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A B S T R A C T . The degree of thermal heterogeneity at the base of the solar 
chromosphere is substantially beyond that simulated in the best-available multi-
component models; casting serious doubts on inferences drawn from them. 

Everyone knows t h a t t he chromosphere of t he Sun is h o t . After all , spat ia l ly-averaged 

profiles of s t rong opt ica l a n d ul t raviolet resonance lines - C a I I H a n d Κ , M g I I h a n d k, 

and H I L y a , for example - clearly show prominen t emission reversals in the i r cores, indi-

cat ing a t e m p e r a t u r e inversion a t t he top of t he pho tosphere (e.g., A t h a y 1976). Vir tua l ly 

all empir ica l models of t he solar ou te r a tmosphe re have incorpora ted such a t e m p e r a t u r e 

inversion. T h e mos t complete such mode l - t h a t of Vernazza, A v r e t t , a n d Loeser (1981) 

- presents a r ange of t h e r m a l profiles t o s imula te spa t ia l inhomogenei t ies . Nevertheless , 

each of t he six dis t inct componen t s has a t e m p e r a t u r e inversion a t a b o u t t he same a l t i t ude 

( « 500 k m above T5000 = 1)· T h e mul t i -component mode l successfully reproduces a wide 

range of spec t ra l diagnost ics - lines a n d cont inua - b road ly covering t h e e lec t romagnet ic 

spec t rum. T h e pr inc ipa l use of t he mode l has been t o calculate t h e radiative cooling as 

a function of a l t i t ude in t he chromosphere , against which t o compare t he predic t ions of 

various mechanical heating scenarios. 

Everyone knows t h a t the chromosphere is ho t , b u t somebody appa ren t ly neglected 

to tell t he infrared b a n d s of ca rbon monoxide! Initially, measu remen t s of t he s t rong Av = 1 

t rans i t ions (near 2150 c m " 1 = 4.7μπι) by Noyes a n d Hal l (1972) revealed low core br ight -

ness t e m p e r a t u r e s ( Γ < 4200 K; compared w i th T m t n ^ 4400 deduced from C a Π a n d Mg 

Η) in t he mos t opaque of t he v ibra t ion- ro ta t ion lines; l a te r , Ayres a n d T e s t e r m a n (1981) 

confirmed the earlier resul ts using the newly-commissioned Fourier t r ans fo rm spect rome-

ter on t h e M c M a t h telescope a t K i t t Peak . A t t he ex t reme l imb, where r ad i t ion emerges 

from t h e highest accessible levels of t he a tmosphe re in a given diagnost ic , t he s t rongest CO 

absorp t ions ind ica ted t he existence of very cool p l a s m a ( T < 3800 K ) a n d no h in t of any 

chromospher ic ( T > 6000 K) ma te r i a l , con t ra ry t o t he expec ta t ions of t he best-avai lable 

homogeneously stratified models . F igure 1 i l lus t ra tes t he t y p e of t h e r m a l profile derived 

from h igh t e m p o r a l resolut ion a n d m o d e r a t e spa t ia l resolut ion recordings of t h e infrared 

CO b a n d s in activity-free areas a t disk center a n d near t he ex t reme l imb. T h e ver t ical 
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Figure 1: Measured CO br ightness t empe ra tu r e s compared wi th a n empir ica l chromospher ic 
mode l ( t he VAL C mode l of M a l t b y et ai [1986]), a n d a theore t ica l t e m p e r a t u r e profile 
ca lcula ted in rad ia t ive equi l ibr ium including C O cooling (Anderson a n d A t h a y 1989). 

ex ten t s of t he shaded areas depict t he m a x i m u m rms t h e r m a l fluctuations inferred t o exist 
a t t h e different levels of t he a tmosphe re over hor izonta l size-scales comparab le t o a p - m o d e 
wavepacket (several M m ) . T h e large response of t h e C O b a n d s t o j>-mode exci ta t ions indi-
ca te a h igh a l t i t ude of format ion . 

T h e inescapable conclusion was t h a t t h e "chromosphere" of t h e Sun m u s t conta in 

subs tan t i a l a m o u n t s of relat ively cool m a t e r i a l in add i t ion t o t h e classical ho t gas t h a t one 

ordinar i ly associates w i th i t . In t he Ayres a n d Tes t e rman mode l ( la ter quantified by Ayres , 

T e s t e r m a n , a n d Brau l t 1986) t he weak cent ra l reversals in t he cores of t h e C a Π l ines, for 

example , m igh t ar ise as a m i x t u r e of s t rong emission from small , in tense ly-hea ted regions 

d i lu ted by p u r e abso rp t ion profiles f rom the more extensive cool componen t . 

T h e j u x t a p o s i t i o n of ho t a n d cold gas in t h e chromosphere was a t t r i b u t e d b y Ayres 

(1981) t o a t h e r m a l ins tabi l i ty driven on the low- tempera tu re side b y t h e powerful surface 
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cooling of t he nea r -LTE CO Av = 1 b a n d s , a n d on the h igh - t empe ra tu r e side by s t rong 

radiat ive emission in t he UV resonance lines of a b u n d a n t species (e.g., Mg I I , C a I I , a n d H 
I) . T h e low- t empera tu re cooling is enhanced for decreasing t e m p e r a t u r e s below a b o u t 4500 

Κ by the exponent ia l ly increasing formation of t he CO molecules, a n d stabilizes when t h e 
molecules have exhaus t ed t he available a tomic ca rbon ( T £ 4000 K ) . T h e h i g h - t e m p e r a t u r e 

cooling is p r o m o t e d as Τ rises above abou t 5000 Κ by the exponent ia l t h e r m a l sensi t ivi ty of 
the electron collisional exc i ta t ion r a t e s , as well as by the increasing popu l a t i on of electrons 

due to hydrogen ionizat ion. However, in t he in t e rmed ia te r ange 4000 £ Τ £ 5000 ne i ther 
the CO infrared b a n d s nor t he a tomic UV resonance lines are effective coolants . T h u s , t h e 
p lasma cooling function a t chromospheric heights exhibi ts two dis t inct s table phases , w i th 
an uns tab le in t e rmed ia t e t e m p e r a t u r e range . 

T h e bifurcat ion of t he cooling function leads t o a t h e r m a l ins tabi l i ty when t h e chro-

mospheric gas is subjec ted t o a cri t ical level of nonrad ia t ive hea t ing : t h e gas r emains cool -

and near t h e rad ia t ive equi l ibr ium strat if icat ion - when t h e mechanica l hea t ing falls below 

the cri t ical value; b u t rever ts t o t he ho t , classical chromospher ic phase when t h e nonra -

diative hea t ing exceeds i t . Ayres , Tes te rman , a n d Brau l t (1986) model led s imul taneous 

observations of t h e C O b a n d s a n d C a Π Κ in quiet regions on t h e solar disk a n d in areas 

strongly d i s tu rbed by magne t i c act ivi ty. T h e au tho r s concluded t h a t only a smal l fract ion 

10%) of t he solar chromosphere in qui te regions is s t rongly-enough h e a t e d t o p roduce 

hot p l a sma; a n d even in magne t i c act ive regions only p e r h a p s « 50% of t he surface is 

t ruly chromospher ic . T h e r m a l inhomogeneit ies of t h a t m a g n i t u d e , par t i cu la r ly in t he quiet 

Sun, a re enough t o inval idate mos t of t he previous homogeneously-strat i f ied models based 

on spat ial ly-average solar spec t ra (or in tegra ted s ta r l igh t ) , a n d cause us t o reexamine our 

unders t and ing of chromospher ic s t ruc tu re no t only on the Sun, b u t also on t h e o the r s ta rs 

of la te spec t ra l t ype . 

F igure 2 i l lus t ra tes more graphical ly t he s t ruc tu ra l organiza t ion of t h e solar a t m o -

sphere. A t t he a l t i t ude of t he " T m { n " , t he chromosphere consists of two fundamen ta l types 

of s t ruc tu res , b o t h of small surface coverage: (1) long-lived network bright points, whose 

heat ing very likely is magne t i c in origin; a n d (2) t rans ien t cell-interior flashes, whose hea t -

ing might be e lec t rodynamic as well, a l t hough the d is turbances could possibly b e pure ly 

acoust ic . A n excellent discussion of t he two dis t inct types of b r igh t po in t s ha s been pro-

vided by C r a m (1985). In t he quiet Sun, t he B P s cover pe rhaps < 20% of t h e surface 

(domina ted by the cell-interior B P s in a rea , a l t hough t h e ne twork po in t s a re b r igh te r in 

Ca H) ; b u t in act ive regions t he coverage might reach as much as 60% (domina t ed b y the 

magne t ic B P s ) . T h e ( large) remain ing volume a t , a n d immedia te ly above , t h e T m i n (up 

to pe rhaps 700 k m ) is occupied by ma te r i a l t h a t is subs tant ia l ly cooler t h a n t h a t in t he 

hea ted s t ruc tu res . One migh t th ink of t he cool gas as organized in to CO clouds. T h e clouds 

continually form, pe rhaps t h r o u g h the ad iaba t ic cooling of gas advec ted t o h igh a l t i tudes by 

convective overshoot , or by supergranular plumes (e.g., November 1989); a n d cont inual ly 

are d i s rup ted by the spora t ic d is turbances responsible for t he cell flashes. 

Recent Non-LTE blanked models of the solar chromosphere w i th prescr ibed hea t ing 

have po in t ed t o the T m j n region as the crit ical locat ion of m a x i m u m nonrad ia t ive energy 
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Figure 2: T h e inhomogeneous a tmosphere of the Sun. 

deposi t ion (Anderson a n d A t h a y 1989). I t is the re t h a t we have t he bes t chance t o iso-

l a t e t he elusive chromospher ic hea t ing mechan i sm. B u t , if t he T m t n in fact is d o m i n a t e d 

by cool s t ruc tu res , t h e n the spat ial ly-averaged t h e r m a l profiles derived by Anderson a n d 

Athay , a n d earlier by VAL, have l i t t le mean ing . Ins tead , t he energy-balance model l ing 

should be focused on t h e specific s t ruc tures - ne twork a n d cell-interior B P s - where t he 

s t rongly-hea ted gas a t t he base of the chromosphere t ru ly resides. Of course, t h e issue is 

fur ther compl ica ted by t h e fact t h a t t he rapid ly diverging fields of t he ne twork magne t i c 

filaments m u s t fill all of t he available volume in t he chromosphere above some cri t ical level 

( the C O "c louds" have a smal l ver t ical scale height owing t o thei r depressed t e m p e r a t u r e s ) . 

T h u s , t he midd le chromosphere (a t a n a l t i t ude of ab o u t 1000 k m ) migh t b e m o r e the rmal ly 

homogeneous t h a n t h e under ly ing T m i n region. Nevertheless , C a II K 2 a n d L y a filtergrams 

- character is t ic of those h igh levels - exhibi t considerable s t ruc tu re , a n d t h e ne twork is 

clearly recognizable even a t C IV t empe ra tu r e s ( 1 0 5 K ) . 

Cri t ical ly needed is a ma jo r effort t o define a grid of thermal ly-d is t inc t t e m p e r a t u r e 

profiles t o more accura te ly describe t he t rue physical condit ions a t t h e cri t ical interface 

be tween pho tosphere a n d chromosphere . Such a gr id of models can b e used t o explore 
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the n a t u r e of t he nonrad ia t ive hea t ing mechan i sm in a more favorable l ight t h a n present 

thermal profiles, which ignore t he i m p o r t a n t role of cool gas in t he low chromosphere . 

A C K N O W L E D G E M E N T S . Th is work was suppor t ed by g ran t s f rom t h e N a t i o n a l Sci-

ence Founda t ion a n d t h e Na t iona l Aeronaut ics a n d Space Admin i s t r a t ion . T h e observat ions 

described in F ig . 1 were ob ta ined a t the K i t t P e a k facility of t he N a t i o n a l Solar Observa-

tories, ope ra t ed by A U R A under cont rac t t o t h e N S F . 
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