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I )  Introduction 

T h i s  program studied the dynamics of the solar photosphere and 

Observations obtained by the Laboratoire de Physique chromosphere. 

Stel la i re  e t  Planetaire's u l  tra-violet spectrometer onboard the OSO-8 

spacecraft were analyzed and 

published. 

of s te l la r  atmospheric dynamics were presented and pub1 ished. 

models of the chromosphere and the emitted resonance l ine spectrum were 

calculated, and one a r t ic le  has been accepted fo r  pub l i ca t ion  and 

another i s  i n  preparation. Three contributed papers were delivered 

a t  scientific conferences. These publications are attached. 

two papers presenting results were 

Three reviews on different topics concerning the theory 

Dynamical 



11) Discussion 

Repeatd spectral scans of strong, op t ica l ly  thick resonance lines 

formed in the solar chamsphere were analyzed for indications of osc i l la tory  

velocities and intensities. Figure 1 displays Lyman alpha data ob tahe5  

during one o rb i t ,  which has had data losses replaced by i n t e r p l a t i o n .  

spectra Eere taken away fran ac t ive  regions, near the center of the  disk, with 

a spatial resolution of 4 x 10 arcseconds. 

absorbtion reversal and one of the adjacent mission peaks, and succeeding 

scans are displaced ver t i ca l ly  for viewing "clar i ty" .  One can see the ?eo- 

coronal Lyman alpha absorbtion near grat ing posit ion 898 an6 the  blue peak 

near 928 (wavelength increases to the l e f t ) .  

p ro f i l e  to the  l e f t  can also be seen. Figure 2 shows the  average p ro f i l e  

for  t h i s  orbi t ,  a f t e r  t he  correction for  the havelenqh d r i f t  has been applied. 

These 

They show only the cent ra l  

A slow displacement of the  

PJnCglg other indicators of velocity which were stuciied, the blue p a k  

is reasonably mll  defined, and the posit ion of a parabola f i t t e d  by the  method 

Of l ea s t  squares was  used to  define it. Figure 3 shws a series of spectra 

and the  f i t t e d  parabolae, and Figure 4 shms the  resul t ing var ia t ion of the  

peak's ,msition. A s ine  wave, whose period equals the  satellite's orbital 

period, has been drawn through the  measurenents, and the  posit ions of data 

losses indicated by arrows. 

f r m  the  measurenent a t  560 seconds where the  data was f i t  by a parabola with 

a minimum, ra ther  than a maxirmm) one sees the indication of a var ia t ion with 

a period near one thousand seconds. 

charac te r i s t ic  osc i l la tory  behaviour. 

the in tens i ty  of the blue peak and the m a t u r e  of the peak. 

The residuals  are sham on Figure 5, and (apart 

A l l  of the  Lyman alpha data had t h i s  same 

Figure 6 presents the  var ia t ion of 
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After the  f i r s t  f lush  of excitement over the  discovery of th is  "900 

semrd" osc i l la t ion  - for that was it: mean period - had passed and references 

to othw observations of chranospheric osc i l la t ions  w i t h  similar periods were 

dredged out of the literature, t h e  real discovery was made that the  observed 

periods corresponded precisely to the beat period between the repe t i t ion  rate 

of the spectra (10.24. seconds) and the rotat ion rate of the spacecraft  (10 

seconds on t h e  average, with slaw d r i f t s  of several seconds). 

of the  !-?tensity fluctuation is too large to be accounted fo r  by displacements 

of the pointing axis, and it appears that it r e s u l t s  f ran a modulation of the  

transmission with the pexiod of the  spacecraft rotation. 

observations and analysis by the P. I. team havedenorstrated that the  e f f w t  

does not manifest i t s e l f  in the  othw channels of the spectraneter, and the  

intermittency of the  e f f ec t  and its lack of correlat ion with the  operational 

rode of the  LPSP instnxnent suggests th t  it arises f r m  another canpor.e?t 

of the  spacecraft. 

been unsuccessful t o  date. 

The m.plitu22e 

Extensive additional 

Efforts to ident i fy  and correct for  the modulation have 

More posi t ive results using statistical ~ ? t h d s  are contained in 

at tachrents  B, C ,  and D. 

A major e f f o r t  of th is  progra;n was devoted t o  the dynamical modeling of 

the solar  chranosphere with the dual goals of improving our understancling of 

1) the dynmical processes themselves and 2) spectral l i n e  f o m t i o n  i i i  the  

dynamic chranosphere. As these lines provide the  pr incipal  diagnostic tool  

f a r  chromospheric measurements, the calculation of the diagnostics cabined  

w i t h  the m p l e t e  knowledge of the  physical conditions giving rise t o  these 

diagnostics gives us a means of evaluating the efficacy (and veracity) of 

the measurement techniques. The cambination of hydrodynamics and radiat ive 

-3- 



t ransfer  i n  this way of fe r s  sane exci t ing new ins ights  in+& the behaviour of 

the Sun as w e  see br i e f ly  belm. The results of this w r k  W i l l  be published 

in bio papers in collaboration with R.F. Stein of Michigan S ta t e  University 

and P. Gouttebroze of LPSP. 

A one dimensional, non-linear dynarnical d e l  of the solar a m s p h e r e  

frcxn 1.6 megameters belm t h e  v i s i b l e  surface to 3 mpneters above was 

excited f ran  belm by pulses or osc i l la t ions  i n  a series of calculat icns  

perfarmed a t  Lpsp. Figure 7 shms t he  veloci ty  (sol id  lines) and pressure 

(dotted Lines) a t  a nunber of d i f f e ren t  a l t i t udes  as a function of time f o r  

a typical calculation. 

(pressure an2 veloci ty  90° out  of phase) formed in the  lower atmosphere ( the 

zero of a l t i t u d e  corresponds to the v i s ib l e  surface) and the  less regular,  

shorter period, standing wave fonned i n  the  chranosphere (1200 to 2000 

kilaneters). 

osc i l la t ion ,  and the  Chrmspher ic  o sc i l l a t ion  is the  - s l igh t ly  less - well 
knmn "200 second" osc i l la t ion .  

and the anplitude of the  motions has Shawn t h a t  the  ChrCHnospheric osc i l la t ion  

r e s u l t s  frun a trapped, in te r fe r ing  wave - m c h  as the  300 second osc i l l a t ion  

does - ra ther  than frcm a ringing a t  the  cut-off for  prcpagating acoustic 

waves, as had been previously thought. 

The important points to  note are the  standing have 

The photospheric o sc i l l a t ion  is t h e  w e l l  known "300 second" 

Variation of the  s t ruc ture  of the  chrmosphere 

Figure 8 shaws a series of magnesium resonance line p ro f i l e s  calculated 

for a dynamicalmcdel similar to those i n  Figure 7 .  

motion was studied so that differences fran the better understood, static l i n e  

p ro f i l e s  would not be too grea t  fo r  an i n i t i a l  study. 

fluctuations of the  emission peaks as w e l l  a s  of the cent ra l  absorption reversal  

are evident. F igwe 9 shms  the variat ion of in tens i ty  a t  d i f f e ren t  wavelengths 

A ra ther  low am2litude 

Displacements and in tens i ty  
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as a function of time. 

further than 0.5 Angstrans f ran  line center, while closer to  the  center the 

200 second oscillation dminates. The in tens i ty  variations of the emission 

peaks as w e l l  as the  disF:lacments of the  central a b s o r b t i o n  stand out  clearly.  

The in tens i ty  fluctuation a t  each wavelength has been expressed a s  a fract ional  

c h g e  about the  m e m  a t  that wavelength, an2 the f luctuat ion a t  each wavelength 

has been norrralised to Unity. 

is indicated a t  the r ight .  

factor  of tsm, even fo r  t h i s  model with its re la t ive ly  low chranospheric 

velocities. 

The photosplxxic 300 second osc i l la t ion  daninates 

The f rac t iona l  f luctuation a t  each wavelen- 

In the blue peak, the  intensi ty  varies by over a 

Figures 10 and 11 show the results of f i t t i n g  p rabo lae  to the  maxina 

and ninima of the profiles.  The cent ra l  a b s o r b t i o n  is referred t o  as K3 

and the  emission peaks as K2 (v io le t  and r d ) .  Because of the standing wave 

character of the dyn&cs, the perturbations renain i n  phase tkcugh a large 

rase of heights in the chrmsphere ,  and thus the t m  emission peaks are 

of equal in t ens i ty  nearly s h l t a n e o u s l y w i t h t h e  naxircuxcfK3, an2 the  zero 

crossing of the velocity. 

diagnosed ve loc i t ies  which are remarkably close to those a t  the heights of 

formation of the spectral  features.  

the three diagnosed ve lcc i t i e s  are nonetheless a,-pirei?t. 

The very high ve r t i ca l  phase ve loc i t ies  resu l t  in 

Perceptible differences in the phase of 

The contribution t3 the -gent in tens i ty  as a function of a l t i t ude  

is sham i n  Figure 12, as a function of time, f o r  a wavelength ju s t ly  s l i g h t l y  

to the blue of line center,  w i t h i n  the central  a b s o r b t i o n  feature.  

in a l t i t ude  of the  emitting region results prirr;arily frax tho motion of the 

m a t t e r  up and d m  during the osci l la t ion.  

functions against the  average height of the  matter, so tha t  the  abscissa is 

The variation 

Figure 1 3  p lo ts  the same contribution 
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just the mass depth transfonrsd to read in kilaneters .  The emission arises 

fran essent ia l ly  the sane material independently of the time. 

note that only a very, very snall range of a l t i t udes  contributes. 

behaviour a t  the  blue emission peak is s l igh t ly  m e s u r p r i s i n g  (Figure 1 4 ) .  

Reasonably large variations of the a l t i t u d e  of the emitting material occur, 

which r e s u l t s  frm the doppler s h i f t s  of the  absorption p r o f i l e  with very 

rapid wavelength dependence. Figure 15 shows another projection of the same 

information. The depth above which 0.1, 0.2, 0.3 ... 0.9 of the  emission arises 

is plot ted for the same wavelength as Figure 12, as a function of time. 

variat ions of the thickness as w e l l  as the  a l t i t u d e  of the emitting regionare 

One should 

The 

The 

S t r i k i n g .  

Finally, Figure 1€ shows the contribution functions on the  flanks of the 

emission peak &ere a dramatic al ternat ion of the emitting material by over 

1000 kilaneters occurs. This is but the beginning of the understanding of 

this great wealth of information which pranises to not only increase our 

knowledge of the formation of spec t ra l  lines and t h e i r  use a s  diagnostics, but 

also to enable us to  make testable predictions on the  bases of various 

hypotheses concerning stellar atanspheric dynamics. 

This w r k  muld  not have been possible without the generous collaboration 

of t he  s t a f f  of the I = h r a t o i r e  de Physiqde S t e l l a i r e  et Plan'etaixe. 

to the tiata, even a f t e r  it had beet taken, was possible only as a result of a 

trenendous e f f o r t  on t h e i r  part. 

and the rad ia t ive  t ransfer  calculations Were carr ied out on the CD:: 7600 

oanputer of the Centre National d'Etudes Spatiale.  The data analysis  

Access 

The non-linear, hydrodynamic calculations 

and analysis of the  r e s u l t s  of tt- dyna;nical ard transfer cal&lations were 

carr ied out w i t h i n  the  Space Astronany Group of WSC and prof i ted great ly  

f ran their expertise. Final ly ,  I wish to  thank NASA f o r  its support of t h i s  

research program. 
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Atla-nment A 
Published in the Proceeaings of the tavember 1977 050-8 Workshop 

Boulder, Colarado; 311-339 

Thoorct ical  Aspects of the 300 L-cond and Related Osc i l l a t ions  

of the  Solar  Atmosphcrc 

John Lcibochcr 

Space Astronomy Group 

Lockheed Palo Alto Research Laboratory 

Palo Alto,  Cal i forn ia  

I. Introduct ion 

It seems t o  me t h a t  only extremely r a r e l y  does our knowledge o f  the 

behaviour of the Sun, and astronomical ob jec ts  i n  general ,  advance i n  a nice ,  

c l e a r  fashion a t  a l l  s imi l a r  

ex to l l ed  back i n  high school physics courses.  Only infrcquent ly  do r e a l ,  

t e s t a b l e  pred ic t ions  emerge from hypotheses formulated t o  dcscr ibc knawn, 

but unexplained phenomena. 

simple t h a t  one e f f e c t  dominates snd the pred ic t ions  a re  unambiguously confirncd. 

Nonetheless, t h i s  has occurred rcccnt ly  i n  thc in t e rp rc t z t ion  of what fcr a 

long time was known as "wiggly l i n e  spectra"  - the spatially sod L t m p o r i i l l y  

resolved ve loc i ty  f i e l d  of t h e  s o l a r  photosphere. It i s  t h u s  w i t h  n a s t a l g i t  

pleasure tha t  I undertake a descr ip t ion  of the denoucmcnt of m a r l y  twenty 

years  of research i n t o  the nature  of thc  "five-minute" o s c i l l a t i ~ w  of  the 

s o l a r  atmosphere. 

t o  The S c i e n t i f i c  Ncthod, tsliosc v i r t u e s  verc 

Even l e s s  f requent ly  is the  physics s u f f i c i e n t l y  

After  b r i e f l y  r eca l l i ng  what the problcm was, I shall review t ! x  n:Ac1 

of the  "five-minute" o s c i l l a t i o n  which has demonstrated this  p r c d i c t l w  

success - f i r s t ,  the atmospheric proper t ics  which dctertiii tic tlic rcsonant 

frequencfcs,  the va r i a t ion  of these frequencies with horizontvl sca le  and the 

v e r t i c a l  s t ruc tu re  of the resonant motions; and second, tlic oicclianisms whicit 

have been proposcd t o  dr ive  these nilJtions. Khile thc dc t a i l cd ,  n m c r i c v l  

rgreement bctwcen theo re t i ca l  prcdict ions of thc  rcsonant ffcqucncics and 

obrervatfon has not only confirmed the model b u t  allowed i t s  appl ica t ion  a5 

r d iagnos t ic  of  sub-rurface condi t ions ("solar scismology"), our ideas  about 

the  e x c i t a t i o n  end damping mechanisms a r e  i n  a much nwrc preliminary s t a t e .  



Tho~, t shell d iscuss  the chrmspll~.  r i c  concomitants of the obscrved ~ I I O L O -  

rpher ic  motions. (Given the i n p u t  of the photospheric o s c i l l a t i o n s ,  W ~ P L  do 

we expect to  see i n  the  chromosphere as a r e s u l t  ? )  Although the mechanism 

for the decrease i n  energy of the  "five minute o s c i l l a t i o n "  and the increase 

fa energy of tt 3 "three minute o s c i l l a t i o n "  appears t o  be undcrstood, attcmprs 

t o  model the temporal v a r i a t i o n  of o p t i c a l l y  th i ck  l ines have been 1nrl;ely 

unsuccessful.  

error, it  seems c l e a r  t h a t  the  proper combination of hydrod,fnair.ic models 3nd 

l i n e  formation d iagnos t ics  h3s nct ye t  bccn used t o  de::ivc a: 

predic t ions  f o r  comparison with observation. F ina l ly ,  we arc  *ed  to  

conclude tha t  the most naive expectat ions of shock wave hcatih., v~ the so l a r  

chromosphere and corona have not been f u l f i l l e d ,  and tha t  w h i l e  thc  obse tva t ion i i  

quest  must continue - guided by more r e a l i s t i c  t h e o r c t i c a l  p red ic t ions  - 
a l t e r n a t i v e  heat ing mechanisms should be a c t i v e l y  inves t iga ted .  

Although it is possible  t h a t  our dynamical descr ip t ion  is i n  

r i a t c  

11. Osci l la tory  Motions of the Solar  Photosphcre 

Although the  o s c i l l a t o r y  motions of g r a v i t a t i o n a l l y  s t r a t i f i e d ,  coniprassible 

f l u i d s  - atmospheres - have been "we11 understood" s ince  thc work of Lamb a t  the 

beginning of the  century,  i n  t h e  absence of spec i f i c  problems posed by 

observation, astronomers stem not t o  have considered thc conscquenccs of the 

ex i r tence  of such hypothet ical  motions. 

conje -ured that  running waves generated i n  the  convcction zone could t rans-  

por t  the energy required t o  account f o r  departures  from rad ia t ive  e q u i l f b r i c a  

i n  thc  outer  layers  of the s o l a r  atmosphere, i t  was assumed t h a t  these waves 

would span a broad spectrum of tcmporal and s p a t i a l  scn lcs  conun~nsura~c w i t h  

the "turbulent" convective motions thought t o  be rcsponsiblc fo r  g c n c r a t i n ~  

them. k'hcn Leistiton a c t u a l l y  mcasured thc tiinc va r i a t ion  o i  ttrc ve loc i ty  3t 

a point  on thc Sun, he found much t o  everyone's apparent su rp r i sc  tirat: instead 

of being a more or less random funct ion,  the ve loc i ty  o s c i l l a t e d  quitc 

r egu la r ly  with a period ncar f i v e  minutcf. 

minutes? 

periods? 

While Biemann tnd Schwarzschild had 

What is so r p e c i i l  about f ive  

How docs the Sun go about s e l ec t ing  j u s t  t h i s  one narrow rangc of 
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It turns ou ta  embarrassingly enough, t h a t  there  are r lot  of ways to  
do it - none so much as suspccted before Lcighton's observat ions d i rec ted  

attention t o  the problem - with in  a decade ha l f  1 dozen d i s t i n c t l y  

d i f f e ren t ,  but "credible" models f o r  t he  f i v e  minute o s c i l l a t i o n  emerged, 

(The in t e re s t ed  reader is re fer rdd  t o  reviews by Michalitsanos(l973) and S te in  

and Leibacher (1974)>0 Within the las t  two years  observat ions have been obtained 

(bubner ,  1975) and corroborated (Rhodes, Ulrich aqd Simon, 1977) which 

confirm predic t ions  made on the  basis of one of these models, and thus i n  the 

cur ren t  order of things t h i s  model has been elevated t o  the s t a t u s  of 

"astrophysical t ru th"  - not to  be confused with "astrophysical  accuracy." 

and 

Let me o u a l i t a t i v c l y  descr ibe the important aspec ts  of t h i s  model. 

The "truth" is t h a t  acous t ic  waves w i t h  periods g rea t e r  than 200 seconds 

w i l l  be trapped within a l i m i t e d  region, some tens  of megameters th ick ,  j u s t  

belov the v i s i b l e  surface of the Sun where they couple t o  the tr.ermal and 

dynamic s t a t e  maintained by the  outward convective t ranspor t  of the sa lar  flux. 
These trapped wsvcs dr ive  non-propagating, evanescent waves seen i n  the  v i s i b l e  

atmosphere. To descr ibe t h i s  phenoponon, i t  behooves u s  t o  think a l i t t l e  

rbout acoust ic  waves. 

A change i n  the dens i ty  of a gas,  brought about by pushing on one end 

of i t  f o r  example, genera l ly  causes a change i f i  the  pressure through the 

conservation of energy Since the pressure is j u s t  t h e  i n t e r n a l  energy dcnsit::, 

compressing t h e  gas increases  the pressure.  
increased everywhere, only on the side where we pushed, a pressure gradient  

now e x i s t s  which w i l l  i n  tu rn  acce lera tc  the gas towards t h e  low pressure.  

This r cce l e re t ion  compresses the low pressure gas and we've gone around the 
loop and s t a r t  once again: 

causes a pressure increase,  a pressure gradient  (v ia  the conservation of  
momentum) causes an acce lera t ion ,  an accc lcra t  i o n  (v ia  kinematics) causes 

a displrcement,  a d i f f e r e n t i a l  dsplacement  (v ia  conservation of mass) causes 

a dens i ty  increase.  

i n t r r n a i  rrndom, thennr l  motions of the  p a r t i c l e s  a t  a speed k m m ,  which 

i i  re fer red  t o  as the speed of sound. 

Since the pressure has not 

a dens i ty  increase (via  the conservation of e n e r g i )  

This compressional dis turbance is propagated by the 
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&k f*t, i r r  M hd ln l t e , i so t twr rw1 ,  homogeneous gas,  the  sound speed 

If ue look a t  3 plane 

-tr the d y  characteristic dfernsional  quant i ty ,  and i t  is j u s t  t h e  

1Q8.1 -gation speed for small 
)rtelhl smmd urn, the t?me crests m w e  8t the SouILd speed.along the  d i r e c t i o n  

d p r w t i e a ,  d henee thsy must - faster than t h e  sound speed 3 l O R g  a ~ y  

otbrr direction. (It's worth drawins a l i t t l e  sketch.)  

phae nearly perpendicular to the  d i r e c t i o n  of propagation, t he  crests w i l l  

YDtlh S&k%?ayS 8t " a c u l y  i n f i n i t e "  speed. 

(or trough, or node) is o f t e n  r e fe r r ed  to  as the  phase ve loc i ty .  
thhgs occur at the in t e r f ace  betveer. two regions of d i f f e r i n g  sound speed 

(%*eo diffa .ent t e k e r a t u r e ) .  Waves which are propaging t w a r d s  the region of h i ~ h ,  

m a d  speed with a n  a r b i t r a r y  period and wavelength ( j u s t  thc  product of thc 
period and the  sound speed) w i l l  Ba in ta in  t h e i r  period alld wavelength a1onS 

tke i n t e r f ace  ( tha t  is, the phase v e l o c i t y  along the  i n t e r f a c e  is the sane 

an both rides of t he  in te r face) .  But i n  t he  reg ion  of higher sound speed, 

the wmelcagth corresponding t o  a given period must increase and hencc the 

wavelength perpendicular t o  the  i n t e r f a c e  must increase (s ince the savelength 

parallel to the  in t e r f ace  is  fixed by cont lnui ty) .  This is j u s t  t h e  s x e  as 

r a r ing  t h a t  the d i r e c t i o n  of  propagation changes, i n  the  sen5e that the ~-3v' i  

propagates 

a+ivr len t  t o  Snc l l ' s  law i n  o p t i c s  - waves propagatinc i n t o  zt region oi 

decreasing index of r e f r a c t i o n  ( increasing speed of l i g h t )  arc rc f rac tcd  a.xy 

from the  normal. 
iacreases LO t h a t  the sound speed i n  the higher temperature region c ~ u ~ I s ,  
or exceeds, thc  hor izonta l  phase ve loc i ty  of t hc  inc ident  wave. The wave 

cab no longer propagate perpendicular to  the i n t e r f a c e  i n  thc ho: region, ar.2 

i t  i o  r e f l ec t ed  ( '*total  i n t e r n a l  re f lec t ion") .  In  general ,  the  wave doesn ' t  

r t o p  8brupt ty  a t  t hc  in t e r f ace ,  but it 's energy f a l l s  o f f  cxponcnt ia l ly  into 

t he  hot region. 

point  t h e  ve loc i ty  va r i e s  s inusoida l ly  in tinlc, t hc rc  is no 

way from the  in te r face .  

where simultaneously, so it might be more appropriate  t o  think of tlic p!iasc. 

ve loc i ty  perpendicular t o  the in t e r f ace  as bCing i n f i n i t e .  Furthenitare, in 
contrast t o  the  propagating wave Aere the pressure and ve loc i ty  f1uctu;rtc 

fn phase - wtifch is j u s t  what is required *c 

disturbances.  

For extnple  on a 

The propagation s p e d  of the  crest 

I n t e r e s t i n g  

more n-arly p a r a l l e l  to  thc  in t e r f ace .  L ? i c h  is a11 just 

The " in t e re s t ing  things" happens uhcn the tm.perzturc 

T h i s  "Cvanesccnt wave" i s  curious i n  t h a t  although a t  any 

ptrasr: propagation 

The ve loc i ty  reaches a maximum ( or mininun) every-  

?t  a- aunt of work t o  bc donc 
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cycle - the pressure  a d  w b c i t y  arc n inc ty  dcgrccrs o u t  of phase, 

caergy is transmitted. 

A wave propqatiag at  8- angle to  t h e  temperature s t ra t i f icat ion i n  t h e  

direction of increas ing  temperature w i l l  eventua l ly  g e t  to a region ( tcnpera turc)  

there t h e  sound speed equals  t he  ho r i zon ta l  phase v e l o c i t y  and the  wave w i l l  be 
turned around. It is worth noting t h a t  i f  we look a t  waves of the  s3m 

ftequendy but varying.mgle of propagation with respec t  t o  t h e  temperature 

' 8 t r a t i f i c a t P o n ,  or equiva len t ly  varying ho r i zon ta l  uavelcngth i f  we th ink  of 
8 "vertical" temperature s t r a p i f i t a t i o n ,  the  more near ly  ho r i zon ta l ly  

propagating waves w i l l  be r e f l e c t e d  f i r s t  (at the  lowest temperature) and the  

rouMT spced t o  which t h e  waves can propagate is i u s t  proportional t o  the  
horizontal wavelength; or i nve r se ly  propor t iona l  t o  t h e  s i n e  of the  angle t o  

the vertical. 
horizontal wavelength, w i l l  never be r e f l ec t ed .  

flections is of i n t e r e s t  i n  t h a t  i t  can exclude wii\*cs from the  high temperature 

rcgion (the deep i n t e r i o r . o f  t h e  sun) and, aore s i g n i € i c a n t l y  i n  

context,  i n  t h a t  two r e f l e c t i o n s  w i l l  fom:a cav i ty ,  or duct (an organ pipe 

or cello s t r i n g )  i n  uhich imtcrfercnce w i l l  occur and c e r t a i n  frequencies u i l ?  

be se l ec t ed  from a broad band e x c i t a t i o n .  For cxanple, one or' the  f i r s t  

models f o r  t h e  "five minute o s c i l l a t i o n "  - proposed by F.D. K3b2 but later 

s h w n  to be unaccep:able on several po in t s  - w3s based upoc the t r a p p i n e  af 

sound waves near the  temperature minimum by the  higher temperatures above and 

b t l O U .  

Thus yaws propagating " s t r a igh t  in", t h a t  is waves with i n f i n i t e  

The ex i s t encs  of such re- 

t h e  present 

Other " in t e re s t ing  things" hoppcn t o  sound waves when thcy propagate 

in a tcgfon of changing dens i ty  - such as occurs i n  the  prcscncc of 3 gravi- 
t a t i o n a l  f i e l d ,  but which would also occur i f  t h e  mean molecular w i g h t  wcrc 

s t r a t i f i e d  f o r  example. 

wards "slowly", then sound wovcs would run back'3nd f o r t h ,  and aftct- tiicy da~tp  out 

and t he  atmosphere would r e t u r n  t o  i t s  s t r a t i l i e d  equilibrium. 

well and good, but what is "s!owly"? 

above had only a c h a r a c t e r i s t i c  v e l o c i t .  associotcd with i t ,  the dcns i ty  

a t r a t i f i c a t i o n  introducer a c h a r a c t e r i s t i c  length - t h e  s c a l c  height.  f f  w e  

wve t hc  atmosphere pe r iod ica l ly  up and down with a period s u f f i c i c n t l y  long 

I f  t h i i  "atmosphere" wcrc disp laced  upwards o r  down- 

That i s  a l l  

Whercas the  isothermal-gas we considered 
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80 t h a t  a mall dens i ty  f l u c t u a t i o n  uould t r a v e l  many (''many'' t u rns  out  t o  
equal 4n) scale heights i a  one period, t k n  t h e  a tmospkrc  more or less s t a y s  

togetkt and poycs up a d  down ia  phase. 

up and down very r ap id ly  - pore rap id ly  than  the  atmosphere can respond - 
then waves z i p  en up a t  t h e  sound speed. 

these wawes propagate without r e f l ec t ion .  

dens i ty  va r i e s ,  t h e  v e l o c i t y  amplitude must vary inverse ly  to  maintain thc  

cons tan t  flu of energy (pv c ,  where c Is t h e  v e l o c i t y  of sound). 
-% propagating upwards, i n t o  less dense gas w i l l  increase i n  amplitude as 3 -. 

d. the period increases  t o  t h a t  a t  which thc  atnospherc can respond i n  phase - 
tht cut-off period f o r  propagatioa - the energy propagation v e l o c i t y  dccreases 

to  zero md the wavelength inc reases  to  i n f i n i t y .  For periods s l i g t x l y  1on;;cr 
thpn the cut-off, t he  atmospheric f l u c t u a t i o n s  vary  exponentially r a t h e r  than 

s inuso ida l ly  wi th  height,  and these  waves arc aga in  r e f e r r e d  t o  as 

However, i f  ue jiggle the  atmospticrc 

Since the  sound speed r c m i n s  cons tan t ,  

However, s i n c e  t h e  atmospheric 

1 Thus YGVCS 

If the $as is s t r a t i f i e d  g r a v i t a t i o n a l l y ,  t he  scale height is inverse ly  

propor t iona l  to t h e  temperature, so t he  time f o r  a dens i ty  disturbance t o  

propagate a scale height is j u s t  p ropor t iom?  t o  TL'T or if:. Once aca in ,  

t h e  propagation c h a r a c t e r i s r i c s  change with a change i n  tenpcraturc S D  

t h a t  when a wave propagates i n t o  a cooler  p a r t  of the a tms?he re  - uich 

& smaller scale height - waves of s u f f i c i e n t l y  long period w i l l  no longer 

propagate, t h a t  is they w i l l  be r e f l ec t ed .  Thus a sound wave propagL:ing 

into a region of continuingly decreasing tcmpcracure w i l l  eventua l ly  reach 

a region where its period t i e s  the sound speed equals 4- timcs the  dens i ty  
scale he ight ,  a t  which point cnergy w i l l  be propags;cd no Lur t twr .  

waves covering a range of pcriods propagate i n t o  a region of d c c r c a s i q  

tculpcraturc, the  longest period wavcs w i l l  be r e f l e c t e d  f i r s t  add the  sho r t  

period high frequency waves w i l l  propagate down t o  low tcmpcraturcs (ma11  

scale he ight ) .  

at high temperature (when the  sound speed equals  the  ho r i zon ta l  ptrasc speed) 

ve see (I hopc) chat i n  an atmosphere ttrcrc exists a range of tcnipcraturcs 

wi th in  which a pivcn acous t ic  madc (spec i f ied  pair  of pcriod-and hor izonta l  

wrve1engch ) may propagate. 

of trapping 8 C O U S t k  waves i s  formcd a t  the  temperature m i n i m u m ,  we now liave 

discovered t h a t  t he re  ex is t  a d d i t i o n a l  c a v i t i e s  i n  chc r i s i n g  tcmperiiturc 

I i  soun? 

Combining t h i s  bchaviour with the  r c f l c c t i o n  t h a t  occurs 

Whereas we hdvc a l ready  secn how a cav i ty  capable 
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ng&oru above and belou t he  temperature m i n i m .  
for tbe "five minute o s c i l ~ a t t o n t "  - proposed by Bahng and Sdwarzschild but 

a h ,  alsa rhova to  be unacceptable oa s e v e r a l  points - suspestcd t h a t  V ~ W C S  

trapped in the chtoerosheric temperature rise could account for the  observations.  

I n  f a c t ,  t he  second node1 

There follored many other descr ip t ioas ;  sonr using running acous t i c  

wwr,otherr b y a n c y  waves t tapped i n  t h i  tempcraturc minimum; before the  

'mpettaace of ecwstic waves trapped i n  t he  tempmature risc towards the 

sohr interior was pointed out  by P. Ulrich and independently by  ob Sccin 

rad q l s e l f .  

1- t h  to arrive at  it. I n  my own case, I was consider ing a very d i f f e r e n t  

aspect of the problem a d  mas ertreme1y annoyed t h a t  the model developed 

b e a u t i f u l  five minute o s c i l l a t i o n s  lory before i t  had a chance t o  develop mat 

I uanted to study. 

go way, I conceded defeat and accepted what the  model w a s  t ry ing  t o  t e l l  us. 
Ulrich recounts a similar 

that the  "overstabil i ty",  o r  growing omplit6de of the o s c i l l a t i o n s  was a 

at.Peritaldifficulty of h i s  computer ptogran. 

&tory. 
photospheric cavi ty ,  before discussing how these  trapped vavcs are exci ted .  

As simple as t h i s  desc r ip t ion  nou SCCDIS, it took 3n m b a r r a s s i q l y  

After a l o t  of hard work t ry ing  to  na'e t he  o s c i l l a t i o n s  

serendipi tous experience,  having o r i g i n a l l y  thwS1:t 

But I an g e t t i n g  thcaC of t h e  

Let us consider  i n  a l i t t l e  more d e t a i l  the  propcr t ics  o f  t h e  sub- 

€or 8ny given wave mode (period and h o r h m t s l  wavclccsth),  i n  a propagatin: 

regton, t he re  exists two waves corresponding t o  upward and downxard aropagztion. 
If a r e f l e c t i o n  exists somewhere, then t h e  wavc propagating away from t h c  

r e f l e c t i o n  is j u s t  the  wave propagating tocards  i t ,  but turned around. Of 

course, t he  wavc experiences a phase chance a t  tire r c f l c c t i o n .  This would 

be the s i t u a t i o n  i n  a semi- inf in i te  uniform gaz with a wail  a t  one end, for 

example. 
In t e r s t ing .  Consider an e x c i t a t i o n  operat ing within tirc cav i ty ;  a diaphragm 

roving up and down for example. 

waver r e f l ec t ed  back t o  t h e  e x c i t a t i o n  will a r r i v e  soncw:iac out of phasc 

with  i t  4nd w i l l  impede the  excitor. 
the diaphragm while t hc  diaphragm is t ry ing  t o  push thc  gas bsck down. 

8 very t f f i c t e n t  way t o  t r a n s f c r  energy, I hope uc a l l  can agrec. 

periods of e x c i t a t f m ,  hawcver, t he  t e f l e c r e d  wave w i l l  a r r i v e  back a t  the  

If we introduce a sccond r e f l e c t i o n  the  s i t u a t i o n  bc.co::ics m c h  nore 

For a n  a r b i t r a r y  pcr iodic  cxc ica t ion ,  t he  

Thus the  gas m y  be moving upward a t  

S o i  

FOK c c r t o i n  
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drLviq exac t ly  i n  phase with i t  and the excitor can put more cncrgy i n t o  

the sa8 a d  the wave w i l l  grow in amplitude. 
with the diaphragm. 

8 chiu oa 8 suing- 
##rk wery well. -sa resonant W e s ,  often re fe r r ed  to  as "normal modcs", 

are of saterest to us here just  bccause of t h c i t  resonant response to  broad 

b.nd excitation. That is. u h i l e  waves spanning a broaa ransc of periods i.J 

Bolrfaonta1 w i r v o r i r t  w i l l  be trapptr' in the sub-photospheric cavi ty ,  the% 

remaant nodes shwld  be p r e f e r e n t i a l l y  exc i ted  t o  hrgc  .xnplitudes. 

rttat is, the gas uould bc t w i n g  

A r f i g h t l y  more concrete analogy, would bc t ry ing  to push 
If you don't push i n  phase with h i s  swinging, it  dccsn't 

In gemtrrl, a cavity fonaed by two t e f l k t i o n s  u i l l  have many resonant 

W s .  that is maay wavelengths that C ~ Q  s a t i s f y  the  requirewt..; t h a t  a f t e r  

two r e f l e c t i o n s  they a r r i v e  back at the " s t a r t i ng  point" i n  phasc. 

€be cello string has as resonant modes a l l  of those s i n e  waves wnich go t o  

zero at both ends. Thus the longest wavelength, resonant node cons i s t s  of 

a half cyc le  of a s i n e  wave, but 1, 14, 2, 2+,..... cycles w i l l  also resonate.  

Thus each successively higher order  resonant node has an addi t iona l  zera 
crossing along its Since the r e f l e c t i o n s  a t  the cnd 3re indpendcnr 

of the w a v e l e ~ t h  ( idea l ly ) ,  t h i s  cav i ty  possesses an infini:e nur.bcr of 

resonant modes, I n  addi t ion ,  f o r  t h i s  simpLc s y s t m ,  the  ~ a v c l e n g t h  a d  t h e  

period of a vave motion are l i n e a r l y  r e l a t ed  so th3r thdssi- resonances have 

a simple harmoaic r c l a t ionsh ip  bctwccn the periods.  

wavts of a l l  periods propagate a t  the same speed arc said t o  be "disptrs ionlcss":  

8 packet of encrgy cons is t ing  of a range of wavclengths docs not d i sperse  as 

it  propagates. As vi? have seen above, t h e  propagation s p e ~ c !  31x1 rcflccLion of 

acoustic uaves i n  thc  solar atmosphere dcpend both upon thc period and thc 
hor izonta l  uavelcryth.  Hcncc they are d ispers ive .  Thus w h i l e  vertically 

propagating waves with periods of 300 ard 400 scconds v i11  bc rcClcctcd dowci- 

vard j u s t  bclou thc  v i s i b l e  surface bccause the sca l c  height g e t s  too short, 

200 sccond waves will j u s t  propagate i n t o  thc  v i s i b l c  ttsosphcrc and 100 

second wavcs w i l l  propagate r igh t  past 

into the chromosphere. 

period waves. 

the  center of thc sun without bciny r e f l ec t ed ,  so t!ic cavity w i l l  bc cxtrcmely 

thfck f o r  them, while WJVCS propagating very obl iqucly w i l l  be r c f l cc t cd  

For exmapie, 

length. 

Such systccs, f o r  which 

the t w p c r a t u r c  minimum and on up 

So i n  f a c t ,  the cav i ty  does not exist  f o r  thcsc sho r t  

Purely v e r t i c a l l y  propagating waves w i l l  go 011 thc way i n  t o  
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back upards bcforc they  have pcnctratcd very dccply. 

A t  8 firaQ hor izonta l  wavelength, t h e  longest  vertical wavelength 

resonates Bas the longcot period, and htgher hrwon ics ' have  shor t e r  

SIace the duwnuard r e f l e c t i o n  no longer ex is t s  f o r  s u f f i c i e n t l y  perfads. 
short period waves, only a finite number of resonant modes exis t  b c l o w  the  

80- surface - in contrast to the  s i tuat ion f o r  t he  c e l l o  string. 
*&le fer the &e, utnifow cello s t r i n g  all of the  higher order  resonant nodes 

Bd the wave energy d i s t r i b u t e d  mare or less uniformly along the  s t r i n g  which, 

of toursc, has the sane length f o r  a l l  of t he  harmonics, in thc  subphotosphcric 
d t y  the lowr order r c s o m n t  modes propagate more nearly ho r i zon ta i ly  than 

t& h w e t  order oms rad thus they propagate in a =re linited ranse of 

& p a s  in the solar convectLon tone than the  higher  order  ( shor te r  v e r t i c a l  

urortength, shorter period) resonant modes. 

exist for o the r  hor izonta l  wavelengths, f o r  which - because of the  dependence 

of t he  vertical wavelength on the hor izonta l  wcvelength and the period - 
the resonant period w i l l  be d i f f e r e n t .  

the same nuu&cr of vertical  wavelengths trapped i n  the cav i ty  is o f t e n  r e fe r r ed  

to  6s a *'vertical mode" and thc  nunikr of zero c ross ing  of the pressure 

fluctuation - f o r  example - used as an index. 
d e  - which has no zero cross ings  - is t a l l c d  the  **Lutdamiital". 

vertical mode, longer hor izonta l  wavelengths pene t ra te  dccpcr ia t hc  solar 
convection tone t o  higher  temperatures; thus  the  cav i ty  i s  rnorc extcnrfcd, 

t h e  vertical wavelength longer and hence the  period longer. 

func t iona l  depcndcnce of the period upon the hor izonta l  wavelcngth rcs:tlt s 

from the  deca i lcd  mathematical formulation, howcvcr thc q u a l i t a t i v e  r e l a t i o n s h i ?  

can be a r r ived  a t  qu i t e  simply. A t  any tcmpcrature i n  the attiwsphcrc, the  

characteristic period - the  acous t i c  cut-off period - is just proportion31 
to t h c  square root  of t hc  temperature, whilc the c h a r a c t c r i s t i c  length - the 

rcrle height  - is proport ional  t o  thc tcnpcraturc .  Thus i n  an atnosptrcrc 

with 8 more o r  less smoothly varying tempcraturc, by keeping tile racia of 

the period t o  the  c h a r a c t e r i s t i c  pcriod and hor izonta l  w a v c h g t h  t o  thc 
characteristic length constant ,  chat  is s ince  

I n  addi t ion ,  

of course the  resonance w i l l  

The ensemble of resonant m d c s  with 

Thc l onses t  v e r t i c a l  =;avcfcngth 

Foi a Given 

Thc prec ise  

9 



the resonant modes with the  same numier of v e r t i c a l  madcs all "look tnc s m e " ,  

with t h e  longer period, long ho r i zon ta l  wavelength ones j u s t  k i n g  s h i f t c d  t o  

hQkr temperatures - deeper i n  thc  convection zone. 

ft, in fact, p rec i se ly  t h e  a n a l y t i c  r e s u l t  for an atmosphere cons is t ic i ;  of 

a limerr temperature Increase,  and i t  obta ins  as t he  la rge  hor izonta l  wavelcn_p:h 

l i m i t  for t h e  lore caapl ice ted  temperature d i s t r i b u t i o n  i n  the s o l a r  sub- 

photospheric cavi ty .  

This s q t a r e  root dcpcrrdericc 

Figure 1 disp lays  the l o w  order  resonant uiides ca lcu la ted  a w l y t i c a l l p  

for a model solar atmosphere cons i s t ing  of an isotf icrnsl  teiapcrature niniri~un 

of 4000°K, 1.5 kb th ick ,  between a l i n e a r  rise of looo/ km i n t o  the "catena" 

.ad 8 rise of loo / km in to  the interior. 
for theory and ana lys i s  to  proceed using the Fourier trarisfonns 

v u i 8 b l e s ,  so rec iproca l  per icds  (frcquoncies) and rec iproca l  wavelengths 

(wmenmbers) are most commonly u6ed.I Acoustic waves can propagate above 
the shaded band. The fundamental mode is evanescent evcrywfwre, 3r.d i t  lies 

very close t o  t h e  compressionless wtves f o r  which the  divcrgcncc of the 

velocity vanishes. 

restoring force - exist  i n  the  lower shaded region, and the  f i r s t  t h rcc  
i n t e r n a l  g rav i ty  wave raodcs arc shown. Note the  square rw t  dcpcndcncc of 

the frequency on the  hor izonta l  wavenumber f o r  small wavenumbcrs. 

observcd o s c i l l a t i o n s  correspond to hor izonta l  wavcnunbcrs of the order  of 

several t e n t h s  of a Mol,  and the higher hor izonta l  w;ivcnurnbc.r bctwviour - 
when the modal curvcs are open upward, r a t h e r  than downward - wfiicli corrcsponds 

t o  a constant  number of v e r t i c a l  wovolcngths i n  the  tempcraturc minimum- 

region-has not been observcd. 

(It is &encra l ly  Por t  convcnicnt 

of the  real 

"fnternal  gravi ty"  waves - correspondins t o  the buoyancy 

The 

The S - shaped bends i n  the higher harmonics 
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occur at the mode crosses a l i n e  corresponding t o  tlrc same number of v e r t i c a l  

wwelcngttrt i n  the  isotherms1 temyeraturc minimum as il lower order  modc. The 
detailed vertical variation of tlrc encrky dens i ty  i n  t h e  resonant modes i s  
unfortunately not so amenable But i t  
La I n t e r e s t i n g  to  note t h a t  while for  hor izonta l  wavelengths g rea t e r  than 4- 

times the scale height  a t  the  temperature minimum 

of the fundamental mode is concentrated i n  the sub-photospheric cav i ty ,  f o r  

smaller hor izonta l  wavelengths the  energy concentrates  i n  the chromosphcric 

cav i ty  - as suggested by Bahng and Schuarzschild. Furthermore, the masimum 

amplitude of t he  higher order  modes a l t e r n a t e s  from the  convection tone t o  

the chromosphere from mode t o  mode. 

t o  a simple q u a l i t a t i v e  discussion.  

the  o s c i l l a t o r y  e m r g y  

Numerical ca l cu la t ions  with temperature and dens i ty  d i s t r i b u t i o n s  given 

by realistic s o l a r  models have been ca r r i ed  ou t  by Ando and Osaki (1975, 

1977) and Ulrich and Rhodes (1977). Both groups draw a t t e n t i o n  t o  modes 

which are trapped i n  the  chromosphere with a period near 2t0 seconds. 

mentioned above, ana ly t i c  s tud ie s  pred ic t  a whole scrics of such chronosphsric 

Podes. 
ex is tence  of power a t  t h i s  frequency. HoGever, qu i r e  f rankly,  i t  would be 

samewhat su rp r i s ing  were t h i s  mode t o  e x i s t  because of the  large anplitude 

of the  motion a t  chromospheric heights .  That is, the  w3ve w i l l  s i g n i f i c a n t l y  

d i s t o r t  the  resonat ing cavi ty .  

modes with d i f f e r e n t  ho r i zon ta l  wavelengths, ins tead  of bcing completely 

independent, would have t h e i r  phases locked together .  

t he  cu r ren t ly  discussed e x c i t a t i o n  mechanisms a l l  operate  below the v i s i b l e  

surfacc and hence the  e x c i t a t i o n  of the  chromospheric mode is not cspectcd 

t o  be frvored. However, i t  should be pointed out  t h a t  for conparable anplituCes 

near the v i s i b l e  solar sur face ,  the  chromospheric mode should bc EIUCI: more 

v i s i b l c  i n  thc  chromosphere than the normal modcs w i t h  t h e i r  nmiimum i n  ttic 

sub-photospheric cavi ty .  

served t o  e s t a b l i s h  thc sub-photospheric cav i ty  model, more recent ly  smll 
remaining d i f fe rences  betwcen observation and theory have bacn cxploi tcd as 

diagnos t ics  of thc  thermal s t r u c t u r e  of the hydrogen convcction zone. 

may be t h a t  no p laus ib le  choice of a mixing length would be copablc of 

prcc ise ly  matching the observations,  thereby v i t i a t i n g  t h c  mixing lcns th  

treatment of convcctton. 

As 

Deubner has  found some observat ional  evidence suggesting the possible  

The l e a s t  t h a t  one might expect  is  that thc 

As we s h a l l  SCC below, 

While the astounding coincidencc with obscrvations 

I t  

The d i f f e r e n t  dcpth d i s t r i b u t i o n  of thc  cnersy i n  
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the d i f f e r e n t  modes appears t o  be capoblc of providing a diagnos t ic  of riic 

v8rhUocr o f  the solar rotation r a t e  with depth (Dcubncr, Ulrich and Rhodes, 

i n  preparation).  

Vhtlc i n  what has  been said up to  now, any hor izonta l  wavclcngth was 

8s good as another;  along a model curve, f o r  cvary wavclcngth tllcre corresponded 

8 period. 
WKI "long" is understood to  be of the  order  of t',c timc f o r  the phase t o  

propagate around the  circumference of the  Sun; then even though there  are 
no r e f l ec t ions ,  the wave can  i n t e r f e r e  with i t sc l f  af ter  going a l l  oZ thc  

way .round and once again only those modes with wavelengths which end up i n  

phase with themselves w i l l  resonate .  

t o  resolve the  ho r i zon ta l  modcs i s  not impossible t o  imagine, and the  ex is tence  

or non-existence of t h i s  secondary modal s t r u c t u r e  should be an e x c i t i n g  

d iagnos t ic  of the  lifetime of the  modes. In  any case, there  a r e  seve ra l  
hundred thousand modes which cont r ibu te  t o  the  observed "five-minute" 

osc i l l a t ion !  

If , h w c w r ,  the  o s c i l l a t i o n s  last f o r  a very "long" t i m c ,  where 

The necessary observat ional  r e so lu t ion  

While the  f a c t  t h a t  the  observed s t r u c t u r e  of the "five minute" o s c i l l a t i o n s  

coincides  so impressively with the normal modes of tlic sub-pilatospheric ca- j i ty  

g ivcs  us  confidence i n  t h e  appropriateness of the  model, I Iiaven't gi*,.en 

t h e  reader  any reason t o  suppose t h a t  there  i s  any means of put t ing  cncrgy i n t o  

thcse  modes; o r  i n  the  l ingo  of thc  t rade ,  t o  "esci te"  then. ( J u s t  because 

unicorns could exis t ,  one is  not coapcllcd t o  assume t h a t  they do.)  As of t en  

seem t o  be the  case,  there  cxist a p le thora  of mechanisms av. i i lable  and thc  

problem seems t o  be more choosing amongst then. 

d i f f e r  not only i n  t h e i r  depcndence upon the period and horizontal  wsvclength 

of the  mode, but a l s o  i n  t h e i r  dcpcndence on the s t ruc t i i rc  of tiic atmosphere. 

Thus f o r  o ther  s t c l l o r  typcs tlic r e l a t i v e  importatice of the diffcrcnt  mechiisms 

w i l l  almost c e r t a i n l y  change. 

Thc d i f fe ren t  mechanisms 

Two fundamentally d i f f e r e n t  ways of pu t t ing  energy i n t o  o wavc, o r  

o s c i l l a t o r y  motion cxist: i n t e r n a l l y  o r  ex tc rna l ly ,  v i a  the energy equation 

or via t h e  moutentum equation. 

throueh a diaphragm, a t  discussed above, o r  v i a  some othcr  motion i n  tlrc 

rtmosphero - a t  one of i t s  resonant f requencics , thc gas w i l l  be cxci tcd  t o  an 

By pushing on the gas in a c a v i t y  - mechanically 
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oscillation a t  the  amplitude spec i f i ed  by thc  pushing ("driving," i s  thc  more 

carmronly used lingo). 
fornula t ion ,  t he  non- l inea r i t i c s  havinl: bcen ncglectcd. 

medc was o s c i l l a t i n g  away a t  soape amplitude and the  d r iv ing  was turned on a t  

8 lower amplitude, t he  d r iv ing  would reduce the  o s c i l l a t i o n  amplitudc and thus  

would r e a l l y  be d i s s ipa t ion .  

connection with the  generat ion of sound waves by tire turbulcncc i n  the exhaust 

fram jet  engines,  and it has bcen used i n  as t rophys ics  - primari ly  by S t e i n  - 
t o  evalua te  the  f l u x  of sound waves emitted by the "turbulent" flow i n  the 

hydrogen convection zone. 

t h e  v e l o c i t i e s  responsible  f o r  car ry ing  the  convsctive flux of energy - as 

spec i f ied  by the  mixing length treatment of convection. 

ve loc i ty ,  which depends upon a n  assumed numerical and func t iona l  form f o r  the 

m i x i n g  length,  a turbulen t  spectrum of temporal and s p a t i a l  s ca l e s  is assuned. 

Unfortunately, the  emitted f l u x  is very s e n s i t i v e  t o  a l l  of these assuEptions. 

This f l u x  is primari ly  a t  very sho r t  per iods ( l e s s  than 100 seconds) which 

are not trapped. Although these high frequency waves do not cont r ibu te  t o  

the  "five-minute" o s c i l l a t i o n ,  they may well be important i n  the heating of 
the lower s o l a r  chromosphcrc. Recently Goldrcich and Keelcy (1977) and 

Keeley (1977) have considered the same mechanism f o r  the longer per iod,  

resonant modes and they f ind  t h a t  although the turbulcncc a c t s  pr imari ly  t o  

d i s s i p a t e  the  r a d i a l  modes, it is capable of e x c i t i n g  the non-radisl  modes 

t o  amplitudes cmparab le  with observation. 

i n  t he  upper p a r t s  of the convection zone where the convective v e l o c i t i e s  

and the associated dynamical e f f e c t s  rise rap id ly  before fAll ing t o  zero i n  

the convectively stable ?!totosphere. 

through sources which appear i n  the momentum equation, per iodic  addi t ion  of 

i n t e r n a l  energy has a l s o  bcen suggested a s  a means of exc i t i ng  the resoniint 

modes. 

The sound wive could exist a t  any amplitude i n  t h i s  

Thus i f  3 resonant 

L i g h t h i l l  has formulated t h i s  approach i n  

"Turbulent flow" is thc  buzz word used t o  dcsc t ibc  

Given a c h a r a c t e r i s t i c  

This mechanism a r i s e s  pr imari ly  

tc'hile t h i s  pushing a c t s  on t h e  wave 

As the  tcmpcrature and dcns i ty  of the gas vary throughout thc  o s c i l l a t i o n ,  

t he  in t e rac t ion  of tho gas with the m a n  atmosphere w i l l  a l s o  vary.  

upon the  phase bctwcen thc cncrgy t r a n s f e r  and the  temperature f luc tua t ion ,  the 

Depending 

e f f e c t  w i l l  increase  o r  decrease t h e  

hea t  i s  lost when the gas is hot and 
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amplitude of the  wave. 
gained wlren the  gas i s  

For example, i f  

co ld ,  the o s c i l l a t  ior 



w i l l  be dhpod .  By reducjng the  a w r g y  dens i ty  wlicn i t  i s  high wc reduce the  

n r t o r i y  force  of t h e  comprcs ib i l i ty  and hcncc the encrgy of thc  w3vc has 

been rcduccd. If on tho o the r  hand, the  &OS could be made t o  absorb more cncrgy 

when i t  was hot  and less energy when it  was cool ,  the amplikudc of thc  wave 

would increase.  

hea t  absorbed during the hot p a r t  of the  cyc lc  adds t o  t h r  energy of the 

o s c i l l a t o r ,  heat  addcd during the cool  p a r t  of t hc  cyclc rcduces the energy. 

When the  energy added is proport ional  t o  thc  amplitudc - of t en  ca l l ed  a " l inear  

i n s t ab i l i t y ' '  - the  amplitude w i l l  grow exponent ia l ly  i n  time. 

whose amplitude increases  exponent ia l ly  i n  time is  sa id  t o  hc "overstabie" 

or 'Wbra t iona l ly  unstable". The amplitude w i l l  continue t o  increase u n t i l  

some process whose importance depends n o n - l i n c x l y  on the anpl i tudc  grows t o  

dominate a parabola, o r  higher order  polynomial, s t a r t s  r i s i n g  from zero 
more slowly than any s t r a i g h t  l i n e  but eventua l ly  w i l l  exceed i t .  

linearities may occur i n  the e x c i t a t i o n  o r  i n  the d i s s ipa t ion  process.  

the amplitude of the wave i n  the  dr iv ing  regiorr becomcs la rgc ,  ovor par t  of 

the  cycle  the e x c i t a t i o n  may change t o  d i s s ipa t ion .  Thus any fu r the r  iccrease  

In the  ampiitude would increase the  d i s s i p a t i o n  more rap id ly  than i t  increased 

t h e  e x c i t a t i o n  and thus the growth of the  o s c i l l a t i o n  would ccasc.  

This  occurs q u i t e  genera l ly  f o r  any thermodynamic cyclc:  

An o s c i l l a r s r  

These non- 

I f  

This 

l i m i t a t i o n  is o f t en  re fer red  t o  as a "saturat ion" of the cxc i t a t ion .  

from the  cav i ty  may a l s o  l i m i t  thc  amplitude. 

s l i g h t l y  through the temperature minimum region and w i l l  bc d i s s ipa t ed  a t  

g rea t e r  heights .  

increas ing  amplitude; so t h a t  were nothing else occurins ,  the wave amplitude w c i  

increase  u n t i l  the  energy d i s s ipa t ed  above t h e  tem7craturc minimum j u s t  cqunled 

the energy put i n to  t h e  w3ve by the o v e r s t a b i l i t y .  

Leakage 

The sound vavcs pccc t ra te  

This d i s s ipa t ion  increases  rap id ly  i n  i t s  c f f i c i ency  w i t h  

Such o v e r s t a b i l i t i c s  have been invoked fo r  years t o  account f o r  the Ccphcid 

pulsa t ion  phenomcnon. Although severa l  e f f e c t s  arc  intimately combined, tlic 

increas ing  opaci ty  with increasing tcmpcroturc (a t  constant  dens i ty)  which 

p reva i l s  i n  t he  hydropn  and helium ion iza t ion  zoncs of  s tc l lc l r  cnvclopes 

takes  energy from thc  outward thermal f lux and transforms i t  t o  acoust ic  WJVCS. 

Rather than con t ro l l i ng  thc depos i t ion  of energy i n t o  the  wave, the opaci ty  

mechanism rcgulotcs  t h e  escape of energy through ttrc wove; and, following 

Eddington, t h i s  d i s t i n c t i o n  between per iodic  i n f c c t i o n  and per iodic  darning up  



of a continuous f l u x  is rc fc r r ed  t o  as tho "Eddington Valuc". 

opac i ty  mcchanism is o f t e n  rc fcr rcd  l o  OS the  "K mcchanisnl" i n  d i s t i n c t i o n  t o  

t h e  con t r ibu t ion  madc by thc  f luc tua t ion  i n  the i n t e r n a l  encrgy brought about 

by t h e  f luc tua t ing  r a t i o  of s p c c i f i c  hea t s  - the  '*rmechanism". 

above the  tinxiarum of ion iza t ion ,  f u r t h e r  i n t o  the  i n t e r i o r ,  tbc s i t u a t i o n  

reverses and increas ing  temperature leads t o  a decreasing opac i ty ,  and thus 

f luc tua t ions  deep i n  the  s t e l l a r  i n t e r i o r  a r c  damped. 

"changes sign" a t  high tempcratures,  a s  the tcmperaturc f luc tua t ion  i n  an 

o r e i l l a t i o n  grows with arJpli tude,eventually the dr iv ing  w i l l  s a t u r a t e  and the 

This f l u c t u a t i l g  

A t  tempcraturcs 

Sincc the d r iv ing  

amplitude w i l l  be l imited.  

region w i l l  not be exci ted ,  while those w i t h  l a rge  amplitudcs i n  t h e  w t c r  

regions,  where hydrogen and helium are ion iz ing ,  w i l l  be exc i ted .  

a modal curve for-say-the f i r s t  harmonic, s ince  longer hor izonta l  wavelength 

modes w i l l  r esonate  deeper i n  the  i n t e r i o r  they w i l l  grow l e s s  r a p i u l y  i n  
time than shor t e r  hor izonta l  wavelength modes: and very long ho r i zon ta l  

wavelength modes w i l l  most probably not be ovcrstable .  However, Provost (1973) 

has cautioned aga ins t  such " in tu i t ive"  reasoning. Ando and Osaki (1975, 1977) 

have done extensive ca l cu la t ions  of the v a r i a t i o n  of the growth r a t e  with 

hor izonta l  wavenumber f o r  the d i f f e r e n t  modes. 

Resonant modes w i t h  l a rge  amplitudes i n  t h e  dan?ing 

Thus ,  along 

I 

While t h i s  o v e r s t a b i l i t y  a r i s e s  i n  the outer  region of the s o l a r  convcctisn,  

tone, near the depths where the "Lighth i l l  nechanisn" i s  e f f e c t i v e ,  t he  t!iermsl 

r a t h e r  than dynamical coupling t o  the nean atmosphere should uncou?ic the 

r e l a t i v e  inportance of thcsc two mechanisms i n  o ther  s t a r s .  Ando (197b)  

has ca lcu la ted  growth r a t e s  of the o v e r s t a b i l i t y  i n ,  o ther  s tars .  

Another physical ly  d i s t i n c t  o v e r s t a b i l i t y ,  suggested long ago by Cowling, 

revived by Spiegel and discussed recently i n  d e t a i l  by Graff (1976), der ives  

energy from t h e  super-adiaba,ic tcmpcraturc gradicnt  maintained by convect i ,  n. 

Bocausc the mean atrnosplicric tcmperaturc gradient  i s  g rca t c r  tbon 

t h a t  of the displaced gas i n  ttrc sound wnvc, any d i s s i p a t i v e  rwchanisn - such as 

r a d i a t i v e  t r a n s f e r  - w i l l  add heat w!wn the f luc tua t ion  i s  displaced towards 

t b r  i n t e r i o r ;  t h a t  is, compresscd and heatcd; and rcniovc i t  du.ring thc  ottie r 
ha l f  cycle .  

waves, p a r t i c u l a r l y  i n  connection w i t h  thc problem of cooling sunspots.  
A recent  a r t i c l e  by Cowling (1977) is of i n t e r e s t  here.)  

(This type of mechanism has a l s o  been suggested t o  gcnerati! E N D  

It appears t h a t  fo r  
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the Sun, tho K mechanirm contribute:: much more than 

t o  t h e  o v e r s t a b i l i t y  of acous i ic  niodcs i n  the sub'yhotosyticric cav i ty .  

Eecause of t5e tremendous e f f i c i ency  of convcction i n  thc Sun, t h e  ac tua l  

temperature gradient  cxcceds t h e  ad iaba t ic  gradient  by less than a par t  i n  a 

thousand throughout almost tho e n t i r e  convection zone. 

rcale height  or two t h a t  s u b s t a n t i a l l y  super-adiabat ic  grad ien ts  cs is t ,  and 

thus  only a r e l a t i v e l y  small mass is avai lab le  t o  p a r t i c i p a t e  i n  the dr iv ing .  

However, in othcr  stars where convection may be less e d f i c i c n t  and cstended 

super-adiabat ic  zones present ,  t h i s  mechanisin may cont r ibu te .  

this."Cawling - Spiegcl" 

It is only i n  the ou te r  

In concluding t h i s  sec t ion ,  l e t  me repeat  t h a t  thc theo re t i ca l  "action" 

i n  the  near fu tu re  appears t o  focus on the generat ion of these resoiisnt nodes 
whose ex is tence  has been es tab l i shed .  To eva lua te  the amplitudes a t t a ined  

by the  o v e r s t a b i l i t i e s  for comparison w i t h  observation and t o  eva lua te  &he 

energy loss by d i s s ipa t ion ,  a much more d i f f i c u l t  non-linear problem m u s t  5, 

attacked. I n  addi t ion,  having es tab l i shed  a new paradigm, new obscrvst ions 

must continue t o  test  i t .  In p a r t i c u l a r ,  the in t e rac t ion  of a magnetic f i e l d ,  

be i t  i n  a sunspot, an a c t i v e  region, o r  i n  t h e  qu ie t  suu network, w i t h  the 

resonant modes is of great  i n c e r e s t .  Thc observat ions rcpottcd on a t  t h i s  

meeting by Livingston (see a l s o  Ciovanel l i ,  Livingstor, and Harvey, 1976)  

provide an exce l len t  s t i m u l u s  fo r  t h i s  undertaking. 
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11. Chromospheric Dynlirnics 

. One of the  principL. programs of the pointcd instruments onboard OSO-8 

hrr been the observation of ve loc i ty  and i n t c n s i t y  f luc tua t ion  f i e l d s  through- 

out the  solar chromosphere and thn t r a n s i t i o n  t o  the s o l a r  corona. 

f l uc tua t ing  f i e l d s  are of i n t e r e s t  not only as phc!iomcna i n  their  own r igh t  

but also because of t h e i r  r e l a t i o n  t o  the  mechanical anergy t ransport  which 

has been speculated t p  be responsiblc  f o r  the heat ing of the cliromosphcre 

and corona. Because s p a t i a l  inhomogcneLties a r c  known t o  be much g rea t e r  

i n  the  chromosphere than i n  the photosphere 3nd the e f f e c t  of magnetic f i c l d s  

more important, ne may a n t i c i p r t e  t h a t  s eve ra l  processcs may s i m u l t o n s o u s l y  

cont r ibu te  t o  the chromospheric dynamics and t h a t  thc i s o l a t i o n  and i d e n t i -  

f i c a t i o n  of the  phenomenon may prove more d i f f i c u l t .  

behooves us t o  examine the apparent consequences f o r  the chronospherc of 

t he  model of resonant modes trapped i n  the suh-photosphcric cavi ty .  

show tha t  the rrequencies which cannot propagate near the temperature 
and ace trapped i n  thc  convection zme, propagate once again i n  the higher 

temperature chromosphere. 

near’ the tcmpcraturc minimum and these play an inportan: r o l e  i n  ;he chronas- 

phere. F ina l ly  , even f o r  resonant o s c i l l a t i o n s  with Ar?F’itudcs smaller ih.w 
t hose  observed ncar the v i s i b l e  sur face ,  the chromospheric anipl i tudcs 3re 
s u f f i c i e n t l y  large t h a t  non-linear e f f L i t s  become i-vDortant. 

w i l l  be i l l u s t r a t e d  by the r e s u l t s  of numerical ca l cu la t io r . .  o f  the onc dimcnsicr.2 

response of the chromosphere. 

Thcsc 

Thus humbled, i t  

\;e s h a l l  

n i n i x r i  

I n  addi t ion ,  waves a t  the cut-off  period a r e  generated 

Thesc e i f c c t s  

Thc resonant modes trapped i n  the sub-photospheric cav i ty  occur bccausc 

waves of the frcquencics of these nodcs cannot propagate si thc  tcnipcraturc 

minimum where t h e  scalc hcfght bcconcs too small. An evanescent,  c x p . ‘ n l l n t i s l  l y  

varying wave extends i n t o  thc  photosphcrc and thc  energy densicy decrc*.iscs 

upwards towards thc chromosphcre. 

the ve loc i ty  amplitude ac tua l ly  fncreases  upwzrds, j u s t  not r a p i d l y  cnaugh 

 to overcome the e f f e c t  of the  rap id ly  decrcasing dens i ty .  

becomes large,  i t  i s  very d i f f i c u l t  f o r  these  evanescent wavcs, w i t h  pressure 

and ve loc i ty  out of phase, t o  d i s s ipa t e .  and thcy c e r t a i n l y  w i l l  not form 

rhock waves i n  the normal sense of the term, A t  large omplitudc, chcy presumably 

couplc t o  higher frequcncy waves which cnn propabate end d i s s i p a t e .  

Although t h c  energy d c n s i t y  dccreclscs, 

Although ttic ve loc i ty  

If t h c  
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%w tdcrper.turc regioa erteaded ca infinty,  t he  r e f l c c t i o n  vould bc perfect .  

m r ,  after apprexlsotely doctlontecn pressure seal@ heights ,  the tcmpcraturc 

ttmr und tbe resaaaaf d e  Ltepur?atier can once a g a i ~  propyatc. 

r ~ l i t P d c r  uere uery-small; a reseaant c a v i t y  similar to that i n  the hydrogen 

ewmectton zone uould exist - --discussed abovc - and the  two c a v i t i c s  would 

be & p l e d  by the evanseccat waves i n  between. 

w-8 are s u f f i c i e n t l y  s t rong  to d i s t o r t  the  high temperature r e f l c c t i o n  

regfon of the chromospheric cav i ty  a d  t he  chrozmspberic resonance is 

&stmy&. 

the f i v e  miaute o s c i l l a t i o n  w i l l  start propagating once again,  but thc  

o p l i t u d e  of these modes is now q u i t e  la rge  and as soon as they can prtpa;;;?te, 

U y  start to  d i s s i p a t e  their energy. 

If t he  

As we s h a l l  sec belou, the 

nus soercuhrt higher t h w  2 megameters a5ove the v i s i b l e  surfa 

- 

llraother process, whose existence n ight  not have been an t ic ipa tcd  from the  

mxial a&dysis, setnu to  be of grea te r  importance however. 

d n 8 2 r t t d  earlier discovered p r a c t i c a l l y  a l l  of the  basic  physics of stncs?heres  

over f i t y  years  ago - showed t h a t  when an isothermal atEospherc is subjected 

Lamb - who I 

to a pulse of energy, a wake remains a f t e r  t h e  pu l se ,osc i l l a t ing  a t  the 
acoustic cut-off period. 

minipatap region. 

*ry little tnorgy, and the  pressure and v e l w i t y  f luc tua t ions  are nc3rly 

ninety dcgrccs Out of phase. In con t ra s t  w i t h  t h e  evanesccnt cave,  thc cncrsy 

density does not decrcase with a l t i t u d e  i n  the  atmosphere. 

to be exci ted  by the  300 second evanescent wave i n  thc  Solar  photosphcrc, with 

which it enjoys a zcsonance - i n  t h a t  a f t e r  wo 300 second pcriods,  tfrrcc 

200 r e c o d  periods have elapsed. This is i l l u s t r a t e d  in Figure 2 whcrc tile 

nan-linear response of a plane parallel s o l a r  atmosphere t o  a pulsc s t s r t e d  

1.6 megameters below the v i s i b l e  surface has bccn followcd fo r  1400 seconds. 
A r i g i d  lower boundary vas r a i sed  about a k i lonutcr  i n  50 S C C O I : ~ ~ ,  SD that thc 

maximum upward ve loc i ty  of the  impulse was 0.05 km/scc. 

second o s c i l l a t i o n  i s  r a thc r  weak only 0.1 h i s c c  a t  the surfzcc.  

to the 300 second o s c i l l a t i o n  . at  negative a l t i t u d e s ,  above €he tcmperaturc 

rinimum (550 b) a very regular  

@ova 1000 kilometers the  vc loc i ty  o s c i l l a t i o n s  become s i g n i f i c a n t l y  a s ) m c t r i c  

in tfme, and the prossure pulses  narrow so t h a t  by 2400 kilometers the  pulse  

This is about 200 seconds for the  so l a r  t e c p r a t u r e  

Like the  evansecent waves, t h i s  cut-off period wave c ransn i t s  

This wave 3ppcazs 

Ttic r e su l t i ng ,  300 

I n  cont ras t  

200 second o s c i l l a t i o n  has bccn es tab l i shed .  
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i r  oely rbcwt Wieaty percccnt of the pcriod. 
pressure son than dortblcS i n  thoso short pulses, SO that  the a~mospi~erc  is 
blasted upwards md then nearly free f a l l s  back down u n t i l  tho descent is 

arresttd by the next upward b l a s t -  As IW down i n  the chromosphcrc as 1800 

h, the particle excursions are of the order of 600 Lsl, t h a t  is  to  say several 

scale heights. 
nsoaant mode, there  remains no semblance of a rpean, e q u i l i b r i m  chror.:ssphcre. 

Another resonant m o b ,  of in f in i tes imal  amplitude, could no locger i n t e rac t  
w i t h  an equilibrium atmosphere, but ra ther  it would scc d r a s t i c  t i m c  changes. 

High i n  the chtoleospllcre, t i e  

'Ibus even for t h i s  relatively low amplitude sub-?hotos?hcric, 

Attempts have been made to  understand thc reuporal cvolution of s t rong 

chromaspheric lines such as tha  calcium K resanancc l i n e  ( k a s 1 ~ ' y  (i375), 
Cram (1976)) and the  hydrogen L p a n  Y l i n e  (Kneer and Kakagawa, 1976) 
by ca lcu la t ing  l i n e  p ro f i l e s  from the  chrc iosphere as a puise, l i k e  thc one 

which initiates the  motions i n  Figure 2, propagates upuatds. 

Csossaan-Doerth and beer (1976) have argued th3: such an isolated PUIS= 
with pressure and veLocity i n  phase, is not capable of repraducing :hi: 

observed p ro f i l e  changes. 

i n i t i a l  pulse is d i s t i n c t l y  d i f f e ren t ,  i n  t h a t  ?lie pressure and vchci&:.- 

Durrant , 

I n  fact ,  one sees t l y t  the  s i tuat ior .  folloving the 

f luc tua t ions  are s igni f icant ly  out of phase - nearly ninety dcgrces. 
i n  a real, dynamical atmosphere the 200 second pulses a re  always moving i n t o  
an at% 2hcre far remved from equilibrium by thc  passagc of the  previo:ts 

pulse. 
phase w i t h  respect to  the 200 second o s c i l l a t i o n  - those gcneratcd by cxplodinz 
granules for  cxamplc. 
averaged properties bear l i t t l e  rescmblence t o  the equilibrium, s i a t i c  

atmospherc - the ie  is no way tha t  a micro-turbulent prcssure i s  goicg t o  nadcl 
even the mein s t a t e  of an atmospherc with motioirs greater than tiic sca le  height .  

Furthcrmorc, because of the subs tan t ia l  motions of thc atrnozphcrc, thc vcloc l ty  

at  constarit mass depth - t ha t  is, ~neasurcd i n  a Lagrangian coordinate - which 

bears a c loser  r e l a t ion  t o  what a spcc t ra l  l i nc  w i l l  "scc" than the veloci ty  

at a constant geometrical depth, contains s t r ik ing  differences for the  uppcr 

chromosphere. 

ca lcu la t ion  presented i n  Figure 2. 

the  chromosphere because of chc outward impulses. 

Thus 

Of course, there  may exist otlrcr sources of pulses with na spec ia l  

But these too w i l l  move i n t o  on aimosphcrc whost> tine 

Figurc 3 displays chc Lagrangian f luc tua t ions  for the same 

The phase ve loc i t i e s  are rcduccd high i n  

Ric p i k e s  3150 tend t o  form 



- 
-8, which is s e e m  rott char1y i n  
rlam drrucr the tatisti- infall  and 

% prcSSurC f fuc tu i t i on  - thc  f i r s t  pulse  
-et- rc-accclcratcs the material 

autwud. Iha retultiq outward motton moves t h i s  mass depth away froen the 
(yxc orrtuudly wnriag pressure +e, which 8s 8 r e s u l t  takes an incrcased 

Wth of tlaa to  catch up. 

Although the mort s t r i k i n g  aspect of chromospheric dpmsaics - the decrease 

of the periad of 06ci.llotion from 300 to 200 seconds - is e a s i l y  accounted 
fer within  OUT present undsrstanding of sub-photospheric resonant n&cs and 

propagation i n  the photosphere and chromosphere, the dc ta i led  evolution of 
optically i h i ck  spec t r a l  lines, uhich (presucwbly) provide us with much 

bprwed height resolut ion and a better constraincd diaznostic,  has Rot been 

s a t i s f a c t o r i l y  described. 
Y wave shock profiles to confim the  shock wave hea t ins  hypothesis (z:?d deliver 
thra their scienre on a s i l v e r  p l a t t e r )  must f e e l  sjmewht: disappointed, i t  

certainly appears a t  t h i s  point t ha t  the b a l l  has -rely been placed S3ck 

in the theoret ic ian 's  court:  

expectation of the observable consequences of the  ''astro?h:sical t r u t h "  of 

the photosphere. 

h i i l e  those who expected OSO-8 t3 observe beaut i ful  

it is incumbent on "us" t o  provide a meaningful 

111. Chromospheric and Coronal Heating 

The lack of unambiguous success i n  ident i fying propagating and d iss ipa t ing  

shock waves i n  t he  chromosphere has ce r t a in ly  impeded the solut ion of the problcr: 

of chraosphcr ic  and coronal heating; but i n  addition t o  the diagnostic problcn 

c i ted  above, other  theore t ica l  aspects  of a self-contained shock v ~ v e  treating 
d c l  remain.to be resolved: 

wi th  period and h m i t o n t a l  wavcl.cngch, height d i s t r ibu t ion  of chc  diss ipa t ion  

again as functions.of the period and horizontal  uavelcnyttr, effect of c h a n ~ e s  

&a the mean atmosphere on the  gcneration and diss ipat ion;  t o  l ist  but 3 feu. 

It h r s  been argued tha t  the Sun is the idea l  stimulus fo r  attacking thcsc 

questions not only because of the s p a t i a l  and temporal resolut ion xhich its 

propfnqufty affords,  but a l s o  because of the r e l a t ive  wcakncss of the cnrozios- 
phere/corona phcnomcnon. Because only a very small f rac t ion  of chc tota l  f lux  

appears to  bo required t o  h a t  the outer atmosphere above i t s  radiat ive 

to ta l  f lux gencrated, d i s t r ibu t ion  of t h c  f l u s  



eq\tfI&br&ur t ~ ~ * t u r e ,  only very m a l l  modifications to tk conditions in  
tbe csgwttioa t ~ a t  - or u4erevtr else the  generation of a propagating mschrnicrl 
eaerly flux fror a tk-1 flux rnry occur - would reem necessary. 

e€ructure in the generation region may be colculatcd neglecting the cacchanic81 

flax, which i s  then just calculated as a perturbation - it exerts no c f f ec t  

back 08 tbc local, thermally t ea t ro l l ed  s t ructure ,  such as might cx i s t  i f  

very e f f i c i e n t  uave generation refr igerated thi: atraospherc. 

of the wrkaets of the  phcocLosoenon it tuy w e l l  turn ou t  tha t  na one c f fec t  
danitutar and ue may advance our undcrstanding by studying t h e  ou ts r  atmaspheres 
of stars with morc s igni f lcant  d y d c a l  effects: 

vigorous convection tones. 

stellar utrorraers seem t o  be taking unfounded solar hypothesis ser iously a& 

UI applying them out of contcxt. (See tinrky aid Ayrts (1977) f o r  a x i t i q w ) .  

=at is, the 

€lowever, bccsusc 

Cepheids or  stars with more 
Currently the s i t ua t ion  is eztbarrassingly reverscd; 

'brctt h y p o t k s i r  have not changed s igni f icant ly  i n  recent years. Let 

Y j u s t  out l ine then for the sake of completeness. 
100 seconds) non-resonant waves generated by turbulence i n  the convtcLion zone 

d iss ipa te  t h e i r  energy Sy non-linear processes a f t e r  propzgacin; a shorter  

distance than the longer period, nearly resonant waves essenrially because 

the short period waves have shorter  wrve~engths. Qui:e sinply,  they d c n ' t  

have t o  go so f a r  i n  order t o  break. 
in the power aencrated by t h i s  mcchanisn mentioned e a r l i e r ,  the short u3vc- 

l tngths  
h8ve posed problems to  the d i r c c t  observation of :hese waves. 
has recently interpreted 

Short period (less t!un 

I n  addi t ion t o  the horr ible  o n c c r t ~ i n t y  

- comparable t o  the region over which a spec t ra l  l i ne  is formcd - 
Deubner (1977) 

waviness i n  the temporal power spectra of piio:osphcric 

o sc i l l a t ion  a t  thcsc periods as  an indication of the csis tence of these short  
wavelengths. Ulmschncidcr anJ Kalkofen (1977) argue strong!:> i n  favor 
of the importance of t h i s  short  wiavclength heating, while Prodcric and Thm;ljs 

(1976) ContCSt tlrc t r e a t m n t  of radiative losses,  Jclrdon (1976) supp.-.rcs 

UloPrchneider's posi t ion and Cram (1977) questions t!ie whole ed i f ice .  These 
short  wavelength waves would be primarily of importance i n  heatin& t h e  low 

chromosphere, where they d iss ipa te  the reroairiing small . fraction of t h c i r  

energy not lost by radiat ive damping as they propagate througti the photosphcre. 

E8scntially none of t h e i r  energy remains t o  heat the corona. 

21 



Xhc &el of beating 5y d i s r i p r t i m  of sub-photos#mric rcsonant d e r  

the co~cow. Cur also ruEfered the d i f f i c u l t y  of fwkumntal u g e r t a i n t i e s  

la tbe eaergy g e a t r r t f o a  rate. 
of biag resolved. Tbtse modes have t he  advantagc of being d i r e c t l y  mcasured 

io the pbototpherc SO tbnt an observational e o m a l i s a t t o n  is avai lab le .  

'Iba direct c a k u l a t i o n  of t he  amplitude achieved by the  ovcrs tab i l iLy  of non- 

v e r t f c a l l y  propagating d e s  is a chal lenging problem, which unfortunazely 

lur aot bten challenged. 
011y small (less than one thousardth thc  sound speed), the  o s c i l l a t i o n s  w i l l  

fiad it d i f f i c u l t  t o  saturate the  e x c i t a t i o n  mechanism. Calculat ion of the 

liritation of thc amplitude growth by shock wave d i s s i p a t i o n  rcqui res  the  

coupled treatment of t h e  o v e r s t a b i l i t y  and of t w o  dictcnsional shocks. 

p ~ g r a s s  may be audc using e x i s t i n g  one dLornsiona1 shock wave conputer 

programs, the determination of the  importance of t w o  dimensional e f f e c t s  must 
await development of t he  appropriate  programs. 

ceveral groups are a t tacking  t h i s  problen v i a  d i f f e r e n t  icchniques. 

tiawcvet, t h i s  *pears to  be i n  thc  proccss 

Since the  anpl i tudes  i n  the  d r iv ing  region a r e  

hliile 

According t o  8cb Ste in ,  

Several  authors  have ca lcu la tcd  the  thermal s t r t rc ture  t o  be espcctcd 

fraor a balance between shock uave heating, radiacivc losses and ti-.cm..;tl 

conduction using a n a l y t i c a l  expressions for the  d i s s i p a t i o n  of t he  ncchanical 

flux. Because the wavelengths are long compared t o  the  scale height ,  approsicace 
treatment of t hc  propagation and d i s s i p a t i o n  of t h e s t  v3vr's by methods which 

asstme t he  medium to  be uniform ere not va l id .  Soncthelcss,  a grea t  dea l  
of work and even more publ ibat ions a re  based upon t h i s  i nva l id  treatment.  

S t e i n  and Schwartt (1972) havc demonstrated the  inapprcpriatcncss  of appl ica t ions  

of the ''weak shock theory", which makes add i t iona l  assumptions c s s c n t i a l l y  

equivalent  t o  assuming t h a t  thc shock doesn ' t  exist, by cornpari3g r e s u l t s  with 

the  f u l l  non-linear treatment . 

fa c los ing ,  i t  i s  appropriate  :a point  out  t h a t  while thcrc  remain m3ny 

t h e o r e t i c a l  aspec ts  of the  hypothesis of shock wave hea t ing  of the  outer  s o l a r  

8Cmospherc which requi re  development before the  hypothesis c3n be accepted 

or re jec ted ,  a l t e r n a t i v e  hypotheses e x i s t  which may i n  timc prove 

rucccssfu l  i n  describing stellar chromosphcrcs and coronae. I n  p a r t i c u l a r ,  

very s t rong  (grea te r  than 1000 gauss),  very small  (less than an arc-second) 

. t o  bc more 
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m e  1: Resonant modes 

thick temperature minimum 

 IO'/^ gradien t  below. 

NGU1CE CAPTIONS 

for I plane p a r a l l e l  atmosphere with a 1.5 megameter 

a t  4000°K, 8 100°/kn temperature gradient  above and 

L i m i t s  f o r  propagating acoust ic  and i n t e r n a l  gravit:: 

waves i n  the  temperature minimum region are shaded. 

first three acous t ic  and .internal g rav i ty  resonant modes a r e  shown. 

The fundamental and 

Figure 2: Velocity (sol ld  l i n e s )  and r e l a t i v e  pressure (dotted l i n e s )  

f l uc tua t ions  as a funct ion of time a t  var ious a l t i t u d e s  i n  a node1 so la r  

atmosphere. 
the i n i t i a l  atmosphere. 

*v= 1.4. 

t o  t x h i b t t  the f luc tua t ions  a f t e r  t h e  atmosphere had recovered from the  

i n i t i a l  pulse,  and poin ts  out of range have not been plo t ted .  

SO00 = in Al t i tude  ( i n  kilometers) i s  mtarJred from a zero a t  f 

The energy equation i s  ad iaba t i c  w i t h  a c o n s t a t  

The ve loc i ty  and pressure normalisation a t  each a l t i t u d e  vas chosen 

Figure 3: 

mass depths,  corresponding (appi-oxiaately) t o  the a l t i t u d e s  displayed i n  

Figure 2 for  the i n i t i a l  atmosphere. 

Same as Figure 2 ,  except t h e  f luc tua t ions  a re  neasurcd a t  consrac t  . 
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O b s e r v a t i o n s  of o s c i l l a t i o n r  of tt-. s o l a r  

CaK, *Hgk 2795 1 end H-Lyman a Lines frorr: OSO-8 

s G. Atttner, J.W. L e i b a c h e r  

Laboratoirt d e  P h y s i q u e  S t e l l n i r e  et P l o n € t a i r c  
CNRS - P . O .  Box IO, 9 1 3 7 0  VerriSres-le-5uiston, F r a n c e  

*Lockheed Pa10 A l t o  R e s e a r c S  Laboratory 
P a l o  Alto, California. 9 4 3 0 4  

0 

W e  h a y e  observed sipultaneously tge s o l a r  CaK ( 3 9 3 3  $1, 
C a H  ( 3 9 6 9  A ) ,  M g k  ( 2 ? 9 6  A ) ,  :lgh (2803 A ) ,  and H-Lya 1216  A 
s o l a r  lines *..-ith spatial, temporal and spectral resolutions 
o f  I "  x IO", 10 seconds and 0.02 A ,  o v e r  time sequences ranging 
from 40 to 60 minutes, 

W h e n  plotting as a f u n 5 t i o n  of time the integrated intensity 
of thc M g k  line (over 1 . 0 9  A ) ,  a clear quasi-pcriodic o s c i l l a t i o n  
i s  v i s i b l e  o n  L 6  out of 50 time-sequences ; 16 of t h e  4 8  measured 
periods are shortcr t h a n  197 seconds, 16 between 197 a n d  238 
seconds, 15 g r e a t e r  than 238 seconds. 

Withiti t h e  10 s c c o n d s  resolution, tlre temporal cvoltrtions 
of thc intcnsity of the bluc cnlission p c A k  of t h e  CaK anrl Xr,k 
lines are correlated without phase shift. 

A study of thcpower spectrum of thc temporal e v o l u t i o n  
of the intensity of the b l ue emission peak of the CaK and M g k  
line., for 1 2  time sequences, indicates that styong, short 
period oscillations ( < 2 Q O  scconds) o c c u r  o v e r  quiel: areas of 
the sun, such a s  the center of the supcrgranulation cells, 
w h e r e a s  weak, long period ( > 2 5 0  seconds) o s c i l l a t i o n s  o c c u r  
o v e r  arcas with active CaK profiles. 

For 7 time s e q u e n c e s  w e  h a v e  computed the average Lyman-a 
profile corresponding to the "blue" and "red" phases of 
the solar oscillations (i.e., f o r  a time sequence o f  300 spectra, 
we add t h e  100 Lya profiles measiircd simultancoualy w i t h  the 
1 0 0  M g k  profiles with the sirroT*gest b l u e  pcnk, a n d  repent one 
o t h e r  Lya o v e r a g e  corresponding to the 100  M g k  p r o € i l e s  w i t h  
tho weakcst blue p c . r k ) .  Thr? rcsii1Ciir: O t l ~ ( ~ f l  a n d  "red" 
Lyman-a profiles h i 1 v ~  the same total intensity, tho same 
intensity a t  the pmission peaks, whcrcas the corrcsponding 
CeK and Mgk profilcs a r e  strongly diffcrpiit, T h e  c e n t r a l  
reversal of tlre average "bluc" 1,ya profile i n  i h i f t c d  to the 

that t h e  port of t h e  solar ntmospl ) r , rc  u l l e r o  this crntrnl rcvetrlal 
coi i ics f rbnr o s c i  I latcs sornr,ltt~\~ in phase wit11  t i l c  l o w ~ r  clrromosphcrc 
wlrcrc the* Mgk lines oricinntc!a. 

r o d  with rcnpect to tho o v c r n f i c  I t  rtrtl" p i . ( ! f i  l e ,  iiidicntinp, 
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THE LPSP INSTRL’WENT ON 0.908. 11. IN-FLIGHT 
PERFORMANCE A Y D  PRELIMISARI’ RESf LTS 

R. M. Bossrr. P. LEMAIRE. J. C. VIAL, G. ARTZNER, P. GOUTTE~~ROZE. 
A. J O ~ C t ~ O ~ ~ X .  J. w. LEIBACHEH.’ A. SIUMA3lICH.t ASD A. I’IDAL-hI ADJAR 

Laboratoirc de Physiquc Stellaire et Planttoire, C.N.R.S., France 
Rrrnr rd 1977 Attgitst 29; arrrprrd 19’7 h’oi~tmbrr R 

ABSTRACT 
The in-flight performance for the first 18 months of operation of the b-rcnch. pointed instru. 

ment on board OS0 8 are described. The angular and spectral resolution, the scattered light 
level, and various other instrumental parameters are evaluated from the observed data and 
shown to ccwspond mostl! to nominal design values. The properties of thc instrumei:t are 
discussed, topther with their evolution wi th  time. The distribution of the first 8.763 orbits berwen 
various observing programs in given. Preliminary resutts are also described. The! include (t uditc 
of‘ the chromospheric net\norL, sunspots and active region:,. prow ‘ncnces, osci1l;itions in the 
chromosphere, c.lrroniospherc-corona transition lines, and aeronomy. 
Sttbject /tradiqs; instruments - Sun: chromosp! re - Sun: prominelices - Sun: spectra - 

Sun: sunspots -- ultraviole!: spectra 

1. ISTRODUCTION 

One of the major goals of solar physics is to under- 
stand the  niiturr. origin, nnci evnlutioti of the various 
fcatures present in tlw so1;ir :ittirtyhcrc. Sonic. like 
the gr;inuldtion, rcprwnt Jyn;liiric;il rcqwi\cs to tlie 
convection zone. Othcr,. lihe spot\ or tile more dis- 
persed magnetic flux tubes (e.& network fragments), 
represent symptoms of a magnetic process. Any 
advance in our understanding of such interior pro- 
cesses must come from high angular and spectral 
resolution observations of the line profiles of such 
features. 

The NASA orbiting solar satellite OS0 8. launched 
on 1975 June 21, carried in i t s  pointed section two 
instruments designed for the highest angular and 
spectral resolution achieved by spacecraft to date. One 
of lhcsc inrtruments w;is the respcnsibility of the 
Laboratory for Atmospheric and Space Pnysics 
(LASP) of the University of Colorado, the other was 
that of the Lahnratoire de Physique Stellaire et 
PlanCtaire (LPSP) of the Centre National de la 
Recherche Scientifique (France). 

In this paper, we describe the performance achieved 
in orbit and outline the main results obtained with me 
LPSP instrument after 18 months of successful 
operation. Most of these results are in a preliminary 
state. A complete description of the instrumentation 
has been given in Arlrncr CI 01. (1977). hereafter 
referred IO as Paper I. 

Lwkhceit I’nlo Alto Rcwnrch Lohor;iiory. Palo Alto. C h .  * lii h Aliiiude Obcrvutory, Notional Centor for Atmor- 
phcrir. !kw; i rd i ;  ;inti Univcrriiy of Coltmllo, Ilorildcr l‘lrc 
NCAK ih \ptwutictl hy lllc NYI,, 

11. SCMMARY OF THE ISSTRL‘MENT CAPhBILITltS 

Because of the !imitations imposed by the site of the 
spncccrnft (nlthough ct~li*!dor;itrly largol t h m  the 
previous OSO$). tlrs L.PSP I C I C  %;ope n Cassckrain- 
i;tn with a Jiatiictcr. . I L  cni. Conqucnti> \ t c  Iitniled 
our observation.. 10 e most inter..: chromospheric 
lines. Because the ch:omc.sphere is of Ii.n!ted denrh. 
the spectrometer was dwpned so as to simJtaneously 
observe six lines: 

Ca 11 H (396.9 nm) and ‘ 393.4 nm);  
Mg 11 h (280.3 nm) and k (279.6 ?m); 

H I  La(l21.6nm)and LB(1@’.5nn,’ 

A very rapid and versatile spectral scanner made it 
postible to ;ilso study the lines of 0 VI (1032 n m )  and 
Si 111 (120.6 nm) nearly simultaficously with those 
listed above and enabled us to study propagation 
effects and to obtain height resolution from the upper- 
photosphere to the lower corona. Table 1 summarixs 
the main characteristics of the spectrometer, which 
operaics with two direrent spectral resolutions. 

Two mett Ai were available to make specrrohelio- 
grams. One was by means of spacecraft rasters: two 
ima;e sizes were avgilable, 44‘ x 40’ and 2175 x 213 
(nominal). The reauer is Ic.fernd to Paper I (Table 2) 
for more details on the= rasters. I n  aduition, the  LPSP 
telescope had an articulated secondary mirror which 
was moved by a two-axis stepping mechanism. 
Accordingly the sot ige could be moved step by 
step. Fach step WL . ,, thc solar surface while the 
miixitlium urea covered wiis 64” x $4”. 

A slit wheel mechanism, at tC: focus cC the tele- 
scope, was t i d  to sclcci viirious sli! s i m  r;ir.~ing 

1032 
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IN. N-FlXHTRRFORMASCE 

Riot to launch. the instrument was submitted to 
numerous tests a d  calibrations. the rrwlts of which 
art given in Paper 1. Here we V n t  the actual per- 
formance measured in flight. 

.e--... 
* -  . 

2, 
\ * \  
‘. 
\ 
I 

u) Angular Resolurion 
The ground tests of the telescope kd us to expect 

an instrumental profi with a full ridrh at half- 
maximum (FWHM) of 2’. Two methods have been 
u x d  to estimate the angular resolution in orbit : 

i) Imea  of Limb Skopr 
Repeated scans of  the solar limb. as observed with a 

1’ x 1’ aperture using the internal raster mode in rhe 

l b  
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far wings of the Ca n line, show a limb darkening with 
a 507' dmcase over an angular distance of 2'. 

Howcvcr. this method docs not vprrrte the m o l u -  
tior. of the telcscopc from the jitter of the pointing 
system. Rapid, one-dimensional scan 0; the solar limb 
as well as other methods ~llowcd us to cstimate the 
amplitude of the rms jitter 3s 0:3. 

ii) Partial &lor Eklipses 

On 1976 April 29 and October 23, two partial 
eclipses of the Sun w w e  visible from OS0 8. Figure la 
represents spatial scans laterally across the lunar 
limb measured in relative intensity units. TSe actual 
observations a n  compared with the results of a com- 
putation assuming the 16 cm Cassepinian telexope 
to be diffraction limited. and to have an instrumental 
profile as given in Figure Ib. The tit using the profile 
of Figure lb represents a g d  approximation. We 
thcrefore conclude tha: the instrumental profile has a 
FWHM o f t 3  f 0 3 .  

b) Spectral Resolution 
i) Lo and L8 Channels 

For these we take advantage of the narrow absorp 
tion line due to geocoronal hydrogen. By applying a 
method developed for the study of interstellar absorp- 
tion lines !Vid3LMadjar et 01. 1977). we obtain a 
spectral reso!ution in flight of 0.002 5 O . O o 0  nm at 
La, and 0.006 = 0.001 nm at L,?. 

i t )  Culriurn unJ hlugwsiom Cl1unnrl.s 

We compare tbe solar spectra obtained by our 
instrument with ground based (Ca 11 channels) and 
balloon- or rocket-borne observations ( Mg t i  channels). 

In Figure 2 we show the full range Ca 11 K and 
Mg 11 k spectra from 0508. The varation with 
wavelength of the sensitivity of the instrument has 
been corrected for, and the spectra are deconvoluted 
from the instrumental profile. The comparison with 
the spectrum of the Kitt Peak Preliminary Solar Atlas 
(Brault and Testerman 1972). which has a spectral 
resolution of 0.0024 nm, shows that our resolution in 
orbit IS better t h i n  this value. In the case of the Mg 11 
channels, comparison with the spectra of Lemaire and 
Skumanich (1973) and Kohl and Parkinson (1976) 
yields a resolution of 0.0025 f 0.00025 nm. This value 
is equal to the nominal design value (cf. Table I).  

c) Ditpnsion and Grating Mechanism 
(Specrral Scamcr ) Stability 

The dispersion law of the speclrometcr was dctcr- 
mined in orbit by measuring the position, in units of a 
gratin2 step, of I 1  solar ab-arption lincs of known 
wavelengths in the Ca 11 and Mg 11 channels. For the 
L@ channel we uscd the 0 I lines ;it 130.48 and 
130.6 nm and N I at 119.9 nnt (which appear in the 
I I t h  and 12th orders of difhction). 

Ikcettsc til' llic I;iclr ol' lincs in tlic 1-11 cliiinncl. wc 
deduce thc Jirprsion I:iw from that at LP. The akorp- 
tion Itnc of gwc'iwii;iI !iydrcigcii provitlcr ;in ;ihwiluiL- 

r e f m e .  This p r o d  to be nlurbk due to  the 
appear,ncc of positioning ulrrruintics ( 5  I grating 
step) in the movable Le, L/3 exit dit mechanism. The 
dispersion law was measured rrpertcdly to check for 
longterm varia~rons. Over I year wc found that the 
correspondence between absolute wawlcngth and 
grating step nurnhcr varied b! no more than 2 3 grat- 
ing steps (cf. last column of Table I). 

To check the mechanism stability over one orhit. 
we measured the position of the photospheric line 
391.52 nm in the wings of Ca it K. Any departure 
from the orbital Doppler effect could be attributed to 
photospheric Doppler shifts 3nd.o: changes in the 
spectrometer. The result is shown on Figure 3. One 
can easily recognize the 300s phctorpheric Doppler 
oscillations after removal of the orbital Doppler shift. 
measured for the first time from space. The ampliiudt 
of the residual noise on this CUM amounts to 
f 30 m s-'. The stability of the mechanism over a full 
orbit day is better than one grating step and exmds  
our design expectations. We are able to easil, and 
accuratelv measure Doppler shifts of photospheiic and 
chromospheric lines (sec 8 Vc belos). 

d )  Scattered Light Background and Dark Current 

Thc level of scattered light in the telescope plus 
specrrometer was determined from partial eclipxj of 
the Sun. From Figure I &e we that at I I "  from the 
lunar limb this level amounts io 2To of the intensity 
of the disk in the calcium channels. For Mg 11 i t  is 
470. For La and L/3 these figures become IOp, 3nd 
207, respectively, which indicam that the scattered 
light level may vary with wavelength. roughl? as I P. 
No simple and unambiguous method was a\ailable 

to  measure separately and give an absolute value for 
the amount of scattered light in the spectrometer due 
to wavelengths well away and near it.: wavelength of 
interest. 

In the case of the Ca 11 and Mg 11 channels, we could 
compare the performance of our spectrometer with 
those of other ground-based or rocket-borne instru- 
ments. The result of this comparison appears in Table 
2. where ue give the ratio of intensities at Ca 11 H, and 
K,, Mg 11 11, and A , .  relative to those of the Ca it and 
Mg ii line wings. We notice that our performance is 
excellent for the Ca it channels, for which t h c x  ratios 
are smaller than those deduced from the Utrecht 
(Minnaert, Mulders, and Houtgast 1940) and the Air 
Force (kckers, Bridges. and Gilliam 1976) atlases. 
We also compare our values with those of Linsky 
(1970) and of White and Suemoto (I%S) who used 
particularly good optical systems. The Utrecht Atlas 
was used to evaluate the ratio of the H3 and K3  
intensiticsrclativc to that ofthecontinuum at400.0nm. 
The rcsults are: 

3 11, = 0.053, -E 'IC, = 0.065, for OS0 8 ,  
I400 0 I,,, 0 

whilc Whitc ant1 Sucmoto (1968) linJ 0.071 2 0.0015 
nnd O.Ohl L 0 001. rcrpcctivc!y. ;lid L m k y  (1070) 
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Mg II k CHANNEL 

CA II K CHANNEL 
Fit;. 2 Fiill ronp spectral scans in thc Ca tt K and M g  ii k channels uwnt a 1. x 3' entrance slit The ordinates we Counts P r  

p i c .  In\t:unicntal \cn\ilrvity variations ovcr ihc wavr.lcnpth ranp  have hccn wrrcctcd lor Noticc the rcwocd ~symrnclrics in the 
hlp ii / I  ;id A Iinr* I t  t.ihcs .ippro\tnWr.l~ 511 5 to pti f ro i l l  hly t i  A to 11. and thc a\>nmctric> rcl1c:il iinic vari.ilinns in the linc profiles 
ttrc'i w \  
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0.0409 5 0.0022 and 0.0434 5 0.0011 for the same 
ratios. Our results are intermediate k n e e n  these two. 
confirrwng the very good performance of the Cs 11 
channels. 

For hlg 11 we have used the spectrum of Kohl and 
Parkinson for compat:son. Excellent agreement is 
obtained in the k channel. our spectra indicating 
nearly e\actl) the same amount of sca:tered Iigh: as 
in the comparison spectrum. The agrecnrcnt is. hotr- 
cvcr.poor in thecascofiheIrchannc1. Both thehand k 
lines c3n be obzerved in this channel together with the 
reference wavelength at 277.73 nm. allowing direct 
comparison between the two channels. As a result. we 
notice that the /I channel has a much higher level of 
scattered light. Tiis might be the result of degraded 
spectral reso1u:ion. due to a defective adjustment of 
the common coma and astigmatism corrector used in 
the Mg it channels whose delicate adjustment was 
optirnired for the k channel. 

For the La and L/3 channels we have made computa- 
tions using the instrumental profiles. determined by 
ray tracing techniques. and the clpected properties of 
the batlling inside the inctrumcnt; and we find that the 
lcvcl of xiittcrcd light is apptoximatcly 3'7, of the 
maximum flua in both channcls. 

Dark-currcnt mcasurcnicnls were performed syste- 
matically each orbit during the first year and every 2 
or 3 d;i)ri in thc sccond ycar. Tlic d;irh current war 
found to he stnhlc, with nearly no chanp  during 
I X  months. The viilucs itrc rc$pcctivclv 1.3. 1 .1 .  and 
0.1 counts s' ' for hlg 11. La, atid LB. rcspctivcly. 

The calcium channel dark currcnf was typically 
2 0  counts s I. 1 . h  coiiip;ir;ittvsly h;d pcrforiii.incc 
1s dric to ;I IciiL in llic c'nclo\iirc' systciii (skin). 

the I '  x 10' entrance slit at disk center quiet Sun, in 
the high spectral resolution mode for Ca t i  and \lg t i  
anJ :ON resolution mode fo- La and L?. The nu:nk.r ST 
counts at cer!arn stancfard \rs\-clengrhr. +see kiau ) 
measures the relatne e%c!ency. whose variation as 3 
function of time is shown in Figure 4. 

The :nterpre!ation of these curvcs r a y  be of merest 
to those who plan to utilize sirnihr instruments in 
space. The telescope mirrors, the collima!or. the 
grating. and all surfaces in the La. L3. and Mg 11 
channels were coated at the Goddard Space Flight 
Center. with AI- LiF (Bradford ct 41. 19691. Elaborate 
precautions \here taken in the storing and handling of 
optics throughout the mounting and calihration ol' the 
instrument. In fact. a sptciaf 300 square mctcr fx i l i ty  
was built with air cleanliness and wtth temperature 
carefully controlled and humidity always kept below 
30'; (Sahetat 1975). A loss of sensitivity such as the 
one repvied here is very unlikelj due to a contamina- 
tion in the instrument before the launch and should 
rather he regarded as causer! by the o u r p w i q  of the 
spacecraft and the instrunicnt once placed in the space 
vacuua. In thar case. the greater the number of reflec- 
tions. the largcr tlic depradat!vn. Tlic prcccnce of steps 
which appear at nearly thc ca~iic time on all the curves 
ol' Fipurc 4 is prob;ihly tlic \iSnaturc of sudden out- 
gassing periods. The signilicant diferences noticeable 
hctwcrn tlic indivitf,,r;' ;urvc\. howcvcr. arc tndicalivc 
ol' ciiusc's of Jcpr;id;ition propcr to e;icIi channel. 
aflcctiirg citlicr ttic tiiirrtm, tlic filtcrs. or thc dctrctors. 

Ilic 1-0 Lyciim channels show nearly thc same 
behavior. wilh the largcr loss 31 La attrihuted to the 
largcr nunihcr of rcllcction\ in Illis c1i;iiiiicl (scvcn ;it  

Ln vcrws live ;it I-$). AI diiy 540. I.c.. IS nic~ri1h.i 
iiftcr Iauncli, tlic sc:i~itivi~y ;it Ltt ;intl 1-3 W;I\ 10 ' 
and S.lO-J.  re\pectively, of the value at launch. 
A\\uming that c;ich rcllccttnn i \  alTcctcd equiilly by 
rhc c~)nl;iiiitti;ilit,ii (\\liicfi I \  ccri;iiiil> .I cruJr .ippro\i- 
iii,ititw), t;icw nii i i i tvr\  intliciitc t 11.11 c.ich rcllccticln 

.. 

ll,l\ ir~.lclic,! ?.c",, .It lent  .Ifitl V'" ill 1.;: 111 I t \  \.lllil* .It 
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day zero. Such results are not particularly dramatic 
when compared with the photonwtric bchavior of 
other solar space instruments (Huber CI 01. 1973). 

However. the combined effect of outgassing and the 
bating of the secondary mirror surface by a flux of 
more than IF  "solar cxst:intc" is likcl! to he rcspon- 
sit+ in ;I I.irgr. p r o p i t i t ~ i  ior thc w i d i v i l !  IOII;. A 
simulation nude ;L icw wyhs prior tt' I;iuncli at S.4S.4 
on Al+LiF coated samples illuminated b! I7 "solar 
constants" and placed in a normall> outgassing 
environment showed a decay in efficiency from 63: 
to S8yo and from 6?7. to 35w0 at La and L3. respec- 
tively. on& 52 hours after pumpdown. 

Obvious solutions, such as closing 3 shutter in front 
of the telescope during the first orbits when outgassing 
is high. were unfortunately not possible and would 
have delayed the hunch several months. 

Assuming. arbitrarily. that the secondary mirror is 
responsible for a loss of a factor IO 31 both La and 19. 
each surface would have reached an efficiency of 465 
of its value 31 launch. which is mort or less normal. 

Torall! unexrprcrrd and morcstrihing i s  the behavior 
of thc \9g and Ca channels. Although of yet unknown 
origin. outgassing might also he responsible for the 
dcgradatinn observclf in these channcls. at least untii 
day 160 uhen the scnsitrvit~ reaches 1;40 3nd I 20. 
respective!!. of the value at launch. T h i s  corresponds 
to an average loss per reflection of 4SwO and KO. After 
da? 160 the sensiti\ity in the *tvo Ca channels rises 
again. At the same time a faster decay i s  chjerved in 
the \?e channels. This peculiar behavior is attributed 
to interference phenomena. probabl! complementsry, 
in C3 and h!g within th tn  films of con!.?rninanrcs) 
deposited on any one of rhe op!ical surfaces. Deteriora- 
tions of the interference filters which are used in all 
these channels may also contribute. In the case of the 
Mlgchannel it is also very likely that the detector itself 
is responsible for the loss of sensitivity. This is 
apparently not the case for the two Ca channels since 
their sensitivity follo\rs nearly the same variation with 
time, which more likely reflects a variation in the 
optics used in common. 

The overall loss of sensitivity compromised certain 
aspects of the observing program. However. the 
versatility ofthe instrument madc i t  possible to obtain 
scientific data of high quality and value throughout the 
mission. 

f) Absolute Calibmtion 
The calcium channels were calibrated by comparison 

with the data of Linsky (1970) and Livingston and 
White (1975) which reprewnt average quie: Sun 
conditions. The absolute inlensify at our standard 
tvavclengths ti:. n n J  K-, ncrc c i h m  30 O.07.Cl aril! 
O.OhS7, rcqvcti\cl!. in unit \  d t l i c  continuur:: In:i.n\:ty 
at 400 nm. 

For the magnesium channels we attempted to 
improw Bonnet's 1967 results (Bonnet 1968) and 
designed a high spectral resolution instrument cali- 
brated against a blackbody constructed b! R. Peyturaux 
at the lnstitut d'Astrophysique de Par:j. This instru- 
men; was launched twice on !he LASP roche!s number 
210290~ 1 9 3  Jul! 3, and 21030on 1976 February IS. 
but because of nialiunct~ons in the electronics i t  did 
not give re!iable results. We prefer therefore to rely 
on other recent measurements--e.g, those of Koh! 
and Parkinson (1976). The absolute intensity at the 
standard \\a\elengtht hg and k,, were taken as 8 and 
6 x 

For the Lyman channels we also used the above 
rocket program to carry packages consisting of Q m 
Ebert-Faq!!e cpectrometers. measuring :he in!epted 
solar disk : xlitrrate the LASP 3nd LPSP ini:rumen:s 
separatel!. Cmly the second flight yielded good calibra- 
tion data. The results are p e n  in Tab!e 3 and are 
compared there With other measurements. The LPSP 
values are sornemhar high: howeber. they are in the 
dhrection suggested by geophysicists (LeLasseur er 01. 
I ; ,  To use these integrated intensities in La and L.9. 
we 'raw Jiet Sun akerage profiles cornpu!ed for the 
whole dish (Fig. -2). N'e hake taken into account the 
center-to-limb variation in an approximate way that 
wi l l  ultima:el) be improved upon by means of entire 
Sun raster-generated profiles f 1.e.. profiles construc:ed 
from spectroheliograml), when these become available 
from the data tapes. The absolute flux at the standard 
wavelength (core of the line) used to monitor the La 
relative sensitivity was taken to be 3 x I O i o  photons 
cm-? 5 - l  nm-'. 

ergs c m - ?  s-' 5r-l cm-I. respectively. 

I\'. REAL TlHE OPER4fIOK AUD PROELEHS 

The vanous modes of operation of the instrument 
have been described in Paper 1. Here we discuss the 
"real-time" operation mode which allowed one, for 

TABLE 3 
~ N T E G R A T E D  S O L A R  FLUX MEASUREMENTS OBTAINED WITH CALIBRAnOW ROCKETS A- La AND LB 

CALIBRATION ROCKETS 
1915 July?R 1976Feh IN 1916Fch 18 os0 st AE'C: 

C A I  I i l H A f l  U FLUX LASI'. LI'SI' LASI" 197SAug 8 19'5 hpr. I I 

F(l0.7cm)(10 W'W t i )  11) ' 1 .  . . . . 75.5 70 I 70 I 70 
/;(Ln)(ergscm ' s  '1,.  . . . . . . . . . . 4 02 5 46 5 207- 4 05 +- 20yo 4 . 3  none 
F(Lp) (erg, s - ' ) .  . . . . . . . . . . . . none 0.018 2 20% none none 0.050 
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the first time. to point from an orbiting observatory 
with an absolute accuracy of nearlv I " .  The LPSP and 
LASP instruments were both operated from LASP 
(Boulder, Colorado) with "resident" LPSP scientists 
and p ~ e s t  investigators involved in the daily opera- 
tions. arget selection alternated daily between LPSP 
and LASP until 1976 April and then weekl!. For a more 
complete description of the operation5 command 
generation and quick-look facilities, see Jouchoux and 
Hansen (1978). 

u) Pointing System Problems 
The pointing syste.n of the "sail" secticr of OS0 8 

uses either one of two Sun sensors (SEAS), designed 
by Hughes Aircraft Company, mounted on cach instru- 
ment. These device\ coalign the SEAS pointing axis 
with rhc opticd 3x1s of thc aSSOCkJted telcscop. This 
corrects for drifts of the optical axis with respect to 
the mechanicnl structure of the instruments. 

&'c;iu\c ol'rrn electronic prohlcni. tlic SEAS on the 
LPSI' iii\truiiicnt I;iilcJ nftcr 50 t l q h  in orbit a r .  all 
subquciil  opsratioiir iiiadc usc 01' tlic otlicr SEAS. 
Consequently thermal and other drifts between the 
LPSP ;ixi\ ;inti the LAW axis hiid to he known. To 
Jctcriiiinc tlicac, wc mcusiirc rc1;ltivc p i t  ions 
(i .Y. f Y )  ol' tlic solar limb (in thc X -  Y frame or 'hc 
satcllitc) during onc orbit wing images I'roiii ilrc 

internal raster mode. We corrected for these drifts by 
programminp the secondary mirror when i t  w~ neces- 
sary to stay uithrn 1 '  of the target. 

Variations in the SEAS scale factor and zero point 
(Sun-center line of sight) proved to be more trouble- 
some. A weekly determination of the absolute four 
powions of the solar limb In the A' -Y  frame of the 
satellite was necessary. Using such data. from space- 
craft and internal rasters, an ex:rapolsted scale and 
zero point could be found for the particular day of 
observation. This proved to be successful, and we were 
able to position targets at the very center of our field 
of view, often without the need for corrections. Finally, 
the repeatability of the pointing system at the limb was 
found to be within I "  or 2". but with occasional jumps 
OW. 

b)  Turget Acquisition 

Nearly 807, of the orbits under LPSP control were 
dedic;itcti to studio\ of sclccted targets. oftcn R\ sm;ill 
as a fw sccimh or arc. This modc of ohserv;ilion 
from an unmanned observatory involves a fairly 
complcx nraccdure which require5 considerahlc care 
and diqxitcli l'rwii tlic ob\cr\L'. \Vc iIIu\tr.iIc t h i b  in 
Figure h mil dc\crihc tlrc ;icqui\ition d' t h c  corc of a 
su 11 bpOl  . 





BONNET E T A L .  

As soon as a spot is visible on eithcr a Hu picture 
(taken daily by NOAA'NBS in Boulder) or the Ca I I  K 
picture transmitted by telephone from Sacramento 
Peak Observatory, we determine its Stonyhurst 
coordinates for the time of the photograph. These 
coordinates are then trancformed and oriented inro 
~lre satellite s p n  IrLiiiic i\f rcfcrcncc for tlic pit\.icc:cL! 
tinre o f  ohscrvatioii. I'iirall? tlir sc;ilc J i z t t r r t t o i i  u t  the 
pointing system is corrected for. The instrunicnt 
commands and associated pointing commands are 
generated and sent to NASA on the day before the 
date of observation. During the da) of observation an 
internal image of the spot. 64. x 64". is executed in 
the far wings of Ca 11 or Mg 11 during a real-time pass 
of the satellite over a ground rta!icn. These real-:he 
data are received by telephone via GSFC on the PDP 1 1 
computer at Boulder, where they are subsequently 
decoded and displayed as an image. Any corrections 
to the position of the spot are determined from the 
image and are sent by telephone to N A S 9  uho uplink 
the corrections to the spacecraft. The time delay 
betueen the real-time p3ss and execution of pointing 
cortcctions can be as short as the time interval between 
tu0 Successive ground station passes, namel!. I f  hours. 
This apparently straightforward operation is made 
more diflicult because of the need to extrapolate the 
scale distortion parameters and to correct for the 
drifts of the line of sight alread? mentioned. 

e )  La Modularion 

The La signal was discovered to he occasiona!!y 
modula!ed with an amplitude which ma! reach lopo 
of the signal at precisely the rotation period of the 
spacecraft wheel except during the first 2 minutes 
after sunrise when sometimesa period distinc1lyshorter 
than the wheel period was found. 

All attempts made to detect a similar phenomenon 
in the other channels have failed, suggesting that it is 
not caused by a pointing problem. Indeed we have 
sometimes observed oscillations in the pointing axis 
with periods equal to that of the wheel rotation and an 
amplitude of 0:5, but these affect all channels at the 
same time. 

The phenomenon has to be taken into account when 
analyzing time series and profiles of the La line. As 
described in Paper I,  :he duration of every individual 
measurement is the product of 0.16 s gate time by a 
power of 2, and the most commonly used values are 
10.24s (64 grating steps) and 20.48s (128 grating 
steps). The period of rotation of the wheel of the 
spacecraft varies from 10.7 to 9.5 s and for spectr;d 
scans with a time base equal to or larger than 10.24 s, 
the modulation induces a "beat" of period ranging 
from infinity to 131 s. 

Figure 7 plots the raw data for the f i rp t  moment of 
the wavclcngrlr of the Iinc versus tinic. A strong 800 s 
period is evident. I f  the individual data points are 
corrcctctl ftv thc modulation with ;I period cqunl 10 
tlint ol' tlrc wliccl and tlic lirst nioincnt is rccoiriputed, 
llicn tlic circlcb in I:ipirc 7 show th;it tt!c HOfl 'i 
ohcill;ilioii ih  suppcaacd. 

..' I I 

I t  I l A  I 

0 1200 2400 
FIG. 7 -Variation with time of the position of the first 

moment of La. The solid line variation shows a strong oscilla- 
tion of - 800 s period Circles represent the same d3ta after 
correcting the Lo profiles for the inctrunientd modulation: 
the SOOs os;ill;ltionr h3ve vanished. Absiis,~ IS time (in 
seconds); ordinate is  grating step numkr.  

This proves without ambiguity that the phenomenon 
is purely instrumenla! 3nd tha1 the pcsc!bilit! of i ts  
solar origin, shouk! be definite11 disregarded. 

V. PRELIMIYARV RESULTS 

Spacecraft (playback) data are sent by NASA to 
Boulder by telephone line and recorded there on 
magnetic tapes. Mass production tapes of this data are 
prepared b> NASA and mailed to the Centre National 
d'Etudes Spatiales (CNES) (Toulouse, France), u hich 
is in chargc of the processing and distribution of the 
final data tapes to the LPSP investigators and guest 
investigators. The results presented below have been 
obtained mostl) from playback data at Boulder. 

a) Obsercarional Progrum 
Table 4 presents a summary of the various types of 

observations that were programmed during the first 
8363 orbits. No distinction is made in the table with 
regard to pointing control. Orbits with problems in 
either the instrument, the spacecraft, or the command 
system represent only 2y0 of the total. 

The column headings in the table describe tile modes 
of operation of the instrument while the rows indicate 
the scientilic question or the solar feature under study. 

Orbits labeled " Line Profiles" usually correspond to 
spectral scans ranging from 64 to 512 grating steps 
centered at either the six chromospheric lines or the 
0 VI line at 103.2 nm.  The "Othcrs" columns indicate 
studies in eithcr the wings of the Ca II and M g  I I  lincb 
or the 0 v and Si 111 lines a1 121.8 nm, 120.6 nm,  
rcspcctivcly. Other l i n t s  siich as 0 I. N I. etc.. were 
obwrvctl in  tlrc 1.p clrmicl iiuh~iig UIC or i l ic  diflrr- 
en1 8r;iting ortlcrs. During tIic\c orhits thc s;itcllile 
Wilh 111 Ilic (rc,llllcll t l I O d C .  
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Under "Spectroheliograms" we classify orbits for 
which most of the time is spent rastering. using either 
the internal or the satellite raster mode. Morphology 
and long-term variability studies of solar features were 
of interest here. 

During orbits labeled "Velocity Fields and Oscilla- 
tions" we spciit niost o f  the time in the pointed niodc 
studying r:ithcr sm;ill ;irc;i\ at' tlic tli4.. t i t 8 1  iiitvc 1fi;in 
64' x I". I IcIL . .  <pcci;il spcr1r;il sc;iii\ wcic iii.idc. I o r  
rxnniplc. slicrrt-period ~ ; i v c s  (1' e 40 s)  w r c  \c;irrhcd 
for by scanning rapidly through the line profiles using 
wavelength position separated by 16 grating steps. 

Under "Transients" are grouped orbits observed 
with the fast. low-resolution satellite rasters. The short 
time constant of such modes allows one to observe 
rapidly propagating shocks and any other rapid 
phenomena. 

" L a r ~ e  h Scans" represent the full scanning capa- 
bility ot'ihe grating and were performed either to study 
lines in the I O U  orders ofthe LB channel or to standiird- 
ire the hlg I I  and Ca I I  line cores with respec: to their 
far H i n p .  

For most orbits, sunset and sunriseexperiments were 
performed in order to measure ntniosphcric c\iinction 
31 v;iriouc \\;i\elcng!hs of iiiterc~t (scc d V.c bclon 1. 

"Chromcqdicric Setworh Studies" include not 
only morphoiogj and time evolution but also line 
profiles for center-to-limb and cell-ne!\sorh compari- 
son\. "Linih Studie. * *  include orhiti deJic;ited to the 
shape of tlie I!nib. spicules. and the v m i c a l  cxiension 
of the solar atmosphere in variouc lines. 

"Pliotometric C';i!ibration" has alrcady been dcs- 
cribed in .' 111; for these orbits the satellite 15 pointed 
at disk center in a quiet region. 

The last live rows of Table 4 inclu . scientific ns 
well as instrument or satellite calibratin:, orbits. Also 
included are orbits devoted to eclipse obser\ations, to 
studies of the geocoronnl hydrogen line, and to the 
search for lines such as Fe x!ii 121.63 n m  and He I I  
102.5 nm. 

b) Quiet Sun and Chromospheric Srudies 

Figure 8 (Plate 71) represents an example of our 
study of the netuorl, and the quiet Sun. Such internal 
raster images along w i t h  associated profiles will permit 
an intercomparison of cell and network properties. 

Figure 9 compares profiles obtained at the center of 
a cell and in a network fragment. One can notice the 
strong variation in intensity. particularly in M; II k 
and La, between the two regions. This is due partly to 
a decreasing line background contribution as well as 
dini.rcnti;ll tcii1pcr;iturc scn\ilivity. The ;isymmetry of 
La is a tuay  much less pronounced than  in the case of 
Mp II h and X .  prcumably because of sniallcr velocity 
gradients at the La height of formation. 

ripurc IO show\ iivcmpc quiet Sun profiles of La 
nnd Lfl t;ihcn \\ i l l 1  i t  6" x 2'  slit i i t  di\L center ;ind 
Ihc Iiiiih (11 - 0.14). Notice tlic twi Ii i i i** 01' 0 I ;I! 
I3O.4H ;inJ 130.59 ti111 iii tlie w i n p  ol' L$ (obwrvcd iii 
the I Ith ortler). l3g the inwlioti into tlie Iighi braill 
01 ;I hlgl A Iillrr oiic u t i  l i l o d  o t i t  ;ill pIiottiii\ I W I I N  

1 I S  nm and observe only the two 0 I lines. Differenc- 
ing permits one lo reconstruct the LB profile. The 
result of this procedure is shown on Figure I I. The 
remaining slight anomaly at grating step I SO, migh; be 
due to the H3 line of He i t  (102.51 nm) .  Cenrer-to- 
limb measurements at the corresponding wavelength 
show ;ipprcci;ible Iinih hrightrning Inve-tigJtions ;ire 
uiit!cr \\;I! t o  con!iriii tlii- ohwrv;ilic\n. 

l'lic v;iti;itioii 01 the di\:.iiicc brttrccn pc;ihs of the 
La mid LP line\ I'roiii cciitcr to limb I \  app;irciit 
together with the variation of the ratio of the peak 10 
core intensities (see Table 5 ) .  The values in Table 5 at 
p = 0.14 are close to those calculated by Vernatta 
(1972). 

One noticeable feature is the reversed intensity 
aslmmetry betneen the La and ! 5 shortward and 
longward peaks at the disk center. In La the short- 
ward peak is generally higher than the longward peak 
while the reverse holds in LB At the limb, both La 
and L.2 profiles become symmetrical. I t  IS possible 
that this elTect ma! not be intrinsic but is either a;i 
instrumental effect or the effect of unresolved lines at 
LS. The matter is under study. 

To study the morpholog! fnet\\ork fragments and 
their evolution in time. monoc!irom;itic images h3ic 
been obtained simulirtneouslj in the six lines alter- 
natel) uitli broad-band images in 0 VI (103.2 n m )  for a 
number of observing sequences (Fig. 12). Preliminary 
an;\l!\!c of a 20 h r  sequence shows that stgniticant 
e\ofurionat) changec can occur over 3 17 hr  pe:ioJ. 
The larger si7c fragments areeasil) identified in the 
La.- LE ( =  H LSrnan) and 0 vi images uherc the! do 
not appear as extended as indicated by the ATM data 
(Reeves 1976). This is supported hy an anal\sis of the 
La brightneqs distribution. App!\;ng the inclhod of 
Skumanich. Smythe. and Franer (1375) to both the 
present OS0 8 sequence and ATM data. one finds a 
fractional La net\rorL area of 37", and 41O-,,. respec- 
tivelj. The ratio of mean network io mean cell bright- 
ness proved to be 1.9 and 2.1, respectively. For 
comparison the OS08 Ca 11 distribution yielded a 
fractional area of 27s and brightness ratio of I .?. 

c )  Quier Chromozplieric Oscillation and Transients 

We have already mentioned in $ I l k  (cf. Fig. 3) our 
successful detection of the 300 s oscillation of photo- 
spheric lines in the wings of Ca I I  H and K. 

TABLE 5 
CENTER-TO-LIMR COMPARISONS OF THE DISTANCE BETWEEN THE 
U L U t  AND RLD I't AKS ANDOF THE RATIO BLTWEENTHE AVERAGE 
I'LAK l W l t Y S l T V  AYD T l l t  CORE I h l f N S l T Y  OF THE La AND LB 

LINES 
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FIG. 9.- Comp;iiirnn ktwccn sinniltiincoris obbcrvations of Cu I I  K. Mp II h .  and La profiles in tlrc network 3nd PI tho ccnlcr 
of il sufcrgranul;ltion bell. Thc stit w.c IS I' K Io'. Units arc counts pcr counting g ~ t c .  

The Mg i t  k and Ca 11 K lines (Fig. 13) show oscilla- 
tions of -200s  pcriod. Wc poramctri7c tlic prolile of 
Mg II  A as ;I difftrcncc of two G;iussi;iiis: 

wlicre E, nnd A ,  rcprcscnl thc intcnsilics of tlic ciiiis- 
sion and ahwrpiion component$ or thc profile, respcc- 
tivrly. ;in11 I : ,  iind A ,  thc avcriigc w;ivclcngIh po\ition 
(or " lirrl moment ol'tlic wovclcngih ") of tlic ciiiisriirn 
cind ;ih\orpticin wiiipmcnt\. We slioiiltl poiill iwt 

that no physical meaning is to be attached lo this 
paramctriiation. The time behavior of thew various 
piir;tnjclcrs is shown on Figurc 14. 

The oscillation ofthe parameter E2 or average emis- 
sion position covers a range of +0.00196 n m  or 
22  kin s I .  For A, or avcrage ubsorption puulion, 
th i \  value is tlouhlcd. This clcor JifTtrcncc might he 
iiitcrprctcd ;I\ tllc rrrr1plilic;ition. willi iiicrc,t\iiig Iiciglit 
in  thc alniosphcrc. of a wave. if one assumcs, 3'. u*u;~I, 
tliiit tlic core of l l p  I I  k i\ I'oriiicll :it ;I liiphcr ;iltit~~Jc 
th;ui the wing\. 'I'lic avcrogc "blucr" po\itioii 0 1  C, 
(ci i i i4oi i )  cwiip;itctl to .sf ,  (;ihwrptioii) icllcct\ tlic 



L y  4 CENTER Lye( LIMB 

Ly J CENTER L y p  LIMB 
Fir; 10.- Lo and LP profilcs at the center and at the limb of the Sun obtained with a 6' x 2'  resolution The tuo liries in the 

wings of L$ are 0 I 130JR nm and 130.59 nm appearing in the I I th  order of dilTrJcriL!n H'a\dcqvrh, increase to the le:[ The 
ahsci~~ae are gr,iting srcp nutnhcrs. For convcrsinn in A unit>. scc Tablc I .  
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FIG. 14.-Time variatiom of the various paramrcrs of the 
8MtytiCal functim used to represent M g  11 k .  Obstrva~ions 
are made a1 dish center. 

fact that the a m a g  Mg 11 k profile in the Sun is 
asymmetric. with k,r stronger than h-6. This is 
illustrated also on Figure If; ,  where we see that the line 
shape varies from a strongly asymmetrical profile 
(As > k2r)  to a nearly perfect symmetrical profile 
(k*c - w. 

ET At. Vd. 221 

In Fm I6 we see the variation Over 40s of the 
M 11 and Ca 81 K profiks obsmted simultaneously. h e  Mg II lines ellhibit the same periods as t>e Ca 11 
lines. We haw a broad set of observations which con- 
u in  wave trains lasting in general no lonpr  than a few 
cycle with periods ranging from 250 s down to I 3 0  s. 
A w s o h  for shortcr ptric*ts was undertiken. in 
ptticular Iy guest irhzcnrrs. hut no cktr evidence 
has yct cmcrgeJ liani these investigations at this early 
stage of data analyris. 

The good results obtained in Mg II cncowagcd us to  
search for a possible oscillation of La. The large 
contribution function of the line. which tends to 
smooth out the effkcts of any wave on the profile. 
together with the low photon count in this channel 
made this observation a psnicularly diflicult one. We 
first tried to detect intensity fluctuations by integrating 
the number of photons over $0.022 nm from line 
nr:er. We did not find any obvious evidence of varia- 
tions. other than random. a result in accord with the 
previous attempts made from studies of Skylub mutts 
(Vernaua e? el. 1975). 
To omcome !he low photon statistics problem, we 

tried to correlate the shape of La with that of Mg 11 k 
profiles. We definitely see evidence for a correlation. 
the bluer k profiles corresponding to redshifted La 
profiles. The amplitude of the shift is of the order of 2 
grating stcps (3 km s-l). More work is under way. 
but we may state 31 this stage that the ascillations seen 
in Mg II k have an influence higher in the chromo- 
sphere, at the altitudes where La is  formed (Artmer 
et 01. 1978). 

Sewral orbits were devoted to the study of oscilla- 
tions in the 0 I. SI 111. and 0 VI lines, but hake not yet 
been analyzed. Transient and short time phenomena 
have been observed. Numerous tachograms dedicated 

0 2s so 
GRATING STEP 

ho. IS.--Mg II k profile observed 01 the maxima and minima of the orcillolionr or the line center of Bravity, showing obvious 
occurrence of inymmctrirrl blur pfahcd profilt!! it1 nxiriina and symmelrir-1 or sltghlly acymmrtricrl red pcahcd prolilc- ~1 minima 
Wuvelcapttn iii.icii~c IO 11tc lr11 
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CalI K 

FIG. I6.-Obscwation of a temporal event, sirnultomousty 
in Ca n K and M6 ti  k as i t  propapies throuph the Iiem prohk. 
Wavelengths increase to the left. Vertical scale Is in relative 
units. 

to the investigation of transients and other flows in the 
chromosphere have been programmed and a n  under 
study. 

d )  Srudv of Sunspots and ACI~W Regions 
Squcnces of high-resolution images and spectra 

taken 1' apart show the evolution of spot morphology 
and profilcs in space m d  time. Umbral flashes have 
been observed as well as oscillations. Nearly simul- 
taneous observations of lines from the photosphere to 
the transition region should allow us to study the 
vcrticd structure of spots. 

A preliniin;iry analysis of spacecraft rasters made 
with the I' x IO' entrance slit, and LPSP internal 
rasters made with the I "  x I", I '  x 3' entrance slit. 
show 11 regions of strongly enhanced 0 VI 103.2 nm 
emissi , very orten tend to be distributed other than 
dircctly ohove sunspot umbrae. Th is  is the caw ho\h 
for some unipolar single spots as well as multipolar 
spot groups. However, we do find circumstances H hen 
single spots show the transition region " p l u a ~ "  

1051 
d i m l y  OVCT the spot as reported by Foukal ci d. 
( 1914). 

Figwt I f  shows this phmommon, where isophotes 
arc repmenred in photospheric light. Le, and 0 VI. 

We have also found examples of steplike changes 
in the distribstion of the mhanctd 0 VI mission 
(Fig. IS). If wc a\sume that the enhanced 0 VI emission 
is ; I S $ O ~ k t l d  wi th a specitk niagnnctic tieltl connectivity. 
then our results imply "step" changes in held connec- 
tivity. The general 0 VI emission in the active region 
was found to bc approximately IO times brighter. with 
strongly enhanced features approximately 100 times 
brighter, than the average quiet Sun. Simultaneous 
observations in La, U, Mg 11, and Ca II  also show 
the general activeregion enhanced emission as well as 
stton& enhanced features. The La and LB features 
arc identical, but show systematic horizontal displaLe- 
ment with respect to the Ca 11 and Mg II emission 
features. Little or no correlation is found with the 0 VI 
structures. With regard to the profiles of the resonance 
lines. the self-rrvcrsal is utak or absent above regions 
as shown on Figure 19. Presuwably the line-forming 
region has reduced opacity. 

e) Srtufies of Prominences 
Temporal evolution of, and velocity field in, promi- 

nences were studied with consecutive monochromatic 
spacecraft rasters. Figure 20 shows, at the tcrp. Ca 11 
imaps at wavelengths ranging from -0.012nm to 
+0.03 nm from line anter. The main loop is clearly 
visible only at line center; this is confirmed by spectra 
constructed from the different monochromatic images 
of the prominence which show a single emission peak 
with a FWHM of 0.020 nm which is typical of quies- 
cent prominences (Engvold and Livingston 1971 ). This 
is  consistent with a mean turbulent velocity of 
9kms-1 and a temperatun T, = 8500 K. At the 
bottom of Figure.20 are two simultaneous La and L/3 
images. 

Several observations were made to study the thermal 
structure and evolution of active and eruptive promi- 
nences. Figure 21 shows an internal raster performed 
with a slit of I" x I' above active region McMath 
No. 14127. 

The first t h m  simultaneous images in Lo, LB, and 
Ca 11 K2v show a loop system with a rather faint 
contrast in Kgv as compared to the plage 3t the limb. 
but a higher contrast in La (and 4). The next three 
images arc separated by I I minutes (raster repetition 
rate) and are made in 0 VI 103.2 nm. They trace out 
the high-temperature evolution of the region (0 VI 
k i n g  lormed at approximalely 350.000 K ). The first 
0 VI image shows ;I faint high loop. the second Some 
residual brightness around the foot of the loop. and 
the third an important enhanccmcnt at this same point. 
Thcn within 20 min the loop ilisappe;ired. ;is can be 
seen on the next three images in La. LP. and Ca 11 K. 

Many imagcs and qpccira haw k e n  ohtainc.' that 
will allow [tic study c.f temperature. density. and 
velocity variations during loop evolution (Vial et a/. 
I97U). 
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Figure 22 rrprrrmts observations of an active 
region at the limb on 1975 July 7. The slit wns parallel 
to the limb and probably intersected it slightly, as 
indicated by the presence of scattered light in the 
wings of the Ca 11 profile. On the left portion of 
Figure 22, full and dotted lines correspond to profiles 
taken at p i t i o n s  upar:itcd by onl! I I. Thc rniizeion 
masinxi 111 C I  11 ant! Xlg t i  are Jispbce~! 4wrtwtrJ it l i  
on ampl i tudecor r~~~nd ing  taabout 2O;itiJ I5 h i s - ' ,  
rcspcctively. Thcse maxima may in I d  corrcspond to 
K2v and k2v, while K2r and k,r are brrrcly visible and 
show up only as asymmetries in the line profile. La is 
not displaced and shows the pocoronal reversal with 
no a:-xent self-reversal. The dictance between its 
emission peaks is only 0.022 nm. leading to an optical 
depth of only 500 at line center. On the right panel of 
Figure 22, solid and dotted lines show temporal 
variations for a 22 min interval. Orbital Doppler 
effects have not k e n  corrected for on the figure; but 
if the! are corrected for. a shift to the longward is 
still found for Ca 11 and Mg 11 with an aniplitude of 
5 kms-'. Moreover, Ca 11 and Mg I! lines have 
essentially the same intensity while La has increased 
t y  a factor of 2. 

f ) c . romosplrcre-Corona Transition Lines 
The two lines Si 111 120.65 nm (3s IS-3p : P o )  and 

0 VI 103.19nm ( 2 ~ ~ P - 2 p ~ f ' ~ )  are formed in the 
chromosphere-corona traiisition region at 4O.OOO K 
and 350.000 K. rcspectiveiy (Jordan 1969). They are 
observed with the LPSP instrument w t h  a spectral 
resolution of 0.002 and 0.006 nm, respectively. 

The shape of transition-region line profiles may 
indicate whether there is any propagation of either 
acoustic or magnetohydrodynamic waves (McWhirter 
1977). The presence of such waves may t t  sympto- 
matic of coronal heating mechanisms. 

Figure 23 shows an average (single orbit) Si .!I 
profile at the center of the disk (quiet Sun) observed 
with a resolution of I'  x 40'. The FWHM isO.015 nm 
and. if we assume that the line is optically thin. the 
rms (line-of-sight) nonthermal velocity is 22 km s-*. 
This valuc is 4 k m  s-: higher than the values obtained 
by Nicolas ei al. (1976) for the Si iti lines at 128.9 and 
189.2 nm. 

Quiet and active Sun profiles of the 0 VI line at the 
center of the disk are given on Figure$ 240 and 246. 
This line is opticiilly thin, and thc FWHM isO.021 nm 
nearly identical for both quiet and active Sun; the 
rms line-of-sight nonthermal velocity is 30 km s-l. A 
departure from a purely Gaussian profile can  be 
noticed in hoth profiles. The line appears asymmetric 
and may indicatc thc clTcct of a vclocity structure in 
the region of formation of the linc. 

Figure 24c shows a quict limb 0 VI profile, averaged 
over several positions above the limb ( + 2 "  + 6"). The 
FWHM is now 0.026 nm. cquiv;ilcnt to n rnis linc- 
ol'-\ight nonthcrn1;il vclocity of 3 X  km s -I .  This is 
Iiirgrr hy I I Lni s -  thi in  tlic viiluc prcviouuly cluotccl 
hy Mor :itid Nicolas (IY77). 

Tlic chromosphcre and transition rcpion hridit 
diat i  ilwlioii i s  s l iown oil 1;igiitc 25 ;is III'IIv~J I'itui1 

Mg II . . . . . . . 
M g  11. . . . . . . 
La. . . . . . . . . 
Lo. . . . . . . . . 
LB . . . . . . . . . 
LB . . . . . . . . . 

0 3  
OH 
0 2  
H 
0 2  
H 

277.7-'R2.3 

t20.61'1.3 
(21.6 

101.7-10?.1 
102.5 

2w1.(> 

internal raster Scans simultaneously in the wing of 
MQ 11 / I ,  518 11 11,. 0 v 121.8 nm. and N I 1 19.95 nm. 

As is apparent from the figure. the h3 chromosphere 
appears to have an additional contribution, which may 
likely be due to spicules that appear 10 peak at about 
the same height as the 0 VI component. Separate 
measurements of 0 VI (and for the far wing of M g  11 h )  
show a similar behavior as 0 V.  These results uould 
argue for an inhoniogeneous transition between 
chromosphere and corond (cf. Doschek, Feldman, and 
Tousey 1975). 

g )  Aeronomy lnresrigafions 

At orbital sunsets and sunrises, the solar L'V light 
is absorbed by successively denser layers of the 
Earth's atmosphere. Vertical dis:ribution of number 
densities of several components ma! be studied by this 
technique as indicated in Table 6. The light in the Ca 
zhannels is no: at~enuated and provides a pointing 
reference. 

Thc measurement of the width and depth of the 
hydrogen pocoronal absorption was undertaken 
during several orbit days. This is a new and very 
promisin6 observational technique to measure simul- 
taneously the exospheric temperature at each point 
of the orbit and the atomic hydrogen density at the 
exobax, which may solve the question of what 
mechanism(s) control(s) the hydrogen distribution at 
the exobase. The preliminary results of aeronomy 
investigation have been published in Vidal-Madjar 
cf at. ( 1976). 

VI. CONCLUSION 

We have described hcre the nctual performance Of 
one of rhc most complcx sotar physics insrrumcnts 
Iaunchcd into spacc and the main results obtained H trh 
the tirst high-resolurion multichannel UV and visible 
spcctromctcr placed in orbit by USOX. For thc lirct 
limc. an abtolurc pointing accurrrq or ncnrly I '  
C O U ~ C I  hc :icliicvctl in orhit with rc;lI tiriic opcr,ttioii\. I t  
uiitlouhtcilly rcprc\ciits the Iargc'st aiid n i w  coiiipir\ 
c\pcriniciil of rhc. Frcnch sp;icc progr;im in sd;ir 
physics. hlil ir~igl~ tlic I w l k  IYI' tlic t1.it;i 11;ts i io t  j c t  
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FIG. 19 -Profiles of Ca II  K .  M g  11 P. Lo. and La observed simultaneously over an active region AI1 lines are free from the cta:ral 
self-reversal usuall> observed over quiet Sun areas The two p a h s  in the Lf profile are the :sa 0 I lines. For conbersion info A 
units. ste fable  !. Wawlcngths increase to the left 

been examined in detail, preliminary analyses show that 
the performance of the instrument was nominal and 
at times be)md nominal expectations. The results 
presented here are only isolated samples of what has 
been obtained in the first 18 months. The instrument 
continues to perform nominally and has begun its 
third year of operation. This will allow us to obtain 
more data on active regions and particularly on flares 
which were very rare during the first 18 months. 
Indeed, only one flare, that of 1977 April 19, has been 
obscrved so far (Jouchoux cr 01. 197i). 

The operation of the instrurncnt has been very 
exhausting, and we have benefited from the assistance 
of many people. Our experience with regard lo the 
remote management of an entirely automated complex 
instrument is, we feel. of great value for similar 
erperlmcnrs in thc future. 

"he accomplishment of this experiment would not 
have bcen pos5iblc without the support of CNES and 
particularly of Dr. A. Lebcau, former Director of 
1'rogr;iIiis ;in(! Pl;iiis. ;inJ Proli'wr M. Lcvy, formcr 
Prestdcnt. H'c would like to thank collectively the 
N A S A  and CNES cnginccrs who hnve contributcd to 
[his cxpcrimcnt. 

Tlic opcriitionc of thc instrumcnt from I'Ioulclr~r 
worild IWI h;ivc twcn posd7lc wttliout tlic L I I I I I  

hospitality of LASP, in particular of its Director, 
Professor C. Barth. We also thank the LASP OS0 8 
staff for their contributions. We are indebted to NASA 
and LASP for access to space on the American 
calibration rockets. The excellent spirit of cooperation 
and the dedicated service of the OS0 8 Control Center 
at the Goddard Space Flight Center uas certainly a 
key to the success of real time acquisition and of the 
daily programming of observations in general. The 
observations of sunspots, active regions. and flaring 
regions could not haw k e n  done without the generous 
assistance of NOAA, Big Bear Solar Observatory. 
Meudon Observatory, Sacrarncnto Peak Observatory, 
and Lockheed Rcscarch Laboratory. We wish to 
express our warmest acknowledgements to these 
numerous and often anonymous people who played 
such an important although thankless role in the 
daily work required by the continuous observation of 
the Sun during several years. Highly appreciated were 
thecontribution of Drs. P. Bruston and M.  Malinovsky 
Jf LPSP in the preparation and clieckout of observing 
programs. Invaluable and continuous support in the 
Jai!j  opcratioiis w;is provided hy hl. Brwlon (h l r \ . )  
and N .  Dionnau of LPSP. We also thilnh J .  Borsen- 
berpcr (Insti tut  d'Astrophyciqur dc Park) nnd B. 
Plii\saniay (LI'SI') for tlieir ii1iport;int contributioii. 

h i  hut nnl rlic I c ; I ~ I ,  ; i l l  01' thc Gticsl Inveslipt~rs 
wlio Ii;ivc a\\is~ctl o u r  ~c;iiii 111 tlir opra[ioii ;inJ 
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FIG. 25.-Limb "darkening" profiles, in Mg II h3. the far wing of Mg II A. h' I 119.95 nt,,. and 0 v 121.8? nm. Distance is 
measured in arcsec (arbitrary origin). 

REFERENCES 
Arttncr, G. E., Bonnc!. R. M.. Lemaire, P.. Vial. J. C.. 

Jouchoux. A.. Leibachcr, J.. Vidal-hladjar. A,. and Vite. M. 
1977. Space Sri. Inzrrttni.. 3, 131 (Piper 1) .  

Antncr ,  G .  E., e~ al. 1979. in preparation. 
Beckets. J M.. Bridges. C A.. and Gilliam. Lou B. 19%. Air 

Force Geoph:sizs Laboratory Report AFG L-TR-16-OIX 
(11). 

Bonnet. R. M. 19611. Ann. n'Ap.. 31. 597. 
Bradford. A. P., HJSS, G.,  O s m t o w h i ,  J. F., and ?oh. A. R 

1969, Appl Oprtcs. 8, 1183. 
Brault, J. M.. and Testerman. L. 1972. unpublished. 
Doseheck. G .  A.. Feldman. U., and fousey,  R. 19?5, Ap. J. 

(h i re rs ) .  202. LISI. 
Engvold. 0.. ond Livingston. W. 1971. Solar Pliys.. 20. 375. 
Foukal, P V.. Huber. bl. C. E., Noyes. R. W.. Reevec. E. M., 

Schmahl. E J Timothy. J. G..Vernarto.J. E..and Wilhbroe, 
G. L. 1975, Ap. 1. (Letters). 193, L143. 

Hinterreger. H. E. 1976.1. Atmos. Terr. Phys.. 38, 791. 
Huber, hl. C. E., Dupree. A. K.. Gold'urg. L.. Soyes. R. W., 

Parkinson. W. H.. Reeves, E. hl.. and Withbroe, G. L. 
1973, Ap. 1.. 183. 291. 

Jordan.C. 1969. M.N.R.A.S.. 182.501. 
Joucb- IX. A., Skumanich. A., Bonnet. R .  .M.. Lcmairc, P.. 

I. cr. C E , Leibacher. J., Vial. J C , a n d  Vidal-\ladjrr. 
A 1977. Paper prcscnted at IIIF I5Oth Meeting of the 
American Astronomical Societ , Atlanta. 

Jouchour. A.. and Hansen, E. 1958, in preparation 
Kohl, J .  L.. and Parkinson, W. H. 1976. Ap. 1.. t O k ,  599. 
Lemaire. P.. and Skumanich, A. 1973. Asrr. Ap.. 22, 61. 
Levasscur. A. C.. Meier. R. R.. and finsley, 8. A. 1976. 

Linsky. ! I.. 1910. Svlor Pliys., 11. 355. 
1. Geo hys. Res., 81. 5587. 

Livingston. W. C.. and White. 0 R. 1978 (to be published). 
McN'hirter, R.  W. P. 1977. in ProceedinpJ of 1.4L' Coll. 36, 

The Enerpv Balance and Hydrodwwmrcc nj the Solar 
Chramospltere attd Corona, ed. R. hl. Bonnet and P. Delache 
(NICc.). p 220. 

Minn~er t .  M , Mulden. G. F. W.. and Houtgast. J .  1940. 
Pliorotticrrir Allcrs o l  rhe Solar Specrriimjroiri A3615 IO AS771 
(Amsterda.-: Nortlr-Holl.inJ) 

Moc. 0 K . .  ar .1 VicoI~s. K R 1977. A -  . 211. 579. 
Nicolas. K.  R., Brucchner. G E. Tous.,. R.. T-tpp. D. A.. 

H'hite, 0. R.,  and Athay, R.  G .  1976. submitted to Solar 
P/t?S. 

Reeves. E. M. 1976. Solar PIiys.. 86. 5 3 .  
Rottman. G .  E. 1977. private communication 
Salvetat. P. 1975, in Tecltttolo~~ of Screnrific Space fxpcrc- 

menrs. ed. CNES (Paris. hlay 19751, p. 442. 
Skumanich. A., Smythe, C., and Frazicr. E. N. 1975. Ap. J., 

2Cu. 757. 
Vcrnazza. J. E. 1972. thesis. Harvard University. 
Vernatza. J E., Foukal, P V.. Huber. M. C E.. Noyes. R. W., 

Reeres. E. M.. Schmahl, E. J.,Timothy, J. G..and H ithbroc, 
G .  L. 1975. Ap. 1. (Lerters). 199. Ll23. 

Vial. J. C., er el 1978. in preparation. 
Vidal-Madjar. A.  1977. priv-:e communica!ion. 
Vidal-Madjar. A., Lauren¶, C Bonnet, R. M., and York, 

D .  G 1977, Ap. J.,211, 91. 
Vidil-Madjar. A.. Roble, R G., Mankin. W. G.. Antner. 
G. E.. Bonnet, R M.. Lmaire ,  P., and Vial, J. C. 1976, I ,  
Afmosdierir Physirs /ram Spacelab, 'd. J. J. Bergcr et I 

(Dororecht: Reidel). p. I t ? .  
White, 0. R., and Suemoto, 2. 1968, Solor Phys., 3, 523. 

G. ARTZNER. R. M. BONNFI; P. G O U ~ B R O Z E .  A. JOUCHOUX. P. LEMAIRE. J .  C. VIAL, and A. Vl ?~L.VADIAR: 
Laboratoire de Physique Stellaire et Planetaire-C.N.R.S., P.O. Box 10. 91 370 Verrieres-le-Buisson. K r m x  

J .  LEIDACHER: Lockheed Palo Alto Research Laboratory, 3251 Hanover St., Palo Alto, CA 94040 
A. SKUMANICH: High Altitude Observatory, NCAR, Boulder, CO 80307 



PLATE 21 

m 

LL 

OZI 

I 

0 
a 

I -- 

Y 



The 
exhibit 

SIlrlc'I.T.\SEOL'S TINE-RESOLVED ORSERV.9TIOSS OF THE H h, 
S1g k 2;'J.; .I, :\Sn C';I E H)L\l< 1.fSk:S 

L a h r o i r e  de Ph?+iqw StClt9irC et rkl&tsire 
R a e i d  I P X  F&M.?, 22; ocrcprsd 1976 Jane IS 

G. ARTZSER, J. LtJ3ACItER.. J. C. VUL, r. LEXAIRE, ASD r. CO~TTEBROZE 

ABSTRACT 1 

Okrvations indicate that .Ire temlmal variatims af wavelength of the reversal of the solar 
W La and l l p  B lines are correlated. 
Sdject badiags: Sun: atmospheric motions - Sun: chromosphere - Sun: spectra 

. 
I. ISIRODWTI@S 

solar photospheric and chromosphric lines 
ubiquitous quasi-periodic oscillations of inten- 

sity A d  iavelerqih. The presence or absence of 
periodic fructwtions hipher in the solar atmosphere has 
'been investigated bx measuring the intensily variations 
of spectr.ti lincc formed k t \ w n  1W E and 1.5 X IV E 
(Vt-rruzi rt uI. 107.5)7 the riiicr wave cniission of the 
Sun around 10' E (Aver?. 1976). the intensity and 
position of the C 11 13.W .\ line fomied around 2 0 . 0  K 
(Chipman 1977:. the intensity and p i t i o n  of the C 1v 
153) .\ ;int fomiwl around l(lo,(w1(~ K (Ilrunrr 1977). 
and the line proilk of the Fe SIV X.;W corona! Line 
(Tsubati 1977 j. 

K c  rqor t  here the first observations of the solar 
W L a  121b .\ lice formed near 2 5 . 0  E with temporal. 
spectral, ant1 qnti;d resolution adeqaatr for the stud? 
of molar vclocity fields. 

U. OBOERVATIOSS 

The I,PSF instrument on hoard OS0 8 is desnibed 
by ;\rtznrr dul.  ( I Y X ! .  The observations rcpncd here, 
mostly at disk center, had - 1" X 3", I" X IW, or 
1" X 20" spatial resolution. a spectral scanning incrr- 
ment of. rrs~'c~*iveIy, 2.4, 2.3 and 1.6 km 5'' for the 
fm, lrlp k .. I (-;I K lincs, ;ind a tinit rt-wsoliitinn of from 
10 to s. .-\ x-qucncr of oh-na t ions  consists of 1W to 
1 0  s w i v e  spectra scmnink the 1.a line over 5 0.53 
A, the Mg R lint over 5 1.4 A, ad the Ca E; line over 

In onlcr to discriminate between actual solar oscilla- 
tions and pointing variations, we hew mcawrrcl the 
pointing stability by three different methods (Bonnet 
d a!. I9W. As a result, we estimate that the pointing 
drifts nntlonily at a rate smaller th.m I" pcr 3 niinutes 
of time. 

As a chnk of the instntmrmtnl stalility over I hour 
and of thr l)rurcclure to cunilwnsate fur the Doppler- 
Fixra ! rotiilwnrnt nf the vrlorit! of the sp;irr raft. we 
hrvc ..vcr;bgtql La slnTtra diir;. E tlircr. consr-cutive 20 
minutr intrtwls of tlie fa minutr thylight lmrtinn nf an 
urlsoit. Tltt nsona~;iitt InHition uf tltr ytworm;ll line 
drnionstrates t t  t tlir wvelmfith drifts by lrss than 

21.1 .I. 

' k k ! i m l  H m m h  Imlrorakwicr, I'du Abo. 

4 m b  over one orbit. The obsewed spectral resolution 
does not vary. but the shape of the geocoronal absorp- 
tion is wider during the third part of the orbit day than 
during the first part. This measured geophysical effect, 
most likely due to the heatinp of the temtria! atmo- 
qe!.ere betacen local sunrise and sunset, d! le in- 
vestigated elsewhere and gives us confidence in the 
atiilit? of thr: instrunlent to tlctrrt minor changes in the 
shapc and position of sprttral lines uurinp I hour. 

The low measured dark current (1.1 counts s-I) 

enables us to makc us:. of data taken through orbit 
3R!, when the sensitivity was 3.5 counts s-' at the blue 
La peak t V i t b  0.01 .\ and I" X 10" resolution. 

Sotr that the simukanmus!y measured counting 
r a t e  may vary from IO (La \\in61 to IOO,(KK, (K2v 
peak of Cs E), because of the combined increase of 
s0l;v tlux and instrumental sensitivity front 1216 to 
UWW .i. 

m. DATA ASALYSIS 

Any plot of th. data exhibits quasi-periodic &lla- 
tions of thc Ci K, Ca H, lrlp L 2795, and lrlg h 2803 A 
line. T h e  are reportcd in .4rtmer rf a). (1978). As 
indicated by Bonnet d 01. (197R), the h sifpd for a 
constant solar input is rnoduiated in phase with the 
rotation of the spicecraft \\hrel. with a period of the 
onlrr of 10 s. Thcrcfurc a mathematics1 procdure (3s 
usld by Anzner d 41. 19%) applicd to the raw, noisy, 
uncoxecttd La drta will fail to r e  :a1 [!*e true time 
behavior of this linp. because it wil! essentialiy reflect 
the "IO second nioclul:~tion" of the signal. As the mean 
intensity of the Lo line, measured over 10.24 or 20.48 s, 
is nuch less sensitive to this modulation than the 
velocity measurements, we have integrated the La 
profiles over fO.41 A and we have computed the aver- 
age power spectrum (for 16 'sequences) of the time 
variation of this qaantity (Fit 1). The result avees 
with tlic ubwrvations of Vcrn3een d ul. (1975). For 
ear'. sequence we have measured the standard deviation 
of :\IC v;rlurs of the intcgr;~tril intcnsit! (I'diIr 1). For 
the wqumccs with Inw itvetape numitcrs c! counts per 
Iimtilc, t tic intcii4ty v;iri;itia*ti is hint1 t r i  Isor priiii;iril,v 
t l u ~  tu s t a t i s t i d  noiw, but h r  tlir wqwnrcs with 
hirhc.1 count r;itcs, thr. ~ t ; i t i t l . i r d  dcvi,i!itbn is consider- 
ah!! l;irgcr than I h t J t t m  st.itibtiCs dotic \\auld iiiiply. 

LU3 
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FK. t.-Tempwal variations of tbe Lo intensit?; bandPidth 
*O 41 -4. A v w  of 16 powC? Spectra. 

TABLE 1 ' 
to I216 A Imr (baf~dpss k0.41 .\) 

.?vemgc Standa-rd 
hlmilet k i a t m n  

Duration of CtWn15 around 
(rninute.?rl per h f i k  Avcragc 

40 . .. 200 23 
49 .. . .  ?IO I4 
5.;. . . . 2.30 16 
42. . . . . . . 2)o 13 
3s. . . . . . . . '- 1b 
28. . . . . . . . -Wb 14 
37 . .... 2, 20 
3: . . .w 21 
YJ 3.W I6 
33 . .. 3.10 20 
40 . , 3xt 2; 
12 . . . .  .K(I ?S 
.s6 . . Mc! 24 
4:. . . 450 62 
s3 . .  . .  $3 3.; 
.%. . . . . . . . .iM ?V 
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As of now, we have analyzed 21 orbits of the La data. 
The analysis has bern conducted in such a way 3s to be 
insensitive to the 10 s niod!::;lrion: we classify into t h r e  
chsscs the NE L spectra according to the relative 
strength of the k2 peaks and then compare avenpe La 
spectra corresponding to each of the three ckssw. Class 
I has a hiph ratio of ( l lg  kz, intensity/Mg kpt intensity), 
while classes JI  and 111 have successively lower values 
of this ratio. This procedure reduces statistical noise 
and should reduce the effect of the "IO second" modula- 
tion, because the sola: oscillations observed in Mg k 
and the spinning of the spacwraft should have a 
random relationship. As a result, after correcting for 
the Doppler componew of the velochy of the space- 
craft, avenge class I, 11, and 111 profiles are computed, 
not only for the 310 k line but a h  for the simultaneously 
obscrvd H Lo, Ca li, Ca H, md MIJ k lines. 

1. For the NE A: channel. **crape class I profile 
actually has o strong (Iluc ' , r d  ptak) ratio, as R 
verification of the proccdurc. 

2. A very siniilar cfleci is seen for the Mg A, Ca H, 
and ('a li rIi;innt-ls. 

3. I%t tht Im linc, thr WM:~RC c h s  I and class 111 
profi1t.s art  itlrntical in lhr wing, hilt shifitd in thr 
C C I I I ~ A I  rtvtrs;tl. ' I l w  i1itrpr;Itrtl ititt*nwily uf tllc iivrr;ljic 

"class I" la profile is equal to the inttgratd intensity 
oi the average "class 111" La profile. whereas the 
integrated intensit? of the average "class 1" !Up & 
ptofile is stronger than for the average "cIass 111" 
profile. 

lye have fitted to the Im and M r  k line profiles a 
sk -p rme tc r  formo!x. I ,  At ,  Wf, ;I, Xa, 11.0. 

The parameters kt and Il'r refer to the wings and the 
parameters XO and 11'0 to the psition and width of the 
central reversal. 
The data .*in& within 535 m.4 of the procoronal 

line were excluded from this fit. The zero of the wave- 
h g t h  m l e  is, for the La observations, fixed by the 
peocoronal absorption (no correction for the solar rota- 
tion is needed, as the okrvrttions reponed in Tables 2 
and 3 are at disk center!. The zero ci the wavelength 
scale for the alp b line, at the present staee of data 
reduction, may be aficctcd by it pstenlatic error of 
50.01 -4. For the u k e  of comp3rizon, the uvelcngths 
have been converted in meters per second. The numl em 
quoted do no: impiy that such vdocitics are ptesen; in 
the solar atmosphere; the derivation of actua! d a r  
velocities is be>ond :bt scope of this I-e!ter. 

Talk 2 shons the results oi thew tits for :he :!-tree 

b - H  telluric 
(m.trai 
m d )  . . . . +38M) m.6-l +2300 m s-' +950 m s" 

Ac-He telluric 
(wings) . . . . . . +7B9 1p 2-l 

I C .  . . . . . . . . . . . . 
+ 1 100 m 5'' 

8 9  
+ I  100 m s-1 

8.9 9.0 

w h 

Aamtnl. . . . . . +41.W m 6'' +tPw) m 6-l +I720 m C1 
Ae mission. . . . . +330 m 6'' + I350 m 6-l 
Arbitrary units 

I C  emission . . . 315 203 269 

Form Mn 1 

i! 'ne nrr. 
average.. . . . . f75 m s-l -25 m s-' +50 m E' 

H gcacotonal 
ahsorption 
( t ~ m  ;iwram) -Cdl m n-1 t I?O rn s-1 - ' 8 )  m ri 

+ 730 m $-I 

biospheric 
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classes of prof~ks defined above. Fmn the same set of 
data, by areraging of hint  a d  Iinaht stuluences. we 
haw eoRlputed tFpical La and Y g  L faint ~IKI bright 
prohles, a d  applied the same fit with a six-parameter 
formula (lablr. 3). FWI thr r ~ n r p t r i ~ ~ ~ ~  of T a b k  2 
and 3. i t  a p p r s  that. for thc I*r ant1 NE lines. if the 
Insititri oi tlrc ct-ntr.d rwcrsil is r t - ! . ~ ~ !  t o  tlir ;~ t t i i o -  
qhic vrhdty tirltls, clrr instantanruus, tiiiir-rcwlved 
velocity tiuctuations are m a t e r  than the large-scale 
(chromospheric netu-ork) permanent velocit3 features. 

We have also computed three average profiles by 

TABLE 3 
Posims m m  !.s~~ssrn OF SPECTRAL FEAWRES 

OF .+VERAGO SPECTRA. 

A m y t O f S  AmagCofS 
Brightest Squcnm Faintest Sequences 

out of 16 

La 

out of 16 

&-€I telluric central 

k-H tr!luric wings. . -%W, m EX -330 m s'' 
I C  . . . . . . . 12.5 5.4 

reversal _.... . +2Wlms-* +2100 m S-I 

1Mg k 

ha central mrrsal. . . 
bemissist . .  . t l U X )  rn I-' -4.3 m ME 
I C  . . . . . . . . . . . . . 391 24 1 

+3ooo m s-i + 3 W  m s-' 

Behest  sequence versus faintest sequence. 

sorting out at  nndom the ibwd profiles into thne  
clasbc.s to derive M estimate of the statistical precision 
of our measurements. We find the La, photospheric 
line, and geocoronal line velocities are accurate to a b u t  
f: 100 ni s-I, whilr  the !Ug C velocities arc accumtc to 
52.5 nr s-8. l'hr Ln intensity s:ilws :ire :tccur.!tv to 
50.1 in our units. ;mcl tlir .\lp A. iiltcnsiiks I * )  =I .  

IV. coscLvs1os 
At this stage of OS0 8 data reduction. we cannot yet 

present the power spectrum of the spa:ia!Iy resolved 
solar Le line velocity fluctuations; nevcr:hele%, we 
have dcnionstntd t h t  the Lo centrai reverr?! does 
erhibi: \vavrlcnpth tiuctuations posiiivd! correlated 
with the oscillations of the chromospheric Ca ii and 
N g  R lines. 

Temporal variations in the derived velocity of the 
central reversal feature of 2300 m s-' in M p  k are 
accompanied by variations in the same sense of 3pproxi- 
mate!? 2MK1 m s" in the central reversal featwe of La. 

This Letter is the continuation of efforts of t e a m  on 
the OS0 8 project at Verriires-le-Buiswn, Cre-nbe!t, 
Lm Angelcs, and Boulder. Epecinl aclinou :edgn:c: p e s  
to A. Jouchouz, who o! .:ned apecia! obstrvinp se- 
quences for this progrm;. The computations were 
cgmed out on the CDC' XWs of SC.4K and CSES. 
The CSES funded the fabricaiion and operations of the 
instrument under contracts 50-220. 71-202. 72-202, 
i3-202, 74-202. 73-20?, i6-202, and 5;-202. 
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ABSTRACT 

IW of  the m o t  representative chromospheric lines, 

Mg I1 k and Ca 11 K am used t o  study the formation o f  optical- 

l y  th ick l ines  i n  a timedependent, one-dimensional model o f  

the solar atmosphere, which was discussed by Leibacher, Gouttebroze 

and Ste in  

are calculated for two kinds o f  atmospheric motions : propagation 

o f  a pulse through the atmosphere and f ree  osci l lat ions. The 

mechanisms of formation (especially the displacements of the 

emitting layers) are studied f o r  dif ferent parts of the prof i les,  

Finally, the deformations of the profi les are analyzed using 

methods also suitable f o r  observations, and the result ing 

parameters are compared t o  physical variables i n  order t o  

evaluate the diagnostic methods. 

(1979). Time sequences o f  these 1 ine pro f i les  



INTRODUCTION 

Baron9 the knm motions of the solar atmosphere, the sc- 

called 300 second oscil lations, which am now known t o  origfnate 

from the sub-photospheric regions o f  the sun, have been the 

object o f  numerous studies. On the contrary, while taw early 

observations of the Ca 11 K resonance l i n e  (Jensen and Wral l ,  

1963) showed periodic variations i n  the core, formed i n  the 

chromosphere, with shorter periods (170 seconds), we remain fa r  

from an understanding of these chromospherr’c osci l lat ions. 

Nevertheless, the observations o f  the Ca I1 K l i n e  continued 

t o  provide knowledge about chromospheric motions (see for 

instance Wilson and Evans, 1971, Liu, 1974, Beckers and 

Artrner, 1974, Cram, 1974). More recently, chromospheric motions 

have been seen i n  other l ines : especially U.V. emission l ines 

with the OSO-8-Colarado experiment (see, e.9. Chipman, 1977, 

1978, White and Athay, 1979a, b, Athay and White, 1979) Mg 11 

and L o l ines with the OSO-8-LPSP experiment (Bonnet -- e t  a l ,  

1978, Artzner -- e t  a l .  1978). Among the theories developed t o  

interpret  these observations, the more detailed are probably 

those of Heasley (1975) and Cram (1976) who studied the deform- 

ations of the Ca I1 l ines during the propagation o f  a pulse 

through the atmospeh, - . Recently, Durrant, Grossmann-Doerth 

and Kneer (1976), d!missed the temporal evolution of Ca I1 K 

l i n e  prof i les  and concluded i n  favour of a mechanism o f  

chromospheric osci l lat ions s i m i l a r  to  that proposed by Ldbacher 

(1971). This encouraged us t o  undertake a more detailed study 

of chromospherlc hydrodynamics (Lei bacher ~ o u t t e b r ~ z e  and stein, 



1979, hereafter Paper I )  and t o  colaput@ the emergent i n t m r i t i e s  

f o r  vartous spectral features d e w a n t  t o  chromospheric studies. 

Yhrse features are contfnua (Lymen continuum o r  centfmster 

microwaves), op t ica l l y  thin emission l ines, and op t ica l l y  

th ick l ines. The other aim o f  t h i s  study was to provide the 

framework f o r  an interpretat ion o f  the op t ica l l y  th ick l ines  

(big 11, Ca I1 and L a) observed with the 050-8 LPSP experiment, 

which i s  planned i n  a further paper of t h i s  series. I n  the 

present paper, we investigate the Mg 11 k and Ca I 1  K resonance 

l ines  and discuss variat ions of these l ines  produced by e i ther  a 

propagating pulse or free osci l lat ions.  

I1  - THE INITIAL SOLAR-TYPE ATMOSPHERE 

As a f i r s t  step i n  the computations, we must define a 

solar-type atmospheric model i n  hydrostatic equilibrium, 

providing a medium f o r  the propagation o f  the waves. This 

atmosphere must cover a wide range of depths i n  order t o  include 

both the region where the five-minute osc i l la t ions originate i n  

the convective zone and photosphere and the who1 e chromosphere , 
which i s  the obJect of the present investigation, from the 

temperature mitiiiGJnt up t o  the base o f  the corona. The def in i t ion 

of such a model atmosphere i s  subject t o  two general constaints : 

those ar is ing from the frequencies and amplitudes o f  the actual ly 

observed osci l lat ions, which w i l l  be referred t o  as "hydro- 

dynamical constaints", and those provided by the in tens i t ies 

observed i n  the various l ines and continua o f  the solar spectrum, 

which may be sumnarized as "radiat ive transfer constraints". 



a - �¬ if^ W M M  

F i r s t  o f  a l l ,  the var iat ion o f  the temperature with height 

ir, the convective tone i s  prescrfbed by the outwarG f l u x  o f  

energy, fol lowing the mixing-length theory. Once th is var iat ion 

i s  known the posi t ion of the bottom of the atmosphere (assumed 

r i g i d  for computational purposes), i s  determined by the cive- 

minute osci l lat ions.  Five minutes represent four 

time o f  propagation o f  the waves between the bottom and the top 

o f  the convective zone (the top corresponding t o  the photospheric 

layer whose acoustic cut-off period i s  shorter than f i v e  minutes). 

. the 

A s imi lar  requirement exists f o r  the chromosphere. As 

explained i n  Paper I, the eigen-frequencies o f  chromospheric 

osc i l la t ions are sensitive t o  the temperature structure o f  the 

chromosphere. The observed periods of  osc i l la t ion  are not so w e l l  

defined for the chromosphere as f o r  the photosphere or the 

convection zone, and range from about 150 t o  250 seconds : For 

instance, Jensen and Orrall(1963) found a period o f  about 

170 seconds f o r  the K 3 absorption feature of Ca 11, Liu (1974) 

a rather broad d is t r ibu t ion  about 180 secondsI and Beckers and 

Arttner (1974) a repet i t ion rate o f  200 2 50 seconds. These 

variat ions may be at t r ibuted t o  the inhomogenity o f  the solar 

chromosphere. 

b - R M v e  &anb@ cam&aivl;t6 

The solar spectrum i s  known with some accuracy over a 

large range o f  frequencies, which allows the determination o f  the 

average temperature structure o f  the photosphere and chromosphere 



through the use o f  semi-empirical models. These methods and 

some recent models have bean reviewed by Avrett (1977). Some 

discrepancies remain between di f ferent sem:-empirical model 

atmospheres based on d i f fe ren t  kinds o f  data, which allows 

some degrees o f  freedom i n  the choice o f  atmospheric para- 

meters. For instance, models based on continuum data, such as 

those o f  Gingerich -- e t  a1 . (1971) or  Vernazza, Avrett and 

Loeser (1976) exhib i t  temperature minima between 4100 and 

4200 K. On the other hand, atmospheric models derived from 

the shape o f  the Mg I1 or  Ca I 1  resonance lines, taking i n t o  

account part ical  frequency red is t r ibut ion effects, have a some- 

what higher temperature minimum o f  about 4400 or  4530 K, as i n  

that  o f  Ayres and Linsky (1976). 

I n  the higher Chromosphere, the increased importance of 

inhmogenei t i es  gives r i s e t o  1 arger variations between the 

various temperature model s. Above 9000 K (the upper chromosphere) 

a constraint i s  provided by the non-LTE calculations o f  hydrogen 

ionizat ion required f o r  the determination o f  electron and hydrogen 

densities i n  hydrostatic equilibrium. These computations include 

the determination o f  in tens i t ies i n  the Lyman a and B l ines, 

which may be compared t o  observations (owing t o  inhmogenei t i es  

i n  these regions, an agreement wi th in a factor of 2 or  3 for  

the integrated in tens i t ies may be considered as satisfactory). 

I n  order t o  reproduce the observed width o f  chromospheric 

l ines  (and especially the separation beween the red and ‘blue 

peaks o f  the Mg I 1  or Ca 11 l ines),  our atmospheric model must 

include a non-thermal isotropic veloci ty f i e l d  which increases 



with a1 t i tude. These motions produce a "microturbulent" pressure 

which must be included i n  the hydro-static or  -dynamic equations, 

i n  order t o  get a self-consistent representetion o f  the 

. atmosphere. It should be noticed that  the inclusion o f  t h i s  

effect may a l t e r  s ign i f i can t ly  the depth scales i n  the 

chromosphere, and consequently the eigen-frequencies o f  osc i l la t ion.  

Our atmosphere i s  defined by the electron temperature ( re)  

and microturbulevt veloci t ies ( vr) as functions of mass integrated 

along a ver t ica l  l i n e  (m). From th i s  basic set o f  parameters, 

we obtain the corresponding a1 t i  tudes, densities, pressures, and 

electron-to-hydrogen density r a t i o s  by solving i t e ra t i ve l y  the 

equations o f  hydrostatic equilibrium, hydrcrgen and metal i o n i t -  

ation. A difference-equation method i s  used t o  solve the equations 

o f  hydrostatic equilibrium, taking i n to  account the gas, 

electronic and microturbulent pressures. To determine the 

ionization of hydrogen, we consider a 3-level and continuum 

atom, and solva self-consistently the equations o f  s ta t i s t i ca l  

equil ibrium and radiat ive transfer i n  the L a ,  L 0, Haand 

Lyman continuum transit ions. The photoionization rates i n  the 

Balmer and Paschen continua are f ixed by set t ing the rad' ' ion 

temperatures t o  5000 and 4800 K, respectively, i n  the parts 

of the atmosphere which are op t ica l l y  thir!  i n  these transit ions. 

Deeper i n  themosphere, they are assumed t o  be equal t o  -the 

local electronic temperature. The effects o f  pa r t i  a1 frequency 

redistr ibut ion are taken in to  account i n  the computation o f  



the Lyman lines. The &leer eleammts contributing t o  the 

electron density are treated i n  t h e  LTE approximation 

(their contribution i s  really importmt mly i n  the temperature 

minimum region, where hydragen is  scarcely ionized), 

d - The &fled mod& 

As explained a b  the present hydrodynamicol calculations 

require a model atnrosp?v?re s d m d i n g  from deep w i t h i n  the 

convection zone t o  the 'low cop~llp-, which constitutes a renge of 

depths far more extens;we than is  usually the case for radiatiwe 

transfer computations. For t h j s  mason, the atmosphere used hem? 

i s  a synthesis o f  several models fm C i f f u e n t  origins, wSth 

local modifications, f irst ,  our convectiwe zone i s  taken from 

Baker and Temesvary (1966). Our phatnsptwre and chromosphere 

are similar t o  those of Vernafta, Awett and Lmmw (1973 and 

1976) w i t h  the following medifica+krs : fiat ,  the temperature 

minimum region i s  raised t o  4500 K, following Ayes and Linsky 

(1976), i n  order t o  get a better f i t  t o  the observed Ca I1 and 

Mg I1 resonance line w*ngs, The temperatures are slightly lowered i n  

i n  the upper chromosphere (by less than  200 K) and the so-called 

Lyman 6-plateau (by about 2000 K)  for two reasons : first ,  the 

large temperature excursion: , roduced by waves i n  these regions 

give strongly non-linear varietior,s of the source functions, so 

t h a t  the averaged intensity i s  higher t h a n  the intensity 

correspondi ng t o  the average-temperature model ; secondly, 

some dissipation of mechanical energy occurs i n  t h x e  regjons 

(provided t h a t  tho waves have sufficient amplitudes) which 



produces an increase o f  the average temperatures w i th  time. 

A s imi lar  l oww L 6-plateau was ~oposed by Lites, Shine 

and Chipman (1978). T k  microturbulent ve loc i t i es  adopted here 

are also lower (by about 20 percent) i n  the chromosphere than 

those o f  Vemafta, Avret t  and Loeser (1973), since an extra 

broadening o f  tW average p r o f i l e s  may be expected from the 

atmospheric motions, A summary o f  the i n i t i a l  and cumputel 

atmospheric parmetera i s  given i n  Table 1, 

111 - HYDRODYNAMICAL COhWTATIONS 

As described i n  Paper I, we have c i l cu la ted  the one- 

dimensional non-1 inear dynamical s t a t e  of t h i s  model atmosphere 

f o r  various exci tot ians and boundary conditions, as w e l l  as f o r  

d i f f e r e n t  treatments QC the energy equation and ion izat ion balance. 

We have included the ef fect  o f  an isotropic,  unresolved ve loc i ty  f i e l d  

o f  "micro-turbulence" which i s  required f o r  the rad iat ive 

t ransfer,  i n  the hydrodynamic calculat ions. Vert ical  va r ia t i on  

o f  t h i s  ve loc i t y  f i e l d ,  which remains constant i n  time, con- 

t r i bu tes  t o  the mechanical support o f  the atmosphere. Thus a t  a 

given (gas) pressure i n  the atmosphere, the density fs lower than 

i t  would have been i n  the absence o f  the "micro-turbulence", 

To discuss the formation of o p t i c a l l y  t h i ck  chromltspheric l ines,  

we have selected three t i m e  sequences i l l u s t r a t i n g  : a) the 

propagation of a pulse through an i n i t i a l l y  motionless atmosphere, 

b) well established chrcmospheric and photospheric osciS lat ions,  



to investigate the effect of ROR-limarities upan tlse hydro- 

tlymmic and l i n e  fami t ion  results. The pulse lntroQuced a t  

the bottom of the atmosphere f o r  experiamt a) #LS one half  

cycle of a sinusoid i n  velocity, lasting 100 secmds and reach- 

ing a maxim velocity of 0.01 Wmc. VtMt i s  to say the bottom 

boundary o f  th@ atnosphew2 was raised by 318 mtres. fxperiments 

b) an8 c) were excited by fie cycles of a 3QO secend amtion o f  

the bottom bQun&ry, whose amplitude was respectiwely 6.7 

and 1-05 m/cI  ttmsponding t o  the total  vertical motions o f  

640 metres and 100 metres. 

Experiment a) might represent the impulse generated by a 

granule and i s  o f  additional interest here t o  canpare Our 

results with previous work (v i r .  Cram, 1976). The momentum transfer 

and heating o f  the chromosphere result i n  u very substantial 

difference between the mean state o f  the dynmical atmosphere 

and the i n i t i a l  atmosphere, so that th is  excitation i s  not 

appropriate for  the study of  the long term fluctuations of the 

line formation process. Experiments b) and e) result i n  a much 

more ef f ic ient  transfer o f  enew t o  the resonant oscillations, 

so that fo r  comparable resulting amplitudes i n  the oscil lations 

n q l i g i b l e  heating Occurs and the man atmosphere remains very 

s i m i l a r  t o  the i n i t i a l  atmosphere. Thus we have some hope that 

the resulting l ine  profi les bear some resemblance t o  the 

observations. 



wis ing  from simultanessrs var iat ims of Me velocity aRd tk 

state variab'es and with *eke effect of n o n 4 i m r i t i e s r  we consider 

a siarplified enetyy eqrretlm to expedfte the calstrlatlmt. 

llaeiatiwe transfer (and loss) are neglectad i n  the internal 

energy of the WSB and ionization variations are considered 

to be small f l m t i o n s  a b u t  the BYLan state. Locally, the 

state variables are related d i h t i - l l y ,  and the adiabatic 

exponent Y (theratio of specific k a t s )  reflects the state of 

col l is ional ly amtrol led ionization i n  the i n i t i a l  atmosphere. 

Uteri the gas i s  completely imizd w completely neutral, Y 

i s  5/3. ilowevw, whsn an abundant species i s  par t ia l ly  ionized, 

changes i n  the 4ntmml energy o f  the gas primarily produce changes 

i n  the ionization decausa of  the large ra t io  o f  the ionization 

energy t o  the therm1 energy- and thus the temperature fluctuatfcms 

are substantially reduced. 

hydrogen convection zone. Above the temperature minimum, where the 

ionization i s  maintained by radiative, rather than collisional, 

prucesses which are slow canpared t o  the dynaralcal time scales 

(Kn@er and Nakagawa, 1976), we hold the ionization constant. 

i s  reduced t o  1.1 i n  the 

The dynamical aspects of  these experiments have ken 

discussed i n  Paper I .  Me present i n  Figures la,  b and c the 

variatior a f  the velocity and temperature fo r  the intervals 

durinb whkh we have investigated the l ine  profiles. Two 

essential points should be recalled. First,  during the propag- 

ation o f  energy, velocity and pressure (and hence temperature) 

vary i n  phase, as i s  seen i n  experiment A. However, they vary 



i n  qmdwbtwe Qer both tr 
Qiffers#lce OQ pelattve pkam has a significant effect on the 

spectral dfagmsticr. &coepd, since for establiser! osci1Iatims 

t)re c)rrrQslo$9hark H l W i t y  f i e l d  IS primarily RQn-rtlfig, 

the chromosphere mmes more or l e ts  i n  phase, without important 

vertical velocity g+ad5ents, to that even tharylh the particle 

and ewanescent osci l la t i~ns.  This 

velositfes are substantfa1 fractions of the sound speed 

irveri~fng rlmg Me l i ne  of sight Wwent i n  spectral l i ne  

formation, so that there i s  good reason to suppose a pr io r i  

that l h e  shif ts w i l l  ref lect  the chromospheric velocities. 

I V  - CmpUTATION OF LIE PROFILES 

L@t us now study the temporal variations of the Mq I1 k 

and Ca I1 K profiles correspondiq t o  the atmospheric motions 

described above. For that purpose, we compute temporal sequences 

of profiles corresponding t o  the three hydrodynaml'cal experiments. 

I n  every case, the moving atmospheres are sampled every 10 seconds. 

For experiment a), the computations are restricted t o  the interval 

fm 200 t o  400 seconds, when the primary pulse travels through 

the photosphere and chrolmrsph@re. For the "standing oscillations" 

experiments b) and C), we concentrate our attention on the inter- 

val fran 1600 t o  2600 seconds, where a sequence of typical 

chromospheric oscillations occurs. 

Because o f  the short t i m e  constants associated with the de- 

excitation o f  atomic levels, especially f o r  the resonance lines, 



compared to ttpe dymmical time scales, we use a quasi-static 

approximation to  cemgute the l i n e  profiles. QR the other 

far&, the photoionization rates depend minh on th@ contima, 

and pr inc ipa l l y  m the hydrogen Lyman continuum, which 

expected to wary slowly, as teen i n  the precediw section. 

0)s thus take these in tens i t ies as constant, a d  q u a l  to those 

of the i n i t i a l  atmosphere. 

The amputation o f  l i n e  source f w c t i o n s  and pro f i les  

requires a simultaneous solut ion o f  the radiat ive transfer 

equations for the t ines and s ta t i s t i ca l  equilibrium quat tons 

for the atomic level populations. The radiat ive transfer 

equations are expressed i n  lagrangian coordinates, as i n  our 

previous computations (buttebraze, 1977, hereafter G 77). Methods 

using t h i s  "cmming frame" formulation have been described by 

h r d l i n g e r  and Rybicki (1974) and Nihalrs -- e t  a1 (1975). The 

large numbers o f  p ro f i les  corresponding t o  long time sequences, 

e.g. 100 pro f i les  both for Pig I1 and Ca I1 i n  e::perim@nt b), 

h a d u s  tomake some drast ic simplications i n  order t o  keep the 

computer time wi th in  reasonable l im i ts .  We make three pr incipal  

siepl icat ions : f i r s t ,  we reduce the f-cy mesh, for 

in tens i ty  integration t o  25 points instead o f  the 39 used i n  

G 77 (for moving atmospheres, we must use symnetric frequency 

meshes, so tha t  these numbers correspond f o r  a s ta t i c  atmosphere 

t o  13 and 20 points, respectively). This reduction i s  the main 

source of uncertainty, but i t  allows a s ign i f icant  reduction 

of the computer time used i n  matrix inversions. We use the 

Eddfngton approximation for the integrations over direct ion, 



Secondly, we use average net radiative rates for transitions 

other than the one computed. ble first calculate the complete 

s t t  cf lingz somsponding to the averaoe atmosphere, self- 

consistently. We then compute 

for the transition under study, assuming that the net radiative 

rates in other transitions rema n equal to the average- 

atmosphere rates. The carsputing time for an instantaneous 

profiles is thus equal to that required by B 2-leve? atom 

calculation. This change has negligible effects in the case 

of 5 11, the k line formation process being close to that of 

a 2-level atom transition. The effect on the Ca I1 lines is 

somewhat more important (although not essential 1, this 

simplification being equivalent to neglect of the influence 

on the K line o f  variations in the Ca I1 infrared triplet. 

Finally, we replace the exact redistribution RIIA (for the 

scattered fraction which is coherent in the atom's frame) 

by the RIIN function of Argyros and Mugglestone (1971), which 

requires only the computation of an exponential and a Voigt 

function. This procedure is particularly efficient when a fast 

Voigt function routine is used. Our nlimerical experiments on 

the Mg I1 k line have shown that this change accounts for an 

error of a few percent in the emergent intensities, much less 

than from the first approximation. 

he time sequence of profiles 

For Mg 11, we use a 3-level and continuum model atom 

described in G 77. The Ca 11 model atom has 5 levels and a 

continuum, and includes the H and K resonance lines, and the 

infrarea triplet. The atomic parameters are taken from Shine 



and Linsky (1974), except f o r  the l i n e  broadening parameters 

f o r  which we use the empirical values of Ayres (1977). 

*fore looking a t  the resul ts of thsse computatians, i t  

may be useful t o  bear i n  mind some simple considerations about 

the effects of the variations o f  the physical parameters 

(velocity, temperature and density) on the l ines. The veloci ty 

acts by sh i f t ing  the absorption (and emission) p r o f i l e  by the 

Doppler effect. The re la t ion  between the frequency o f  a spectro- 

scopic feature and the veloci ty a t  a given lagrangian al: tude 

i s  thus straighfforward when t h i s  feature i s  formed i n  a l imi ted 

part  of the atmosphere (which is the czse for opt ica l ly  t h i n  

l ines or, as shown below, f o r  the central reversals o f  the 

Ca I1 and Mg XI l ines) .  The temperature and the density vary 

generally i n  phase and both contribute t o  increase the in tens i ty .  

For a two-level atom (a s i tuat ion not too f a r  from that o f  our 

resonance 1 ines), the in tens i t ies depend upon t w o  parameters : 

f i r s t ,  the Planck function B which, i n  the u l t rav io le t  and a t  

chromospheric temperatures, i s  given by 

(the symbols have the i r  usual meaning) ; 

secondly, the r a t i o  E o f  co l l  is ional  t o  radiat ive de-excitation 

rates : 



which depends mainly on the electron density (and thus the 

density P o f  the gas) provided that Cpl does not vary rapidly 

wi th temperature. As l im i t i ng  cases, the emission i n  an op t ica i i y  

t h i n  l ine depends l inear ly  on cB, the photon creation term, 

while the in tens i ty  goes t o  B when one gets closer t o  L.T.E. 

An interesting intermediate case i s  that  o f  a semi-inf inite 

i sothermal atmosphere (whose temperature and density vary i n  

phase everywhere) : the emergent in tens i ty  a t  l i n e  center then 

varies as B 6 .  

To evaluate the re la t i ve  contr ibutions of density and 

temperature f luctuations t o  the in tens i ty  f luctuation, one 

may consider an elementary isentropic pressure increase dp, f o r  

which density and the temperature increase such that : 

The in tens i ty  var iat ion i s  : 

d1 - d(c'8) dc dB - = q - + - ,  
n € B  I E B  

where q i s  0, 1/2 o r  1 depending on the problem under consider- 

a t ion as discussed above. 

and - t - 
B k T  y p  



v = l o  f o r  Y = 5, Hz (Ao = 3000 i), 1 = 6000 K, we obtain 0 

and 

3 3.2 * . B P 

I n  chromospheric condi ti ons the effects o f  the temperature 

var iat ions on i n tens i t i es  are thus generally f a r  more important 

than those a r i s ing  from density changes. 

It should be emphasized tha t  ve loc i ty  and temperature 

changes do not act independently. For instance, an increase o f  

temperature i n  an in ternal  slab produces a more important increase 

of i n t e n s i t y  when i t  i s  coupled with a Doppler sh i f t ,  because 

the photons created escape more eas i ly  from the atmosphere. 

Such an e f f e c t  occurs during the passage o f  a pulse, as described 

i n  the next section. 

symmetr 

the red 

reaches 

V - VARIATION OF LINE PROFILES ASSOCIATED WITH THE PROPAGATION 

OF A SINGLE PULSE 

The temporal sequences o f  p r o f i l e s  obtained between 200 

and 390 seconds are shown i n  Figure 28 and b f o r  the My) I 1  k 

and the Ca I1 K l i ne ,  respectively. The behavior of the two 

l i n e s i s  roughly thesame : the p r o f i l e s  being i n i t i a l l y  

cal the blue peak begins t o  increase w i th  respect t o  

p t  k (around 250 s f o r  Ca I 1  and 280 s for  Mg 11) , 

a maximum (around300s f o r  Ca 11, 330 s for  Mg 11), 



a f t e r  which the asymmetry reverses (around 330 s for  Ca 11, 

360 s f o r  Mg 11). I n  the Ca I1 sequence, a new "blue asymmetry" 

(i .e. w i th  a r a t i o  I( QV) / I ( K 2 R )  la rger  tnan 1) appears 

about 380 s, due t o  the passage of the secondary pulse. These 

changes may be roughly interpreted as follows (w i th  the help 

of  the "contr ibut ion functions" o f  Figure 5) : A t  rest ,  the 

k2 peaks are formed p r i n c i p a l l y  i n  the low chromosphere (around 

1000 km f o r  Mg I1 k) .  The pulse t r a v e l l i n g  upwards through the 

atmosphere produces an increase of temperature and density 

(and thus photon creation) coupled w i th  an upward ve loc i ty .  

When the pulse has reached the formation region o f  k2 ( a t  res t ) ,  

i t  begins t o  produce an emission o f  photons sh i f ted t o  the 

blue. Only the most blue-shif ted photons then escaoe through 

the motionless overlying atmosphere, w i th  i t s  centered absorption 

p ro f i l e ,  which produces an increase o f  the blue peak i n tens i t y .  

On the contrary, the red peak continues t o  be formed p r i n c i p a l l y  

i n  the low chromosphere w i th  small ve loc i t i es  and remains a l m o s t  

steady, which produces a blue asymmetry. Before the pulse reaches 

the k3 formation region, the central i n tens i t y  begins t o  increase due t o  

the incoherent scatter ing wi th in  the l i n e  core of photons creeted by tne 

passage of the pulse i n  underlying regions, When the pulse 

reaches the "k3 slab", the wavelength o f  the reversal i s  sh i f ted 

t o  the blue w i th  respect t o  the mean pos i t ion o f  the peaks, which 

resu l t s  i n  a red asymmetry, These resul ts  are consistent w i th  

those t h a t  Cram (1976) obtained for the Ca I1 K l i n e .  The delay 

o f  about 30 seconds between the events i n  the Ca I1 and Mg I1 



lines corresponds t o  the time for the pulse to  travel, from the 

formation altitude of a part of the Ca I1 profile, to the 

formation altitude of the corresponding par t  of the Mg I1 

profile. 

In order t o  analyse these variations of profiles more 

closely, we tried t o  determine more accurately the positions 

and intensities of the peaks and central absorption of the 

lines by f i t t i n g  parabolae t o  these three features. The 

variations of the three intensities for the Mg 11 k line are 

shown i n  Figure 3. The intensity increase resulting from the 

passage of the pulse, the delay between changes i n  k2V and 

k3, and the var ia t ion  of asymmetries appear clearly. 

Having simultaneously the values of the physical para-  

meters (particularly the velocities, temperatures and electron 

density) and the  positions and intensities i n  the lines, we 

investigated the correlations between these two kinds o f  para- 

meters, i n  order t o  2;tablish the diagnostic possibilities o f  

these "optical ly-thick" transitions, The correlation between 

the shift  of k3 and the velocity of the slab where the aptical 

depth a t  line center i s  equal t o  1 i;i the average atmosphere 

i s  remarkably good for Mg 11 (Figure 4a) ,  and not so good b u t  

nevertheless reliable, for Ca I1 (Figure 4b) .  The central 

reversal of these optically thick lines i s  thus a possible 

diagnostic tool to  determine the vertical velocities i n  some 

parts of the chromosphere. On the contrary, we failed i n  our 

attempt t o  f i n d  a similar relation between the position of the 

k 2  peaks and the velocity a t  a definite lagrangian altitude. 



The reason appears more c lea r l y  when one looks a t  the contr ibut-  

i o n  functions. 

The contr ibut ion functions used here represent *' -3n- 

t r i b u t i o n  a t  geometrical depth t t o  the v e r t i c a l  -,w-ging 

intensi ty,  per u n i t  o f  z : 

C ( Z , V )  = S ( Z , ~ )  K ( Z , V )  expl- t ( t , v ) I  

(S : source funct ion ; v : frequency ; K : absorption coef f ic ient ,  

T : opt ica l  depth). These functions f o r  the central reversal and 

the peaks are shown i n  Figures 5a and b, respectively, f o r  the 

Mg 11 k ' ine. The contr ibut ion functions f o r  k3 are sharply peaked 

a t  a def in i  t e  and rather constant lagrangian a1 t i tude, i .e. 

the main par t  o f  the emission comes from a t h i n  slab o f  the 

chromosphere, which i s  always about the same, For Ca I1 K3, 

these functions (not represented here, but s im i l a r  t o  those of 

Figure 12e re lated t o  osc i l l a t i ons )  cover a wider, though l im i ted  

(about 500 km), range of depth, so tha t  the Doppler s h i f t  of the 

reversal i s  the r e s u l t  o f  an average of the ve loc i t ies across 

t h i s  region. For the peaks, on the contrary, the contr ibut ion 

functions are spread over regions as th i ck  as 1300 t o  1500 km 

( for  Mg I1 as well  as f o r  Ca 11), covering the m a i v  par t  of 

the chromosphere, where the density varies by several orders 

c f  magnitude. This prevents us from using the displacements 

of the peaks as a pract ica l  too l  t o  determfne chromospheric 

ve loc i t ies.  Nevertheless, Figure 5b shows an in terest ing pecul iar-  

i t y  of the blue peak : i t s  contr ibut ion funct ion exhibi ts a sharp 

peak whfth follows, during nearly 100 seconds, the passage o f  



the pulse, This might have applications i n  the diagnosis of 

such pulses from spectroscopic data 

Tho phase dif ference between velocS t y  arid temperature 

f luctuat ions represents an important character ist ic t h a t  

distinguishes between d i f f e r e n t  types of waves , As shown 

above, the ve loc i ty  i n  the k3 slab i s  c losely related t o  the 

Doppler s h i f t  o f  k3.  Unfortunctely, the deteminat ion of the 

temperatures from the i n t e n s i t i e s  i s  not  so straightforward : 

due t o  the scatter ing e f f e c t  mentioned above the i n t e n s i t y  i n  

k3 depends on the temperatures and densit ies i n  a large 

region o f  the atmosphere wi th  a thickness corresponding 

approximately t o  the thermalization length, Thus, the 

temperature-intensi t y  corre la t ion i s  accurste only when the 

temperatures a r r  approximately i n  phase throrrghout the chro- 

mosphere, as w i l l  be the case i n  the next section. I n  tb 

case o f  a pulse propagation, the temperature and velo'i.,v 

var iat ions a r e  approximately i n  phase, but the k3 i n tens i t y  

begins t o  increase about 40 or  50 seconds before than the pulse 

has reached the corresponding slab. This effect may be seen i n  

Figure 6, where we p l o t  the reduced k3 i n tens i t y  : 

. ,  
Imax - ',in 

and the corresponding reduced wavelength and temperature. 



V I  - VARIATIONS OF LINE PROFILES ASSOCIATED WITH NON-PROPAGATING 

OSCILLATIONS 

Let  us now examine the  va r ia t i ons  o f  the  Ca I: and MI; 11 

resonance l i n e  p r o f i l e s  erneraing from the f r e e l y  o s c i l l a t i n a  

atmospheres def ined by the experimer,ts a) and c )  of 5 111. The 

p r o f i l e s  were ca lcu lated between 1600 and 2590 seconds, and thus 

begin 100 seconds a f te r  the end of the  exc i ta t i o r ,  phase. Figure 

7a shows the whole sequence o f  Mg I 1  p r o f i l e s  corresponding t o  

the l a rge  amplitude o s c i l l a t i o n s .  The i n t e n s i t i e s  are vary ing 

w i t h  a quas i -per iod ic i ty  o f  about 200 seconds, as expected: the 

maximum corresponding t o  the minimum of the a1 t i t u d e  ( the  

F,-cssure and the te-.?eratu*e o f  the gas then reach t h e i r  

maxima). A t  t h i s  minimum a l t i t u d e  point ,  the v e l o c i t y  changes 

quick:y,  the gas moving downwdrds before beginning t o  move 

upwards. For such general, one-dimensional motions, the 

decrease of densi ty  w i t  a l t i t u d e  produces an increase of the 

v e l o c i t y  amplitude. I f  the gas moves downwards, the format ion 

reg ion  o f  k3 i s  s h i f t e d  t o  the red w i t h  respect t o  the under- 

l y i n g  emi t t i ng  layers,  which r e s u l t s  i n  a b lue asymmetry, 

Conversely, a s i m i l a r  upward motion produces a red asymmetry. 

Changes o f  a b lue t o  a red asymmetry associated w i t h  maxima 

of intensit,,, may be seen on Figure 7a around sequence numbers 

169, 191, 209, 229 and 248, We obta in  s im i la r  r e s u l t s  w i t h  

other  experiments. Figures 7b, c and d show the l a s t  20 

sequences, corresponding approximately t o  a cycle,  f o r  l a rge  

amplitude o s c i l l a t i o n s  (Mg I 1  and Ca 11), and smt l l  c s c i l l a t i o n s  



(Mg 11). 7b and c show t h a t  the oscillations are practically 

i n  phase i n  Mg I1 and Ca 11, the change of asymmetry occurring 

between sequence numbers 248 and 249 i n  each case. This  con- 

trasts w i t h  the result obtained for a pulse propagation. 

Another feature visible on Figure 7c is the presence of profiles 

w i t h  a single peak (sequences 243 t o  245) which are  associated 

w i t h  large velocity gradients and relatively low chromospheric 

emission. Profiles of :his kind occur frequently on the Sun. 

One may notice t h a t  both singly-peaked and doubly-peaked 

profiles are explained by the same theory of line formation 

w i t h o u t  difficulty. (Nevertheless, we must recognize t h a t  

singly-peaked profiles are less frequent i n  our computations 

t h a n  i n  the observations ; this migh t  certainly be modified 

through adjustments i n  the i n i t i a l  model atmosphere), 

Applying the same method of least square f i t  t o  the peaks 

and reversal as i n  the preceding section, we obta in  the variations 

of intensities shown on Figure 8a and b for the large and small 

amplitude oscillations, respectively, In the case of large ampli- 

tude,  the  variations of intensity are sharply peaked, w i t h  

positive excursions reaching an order of magnitude, while the 

variations remain almost sinusoidal i n  the other case, (One 

should notice t h a t  the variation of k3 i s  i n  phase w i t h  t h a t  

of the average of the two peaks). 

As seen above, an important property cf non-propagating 

oscillations i s  t h a t  velocities and temperatures vary in quadra- 

ture. As the temperatures are approximately in phase throughout 

the chromosphere, and thus the intensities, we obta in  a similar 



phase difference between the in tens i ty  and the Doppler s h i f t  

o f  k3. This is SfiaJn i n  Figure 9 which represents these two 

quantit ies i v  reduced fom, : one may see t h e t  the instants o f  

m a x k ~ ~ ~ ~  acceleration correspond tpproximately t o  the extrema 

o f  h e  intensity. 

In  data analyses, i t  i s  a current practice t o  use the Fourier 

transform f o r  ‘,he determination of phase shif ts. The resul ts o f  

such an analysis f o r  the variat ions o f  s h i f t  and in tens i ty  i n  k3, 

are sumnarited i n  Figure 10 : the power spectra c;f the s h i f t  and 

the in tens i ty  have a peak a t  5 miit, as expected, and several 

harmonics (the harmonic a t  10 mHz i s  par t icu lar ly  strong i n  the 

case o f  the intensi ty) .  The phase difference between the components 

o f  the Doppler s h i f t  and in tens i ty  i s  close t o  90‘ f o r  the 

frequencies corresponding to the fundamental and the f j r s t  

harmonic, i n  accordance with the d i rec t  comparison o f  the oara- 

meters i n  Figure 9. 

I n  Figure 11, we compare the Mg I 1  k p r o f i l e  emitted by 

a “mean atmosphere” -obtained by averaging the physical para- 

meters (temperature, density, veloci ty)  over the 100 sequences- 

with the average o f  the 100 prof i les  of the sequence. The f i r s t  

a i m  of th is  comparison i s  t o  investigate the ef fects o f  non- 

l inear  averaging o f  the in tens i t ies which i s  expected t o  be 

important f o r  the u l t rav io le t  spectrum. This effect appears 

c lear ly for the average i n t m s i t y  which i s  about 25% higher 

i n  the peaks than that emitted by the 2uerage atmosphere. 

Another a i m  i s  t o  t r y  t o  explain discrepancies between the 

observed prof i les  and those computed f rom s t a t i c  atmospheres, 



As a g m w a l  feature, observed Plg I1 k profi les have broader 

peaks and less deep central reversals than the calculated 

ones. From that point of view, the motion-averaged p r o f i l e  

of figure '1 i s  f a r  mom sat isfy ing than the s ta t i c  p ro f i le .  

Another puzzling feature i s  the average blue asymetry o f  

the observed prof i les.  Altnough our motion-averaged 

prof i le  has a blue peak s l i gh t l y  higher than the red 

one, the difference i s  small and does not compare ell 

with the observations. I n  our one-dimensional scheme, the 

addit ion o f  a mean downflow m u i d  be required t o  explain the 

observed average asymmetry. Nevertheless , many effects, 

ar is ing i n  par t icu lar  from multidimensional hydrodynamics 

and radiat ive transfer, remain t o  be investigated before 

concluding i n  favour o f  the r e a l i t y  o f  such a downflow. The 

formation process o f  the peaks and reversal appears when one 

examines the contr ibution functions, defined as i n  5 V 

( r igure 12). The atmosphere undergoes a series o f  short, 

high temperature, contraction phases and long, low temperature 

exapansion phases. The central reversals are fmned, approximately, 

a t  a constant lagrangian a l t i tude  (Figures 12d and e) with 

sharp in tens i ty  maxima i n  the neighbcrhood of the minimum 

al t i tude times. As was the case for the pulse mxpc;atior. 

studied above, the regions o f  formation o f  the k2 peaks move 

over a range o f  lagrangian al t i tudes o f  about 1000 km. During 

the "cool" expansion phase, the maximum contr ibution f o r  both 

peaks i s  located i n  the low chromosphere (around 1000 km f o r  

Mg 11 K) (Figure 12b). As one gets closer t o  the maximum contraction 

phase, the region o f  formation of the blue peak moves upwards w i t h  



increasing in tens i t ies (Figure 12a). A t  t ' i s  point, the in tens i ty  

i n  the blue peak decreases rapidly and a red peak appears i n  

the high chromosphere, close t o  the f t rna t ion  region of the 

k3 reversal (Figure 12c). Then, the region o f  formation Df 

t h i s  red peak moves downwards with decreasing intensi t ies,  

wh' :h i s  the beginning of a new expansion phase. As i n  the pulse 

propagation experiment (OV),  the central reversal i s  formed i n  

a n a r r o w  range of qJasi-constant lagrangian al t i tudes and thus 

produces a good c o r n l a t i o n  be-n the Doppler s h i f t  o f  these 

reversals and the veloci ty i n  the corresponding layers. This i s  

va l id  for Cs I1 as well as f o r  Mg 11, which gives a diagnostic 

tool to determine the veloci t ies a t  two di f ferent  al t i tudes 

and thus discriminate propagating from non-propagating waves. 

As seen i n  0 V, the k3 in tens i ty  diagnostic : -  not so easy t o  

use : although some general Correlation exists between temperature 

and intensity, the l a t t e r  i s  the resLIt  o f  a non-local transfer 

process and t h s  depends on both temperatures and densities 

throughout a wide range of alt i tudes. The fac t  that  the osc i l la tory  

motions are in phase throughout th i s  range gives r i s e  t o  a good 

correlation, which however i s  of very l inr i ted diasnostic value. 

V I 1  - CONCLUSION 

We have constructed a time-dependent, onedimensional model 

o f  the solar chromosphere sat isfy ing radiat ive transfer (1 ine 

prof i les)  and hydrodynamical (osc i l la t ion  periods i n  the range 

150 t o  250 seconds) requirements. The a im of computing Ca 11 
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TABLE 1 

I N I T I A L  ATMOSPHERIC PARAMETERS 

m 

( s / m 2 )  

7.90 (-6) 

7.95 (-6) 

8.05 (-6) 

8.08 (-6) 

8.10 (-6) 

8.12 (-6) 

8.18 (-6) 

8.40 (-6) 

8.80 (-6) 

8.85 (-6) 

8.90 (-6) 

1.00 (-5) 

1.26 (-5) 

1.58 ( - 5 )  

2.51 ( -5 )  

3.98 (-5)  

1.00 ( -4 )  

2.51 (-4) 

6.31 (-4) 

1.58 (-3) 

3.98 (-3) 

1.00 (-2) 

2.51 (-2) 

5.01 (-2)  

T 

( K )  

1 000 000 

1 000 000 

316 000 

158 000 

79 400 

39 800 

20 000 

19 000 

17 800 

12  600 

9 000 

7 410 

6 790 

6 640 

6 520 

6 430 

6 310 

6 190 

6 030 

5 780 

5 370 

4 920 

4 570 

4 510 

"T 
( w s  1 

8.0 

7.9 

7 .'I 

7.6 

7.6 

7 .s 
7.4 

7 .O 

6.2 

6.1 

6 .O 

5.9 

5.7 

5.5 

5.1 

4.7 

4.0 

3.3 

2.5 

1.8 

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

h 

( W  

2 745 

2 438 

2 076 

2 035 

2 021 

2 014 

2 003 

1 977 

1 935 

1 931 

1 928 

1 884 

1 812 

1 749 

1 635 

1 536 

1 359 

1 203 

1 054 

920 

797 

686 

58 2 

508 

NH 

(crn-3) 

6.83 (4) 

6.88 (4) 

2.19 (+9) 

4.37 (+9) 

8.60 (+9) 

1.68 (+lo)  

3.42 (+ lo)  

3.73 (+ lo )  

4.28 (+lo)  

6.18 (+ lo)  

9.04 (+ lo )  

1.26 ( + l l )  

1.83 (+11) 

2.50 ( + l l )  

4.60 (+11) 

8.15 (+11) 

2.33 (+12) 

6,39 (+12) 

1.74 (+13) 

4,73 (+13) 

1.32 (+14) 

3.63 ( t14)  

9.78 ( t14)  

1.98 (+IS) 

No - /w, 

1.20 

1.20 

1.20 

1.20 

1.20 

1.20 

1.05 

1.04 

1.02 

9.12 (-1) 

7.37 (-1) 

6.41 (-1) 

5.14 (-1) 

4.03 (-1) 

2.23 (-1) 

1.19 (-1) 

3.76 (-2)  

1.45 (-2)  

6.92 (-3) 

2.93 (-3) 

8 .65 (-4) 

2.57 ( - 4 )  

1.48 (-4) 

1.32 (-4) 



1.00 (-1) 

2.00 (-1) 

3.98 (-1) 

1.00 

2.51 

3.98 

5.01 

6.31 

7 -94 

1.00 (+1) 

1.58 (+1) 

2.51 (+1) 

3.98 (+1) 

6.31 (+1) 

1.00 (+2) 

1.58 (+2) 

2.51 (+2) 

3.98 (t2) 

4 500 

4 570 

4 740 

5 040 

5 570 

6 170 

6 920 

8 320 

9 550 

10 300 

11 500 

12 700 

13 700 

14 700 

15 800 

16 900 

18 100 

19 400 

1 .o 
1.0 

1 .o 
1.9 

1 .o 
1.0 

1.0 - 
1.0 - 
1.0 - 
1.0 - 
1.0 - 
1.0 - 
1.0 - 
1.0 - 

435 

361 

28 5 

179 

64 

0 

35 

77 

125 

181 

306 

455 

6 26 

819 

1.0 - 1 036 
1.0 - 1 278 
1.0 - 1 550 
1.0 - 1 851 

3.96 (+15) 

7.80 (+15) 

1.50 (+16) 

3.54 (+16) 

8.05 (+16) 

1.15 (47) 

1.30 (+17) 

1.35 (+17) 

1.45 (+17) 

1.66 (t17) 

2.24 (+17) 

3.03 (t17) 

4.24 (+17) 

5.98 (t17) 

8.40 (+li) 

1.19 (+18) 

1.70 (+18) 

2.44 (+18) 

1.20 (-4) 

1.14 (-4) 

1.17 (-4) 

1.26 (-4) 

1.70 (-4) 

3.63 (-4) 

1.24 (-3) 

8.91 (-3) 

3.17 (-2) 

5.65 (-2) 

1.14 (-1) 

1.92 (-1) 

2.59 (-1) 

3.25 ( - 1 )  

3.97 (-1) 

4.59 (-1) 

5.19 (-1) 

5.75 (-1) 



FIGURE CAPTIONS 

figure 1 

Normal i zed velocities and temperatures as funct ions of 

time (seconds) for 15 selected lagrangian altitudes (kilo- 

meters) indicated a t  the l e f t  of the figure. The extrema o f  

the velocities are written i n  the right side. 

a )  propagation of a pulse ; 

b)  large amplitude oscil lations ; 

c)  small amplitude oscillations. 

Figure 2 

Time sequence of line profiles, computed every 10 seconds, 

during the passage o f  a pulse t h r o u g h  the atmosphere. The 

sequence n o  21 corresponds t o  t = 200 seconds. 

a )  Mg I1 k line ; 

b )  Ca I1 K line. 

( i n  abscissa : relative wavelength in angstroms), 

Figure 3 

Time variations of intensities in the Mg I 1  k line 
-2 -1 -1 (time i n  seconds, intensity i n  erg s-lcm sr  Hr 1. 

Square symbols : central reversal ( k 3 ) .  Triangles : 

blue peak ( k 2 V ) .  Crosses : red peak ( k 2 R ) .  

Figure 4 

Comparison of time variations of the position o f  the 

central reversal, converted i n t o  velocity (squares) w i t h  

the velocity of the slab corresponding t o  an optical 

depth uni ty  a t  line center (velocities i n  km/s). 

a )  Mg I1 k ; 

b)  Ca I1 K,  



Figure 5 

Mg I1 contribution functions versus eulerian a1 t i  tude 

( i n  km) for 20 time sequences (pulse propagation).  

a )  k3 (the dots correspond t o  constant lagrangian altitudes) ; 

b) k2 (sol id  l i ne  : blue peak, dotted line : red peak). 

The contribution functions are shown t o  1% of their peak 

vat ue. 

Figure 6 

Time variations o f  reduced Mg I1 k3,  intensity (squares), 

Doppler shift (triangles) and reduced temperature 

(crosses) i n  the k3 formation slab (pulse propagat ion) .  

Figure 7 

Sequences of line profiles d u r i n g  chromospheric oscillations, 

separated by 10 seconds. Sequence n o  161 corresponds t o  

t = 1600 seconds. 

a )  and b) large amplitude oscillations and Mg I 1  k line ; 

c )  large amplitude oscillations and Ca I 1  K l ine,  

Figure 8 

Time va r i a t ion  o f  Mg I1 k line intensities i n  the k3 

reversal (squares), k2V (triangles) and k2R (crosses) 

peaks. 

a )  large amplitude oscillations ; 

b)  small amp1 i tude osccill ations. 

Figure 9 

Reduced intenslty (squares) and wavelength (triangles) 

versus time for the Mg 11 k3 reversal (large amplitude 

oscillations), 



Figure 10 

Fourier transform of the time variations of Doppler shifts 

and intensity of Mg I1 k3 (large amplitude osci l la t ions) ,  

Squares : power spectrum for Doppler shifts (arbitrary 

units) ; triangles : power spectrum of intensity ; 

crosses : phase difference between Doppler shift and 

intensity components (degrees j . 
Figure 11 

Compari son of time-averaged prof i the Mg I1 k line 

(squares) w i t h  the profile corresponding t o  t h e  average 
atmosphere (triangles) (intensities i n  erg s -1 cm -2 sr -IHz'l 

9 

wavelength i n  anstroms) (large amplitude oscillations), 

Figure 12 

Time sequences of contribution functions versus euleri an 

a l t i t u d e  i n  kilometers (large amplitude oscillations). 

The dots indicate canstant lagrangian a1 ti tudes. 

a )  Mg I1 k2V ; 

b)  same as a )  normalized a t  each time t o  show more 

clearly t h e  low chromospheric contr ibut ion w h i c h  dominates 

the "quiet" profile ; 

c)  Mg I1 k2R ; 

d )  Mg I1 k3 ; 

e) Ca I1 K3. 
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c -rgy t o  t h e  corona  away f r o x  a c t i v e  reg ioRs  a n i  i t s  d i s s ips : i> r .  ;:lt-rr., 
h a s  become i n c r e a s i n g l y  a t t r a c t i v e .  h7ii?e i t  i s  tempt ing  t o  c o n s i ? ? r  
c o r o n a l  mcdels  t h a t  are  s c a l e d  doxn ara lc lgs  c i  f l a r e  models  where er.i.r;*. 
i s  r e l e a s e d  g r a d u a l l y ,  we shou?li r e c a l l  t h a t  i t  has been t h e  i e ~ ~ : r : - : , : ~ , :  
of r a p i d  eclergy r e l e a s e  t h a t  has  driL7e.i :!I* s e a r z h  f o r  f l a r e  r.c~~.z:.is:, - ,  
a n d  the: p r o c e s s e s  v h i c h  a r e  toil slow t c  d e s c r i b e  f l c r e s .  a n i  i . . i . L  :vL-r. 
d i s c a r d e l ,  may be r e l e v a r l t  fc7: t h e  q~a:i-s:ead; rica:i:;g o i  tiir 

Zecause of i t s  d e n s i t y  dependence,  t he  Alfvon speed i n c r e a s e s  b.: 
a f a c t o r  of lo3 berween the  pho tosphe re  a n d  the  co rona ,  s o  t h a t  L:. - 
s t a r , t i a l  r e f l e c t i o n  of Alfven vaves wiil o z c u r .  S ince  t h e  m ~ t . : i c : .  

f i e l d  i n  t h e  coror :  is  inhonogeneous,  the  i n t e r n a l  r ' l f v e n  r a v e s  X ; A *  
be s l i g h t l y  modif ied  and p ropaga te  a s  s u r f a c e  :;zves vi+!-, the a ~ e r d i ; ~  

. .  
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The ou te r  atmospheres of stars mus t  be heated by some non-tiierzal 
energy flux t o  produce chromospheres and coronae. Ke discuss  prkvessss  
othieh convert the nowthermal energy f l u x  of organized, macrost3;ic 
motions i n t o  random, microscopic ( the r sa l )  motions. Recent advar.c*:.s i a  
our descr ip t ion  of t h e  chromosphere ve loc i ty  f i e l d  suggest t h a t  t h t  
acoust ic  waves observed there transmit very l i t t l e  energy, and hence 
are probably incapable of heating t h e  upper chromosphere and corona. 
The apparent f a i l u r e  of t h i s  long held mechanist and the growing ap7rt.- 
c ia t ion  of the  importance of s t rong magnetic f i e l d s  i n  the chromcsphere 
and corona have led to hypotheses of heating by tne diss i?azion of cur -  
r en t s  (both o s c i l l a t o r y  and quasi-steady). T h i s  follows discoveries  
In laboratory and ionospheric plasnas and work on s o l a r  f l a r e s ,  tha t  
i n s t a b i l i t i e s  em concentrate  cur ren ts  into th in  h igh  current  density 
f ilamants where they d i s s i p a t e  rapidly.  

INTRODUCTION 

The major advances i n  understanding t h e  Sun and other stars dar i -  
the  second half  of t h i s  century have resu l ted  from our apprec i az im a f  
v io l a t ions  of t he  paradigm: 
pheric) is determined by thermal energy t ransport  (i.e., r ad ia t ion ,  
convection and t o  a much lesser extent  conduction). I t  now e p p r ~ r s  
t ha t  the outer  atmospheres of virt-:ally a l l  s t a r 6  a r e  suhetantia:ly 
ho t t e r  than r ad ia t ive  e q u i l i b r i u m  would have predicted and t h ; i L  s tL*llar 
winds are Important energy lo s ses  for  the oute- atmosplicrc. 
vent ional  Wi6d0111 has become: a thermodynamic engine converts internal , 
thermal energy (maintained by thermal energy transpor t )  'to externa l  , 
mecroscopic energy which then propagates, o r  I s  t r a n s p o r t d ,  w i t h  
l i t t l e  in t e rac t ion  with the mater ia l  through which i t  propagates, up- 
wards i n t o  the corona. !jenerelly, production of propagating energy  is 
not  very e f f i c i e n t ,  $10. . However, where the bulk of the t o t a l  out- 
ward energy f l u x  escapes from the  Btar, 1 . a . .  within the outer  severa l  

stellar s t r u c t u r e  (bo:h i n t e r i o r  and atiws- 

T1w c m -  



photon mean f r e e  pa ths ,  t he  macroscopic energy now r e p r e s e n t s  a sub- 
stantial  p ropor t ion  of t h e  energy d e n s i t y ,  and d i s s i p a t i o n  of t h i s  
energy can s u b s t a n t i a l l y  change t h e  temperature s t ruc tu re ' .  I n  ada i  ticin, 
t h e  mechanical energy d e n s i t y  d i r e c t l y  c o n t r i b u t e s  to t h e  monen:i;:. ba l -  
ance,  and hence s t r u c t u r e ,  of t h e  ove r iy ing  atmosphere. D i s s i p z t i c n  of 
t h e  macroscopic energy r e s u l t s  from mieroscopic p r v e s s e s  ( v i s t c s i t y ,  
conduct ivi ty  and r e s i s t i v i t y )  which reduce g rad ie rd t s  and inc rease  rd;;t6y!- 
i n t e r n a l  motions; i .e.,  i n c r e a s e  entropy.  By d i s s i p a t i o n ,  w e  u n d r r s t a n i  
t h e  u l t i m a t e  t ransformation of macroscopic, organized energy t o  r.fcro- 
scopic  disorganized ones,  and we don ' t  d i s c u s s  the transforriati?:  of ont 
propagat ion mode t o  ano the r ,  which " d i s s i p a t e s "  the  mode, but not tiie 
non-thermal energy. 

We s h a l l  d i s c u s s  the  wave modes ( a c o u s t i c ,  i n t e r n a l  g r a v i t y  and  
Alfven) which have been considered,  and the  r o l e  t h e y  appear t o  p l a y  i n  
t he  Sun, as well  as t h e  less f u l l y  s t u d i e d  hypothesis  of heati:ig by 
c u r r e n t  d i s s i p a t i o n .  Le do not  d i s c u s s  t h e  gene ra t ion  of  t h i s  g r c p a p -  
t l o n  energy h e r e ,  and the r eade r  is r e f e r r e d  t o  S t e i n  a n d  ie ihccher  
(1979, 1980). 

F i n a l l y ,  w e  should point  o u t  t h a t  t h e  i d e n t i f i c a t i o n  of tF,e v a r i w s  
candidates  f o r  propacat ing t h e  required non-thernal energy flus i;-c 7rc- 
ceeded f r o n  obse rva t ions  of t h e  time dependent, h o r i z o n t a l l y  inhc::cgrn- 
eous s t r u c t u r e  of t he  Sun. The Sun i s  where w e  l e a r n  t h i  physics  :o 
understand the  stars. 
hea t ing  with s t e l l a r  type provides  a s t r i n g e n t  t e s t  f o r  a l l  genera:ic'n, 
propagation and d i s s i p a t i o n  t h e o r i e s .  h'e should note  s e v e r a l  r e c m :  
r e v i e d s  of h e a t i n g  mechanisms: Cra: (1577j,  Cran and U3nschneidcr 
(19781, Rosner, Tucker and Vaiana ( 1 9 7 8 ) ~ a r t i c d a r l y  the A ? p c . d i : < -  
and k 'ent te l  (1976). 

On the o t h e r  hand, t h e  v a r i a t i o n  of non-titt-rzal 

ACOUSTIC (PRESSURE) WAVES 

Propagat ing p r e s s u r e  f l u c t u a t i o n s  were t h e  f i r s t  non-radiat ive f l u  
suggested t o  account f o r  t he  corona 's  high t enpe ra tu re .  
t o  form d i s c o n t i n u i t i e s  due t o  the  de2endence of t h e i r  propagat ion speed 
on temperature:  t he  upwardly moving, h o t t e r  p a r t  of t h e  wave propagatcs  
f a s t e r  than t h e  downwardly moving coo le r  p a r t .  The s t eepen ing  is  accel-  
e r a t e d  i n  a s te l la r  atmosphere, s i n c e  t h e  wave amplitude i n c r e a s e s  as 
t h e  d e n s i t y  dec reases ,  t o  keep the  energy f l u x  constant  i n  t h e  absence 
of d i s s i p a t i o n  and r e f r a c t i o n .  When the  s teepening progresses  t o  the 
po in t  t h a t  t h e  wave changes appreciably over  a c o l l i s i o n  mean-free-patli, 
d i f f u s i o n  ( v i s c o s i t y  and conduc t iv i ty )  a c t s  a g a i n s t  f u r t h e r  stecpcii ing.  
convert ing t h e  organized motion of t h e  wave i n t o  thermal motions,  and 
e shock wave is s a i d  t o  ex is t .  I n  s t e l l a r  coronae, t h e  high t h e r m 1  
conduc t iv i ty  of t h e  hot  plasma is  g e n e r a l l y  more important than v i s c o s i t y .  
As t he  p r e s r u r e  jump a c r o s s  the  wave i n c r e a s e s ,  t h e  d i ~ s i p a t i o n  ( o r  
entropy i n c r e a s e )  arows very r a p i d l y :  i n i t i a l l y  as t h e  t h i r d  povrr of  
t h e  p re s su re  jump. It is Important t o  n o t e  t h a t  i t  i s  t h e  sha rp  g r a d i e n t ,  
or d i s c o n t i n u i t y ,  produced by t h e  wave which produces the  d i s s i p a t i o n ;  

These stee7i.n 



t h e  existence of larse velocities (comparable w i t h  t h e  sound speed) is 
n o t  s u f f i c i e n t .  I n  p a r t i c u l a r ,  long pe r iod  v e r t i c a l  motions w i l l  raise 
end lower the atmosphere more or less i n  phase, w i t h  the. velocity vary- 
in8 e x p o n e n t l a l l y - n o t  s i n u s o i d r l l y  w i t h  height-nd even a t  large aep- 
l i t u d e s  '*phase'* 1s not propagated v e r t i c a l l y .  Rad ia t ive  exchange (losses 
from h o t ,  compressed gas and g a i n s  by t h e  coo l ,  r a r e f i e d  gas) also xi11 
d i e s i p a t e  t h e  flux of an acoustic wave. 

Short  pe r iod  waves (10 - 100 seconds) ,  c r ea t ed  by t u r b u l e n t  motions 
i n  t h e  convection zone, should be capable  of providing t h e  h e a t i n g  re- 
qu i r ed  n e a r  and immediately above t h e  temperature minimum (l'l-sc!:neider, 
Schmite, Kalkofen and Bohn 1978, and r e f e r e n c e s  t h e r e i n ) .  However, 

' t h e y  r a p i d l y  d i s s i p a t e  t h e i r  energy and do  no t  appear capable  of any 
hea t ing  higher  up. These waves lose a very s u b s t a n t i a l  p a r t  o i  t k e i r  
energy by r a d i a t i v e  damping i n  the  photosphere b e f b r e  forming shack 
waves. Thus, t h e  f l u x  a v a i l a b l e  f o r  h e a t i n g  is a s m d l l  number which 
is the  d i f f e r e n c e  of two l a r g e  numbers ( t h e  gene ra t ion  and radia:it.e 
Camping), a s i t u a t i o n  which a m p l i f i e s  numerical  as w e l l  as  physic;: un- 
c e r t a i n t i e s .  

Although the d i s s i p a t i o n  of t h e s e  waves i s  f a i r l y  v e i l  undrrs tood,  
t h e  t o t a l  power emitted and i t s  temporal spectrum r e n a i c s  unter:iir.. 
Ex t r apo la t ions  t o  o t h e r  stars have been suggested (Renzini ,  Caccizri, 
L k c c h n e i d e r  and Schn i t z ,  1976),  bu t  t h e  p r e d i c t e d ,  very r ap id  i r x r e a s e  
i n  the  chromospheric emission with luminosi ty  f o r  s;.-ar t y p e  s t a r s  does 
not appear t o  occur (Linsky and Ayres, 1979) .  Short  per iod  wz-;i-s 
remain "unobservable" because t h e i r  wavelengths are conparable t o  t h e  
widths  of t h e  r eg ions  emi t t i ng  the  s p e c t r a l  l i n e s  used a s  d i e p c s : i c s ,  
hoxever they do c o n t r i b u t e  t o  the  non-thermal width of s p e c t r a l  lines. 

Longer per iod a c o u s t i c  waves are seen as s p a t i a l l y  resolved cis- 
placements of photospheric  and chromospheric l i n e s .  Theory and c5ser- 
v a t i o n  have achieved rare agreement i n  the  d e s c r i p t i o n  of t h e  " f i v e  
minute o s c i l l a t i o n s "  as a c o u s t i c  waves trapped w i t h i n  c e r t a i n  ranges 
of temperature (Leibachar,  1977 ; Z i r k e r ,  1979). These s t and ing  uaves 
t r ansmi t  v i r t u a l l y  no energy: n e i t h e r  i n  the  c a v i t y  where upward and 
downward propagating waves, of equal f l u x ,  i n t e r f e r e  c o n s t r u c t i ~ f e l p ,  
nor  o u t s i d e  the  r e f l e c t i n g  boundaries of t h e  c a v i t y  where the  m o i r  nay 
cont inue t o  exist by "tunneling" as an evanescent wave. Thus, a l though 
:.;.e v e l o c i t y  amplitudes m y  be o u b s t a n t i s l ,  s i n c e  p re s su re  and v e l o c i t y  
vary n e a r l y  I n  quadrature ,  l l t t l e  energy would be propagated. In  a d J i -  
t i o n ,  s i n c e  t h e r e  is no v e r t i c a l  phase propagat ion,  t he  l a r g e  w r t i c o l  
g r a d i e n t s  r equ i r ed  f o r  d i f f u s i v e  d i s o i p a t i o n  do not  occur.  

The r a d i a t i v e  losses of t h e  upper chromosptiere and corona ;ippt*ar 
t o  exceed the  most o p t i m i s t i c  e s t i m a t e s  of t he  a c o u s t i c , f l u x  (Atti+' 
and Vhl t e ,  1978; Bruner, 1979) : 
width of chromospheric l i n e s  is due t o  a c o u s t l c  waves propaeat ing up- 
wards a t  t h e  maximum p o s s i b l e  ene rgs  propagation (group) ve1oci:y. 
For o t h e r  stars, the  s i t u a t i o n  i s  l i k e l y  t o  be similar: s h o r t  per iod 
waves lose a ma jo r i ty  of t h e i r  f l u x  by r a d i a t i o n  and d i s s i p a t e  the 

assuming t h a t  tlia t o t a l  non-tliernal 



remainder i n  a r e l a t i v e l y  s h o r t  d i e t ance .  Longer per iod waves develop 
s u b s t a n t i a l  ampli tudes on ly  i f  they are t rapped,  and propagate  l i t t l e  
eaergy 

fXT&RNAL 6RBVITY (BUOYANCY) WAVES 

Buoyancy r e s t o r i n g  f o r c e s ,  i n  a convect ively s t a b l e  a t m s p i i e r e ,  
w i l l  d r i v e  predominantly h o r i z o n t a l  motions known as i n t e r n a l  g r a v i t y  
waves (IGV). These waves are abundant i n  t h e  e a r t h ' s  atmosphere, and 
w i l l  be generated by slow motions,  such as p e n e t r a t i v e  convection. ?nJ 
v e l o c i t y  shea r ,  such as t h a t  a s s o c i a t e d  wi th  t h e  v a r i a t i o n  of the su;cr- 
g r a n u l a t i o n  v e l x i t y  wi th  a l t i t u d e .  Because of t h e i r  s h o r t  v e r t i c a l  
wavelengths,  they are not  prominent i n  t h e  observed macroscopi: n;:icns 
of t h e  Sun, bu t  they presumably make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  the 
unresolved, "llicroscopic" v e l o c i t y  f i e l d  . D i s s i p a t i o n  through ordinary 
v i s c o s i t y  a n i  conduc t iv i ty  w i l l  occur ,  and as they propagate upKardC 
and t h e i r  amplitude grows, t h e  waves w i l l  "break" and produce s h c r t e r  
wavelength Icb: turbulence along t h e i r  fronts-l ike whitecaps,  Large 
amplitude waves Can d r i v e  mean f lows,  and conversely ?UT'S can be 
absorbed by a s t eady  flow whose v e l o c i t y  equa l s  t h e  wave's phase v e l o c i t y .  
The wave energy goes i n t o  t h e  mean flow, and i t  is not d i s s i p a t r -  in tile 
s e n s e  of r e t u r n i n g  t o  thermal energy. 
a wa7e isothermal ,  which des t roys  t h e  buoyancy d r i v i n g  f o r c e ,  a n i  iher.<e 
is p a r t i c u l a r l y  e f f e c t i v e  I n  d i s s i p a t i n g  IGW's. 

. .  
Radia t ive  darping tends t? -&kL, 

The energy propagat ion speed f o r  ICK's i s  5 t h e  sound speed. so 
t he  arguments of Athay and White (1978) f o r  t he  eceryy flux c a r r i e i  i f  
t h e  excess  l i n e  broa6ening were a l l  taken as propagating mechazicai 
energy, a l s o  apply f o r  IGW's. However, because t h e i r  v e l o c i t y  i r  Tri- 
m a r i l y  h o r i z o n t a l ,  only a small p a r t  of t h e i r  amplitude c o n t r i b u t e s  t o  
l i n e  broadening a t  d i s k  cen te r .  

MAGNETIC FIELDS (CURREXTS) 

Recent observat ions have v a s t l y  increased our a p p r e c i a t i o n  o i  ti:? 
importance of magnetic f i e l d s  on t h e  Sun, and hence o t h e r  ,tars. S t r sag  
f i e l d s  have bean found away from a c t i v e  regions:  
network e o n s i s t e  of  s t r o n g  ( g r e a t e r  than 1000 g a u r s ) ,  concentrated (less 
than a magometer h o r i z o n t a l  extent) f i e l d s ,  and f l u x  emerges a t  311  
l a t i t u d e s .  X-ray obse rva t ions  i n d i c a t e  t h a t  t he  corona c o n s i s t s  almost 
e n t i r e l y  of f i l amen ta ry  end loop s t r u c t u r e s  which have been 1dent i f ic .d  
as magnetic f l u x  tubee.  
and r tellar f l a r e s  ha6 long been known, as h a s  t h e i r  importance i n  
maintaining t h e  enhanced emission of a c t i v e  r eg ions .  While t h e  impor- 
tant phys ica l  p recesses  are becoming clearer, w e  are st i l l  f a r  from an 
accepted model f o r  t hese  phenomena (Sp ice r  and Brown, 1980). Nonethe- 
l e e s ,  a5 t h e  d i f f e r e n c e  between a s p h e r i c a l l y  symmetric, one dimensional 
chromosphere or corona and r e a l i t y  becomes more obviou6, t h e  idea  t h a t  
t h e  magnetic f i e l d  p l ays  an essential r o l e  i n  t h e  t r a n s p o r t  of mechanical 

t h e  euper-granulat ion 

The r o l e  of magnetic f i e l d s  i n  h e a t i n g  s o l a r  
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e- c'rgy t o  t h e  corona away from a c t i v e  r eg ions  and its d i s s i p a t i o n  there, 
h a s  become i n c r e r s i n g l y  a t t r a c t i v e .  
coronal  models t h a t  are s c a l e d  down ana logs  of f l a r e  modils where energy 
is r e l e a s e d  g radua l ly ,  we should r e c a l l  t h a t  i t  has  been t h e  requirement 
of r ap id  eirergy release t h a t  h a s  d r iven  t h e  sea rch  f o r  f l a r e  mechanistis, 
and t h a t  p rocesses  which are t o o  slow t o  d e s c r i b e  f l a r e s ,  and Iiavi- been 
d i sca rded ,  may be r e l e v a n t  f o r  t h e  quasi-steady hea t ing  of t he  ,-mons. 

While i t  is tempting to cons ide r  

Although we are not  d i s c u s s i n g  gene ra t ion  mechanisms h e r e ,  we s h c ~ u d  
point out t h a t  t h e  observed f i e l d s  are roughly i n  e q u i p a r t i t i o n  w i : i ,  tile 
k i n e t i c  energy d e n s i t y  at  t h e  top of bhe convection zone (Peckover onLi 
Weiss, 1978). The seed f i e l d  f o r  a m p l i f i c a t i o n  ty t h e  Convective 2Gtions 
presumably r e s u l t s  f ro=  the  dynamo i n t e r a c t i o n  between r o t a t i o r ,  and 
convectLon in deeper  l a y e r s .  Thus, the magnetic f i e l d  eosocia:td hea t -  
i n g  w i l l  vary wi th  t h e  spindown time of a s t a r ,  which i n  general  w i l l  
be unre l a t ed  t o  the  evo lu t iona ry  time scale de te rn ined  by nucleosynt! , rs is .  

end convect ive v e l o c i t i e s  move the  magnetic l i n e s  of fbrce w i t h  l i t z l c  
r e s i s t a n c e .  t h g n e t i c  f i e l d s  provide (ar  least)  three broad me:haniszs 
f o r  t r a n s m i t t i n g  energy from t h e  convection zone tcr t h e  corona: 
waves propaaat ing along l i n e s  of f o r c e ,  2)  currents induced i n  :i.e 
corona by wa:'es, twists and motions of t he  magnetic f o o t  ? ; in t s ,  3nd 
3) emerging f l u x  c a r r y i n g  s t o r e d  energy upwerds. D i s s ipa t ion  oi r . izr .ctic 
energy occurs  p r imar i ly  as t h e  ?issipa.:ion of induced c u r r e n t s .  t::?ti<I: , 
where t h e  magnetic energy is i n  t he  form of Al ivsn waves, v i scous  dazping 
and WAVB mode coupling also accu t .  

Alfven Waves 

In the  convection zone E ( =  gas pres su re lnagne t i c  p re s su re )  i s  l a r g e  

1) 

The f i e l d  may s e r v e  ( m a . .  or  less p s s s i v e l : )  as ir mediun f o r  t r ans -  
m i t t i n g  the shaking o r  t w i s t i n g  of f i e l d  l i n e s  (k 'ent te l ,  1976; C c h i d ;  
and Kaburaki, 1974; Hollweg, 1980).  
l i n e  of f o r c e  can be produced d i r e c t l y  by convect ive motions or  b:: 
thermal o v e r - s t a b i l i t y  i n  the convect ively u n s t a b l e  l a y e r .  
ance w i l l  then propagate away as a weve, o r  i f  slow enough, a6 a quasi- 
s t a t i c  change i n  the f i e l d .  
modes e x i s t .  
s i d e r i n g  only Alfven waves. 
so they a c t  l i k e  waves on a r t r i n r t h e  mognecic f i e l d  l i n e - w i t , .  c iot ioi ,  
t r a n s v e r s e  t o  t h e  f i e l d .  The temperature,  d e n s i t y ,  p r e s s u r e  stid n.agict ic  
f i e l d  s t r e n g t h  (Fo + $B) are cons tan t .  Energy owpagate ,  along tile f i e l d  
a t  t h e  Alfven epeed 

Twist ing o r  j i g g l i n g  of a m g a e t i c  

1tie disturb- 

Severa l  magneto-acousric-gravity ciav:e 

Their  r e s t o r i n g  fo rce  is  magnetic t e n s i o n ,  
One can understand t h e  esoence of i n a p e t i c  waves b:: con- 

a = BIG. 
Because of Its d e n s i t y  dependence, t h e  Alfven epeed Lncreroes by 

a f a c t o r  of 103 be tweene the  photorphere and the corona, so t h s t  su!l- 
s t a n t l e l  r e f l e c t i o n  of Alfven waves will occur.  
f i e l d  In  the  co ro ra  is inhomogeneous, the i n t e r n a l  Plfven waves will 
be e l l g h t l y  modified and propagate as s u r f a c e  %~aves  wi*.h t h e  average 

Since t h e  magnetic 



"he Alfwea spew! i s  iadepeadant of Alfven wave amplitude, s i n c e  
the d e n s i t y  and magnetic f i e l d  remain coaotaat. Mace, Alfven ua'vels 
do net steepen a d  shock. 
processes  (wiscosi ty  and r e s i s t i v i t y ) ,  The d.r;ping leztgths f e r  50::: 
viscous  a d  Joule h e a t i n g  increase as t h e  cube of t b -  magnetic f i e l d  
and t h e  square of the wawe period. 

Mowever, a e y  caa d i s s i p a t e  by oricroscoTic 

Vircoue damping is mere important than J o u l e  h e a t i n g  i n  tne corona 
and wSce vetma in t h e  phettoophera and chromosphere. 
prabtem is turned around. 
patfoa is very -11 and attenti- has focussed on coupl ing t o  criier 
rsade$ which d i s s i p a t e  more rap id ly .  Surface Alfven waves have very 
h r g e  map1itudes at  t h e i r  resonant  p o i n t ,  so nost of their  enercv xi11 
be d i s s i p a t e d  by Joule  land v iscous  dxss ipa t ion  i n  t h e  thsn  resonant  
i a y e r .  The damping rate i o  determined by t h e  rate a t  which energ? c a ~  
propagate i n t o  t h e  resonant  l a y e r .  
Alfven wave amplitude becomes larBe, and a compressible,  round i;zfe is 
formed which can d i s s i p a t e  c f f i c i e n c l y  (Derby, 1976). Coapling ~1s: 
occurs  in the  presence of inhomogeneities , by Froducing ar. urrc6r:air.L.: 
i n  the  wave nuaber, of t h e  order  of t h e  r e c i p r o c a l  c f  t h e  inhozc&eni i ty  
s c a l a  size. For two waves of t h e  sars frequency and wavenuz3ers d i f i e r -  
in& by tk, t h e  coupl ing will be of order  

I n  t h e  corms the 
The damping lengtiis  are so long :hat Zissi- 

Node coupl ing occurs  unen the 

I n  p a r t i c u l a r ,  Alfven saves propagating near ly  along tne  f i e l d  CLT. iOuF:e 
e f f i c i e n t l y  t o  f a s t  mode uaves. 

Current Diss ipa t ion  

Slow motions of t h e  magnetic f o o t  p o i n t s  i n  t h e  convic t ion  zone 
. iy f o r c e  f l u x  tubes a g a i n s t  one anotner  i n  the  corona, unich v i l i  induce 
c u r r e n t s  between them perpendicular  t o  t h e  f i e l d  d i r e c t i o n .  
n e t i c  f i e l d s  are oppos i te ly  d i r e c t e d ,  a n e u t r a l  sheet w i l l  be produced. 
Buffet ing of magnetic flux tubes i n  t h e  photosphere by granule and 
supergranule  motions w i l l  produce t w i s t s  and Alfven waves which propa- 
g a t e  up i n t o  t h e  corona and induce c u r r e n t s  there .  Emerging magnetic 
f i e l d s  m y  a l s o  c a r r y  energy s t o r e d  as t w i s t s  (4 x & 1 0) up  i n t o  tht 
corona, where 6 is small. Any itnhnlanccd m3pnctic l o r c c  (J x P) .:ill 
cause t h e  tube to move and r e l a x  (Parker,  1974). F ie ld  al igned JrrL.:i's 

can remain i n  the  relaxed coronal  f l u x  tube (Parker ,  1974; Hollucg, 1980). 

If the ma;- 

Current or magnetic f i e l d  d i s s i p a t i o n  i o  a d i f f u s i v e  process due 
t o  s i n  l e  or c o l l e c t i v e  p a r t i c l e  c o l l i s i o n s .  
Q - nJ , where S is t h e  cur ren t  d e n s i t y  and rl is t h e  r e s i s t i v i t y .  The 
c h a r a c t e r i s t i c  resistive d i f f u s i o n  time s c a l e  is tR  - 4nl.2/r,c2. 

The h e a t i n g  rate is 



'LBe rise of the curren t  region can be reduced by the t e a r f q  
instability b e sheared magnetic f i e l d .  
&fiettur eWt tend to clump. 
fhm that forces the sheared mapietic f i e l d  i n t o  X-type neut ra l  points  
Filamfmtd euneats are produced with mall  eaoua length s c a l e s  so t h a t  
the eh88feal  Couioplb collision r e s i s t i v e  d i f fus ion  tiw becomes srzL1 
arul t he  magnetic f i e l d  can teas aad reconnec:, and tne  cur ren ts  can 
dimripate (Drake aad Lee, 1977; Bateztm. 1976, chapter 10). 

f l a r e s .  (See Qplcer  and Brouo, 1980.) iimwer, shor t  uavelengt;; tSiir- 
ing modes release less energy thaa the  long uaveieng:h insta3iLf ::= t ! lc; lgf; t  
t o  occur i n  flares, and so 
ate for coronal flus tubs. The shor t e r  vavelcngth modes dis:cr: :;;e 
f i e l d  l ines  more, b*ich produces a grea te r  res tor ing  force,  ani ~ 1 s . -  
have a ssaller volurne of u g i w t i c  energy they can relrase. f i e  t = a i i n g  
i n s t a b i l i t y  has a lover threshord than the current  driven in r t a5 i ; f t i e s  
which h a d  to  anomalous r e s i s t i v i t y  (discussed bel-). 

P a r a l l e l  cur ren ts  a t i ra i t  o w  
The clursping of curren t  produces a f l u i d  

mechanism has been invoked f o r  the v io l en t  energy re feass  in 

produce Q mare t ranqui l  heatiag a;;:.-?ri- 

Thermal I n s t a b i l i t y  

Thermal i n s t a b i l i t i e s  can also reduce the si?e of t h e  CUr:ei.: regicr. 
by producing current  f i l m e n t a t i o n ,  because Coulosb r e s i s t i v i t y  decreases 
with increasing temperature. knee ,  Jor;le heat ing will increixe :ne 
temperature, which reduces t h e  r e s i s t i v i t y ,  which increases  tne c i r r ez t  
densi ty ,  which leads  t o  enhanced heating. Current filasir,:s p a r o l l r l  
t o  B result. 
t iei  . This i n s t a b i l i t y  can act  as a t r igger  f o r  other  i n s t a j i l i -  

Mien the current  densi ty ,  J 
tha t  the  d r i f t  ve loc i ty  approaches the e lec t ron  thermal ve loc i t ? ,  :hen 
subs t an t i a l  numbers of e l ec t rons  w i l l  tend t o  run away and generate 
lseveral d i f f e r e n t  types of e l e c t r o s t a t i c  waves. These waves bunch the 
ions,  mo t h a t  the e lec t rons  co l l i de  w i t h  the e l e c t r i c  f i e l d  of a l a rge  
co l l ec t ive  charge rather than t h a t  of a s ing le  ion. This sca t t e r ing  of  
e lec t rons  by the waves increaser  the e f f ec t ive  c o l l i s i o n  rate, the r a t e  
of momentum t r ans fe r  end herrce the r e s i s t i v i t y .  
due t o  electron sca t t e r ing  by plasma waves is ce l led  "anomalous resist- 
ivi ty" ,  and s ince  it occurs i n  conjunction w i t h  current  f i lamentat ion 

ne e Vdrif t .  becomes large enousii 

The enhanced t e s i s t i * \ - i t y  



m m  waves are probabl? present  in stellar atms;i~i.res, 

heat- 
t h d  Orsire C b g  sMy ?Be ;I;tepsrtaat dynaxiically ( l i n e  broadening. accsiera- 
tion ef s t d y  flews), they probably do mt c o n t r i b u t e  diractly 
ing- 

!Samotic J i r U p  have recent ly  received a ersa: d e a l  of interes: ,  

Progress  has proceedei I-:: iz-  
1Qtelf &is a result of €he dfsceuery of very strong f i e l d s  and t > i  
ialuwpgmbwuo strueture of the corona. 
voking maehanimmr previously considered for s o l a r  active regioris &r;C 
flares: blfven ~ a v e s  d i s s i p a t i n g  m t i o n s  e x c i t e d  by convect ivc 3zfie:- 
ing of  flux tubes, anomalous r r s i s t i v i t v  d i s s i p a t i n g  f i t 1 5  a l i g e t  ciir- 
rents induced by t w i s t i n g  of t h e  f i e l d  i n  and belog t h e  p i i c r c ? ~ ~ ~ . e : - ~ .  
and reconnect ion of f i e l d  l i n a r  i n  regions of s t r m g  f i e l d  .graGit-::t3 
produced by t h e  flux tube t w i s t i n g  and r e l a t i v e  n a t i o n s  of d i i f e r m c  
flw tubes. 

For t h e  new, m p n e t i c  f i e l d  a s s o c i a t e d  hra:ing neckaniscs, e-.-<: 
more than t h e  older, wive h e a t i n g  mechanisc, snail spatial strJ::;;ri-s 
are of fundamental importance and we must rely on solar observaticzs 
and theory to l ead  t h e  way to a p p l l c a t i o n s  t o  o t h e r  stars.  
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Ledfes and Gentlemen, M new reveal to you the wcrets of how to ereate chaos 
out of order. PBe existence of a chromosphere or corona requires the qsistence of 
lnotions. A chroaoophere or corona requires oootl non-radiative heat input. There 
has to be some kind of motion, either oscillatory or quasi-static, to transport the 
energy up to the chronosphere or corona. 
ehaos: rleroturbulence, macrozurbulence, line asymmetries or shiits. Of course, it 
Is necessary to actually compute the effects of motions on line profiles in order tC: 
see what will really happen. 

phis ordered motion m y  be obterved as 

We review the properties, generation and dissipation mechanisms of three kinds 
of 1*gves: acoustic, gravity and Alfven waves. These are not the only kinds that can 

exist, but they will give you some idea of most of the range of wave properties, at 
least for the low frequency waves fer which plasma effects are unimportant. 
are pure cases. 
restoring force--pressure for acoustic waves, buoyancy far gravity waves, and nagneti; 
tension for the Alfven waves. Their properties are sun=patised in Table I. From an 
observational viewpcint, the most important properties are the relation between tem- 
perature and density variations (which change the intensity) and fluid velocity (chich 
shifts the line). 
ature and density vary in phase with the velocity, which is parallel tc the energy 
flux. 
out of phase with the velocity. 
ature and density vary oppositely to each other and 90° out of phase with the velocity, 
which is parallel to the enerBy f lux .  
acute, density, pressure and the total magnetic field strength remain constant and 
the motion is transverse to the energy flux. 
in more detail later. 

They 
These different uave modes are distinguished by their different 

Acoustic waves are compressive: In propagatin6 waves the temper- 

However, for standing or evanescent waves the temperature and density are 90" 

Gravity waves are slightly compressive: The temper- 

Alfven waves are not compressive: The temptr- 

We will come back to thege properties 
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%'here are basically & kind5 of EeRaration wehani&: CkLa i e  d i r e c t  e w p l i a g  

There are 
fras tBe emmetitie matieos to tlie wave o l o f i ~ ,  either inside tbe eaawecrloa mne or 
peaetretleg late the gbotospbslre; and the ecbr is thereal overstebility. 
~ a l y  a feu h i e  gissipatisar meciaaaism~ elso: 
farce d damp a awe. 
ubi& d i f f u s e  m?meatun and aacrgy, and produce vioeosity,  them1 eenlductivity, and 
tas$€stiv$ty. Sometireas, i n s t a b i l i t i e s  can clump the partSeleo so t h a t  c o l l i s i o n s  
emir with a l a rge  collective "particle*' r a the r  than individual  one. Tbis in- 
creases the e f f e c t i w  e o l l l s i o n  rate and enhances the  diffusion of momentum and 
energy. These d i f fus ive  transport  processes d i s s i p a t e  acoustic waves i n  shocks, 

g rav i ty  wave5 in shear layers ,  and Alfven waves by viscous o r  Joule  heatlng. 

miatien eat ~estrop the r e s to r tng  
"he otber mjor d i s s ipa t ion  processes occur by c o l l i s i o n s  

A. PBQSERTIES 

Thhis material is well-knabm, so let u% quickly run through the basics.  As w* 

said, the  r e s to r ing  force fo r  acoust ic  waves I s  t he  pressure. The energy f l u x  is 

2 
$' 

F 0 py - gu V 

where 5 is  the sound opeed. The acoust ic  cutoff frequency is 

Acoustic energy propagation can occur o n l y  for  L h' (27/200s f o r  the SUP). In 
the  absence of d i s s ipa t ion  or  r e f r ac t ion  the f lux must be constant,  and the sound 
speed is roughly constant throughout the photosphere and chronosphere and increases 
by a fac to r  of 10 going up t o  the corona, hence the veloci ty  acpl i tude w i l l  scale 

ac 

roughly as 4 u = p  . 
Acoustic waves can propagate o r  be evanescent o r  standing. 
is t ha t  propagating waves transport  energy, b u t  evanescent or  standing waves don't.  
In propaga teg  waves with v e r t i c a l  wavelength m a l l  conpnred t o  the scale height,  
the pressure, temperature and densi ty  vary i n  phase with the velocity:  

The essential difference 

1 

In standing o r  evanescent waves although tho preasurc, temperature and densi ty  fluc- 
t ua t ions  a r e  of the same order a s  i n  propagatin6 waves, t h e y  vary 90 degrees out of 
phase with the veloci ty  



.&...a .- 
olbw~e 
&ti$, tRe euerwe f l u  -1% bie Itere. Also the vertical pbase u e l e c i t p  of .evaees- 
eeat -we6 dll ba L*fi.rtite, sta that the moebns vi11 Be in  phase al l  the way up and 
I&rrm tstough the atmeahera. Figure 1 shws a por t ion  of the drta$nrrostkc diagram 
that Jacques Baekers shewad yesterday, t o  remind you t h a t  the a e o u s t i c  wave8 occur 
&a the high frequency ragton. Later we w i l l  come t o  g rav i ty  uaves. which occur i n  
the low frequency region. 

e t &  h w t  is tiw merage met a pari& ef the eressure tiraes the wloc- 

(For more d e t a i l s ,  see L i g h t h i l l ,  1978.1 

w 
(ID.'') 

1. 
Acoustic uaves ma) oe generated d i r e c t l y  oy til2 t c rbulen t  convective mo:ions. 

Direc t  GeneratSon by Turbulent Hotions 

This is what I s  U 8 U d l y  ca l l ed  t h e  L i g h t h i l l  mechanism. 
t h e  eaergy.dden8ity i n  t h e  tu rbu len t  motions divided by thk time s c a l e  f o r  t he  turbu- 
1eUt motions, t h e 8  some e f f i c i e n c y  fac tor .  
the t h e  s c a l e  IS the eddy to t u rn  wer time, which i o  the l eng th  scale of the edd ie s  
d iv ided  by their Veloc i ty ,  f = i l u ,  and the  e f f i c i ency  f a c t o r  $ 8  t he  wave number of 

t h e  wave times t h e  size of the  eddy to some power, (kL) 
Thus, thc  r ad ia t ed  power is 

The r ad ia t ed  power is roughly 

2 The turbu1er.t energy dens i ty  is F U  , 

2n+l . 
3 

p c Fu (kk)*n+'* 
k 



.. 
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T&e 
t3Mfh cs*resg6srQs te a me86 gwune, then f. 01 tbere is no me56 source in the con- 
WbM~ea 8 0 ~ ~ .  tc ~ l r e t e  t 5  awle emiseiea, WU~B eetrespmd6 t o  a ammntlim BBurce, 
WWeb eettespoads t e  BII extenurl f W e ,  then n - 1; in a miform medium there  would 
be no wteraal farce aad ao dipole emi56iea, but in s t a r s  there is aa external grrvi-  

taioaal f i e ld  SQ them is 88188 dipole emissisn. .Finally,  f o r  quadruple emission, 
cerresp8nds t o  the aetloa of  the Re)noldn s t resses ,  n 0 2 ,  and tha t  l o  the de:- 

&ent process (Stein, 1%7). 

B depaiub ea the' W OQ emmisshtu If then is monopde ~ ~ ~ S S ~ O I I ,  

For aceustic waves: 

k * W/S a d  w * to' = u/E, 

Bo 

kP * u/c - kl, 
the tiieek a\rerber of'tke turbulent metiO?tS. 

the redlatad power is $toparticma1 to the eighth power of the turbulent velocity:  
that you eat is the f a d l l a r  resu l t  that  

The turbulent velocity that  one chooses is very sensi t ive to  the node1 that  one taki-a 
for  the turbulence, and therefore the emission is  very uncertain. Eut I f  one m:.t~s 

some crude eatimat-3 for  the sun, 

7 2 then 
F- PY -10 ergslcm s. 

One can slro use mixing length theory to  see how thc f lux w i l l  dcpend on s t e l l a r  
properties. From mixing length theory 

. where 

, is the superadiabatic temperature padicnt .  Hence 

*. . .. 
80 

u -(+? 
Prom hydrostatic equilibrium 

p e p -  zT * 



tlwa 

This means that the f l u x  decreases  very  r ap id ly  as you cme davn t h e  main sequence, 
&nd incraaseo r ap id ly  as you 60 up t o  the  g i a n t s  and the  superg ian ts .  

problems W&th t h i s .  
o f  th% ehrocnoepheric emission and they claim t h a t  t he  ratio of t h e  N$Il f l u x  t o  the  
total f l w  ef  the s tar  is ineependenc of gs which is cont rary  t o  what t he  Lighthii :  

meekenifam predicts {Mort and Linsky, 1979). Also i f  you look a t  t he  cool main 
sequence stars you f ind  t h a t  the predic ted  f l u x  it much less than t h e  sca l ed  chrotn- 

There are s o ~ i  

Liaskp and co-norkers f ind  th&t the &&I1 f l u x  fs a good measurd 

spheric losses. 
wlecrrlar hydrogen cn the s w c i f i c  heats and the adfabac ic  grad ien t .  J u s t  how muck 
is *ot known. But as of the  maen: 
there is still over an order  of magnitude discrepancy in those  results (Schmitt an2 
Ulrssehneider, 1979). 

The predic ted  wave f l u x  may be increased  by inc lud ing  e f f e c t s  of 

Ulmschneider and b h n  are working on t h a t  now. 

The tu rbulen t  motions may a l s o  d i r e c t l y  excite t he  "five-minute" o s c i l l a t i o n .  

In a s teady  s t a t e  t h c  anpl i tude  of a given mode v l l l  be derern ined  by t!x balance 
between turbulen t  genera t ion  by the  L i g h t h i l l  mechanism and d i s s i p a t i o n  by turbu1cr.r 
viscosity (Goldreich and Keeleg. 1977): 

where 
v = UXA. 

Hence, the energy dens i ty  of an o s c i l l a t i o n  mode k w i l l  be 

vhe tc  X 2s t he  size of the  eddy whose turnover time equals  t he  o s c i l l a t i o n  per iod ,  
UA/?. g. For a Kolnogarov turbulence spectrum, where 

and Zi 1s t h e  scale he ight ,  which 1s assumed to  bo - the  sis; OS t he  l a r g e s t  t u rbu len t  

eddies which conta in  most of the turbulen t  energy, t he  o s c i l l a t i o n  mode energy dens i ty  
.,.- 
.. 

is 1112 -512 
'k "': (2) (e) ' 

2, Thermal Over s t ab i l i t y  
Ovcro tab i l i t y  is an o s c i l l a t i n g ,  thermal i n s t s h j l l t y .  There a r c  seve ra l  k i n i s  

of thermal i n e t a b i l i t j c s .  The one tha t  workh for  acoustic waves is t h e  r- mechanisr. 
or the  EBdingron Valve. I f  you have an opocit ,  vhich i nc reases  wfth temperature, thcn 



--.- --... Y - -  - .  . .- * gm is ikptesmt. it  gets hotter, tiw -city gees up, 
ef radiation, BB keet accumulates rPbich raises the  $as pressure,  
&re ptessura aspanding the 8.0 thrr wtauld IW &wined from j u s t  

it blocks the flow 

which neans there  i e  
comprqsslng thc gas, 

and 88 i t  w i l l  have a sttonger expansion than its campression an4 the amplitude 
w i l l  Lncrease. 

d id ,  you f i a d  that they are wery slow. The time)cale f o r  a mode to  grow is about a 
thousand periods, and t h a t  is so long tha t  the turbulent v i scos i ty  has a chance t o  

destroy the ove r s t ab i l i t y .  On t he  other  hand, as we have seen, the turbulent motioi. 
may a l s o  d i r e c t l y  excite the modes, 
know something is exc i t ing  them. 

Shb\J t h a t  the fundamental mode is stable.  It ie, however, seen on the sun, althaugh 

at  a Somctht smaller amplitude than the higher modes. 
at least the futulcunental mode must be exci ted by sobe other  mechanis: besides the r r a l  
overstabi l l ty .  

latian. 
a generation raechanism fo r  sound waves i n  stellar winds. 

C. DISSXPATIOS 

&en you ac tua l ly  ca l cu la t e  the growth r a t e s  a s  Ando ead Osaki (19iS) 

And s ince w c e r t a i n l y  see than i n  the sun, we 
It ought t o  be pointed out t ha t  the ca l cu la t ions  

If th s  ca l cu la t ions  a re  rig:?t. 

So thermal ove r s t ab i l i t y  may or  may not work for t he  f ive ninute  oscjl- 

Some people have proposed a mechanism of Doppler sh i f t ed  l i n e  opac i t t e s  a s  

klrat about the diss ipat ion of acoustjc waves? 

1. Radiation 
In the  f i r s t  place photons can t r ans fe r  energy frcn the ho t t e r  t o  the coc:cr 

regions of a W A V ~  which w i l l  reduce the r e s to r ing  force and damp the wave. Ca lc~13-  
t l o n s  show that  about 902 of the wave energy of the acoustic waves is removed i n  the 

photosphere. Radiative damping a l s o  a l t e r s  the ph3s4 of the t e tpc ra tu re  and densi ty  
r e l a t i v e  t o  the ve loc l ty  (Soyes and Leighton, 1963). 

2. Shocks 
The other  damping mechanism, of course, i s  shocks. i the wave propagates i t s  

f ron t  utccpens, and when the thickness of the wave front  bccoms comparable t o  tht- 
mean f r ee  path of the p a r t i c l e s ,  one gets  a shock. I t  sho~~lc! IC- reaarked tha t  a shot> 

has t o  do with the s t e e p ~ c s s  of the gradient,  not w i t h  the size of the velcvity.  
can have a shock where the veloci ty  amplitude is small compared t o  the  sound spri.2. 

The distance a wave must t r a v e l  f o r  a crest t o  overtake a trough and a shock develop 

4s 

A2 = 2H I n  (1 + - - 

Sou 

1 A s  1 
2H u y + l  

Short period acoustic waves w i l l  d i s s ipa t e  near the temperature minimum, but longer 
period wavef with periods around the . acous t i c  cutoff  period (ZOO sac )  w i l l  d i s e ipa t e  
higher up. 

a l l  u n t i l  i t  get6 high enough to  become nonlinaar. 

And the f i v e  minute o s c i l l a t i o n  which i s  evanescent doesn' steepen at 

The d i s s ipa t ion  length is 

II { ;/(M-l) weak shocks 
s t rong shocks, 
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and the s t r e n g t h  e f  weak shocks varies ae 

(S te ln  and Schwarte, 1972). 

A. 

The 

111. GRAVITY WAVES 

PROPERTIES 
In  g r a v i t y  waves t h e  r e s t o r i n g  fo rce  i s  buoyancy, 

d i f f e r e n t  t h ing  about g r a v i t y  waves i s  t h a t ,  while 

which is similar t o  convectic?.  

f o r  acous t i c  vaves  tt.er: i s  i 

n a t u r a l  speed, t h e  sound speed, f o r  g rav i ty  wavcs the re  i s  a n a t u r a l  frequency. the 

buoyancy o r  Brunt-Vaisala frequency at  which a blob will o s c i l l a t e  i f  d i sp laced:  

where E is t h e  supe rad iaba t i c  temperature g rad ien t .  In an l s o t h o r n a l  a t acsphe re  

Gravity waves only propagate a t  f requcncies  l e s s  then t h i s  n a t u r a l  buoyancy fraquet.:::. 

and t h e  buoyancy freqriency is o n l y  r c a l  and nonterc  i n  conve i t ive ly  s t a b l e  reficr.5.  

You cannot have g r a v i t y  waves propagating i n  it convectively uns tab lc  reeion. The:; 

cannot propagate o r  bc. generated in s ide  the convcction zonc, only by t t t i o n s  i n  the 

s t a b l e  photosphere. 

depends on frequency. The cosine of the  angle between t h e  f l u x  an2 t h e  v e r t i c a l  is 
Gravi:y waves propagate energy i n  a p a r t i c u l a r  d i r e c t i o n ,  whic:. 

COS e - u ~ ~ .  

. ~ r  t h e  sun, f o r  va lues  t h a t  are appropr ia te  f o r  t he  granula t ion ,  

= 10-20 min and XTTmin =0.03= 2-/3zin,  ‘granulation 

t h e  d i r e c t i o n  of g r a v i t y  wave energy propagation is 

0 
COE‘J * 115, e= 75 . 

Figure  2 shovs what you would see  i f  you lookcc! a t  a s c h l i e r a n  photograph of gra-:it:: 

waves produced by an o s c i l l a t i n g  source. 

dashed lines are the  wave troughs. 

I s  propagating r a d i a l l y  outward a t  t h e  angle  t h e t a  and t h e  v e l o c i t y  of  t h e  f l u i d  is 

also r a d l a l ,  p a r a l l e l  t o  t h e  energy f lux ,  but t h e  phase propagates  perpendicular  t o  

t h e  energy, 

The s o l i d  l i n e s  are t h e  wave c r e s t s  and the  
The l i n e s  i n t e r s e c t  a t  t h e  S O U ~ C C .  Energy 

?‘ / I  A k. 
You see d i f f e r e n t  waves nioving acro!;s t he  f an ,  uh5lr the  fan ex tends  out’ f u r t h c r  cd? 

f u r t h e r  wi th  t i n e  a s  t h e  energy g e t s  out f u r t h e r  and fu r the r .  The group v e l o c i t y  o f  

g r a v i t y  waves is N Vg = I; s i n  0.  
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Figure 3: Group Veloclty f o r  Gravitv and ecoustlc waves. 
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For solar granula t ion  ilk-- 1 kmls. 

(and acous t ic )  u-ves as a function of frequency and d i r ec t ion .  
observe low frequency, long wavelength waves' f i r s t .  

pera ture ,  density.  pressure and ve loc i ty  f o r  low frequency g rav i ty  waves are similar 
t o  evanescent acous t ic  vaves: 

Figure 3 shows the  group v e l o c i t y  for  g rav i ty  
Notice t h a t  one would 

The phase relations between tem- 

Pressure f1uctuatiot.s ii.3 i n  phase wlth ve!srity but very small ,  w h i l d  hmpera ture  and  

dens i ty  are 90' out of phase with ve loc i ty  (Pittway and Hincs, 1965; L i g h t h i l l ,  1978. 

Chapter 4). 

B. CESERATlOl 

Gravity waves a r e  ubiquitous i n  the  atmosphere of t h e  e a r t h ;  they are produced 

by any slow motion. Therefore, they should a l s o  be present i n  the  Sun. There are 
- two common generation mechanisms, 

1. Penet ra t lve  Convective Motions 
One of the  main ways g rav i ty  waves w i l l  l i k e l y  be produced i s  by t he  pene t r a t ive  

convective motions. 
on thc. boundary of t he  s t ab ly  stratif ied layer .  The amplitude of t h e  wave produ:el 
w i l l  be comparable t o  the  amplitude of t i le  penet ra t ive  motion, 

'he can think of &he pene t r a t ive  convection as blobs pushing 

I ?wave I a l upene t r a t io r l '  

T h i s  has been v e r i f i e d  i n  laboratory experinen-s (Towsend, 1966). However, s ince  
only frequencies tha t  a re  less than t.le hoyancy  (Bru?t-Vaisila) frequency can p r q a -  

ga te ,  only t ha t  pa r t  of the pene t ra t ive  convective power tha t  s a t i s f i e s  A - %. i S 

will cont r ibu te  - 0  t he  production of grav i ty  waves. This mechanism is similar t o  the  

L i g h t h i l l  rncchanlsn, but with an e f f i c i ency  rl' . r  one. 
If you make a rough estimate f o r  t he  e o h r  granula t ion ,  tak ing  a ve loc i ty  of 

1 km/sec and the  appropr ia te  length sca l e s ,  then 

2 8 2 F - PU 0 - ~ x I O - ~  x 10" x 1 3 lo5 .. 10 erg/cm s. 
$2 

This f l u x  w i l l ,  howcve-, be preo t ly  reduced by t h e  s t rong  r a d i a t i v e  d i s s i p a t i w  : r  

grav i ty  waves, which we d i scuss  below. 

2. Shear 
Gravity waves :an a l s o  be produced by the  shear  t h a t  will - r i s e  from tht super- 

_. 

granule motionr. Conservation of ma~s 
r equ i r e s  t h a t  a grad ien t  of the v e r t s c a l  momentum f l u x  produces a hor l zon tc l  mnmentm 

f lux .  Braking is l a rge  i n  t he  photosp'wre i d  produces a lorga horlzorital  flow thcrc .  
Even though the hor izonta l  momentum f lux  is sml l  i n  the chromosphere, t h e  chromo- 

spher ic  hor izonta l  ve loc i ty  is l a rge ,  b -caurc  of the  small dcnsity.  The hor izonta l  

Supergranule f?-s have a cellular s t ruc tu re .  
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su)rrgranule flow i s  observed t i  &crease from - 0.8 Ids  i n  t h e  lots photosphere t o  
--0.4 km/s in the low chrunnoaghere and then increase to  - 3 km/s ia the m i d r h r o a o -  

sphere (Wovemiberm et al. 1979). 
- 

Were t h e  si- of shear  becomes cmarable to  t h e  
-.  bueymep freqwntcy. 

(where fem1 is t h e  r a d i a t i v e  cooling tlme) t h e  shear  l a y e r  becomes uns t ab le  &?d 

radiates grav i ty  traves. Mobs t  of t h e  energy is r ad ia t e& nea r  

k = N / F  UH, 

and t h e  growth times are of o rde r  

y - lo-’ dUH/d2 

(Undec-, 1976). 

t h e  is shor t  and fn t h e  high chromosphere Aere t h e  shea r  is largo. 

C. DISSIPATIUX 

¶%Is mechanism wi::  opera ta  i n  t h e  l o w  photosphere where t h e  cool ing  

llov do grav i ty  waves d i s s i p a t e ?  

1. Wave Breaking 

Gravity traves steepen, bur i n s t ead  of f e r r i c $  a shoc;. f r o n t  they f c r a  a t h i n  

Sheat l aye r ,  he re  t h e  f l u i d  v e l o c i t y  chanzcs dire:tion over a very shcrc d i s t a i c c .  

When chat shear becomes comparable t o  the  buoyancy frequency, dCi’dt = X ,  turbu2e.r.:- 

w i l l  develop along t h a t  trave f ront .  

t h e  uave amtion and daap the  wave. To f ind  the  condi t ion  on tho  wave ezp l i tude  fcr 

breaking t o  occur, we need t o  c a l c u l a t e  du/dt.  Let - (u, 0, u) where u is the  k i - i -  

eontal and w t he  v e r t i c a l  component of the  ve loc i ty .  For g r a v i t y  waves t he  Boussir.c.jq 

approximation hoids,  so 

Small scale notions are produced u?-.ich d i s s i p a r e  

v . 4, 
which impl ies  t h a t  

The wave equation for grav i ty  uaves is 

ds 
80 

Hence, t h e  condftion f o r  g rav i ty  wave breaking is 
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2. Uadietlve l & m @ l ~  

As we mentioned, there is very severe radiative dolaping of the eravicy waves. 

Itedlatien tendo to eeke a weve isothe'rmel, which Qestroys the buoyancy restoring 

force. The radiative cooling rate is 

thin 

Prhert IC is the inwrse of the photm mean free path 

thin damping tine oc/lb..cT , increases rapidly with 3 

thick. 

(Spiegel, 1957). The optical l?  
height and esceedr 1@ nin above 
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300 br abmm T~ = 1. 
thap 

&mpett. 
rmiasng at eaeh bight fer several wivelengths cmd perids. 
the €lux becreases by 10 berueen the Bottom of the photosphere and the oid-chrono- 

sphere, fer parameters appropriate to  granule prpduced gravi ty  uaves. On the other  

baebl. gravi ty  wav4s generated by penetrative mctiortr a few huadred k i l m e t e r s  ab?*.-* 
the bettoo of the photespherc su f fe r  reduced r ad ia t ive  d i s s ipa t ion  and can transai:  

2% of their f lux to  tbe ehrolllorphcre. Since the radiat ion b.'rich produces the darn~ir; 

of Brbvity waves also allows fo r  e a s i e r  panetratio:: of the co3vection. the u21-Q f::x 

reazhing the chrooosphare f r o t  penetrat ive convect iw nat ions high up in the phzti-  

sphere is only s l i g h t l y  less than that f r m  the bottoE of t hc  phocoopttcre w i t h  its 

severe radiative w i n g .  

w i n g  is sewere when tbe rad ia t ive  epoling time Is rhct;er 
uawe petid. Tbe leag period, short wavel&th waves are else -8t bighlp 

PIguro 6, f t o r  Betbra Whalas' thesis (19191, s b r  Lhs f r a c t i o n  of f lux  

b er& of  magnitude, 
3 

9. Critlcal layers 
Cravity uaws have one other  property t&ich is very d i f f e r e n t  frm sound W'JY'OS: 

they can interact very strongly with the mean horizontal  f l u i d  flow. In p a r t i c u l a r ,  

they can give the f l u i d  a horizorrtal accelcretion. 

f l u i d  flow ve loc i ty  is e q w l  t o  the  heritontaL phase speed of thc wave, is  P *',-ri:i::? 

layer." 

+.g + 0 ,  80 t!w vaves pmp3gatc along the cr::ical layer,  cos: - (--&.y)/S _- 0, 
and t h e i r  eneryp is absorhed. S x h  a c r i t i c a l  layer  can a r i s e  f ro3  thc  hotirc.r.ta! 

supergranulation flow or may be produced by absorption of horizontal  g rav i ty  save 

utomentum. For the  sun, t he  horizontal  gravi ty  wave phase speed is abou; 1.5 lin!., 

uhich uill rnatch the horizontal  supergtanukt ion f l w  somewhere i n  the =id-chro=:- 

sphere. 

A layer where the horizontal  

€&re in the  f l u i d  frans. the dopplc-r i!?ifted frequency goes LC zero,  

The transmission through a c r i t i c a l  layer  i o  

where the Richardson number, 

is the order of 

and Bretherton, 
sphere and w l l l  

50. Hence, t h c  absorption a t  c r i t i c a l  layers  is very l z rge  

1967; Achcson, 1976). Such c r i t i c a l  layers  will occur i n  the chrcr.0- 

produce local ized d i s s ipa t ion  of gravity uaves there.  

The important thing t o  mphasize about gravi ty  waves is t ha t  because they prc- 

pagate energy mostly horizontal ly  and becousc of radiat ive damping, one does not 

expect too much heating from then. 

subs t an t i a l ly  to  any mictoturbulcnce, because they are ce r t a in  to be there .  Their 

horizontal  wavelengths a re  comparable t o  granules, l h ,  and t h e i r  v e r t i c a l  wave- 

lengths  are only 1/4 as large,  which is comprrrablr to the sca l e  height or s r . z ? l t r .  

But they a r e  a source of chaos and may contrit;:r 



xv. LLLNBW uA\rs 

LL, mw€Brms 
waving ea apace. we l l ~ v  come to A l f w  waves. Bere the restoring f o r c e  is 

magaetic tensfon. The group v e l o c i t y  is t h e  Alfven ve loc i ty .  

v = a = B/~X 
g 

Mike tbe 

sphere ond 

souad speed, tbe Alfven speed increases s u b s t a n t i a l l y  batween the photo- 

the corona, by a f a c t o r  of 10 . 3 The f l u s  is 

2 6B2 F = 3 u  a = r a r  

aad  Ss parallel t o  t h e  m g n e t i c  f i e l d .  
the f l u x  remalns constant, so the velocity a q l i t d e  scz:es as 

In the absence of d i s s i p a t i o n  or refraction. 

The v e l o c i t y  is purpendicular t o  t h e  magnetic f i e l d ,  i.e. t r a n s v e r s e  to  t h e  direcii::. 

o f  energy propagation. Hence Alfven uaves a c t  l i ke  a v i b r a t i n g  s t r i n g .  Therc is nc 

comp res 6: i on , 
C? = € 0  = fc  = 0 ,  

80 t he re  are no opac i ty  changes. On ly  Doppler s h i f t s  a f f e c t  th+  l i n e  p r c f i l c s .  

The t o t a l  maeetic f i e l d  s t r eng th ,  !go + 6Bi. is cons tan t ,  so t he  uave is polar -  

i zed  i n  p a r t  of t h e  a r c  o f  a c i r c b .  along whihfch t he  magnetic vec to r  swings back a:.: 

f o r t h  (see e.g., Baxer and Fleischnan, 1959; Barnes and Hollwsg, 1976). 

Host people up u n t i l  r ecen t ly  have c m s i d e r e d  uniform magnetic f i e l d s .  But t-e 

knot- t h a t  i n  the  corona the  magnetic f i e l d  is very inhomogeneous. Luckily i c  turcC 

o u t  t t a t  waves i n  inhomogeneous f i e l d s  are r a t h e r  sicilar t o  the  i n t e r n a l  wares i n  i. 

uniform f i e l d .  I f  you consider a tQ in  f l u x  tube surrounded by p l a s m  i n  a weaker 

f i e l d .  s eve ra l  d i f f e r e n t  modes occur (Roberts and Kebt, 1976; Oilson, 1979; Kcntzc l .  

1979a). F i r s t ,  there %s an a r f s y m e t i c  mode which is j u s t  t h  torsinn.il Alfven xa-it,  

propapacing a long  the  f l u s  tube e t  tLi A1fve.i $peed Ins ide  the  tr;be, c - a* .  Sect?:, 
there is another axisymnetic mode which Is l i k e  the slou mode, a sound wave 3ro7ap.t- 

in8 dong the f l u x  tube wi th  

* 

It has a short wrvclcngth and its amplitude is concentrated at tne su r face  o f  t he  tube. 

For these uaves to excite waves outo lde  the  tubs ,  th-: phase v e l o c i t y  Ins ide  the t . 5 ,  

would have to be g r e a t e r  than the  sound or the  Alfven specd ou t s ide .  

is o n l y  poss ib le  for these  modes when t he  i n s i d e  dens i ty  is less then" the  ou t s ide  

dens i ty .  Thfrd. t he re  are o the r  modes which arc not axisyncnetric, and a c t  l i k e  v i -  

b r a t i n g  s t r i n g  modes. 

sped fnmide and ouLside the  tube,  

I n  genera l  t b a r  

Their phase v e l o c i t l e s  are e s s e n t i a l l y  on average of t h e  ;,?f-:en 



Wese aedes cam bave a resonance orhare the phase ve loc i ty  of the tube cp8de equals 
the local 
( t o  t he  magnetic f i e l d )  velocity and electric f i e l d  becomes large. 
qrlontitles are unaffected by the  resonance. Thus, even i n  an inhomgeneous corona 
the wave8 are similar. although mot iden t i ca l .  to  those i n  a homogeneous corona. The 
maSn difference is that f o r  these tube or surface wave modes there exists a resonance 
at  places io t he  f l u x  tube &ere c = a. 

a. 6MfBAr10N 

- - .  
-vea sm. At that resenant point the amplitude of the *Brpendicular 

Other perturbed 

Wbat about Alfveo wave generation? 

1. Convective Eibtiens 

- - .  . Alftren waves can be generated by the convective aot'onc. s imi l a r  t o  the LigSthill 
mxAanism f o r  the s o d  waves .  But, because the m g n e t i c  f i e l d  channels the motions. 
amnopole ra the r  than quadrupole emission occurs. The radiated power is 

* e .  

For Alven waves. 

so 

Thus 

kk - - t i .  a 

5 (Itulsrud, 1965: Kat0 1968). 
predict  an Alfven wave f lux from strong f i e l d  regions of 

Rough estimates for  the sun 3- lo4, u - 10 , a - lo6 

8 2 F - PI: - 10 erg/ccc s. 

However, anything which j i g g l e s  a magnetic f i e l d  l i n e  vi11 a l s o  generage Al fwn  
waves, 90 granules w i l l  generate Alfven waves and supergranules vi11 generate iilfven 
waver. Granules have l a rge r  v e l o c i t i e s  and so are more isportant .  They produce a 

f lux 2 F DU a. 

For typ ica l  granule v e l o c i t i e s  of 1 kmfs, 

9 2 F= ~ x I O - ~  x lolo x lo6 = 3x10 ergs/cn 6.  

(See, however, Hollueg, 1979.) 

What we a r e  r e a l l y  in t e re s t ed  in  is the average f lux,  so we have t o  include the 
f ac t  t ha t  the f lux  tubes wlll spread w i t h  height and that  the Alfven speed increases  
with height. The waves produced by granular motions have f a i r l y  long uavelength so 



. .  . . .  
In this case the 

The average f l u x  is A 

Acorona corona 
photo aphoto . 

a F = Fo 

where A is the f lux  tube area. 

tube, BA = constant,  80 b =D -'I2. 
Since the  magnetic f l u x  i s  constant along a flux 

Thus. the average flus w i l l  be 

F = Fo ('corona?'photosphere) 1 I2 

5 2 = 3x10 e rg /ca  s. 

uhich is f a i r l y  substant ia l .  enough to  heat the corona. 
I have not t ade  a d i s t i n c t i o n  between Alfven waves and magaerohy2srd~na~ic saver .  

In a 6trong f i e l d  the Alfven and the iast mode are s imi l a r  and the SICK node is an 

acouotfc wave propagating alonE the f lux  tube. 

2. Thermal Overstabi l i ty  

Alfven waves may a l s o  be generated by t h e r m 1  ove r s t ab i l i t y .  This is not the - 
mechanism, but t he  Cowling-Spiegel rtechanism (Cowling, 1957; b o r e  and S?iegel, 1966). 
Here buoyancy a c t s  as a dr iving force which tends t o  d e s t a b i l i z e  the systcz. and c a k  

i t  depart from equilibrium. 

t o  bring it back to  e q u i l i b r f m  and r ad ia t ive  t r a n s f e r  decreases  the des t ab i l i z ing  

e f f e c t  of the buoyancy force. Since there  w i l l  be less d c s t a b i l i z i n g  e f f e c t  on t h e  

way back than the re  was on the way out from equilibrium, the aagnetic tension will 
r e r u m  the systers t o  equ i l ib r iua  f a s t e r  than it  departed,  and the uavc azplituCe 

w i l l  grow. 

s g n e t i c  tension a c t s  as a r e s t o r i n g  forcc which tends 

Because the buoyancy must be des t ab i l i z ing  t h i s  nechanisc works only i n  
comec t iv r ly  (motable regions. One can calculate  the grci--'. r a t e  

rate of working of t h i s  buoyancy force with the k i n e t i c  enerx,] of 

1979). The buoyant force is 

The tempcrature f luctuat ion is t he  temperature d i f f e rence  between 

displaced f l u i d  i n  the wave and m a n  temperarurc at i t s  displaced 
d i f fus ive  radiat ion cooling: 

by Equating the 

the waves (Parker. 

the ad iaba t i ca i l )  

l eve l ,  reduced hy 

t 
cool 
- B T = A X B  , 

Whtrrv A i s  the wove ampliiude, 1 is the wave lcngth,  F. i r  the superadiabatic terp?r;i- 
turc gradient,  t i o  the period, and the d i f fus ive  radiatCon cooling tirc is 



*ieh is assumed to be much greater than the period. The growth time.r-'. is the time 
i t  takes the b u o y i t  werk, vFB. t o  supply the wave energy T 1 ow2, where v = Aa - A x l t :  

-1 * 1 2  
Y FB r o v .  

2 e tosC 

2T 
Y =  f 

'cool 'eddy cool 

Bau does this growth r a t e  depend on stcllar properties? For an opacity 

-1 a p l . 7  T9 K'P 
mfp s 

- hydrostatic equi! ibrium gives 

The wave frequency is  

and the cooling r a t e  ii 

R -  bF 2 aP6T11 a-', t C O O l  
-1 

oc TKX 
P 

From mixing length theory, 

eddy f 

1.6 T5.25 
0 8  * 

where K = ti = T/g. 
ature,  and magnetic field as 

Hence the growh ra te  var ies  w i t h  s t e l l a r  gravity,  surface temper- 

3/ST9.25 B-2 
y = g  

C. DISSIPATION 

1. Vlacous and Joule Heating 

llow do Alfven waves dissipate? Alfven waves don't steepen and form shocks, 
because the Alfven speed is  Independent of wave amplitude, since the magnetic f i e l d  

strength I s  constant and they are  not compressive. 

t i c l e  collisions which produce Joule or VISCOUS hcztinp. 

They can s t i l l  diss ipate  by par- 

However, the damping lengths 



. -  -- .- . 
are large, althougb they m y  be comparable to coronal loop dimensions. 
v i scous  hea t ing  rates are 

The Joule and 

,C2k2 (6B)*/(bn)* 
2 cJ = n J  

and 
2 2  st = u k  u .  

The damping rate is 

Y - W E ,  

where 
E = ou' 6B2/4n , 

and the  damping l eng th  is 
L * air. 

For Joule  hea t ing  
. f  - .- 

where the  r e s i s t i v i t y  is 

3 2 2  LJ 2 8r a /nc w 

1020 n-3/2T3/2 &2 cm, 

-7 312 m v  2 112 e c011 - A e  rn 

(k?) 3'2 ne 
I n  A = 10 I- . rl 2 

For viscous hea t ing  

where the  v i s c o s i t y  is 

Viscous damping 

the  photosphci-e 

is more important than Joule  hea t ing  i n  the  corona and v i save r sa  i n  

and chromosphere. I f  t he  f i e l d s  are weal:, then the  Jou le  d i s s iFa tLcs  
v f l l  be s i g n i f i c a n t  i n  the  photosphere. 

t h e  photosphere up i n t o  t h e  corona i n  s t rong  f l e l d  regions.  
problem before we knew t h a t  f i e l d s  come i n  l i t t l e  pa tches  of high f f e l d  s t r eng th .  

 ow i t  is not. 

L -10 cm) t h e  v iscous  damping length  is 

Hence Alfven waves can only get  through froc 

That used t o  be a s e r i o u s  

For t y p i c a l  coronal loop  parameters (n-IO 10 cm-3,~-2x1~60E, B -iooc, 
10 

8 2  fv - 10 P CE, 

which i t  comparable t o  the  loop length  for  sho r t  period waves. 



------- .- - 
Because the corona is inhow~eneous, '  the Alfven &ves are' r e a l l y  t u  

'4 h.va a resoanace where the  tube phase speed is equal to the local Alfven speed. 

In this reeonant region the wave amplitude is large.  beace large cu r ren t s  and l a rge  
Joule heat ing will occur in the narrow resonant layer.  The rate of beating is con- 
t r e l l e d  by the rate at  which energy can flow i n t o  that resonant region, end has been 
calculated by Ionson (1978) and Weateel (1979b): 

2 2  
Y - uwkrAr (ha /a 1 (2 + ci/pe + P ~ / P ~ ) - ' .  

They thought t h i s  was the  rate at which waves were rad ia t ing  energy away. 
It is the rate of energy flow i n t o  the resonant region (Hollweg, 1979). 
problem of how the energy released in  t h i s  very sua11 resonant region volume is 
transferred t o  the rest of the l a rge  coronal volume where i t  t s  needed. 

f igured out how that is done. 
wawe dissipat ion,  except f o r  the Joule a d  the viscous d i s s ipa t ion .  The reason is 
t h a t  in order t o  rapidly d i s s ipa t e  the Alfven wave energ?, the cu r ren t s  must be clumped, 

and so the d i s s ipa t ion  occurs i n  a s m a l l  regio:. 

It isn't. 
There is a 

Nobody has  

This is a problem f o r  j u s t  about every type of Alfven 

- -- 

2. Mode Coupling 
In the presence of inhoaogenieties the Alfven wave tiill couple t o  other  wave .- 

' modes. 

comparable t o  the inverse of the inhoiogeniety scale  length.  
Coupling w i l l  be l a rge  between wave modes whose wave vectors '  d i f ference is 

The coupling r a t i o  

between two modes is roughly 

lAkL I-', 
where hk is the difference i n  k between the two modes 
the inhomogeniety (Xelrose, 1977). In a s t rong f i e l d  

tween Alfven and f a s t  node waves tha t  are propagating 
f i e l d ,  because both of them are propagating nearly a t  
s t a y  together. The difference i n  wave vector is 

and L is the length sca l e  of 
t h e  major coupling occurs be- 
in the d i r ec t ion  of the magnetic 

t h e  Alfven speed, so they =ill 

Ak 0 A 

where c is the phase speed of the mode. 
d ir ec t i on 

2 2 c + = a +  

(:)E - I - Ac 
c C '  

For propagation 

2 2  
s 8 ,  

close t o  the magnetic f i e l d  

c_ ' 5 s' [l-7 
a 



and 

ea/,. 

2 bklk = 0 12. 

Thus t he  coupling r a t i o  is  

= 2 (kt)” 

khea @ < (ubi)', where 2% is the  ion-cyclotron frequency, i on  cyc lo t ron  e f f e c t s  

increase Ak. So t he  maximum coupling occurs a t  t h i s  c r i t i c a l  angle  and i s  

/AkL I-’ = (kt)” C i / - )  

(Nelrose, 1977). 

along t he  f i c l d  d i r e c t t o n ,  nor w i l l  t h e r e  be much coupling between t he  Alfven and 

slow modes. The f a s t  node, i f  i t  gets any  energy. w l l l  f o m  shocks and d i s s i p z t e .  

SO t h a t  t h i s  is a round about way i n  which the  Alfven waves can d i s s i p a t e  t t i c i r  ezcrry.  

There w i l l  no t  be much coupling i f  t he  waves a r e  not propagating 

3. Alfvan Wave Decay 

The Alfven waves can also decay. I f  a set of waves s a t i s f y  the  resonance condi- 

t i o n ,  
4. 

0 E ”1 c2, 

-0 = k l  + k2, 

which i s  e s s e n t i a l l y  energy and monentum conserva t ion ,  then one wave can decay i n t o  

two. 
Alfven wave and a slow mode pressure  wave, a t  tho r a t e  

In t h i s  case  a forward moving Alfven w3ve can decay i n t o  a Lackward moving 

(Kaburaki and Uchida, 1971). For a broad spectrum of inc iden t  waves, only those t h a t  

s tay  i n  resonance f o r  a decay time, i.c. ha*+e Ak/k - AU/L 5 >I& , can decay. So 

t h e  dccay rate is 

(Sagdecv and Galeev, 1969). 

lated dccay r a t e s  and the  f a c t  t ha t  one sees the  Allvan waves i n  the  s o l a r  wind a t  

t he  ea r th .  

There seems t o  be some disagreement between the  calcu- 



-. 
4. Current Dissipation 
Finally,  I want  to t a l k  a l i t t l e  about current  diss ipat ion.  Currents ate pro- 

duced not  only by.Alfvan waves, but by E: t v i s t i n g  motion of the magnetic f lux  tubes,  
for instance a quasi-s ta t ic  twist ing motion. Current o r  magnetic f i e l d  d i s s ipa t ion  
is a d i f fus ive  process due t o  s ing le  o r  co l l ec t ive  p a r t i c l e  co l l i s ions .  
teristic r e s i s t i v e  diffuslon time scale  is 

The charac- 

.. 
2 2  2B2 = bnt /qc . 2E 

?J BanJ 2 r R - - -  

4 For typical  coronal parameters :R 210 yrs ,  too long to  be s lgn i f i can t .  This Joule 
d i s s ipa t ion  time can be reduced e i t h e r  by reducing the wldth L of the region through 
whlch the cu r ren t s  flow o r  by increasing the L s s i t i v i t y  by increasing the e f f e c t i v e  
c o l l i s i o n  rate. 
densi ty  is high i n  a small region, then there  can be s i g n i f i c a n t  d i s s ipa t ion  of the 

currents.  l f  t ha t  occurs and i f  the current densi ty  J = n e v  becomes l a rge  
enough so t h a t  the d r i f t  veloci ty  approaches the e l e c t r o n  thermal ve loc i ty  then sub- 
s'cantial numbers of e lec t rons  wf l l  tend t o  run away and generate several  d i f f e r e n t  
types of e l e c t r o s t a t i c  caves. 
co l l i de  with the e l e c t r i c  f i e l d  of a l a rge  co l l ec t ive  charge r a the r  than that  of a 
s ing le  ion. Thio sca t t e r ing  of  e lectrons by the waves increases  the e f f e c t i v e  c o l l i -  
s ion r a t e ,  t h e  r a t e  of momentum t r ans fe r  and hence rhe r e s i s t i v i t y .  The enhanced 
r e s i s t i v i t y  due t o  e lectron sca t t e r ing  by plasma uaves is cal led "anomalous resis- 
t i v i ty , "  and s ince i t  occurs in  conjunction with cu r ren t  f i lamentation w i l l  shorten 
the r e s i s t i v e  diffusion time tremenzously (Papadopolous, 1977;  Rosner e t  a l ,  1978; 
Hollweg, 1979). 

shears or  gradients  i n  the magnetic f i e l d ,  which w i l l  l e a d  to  tear ing mode fnsta- 
b i l i t i e s .  The clumping 
of current produces a f lu id  flow that  force-- t t e  sheared magnetic f i e l d  i n t o  S-iype 
neutral  points. 
so that the classical, Coulomb co l l i s ion ,  r e s i s t i v e  d i f f u s i o n  time becomes small and 
the magnetic f i e l d  can t e a r  and reconnect and the c u r r e n t s  can d i s s ipa t e  (Drake and 
Lee, 1977). 
(see Spicer 6 Brown, 1960). 
f i e l d  
volume of magnetic energy they can release,  so they may produce a more tranquil  quasi- 
s t a t i c  heating appropriate f o r  coronal f l ux  tubes. 
lower threshold then the current driven i n s t a b i l i t i e s  v b i c h  lead t o  anomalous resis- 
t i v i t y .  
mus t  occur i n  such small volumes that  the t r ans fe r  of t b  r e s u l t i n g  heat t o  the rest 
of the corona is a se r ious  problem. 

If some i n s t a b i l i t y  o r  resonance f i laments  the current  so the  current  

e d r i f t  

These waves bunch the ions.  so t h a t  the e l ec t rons  

Also i f  the current densi ty  becomes l a r g e  i t  w i l l  develop large 

P a r a l l e l  cu r ren t s  a t t r a c t  one another and tend t o  clump. 

Filamenred currents  a r e  produced with mall enough length scales  

This mechanlsm has been invoked fo r  the v i o l e n t  energy release i n  f l a r e s  
However, sho r t e r  wavelengtk t ea r ing  modes d i s t o r t  the 

l i n e s  more, which produces a greater  r e s to r ing  f o r c e ,  and a l s o  have a smaller 

The t e a r i n g  i n s t a b i l i t y  has a 

To get  s ign i f i can t  current diss ipat ion by any mchanism, the d i s s ipa t ion  



V. CONCLUSION 

In  conclusion, t h e r e  are many k inds  of d i f f e r e n t  vave motions i n  t h e  sun; acous- 
t i c ,  grav i ty ,  Alfven waves, and o the r  kinds of magneto-acoustic-gravity wave modes; 
maybe even higher frequency waves l i k e  whis t le rs .  A l l  of t hese  ordered motions may 

con t r ibu te  to t h e  chaoe observed i n  stellar atmospheree. In order  to  develop diag- 
n o s t i c s ,  somebody has t o  take se l f -cons is ten t  ca lcu la t ions  of these  waves wi th  t h t  
r i g h t  v e l o c i t i e s ,  temperatures, d e n s i t i e s  and pressures and c a l c u l a t e  t h e  e f f e c t s  
on t h e  l i n e  p r o f i l e s  of each wave mode. 

To summarize the  major roles of t h e  waves w e  have discussed today: Acoustic 
waves can hea t  t h e  low chromosphere but not t he  corona. The evidence 1 s  p a r t l y  ob- 
se rva t iona l :  t h e  observed nonthetmal l i n e  wiZths due to wave's i n  t he  upper chroic- 
sphere are too small, and also theo re t i ca l :  increasing the  d r iv ing  amplitude a t  the 

bottom of t he  atmosphere only increases  the  d i s s ipa t ion  of t he  acous t ic  waves i n  t h e  

chromosphere, but doesn' t  increase  t h e  f l u x  through the t r a n s i t i o n  region t o  t he  
corona. 

For g rav i ty  waves t h e  motion is mainly horizontal .  Their aiaplitudes w i l l  be 
comparable t o  the  amplitudes of the  pene t ra t ive  convection (granula t ion) .  
cont r ibu te  t a  tho observed microturbulent v e l o c i t i e s ,  b u t  they a r e  u n l i k l y  t o  be 
important i n  the  heating. 

They cay 

Alfven waves w i l l  d i s s i p a t e  primarily by highly cluzped cu r ren t s  i n  v e r y  s s a l l  

regions,  60 t he re  i s  the  problem of how t o  get t h a t  energy f r an  t1.e srnall volune 
where the  d i s s ipa t ion  occurs to  the  l a r g e r  volume of the corona. 
Alfvcn waves is t ha t  they are observed i n  the s o l a r  wind, and they see3 t o  be i t p c r -  
t a n t  i n  providing an energy and momentw. input t o  the wind. Someplace between t h e  

photosphere and the  ea r th ,  where the  wlnd i s  observed, those Alfren waves must  he 
produced. 

The n i ce  th ing  ahs;t 
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We studied the f o m t i o n  of optically thick lines in time 
dependent, non-linem hjdm&munic model of the  solar -re. 
Models of the 200 second, chramospheric oscil lation indicate that the 

(PI1 e fcrm@d at very different depths depending on the  p h s  of the  
oscillation, while the central absorbtion feature is emitted at a very 
m i y  constant mass depth. The figure shows the  &I1 k l i ne  emitted 
by the mean atmosphee, including "microturbulence" (trimgles) and 
the mean profile (squares). In addition to the substantial intensity 
increase inter ior  to  the emission peaks, one should note that the peaks 
are broerdened only towards l ine center; i.e. the  intensity fluctuations 
are wynmtric outsick of the  peaks and strengthen mre than they weaken 
within the peaks. A more detailed version has been submitted to  the 
Astmphysical Journal. 
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