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In this thesis, I bave sade an atteupt to study
the teanoral and spatial properties of the velocity
and intensity fields using the photographie technigue.

I have briefly outlined the sarlier work im this
field in Chapter 1. This includes bﬁth the theorstical
and obssrvational aspects of velocity and intensity
fielda.

In Chapter 11, T have auueriﬁud briefly the three
methods in vogue for the study of velocity fields on the
solar surface viz. the spectroheliographic, phoiteelsctric
and raoid tine lavse nhotography, and discussed their
relative merits. Of these, the method of rapid time lapse
ohotography, which enables the siaultaneocus study of the
aroperties of the velocity and intensity fields at
different levels in the solar atmosphere has been used in
the present work. The basic azaterial for this study,
énnmimtu of three tine sejuenves of loang duration obtained
under exceedingly 3and seeing conditionas 1 have glven
an account of my observing techniques. Following this,

1 have demcribed the procedure for the velocity measure-
wents with the Deppler comparator constructed for this
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purpose, its nerforuwance and aceuracy of my ueasure-

nettSe

Chapter 111 deals with the spatial and temporal

sroparties of the juasi-periodic velooity oseillations
in detail. The fourteen spectral lines studied f{rom the
three sequences have a good coverage of heights im the
solar atmosphere. The C1 6587 line, nrovides information
on the very deep photeospherie layers around log U = +D.2.
Other veak and medium strong lLines studied have mean
depths of forasation ranging from log U = =0.6 to log

= =1.2, The plots of velocities with reference to time
for 61 successive points on the sun for all the lines,
show an average size of 8000 ku for the oscillating cells
and a life tims of 10«15 minutes for the individual oscilla~-
tions. The oseillations at the different levels have a

high degree of voherence.

The pover spectra of velocities have been computed.
In this analysis, I have computed spectral estimates, using
five different walues for the lag in caleulating the auto-
sorrelation funetions. This method emabled to obtainm a
high resolutiom frequency wise for the spectiral estimates
and thus determine the peried of the veloeity oscillations
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with an accuracy of 5 seconds. The CI 6387 line
shows a neriod of 304 sec. while the high level lines

have a period ef 295 sec.

In Chaspter TV, I have outlined the umethods of
eross-soeotral analysis. These have been apnlied to
sompute the coherence and phase spectra between velocity
flelds of differsnt nairs of lines belonging to the sane
se juence, to study their spatial nroperties. The
goherence between the velooity fields in the different
levels is very high, of the order of 0.98. The ocscilla-
tions in the high level lines lag behind those in the
- low level lines. This phase lﬁg varies with frequency.
In ihe resonance range the layg is of the order of § sec.
between lines having their mean &up%u of foraatiom, 110
kn apart. This suggests a standing sode of oscillation
in this range. At kigh frequencies the phase lags
inorease fast and have values appropriate for the propaga-

tion of sound waves.

Chapter ¥V has been devoted $o the aspeotral anmiysis
of the intensity fluctuations im the amnﬂtuﬁum. in the
line wings and the oore of Fel 6358 1imina This Chapter
also includes the computation of the cross-spectrum of
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veloeities with the continuum brightness fluctuations

and of the contlinuuw with 11u«iwtn@ and line gore
intensity fluctuations. The continuua and the line wing
intensity fluctuntions show alzmost identical power
spactra, with marginally deteoctable power in the oscilla-
tion range. The power. srectra of the line oors shows
well the oscillations.

The coherence and phase spectra between velocities
and intensities have been computed for four representa-
tive lines. The speetra are alaost identical and show
that the upward welocities in the lines lag behind the
brightenings in the contisuvum by about 30‘mnaunam. There
is high coherence betwesn the continuum and line wing
intensity fluctuation. The Fel 6358 line wing intensity
lags behind the comtinuum by about 14° while the core
intensity leads the continuum by 579%.

T have also computed Lhe coherence and phase
spectra of the velocities in Fel 6358 line with its ving
brightness and core brightness fluctuations. The velo-
pities lag behind the core brightmess by 93%. This is
taken as an additional evidence im suppert of the exis-
tence of standing mode of osgillation in the 300-ssc.
vericd range.



In gonclusion, Chapter VI sunnerizes the results
of the nresent study and enunciates sone of the problems
for future inveatigation in this fleld. The importance
of the study of the veloeity and intensity fields cannot
be over smphasised. ‘lore and more observations in the
onticanl range on sisilar methods covering high ohromos-
pheric lines ars 208% necessary to extend our nresent
knowledjge to these levels in the solar atmosphere. This
supnleneanted with observations {ng the mm and ca range of
wavelengths may be very helpful in understanding the
physics of Lthese oscillations,

Tne basic materisl aa whichh the present investiiga-
tion is based, conaists of thres tiase seyuence spscira
obtained by me with the %6 metre solar wwwmrstwiaﬁaama
and 19 metre Littrow speetrograph of the Ea&aikanal
Jbservatory. The coaputation of the power spestra of
the velocity and intensity messurements follow im gemeral,
the established nethods of Quwur spectrus analysis. In
this analysis, th& sethod of using multi-lags for securing
a high resolution for the spectral estimates, is originmal.
In the computation of the coherence and phase specira, I
hsve applied the accepted method of eross-spectral
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analysis to ay data. Ihe semsutations were done with

a CDC=3600 eomputer at the Tata Institute of Fundasental
Yesearch, BHombay. ALl the results obtained by these
anslyses and discussions on these represent ay original
work in this field.

(K. Sivaraman)



CHAPT R 1

VELGCTTY QUCTLLATIONS TH DHE SOLAR 4THOSOHURL 3 A SUnWil
OF PRBSENT Ki0db DL

The structure and dynasics of the solar ataoesplhaerle
can be desoribed in terzs of the radiation fleld as &
erude ansroximation. The emergy senersted in the core by
theraoe-nuclear progess = the peps chain « is assused TO e
streaaing out by convection in the sub-photospheric Lo yers
and by radiation inm the outer layers. According to ¢t he
classical pleture, the structure of the solar atmespheore
{8 based on the notion of a guseous enssible whose Lherig-
dynanic stute is specified by the assumption of radi ative
equilibriuag loeal thermedynasic equilibrius fixed by
the local energy demsity of the radiation field and
negligible velocity fields. 1In such an analysis of tie
gsolar atmosphere, the effect of veloelty fields othexr Char
theraal is taken inte account only as a second order
anproxisation, neglecting their momentuu goupling to whe
theraodynasic state of the ataosphers.

The aiddle of the present ventury vitnessed a
congeptual change im the problea of the soupling between
anerescopie and theraal veloeity fields. We now beldi wve
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that when there is such a eoupling betwesn zwcrosconic
velocity field and the therzsodynaaic stite of the a8,
then the local kinetic temperature is no longer controlled
solely by the radiation field. The i'avortance of the
recognition of the inadequacy of the hozmogensous nmodels
and the necessity %o flavoke nop-therszal phenomeny can be
seen froun the @mr%iml success in the atteapis to exslain a
wide wariety 0r7§hanammna like, scale heights ©f the
ehroaosshere, chronospheric and coronal heating, shases of
2e0files of weak and mediuam strong lines originating inm
the photosphere, and alsc in the field of model abno spheres.
This period alsc witneased the direct observaiions of the
looal fluctuations in intensities in the granulation as
wall as of intensity wariations and velocity shifts in the
Fraunholer lines., Ine well known "wiuzly" structures seen
in the fraunhofer lines under conditions of good seeing,
wnd the spicules seen off the liasb, are visible manifesta~-
tions of the inhuma@numltieu exlsting at different levels

in the solar atmosrhere.

The investizmtions of the perturbation eifects of
these velocity fields on the thermodynanic state of the
atmo sphere cone under the class of asredynazic phenosena
in the solar atmosphere. The determination of the vuxﬁaity
fields, other than by direct obaervations, is by a
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eoaparison of tha theorebticul line nrofiles and the

ones based on observations. [his in turn regyuires a
conrlete and nrecise knowledys of the cheaiocul eonposition
and the sneciroscosic stute of the ataosshere. Very

often the anorouch tixg Lsen to infer the existence of the
agrodynarie shenovenon which nodifies the therasodynanie
4tite of the ataoerhere over thut predicted ou olassical
terss, by looking for features considered amozalous under

the claszieal predictions.

A coaplete pleture of the velocities axpressed in
terus of the line~of-sight motion can de derived froam a
seasure of the "astronomical turbulence”. 7Tn such a state,
the motion is anintalined by sone sart of 1wrgawﬁn4ia
instability of the velocity fleld whose eneryy 18 trange
aitted to succesmively ssaller elezents having character-
istie dinensions, to be ultimately destroyed by viscosity
and dissipated into heat through ssllescale motions.
lhese measurements of the turbulence will huve to be
understood in teras of the "scule of turbulence” relevant
to any particular situation. Takimg L as the characier-
fatic wavelengih of the veloeity field in the molar
atmosphere (L is generally assused to be of the suse order
as the socale height of the atmosphers) over which the
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kinetie eneryy of aaes aotion is transferred to the
syston, twd exbrese cases cun be distinguished in the

intersretition of Fraunhofer Line observations:

i) Tn the case of an osticully thin ataosrhere,
X< 1, where K is the absorption eoefficient. Tn
thiz case, the line of sight »usses through aany slenents
sdving rise to a fully developed aicro-turbulenge. “iorow
turbulence causes line broadeuniny and consejuently an
increase in the equilvalent widihe The flat'partiuu of the
curve of zrowth lies above that oredicted for lines

broadensed by thersal aotions alone.

i1, Jhen LX>7> 1, 1t 15 a case of mscroturbulence.
The entire line foraing reglon experiemces u unifora aotion
and thus the spectral line is Jopsler snifieds The velow
eitive are determined by measuring the wavelength displ ace=-

ment with reference t0 the undtsturbsd position.

Tn general, in the solar ataospherae, the observed
line nrofiles reflect the effect of both the rundom and
non-randon sotions, whieh both displuce and broaden the
line in a rather pomplicated sanner. Studles on the centre~
liadb vurimtimu# of the line orefile by Allen, vaddell,

Huenote, Unno, de Jager and levean, provide inforaation on
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the structure of the "astronosjical turbulence™ and its
variation with height in the solar atnosphere. dedaan
and Suemote have made & sinilar study in the chromosphare
using eclipse duta. Side by side, Hbhan, de Jager, Voigt
and others ained at an explasation of the oLserved

shapes of line profiles taking into account the inhoao-
seneitins, aund have constructed the two coluan and three

colunn atmospheric models.

The method 204t suited Lo the study of the kineastics
of the inhoaogeneities of the diszension lar,er than a
segond of are in the solar atwmosphere is by neasurensnis |
of the local Doppler shifts in the spectral line of
intarus#.‘ The Loppler shifta detected and sumuurad in the
suns ot spectra by ivershed (1909} is the first evidence
of the existence of mass-motions in aotive reglons on
the sun. Agsain the earliest observations of the saall
scale velocities on the sum are those of ESvershed (1922),
whan he observed the "innuaerable ssall displacessnts of
the lines eguivaleat to veloeities of the order of a few
tenths of a kilometre per second whenm the slit lies across
8 well defined imaye of the sun®.

The first spestra of spatial resolution sufficient
%o resolve individual photospheric gramules vere those
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obtained by Richardson at dount wWwilson. Froa msasure-
muﬁta of loecal Dopoler shifts on an excellent speetrum,
Hichardson and Sehvarszchild (1950) obtained a value of
Ue37 kn/sec. for the velooity (renresented by 5) of the
turbulent sotions in those wiggly lines and with geomet-
rical disensions higher than that of the granulation.

They slso found a weak correlution between the velooity
and brightness vwriwﬁiuﬁa. Later @tuﬁrﬁ and iush {19%4)
filtering out the large uual#fluutumtlnun in the velocity
froa the data of Kichardson and Sohwarazchild, found the
correlation such higher. At Oxford, Plaskett (19%4)
indepondently arrived at the sane conclusion. Hisse lHars
{1956) following ‘laskett's work, observed the existence
of a large-scale pattern of velocities in the upper levels
of the photoaphere. iut the significance of the velocity
pattern bescane clear only after the appearance of leighton's
work that led to the identification of the supergranular

network,

The deoade following the work of Richardsen and
Sohwarschild witnessed a series nm&amunurnumutn of saall
scale Doppler displacesents on zany lines froaz selected
spectrograns both at the centre of the dise as well as
near the lisb. Such studies by the Me Math solar workers
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using their vacuum specirogranh and by ovans and #ichard
(1362) at Sacrasento ’eak provide informution on the
denendence of "% on the line-strengith and position on the
disc.

around 1960, the study of the smoroseopis sotions
and turbulent velocities took s new Lurm when the tise
paraseter was introduced in the acguisition of the data.
The nain stimulant for this was the theoretical predictions
of the osolllatory motions in the solar ataosohere by
Yhitney in 1958.

At Mount Wilson, Leighton (Leighten, Noyes and
Gimon 1962) modified the conventional spectroheliograph
to obiain sinultaneously two uonochromatic plotures of the
sun, in the opposite wings of the line profile. Froas a
pair of such siazultaneous plotures, he obtained by photo=
graphiec subtrauction singly cancelled 'Doppler plates'.
These plates showed vividly that the field of motion on
the sun consisted of = lmramwuuuim pattern of horiszsontal
velogities within sells, which he termed as "supergranul a~
tion", From a umritu of simulinnecus pictures taken in
quidh ﬁuuaumwlna, kelghton dmwivwd *9»&&1; cancelled or
Doppler difference” plmﬁuu" The Doppler difference plate
had tuﬁ advantage of the tiwe huulm'in it, ne a result of
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the finite time taken to obtain m spectroheliograa und
Leighton discovered from such plates (in Cal 61&3, Ba'
4554 and Nal 5096 lines) the vertical oscllliatory
aotions in the solar atmosphere. He also observed for
the first tisze sinilar oscillatory time variation of the
intensity field in the core of Hal line with his
brightness differenoe plates. The subsejuent work of
Noyes and Leighton {1963) on other lines established the
exlstence of velocity osecillations around 300 sees. and
its progressive decrease with altitude in the solar
atnosphere.

_ Evans, at vacrenento Peak obtainmed a muaber of tine
se:uence spectrograas (with tise separation of 20 sev.
and %0 sec. betwesn successive: exposures) of high resolu~
tion, around guiet rag!agﬁ at the centre of the solar
surfuce, with good image quality. These tize sequences
lasted for nearly half an hour and covered spectral lines
foraed over a range of heights in the solar atmosphere. The
anslysis of these time sequence spectra (Evans and Michard
1962, ivans, Michard and Servajean 1963, Jessen and Orrall,
19633 Edmonds, Michard and Servajean 196%) provide the
following exploratory information on the propsriies of
the velooity and lutensity oscillationss
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1) The nower spectrus of the veloecity field shows
a sharp pealk in the power in the resomnance range around =

mean period of 300 seconds.

2) The neriod progressively decreases with altitude

in the solar ataosphere.

%) The asplitude of individusl oscillsitions are of
about U.4 kn'/sec. in weak lines and 0.8 ka/sec. in strong

linase.

4) The sise of the oscillating elements increases
with height from about 1630 km in the Yel6102 line to
about 3500 ka in the Hal lines.

%7 There is significant nower im the low frequency
dosuing the asount increases with depth and doainates the
spectrus for the low lying CI 5052 line, whieh represenis
a convective component im the veloeity field.

6) From a couparison of 40 preoaineant oscillations
fvans and Michard noticed that the high level line lagged
behind those in the deeper Line by about 8 seconds. This
lag decreased from a saximus value at the onset of am
oseillation to sero after a few periods. thﬁu suggensts
that an oseillation starts as a progressive wave, rapidly
decaying into a standing eseillation.
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The coherence and phase apalysis of the welocity
fields for nairs of lines show sowme progressive motiom
in the resonance range, with phuse propagution velocities
faster than the sonipg velocity. Outside the resonance

stive

range the phase lug increases with frequency sugge

of ordinary sound wives.

7) The continmuun intensity fluetuations sbow insigai-
ficant power im the veloecity ruuuuanm& frejguency runge.
“dmonds, 4dichard and servajean (1965) found shat there is
significant coherence between the velocity field in the
line and continuus fluctuations in the resonance range
with the veloeity lagging behing the continuum intensity.

8) The power spectrum of the brightness flustuations
in the core of the faint CY line siaies the non~periodie
continuus fluctuations, but with a phase lag. The flustua~-
tions in a strong line show oscillations in the sane
period range as the velocity oseillations.

Pragier (1964) studied the veloeity and temperature
fluctuations in the svlar photosphere with a leng tise
sequence of spectra lastinmg for 5% sinutes in the three
lines 8411 €371, Fel 6364 and Fel 6355. w&n nower Spectrum
of the velocities showed a siseable low frejuency or con-
vective component im all the lines, the maxisua being for
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the $1II line. The oscillatory part for all the three
lines showed two coaponents, one with a period of 265
sec. and a weaker one of period 34% seconds. The intenw |
sity fluotuations showed primarily the convective coavo-
nent at all levels and a weak oseillatory cosponent.

Howard (1962) uaing the Yount wilson uagnutngruyh
in the Doprler mode observed these oscillations at
disorete points on the solar dise. {is extensive observa-
tions (1967}, on the oseillations, using the lines Fel
5250 and Crl 5247 showed that the oscillatory metions
ccourred in well defined bursts, each lasting for nearly
30 aioutes. His studies on the phase relations by sisule
taneously observing the oscilliations on two lines, showed
the sane results as of Evans and Miobard.

Deubner (1967) made life-time studies of the welooity
oseillations and the influence of magnetic fields om the
oscillations using the Capri magnetograph.

Tanenbaun et al (1969) used one-disensional nagneto-
graph seans with varying apersures (fros 2.3" to wmw‘ax
are) and studied the S-minute velocity oscillations und
their phase relations with line-wing and line-core bright-
ness using the Fel 5250 and Nal 5896 limes. Their
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observations show that the ossillations in the wing
brightnecs lead the velocity oscillations by less than
32% in the photosphere and about 90° in the chrouvaphere,
thus showing the existence of travelling waves in the
lower levels and standing waves at higher levels.

Musnan and hust (1970) used the Uacrssento Peak
wepplor-ieeman analyser to study the collective phase
behaviour of the S-minute oseillations over large arcas
(60" x 304" of are) on the solar disc and their relation
to the rather steady component of the line-of~sight velo-
cities muwwﬁimtuﬁ with the supergrasular flow. |

%huttumhﬁryy& (1972} using the Kodaikanal ﬂhaqrvutﬁty
sagnetograph in the loppler sode and with an aperture of
546" x 1.4" 3ade a detailed study of the veloeity
oscillations on a nusber of spectral lines covering a
good range of heights in the seolar astuosphere. liils study
includes velosity observations on uﬂ,, e noticed the
average duration of bursts ian shromowpherie lines to be
shorter than those im the photospherie lines. lie fousd
that the period of oscillations reamin virtuslly unchanged
with height in the photoaphere and low vhroseaphere, but
shifts to a lover period around “f5 lwqml¢
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It 18 nov fairly well agreed upon, that the kinetie
energy stored im the oscillatery sass~motiions observed in
the photosphere and the chromosphere by any one of the
above observational set-ups, rejresents am interaediate
nhase in.thm eneryy link between the couvection zone and
the outeraost atuespherie lmrmfu. Thn‘rapid change in the
rate Qf 1@ntm&ﬁtmm of hydrogen in the subd-photospherie
layers ouuses the temperature gradient %0 be higher than
the adiabatie gradient lesding to convestive sotiom. The
photosnherie granulation is e direot senifestation of this
convective motiom. Blerszann (1946, 1948) and Schwarschild
{1948) suggested that the acoustic waves generated by the
granulation provide the heat imput for the upper chrouos-
phers and the corons. Schatzman (1949) showed that the
aaplitude of these waves ateadily increase as the waves
propagate upward through regions of decreasing density,
ultinately forming = seguence of shock waves. The outer
solar atnesphere is heated by the dissipation of the shock
waves. 12 the earlier investigations of Biermsan and
Sebwarsehild, the computed energy brought up by the
granules wvas far in excess of the amount required for
naintaining the temperature of the coroma. OSubsequent
work has shows that, only & small pert of the Surbulent
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ensrgy, which is later converted into secoustic emergy,

esgupes dissipation as heat at the source itself.

whitney {(1958) represented the fluctuations of the
top of the convection zone resulting from s cosbination
of convective zotions and sound waves, by two dizensional
equations. The fluctuating top of the convection sone
inpress notions on the overlying layers, generating waves.
fdis steady state solutions of the wave ejuations show the
existence of a aixture of wwapressional and gravitational

.wmvua of periodicities in the range of 3 to 5 alnutes.

 Lighthill (1952, 1954 developed a theory of the
nerodynansic generation of aseoustic noise by isotropie
turbulence, in a ¢oupressible Redius. The turbulemt
regions aot as sources of sound, radiating like s guadru-
pole. Proudman {1952) derived s nuserical expression for
the asustiec power so generated. ZThe upperscst layers of
the convection zone, confined to a thickness of about 60 ks
eharacterised by high ﬂmyunla nusber, are suppesed to be
the source of flux of acoustic energy. Lighthill's theory
bas beem applied to this turbulent some by sany workers
de Jager and Kuperus (1961), Osterbroek (1961), Meore and
Splegel(1964), Euperus (1965), to derive an order of
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sagnitude for the aooustic flux, whioh approxiasately
balances the energy necessary for the coronal heating.

vader the coubined itafluence of gravitational
forces and a sgnetic field, three aodes of wave propaga-

tion are possible in a conpressible mediums

4) Ordinary sound waves controlled by compressibie
lity, ean pronagate in all directions.

2) Internal gravity waves, also play a vital role

in the transport of mechanical energy in the photosphere
-mnd chrososphare. Lighthill (1967) has shown that these
waves are generated in the stable laysrs above the conveo~
tion zone, by 'tomgues of turbulence' penetrating into the
stable layers. vhitaker (1963) has worked out the propaga~
tion and dissipation of thoue waves.

'3) The Alfvén's waves, which propagate along the
aagoetic lines of feree. |

Usterbrook (1961) and Lighthill (1967) following
Alfvén considered the propagation im the presence of a
magnetieo field, consisting of the fast-mods, siow-unode and
Alfven mode sagnetohydrodynamie waves. The fast-uode
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disturbances which are sound waves L0 n good androxinegs
tion pgenersted in the hydrogen a&av#atiﬂu sone travel
through the »hotosphere and their dissipation is the
main source of chromospherie heating, while the coroma
is hested by Alfvén waves. I8 dlage areas, the wave
generation in the conveotion zone 18 lLarger leading to

#wore hoatinge.

The »>resent stute of theory broadly expluins the
wave propagation characteristiecs of the umlar‘utmﬂa@unrm.
However, there are numerous details of observation that
have been drasaticully uncovered in recemt years of
observational effort that cannot yet be isterpreied with
the aid of our present theoretical ooucepis. Irogress
here will depsnd much on the asvallability of o consistent
set of observational inforsation that specifies the
mechanisas operative and sels 11@1&; to the parameters
characteristic of then. It is the aim of the present
study to effect a contribution towards such a goal.



CHAPTER TT

THE UBLLEVATIORAL VECHNT JUes

Since the question of the origim of the veloolity
field i3 rather insecure, its soluiion has to be regarded
aore a8 a desired result rather than as a physical
saraseter nvailuble to atart the investigation. This
asvigns a great laportance to the observations on
velocity fields, since a coaprehensive picture of the
physical provesses tauking place can provide a secure
basis for inference on the guestion of origin. Table I1-1
clasnifies the details of observations of the tesporal and
enatial properties of the inhozogeneities aade so far by
the three different techniques in vogue. Also included
in the List are the mesusures reported in this thesis.

Leighton's Doppler spectroheliogran is a two-dizen-
sional map of the velocity field at one wavelength
position in ome line. The two-disemsional aspect gives a
good qualitative insight into the mature of these velocity
fields and sthe sizse distributiom of the eellular strus-
tures. At the sawe tise it has the disadvant:ge that aoasb
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'f the information about the line profile is lost. Also
siaultaneous inforamation characteristies derivable froa
yther lines are not easily available. Horeowver, the tine
resolution obtainable is rather noor, due %o the inberent
slov scanning speed in a spectroheliograph.

The photoelectric technique, which utilizes the
magnetogrash in the loppler mode, alepd suffers from the
sane disadvantage as Leighton's method, since the light
from the two wings of a spectral line is viewed to derive
the velogity field and hemce ¢annot provide any inforaation
)eyond those positions in the profile of the particular
\ine. The spatiasl resolution is liaited by the use of
\arge size apertures which are necessary for obtaining a
reansonable level of signal above the noise. Thus the pro-
yerties studied represent an average behaviour of a certainm
irea on the sun, as specified by the entrunce aperture of
ihe aagnetograph. The advantage exists of the possibilisy
»f obtaining a continuous record of the velecities over
long periods. The tesporal properties of the oseciliations
»un thus best be studied with a reasonable high time resolu-
iien, which is Lisited ouly by the photomultiplier noise and
ituospheric seeing. It is also possible to aim abt good
instruasental tnﬁu!tlvimr for the velooity measureuents.
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The rapid time lapse photography atas at
obtaining sreciro. raus in a ranid sejuence covering
simltansously sany lines. The spectrograph slig
sumples a long, narrow strip of the sun'e surface.

‘TMM sejuence thus provides detailed inforsation on

the ohysical state and the tine-developument of a long,

. parrow strip of the solur atwosphers. High resolution
solar spectrograshs usually combine extresely high
spactral resolution with a spatial resolution ss good
as one second of are. Tn such cases the spatial
resolution is linited only by the sesing condiiiouns.

The spatial properties of the veloeity fields are
studied best by this technigue, as one can derive the
line-of-sight velooity fields at different lLevels by
serely obtaining the Deppler shifts im the different
Lines. The drawbacks are that the data obtained are not
continuous, but linited by the tine sevaration between
successive sxposures. But, such a limitation s more
than o ff-get by the supreme advantage this technique
has to offer inm the study of spatial and temporal
properties uamultunnaumxf\wt'mhh velooity and intensity
fields with an usparalleled acouracy im resolution.
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Table 17=1 shows that most of the earlier astudies
have coucsutrated on the toaporal »reoperties of the inho~
argoneities, wa the analyses have beem confined: to only
2 or 3 spectral lines at one time. Alse, no obssrvatiomal
evidences are available on the hmhmviuur‘af the inhompge~
neities in the temperature ainimum region in the selar
ataosphers. Inforsation on the temporsl behaviour and
other characteristics of the waves like ihu amplitude of
oscillation in the temperuture trough are desirable for a
better understanding of the nature of the veloeity fieldes.

Any fresh investigation should, therefore, concentrate
ou the atudy of the spatial behaviour of the inhomogensi-
ties depthewise Ly taking into acoount us wany spestral
lines as possidle obtained siszulianeously.

The observations were obtained with the 56 metre
horizontal solar telescope and the 18-metre spectrograph
at the Kodaiksnal Observatory. A two mirror coelostat of
fused quarts and of 61em aperture sounted on top of a
ti=setre tover feeds a 38em two cloment achromat of 36
metres focal length via a shird airror which converts the
vertical bess from the coelostat into a horizontal heam.
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The £/90 bean forzs a 34ca diameter solar image in the
plane of the slit with an image scale of 5.5"/am. 7The
firat airror is driven by a synchronous motor which in
turn is run by a frejuency stabilised oscillator. The
frequency of the ossillator can be varied over a sazall
range, at the will of the observer by operating a ooatrol,
to compensate for the day to day minor variations im ReA.
and ngu. in the sun's position. The solar inmage can be
guided on the slit im Right Ascension and Deelimation by
the controls for the second mirror of the eoslostat and
can conveniently be operated from the slit end. The |
Littrow uﬁu«trumruph has o 20¢m two elenent achrozat of
18¢3 aetres foeonl length and a Babeock grating of ruled
area 135 x 200 mm with 600 lines/mm and blased im the fifth
order green. In the blu;wd region, the grating has a
resolving pewer of 600,000,

A nunber of tine sequences were obtained around
ahhann spectral regions with the nlthvaf the spestiregraph
located at the centre of the solar dise. Omn these wooca~
sions it was ensured that the regions in and around the
‘contre of the sun was very quiet. The effective leagth of
the slit was 1933 and & vidth of 00 1 wvas maintained in
all the sequences. A heir stretohed meross the spestrograph
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slit during the ebservations served as a fiducial line
nloag tie dispsrsion. The eoverlapping orders of the grate
ing were eliainated by the use of glass ilters wmounted in
froat of the satrance siit. The solar rotation was
eonpensated by a Line shifter placed in front of the
8lits The solar izage was moved relative to the slit by
proper amunts with the aid of the line shifter in order teo
ensure that the sase part of the sun lay over the silis,
‘throughout $he period of observation. In the early hours
nfter suarise, the value of Mvd u‘ falls guite rapidly and
its comtribution to the inmerease inm brightmess of the solar
image 18 very significant. The exposure time was,
therefore, cvontinually deereased to coupensate for the
inecreass in brishtmumnAmt the sun's image. 35mm filas in
speol s of 100 feet were used in a camera with mechanical
film trassporte The filus were tanke-developed for 10
minutes im D-19 maintained at GB°F.

Of the asany tise seguences, three sequences obtained
under exceedingly good seeing conditions have bessi chosen
for the present study. The details perisining to the
apectra are set out in Table Ii-2.
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ihe seeing conditions at Kodaiksnal 1in the sornings
are by snd larze above averaye during the winter months
(Deceaber to February) and also in Yarch and April. As
ig tyopically characteristic of mountain observatories,
these npericds are confined to about twoe to three hours
sfter sunrise. The definition falls off rapidly when the
solar hour angle is less than three hours. But, during the
gonths of March and April, the wmornings following a day of
heavy shundershowers cam offer excesdingly fine conditions
of seeing. we have used such spells of good seeing for
obtaining the sequences. IThe high inage quaiity shows by
the high contrast in the comtinuua stresks and the line
viggles are maintained throughout the lengths of the
sequences without significant change. A measure of the
resolution attained is given by the autocorrelation curve
of the gramulation intemsity field. This can be seen in
Figure 11-1. Four frames have been chosen for such study,
three of which were very typical of the good asceing and the
fourth one chosen at randos froa amongst the later franes
of the sequence when the seeing quality had deteriorated.
The full width at balf saxisun (Fvid) of the A.C. oUrve,
which provi des an objective ncasures of the ¢ell dinensions
based on measuremsnts on these four frames is seen $0 be
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Spatial suto-gorrelation fumetions of continmuum
intensity for four frames. The abscissa is in
units of 630 km. The mean value of the full
width at half maximua (FVHM) 1s 1100 ka.



Frame no.44 Frame no. 72

FWHM - 9892 km S FWHM - 1660 km

- Frame no. 48 - Frame no. 39

FWHM - 806 km  FWHM -840 km
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1100 km and 2ay be considered an average valus. The best
of these frames gives a value of FwHM close teo 1.1

saeconds of arc. The average wvalune of ouwr sesjuence is
identical with that of the $iune sequenoce obtained under
excellent seeing conditions by Lvans at Sacrazento Peak
and studied by Zdmonds, Michard and Servajean (1965). The
guiding excursions could noi have exceeded & U.5" of aroj
this acourasy being ensured by the vhotoelectric gulding
unit eaployed in ay obaervations.

A way of quantitative assessnent of the quality of
guiding is provided by the correlation cosfficient of the
grapulation intensity field of successive frumes which are
separated by an interval far less than the life tiae of
the structures. This coefficient has a value of ©.53 from
the beginaing to the end of the sejuence.

The Doppler displacenents inﬂhﬁbnpnﬁtrul lines of
the three sequences were measured, to derive the veloeity
fields. The measurementis were done with a Doppler compa~
rator constructed for this purpose. In this devive, an
13age of the line, msgnified 18 times by a Zeiss spectrum
projector, is projected on the plane of a systen of twe
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identical slits, with their centres located at » \)\on the
line nrofile. 7The widths of the slits lie in the direc-
tion of dispersion snd are kept as small as possible to
avoid considerable deptih averaging im the solar atavsphers.
The lengthe of the slits which lie along the length of the
line is chosen to confora teo th@ needs desunded by the
spatial resolution desired by the observer. The Light

from the wings after passing through the mlitu;in refleo~
ted on to two light dependent resisters (?hilips LDR) haviag
fdenticul responses to 1light. Thq LDi's are connected with
the help of other preeision resistors to fors a Wheatstons
network. when the line is centred accurately over the
slits, the unbalanced voltage output from the LDRs is szero.
The null mmmauriué;iaa&rumuus is a Dusont cathode #mr
cascilloscope operated as a D.C. Voltmeter in the finest
rwu@n¢ When the line 1is decentred by a Doppler shift of
the line, the resulting unbal mnced voltage shows up as a
displacenent of the spoet on the pseilloscope soreen. The
imman of the line is centred by Aiupxaatua the slit aystea
which is mounted on a Hilger sicrometer serew. The displace~
sont is read on the microascier soule which has a least
count of 10 M and this correspomds to a Doppler shift of
3.5 netres/se¢ in the fourth order red region. The
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spectral line is scanned aleong 1its lmn&th.mna the

Dopaler disslicesents ars obtuined at suceessive points
spaced aceording to the resolution deuired by the
observer. This instrument is adnirably auwited for the
present neasurensnts beosuse of the ease with which
wasurenents can be done and of its linear resnhouse. The
agouracy of the msasures is limited only by the proverties
of the line »rofile studied and the eamulsion used to

record the speotra and not by the cosparator.

sxtensive test measuresents were carried out wish
the comparator (o assess the reproducibility of the
Doppler shift measures. uLoppler shifts for six Fraunhofer
lines of Aowland intensity ranging froa <1 to 8 were
seasured. The neasurement procedure was as foliows.
Doppler shifts in each line of the above set of six were
measured under identical conditions of ammtiul resolution
and light signal level, as %o be used in the subsesuent
neasurenents of the time sequence spsetra. The measures
for the six lines made thus om one occasion constiluted
one ueasurement series. This was repeanted six timesn for
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all the six lines, one measurement series following
another after a lapse of a day or two. The six measuree
nents series plotted for the six lines showed remarkable
consistency. The probable error ranged from 5 meters/see
for the strong lines to 10 meters/sec for the very wemk
lines. The deliberate lapse of a day or two introduced
between the successive neasuresent series wes to test Lhe
stability of the instrusent, particularly of the elesotrical

systen.

When neasuresents on lines of different Howland
intensities are rejuired, it is desiradble to adjust the
level of light of the projector laap, 59 as to keep the
light level reaching the LORs sase, irrespective of the
strength of the line to be memsured. This will ensure that
the operating points on the response surve of the LDAs
are sane for all the measurements. Although this was
possible in the present set up, the light level was deli-
berately kept different for twe of the measuremsnt series.
The consistency of these measures with those of the remain-
ing seasurenent series ensured the linearity of the system.

To test the reliability of the somparator, the
Doppler shifts wvere deterained independently by the
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progedure of Evans and 1ichard. ITwo aierodensitosster
traces were aade parallel to the leagth of the line, sach
on either wing of the line profile in the sase location
as the two slits of the Doppler cosparator. {he local
sopoler shifts wers thea evaluated from th# afersdensito-
mater records by the Lwvans and dichard method (1962j. The

results obtained froa the coanarator and by the above

aethod showved very goond agroenent.

Iwo of the senguences were recorded on the Kodak
enulsion IVE, which has a fine grasularity. The noise
resulting froa the photograshie grain in the ease of the
Anseo Hypan X film, estimmted froa mamnmrnmuntu on a frase
of the time sejuencs is found to be 40 netres/sec.

Another source of woise is the turbulence inside
the spectrograph. The observed Doppler shifts in spectral
lines are the actual Doppler shifts im the lines modified
by turtulemce. Both the time sequences im the red reglom
cover telluric lines. Heasurements of velooities vere done
on one tellurie line from each sequence for all the
exposures. This yields the patters of turbulence along a
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vertical eolumn and a cnuparison of the nattorn froaz
frase to frase, a picture of the teaporal variation of
turbulence nrevailing inside the spectregraph. The rem.s
value of the turbulence estizated along the length of
slit is 59 aetres/sec.

These errors being so saall, will have no

significant effect on the results to be discussed in the
next chajter.



CHAPTEK I1X

TAE SPATTAL AND T290RAL PROPLERTTLS OF VHE
LUASTL2 0T 00T DECTLLATIONS

The teuporal characteristics of the wvelocity
fields are studied well with a time sejuence lasting
for as much duration as can be obtained in practice.
Their spatial characteristics depthwise are best studied
with speotra covering as asany lines as possible. It is
very desirable to include lines of different intensities
and excitation potentinle, 0 as to obtuln a good repre~
sentation of the verticaul erosa-section of the solar
atmosphere. but it has not been possible to fully uutt»fy
the latter condition iu proctice. Yeak FPraunhofer lines
with high exeitntion potentials provide data om the aiaput
photospharie layers. An exposure aimed at obtatning weak
lines of the correct density, for measuressnt of velocity
and intensity, will result in under~exposure of strong
lines on the same frame. Therefors, it becomes necessary
to seek a coapromise in choosing a wavelength region
containing as sany lines as possidle and whieh will
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ressonably reoresent a sajor part of the photosphers

and chromosohere. Iuformation of this kind from two eor
three sejuences can help to build up a composite ploture
of the spatial characteristics of the veloeity fieldes.

Table TII-1 contuins detalled information on the
absorstion lines used in the present study from the
three time-seuence soectra.

In sequence A 1082, I measured the Doppler shifts
for B solar lines, TIhis sequence ineludes a S11I line
of high excitation potential and Fel lines of varying
intensities and excitation potentials. In sequence A
1100, I measured the radial velocities for 4 solar lines.
Ihis sejuence includes 65&7.63@3'ur atomic carbon formed
in the very desp photospheric layers. The high contrast
and the very low gramularity &r the Kodak IV-E eaulsion
on which these two sequences were obtained, enatled the
neasurenent of sasll Doppler shifts even in the broad,
basy deep-lying lines like CI and $iI1 lines. The neise
level is, however, not negligible, as in the other lines
investigated. The two sequences AVWB2 and A1100 have
telluric lines in the wavelength region studied.
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The main interest in sejuence 41133 comes about from
the fiot that it contains the line 4281.3T4% of the

CH moleoules 1 have made measursments of velocities on
this moleculnr line und also on the neighbouring Cal

ling 4283, the latter to serve ag a coTPArison.

The fourteen solar lines chosen for astudy, have
their mean desths of formation well distributed in height
in the solar atmosphere, ranging almost from the granula-
tion layers through the photosphere up to the low chromoa~
phere. This is shown by their contribution curves to be

discussed in detall later.

The mierophotoneter soans along the direction of |
dispersion of one frane from eanh of the three seguences
gave the shapes of the line profiles of all the spestral
lines. From these traces, it was possible to decide the
widtha of the slits to be used for each line, for measure-
aenks on Lhe ﬁamyimr coaparator &hmt would satisfy the
condition that the slits be Located on the steep part eof
the profile, &0 as to offer high sensitivisty 1uy&&w
meusuresents. In doing so one must keep slit widths |
within a maxinus value, 80 as $0 keep the depth averaging
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in the solar ataosphere within reasonable liaits. The
location of the slits on the corresponding »rofiles are
given in Table I1l«1 under the coluan 3JXA(3§ and the
width of the slit under the columa #(%) for the lines
aeasured. The lenyth of the slits was ssintalined uanifors
throughout the acasuressnts, corresponding to 10ﬁd‘km on
the sun, as this was considersd a sufficient walue for
the apatial resolution. This length for the conparator
slits give seasuresents nruvwlnutﬁiaq at 61 points,
regularly spaced 1080 k= apart for bmnh spectral line
along the slit of the ﬂﬁﬂﬂ#ﬁ”ﬂ#&ﬁﬁm |

Measurenents at the comparator of each srectral
line yielded a A ( x; ) curve of wlwzw. as & function
of position along the 2lit. Sueh A {(x) data consist of a
series of 61 nuabers that are the Doppler @#&@mrmtnr
readings. These nunbers Q}w mamtnat an arbitrary zero
point, which ohanges from line %0 line and fraze to frame
for the same line.

The A1082 sequence has 120 frases exposed successively.
fience for each speciral lime the data vonsists of a two
aimnmitwuni array represented by A (xag t;)vttu 4 5
running from 1 to 61 corrssponding to the 61 points along



1116

the 81lit and *§" runming from 1 to 120 correspondiag to
the 120 frames. The wrray for eath line thus consists
ef 120 columns and 61 rows.

Seouence A1100, with 62 exposures, has for each
line 62 columns and 61 rows forasing the array. ?ar-aam%a
and A1100, successive values of tj are 20 ssoonds apart
and xg 1087 ka apart on the aun.

A113% has 160 exvosures and the array for each
line has 160 colunns and 61 rows. duccessive values of

ta are aeparated by 15 seconds, ma renaining the sane.

The output of the Dospler comparator for all the
aolar lines consisted of asore than 105 readings, which
were then punched on cards for furiher processing.

The A {(x) curves were plotted for one line in each
seguence to detect the possibility ef any declination
drift which sanifests itself as a Jdrift along the spectiro-
graph slit during the observations. The fiducial line
along the direction of dispersion was provided by the
shadov of the hair line soross the spestrograph slit.

The 61 points along the length of the spectral line at
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which velocity messurements have been made are lovated
with reference to this fiducial lime. The a (x) curves

of auccessive frames plotted on semi-transparent paper,
when superposed, satched very well svery-where and did mot
show any sign of drift along the slit within detectable
limits. This fis alao confirsed by the high corrslation
coefficient of the granulation field between consecutive
frames referred to im Chapter II. A similar correlation
coefficient worked out beiween successive frames for velo—
cities range from D.65 to 0.8%. 7This is probably due teo
changes in veloecity at imdividual peints during the 20
second interval.

 The velocity shifts in the two telluric lines, one
in A1082 and the other in A1100 were memsured in the sane
wvay as for the solar linmes. Their A (x) eurves represent
the turbulence in the earth’'s atacsphere and inside the
spectrograph. These A (x) surves were averaged to form
one fimal X (x) curve. This was the average of 120 curves
for A1082 and of 62 ocurves for A1100. This average A (x)
curve provided the reference curve, deviations from whioch
yielded velosities. In the case of velosities, the shape
of this reference curve results only from the curvature
of the spectral limes, produced by a plame grating on
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account of the change of the mf&uatiwn groove sejparation
for oblique rays. For the sejuence A113%3, in the absence
of a telluriec line in the spestrul region, the reference
gurve was derived by averayging the 160 veleocity ecurves.
of one of the solar limes. This reference surve was
fitted to each A (x) ourve at its sesn value and the
difference A (xy4 by - To(x) =¥ (xgs 84) read at the

61 points. The V (x,, tJ} values form the fluctuating
component of the velooity measured with reference to the
soan of each frame. These values were then converted to
vertical veloeities in kg/u«u using ihn Doppler relatiom
valid for a stationary atmosphere. This was done with a
CDC=3600 gpomputer for all the 14 solar lines. The output
of the computer gave the data points to forz the array

¥ (x1’ h3) for all the liﬁanu by reading horisontally,
one gets a V (t) curve. For any one line there are 61
such V (%) ourves. Saasple plots of these velosities as
funoticns of position along the slit and time for 6 speciral
lines are shown in Plgures IXI=1 to 11X=4.

These velogity measures ars not absolute. They were
neasured, as mentioned earlier, with respect to the sean
taken over each frame. This procedare has autu@mttuﬁlly



1TI=-9

filtered out all modes of large horizontal wave lengthe
sarticularly, those of the supsrgrsnulation cells which
have a2 horigontal wavelength of about JI0,000 km. Also,

in the nessurement srocedure, Lthe 61 points onm ths slit
are 1030 ke spyarte This would bhave filtered out the
sasll wavelengtnag in the velocity seasures Lo some extent.
But this is not serious, as the size of the oscillating
colls, is much larger, as will be shown shortly.

The Pigures {I11I=1 to ITl=4) of the velosity leois
show the teaporal »roperties of the oscillations over thu‘
‘gntire lengsh of the slit, corresponding to 75250 ka2 on
ghe sun. At any one instant, the velosity plots for limes
in the sane sejuence show the sinultaneous behaviour of
the velocity fields as different levels in th§ aolar
atmosphere. The oscillations ocoupy a substantial pars
of the selar surface with measurable unpltﬁadtn and stand
out yrosinently. The amplitude and period of the oseilla~
'tiuam change irregularly. The velocity plets of the
¢! 6587 lime are moisy, slthough the oseillations are
recognisable. In the vase of the lines mmmnua at higher
levels, the regions oseillating im cohereuse can very



sample plot of velosity vs t1ae and position. The
ourves represent the velooity ab consecutive points,
Separated by 1080 ka on the sun, Ihe high mmplitude
feabure at 'A' can be seen in 63% and 63%8 lines im
Hgire 1111,




5400 km

1

Fe] 6338.588

Fel 6330.859

T T 17T T 717 LT T T T 7T 1T 1771
A AN A S NI AN A
NI iy sl SOy A
NN~ AN AN TN M/V\I’MV‘WWM/"\AM\«‘W’V""‘\«
NW\/\W\“\A MWW’\,\J"\—W\:
L M NN Y AW WAV NN
/\\N\MN/WL[\ WW«-’\NW\
AN W NN /AN ARV ONGANZN
AN A A AMA N
SIS N AN AN W
J-v\«/\,.w"\v\/\_\/v'\'/\fwm
"IN T R AN |1 500 myse
M\/\/W'\r-/\v«'\,\/ ‘/J\/\'\—v/\\,/“v'\/‘\""v"’\v\/\“\,\/
WM n N AN NN A SN N v NN s
/W\'\“\WW'\V’W” VNN A WA
— ANNAAN g —W
w\-w\/\/vw/v/\\
SN AN B A AN e N R S W
o VAT e vt A GA Aot
— NN AN WA e, = VNN NN
AN AN N A AN e WAV W
N AV 2 W WY i W N WAWINS NN A -
N R NN
W“’W/\\/AW WWW
M AES SA NN A I M
B\ VAR AN WP P SN
| NIRRT e A
WA, M N TN
WWJ"‘W
_waf\fw\/v _ ,
W
M 'II\IIIIJII |
o) &A 20 40 0] LA 20 40 MINUTES
Fig - lll-1

8194



Fel 6344.162 Fel] 6358.695

5400 km

I I I I

/\PMM”M ,/\NJ\__/J\/V—-\/\_A-WW/\JL
e inoaggstasiiieg RN A e A&
/WMMN'\W

MMMM IWV\V‘MM/\W

SN Nt A S A
NN NN i A VAW N AN NIV o WA
W\WWW JW/\\.V./\[W—\,\N
PN AN T NN MW/\W\/
SN NN AN I A
I A e B A A Al LT T T
R N N W g AN\ A A A
NN ST A e AVER WIS 2 Sy o W Ve W
SN NN A N NN AN N e
— VNN ANN e N — NN e
R A YA A WAV any ""VV"“W\./\/\,M/—\,
W/\/‘“W\/W\, WNW\’\/
WWM EE Y N N W e P
VAL NN TN N T e NPV e W NSNSV
— AN\ N\ — NN\ AN S S
AP~ NN N‘\.J"\/v\,/\/\/r\/\/w
A NN N N AN AN NN
\/W’\/f\//"“v\/\./ W\W"“’W

\W’W’\'\/\
NNt N M AN S A e N

0 20 40 O 20 40 MINUTES



5400 km

Fel 6336.837

WWM,‘," 1500 m/sec

l

Fig -lll -3

40O MINUTES



5400km

CH 428| .974

] 500m/sec

O 20 40 MINUTES

Fig.lll -4



I11-10

easily be identified. Im most of the cuses, the boundaw
ries of aress oscillating coherently, both with reference
to space and tine are not well defined, whioh shows that
the onset and dying dowm of thwﬁu pacillations are not
clear out. In betwean these arecas oscillating with large
amplitudes asre those with very irregular oscillations of
asplitudes much less than 100 metres/sec. These represent
regions vhere oscillations have died downe

By plaeing a straight edge vertically on any of the
Flgures{T7l=1 to TIT=4) to represent the slit, it is
possible $o count the number of consecutive waves that
oseillate in phase und alse the munber, where the oseilla-
tione are very weak or not discernible. Such a measure-
ment done for several positions of the stralght edge, shows
thnt 2t any instant, the regions oscillating in phase
ocoupy dizensions along the slit of about 10 to 12 seconds
ef are, corresponding to an average dimension of 8,000 ka
on the suns Jn between these regionas are thowe with very
wveak oscillations of alunost the same disension. Constdere
ing this t6 be a typical size for the diameter of an
oscillating ocell, it iz seen that at any tine about 504 of
the sun's surface arcund the centre is osolllating with
vertical veloeities of amplitudes above 150 wmetres/sec.
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The root mean square of the saplitude deterained fron

the nroainent oseillations for the lines are given in
Table I71«2. The values of the aaplitudes do not show

a definite inerease with height, alihough there is a
suggestion of this. Al®so, the h&igh& df f'ference between
the lines is not large enough for a substantial decrease
in density of ¢he solar aaterial to cause a significant
increase in amslitude. Tn the CT 6587 line, the anplitude
has been wsagnified by the nwoise in the records.

1% is poasible to follow the individual bursts of
oscillationa ccourring at sany voints on the sun. The
escillations with anplitudes of 200 metres/see and above
last in general for 10 to 15 ainutes. This can be con-
sidered to be a measure of their life time at Sthese levels
in the atmosphere. The amoclitudes them fall off rapidly
to negligible values. After a lasse of about 12«15
ainutes, the oscillations bulld up again in the same
region. There are many exceptions to this possibility,
where one findes that the axullla&lanu remain at insigni-
ficant amplitude levels for much longer periods of time,
without any significant change. |



ITl=12

Pollle Be
bine agplitude

ka/sec.
el 6358.69% | o 28
Fol 6344,.162 » 26
Fel 633%.345 28
Fel 6533.884 | 23
Cal 6572.79% 24
el 6336.837 23
Hil 6586.319 odd
BiX 6339.125 edd
CH 4281.794 23
Cal 4283.016 ' 25
Fel 6333.%8 . e 22
Pel 6330.859 22
C1 6587.622 o4t »

* Value high as the records are
neisy.

L d
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The ocourrence of oseillations, in bursis, have
prazanted sany workers to favour the model, where the
granuvies act as individual pistons giving rise to osgile
Latory motions, observed at these levels. This appears
0 be a siamplification of the real situation. Sueh ifadi-
vidual impulses genwrated in s random manner over space
by the granulayr oistons, cannot obviously supsly enerygy
for the osoillations to ocour ooherently over a soale

aany times the size of the granules theuselves.

The plot of velociiy with reference to tine, shovws
the solar surface to be covered with oscillasions, but a
careful serutiny will reveal these oscillutions to be
quite complex in nature. When examined im detail, the
oacillations in neighbouring regions do not seex Lo have
a one to ons correspondence, but omly some Zross charage
serisvize in common. The bebaviour of these juasi-
pericdic oseillations can best be deseribed only im
statistical $erms. The dimensions of the osecillating
regions, the life tize of the burstis ete. estimated above
should be considersd only %o represent soas of their
general oharacteristics and not as rigid auuntxtaxivu‘
ostinatas,



T1l=-14

The oscillations in the weak lines (e.g. 6330.8594
and 63%54.5844) show noise, seen as flmntuﬁtianm BUD GP-
posed on the oscillationas. The high level lianes are free
froa these. ‘rominent oscillations can be easily trasced
at all the levels; thus Lthere is a high degree of coherw
ence in the wave sattern spatialiy. Une high amplitude
osetllation extending for about 8500 ka im the region indi-
cated by *A' (Figure 1IT=1) in the plot of 6330.859i
line is also seen in the 6338.585A line. But this feature
18 not meen =0 markedly in the high level lines. Thia may
he due 0 the filtering effects in the solar atuospharse.

The line 6330.859% has a Rowland intensity 2, an
ﬁxnita%tnn notential of 4.73 e.v. and a gf walue of 0.9
Por the line &saﬂ,ﬁﬂﬁﬁ. the oorrespsonding vmlhau.urn 29
4;?9‘ @.v. and 0.42 respectively. The velosity plots for
the two lines show oanly as much sisilarity betweenm theam-
nclvmn, as they have with any other line. There iz a
gross resemblance inm the waveforms, but the uimtlartty
does not extend upto the saallest features. It looks as
though, twe lines having identical strengthe and excita
utdu characteristios may mot ashow identical velocity
patterns.
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The oscillations having saplitudes moere thsn 200
metres/sec. have been nicked out and the neriods have been
detersined from such wavese. The resulis are plotted inm
the fora of hivtopran in Pigure I177=5 for all the lines.
The histograms show that the sredosinant pericd of csoile
lation in the levels under study, lie in the range of 280
to 310 seconds. Precise deteraination of the period of
these oseillations requires detailed statistical analysis

which ure discussed in the following puragraMse

For a relinble and @runiad deteraination of the
prodominant periods, I have done »ower snectruas analysis
of the veloeity data for all the lines. [he auto-correla-
tion functions were first calculated and thenm the Fourier
traneforaation of these funections yielded the power speotra
in the freauency domain. The theory and application of the
techniques of power spectra analysis have been discussed
in detail by Blackman and Tukey (1998). The preseat
analysis closely follows the methods of Bluoknar and
Tukey and is briefly described below.

A continuous record of weloecity at any point on the
solar surfuge, lasting for s finite length of time I,



The distribution of periods of oscillation in 10 lines
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represented by ¥ (%), can be considered to fora a station~
ary tizne series.

The auto-covarisnce funetion for such u series
for a lag T is given by

"ﬁ‘“T/m
C (= Lm = JIV@- V{E+T) Al gy
—Pet Z7),

The nowar snectrum of the mh@vw funotion at freiuency
' 2 ¢ gxpresased as a two sided cosine transfora is given

by

+ o< . ‘
-t 2 w7

PLW} < S C LTB ’e‘ AT (3»23

R

Ihe relation between £ (TU) and » {(2) may be more simply
exnprassad as a one sided cosine transfors vis.

L
PLDJ) - S QC"C’) Cod 27T 27 Jd {3.%)
o .

Usually, as in the present case, the data cousiets
of velooities in digitised form spaced at as cloze
intervals as peraitted by observational procedures,
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fnstead of eontinuous records. JThus if‘?,, \F1 Va eoe Vo
are the values of the velocities at equispavsd imtervals
ef ﬁlmn. then the general tera for the aut@mmwﬁariauam
funstion Cr i gliven by

"

AR v
‘ 1 .
C\l‘ R Z Vl: : \/‘::-1-\/' - (‘V\,E\: Vb) {(3.4)

This is the mean lazged sroduct with adjustaent for the
mean, for a total of 'm' datm points. A series of autoe
govariance fuunttunact. cﬁ e “u are enloulated with
values for r=0, 1, 2 eeo =« Io practice, it is
necessary to keep the maxizuz wvmlue of r at a smll
fraction of n, t0 sreserve o ressonuble stability for the
estizates. Next, using these values, the finite cosine
series transforas are caloulated and the gemeral ters is

glven by,

=}

[FAREHIE M[co.“.(z ¢ cug(fi;f}‘— + C, T
K=\

y/ {3.5)
vhere A7 is the interval between two consecutive data
points. This represents the unssoothed pover estisate
for a frequency of (r/2m At} eycles per second. The
spectral estizates are smoothed by using a suitable
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saoothing or *‘window' faustor. T have used a ‘hanning
window' in this unalysis. This asdifies the sneotral
estinates by the following weighting functions.

U, - 005V, + 05V,

D.»z.[s v‘{-—\ g 0'% \/\‘A _‘-0.'25 V\[-.,{.‘

Uy (3.6)
Q/\-M;‘ UWM: 0.‘%\/%”‘ VNPD'SVW }S"f' < A

L

The tise dequences have been obtalned at intervals
of 20 seconds aund 15 seconds. rhn'valmaittun obtained
ut this i{nterval has meant soze loss of iaforamation. This
does not, however, affect the ruuultﬁ. a8 the iaforaation
is lost oaly for freguensies above the nyjuist frejuency
which 18 , =) - = 25 x 1077 ks. Gestdes, 20 sec. is
an interval to0 saall ovupared to the perioed of oscille~

tion. Also, with a spacing of 20 sec. or 15 sec. there is

no problesm due to allmmlua of frequencies.

1t is the usual practice to obtain the power spestirum
with one value for the maximus lag, for emleulating the
auto-correlation funotions. This value of the lag is =0
chosen as $o yield estisates in the neighbourhood of
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frequencies, where the suspected periodicities iie. buk,
with lisited length of data the power spectrua obtuained
thus has usually a poor fresuency resolution for the
srectral estizates. In the mrmﬁuut analyeis, 1 have

varied the lug and computed spectral estizates of velow
gities for all the lines, for five differeat lags. 7The
five values chosen are close to one another and are around
337 of the total length of the data. Hach lag gives

pover estizates at the frejuenolies apnropriate o it. with
the estizates for the different lags put together, the
freguency resolution a&n be oonsiderably iuwrmaaudw This
vas done the following way. The total nuaber of velooity
values or data points in any ome row of the array is 120
for sequence A1082. T'he power spectrum with say 29 lags,
gave the estiantes at 206.6 sec. 290 sec. and 232 se0.,
with 30 lags, the estizates were at 400 ses., 300 sec., and
240 sec., besides at other periods far away fros the peried
range of »resent interest. Similarly, with 31, 37 snd 38
lags, the estimtes at periods 310 see., 296 sec., and 304
888+ respectively wers obitained, besides the estismten of
power at periods above and below these valuss. The power
spectral density derived froa all the five ings for the
poriods 200 set., 2964, 300+, 304.y and 310 sec., were then
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colieoted together for comparison. .ﬁ correction is

required before these results can be directly compared.

The band width corresponding to each estisate say be

taken as /1., where I, is the maxiwum value of the lag
used. <Thersfore, when the lag is inoreased, the frequency
bandwidih over which the estisates ave oblained, decrensas
nod consequently the sower falls. This full in power, due
to the chunge in bandwidih can be cospensated for, by aule
tﬁglying py a faatar #quml ﬁa thmvramtm of the bandwidtha,
f.00 the ontinates odiained with lag 38 can %Q‘aaﬂyarc&
with that of lug 31 after multiplying the former by the
factor (38/31; in the period ramge of our intereat. Thus
the estimates with d4ifferent lLags were bnuughi‘tu a oconwon
scale and them compared. It becane vossible by this methed
to deternine uniquely the predosinant gmriba of the oscillae
tions for the differemt liaauQ within 5 seconds. T% ia
necessary, that the lags chosen, lie close together;
otherwise for lags far apart the stability may asignificantly

change mnd sake such a coaparison impossible.

Contribution curves for eight of the solar lines
utilised in this study were computed by the mmtupd of
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weighting functions. This method first developed by
Unsold and Jinnsert for weak lines was extended %o strong
lines by Yecker, by the introduciion of the saturation
function P . |

The model atiosshere, 7 have used [or these 00aDU-
tations is the one oronosed by ilste (1367). This model
is a modification of the Hilderbery continaum atmosphere.
The numerical values of the paraseters of the aodel viz.
the temnerature T, slectron pressure ﬁ"mud the continu-
ous absornstion coefficlient K P @ BT given as a function
of log v for the wavelengih woux tn Tuble 11l=3. The
log v values range froa =3.2 to + 1.0 in steps of Ue2s

following Fecker (195%) the line depth ¥y defined
as

:z%o °/J> — wax Lo )

D SR LR T

asy be written in the fora

<

N o= S G ("t")'\f" (E.Q...Zt..) 4T (3.8)
o K no /“
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where G (T ) is the welghting funoction and 1s given by

( ) {Q Bl e N .Z;‘ai — B () ,e.—_T//A
(}1 ) = = R 1.9
[ e DT s
° Va

The saturation funetion introduced by feckor can be

X
| (‘m) Ehd
- o KXo M
-\1/ = KR ' (H.W}

written as,

Thu_naurmu fuaa&iuﬁ which has been set equal to the
lank function can be exnanded in the form

BLT)T_ a + by +cE.(T) (30 41)

where By (T) is the exponential integral. Substituting
the expansion of B ( v ) from 3.11 in equation (3.9)
and integrating the expression, the weighting function

can be written ag

/4"T/ﬂ[b”c‘5'“) re e (o)) (3.12)

G (7) =
T) a_’-b/““’—-f-C[(,_/AIM(\#'}L;)J
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I goaputed the weighting functions for three wavelengths
viz. 66008, 63502 ana 43070% which correspond to the

region of the three tize sejuences. The values of 5, (T)
for the corresponding values of T of the zodel ntmosphere
were osicked out froa the tables srepared by Katterbach and
Krause (1949). The values of the oonstants, ay b and ¢

at these wavelength regions wers obtained by internolation
from the limb darikening observations of “isrce and Waddell
(1961). since ay observations are at the centre of the
solar dise v ocan be set equal to 1.

Table 111-4 gives the values of the veighting
fungtions thus coaputed. It is convenient to integrate
squation 3.8 over a log  scale as done by Elste (19535).

Louation 3.8 then becones,

ac I .
G kay T YW ( )
v "o ‘g m_wmﬁ,_)f. ......................... - d Lb’% (’. ‘3}
< e /“ K xe Mad

where Mod = ©.4343

'

iy
._._jw T N1 A Leg 1)
= 7K M ed
ama Y o=@ ro /O (3. 14)
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The selsctive absorniion evafficient kAM per hydrogen
atom gun be expressed as |

/SN
< A.g. MNea | ("73"3\5
ka :“w;-m Ne DA (3.15)

vhere, A is the abundance of the element, § is the oscil-
lator streagih for the transition converased, N _ is the
nusber of atons of the element at the energy level corres-
ponding to the transition givimg rise to the lime, W.is
the total nuaber of atons of thut element, amd A Apis
the Joppler widih given by

| QJ<T'_+ -5 :y/

A >\I> = —
where XK {8 the boltzman’s constant, T the effective
tewperature, 1 - is ths ﬁuu of the aton und ‘%bu the

aioro-turbulent velosity component. S, has been neglected
in the computations.

Eguation (3.13) can now be writtem as

- D
o s Pty e

JTT 2™ Xe AL
whare C2 I f
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and the umi‘aa;r?z.ﬁimn function,

A\
....Cj‘ T Nia 2 é&hb) A Log T)
’\IJ - £ o iﬁu‘?}

The saturation functions were goaputed for each

value of {log T ) of the model atmosphere for all the
lines, excent for O 6587, This line has a Hdowland
intensity of «1 and the ~V values ocaleulated had no
significant effect on the contribution funciions.

An exprassion for N‘:"f-/ Na from the cembined saha
and Boltzasann equations, cun be written as

SRl KkT
NLQ P«Q %La —Q_ ’

-

i

TU R 12U <747 ¢ Rl Bk

where éﬁ*‘ « is the electron pressure

Byg ~ 18 the statistical velght of the level
Uy (1) and v, (T) are the partition functions of
ghe neutral and fonized atons respectively and

2l -3 .5
(p = L::.T\"w)/ /(L ”K /L
Y% = the exeitation potential
and T - 18 the ifonization potential
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for each line, the values of D}j‘\',i ware coaputed for the
22 temperature und electron sressure values corresyond-
ing to the 22 levels of the model ataosphere. Ihe narti-
tion functions were ploked out from a grashical intere
aolation of the values of Class (1940). The oscillator
strengths are those by Corlissg and wurner (1964, or fron
HolleBs Tubles.

The contribution function which is the fntegrand
of eqnation (%.16) given by

Av(t)=Cy [/“ :; NN: el (MIJ] (3.19)
was computed for the 8 lines at u value of A )\, vhare
the Doppler displacensnts were measuired. The ocurve for
CH 4281.794 line was borrowed froa the eosputations of
¥irupaza (1965). The contribution ocurves for these lines
are plotted in Figures I71«6 to 11¥-10, The maxisuaz of
the curve correasonds on the log T seale to the mean
denth of formation of the absorpiion line. Table TIiI=-S
containsthe values of the mean depth of ta?muﬁtuu of
these lines.



Contribution curves of 8 solar lines as a funetion
of optical depth T . Thess are computed for the
A) at which the Doppler shifts were measuraed.
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For any one line the velooity duta consists of 61
rows. [he rower shectrua for euch row w:s caleulated.
The power snectrum for two of the lines Fel 63%8 and
Fel 6353 are shown in Figures T7T-11 aﬂﬁvtttwiﬁ for 50
consecutive rows. The behaviour of individual noints on
the sun, 1030 ka apart shown by these curves can be

suamrerised thus:

1) fhe regions where, goherent aaotllutzuau prevail canm
be nicked out much essier by their high 2ower. Lhe
disension of the oscillating cell can be seen to be about

4000 km, by counting successive curves looking alike.

2} The freuency {(or serisd) shift in the curves san be
noticed. Uocasionally there are curvaes ui@h'twa poaks,

one at 337 sewsnds und another at 236 seconds. These show
that a unigue value cannot be assigned for the period for
any line. This is %o be expected since a line is formed
over & range of depths in the solar atmosphere, vithin
whioh, the physisal properties cannot be unifora and the
levitition effects are significant. The resomant frequency
of such apn atmosphere is bound to have s range of values,
rather than a unique value.
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Power spectra of velocities im Fel 6338.588 linme at
51 consecutive points 1080 ks apart on the solar
surface. The distridution of periods of oscillation
can be seen from the shifts of the peak in the power

gurve. Areas oflarge asplitude oscillations and
areas of no oscillations can also be seen.
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Pover spectra of velocities in Fel 6358.695 line at
49 wmmuw pointa, 1080 lkm apart on the solar
surface.
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3) There is a high degree of resemblance in the power
spectra at the two levels both in the vigorously and
veakly oscillating regions. |

The 61 power spectruas curves were them averaged
frequency-vise to yleld the final average power spectrua
curve for each line. This process of averaging will
enhance the statistical weight of the power spectrus.

The average tine power spectra of velocities for the
lines are shown in Figures 17Y=13 to I71-19, The abscissa
is in units of frejuency for convenience in plotting.

All the curves show promcunced pesk power around the
period 300 seconds { 2> = 3.33 x w“" Hs) which represents
the resonance range of the oscillations on the solar
surface. The tall peak in the power suggesis that the
noise im the measureasnts is quite small. The power in
the resonance range obtained for the five lags were
gonpared after applying the correction factor, described
earlier. This gave me the peried of oscillations for

the different levels im the solar atmospbere. Although,

1 am avare that no unique value for the period cam de
assigned, my aim was to deteraine a value for the most
probable pericd of these oscillations charasterising esch
line, scourately at a high resolution in the frequency doaain.



Pover spectra of the velooity fluctuations in all
“the 14 lines under study. The sharpness of the

- Pesonunce peak increases vith height im the solar
ataoaphere
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The values of the perlods are set out in [able TII=G,
where the lines are srranged the way they occour is

height in the solar atzosphere, with the CI 6587 line

at the bottom and the Fel 6358 line at the top. The mean
denth of foraation of these lines have alse been included
in the table, in teras of leg T gopp derived froa the
contribution curves for theue lines. Figurs I17-20 ashows
& nlot of the periods against the mean depth of formation
of the lines.

bine ) Period Secs Log T
Fel 6358.69% 295 -te2
Fel 6344.162 295 | -1:0
Fel 6335.345 29% -0
Fel 6593.884 299 | -
Cal 6572.795 29% 1.0
Fel 6336.837 295  «0.8
N4T 6339.125 29% o
CH 4281.794 295 0.8
Cal 4283.016 295300 0.6
Fel 6338,588 295-300 =06
Fel 6330.8%9 295=300 -

L R A N O - s o d




A plot of the period of oscillation observed in the
lines sgainst their mean depth of formstion in teras
of log T
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The period decreases with increase in heijght.
The low level CI 6587 line shows & period of oseillation
of 4 sec. and the high level Fel 6358 line, a parioed
of 295 seconds. The decrsase in period with height, is
in agreement with the observations of Svans and 4ichard
(1962} and of Hoyes and Leightom (1963) om other speotral
lines. The periods dmwmimﬁ from individual wave trains
or bursts by Bhattacharyya (1372} with &Lhe magnetograph
with aperture 1".4 x 5".6 do not show a mmuu dependence.
The periods given in Table 11I-6 represent the mosk
probable value with a nigh statistical weight, belng the
average of 61 points on the sum. I% is f.hﬂ sean period
that shows a height dependemce. It is possible that either
the period variations from purst to burst are too large o
as to drown the variations with reference to height or
that the spectral analysis sarried out 4id net have enough
frequency resolution to show up this preperty.

1§ is knovs that an isothersmal atmosphere is a
dispersive mediua and for a given diresction of propagation
there exists two eritioal frequencies <7, and (5, glved

~3
e ——"

by _ ),
e, 49 . & - %
2 C

= and Wi =
el
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where ¥ » §» and ¢ are the ratioc of specific heats, the
agceleration due {9 gravity and the sdiabatic sonie

velocity respectively.

For frequencies (o > Iy | they are sound waves
sropagating in the vertical direction, and for frequencies
W <. U, they are gravity waves. For frejuencies within

o, and WO, s no propagation is possible. According te
Moore and Spiegel (1364) the observed oscillations im

the solar ataosphere correspond $0 the forced osoillations
due to the action of the non-propagating frequencies in
the interval (v, —(o, » IF this is acsepted, thm at any
height only frejguencies ~> (0, ¢an propsgate upwards without
nttenuation. 7The other alternative of frequemcies < (.
in the form of gravity waves is ruled out, simce gravity
waves cannot exist at these levels due to lov radlative
cooling time of the sol wr atamosphere. Thus, the selar
atnosphere acts as a high-pass filter, filtering all frequ-
engies < (v, , the value of (o, itself increasing monoto-
nically with height due to the change im physical conditions
with height. Thus, the frejuency spectrum will be differe
ent at different heights. This i8 reflected in the pover
spectral curves; the domimant frejuency or the freguency
possessing maxisum power shifts towards high fregquencies
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with increase in height. Since the trarped frequencies
at any level will not contribute to the sower at higher
levels, the period of oscillation from the power aspectra

can be expected to show a decresse with height.

Tn fgure 111=14, the lﬁwnw carve is the power
spectrun of S1TT 6347.104 of Lhe sejuence A1082. Ihis
line is forned in the very deep layers in the solar atmos-
nhare. JThe spectrograns of ANBZ obtained at a high disper-
sion showed this line to be & very close doublet on a
visual exumination. The Utrecht Atlas shows this line to
have undoubtedly clean wings. Despite the appearance of
the lihe as a double, the microphotometer trace of the
spectrus along the direction of dispersion did not show
any evidence of the doublet structure. I felt, the power
spectra of such a coabimation will be of gemeral interest
and included this in my ssasurement programme. during
these neasurements, the limes being 50 close to euch
other, one slit ef the Doppler comparator was loocated on
the violet wing of ene line and the other slit was in
the red wing of the other. The iwe limes are almost of
the sase strength. It is interssting to note that although
the power spectira resembles in general thai due %o randon
noise, the peaks a2t the low frequemey (around 2= 1.25 x
16'3 Hz) as well as the peak iw the oseillatory range
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(around 2/ = 3.35 x 1077 lz) are distinguishebdle,
showing the tysieal churucteristices of a low level line.
The power sjectrum of velocities can thus reveal the
doublet structure of Lines, not visible in the microden-

sitoncter tracings of the line profile.

The gower speoctrs curves covey a range froa
2w Q to 8 x 1077 Hz. To examine the relative contsnt
of power at the different freguencies and their bebaviour
with height, I classified the frmquﬁﬁur range into three
domains ~ the low frejuency ragion, 2 = 0 %o 1.5 x 1&'3
Bz, the osoillatory or resonance rangs V= 2,75 to
§4.2% x 16“5 iz, and the high freguency range > = 5.5 to
8 x tﬁ'5 Hge T have then obtained the power in these
ranges by measuring the areas snclosed by the power
spectra curves in the three frequency domaine defined
above, a8 well as the totul power which is the total area
enclosed by the curve from 2 = 0 %o 8 x 1#"’ Hz. These
are given im Table 111=-7. The power in the frequency
ranges are expressed as percentage of the total power,
whersas the total power for each linme is directly the
area in square usits. 7The lines are arranged ascording
to their mean depth of foraationm. The value of this mean
depth is also given in She last Column of Table ITI-7.
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The followiang charseteristics :ire evident from
the table:

1) The oscillatory raago‘galna strength as one
goes up in height in the solar atmosphere, starting from
the deep lying CI line amd passing through lines origina-
ting in the photoschere to those in the 1nu'ahwuum~phar¢.

2) Tn addition to the peak in %hu’raaunaunn
frequencies, the low level lines show significant power
in the low frejuency range {( >~ = 1.5 x wﬁ"’ Hzie In the
CI 6587 line, a minor neak is alse seen around
Vw125 x 1072 Hz. This low frequency ynﬁww decreases
fast with hefght. This is in agreement with the findings
of .dmomds et-al (1965) on the CI 5052 line. This pover
appenrs to be due to the conveotive componemt in the
macroscopic velocity fleld in the low photeosphere. This
is in conformity with the prediction of the "convective
overshoot” into the stable regions of the photosphere
caused by the conveetive motions prevailing in the une
stadble layers belows Also the observations of Sray and
loughead (1967) show that the granules are visible wp to
an optical depth of ~ = O.1. The other possibilisy is
the existence of gravity waves from period considerations
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nlone; but gravity waves canmot be sustained at these
levels. However, the low frequency tail which becomes
iaportant im Call 8542 snd Call 3933 lines (HBoyes 1967)
could possibly be due to gravity waves. Gravity waves
can propagate at these levels due to the very high radis-
tive relaxation time (Souffrim 1966). But more definite
observations are required to confirm this conjecture.

3) The high frequency tail remsins substantially
comstant in the ramnge of heights studied above.

4) The CI line alone shows large power im the high
frequency range. Alao, the CI line possesses the maximun
total power amongst the lines, with Fel 6335 excluded.
This is obviously due to the proxiaity of this line teo
the source of mechanical flux and which is bound to have

a very broad frequency spectrum for the energy at the place
of generation.

The high freguemcy component seem im all the lines
possibly represent the sound vaves which travel up and
finally provide the energy for the heating of the upper
chromosphere and the coroma. |

1% is, however, difficult to argue in favour or
othervise on the existence of gravity or sound waves frem
considerations of periods and shapes of individual pover
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sectrua of velocities alone. Aﬂdiﬁtum&l inforaation
like the phase difference between the oscillations in

the different levels observed simultaneously and also

the phuse relation between the velooity fiildn and tuapubw
atures oselillations zay help to provide a better basis

for interpretation.
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in this chanter, 1 investi gate the depthuise spatial
correlation of the quasi-periodic oscillations by cross-
correlating these osecillations that ccour slaultaneously at
two Levels. The seguenceas &1&32 and A1100 containing mwmr‘

sppetral lines nserasit such an investigation.

ihe existence of oseillations in the solar ataos-
nhere raises the interesting question us to the nsture of
the wives and their wodes of propagation. The nhase
difference between the oscillations ocourring at Mﬂ‘cr&m
levels will be of considerable isportance im deteraising
. the mature of those waves. This is best done by crose-

speotral analysis of the veloesity dats, of one spectral

line with another.

This analysis gives a measure of the cross-correla-
tion and the phase differemce, consonly tersed as the
coherence and phase spectra respectively bdeilween the
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frequency components of twe groups of data. The method
of analysis follows that of Edmonds et-al (1965) and is
briefly deseribed below. |

Designating the fluctuating velogities measured in
two lines observed simultaneously, by al{t) and b{t), the
eross~gorrelation between the two mﬁ&u @umgftl can be
worked out. The Fourier transform of the cross-correlation
funcsion cmb(ﬁfﬁ gives the cross-spectrum,

S -T\'C:J’f
OF { o 1)< AT 4et)

..... -

The tuumeina‘rﬁx(:U) is iz general, a complex quanbity
and can be expressed as

Goodman ( 1957), has worked out the metheds of ¢ross~
spectral analysis and has showa that

i

Ra. bc ;?)

4 X
2 {C:b@) CeARTI 2T.4 T (4.3)
= et

Py gy C-; bc_"t') QA,;A_ 2W2T.4AT ("‘)
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where ﬁ*mb(ﬁ:) and €, (T} are the even and odd parts
respectively of the funetion Cop (TIe

w&b{afﬁu the real part of the orous-spectrus is
called the co-apectrum and ﬁﬁb(alj. the {saginary sart
is culled the quadrature spectrun. The guantity defined
by the expreszsion

|,

.

'Ra-b 2 ¥ Sab (2)

Grap 2 = - = (4.9)
| P Cm) B, ()
aivua the coherence, and
c:ﬂ
B LQJ> aste CLamwn ah»

deseribes the relative phase of the Fourier components
of Set (a) and Set (b). Here, ?a () and Pb {») are
the power specira or the cosine Fourier transfora of
the auto correlation functions dmwar&ba&ltn Chapter I11.

For a cross~sntectral analysis, it is uecessary

that the two groups of data (a) and (b) contain the sane
| auaber of datu points. In the u.&unnﬁl'ﬁﬁﬁlﬂ there are
61 rows of velocity data each baving 120 colusus. In the
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senuence 41100, there are 61 rows and 62 colusas. The

analysis for the lines {n the two sejuences were done

ag follows.

Conaider the velocity dats of any two lines belong-
ing to the same sejuence vhose coherence and phase are
to be computed. The [irst row of one snectral line was
oross~correlated with the first row of the second spectral
line with a chosen wvalue for the lag. The aw~uuuauru&
and the guadrature spectrus ware now ¢omputed and from
these the coherence and phase were derivede This was
repeated row by rnwﬁzgq antire data. Finslly, the
eoherence and phases were averaged over the eatire array,
frejuency wise, to give the mean coherence and phase
between the velocity datu of the twd lines.

I have computed the goherence and phase spectra as
a function of freguenmey ~ » for 10 pairs of lines.
These are shown in Figures I¥=-1 to IV-10. OFf these
Plgures IV-1 to TV=3 shov the coherence and phase spectra
between the veloolity rtoldn of

Cl 69587.622 and Fel 6593.884

Cal 6572.795



Coherence and amn“ speetra of the veloeity fields
in the four lines of the time sejuence A1107.

CI 6587.622 with Fel 6593.884
Nil 6586.319
Cal 6572.795

The veloeity in the solar line listed first, leads

the velocity in the sescond lime for a positive value
of the phase. For a negative value of the phase,

the first lime lages the second lins. The osecillations
in all the % limes lag behind those im the CI 6587.622
line by about 5° in the resonance range and by 29°® im
the high frequency range. V after the wavelength of
the spootral line stands for velooity im the limne.
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Tn the resonance range, the coherence betwesen the
velocity fields in the different pairs of lines has an
unifora value of U.8. This wvalue of the coherence
while high by itself, vcould have been higher, were it
not for the noise vresent in the measures of the CI line
spectra. The cohsremce ouiside the resonance rangs on
eithor side fulls off to D.6. A siziler drop is seen in
the coherence plot betweem CI 50%2.16 and Fel 5049.83
lines of Zdmonds et al (196%). The three usper photos-
sheric lines lag behind the deep €1 line and this phase
lag remains uniform over the entire range of fregquencies
2)m 205 t0 4.9 X w"‘”’ liz)e The amounis by whieh the
lines lag ares

: 93 (ﬁ593-%4§ - ﬁ&ﬁ?‘ﬁa.’%&:} £ "-‘"6“03 or Y.2 dec.
93 (ﬁ%&n"‘gi - 6&37'&223) % ”3‘09‘ or 303 400
and ©f (6972.7958 = 6587.6228) = =4%.2 or %.5 Hec.

For frequencies, = = 2.0 x 107, the phase lag is
al1ost the same as in the resonsnce range for (6572.7954 -
6587.6224), but the amount of such phase lags sre higher
in the case of the other two pairs of lines. JFor freguen~
cles above 2 = 5.0 x 107> the lag inoreases rapidly.

At frenuengy 2 = 6.0 x W"’ the wu is 29° or 14 sec.
The phase difference of about 4% to 6° observed in the
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TEs0NINce ranye, corresponds Lo an average difference

in tize of % sec or even less. The three photospheric
1ives are forazsd at a mesn level of log T = «1.0 and
the CT1 line at a msun level of log U = +0.2. This
difference in log T would corresnond to0 a height
difference of about 110 ka in the solar stacsphers. The
tine delay of 5 seo. would result in & value for the
shase velocity very auch higher than the sonic wveloeity.
In the high frequency ranye the tize difference observed
{s of the order of 14 sec. Ihis leads to a value for the
speed which agrees very wvell with that of sound waves in
the sedium. The significance of the phase lag observed in
the low frequency is not clear, aince convective a»iiwa
can be seen at these levels as showa by the individual
velocity power spectra discussed in Chapter 1Tl

vouning to fhu coherence and phase spectra between
the pairs of lines of the sequence A1082 (Figures IV-4 %o
1¥=10), the eoherence is seen to bs very high, reaching a
value of 0.98 in all the cases, in the resonance range.
This is obviously due to the close similarity of the lines
in teras of depth of formatiom. In these pairs 00, the
high level lines always lag behind the lov level lines.
In sose of the cases the phase difference in the resonance



Cohereonce and phase spectra of the velooity flelds
between different pairs of lines of the tine
sequence A1082.

The velesity in the solar line listed first leads

the velocity in the second lime for a positive value
of the phase. For a megative value of the phase, the
first line lags the second lime. 'V after the wave
length of tho spectral line stands for veloocity im the
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range is negligible. The walues of the phase difference

between pairs of lines are entered in Iable Iv=-1 for the

three freduency ranges.

P a—

Jr——

No.  lines Low oseillatory ii:i!,gh
Nin R (o to s (25 te gw
| Ha) -
m iy S S i U R S K
TV=4  Lead of -5 0 to -2%.5 Fluctuates
6356 over too much.
| 6335
Iv=% Lead of o -1®,§ 1
6358 over
6335
IV=6 Lead of -i® 20,8 . =130
’ 6335 over
6338
T V=T Lead of - -it® -]
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1v=-8  Lead of ~42.5 ) +9o
6330 over
6338 |
I V=9 Lead of -e 4] e A
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The valucs of the lags froa thamﬁ sejuence speotira
also show that the ohase velocity in the resonance range
nogses-ses a value aany tizes the velocity of sound. Inm
the nigh frejvency reglon we find a tine lag appropriste
to the vropagsation of sound waves. This aay sean either
that in the resonance fraqaonm# range, there are standing
acoustic waves which show iuuianitinﬁnt phase differsnce
between two levels or that these are internmal gravity
waves which do not have a vertical phase veloeity, but
at those levels the radlative relaxation tine is too fast
and hence gravity waves say mot exist. It is, therefore,
possible that the oscillations secn in the standing vave
wode in the resonance range, are #hnaa excited by the
non=oropagating frequencies, suggested by Hoore and
Spiegel (1964). However, the existence of a finite time
lag in this range would point to the evidence of sose
oropagation of energys although mest of the oscillations
are in the standing vave mode.
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ViubuCTY wdo BalGHIR.OE QOCSTLLALTORS

T have studied the intensity fluetuations in the
eontinuun and in the line wings and core of Fel 6358.69%
line of the sejuence A1082. The contiouun is exposed teo
a deyree very favourable for studying the brightness
fluctuationas. Only 62 out of 120 frames were chosen for
intensity measurenents. Measurements wers made from the
miorophotonster traces. During the measuresents on the
line wings, the alerophotomncter slits were located
oractically at the saze & AN\ wvalue as in the velosity
sensuresents. The width of the nicrophotoneter slit vas
snaller than that of the comparator and was located central
t0 it. Because of this, the depth averaging is less in
the intensity measures. In the steep parte of the
profile, the intsnsity fluctuation is the sum of the
gontributions froa the imtrissiec variation in intensity
and froa the Doppler shift. The effect of the Doppler
shifts vere eliainated by averaging the traces at
+ AN asd = A) .
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From the aicrodensitometer truces, intensities

were derived via the charscteristic curve. The intensily
data of tha contbinuun, line wing and line core vere read
off at intervals of 1080 ku on the sun. The fiduecial
line for stepning off this interval was again the shndow
of the hair lipne on the spectrogravh 81it. This procedure
ensured that the intenaities read off and the earlier
velocity neasurszenis sertainm to ithe asame region sn the
sun. These intensity measurezenis are with refersnce to
an arbitrary sero. As in the case of veloeities, a nean
line wvas fitted to each one of the I (x) ourves which are
the intensity run along the lLength of the spectral Limes
The mean line was provided by the average of the intensity
aeasures of 62 frames. Them the guantity I (x) - T (x) =

AT (x) was read off at the 61 points. ¥With these, the
ratio tﬁf‘”>/j:uﬁ>wun conputed for the 61 points, which
gave the fluctuating component of the intensity. This
procedure gave for all the three sets, values of

4i;ﬂknh ’ ‘e;”&n‘ uuﬂeiggzﬁ: +» Ench set consists

sont winu

of an array with 61 rows and 62 columns, These are shown
as 8 two dimensional nlot i.e. ss funoticus of position on
the sun and tise im Figure V=1, The fluctuations imn the



reprasent intensity ab conseoubive polnte separated
by 1080 n on the sun.
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gontinuun are the weakest and wpsear $o be random in
nature. 7The fluctuations in the line wing have a close
resenblence to those in the continuws. iu the line core,
the variations are striking and resesble the guasi-
periodio oseillations of velogities. 1 them obtained
the nower sntecira of the three groupa of intensitien by
the wethods desoribed ia Chapter 111 for velosisy power

gpeotra. Ihe nower shecira are shown in Plgures V-2 to
’%-4.

The continuuns intensity pover spectrum starts with
aaxiaum pover mt‘xtrw frequency falling off rapidly at
higher frequencies am is tynicsl of conveotive motion.
1t shows a definite, but s very weak osecillatory coapo-
nent at > = 3.5 x 1077, cdwonds and HoGullough (1966}
have studied this feature fn their analysis of the granu-
lation brightness fluctuations using several sets of data.
They huve arrived at the comclusion that in the granula~
tion, & maximun of about 2 per cent of the total fluctua~
ting cower is conmtributed by the oscillatory mode.

The power spectrum of the lime wing variations
reseables that of the eontinuua, with asxisus power ut the
gero frequency and with a weak oseillatory component at



Pover spectrua of the intensity fluotuations in the
continuum « Host of the power is concentrated near
the very low frequencies. The weak oscillatory
component 18 seen at 2 = 3.5 x 1 Hgo
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Power spectrum of the intensity fluotuations im the
ving of Fel 6358,69% line. The curve resestles the

continuus ourve with a weak osecillatory uompuunnt
at e 3.5 x 107 Hs.
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Pover apectrun of the intensity fluctuations in
the core of Fel 6358.695 Line. 7The peak {n the
powaer at 2 = 3.5 x m"”’ He is wvery promineas,
showing the predoninamce of the oscillatory
gonponent.
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Y =35 x 15‘3 tize The brightness fluctuations in the
line core have a nower svectrun characterised by twe
regions where the nower is conoentrated. Ome is near
the zero frejuensy range and another at 2= 3.9 x ﬂﬁ"
Hze which is the resonance range im the ecorresponding
veloeity field. These findings are in good agreeaent
with ths earlier obuservations on the continuuas and cores
of atrong lines by :“vans et-al (1963). The high power
near the zero frejuency is ovbviously due partly to the
convecti ve mmtiuﬁn aiso noticed in tht'vnluciix field

nower spectra as well mas due §0 the presence of "persistent

features® as intersreted by Evans et-al (1963).

The brightness fluctustions in the wings of Fel 6358
and in the line core were ¢ross-correlated with those inm
the continuum and thelr ecoherence and phase spectra were
computed. Thess are shown in Flgures V-5 and V-6. The
ling wing and the continuum show a high eoherense in
generasl. Tm the low frejuensy range the eoherence
reaches a value as high as 0.9%. In the range Y = 2.0 teo
4.0 x 1077 the wing brightness lags behind the costinuum
by about 14° or 12 sec. The iua noticed by <Sdmonds et-al
(1965) between the fluctuations im the central intensity



Cokerence and phase spectra of the wing brightness
fluctuations in Fel 6358,695 against continuun
Around > o3:0 X 10“5 figs the ving drightnese lags
behind bho conblnuua by about 130
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Coherence and phase spectra of the core brightness
fluctuations in Fel 6358.699 against continuua.
The core brightness leads the continuua by 579 in
bhe range = 2,0 to 5,0 x 0”7 s,
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b),9% CT 5052 and the comtimuus 1s about 12 seconds.
It is reasonable to expect that wings of Fel 6358 and
the core of CI 50%2 are formed alaost at the sane

levels and should show similar lags with reference $o
the continuun. |

Betwoen the core and continuuz brightmess, the
goherence has a peak of 0.88 near the szere freaquensy.
This high coherence gives more weightage to She presence
of convective motions at these levels. The coherence
ulmwha’u dross down te an average of 0.65. | The core
brightness is seen to lead the continuua over the entire
frequensy range and has a value of 57° at 2>/ = 3.5 x 19'73
Hse This lead, suggests that the source of temperature
fluctuations in the lime wings (or im the cores of weak |
lines) and in the core of stromg limes, is different.
This behaviour of the brightness wariations s beon
interpreted in teras of the radiative relaxation uﬁ By
loyes and Lelghton (1963). The thermal relaxation time
for a thin ataosphere approxisation is given by

3% ey 1 KD
vhere k (z) 1s the Planck mean absorptioa coefficient per
gras of hydrogen, T is the temperature, and ’/ k s &
characteristic length of the perturbation (ﬁptu?nl 1957) »



Ve

This assuaation is valid for regions of T, << .
The relaxation tiue at differsnt sltitudes have been
caleculated by Noyes and Leightom {1963) with this rela-
tion. [he relaxation tine is only of the order of & few
seconis in the lover levels due to the relatively high
concentration of H ion, which is the main socurce of
onaeity. At very hiyh levels, the conceantration of { ion
fallsoff and the reluxsation tine rises to bundreds of

geco ndse ‘hus, the therul properties of lines arigina~
ting in the deener layers of the photoaphere 1.6. weak
lines and wings of strong Lines are controlled by the
sablent radiation field which is the intemsity patterm

of the granulation. ilence the brightnese variations ab
these levels lag behind those in the continuum. The
atsosphere at these levels does not respond to the sompres-
sional cnanges of nressure and density induced by the
velogity oscillations. The radiative relaxation tive is
very saall coupared to the neriod of oscillation and hence
any temperature certurbmtions so caused are smoothened ous.
This smoothing out of these perturbmtions remnders the
tenperature field practically isothermal. Thus, we do not
expect the power spectirum curves for the comntinuum, oores
of weak lines or wings of stromg lines to shov any eigniw
ficant level of power ia the S-ainute peried range.



lag behind the continnun featwr o8,
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V=

fluctuates .bout a mean value of 0.86. 7This wvalue of
coherunce is an evidence for the close assveiation of
unward velocities und brightenings in the continuvua.

In the freguency range 2 = D to 4 x m‘*’. the upward
velocities lug behind the brightenings im the continuus
by about 34 to 38°, This agrees vell with the lags
obtained by wvans et-al {1963, for Fel $171 line und by
ndsonds et-al {1965) for Crl 5051.9. It is interesting
to note that vans and Yichard (1962) from a guslitative
study of the filas estizated, “that the appearance of a
strong brijght feature in the continmuua is followed Ly an
oscillation in the limes (Fel 5171 and Mgl $172) initia~
ted by a violet shift, and that the first velosity maximun
ocours nbout 40 seconds after the maxisum brightness im |
the continuun fsature®™. The phase somevhat reverses its
sign in the region of high frenuencies. In the low fre-
quency part, all the four lines show a very consistent
shase lag between upward velooity and bright continuum
features. This is very consistent with the phase rela-
tionship to be expected in convective actions too, wvhiech
prevall in this frequency range. idmonds et-al (196%5)
found the phase reversed, im this region.
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Finallys 1 have crossecorreluted the velogity
asasureuents in the line Fel 6358.69% with (i) core
brightness and (11) wing brightness in the sase line.

The nhase and coherence spectra of these ars plotted {m
Figures V=11 and V-12. In the case of velocity Vs

core urightness curve, the coherence has a mean value
around Je7 £rom 2 = 2 $0 5.5 x $0°°. 1In the lov
frajuency rzsion, the coherence rises to 0.85 and hwnd
D= 5.5 x 1077 1t drons to sbout D.4 and rises again.

“he intensity oscillation in the ecore leads the veloeity
oscillation by about 93%.95. This agrees with the findings
of .vans ateal (1963) omn the ¥Fel 5171 line and alase Wonﬁ
of Frazier (1968) and Tannenbaum et-al (1969). Ofcourse,
it must be agreed that ‘w‘ tvo osolllations compared

hera Jertain to two different levels; but the justifica-
tion is from the earlier argusent that the temverature |
mmumwm in the core of strong um are caused by the
conaressive motions induced by these velooity oscillations
theaselves. The atno shere, at these levels, wmwmilm
a high value for the radiative relaxation tine, MMWﬁ
adiabaticnliy and se the chamges in temperature, ﬂmﬂm
and density are all im phase. MNow, for a standing wave the
velocity oscillations lag the temperature and pressure



Coheremce and phase spectra of the veloeity fields
wgainst the core brightness in Fel 63%8.695. The
velocity oseillations la; bebind the brightness
fluctuations by 93¢,
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Coherence and phase spectra of the veloeity flelds
gainet the wing brightneas in Fel 6358
the range Y = 0 b0 % g " Hgss the veloclity lage
behind the wing brightness by about 219,
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oscillations by 90° (uhitney 1358/. Hence, the phase
relations observed above confirs the existence of the
standing vave notion. " That stunding waves mst in this
range of frequencies were shown earlier in Chapter IV by
the insignificant phase lag between the velocity flelds
of lines originating at different beights.

The veloeity lags behind the wing brightness by
about 21° mear 2 = 55 x 0", ith tbe continuxa the
phase lig of the velooity is 389 ihis supports the
argusent that the changes in the line wing brightness
reflect only thoss of the continuum, for the phase lag
of 21° resesbles the phase lag between the velooity and
the continuua vith allovance uade for the radiation field
to reash the level of the wings,
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A REVIEW OF Tus quiULLS UF Thy Jdoeall SlUuY

Thy ;wumut investigation has bréwht out the
soatial properties im teras of depth and the teaporal
behaviour of the veloeity and teaperature fields in the
solar amuaphun based on the study of fourteem spectral
lines. The ohoice of a large nuusber of lines originating
in the eatire photosphere and the low ohrouosphere at
graded levels has enubled us to achieve s very pood
insight into the behaviour of the inhomogeneities sampled
ut close imtervals in helght in the soisr atuosphers. .
There are a fev spectral lines whose mean depth of forma=-
tion overlap. This glves the advantage of confiraing the
properties of the oscillations derived from one spectral
lige by another having nearly the m depth of formation.

The sain conclusions that emerge from ithis investi-

géuwn ares
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1) The velocity fields observed simultaneously
at different levels show vertical escillatory motion
with an average nreriod around 330 sec. The velocity
tine plots for the various lines, at successive poiaits
1980 k= apart on the solar surflace show a high dﬂgrwn of
eoherence in the oscillations at differsnt levels. This
is also seen t0o be so from the resulis of the crose-
spectral analysis between the velocities at two differemt
levels. The "High resolution” analysis enabled the
doseraination of the most probable p&rind of osgillation
for each line with an acouracy of 5 seconds. The CI 6587
iine formed in the wvery deep photosphere (mean depth of
formation log T - D.2 shows a period of 304 seconds. ZThe
weak lines having 2 mean depth of formation arcund log
Tw «Deb have a period ranging from 295 te 300 seconds.
Tb. rnmmiuiugnltuuw arim&n&&ium.at nean levels from log
Tm =D.8 to log T = «1.2 have a pericd of 29% seconds.
This shows that the pericd of oseillation decreases with
height in the solar atmecsphore.

2) In the low trﬁqunnar range, the presence of the
convestive overshoots are seen well im all the lines, but
the amount of power falls very rapidiy with inereasing
height. This is confirmed by the high coherence of
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velocity and intensity fluctuations near the zero
frejuency range. The low frequency power may not be

due to gravity wives, as these waves cannot exist at
these levels, due to the relatively small radiative
relaxation tize (Souffrim 1966). The existence of these
waives at hizher levels, is, however, not ruled out, as
the radiative relaxation tize increases fast with height
at higher levels {Souffrin 1966) and according to
Lighthill (1967) these waves can be generated even
beyond the temperature ninimua, by the penmetrating

‘tongues of turbulence' from levels below.

3) The coherence and phase spectra of velocities
betveen pairs of lines shovw that the high level lines
lag behind the low level limes. bsut the value of the
phase lag in the resonance range is very saall being of
the order of % seconds for limes having their mean depth
of formation 110 ka apart. This suggests that ia this
range these are primarily standing waves. In the high
frequency domaim She phase lag increases and the propa~
gation velocity agrees well with the vtlﬁuikr.mf acoustic
waves in the medium. These presumably provide the non-
thermal source for heating the corona. '
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4) The power spectra of the intensity fluctua-
tions in the continuum, line wing and line core, show
large power im the nmeighbourhood of the 'a«m fraquency.
ihe high coherence im this freguency range between Lhe
three intensity fluctuations should be considered as an
additional evidence of the mmwéwum of the convective
motions t0 these higher levels represented by the linme
wings and line core. Unlike the continuum and the line
wing, the core brightneas shows olesarly the oscillations.
In the Fel 63%8 line, the intensity cscillation im the
line core leads the velocity escillation by 93%, in the
resonance range. 7This again confirms the standing mode
for the oscillations im the 300 seec. _gmrmd range. The
velocity in Fel 6358 lags behind the comtinuum flustua-
tions by %8° and lags behind the wing bﬂ&htnwu by 21%.
Alao the wing brmm‘mm lags the continmuum by 14% and
the core brightness leads the continuum by %7%., These
give support to the facit, that the line wm fluctuations
are caused by the granulstiom field, while the lime ocore
fluctuations are independent of those of the gramulation.

This field of dtwy; umu, the dynamical charaster-
tstics of the macroseopic inhomogeneities have been
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engaging the attention of the solar physicists during
the Dast two decades and will continue to be a fertile
field for investigations for nany years to comne.

iy

fiolds at the high chromospherie levels, is very Boantye.
Those ocun bLe obtained using the balaer limes. More
obsecrvations of the phase relations between the velocity
and intensity are necessary both in the photosphare and
chromo soherey, to help in deteraining the dynasie¢ charace
teristics of the oscillations. Another peint of great
interest is the role of spicules in the heating of the
corona. This will primarily rest on the identification
of the spiocules with disc features. It is known that, at
the boundaries of the chromospheric netvork seen in the
ca’ K line spestroheliograss, there is an excess heating
and also that this metwork boundary bears a good correle-
tion with the boundary of the supergranulation ¢ell. The
nagnetic flelds piled up at tm‘ supergranulayr boundary
are presusably responsible for this excess beating along
the boundary. ¥We do not know for certain whether these
brighter regions along the boundaries of the chromespheric |
network are really bases of the spicule bushes. I% would
be of great significance to find out whether the chromos-
pherie and coronal heating ‘u localised im the regions
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above these spicule bushes.  Whether any relution
exists between the saall seale velocity oscillations
and the supergranulation flow is a problem that ean be
exanined by sisultaneous observations of veloeclity fields
in any ph%?phartn or clwomosphario lina‘anﬂ fntensity
fields in the Ca’ K line. Also & detailed study of the
behaviour of the oscillatory velocity fields in active
regions would provide inforamation on the exteat of

influence of magnetic fields on these oseillations.

The transforasation of the waves propagated upwards
iato shock waves i8 only a hypothesis, put forward, to
athieve a suitable energy dissipating agency. It aay be
interesting to detect these shock waves. The quasi-
veriodie moveusenis detected in Lthe solar ohromosphere and
corona by Durasove et-al (1971) by observations at 5.3 em
gives encouragsuent for further work in this direction.
Siailar observations carrisd out at mm wuvelength will
provide a link between the optical observations and those
in the on ﬁavulauathnw

Sumwing up, it is cersain, that only the acousula~
tion of such observations im large quantities on the inhomo-
geneities obtained through studies of their velosity and
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intensity fields at all levels in the solar atmosphere,
will offer a basis for the interpretation and underw |
standing of the fundasental problem of the Stranspors
of mschanical emergy aund subsenuent heating of the

outer laysrs of the solar atmosphare.
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