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ABSTRACT

Observations of large—scale solar velocities have been made using

the  mean f i e l d  telescope and Babcock magnetograph of the S t a n f o r d  So la r

Observatory . Obse r v a t i o n s  were made i n  the m ag n e t i c a l l y  i n sens i t i ve
0

i ron line ~t 5124 An~ qtroms, with l i gh t  f rom the center ( l i m b )  of t he

disk right (left) circularly polarized, so that the magnetograph measures

the chfference in wavelength between center and limb. Computer calcu-

lations are made of the wavelength difference produced by global pul-

sations for  spherical harmonics up to second order. Computations are

also made of the signal produced by displacing the solar image re la t ive

to polarizing optics or d i f f r a c t i o n  grating . Such displacements are

the probable source of slow d r i f t s  in  the observed signa l .

Ind iv idua l  observations clearly show the f ive-minute  osc i l l a t ions.

F rom power spectra , the ampli tud e is 2. 0 meters/second , and the peri od

is 312.9 + 0.9 seconds. The amplitude gives evidence for a horizontal

wavelength greater than 20000 kilometers , and the period is larger than

reported for smaller apertures. Six months of almost daily observations

have been examined for changes in oscillatory power or period that migh t

be associated with large—scale coronal and solar wind structures as

i dentified by solar sector boundaries, the ampl i tude of the mean magnetic

field , or the C9 Index. No evidence for large—scale organi zation of the

oscillations has been found.
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‘rhe average power spectrum has no statisticalls ’ sI~~n h l 1 c a n t

feature s at periods between seven and seventy minutes. rnth-pendent

calculations support Hill’ s claim that . the presence of a large portion

~ 1 the downward propagating solution would give his technique added

sensitivity at these periods. Howeve r, t his explanation is un likel y to

explain differences between Hill’ s observations and those presently

reported because (1) radiative dampi ng greatly reduces the downward

propagating solution , (2) the observed increase in five—minute amp litud e

wit h height Is too small , and (3) the observed ratio of five- to ten—

minute power is too large . Questions are also raised concerning the

statistical significance of the peaks in the power spectra of Hill

and Brown .

t~sing analysis similar to that used in the Crimea , no 160 minute

oscillation is observed. Calculations show that the absence of signal

cannot be explained by vignetting , different polarizer dimensions ,

incorrect choice of period , or ~ ibtraction of a parabolic fit . As a

result of a data exchange with the Crimea , it was found that (1) twelve-

hou r period drifts in the Stanford data can produce a signal at 160

minutes , (2) integer fractions of a day other than 160 mi nutes are

favo red In  the Crimean da ta , and (3) editing can produce a 160 minute

signal in the Stanfo rd data , though it is of small amplitude and

present only in the final one—third of the data.
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CHAPTER 1

I NTR ODU CTION AM) HISTOR I CA L BA CK GROUND

And God said , Let there be lights in the firmament of the
heaven to divide the day from the night; and let them be for
signs , and for seasons , and for days , and years ; and let them
be for lights in the firmament of the heaven to givu light
upon the earth: and it was so. And God made two great lights ;
the greater light to rule the day , and the lesser light to rule
the night : he made the stars also. And God set them in the
firmament of the heaven to give light upon the earth , and to
rule over the night , and to divide the light from the darkness:
and God saw that it was good . Genesis 1:14—18 .

Even in today ’s world of diverse and contending philosoph ies and

ideologies , most men would agree with the statement in Genesis that the

sun is good. Not only is it the ultimate source of terrestrial light

and energy , but also in its apparent mot i”n across the sky it divides

day from night and separates the year into seasons . It is wide ly agreed

today that this motion is an illus ion produced by the earth’ s rotation

and the inclination of its ax is of rotation relative to the ecliptic .

However , developments in astronomy have Improved the sensitivity of

observations to such an extent that the question of the nature and

magnitude of the sun ’s motions has become one of considerable current

interest and of some disagreement. This dissertation will not attempt

to answer all questions related to the sun ’s motions , but only to

contribute a few observational results to the discussion .

The firs t change in man ’s ideas of the sun ’s motion was part of

the Copern ican revolut ion in astronomy , which replaced the idea of the

sun as part of a rotating universe with that of the earth as part of a

I
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h el i o c e n t r i c  s o l a r  sy st e m . I t  is i n ter e s t i n g  to  n o t  lee t h a t  t h i -  ( 0 f l

c ins ion was more th~ result of careful observation and analys is t h a n

the r e su l t  of any technological breakthrough , and that it was  t he

result of the stud~ uf t he  other planets rathe r than of the sun  i t ~a ’l f

Even whil e the rotating earth explanation of the sun ’s transit lcr~ ss

the sky was still a matter of controversy, the development of telescopes

made P - ’~~iblc the systematic observation and study of sunspots , en—

bling Galileo in 1610 to deduce tha t the sun has a rotation of its own .

Christoph Schem er , one of Galileo ’s contemporaries , measured a different

r)tatio r, rate for sunspots at different solar latitudes , but the sun ’s

diff erential rotation was not widely known until the careful observations

of Carrington were made in 1853-1861. Fraunhofer ’s discovery of absorp-

tion lines in the sun ’s spectrum added a valuable tool to astronomers ,

which enabled Voge l to confirm solar rotation from the Doppler shift of

spectral l ines in 1871 (Meadows, 1970, p. 28). Further work by D~ner

and later by Halm showed that the differential rotation of the photo—

sphere measured by spectral techniques was substantiall y the same as

inferred from sunspot motions . The accumulation of extensive spectral

observations of solar rotation led HaIm (1922) to believe that thdre were

significant variations in the rotation rate on the t ime scale of a solar

cycle , while j. S. Plaskett (1915) concluded that yearl y averages of

rotation were essentially constant but that there existed significant

variations on a much shorter time scale indicative of local movements

or eddy currents of a transitory character. Rotational variations and

large-scale horizontal motions have recently been given new attention ,

in part due to the extensive observations at the Mount Wilson Observatory

-
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p
(Ho ward and Harvey , 1970 ; Howard , lY 7 l) and p a r t l y  because of c u r r e n t

t heo r i e s  r e l a t i n g  l a r g e — s c a l e  h o r i z o n t a l  mot ion s  to differential rotation

(Starr and Gilman , 1965 ; Busse , 1970; Durney, 1971); Yoshimura and K at i , ,

197 1) ,  to large scale o r g a n i z a t i o n  of s o l a r  a c t i v i t y  (Bumba , 1970), and

the sun ’ s magnet ic  sector s t r u c t u r e  ( Yoshimura , 197 1; W o l f f , l974 a and

h); and by the fact that differential rotation is the energy source in

the popular Babcock—Leighton model of t he sola r cyc le  (Babc ock , 196 1;

Leighton , 1964) and recent i nves t igat ions  (Eddy , 1976) ind ica te  t h a t

changes in the differential rotation may be related to ve ry long—term

variation in solar activity. The present work is concerned principally

with radial rather than horizontal motions , but it is important to

remember t h a t  these may he hard to separate , especially when spectral

techniques are employed to measure velocities on a spherical sun .

The exis tence of so la r  r a d ia l  motions was f i r s t  revealed  through

progress in the observation and i n t e rp re t a t i on  of so l a r  g r a n u la t i o n ,

which is .‘ell recounted by Bray and Loughhead (1967). Sir William Hersche l

firs t noticed “corrugations” In t he  solar surface in 1801. This discovery

was not pursued until the early 1860’s when Nasmyth and Huggins established

the existence of small bright grains separated by dark lanes , which were

name d “granules” by Dawes . In 1877 the French as t ronome r Pierre Jules

Janssen announced that he had successfully photographed granul~ tton . A

convective origin for granulation was first suggested by Uns~ ld in 1930,

and Plaskett in 1936 recognized the similarity to cellular convection in

thin liquid films as studied in the laboratory by B~ nard . Confirmation

of the radial velocities expected for cellular convection was made by

Richardson in 1949 from high resolution spectra made possible by the

3
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i m p r o ved g r a tin g s  of H .  D . Babcock at  Mt . W i l s o n . The c e l l u l a r  ch a r a c  t (  1•

wa s , however , made u n c e r t a i n  by an unexpectedly  low c o r r , - l a t  ion be tween

ve loc i ty  and brightness . Stuar t  and Rush explained this  d i s c r e p a n c y  by

r e c o g n iz i n g  the ex is tence  of l a rge—sca le  ve loc i ty  f l u c t u a t i o n s  un c or—

related with brightness . Though this explanation proved correct , there

remained suffic ient controversy to launch Project Stratoscope by which

R i c h a r d s o n  and S chw a rz s ch i l d  obtained g r a n u l a t i o n  photographs of un-

surpassed resolution from a balloon at 80,000 feet (24.4 km). These

photog raphs as we l l  as those of Leighton at M t .  W i l s o n  confirmed that

granules were convective cells rathe r than turbulent eddies .

In  order to f u r t h e r  unde rstand the ve loc i ty  f i e lds  associated wi t h

convec t ion , Leighton and co-workers (Le igh ton  et a l . ,  1962 ) dev i sed

ingenious  photographic  techniques which  exposed two so la r  v e l o c i t y  f i e l ds

w h i c h  p rev ious ly  had been l i t t l e  noticed , a n d by so doing , ope ned u p a

new era in the s tudy  of motions on the sun . One v e l o c i ty  f e a t u re  wa s

observed espec ia l ly  toward the l imb and the re fo re  p r i m a r i ly  h or i z o n t a l .

Large cells of 30,000 km in diameter were recognized with the velocity

• p a t t e r n  one of r ad ia l  o u t f l o w  f rom the center  of the cell at a velocit y

of about 0 .5 km/ s .  A periodic hor izonta l  velo’~1tv pa t tern  had  p r e v i o u s l y

been recognized by Har t  (1954 , 1956), but  i t  was Leighton ’s work which

established its extent and cellular character and which gave the phenome-

non the name of supergranulation . Furthe r investigation (Simon and

Leighton , 1964) showed that the intercellular regions corresponded to

stronger magnetic fields , to dow n f l ows seen in the H
o 

l ine , and to the

chromos pheric network as measured by enhanced emission in the Ca-K line .

Tanenbaum et al ., (1969) found evidence that the downf lows persisted

down to photosphertc levels .

4
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4

Five—Minute Oscillations

The ot her veloc ity field recognized was of sma ller scale and espe-

cially distinguished by a temporal periodicitv of five minutes . H . H.

Plaskett (1954) had already concluded that the limited correlation between

granular brightness and velocities could be explained by the existence

of a large—scale oscillatory velocity field , but did not measure the

period . This period , by which the five-minute oscillations are known ,

has made them a favorite of observers since the existence of such a

resonant period makes possible or tempting the identification of a solar

origin for a signal even when signal—to—noise conditions may be poor.

It has also been a challenge for theorists who have been able to devise

a surprising variety of phys ical models which might produce such a period-

icity . Fortunately , these models vary in other predictions , especially

related to spatial scale size and vertical distribution of power , which

greatly limit the ability of all but a few to match all of the details

of the extensive observations . The different observational techn iques

that have been used to study the five—minute oscillations will now be

discussed , followed by a description of the observational details which

have been assembled and the different theories proposed to match these

- : details .

Obse rvat ional Techniques

The technique employed by Leighton has previously been mentioned.

A sol ar image was f ormed by the 150 foot tower telescope in the usu al

manner , but instead of allowing light from this image to pass directly

• through the spectrograph entrance slit , a beam sp l it ter  and reflec t ing



opt ics were used to replace the light which would n orm a l l y  pass through

half of the slit with a duplicate of the light passing through t h e  other

half of the slit. Glass plates tilted in opposite directions before ti”

exit slit gave the two pieces of spectrum formed from the identi cal

positions on the sun shifts in wavelength in the opposite directions .

The exit slit was positioned on an absorption line so that with the tilt

of the glass plates , light from the opposite wings of the absorption

line would pass through the slit onto photographic film . The image was

scanned past the entrance slit and the film simultaneous ly scanned past

the exit slit so that two spectroheliograms were produced of the same

p~ rtion of the disk in wavelengths corresponding to the line wings .

These two plates were subtracted photographically so that intensit~

fluctuations would cancel , but since Doppler shifts of the at e ~~ r p t l~~z r

line would change the intensity on the two wings in the opposite d i r , - c -

tion , these differences were enhanced by subtraction . The result s•is a

map of the sun with velocity toward or away from the obser’. , - r  r , c r

as bright or dark places on film. To obtain informat ii ’ri about ‘t . n ~ , -

in the velocity field with t ime , a scan was rr,,i,i , in ia- II c i t  t 1)0 , t ti ’

film changed , and the scan repeated In the opposite dir eetiun . Tht ~

velocity maps were then subtracted and the ri sult w a s  a r a p  I

change as a function of t ime . This enabled the ttisc iver~ i t  the I iv, -

minute periodicity since it was found that the velocit~ t i l t  Ieri n’- e Was

large after two and one—half minutes and small after I lv. .

This technique has the a- ’vantage of producing a detailed two-dimen-

s ional  velocity map which Ii itely made clear the cellular n a t u r e  of

supe rgranulation . It also had several disadvantages which have limited

6
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Its use in the study of five—minute oscillations since then . The photo—

graph ic subtract ion itself (t hree su btrac tions in the case of the Dopp ler

difference plate) was difficult and time consuming , especially because

of the necessity of closely aligning plates before subtraction . Calibra-

tion of velocity amplitude in terms of film exposure was also difficult ,

and information about the time development of an oscillation was very

limited . Video techniques have now been developed which greatly simplify

the subtraction procedure (Fister and Bill , 1971) and the addition or

subtraction of “Dopplergrams” separated by half an oscillatory period has

been used (Sheeley and Shatnagar , l97la and b; Lynch and Chapman , 1975)

to separate five—minute oscillations from lower frequency velocity changes

due to granulation .

A second technique to study velocity fields is the use of spectro—

grains , which had been used by Plaskett (1954) to discover a large—scale

osc illatory field before the better known finding of Leighton . Spectra

are limited to one spatial dimension , but also can sample a wider range
L -•

of the spectrum than the spectroheliogram . This enabled Evans and col-

laborators (Evans and Michard , 1962a and b; Evans , M ichard , and Servajean ,

1963 and 1965) at the Sacramento Peak Observ atory to stu dy veloc it ies

over an extended vertical range in the atmosphere by using lines formed

at d if f e r en t  heights , and at the same time to record ch anges in con t inuum

intensity . The Ca-K line has been especially useful (Jensen and Orrall ,

1963 ; Orral l , 1966; Cha and Orrall , 1966 ; Liu , 1974) since different wave-

lengths are formed over a wide vertical  range in the upper photosphere

and l~~er chromosphere and there is a weaker line (FeIX393l.122) forme d

in the wing which allows simultaneous measurement of velocity lower in
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the photosphere . The temporal resolution which Pli3kott lacked was

obtained by taking spectra repeatedly at regular intervals and at the

same pos i t ion  on the d i sk .  Bes ides the limitation to one spatial

dimension , th is technique has been l imi ted  by d i f f i c u l t i e s  in precise

measurement of line shifts , though these have been largely overcome by

the development of special equipment for this purpose (e.g., Ev ans , 1963).

A third device wide ly used to measure velocities has been the solar

magnetograph (Howard , 1962 ; Deubner, 1967; Severny , 1967; Tanenbaum

et al., 1969). As in the Leighton method , exit slits are positioned to

pass the light from the wings of an absorption line , though the intensity

Is measured by phot3multipliers rather than on film. In order to measure

• magnetic as well as velocity fields , the difference in intensity is not

itself recorded but instead is nu].I.ed by a servo mechanism to keep the

slits on the line wings . The position of the device which aligns slit

and line then gives a measure of the wavelength of the line . This tech-

n ique has the advan tage of easy cal ibrat ion and of produc ing da ta in

digital form . It is limited in spatial resolution by the size of the

entrance aperture. It is often used in scanning mode to measure veloc-

ities ove r an extended port ion of the d isk , but the extent is limited by

the need for  f in ite exposure t ime at  each scan pos it ion an d the need for

temporal resolution much less than the five-minute period .

A four t h techn ique involves the use of an atom ic beam (Roddier ,

1965 , 1966 , and 1967 ; Gonczi and Roddier , 1969) or a heated vapor cell

(Fossat  and Roddier , 1971; Snider et *1., 1974) which u t i l i z e  resonant

sca t t e r ing  of sunlight by atoms to select solar photons of the desired

wave length. jf a magnetic field is applied , Zeeman splitting causes
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I,
the l ight to be scat tered from the wings of the absorpt ion l ine , w h i c h

can be d i s t inguished  s ince light scattered from opposite wings  w i l l  he

of opposite circular polarization . This technique has the advantages of

great sens it iv ity ,  of an absolute wavelength reference, and of not need-

ing a spectrograph with its instabilities due to atmospheric variations

or turbulence . It has the disadvantage of being limited to the lines of

elements for which cells or beams are available (alkali metals have usuall y

been used in the past) and to magnetically sensitive lines . Its great

sensitivity has made it an especially useful technique for observing os-

cillations with large apertures for which amplitudes are very small.

Observed Character ist ics

The first detail of the observations to be considered is the period .

Althou gh Leighton ’s techn ique enables measurement of the period only by

visual estimation of the point of minimum contrast on velocity difference

plates , he used many observat ions and independent determina tions to reduce

errors and measured a -period of 296.1 + 1.3 sec for the low—lying CaX6103

line (Noyes and Leighton, 1963). Spectrograms (Evans et al., 1963),

magn etographs ( Howard , 1962), and resonant sc at ter ing dev ices (R odd ier ,

1967 ; Fossat and R icort , l975a) have all conf irmed t his result  with rare

exceptions (Mel’ nikov et al., 1973). Evans and Michard (l962b) , using

spec trograms , estimated the dispersion of periods to be less than 15%

of the mean , indicating a strong resonance. Evans , M ich ard , and

servajean (1963) found a shorter period by measuring individual wave

traIns (250 sec) than from power spectra (295 eec) and suggested the dif-

ference m ight be due to the largest ampl itude osc il lat ions hav ing a

shor ter per iod , but later  observers (Orrall , 1965; Howard , 1967) have

not confirmed such a relationship .
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V a r i a t i o n s  in period for different heights in the atmosphere were

recognized early by Evans and Michard (l962b) and by Noves and Leighton

(1963), who reported a decrease in period from 296. 1 + 1.3 sec at the

height of CaX6103 to 285 .~ 1.5 sec for NaX5896. The range of height

sampled has been extended , especially using intensity fluctuations in

the calcium—K l ine (CaIIX3933) (Jensen and Orrall , 1963 ; Noyes and

Leighton , 1963; Liu, 1974), and the period is observed to drop to 180 sec

at  the height of format ion of the K
3 core. As higher frequency power

increases with height , the resonant peak is broadened and the periodicity

becomes less marked (see also Evans and M ichard , 1962b; Evans et_al.,

1963 ; Noyes, 1967). -

A complication in the picture of a single resonant period was sug-

gested by Frazier (1966, 1968a and b) who found distinct 265 sec and

345 sec peaks in power spectra made from spectrograms . His observations

indica ted  that  the decrease in period with height was due to an increase

in ampli tude of the shorter period (265 eec) peak re la t ive  to the longer

zone . A d i f f e ren t  mul t i—peak  character  wi th  a central  peak and two smaller

s idelobes has been reported by Gonczi and Roddier (1969) and Snider et al .

(1974) from resonant sca t te r ing  devices , which they suggest might  be the

s ignature  of modulated wave trains . Modulation or interference of wave

t r ains was fu r ther  suggested by phase shif t s  near it observed by Musman

and Rus t (1970) and by observations wi th  high spa t ia l  resolution per-

formed by Reif and Musman (1971). Observations using longer time periods

and larger apertures have not shown such a multipeaked structure . A

careful study of the waveform from an information theory viewpoint (White

and Cha , 1973; Cha and White , 1973) identif ies the oscillation as a

10
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narrow—band Gaussian random process and gives convinc ing argument that

the multiple peaks reported are not statistically significant. The

report of Frazier has nevertheless been very important in terms of en-

couragement given theorists seeking a modal description of the oscillation .

Power spectra have also been used as one of many methods of estimat-

ing a lifetime for the oscillations . White and Cha (1973) measure a

bandwidth of 0.9 mHz about a peak of 3.4 mHz giving a lifetime of -~ 20

mm , which compares well with a 23 mm value obtained from examining

individual bursts . This agrees well with the results obtained by Deubner

(1967), Gonczi and Roddier (1969), and Bhattacharyya (1972) who estimate

burst lengths from magnetographs , a resonance cell , and spectrograms

respectively . The latter ouserver also reported shorter bursts (14.2 m m )

for chromospheric than for photospheric lines (31.4 mm ) ,  cons isten t w ith

the broadening of the resonance mentioned above . Howard et al. (1968)

report a shorter lifetime of 630 + 120 sec from the autocorrelation

mat r ix cre ated from a magnetogra ph observ at ion , but th e apparent f ac t or

of two dis agreement ma y be eas ily resolved since osc il latory burs ts h ave

been shown to have a synunetrical rise and fall in time (Deubner , 1967;

Tanenbaum , 1971). A greater discrepancy in lifetime arises if estimates

using photograph ic subtraction are included——Leighton et al. (1962) give

a l if e t ime ~ 380 eec , and Sheeley and Rhatnager (l 97la) report th at

osc il latory features usually las t ~ 2 cycles . Such short lifetimes seem

unl ikel y , especially in view of the examples of very long phase coherence

(up to 100 m m )  reported by other observers (Howard et al., 1968).

j  

The horizontal scale of the oscillatory velocity f ield has been the

object of much wider disagreement than the period . Leighton et al. (1962)
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reported a s c a l e  a ize of 170(1 km (or about 2’:5 since 1’ 725 .~I kin) for

lower lines increasing to 3500 km for lines formed higher. Ev ans and

Michard (1962b) obtained a somewhat larger valu (2000—3000 kin) from

spectrograms , though Frazier (1968b) estimated a wavelength of about

5000 km from the same method. Magnetograph measurements have generally

given values in the 5”—lO” range as at first estimated by Howard (1967)

and later measured by Deubner (6’ 6, 1967; 7”—8” , 1969; 10’ 5, Deubne r and

Hayashi , 1973; 9”—15” , 1974) and Howard et al. (7700 
± 
2300 km , 1968).

Photographic separation of oscillatory and slowly varying components has

given estimates of 3000 km (Sheeley and Bhatnager , l971a) or 6’.’9 ÷ 2’ l

(Lynch and Chapman , 1975) from a more sophisticated fit to a random

spatial signal. Thomas (1972) has suggested that the larger spatial

scales ind icated by recent measurements are due to smaller elements being

blurred by see ing , an effect demonstrated by computer simulation . In

contra st , Wolff (1973) has argued that the smaller scales seen by Leighton

and by Sheeley and Bhatnagar are due to incomplete removal of granular

velocity fields which are known to he of smaller spatial extent . This

suggestion is supported by the increase of scale size measured for higher

lines (Leighton et al,, 1962) and in magnetic regions (Sheeley and

Bhatnagar , l97la) since granulation is less important in both cases .

Observational evidence for a larger scale size has also been reported.

Deubner (l 972b) and Musman and Rus t ( 1970) have reported a much larger

coherence length (20” for Deubner , 46000 km for  Musman and Rust) f or

phase than for amp l i tude , though Deubner and Hayashi (1973) argue that

th is is due to the h igh-phase stabil~ ty and random alignment of m dc—

pendent regions . There have alec bE en reports of phase coherence up to

12
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100” (Mus man and Rust , 1970) and of well—defined oscillations for an

aperture 25” in diameter (Gonczi and Roddier , 1969). Tanenhaum et al.

(1969) have shown that such a result is to be expected for cells oscil—

lating independently at the same period but at random phases . They show

— 1- 2 —l
that the amplitude should be proportional to (area) or (d) where

d is the diameter of a circular aperture or length of a square aperture .

This relation is confirmed and a cell size of 3000 km deduced h~ simu-

lating large apertures from one—dimensional magnetrograph scans . Snider

et al. (1974) use a resouance cell and obtain agreement with amplitude

~ (area) 
°86 and cell size < 8” . From similar resonance techniques ,

Fossat and Ricort (19~3) reported amplitude ~ (area) in disagree-

ment with Tanenb aum et al. Later work (Fossat and R icort , 1975a) with

much more extensive observations showed better agreement with the ampli-

tude ~ (area)
1 

relation if larger apertures were used , and a cell size

of about 20000 kin . Fossat further argues (Fossat , 1975) that this value

f or the wav elength is in agreemen t with the coherence length of 5000 km

reported by earlier observers because of different mathematical definitions

of the characteristic horizontal scale . The wavelength he obtains is much

longer than that estimated by Tanenbaum et al., and would seem to confirm

the report of substantial oscillatory power found for \ —~ 30” to 60” by

Deubner (1972a).

One weakness in the use of statistical arguments from large apertures

to determine the spat ial wavelen gth is that these argumen ts are based on

independent cells , which are not observed . Deubner (1969, 1971) has

reported that zero lines in the velocity move irregularly within a

fraction of a period and do not return to the original position after

13
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one period , which sh ows t ( i i  t w • 11— d • f ined cells do not ox is t . A n o t  her

possible weakness in the  ~-t.itistic .i1 argument would be the existence of

l a rge  r egions where >sc Ill at ions a i-c not prc~ cn t Ob s or v a t  ions are in

agreement that thi~- is not the ca~-o’——osc ii tat t o l l S  II - ,’ u’-u al lv pr, ’~ent

Ik~u b ner , 1~~’ > ’ )  ev en  at the 1 l’c (• 1 o the K.4 core (Liu , 1974) , t h o u gh

the percentage of •or *’ .i with usd 1 lat ions p r e s en t  d rop s  as t h e  t h r e s h o l d

used t o define .‘n oscil l i t  ing r - ~~ion Is Increased (Ihoward et al . , 1968 ;

flhatt ach.oryva , 1>9 72 )

There has a i s >  4 , c n  s o,- scatter in v a l ue s  reported for the amplitude

of the oIscillat to>n ~-. , but this is largely explained h~ t h e  use of different

observing apertures and different definitions , since a sinusoid has a

peak—to— peak amplitu de a factor of 2 ‘,-~2 = 2.8 t imes larger than its ntis

.im p litti - I - Any differences have also been much less closely watched

than differenc’-~ in hr’ri,ontal scale since the latter have been used to

distinguish b.’t~~&’en di fferent models , as will be explained below . Some

difference in mea - u r i o f  • o m p l i t i n k ’ s  ,Ire of phys teal interest. For example ,

the amplitude increases monotonicaliv with heigh t in t he  atmosphere ,

f rom 0.25 kis s near the continuum to 0 . 4  — 0.t, kin s for th~- upper photo—

sphere where medium—strength Fraunhofer lines a n - formed , t o  1.6 k i n s  at

t h e  he ight  of fo rma t ion  of H ( (N u ~ e~~, l>4h7). Some increase in amplitude

is expected f rom energy c o n s e r vat i o n  s ince the dens i t y  drops of f  r a p i d l y ,

and detai ls  of the ve r t i ca l  ampl i t ude  dependence and extent of penetra-

t ion help  to distinguish between different models and to determine the

amount of energy transported or dissipated . Observers have generally

agreed (Evans and Michard , 1962b; Howard , 1967) that the amplitude

decreases toward the limb in a manner consistent with vertical motion .

14

— - - — 

- 

. 
~~~~ -



(For an exception , see Gopasyuk and Tsap (1973), who claim a significant

horizontal component from a questionable definition of oscillatory

power.)

A reduced amplitude in plage areas was noticed by Leighton et al.

(1962) and estimated by Howard (1967) to be a decrease of abou t 25~~.

Howard et al. (1968) reported a strong decrease in the amplitude of

oscillations over penumbrae and their absence over umbrae of spots.

Other observers using other lines have found oscillations in umbral

photospheres at 310—448 sec (Bhatnagar et al., 1972) and chromospheres ,

especially near 180 sec (Bhatnagar and Tanaka , 1972; Beckero and Schultz ,

1972). Umbral flashes (Beckers and Tallant , 1969) repeating every — 145

sec and penumbral waves (Moore and Tang, 1975) may a l so  he relat eof to

the resonant oscillations in a sunspot region , and it has even been

suggested (Glencross and Craig , 1972; Mullan , 1973) that osc ill attons

could he a trigger or energy source for flares . Reports o f  dt ff er ’-n t

periods in plage regions have also been made (Orrall , 1965) and n o t

conf irmed (Howar d , 1967), and a report (Sheeley and i3hatnagar , 197la)

of an increase in cell size by a f a c t o r  of three in magne t i c  regions

was previously mentioned . However , attempts to detect a change in

character of the photospheric oscillations due to magnet ic  f i e lds  at

supergranule boundar ies has proven unsuccessful (Tanenbaum , 1971). Some

in terac t ion  of osctl1~ t ions wi th  magnetic f i e lds  even in q u i t e  regions

Is suggested by the observation of osci l la t ions in the magnetic f i e l d

by Severny (1967) and Tanenbaum et al. (1971), though the former report

was at a period of nine minutes and could not easily be the result of

coupling w i t h  f ive—minute velocity oscillat ions ,
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In addit ion  to h i,’ decr e a s e  in  pe r iod  and i nc rea se  o o t  ampi  I t o o l  - with

heigh t , much ubserva t Ion  a 1 In f o r m a t  ion has been ga the red  reg~o i’d I ng the

vertical range and propagation of the oscillations . Though granul ation

becomes increas ing ly  predominan t deeper in the  photo sphere , the five-

m i n u t e  oscillation has been r e c o g n[ie d  in the deepest pliotosphei i<’

lines (Evans et a l . ,  1965 ; Doubner , 1971) and even i i >  c o n t i n u u m  i n t e n s i ty

fluctuations , (Edmonds , 1966 ; F raz i e r , 1968a; Mehltretter , 1971; Tanenbaum

et  al ., 1969) .

Attempts to extend the o b se r o a t  tons of oscillations radiall y outward

from the photosphere have involved observations at wavelengths longer or

shorter than the visible and results from different techniques ha v e not

yet established a clear and cons istent picture . Noyes and H a l l  (1972)

report 7 amplitude fluctuations in the line core of a ~O l ine k 4142.7

cm ’ (\ = 4.667 .~ ) found near the temperature minimum , which they cal-

culate correspond to peak—to—peak oscillations of 225°K in temperature

or 1.~3 km s in velocity . Simon and Shimabukuro (1971) report 180 sec

oscillations at 3. t mis and 3.5 mm due to free-free emission above the

temperature minimum . Yudin (1968) and Durasova et al. (1971) report

peaks at 280 sec and 400 sec from power spectra of 3.3 cm observations .

Sentman and Shawhan (1974) took 285 h o u r s  of data at \ = 2 cm and found

no significant peaks . In addition , they claim an upper limit well

below the observation of Noyes and Hall , and question the statistical

significance of the results of Simon and Shimahukuro . A negative result

is  also ob ta ined  by S h u t e r  and McCutchcon (1973) from observations at

= 9.6 mis, along with argument for a possible atmospheric origin of the

o Yndin result. I~~nger periods reported from radio observat ions  w i l l  be

4 discussed below .
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(‘do—, - r~ it Ions - t shor te r  than  vis ible waveleng ths h ave only  begun to

realize their potential for determining the v e r t ic a l  r a n g i ’  of  oscillation— .

.Jone~ and Rense (1970) matched high resolution profil es of the 0! triplet

at 1302—1306 A from rocket spectrograms to a model indicating rms

velocities of V = 7 km s.  The first claimed observation of a perth-
ntis

dicitv near :3o() sec was the result (of Chapman et iii. , in which three

FUV lines measured from OSO—7 all had a peak in the power spectrum at

262 
± 
25 sec . Sentman and Shawhan (1974) ques tioned the statistical

significance of these peaks , and Huber et al. (1973) failed to confirm

them , though perhaps in par t  due to lower reso lu t ion  (35” x 35” v e r s u s

10” x 20’> for Chapman et al.). Recent observations from OSO—8 have

shown oscillations in velocity (+ 2 km s) and intensity (present perhaps

50>’~ of the t ime ) fo r  the upper chromospheric line CII\1336 (Chiptnan et

al . ,  1976) though only  rarely v is ib le  in the t r a n s i t i o n  zone (Bruner

et al., 1976). At higher frequencies , 90 sec and 35 sec periods also

L seem to ho favored (Athay et al., 1976). Semi—periodic fluctuations

have also been reported in the corona (Billings , 1959; Noxon , 1966), and

the interplanetary magnetic field (Ness et al., 1966), and a possible

solar origin has even been mentioned for semi-periodic structure observed

- ‘ in cosmic ray fluctuations at the ear th  (Dhanju and Sarabhai , 1970) and

in the terrestrial atmospheric spectrum at 8 cm
_ I 

(Balutenu et al.,

1973). Such connections have been challenged stiffly (Gebbie et al.,

1974), and are f a r  from being well established .

Propagation of the oscillations through the upper photosphere has

been readily accessible for examination by comparative studies of absorp-

t ion lines formed there . Since Leighton’s photographic subtraction
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t e c h n i q u e  d id  not pe rmi t  s i mu l t  an0010 — velow’ i t  V m - > ’ -tir ~- i - ’ n t S  in two di f—

fe r ent l ines , ear l y co m p a r a t i v e  work  was  done b~ Eva ns and co—worke r - -

f rom Sacramento Peak O b s e r v a t o ry  s p e c t r ogr a ms  (Evan— and M i c h a r d , 1962b ;

Evans et a 1 . , 1962 , 1963 , and 1’0~5 ) . Tho-v fou n d  smal l  but m . - a s i o  r t b l e

lags between the low—ly i ng  Ti>~5 173 .75 line and t h e  h i g he r  Y.!g \ 5 l 7 2  .70

(b9 ) li ne. I t  was a l so )  found  that somewhat longer lags , perhaps m d i —

c o t lye of progress ly e  r a t h e r  t h a n  standing waves , could  h i -  found fo r

i i  rger  wave  t r a i n s , e a r l y in a w a v e  b u r st , and at s l i g h t l y ii ig h i e r  f r e q i i e n —

cies . The vertical r a n g i -  of studies has been extended us ing the Ca—K

line and the weak iron line (Fej\-hOil.122) in its wing (Jensen and Orrall ,

1963 ; Cha and Orrall , 1973) and lags of 30 sec have been found for a

700 km sepa r a t i o n .  This  gives  a phase  v e l o c i ty  wel l  above the  7 kiss

sound v e l o c i t y ,  ind i c a t i n g  evanescent  waves . Even h ig he r phase ve loc i t i e s

near 100 km/s have been reported (Musman and Rus t , 1970; Canfield and

Musman , 1973) from comparisons of photospheric lines .

Possible horizontal propagation of the oscillations was firs t sug—

gested (Mein , 1965) by an asymmetry in the two—dimens ional power spectrum .

which identifies periodicities in the spatial as well as the temporal

domains . Observations further s u gge st i n g  h o r i z o n t a l  p ropaga t ion  include

hyperbolic patterns suggesting an expanding radial front intersecting a

slit (Musman and Rust , 1970), a phase difference in oscillatory bursts

observed it ad jacen t  points  ( H o w ar d  i - t a t  . , 1968) , and thy visual impres-

sion from movies made from hL( w ing tiltergram s (Sawy er , 1974) . However ,

Lynch (1975) has challenged tho interpret ation of the  two—dimensi onal

power spectrum as indicative of horizontal propagation , Deubner (1975)

has argued that the apparent horizontal propagation is cons istent with
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4

random p h a - ~e changes , and Deubncr and  }Iayashi (1973) d i d  ro t  c o n f i r m  t i ,

hvpe rho l ic pa t t e rns  of Musman an d Rus t  in in  e x p e r i m e n t  di’s I g t o i - d  t o  do sic .

The e x i s t . ’n c i -  of appreciable horizontal prop agatio no is  t h u - r e t ir e  l e f t  i n

doubt .

Osc i l l  o t o o r ~ intens itv fluctuations have a l s o  been St u ( l l i ’( l  f o r  c l i i . - - -

r egard ing  t h e  c h a r a c t e r  of t he  w av e s . Maximum intens it o o o r r c - s f o n ( 1~ to

maximum t e m p e r a t u r e  w h i c h  o s - c o i r s  a t  m a x i m u m  compress ion , w h i c h  c or r ~-~~po n d ’~

to t h e  t l ice of m a x i m u m  u p w a r d  vi toe i ty  fo r  progress ive w a v  c and 90

earl ier  f o r  s t a n d i n g  waves . I f  t h e  r a d i a t  ly e  r e l a x o c t ion t i m e  is -io o rti- r

t h i n  t h e  - omp r~-s s Ion t I n . -  ( p - i - i o s l/  2it ) , t h e  m a x i m u m  t emp- r atur e s i l l  b.

,c dv c i i i o f in phi os ,- comp.. red w i t  ho t ho - max imum o -  o n pr e s  s ion . Obse rye r~ t o av e

f ound t h e  max im i i m b r i g h t  n e s s  le o d s  the max imum upw ard ye 1 i t  v by a p p r o x  i —

m a t e l -  ¶10 (120 , F r . i zi e r , 1968a; 120° , Holweger and Tes terman , 1975 ;

q:t .5° S iv a r a m a n , 1973; 11) ’. 1 0 )  1:tY , Cha and O r r al l  , 197:3) , w h i c h  w o u l d

indic -ote waves of a primarily standing character. Tanenhaum et al.

( 1 96 9 ) ,  how ever , record a va lue  less t h a n  900 fo r  lower l ines  which  they

b e l i e ve  requires  a progress ive wave  n a t u re  in v i e w  o c f  the  s u b s t a n t i a l

effec t of a short r a d i a t i v e  r e l a x a t i o n  t ime a t  these levels . A clear

distinction between standing and progressive waves cannot be made s ince

observations agree that some energy in the wave travels upward and some

energy Is lost. Attempts to determine the flux of energy delivered higher

-~~ into the atmosphere (e.g. Canfield and Musman , 1973) are especially sig—

nificant as a test of the importance of five—minute oscillations in heat—

ing the chromosphere and/ o r  corona. I t  should also be mentioned tha t

broad con t r ibu t ion  f u n c t i o n s  make the d e t e r m i n a t i o n  of phase ve loc i t ies

from phase lags between lines somewhat hazardous (Athay , 1976, pp. 29—30).
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TIit’ 1 n t e  rpl’e I i t ion of in). ic- i t  V 0 , 5 0  1 h i t  i o oii ~ I I - i l ) !  i - o - o f b~ d i  f—

I i  relic eS in model  i t  i no s p h er i - s  or t h , - r m o e l v n a m  i r s  wh i  i i i  h o o f  t o  -s iii, l v  d i v -

i n g -st im.i t ,-s of th u te mperaturi - hcu - t ti nt l o c u s i nv 1 v ,-o I . H o j o l  on ~ind

I,j nols ,’\ (1974) c o o l c u l a t , -  ~T ~t K  ,.t = :i .s X I )  . - ing L,.

i n f r a r e d  ( (mt  l nu u m  it 22 ,~~, Jj o l ~~. - g . - r  a n d  T c s t i ’r r n o ’n  ( l 9 7 ~i ) ( - a l e - u  I T , -
rm~

— 2 ) )  K i t  
~ ‘~ 00) I = 10 f rom o - h i o n g . - ~ u i -i l i i i ,  o i l ) )  l o o t  d e p t h s , c u u d  N o - - — and

hI l l  ( 1 9 7 2 )  obtain ~T = 225 K (— — 5) )  K rms ) - i t  t b  t i - I I i p , - r a t u u - . -  m i n i —
pk- to- pk

mum f rom i n t ( ’n s i t v  f l u c t u a t i o n s  in  t h i -  i - o r e -  of  co line ’ (21-12 .7 cm 
1),

T h i s  range  In v i lu e s  is in the  r i g h t  d i re ct i o n  bu t  much t oo  l , i r g , -  t o  be

e x p l a i n e d  by l o i n g > - r  r a d i a t  ive  r - I a x a l  ion I in ~ - s — — t h i i o o r e t  i c al  and  i - x p e r i —

mc t o t a l  l i u i o , - r t a i f l t  i c - s  d c - a n y r e m a i n .

Th~ cr i e s

Th i -  I i v e — m i n u t e  r esonance  in the s o l a r  a t m o s phere was  not antic ipated

)~~ t h e o ry , hu t  s e v e r a l  models h a v e  been proposed s ince’  i t s  d i s cove r s- .

Th,-se models may be (li-si - i - ibed by the  a n s wer s  g i v e n  t o  t h r ee  q u e s t  ions

about the oscillations : 1) what type of waves ar, invo lve ’d , 2)  how are

the waves generated > and 3) how is the resonant period selected.

Before considering the models and comparing them with the observa-

tions , the types of w a v e s  present In a gravitationall y stra t ified atmos-

phere will be described. The linearized equations of motion , state , and

• mass conservation for a plane , isothermal atmos phere in the presence of

a constant gravitational field are : (taken f rom Hines , 1960; see also

7 Whitake r, 1963, and Worrall , 1972)

oP 
+ ~ 

2 
+ ~

• + ~~U ~ Q +~~~~) U 0
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where ~ is the perturbed and the unperturbed density , P is the perturbed

and P the unperturbed atmospheric pressure , u is the perturbation velocity ,

g = -g 2 is the accelerat ion of grav ity , and c is the unperturbed sound

veloc ity (C
2 
= yP/~~ ). Viscous effects , radiative damping , and magnetic

f i e ld s  are neglected . For an unperturbed atmos phere , the first equation

becomes

~ g - VP = 0
0-~ — 0

which gives the barometric law ,

~ exp ( ......
~~) = exp (-  z ’ H )

where H C
2 

~yg is the scale height . The temporal and spatial dependence

of the variable may be specified by assuming

P—P ~-C u u
~ x z i(tjit—K x Kz)

-‘ -w = — = . . . .= — = A e x zP.i ~~R x z
where x is the hor izonta l  and z the vertical direction . Subs t i tu t ion  into

the three equations yields two component equations

~~ 
2 

+ K
2
c
2
) u + c

2 ( K K  - iK g) u = 0 (~ equat ion)

0 (_ i K ~ (~1—1)g + c
2
KxKz u~ + (— - -

~~~~ 
— iKzVg + c

2
K~

2 ) u
~ = 0 (~ equation)

A solution exists only if the determinant of the coef f i c ien t s  vanishes ,

which gives the dispers ion relation :

— 
2~~2 + K

~
2
)+ K~

2
~
2 

(°~‘—l)+ ~~~ iK~~g = 0

An exponential horizontal dependence is exc luded by setting = k
~

-, - 
- 

where k is real. Solu tion of the dispers ion relation us ing the quad ra t i c

formula  shows that  real (ii~ cart be obtained for  K pure imaginary or

- . K = k + i~g/2c
2 for  k real. The second form is chosen since a growth
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of amplitude is expected from energy considerations , and thy dispers ion

r e l a t i o n  becomes

4 1 2  2 2 2 1 2  ° 9 2
- — I c ( k  + k  )+ I )  i~~~~k c  0

L X Z i J  g x

she re

-~g ° 2c and .a g ~

The meaning of this dispers ion r e l a t i o n  is c i a  r i  f icol by solving

9
for k

~/ 

k
2 

- - 

:~ 
~~ 

- k
2 
(l_4_
)

and plotting the k
2 

= 0 l ines in the k - 
~ 

plane , referred to as the

: diagnostic diagram (Figure 1). In regions I and III , k 1) so k Is

r e , c i  , o tu l  the waves will propagate , and In region II , k is Imaginary and

t he  waves are evanescent  or standing waves . The physical character iii

waves in the propagating regions ma y he further clarified by m a t h e m a t i —

calls’ eliminating either of the two forces acting on an element of gas .

If g = 0, gravity forces are eliminated and ,
~ 

and 
g 
go to zero , t h u s

e l i m i n a t i n g  the waves In region I I i , w h i v h  are seen to he g r a v i t y  saves .

Similarl y , if the compressibility (~ 
l

) v a n i shes , both and become
a g

la rge , e l i m i n a t i n g  the waves of region I , w h i c h  are acoustic waves . For

the o’onditions present in the solar atmosphere the two critical frequencies

and n
g 

both correspond to periods near  300 Sec (Tanenbaum , 1971) and

theorists have proposed several ways in which such periods might be

selected .

Some theories would explain the existence of five-minute oscillations

in terms of the distinctive properties of the plane—parallel , isothermal

atmosphere . These models generally assume that a broad spectrum of waves

22
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Figu re 1 . [)iagnostic diagram for adiabatic propagation In an

I s o t h e r ma l , g r a v i t a t i o n a l l y  s t r s t k f i e d  a t m o sphere
w i t h  > = 5 3.
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extending over a large portion of the diagnostic d i a g u - o o m  r n , ’. hi ’ produced

by turbulent motions in the  c o n v e c t i v e  zone ( t h e  L i g h t h il l  m e c h a n i s m ) .

Souffrin (1966 , see also Schatzman and Souffrin , 1967) has s u g g e s t e d  t l i o t

t h e  resonant  period mig h t  be selected by linear filtering which remove-s

low frequenc ies while hi gh frequencies are less readily excited by the

c o n v e c t i ve  source . Such filtering has been given some support from the

waveform analysis of White and Cha (1973) as well as from observations cot

Fossat and Ricort (l975b) who have shown that the shift in period from

300 sec in the photosphere to 180 sec in the chromosphere can be produced

by such filtering . Related to Souffrin ’s work have been the calculations

showing a divergent response of the atmosphere near one or the other of

the critical frequencies (Noyes and Leighton , 1963 ; Kato , l966a , b , and

c;  Worr all , 1972 ; Moore , 1974). A difficulty of these models in account-

ing for the 300 sec resonance is that calculations indicate (Leibacher ,

1973) that the waves generated by convective turbulence are strongest

at periods shorter than 85 sec . An early proposal which overcomes this

difficult y is the suggestion by Moore and Spiegel (1964, see also

Zhugz hda , 1972) that a thermal overstability might force excitation of

non-propagating modes . Excitation by overstability will be discussed in

greater detail below in relation to trapping models . A more fundamental

weakness of the atmospheric filtering model is that a high—pass filter

can account for the shift of the resonant peak to shorter periods higher

up in the atmosphere , but cannot account for the observation of the 300

sec period at the upper boundary of the convect ive  zone before the f i l t e r—

ing occurs (Schatzman and S o u f f r i n , 1967).

24
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Anothe r explanat ion for the use t l in t  j o i n s  W a s  prompt i d  by 1 la iof)s(- rv;, t l o i n

by Evans and Michard (l962b) of a w a v e ’  t r a i n  b e g i n n i n g  -l ( )  Sec a f t e r  the

upward motion of a granule. This was further indicated by the observ o-

tion that upper lines lag lower lines appreciably (— 35 see) early in a

wave train and much less l a t e r  on , sugges t i ng  t h a t  t h e  granular distur-

bance propagates upward but that as highe r lines with their shorter

periods “catch up” to the lower line , the oscillation takes on a standing

wave character. Two observational difficulties with this mode l recognized

earl y included the larger scale size of oscillations compared with

granules (Schmidt and Zirker , 1963) and the synunetric rise and fall of a

s-ave train (Deubner , 1967 ; Tanenhaum , 1971). Computer modelling of a

p i s t o n  source of t h e  o s c i l l a t i o n s  ( S t i x , 1970) showed a spatial extent

2—3 times that of the granular disturbance and a less abrupt onset , but

led to the conclus ion that radiative damping would cause lifetimes to

peak in the 0.75—1.5 period range as contrasted with the observation of

Deubner (1967) of a most common lifetime of 15 mi Holwcger and

Testerman (1975) support this conclus ion on the basis of a radiation

damping time deduced from observed equivalent width oscillations , while

Souffrin (1972) concludes that radiative damping does not exclude this

mechanism but instead argues that granular excitation would be too isolated

to produce the oscillations observed . Stix and W~ hl (1974) have also

found that horizontal Lamb waves prediced for oscillations excited by

convective overshoot are not present . The simplest and strongest obser-

vational evidence against this mode l is the determination by Musman (1974)

that granules and oscillations are essentially uncorreiated .

It is widely agreed that the solar atmosphere is not isothe rmal ,

and several theories have been advanced propos ing that the five-minute
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r ( • ) - o n a n c c -  couhl r e s u l t  f rom t r a p p i n g  of wa vi-s produced h)V t e m p e r a t u r e

or press ore changes . The first s~ eh proposa l  was  t h a t  of K a h n  (1961 ,

1962) who suggested that acoustic wav -s m i g h t  b e ’ r e f r a c t e d  abou t  the ’

t e m p e r a t u r e  m i n i m u m . For a sound vi- b e  it c( z) = ( -  kT( i )  m) 1 2 
and an

1 “
as sumed  p a r a b o l i c  t e ? m p i -r a t u r e  prof  Ile T(z) = T + -~~ T z~ , he c a l c u l a t e d

t h a t  the  inc rease in sounol veloc  i ty  about  the  t e m p e r a t u r e  m i n i m u m  wou ld

r e f r a c t  ob l ique ly  p r o p a g a t i n g  W av e s  in much the  same way t hat  sho r twave

r a d i o  waves are bounced o f f  of the ionosphere . A wave packet  produced

by convec t ive  t u r b ul e n c i -  w o u l d  he r i - f o cu s e d  by this refraction 285 sec

after its original passage through the  temperature minimum , at a horizontal

distance of 2250 km. Observations have shown neither the large hori-

z o n ta l  component of motion nor the successive horizontal displacement

of osci l l a t i n g  centers  p red ic ted  by th i s  model .

Another proposal f o r  producing the observed resonance by trapping

was suggested by Baling and Schwarzschild (1963) and later reworked by

o t h e r  a u t h o r s  ( S t e i n  and Le ibacher , 1969 ; McKenz ie , 1971). The bas ic

idea was t h a t  a c o u s t i c  Waves w o u l d  he trapped by the sharp pressure

gradient at the ba~ e of the photosphere and reflected at the high temper—

iture , low pressure corona , which would act as a free surface. Temperature

profiles with a chromosphere at 8 to 15 x l0’b o K between a b x l0
3
°K photo—

sphere and a corona with T > 1 0 K  gave  so lu t ions  resembl ing observat ions .

The predicted damping  wa s  too sma l l  to ma tch  observed l i f e t i m e s , thoug h

l a t e ra l  ene rgy losses were invoked to correct t h i s  d i f f i c u l t y .  A more

serious difficulty was the predictIon of a s h a r p  drop  In a m p l i t u d e  go ing

down in to  the photos phere , which is at v a r i a n c e  w i t h  later observations .

G r a v i t y  waves t rapped ,Icout t h e  t empera tu re  m i n i m u m  were sugges ted
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ho. IJch ida ( 10u5 , 1967) and l a t e r  us ing a d i f f e r e n t  mathemati cal formu—

lation and a tmospher ic  model by Thomas et al .  ( 1971). G r a v i ty  w a v e - s

would be more susceptible than acoustic waves to generation by t u r b u l e n c e

in the convective zome (Stein , 1967). Uchida described trapping in terms

of 1 region in the k- - plane where propagation would be poss ib le  at lower

temperatures but not i t  h i g h e r  t e m p e r a t u r e s , due to a s h i f t  in t he  k
2 

= 0

line defining the cutoff for gravity wave propagation . Thomas et al.

i n s te a d  showed by c a l c u l a t i o n s  u s i n g  the  Bilderherg Con t inuum Atmosphe re

(Gingerich and de Jager , 1968) t h a t  a broad maximum existed in the Brunt-

\~atsala frequency = ~ g~ 
÷(g 1) dT dz)

1 2 
which is the cutoff

frequency for gravity waves generalized to a non-isothermal atmosphere .

lichida rol cu lat ed eigenfrequencies corresponding to 266 sec , 313 sec ,

and 347 se -c  us ing k = 3 x 10
_s 

cm
1 

(\  2 x l0~ kin), and Thomas ohtain~ d

eigensolutions with periods of 263 sec and 338 st-c fo r  a h o r i z o n t a l

wavelength = 1500 kin . Not only do these periods agree well with those

observed by Frazier , but the 263 sec component would be more important

higher up which could account for the decrease in period with height

(which Uchida found hard to explain). Both formulations agree that

shorter horizontal wavelengths shou ld  be favored— — U c h i d a  s as s  < :tooo km

and Thomas suggests a maximum for \~~~ 
l50() km. Thomas (1972) hoi~ shown

from computer simulation that poor seeing could cause an observer to

measure )c 4200 km f o r  a real 1500 kin wavelength , but this c iniiot

exp la in  the larger wave leng th  (20000 kin ) de termined by F’ossa t m d  Ric ’or t

f rom s t a t i s t i c a l  a rguments  using large apertures . A more s e r I o i i i ~ dif-

f i c u l ty  is the prediction of a concentration of k i n e t i c  energy  o l , r o - i t y

near the tempera ture minimum, whereas observations indicate a monotonic

decrease In energy wi th  heigh t .
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The c l i f f  i c o i l  t o .  t h e o r i e s  fo o t- , -  h o d  iii a c c o u n t i n g  l i i i ’  I toe t o i- ’-~~m - ni - , -  c c l

o c i - c i l l a t  cons  deep in t h m -  pl i u t o s p h e i m -  ti cs i’d to tin - p o op c i  f l o a t  thm -

oc onvec t ion ian’ mig h t  p l o t  an i iflpiii ’t c l o t  m ile in select imog I t o -  rm- ~-ofl nt

per iod . Jones (l~ 69) o lm- v e - l o d ) e o i  a l o i c l i l in c -h i c t o  t m -  o u t e r  l c c i u n d . r~

was ap p rox  I ma ted b~ o f r e t - Oil’ . O - ~~~ a t t h i - c c i i i  on o a l  i a t i m  - I - c h a p  and

S c hw a r i sc h  l i d  model , bu t  t h e  j an e t ’  b o i o i i i o i a r v  i ’ o o o ~o i it l oo n sas a c ct o o f m - o l

k i n e t i c  e n e r gy  r a d i a l  lv i nward  wli j c t i  cou ld  h i -  ins aced by a l a  r~p - do lls its

o l e  he ig ht  in t h e  c o ) n v l - c t  ion b i t e -  . Exc  i t  at ion w o u l d  be- by turbulencc-

in the c o n v e c t  I .e  7 on , - . Per Io ) ( i ~ I e~~5 t h a n  200 sec we .- i - i -  c m  Icu I t e d  t o o

h o v e -  energy c o n c e n t r a t e - c l  h i g h e r in t he  a t m o s p h e r e , pe r iods  g r e a t e r  t h a n

- l oll) see g a v e  an c- n c- T’f,~V c’ m ) n c , ’n t  r o t  ion deep in the c o n v m - c  t ion zone , and

p e ’ c l d ~ n e - m r  301) se-c g o v e  a c- oc n c , - r o t  m - o t  i c o n  o c t  m - n e- r gv po st i n s i d e  tb

o: c o n v e - c  t ion / one . Th is mo ot , -  1 ci;, lined to  a c c o u n t  f or  the  ve r t  I c m l  change

in a m p l i t u d e  and per iod  and to m a t c h  t iit- i o o o r ivo n t - i i  w a v e l e n g t h  as cv m-l l.

Le i h ac h er  and Ste in ( 1 9 7 1 )  pro  O po is , ‘o l  I c o l t  t h e  i is c il b a t  ions w e r e  -

acoustic waves t r a p p e d e n t i r e ly  s -it hj n  t h e  c o n v e c t i v e  zone . W a y - - s  would

be reflected under the p lo oit o o c -;pher e clue t ic tile’ rap id drop in temperature

outward , and ma o t i o m ’  r re f  li- c t i 00 ‘.‘. I s  post iii ;, t ~-d at a dept  ii of 1600 km.

Let bacher has s ince ~ t o o  Os lo ( 19 7 1)  h o w  ‘.~ a vt-s .c t ( 
~~, 
k ) I l l - o r  tile cc -otis t ic

cutco I f hi ‘i OllOi ’ flOfl P ropagom t ing milol 0 0 c c ’  I t o  m et - f o o i’ e i t  - I l i - c t ,  -d i f  temperatures

r i s i -  or drop out of a limited range . The i c -suit c a t  t r m p p i n ~4 o f co m y l ’ s  in

.0 re— ccli mn t cavity in the ( i  cit ye -ct j on / c m u m’ would caus e ’  th e -  w’liol C piiot 0

sphere- to go up and down , I iooi ~- f) T 0 0 0 l o i o  t ag  tio c sm o i l  p 10 1st ’  l i i~~5 ob~~c - o t e - o l

between d i f f e r e n t  l i n e s .

t t l r i ch  (1970) also proposed .a co o t1, - l h osed on w i v e s  t r apped  in the

convect ion  zone , and f u r t he r  s t i g g e - s t i - d  t h a t  such waves m i g h t  he ov e r —

- 
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st a b l e  and therefore self—sustaining . The id e ;m t h a t  d i s s i p m t i c o n  could

produce an o v e r s t a b i l i ty  in a convective l~- uns t a b l e ’  region was developed

by Spiege l (1964) and Moore and Spiegel (1966). Tn the adiabatic case ,

a destabilizing force displaces an element and the re storing f c r co

(compressibility for acoustic waves) will return it to its original

position , thus producing sym m etrical oscillations . The action of dis-

s i p a t i o n  (such as r a d i a t i v e  damping) lags behind the destabilizing force

(e.g. density fluctuzotions driven by unstable buoyancy) and thus reduces

this force more when it Is oppos ing the return to equilibrium than when

it is driving the displacement . Ulrich calculated that the resultant

overstability could drive acoustic waves trapped In the  convection zone .

This theory made the somewhat distinctive prediction that the trapped

modes would exist as diagonal ridges in the k-a two—dimens ional p m c w c r

spectrum . The recent report of such ridges in power spectra of obser-

vations by Deubner (1975) and Rhodes et al. (1976) agrees very well with

the prediction . Some caution might still be justified by the- fact that

agreement is very good after the theory was presented , hut diagonal

ridges were not observed in k- power spectra (Mein , 1965 ; Tanenbaum

et ml. ,  1969) produced before the theory was developed . Further attempts

at confirmation using very d i f f e r e n t  techn iques developed by Fossat ( 197 -I ;

Fossat and Martin , 1974) will be awaited with interest.

The possible importance of overstability in driving the oscill atlono’ -

is re la ted to the sugges t ion  by Wo l f f  (l972b , 1973) tha t  the resonant

• oscillations might be high wave number nonradial p—modee of the sun . He

ca l cu l a t ed  t h a t  ce r ta in  modes would be unstable , and found periods in the

• 300 sec range . It was suggested t h a t  the \ 5000 kin h o r i z o n t a l  w a v e l e n g t h

— 
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often reported was much s h o r t e r  t h an  the-  actual toa l u m -  ch u m -  ‘cc o  i ncomple te

removal  of granulation velocities. An do m acf Osaki (1975) Icre so n t  the

results of extensive calculations showing  many  :ooc lm-s In tIn - 300 sec

r ouge to be unstable. They suggest that the modes are excited 1)’. the

.- -i;iecloanism in the hydrogen—ionization zone (by which opacity in o - ri o’--o-s

-,o itli temperature making the sun a heat engine) . Another possihiiit~ for

,-xc I t o  t loin is the v—effect , whereby changes in thermal  c a p a c i t y  c r e o t  ‘ - o f

by ionization during the cycle produce a lag between de nsi t y and pressure

fluctuations . Wolff (1972a) has even suggested that a large flare might

exciti- observable modes not necessarily restricted to p e r lo d ~ near fl.,-

m in u t e s , and though Fossat and Ricort (1973) report three examples of

30 n- s , P = -It) mm oscillations follow ing flares , later work (Fossat

d a t ., 1974 ; Fossat and Ricort , 1975a) shows that a solar origin of su ch

longer per iods  could not be confirmed because of low frequency instru-

mental variations .

Longer— PerIod Oscillations 
-

Attention will now be turned to solar oscillations or puls a tio’~s at

periods longer than five minutes . Such pulsations m o-c different fro~ t he

resonant oscillations in that tneoretical development anticipated obser-

v o t  ional repoi-ts by many years . Since this is primarily an observational

work , i t  is i n s t r u c t i v e  t h a t  a review of long period c o s c l l l at i o n  ( c b s e l

vations must be much shorter than t h a t  of the f ive—minute os cIll at Ion ,

even though the forme r ore of great cur ren t  i n t e res t  and t h e -  area of

p r i m a r y  con t r i bu t i on  fo r  the present work .

:t 0
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A general discussion of the tlo moc r v of stellar p u l s a t i o n  i t-, f , a r

beyond the  scope c m f  t h is w o r k .  A ve- rv complet e  t -r , a t m e n t  inc h o l i n g  a

di s c u s s i o n  of both the o-d)servations and the p u l s a t i o n  t O  - ‘ o f  vari roic i e -

s t o rs i’- g iven  hr l~°d oux and W a i r a v e n  ( 1958) . ~l o~ c t ,  i- t m m -  -‘ t m m - i t s  are

g ive n by 1~~do ux (1965) and Cox and G iu l i  (1968) ,  and ;m r , -vi ’ or r i - c e n t

deve lopments  in n o n r a d i a l  p u l s a t i o n  t h e o r y  is a v a i l a b l e  (Ccx , 19 7 ’ ) .

Because- of t h e  high symm e t ry  of observed prope’rt ic’s , ‘ 1 0 0 -  t v ; c r t , b l e

stars are best descr ibed  by the  hyp o t h e s i s  of purel y radial pulsations .

The sun does nut show any obvious simple periodic variation , and dis-

cussion has included consideration of nonradial modes , with the ~ oorr of

the perturbation assumed to be

f’(r, €~ , 0)  = f’(r) V ~(~~‘ ~~

where ~~~m 
~~~~ ~) are s pher ical  harmonics . Cowling (1941) found the

periods of pulsation for nonradial modes for a polvtropc , with this import on t

paper giving rise to the nomenclature’ for these modes . Ledou.x and W a i r a v e n

(1958) show that Cowling ’s result can be derived in the  general c ase -  and

l a t e r a p p l i e d  to the part icular case of p o l v t  rope’s . The derivation oc cit —

lined below is taken from the or ig ina l  paper of Cowling .

The t h r e e -  basic equations to he solved are the equation of’ continuit y

= — div (~: x),

t h e  eqc -otion of motion

-
~

2
x = g r a d  ‘-j l + 

~~~ , 
grad + grad

and the equation of s t a t e

ap
(P

1
+~~~~—

°) / P = ~~y ( c
1
+~~~~----—

°)/~~~
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i I c c -r i ’  t i n ’  s u b s c r i p t s  0 and 1 r e f e r  t o  the  e q u i l i b r i u m  a t i c h  i t  m t  u i - I - i  I ’ d ]

v [ties , is the density, P is the pressure , ~ is the g r i  vi tat ji l l - a l

p o t e n t i a l , 2c  c is the  period , x is the  v e c t i o r  d i s p l a c e m e n t  of a part id ’-

from equilibrium (with ~ the radial component) and ‘
~ is t he- r i  too of’

specific heats .

Since the mass will be concentrated in central regions of floe- t ii’ ,

osc illations will not produce large changes in gravitational potential.

Cowl ing  t h e r e f o r e  drops la t er show ing it s ef f e c t t o be s m a l l  by pe r t  ocr-

b at i o n  theory . He a lso considers each of 
~~~~~ 

P
1 

and ~ to be the  p r o d u c t

of a surface harmonic of order and a function of r. For a poly ti- c pe-

0 ) !  order n , the equilibrium densit~ and pressure are related too the cent r - l

- 11 141)
density and pressure P by the equations = ~ y , P = P ~ 

where
c c e) c t~ c

y sa t  i s i  i( 1’ Emden ’s equation

d 2 d y  2 n
— (x — )  = -xdx dx

and x is given by x = r r , where r 2 
= ( 1÷n) P 4 G

~
i
~
2
. Cowling uses

these variables and the non—dimens ionom l quantities X , ~ o , and a defio °

h~-

X = r , ~4 = P1
/P , o = 

~l’~ c
’ a (1-i-n) 

~~~~~~~~~ 
-

to rewrit - the equations in the fo rm

n~~ ‘ dy
= + Xy ‘,- (li- n - yn), y =

v
0
aX = -.~~~~ 

— (1-i-n) ps-’

— -
~ n 2 e t c - -i- i )

a p =  
2 

(ay x X) + 
2

X ’3X X

Further substitution and manipulation reduces the problem to two first-

o r m l e ’ r  t . q u a t  ions
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a 2
z and .

~-. (x 7)  -
~

where

= ~~
(n-+-l)/y 

~ = 
2(n+l) 

-n

f ~~
-Q 

[a + -~~( Q — n ) ( n ÷ l )  

~~
] and q = Q [ € U +  1) —

These two equations are equivalent to a single second—order equation .

For very small a , this equation approaches

2 a fx
2
y 

l+~~\~~~ _~ ~(~ +l) Q
( Q - n ) ( n+ l)  

~~~~~~~ 
2 = a 

W~ ’

which  has i n f i n i t e ly  many solutions for  a indef in i te ly s m a l l .  For

very large a, this equation approaches

~ ~ 2 —Qy -~~~~ (x 
Z ))  = -azy

which has infinitely many solutions for a indefinitely large . Cowling

found the small a (longer period) solutions to correspond to small vari-

ations in pressure and density with motion chiefly horizontal and due to

gravity acting to smooth out density differences . These he called g—

modes . The large a (short period) solutions are characterized by large

pressure fluctuations and chiefly radial motion driven by pressure van-

ia t ions , and are hence cal led p—modes . In add it ion , there is an inter—

m e d i a t e  period so lu t ion  such t h a t  ~ and have the same s ign at all

points along any radius , which  he termed the fundamenta l  ( f - ) mode .

The p— and g— modes are d is t inguished by cm subscript denumerating

the number of nodes in the funct ion giving the radial dependence of the

per turbed q u a n t i t i e s. The p—modes have  shorter periods and the g-modes

have longer periods w i t h  increasing rad ia l  wave number. The period of

the f , p, and g modes decreases with higher order spherical harmonics .
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Thu dependence of period of the different modes on radial wave number

and t h o m ’  order of the  spher ica l  harmon ic may be i l l u s t r a t e d  s c h e m a t i c : o l l v

by plotting the periods as shown in Figure 2, wIth periods and format

taken f rom Iben and Mahaffy (1976). It may be seen that the g—modes are

present only for £~~l and the f-mode for A �2 . It is also clear that unless

consideration is restricted to certain modes or spherical harmonics , on

e i t h e r  ph y s i c a l  or obse rva t iona l  grounds , the in t e rva l  of  periods plotted

quickly becomes densely covered with modal periods .

Since Cowling ’s paper on nonradial oscillations , the bas ic picture

remains the same . There has been much added in details and sophistication

because  of developments in models of stellar structure and evolution ,

especially fed by improved understanding of nuclear energy generation

processes . More detailed models have also been more accessible because

of the development of largc, high-speed computers . Recent calculations

for the sun (Scuflaire et al., 1975; Then and Mahaffy, 1976; Christensen-

Dalsgaard  and Gough , 1976) all give resul ts  qualitatively similar to
I.

those obta ined by Cox (1976) for  the n = 3 polytrope . Models with dif-

ferent assumptions about the sun ’ s evolution do yield different periods

which could be used to distinguish between the models if measured with

sufficient accuracy . Table 1 shows the periods computed for different

assumpt ions . christen sen-Dalsgaard and Goug h assume an in i t i a l  heavy

element abundance Z = 0.02 and a mix ing length ~/H = 1.10. Iben and

M a h a f f y  t ry  three d i f f e r e n t  values of Z (0. 01, 0.02 , and 0 .03) and vary

the mix i ng-length and hydrogen abundance (X)  to match the sun ’ s present

luminosity and radius . Scuflaire et cml . test the effect of a fast mix ing

of the inner  83% of the t o t a l  s mm l a . maso’, with periods computed at intervals

1 34
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Fi gu re 2 . Periods fo r  non— r a d i a l  p u l s a t i o n s  o h  d i f f e r e n t  modes
and dil ferent spherical harmonics , from Model 2 of
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Table 1

Periods Ca lculated for Various Solar Models

Mode Cox (1976) Iben & M a h a f f y  ( 1976) S c u f l a i r e  (1975) CD&G (1976 )

(~ 0) n=3 polyt rope  Mode l 1 Model 2 Model 3 S M4

p
1 

54.88 56.22 62.29 66.14 62.05 63.61 62.7

p2 
40.52 41.32 40.94 40.81 40.67 42.84 43.8

p
3 

31.29 31.31 30.93 30.67 30.93 31.96 32.6

- 2 )

p 10 
10 .91 10.21 9.97 9.84 10.01 10. 03 10 .-I

p
9 

11.93 11.18 10.87 10.72 10.91 10.94 11.4

lo
s 

13.08 12.33 11.97 11.82 12.01 12. 06 12 .6

p7 14. 51 13 . 74 13 .35 13 .18 13.38 13. 46 14. 1

p
6 

l6. 1l 15.54 15.10 14.90 15.14 15.23 16.0

p5 18.60 17 .88 17.39 17.19 17.42 17. 55 17.9

p
4 

21 .66 21.10 20.52 20 .28 20.56 20.75 21.5

p
3 

25.93 25.60 25.09 24.74 25,13 25.48 26.7

p2 32. 30 32.61 32.19 32 .02 32.27 33 .01 34.3

p
1 

4 2 . 7 4  43.75 42 .5 0 39.18 42.91 46. 76 4 2 . 2

f 58. 39 49.19 45 .90 43 . 97 47 . 19 63. 45 46.0

75.31 56.00 55.05 50.40 56.05 55.1

99.27 65.21 63.03 58.72 61.5

g3 123.7 77 . 16 72 .58 67 .90 70.9

148.2 90.85 83 .49 77.03 81.8

172.6 104 .7 95 .38 86. 53 93 .0

g 196.9 118.6 107.7 96.75 105.0
~‘~1 6

g
7 

221.3 132.6 120.2 107.6 117 .0

g8 
245.6 146.7 132.9 118.9 130.0

g9 270.1 160.9 145.9 130.6 142.0

g10 
294.2 174.9 158.9 142.6 154.0
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of time following the presumed mixing . Comparisons 511 0W t h a t  di ~- t i m o g u i ~~h-

ing between d i f f e r e n t  models on the basis of obse rva t ions  w i l l  he h a z a r o i o o u o - -

unless periods are wel l  defined and there is some means of recognizing

which  pulsa t iona l  mode Is being observed .

Cowling o r i g i n a l’ y applied the theory of n o n r a d i a l  p u l s a t i o n s  to t h e

problem of tidal distortion of binary stars , and it has s ince been app l i ed

to such diverse phenomena as nova ou tburs t s  (Rose , 1968) and o s c i l l a t i o n s

in many electron atoms (Monaghan , 1973 and 1974). Attent ion has turned

in recent years to the sun in response to observational developments in

the area of solar neutrinos and of five—minute oscillations . The relation

of these phenomena to non rad i al  osci l la t ions w i l l  nex t be cons idered ,

fol lowed by a discussion of possible direct observations of longer peri cod

H oscil lat ions.

As a probe of the solar inter ior , Davis and colleagues have a t t e mp t e - d

to detect neutr inos produced by nuc lear react ions in the center cif the

sun , s ince neutrinos should pass directly out of the  sun instead of being

scat tered beyond recognition before emerging , as is the case  w i t h  photons .

Measurements have thus f a r  (Bahcall  and Davis , 1976) yielded upper l i m i t -

f a r  below those predicted by models , and theorists  have responded w i t h  a

v a r i e t y  of models to explain this discrepancy . Dilke and Gough (1q72)

suggested that nuclear evolution of the solar core could r e su l t  in in-

stability to low order g—modes , which would cause chemical mix ing in the

‘l core and yield a much lower neutrino luminos ity . The sugges t ion tha t  the

sun might be or might have been unstable to low order g-modes has been

large ly confirmed by more complete calculations by Christensen-Dalsgaard ,

Dilke and Gough ( 1974), as well as by Sh ibahash i  et al .  (1975) and by

- 
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f lou ry  et a l.  (1975). These calculations have used the q u a s i — a d i a b a t i c

approx ima t ion , wh ich  C h r i s t en s e n — I ) c m l s g c i c m r d  i t  ; m l .  po in t  out may not

adequate1~ include damping effects of the outer layers of the sun .

t irich (1973) argues that even if the possible instability to g-mode

oscillations is present , it would not produce enough mixing to lower the ’

neutrino flux to the observed values . Christensen—Dalsgaard ct al.

agree that this might be the case.

The other observational development leading to new interest in

pocssihle nonradlal pulsations of the sun Is the discovery and study of

five-minute oscillations . As discussed above , the suggestion that the

five—minute osc i l l a t ions  mig ht be high order p—modes was made by W o l f f

(l972b , 1973) and the instability of  modes with periods in the five—

m i n u t e  r ange  has been confirmed by the thorough linear , non—adiabatic

calculations of Ando and Osaki (1975). There have also been suggestions

t h a t  o t h e r  periods mig ht  be observed . W o l f f ’ s (l972a)  suggestion of

possible e x c i t a t i o n  of non rad i a l  modes by flares was mentioned above.

Aleshin (1974) has also suggested that radial oscillations with cm period

near  50 m i n u t e s  and an a m p l i t u d e  ~ r / r  l0~~~ mig h t  be e x c i t e d  by a flare .

The o v e r s t a b i l i t y  at a boundary where a convective 1~ stable region over—

lies an u n s t a b l e  region (Moore and Spiegel , 1966) has been proposed as a

means of m ’xciting g-modes in the convect ive core by S o uf f r i n  and Spiegel

(1967) .  Kato  (1969) suggested tha t  e i ther  th i s  ov er s t ab i l i t y  or the
Ii

h o r i z o n t a l  velocity shear of d i f f e r e n t i a l  rotation mig ht excit e non—

spherical waves in the convec t ion zone , g iv ing  rise to tht  observed

s i n u s o i d a l  growth In quiescent  prominences . A possible connection between

such oscillations and large—scale magnetic patterns ( Humba and Howard ,

~~~~
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1965) was also suggested by Kato and independently by Wolff (l974a and h)

with relation to the magnetic sector structure (see Wilcox and Howard ,

1968 ; Wilcox , 1968).

Observations

Direct observations of solar oscillations at periods longer than

five minutes have been elusive , largely because of th - difficulties in

obtaining suffic ient instrumental stability to enable clear detection of

a small , slowly changing signal. Deubner (1971) reported a long period

mode from magnetograph observations us ing the low-lying line CI\5052. He

found predominantly horizontal motions of about 100 rn/s and a repetitive

(though not strictl y periodic) tendency involving periods of about 40 m m .

Further work (Deubner , 1972a) in the line CI\5380 gave similar results

and also indicated a velocity—intensity correlation as high as for the

five—minute oscillation and a spatial anticorrelation In the amplitudes

of the five—minute oscillation and the longer period feature . A later

paper (Deubner , 1974), including observations in the same line , reported

no important periods at 20 minutes or longer. Fossat and Ricort (1973)

observed similar oscillations (period 40 mm , amplitude 30 m/s) from

observations using optical resonance techniques and the Na—D
1 

line . This

oscillation was seen in three of ten cases , and in all three , later inves-

tigation showed them to have followed flares of some importance (iN twice ,

2 13 once) in support of the flare-excitation suggestion of Wolff and Aleshin.

Later work (Fossat et al., 1974 ; Fossat and Ricort , 1974 and l975a)

did not confirm these longer period oscillations and indeed suggested

that they could not be distinguished from low-frequency noise of

presumably atmospheric origin. A ten-minute mode was reported in the
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l a t e r  papers w i t h  l i f e t i m e  < 15 hours , large horizont al s c a l e - , and i n t e t - -

mittent temporal behavior. There has been no further published confir—

mat  ion of t h i s  t e n — m i n u t e  mode by o ther  observers , and in a l a t e r  paper

( j l ’ i - o  and Fossat , 1976) us ing an Improved sodium device , the  t e n - m i n u t e

c)—~cillati on was not observed , w h i c h  makes it likely that the effect ‘-~as

i f  ins t rumental origin.

Longer period oscillations at radio wavelengths (9870 , 9670 MHz)

h a v e  la’e’i~ reported by Kobrin and Korshunov ( 1972 , see also Kobrin et a l . ,

1973) .  S e nsi t i v i t y  \‘,as  enhanced by using two telescopes , in one case

separated b 1500 km , to rule out an atmospheric origin. An active

region soi l-c e’ was rejected since the osci l la t ions  pers ist a f t e r  the

region disappears behind the limb . Other possible explanations include

s u p e r g r a n u l a t i o n  osc i l l a t ions  or global pulsat ions . K a l i n j a k  and V c o s s t l y e v o

(1971) compared a particular feature to the full disk at meter and decamete’r

wavelengths , and found a north-south anisotropy which they interpreted as

being due to a g r a v i ty  wave causing a temporary surface deformation .

Kaufmann (1972) also reported oscillations at a period of about 41 mm

from 7 GHz radio observations . He favors the explanation that t h e  observed

periodic signal is produced by an oscillating quiescent prominence (see

Kleczek and Kuperus , 1969) which generates oscillations at microwave

wavelengths by dissipating its mechanical energy in the surrounding

coronal plasma. The recurrent mention of 30—50 minute periods suggests

that these oscillations may have a common , presumably solar origin.

-; However , d i f f i c u l t i e s  in confirmi’~g osc i l la t ions  reported at  o p t i ca l  save ’-

lengths and the availability of aiterna e explanations f o r  the periodic

fea tu re s  observed in radio obaervations leave cons i d u r c m h l e -  room for (IOuI)t .
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Current interest in longer period pu ls ;mti oon ’- is e-spa- i - iallv dna o t o

observations from two groups using sensitive new technique’- and oib ~ t a i m I n g

different but not necessarily incompatible results . Sm vernv , Kci tov , and

Tsap (1976a), of thc Crimean Astrophysical Observatory h a v e ma W - an

ingenious and straig htforward modification of the B abc ock  magnet og i ’ m ph

to enable very sensitive velocity measurements . The magnetograph is

designed to give a sensitive measurement of the difference in wavelength

of the right and left circularl y polarized Components of an absorption

l ine , since these components are shifted In opposite directions (/ - -rn - o n

splitting) if a line—of—sig ht magnetic field is present in the line foo cr i —

ing region for a magnetically sensitive line . To measure relative solar

velocities using the magnetograph , a non—magnetic line Is used , and a

circular polarizer is positioned so as to polarize light coming only from

the center of the disk. Since light of this polarlicction is transmitte d

from any part of the disk while light of the opposite polarization may

come only from the limb , the magnetograph now measures the difference in

wavelength between the limb and the full disk. Because global pul~~a t i o o n s

w i l l  produce different line—of—sig ht velocities at center and limb , through

Doppler shifts they would also produce an oscillation in the wave length

difference signal.

Observations in this mode showed small variations of the signal freon

the daily pattern with a period near 2 hr 40 mi Simult aneous obser-

vations made using the solar line FeI\5l23.7 and the telluric line 11
2
0

\5901.5 showed that the fluctuations were present in the solar line and

not in the t e l l u r i c  l ine . Th is f ac t  and the independence of the phase

of the oscillations from local time or from the time each observation
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w a s  st  act o iL  1(01 th o ’ authors  to conclude t h a t  t h i s  s i gn:m 1 was o f  s o l a r

origin. ~\ superposed epoch analysis was p e r f o i r i n a ’ o f  u s i n g  p er i od s  b e t a o s - n

2 hr 30 mm and 2 hr 50 mm in steps of 0.5 mm , and the best s i g n a l

(largest extremum to error ratio)) was obtained for a per iod of 2 hr  -1 ( a  m m

+ 0.5 mm with the amplitude being + 2 rn/s. Data t a k e n  in October  1974

and M a r c h  1975 showed the same period and a phase corns i s ten t  w i t h  a pe r iod

o f  exactly 2 hr  40 m m , i nd i ca t i ng  phase s t a b i l i t y  over t~b o L )  p er i o d s .

Thl~ long period was a surpris ing and unexpected result. The phase-

s t a b i l i ty  indicated would rule out a s t o c h a s t i c  process such as s u p e r —

super granulation , and the period Is too long for the oscillations to be

l i m i t e d  t i c  t h e  e nvelope of the sun. If the pulsations measured are

p u r e ly  r a d i a l , the long period measured would i nd Ica t e  a much m i c r a -  homo-

geneous sun t h a n  predicted by s t a n d a r d  models . The r e su l t  would  he a

r educ t ion  in nuclear  reaction ra tes  which  would account f o r  the low

neutrino flux but would also leave no known mechanism for the productIon

of the observed photon luminosity. An a l t e r n a t e  e x p l a n a t i o n  is t h a t  the

observed period might be a higher order g-mode , for e-x imple a qu;ulrupole

oscillation which has a period near 2 hr I~) eth in cu r r en t  models .

Worden and Simon (1976) h a v e  suggested that the si gnal is due t o  s u p e r—

granu les  r o t a t i n g  w i t h  the  sun , thoug h t h i s  w o u l d  not p o - o c i f uce cm s h a r p ly

defined period and it would seem that the period would hi- closer to

27 ~~~~~~~ / (2- x 696,000 30,000 
kin 

~ 
hr

rot rot super G super G

Whatever the explanation might be, the Crimean obse r ver s  con t inue

to report the 2 hr 40 mm oscillations In 1975 and 1976 observations

Severny et al .  (1976b) . They have also seen osc i l l a t ions  li- a the sun ’s

mean magnetic field with the same period and in the coamp am- cotive intensity
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of center and limb . These oscillations could call be evidence of a common

instrumental problem rather than a sool ar origin , though it is hard to

explain reported 2 hr 40 mm oscillations in the i n ten s i t y  of Uranus  in

this manner because very different instrumental techniques would nc -es  -

sco rily be involved. Also impressive is the independent report of oscil-

Lations of similar amplitude and period (2.70 ÷ 0.24 m s , 2.65 ~- 0 . 04 hr)

1w a group from the University of Birmingham (Brookes , Isaak , and van der

Raay , 1976). They use a resonant opttec-1 scattering device using potas-

sium or sodium vapor Zeeman split in the laboratory by a magnet to scatter

light on the wings of sodium or potassium lines (as described in the

section on f ive-minute oscillation observations). Only two of twelve

observations yielded usable data , and both showed oscillations near a

2 hr 40 mm p riod after fitting out the velocity signal due to the

earth’s rotation . Power spectra also give peaks at periods of 58 mm and

40 mm which are clc-eo’ to those expected for low order radial or non—

radial modes .

A second series of reports of solar oscillations has come from

Henr Hill and collaborators working at the Santa Catalina Laboratory

for Experimental Relativity through Astrometry (SCLERA) in Arizona. They

have used distinctive techniques and analysis and have obtained results

bearing much closer similarity to those predicted by standard theories

than the 2 hr 40 mm period discussed above . Their instrument is designed

to make very precise d e ter m i n a t i o n  of the sun ’s d i a m e t e r , in particular

so po la r  and equa to ria l  d iameters  can be compared to look f o r  the oblate-

ness reported by Dicke and Goldenherg (1967) .  The telescope produces an

image of the sun below which are placed slits adjacent and parallel to

4:1
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t h e  o p p i c ~ ite l imbs . The image Is di’ iv ef l  back  and F ’ o o t h  s i n u s o i d a l  l~ by

the  p o ) s i t i 0 0 1 0 i n g  m i t - i - or , and the  s l i t s  ca t - i’ j c i o s t t i o n e a l  c o t  f i a t p o i n t  on the

l imb where  the f i n i t e  F o u r i e r  t r a n s  b o n n

1 2
F(G; q, a) = 

• — .~ 2 
G(q + cm sin ‘-s) ca-as 2 - -s ds

vanishes . Here G is the i n te ’n s  i ty  , q is I hi r a d i a l  pos i t ion , and a tho -

scan amplitude . The t r a n s f o r m  is computed  by a minicomp uter and the sl i I~

o r e -  p o s i t i o n e d  to a c h i ev e  n u l l , w i t h  the  s l i t  s e p a r a t i o n  m e a s u r e d  b y a

l a ’ - m - r  in t er f e r o met er .  De ta i l s  on the telescope are given in Oleson et a l .

( 1 0 1 7 1 )  t he  oh l a ten i - s s  m e a s u r e m e n t  In H i l l  and S t ebb in s  ( L 3 7 ; i )  , and t he

use of t h e  f i n i t e  F o u r i e r  t r a n s f o r m  d e f i n i t i o n  (F’FTI)) of t h e  limb in Hill

lo7~~) . An o b l c m t en e s s  o f  18.4 + 12. 5 cor e  mse’c w c a s  r - p o r te d

( ‘O01~~ i s ’.  ~ct w i t h  a ocniformlv r o o t  a t i n g  sun  and in cont r a s t  W i t h  D ic k e ’ s

v: ol oi ’ of 43,-I ± 3 .3 arc msa ’( ’  w h i c h  s o t i l d  a- a ’j u i r e  a r a p i d ly  i -cot cot ing (-co re’

and s b  j o - bc  would imply disagreement between the  observed pr e ’ c es s  j o i n  u t  the’

p e r i h e l i o n  oaf M e r c u ry  and the  p r e d i c t i o n  of E i n s t e i n ’ s Genera l  T h e o r y  of

R e l a t i v i t y .

The obl ateness measurement requit- a ’ s c a l t i ’ r n co t i n g  measurements of t ic-

sun ’s polar arid e ’qu ;olori al dic m me t o - o -s . E ar l~ i n d i o ’ a t  i c o n s  c o b  ) 4 - ~~i odjC

va n a t ions in the s ign~m I li-c l the’ c ob si  cvi  - rs to m o okm’ m’epe ’ o t t  -d a - onse t’ Li t I V(

measureme nts of the equamtori c:l diameter in Novembe r 1973 cmnd 0 ) 1  t b -  polar

e l t cm m c t i ’r in the spring of  1975 . Power speet r ca  wi re’ computed f o c i ’  e’c och s e t

o i l  obse r v c o  t tons and many pm ’ c m k s  wa re not ia- i’ d in the- lU— ~i() m inute range

suggest ing their identification with low order p—modes oo F the sun (11111

c m l  . , 1 976a) . Obs i - rva  t i otis to cove hi’, -a extended and p owm - r s pa -ct la compute d

(Brown a t  • 1976) and peaks Ident  if l i - a l . A a ’ iompc a r tso ~ i c m l  f l i t-  d i f F e ren t

pe~r t io o l- ~ n w ’ ; a ’ - o i r i - a l  ( s m - i -  T c o b l e -  2)  with each  othe r and w i t h  t h e  I I c o - i c r e t i ’ c a l
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T dilm- 2

Per ii oafs Ohs’ - rv , c l la y H ill ~~t c m l  -

Sept. 1973 Spring 1975 Fall 1~ 7~

.3

52 47 .°)

33 30 . 3 28 .7

23 .8 24 .8

21.0 21 .0

16.7 17 .1 
18.8

15 .6

14.6 1-1 .7

13 .3 13 .0

11.9 11.8 11. 4

10.4 10.5 10.8

9.84

9.2 8.8 9 . 2 6

8.53

7.9 7.90

7.6 7 .54

7.0 7.2 7.18

6. 7-1

6.28

6 .07



v.a I ue ’-’ I n  ‘l’ , m h  l i  1 s lcoaw— o t l i i ’  i’ m -  t o  a m -  f a i r , t hocug im n a o t p. - i f  a u t  ~ ~ a - c  s ic I -

‘A’ it ic t h i s  a ‘ ioicp ca ci soon comp ito - c a t  c - a l by of i f  f e  r e n t  f r i - , 1 u c c - r c i - v  m - a ’~~u m  t at  i on  j~ 1 ii.

dl f fi - i’, - at  pccw m ‘1~ 0- pm -o  - I i- co t i  cTll ~~L l t m - il

These results hat- a- be- -n we I -omeol by t h e o r i s t s  wic co h o -  m o l e -  compa c i  -

scans ioc’i w eefl t i l t -  r e p o r t e d  p e r i ods and s o l a r  m o d e ls  of (Il f le-T’ .-Ll t i n t l  i a !

,m b o a m n a j c a n c m - s  (Iben and M c a l ~~ u l  I V - 197b) c a ~ c a t  d i f f e r e n t  I i n s - s  f r o m  a h u ~~ i i o —

t t c . - t i c al  m i x i n g  of the  i n t e r i o r  ( S c u f l o a t re ’ e t a l .  , l1 t7~ i )  - \t t empts at

a oi t i f i r m a  t ion b ) V  o u t  l i e - c  c ) f) S ( ’  r y e -  i-s h a v e  i)eefl u n s u c a  - i - s  s f u 1 - hr  acak e ’s et  I i  -

( 1 97 6 )  concluded thcm t t Ic . -  v e l o a ’ i t i e o - ’  t i l t - v  m m ’ c m s u r c ’ o l  i t  p c r i ’o o l s  of 1 h a o o o r

t c - r e  co Il ‘ 0  r - c le ’r  of magnitude lowe r t h c m n  those r -equi  re - -cl b~ t he H i l l  cc -~- u 1 t

and Gri a - c m n d  Foss a t  ( 197b) repor te-d  lmn uppi ’  r l i m i t  3 m )  t i n c - s  sm c m l i a r t b o o n

t h e y  c a l - u l c a t e d  w o u l d  he presen t  if the  SCLE RA g roup  5 . - r e -  Ice - a suring an

o f  a cm 1 mass m o t i o n . H i l l  et al  - ( i 9 7 6 o m ) s o i g g e - s  t m - a l  t h a t  t h e -j r  s i gn cm 1

was  due r o a t h e r t a a ’ l i o x c g o - s  In t h i -  l i m b - a  d c m r k e - n i n g  f u n c t i o n , and  h c a v e  e c a l c u —

l ; o t e - d  ( H i l l  i t  ml. , l976b and  1977 cm)  g r e a t ly  e n h c m n c m d s a - t i s i t  i t - i t  y f o r  the ’

FFTD , e s p e c i c o l l v  If  fl - ac-i - a ’ is pl- i ’ s a - n t  a Sill ) s t o a fl t I co l p u t t  I o n  of the mode

w h i c h  bi c i s  c m n  e x p o nen t  I cal growth of i n .-  rg~ w t t t i  lie ig h t  in I l i e’ solar atam-as—

phe ra’ , is m i g h t  he the result of ref l i - i t l iens i n  t i - a m -  elor ’ imu c ’.p lc a - r a ’ or

c ca r ionc a - Grec and Foss c a t  ( 1976) have cml so ,a r g o o.-il I h ,  t th i -  p eaks  in f he

power sped r o m  a r e -  no t  s t a t i s t  t e a l  iv  s i g n i f i c a n t , cana l  Hrow n e- t al . ( 197 ;)

h a v e  a n s w e red w i t h  d i f f e r e n t  r e c a s o o n s  f o r  c l a i m i n g  a hig h si  a t  i s t  j o c a l

S I g n i f  i o - o m n c ’ e -  , mos t i m p r e s s i ve ’  of w h i c h  is t h e  a ’ a i inc t a t e - n a ’ , -  o a f  m a ny  p eaks

In powe r’ s pea t rd computed from independen I s a m p l e ’s  of l i i i ’  a l ca t a - Momu- 1100 1 1

cmfl d Nv. - ( 1976a)  si~b m i t t i - a l  an  c a l o s t r act  r e p o r t i n g  a p a r b o i l  of -IS -l ,oo cnamte’s

In  m e c m s u r em en t s  of i n t e n s i t y  and veloc it ~ - us ing  the  n o n — t , a m - i , r c m ’ t  j e  1 inc

Fel - S~”7b , b m a i t by the t m o e  l b . -  pc apc- r was p r e sen ted , ca neg-at  ly e  t’auu las ion
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hcad  a c - m n r , - . a i h ed , cos f u r t h e r  di i - c i ’ a i s s m - a l  in  a l a t a - r  o a p e -r (M a ismull cm nd  N v m - ,

1976h) . L i v i n g s t o n  et  iii . (1977) m aci , ’  d i re c t  m e cos ci r a -m e-nI s of t e m p - r a l  il l--

b o y  t i  crn~o . or in g  the  c e n t  rim 1 d e p t h  of t l i i ’  1 i n . -  CI - ~:i~~it w i t h  tb ,  - u -tc t I n i o l i r

and found no si gnif i eca n t temperature vcmr i ation n with a 3 l i o p a - r  l i m i t  o a t

0 , -l ’ K c - s t  imated  f o r  per iods  between 5 m i n u te s  and b ) )  m i n u t i - ~~. H i l l  o t a l .

1 °) 7 7 b )  have challenged the calo -ulat ions use d too r e L a t e  m l  a - a s  i t v  f l i i i  U —

a t  ions t i c  t . - m p e r o m t u r e - f l u c t u a t io n s , and L i v i n g s to n  a t  a l .  h a v e  r - c o g n h i e - d

t h o t  a c o m p a ri son  is  d i f f i c u l t  s i nce  the~- use a l i n i -  f o r m e d  n e c a r  -~ 1. ()

w l i e y - , -as  Hi l i ’ s t e c h n iqu e  tic- f ines the limb near = 0 .02 w h e r e -  t l t , -  c a m p l  c —

tuo le  of t e m p e r a t u r e  V l u c t u a ti a -ans  m ig ht  be much g r e a t i r.  The i a ~~e i l l a t  iot c s

i-a- m a in u n c on f I r m e d  and of g rea t  po ten t  ia l  va l a m -  as p r - u  o i ) i - S  of the  S t  ruc- t a r e -

of  t h e  su n ’s i n t e r i o r .

a summary of p a s t  e f f o r ts  and an introduo-tion to t h e  prese nt

work , the  f o l l o w i n g  are q u e s t i o n s  t h a t  m i g h t  be , a n s w  a r e ’  of  by an - )servca—

juir c c al s tudy of l a r ge— s c a l e  s o l a r  v e l o c i t i e s

1. Can f ive—minut e oscillations be obsert ’ e - o I  115 1mg p r e - ~~c - n t  t e c h n i q ues ’?

I f  so , w h a t  are the a m p l i t u d e  and period and how do th e - sa tsa l i m e s  ( ant i  a n y

o the r s  m e a s u r a b l e )  agrec- w i t h  o t h e r obse rva t  ions cot - ad s-I th  d i f  f e - r e n t

proposed theories? Regular oh s e r v c a t  l o a n s  of b itt-— minute cas e I L 1 o t  ions

ove r several solar rotations would cm l so enable the investigation ia f l o r g e —

s c a l e -  organization of five—minute’ ns-i llatjon s in re -lat lon to magnetic

sa - i t a o r  stru cture or coronal holes . The possihi lit v - o f  scum - s iR bi CO f l—

nect ion might be expected In view of theories meat  lo ane d mba - a ve (Wolff ,

197-la and h ; Kato , 1969) which i d a - n t  ifs- non t - o m i l l a  I e a s e  i l l  a t  ia~~is c as  t h e

sou rce of large-—scale magnetic stru ctures . S o a m , -  conncc’t ton mig ht also

he expec ted  because  of cab - as , - - rved d i f  f a -  ci - ne - i- s in amp I ll a i d , - or pc ri ad a I



I-

I i v e — m i n u t o ’  o sC’ i l l a t  l o a n s  p i - a x i t m a - e c i  l a y  — r i o 1 ! — s e c a l , , a c t  it ’ .- m• c~~~i citi m a g n et  t o-

f id ols os d i s c u s sed  c a b a o ~’e’ - Five—minute 1)5 (111 c o t  Ions’  c i i - , -  also of o - u r r e n t

i n t o - r i - s t  i n  t he -ar i es  of coronal  h a - u t  ing  ( i — . - .  L a ’ I l ) c c a i c e - r  a n a l  ~ t ’ - i n , 1974)

d U a l  s ince  the. - re- a t . ,- d e f i n i t e  1 a rgt - — s c - a l e -  changes  in coron c ,  1 I a  - 1 1 1 p m  - r c a t U ri

s u e t - a  as m d  j c a t e - al b~ c a c r o n o m  1 ha l  i’s ( M u n r o  I n i l  W i t  h ib ra ) e ’  , 10 172 ; .\ i t s a - I c t i  l a -m-

a t  cm l . ,  1 9 7 4 ) ,  i i  w o u l d  bc i n te -r , ’s t i n g  to know I f  ther e- c a r . - s i m i l o r

v a r i a t I o n s  in the amplitude or pc-ri nd of five—minute oscillations .

2. Are the periods ident i f  i e - d  by H i l l  and a ’ o— w o r k e ri-o p r e s e n t  c a r

b , ’ l c w  the t h r e sho ld  of t e c h n iqu e s  a l , ’ s c r i l ) ’(i h e r e in?  Cat-a the spheric-al

harmonic’ -~ or r a d i a l  wave numbe i- s be i a l e - c c t i f  t e a l , and w h a t  core  the  l i f e —

I toes of the inndi ’s  p resen t?

:t . Art- t h e -  2 hr hI  m m  n s a - i l  hit  i nns  t r - i i l v  of solar orig in? I I so ,

..hci t j—o their amplitude , period , and angulcar dependence? Is their life-

time measurable , and what mode do they represent? Are there other

r , - l c a t - d  mo oc h ’s present , or is the re - any observatIonal clue as to why this

one i s  ~e-lected?
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Chcmp f er II

THE INST RU M E NT

The’ observat ions used in the present study were rn cede c a t  t h e  St a n f o r o l

S o l c a r  O h s e rv c a t or y . This  Is a new i n s t r u m e n t  w h i c h  w a s  d e d i c a f  .- ‘d on

A p r i l  26 , 1974 w i t h  r e g u l a r  observations of the sun ’ s mean magne t ic f i - l d

beginning in ~1 c iv  of 1975. The t -lescope is patterned after the 150 foot

s a i l - o r t ower te-l e s (’ copa’ at Mt. Wilson , with modifications generally direa te-d

- i S rd I h a ’  goal  of ohi- c - rv in g  l a r g e — s c a l e  magne t i c  anal  t - e - l o c i t y  f i e l d , —

w i t h  v ”r v  h i g h-a s e n s i t i vi t ~ . This  c h a p t e r  c o n t a i n s  a d e t a i l e d d e s c r i p t i o n

1 the has -ar in s t rum en t  . Nc ,  o t h e r  such des -r ip t i o n  has h i -en  p u b l i s h e d

ct  t h i s  t ime , t houg h ci somewhat  b r ie f e r  d e s- r i p t io n  is i n  p r e p a r a t i o n

( S - - h m e - r r e r , 1977) .  More detail will be devoted to  an e x pl an a t  ion of t h e

m uca i l t icat tarn ~ h I e t c  V a l e r i  A .  K o t o v  of the  Cr imean  A s t r o p h ys i c a l  Ob s e r v a t o c r y

dc- vis e d for us ing the Babc ock—type mcmgnetograp h to measure relative solar

v,-j c e itj i-s , Inc luded will he a description of calculations -and experi

ments  pe r fo rmed  t a  p r o o v id e  a proper calibration and interp retation of the

observations . Ac- the different components of the telescope are described

in del call below , t h e - j r  l o c a t i o n  and r e l a t i o n  to the  whole may he better

u nderstood by re f - r i - n o ’ i- to F igu re  3 , w h i c h  is duo primaril y to Philip H.

Sc ’bc , - r r e r.

The Stanford Solar 0hservata r~’ is located in the  f a o o t h i l l s  s o u t h  of

the academic renter caf the unive rsity on unIve rsity property . It is at

an o l e - v a t  Ion of :17(1 + 5 ft (113 m) , icotitude N37~ 24’ 35” + 2” cm nd

l ong i tude  122° 10’ 2 ’ -+- 2 ” . This  loca t ion  Is excellent for the large—

s m - a l e , dat  lv observat ico n s undertaken because there is a g i- i ’ c a t eli-al of
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clear weathe r , especially (luring the summer mcm nths (~~i c o V  hroui q, h S ” p t e - i n b e - r )  -

I t  cm i so  has the advantage of being ama lv I ivo- minutes omway I rico the c ainpus -

The c o o l v a n t a g e  c m f  c lose p r o x i m i ty  t c o  campus in a large met ropol i t c m n  c a r t - c o

I
a l s o  c cir r i e s  w i t h  it the disadvantage of man—made atmosp heric pollution .

R e s u l t a n t  loss of t r an s p c o ren( ’y can  he especially h-: rmfu i for the p r e - s o - n t

a a b s e r v c c t  ions if there  c a r t -  s h a r p  locc a l  g r a d i e n t s  r e - s u i t i n g  in c m v , o  r i a h ie

s e ig h t i ng f o r  d i f f e rent  po rt ions of the s o l a r  d i s k .  This p rob l em is

reduced , especially in af ternoons , b~’ p r e v a i l i n g  n o r t h w e s t e r l y  winds  o f f

of tb - me P a c i f i c  Ocean w h i c h  help keep the air clear . The hilltop lcs’ cat ion

al s o  - i s  i h l v  improve - s  t r a n s p a r e n c y  on days  w i t h  r e l a t i v e 4v  low w i n d  and

h I t ~h p o l l u t i o n .

S u n l i g h t  is co1 lec te~d by a t w a — m i r r o r  c o e l ost a t  sy st e m , w h i c h  pro-

d u ct - s  cm n o n r o t a t i n g  image  of the sun . The 33 cm coelostci t m i r r o r  r o t a t e - s

abou t an ax is directed at the celestial north pole with a 48-hour clock

drive , and r ef  lects the light to the 27 cm second flat mirror which

ref I e - c ’ t s  it verticall y downward . When the sun ’s declination is lass than

• ~ 9° (September to April), the shadow of the second flat falls on the

- 
- 

- co e lo st a t  at  noon , c - t m  the c oe lo s ta t  mirror is displaced 50 cm east of

t Im e- sec ond f l c m t  in the morn ing  and  50 cm we s t  in the  a f t e r n o o n , w h i c h

produces a r o t a t i o n  oof  t he  s o l a r  image . R o t c m t i o n  of the image  can  h a v e ’

‘ cm large effect on the velocity s i g n a l  measured  when  the observ ing  aperture

is not perfe-o- t ly centered bec -ause ’ of the sun ’s large r o t a t i o n a l ye lot - i t  Y

of n e a r l y  2 kn, sec . This would make the heliostat system , which uses one

ill . —ror but produces a r - a a t c c t  ing solci r image , much l i - s c -  s t r i t c e h i c  f o r  the

observation described l i e ’  ri i n .  An a d v a n t a g e  of t he hel ia - a s to i l is that the

angle  of incidence of sunlight does not change during t f ~e day , whe reas

_ _  - -



f u u m  t i - am’ i a , - l u c c - t a t  S y s t o l i c , t h e  a n g l e - c -  c I o c i m g m -  prnchua i i o ~~ c-h ang - — in p a o l o m r—

ization. This polari icc t ion Is not important l oot’ t im, - p m ’ , - s e - r I t _ t o bc - e-t’v a t i o f l

s i n c e ’  t he  l i gh t  i s  p , a s — c o l  th r c )u g h o l i n t - c m -  p a c l u m j z i ’ r  tic - I or ’ e - a n c i l - , , -  is .

‘I’Wa) ca t ) t i ’  t l v i -  l cns , ’s  art- Po~- i t  l o a n ed 12( 1 cm u I  l i e - c t l v  h a - i  a,~ t I c e

c - , - c - ond I l a t  m i m - m - o c l - . L ig h t  p c m s s l l t g  t h i m - n u g im t h e -  g u i d i n g  la -n ,- (cm s i n g le

i - l i -m e n  t , a n t i — r e - f l e e t  ion c o a t e d  lens s i t h  t oe: ca l length f = 7 - 1 m ,

diameter oh = 5.7 cm , cinch clear aperture 5 - I  c-n) is r - f  l a - a t e - o h  o f t  a

t w o — m i r r o r  periscope to f o r m  a 6 .6  cm im cmg e of t I i ~- c - u n  o a t  a p o s i t  inn

50 cm e - c a s t  c-and 660 cm below t h c  i c - m i s  - ‘l\vao m a  I c -b ed pot ir s  of oh j o o c l e - ~

c o re p o s i t i o n e d  on th~ ~~ and NS -oigi ’s ol’ t h i s  image , and c’onnec t ed  by a

‘ a - r v c - a  sy s t e m  to ~~ and NS mo to r s  on t h e  s ec o n d  f l a t  tnirm’o r - S i n c a -  tie ’

r 1 t ic -k  oh r i~~e ’ on the  c cx- l a - a c - t a t  m i r r o r  is n i o t  m a l i - q u a  te tic track the sun

pe rfect lv during the day , t h i s  s et -v o  sy s t e m  is a l e - s  Igned  so t h a t  if  t Ic, -

s u n  d r i f t s  to the n o r t h  caus ing  the north -a diode too  me- cas erre ma - are- l igh t

t h a n  the s o u t h  diode , t I c  is i n t e n s i t y  d i l  N- i - i - rn - i -  is  used as cm s i g n c m l tic

driv i- the NS motor a -an the  si- (’ian(l 11 cat , t i lt log the m i r r o r  t o  n u l l  t ie-

s i g n a l  and correc t  the d r i f t  . Expe i - i e ’r n - e  ind ica tes  t h o e t  t he- g u i d i n g

sy s t e m  h c m c -  v e ry  good sm -o s i t  i v i t  a, and  s t a b i l i ty  in keeping the guiding

Image oentered - It c m l s o o  h a s  t l e ’  d c m n g t - t - o u s  d i s a d v a n t  c a g e -  o a t  l o s i n g  a d i !  —

t i - r e n t  beam fo r  g u i d i n g  t h a n  is u s e - o h  f o r  obsc-rving - Evidence’ w i l l  he

pr - sen t ed  la b m w  m d  ic-at ing that the  ,-t abi l i t  V of p cas  i t  ion o f  th e ’ i mage

ci— -d for observations is not as good . At te mp t s t O )  c o r r ec t  t i - m i s  p rob l em
‘at

by using the same imca ,., - both for g u i d i n g  c mn d f o r  a o b c - e - r ’ v i n g  w i i l  a l s o - a  be

mentioned.
k

The second lens used is the o ,bse-m v ing lens ( c o n  AR c o a c c  t e d  s i n g l e t

with f = 2.7 m , d = 6.3 c-rn and clear aperture 5.8 cm) which fe-at-ms

_____________ 
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con image of 2 .52 c-rn (almos t e - x c n c t l y  1 i n c h )  d i c c m m - f i - r  at cc d i s t c o t c o - a- ao l

3.8 m f rom the spectrograph entrance slit. This image is ic - e d  l n s t a ’ c o a i

‘)f allowing sunlight to fall on the entrance’ slit since it is of s m a l l e r-

angular extent than t i - a c -  sun  i t s e l f  ( 2 . 5 2 c m  3 . 8 m  = 1 150 , 2 x R 
- r, =

2 x 6 .96  x 11) 10 
cm / 1. 496 x l0~~ cm = 1 107) w h i c h  p e r m i t s  t h e  c i sc  a f

s m a l l e r  o p t i c a l  c o m p o n e n t s  a t  c c t h e r  p o i n t s  in t b - a , - s y s t e m . T h i s  image  i s

used in the  Kotov  te chn ique to s e p a r a t e  l i g h t  f r o m  d i f f e r e n t  p o r t  i c a n s

of t h e  d i s k  f o r  the measu remen t  of r e l a t  ive y e - b e l t  ics . - \n o t her  nbc -c ry -

ing lens has a l so  been in use w h i c h  has the  same d imens  i c a n s  and 6 . 5 m

focal length and which produces a 6.1 cm image of the sun  a t  t h e -

spec t rograph  e n t r a n c e  s l i t .  This  lens has been used to make d a i l y scans

of the s u n ’ s m a g n e t i c  f i e l d  w i t h  a t h r e e  a r c - m i n u t e -  a p e r t u r e . P a r t  of

the procedure for t he- scanning observation involves moving the xy-table

on which the guiding diodes are mounted until the observing image is

c-entere d at the en t rance  aper ture , w i t h  posit ion con t ro l l ed  by s tepping

m o t o r - s  in steps of 0,001 in ( 2 5 . 4  ~ ) on a 6.6 cm image corresponding t i c

1” per encoder count . Table 3 shows a record of -e n t e r  p o s i t i o n s  f o r

observations during June 1976 , showing cm li instability in  p o s i t i o n i n g  of

the observing Image ad 10” f r o m  ala s to d c a y  - Poss ib le  sources and

effects of such drifts on the measured relative velocity will be

discussed below .

The coelostat and second flat mirrors , the t w a - a  o b j e c t i v e’  i c - u s , - - ’-

and the periscope are supported by the main -a telescope structure , which

consists of three triangular concrete’ walls of about 40 l o a n s  each  t i l te d

up to form a py rami d  shape . The d )p t i c a l  e lements  arc hoou c - ,’a h in a 12—foot

aluminum d ome , with shutters opening too provide a three— t ac i t wide observing



l a b l i -  .1

P o s i t i o n  o f  G u i d i n g  I m a g e  i n  lon e , 1t1 7h

D a t e  55 P o s i t i o n  ESI P o s i t i o n

-Tune  1 1535 14140

-Ju ne 2 i535 1-170

- J une  3 1540 1 - I S a )

,June 4 1535 14140

-June 5 1535 1471)

June 6 1535 14140

-June 7 1535 14s~ 1

-June 8 1530 1480

,June 12 1535 1480

June 13 1535 14140

June 14 1530 14)40

-June 15 1525 i4)i()

June 16 1530 1470

-J une 17 1530 1470

-June 18 1530 1480

June 19 1530 1480

.June 20 1530 1480

June 21 1530 1500

-Ju ne 22 1 530 1-1145

-June 24 1525 1475

,June 25 1520 1475

-June 21i 1520 1475

June 27 1530 1 4 7 5

June 28 1515 1475

Ju ne 29 1530 1-1 14( 1

Jun e 30 1520 1485

Ave rage Nt- P o s i t i o n  = 1529 141 , V a r i a n c e t 2 
= 5 798

Average EW P o s i t i o n  = 1477.88 , Variance
1 2 

= 6.958
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w i n d o w . Th e -  p r i - a p e ’  r dome’ p as it ion ms a function of t l int- oa f dca ~- c- c -ca l o o m —

l o t e d  from the ’ Ephemeris parcmm a-te n-c- for each dciv of the’ ye-car , and t he

resulting cut-v’ Is f i t  t i c the expression f(t) = A 3
t

1 
+ A2~~

(t) ~ -\
1
t +

where  t4 (t) is a s tep  f u n c t i o n  a t  noon , a nd t h i s  f i t  is cis ,-d by t b - a t -  t e l e —

c-c ape ’ driver system ta - a keep the dome posit ioned p r o p e r ly .

Li ght from the observing lens passes through the , o n c m l v - i c - r , c o n s i s t -

ing of KDP (KH
2~~ 4

) and linear polarizer , throug h a 270 A EW1Th1 bandpass

-
. interference filter centered at 5200 A , and an image slla ’,’r. The Kl)P is

m o d u l c a t i - d w i t h  a 110 H-i- s q u a r e  wave  at + 3880 V , w h i c h  is the  q u c c r t c - n - —

w a v e  p o t e n t i a l  f o r  \ = 5250 A. This makes the c r y s t a l  al~~ - r n a t i - i y  cm

p o s i t i v e  and n e g a t i v e  q u a r t e r — w av e -  p l a t e -  r e t a r d er f o r  l i gh t  a t  t h i s  w a v e - —

ie-ngth. Since for right (left) circularly polarized li ght , the x—component

of t h e  p o l om r i z a t  ion v e c t o r  lea ds  ( l a g s )  the  s- — c om p on en t  by 90° or 1 -1

period , if the quarter wave plate is oriented to produce a 90° phase

r i- t c a r d a t i n n  f o r  the x—component , the x and y components clr c-  t hen  e’-~a c tl v

in (out of) phase , resulting in light linearly polarized with polarization

vector -15~ to the right (left) of the ~‘-axis . The effect on r ig ht  and

l e f t  c i r - e u i a r ly  po b c m r i z e d  components  Is reversed  f o r  a n e g i t  ive k ,  -I

retardcmtion (see Figure’ 4). If a l i n e - c o n- p o l a r i z e r  is included oria’nted

4 50  t i m  t he  r ig h t of t he v — o c x  is , the- , c’ic m lv/e ’y- will pcm ss o n l y  right (left)

circular! ’,’ polarized ligh t when a pa -a c - itiv e (negative ) voltcm ge ’ is applied.

The phase r e t a r d a t i o n  ?m for KDP is a func t ion of wavelength , (-a 2-’- \

x V x Q where U is a cofls  t an t  oh - p e n d in g  on c ry s t a l  p a r am e t i ’  rs - I t  f o l l ow s

tha t an appl ied p o t e n t i a l  w h i c h  produces a phase ri-tardation of O .Sc a t

0

5250 A w i l l  produce cm p h a s e -  retardation ~ = 0 . 5~- x 525( 1 5124 = 0 .5 12-  cat

0
ci wav ele-ngth of 5124 A. This introduces a ve ry small transmission of the

3 
undesired circular polarization by a factor of ~3 .55 x l0~~~.

55
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Th e- in t,’r’ fe-r , ’n o ’ e -  f i l b , - m ’  is i n c - l u c k — c l  t o o  m o - m o o - c a v e - c - l a p p i n g  o r o f a - r - ~ in

he spec t r i g  m’ , o p bc . Fur  m o l t  I p i e -  sourc e- s or gra I jug rulings sep corate’d by

f i s t o n c ’, at , w co v m ’ I e ’ n g t h  \ w i l l  i c om ~ ’a- an n t h  c c r ’al ,-r m a x i m u m  at n d s i n  ~~,

c- ca cm g r , a t  In g  a n g l e ’  g i v i n g  5 124  A l i g h t  in  f i f t h  o rder  w i l l  a l s o  p r o du c e

6- I l l S  A in f o u r t h  c o r a l ,  i’ and - 127 ( 1 A in s i x t h  c a r a f e - c .

The i t u , a g e  s I t - . r c i n o .’e-  i - i s  a s q u a r e  I - a ,  cm of l i g h t  ( c m  r m - ~1 c c  I r e d

a - p, I c r  t h e  a n . a  l v i  i ng  opt Ic s  i nto  a long , t h i n  bean requ i r e - c f  f o r

spect rim grap h - The ins t r u m e n t  c o n s i s t s  of an i n t e r n a l ly  r e f lec t i ng

p r - a — r n  w h i c h  def  1, - c  ts the incide-nt beam horizontc ii lv , and a c- c r i e s  of

cr1 r c c c ! ’ — , c- at - h st  I ck i ng  c - cia - c e - c - c -  iv,- lv  f a r t h e r  i n t o - a  I I c , - be-am to  “ s i  ice o a f  I

a p l c - - c -  ~f i — c  I c e - i r a  . c r c c b  r e f l e c t  i t  downward  t h r o u g h  t h e  e n t r : c n a - e  s l i t

i n c  - - - he-  c - a ,  - c c  r o~~ r-apic - The 11 b u s t  r a t  ion ( F i g u re  5) show s c n  l v  4 S b  i a ’ e s — —

ac t  m . a  1 c i -  o g - - c - b  i c - e r  i c - c - a l  c o e n c -  i st s  rat  10 s l i c e s  , m a t c h i n g  t h e  9mm x 9 mm

-co ~ r au ce - al e rt c - a r e - t o o  t h e  0 . 8 mm x 10 cm s p e c t r o g r a p h  e n t r a n c e  S b  i t , w i t h

~~i o r c e -  l i g h t  los t . The m t r r a c r s  c a r e -  in  t heo ry  a l i g n e d  so th ,m t each directs

l i ~~) o c  f - c  t h e  c ’e f l t i - r  o af the  L i t t  row lens a t  the  b o t t o m  of t h e - ’ c- pe t - f  c c c —

graph pit - Howeve r , e - x p e - r i m e - n t c a l  l v  i t  W o o s  f o u n d  by t a k i n g  each  s l i a ’ e - - c a c a o -

e l  a t j r -a. - - m u d  m a — k i n g  o f f  t h e  c c l  bce- c s , t bi ca t t I m e ’  e nd s i l o - c- s  ar’  not  p e r f e c t l y

a I i g ne  - b . -‘ copy of t h e -  s k m - t  - I a  cac ao !, - s h o w i n g  t i c . ’  pos i~ loan s of the  images

c m c - s o C  i. f. - d w ith e - , m c f c  s l i c e -  Ia , shown in F i g u r e -  6 .

Tb-a ’ - — p c - a - I  r c a g r c t c l o  - a ’- a ~-e ’r t li al L i t  t r w  s p e c t r o g rap h  w i t h  a 2 2 , 5 m

f m a c a l  1. n~ t I c  - I t  is - - c u l t  e ine’d in a 75— I o r a l  a l e - c - p  p i t  1 i i r a - d  w i t h  a 1 2 in

steel !ini-r , fe-c t (1, 14 m) in diameter . The Littrow lens is six

t lanes o - - large- (6 In or 15 , 16 cm c it - e r aperture- ) as the me-an f i e ld

- f c c - i r v i n g  image ~ind s ix  t imes as fc m r (22.8 m) f r o m  the a - nt rance slit so

that a p i n h o l e ’  image of t I m e - i c e - a n  f leld image will just f i t  in the  L i t t row

~~~~ -~~~~~~~~ -~~~~~~~~~~~~~ -~~~—— — —  
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SLICES # FROM NORTH AT SLIT

2 
/\ 4 

~3 5’

/
/

I-’r gu re 0 c  - fl~ agram made I rono an e-xp er im ent mappi ng the or ientat ion
o a f  t h e  d i f f e r e n t  s lices  of  the image slicer . The larc a e
ci re- li- represents the bound a ry of the f.m f t  n Ice lens , t h e
smaller ci rclea arc- the image produced by the a c - n t m l
1 4 of the solar image for each of the ten si-aces o f  the
I mage s l ic e r , l i ce’ l i n e s are t h e  shedow~ c -a t masks used
to catch reflect -d light . N o  n f h  is to the n - i  g l t  -
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i c - c c - ’ , I’ m a t o c m ’ t , i n , u t c - l - ~ , t ) c e ’  a - n t  c - cc - a s l i t  is  coo t a p i n l i c u l e - , as p o m i n t  - c d t

iii pr  i V  i t -  o c  o c c c c c c l . a ’ c a t  i a ,n ba y -\ - Ii ‘ - r’n ‘- - Th e -  m a - —  ‘ c i t  i — - ii - it t a -

i m c a a -  a t  t h e -  L i t  i- ic- le ns i s  n c - a t  — h a r p  c c n d  S o i c c o a - - - I~~ c c u - t  a j u g  c ’e - . c i l t s .

\~a o — - u c ’ a co c c c c t c -  c a t  t h i s  c - f c c - a  _ a c - aa f Its c o c n i — e - o 1 c i a - n o - a - s  f o a r  t i c . -  l c m a ~~~a c - a c cr . i - c a s u c o  —

a - ca-c - a t c e l l i b - ac - d i s c u s —e d  i c c - l o w

Th c- L i t f  r o w  i c - m a —  ( c a n  Alt  i ’ c c c a t e ’ c b  t r i p l e t  c i  f ,~ 2 2 c -  n-a o l i f i  c - c c - i - a - c c

l i c c o t t c ’ o f  w i t h i n  cm p l a n e -  5a c-rn in c b i , a c c c m - t a - r ’ ) c o o l l i m c i t e - s  c i i -  l ig ic t  t

t h e -  entr ance s l i t  b a - i  m o m - a- i nc  I d e - n c - , - am t i c . -  g m - o t i n g ,  cana l  In  t u r n  f o o o - c i ~~es

t he  r c - f  l c ’ c t , - a f  l i g h t  f o r  t h e  e x i t  s l i t  a s s e m b ly .  Ti c  g r c c t  lag is  o a t  r u l e d

cam- c-ca 12 in x a ; in (3 u  cm x 15 cm) w i t h  633 l i c c a - s  i c r  nun , hi — a i c-c I t a r

m c L x i m i i a - o  e - f f l c i i - n c ’ f ur  f i f t h  c a m a b e - r  lm - a t I c . -  g r e - a - n ,  The L i l t  n ow l c -n s  ( - c o n

b e -  moved  up  c m nd c l o wn  t o o  f c a a ’ c i s  - l I t . -  c n e - t h i a a l  f i n a l l y  c i s c - o f  by Thomas L. D u v c a j j

t i c  t o a c c i s  was t o o  f i n d  t he  s p c - i - t a - o i p , r c ap h pos i t  i c o n  g i v i n g  mcoximum s i - o j u c - f c a r

crc a b s o c r p t i o n  l i n e , c - i th  c a t l u - r  o p t i c s  m n c l  c - l c - - t r ’ c c t c  i c - s  c a l  igc c .’d c a n a l  b co l c e c o c a

as w e - l i  as puss l b  I a -  -

Tb ’- , ‘x j t  s l i t  , m - - - — - i - c c c i d l ’ e’ -co b t he- il a IS ’ cct - k— t vp c - m cagne ’tcograp h c ons i st s c)t

a pair of s l i t s  a o l  c - i o b t h  75 mA s . - p c u r ’ ! i - o t  ~oy lH iL-\ . I ’ l i y c — l c , c l l v , t I i c - c - c~

s l i t s  a - a r t s  i s t  of p r i s m s  w h i c h  c- c - f l e a ’ t t h e -  l a — i  c ’e - o l po r t  l o a n s  c f  t h e - - s i c - c t r i r n

t o o  the! p h o t o r n u l t  i pi  i ’-r s , w i t h  I t i e -  w i d t h  of t i c - s l i t s  de te r m i n e d  by a d j u s t —

c a b a l  e ’’ ’n s  ca s sh c a w n  I n  F l g c m r , - 7 The I i~~b c t  I ’ -- f m a c - c - c - a l  t h r o u g h  e - l a o n g c t c c b

c - a ’ g a c c . - r c t ’— c e f  s p i c a - r i c o m i  l a - m c s , ’ ~- ( t o o  m c a t e h  t h e -  s l i t  — - c l - a d o . - )  w h i a h  p m o o d c t e - c -  , a m

m m c m g a -  c a b  the g r a t i n g  c a n  t l i i -  p h o t o - c t  b i d e ’ s  of ’ a c c , , o t c f a c - c l o c a i r  - u t  p h o t o o —

m u l t i p l ie r s  t y p e  EM! qe;S ; tIM w i t h  a-c p -rf m c i  m - e - s p a o n s e -  S — l i ,  The e x i t  c - l i t
~1

a s s e m b l c  (‘ c o c a  h e-  d r i v e - c c  m a n u c a l lv  a l a n i g  l i i .  c - p c - o f rum , ran ’  i f  1 c m  toe- set to o

f o l l o w  c a n  c a L s o o r p t ion l i n e -  ( c m i -  an  i - m i s c -  i a .n  l i n e )  by a s e - r v c o  m e c h c c c i s m ,

The- posit ion c o f  t h e ’  e - x i t  s l i t  c m s s e - m h l ’ ,  is m ’ . - - c d  bi ~ c c 1 2 — h i t  c - n o o c i f , - r  1 a en

c cc c u r c e ’ v  o f  0 .6 ) i  cc r’ c-n ccacle ’n’ caou nt
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E

he f t’ .- e— x p l c i i c i c g  t h c -  K i t  - c  o c t  t i c o a f  I , ,  m c - a e ’ c o s i m r — j m a g  u - l i , o ’ j t  - - f i . - 1 o b ~

w i t h  tic.- c cc,u g n a - t  ogrcepll , It i s i p p m ’  c o c m ’ j i t , -  t o o  a - x p l c i i n  hocw I h e - mcm gn i- t o o ~~ r c p h

f u n c t  t ot- as in r n e - c o t - o i i - i n g  c r . a p c c . - t  ic N c - l o b - — - A I i c c a - — u f — s i g b i t c c c o g c c . - t  Ic li e - I d

c- e -tc c o ave - s cm a b e - g m - n i - r a m - v  in cm t omic e-m d . - m - (;\ [ev e-Is , c - bc i - i c Is c- o - l c - r r m ’ ( l  t o  as

t ic .- 7 c-e-mcc cmn effect. T h l v  ic -a t u r n  p m - c i o f c i a ’es a m c - j c l m  t~ t i n g  in l- n’ ,u unha ,fe --r

c m h s c u , ’ I c t  ion lines w h i c h  i s  g l o , o c - a by L c  — (,.. l i e ) g - T h  w l i e - t ’ a -  - - is t i c . -  J l oi h m
a , a,

— “ 7
m cm gn e-t i an ( 9 . 273 x Ib )  e-rg g cc c s — - ) , h is P l a n ck ’ s c o f l s t , c c c t  (6 , 62 6  x 10

rg— ~ e -a ) - c is  t I-ac~ vacuum s p. o - c l  c a l  l i g h t , and g i s  t baa- T c a c iga ~ g— f c a o ’ t o o r

w h i c h  depends  on t i c . -  c 1micm ntum n am m nfa - r c - of tic . -  I r c m n s i I Icon . Fair c-x: mm p l a-

f o o r  t b - a . -  s pc -o - t r c a l u n . -  Fel~ 525( 1 .216 , g -- 3 c mnd ,~~
‘- - - 3 .56 x l I d ~ ll f o r  B

g i v e - c  i n  g a c i s s  - F a ) r  ve ry  l ar ge  m a g n e t  ic f jo -l oi s c - u t - h  as ti c c o s e -  pm - c- c - c - m i t ccc

c - t i n — p o ts , the s p l i t t i n g  (- can  b. , o b c - a ’ r c , - o I  d i r e c t l y , bu t  t h i t -  no lunge r’

poss i i c l o  -or c e c - : a k  f t c - i d ’ — S m i l e , -  t h i e -  s p l i t t i n g  is much  1, - c - s  t h om - a  t h e  l ir ca-

~ i c b t h .  \ f u r t h - r  prope r - I - o f  t i r e -  Z e - v m c e n  c - f t c - c t  t i c a t  pe r m i t s  m e o s c c r - c - m e n t

o a f  c - c -  ok  f t . -  Ici s I s  t h c e t  f o r  ~ m ÷ 1 can cl ci 1 tu e  of s j~~~I c t  m a g ne t i c  f t c - I d ,

t h e ’  is, o o d f l p o o t a a - m c t - crc - c i r - u l c a m - l v  p c a l c m ’ i ze d  i n  tb - ac -  o o p p oc- i t , -  s c - n c - c -  cos

-‘ c - i l  ca s be Ing sh If t e d  Icc o a p p o  cc - i t .  - di  n t - c t  ionic  i n  cc c i c e -  I a -n ~ t h . The magne t o o - ’

g r a p h  i s  t h e m - c - l i a r , -  f e - s i gned t c  al ca-cosciri - c a - n - v  s e - m a c - I t  i \ ’ e -  I \  the  d i f f er - i - n c , ’

a , - t o cc- , - n l i _ - f t  c o m m i t  r j ~~ i i I  c i r c u l a r l y  p o u l o r - i z e - a l  conmpa n e nt s  o c t  cOn cOhSO)!j)tiOfl

I ifl( .

T o o  -a m bl e r-stand b - a - a c - t hi t-c is ci ccu . - , r e fe ’r  to Figure 8 w h i c h  shc ws an

- ‘  i d e - c a l i / c - c f  d r c m w i n g  o a f  t I c ,  s o l a r  s p e c t r u m  n e a r  an c n b s o r a t  l o o t - a  l i n e -  w i t h

r i g h t  - i r c ul c a n i v  p o c l a n ’ i a ’ , - u l  ( r ( -p )  l i g h t  i - c - i r c ’ s e m a t c - a b  b a y  a m s o l i d  l ine and

h e - f t  c - i ni - c i l c i r i v  p o l a n i i c - d  ( I m p )  l i g h t  b y a a b c m c - b i e ’ o t  l i n e . T i m e -  e x i t  s l i t

a s sembly  Is positioned so b l e a t  ( - an , ’  p h o t o c t c m b e -  m a - c a s c m m - c - s  t h e  i m c t a - n s i t v  a - an

\ 

m l i i -  m e-d wing o a f  t h e ’  line- and the c o t  h e r  c - an t i c ,  - h b e -  w l u g  - To ovoid
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1-I  g ot r c- 8 , 01 a gr a m  showi ng a t ypi cal line pro bile for an absorpf ion
l i n e . he’ solid line r e p r e s e n t s  r i .~ tct circularly
polani7ed l i g h t , t h e  dashed line represents l e ft
m l  r c u l a n l v  polarized ligh t . Exi t s l i t s  are no -a drawn

a to scale——actual dimensions are pi ven , Comparison may
be made wi th fhe measured line profile o f ’  Fi gu re 12 ,
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e’ ra m ufc is i m m , t h e  rep a n a l  li p 11gb -a t mnc c v be -  c l i s t  i ng u i s he d  by -~ cem ad — , canci

t h e  i n te n s i ty  m c c e - a o s u r e d  at  red r n d  b lu c  s l i t s  by it cmiii B n i -s p i-i - t i v m - l y

then b-ac ’ c - acme-s  I he red wing tnt ‘cis it v o a f  r ep  1 i g P t , i - f i - . A s i gn c m l

Zeeman E ( fl~ — R ~~) — ( I I  — It ) i s  ( i t - f  ine( 1 b ’. d r i v i n g  t h e  Kl)P r r~ s t a l

sith a 111) Hz sa i u a  i- i -  w a e v e  to pass a , i t e r na c t , ’  Iv  r i gh t  r and  l i _ - f t  c i r c u l c o r l - ,

pa ) l co r I zed l i gh t  . The d if f e - c - e r i c - . -  in  i n t e n s i ty  I a , -  t s ’ - c - n  n- e d  c- and h lue  s l i t

is t h e n  d e m o d u l a t e d  by m u l t i p ly i n g  by a s q u a r e  wc av ,- using the s ame phasa.

c os tht- KDP driver s igncc 1. The re- c- li It i c-c t h cot the V,c -i’mcon s ignal measures

a n .  chc mng e  in w a v e l e n g t h  h a v i n g  t h e -  5 come - I n- c - q u e n c v and p h c o s e  c c c - the  KDP

d r i v e r c - i g n c m l .  I f  t i m e- s l i t s  c mi’ ,  pa)s it i o ned  in l i na ’ ,a r  por t  ions of thi-

in t e ’ns  l i v  p r o f i l e  cand  i f  the ’ s p li t t  ing is s m a l l , then thi e amp litude of

t h i s  s i g n a l  w i l l  b - ac -  p r o p o r t i o n a l t a o  t h e  s p l i t t i n g. it  will cml so ii’

prop cr t  j cc ii i l to t h e  i n t -n s  itv , whi -h proportional ity is removed by ch i c-id—

ing by t h e  i n t e n s i t y  (R
4 + R l3’~

’ + B ) 2 , ‘Jo a-ent er the exit slit

a s s e m bly  on t h e ’  l i n e’, t h e  ave rage  o il  fer e n ce  in i n t e n s i ty  between t h -  t c - c ,

w i n g s , (- ca l led the  DC d i f f e r c - n c e -  s i g n a l  (R~ + R ) — ( B ” + ~~~~~~ is use d l y

the  se rvo  c-Vs t e r n  w h i c h  d r i v e - s  t h e  s l i t  I r a  n u l l  t h i s  s i g n a l  cm mid c c n ti ’r  the

s l i t  a s s e m b l y  on t h e  l i n e -  - The- se ’rvo  s y s t c - m n  is des igned  w i t h  a response

t i m , -  t h a t  is s low c- o m p a o m - c - c l  to t f i . -  m a ) m f o i l , o t  ion I r equ en c v  s o c  that t h e  s e rvo

w i l l  not respond t i c  s h i f  t c- in  wca v e - l en g t h  p roduced  by t i n -  KOP m o d u l a t i o n .

Vi- l o s ’  i t  Me- as  ci r ’ c - m . - cc t -~ [is i ng t h c ~~~ - e  - r vu  Enc -u dti - r

S S ici a c -  t bce- servoa ke , ’t) s t lie- c x  it slit c c-nt e -r-d mm t lie u r n - , using c a n
‘l

e ncoder t . o  record t h e ’  pOS i t  ic>n m m  t t lie ,-cx it s 1 i t  c - m c , c b  l a - c - -  c m i .  - to m ecosim m’e

c - bi b I— in wavelength .>f Iii ,- line- a t  t i - ac -  c- rime t imme- the mcmgnet it- mecasliri-—

me -nt Is m c i c m d e -  . Since a 1 m v — o f — s  igh i t  c e -  [ a c m - I  t v  produce ’s cm Doppler shift in

-- 1 

1  
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F I g ure 9 , hi agram showing how the m a g n e t o g r aph  o b t a i n s  t h e  Zeeman
s ign a l ,
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ce c v o - t e - m i~, t h given to I t m - s t  orde r lay ~\ \ c/c , the  m a g ne - t a i g r a p h  c c c -  bc- -c c

tic-c d c x  t c - m i c - - i c e ’ l y  in tb ,  p a s t  t i c  m e , m s c i m ’i ’  velocit y I i e l a l —  w i t h  t h e  added

, c o b v c o c i j a g. - of b e i n g able  t o o  measure  m a g n e t i c  f i e lds s i m u l t  an e o u s lv  - I t

wcms  p l a n n e d  t h a t  t i - a c- S t  c m n f o r d  S i - a l  c u r  Ohserc’ c a t c c m - v  make? s u h  m e a s u r e m e n t s

cove r an ex tended  per iod  of t i c cs -  to search fo r  l c m r g e - — s - a l c ’  o r g a n i z a t i o n

c o t  low— a m p l i t u d e  v e - l o c i t i . s , However , m e a s u r e m e n t s  of the ave rage  l j r a c  a

p o s i t i o n  g i v e n  by the e - x j t s l i t  encoder  proved i n a d e q u a t e  because  o a f  in-

s t a b i l i t ie s  in the s p c -ct r o g r a p h  c m l  a l l  f r e q u e n c i e s  of i n t e r - a - s t .  A t

h i g hes t  f r e q u e n c i e s  - s e n s i t i v i ty  is limited by pho ton  c o u n t i n g  and c - e m - c - c c  1-c—

sponse tlm (- . A t low frequencies , the- earth’ s rotation produces a l a rge

d i u r n a l  a.’ . ’ I o c c i t v si g na l  g iven  approx imately by V -c 2.-.-R c o s (,  ) s i n  ( ( t — t
- rot c- 0

2 - lh )  24h , where t
o 

is  l aa c ca l solar noon and 2 is the latitude . Though

t h i s -ompa n ent  o a f  y e - b e t t y  is w e l l  know n , removal of i ts  d i e — c t  f r o m  c- a

v a - l o t - i t  v n e - a c - a r t -m t - n t  Is more difficult because of its large amp litude

÷ :16 7. 9 m s) compared  to  the ve loci t ies  of i n t e r e s t .  This me ans  t h a t

-~ cic ; a 11 , known a - o r m - e c t i o n s  to t h e  has ic expression as w e - i l  a-as  s m a l l  , un—

known nonlineariti .-s in the  ins t rumen ta l  n n sp o n s e  could introduce low

frequency drifts of sizable amplitude . Perhaps more s t - r i c o h -— is t hu ,

sensitivit y of th(- spectrograph to changes in temperature and pre sc -am u- - .

The index oaf refrac t ion of dry a i r  is given by t h e  e -x p n ’ e ss  ion ( A l l e n ,

1973) :

PLI + (L049 - O.0 157T) x lO
6

p j
n(p,T)—l = (n15 760—i ) 720.883 (1 + O ,o(13661T)

whe re T Is in °C and p is in torr . For water vapor preisure f in t o r r ,

t b a e -  r e f r a c t i o n  f a c t o r  ( n — I) x 10
6 

Is reduced b y :

O . cuPl  — 0.000680/k
2

‘1 + 0,003661T
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S i n a i -  t h e -  g r c m t  j u g  sp’ -o - t r m . g r a m p b i  c c c . - a s c i r ’c - c- w a a c a - l e n g t h  w h i . - h  i l e - T a . - n d s  on

index of m’c ’ f r , a a - t i c c n , o l c ; i m c ~~c ’ c -  in  t e - c n p c ’ n - a t -a i r c - , p r i - c - - s c i o - e -  , o a r  n - i - l a b  i c - a -  i m u c c a i d l i

a - c a u s e -  e I c u c a g e - c - -  in  w c o c ’ e l e - n g t h  w h i c h  c c c ’ , -  h a r d  t o  d i s t  i t l p c u i - - } c  f rom I h o c - — .-

a f iii ,’h ca l - c ’  c i c a c - i - d  by c c ’ l o c i t  v f l i j a t - a m a o l  icons . A w c m v e - l e ’ n g t b c  s h i f t  cu r —

r e sp o n d i n g  I c c  1( 1 m s f o r  the  Fe! a 5 12 - i  s p e c t r a l  1 inc c c m n  he produced by a

-h ang e  of 0.09 torr in pressure ‘or  O . ( ) I -’ C in t e m pe r a t u r e  or 3°;- i n  r e - l c d  i c e -

hu m i d i t y  f o r  ambient  c o n d i t i o n s  c f  761) t o o n - r , 20°C , cind l f l~” r i - l a t  i c’e-

h u m i d i t y  . Such vca r i a m b ions have  been p r e v i o u s ly  n - t - c ’ o g r i l z e a l  as l)e ing

m’e~~po)n~ m l,’ f i a t- low f r e q u e n c y  components in a v e l o c i t y  a ign am l . For ex a m p l e -  -

r o i -c a - n h a u m  (1971) recorded cc 1, -i mA ti n- ( -- 57.2  tic c- P r ’ ) t r e n d  in ce - b ce i t ,

measurements which c o u l d  l a r g e ly  he accounted f o r  by a p r e s s u r e -  change oat

-0.63 torr hr. Accurate pressure measurements are not vet availabl e

f o r the S t c m n f o r d  So l a r  Obse rva to ry , so such e f f e c t s  could not be r e - m o v e - c l  -

A nothe r low f r e q u e n c y  d r i f t  in wave leng th  is produced by imperf.-e-

t i o ns in the  c- ompu ter  a l g o r i t h m  used to r o t a t e  the  g r c o t i n g  f o r a o b s e r v , m t i o n

of different spectral l ines . After such motIon is pe r fo rmed , a slow d r i f t

in the re-corded exit slit position is cmpparent , suggestive of cm s low

relax atio n of some small stress introduced by the change in grating ang le.

A procedure for moving the grating which removes most of these drifts has

be-en developed by Thomcis L. Duvall , though not until after the c - a i a s e r c - , c —

t ions d m ’ - ~c r ibe d h e r e i n  had l i e- c -n  made .

Even a- It h  t h t ’ c - , -  p rev ious ly know n l l m i t o t  ions at high and low f r e q u e - n e ’  ies ,

i t  was hoped t b u c a t  c a t  i n t e r me d i a c t . ’  periods , esp.-c iall’.- in the neig hbo rhood of

the- well—know n fivc—min ute~ oscillation , sufficient spec t rograph stabilit y

might t i c -  obtained t a - a  p e r m i t  a long—term study of amplitude variations in

these  n a c - i l l a t  ions a oh s e r v v d  over l i i i -  f u l l  d i s k .  A t t empt s  t e a  study su c h
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u m s e ’ i l l , u t  ions  d i r e - a - i l  a c - r e ’  unstu’a’ c-sc-a b ul  du e - , im ’ c a m u i o - c m l i v , t o o  tb , c- cc : -

k i n d  o u t  phys icao l m c - c h c a n i c - -m r es p o n s i b le ’  I c u r -  v e ’r t i c c a l m cmt i c o n s  i n  t b i e -  c c u t e - r

1 amv t - m - -- of t h e  sun . Obse r v a t  loris - i c c a l  t h e o r i e s  (‘urn-n t l v  in-a d i t - a t  . - th ca

tb u c- c a h i t e r  l c a v e - u ’ s  of the- c-un a r c -  c’ o u n a o ,c, e t i v elv  uric- I able  b e ’ c ’ c m a i s a -  c o t  a :- c c p a - r —

,o a l i i b m  t ie ’ tempe rcitu  re grad lent . TIme St a n f o r d  ye c-I ic- ca l L i t  t row s l am-c - I i’

g r-ap h a- as found to be c -co ca y e- c t ive lv uns t a b l e  be-c  c u c i s e  - or t i - a c ’  g e - c o t  h a , -  m -nl c u 1

t e - c ’ c h o e -  r a  t r i m - . - g r a d i e n t .  The f i r s t i n d i a - a t  ions of such ca p i ’ c o h i e - c : c  w e ’  c- i - t h a t

c : c c a c - u r c ? m e n t s  of rms f l u c t u a t i o n s  of the measure- ve l o c i t y  s igncm l , I i l tt - r ’ i - o h

to p a s s  only periods be tween 1 and 15 minutes , g a v e -  an aanc op l i t u d e  of

5~~— 100 cam s - A c e a n c - a - c  t ive orig in was suspecte d , and meaushil-ements w e ’  i-c ’

made wh i c - I a  i n d i c a t e d  a t e m p e r a t u r e  of 18 .5°C ci t  t h e  b o t t o m  aa n d  17 .5 - C

a t  the top of t i m e  s p e c t r o g r a p h  p i t  - C o n s u l t a t i o n  w i t h  a l a a c a l  g c - c c 1 o o ~~ i - -

I n d i c a t c - d  t h a t  such ci g r a d i e n t  (1 .0’ C 22 .8 m -~~ - I S ’ C km) c o u l d  be of

g e - u 1(a g i ea l  o r i g i n , Hea t e r s  were i n s t a l l e d  act the top of t h e  s p e - c t r o g r a p b u

p i t , bu t  d id  not e l i m i c c a t e -  t i - a c -  i n s t a b i l i t y  b e - u - at-as,- , as n- ,- c - e - c o l e d ti further-

mec a s c c m e - c n e - c i t  , tht- stabli- g r a d i e n t  wa s  e s t a b l i s he d  f o u r  only the top third

(-‘--- 25 I t oar 8 m) of the  p i t .  F u r t i a c - r  conf i rmat  ion ca l t h e -  c c - a r - a c- c - c t  ivi-

o r i g i n  w , o c - o b t a i n e d  by forcing cmir cooled by can c a i r  c o m c ( h i t  i o o c l j n g  u n i t

into t he? b o t t o m  of the  p i t , w h i c h  re ’ducc ’d t h e  a m p l i t u d e  of I l n r c - t u a t  icons .

An i t u c p r o o c - e - t c c c - m c l  wca s c a t s - a m  produ -e -d b g m ’ , uo ici u I p c - m o - i  - m t  i c - a  of — c i c u c c ’ c . - r  w a r m t h

dow n t o o  ,a 50 ft d e p t h  g i v i n g  a s t a I o l , -  ~ ‘ a d j c - r u t  - u c . ’ m ’  n c a c - t of the ’  c ’ m ’ I  i a - a l

d i s t a n c e .  A t ho roug h-a m m c c l  d i f f i o - t i l t  i c a s u l a t i o m i  e f  t h u ,  l o o s e r  - l a c  ‘ of ti m e-

pit was undertaken in ca ll a t t e m p t  to reduce ’ t i - ac ’ conduc t i c - c t r a n s p o o r t  of

heat i’nvrgy (which drives the e’ unve- e’ t ion) into t im e- I o u  i t  m e - a m  of t ime-  p i t

‘r i - a c -se- c- I t  carts h a d  l i t t le  i - t I e - c t  con t ime-  m e a e s o m a - e - d  te’mpe’rcature g r a a o h i c r a t  , b u t

may have contributed t u e  -~ mc o 11 c r 11 tao- tu at ions in the’ ye lc ,c  it s ig m c cm 1.
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\‘e 100’ jI \ V. - a su r em en  I c- Us ing t h e  - K o c t o v  St tbt  u-act lvi- ‘1’ ’ ‘ri-an i q u e

Time ’ h i s t o r y  o a f  t h i s  I c m v c - s t  i g c o t  ton m i g h t  - a c - I l  h c a v c -  ‘ - c - d o d  ( w i t h - c i t

c - c - e m ’ la c i ng  t c o i u l )  c a e r e  i t  no t  b a r  I he u l e ’ c e ’ l o p m e r m l  b y ~‘, u I e r i  A .  N o t  c - a c- of

t h e  Cr i m - ~an ,-\s t ro pb i v s  j o - a o l Obse u -c - am t o ry  of a t e - c h n  1 q cat - f o r  s e - p a  r a t  i c g  - a c e - c - —

l e n g t h  c - b u i f t  of i n s t r u m e n t a a l o a c ’ i g i m a  f r o m  t h o o s c -  o r l ~ i c c i I  i ng  i n  l i n e — o f —

s i g h t  c’ , - I i a c i t l , - s  on the sun . The bas ic  la i ,- , u is to t tc c ’ c u s di rc - t i c . -  d i f f o - r e ri c a-

in way,- l u- c c g t  h f or  l i g h t  c - c ’ i g i t ’ at  ing a t  d i  f f o - c ’ e - m c t p l c a c - e ’ s  on t i c , -  s c o l c a r  ci isk.

T h i s  i s  c o c c c ) m p l i s h e d  c’ c - r v  s i m pl y  l iv inse rt jog optics ait I h e -  p o s i t  i a n  of

t h e  nm-an f i c - i d  image to produce rig ht circular-b y p c i l ar i z e - d  l i g h t  f o u r  t ca-

- c u t e r  of  t b i a -  d i sk  and l e f t  ci r - u l u r l v  p o l a r i z e d  L i g ht  f o r  t i c . -  l imb .

~ i r m a - c- t i .  m ag n e tog r a p h i s  c i a - s  i gned  tic measure  t h e  d i f f e r e n ce -  in w a a c  e -  1 , - c a t . ?

b e t w e e n  the  t w o  oppos i t e - I v  p oh ir i i -ed  components  of a m a g n e t i c - a l l y  St - c - as  i —

t lye- ub s crp t Ion l ine , t h i s  moth t ic’aI ion g ives a d i r e c t  m e a s u r e  of 1 1 c c-

cl tff c- r , -c c rc - In w co c’ e - l e c g t h  between li ce- center and tb - a.- limb of t h e  d i s k .

The apparatus used in tb - a.- pr a c-a nt Invest i g cct Ion is shown 1 m m F i gu r - e  10 .

Thc- l i g ht  f i r s t p c m s s e s  t h r o u gh S l i n e - c a r  p o l a r i c ’ a - r , t h e n  t h r o u g h am o t c i . l  r I  o r —

w a v e  p l i t e  . These — an,’ aligned I ’)  p r c w b c i c - e  lcp lig h t  - The 1 ~ z i c t  c u c - x t

passes through a h a l f — w a v e -  p l a t e , m o u n ted  on o p t i c a l  o i U a O l i t y  g l ass  so

t h a t  i t  a ’over s  only the center portion of th t -  image , w h i c h  changes  lcp

lig ht too re-p l i g h t  . F i n a l l y  t I c e -  l i g h t  passes I h r o u g h m  an i r i s  e l i a p h r r a g m

w h i ch  is c m d t c m c - a t e - d  so t b i , a I  rcp anal 1( 1) c - o o m p o n , - r m t s  a m a -  o c t  a - c t u a a l  i c a t a - m c s  l i l t - s .

T h i s  i s  done since the- ncc agnc -t ogr ap h is des igned ‘ oa u- n- a -p am - ad  I t -p  1 ighit of

equa l  i n t e n s i t i e s .

M a s k s  we re made I ca pce ss o n l y  ( ‘ , ‘n t  e r  or limb lig ht anti t h e -  KDP n a o a i u —

lation could he- turned o f f  t o  n~’cmsure only l p  or rep intens ity . M e - a m s o r r i -—

n e - n b  of t i c  - inte’ns it i’s cand of the LI signal produced by di c - cpl ac ing
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.1 I- m t - d ire 10. Di agram showing (a) s i d e -  v i e w  of t h e  s t a n f o rd p o l a ri ’i i n g
aperture , (b) top view o t  the Stanford aperture , and
(c) lOp View of t ime (rime *n aperture ,
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time- a - - c I t  slits f rom line- u - e n t e - m ’  w h i l e  p a s s I n g  i c i l y  c r - n t u - r  l i g h t  -vi i’.-

u sed  to  c a l i b r a t e  the  ic - as t r u m e -m i  0 , us im i g t b - a . -  f ol l oW ing cx ’  c ’ i - s s i~~n , d e r i v e - c l

i r a  A p p en d i x  A :

2
L I  (~~\ ) ( I  ~

‘— I ) (I + + I + I - ~~-o I )
a ’ a l i i )  a’ c C c

— —
K 

2(1 -t- 1 ) (1 ~I —i 1
c c~ c c

Here \ - 
— \ is the dif Ia- i-c-n r a -  in wave length -a b e-t w e- c - m a  e’e- nt ,-r and 1 m b  c o o n ’ —

c- .- sp on d i n g  ho a L e t -m a i n  In t( -ns  t t v  s i gnal  of ‘11 , ~~~ Is t b - a c ’  known w a v e - —
c c o l i h

l eng th  s i - a i f t  i n t r o d u c e d  in c o a l i b r a a t  ion and K is I l i e- resuLting signal , and

t h e  in t emis  i t  ic - s  cu re- the  c o n t i n u u m  intensitie s mecasured sepcmrc u t el ~ for tic ,-

t w o  l i t  f e - r e n t  c i r c u l a r  p o l a r i z a t i o u r s an( - he two d i f f e r e n t  po r t  ions of

the l c : c a d g e -  - An example- of the September hi , 1976 alignment and calibration

is given in Appendix B.

The pi c i c ’ otU s used f c m r  s iml  lai r m e c a su r em e n t s  a o l  the Crimecan -\stro—

ph y s i c a l  O h s e c - v c - a t o a r - y  Is d i f f e r c - n t  in  two  I n m p o r t c m n t  r e s p e c t s :

1) -\ r igh t cIrcular polarizer of radius 0.663 is plact-d nc- e m ’  t Ic ,

ce-rite r oof t im ,- image of ti me - disk , hu t  then- c- is no circular polcarizer oc ,-r

the limb . This mecmns t h a t  t I n -  c a p p a n - c o t c r s  a n d  a n a l y z e r  w i l l  pass l i g h t

f rom tic full d isk for hcm l f of t b - ac- modulation cycle — , and m anly from the

limb during the othe r half , The signal may still be interpreted as tie

dif I crc-nc ’- in wave l e n g t h  h e - tw een  cc m i t e r and limb light with the addit ton

of a f a c t o r  ( 2  + U ) 2 , whe re ’ ~ is the ratio of (‘enter to limb) intensit y ,

I “1 . The derivot ion of this factor is similar t c o  t l c c i l aic-scrib ech i n
C—

-~ppendix A .

• 2) N i ,  i r i s  d i a p h r a g m  is used to mask off the ex t r eme-  l i m b . The

‘ S ( u  ape m ’ t ci r e - s -  are shown s ide  by side in Figure 10. The consequences of

the d i f f e r e n c e s  w i l l  lee - d l scu s c -ed  in dcl c a l l  below .
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The ’ g r o u t  a e i c a n t c e g e -  o a f  t h is  t e c h r n i a 1 c i u -  i s  t h i c i t t i c . -  c i i f  I .  I a - f l e e -  i n

w a cv a - l a - i q ~1h is  me a iaure - ( l , S i n c e  t b - a c -  c o o n — s o l a r  c h a n g a - s  i ra w - a v . ’ l . - c a g a  I c

c o - s o c i l ) ,  (1 above (c-c - art Im ’ s mc c l  a t  Inca , c lc, o cago-c ~ ii i  te-mp a- a-a tn ne’ ‘i ’  p a - c -
~~ sure-

gm - aot ing d y— it ts , cand o o c m r c , - o t i o n  in t ic , -  sp a o -t  c c S i - u b o h )  c t  t - c t  o a - r m ) i - n ’  anti

l m b  l igh t in t h e  S c a t c u e - cc cv , cm c -co - , c s u nc-  of tb - a , - d i t  l ,-a- e - nc e in w o y ,  I c - t c g t i c

pc r - nt i t s  t i - a .  - r - e me , v c a  1 by s cO at mc a a -  I i c o r d  of mos t ad liii - - — t-  a - I I cc Ic— - S i n - - c - t he-

d a R n . t o a g n - ap h  is cie s igned t o )  r c d c - a S c i m a -  v i - n- ~
- small w i - a- l . - m cgth d i t  b c - i - a c c c . - - -

t i m e -  r o - - - u i t  is gm - c-ca t s t ’n si t  l v i  t i . This c’ c ari  p c - r i c u p s  bes t  b e -  s h o w n  I i

p 1 - u t  t ing s i ri , by s I c i a -  ( F i gure 11) t h e  power s pe c t r a  f r o m  a s i n g l e -

a b a s e ’  i - c  .a t I coca ( M a m ~’ 23 , 1 ¶1 7 6)  l~ aken  In one case f  ra)m th c-  coo - odo r’ o r-a t imt-

e - x t  s l i t  c o s — , ’ m c a b l y , in  t i c a -  o t h - r  cast -  f r o m  t h e  1.1 st g m a i l  c r s i r q ~ l ice-

t, - t o - a c  I i  o - l c c c i o l c i e - . To o  q u a n t i l y  t he  i m w - r v c a s e -  Ifl s c - m i s i t i v i t v , 15 on e—

- u i c c t o  - obs ,- c-c - am I I on~ we— re mac dc w h i le  o b s e r v i n g  in t i c e -  K ’c t  oc mc o d e  - - Tb

c a ’ , . ’ c ’ c m g e  s t c c a d a m m - d c - m ’ c c c m ’  w c o s  e - i t u i v a l a - r a t t c c  3 .68 m ’s t i a r ’  t i c . -  —a rvo c - m o o I a  r ,

an d I - 0 0 - I  m ’s f o r  the-  LI  s i g n a m i  , w h h - h  is  cc f c a o t o c m ’  of 3 .  o , ) c a - d u c t ion  -

Fr -nm m a g n e t i c  mt - a s u r e m e n ts , c o n  e r ror -  of on l y  ~ ll , 1 m 1s w o u l d  1)0 - e -xpec  a d

t f n oo n ph ot on - t a c t  is 1 ics - I i i ,-  r c -mca i c d e  m- i s  p r o h a l a  1 c c h i m e -  f c c  t u r hu a  L e n t - a- -

w h i c h  cc ao — shown ha  a b l e - c t t b a a -  ‘LI  s i g n a a l by t u r n i n g  c u r - a  a s p , - e t  r o o g r a p h  I an

in tic . -  m i c i dh -  cot an observat liar - a .

The-re are- a l — c c  <- compile-a t ic o ras and Sc iI )t l i t  ic-s in th is c a - l o t  iv,-

v e l o o o - i I v  t ec h n i que ’ t h c a t  c-c iuould t)c- e’x p l c i i ra .-d. Two w h i c h  pi’ o a c - e - e i  I c c  toe oaf

small Importance dif f e - i - c - m a o - c - s  in - a c - a - m i t e r  c a r - a o b  l i m b  P r o f  i i . - - - a lu c t o o

r o t ; u t  i c o n  end l i m b )  re-d s b c i f t .  R o b e - m t  b i o c c a u r d  c - a l  I lc o M t  - W ! i s c i m u  c a b s m - m ’ c a a t c c m ’ c

p o i n t e d  o o d j t  t h a t  r a i l  a t  i c u c c  w o u l d  li e - e ’ X p a - o t a - u t  t o  b c c i c m ( i e ’ m m  t Ii , - 1 L cmii ) 1 t n t -

p r o o f  j h -  more t i i - i c a  tb - ac-  o , - n I , - i  1 m c -  P m ’ u a i  i i , -  I ha m - c - I  c o m e ’  ( ‘o ) I i f L J S i m q 4  t l i e -  c a l l —

t a r o t  l ian - a n c l / c u m  i n ter p ret a t  ion of the-  s i g n a a l . To t - x a u m l n e ’  t h i s  el f e - u t

l i t - a c  p r of  I Ic - s  w e -  m c -  made  in  lcp  (limb) and m c p  ( c e n t e r 1 ig h t  , as sha,w n
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Figure 11 . Ploh s ot  t h e  v e l o c i ty  signal o b t a i n e d  using (top) t ime
ZI signal using the veloc ity difference technique , and
(bottom) time exit s l i t  p o s i t i o n  reco rded bo y the encoder .
B o t h  a re  t a k e n  f rom 11 c r ’ May 23, 1976 o o b a s r a  t ’ c ’a t  t o r i ,
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m m  F i g c i m - e -  12, The t a c o l i n e  i) m - c ) f i l c --s- c o n - c - d i — p l c u c - a - o i  i n  i n t o -m i s itv cari d

\O c i c o -  l u r c g t  bc r e l a t i v e -  to e c m r - h  o t h e r  clue- t o o  m i s g u i d i n g  a f f e c t s  d l s c c i— - e c i

h ) e - l o a w , bu t  t i m e - j r  shape  is  y e - c - ’ .  s i m i l c a r ant i  in  p u r l  i a ’u l ; o r- , l i c e -  s lcape  c a t

t h e  p o )s  i t  ion of t hy  o x  i t  s l i t s  is n c - c u r l y i d e n t i c a l .  This is f u r - t i - a m - n

c - c y c l i c - r h  by s e p a r a t e  c a l i b m ’ a l  j a i l s  f o r  a - i - r i t e - i ’  and l i m b l igh t  cc - h i t - h i  g i v e -

c a l c m a o a s l i d e n t  icca l results -

Limimb i -c - u i  - b c i f t w o u l d  be i r - i p a n t o r i  t c c  d i sp l c R - e ’ the l i m b  l in t -  b i d  t i c -

t o  t h e  red of t b - a ’ -  c en t e r l i n e -  p m - n f l  1i p r o d u c i n g  an c p l c c c - c - r c t  c- a - b e t t y

cli f I • r ’a -t a o - e . The? m a g n i t u d e  c c l  t l d i s  a - f  f e e t  can be - alcula t a - ci using t h o-

f a a  1 l o w i n g  e’xpress ion f o r  1 in ch ri -ui sh I f t  i m e q u i v a l e nt  c e -  l a w ’  i t y  ( i l o a c v c o r a b

and l i - a  n i - c  , 1970)

= i (1 — c o s
Is

~c i i e - m ’c’ e a i _ 3 39  km s c mn d ‘—i is t i d e -  ang l e -  b e t w a - e - n  l i c e -  d i r e c t  ion t o  t h o

e a r t h  and  t b-ac d i rt - c t  ion c c i  the I c o c a t  ion of n a. -  obsc- n v c d t  i on  ( c c c i  t ime  s o l a r

su r f  i c - c - )  a_s vi e- w e- r b f n i a m  ti - ac- - c e - n t e ’ n  of t h e  sun . The m - i - c-o u l t  is a ccce- ,o sim m ’ c-d

v t -b c t y  d i f f e rence of V~ — V ~ 2-1 - 1 m s  - Th i s  is m a c a t  a neg l i g i b l c -

qu a n  t i t  v , an d i-vt- n I i i , -  c a a  r i a t  ions ‘r)U ld be- a -- a c i d  a- c e ’  01 S o  ic d co - of I c e  -

v an  cat  i e c n s  in the  m i - a su r e d s i g n a l  - Tha- s t a n d a r h  cli v r o t  i ear - a c a t  t i m e -  p i-a lus’~

in T c m h l e -  I I  c o t  h l o u w a c rd and hl c a rv e-y is (1 .079 km s , c v l - a i o i c W O U l u t  g i v o - d o h ,  ~

l ion c a t  5.6 m 5 in t he - m ciec asur t- d vebo .’ity d i f f e r e n c e  s Ignmal . S i n e ,

is m m c c  in f - - n - r ic a t ion g i v n  - d l a o ou t t h e  var - I a m b i  l i t  v of I ii i ?- P rants ’ t o  - m 0 mc - tic,

sc - oi l c - -  - I c r t i - n  t h a n  a c i a ’. , i t  Is i m p o s s i b l e ’  t i c  u l , - t e c ’m i m m e - how l c m m gm

S 0 0 0 i  ne c- c o t  signal v a mr ica t l 0 0 0 i ? - - It mnc eV bc . In an ~ i - c c - c d t , h o . -  a e m n p l t t u a t e - o , t
m~

- - a r  b e t  l o a n s  t hus  produced w , ,u ld  b e-  much  le ss t h c a n  t i a m a s e -  o m i a s e - i v e - d i , (c-c-.-

F i g U r e -  20) w h i r - h i  s o i g g e - s t o  m an t m m s t r u m e n t c a l r a a t i a c - c -  t i i c i t m  s a - a l c o m ’  i c i - i g  i n .
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The- e f f e c t  of i m c c p c - m - i c - c t ‘ c - m i t o - m ’ i mi g of the  a p a - r t c m m - e - w i m i c b m  ( i c - f  ccc -- — c m l

s e p c o m - c o t e ’ s  l imb and ( -e n t e r  l igh t  may he s c a n  mos t c l o - c m m - I v  h o a r  a n  a p c - m - t u m - e -

not  — c c r r i c d n n u h a ’d  h~- a d i c op h r c e g m , such  as u_ sed  in t ic , - C n im i ar- a (Figum-a - 10) -

If one neg lec t s  differential m - c c t c o t  ion , i t  f o l l o a w s  d i r e c t  l v  f r o m  s p b c a - r i e c l

r caa I n - v t h c -a t  t bi t ’  l i n t - — o f — _ s i ght  c omponent  of t he n - ac t a t  i n c  c m i  ‘it- b o u c - i t  v d u n

t h e  d i s k  v a r - i c_ s  l iraa- co nlv with t ue d i s t a n c e  f rom the ax i s  of i- u t a h  ion .

S i c - a c - c -  t ime sun  has an e qu a t o m ’i a l  r o t a t i o n a l  v e l o c i ty  c u b  c a b o u t  2 km sc-c  ant i

an a n g u l a r  r ad iu s  of 960” , a d i s p l a c e m e n t  of 1” c u c m - m - . - c - p o n o h s  t o o  am c ’ c l c u a  i t ’ .

- 1  ,~b out  2 m s . I i  t he  c e n ter  c i r c u l a r  p o l a r i i e - m -  i s  d i s p l a c e d  t c c w c u n ’ d

t h e  e a s t , l imb)  by 1” , n o t  onl y w i l l  c - y e - a - i  poini  in ti c ’ - C c n t . - r  g a i n  a

c e - l o o t  ity of 2 m s , bu t  the  l imb w i l l  a l so  he w e i g hit c( i  more t o w a r d  tb -

V t - s t  l i m b  and i t s  a o v e - r c m g e  ve l o c i ty  sh i f t e d  in t i - a c -  c o p p u o s  I t a  d i m ’ e - o t. ion ,

thoug h by much less - When t h e  a p p a r a t u s  Inc I c i c l e - s  a d i a p hr agm t o o  mask

of f t i - a c -  1 imb , a d i _ s p l cm c e m e n t  oat the- a pp a r a o t  us t o w a r d  t h a -  e ast I imb cr111

r e s u l t  in r an i ner t - a c - , -  In average  v i - l c u ’  i t y  measured f o r  b o t h  c e n t e r- and

l imb . I f  the  d i sk  w e r e -  a c m a -  1 -  of m i n i  f o r m  i n t e m a s  11 ’ .  , t i m e n t -  w o u l d  bc n o c

ins t n u r n en t a l  s i g n a l , h u t  due t i c  t h e  c-f f e ct s  of limb) o i , o  e k e - m a  i c a g ,  the re is

s t i l l  an error f o r  improper  g u i c h i  n-ag , thoug h- a of n i - d u c e d  cannpl itucit’

A c o m p u t e - i -  c a l c ul a f  i i cm c V c L s  macale- of t ic. - s i g i c o 1 pr- ia c li i c e ’rl for- an inn —

p r o p e r l y c a ’n t e - n -e - d aperture - . The u - c - n i t  e n -  u -a m ’  l imb) ‘id - a c i t  e- i r e - a ’ . 0~ — i c c c o - c i

(a be c o v e ’  r c cge -  ye Icac i t  b e — w e i g h t e d  f o a m ’  i n t e - m a s  i t  v

V > = V I d T  / id -
l b ,  v e l o , u - i t  v e - x p r - e - s s i o n  used w a s  t h a t  comp ut .-uI b i h c u w o rd cm n d  l l c m r c e - c

(1970) f rom m a g net o g r a p h  oubs c’rv cit i on s  , w ’bm ic h  e - x ~ c m c - - - sc -d  1mm s c o l a o  m d i s k

o - i e a o  n—e l i ni o a t  c - S  t o e - a -  (or i c  -
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V (i’ ,4-4) = c s i n  ~ (~~ . 9 :t—o .~~- l - 1 ( m ’ c - c a s c - 4 )~~— o . :uo-l ( i ’ c ’ o o - ~ l--l ) ) 1 -  0 . r 1 3 ° t ( l— l— ~- )

vid a-r e t - ’ m c -  1 1cc-  d i s t , d c m i - c -  f rom t i - a c -  u - e m i t , - r  of the  d i s k  in  u n i t  cf  It , a-4 I —

the  c a n i g i m -  f rom s o l a r  n o r t h , car - ad t h e  v e l o c i ty  is g i v e - n o  in km s - The

iritens i t  i is  I aken from th ie  l i m b  (ha n k e - n i n g  e - x p  n - a - c - —  ion g i c’a-n bc -‘a l ie-n  ( lb!7 c

I ( 1-4 ) = 0 .2 1; -c- 0.96 coo s 1-4 — 0 . 2 2  ( ‘i S O  -

wha-r e ~ is t b .  ang le b e - t w - e - r a  t ifl - l i n e  c a b  s i g h t  v , - o ’ t n r  d c c c i  t b - a t -  s u n ’ s r ; u c l i c n c -

y e - c t  ° r f m - a m -  t h e  p o i n t  be imi g obse rved .  The a - f  f e - c t  of imprope r p 0 c c - i t  t o n i n g

was s i m u l c a t e t h  l a y  u h i s p i c e c i n g  the  a p e r t u r e - r i - i c o t i v e  to t i  o l i s k , and t ime

i- , - ~~u 1t  is s i c o w c - c f t - a r  t he  Cr tn t -an  and S t a n f o r d  a p e r t u r e - s  in F i g u r e  13 .

I ’  was  a o l _ s o  j a c o c -  i t ) l ( -  t o  s i m u l a t e  t h i s  e f fe c t  ex p e r i m e n t  c c l i v  in t h n - -.-

d i f  f - m i - n t  w a y s

1) Thy g u i d i n g  box w a s  d i s p l a c e d  and t h e  a p e r t ur e  k e p t  f i~~e - r b ,

2 )  t h e  a p e r t u r e  wc i s  d i s p la c e d cc- it h  g u i d i n g  box f j x e - t l , an t i

3) t i c . -  a p e r t u r e -  w c o s  d i s p l a m e -d , w i t h  g u i d i n g  d i u c u l . - c -  pos i t  ioned a t

t o . -  t - c Ig . - ~ o u t  the c a p c - r t u n - e  so the image would  r-em coirc in the sane- p i o c — i l  1 0 0 c c

with respect t o  t h e  c a l a c r t a i re . The r e - s u i t s  are p l o t t a - c b , c o l t - a r - a g  w h im t hc

c a l e c d l c m t a - d  e r r o r  s i g n a l , in Fi gure 1 -1 .

T 1e f i r s t  two e x p e r i m e n t s  r e s u l t e d  In an a p e r t u r e  im pr o p e r l v  cen te red

on t i c . -  lmc a gc -  can t i  p r o o e b c m c c - c l  e r rors  o a f  a m c a g n i t a a n k -  c - l o o s e -  t c a  t he  o o l i u l c a t e ’ e b

V a l i i .  - - Tim ’ - t h i r d  ape r t  u re e l _ s o  ~i i ’  u c i c o o  ‘ c - u i  c an  e r ror ’  of s in l l c c r  mnagni  t cc c l ,

e o - n h o c  sag Ic I m o m  ge and c m pc n - I  u re n - e ’mce m e d  I n  t h o  - s an m e re b a t  i v .  pu us t t  i o n - a s  -

T i m e -  n’ e - , m c - o , n o  i on t h i — 0 C a i r o  be s e - c - t m  w i t h  the  e i d  oaf  F igu re  15 . S i c m e e -  t in-

5 1 ) 0 - a t r o g m ’ c e p l i  e - n t r a n d e  s l i t  produc e-s ca m - a c ’  c o n  p i c i t c o o l e -  i m t c c o g e -  oa f  f loe ’  — m i i i  at t ime

I . n  t t n o w  ii - n_ s , if the me an f Ic’ 1 ci image is d i s p  lcu ’e ’ o h  c c m u c h  t ha o  s l i t  and l i t  t a- i ccc

h e n s  a r e -  I i xc i i , t b i l s  p i n h o l e  image oct 1 1  b c e -  d l - ~p L a c ed  c a f i  o a f  t he  L i t t  m iii
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500 - CRIMEAN -

APE RTUR~/~
_ 250 -

~~~~~~~~~~~~~~~~~~~~~~ 0~i 0~2 0.3
GUIDING ERROR (R0)

• I-’ m g u re 13 . Plot of Calculated values of signal produced bc ’ . h d a i d i n m c
e r r - o r- s l u -ar the Cri mean and S t a n t o r d  a p e r m o a res Tba e
dashed i i  c c c-  I s the (‘ci rye cal cci b a t  (-ci t o  r a d a spi a (-eme mit
of  t he St  a n t  o rd I T mc ag - nc 1 811 ye I n  l ice .’ g rat a ng , t h e
un l ab ell ed s o l i d  lin m e t o r  a d i sp l a c e m e nt  u l  l i m e  S t a n i o m - d
image relative b o a  t h c p o l a r i z a n g o p t m c s .

‘l

4
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8 m

o MASK MOVED, \ \
MASK GUIDING \ \

-8 o BOX MOVED, \. ‘~~
BOX GUIDING

A MASK MOVED,-10 - BOX GUIDING
— CALCULATED

I I I I 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

GUIDING ERROR (units of R0)

H gu r e  14 , P lo t  c o t  s i g n a l  m e a s u r e d  or solar inmage displaced
o rd at i ye t o  pol an El tao ’  o p t  Ic ’ s r e nd c) r Ii I t m e w  l e n s  -

The ma _ si i s  t h e  p o l a r i 7 i n g  aperture , the h - ac - ax o s  t i m e
• box conta ining the diodes ord i naril y used to position

the gumd in g image , unless mask guiding is sp eci iied .
The lowe r solid l i mmc ’ shows t ime  cal  ( ‘ o i l  a t e d  si gna 1 o r
c-ompa r 0 son—— I he o h  b s c - I  i s I he ac banal o I I se- I prc)chOaced
b c ’ .  the an str ument ,
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l en s , a n d  l i g I t  I roco c o the’ lim la w i l l  Ix l a o _ s t .  I f  t u e  p i rh u. lc imcage fo n a - l u - -  0

iv c r c -  pe r fe c t , no l i g l m t  would ho , - Ion- I icnla’ss the ciis p lc u eo- t aoa-na t w o o s  as g r e - c

ce~ the p o r t i o n  of t h e  inc-age masked off (
~~

— 0 .2 II ) . h l c u w e vc r , f or a f i n c t a -

i - n t  r a rmc e  s l i t  and  an impe i’fei- t image s l i c e r , I he ’  p inim ol e - i c c oc u g e- i - -’ c c c i t  cut

f o c u s  so t h a t  a - a n y  d t s p lc a c cm en t  c a a i r s , ’ s  a b ias _ s  of 1 igh t  which t’i maan g , - c - I he

w e - ig lc t ung for different parts cat l i i i -  d i s k  and produces  c a ~cboc i t v S ign caol

- bc e - to the sun ’s rotc i ti o r -a . TIme a - n - i - o n  s ignal  f o r  such  d i s p l a c e m e n t s  was

a i c - c a  s i m c o l , a t e d  on t h e °  computer , cm -ss cit ca ing an isotropic smearing of a’ point

- coa UF c , at the image t o  a p p r o x i t c a , o f a -  t in - - e f fe c t s  of a 9 mm icing c - t a t o’anco-

cpe- rt lire , Fraum ab l oo f yr cliff rac t ion f roma the 0. H mm wide slit , d n i ( j  the im—

p.- c-i yet lv oriented e’iemermts ira time image si ice-i ’ . The c a l c ul a  ted  c c c

a r-c al ~~ c - a p l o t t e d  in Figure 15 . The sa om e  e r r o r  r e s u l t s  i f  the  h i c o c o g e -

c - l i c e r  i —  not  a l i g n e d  prope r - I v , ca u s ing l igh t  to be d c i  i e -CI (- d off of the

L i t t  n o 0 lens . ~i l a rge , a b r u p t  change  in the  b a n - c -  l i n e  of t h e  ve°loc  i t

s i g n o l  near’ the end of .Jun - 197 ei  cc as caused  b )\’ . such -a  a m i s a l i g n m e n t ,

a p p a r e n t  lv  caused  by ’ ci w or k ’mamm h u m p i n g  the  s p e - i ’t r o g r a p h h e c a a i  wh i l e  mos t

of t he  0 0 1 ) - n - - n c -- c - n c -  we m a -  - o t the  1- -I S th  \A~ mee t ing. Thoeug im t im i s  m i s a l  ign—

m ent  was u n i  u a i ’ t u n o d t t -  lv  r io - a t  d i s c - c o v e re d u n t i l  A u g u s t  , ca l c u b o o  t m  u ri s in - act cc c o t e

c,nly -‘ ‘n a i l  changes  in s e n s i t i v i t y  to e i t her t h e  f t c - e - - - m i r m u t e  o s c i l l a t i o n

o u r t o  low c a n - a b c - n  g l o o t a c i  1 r a a oa b a-c- - . It oboes not seem likely that drift— in

t h e  - image _s 1 i a - e r C o m u  id 1° r a a c h c m i - e -  t ime-  r e g u l a r  d i u r n a l  v - u n - l c d  t t a u n t s  in  t ime

- bc’ - cry .  ci S i g n d  c c 1 -

Th e- - - ‘ - c i - -- i t  iv  11 v t o o  sob ar riot cation WOU 1 d iiot be ci p r o b l e m  if  t ime

guiding v— I c - t a o  p u m a -  i t  l o n e - m i  the  i m o o c a g e  - a m -  r i c e  t l v  , cm nad c o u l d  c - cc - -n  be of 1 i t t  le

c-imc-c -c ; coe m o - c -  ac  i -c - i t  a co nic- i o m i t  o f t  s c - I  . Howeve r , a m _ s  men t i oned  c c b e a v e -

the r e- I s  good a - c j a i e - t c c o -  t h a t  b l o c - a - i -  is a v c m n i , u b l e -  e rroi ’  In  t iie n- c - b e t  ly e
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l ao  i t  ion ic-ag of image  cand p o l c m  ru  i n - ag  a m p i ’  m t  i r e  - can a l  o u r  01 t i .  I inc a g.’ co d

a p e - r l o i m ’ .- m - e - l a t  j yy  t o )  b loc -  ! .i t t  m’nw i c - m i s , T h i s  i s  i~~’ l i o - ’ . a - c i  t o  ta ,  t h e

p m - i n m - i p a b  c ause-  of s h o w  d r i f t s  In  t h e  c u t ) s e - r y a - d  o , - i 0 0 0 i t \  d i t  f e m - c - n m e - c-  s i g n c a l .

T u e  he_ s t c -c -a ample  o a t  c a u s e  am - ad e f t - c  I Is  f ronai t he  od e- c m’c - c u I t o  n o made o\a ig aoc- t 26

1P7 -o  am _ s _ sbm o w n In Figu ri l(; - The lu ca s i t ion of t h e -  m acage cc- i t  h c- a - c - p u - i - i

t o o  t ime ap ( r ’ tu r ’ e -  wa _ s  recorded a t  v a r i 0 0 1 o s  t ime_ s e i t r r i n g  t h u  a o b s e - r v a t  i c o n , and

1 , - a t e  - m- a n a l  vs is show , cl  g o a i o d  qua  l i t  a t  i vy  a g o - c - c - m e - n a t be t  w e - e n  r r0o ~ g a  - c i i  p1 aac a ’

men t  ac aci s i g n a l .  Ti -acm -c? o r e - c a t  li °cu sl t h ree  poss ib le  s o u r u - a n c of  s u c h

v a r i - o t  i o o m m s  in image p0_ sit ion :

1) The m i r r o r - s  anal le nses  are s u pp o r t e d  liv tb c c t ca s ic I ) y r c i 0 0 0 i ( i u l

c ’ U p p i c r - t  s t r u c t u r e , a c - a m a _ s i _ s t i n g  c o t  t l a r - e - e -  t i l t — u p  t r i a n g u l c a c ’  c o o n m a ra t . -  ‘, ‘ . ; o b lc—

-r i me- se  a d a - n - c -  c n i g i n a l b v  p a i n t e d  o n ly  w i t h  a c i a - c a r -  s a - c m l e r  and  ; a b c - - i o o ’ I n - - o l  s u n —

1 i g i c t  m o - c i a  j y  - I t  i_ s p o s t u l a t e d  t h a t  the  sou t~l d c - c m s t  w c a l  1 w o c u i l d  i c c - a t  LIP

, n (I e x p a n d  in the  m o r n i n g  and t i n - -  s o u t h w e s t  c c c i  1 in the- aaft e o - m i0000 m , t h u s

C o c o s  i ng  d i sp l cm c e m en t s  of the  top of the  bu i l d i n g  t o - a  t i c . -  w e - s t  in t im e-

momrn  ing and t u u  t h e  e - ,us  t in the  o a f  Ic - i - r l o a o m m  . S in ce 1 1 cc - moun t f o r  ( lao - 1)0 101

ii ing a p e r t u r e  is a beam suspe ’nd ( -a i  f rom t u e  m i r r o r  s u p p o r t  s t  r cmc t c r r e  , u n c c l

— a t t  ac he d c a t  t h e -  f l c c i c m , d i s p l a c e m e n t s  o a f  a p - r t e r r - e  and  i t r a c a g e -  i -c- m t i v c -  t o o

e - a ~’h ~~t t ie r m i g h t  be — m a c i l .  I b c i ’a° c - ’ c e o , s b n n - - e -  t i m e -  image w- o o i l d  s t i l l  t i e ’  ( I m ’ — —

p l a a - e c b  re l a t i v e  to t h e  f i x a - c i  en - at n- c a m - ac - a ’ slit can a l  I I t t m ’ o acc l i-ms , a m n  u n - I  i f  j c i , c l

0 
c e - b o a - i ?  a ( ‘oU l ( i  s t i l l  toe ’ produced o a s demons t r a ted  by t l c a °  t i m i m-d - - x p c - r - I m e n t

above . The e r ro r  w h i c h  wou ld  b c -  e x p e c t e d  over the c an o n _ s e - out - o day  e g n ’ e - e - s

in s i g m c  w i t h  a u t o _ s e r v e - u  d i m i , - m n c a l  , - o b i i b t s  I n  s i g n a m l .  The sc lppo i - I  st r uc t u r m ’ c-

w a _ s  p a I n t .  at white to reduce ui - ac ting effe-ets , and the  d i u o ’ n c m l  d r i f t  was

re - d c - a a - , -d  h u t  not  e - l i m i r a a f e - u b . Th i s  might s u g g e s t  l i o c e t  t i d e -  c ) t l m ( - r  e f f e c t s

dc_ sen i h e - d  be low c a m - c -  i m p o r t a n t , t houg h t h u - v would  not b - ac ’  es 1 ik e lv  to

pr’omduce -a m o - i ~c ilI ar daily P a t  tc ’r m l _
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TIME ELAPSED (hours)

Fu gu re 16 . Oh ~ - r v a t  i o n  of A u g u s t  26 , 1975, l I m e  i m a g e  p o s i t i o n
r e l a c m a (-  toe the po larl7ing ab a (-rtur - e- was estimated
v i s u a l l y  ( i n  u n i t s  of  a p p r o x i m a t e l y  0 , 3 — 0,5 mm)
as tol l ace s :  ( a )  a - i - c a t e r e d , t h )  1~ 2 — 1 m i n i  I SF o h
c e m m t e r , (r)  c e n t e r e d , ( d )  1 4  u n i t  551%’ o)f ( ‘ e nt e r ,
(e)  3 4 — 1 un i  t I- : of  c e n t e r , ( I )  3 4 — I u n i  t F

o b  c e n t e r , ( g)  1 0 2  — 3 4 u n i t s  F o f  c e n t e r , ari d
( h )  2 - 2 4  u n i t s  ENE at ce n t e r , The a p e r t u r e -
used was  o h  d i i  b e - r e n t  d i m e ns lo m s  and O e o e n a ’ t  ry t h a n
t h a t  i l l u s t r a t e d  a n Figure 10.
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2 )  S u n o c -  guiding is ch arm , - on a d i f t c - c - c - n m  do - cam of l i g i c t  t Ie-n cub a —er a —

t a g,  a n n  sh i !  t s in n c -  1 - i t  i c c -  pee- I t  t o  ra w i l l  t n t  r cicco ’ . - an a - n m - or - . -4 u i c h  sh t _s

h ,u v e- l a o - a - n  t r o t  j o o c h , c a _ s  n a e n t i o i i m , - d  c-abov e , cc i t i m  an c oc up l it oma h a- of 10
0
. T h a i - —

i c -  t o e  - 1 i a - v e ’ o i  t o  I a ~ - i o u - t o -a sh i  i t ’  t s in p o a s  i t  ion oi  t i m e -  tv.’o m i m - c - u u i ’ s of I t o -

pe a - c  - - -  . 0 b 0 0 ~ w l c l e h  d i o — p l c u u - e_ s  t h e -  gu i o h i n g  b e - ; c n i , Suc - Im a l i c - t u o n t i c i r i s a c c c a ~ - in  t u r n )

be c h a i n  t a o  s t i s _ s  a - - s in tb - ac  h a - c a m  s cm p p o r t  i t u ~ t i n - -  ml  nc ’  u n -a - c , wim ~ ‘fm a m a -  c aused

by the r n a c a l l v  i m a d c o e t -d s h i ft s  in t In - s u p p o r t  s t r 0 0 0 - I  r u n - c - , A s  i nn  b a r  c - f  f e - c - t

w o o s  pm ’odaicc-d e x p e r i m e n t a lly  by l c c u y  j og  an o bsa - m’c - ’-r  t w i s t  t h e  beam h o l d ing

t b -  pc m - i s a c p e  m m  r u - c m  —

~l )  ~‘es taco -nt l i o t i o - c h p n ’ e v i o o a r c — l v , t he p o l a - a r i~~ing o b ) o - r t u i r e  i_ s rir oo oamaia- d o n

ad s t c - . -  t o e - a c m  s u s p c - m c i i c - o l  f r o m  l ime- p m - a m i d a l  t a - l e a - c u - c ope suppor t s t r u c t r i i - , -  c oa l

f c a s t e n ,  ci c a t  t ! c e -  b o u t  ton a t o o  t he  — b a a - c t r - egraph  i m c - c c d  t o  p m - u - v e n t  r e l at  ic - a-

1 , o t e - r al di—p loacement. I f  there aa r-c- t e- m pe - rat c c n- a - gm ’a a u h io r ct a— jim thea- r’ 0 0 0 0 r , a

s u f f  inc a - nt to l i e - a t  o o t c , -  si de  of t i - ac  hi ram mom -a-  I han tIme cotim e n , t h e  beam

would he-nd like a b im etco l lie s t r i p  in  a t hcrmos t c u t , d i s p l o o c i n g  t ime  a pe r t  a u r a -

t - e - l a t  I v -  t o o  t he  i m c m g e . b a u m - l a- c i l n - c r a a c t  ion_s s l u c i a c e - c i  i c a r g e -  ia-r e gular clevi ,o—

n on_ s in s i g n c m l w i t h  30— 60 m i n u t o -  p c - m ’ i o a c h i c i t i i ’ s . S i r m c ’ c -  the a i m - — c o n a b l t  l am m -

i n g  sy s t e m  w a d s  known to h a c v e -  cm c c c  I c -  d inc in t 1 0 1 ’ - m conge  0 i c -  t empem-a tu re

was  n - c - i - o rdea l  d u r i n g  a b c - c - c - c - c u t  i c i n s  r and  t he  l . - a a c p a - r a t c u c ’a -  vc i i- i a u t  i c o n - a s  Sec - tri a d
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Table 4

Sens i t iv i ty Factors  for

Di f f e rent Apertures and Spherical Harmonics

Spherical Aperture S t a n f o rd

Harmonic Stanfo rd Crimea full disk Crimea

radial motion with 0.208 0.349 0.716 0.596

angular dependence 0.165 0.240 0.282 0.688

given by spherical 0.168 0.238 0.279 0.706

harmoni c 0.204 0.298 0.077 0.685

“21 
0.227 0.256 0.141 0.887

“22 
0.218 0.253 0.139 0.862

Y 0.243 0.303 0.357 0.802
u n

Y 0.266 0.340 0.106 0.78220n

0.38 7 0. 378 0.210 1.02422n

hori rontal motion Y 0.245 0.374 0.323 0.655u n

wi th angular 0.218 0.292 0.282 0.747

dependence given Y22 
0.210 0.310 0.496 0.677

by negative 0.141 0.208 0.329 0.678

gradient of Y 0.334 0.250 0.388 1 .33620n

spherical harmonic 0.0 0 . ’) 0.0

V10 
0.170 0 . 239 0. 224 0 . 711

“20 0.261 0.194 0.308 1.345

1~~~~~~
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A further difficulty in this interpretation is that A. B. Severnv

has suggested (private communication , 1976) that the optical arrangement

descr ibed herein could produce extreme vignetting with only a small fan

beam in the center of the disk actually producing the signal. To examine

such a possibility, two different methods were used to measure the amount

of light actually registered by the instrument from different portions of

the mean field image . One method was to place apertures of radial extent

R
0
/8 and varying angular extent at different positions on the disk to

produce a complete map of intensity. The average of two maps is shown

in Figure 17. From It one learns the following :

1) The masks used are not perfectly centered on the image . Since

the Image was centered visually at the top of the polarizing aperture ,

this indicates a tilt in the cylinder holding the polarizers which results

in a horizontal displacement as the light passes vertically through the

d i f f e ren t  optical elements . This has s ince been corrected .

2 )  The edge of the \ ‘2 separa t ing  center from limb is a finite ,

largely n o n t r a nam i t t i n g  bevelled edge ex tending  f rom approx imate ly  0.50 R0

to 0.55 R0.

3) The intensity is less going toward north and south limbs than

going toward east and west limbs . This Is probably due to a combination

of imperfections in the image slicer which are largely in the NS direction

and vignetting produced by the finite extent of the spectrograph entrance

slit , as firs t pointed out by Severny . Since each slice of the image is

9 mm long, the Image forme d at the Littrow lens will be smeared by 6.3 cm

in the NS direct ion, so some light f rom the north and south poles falls

off the Littrow lens and is not reflected by the grating .

i 
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Figu re 17. Map of in t e n s it y  t r sn~ m t t t e d  through the  o p t i c a l  sy stem as:1 a functton of p oat t ion  on the solar Image . The units are
arbi t rary , and the numbers are average values from two
different measurements.
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Two other experiments substantiated the above results . The NS - EW

asymmet ry was confirmed by rota t ing on the solar image a wedge shaped

aperture of angular extent 450~~~ The in t ens i ty  as a purely radial function

of position on the solar Image was then measured by stepping the iris

diaphragm (ordinarily used to mask off the extreme limb) in and out in

steps of 1 mm. The drop in intensity at the edge of the x/2 was again

apparent , and more important for the sensitivity to large-scale velocity

f i e lds  is the f ac t  tha t  the iris diaphragm exper iment showed an intens ity

prof i le vs radius very close to the limb darkening express ion given by

Allen , at least out to the 0.8 radius used in the present observa-

tions . If opposite limbs are averaged to correct for misalignment , the

in tens i ty  map also gives a result reasonably close to the standard limb

darkening curve for both the NS and the EW directions . These results are

shown in Figure 18. On the basis of these experiments , there is ample

Justif ication for using the Allen limb darkening expressions for guiding

error and sensitivity calculations . It would also appear on this basis

that the suggestion that extreme vignetting effective ly limits observa-

tions to a small portion of the disk can be safely excluded .

3
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Figu re 18a. Intensity as a function of radial position on the solarH image, as measured using the iris diaphragm ~nd ascalculated from the limb darkening expression of Allen (1973).
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I

Chapter I I I

OBSERVATIONS AND ANALYSIS

General Procedures

The three major quest ions under invest igation in the present s tudy

(as deta iled at the end of Chapter I)  are : 1) Does the f i v e — m i n u t e

oscillation show variations related to large—scale magnetic structures

observed in the photosphere , corona , and solar wInd? 2) What can be

learned about the oscillations reported by Hill and co—workers (Hill

et al., 1976a; Brown et al., 1976) at periods between 5 and 70 minutes?

3) What can be learned about the 2 hr 40 mm oscillation reported by

Severny et al. (1976a and b)? In order to investigate these three

questions , the p lan of the present study was to obtain sever al months of

daily observations of length 2 hr 40 mm or longer with no changes in

procedure or instrument . Long individual observations were needed to in-

vestigate the 2 hr 40 mm osctl.I.atton and would also give better frequency

resolution at 5 to 70 minute periods and better def inition of the ampli-

tude and period of the five—minute oscillations . The search for large—

scale organization of five—minute oscillations required several solar

rotations of daily observations using identical procedures and instrument ,

which would also aid in the study of longer periods by improving signal-to-

noise ratios .

The goal of identical procedure was well achieved by having most of

the instrumental setup performed directly by computer (PDP11/lO) with
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software developed specifically for this purpose. Functions which

could not be performed directly by computer (such as initial mirror

a l ignmen t )  were performed by an operator in response to computer instruc-

tions . The bas ic procedure used i~ as fo l l ows :

1. Telescope set up .  (This is not performed if done previously for

another  observat ion.)  Covers are removed from optics and grating, dome is

opened , and computer dome pos i t ioning is begun . Coelostat and second

flat mirrors are aligned , the 48—hour clock drive on the coelostat and

the guiding servo on the second flat are turned on.

2.  Find the line in the spectrum . The grating is set at the proper

ang le using an encoder. The spectrum is scanned u n t i l  two l ines of desired

separation are found and the exit slits are then positioned on the \5123 .730

l ine .

3. The polarizing aperture is moved into position at the mean field

image (the line finding routine is done previously since light levels are

higher). The KDP voltage Is turned on with 110 Hz modulation .

4. Balance and zero . The exit slit assembly is moved to ).5l22.5O2

where the spectrum is flat. The operator makes a manual adjustment so

intensity measured in the two phototubes , hence in the two exit slits , is

equal. Then a shutter is closed cutting off light to the phototubes and

the intensity and Zeeman zero levels are set to zero. The difference in

dark signal in the two phototubes is zeroed. Then the shutter is opened

and the exit slit assembly is positioned on the )..5123 .730 line .

5. The exit slit servo is turned on and the observation begins .

Two signals are measured continuously and an i n t e g r a t i o n  is performed

every 0.1 Sec ond giving the average for the previous 0.1 second , wh ich
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Is converted to a digital number by 14-bit A/D encoders . The two signals

measured are :

In t ens i ty  (R~ + R + B~ + 13 )/2

— + +Zeeman = (B - R ) - (B - R )

Two additional sigmals are obtained at the end of each 0.1 second interval- -

the signal ZI Zeeman/Intensity by digital divis ion performed In sof t-

ware , and the signal Do~~ ler by reading the exit slit position from the

encoder. A fifth signal , the DC difference signal ,

DC~ (B~ - R~ ) + (B - R )

is used to drive the ex i t  s l i t  se rvo .

Digital integration of 150 consecutive 0.1 second measurements is

performed in sof tware , and the 15-second averages of the four signals

mentioned above are recorded on tape along with the start time of each

15—second integration . In addi t ion  to these quantities , a long list of

ins t rumental  parameters is recorded at the s t a r t  and end of each observa-

t ion , including such things as the observer and the position of the

guiding mechanism.

Observations used in the present study were made at the Stanford

Solar Observatory in the summer of 1976. The period of time with best

observational coverage was from April 13 through August 6, which interval

is inc luded in all data analysts . On two occasions during this period

(April 29 - May 6 and June 25—30) calibration showed a loss of sensitivity

due to improper alignment of the linear polarizer and the quarter-wave

plate wh ich loss of sensitivity was confirmed by reduced power measured

throughout the frequency spectrum——these intervals were excluded from the

analysis . A wider interval extending from March 11 through September 21
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was included in Investi gations of periods shorter t h a n  an hour , bu t

generally was not used in the search for 2 hr 40 m m o s c i l l a t i o n s

since the data are more Intermittent and a broader Interval would

require grea’er frequency resolution In searching for an oscillation of

cons t ant period and phase. In addition to these observations , velocit y

measurements using the same apparatus were made from Novembe r 1975 to

Februa ry  1976 and polarizing optics of different dimensions were used

between July and November of 1975 . The ve locity was also measured from

a smaller portion of the disk In October and November of 1976 us ing

the Doppler servo.

For each observation , plots were made of the intensity and of the

velocity si gnal as functions of t ime . An example is plotted in Figure 19 ,

f or the May 23 , 1976 observation . The observation Is four hours in

length consisting of 960 15- sec integrations . There were sometimes

large , sharp deviations present in intensity and velocity due to clouds

or to errors in the dome positioning program. When such excursions

occurred , the questionable integrations were replaced by dummy values

so that they were not included In later analysis but timing was preserved.

Three other features may be pointed out in this example . One is tha t

the velocit y has an average value of +55 m ’s , compared with a value of

-24.1 m ’s calculated from the limb darkening expression of AlIen (1973)

and the rotation .ind limb red shift parameters of Howard and Harvey

(1970). The difference between measured and calculated baseline was

probably due to imprope r positioning of the solar image which resulted

in uneven weighting of different parts of the disk , giving a velocit y

signal due to the sun ’s rotation. Attempts to correct this baseline
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FIgure  19 . P lo t s  of i n t e n si t y  ( t o p )  and ZI signal calibrated in
relative velocity (bottom) for the May 23, 1976
o b s e r v a t i o n .
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of fs, t h~ more careful adjustment were not  5 t U c e sS f u l  , b u t  t he re~~u i t

of tnese a d j u s tm e nt s  s as t h a t  t he  base  l i n e  was  c h a ng e d .  Changes  we i .e

a l s o  produced h~ t h e  m i d d a y  change  i i i  ( o c 1 ) s t a t  pos t t ion in o b — e r v a t  i o n s

b e f o r e  A p r i l  30 , w h i eh  r o t a t ed  t he  s un ’ s i m a ge  and  s l i l  f ted t h e  ) f l I S e l  i fl(

s i n ce the  ~per t u re  was  not  p e r f ect  l v  , n t  t a d  -‘i l a r g e  s h i f t  w a s  a l s o

p roduced  b e t w e e n  June 24 a n d  J u l y 1 due t o t h e  i m a ge  s i  I r er  m i s a l  i g n —

inent  m e n t i o n e d  above . C i c u l a t  I ons show t h a t  a m i s a l i g n m e n t  of b . 30 It

w ou l d  produce  a v e l o c i t y  s i gn a l  of 210 in s ( w h i c h  i s  clos e t o  t h a t

obse rved )  w i t h  a r e d u c t i o n  in t h e  r a d i a l  mode s e n s i t i v i t y  f a c t o r ,

(V  — V ) V of less  t h a n  1%.
C I 0

A n o t h e r  f e a t u re  a p p a r e n t  i n  F igu re 19 is a s low d r i f t  in the  s i g n a l

f r o m  65 m S to  40 m s h a v i n g  a d i r e c t i o n  w h i c h  g e n e r a l ly  c o i n c ided  w i t h

t h e  c h a n g e  In i n t e ns i ty  during t h e  d a y .  T h i s  i n v e r t e d  U shape  is c le a r

in both morning and afternoon observat ions (with the former predominant

before M a y  22 and observations made only in the afternoon after that

date). This drift is seen c l e a r l y in Fi gure 20 which is a plot of the

velocIt y signal as a function of t ime of day with each observational

mean suhtr~ cted to remove baseline sh ifts . This drift could be explained

by a non—lInearit y in the electronics causing the veloc it y signal to he

a function of intensit~~, though this possib ilit y was excluded by e x p e rt -
*

ments using neutra l densit y filters to alter In te n sit y . A more likely

explanation would he ~ shift in the observational support structure to

~~1 the west In the morn i ng and to the e a s t  I n  t h e  a f t e r n o o n  caused  by t h e r m a l

expansion of the walls of t h e  support structur e . This explanation , wh ich

was d iscussed in d e t a i l  a bove , would cor rec t  1~ account for the Inverted

U shape of the o b s e r v e d  diurnal dri l . The ( h i l t  W a ~ of l t r g  a m p l i t u d e
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(LOCAL NOON)

Figure 20. Plot of the daily drift in the Stanford signal.
The obse rva t i ona l  mean has  been s u b t r a c t e d  f rom each
o b s e r v a t i o n  t o  remove t h e  e f f e c t  of base line shifts ,
and data have been averaged as a function of time
of day . Local noon is at UT 2000.
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V
compared to t h e  expected signals and l e ft  I he dil emma of -I t her  removing

t h e  drift (along with some poss ib le  si g n a l )  by f i t t i n g ,  or of leaving

the drift and introduc i ng spurious s i g n a l s  of in strumenta l origin.

F i ve—Minute Os(~i1lati ons

The third feature evident In Fi gure 19 Is an oscillation of period

near 5 mm and peak- t o—peak amplitude of 5-10 rn/s. A more precise

determination of period and  amplitude may be made by computing t h e  powe r

spectrum . Since the theory of power spectral calculation is based on

Gaussian random processes with z er o  averages , baseline offsets and

diurnal drifts are removed by subtr acting f rom t h e  observation a least—

squares fit to a straight lIne . The autocorrelat ion is then computed

out to a L~ g of 200 point (50 m m )  following Blackman and Tukey (1958) .

For a record c o n s i s t i n g  of n e q u a l ly  spaced v a l u e s  x ,x, ,x . . . . x
n

the autocorrelat Ion at lag ~ is given by

x x . ,
i. (n— P) 1 i+

i — - i

The powe r s p eet r u m  is t h en  given by the cosine transform of the auto-

-‘ correlation

r rn- i

P(f) = I c  + 2 C cos ~~-~~
--- + C cos ( f . )

- L °  
rn m

This was smoothed by convoluting with a henn ing w i n d o w

P ’ ( f )  0 .25 P ( f  — M )  + 0 . 5 P ( f )  ~ () .~~5 P ( f  #

where  Lf = 2 m ~~t , w h i c h  Is equival ent to weighting tht~ autocorrelation

with a function

:1 
- 
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V
0 .5 (1 + coc —~ m) , ~ > m

It, =
# 0 .0 ,

giving a modified autocorrelat Ion C’ = 1) C . Figure 21 show s t h e  auto—

correlation and Figure 22 the power spectrum computed for the May 23

observation . The five—minute resonant oscillation is again apparent ,

with the recurrence of peaks in the autoc o~ relat1on and the position of

the peak in the power spectrum hott. indicating a period slig htl y longer

than five minutes .

Average characteristics

A total of 475 hr 41.5 attn of observation was reduced for the period

between April 13 and September 21 , 1976. Since the aperture used was

of diameter 0.8 R. 768” , the area observed was about 1.85 x 10
6 

arc

see
2
, or about 1.85 x l0~ times as great as with a (l0~

o)
2 

aperture . If

five-minute oscillations are assumed to be independent at points

separated by 10”, the present set of observations would in a sense be

equivalent to observing with a (l0~)
2 

aperture for about 1O
3 

years .

Unfortunately, the lack of spatial resolution in the present observations

means that only limited information can be gained as to the nature of

the live—minute resonant oscillation in general. This information can

he well displayed by computing the average of all the power spectra

measured , weighted by the length of the observation. The result is

plotted in Figure 23. A very smooth peak may he seen near five-minutes .

with no evidence of the multiple periodicities described by Frazier

(1968a and h). Frequency resolution is not good with the lag in the

sutocorrelation only extended to 50 minutes , and further smoothing is

—I —-~ - - ——~ —— _ —= - - - - -
~~ 
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LAG (mm )

Figu re 21 . The a u t o c o r r e l a h i o n  of t he  v e l o c i t y  d i f f e r e n ce  s i gna l ,
calculated for the May 23 observation (Figu re 19b).
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Figure 22. The power Spectru m of  the ve l o c i t y  differenceI signal calcula ted for the May 23, 1976 observation.
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PERIOD (mm )
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Figure 23. Average power spectrum for t h e  S t a n f o r d  da t a .
In  pe r fo rm i ng the averaging , each i n d i v id u a l
powe r spectrum i s  we igh ted  f or  t h e  l e n g t h  of
the observation.
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introduced by use of hanning. Power spectra computed w i t h  grea ter

resolution and no smoothing (Figure 28) are less smooth , but fluctuations

are not separated from a smooth curve by more than might he expected for

random fluctuations .

‘Fwo parameters characteriz ing the average power spectrum as shown

are somewhat different than might be expected from small scale observa-

tions . One is the amplitude of the oscillation , which was measured by

taking the area under the curve between frequencies corresponding to

periods of 10 attn and 3—1 3 mm and then subtracting the portion due to

noise power as estimated by taking the area under the curve between

3—1 3 mm and 2 mm where the spectrum is flat as might be expected

for white noise. The power measured in this manner is 4.03 (m ’ ~)
2 
cor-

responding to an rms amplitude of V = 2.01 m ’s. This result agrees

well with the value of V = 2.4 m 1s published by Fossat and Ricort
rims

(1975a) . Since they used the line NaI),.5896 (D
1
) for  wh ich osc i lla tions

are 1.5 times as large as for FeI\5l24 (Deubner , 1971), and have used

an aperture inc luding the full disk , they might be expected to record an

amplitude 1.5 x 0.8 = 1.2 times as large as that presently reported .

Agreement may not be as close as it appears since their published value

did not include correction for noise power.

A discrepancy w ith small scale determinat ions of amplitude and scale
—ls ize ar ises if one accepts the ampl itude ~ (diameter) rule der ived by

Tanenbaum. This relation was derived by representing the oscillating

regions or cells by harmonic oscillators of identical amplitude and

period and random phase. The amplitude of the ensemble average varies

as where N is the number of cells , so for a slit one would expect
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p

amplitude to vary as (length) ’ 
2 

and for a round or square aperture ,

the amplitude should vary inversel’,’ with the linear dimens ion for

apertures greater than the cell size. Tanenhaum simulated a long slit

by averaging one—dimensional magnetograph scans , and found his results

to be consistent w i t h  a cell size of 3000 km. However , for an rats

amplitude of 100 m’s at 3000 kin , this would imply an amplitude of about

0.25 m s for an aperture of 0.8 R~ as used in the present investigation .

The 2.0 at s ampl i tude  presently measured is more nearly cons istent with

the 20000 km cell size estimated by Fossat and Ricort (1975a).

Because the sun is a sphere rather than a disk , a calculation of the

amplitude to be expected for an aperture as large as presently used

should include the effects of limb darkening, foreshortening, and the

decreasing line—of—sight component of radial velocity as one approaches

the limb . In addition , the assumptions used to der ive the amplitude ~

( d iameter) 1 
rule will no longer apply since oscillations will not be of

equal amplitude and since the existence of well—defined cells is not

- 
supported by observations . A relation similar to that derived by

Tanenbaum may be derived with somewhat greater generality using the work

of Cha and White (1973). They have shown from velocity records made with

a 10” aperture that the five-minute oscillation has the behavior of a

narrow— band GausBian random process . The signal may be represented in

the form V(t) = ACt ) exp ~, i(2itft + ~(t)] where I is the average frequency ,

A (t )  the ampl itude , and q4(t) the instantaneous phase. For a narrowband

process, the probabil ity distr ibut ion funct ion for the phase is a constant

W
1 

(for ~ ( t )) =
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and for  the ampl i tude  it is a Rayle igh  f u n c t ion

A -A 2 
2V

2
W ( for  A ( t ) )  = —r--- e rm.s

V

The veloci ty signal  weighted fo r  in tens i ty  for  a given aperture may he

thought  of as a two—dimens ional random walk in the complex plane with

leng th proport ional  to the in tens i ty  times the velocity. The vector

sum of many such random walks will have a distribution equivalent to that

of i single random walk of length given by the square root of the sum of

t h e  squares  of the contributions from all of the individual apertures .

For N identical oscillators of identical intensity, the velocity times

intensity signal will therefore go as

N

~ ‘V!’
2 , 1 

— ~l. 2
~ — VI~~N, ,

1=1

and since the intensity will be NI , the velocity signal measured will

be VI(N)1 2 NI = VN 1’2
, as derived by Tanenbaum. Using th i s  approach ,

calculations were made of the ampl i tude  to be expected with the present

instrument for independent elements of various dimens ions , and the result

is shown in Table 5. Since the calculation is greatly simplified for

circular geometry , the linear dimension used is the radius of a circular

aperture , with the length of a square aperture of equal area obtained by

multiplying by v ’- . The 2.0 rn/s amplitude reported above would be con-

sistent with an average independent region of radius 14500 kim, corre—

sponding to a square of length 25700 kin. Since noticeable decreases in

coherence are observed over much smaller horizontal differences (e.g.

Lynch and thapman, 1975), it fo l lows tha t  an “average” independent size

of 25700 km requires there to be some power at larger physical wavelengths .
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Table 5

(alculated Amp litudes b r

lad’ ~tident Regions of Various Sizes

Each with an Amplitude of 100 rn ’ s

Radius of Amplitude w ith

Independent Region Stanford Aperture

( l0~ k m )  (m ’s)

1 .5 0.21

2 . 0 0 .28

2.5 0.35

3 0.42

‘1 0,56

5 0 .70

6 0.85

8 1.13

10 1. 40

12 1.69

14 1.91

14.5 1 .99

15 2.09

16 2.19

18 2.60

20 2.75

30 4.16

40 5,54

50 7.52

150 7 . 91

80 9 . 63

100 15.28

I
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This conclusion is f u r t h e r  supported by d i ro  t m e a s u r~’ment ~ of five-

minute amplitude from the Doppler servo encoder and using a (J,)
2

aperture . An amplitude of V = 10.56 m a was measured , which us ing

the same calculations as above, is consistent with an amplitude of

V — 1.02 m ’~ using the 0.8 R aperture . This result indicates that
rims

even regions as large as 3’ (130000 kin) are not totally independent .

Though this conc lusion is weak since obtained in a very indirec t way ,

it does support a global excitation mechanism for the five-minute

oscillation .

The other parameter measured with a different result from that

expected was the period . The frequency of the resonant peak was deter-

mined from the individual power spectra in three different ways . The

simplest was to measure the frequency of the high point in the resonant

region . The other two ways involved taking the weighted average of the

power spectrum in the resonant region . In one case , this was done by

measuring the noise level in the 5.0 — 8.33 mHz region and then finding

the centroid of the resonant power above this level. In the other case

it was done by taking the centroid of the power in the 1.67 - 5.0 mHz

region with correction for the noise power. As might be expected , the

latter two determinations agreed very closely , giving values of 312.1

+ 1.3 sec and 312.8 + 1.0 sec respectively from 110 ,ower spectra between

April and August. Inclus ion of September data , making a total of 135

power spectra , changed the latter result to 312.9 ± 0.9 sec. When the

frequency of the resonant peak Was used , the period obtained was 320.2

+ 2.2 see , indicating a alight asynunetry in the resonant peak due to the

high frequency tail wh ich becomes dominant at higher levels in the
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atmosphere . Every period detei’r~inat ion g iv es  a r e H u l t  longer t h a n

Leighton ’s original report of 296.1 ± 1.3 sec from the  Cal 61ft1 line

(Noves and Leigh t o n , 1963). The difference in measured period is n o t

large——only about 50——but is much larger than the  s t a t  ist ~~c d  e r r ’r s .

One possible explanation for the differenc (- in period is that dif-

ferent lines were used . Attempts to settle th is ‘~w-stion directly by

comparing measurements made in the same line (NaI ’3896) were inconclusive.

~oves and Leighton measured a period of 28&.8 ÷ 1.5 sec , and only four

observations were available using present methods , giving a period of

-4- 11 see , which is only 3% longer than the previous value but is

within in error bar of being l~ shorter or 7~- longer. The use of

different lines is unlikely to explain the longer period since the

CaP6IO3 line is formed low in the photosphere (see Figure 1 of Nayes

and Leighton) as is the FeI\512-I line . In addition , Howard (1962) also

measured a period of 296 sec using the Fel~~5250 line which is formed at

leas t as low as FeI\5124, which would mean that its period should be at

least as long were identical apert iIr,,s used . Howard ’ s measurement a1~ o

makes it unlikely that the longer period found herein is due to use of

different techniques to define the average period , since Howard determines

the period from the secondary maximum in the autocorrelation function ,

which is closely related to the peak in the power spectrum . Secondary

maxima in autocorrelations computed is ing the I)resent d a t a  cons istently

indicated a period longer than five minutes . An increase in period for

large aperture size remains the most likely explanation . Attempts to

detec t a shorter period by using apertures of (3,)
2 

I (30” )~ were not

successful , so if such a shift in p , . r i c u l  is present , it mus t occur bet’,,.,.~’n
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5” and 30” . The phys ical s i g n i f  ir , in c e  of t h i s  ~ T , 10 o l i f  f ,- - rpnce I -

no t c l e a r , b u t  i t  does agree in si gn w i t h  the direction of t b -  d i a g o n a l

lines in t h e  k— d i a g r a m  of the Ulrich (1970) model , It w o u l d  f u r t h ’ r

seem t h a t  such  a change  be tween 5” and 30” is evidence ‘f the large—

sca le  c h a r a c t e r  of these  o s c i l l a t i o n s, s lu r , -  a change  in p e r i o d  w o u l d

not be l i k e ly  if r eg ions  s ep ar a t  eel by 3fl ’ wer e  I e t a  1 lv i n d e p e n d e n t

The Search f o r  L a r ge- S c a l e  Organi at Ion

In  order  to sea rch  f o r  l~i r g e — ’- r a  i i ’  o r g a n i z a t  ion of t h e  f iv e—min u t

o s c i l l a t i o n, ~ a c l i  ob s, ’r - - e t i o n  was  c h a r a c te r i t ’d by t h e  f o l l o w i n g  p a r e —

meters , c a l c u l a t e d  f rom t h e  power spectrum :

The p - a k  power — t h e  max l ;n um a m p l i t u d e  of power measured  in tb-

interval of periods from 3— 1 3 m m  to 10 m m .

The no i se  power - the integrated power over the frequency range

5.0 nHz to 8 . 33 mllz , corresponding to periods of 3-1 3 mm to 2 m m .

The s ign.e l power - the integrated power over t b -  frequency rang .-

1.67 mnjlz to 5.0 mHz corresponding to p e r io d s  of 1’) mm to 1—1 3 m m ,

with the noise power subtracted.

The average resonant freqri ne - v  — the  av e ra g e  frequency of t h e

resonant peak in the 1.67 mHz to 5 .0 mHz interval. Correction was made

for the noise power by taking th~ average power above the noise rather

than above zero, in the followiug manner:

1< f > = 
f f  J~f f(P(f) — P )  df

where f
1 = 1.67 mJIz , f

2 = 5 .0 m h z , P(f) is the power m e a”u r e d  -~~t f r e q u e n c y

f , and P is the noise power per frequency interval measured in the

frequency range 5.0 mHz to 8.33 nIl?, as described above . The calculation

of these’ p a ram et er s  Is illustr ated in Figure 2-1 .
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PERIOD (mm )
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1.0 I I I

0.8 - PEAKI P OWER-~-E I
N

L’-AVERAGE
FREQUENCY

-

W RESONANT
POWER

NOISEI POW ER 

‘ 0 1 2 3 4 5 6 7 8
FREQUENCY (mHz)

Ft c~u r(’ 24 - F j  c - o r e -  s h o w i n g  how S i  gnal ~)wer, average
I r e q c m ( ’ n e - v  . no i r’ wt’ r , and peak power are

m e a s c c  i- eel I rom a power spec I run e I h e ’  no i se
- r i s t h e  a i ra  c i  n e t  - r I he curve be I ween

5 0  n e l l ?  and M . 33 mit? . l ime signal (or resonant)
powe r i s t he a ’  eS ii not e r the cu rve an d above

l ie  dashed line ( w h i c h  m s the noise power)
be t ween I . ~7 mlii and 5. 0 ml!?. The a V e r a l ~e
I r’eqiicn v I a I he c m t  rot  d o f  I hi s sante a rca
and I Jo J eRk poW e r I S the l i t  gh pot am o the

ci  r y e ’  between 1 ,67 mlii  a n d  5 . 0 ml i i . lie
power s pee l rum used i s the a .‘i’ a l~ ’ powe r’
spec’t rum o f FI gure  23 , p l o t  ted  w i t h  a e t c  I b lent
yen i- -a l s - a l e .
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Thes e -  va lii -’-’ were computed for - a c - h  d ay ’ s c e l e ’~e - r ~ i i  Ion . I f  m a r c  I l i a r

can e  a t c s . ’ r v n t  ion w a ; made’ during a dci v • the ave-rage of 1 1cc ’ I ‘~ e e

spectra weIg hted f o r  t h e  lengt  Ii of t h e  o l e s e r v a t  I o n  was  u s e d t o  ccc  ir a  l a t e -

the parameters for that day .

A superposed epoch anal ysis was then performed about s- c t or b e e c i n d —

aries as determined by changes in polarit y of t h e  sun ’ s o e ’ ; : c  magnet j r

f i e ld  as measured at the Stanford Solar ()liservatorv . The boundary ‘-~a~

assumed to he lo cate d between two d ay s  of o p p o s i t e  p o l a r i t y , and  t h e -

average value of the parameter of l a t e ’  r e s t  was compu te d I or  a l l  d ay s  to-

me diatelv preceding a b o u n d a r y ,  f or  all days two days bef o re - cc t cmmol ;e r~ -

and so on un t i 1 an interval of 7 d ivs c e l ) e ) l i  t t l i e ’  houndn i-~~ 
-
~ a-~ I mu - l i n t - f

lfl p c - r t  - m - m I n~ t h e  a v e r a g ing , each parameter was weighted for the l e m i g i  ii

of  the e l , s c - r v a t  ion. The superposed epoch of each of the f o u r  p ar a m e ter ~

c o m p u t e d  is shown in Figure 25, along with the grand e v e - r a g e -  f or each

parameter and the computed error bar. In each case , it can he seen t h a t

there I no conspicuous organizat Ion of t he’ parameter celnoi t s e - cl or bound-

aries . In addition , t h e  n u m b e r  of dail y averaged va lue- s falling wIthin

one error bar of t h e -  grand average is in every case comparable to the

:t-~ value expect i’d f o r  a normal! v distributed random v;c r cable.

There were four other attempt s to look for ii large- --~e - ;e le- org anization

of f ive—minute e s c t l l a t  ions . One was to superpose the powe i- spe ctra

the’nselv e’s Instead of some parameter about t h e  boundaries to se e if a ny

var iation is apparent. The result is plotted In Figure 26. Though small

variations can he seen i n th e ave r ages take ’n at dIffer ent int e rva c s f m - em

th e sector boundary , no obvious organization i s  present , and -133 of t h e
I

714 points or 63 .4°~, are w i t h i n  one error bar of the grand average- , a g a i n

consistent with norma l st c ,t i stl ca l fluct u ations .
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Ne x t  the  four Porcine te rs chosen for e ach dciy ’ s observa t ion we re-

used to calculate autem ’orrelations and power spectra in cc search for

periodiciVies near 27 d ay s  or intege r fractions of 27 d ays to see if

there wa s  a ny  large—scale erganiw cit ion c f f i v e — m i n u t e  o s c il l at i on c - - of

sufficient persistenc.- t o  c o — r o t a t e  w i t h  tim e sun . The results showed

a conspicuous lack of any long—term organization , with periods intege r

fractions of 27 days in no wa%- outstanding.

Anothe r investigation of large—scale organization was to make a

scatter plot of average I requenc~ < F >  and signal power for -ach day ’s

observation to see if there was any correlation between the two. The

result is shown In Figure 27. The calculated correlation coefficient is

r = 0.0139. Using the expressions of Bevington (1969 , p. 124) , the

prob~cb ili tv is P = 0.88 that a coi’re’Iatton coefficient this large or

larger would be found if the sample is drawn from an uncorrelated parent

populati on . Both the scatter plot and the calculated probability show

no relationship between five-minute amplitude und a v e r a ge ’  period for

this data set. Similar scatter plots and correlation coefficients for

all four parameters (six pairs in all) gave the following results :

Abscissa Ordinate r P ( 0)

signal power noise power 0.0186 0.84

signal power ave rage f req 0.0139

signal power peak power 0.835 3.7 x 10~~~

noise power average I re’e~ 0. 104 0 .26

noise power peak power 0.124 0.18

average f req pc- ak power —0.103 0.27

The probability calculated is again the probability that the sample was

taken from a parent population with no correlation (~ 
I)). There is
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mc ,‘v lcle ’n e ,- f o r  any e e c I ’ i’ e I c e t  ion between  t h e -  p a r a m e t e rs  w i t h  the- (‘on—

spicuou s  e - x c e ’ p t  ion of the  c o r r e l a t i o n  between signal power and pc- ak

powe r , which is t i  he e x p e c t e d . The l a c k  of c o r re l a t i o n  b e t w e e n  signal

power and  a e l s e  power pray i d e - s  e ’n i ’e ) c i  r ag  ing  evidence t li:c t I he dc f i n  it t e e n

e f  signal power c t s e ’ e l  is esseti t icc l iv f rca’ from contam inat ion by noise ,

and also indicates that observed van c i t  i c n i s  re no t  due simply to changes

in instrumental sensitivit y , sin ce- these would affect signal and noise

power in the s ame manner. ~~ie c o r r e l a t ion s  w e - r e  also calculated without

~~-ig hting for the length of observation , and the only important difference-

ce: es an increase of the correlation coefficient between noise power and

pc- ak power t i  0 . 236 , w h i c h  h a s  p 0 .1) 1) )  of be ing  d r a w n  f rom an uncor—

r e l a t e d  p a r e n t  p o p u l a t i o n . I t  is reasonable that records with greater

noise le vels might hove ’ h i g he r  resonant peaks , and t h c e i  t h i s  e f f e c t  wou ld

he more noticeable without . weighting for length of observation since

shorter observations would h a v e  hi gher noise levels -

One further check on a possible relationship of five-minute oscil-

lat ions w lth large—scc i le st rim - t a r e - s  in t h e -  corona and solcer wind was made .

S hee’ley e t al. ( 1976) have shown a ye rv close- com e 1 a t  ion between coronal

holes , solar wind ve l o c i t y , and the’ geomagnetic C9 index . Because measure-

ments of coronal holes and solar wind speed were not readil y available ,

the amplitude ’ and period of five-minute oscillations measured herein were

compared with the C9 inde’~. In addition , since Scherre r (1976) has found

good agreement between the C9 index end the absolute value of the mean

solar magnetic field as m ea s u r e d  at Stanford , it was cilso used for corn—

parison . The method used wa-c again to plot one quantity as the ordinate

and the other as abscissa and to c a l c u l a t e  the c o r r e l a t i o n  c o e f f i c i e n t .
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Since the C9 index is measured at UT1200 and five—minut e’ oscillation

neccsurements are near local noon (UT2000), the forme r was  lagged in time

b five days to approximate the expected 4—1/2 day solar wind transit

t ime . The correlation coeffic ients and probabilities of being drawn

f rom a parent population with no corre la t ion  are as follows :

Abscissa Ordinate r P (~ =0)

mean field signal power -0.0456 0.63

mean field average freq 0.131 0.16

mean fieldi signal power 0. 124 0 .20

Imean fieldi average freq 0,110 0.24

C9 signal power -0.129 0.16

C9 average freq -0.0412 0.66

There is again clearly no evidence for any correlation between the

quantities cons idered.

Periods from Five to Seventy Minutes

In order to search for periodtcittes in the data between five and

• seventy minutes , spectral analysis was again employed. Each observation

was again fit to a straight line and the fit subtracted to remove diurnal

drifts and changes in baseline . To Insure that the filtering effect of

subtraction of this fit was minimal , only observations of duration � 18))

m m we re used . There were 92 observat ions used w i t h  a t o t a l  observing

t ime  of 420 hr  13 m m .  To achIeve the greater spectral resolution needed

to search for longer period oscillations would have required extensive

computing t ime if the cosine transform of the a u t o c o r r el c et i o n  were used to

obta in the p~~er spectrum . Instead , the Fourier transform of the data was

found by use of the fast Fourier transform ( FF1’) a l g o r i t h m  of Cooley and
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Tukey (1965) as c e d . c p t e d  f r o m  th e’ program of Singleton (1969). The power

spectrum is then g iven by the modulus of the Fourie r t r a n s f o r m , with no

smoothing employed .  S ince imp1c’nw~nt cc t ion of the FFT is greatly simpli—

f ted for a numbe r of points equal t e e  in e ’v e n power of 2, each observa—

tion was centered in an erray of length 2048 points (512 m m ) ,  with the

remainde r of the array filled with zeroes , before computing the power

spectrum .

The 92 power spectra computed we-re then averaged together , weighted

for the length of the o b s e r v a t i o n . The standard error of the mean power

was also computed for the frequency interval of i n tc ’r es  t (0 — 4.167 mHz

corresponding to periods of P = ~ t o  P ~l m m ) .  F i g u re  28 shows the

average power spectrum——the two lint-s plotted are the ccver :Ige power plus

or minus the standard (‘rr r. Tuo features evident are the low frequency

power with peak at 256 mm and the five-minute resonant peak.  The latter

peak is much less smooth than the previous power spectrum (Figure 19)

though fluctuations are not larger than expected from statistical con—

siderations . The low frequency peak is sha rpened  by the higher frequency

resolution , and can be a c c o u n t e d  for by diurnal drifts of 24 hour period

with frequencies below 1 256 mm filtered out due to the finite obser-

vation t imes and the subtraction of a linear fit from each observation .

Between the five-minute resonance and the low frequency peak , there

is no feature in the power spectrum of any prominence. This frequency

interval may be seen more cle’arlv if the vertical scale is changed as in

F igure 29, The two lines plotted are again the average power spectrum

plus or minus the standard error. There are fluctuations but none are

large compared with the computed errors . It can them be concluded that
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the present investigation has detected no pulsations in this l n t - r c 1.

Such a null result might perhaps he unworthy of mention were it not f o r

the positive results of other observers , especially those of Fossat end

Ricort (1975a) and Hill et al. (l976a). Early attention was directed ~

the 10—main period reported by Fossat and Ricort , but with no signal

seen . A few observations were even conducted using the Na—D
1 

line ( t o

investigate the possibility that the feature could be located higher in

the atmosphere) but with the same result. A more recent paper from Grec

and Fossat (1976) has not confirmed the existence of this feature , and

i ts  r e a l i t y  is ques t ionab le .

A comparison w i t h  the  Hi l l  report of several  periods In the f i v e  to

seventy minute period range is much more challenging . Such a comparison

is simpler since both the SCLERA positive report and the present negative

report are expressed by use of power spectra. Correction for different

units used (arc msec and ma a) and for different quantities measured

(displacement and velocity) can easily be made , but there is much greater

room for disagreement or error In a comparison because of the very dif-

ferent observational techniques employed. If the fluctuations in the solar

diameter measured by the SCLERA group are assumed to be due to actual mass

mnt e t i c e n ~~ , t he  change in d iamete r  is related to a radial velocity h~’

2Lr Pv - . U s i n g  this expression and the conversion factor 1 ire

r n - c - c  725 . -t m , the amplitudes of power plotted in Figure 29 have been

converted to  ( a r c  macc )
2 

b in  and p lo t t ed  on a copy of the most recent

power spectrum of the Arizona group (Brown et_al., 1976). The amplituth-s

measured in the present study have been multiplied by a fac tor of

1 0.208 = 4.81 since calculations discussed in ci previous chapter  ind ica te
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that the velocity difference signal measured with prese nt t e c h n i ~~c c e - - -

won id  be oni 0.208 times the actual velocity for a r a d i a l  p u l s c c t  i o n .

Thi s scaling factor has also been used in the f i v e — m i n u t e -  p er iod  m ange

since the area scanned by Hill el al. (2 x 100” x 161’ 4 since t her e  a re

two  100” s l i t s  and a 6’ 8 scan  a t the limb samples a segment of I he s u n

corresponding to 16l’ 4 at disk center) is about the same as for a ( 3 , ) 2

aperture , and measurements described above show the amplitude of five -

minute- power to be 5.25 times as great with a (3 1 )
2 

aperture as with t h e

0.8 R. aperture used herein . The results of this comparison arc- plotted

in Figure 30 , with the logarithm of the power plotted because of t h e

great range covered. Clearly, if the interpretation of thee SCLERA a igu l

CS a maa~ motion is correct , the amplitudes measured in the pr -a e -nt study

are much smaller and would suggest that the peaks in the  SCLE RA pow e r

spectrum are not of solar origin.

~\~ - was discussed in Chapter I , this is not the firs t attempt at a

confirmation of the oscillations reported by Hill et a l .  us ing spectral

techniques . Brookes , Isaak , and van der Raa~ (1976), using potassium

and Sodium cells , measured amplitudes at periods < 1 hr “at least an orde r

of magn i tude ” less t h a n  those reported by H i l l .  Grec and Fossat (1976)

also used a sodium cell and concluded that the amplitudes reported by the

SCLE RA group were 30 times larger than upper l imits they found at similar

per iods . Hill ’s response to this apparent conf lic t has been that “since

the FFTD was used to define the solar edge in these data , t h e  observed

amplitudes depend on changes in the l imb darkening function cia well as

actual motions. Consequently, the actual displacement of the  s u r f a c e

m c i v  be only ci small fraction of the observed effect.” (Hill et al. , 1976cc .)

124

_I___—
____ 

--- — --- - — - — - - -- 
. 

- .-
~5r- 

~~ 

-



‘3. 7 T 1 r —  f

~~ 

-‘3.

c - c
Cf.

In- c - c c -

(D 
—
N

— :i: -~~~~

EE — I . -
5-— >- ~~~~~~0 (~)

_ c ~J Iz ~~~~~~~

~~ 
;_~~~~~

_

a:
LL.

C-
0 ) - ’~~ --

In _

0~~(‘.1 ~c - C s  C..
5

I—’
C - I . E‘3.

0-
01 I I I 

-N - 0 - N

(, ZHw a3a
~~ 

310 89L~ci ~3MOd 901

125



In  ci l i t e r  pape r , Hill , Caude l l  , and flosenwald (1977- ) h i v e  p re se n t  i - el

v ~c u 1a t io n s  to show how a smc , l 1 a m p l i t u de  osc 111 i t  io n  c o u l d  p r o d e e

much lc i rgc-r temperature fluctuations , thus c h a n g i n g  t h e -  su n ’ s l i m b  d a r k e n-

i ng  function and giv ing a much large r c h a n ge  in the appc l  rent d i  cm - t e r

measured by the  FFTD than would tee produced b~ cc t i ~~c 1  mass  m o t i o n s

-\ttempts t i c measure such tempe rature changes by looking at t t c e -  co re - of

t h ~ temp ervture sensitive line CI\5380 (Livingston et_ ci i . , 1977) (Cr the

coniinuum intensity (Musman and Nyc , 1976a and h) have given uppe r lImt tH

s m a l l e r  t h a n  the amplitudes Hill predicts , though Hill et al. ( l I t 7 7 a  and

b) h a v c -  chcellenged the interpretations of intensity f l u c t u a t i o n s  01 t l c e -

c e t h e r  obse r v e rs and Livingston et al . sugges t that their mee-g ct i v e result

m ay simply be a consequence of looking at deeper levels e. f t h e -  c c l  me v- phere .

Calculations c f  the Sensitivity of the

Independent calculations of the enhancement to be expected f u r  the

FFTD were made as part of the present study b e f o r e  the papers of Hill

e t a l .  (1976b and 1977a) became available . This calculation was base d

on expressions relating oscillatory vt-l ocitv and temperature fluctuations

as derived by Noyes and l~~tghton (1963) with substantial c e s s l s t c e n c e -  f rom

Lamb (1945).

An equ ation of motion nay be derived f rom the e’qu ;ct ion of continuit y ,

Dc— + c -Dt — —

the equation of conservation of momentum ,

- 1
~~~~~— = —  /P+~~ g ÷— (7 , c I 3 )x B ,Dt — — ‘I Tt - —

H 
_ _ _ _  
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and an e qil at ion of S t  c i t e .  For y e-rI ical propagat ion in c c p l a n e r  a t r - —

phe re’ (dependent o n ly  on tim e v i  - ct Ic ee l component) , t h e e  - - c e n t  inn i t v  e - r ~ c c c i  I cefl

he - ~ I ~me -

-
~ 

-
~
—)  -

0

I f  m a g n e t i c  f li l e t s  are assumed t o  be u n i m p o r t a n t  , t h e e -- momentum e - 1 c 1 c t Ion

bee omes

—p
= - — —

0 
~~~ 

-~z 0

where es the displacement. From the static relation oP oz = -gC
C) 0

this may  be exprc-ssed as

C -~--~ ~~- -~-~~~(P-P )
o~~~~2 o -/

~ o

if one assumes an ideal gas equation of state ,

~P ~C ~cT j .~cC tT
— = — + —  or P—P c~~P ‘ — 4 - --—
P T o ~~~~ T

0 0

Defining ~ a LT-T , c
2 

‘~P 1 c , and H m c  ‘,g (c is the sound speed

and H is the scale he ight, the equations may be combined and simplified

2-, ‘~ C2~~
’
~ o 2 ~3 €4

- c — + — — + c (— - — ) 0 . (1)
2 o - H dz 0 07 H

0~/

Noves and Leighton introduce a second equation to describe the

t h e -  rmci l response of t h e  a t m o s ph i  c - r i :

- 2~
-~~~~ = — -H ~~ (- j )~~~~

.
~~

_ ( 2 )
C, ot 17~~t

‘1

Th y - fir c t tc-rm on the right—hand side is the radiative cording which Is

proportional to  the  anpi itude of the temperature perturbation , with the

rcl (t i cit ive r e l a x a t i o n  t ime  g iven  by I . The second term is the a di c c hc ct Ic

heating due to the rate of compression o(-~~ /~ z) t by the wave .
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It is next cissumed that and €4 f l e e c y  he-  i - x i c i i - S a ( c I  c ia

~(z,t) = 2H A 
( p + l ) z  2H t

(p- e-l )z 211 —iQ (z,t) = 13 ‘-‘

S e i t ~ — t itut I (efl into equations 1 and 2 permits one t r e - i  a t ’- A t i e B and t

sol v e - I - r  p:

13 = ( \ — l )  ----
~

—j--- (p+l) A

(:3)
I h-I -

‘ \ i  2
P = + i I  - 

2 1
\ ~ (C

e e  
2H )

Sc nrc- t i e , -  express  l i - f l  under the radical has the form k + t~. with k and

both po-  it  lye , the + sign for p corresponds to a wave propagat jog upward

thoug h t~~- i v j  1 damped , and the — sign for p c o r re s p o n d s  to a damped muve-

propagating downward , which means that wave energy increcises with height

in the atmos phere . Hill argues that the downward propagating solution

mc iv he present due to reflections in the chromos phere and corona so t he

c a l c u l a ti o n s  described here in  were performed w i t h  e i t h e r  choice of s ign ,

though reasons will later he given for a predominance of the upward

solution . Equation 3 perm i ts  the definition of a parameter 0 re lcuting

the amplitude of temperature oscillation to the vel eu city

C
V B o~~ + lEl = 0— whe re- 

~ = -i 2~~~~C 1 = ( ‘~‘-l)~~ i -—-j---- I

Since the above development assumes the sane exponent for th e  displace--

ment and the temperature perturbation but later gives an t - x p r e - s s i e m

rel a ting the two that will change with the properti es oh  the atmosphere ,

-~~ I t  c a n n o t  be a good approx ima t ion if very la rge or sudden changes i re-

i n v o lv e d .
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p
In order t C C calculate the temperature change for in  OS( i l l  I ion in

t i e - s e e n ’ s itmosphere , the Harvard—Smithsonian Reference Atnosphere , or

1ISRA (Glngertch et al ., 1971) was used.  An o s c i l l a t i o n  w a s  put in ct.

the t c eu t t c , p i  of t h e  ci t mospher:’ with amplitude such that if multiplied

successively by the local exponential growth r a t e , v ( z 9) = v ( z
1
) exp

L ( p ( z
1

)+  1 ) ( z
2 

— z
1
) 2 H ( -/

1
) ] ,  it would reach arc amplitude of 1.0 m s a t

an optical depth of 0.2. This leve l was chosen since Athay (1976,

p. 170) gives the height of formation of FeI\5 l24  as 0—200 km and

optical depth 0.2 corresponds to the center of this interval. The

periods u — e d  were those of peaks in the power spectra of Hill et al.

(1976a) (47.9 , 30 .3, 24.8, 21.0, 17.1 , and 14.6 m m )  plus ci 68.3 mm

period obtained from personal commun ication and later published in

Brown et al. (1976). A 5.0 mm period was also used , with an assumed

amplitude of 1.0 m . s at — 0.2. The values for optical depth (-r),

temperature (T), pressure (P), electron pressure (P), opacity ( p ) ,

fractional ionization of hydrogen (0), density ( c)  and vertical distance

9
(r) were t aken from the HSRA . The sound velocity was given by c = ~~P :,

• and the ratio of the specific heats was taken from Cox and Giuli (1968)

using the simplifications of Thomas et a1. (1971)

2+~ 
5+~~i5 

2 +

2 t e ? (3 
T~~~~~~ 

~ 
Tk T)(5/2 + ‘~~c ’k T) — \ /k BTJ

where- ~ is the ioniiation pot ential of hydrogen and k
13 

Is the Boltzmann

- -o stant (\ , = 1 .57s x l U~ ) . The quantit y ~ is given by

2 c ~ r(1 ü)
= r (  1+ e-) -*- c, ’~( 1— i)

Wh e re. ~ i s  t he  r a t i o  mc cm = 0.9 In  t h e  HSRA and r = ii (n  + n
It II ’- ~~- atoms tons
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The’ m e u m m e h a -  r dens it oi  nuclei , n + a - ~ 1 .2577 ice i o i -  t h e
atoms l ens - H

abundances g i v e n  in t h e  HS RA , and t he’ electron numbe r li ii. - it 
~ 

was  t ciken

t o  be m e P k T. The i m l v i -  r se ’  r a d l c e  t i v i -  r e l ax a t i o n  t i c e . - wa s  t i k e - n  f 1 -e , e r .
e I- 13

Spiegel (1957)

lb C T  — 1
= ( 1 — -: ( c i t  -

C e
p

\ \ h e - r e -  0 is the Stefan— Boliimann cons t ant and t h e  c i t e - c t  l y e -  op t  h a l

thickness of the perturbation , given by Ulrich (1970) to 1)1- appm - ue ’ i ma l ’ iv

1 1 1
+

C 
- p

wh e- i - c -  - = -\p K 2.~ and A is the’ horizontal wav elength given by \ = 2-- It 
-

~(~~+l) for a spherical harmonic oF order 2 (c C
=2 w a s  c i s -d )  . The spec if lu

le ,-at at re cnstant pressure was also taken from Cox and Giuli

C~ = 
3

2 
(1 + ~ ) [l  + 3(2+~ ) 

(3 , 2 + \~ k13
T)

2
J

This  express ion , l ike  t h e  one f o r  -
~
‘ , is taken assuming the i - a c t  lot ion

pressure to be a small f raction of the total , which Is a good c i s s un e p t ion

up t o  -r = 10 thoug h decreasingl y good above t h i s  leve l .

Using the expressions detailed above and the assumed vel o citie s ,

Figu re s  31—34 show the c a l c u l a t e d  velocity amplitudes in m a cind tempe r—

ature perturbations in °K as functions of h e ight f o r  bo th  cho ices  of s ign

on the exponent ial damping factor p and for four of t h e  e i g h t  periods

st ud ied .  Ph y s i c a l ly , the growth  of longer period oar th at toils w i t - i c  lie ig h tC,
‘1 and the  corresponding tempera ture  f l u c t u a t  i ons a re  le-ss t h a n  for the five--

minute period because r a d i a t i v e  damping becomes Increasingl y important

for longer periods . It is also i-ic -ar t h a t  t h e  change in amplitude of t h e

downward p ropaga t ing  w a v e  is much greater than i t  is fo r  the upward wave .
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F i g u r e  31. Plots of the logari thm of v e l o c i t y  as a f u n c t i on
of posi t ion  in the solar  atmosphere for  the upward
propagating solution at periods of 5.0, 14 .6, 30 .3 ,
and 68.3 minutes .
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Figure 32. Same as Fi gure 31 for the downwa rd propagating
solut ion .
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Fi gure 33. Plots of the change of temperature (logari thmi c scale)
as a f u n c t i o n  of r a d i a l  p o s i t i o n  in  the atmosphe re f o r

- the upward p ropaga ting  s o l u t i o n  a t  periods of 5 .0 , 14 . 6 ,
30.3, and 68.3 mi nutes.
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F i g u r e  34. Same as F i g u r e  33 for the downward propagating
so l u t i o n .
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The ’ r ccec ~een is t b e e t  f o r  an atmosp he re of dec reas in g u p w a r d  d c - n c -  I t  ~

~( z )  = ~(0) e
iJ i

if the o s c i l l a t i o n  propagates adiabaticall y , for its kinetic e n e r gy ,

K.E. 1 2 ~v
2
, to remain constant , its velocity amplitude will have i r e

exponential dependence

+z,- 211v ( z )  v(0) e .

If radiation damping is included , it largely suppresses the exponential “--

growth to he expected for an upward propagating wave , but nearly doubles

the exponential decay to be expected for  a wave propagating downward .

At five-minute periods , observational checks can be made on the

calculations described above and are encouraging . It has previousl y

been mentioned that Deubner (1971) reported the amplitude of five-minute

escillations to be 1.5 times greater in the Na—D
1 

line than in FeJX 5l2-1 .

A t h a y  ( 1976 , p. 170) gives the height of formation of the D
1 

line as

-100 - 600 km (r 1. 4 x 10 — 5 x 10 
5
) and the present calculation

gives an amplitude of 155—195 rn s in t h i s  range fo r  an o s c i l l a t i o n  of

100 rn/s a t  the he ight of formation of FeI’5l24. Measurements of f i v e -

minute temperature oscillations give widely scattered results and agree-

ment with present calculations is mixed . Hudson and Lindsey (1974)

es t ima te  a 3° K osc i l l a t ion  f rom 18 continuum measurements corresponding

to 200 km aho ie -
~ = 1, and present theory predicts  a l4°K o s c i l l a t i o n.

Noyes and H a l l  (1972) measured intensity fluctuations of 275°K peak—to—

peak (80°K tins ) in a molecular line w h i c h  they believe to be forme d at

10 ~~
, where present calculations predic t AT = 26.5° K. Holweger

m a

and Teste?rman (1975) estimate a 20°K rats t empera tu re  f l u c t u a t i o n  at

-1
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= 10 f rom o s c i l l at io ns i n e q u i v a l e n t  W i ( I t t c — , e i i e i  fo - e - ~~e - m e t  e - a l i - e i l a c  i - le a

0
g i v e -  l L 2  K .  These three points a r e -  p l o t  Ic- e l in Figure - 35 a l m e c  w i t h  t i e -

c u r v e - s  p r e d i c t e d  f o r  upward and downward propagat Ing Wave- - - - c in c l  t bo u g h

c e g r i - ( - m en t  is not good i n  th~ fo rme r c - a c - C , it is much be-I f i r  than i n  t he-

lot ter.

Int c-nc- i t y  as a f u n c t ion of apparent pos it ion on the di sk is  m c c x l

calculated , beginning with the following expression , t a k e n  f rom G ib sem

(1973):

I i L’ ~~ 
d - ~ ’

I (0 , 9) = s (-
~
- ‘) exp [~ cos 9 cos 14

where  9 is the  ang le between the line of sight and the sun ’s r a d i u s

‘ c - e t c i r  and :~ is the disk center optical depth of the c o n t r i b u t i n g

layer. When the effect of the sun ’s sp h er i c it v  is included , ccc -  it mus t

be nea r  the  l imb , and the in tegra l is changed to a summation over I iClil u-

layers , the expression becomes :

1_T 
~~~ 1 A~~~ AS

I~~(0 , 9) =~~~~S . ( - ~~) eXP
[ 

1
] Ar

1

whe re Ar
~ 

is the r ad i a l  thickness and As 1 the line—of—sig ht thickness of

t he  l aye r  in q u e s t i o n .  The i n t e n s i t y  was ca l cu l a t ed  success ive l y b r

rays passing t a n g e n t i a l l y  through each layer  in the IISRA , and then through

layers  inward f rom the innermost layer of the HSRA (82.6 km below - = l . c ) )

in steps of 10 1cm to a depth of 5692 .6 km (7’:8). S i n ce the  o p t i c a l  depth

in the HSRA is given in steps of 100 . 10
, the change in op t ic-a l  dep th  t~-

is assume d to  be A--
i 

- (jQO•05 
- 10

0 .05 ) .  The change in rad ius  is

taken  as Ar 1 =(r 1 1  
— r 1_ 1)/2 , and the l ine of s igh t  th ickness  is  then
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0 500 1000 1500
RADIAL DISTANCE (km) FROM r 1.O

Fi gu re 35. Plots of the change of temperature for a wave with
5. 0 mi nute period . Upw a rd and downward p r o p a ga t i n g
s o l u t i o n s  are p l o t t e d , a long wi th the measured
~a1ues of (l eft to right) Hudson and lindsey (1974),
}Io~ weger and I e ~st e r m an  ( 1975) , and N ov es  and H a l l  ( 1 9 7 2 ) .
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As
1 = Rr i

+r
i+ l)

2 

- (l~i
+l.

i
_ i
~~~

]

1 2

r e m  t he  Pyt  an Theo rem.

1oc e 1 thermodynamic- equil ibrium (LTE) is a s sumed , s e i  f l e e -  P l e e m c c - k

f u n c t i o n  is used f o r  t i e , -  s e f l i r e e fu n c t i o n

2h ( 
Le xp (he  \k T ) —  1]

‘~iee-re h ii- t he  Planc ’ic constant , c the speed of light , an&- \ t~iken to h e -
--

550’) ,~ -~ ir e ce  t h i s  is the wavelength  used by H i l l .  R a t h e r  than c cmpe m te -

the i n t e n s i ty  f o r  the  ambient HSRA and again with the small temperature

perturbat i-ens , the intensity has been expanded as a f u n c t ion of t e - mp e r —

it Ure :

I ( T  + AT) ~~ ‘ 1(T) + AT ~I ( T )

and calculations were made of the ambien t  i n t e n s i t y  and the change in

intens i t v

he (-~i\ hc \k

— 

I 
~~~~~ \ — r~p’~~ T

LIJ — hc/Xk
(exp ~ l)

L,’yc-rc- below the bottom of the HSRA are assumed to  have  no c o n t r i b u t io n

to the Intensity because of the large negative exponential in the source

f u n c t i o n . Plc ts of I and A I (  ) cia functions of verticcil distance for

upward and downward p ropaga t ing  waves are shown in Figures  36 and 37 .

The separa te  c a l c u l a t i o n  of i n t e n s i t y  and change of intens i ty  is

convenien t  in c a l c u l a t i n g  the e f f e c t  on the  FFTD l imb  posit ion because

of the l in ec ar  cha rac te r  of the Four ier  transform . The limb is defined

to be the position q which causes the following finite- Fourier transform

to v a n  ~~ h
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F i g u re 36. Intensit y and change of intens it y as a function - f
radial position ( looking at the limb) for the  upward
propagating solution at periods of 5.0, 14 .6, 3 0 3 ,
and f~M . 3 m i n u t e s .

I

139

‘— ---I-- 
- —-

~~~
- - - - •- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - 
-,



r ~ ~ i r ~ i

- 

M (P= 30.3 mm , P: 68.3 m m )  -

~ 1(F~~4.6 min)1
t1I(P~~5 mIn)~

e
~’ 

-

U
U) • -

I..
0 • -

~4

0 -

o 5 -  -

L___ I 1 1 1 1 1 1 1 1 1  i i i
-5000 -4000-3000 -2000 -1000 0 1000

RADIAL DISTANCE (km) FROM r : 1.0

Figure 37 . Same as Figu re 36 for the downward propa gating
solut  j olt.
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1
l - ( C ; q , a)  = G(q + a sin --a) cos 2-s i t S

— l

where  G is  the intern— i lv , a Is the  sca n  a m p l i t ud e , and s is the i n t e - g r i —

t ion v i m - t a b l e .  The F o u r i e r  t r a n s f o r m  of a p e rt  e e r i e - I  in t en s  i t v  G + ~G

Li clearly lit e - sum uf the Fourier t r zmn sfo rm s  of t h e  a m b i e n t  in t en s it y

m c i  the intensity perturbation . The substitution r = a s i n  -‘a is u s e d

to i li e n g e -  t h e  transform to

- 
1 l— 2 t 2

~ ( q + a t )  2 1 ’2
—l (l—t ) / dt

— d e em - i  t = r/a and r is the radial distance in physical units . Since t h e -

t o t e -g r a n d  is s i n g u l a r  a t  t = ± 1, the i n t e n sity  is assumed to  v a ry  l i n e a r ly

be t c~~- e - m e  grid points and the integration is performed explicitly. Defining

= G(q + a t
1

) and G
2 

= G (q + a t
2

) ,  one performs the integration

t
2 ~G2

—G~ G
1
t
2
-G
2
t
1~ l—2 t

2
t +  --—-- _ _ _

I t — t  t — t  i - )  1 - )

1
1 

2 1 2 1 I i—f - -

1 :~ 2 1 2 2 2 3’2 2 2 3 2#

~~~~~ ~ 
(1— f

2 
) —( l—t

1 
) — 

~~
( l _ t

2 
) + 

~
(1
~~
t
i 

)

+ 

01
t
2
— G
2
t
1 

~t (l—t 
2
)
1 2 

— (It 
2
)
1 2i

t 2 t 1 ~ 2 1 1

wjt C e c a m - c -  t ake-n m t  t
~~ = — l  t e e  avoid ci s in g ul . m - i t v . P lot s  of t h e -  f i n i t e -

I- l e t - Ic-i - I r c ln s  f o r m  f o r  the unperturbed intensity profIle and f o r  the

t at  c - n c -  i t  v pe rturba t i n s  produced at t i i i -  pet- I c e d s  used p r e -  V inus l v  a r c -  shown
•1

in Figu re- s 38 an n  39 f m -  u p w a r d  and  d ow u w c er d  ~c l i ~c i g m t  i ng  s m ) l u t l o n s

The i mportant fe -~et mi re- In t tce- ~ e figures is t h e  p i e c e-  w h e t -c -  the finit e -

Fourl e r trans form - rc,si-i ,- c-i ic - I-  - In I t ie  u n p e r t u r be d c : m s , -  , the  / e ro e - rosa in g

- 
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Figure :t~~~. Same as Figure 38 f o r  the downw a rd p r o p a g a t i n g  w a v e .
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at cc l e v e l  122.6 + 3 . 12 km b e- lm w o p l i n - u l  d e p t h  u n i t y .  I n  t h e -

p er t u r b e d  (ac -c- , t he l i m b  i i —  e l i - f i n e d  b t h u  / ( - rd - r e e s s i n g  of t h e -  s e e m

of t h e  f i n i t e -  Fourie r t r a ns  forms of a m b l e - n t  i nt c -n s  I t y  a n d  I n t e n s i t y

p er t u r b a t  I on .  Tab l e  6 shows the c a  l e u l e c t e d  s h i f t  in l i m b  pus I t  l i me I or

the  e- ig ht  pe riods used and f o r  u p w a rd  and d own w a r d  p r o p ee g at  Ing w a v e - - - . I n

n ; c l e u l c e t  ing the  numbers  g i v e - n  i n  t h i  is t a b l e , I t  was c is s cie :c c- d t h a t  the -

osci  l I m i t orv  a m p l i t u d e  c i t  - ( ( .2 wc is  the  a m p l i t u d e  measured in the-

p m -c - sent study . The- shifts in apparent limb posit ion produced by c l c m t e g e - s

In the limb darkening prof t i e- fur upward propagating w a v e - c - ar c -  c l e - a r l \

nc- gl Igible - - For di,wnwcerd propagat ion , the apparent limb shift bec er n e--

m u c h  lee rge r than m me v actual mass  mot Ion

p i f f i c u lt i r s  in Reconciling Results With Those of Hill

Hill ccrgues ( H i l l  et  al. , 1976b and 1977a) that t he  downward  p r e ) p —

agmt ing solution (which he calls the ~~~~ solution) would be present due

tee reflection f rom the corona , and that it must be present in signifi-

c a n t  amoun t s  in orde r to account for the differences in amplitude

observe d by his  t echn i ques and those reported f rom the sp e - i - t r a l  t ech n i~~ e i c - s

usc-d by other observe rs , such as Brookes et c ml. , Grec and Fec-sat , and t ime-

presen t  group.  However , there  is p h y s i c a l  reason to bel ieve- t h a t  the

solution is not present in significant amoun ts , and t h a t  lu ll’s amplitudes

cannot therefore be reconciled with those of othe r observe- i-s . One e e l

those (-ited by Hill for t he  suggest ion  t h a t  downward  p r o p a g e t  ing W a v e c-

‘C
may be present  due to r e f l e c t i o n  is U l r i c h  ( 1970) who se -  d i s c u s s i o n  of

r e f l e c t i o n  is based p a r t l y  on the work of Souffrth (l~1hh) \s shown in

Figure 1 , the dispe rsion relation fur an Isothermal ~d 1a t mee t mc a f e n ic-phe re

d i v i d es the  k— - c) p l ane  i n t o  reg io ns of p r o p a g a t i o n  ( k  > f t  an d  of

144
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‘It

t able 6

Comparison of Equivalent Limb S h i f t  f rom

Present Wo rk with SCLE RA Signal

SCLERA Present Work

Period Signal V (m s) Real Limb Limb Darkening Lim b Shift
rites

(mm ) (arc msec) (2=0 mode) Shift (msec) Up Prop Down Prop

7.0 1.89 0.13 3.40 1.13 x 104. ;

17 . 9 5.3 1.56 + 0.10 1 .97 1. 79 x l0~~ 82.4

30. 3 4.6 1. 00 • 0 , 06 0 .80 2. 62 x l0~~ 16 . 1;

2- 1 . 8 7 . 7 0 . 9 2  + 0 . 07 0 . 60 3.41 x ~~~~ 3 8 0

21.0 7.0 0.84 0 . 08 0 . 46 4 . 1 5  x IO~~ 30 . 8

17 .1 4 .2 CL 76 0.10 0.34 5.33 x IO~~ 231;

11 .6 4.0 0.65 0.05 0.25 5.96 x tO
3 

17.3

5.0 4.8 100~0 assumed 13.17 6.40 249.7

S
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a t  fe -nuc i t Ion (k < 
~

) . S o u f f r l n  s h o w e d th c c t. w i t h  t hee- h u t  j u t  c f
/

radiat lye damping , the wave numbe r is ne c 1 i e n g c -  r p u r e  1- c c - e l  c m i  i m e e g  I n c m  c -v

but  complex , which means that the k— plane ccin on l y  he-  d i v i d e d  i m e t o

rc-gion s t h a t  are p redominan t  Iv propagating or attc -n ei cm t log re-glens - w i t h

t h e  boundcirv def ined by equating real and im a g i n a ry  p a r t s  of I t i e -  w c v e - ~~

n u m b e r .  This g ives  an equation which Ulrich uses to che f i C l e -  a c c - i t  i c a l

horizontal wavenumber for reflection :

2 2 2 2 2
2 ~~~ 

— - ( 1 +

2 2 —  2
c en + 

R 
— N

where , , and N ccre the inve rse rad icit ive re laxat ion t ime- , the-
R C )

, m ( ce lc -  t i c -  c u t o f f  f r e q u e n cy , and the V~ is~~l~i—Brunt gravit y—wave- I re -qc e e- n \

and are g i v e - n  by

16 ~T — l
- = (1 — - - cot -- ) ,  - - c 211,

C e ep

and
- 

= - 
~~ 

(
~) .

~~~ 
= ~~~~ ! + -~~ ~i] (Whitake r , 1963).

Waves with horizontal wavenumbor greater than the critical w a v e - —

numbe r will he predominantly propagating——those with smaller wave-number

will be predominantly attenuated. For a spherical harmonic or orde r

- 

C 

:~
2 the h o r i z o n t a l  wavenumb e r is given by k

h = . (m+1 ) , IL - 3 .87 X 10

cm (Ando and Osaki , 1975), so reflection would be expected a t  k 1~ =

1.50 x 10 2 1 cm 2 
Calc u l a t i ons of kh

2 us i ng the HSRA show t h I s  condi-

t i o n  not to  he met anywhere  between -r = 25 and -r = 10 for t h e  p c - i -  i i~ tc-

-8
considered in Table 6. For the region between ~ = 0.5 end -r = 10 a t

the periods used which  are longer than  f i v e  m m , k 1
2 

> 3 ~ l0~~~~, w h i - t i

means that this is a p r e d o m i n a n t ly  a t t e n u a t i ng  region . Fm- a l i v e-—minut e
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period , t h e  U i  r i c h  reflec t ion crlf c-n on Is c - c i t  1sf led near - = 2 x

This indicate s that for periods longer than fi v e- minut c-c - , c- f-I l ((t i e d f l

occur either at the bottom or a t - e v e -  the top of the  c - e - g i m n  t a b u l a t e - c t  in

the HSRA . Waves refle- -ted at or below the bottom of the- HSRA w i l l . no t

be- present in the line—forming reg ion . If waves are t e d  m l  ly  c - c - I l ec -t c-m t

tust ahecve the top of the HSRA (at T = 10 
8
) so that the amplitude of

upward and downward propagating components is the same at -r = 10 
8 

th-

c -m icula tions plotted In Figures 31 and 32 may he used to compare the-

amp litudes present at the height of formation of Fe1~ 5l24 (-r = 0 . 2 ) .  To

facilit ate - comparison , it was assumed that the upward propagating ~ c m vc-

-.e :is ef amplitude 1.0 in a at - 0.2. As Table 7 c-hows , the downward

propagating ( : -
~~)  solution is very unimportant .

Furthe r evidence that the downward propagating solution cannot he

of large amplitude in this region of the atmosphere comes from a compari-

son with observations of five—minute oscillations . Since there are dif-

ferences both in methods and results between the calculations made here-

and those de scribed in H i l l  et al . (1977a), both have been used for

comparison . Using the results of the present work , a 100 m s  wave I-

assumed to be present at the height of formation of FeIm5l24 (r = 0.2)

and the amplitude is calculated throughout the HS RA . It t e a s  been

ene -nt ionec h above that the amplitude for the upward propagating solution

increase-s t o  155—195 in s a t  the height of formation of the Na — D 1 l i ne ,

-e in reasonable agreement with the  measurements  of Deubner (1971) .  The

downward so lu t i o n  would  give an amp l i t u d e  of 1000 - 6000 in s in t h e  c-ant e

range . I n  ano ther  measurement , Deuhner (1969) reported ci factor of s ix

incre ase- in amplitude between Fe1X525O and H .  This compares with a factor
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lah ie 7

Compu t ed Amplitudes for a 1. 0 m a Wave

Tot a l ly  R e f l e c t e d  a t  T = 10 8

Amplitude (a t  a)

Period Upwa rd Propagation Downward Propagation

(mm ) T = 0.2 T = 10 
8 

r = i0
8 

~
- 

= 0.2

68 .3  1. 00 1. 01 1. 01 2 . 99 x 1O~~

47 .9  L00 1. 03 1. 03 3. 07 x

3 0 3  1. 00 1. 07 1. 07 3 . 31 x 10 6

24 . 8 1. 00 1. 10 1.10 3.52 x lO~~

2 L 0  1 . 00 1 .14 1.14 380 x io 1;

17 .1 1. 00 1.22 1.22 4 .33 x

14 .6 100 1 .31 1.31 5.02 x io
6

5.0 1 .00 16.92 16.92 8.32 x lO~~

I.

c~

‘I

...

I t 
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c f  8 .22 ce lc i i  l e t  ed f o r  t he’ u p wa r d  p ropaga  t ing ao l  u t  ion and  ci far t i -  of

1 .02 lfl~ fm r the- downward se c l ut ion. This comparison can only b e-  v a l  i t

as .c~i order of magnitude a r g u m e n t  since the assumpt icui s of t im - t l e e - o r v

are not valid for very large amplitudes , line contribution funct ions am - c-

broad , and measured amplitudes are dependent on dc-tails both  of h — e - r v a -

tional techn ique and of line formation . For example , Deubner  (1971)

reported a large r amplitude for MgIk5173 (h
2
) titan for Nal 5891;

t h o u g h m~t h a y  (1976 , p .  170) assigns a lower he ight of formation t o  t i n

r :m agne-s ium l ine . W i t h  these-  words of c a u t i o n  In mind , t h i s  c o m p a r i s o n

supports the conc lus ion that the upward propaga t ing solution is predominant

in t h i s  portion of the atmosphere .

A s - - cnd comparison was made using the enhancemen t facti cr s lu ll c - i  al.

(l976h and l977a) have calculated for the FFTD technique as compared w i th

s p e c t r a l  v e l o c i t y  measu remen t s , Thoug h the enhancement  t hey  c a l c u l a t e d

is in comparison with a spectral line formed at = l0~~~, compar i son  of

the results at = 0 . 2 with observations in the line Na115896 mentioned

above , and with those of Grec and Fossat (1976) show thtre- to be no

important d l f f e - r c - n c c - s . The power s p e c t r u m  of the  present  obse rva t ions

converted to Hill’ s units (Figure 30) has been multiplied by the enhance-

ment f a c t o rs  calculated. It Is assumed that the Hill techni que will c - c-c

both t h e -  re-al limb shift and the apparent shift introduced by limb

darkening, and that they will agree in phase. The result i s  s h o w n  in

F igu re - l i )  - For the V semi ti t ion (referred t o  here in as t h e  upward props-

gci t irm g so lm i t ion) the’ amplitude of the signal presentl y mc-a sured is c - v e r y -

whe re- t oo  low , especially in the 10—40 minute period range . Addition of

‘ the 12 ( c i  c-c macc)
2 

i - r i - c r  b a r  found b~ thrown et al. ( 1976) brings the
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c f s c - r v . e t  ion s  i n t e e  n e . m r  ag re emen t  a t  f i v e -  m i n u t e - s . On t h e  ol  t i e - c ’  h a n d ,

i f  one uses  t h ee ( downward  p r o p c e g c e t l n g )  e n h c m n r e - m r n t  f a c t or s , t h e -  t \ \ c

c d t ) c - e - r~- a t  ions n e a r l y  ag i- ce-  a t  1 ( 1— - I ) )  m i n u t e -  p e r i o d s  h u t  t h e  f i~ - c - — n e i n u t i -

power  m o c e c - u r c - d  in t i m e -  p resen t  e x p e r i m e n t  become s t c , c e  l a r g e -  ( and c t I - ~—

i g r e - c m e - n t  Ic - s u b s t a n t  i d  bc - m - a c ~s c -  cm logarithmic - sc-ale is u s e d )  . - ‘eu .

linear c embinat ion of the  two  s o l u t i o n s  encouf l ter c-  t it e -  sane t m c y j m  e l i f —

I i c i i l t v - — c i s i n g  H i l l ’ s enhancemen t  l a m - t o n s  and g e o m e t r i c  s c a l i n g  cor-

r ec t  ions that are generous a t  longer  periods and c o n serv a t  ly e -  a t  f i v c -

t -c i m l t m t e s  , t h e  pow-er measure-c l  h e - r e i n  a t  f i v e  m i n u te - s  c c -  8 I i n s - c -  l a r g e r f e c

t he-  ;- sce lu ti on and  100 t imes l a i ’ ge - r  f o r  tic - ~~- s o l u t i o n  t h a n  t l ~e po~¼ e - r

r e c - a s e ~ m - e - d  a t  t e n  m I n u t e - s . ‘e c c m l c - u l a t  ion was a P- cc made- t o  i nc lu d e -  the

f f e c t of the  change in amplitude between - = 0 . 2 and = 10 ~~ , and  t i m e

i - c - su it is  s t i l l  a f i v e — m i n u t e  a m p l I t u d e ’  4 t imes l c m i - g e - r  f o r  :~~ and 2 1)1 )

times large r for ~ t h e m  t h e  t e n — m i n u t e  v a l u e . S i n c e -  lu l l  c - i  a l . m- e - p c’t

a rmower spectrum that is flat or If anything lower at f i v e -  m i n u t e - c -  t h a n

at ten minut -s , t h e -  t w m  re s u l t s  cannot he reconc I led u n l e s s  t h e  c c f  l ec ’t cd

so l u t  i i i  l u-c present in greater propor t ion -at I - t i ge r p c - t i  oc ic - t h a n  at f I ye

minu t e -s . ‘c -  t h e  r e - s u i t s  of the  c a l c u l a t i o n s  p r e c - e - n f~ -d In  T ab l e - 7 show ,

the  o p p o s i te -  is l ike l y to be the ( - a c - c -  s ince w a v e - s  c i  f i v e — m i n u t e  IR n o d

are more- likely t o  he ref lec ted and are- red uced less 6 r a d i i ly e -  damp-

ing th an the s c -  of l i e g e - c -  pc r i e d . The r i - su l  t c- of l i c e -  p m - c - s e n t  a t  udy and

t h o se -  ~f 111 11 e- t al v hcir d t o  m - e - e - o n c i l e - , w h i c h  maci k e ’ s i t  u n l i ke ly

t h a t  b o t h  s e - I c -  of rum e - . e - ~ d l c e - t r e e - n t  a cc cc entire l y of s i m m  r o i l  g i n .

Stat is t 1 (51 Significance c c f  t he  SCLERA Peaks

If I he - p e ’ u e  ks c ebse ’ rv -d in the  SCI~ERA powe r spe ’r  t r u e  arc not sol ci i’

puls c t  ionc- , what are th ey ? Gre-c and t” c e - c u - .- i t  (1976) h a v e  s u gg e s t e d  t h a t
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t h e e -  p c - kr-- in t lu- po\e ,-r  spc-ctrum of  11111 e f  e e l .  ( 1 17 1 ; ) . m e - c- n i  lam - g e m

b e e n neight b e -  expected c t e i e  t o  s t a t i s t  I c e i l I l u c t c i . c t i o n r - c  . The ~( I i- :ft-\ g roup

hew rt r- p ecn c led  by publishing a neW pm ew e -n  s p c - c t  rune  (tire ewn e f  al  . , 1976)

w i t l u  h ig b m c - r  i- c - s o l u t i e c n  and somewhcel lowe r a m p l i t u d e s , e - c - p c - i - i u c l l v  a t  t ie-

l ac c - s t  I requenc ic-s . The c -c-c h c n - c-d ampl  I tud es  b e -  licw 0 .5 mIIi c o u l d  be in

p a r t  due I r emova l  c t  c - l o w  drift s in the signal by suht r u m c t  ion of a

p ; i r . i b i I  I f i t .  Brown g iv e - s  t h e  following three- re-cmso rm s leer a r g u i n g  t h a t

t h e -  p e -uc kr- in the power spectra a e-e s i g n i f ic a n t  and c c l  c - e i l e e n  c i r i g i n

( 1)  V a t -  I cu re-s c omputed  at  a g i v e n  I r equ e n cy  ~ ox - e le ve n l u b e - p c - n i l e - n t  ~~~~~

c -p e r t  ra e r - c - c - m u i l  icr t h a n  t h u  s igna l  in the  range I ron (1 .2 t e e  i . 1) m h z

( s e - C -  Groth , 1975) . (2 )  The l a r g e- s t  peaks  are r e p r o d u c i b l e — — w h e n  t h e -

data c r c -  c b j v i ( l e d  in h u m l f and the I ilteen l a r g e - s t  pe aks  c 3 m -  r t ul f ) m c - - i l , t m - f l

m i - c -  c c cj n c  j i b e - m i t  . (3) The’ pe aks l t c m v c -  an um ~~e r c i g e  h e I g h t  ; c b c c y e -  t h e  l o c a l

me- in i f  11 .2 (arc nc-c-c )
2 

in t h e  f r e - i 1 c l e - n r v  range f r o m  0 .2 t o  2 . 5 mHz con—

p a r e - ( t  w i t h  a h e i g h t  of t .0 + 1.2  ( a r c  n c- e r)  computed  f o r  n o i c - - a l i c e , -  -

A c r1 1  i c a l  - x a m i n c t t ion of t i m e - s e -  a r gumen t s  l e a v e - s  c- once- r oon i  t i  doubt

t h  mrm lus in n s . F i r s t , the c - ompce r i son  of v a r i a n ce  and powe r d e c - - ~ p r o v i d e -

- v i d e - n e c -  l e t  signal powe’ r in the I m - e - i i e c c - n e  v i n  t e  - rva I e - o t is i d e -  r e - m i  ( ( 1  .2 —

1.0 mHz ) b u t  doc-c- not  g i v e  - v i d r - n c c -  h o c -  a concentration of t f i t  s ig n a l

powe r I n t o  c h i c - c r e t e -  peaks . I n  t a c t , if c c l i i -  ac i - e- pt s the  n o i s e  i c - c e - I

-i ( lopted i c c  this pape r (12 cc cc mase r f t-c -qcm-  i c e -  i n t er - c a l )  and t u m k e s I l it

28 p c  t n t  in t h e -  0.2 — 1 .0 mHz i n te r v a l , e x c l u d i n g  t h e e -  7 pe -ak S  u m h i v e -  t i m e -

0. c ( (  cr on f  idenc - l eve l of t h e  r e m a i n i n g  21  p o l n t e  , 16 i m u c v c -  p e c W c - r  s i gn  i —

f i c - e m i t  a t  the  0.950 conf l i l e - n e e le ve l .  The- b i n o m i a l  p i - c t ) c c t ) i l l t y  cm! t h i s

be i ng t rue of noise is o n l y  3 . 1) 1 x 19 
17

, w h i c h  m m m c - a n c -  e i t h e r  them t t l ie ’

power m u s t  not  to- e ofl( e - r m t r a t ( ’ d l  in t h e e -  peaks or t h a t  s c e e t m e  c e c m m t  m c : u i n u c t ion
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c c l  l i c e -  pe aks  I n t o  ad i e e e - n t  f r c - e 1 e c e - c c e - i c - s  is p m - c h i m e - e d by c - --. p c - r l r u u c - f l t  ccl n c

m i c e  Iv  t ical .  t o c ’ h n i b m c - s

T h e -  t h i r d  u e i — g c i r u l c - m u t  m e — l i t ioned a bc - eve- i s  ; i c h v e m e e c - i - d  t e e  s u pp i— t t h e e -  c l i m e —

- c - m c t  ration e c f  t e e .  ~~e % e e i nt o p e cek s  , si ne - c-  t h e -  pe aks  a r c -  leo- g e - i -  t h a n

c ; c l c u l c c t e - c t  s t a t i  - t ic a l  f l u c t u a t io n s , t h e - v i m , t h i s  c - : c l e - u i a t  c m i  w o u l d  be-

i c t t c r t f e - m i  t on I tm c - cc - s  icer i e-d 1 e v e - i  1 n o i s e -  pow,- i- — — 1 l i e -  f a c t t i e  c c i  t he  a b c - c -  r y e  -d

ec c k c -  el i- c l ar ger  t h a n  t h e s i- c . e l e - u l c m t e - .b  w o u l d  a rgue -  j e i s t  e ms  w e l l  f o r  t h e -.

C u ’  - i- - c  - i t - c c -  1 being I ic -g e m’ t ht cm n c m c t op t  e d  :cS it  w o u l d  I c i r  t h o -  peaks b e  - ing of

t e l  ic - I l e d  origin.

bc f a r  t he most t e r p r c  -s l y e -  . c r g u m e — n t  for the  r i m e-n t r at  Ion of p i t  ( -  I -

a t  c h i c - e t c - m e -  I re- e d e n  i c r —  i — c  t h e  c - c - i  c e m i c h  one , th e - t i- re -pe ’ata b )ilitv. it i-

b . c  c - i  t a imagine w hy  background noi se- ci i r i s  t r u r n e - n t a l  o r i g i n  s h o u l d  he-

c c e nc e - n t r a t c - d  i n  such  m e - h i c -  table pc- iks . Th u s a r g e e c r e c - m e t  b e - c omes 1 c c - s

persuas c- c -  , how e y e  m -  - if tee- c ) mpu c r e - s  t h e  trios t r i c e - n t  l v  p u b l i c -  bed power ’

s p e c t r u m  (Brown  o t a l .  , 1976) w i t h  t h e e -  eri c p r e - v i c e u s l v  p uh l  i c - l i e - r h  ( H i l l

c t  al . , 1976a) . F igu cc’ -11 s h o w- .  a p l o t  of h i  t h  p co - i - spec t rue  t i c  t h e e
I-

S . i ’ - e -  scale- . f ) i f f c - r c c u ’ - s  in  m c - c - i e l c m t  ion and  S m e m e c t  lu ng of t h e -  c ar l  i c r  p o e c r

Spec t  t i r e  Ce) lfl p l I c  m t ’  c c e f l m j ) c m i - i s o n , c cc -  i c c ~~ their - cmin p l e - x i t v , SO l i mit  migh t

se- c w om ci te-rf e j l agreement or absurd disagreement depending on one ’s p o i n t

- , of v c c - c e  . ‘c m c c i ’ , -  q u c im i t it m t  ic - c -  approach Is t o  c o m p a m - e -  t h e  I i c e  cr m e - l i

l a r g e - s t  pm. aks in the  m n t c  - re- - i I fr ont 0.7 to 6.0 mHz f o r  -o inc  I c k - - i t e’s

Lower I c- . - e ( c c e - n e - c  c o m p e c r i s c i m i  is ex c luded  bu - the qualit e c t lye ii f f c - i c - m i u e s  in

th e - two c - t e e - c t  r u e  he! m e w 0.7 mHz . I f e e r i e -  1 , - f l  t i c - u -- a coinc  ide-nec by h a v i n g  a

p e- c i k  in t h e -  higher r e - s e e P - c f i c e m i  c - p c - c - t r u m  (that c i  Brown) within s- 1 2

f r c - q c u - n e v  b I n  ( -e 0. (1:15 mlix ) of ci p ea k  in the det e r a p e - c -  trum ( t h e u c t  of Hill)

r i f l e -  e c b t i i  I n s  t w o  c o i n c i d e - n e - c-s  u c m - c c e g  ( t i c ’  f I v e -  l a m - g e - s t  p e cckc -  end two among

1
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l ee I c’n i c e rgc c-c t p c-c c k r - - - The n i ce S t i r e e l ) !- , -r - - — i c e  - i t c e c - c - , -  e e l  a l e  g r m r r c e - m m t  c c -  o ht  Ci I C

f or t h e —  1cm c - g e- c -  t pc’ aks  , w i t  It t hee- t W e e  - - - c i  ne m ml i - n e - s  c t  f I ‘. c - li c e ’. tri g cc :t - 2 0

p o - h e c e b i  I i t e -  of c h a n c e -  d l - c - e i r r e - c i e - u  I I  c u e -  a s s e i n c - - — t h in t t i c r  c - c i t - c -  14 1

f r e - --r u e m i c c bins per mHz (c,c 7h in t h e  j f l t c - r ’ e m ] f r o m  (1 ,7 mHz to i i i)  m hz ) -

How e - - c c - c -  - m l i c e — c  - m cx anti nat I etc c -h ews the - r~e-.e c- c S p’- - t i -ui r e - c t  i c c  ii - f i a t  b t m  t

f c c  be h ig t i e - r a t l e ~~c - r - f r - c - - p c - u r i c - s . c e c e i c - i n g  t h e  l ar g c- t Pe c ks t o  t i c -  c c c i i —

e - m , t r a t c e t  a !  h ewe r I c c ( ( t i e i c 1 c 5  - e e r i e -  t a k e - - — o n l y  t h e  i r i t - r v a l  f m - -i-

c t 7  mlix f c c  2 . 0 mHz r i t e - c - c -  ac - u -  c - t i l l  t w o  i i c j ~~~e ’j d e f l i c - ’ - -  among t h e  f i v e -  l a r g e - s t

pc e ek s . b u t  since- t ic - c - c - are now on lv  19 f r c - q c i c - t e ’ -v  b i n s  - the p r o h a h i  l i t  v oh

ch ance-  m e c c - u r r e - r m c - e- c c - raised to 34 Thoug ht Brow n s e - l e e r c- t h e -  l c i c ~~~c c- i

peaks in t e rms of h e i g h t  w i t h  r e spe - e - t  t o  r c u r r o c i n d i n g s  r a t  he r  I b e e n  a b s o l m i t  c

he ’ i g h t  , the e - eem ’ - pc - c - I c - r e -  n i - c - of p-aks for leew c-r f r c - q c r e - n c -  i c - s  i s  St  ill

ip p a r e - n t  f t - c e r n  c - x a m l n a t  i c e d  c c l  t h e  p u h l i s h e -d  p e c c e c - r  c - p c - c t ra , w h i c h  w o u l d  mean

t h e -  p r ob ah i  l i t  v c - s t  i m a t e -  of 5 c- 10 is f oo low - W h e t  h e r  i c r t a c t  5 i t c h

m istak e -s w e - r e -  r r t c m e t e - , t h e  a g r e e m e n t  t o - l i c e - c - r e  the- t w e e  powe r spectra in h i C r e d e

41 i - - not impre ssive - D i f f e - r e - i e i -c-s I n  l en g t h  of c c t c - - e r v a t i o n , i n  f r - e -pc c - c i c ~~

re -~~olti t iciii , and in cena li -si c - (suht rac t t o o of a p a r n b e i l t e -  f i t  I n  t h e -  t e e t e r

p e c w c - r  c -p u  c - i r o n)  do corn c h i c - a t e -  t h i r - -  c o m p a r - i s - t e  and c o u l d  e x p l a i n  d i s —

c rep an c  it-c - , hu t  i f  t h t -  dot ails ee l  t h e  power s p e c t r a  are  st  roog lv d e p e n d e n t

on l I c e- oh sr-rvat honal param c- tc ’rs ccc’ te ’c t c r i i -ee ic- c - of am i a !c—cls , any information

he-s c - d e n t  a in about the sun w i l l  b e e -  o f  limited re 11 abi  l i t v  - T h i s  d i s c - c i s c- i

i l - c e-s r i - i t  p r c - t c ’ n d  t o  pr . ’ -  t h a t  t h e  SCLER ~ signal Is pure-Ic n oi s - - -— It

~. i c i i i i 1  he hard f c c  p r o v e -  t h i s  e v e n  i f  t h e  c o ’ lg ln a l  d a t a  w e - c - c -  ava l lab le - . No r

- en the- st  r e - n g t h  of I her a rg eimne’cl  t e - e c r c i - e - t ic! ng re-peat ale j i l t y of peaks in t he e -

power a p e - -  rum ic-- e t c - r i l e d . i i e m t  In  v i e w  of a c m e - c - I  ions raised h e r e i n , t h u

c - I  at ta t ic - al a tgn It trance- of t he ’se peeks e l c c c . c -  n ot  seem c c , -  11 c - s t  a h i  I c - t i c - i l  -

_ _ _ _ _  
- 
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‘mid i n  C i c i t  Ccl  t h e -  c t e g a t i v c  n’ e - c - t i l t -— of ot  l i e - i -  -. c e l c i i -  c t ) b ( -  - c- e e l -, imi l:e e-

! m e e p e c a i c  lea , t h e e -  so l ed - origin e, f  I lie-s c pe c k s  \ e c m O l l tt ~~t I ll he open te e

- 1 c i e ’ s t  tome c - c e - r i  I f  their r e t  c c l  I c - I  i ca l  si g n i f  ic ancc ’  ‘ c c - m e -  c c c l i  p i e c e - m u .

The Two— Hour  F o c i  -s - —~ l j i t u f c -  Osc i h a t  i - n

-‘cs me-nt Ioned prey b u s  lv , it w :cs n o t  poss i ti le  t - i c o m p l e t e  - Ic c-l i  m inc e t c

s low m l ri f I in  the s igna 1 whic h i c e - i - c - probable- clue t i c  c - h i l l  1 5 i n  pos i t  i - ce

c i  thc lenses or the polarizing opt  icc - (which -.oe- t - e -  caus e- e l by t h e e -  h i e - e m t  l c e ~ :

c - f l  c - c t  of  the same c-u lc e r radiat ion which was  he-tng at t idie d) . T lue -c - e-

s low dc-If t s made a ny  genera l  se c c r c h  f e c r  o s c i l l a t ion s  of c e - i - v  s mc c i l  amp l I—

t e e t h e -  and long pe r iod  h a z a r d o u s . I n  t h e e -  p r e s e n t  I n v e s t  i g c c t  P - i n , a t t i - n i t  ion

wj s  t h e  m e - f o r e -  u - s p e c i a l l v  directed a t  a t t e m p t s  t o  c o n f i r m  t he n c - r i  h a t  ion

c - e - p o r ’ t c  d by Seve rn s- et a l .  ( 1976 cc  an t I  b) . This spem-If ic c - c - u m rch t  (ccii in tie

e n u h o e c t e d  w i t h  g r ( - i t e - r  c o n f i d e n c e  because no t  o n l y  wecn -e t he  a m p l i t u d e

( c  2 m s) and pericxl (2 hr  - in m m + 0.5 r u i n )  publ  1-h ed , bu t  i n i o c - r i u e ti on

ec eec -  a l s o  c i v e i l l e e b l e -  t h r o u gh p r i v c e t e -  c o m m u ni r e c t  ion r c g c e r d i n g  t I l t -  p1c c-c cf

the usc 11 la t  ion and the  methods  of u m n c m l v s  is u s e d .

To l i m i t  a m b i g u i ty  as much eeu -~ possible  In i- c e e l e p c e r i m c g  e- e -e - - ul t s  , c l u e t a

red uc t i on ~ind arne ls-s  is  was p e r f o x -n w r d  as n e u e r l v  uis pe e s s  i t c  I t -  i c e  act i d e - n t ic - a l

manner to t h i c t  used in the Crime-cc . h c  t - e were Iii’s 1 m ol t ip l ied  by the

ralibrati on I e e c t e e r  to convert t e e  i n -  S In mr c m e e — t m e t  t h e  ancel vu - Is , t h , - e  w e - r e -

t hen  m u i t  ipl  led by — 1.68 to con - c -c- t lot’ d i f  I i  - i c - m i t  c i p u  i t  u re  geome t t i e - -

and opposite- sign c o n v e n t  l e n s . F i v e — m i n u t e  c i v e r a g u - s  w e r e  t i m e -n  ( enri ch for

i n t e r v a l s  c en t e r ed  on UT t ime’s m u l t i p l es  of f i c e -  m in u t ( - s , f e e t -  -xamp l c - ,

t h e  a ve -r a g e  of m e - c m - i m - e - n m - n t  s he- t ee - c e - n  UT 2147 :tn and ITT 2 l c e 2  :30 w a s  c o m put -d

and assigned to the t ime UT 2150 . This em , e - i a ~ I c I r  w e t s  P e - t ’fo c -mt ’( I  hot hi f o r
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c c - c e !  eerm t tv  w i t h  t h e -  p i e c r e m l e i r e ’  i c c - u - e l  in l i c e- (rime -a and to i e r n u m c e -  mc i ,— t of

t u e  e f f e c t  of I le - c - — n c i n e i t e -  o s e - i h l e i t  ions . Plots c m l  t h e -  on ig inui l eebse rvcc —

t t o m e s  ice S c-c- cised to iclent I f v  ucnd remove f o at u t - e s  in t h e e -  n e w  f jvc-—m jnem t

e ve-rage- data Set  which ic e-r u - obviously spurious . Each ee l cs ,- r c c ct ton was

t h e n  fitted by I e e c - t  squares to cc paraholce and the fit c-m ib t c-ei c t c - e l .

O b s e r v .i t  ions s h o r t e r  t b t . m n  I wo  hours we--re excluded from f u m t l e u - r  a l i c e  lv~ is

ct  t h e i s  p o i n t .  The cha t  ci w e - n e  then supe rposed about kevt P - ee c- S a t  t n t e - r c i 1-c

of 2 hr -I i) m a i n  anti t h e -  m ’e - s u h t  of t h i c -  supe rposed epoch is shown in

Figure 12. There is no indica t ion of the sinusoid of amplitude -e- 2 m s

‘.-. t i i c h  Seve rnv et al. obtained from ci similar analysis . The v a l u e - - - o b t a i n ed

uc - tog t h e  Crimean oh c ita for 1975 a n -c- p l o t t e d  f o r  co i n p a c - i s o n — —  t h e -  l t ( 7 (

Crimean re s uh t s  were  not used because-  there were apprec  j : c h l e  d i f f e t - e - i e e - c - s

h e - t o - c - n  t i e - c available copies of the epoch obtee m e d  us h u g  1976 Crimean

ccb se:-rvat i nn — . Because of the s i m il a r l t v  of me thods  e e c - c - e l , t u e  di I b e - r e - n t

r e - c - c u t o b t a i n e d  was u c n t e - x p e c t e d  anti  led tu)  a c a r e f u l  r e - — e x c i m i n a t  ion of

ob3e rva t  l i e n s  an(i a n c e l v c -  is In s e a r c h  of an e x p l c c n u i t i c c n .

lns t rument .il Differences

One experimental (Ic-tail with potential f o r  error w u i c -  t h e  c a l i t e r . e t  ion

factor (see Appendix B). There -ens some scatter in values obtained in

d i f f e r e n t  r a l i b r a t  ion m e - e e c - o r e - m e r i t s, an d ma ce jo t ’  [m i s s e s  in se flc - i t iv i t v  W e i e -

known to have occurred , c t  t ime’s due t o  ii  misalignment of polarliing

optics. Howeve-r , t h e -  1 eir g e - amp i i t  od e-  of f I v e - — c i c i n u t e  power obse r e e d , in

agreement w i t h  previous results , ma cekes such c c calibration error ve ry

unlike ly. In efforts t i m Ice ’ djseecsc-eei below t a k i n g  a l l  periods between

150 and 170 minute- c - , t h e largest amplitude ’ sinusoid measure d in this

ra nge in t hee- present work is c - f i l l  a facto c- of two c-mailer than the-
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(‘il en e—c en re- c - c u lt co t ti c e c e c r e e l  Ion rc ie e m hi- for dit fe-r u - n t e t c - t i - c - t een— 1~ e - c - r e c - t  c u e- n - - ,

e emi u i a m u l t i p l l u - c c t  ion of t hee- c a l i h r a (  Ion  f e e r t  c c t  I l i c e ,  W oU P-I ~ I i c  a f i v e  - -

m i n u t e -  i c c - c t  i l e c t i o n  c i m p l i t u d e -  m n i u o - h i  l c e i-ge ’ c- than u-x p c-c ~ te’d f m ccc e t h i c - c  h— 

ions is- I nec c -macill or lei rge ci pe r I cit e s

-\n othe r piessihi l i l y ,  su ggest c-oh by Severnv , is tbi eet t h e -  opt  i - i l

a rr aogemen  t used a t  St a n f o r d  c e e c u  Id produ ce- cx I cc- ce ce- vi g n u -  I t i rig w h I c h woo Id

g iv e - large r amplitude- l i e - c - — m i n u t e -  o s ci ll a t  ory  power be e t w o u l d  c’ e - e hcu c - e-

c - c - t i c - i t  iv  l t v  t e e  global  rec ede-s - Thie~ sugges t ion  anti  e xp er i nw -n t s  n i c h e -  t n

d e t e r m i n e -  t h e  e x t e n t  of v ig n et t  ing we-- re- d i s cu s s e d  e m b o i c e -  i n  the- c- h ee ipt e- r

d e s c r i b i n g  t i i e  i n s t  c-cement , w i t h  t h e  r o n c h c i s  ton  be -  m e g  t h i c e t s u c h  ext c’e-iCle -

vlc n c e - t i  ing  was not present (se-c- espe- r  i a l l y  F i g u re - -- 17 anti  18) . T h i n - -

re~~ i i lt  W e e s  further in c-ti re-uI by the adjustment of the It - i n-- diap hragm

r e g u l a rly  p e r f o r m e d  in a l i g n m e n t  and  c a l i b r a t l e e n  t i c  i f l s u c c -  e q u a l  m I e n — u i

e f  l igh t  f rom u - c - n t e - r  and  l imb por t  i c e n c -  of t h e -  s o l a r  i mu e g e  - Th i s  i m e t e - n n -~ i t n-

ba lance  is cons i c - t e n t  with e s s e - c e t  I a l lv  un i f o c -m  t r a ns c e c i s s  ion c e f  sunlig h t

‘ - c i t t e e  0.8 IL , and would not he possible [ e e c -  t r a nsm i ss  ion u n i t e - e l  ( c c

cc sm u ell c - p t  cr long slice-n on ( t i c  s e e l c i r  inicege .

Anothe e p ie—s ible expe riment c l  re - c s - u n  for the d e t e c t  ion of ci 2 hr

-1 (1 mm oscillation at the Crimea but not at Stanford is the masking off

• ( i f  I l ie - - i ce t e - r 0 .2 1)  o I th ee- sun ’ i-u r au l  los t i e  insure equcc 1 intenc- it Ic -n - - of

u- , c u ’ r and l imb lig i t . i- c-c- u - r n v  has c - t m g g c - c -  ted t h e e t  b~ -~o doing, I lee-

Stanford appat-e u tu e mig ht no longe r be sensitive to some non—spherical

- i  modes . Th i s  m a s k i n g  c -c - s u i t s  ~in t h e e -  l e c c - s  of 0 . :t c ;  of t t iu  8 c c - c  of t h t - s o lcm n

disk end 0 .275 of t he I - c t  eel sunlig h t  , and n ig h t  prove c - c - p u - c - i c i l y  e m - I t  I ced

in reduc ing c - e r i c -  it ivi t y to the predominant ly hoi’ic’oiital mot  ens t e e  be

expect ed teem-  the g—m icdc’ nec - c Ii m t  loins which ire the-ore-I teal iv c X P c - o  ted ee l
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c-u t - li long h e n  eels  - For radial riot lucas having an cm m e geu leer u h e  - p c - z t d e r i ( e-

d e - s c t - t t a - ( I  by  spherical harmoni e s , Tcible -1 in t h e -  p r e v iou s  m l e c e p t e - r  g i ’ . e - - —

tie - r es u lt ee l c a l c - u l e m t  ions of the  se-ci sit lvitv f e i e t i c r c -  f c e r  t h e e -  c h i t  I c - n - c -m i ’

g e - c  c n i , - t r i ce-i e e c - c - m t  c i t  i - t  uenford cend  the Crimea. The Stanford tt e-ce n ce -t r is

-c h e  ucyc - i c c - s  c - c-tic - it lye t hem thee t uSe d in th e e  Ci-Imece , cc i t  he t l i i  - a (mt -c - I

u - e - l c i t i c c -  h c e c - s  of sens I tivit e being 0. 596 f o r  the  ~ 0 c-p hi -ri ced b icit -n cc ieuir

I n  e ) n ’d c -  m t i e  make  t he S m i n c e  compcmr ic-on for heoric’ont ii fli ec t ion , ~ t was ac-s Lic l e -d

t i e e m t  the- din-eplacennents wee-c aga in  g i e - e - n  Icy spherical f i u u e-mon ics  bu t  t h u

he e d i c t  i c c i l s  - - - ( - re  t c e n g e n t  ial r a t h e r t h a n  r a d i a l  w i t h  cemp l  i tude- ant i  di e - c - ct i c - t i

given 1w t hee- negative gradient of the spherical harmonic . The e m - c e - r a g e - c l

v e ’ l c w ~ i ty si gnea l was weig hte-e l hc limb darkening , and an e nsemble aver umg c-

w e m S  ec ke -cc leer all possible otc - e ,ve- r orientations , w ith orie-ntat i c O e c -

t ) e - i n g  l i m i t  c-ui t o  the ~ = —c 2 p l u m e f o r  normal  o r i e n t  e ct  ion c a l c u l u e t  ions

( c o r r e s p o n d i n g  to  t h e  mode being aligned with the e-l ipt ic ). T h e- c -c-c - cults

if these- c-a lculat ions are also given in Table -1 , with t h e 
~2 1 

mode cx c  luded

S irn c- it Is geometrically equivalent to the Y~ ,) me ul e- - The iv eet s t re jec t ice-

b c - s  r e t  s e n s i t i v i ty  is f o r  the mode , fecr w h i c h  the  S t a n f o r d  geome t ry

is only 0 .655  as s e n s i t i v e. For b o t h  r a d i a l  and t a n g e n t  i e m l  m o t i e m m i s , cal-

c u l a t i o n  cf modes only out to Q 2 appears justif ied s i n c e-  c - e-nmst t ivi t ic - s

become more nearly comparable for higher oi-th-c ’ nm ode -c - . When tite~ 200 cmi S

shift in u iee c- eline wets not ice d in early July observations , calculatic ects

s h e e w u ’ d  t h a t  a d i s p l a c e m e n t  of the polarLcineg apertur- (- relative to t h e

sol u r  image capable of p roducing such a s h i f t  wou ld  i -c- d ~u ee-  t h e  see-i c - it i v i t y

f e e c  t ot  for radial o c - ril l u t ions from 0.208 tme 0A52 . Howeve r , when thee

baseline ’ shift was found to be due to ci misc clignment e dt t hee- image sh eet’

t h i s  ceel culation W c i c -  u -e c l e c t i c -  anti t h e  le iss  of sens it t v i t v  was f o u n d  t o  be-

l c - ~~s t h are  i ’ -
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Ex c cmii i m a t  ion ce f fle e t a A cn e 1 y e-c is  Tee hn i l 
~I 

t~~ -c-

Since the inst c-time-ri ta 1 dii fec-c -iee e-c - d ci not  e m p ~e e- c m t o  b e e -  c - ci t I mc ic-ne t

to explain the difference in rctsull , t h i -  data c c n c e l y c - i c -  1 e - c h e i e i ’ u c i e - ~- ci c - e- 1

were t h e n  r e - — r x a m i n t - d  t o  Sec if a c - c - e e l  2 hr -I l ) mit -i s ignal night not l e a v e -

been u n i c - s~~d c i i ’  removed . An e a s y  w e e v  such  a per iod  c o u l ul  b e - m i s c - c d w o u l d

be i f  t h e e -  superposed epoch used to search for the period we-ne not - ef

exactly t h e e  right per iceul - Da t a  f r o m  April 13 thc-ough . \ u u g u c s  t 6 spum e

about 1036 periods of 2 hr 40 mm , so a period error as small ccc- 1.0 - c -

would produce cm phase slippage te~
) of 17 mire. The re-ulcer t ton of amp i I t ou de-

for an arb itc -emrv phee se- slippage may he ob t a ined  f rom :

= c o s ( x  + ~~~
) 
~~~~~ ~~

‘ cos ( x  -c

sin(x + ~Ø ) — s i n  x s i n  ~~ e 2
= = - cos(x +

- ~~~ 2 2

So a total phase sl-ipp ;cge- of ~~ will produce a shift in the average

phase of ~jm 2 and a decrease in amplitude by (sin ~~ 2)/ (~~~ 2). To be

— lire of not missing an important period , the superposed epoch was re p e e e t e  ci .

s t e p p i n g  the period by 0.1 mm from 150 .0 mm to 170.0 mi re . Any i- c-ee l

period could he missed by at most 0.05 mm 3 sc-c , g i v i n g  a ti c tal p h u cen- c-

shift of ~~ = 51.8 mth 2.034 radians and a reduction cml amp litude by cc

f e mu t or of 0.836. Rather than plot the 201 resultIng epochs , eeic- h was

• f i t t e e b  t o  a s i t t e u s e c i d  of t h e m -  sam e- period and the- harmonic a mp l i t u d e - c -  e u - c -

plotted in Figure 43. No single- period I c -  ( - i c - c u r l y  o u t s t a n d i n g  and the

largest amplitude Ic- 0.44 m s. One of h u e -  p e r i e c e i c -  y i e l d i n g  t h i s  a m p l i t u d e

is 160.3 m ire , beet i t i s  sulfid e - u t 1\ (lifl c rc - nt in amplitude (twice- as

smc ehl ) and period (0.3 mire giv es a phase shift of ~O = 154.8 mire for w h i c h

-

~~ ( c - in ~~‘c 2)/ (t~Ø - -’ 2)  = () .~~ t- l ) that it is not like lv to ceirrespond to the

signal reported by S e - v t - m v .
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.\ mc u -c - t m u m  t , - of t h e  - cc mp I it ccul e - c i i  t b c e  - dipp e r I i nec i t  m d  I m - m d c  - (I hi  c - ach

ec upe rposed ep c e c h  was eels o rcm 1(-u lee t e d  - F I n c -  I Ic  - n’ the n unc mb e - r of poin t c

i n  I bee epoch w i n d o w  (33 p o in t s  f o r  cm 161) mm p e r i o d ) ,  t h u e -  p m - u u h c c b c i  l i t  v

- e t h e e - n e  - he trig n pot rets mn-e e c me - t h a n  an c re -or t iem r I rum em t c-cue - S I gncm 1 is g C ’ ;  - ci

hi-

me ’ (w—n)t n - - —v— n
P ( n , c e )  —_-——-~

--—-— -- --- (((.317) (0 .h83)

Thi s n u mb e r  was  c o m p u t e d  and added starting cc- i th n 1) uni t i i t h e e -  sum
k

P(n , w)  be-came � 0 . 1)5 , cend t h e n  k— l  gave  the  l a rge-s t  m i e e n c c b - e - r  of p rints

me c c
-en the window that c-i c- e u ry e  cc)u1 0 rmiiss t)ef ore the p r ob ab i l  i t  v o f  thee- - - c u

ma t ( -h  I rig t h e  d a t a  d ru)pp cd t u e - l o w  5’~ (— 2 ~) - A t each  per iod b e t w e en

150 . 0 m i r e  and 170 ,0 ra in , sinusoids wet-c- stepped in anp l i tt uuh e - by d l  01 m ’s

and in phase by 5 en - in u ntil the large -st c - i c iu i s e ci d was found which had -~~~~-

p r o ha b i  l i t  v - i f  m a t c h  ic i g  t h a -  cu rve  produced liv t h e  superposed epoch.

Figure -1-1 c-hç~cc-s a plot of h i t-  upper limits th cuc - c a l c u l a t e - u i .  The- l a r g e - s t

v a l u e  o b t a i n e d  i n  t i u i s  m n t ( - r v a l  i s  ( ( 81 m s  - which in - - s m a l l e r  t h a n  1 1 c c -

c-c e l ue- obtained h~- f i t ti n g Rn epoch c e f  t h e e -  C r i m e a n  d a t a  t i e  em s e e n i i u s e t d

• and much smalle r then t h e e -  + 2.0 m c- a m p l i t u u t e -  i e r i g i n e e l l v  c - c - p o r t e d .  This

e e n a l v s  Ic -  i n d l c u e t -c - t h a t  t h e r e  ii— l e e - c s t h a n  a 5’ - p r o b a b i l I t y  t h a t  the

S t a n f o r d  data could c o n t a i n  cen \ - wher e  i n  t h e e -  1St) t o  17t) m i n u t e  range of

periods a signal of t h e e  ue mp l  i t  ode r epo r t  c-el I run t hee Cr iddic  - c m -

A n o t h e r  p a r t  cf  t t i e -  e e n a l c -s I c -  w h ich  could  C c e t e ( e i c i b i i V  ce c i l  t In loss

e e l  a real 2 hr 40 mm signal Is I l ee- re - n i m e c c e  1 of a parabolic fit  from e ach
Ii

ohs c - c i a  ion . To tie term t nt- ( t i e  I - I c ( I of ( h i  5 l i t  , fi 5 I n c  - curve e)f

amplitude 0,75 m c -  was added t o  t h ee -  data at c m p ericut of i cifl .25 mire. This

c~~ 0 75 m ’s sine cur -c ’- was cce i u lc-t h tu e ch at a w h i t - i c  had n o t  been m olt ipl it-u i lw

ii 
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d i c e -  I uS — c - t i e - -  i t  l v i i i  f e e d  -c -  c - c t  i e - c t u i c c e , i r e - b  r-, e w o u l d  (‘ c r t ’c ” — p e c m u l  f c c  em

1 . 2 e  ccc s - s i g n e d  for t h u c  C c - i n c - e u  g c - c m c c u e - t  i v . l i i i - p c - u t -  e c e m s  c h e e s e - n c  I - c  h e ’ -

cc ii dwav  t e e - twc’en per j c m f c -  c i s c  - u b  i n  t be’ e poch cit e ccl vs i —  c - c m  cc c - c c m e - :  i mum p is ‘- e i i  Ic-

p l e e c s , - s I i  p p e e g e -  W O U l d  be’ pt— c n - — c  - n e t  , c u r e d  m i so was  c c - ci r - tee  of I hen- lee rg c  -s

. i r e p l  i t c u c h e -  epochs (ed t 160.3 m I r e )  w h i c h  gav e- a s t i f f  t ’ - s t c c l  p c c s c - i h l c -

m a s k i n g  of a s o l a r  s i g n a l  I cy i n s t  r c i c - c c - n t u e  1 h e c e c k g r e i u n d .  The -  c - i e e e -  ( c u d ’ -

c c c i —  emd de ci  c t  f o u r ( t i f f  c - r e n t  p h a s( -c -  ( c - c  - pc  r a t e d  hi - 12) a n d  I he I e t s e e s

th ee-n c- e c ’ ic c ve uh a r i d  ace s  I c - c - i c -  e - u e n d m u u - t  c - u I  in - -  pr e v e eem i c - lv . Figure - i c  c - icc --cc- p l o t s

i f  ~he c - e e h i c - e - p i e s c - l cpoc hn- of I tee ot- iginal dat a acid of d a t  ci p l i e s  S i n c i s o i c t

a t  160 .2 mm an d  16( 1 .3 m i r e , The s i n e -  c u r v e-  sh c e c c - e-c up  e l e - ~m r l; f - c c  all

- e e c  p i e  c c — c - S  e d t  160 2 m i i i , h u t  a t  t he sec ond p b m a s e  a t a pc u i  od of 1 e ; b b  3

m i t - i , i t  is  d i r e - c t 1 o u t  of phase w i t h  I l i e - - I n s t  n u d e - d i d  a l  h~~ckd - m - e e e m n d  a nd

t h e  r e - c - c u l t  i s  a pou er  s i n u s o i d  of a m p l i l e i u t e -  no l a r g e r t i - i a n  t h e  i c e u g i m e a l .

I t  i c - t h e - e e l  cr c p o s s i b l e -  t h a t  a s o l a r  s i g n e d  e e c -  1 . c r g c  eec - 1 26  m s - o e u l d

I c c  h idden if i t s  period fell exact iv t e e -  ( w e e - c e  t h c e s e -  used i c - i  t h - i c -  sc cc n -

c - p i ed h i s  ami d  if it was adjacent t e) and c x  ad ; t 1 out of pitas e cc it h t h e e -  1 a u -g e c-

in c - c r e id -Ic-re ta l signal in t t e c -  i c e t m - c - v a l ,

As a Ic - st t e d  de termine if e - e m e c Pe r iod ir e t h e  t c e t e - c - ~~c i  be h a v e - e l  l i k e  em

i - u  ~ l s i g n a l  p e r s i s t  i ng  d i v e r the  I c u l l  per iod a n c e l i i c - i h , l i c e  (id e W e - I c -  t i c - X ’

divided into three equal c - c-g tr e- n (s and  a s m i  l e e r  s c a n  of c-pot - i-is w u e s

p c- r i orrnc-d ove r each segment to -~c - e -  i f  a n y  p e - t r i u e u t  was 1 e e c ~~ c -  i c i e r  c e l l  t h n c e

segments . l I u c - largest tcc - c- m i l y e~p cc c luc- i  , measured h e y  t h e  ac~p)  i t e u d e  of t h e

harmonic f i t  anti s e - p u e r - c e t e - l y  by the- a u cip l it ui c lc- of t h e  P 0 , 05 upper lm ncit -

A c - re-  de- t e rmin e-ti f c e c -  each t h i r d  ee l I h e ’  datu m and e - x e e m j c m e - e l  f c c i  c c c i m d i  i d e - m i c e - —  -

I t would lx- e ’Xp e( ’ ted that any two se ts e e l  twen I v n e u ccet e e- 1-s dice ” - ci em t t andom

f roun 200 values Wou 1(1 ha vt two in ( Ortflhiofl , and W i t  ii t h i n ’  c i flOe p en den

sc’gmen I S - S lx douh le c o inc i d e - i e e e ’s would fec t-x po(’ ted . Sc’ yen we - c- c - I ound

I C e . ,
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mu ~~i ueg h a r m o n i c  a n t c p l i l e e i h c - ” , a nd c i g i c t  m u s i n g  uu ppe - n- l i n t  I s . ‘c c c  n ip ic-

c e i l  nc I e i c c e e c c -  i c e - n - c -  f c e c u t c d — —  i n  other ci e n - cl , r e d ’  p e - r i c e ui -c ue s cem ccn g r i c e  l e e  r e c

w e n t  v f - - r a l l  l i d  rc - e - d a t  a c-cgmc ’  n i h  s - For compa n b c - c  et c , c f I l i e  - ul a t  a W i  ‘ ii

ec e l l e c t s I ‘ eii ~~i c I c i  cc c c —  c i s t d , t h e  l e ; c ) _ 2 m i r e  p t — r i - e d  \c ce ’c amc ing d i c e -  l a n c e  c - t

I c e c - r i t i  I ct e l I  t h n - e - c -  s e g m e n t s  c u red a l l  fou r p i e a s e - — using both li ee rnnoniu-

e c -n - p t  I t cccl - —- and upper l i m i t —  - ‘r i te-  161) 3 m i r e  p c - r i  nO w c m s  c - m r e c c  rig t i - ic - d c c  d l

large -st In 11 of 12 -~ c - c- —~ eec -  i ng  he a r m u i n i c  a mp l  I t cede-s and 10 c~r 12 ca se- s

em— ing upp — r limits - This r e sult confirms t h e -  a h e e n c -  r - e n c e l c u c -  t o n i  t h a t  a

(1 , 75 m s c - i g t e c c l  (1 ,2c ~ m s w i t h  t h e e  Ct - j c r c c - a n  ge omet r y )  c e c u i l d  h c m v c -  e - c - i e c p e - d

, h e t e c t  i ucfl O f l h c  if ad . j c e c e - n d (  to anti , e c u t of phi w i t h  cc l a n g e -  r n s t r u m e - n t a l

s i~c - re a 1 - It w ou l d  m i n t  e p i c - i n  t h a t  a l e m n g e - r  s i g n a l , such  as t h e  ~ 2 m ’s

s i n e  c u i r v e  o r i g i n a l ly  r e p o r t e d  1ev S e V e n t h  c t  e eL  ( 1 9 7 6 c c ) u o u l d  h a v e -

c-s e-ape-ri dcl c -c - i ion - The publ  I c e d  I O n  of sm a l l e r  a m p i  i m i t e - c u ry ,  s l e e r  197 ’

a n d  1976 ( S e ’ v e - t ’ m i ’ et a l  . , 1976h) acid the d e c - c -  of a di lIe- re - nt def ir e II i o n

c c l  p m p l i t u d e  w e a k e n  t h i s  u ’onc l u c s  l u c r e , S i n ce  t h e  197 - d a t a  f i t  a S e c u -

i - c u r i e -  of a m p l i t u d e  u n i v  D M 4  m c - , w h i i l c  is oni i i- I c n c c — h h i r d - - of lic e test

L
s i g n - e l c i s c - t i  c-end c o u l d  t t e e - n - c - f e e t - c -  c i e n r e c i v a h l v  b e e -  m a s k e d  hs- i t i c - t r u m e i l t a l

u l n i f t - ,

S e u e ~nud E x a m i n a t I o n  of D e l t a  A n a l v s  is  T e ch n i c 1~ee-s

-\n Uri c —cec i l opporture it ‘e~ t e e  c o m p c m c e -  t h e  S t  anford u- c-s uI t w i t h  t ee d i - f

I h e- Cr inc -cm f e c e s  b e - c - r e  u e f  f e c r e t e - d  ics are c - x r h c e n i g e -  c c l  uiee h a  he-t i c e - c - f l  t i d e  two

e t i s c r ; a t  on e - s  , wh i c h  W c i S  siigg ,-’i t~~-i l tc v John  11. W i  I cc c x . Thee- result lcg

C , c r r c e - d p u i r e ( i c t i c e d c - u i  u - c - c - c u t e - i t  i n  e m re—examireat i c t i  c i t  th (’ 5; c etcl cerd ance lv s e r-c -

t h e  f i n - - t S I c - p  in  t h u -  it t - d e e - c - c - s  v,as 8 l e t  f e - i ’  s u i g t ’ c - s t  it ig  t h e - c -x c h a n g e ’  — c - m i t

f rom Starefe ird to t h e e -  C r i m e - c e  - cc long c c c l  h t h e  S t a n f o r d  d a t  cc - The- f i t - -—

r e s p o n se -  re-cu- i ye-ti was a telegram re-port ing I hat I he 2 hr -1)) m i r e
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m c e - . c e l i  c d l  i e e e  w e e ,  c - c c - n e  c l c - e e r l v  Ire the ’ 51 ccci i u i c c h  u l c e t c m .  I n  u e n c l e  - e  r e  O c t  e m c c i  n e c

wt t c- t he- i- t h i s  signal c e m c u l d  i e e e v e -  he i- re m i s s e e t i  I e e e  C O  a e i e r ’ l p d e l e - r  p i c c g r a m m e n g

e d n e r , Ph i l i p  II. S c b i c - r n c - n  i c - r o t e -  e c e e l c - p e n e I e - t i t i c n c c~c - n ; i d ; l c -  C O  n e - p n c c h e c m c -  t t i e -

c e e c i l ’e s  c c -  h e - s e t d e e - h a t e u w e - . U s i n g  t i m e -  S l a n f o t - d  c e - l e c e i t i  e b ; e t a  w i t h  p e er a i ) o l a

I i t  — c u t i t  n - e c u - I c - i t .  s u u p c - c — p c e s c - c h  e pochs i c e - I ’ , -  p r u i d u c e - u I  at pe riods f r e c e c  1 5 , 5 m i re

t e e  161~~S m i r e  i t t  s t e - p s  ee l 11 ,1 m i ni a t i u l  t h e e -  p r e - v i ou s  u - c — c u l t s  a n d  i c c n e c - l u s j c n c —

w e r e -  e - e e m e f l  n t - c c - i l  In order c c i t u c e - s t i g a t e -  (lee- p o s s i b i l i t y  t b c u i t d I e - -  p e - n e e t e - e l c u

I m l  it ch -c __O eT ~d ( e h O v e  ,— c-e n euev  i ceg u’ n — c - a l  s i g i e c e  1 , Dr - S d - l c d  c c c - r  C h i c - i t  n e P i  cm l  c - c t  ( tie-

- I d a  l y r - c i c - . hut instead oh c - u b t t- c cc- tin eg a f i t t e d p a r a h o l c e  b rom c - c m - b c  c l ~ - c - n - —

vat c o n , l e e -  n c - m e c v e d  u i n l v  t i m e  u b i s e - r v a t  ional d I ce-an. The n -c c - c u l t  d r e g  i . c u p e - r p o s e - d

poe - hi u — s b e eve re i r e  F’ u git  u - c -  - I c ,  - I t m e -  re is a roug h l v  s t r e u s i c i  da 1 c- I grea I wi t  I - l u

f i t s  ci s i n e u m — c e i d  of c cm p l i t  udun- ( 1 . 87 m s .  R e - p e e c t i n g  t h e e -  s up c~ i 1 e c s c - i h  e poc h

e e l  ad j e e -  c - r u t  p e - r i ce l s  I c e  S t e ps c- )f 0 L  IcLI tI cc-y e-a le -ct the highes t p c - a k  t e e  I c e

- i i  ec e p I  i t t i u i c -  1. -S m ’s an - i d  p t - r in d  159 9 m i r e .  F l u e -  h a r m o n i c  a m p l i t c u u h e - s

i c c - n - - - c c t n p u t e d  be t w e e n  150 .0 mm and Id~~i 
_ 0 m i re and t h e  s r u k e -  a t  159 . 9 n c m n

wa s I ntend 1 c c  b e e -  outstanding, w i t h  a 4 ~ si g n i f i c a n c e’  c - s t  i m a t e - ( l  by  i t - i t

Svalgaard . ~ s e c le i n - i t - e g i n  was  s u g g e s t e d  b t h e e -  n e c - a r  c c c e n c i e I c - n c e- w i t h

I icc C r i n c e - a n  p c - c - c od u di lC ;n .0 m i c e  c e c c e l  i i i -  a p p a r e - n t  p h : m s c -  ce gn- e-c - e e e - u t t in c ti - ic ’

t i c r c  r e - s t i l t s ,

This a p p a r e n t  C e i r e b  i rme e t i c e n c  cif t h e e - - Cc i c u e c - c m n  re s u l t  el  i d  c c c l  a c c o u n t  f t

t h e e -  abs e nce - c i  ant- 5 - i g n i b  i c a n t  2 h r  4 ( d  n i c e  s i g n a l  in t h e e -  S t e l n b d c n u l  d a t a

i c l t h p a r a t t o l c i  i- c - r i c e - e d , c - s p e c i a l l y  i n  v i e - s  of t h e  a b i l i ty  of au c i r t  i f  i c ia l

signal e t i - , c - n - t , - c i  at 16U _ 25 c u m i nc  to suu -i lye thee- f i t  suh trd i (ti (eui p t c ) d Css
•~1

( l e e - - e n  c ‘c am ini ce t ion at- - c c , c - l u c i t e - i f  t h e  a p p a n - e c c l  pha e - . c -  a g n - c - c - cc i c c c t  C e )  ( c c -  d d s c d c 1 t e - c —

f le e  m e t  S I n i c e -  oppos i I c -  c— I gtic - W e - r e  uic - , - e l at I hu e- t ito cc (ec - c i - v a t  e d d i e - —  Si m c c c -

j  c c c  - in e t c  us c- ce eec- t . I y c i r c e ’ —  r e t  n t  h e e l  c c d cc v , an i c u t e s t  i gal t e e n  - e l  I he
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MINUTES FROM KEYTIME

F i gui re - i d  Sle pt- rposed ep o u - i c  c m l  St afford 1 d 7 c dai a at c ; l c
minutes with the ircean , rather t h a n  a p a n u l c i a ,
suhtr~ c-ted from each observation . V e e l c i e s  h R v e -
( c e - c- c ii mu 1 I p1 i ed -v I - 68 t e e  Ut ii h (-he (hu e C r - cr c - an
s e e - n  a nt i  e - c e n r c - u - t l e e r  O i l  l e n - c ut  po l a n d i c - c
diners u on -
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c c - i  i t  i on i c - c h i p  b t e -  l i t c e e  re ( h i m -  m i c e  I i v  t r e - r i d  - cc ,— sh eewm u i c e i - u e - c u t - e -  20, a r e - I  I icc-

; i t d i r c c n - c - n t  2 h e r  - l e t  m i r e  s i gn a l  L c d  t o  a u c e f l e  t f l c i i cg  e e l t c - n u e a ( c -  c - -: p l c j m i a h  ce rn

P l m et  i m e g  t h e e -  i l c e i l y  trench in ni n u c- 2 hi- - l it mire p i e - m e - c -  c - t o u c h  rinS e c c l  t h e

d a t a  t o  be i re  a f j v e - — — b e o u r  s e - e l l o r e  e l  f l u e -  c m l  t e - m ’ n e e c c m n u , w h e c  m c -  t ht- s i gn a l  Ic-

c i c - c l i n e l c e g ,  S e up e r p o s i f  i c e n d  p r o i l c u  m e —c a c - r e c e d e d  I r e - c l s a w t o e c ( h  w I t h  2 b u t — - J i m  m i t

h e c n i o d _ P n i e c e l  t h u e t c - c u t - h e  c c d e u e - - - b u e i n i s m  i c e e e l o i  p r e t e h c e u - e -  I l i e -  d , h c - e - r c r - i b  n e — r e i d

i t e m s  d c l  i i n e c d let- replete - m meg (tee ccc l nal c u b e -  c c l  i r e n s  W I  tic a I it c u t  t h e -

d c i i i  I r e - m e e t  t o  a - c i n e e s e c l d  e e l  12 hr pc- c - h u t  . ~\ V e t i  s i m l l c m r  2 hr  - l i t  cec i l - i

s i ~~ r c i l  W a S  p i e c u l u e c - c i  - I t  w a s  d e m oe r e s h r at ed  t h a t  t h i s  w e d s  l e e -  r e - - pores h u e -

me c h a n i s m  b e t  e i c e c c c l h i n g  t h e -  d c c t a  ( u s i t ig t h e  d a t a  c - c t  w i t h  l i c e -  d e c - c e d e

s i d e d  -i- e e c - C e - e l  h r -nm c a c t i d e s e r v e d  j u e n u )  w i t h  i i c r e r — i u e -e m j n -  h i g h —  an d  l i c w — p e c c - i t

l f i t  c r c - -i c - F u geu r i -  -17 s b u i m w s  • I b e t -  2 hr  40 m i r e  s i g n e a l  w a s  i~ l e a r] - ~ p c - c - c - c - n t

l i e - n  I l - it- l ee s— p a s s  f e 1 1 c r  i t e m s  used a nt i  n e a t - i ~ ab s e nl  when  I lee  ii i g h — p e c s s

F i l t e r  - s ees  e e c - c - c l . w h t o - h  de m o n s t r a t e - c -  t h a t  t h e e -  a p p a u - c - u h t 2 I c c -  I t  cdcuc p e - e u k

w a s  p r c e o iu c e d  Dv v a r i e d  I cc c c — ire ti-ic- d c c l a of pc-i - m d  lon g e - r  t h a n  f ot er  l u e c d e u - --- -

-i m o r e -  n e c - t e l  con c ’lccc-iuen is that any period that is an i r i t e  gc-r I rue d ic -c d

c e t  ~d h e y  shu,uld t ie n - c e - c i n u l c ’d i c i f  h S U S p i c i c e c e , e - - -- p e - e ’ i a l l v  w h en d a i ly  t m - c - d e l -

a u - c -  p r e c - c i c t an d  t h e ’ u e h , c - C~ - v i t  j u n e - c  cc re -  e venl y s p i c e - t i  e e t c c m u t  C e Oat- e p u d n t  -

S l a nt  ot - i b A n c e l t -si s  c i t  1975 I ’ m - i c d c e c c n c  ( t a t  em

I hu e - s e - c ee n i e l  c u ) m m t e r c i ( - a 1  f o r e  t c - e e -  i c c - u i  f r o m  t b _ c -  ( ‘ u - t r e e - c c e e u i t a  i c u c - m I  1 1cc’ l d 7 c

Cnl~- c an t  v e l c c u j t  v u l e c h  cc . U s a m i n e c t l o r e  e e l  ( h e ,  t m  e e c  c l ,  d at  a s h u e c i t e - c I  t h e m - c -  t e d

bee - p r - c — - c - r u t  ( u c e s e - l  c l u e -  s h i f t n - e  e e l  v e t - v  l e t - g e -  annp l  i t e u c h c -  ( t h e e  c_ c-c - , r i t e - c l  r e m i t

i c - I c e c e  I s  c— Ignal c - n y c - n - c - c l  cc  r c c u e g e -  c) f  l u t ( f d (  m a) m c m l  S l e e t  u l r j f  I s  c c l  i e d l - j e d f c l c -

amp i i  h u t c h ’ -  e i n u i  rio c c h ~~- I c i c l e ,  o i l  U n - n i c e  1 pat  (c-rn . l i c e  ~ c - i e t c- c - - u u - c  bed ire t hi t -

Na tur e- c r 1  id e- (S c-ve rne -. ‘- t a l .  , 197 1 c c )  c c l  d e l d , -~c - t c  i t e g  in ii ( c U t e r - i c ’ l i e c e -

t e d  show t b t a l  c- low s i g n a l  c - e c u - m t I m e t i s  c c - c -  c i i  solat - r e t I r e e - n  t ile -ti i m c - ~t r u i n t ’n t a)
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i n c - i g in  dccc ’s no) t pc- c - i  tide an i n s t rument a 1 oc- ig in r e - l a b  c-c l  h o e m i d i  r u g

errors or atmospheric transparency fluctuations (as u i e -se-r ibe d in d e t a i l

c c l e c c v e  with relat ion to the S t a n f o r d  ins t r u m en t )  s i c- i c e  1 1 c c -  w a v e l e n g t h  of a

b el lu i-ic line does not vary with J ) e ) c - i t l o n  on the disk due to rotation c’s

does the iv cdve length of a line of solar origin - S in c e -  t h e  d r i f t s  sIr e no t
—5

show a s i m p l e  d a i l y v a r i a t i o n , g u i d i r u g  - rr o r s , if  p r c - c - c - e e t - w o u l d  h a v e  to

be of a u c - r ~ d i f f e r e r e t  c h a r a c t e r  f r o m  thosc- at  S t c c r e f o r d .  El e-utroni c

de - if ls coceld a lso  be t h e source , e m s  could polarization -i changes which could

“c- - re - e- e u~-- j lv enter the signal s i n c e -  limb light enters the Cnimeeen i n s t  r u m l u en i

c e c u c l c e m r u 4 e - d , t h o u g h d r i f t s  produced Dv p o l a r i z a t i o n  cheenges  s h o u l d  he of

s c n a l l e c-  a t e e p l i t c e d e  and  more r e g u l a r  d a i ly v a r i a t i o n  t h a n  t h e  o b s e r v e - c l

d r i f t s . W h a t e v e r t he e -  o r i g i n , t h e s e -  t h r i f t s  and b a s e l i n e  s h i f t s  are of

m iuch  ice u - W e - r  a m p l i t u d e  t h a c  the re -por ted  s i g n a l  and c o u l d  n ot  tee of s o l a r

u i r i g i t c  -

Tide chats were- anal y ze d in the same manner as the S t a n f o r d  d a l u c , a n d

the- 160 nn ci n peak was clearl y present cc i t h  the  r e p o r t e d  phase  and a t r e p l i—

t u d e  - For  purposes of comparison -i t h e  Cr in cean  a n d  St  a n f o r c i  r e s u l t s  are

p l o t t c - e l  on t i-ic ’ S cow - g r ap h - i  in  F i g u re -12 , w i t h  t h e  UT pha se- ced~ cuc-ted to l ee -

the e - sam e- , t he -  St a n t  curd s i gci u-c- y e-u-c - c - ct for agrc- -me ci t , e cci m l 1 icr’ 51 anford

amp l  i ( r u l e -  n cu u l  I ipi i c - u i  Dv 1. 68 to  c n r u - c - c - t f o r  d ittc - m-c -u i t apert cure geometries.

The e  i c - p c  - r I e d  Cr1 ntw~ an -i cemp l i t  t i d e -  h a d  I c c - c u e  oht a m ccl i c y  taking t he average

of t h e e -  r r c d e  ‘e I mum and t ic - m m  aol jacc-n t po i ruts and t h e  m i r e  i mum a rid b i t  u a d j  ace-ru

‘4
po i n t s  I rc )m t hu e - -- c mpe - rpccse - d c - p c m d - h u  cu r -c - - . If the e cur ie- ed - u i tes lv ad t i t  t u e

a S i f l t lS c i d , c l ue - amp l It uRIc - Is ore l v  ( I  .8-I rn i-c w h  i c - l u  i c- sIr e d ii c - u c o u g h to  be

id i ( l u l e - ne i i -  l f l S t r un een t  c c l  c l u i  f t  s l u - i  t h e e -  St cue b end Oat cc , r m u c ig i t i g  I c-cent th e-

rc-~ e u1ts obtained using the ’ et ue l cc w i t  Ii ii 75 m s c - inu ufo u d  ec h c t e  at cm period

o t t  i tiO ,2 5 m m .
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h o wev e r  the amplitude is defined , it is c ’c-adi lv apparent that the

Stanford result is negative . As mentioned above , a comparison W i l b u  t h e

1976 Crimean result ic-as not made in Figure 42 h r- cac ic - c- l e e - c -u - are d i f f c - r c - n c c - c - ~

in two available reports of the epoch obtained cdc- ing 1976 oh se-rvcet lucr e ,

and the data itself was riot available for comparison. hiot h  epochs do

show a signal at 2 hr 40 mm in phase wit h - i t hu 1975 si g u c c m l .  Though t he

amplitude is smaller for 1976 than for 1975 , it is still large enough

to make it unlike l that the absence of signal in the 1976 *t c c c i  c c c l  d a t a

could he explained by a secular change in a re-al solar oscillation.

Further examination of the Crimean data set showed that thc~ l6() m i r e

signal was not produced by longer pc-n od ditirnal drifts . The f i r s t

i n d i c a t i o n  of t h i s  f a c t  was  that the plot of the daily pattern of data

with parabola removed (Figure 48c~) had the characte-r of a noisy and

interrupted 2 hr 40 mm sinusoid rather than a simple inverted U. F u r t h e r -

more , if the orig inal data were filtered with a 3 hr 21) mire low—pass filtc -r

before the parabola was s u b t r a c t e d , the 160 mire signal virtuall y dis—

appeared. However , if F its of pielvnonui al order from / c i ’ ue  to t h r e e  we re-

subtracted and epochs we-re ’ produced at periods f rom 115 tri m to 245 te em ,

it was found that the 160 mm p e r i o d  was not  e x c e p t i o n a l .  I n  c i d d i t  i on ,

i t  was  f o u n d  t h a t  the  v c - r v  p r o u o - e - c - s  he y wh i c h  d e u b  c i were collected and

anal -,‘zr-d could easily r e s u l t  in l e e r g e -  s i g n a l s  f a l l i n g  in  a certain frequeccc -~

range , particularl y if those periods were integer fractions of a d cc v.

S
Tue show how this could oc cur , refer to Figure -18 . Figure 48a show s

A the suiperpo reed epoch of the Crimean data about k e y t i m e s  at UTl200 w ith

B 7c -rol h order polynomial (the mean) subtracted f rom each observation.

Though daily variations a n-c- re rub as regielar or i-cpe eetable as w i t h  t h e
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Fi gure 48 The ccu r~ os at the [eli are plots of (he 1075 Crimean data
as a Function of time 0 day wi t h-i (a) b l u e  mean , ( h )  a linear
t j t , (- ) a parabolic Ii t , and (d) a ct u i c i c - i t  s u b t r a c ted
I rem o a r - b e  obse rvatIon . The cu ru-es a t  b i t e  u - u gh t are ( lie
ampi i I eer i e’s ccl superposed epochs 01)18 i ree d ~~t pen re d s  I ronu
115 .0 re in l e e  245 , 0 mi re e m s u n g  t h e -  same data with eorresporediitc
h i t s  sieh ,tracted .
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Stanford data (see- F i g u r e  2 0 ) ,  t h e e - c  a r e -  of s u f f i u i e - t i b t e - p e - c i t a t ) i l  1 1 v  f or

67.2 of the points to be different from z e - r e e  Dv m o t e -  t h i a n  an C r c - c r  h e i r

The d a i l y  I rend l ic e -- c a s i r e u s e i  i d c c l  c h c e r a e -  t e r  of per  i c c c l  t t e , e  u 1 h r  21) m m  -

I t  is  reasonable t o  exp e -c t  t h at  if c c c r e t i n u o t e s  d a l  a ccc u-c - c m i i i  l e m l u l e -  a n d

no mean were removed , the f ltec t o a t  iue ns woulul l i e - of i e u c le- t i n  I I c  - l v  I ccc re- e ec - —

ing amp i i tu ede  f o r  longer periods . Since o bs e r v a t  ions w e - r - o -  of e e v c - r a g e ’

length 26(1 mini (median length = 215 mire) , 1 e c n g e - r  pe n- i - c u t s  a r e - f i i i  c - r e d

out by su b t r a c t  ing t i m e -  mean , and a bro a dband  p eak  is pt - ochc icec l  a r o u n d

four hours . In - e u l u h i  t im , S i r e - c c -  o D c - e - r v c m t i n n s  e m r e  1 i m i l e - e l  t o  da v i  i g he l  hours

and dicernal vaniat ions are su nee whc  i t  r e p e a t a b l e - , p e r i e e d c -  n e a r  I n c u r  hou r s

t h a t  i r e -  i n t e - g c - r  f r a c t  ions of a d a y  w i l l  Ice - e s p e - c - i a l 1~ f a c - o e r e d  s ince

t h ev w i l l  he in phase  w i t h  t h e -  diurnal pattern from uree- day to the n e x t  -

The rr ’c-ult is tha t the scan of s r u p c - r p i i i - e e - d  e p i c - lee -  in  p e - r i o c h  (Figure 18e-)

• has  a ve r~ p r o m i n e n t  peak of a m p l I t u d e  6 .08 in s a t  2- 1( 1 m i r e  ( c e c t e — s l x t h

of a d a y )  . I f  t h e e -  scan is e x ten d e d  t o  295 te em , the —- c - e u e n u c l  and third

h ar e - c — t  peaks ce re at 28-5 m m ate( l  288 m m , w i t h  t h e e -  latter being exactly

o n e — f i f t h  of a day -

1 1 c c - n  a f I r s  I - c r c l c - r  p c c l c r r - e c : c i a l  f i t  I c -  t e - r n n ) y d - d h  ( F i g u r e  4Hl~) t h e

anp l i l c c l c -  - c t  d a i ly  vct - i~c t ioces is  rc’dueced w i t h  I nt e g e r  p e - r i e c u h s  especiall y

i l t e- r e - d. The c- nrc cet epoch-is ( l ~ i g e ; e e -  481) c-locu s that t h e  2-h i mm peak

is no I nt e ge r present , c u r e d  fe-atueres at 144 mire (one—tenth of a u h e e y )

160.5 m I r e  ( n an  m m d - —  n ic c  t h e  e e l  cc d a y )  aced 171) - ~i mire (ne-ar o n c e—c - i gh t ie of

a d c c v )  c rc - now 1 O(~~ d 1 i i  p r o m i n e n t .  W he n  the- parabola fit is removed , t h e

c-I

— daily vc i r i e t  Ion ( l - ig c u t -e- 48cc ) li ce -— c - ’~ -urs he c t i c -  of period uiear lG() m m .  The-

-,c are  of pen louis (Figure -lH g) b-ins it t h r e e- l a t ’ e -e -
~~- t peaks c m i  21)1) mm

144 mm , and 160 mm in thee t o r d e r , w ith the latter two teeing cut one—

tenth and e d t t d ’ —  reIn tie of a day u c- c - p c-c t I ye ly . The dali v veer i c c  I ion w it he
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d’ u e t c e c ~ f i t  r u - m e e v e - e l  (Fig u i r - - 18d) s how c- c e e c - e a t  h i r e -  c e f  s t i l l  1 c c - v e t a m p l i  t c u u I e -

and highe c r t r e - e i m o - n c v  - The’ 160 m i u i  peak i s  now- I l ie c -  i g b t t  Ic I ce r g e - s  t out

u f  t h e  261 scut - yc - u c - c I , with six ee l I tu t - se- c-re that c m c c -  l a n - g e - r  f a l l i n g  a t

pen u - cut,- I rom 132 m i r e  i c e  1-1 c 
~ l ee  -

The pi e I uc-e  that u - r i c e -  u- g e - c -  is  t l ea  t -~u D l  n - e c u - I  i u e n e  of polynomial f i l e -  of

— c u d - c e - c - s  t v - l v  h i g h e r  u c r d c r resce ! t u e  i n  l o w — p a s s  f i l t e r i n g  l e - c - v i n g  b r o a d —

band peaks ee l suiccess I ve-ly shn rte -r p eru c ,i h - Some periods stand e mit

i c - c  e e U s C  c l  s t a t i c - t i c - a l  f l u c t u a t  u c m n s  , and periods which are’ i n t e g e r

I r a c l  i e c n c -  of a d ay  arc-  c--spec i e e l l y  l i k e ly  t o  he s e - l e e - t e d  l e e - c c e c u c - e -  of

d c c i i -  d a t a  re amp i ing  ac-id t ’c- u t e r r i  rig d a i l y  v e e r i a t  i u ) c c c -  -

Though  a s t a t  i — t i i -  ci i e x p l e m i e c e  r ion e - x i - - t f o r  the  r e p o r ted  160 m i r e

si gnal , it ic - d i f f i c u l t  l e e  prove on t h e  basis of available- information

t h a t  t e e -  i c t e s e -  r y e - u i  s i g n a l  is of S t  a t  is t ical icr u g ic -i . The r epor t  Dv t h e

( n -  i r r i e - e c r e  gruMep of 144 m i n i  an d  l a i i  m i r e  pe aks i s  c o n s i s t e n t  with the cx—

p l a n aI  i - e t c  c D - v u - l o p e d  above , t h e u c u g h e  i t  is  eelso t ruue as they c - u ugg e s t  that a

solar ptels at i u m c  of 160 m i t e  V . m ) e i l d  p roduce ghos t s i g n a l s  at  1- i - i  m i r e  and

18 cc mm because of t hee- d a i l y  otec - c -u -v in g p a t t e - r r e  . One would then Is- left

w i t h t h e -  ( l i f f i c - u l t -  o f  e h c - I c - r m i n e i ceg e e h m i u - h  p c - r i c e d  i s  a ghos t an ch  w h i c h  is

r e a l . (tee- 6.08 m ’s , P — 2-l ie m i r e  s i g n a l  in  t t e e -  d a t a  w i t h  mean removed

• c a nn u , t  be e ’xp l aktee - uh as a g h ce s t e e l  l I m e -  ( 1 .82 m t s , p = ll i ) ite m s i g n a l

p r e - s c - n t  In the dat cc W i  I h parcubol a c- ’ -mov ed . The le e rge s i g r e c e  1 p r e s e t- i t

at 240 mm cle arl y he-m o t e - -c t r e e t e ’ s  that the s t a t  i c - t i c a l  mechanism outlined

‘I above f u r  e n h a n c  ing i n  t c e - c-  r f r a ct i o n s  of a d ccv  d e e e - s  o p er a t e - . The nea r

p h e e s - c o n s t a n c y  f r o m  \ c - c e r  l e e  y e - e c u- In ( l i e ’  C r i m e - a n t  signal could ueh c - ec 1w’

e’xplalnerl bu cdturn al pat . t c - m s j o t  ruu dce ce d  by the ’ in s t riemc’ei t , although h i

I h u e -  s i g n  c c l  cen t i n c u e - c -  t e e  eu c l v cc u - i ce  In please i~ l e e  ccc l nut u - s t ’  et ch ye  ee c-
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( Se ver r eu  c - h  a l .  , l976b) a solar n i - i g i n e  would he- f a u c e t - c - e l . i f  t i n -  l c ; u i nm

signal is a st ;mt Ist i cal a r t i f a c t , s t a t  i c - t i m - a l  I l u c t e u c i t  l i e n s  s h o u l d  u - a n i s e -

i t  t i e  Ice- absent  i n  c-ve rne-  e e l  I h e- d a t e . E x a r n i  n at  ion c m i  t he ’ 1976 Cr inc -- a n

epoc h ( F i g u e r c  7 of ~ e - v e r r e \ c t  a l .  , 1976h) doe-s  i ndeed  show the e
~s I g n - i c e i~

t o  he u- c r y  poo r ly  d e f i n e d — — f u l l y  t w e l v e -  n il t h e  s l x t e - e - c i  p o I r e I -~ I n  t h e

epoch c r c -  w i t h i n  an e r ror  b - c u r  e e l  zero , w hil u -hi is more t h a n  l i m e -  68 . 3 c e n c

would expect from a normal distribution , One cannot rule- o u t  a r e a l

dee -li nec- of a real 1150 mire solar signal bce Icc -c- n 11)7 1 and 1076 , 1 bu i i eu e - bn I l e e -

observed decrease of the 160 mm signal does favor t h e  s t a t i s t i c a l  c-x-

p lareatiore . In the absence of a d c -- a r  t e s t , if a s t a t i s t  iu c a l orig in for

a s ignal c-an be found , it should be favored ove r a physical explanation ,

t h o u gh I t  would be much more satisfying to demonstrate conclus i vely

which explanation is c u r r e - e t .

Cr i rr- c ecn A t c a l y s i s  cii Stanford D a t a

Furthee-r f ilt e ring and  fit t i n g  is  no t  l i k e ly  t u u  s e t t l e  t b-ic- q ue s t  ion

el bh e source of t hee - Cr imean s i g n ce l , w h i c h  make -c -  t h e -  S t a n f o r d  a t  t e n r p t  a t

u - c u d I rnnat ion c - c -c-n more u - n -cue- i a l .  The th i rd correspondence n -ee c - I  y e - i l  f r o m

t h e -  Crime a detai le-u t the- report in the earlier telegram th r ct a positive

signal bead indeed t u e - c - n c  found i n  t h e e - s c  d a t a .  T h e e -  Stanford dat e hued been

correclic mu il t ipli ed h e y  —1.68 tee correct for changes in sIgn and geometry .

M ere Important , the observations we-re examined ‘rit ica llv to ohc -termine-

whethe r or n o t  they we-re e e l  s un oothe parabolic f o r m , c e n i l th ose that we-re ’

not  W e r e -  e i t h e r shortened he y c ’u hl t l ng or were I i t  w i t h - i  two  paraholas .

In add i t Ion , I hue’ chat a w as splIt i n t o  t h e r e - c  p ieces  , c o n s i s t  i ru e - eel t h e

I n t e r v a l s  A p r i l  13 — s lay  :ti , ,June 1 — ,June 24 , aced Ju l y  1 — Ategus t e; .
- t

The’ res u l t was that the retell re-stilt u e b u t  alned at St a n f o rd  was also ol~tair-ued
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i n  t he’ i r c c e c c i l e e r  t b u c -  s c - c e e n e c l  m u l e  r~ c m l  - cc r e c e i v e -  c r u e l s u e - c e c i l w a s  p c - c - s c - n e c i r e

t h e  f i r s t c r e t e - r u - a l , h e e l  f i n ’  t I m e -  l i i i i - c l  i n t e r v a l , a l a r e - e -  s i g n a l  w a s

p r e sen t  w h e i c h  ag c - e - e - c l  i n  pie ce r - c e -  w i t h  l ice I c - m ean  n e - — u l t  . F l u e -  i mpo c - c  e l i - c-

c c l  t i e i s  -~~c - e - r - c c - n c I  cues a m p l i l c e - c i  (iv c i r c u i t  i p l y i r u g  t h e -  i r i e - ; e c -~ i c e d  v c - l c e u - j t y  b e~

-l 3 S i n c e e a r ly  i c c h u c i l e e t  i i e n s  c c l  S t e e u i f o r d  s e m e - g e - -— I e - d  l I e - n n i ~~e i1 i gntn eui t c u e

the in-i ceg e-  s l i cer  p ru - - — - r r t  i r e  I c i l y  ~e c c c u i u i  r e - c l u e - c -  s e - c i e - t t  i V i t c  I c r  em i - a d i a l ,

p u l c - c c t i o n m  he r - 3 -1 .  The-  third s c ’g c d e e - n t  w a s  c u l e - c e  e - u h i t e - e i  moe-be ic- c - s e -x t e n c - i v c  l~

t h e n c e the p r e l - v i c e c i c -  I c - c c , s e n i l e -  e n  w as t e l l  10  Icc of h ig h- icr  qu a l i t y .  Using

Ih e  e d i t e d  c h a t  a S e - I  w i t h  d a t e  f r o m  J u l y  1 o n w a r d  m u l l  ip l ied ~~y 4 ’3 , an

c c - p r e - s si c e  s l n u s e u c d  c-as c e b t  c e l t i c - u i  f c i u  t h e e -  f u l l  u l e e t a  s l w i t h  2 h r  - l e e  m i r e

p c - r i c e - I  and p h e m s e -  a g r e e i n g  ~i e - l l  w i t h  l Ice I r i n r e e  c r c  p h a s e .

S i nc e- l i m e -  calcuelat i - e c u  c c l  a l c m e - s  of c-ens  it i v i  t Dv 25 ;  c-ac - in c o r —

r ’ e - e I l - ~ t e a s - I  ore t h e -  assuncept i c e r u  h l e e c t  t hee -  o h s e - t - v e d  s h i f t  i i i  b a s e - li n e  c-as

due to a c h i s p l a c e n n c c ’n t  of the’ peel cc r iz iul g c m p e - r t  t i r e -  r e - l a  t i y e  t o  t h e  s o l a r

im ce g e -  - t h i s  c a l v - u u  l o t  ion was  n -e -do c c c -  a s s u n m i n g  a d i s p l a c e men l  of 1 ig het off

of t h -  I i  II row lens , en d t I m e -  c c - c - c u l t  w~~s a lee i - e s of s e - n c - i t  i v i  t v  c -c t  l e e - c -

than 1%. it ~ c -  ~~t a n f c e’ et d a r  cc W e ’ e e -  e - d j  Ic-ui t o  olc upi  I d e i t  c -  (tee Crimean work ,

and ci t t u c ~u I ntul t I p i e  I tug  the Icc lv mccv— ci c e-c , ce-nts Dy -1 3 , t h e  result sh own

i n  b - u g n i n ’ c -  49 c - em s re h et a i nee ci f - c t  cc 160 m i t e  c - p o e - i c . Thoug le t h e -  ce tnpl ituu l e - is

s I I l l l e s s  the e ci a ti e i rd of t bu c i  I - l e t  a i ne-ui c i t  ii l ic e Cu - i nc -cure  d a t  cm ( I n c  lu ed ing

r o r r e - u ’ t  ion f o r  e i p c ’ r t e u t - c -  e- e - i c n e c - t  u - i c - s )  the n-c i c n u u s c e i d a l  c h c e t - e e l c - r  arid agree—

-eec - - I  wi t I i  1 1cc ’  C u - i n c i e - c u t e  p h e u e s e -  cm u c -  imp re s s  i v e _ h p c w h u - - w e - u - c - prreoluced at

lnL ’-u -va ls ct (1 .1 m c cc tue p c - r u e d  I o n ’  pe- t - i c e d s  f r o m  151) i i  min i tue 170 .0 n i c e ,

e u n u c h  t h e -  peak at 1611 .0 m i r e  Was u e u c W  V i s  I l i l e - , t b - i o e i g h c c i i i , ( t i e s e - y e - n t h  l a r g e - s t

i n  h u e -  I n l e -  c ’ v e c  1 - 
-
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f i g u re 49 , The solid line is the superposed epoc-}-i o b t a i n ed  a t
160 mm with the Stu enb ord 107(; data as edited at the

r u  rc a-c e - Ic e ’ dash ed l i n e  i s  t t ie r e su i l  I obt al  ned usi me-
the 1075 C r i m e a n  d a t a . Co r r e c t i o n  for sign , phase .
and aperlure geome l ri, hnc been made .
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i h e  eL i f 1- i n - c ni - e - i r i  cur d ) I j t  e m - I c  - c c  -ee u c e  I n c  - _ em in Ii Ic -ccc cu ri o ! e - de ~ I c  I n i - c t  t e e  -

c X l n i c e i u e c ’ i l  icr - e c c m l l h t — c u l i e e c u  w l l l e e c c i t  e m k i t i g  l i e -  c i n i r p l i t c u i l e -  e e l  f i v e - —

m i n u t e -  c e s c ’ i i l e m t  i e e n u e —  n cuu hu h O i c  c u e - u - , I’h u i - i c -  e e c - c -  I . i  - e i t l e e - c -  c h i l l  i u u u l l  i c - s

c it t e t l e l s il cp; irc’ nt o - o n !ic ’ cnuemt i ecc i c l  ( t e e -  C r i n c e e - cec e c - - c -  ed t — — t h e -  t e l  a s u b —

d i u i e — l e e t n  I c - - c t m d  I t u c  ‘ ce - c e n c -  1ev w h c i i - h  i t  w c c s  o h t i i t u e - d . I f  t h e e -  , S l - - n i f e e r ( h

u I . u r a  ci t - c- c h i c - i c - l e d  i n t e c  t b  t n e l c - r v c i l s  ~is w e d s  d e e n c -  in time- C r i m e  cm , i t

d c c c ’- e e p p u e r e n c t  t h a t  l i e u  l e - i e . ( e  ~~i g t e i l  is  p r i m e i c i l y  c h u t e -  I - -  em s i g n e d of

c r e r p l i t u d e -  (1 . 57 m s  pc- c - c - c - n i t  i r e  l ime- t h e i’d i n t e r v a l  c c l  u l c i t e m , f r o m  ju d y 1

e c r e w e C  rd - l i c e -  d e c  tee t i e -  f e e t - c -  Ju t e- 1 f I l  cm 5 1 n i l e - c -, id  e e l  : c c - c ~i1 it ce d e -  0. II m s

and e u - c c - c u l t  of p I e .  — - e - c- I t h e  1 1 c c  - J u l  d c  te e be 7 11 . Ti-ic - e - f c  c c - l e e~ a t  ~;i c .~~i m i re

l i e u -  e l e c t e c  c c f - c - - and  c c l  I c - c -  i c i c l e -  3b i at- . - c -hm ewn i re  F i g u re  50 c - e e l  c h e c c e g e -

i c e  t h e -  s u c i d  e e c - c - c —  ( h i s  p c - r i - e d  is d cc l  like ly t e c  c - c p l c u i c u  t il e u l i t  f c ren l  t ’ e s u u l l

be cc e e e s c  C t - m i c e - i n  e c h s e t c -’ e c t  j e e c e c -  f rom .- \ p r i l  2e- tee ,Ju il v .M, 197(3 give cc posit lye-

n- e - s u l  I ~-‘- e u —  t h e e -  i i S i .0 m i n u e t c -  s t g c e u l  I c e  t e e  p c - c e e h c e u - c - e l  Ic c e t e l e  c e r u e — t t m n t i h  of

t t u e  - d e c t  c m m e e k e s t l e e  - u - c - ~ e l  i i  V of I h i — c  c-u igneu I c c - ec q i u c  -
~~ - I - c ru cib le- un ic-c- -s I l i e  - n e -

i s  e — e e n r u e - t i u i r e g  uebout t h e e -  J u l y  i d e - - c i v i l  I c - n e c -— w h i c h r n e e k e - s  t h e e - n c  s u p c - r i c e t - ,

E5 a m i n c . c t  u - - c e  s t e c c w r - , I b ee ’ d e u c e -  I t e- t i  t e e - I l i e -  c e u s e . ~e 1 c t  e u c - m c e t i c c i l l y , I h u e -  u v & - r u g e -

v e e r i a n c e -  c c i  t l i e  J u l y  u - i c - i e h u u s  i ng  u u e c d i t e d  d c e t i  is 2 . 14~c - l  ( cue c’eemp a n e - d

w i t h  2 c , b : ~ (tu 1s)~ t e n  t i m e -  e - e m n l i c ’ r  e h e e t e m , aci eh t h u 1 ~~ e c e t n u i c u r i c - o n u  t i e-c - -m e - s

Wc c l - c - c  - W e  t ie  e d  i t  Ing i-c ice - - ’ - t i m e ’  Jo I v  i i . m  t e e  Wan -i  c i i  i t  e - c i  un uc u c - te I c c - s —  — i t  s ccci - i citid e

h e e - e - c , m c - s  2 , I~ e . c  ( m 1s)~~ c ’ e e r n p e m r - u - i t  S i t  b e  I - I ( m i s )
2 

f o r  t hee ’ c - m i l l e t d c c l i ,

Ex pe n ’lc - m d l i , - , t hee- J c u l i , ’  m i e - l e i  c c c -  h e ss t r c u c - t e i e - n r h i v  c - m i c e t h u r -  c c - c - r e -  takc’n

“1 W h i e - n i  t h e e -  i m a g e -  s l i c e r  we cs m i se il i g t u c - e b , u’ c - t i l t  u n m e -  in h i c’ — t light , wie- u c - tu

c-’ - tght ing ccl l I m e  din- u k m i met cc i-c i~~ . c b i l e  b e e s e h i c e d -  o f f s e t - I n  a d o h i t  ion , t h e :

. J uiie- uI~c I ci w c- u - t e k e - n  s i r  I e l e t e g e - t c e i u e -  t e g u i l . e n i  t y . I m e - e n g -u e r e h ine’d i c c  h e i s t

cc cl c- ii u~ h o u r s  In thee ’ ~c f Ic t i m - c - n e  cen el w i t  ii i cicl e r- - c c e i l  d e e -s m j — c s t - u i  u e u c l of 10
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F i g u r -  50 Su pe rpose d e - p o u - h s  - c h i t  aened at 1(30 mire u us c ng t i t e  S t a r e l e c r u i
‘a’ data w i t h  (‘ r - u m e e n  editing . Ti-ic- l o p  ru n - c e  u s for data

I cc- o re-  - J ut cci- 3d ( C the ’ ho t t ø m  c - r n  r e - c -  t c f o r  d u e t  a a I I or  lii rue ’ 3() -
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(onle 3 c c i  t hee ’ f l u — s t 27) whe ju - Ie m e e k u -  r h o : - - - e h c e t ~ e P a n t  i -  c i l c u r l e -  s u u c - c . - p t i h l c -

l u - c e n u l u . c t e c u m c ’u i t  of p e c - l i e u l c -- t h a t  e e c _ c -  m e l e e - e r I u ’ e e e t c i c n e s  c c l  a u i e u v  - I n  f c e c - n

l ee n - g e r s i gn - i l s  (0 . 67 ni ’s ee c - i d  0 . i c ~ C in s)  e~~- e ’ e ’ ( c r c — c - d e l  c c l  121) m i r e  ( - n c  —

( c i e i f  l i e  c c l  em ha y ) c u d  1 - I - I  n m i n  (o ne-—lu-re l ic of c c c h i c )  t h e m e - c t  160 n m .

Tb- i c d c c l i  . c  e c - c - i n c - - i t  I c e -  to i - e h i t  i e e e -  ( d C  c r e t c u - e — — o n l v  s ix  e e l  the

nw e - n t e—nm n e ’ July e , b s e - r v e m t  i i c t l i  w e - c u  ~- d j t c - e h w i t h  em n e c - i  I - e r - c- r u t  -13 f i v e - —

m i n u t e -  a c - u - r a g e s  c e - i t  of 1-175 (2 .I1~ of tIme dc-i l cm) e n d  l i e u -  cu mp i  i t c e c h e -  of t l e e -

j ( 3 e i _ i )  m i r e  s tgncm l w et s  - - l u i n u e - c - d  f rom i b _ t-i tnc a to (I ,57 m ’s. When u - p e i c t u c - —

\C c - c t - produced c t  u . e h p u - n e i l  i n  s t e - p c -  c m l  0.1 mire f rom l S d ) i )  m i r e  t u e

l7ic .0 mire , t h e e -  111i .0 mice c - b e o ( it iS t h e  c - e e - v e n t i e  l c m t ’ g c - c - t  f i c t  t h e -  c d j l c - e b

c h i t  ci s et . D u e t  r e m n k s  l i i i  - - c u b  u t  20 1 t u u  I t u c -  oe ’ig ince l d u e t e c  s e t .  Tw ee

ree-e:h ec iui c - dcer- - w- ec ujld te- noh I - c  f c i t e  c thee- m l:u ( t . e  s e - i c - u - I  I I c e -  c e t e c - e - i — y e - d  s ig n u m i

u ice is t ti c - c - b e - - n - l u - n i l  rig of  t i e , -  el ect cc Icy eel it i teg eend c ’s; ee-c - icc l iv D ii tt m e g

s c c e -  i b i t e e  c - - c - I c -  I - .  I c i c e  p e e n - . i b u c l c e s . T b c e -  c e - - - c u l t  i s  cm se i p p r e r - c e-cion c m l  l d c r d c r

h r e c ( u u n d ’ u u - — w h u i m - b e  c i e e m c e e - e - s  the i c c - r i c e d  e l  v e e i - i e c t  I c c n e c -  i n  t h e e  d u e t - n e d  s i g n e d

I r e em — - -I hr I c ) 120— 1-l i) mm

The e’ c c l  l i e  - r c ’ f l u - -  t i s  I t u e  c-ui , e e c - ’  h j e l l  v c c l  1 ic c  - ee l it ing  ~e du c - u - The

e c l v m u n l c g e  u e f  1 1w- ~~~e t o u ~ Sc u I c t  r e c e t j c c n e  t e - i ’ h n t - 1~ i c -  ic- i t s  c c h e t l t t r -  t o  d i — t i n gu i s h

I -c. ’ c - r e  c h c r e g c - u - u  In c . e c v c - I e - c c e - l h  e e l  c - r u l e r  u u c . t  inc- I t -i mr ci e - c nt c i  - u n - c e - i r e  sl c ec -u -

m a n e - kinds ~m l i n c - I r i d e ’  ret eel Iv p i — e u c l i c - e - i I  e h e m t c ge - s  i c e  w e e v e - I e c e g (  Ii c i f f e - m - t  u e n t e c

ere c t l imb l i e - l e t  e q u c i l e -  e n e c t  c-ill be- c- u - c - - v  c - u I  c i , — u e h e t  i- a c t  l e c n ,  I f  e I i I f e c e d e —

l mat ion b e - I c - c - c - r e  c - u l c e r  end In s t h _ d i d _ I c  n e t  i i  e h c i n e g u - s  I - - t c e m s e - u t  ecu - i  t h e -  t u i u t g n r i u - n e t
p.

c u t  t h e  c . b m s c - r V e r t c d e u  b e ic -le e rs l i kc’ lv b c e  c e f i c e t  t h i s  i d l e - n e c - it t e d t - c -  l i e u -

‘‘ s me , ot h f l e --,s ’’ u t  t h e d e c t e e  c n e e h  t I c ’ -  r c - g u u l e e r i  t e  of h h ~’ v e e r — i e d t  i i e c u , ~ c - l e - - t l e t u

Pu ~ sm c e e , t  h r e c - - — - - - u~c - s  c u l l n-u ic e b receu d — h e i n ci i l l  t i  ring i ru t hee- I r e - - i  c u e -  cu d - V c i -  c i l i a  I In -

-end s e — i c - c  t jcc u e te ’~ r e  g c u I e u 1 t ~ t m v e c r — c -  o f l h n i i - i u t - in ~’ u e t  o f  u l i  l i v  c d l  I c  c i i —  c c l  I - -

1_ s -
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resultant enhancement of integer fractions of a day when observations

and patterns are sufficiently regular. The safest approach is to use

all data without a known instrumental pecularity , which in this case

could have been used to justify exclus ion of the July data and consequent

elimination of the 2 hr 40 m m  signal.

It is hoped that someone , somewhere will have the experimental skill

and patience to reproduce this observation without the Instrumental drifts

so that no editing or fitting need be used. Until that time , the Crimean

report of a 2 hr 40 mm solar pulsation remains unconfirmed but intriguing

on theoretical as well as observational grounds , especially by virtue of

its coincidence with one—ninth of a day .
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CHAPTER IV

SUMMARY AND CONCLUSIONS

The most important results of this invest igat ion can be expressed

very s imply in terms of the three things which were not observed--large-

scale organization of f ive—minute oscil lat ions was not observed , oscil-

lations at periods from f ive  to seventy minutes were not observed , and

two—hour forty—minute oscillations were not observed. Rather than con-

clude this investigation on such a negative note , some of the positive

findings of this study should be mentioned.

First, the velocity subtraction technique developed by Valeri A. Kotov

has been found to be a sensitive and useful technique . The subtraction

was quite successful both in reducing the deviations in the five—minute

t 
per iod range caused by convect ion in the spectrograph , and in remov ing

the longer per iod drif t s  produced by grat ing dr if t s , changes in spectro-

gra ph temperature or pressure , and the earth’ s rotation . The remaining

low-frequency drifts could probably be reduced by positioning guiding

diodes a t the image used for  observat ions and by us ing a larger Lt t t row

lens or a smaller image to reduce the possibility of losing light off

the edge of the Ltttrow lens. If such adjustments did not succeed in

reducing slow d r i f t s , the hypothesis favored here in that  these d ri f t s

are caused by relative shif ts of different optical elements would have

to be discarded and another explanation found .
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Other measurements might also be 7c-rformed us ing similar subtractive

techniques . A quarter-wave plate and two semicircular linear polarizers

or iented at +45° and —45° could be used to look for £=l modes of solar

pulsation. Apertures could also be designed to look for other possible

pulsational modes or other large—scale motions such as meridional flows .

Optical subtraction could be used to produce the filter which Fossat and

Mart in (1974) des igned to selec t a part icula r hor izonal wavenumbe r , thus

permitting mapping of the oscillatory power in the k-w plane . The finite

Fourier transform used by Hill et al. (1975) to define the position of the

solar limb coul d be calcula ted d irectly by opt ical subtract ion , with

resultant advantages in l ight levels and instrumental s impl icity over the

scanning and minicomputer calculation presently employed.

It is because of the sensitivity of the subtractive technique that

it has been possible to confirm the result of Fossat and Ricort (1975a)

that five—minute oscillations can be observed over the full disk. The

observed amplitude of 2.0 rn/s is consistent with a large horizontal

scale of over 20000 1cm, and argues in favor  of a global rathe r than local

excitation mechanism. The longer period reported here as compared with

previous measurements is an interesting result, though of unknown signif i-

cance . The suggestion given herein that the longer period is associated

with the large aperture used should be conf irmed by observations in a

single line over a large range of apertures. Until such confirmation

exists , this result is not well—establ ished .

The significance of the observed lack of large—scale organization

of five—Minute oscillations with respect to sector boundaries is somewhat

dependent on the establishment of a clear physical connection between the
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p
oscillations and coronal heating. If such a connection exists, it

p follows from the present study that the high coronal emission observed

near sector boundaries (Antonucci and Duvall , 1974) and the h igh solar

wind velocities and coronal holes found in the center of sectors (Sawyer ,

1976; Wagner, 1976) are more likely to be the result of d i f fe ren t

magnetic field geometries than of different energy input. The fac t that

coronal temperatures and solar wind velocities are organized with relation

to sector boundaries while five—minute oscillations are not (to the limits

of detection of the present study) does not preclude the possibility

that five—minute oscillations are the agent responsible for heating the

solar corona. Magnetically determined differences in energy loss from

the corona could still explain the observed large—scale structures even

if the energy input were uniform (Adams and Sturrock, 1975; Rosner and

Valana , 1976).

The work described herein on the oscillations at periods from five

to seventy minutes reported by Hill and co—workers is not likely to

terminate conclus ively the discussion of these oscillations . Future dis—

cussion should not focus on differences between the eigenfunctions cal-

culated by Hill and those described herein as based on the work of Noyes

and Leighton (1963). Both calculations lead to difficulties in attempts

‘1 to reconcile Hill’s measurements with those of observers using spectral

techniques—-Hill’s enhancement factors predict more power at five than

at ten minutes , at variance with his observations, and present calculations

suggest that a large proportion of the dosnward propagating solution would

produce much greater increases of five—minute amplitude with height than

are observed. Though these represent serious discrepancies, Hill and
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colleagues have in the past demonstrated great capacity to explain the

failure of other observers (Brookes et al., 1976; Grec and Fossat , 1976;

Livingston et al., 1977; Musman and Nye , 1976a and b) to conf irm h is

results . Plausible explanations will therefore probably be devised for

the lack of a five-minute resonant bump in the SCLERA power spectrum ,

for the limited growth of five-minute amplitude with height , and the

limited agreement in the two power spectra which have been publ ished by

the SCLERA group (Hil l  et al. ,  1976a ; Brown et al .,  1976). Ability to

explain a lack of conf irmation is much less convincing than actual  con-

f i rma t ion  would be. Future efforts should probably be devoted ~ot only

to determining whether or not Hill’s explanation can account for the lack

of confirmation in past experiments , but also to pred ict ing what fu ture

experiments can be made to confirm Hill’s observation if his explanation

is correct. For example , if his explanation is correct , velocity and

temperature fluctuations should have much greater amplitudes for higher

than for lower lines , and the enhancement should be substant ially grea ter

for longer periods (‘— 40 minutes) than at five minutes . Observations

should be able to determine whether or not this is the case.

The analysis described herein at periods longer than two hours shows

that  dai ly  observing patterns and d iurnal  var ia t ions  can produce impressive

signals at periods which are integer fractions of a day . There is, of

course , no reason why the sun should be prohibited from oscillating at

such a period. If Crimean observations are continued in 1977, it wi l l

be interesting to see if the amplitude continues to decline as it did

from 1974 to 1976, and to see if the phase continues to advance by 14 mm

per year. The lack of confirmation with the Stanford instrument raises
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serious doubts about the solar origin of the reported s i g n a l .  I t  would

be interesting to analyze the Crimean data for 1974 and 1976 t o  see i f

the statistical explanation developed herein can accoun t f o r  the  observed

signals . If sufficient interest and controversy remain to justify

further observations at Stanford , these should be done with identical

aperture geometry to that used in the Crimea and over the same t i me

interval so that ambiguities of interpretation could be minimized.
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APPENDIX A

DERIVATION OF THE CALIBRATION EXPRESSION

It is convenient for calculations of instrumental sensitivity to

assume triangular line profiles and point slits . The slits are referred

to as R and B (red and blue) and the circular polarizations are abbrev iat ed

by + (rcp) and - (lcp). For convenience, I~~ continuum intensity is

designated by Ill with B1 and 
1(
1 
the intensities measured by blue and red

slits respectively 1c 
— 121 I 131 and 12

+ 14
. Using these ~?efini—

tions, the three fundamental signals are:

Intensity = (B
1 + + 

~2 
+ R2 + B3 + R3 + B4 + R4)/2

DC Difference = + 8
2 + 83 + B4) 

— (R1 + R2 + R3 + R4)

AC Difference = Zeeman = (B1 + 84 
— R1 

— R4
) - (B

2 + B3 - - R3).
The ratio of core to continuum intensity is denoted by I~ , and the

slope by stj~~~~, so the intensity t~X from the line core is given by

(I
~ 

+ m I
~
)
~
l)I 5t. Line core f or light from the center of the disk is

designated by X~ , for the limb by X~ , and the slits are at ). 
.
~~ ~X/2.

If > ‘
~~~~ 

> and ~X/2 > — it follows that

B
1 = (I - m — AX/2 — X J)11, 

~2 
= (I

~ — m — ~X/2 
— 

~c
])I2

B3 (I — a - ~.X/2 - X2J)I3, B4 = (I - m — ~.x/2

R1 
a (I

~ 
+ a + &~./2 

— 

~C
))1l, R2 = (I

~ 
+ ~ + AX/2 — 

~c
])I2

R
3 

= (1
0 + a + ~~/2 

— X ))13, B
4 = (I + a [).. + ~~/2 

-
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I
Using these values , the three fundamenta l  q u a n t i t i e s  become :

4.

Intensity = (2I
~ 

+ m~ X ) ( I 1 + 12 + 13 + 14) 2

DC Difference = — 2m (\  - Xc)(1l 
4. 12)—2m( \  — \ ) (I~ + 14

)

Zeeman = 2m( X — 

~c~~~
12 

— 11)+ 2m( X
2 

— X )(14 
— 13)

A four th  useful  q u a n t i t y  is the rat io Zeeman/ I n tens i ty  ZI , which

now becomes :‘

~~~ ~~o — ~c~
U2 — 

1
i~ 

+ 4mØ~.2 
— ~~~~~~~ — 

13)
ZI = (21 + m~X)(I1 + 12 + 13 + 14

)

When calibrating the center , the limb is masked off 50 13 = 14 = 0.

A known wavelength shift is introduced’ 
~~~calib~ ~~o 

— Xc
)
~ 

and some

ZI value K is measured, given by :

K — ~~~~~
cal ib~~

I
2 — 

1

~~~~~
— (21 + m~ XY ( i 1 + 12

)

This express ion can be inverted to give 4m/(21 + mAX ) in terms of

measurable quantities , which changes the expression for ZI to:

KU1 + 12
) 

~ ______________________________ZI = 
calib~

12 1l~ ~ 
I~ + 12 + 13 + 14 ç

In normal operation, the servo nulls the DC Difference signal, so it

follows that

+ 12)()
j  X0) = (13 + 14) 

(X
0 

— X
0
)

Subst i tut ion and manipdlation yields the expression

ZI(A)P. lib) (12 
— Il)(Il + 12 + 13 + 14)

2

(X
2 ~~ 

= K 2(Ii + I2)(1412 
— 1311

)
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For l imb ca l ib rat ion , I~ and 14 are interchanged as are and 13~ and

the expression remains the same wi th  the exception of replacing

— I
l
) (1

3 
— 14

)

(1
2 + 1i~ 

wi th  
(13 + 14

)

For perfect polarizers and perfect~ alignment , 1
2 = 14 0 and 13 =

and both expressions reduce to :

ZI(&. )
calib

(\ _ — X ) = x 2
~ c K

I.
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APPENDI X B

THE S EPTEMBER 13 , 1976 ALl G?3IENT AND CALl BRATION

Cal ibra t ion  of the instrument requires a knowledge of the dispers ion

0
of the spectrograph at 5124 A. This was measured on July 21 , 1976, and

was not repeated since the measurement showed good in te rna l  agreement
0

and since rou t ine measurement of the dispersion at 5250 A had previous l y

demonstrated tha t  var ia t ions  are smal l .  The dispersion was measure d by

allowing the exit slit servo to lock on different lines near Fej&5l23 .730

nnd recording the encoder position . The va ]% es  obtained (averages of

two readings ) Were :

0
Encoder Position

5123 ~30 398940

5126.199 447855.5

5127 .368 471096.5

5123.730 398937

5121.649 357410

5123.730 398295

From these measurements , the Doppler encoder was calibrated in terms

of wavelength , which in turn was converted to veloci ty  in m ’s us ing the

classical Doppler shift expression, v/c =

I
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Encoder Velocit y (m; a)
Line Pair ~1,(A) Shift (Encoder tJnit)~~

5123 .730 — 5126.199 2.469 48915.5 2.9533

5123 .730 - 5127 .368  3.638 72159 .5 2.9499

5123.730 — 5121.649 2.081 41527 2.9321

5123.730 — 5121.649 2.081 41519.5 2.9326

average = 2 . 9 4 3 6

Hence the value 2.94 m ’ s (encoder unit)
1 
was used for the dispers ion .

The standard calibration procedure was followed on September 13 , 1976 ,

which included measurement of the calibration constant , realignment of

polarizers and iris diaphragm , and a second measurement of the calibration

constant. To measure the calibration constant , it was firs t necessary

to measure the intensity of right and left circularly polarized light

passing through center and limb . Intensity measurements were made with

0
the exit slits 24400 encoder units (1.228 A) to ic hluc from 5123.730

l ine center .  Because of difficultes in directly separating center and

limb light due to the bevelled edge of the half—wave plate , this separa-

tion was done mathematically as explained below .

Firs t , the full aperture intensity was measured (here + means r ight

circularly polarized and — means left circularly polarized)

(I  + I ) = 643 , (I + I )~ = 585
c £ C ~

Nex t , masks were used to allow light to pass only through firs t the

cen ter , then the l imb . In order to insure that only center or limb

l ight w as passed , the masks were made smaller than the full center or

limb aperture :
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p
1. = 7 , 1~ = 292, so 1 , 1~ = i ’ t ’4 

= 7 292
C C C C c C

i = 370 , i = 3, so I
s/I = ~/~: = 370, 3.

So the lcp equation above becomes :

I + I = 7/292 1~ + 370/3 t~ = 643.C £ C £

This may be solved w i t h  the rep equation to obtain :

1~ = 579.9 , I~ = 5.1.
C

Substitution then yields

I = 7/292 1
+ 

= 13.9, I = 370, 3 I~ = 629.1C C

It  fo l low s tha t  the in t ens i ty  f ac to r  in the equa t ion  derived in Append ix  A

has the value 1.970 for the center , and 2.034 for the limb .

The effective slope of the absorption line was next measured by

moving the exit slit a known number of encoder units off of line center

and record ing the ZI signal , then repeating symmetrically in the opposite

direction. The values obtained were as follows :

• Encoder
• Sh i f t  ZI Value

cen ter  100 10 .507

200 20.314

500 47. 329

- ‘ limb 100 10.458

200 20 .52 1

H 500 47.975

* 

Using the values obtained for an encoder shift of 100 units , it

fo l lows th at for  the center , 1 ZI un it = 0.0952 encode r un i t s  -

- 
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,-

28. 015 m s x (1. 970) = 55 .20 rn s , and i i  t i n  l imi) , 1 7.1 unit

encoder units 28.02 rn, s x (2.03-i) 55.20 fl

To per form the r e a l i g n m e n t , th~ ape r t u r e  is  F i r s t r e r i t , r t -d  on the

so tar image . The mask is n ex t  i n s t - c  ed t o  pass only ~t -nt or  l i gh t  , and

t he  KDP v o l t a g e  Is set to pass o nly  lcp l ig h t .  The l i n ea r  polarizer is

then rotated to minimize the transmitt ed light as read on an oscilloscope ,

which insures that the center passt~ rcp l ight  and the  l i m b  passes  lcp

light. The mask is then removed , the K1)P modulation turned n , and the

iris diaphragm is adjusted to el i i , i na t e  the  square w av e  in i n t e n si ty ,

aga in  read on an oscilloscope , thus insuring equal i n t e n s i t i e s  of rep and

lcp l igh t , and hence of center and l imb l ig h t .  A f t ~~~- t he  r e a l i g n m e n t

performed on September 13 , 1976, the calibration constant was  remeasured

as follows :

(I + I )~ = 569 ( I  + I )  — 569
C (_

I~~/ I  = 287/2 i7i~ = 355/4

So I~ = 562 .633 , I = 3.921 , 1~ = 6. 367 , and I = 565.079.
C C C

The In t e n s i t y  f a c t o r s  are 2.0086 f o r  the center  and 1.9914 fo r  the

l i m b . Tif l -  ZI va lues  f o r  d i s p l a cem en t s  of l0() encoder un i t s  were 11.166

1or tin cen te r  and 11.403 f o r  thc l imb . I t  fo l low s t h a t  1 ZI u n i t  is

e q u i v a l e n t  to 52 .950 rn a fo r  the r en t e r  and 51.408 rn s fo r  the l imb . The

c a l i b r a t i o n  f a c t o r  genera l ly showed good agreement f rom one measurement

to the next , and an overall average value of 54.4 rn a was used in the

ana lys t s .
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