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tIJ'NIWUCTIUI

During the susr of 1953 the High Altituds Observatozy provided half-
tine stpends to two students recomnded by their home institutions to
work on research projects wer the subject contract. Lr. kUqmand Orencik,
a greduaLe student from the University of Indiana and ir. Donald Liebsnberg
an undergraduate student from the Universiti of ,Asconsin, participated in
the Obervatory progrm of research fram the end of June through the end of
AUgUst. The results of their work circulated within the Observatory in the
fom of research memoranda and are reproduced here to fom this technical
report. The work was supervised by Drs. Donald E. Billings and isalter Orr
Roberts, who appear as co-authors of the reports along with .r. Liebenberg
and Lr. Orenobik.

The work of Liebenberg was a direct outgroth of previous work by
B1lngs, Cook and Robort on the .ormation of the solar emission line
corona. Tho conclusions of the previous efforts to work on a diffusion, or
expanding gas model of the corona and to compute expansion rates for the
corona are brought together in this report. In preparation for the summer
work Billings and Liaebenberg developed a nw index of coronal activity that
not only plied ai important role in the evaluation of the evolution of the
coronal regions but also may have later aplicatimons in solar-terrestrial
research.

The research carried out by irenchik Is related to the emission line
coronal work in a loss direct way and represents an effort on the part of
High Altitude ubservatory to develop a self-consistent hypothesis explaining
the distribution and form both of emission line corona and of the white-
light coronal streamers seen at eclipse. The work on the white-light
coronal streamers is still in very qualitative and tentative state, but is
reported here in order to present a statement of our present thinking on
the iAuestion.



Paut I

aft -IRS Gas Model of the Corona

by

Donald 1. Billg, al"ter Orr Roberts
lgh Altitude Observtor

and Donald Hf. Lieberg
Universi t of Wisona.

In preliminary draft of a prepared paper some months ago# W. 0.
Roberts gugested a model of the emission-line corona, with, as a basic
concept, as expanding or diffusing outward with a velocity of about one
kn/second from centers of sumpot-prominence and flare activity, oarrying
with it the atoms that emit the coronal spectrum lines. This conept is
very differept from the tempermt * model auggested by ,ialdmgier,' AZfven, 3

iepenbser," Toolglr and Allenq and oolley and (ascoigne, in which
the coronal regions, i.e., the regions of high intensity line emission
near active centers (called ,"0-regions" by rialdneier 7) differ from the
rest of the corona in that the are of a different tenperature. Je
should note, however, a certain reseblnoe of the expatding model to
the suggestion of doller and Gascoigne 0 that radioactive atom of almost
every kind from the solar interior may penetrate the chromosphere and
heat the corona. The expanding gas model agrees in soe detail witq one
formulated very recently by the Australians, Piddington and Davies0 on
the basis of solar radio noise observations.

In a later mmorandtu, 9 Billings presented the results of a study
of the variation with successive limb passages of the red-line and green-
line mission from a number of coronal regions. He estimated the mission
by measuring the high-intensity and low-intensity areas of our "Weekly
Charts of Solar Activity," and applying an arbitrarily defined index.
The study indicated two characteristics of coronal regions; (1) a close
correspondencs between coroal emission and flare activity; (2) a clear-
cut tendoc for the ratio of red to M'een line emission to decline during
the tole history (incluling the rise and decline) of a coronal region.

1 Preliminwa Draft of Paper, "Formation of the Solar E&ssion Line
Corona", 20 Jamury 1953.

2 Experientia Z, 129 194j6.
3 Comical MactrodynamIcs, Cambridge University Press.

.4 U. . 515, 1 .

6 x.N. it 13194.6.
7 AP. . 101, 117, 1945.
8 Nature M 692, 1953.
9 Ifigh Altitude Observatory Sol4r Research emorandu, "Evolution of

Red 'and Oren Line nmitting GCoronal Regions," 28 Iay 1953.



Ile felt that these results arn of sufficient interest to Junt"f our
car. I g the Investigation futher. First, we sought to establish an

nimwit a aoiuder pIWsioel basis to wse In estimating total emission
In a given line In the coroal regions that could be derived fram the

tknat wne height fraui the solar limb In the regular daily
suv made at Climx and Sacramento Peak.

We defined such an index after obtaining special spectra from Cl=x
taken at different heights above the solar Limb over coranal regimns.
From such spectra# on successive days of limb passage of two coranal
regions, we weoe able to build up a three dimensional model of the density
distribution of emitting atoms giving th total number (a quantity pro-'
porticnal to it) of emitting atom in each vertical coum of the region
as a function of the intensity observed at the base of each region and
the distance (longitude and latitude) of that region from the center of
the coronal region.

Our routine readings of coronal plates are made at 9P latitude inter-
vals, each day. Hoe, during the several days required for a coronal
region to pass over the limb we acquire a two-dimensional array of intensity
reading. neaw the base of the corona. For the study discussed here, we
converted these readings into a measure of the total nuaber of emitting
atos from the whole coronal region tV multiplying each readin by the
appropriate factors determined from the three-dimensional model studies,
then sumiing for the entire limb passage.

#Is realise that the coramal index thus defined is based on much too
limited evidence. In order to build a reliable three-.dimensio4 nal model
of each odronal region we need, at the least, spectra taken at several
heights for each of three successive days when the region is on the limb.
Since we started this investigation the scarcity of strong coronal regions
and rather intermittent observing conditions have l~imited the data for
building such models. Since the monochromatic photograpihs of 1.yot show
much variation in the form of the emiusion corona, we make a questionable
assumption when we consider tw regions to be typical of all regions.
1brtunately, the results which we obtain are not too highly sensitive to
the Index used-

Them index ihich we used tends to emphasize the higher readings over
the lowsr and those near the center of the coroal region as compared
to those on the outside. It gives results which are not greatly different
either fram those given in the earlier memorandums, or from those obtained
ty a simpler and quicker method we also have useds merely -suming the
highest intensity readings each day for the limb passage. ?be hitory of
a caramel region is not so sensitive to the index chosen as to variations
in observing conditions. Hace, although we feel that furlher investiga-
tin of the Index is desirable, we do not think that modifications of it
an the basis of subsequent investigations can chang by avq large extent
the results we have obtained.

Ltmbene g mted the indxl discussed above for each limb passage
of see ocroam regions, and the short method index frr eight regions.

-2-



Th.. fifteen ocrised all recion, from Jmnnazy Is 2951 to the prsents
for whia we had also rather oaqaeto data and which wo sn ttont
rmc ved from oth regions that we ould im. gwu r identi the
oamal emiin in each with a given active =%spot center. We then
plotted ooznmsl Index apinst tim for each of these regions. A stu v of
thes plot rovled the following ohracoteristos.

(1) 7m variation of the red index i more erratic than that
of the green index.

(2) The green index follow flare activity more clearly than
the red, but on sawe occasions the red index apears to
respond to an outburst of flare activity with more
sensitivity than the green index does.

(3) Red and green index maxim do not aliqs, coincide, but do
coincide with a much higher frequency than we would expect
as a result of chance. (See Fig. 1.)

Region 52-AR

\..)637I-..
Flares

20

5'

-gure 1
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()Sm regions had a bung and capme biatoq bich,t in
certain ame oould be brokmn Into two or am* olear-
out ents - each consisting of a rim and ubsequmt
decline of coron&l aotivit.

We won able to distinguish ei8toem u clear-cut oventa in the
histories Uoh we studied. Us than omputed the 2lnrithe of the ratio of
red Indze to Sen index at each bla peaap for ech evet, and plotted
this ratio a a function of tim. An anaopsi of the resulting plots
shaow thin to fall into the follwing classeS

No -of events Trend - Ped to reen ratio

2 Upward

6 Downward

3 ocing through a uxim

3 Going through a ninixa

4i Random

These resultA are les confsing if we add to tihm the observations
that al six ent$ in olas 2 referred to truy n regions - .o.,
regions oouZwfl on portions of the am which pr usly had been free of
spots - and that ther were only three ote, new regions and thy al fel
In class -. In other words, all buildIng up o?-oroi&a activiV from an
lnstive sun that we studied was accoqanied by a drop in red to gree
ratio. In most of the oases this drop continued even durin the subsequent
decline of coronal activt , although in soe oases the ratio rose again
tward the end of the event.

WJe feel that the teiperatws model of a coronal region is inadequate
to explain the unidirectional changes in red to green ratio dtIM a rise
and fall in coronal activitV. The folloing argimnt explains wt. let
us Onsid the schematic diagram Fig. 2. Thi shows, in a general wa,

FeZ.- Fe UV..

eture
Figure 2



m we "$t apet the populatom of the e X ion (which emit the red
cozvam lame) and the p n Me XIN lo (,,i. eftlt the pon emooal lnae)
to -vaq with te-perature. We have also ipdioated an th figure how the
atio at ed to mn wu2d vary with th pe ure fr each of the temper-

twe imps ien, We see that it I. s pos e to carry out amy suoession
of tupevtore ehanges wbich will caus, am rcual change in red and
green rao and at the same time retmn the teoperature to its original
value

Ftu a ooeuide'ation of cases of unidirectional change of red to gow
ratio we have formulated the spreading as lWpothesis in the following fam:

(1) Yelow, red and geen line eission (U694, 6374 and 5303)
in a coronal region becomes pronounced with the infuson into
the corona of gas of considerably higher density than that
of the corma prior to the infusion.

(2) 1he infuaion takes place fram the active center during
periods of flare activity.

(3) The gas infused into the corona spreads out through the
coroa along magnetic lines of force at a sufficient rate
to replaoe the ent.r corona in a region in about one to
two weeks.

(4) As the gas spreads out its temperature rises slowly.

(5) The resulting temperature ard density conditions are such
that yellow line emission persists for a few hours, red line
mission for a few days, green line emission for a week
or two.

(6) 7he coronal region disappears when the gas has diffused to
a low density. The corona then beomes .too faint for us
to observe the change of ratio of red to geen intensities
during the return of the tenperature to noual.

This Iqpothesis, though admieltedly cruid and qualitative, explains the
widiet aonsl chan in the red to the goew ratio. Shortly after the gas
is infued into the coronl region we see bright filments of red mission.
fte brghtmens ladimates that the damsitV is high. 7r FIg. 3, the In-
emas In denity prior to the increase in tem atur. causes the red line

missio to become intense and we recognise a ooromal region. The temera-
two ri e slowy during the spread of the gus, however, and the green
lie mission booms dominant. As the activity from, the center subsides
the contind spreading of the gas lowes the density until the region is no
longer ,eegniLsable. ge do not here postulate what the mechanitm for heating
the ocrona m be. Pehaps It is from m etnamic waves, perhaps Mech-
anioal amuf is vIt ultaty convertid Into thermal enery. Occasional Dopler



Figure 3

ahlift n the red line in the vicinity of active. prImineflces 10 idct
that the red line filaments can ezhdbit mao~tion inetic energyj tough
this Is the eptios, ather than the rule. The detailed physics of
the situatim has mot, so far as w are aware, beew explaired, but deserves
a theoetica attack.

10 Rdx.rt Ap..J. 108 Ma3 194&8-
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wwgn of ato Lam 0orw. 56em0r

'Alter Orr Baoertes DasMi 9. BS12iza
Hi&h Altitude Obeewatory

and Rqmd noreWb
University~ of Ikdana

The shaps of the solar corona, its relationship to the more readily
observed sunspots, and possible connections between the corona and goo-
magnetm have occupied the attentions of many astronomers. r "Ven before
the end of the last century such people as Dar~ard, Locicyorp and Hanhky
successfully related the changing form of the white corona seen at eclipse
to changes of the phase of the sunspot cycle.

Ludendorff 3,) in the twenties studied large numers of coronal. iso-
photos, and found a statistically sigiificant relationship between solar
cycle phas and the ellipticity of the corona. Bergstrand 2) in 1.930
suggested that the white light corona consisted of two components: (1) a
polar corona. that dropped off rapidly, and (2) an equatorial halo that
was seen at-large radius projected above * Poe and that dropped slowly.
THowverp it was van do Hulot and Allen, ~ ~building on the work of

rotrian and may others who explained the components of the white light
corona in a way that seems entirely satisfactory and makes clear the.
separation into a truly solar "electron corona" and a "diffraction corona"l
from nterplanetary particles.-

The shape variations of this electron corona still present major
pz'obls some of which we have, attacked in our present work with the
support of the Office of Naval Research. Some of the ideas in this study
are saveral years old, in their most qualitative form; others atom
specifically from the sumer program of work of the High Altitbude
Observatoay. The specific problem we tackled was the shape of the coronal
rays. Roberts had developed some prelimiinary ideas to explain the pro-
nounced inflections so often found in the streamers and rayse tise sought
at the outset simply to test these.

The first figure sunmarises and also somewhat idealizes, the principal
observed characteristics of the white light corona. seen at eclipse# A
substantial number of observed facts are of interest, and anyr satisfactory

2 MR . et itr.7 o jVol. 22A., N~o. la 1930..
3IT17



whito 31&#, ooama thoR mst oxplain t*MIs

fiQUA1VRZAL - ~ SUMSR No BROAD
PIUM. ACTIVE ACTIE 3VUATORILU

BROAD

Figure 1

(a) 7he broadness of the equatorial stream when the sun at clpse
has a large spot-free region near the limb.

(b) The polar plumes, so often used as evidence of a general solar
magnoetic field. Van de lulst has shown that they fit reasonably
well a dipole of length about 2/3 of a solar diameter, lined up
with the rotation pole.

(a) Parellelim of the high latitude boundaries of the streamers

and rays with the polar plumes.

(d) The inflections in the streamer and ray boundaries.

(e) 2h more camplex high-potmaotivit forms with numerous narrow
and broad rayo, as ahown,

(f) fquatorial plums at active sunspot regions, very as in
appeanueo to trajectories of sunspot praainences. Boundaries
of the rays and streamrs are parallel to these plumes where
thoq join.

(g) 7he arhees under the rays. Quieoent priin.noes are usually
found there.

Eoraou progress twards a slf-oensatent picture of the relationships

-2-



amon *Aem chazterlistics was mad. in 144 by 0 .WAllas)W~it~ important
ombdaiWms also br X. 0. Kispeanbe.01 Alfln 9p=o that the

extension of the white lijt coronal streamers came. the Important Sao-
sm..tio amd auroam activit~r that recurs, with 27-day periodicitq' near the
sinbm ybw .P( the spot cyle. 1his is the terrestrial activitri for

*dahBar*U in 1932 postulated the existence of solar %11regionsM
based or, 1h. fact that the stoma recurred with the solar rotation period.

Ulen 5) also showed'that the streamers tend to avoid the sunspot
regions, ad called upon thi~s to explain the well-known cone of about W&O
wavotAnceft between sunspots and geonagnstic disturbance of K-region tjpe.

Our first effort was directed towards explaining this "corn of
avoidnUep and the other features of the formation of coronal streamers

in a simple static model of the corona, as follows: We sought to identify
tVyi shape of the coronal streamers with the shape of the net magnetic
f4.lds resulting from interaction of fields of sunspot groups or of spots
and the solar dipole - noting that the field strength of both could be so
low as to be undetected by Zeeman effect.

ie assmed that neutral ion clouds (electrons and protons) would move
along the field,. and be funnelled into regions of space defined by the
not field.

V~ie pictured the net spot magnetic field at some distance up in the
solar atmosphere as like that of isolated single polee Vie assumed an
exess of flux of one pole to emanate from the spot groups giving a
apumtrical field about the spot, of appreciable magnitude to a large
distance - say 250,000 kaa from the spot. Equatorial plumes, and the
trajectories of "coronal sunspot" promiinences in our conception, define
the field shape near the spot. This assumed unipolar character, by the
ways acoardl nicely with the recent findings by the Australians Payne-Scott
and Littl.e ) that severe radio noise storms at 97 mec/sec originating in
coronal gas well above sunspot groups exhibit polariz~ations corresponding
to a single magntic polaritVr for each group, generally to lbe polarityr
of the largest individual spot of the group.

Frna tracings of prominence )jajec tories for a well-defined example
of this phenomenon by IUatsushiae . , we derived the general shape of the
unipolar spot field, assuming that the trajectories defined the field.
we then extampolated this field, obtaining the aprd ashape shown in
Figure 2. We postualated as the initial condition, for the formation of a
narrow coronal streamer, the existence of two similar poles, at same
arbitrary distance aliong the solar surface, as -shown. The shape of the
not field resulting from, the addition of these fields in this plane at
least, suggested the shape of the croumI streaiuers. Interaction with the

6 AM- AW=- RM1,5713,392
71 A -g 3 * 1

6 MIM10 ounalof cietiic essarcp & )p 152



- - - RESULTAMT FIEW

Figure 2

solar dipole field, on the assumption of comparable field strenghas se
took as a cause of the high latitude coronal streamers and rays. The
hy'pothesis nicely explained the inflection and suggested that 14-regions
required spot pairs - and that the ionic cloud (protons and electrons)
required for the terTestrial magnetic effect could be gathered up fru
the whole solar surface betnen the focussing spots - i.e., from ion
spicule and granale jets.

Three facts caused us to abandon this hypothesis: (1) it offered no
poessbility of ex;aining the broad equatorial streamers that occur in
the absence of sunspot aotivitVr (2) the focussing situation seemed
favorable ony in the plane including the two sunspots and the radius
vectors throuth thea; and (3) the detailed shape of the net field resulting
from, the Interaction of the general magnetic dipole and a spot field could
not at a separation be made to fit the apearance of the high latitade
rays. Uoreoesr it seeed m o to ignore the distorting effects
of the particle energies on the field itself.

Our next steps therefore, was to look at the possibilities of
exlanig the streamer shapes as the result of the following two factors:
(la tendenq for not spot-fields of opposite sign to oombine to fora an
"wire11a" over the intervening space; and (2) the distorting effect of
particle notions an the neot field, causing it to be carried outwards. In
this conceptio, also, the particles comprising the white light corona are
ejected over the whole solar surface and are wept into streamers, rays,
or plum. he observed chaness of coronal shapes and intensity distri-
butons at different phases of the solar aotivity cyle follow simply from
this IWpotbeeis.



5o taro we have munined Mix 1dea only In raher qua.tative fas h on,
but it se to avoid the troubles of the static model at the cost of
e6t11SU added coqVUmd1ro it ofes a raimbow of attractive possibilities,
as Wkol~e

(a) It epl oaizw the general shape both of the no-smzspot oroma and
of the sunspot corona forms, including the inflections.

(b) It ex-ain the equatorial plus; and the fact that active
reions "repel" the coronal streams is then a logical
consequence of the mehaz .

(a) It exlains wby the lower latitude boundailqf the streaers
are always active reeions as Bugolavskay.a detailed drawings
and interpretations ahow. It suggests also that the outbreak of
sunspots at the base of *-region streamrs should cause their
disruption, an experimental evidence indicates to be the case.

This conception of origin suggests that the mission Line corona and
the bases of white light streamers should be mutualy exclusive. This,
therefore, explains the statistically well-establited tendency of the U-
region tVpo magnetic storms to occur vden the brightness of the emission
corona is great three days east of the glatral meridian for the storu date,
a fact repoled by ShapleV and Roberts i in 1945 and recently confirmed
by Muller. J However, it fails to explain why a similar active center,
with strong mission corona, is not found smnewhere west of central
meridian at the same tim. Lore detailed obserational effort will be
requlrodp of a sort not nw being dons at any cororagraphic stations, to
settle the inportant question of the longitudes of the white light coronal
strsers.

The theory sugs st that the transitt"me ascribed to K-region
particles by Allen ;' and by Kiepenhouer 'J (approximately three days) may
be seriously in error. The times could be very much lower than three
days. Longitude studies of the locations of the streamers near the aun,
and times of the U-region storm at the earth should, however, give us
nome idea of the curvature, if arr, of the K-region coronal t ers as
they go far out from the sun.

O call attention to the fact that since the emission corona Is related
to spot groups, this paer suggests a relationship between the white light
corom and be emission corona In contradiction, to that described by
Iialfsier-fubere )&-regions were identified with bright coronal emiseon
regiou. The relationship, however, fits very nicely the main conclusions
and kqpothease advanced by Allen.

7he grent state of the problem suggests that a most important
10) Structure of the bolar Corona, ,.orks of the State Astronomical

Institute of P.. &ternberg, 1950.
_b257, 19 .

7 5, 190319 -- 111 2 9D



theoretical stW~ shoul be uadertakn by someone who is qualified to
solve it. 2we problem is to pnedct the steaWp-state desity. ditrbution
for a Miifoa'm cloud of electrons and protoms ejected isotropicallyp along
redi 4, 91N the Mol.w arfa. 2on 0 the asawMPtioU that the sun has a dioiolo
fteld, Of the shap given by van do lanst, and a field strength of 1. gas
at the pole.. If solution of tii problem gave shapes suggstive of the
no-sunspot, corona, It would be strong evidence in support, of the hypo-
thesis stated here, and would lead directly Into similar, onsideration
for the case of the interaction of the polar field and a sunspot field of
the I~pe we have disoussed. ite therefore sincerely hope that sompone
wil take up the problem and solve it using the Chapman-Feraro --~ or
Alt ven 15 or awe. new approach.

311) Jorn .QI2. A. 5Z# 15s 1952.
15) Cou M 'oaJ77 oUxford ;roass, L950.


