
of the following fluxes are available for these stars (listed in Table
2): Ca II H+K, Hg II h+k. Si II, C II, C iv or the soft X-ray flux. The
Ca It H+K fluxes were measured at Mt. Wilson Observatory, and converted
to stellar surface flux densities using a procedure described by Rutten
(1984). For most stars the Ca II H+K flux is averaged over a period of
several years. The Hg II h+k. Si II, C II and C IV fluxes were observed
with the International Ultraviolet Explorer IUE, and converted to
stellar surface flux densities following Oranje (1986). The soft X-ray
data were obtained with the Elnatotn REAO-2 satellite, and counting
rates are converted to surface flux densities following Schrijver (1983
- Chapter 2). IUE and HEAO-2 observations were made during roughly the
same period (1979 - 1982): the observations of any of the stars were
obtained up to eighteen months apart, with an average interval of eight
months.

The Si II triplet near 1815& is contaminated by photospheric
continuum in stars warmer than about G5 (B-V «<0.8). The correction for
the background continuum may differ from author to author, so that the
Si TI fluxes of stars of spectral type earlier than G5 (7 out of 37)
should be interpreted with care.

3. Mtthod of analysis.

Relations between excess flvx densities 6Ft - Pi~#i are assumed
to be of the following form:

log (fj - #3) - atj . log (Pi - *±) + b ± j . (3)

The constants a ^ and bj* arc taken to be independent of spectral type
and luminosity cxasa. since soft x-ray fluxes are observed as low as
th« detection limit of the IPC instrument (Fig. ia,b) we assume no
lower-limit flux to exist in soft x-rays. This assumption defines
relations between any of the chromospheric or transition-region fluxes
F4, and the coronal soft X-ray flux Fxi

log Px - a4 . log (T± - #4) + b±. (4)

with *i and b± constants.
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Figure I. Soft X-ray flux density Fx (O.15 - 4. keV) versus colour
(B-V) for stars listed tn Table 1: a) giants, b) duarfs. circles denote
stars for Uhlcti the Ca II H+K line-core flux density FCaII is known.
77>0 dashed lines represent detection limits for the Einstein I PC
detector: for a typical Integration time (1000 s) and background level
(0.07 ct s'1) the 3a detection limit is ~10~12 erg cm'2 B'1 , converted
to surface fluxes for duarfs at S pc and for giants at 20 pc.

The basal fluxes 0 A may depend both on colour and on luminosity
class. The functions log ^(B-V) are assumed to be linear and are
defined by a set of six points: for giants at (B-V) = 0.3, 0.46, and
1.3, and for dwarfs at 0.3, 0.48 and O.9. The intermediate B-V value is
chosen at 0.48 because: i) few UV fluxes are available in the sample
for CB-V) < 0.48, so that in all but one of the analyses (Fx vs. FcaII>
the colour range is limited to (B-V) * 0.48; ii) the empirical lower
limit in F c a I I is described quite accurately by two linear line
segments in a log F^all ~ (B~v) diagram, a kink occurring at (B-V)
«o.48 (see Rutten 1986).

The relations (4) are optimized by maximizing the correlation
coefficients CA; the maximum C± ia found by solving a set of six
equations iteratively (three B-V values for each of the two
luminosity-class groups):

a#1<(B-v)Jt.(ix:)1)
- 0. (5)
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Table la. Stars of luminosity classes II-III to IV included in the
present analysis. Of these stars at least two of the following
observations are available: Ht. Wilson Ca II H+K line-core flux
measurement:, IUE long-wavelength or short— wavelength spectrograph
exposure, or an HEAO-2 soft X-ray measurement (see Table 2). References
are given for observations in the ultraviolet (characters) and in X-rays
(figures).

HD.

432
3712
4128
9927

11443
12929
1348O
27371
27697
28307
29317
32357
62044
62509
82210
82635
93497
95689
98430
106677
111812
113226
117555
121370
123139
124897
125111
127739
127821

Spectral type

F2 III-IV
KO Ilia
KO IIICH-IH,K-O.
K3 III
F6 IV
K2 IIIabCa-1
G5 III+F5 V
KO IIIabCNl
KO IIICN0.5
KO IIIbFe-O.5
KO III
KO III
Kl III
KO Illb
G4 III-IV 4
G8.5 III
G5 III+G2 V
KO Ilia
G8 III-IV
KO III
GO H i p
G8 Illab
G2 III
GO IV
KO IIIb
Kl IIIbCN-1
F2 IV
F2 IV
F4 IV

Ref.

1
2,3,4

5 4,5,6,a
6

7,8,b
4,6,7

c
7,9,d
10,d

7,10,d
e

11, f
10,g
6,7,a

,7,9,11, C
11

1,4,5,a
4,5,6,10

3,4,6
10, f

11
4,6

12,h
b

4,6
4,6,13
7,9,C

14
7,9

HD.

129502
140573
144284
148387
148856
150680
150997
151680
153210
153751
161O96
161797R
163993
164058
175306
181391
190248
190771
197373
198179
202109
203387
205435
216131
216489
219834
220657
222107
222404

Spectral type

F2 III
K2 IIIbCNlFe4143-l
F8 IV
G8 Illab 4,7
G7 Ilia
GO IV
G8 IIIbCN-1
K2.5 III
K2 III
G5 III
K2 III
G2 IV 10,1'
G8 III
K5 III
G9 IIIbCN-O.5
G8 III-IV
G6-8 IV
G5 IV
F6 IV
KO IV
G8 III-IIIaBa0.6 3,4;
G8 III
G8 IIICN-0.5H 1
G8 III
Kl-2 II-HIe
G5 IV
F8 III
G8 III-IV 1,5,10,17,
Kl III-IV

Ref.

15
3,4,6
8,f,i
,9,10

4
7
4

3,4,6
3,4
f

4,6
6,b, j

7
4,13
9,e
k

10,1

g
k

6,7
,6,10

c
7
4
f
k

7,9
18,f
3,6

Continued on next page.
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Table lb. As Table la, but for stars of luminosity class IV-V and V.

HD.

4628
7439
8723
13974
17925
19373
20630
22049
27130
27282
27383
27685
27771
27836
27859
27991
28034
28068
28099
28205

Spectral type

KZ V
F5 V
F2 V:V
GO V
K2 V
GO V
G5 W
K2 V
G8 V
G8 V
F8 V
B-V=0.68, V
Kl V
Gl V
Gl V
F7 V
F8 V
G5 V
G6 V
F8 V

Ref.

c
9
b
f
c

i.j
7

1,5,1
d
d
d
d
d
d
d
d
d
d
d
d

HD.

28805
29587
35296
49933
61421
90089
101501
102870
111456
114710
128167
128620
128621
131156A
143761
154417
154906
166181
190406
223552

Spectral type

G8
F2
F8
F2
F5
F2
G8
F9
F5
GO
F?
G*.
Kl
G8
G2
F8.
F7
G8
Gl
F3

V
V
V
V
IV-V
V
V
V
V
V
V
V
V
V
V
5 IV-V
V
V
V
V

Ref.

d
15

7,9,c
7,9

1,4,19
14
c

16, a
7,9,C

2,i
7,9

5,17,20
5,17,20,a,b

l,5,10,m
n
g
a
8

P
7,9

-UV fluxes:
1 Ayres, Marstad, Linsky, 1981.
2 Decastro et al., 1981.
3 Mullan, Stencel, 1982.
4 Simon, Linsky, Stencel, 1982.
5 Basri, Linsky, 1979.
6 Stencel, et al., 1980.
7 Oranje, 1985.
8 Vilhu, Rucinsky, 1983.
9 Oranje, Zwaan, 1985.
10 Hartmann, Dupree, Raymond, 1982.

-Soft X-ray fluxes:
a Ayres, et al. 1981.
b Vaiana, et al. 1981.
c Schrijver, 1983 (Ch. 2).
d Stern, et al., 1981.
e Zirin, 1982.
f Halter, 1981a.
g Helfand, caillault, 1982.

11 Oranje, Zwaan, Middelkoop,1982.
12 Bopp, Stencel, 1981.
13 Stickland, Sanner, 1981.
14 Saxner, 1980.
15 Bflhm-Vitense, Dettmann, 1980.
16 Blanco, et al., 1982.
17 Ayres, et al. 1982.
18 Baliunas, Dupree, 1982.
19 Brown, Jordan, 1980.
20 Ayres, Linsky, 1980.

h Schrijver,et al. 1984 (Ch. 4).
i Walter, 1982.
j Pallavicini et al., 1981.
k Walter, 1981b.
1 Johnson, 1981.
m Walter, 1981c.
n Topka, 1980.
p Mewe, Zwaan, priv. com.

-Ca II H+K fluxes:
F. Middelkoop and R.G.M. Rutten (private communication).
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Table 2. Line fluxes and X-ray fluxes for the stars l isted in Table 1
(Ca II H+K flux in uncalibrated units, other fluxes in erg csT 2s - 1 ).

K D n o . C a I I M g I I S i I I C I I C I V X - r a y s

G i a n t s ( l u m i n o s i t y c l a s s I I - I I I t o I V )

432
3712
4128
9927
11443
12929
13480
27371
27697
28307
29317
32357
62044
62509
82210
82635
93497
95689
98430
106677
111812
113226
117555
121370
123139
124897
125111
127739
127821
129502
140573
144284
148387
1488S6
150680
150997
151680
153210
153751
161096
161797
163993
164058
175306
181391
190248
190771

8.16
0.12
0.39
0.06
5.87
0.13
2.93

0 . 4 1
1 . 6 5
1 . 3 8

2 . 6 5
1 . 0 4

3 . 8 2

2 . 1 2

0 . 0 9
9 . 6 3
8 . 8 9
7 . 0 1

0 . 1 1
3 . 8 6

0 . 4 1

1 . 5 7
0 . 6 5

0.11
1.30
0.11
1.01
0.63
0.04
0.21
0.78

3.90

2
1
6
1

1

I
3
6

2
3

9
2
2
1

3,
5.

1.
1.
9.

4.
1.
1.

3.
2.

6.
1.
1.

1.
8.

1.
3.

.8(6)

.3(5)

.2(5)

.0(5)

.6(5)

.6(5)

.1(5)

.3(5)

.5(5)

.2(6)

.0(5)

.2(5)

.1(5)

.8(6)

2 ( 5 )
. 1 ( 7 )

3 ( 5 )
8 ( 5 )

2 ( 6 )

3 ( 6 )
7 ( 6 )
2 < 5 )

2 ( 5 )

8 ( 5 )

0 ( 5 )
5 ( 5 )
3 ( 5 )

2 ( 5 )
4 ( 5 )

4 ( 4 )
7 ( 5 )

1.9(3)
1-2(4)

1.9(3)

7.0(3)
6.3(3)
1.3(4)

8.2(4)
6.9(4)
3.9(3)
8.1(4)
2.7(4)
2.9(4)

5.3(3)
6.4(4)
2.7(5)
3.2(3)
1.4(6)

7.7(2)

1.7(3)

4.9(3)

1.2(4)
2.1(3)
1.7(3)

1.9(3)
1.8(4)
1.7(4)
5.8(2)

8

2

3
2

1

a
4

3
5
3
2
1
6
1

5
1
1,
1,

3.

2.
1.

1.
1.
1.
3.
6.

3.

6.

3.

.2(4)

.6(3)

.0(5)

.0(2)

.8(3)

.2(2)

.6(3)

.1(4)
-0(4)
•1(2)
•7(4)
•3(4)
•5(3)
• 5(2)

.6(4)

.7(S)
2(3)
.1(6)

2(2)

B(5)
0(5)

1(2)
5(3)
6(4)
0(3)
1(2)

9(2)

7(3)

2(3)

1

2

5
1

5

7
8
4
2
1
1

9
3
1
2

5.

4,
3.
2,

1.
5.
2.

4.
1.

8.

.9(5)

.6(3)

.8(5)

.9(2)

.8(3)

.8(4)

.0(4)

.6(2)

.7(4)

.4(4)

.1(4)

• 5(4)
•3(5)

.6(3)

.8(6)

9(2)

. 5 ( 5 )
2(5)
0(5)

5(5)
3(2)
0(3)

3(3)
3(3)

8(3)

1

1
2
7
9
1
6
1
1
1

2

2

1
2

7

6,
1.

6.

4.

1.

7.
9.
1.
1.

.1(5)

.4(6)
• 1 ( 4 )
. 4 ( 3 )
. 5 ( 4 )
. 3 ( 5 )
. 9 ( 5 )
. 1 ( 6 )
.3(3)
.3(6)

.6(5)

.5(6)

.4(7)
• 5(4)

• 7(5)

3(5)
5(3)

6(2)

2(5)

7(4)

1(3)
0(4)
3(4)
5(6)

40



Tabl« 2 continued.

HD no.

197373
198149
202109
203387
20S43S
216131
216489
219834
220657
222107
222404

C« II

5.10
0.43
0.24
1.11
0.71
0.37
1.38
0.9B
3.35
2.82
0.25

Mg II

4.1(5)
1.8(5)

2.6(5)

3.5(6)
3.8(6)
2.7(5)

Si II

2.1(3)

1.9(4)
3.2(3)

7.3(4)
3.4(3)

C II

1.2(5)
2.4(4)

C IV

2.0(5)
6.2(4)

X-rays

5.7(5)

3.1(5)

1.6(6)
9.2(4)

1.7(6)

Dvarfa (luminosity class iv-v and V)

4628
7439
8723
13974
17925
19373
20630
22049
27130
27282
27383
27685
27771
27836
27859
27991
28034
28068
28099
28205
28805
29875
35296
49933
61421
90089
101501
102870
111456
114710
128167
128620
128621
131156
143761
154417
154906
166181
190406
223552

0
4
9
3
2
2
3
2
3
3
5
3
2
5
4,
5c

5.
4,
3,

4.
3.

6.
7.
5.

2.
2.
8.
3.
8.

3.
2.
4.
5.
4.
2.
11.

.93

.04

.07

.20

.98

.30

.40

.06

.62

.30

.20

.56

.44

.20

.58

.27

.32

.74

.47

.51

.21

10
88
19

56
76
00
31
29

72
17
36
67
74
62
0

3

2

1,
5.
5.

2.
6.

3.
7.
7.
4.

1.

.1(6)

.2(6)

4(6)
7(6)
8(6)

1(6)
0(6)

8(6)
0(5)
1(5)
1(6)

0(7)

1
7

1.
2.
1.

.1(5)
• 2(4)

7(4)
5(4)
4(5)

4
2

1
2.
4.
1,

2.
3.
5.

5.

.3(4)

.5(4)

S(5)
1(5)
1(4)
9(5)

9(3)
7(3)
1(4)

3(5)

6
3

2

3,
6.
2.

2.

5.
5.
8.

1.

.7(4)

.7(4)

.3(5)

.8(5)
7(4)
6(5)

0(5)

1(3)
6(3)
3(4)

0(6)

3

1
1
1
2

5
1
2
7
1
4
9
1
1
1
2
4
4,
1

2,

5.
1.
2.
1.

1.
8.
6.
5.
1.

1.

.5(4)

.2(6)

.5(6)

.4(6)

.0(5)

.5(5)

.5(6)

.4(6)

.0(5)

.0(6)

.8(5)

.8(6)

.5(6)
5(6)
.1(6)
.9(6)
.2(6)
9(5)
2(6)

0(6)

4(5)
7(5)
4(6)
7(5)

0(5)
4(6)
0(4)
4(5)
4(6)

7(5)
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fcl
..5-1 a giants

b dwarfs

0.4 0.6 0.8 1.0
(B-V)

1.2 1.4

Figure 2. Chromospheric Ca II H+K flux density FCaII versus colour
(B-V) for giants (a) ana duarfs (t>). in Table l. Filled symbols denote
stars for xihich the soft X-ray flux density Fx is Knoun. The line
segments represent the basal flux $call derived in this paper. The
dashed curve represents an observational lower limit 0>caII to tfle

total sample for uhich FCaII ts knoun (Rutten 1986).

Table 3. Logarithmic values of the basal flux densities (>̂  (cf. Eq.
4); ^cail i s given in relative units, #MgII a n d (*SiIl a r e 9iven in erg
c»~2s'^ . Uncertain values ar«* put between brackets. Fluxes derived for
a sample of giants only are labelled III.

ca

Mg

Si

II

II

II

B-Vs

H+K
III

h+k
III

0.

1.
1.

3

09
11

Giants
0.48

0.S6
O.52
6.19
6.IB
4.36

1.3

-1.24
-1.25
4.89
4.89
3.01

0.

1.

3

23

Dwarfs
0.48

0.4B

( 6.74

O

-0

3

.9

.14

.06)
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using the basal flux density

II-III/III lll-tV/lV IV-V/V

Figure 3. Soft x-ray flux density Fx versus Ca II fl+K excess flux

density 'ifcall 9 FCall ~
listed in Table 3. Symbols:

LC
(B-V) / 0.6 t O O

0.6 * (B-V) t- 0.8 A D 9
O.B * (B-V) L 1.0 A fM •
i.o * (B-V) k m 0

Table 4. Correlation coefficients and exponents a ^ of power-law fits
between chromospheric and coronal fluxes as in Eq. (3). Tables 4a and
b give values for fits of surface fluxes and excess surface fluxes
(obtained by subtraction of fluxes #i as given in Table 3),
respectively. Correlation coefficients are given in the upper-right
corners of a and b, exponents in the lower-left corner.

i ca II

ca II
Mg II 0.9S
Si II 1.4
X-ray 2.1

Mg II Si II X-ray

i
j

Ca II
Mg It
81 II
X-ray

subtracted
ca II

—-*.
0.86
0.88
1.5

Mg II

.^0.97

1.1
1.5

Si II

0.94
0.9S

1.4

X-ray

0.90
0.96
0.97
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09

0.8

07

0.95
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ago

-05

Figure 4. correlation coefficients (C) ana exponents (a) for pouer-lau
fits betueen the soft X-ray flux density ana the Call B+K flux density
(Fig *a), the Mall h+K flux density (Fig. 4b> ana the si 11 flux
density (Fig. 4c) after subtraction of a flux #t.i0

v. The constant v
causes a parallel shift of the function log #t in Figures 2, 6 and 7.
Arrous indicate the range of the factor v for uhtch all data points
lie above the flux ^ i O v

The function ^ is largely determined by stars with fluxes close to
it, so that, in order to Minimise effects of measurement errors we
exclude stars from the iterations for which (F^- tt)/r± * o.O5.

4. Determination of the basal flux densities.

4,1 ca II H+K.

The best correlation for a power-law relation <4> between the Ca
II m * excess flux OPfcan • rcail ~ #CalI *** t l w coronal soft x-ray
flux Px is obtained using the basal flux density #call »P»cifi*d in
Tmble 3 (see also Figures 2a and b)t the subtraction of # C a l E raises
the correlation coefficient from 0.72 to n.90. A w resulting relation
between Fx and 0Fca.ll

 i B Plotted in Pigu-ire a (see also Table 4). The
relation between Px and P e n shows a dependence on colour and
luminosity class (Schrijver 1983 - Chapter 2 , his Pig. 7), but such a
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5 6
log 6FMgII(erg

Figure S. Soft x-ray flux density Fx against Mgli n+K flux density
FHglI (l*f*)> and against the excess flux density C>FHgU •

 FMgli
^ u**h • aa *n "rat>t» 3. Symbols as in Fig. 3.

dependence is absent in the relation between Fx and OPcaii' which
contains a posteriori the assumption (Section 2) that this relation
between flux densities is independent of colour. Note that the moat
active stars lie above the power-law relation in Figure 3; we return to
this problem in Section 5.

Table 3 also presents values for #call determined for a sample
consisting only of giant*; the values are not significantly different
from those derived for the entire sample, which agrees with the
assumption that dwarfs and giants define the same relation. The values
o f #call determined separately for the subset of dwarfs are not given
since the errors are large due to the scarcity of dwarfs near the
empirical lower limit.

The function #caH<B-V,LC) is a good approximation of the
empirical lower-limit flux *CaIi derived from a F ^ u - (B-V) diagram
(Pig. 2), suggesting that the tightest relation (4) between Fx and
0FCalI l a obtained if the well-determined empirical lower-limit flux
*tail iB subtracted from the measured flux

Figure 4a shows the response of the exponent and of the
correlation coefficient as a function of the position of the lower
limit. The figure is obtained by multiplying the lower limit # C>TT <«*
specified in Table 3) by a factor 1OV - independent of colour and
luminosity class - and calculating the corresponding correlation
coefficients and exponents, close to v •> o the exponent varies
markedly, which suggests that the difference between the exponent of
the relation between Fx and A P ^ u "Ccall - *tall > <•*• <z>> *nd th«
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s
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a giants

—ht 1 1 1 1-

b dwarfs

Figure 6. Chromosphertc Mg II h+Jc flux density ̂ffgll versus colour for
giants (a) and Ouarfs (b) in Table 1. Symbols as in Fig. 2. The basal
flux density ̂ Mall i s snoun bV full-draun lines. The dashed curve is
the transformation (<&*Mgll ) °f the louer-ltmlt flux in Ca ir H+K
using Equation (I). The dashed-dotted line tn trie louer figure echoes
the basal flux for giants. Error bars are given only for stars belou

*

exponent given in Table 4 for the relation between Fx and call
"<FCaII ~ #call ^ *lay b e e*$>lained by the strong sensitivity of the
exponent to the magnitude and colour dependence of

4.2 Mg II h+k.

The function ^Hgll (Table 3) is not determined for (B-V) *
0.48, because the aample contains too few stars in this range. The
correlation coefficient for the relation between the soft x-ray flux
and the fig II h+k flux increases from 0.90 to 0.96 by the subtraction
of # viqxi (Tabl* *' Figure 4b). The relation between Px and the Mgll
h+k excess flux 01̂ ,+̂  (Fig. 5) is independent of colour and luminosity
class. The basal flux #ngll derived for the subset of giants (Table 3)
is virtually identical to the basal flux derived for the entire sample.
No separate analysis is performed for dwarfs, because the data are too
scant, and because most of the observed fluxes are much larger than
4^gxj so that #Hgii can be determined accurately only around B-v *
oT7, where it agrees quite well with the basal flux derived for giants
(rig. 6).
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Figure 7. Chromospherlo SI 11 flux density Fsill v*raua cclz-ur (B-V)
for stars in Table 1 of luminosity classes II-III to IV (&) and IV-V
ana V (o). Error bars nave been tXraun for stars belou the basal flux
tstll a*riv*<1 *n tn° present study, shoun here by tne line segment.
Filled symbols denote stars for uhlch tne soft X-ray flux Fx Is knount
+, x denote glants/duarfs for uftlcti tne Ca II H+K, Hg II h+k or soft
X-ray flux Is not knotm.

The function #Mgn > given in Table 3, represents a reasonable
b to the data in an Fu,TT - (B-V) diagram (Figure 6): threerMgll

D 21
lower limit
stars (HD 123139, HD 202109, HDf16131), for which Fx is not known, lie
below #||gii but the differences are of the order of the uncertainties
in the fluxes. The functions #Ngii • derived from the relation between
Fx and Fiigjj , and * ^tqH > derived from Eq. (lb) by relating f^aXl
and PIMTT (section 1), are in good agreement.

4.3 Si II.

Figure 7 plots the basal flux #sill determined for the combined
sample of giants and dwarfs. Several points lie below #sill ' ^ ^
mostly within the uncertainties. Scarcity of the data limits the colour
range for which the function #gin can be determined to (B-V) > 0.48.
Figure t shows that the relations between Fx and fsi.Il

 OI oFSill
differ little in tightness, but that subtraction of #SiII

 a°*n reduce
the exponent. The subtraction of #sin improves the correlation
coefficient only slightly (Table 4, Fig. 4c), so that the uncertainty
in #sijx ie relatively large.
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log Fsin (e r9 c m

A 5

Figure 8. Soft X-ray flux density Fx versus St II fivx density
(on the left) and against the excess flux density
-+Stll )> uith tstll as in Tttol* 3 rolso Fig. 7).
4.4 C IX.

siii (Fsilt
symbols as In Fig.3.

The relation between Px and rCII may be improved somewhat by
introducing a function # C J I , but the flux of only a single star is
affected by the subtraction of the lower limit. Data in the lower part
of the flux-colour diagram (Fig. 9) are too scant to allow the
determination of a lower-limit flux. Hence, Figure 9 gives only an
upper bound to *fcu , chosen identical for dwarfs and giants.

4.5 C IV.

The analysis of the relation between Fx and FCIV suggests that
no significant lower-limit flux exists for C IV emission! if such a
lower limit exists it is probably much smaller than the C IV fluxes
plotted in Figure 10. Figure 10 presents an upper bound to *civ '
assuming that 4^;IV is the same for dwarfs and giants. The flux 4&v

 i -

not subtracted from the c iv flux in obtaining the exponents of the
relations presented in Table 5.

S. Relations between flux densities.

Table 4 compares the correlation coefficients and the exponents
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Table s. Supplement to Table 4 for C II and C IV. No basal fluxes are
subtracted. Tables a and b as defined in Table 4.

a
i call Hg II Si II C II C IV

3
C II 2.0 1.7 1.4
C IV 2.2 1.6 1.4 1.0
X-ray 1.5 1.5

b #± subtracted(not from C II and C IV fluxes)
i Call Hg II si II C II c IV

j
C II 1 1.1 0.9
C IV 1 1.1 1.0 1.0
x-ray 1.5 1.5

of power-law relations between chromospheric fluxes (Ca II H+K, Mg II
h+k. Si II) both with and without subtraction of 0iras derived in
Section 4. Note that the correlation coefficients - which are already
very high - are not significantly affected by the subtraction of 0^.
but that the relations between chromospheric excess flux densities are
nearly linear.

Figure 11 shows that extremely active stars deviate from the
main relation between 0FCII and OPcaxi • A similar curvature is
observed for the most active stars in the relation between Fx and
0PCaII (Figure 3). Oranje and Zwaan (1985; their Fig. 2) show that the
relation between APcall ana AFMgII i s l i n e a r even for the most active
stars. Figure 12 shows that the relation between Pcrl and FCIV is also
strictly linear (consistent with the curvature in the relation between
Pcxv a n d *FCaII / &8 in Figure 11). Hence, the relations comparing
excess flux densities from the set consisting of ca II H+K, Mg II h+k
and (possibly) Si II with flux densities from the set consisting of C
II, C IV and soft X-rays are curved for the most active stars (with Px

larger than approximately 2. 106 erg cm~2s~1 ). Relating flux densities
within each of these two sets yields straight power-laws.

n » exponents listed in Tables 4 and 5 are not affected by the
curvature in the flux density relations, since extremely active stars
with a significant deviation from relations defined by less active
stars are only found in the samples for c II and c IV; in other samples
the deviations are at most a factor of two (c.f. Figure 3) on a total
range in flux densities of three or more orders of magnitude. The
exponents for relations involving c II or C iv fluxes in Tables 4 and 5
are derived for samples from which the most active stars (activity
equivalent to l"x > 2. 10

6 erg cm"2*"1 ) are excluded.
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0.4 0.8 1.0
(B-V)

1.2

Figure 9. Chromospheric C II flux density Fcll versus colour for
giants and duarfs. Symbols as in Figure 7. The dashed line is an upper
bound to the basal flux, determined from the data in this figure.
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Figure 10. Trarmition-region C tV flux denmtty FCIV vmr»ua colour for
giants and dwarfs. Symbols as in Figure 7. The dashed line is an upper
bound to the basal flux, determined from the data in this figure.
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lo9 6F

Figure 11. Flux density in C II (a) or C TV C&; vs. the Cei ZI fl+X
excaati flux danaliy. Symbols as In Fig. 3. BracXeta enclose a star
close to the basal flux.

4 5 .
log F£.jj<erg cm"2!'1)

Figur0 12. compartBon of the (simultaneously measurod) c IV and C n
flux density. Symbols QB In fl0. 3, The /lux density In C II o/ the
quiet Bolar disk Is taken /ron Schrljver (1986b - cnaptmr 12).
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6. Discussion and conclusions.

The previous sections show that subtraction of a basal flux
density 0^ from any of the chromospheric fluxes yields the emission
from the component of the chromosphere that is related with coronal
activity. I shall refer to the chromosphere responsible for the basal
flux as the basal chromosphere, and to the chromosphere related with
coronal magnetic activity as the active chromosphere.

The tightness of the relations between the (excess) fluxes
included in the present sample suggests that the emission measure
distribution of the active chromosphere and of the transition region is
independent of the stellar colour or luminosity class, so that a single
activity parameter determines the level of the emission from any of the
temperature regimes (Oranje, Zwaan and HiddelJcoop 1982, Schrijver 1983
- Chapter 2). With the exception of the most active stars, model
atmospheres for the active chromosphere and the transition region
differ only by a scale factor depending on the level of activity, as
shown by the linearity of the flux-flux relations presently derived

The basal fluxes ^ j , yielding maximum correlation coefficients
between soft X-ray fluxes and chromospheric excess fluxes (F^ - (frj),
are listed in Table 3 for Ca II H+K, Mg II h+k and Si II. Tables 4 and
5 list the resulting exponents of power-law relations, and the
corresponding correlation coefficients. For extremely active stars,
with Fx > 2 io

6 erg cnf^s"1 , the power-law nature of the flux-flux
relations breaks down: relations comparing excess flux densities from
the set of lower chromospheric lines (Ca II H+K, Mg II h+k, Si II) with
flux densities from the upper chromosphere, the transition region or
the corona (C II, C IV, soft X-rays) are curved for the most active
stars (section 5). Note that the correlation coefficient between the
coronal soft X-ray flux Fx and the Call H+K excess flux ( F ^ J J -#call *
is much lower than the corresponding correlation coefficients for

and GFgiu ; this peculiarity remains as yet unexplained.

The basal fluxes f± depend strongly on the colour of the star,
but within the uncertainties ^ appear independent of luminosity
class. The functions <p^ lie close to empirical lower limits <X>j in
flux-colour diagrams, suggesting that the 0^ are in fact
approximations of the empirical lower limits 4>̂ . Hence, the best
relations between flux densities are probably obtained if 0A in Eq.
(3) is replaced by the empirical flux *j derived from large samples in
F^(B-V) diagrams. From presently observed line fluxes in C II and C IV
only upper bounds to <t>CII and *civ can be given (Figs. 9 and 10).

The basal chromospheric flux density shows that, regardless of
the stellar magnetic activity, some non-radiative heating occurs in the
atmosphere of all cool stars. The basal flux may, in principle, vary
with the level of magnetic activity, but because 0^ can be separated
from the excess flux (Ft - 04) measuring coronal activity, the
dependence of the basal flux # 4 on the level of activity is very weak,
if not absent. Hence, the basal heating depends only on classical
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0.4 0.8 1.2
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Figure 13. Basal flux densities converted to an equivalent flux +n tn
Mg II h+H using presently derived flux-flux relations. Full-draun lines
are used for the basal fluxes derived for giants, dashed for duarfs.
Lang-dashed lines denote upper bounds to possible basal fluxes in C ll
and C IV. For Ca It H+K the line-uing contribution to the observed flux
is subtracted (Noyes et al. 1984)/ utthout this subtraction the dotted
and dashed-dotted lines would result, indicated are the ionizatton
potentials of the lines. The line near the bottom indicates the run of
the bolametric flux density.

stellar parameters: the effective temperature, and perhaps the
gravitational acceleration.

The comparison of the basal fluxes cannot yield direct
information on the structure of the basal chromosphere due to the
different abundances and intrinsic line strenghts of the emission lines
presently studied. Some information, however, can be derived using the
flux-flux relations: if the temperature-density structure of the basal
chromosphere were identical to that of the active chromosphere, the
basal fluxes would be related through the flux-flux relations derived
for the active chromosphere. These flux-flux relations are used to
convert the basal fluxes to an equivalent Mg XI b+x flux: Figure 13
compares these converted basal fluxes (including the upper bounds
derived for c II and c IV), showing that because the converted basal
fluxes do not agree, the basal fluxes do not scale according to the
flux-flux relations derived for the active chromosphere. The rapid
decrease of the converted basal flux with increasing ionization
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log %f
Figure 14. Full-drawn lines represent the acoustic flux generated in
the convection zone of cool stars (Renzini et al. 1977), for
gravitational accelerations characteristic to the sample (g giants, d
dwarfs). The dotted line represents the basal flux in Mg 11 h+k. The
solar Mg II h+k flux from the darkest points in supergranuZ.es ( • ) is
taken from Vernazza, Rvrett, and Looser (1981: model A).

potential, shown by Figure 13, implies that the heating of the basal
atmosphere is restricted to temperatures below a few tens of thousands
of Kelvin.

The empirical lower-limits in flux-colour diagrams are mainly
determined by stars comparable in age to the Sun, or perhaps somewhat
older. The magnetic fields of these stars are unlikely to have died
away completely. The low degree of activity of these stars could, in
principle, be responsible for the observed minimal fluxes. However, I
suggest that this is not the cause of the basal fluxes, since the basal
chroatospheric emission is not associated with coronal emission. After
all, the magnetic flux in the network between supergranules is
associated with both chromospheric and coronal emissions, even at the
minimum of the solar cycle.

The flux level #Mgli determined in this paper for the sun
closely resembles the flux from the centres of solar supergranules
(Vernazza, Avrett and Loeser 1981; model A) where little magnetic flux
is prevent. In view of the above arguments I speculate that the basal
flux density measures purely acoustic heating in the atmosphere of cool
stars. Figure 14 compares the Mg II h+k basal flux density ^Mgll w i t h

predictions of the acoustic flux FM generated in the convection zone of
cool stars (Renzini et al. 1977). Only a small fraction of the acoustic
flux will survive radiative damping in the photosphere; in fact, the
solar photosphere may transmit as little as 5% of the rhort period
acoustic waves.
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The Hg II h+k flux ̂ HgU measures only a fraction of the total
energy loss PT of the outer atmosphere ( F ^ u represents only "1/5 FT

in the case of the Sun, according to Vernazza, Avrett, Loeser, 1981,
Avrett, 1981). If #HgII measures a similar fraction of the total
energy loss of the basal chromosphere #j, the values of fagii are
somewhat too high as compared to values expected for FM in dwarfs, and
somewhat too low as compared to values expected for FH in giants. The
large uncertainty of the theory of acoustic heating makes the
comparison in Figure 14 equally uncertain, but the results appear
compatible with the idea that the basal flux is caused by acoustic
heating.
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CHAPTER 4

CORONAL STROCTORB MB> ROTATION.

c.J. Schrijver1, R. Hewe1'3, ana F.M. Walter2'3.

1 The Astronomical Institute, Laboratory for space Research,
Utrecht, The Netherlands.

2 Joint Institute for Laboratory Astrophysics, University of
Colorado and National Bureau of standards. Boulder, CO., USA.

3 Guest Observer EINSTEIN observatory.

Summary.

Soft X-ray spectra, obtained with the imaging proportional
counter onboard the EINSTEIN observatory, are analysed for a sample of
34 late-type stars. Coronal temperatures T and emission measures ( per
unit area at the stellar surface are determined. There is no obvious
relation between the coronal temperature and the colour index (B-v),
although for dwarfs there is a marginally significant decrease of the
coronal temperature with increasing (B-V). The coronal temperature is
dependent on the stellar luminosity class» most dwarfs have a coronal
temperature around 2 HK and giants around 20 MK, but the division may
not be strict.

The data are discussed in terms of a model for static, magnetic
loops. Indications are found for a variety of coronae in which the
sizes of the dominating loops range from more compact than loops in
solar active regions (half lengths L < 3 io9 cm) to loops that are
comparable to the pressure scale height, or even larger (L > 1010

1 T " 2 HK). Derived heating rates fall below
erg cm"3 s"1 (F the surface filling factor for magnetic loops).

Despite the observed structural differences, a single, strict
relation holds between the X-ray surface-flux density and the ca II H+x
excess flux density of these stars.

Coronal activity and structure are clearly related with tha
stellar rotation rate, A common-factor analysis with the specific
•mission measure C, the coronal temperature T and the rotation period
P as parameters shows that the relation:
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1.51*0.16 -0.88±0.14

holds for all stars in the sample, whether single stars or components
of either wide or close binaries. This relation holds over at least
three decades in the specific emission measure, for periods ranging
from one day to two months. Earlier work suggests that one activity
parameter determines the flux levels of different parts of the outer
atmospheres of late-type stars. Hence, a functional dependence is
suggested between two of the three parameters in the relation between
coronal structure, as defined by emission measure and temperature, and
rotation period.

Key words: X-rays, coronae,
stellar activity, rotation.

1. Introduction.

The EINSTEIN HEAO-2 satellite detected stellar coronae around
many late-type stars. Failure to detect a corona is more likely due to
the detection threshold of the experiment, rather than to the absence
of a corona. However, according to various authors (Linsky and Haisch
1979, Ayres et al. 1981, Haisch and Simon 1982) coronae are absent
around stars of very late spectral type.

The range of surface fluxes covered by the HEAO-2 measurements
extends from about 103 to about 108 erg em"2 s ~ 1 . For the least
active stars fluxes have been measured which are more than ten times
lower than the flux from a solar coronal hole. The most active stars
are more than ten times brighter than solar active regions.

The relation between the chromospheric Ca II H+K flux and the
coronal soft X-ray flux i» very tight (Schrijver 1983 - Chapter 2).
This indicates that one parameter, which is probably a combination of
several stellar parameters, determines the flux levels of the outer
atmospheres of late-type stars unambiguously. The conventional stellar
parameters (such as colour, mass or radius) do not suffice to determine
the level of chromospheric or coronal emission.

Covering different fractions of the stellar surface with
activity-related regions of identical structure would result in a
linear relation between the ca II H+K and the soft x-ray flux
densities. The non-linearity of this relation therefore implies
structural differences in the x-ray emitting features for stars with
different average levels of activity (Schrijver 1983 - Chapter 2).

Stellar rotation rate plays an important role in stellar
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activity. Wilson (1966) and Kraft(1967) pointed to this fact
indirectly> both the rotation rate (through Magnetic braking) and the
chromospheric activity (through diffusion of a primordial Magnetic
field) were thought to decrease with age. SkuManich (1972) suggested a
causal relation between rotation and activity. The connection is al«ost
certainly the dynamo action.

Observational evidence that the rotation rate, rather than the
stellar age, determines the stellar activity is provided by the study
of synchronised binaries (MiddeUcoop and Zwaan 1981, Zwaan 1981,
Hiddelkoop 1982), which do not differ in their behaviour from single
stars (MiddeUcoop 1982, see also Halter, 1982). m e similarity in
behaviour of single stars and binaries breaks down for very short
orbital periods, where the system are semidetached or contact binaries
(e.g. Vilhu, 1984).

Observations of the Sun led to the development of theories of
coronal and chromospheric activity in which Magnetic fields played the
leading part. By analogy, it is now assumed that in all cool stars with
convective envelopes the magnetic field manifests itself in
time-dependent structures consisting of discrete elements of high field
strength. Coronal Models for Magnetic loops were developed (Landini and
Honsignori-Possi 1975, Kosner et al. 1978, Craig et al. 1979, Rood and
Priest 1979) and observationally tested on the Sun. These models have
been applied to other late-type stars, including giants.

In the present study we analyse soft X-ray spectra of a number
of late-type stars, and interpret the results in terms of a coronal
model (for a preliminary report see Hewe at al. 1983). Included in the
sample are single stars and very wide binaries where tidal interaction
is unimportant, as well as close binaries, where tidal interaction is
very strong and leads to synchronisation of rotation and revolution.
Using these spectral data we study the dependence of the coronal
activity and structure on the stellar rotation rate.

2. Coronal Modelling.

Analysis of the HEAO-2 soft X-ray spectra yields emission
Measures and characteristic coronal temperatures. In interpreting these
spectral results we assume that the conditions in the outer atmospheres
of the observed late-type stars are similar to those on the sum a
corona highly structured by Magnetic fields, in which the observed
X-ray emission originates largely in plasma enclosed in Magnetic loop*,
ftosner et al. (1971) derived the following scaling laws for a static,
uniformly heated loop in local energy balancei

1.4 103 (p L) 1' 3 , (1)

f.f 104 P7/6 L"5/6 , (2)
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Where T<K) is the (maximal) loop temperature, p(dyn cm-2j t h e p ,

Hen) the half length of the loop and EJJ (erg cm"3 s"1) the heating
rate. The effect of a finite pressure scale height is usually very
sma.11 (Serio et al. 1981) and is therefore neglected. Pallavicini et
aJ. (1983a) used skylab observations to show that solar coronal loops,
with the exception of flare loops, fit the scaling law (1) (see also
Raymond and Rosner 1981). The structures considered range from short,
dense loops in active regions(L" 3 109 cm, p " 5 dyn cm"2) to long,
tenuous loops connecting active regions (L " 2 1016 cm, p - 0.2 dyn
cm"2).

The volume emission measure e (cm"3) is defined ast

e - f x? dV , (3)

with ne the electron density and V the volume contributing to the
emission. We define the specific emission measure C (cm~5)s

C - e / 4ir R Z , (4)

with R the stellar radius. For a corona of H identical loops we derive
(Mewe et al. 1980, 1982):

i - G f p 2 (2OT)"1 I , (5>

where G is a geometry factor ( 1-G is the fraction of the corona
occulted by the stellar disk; we assume an average value of G-0.7), F
is the coronal surface filling factor F-2NV*"*2' M the total number
of loops, and A their cross section. The emission scale length I is
limited either by the loop size (t " L for L< Hp/2, L being half the
length of the loop, Hp(cm) the pressure scale height of the corona Hp»
5 3O3 T (g/go r

1 ) , or by the pressure scale height (i ~ Hp/2).
Combining the relations (l),(2) and (5) with the respective values for
I yields (with C27 i n 1 0 cm• «tc.)s

C27 - 0.12 t w P Tj ( L < Hp/2 ), (6)

* 2 7 - 0.03 L~* V (g/99)"
X T* ( h > Hp/2 ). (7)

For the heating rates Ef, we derive 1

<2 7 - 39. V E J / 2 T2*25 ( L < Hp/2 ). (8)
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- 3.2 103 F EH (g/g0)~
a T*'5 ( L > iy2 ). (9)

3. Observations and spectral analysis.

7R)e X-ray observations were performed with the imaging
proportional counter (IPC) onboard the HEAO-2 EINSTEIN Observatory (see
Giacconi et al. 1979, Gorenstein et al. 1981). The source counts are
determined within a circle with a diameter of 6 arcminutes, centred on
the source position. The background counts, determined in an annulus
with an inner radius of 6 arcminutes and an outer radius of is
arcminutes, also centred on the source, are subtracted.

In analysing the observed IPC spectra (0.15 - 4 keV) we fold
calculated line and continuum s< ;tra (Mewe and Gronenschild, 1981)
with the instrumental response function using computer programs
developed at the Center for Astrophysics (CfA) in Cambridge. Normal
cosmic abundances (Allen 1973) are assumed in the calculated model
spectra. He do not attempt to obtain any information on stellar
abundances because the effects of abundance variations are rather
small: a variation of the heavy element abundances (Mg and higher) up
to a factor of 5 causes changes in the derived temperatures smaller
than a factor of l.S to 2.

A x2-fit, using single-temperature model spectra, yields the
effective coronal X-ray temperature T and a normalization factor co.
The specific emission measure C is calculated using:

t - 4.5 10 1 3C 0 T > ' V K ) / 2 ' 5 . (10)

with T e f f the stellar effective temperature (from BOhm-vitense 1981,
or, if not given in that paper, from Flower 1977). spectral types, B-v
values, and stellar apparent visual magnitudes m^ are collected from
Hofflelt (1982), or from Hall (1981) for RS cvn systems. Values for the
bolometric correction BC are from Johnson (1966). We emphasise that the
effective temperature is the only stellar parameter used in deriving
CJ stellar radius or distance need not be known.

Errors in the spectral parameters due to counting statistics axe
determined using the criterion given by Lampton et al (1976), which
states that the minimal x2 value (X2Min>

 a n d t n # * 2 v»lu» on* standard
deviation away from the best-fit parameter value (X\a) *re related
byt x ip - X min * b' w l t h b " 2*3 f o r a two-parameter fit or b - 3.5
for a three-parameter fit. However, for observations that have not yet
been analyzed using the final IK calibrations (see Table l), the
statistical errors are generally much smaller than the uncertainty due
to spatial gain variations over the IPC detector. Therefor*, only the
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gain uncertainty is considered in these cases1.

The results of the spectral fits are listed in Table l. For most
stars the spectral parameters are given for negligible hydrogen column
densities H,,. For eight stars there are indications in the *2-grid
that the hydrogen column densities are appreciable. The derived nH

values for these stars are given in Table 1. Uncertainty intervals are
given for temperatures only.

The X-ray surface flux Fx (erg cm~
2 s"1) and C (cm~5> are

proportional:

Pv " Cm (• • <1J->

X T
The function Cp is nearly constant for the spectral model of Mewe and
Gronenschild (1981) for the temperatures in the present range, in the
energy band of 0.15 - 4. kevs c, - 1.7 1O~23 erg cm3 s"1 for
temperatures around 2 MK and Op - 1.2 10~23 erg cm3 s"1 around 2O MK.
It follows from relation (11) that errors in C are mainly due to
counting statistics, because Px is mainly determined by the count rate
corrected for background. These errors are not given in Table 1, as
they are much smaller than errors in the derived temperatures.

The data for the average Sun are taken from Vaiana et al.
(1976). In order to estimate the effective coronal temperature at
maximum activity (similar to the single-temperature estimates given in
Table 1 for the other stars) two theoretical spectra (1.6 MK and 2.5
MK) are folded with the IPC response function. Vaiana et al. (1976)
give contributions to the total Solar soft X-ray luminosity for various
types of regions. With these data we derive total specific emission
measurer if S io27 cm"5 for the low-temperature component and 7 io26

cm"5 for the high-temperature component. A x2-analy»i» yields an
effective coronal temperature of 2.1 MK.

4. Temperatures and emission measures.

The results of the spectral fits and the corresponding Xv
values (X ain divided by the number of degrees of freedom for the fit)
are given in Table 1. Most xv

2 are close to unity, so the
single-temperature fits are adequate approximations of the observed
spectra. Figures la and b show two examples of good fits. Poor fits are
obtained in six cases (between brackets in Table 1); as an example the
spectrum of 54 Cam is given in Figure lc. Here a combination of two
spectra (2.4HK and 12HK), after proper scaling of the emission
measures, describes the observed spectrum satisfactorily. The stars

A conservative estimate of the lo gain error is made by carrying
out the spectral fitting at the nominal gain factor (ML) and repeating
It for BAL ± l (Fabricant, private communication).
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Table 1. Stars included in the analyses. The spectral type of the
(active) stars is listed together with the classification of the
companion (between brackets), if known. Reduced x2-values are given
in column 5 (observations for which the final IPC calibration is used
are narked by an asterisk). Hydrogen column densities are assumed
negligible unless the observed spectrum indicated otherwise. For the
latter cases the NH values resulting from the analyses are given. The
effective coronal temperature is followed by its error range as
described in Section 3. T and < are bracketed for poor
single-temperature fits. The periods are mainly binary periods, fro*
Hoffleit (19B2) and Hall (1981). If available, Ca II H and K modulation
periods are taken from Baliunas et al. (1983). For single stars or wide
binaries for which no ca II H+K modulation data are available periods
are derived fron v sin I values (Kraft 1967, Pallavicini et al. 1981b,
Smith 1978, Soderblom 1982). For these stars radii are derived using
effective temperatures (as in section 2) and absolute magnitudes
(Breakiron and Opgren 1979).
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17*094
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M A*-rO*»5 IH 0.69 2.0 20
1.09 1.7
0.66 2.4
1.24 0.6
0.90 0.6'
1.00 l.0>
1.12 1.6
0.86 1.8* 20
1.01 2.0
t.OI 1.8

0.26 27.26
0.32 27.66

1.1 K0.99-> 1.44) 28.37
1.27(1.11-1.61) 29.79
1.09(0.96-1.19) 29.01

[0.37(0.32-0.97) 26.87]
[0.37(0.33-0.40) 28.49]
1.41(1.11->2.26) 30.93

1.24(1.14-1.43) 30.02
1.48(1.2-1.9) 29.16

0.88(0.51-0.78) 29.02
0.«2(0.75-0.»») 2».7B

[1.36(1.27-1.48) Z9.31)
1.5(1.00-1.11) 29.03

[0.60(0.76-0.93) 29.49]
0.3»(0.32-0.4») M.66
0.92(0.65-0.8*) 18.01
1.21(1.11-1.66) 16.42
0.44(0.37-0.62) 29.0*
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[1.08(0.*0-1.2») 19.84]
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0.9*(0.93-1.07) 26.41

1.71(1.4-2.0) 19.4*
1.31(1.21-1.61) M. l l
1.47(1.34-1.67) 30.60
1.21(1.03-1.81) 1B.10
1.6M1.41-1.78) 30.34

1.43
1.43
1.25

1.17
0.82
1.0S

1.59
1.80
0.57
0.67
1.04

>1.O*
0.60
1.23
1.66

1.-1.3
0.20
0.6*
0,*9
0.40

0.48
0.08
1.80
1.48

•0.16
1.6*

1.3*
1.3*
0.80

1.31/1.78
0.13

2.t4

2.14
1
1

2.7.9.14
2.6.8.14

3
3.4

2.10.14
3

2.14
1

2.9.11,14
11.14

3
2.7.14

3
6.13
8.13

1
2.14
2.14
2.14

2,8.11,14
1.6

••14
1.14

I,7.t.l4
1.1.14

16

Notes to Table I:
I - C» ll H and K modulation period; 2 - binary period; i - period I'rom r sin i: 4 - SB,
Am - 0.6 (possibly triple system); 5 = activity uttributed to 61 Cyg A; 6 - orhiuil eccentricity
f = 0.35 (Batten etui,, 1978), however, the system seems to be synchronized (Hull, 1981);
7 = bolometric flux from Wuller (I*)KI); tt - photometric period From Chuguinov (1976b)
and Kucinsky (1981); 9-assumed tH- V) bused on MK clnssilication: 10 -SB. torn-
pcuiems differ only by 0'!'4; one of the two stars (FKV) is assumed active; II -assumed
Am = 0,3; 12 = activity assumed to be equully divided over (he sturs; 13 = FK Com star;
14 = RSC'Vn system (Hall, 1981); 1 5 - RY Dra slur. I'holomctric period is given.
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energy (keV) energy(keV)

Figure 1. Observed spectra and beat fit for a) BD 111456, an F6 V
mingle star, b) 24 UHa, a G III-IV giant, c) 54 Cam, a GO V star; the
single-temperature fit (full line) Is not adequate. A pair of
theoretical spectra ts drawn that reproduce the observed spectrum,
after scaling to the correct emission measures. J) Observed spectrum
and best fit for SAO76S67. Not* the strong cutoff at lou energies,
caused by a high hydrogen column density.

c Eri and HD17925 require an additional, weaker, high-temperature
component. For 4 UHa the temperature given in Table l is an average
value of the two temperature components needed to describe the observed
spectnm.

The IPC data do not allow a wore detailed spectral analysis:
individual spectral lines cannot be observed due to the low spectral
resolution of the instrument. Swank and White (1980) obtained a number
of spectra of late-type stars with the EINSTEIN Solid state
Spectrometer and found that two-temperature fits usually describe the
data significantly better than single-component fits. They found very
clear indications that o2 CrB requires two components (cf. Chapters 5,
7). For \ And and RS CVn the indications for a bimodal temperature
structure were weaker. The present results for these stars (Table l)
support their conclusions (Swank and White derived lower temperatures.
This m y be caused by the use of another spectral model * Raymond and
Smith (1977). Their single-component fits are good approximations of
the low-temperature component resulting from the two-component fit).

Mewe et al. (1912) analysed soft X-ray spectra of Capella (a
Aur) obtained with the EINSTEIN Objective Grating Spectrometer. They
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Figure 2. X-ray temperature T versus (B-V). The errors (dashed for
poor single-temperature fits) are determined as described in Section 3.
Symbols? A luminosity class II,Xl-lll,lll> • LC III-IV,IV; • LC
IV-V.V.

assure that the secondary component, Capella Ab, is the source of the
X-ray emission. A two-temperature fit indicates temperatures of 5 MK
and 10 MK, both with a specific emission measure C of 2 10 cm"5.

As an example of the effect of a high hydrogen column density
the spectrum of SAO 76567 (a pre-main-sequence star. Halter 1983) is
plotted in Figure Id.

The derived temperatures are plotted against (B-V) in Figure 2.
There is a clear separation between dwarfs and giants for stars with
high (B-V) values (as was also noted by Mewe et al. 1981). The
temperature ranges for giants and dwarfs may overlap for (B-V)<0.6,
although this may be an artefact caused by the poor fits. An exception
to the separation by luminosity class for high (B-v) values is II Peg.
This star, a luminosity IV-V star, is the only non-giant above (B-V) "
0.6 on the branch otherwise occupied by giants. Hall (1981) classifies
II Peg as an RS CVn system. The star may have gone through a phase
analogous to the solar Maunder minimum (Eddy 1976). This phase lasted
from at least 1900 until 1940, after which the star became variable
(Hartmann et al. 1976). The variability has been attributed to stellar
spots covering a large part of the surface (Chugainov 1976a). Karstad
•t al. (19*2) have shown that the transition-region fluxes vary by as
much as a factor of 5, depending on the orbital phase of the system.
Therefore the IPC observations may not be typical of the surface
averaged activity of II Peg.

Figure 2 shows a marginally significant decrease of the coronal
temperature for dwarfs with increasing colour index (B-V).
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Figure 3a. Specific emission measure C versus coronal temperature T.
Error bars are dashed for poor single-temperature fits (see also Table
1). Three points represent individual structures on the Sum LSL large-
scale loops, EARL extended active-region loops, CARL compact active -
region loops. Physical parameters for these structures are given in the
text.

Figure 3b. This figure presents the same data as Figure 3a. The lines
represent theoretical relations from a coronal loop model. Symbols:

Luminosity class: II,11-111,111 IH-IV.IV IV-V.V
B-V&0.6 A D O

O.6<B-V*O.8 t D 0
0.8<B-V<£i.0 A H O
1.0<B-V A • •

In Figures 3a and b the specific emission measure C is plotted
against the effective coronal temperature T. The data for a Cen A and
B are from Golub et al. (1982). The emission measures are multiplied by
a factor of two in order to correct for the different spectral models
used. Three points represent individual structures on the Suns CARL,

9 2m""2 ); EARL,compact active-region loops (L " 3 109 cm, p " 5 dyn
extended actave-region loop, corresponding to an "equivalent"
active-region loop that matches the average of an active region on the
sun (ii - 9 10 9 cm, p"l.5 dyn cm"2); and LSL, large-scale loops
connecting active regions (L " 2 10 1 0 cm, p - 0.2 dyn cm" 2). The data
are derived from observations made with the Skylab S054 instrument
(Pallavicini et al. J98la, see also Chapter 10:Section 2.2).
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Figure 3a once again shows a separation between dwarfs and
giants. The location of 54 Cam may be due to a bad spectral fit (see
Section 3 and Fig. l c ) . It is not clear whether the two components in
the spectrum are from the same star or from different binary
components. At the top of the diagram the branches meet. Here II Peg is
not as much out of place as in Figure 2.

In Figure 3b (diagram with data as in Figure 3a) lines are drawn
for which ttie ratio of loop semi-length to filling factor (L/F) is
constant for the model of static, uniformly heated loops (Equations (6)
and (7)).

Dashed lines represent the case in which the loop halflength
equals half the pressure scale height, with the surface filling factor
F and the gravitational acceleration g as free parameters. These lines
are of importance for the interpretation of the data: stars above the
dividing line corresponding with their gravitational acceleration are
covered with compact loops (loops for which the emission scale length
equals the loop semi-length) for at least a considerable fraction. For
stars below the dividing line the interpretation is not unique: the
star may be covered for a large fraction with loops for which the
emission scale length is smaller than the loop semi-length, but may
alternatively be covered for a smaller fraction with compact loops.

The data for the average Sun and for a Cen A and B are
compatible with a star covered for a large fraction with large-scale
loops with I* " H_/2 " 5 109 cm " 0.1 R*. The emission of these loops
does indeed dominate the total solar emission (Vaiana et al. 1976).

Moderately active dwarfs (1028 < C < 10 3 0 cm"5) lie in the
region where 1*IQ/¥ " O.I, and L << H_. since for these compact loops F
< 1 the majority of the loops in active dwarfs must be very compact,
probably more compact than loops in solar active regions (CARL in Figs.
3a and b ) .

The most active stars (< >103° cm"5) fall in the region L10/F -
JO-JOO, and We obtain L " H_/2 * R, as an upper limit for F=l. For
smaller filling factors the loops are correspondingly more compact.

Equation (8) gives the relation between specific emission
measure (., coronal temperature T and volume heating rate E H for
compact loops (above we argued that at least a considerable fraction of
the loops on moderately active stars must be compact). This relation is
represented in Figure 3b by the dashed-dotted line, for which the
heating rate E H equals 0.1S/T

2 erg cm"3 s"1. All stars fall below this
line, which therefore sets an upper limit to heating rates derived for
the present sample. For compact active-region loops on the Sun (using
data as above) the heating rate, according to Equation (2), is 8 10"3

erg cm"3 a"1. As filling factors are smaller than unity, the coronal
heating rates for active dwarfs are more than 20 times higher than in
compact solar loops. For the large-scale loops on the Sun the heating
rate is approximately 4 10~5 erg cm"2 s"1, two orders of magnitude
lower.
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Figure 4. Soft X-ray flux density Fx versus the Ca ll H+K excess-flux
density tFCa . Symbols as In Figure 3. The line represents the
relation found by Schrtjver (1983 - Chapter 2) for a larger sample.

In Figure 4 the soft X-ray flux density Fx is plotted versus the
Ca II H+K excess flux density APCaII (defined as the Ca II H+K
emission above an empirical, colour and luminosity-class dependent,
lower limit) for the stars in our sample. The line represents the
relation found by Schrijver (1963 - Chapter 2) using a much larger
sample of stars with convective envelopes. It is surprising that,
whereas spectral analyses indicate coronae dominated by loops of
different relative sizes and widely differing heating rates, the same
relation between Fx and AFcall holds for almost all stars. The only
exception is II Peg, a K2-3 IV-Ve star, which lies above the relation.
As II Peg is highly variable (Marstad et al. 1962) its deviation from
the relation may be caused by the non-simultaneous observation of the
two emissions (but see Chapter 13sSection 2).

5. Rotation and activity.

Rotation plays an important role in stellar magnetic activity
(see Section 1). Rotational parameters are known for most stars in the
present sample; the data are given in Table 1. For short-period
binaries with circular orbits synchronization of rotation and
revolution is assumed> from the observed chromospheric activity and the
circularity of the orbits Middelkoop and Zwaan (1981) infer that most
of the G- and K-type giant binaries with periods below 120 days are
synchronised. Middelkoop (1961) gives a boundary period for
main-sequence binaries of 9 days, based on orbital eccentricities. A
well-established example of non-synchronous rotation among PS cvn
binaries with circular orbits is X And. The orbital period is 20.5
days, whereas the photometric and ca II H and K variations indicate a
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Figure S. Specific emission measure C versus rotation period P. Next
to the symbols (see Figure 3.) the logarithmic values of the coronal-
temperatures (in MK) are given. Bracketed values indicate poor
single-temperature fits, underlined values indicate single stars or
stars in very wide binaries. For \ And both the photometrtc and the
orbital period are given. The scale on the right for the X-ray
surface-flux density is given using Bq. (11) uith an average conversion
factor as indicated in the figure. The lines represent the result of a
common-factor analysis (Eq. 12); C « T1'5i p~°-eB.

rotation period of approximately 55 days (Hall and Henry 1979: 54.2 day
photometric period and Baliunas et al. 1983: 56.4 day ca II H+K
modulation period).

Figure 5 is am emission measure-period diagram. It suggests that
the relation between C and P involves a third parameter. Luminosity
class or stellar radius, although at first sight good indicators, are
not as good as the coronal temperature: from the lower left to the
upper right part of the diagram temperatures tend to increase
gradually. A common-factor (correlation) analysis (method described by
Xendall and Stuart 1966, for an example of application in the field of
stellar activity see Schrijver 1983 - Chapter 2) with ;(cm"5), T(MK)
and P(days) as free parameters, yields:

log { - (28.610.2) + (1.51±0.16)log T - (0.88±0.14)log P. (12)

The bootstrap procedure (Efron 1982) is used to estimate the
statistical accuracy of the coefficients of the fitt samples with an
equal number of data points are constructed from the original set by
random selection, with identical probabilities for all points. A
common-factor analysis is applied to each of the samples and these
results are used to estimate the errors in the results from the
original set.
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Figure 6a. Specific •mtsston m»aeur» resulting from Equation (12).
using period and temperature, agalntt the specific emission measure
obtained through spectral analysis. For \ And the orbital period uas
used; tho Ca 11 H+K modulation period uould |/t«I.d the point marked Ca
ll. Symbol* as in Figure 3.

Figure 6b. Soft X-ray luminosity Lx (O.lS - 4. keV) against rotation
velocity v. Symbols as in Figure 3. The dram line represents the
relation proposed by Pailavicinl et al. (iseic).

Figure 6c. Ratio of the soft x-ray flux density and the bolometric flvx
damttVf 'Vr£>o},' versus period P for RS CVn systems in the present
sample. Symbols as in Figure 3. The line represents the relation
proposed by Halter and Bouyer (1981)- The constant of proportionality
ts adapted to the present data.
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Relation (12) is depicted in Figure 6a. The correlation
coefficient is aa high as 0.92. The error bars indicated in Figure 6a
are from the temperature fits only; for DK Dra the large uncertainty in
the period is included also. In Pigure 6a II Peg and 54 Cam do not
seem out of place at all. The fact that II Peg obeys relation (12)
indicates that the Ca II H+K flux density is too low (see also Section
4, and Chapter 13:Section 2).

The only luminosity class II star in the sample, the primary of
X And, deviates strongly from the relation (12).

The high correlation for Equation (12) is the more surprising
considering the diversity of the stars. The sample contains single
stars and binaries with orbital periods ranging from one day to two
months. Various peculiar systems also lie on or near relation (12).
Walter (1981) suggests that mass is flowing from the secondary to the
primary in PK Com, whereas Bopp and Stencel (1981) argue that the FK
Com stars are coalesced binary systems, possibly the next evolutionary
step for W UKa systems. SZ Pec (Hall 1981) is a detached binary in
which the active star almost fills its Roche lobe. According to Jakate
et al. (1976) the decreasing orbital period of SZ Psc is indicative of
mass transfer. According to Hall (1981) e UHi is a semi-detached
binary, with mass flow from the primary to the secondary.

Combining the relations (B),(9) and (12) we finds

F* E,, (:> P"1'8 T" 1' 5 (L < Hp/2), (13)

F E u(:)gp"°
< 9 (L > H/2). (14)

H V2

The variation of the heating rate with activity is unknown as no
further information is available on the variation of the filling
factors with activity, or on the parameter determining the coronal
temperature. Within a temperature branch (Fig. 3), the dependence of EH

on P ia nearly inverse quadratic for compact loops, for a constant
filling factor. The dependence is weaker if the filling factor
increases with activity. The heating rate for loops larger than H-/2
does not depend on the coronal temperature.

We now compare our results with results given in two previous
papers. Pallavicini et al. (198lc) found:

log l^ - 27.3 + 2 log v , (15)

with v the equatorial velocity of the star and IJJ the soft X-ray
luminosity. Figure 6b shows our data in an ly-v diagram. Stellar
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radii are derived using absolute Magnitudes from Breakiron and Vpgren
(1979) and effective temperatures as above. The data roughly follow the
relation found by Pallavicini et al., with a spread of nearly an order
of Magnitude. With this relation the correlation coefficient for the
present data is only 0.75. Dwarfs and giants appear on different
average trends. The data used by Pallavicini et al. show the same
separation within the range of velocities and luminosities presently
covered.

As Px and C are nearly proportional in the temperature range
presently considered (cf. Eq.(ll)) Equation (12) can be rewritten:

log L - 26.9 + 1.1 log R/R + l.S log T + o.9 log v. (16)
X © 6

Contrary to relation (15) this relation is nearly linear in v. The
global compatibility for dwarfs with the relation proposed by
Pallavicini et al. is due to the fact that more rapidly rotating stars
tend to have higher effective coronal temperatures and larger radii
(earlier spectral types, see Pig. 5).

Halter and Bowyer (1981) found for RS CVn systems:

In Figure 6c the ratio of the X-ray flux density and the bolometric
flux density Ftx

/'Fbol i s Pitted versus P for the RS CVn systems in the
present sample. Also drawn is a line with slope -1.2. Again the spread
around the line is larger than in Figure 6a.

Me conclude that relation (12) fits the stars better than the
relations (16) and (17), due to the use of the effective coronal
temperature as additional parameter. The proportionality constant in
the relation between ( and T is determined by the rotation period. The
period imposes constraints on the range of possible values of <., but
more parameters (including the phase in the activity cycle) are needed
to determine the actual level of activity.

c. Pisou—ion and conclusions.

He analyse soft X-ray spectra for a number of cool stars. The
sample includes single stars, binaries, of which a fair number have
been classified as RS CVn systems, two PK com stars, and a BY Dra star.
in most cases single-temperature theoretical spectra yield acceptable
fits to the observed spectra. Poor single-temperature fits are obtained
for some dwarfs. In these cases there are indications for an extra,
unresolved, hot component.

The stars define two branches in the diagram in which the
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emission Measure per unit area C is plotted against the coronal
temperature T (Fig. 3a). At the high activity end the branches Meet.
The high-teMperature branch contains Mainly giants, the low-temperature
branch only dwarfs.

He argue that -at least- two distinct coronal loop structures
exist: one with a high temperature (~20MK), most pronounced on giants,
and one with a low temperature (~2MK), dominating the emission of
dwarfs. Small amounts of hot loops appear to be present also on dwarfs
(the possibility that cool loops are also present on giants cannot be
excluded). For very active systems the temperature distinction fades,
either because the cool component vanishes, or because the temperature
of this cool component rises until it equals that of the hot component.
On the other hand, if the two classes become of comparable importance
the method of analysis may not be able to distinguish the two
components, given the low instrumental energy resolution.

Halter et al. (1983) demonstrate the existence of coronae with
different characteristic heights, using purely geometrical arguments.
They show that both stars of the binary AR Lac have a coronal component
with a characteristic height near to O.O2 of the stellar radii. The
subgiant of spectral type X also has an extended coronal component with
a height of about one stellar radius.

Comparison of the spectral data with a model for static loops
suggests that the data for mildly active dwarfs, like the Sun and a
Cen A and B, are compatible with a star covered for a large fraction
with large-scale loops with a halflength L - 5 109 cm - fU/2 ~ 0.1R.
n>e more active dwarfs, however, lie in the region where t/F " 109 cm,
and L << Hp. Therefore the loops contributing most to the total X-ray
emission must be very compact, probably more compact than loops in
solar active regions. As the filling factors may be well below unity,
the heating rates may be much higher than in solar active regions (for
which R|| " 8 10~3 erg cm"3 s"1). For active giants we derive L/F ~ 3
!0 1 0 cm, so we obtain h - 1/5 (H./2) - 1/2 R, as an upper limit.
Derived heating rates E,, lie below 0.15/72 erg cm"3 s"1.

These structurally different outer atmospheres obey the same
tight relation between soft X-ray surface-flux density and
chromospheric ca IT H+K flux density (Schrijver et al. 1983, Schrijver
J9B3 - Chapter 2).

Delating coronal emission and rotation rate requires at least a
third parameter. The effective coronal temperature appears to be a
suitable parameter) most stars obey the relation1

C ( | ) T1.51±0.16 p-0.88*0.14 t

This result shows that two parameters are needed to describe the
structure of stellar coronaei the stellar rotation period, and a
parameter that determine* either the specific emission measure or the
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coronal temperature. The stellar luminosity class is at b«st a rough
indicator of the coronal temperature. The (B-V) colour index doss not
play a directly discernable role, although for dwarfs there is a
marginally significant trend of decreasing coronal temperature with
increasing (B-V). To pinpoint the basic stellar parameters that
determine the exact position of a star in a £ - P diagram requires
more observations.

From the tightness of the relation between the x-ray surface-
flux density and the Ca II H and X excess-flux density Schrijver (1983
Chapter 2) concludes that one activity parameter is needed to determine
the flux levels of various parts of the outer atmospheres of stars with
convective envelopes. Relation (12) contains three parameters which
suggests, in combination with the above, a functional dependence of two
of the three parameters. Support for this inferred dependence is found
on the Sum the effective coronal temperature increases with the
specific emission measure. Observations of other stars, throughout
their activity cycles, are required to determine whether this variation
of C with T obeys relation (12), or whether this variation produces
scatter about the relation.

Me are indebted to Prof. C. Zwaan for critically reading the
manuscript. He also thank the staff of the Center for Astrophysics,
Cambridge, who were helpful in the early reprocessing of the IPC data.
Me thank the Kerkhoven Bosscha Fund (Leiden) for a travel grant
facilitating the spectral analyses.

Reference*.

Allen, CM.> 1973, Astrophysical Quantities, 3rd ed., London (The
Athlone Press).

Ayres, T.R., Linsky, J.L., vaiana, G.S., Golub, L., Rosner, R.: 1981,
Astrophys. j. 250, 293.

Baliunas, S.L., Vaughan, A.H., Hartmnn, L., Middalkoop, F., Hihalaa,
D., Noyes, R.W., Preston, G.M., Frazer, J., Lanning, H.s
1913, Astrophys. J. 275, 752.

Batten, A.H., Fletcher, J.M., Mann, P.J.>1978, Publ. Dominian
Astrophys. Obs. 15, 5.

BOhm-Vitense, E.>1981, Ann. Rev. Astron. Astrophys. 19, 295.
Bopp, B.W., stencel, R.E.i 1981, Astrophys. a. Lett. 247, U31.
Breakiron, L.A., Opgren, A.R.t 1979, Astrophys. J. Suppl. 41, 709.
Chugainov, P.F.il97«a, Izv. Krymsk. Ap. Obs. 54, 89.
Chugainov, P.F.i1976b, Inf. Bull. Var. Stars, No. 172.
Craig, I.J.D., Me Clymont, A.M., Underwood, J.H.i 1978, Astron.

Astrophys. 70, l.
Eddy, J.A.i 1976, science 192, 1119.
Bfrwn, B.i 1912, "The jackknife, the bootstrap and other resampling

74



plans", Soc. Xnd. Appl. Hath. Philadelphia, Penn.
Flower, P.J.81977, Astron. Astrophys. 54, 31.
Giacconi, R., Branduardi, G.. Briel, U., Epstein, A., Fabricant, D.,

Peigelson, E., Forauin, w., Gorenstein, P., Grindlay, J., Gursky,
K., Harnden, P.R. Jr., Henry, J.P., Jones, C , Kellogg, E.,
Koch, D., Murray, S., Schreier, E., Seward, F., Tananbatw, H.,
Topka, K., Van Speybroeck, L., Bolt, S.S., Becker, R.H., Boldt,
E.A., serlemitsos, P.J., Clark, G., canizares, C , Markert, T.,
Novick, R., Helfand, D., Long, X.:1979, Astrophys. J. 230, 540.

Golub, L., Harnden, P.R. Jr., Pallavicini, R., Rosner, R., Vaiana,
G.S.: 1982, Astrophys. J. 253, 242.

Gorenstein, P., Harnden, Jr., F.R., Fabricant, D.G.: 1981, IEEE Trans.
on Nucl. Sc. NS_28, 669.

Haisch, B.M., Siaon, Th.j 1982, Astrophys. J. 293, 252.
Hall, D.s.tl98l, in "Solar Phenomena in stars and stellar Systems",

R.M. Bonnet and A.K. Oupree (eds.), 0. Reidel, Dordrecht , p43l.
Hall, D.S., Henry, G.W.: 1979, Bull. An. Astron. soc. 11, 630.
HartMnn, L., Lodono, C , Phillips, M. J. i 1979, Astrophys. J. 229, 183.
Hoffleit, D.s 1982, the Bright star Catalogue, Yale Univ. Obs.,

New Haven.
Hood, A.W., Priest, E.R.i 1979, Astron. Astrophys. 77, 233.
Jakate, S,, Bakos, G.A., Fernie, J.D., Heard, J.F.: 1976, Astron. J.

81, 250.
Johnson, H.L.: 1966, Ann. Rev. Astron. Astrophys. 4, 193.
Kendall, M.G., Stuart, A.: 1968, "The Advanced Theory of Statistics1',

Griffin, London, Vol.3, p285.
Kraft, R.P.: 1967, Astrophys. J. 150, 551.
Lampton, M., Margon, B. Bovver, S.: 1976, Astrophys. J. 208, 177.
Landini, M. Honsignori-Fossi, B.C.: 1975, Astron. Astrophys. 42, 413.
tiinsky, J.L., fiaisch, B.M. > 1979, Astrophys. J. Lett. 229, L27.
Harstad, H., Linsky, J.L., Siaon, T., Rodono, M., Blanco, c , catalano,

S., Karilli, E., Andreus, A.D., Butler, C.J., Byrne, P.B.s 1982,
in "Advances in Ultraviolet Astronomyt Four Years of IUE
Research", Y. Kondo and J.M. Mead (eds.), p554.

Hewe, R., Gronenschild, E.H.B.M., Brinkaian, A.C., Dijkstra, J.H.,
Schrijver, J., Heise, J., Seward, F.D., Schnopper, H.w.,
Oelvaille, J.P.i 1980, in "Cool Stars, Stellar systems and the
Sun", A.X. Dupree (ed.), Cambridge, plO7.

Mewe, R., Gronenschild, E.H.B.M.> 1981, Astron,Astrophys.Suppl. 45, 11.
Hewe, R., Schrijver, C.J., Zwaan, c.il98l, space Science Rev. so, 191.
Mewe, R., Gronenschild, E.H.B.M., Westergaard, N.J., Heise, J., Seward,

F.D., Chlebowski, T., Kuin, N.P.M., Brinkman, A.C, Dijkstra,
J.H., schnopper, J.H.i 1982, Astrophys. J. 260, 233.

Hewe, R., Schrijver, C.J., Gronenschild, E.H.B.M., Zwaan, c.i 1983, in
"Solar and Stellar Magnetic Fieldsi origins and Coronal
Effects", J.o. Stenflo (ed.), p2O5.

Hiddelkoop, P.i 1981, Astron. Astrophys. 101, 295.
Hiddelkoop, P., Zwaan, C.slMl, Astron. Astrophys. 101, 26.
Middelkoop, F,i 1982, Astron. Astrophys. 107, 31.
Pallavicini, R., Peres, G., Serio, s., vaiana, G.S., Golub, L.,

Rosner, R.i iMla, Astrophys. J. 247, 692.
Pallavtclnl, R., Golub, L., Rosner, B., vaiana, G.S., Ayres, J.L.*

1981b, Astrophys. J. 248, 279.

75



Pallavicini, R., Golub, L., Rosner, R., Vaiana, G.S.: 1981c, in
"Second Cambridge Workshop on Cool Stars, stellar Systems and
the sun", H.s. Giampapa and L. Golub (eds.), Cambridge,
Vol. II, p77.

Raymond, J.C., Rosner, R.: 1981, Second Cambridge Workshop on Cool
Stars, Stellar Systems and the Sun, ed. M.S. Giampapa, h.
Golub, S.A.O. spec. Rep. 392, Vol. I, pl5.

Raymond, J.C., Smith, B.W.: 1977, Astroph. J. 35, 419.
Rosner, R., Tucker, W.H., Vaiana, G.S.: 1978, Astrophys. J. 220, 643.
Rucinsky, S.M.t 1981, Astron. Astrophys. 104, 260.
Schrijver, C.J., Hewe, R., Zwaan, C.: 1983, Adv. space Res. 2, 243.
Schrijver, C.J.: 1983, Astron. Astrophys. 127, 289.
Serio, S., Peres, G., Vaiana, G.S., Golub. I>., Rosner, R.; 1981,

Astrophys. J. 243, 268.
Skumanich, A.J1972, Astrophys. J. 171, 565.
Smith, M.A.! 1978, Astrophys. J. 224, 584.
Soderblom, D.i 1982, Astrophys. J. 263, 239.
Swank, J.H., White, N.E.: 1980, in "Cool Stars, stellar Systems, and

the sun". A.K. Dupree (ed.), Cambridge, p47.
vaiana, G.S., Krieger, A.S., Timothy, A.P., Zombeck, P.s 1976,

Astrophys. Sp. sc. 39, 75.
Vilhu, O.: 1984, Physica Scripta Vol. T7, 70.
Matter, P.M.:1981, Dissertation, Univ. of California, Berkeley.
Walter, P.M., Bowyer, S..- 1981, Astrophys. J. 245, 671.
Walter, P.M.: 1982, Astrophys. J. 253, 745.
Walter, P.M., Gibson, O.M., Basri, G.S.: 1983, Astrophys. J. 267, 665.
Walter, P.M.: 1983, in preparation.
Wilson, O.C.: 1966, Astrophys. J. 226, 379.
Zwaan, C.i 1981, in "Solar Phenomena in Stars and Stellar Systems",

R.M. Bonnet and A.K. Dupree (eds.), D.Reidel, Dordrecht, p463.

76



M.T1V1R JM OOU

wonmm. acnvxrr, jm> x-ma

SONKART.

Aspects of magnetic activity of late-type stars ace reviewed:
first, results obtained through the comparison of emissions from
various temperature regimes in the outer atmospheres of cool stars,
than results from stellar soft x-ray sptctroscopy. Spectra obtained
with different instruments (imagine) Proportional Counter and Solid
State Spectrometer onboard the EINSTEIN Satellite, and the Objective
Grating instruments onboard EINSTEIN and EXOSAT) are interpreted
through fits with model spectra consisting of one or two temperature
components, particular attention is given to the analysis of RXOSAT
spectra of Procyon, Capella, and a 2 CrB. Finally various relations
between rotation and different measures of activity are compared. The
effective X-ray temperature, derived from single-temperature fits to
soft X-ray IPC spectra, is shown to play a part in the relation between
activity and rotation.

1 •

Recent observations of stellar magnetic activity have revealed
new aspects of the manifestation of magnetic activity through emissions
from different temperature regimes in the outer layers of the
atmospheres of stars (these temperature regimes are named after their
solar counterparts: chromosphere, transition region and corona).
Magnetic activity occurs in stars on the cool side of the
Hertssprung-ttussell diagram, where stars have convective layers
immediately below the photosphere. Rotation has been shown to be of
print importance in the stellar level of activity.

The structuring of the solar atmosphere by the magnetic field is
used as an example for cool stars in general, ismisaions from the solar
chromosphere and corona originate from intricate patterns in the
magnetic field. Bpectcoheliograms of the chromosphere show the active
regions and the magnetic networkt they resemble magnetograms but for
the indication of polarity. Active regions are very bright in coronal
emissions, although a large fraction of the total coronal emission
originates in fainter loops outside active regions. The magnetic field
above the photosphere can be calculated using measurements of the
photosphsrlc magnetic field. Coronal emissions often outline the
direction of the magnetic field, thus supporting the idea that coronal
and Magnetic activity are closely linked.

Theoretical models for coronal magnetic loops have been
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verified experimentally for the Sun, and have been applied to stars
similar to the Sun as well as to stars of different spectral type or
luminosity class.

This paper summarizes results obtained from the comparison of
emissions from various temperature regimes in the outer layers of the
atmospheres of cool stars, and discusses soft X-ray spectra of
different spectral resolution, in this paper I consider only the mean
level of activity and do not discuss the variations in time due to
activity cycles and to rotation modulation.

2. DIAGNOSTICS TOR STBLUUt ACTIVITY.

The Ca II H+K line-core emission is an easily accessible
diagnostic for stellar activity: conspicuous reversals in the line
cores occur in solar active regions, whereas the reversals are weak in
quiet regions and in coronal holes. Qualitatively, the strength of the
reversals has been shown to measure the magnetic field (e.g. Leighton
1959, Howard 1959). Skumaninch, Smythe and Frazier (1975) established
quantitative relations for the quiet network. Systematic investigations
of stellar Ca II H+K line-core fluxes are being carried out at Mt.
Wilson Observatory (since Wilson 1963, 1968) and at Catania.

Figure 1 summarizes the results of the Ca II H+K line-core flux
measurements (Rutten 1984). The spread in the observed fluxes shows
that the classical parameters, determining the internal stellar
structure, are insufficient to determine the level of stellar activity:
rotation rate has been shown to be of major importance (Section 4) .
Figure 1 also shows the existence of a lower-limit emission in the Ca
II H and K line cores. The few stars below the lower limit appear to
have peculiar metal abundances (Middelkoop and Zwaan 1981) or have been
assigned the wrong luminosity class (Ratten 1984). The emission in the
line wings, measured due to the width of the filter, is the most
important contribution to the lower-limit emission.

The lower limit is important in the comparison of the
chromospherlc emission with activity diagnostics from other temperature
regimes. Figures 2 and 3 relate the soft x-ray emission and different
measures for the Ca II H+K emission (Schrijver 1983: Chapter 2). A
dependence on spectral type and on luminosity class is evident in
Figure 2a which compares the soft x-ray and ca II H+K surface flux
densities. This dependence is absent in Figure 2b, in which x-rays are
compared with the Ca II H+K exe*as flux density (defined as the
difftrance between the measured flux and the lower-limit value AS
determined for stars of the same colour and luminosity class).
Therefore, schrijver (1983> Chapter 2) concludes that A^cal! measures
the chromospberic activity related with coronal soft x-ray emission.
The sample of stars on which this conclusion is based extends from
•«ly r to mid K. Schrijver and Rutten (1980: Chapter 9) show that the
chromospheres of dwarfs later than mid-K differ from those of
earlier-type starsi the Ca II H+K line-core emission no lonqer
represents a major sink in the chromospheric enerqy budqet for thess
•tan. Instead othtr lines, such as the Balmer series, become very
strong.
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0.2 0.4

Figure 1. Surface flux density in Ca II H+K in unaalibrated unite
veraue eolour B-V for (a) main-sequence stare (LC V and IV-V) and (b)
for giante (LC II-III to IV) (Rutten 1984). The full curves represent
the lower boundaries. The dashed line in (a) repeats the lower boundary
for giante from the lower panel (b).

Schrijvtr (19fl3: Chapter 2) uses a multi-dimensional analysis to
arrive at the relation depicted in Fiqure 2b: included in the analysis
ace x-ray and Ca II H+K flux and also the stellar radius and mans. The
analysis shows that the simplest representation of the best-fit
relation 1st

lean (1)

where Px is the soft X-ray surface flux density, and A cail
Ca II H+K excess flux density. The stellar radius does not enter into

the
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Figure 2a. Soft X-ray flux density Fx against the Ca II H+K line-aove
flux density FCaII (adapted from Sahrijver 1983: Chapter 2).
Symbols:
Luminosity class:

B-V
0.6 < B-V
0.8 < B-V

0.6

Giants and Subqiants

II-III/III III-IV/IV

A •

Dwarfs
IV-V/V

O

a
Figure 2b. Soft X-ray flux density Fx against the Ca II H+K excess flux
density bFcall (adapted from Sohrijvev 1963: Chapter 2). Symbols
defined as in Figure 2a. The bar represents the 2 spread around the
relation.

representation (1)} any other measure of activity - such as the total
luminosity in an emission line, or this luminosity divided by the
bolometric luminosity - results in more complicated relations,
involving the stellar radius. Moreover, relations between two emission
parameters other than surface flux densities result in lower
correlation coefficients. For example, Piqures 3a and b compare the
soft x-ray luminosity with the Ca II H+K luminosity. Subtractinq the
observational lower limit in Ca II H+K improves the correlation
markedly, but the spread around the relation remains larger than in
Figure 2b (the errors are indicated by bars in the figures).

The non-linearity of the «!q. (1) indicates that a simple scaling
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Figure 3a. Soft X-vay luminosity Lx against the Ca II H+K excess
luminosity I>caII; Symbols as in Figure 2a. The drawn bar repeats the
error from the flux density relation in Figure 2a, the dashed bar is
the error for the relation between luminosities depicted in this
figure.

Figure 3b. Soft X-ray luminosity Lx against the Ca II H+K excess
luminosityLLcalI' Symbols as in Figure 2a. The drawn bar repeats the
error from the flux density relation in Figure 2a, the dashed bar is
the error for the relation between luminosities depicted in this
figure.

with the fraction of the stellar surface covered with active reqions
does not apply. Apparently the outer atmospheres of stars with
different levels of activity differ structurally .

Relations between flux densities in various spectral lines
originatinq in chromospheres and transition reqions of late-type stars
are tight and non-linear (Oranje, Zwaan and Middelkoop 1982, Zwaan
1983, Oranje 1986). Part of the spread in Piqures 2 and 3 is due to
variability of the stars since the two measures of activity are not
obtained simultaneously. The international ultraviolet Explorer
measures line fluxes simultaneously and the example in Figure 4 shows
that in this case relations are tiqht indeed.

In summary, surface flux densities from various temperature
regimes in the outer atmospheres of late-type stars are tightlv
related, and the relations do not depend on colour or luminosity
class. The relations are generally valid for dwarfs and giants alike,
with spectral types ranqinq from mid F to at least mid K. Binaries,
except semi-detached or contact systems, follow the same relations.
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Figure 4> Transition-region euvfaae flux density F^ (Si IV + C IV +
N V) against ahromospheria surface flux density Fonrom (Si II). Note
that only M Ve emission line stars depart from the tight non-linear
relation Fy/f = 5.5 10~2 ̂ ahr\f^- Single dwarfs and giants, components
of synchronized binaries, and even W UMa and FK Com stars, follow the
same relation (from Sahrijver and Zwaan 1984).

3. X-MT SPBCTR09C0PY.

3.1. Spectra of low oc moderate resolution

W« now turn to x-ray measurements and in particular to data with
spectral resolution. The Imaging Proportional Counter onboard the
EINSTEIN satellite has a rather low spectral resolution, which allows
fits to be made to theoretical model spectra. Schrijver, Mewe and
Walter (1984: Chapter 4) made sinqle-temperature Cits to the data
(Fig. 5) of over thirty stars, using model spectra from Mewe and
Gronenschild (1981). Two thirds of the stars in their sample are
adequately described with a single-temperature fit. For the remaining
stars - all dwarfs of moderate or high activity - indications are found
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Figure 5. Example of a spectrum as observed with the IPC onboard the
EINSTEIN satellite, and the best single-temperature fit.

foe more than one temperature component.
Schrijver, Mem and waiter (1984: Chapter 4) derived X-rav

temperatures and specific emission measures { t; * f ne
2dv / 4JTR^ ) ,

presented in Figure 6. They chose the soecific emission measure as one
of the parameters; this choice is consistent with the choice of the
flux density as the most suitable activity oarameter (Section 2). Note
that ; is nearly proportional to the soft X-ray surface flux density

f(TK (2)

The function f(T) is a slowly varying function of temperature T:
it changes by less than a factor of 1.5 within the temperature range
from 1MK to well over 2owe.

Figure 6 shows that the x-ray temperature tends to increase with
increasing activity. It also shows a division between dwarfs and
giants: dwarfs occupy a band which stars around 3MK at low activity and
which turns over toward higher temperatures at high values of the
specific emission measure. Giants, on the other hand, occupy a strip
between 10 MK and 30MK. Schrijver, Mewe and Walter (1984: Chapter 4)
argue that at least two distinct loop structures exist! one with a low
temperature (~2MR), most pronounced on dwarfs, and one with a high
temperature (~20MK), most pronounced on giants. The poor single-
temperature fits obtained for several of the moderately or highly
active dwarfs in the sample suggest that both tyoes of loops may be
present on some of the dwarfs. For very active stars the temperature
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Figure 6. Specific emission measure versus effective X-r>ay temperature
T (figure adapted from Sahrijver, Mewe and Walter 1984: Chapter 4).
Pull lines indicate where, as a function of area filling factor F and
gravitational acceleration g/gQ, the loop halflength equals half the
pressure scale height. The dashed lines represent Eq. (8) and (9).Sym-
bols as defined in the original figure, see p66.

distinction fades: either the temperature of the cool component rises
with activity until it equals that of the high-temoerature component,
or the cool component becomes less important than the hot component.
Hore definite conclusions require high-resolution spectra as obtained
with the EXOSAT grating spectrometer, discussed below.

Schrijver, Mewe and Walter (1984: chapter 4) derive several
conclusions concerning characteristic heights in the corona and
volume-heating rates. Here we compare characteristic loop lengths to
the pressure scale height of the corona. We use a model for magnetic
loops in magneto-hydrodynamic equilibrium derived by Rogner, Tucker and
Vaiana (1978). This model is used to define loci within the emission
measures vs. temperature diagram where the loop halflength equals half
the pressure scale heights

4.8 (3)

with r the area filling factor for footpoints of magnetic loops and
the gravitational acceleration in solar units.
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Figure 7, Pulse-height spectrum of Capella as recorded with the Solid
State Spectrometer in the EINSTEIN satellite. Indicated is a best fit,
and the contribution from the high-temperature component (figure
adapted from Suank and Uhite 1980).

Half the pressure scale heiqht separates compact loops, emitting
over their entire length, from extended loops, emitting only
significantly in the lower parts. Lines in Figure 6 indicate where, as
a function of gravitational acceleration and area filling factor, the
loop (half)lengths equal (half) the pressure scale heiqht. For points
above the line for which the filling factor equals unity the
interpretation is unambiguous: the corresponding coronae consist of
loops that are shorter than the pressure scale height, and the filling
factor is smaller than unity. The smaller the filling factor the
Shorter the loops need to be. For points below the dividing lines the
conclusion is ambiguous: either the loops are larger than the pressure
scale height and have large filling factors, or they are compact if the
corresponding filling factors are small.

The spectral resolution provided by the solid State Spectrometer
onboard the "ifJSTEIN satellite is sufficient to resolve some lines or
line complexes, thus allowing a much better determination of the x-ray
temperature (fee Figure 7). Swank and White (1900) analyse several
spectra obtained with this instrument, using the spectral model
developed by Raymond and Smith (1977). The results 'jr a sample of RS
CVn binaries (also from other authors quoted in their article) are
summarized in Figure 8. There are clear indications for two (or more)
temperature components. The presence of the high-temperature component
is mainly inferred from the spectrum between 2 and 6 A (see Figure 7).
The low-temperature component lies around 5MK - 10NK, the
high-temperature component between 20MK and 100MK, with large errors.
Apparently two temperature components are typical for evolved stars. In
some case* one of the two components is dominant which allows a single-
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g 8. Emission measure (EM) versus temperature T for t-JO-component
fits to SSS spectra of RS CVn systems (figure from Suank and White
1980).

component fit as has been attempted for the IPC data (above). In other
cases the emission measures of the two temperature components are
comparablet these fits probably correspond to the poor sinqle-
temperature fits found by Schrijver, Mewe and Walter (1984: Chapter 4).

3.2. High-resolution spectra.

Objective qratinqs provide a much better resolution than the
instruments discussed in Section 3.1. We concentrate on results
obtained with the qrating facility of EXOSAT (Mewe 19*4). Three
late-type stars (Procyon, Capella, and o 2 CrB) have been observed with
the second low-energy telescope and the 500 lines/mm qrating in
combination with the thin (3000 \) Lexan filter.

Characteristics of X-ray spectra from optically thin plasmas are
shown in Figure 9. The figure presents two soft x-ray spectra
calculated for the KXO5AT 500 lines/mm qratinq combined with the thin
Kxan filter, using the model of Mewe and Gronenschild (1981). Effects
degrading the spectral resolution are ignored in these examples.
Figure 9a shows a 1MK spectrum: the spectrum consists of emission lines
only. In the 19 MK model spectrum the continuum is important between 40
and 100 A where the emisf'sn lines are very weak.

Tht results of tne fits to the BXOSAT spectra of Procyon,
capella and o 2 crB are presented in Figures 10, 11 and 12. An average
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Figure 11. tiXOSAT 600 I/mm observation of Capella (with thin Lexan
filter) compared aith a best-fit speotrum (dashed) itith tuo temperature
component*: 3-3MK (dotted) and 18HK (dashed dotted) (see Table I).
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Figure 12. BKOSAT 500 l/rm observation of a 2 crB (with thin Lexan
filter) compared aith a beet fit spectrum (dashed) of two temperature
components: 3.4MK (dotted) and 16MK (daehed dotted) (eee Table I).

TAW? I Pits of two-temperature spectra (model of Mewe and Gronen-
schlld 1941) BXOSAT 500 lines/mm qrating spectra.

Object Spectral tvoe T2

Procyon
Capeila
o2crn

F5-V
(05III+) M i l l
r*V (+G1V)

2
2
S

10««
io">
10>«

0
3
3

.7

.3

.4

2
1.
a

n
1027
102B
1029

2
18
16

.6
1
1 .5

102'
1028
1030

background (determined in an area of the detector alonqside the
sDectrum) hat been subtracted, and the two sides of the qratinq
spectrum have been averaged. The spectra of procyon and a2 CrB have
been rebinned to reduce the noi*e.

AC least two temperature components are needed to fit the
spectra. Note that in these spectra ratios of intensities of resolved
lines or line clusters can be used to determine the temperatures, as
opposed to the I PC or SSS spectra (compare Figures 5, 7, 10, 11
and 12)> Table I lists the results of the two-component fits. Clearly,
the two-temperature model is a simplified representation. The
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TABLE II Photometric KXOSAT soft X-ray observations of late-type star*
(Brinkman et al. 1985). Theoretical spectra were folded with the filter
transmission and instrument response function; comparison with measured
ratios of counting rates for different filters yields temperatures and
emission measures. Hvdroqen column densities are taken as in Table I;
for Procyon 1.10'" was adopted.

Object Observation Temperature
date

Procyon

Capella

21

25
29

Oct.

Oct.
Sep.

1983

1983
19«3

1
or 0

5
a

.7 -

.5 -
_

2
0
13
11

.7

.8
8
4
4
1

10*'
1027

1027
in**

discrepancy between observed and best-fit spectrum at the line
complexes around 120 and 135 A implies a ranqe of temperatures around
the hottest component. Nonetheless, the aqreement between the observed
and best-fit spectra is quite satisfactory (in statistical terms) for
these two-component fits.

Table TI presents results of photometric measurements of
Procyon, Capella and a? CrU by Brinkman et al. (1985). The total
soecific emission measures aqree well with the results listed in
Table I.

Picture 13a compares results from observations of CaDella with
different instruments. The relative importance of the two components
varies over the years. In the available data the emission measure of
the high-temperature component is always smallest. Fiqure 13b shows the
total specific emission measure for Capella as a function of time. The
variability is small: only the SSS data of September 1979 differ
markedly from the other values. Althouqh the ratio of the emission
measures of the two component varies, the total emission measure
remains constant; consequently the total radiative energy output of the
corona varies only slightly.

In Fiqure 14 the data for Procyon, Capella, and o 2 CrB are
compared with the relation (3) derived from the loop model of Rosner,
Tucker and vaiana (1973). This comparison suqqests that the emission
from the coolest of the two components oriqinates in loops smaller than
the pressure scale heiqht, whereas emission from the hotter of the
component! stems from loops that are of the order of the pressure scale
heiqht (or smaller if the filling factors are much smaller than unity).

3.3. Conclusions from x-ray spectroscopy

The UXOflvr and SSS data exclude one of the two alternative
conclusions of Schri-jver, Mewe and Walter (1984t Chapter 4). The data
suqqtst that stellar coronae typically connist of two componentst one
with a temperature of approximately 3MK and one of about 20MK. on
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Figure 13a, Specific emission measures c vs. effective X-ray
temperature T for two-component fits to spectra of Capella.
Observations are from three different instruments (Mewe et al. 1983,
Swank et al. 1981): Solid State Spectrometer and Objective Grating
Spectrometer (both on EINSTEIN), and the EXOSAT 500 linee/im grating
facility.

Figure 13b. Total specific emission measure <; for Capella against
time, Capella varies little over the five-year period in the data.

giants and on active dwarfs both components are qeierally present,
althouqh the ratio of emission measures depends on the level of
activity and on the luminosity class. The spectra of Capella obtained
over the years snow that the ratio of emission measures of the two
components may vary with time, whereas the total emission measure
remains remarkably constant.

Dwarfs of low activity may display only a single component
around 2NKi no conspicuous, permanent feature with a temperature of
20HK is found on the Sun. Procyon, an early subqiant of low activity,
also displays signatures of two temperature components, but in this
C A M the cool component is only approximately 0.7MK. possibly the very
early spectral type, and the correspondinqly thin corrective layer,
result in a distinct magnetic structure. There is no equivalent for
this cool 0.7MK component on the Sun.

Because of the apparent two-temperature structure of coronae of
stars of spectral type later than n the temperature derived from the
IPC data it probably determined bv the ratio of the emission measures
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Figure 14- Specific emission measures z, vs. coronal temperatures T, as
Figure 6, for best-fit spectra with ttx> temperature components to
EXOSAT 500 lines/mm grating spectra.

of the temperature components. This IPC temperature does not reflect
a real temperature component and is therefore referred to as the
effective x-ray temperature.

4. DOTATION AND ACTIVITY.

Stellar rotation is che dominant parameter in stellar activity.
Wilson (1966) and Kraft (196?) pointed to this fact indirectly: both
the rotation rate (throuqh magnetic braking) and the chromospheric
activity (throuqh diffusion of a supposedly primordial magnetic field)
were thought to decrease with age. Skumanich (1972) suqgested a causal
relation between rotation and activity throuqh a dynamo mechanism.

Observational evidence that the rotation rate, rather than the
stellar age, determines the stellar activity is provided by the study
of synchronized binaries (Middelkoop and Zwaan 1981, Zwaan 1981,
Hlddelkoop 1982J, which do not differ in their behaviour from ainqle
stars (Middelkoop 1902, Rutten 1986, also Walter 19A2). The similarity
in behaviour of single stars and binaries breaks down for very short
orbital periods, where the systems are semi-detached or contact
binaries (e.g. vilhu 1984).

Here we discuss three empirical relations that have been derived
from x-ray data. Pallavicini et al. (1981) derive a relation between
the soft x-ray luminosity (Lx) and the stellar equatorial rotation
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velocity (vc) (Pig. 15a) s

Lx * 2 10 2 7 v r"
2 . (4)

Their sample consists mainly of dwarfs.
(falter and Bowyer (1981) establish a relation for RS CVn stars,

i.e. evolved stars in synchronized binaries (Fig. 15b):

LxAbol (O P"'/2 • (5)

with Lboi the bolometric luminosity of the star and P the rotation
period.

Schrijver, Mewe and Walter (1984: Chapter 4) use results from
the I PC spectral analysis and arrive at a relation between specific
emission measure C , effective x-ray temperature T and period p
(Fig. 15c):

This relation is valid both for giants and for dwarfs. Figure
15c also compares the 2a error bars from the relations (4) to (6) on a
logarithmic scale: the spread for relation (6) is half as large as the
spread for relations (4) and (5).

At first sight the relations suggest a different dependence on
rotation period. A direct comparison of the three relations, using the
same data, is achieved in the following way. Dividing both sides of
Eq. (4) by the stellar surface area 4ITR2* yields:

Fx - 5 f(T) (:> P"2 « (7)

where f(T) varies by less than a factor of 1.5 within the range of
temperatures presently discussed (see Section 3) . In other words, Eq.
(7) directly relates the specific emission measure and period.
Substitution into Eq. (6) yields, through elimination of the period P:

t, (:) T2.7 . (fl)

Points on this relation obey both Eq. (4) and Eq. (6). Figure 6
plots this relation in the diagram of specific emission measure versus
effective X-ray temperature. Despite the large spread around the
relation it is a first approximation of the relation between C and T
for dwarfs (the bulk of the stars in the sample of Pallavicini et al.
are dwarfs) .

A similar comparison between Eqs. (5) and (6) yields:

? (O T5/6 Fboi-2-75 . <9>

Figure 6 shows the relation (9) for an F b o l corresponding to an
effective temperature of 5000 K (a mean value for the evolved stars in
the sample); the relation for data obeying both Eq. (5) and Eq. (6) is
a rough approximation of the evolved stars in the sample.

93



32

f 31
in

i 30
_i

Ol

o 29

28

27

26

-

_

-

X

m

* '^

• *

• 2« 12

• m

1
log Vr ( Km s"

1 )

Figure 15a. Soft X-ray Luminosity Lx (0-15 - 4- k.eV) against rotation
velocity vr (figure adapted from Pallaviaini et al. 1981). The bar
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Figure 15b. Ratio of soft X-ray luminosity over bolometria luminosity
Lx/Lftoi vs. period P for RS CVn binaries (figure adapted from Walter
and Bouyer 2982). The bar measures the 2a error.
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Figure 15c. Specific emission measure resulting from Eq. (6), using
period P and effective X-ray temperature T, against the observed
specific emission measure . Figure adapted from Sahrijver, Meue and
Walter (1984: Chapter 4). The 2a bars compare errore in Figures ISa, b
and c. Symbols as in Figure 2a. The data for the quiet and. active Sun
are connected by a bar.

It appears that the relations (4), (5) and (6) between rotation
and activity agree fairly well. Contrary to Bq. (4) and ("5) , >5q. (6) is
valid both for dwarfs and for qiants, and the spread around the
relation is smaller than for the other two relations. Schriiver, Mewe
and Walter (1984: chapter 4} reach the same conclusion by plottinq
their data in the diaqrams used in the papers of Pallavicini et al.
(1981) and Walter and Bowyer (1982).

The accuracy of relation (6) and its validity for stars of
different luminosity class and spectral type implies that the effective
flux density and the Ca TI H+K excess flux density (Eq. (1)) is
independent of luminosity class and colour. Schrijver (1983: Chapter 2)
concludes that a single activity parameter determines the flux levels
of various temperature regimes in the outer atmosoheres of stars with
convective envelopes. Since relation (6) contains three parameters this
conclusion suggests a functional dependence of two of its three
parameters. This dependence is supported by two observational
indications: a small effect is found on the Sun where the effective
X-ray temperature increases with the specific emission measure during
the solar cycle (Figure 15c). Another effect is the observed increase
of the effective x-ray temperature with increasing activity (Figure
6) . This implies that the ratio of the emission measure of the
high-temperature component to that of the low-temperature component
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increases with increasing activity. However, the quantitative
determination of the dependence of the ratio of emission measures on
stellar parameters requires more high-resolution x-ray spectra than are
available at present.

JtCR

I thank F. Paerels for allowing a first analysis of the spectrum of
Capella, and for help in implementing the calibrations of the filter
transmission and of the dispersion relation of the grating. C. zwaan
and R.G.M. Rutten helped to improve the manuscript.
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6.

APPROPRUVTE m n s TOR IBB BOBWIO»-*CT1V1T« KEUtflOH.

R.G.M. Rutten1, C.J. Schrijver1'2

1 Sterrewacht "Sonnenborgh", Zonnenburg 2, Utrecht, The Netherlands

2 Laboratory for space Research Utrecht, Beneluxlaan 21, Utrecht,
The Netherlands

We analyse the dependence of chromospheric, transition-region
and coronal radiative losses on rotation rate for cool dwarfs with
periods between 0.3 and 50 days, the surface flux density appears to be
the appropriate unit in which to express the radiative emission
Measuring stellar Magnetic activity: the luminosity introduces an extra
dependence on stellar radius, whereas the flux density normalized by
the bolometric flux density introduces a strong dependence on colour.
The dependence on colour in relation between rotation period and
radiative flux density cannot be repaired by a sinple colour-dependent
scaling of the rotation period. Por instance, dividing the rotation
period by the turnover time of convective eddies does not yield a
single, colour-independent relation between rotation and activity.

The colour-dependent shape of the rotation between Ca II excess
flux density and rotation period, together with a steady spin-down due
to magnetic braking, explain the existence of the Vaughan-Preston gap,
and the absence of the gap beyond B-V - 0.9.

Keywords: stars: chromospheres of, stars: late-type.
Stars: coronae of, stars> rotation of.

Chapters 6 and 9 emerged from an extensive paper on rotation and
activity developed by both authors. This original paper was split, and
each of the authors took the responsibility for the text of one of the
two parts.
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1. Introduction.

Magnetic activity in cool stars may be measured by the radiative
tlux in many emission lines formed in the chromosphere and transition
region, and by the sott X-ray flux from the corona. The large body of
data presently available shows that these chromospheric and coronal
emissions are related to the rotation period of the star. This paper
studies the relations between the stellar rotation rate and the
emission in the chromospheric Ca II H and K and C II lines, the
transition-region C CV line and the coronal soft X-ray emission for F-,
G-, and K-type dwarts.

Several quantitative relations between the level of
chromospheric or coronal activity and the rotation rate of dwarfs have
been published, but there is no agreement on the most suitable unit to
measure the level of activity. Before a study is attempted to relate
stellar magnetic activity to other stellar parameters it must be
decided which radiative unit is best suited to measure the level of
activity tor stars, irrespective of the effective temperature, stellar
radius, colour and bolometric luminosity. Therefore we first
concentrate on the choice of the appropriate unit.

The units most often used are the flux density F, the flux
relative to the bolometric flux R » F/Fbol' o r t n e luminosity L -
4vK*t*. but there is no obvious, a priori, reason to prefer one
activity unit over another. Preference for one of these units should be
based on empirical arguments, namely whether a particular unit yields
simple, tight relations, with as few additional parameters as possible.

I. I. Rotation and activity.

He briefly review some papers which study the relation between
stellar magnetic activity and rotation rate.

Noyes et al. (1984) study the relation between the emission in
the Ca TC II and K line cores and the rotation period for a sample of
K-, G-, and K-type dwarfs. They use the unit H'^JJ, which is the flux
.in the II and K tine-cores J*cajj corrected for a photometric
contribution in the line wings, divided by the bolometric flux. The
scatter in their relation between R'call a n d t h e rotation period P is
drasticaJJy reduced by the introduction of a colour-dependent scaling
factor 7C(R-V) for the rotation period. They find that this scaling
factor T C{O-V) resembles one of the models for the characteristic
turnover time ot eddies in the convective envelope as computed by
Gilman (198O). Martmann et al. (1984b), however, find no conclusive
evidence supporting normalization of the rotation period by the
convective turnover time in their study of the dependence of the Hg II
h and k line-core emission on rotation rate.
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Waller (1982) uses the sane relative unit Rjf ( x b o l
x o ) ia st"dy the relation between the soft X-ray emission and the
rotation period P tor a sample of F-, G- and K-type dwarfs. He finds
thai RJJ is related to P through a power law, with a change in the
exponent ot the relation near P • 12 days for G-type dwarfs. He
speculates that this Knee in the relation is related to the bifurcation
in the level ot chrontoapheric activity discovered by Vaughan and
Preston ( 198O).

Rutten (1986b) relates the Ca II H and K line-core flux density
at the stellar surface with the stellar rotation period. He finds that
the ca tt flux density is closely related to the rotation period for
(•'--, G- and K-type dwarfs and giants; his colour-dependent relation
exhibits a break similar to the break noted by Halter (1982).

schrijver, Hewe and Walter (1984: Chapter 4) relate the soft
X-ray flux density Fx to the rotation period for rather active dwarfs
and giants. They tind that the soft X-ray emission measure (. which is
roughly proportional to Fx, varies with the rotation period and with
the characteristic coronal temperature derived from soft X-ray spectra.
The dependence on the coronal temperature reappears as "overactivity"
in Rutten's (1986b) analysis.

Catalano and Marilli (1983, see also Marilli and Catalano, 1984)
express the emission in the Ca tc K line core as a luminosity Lg, and
Tind a s.ing.le relation between log ly and P valid for the ?-, G~, and
K-type dwarts in their sample. Rutten (1986a) demonstrates that this
conclusion is untenable on the basis of a larger sample. Moreover,
llasri, fiaurent and Walter (1985) reject the use of luminosities in
their study of the activity-rotation relation for F- through K-type
dwarfs and giants in binary systems since no dependence is found
between i^tr' l*tgil o r (pX a n d t h e rotation period.

.1.7. Units for radiative emissions.

Relations between radiative emission from P-. G-, and K-type
stars in chroaospheric and transition-region lines and in the coronal
soft X-ray emission (see Ayres, Marstad and TAnsky, 1981; Oranje, Zwaan
en Middelkoop, 1982; Schrijver, 1986> Chapter 3; Oranje, 1986) may be
used in the comparison of different units for the radiative emission.
The relations between the various chromospheric excess emissions (i.e.
the emission above the minimal emission level; see Schrijver, 1936:
Chapter 3) or transition-region emissions are linear within the errors.
These relations remain tight and linear regardless of the unit (e.g. P,
R or T,) used, since any scaling of the flux to arrive at another unit -
e.g. with effective temperature or the stellar radius - merely causes a
shift of. the data along the tlux-flux relations.

The relations between radiative emissions from the corona and
the chromosphere, however, are non-linear (Schrijver, 1986: Chapter 6)
and therefore sensitive to the unit in which the emission is expressed.
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The analysis by Schrijver (1983: Chapter 2) of the relation between the
coronal soft x-ray emission and the Ca It H and X line-core excess
emission shows that the flux density F is the unit which yields a
simple relation, independent ot colour or radius. Dividing F by the
bolometric tlux density F^toX y"-elds a relation which is almost just as
tight and also virtually independent of colour and luminosity. Using
the luminosity, however, results ?n a distinct difference between
dwarfs and giants (see schrijver, 1985: Chapter S-Pig. 3b), so that the
luminosiiy f. is not the appropriate unit to express radiative fluxes
When stars ot different colour and luminosity are compared.

... The data.

Me use a sample of 75 dwarfs ranging from spectral type F to K
with measured rotation period (see Table I for references). The
rotation period P is obtained from the modulation of the Ca II H and K
flux or of some broad-band flux, or from the orbital period of
supposedly synchronized binary systems (see Rutten, 1986b). The Ca II H
and K line-core tlux densities have been measured with the Ht. Wilson
Ca It H and X photometer (Vaughan, Preston and Wilson, 1978; see
Rut ten, 1984, tor the method to derive flux densities). The flux
density *catt in two 1.09 A FWHM passbands centred on the H and K
lines exhibits a colour-dependent minimal flux density for dwarfs and
giants (see Rutten, 1986a). Subtraction of this minimal flux density
trom Fcaxt yields the exceas flux density AFcall- Schrijver (1983:
Chapter ?., .1986« Chapter 3) shows that subtraction of this minimal flux
density removes a dependence on colour in the relation between the ca
II II and K Jine-core flux density and the soft X-ray flux density Px

for V- to K-type stars, yielding:

log Px = 1.67 log A P ^ J J + S.50 (1)

Apparently, subtraction ot the minimal flux density corrects for
contributions to the signal that are not related to magnetic activity.

Note that for the most active stars Kq. (l) is not valid:
Schrijver (1986: Chapter 3) argues that the exponent of the relation
between Fx and AFcad is larger than 1.67 for Px > 10

6 erg cm"2 s"1,
but an accurate relation has not yet been determined.

H-type dwarfs are omitted from this study because for these
coolest dwarfs AKCa]1 cannot be used as an accurate measure for
activity (Schrijver and Rutten, 1986* Chapter 9),

The C It and C IV line flux densities have been measured with
the International Ultraviolet explorer; these data are taken from
Oranje (1986) and references therein.

The soft X-ray flux densities (0.15 - 4 kev) have been measured
by the I1KA0-2 RCNSTRtN satellite, and are taken from Schrijver (1983:
Chapter 55, see references therein) and from Schrijver, Howe and Walter
(1984: Chapter 4).
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Table I. Sources ot the observational data. Stars ax* indicated by BD
nuebers, naae, or Van Bueren no. for Hyades.

Star

Sun
183S
2454
3651
4628
692O
7345
13974
1616O
16673

17925
20630
22049
25998
28804
29697
3O495
45088
70958
83950

86146
89744
92168
9573S
97334
98230
IOO18O
UH5OI
114710
115404

IISIOO
124425
13US6A
131156D
133640
141004
144515
146361
149661
150484

period
p

l
i
l
l
i
i
l
6
I
I

I
I
t
1
2
I
1
I
I
6

I
I
I
I
1
6
I
1
I
I

t
I
I
1
6
1
1
I
I
6

Dele renews •

Call

l
t
i
i
i
i

I

l
i

I
I
i
l

l
l
i
i

i
i
i
i
i

i
l
l
l

l
l
i
1

I
l

l

l. Rutten, I9*6a
9.. Oran-Je, 1986
3. Schriiver at al.,

flux
Ctl

2

2

2
2

2

2

2

2
2

2

2

2

2

2

CIV

2

2

2
2

2

2

2

2
2

2

2

2

2

2

X-ray

3

4

4

4

3

3
4

5

3

I9»4l Ch. 4

star

152391
154417
156026
160346
163611
165341
166181
166620
175742
175813

1821O1
187691
190007
190406
200391
201091
201092
203454
2O686O
212754

216598
219834B
222317
VB 22
VB 26
VB 29
VB 31
vB 5O
VB 52
VB 63

VB 64
VB 69
VB 73
VB 79
XY M O

period
p

l
l
l
1
6
1
1
1
1
6

1
1
1
1
6
1
1
1
1
1

6
1
1
1
1
1
1
1
1
1

1
1
I
1
2

4. Schrtjver and

can

l
l
l
l

l
l
l
l

l
l
l
l

l
l
l
l
l

l
l
l
l
l
l
l
l
l

l
l
l
l

flux
CII

2

2

2

2

2

2

2

Rutten* ]
5. schrljver, 1 M 3 I Cti
6. Batteri et al., 1971

i. 2
1

CIV

2

2

2

2

2

2

2

L9M

X-ray

5

4

4

4
4

5

5

5
5
5

S

i Ch. 9
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15 2.0
log P [days]

2.0

log P [<"/*!

Figure t. The ca It H ana K line-core axcaas flux density AFCaII (a)
and the soft X-ray flux density Fx (b) versus the rotation period P for
F- , G- and K~type dwarfs. The curves in (a) are derived by Rutten
(\9B6a); these relations are converted using Ba. 1, and plotted in (b).
The bar indicates the solar minimum and maximum activity level.

Symbols: B-V B-V
0.4 - O.S Q O.S - O.6 ©
0.6 - 0.7 0 0.7 - O.9 O
O.9 - J.4 A

3. Rotation and activity.

Figure la shows the Ca II H and K excess flux density caii
against the rotation period V for V-, G- and K-type dwarfs. The curves
in J'igare la represent relations for different colour intervals based
on a .larger BawpJe also including giants (Rutten, 1986b). Note that for
periods below 30 days the relation is virtually independent of colour.

Hecause AKCaj] is tightly related to Px, independent of colour
and .luminosity (Kq. 1 ), the dependence on colour in a diagram of A C a I I

versus P for dwarfs muot be consistent with the dependence on colour in
vx versus p. Pigure ib shows Kx against P for dwarfs listed in Table 1.
•The curves trow figure la are converted into curves in Figure U> using
Kq. l. As mentioned in Section 2, the exponent of the relation between
Fx and At'caM tor the most active stars is larger than the value 1.67
in Kq. I; for the dashed curve in Figure lb an exponent of 4 is
estimated trow Schrijver's (1986* Chapter 3) analysis. Figure lb shows
that the data agree with the colour-dependent relation from Figure la,
confirming the consistency of the rotation-activity relations for the
Ca TT H and K, and the soft X-ray flux density. The spread in Fx around
P - 8 days may reflect overactivity as discussed by Rutten (1986b).
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©
3

lOgP [aays]

Ftfluro ;?. The c (C and C IV flux density F (a and c) and the /lux
normalized to the bolometrtc flux R - P/F'bol (b and d) versus rotation
period, 'itia sample contains F-, G- and K-type duarfs; all stars ulth P
< 0.7 days are ft UMa type binaries.

symboias H-v B-V
O.4 - 0.6 0 °'6 • °-9 ©
O.9 - }.i (J > S.I 0

Mt. Wilson Ca II measurenents cannot be used to detemine
the activity-rotation relation for rotation periods below one day,
because the most rapidly rotating stars are components of close
binaries ot which the variations in radial velocity are larger than the
width of. the line-core passbands of the photon*ter. Since the sample of
X-ray neasureMents ot rapidly rotating stars is far too snail we use
the flux in the c ct and C iv lines. Figure 2 plots the flur density F,
and the fclux density relative to the boloaetric flux density R, in the
chroMospheric C IC line and the transition-region C IV line against
rotation period (see Table I). For rotation periods below one day, the
c tl and C IV emissions decrease with decreasing rotation period. This
behaviour was discovered by Vilhu and Rucinski (1983).
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Figure 3. The rotation betueen Ca tl H and K Itna-core excaas flux
density AF C a f r and rotation period P for different colour intervals.
Relations for P > 2 days are taken from Rutten (i9B6a) uttereas the
relation for P < X days is converted from the relation betueen the C II
flux density and period. The arrows -point out the knee in each of -the
curves.

the tlux density yields a colour-independent relation with
rotation period up to P » 10 days (Fig. 2a and c). In contrast,
noTmal'i.xation ot the tlux density with the boloaetric flux density
introduces a dependence on colour (Pig. 2b and d ) .

The colour-dependence Cor P > 10 days, which is conspicuous in
the relation between the Ca K H and K excess flux density and the
rotation period (fig. la), is suggested by only one star in the saall
saxple of C It and C IV Measurements in Figure 2s HD 114710 with P «
i?..4 days and B-V =« 0.S7.

The rotation-activity relation for the Ca II H and K excess flux
density in Figure I May be extended towards shorter rotation periods by
converting the curve in Figure 2a for f C u to AFcall using the
reJation between AV C a I ] and KCJJ given by Schrijver (19B6J Chapter 3).
The resulting activity-rotation relation for periods ranging fro* P -
0.3 up to P - 3OO days is shown in Figure 3.
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4. Discussion and conclusions.

4.1 The appropriate unit for stellar activity.

Conclusions drawn from activity-rotation diagram depend on the
unit in Which activity is expressed. In the search for the appropriate
activity unit the comparison of stellar radiative emissions (see Sect.
1.7.) shows that the flux density at the stellar surface F is only
Marqinally better than R - f/^bol- T h e luminosity l>, however,
introduces a strong dependence on the luminosity class.

Figure 7. shows that the relation between the C II and C IV flux
densities and the rotation period do not depend on colour for periods
below JO days. )n contrast, the relations for R^j and Rj-jy do depend
on coJour (see rig. 2b and d). This colour-dependence cannot be
repaired by a scaling of the rotation period, e.g. with the convective
turnover time scale (see Sect. 4.?.), since the slope of these relations
changes sign at V - i day. Heiice, the dependence of activity on the
rotation rate for dwarfs suggests that the flux density F is to be
preferred over the normalized flux density R.

4.2 The convective turnover time.

The rotation-activity relation presented in Figure 3 shows that
the shape ot the dependence of &c&ix on P changes with colour for P >
10 days so that no colour-dependent scaling of P in the AFcall ~ p

diagram can yield a single relation for all P- to K-type stars. Noyes
et aJ. (.19B4), however, find a tight relation between the Ca II
.line-core emission and the rotation period P divided by the convective
turnover time T C. They use R'caH -

 pcall/pbol ~ "phot' i#e- ***
relative flux corrected for a line-wing contribution Rphot in the
passbands of the Mt. WiJson Ca II photometer, as a measure for the Ca
11 II and K line-core emission. The line-wing correction Rphot i s ^ o w e r

than the empirical minimal emission of Rutten (J986a) or Schrijver
(.1986: Chapter 3 ; see aJso Section ?.. HenceJ "phot underestimates the
correction that should be applied to the measured line-core emission.

Subtraction of Rphot instead of the empirical minimal emission
makes the distinction in shape of the rotation-activity relation for
different colour intervals less apparent. That is the reason Why Noyes
et al. (1984) can reduce the colour-dependence in the rotation-activity
relation by dividing P by Tc-

The convective turnover time rc(B-V) as computed by Gilman
(1980) contains an additional free parameter a, where a is the ratio
X/Hp of mixing length to pressure scale height. The slope of
rc a(B-V), which changes with a, is essential in obtaining a tight
relation between R'caH and P/Tc. Moreover, the normalization of P/T C

is unrestricted: only the colour dependence of rc and not its
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maqnitude influences the result, tn hindsight, it is therefore not
surprisinq that the colour-dependent scaling of the rotation period
applied by Noyes et al. (1984) resembles one of the models for re.

Gilliland (J98i>) computes convective turnover time scales T C

for stars of different mass during evolution off the main sequence. Por
an evolved .1 .fe MQ star, tor example, rc is an order of magnitude
smaller at spectral type mid-P and a factor of 3 larger at spectral
type late-G, compared to a main-sequence star of the same spectral
type, mitten (1986b) shows that cool dwarfs and giants, binned in
colour intervals, follow the same rotation-activity relation when the
rotation period V is used directly. Therefore, Gilliland's (1985)
results imply that scaling of P with rc would disrupt the independence
of luminosity of the rotation-activity relation.

We conclude from this Section, as frost the previous Section 4.1,
that the data do not favor introduction of the convective turnover time
in the activity-rotation relation.

4.3 Vhsi Vaughan-Preston gap.

vaughan and Preston (1980) find a low population density for
dwarfs of intermediate activity in the range 0.5 < B-V < 0.9 from a
survey of the Ca TI H and K line-core emission of stars in the solar
neighbourhood (see Pig. 4). Hartmann et al. (1984a) suggest that the
Vaughan-Preston gap in a diagram of the Ca II H and K emission versus
colour is introduced because (i) the Ca II H and K emission does not
drop below the minimal emission and (ii) the Ca II H and K emission
saturates Cor high activity levels. These effects, however, apply to
all cool dwarfs and do not explain why the Vaughan-Preston gap
disappears for stars with B-V > O.9. Moreover, Figure 4 demonstrates
that subtraction of the minimal Ca II H and K flux density does not
remove the lower boundary to the Vaughan-Preston gap.

Me suggest that the Vaughan-Preston gap may be explained by the
temporal evolution of stellar activity: during the main-sequence phase,
the rotation period of a star increases due to magnetic braking, and
the ca ci H and K line-core emission decreases according to the
rotation-activity relation. The dependence of the Ca II H and K excess
flux density on the rotation period (Fig. 3) shows that for fairly
rapidly rotating stars AFcan decreases weakly with increasing
rotation period P. Above a critical rotation period P*, at the knee
indicated by an arrow in Figure 3, AFcall decreases faster with P. The
Jcnee in the relation between APCaIJ and P is particularly pronounced
for stars in the colour range 0.5 < B-v < o.9, whereas the knee
disappears towards cooler stars. As the rotation period increases
gradually due to magnetic braking, stars pass the critical period P* at
some time during their evolution and consequently exhibit a rapid drop
in the excess flux density AFcan. The diagram of AFcjm versus B-V
shows .indeed a lower population density of stars just below the curve
corresponding to the rotation period P* for 0.5 < B-V < 0.9. since
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Figure 4. The Ca IC H ana K excess flux density AFpaf j versus colour
for field duarfs. The curve indicates the activity level of the Knee in
the relation between rotation and activity (arrows in Fig. 3).

APCn]j decreases smoothly with increasing P for stars with B-V > 0.9
the Vauqhan-Preston gap disappears for these coolest dwarfs, fie
therefore propose that the Vaughan-Preston gap is the result of the
shape of. the A^caU ~ p relation in Figure 3, as was already
coirjeotured in essence by Walter (1982) from soft X-ray data.
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CHAPTER 7

X-RAY SPECTROSCOPY OF CAPELLA AND O2 COBOHHE BOKEALIS.

C.J. Schrijver and R.Mewe

Sonneriborgh Observatory and Laboratory for space Research,
Utrecht, The Netherlands.

1. Introduction.

Soft X-ray emission is observed from many of the stars on the
cool side of the Hertzsprung-Russell diagram. Typical temperatures for
stellar coronae range from 2 MK up to 50 MK (Schrijver, et al. 1984 -
Chapter 4). The low spectral resolution and the limited wavelength
range of the proportional counters did not allow an accurate
determination of the temperature structure of the coronae. Among the
few exceptions we find the spectrum of Capella as obtained with the
HEAO-2 objective Grating Spectrometer, which extended up to 4oA (Mewe
et al. 1982) and SSS spectra (Swank and White 1980) up to 3oA.

The EXOSAT Transmission Grating Spectrometer allows a detailed
spectral analysis in the range from loA to 25oA. We study spectra of
Capella and of o2CrB. The distance of Capella is 13 pc (Paresce 1984)
and of o2CrB 22 pc (Hoffleit 1982). Paresce (1984) finds a range for
the hydrogen column density of log»H(cm"

2) « 17.9-18.7 for Capella.
Prom his relation between column density and distance we infer a value
of logUH = is.5-18.9 for CT

2CrB. The effects of the interstellar
hydrogen absorption becomes stronger with increasing wavelength.

2. Observations.

The EXOSAT TGS comprises a set of grazing incidence mirrors, a
500 lines per millimeter transmission grating, and a Channel Multiplier
Array in the focal plane (De Korte et al. 1981, Brinkman et al. 1980).
capella and o2CrB were observed with the thin (300 run) Lexan filter.
The spectra (Fig. 1) are corrected for an average background, and the
two first-order wings averaged.

110



a in o

S S S S S S S S S S S S S "

«OJ}S6UV jad B̂ unoo
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Capella was observed on 25 Oct. 1983 for 23.5 hours, oZ C r B o n

29 Sept. 1983 for 26.1 hours. Capella shows a virtually constant
signal, but a strong flare in c2CrB is excluded from the present
spectral analysis.

3. loop models.

Skylab observations made in the early seventies revealed that
most of the coronal plasma shows up in magnetic loops, for which
several models have been proposed. Quasi-static models, developed to
describe loops during a large fraction of their lifetime, assume that
the mass flow in the loop is negligible. Rosner, Tucker and Vaiana
(1978, RTV) analytically solve simplified equations of energy and
pressure balance: they neglect gravity, assume uniform heating, assume
the cross section to be constant along the loop, and approximate the
radiative loss function by power laws. The spectrum emitted by the loop
is obtained by integrating contributions along the (two halves of the)
loop (s the distance along the loop):

FX "2/ fX ( T > ne ds " 2J fX.(T> ne [is)"1 ** * 2J f X ( T ) DEM<T> *"" <*>
with ne the electron density, and f^CT) the spectrum at temperature T.

The differential emission measure for a loop with a maximal
temperature Vm, and base temperature T Q in the RTV model is:

DEM(T) » a {1-(T/Tm)
5/2(1-To/T)

?/'2} ~1/Z, T > 2 105 K . (2)

The DEM is constant, but for a narrow peak near the maximal
temperature.

4. Spectral analysis.

Figure 2a is a contour map showing line intensities as a
function of temperature and wavelength (calculated with the spectral
code of Hewe et al. 1985, folded with the EXOSAT instrument profiles,
and for a hydrogen column density of 8 1018 cm"2). At temperatures
below 2 HK very strong lines are formed between 16oA and 2OoA- These
lines are absent in the observed spectra (Fig. 1). The observed peak at
isA is quite narrow, confirming that contributions of temperatures up
to 2.5 HK are relatively weak, since O VII lines at 21.6A and 22.lA
would widen the complex. The relative strengths of the isA (0 VIII, Fe
XVI-XVIII) and 90-14oA (Fe XVIII-XXIII) complexes demonstrate that a
single temperature does not adequately describe the observed spectra.

We compare the observed spectra with model spectra generated
with the DEM(T) of the RTV loop model (Eq. (2)). The relatively small
contrast between contributions from different temperatures (Fig. 2b)
causes some very strong lines, formed around 1MK, between I60A and
200A to be present in the theoretical spectra. The weak observed
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Fig. 2a Contour maps of llnestrengths, after folding model spectra
(Meue et al. 1985) tilth the EXOSAT characteristics. The hydrogen column
density equals 8 1018 cm"2. Fortythree spectra, spaced roughly
logarithmically In temperature, taere used to generate the plot. Contour
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Fig. 2b. Contour maps as Fig. 2a for model spectra generated using the
differential emission measure for the RTV model for quasi-static loops
(Bq. 2). The temperature scale represents the maximal loop temperature.

signal between I60A and 200A therefore implies that the contrast
between the emission measure for the maximum temperature in the loop
and that at lower temperatures is higher than predicted by the RTV
model for quasi-static loops.

5. Discussion.

The EXOSAT TGS spectra for Capella and a2 CrB are incompatible
with models for static loops such as developed by Rosner, Tucker and
Vaiana (1978). The contrast in emission between the maximal temperature
and lower temperatures as predicted by these models is too small to be
compatible with the observed spectra, several alternatives to the RTV
model axe discussed below.

Models for the condensation-dominated phase in flaring loops
predict differential emission measures that are steep over a
considerable range in temperature (Antiochos 1981). The x-ray
intensities of Capella and o^CrB vary little and slowly, but for one
strong flare in o'CrB (not discussed here). Therefore, if the coronal
emission is emitted mainly by flaring loops a large number of small
flares would be required, with a total emission much larger than that
of the non-flaring loops. Such a situation seems unlikely.
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Alternatively, if the bulk of the loops are quasi-static, the
steep differential emission measure distribution DEM(T) may be the
result of the geometry of the loops: if the cross-section of the loop
is such that most of the matter of the loop is at high temperatures a
steep DEM(T) results (Vesecky et al. 1979). A possible non-uniformity
of the heating function also affects the DEM(T): if the heating occurs
preferentially at lower temperatures (or low in the loop Where the
magnetic field is still strong) the DEM(T) is steeper than for loops
with uniform heating (Craig et al. 1978). Hence, a further analysis
should try to interpret the observed X-ray spectra in terms of models
of loops that are quasi-static, but with a variable cross-section and a
non-uniform heating.
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CHAPTER 8
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Suaaary.

The binary X Andromedae (HD 222107) is studied with the
low-energy (HE) and medium-energy (ME) X-ray detectors of EXOSAT. The
binary was observed on 5 Dec 1983 and on 8 Jan 1984, half a rotation
period later. The ME data for these two observations are compatible
with emission from a plasma with a temperature of "20 HK. If the
strong variability in the hard X-ray flux is interpreted as due to
rotational modulation the scale height of the hot plasma should be
significantly smaller than the stellar radius. If the ME data are
interpreted in terms of a model for quasi-static loops, the footpoints
of these loops cover at most a few percent of the stellar surface, and
the pressure of the hot plasma may exceed -20 dyn cm"2. The LE data
require an additional, weaker contribution by a cooler (T«"8 MK)
component that does not vary significantly with time. A later
observation of X And on 6 Aug 1984 shows no significant change in the
two plasma components as inferred from the observations on 8 Jan 1984,
when the same hemisphere of the primary star was observed.

Key words: stellar coronae; late-type stars;
X-rays.

l. Introduction

The X-ray emission of cool stars is likely to originate in
plasmas confined in magnetic loops or arches. Basic parameters of these
magnetic loops can be inferred from the coronal X-ray emission by means
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of photometry or spectroacopy. The study of the time variability of the
emission yields information on the geometry of the corona1 jJiasma. For
example, from the depth and shape of the X-ray eclipses of the
short-period binary AR Lacertae Halter, Gibson and Basri (1983) deduced
loop heights of -Z 1O9 cm for both binary components and found some
evidence for loops with a height of 4 1011 cm on one of the stars.
White et al. (1986) apply cooling laws to the decay phase of an X-ray
flare on Algol and derived the height of the flaring loops to be a few
tenths of the stellar radius.

In this paper we derive constraints on the geometry and physical
parameters of the x-ray emitting plasma from variations in the X-ray
emission of X. Andromedae. The primary of this single-line,
non-eclipsing spectrosoopic binary is a G8 TV-III star, with a radius R
= 6.2RQ - 4.3 1O

11 cm (Gratton 1950) and an assumed mass of l.8Mo
(Baliunas and Dupree 1979). The orbital inclination is 1O°-4O° (Dorren
and Guinan 1984). The distance of approximately 23 pc is derived from
the stellar radius and the angular stellar diameter of 0700254
(Baliunas and Dupree 1979). This distance is only slightly larger than
inferred from the parallax of 0.-050 (Hoffleit and Jaschek 1982).

The binary X And shows evidence for a spot cycle with a period
of 6 years; the latest minimum in spot coverage occurred in the fall of
1982, when the optical modulation implied a rotation period of "55
days. The average seasonal magnitude <V> equalled 3.81 mag. In 1979, at
maximum spot coverage, these values were "52 days and <V> = 3.89 mag.
(Dorren and Guinan 1984, Baliunas and Vaughan 1985).

Rotation and revolution are generally synchronized in evolved
binaries with periods below 100 days (MiddelXoop and Zwaan 1981). In X
And, however, the rotation period of *54 days as deduced from optical
broad-band photometry (e.g. Boyd et al. 1983), differs significantly
from the revolution period of 20.5 days (Pearce, in Gratton 1950).

Modulation of the optical magnitude with rotation is common
among active late-type stars; this modulation may be caused by an
inhomogeneous distribution of cool starspots (e.g. Eaton and Hall 1979,
Hall 1981). The large optical variations (amplitude 0*3) of X And
imply that the starspots may cover 10-25% of the visible hemisphere
(Dorren and Guinan 1984), contrasting markedly with the 1% 3pot
coverage for the Sun. The starspot regions of X And appear to live
longer than a rotation period of the star.

Modulation is also expected in chromospheric, transition-region
and coronal emissions from the active regions associated with the spot
regions. The line-core emission of the Ca II K line is indeed enhanced
up to a factor of two during the maximum in spot coverage. The
transition-region lines also brighten by 50% or more during the maximum
spot coverage (Baliunas and Dupree 1982). The He II X 1640 X line also
shows a similar anti-correlation with optical brightness (Baliunas and
Dupree 1982); in active coronae a large fraction of the emission of
this line is probably due to recombination following photoionization by
coronal XUV radiation (Zirin 1975, Hartmann et al. 1979, Hartmann,
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10'

10"

wavelength (J5)
Figure 1. Instrument efficiency of the EXOSAT Ll CMR for the thtn (3LX)
and thick (4LX) lexan, aluminum/parylene (AX./P) and boron (B) filters.

Dupree and Raymond 1982). Consequently an anti-correlation with optical
brightness is also expected for coronal emission. Baliunas, Guinan and
Dupree (1984) who compared measurements of the X-ray flux observed with
the HEAO-l and -2 satellites between 1978 and 1980, do not find a
correspondence between X-ray emission and optical magnitude V.
Therefore, they suggest that the X-rays emanate from regions high above
the stellar surface that, unlike the chromosphere and transition
region, remain in view throughout the rotation period. The comparison
of the X-ray observations, however, is complicated by the use of
different instruments, each with their own bandpass, and by temporal
variations of the coronal activity. Therefore, we observed the x-ray
flux of X And with the same ins* rument (EXOSAT) over a restricted
period of time.

2. Observations

The binary X Andromedae was observed with EXOSAT on 5 December
1983, on 8 January and on 6 August 1984 with the low-energy (LE)
channel Multiplier array (CMA) behind the U. telescope (see de Xorte et
al. 1981) and with the wedium-ener.jy (ME) proportional counter array
(M« Turner, smith and Zinnermann 1981). The effective energy ranges of
the US ana ME are approximately O.1-4 and 1-7 JceV, respectively. The LE
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Table 1. Source counting rates for IE (LI) observations with la
statistical error, and total effective observing time toba.

Nr.

1

2

3

Obs. date

5 Dec 1983
(19:08-
21:22 OT)

8 Jan 1984
(06:09-
12:51 OT)

6 Aug 1984
(13:38-
18:56 OT)

Filter

3LX
Al/P
4DC

3I0C
Al/P

B

4IX
Al/P

6
3UC

tobsC

1185
2379
1063

7812
5422
6484

1182
3754
5122
5514

) Cts/S :

0.764
0.254
0.687

0.535
0.157
0.038

0.431
0.160
0.053
0.535

±

±

±
±
±

±
±
±

t la

0.027
0.011
0.026

0.009
0.006
0.006

0.020
0.007
0.006
0.010

observations were performed using the thin (3000 A) lexan (3LX), thick
(4O0O A) lexan (4LX), aluminium/parylene (Al/P) and boron 'B) filters.
The effective area of the photometer for the various filters is given
in Fig. 1 (Paerels 1985).

Table 1 lists counting rates, corrected for background,
determined from a source detection cell of 180" x 180" fcr all filters,
except the boron filter. The boron filter strongly scatters photons in
the soft 0.1 - 0.188 keV energy band, so that a large box of 400" x
400" was required to collect all counts.

Table 2 lists the ME counting rates, corrected for the
background as determined from off-source slew data.

3. Coronal Modelling

Following Schrijver, Mewe and Halter (1984 - Chapter 4) and Mewe
et al. (1983) we interpret the X-ray data in terms of a simple model
for uniformly heated, quasi-static magnetic loops in local energy
balance, and with constant cross section (Rosner, Tucker and Vaiana
(FTV) 1978, Serio et al. 1981). A scaling law relates the plasma
pressure p (dyn cm"2), the loop half length L (cm) and the maximal loop
temperature T,,^ (K):

Tmax " c t'PL>1/3' (la)
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Table 2. Counting rates for HE observations. Listed are: effective
observing time tobg; (s-b): source minus background; (b): background
counting rate.

obs. date

5 Dec 1983
(18s45-
21:26 OT)

8 Jan 1984
( 05:49-
13JO8 OT)

6 Aug 1984
(12:49-
19:02 UT)

^bs

8850
10O1O

25610
1310

21320
4370

(S)

(s-b)
(b)

(s-b)
(b)

(s-b)

(b)

0
3

0
1

0
3

cts/s

.67

.14

.35

.35

.29

.32

±
±

±
±

±
±

±

0
0

0
0

0
0

1CT

.06

.03

.05

.03

.05

.04

with C a 1400 for loops smaller than the pressure scale height Hp
(cm) = 5 IO 3 T ( g / g g ) - 1 ; the solar data roughly match this relation
(e.g. Rosner, Tucker and Vaiana 1978, Pallavicini et al. 1981, Doyle,
Mason and Vernazza 1985).

The observed coronal temperature T o b s is somewhat lower than
Tmax- I n a static PTV loop the observed temperature T o b s as o.61
(Kuin and Martens 1982), so that:

Tobs " 9 0 0

The analysis of EXOSAT soft X-ray spectra of Capella and a 2 CrB
(Schrijver and Mewe 1986 - Chapter 7) suggests that loops are wider at
the top than at the footpoints, consistent with divergent magnetic
field lines in a bipolar active region. Vesecky, Antiochos and
Underwood (1979) modelled such loops numerically, using a line-dipole
model with diverging field lines, for a ratio T between the cross
sections at the apex and the footpoint up to so. They show that the
factor C in the scaling law (la) decreases for increasing I\ e.g. for
r = 10, C ^ 9oo. The diverging geometry of the loop increases the
amount of hot material near the top of the loop, so that T ^ g will be
close to TInax. Hence, the relation between T o b s, p and L is the same as
Eq. (lb). Since C appears to be rather insensitive to the loop model we
use the value given in Eq. (lb).

The luminosity of an optically thin plasma equals:
L s 1 f(T)n| dv «< f(T) I n| dv = f(T) e, (2)
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Where ne the electron density and V the volume contributing to the
X-ray emission; e is the emission measure of the plasma and f(T) the
emissivity per unit electron density as a function of plasma
temperature T. Equation (2) is strictly valid for an isothermal plasma,
otherwise T should be considered as a weighted average value. The
specific emission measure C (cm~5) equals (Schrijver, Mewe and Walter
1984 - Chapter 4):

€/47TR2 = C - G F p 2 (2kT)~2 1, (3)

where R is the stellar radius. The factor G corrects for the fraction
of the corona occulted by the stellar disk: 00.5 for compact loops,
and G approaches unity for long loops; we assume an average value of
G-0.7. The fractional coverage of the surface with footpoints of M
identical coronal loops with cross section A, the surface filling
factor, equals F - 2NA/4JTR2.

Combination of Equations (la), (lt>) and (3) yields with the
emission scale height I a L for L < Hp/2 (with C29 i n 1 Q 2 9 an~5 • Ll0
in JO10 cm and the observed coronal temperature T6 in MK):

C29 ' 0.017 (900/C)6 (F/L10) T*. =- O.124 (900/C)
3 (Fp) T6 . (4)

4. A two-temperature Model for the X-ray emission

In interpreting the EINSTEIN SSS spectra of X And and other
active late-type stars Swank et al. (1981) showed that the spectra can
be described adequately by two temperatures, one at 4-8 MK, and the
other above <"20 MK. Although the energy resolution for the present
photometric observations is insufficient to exclude contributions fro*
other temperatures, only two temperature components are seen in
high-resolution EXOSAT X-ray spectra of capella and a2 crB (Schrijver
1985 - Chapter 5).

The temperature and the emission measure of the coronal plasma
are derived from the X-ray observations using model spectra for
optically thin, isothermal plasmas (Mewe, Gronenschild and Van den Oord
1985), convolved with the instrumental response function. He correct
for interstellar absorption using a value of Ng « 3 1018 cm~2 for the
hydrogen column density; this is an average value in the expected range
of (2 - 6) 1018 cm~z, as determined from an analysis of the hydrogen
tya line profile (see Baliunas and Dupree 1979, also Paresce 1984).

The hard X-ray flux measured with the EXOSAT ME detectors on
three occasions varies by a factor of two. Fig. 2 shows that the shape
of the spectrum does not change significantly: the spectra are
adequately described by emission from an isothermal plasma of
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Figure 2. Spectra of A. And measured olth ME detector on 5 Dec 1983
(a). 8 Jan 1984 (b) ana 6 Rug 1984 (c). The data are fitted ulth
spectra calculated for an optically thin, thermal plasma (Heuo,
Gronenscntld and Van den Oord 1985). The temperatures for the three
consecutive observations are 21, 20 and 2O MK.

approximately
cm"3 and 4 105

20 ± 3 MK. The emission measure varies between 2 10',53

The variation in the LE counting rates is significantly smaller
than that in the ME counting rates (cf. Tables l and 2). This is
explained by the presence of an additional cooler plasma component that
contributes only to the LE counting rate, but is not observed by the
HE. The observed counting rates in the various filters require the
temperature of this cool component to be higher than T-4 MK, which is
is the lowest crossing point of the 3IX and Al/P filter curves in a
diagram of e versus T (Fig. 3). Such a cool component is allowed by
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Figure 3. Relation betueen emission measure € vs. temperature T as
required by the observed counting rates (see Table l) for filters 31X,
4LX, AL/P and B. The curves are derived for an optically thin, thermal
plasma (Heine. Gronenschtld and van den Oord 1985), assuming a hydrogen
column density Na » 3 1O

18 an'2.

the ME data because the sensitivity of the HE detector drops rapidly
for tenyperatures below 10 MK. A two-tewperature nodel is only
compatible with the ME and LE counting rates if the tenperature T2 of
the cool component lies between 7 MK and 10 MK, with a best estimate of
8 MK. Fig. 4 plots combinations of enission Measures for the two
temperature components that are compatible with the observed counting
rates for the LE (3LX, Al/P and B filters) and ME observations. The
uncertainties in the counting rates are estimated to be 10% for the ME
counting rate, 4% for the 3LX and Al/P counting rates and 16% for the B
counting rate. Vne combined data can be described by pairs of emission
measures within ranges indicated by the circles in Fig. 4.
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Table 3. Loop parameters for the two-temperature model (Tj=2O MK, T,=e
MK); (£53)1 is the emission measure for component i in units of 1 0 "
cm~^> (Czs^i i s t h e specific emission measure for component i in 10 2 9

cm"5; p is the pressure in dyn can"2, l»10 is the loop half length in 10
1 0

cm and F is the surface filling factor for coronal loops.

tos. nr.

1
2
3

<e53>i

4 . 3
2 . 4
2 . 1

£53)2

0.44
0.47
0.55

U29>1 <

1.8
1 . 0
0 . 9

<29

0.
0 .
0 .

>2 <

19
20
24

Fp)

0.
0 .
0 .

1 <

73
4 0
36

FP)

0.
0 .
0 .

19
2 0
24

PL1O>1 (

1100
1100
1100

PL10>2

70
70
70

Given the two temperatures T1»20 MK and T2-8 MK we derive
emission measures for the EXOSAT observations. CTiese values are listed
in Table 3 together with the corresponding values of the specific
emission measure C29 <

i n lt)29 c*" 5)- Vne variation of the X-ray
emission appears to be mainly due to the hot component. Note that the
average specific emission measure of X And is about hundred times
larger than the average specific emission measure of the solar corona
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Figure S. ME spectrum of 5 Dec 83 fitted by a too-component model.
Temperatures and emission measures for the too components are: Ti = 20
MK, €} = 4.3 1O

53 an'3 and T2 = 8 MK. €2 * 0.44 1O
53 cm'3.

((29 " 0.03), but an order of magnitude below that of the most active
late-type stars (see Schrijver, Mewe and Walter 1984 - Chapter 4).

Figure 5 shows that the two-temperature fit to the ME spectrum
of 5 Dec 1983 agrees slightly better with the data at energies below 2
keV than the single-temperature fit in Fig. 2a. The overall quality of
the fit, however, is the same.

5. Discussion and conclusions.

5.1 Time variability of the coronal emission.

The cool 8 MK component does not vary significantly over half a
year in the two-temperature model for the corona of X And (Sect. 4).
Since the flux from the cool component as observed on 5 Dec 1983 and on
8 Jan 1984 - spaced by half a rotation period - is the same we conclude
that the cool component is distributed more or less evenly over the
stellar surface or is not significantly eclipsed, nie emission from the
hot 20 MK component changes by a factor of two as the star rotates over
•"180". This flux enhancement of the hot component might be caused by
the occurrence of a flare. In the LE and ME data we did not find
evidence for flarelike activity. However, Baliunas et al. (1984)
reported the detection of a large flare on X And in the ultraviolet
which persisted for over 5 hours, with only a small intensity decrease
during that time. Since the EXOSAT observation lasted only 3 hours, it
may be possible that we observed a flare just during a prolonged
Maximum, but this seems unlikely since the ME spectral fits for all
three different observations do not yield any significant change in
temperature (cf. Fig. 2), Whereas for x-ray flares on Algol (White et
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al. 1986) and on 02 C r B (Brinkman et al. 1985) a significant
temperature rise (of over a factor of two) was observed during the rise
and maximum of the flare. Therefore we interpret the intensity change
of the hot component as a variation of the quiescent emission caused by
rotation. The binary X And is not an eclipsing binary, but it can be
argued from the low mass function that the inclination relative to the
line of sight lies between 10° and 40° (see Dorren and Guinan 1984).
This allows the hot component of the corona to be at least partially
masked due to the rotation of the star if it is confined to narrow
activity belts around the equator and if the X-rays originate
relatively close to the stellar surface.

Guinan and Hacker (1985) mentioned that the visible light output
from X And was essentially constant from late 1983 through July 1984;
they suggest that this behaviour may be explained by either the spots
being located near the star's rotational pole, or, by the fragmentation
of several large spots - which were present before that period - into
numerous, smaller spots that are evenly distributed across the visible
stellar surface. The latter case is compatible with the model of a cool
X-ray component homogeneously distributed over the stellar surface and
an inhomogeneously distributed hot component contributing only little
to the area coverage. Such conditions may be reconciled with a static
loop model (see Section 5.2).

Swank et al. (1981), using the spectral model of Raymond and
Smith (1977), obtain from the EINSTEIN sss data: Tj = 36 ± 12 MK and
T 2 - 6.8 ± 0.3 MK with emission measures ej = €2 = 2 1O53 cm"3.
Compared with the EXOSAT data this suggests significant long-term
variability in the cool component.

From the emission measures and temperatures given in Table 3 we
derive the corresponding X-ray fluxes (in the 0.15-4 keV energy
interval) for the three EXOSAT observations using the spectral model of
Mewe, Gronenschild and Van den Oord (1985). The values of the total
flux and for each of the two temperature components 1 and 2 are listed
in Table 4.

In order to investigate the long-term behaviour of the corona we
compare these fluxes with data obtained earlier with the HEAO-1
observatory (energy pass band 0.15-2.8 keV) (Halter et al. 1980) and
with the solid state Spectrometer (SSS) (0.4-4 keV) (swank et al. 1981)
and the Imaging Proportional Counter (IPC) (0.15-4 keV) (Halter and
Bowyer 1981) of the HEAO-2 EINSTEIN observatory. He have converted
these fluxes to the same energy interval of 0.15-4 keV, using our
line/continuum spectral model with a temperature of 20 MK for the
HKAO-1 flux (which corresponds to the dominant hot plasma component;
the HEAO-t instrument does not provide information about the cooler
component), and the temperatures and emission measures from Swank et
al. (1981) (see above) for the HEAO-2 SSS observation. For the IPC
measurement we use the conversion factor (1.7 1O~11 erg cm~2 ct"1) as
given by Schrijver (1993 - Chapter 2). The resulting correction factors
by which the original flux values from the references are multiplied
are 1.073, 1.144 and 0.85, for observations 4, 5 and 6 (Table 4),
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Table 4. X-ray fluxes fx (0.15-4 keV) at Earth, with la uncertainties;
the EXOSAT fluxes are given also separately for the hot (1) and cool
(2) components as discussed in Section 4.

Nr. Gbs.date JD 244+ fx (10"
11 erg cm"2 s"1) instrument

1 5-12-B3 5674.33 8.7 ± 0.9 7.6 ± 0.7 (1) EXOSRT LE/ME
1.1 ± 0.5 (2)

2 8-01-84 5707.88 5.4 ± 0.9 4.2 ± 0.7 (1)
1.2 ± 0.5 (2)

3 6-08-84 5959.17 5.2 ± 0.9 3.8 ± 0.7 (1)
1.4 ± 0.5 (2)

4 8-01-78 3517
5 22-06-79 4047
6 8-01-80 4247

2.9 ± 1.6
5.8 ± 1.8
4.2 ± 0.9

HEAD-I
EINSTEIN SSS
EINSTEIN IPC

respectively. The resulting flux values, given in Table 4, show a
fairly large spread. Notwithstanding the uncertainties of
cross-calibration of various instruments with different energy bands,
they suggest a long-term variation of a factor of 3 or so over a period
of 6 years.

Mewe and Schrijver (1986) attempted a correlation of the X-ray
flux with the photometric phase. They did not have access to the
photometric data but instead extrapolated the published light curves
running up to the beginning of 1983 (Boyd et al. 1983, Dorren and
Guinan 1984), assuming that no drastic change in the phase had
occurred. However, recently Guinan and Wacker (1985) reported from
unpublished observations that - in contrast with the earlier
photometric behaviour - the visual magnitude of X And was virtually
constant during the period of the EXOSAT observations, while the
photometric phase drastically changed. For this reason we do not
attempt now to correlate X-ray flux with spot coverage and the
preliminary result of Mewe and Schrijver (1986) on the possible
correlation of the X-ray flux with spot coverage should be interpreted
with care.

5.2 loop parameters.

The two-temperature model for X And is similar to models for
the coronae of other active, late-type stars: fits to the EINSTEIN SSS
spectra (Swank et al. 1981) and the transmission-grating spectra of
EINSTEIN (Mewe et al. 1982) and EXOSAT (Brinkman et al. 1985, schrijver
1985 - Chapter 5, schrijver and Mewe 1986 - chapter 7) of other RS cvn
systems require two temperatures in the ranges 4-8 KK and above about
15 MK.

126



we associate the two temperatures with two families of magnetic
loops. With Eq. (4) we derive from the emission measures values for pF
and pL (see Table 3). In order to derive explicit values for loop
pressure p, filling factor P and loop half-length L, additional
information on one of these parameters is needed. The strong
variability in the hard x-ray flux suggests that the hot component is
at least in part occulted by the primary star through rotation, so that
the length L2 of the hot loops is probably smaller than the stellar
radius R (4.3 1011 cm). The corresponding upper limit to the fractional
coverage Fj of the stellar surface with footpoints of hot coronal loops
is, with Egs. (4a) and (4b), 1.6% or 3% for the two hemispheres,
respectively. (Note that if the flux tubes diverge (i.e. T > 1, see
Sec. 3) the filling factor at coronal heights will be larger.) The
corresponding lower limit to the pressure in loops containing the hot
plasma is 20 dyn cm~2.

We cannot derive constraints on the loop size for the
low-temperature plasma since no appreciable modulations are observed
for this component. Should the base, pressure correspond to the
transition-region pressure («»4 dyn cm"2) derived by Baliunas et al.
(1984) from density-sensitive UV lines (for comparison, pressures of
solar loops in quiet and active regions and very compact active-region
loops are 0.16, 1.4 and 5 dyn cm"2, respectively), the length of the
cool loops equals: L2 - 0.4F - 1.8 10

11 cm, with a filling factor of
5%.

An order-of-magnitude estimate of the total number N of loops
covering the total stellar surface can be made if the radius of the
loop is proportional to the length: r = QtL. in that case the surface
filling factor equals F - 0.5 N a2 (VR) 2. With an aspect ratio a »
0.1 we obtain a lower limit for the number Hj_ of hot loops of 6(R/L)
for the S Dec 83 observations and 3(R/L) for the 8 Jan 84 and 6 Aug 84
observations. For the cool loops we estimate N2 «* 6O if p » 4 dyn
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Summary.

Chromospheric, transition-region and coronal emissions of M-type
dwarfs and of dwarfs of earlier spectral type are compared, and related
to the rotation period. M-type dwarfs depart from the relation between
chromospheric Ca II H+K excess flux density AFCaII and the coronal
soft X-ray flux density Px as defined by stars of earlier spectral
type. The H-type dwarfs also show low chromospheric emissions in
comparison to stars of earlier spectral type and the same rotation
period P. He show that these deviations are caused by a deficiency in
the chromospheric emission, rather than by an increase in the coronal
emission. Me derive a colour-dependent correction factor y that places
H-type dwarfs with (B-V) > 1.3 on the relations batween Fx and 6Fca.lI
. and on the relation between APCaII and P. Provided that this
correction factor y is applied, the ca IX H+K line-core excess flux
density APcall s e z v e B a s a colour-independent measure of the stellar
magnetic activity over the spectral range from mid-F through mid-M.
Similar corrections are required for the Mg II h+k and Si II flux
densities of M-type dwarfs, but for transition-region flux densities
the correction is much mstaller, if necessary.

Key wordst -starst chromospheres of, -starsi coronae of,
-stars: late-type, -stars• rotation of,
-•tarsi emission-line.
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1. Introduction.

Magnetic activity is observed in many stars with a convective
layer underlying the photosphere. Various radiative fluxes have been
used to measure the stellar level of activity at chrcnospheric,
transition-region, and coronal temperatures. Several relations between
these activity diagnostics have been proposed (e.g. Ayres, Marstad and
iAnsky 1981, oranje, Zwaan and Hiddelkoop 1982, Pallavicini et al.
1982, Schrijver 1983 - Chapter 2, Zwaan 1983, Oranje and Zwaan 1985),
but the authors used different units in which to express the activity:
luminosity, flux density, or flux density relative to the bolometric
flux density. Schrijver (1983 - Chapter 2) and Rutten and schrijver
(1986 - Chapter 6) demonstrated that the stellar level of activity is
best expressed in terms of the radiative surface flux density.

Pallavicini et al. (1982) concentrated on the relation between
the chromospheric Ca II K or Hg II k line-core flux density and the
coronal soft X-ray flux density. They obtain well-defined relations for
P- to early K-type dwarfs, but the cooler dwarfs deviate systematically
from the main relation: late-X and H-type dwarfs show a deficiency in
the chromospheric emission or an excess in the coronal emission, or
both.

Schrijver (1983 - Chapter 2) derived a tight relation between
the coronal soft X-ray surface flux density Fx and the chromospheric Ca
II H+K line-core excess flux density

P x - 3.4 10
s (APcaH ) 1 6 7 . (1)Px

excess flux density &FCaII
 i s obtained by subtracting a

colour-dependent lower-limit flux density (Schrijver 1986 - Chapter3,
and Pig. l) from the measured flux density PcaU . Relation (1) holds
over four decades in Px: x-ray surface flux densities range from ten
times weaker than in solar coronal holes, up to more than ten times
brighter than in a typical solar active region. Relation (1) is valid
for giants and for dwarfs with spectral types ranging from mid-F to
mid-X.

schrijver (1986 - Chapter 3) shows that the subtraction of the
empirical lower-limit flux (as presented in Figure 1) yields better
correlations than any other subtraction. The lower-limit flux in
*CaUis o n l y Ptrtly caused by the relatively wide passband of the Ca II
H+K photometer. Schrijver (1986 - Chapter 3) shows that another part of
the lower-limit flux in Pcg^measures non-radiative heating in the
outer atmospheres of cool stars, that is unrelated with stellar coronal
activity; he suggests that this part of the lower-limit flux (the
so-called baaal flux) measures purely acoustic heating.

Comparison of any pair of surface flux densities from the outer
atmosphere of cool stars yields the surprising result that most stars
from early-P to late-X obey the same, tight relations (cf. schrijver
1986 - chapter 3). The same relations hold for dwarfs and for giants,
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figure 1. The Ca it H+K line-core surface flux density FCaIt
 v s*

colour for main-sequence stars. For stars utth (R-I)j * 0.78 (Figure
la) the conversion from S to FCalI (see text) is performed using
Rutten's (l9B4t>) ccf ((B-V)). tihereas for cooler stars Ccf ((R-I)j)
(Figure 2) is used. The curve represents the basal flux density
implied by the full sample of giants and dwarfs (see also Rutten 1986).

for single stars and for cowponents of wide or synchronized binaries,
except for very close binaries with periods shorter than a day (Oranje,
3985). Vbe M-type dwarfs, however, deviate Markedly from relations
between flux densities originating at chroaospheric and coronal
temperatures as defined by stars of earlier spectral type (Pallavicini
et al. J982> Zwaan 1983, Oranje 1986), even if the basal fluxes are
subtracted.

this paper addresses the behaviour of M-type dwarfs both in
relations between coronal and chrostospheric flux densities and between
flux density and rotation period. Section 2 presents the data, section
3 relates the coronal soft X-ray flux density and chromospheric flux
density with rotation period, section 4 quantifies the departure of
M-type dwarfs fro* flux density relations defined by stars of earlier
spectral type. Section 5 analyses other chroaospheric lines and
discusses how to use the ca II H+X flux as a chromospheric diagnostic.
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Figure 2. Conversion factor C c, (Bq. 2) as a function of colour (R-l)j
. The full-draim line Is the relation CCf ((R-l)j) derived tn this
paper; the dashed line ts Rutten's (1984b) function Ccf((B-V)).
Symbols: + active stars (Ca [I H+K S Index > 4), O moderately active
stars. • stars of Ion activity (S Index < 1).

2. Data.

2.J ca II H+K data.

the ca ti H+K line-core fluxes were Measured with the Ca II H+K
photometer at Ht. Wilson Observatory (described by Vaughan, Preston and
Wilson, 197S). The photometer Measures the ratio of the total flux in
two 1.09& FWHM windows centered on the Ca II H and K line cores, to
the total flux in two (2oA wide) continuuM windows located on either
side of the doublet (at 3901A and 4O0lA). The ratio 3 of these
counting rates is corrected for the sky contribution and converted into
absolute fluxes using a procedure developed by Middelxoop (1982). The
total flux Pcaxj in the H and K windows per unit area of the stellar
surface is related to S through]

pCall " l<>~ 1 4 *eff4 cce s units),

% A w r* Teff ** tn* »tellar effective temperature. Hiddelkoop (1982)
derived the empirical conversion factor Ccf as a function of colour
(B-V). Rutten (39B4b) improved the accuracy of the conversion, and
calibrated the unit in which FCaII is expressedi one unit equals 1.29
JO6 erg on'2*'1, in this paper we use uncalibrated units.
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For the coolest dwarfs the colour index (R-I) is a more suitable
measure for T e f f and for the bolometric correction, both of which are
used in the determination of the calibration function C c f in Eq, 2. We
therefore use Ca II H+K observations listed by Rutten (1984b) to
determine the functional dependence of C c f on (R-I) for stars with B-V
> J.3O. lite colour index (R-I)j, in Johnson's photometric system, is
used together with effective temperatures and bolometric corrections
from Johnson (1966). The (R-l^ values listed by Gliese (1969), in the
photometric system of Kron, are transformed to (R-I>j by means of
relations from Bessell (1979). The conversion factor ccf(R-i)
.presented in Figure 2, is apparently independent of the level of
activity.

In the conversion of the observed S values to Fcall w e u s e t n e

presently derived Ccf((F-I)j) from Figure 2 (full drawn) for stars with
(R-l)j > 0.78, and Rutten's (1984b) C c f (8-V) for stars with (R-I)a *
O.78. The resulting line-core flux densities FCaII for main-sequence
stars cure plotted versus colour in Figures la and b. Subtraction of the
empirical basal flux (Fig. 1.), determined for a large sample of both
dwarfs and giants (Rutten 1986), yields the excess flux density

2.2 Soft X-ray measurements.

Soft X-ray measurements were made with the Imaging Proportional
Counter (IPC) onboard the HEAO-2 Einstein observatory (Giacconi et al.
1979). The energy band in which the fluxes were measured is roughly 0.2
- 4. kev. our sample of It-type dwarfs is biased towards the category of
emission-line stars because these stars are often selected in observing
programs, and are more easily detected in X-rays than other M-type
dwarfs. This bias will not affect our conclusions, since the main
distinction between He and M dwarfs is the level of activity.

Surface flux densities are derived from flux densities at Earth
(using a method described by Schrijver 1983 - Chapter 2: Bqs. (1) and
(2)). The references are given in Table 1. In the case of binaries the
X-ray flux is assumed to be emitted by the brightest component if the
difference in visual magnitude exceeds 2; if the components are of
comparable spectral type the emission is assumed to be equal for the
two stars. The expected ratio of soft X-ray fluxes is calculated using
Kq. (1) if the Ca II H+K flux density is determined separately for the
binary components.

2.3 Rotation periods.

The rotation periods P listed in Table 1 are Ca II H+K
modulation periods, broadband modulation periods, or binary periods for
short-period systems (assuming synchronization of rotation and orbital
motion; see also Rutten 1986). References are given in Table 1.
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Table 1. Data of dwarfs included in the present analyaie.

Gliese HD

28
33

103
105A
117
144
166A

182
195A
233A
285
388
412A

423B
434
490A
502
52BA
598
616.2

644AB
685
687
698
702A
702B
7S2A
779
820A
820B
867A
896A

or name

3765
4628

16157
16160
17925
22049
26965
27130
27771

45088
YZCMi
ADLeo

95735
98230

101501

114710
120476A
141004
CRDra
149162

J 65341A
165341B
180617
190406
201091
201092
214479

BQaPeg

spectral
type

K2
K2
MOe
K3
K2
K2
Kl
G8
KJ
M0.5e
Ml.O
K3
M4.3e
M4e
M2e
M2
GO
GS
MO.se
GO
1C6
GO
M0.5e
KO
M4.5B+M4.5
Ml
M4
KB
KO
K4
M3
Gl
K5
K7
M1.2e4Mle
M3.5e

B-V <

0
0
1
0
0
0
0
o
0
1
1
0
1
1
1,
1,
0.
0.
1,
0,
1,
0.
1.
0.
1.
1.
1.
1.
0.
1.
1.
0.
1.
1.
1.
1.

.94

.88

.39

.911
• 8V
.88
.82
.77
.87
.37
.50
.94
.59
.54
.55
.51
.59
.72
.42
.57
.12
60
46
88
62
40
50
10
78
IS
50
61
18
37
50
56

R-

0
0
0
0
0
0

0

1
1
0
0

0
0
0
0,
0,
0,

1.
0.
1.
0.

1.

0.
o.
0.
1.

r>K

.33

.78

.36

.32

.30

.31

.94

.40

.12

.82

.91

.27

.80

.21

.42

.20

.90

,08
,38
10
.43

00

47
60
94
13

0
1
0
0
0
0

0

l

l
l.
l
l

0
1
0.
0,
0,
1,
0,
1,
1.
1.
0.
0.
0.
1.

0.
0.
1.
1.

.47

.10

.53

.45

.47

.45

.47

.28

.67

.46

.14

.25

.36

.12

.30

.65

.32
,24
,47
,42
1O
,44
,66
46
64
34

65
83
28
46

[ 4

0
0

0
2
1
0
2
1
1
0
1
0
o
0
0
4
1
0
1
0
0
0
0

o
o
0.
0,
1,
0,
0.
0.
0.
0.
0.
0.

*Ca
(1)

.39

.52

.31

.5

.65

.53

.9

.8

.6

.14

.85

.49

.34

ill Fv*
erg <

a
b

b
b
b
b
b
c
a
a
a
a
a

.O33d

.011C

.84

.58

.63

.21

.82

.49

.54

.44

e
b
a
b
a
b
a
a

.0560

.20 a
,025a
.86
,68
.80

a
b
b

,049a
,88
38
19
47
,37

b
b
b
f
a <

<5
0
45

14
5
0

4

2

31
74,
1.

63
5

31,
1.
0.

16.
39.
37,

0.
6.
4.
1.
0.
1.
0.
0.

70.
130.

io-

.2

.35

.0

.39

.8

.6

.5

.4

,7
.66

50
3
7
5
54
7
60
20

S
2»"

9
9
h

i
i
j

k

i

l
•
n

i
i
b
o
j

1
P
n

1
q
n
n
r
s
i
i
t
u

38
1
45
6
11

5

1

7
2

48
3
17
3

12

18

19

19

13.
37.
48.
4,

P(d)

.56

.

.6

.3

.61

.86

.36

.78

.98

.1

.17

.4

.2

.7

,5
.9

.08

b
V
b
b
b

V

w

X
y

d
z
b
za
b

b

zb

b 3
3

b
b 3
b 3
ZC

4

4
4
4

2

4

4
2

2

,4
,4

,4
,4
2

Notes.- ) C a n H+K excess flux in uncalibrated units.
2 x-ray flux assumed equal for both components.
3 X-ray flux ratio inferred from ca II H+K data and Eq. (l).
4 (R-I) Measured in Johnson's photometric system.

Referencesi
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b Noyes et al., 1984 q Bienunn et al.. 1981
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• Golub, 1983 zb Baliunas at al., 1984.
n Johnson, 1981 zc Bopp, Espenak, 1977
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Figure 3. Soft X-ray surface flux density f"x V8m CaI1 B+* line-core
excess flux density bFcall for main-sequence stars listed tn Table i>.
Datapointa representing separate components of binaries are connected.
The Vine Indicates the relation found by Schrljver (1983 - Chapter 2)
for mtd-F to early-K duarfs and late-type giants; the length of the
line-segment shous the range of flux densities In Schrljver's data.
Also shoun Is the definition of the Call B+K deficiency y (Bee text).
Symbola: Q (R-t)j < 0.47,# 0,47 < (R-l)j < 0.65,

B O.6S < (R-Z)j < 1.25, ^ 1.25 < (R-l)j-

3. Soft x-ray flux, ca II H-HC flux, and rotation rat*.

Figure 3 relates the soft X-ray surface flux density Fx and the
Ca II H+K excess flux density AF C an for the stars listed in Table 1.
Dwarfs beyond spectral type late-K clearly deviate from the relation
(1) defined by F-, G-, and K-type dwarfs and giants. The departure
increases with decreasing effective temperature, and reaches two orders
of magnitude in AFcail for stars of spectral type M4. Figure 3
suggests that the power-law relation between Fx and AFcan holds with
the same exponent for all stars, but that the constant of
proportionality changes with colour for the coolest dwarfs. (The KO
dwarf HD 149162 deviates strongly from this trend; the cause remains
unclear.)

The departure of the coolest stars from relation (l) may be
caused by a deficient Call H+K flux, or by an excessive X-ray flux, or
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Table is BD 35296, 39587, 11X456, 115383, 146361 (fluxes ana periods
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Symbols: O 0.5 < (B-V) < 0.6, + 0.6 < (B-V) < 0.7.

A O.7 < (B-V) < O.9, • O.9 < (B-V) < 1.1,
• i.l < (B-V) < 1.3, m 1.3 < (B-V).

both, if the deviation of M-type dwarfs were caused by a raised soft
x-ray flux, one would expect the soft X-ray flux of the iiost active
M-type dwarfs to be higher than that of the most active stars of
earlier spectral type, which is not the case (Fig. 3).

In order to investigate whether the deviation of the coolest
stars in the relation between Fx and APcall

 i s i n d e e d caused by a
deficiency in the Call H+K excess flux density we relate the Ca II H+K
and soft X-ray fluxes and the rotation period.

Figure 4 plots the surface flux density in soft X-rays Fx

against rotation period P for the dwarfs in Table 1. Rutten and
Schrijver (1986 - Chapter 6:Figure lb) show that the relation between
Px and P is colour-dependent, as is also suggested by the relatively
snail sasple in Figure 4. For stars with B-V > 0.7 the colour
dependence is quite smll for periods below so days, stars of earlier
spectral type drop below the trend defined by the cooler stars for
periods larger than 10 days. Essential to our line of reasoning is that
the data of the M-type dwarfs agree quite well with the general trend
outlined by the dwarfs of earlier spectral type, and do not deviate by
one or two orders of Magnitude as in the Fx-AFCaIIdiagraM (Fig. 3).
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corrected using its y rather than by extrapolating the curve from
Figure 6a)

Figure 5 relates the Ca II H+K excess flux density with the
rotation period for (B-V) > 0.7; dwarfs of earlier spectral type are
excluded because the rotation-activity relation for these stars
exhibits a clear dependence on colour. Instead of a fair agreement, as
in Figure 4, the H-type dwarfs have a Ca II H+K mission that is such
lower than that of dwarfs of earlier spectral type and a similar
rotation period. The deviations in Figure 5 of the H-type dwarfs froa
the trend defined by the stars of earlier spectral type agree quite
well with the deviations observed in Figure 3, as is shown in Section
4.

4. «ie deficiency of the Ca II H+K flux.

The comparison in Section 3 of the chroaospheric ca II H+K and
coronal soft x-ray flux densities of dwarfs with rotation period
suggests that the deviation of the coolest dwarfs in the Fx vs. APcall
diagram is caused by a deficiency in the Ca II H+K flux density rather
than by an increase in the x-ray flux density, because a) the observed
range of soft X-ray surface flux densities of early H-type dwarfs is
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the sane as that observed for spectral types F5 - KO (see Fig. 3), b)
H-type dwarfs occupy the same strip in a diagram of Fx vs. rotation
period (Fig. 4), and c) H-type dwarfs exhibit a low AFCaIZ as coMpared
to hotter stars of the ease rotation period (Pig. 5).

we quantify the departure of a star fron relation (l) by
defining AF'calJ ** t n e fictitious excess flux APcall calculated fro»
the Measured flux Px using Eq. (1). This defines the relative Ca II H+K
deficiency factor Vt

(3)

deficiency factor depends Mainly on the colour of the star as is
demonstrated by Figure 6a which relates the deficiency factor v in Ca
IT H+K with colour, m e slight dependence of v on activity is
reflected in Figure 3 in the low x-ray flux density of soaw of the
Jeast-active dwarfs of spectral type G and K. It is not clear whether
this dependence of V on the level of activity is real or caused by a
selection effect. If the relation (l) were in fact soMewhat steeper, as
suggested by Figure 3, the spread in V would be ssmller and the
dependence on activity would disappear. We do not adjust the relation
(l) between Px and AFcaii ' »*nce it is based on a such larger saaple
than presently used. If, however, the suggestion of a steeper slope is
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Figure 7. The soft X-ray flux density Fx vs. the line-emission flux
density FyR from the transition region. Symbols: • main-sequence star
(earlier than MO). • subgiant, A giant, o H-type Oaarf (indicated by
name). Data for the minimal and maximal emission of the Sun are shown
connected by a bar.

not real, but is caused by a selection effect, the relatively large
scatter of the least active dwarfs in Figure 6a may reflect the lower
accuracy of the X-ray flux determination.

Mote that the relatively large deficiency factor for the coolest
dwarf in the sample, YZ CMi , nay suggest that the change of v with
colour is no longer monotonic for dwarfs redward of (R-I)j -1.5.

Dividing APcaI1 by the deficiency factor y places M-type dwarfs
on the relation between AFCalI and P inferred fro* earlier type stars
(Figure 5). This confirm the hypothesis that the departure of the
M-type dwarfs fron the main relation between Fx and AFcajj and between
APCajj and P, both defined by stars of earlier spectral type, is
caused by a deficiency in the Ca II H+K flux only.

5. Discussion.

Not only the Call H and K lines show deficiencies: comparison of
the Ng IT h+k or Si II flux with emission-line fluxes from the
transition region show* that these chromospneric fluxes are also too
low in comparison with relations defined by stars of earlier spectral
type (Oranje, 1986). schrijver (1986 - Chapter 3) derives non-linear
relations between chrosospheric excess flux densities (i.e. fluxes
corrected for the basal flux, see Section l) or transition-region flux
densities and soft X-ray flux densities of T-, G-, and K-type stars. We
use these relations to detemine deficiency factors for Si II and Hg II
h+k fluxes. Figure 6b Indicates that the deficiency becoaws less
significant as the temperature of formation of the emission studied is
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higher. Figures 1 through 5 of Oranje (1906), in which
transition-region and chrcmospheric flux densities are compared, show
the sane trend of decreasing deficiency with increasing formation
temperature of the emission lines.

Relating flux densities in various transition-region lines with
each other shews that M-type dwarfs obey relations defined by stars of
earlier spectral type (Oranje 1986). Figure 7 relates the X-ray and
transition-region surface flux densities (SUM of Si IV, C xv and N v,
OV data fro* Oranje 1986, x-ray data from Schrijver, Mewe and Walter
1984 - Chapter 4), but includes only two M-type dwarfs : YZ CMi falls
on the relation, but EQ Peg may deviate by more than the characteristic
spread of the relation. Hence, the transition region may be slightly
affected by the different atmospheric structure of the M-type dwarfs,
but Figure 6b shows that the deficiency factor determined for the
transition-region lines is at least an order of magnitude smaller than
the deficiency factor for the Ca II H and K lines.

The deficiency in the Ca II H+X, Mg II h+k and Si II flux of
M-type dwarfs does not neccesarily imply a deficiency in the total
chromospheric flux: in spectra of M-type dwarfs the Balmer lines are
often seen in emission. Linsky et al. (1982) show that the total output
in the first ten Balmer lines exceeds the Ca II H+K line-core flux by a
factor of 17 for the dMe star 0V Cet, and by a factor of 5 for MI Mic
and YZ CMi. Apparently, the chromospheric structure starts to change
around (B-V) ~l.3O: for dwarfs of earlier spectral type the Ca II H
and X lines and the Mg II h and k lines are major sinks in the
chromospheric energy budget, whereas for stars of later spectral type
the Balmer lines are more important. The relation between the total
chromospheric radiative energy output and the coronal soft X-ray flux
may remain independent of spectral type, the increased losses in the
Balmer lines (and possibly other lines) compensating the reduced
radiative losses in Ca II H and K and in Mg II h and k. Understanding
how the chromospheric structure changes with spectral type requires
detailed modelling of the atmosphere (see for instance Giampapa, Norden
and Unsky 1982), but this requires series of simultaneous observations
of the chromospheres of M-type dwarfs at ultraviolet and visible
wavelengths.

The deficiency factor y (Fig. 6) is important in studies in
which the Ca II H+K flux (or, for that matter, the Mg II h+k or Si II
flux) is used as a measure of activity in stars of different spectral
types, tie suggest that APcall / V is a colour-independent measure of
stellar activity over the spectral range from mid F to mid M.
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1 Sterrewacht "Sonnenborgh", Utrecht, The Netherlands,
2 Laboratory for Space Research, Utrecht, The Netherlands.
3 Harvard-Smithsonian Center for Astrophysics, Cambridge,
Massachusetts.

Summary.

Vie study ATM Sky lab observations of quiet regions, coronal
holes, and active regions of various sizes and in various stages of
evolution. Tight and non-linear relations are found between emissions
from different temperature regimes in active regions. Total intensities
in coronal emissions increase more rapidly than linearly with to.al
intensities in chromospheric emissions. Power-law relations between
transition-region total intensities and chromospheric total intensities
have exponents smaller them unity.

Areas of active regions determined from chrouiospheric emissions
are found to be systematically larger than areas determined from
transition-region emissions. Near the edge of an active region the
chromosphere appears to have no overlying transition zone, or one that
is much thinner than that overlying points well inside the active
region.

The average intensities of active regions, as observed in a
number of UV lines, show a small spread: less than a factor of two in
chromospheric lines, and leas than a factor of four in coronal lines.

The coronal X-ray temperature as well as the average intensities
of active regions depend on the area of the active region, on the Ca II
intensity, and on the relative coverage by sunspots.

We derive emissions from the centres of supergranulation cells
and from the network in quiet regions and coronal holes. Comparison of
these emissions with average intensities from active regions suggests
that network emissions may be formed by a mechanism similar to that
responsible for emission of active regions. The cell-centre emissions
vary little from region to region, and may be constant over the solar
disk.
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Key words: sun, solar activity,
chromosptieric emissions, transition-region emissions,
coronal emissions.

1. Introduction.

Observations of the EINSTEIN HEAO-2 observatory and of the
International Ultraviolet Explorer demonstrate the existence of
coronae, transition regions and chromospheres around the vast majority
of stars with convective zones below the photosphere (see for example
Mewe and Zwaan 1980, Ayres, Marstadt and Linaky 1981, Vaiana et al.
1981, Oranje, Zwaan and Middelkoop 1982, Schrijver 1983 - Chapter 2).
The emissions of the outer atmospheres of these late-type stars cover a
large range. In soft X-rays flux densities vary over at least four
decades: from one tenth of the emission typical for a solar coronal
hole, to higher than the flux density of a solar active region
(Schrijver 1983 - Chapter 2).

Studies of the Sun show that areas of enhanced Ca II H+K and
X-ray emission centre on areas of high magnetic field density. A study
of many late-type stars reveals a relation between the Ca II H+K and
X-ray flux density of stems. Schrijver (1983 - Chapter 2) derived a
single power law valid for stars of different colour and luminosity
class. The best correlation is obtained by using the Ca II H+K
excess-flux density, AFcaH , obtained by subtracting an observational
lower limit in the Ca II H+K emission from the measured stellar Ca II
H+K emission (see Middelxoop 1982 and Rutten 1984 on the Ca II H+K
data). The lower-limit emission is dependent on stellar colour and
luminosity. A power-law fit between coronal soft X-ray flux densities
and chromospheric Ca II H+K emission yields an exponent larger than
unity. Oranje, Zwaan and Middelxoop (1982), Zwaan (1983) and Oranje
(1986), using IUE UV observations, deduce similar non-linear relations
between flux densities in emissions from transition region and
chromosphere.

The nature of the non-linearities of the stellar flux-density
relations is not yet properly explained, nor is the origin of the
observed minimal Ca II H and K emission. Covering stars with different
amounts of identical regions of activity would yield linear relations.
Therefore, the non-linearities imply that the average structure of the
regions of activity changes with the stellar level of activity. This is
substantiated by Schrijver, Mewe and Walter (1984 - Chapter 4) who
compare observed soft x-ray spectra with spectral characteristics
derived from models for magnetic loops: coronae of stars of
comparatively low activity are compatible with a corona consisting of
structures similar to solar large-scale structures (responsible for a
large part of the total solar x-ray emission), whereas the coronal
emission from more active stars appears to originate largely in compact
loops.
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Variations of the average surface-flux densities of the Sun in
Ca II H+K and in X-rays during its 11-year activity cycle are in accord
with the relation between the soft X-ray flux density and AFcall t o r

late-type stars. This implies that structural changes occur on the Sun
similar to those inferred for other late-type stars. Therefore, the
cause of the non-linearity of the flux-density relations nay be found
by investigating individual solar regions. This paper reports on a
study of ultraviolet and X-ray emissions from a variety of solar
regions: active regions in different evolutionary stages, quiet
regions, and coronal holes. The selected active regions differ widely
in their characteristics, which allows us to seek for a possible
dependence of emission levels on various parameters. In this paper we
concentrate on individual regions; the surface-averaged solar emission
levels will be studied by a synthesis of the emissions from the
selected regions in a subsequent paper (Chapter 12).

Between May 1973 and January 1974 NASA carried out a series of
extended manned spaceflights known as the Sky lab mission. Part of the
instrumentation of the space station was a cluster of telescopes,
collectively known as the Apollo Telescope Mount (ATM, Reeves et al.
1972). The A m was used to undertake a series of solar observations in
X-ray, ultraviolet and visible light. Observations from two of the
instruments are used in the present study to provide nearly
simultaneous images of sections of the solar disk at several
wavelengths. Ultraviolet measurements were made with a
spectroheliometer designed by the Harvard College Observatory (HCO); we
use six spectral lines to probe the temperature range from chromosphere
to corona. X-ray data were obtained with the X-ray Spectrographic
Telescope from American Science and Engineering (ASE).

A brief description of the instruments is given in Section 2.
The observational results are presented in Section 3 for quiet regions
and coronal holes, and in Section 4 for active regions. Results are
discussed in Section 5. The conclusions are summarized in Section 6.

2. Instrumentation and data reduction.

2.1. The spectroheliometer for ultraviolet observations.

The Ultraviolet Spectrometer-Spectroheliotneter (built by HCO,
Reeves et al. 1972) observed a 5* square segment of the solar disk with
a spatial resolution of 5". A two-dimensional raster is obtained in 5
minutes: light from a 5" square portion of the image of the solar disk
enters an EUV concave grating spectrometer. A spectrum is projected on
a focal surface containing seven detectors. After each integration time
the mirror steps 2.5". Upon completing a 5' line scan another scan
starts 5" below the previous one.

We use results of six of the seven detectors (the seventh
detector functioned only intermittently during the mission). The
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Table 1. Spectral lines used in the present study.

line

Ly a
Cn
Cm
Oiv
Ovi
Mgx

Wave-
length

(A)
1216
1335
977
554

1032
625

Slit
width (A)

8.3
1.6
4.0
4.0
4.0
4.0

Temperature
of max.
contribution (K)

1.0104

5.0 104

1.0 105

2.0 I05

3.0 105

1.5 10"

observed spectral lines (Table 1) cover chromosphere, transition
region, and corona: they span span ci range of temperatures of formation
from 1 1O4 K to 2 lO6!*from 1 1O4 K to 2

Counting rates are converted to intensities (erg cm""2 s""1 sr""1)
at the solar surface using the calibration of Reeves et al. (1977a, b).

2.2. The X-ray telescope.

Full-disk X-ray photographs were made with the X-ray
Spectrographic Telescope (developed by ASE, Vaiana et al. 1976). The
presently selected exposures were made with an aluminium-polypropylene
filter (passband 3.5-36 A, 44-60 A, referred to as filter 3), or with
filter 3 combined with a thin Beryllium filter (combined passband
3.S-17 A, the pair is referred to as filter 1). Exposure times range
from 4 to 256 seconds.

The film images had been scanned with a microdensitometer,
yielding an array of photographic densities (steps of the densitometer
correspond to approximately 2", comparable with the combined effect of
instrumental resolution and pointing stability). The conversion from
photographic density D to energy deposited on the film E is performed
separately for each of the selected regions and for each of the two
filters used. At low photographic densities D-E curves are used as
presented by Maxson and Vaiana (1977). They construct curves for one of
four film magazines (magazine B); we assume these curves to be valid
for magazine C as well. All images are selected from these two
magazines.

At higher photographic densities (linear and low shoulder region
of the response curve) we construct a D-E curve for each of the
selected regions by using images with different exposure times. The
curves are constructed upward in photographic density from the highest
point in the curves by Maxson and Vaiana (since the location of this
point is independent of the filter it is used for absolute
calibration).
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The transmission curve of filter 3 is such that the energy
deposited on the film is nearly proportional to the emission measure.
The ratio of energies deposited on the film for the two filters
(spectral hardness ratio) is a good indicator for the average
temperature of the observed region (Haxson and Vaiana 1977).The ratio
of the emissions of an entire active or quiet region is a measure for a
mean coronal temperature. Alternatively, a temperature can be derived
for every element in the image; a mean value of these temperature
values can than be computed, assigning a weight to each datapoint
proportional to the emission measure derived for the image element. The
two values agree within 20% for the regions presently studied.

For comparison between solar and stellar work the X-ray
emissions are converted to emissions in the EINSTEIN IPC passband
(0.15-4. keV): emission measures are derived using the plasma
emissivity from the spectral model of Tucker and Koren (1971) and are
then converted to intensities in the IPC passband using the spectral
model of Hewe and Gronenschild (1982).

3. Quiet regions and coronal holes.

Three quiet regions and three coronal holes are selected near
the disk centre. The regions are listed in Table 2. Region QR1 was
observed on August 14 when only a few small active regions were present
on the disk. On August 10 a quiet region (Q.R2) was observed between two
mildly active regions. The emission from the region observed on
September 13 (QR3) is spatially inhomogeneous, which is clearly visible
on the X-ray images. The area has been classified as a (small) coronal
hole (Nolte et al. 1973). He labelled it as quiet region because the Hg
X emission is closer to that of quiet regions. Vie use two observations,
both made on August 20, of the same coronal hole: one observation near
the edge of the coronal hole, but clearly within it (CHI, Mg X and
X-ray emissions much higher than for the other coronal holes, but lower
than in quiet regions), and one of the central region of the hole
(CH2). A small coronal hole was observed on August 16 (CH3). The
intervals between UV and X-ray observations for these regions are
generally less than an hour (rounded values of the times of observation
are entered in Table 2 because of the duration and multiplicity of the
X-ray exposures). The average total intensities (IT) for the observed
regions are given in Table 3.

The frequency distributions Q(T ) of intensity T for the UV
emissions from QRX are shown in Figure 1. Reeves (1976) studied the
frequency distributions of quiet solar regions and concluded that they
consist of two components of different origin: network and cell
interior. Most of the image elements with low intensities lie in the
central regions of supergranulation cells. The observed cell-centre
frequency distributions (Reeves 1976, see also Figure 2 for QR1 data)
are approximately gaussian.

Image elements in the network contribute mostly at high
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Figure 1. Frequency distribution 6i(T) of Intensity T for qutet region
QR1. Arrows Indicate the average counting rates (per gate time).

Table 2. Observed quiet regions (QR) and coronal holes (CH).
Coordinates axe in heliocentric coordinates, field sizes as seen from
Earth.

QRI
QR2
QR3
CHI

CH2

CH3

Date of
observation
(1973)

Aug. 14
Aug. 10
Sep. 13
Aug. 20*

Aug. 20°

Aug. 16

Time of UV
observation

13*36
11 "27
11*58
12'2S

12*25

15|122

Time X-ray
observation'

13*30
11*30
11 "30
12*30
11*30
12*30
1 iMft
1 1 JM

13*45

Helioc
coord. of
field centre

Lat.

6°
6°
7°

11°

15°

2°

Long.

7°
9"
8°
2°

- 7 °

7°

Field size

5'x5'
5'x5'
5'x5'

75*x75*

50-x50*

50'x5O*

* If two times are given the first is for an exposure made with filter 3, the second for an exposure
made with filter 1
* Edge of coronal hole
* Centre of coronal hole

intensities to the total frequency distribution Q(T). The frequency
distribution of the network is clearly asymmetric (see Pig. 2). Note
that the shapes of the frequency distributions are similar for the
chromospheric and transition-region EUV network and the Ca II K network
(Reeves et al. 1974, Brueckner and Bartoe 1974; for ca II K data see
Skumanich, Smyths and Frazier 1975).
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Figure 2. Smoothed frequency distribution Q.(T ) of intensity for QR1 in
C II (also in Fig. 1). Indicated are the cell-centre (CC) and netuork
(NU) contribution (following Reeves 1976), the average intensity T ,
the spread a of the distribution, and the adopted intensity for the
boundary of an active region (T +1.5a).

Table 3. Average intensities ( r T ) , network intensities ( T N ) , network
filling factors (f) and ratios of cell-centre over network intensity
(R, rounded to the nearest twentieth). Column 2 contains the adopted
intensities I" b at the boundary of active regions. Results from a study
by Vernazza and Reeves (1976) are given in the last two columns: QR and
CH for quiet region and coronal hole.

Line

Lya

Cll

Cm

Oiv

Ovi

Mix

J,10"4

MO"4

MO"4

it
/.10"1

; T i o 3

MO"3

sR
i,io-J

/Tl0"3

MO"3

/
R
l,iO'2

ITIO~2

IntO'1

f
R
7»1O'J

MO"

it
/,
IT

X-r«y/ T 10- J

9.6

3.2

2.2

4.3

6.8

56.0

Region

QR1

5.5
7.0
0.5
0.55

1.6
2.0
0.5
0.5

0.95
1.2
0.7
0.3S

1.9
2.5
0.6
0.35

3.2
3.9
0.7
0.4

33.0
7.5

QR2

5.8
7.8
0.5
0.5

1.6
2.3
0.5
0.4

0.94

1.8
2.9
0.5
0.3

3.2
4.1
0.7
0.35

41.0
9.1

QR3

4.7
5.5
0.5
0.7

1.4
1.9
0.5
0.5

0.84
1.0
0.7
0.4

1.6
2.5
0.5
0.35

2.6
3.2
0.7
0.45

22.0
0.92

CHI

5.1
6.0
0.6
0.65

1.4
1.7
0.5
0.6

0.84
1.0
0.8
0.4

1.6
1.9
0.6
0.45

2.9
3.2
0.8
0.45

25.0
3.0

CH2

4.0
4.6
0.2
0.85

1.2
1.4
0.4
0.7

0.72
0.94
0.6
0.45

1.5
2.2
0.5
0.4

1.9
3.0
0.3
0.5

3.1
0.49

CH3

4.0
4.2
0.4
0.9

I.I
1.2
0.6
0.85

0.64
0.70
0.8
0.6

1.2
1.3
0.8
0.65

1.9
2.0
0.7
0.75

4.1
0.66

QR(l'R)

0.3
0.6

1.2
1.7
0.5
0.5

0.96
1.4
0.5
0.4

1.5
2.5
0.4
0.4

3.0
4.7
0.3
0.45

51.0

CH (CR)

0.3
0.85

0.94
1.2
0.3
0.65

0.80
1.2
0.4

o.;
1.4
2.2
0.4
0.4

1.9
2.7
0.4
0.55

2.6
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Table 4. Average cell-centre intensities derived from the frequency
distributions of intensities, compared with data given by Vernazza and
Reeves (1978) (their Ly a data are not given since their results apply
to the entire line Whereas we measure the emission in the central 8.3

A).
Line

Lyot
CII
Cm
Oiv
OVI

Cell-centre intensity
(ergcm"2s~'sr~')

Present work

(3.8 ± 0.4)10*
(9.7 ± 1.5) 102

(4.2 ± 0.8) 102

87.0+19.0
(1.5 ± 0.2) 10*

Vernazzs

QR

8.3 102

5.5102

95.0
2.2102

i and Reeves

CH

7.8102

5.8 102

93.0
2.7102

In order to derive network and cell-centre intensities we assume
that the intensity at the peak of the frequency distribution Q(T )
equals the average cell-centre intensity T ct Reeves (1976) showed this
assumption to be valid to within 15%. The low contrast, if any, between
network and cell centre in coronal emissions makes the separation of
the contributions impracticable, and probably irrelevant. The values
for r c presently derived for non-coronal emissions spread by less than
approximately 15% around the average value. Therefore, average values
for the cell-centre emission are listed in Table 4.

Vernazza and Reeves (1978) present composite UV ATM spectra of
characteristic regions on the Sun, including that of a quiet region and
that of a coronal hole. They determine the contributions of the cell
centre and of the network using a method given by Reeves (1976). Their
cell-centre intensities agree within the errors with our values (Table
4), with the exception of the O VI emission for quiet regions (our data
(1.5 ± 0.2) 102# Vernazza and Reevess 2.2 1O2 erg cm"2 s"1 sr"1).

We assume that the shape of the frequency distribution below the
peak value represents the lower half of a symmetrical distribution of
intensities of image elements in cell centres. ThiB assumption defines
the area filling factor (1-f) for the centres of the supergranulation
cells as the ratio of the area responsible for the symmetrical
intensity distribution of the cell centres to the total area
considered. Table 3 lists the (complementary) filling factors (f) for
the network, which is the fraction of the area filled with network
material. Relative errors in these filling factors (-30%) are twice the
relative errors in the intensity at the peak of the frequency
distribution.

Given the network filling factor f and the cell-centre intensity
T £ one may derive the network intensity iN, sincei

IT - f IN + (1-f) Ic , (1)

with T T the average intensity of the region under study. The T N
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values are listed in Table 3, together with the ratios of cell-centre
over network intensity:

R - lc / TH , (2)

Errors in f and T c are dependent and do not propagate cumulatively
through relations (1) and (2): the relative accuracies for T N and K
are approximately 8% for the quiet regions, but, because of poorer
statistics, somewhat larger for the coronal holes.

The filling factors for the quiet region network are nearly the
same in the three quiet regions (see Table 3). Our values are
systematically larger than the values implied- by the data of Vernazza
and Reeves (1978). This suggests that the peak values in the frequency
distribution Q(T ) are systematically larger than the cell-centre
average values determined by Reeves (1976) by approximately 15%, as is
indeed indicated by the data of Reeves (1976). With the exception of O
VI the differences between our f values and those of vernazza and
Reeves are smaller than the Xa errors. Note that for O VI the
difference is largely due to the difference in derived cell-centre
intensities. Filling factors derived for the coronal holes are not
representative for coronal holes in general, but are determined by the
selected field of view (Table 2; SO" corresponds to 39,000 km, slightly
larger than the typical size of a network cell).

Our R values (Eq. 2) are in good agreement with the values of
Vernazza and Reeves (1976). The contrast (R"1) between network and cell
centre is larger for quiet regions than for coronal holes.

4. Active regions.

Table 5 summarizes the characteristics of the observed active
regions. Me select regions of very different size, in various stages of
evolution, and of different large-scale magnetic structure (see
magnetograms in Solar Geophysical Data, also Chapter 11:Table 1). Most
regions lie near the centre of the disk. He therefore neglect
centre-to-limb variations and correct for geometrical effects only.

Time intervals between the observation in UV and in X-rays are
generally less than three hours, with six hours as maximum. Four active
regions are analyzed on consecutive days in order to follow short-term
•volution. Effects of long-term evolution may be inferred from the
behaviour of different active regions in various stages of evolution.
Only on* of the regions is observed on two consecutive rotations (as
AR13 and NU5).

In order to determine the total intensity, area and average
intensity of an active region we need to define a boundary between
active and quiet regions. Since the frequency distributions of the UV
intensities for quiet regions (discussed in Section 3) show a fairly
steep decrease at high intensities (see Figures 1 and 2), only few
points within the network are as bright as those observed in active
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Table
are:
Col

5. Characteristics of the observed active regions (KR). Listed

6: fractional distance fro* the centre of the disk,
7: Ca II plage area in millionths of the solar hemisphere,
8: quality of the observing conditions (Good, Fair, Poor, Bad)

for ca II data,
9: change in the calcium plage area (symbols see below),
10: maximal Ca II intensity within the active region, on a scale

from 0 to 5)
11: change in the maximum Ca II intensity (symbols see below),
12: sunspot area, in millionths of the Solar hemisphere,
13: age of the region at the moment of observation,
14: evolutionary phase,
15: the total life time of the region. Life times below 1 month

are estimated using the M M Ha catalog.
Itte change in plage area and in maximal Ca II intensity are represented
as follows: + increasing, - decreasing, M reached the maximal value
reached during disk passage, O unchanging (from Solar Geophysical
Data). The evolutionary phase is indicated by: e emergence, r rise in
emission, m maximum (of spot occurence), ds decline phase with spots, d
decline phase, no visible spots.

(1)

AIl l
AR2
AK3a

b
c

AIM
Alt 5a

6
c
d
e

AIM
AK7
AM
AM
All 10
ARII
AX 12
AH 13
A * 14a

b
c

Alt 15
ARIta

k
c

All 17

McMllh.
no.

(2)

12535
1251)
12510

I2SO7
I24M

12523
12)22
12511
I252S
12474
12512
12427
I24S1
12412

12414
I24M

•

124*3

Dale or
ot».
(1973)
(3)

Sep. 25
Sep. 6
Sep. 5

6
7

Sep. 2
Au|. 21

22
23
25
25

Sep. 21
S v . l l
Auf. 31
Sip. 20
Al»7
Sfp.3
Jul.7
Ilil.25
AU|. I I

It
20

AtiJ.17
Aug. 21

22
2)

A«. It

Time of
UVobi.

(4)

lt*)l
22*59
16*59
17*46
17*10
2*06

11*54
21*00
22*50
3«0«

17*26
21*55
1*02
6*55

11*16
16*46
17*15
19*57
11*11
13*39
11*17
2*02
2*22

21*06

13*11
1*16

13*51

Time or
Xobi."

(5)

22*10

17*00

5*40
13*20
11*50

6*50

12*00
20*20

13*20
13*40

2*00
21*15
23*10

13*45

D I M

todiK
ccniit
it)

0.14
0.35
01
0.1
0.26
0.42
0.14
0.1
0.1
H2%
0.39
0.21
0.30
0.1
0.17
0.30
0.50
0.1
01
0.1
O.I
0.36
047
O.I

0.1
0.1
0.1

Can
pur

(7)

2500
2000
1900
1900
1600
3300
1500
1500
1400
1600
1600
I0W
900
300

1100
1700
1200
900
300
300
300
300
100
200

300

Chanr
plaran

(8)

C
P
P
P
F
F
F
F
a
a
a
r
F
8 '
G
F
t>*
G
F
F
F
P
F
F

F
•
F

pa

(9)

M

-

-
_

0

+
M
0

««

0
+

-

Man
Ca
int.
110)

3.0
35
35
35
.1.5
35
30
3D
25
1.5
35
JO
30
20
2.5
45
3.5
40
2.5
1.5
IS
15
IS
1.0

2.5

Chanac
in max
Ca int
III)

M
M
-

0
0
_

0
_
M
M
M
-

_
0
-

M
0
+

0
0

-

Spot
area

112)

450
130
300
270
270
420

10
20
10
30

0
0

30
30

250
140
100

0
0
0
0
0
0

0

A *
(days)

(13)

j j

5
>7

>5
>4

>7
>5
£1
>7

4
42

2
2
3

>6
< ]

Evol
phaie

(141

«

t

4
4

4
i

4

' If two Mam of cxpoum i n fivm the lint u for filler 3, Ibe aecond for filler I
' Ml** «nt MO oil Sty. I. Adjiomt lo McM I2S01
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Figure 3. Boundaries for too active regions (Fig. 3a. AR10, Fig. 3b.
AR14a). The rectangular field of vleu la chosen around the Hg X Image
of the active region. Boundary In C ll , tn C III e-e+e. Areas
uhere the C It boundary lies outside the C HI boundary are dashed.
Dott«d areas represent the opposite case. The resolution (5"x5") Is
Indicated In the lower left corner, as Is the orientation of the field.

regions. Hence, the characteristic shape of the frequency distributions
can be used to define the boundary of active regions, tie define the
boundary intensity (T b) to lie 1.5 times the spread of the frequency
distribution above the average intensity of a quiet region (see Fig.
2). The boundary intensities for active regions, as defined from QR1,
arc listed in Table 3.

This choice of boundary intensities I" b is supported by the
following arguments. Boundaries determined using this criterion
correspond closely with eye estimates. For most regions our choice of
r b results in a coherent area, surrounded by a few isolated patches
of bright network (see Figure 3a). Raising the T b values, so that
network elements are no longer included, would fragment the smallest
and weakest active regions (Figure 3b). The brightest of the network
elements close to the active region should be surmised as part of the
active region since these elements underlie the coronal part of the
active region (note that we analyse rectangular fields chosen to fit
the Hg X image tightly).

For approximately 1/8 of the field of quiet region QR1 the
intensities are higher than T 5 in each of the EUV wavelengths studied.
Near active regions the number of picture elements brighter than T »>
appears to be smallerr in C II the area of bright picture elements not
connected with the active region is less than 3% of the analyzed field
outside the active region (Figure 3a).

Resolution elements are also considered part of the active
region if enclosed toy two points on the same raster line that lie above
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the boundary intensity. Note that steps on a raster line overlaps 2. "5
steps with 5" resolution.

He do not attempt to define boundaries of active regions on the
X-ray images; the total intensities are determined by enclosing the
active region iaiage by a rectangle.

The total intensities of 25 observations of a total of 17 active
regions are listed in Table 6, together with the areas determined from
C II and C III line emissions. Relations between total intensities
(either line emission or soft X-ray broad-band emission) of active
regions appear to be tight and non-linear (see Figures 4a through f).
The exponents and correlation coefficients for power-law fits are
entered in Table 7. The correlation coefficient tends to be lower as
the difference between the temperatures of formation of emissions is
higher.

Power-law fits between total intensities in coronal emissions
and total intensities in chromospheric emissions yield exponents above
unity (Table 7), as may have been expected from stellar studies
(Schrijver 1983 - chapter 2). Relations between transition-region total
intensities and chromospheric total intensities have exponents smaller
than unity. Note that O VI is a transition-region line formed partially
in the corona due to the high-temperature tail in the contribution
function (e.g. Jordan, 1969); the value of the exponent therefore
represents an average of a transition-region and coronal emission.

Table 6 indicates that the average intensities of the active
regions differ by less than a factor of two (Ly a) to four (Mg X).
Therefore the most important factor determining the total intensity of
an active region is its area. Hence, the tight relations between total
intensities imply similar tight and non-linear relations between
active-region areas. The exponents and correlation coefficients for
these relations are given in Table 8. The high correlations show, for
on* thing, that the determination of the edge of active regions, as
described above, is consistent and accurate.

The active-region areas as measured in transition-region
•missions appear to be smaller than those measured in chromospheric
•missions. Furthermore, deviations from linearity of the area relations
are smaller than for the intensity relations, but the same trends are
M«ni exponents ar« Minimal, and even below unity, for relations
between active-region areas mtasurad in transition-region and
chromospheric •missions. Exponents arc maximal for relations between
areas deduced from coronal and from chromosphcric lines.

Figure 5 relates Ca II plag* areas (from Solar Geophysical Data,
S M Table 5) and c It areas. Th* relation is linear, but C II areas ar*
roughly fiv* times larger than Ca II anas. This is caused by th« low
values we adopt for T |>. The linearity shows that the ratio of the area
for th« bright cons of th* plages (aa defined by ca II) and the area
of tt» entire region (as defined by C II) is constant.
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Table e. Total intensities of active regions, and the active-region
areas as determined from c II and C III emission. The last column gives
a characteristic temperature Tx for the corona of the active region; Tx

is derived fron the spectral hardness ratio (filter 1 / filter 3). Lya
data for MU5 are not available.

Region

AR1

AR2

AR3a

AR3b

AR3c

AR4

ARSa

AR5b

AR5c

ARSd

AR5c

AR6

AR7

AR8

AR9

ARIO

ARM

ARI2

ARI3

ARMa

ARI4b

A« 14c

Total intensity / (10!"ergs
Total area A 110" km2l

L y i

7.2(51
43.0

3.3(51
20.0

3.2(51
20.0

24(5l
16.0

1.5(51
12.0

2.6(51
15.0

2.1151
14.0

24(51
16.0

2.2(5)
15.0

2.5151
16.0

2.4151
17.0

18(5)
15.0

1.8 IS)
140

I.7r5i
12.0

1.7(51
11.0

2.0(5)
10.0

1.215)
7.7

8.7(41
4.8

2.3(4)
1.9

2.8141
2.1

3.4(4)
2.9

4.814)
4.1

C I I

2.4(41
43.0

13141
20.0

1 I|4|
170

7.9(3|
14.0

5.4/3)
11.0

I3|4|
19.0

7.2(31
120

7.7(3)
15.0

7.0U)
140

9.8|3|
150

9.2(3)
17.0

6.5(31
15.0

6.1(31
14.0

5.9(3)
11.0

6.2(31
12.0

1.1(4)
11.0

5.5(31
8.6

4.0(31
46

8.5131
21

8.6121
19

I.I 13)
2.7

1.6(3)
4.0

~'sr ')

Cm

IOI4|
32.U

59|3|
16.0

5.4|3|
14.0

3.8(3)
110

3.1(3)
11.0

5.l(3i
ISO

3.813|
11.0

3 513)
120

2.9(3)
10.0

50(3)
14.0

5.0(3)
16.0

3.2(3)
12.0

3.1(3)
110

3.0(3)
9.6

3.113|
9.8

45(31
8.8

2.9(31
7.8

20(3)
4.3

5.012)
19

4.8(21
1.6

6.2(2)
2.2

1.013)
3.7

O n

1 fifi
24.0

X5l2l
14.0

8.3l2l
120

6 I |2 |
10(1

5112)
95

fi 7(2)
11.0

67(2)
110

4.9121
90

50(21
9.2

K.9(2t
13.0

8.3121
14.0

5.4(21

no
5.0(21

10.0

5 1 (21
9.0

5.1 (21
9.0

7.8(21
8.2

5.5121
7.8

3.8(21
4.3

9,91(1
1.9

88(11
1.5

1.1(2)

1.7(2)
3.5

O n

59|3)
43 0

3 2l3l
20.0

29|J|
19.0

2.2(3)
16(1

I.Kl.l)
15.0

3.0(3)
17 0

2.2(31
15 0

2.1(3)
16.0

1.7|3|
14.0

2.7(.1|
17.0

2.7l3l
19.0

1 5l3l
15.0

1.613)
15 0

1.3(31
I I I )

1.813)
13.0

3 1131
12.0

2 3(31
14.0

14l.ll
59

23(21
2.4

1.8121
1.6

2.212)
33

3.8121
41

Mg.v

1.71.1)
92.0

9(112)
44(1

5.3(2)
31.0

49(21
34.(1

4.5121
31.0

6.312|
36.0

7.7(21
390

6212)
.'7.0

7 1121
390

8.8121
460

8 312)
460

4.5|2|
370

6.7|2l
420

3 112)
25

5.412)
360

6.712)
25.0

6412)
43.0

2.9(2)
140

65(11
5.3

2.311)

3.7|l)
4.4

5.411)
6.5

X-rai
10.1540kcVl

9 5(51

2 7 I 5 I

3.7(5i

34(5|

2 5(5)

4014)

9 1141

2.115)

35(4)

4.9(3)

Coronal
lemplMKl

2.5

3 9

4 5

1301

2s

3.2

60

3.3

3 0
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Table e continued.

Region

ARIS

ARI6a

ARKib

ARI6c

AR17

Total inlensity / (10Mergs
Total area A (10" kmJl

1.5(4)
1.1

1.3(41
1.1

1.2(4)
0.98

2.1(3)
0.17

C M

4.612)
1.3

4.9(2)
1.1

3.5(21
0.91

4.1(2)
0.98

8.6(1)
0.21

•sr- ' |

Cm

39(2)
1.4

16(21
0.91

1.912)
0.78

2.2(2)
0.78

6.1(1)
0.20

Olv

7.0(1)
1.4

4.3(1)
0.78

3.7(1)
0.58

4.KII
0.78

12(1)
0.21

Ovi

I7<2)
2.0

1.112)
1.1

8.5(11
0.98

9.0(1)
0.98

2.1111
0.23

Mgx

2.1(11
2.9

1.8(1)
2.1

1411)
1.6

10(11
1.4

1.2
0.18

X-ray
(0.15 4.0 keV)

4.1(3)

10(4)

3.9(3)

Coronal
temp(MK)

2.0

2.0

2.3

Table 7. The upper part of the table gives the exponents e for the
relations between total intensities of active regions. Values are given
for power-law relations B (:) Ae, with B the total intensity for the
wavelength with the highest temperature of formation of the pair used
for the fit. The lower part of the table gives the values (1-C), with C
the correlation coefficients of the fits mentioned above.

Lys
Cii
Cm
Oiv
Ovi
Mgx
X-ray

Ly*

—_____
0.007
0.008
0.012
0.017
0.019
0.096

CII

1.03

0.004
0.007
0.007
0.016
0.077

Cm

0.96
0.92

0.002
0.005
0.015
0.079

Oiv

0.92
0.87
0.95

0.005
0.013
0.089

Ovi

1.08
1.03
1.12
1.18

0.009
0.065

Mgx

1.36
1.30
1.42
1.49
1.26

" - - - ^ ^
0.044

X-ray

1.40
1.32
1.50
1.58
1.32
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The derived X-ray temperatures Tx of the coronae above active
regions appear to increase with the average intensities (Figure 6).
Considering the uncertainties in T x and the maximal Ca II intensity,
the relations are remarkably tight. In Figure 6b only ARB deviates
significantly from the average behaviour: ABB emerged earlier on the
same day and may have shown strong variations in the maximum Ca II
brightness, or the accuracy of the Ca II K brightness may have suffered
from bad observing conditions that day. The ca II intensity is known to
depend on the magnetic flux density. Together the Figures 6a and b
indicate that both coronal temperature and average intensity depend on
the magnetic flux density in the active region.

5. Discussion.

Tight and non-linear relations arc found between total
intensities of active regions in emissions from various temperature
regimes (Figs. 4a-f, Table 7). The day-to-day evolution of active
regions is consistent with the relations within the observed spread.
Long-term evolution also obeys the relations, which is inferred from
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the tightness of the relations, and from
evolutionary stages covered in the sample.

the large variety of

n>e Major factor determining the total intensity of an active
region is its areai the average intensities vary by about a factor of
two to four, the areas by a factor around one hundred. Figures 7a. b
and c show a weak dependence of the average intensity on the area, but
the scatter is very large coapared with the range of intensities
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Table 8. The upper part of the table gives the coefficients c and
exponents e for the relations between areas of active regions
determined for different emissions. Power-law results are given for B
- c Ae, where B is the area derived for the wavelength with the highest
temperature of maximum contribution of the pair used in the fit. The
lower half of the table gives the values (l-c), with c the correlation
coefficient of the fit mentioned above.

e

Lysc

C l i

Cm

Oiv

Ov i

Mgx

\
0.004

0.007

0.007

0.010

0.009

Cn

0.97
0.99

0.003

0.006

0.009

0.006

Cm

0.83
0.98

0.86
0.98

0.003

0.006

0.015

Oiv

0.76

an
0.78
0.93

0.91
0.95

0.005

0.011

Ov i

1.06
1.01

1.10
1.00

1.28
1.03

1.41
1.08

0.007

Mgx

2.22
1.20

2.28
1.20

2.65
1.23

2.90
1.30

2.04
1.19
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covered. The average intensity of an active region appears to be
related to the relative coverage of the active region by sunspots: for
chromospheric and transition-region emissions the mean of the average
intensities for regions with a high spot coverage lies above that for
regions with a low spot coverage, but the separation is certainly not
strict. This difference in mean intensities is more pronounced for the
transition-region and coronal emissions than for chromospheric
emissions.

The areas of the active regions determined from different
emissions present an intriguing problem: areas determined from
chromospheric emissions are systematically larger than areas from
transition-region emissions (see Table 8 and Figures 8a,b). This is
probably not due to the definition of the boundary: if the boundary
intensities T b are chosen too high in the transition-region emissions
the underestimation of the area should become less important for larger
active regions, unless the geometrical change from active to quiet
becomes more gradual. We find no indications for such an effect in the
data.

The relation between areas determined from C n and C III line
emissions is depicted in Figure 8. The C III areas are generally
smaller than the C II areas: the average value of the area ratio
*cni/*cil equals 0.86 ± 0.08.

Figures 3a and b show that the transition-region (CHI) boundary
of the active region lies largely within the chromospheric (CII)
boundary: along the periphery of the active region the chromosphere is
not topped by a transition region. This may be explained by a strongly
inclined magnetic field at the periphery: the low-lying flux tubes are
filled exclusively with matter at chromospheric temperatures. This
explanation is supported by the elongated Ha fibrils observed at the
periphery of active regions.

Where 0 IV is involved one may question the significance of the
result that transition-region areas are smaller than chromospheric
areas: the o IV line lies shortward of 912 A, and may therefore be
influenced by the Lyman continuum. The small area would then imply that
the effective optical thickness of absorbing material is larger in the
active region than in the quiet region surrounding it; if a significant
amount of cool, or dense, material is available for absorption in
between the o IV emitting structures the intensities may be reduced to
below the boundary intensity.

The comparison of average intensities T from active regions,
quiet regions and coronal holes results in fairly tight relations
(Figs.9a-f). For active regions the spread around the relations between
average intensities is comparable with the spread around the relations
between total intensities. The average intensities T for quiet regions
and coronal holes can be separated into two constituent components
using the frequency distribution of intensities (c.f. Reeves 1976): a
contribution from the network and one from the centres of
supergranulation cells.
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Figure 8. a) Relation betueen active-region areas A as determined from
C II anil C III radiation, b) Ratio of active-regions areas as
determined from C III and from C II emission vs. the area in C II
emission. The average value (0.86) is indicated by the line.

The relation between CII and Ly a flux densities appears to be
curved (Fig. 9a): Ly a and CII, although both chromospheric lines, are
not equivalent measures of activity. In Figures 9b-e transition-region
emissions are plotted against the two chromospheric emissions. Figures
9a through d suggest that the network emissions lie on (curved)
relations defined by the active regions. This compatibility of network
emissions and active-region emissions may indicate that the emissions
from active regions and network are formed by similar mechanisms. Note
that the emission from cell centres probably departs by a small amount
from the relations defined by active regions and network.

6. of conclusions.

Relations between total intensities (either TJV line or soft
X-ray broad band emission) of active regions appear to be tight and
non-linear. The day-to-day evolution is consistent with the relations
within the observed spread. Long-term evolution appears to obey the
relations since regions of all evolutionary stages follow the same
relation.

Total intensities in coronal emissions increase more rapidly
with total intensities in chromospheric emissions than a linear
relationship indicates. However, power-law fits between total
intensities of active regions in transition-region and chromospheric
lines have exponents smaller than unity.
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Tentative relations ara drawn connecting active regions and the network
of quiet regions and coronal holes.
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Areas of active regions determined in chromospheric missions
appear to be systematically larger than areas determined from
transition-region emissions; apparently part of the chromosphere has no
overlying transition region. Figures 3a and b show that this part of
the chromosphere is situated at the periphery of the active region.

For the variety of active regions the average intensity T in
any of the UV lines shows a remarkably small spread: from a factor of
two in Ly a up to a factor of four in Mg X. There is a slight tendency
for average intensities to increase with increasing area, as well as
with the relative sunspot coverage.

The coronal X-ray temperature of active regions increases with
the average intensity, such as that of Mg X, and with the maximal Ca II
intensity. Assuming that the Ca II intensity is a monotonic measure for
the magnetic flux density and that sunspot coverage indicates the mean
magnetic flux density, we conclude that both the coronal temperature
and the average intensity depend on the magnetic flux density in an
active region.

For quiet regions and coronal holes the observed intensities in
other than coronal emissions from centres of supergranulation cells
spread by less than 15% from region to region, so the cell-centre
intensities are probably constant. The contrast between network and
cell-centre may be larger for quiet regions than for coronal holes.

A comparison of average intensities from active regions, quiet
network and network in coronal holes reveals fairly tight relations,
suggesting that the emissions from active regions and network are
formed by similar mechanisms.
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CMAPTEK 11

9OIAR ACTIVE KEdOMS: RADIATIVE AMD

UUtGE-SOUZ PARAMETERS OF THE MAGNETIC FIELD.

Summary.

Tight relations are established between parameters
characterizing the large-scale properties of solar active regions; the
parameters are derived from magnetograms (Kitt Peak Nationil
Observatory) and UV spectroheliograms (Apollo Telescope Mount
Spectrometer - Spectroheliometer). The magnetic flux density, averaged
over the magnetic plage, of active regions appears nearly constant:
100.±22.6. Hence, with a typical mean flux density of l-2kG in
photospheric flux tubes, the filling factor for the photospheric
magnetic field in active regions is 5-10%.

The total intensity of active regions in the chromospheric c it
or in the coronal Mg X line is tightly related with the total magnetic
flux in the active region; the correlation is marginally improved if
the radiative intensity is compared with the magnetic flux outside
sunspots.

A model is presented to explain the relations between the
projected surface areas of active regions as determined from
magnetograms and from spectroheliograms at different wavelengths.

The total coronal heating depends nearly linearly on the
magnetic flux in the active region. The small deviation from linearity,
if real, may be caused by differences in the field topology. The mean
magnetic flux density in quiet regions is of the order of 10G,
suggesting, with the contrast in soft X-rays of a factor of 10 between
quiet and active regions, a linear dependence of the coronal heating on
the mean magnetic flux density in active and in quiet regions.

The observed radiative losses from the corona agree with a
quantitative prediction of heating by shearing of the magnetic field by
granulation.

Key Words i -Sum
-Sum
-Sum

activity of
corona of
active regions

-Sum chromosphere of
-Sum magnetic fields
-Sum magnetic heating
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1. Introduction.

Many, if not all, stars with convective layers underlying the
photosphere show evidence for a hot outer atmosphere produced by
non-thermal heating. The solar analogue suggests that much of the
non-thermal heating is controlled by the magnetic field. The magnetic
fields of stars are difficult to measure, but the level of magnetic
activity of stars is readily determined using radiative diagnostics in
the optical, ultraviolet and X-ray spectral regions. Tight relations
have been established between radiative flux densities originating from
different temperature intervals in the outer atmospheres of cool stars.
Schrijver (1986a - Chapter 3) published a set of relations between flux
densities that have been corrected for a basal chromospheric flux. This
basal emission is not related with coronal radiative losses, and may
measure purely acoustic heating. The flux-density relations are valid
for P- through K-type stars, for giants as well as for dwarfs. The
radiative losses from the outer atmosphere of the Sun agree with the
relations defined by a large sample of cool stars (see Schrijver 1983 -
Chapter 2, 1986b - Chapter 12). Because the Sun behaves as an ordinary
cool star, solar active regions may be typical examples of stellar
magnetic features, at least for stars with a level of activity that is
not very different from that of the Sun.

A Striking property of the solar outer atmosphere is its
intricate structure. Adequate models of the outer solar atmosphere need
to incorporate non-thermal heating, radiation, thermal conduction, and
mass flows. During the past decade many authors addressed the problem
of heating related with magnetic fields both empirically and
theoretically. The theoretical models (see review papers of Heyvaerts
and Schatzman 1980, Chiuderi 1981, 1983, Kuperus, lonson and Spicer
1981, Hentzel 1981, Priest 1982) view the magnetic field as a medium by
which kinetic energy from the turbulent convective zone in transported
into the atmosphere. This energy may be offered to the atmosphere as
magnetohydrodynamic waves (one or more of many suggested wave types)
generated by irregular, small-scale velocity fields shaking or twisting
magnetic flux tubes below the photosphere. The inhomogeneity of the
magnetic field may play an important role in the efficient dissipation
of the power supplied by the waves (e.g. by phase mixing, or by
selective eltctrodynamic resonance). Another mode of non-radiative
heating through magnetic fields requires a sub-photospheric velocity
field of a different character> torsion applied to bundles of flux
tubes or complex wrapping around of neighbouring tubes by photospheric
motions introduce shear in the atmospheric fields. Energy thus stored
in the magnetic field is then converted into thermal energy (e.g.
Parker I983a,b).

Observational data of solar active regions can be used to
constrain theories of heating of plasma in a magnetic field. A complete
understanding of heating in the highly structured atmosphere requires
high spatial resolution. The tightness of relations between stellar,
surface-averaged flux densities, however, suggests that the study of
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Z- 3-10*

Figure I. The average Intensity in Mg X T Hgx for active regions from
Schrljver et al. (19B5 - Chapter 10), marked by the last three digits
of the McHath number (HcHath 12...), versus the relative proximity of
other active regions: - - the ai.sk is virtually empty but for the
active region in case, - other active regions on the disk, but nearly a
solar radius away, + one or more active regions nearby but the minimal
distance between the perimeters of the regions is more than the sum of
the respective diameters, ++ region(s) very near, although still
clearly separated in the Ca II K spectroheliogram.

large-scale characteristics of magnetic and radiative fluxes nay yield
insight in the physics of the heating process.

Skumanlch, Snythe and Frazier (1972) show that the relation
between the Ca II K intensity and the magnetic flux density for 2. "5
pixels is linear, with a considerable spread. Golub et al. (1980)
relate the coronal radiative loss with the magnetic flux contained in
active regions. The aim of the present paper is to relate both
chromospheric and coronal emissions from active regions with parameters
characterising large-scale properties of the photospheric magnetic
field.

Radiative losses of solar active and quiet regions were studied
by Schrijver et al. (1985 - Chapter 10), hereafter referred to as paper
I. They published tight power-law relations between total intensities
of active regions for emissions originating at chromospheric ,
transition-region , and coronal temperatures. The integrated
intensities were determined by summation of the intensity of pixels
within an lsophote defining the perimeter of the active region (see
Section 2.1), The average intensities of active regions of different
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sizes and in different evolutionary stages lie within a small range of
values: average intensities in chromospheric lines differ by less than
a factor of two, and coronal average intensities by less then a factor
of four. Therefore, the total intensity of an active region, determined
within the isophote defining the perimeter, is mainly a function of its
surface area.

The average intensity in coronal emissions increases slightly
with the area of the active region, whereas chromospheric average
intensities are virtually independent of the size of the active region.
The average intensity in any of the chromospheric , transition-region
or coronal emissions tends to increase with sunspot coverage, but with
a large scatter (paper Is Fig. 7). Figure 1 uses data from paper I to
show that the average coronal intensity is not significantly affected
by the proximity of other active regions.

This paper extends the study of paper I with an analysis of the
properties of the magnetic field of active regions, section 2 describes
the instruments used, lists the data, and describes the procedure used
to obtain appropriate values for the magnetic flux contained in
sunspots. Fits to the data are presented in Sections 3, 4 and 5.
Section 6 discusses the results.

2. Observations.

2.1 Ultraviolet observations.

The Skylab space station contained a cluster of telescopes known
as the Apollo Telescope Mount (ATM). The ATM performed an extensive
series of solar observations between May 1973 and January 1974. In
paper I Schrijver et al. (1985 - Chapter 10) select observations of
active and quiet regions made with the ATM S05S Ultraviolet
Spectrometer - spectroheliometer, which observed 5'-square segments of
the solar disk with a spatial resolution of 5".

Paper I lists total intensities and total areas for a series of
active regions; for details on the active regions we refer to their
Table 5. The data comprise observations at six ultraviolet wavelengths.
The perimeter of active regions were defined by isophotes at an
intensity level that was derived from the distribution of the
intensities of 5" pixels in a quiet region.

The present study uses data from paper I for two wavelengths«
the C II (1335/1) emission provides information on the chromosphere,
the Kg X (625&) emission on the corona. The Mg X data are preferred
over the soft x-ray data because fewer X-ray observation* are available
to analysis.
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Table l. Parameters derived for the active regions from XFNO
magnetograms (see Section 2.2). The columns contain:
1) active region number as used by Schrijver et al. (1985 - Chapter

10),
2) Hctfath number,
3) comment on the shape of the active region: a simple dipole, /

two large fragments in one of the polarities, ff fragmented in one
or both polarities, a the following polarity covers a large area,
largely enveloping the leading polarity, c complex magnetic
structure,

4) date of observation,
5) fractional distance from disk centre,
6) area A Q determined from the magnetogram,
7) fraction f A s of the area of the active region covered by sunspots,
8) magnetic flux minus flux contained in sunspots 4 4
9) fraction f

in s
of the magnetic flux of the active region

contained in sunspots,
10) distance dg, of centroids of magnetic flux of opposite polarity,
11) distance d_ of average positions of flux of opposite polarity,
12) shape parameter Ŝ ,, defined in the text.

ARKcMath Date

no. (1973) (lO9Jan2)(%) (1018Mx> (104Jan)(104km)
(1) (2) (3) (4) (5) (6) (7) (6) (9) (10) (11) (12)

2

3b
3C

4

5a
5b
5C

71

2
9

14a
14C

16a
16b
16c

12513

12510

12507

12486

12522

12525

12482

12493

d

dff
dff

a

df
df
df

d

dff

c
c

d
d
d

sep

sep
sep

Sep

Aug.
Aug.
Aug.

Sap

Sep,

Aug.
Aug.

Aug.
Aug.
Aug.

. 6

. 6

. 7

. 2

.21
,22
,23

.19

.19

IB
20

21
22
23

0.43

0.12
0.33

0.57

0.43
0.21
0.10

0.28

0.40

0.17
0.45

0.15
0.12
0.38

10.0

8.1
9.3

(15.8

5.7
5.2
5.5

4.2

3.6

0.63
0.46

0.43
0.22
0.19

7.

12.
13.

12.

1.
1.
0.

0.

5.

0.
0.

0.
0.
0.

6

9
5
61

1.23(4)

8.8
8.6

(3)
(3)

1.13(4)

7.2
6.6
6.4

4.2

3.1

5.5
3.4

(3)
(3)
(3)

(3)

(3)

(2)
(2)

3.6 (2)
2.2 (2)
1.33(2)

0.43

0.57
0.64

0.67

0.13
0.11
0.05

0.

0.41

0.
0.

0.
0.
0.

7.6

6.8
6.3

3.1

5.4
6.2
6.7

8.5

6.6

0.99
1.57

1.36
2.3
1.15

7.8

4.9
5.8

3.5

5.4
5.9
6.6

8.7

6.5

0.90
1.48

1.15
2.1
1.16

0

0
0

0

0
1
1

2

1

0.
0.

0.
3.
1.

.9

.9

.6

. I ) 3

.8

.2

.3

.7

.9

2
8

7
8
1

i Hagnetograa recorded O M day later than uv spectroheliogram.
a Magnetogram recorded one day before UV apectroheliogram.
3 See Section 2.2
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2.2 Magnetograms.

Magnetograms of the regions in Table 1 were obtained using the
40-channel magnetograph (Livingston and Harvey 1971) at Kitt Peak
National Observatory. No magnetic data were available for the other
regions studied in paper I. In all but two cases the magnetograms were
obtained within 12 hours of the spectroheliograms; in two cases the
difference is close to a full day.

The scans comprising the magnetfgram of active region AR4 were
not adjacent on the solar disk: a clear discontinuity is seen in the
magnetogram running through the penumbra of the large, leading spot,
and through other areas of strong field. The data of AR4 should
therefore be interpreted with care.

The regions ARl4a and AR14C both lie within a large area of
enhanced network labelled as McMath 12482 in the Solar Geophysical
Data. Neither region AR14a, nor AR14C are neatly bipolar, so that these
regions should be seen as characteristic of enhanced network rather
than of small active regions. Comparison of the magnetograms of ARl4a
and AR14c suggests that although the two regions correspond to the
strongest fields within the region of enhanced network, they are not
the same magnetic elements surviving for two or more days.

For each of the active regions a set of large-scale parameters
is derived from the magnetograms as discussed below. Determination of
these parameters requires a proper definition of the perimeter of an
active region and the determination of the magnetic flux contained in a
sunspot.

2.3 The perimeter of the magnetic plage.

As described in section 2.1, Schrijver et al. (1985 - Chapter
10) derived a boundary intensity to determine the perimeter of active
regions in the UV spectroheliograms; a similar procedure is adopted for
the analysis of magnetograms. Figure 2 plots the number of magnetogram
pixels with a mean magnetic flux density (expressed in Gauss) above a
certain value # in boxes centred on active region AR5a and on quiet
region QR1 (see Paper Z). At # • 50G the cumulative distribution
function of the magnetic field in AR5a becomes less steep,
corresponding to a plateau in the distribution function itself. This
distribution function of AR5a, plotted in Figure 3b, shows the
contribution from the active region above the 50G boundary value in
comparison with the distribution function of the quiet region shown in
Pigure 3a (quiet region QRl from paper I). The change in slope in the
cumulative distribution function in Figure 2 shows up as a plateau
•round SO Gauss in Figure 3b. The central core of the distribution
reflects mainly the instrumental noise of approximately 15G (Livingston
and Harvey 1971).
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ip(Gauss)

Figure 2. Cumulative frequency distribution of the magnetic flux
density in a box centred on AR5a, and on quiet region QRJ. The small
slope around SO G in the curve for ARS corresponds to a plateau in the
frequency distribution N($) shovn in figure 3b. The dashed curve is
the cumulative distribution function for a Gaussian uitn a » is Gauss,
typical of the statistical noise of the magnetograph.

h. typical value for the mean magnetic flux density in quiet
regions can be estimated to be 10 Gauss from skumanich, Smythe and
Frazier (1975). They measure an average magnetic flux density of 26G in
the quiet-region network. This magnetic network covers 38% of the quiet
Sun. The inner regions of the supergranules contain a zero-average
field with a dispersion of l.l±0.6G. A typical flux density in a quiet
region would therefore be 26*0.38 - 10G. Tie data of QRl in Figure 2
are fairly well described by a Gaussian distribution with a width of 19
Gauss, consistent with the average flux density of 10G, and an
instrumental noise of 15G.

Figures 4a and b compare isopleths for AR5a at 40 G and at SO G.
At the 40 G level many small, scattered contours (in part network
fragments) are seen around the active region, although the outline of
the active region itself differs hardly from that at 50 G (Fig. 4b).
The contours on the magnetogram clearly resemble the shape of the
active region in the C It spectroheliogram (Fig. 4c). At contour levels
upward of 50 G the inner parts of the active region are fragmented,
suggesting that these levels are too high to be a suitable boundary
flux density. The value of 50G is hereafter referred to as #$,, t h e

mean magnetic flux density at the perimeter of active regions. The atea
within this perimeter, with the exception of sunspots, will be referred
to as the magnetic plage. Likewise, the areas within the boundary
Intensity of some chromospheric or transition-region line shall also be
referred to as plage, using the specific line as designator, for
examplei Ca II X plage, or c II plage. This nomenclature agrees with
standard solar terminology.
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Field strengt" g (3>

Figure 3. Frequency distribution of mean magnetic flux density per
2.5" pixel in quiet region QRJ (a) and in active region AR5a (b). The
boundary value <fr^ = SO G is adopted to separate the contributions of
the active region (AR) from trie quiet region

2.4 The magnetic flux in sunspots.

Since the magnetograph is not well suited to measure magnetic-
flux densities in sunspots, the total magnetic flux through a sunspot,
4>5, is estimated by means of (see Gokhale and Zwaan (1972);

• ?.TT SBcose r dr - B(0) (l)

where B(0) is the field strength at the spot centre, R the spot radius,
A s the total spot area, fR a dimensionless number depending on the
relation between field strength B and inclination angle © as a
function of the distance at the spot centre (we adopt fR«0,42). Brants
and Zwaan (1982) use spectrograms of the Ti I (6064.6A) line, which is
quit* waak in the photospheric spectrum, but enhanced in the umbral
spectrum, to determine values of B(0) for a number of spots. The
average value of B(0) is 2,4 kG for spots with an umbral area of up to
30 milliontho of the hemisphere. For larger spots B(0) reaches up to
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a

Figure 4. Contourmap (a and h) of the magnetogram of active region
RRSa (Table I), compared uitn the C II (c) and Mg X (<i)
spectrohellograms. The polarity of the magnetic field is snoun by
different shading inside the contours at 50 Gauss (heavy lines). Thin
contours are draun for 40 Gauss. The crosses mark the centroids of
opposite magnetic flux.
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Figure 5. Fractional number of pixels in QRi with intensify belou the

fractional intensity T C o n t / <T Cont> •

approximately 3.0kG at a size of 100 millionths of the hemisphere.
Since the umbra1 areas of most spots in the present sample are smaller
than 30 millionths of the hemisphere we assume a constant value of B(0)
= 2.4kG. From Eq. (1) a mean magnetic flux density is found for
magnetogram pixels inside small spots of (6S = 1.0 kG. Pixels inside
the large spots in active regions AR2, AR3, AR4 and AR9 (Table 1) are
given a value of <f>s = 1.2 kG, as derived from B(0) = 2.8 kG.

Spots are identified using the continuum intensity. Figure 5
plots the number of magnetogram pixels with intensity below a certain
intensity T b for quiet region QR1 (see paper I). Pixels have been
recorded with intensities as low as 90% of the average intensity. Since
the mean magnetic flux density in spots is much larger than in the
surrounding plage the total magnetic flux in an active region would be
overestimated if pixels are incorrectly identified as a spot. Hence a
rather low intensity level is chosen to identify spots: a pixel is
assumed to be part of a sunspot if its continuum intensity lies below
90% of the average intensity of nearby pixels. The magnetic flux
contained in spots is thereby underestimated, but since the intensity
drops steeply when crossing the perimeter of a spot, the effect of a
low boundary intensity is not important as compared with the total flux
in the active region.

2.5 Sunspot areas.

The total sunspot area derived with the above method for the
active regions KRB up to AR16 agree within the errors with the values
listed in the Solar Geophysical Data. For regions AR2 up to AR4 the
presently derived values are 20% to 90% larger than given by the SGD;
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Figure 6. Ratio f^ g of the magnetic flux contained In i
the total magnetic flux of the active region, vs. the ratio
the area of the spots to the total active-region area.

to
of

this difference in spot area corresponds to a ring of magnetogram
pixels around the spots with a width of one pixel. The spot areas
listed in the SGD and the presently derived areas would agree if the
intensity at the perimeter of the spot were lowered from 90% to <»75%,
which is too low in our opinion. Moreover, Gokhale and Zwaan (1972), in
the derivation of Eq. (l) use accurately determined spot areas from
their observations. Therefore we maintain the value of 90% of the
average intensity to determine the perimeter of spots.

Figure 6 shows that the fraction of the total magnetic flux of
an active region that is contained in the sunspots of an active region
is proportional to the fraction of the active region area covered by
sunspots.

2.6 Large-scale parameters of the magnetic field.

For each of the active regions listed in Table l a set of seven
parameters determining the large-scale properties of the magnetic field
is derived. In order to correct for the aspect, the magnetic field is
assumed to be symmetric about the vertical, so that we may multiply the
observed mean magnetic flux with l/cos0 (9 the angle between the line
of sight and the normal to the solar surface).

Table 1 lists these seven parameters:
a) The total area A^, of the active region.
b) Fractional coverage of the active region area by sunspots

fA s

l
with Ag the total spot area.

4c) The total magnetic flux in the region 4>:
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* - E + (t> - Z_*

(E+ and £_ indicate sumnation over the magnetograun pixels for which
the absolute value of the mean magnetic flux density exceeds the
boundary value ^, « 5O G, for positive and negative polarity,
respectively).

d) Fraction of the magnetic flux contained in sunspots
f*,s * * V * - »s *s/*

e) The distance between the weighted mean positions (centroids) of the
parts of the active region with fields of opposite polarity:

M x/ z+0 ~ z-* x/ z-* )2~
<E+* y/ £ +* - £ > y/ £_(»>2}1/2

(x and y the pixel coordinates). Resolution elements within spots
are all assumed to have the value <ps (see Section 2.4).

f) The distance between the geometrical centres of the parts of the
active region with fields of opposite polarity:

dp - {( E+x/N - £_x/N ) 2 - ( C+y/N - £_y/N

where N is the number of pixels with 0 > 0̂ ,.
g) The quantity S^ « jr/2 d2^ / A^ measures the complexity of

the 3hape of a region: S^ • 1 for two touching circles, S- > l if
the regions of opposite polarity are clearly separated, and
Sj < 1 if several fragments of opposite polarity are
interspersed or if one polarity is largely surrounded by the other.

3. Area and shape of active regions.

Figure 7 relates the active region area derived from the
magnetogram (AQ ) with the distance d^ between the polarity centroids.
If the regions AR4 and ARl4a (see Section 2.2) are excluded the
relation reads (AQ in tanr, d^ in km):

A. - 1.1 d?"0 (corr. coeff. 0.93) (2)
<X> <P

The exponent does not differ significantly from the value 2 that would
result if the active regions were of similar shape. If active regions
could be described by two touching circles with opposite magnetic
polarity, and d 4 were the distance between their respective centres, a
value of 77/2 » 1.6 would result instead of the coefficient 1.1 in Eq.
(2)-

The quantities dp and d^ (again without AR4 and ARl4a) are
proportional:

d. - 1.0 d + 2.6 l03km (corr. 0.98) (3)
v p

The distance dp between the geometrical centres of opposite polarity is
slightly larger that the distance dg of the polarity centroids. The
difference is small, however, so that apparently the magnetic flux is
not particularly concentrated at any location in the active region.
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Figure 7. Active-region area determined from magnetograms AQ
versus the distance between the centroids for opposite polarity d^
The line is a fit to the data if AR4 and RRlAa are excluded (Bq. (3)),

Figure 8a relates the magnetic plage areas ( A Q ) with the Ca II
K plage area (Acall ' taken from the Solar Geophysical Data):

A - 5.7 10 2 A ° ' 7 0 , (corr. coeff. O.99) (4a)
Call <P

The area A-, turns out to be twice as large as A c a u for the largest
active regions, and 1.5 times smaller for the smallest region. The area
A Q is related to the areas A C I I and A^gX determined from
spectroheliograms in C II and Kg X through:

CII
(Fig. Bb), and:

2 0.77
3.9 10 A"

*MgX
- 31. A

0.92

(corr. coeff. 0.96) (4b)

(corr. coeff. 0.95) (4c)

The C II plage area and the projected area of the coronal condensation
in Hg x are larger than the magnetic plage area A*,. Relation (4b)
shows that with increasing size the ratio of *cn/A(j> decreases towards
unity. Relations (4a) and (4b) are consistent with the linear relation
between \;n and *caU found in paper I, although *cil i a f i v e times
larger than A

Figure 4 compares the spectroheliograms and magnetogram of AR5a.
Figures 4a and 4c show that the shape of AR5a in the C n
spectroheliogram is quite similar to that in the magnetogram, although
the c XI plage area is larger. Figures 4a and 4d show that the outline
of the magnetic plage may differ substantially from the projection of
the coronal condensation on the photosphere, even though Eq. (4c) is
linear.
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Figure 8. Relations betueen areas of active regions as determined
from magnetograms Ag and from Ca II K spectroheliograms AQJJJ (a),
and betueen AQ and the area ACII as determined from the C1I Sky lab
spectroheliograms (b). The dashed line ts the identify.

4. Magnetic plage area and Magnetic flux.

The magnetic flux $-4>s
tightly related with the area

contained in the magnetic plage is
to of the active region:

2.
11 1.07

10 A. (corr. 0.99). (5a)

The relation is close to linear, so that the average magnetic flux
density of magnetic plage is nearly constant; loo.±2O.G. The values
range from 70G up to 130G. Typical field strengths between lkG and 2JcG
for flux tubes in the photosphere suggest that flux tubes cover 5-10*
of the area of the magnetic plage.

Relating the total magnetic flux <t>, including sunspot fluxes,
with the area hq yields;

<t> - l. 10 A-' (corr. 0.99). (5b)

The exponent Is larger than unity because sunspots occur preferentially
in the larger active regions of the sample.
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Figure 9. Relation betuoen the •total intensity I C I I of the C II
plage and the magnetic flux of the active region, but outside sunspots

The line represents Eq. 6b.

5. Radiative intensities and Magnetic flint.

The magnetic flux 4> and the total intensity in C II are related
through:

7 108 <X>°'69 (corr. coeff. 0.95) (6a)

(6b)

or (Fig. 9)s
6 o.eo

I C I I - 3. 10 (4>-<t»s) (corr. coeff. 0.97)

where I C J I is in erg s"1 sr"1, and 4M(>S in Mx. The relation (6b) has
a slightly higher correlation coefficient than (6a) suggesting that -
if the errors in the determination of the magnetic flux contained in
sunspots are not responsible for the difference in correlation - the c
II emission may be controlled by the magnetic flux in the magnetic
plage rather than by the total flux in the region. This is expected
since sunspots show up as dark regions even in chromospheric emissions.

Similar relations for the coronal Mg X emission read:

IMax" 7 < 1 0 * "9 (corr. coeff. 0.93) (7a)

or (Fig. 10)>

IJ^JJ -0.34 (*-*g)
1<06(corr, coeff. 0.96) (7b)

As for c II, the tightest relation is found if the radiative intensity
is compared with the magnetic flux outside spots.
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Figure 10. Relation between the total Intensity rM-x
 t n H9 x and the

magnetic flux of the active region, but outside sunspots (0>-<t>s). The
line represents Eq. 7b.

Paper I:Fig. 7c shows that the average intensity in Mg X
increases weakly with the projected area of the coronal condensation.
If the average intensity in Mg X is compared with the magnetic flux
contained in the region (Figure 13) the relation reads:

3. io"3 (*-<&_ )°' 2 2 ± 0' 0 2 (corr. coeff. 0.96) (8)

This relation (Fig. 11) is tighter than the relation of *Hqx</KMqX w i t h

area Aj|gx 9iven i n paper I:Fig 7c.

6. Discussion and conclusions.

6.1 Size and shape of active regions.

The areas of active regions as determined from Mg x
spectroheliograms are always larger than the areas Ag, determined from
•agnatogrms, or AcaXX' <l«terwined from Ca II X spectroheliograms (cf.
Table 2). T»>is can be explained toy strongly inclined coronal loops that
are seen projected against the disk, outside the magnetic plage (cf.
Figure 12).

Ttoe c II plage area is also larger than A$ or A ^ H . Paper I
showed that the Vf a or c II plage is larger than the

182



Figure 11. Relation between the average intensity T HgX in MgX and
the magnetic /lux (&-Q>s) contained in the active regions, but
outside sunspots.

transition-region C III plage, suggesting that along some field lines
the temperature does not reach transition-region values. These
observations suggest low-lying loops with a temperature of about
SOOOOK, characteristic of the C II radiation, along a large fraction of
their length; these loops are seen projected onto photospheric regions
with a low magnetic flux density. Relation (4b) shows that the ratio
*CII t o ^ decreases towards unity with increasing size, so that a
large active region has relatively few cool loops as compared to a
all region.

Part of the cause for the relatively large C II plage area in
•nail active regions may be the finite chromospheric scale height: in
mall active regions large parts of the loops may be filled with matter
at chromospheric temperatures, whereas in larger active regions this
fraction is relatively less important. Figure 12 shows a model of a
large and a small active region to illustrate a possible additional
cause of the difference in areas. The fraction of the magnetic flux
that connects the active region with the surrounding network, or with
nearby active regions, may be relatively large in small active regions.
The tops of the magnetic loops lie quite low, so that matter at
upper-chromospheric temperatures may fill a large part of these loops,
if not their entire volume.

6.2 Intensities of active regions.

The relations (6b) and (7b) (see also Table 2) between the total
intensity in c II or Hg X and the total magnetic flux of active regions
cannot be improved by the introduction of one of the other parameters
listed in Table it within the errors the relations are two-dimensional.
The best correlation between the total intensity in C II or Ng X and
magnetic flux are found for the flux outside sunspots (9-4s). This is
consistent with observations by Nicolas et al. (1981) and by Webb and
Zirin (19tl) who not* that loops with a footpoint in
the umbra of large, stable sunspots emit little X-rays, and with the
observation of Noyes et al. (1985) that the average intensity of a spot
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bright X ray loop

long.tenuous loop
closing high over the
active region or intercon-
necting active regions

low. cool loops,
connecting the
active regon with
surrounamg network

Figure 12. Model for the magnetic structure of active regions tn
relation to the projected chromospheric (short-dashed),
transition-region (dotted), and coronal (long-dashed) areas. The
different polarities in the photosphere are shown by different
shadings. The ratios of the areas are made consistent uith the
relations derived in this paper and tn Schrijver et al. (2 9SS - Chapter
W). Cool loops or cool parts of loops are shovn dark.

for temperatures below "4. 1O*K lies around 60% of the average
intensity of the active region surrounding it. spots, however, may have
some effect i paper I showed that the average intensity in
chromospheric, transition-region, and coronal emissions of an active
region is larger for larger fractional spot coverage. More detailed
observations are required to determine whether the spots themselves
cause the increase in average intensity, or whether this is related
with the evolutionary stage of the active region.

6.3 Implications for the heating mechanism.

Equation (7b) can be rewritten to relate the coronal soft x-ray
losses with the magnetic flux, using Ix * X^x

 1 < 1 1 ± 0 > 0* (paper I)i

Iv • (•-•.)i'2 (9)

The total radiative loss in soft x-rays, »47ttx, can be used as an
approximation of the total coronal heating in the region, although this
neglects radiative losses from the transition region. Equation (9)
shows that the coronal heating depends nearly linearly on the flux
contained in the magnetic plage.
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Figure 13. Total intensity of active regions tn soft x-rays versus the
magnetic flux contained tn the magnetic plage. Symbols: • soft X-ray
Intensity from paper I, o soft X-ray Intensity estimated from the Ly a
Intensity from paper I. The line represents the theoretical prediction
of Sqs. (14) ana (16), see text.

Table 2. Suanary of relations. The symbols are defined in section 2.2.
Listed are: the correlation coefficients c for a double-logarithmic
fit, the numbers of the Equations in the text, and the numbers of the
Figures presenting the relations. Units: km, Mx, or erg s"1 sr'1.

f. - 5.1 f
9,S A,S

C - 0.98, Fig. 6.

K. • 1.1 <J?*0 (excl. AR4, 14a) C - 0.93, Eq. (2). Fig. 7.

- ••' »* C - 0.99, Eq. (4a), Fig. 8a.

Vn C - 0.96, Eq. (4b), Fig. 8b.

31.
,0.92

C - 0.95, Eq. (4C).

- 2. C » 0.99, Eq. (5a).

Tcn " 3« 10
.0.80

C » 0.97, Eq. (6b), Fig. 9.

IM*C
.1.06

C - 0.96, Eq. (7b), Fig. 10.
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The present sample is too small to establish whether the
exponent in Eq. (9) differs significantly from unity. If so, the slight
non-linearity in the dependence of the coronal radiative losses on the
magnetic flux need not necessarily reflect effects of the field
geometry on dissipation of fields generated by shear, or by dissipation
of waves. The non-linearity may be caused by the smaller fraction of
cool loops in larger active regions (see Section 6.1): instead the
fraction of magnetic loops emitting at coronal temperatures is larger,
which causes the exponent in Eq. (9) to be larger than unity. This
interpretations is consistent with the observation in paper I (Chapter
10) that the average coronal intensity of active regions increases with
increasing size.

Section 2.3 quotes a mean magnetic flux density for quiet
regions of about 10G, a factor of ten lower than for active regions.
The observed contrast between active and quiet regions in soft X-rays
is also a factor of 1O (paper I), suggesting that the power supplied
for coronal heating depends (nearly) linearly on the mean magnetic flux
density.

Unfortunately, Eq. (9) does not tell us much about the heating
mechanism. In the case of heating by magnetohydrodynamic waves
generated by velocity fields with small length- and time-scales, the
heating per unit area would depend linearly on the magnetic flux if the
power that is supplied and the fraction of it that is dissipated are
the same for any field line.

The coronal plasma may alternatively be heated through shear
applied to (bundles of) magnetic flux tubes and subsequent dissipation
of the azimuthal fields. The near-linearity of the relation between the
radiative losses from the coronal condensation and the magnetic flux
contained in the magnetic plage for active regions of very different
size, suggest that the velocity field should have a typical
length-scale that is small as compared to the size of active regions.
Granulation is a possible candidate: these irregularly changing
patterns of flow may move flux tubes around over a typical diameter of
1000 Km during their life-time of 500 seconds. Note that the magnetic
flux in active regions may hamper the free flow of matter in the
granulation, but since the mean magnetic flux density in magnetic
plages appears constant (Section 4) the effects may be comparable for
all active regions.

The dependence of the heating on the magnetic f aft Id can be
estimated as below (in part following Golub et al. I960). If the
footpoint* are braided with an azimuthal velocity v^, the azimvithal
field is given byt

._ ov. v,

if* - \~~ • \ ~J ' <10>
where Bz the longitudinal field and L the loop halflength. The energy
available for heating of an entire loop equalstW B5 **h (">
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with R the loop radius. By definition, the total heating per loop
equals:

~$l * EH JO? L (12)

with E|| the heating per unit volume, taken to be constant throughout
the loop. At this point Golub et al. (1980) apply a scaling law for
quasi-static magnetic loops. A different line of reasoning is followed
here. With Eq. (12) the energy flux available for heating per unit area
of the footpoints of loops is (from Eq. (12):

IEJJ L) - B^Bz V # / 4IT s a B z V^ / W , (13)

if Ba = a Bz. This should equal the total radiative loss from the
corona and the transition region. Integration of Eq. (13) over the
magnetic plage yield the total radiative power PT. For two touching,
circular regions if area A/2 and homogeneously distributed field of
opposite flux density <BZ> we obtain:

PT - E H L A - a v^ <Bz> <t> / (4ff) (14)

A different field geometry will only affect the constant of
proportionality in Eq. (14). Golub et al. (198O), for instance, use a
photospheric magnetic field:

Bz(x.y) •= BQexp(-x /2a ) sgn(x) , -a < y < a (15a)

Bz(x,y) - o , lyl * a (15b)

which decays exponentially away from the line separating the two
polarities with a typical length scale a. At any given x, the field is
independent of the second coordinate y, as long as lylxso a. Note
that a field such as described by Eqs. (15) is particularly
concentrated near the neutral line, which is not observed in the
present sample, cf. section 3, Eq. (4). Integration over a magnetic
plage as in Eq. (15) yields a total radiative power:

2 2 1/2
P T ' a V^ O B Q / (47T) - a V # BQ«& /(32fT) (16)

with 4*BQ0 2/ew i the total magnetic flux in the region, obtained by
integration of Eqs. (15).

Equations (14) and (16) show that the total energy generated in
the active region is a non-linear function of the magnetic field.
However, Section 4.3 showed that the mean flux density <BZ>
proportional to Bo - is nearly constant, leaving a linear dependence of
P>P on <t>, as is also expected for heating by mhd waves.

Figure 13 relates the total intensity of active regions in soft
X-rays with the flux in the magnetic plage, and compares the data with
Eqs. (14) and (16). The proportionality constant of Eq. (14) was
estimated using: a v^ « 0.05 km/s, <BZ> * 100 Gauss, and PT -4n lx.
The same relation follows from Eq. (16) if a v^ • 0.1 km/s and Bo « 4
<H7> - 400 Gauss. The agreement of the data in Figure 13 with the
quantitative prediction of Eqs. (14) and (16),with reasonable values
for tlio velocity field of the granulation, shows that the model for
coronal heating through magnetic shear is a good candidate.
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Golub et al. (1980), using Eqs. (1O), (11), (12), (16) and
scaling laws for quasi-static magnetic loops, obtained a relation
between the magnetic flux <$ and the total thermal energy content dtp:

2 O.86 -0.57
* > LV

Eq. (17) is correct in itself, but cannot be compared with the
observational data of Golub et al. because Uj, is not directly observed.
Instead, Golub et al. estimate U T using the emission measure and
temperature of the coronal plasma; to do this they assume the plasma to
be isothermal, but this is not compatible with the use of the scaling
laws for quasi-ttatic magnetic loops. Golub et al. (1980) state that
the observations match the non-linear character of Eq. (17). I suggest
that this is caused by the correction for what they call the background
field. The result of such a background subtraction is to increase the
relative range in magnetic fluxes and therefore to steepen relations
with the magnetic flux as one of the parameters. The background field,
however, should not be subtracted: there is no reason to assume that a
non-emitting, quiet region field resides inside an active region, that
does not increase the total radiative emission.

6.4 A few questions raised by the analysis.

The analysis of parameters determining the large-scale
properties of active regions raises several questions that require the
analysis of high-resolution observations of a much larger data sample.
Some of these questions are listed below:

- Is the departure from linearity of the relation between magnetic and
coronal radiative fluxes caused by effects of the field geometry on the
heating mechanism or just by a different fraction of the magnetic loops
that emit at coronal temperatures for a different size of the active
region (cf. Section 6.1).

- Does the topology, or the evolutionary phase, of the magnetic field
in an active region affect the radiative intensity? Sunspots pose a
related problem: the radiative intensity of active regions appears to
be independent of the magnetic flux contained in the sunspots, but the
coronal average intensity of an active region tends to be higher if
spots are present. Again one may wonder whether this is related with
the field topology or with the evolutionary phase.

This paper does not discriminate between different heating
mechanisms, but shows that the data appear compatible with heating by
dissipation of magnetic shear caused by the irregularly changing
granulation. A number of empirical, quantitative relations have been
established, which may be compared with quantitative theoretical
predictions, similar to what was done in Section 6.3. Perhaps a
comparison of absolute numbers, rather than of exponents of relations,
will identify the mechanism heating the solar outer atmosphere.
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PART I I I

THE SOLAR-STELIAF CONNECTION



CUAWKK 12

RADIATIVE FUJKES FROM THE OOTER ATMOSPHERE OF A STAR LIKE THE SON:

A CONSTRUCTION KIT.

Suamary.

Chromospheric and coronal radiative flux densities of a star like the
Sun are simulated as a function of activity. The required
limb-darkening curves for active regions are derived for ultraviolet
chroinospheric, transition-region and coronal emission lines. The
normalized distribution of areas of active regions appears to be nearly
independent of the phase in the solar cycle. The synthesis of the
emission of the Sun-as-a-star from emissions of active and quiet
regions shows that the solar flux densities, averaged over the solar
cycle, agree with flux-flux relations defined by other late-type
dwarfs and giants. The flux level of the Sun-as-a-star in different
phases of the activity cycle can be made to change along the stellar
flux-flux relations if the emission of the quiet disk is varied
markedly with the number of active regions. A distribution function
for intensities per unit area of the stellar surface is suggested
which reconciles the observed relations for stellar and solar data.
Some aspects of rotational modulation are discussed; one result is
that chromospheric and coronal flux levels may be anticorrelated in
time.

Key Words: Sun: activity of. Sun: the Sun-as-a-star,
Sun: limb-darkening in UV emission from active regions.
Stars: late-type, stars: rotational modulation.

1. Introduction.

The study of stellar magnetic activity in stars with convective
zones underlying the photosphere developed rapidly in the past decade.
Relations between chromospheric, transition-region and coronal flux
densities turned out to be surprisingly tight. The same relations hold
for early-P to late-K type dwarfs and giants. Schrijver (1986a -
Chapter 3) showed that the relations between chromospheric or
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transition-region flux densities are approximately linear, whereas
power-law fits to relations; involving coronal emission have a slope of
approximately 1.6. The non-linearity of some of these relations
presents a problem: if the emission from a star were the simple sum of
the emissions from individual active regions distributed over the
stellar disk, linear relations would result.

It is as yet unclear whether the Sun lies on the relations
between flux densities as defined by the other late-type stars and, if
so, whether it varies along these relations as the level of activity
changes throughout the solar activity cycle. Schrijver (1983 - Chapter
2) made a crude estimate of the behaviour of the Sun by using ca II K
line-core measurements of the Sun-as-a-star from Oranje (1983) and an
estimate of the X-ray variability from Vaiana and Rosner (1978). These
estimated solar fluxes lie close to the average relation between the
soft X-ray and Ca II H+K flux densities defined by the other cool
stars. The line segment connecting the data points for the minimum and
maximum in solar activity runs nearly parallel to the stellar
relation. This crude estimate, however, waits to be replaced by
accurate data. This paper synthesizes the behaviour of the emission of
the Sun-as-a-star from the emission of active and quiet regions,
allowing for a realistically changing distribution in intensity and
size of active regions. Much of the required data for such a synthesis
are already available, as summarized in the paragraphs below.

Schrijver et al. (1985 - Chapter 10), hereafter called paper I,
listed integrated intensities in chromospheric, transition-region, and
coronal emission from solar active regions of different sizes and in
different evolutionary stages. Relations between these total radiative
intensities of active regions turned out to be very tight, as did
relations between average intensities of active and quiet regions.

Synthesis of the emission from the Sun-as-a-star requires a
detailed knowledge of the distribution of sizes of active regions
throughout the solar cycle. Tang, Howard and Adkins (1984) published
an average distribution function for the period between 1967 and 1981.
Their Mt. Wilson magnetograms, however, are not suited to study small
active regions, so that the distribution of sizes of these small
regions is yet to be determined.

The synthesis of the emission of a star like the Sun also
requires as input the centre-to-limb variations of quiet and active
regions. Withbroe and Mariska (1975 and 1976) published centre-to-limb
curves for quiet regions in a number of ultraviolet emission lines. The
limb-darkening curves for active regions need yet to be established.

Section 2 analyses the distribution function of the areas of
solar active regions and Section 3 the limb-darkening effects. An
analytical expression for the emission from the atmosphere of a star
like the Sun, using the emission from quiet and active regions, is
derived in Section 4.1 Section 4.2 describes the numerical model for
the synthesis of the stellar emission, section 5 Illustrates some
aspects of rotational modulation in chromospheric and coronal fluxes.
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Figure 1. Distribution function f(A) of areas of active regions at four
stages in the solar cycle; a) July-November 1973, in the descending
phase of the cycle (N=12), b) July-September 1975 (minimum, N=7), c)
July-September 1977 (ascending phase, N=12), d) July-September 1990
(maximum, N-36). The area of the regions is given in millionths of the
solar disk. The distribution function is expressed as the average
number N of active regions seen on the solar disk at any given day. The
smooth curve represents the average distribution function f (A) (Ea.
1), normalized to fit the data

Flux-flux relations are shown in Section 6. Section 7 links the solar
and stellar data, and discusses the implications for stellar magnetic
structure.

2. Distribution of sizes of active regions.

Histograms of the average number of active regions visible on
the disk at any given day are derived from the ca II K plage areas from
the Solar Geophysical Data. The areas of the active regions
listed in the Solar Geophysical Data are given in units of 100
millionths of the solar hemisphere, down to 100 millionths. The
distribution functions are obtained by averaging over a period of
several months, specified in the caption to Figure l. Figure 1 shows
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the distribution function f(A) of the Ca II K plage areas A of active
regions in four stages of the solar cycle, compared with an average
function 7 (A) scaled to the appropriate number of regions. Apparently,
the shape of the distribution function T (A) does not vary
substantially throughout the solar cycle, so the probability to find
an active region of a certain area scales to first order with the
total number of active regions on the solar surface.

The normalized distribution function can be approximated by two
exponential functions:

f(A) dA = 1.4 io~3
 e""

A/63° dA , A < 1660 (la)

f(A) dA = 2.9 10~ 4 e~A/154°dA , A > 1660 (3b)

with A in millionths of the solar disk. The average number of active
regions visible at any moment on the solar disk varied from 7 during
the minimum in 1975 up to 36 during the maximum in 1980.

Tang, Howard and Adkins (1984) use Mt. Wilson magnetograms to
derive an average distribution function for active-region sizes for the
period 1967-1981. The presently derived function (1) agrees quite well
with their average curve. They note that the shape of the distribution
function during maximum differs somewhat from that at minimum, which
is also seen in Figure 1: the relative amount of small regions at solar
minimum in 1975 is somewhat larger than at other times. The rather
small change in the distribution function is clearly reflected in the
average size of the active regions: at solar maximum the average size
is twice as large as at solar minimum (Tang, Howard, Adkins 1984). The
effects of this dependence on time are small, as discussed in Section
6, so that it is not taken into account below.

3. LiBb-darkening of active regions in OV emission lanes.

The centre-to-limb effects of active regions in UV emissions is
studied using observations made with the Ultraviolet
Spectrometer-Spectroheliometer in the Skylab Apollo Telescope Mount;
Beeves, Noyes and Withbroe (1972) describe the instrument. Schrijver
et al. (1985 - Chapter 10) studied the emission from solar active
regions in six emission lines: Ly a 121&A (the central 8.3A of the
line), CII 1335A, C III 977&, 0 IV 554A, 0 VI 1O32& and Mg X 625&.
These lines were observed simultaneously while scanning 5' square
segments of the solar disk with a resolution of 5".

The Skylab logbooks were searched for series of observations of
active regions that were well separated from neighbouring active
regions. This avoids confusion of the sources of radiation near the
solar limb, which is particularly important for the optically thin
coronal emissions. Three regions were selected, with a total of 19
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Table 1. Active regions used to derive the limb-darkening curves. These
regions correspond to AR5, AF4, and AR3 in paper I, respectively.

Active Date
region
(McMath) (1973)

12488 Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.

12507 Aug.
Aug.
Sep.
Sep.

12510 Aug.
Sep.
Sep.
Sep.
Sep.
Sep.

21
21
23
25
25
28
28
29
29

31
31
2
3

31
3
3
5
6
7

Time

(U.T.)

llh50
21hOO
22h50
3hlO

17h30
6hlO
16h34
9hl8
22h20

2h00
2Oh2O
2hlO
10h30

12h50
3hOO

13h50
17hOO
17h50
17hlO

Position
Latitude Longitude

13
13
12
13
13
13
13
13
13

-13
-14
-14
-15

15
14
14
15
13
13

(degrees)

-26
-08
07
23
31
64
69
80
87

-50
-40
-33
-07

-75
-42
-36
-08
06
19

Fractional
distance to
disk centre.

0.46
0.15
0.14
0.40
0.52
O.89
0.93
0.96
0.99

0.81
0.70
0.63
0.38

0.97
0.67
0.59
O.2O
0.15
0.33

pointings, listed in Table 1.

The total intensity of active regions, i.e. the intensity
integrated over the area of the active region, is determined in each of
the selected chromospheric and transition-region emission lines using
the method discussed in paper I: pixels are considered part of the
active region if the intensity is larger than a constant boundary
intensity T b. The values for T b, taken from paper I for disk centre,
are scaled by the centre-to-liaib curves published by Withbroe and
Hariska (1975 and 1976). The same procedure is followed for the coronal
Mg X emission for the part of the coronal condensation seen projected
on the solar disk. Beyond the limb an eye-ball estimate of the
perimeter of the coronal condensation is used.

Figure 2 shows that the total intensity in Ly a drops by an
order of magnitude as an active region approaches the solar limb. In Mg
X the centre-to-limb effect is small compared to the spread of the
data, as expected in the case of optically thin emission from a plasma
with a roughly hemispherical shape. Hence, the relatively small change
in Mg X intensity may be used to correct for evolutionary changes in
the intensity of an active region while it crosses the disk: if changes
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Figure 2. Centre-to-limb curves for total intensities of active regions
in tig X and Ly a (erg cm'2 s'1); p is the fractional distance from
disK centre. Symbols:X McMath 12486, o McMath 125O7, 0 McNath 12510.

Fig. 3. Relative intensities in UV emission lines for active regions,
as a function of the fractional distance p from disk centre. The
scaling of the total intensity of the active region is explained in the
text.

in the Mg X intensity are attributed to evolutionary changes only, the
intensity at disk centre of each of the regions in any of the emission
lines can be estimated using the Mg X intensity together with the
relations between total radiative intensities of active regions
published in paper l:Table 7. The ratio of the observed total intensity
I o b s to the estimated total intensity I d c at disk centre is the
relative centre-to-limb effect. This scaling allows a direct comparison
of active regions of different mean intensity and area.

The resulting limb-derkening curves for active regions are
plotted in Figure 3: the curves are fairly tight, showing that the
limb-darkening is comparable for different active regions.
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4. The emission from a star like the Sun.

4.1 Analytical expressions.

This Section presents cut analytical expression for the emission
of a star like the Sun. The intensities and distribution of areas of
active regions are approximated to derive a conceptually clear formula.
The emissions are averaged over a full rotation period of the star, so
that information on the scatter around the relations is lost (see
Sections 5 and 6). The inclination of the rotation axis is of course
important, but is neglected in this paragraph in order to keep the
formulas simple; the effects of the inclination are properly addressed
in Section 4.2.

The total emission from the outer atmosphere of the Sun
comprises three components: emission from active regions, quiet
regions, and coronal holes. The effects of coronal holes, including
polar caps, are neglected in the present analysis: in chromospheric
emissions the coronal holes do not differ significantly from quiet
regions, and in coronal emissions the effect of coronal holes is
negligible because the number of coronal holes is roughly in phase with
the number of large active regions (Nolte et al. 1978), so that at the
time coronal holes have a large effect on the coronal emission from the
disk outside active regions, the emission from coronal condensations
dominates that of the rest of the disk. The emission from coronal
bright points is also neglected.

As a first approximation the emission from quiet regions is
taken to be independent of the phase in the solar cycle. Section 7
concludes, a posteriori, that this assumption is not correct.

4.J.J Active regions.

The limb-darkening curve tr̂ p (Pig. 3) is assumed to be the same
for all active regions, so that it is only a function of the position
on the disk (p fractional distance from disk centre). With I,jc the
total intensity of an active region at the centre of the disk, the
expectation value for the observed emission from that region is
obtained by averaging over all possible positions on the disk:

with TjtsHp.B) the probability to find the active region at a
particular position (p, 0) on the stellar disk. The function F
incorporates effects such as active belts in latitude and sectors in
longitude and the inclination of the rotation axis; F may also depend
on the number of active regions if the position of the active region is
correlated with the phase within the activity cycle, as is the case for
the Sun, where it results in the butterfly diagram. The constant *AR'
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dependent on the wavelength studied and on the inclination of the
rotation axis, is the average centre-to-limb effect for an active
region. With Eq. (2) the total emission of N active regions, avexaged
over all realizations on the disk, becomes:

J
 A - N *AR ' W <3>

with F (A) the normalized distribution function of sizes of active
regions. The derivation of Eg. (3) implicitly assumes that there is no
correlation between the size of the active region and its
centre-to-limb effects! this is shown to be the case in Section 3, at
least for a limited range in sizes of active regions.

Schrijver et al. (1985 - Chapter 10; their Fig. 7) showed that
the average intensity T <jc of an active region per unit of its area
increases slightly with the area of the active region. This increase
can be approximated by a power-law relation, although the scatter
ar-und this relation is quite large as compared to the intrinsic spread
in the average intensities:

Idc(A) = c A
a (4)

In the simplified case that the distribution function for the sizes of
active regions can be approximated by a single function 1 (A) = 1/Ag
e(-A/Ac) ( A C the characteristic area of the active regions, see Eq.
(l)) Eq. (3) becomes (a * -1):

' U *AR C »c + 1na+2) = N •„, Ac Idc(Ac) r<a+2> (5)

Eq. (5) states that the expectation value for the total radiative
emission from all active regions on a stellar disk is proportional to
the number of regions N and to the total intensity A cr dC(Ac) of a
characteristic active region, weighed with a mean value for the limb
darkening.

4.1.2 Quiet regions.

The emission L Q D from the quiet disk, void of active regions, is
assumed to be constant. Fart of the surface of the active star will be
covered by active regions; the emission from these regions is to be
subtracted from the emission L Q D of the quiet disk to yield the total
emission L Q R from quiet regions on the disk:

- LQD " N S ?<A> ! A YQR *0R
 FAR d O *

with yVro the limb-darkening curve for quiet regions, and T QR the
intensity per unit area of quiet regions at disk centre. Eq. (6)
assumes active regions to be sufficiently small that centre-to-limb
effects are constant over their area.
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Table 2. Interval in Ca II K plage area (in millionths of the solar
disk) for Which the total intensities and areas are used from the
listed region. The five smallest active regions are ordered by their C
II area, and the associated ca II K pla^e area is derived from the
relation between Ca II K and C II plage areas derived in paper I:Fig 5.
The seven largest active regions are ordered by their Ca II K plage
area (paper I:Tables).

Active
MCMath

12483
12484
12493
12482
12451

12511
12512
12488
12474
1251O
12535
12507

region no.
paper I

17
15
16a
14a
13

8
11
5a

10
3a
1
4

Size interval

2O
60
150
250
450

65O
900

1350
1600
1800
2200

60
- 150
- 250
- 450
- 650

- 90O
- 1350
- 1600
- 1800
- 2200
- 2900
> 29OO

4.1.3 Total emission.

The total emission of the disk of an active star, averaged over all
realizations of sizes and positions of active regions equals:

«NAc
3 N A_

fiR W V r(a+2) - V Q R
(7)

or: the sum of the emission from the quiet disk and the total emission
over that of quiet regions from an equivalent of N characteristic
active region of size Ac.

In case that the average emission of active regions does not

depend on the active-region size (a»0) CRQ - *AR*" dc'ac )~*QR*" QK'
which is simply the difference between the average intensity of an
active and a quiet region, weighed with the respective centre-to-limb
effects.

4.2 The numerical simulation of the Sun-as-a—star.

The averaging procedures in the derivation of the analytical
expression in Section 4.1 removed the information on the
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scatter around flux-flux relations. Moreover, the analytical
determination of the constants HRR and ¥g R in Eq. (7) is complicated
because these constants incorporate many independent effects. The
actual behaviour of stars in a flux-flux diagram is therefore derived
through a numerical simulation.

The flux density of a completely quiet disk is calculated only
once; the emission from areas that are covered by active regions at
higher levels of activity is subtracted later (see Eq. 7). The
distribution function in Eq. (1) is used to generate a distribution of
areas for N active regions. The total intensity of an active region
cannot be accurately predicted from the area of the region {see paper
I:Fig. 7), which is why I use the data for the individual active
regions studied in paper I, rather than the average relations between
total intensities of active regions and between average intensity and
surface area (paper isFigs. 4,7). Once the area of an active region is
generated using Eq. (1), Table 2 associates this area with an actually
observed active region (from paper I) and its radiative intensities
and areas (paper I:Table 6). The area in X-rays is assumed equal to
the area in Mg X.

The active regions are distributed over the solar surface
prescribing active latitudes (belts) and longitudes (sectors). Any
dependence of the position of active regions on the level of stellar
activity is neglected. The active regions are place randomly in the
active belts and sectors, provided that the chromospheric C II areas
do not overlap: in order to check this the regions are assumed to be
circular.

The total emission from the active regions is calculated, given
the rotational phase and inclination angle, using the limb-darkening
curves plotted in Figure 3. Centre-to-limb effects are neglected for
the soft X-ray and Mg X emission.

If an active region lies behind the limb the chromosphere will
be completely occulted, but part of its coronal condensation may still
be seen. The fraction of the total intensity visible over the solar
limb is estimated by letting the emission decrease exponentially in the
radial direction over the active region. A scale height of one quarter

of the diameter of the active region (i.e. 1/4 /Augx) i s u s e d f o r t h e

Mg x and soft X-ray emission, since a characteristic separation of the
footpoints of the magnetic loops in an active region is half the
diameter of the active region, and the height of a semicircular loop
equals half the separation of the footpoints.

5. Rotational modulation.

Simulated stellar light curves bring out some interesting
aspects of rotational modulation. Three examples are given below to
illustrate how the light curve depends on the longitudinal distribution
of active regions on the disk.
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If all active regions are located in a narrow sector in
longitude a clear modulation results in coronal emissions (Fig. 4a).
In chromospheric emissions a complete occultation is seen during part
of the rotation period; Figure 4b shows that the rise and decline in
the C II lightcurve show mainly the limb darkening, giving little
information on the angular size of the active region. The angular size
of the region is, however, readily measured from the ratio of the
duration of the occultation to the rotation period. The soft X-ray
curve (Fig. 4a) contains information both on the coronal scale height
and on the size of the active sector, so that these two quantities may
only be disentangled if the width of the sector is known from
observation in a chromospheric emission, unless the sampling is very
good indeed. Note that the smoothness of the stellar light curves is
caused mainly by the center-to-limb effects in chromospheric emissions,
and by the large coronal scale height.

Figure 4c shows that the relation between the soft X-ray and C
II fluxes is strongly curved. This boomerang shape is caused by the
very different centre-to-limb effects in the two emissions, and by the
vertical extent of the X-ray emitting corona. The two branches do not
completely coincide, because the active regions are not distributed
homogeneously over the active sector.

Figure 5 demonstrates that, contrary to what is usually assumed,
chromospheric and coronal emissions need not be in phase. Here the
active regions are distributed over two active sectors, at opposite
sides of the star. The chromospheric emission reaches one of its
maxima when one of the sectors crosses over disk centre. The coronal
emission is 90 degrees out of phase, since maxima are reached when
both active sectors are simultaneously seen at opposite parts of the
limb. The "boomerang"-shaped flux-flux relation of the previous
example is in this case replaced by the Lissajous-like figure shown in
Figure 5c.

Clearly, the anticorrelation between F x and F C I I is caused by
the symmetry in the active sectors; breaking that symmetry brings
about a coarse correlation, as demonstrated in Figure 6c, derived for
a star covered by three regularly spaced active sectors.

6. Relations between flux densities.

The flux densities presented in this section are averaged over
an entire rotation period. Figure 7a shows that, despite the linear
dependence of the flux level on the number of active regions (Eq. (7)),
the relation between the C II flux and the soft X-ray flux cannot be
approximated by a simple power-law relation with a slope equal to
unity. A linear relation, as in Figures 7b,c, results only if the
relations between average intensities of active and quiet regions are
linear (of. paper I:Fig. 9). Note that small fluctuations about the
mean relations in Fig. 7 are in part due to the combined effect of
different centre-to-limb effects in the two related emissions and
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Figure 4. Light curve for a star with one active sector of 90° in
longitude, extending from 3° to 45° northern and southern longitude.
The total number of active regions on the stellar surface is 30. The
inclination of the rotation axis uith respect to the observer equals
90° . Figures 4a and 4ib plot the flux density in soft X-rays and in C
It as a function of phase. Figure 4c relates the flux densities. The
emission from the quiet disk is also shoun. A pole-on vieu of the star
in Figure 4c shous the utdth of the sector to uhich active regions are
limited.

Figure 5. Light curve for a star aith too active sectors of 60° tn
opposition/ (cf. pole-on vieu in Figure 5c). The arrangement of the
plots, and the value of the remaining parameters used for the
simulation are as in Fig. 4.
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Figure 7. Relations between flux densities for a star like the Sun, The
related quantities are surface flux densities in soft X-rays, Mg X, C
11, and C III. The active regions are assumed to be confined to
latitudes betueen 3 and 45 degrees on northern and southern hemisphere,
and randomly distributed tn longitude. The flux densities plotted are
averaged over one rotation. The inclination angle of the rotation axis
equal's: o 90", & 45", X o° (pole-on vieu). The number of active
regions on the disk ranges from o to loo utth steps of 10. The curves
represent eye-ball estimates of the average relations.
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different surface distributions of the active regions. The scatter is
also partly caused by the intrinsic scatter about the relations
between total intensities of active regions, established in paper I
(their Fig. 4).

Equation (7) shows that the resulting flux from an active star
depends on the characteristic size of the active regions. Tang,
Howard and Adkins (1984; see also Section 2) showed that the average
area of active regions varies somewhat with activity, whereas the
present simulation assumes the normalized distribution of areas to be
independent of time. A change in the distribution of areas of active
regions would affect the curve in Figure 8 only slightly, since the
distribution function f" (A) of Eq. (1) for the sizes of active regions
approaches the average curve of Tang, Howard and Adkins closely at
maximal activity, whereas the emission of the Sun at minimal activity,
i.e. the emission of the quiet disk, is not affected. Hence, the two
endpoints of the curve in the flux-flux diagram of Figure 7 would not
change even if the distribution function F (A) changes near the minimum
of the solar cycle.

Figure 7 illustrates the effects of different inclination angles
of the rotation axis on the flux-flux relation. As the inclination
decreases (0° corresponds to pole-on) relatively more active region
are seen close to the limb, since the active regions are restricted to
the activity belts. Hence, the average limb darkening in C II for
active regions is stronger as the observer looks more and more pole-on.
Limb darkening can be neglected in X-rays (cf. Section 3).

Table 3 lists the average flux densities for the six emission
lines and the soft X-ray flux density for the Sun-as-a-star, for the
quiet disk and for a stellar surface covered by 25 and 75 active
regions. These numbers correspond to the average number of active
regions seen between July and November 1973 (when the ATM observations
presently used were made) and between July and September I960 (solar
maximum), respectively. Note that the contribution from the quiet disk
is substantial for all but the coronal emissions even at solar
maximum.

7. Discussion.

7.1 comparison of solar and stellar data.

Figure 8 shows that the synthesized C II and soft X-ray flux
densities for the Sun-as-a-star agree quite well with stellar data. The
variation during the activity cycle, however, appears to occur at an
angle to the relation defined by the cool stars. Section 1 discusses
observations which suggest that the Sun does in fact vary along the
relation during the activity cycle. This discrepancy proves one of the
assumptions in the simulation of the emission from the Sun-as-a-star to
be wrong. One possibility is that the emission from quiet regions
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Table 3. Average surface flux densities for the Sun-as-a-star in six
ultraviolet lines and in soft X-rays (0.15 - 4. keV). Values are given
for the quiet solar disk and for the Sun covered with 25 or 75 active
regions. The activity belt extends from 3° to 45" northern and
southern latitude, whereas the active regions are distributed randomly
in longitude. The inclination of the rotation angle with respect to the
observer equals 90°. The flux values are averaged over one complete
rotation. Variations in the flux from quiet regions are neglected.

Flux density (erg cm ~ 2 s"1)
Quiet solar Sun covered with
disk 25 AR 75 AR

(in 1973) (at maximum)

Ly a
C II
C III
0 IV
0 VI
Mg X
X-rays

5.5
2.1
1.4
2.9
5.1
4.1
9.1

10 4

103

103

102

102

10 1

1O3

6.2
2.3
1.5
3.1
6.3
8.5
3.0

10 4

103

103

102

102

101

104

7.4
2.9
1.7
3.4
8.4
1.6
6.0

10 4

103

103

102

102

102

104

depends on the phase in the activity cycle, as shown also in Section
7.3; solar observations do in fact suggest that the emission from quiet
regions does vary with time. Skumanich et al. (1982) argue that less
than half of the full-disk variation in the Ca II K flux is due to the
changing number of active regions, while the rest is attributed to
changes in emission from the quiet disk. They suggest that this change
in the emission from the quiet disk is due to an increased brightness
of the quiet network at higher latitudes; this may be caused by
fragments of disintegrating active regions that drift preferentially
towards the poles. Figure 9 shows an example of the effects referred to
by Skumanich et al.

LaBonte and Howard (1982) find that the magnetic flux contained
in quiet regions does not vary with activity as a uhoie. They
determined the total magnetic flux contained in small sections of
quiet regions, and selected the three louest values observed from day
to day during at least half a solar rotation. These minimal magnetic
fluxes do not vary significantly over a period of 11 years. The
results of Skumanich et al. and of LaBonte and Howard may be
reconciled: apparently only part of the network outside active
regions follows the activity cycle, probably the parts around remnants
of active regions.

If the brightness of the quiet disk were to vary with the number
of active regions, the curve in Figure 8 for the synthesized solar
emission would become less steep. Synthesized solar data allow an
estimate of the variability of quiet regions that is needed to make the
solar and stellar data compatible. If the mean C II flux density
and the soft X-ray flux density of quiet regions would vary linearly
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Figure a. Soft X-ray vs. C II flux density for cool stars from
Schrijver (1986a - Chapter 3), compared uith the simulation of a star
like the Sun. Symbols: Y giants, H duarfs, O the simulated Sun. The
number of active regions on the simulated Sun varies from 0 to 100,
betueen 3° and 45" in longitude on the northern and southern
hemisphere. The inclination of the rotation axis equals 0°. The dashed
curves shou the synthesized flux density of a star like the Sun covered
uith 7 up to 100 regions, uith the assumption that the emission from
the quiet regions scales uith the number of active regions according to
a procedure explained in the text. The changes in flux density due to
the variation of the emission from the quiet regions are 0, 1/2 or 2/3
of the total range in C [I, respectively.

with the number of active regions, such that the range in the C II flux
density from 0 to 75 active regions is doubled, the variations in the
emission of the Sun occur nearly along the relation from 14 active
regions, typical of the cycle minimum, up to 75 active regions, typical
of the cycle maximum. In this case the total C II emission would range
over a factor of two (Fig. 8).

7.2 Stellar active and quiet regions.

Stars with radiative flux densities an order of magnitude
smaller than that of the quiet Sun provide other evidence that the flux
from quiet regions changes with the stellar level of activity, although
in this case on the time scale for magnetic braking due to the loss of
angular momentum by stellar wind.

Figure 8 shows that the flux density in the coronal soft X-ray
emission from the most active stars is almost two orders of magnitude
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Figure 9. Magnetogram recorded at Kitt Peak National Observatory on 7
March 1979. The netuork at mid-latitudes is markedly raised. Fragments
of disintegrating active regions sftou a preference for poleuard drift.

larger than that of a solar active region. Covering the entire stellar
surface with solar-like active regions would not raise the soft X-ray
emission by two orders of magnitude. Schrijver (1986b - chapter 11)
derived a surface filling factor for magnetic flux tubes within solar
active regions of 5-10% in the photosphere. He suggests that the total
intensity of an active region is approximately proportional to the
total magnetic flux contained in the active region. Therefore, the
total intensity of an active region of given area could be raised by at
roost an order of magnitude if the filling factor of flux tubes would be
raised to unity, but in that case the entire active region would turn
into a starspot. These considerations suggest that the structure of
active regions, or the heating mechanism, changes with changing
activity. In that case it is doubtful whether separated, bipolar solar
active regions may serve as examples for basic magnetic structure in
active stars. It is questionable whether solar studies can provide
insight in the changes referred to above. Note that the differential
emission measure distribution of the atmosphere of the most active
stars may agree with an extrapolation from solar observations: a
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Figure 10. Comparison of average intensities in Mg X and C If for
active (m) and quiet (O) regions and coronal holes (Q) from paper I.
with (*) three more quiet regions observed by Sky lab/ATM on Aug. 15,
25, and Oct. 8 1973 near disk centre (5' x 5', cf. paper I). Plotted
vertically are the intensity I^gx t" Mg X divided by the C 11 plage
area A^jl in case of active regions, or by the field of vieu tn case of
quiet regions and coronal holes. Plotted horizontally are the average
intensities rcil/*CII * n c II- 7Tle t* n e * s a P^uer-lau relation uith
exponent 1.7.

different dependence of the atmospheric heating on the magnetic field
may suffice to explain the extremely high radiative flux from the most
active stars.

Figure 8 (see also Schrijver 1986a - Chapter 3) shows that a
single power-law adequately fits the relation between stellar
chromospheric and coronal emissions over a range of four decades in the
soft X-ray flux density. This fact is to be combined with the
conclusion discussed above that both quiet and active regions change
in brightness with the level of activity.

7.3 Implications for stellar activity.

The above discussion contains the elements needed to explain the
non-linearity of some of the stellar flu*-f:.ux relations! if the
contrast in average intensity between active and quiet regions (CAg in
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Eq. (7)) changes with the level of activity the flux-flux relations
observed for late-type stars in general may be explained. The key to
the solution is a plot of the average intensities of active and quiet
regions in Mg X versus those in C II (Fig. 10). The data for quiet and
active regions in Figure 10 define a relation between the intensity T
per unit area with a slope 0 close to 1.7:

For coronal holes Eq. (8) does not hold, but - as before - the effects
of coronal holes are neglected below.

The data used to derive Eq. (8) were averaged over entire active
regions, or over a sizeable field in quiet regions. Solar observations
clearly show that Eq. (8) is not valid for individual small elements on
the solar surface: for one thing, the network does not show up in
coronal emission. Hence, the area over which the average intensities
are determined should clearly be larger than the typical size of a
supergranulation cell.

The computation of the stellar, surface-averaged intensity <r >
(T denoting a chromospheric intensity per unit area) requires a
weighing function Y for the chromospheric and for the coronal
emission. The function Y counts the elements on the stellar surface
with a given brightness T (neglecting limb darkening). Let Y(T ,<T >)
describe such a normalized distribution for a chromospheric emission,
with r the intensity per unit area of the stellar surface, and <T >
the surface-averaged intensity. Note that the shape of Y may depend on
the average level of activity, which is measured by <T >. The
surface-averaged chromospheric intensity <T > is given by:

/ I Y(I,<I>)dI = <I> (9)
0

Stellar data imply that:

The exponent 0 of Eq. (10) for stellar fluxes closely resembles the
exponent 0 «1.7 in Eq. (8) for individual solar regions.

CTie shape of the function Y yielding the required non-linear
relation between the stellar surface-averaged intensities should
satisfy:

CO
*

/ -yf̂  Y(I, <I>) dl » c . <I>0 , (11)
0

which describes the averaging over Y to obtain the coronal
surface-averaged intensity. For 0=0*, the general solution to the
Hellin transformations of Eqs. (9) and (11) is derived from Erdelyi et
al. (1954):
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r
The maximum of a distribution Y x is given by:

Figure 11 illustrates the shape of the distribution function Yj.

Weighing functions as in Eq. (12) do not affect the slope of
relations between average intensities of quiet and active regions when
determining the stellar average flux: the non-linearity of Eq. (8) is
preserved just as the linearity of similar relations for Ly a, C II, C
III and O IV (paper I:Fig. 9). There is, however, a problem in the
direct use of Figure 9 from paper I: the weighing function Y requires
that the average intensities per unit area are determined by dividing
the radiative intensities by the same area. For all but the coronal
emissions. Figure 9 from paper I approximates the relations between the
intensities per unit area because the areas of active regions in
chromospheric and transition-region lines are approximately the same.
The projected area of the coronal condensation as seen in Mg X,
however, differs markedly from the C II plage area, so that Figure 9e
from paper I should be replaced by Figure 10 in this paper.

Although a linear combination of functions Y x also satisfies
Eq. (9) and (11) let us for the moment assume a single function Y x

suffices. In the solar case T peak (corresponding to the average
chronospheric emission of quiet regions) is slightly smaller than the
surface-averaged intensity (see Fig. 8) so that in this case x «i.
Figure 8 shows that an approximation of the relation between the soft
X-ray and the C II flux density for x «= 1 (as derived in Section 7. l
under the assumption that the C II emission of quiet regions varies
linearly with the number of active regions) does indeed run along the
relation for stars.

The constant x determines the constant of proportionality in Eq.
(13), but if stars vary along a true power-j.aw relation the constant c
in Eq. (10) may not vary with <T >. With x a constant, the distribution
Y x of intensities does indeed show the properties inferred from the
discussion in section 7.1: the intensity of the quiet region increases
with the level of activity, and the high-intensity tail of Y x

increases with increasing level of activity <T >, thus reflecting the
increasing number of active regions (see Figure 11).

As was noted above, any linear combination of functions Y x in
Eq. (12) satisfies Eqs. (9) and (11). The general character of the
linear combination of functions Y x resembles that of a single function
Y x: both for small intensities and for large intensities the total
distribution function will approach zero, and the function reaches its
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Figure 11. Illustration of the properties of the distribution function
Yj (Eq. (12)). With increasing activity <I> the peak of Yt moves
touards higher intensities, i.e. the quiet regions become brighter.

absolute maximum somewhere between these extremes. once the
coefficients aĵ  of the linear combination of functions Y x are
established they may not vary with activity or from star to star
because the a^ determine the coefficient c in Eq. (10). Since each of
the functions gYx changes with activity as described in the preceeding
paragraph, so does the linear combination of these functions: i.e. the
intensity corresponding to the absolute maximum of the distribution,
corresponding to the intensity of "quiet regions", increases with
activity.

7.4 What is a "quiet" region?

The present analysis suggests that the emission from areas
outside active regions is closely related with the number of active
regions, so that much of the quiet regions should also be regarded as a
manifestation of activity. Hence, the term "quiet region" is
misleading; perhaps one should instead talk about "network" (as a
manifestation of activity) in which active regions - bipolar regions
with a mean magnetic flux density clearly larger than that of the
surrounding regions - are embedded. The term quiet region should be
reserved for those regions on the stellar surface that have radiative
or magnetic fluxes equal to the minimal values observed for the star
throughout the activity cycle, as suggested in the paper by LaBonte and
Howard (1982). The emission from this "quiet" region may still vary
with activity, but only with a change in the level of activity caused
by stellar evolution or by magnetic braking.
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7.5 Concluding remarks.

In conclusion, the relations between flux densities of cool
stars can be understood if the distribution of intensities over the
stellar surface is such that the average emission from quiet regions
changes with the number of active regions during the activity cycle. If
this is the case, active and quiet regions (in the old definition)
should not be considered as separate manifestations of activity. The
physical process causing the intimate relation between emissions from
active regions and the network is, at least in part, the disintegration
of ageing active regions.

The above discussion clearly warns against modelling of stellar
atmospheres: in stars with an activity level comparable to that of the
Sun, the model for the chromosphere will mainly be determined by the
emission from "quiet regions", whereas the model for the corona is
determined to a large extent by the emission from active regions. Even
if the rotational modulation of the star is closely monitored, the
quiet and active components cannot be separated due to the existence of
the continuous distribution of intensities from magnetic elements on
the stellar surface.

I thank the Director and starf of the Cambridge Center for
Astrophysics for their hospitality; R. Ronan and W. Toth were helpful
in accessing the skylab/ATM data at CfA. I am grateful to C. Zwaan for
several discussions; he, R. Mewe and L. Waters commented on earlier
manuscripts. G.H.J. van den Oord pointed out the Tables of Integrals of
Erdelyi et al.
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CHAPTER 13

MID DISCUSSION.

This chapter summarizes the main conclusions of this thesis.
Rather than follow the sequence of the chapters, I attempt to merge the
conclusions into a description ox stellar magnetic activity as
discussed in this thesis. The final paragraph of this chapter suggests
some topics for future studies.

1. TVo Modes of non-radiative heating in stellar atmospheres.

Chapters 2 and 3 show that the radiative emission from the outer
atmosphere of cool stars consists of two components. One of these
components does not depend on the stellar rotation rate, end is only
seen in chromospheric lines. The second component, generally dominant,
does vary with rotation rate, and is seen in chromospheric,
transition-region, and coronal emissions.

Chapter 3 suggests that these two components in the emission are
caused by two distinct mechanisms of non-radiative heating that operate
in the outer atmospheres of cool stars. One of these mechanisms depends
on the stellar effective temperature and possibly on the stellar
radius, but not on rotation. The associated radiative energy loss,
corresponding to the observed lower boundary in diagrams of flux
density versus effective temperature, may be a result of heating by
purely acoustic waves. The temperatures in the part of atmosphere
heated by this mechanism fall below a few tens of thousands of degrees,
hence the name basal, chromosphere.

The second mechanism of non-radiative heating in the stellar
atmosphere is associated with magnetic activity. The comparison of
radiative losses from the chromosphere, transition region and corona
(chapters 2 and 3) reveal surprisingly tight relations between
radiative flux densities from different temperatures in the outer
atmospheres of cool stars, provided that the basal emissions are
subtracted (thus yielding excess fluxes). These relations are valid for
giants and dwarfs alike. The tightness of these flux-flux relations
shows that the differential emission measure distribution of the
magnetically active, outer atmosphere does not depend on classical
stellar parameters. Chapters 2 and 3 suggest that the differential
emission measure distribution of the outer atmosphere is described
entirely by a single activity parameter.

With the exception of the most active stars, the relations
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between the chromospheric and transition-region flux densities are
linear; hence the emission measure as a function of temperature has the
same shape in the relatively cool parts of the outer atmospheres of
these stars. They differ only by a multiplicative factor, delations
involving the coronal soft X-ray flux are in contrast decidedly
non-linear (see Section 8).

2. Saturation of the radiative losses fro» the chromosphere.

The power-law relations between excess, flux densities of the
group of lines consisting of Ca II H+K, Mg II h+k and possibly Si II,
are valid over a large range of activity. This is also true for the
power-law relations between between fluxes of a second group,
consisting of C II, C IV and soft X-rays, but the relations between two
fluxes which are not in the same of these two groups are curved for
stars which are the most active (Chapter 3, see also the apparent
deviation of II Pag from the relation between ca II H+K and soft X-ray
flux densities in Chapter 4:Fig. 4). The curvature of the relations is
most pronounced at the flux level close to the average flux density of
a solar active region. The flux-flux curves suggest a saturation of the
radiative losses from the low-temperature chromosphere. This saturation
may be caused by effects of radiative transport or by a change in the
chromospheric heating; definite conclusions require modelling of the
chromosphere.

3. The ca II H+K emission from M-type dwarf 3.

The flux-flux relations discussed above are independent of
stellar effective temperature, except for the M-type dwarfs. Chapter 9
provides a correction factor which allows the use of the Ca II H+K flux
density as a measure of activity even for M-type dwarfs.

Chapter 9 argues that, given the level of activity, the ratio of
the total radiative loss from the chromosphere to the coronal energy
loss remains constant for varying spectral type. The deviation of the
M-type dwarfs from relations defined by stars of earlier spectral type
may then be caused by a different structure of the chromosphere: the
main sinks of radiative energy in M-type dwarfs may not be the Ca II
and Mg IT resonance lines, as is the case in F- through K-type stars,
but the Balmer (and perhaps other) lines.

4. An exaaple of an active star: the Sun.

The tightness of the derived flux-flux relations for cool stars
in general suggests that a detailed study of the magnetic phenomena on
one particular star may help understanding these relations. The
surface-averaged radiative flux densities from the Sun agree with the
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relations defined by the other late-type stars (Chapters 2, 5),
suggesting that the Sun is a good example of an active, cool star.
Active and quiet regions may therefore serve as examples of stellar
magnetic structure.

Spatially resolved observations of the Sun in different spectral
lines reveal tight relations between the intensities of active regions
integrated over their area (Chapter 10). The tightness of the relations
is surprising in view of the diversity in the size and evolutionary
stage of the sample of active regions. Apparently active regions are
separate, self-contained entities within the larger structure of the
solar magnetic field.

The range in values for integrated intensities divided by the
active region area is quite small in any of the uv emission lines that
were studied: the largest range, a factor of four, is found for the
coronal emissions. The average temperature of the coronal part of the
active region increases with the intensity per unit area.

5. Non-radiative heating in the ataospnere and Magnetic fields.

Chapter 11 shows that the coronal emission of an active region
is closely related to the magnetic flux contained in it: the total
intensity of active regions varies slightly more steeply than linearly
with the magnetic flux in the region. The radiative losses appear
consistent with heating by dissipation of sheared magnetic fields, but
more models for non-radiative heating need to be tested. The intensity
in the chromospheric C II line varies slightly more weakly than
linearly with the magnetic flux contained in the region.

6. Topology of active regions.

The deviation from linearity of the relations discussed in
Section 5 between radiative and magnetic flux may be caused by
topological effects. Small active regions may have a relatively large
fraction of low-lying, chromospheric loops connecting the active region
with the surrounding network. With increasing size of the active
region, the fraction of the loops connecting the active region with the
surrounding network may become less important, or in other words: the
fraction of coronal loops increases at the expense of the number of
chromospheric loops, causing an apparent non-linear relation between
the coronal radiative intensity and the magnetic flux of active
regions.

Chapter 10 supports earlier reports on the existence of cool
loops not associated with bright coronal counterparts. Evidence for
such loops is mainly found at the edge of the active regions where the
magnetic fields are strongly inclined. These loops may be either very
long loops with a tenuous, dark coronal part connecting opposite
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polarities within the same active region or low-lying loops connected
with the network or with nearby active regions.

7. ntie geometry of coronal loops.

Chapters 4 and B interpret the structure of the corona in terms
of a model tor quasi-static magnetic loops. The coronae of the most
active dwarfs and giants may consist of loops for which the height of
the top above the the photosphere is less than half the pressure scale
height. For less active stars the conclusion is ambiguous: the loops
may be higher than the pressure scale height while covering a large
traction of the surface, or the loops may be compact and dense while
covering a small traction of the stellar surface.

Stellar X-ray spectroscopy (Chapter 5, also Chapters 3, 4 and 7)
suggests that three temperatures dominate in stellar coronae. Capella
and a7' Coronae Borealis show a cool component around 4 million Kelvin
and a hot component around 20 million Kelvin. Frocyon also shows clear
evidence tor a component ot only 0.6 million Kelvin.

Chapter 7 demonstrates that the differential emission-measure
distributions ot the corona of Capella and O2 Coronea Borealis are
incompatibJe with the emission from a family of quasi-static loops of
constant cross section and uniform heating. This may be due to the
geometry of the magnetic loops: if the field lines diverge strongly
with increasing altitude over the photosphere the observed differential
emission measure may be explained. The ratio of the projected area of
the coronal condensation to the magnetic plage area of solar active
regions (Chapter 33) suggests that the ratio between the
cross-sectional area of the top of the loop to that at the footpoints
is roughly a factor of 30.

8. The Sun as a star.

Chapter 12 shows that the relations between surface-averaged
radiative flux densities in chromospheric, transition-region, and
coronal emissions from stars can be reconciled with the emission from
individual features on the stellar surface if the distribution of
intensities over the stellar surface is of a particular shape. For one
thing, this distribution function implies that the emission from quiet
regions increases with the level of stellar activity. In that case
active and quiet regions are not separate manifestations of magnetic
activity, so that the term "quiet region" is misleading. Disintegration
ot active regions by the diffusion of flux tubes into the surrounding
"quiet region" may be the physical process underlying the intimate
relation between the relative contributions from active and quiet
regions to the total atmospheric radiative loss.
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9. Stellar activity and basic stellar properties.

Chapters 2, 5, and 6 show that the amount of energy of
non-radiative heating emitted per unit area of the stellar surface is
the relevant physical parameter. The stellar rotation period largely
determines the amount of non-radiative heating in the active stellar
atmosphere (recall that the emission from the basal atmosphere is
independent of rotation rate). The atmospheric flux density of stars
with a period less than 10 days is determined almost uniquely by the
rotation period, whereas for slow rotators the effective temperature
of the star is also important. Chapter 6 shows that the relations
between rotation rate and radiative losses cannot be simplified by
scaling the rotation rate with basic stellar parameters such as radius
or convective turnover time.

Some stars deviate from the relations between flux density and
period (Chapters 4 and 6, and references therein). No stellar parameter
has yet been singled out which describes this phenomenon, although
most of the abnormally active stars are members of close binaries.
Chapter 4 shows that stars deviating from the main relation between
radiative flux and rotation period (cf. Chapter 6) have a high coronal
temperature which may contain a clue on the missing parameter.

1O. Possible saturation of stellar Magnetic activity.

The rotation-activity relation is virtually independent of
spectral type (Chapter 6) above a certain flux level (corresponding to
a rotation period of 10 days). This flux level equals the level at
Which the relation between chromospheric and coronal flux densities
curves upward in X-rays (Chapter 3). The non-radiative heating in the
atmosphere depends on two quantities: the total magnetic flux and the
amount of energy available for non-radiative heating per unit area of
the stellar surface. Hence, the observed change around a period of 10
days from a relation that depends of effective temperature to one that
does not, could be caused by a change in the heating rate. But since
the rotation-activity relations converge with those of the coolest
stars, i.e. with the deepest convection zones, it could also mean a
saturation in the magnetic flux that can be generated by the dynamo.

11. Future directions.

Some fundamental questions remain unanswered and some new
questions are raised in this theses. This paragraph lists some topics
for future studies.
- Does the emission from the quiet disk indeed increase with the

number of active regions, as suggested in Chapter 12? And if so,
what are the implications for the sub-photospheric magnetic field?

- Which of the proposed heating mechanisms agree with the observed
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relation between radiative losses and magnetic flux in active
regions? Is the non-linear dependence of the radiative loss on the
magnetic flux in active regions merely a topological effect or is
it inherent in the heating mechanism?

What causes the differential emission measure of Capella, a
CrB and Procyon to favour just three narrow temperature intecvals?
Is this related to the stability of magnetic loops, or does it
perhaps reveal different heating mechanisms?

How do the coolest, fully convective giants and dwarfs behave?
What causes the deviation of some of the stars from the main
relation between activity and rotation rate? Is the binary character
important, or is it perhaps the evolutionary history of the star or
stellar system?
What causes the convergence of the rotation-activity relations for
stars of different effective temperature at high activity? Why does
activity decrease with increasing rotation rate for perjoils below
one day?
Modelling of the chromosphere of the most active dwarfs and of
M-type dwarfs may reveal the cause of the deficiency in the
chromospheric emissions.
What is the earliest spectral type at which solar-like magnetic
activity occurs?
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14

SMOIVKRItlG

De zon is niets anders dan een kleine, niet erg heldere ster
zoals er zich vele miljoenen in de melkweg bevinden. Toch heeft deze
stralende gasbol, met een diameter van 1.4OO.000 km, zich door haar
nabijheid een speciale plaats veroverd in de sterrenkunde: haar
oppervlak, en de zich daar afspelende verschijnselen, kunnen in detail
worden bestudeerd.

De zon is een grote gasbol, voornamelijk bestaand uit waterstof
en helium, bijeengehouden door de zwaartekracht. Onder de enorme druk
van de bovengelegen gassen is de materie in de kern van de zon zeer
sterk samengeperst, en tot een zeer hoge temperatuur erbracht. Onder
die omstandigheden vinden er kernracties plaats die de lichtere
elementen omzetten tot zwaardere zoals stikstof, zuurstof, en koolstof.
De energie die daarbij vrijkomt baant zich langzaam een weg naar de
buitenste lagen van de zon. Eenmaal daar aangekomen wordt het als
zichtbaar licht uitgestraald. De gasschil vanwaar het meeste licht
wordt uitgezonden is slechts een paar honderd kilometer dik, en wordt
de fotosfeer genoemd. Door de beperkt dikte lijkt het vanaf de aarde
alsof de zon een scherp bepaald oppervlak heeft.

Tijdens totale zonsverduisteringen ondekte men echter dat de zon
zich verder uitstrekt dan de rand die wij in wit licht zien. Men
onderscheidt in die uitgebreide atmosfeer van de zon verschillende
gebieden. Net boven het oppervlak van de zon (de fotosfeer) bevindt
zich de chromosfeor, een purperrode laag met een dikte van 5000 à
10.000 km. Verder naar buiten ligt de corona, die tijdens totale
zonsverduisteringen zichtbaar is als een zilverwitte krans, met veel
veranderlijke structuren. De corona gaat vloeiend over in het uiterst
ijle gas dat zich tussen de planeten bevindt.

De ontwikkeling van moderne methoden en instrumenten voor het
waarnemen van de zon stelde sterrekundigen in het begin van deze eeuw
voor vele raadsels. Zo blijkt de atmosfeer van de zon niet eenvoudig
gelaagd t zij vertoont in heel sterke matte een gedetailleerde structuur
(zie bijvoorbeeld Rutten en Schrijver 1985). In de afgelopen tientallen
jaren is gebleken dat magneetvelden verantwoordelijk zijn voor deze
rijkdom aan vormen. Deze velden worden in het inwendige van de zon
opgewekt, en komen in flarden bovendrijven. Het veld van de zon heeft
dus «en heel ander karakter dan dat van de Aarde, dat een eenvoudige,
weinig veranderend« vorm heeft.

in de buitenste lagen van de atmosfeer is het gas zo ijl dat het
magneetveld sterk genoeg is om de vorm van het volume voor te
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Figuur 1. De verschillende processen tn en op de zon uaarbtj
magneetvelden een rol spelen, zijn tn deze figuur samengevat. Energie
die vrijkomt bij kernreacties diep In het Inuendlge van de zon.
verplaatst zich door de buitenste schil door middel van grootschalige
gasbeueglngen (convectie). Deze beuegingen veroorzaken, tezamen met de
omuentellng van de zon, het vormen van magneetvelden. Als dat
magneetveld boven het oppervlak komt, In de vorm van bogen (zie Figuur
2) geeft het aanleiding tot een grote verscheidenheid aan structuren In
de atmosfeer, zoals zonnevlekken en magnetische lussen.

schrijven waarin het gas wordt vastgehouden.

Magneetvelden zijn helaas niet met het blote oog waar te neuen,
Maar doordat het magneetveld het gas in de zonsatmosfcer beïnvloed kan
het indirect worden waargenomen. Donkere vlekken op het oppervlak van
de zon (zonnevlekken) blijken grote concentraties van magneetveld te
zijn. Het enige andere met het oog waarneembare verschijnsel zijn de
spicules aan de zonarand: het opstaande magneetveld doet het stralende
gas lijken op een verzameling grassprieten.
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Door het ontrafelen van het zonlicht in haar afzonderlijke
kleuren kan men meer te weten komen over de opbouw van de atmosfeer van
de zon. Het meeste licht van de zon komt, zoals gezegd, uit de
fotosfeer. Maar bij bepaalde golflengten komt het licht uit andere
gebieden in de atmosfeer. Men kan dus iets leren over buitenste lagen
van de zon door bij bepaalde golflengten (met speciale filters) te
kijken. In gewoon wit licht gaat dat niet omdat de zwakke straling uit
de atmosfeer verdrinkt in de enorme hoeveelheid licht die uit de
fotosfeer komt.

Edlén vond in 1934 dat het licht bij een aantal van die speciale
golflengten afkomstig was van een zeer heet, geïoniseerd gas: de
temperatuur van de buitenste lagen van de atmosfeer van de zon bleek,
enkele miljoenen graden te bedragen, iets dat men tot dan toe voor
onmogelijk hield. Andere waarnemingen bevestigden echter het bestaan
van dit hete, ijle gas. Kennelijk neemt de temperatuur boven het
oppervlak van de zon (de fotosfeer) niet af, zoals men had verwacht,
•aar juist sterk toe. De teraperatuuropbouw van de atmosfeer is zodanig
dat alle waarden tussen eooo graden - de temperatuur van het oppervlak
van de zon - en enkele miljoenen graden voorkomen.

Het geïoniseerde gas (plasma) in de zonsatmosfeer kan in het
daar aanwezige magneetveld niet vrijelijk bewegen: het plasma wordt
gedwongen langs de magnetische krachtlijnen te bewegen. Het magneetveld
zorgt ook voor de verhitting van het plasma; het hete plasma licht op
bij de genoemde karakteristieke golflengten, en tekent op die manier de
loop van de veldlijnen uit.

Het magneetveld is heel ongelijkmatig over de fotosfeer
verdeeld. Voor een deel is het geconcentreerd in van elkaar gescheiden
gebieden die veelal één of enkele zonnevlekken bevatten (zie Figuur 1,
alsook Figuur 9 in Hoofdstuk 12 en Figuur 4 in Hoofdstuk 11). Een
dergelijk verschijnsel wordt een actief gebied genoemd: het magneetveld
in een actief gebied is geconcentreerd in twee aan elkaar grenzende
gebieden met tegengestelde polariteit. Boven het oppervlak van de zon
ziet het magneetveld er dan uit als dat van een hoef ijzermagneet (zie
Figuur 2; ook Figuur 12 in Hoofdstuk 11): grote boogvormige
krachtlijnen verbinden de twee polariteiten met elkaar. De diameter van
de Magnetische lussen neemt toe met de afstand tot het steroppervlak
(hierover handelt Hoofdstuk 7, vgl. Figuur 2). Oit wordt ondersteund
door waarnemingen van de zon, alsook vanuit de theorie van magnetische
velden: de veldlijnen zullen verder van elkaar liggen naarmate de
afstand tot de bron van het magneetveld, in dit geval het actieve
gebied in de fotosfeer, groter is.

Actieve gebieden komen voor in allerlei grootten: de grootsten
kunnen een diapater hebben van soo.000 km hebben (ter vergelijking: de
diameter van de Aarde is slechts 12.750 km). Figuur 1 in Hoofdstuk 12
geeft een indruk hoe vaak gebieden van verschillende grootten
voorkomen.

Het aantal actieve gebieden varieert met de tijd. Dit wordt
gedeeltelijk veroorzaakt door de beperkte levensduur - ten hoogste
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Ftguur 2. Bij tiet opstijgen van magneetveld, geconcentreerd in buizen,
door de convectielaag zal het op een gegeven moment door het oppervlak
uitbreken. De punten waar de buis aan de fotosfeer ontspringt hebben
tegengestelde polariteit. De polariteiten blijven met elkaar verbonden,
en vormen een veld dat sterk itjkt op dat van een hoefijzermagneet.

enkele maanden - van de actieve gebieden. Bij het ontstaan van een
actief gebied komt het magneetveld gebundeld in kleine buizen
bovendrijven. Deze buizen ordenen zich al gauw tot grote, naast elkaar
gelegen oppervlakken waarin magneetvelden een tegengestelde polariteit
hebben (zie Figuur 2, en Figuur 4 in Hoofdstuk 11). Een merkwaardige
bijzonderheid is dat de polariteiten verschillend geordend zijn op het
noordelijk en zuidelijk halfrond, zie Figuur 9 in Hoofdstuk 12.

Een actief gebied vervalt aan het eind van zijn bestaan doordat
veldhuizen ervan losbreken. Buizen van tegengestelde polariteit botsen
en heffen elkaar op.

Rondom de actieve gebieden bevindt zich eveneens magneetveld,
maar per oppervlakte-eenheid veel minder en bovendien zijn de
polariteiten van het veld niet geordend in paren van gebieden van
tegengestelde polariteit Dergelijke gebieden worden "rustig" genoemd.
Het was tot nu toe niet duidelijk of het slechts weinig stralende
rustige gebied door het verval van actieve gebieden werd beïnvloed (aan
het eind van dit hoofdstuk wordt hierop dieper ingegaan).

Een andere, zeer opvallende verandering is de periodieke
variatie van het aantal actieve gebieden roet de tijd: de elfjarige
cyclus. Gedurende het minimum van de cyclus zijn er slechts weinig
actieve gebieden te zien, terwijl er gedurende het maximum wel zo'n
zeventig tegelijk op het oppervlak van de zon aanwezig kunnen zijn. De
ordening van de polariteiten, zoals hierboven genoemd, slaat elke elf
jaar om, zodat de totale cyclus 22-jaar duurt. Rustige gebieden
blijken, tenminste aan de evenaar van d« zon, niet in helderheid te
veränderen gedurende d* 22-jarig* cyclus.

M*n n**mt tegenwoordig aan dat het gas dat is opgesloten in een
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Magneetveld wordt verhit door bewegingen in dat veld. De energie van
deze bewegingen - veroorzaakt door de borreling van het gas onder het
zonsoppervlak - wordt omgezet in warmte, en daarna uitgestraald,
waarbij elke temperatuurlaag bij eigen, karakteristieke golflengten
straalt. Het preciese mechanisme van de omzetting van bewegingsenergie
in warnte is nog niet geheel duidelijk (Hoofdstuk 11). Uit de studie in
hoofdstuk 11 blijkt dat de helderheid van een actief gebied ongeveer
evenredig is net de hoeveelheid magneetveld in het gebied.

De stralingsintensiteiten van de buitenste atmosfeer van de zon
blijken vergelijkbaar te zijn met die van andere sterren (Hoofdstuk 2).
Daarom kan de zon als voorbeeld van een magnetisch actieve ster worden
gebruikt; processen die zich op het oppervlak van de zon afspelen komen
wellicht net zo voor op andere sterren. Hoofdstuk 10 bestudeert de
straling van actieve gebieden op de zon bij verschillende temperaturen,
en tevens van de omringende rustige gebieden. De helderheden bij
verschillende temperaturen van actieve gebieden zijn nauw met elkaar
verbonden. Het is verbazingwekkend dat de leeftijd en de grootte van de
actieve gebieden kennelijk onbelangrijk zijn voor de opbouw van de
atmosfeer boven een actief gebied.

Soortgelijke verschijnselen als boven beschreven voor de zon
komen naar alle waarschijnlijkheid ook voor op ander sterren. De voor
magnetische activiteit karakteristieke straling wordt in elk geval ook
bij andere sterren waargenomen. In dit proefschrift worden de
verschijnselen op de zon in detail waargenomen en vergeleken met de
waarnemingen van sterren. Hoofdstuk 12 beargumenteert dat de zon
inderdaad een normale ster onder de magnetisch actieve sterren is,
zodat zij als voorbeeld gebruikt kan worden: dankzij de nabijheid van
de zon kunnen structuren op het oppervlak en in de ijle atmosfeer met
grote nauwkeurigheid bestudeerd worden (zie bijvoorbeeld Schrijver,
1984).

Het bredere kader van het onderzoek naar de rol van
magneetvelden in de atmosferen van sterren in het algemeen kan ons meer
inzicht geven in de mechanismen die in het inwendige van de ster
magneetvelden opwekken. Doordat sterren onderling in massa, straal,
leeftijd, inwendige bouw Bm. verschillen kan worden onderzocht welke
van deze grootheden een rol spelen. Zo lijkt het dat de in de kern van
magnetisch actieve sterren vrijgemaakte energie door de buitenste lagen
wordt getransporteerd door gasbewegingen (borreling of convectie, vgl.
Fig. l), in plaats van door stralingsuitwisseling. Van deze sterren
wordt gezegd dat zij een dynamowerking vertonen: de gasbewegingen
wekken magneetvelden en electrische stromen op in het sterinwendige.
Deze velden en stromen veranderen bovendien met de tijd, zoals in een
wisselstroomdynamo.

De magnetisch« activiteit van een ster wordt bepaald door de
helderheid van de ster te meten bij golflengten waarin de buitenste
atmosfeer van de son voornamelijk straalt.

Ken eerste aanzet tot het begrijpen van de verhittingsprocessen
boven het oppervlak van een ster kan worden geleverd door da
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wannteverdeling in de magnetische atmosfeer te onderzoeken. Daarom
worden in dit proefschrift de helderheden bij verschillende
golflengten, en dus bij verschillende temperaturen, van de atmosfeer
van sterren onderzocht. Oit geeft inzicht in de mate van verhitting van
het gas, alsook in de herverdeling van de energie door bijvoorbeeld
warmtegeleiding.

De spreiding rondom de relaties tussen de helderheden bij
verschillende temperaturen is verrassend klein. De relaties blijken
geldig voor sterren waarvan de massa's en stralen onderling sterk
verschillen: kennelijk is de opbouw van de atmosfeer onafhankelijk van
de inwendige bouw van de ster, mits er maar convectie onder het
oppervlak optreedt.

De helderheid van de buitenste atmosfeer van sterren met
dezelfde massa en straal blijken zeer sterke verschillen te kunnen
vertonen. De Hoofdstukken 4, S en 6 laten zien dat de
omwentelingssnelheid van de ster hierbij een beslissende rol speelt.
Voor sterren met een omwentelingsperiode van meer dan een dag is het
niveau van de activiteit (en de bijbehorende straling) hoger naarmate
de ster sneller roteert. Door de snellere omwenteling zijn de
gasbewegingen onder het oppervlak kennelijk beter in staat
magneetvelden op te wekken, indien de omwentelingsperiode korter is dan
een dag neemt de activiteit echter af met toenemende draaisnelheid; in
deze sterren worden de gasbewegingen door de snelle draaiing zodanig
beïnvloed dat de "dynamo" minder doelmatig werkt.

Voor de meeste sterren is de straling vanuit een bepaalde
temperatuurlaag in de atmosfeer een rechtstreekse maat voor de
magnetische activiteit. Hoofdstuk 10 laat zien dat dit niet zonder meer
waar is voor alle sterren. De koelste en lichtste sterren, met een
massa van vinder dan de helft van de massa van de zon, blijken een
atmosferische opbouw te hebben die anders is dan die van zwaardere
sterren. Gegeven de omwentelingsperiode, is de mate van magnetische
activiteit weliswaar vergelijkbaar met die van andere sterren met
dezelfde omwentelingssnelheid, maar de energie wordt gedeeltelijk bij
andere temperaturen uitgestraald.

Hoofdstuk 3 suggereert dat er toch een vrij hete atmosfeer rond
een ster kan bestaan zelfs indien er geen magneetveld op de ster
aanwezig zou zijn. Het is mogelijk dat in dat geval de atmosfeer verhit
wordt door drukgolven (geluidsgolven). De bijdrage van deze
niet-magnetische atmosfeer tot de totale helderheid van de atmosfeer is
veelal verwaarloosbaar klein.

De temperatuur van het gas in het ijlste deel van de atmosfeer
van de zon, de corona, bedraagt ongeveer één tot drie miljoen graden
celcius. waarnemingen met de Rongensatellieten EINSTEIN en EXOSAT tonen
aan dat soortgelijke temperaturen ook bij andere sterren voorkomen
(Hoofdstukken 4, 5, 7 en 8). Hoofdstukken 5 en 7 laten zien dat het
grootst* d««l van hst gas in de corona« van de sterren capella en o2

corona« Boraalis temperaturen heeft van vier en vijftien miljoen
graden. In d« atmovfear van Procyon i» er een grote hoeveelheid gas met
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een temperatuur van ongeveer 600000 graden. Gas met andere temperaturen
komt in veel geringere mate voor. De reden van het voorkomen van
slechts deze temperatuurwaarden is vooralsnog onbekend.

De helderheid van de buitenste atmosfeer van een ster kan, door
de enorme afstand van de sterren, slechts in zijn totaliteit worden
gemeten. Willen we nu de oorzaak van de verbanden tussen de helderheden
begrijpen, dan moeten we terugkijken naar de zon. zo kan men zich
afvragen of de som van de helderheden van actieve en rustige gebieden
de totale helderheid van de zon oplevert, of dat ergens in de studie
een detail gemist is. Door combinatie van de gegevens afgeleid in
hoofdstukken 10 en 12 wordt de helderheid van de zon nagebootst door de
helderheden van actieve en rustige gebieden bij elkaar op te tellen.
Deze gegevens worden vergeleken met metingen van sterren. Uit deze
vergelijking volgt dat, mits we erop kunnen vertrouwen dat de zon
inderdaad een goed voorbeeld is voor sterren in het algemeen, de
helderheid van rustige gebieden zal toenemen met toenemende activiteit.
In het begin van dit hoofdstuk staat dat zo'n verandering aan de
evenaar niet wordt waargenomen, zodat het verhelderen van rustige
gebieden met het aantal actieve gebieden zich kennelijk op hogere
breedten afspeelt. Dit kan op de volgende manier worden begrepen:
naarmate de activiteit van de ster hoger is worden er meer actieve
gebieden gevormd, maar slechts zeer weinig daarvan komen vlak bij de
evenaar voor. De magnetische flux lekt na het ontstaan van het actieve
gebied weg naar het omringende rustige gebied, waar het langzaam
verdwijnt (zie boven). Daarom zal er meer magneetveld in de rustige
gebieden terechtkomen naarmate er meer actieve gebieden ontstaan. In de
rustige gebieden zorgt die extra magnetische flux voor extra
verhitting, en daarmee voor een grotere helderheid (vgl. Hoofdstuk
12:Figuur 9).
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193,207,2J2f,219
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"f nave read somewhere a story about a race of ephemeral Insects uho
live but an hour. To those who are born in the early morning the sunrise
is the time of youth. They die of old age while Its beams are yet
gathering force, and only their descendants live on to midday; while it
is another race which sees the sun decline, from that uhtch saw its
rise. Imagine the sun about to set, and the whole nation of mites
gathered under the shadow of some mushroom (to them ancient as the sun
itself) to hear uhat their wisest philosopher has to say of the gloomy
prospect. If l remember aright, he first told them that, incredible as
it might seem, there was not only a time tn the world's youth where the
mushroom itself was young, but that the sun was in the eastern, not in
the western sky. Since then, he explained, the eyes of scientific
ephemera had followed it, and established by induction from vast
experience the great 'tow of Nature,' that it moved only westward; and
he showed that since it was now nearing the western horizon, science
herself pointed to the conclusion that it was about to disappear
forever, together with the great race of ephemera for whom it was
created.

What him hearers thought of this discourse I do not remember, but I have
heard that the sun rose again the next morntna."

front 'Che M M Aatronowy, S.P. Langley, (Houghton, Mifflin and Company
Rtversid* Praia, Ca*brldge, 1669).


