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Abstract:

A method of studying solar prominence motion, wherein the outlines of an eruptive prominence are
traced from photographic film at successive intervals of time by means of a specially designed
projector, is described. The motion of the prominence in the x and y directions is then plotted against
the time and the resulting curves analyzed by means of a curve fitting procedure due to Birge. Results
indicate that, excepting large probable error, the acceleration of the prominence, in the eruption stage,
is very nearly constant both in the x and y directions for the relatively short time interval during which
measurements are taken. Main source of error is found to be the measurement of heights above the
chromosphere, due to non-uniform centering of the occulting disk of the coronagraph with successive
exposures.
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ABSTRACT

A method of studying solar prominence motion,
wherein the outlines of an eruptive prominence are
treced from photographic film at successive inter=-
vels of. time by means of & spscially designed pro-
jector, is described. The motion of the prominence
in the x and y directions 1s then plotted against the
time and the resulting curves analyzed by means of
a curve fitting procedure due to Birge. Results in-
dicate that, excepting large probable error, the ac-
celeration of the prominence, in the eruption stage,
is very nearly constant both in the x end y directions
for the relatively short time interval during which '
measurements are teken, Main source of error 1s found
to be the measurement of heights above the chromo=
sphere, .due to non-uniform centering of the occulting
disk of the coronagraph with successive exposures.
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INTRODUCIION‘.

When, in 1931, the,French astnonomer, Bernard Iyot, first photo-
gravhed the solar corona without the aid of a total eclipse, but by means
of his newly developed coronagraph, it was apparent that asnronpmers had
at last been given the instrument whicn would permit extgnsivg research
in the study of solar prominences and other inngresting features which
appeared within the corona itself, Only in rgcgnt years have some of
these instruments been'constructed in observapgries at Climax, Coloradoj
Pic du Midi in the Iyrenees;.Sacranento Peak,-Néw beico; }rosa,ugwitzer—
land; Wendelstein, ﬁavaria;.Kanzelhghe, Austriaj Mt, Norikura,(Japan and
a Russian station somewhere in the~gaucasus.

‘Observational data concenning the solar corona, which has been sup=-
plied by_these obsenvatories; consist primarily of motion picﬁures of pfo—
minenge nctivity. Penhapslmore‘than 50,000 feet of film have been exposed
at these various stations, with more than 20,000 feet from Climex alone.

To date, analysis of these films has consisted primarily of tracing
the motion of Wellldefined "knots!" and "streamers". The method has been
quite successful but has, nevertheless, had many shortcomings. Qne parti-
cular difficulty is that usually rather few "well defined" knots or
sﬁreamers can be found which remain sharp gn& clear for an appreciable
period of time. The disappearance and reappearance of prominence_featurgs

1

is a familiar phenomenon,™ although it usually occurs most noticeably in

1. Dodson and McMath, 1948 (11), have given evidence of a filament which
disappeared and then reappeared. Others have claimed to have witnessed .
the same phenomenon.
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the case of delicate étreamers and knots which are quipe tenuous t6 be-
' gin with,

The acquisition, by the Climex Observatory, of a projector which
permits highly magnified’and distortien-free pictures to be focused on
graph paper with fine résolﬁtion, has’suggésted a new mode of study of
the prominence motion. ihié new ﬁethod is coﬁcefned with tracing the
general outline or envélopé of the prominence or certain prominence fea-
tures,” at successive intervals of time (ugually equally spéced), and then
proceeding to extract information from these curves, Ihe idea is based
on the sﬁppositionvthét the succeeding envelopes of the prominence o=
" tion should tend to become aligned with the equipotential surfaces of
the force field; and that motion outward orthogonal to the envelope
should indeed be along the lines of force. It is apparent then that,
should this situation be realized, it is’only a matter of measurement
to obtain information on the force field.

This investigation pfoposeS'to examine one solaf promineﬁce by this
method, and to give not only as much‘infqrmatidn about the forces and
velocities as is measu;able; but also to serve as a general critique of
the method, specifying‘quantitgpiyg;y, whenever possiblg, the general
accuracy of the method ana attempting to point out its shortcomings.

As might be expected, the envelopes_tréced (see figure 6) are rougﬁ
and full of'humps as the prominence itself appears; and hencé'it would
seem that they are certainly net equipotential surfaces, ‘Obviously,

then, there is a large element of human judgment in assigning the
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directions of the lines of forcef In this particular investigation,
the measurements are confined to two areas, one in which the motion was

entirely vertical and the other in which the motion was .transverse,
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DESCRIPTION OF THE PEOMINENCEP

The solar promiﬁence with which this investigation is concerned
appeared over the sbutheastern limb of fhe sun on September 8, 1948,
It was of the eruptive type, and was photographed with the coronagraph
of the'High Altitude Observatory of Harvard University‘and the  Univer-
sity of Colorado at (Climax, Golorado from 16:29 to 20:23 U.T. on
September 8, 1948, at the rate pf one picture per half minuée, The
measurements and data presented herein are concerned chiefly with the
period 174550 to 18h15m, a relatively brief‘episode-in the life of -
the prominence, during which virtually the entire eruptive motion toek
place. The northern-most and southern-most ext;emities of the arch lay
at approximately -23° and ~44.5° heliograéhic latitude, respectively,
and at approximately 330° heliograph longitude. A& large bipolar sun-
spot (Mt, WElson No. 9395) lay 1° south and roughly 10° west of the
northern extremity. This was a relatively short-lived spot, since it
was first seen September 8 and was classified ;pd at,that,tﬁ:m.e,2

A large bipolar group (Mt., Wilson No. 9400), classified 1fpl, was

2, Sunspots are classified as follows:
f = bipolar members; approximately equal in s:Lzeo
gp = bipolar members; preceding member dominant,

ef = bipelar members; following member dominent,
7 = composite spots.
78= composite spots with 1ead1ng members bipolar,
1l = living,
d = dead or dying; l.e€., lﬁd = living when first seen; dead or

dying when last seen . . .
'See Menzel, Donald H,, OUR SUN, Blakiston's Sons and Company,
Philadelphia, 1949.




Figure 1. The prominence as it appeared Wien Ffirst observed (16730®
U.T.). Rapid upward motion or eruption has already commenced. The
sunspots are at the extreme northern (left) end of the arch. At this
time, matter seemed to be moving in that direction.
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eitueted very near the northern tip of the arch, being reughly 3° south
~of it, The prominence, as it appeared wﬁen first seen, is pietured in
figure 1. At this time (16R30™), it was already in the process of slow
expépsion with acceleration.‘ By-l7h40m, it had fofmed into a character=
istic arch (figure é) in which material wasg streaming into the pheto-
sphere along both‘epds, The propinence continued to rise and eipand with '
increasing velocity, meanwhile deveioping.ipto a_Well—defined loop as is
illustrated in figﬁ;es 3 and 4, and reaching a height ofVAOQ,OOO kilo-
meters (figure 4), at which time its upward velocity was in excess of
250 kgs/sec. Thereafter, its upper portions becage diffuse and disap-
peared from view. Matter contlnued to descend along the arches, parti-
cularly the southern-most, the northern arch having v1rtua11y dlsappeared.
by this time; so that by,l9h00r there.remalped only two bright.mounds of
materlal at the extremities . (figure 5)

The apparent3 motlon of material along the arches very strongly sug-
gests that the extremiﬁies were -indeed strong centers of atp?aetion,
This was true partieularly of tﬁe sduthery-mqst, thoygh there‘were no
sunspots known to be near that er_1d° Qn the contrary, a very large spot
concentration was found nearlehe porthern extreme of the arop ﬁhere mat=

ter visibly streaming downward was barely perceptible and fading, Now,

. 3. The word "apparent" is employed here to describe the motion because
there has been no little cenjecture as to whether material is actually
moving or whether the effect is merely the result of moving excitation
fields or some such phenomena. For example, consider the motion of a
beam of light along a mass of clouds. ' Dodsen and Weston (1950) have
found significant evidence in favor of the hypothesis of moving material.
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Figure 2. The prominence at 17h40m U.T. The region between the parallel
lines is the region in which the motion of the envelope is measured and
plotted (see figures 7 to 14).

At this time matter appears to be stream-
ing downward along the arches.

Figure 3. The prominence at I1ShOOm U.T. Note the gradual formation of
the looplike arch.
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streaming into the sun along thi; érch, there might very well have
been large quantities of matter which was simﬁly invisible, The pro-
mipences are known to 5é composed almogt eptirely of hydrogen and to be
visible due to the fact that thg‘ gas is radiating. Some observers
(among them, Dodson and McMath, 1948 - see footﬁotg no. 1) have given
evidence for‘préminence features whicﬁ are at times visibie and at

other times not. The assumption that some matter in the prominence is

invisible at times is a generally accepted one.
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Figure 4. The prominence at 18h15® D.T. Unfortunately, reproduction
of the photographs has caused the loss of much detail. On the origi-
nal film, the southern (right) branch of the arch is very nearly in-
tact although quite tenuous. Material has been rapidly dispersing.
The vertical velocity at this time is approximately 250 kms/sec.



Figure 5. The prominence at lyhOOm U.T. The material visible at the
top of figure 4 has risen out of the scope of the camera. lhe two
mounds of material shown here remained this way for more than an hour.
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PLOTTING THE PROMINENCE MOTION

With the aid of the specially designed projectop, selected frames
from the film, chosen at equal intervals of time, have been traced on
graph paper (figufe 6). The ﬁicturés are "blown up" to a scale of 1 mm,
to 1.39 x 10.3 kms., which corresponds to & solar radius of 50 cms. on
the graph paper. In the rectangular system of coordinates, here em-
ployed, the origin is located on the solar limb at -37° heiiographic-
latitude with the X-axis tangent to the limb at that point. We thus
have a graph, scaled in distance and time, from which we can obtain mea-
surements to study the'motion-of the prominence and the forces producing
this motion., We shall not enter into any speculatiop as to the type of
forece field or fiélds involved, but shall attempt quantitative measure-
.ments,

Consider, for exémple, figure 7 and imagine a smooth curve drawn
" through the points so that for any instant of time t, the correspondiné
ordinate on the curve gives the y position (height) of the point on the
envélope‘of the prominence whose x ppsifion is zero (in this particulaer
case). In other words, the equation of the curve, call it ’y(t), des=
cribes.the motion of a poipt ;n the.envélope‘of the prominence which has
always the abscissa x = O, The "best fit" curve through these points
was obtained by the orthogonal polyﬁomial least squares meﬁﬁod of curve

fitting as adapted by B:‘Lrge4 and Weinberg (4). The result was the

4. TFor the sake of brevity, throughout the remainder of this paper the
method shall be referred to as the Birge method,
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-30 -20 -10 O 50 60 70 80
Coordinate x in millimeters

Figure 6. Shewing the lower envelopes of the prominence as they were
traced. The region shown is that lying between the parallel lines of
figures 3 and 4. Time between any two curves is one minute.
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Figure 7. Plot of the vertical height (y) vs. the time along the ordinate
x = 0 for the lower envelope of the prominence. Compare with figure 8.
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parabola y = 5,00 x 104 + 3,89 x 103t + 182t<, Figure § illustrates
how the parabola fits the observed points. See also figures 9 to 13
inclusive, Here the reader may very well object that a curve which
passed through the points of ﬁigure 7 wouid have too many humps to be
represented by a paraboia. However, ﬁhe method of Birge includes two
. interesting features which provide the éhysical scientist with criteria
for best fit, First of all, the méthod ﬁredicts the probable deviation
at‘any point between the caleulated curve and the original or "true"
curve. Secondly, the method employs a-prOcedufe whereby certain succes-

5

sive sums aré calculated, each sum corresponding to an additional de-
gree in the resulting least squares polynomial and said successive sums
being a meaéﬁre of the increase in goodneés of fit for that degree.

. The two criteria of the Birge method in this case indicated that
no'better fit could be obtained with & third, fourth, or fifth degree
curve than was obtained with the parabola, Furthermore, as many of the

features of the prominence were diffuse and ephemeral, there was an ele-

ment of error introduced with the tracing of the envelope on the graph

5., The sums referred to here are the sums of the .squares of the resid-
uals of the several unweighted points, usually designated byﬁivz. The
criterion of fit of any function to the experimental data is furnished
by the magnitude of&Zv<. By the use of the methods of Birge, one can

obtain, with comparative rapidity, theXv<e for a least squares polyno=
mial of any degree, and in the process obtains, simultaneously, the
value of £v2 for the least squares polynomials of all lower degrees.
This convenience is a result of +the fact that the Birge least squares
polynomial solution is a sum of orthogonal polynomlals° One, therefore,
merely increases the degree until the value of Zv2 has dropped to a
roughly constant value. The size of this final value is s measure of
the goodness of fit and the above mentloned probable deviation is cal-
‘culated directly from it.
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Figure 8. The smooth curve is a portion of the parabola y = 5.00 x 10" +
3.89 x 10~ + 182t2 (kms and mins) which was obtained by applying the least
squares curve fitting method of Birge. It is superimposed on the plot of
the vertical height vs. the time for x = 0, i.e. the curve of figure 7.



=19~
paper and this errér is coupled with the impossibility of reading a
coordinate on the gfaph paper closer than approxiﬁately + .2 mm, Thus,
Wwe see that the intrinsic uncertainty involved in determining the posi-
tiop of a feature in the-prdminence at successive intervals of time is
of such magnitude as to'preclude a nore preéise_formulation of the equa-
tion of the curve.

Returning to the curves of figure 6, we note that, though the:disn
tance between them is erratic and non-uniformly;increasing, they still
exhibit a marked parallelism. Now,‘it is precisely'this déviation from
a uvniform increase that gives rise to the humps in the curves plotted
in figures 8 £o 13. CEngerping this situation, one might argue in the
following fashign. | .

At any one valug qf X in the regiqn, the y comppnent 5f the fprce-
field might very well fluctuate in such a manner fhat the cur#e vy = y(t)
for that vaiue of x would be humped or in general be quite different
from'a parabola, ”Is it rgasonable, then, to assume that the force field
should fluctuate in prgcisely the same manner throughout the region of x
concerned so as to produce precisely simiiar humps in 211 the y =y(t)
curves; that is, so that all the envelopgs of the prominence iﬁ thgt re-
gion are markedly parallel . . . ? If so, one WOuld be forced_to-adﬁit
that the fprce field throughput the'region in question must not éepend
on_phenomena occurring in that reglon; but, on the cohtra;j, must be re-
ferred tp some single source. By way of hypothetical analogy, coﬁsider

the field due to a variable point charge. Were We to plot thg motion of
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geyeral_particles mqving in this field, stgrting siﬁultaneously at

aﬁprpximately equal distances from the'parﬂicle and jou£neying-along

. different rédii, we would fiﬁd fhe curves to each have the same humps

and dips. Now, the hypbthesis of force fields generatgd'through'the

) intera¢§ipn.9f the particles of fhe prominencg,_dué.to their motipn,
that is, of forpe fields depending on phenomena pccurring.within the
prominence itself, is receiving coﬁsidgrablg attention today. In

“fact, some writers, notabiy H. Alfvén (1), have gone so far as to ex-
plain certain phases of prominenqe motion on this hypothesis, If,
then; we must escape the cenclusion that the.force field has a'singlg
source, how are ﬁe to explain the parallglism diSpléyedtby.theipromif
nence envelopes? The solutibn bgcomes apparent at once when yé con-
sider the tracing process itself.

In each photograph comprising the film there-ié a variation in
the thickness of tﬁe corﬁnal ring aﬁpearing around the pcculting disk
of the coronagraph. This variation resﬁlts frém,the positioning of the
occulting disk in the ﬁhotography itself. The ring is the reference“

. point by which the pfeviously‘mentioned'projector is centeréd~with je-.
spect to the coofdinate axis prior to the tracing of each subsequent
picture, "Sinﬁg thg vafiation in thg thickness of the coronal ring pro-
duces a cprresponding varyipg brightness of the solér limb and éince
the limb is no£ clearly sharlp., but somewhat diffuse, an unavoidable,
undetermined error is present with gach cgntering of the projgctor. We

ask: is this error, coupled with the error involved in tracing the
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similaylj diffdse enve;ope of the p;pminencg, of the same order of magni-
tude as thg variation in the éeparations‘of the envelopes of figure 6?
It is? of course, impossible to ascertain precisely the magnitude of the
errors involved; but after due examination, it was decided to ascribe a
‘value of £ 1 mm, to the uncertainty of reading a y coordinate on the
graph.6 This estimate includes the érror associated With tracing and
with subsequent measurement from thg graph (due to the thickness of the
pencil lines) and is felt to'be conservative, We note carefully that
this eﬁi@encés only the shPrtcominé of-thé graphing proceduré? and doés
not permit us to conclude anything about the force field., We have found,
‘then; that from tw0'cpnsidgrations, one statistical (the Birgg polyno-
mials) and one physical (the last paragraph), phat we can at best give a

constant as a value for the force field by using this method.

6. 1 mm, on the graph corresponds To 1.39 x 103 kmé. on the sun,
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Figure 9. Illustrating the fit of the curve y = 4.80 x 10~ + 3.62 x 10 t
+ 129t2 to the observed points plotted from a measure of the height (y)
vs. the time along the ordinate x = -20 for the lower envelope of the
prominence.
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250 -
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Figure 10. Illustrating the fit of the curve y = 5.80 x I(/ + 3.75 x 10~t

+ 167 t2 to the observed points plotted from a measure of the height (y)
vs. the time along the ordinate x = 40 for the lower envelope of the pro-

minence .
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Figure 11. Illustrating the fit of the curve y =
plotted from a measure of the height

10-H + 190t2 to the observed points
(y) vs. the time along the ordinate
prominence.

X

20

for the

5.00 x 10N + 4.10 x

lower envelope of the
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Figure 12. Illustrating the fit of the curve y = 1.31 x 10 + 3.75 X

103t + 188t” to the observed points plotted from a measure of the height

(y) vs. the time along the ordinate x = -20 for the upper envelope of
the prominence.
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200 - -
175 —
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Figure 13. Illustrating the fit of the curve y = 1.24 x I0™ + 4.31 x
10M + 183t~ to the observed points plotted from a measure of the height
(y) vs. the time along the ordinate x = -30 for the upper envelope of

the prominence.



=27=
TAELES_OF POSITIONS, VELOCITIES, AND ACCELERATIONS

Tables I through VIII contain the data measured in the fegioﬁ de~
picted in figure 6. The tolerances for theé accelerations are’given as
calculated by the Birge method. _The.velocitieshgiven were measured
graphically from curves such &s figu?es 8, 9, etc.; and the tolerances
listed with them are estiﬁated values., The graphica}ly obtained velo-
" ¢ities are given éince they describe the curve itself and may, as such,
be ﬁore descr;ptive of the actual motion than those uniformly increas-
ing velocities given by the Birge parabolas, which the reader can read-
ily calciilate if he so desires, using the initial position, initial
velocity and the acceleration. Tables XIV through XVIT list the values
calculated~for the - upper en%elopes of the prominence in the same x re-
gion as those of figure 6; and Tables IX through XIII contain the val-
. ues calculated for the upper envelope describing the motion in the x
direction in the region y = 40 x 103 to 80 x 103 kms, that is, the out-
ward motion of the-large southern-most column, See figures 3 and 4.

The values of x are given here as they were measured in millimeters
on the graph paper, i.e.,, 1 mm, = 1.39 X 103 kms. The heliographic lo-
cation for any value of-X‘can be found from figufe 6, where the solar

1limb is marked in degrees of latitude.




Table 1,
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Positions, velocities and acceleration for the lower envelope of

the arch as measured along the ordinate x = =20,

ozt e

Time | o =
sigfss (v.%£ 1.4) x 103 kms ° gyy.i .33) x 103 kms/min

b m T ”y L Vy

17 4545 49.7 3.85.-
47.5 57 o4, 4o69
4945 67,7 - 5462
51.5 78l 6.36
53.5 93.8 17,30
55,5 113, . 7.72
57.5 123, 7.99
5945 1k, 8,55
18 OL5 161, 9.25
03,5 178, 9,74
0.5 199, 103
07,5 220, . 10.92
09.5 242, 11,55
11.5 266, 13.07

258 & 110 kms/m1n2

Acceleration =

T =,072 %,030 kms/sec2
Solar gravity =

,267 kms/sec?
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Table II, Positions, velocities and acceleration for the 1ower envelope of
the arch as measured along ‘the ordlnate x = =10, '

===Time — 7 i . — —
1948 : :
Sep. & © (y £ 1.4) x 103 kms [ * .33) x 103 kms/min
h =m U.T, y Ty
17 45.5 48,7 ' 4.01
47,5 57.4 "4{51
49.5 67.9 5.05
51.5 79.8 6.0
53,5 9.7 7,16
55,5 107, 7.72
57.5 19, 8028
59.5 139. - 8,76
18 0L.5 157, 9.24
03,5 174, 9.9
05,5 195, 10,7
07.5 220, 11.55 -
09.5 . 3. 12,51
11,5 263, ) 14,25

Acceleratlon = 334 % 110 kms/min<?
.— .093 £ 030 kms/sec~
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Table"III Positions, velocities and acceleration for the lower envelope
of the ‘arch' as measured along the ordinste x = O

~ Time
SiéfSS vy £ 1.4) x lO3 kms ‘qué .33) x 103 kms/min
h  m U.T., y | Uy
17 45.5 5104 3.89
4125 56.4 6l
49.5 66,7 » | 5434
515 . 76,5 606
53,5 96,0 6.79
55,5 110. - - 7,51
57.5 122, o . 8,23
- 59.5 7 | 8,96
18 0L.5 188, | , 9.68
03.5 179, 11,13
05.5 200. ' 11.85
07.5 222, - 12.57
09,5 245, o 13.30
1.5 277.° _14.02

Acceleratlon = 362 % 117 kms/min®
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"i'able' IV, Positions, veloclties and acceleration for the 1ower envelope
of the arch as measured’ along the ordinate x = 10 ‘

Time
1948 ‘
Sep. 8 . (y. % 1.4) x 103 knms  (Vy #.33) x 10% kms/min
h,m_U.."I‘. yv ‘ Vy- .
17 45,5 54.0 . © 3.85
47,5 60,0 | 4,68
4945 . 68.0 | 5462
51.5 820 6.26
53.5 9.0 .. .. 6.95
55,5 119 7ubds
57,5 130, - - 7.99
59.5 18, ' o 8.89
18 O0L5 164. _. - 9.52
| 03;5 TN ‘ . 10,28
05.5 202. 11.11
07,5 . 230, - 12.05
095 25, 1.7
11.5 280, -  u.z

120 kms/min?

Acceleration = t1 5
. +,032 kms/sec

- 380.
15
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Table‘V Positions, velocities and acceleration fér the lower envelope of
the arch as measured along the ordinate x = 20, =

Time , .
1948 , .
Sep. & (7% 1.4) x 10° kns (V5 % ,33) x.10% kne/min
h mOL oy .V
17 45.5 50.5 . - 4.é5
415 . 595 : 5.46
49.5 72.0 6.04
51,5 83.5 659
53,5 98.5 7.6
| 55,5 117, - 7.7
5745 T 132, . 8.28
59.5 152, : 9.38
18 oLs  leg, : 9.9
03.5 , 165. ' : 10,70
05.5 . 206, 1155
07.5 230. 12,0
09.5 - | 256 12,50
Acceleration = 380 i 26 kms/min? ”
_ =,105 £,032 kms/5902
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Table VI P051t10ns, velocities and acceleratlon for the lower envelope of
“the arch as measured along the ordinate x = 30 ’

—,

Time
1948 . ' - '
Sep. 8 (y £ 1.4) x 103 ms | (v, % .33) x 103 kms/min
n mur v Yy
17 45.5 58.8 N 3.54
47.5 643 o 4.35
49.5 ‘72,8 ‘ 5.2/,
51,5 8544 . 6.26
53,5 . . 102, - 7.16
55,5 . 121. - 7.85
57.5 135, © 8.55
59.5 152, | 9024
18 01.5 169, ' 9.9
03.5 187. 10,92
05,5 207, 12.05
07.5 234 | 12.50
09.5 260. : .? 13,07
.'”.11;5_.' 285: : ~ . 13.63
Acceleration ' |

65 i 117 kms/min®
01t31mmmﬁ
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Table VII Positionsy, velocities and acceleration for the lower envelope
of the arch as measured along the ordinate X = 40

- e e ——
— —_— e e

"Time:
1948 , ‘
Sep. 8 . _ﬂy £1.4) x 103 kms (Vy £ #33) x 103 kms/min
h  mU.T, "yVA | "_vv S
17 455 57.8 ' L 417
41.5 6bad | . 4o85
4945 76.3 : 5.62
51.5 86,1 ' 68
53.5 %5 Vol
55.5 113, 8.13
57.5 b1, 8.89
59.5 . 6. | 9.38 -
18 0l.5 166. ' 9.94
03.5 179. | 10,50
05,5 200, 11,11
075 223, 11.75
09,5 249. - L 12,50 |
L5 273, “.. M_> N Py M—

Acceleratlon = 334 ¥ 112 kms/min
093 £.031 kms/sec®
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iéble'ViII, Posifioﬁq, velocities and -acceleration for the lower envelope
of the arch as measured along the ordinate x = 50,

Time = S S
1948

Sep. 8 GAL4)x10%ms (% t.33) x 107 kne/min
h om UI. vy \
17 45.5 62 ! k.51
47.5 T%her . 5524
495 .2 - 6.04 S
51.5 95.2 | 6.59
. 53,5 108, : . 7.16
55,5 127, - 7.58
57.5 139. " 7,99
59.5 158, 8.40
18 OL.5 173. | 8.89
03.5 191 3 9.52
. 055 2110 10,28
07.5 T 11,11
09,5 259, . o 12,05
s e 1363
Acceleration = 314 £ 110 kms/min®
=,087 X,030 kms/sec?
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Table IX, Poéitions, velocities and accelerabion for the upper envelope of
the arch as measured along the abscissa y = 40, '

M_W—Mm

'.y-_,TiIvné—‘-~ I

. 1948 o , .
Sep. 8 (x % 1.4) x 103 kns' (Vg % 17) x 10% kms/min
h m U7, x T x
17 45.5 © 33,7 | 1.47
£1.5 36.8 _ ' 1.77
945 - 396 2,09
51,5 4301 2.2
53.5 47,3 . s
55.5 52,1 2,58
57,5 58,1 2.8
5.5 - 65.3 - 3.02
18 0L5 Thoh 3.24
03.5 78,5 3042
05.5 85.5 o 3.58
o5 oo 3m
09.5 987 - ,+00
1.5 108, et
13.5 - 118. - | 463
15.5 %, - 497

105 X 32.kms/min22_
.029 %.009 kms/sec

Agcel@rat:};on_ =
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‘Table X Pos:.t:.ons, vélocities and accelerat:.en for the upper envelope of
the arch as measured along the abscissa y = 50.

Time .
1948 o -
Sep. 8 (X 1.4) x 103 kns (¥ £ .17) x 10° kms/min
n omour  x T
17 45.5 294 . L9
47.5 350 o 1.97
49.5 39.2 ' S 2.26
51,5 Lo | 2.53 >
53,5 49.0 2.8
55.5 525 2.92
57.5 . 58.8 o 3,02
59.5 . 65,8 i 3.2
18 015 © The2 3;48
3.5 79.8 3.65
05.5 . - 86.8 1 3,86
07.5° . 9.4 407
09.5 102, - 4s27
11.5 112, B
13.5 122, _ 5415
15,5 - 131, . 5.36

Acceleration = 101.Z t.29. kms/min?.
. =,028. uooos kms/sec2




~38-

Table XI. Positions, velocities and. acceleration for the upper envelope
of the arch-as measured ‘along: the abscissa y = 60, ‘

Time == S S == m——
1948 o . _ A
_Sep. 8 X' 1.4) x 107 kus (Tt 417) x 10° kms/min
b m U.T. x Uy
17 455 182 - 2.53
415 . 25.2 2,72
4945 32.2 C 2,92
51,5 35.0 . 2,97
53.5  42.0 - " 3.02
55,5 46 3.13
57,5 546 . 3.2,
595 602 3.48
18 0L.5 70.0 | 3.72
03:5 77.0 . 4,00
05,5 - 8.0 427
07.5 . 9.0 . 463
09.5 102, 4297
1.5 112, | | 5.15
13,5 123. 5.36
182 132, , —5:08
Acceleration = 105.% 26 kms/min?
o _= 29. *.0 007 _}a'ns/sec2
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Table XII, FPosltionms, velocities and aceeleration for 'bhe upper - envelope
‘of the arch ‘as measured along the -abscissa y = 70.

Time
1948 - ;
Sep. 8 - (x % 1.4) x 10% ks (Vg2 ,17) x 10° kms/min
h m Uu.T., x | Ty '
17 45.5 09.1 - 2443
415 16,8 2,72
49.5 22.4, - - 3.02
51,5 28.0 _ | 3.19
53.5 3644 3.36
55.5 42,0 | 348
5745 4940 | - 358
59¢5 - 56,0 - 3.86
18 0L5 : 6bok beo 14
03.5 72.8 4038
05.5 81.2 4463
075 85 48T
09.5 101, | 5,15
11.5 112. 536
1.5 125, | 5.78
15,5 135, _ 6226

‘Acceleration = 111.% 29 lms/min? . S
o ©'2,031.%,008 kms/sec?
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TabLaXIII Positions, velocities &and acceleration for. the upper envelope
of 'the .arch as measured along the gbscissa y = 80.

Time
1948 .

Sep. 8 (= I1.4)x 10 1ms (Vg £ .17) x 10% kms/min

h  my,T, X | ?g

17 45.5 007 2.62

4T 09.8 2.81
49.5 16.8 3,02
51,5 21,0, 3424
53.5 2.6 3.8
55,5 32,2 3.58
57,5 42.0 3,72
5945 47.6 4,,00

18 0L5- 58,8 4e27
03.5 65.8 463
05.5 77,0 497
07.5 . 84, 5.36
09.5 98, 5,78
11,5 109, 6,02
13.5 122, 6426
15,5 133, 654

Acceleration

=123.% 35 kms/mln
=,034 i,009 kms/sec2
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Table XIV, Positions, velocities and acceleratlon for the upper envelope
of the srch as measured along the ordlnate x =0,

Time: Sep 8 1948 (y £ 1.4) x 103 kus W £ .33) x 107 kmb/min
h m U,T, y ¢§ l
17 455 119 3,86'
47,5 128 452
49.5 139 5,36
51,5 155 6,02
53,5 164, 6.82
55,5 182 7,82
57,5 203 9,05
59,5 217 1071

Roceleration = 397 & 61 kms/min? = ,110 T.017 kns/sec”

.Table.XV Positions, velocities and acceleration for the upper envelope
of the arch as measured sured along the ordinate x = -10.

Time: Sep & 1948 “G.E 1.4) iﬂi65—EEE—’f—-'——fZF___f'§§3f2—56§~£5§7;§§=;=
h  m GI ¥ : V?_ - '
17 45.5 117 3.36
W5 130 4,00
4945 148 417
51,5 - 160 5,36
53,5 168 6,02
55.5 183 6.82
57.5 202 7,82
59,5 217 8,60

Beceleration = 357 % 54 lms/min< = .099 * .015 kms/sec2
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Table XVI, Pos:.tlons, velocities and acceleration for the upper envelope
of -the arch ag measured along the ordinate x = =20,

Time: Sep. 8 1948 (y & 1.4) x 10° kms (V, £ .33) x 10° kms/min
h o om UhT.. ¥ h : .Vz ‘. . .

17 45.5 133 | 3,72

47.5 %o o 428 |

49.5 - U9 - ' 4,098

51.5 163 | ' . 5,67

53.5 172 _ 6.54

55,5 188 B 7.20

57,5 206 - | 8,18

59:5 220 __9.54

Acceleration = 377 £ 64‘kms/min2 = ,104 £ .,017 kms/sec?

Table XVII,- Positions, veloclties and acceleration for the upper envelope
of the arch as measured along the ordinate X = -§O

Time: Sep & 1948 (y "1.4) x 103 kme ms (U 2 (Vy £ .33) x 103 ime/min
h _m UT. y | Yy
17 45,5 126 | | 4e31
47.5 ETVR . 5,04 -
49.5 14, 5,79
51,5 158 6,50
53,5 169 _ 7.23
55,5 . 188 | Rz
57,5 06 6, 8.0
59,5 223 ’ 9uli3

Keceleration = 366 = 70 kms/min® =,105 & ozo kms/sec®




=l 3=
. CONCLUSION A

' We have seen that tﬁe‘measurements oﬁtained by plotting the motion
of the prominence envelopes and‘analyzing these by means of & 1eést
squares méﬁhod of curve fitting has predicted tﬁat the force field under
which the prominence was expending was a constant one, at least in so
far as the material is moﬁing upward with a constant Qertical component
of acceleration. Obviously, the acceleration can not.be constant; fpr,
if it were, the material of the ‘prominence would continue to rise and
* recede to infinity. 'Remembering‘the relatively short time interval dur-
ing which measurements were made, it seems natural to conclude that the '
acceleration was actually changing slowly, but that the total change
which had occurred during the period of measurement was too small to be
detected byléur method‘with‘its relativeiy large experimental error.
Furthermore, the acceleration measured in the central region of_ the pro=-
minence, i.e.,‘that'between the parallel lines of figures 2 and 3 is on=
ly the vertical component; while study of the motion picture £film sug~—
gests strongly that material is actually streaming downward along the
arches, and it seems largely for this reason that the arch has been so
greatly dispersed by 18815™ (figure 4). |

The eritical velocity of escape of a body leaving the surface of.thé

Sun; and thereafter being subject only fo gravitation, is 615 kms/g;eco
This valug, however, applies only when-the body is ﬁot influenced by any
forces other than gravity, following i£s insfant of departure. For bo-

dies which have been supported far above the chromosphere, by Some means,




he

the value of the critical escaﬁe velocity, of course, fallé off inversel&
as the square root of the distance from the centef of the sun. However,
a simple calcu;ation readily indicates that tﬁe body must be several hun-
dfed thousand-kilometers above thé chrémosphere before there is an appre~
ciable change in the vélue.of the critical velocity of escape. We have
seen that the éolar—prqminence of $eptember 8, 1948 had attained a verti-
cal velocity of 250 kms/sec by 180157, Thus it would seem that the like-
lihood that any portion of it completely escaped solar gravity and re-
ceded into space is a slight one, at least in so far as visible materiél
is concerned., It is generally felt that, althoﬁgh eruptive_pﬁominences
go far out into poroﬁal space, they disintegrate there and'their atoms
eventuaily returﬁ‘tq the épn.

Tt is noteworthy thatfthe results of our measurements appafeptly
give no evidence in support of the laws of prominence motion,7 ?his is
particulaerly noticeable in the case of the second law; and it ﬁas, to a
large extent, for the purpose of testing this law that the velocities |
wére measured graphically,-in order that they conform as nearly as pos—
sible to the observed motion, |

At this writing? there are under construction new coronagraphs to
be uséd at the High Altitude Observatory, Climex, Colorado and the Upper

Air Research Observatory of USAF at Sacramento Peek, New.Mexico (seon to

7. Originelly formulated by Edison Pettit, the laws are as follows:

1st law: Prominence motion is uniform, increasing suddenly at intervals
2nd law: ‘Successive velocities are small whole number multiples of the

%regeding (or second preceding). See literature consulted (20), (21),
22). -




-
be put into operation). The difficulty involvea in fhe centering of
the oqqulting disk has been eliminated in these new instruments and they
will undoubtedly supply‘us with some very accurate measurements. The
method of envelope traéing should yield some interesting results in the

not too distant future.
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APPENDIX A
THE HELIOGRAPHIC COORDINATE SYSTEM AND THE LOCATIQN‘QF THE SUNSPOTS
‘ AND SOLAR PROMINENCE, OF SEPTEMBER 8, 1948
- The helibgfaphic coordinate system, devised by Carrington8 in 1863
describes the sun's position at any date by means of three coordinates
which are defined as follows: '

P = the position angle of the axis of rotation measured positively

eastward from the north point of the disk.

B, = the heliographic latitude of the center of the disk.
Ib = the heliographic longitude of the center of the disk reckoned

- from the solar meridian positively to the west,
Solar ﬁgridian = that lohgifudihal line which passed through the
ascending node of thé sun's equator on the ecliptiec, Jénuary 1, 1854.
From the U, S. Naval Obserﬁatory'Circular‘é, December 19, 1949,

page 8, we obtain the following tabular data;

, : Distance
‘ , Differencs from Spot
Mount Wilson No. Date lat, - in Long.? Center Area Count
N-O-F 9395 Sept 9.633 -2 -65 1
N-O-F 9400 (a) Sept 15.640 = 2 27 o - 388 2
9400 (b) Sept 15.640 =6 -27 =34 97

8. Richard Christopher Carrington (1826-1875), English astronomer, see
American Ephemeris and Nautical Almanac (2) and the Encyclopedia Britan—
nica, Volume IV, 1952, :

9, Measured from the central meridian.




And from the Publications of the
December 1948, Vol. 60, No. 357,
Sept. 1l4.4
No. 9395 lat,
Sept, 15.9
. No. 9400 lat,

Furthermore, we know that th

=/9=
Astronomical Society of the Pacific,

p. 389:
=23 first seen Sept. 8 14

=26 first seen Sept. 10 1fpl

e "position angle" of the prominence

origin, which is defined as the angle subtended by a vertical line and

a line through the prominence, intersecting the vertical in the center

of the disk and measured positive
150°. From the American Ephemeri

Sept. 8, 1948:

o
H

o
i

el
|

From figure 14, which depict

ly in a counter clockwise direction, is

s and Nautical Almanac (2), we find for

= 58,290 ' -

7.25°

hand 220 780

s graphicéliy the position of the sun

on Sept. 8, 1948, and using the above values of the coordinates, we see

Ithat solution of the spherical tr
to find the heliographic latitude
sines, we have:

cosS X

cos(82.75)cos(90) + sin(9

cos™1(~,602) = -127°

X
Hence, the'heliographic latitude

is measured positively to the wes
of the 1limb and thus of the promi

328,29° or about 328° for Sept. 8

iangle ABC for side x will enable us -

of the prominence., By the Taw of co=
0)sin(82.75)cos (127,22) = =.602

of our origin is =37°. Solar longitude
t and hence the heliographic longitude
nence is 2700 + L, = 270° + 58,290 =

, 1948.
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\ North
A" Pole
Solar Equator
Origin of_
Prominence
[uivalent Spherical
Triangle
Figure 14. Illustrating Carrington®s coordinates and the spherical tri-

angle procedure used in finding the latitude of the solar prominence.
D = 150°; F = 150°-P; P = 22.78°; BO = 7.25°; arc AC = 90° - BO; arc BC
= 90°.
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On Sept. 15.640, we find Mount Wilson No. 9400a was 6° east of the
central meridian'with a latitude of -27°, but the time of measurement
was about Sept. 8,83, The sun rotates on its axis at a rate of appréxi-
mately one revolution in 25.36 days or about 14.197° per day. However,
due to the well known "equatorial acceleration" of solar rotation, sun-
‘spots near the 35th parallel'haye-a"diurnai rotation of apﬁroximately
13.51°. Calculating from this, we find on-Sept. 8.83, No. 9400a was at
~2° - 88° or at =90° (on the eastern 1imb)lQ No. 9400b was at -6° -88°
or atc-94°'(b§hind the imb), and No, 9395 was at -65° -13° =-78° (or
on the disk 120-from the limb).

From tbe graph, we find the southern;most extfemity of the arch at
~65 mm, froh the_origin or at 91,0 i 102 kms. solar'distance, which
corrGSpondsrtd-aﬁproximately 7.5° -of arc'té the south of the origin, -
This would ﬁlace‘the southern arch aﬁ about -44.50 heliographic latitude.
The northern~most brgnch:of.thelarch meets the chromosphere at about .
<120 mm. or 167.3 x: 103 kms. soler distance, which corresponds ta 1° of
arc on the.limbfgnd places the northern extremity‘at_approximately =230

heliographiqllatitude,

10, Cbmbére'Wi%hffdotnofe 9% i.e., these angles aré not heliographic
longitude, but are measured from the central meridien,.
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APPENDIX B
CALCULATION OF THE ANALYTICAL EQUATION OF THE
BEST FIT CURVE FOR THE OBSERGED POINTS OF FIGURE_7

The least Squares Qrthogonal Polynomial method of curve fitting as
adapted by Reymond I; Birge and J. W, Weinberg is, for the purpose of
illustration, applied here to the pointsjrepresenting the measurements
of the height (y coordinate) at'equally'spaced intervals of timg along
the ordinate-x =‘O. The followiﬁg table presents the measured y coordi-
nates, readiné succeésively downward in the Zq_column_and upward in the
Yq_coluhn in that order. The éolumns.headed Yq—Yﬁland Yq+14’contain
the differences and sums of the numbers appearing in the Yq and ¥ﬂ'colm
umns, The V's are wpair factors® of a system of orthogonal polynomials
and are given in fhé Birge tables for any number of observations.up to
29, Thg row labeled Ny contains the statistical wéights of the'cpeffia
cients bg and is also given in the Birge tables. The foliowing four
rows are calculated as indicated by the formulas., The row labehﬁiZYVt
contaips the sums of the products of the Vis and the columns Yq-Y.q &nd
Tg+%q to the left and right respectively, In the case of the column
headed t = 0, the value of K¢ 1s simply the sum of the numbers in that

column,




TABIE XVIII

TABLE OF VALUES TO BE USED IN THE CALCULATION OF THE EQUATION OF THE BEST FIT CURVE FOR THE

OBSERVED POINTS OF FIGURE 7

y = £(t) x=0 n=N, =29 h=60 m = 14 x 60
= 5 3 1 N . 0 . 2 4
Vs V3 Vi |49 | ¥4 I | Yg*iq V2 R
8190 819 14, 182 | 37 219 256 +126 4,095
~585 468 " 13 168 | 39 207 247 9 1170
4810 182 12 156 | 42 198 240 7, -780
5885 ~lid, 11 140 | 47 188 235 51 ~1930
~4958 -215 10 130 | 48 178 226 30 ~2441
~2946 ~336 9 115 53 167 222 11 =2460 .
=556 ~412 8 105 | 55 160 215 -6 © =2120
1694 448 7 92 | 62 154, 215 -21 -1540
3454 ~449 6 75 69 - Li4 213 ~34 -825 3
4521 ~420 5 63 73 135° 209 -45 -66 !
4818 ~366 4 50 | 79 129 208 =54, 660
4373 -292 3 36 | 8 120 204 -61 1290
3298 -203 2 27 | 88 115 203 ~66 1775
1768 ~10/, 1 16| 9 111 206 69 2080
000 000 0 A 103 103 70 2184,
500,671,080 |4,207,320 | 2,030 -~ | N - 29 113,274 {107,987,880
~15,800 3,770 | 13,100 — BY,= K| ~--- | 3,200 14,700 39,100
-3.16 x 10-5|8,95 x 10% 6.45 — | B=k| - |2.10x 10130 x 107|3.62 x 1074
92 g |
9.98 x 10-10/80.1 x 108|"  41.6 - B l - ] 1.21 x 104(1.69 x 107%13.1 x 10-8
.50 3.37  |8.4448 x 104 == | NooB} — |3.509 x 10°|1.914 x 10%|  14.14
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The following calculations give the successive velues of ZVJ? and |
represents the determination of the degree of the equation tq be used.
Note that there is no appreciable chgnge in the value of ZW?Aafter the
third subtraction, indié;atting that a second degree equat'i‘on should fit
'the'observed points very nearly as ﬁell as a third, fpurth? or fifth
degree equation., The valﬁe of Gaf)% is used later in the calculation

of the probable error.

STye = 440,376.27

-N,bg = 350,900.00

SV = 89,476.27

~N, b} = _84,448,00

SV = 5,028.27 :
_W,bE = _1,014.33

Svi = 3,113.9

-N,b; = 3,37

Sve = 3,110.57
;N4b§‘= 14,14

V= 3,09.43

1}

2
"'Ns bs o 59

I

>vZ = 0 3,095.93
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. For a polynomial zj(t) —-2?K¢K the coefficients ayyas calculated
by the 1east squares method of Blrge and Welnberg are given by ayj=
ZHKtbt'

Here the numbers by are simply those calculated in Table XVIII The
coefficients Hy are calculated as follows: (The values of Sq, as given |
for n é'29,-are supplied by the Birge tables,) .

Hoo™ Sgo= 1
Hoy = =8y (m/h )= -14
Hopp = Spz+ Spam/h )} =126

H51= Si'l/h = 1/60
By = =§,(Rw/h*) = -8/60

Hpp = Sp/h® = 1/607
Hence, corrected to graphical scale, the coefficients are:

852 = 36,0 x 1.39 x 10° = 5, 00 x 10%kms.

!

}Z_zsox139x 3x60-389x103

; 60 ,

ejp = 130 x 1,39 x 1 10° x 602 = 181
TT60% :

Thus the equation of the best fit curve “through the points of figure 7
is: y = 5.00 x 103 + 3.89 x 103t + 181t% (kms. and mins,)
The probable error of the coefficients is given by:

1 = 5 (/R

! ~ RNt
where. 1/pl(d =Z(H /Ny ) .~ and; 6’745\:2‘7] ]

B=K n=(j+1

The values of Hy , Nf, amiEj? are given above. Substituting and




56
carrying out the calculations, we find:

t,, = 58.5
i;zand r,, are not calculated. since the positions and velocities as pre=
sented in the tables were both measured directly ffom the graphs and

their probable errors were calculated in & corresponding manner.
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