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ABS TRACT

An exanination of the coronal and prominence emission spectrograms
containing all known cases of the yellow coromal emission line (5694 A.)
taken at the Climax and Sacramento Peak Observatories revealed that
prcminences accompanied each yellow-line emission and that aboat 80% of
these prauinences showed abnormal sightline velocities. It also showed
that in a large number of cases the red (6374) and green (5303) coronal
lines had maxima at the positicui 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
line were also seen. Except for these cases of Doppler shifts in coronal
lines, the phmncmenon is practically absent in Climax and Sacramento Peak
spectra.

/

Analysis and ccmparison by simple statistical procedures of the
prominences occurring at the time of the yellow line and prominences
occurring far from the time of the yellow line showed that a significant
and easily recognizable difference existed between 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
between the flares and the yellow line. The nature of this relationship
could not be determined.

The observations lead to the speculation that location of the
principal maxima of coronal intensity might bo possible from observation
of the more easily seen prominences. Thera is also a possibility of pre-
dicting the arrival of flare-producing regions by limb observations of the
corona.,
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I. INTRODUCTION

At the time of a solar eclipse, when the moon hides the brilliant
surface of the sun, we are able to see the faint, silvery-white corona
that makes up a principal part of the sun,' 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 spectroscopic
and optical characteristics at different distances from the sun. Far
out frem the solar Limb the coronal light is dominated by a continuous
qpectrum containing Fraunhofer absorption lines. This portion of the
corona is probably due to scattering of sunlight t;- comic dust, and in
the strict sense is not solar corona at all, but evidence of interplane-
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
spectrim has mission lines from the highly ionized atms of iron, nickel,
calciim, and argon. At distances extending to several solar diameters
from the sun, the corona has a continuous spectrum without abse-ption
lines exhibiting rays and streamers, and also showing appreciable polariza-
tion. This component is attributed to Thompson scattering of sunlight by
high velocity electrons. The Doppler effect of the fast-moving electrons
"amears" out the absorption lines Qf the sunlight. Recent work by Woolley
and Allen i) and H. van de Hulot has greatly improved our knowledge
of the separation of these three components of the sun's corona.

I am interested in the emission spectrum portion of the corona, and
in particular in the emission linm at 569t- A., the yellow coronal line.
Of the some 25 coronal emission lines, only a few have not been identified
with reasonable certainty. The yllow line is the most important of this
small group of unidentified lines. Bernard Iyot 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 coronagrapho Since
then the line has been reported marn times, but never with any great
regularity. It has, however, never been detected at eclipses.

On 26 February 1946, after four years of observing the corona daily,
weather peraittb1g, 4. O0 Robprts found the yellow line on a plate taken
at the Fremont Pass Station of the Harvard College Observatory at Climax,
Coloradoi This was the first of 3ome fifty observations of this line
that have been mrde during the past six years at Climax and its sister
station at Sacramento Peak in N3w Mexico.

"The yellow line shows marked differences from the two most easily
observed coronal lines in the visible range, the green line at 5303 A.,
and the red line at 6374 A. Thes3 two lines are visible at every obser-
vation of the corona and usually 3xtend for great distances along the
limb of the sun. They show broad )rofiles of intensity against wave-
length, and change relatively little in total intensity from day to day.
The yellow line shows the broad profile of a coronal line but there the
similarities end. During its rare appearances it is confined to a smallrange of latitude and its visible lifetime is short, usially only one
day but sometimes as long as three 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 atiospheric conditions must
be excellent for the line to be seen. Dust, snow or other particles in
the air, scatter the light from the disk of the sun into that portion of
the Imap iwhere the corona lies, hiding this fadnt ine in the scattered
continua.

The yellow line has been.repord.d by several workers as being closely
associated with.prominences. ', •, J The greun coronal line and a number
of other lines are relatively independent of prominences. The red coronal
line ocaeionally shows m:s*ed discontinuities in intensity in the region
of certain prominences.

There have been mua atteapts to group th, coronal lines into classes
according to their behavior at the various eclLpses. 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 height from the linb. The groups
determined frm the results of different eclipse expeditions were often
contradictory, and it was not until the development of the coronagraph
that a consistent grouping was made. Lyot, uning a large amount of data
collected over a period of qeveral years, found that there seemed to be
three recognizable Sroups.j Tin 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
lines were not grouped according to the element from which they arose,
but according �o their ionization potentials as determined by Edlen three
years later. 7) The group containing the green line was made up of iron
and nickel lines havirg ionization potentials of between 325 and 422 EXV.
The group with the red line contained two lines, bothfrom iron, with
ionization potentials of 233 and 261 E.V. Waldmeier o) has reported that
the yellow line at some times seems to be clearly associated with maxima
of the green line, while I have seen marn cases o): the Climax spectra
where it seeme to be clearly associated with maxima of the red line.

There are also mar& cases in mhich it seems to be clearly associated with
maxima of the red line. There are also mxaz, cases in which it seems to
be associated with neither of these lines. For this reason it is appro-
priate to asaign a category of its own to the yellow line.

In 1942 Edlen presented a paper in which be identified 17 of the
coronal lines as rising from forbidden tr:cnsitions in highly-ionized atoms
of iron, nickel, calciun, and argon. 7) At the same time he offered tao
tentative identifications, one of these V eing for the yellow line. He
suggested that it might arise from the transition 2p 2 , 3Pj - 3Po in Ca
IV. T.h•e result had been obtained after a. different extrapolation and
was considered unreliable. There were several other reasons for calling
this identification tentative. The ioair,,ation potential required for
Ca XV is 814 S.V., which is considerabt- 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 arsinsg frot: the transition 2p 2 3p - 3p
which had not been found at that tim", but he id not atterpi to predictthe expected vavelenth. Recently ,3-didm•ier 91 reported the discovery



of a coronal line at 5h45 A. which appeared only with the yellow lines
and whLch sewmed to behave in a simlar manner to the yellow Line. He
sugested that this line might bG the missing line of Ca XV.

Shklovsy, of the Crimean Astrophysical Observatory, recently statedg
on theoretical grounda, that the identification of the yellow line as
Ca XV is probably not correct and suggested that this line, sQng with the
lane at Z A., might arise from some transition in No VI. ? wh

At the msetLng of the American Astronomical Society in June of 195l,
Naqvi presented a paper in *ic4 he examined several of the difficulties
of the EUlen identification.-J He agreed that there should be another
line besides the one at 5694 A. if the Edlen identification is correct,
and predicted that the wavelength should be in the range of the two un-
identified coronal lines at 4586 A. and 456 7 A. He suggested that simul-
taneous observations of these three lines would have to be made to contirm
or reject this identification.

Using refined methods, Garstang very recently showed "hat Le wavr-
lengths to be expected from the transitions 2p2 3P2 - 3PI and 2p PI- Po
of Ca XV mould be 5380 A. and 5%80 A respectively, with accuracy most
probably within 50 A, either way. 12 He suggests, therefore, that the
identification of any of the lines at 4567, 4586, 5445, and 5694 A. as
arising from Ca XV i: probably not correct.

In summing up the results of the work done on the identification of
the yellow line, it is seen that there is still considerable doubt as to
its atomic origin. The yellow line's connection with prominencas semws
to indicate that a low ionization potential is needed, though its very
broad profile would indicate high excitation. The theoretical attempts
at identification 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 is a most important line, and so efforts
to identify it should be given careful attention. Several observational
approaches to the study of the behavior of the yellow coronal line are
open to us. The studies may even assist in the identification of the line,
and will certainly aid in interpretation of the physical processee
involved in its formation, once the identification is successfully carried
out. One observational approach is to try to establish what unique at-
tributes, if arr, characterise the prominences that accompany the yellow
line. 'aldmeier hae reported strange anomalies in these prominences, such
as the presence of the line of He II or 5412 A., requiring high excita-
tion at the sqoe tine as the B lines of magnesium and ionized iron of low
excitation. 9 ) Anothor approach would be to establish the ship
betTeen the yellow line and flares, which, according to •ild.elor and
Roberts 5) appear together. I have undertaken these two approaches in
pursuit of the objectives of my research, and the results of MW work
maice up the body of this thesis-
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n. Coammcu•LTics OF moitiw •s AmD FuARm

Pradznences are gaseoub clouds visible above the surface of the sun,
consistAng of hrýogwn, helium, calcium, iron, and some other metals.
The pramJm emissaon spectrum ihow very strong lines at He and tae
1 and A lines ,f iozr~ed oalcimu with weaker lines of helium, ircL,

nowelms and sodim. Although their brightness per unit wavelength,
evem at the emission wavelength is considerably less than that of the
photospherm the prominences can be em clearly at eclipses with the
naked ore, or with a coronagraph fitted with narrow-band filters0 The
usual method of observing prominences outside of eclipse is to isolate
m6a of the wtIision lines and observe the prcanence in this monochromatio
light. The usual practice (first applied by Rdoert R. Mcath of MUoath-
I?41bet Obaervatojy)b is to obtain lapse-time pictures at short intervals
if one to a few pictures per minute tnat show that the prominence material
often is in very repid motion.

These prominence clouds are usually classified according to their
motion3 shape, or spectrum. Petter's classification by motion and shape
is the system most often used, 13) though Secehi, may years ago, dis-
tbaguishsd between active and quiescent prominences. In this classifica-
tion there are six types of prominences, as follots:

I. Active

UI. Eruptive

IIl. Sunspot

17. Tornado

V. Quiescent

VI. CoronalI •e quiescent promin..ess, as their name implies, are relatively inactive.
Ihoy often look like a haystack sitting on the surface of the sun. These
st.ble proninences some tiesa lant for days with little change in cutline
at showing only d.igh3 motion in thieir internal structure. when seen in
projection on the solar disk they ohow as long, dark filaments. The
active prominences, on the other hand, ,how considerable motion and
generally send matter frcuw the body of the prominence tward some center
of attraction on the solar surface. Another class of rapidly moving
prominence is the group ca.lled "aunspot prominences."" The prcminence
material of the sumspot pioninancos seems to appear in space arul streaz
down toward a cernter of.t attra-tiLon. Delicate streaaers or isolated
knots of matter, moving rapid'i ae they form in space, rain toward the
sun. cme-nk&es coplete loops fox% ritl the prominence material r'nAng
down the two branchea from a comr - so'urce at tha top. The velocities
in ýhe sunspot prcuinomc.s tre ccnsdie -ably hi.her than those soon in
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the ordinAry sctive prominences or the quiescents. Associated with sunspot
prmn es are the "surges".* ejections of matter from the soa surface
that frequently erupt from the focus of the sunspot prominence artivity.

The surges occasionally reach velocities as high as 500 kn/sec., but the
material usmaly falls back into the sun along the oaae path it took
going out, in contrast to the true "eruptive" prominence Mbich sende at
least a major part of its matter out into space.

IV first effort has been to try to distinguish whether a separation
of cs according to type, either by the Pettit scheme or others,
suffices to isolate the prominences associated with the yellow coronal
lixe from prominences in general.

%a ameond portion of my investigation is to try to find out the

relationship between the yellcw line d solar flareso Such work promies
not only help in the identification of the yellow line, but may assist
our understandg of the mysteries of flares. Flares are a special class
of explonively sudden and intensely brilliant prominences. The flares can
be seen in the disk of the sun as bright features - the only prominences
so observable. Some workers do not class flares with the pzominencess
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 flare behaves. Richardson reports that 99% of the flares observed at
Mount Rilson in the 15 years from 3935 to 1950 have occurred in the in-
mediate neighborhood of a sunspot, Tith the himy complex spot groups
produoing more flares than the simple groups. '•'

Flares r~s often classified according to their maximum intensity or
maximum ai-ie. Accurate photometrj of flares has been done only for a
moot limited nimber of flaree. However areav as a function of tin and
maximum areas are available for large ,numbers of flares over a sub-
stantial nmber of years* Flares are generally classed according toi their "importance" on a scale of I to 3. Flares with areas of from 0 to
300 millionths of the visible aim' s hemisphere fall in the claas called

i "Importance 1."1 Those with areas of i•'om 300 to 7q0 millionths fall In
Importace 2$ and those with aroae large• than 750 millionths fall in
Importance 3a The greatest flares are sometimes rated as Importana-e 3+o

S•7hese area limits arm not strictly adhered to, but are sometimes adjusted
•. when a flare atlovrs Abnorm•al intewitles for ita size.

I The lifetime of a flare ia characterized by a sharp rise to miadmim
intensity, sometims dewribed as it in-ash of radiation# followed by a

Slonger decay period. The arntir 'life of a flare may vary from a fev
minutes to as muc as s~vuo hourG. with th aver-age being about 2.0 minutes,,

! kooording to Rictar-Uwt L"' abo%)t *75% of the lmp-tae I flaress and
S•about 79% of the largfr f1an•, mach mxlma in lose than 0,4 of- their

Slifetime Mhe atV at maxim= le uaaa'Ll•, leab thrn five minutas a-en
Sfor the I'ares Wiet last several houra

S~Theme are several met~hods of detfmmixiing the time of •upwm action•
Siof the flar. *Soimti.e•o tjie mmarm-emnt, stvn is the seentral intensity
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of the Hs line, photomtrically detemined. Values for the intensity of
that line at mewd on range from about 40% to as much as 300% of the in-
tensity of the solar disk near the flare in a neigodoring continuousIportion of the spectrum. (It is necessary to ruu.x1-er that the bzightness
of the solar disk at the center of Hm is only about 10% the br * tness of
the disk in the neighboring continuous portion of the speotrum.)

Another method is to measure the broadness of the Ha line at regular
intervals. l•lares are accompanied 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 continuim in
the neauty portion of the spectrum, the Ha line deve a wings which
sometimes give the line an effective width of 20 A. It is found that
the time at which madcim broadness of He and the maximm intensitr occur
seem to be the same.

The flares themselves show very little motion either horisontally orvertically, and usually seem to lie very near the solar surface, though

definitive evidence on heights is ,umally lao =1A. The sigtline velool-
ties of flares seem to be of the order of 20 km/aec. 2 which is slow
compared to the velocities of some prominences., However., at :Least 2D%

of the flares eject prominence mateAl at very high velocities at about
the t1me theq reach their maxilmm. -o; A tremendous inorease in Lyman-
alpha probably occurs at the time of the flare and some workers have
suMggested that the radiation pressure forces the prominences upward. 15,16)

Aside from the phenomena we observe in flares on the sun, we find
mary geophysical effects that can be directly associated with flares. At
the time of a flare the quality of long-distance radio reception over the
entire sun-lit portion of the world undergoes a great change* The complete
radio fade-out (Dellingeri8gel effect) that occurs simultaneously with
the onset of the flare, 17p has generally beea explained in terms of
heavy ionization of the D-region of the ionosphers causing strong absorp-
tion of the radio waves from earth which ordinarily pass unaffected through
this layer. Increases in ultraviolet light frcm the lyman-alpha may cause
the increased ionization, but others have suggested that X-ray transitions
in the ýoronal ions might cause the D-reagion effocte

There is abundant evidence that gr".increasos in low energy cosmic
rays often accompany the larger flares. au) Sudden changes in the
intensity and direction of the earth's magnetic field are noticed at
alaost the same time as the maxima of some flares. These are again at-
tributed to the ultraviolet light of the Xlare causing iorAzation effects
in the upper atmosphere Which produce induced magnetic fields. Magnetic
stoms and aurorae, presumably both caused by charged particles die-
rupting the earth's magnetic field, are often observed from six to thirtv-
six hours after the flare. In addition, flares probably influence the
temperature of the earth's upper air,.initiate we& or changes, and play
a keW role in numerous other relatped phanomena.

With the tiwwdous effects that f!F.rea have upon the earth, it
would be advantageolo if we could predict the Imminence of flarea., If a
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ol6e relationship can be shown between the occurrence of flares and the
yellow line, it may aid us to predict the coming of flare regions fram

=h aerano"O of the yellow Limi on the east 11mb of the aimj, the lMb
a 9"ch new regions aWear an the sun undergoes its 27-day rotation.
3hi the material that follows I shall give the results of my efforts to
establish the relationship between the oucurrence of flares And the
yellow line,

In*. NVH AND RESULTS OF ANALYSIS

A. Measurement of Coronal Spectra

The first step in the study was to obtain all the spectrograms
which contained the yellow line. In the past several years there has
been a careful effort at the observatory to note all the cases of the
yellow line as they occur and to place these plates in separate boxes.
However we feared that during the period of 1945 through 1949 there
may have been some cases missed. Therefore I eyimined all spectro-
grams for this periods some 4500 of them, loo!ktng for the yellow line.
This line, as mentioned before, is hard to detect because of its
diffuse nature and its faintness@ I held the spectra over a diffuse
light source and made a careful examinatIon of the yellow line
portion of the speotrum. I conducted the examLnation completely
independently of any previous measures of the plates or of the be-
havior of ths spectrum in atV othe' wavelength. In some cases the
occurrence of the yellow line was doubtful, ei thor because of high
backgrouzid dewiW due to bcattered eunlight, or because the faint-
ness of the yellow line causod it to disaiyao in the plate fog, or
for other rearcom. Those donbtfu4. cases I diccarded as unreliable.
Eight pr3vlously unreported occurrences were found.

Ilhen a plate was found to contain the yelow line, it was set
aside to be measurad at a later time with all "le other yellow line
plates. By measuraeunt is maant the doternina;ion of the intensity
of the yellow line at different iatitadorz alont, the limb of the sun.

The spectrograph has a curved slit whlch, during observation is
placed just outside the edge of the solar ima- o in a concentric
£agnion, so that the coronal emission f&a ll on it. In this way about
90 degrees of latitude alnrg the limb may te covered in a single
exposurev The qpectrogra= th-eni contain curzred lines instead of the
conv6.-tional straight linus of a L-.boratory ýx<tcgra. Lach portion
off the spnect• line arises from a UIffarent solar latitudo.

To deterrine the intensity of ary coronal line we use a photo-
graphic standard consisting of Q glass plate on which appear 22 lines
of graduated densities. The ',4ndazd bearing tJaexe lines, Whose
appearunca ressmbl5 real! cororna linee, is placed upon the
spectrogram rn.d a match is made by o'eye between one of the lines on



the standard and the line on the spectrogram.. The standard lines bear
numbers which range from I to 65, according to the density of the line.
The nwubers give the t1Climax Arbitrary Coronal Intensity" scale, an
arbitrary scale of line emission intensit similar to the scale adopted
by Waldmeier in 1938. The same method of measurement is used by the
observator7 for making the daily determinatios of the coronal
intensity. The measurement process gives reproducible results easfly
within the limits of the observing variables. It depends, of course,
upon accurate exposure and plate-processing for the original spectro-
grams. Mhe intensity of the yelloy line was measured in this fashio
at 2.5 degree intervals along the arc of the sun's limb.

Very often there were several spectrograus containIng the yellow
line for the same day. lvhen the observers were aware of the presence
of the yellow line they took as many aa a dozen exposures spread out
over the observing day. Some of these spectra were special exposures
made closer to the lImb of the sun than Is the ordinary practice.
Since the yellow line has a sharp gradient in height, these extra
plates often show the line rtronger than the normally exposed plates.
These plates were measured but were not used in the analysis reported
here. The only plates used were those taken at the normal height
above the limb and which were considered exposed and developed under
standard conditions as deternined by the senoitcmeter markings which
appear on every plate.

The intensities measared in the yellow •line ranged from 1 to 14
on the arbitrary standard scale, with the most common values beloz 4.

By way of contrast the green line sometimes is as high as 50 and the
red line as high as 40o

At the time of measurement, the prominence spectra and the
appearance of the other coronal lines wore observed. In a typical
case, the prominence spectra shoiwed bright boads of emission which
were often displaced by Doppler shift from the center of the absorp-
tion line on which they r,.diririly lie. In 80% of the prcminences
sig•h line velocities were sein uhidi were considered higher than
those seen in prominencoe in genexmal. The prominence spectrum of the
Helium D 3line did not always have the same appearance as in the Ha
line. The velocities and sDpa of the)se two lines sometimes differed
which probably Irdicatos different relative abundances of these tuo
elements in dtCferent portions of the prominence, a question worthy
of substantial independent study,

ribe line of HIel at %2ý A. was found in three of the promi-
nences acco•paenying the yellmr line. Although no systematic search
has been made for this line; I observed it once in a prominence not
associated with the yellov coronal line. '46 cannot say, therefore,
"that the 5412 A. line io unibyely associated with the yellow line.

Doppler shifts In t•e red and groma coronal lines were noticed
in eight of the fLft, yallov. line 1ase. This rare event has been
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asen only a few other times in the len years the CMmiax observatory
hks been vieuing the corona. We know that it is rare, because
qstatic search for this effect, unlike the 5h22 A* line, has been
=do* O4 on]v one occasion did the yellow line itself display a
Doppler adft, which was confirmed on several plates taken the same
day. No report of this event has appeared in the literature, so far
as we are mr•s.e

From the examination of the spectra we can thus conclude that
the solar condition at the time of yellow-line emission are mostcertainly exceptional.

B4, Association of Prominences with the Yellow Coronal Line

After the yellow-line apeovra measurements were oompleted, I
made photographic prints of all prominences associated with the
y;alow line from prominence flris taken on the yellow-line day, The
px-Ints were fastened to a polar coordinate graph which indicated the
position 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 tward the east. (Figure 1) 7he yellow-line
intensity was plotted an the same graph to show the comparison
between yellow-3ine intensity and various features of the prominences.

In a ninber of oases the yellow-line peak seemed to be at the
focal pkAnt of the moving prominence material, that is, at the center
oonvergaent for the prominence. This was not the general rule,
however, No general conclusion could be reached from this portion of
the aruysis except that there was a prominence present at each
yellow-line occurrence and that the majority of them showed the
characteristic outlines of sunspot prominences.

The rectangular grid connected to the polar coordinate graph
r-presents the portion of the solar surface in the vicinity of the
limb at which the yellow line occurred. The line marked "limb"
represents the limb of the sun on the day of the yellom line- The
sections above the line, marked off in 20 degree intervals, represent
that portion of the solar disk which had been at the limb on the pre-
ceding days, and the sections below the line represent that portion
which passed over the lidb on the days following the yellow line. On
these maps the intensity of the red and green coronal lines, as
determined at the limb, were plotted in contour fashion. This was
doe to give us an id,, ; how the other coronal lines were behaving
at the time of occuremi.--, of the yellow line. Dashed lines indicate
that no coronal observations were available for that portion of the
disk when it passed over the limb. A minimum intensity of 20 for
the green line arnd 15 for the red line was chosen to keep the number
of contours down and still dow the activity. In 56% of the cases
the green-line peak was af. the same position and time as the yellow
line and in 16% more of the casn the green-line maximum was witidn
"one day awny and at the same latitude. The red line didn't show
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such a close relatiotship when it cams to high intensities. In fact,
the rx, Lin was, at times, disappointingly low. It was noted In the
stud of the spectra, howawe-, that the red line smed to shao
maiuma at the yeW.ýw-line position even though *W won rather low
cmared to the heights to which the red line soetles goes. The

red l shewed a high maximma as recorded on the contour maps at
the sam position as the yenlcw l.n in 28% of the cases. The high
oomsectlon between the red and green coronal maxiia and the yellow
line indicates that the yellow IL- occurs in regions of unusual
oomca•ntatmon of coronal intensity arn rot Just a' .cand. A farther
study of the relationship betmvn the yeslow line and the other
coronal lines will be taken up at a later date by Dr. Roberts and his

At the wuggestim of Dr. Roberta I plotted P-11 the flws~e thatoccurred ear the time of t yallo line or tse maps. They amt

Indicated by a circle w•!ch puts, the flare at tie W.Liographic longio
rude at which it occurred. The date at 7hioh the flare occurrod is

also indicated, In this way a a m that appeaed at the same helio-
graphic longit~e as the yellow line, for Instance, is plotted on
the line marked "limb" oven though it occurred on the disk on a day
before or after the yellow 31e wrs observed,,

Co Analysis of Charaoteristics of Associated Promnncnes

Wdle this was being do, ro cItte, who is also working on

the problem of yellow lUne ak the observatory, compiled two reels of
16 mm. motion pictures of the prominences that occurred on the day of
the yellow line and on the tm daya before and after theyllnowline.
These reels consisted of some 4I movies of different prominences
corresponding to 23 caaes of the yallmi line. We felt that a great
deal of additional information cou.ld be obtaJiid by observing the
motions of the prominences and seeing how they changed over a period
of time. The motion piotires were made by taking photographs of the
prominences at the Lato of trro, three, or six frames per minute.
inen the film is projected at the rate of 16 franes per second, the
motion is speeded up by a factor of 480, 320, or 160 respectively,
clearly showing the prominence motion. For the high velocities in-
volved in the prominences that one usually finds along with the yellow
line, we discovered that Cilms takon at six frames per minute are the
most satisfactory.

In order to obtain some sort of a description of the prominences
that could bo handled statistically, we decided to grade each promi-
nence according to certain wen-defined characteristics. The grading
within each category was done on a basis of the degree to which the
prominence displayed the specified character* 'e 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. 1he films were examined several times in a preliminary
wqy so that we could determine the features that had most promise of
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t.aSinmble character and degree and that seaed typical of our cozr•a-
associated prainenes. he $fonlcing cheracteristics were the ones
we chose:-

1. Construction of praiewmee

a. Scattered knots - isolated concentrations of prmi.-
nence material that are not fastened to arz other
portion of the prominene.

b. Conn s streamers - prominence material fastened
together to give the appearance of a solid stroea.

a. M1assive bot -- the body of the praninence is a large
mass c- material a uc as is usuamly associated with

the "quiescent" prominences.

2. Origin of the prominence material

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

b. Suspended cloud - the prominence material seems to
come from a gloud of gas hovering above the mu.

co Body an the aun's surface - the material seems to
come from a body on the surface of the sun.

3. Focussing effects

a. At ".e source of the moving matter - the prominence
material seem to originate at one point and spread

x out or move in several different directions.

b. At the terminus of the moving matter -- the material
seems to converge at a point on the sun's surfaoe.it i4. Cunrture of trajeotoz' - the trajectory of the moving

material is highly curved.

S. Nunber of surges seen -- the actual number of sudden 9jec-
tione of prominence material upward from the surface were

i noted

6. Direction of motion

a. Downward - the prominence material is moving downward.

b. Horizontally -- the material is moving horizontaliyo

c. Interacting -- the material esems to be moving in
Sopposite directions at W/e cani time,

-13-
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d. :W•ar - the material seeam to be moving upmard.

Iazw of the above characteristics were seen s lmontuszly, to a greater
or lesser extentp showing that .the characteristics were not in awj
sense mutuall exclusive. In addition, the grading was quite Bu-
Jective. Two people classifing the same prcminences seldom agreed
upon all the gradations. Five different obscrverb graded our two
reels of filme according to this plan. ive found, upon comparing the
fal results of the grading, tt there were not maiV cases where
Ure Viitte's and mW grades differed -y morn th-i one unit.

Perhaps the most striking thing about tkse prominences is the
predominance of domward motion. The first impression I got was that
all the material was pouring down to the surface of the sun. The
promimnern sesemd to be made up of knots of material travelling down-
ward in !areffully .1efined trajectories. Often these trajectories were
completely full -of material and had the appearance of solid streamers.
Even in these cases, knots of matter were seen travelling dowward in
the stream. The solid streaLiers seemed to occur most frequently when
the prominence had a looped shape. The prominence matter saemed to
appear from space at the top of the loops and pour down the two
brancheso. In the type of prominence in mhich the knots predomin&te,
we found that the k1nts formed in space and travelled down slightly
curved paths toward a common focal point, Tte knots usually moved
quite rapidld as tnev formed. The appearance of the prominence
material 0out of thin air" was another predocvnant 'acteristic of
these prominenceS. I9nzel 39) and also Kiepenheuer 20) explains this
phenomenon by assuming that prominence atoms are completely ionized by
the high tempemtures of the corona and are therefore invisible when
high above the solar surface in the coronal region. -ths the atcas
come into the cooler reiion nearer the eun where they pick up free
electrons, they become visible.

In contrast to the downward motion, one finds -"Iden ejections
of matter w th great violence coming from tho solar surface. Very
often these ejections seeoed to come from that same point into which
the downward moving prominence material was falling. These anrges
occurred with velocities of up to 500 icm/eeco and were soetimes
sufficiently powerful to send the material ,mnplateJv out of the
field of the telescope, a distance 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 qute frequent
events in the yenlcw-line prominences.

After the prominences were gradedg, as described above, they were
grouped according to their position in time with respect to the
yellow lIne. The numer of films in each category is listed in
Table I.
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An average value was obtained for each chareateristic in each
ti op for each grader. sie had hoped that we could thus detect
a Watematic change in the character of the prominence from the two
days before to the two days after. Mr. Witte's results show alight
trends in several of the characteristics with a mxlmsu or mizdzn
o the yellm-line day. IV results and those of the other graders
did not show these tronds. Because of this result, I decided to
abandon this approach and try smething more direct.

I felt that the time lapse of two days from the yellow-line
case was too short to clearly show the differences betmeen the prami-
nonces that are present around the time of the yellow line, and other
types of prominences. I therefore decided to exazine prominences
entirely away from the solar regions displaying the yellow coronal
line. For this I chose the movies left on the reels in the film
library ater the yellow-line movies had been cut from them. Two
reels were picked, one frm the winter of 1947-39h and one from the
winter of 1949-3950. The two reels contain prominences from the
tume near sunspot maximum and from a period two years avay from
maximum, and therefore give a fair representation of the character
of prominences in general chosen from the same general period as theIellow-line canes. tointer films were chosen becauso of the better
qualIiA of the sW in the winter and the longer length without inter-
ruptiono. In the winter, the sky is usualJv either completely over-
cast or relatively clear without the nvatersd cumulus convection
clouds that cause the summer films to be interrupted so often.

The firbt 42 prominence movies were chosen from these reels°
Thirty were from the first reel, 12 from the second. This is approxi-
mately the same number of separate prominences as on the yellow-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 piominences, and in oxactly the same
way*

The general impression one gets fran thest non-yellow-line promi-
nences is entirely differrmnt from the iUpressiun left by the yellow-line movies, The motion is no longer so predominently downward but
seems to show much more horizontal motion than beforee The promi-
nences usually appear to be large bodies resting on the solar surface
and it is from these bodies and not space that most of the moving
matter comer. NWxed in with these larger ma.msive prominences,
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generally the quiescents, there are prominences which certainly belong
in the yellow-line category. All the characteristics are there: the
doammad motion of the streamers and knots, the surges, and the
appearanc, of the matter from paCe. Considering the difficulty oel

* observing the yellow line, these are quite probably yellow-line promi-
nences for which the yellow line could not be seen even though it was
present. This is a point which it is important to verify by obsermva-
tion with a spectrograph and coronagraph specially adapted for yellow-
line observations, as the High Altitude Observatory plans to do later.

D. Analysis of Control Group of Non-Associated Prouinences

* I next effort was aimed at study of a control group of promi-
nencee not associated with observed cases of yellow-line emission.
I sought to determine whether the average grades for such prominences
differed significantly from, the average grades fbr the yellow-line
prominences. The results were as follows.

First I calculated the average grades for each characteristic
for both the yellow-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 I
caled A the standard deviation of the sample* I then assumed that
if mary such sample means were computed. these sample means would
tfo..low a normal distribution about the population mean. To obtain
an idea of the dispersion of asmple means about the unknown popula-
tion mean, I calculated the standard error of the unknown population
maim, using the relationship

nh're A is the ujtandard error of the unknom population mean, r4 is
the standard error of the sample and N is th6 number of movies. This
wa• done for each characteristic in both groups of films. The Justifi-
cation for this propoure is given in "Applied General Statistics" by
Crc.-ton and Cewden. ---A If v•e assume that the t4o groups of films
ccue from the same population, that is, that they have no inherent
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
thu probability is that so great a difference could occur by chance.
Thc standard error of the difference of two means is given by

whe.re4f and d. are the atandard errors of the two means. The
di.Vfereacos in rAeans of samples from the same population should
fo~ll a noival curve and so 9967% of the differences in means would
be vrithin plus or minus three standard errors of the difference in
m~ans5 21) 12 the difference was greater than this, I considered
t•x difference significant, that is, that there is very little chance
VWa. the observed diffsýence in means occ-urred by chance and thereforeii-1$-



Table II

Char.acteris tic Y J . bml. L. A b

meat Nean

Scattered Knots 2.51 3.62 0.273 4.-1 ( l o05 *

Coutinous Streamers 2.63 3.55 O.2h4 3-7 ' 2xiO" *

Massive Body 3.71 2.02 0.320 4.7 " (IOr5 *

Matter from Space 1.73 3.62 0.312 6.1 " < 10-5 *

Matter from Suspended
Cloud h.39 4.17 0.760 0.76" 5xIo"I

Matter from Body on
Surface 3.85 2.40 0.340 1o3 " 2x10-5 *

Focus at Source 3.22 4.214 0.256 h.0 " 6xO"5 *

Fccus at Terminus 2.3o4 3q38 0.272 3.8 " l40"5 *

Curvature of Trajectory 2.71 3.52 0.250 3.2 " i3x(rO4 *

Dommard Motion 1.41 2.83  O.257 5.,5 " io-5 *
Horizontal Notion 3.90 3.21 0.2,00 2.4 16xlO'-3

Interacting Motion 4.46 4.157 0.214 0.5 " 6;dOI

Upward Motion 4.12 1,,5, 0°220 200 " .au•O3

I *UConsidered a significant differene.:
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the two groups of prcmineos had different cservable characteristics.
So results of this anals are given in Table 31. Mhe prcbabi34tiee
listed In the table are the probabilities that a difference in means
an large as, or larger than, the observed difference could occur by
chance.

We can obtain several kinds of intbruatio from Table II. We
can determine from the value of the man Just how cemon a catain
characteristic is. A low mean value indicates that "he character-
istic is strongly shown and a high mean Indicates that the character-
istic is weekly showin. From the difference in means and the standard
error of the difference, the significance of such a difference can
be determined. For instance, in the case of scattered knots, the
yellow-line prceinenoes have a low mean value (2.51) while the other
prasinences have a significantly higher value (3.62) indicating that
the yellow-liUne prominences show many scattered knots and the non-
yellon-line prominences relatively few. The saze is true of the
characteristic of continuous streamers which the yellow-line proid-
nonces possess strongly while the no-yellow-line prominences shou
leas tendency 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 most of the prominence material appeared in space as is indicated
by the very low value of 1.73 for the mean of this characteristic0
The low values for the means of the dotmwarcr-motion characteristic

I in both sets of prominences as compared to the means of the other
motion characteristics shows that prominence motion in general is
dowrnard. However, this characteristic io much more strongly pro-
nounced in the yellow-line prominences. T,'e dowrmard-i-ovirk; matter
in the yellow-line prominences shows a eli~ht tendency to originate
in a small region (focussing at the source) and a much stronger
tendency to focus at the point where it reaches the solar surface°
In the non-yellov-line movies the matter showed only a slight
tendency toward focussing at the terminus and almost no tendency
toward focussing at the source. The yellow-line prominences had
trajectories which were more sharply curved than "he non-yellow-
line movies.

The horizontal motion which, at first glance, seemed to be much
stronger in the non-yellow-line prominencos is not significantly

* Idifferent by the standards chosen for significance although the mean
is somewhat lower, The false impression could easily 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 oxcdanged between 'wo or
more prominences, and upward motion, were about equally weak in both
groups. The appearance of matter from a cloud suspendad above the



esuzmaoe of the aum is a rare Lvsnt in both groups of prominences and
thesre is no signioicin the MalU degree to which this
daarecterstt is present in both.

In order to eralmte the Information obtained fo *ae abserva-
tLim of the sarpesj the factor of observation-tim wa introduced*
2e nwber of surZss in each prominence was divided by the n=uber of
admntes of observing time for that prminence. In order to avoid
amli fraotions I multiplied these numbers by 1000 to get the nmber
of sargis per 1000 minutes of obs,'-ving time per pzreinence. These
values were handled in the oae uw as the grades for the other
cbracteriatioe. For the yell•wCi-ne prominences the mean was 7.05
surgo per 1000 minutes per prominence with a s+Andard arror of the
mm, of 1.5*. The mean for the nm'-yellaw-line prominenee was
2.05 with a standard error of the -aan of 0.61. The star-Aard error
of the difserence in means is then 1t.7. The probability of a
dit£erence as large as or larger than, the one observed occurring
by chance is 1.1 x: O-J or a little better than one chance in 1000,which is considered sigifcat.

With the probabilities as wmall as theq are for most of the
charecteristice, I feel it is safe to say that the general impression
of these prominences in 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

Z•. Yellow Line and Limb Flares

When the flares were plotted on the coronal contour maps mentioned
earlier, I found a large number of coincidences between the yellow
line and flares occurring near the limb on the yellow-line day. At
the time I decided to investigate this matter a little more closely.
I arbitrarily called arW flare which appeared within Ive degrees of
the lia of the sun, a liab flare9  This would put the position of
the flare no more than half a day's rotation from the limb, which
seem to be a reasonable restriction due to the short life of the
yellow lUne, If the flare were much further f.om the limb than this,
and if the yellow line were to originate in or near the flare, the
yellow line might not be visible by the time it rotated into view.

I compiled a lest of all such flares occurring from 1946 through
195D from the Quarterly Bulletin of the International Astronomical
Union. The data in the Bulletin is collected from observing stations
all over the world, so that on days when weather permits, complete
coverage of flare activity is available for aW7 2/k-hour period.
These stations resorted a total of 165 days on which flares occurred
within five degrees of the limb during the five years in which I was
interested.

The coverage of coronal obeervations from Climx was not nearly
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as opplat. an thle flr ageq so all flares whiah occurred on
ds vhem there were no coronal observations were discardede, ?is
rafted the muwer of dao on which hi* flsres oc re to 91 for
the 938 C3.=tz doerving days. I assimd that the weather at
CUM is i-71-t of the conditions on the sum and theretbre
t01 Nelention of the data In this mnner Is a random selection.

The yellow-ine data contained the 43 oases of yellow line
that oourTed from 1946 throumi 1950.

An ans•ysis of the latitude distribution of flares near the
time of the yellow line showed that all but a few of the flawes
owerring within tro days of the yellow line were within five
dfpre's of latitude of the yellow-line mzmu. These few wer all
within ten degrees of the yellow-line maximun. This alone suggests
a aiW floant association, but I wished to investigate the matter
Mare closely.

In 13 cates the yellow line and a flare ocourred on the same
dkv and within five degrees of each other, and in 18 more cases the
yellow line and the flares were no more than two days apart and
wilhin five dagrees of latitude of each other. Only 12 yellow-line
oases seemed to have no flares associated within two days. Closer
ezamination reveaL" that all but mne of these cases occurred in the
vivtr or early spring when the daily flare observing time may get
&a low as one hour. It is ýosaible that unobserved flares associated
with the yellow line occurm' during this time°

To determine the proba'1lity of 13 coincidences between the
yallow line and flares we most know the latitude distribution of
both the flares and the yellow line. Referring to Figure 2, which
gives the latitude diatribution of the 43 yellow-line cases and the
9 lflare days, we see that the most favored sone for the flares is
the belt between 5 and 15 degrees north and south of the equator and
that no flares occurred more than 30 degrees from the equator. We
also see that the favored belt for yellow line is that region between
10 and 15 degrees north and south of the equator and that the yellow

dns is confined to a region within 35 degrees of the equator, This
shows that the two phenomena are confined to the sunspot zone, and
that neither is distributed over the whole solar sphere° In this
graph the flares and yellow-line cases at the same latitude north
and south of the equator are grouped into a single claus9 To
determine the probability of 13 coincidenoes with the shown distri-
butions would be a tedious taak. I shall therefore make sone atmpli-
fying assumptions which will give me a probability that is at least
a• large as the actual probability aw'. will make the calculations
much simpler, I will assume that the probability of a flare or
"yellow line occurring in any latitude there theby are found, is the

A same as the probability of occurring in the most favored latitude
belt.

Since 56 flare days occurred in the latitude belt ranging frea
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5 to l1 degrees on either side of the equator, a 20 degree belt, theprobpebilii of a flare occurrng amphare on the lim in the 60
dp•we'wds flare belt would be 3 x 6/938 or 168/938. In actuality
the probabilit would generally be eve lens. For a yellow line to
oacur ithin 5 degees of th flare, it must fall within a given l0
degree latitudse belt. The most favored sone for yellow line was the
belt rangi from 10 to 15 degees on either side of the eqator, a
10 degree belt in ifich 17 yellcw lines oocurred. Ne will therefore
rae this probability for all the latitude belts. Thus the probability
of a yellow line occurring within a given 10 degree latitude belt is
37/938. This, too, over-eatiustes the probability, so our calcula-
tion is on the safe aide again. The probability of both the flare
and the yeUor line occurring on the same day and within 5 degreesI of each other is then 168038 x 17/938 - 0.0032. Since On proba-
bilit of a single coincidence is so smal3 it is reasonable to expect
the colncidence to follow a Poisson distribution. In a Poisson die-
tribution, the probability, "P. of obtaining "r" successes in fn"
trials is

whem p is the probability of a single success, 22)

We would 4ke Ito know the probability of obtaining 13 or more
coincideneso To do this we must sam the individual probabilities
frm 13 coiniodences to 938 coincidences. Thus the probability of
13 or more coincidences is given by: "P9

This may be approximated with very little error by

if the nouber of samples is sufficient3y large. The error in this
case would be less than

22X For the 938 gwmple dayD in Tv case the important factor in tais
expression is 9930 . p93 9 or approxiatol (2.718 X 0.0032)930J
(0,0087)938 1048•76. The error in this appxoximation is therefore
negligible.

Referring to Uolina's tables of the Poisson summations., the
probability for 13 or more coincidences when the most probably nunber
of coincidences, a•p), Is (938)(00032) or 3,03 is given as 0.000018
or 1" x 1-o 2(J*

Since the probability is as small as it le, there is little doubt

that the coincidences are real and not chanc-e occArrences. Therefore,
there is almost certainly a definite physical relationship belareen the

Iyellow l and flasa
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IV. O)IELUSIONS AND SFILUIATIONE

Since about 70% of the yellow line caser considered occurred either
with a flare or within two days of a flare, and tae cther 30% could quite
easily have had unobserved flares associated with them$ it might be
possible to predict the arrival of a flara-producing region by observa-
tions of the yellow line at the east limb --f the euzi. This would be
especially advantageous in the winter whA weather conditions restrict
continuous flare observations,. The life of the yellow line is long com-
pared to the life of a flare and so only a ten-cinute coronal 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 this sort would be a great help to the
radio warning services whose results depend strongly upon knowing when

"j flare regions are present.

hTe prominences accompanying the yellow line are easily distinguish-
able from prcuinences in general, by tLeir shape and motion, It may be
possible, therefore, to predict the presence of tVe yellow line by
observations of the orominences alone- Prominercos dre visible through
light cirrus clouds and dust conditions that rendor the observation of
the corona impussible. "bhis woula, of' course, be O", great practical
significance. There ar-e indications tnat the red and green coronal lines
have maxima at the sarna time as the yellow line appcars and so it might
be possible to estimate the conditions in the corona at times when direct
observations are not possible. I s',rongly recmend an investigation into
"the relationships between the red and ,,reen li:.es and the yellmy-line
prominences. If such a relationship iD ebtablished quantitatively, it
too woufld be a great help to tke radio propagation services, since a
knrmledge of the conditions in the corona are neede to nake good
predictions.
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