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8. INTRODUCTION

Isportant progress in our understanding of stellar chromospberes has occurred
fn the past fev years ss a result of new observations, developments in spectral iine

formaticn theory, and the application of that theory to the construction of detailed

model chromespheres. Significant trends are bezinning to emerge from such analyses,
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snd ve are on the threshold of & peaningful confrontation between purely theoretical

wodels and the data. The range of stars thought to possess chromospheres may be

e -

widening, and ve now have s better understanding of the enigmatic problem of why the
Wilson-8appu relation between Ca 1! ecissicn core widths and stellar absolute visusl

magnitudes actually works.
An fmportant element in this progress hes been the realization that such can be
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lesrned by studying the =:iter atmospheres of the Sun and a wide range of stars in
Not only are the
analyzirg spectra, modeling atmospheric structures, snd

the same context, and that such an approach is a tvo-way street.
thecretical techniques for
cozputing the consequences of different heating processes the same, but also the
wide variety of structures and phenomena seen on the Sun with high spatial and

spectral resolution say be useful prototypes for stellar atmospheric structures sad

e b .

phencoens that we cannot hope to resolve but whose existarce 1s {mplied by indirect

ey

evidence. Needless to say, our understanding of the Sun can be etrengthened by
studying phenomena in stars that have values of gravity, rotational velocity,
chemical composition, and luminosity very much different from those of the Sun.

Despite the importance of solar-stelisr cross fertilization, it is unwise to

pursue solar snalogies too fai. At some point most end perhaps sll of the solar
snalogies will fstl to explain observables for certain stellar chromospheres. Uhen I
we Tun into such situstfons, as I think we have in several cases, we sre in &

position to wake fmportant advances in owr Wn-uutu of yndulylu physical

processes opersting fn stars.
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The general topic of stellsr chromos;leres has te~r . eviewed recently by Linsky

lzportant earlier revievs fnclude these -0f ¢ -4-rie (1973), Dohcrey (1973)
¥ippenhahn (1973} ia the proceedings of the IAU (>.0ai.la ok Stellar Chromo~
Reres held in 1972 (Jordan and Avreit 1973), which t: = .c3der s encouraged to
lsuc. Recent reviews and monographs on the scicr chrocosphere Include Atbay

76) snd Uithbree and Noyes (1977). Becsuse of th: caceasive review litersture {8
his field snd the 'nyid sdvances oade post recently and presently under way, 1 will
sdopt a nonstandard approach here. 1 will mot specifically discuss plasms disg-
postics since this topic has been reviewed by Praderie (1973), limsky (1977), and
Ayres and linsky (1979). Fowvever, seversl interesting developments s ouwr under—
standing snd use of cltromcspheric disgrostice sre deseribed Drlov wrnder the relewsat

headings.

~\X971. 1979, 1980), Praderie (1577), Uleschnefder (57%:. :ad Snow and linsky

I1. WHAT THENDS ARE EMERGING FRCM SEMIEMPIRICAL CHROMOSPHERIC MODELS OF SIRGLE
STARS?

During the past several years two fzportaut develo wents hzve greatly
facilitated the computation of seatespiricsal moc=le af —iellar cwocospheres. The
first is the acquisition of absolute flux frofiles of inportant disgnostics such 88
Ca Il H and K, the Ca Il infrared triplet, He 1 310830, and ¥a froo the ground; sed

" ¥g 11 b and k, la, and the resonsnce lines of C IT, S8 11, and St II1 from space
experirents, particularly IUE. The second developoent is the refinesent it owr
understanding of opticslly thick resonance 1ine formation. Ue now have increased
confidence in the use of these diagnostics to prode csn provide fasight lntc: the

gross properties of stellar chromospheres.

. The various diagnostics usted In building senfzc; irical wodel chromosiieres hove

been reviewed by ‘insky (1577), Ulmschneider (1979), Liasky (1979), and AsTes snd
Linsky '(1979). The usefulness of different spectral features for tdentifyving chro~

d mospheres. has been rveviewed by Praderte (1973, 1977). FHere 1 will describe somwe
recent dovelopments in the field, 1dentify interesting trends that are emerging, and
call attention to uncertatnties in the coaventiocal snalyses.

First, I vill mention impcrtant observational programs that sre groducing
ehrznospheric line profiles, calibrated in absolute flux units, vhich are the
backbone of mode} chromosphere studies. Linsky et al. (197%9a) have cbtafined 120 ok
.pect.t. of the Ca I1 H end K lines in a wide variety of stars later than spectral
type FO, using the Kitt Peak & B echelle spectrograph. These Jats were calibdreted
in absolute flux unite st the stellar cu €ace based om Willstrop's (1972) narvow
bend photosetry and the Barnes sad Evans (1976) relstion for derfving stellar emgu=
lar disseters. Clampspa (1979) 1s extending the progras to dMe stars. Mlanco
st _sl. {1974, 1976) have published sbeolute i lime fluxes for F3-C8 dwarfs and Q-NS
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gisnts, and Rlanco et sl. (1978) have presented absolute fluxes and brightness
tecperatwres for the ¥} and K, features in 21 late-type stars. Echelle spectra of

A And obtsined with the Mt. Hopkins Kron camera system have been discussed by

Bal funas 2nd Dupree (1979). Anderson (1974) and Linsky et al. (1979b) have obtained
spectra of the Ca II infrared triplet lines, and Young (1979) is obtaining spectras
of these features in RS CVn-type systems and other active chromosphere stars using
the KPRO CID systen.
observers, most recently by Worden et al. (1979).

The Balwer lines in de flore stars have been studied by many
2trin (1976) has obtained He I

210830 equivalent widths for some 200 stars later than F5, and in several stars such
0'Brien and Lambert
(1979) are studying A10835 with an echelle- eticon system at ticDonald Observatorye.

They find 210830 emisation in a Boo and ol
60 F-M stars, vith conitoring programs on several part.lcularly interesting objects.

as R Aqr, T Tau, snd 12 Peg that have circumstellar envelopes.
Her and are presently studying nearly
A nunber of firnportant observing programs are under way in the ultraviolet.

Surveys of Mg Il enission fluxes include the Copernicus observations of 49 stars by
Veller and Oegerle (1979), BUSS observations with 0.1 A rescolution (e.g. Kondo

et al. 1979; de Jager et al. 1979; van der Hucht et sl. 1979), and IUE claervations

by Pagel and Wilkins (1979), Basri and Linsky (1979), Carpeater and Wing (1979),
The 1175-2000 A short wave-
length spectral region of IUE permits the study of prominent chromospheric resonsnce
Itnes of H1, 01, €1, St II, C I, and S§ III, and transition region lines of
C I3, S4 IV, C IV, H V, and O V.
wvavelength region gtnclude Linsky et al. (1978), Linsky and Huisch (1972), Ayres and
Linsky (1979b,c), Dupree et al. (1979a), Hartmann et al. (1979), Brown et al.
(1979), Carpenter and Wing (1979), aud i im~-Vitense and Nettmann (1979).

Tsble ] sunmarizes seolempirical chromospheric models that have been

Stencel snd Mullan (1979), and several other groups.

Inftial observations of cool stars in the short-

constructed to match various diagnostic features observed in quiet and active
tegicnes on the Sun and in stars cooler than spectral type FO V. For the most part
these models were constructed to fit the Ca Il and Mg 1l emission eores and damping
wings using partial redistribution (PRD) radiative transfer codes, slthough prior to
1975 only the less accurate complete redistribution (CRD) codes were available.
Because the Ca Il and Mg 11 lines are formed in chromospheric layers cooler than
8970 K, these models may have validity only below that temperature. The Lyman and
sillfoeter continua ;re useful for extending the models to 10,000 K, but suitable
dats are available only for the Sun. Other diagnostics of the 6500-8000 K tempers=~
tuwe range include Si I1 111808, 1817, 1285, and 1553 and the damping wings of la.
Tripp et al. (1978) have describved the formaifon of the Si II lines in the quiet
Sun, while Basri et sl. (1979) have used Lo wing observations to construct guiet and
active soler models. However, the sccurecy of the Lo diagnostic is compromised by
the uncertsin amount of frequency redistribution beyond the Doppler core. Because
the Si II lines and la wings ccn be observed in stars by IUE, these disgnostics are
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SEMIEMPIRICAL CHROMOSPHERIC MODELS
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petentlally very inportant. In e stars, Ha and other Baloer ceries menbers go
.. into emission and are useful diagnostics of -the 80300-15,000 K temperature range
(Fosbury 1974; Cram and Mullan 1979).
Vernazza et al. (197)) have proposed that the solar upper chromosphere has a
plateau near 20,000 K with small temperature gradients, presunably produced wvhen la
becomes optically thin and an efficient radiator. Such a plateau can be studied dy

(1978)
{1979)

Baliunas et al.

analyzing the la core. However, interstellar H I absorption prevents the observa=
tion of the Lo core in any star other than the Sun, or perhaps 8 few short periocd

Basri (1979)

References
Ayres and Linsky (1975)
Basri (1979)

Kelch et al. (1978)

Kelch et al

. ; binary systems for which the orbital motions are large enough to unsask the stellar
La core from the saturated interstellar absorption feature. Instead, one can stuly
the C IT JAA1334, 1335 and S§ LIT AX1206, 1892 lires which are slso formed fn the
plateau (Lites et sl. 1978; Tripp et 3l. 1978). These features, except S II1
Al1206, can be obscrved even in faint stars by IUE at low dispersioa, and chropo-

hromospher ic
Temperature
Range
2700-8000
4800~16,000
2730~7000
4700-8000
3800~10,000

spheric models of the 20,000 K region have now been constructed for seversl stars
(e.gs, Simon et al. 1979; Basri 1979; Simon and Linsky 1979).
Before discussing the general trends ewmerging from these codels, I should bring

e

to your attention their inherent litritzciecs:
(1) All of the stellar models assune one-cocponent atmospheres, whereas the Sua

CRD, PRD wings 3200~8000

Appronimations
Used

PRD, CRD

exhibits an embarrassingly rich variety of chromospheric structure. inhomogerneitiss

T
PRD

. must also de important in many other stars as indicated by Wilson's (1978) obser-
vations of tiwe variability in K line emissfon. {(Such variations are likely gro-

(continued)

RO
PRD

¢ Systems
PRD
PRD

Clants

Ca II H + K, AB542; Mg Il h + k

Ca LT K, g I hek

duced 1n part by the appearance and temporal evolution of plage regions on the
visible hemispheres of stars.) The important questica §{s wvhether a one-comjonent
analysis is sufficient for an assessaent of critical suxilfary quantiries, for

Supergtants

RS CVn=

Table 1.

example nonradistive heating rates, or for compariscon vith purely theoretical
chromospheric models. This question will be deferred to the next cection, but it fs

T ST

clear ‘that the chromosphere of at least one cool glant == Arcturus (K2 III) — s

Diegnostices Used
., Mg I1 k, C I
Itk

structured enough to make models based on disgnestics such as Ca II or ¥g 1I, vhich i

sre representative of the hotter atmospheric comp s, 1 istent with

observations of diagnostics such as the CO fundamental vibration-rotation bands,

Cs IF K, Mg I1 k, Ha
Mg Il k, C LI, S II, St 111

%
Ca Il K, g 11N+ &k

G 1L K
Ca Il K

which are sensitive to the cooler components {(cf. Heasley et al. 1978).
: {2) Models based on optically thick chromospheric revonance lines are uncertsin

to the extent that frequency redistributfon in the line vings is not properly
treated. The redistribution problem ie mrst accute for estimating teaperatures near :
the stellar, temperatwre sinfcun. In these low density layers, scattering in the Ca i
I1 and Mg 1I resonance lines is nearly coherent at and beyonrd the K; sinica, conse~ i
A Quently the sonoctTomatic source functions sre strongly decoupled from the Planck

.- function. For the Ca II resonance lines, vadiative traunsitions to the szn aata=-
stable levels provide s lower liuit of roughly 0.05 to the fucoberence fractioa.

. . However, ¥g II lecks anslogous subordinate levels betwren the upper sod lower states
- ' ©of the vescnance lines, snd the louer limit to the incoherence frection A 1s oculy

Sters cr Solar Features
a Aur (G6 LII + F9 111)

B/ 1099 (G5 V + Ki Lv),
UX Arg (G5 V + KO 1V)

a Boo (K2 111)

8 Ces (KO 111), a Tau (KS I11)
8 Dea (G2 11)

¢ Ceo (G8 Ib), a Ori (M2 Iab)
o Aur (GO 111 + F9 [1I)

A And (G8 I1t-1V)
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en~d
i7 7 (Resrt 1939). Supergiants provide the most extrera examples of nearly rure

coherert scattering in the Ca Il and M 11 wings, owing to the low hydrogen den~
sities and ccrrespondingly reduced collisfonal Tedistribution. 1In fact, Basrf
(1979) f{inds that the largest scurces of fncoherence in such si{tuatione are radia-
tive transitions te other levels. As described below, highly coherent scattering
can even lead 2o gelf-reversed profiles with KI sinicuz features {n {sothercal
scdels. Finally, the disagreecent in soler chronospherfe tenperature structures
based on the Ca Il and the Mg I1 lfnes (Ayres and Linsky 1976) s a clear warning
eitter that cur understanding of the underlying atomic physics of the scattering
process In resonance lines may be lacking in some ioportant respect, or more likely,
that single-c t, h

=y » (3

rodels sre not a satisfactory description of the
solar outer stmosphere.

(3) Bslfunas et al. (i979) hove shcwn that steep temperature gradients
telatively deep in the chromospheres of active stars such as i And (GB I11-1V) and
Capells (G6 I1I + F9 I11) cen produce high pressures in the upper chromogpheres and
Ca 11 ard ¥g Il resonsnce line cores with small Kz- .3-K2 contrasts or no central
Teserssls et all, consistent with observatfons. Thefr approach takes advantapge of
properties of the line cores that were fgncred in constructing earlier rodels (e.g.
Felch et sl. 1978). While the Baliunss et _al. approach ray be a reasonable way to
socel active chromosphere stars, it is {zportant to iecognize tiat other proce.lie.
are ejuslly effective in filling in the line core; in particular, rotation snd
intersediste scale turbulence (zesoturbulence; see e.g. Shine 1975; Basri 1979).
Baliunas et al. (1979) also show that the usual approach of assuming a steep
tesjerature rise beginning at 8000 K, as appears to be valid in quiet and active
tegions of the Sun, is an overly restrictive sssunption.

Besring these problecs {n oind and the nonunique aspects of the disgnostice, {t
is nonetheless {sportant to consider the basie trends that are surfacting from the
wodeling effort. In sove cases, such trends uay not be overly sensitive to the
uncertainties of the modeling process:

(1) 1n most cases stuited, temperatures in the stellar upper photosphere
inferred from the K line wvings are hotter than predicted by radiative equilibrium
®odels, ieplying nonrsdistive hesting in the phetogphere {tself. This result s
sens{tive to uncertainties in the PRD theory, but such uncertaintfes sre least for
the Ca II lires in dwarfs, and solar active reglons show terperature enhancements of
at least 40C K (Chapman 1977; Morrison and Linsky 1978) compared with quiet Sun
sodels below the tesperature minimum. 1If active chrososphere etars, that is stars
vith chromospheric line surface fluxes cozparable té or brighter than solar piages,
sre st all snalogous to solar plages, then such stars should slso have photospheres
with temperstures significantly hotter than radfative equilibriwr sodels predict.

1o fect, enhsnced photospheric temperstures sre common even for nonactive chromo~
sphere otars (Kalch 1978; Relch et al. 1978, 1979).

L
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(2) Felch et al. (1579) have [resented evidence that the tezperature minizua 18
dvarfs moves outward to scaller mass colwwn densities vith decressing nonradiative
peating. (The nonraciative heaZing fs measured by the apparent redlative cooling
rate in the Ca Il resonsnce lines.) Furtherzore, there is some evidence that ;he
rﬂnlfe" ratio decreases with age srong main sequence stars (Linsky et al. 197%5a)
as wigh: be expected if the nonradiative heating rate decreases with age.

{3) Active chrovosphere duarf stars have larger chromospherie rsdiative loss
rates and steeper chrorospheric tenperature rises than gulet chromosphere stars.

The latter result is depicted in Fig. l, where the chrosuspherie tenperature
gradients for jlages (Shine and Lirswy 1374; ¥elch and iinsky 1978) and flares
(Machado and Lingky 1975) are compared to those of 13 duarf stars (Felch et al.
1979). Thr correlsticn of increasing tesperature gradients with increasing mon-
radiative heating rates is as expected. Kelch er al. (1979) ard Grac and Mulles
(1979) have shown that Ha eaission, which distinguishes ¢ stars from noresl M
dwzrfs, can bte sicply explained by the steep chrorospheric temperature rises isplied
by the bright K line emission characteristic of dMe stars.

(4) For quiet chromosphere dwarfs and glants, Felch et al. (197%) found a
correlation between the mass column density at the 80600 K level of the chromos;here
(-0.) and stellar gravity (see Fig. 2). FHowever, Balfunas et al. (1979) argr.c‘thu
the Kelch et al. relstion 1s scot valid for RS Cvn stars. In addition, the reistios
does not t;d_for solar plages and flares, vhere my can be several orders of cagei~
tude larger than typicel guiet Sum values. Furthermore, based on ea analysis of the
¥g If, St IX, St 1II, eod C II lines, Simon et al. (i979) find that the active

T T T !
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ehromoephere ster ¢ Iry (¥2 V) has & value of e, 8 factor of 6 larger than predicted
by the gulet chromasprere relation.

(5) A throerospheric tempersture plateau near 27,6609 ¥ in the Sun (Vernazezas
Lll- £973), or pear 16,500 ¥V as suzzested ty lLites et al. (1978), may be s real
feature of other gtars, For exarmple, Sicon et 21. {1979} propcse that ¢ Ert (F2 V)
hss such 8 pletesu. Furthercore, Zasri et al. {1373) suwgzest that the pla'teau
decreases in gen-mtrical thicinegs with increasing brightress of ln in the Sun.

Clearly much work recains to be done to better undergtand the avatlable
ehrozogprieric diagnastics and to exvend chromsspheric modeling to other groups of
stars. In particular, further studfes of supergiants, ES CVn stars, d¥e stars, F
stere, erd T Taur! grare are needed, ne well as the extension of chreesspheric
sodele to trarsition regions using IUE srectra. The study of transition regione a3d
corcrae per se 1s bevond the scope of this review, but they are relevant to chroso~
spteres since hydrestatic eguilitrive, 1f valid, regquires vertical pressure con-
ticuity tetween the top of the chroecuphere and the base of the transition region.
In this regard I wuld )Jibe to stress the fallowing points: (1) The most rellable
means cf deriving pressures at the top of 8 chrerasphere {6 to snalyze dlagnostie
lines frnreed resr 20,7 X such as the la ~ore (useful pri=arily fer the Sun), C 1
AA1334, 1335 and St IIT 231206, 1892. The Ca II and Mg II resonance lines are
forped deeper in the chroonsphere where the pressures sre typicelly much larger than
st the tcp, conseguently the n}ltlon cores of these lines are not unigue diagnos=
tics. (2) Doschek et al. (1978) have proposed that the Si III 31892/C 111 ai%09
line retio, which ie easily cbserved by IUE, 1s & useful disgrostic for densities ot
the tsse of the trensition region. However, Simon Lcl. (1579) find that 1f o
chromospheric platesu is present near 20,0600 X, then 51 1il 11892 is formed

prisarily tn the platesa. Under these circumstamces the 51 I1I 1line §e sensitive to

T,
.

,;\‘

ST

tie plateau thicrness snd the 5{ IIT/C III lire ratic is a poor density disprostic.
Gtrer preminent density dlagnostice scceselible to IUE frelufe 51 17 5142370 IDX
a190% {Cook anéd Nicolas 197%) and € 111 L1174/419%9 (Payocrd ame Inpree 157E).
fowever, one Zust keep in ®mind thal such ratins can te sensitive 23 systezatic flows
{Payszond and Dupree 1578; Iupree et ai. 1573t). Riterzatively cre can derive
transition regitm pressures from esisslior reasures, using an awxiliary relaticn such -
as constant conductive flux {e.g. Evans 2t al. 1975; Falsch acd Linsay 1976; rowm
et al. 197%9). However, the validity of this appresch is guesticnable. For exazgie,
Ayres and Lirswy (i%79) have argueld against a tonductiofi~heated trassition rezioe ia
the specific cace of Capella B because rhat scenario requires ressures s factor of
30-50 tizes larger than thwee estirates from trazsition reglon density diagnostics,
corecnsl excissicn peaswes, 324 the Mg 1I lirnes.

121. &P2 THEC2ETICAL MODELS GF Cur MOSPHERES EECMING REALISTIC?

Degpite the rapicély groving nurber of spectroscopic observations of steilar
ehrczospheres and the seciempirical eodels computed to match these data, wo cannot
clais that wve understand chroesspheres without flrit identifylicy the irpertacnt
teating rechanism{s), and sezond computing ab Iritio thecretical chromonpiwre ocdels
based tn these teating mechanisz=s which sccurately pateh the avallabdle dsta and
semlempirical sodelis. This particular poal of understaniirg stellar chrorcsyheres
has not yet been achieved, tut consideradle progress bas beea cade recentiy.

Stein end lefbacher (1974) and Ulzmschreider (1979) hive descrited the differesnt
types of hyirodwmasic and naznetonyiredyrnazic waves that are thought te exist in the
8claT stessphere sand are candidates for heatinz sreilar chromospteres. Uloschnelder
.{1373) arzues that sagreric ccces are jirely to doninate the transiticn regicn and
ccronae, but that ehort period acoustic wavee are the best cand{date for heating the
chroacespheres of the Sun and stars of spectral tyrse A 3né leter. F¥is argrent is
taced on tne following elezents: (1) Ieudner (1976) measured the short jericd acous~

tic flux in the golar photosphere to be of order lG! - l09 ergs cu'z

o7l viich 18
T 51 gn the

outer snlar strosphere sven with considerable wave darpirg in the upper photusrhere.

azple encugh to balance the tozal energy locs of adout 6 « 16° 22g8 em

Gther nonzagretic raodes, for exampie gravity waves, prodabiy do met carry resctely
ccuparable asocunts of erergy. (2) The contrast in chromsspheric ecission lines
across the soler surfece, preswably due to magnetic heating mechanisms, Is not
lerge (Uleschneider 197&). (3) There is reather gzood agreement between thecrerizal
ond espiricsl chreczcspheric heating rates, based on the short perfod scoustic weve
acchanise, for several late-type stars atd the Sun.

1 wiil coasider the walidity o these srguasents ia the ceateat of & tossarisos
Betwren the predictions of the scoustic weve sodeis sad empirical cats, tut first it
is faportest to state the spproxisstions sade ia recest theorsticsl calculatisme.

1.
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fricr to 1377, theoretical models of chronospheres (e.g. Fuperus 1965, 1969;
Ulesetnetder 1967, 1371; de loore 1970) askumed weak shock theory and time~

tndependent solutiors. In sore recent calculatfons (e.g. Ulmschnetder and Falkofen

1977; Uleschretder et _al. 1978, 1979; Schnftz 2nd Ulnschnetder 1979a,b) shocks are
treated explicitly with time-dependent hydrodynax:lc‘ codes. These numerical
spprosches typicsally sssurme mixfog-length convection, the Lighzhill-Proudman theory
for acoustic wave generation, s single period for the accustic waves, snd grey
opacity stellar atmospheres. I now conefder four compar fsons between these cal-
culstfons and ecpirical cessurements of several kinds.

(1) The most basic test of the wave owndels is that they correctly predict the
7:" ard gravity dependences of chromcspherfc radiative loss rates. This test is
difficult becsuse several important emissfon features {1.e. reconance lines of Ca
I1, ¥ 11 end H 1) oust be ceasured to estimate the radiative loss rate f{n lines,
and 1t e presently fiepractical to directly measure the chromospheric radfative loss
rate in the H continuun. As a {frst stte=pt at testing the theoretical wodels,
Linsky and Avres (1978) esticated that Mg 11 b and k account for 30 percent of the
cktroccspheric line radlative logsces in the Sun and other late-type stars for vhich
thke Co 11, % 11, and H I resonance lines are effectively thick. They then compared
ncrzalized redfative loss rates in the ¥ II linesn, r(l‘g H)lcT:". for 32 stars
fncluding the Sun and found s systerati: trend of decreasing rﬂh “)/"T:ff wvith
decressing effective tecperature, but essentially no dependence on stellar surface

gravity. The corputations by Uleschneider et al. (1977) of the scoustie flox
svatlsble to heat chromospheres exhibit the cbserved ‘l’!" dependence, but predict an
ircrease {n chrovospheric heating of 1-2 orders of ragnitude between log g = &4 and
leg g = 2, that s certainly not seen in the data. Subsequently, Basrfi and Linsky
(1979) detercined wore sccurate values of T(lk; ¢4 k)IgT:f from thefr IUE dats and
the Copernicus spectra of Wefler and Oegerle (1979). Thees data are {llustrated in
Fig. 3. The noremalized g Il fluxes are videly scattered, but they do show licttle
if any degpendence of F(:g 11 k)lor:" on stellar luxinosity in agreement with the
previous data, and perhaps a slov decrerse with decreasing Teff'

An ipportant question in this reparéd {s the anmouit of chronospheric cooling in
the i~ contiruun and the extent to which the H~ cooling tera depends on gravity.
Schaitz end Uleschneider (1979a,b) revised the previous work of Ulmschnefder M.
(i977) in 8 way that has reduced the gravity dependence of the acoustic flux thst
survives radlative danping in the g{:otosphete, and is therefore avaflable to heat
the low chromosphere. They find that the ratio of t'e computed H radiative loss
rates to the enpiricsl Mg 1I rediative loss rates increases with decreasing gravity
in s manner consistent with their scoustic flux cslculations. For exaaple, their
F(H)/F(Mg 11) ratios range from about Z for the Sun to roughly 20 for the gfsate
Capells and Arcturus. Stnce Mg II provides voughly s third of the totsl line
losses, F(H )/¥(1ines) renges from order unity to sbout 7. However, unlike
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Flgure 3. F(g 11 l:)lo're" versus T e (Basri and Linsky 1979).

radiative losses in lines, H cooling cannot be reasured directly. Scheftz and
Uleschneider instead estimated R~ cooling indirectly using chrososiheric sodels
constructed to fit the Ca II and Mg 1l lines. Not only are the derived H raciative
1085 rates extrezely model—dependent, tut the use of mnolels constructed to svatch the
Ca Il and ¥z 11 lines to calculate the H 1osses is itseif questicrable. The reasem
18 that the Ca 11 and Mg 11 lines sverage over the intrinsically inhomcgenecus
stellsr stmosphere in 8 tuch different way than does in the H continmm. Since
erission in the near uitraviolet resonance lires Is strongly weizhted toward the-
hotter corporents of sn atmosphere, while the mainly visible and near infraved M
eaission is pore evenly weighted over the thermal trregulsrities, the use of sodele
constructed to fit the Ca Il and Mg Il lines will snevitably overestimate F(H ).
Pinally there resains fundasental disagreenent oa the projer way to cospute 'n
redistive losses froo a steller chromosphere (Praderie sad Thomas 1972, 1976;
Kaluofen and Uimschaeider 1979; Ayres 1979b).

{2) The chromospheric k iinc radistive loes vates illustrated is Fig. 3 exhibic
& wide vange of values for sters of siniler effective tesperature sod lwmimvsity.
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Excludirg the PS5 CVn-type systecs, the range s tvpically an order of zmagnieuse.
The aralcizcus plet of normalired chromospheric radiative losses In the H and % lines
(Linguy o al. 19798) shows & comparable spread. While accustic wave heating aay
explain quiet chrocospheres, it cannot explatn the’ large diversity of chrozospheric
radistive lccs rates azong single &stars of einilar effzctive tesperature and gravity
(ssce luctnceity). In solar plages, chrocospheric radiative losses in the Ca II and
¥3 11 resonance l{nes sre cosmonly 10 tives those of the sutet Sun (Felch and Lingky
§978; Velcth et al. 1979). Since Ca Il K lire inteansities are well correlated with
sagnetic fleld strerngth in the Sun {Skumanich et al. 1975), it 1s generally presumed
trat the eagretic field plays an important vole {n enhancing the chrozosphertic
nonrediative heating rates. In fact, the correlatfon of Ca II strength with the
magnetic field cust be vieved as circumstantial evidence for a hydromagnetic orfgim
of chroaospreric hesting. One likely explaratfon, thén, for the factor of 10 renge
in f(i)la?:” 8t each effective tempersture s that stsrs with jow r(k)lu‘l':" ratios
have few gnlar-type plages, vhile stars vwith large ratiocs sre mainly covered with
solar-type plages.,

(3) A third test 1s a comparison of the theoreticsl acoustic wave heatfing ia
specific stars with ecpirically determined radiat{ve loss rates. Ulmschnetder
2t al. (1977) snd Schotte and Uleschnefder (197%a,b) have computed theoreticsl
chro=osphere codels for the :az; dwarfe, sutglants, and glants that Ayres _e_:_Ll_.
(1974), Ayres and Linsky (1975), Felch (1978}, and Keleh et al. (1978, 1979) had
previously cozputed gectecpirical codels based ¢ the Ca Il and Mg Il lines. For
many cf these stars the agreement between computed accustic fluxes and empiricsl
radistive loss rates (including the estimated H contributicn) is within s factor of
6, which 1s rot a large fector when one considers the gross uncertainty is the
szount of ascoustic flux generated in the convective zorne {cee Gough 1976) and the
potential tmportance of inkcaogeneities on detersining the “empirical™ W cooling.
e sccustic wave theory heas the most difficulty for the cocler duarfs such as
79 oh A (KO V) end ER Vir (dKSe). For the letter star, in particular, Schaitz snd
Uleschneider (1%79b) estimate that 8 factor of 145 tires wmore energy 1e needed to
balance the empirticsl chromcspheric readietive loss rate than is predicted by the
scoustic wave theoty. Part of the missing flux may be sttriduted to inadequacies fa
the theory, for example, the trestment of line blanketing, molecular opacity, end
the effects of atmospheric stratificstion on wave production (Schaftz and
Ulsschneider 1979a). However, [-feel that the principal reason is the doainance of
eagnetic hesting mechsnisss in these active chromosphere stors. The same {s almost
certsinly true for the RS CVn-type systems. For exssple, the theoretical acoustic
heating rates for Capelle sre considerably lese than the apparent ctwomospheric
radistive josses.

(&) A finel test s the location in ssss column density of the tesperatwe
wicieun, vhich 10 detersined by the aonradietive hesting rate at the bass of the
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srellar chrooosphere. f(ram and Ulmschneider {1372) called atterstan te Inconsis~

tencies between oheerved and predicted widehs of the G II I‘l features, which should
be forsed in the vicinity of Tain
sequent coZputations by Schaitz and Ulmschneider (197%a,b) the asgreevent between

(but see § VI cozceraing supergian:s). Is scbe

cocputed znd ecpirical mass coluan densities at T-‘n has izjroved except for trose
stars (70 Oph A, E0 Vir, Capeila) tnat atow censicderable defi-fencies In the cen~
puted acoustic flux.

In swmemary, theoreticsl codels tased on the shurt pericd accustic wave thecry
show precice for explaining the heating of the lowver chreomospheres of Guiet chromo=
sphere stars, but they are clearly inadeguate to explain the heating of transitice
tepions and coronae of active chromosphere stars &ndé solar plages. In these “anow~
slous™ cases, ragnetic heating mectaniscs are presunably dosinsnt. Ever for the
Guiet chrosssphere gtars the acoustic theory ueeds to be carefully exanined. For
exasple, H radlative lcsses should be calculated for the seversl classes of t'crmed
fohosogeneities kncwn in the soler case, 1o estedlish the reilediiity of eatinstiag
R cooling rates from single-cosponent ocdels. In addition, the scoustic wave
theory should be extended to scre realistic atwospheric models, includiag nongrey
opacity sources and 8 more cosplate, nonlinnar trestment of the propagation end
damping of the cound wmves.

IV, ®HY DNES THE WILSON-BAPPU RELATION Wozi?

Ever since Wilson and Bappu (1957) 2licovered a sinple correlation tetween

the wvidrhs of the Ca II B and K lire exissicn cores ard stellar stsolate Imircsity

(M} extending over 15 ragnitudes, sany astr 3 have expanded the data tase and
have atterpted to explalin the origin of this relation. Part of tre fasciraticn of
this sublect must be the inheren? sinplicity of the correlation and the prospect of
obrafining valuable {oforsation about stellar chromospheres from simple reasurezents
of line widtks. Unforturately, this s a topic in which cne can eastly be deluded
into feeling that he understands sozething. In particular, many authors have vade
baca~cf-the~envelope calculations ard arrived at relatiens siciler in functioral
form to that wrigirally owopssed by Willson and Rappa (1957), whereas the wide
varfety of assunptions used are often very different and even contradictory.
Unfortunately, there i{s no suhstitute for careful aralysis of this Jrodlex based
on realistic radistive transfer calculations. Here I will briefly sazcarize past
observational and theoretical work, and then éiscuss im detsil two recent papers
that should revolutionize owr spproach to the underlylng physice of the Uilsor-Sap,«
effect.

Wideh~luainoeity relstioas have now been found for seversl limes in additiom te
€ 17 & end K, for exsaple the amalogous Mg I1 h and k resenance itnes, la, and Ua.
The width that Uileon end Beppu (1957) messured, Uy (km o7}, fo the separstice
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between the cuter edges of the Ca 1l eatssion features on 102 -! spectrograns.
ste (1970) has ghown that ¥, 1s very nearly the full width st hslf maxfwus (PWlN)
of the emission core. Wwilson end Bappu (1957) end Wilson (1959) proposed the
following expression for the X iine width-luminosity.relation

M, * 27.59 - 16.96 log ¥y () . w

The sost extensive corpilation of Mg Il k line widths fe that of Wellar and Gegerle
(1379), bssed on Copernicus observations of &9 late-type stars. Their expression,

M, = 34.93 - 15.15 log M(k) . (2) M

has essentially the ssoe slope as that for Ca 1I, even though the ¥3 II widths

seasured at the base of the emission feature. 1UE otservations will add to this
dats set and provide widths st different portions of the Jine profile. Using &
small secple of Lo widths (FuliM), MrClintock et _al. (1975) obtained the relstion

PO

" - 160.244.5) = (14.721.6) log W(la) . (3)

Finally, Erafc et al. (1964), LoPresto (1971), and Fosbury (1973) have studied the
dependence of the Ha line half-width, defined in several different ways, on M. but
they have not proposed definfte functional relatfonships.

Different characteristic festures within the K line also show width-luninosity
velaticne. For exsople, Ayres i_il. (1973) end Engvold end Rygh (1976) find that
the sepsration of the f; wminigua festures fs correlated with L Based on high
resalution spectrs of 25 late-tyye stsrs, Engvold and Rygh (1978) derive

¥, » const - 15.2 log W(Ky) . ()

In sddjrfon, lutre et al. (1973) find that the entire darcping vings of the H and K
lines trosden with increasing stellisr lumirosity. Finally, Cras et al. (1979) have
found fn 8 sa=ple of 32 starp observed at high dispersion, that both the ‘2 pesk

separation and the K, minicum separstion exhibit essentislly the ssse width-

.

lminosity slope ss the FalM,
The sgrerment esong the alopes of the four relacions above e certainly
suzzestive of @& common, presumably slaple, orfigin. As & first step towards

S 00 o no

understanding that origin, scveral authors have expressed the line widthe empir-
fcolly In terms of fundasental stellar parsseters. For exsaple, lutz and Pagel
(1573) have propcsed the relation .

log ¥y = -0.22 log g + 1.65 log T, ¢ O. 10{Fe/n} - 3.69 , $

based on dets from 53 stars. lute snd Pagel srgue thac their relation is scre
accurste than those derived wevlwlly.-ltmut an sbundance term. For the K; width,
Gas et al. (1979) find

log W(K,) = ~(0.2020.02) log g + (1.140.2) log T, = 376 , (&)

wheress Engvold and Rygh (1978) derive s coefficient of -0.16 for the first tere.

%3

Paysical interpretations of these width-lurinnsity relations feli irts tw
dtstinct classes. The first assutes that the width, zenerally taken to te 39 for
Ca 11 ¥, 18 forved in the Doppler core of the line prefile and therefore res;crds
cainly to turbuient velocities in the chrorosrhere. Feor emazple, Scharcer (1976)
followed Goldberg (1957) in sssuning that L 6;, where o 1s oean the chroscspterfe
turbulent velocity, sand arrived ot the fnmevitable result that such velocities are
supersonic in giants and highly supersonic in superglants. Using conservatiom
equations and taking the sechsnical erergy flux ;roporticral to ;3. Scharcer (1976)
was sble to chow that l-’a = 60 ~ g-u‘ in agreesent with Eq. (5). However, the de-
rived value of \.s for the Sun 1s 22 = s‘l. far larzer than any estizates of turiu-
lent velncities {n the eolar chrecusphere. Fosbury (1973) tas studied the s 11 ond
Ho widths together in order to better detercine chromospherie twwbulent velocities.
He esticated chromospherie wave flurxes from the 1ire widths and concluded that the
srplitude of upuward propagating accustic waves increases with jumirceity. bst
Tecently, lutz anmd Pagel (1979) have derived s telaticn simtliar te Eq. (5) sssming
slab peoretry with a zeometrical thicknecs equal to the K line thermalfzatien
length, corplete freguency redistributfon {CRD), and Uoppler coatrol of LS

These three papers and yrevious studies of the sace type share a nucber of
difficulties: (1) They ssswme tnat ¥, 1s located in the Doppler core, but give no
theoretical or expirical justification for this. (2) Ther either igrore radiative
trensfer altogether, despite numerous stulles that show that the ¥ and k lines are
optically thick and partisl redistritution effects are critically izportast e
foreing the outer portions of the emissfon cores, o they treat lire trarsfer (n e
wholly unreslistic ganner. (3) They rarely cocspute chromospleric densities anc
fonization celf consistently. {4) They do not attesjt to explaim high resslutlom
solsr cobservations or turbulent veloctities measured iIn the solar chromospherc by
various techniques. The ability to srrive at expressions eimilar to Eg. (5) ts
often given as sufficient justification that the approaches are sccurate ercwgh te
e:pl_-ln the underlying physical cechanis=m.

An a2lternative physical interpretation for the width-lucincsity relatisns
sssuzes that the width, generally taken to be W(F;). 1s formed o the dasping wings
of the line profiie. In this scensrio, the width {s sensitive pricarily to the sass
column density abtove the temperature cinisue and (s relatively insensitive teo
chrovospheric turtulent velocitles. Engvold and Rygh {1978) hawe argued that
W(K;) » 7.821.7 Doppler half-width units and thus the K; minisua features sust be
formed 1n the casping wings of the line profile. With this assuaption and the -
syproxization that the Kx feature Is “oraed at the tesperatwre sinisua, which sndels
Suggest occurs at roughly the saae continuud opticai dejth im late-type sters, Awes
2t al. (1975) used the pressure-squared dependence of B opacity to derive

iog W(K;) ® =0.25 log § ¢ 0.25 log A ., + comst . [e2)

T™he coeffictent of the log g ters sbove is cloee to thet of Bg. (6). Themas (1973)
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has prorosed a somewhat different version of this explanatfon by showing that the
location cf the base of the chrozosphere, which deterzines ‘i(il), zay depend on the
vpeard vass flux, which in turn is velated to the chromospheric heating rate.

At this point 1t should be clear that a synthe.sls 15 needed to detersine
whether these very different explanations for U, and W(¥;) are relsted, and which,
1f efrher, rerains valld sfter a realistic study of spectral line forsmation in the X
1ire, An teportent paper by Ayres (1979a) goes far in addressing these guestions.
Ayres proposed sieple scaling laws for the thickness and mean electron density of
stellar chreoospheres as functions of surface gravity and nonradiative heating,
based on hyZrostatic equilidriua and the assu=pticn that the nonradiative heating s
velatively constant with height. He also took into account the influence of
fonizstion on the general structure of a chromosphere and on the plasma coaling
functions. He srgued that the K, features sre formed in the danping wings of the
line profile on the grourds that PRD calculstions nov match the 1limb derkening of
the soler Ga Il festures (Shine et al. 1975; Zirker 1968), which in ftself provides
strong evidence for nesr ccherent scattering (and thus little Deppler redistri-
butior) deyond the emission peaks. Ayres found that

log H(Kl) o ~1/a log g + (7/421/2) log Tee* 1/8 log "".

* 174 log Ay, *+ const » (8)

where ‘f,;a {s the total nonrad.ative heating rate and Aaez 18 the metal abundance.
The coefficients are close to the empirical relation [Eq. (6)] snd the derived width
ratio W(k,}/(¥ ) 2 2.5 18 consistent with the steilar value of 2.5 2 0.3 estimated
by Ayres et sl. (1975) and the solsr value of £2.3.

Ayres (1979a8) further assuped that the Kz enission peaks are formed jJust out=-
side of the Douppler core and that the line source function {s a maximua st one ther-
sslizeticn length below the top of the chromosphere. These approximations lesd to

log W(Ky) @ -1/4 log g = (5/621/2) log T o - 1/é log r“

- /& log A

ey * 1/2 log £ + const . %)

where £ 18 the turbulent broadening velocity. The ¥g 1I-Ca 1l emission peak
separation ratio based on the above relstion {is U(kz)lk'(ﬂz) s 0.9.

Several icportant conclusions can be drawn from this <wourk:

{1) Both \i(!z) and B(ll) scale as g‘”‘ 1f the total aonradistive heating fs
independent of gravity — the foroer owing to the dependence of chromesphertic
e of chr pheric

thickness on gravity. Because both h‘(lz) and ’u(xl) scale with gnvizy in the same
way, it is ressonabdle that every width detween ‘l and Kz. in pesrticular llo. shoulé

electron density on gravity and the lstter owinz to the depend

8150 scale the ssse way. The theoretical gravity dependence is consisteant with the
lutg-Pagel scsling lsw Wy ~ ‘-0.22' snd explains why the width-luminosity lews for
¥g. W(K;) and W(K;) have essentislly the asme slopes (Crem et al. 1979).

[T

*5

12 rot -(x as generslly sssumed. This ie

(2) Ayres (1979a) found that (K )~¢}
o result of placing the Kz featiwe Sust cuteide the Doppier core, im the lorestzien
dasping wings. The assimption of lorentzian control at '2 is based ou the srzuzeat
chat the solar Ca Il entssion pravks liad darken {Zirier 1568), which suggests sig-
nificant coherent scattering, and thus little Doprler redistributicn, wvhere ‘2 1s
forsed. Engvold and Rygh (1978) estimate that on the average U(Kz)/&in * 3.42G.2
for thelr carple of 26 stars, which suzzests that 7, ts foroed 3just outside the
Doppler eore. Cencequently, the ‘-'(lz) and H,, wvidth-luminosity relstions can be
explaired simply as a gravity effect without havirng to invcke kighly supersonic
turbulence in stellar chroceospheres.

(3) Ayres ;redicts thar W(X,) should Cecrease with 7, while B(r,) should
increase vith tasa' A good test of this prediction Is fourd By corparirg solsr plage
profiles of Ca Il (e.g., Smith 1950; Shine and iinswy 1972) with those of the sean
Guiet Sun. In particular, the nonradiative heatirg rate is large and essily esti~
mated In piages and the stellar paraveters of a plage sre the came as those of the
gulet Sun. The Ca Il plage observarions and corresponding data for the k line are
constetent with the ¥, dependence of the W(K,) and W(K;) scaling lavs. In acel-
tien, the ¥ line Fai™ (approxicately egual to 90) agpears to be fmdependent of fh .
which {s in sccord with Wilson’s (1966) result that ¥, srpesrs to be irdependent of
the strengih of the esissica feature. Furthersore, Linsky et al. (1979%) fiaé rogh
agreement between peaswred L 81 wvidths of 8 large s2zple of stars and the gravity and
chromusyheric heating rate dependences givea ia Eg. (8).

Finally, 1 coezent on the calculations of Rasri (1379)‘. wvhich cast the whole
question of the interpretation of width-limincsity relstions fn @ nevw light. Nasri
kas wade @ nuxber of prototyse PRD calculaticrs of lize gprofiles for chrescepheric
models of late-ty;e supergiants. HEis goal was to deternine che factors inwoived In
she formation of the exissfon widths of self-reversed che pheric v 1lnes
wnder conditicns of extreme coterency in the lire wings. The 7iD effects were

Ctp;cted to be psrticularly severe im supergiants owing te the very small
collisional redistriudtion retes In the low density enveicpes of such sters.

Dee et of Basri’s calculations asauced & Voligr profile with parzzeters
05210 ce5u10® ard ry e 15107 fornes tn an tsothersal atmosphere.
As shown in Fig. &, he finds that the epergent line profile can have & self-reversed
character 'Eur szall walces of the incoherence fraction A ard fge the vario of cce-
tinuus to line center opacity, even thoagh the atmosjzhere 1s tsothermal and there-
fote hLas no teaperature faversion. 7The origin of the pheates 11- siniowm festwe
1s as follows: Outside the Doppler core the phoion scatteriag becoses sore cotereat
vith focressiag &x = ulu,. and the monoctromatic souwrce functions repidiy fecouple
from the line ceater sowrce funczlom (which itseif 1s clese To the lecal Plasck
function) such that the emergent imtensity decreases with iscressisg 4x. The in-
teasity then rises Sz the for wings ss the mowochroastic sowce functiom begins to
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Figure &. Line profiles for so iscihercal atoosphere (Basri 1979, Fig. 4.3).
frclude & aiznificent contridution from the assuwed purely thermal background con-
tirum. The extent to which the phantom ¥ feature nccurs degends on the relative
i=;ortance of the coepeting terms. Increasing cokerence (decreasing A) tends to
ecphasize this Schuster-type process (Mihalas ]970), vhile increasing cciliefonal
redistribution (fncreasing A) or increasing continuue sbsorption (increasing o)
deeczphasizes f1t. In addition, Doppler drifting — the frequency diffusion of
photons with esch “cohkerent”™ scattering owing to residual Doppler gotions =— tends
to increase the probability of core photons wandering i-.o the line wings. The
redistribution of care photons increases the effective nonccherent scattering tera,
which in turn rsises the L sinioun over the pure coherent case. In fact, Basri
found that picroturbulence can fufluence the location of the 7; festure even tiacugh
Rl §s foroed fer froo the Doppler core, by enhancing the Noppler drifting wechantame
Basri®e calculations dezonstrate the critical importance of properly treating fre-
quency redistribution for very coherent cases and the potential dangers of naively
sssuing that the K; siniowm featwre 18 formed st the terperstwre miniom fn ex=
treocely low gravity sters.

As & test of vhat sechanicas sffect line sTofile shapes in realistie superglant
ctromcspheres, Pasri considered the Mg 11 k “dne for the not extreme exasplc of 8
Dre (G2 11), for which W(k;) = 2.5 A, TFigure S depicte staospheric paraseters for
solar=type tespersture distributions (Models A and A®) with T.h at log swpe-lg
o gnd 0 supergient-type temperatwre distribuzion (Model 83) with T, shifted
fowrd fo mess by o foctor of 100. For Model A, with & maxfmm turbuleat velocity
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Figure 5. Atmospherfc paraceters for £ IXs codels (Basri 1979, Fig. &.7).

in the chrowosphere of 10 km s~} snd efther the gravity of the Sun or g Dra, )

occurs near 0.5 . By increasing the clrosospheric tezperature gradient (M.Jel A°)

to produce a3 strong enission profile fer g Dra, Basri finds that U(hx) 1s abcut
1.5 %, even when the sicroturbulence s increased to the highly supersonic waloe of
30 n .". However, the large valves of aicroturbulence temd to sash out the l,

esicoion features. HEasr! concludes that microturbulence by ftself canmot be o

viable explanation of the H(tl) - K, or l-‘(l:l) = M, relaticns in swperglacnts,

although hizhly supersonic aicroturbuience cac hroadem W..

Alternstively, increasisg the sass colum density down te tle tecperstwre

~—e

-

ninipun (as i done in Mocel B) results in i-'(h‘) * 1.5 & (see Fig. 6), even shen
.r.m is (ncreased without limtt. The apparent lack of sengitivity of l-'(k‘) te
chromospheric colunn densities occurs because the k; sinisun featwe o streagly
decoupled from tic temperature structuwre (as ums seea in the isothermal ezssple).
The location of k; s now determined dy the balance of coherent snd neacchereat
Focesses. In perticular, Joppler drifting 1s an fnpertent inceheresce ters which
€on be eahanced by iscrcasing the sicrotwrbuiesce. Basrd finds that Wk;) com be
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figuze 6. Mg Il k lines corputed for different 8 Drs modelas {(Basri 1379,
Fig. &.8b).

trosdened to the observed value of 2.5 A sicply by using s bdarely supersonic
mieroturbulence of 8 i o-l (Mdel B' In Figs. S snd 6).

The jrototype superglant calculations leave us with the folliovwing unanticipated
results: (1) k, and X, reed not be forzed st the te=perature uinisum. (2) Neither
the turbulent welocity nor the mass coluca density explatation for the B(Kl) - l\
reletion is visble by ttself. (3) Microtwbulent velocities can play an importent
role 1o determining H(kl) and u(ll) via the Doppler drifting mechanism. Even thowgh
these conclusicne vefer to the perhaps extreme caee of low density supergisant
chromoepheres, the most fmportsnt messsge 1s that 1t §s essentfal to solve the
transfer ejuation properly tefere cne can make meaningful statemente conceraing the
physicel Basts of vidth-lusinosity relstions.

V. ARE THERE SYSTEWATIC FLOW PATTERNS IN STELLAR CHROUOSPHERES?

Until ncw ve have been concerned with the intergretation of chromospheric itme
intensities and =idths. These data provide valuahle information oa thersal struc=
ture snd rancon nonthersal welocities in chromospheres, but they do not contaia
useful fnforestion on systesatic flow patterns. Line profile asymmetries may pro~
vide such information with proper interpretation, and in fact they sre the ouly
sssns ot pl:ucnt of studying chromospheric systesatic velocity fields. Because the
aralysis of line ssysmetries %o complex, 1 first consider availadble thecreticsl
calculeticns of profiles of cptically thick chrcmcepheric lines in the presence of

P T

%9

systegatic fiow patterns, and then consider the eatent to which sclar sad gteihr
dats can be understoad in terzs of these modele.

(1) Athay {1576) has enphasized the cauvtion with which ome e¥culd aprrosch the
question of deteruining velocity fleids from lire aswycetries. WHe provides exaxples
of velocity fields for which even absorption line profiles predict the wong sizm of
the flew vector. Keedless to 63y, the anaiysis of optically thick seif-vreveraed
enistion cores {3 more cogplex and cust be undertaien with care.

(2) Using as s test case the o II K line formed m the sclar chresosphere,
Athay (1970) and ram (1972) have showm that ssyrmetries previde informmtiom ce
velocity gradients im the line forzation region but not on the maznitude or even the
direction of the flow 1in any specific atzospheric lsyer. For exsrple, Attasy (1970)
showrd that dovnxard mots-os of 10-20 kn s~ 1n the region of Ty formation shifc Ky
to the ged, therchby soviang absorbing materiasl (material with & szaller source
function than the underlying raterfal procducisg the ‘2 exnission Deaks) se a6 teo
partially obseure the Lo enjssion peait and uncover the !2' enission peak. -The mex
ef{fect is to groduce brighter emissica at sz and weaker emissica at ‘21' and
Bhy > 0. Enfortunately, the exact saze asyrnetries are groduced by assming vpwird

pexlnns of 37 im o 0

in the Kzotor:.:n; rezion and no systesatic velccities wixre l’
2y ameds Waat I refer to as “bilue asycuetry,” I(l:z.,) > X(Kz,_) and “!3 > 0, thwe
oniy provides inforoation on the systeratic vertical selocity gradient, specifi~
csily, that dv/dh € O, Zut ne unigue infcraation oa sbsolute wertical welocizles
anyvhere. Sisljarly “red asyncetry,” that s X(lu.) < X(!n-; and 33‘3 < 0, irsites
only that dv/dh > O. .

(3) Verrically propagating weves vith scales Setween tle microturbslent and
aacroturbulent lizits (Tresoturbulerce”) amd which are nonsiiusoldal {m charscter,
ean 3lso produce line asyametries. Shlme {1973) kas synthesized Na D wwofiles for o
sclar chrocosphere rodel perveated by shock wvaves {apjroximsted by vertically srepa~
gating savtooth waves). He fiads that the basic asynzetry of the s:Inoth functieca
produces tize-averaged absorption prcfiles with lime center shi%ted 2. the red, and
the blue wizg brighter than the red wing. Shine’s caleulatizr: sav el Lhat verti~
cally propagating «hock wvaves can praduce “lue asyucetries In civeom:ijheric ecissies
cores that cight be sistakea for the symptoss of downflows where =y 18 feroed.

{4) Heasiey (1975) has symthesized the (3 Il rescuance and irfrared triglet
lines for ecdels of the golsr atmosphere inclwding wpward propapsiing acoustic
pulses, perturbations in the jocal tesperature ard demsity induced by the puises,
snd resuitant charges tn the line seurce functions, all eelf-coscisteatly. He fisds
that the passage of & pulee throwgh the cbir shere prod first 8 tlue agwae-
try, owisg to wmard ac:ion uhere x, is formed and mne metiea where l:, is foroed, and
then 3 red soywmetry, ouisg to spunrd metien wiere l] fo farmed and ne motiea ubere
Ky 10 formed. The effect of faciuding the density ard tesperstwre perturbetions
Stssctiated with the pulse s to eshaace hpireges fenizaties. The incrersed electres
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dersity in turn drives the collirion-dominated line source function closer to the
Planck functicn, thereby enhsncing the ‘2 ecisstion. In fact, he notes that the -
domtnent influence ocn the G II line ssurce functions 1s not the velocity fleld of
the pulees, but vather the strospheric pertwrbdations. Furthermore, the pulses do
aot change the wavelengths of the xz peaks, only their strengths.

The mesn quiet Sun K line profile {e.g. White and Suemoto 1568) and the in=
tegrated solar disk K line profile (Beckers et asl. 1976) both shov blue asyometry,
a8 do the tg Il resonsnce lines (Lecaire »nd Skumanich 1973) and la ¢ Yasrf et sl.
1979). To faterpret this ssvooetry, we can take advantsge of the high spactial
tesvlution spectrs that can be obtsfced from the Sun. Such spectrs in the K line
(e.g., Pasachoff 1570; Wilson and Evens 1972) show a verfety of single and doudle
peak profiles with ved and dluve asynmetry, but relatively constant ‘2 peak wave-
lengths, consistent with Reasley's (1975) cslculations. The resl clue to the cause
of the tlue ssymoetry seen in the whole Sun K line profile s provided My the high
spstisl resclution tipe-sequence spectrs of Liw (1974). These dats shovw intemsity
perturbations that travel froa the far wings tcwerd line center and produce & stromg
blue ssynmetry when the disturbance reaches the line core. Liu (1974) end Liu and
Skwzanich (1974) have interpreted this behavior in teros of local heating of the
ctrozosphere by upward propagating vaves. The impo~tant message for us is that the
solar blue sevmzetry is very likeiy produced by socething analegous to Heasley'w
scoustic pulges, that has the lergest effect oa the K line profile at those phases
when the tecpersture srd density perturbstfons. and the upward motions sre sll posi~
tive in the chrooospheric layers vhere l:2 is forced. However, the net blue ssysme~
try tells us nothing about the direction or magnitude of the solar wiaj.or the
nature of possible circulation patterns in the solar chromosphere.

Vith this background we can consider the stellar dats. Profiles of the G 11
end Mg Il lires in F-K main sequence stare (cf. Limcky ot o1, 197%a; Basri snd
Linsky 1979) tvpicslly have blue asymmetry, like the Sun, sysptomatic of upward
propegating waves in their chromospheres 1f our solar explanation is Correcte.

The € snd K giants exhidbit more complex behavior. Arcturus (X2 1il), for
exarple, shows ¥g 11 aine profiles with proncunced red ssyscetlry that did not chanze
dwring 1973-1976 (McClintock et al. 1978), stereas (hiu et al. (1977) £f1nd that the
K line ssyscetry is variable In their cata snd in previous work going back to 1961,
with blue asyroetry perhaps acre hiu et al. (1977) have modeled the ved
sey=zetry Cs 11 and Mg II line profiles vith s mass flux conservative stellar wind;
thst is, the outflow velocity fe inversely proportional to the deuclt! and therefore
increases rapldly with hefight. Such ._veloclty field produces ted n.aytnettleo in
doth the Ca 11 and Mg Il lines, as expected from Athay'’s (1970) esalysis for
év/dh > 0. The derived msss loss vete from the best fit wodels is 8 = 107~ M, y7_
and the ocutflov velocity s 13 km o~} ot t((,) = l. The question ressins, bowever,
why Arcturus cen beve efsultsnecusly & blwe asyametry Cs II profile sad s stromgly

n

red asyonetry Mg 11 profile. McClintock 2t _al. (1978) argue that the deep adsorp-
t1on featwwre at =38.3 m ! that produces or comtributes te the ved ssvameery of
the M5 I profiles is very likely not fnterstellar absorption and sust therefore be
fntrinsic to the star. Fossible explanations for the opposite asyzpetries inclwde
lerge systematfic velocity gradiests fn the chromnsprere (the g II itnes should Se
formed slightly Nizher in the chromosphere than Ca 1I) or e expanding circursteller
envelope with large Mg I1 colomn dencity and srall Ca I coluen dersity, preswnably
ouing to fonization of Ca’. The latter pussibility may be correct, because the
slightly cooler gtant Aldebaras (K5 III) has Mg II lime profiles vicy sintler te
Arctwus (van der Hucht 22 al. 1979), bt Ca 1T limes which centain variable, weak
civcamstellar absorption featwres blee shifted by sbout 30 im -} (Refwers 1977; )
Kelch et al. 1978). Reimers (1977) has designated such cire 1lar ccap °
Ko
Stemcel (1978) fousnd & statistical trend of K line blue saynee> v for gismes

hotier thaa gpectral type ¥3 and red asyrmetry for glants ceoler than Xi. The
locatioa of Stencel’s Ca II Ssyewelry dividing lime In the F-R Clagras is depicted
in Fig. 7. If bloe asyometry is symptomstic of upvard Propagatiag vaves bot ae
lazge vind fn the chromosphere, and red ssyraetty indicates the presence of »
efgnificant outvard mass flux sand possidly also s circumstellar shell, then the
dividing line indicates the of 1 sinds in stellar chremespheres. Most
tecently, Stemcel snd Mullem (1979) {cf. Corernicus data of Uetler ond Gegerle 1979)
beve deterained o locwr n the B2 disgram (see Fig. 7) vhere the Mg II resensace
11nes chang® thetr asymaetry inm 2 zanmer sinilar te thet fownd ty Stemcel (1978) fer
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Hand L. T.e Ca 11 ord ™5 11 Zividing lines are located slightly to the right of
that proposed by Linsky a~d Halach (1979) to separate stars exhibiting high exd’:.-
tion ecfssion ltines charscterfistic of & solar-like trancition regiom (material at
20-250 = lﬂ’ ¥} fro= stars showing only chromospheris enicsion lines (tatergel at
less than 10* ¥). Taken together thege data sugzgest that conl etars fall tato two
distinct classes: those with outer staoepheres consisting of chropospheres, trangi-
tion regions, and presucably slso hot coronme; and those with chromospheres end
massive cool winds.

Mullan (1978) hae stteempted to explsin the apparent onset of massive winds im
the esrly ¥ stars. He proposes that the location of the polnt where the stellar
wind becozes supersonic coves deeper into the steilar atmosphere as gravity sad
effective tecperature decrease. Halsch et al: (1979) have shocwn that lo radiation
sressure cay pley sn fcportant role in tnitfating the cool stellar winds. The
cooling effect of the vwind eay explain the following:

{(s) For glants with color index (V-R) < 0.8) (about speciral type ¥O Iil), the
steliar wind is optically thin, but the energy associated with the mass flow is
sbout egusl) to the ronrediative energy that would othervise heat a hot corcna. Such
starg therefore do not have coronse and fall to the right «f the Linsky-Hatsch
dividing line. Hovever, the transcnic point of tre wind lies above the region where
the ¥ 11 lines are forved, consequently the g 1I lines are symzetric or show blwe
ssyzretry. These stars therefore fall to the left of the Mg Il asymmetry locus.

(%) For glants with (V-R) > 0.85 (sbout spectral type ¥2 1Il1), the wind now
affects the upper chrososphere vhere the My 11 lines are formed. The wind reverses
the Mg Il acymcetry snd the oass loss rate rises because the trensonic point has
penetrsted into the chrorosphere vhere the density s high.

(c) For glants with {V-R) > [.00 (about spectral type F& 1ii), the transonic
point occurs well into the niddle chromosphere where H and K forme The Ca II linee
scquire red sry-vetry and the wind now carries enocvgh cater{al to produce crbservable
clircucsteilsr festures.

1o cool superptants like ¢ Gem (CB Ib), ¢ Feg (K2 Ib), £ Cyg (K5 it), and o Orf
('Q 1at), the Cs Il and Mg 11 line ssyrzetries (cf. Linsky et al. 197%a; Rasrf and
Lirgky 1979) sre domirated ty apparent circumsteiiar abscrption and it 1s difficelt
to deterzine the asycnmetry of the =rnautilated chroonspheric line. The prablem of
the intrinsic ssy-retries of chrocospheric easjgsion cores {n Bupergliants ts further
complicated by the following points: (1) ¢ Gen shows appsrent circumsteilar
absorption feerures st both positive and negative velocities. (2) v'me wRIlk
prefile of o Orf snd presumabliy other stars s multilated by overlying circumstellsr
Fe II end M 1 sdeorption lines (cf. ikl't\.t and lacbert 1976; de Jager et al.

1979). (3) Basrs (i979) has constructed & chromospheric wodel for a Orf to match
the Co I end Mg 11 line profiles. He ﬂnd_o that broad, fist-bottomed reverscis in
the Ca 11 lines sre wesily predicted by the chrosoepheric model without imcluling
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orv circunstellar shell whatsoever. Ulonservently, owr rather casval identifiratios
of circurstellar features In clromospheric lines of supergisnts must be Tecor—
sidered.

ot all cool superglants show “circumstellar™ feastures. Ia jarticuler, £ vre
(G2 11} erhibits €23 1I profiles with very strong blue ssywzetry and g 11 pvofiles
wvith less jronounced bive sswmeetry {see Fig. 8). Easri {1979) has wvodeled these
data using a coroving PFD code and o verticel veloctity (s~e Fig. 9) that Increases
with hefght. Such & velocity field 1s consistent vith the dats, but it Is perhape
unphysical and, as noted above, mpuard propagatirzg wvaves casn predwce the seme iind
of asynmetry.

Varfable asyametry in chroncspheric ezission lires say twrs cut to e Coemoh
in late-type stars as spectific stars are monitored for long perfisds. For exachle,
Hollars and Beete {1976) bave noted changes in the K line of o Agr (C2 Ib), end
Oravins et al. (1977) have found ¥ 1ine ssy-cetry changes in the { Scutl ster
o Pup. C'Srica and lambert (1979) Yave reported varfsdle He I Al10235 entesticn free
-‘ Her, which ray resuit from g shock front created when high-velocity zas sccretes
ento the photosphere of al Eer. O'Prien (i%79) tas also reported AI7F3N obserwa~
tions of a number of F-M stars. YMiny show varlable absorpticr or ecicsion, and
a Aqr shows evidence of enorscus outflow velocites of nearly 200 = s".

The interpretation of asyrretries in chkrorospheric lines (Ealoer serles, Ta 11,
R 1) of T Taurd ctars fs & zatter of digpute. Eluve shifted absorplicm conponents
ie these Jines have gezerally deen interpreted as syrptous of 3 strong stellar wind
(e.g. Herbig 1962). levertheless, Ulrich (1976) has demonstrated that Torspber—
dically sy.zetric accretion ran produce apparesnt biuveshifted adscrptiom corjorents
from an fnfalling postshoch gaz. Uirich and Frappy (1975) fied that atsorptiom
cotponents in Hu are not veliable indicstors of pas fiow directien, coatrary te tle
coeccn presuspticn, bui instesd the Na D line adsorpticon festwres are Bore velisdlie
flow-vector dfagncstics. They conclude thal accre.icm occars in the mejor frectiea
of T Taur? sters and that discrete ciouls of ejected saterial, pertays due te
flares, continually psss tirough the generally infelling gss.

I wish to thank Wre. 7. R Ayres and & S. Rasr!l fer thelr commerts on the
text, and cany collegues for sending me pre;riats ard wapubliched dste fer inciusies
in this paper. This work was supported In Jert by NASA chrewgh grests WASS-2327¢
sad NGL~06~G03-057 to the Unlveresity of Colersde.
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