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FORSWORD

In accordance with our initial plans, a part of the research work
uder OHR Contract Nonr-393 (02) has bean conducted by a graduste student
in the University of Colorado, Ur. Frederick P. Dolder. Ths following
document is a copy of the thesis resulting from that work. The thesls
has been submitted to the Facylty of the Graduzte School of the Univerasity
of Colorado and has bean accepted.

The principal scientific results described in this thesis will later
be mads the subject of publishad articles in the technical literature.
These published articles will be submitted as additional technical reports
under this contract,; sincs it is probable that adaitionsl resultis will be
inciuded therein.

Walter Orr Roberts, Director
High Altitude Observatory

10 Novexmber 1952
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ABSTRACT

N
\\
.,

An examination of the coronal and prominence emission spectrograms
containing all known cases of the yellow coronal emission line (569L A.)
taken at the Climax and Sacramento Peak Observatories revealed that
praninences accompanied each yellow~line emission and that about 80% of
these prominences showed abnormal sightline velocities. It also showed
that in a large number of cases the red (637L) and green (5303) coronal
lines had maxima at the positica at which the yellow line was observed.
Doppler shifts were present in the red coronal line in 10% of the cases
examined and a small number of Doppler shifts in the green and yellow
1line werse alsoc seen. Except for these cases of Doppler shifts in coronal
lines, the phencmenon is practically absent in Climax and Secramento Peak
spectra. _

/

Analysis and camparison by simple statistical procedures of the
praminerces occurring at the time of the yellow line ard prcminences
occurring far from the time of the yellow lins showed thatv a significant
and sasily recognizable difference existed betwecn the two types of
prominences.

A study of the number of limb flares accompanying the yellow line
revealed that the phenomena are, beyond all question, associated in time
and location, suggesting that a definite physical relationship exists
bYetween the flares and the yellow line. The nature of this relationship

could not be datermined.

The observations lead to tho speculation that location of the
principal maxima of corcnal intensity night bo possible from observation
of the more easily seen prominences. Thera is also a possitility of pre-
dicting ths arrival of flare-producing regiors by limb observations of the
corona .
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1. INTRODUC TION

At the time of a solar eclipse, when the moon hides the brilliant
surface of the sun, we are able to ses the falnt, silvery-white coroma
that makes up a principal part of the sun's atmosphere. The corona, as
seen at eclipse, actually appears quite bright to the eye, and extends
to heights of several million miles. It shows different spactroscopic
and optical characteristics at different distances from the sun. Far
out from the solar limb the coronal light is dominated by a contimuous
spsotrun coantaining Fraunhofer absorption lines. This portion of the
corona is probebly due to scattering of sunlight Y- coammic dust, and in
the strict senss is not solar corona at all, but evidence of interplans-
tary "dust". This component of the corona probably is identical with the
zodiacal light. Close to the sun, within a radius or so, the coronal
spectrum has emiesion lines from the highly ilonized atoms of irun, nickel,
caleimm, and argon. At distances extending to several solar diameters
from the sun, the corona has a continuous spsctrum without absc-ption
lines exhibiting rays and streamers, and also showing agpreciabla polariza-
tion. This component is attributed to Thompson scattering of sunlight by
high velocity electrons. The Doppler effect of the fast-moving elsctrons
"enears" ous. the absorption lines of the sunlight. Recent work by Woolley
and Allen 1) and H. van de Hulst 2) has greatly improved our knowledge
of the separation of these thres components of the sun's corona.

I am interested in the emission spsctrum portion of the corona, and
in particular in the emission 1lina at 569k A., the yellow coronal line.
Of the some 25 coronal emission lines, only a few have not been identified
with reasonable certainty. The yallow lins is the most important of this
small group of unidentified lines. Bernard Lyot 3) made the initial dis-
covery of the yellow line in 1937 at the Pic du Midi Observatory during
an early investigation of the coronal spectrum with his coronagraph., Since
then the line has been reported many times, but never with any great
regularity. It has, howsver, never been detected at eclipses.

On 26 February 1946, after four years of cbserving the corona daily,
weather permitting, . Os Roberis found the yellow line on a plate taken
at the [remont Pess Station of tha Harvard Collegs Observatory at Climax,
Colorado: This was the firat of some fifty observations of this line
that have been meds during the past six years at Climex and its sister
station at Sacramento Peak in Naw Mexico.

The yellow 1line shows marked differances from the two most easily
cbserved coronal lines in the visible range, the green line at 5303 A.,
and the red line at 637L A. Thess two lines are vieible at every obser-
vation of the corona and usually :xtend for grsat distances along the
limb of the sun. They show broad profilas of intensity against wave-
length, and change relatively little in total intensity from day to day.
The yellow line showe the broad profile of a coronal line but thers the
similarities ends During its rara appearances it is confined to a smell
range of latitude and ite visible lifetime is short, usually only one
day but sometimes as long as thres days. It is usually much weaker than
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the red or green lines, often appearing as a very faint mark on the
spectrogram. Because of this faintness, the atmospheric conditions must
be excellent for the line to be seen. Dust, snus, or other particles in
the air, scatter the light fram the disk of the sun into that partion of
the image whers the corona lies, hiding this faint 1line in the scattered
continum.

The yellow line has boenhregorggd by several workers as being closely
associated with prominences. 4» 2 The green coronal line and a mmber
of other lines are relatively indepsndant of prominences, The red coronal
lins occasionally shows marked discontimuities in intensity in the region

of certain prominences.

There have been many attempts to group the coronal lines into classes
according to their behavior at the various eclipses. This was done in
early efforts to identify the lines. The groups were made by associating
those lines which had maxima and minima at the same latitude and whose
intensities showed similar changes in helght from the limb. The groups
determined from the results of different eclipse expeditions were often
contradictory, ard it was not until the dsvelopment of the coronagraph
that a consistent grouping wus made. Lyot, using a large amount of data
collected over a period of ?everal years, found that there seemed to be
three recognizeble groups.3) The first group contained the green line at
5303 A.; the second, the red line at 6374 A.; and the third group was the
yellow line itself. Looking back, it is interesting to note that the
linss were not grouped according to the element from which they arose,
but according 3’0 their ionlzation potentials as determined by EZdlen three
years later. 1) The group containing the green line was made up of iron
and nickel lines having ionization potentials of Letween 325 and 422 E.V.
The group with the red line contained two lines, both from iron, with
ionization potentials of 233 and 261 E.V. Waldmeier 8) has reported that
the yellow line at some times seems to be clearly associated with maxima
of the green line, while I have sesn many cases o the Climax spectra

where it seems to be clearly associated with maxima of the red line.
There are also many cases in vhich it seems to be clearly associated with
maxima of the red line. There are also marny cases in which it seems to
be assoclated with neither of these lines. For this reason it is appro-
priate to acsign a category of 1ts own to the yellow line.

In 1942 Edlen presented a paper in which he identified 17 of the
coronal lines as rising from forbidden tr:nsitions in highly-ionized atoms
of iron, nickel, calcium, and argon. 7) At the same time ha offered tmo
tentative identifications, cne of these Veing for the yellow line. He
suggested that it might arise from the ¢ransition 2p2, 3P ~ 3p, in Ca
XV. The result had been obtained after & different extrapolation and
was considered unrelisble. There were several other reasons for calling
this ldentification tentative. The 1o/ ization potential required for
Ca XV is 81k £.V., which is considerabiy higher than that of any of the
other coronal lines, He also felt th:t there should be another coronal
line in the visible range arising fro: the transition 2p2 3p, - P,
which had not baen found at that tim-, but he did not at.t.errp% to predict
the expected wavalength. Recently isldmeier 2) reported the discovery
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of a coronal line at SULiS A. which appeared only with the yellow lins,
and which seemed to behave in a similar manner 0 the yellow lins. He
suggested that this line might be the missing line of Ca XV.

Shklovsly, of the Crimean Astrophysical Obsamtory, recently stated,
on theoretical grounds, that the identification of the yellow line as
Ca XV is probably not correct and suggested that this line, ilgng with the
line at SﬁhS A., might arise from some transition in Ne VI.

At the meeting of the American Astronomical Society in Jume of 1951,
Naqvl presented a paper in which ne examined several of the difficulties
of the Edlen identification. 11) He agreed that there should be another
lins besides the one at 5694 A. if the Zdlen identification is correct,
and predicted that the wavelength should be in the range of the fwo un-
identified coronal lines at L58 A. and 4567 A. He suggested that simyl=-
taneous ocbservations of these thres lines would have to bs made to confirm
or reject this identification.

Using refined methods, Garstang very recenﬂy showed that & g—
lengths to be expected from the transitions 2p 3? - 3?1 and 2p 3P1- Po.
of Ca XV would be 5380 A. and 5480 A reapectively, with accurecy most
probably within 50 A. either way. 5 e suggests, therefare, that the
idsntification of any of the 1lines at )4567, L5686, SklS, and 5694 A. as
arising from Ca XV i3 probably not correct.

In sumning up the results of the work done on the identification of
the yellow ling, it is seen that there is still considerable doubt as to
its atomic origin. The yellow line's connection with prominencas ssems
to indicate that a low lonization potential is needed, though its very
broad profile would indicate high excitation. The theoretical attampts
at identlification would seem to be contradictory at this time. Further
studies of the observational material may lead toward an answer., Mean~
while study of the behavior of the line, and its association with active
solar regions indicates that it i3 a most important line, and so efforts
to identify it should be givan careful attention. Several cbservaiional
approaches to the siudy of the bshavior of the yellow corommal line are
opan to us. The studies may even assist in the identification of the line,
and will certainly aid in interpretation of the physical processas
iavolved in its formation, once tie identificatlon is successfully carrisd
out. One obsarvational approach is to try to establish what uniqus at~-
tributes, if any, characterise tho prominences that accompany the yellow
lina. ‘aldmeier hae reported strange anomalies in these prominencas, such
as the prosence of the line of He II or 5L12 A., requiring high excita-
tion at the sawe time ac the B lines of magnesium and ionized iron of low
excitation. 7/ Another approach would be to establish the rela biog&«hﬂ\
betiveen the yellow line and flares, which, according to waldmeior
Roberts 5 appear together. I have undsrtaken these two approaches :'m
pursuit of the objectives of my ressarcn, and the results of my wori
make up the body of this thesis.
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II. CBARACTGERISTICS OF PROWTNENCES AND FLARES

Proxzingnces are gaseous clouds visibls above the surface of the sun,
consisting of br-drogen, heliuws, calciwm, iron, and some other metals.
The praxinence smission spectrum shows very strong lines at Ha and the
H and X lines £ iordzed calcium with weaker lines of heliwm, ircn,
mgnesinx, and sodium. Although their brightness per unit wavelength,
evey at the emisasion wavelength is considerably less than that of the
photosphere, the praminences can be sesn clearly at eclipses with the
naked eys, or with a cormagraph fitted with narrow-bhnd filters. The
usual method of cbserving prominences outside of eclipse is to isolate
one of tho emiszion lines and observe the prominence in this monochromatic
light. Ths usual praetice (first applied by Rovsrt Re. McHath of Nckath-
Halbert Cbservatory), is to obtain lepse~tims pictures at short intervals
of ons to a fow pictures per minute tnat show that the prominence material
often i2 in very repid motion. :

These prominence clouds are usually classified according to their
motion, shsps, or spectrum. Paottit's classification by motion and shape
is the system most often used, 13) though Secchi, mary years ago, dis-
‘.unguished between active and quiescent prominemces. In this classifica-
tion there are six types of prominences, as follovs:

I. Active
1I. Eruptivs
IYX. Sunspot
Iv. Tormado

V. Quiescant
VIQ corom1

The quieazcent prominrs..res, ae their name implics, ars relatively lnactive.
lhey often look like & haystsck sitting on the surface wf the sun. These
st.dle pranminences some timss lant for days with litile change in cutlins
and snowing only elighs motion in their intermal siructure. vhen &esn in
projection on the solar disk they show as long, dark filamants. The
active prominences, on tha othier hand, show considsrable motion and
gensrally send matter frur the body of the prominence toward some center
of attraction on the sclar surface. Another class of rapidly moving
prominsnce is the group celled "sunspot prominencas.™ The praminence
meterial ¢f the swapol prominsncos eeems to appear in space and stream
down toward & centar of attraction. Delicate streamers or isolatad

knots of matter, moving rapidly as they form in sgacs, rain toward the
sun. Saseilnes camplete locps form with the proninence materisl moving
dow the two branches fron & commen source ab tha top. The velocitles
in the sunspot praninences ure conside ably higher than those scen in
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the ordinary active prominences or the quiescents. Associated with sunspot
prominences are the “surges", ejections of matter from the solar surface
that frequently erupt from the focus of ths sunspot praminence artivity.
The surges occasionally reach velocities as high as 500 km/sec., but the
material usually falls back into the sun along the came path it took

going out, in contrast to the trus "eruptive" prominence which sends at
least a major part of its matter out into space.

My first effort has been to try to distinguish whether a separation
of prominences according to typs, either by the Pettit schems or others,
suffices to isolate the prominences associated with the yellow coranal
ling from prominences in general.

The second portion of my investigatdion is to try to find out the
relationship between the yellow line and solar flares. Such work promises
not only help in the identification of the yellow line, but msy assist
our understanding of the mysteries of flares. Flares are a special class
of explosively sudden and intensely brilliant prominences. The flares can
be seen in the disk of the sun as bright features - the only prominences
80 observable. Some workers do mot class flares with the prominences,
but regard them as a separate class of solar phenomena. The mechanism of
a flare is not understood, but a great deal has been written about the way
a flars behaves. Richardson reports that 99% of the flares observed at
Mourit wilson in the 15 years from 1935 to 1950 hava occurred in the im-
mediate neighborhood of & sunspot, with the hiimy complex spot groups
producing more flares than the simple groups.

Flares ¢ve often classified according to their maximm intensity or
paximum slie. Accurete photometry of flares has been done only for a
wost limited mumber of flaree. Howsver areas a5 a function of time and
maximun areas are aveilable fer large numbers of flares over a sub-
stantial nmber of ycars. Flares ave generally classed according to
their “importance” on a scals of 1 to 3. Flares with areus of from 0 to
300 millionths of the vislble sun's hemisphsre fall in the class called
"Importance 1l." Those with areas of fyom 300 to 750 millionths fall in
Inportance 2, and thoss with arsas lavger than 750 millionths fall in
Importance 3. The greatsst {lares are sanetimes rated as Importance 3+.
Thesae area limits are aot strictly adhersd to, but are scmatimes adjusted
when a flare sows abnommal intensities for its size.

The lifetinms of a flsre ia characterized by a sherp rise to maximum
intensity, sometimas desaribed as & flash of radiation, followed by a
longer decay poriod. The antirae life of a flare may vary from a faw
minutes to0 ae much a2 53vp0 hours, with the averége being abcut 20 minutess
Acoording to Richarducn liJ ghout 75% of ths Importance 1 flares, and
about 79% of the largw flaves, rwach meximun in losa than O.d of their
lifetime The stsy at maximm ie¢ usually less than £ive minutas even
for the flares that last several Licwers.

There are several methods of deternining the time of weximm action
of the flare. Uometines the mwasarement given is the centval intensiiy
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of the Ha line, photometrically dstermined. Values for the intensity of
that line at maximm range from about 407 to as much as 300% of the in-
tensity of the solar disk near the flare in a neighboring contimmous

of the spectrun. (It is necessary to remecber that the brightness
of the solar disk at the center of Ha is only about 10% the brightness of
the disk in the neighboring continuous portion of the spectrum.

Another method is to measure the broadnsss of the Ha line at regular
intervals. Flares are accomparied by a peculiar broadening of Ha which
increases regularly with the intensity of the emission. Ellison reports
that for flares whose intensity is greater than 150% of the continuum in
the nearby portion of ths spectrum, the Ha line deve}g?s wings which
sometimes give the line an effaective wldth of 20 A. It is found that
the time at which maximm broadness of Ha and the maximm intensity ocour
sean to be the same.

The flares themselves show very little motion either horizontally or
vertically, and usually seem to lie very near the solar surface, though
definitive evidence on heights is nsually lac:ing. The sightline veloci~
ties of flares seam to be of the ordsr of 20 sec., which is slow
campared to the velooities of soms prominences. However, at lsast DFE
of the flares eject prominence mateﬂgl at very high velocities at about
the time they reach their maximum. A tremendous increass in Lyman~
alpha probably occurs at the time of the flare and some workers have
suggested that the radiation pressure foirces the prominences upward. 15,16)

Aside fram the phenomens we observe in flares on the sun, we find
many geophysical effacts that can be directly associated with flarss. At
the time of a flare the quality of long-distance radio reception over the
entire sun=-1it portion of the world undergoes a great change. The complete
redio fade~out (Dellinger-i8gel effect) that occurs simultansously with
the onset of the flare, 17) has generally besn explainad in terms of
heavy ionization of the D-region of the ionosphere causing strong absorp~
tion of the radio waveas from earth which ordinarily pass unaffected through
this layer. Increases in ultraviolet light from the Iyman-alphe may cause
the incressed ionization, but others have suggested that X~ray transitions
in the zoronal ions might cause the D-region effoct.

There is abundant evidencs that grsig increasos in low energy cosmic
rays often ascompany the largsr flares. ) Sudden changes in the
intensity and direction of the carth's magnetic fiold are noticed at
almost the sams time as the maxima of soms flares. These are again at-
tributed to the ultraviolet ligh% of the flare cmusing iordzation effects
in the upper atmosphere which produca induced magnatic fields. Magnetic
stomms and aurorae, presumably both caused by charged particles dis-
rupting the earth's wmagnetic figld, are often cbserved from six to thirty-
six hours after the flare. In addition, flaras probehly influence the
tecpsraturs of the earth’s upper air, initiate wes- :or changes, and play
& kay rols in numerous other related phencmera.

With the tremandous effsects thad fleres have upon the earth, it
would be advantageous if ws could predict the imminence of flares. If a
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clécde relationship can be shown between the occurreaces of flares and the
yellow line, it may aid us to predict the coming of flare regions from
Wz:ppemmeoftbeyvllwlimonthe east liab of the sui, the linb

which new regions appear as the sun undergoes its 27-day rotation.
In the material that follows I shall give the results of my efforts to
establish the relationship between the ovcurrence of flares and the
ysllow lina.

III. METHOD AND RESULTS OF ANALYSIS

A. leasurement of Cormnal Spectra

The firat step in the study was to obtain all the spectrograms
which contained the yellow lins. In the past several years there has
bean a careful effort at the observatory to note all the casss of the
yellow line as they oucur and to place these plates in separate baxes.
However we fearsd that during the period of 1945 through 1549 there
may have been some cases misssde Therefors I evamined all spactro-
grans for this period, some L4500 of them, loolang for the yellow line.
This 1lins, as mentioned bafore, is hard to detact because of its
diffuse nature and its faintness. I held the spectra over a diffuss
light source and made a careful exsninatlion of the yellow line
portion of the spectrum. I conducted the examination completely
independently of eny previous mesasures of tho plates or of the be-
havior of ths spectrum in axny oths> wavelsngth. In some cases the
occurrence of the yellow lina was doubtful, el thsr because of high
bhackground density dus 1o scattered sunllight, or bscause the faint=~
negs of the yellor line caused it to disappsar in the plate fog, or
for other rsacons. These doubtfus cases I discarded as unreliabla.
Eight praviously unreported cecurrarces were fuund.

WWhen a plats was found to contain the yelliow line, it was set
aside to be measured at a Jator time with all “he othar yellor line
plates. By measurement is mzant tha determinasion of the intensity
of the yellow line at differont labvitudes along the linb of the sun.

The spactrograph has a curved slit which; during observation is
placed just outside the edge of the solar image in a concentric
fasnhion, so that the coronsl emission falla on it. In this way about
90 degraes of latitude aling the limb nmay te covered in & single
exposure. The spectrograns then centaln curved i1ines instead of the
conve.~tional straight linus of a lzboratory speetrcgrane Lach portion
of the specirum line arisas frem a dlfferant solar Lztitude.

Ay A

To Jdatermine the intensity of any zoronal lirs we use a photo-
graphic standurd consisting of & glasg plate on which appear 22 lines
of graduated densiities. Tho stendard bearing thess linas, whose
appearance ressmblos raal coronal llnez, is pleced directly upon the
spactrogran and & astoh 18 made by oy» betwesn ona of the lines on
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the standard and the line on the spectrogram.. The standard lines bear
numbers which range from 1 to 65, according to the density of the lina.
The numbers give the "Climax Arbitrary Coronal Intensity" scale, an
arbitrary scale of line emission intensity eimilar to the scale adopted
by Waldmeler in 1938 The same moethiod of measurement is used by the
cbsarvatory for making the daily determinations of the coronal
intensity. The measurement, process gives reproducible results easily
within the limits of the observing variablss. It depends, of course,
upon accurate exposure and plate~processing for the original spectro-
grams. The intensity of the yaellor line was measured in thie fasiion
at 2.5 degree intervals along the arc of the sun's limb.

Very often there wers sseveral spactrograns contalning the yellow
line for the same day. lhen the observers were aware of ths presancs
of the yellow line they took as many as a dozan exposures spread oub
over the observing day. Some of these spectra were spacial exposures
made closer to the limb of the sun than is the ordinary practice.
Since the yellow 1line has a sharp gradient in height, these extra
plates often show the lins etronger than the normally exposed plates.
These plates were measured but were not ussd in the analysis raported
here. The only plates used were those taken at the normal height
above the limb and which were considered exposed and developed undar
standard conditions as deteruined by the senoitometer markings which
appear on every plate.

The intensities measurad in the yellow line ranged from 1 to 14
on the arbitrary standard scale, with the most common values below L.
By way of contrast the grasn line sometimes is as high as 50 and the
red ling as high as LO.

At the time of measurement, ths prominerce spectra and the
appsarance of the oiher soronal linas wore observed. In a typical
case, the prominence spectra showed bright beads of emlssion which
wore often displaced by Doppler shift from the center of the absorp-
E tion 1line on whick they crdinarily lie. In 80% of the prominences
- sighiline veloocities wers seen which were considered hisher than
thoss seen in prominencec in gensicl. The prominencs spectrum of the
Helium Dy lins did not always have tho same appearance as in the Ha
line. The velocities and shups of those two lines sometimes differed
which probably irdicatcs different relative zbundances of thess two
elements in d!{ferent portions of the prominence, & guestion worthy
of substantial irdependent study.

Tha line of Hell at 541z A. was found in three of the promi-
nences accompanying the vellow line. Although no systematic search
has been made for thie line, I obssrved 1t once in a prominence not
associated with the yellm coronal line. ‘o cannot say, therefore,
that the 5412 A. line is uniguely asseciated with the yellow line.

Doppler shifts in the red and groea coronal lines were noticed
in eight of the fift, ysllow line cases. This rare event has been
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has been viewing the corona. we know that it is rare, because
cystematic search for this effect, unlike the 5412 A, lins, has been
madees On only one occasion did the yellow line itself display a
Dopple:s shift, which was confirmed on several plates taken the same
daye No report of this event has appeared in the literature, so far
as we are aware.

From the examination of the spectra we can thus conclude that
the solar condition at the time of yellow-line emlssion are most
certainly exceptlonal,

Asgsociation of Prominencsa with the Yellow Coronal Line

After the yellow-line specira measurements wers completed, I
mads photographic prints of all praminencees associated with the
yallow 1line from prominencs filris taken on the yellow-line days The
p:rints were fastened to a polar coordinate graph which indicated the
pesition angle of the prominence on the limb. The position angle is
measured from the center of the sun with zero at the north pole and
the angle increasing towaxrd the east. (Figurs 1) The yellow-line
intensity was plotted on the sams graph to show the comparison
between yellow-line intensity and various features of the prominences.

In a nuwber of 6ases the yslloweline peak seamed to be at the
focal puint of the moving prominence material, that is, at the center
cornvergancy for the prominence. This was not the general rule,
howevar. No genaral conclusion could be reached from this portion of
the analyeis except that there was a prominence present at each
ysllow-1line occurrence and that the majority of them showed the
characteristic outlines of sungpot prominences.

The rectangular grid comected to the polar coordinate graph
1« presents the portion of the solar surface in the vicinity of the
linb at which the yellow line occurred. The line marked "limb"
represents the limb of the sun on the day of the yellow line. The
sections above the line, marked off in 20 degree intervals, represent
that portion of the solar disk which had besn at the limb on the pre-
ceding days, and the sections below the line represent that portion
which passed over the linb on the days following the yellow line. On
these maps the intensity of the red and green coronal lines, as
dotermined at the linb, were plotted in contour fashion. Thie was
dene to give us an i1d.s £ how the other coronal 1lines were behaving
at the time of occurrew.~ of the yellow line. Dashed 1lines indicate
that no coronal observations were avallable for that portion of the
disk when it pascced over the limb. A minimmm intensity of 20 for
the green line amxi 15 for the red line was chosen to keep the number
of contours down and still show the activity. In 56% of the cases
the gresn-line peak was at the same position and time as the yellow
lins and in 16% more of tne cases the green=lins maximum was within
one day awey and at the same latituds. The red line didn't show
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such a close relationship whan it came to high intensiiles. In fact,
the rau 1ine was, at times, dissppointingly low., It was noted in the
study of the spectra, howaver, thsi the red ling ssamed to show
maxima at the yeliow-line position even though they were rather low
to the haights to which the red lino sometimes gves. The
red line showad a hipgh maximm as recorded on the contour m&ps at
the same position as the yellow lins in 28% of tho cases. The high

3

* comection between the red and gresn coronal maxima and the yellow

line indicates that the ysllow 1liis occurse in regions of unusual
oconcentration of coronal intensity and not just @ ~andm. A further
study of the relationship betwson the yailow line and the other
cornnal lines will be taken up at a leter dets by Dr. Roberts snd his
assoclates.

At the suggestion of Dr. Hoberts. I piotied ell the flares that
occurred nsar the tims of ihe yallow line op thass maps. They ars
indicated by a c¢ircle which puts the flare et the heliographic longi-
tuds at which it occurred- The dats at mhich the flare occurzed is
also indicated: In tais wsy & flare that appesred ab the same helio-
grephic longit_.e as the yellow lins, for instance, is plottad on
the 1ins marked "limb" ovap though it occurred cn the disk on & day
before or after the ysllow Jine wos observed,

Analysis of Characteristics of Associated Prominences

fihile this was being done, Brmo Witte, who is also working om
the problem of ysllow 13ne as the obssrvatory, compiled two reels of
16 mm. motion pictures of th: prominances that occurred on the day of
the yellow line and on the tm days before and after the ycllow line.
These reels consisted of aome 4l movies of different prominences
corregponding to 23 cases of the ysllow lins. We fell that a great
deal of additional information could be obtained by observing the
motions of the prominsricea and seeing how they changed over a period
of time. The motion plctires were made by taking photographs of the
prominences at the .ate of twro, threas, or six frames per mimute.
ithen ths film is projected at the rate of 16 frames per second, the
motion is speedsd up by a factor of 480, 320, or 160 respectively,
clearly showing the prominence motion. For the high velocities in-
volved in the prominsnces that one usually finds along with the yellow
line, ws discovered that £ilms takon at six frames per minuts are the
most satisfactory.

In order to cbtain soms sort of a deseription of the prominences
that could bo handled statlstically, we decided to grade each promi~
nence accerding to certain well-defined characteristics. The grading
within each category was done on a basis of the degree to which the
prominence displayed the spscified character. iwe used a one to five
scale, with one indicating that the characteristic was very clearly
defined and five indicating that the characteristic didn't exist in
the prominence. The £ilms were examined several times in a preliminary
wgy 80 that we could determine the features that had most promise of
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vafinable character and degrse anc that searsd typlcal of our corons-
associated prominences. The following chersctaristics were tha ones

wo chose:

1.

2.

3.

Se

e

Construction of prominence

a. Scattered knots -~ isolated concentrations of promi..
nence material that are not {aatened to any other
portion of the praminenca.

b. Continuous streamsrs — praminencs material fastencd
together o give the appearance of a solid stres.

c. lassive body — the body of the preminence is a large
mass ¢- material such as is usually sssocisted with
the "quisscent” prominences.

Origin of the prominence material

a, Space — the prominence gas seems to materialize out
of "space."

be Suspendsd cloud = the prominence material ssems to
came from a gloud of gas hovering above the sun.

c. Body on the sun's surface -~ %he material seems to
come from a body on the surface of the sun.

Focussing effects
a+. At the source of the moving matter -~ ths prominence

material seems to originate at one point and spread
out or move in several different directions.

b. At the terminus of the moving matter -- the material
ssan8 to converge at a point on the sun's surface.

Cuvwatume of trajectoi'y -~ the trajectory of tae moving
material is highly curved.

Nushsr of surges seen -- the actual numbar of sudden 3jec~
tione of prominence materlal upward from the surfacs were
nobeds

Direction of motion
2. Downward -- the prominence msterial is meving downward.
ke Horizontally -~ the material is moving horizontally.

¢. Iuteracting ~- the materdial saems to be moving in
oppoaite directions at the samu time.

13-
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d. .Upward — the material seems to be moving upward.
Many of the above characteristics were seen simulitanwously, to & greater
3 or lessor extent, showing that the characteristics were not in any
) sense mutually exclusive. In addition, the grading was quite sub-
) Jective. Two people classifying the same prominences seldom agreed
upon &l11 the gradations. Five different observers graded our two
reels of films according to this plan. ve Jcund, upon comparing the
final resulis of the grading, tict there were not many cases where
¥r. vitte's and iy grades differed by moxe th-.i one unit.
Perhaps the most striking thing about ti2ss prominences is the
- predominance of downsard motion. The first impression I got was that
. all the material was pouring down to the surface of the sun. Ths
prominencss seancd to be mads up of kmots of material travelling down
ward in carefully sefined trajectories. Oftzn thesa trajectories vere
complately full of material and had the appearance of solid streamers.
Even in these cases, knots of matter wera sesn travelling downward in
the stream. The solid sireaners seemed to occur mest fraquently when
the prominence had a looped shape. The prominence matter seamed 1o
E appear from space at the top of the loops and pour down the two
branches. In the typs of prominence in which the knots predominste,
we found that the knots formed in space and travelled dom slighily
curved paths toward a common focal point. The knots usuvally moved
quite rapidly as tney formed. Ths appearance of ihe prominence
material “out of thin air” wa? another predoninant characteristic of
these prominences. Uenzel 1¥) and also Kiepenheuer 20} explaine this
phenomgnon by assuming that prominence atoms are complately lonized by
the high teuperatures of the corona and are therefore invieible when
high above the solar surface in the coronal region. hen the ataas
come into ths vooler rszion nsarer the cun where they pick up fres
electrons, they bocoms visible.

In contrast to the downward motlcn, one finds o iden ejections
: of matter w.th great violence coming from tho sclar surface. Very
4 often these ejections saemed to come from that same point into which
the downward moving prominence material wes falling. These eurges
occurred with velocities uf up to 500 km/sec. and wers aometimes
sufficiently powerful to send the material ccmplotely out of the
field of the telescope, a distamce of about 200,000 miles. More
often the material rose up and then fell back into the sun along the
same path it followed on the way out. Surges are quite frequent
avents in the yellow-line prominences.

- After the prominences were graded, as described above, theay were
- : grouped according to their position in time with respasct to the
yellow line. The nuwer of films in each category ie listed in
Table 1.




Days Away From
| Yellow Line 2 =1 0 a0
| mober of '
¥Filas 3 7 21 é L

An avarage value was obtained for each chaructaristic in each
tims group for each grader. e had hoped that we could thus detect
a gystematic change in the character of the praminence from ths two
days before to the two days after. Mr. Witte!s results show slight
trends in saveral of the characteristices with a maximm or minimwm
on the yellow=line day. My results and those of the other graders
did not show these trends. Because of this reasult, I decided to
abandon this approech and try something more direct.

I felt that the time lapss of two days fram the yellow-line
case was to¢ short to clearly show the differences betuween the promi-
nances that ars present arcurd the time of the yellow line, and other
types of prominences. I therefore decided to exasine prominences
entirely amay from the solar regions displaying the yellow coronal
line. For this I choss the movies left on the reels in the film
library after the yellow-line movies had been cut from them. Two
resls were picked, one from the winter of 1947-1918 and one from ths
winter of 1949-1950. The two reels contain promilnences from the
time near sunspot maximum and from a period two years away from
maximum, and therefore give a fair repressntation of the character
of prominences in general chosen from the same general pericd as the
vellow-line cases. winter films wers chosen becausae of the better
quality of the sky in the winter and the longer length without inter-
ruptions. In the winter, the sky is usually eithsr completely over-
cast or relatively clear without the svzittersd cumulus convection
clouds that causse the sumuer films to be intorrupted so often.

The first 42 prominence movies wers chosen from these reels.
Thirty were from the first reel, 12 from th» second. This 1s approxi-
mately the same number of separate prominencss as on the ysllow-line
reels and the running time is approximately the same, about 8500
minutes observing time. I graded these prominences on the same char-
acteristics as the yellow-line prominences, and in oxactly the same

WaY e

The general impression one gets fram these¢ non-yellow-line promi-
nences is entirely differ<nt fram the impressiun left by the yellow-
line movies, The motlon is no longer so predominently dowrward but
seems to show much more horizontal motion than before. The promi-
nences usually appear to be large bodies resting on the solar surface
and it is from thesse bodies and not space that most of the moving
mattar comes. MXixed in with these larger massive prominences,

-15-




—

WIS T T ” et e e e R e - —

D.

ganerally the guiescents, there are praminences which certainly belong
in the yellow-line category. All the characteristics are there: the
domward motion of the streamers and knots, the surges, and the
appearance of ths matter from space. Considering the difficulty of
observing the yellow line, these are quita probably yellow-line promi-
nences for which the yellow line could not be seen even though it was
prasent. This is a point which it is important to verify by observa-
tion with a spectrograph and coronagraph specially adapted for yellow--
line observations, as the High Altitude Observatory plans to do later.

Analysis of Control Group of Non-Associated Prominences

Ky next effort was aimed at study of a control grouwp of promi-
nences not assoclated with observed cases of yellow-line emission.
I sought to determine whether the average grades for such prominences
differed significantly from the average grades for the yellom-line
prominences. The results wers as follows,

First I calculated the average grades for sach characteristic
for both the ysllow-line prominences and the non-yellow-line promi-
nences. Then the standard deviations of the distributions of grades
for each characteristic were computed in the usual way. These 1
cailed f/x the standard deviation of the sample. I then assumed that
if many such sample means wore computed, these sample means would
fo.low & noxel dlstribution about the population mean. To obtain
an idea of the dispersion of semple means about the wnknown popula-
tion mean, I calculated the standard srror of the uninown population
me:n using the relationship

—;I‘—o
G i

wheme f/f 15 the standard error of the unknovm population mean, £y 16
the standard error of the semple end N is the number of movies. This
wat done for each characteristic in both groups of f£ilms. The Justifi-
cation for this pro;é'islure is given in "Applied General Statistice" by
Crcxton and Cawden. If ve assume that the two groups of falms

cawe frou the same population, thaet is, that thgy have no inlerent
differences, the expected difference in means of the two groups will
be zero. If a difference in means does exist, we want to know what

the probability is that su great a difference could occur by chance.
The standard error of the difference of two means is given by

f"a-l&"ﬁ'ﬁ 0/

where 4§, and 0, are the standard evrors of the two meanss The

diifareﬁcna in 1fieans of samples from the same population ghould

follow a normal curve and so 99.7% of tho differences in means would

be v'ithin plus or minus three standard errors of the difference in
msanss 21) 1. the difference was greatsr than this, I considered

thie difference significant, that is, that there is very little chance

tho’ the observed diffsience in means cccurred by chance and therefore
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Teble II
Characteristic ’rmﬁ. uo::'g'.l L g3, 'e_x ‘:‘7"; Probability

Scattered Knots 2.50 | 3.62 0.273 l:.1 ] bx105 »
Continuous Streamere | 2.63 | 3.58 0.2l 37 | 2107 »
Naseive Body 3.71 | 2,02 0.320 b7 # <1075
Katter from Space 1.73 3.62 0.312 6.1 ® <1075 *»
Eatter from Suspended

Cloud b9 | k.17 0,760 0.76" | sxiol
W suatace Y 3.85 | 2.10 0.340 k3™ | 21075 »
Focus at Source 3.22 | by | o256 | uow | 6x1075 «
Fceus at Terminus 234 3,38 0.272 3.8 Usx1075
Curvature of Trajectory| 2.71 | 3.52 0,250 3.2" | 13107 »
Downward Motion 1.1 2.83 0.257 5.6 " <10°5 #
Horizontal Notion 3.90 3.2 0.290 2.4 " | 16x103
Interacting Motion L.L6 Lai7 0.21) 0.5 6101
Upward Motion 412 | k.57 00220 2.0 1073

# « Considered a significant difference.
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the two groups of prominences had different coservable characteristics.
The results of this analysis are given in Table II. The probabilities
listed in the table are the probabilities that a difference in means
as large as, or larger than, ths observed difference could occur by

characteristic is. A low mean value indicates that the character-
istic is strongly shown and a high mean indicates that the charactar-
istic is weakly shomn. From the difference in means and the standard
erro~ of the differance, thes significance of such a differencs can
bs determined. For instance, in the case of scattered knots, the
yellow-line prurinences have a low mean value (2.51) while the other
prominences have a significantly higher value (3.62) indiczating that
the yellow-lins prominences show many scattered knots and the non-
yellow-line prominences relatively few. The same is true of the
characteristic of continuous streamers which the yellow-lins promi-
nences possess strongly while the non~yellow-line prominences show
less tendsency toward this characteristic. The non~yellow-line
movies on the other hand were made up of a large number of promi-
nences with massive bodies which were the source of much of the
moving material.

The yellow-line prominences did not show many massive bodies
and wmost of the prominence material appeared in space as is indicated
by the very low value of 1.73 for the mean of this characteristic.
The low values for the means of the dowmware-motion charactoristic
in both sets of prominences as compared to the means of the other
motion charecteristics shows that prominence motion in general is
downmard. However, this characteristic it much more strongly pro-
nounced in the ysllow-line prominences. T.e dowmvard-uovin: matter
in the yellow-line prominences shows a slight tendency to originate
in a mmall region (focussing at the source) and a much stronger
tendancy to focus at the poini, whsre it rsaches the solar surface.
In the non-yellow-line movies the matier showsd only a slight
tendancy toward focussing at *he terminus and almost no tendency
toward focusasing at the source. The yellow-line prominences had
trajectories which were more sharply curved than che non-ye.low-
1ine movies.

The horizontal motion which, at first glance, seaned tc be much
stronger in the non=-yellow-line prominences 1s not significantly
different by ths standards chosen for significance although the mean
1s somewhat lower. The false impression could sasily have come from
the lessening of the downward motion and motion in general which made
the horizontal motion stand out more strongly.

Interacting motion, matter mutually oxclranged between wo or
more prominences, and upward motion, were abcut syually weal: in both
groups. The appearance of matter fram a cloud suspendad above the
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s, the factor of cbservation-time was introduced.
in each prominence was divided by the nwber of
time for that prominence. In order to avoid
I multiplied these nmbers by 1000 to get the mmber
1000 mimutes of obssving time per prominence. These
were handled in the same w~v as the grades for the other
characteriotics. For the yellow-line praminences the mean was 7.05
: . surges per 1000 minutes per praminence with a standard error of the
: . moan of 1.45. The mean for the non-yellow-line prominences was
2.05 with a standard error of the .ean of 0.61. The standard error
of the difference in mcans is then 1.57. The probability of a
difference as large as, or larger than, the one observed ocourring
3 or a little better than one chance in 1000,
which is considered significant.

£ surface of the sun 18 a rare cvent in both groups of prominances and
there is no significant difference in the small degree to which this
? charecteristic is presant in both.

F In order to evalmte the infarmation obtained from the cbserva-
; tion of the surge

¢
!
:
;

!
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With the probabilities as small as they are for most of the

4 characteristics, I fesl it is safe to say that the general impression
) of thess praminences is essentially correct and that easily distin-

guishable differences in the two groups exist for the production rate

of surges and for all characteristics of Table II marked by the

symbol #,

E. Yellow lLins and Limb Flares

ity

v

Wthen the flares were plotted on the coronal contowr maps mentioned
earlier, I found a& large number of coincidences batween the yellow
= lins and flares occurring near the limb on the yelloweline day. At
» the time I decided to investigate this matter a little more closely.
1 I arbitrarily called any flare which appeared within t.ve degrees of
the limb of the sun, a limb flare, This would put the position of
the flere no more than half a day's rotation from the limb, which
secus ¢ be a reasonable restriction dus to the short life of the
yollow line. If the flare were much further fiom the limb than this,
and 1f the yellow line were to originate in or near the flare, ths
yellow 1line might not be visible by the time it rotated into view.

i)
LIt

I compiled a list of all such flares occurring from 1946 through
ST 1950 from the GQuarterly Bulletin of the Intermational Astronomical
" Union. The data in the Rulletin is collscted from observing stations

. all over the world, so that on days when weather permits, ccmplete
coverage of flare activity is available for any 2ﬁghour period.
These stations re.orted a total of 165 days on which flares oocurred
within five degrees of the limb during the five years in which I was
interested.

The coverage of coranal observations from Climax was not nearly
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ocoaplete as flsre coverage, a0 all flares which ocourred on
when there no coronal observations wers discardsd. This
the mmber of days on which ligb flares oocurred to 91 for
§ Climax observing days. I assumed that the weather at
is t of the conditions on the emn and therefore
selection of data in this manner is a randm selection.

Ms y data oontained the L3 cases of yellow line
that cacurred from 1946 through 1950.

An analysis of the latitude distribuiion of flares near the
time of the yellow line showsd that all but & few of the flares
ocowrring within two days of the yellow line were within five
degreas of latitude of the yellow-liins maximme. Thess few were all
within ten degress of the yellow-line maximum. This alons suggests
a significant association, but I wished to investigate the matter
nore do“ho

Ht
Ht

¥
¥

E

In 13 caces the yellow line and a flare ocourred on the same
day and within five degrees of sach other, and in 18 more cases the
ysllow line and the flares were no more than two days apart and
within five dagrees of latitude of each other. Only 12 yellow-line
oases seemed to have no flares assoclated within two days. Closer
sxxzination revealad that &ll but one of these cases occurred in the
rvinter or early spring whan the daily flare observing time may get
o8 low as one hour. It is josaible that unobserved flares associated
with the yellow line occurrel during this time.

To determnins the proba»ility of 13 coincidences between the
ysllow line and flares we must know the latitude distribution of
both the flares and the yallow line. Referring to Figure 2, which
gives the latitude distribution of the 43 yellow-line cases and the
91 flars days, we see that the most favored sone for the flares is
the belt betwssn 5 and 15 degrees north and south of the equator and
that no flares occurred more than 30 degrees from the equator. We
also ses that the favored belt for yellow line is that region betwassn
10 and 15 degrees north and south of the equator and that the yellow
¥ne is confined to & region within 35 degraes of the equator. This
shows that the two phanomena are confined to the sunspot zons, and
that neither is distributed over the whole solar sphere. In this
graph ths flares and yellow-line cases at the same latitude north
and south of the equator are grouped into a single class, To
determine the probability of 13 coincvidsnoces with the shown distri-
butions would he & tedious vaske I shall thersfare make some simpli-
fying assupptions which will give me a probability that is at least
ac large as the actual probability an‘! will make the calculations
much glmpler. I will assume that the probabillty of a flare or
ysllow line ocourring in any latitude vhere they are found, is the
S:Iiﬁ a8 the probability of occurring in the most favored latituds
belt.

Since 56 flare days occurred in the latitude belt ranging frca
21-
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S to 15 degrees on sither side of the equator, a 20 degres belt, the
probability of a flare occurring anywhere on the limb in the 60
degres-wide flare belt would be 3 x 56/938 or 168/938. In actuality
the probability would generally be even less. For a yellow ling to
occur within S degrees of the flare, it must fall within a given 10
degree latituds belt. The most favored sone for yellow line was the
belt ranging from 10 to 15 degrees on aeither side of the squator, a
10 degree belt in wshich 17 yellow lines occurred. We will therefore
use this probability for all the latitude belts. Thus ths probability
of & yellow line occurring within a given 10 degree latitude belt is
17/938. 7This, too, over-estimates the probability, so our calcula-
tion is on the safe side again. The probability of both the flare
and the yellow line occurrin%ontheamdaymdwithin5dogreea
of sach other is theun 168/938 x 17/938 = 0,0032. Since ihe proba=-
bility of a single coincidsence is sc amall it is reasonable to expeot
the caincidance o follow a Poisson distribution. In a Poisson dis-
tribution, the probability, "pP" of cbtaining "r" successes in ™"

trials is ’. )'" -ap

v,
where p is the probability of a single success, 22)

We would like to know the probability of obtaining 13 or more
coincidences. To do this we must sum the individual probabilities
fran 13 coincidences to 938 caincidences. Thus the probability of
13 or more ceincidences is given by
2 936 ," f

3

Q.”P '
This may be approximated with very little error by

o0
e "PS. it
vsly v/ .
if the number of samples is sufficiently large. The error in this
case would be less than )

2) Tam (n+)

For the 938 gample days in my case the important factor in this
exprassion is 993§m:1 p939 or approximately (2.718 x 0.0032)93?-
(0,0087)938 30-1876, The error in this approximation is therefore
negligible.

Referring tc lolina's tables of the Poisson summations, the
probability for )3 or more colncidences when the most probably numnber
of coincidences, '?p) s 18 (938}{0.0032) or 3.03 is given as 0.000018
or 1.8 x 1075, 2)

Since the probebility is as small as it 1s, there is little doubt
that the coincidences are real and not chanve occurrences. Thersfore,
thers ie almost certainly a definita paysical relaticnship between the
yellow line and flares.
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IV. CONCLUSIONS AND SPLCULATIONS

Since about 70% of the yellow line cases considered occurred either
with a flare cr within two days of a flare, and tne cther 0% could quite
easily have had unobserved {lares associated with them, it might ba
possible to predict the arrival of a flare-producing regicn by observa-
tions of the yellow line at the east limb ¢f the sun. This would be
espgcially advantazecus in the winter whan weather conditions restrict
continuous flare obssrvations. The life of the ysllow lins is long com~
pared to the life of a (lare and so only a ten-minute coronzl observation
daily probably would be sufficient to detect the yellow line while the
chances of detecting a flare in even a few hours' observations would not
be very good. A prediction of tnis sort would be a great help to the
radio warning services whose results depend sirongzly upon knowing when
flare regions are present.

The prominences accompanying the yeilow lire ere easily distinguish-
a@bla from prominences in general, by taeir shape and motion. It may be
possible, therefore, to predict the presence of tiie yellow line by
observations of the urominsnces alone: Prominerceas are visible through
light cirrus ciouds and dust condditions that render the observation of
the corona impouasible. This would, of course, te ¢” great practical
significance. There ais indications tnat the red and green coronal lines
have naxima at the same time a3 the yellow line agpcars and so it might
be possivle to estimate the condltions in the coruonz &t times when direct
obsarvations ars not pessible, I sirongly recommend an investigation into
the relationships betwesn the red and jreen lires and the yellow~line
prominences. If such a relationship is established quantitatively, it
too would be a grect help vo whe radic propagation services, since a
snowledpe of the conditions in the corona are neads) te make good
predictions.
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