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In this thesis, I huive amade an attexmpt to study
the texnoral and spatial projerties of the velocity

and intensity fields using the photographic technijue.

1 have briefly outlined the oarliar.work in this
field in Chapter 1. This includes both the theoretical
and observational aspects of velocity and intensity
fields.

In Chapter I, I have described bdriefly the three
methods in vogue for the study of velocity fields on the
solar surface viz. the spectroheliographic, photoelsatric
sad raoid time lavse nhotography, and discussed their
relative merits. Of these, the method of rapid tise lapse
nhotogranhy, which enables the siaultaneous study of the
aroperties of the veloolity and intensity fields at
different levels in the solar atmosphere has been used in
the present worike The basic material for this study,
éonninﬁs of three tine sejuences of long duration obtained
under exoeedingly good sselng conditioma., 1 have given
an account of my observing techninues. Following this,

1 have deseribed the procedure for the velocity measure-
sents with the Doppler comparator constructed for this
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purnsose, its nerforvance and aceurscy of sy neasure-

HENE Se

Chapter TII deals with the spatial and temporal

sroparties of the juasi-pariodic velooity oseiliations
in detail. The fourteen spectral lines studied from the
three seguences have a good coverage of heizbtis in the
solar atmosphers. The CI 6587 line, nrovides inforsation
on the very deep photospherie layers around log U = +0.2.
Other veak and medium strong lines studied have zean
depths of forzation ranging froa log T = «0.6 to logT

»s =§.2. Ths plots of velocities with reference to time
for 61 successive points on the sun for all the lines,
show an average size of 8000 km for the oscillating cells
and a life tise of 10-15 minutes for the individual oscilla~
tions. The oseillations at the different levels have a

high degree of coherence.

The power speotra of velocities huve been computed.
In this analysis, I have coamputed speciral estinmates, using
five different wvalues for the lag in oaleoulating the auto-
correlation funeotions. This method enabled to obtauin a
high resolution frequency wise for the spectiral estimates
and thus determine the perfed of the velocity oscillations
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with an aocuracy of 5 seconds. Ihe CI 6587 line
showa a neriod of 324 sec. while the high level lines

have a period of 295 sec.

Ia Chapter TV, 1 have outlined the usthods of
cross=-snectral analysis. These have been annlied to
compsute the coherence and phase spectra between velocity
fields of different nairs of lines belonging to the same
seugnce, to study their spatial sropertiesa. The
cOherence between the velooity fields in the different
levels 1is very high, of the order of D.98. The osoilla-
tions in the high level lines lag behind those in the
low level lines. This phase lag varies with frequency.
In the resonance range the lag is of the order of 5 sec.
between lines having their mean dapth of foraation, 110
k3 apart. This suggests a standing a0de of oscillation
in this range. At aigh frequencies the phase lags
inoreasse fast and have wvalues appropriate for the propaga~-

tion of sound waves.

Chapter ¥V has been devoted to the apsotral analysis
of the intensity fluctuations in the contimuum, in the
1ine wings and the eors of Fel 6358 lines. This Chapter
also includes the vomputation of the cross-spectrua of
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velocities with the continuum brightness fluctuations

and of the vontinuun with line wing and line core
intensity fluctuations. The continuua and the line wing
fatensity fluctuutions show almost idemtical power
spactra, with merginally detectable power in the oscilla-
tion range. The power Srectra of the line sore shows

well the osocillations.

The coherence and phase spectra between velogities
and intensities have been computed for four representa-
tive lines. The speoctra are almost idenmtical and show
that the upward velocities i{n the lines lag behind the
brightenings in the contisuum by about 30 seconds. There
is high coherence betveen the continuum and line wing
intensity fluotuation. The Fel 6358 line wing intensity
lags dehind the continuum by about 14° while the core
intensity leads the continuuam by 579.

1 have almo computed the odoherence and phase
speotra of the velocities in Pel 6358 line with 1ts ving
brightness and core brightmess fluctustiona., The velo-
oitiaes lag behind the sore brightnesa by 93*. This is
taken as an additional evidenoe in support of the exis-
tence of standing mode of oscillation in the 300-sac.
period range.
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In conclusion, Chapter VI suausrizes the resul:s
of the nresent study and snunciates sone of the problems
for future investigation in this field. The importance
af the study of the veloocity and intensity fields casnot
be over axsphasised. ‘lore snud more observations in the
ontical range on siaflar methods oovering hizh chromos-
pheric lines are 203t necessary to extend our nresent
knowled; e to these levels in the solar atmosphere. This
supplevented with observations in the mm and o3 range of
wavelengths may be very helpful in understanding the
physics of these oscillations.

Tne basic materisl ah which the present investiga-
tion is based, conuists of three tiase sesyuence apectira
obtained by se with the %6 metre sclar tower telescope
and 19 aetrs Littrov spsctrograph of the Kodaikanal
Ubservatory. The coajutation of the power spectra of
the velooity and intensity measurements follow im general,
the astablished aethods of ?owor gpectrux analysis. In
this analysis, th& method of using multi-lages for securing
a high resolution for the speotral estimates, is originmal.
In the computation of the coharance and phase spstira, I
have anplied the accepted method of eross-spectral
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analysis to ay data. IThe vomsutztions vere done with
a COC=3600 computer at the Tata Inatitute of Fundazental
Yesearch, Hombay. All the results obtained by these
anslyses and discussions on these represent uy original
work in this field.

)C;k;ZAABczaﬁczwvxavvt .

CKQ A Sivaraman)
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ValaCTI¥ QUCTLLATIONSG TH D2 JULaR ATM0SHibn ¢ A SUNWLY
OF PUbuENT Ki0ub DGR

The structurs and dynanics of the solar ataessherre
¢an be described in terms of the radiation field as &
erude anproxiaation. The emergy ;enerstod in thse core by
theravenuslosr progoess - the pep» chain -« is assused €O be
stroaaing out by couveotion in the sub-photoaspheric lLmyers
and by radistion in the outer layers. According to tire
classieal pleture, the atructure of the solar atsosphare
is based on the notion of a giseous enseusble whose Lineraoe
dynanic gtute is specified by the assuaption of radl et ive
equilibrivay loeal thersodynanie equilibriun fixed by
the local energy denmsity of the radiation field and
nesligible velocisty fields. 1In such an analysis of Lt he
solar ataosphore, the effect of veloeity flelds other thar
thernal is taken into account only as a second order
anproxizstion, negleoting their somentum coupling to €he
theraodynaszic state of the ataosphers.

The aiddle of the present ceatury witnessed a
conceptual change in the problea of the soupling between
ancroscopic and theraal veloeity flelds. We novw beli wve
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that when there is such a ocoupling betwean zmorosconic
velocity field and the therdoaynaaic si.te of the gas,
then (he local kinetic teaperature is no longer controlled
sololy by the radiation field. The iazortunce of the
recognition of the fnadejuucy of the houogeneous models
404 the necessity to iavoke nop~therszal phenomens can be
seetl froa the »artial success in the attenpis to exoz2luina
wide variety of phenowsna like, secale heights of the
chroaoashere, chrosospheric and coronal heating, shanes of
200f1ls8 of weak and medium strong lines origlnating in
the photosphere, and alse in the fleld of model atmosheres.
This jeriod also witnessed the direct observaiions of the
looal fluctualions in intensities in the yranulation as
wall as of intensity vartations aund velocity shifts in the
Fraunholer lines. Ine well known "wiggly™ structures seon
in the Ffraunhofer lines under conditionz of yood seeing,
and the spicules seen off the liab, are viaible manifesta~
tions of the inhomoﬁanaitigu existing at different levals

in the solur atmoshere.

The investigations of the perturbation eifects of
these velocity fields on the thermodynamio state of the
atmo sphere coze under the class of asrodynamic phenosena
in the solar atmosphere. The dstermination of the veloeity

fields, other thun by direot observations, is ty a
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comparison of thoy Sheoretical line nsrofiles and the

ones based on obscrvaticns. Jhis in turn reguires a
co17lete and srecise knowledge of the chesicul ooajosition
and the sZoactroscosie stute of the atuossherde. very

aften the a7orosoh nss Leen %10 infer itne existence of the
serodynanic nhenouenon which 20difies the theraodynuanie
4tate of the ataosphere over thut nredictsed ou classical
terns, by looking for features considered anvsalous unijer

the clusezicul predictions.

A coaplate ploture of the velocities axprassed in
tarus of the line-of-sight motion can be derived from a
wpasure of the "astronoaigal turbulense®. Tn such a state,
the notion is 1nintalned by soxne sort of lurge~sosle
instability of the veloclty [lield whose energy 18 transg-
aitted to successively sanaller elesents huving character
istie dinensions, to be ultinately destroyed Ly viscosiiy
and dissipated into beat through smllescsale motions.
ihese measuredents of the turbulence will huve Lo be
underatood in teras of the "soule of turbulence” relevant
to any partioular situation. Taking L a8 the shuracter-
fatic wavelengih of the velocity field in the solar
atzosphere (L is generally assuzed to be of the sase order
as the soale height of the atmosphare) over which the
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kKinetie eneryy of aass aotion is transferred to the
systen, two extrede cuszes cun be distinpuished in the

intersretation of Fraunhofer line observations:

i} In the cage of an osxticully thin atasrhere,
LX<< 1, where K {is the absoration cvefficient. Tn
this case, the Line of sight susses through sany elesents
Slving rise to a fully developed ajicro-turbulence. ‘fioro-
turbulence ciuses line broadening and conseuently an
incrense in the equivalent widihe The flmt'purtinn of the
curve of growth lies above that oredioted for lines

broaxdened by theraal 30tions alona.

11, +hen LXZ>7 1, 1t 15 a case of acroturbulence.
The eusirve line foraing region experfences a unifory aotion
and thus the &pectirsl line is Joppler snifteds The velow
oitivs are deteruined by measuring the wavelengih displ avew-

ament with reference to the undisturbed position.

In general, in the solar atuo wbere, the observed
line nrofiles reflect the sffect of both the rundom and
non-randon notions, whieh both disnlace and broaden the
line in a rather comnlicated manner. Studles on the centre-
Lind variations of the line osrefile by Allen, vaddell,

buenote, Unno, de Jager and Neven, provide inforation on
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the structure of the "asironosical turbulence" ani its
variation with helght in the solar atmosphere. .edsan
and Suszeto have made & siailar study in the chromosphere
uging eclipse duta. Side by side, Hioha, de Jager, Volgt
and others afzed ut an explanation of the oLserved

shapes of line profiles taking into account the inhosd-
senelties, and have constructed the two coluan and three

colunsn ataospherie zodels.

The method 204t suited to the study of the kinesatics
of the inhosogencities of the dizension lur,er Lhan o
sesond of are in the solar atmosphere is by neasurezsnts
of the local Jopnler shifts in the speotral line of
interest. The wopsler shifts detected and asasured in the
suns 0ot speetra by ivershed (1909) is the firat evidence
of the axistence o mass-sotions in sotive regions on
the sun. Again the earliest observations of the saall
scale velocities on the sun are those of Gvershed (1922,
whan he observed the "ifnnuzerable s3zall displacenenta of
the lines eguivalent to velooiilies of the arder of a few
tenths of a kilosetre per second whan the slit lies across
% well defined {umage of the sun®.

The first speotira of apatial resolution sufficient
to resolve individual photospheric gramules vere those
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obtained by Richardson at Jdount wilsom. Froa measure-
aents of local Dopnler shifts on an excellent spectrus,
dichardson and Schwarschild (1950} obiained a value of
Ue3! ka/sec. for the velocity {represented by >) of the
turbulent motions in those wiggly limes and with geonst~
rionl dizensions higher than that of the granulatien.

They also found a weak correlation between the velocity
and brightness variutions. Later Ltuart and udush {19%4)
filtering out the large scale fluctuations in the velooity
froa the data of iichardeon and Sohwarazehild, found the
correlation such higher. At Oxford, Plaskett {1954)
independently arrived at the sase conclusion. iHiss lHart
(1996) following ‘laskett’s work, observed the sxistence
of a large-scule pattern of veloocities in the upper levels
of the photosphere. But the significance of the velocity
pattern becaxe clear only after the appearance of Leighten's
work that led to the identification of the supergranular

network.

The decade followving the work of Richardson and
Gohwvarsenhild witnessed a series nt{jauuuraunnta of saall
soale Doppler displacessnis on 2any lines from selected
speotrograns both at the centre of the diase as well as
near the liadb. 3uch studies by the Me Math solar workers
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using their vacuunm spectrogranh and by uvans and #ichard
{1362) at iacravento ’sak provide inforaution on the
denondence of "2 on the line-sirength and position on the

digc.

aAround 1960, the study of the maoroscopic avtions
and turbulent velocities took a new turn when the tine
parsseter was introduced in the acquisition of the data.
The main stimulant for this vaa the theoretical predictions
of the oscillatory motions in the sclar ataosohere by
“hitnay in 1958.

At Moumt Wilson, Leighton {Leighten, Hoyes and
Himon 1962) modified the conventional speotroheliograph
to obdtain sinultanecusly two nonocurosatie platures of the
sun, in the opposite wings of the line profile. ¥roz a
pair of such sizultansous piotures, he obtained by photo=
graphic subtraction singly cancelled *Doppler platea'.
These plates showed vividly that the field of asotion on
the sun consisted of a large-seale pattern of horizental
velogcitiss within sgells, whinh he termed as "supergranulm
tion", Fros s series of sisultsuuecus pictures taken in
quieck succession, Leighton derived "Doubly cancelled or
Doppler difference™ plates. The Doppler difference plate
had the advantage of the time scale in it, as a result of
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the finite tine taken to obtain m spsetroheliogrsa and
Lelghton discovered from suech plates {in Cal 6123, Ba*
4554 and Nal 5496 lines) the vertical oamelllatory
aotions in the solar atmosnhere. ile also obsserved for
the first tisne aiasilar osvillatory tine vuriastion of the
intensity field in the vore of Nal line with his
brightness differsnoce plates. The subaejuent work of
Hoyes and Leighton {1363) on other lines established the
existence of velocity oseillations around 320 seex. and
its progressive decrense with altitude in %the solar

atacsphere.

. Evans, at vacrenento Peak obtained a nuaber of tize
se juence spsoblrograass (with tise mapuration»of 20 se0.
and 30 sec. between successive exposurss; of high resolu-
tion, around quiet rua:aga at the centre of the solar
surfage, with good izage quality. These $ize sequances
lasted for nearly half an hour and covered apeciral lines
forzed over a range of helights in the solar ataosphere. The
analysis of these time sequence spectra (Eveus and Nichard
1962, .vans, Miohard and Servajean 1963, Jensen and Orrall,
19633 Edanonds, Miohard and Servajean 19635) provide the
folloving cxplarutory‘iatbrmutlou an the properties of
the velooity and intensity oacillationas
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1) The nower speotruz of the velociiy field shows
a sharp peak in the power in the resonance ran;e around s

mean period of 300 seconds.

2} The neriod progreassively decreases with ultitude

in the solar atmosphere.

3; The azplitude of tndividual oscillations are of
about V.4 kun/sec, in weak lines and 0.8 ka/sec. in strong

linas.

4) The sizse of the oscillating elements increases
vith height from about 1600 ks in the Pel6102 lins %o
adout 3500 ka in the Wal line.

5; There is significant nower im the lov freguency
dosaing the azount inoreases with depth and dosinates the
apectrua for the low lying CI 5052 line, whiech represents

a convective component in the veloeity field.

6) From a comparison of 40 prozinent oscillations
Evans and Michard noticed that the high level line lagged
behiind those in the deeper line by about 8 ssoonds. This
lag decreased froax a maxisus value ab the onset of an
osoillation t0 sero after a few periods. This suggests
that an osgillation starts as a progreasive wvave, rapidly
deoaying intoc a standing ossillation.
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The coherence and phase analysis of the velooity
fields for pairs of lines show sons progreassive motionm
in the resonance range, with phuse propagution velocities
faster than the sonie veloocity. Outside the resonance
range the shase lug increasss with frequency suggestive

of ordinary sound waves.

7) The continuun intensity fluatuations show insigni-
ficant power in the velooity resosance frejuency range.
idmonds, 4Yichard and servajesm (1365) found sbat thare is
significant oohsrence between the velooity field in the
line and continuum fluctuations i{n the resonance range
with the velooity lagsing behind the continuum intensity.

B8} The power spootrun of the brightness fluntnattona
in the cors of the faint C! line aiaics the non-periodie
continuun fluctuations, but with a ohase lag. The flugtua-
tions in & strong line show oscillations in the sase
period range as the velocity oseillations.

Prazier (1963} studied the velocity aand tesmperature
fluctuations im the solar photosphere with a long tine
ssquence of speotra lasting for 5% misutes in the three
lines 5111 6371, Pel 6364 and Pel 6355. The powver epectrua
of the velosities showed a siseabls lov frejuency or comn-
vectiwe component im all the lines, the saxisum being for



I-11

the S1i11 liane. The oscillatory part for all the three
lines showed two coaronents, one with a period of 265
sec. and a veaker one of neriod 345 secondsa. The intene
sity fluotuations showed nprimarily the convective coapd-

nent at all levels and a weak osoiliatory coaponent.

Howard (1962) using the Youat wilson asgnetograph
in the Dojprler aode observed these oscillations at
diserete poinis on the solar dise. His extensive observa~
tions {1967}, on the osecillations, using the lines Fel
5250 and Crl 5247 showed that the oscillatory motions
cocourrsd in wvell defined bursts, each lasting for nearly
30 minutes. His studies on the phuse relations by siaile
tansously observing the oscillations on two lines, showed

the saze resalts as of Evans and 4ichard.

Deudner (1967) made life-time studies of the wveloeity
osgillations and the influence of magnetic fields on the
oscillations using the Capri asgnetograph.

Tanenbaun et al (1969) used one-dizensional magneto-
graph scans with varying apertures (fros 2.3" teo 10" of
arg) and astudied the S5-minute velocity osoillations und
their phase relations with line-wing and line-core brighte
ness using the Pel 5250 and Hal 5896 lines. Their
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observations show that the ossillations in the wiog
brightnscs lead the velocity ossillations by less than
33° in the phojosphere and about 0% in the ohrousosphere,
thus showing the existence of travelling waves in the

lower levels snd standing waves at bigher levels.

Musaan and hust (1970) used the iacrenento Yesk
wooploreieesan analyser to study the collective shase
behaviour of the S5-ainute oscillations over large arcas
(62" x 307" of are) on the solar diso and their relation
t0 the rather steudy coaponent of the line-of~sight velo~

gities assooiated with the supergranular flow.

Bhattacharyya (1972) using the Kodaikanal Observatory
sagnetogranh in the Doppler asode and with anm aperture of
56" % 14" made a detailed study of the veloeity
oscillations on a nuaber of spectral linea covering a
good runge of heights in the solar ataosphere. His study
includes velocity observations on H pe He moticed the
average duration of bursis ia shromosmpheric lines Lo be
shorter than thoss in the photospherie lines. le found
that the period of osoillations reanim virtuslly unchanged
with height in the photoasphere and low chroassphers, but
shifts to a lover peried around 3/3 levsl.
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It is now fairly well agreed upon, that the kinetic
energy stored in the oscillatory sass~motions observed in
the photeosphers and the chrososphere Ly any one of the
above observational set-ups, rerresents an interaediate
nhase invthe energy link betveen the convection zone and
the outeraost atmespherie laraku. Tho.raaid change in the
rate of fonization of hydrogen in the sub-photospherie
layers causes the temperature gradient %o be higher than
the adiabatic gradient leading to convestive soiion. The
photossherie gramulation is & direet zanifestation of this
sonvective sotion. Blersmann (1946, 194B) and Schwarschilad
{1948) suggested that the nooustic waves generated by the
gramulation provide the heat imput for the upner chromos~
phers mad the coroma. Schatzman (1949) showed that the
asplisude of these waves ateadily increase as the waves
propagate upward through regions of decreasing density,
ultizately forming a sequence of shock waves. The outer
solar atnesphere is heated by the diszipation of the shook
waves. 18 the earlier investigations of Biermann and
Sehwarzchild, the couputsd energy brought up by the
grsnules vas far in sxcess of the amount required for
matotaining the temperaturs of the goroma. Subsequent
vork has shows that, only & saall part of the turbulent
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snergy, which i3 later converted into mccoustie emergy,

esgcapes dissipation as heat at the source itself.

whitney {1953} represented the fluctuations of the
top of the convection zone resulting from s coszbination
of conveotive uotions and sound waves, by two dimzensionil
ejuations. The fluotusniing top of the convectiion zone
impress motions on the overlying layers, generating waves,
His steady state solutions of the wave ejuations show the
existence of a aixture of compressional and gravitational

vaves of periodicities im the range of 3 to 5 ainutes.

 Lighthill (1952, 1954) developed a theory of the
aerodynanic generation of acoustic nolse by isotropie
turbulence, in a cospressible zediun. The turbulent
regions act as sources of sound, radiating like s gquadrua-
pole. Proudman (1952) derived s sumserical expressioa for
the acustiec pover so geaerated. 7The uppernost layers of
the convection zones, confined to a thickness of about 60 ks
charaocterised by high Reynold nuandber, are supposed to be
the source of flux of mcoustioc energy. Lighthill's theory
bas beenm applied to this turbulent sone by sany workers
de Jager and Kuperus {1961), Osterbreock (1961), Hoore and
Splegel(1964), Kupsrus (1965), to derive an order of
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aagnitude for the acoustic flux, which approxinately

balances the energy necessary for the coronal heating.

Under the conbined influence of gravitastional
foreces and a magnetic field, three modes of wave propaga-

tion are possible in a conpressible mediums

1} Urdinary sound waves controlled by soxnressibie

1ity, can propagate in 3ll directions.

2) Internal gravity waves, also plsy a vital role
in the tranaport of mechanical energy in she photosphere
and chrosoaphere. Lighthill (1967) has shown that these
waves are generated in the stable layers above the conveo-
tion zone, by 'tongues of turbulence’ penetrating into the
stable layers. whitaker (1963) has worked out the propaga-

tion and disaipation of theae waves.

3) The Alfvén's waves, which propagate along the

nagnetic lines of force.

Dsterbrock (1961) and Lighthill (1967) following
Alfvén considered the propagation in the pressnos of a
sagnetio field, consiasting of the fastwmode, slow-node and
Alfver mode sagnetohydrodynamic wvaves. The fast~aode
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disturbances which are sound waves t0 a z00d apyroximes
tion genarated in the hydrogen convection zone truvel
through the photosnhere sand their dissipation is the
main source of chromosphoeric heating, while the coroma
is hesated by slfven waves. 1In slage ureas, the wave
generation in the conveotion zone {8 lurger ledding teo

aore heating.

The sresent state of theory broadly expluina the
wave propagation characteristics of the selar atmocsphere.
However, there are nuasrous details of observation that
have been drassticully uncovered in recent yeurs of
observational effort that cannot yet be iaterpreied with
the aid of our present theoretical concepis. Irogress
bere will depsnd much on the availability of a consistent
set of observational inforsation that spescifies the
mschanisas operative and sets llhtta to the varameters
characteristiec of thes. It is the aia of the present
atudy to effeoct a contributton towarde such a goal.
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THE VBunrVATTIONAL LLCHNT (VRS

Since the question of the origin of the velooity
field is rather insecure, its solution has to be regarded
aore as a desired result rather than as a shysiocal
saraseter uvailuable to atart the investigation. This
assigns a great iaportance to the observations on
velogity fields, since a couzprehensive picture of the
physiocal processes tuking place can provide a secure
basia for inference oun the question of origin. Table 11-1
clasaifies the details of observations of the tesporal and
snpatial properties of the inhozogensities aade mo far by
the three different technigues in vogus. Also included
in the list are the neusures reported ia this thesis.

Leighton's Doprler spectroheliogran is a two-dinen-
sional map of the velocity fileld at one wavslength
position in one line. The two-ditensional aspect gives a
good qualitative lnuight into the mature of these velocity
fields and the size distribution of the cellular struo-
tures. At the sane tize it has the disadvant .ge that most
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3f the inforaation about the line profile is lost. Also
sinultaneous inforsation chauracteristios derivable froa
yther lines are not easily available. #Horeover, ths tine
resolution obtainable is rather noor, due to the inbhsrent
slow scanning speed in a spectroheliozraph.

The photoelectric technique, which utilizes the
lagnetogrash in the Uoppler mode, alev suffers from the
iane disadvantuge as Leighton's method, since the light
frox the two wings of a speciral line is vieved to derive
the velooity field and hence cannot vrovide any inforamation
reyond those positions in the profile of the partiocular
lines The spatial resolution is linsited by the use of
\arge size apertures which are necessary for obtaining a
reasonable level of signal above the noise. Thus the pro-
yerties studied represent an average behaviour of a certain
awres on the sun, as specified by the entransge aperture of
e amgnetograph. The advantage sxists of the possibilisy
)f obtaining a continuous record of the velosities over
long periods. The temporal properties of the oscillations
mn thus best be studied with a reasonable high time resolu-
jien, which is lisnited ounly by the photomultiplier volse and
wwaospherie seeing. It 1s also posaible to aiz ab good
instrusental sensitivity for the velooity msasuresents.
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The rapid time lapse photography atus at
obtaining ssectiro rams in a ranid sejuence covering
simltaneously many lines. The spectrograph alit
sumples a loag, narrow strip of the sun's surface.

The sejuence thus srovides detatled inforaation on

the physical state and the tize-development of a long,
narrow strip of the solur atwsphere. High resolution
solar specirogranhs usually combine extreazely high
apectral resolution with a spatial resolution a8 good
as one aecond of sre. Tn such cases the spatial
resolution is linited only by the sesing conditions.
The spatial proparties of the veloocity flelds are
studied best by this technique, as oune oan derive the
line-of-sight velocity fields ai different levels by
serely obtaining the Doppler shifts ia the different
linvse The drawbacks are that the data obltained are not
gontinuous, but linited by the time separation between
successive exposures. But, such a limitation is sore
than off-set by the supreme advantage this technique
has to offer in the study of spatial and temporal
properties simultansously of the velooity and intenaity
fields with an unparalleled acourasy in reaslution.
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Table IT=1 stows Lhat mout of the searlier studies
have concsntratod on the toaporal »roparties of the inho~
aogoncities, ws the analyses have been vonfined: to only
2 or 3 spectral lines at osne time. Alse, no observatfonsl
evidences are available on the hnhaviour‘ar the inhomoge~
fnsities in the temperature 23inimus region in the selar
atmosphere. Inforzation on the temporsl behaviour and
other charauoteristics of the waves like thu auplitude of
oscillation in the temperature trough are desirable for a
better understanding of the mature of the velocity fields.

Any fresh investigation should, therefore, concentrats
on the study of the spatiasl behaviour of the inhomogenei-
ties depth-vise by taking into account as wany spestral

lines as possidle oblained simultanecusly.

2:3.._ Chservatioens

The observations vers obtained vith the 36 metre
horisontal solar telescope and the 18-metre apsctrograph
at the Kodaiksnal ﬂh-rvmmaiyw A tvo mirror ceelostat of
fused quarts and of 6iva aperture mounted om top of a
1t=metre tower feeds a 38en tve slement ashromat of 36
netres fosal lesgth via a third nirrvor which converts the
vertical beas from the coelostat into a horizental beam.
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The £/90 beas foras a 34oa diameter solar image in the
plane of the slit with an iange scale of 5.%5"/an. The
firat airror is driven by a synchronous motor which in
turn 1is run by a frejuency stabilised oscillater. The
frenquency of the oscillator can be varied over a smll
range, at the will of the observer by operating a ooatrol,
to gonpenzate for the day to aaylminnr variations in #.4.
and Dec. in the sun's position. The solur image can be
guided on the slit in Right Ascension and Declimation by
the conirols for the second mirror of the coslostat and
can conveniently be operated froa the slit and. The
Littrov spectrogranh has a om two elezent achrosat of
18.3 metres foonl length and a Babeock grating of ruled
area 135 x 200 am with 600 lines/ma and blased im the fifth
order greesns In the blased region, the grating has a
resolving pover of 600,000,

A ousbar of tizne sequenses wers obtained around
chosen spectral regions with the slit of the speciregraph
located at the centre of ths solar disc. Un Sthese soom~
sfons it was spsured that the regions in and around the
‘¢ontre of ths sun was very quiet. The effective leagth of
the slit vas 192n and a vidih of 100 - vas maintained ia
all the sequences. A hair stretched acroas the spestirograph
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slit during the ebservations served as a fiducial line
anloag toe dispsraion. Ihe overlapping orders of the grate
ing were ellainated by the use of glass Iilters wounted in
froat of the antrance siit. The solar rotation was
sozpensated by a line shiftar placed in front of the

8lits The solar isage was soved relative to the slit by
proper amunts with the ald of the line shifter in order to
ensure $hat the saze part of the sun lay over the siii,
throughout the period of observation. In the early hours
after sunrise, the value of see¢ = fallsqguite ranidly and
its contribution to the incrvase in brightness of the solar
image is very significant. The exposurs time was,
therefore, sonticually deoreased to compensate for the
increase in brightness ‘of the sun's image. 3I5am filas in
specl s of 100 feet vere used in a camera with meohanical
film trassport. The films wers tank-daveloped for 10
ainutes in D=19 maintained at 68°F.

Of the sany tise sejuences, thres sequences obtained
under sxceedingly good sseing conditions have beesh chosen
for she present study. The details pertaining to the
spectra are set out im Table IX-2.
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The seeing conditions at Kodaikinal in the mornings
are by abnd large above average during the winter sonths
(ecenver to February) and also in Haroh and april. Ais
is typlcally characteristic of mountain observatories,
these neriods are confined to about two to three hours
after sunrise. The definition falla off rapidly when the
solar hour angle is leas than three hours. Sut, during the
aonths of Harch and April, the aornings following a day of
hoavy thundershowers can offer excesdingly fine conditions
of seeing. We have used suoh spells of good seeing for
obtaining the senuences. Ihe high inage quality shown by
the hizh contrast in the continuus streaks and the line
wiggles are saintained throughout the lengths of the
sequences without significant change. A measure of the
resolution attained is given by the autocorrelation curve
of the granulation intensity field. This can be seen in
Figure II=1. Pour frazes have been chosen for such study,
three of vhich were very typical of the good aseing and the
fourth one chosen at randox froa amongst the later frames
of the sejuence when the seeing quality had deteriorated.
The full width at half asxizus (F¥HM) of the A.C. ourve,
vhioh provi des an objeoctive asasures of the gell dizensiona

based on measurements on these four frames ia seen 0 be



Spatial auto-porrelation fumetions of continuua
intensity for four fraasa. The abscissa is in
units of 630 kmn. The mean value of the full
width at half maximus (FWHM) i3 1900 ka.



o=

Frame no.44

FWHM -892 km

Frame no. 48

FWHM - BO6km

Frame no. 72

FWHM - 1660 km

Frame no.39

FWHM -840 km
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1100 km und aay be considered am average value. Ihe bast
of theae frames glves a value of FwiMl close te 1.1

seconds of arc. The average value of our sejuence is
fdentieal with that of the tizme ssguenos obtuined under
excellent seeing conditions by Zvans at Sacrameato Peak
and studied by Zdwonds, “ichard und Servajean {1965). The
guiding excursions could noi have exceeded & 0.5 of aroj
this acouragy being ensured by the photoslectric guiding

unit eanloyed in ay observatiouns,

A way of quantititive assessaent of the quality of
gulding is provided by the correlation covefficisnt of the
granulation i{ntensity fiald of successive fruxes vhich are
separated by an interval far less than the life timse of
the structures. 7This ocvcefficlent has & value of 0.%J from
the beginaing to the end of the sejuence.

The doppler dlaplacenents in the apectral lines eof
the three sequences were measured, to derive the veloeciiy
fields. The mZeasurezents wvere done with a Deppler compa~
rator constructed for this purpose. Tn this device, an
f{aage o( the line, magnified 18 tines by a Zsiss spectrunm
projector, is projected on the plane of a systea of twe
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identiocal slits, with their centres located at + )\ )on the
line srofile. The widths of the slits 1ie in the diree-
tion of dispersion and are kept as amall as poasible to
avold considerable depih averaging im the solaur atsosphers.
The lengths of the slits which lie along the length of the
line is chosen to confora to the needs dessnded by the
gpatial resolution desired by the observer. The light

from the vings after passing shrough the ulits;_il refiego-
ted on to two light dependent resistors (Philips L0i) having
jdentical responses to light. The LDR*s #rc connected with
the help of other preeision resistors to form a Wheatstons
tetwork. +<hen the line is centred accurately over the
slits, the unbalanced voltage output froa the LOHs is zero.
The aull seasuring instruasent is a Dusont cathods ray
osoilloscope operuted as a D.C. Voltmater in the finest
range. When the line 15 decentred by a Veppler shift of
the line, the rutulting unbal mced voltage shows up a8 a
displacesent of the spet on the vscillosoops scresen. The
izage of the line is centred by displacing the slit systea
which is mounted on a Hilger aigroseter sorev. The displace-
sent i8 read on the micrometer acale which hes a least
aount of 10 /M and this eorresponds te a Doppler shift of
3.9 netres/ses in the fourth order red region. The
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spectral lize is soanned along 1ts length and the

bopsler disslicesents ars obtuined at sucoesssive polats
gpaced azeording to the resolution desired by the
obsarver. This instruzent iz adanirably sulted for the
present 2easureasntis becauss of the sace with which
Isasurcnents oan be done and of itas linear res»onse. The
acouracy of the msasures is limited only by the proparties
of the line »rofile studied und the eaulsion used to

record the svootrs and oot by the coaparator,

txtensive test measuremenis were carried out with
the scomparator to assess the reproducibility of she
Doppler shift measures. Joppler shifts for six Fraunhofer
lines of Aowland intensity ranging froz -1 to 8 were
seasured. The measurenent procedure was as foliows.
Dogpler ahifts in each line of the above set of six were
measured under identical conditions of apntial resolution
and light signal level, as to be used in the subsesuent
neasuressnts of the time seguence speotra. Ths measures
for the six lines made thus on ons cccasion constituted
one neasurement series. This was repested six times for
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all the six lines, one measuresent series following
another after a lapse of a day or two. The slx measure-
nents series plotted for the six lines showed remarkubdle
consistency. The »robable error ranged from 5 ameters/sec
for the strong lines to 10 meters/sec for the very weak
lines. The deliberate lapse of a day or two introduced
between the successive teasuresent series was to test the
siubllity of the instruzent, particularly of the eleotrical

syste.

when aeasuresents on lines of different Rowland
intensities are rejuired, it is desirable to adjust the
level of 1isht of the projecter laap, 50 as Lo keep the
light level reaching the LORe saae, irresrective of the
strength of the line to be measured. This will ensure that
the operating points on the response ourve of the LDAs
are saze for asll the measurements. Although this was
possible in the present set up, the light level was deli~-
berately kept different for two of the msasurenssnt series.
Tos consistency of these measures with ithose of ths remain-
iag seasurensnt series snsured the linearity of the system.

To teat the relisbility of the comparator, the
Doppler shifts were deterained indepeudently by the
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procedure of Evans and Alchard. Iwo aicrodensitosecter
traces were nade parallel to the length of the line, euch
on either wing of the line profile in the sause location
a8 the two alits of the Dospler coasparator. The lecal
Jopuler shifts were then evaluated from the aiorodensito-
aster records by the .vans and Aichard sethod (1962j. The

results obtained froa the coasarator and by the above

sethod showed very gosd agreenent.

Iwo of the sejuences were recorded on the Kodek
emulsion 1VZ, which has & fine grasularity. 7The noine
resalting frot the photograushie grain ia the case of the
Ansco Hypan X filu, eatisated froa measurexzents on a fruse

of the tize sejuencs is found to be 49 zetres/sec.

Another source of noise is the turbulence inside
the spectrograph. The observed Deppler shifts in spsciral
lines ara the actual Doppler shifts in the lines aodified
by turbulence. Both the time sequences in the red region
cover telluric lines. Measuresents of velocities were done
on one tellurie line froa each sequence for all the
exposures. This ylelds the pattern of turbulence along a



I1=19

vertioal coluwn snd a enuparison of the sattern froa
fraze to fraze, a picture of the teaporal variation of
turtulence nrevailing inside the spectrograph. 7The rem.s
value of the turbulence estizmted along the length of
slit is 59 aetres/sec.

These errors belny so samll, will have no

significant effect on the results to be discussed in the
naxt chaster.
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The temporal characteristics of the velocity
fields are studied well with a iime sequence lasting
for as much duration as can be obdtained in practice.
Their spatial characteristics deptbwise are best studied
with speotra covering as sany lines as possible. It i»
very desirable to include lines of different intensities
and excitation potentialas, %0 as to obtain a good repre~
sentation of the vertical orosa-section of the solar
atmosphere. but it bas not been posaible to fully satisfy
the latter condition in practise. veak Fraunhofer lines
vith high exeitation potentiala provide data on the desper
photospheric layers. An exposure aimed at obtaining weak
lines of the gorrect density, for mseasursamsnt of velooity
and fatensity, vill result in under-exposure of strong
lines on the same frame. Therefors, it bnﬁunlu neceasary
to seek a coapromise in ohoosing a wavelength region
econtaining as many lines as possible and vhich will
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reasonably represent a major sart of the photosshere
and chromosohere. Iaformation of this kind froam two or
three sejuences can heln to build up a composite ploture

of the apatial characteristics of the velooity fields.

Table YXI=1 contuins detailed inforzmation on the
absorjtion lines used in the pressut study from the

three time-aeuence specira.

In sequence A 1082, I measured the Doppler shifts
for © solar lines. This sefquence inciudes a SiII lime
of hizh excitation potential and Fel lines of varying
intensities and excitation potentials. In sequence A
1100, I measured the rudial velocities for 4 solar lines.
Ihis sejuence inociudes 6537.6223‘03 atomic carbon formed
in thes very deep photospheric layers. The high eontraat
und the very low granularity dt the Kodak IV~% eaulsion
on which thess twe sequences were obtained, onatled the
aesasurenont of sasll Doppler shifts even in the broad,
hasy deep~lying lines like CI and 8111 lines. The woise
level is, howsver, not negligible, as in the other lines
iavestigated. The two sequences A1082 and AV100 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 lime 4281.574% of the

CH a0lecules I have made measuraments of velooities on
this noleculsr line und alao on the neighbouring Cal

line 4283, the latter to serve ag a COINArison.

The fourteen solar lines chosen for study, have
their :mean denrths of formation well distributed in height
in the solar atmosohere, ranging almost from the granula-
tion luyers through the photosphere up to the low chroups-
pheres This ia shown by their contribution curves to be

discussed in detail later.

The atisrophotometer scans along the direction of
dispersion of one frame from each of the three sequences
gave the shapes of the liae profiles of all the spestral
linss. From these traces, it was poassible to decide the
vidths of the alitas to be umed for eash line, for measure~
aents on the loppler coaparator that wvould satisfy the
gondition that the slits be located on the steep part of
the prefile, so as to offer high sensitivity in the
mgasuresents. In doing so one must keep slit widths
within a saxizsus value, 20 as $0 keep the deptht averaging
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in the solar ataoesphere within reasonabdble limits. 7The
looatien of the slits on the corresponding srofiles are
given in Tadle 11T-1 under the coluin gj&%(ﬂ) and the
wldth of the slit under the scoluan #(%) for the lines
neasured. The length of the slits was saintalned uniforn
throughout the Bsasureasnts, corresponding to 1WHO ka on
the aun, as this vas considered a sufficient wilue for
the spatial resclution. This lengih Tfor the coaparator
slits give neasuresents of veloul ties at 61 pointe,
regularly spaced 1080 ks apart for hnnh spectral line
along the slit of the specirozranh.

Yeasurenonis at the comparator of sach ssectral
iine yielded a A (11? ourve of valmo&ti, aa'a funotion
of position along the slit. Such 2 {x) data consist of a
series of €1 nusbers that are the Donpnler cozmparater
readings. These nuabers are aﬁmlna& an arbitrary sero
point,; which ohanges froa lime 30 line and frause to framne
for the same lins.

The A1DB2 sequence has 120 frases exposed successively.
Hence for sach speciral line the daka consists of a two
dizensional array represented by A (:1. t;) with *4i*
running from 1 to 61 corresponding %o the 61 points along



I1I-6

the alit and '"§" running from 1 to 12 corresyonding to
the 120 frames. The array for each line thus consists
of 120 columns and 6% rows.

~eauence A1100, with 62 exrosures, has for each
line 62 goluasns and 61 rows foraing the array. For A1D22
and A1107, succeasive values of t, are 20 seconds apart
and X, 1087 ka apart on the sun.

41133 bus 160 exnosures and the array for easch
line has 160 colusns a2nd 61 rows. Successive values of

ta are aeparated by 15 seconds, xi remaining the sane.

Zhe output of the Joppler comparator for all the
solar lines consisted of sore Lhan 105 readings, which
were then punched on cards for further srocessing.

The A {x) curves wers plotted for one lime iB euch
ssquence to detect the possibility of any desclination
drift vhich mmnifosts itself as a drift along ths spectro-
graph slit during the observations. The fidueial line
along the direction of dispersion was provided by the
shadov of the hair line across the speotrogravh alis,

The 61 points along the length of the apectral line at
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which velocity measuremsnts have baen made are lovated
with reference to this fiducial lime. The 4 (x) curves

of asuccessive frames plottsd on semi-transparent paper,
vhen superposed, matobed very well every-vhere and did not
show any sign of drift along the slit within detectable
iimits. This is aleo confirmed by the high correslatien
coefficient of the granulation field between consecutive
frames ruvferred to in Chapter Il. A siamilar correlation
coefficient woriked out between muccessive frames for velo~
cities range froa 0.65 to 0.85. This is probably due to
changes in velocity at individual points during the 20
second interval.

| The velocity shifts in the two telluric lines, one
fn A1082 and the other in A1100 were measured in the same
vay as for the solar lines. Their A (z) curves represent
the turbulence in the sarth*s atmosphere and ianside the
spectrograph. These A (x) ocurves were averaged te form
one final X (x) eurve. This wvas the average of 120 ourves
for A1082 and of 62 ourves for A1100. This average X (x)
curve provided the reference curve, deviations froa whioh
yielded veloeities. In the cass of velocities, the shape
of this reference curve results oanly fros the survature
of the spestral limes, produced dy a plane grating on
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aceount of the change of the effective groove separution
for oblique rays. ZFor the sejuence A113%, in the absence
of a telluric line in the speotrul regzion, the reference
curve was derived by averaging the 160 velosity curves
of cne of the solar linsas. This reference curve was
fitted o each A (x) curve at its menn value and the
difference & (xys £4) = T (x) =V (xgs t4) read a3 the

61 points. The ¥ (xi. tJ} values form the fluctuating
conponent of the velooity measired with reference to the
zosn of each frame. These values wers then converted to
vertioal velocities in ka/naa using ﬁhu Donpler relationm
valid for a stationary stmosphers. This was done with a
CiC~3600 gonputer for all the 14 solar lines. The output
of the vomputer gave the data points to forz the array

¥ (2,5 $5) for all the lines. iy reading horisontally,
one gets a V (t) ourve. For any one line there are 61
such V (%) curves. Sasple plots of these veloeities as
funoticas of position along the slit and time for 6 spectral
liues are shown in Figures III=1 to I11«4.

These veloeity measures are not absolutes IThey were
mossured, as memioned earlier, with respect 3o the 2ean
taken over each frasze. This procedare has autoaatically
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filtered out all modes of lurge borizontal wave lengths
aarticularly, those of the supsrgranulation cells which
have a horigontal wavelangth of about 37,000 kae Also,

in the zessurenent srocedure, the 61 pointe on the slit
are 12%) kn sparts This would hove filtered out the
sasll wavelengtina in the velocity measures to some extsnt.
dut this is nol serious, as the size of the oscillating
oslls, is wmuch larger, as «will be shown shortly.

The Figures (I1I=1 to 17I=4) of the velooity slots
show the teaporal propertiss of the ospillations over the
entire length of the slit, corressondiug to 7525 kz on
the sun. At any one iastant, the velocity plots for lines
in ths sane ssijuence show the simultansous bohaviour of
the velogity fields as different levels in the solar
atnosphere. The oscillations occupy a substantial part
of the solayr surface with measurable amplitudes snd stand
out yrosinently. The amplitude and period of the osoilla~
tions change irregularly. The velocity plets of the
€1 6587 line are moisy, although the osoillations are
regognisable. In the case of the lines formed at higher
levela, the regions oseillating in mherence can very



Bample plot of velocity wvs ‘tine and position. The
curves repressnt the velocity at consecutive points,
separated by 1080 ia on the sun. The high amplitude

feature at 'A' can be seen in 6330 and 6338 lines in



5400 km

1

Fe[ 6338.588

Fel 6330.859

R 7T 17t 7 017 11
S AW A M NI A A A~
ST T
W MWMWJWW
MWWW MWW\:
AN A N SN ASRTN NN AN ISP AN
A s N etV Fangsgrot
A A A AN

— AN NN A AT — A e N NS
VT TN MWL ol N N A AN NP
SIS AN AN m
R N N N AV AV A

— LA N T AN e AN ma N
NSNS ~AWM W NI A M
AWMW\,\/ M\A\V/\WMW"\/\/
W\"J‘W/ WW
NN N AN VNN A S A
— AN A e —
e N
S AN NN SN N AR N
o P Ao RIS o
WVWM NWW
N A A AV W A e AN NN AN
\MVMJ\wAm/bJMMMVxW AN N S M A
W\/M%"\/\/\ Wﬂ\'\/\
NN S VNN M
V\\,\/-"\/'\f\h\«-”\m/"\/\ W\/\r—’\ﬂv\/"\//’\/’\\
| SERANISOAAR - IS
M A AN

W WA AN

WN/\/‘/\J/\/JW_ \
—WW’WWV"\,«"’\/‘

WA

_ll‘v\lllllll .||\1|»|1|1
o Y% 20 30 0 Y 20

] 500 m/sec

40 MINUTES



5400 km

1

Fel 6344.162

Fel] 6358.695

T T T T T T T 7 b
RO AN e WY N N . WY N .
— VNV e NN RN AR
WMWW«« \/-WW"\’MI
/\NWW—M J\\WWMM
e WA sy SN
NN AT TN A AN e/ A TN e N A i N
[WM—WWW
W J//\‘\;\/"\\._/V\/'\/\-«/\/”V/\N
N AN *WWA
W\MW’V\,/\ /\\.M/”\/\/’\\m\,/\
/\/A\\/J\/\N\NM /\/’\\Wv\
/\,/\’_W\W /\/\N’\WW\
JWWW
VNN AN ANy
/\/\W\/\/\\N’\JN _W
A"’W\/“\M NW’W\/\/\A—W
POAAAATN AN TN
PN N\ AN W—w
— AN A A -
B ATV N W 1 500 m/sec
W’\\/A/\/"\vww/*’\v/ ""\"/V\/\,J-WW“/\I\/“"\\»/
M TN N A VA A AN N e
NN S IR AT AV S
M\/\/\\I\W W\/\/\A/\/—w
WV\\/*W\/""\, WWW’\,
W/A\MM B R N W I N N
VAN AN A A N NN NS
AN\ NN WN\MJ
wwm\/\/\r’w M\/\MW
SN e AN A A \N/\,.WMNW
W\»ﬁ""\,\/l\/m\v\/\\/” N AN N e
= A\t NN e — N VA N e
/“VV\/MWW”’\/\,IJ\J §
MNMVNV\/\ W
B A viver Y/ R VA AV
W\\?\/F\ WML A RN
A AT AAY S
W\JWW Wj\/\f'\"/\v/\,ﬂ
N AR AN AN A N A
WW/\’/ ”\/’VW\#*‘\-W"\/-
N I N TN N N N S N N N I A T
0 20 40 0] 20 40 MINUTES

Fig . lll-2



5400 km

Fel 6336.837

‘\’\/\’\’\/\M\""_""‘v""\f‘/’ ]500 m/sec
WM AN A NS\ e e

0] 20 40 MINUTES

Fig .l -3



5400 km

CH 428].974

1 500 m/sec



I11=10

easily be identified. In most of the cases, the bounda-
ries of areas cscillating ooherently, both with reference
to snace and tine are not well defined, which shows that
the onuet and dyiang down of {hese cscillations are not
olear out. In between these areas oscillating with large
amplitudes are those with very irregular osgillatisns of
asplitudes msuch less than 100 metreas/sec. 7These represent
rezions vhere osolllations huve died down.

By slaeing a straight edge vertically on any of the
Filgures(TTle1 to TIt~4) to represent the slit, it is
possible 0 count the nuuber of consecutive waves thal
oseillate fn phase and alse the nuaber, vhere the oscilla~
tions are very weak or not discernible. Such 3 asasure-
ment done for several noazitions of the stralght edge, shows
that at any instant, the regions oscillating in phase
ocoupy dizensions along the slit of about 10 to 12 seconds
of aro, corresponding to an average dimension of 8,000 ka
on the sun. Jn betwesn these regiona are those with very
weak oscillations of alaost the same disenaion. Consider.
ing this t0 be a typical size for the dlameter of an
oscillating cell, it is seen that at any time about 50 of
the sun's surface around the centre is ossillating with
vertical velocities of amplitudes above 150 metres/ssc.
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The root mean square of the ampliiude deterained froa

the srosinent oseillations for the lines sre ziven in
Table I71«2. The values of the asplitudes do not shov

a2 definite inoreanse with hei ht, although there s a
suggestion of this. /Also, the helght differetice betwoen
the lines 1is not Large emough for s substantial decrease
in density of the solar material to cause a signifiocant
inoreasse in asslitude. Tn the CT 6537 line, the anplitude

has been waznified by the noise in the records.

14 is possible to follow the individual bursts of
oscillations ocourring at azany voints on the sun. The
cscillations with amplitudes of 200 metres/sec and adove
last in peneral for 10 %o 15 ainutes. This can be con-
sidered to be a neasure of their life tizme at these levels
in the atmosphers, The amplitudes them fall off rapidly
to nezlizible values. After a lajse of about 12=-15
minutes, the oscillations build up again in the sane
region. There are zany exceptions ;o this possibility,
where one finds thaut the osclillations remain st insignie
fioant anplitude levels for auch longer periods of time,
without any significant ohange.
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FollleBe
Line agplitude

kz/sec.
Jel ©£358.699 28
fel 67%44.162 + 26
Fel 6335.345 « 28
Fel 06533.884 «23
Cal 6572.795% » 24
el 6336.83%7 23
HiI 6586.319 o2}
BT 6335.125 «22
CH 4281.794 23
Cal 4283.016 25
Fel 6333.588 22
Fel 6330.859 «22
C1 6%87.622 41

* Value high as the reecords are
noisy.
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The oceurrsnce of oseillations, in burets, have
srazsted aany workers to favour the model, whore the
granules act as individunl pistons glving rise to oscile
Latory motions, observed at these levels. This appears
t0 be s siaplification of the real stitustion. GSuch indie
vidual imsulses generated in a random manner over apace
by the granular oistons, cannot obvicusly supsly eneryy
for the oscillations to occur goherently over a soale

aany times the size of the granules thensslves.

The plot of velociiy with reference to tiae, shows
the solar surface to be covered with oscillasions, but a
careful soratiny will reveal these oscillutions to be
guite complex in nature. wWhen examined in detsil, the
oscillations in noighbouring regions do not seen to have
a one t0 ones correspondence, but only some gross charioe
serisnics in coamon. The bebaviour of these juasi-
periodic oscillationa oan best be described only in
stasistical teras. The dimensione of the oscillating
regions, the 1ife tize of ths bursis eto. estimated above
should be considersd only %0 represeant sose of their
general oharacteristics and not as rigld quantitative
ostinates.
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The oscillations in the weak lines (e.ge 6330.8594
and 6334.584A) show noise, sean as fluctuations super-
posed on the oscillations. The high level lines are free
froz these. ‘roaineant oscillations can be easily traced
at all the levels; thus there ia & high degres of coher-
ence in the wave nattern spatialliy. Une high amslitude
osoillztion extending for about 8%00 k2 in the region indi-
oated by 'A' (figure 1IT=1) in the plot of 6330.8594
line 1s also seen in the 6398.53HA line. But this feature
18 not meen a0 markedly in the high lavel lines. Thie may
be due (0 the filtering sffects in the sovlar atmoaphere.

The line 6330.859% has a fowland intensity 2, an
excitakion »otential of 4.73 e.v. and & gf waluae of C.19.
For the line 6338.5834, tha corres-onding values are 2,
§e79y Beve and D.42 respectively. The velooity plots for
the two lines show only as much uiailartty betwveen then-
selves, as they have with any other line. There is a
gross resemblance in the waveforms, but the sizmilarity
does not extend upto the smallest features. It looks as
though, two lines having tdentical strengths and excita-
tion characteristios may not show identical velocity
patserns.
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The oscillations having anplitudes wore than 200
netres/ seec. have been nicked out and the reriods have btesn
detersined from sueh waves. The results are plotted in
the foram of histogran in Pilgure 177=5 for all the lines.
The histograms show thut the jredsuinant neried of csoile
lation in the levels under study, lie in the range of 230
to 310 seconds. Jrecise deteraination of the period of
these oscillaiions requires detuiled statistical analysis

whioh are discussed in the following paragrashs.

For a reliable und nrecise deteraination of the
predosinant »eriods, ! huve done Hower Spedtrus snalysis
of the veloeity duta for all the lines., [he auto-oorrela-
tion functions were first ocnloulated and then the Fourier
traneforaation of these functions ylelded the power spectra
in the freauency domain. The theory and application of the
technigues of nower spectra analysis have been discusased
in detwil by Blacksan and Tukey {1998). The prssent
analysis closely follows the methods of Blackmac and
Tukey and is briefly deseribed below.

4 vontinuous recerd of wveloclity at any point on the
solar surface, lasting for a finite length of time I,



The distribvution of periods of osoillation in 17 lines
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represented by ¥ (%), can be considersd to fors a station-

ary tine series.

ihe auto~govarisnse funetion for such n scries

for a lag T is ziven by

-+ 'T} >

C ()= Lim :f VE)Y. V{E+T) A (g4

The nower ansctrum of the above function at freiuency
' 2t gxnressed as a two sided costne trancfora is given

by

+ % .
-t 2T V7T

PL'JJ\ = g C LTS -2 AT (3.23

Sk

the relation betwesn § {(T) am P {2} may be more simply

exnrassed as a one sided cosine transfora viz.

K
PG - » | el et amardy (3.3)

Usually, a8 in tha present ¢ase, tha dala conslists
of velooities in digitised form spaced at as close
intervals as peraitted by observatienal procedures,
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instead of enntinuous records. ihus if V‘. Vz. Vs res vn
are the values of the velocitles at egquispaced iatervals
of time, then the generzl term for the autoegovariance

fanction Gr is given by

-

ISRV, “(J_§V> .
Cp =3y & &5 Ev wr t {3.4)
This is the mesn la;ged sroduct with adjustaent for the
mean, for a teotal of 'n' data points. A series of autoe
covariance functions Cyp Cy eee € are ouloulated with
values for r=0, 1, 2 <ee 3 1In praotice, it is
necessary $0 keey the maxizus value of r at a saall
frastion of n, t0 presarve 2 ressonable stadbility for the
autiznaten. Bext, using these values, the finite cosine

series transforas are caloulated and the genmeral ters ise

given by,
-4
= £
B ()= AT ):.CO—-I—I%; C,Q ch(*":’;l + C,, G5 YT {3:5)

vhere A7 is the interval between twe consecutive data
points. This represents the unswoothed pover estimats
for a frequenmcy of (r/2m A7) eycles per second. The
spoctral estizates are smoothed by using a suitable
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sacothing or 'window' faotor. T have used a 'hanning
window' in this unelysis. This awdifies the ssectral
estinates by the following weighting fuuctions.

U, - 05V, + 05V,
: ‘5 Ve +025 V
uv = 025 V,_, ¥+ 05 V¢ +02 N (3.6)
ad W= 008Ny 0S Ve

Ihe tiae sequences hive been obtained st intervals
of 20 sevonds und 15 seconds. lhe veloelties obtained
at this interval has meant soze loss of information. This
does not, however, affect the resulis, as the inforastion
is lost only for frejguencles above the nyjuist frejuency
which 18 2, =-'—- = 25 x 0> Hs. Besides, D sec. is
an interval to00 mamll ouanared to the period of osocillae~

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

no probles due to aliasing of frequencies.

It is the usual practice to obtain the power spestruz
with one value for the maximum lug, for caleulating the
auto-correlation funmoctions. (bis value of the lag is so
chosen as to yleld estisates in the neighbourhood of
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frajuencies, whore the suspected periodiclties iLile. sut,
with liaited length of data the pover speatrua obtuined
thus has usuaily a poor frejuency resslutisn for the
s3dectral estizates. In the sresent analyeis, 1 have

varied the layg and cozputed soectral estizates of veloe
vitles for all the lines, for five different lags. The
five values chozen are close to one another and are around
337 of the total length of the data. Bach lag gives

nower estimtes at the frejuenoies sporopriate %o 1¢. sith
the estiuates for the different lags put together, the
frequency resolution can be considerably increased. This
was done the following way. The total nunber of velooity
values or data nolnts in any one row 9f the array is 120
for seguence A1082. TI'he power spoctrua with say 29 lags,
gave the estiaates at 286.6 sec. 290 sec. and 232 seo.,
vith 30 lags, the estizates vere at 400 sen., 300 sec., and
240 sev., besides at other periods far away fros the period
range of »resent interest. Siailarly, with 31, 37 and 38
lags, the estimtes at periods 310 ses., 296 sec., and 304
860+, respectively wers obtained, bLeasides the estimtes of
power at periods above and below these values. The power
spectral denstiiy derived froa all the five lags for the
neriods 290 mee.y 2964, 300,y Wiéey and 310 sec., were then
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ooliected topether for comsarison. 4 corrsction is

required before these results can be directly compared.

Ihe band width corresponding to each estiaste way Ye

taken as 1/Tm. vhere I, is the saxiua value of the lag
used. Thersfore, when the lag is iacreased, the frequency
bandwidth over which the estiaates are obtailned, decreasas
wad consequently the sover falls. Ihis full in pover, due
to the chunge in bandwidih can be cvoapensated for, by aule
tislying by a fietor equal to the ratio of the bandwidths,
f.0. the ostisates odtained with lag 38 can be coapared
with that of lug 31 after nultiplying the former by the
factor (38/31; in the period range of our interest. Thus
the estizates with di{ferent lugs wers bronght_ta & 0onION
scale and then compared. It becane nossible by this sethod
to deteraine uniquely the predoainant period of the oscillae
tions for the different Iinnu; within % seconds. It i
nacessary, that the lags chosen, lie closs together;
otherwise for lags far apart the stability may significastly

change and suke such a cosparison impoassible.

Contribusion curves for eight of the solar liuss
utilized in this study vere computed by the sethod of
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welghting functionz. This method first developed by
Unsold and iipnsert for weak lines was extended %o strong
lines by Vecker, by the introduction of the saturstion
function "y .

The amodel atwosnhere, T have used [or these COIDU-
tations is the one sronosed by Slste (1367). This medel
ia a modification of the Bilderber; continuuzs atsosphere.
The nuserical values of the paraseters of the nodel viz.

the temterature 7T, slectron pressure i’ and the gontinu-

e
ous absorption coefficient HQ P‘ are piven as a funciion
of log * for the wavelemgih S000% in Table 11I=%. The

log v values range froa =3%.2 to + 1.0 in steps of C.2.

Following “soker (1953 the line depth r, defined

PUTETT——————

L Tuler) = Ly les)

T (3.7
”""/\0 LD//‘A)

nay be written in the fora

K !
N j G (v) (kM> ax (3.8

k
D ho
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T Py K, in 10726
L8 T 5900 oK dyma/ﬂu"z per hydrogen
atom.
-, 5 18 2+ 1446
-g.g :ggg .22‘3% 2.6312
-2.8 4574 «2818 - 2. 2351
~-2e4 4574 4318 4.86
2.2 4586 <5383 5.9428
-2 1 68 T.2938
e 4173 1. 205 11.0619
wied 4874 1.67%3 1‘}- 6682
-te2 4395 2.26% 7. 007
-fe « 206 21. 6405
e 2234 732 282027
oA Y 1 5490 7516 33-9}29
Do 5734 13.27 58.2953
o2 6343 27 .04 97.8848
0.0 6428 62.52 180.6828
+0.2 6876 151.7% 248.9100
+3.6 7802 T17.80 1126.9460
+J.8 8182 1242.02 1738.8000
10 8470 1845.01 2416.9500
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where G (’T’) ias the welpghting funotion and is given by

& M 4
g B(?)Q/%_AI B & 17
B (1) AT’
° I

The saturation funotion introduced by Ffecker can be
written as,

'

Y
— (}M) AT
) >} Kxo /*A
Ve o= (3. 10)

rhu.auurea fuuu&luﬁ which has been sei equal %o the
“lank function oan be exnanded in the fora

vhere Eg (T} 1s the exponential integral. GUubstituting
the sxpaneion of B ( T ) from 3.11 in eguation (3.9)
and integrating the exoression, the weighting function
can be writtes as

/‘”4"1/’“ [ b- CE, () +CE, LZF”)J
G () - (3.12)
a‘*b”+€[u¢dm0+ﬁX}
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L

I eowputed the weighiing functions for three wavelengths
viz. 66208, 63502 und 43002 which correspond to the

rezion of the three tise sejuences. The values of £, (T)
for the correanonding values of v of the model uatmosphere
were sicked out froa the tables srevared by Katterbach and
Krause (1949). The walues of the oonsiants, &y b and ¢

at these wavelength regions were obtained by internolation
from the liad darkening observations of ‘icree and wWaddell
{1961). Jince ay observations are at the centre of the
solar diao‘/x can be set ejual o 1.

Table IIl-4 gives the values of the welghiting
functions thus coaputed. It is convesient to integrate
equation 3.8 over a log scale as done by slste {195%5).

Lauation %.3 then beocomes,

—— o

G kay ¥ ¥ ‘
v o= § '“““/u \fkl:’\u;l’ d @"7‘? T) (, «13)
Ao

vhare Mod = U. ‘3“,

and Y =z £ ° (3"‘)
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428 U 5300 A= 43008 A= 63508 \= 66008
=3ed «1391668 oT22417 «TD4965
-3 +898392 +T33376 «7T 160354
~2e 4 «894352 +T28994 « 711693
e 8906175 «T25194 «T07914
-1.8 -879823 713307 636742
1.4 851218 - 684649 «GETTT
-1e2 «826113 +659436 -642836
-8 <T29787 + 565048 - 549642
Do «645245 + 482086 « 467681
“0.4 +535883 381786 -368999
~De2 + 405549 271314 » 2608367
00 « 266284 » 164562 « 157104
+0.2 . 1‘1992 o%‘@g 0971{3‘0
+0.4 054678 L 29706 L 27955
+0.6 012469 +LDD6647 06292
*Je8 001212 OO0644 <0805
+ 1.0 #0000 16 000015

«200030
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The selsctive absorostion eoafficient km\. per hydrogen

atoxm oun be expressed as

b33

I (AN
} f n {)')‘ aop. Nea g (“’mb

kA}\ = thu- Ne Adp {3.15)

where, A 1s the abundance of the elemest, & 1s the oscii-
lator etrengih for the transition concermed, N . 1is the
nusber of atons of the eleonent at the suergy level correes-
ponding to the tranaition pgivimg rize to the lime, N.is
the total nunber of atons of that element, and A Npis

the Doppler widih given by Y
DNy =% Mo TOTE

where K is the Doltzman's constant, T the effestive
teaperature, 1 = is tho zasa of the atom und "5 is the
aioro-turbulent velocity conponent. ‘§t has been neglected
in the computations.

Egquation (3.13) oasn nov be written as

- C j e 2 B T -1&
o K, Na B2y “ é‘ﬁ ) (3.16)

—

wohone Co VT2 A pg L

~ c*
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and the saturition funetian,

,cj T ) o leg T)

*\]J = 1317}

The s:iturstion functions were cosputed for each

vilue of (log T ) of the nodel utmosphere for all the
lines, excent for u1 8587, This line has a dowland
intensity »f »1 and the v values oaloulated had no

signtficant effect on the contribution functions.

An exprasaion for N“’f/ No from the cpabined Laha

and Seltznann equations, cun be written as

~rlKkT
Nm Pe dia < |

B T . 18
[(/{ (T}F?a au, D /"‘T T S/‘] (3.18)

vhere i“ « i3 the electron pressure

B, ~ in tne statistical veight of the level
Uy (T} and Yy {T) are the partition funciions of
the noutral and fonized atons respectively and

/R S [
b = (o) K
% = the exeitation potential
and T - 18 the ionization potential
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for eanch line, the valuss of f%éi; were 0o mputed for Lhe
22 temperature and electron sressure values corresjyond-
ing to the 22 levels of the model atmosnhere. i{he sartie
tion functions were slcked out from a grashiecal inter—
solation of the values of Class {1953). +The oscillator
strengths are those by Corlisse and wurper {1964; or from
deBele Tablese

The contribution function which is the integrand
of ejwation (%.16; given by

A~ (7) - C*;vi' L e ”)] (3.19)

was computed for the 8 lines at u value of O )\, vhere
the Doppler displacenents were measured. The ourve for
CH 4281.794 line was borrowed froum the cosputntions of
Sirupana {(1965). The contribution ourves for these lines
are plotted in Figures I1'1=6 o 11Y-10. The maxizua of
the curve cerreasonda on the log T soale to the mewan
denth of formation of the absorption line. Table TII-5
containsthe values of the sean depth of formstion of
these lines.



Contribution curves of 8 solar lines as a funotion
of optieal depth T . These are somputed for the
A)\ at which the Doppler shifts vere measursd.



i

i i

| .

= R o 25 '
b 633D .45 fFe ]

ki

4

/

40| 6336.837 Fel

Fig. ll.6



50

40

30

20

6344 .162 Fel
1 ! 1 I ! 1 ] 1
-3.0 -2.2 -1.4 -0.6 +0.2 +1.0
Log T

Fig.ll-7




40

-

6338.:588 Fe I

6358 .695 Fe I

Fig .

[t - 8




I5]. 6572.795 Cal

20L 6587.622 c 1

Fig . -9



20

4281.974 CH

-

4283 .016 Cal

Fig

M-10




>\‘

Line Log v 300
#el 6358.69% ={e2
el 6344.162 =10
Fol 6335.34% -1.0
Cal 6572.795% - 1.0
fol 6336.837 -0 o8
CH 4281.794 -} o8
Cal 4283.016 -6
Fel 6338.%83 0.6
€1 6587.622 *Qe2
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3eBe  iscusuion of the ve

For any one line the velocity dnta consists of 61
rows. [he nower syectruz for each row w.s caloulated.
+he nower sdectrun for two of the lines Fel 6338 and
Fel 6353 are shown in Flgures T11=-11 add T1T=12 for 50
consecutive rows. The behaviour of individual notuts on
the sun, 1030 iw anart shown by these curvaog osn be

surnarized thuss

1, lhe regionas where, coherent oscillations prevall can
be sicked out much emsier by their high sower. ihe
disension of the oselllating cell can be seen to be about

3000 km, by counting successive curves looking alike.

2! The frejency {(or seriod) snift in the curves can be
noticed. Ueoocasionally there are curves with two peaks,

one at 33! sesconds and another at 236 seconds. These show
that a unijus valus cannot be aamigmad for the period for
any line. This 1s to be expected sinoce a line is forased
over a range of depthe in the =olar atmosphere, within
whioh, the shysieal properties cannot be unifora and the
levit.ition effects are significanst. The resonant frequency
of such an atmosotbere 18 bBound to have a range of values,

rather than a unigue valueg.



Yower apectra of velocities im Fel 6338.583 line at
51 conssoutive points 1080 ka apart on the solar
surface. The distridution of periods of oscillation
can be ssen from the shifts of the peak in the power
ourve. Areas oflarge amplitude oscillations and
areas of no osoillations can also be seen.
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Powver spectra of velocities in Fel 6358.695 line at
49 consecutiwe points, 1080 ks apart on the solar
surface.
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3) There 1s a high degree of reseablance in the pover
spectra at the two levels both in the vigorously and
veakly oscillating regions.

The 61 pover spectrua ourves were then aversged
frejuency-vise to yield the final AVerage power speoctrus
curve for each line. This process of averaging will
enhance the statistical weight of the powver spectrua.

The averaze tine power spsctra of velooities for the
lines are shown in Pigures 1'1=13% to I!1-19. The abscissa
is in units of frejuency for comvenience in plotting.

4All the ourves show proncumced peak power arousd the
period 300 seconds { > = 3.33 x 0™’ Hs) which represents
the resonance range of the ossillations on the solar
surfage. IThe tall peak in the power suggests that the
notse in the measurezents is quite saall. The power in
the resonance range obtalned for the five lags were
goapared after applying the vorrection factor, deseribed
earlier. This gave me the peried of oscillations for

the different levels in the solar atmospbere. Although,

T am avare that uo unique value for the peried casn de
assigned, ay ais was to determine a value for the most
probable period of these oscillations charagterisiag esch
line, accurately at a high resclution in the frequency dosain.



Power speotra of the velooity fluctuations im all

the 14 lines under study. The sharpness of the

reaonance peak incremses with height im the solar
atmosphere
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The values of the noriods are sot out in [able I[IT=6,

where the lines ire urranged the way they occur in

height in the solar atzospherse, with the CI 6587 line

at the bottom and the Pel 6358 line at the Lop.

The mean

denth of foraation of these lines have alse been included

in the table, in teras of log T so00 derived fros tbe

contribution curves for these lines.

Flgure 111-20 shows

a slot of the periods apainst the aean depth of formation

of the lines.

vine PN Period Secs. Leg T
Fel 65%0695 295 e Y
ol 634‘- 162 29% e 5
Fel 6335.345 295 -1.0
Fel 6593.884 299 -
Cal 6572-795 29’ 1.0
Fol 6336.B37 295 ~(.8
§i1 6586.319 295 -
AT 6333.125 295 -
Fel 6338.588 295300 0.6
Fel 6330.859 295-300 -
Cl 6587.622 +0.2

04




FIGURE T11=20

A plot of the period of oscillation observed in the
lines sgainst their mean depth of formation in terms
of 103 T »
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The period decrenses wikth ismocrease in height.
The low level CI 6587 line shows & perioed of osgillation
of 334 sec. und the high level el 6358 line, a pariod
of 295 seconds. The decrezase in period with height, is
in agreoment with the observations of :vans and ¥ichard
{1962) and of Hoyes and Leighton {(1963) on other spectral
lines. The periods dsterained from individual wave trains
or bursts by Bhattacharyya {1972) with the sugnetograph
with averture 1".4 x 5".6 do not show a height dependence.
The periods given in Table 111-6 represent the most
probable value with a high statistical waight, being the
average of 61 points on the sun. It ias this 2¢an period
that shows a height dependemce. It is possible that either
the period variations froam burst to burst are too large so
as to drown the variations with refersnce to height or
that the spectral analysis carried out did mot have snough
fragquenoy resolution to show up thiz properiy.

It is known that an isothersal atmosphere is a
dispersive medium and for a given direction of propagation
there exists two eritical fraquencies ¢, and (5, given

w & -g

2 C c
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where ¥ » & and ¢ are the ratle of specific hents, the

acteleration due to gravity and the adiabatic sonie

valocity ressectively.

For frequencies (o > (Y7 they are asound waves
aropagating in the vertical direction, and for freguencies
W < U, they are gravity waoves. For frejuencies within

o, and W, ¢ no propagation is possible. Ascording te
Moore and Splegel {1964) the obmarved oscillations in

the solar atwosphere correspond to the forced osoillations
due to the action of the non-propagating frequencies in
the interval cv) o, » 1If this is aceented, then, at any
heiiht only freguencies - Lo, can propagate upwarda witbout
attennation. The other alternative of frequensies < (I,
in the form of gravity waves is ruled out, since gravity
waves cannot exist at these lsvels due to lov radiative
cooling time of the sol ar atmosphere, Thus, the solar
ataosphere sots a8 & high-pass filter, filtering all frequ-
enoies < Lo, , the value of (o, itaslf increasing sonsto-
nically with height dus to the change in physical conditions
with height. Thus, the frejuemcy spectrus will be differe
ent at different heights. This is reflected in the pover
spectral ourves; the dominant frejueney or the frejuency
posseasing maxiaus power shifts tewards Righ frequencies
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with increase in hel ht. SHince the trased fregquencies
ut any level will not contribute to the sower at higher
levels, the period of oscillation from the powsr spectra

oan be expected to show a decrease with haight.

In Figure 111=-14, the lower curve is the nower
spectrua of S1TT 6347.104 of Lhe sejuence A1082. This
line s forued in the very desp layers in the solar atmos-
vhera. The srectrograns of A10B2 obtained at & high disper-
sion showed this line to be a very close doublet on a
visual exusination. The Utrechs iAtlas shows this line to
have undoubtedly olean wings. Despite the appearance of
the lihe as a double, the microphotosster truce of the
spectruz along the direction of dispersion did net show
any evidence of the doublet structurs. I felt, the pover
spectra of such a combination will be of general iaterest
and included this in my mesasurexent Hrogramme. Suring
these asasurements, the lines being 30 close to each
other, one slit of she Doppler comsparator vas lecated on
the violet wing of one line and the other slit was in
the red wing of the other. The two lines are aluost of
the sase strength. It is interssting to aote that although
the power spectra resembles in general that due %e random
noise, the peaks at the low frequency (around 2= 1.25 x
10"7 1iz) as well as the peak in the oscillatory range
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{around 2 = 3,35 x 10”7 g} are distinguishabdle,
showing the tynical ch.ructeristics of a low level line.
The power spectrum of velocities can thus revesl the
doublet structure of lines, not visible in the aicroden-

sitoncter tracings of the line »nrofile.

The power spectra curves cover a ranze {roa
Vs Q to B x 1977 Ha, fo sxanine the relative contasnt
of nower at the different frejuencies and their bebaviour
with height, T classified the trnquﬂﬁcy range into three
domains - the low frejuency region, > = 0 to 1.5 x 1&'3
fizy the osotllatory or resonance rafg Y= 2,79 to
4.25 x 10"5 lizy and the high freguency range > = 5.5 to
B x 15'5 lizse T huve then obtained the power in thess
ranges by measuring the arens enclosed by the power
sreotra curves in the three fregquenoy dosaing defined
above, as well as the total power which is the total area
enclosed by the ourve from 2/ » 0 to 8 x 10" fise These
are given in Table 17I=7. The power in the fregquency
ranges are expressed ss perceatayge of the total pover,
vhereas the total power for emch line is directly the
area in sguare unita. The livea are arranged according
to their mean depth of formation. The value of this mean
depth 1s also given in the last Coluan of Table ITI-7.
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Total o 0i11a~

fod pwér contained in

Lilil ?ﬂwar MU f”au. Ht&h ) f"q“_ LBE

tory ency range ency range

range ¥m 3 60 s 5.5 $0 T

A V2?5 = 5 15 x 1 8.0 x 1077
4.25 x 10 He. Heo
Hz.

6358,.69% 212% 66. 1 TR 3.7 -t 2
‘33‘40 152 2053 5509 503 3.5 "‘1.9
6335.345 4606 61.0 0.3 12. % =1.0
6523.884 2392 65.3 5.9 5.6 -
63%6.837 2136 6%.9 9.1 - 9 «0,.8
6586.319 2920 58,1 6.2 4.7 -
6339' '25 2320 60-4 3.7 5'3 -
4281.794 27192 51.7 8.0 6e6 -8
4283.016 13869 55.8 5.0 3.§ 0.6
6538.588 2260 57.9 12.1 6.0 3.6
6320,859 2749 953 11.9 Te7 -
6587.622 6461 35,1 15+9 15.5 +2.2
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The following charseteriatics :re evident from
the table:

1) The oscillatory range gains sirength as one
goas up in height in the solar atmosphere, starting froa
the deep lying CI line and pasaing through lines origina-
ting in the photosnhere to those in the low chromosphere.

2) Tn addition to the peak in the resonance
frejquencies, the low level lines show significsat power
in the low frejuency rangs (> = 1.5 x 107> Hs). Im the
CI 6587 line, a minor neak is alao seen arouml
v m 1.25 x 107) Hs. This low frequency power decresses
fast with height. This is in agreezent with the findings
of .dmonds et-al (1965) on the CI 5052 line. This pover
appears to be due to the conveotive component in the
maocroscopic velocity fleld im the low photosphere. This
is {n conformity with the prediction of the "conveotive
overshoot” into the stable regions of ths photosphere
caused by the convective motions prevatling in the un-
stable layers belowe Also the observationsa of lray and
Loughead {1967) show that the granules are viasible uwp to
an optical depth of v = O.1. The other possibility is
the existence of gravity wvaves fros peried considerations
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alone; but gravity waves canmot be mustained at these
levels. Howsver, the low fregquemoy tail which becomes
iaportant ia Call 8542 and Call 3933 linas (Noyes 1967)
could »ossibly be due to gravity waves. Gravity wvaves
can propagate at these levels due to the very high radia~
tive relaxation tinze (Souffrim 1966). But more definite
observations are required to confirm this conjecture.

3) The high frequency tail remsins substaatially
constant in the range of heights studied above.

4) The CI line alone shows large power im the high
frequeney range. Also, the CI line possesses the nuxinus
total pover amonget the lines, with Fel 633% excluded.
This is obviously due to the proxiaity of this line te
the source of mechanical flux snd which is bound te have

a very broad freaquency spectrum for the energy at the plaoce
of generation.

The high frequency component ssem in all the lines
nossidly represent the sound vaves vhich travel up and
finally provide the energy for the heating of the upper
shromospheres and the corona.

1% is, however, difficult to argse in faveur or
othervise on the existence of gravity or sound waves from
considerations of periods and shapes of individual pover
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srectrus of velocities alone. sdditionsl information
like the phase dlffersnce batween the oscillations in

the different levels observed sizultanedusly and also

the nhuse relation between the velooity fiilda and tezper-
atures oscillations azay help to provide a better basis

for interpretation.



CHAPY 2 IV

Curl . nWLE Wb i PuvinliT o8 WF THE VALOCIZY FIuLLS

In this chadter, T investigate the depthwiss spatial
correlation of the guasi-periodic oscillations by cross-
correl4ting these oscillations that oceur sizultunecusiy at
two levels. The sejuences A13B2 and A1100 contalning many

spectral lines nerait such an investigation.

ihe existonce of osciliations in the solur atmos-
nhere raises the interesting question as to the nature of
the wuves and thelr wodes of propagation. The phase
difference betwveen the oacillations ocogurring at different
levels will be of considerable {aportance in deteratning
the nature of these waves. This 1s best dons by crose-

spectral analysis of the velooity data, of ome spectral

line with another.

This snalysis gives a msasure of the cross-corrsla~
tion and the phase difference, cousonly teried as the
coherence and phase spectra respectively betwesa the
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frequency components of two groups of data. The method
of analysis follows that of Edmonds et-al (1965) and is
briefly desoribed below.

Designating the fluotuating velocitiss measured in
tvo lines observed sinultaneously, by a{t) and b(t), the
eross-correlation between the two sets C . (T) can be
worked out. The Fourier transform of the cross-correlation

funotion c“(w ) glves the cross-spectrum,

~+ K

2TVCD T
Po..b (”> - Sac,cab LT) < AT (4. 1)

The functioa P“( v) is ie general, a comzplex quantity
and can be exprossed as

Pab L,v> - Rav S Sa b Cw) (4.2)

Goodman ( 1957), has worked out the methods of cress~
spectral analysis and has showam thas

n

Ra \:L ;7)

X
2 ?C:,,("c) AT DT T (4a3)
—

e
1; Con (D) Gum RW2TAT (4.4)

—

i

‘and Sap 3



Iv=3

where c’ﬁhﬁﬂii and € (T} are the even and odd parts
respectively of the function Cab (T

ﬂab(pij’ the real nart of the orous-spectruz is
called the co-spectrum and sah(:J). the {maginary purt

is culled the quadrmture spectrun. The guantity definmed

by the expresuion

s

(21 Sa (»)
Grap (2 - A (4.5)
| P Cp) P ()
&lves the coherence, and
()
@ (3"> orte Lam Ab
ava) (4.6)

describes the relative phase of the Fourier coaponents
of et (a) and Set (b). Here, #n () and Pb {2) are
the power spectira or the cosine Fourier transfora of
the auto correlation functions described im Chapter Ill.

Por a cross-shectral anslysis, it is necessary
that the two groups of data (a) and (b) contain the sane
asusber of datu points. In the -mquvaeo.&taaz thers are
61 rowvs of velocity data eaoh bhaving 120 columna. 1In the



I¥=4

seuence 41100, there are 61 rows and 62 colusas. The
analysls for the lines in the two sejuences were done

ag follows.

Consider the velocity datas of any two lines belonge
ing to the same senuesnce whose ooherence and phaase are
to bs computed. 7The [irat row of one =mjrectral line was
oross~corrslated with the first rov of the second spectral
line with a chosen value for the lag. 7The co-speotrua
and the gquadrature spectrus ware now computed and fron
these the coherence and nhause were derived. This was
repeated row by rnwﬁzé; entire data. Fisally, the
eoherence and phases were averaged over the eantire array,
frejusnoy wise, to give the nean ovherence and phusse

betveen the velocity datu of the tuwd lines.

I have computed the cohersnce and phuse specira as
a function of frejuency ~, , for 10 pairs of lines.
These are shown in Figures 1¥=1 to IV=-10. Of these
Pigures 1V-1 to TV-3 shov the coherence and phase spectira
between the velocity fields of

Cl 6587.622 and Fel 6593.884
Wil 6586.319
Cal 6572.795



Coherence and phase spectra of the velooity fields
in the four lines of the tinme sejuence i1107.

CI 6587.622 with Pel 6593.884
NiI 6986.319
Cal 6572.795

The velooity in ths solar line listed first, leads

the velocity in the sscond line for a jositive value
of the phase. For a negative value of the phase,

the firat iine lags the second line. The ossillations
in all the 3 limes lag behind those ia the CI 6587.622
line by about 5° in the resonance range and by 299 im
the high frequency range. V after the vavelength of
the speotral line stands for veloocity in ths line.
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Tn the resonance range, the cohsrence betwaeen the
velocity fielis in the different pairs of lines has an
unifora value of J.8. This value of the coheretice
while high by itself, could huve been higher, were it
not for the noise sresent in the measures of the CI line
srectra. rhe cohsreme ouiside the resonance range on
eithor side fulls off to D.6. 4 sizilar drop is seen in
the coherence plot betweem C1 50%52.16 and Fel 5049.83
lines of “dmonds et al (1965}. The three uzper photos-
sherio lines lug behind the deep CI lime and this phase
lag renaina uniform over the entire range of frequencies
2m 2.5 to 4.5 x 19'3 liz)e The amounts by whieh the

lines lag ares

B; (659%3.8344 ~ 6587.6224) = =6%.3 or 5.2 Jec.
O3 (6586.319% - 6587.6228) = «3°.9 or 3.2 Sec.
and Ot (6572.79%8 = 6587.6228) =« =49.2 or 3.5 Lec.

for frequencies, > = 2.0 x 10"3, the phase lag is
al1ost the sams as in the resonance rangs for (6572.795A -
6587.6224), but the ameust of such pbase lags are bigher
in the oase of the other two pairs of limes. Jor freguen-
cles above 2 = 5.0 x 10" the lag inereases rapidly.
At frequency D = 6.0 x 15'3 the lag is 29° or 14 sec.
The phase differsance of about 4° to 6° sbserved im the
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resonince ran;e, corresponds te an average difference

in tine of 5 sec or even less. The three photospheric
lines are forzed at a amesan lavel of log T = «1,0 and

the CT line at a asan level of log T = +0.2. This
difference in log U would corresnond to a helight
difference of about 11} kn in the solar atmosphers. The
tize delay of 5 seo. would result in & value for the

s ase velocity very auch higsher thun the sonic velocity.
In the high frequency ran;e the tize difference obaserved
is of the order of 14 sec. ihis leads to = value for the
speed which agrees very well with that of sound waves in
the nedium. The significance of the phuse lag observed in
the low frequency is not clear, aince gonvective motion
can be seen at these levels as shown by the imdividual

velooity power spectra discussed in Chapter I'I.

voning t0 the coherenoe and phase spestra betwesn
the pairs of lines of the seguence AVOB2 (Figures IV=4 to
IV=10), the coherence is seen teo bs very high, reaching a
value of 9.98 in all the cases, in the resonance range.
This i8 obviously due to the close sisilarity of the lines
in teras of depth of forsationm. In thess pairs too, the
high level lines always lag behind the lov level 1ines.
Tn sone of the cases the phase difference in the resonance



Coherence and phase spectra of the veloocity fielda
between difforent pairs of lines of the time
sequence A1082.

The weloecity in the solar line listed first leads
the velocity in the second lime for a posttive value
ef the phass. Por a negative value of the phase, the
first line lags the second line. V¥ after the wave-

length of the spectral linme standis for velooity im the
line.
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rapze is negligible. The values of the phase difference

between pairs of lines are sntered in {able IV«1 for the

three fraquency ranges.

Figure Pairs of “hase ia t;; r;aquauor
No.  lines Low oseillatory High
Ain R (0 to _q (2.5 %0 {5 ;o,
2,5 210 4.0 w“s Ix W ﬁﬂ
Hey U |
Hs) B

IV=4g Lead of =59 0 to «2%.5 Fluetuates
63736 over too much.
6335

V-5 Lead of o -19,6 -ge
6358 over
6335

I V=6 Lead of -l -2%.5 -q5e
6335 over
63738

T V=T Lead of «§® -i® 7%
6358 over
6344

1V=8 Lead of -§?,.5 0 L4 Ad
6330 over
6338

V=9 Lead of -3% 0 =§e
6339 over
6338

IV=1) Lead of 1.0 : 1.0 +He
£3%8 over

6344



V=8

The values of the lags froa these sequence speotra
alsoc show that the ohuse velocity in the resonance range
s088e.:5e8 & value aany tizes the velocity of sound. Im
the hish frejuency regzion we find a tine lag appropriste
to the nrooagsation of sound waves. This nay asan either
that in the resonasce fr@quancj range, there are standing
aecoustic wvaves which show 1natgn1f!a§nﬁ phase difference
between two levels or that these are internmal gravity
waves which do not have a vertical phase velogcity, Sut
at those levels the railative relaxation time is too fast
and hence gravity waves zay not exist. It is, therefore,
possible that the ocscillations se«n in the sianding vave
wode in the resonance ranze, are éhnm excited by the
non=oropagating frequencies, suggested by Yoore and
Sotegel (1964). However, the existeunce of a finite tize
lag in thia range would point to the evidence of sove
arojagaition of energy, although most of tha oscillaticns

are in the standing wave mede.



T have studied the intensity fluetuations in the
gontinuua and in the line wings and core of Fel G358.69%
line of the sejuence A10B2. The contimuus is expomed to
a deyree very favourable for studying the brighiness
fluctuations. Gnly 62 out of 120 frames were chossn for
intensity measurensnts. Measurements were sade from the
migrophotouster traces. During the assasuresents on the
line wings, the aicrophotoncter siits were located
practically st the saze « AN\ value as iz the velooity
zensuresents. The width of the atcrophotonster alit was
snaller than thut of the ocoanarator and was located central
to it. Hecause of this, the depth averaging is less in
the intensity measures. 7Tn the stesp parte of the
profile, the intensity fluctuation is the sur of the
gontributions froa the intriosic variation in lotensity
and froa the Joppler shift. The effect of the Doppler
shifts were elfainated by averaging the traces at
* AN and =~ A\ .



Va2

from the amigrodensitometer truces, intensities

were derived via the charscteristic curve. Ihe instensidy
data of the continuug, line wing and 1ine core were raad
off at intervals of 108D k1 on the sun. The fiducial
line for stenning off this interval was again the shadow
of the halr line on the ssectrogrash slis. 1IThis procedure
ensured thut the intenaities read off and the earlier
velocity neasurszents sertain to the asse reglon on the
sun. These intensitiy measurezenis are with refersnce to
an arbitrary sero. As in the case of velocities, a nean
line vas fitted to each ona of the I (x) curves which are
the intensity run along the length of the syeotral line.
The mean lime wus provided by the sverage of the intensity
aessures of 62 frames. Then the quantity I (x) - T (x) =

AT (x) was rsad off at the 61 points. wWith these, the
ratio AI00 / [ O was cozputed for the 61 points, which
gave the fluctuating cosponent of the intensity. This
srocedure gave for all the three sets, values of

Aloong ' Al

AT
and uyﬂﬁmﬁ . Each pet consiasts
sont wing core

of an array with 61 rows and 62 coluaus, These ars showa
a5 2 two disensional nlot i.e. a3 functions of position on
the sun wnd tize im Figure V=1. The fluctuations in the



Gmasple plot of intensity fluoctuations va tize and
position in the continmuun and in the line wing and
gore of Fel 6358.69%. The individual curves

represent intensity at consecutive points separated
by 1080 kn on the sun.
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continuua are the weakent and uopear to be rundoam inm
nature. The fluctuations in the line wing have a close
reseublence to those in the continuusz.e In the line core,
the variations are utriking and resesble the guasi-
poriodic oscillations of velooities. 71 then obtained
the nower stecira of the three grouna of intensities by
the winods desoribed in Chapter 171 for velocity power

sneotra. lhe nower sueotra are shown in Pigures V=2 to
V"4o

The continuuz intenasity pover spectrum astarts with
maxiasum nover at.znra frequeney falling off ranidly at
higher frequencies as is tynical of gconveotive motion.
1t shows a definite, but a very weak oscillutory coapo-
nsnt at > = 3.5 x 1072, .dsonds and MoCullough (1966}
have studied this featurs in their analysis of the granu-
lation brightness fluctuations using several sets of data.
They huve arrived at the conolusion that im the granula-
tion, & maxiaun of about 2 per cent of ths total fluobtua-
ting cower is contributed by the osolllatory mode.

The power apectrum of the line wing variations
resesbles that of the eontinmuus, with aaxizus power at the
gero freguency and with a weak oscillatory component at



Power spectrua of the intensity fluctuations ir the
continuua » Host of the power is concentrated near
the very low frequencies. The weak oscillatory
component 18 seen at 2 = 3.5 x 10~3 g,
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Power spectrum of the ifatensity fluctuations im the
wing of Fel 6358.695 line. The curve reseatles the

consinuus curve with a weak oscillatory aompununt
at 2= 3.5x 0 Bz
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Pover apectrua of the intensity fluctuations in
the core of Fel 6358.695 line. Ths peak in the
powar at 2’ = 3.5 x w"" Hz is very proaineat,
abowing the predoninasce of the oscillatory
sonponent.
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Y #3.5 x 173 Hz. The brightness fluctuations in the
line core nave a nower snastrum characterised by two
regions vhere the Jower is concentrated. Une is near
the zero frejuency range and another at 2 s 3.8 x 10"3
Hze which i3 the rescnance range in the corresnonding
velocity fleld. These findings are in good ajgreceaent
with the sarlier obiervations on the continuus and cores
of strong lines by ivans et-al (1963). The high pover
near the zero frejuency is cbvicualy due partly to Lhe
convective motieha also noticed in the 'nlucuy field

nower spectra as vell as due to the presence of "persistent

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

The brightness fluctuations in the wings of Fel 6358
and {n the line core were gross-correlated with those in
the continuum and their cohesrence and phase spsotra were
compuled. These are shown in Mgures V=5 and V-6. The
l1ing wing and the continuum show a high ooherence in
w#eneral. Tn the lov frejuency range the cohsrence
reaches & value as high as 0.9%. In the rangs >/ = 2.0 to
4.0 x 10°7 the ving brightness lags behind the contimuum
by about 14° or 12 sec. The lag noticed by iduwonds st-al
(1965) between the fluctuations im the contral imtensity



1GU 85 =5

Coherence and phase spectira of the wing brightness
flustuations in Fel 6358.695 against continuuaz .

Around > =3.0 % 10'5 Hs. the wing brightness lags
behind the comtinuuw by about 13,
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Coherence and phase specira of the core brightneszs
fluctuations in Fel 6358.695 against continuua.
The core bdrightness leads the contimuua by 57° in
the range U = 2,0 to 5.0 x 10" is.
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m/ | of C1 5052 and the continuus is abous 12 seconds.
It {8 reasonable to expect that wings of Fel 6358 and
the core of CI 5052 are formed alaost at the sane

levels and should show sinmilar lags vith reference te
the continuun.

Betwoen the core and coatinuuaz drightmess, the
coherence has a peak of 0.88 near the sere frequensy.
Ihis hiah coherence glves more weightage to the presence
of convective motione at these levels. The coherence
elsevhere drojs down te an average of 0.65. The cors
brightness is seen to lead the continmuua over the eatire
frequency range and has a value of 5T° at >/ e 3.5 x ?0'3
Hg. This lead, suggesta that the source of teaperature
fluctuations in the line wings (or in the cores of weak
linos) and in the core of strong lines, is diffexent.
This behaviour of the bdrightness variations tus besn
interpreted in terns of the radiative relaxation tise by,
loyes and Leighton (1963). The thermal relaxation tinme
for a thin atmesphere approximation is given by

v .3 R

PENE———t
o ot W -

T3 ey 70 K (2D
vhere k (1) 18 the Planck mean adsorption coefficient per
gran of hydroges, T is the teaperature, sad '| is a
charasteristio leangth of the perturdation (¥piegel 1957T).



Vb

This assudstion is valid for regions of T, << .

The relaxation tiue at different nltitudes have been
calcualated by Noyes and Leighton {1963} with this rela=~
tion. {he relaxation tine is only of the order of a fev
seconis in the lower levels dus to the relatively high
concentrstion of { ton, which is the main source of
onacitye it very hish levels, the concentration of i{"ion
fallsoff and the relaxution time rises to bundreds of
swoconds. hus, the tharml properties of lines origina-
ting in the deensr layers o0f the photosphere 1.e¢. weak
lines aind winga of strong lines are ocontrolled by the
mablent radistion field whioch is the intensity pattern

of the granulaution. ilence the brightness variations ag
these lovels lag bebind those in the continuum. The
ataosrhare at these levels does not respond to the comprea-
sional onanges of nressure and density induced by the
velocity cscillations. The radiative relaxation tine is
vory suall compared to the neriod of oscillation and hence
any temperaiure nerturbations o caused ars smoothened out.
This zmoothing out of these perturbations renders the
tenperature field practically isothermal. Thus, we do not
expeot ths power srectrus curves for the coutimuum, onres
of weak lines or vings of strong lines to shov say signi-
ficant level of power in the Seainute peried range.



ELGURES V=7 %9 V=10

Coherence and phase spectra of the velooity
{fields in

Fel 6333.588
KT 6339%.12%
Fol 6335.345
aad Fel 6358.695

against brightness fluctuations in the continuum.
In the range 1 %0 4 x 10'3 Hzey the velocities in
2ll the lives lag behind the continuua features.
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fluctuates .bout & mean value of 0.6. This value of
goherasnce is an evidence for the close association of
unward velocitiss und brighteaings ia the continuua.

In the frejuency range 2 = 0 %0 4 x 10"3. the upvard
velocities lug behind the brightenings in the continuus
by about 34 to 38°, This agrees well with the lags
obtained by uvans et-al (1963 for Fel $171 line and by
idwonds et-al {1965) for Crl 5051.9. It is interesting
to note that .vans and ‘Hichard (1962) frozx a qualitstive
study of the filas estiauted, "that the appearance of a
strong bright feature in the contimuuas is followed by an
oscillation in the lines (Fel 5171 and Mgl 5172) initia~
ted by a viclet shift, and that the first velocity maximum
oocurs about 40 seconds after the muxizuam drightaess im
the continuun fsature®. The phase somewhat reverses its
gign in the region of high frenuencies. In the lov fre-
quency part, all the four limes show a very consistent
shase lLag between upward velooity and bright sontimuum
festures. <This is very consistent with the phase rela~
tionship to be expected in conveotive astions too, vhich
orevail in this frequenoy range. udmonds eteal (1965)

found the phase reversed, lu this region.
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¥inallyy 1 have cross-correluted the veloeity
ssasursuents in the line Fel 6358.69% with {1} ocore
brightuess :nd {(11) wing brightness in the sase line.
ine nhaus and coherence spectra of these are plotted im
Figurss v=11 und ¥=12. In the case of velooity Va
core orighiness curve, the ocvherence has a mean value
around J.7 £rom 2 = 2 t0 5.5 x 1977, 1n the lov
frejuency ra,1on, the coherence rises to 0.85 and beyond
Vm HeH x 0> it drons to sbout D.4 and rises again.
“he intensity cscillation in the core leads the velooity
ogcillation by about 93°.5. This agrees with the findings
of vans st-al {1363) on the ¥Yel 5171 line and alse those
of frazier (1968) and Tannenbaum et-al (1969). Ofcourse,
it aust be agreed that the two oscillations coapared
hera sertain to two different levels; but the justifieca-
tion i3 from the earlier argusent that the temcerature
oscillations in the core of strong lines are ocaused by the
coarressive motions induced by these velocity oscillations
theusclves. I[he atmosphere, at these levels, possessing
a high value for the radiative relaxation tise, behaves
adlabaticaliy and so the ehanges in temperature, presaure
4nd density are all im phass. HNew, for a standing vave the
velocity oscillations lag the temperature and preasure
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Coherence and phase speptra of the veloeity fields
sgainst the oore brightness in Pel 6358.695%. The
velocity oseillations la; belind the brightness
flustuations by 939,
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Coherence and phase speotra of the velosity fields
against the wing brightneas in Fe!l 63%8.695. Tn
the range > = 9 %0 % x %0'3 Hz., the velocily lags
behind the wing brightness by about 21%.
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oscillations by 909 (shitney 1958). Honce, the phase
relations obssrved above confirm the existence of the
stundtng vave notion. That standiag waves axiaﬁ in this
range of frequencies were shown earlioer in Chapter IV by
the insignificant shase lag between the velooiiy fields
of lines originsting at differsnt helghta.

The velocisy lags behnind the wing brightnesa by
about 21° near > = 3.5 x "3,  uith the continuua the
shase lag of the velogity ia 349%. [his supports the
arzuagnt that the changes in ithe line wing brightness
reflect only those of the continuum, for the phase lag
of 21° reseables the phuse lag between the velocity and
the continuua with alliowante made for the radistion field
to reach the level of the wings.
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Go1.  Genersl

The »resent investigation has brought out the
spatial properties in terus of depth und the teaporal
behaviour of the veloscity and teaperature fields in the
solar atmosphere based on the study of fourteen spectral
lines. The ohoice of a large nuaber of lines originating
in the entire photosphere and the low chromosphere at
graded levels has snabled us to achieve a very jood
insight into the behaviour of the inhomogeneities sampled
ut close intervals in helght in the seiar atmosphere.
There are a fev spectral lines whose mean depth of forma-
tion overlap. 7This gives the advantage of confiraing the
properties of the oscillations derived from one apectral
lige by another having nearly the same depth of formation.

The main conclusions that emarge from this investi-

gation ares
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1) The velocity fields observed sinultaneously
at different lsvels show vertical oscillatory motion
with an average nreriod around 330 sec. The velocity
tine plots for the various lines, at successive poinis
1080 ka apart on the solar surface show a high degree of
cohersnce in the oscillations at different levels. This
is also seen to be so froa the results of the crose-
speotral analysis between the velocities at two different
levels. The "High resclution™ mnalysis enabled the
deternination of the 208t probable period of osecillation
for each line vith an acouracy of 5 seconds. IThe CI 6%87
line formed in the very deep photoasphere {mean depth of
formation log v - 0.2 shows a period of 304 zeconds. The
weak lines having a sean depth of foramation arousd log
T= «0.6 have a period ranging from 295 to 300 seconds.
The rexzaining lines originating at wnean levels from log
Tm «D,8 to log T = «1.2 have a pericd of 295 sesondes.
This shows that the periocd of oseillation decresses vith
height in the solar atmcsphere.

2) In the low fregquency range, the prssence of the
convective overshoots are seen woll in all the lines, but
the amount of pover falls very rapidly with inoreasing
height. ZThis is confirazed by the high ccherence of
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velooity and intensity fluctuations near the zero
frejuency range. The low frequency sower may not be
due to gravity wives, as these waves cannot exist at
these levels, due to the relatively small radiative
relaxation tizse {Souffrim 1966). The existence of thess
wives at hicher levels, 1s, howsver, not ruled out, a8
the radiative relaxation tize incroases fast with hei ght
at higher levels (Souffrin 1966) and according o
Lighthill (1967) these waves can be generated even
beyond the temperature minimua, by the penetrating
‘tongues of turbulence' from levels below.

3) The cohersnce and phase apectra of velocities
betwveen pairs of lines show that the high level lines
lag behind the lov level 11:50. But the value of the
phase lag in the resonanoce range is very sasall belng of
the order of 5 seconds for limes having their mean depth
of formation 110 ka apart. This suggests that ia this
range these sre primarily standing waves. In the high
frequenoy domais the phase lag increases and the propa~
gation velooity agrees vell with the veleocity of aacoustiec
vaves in the mediua. These presumbly provide the nen-
therzal source for heating the corona.
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4) The power spectra of the intensity fluctua~
tions in the continuuam, line wing and line core, show
large power in the neighbourhood of the zero fraquency.
lhe nlgh coherence in this frejquency range beiween the
three intensity fluctuations should be considered as an
additional evidence of the pon@trmiun of the convective
sotions to these higher levels represented by the line
wings and line core. Unlike the continuum znd the line
wing, the core brightness shows clearly the oscillations.
In the Fel 63%8 line, the intensity oscillation in the
line ocore leads the velocity oscillation by 93%, in the
resonance range. This again confirms the standing mode
for the oscillations in the 300 smeo. perlod range. The
velocity in el 6358 lags bebind the continuus fluctua~
tions by 38° and lags behind the viag brightness by 21%.
Also the wing brightness lags the contimuua by 14* and
the gore brightness leads the continuuz by 57° These
give support to the fact, that the line wing fluctuations
are caused by the grasulatiom field, 'whiu the line cors
fluctuations are independent of those of the granmulation.

$23, eme 3
This field of study, nasely, the dynanical character-
tatice of the macroseopic {ahomogeneitieos have been
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engaging the attention of the solar physicists during
the dset two decades and will gontinue to be a fertile

field for investigations for 80y years to come.

Jur information of the velocity and intensity
fiolds at the hi;h chronospyheric l‘evﬁla, is very scanty.
Ihose oun be obtalned using the balasr lines. dore
observations of the phase relations bdetween the velocity
and intensity are necessary both in the photosphare and
chromo mhere, to help in deteriining the dynasic charac-
teristios of the osoillations. Anmother point of great
interest is the role of spicules ia the heating of the
eorona. This will porimarily rest on the identification
of the spicules with disc featurea. It is known that, at
the boundaries of the chromospheric network sesem in the
ca® K line apesctroheliograss, there is an excess heating
and also that this netvork boundary bears s good oorrela-
tion with the boundary of the supergranulation cell., The
magnetic fields piled up at thi supergranular boundsry
are nresusably responsible for this excess heating along
the boundary. We do not know for certain whether these
brighter regions along the boundaries of the chroaospheric
network are really bases of the spicule busbes., It would
be of great sigaificance to find out vhether the chromos-
pherie and coronal heating is localised in the regions
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above these sricule bushes.  Whether any relation
exists between the snall ascile velocity oscillations
and the supergranulation flow is & problem that ean be
exanined by sizultaneous observations of velocity fields
in any ph%?@h@rtu or chromospheric line and intensity
fields in the Ca’ K line. Also & detailed study of the
behaviour of the oscillatory velocity fialds in active
regions would provide inforaation on the extent of

influence of magnetic fields on these oscillations.

The transforaaxtion of the waves propasated upwards
into shock waves is only a hypothosis, put forward, to
achieve a sultable energy dissipating agenoy. It zay be
interesiing to detect these¢ shock waves. The quasi~
periodic movesents detected in the solur chromoaphere and
corona by Durasova et-al (1971) by observations at 3.7 om
gives encouragewsent for further work in this direction.
Siailar observations carriad out at mm wuvelength will
provide a link between the optical ebservations and those
in the oa wavelungtibs,

Summing up, it is certain, that only the uctusula~
tion of such obzervations inm large quantities on the fnhomo-
geneities obtained through studies of their velosity and
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intenaity flelds at all levels in the solar atnosphers,
will offer a basis for the interpretution and under-
standing of the fundaszental problems of the transport
of aschanical enmergy and subsequent heating of the

outer layers of the solar atmosnhere.
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