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InTRODUCTION

Many years have passed since an attempt was made to work out a purely
dynamical mechanism which would provide a satisfactory, yet simple, explana-
tion of a large number of well-established, but ill-understood, features of the
sun’s photosphere and of the more tenuous layers of the surrounding envelope.
During the intervening years several points which were not so clear at the
beginning have become clearer, and it has also been possible to extend the
theory to encompass several solar phenomena, the explanations of which
were not attempted at the early stages. The time now seems opportune for
examining the theory in retrospeet and to present it in a self-consistent form,
thereby stressing its vital points and eliminating all that is non-essential.
In doing this, the chronological order in which the theory has grown will not
be followed, but will be started with the basic idea and developed in the order
which seems logically the most straightforward.

Observations of the chromosphere, the prominences and the corona
(both during total solar eclipses and outside of such eclipses) indicate that
there is a great deal of up and down movement in the layers above the photo-
sphere. Although this does not necessarily imply a total absence of an
atmosphere in hydrostatic equilibrium, it surely suggests that the charac-
teristic appearance, namely that of a ‘prairie on fire’, of the chromosphere,
the occurrence of rays and streamers in the corona and the internal motions
of the prominences are due to some sort of dynamical equilibrium without
which these features could scarcely possess the degree of stability that they
seem to exhibit. Furthermore, the fact that uncharged atoms of hydrogen
rise to practically the same height in prominences and in the chromosphere
as the electrically charged atoms of calcium is a fairly clear indication that in
chromospheric support and in the formation process of the quiescent promi-
nences, at any rate, electrical and magnetic fields play, if at all, only a sub-
ordinate role. Also, the fact that atoms of various masses rise to practically
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the same height in prominences argues against any decisive importance of
selective radiation pressure in the mechanism of formation of stable promi-
nences; for it would be hard to believe that the selective radiation pressure
on each kind of atom could be just right for the mass of the atom so that
in spite of their varied masses all atoms in a prominence would keep together
and thus make the shape of the prominence the same, regardless of which
gpectrum line is used in observing the prominence. These considerations—
and one can mention others too—justify the belief that here something more
general or common is involved than the influence of electric or magnetic field
or the effects of selective radiation pressure.

Basic Ipra

Almost the only principle of general applicability that commends itself
in this context is ordinary dynamics. We consider the motion of a material
particle of mass m in a system of co-ordinates rotating with the sun. If the
system of co-ordinates is right-handed and has its origin at some point on the
spherical surface of the sun, then the equations of motion of the particle in
the most general form (Das 1940) can be easily shown to be as follows:

(1) Equatorwards:

m %;:—7 = X 4-2mewv sin ¢+ maw? sin (R cos ¢+ sin ¢z cos @),

Westwards:

m%—j—"—zl = ¥ —2mo(u sin ¢+ w cos ) +maty,

m % = Z 4+ 2mwv cos ¢+mw? 00s (R cos -z sin ¢z cos ¢).

Here the positive z-axis points vertically upwards, the positive y-axis is
towards the west and the positive z-axis points towards the equator; also w
is the angular velocity at the surface of the sun, ¢ is the heliographic latitude
(positive for the northern hemisphere and negative for the southern hemi-
sphere) and E the radius of the sun, while X, ¥, Z are the components of
the external forces including gravity, friction, etc., and u, v, » are the compo-
nents of the velocity of the moving mass along the z-, y- and z-axis respec-
tively. If we restrict our considerations to small regions of the sun’s surface
the terms containing z, ¥ and z can be neglected in comparison with those
containing B. Then the equations (1) take the following simpler forms:

(2) Equatorwards:

2 ,
m%—g = X --2mwv sin ¢+ mw?R sin ¢ cos §,

1B
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Westwards:

m % = ¥ —2mew(u sin ¢+4w cos ¢),
Upwards:

d2z

mas = Z42mawv cos ¢ +mwiR cos ¢

These equations show that in addition to the forces X, ¥ and Z which
are responsible for the initial motion of the particle there appear other forces
which ‘modify the motion. These additional forces, known as Coriolis forces,
become zero if the particle comes to rest or if the angular velocity of the
sun’s rotation becomes nil. The first of equations (2) shows that the particle
has an equatorward acceleration 2wv sin ¢ proportional to its westward
component of velocity and to the angular velocity of rotation of the sun.
This means that if the particle tries to move from east to west it is affected
by a Coriolis force which deflects its path towards the equator. The equator-
ward acceleration also contains a term «2R sin ¢ cos ¢ which for a given
latitude ¢ depends exclusively upon the angular velocity of the sun and there-
fore acts upon the particle even when it is at rest. This term is the equator-
ward component of the centrifugal forces due to the sun’s rotation and there-
fore must exist if the shape of the sun is really spherical in spite of its rota-
tion. The second of equations (2} shows that the westward acceleration
d2y/di* contains two terms —2wusing and -—-2wwcos¢. The first term
means that the particle has an eastward acceleration due to a deflective force
proportional to the angular velocity of the sun’s rotation and to the equator-
ward component of its own velocity. Hence, if the particle tries to move
along a meridian from higher to lower latitudes, its path is deflected fowards
the east and therefore makes an angle with -the meridian. The second term
indicates that the particle is acted upon by a deflective force proportional to
the vertical component of its own velocity and to the angular velocity of the
sun’s rotation; in other words, if the particle tries to move vertically upwards,
its path is deflected fowards the east and therefore makes an angle with the
vertical. From the third of equations (2) wo sce that the particle is acted
upon by a deflective force 2wv cos ¢ which deflects its horizontal east-west
trajectory upwards or away from the sun’s surface. The upward accclera-
tion also contains a term «®R cos? ¢, which is the vertical component of the
centrifugal force due to the sun’s rotation; this term will cause a slight varia-
tion in the actual gravity on the sun’s surface from the equator to the poles.

APPLICATION TO PBOMI.NENCES_

Since prominences appear to rise from the surface of the sun in the form
of jets of gas, the obvious application of the above equations of motion ought
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to be to prominences. Suppose that a jet of gas rises from the photosphere
and that the particles constituting the jet have a common radial velocity
at the moment they leave the photosphere. Now, it is an observational
fact—although the reason for it is obscure—that prominences behave as
though their material is not affected by solar gravity. The effect of gravity
on the jet of gas streaming out at a definite point in the photosphere can
therefore be neglected. If the mass, as it emerges from the photosphere,
has no other external forces acting upon it and has only a velocity (w = V),
directed vertically upwards, then the equations (2) can be written

(3) Equatorwards:

d2z . .
5= 2wv sin ¢+ w2k sin ¢ cos ¢,

Westwards:

dZy _ 9 .

~ = —20(u sin ¢+w cos ¢),
Upwards:

d2

Ztg = 2wv €os ¢.

Now, measurements of the angular velocity of the sun’s rotation at the photo-
sphere and in all layers of the envelope accessible to direct observation show
that for any given latitude the angular velocity as well as the so-called polar
retardation are practically constant over the whole region from the photosphere
to the corona. Therefore a mass of gas orginating from any part of this

- region will have the same initial angular velocity w as the sun’s surface and
therefore its motion will be determined by the equations (3). Accordingly,
it will be deflected from the vertical towards the east, and its horizontal
motion will also follow a trajectory inclined to the meridians such that its
equatorward end is deflected towards the east. On the contrary, observa-
tions of filaments (i.e. prominences projected on the solar disc) show that
their tops (Roumens 1935, Das and Narayan 1941) are inclined towards the
west with respect to the vertical and that the inclination (Royds and Salar-
uddin 1937) of the filaments to the meridians is such that their equatorial
ends lie to the west of the polar ends. These observational facts considered
along with equations (3) lead to the conclusion that the quiescent prominences
do not originate in the photosphere, nor in the layers above it.

In two well-known papers Jeans (1926) has shown that the flow of radia-
tion outwards from the interior of a star behaves like a convection current
of matter and in fact the viscosity arising from the flow of radiation is more
important than material viscosity. It follows from Jeans’ theory that there
must be a steady decrease in the angular velocity of rotation from the centre
of a star to its surface, but there will be a tendency for the interior of the
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star to attain a uniform angular velocity of rotation. Now, as most of the
mass of a star (considered as a polytrop of index 3) is contained in a sphere
of about 1/3 the radius of the star, the average velocity of rotation should
be about 10 times the velocity of rotation observed on the surface. There-
fore we should regard the sun as a rather fast-rotating body with an average
period of 2 to 3 days.

Since, as we have concluded above, prominences cannot derive their
material from the photosphere or the surrounding envelope, the only possible
source can be the interior of the sun where the angular velocity of rotation
(w’) is very much higher than that (w) on the photosphere and the outer layers.
When a mass of gas emerges from the interior with the angular velocity ’
it will have, relatively to the sun’s surface, an angular velocity @'— in the
same direction in which the sun’s surface is observed to rotate. The motion
of the mass will therefore be the same as that of a particle with respect to a
system of co-ordinates rotating with an angular velocity —(«w’'—w), The
appropriate equations of motion, on making the necessary substitutions in
the equations (3), become

(4) Equatorwards:
d2x/di?2 = —2(w’—w)? 8in ¢+ (w'—w)2R sin ¢. cos ¢,

Westwards:
d2y/dt? = 2(w’—w)(u 8in ¢4 w cos §),

Upwards:

d%/dt? = —2(w’'—w)v cos ¢.

From these equations it is evident that, in qualitative agreement with
the observations of prominences (or filaments), the uprising jet of gas will be
deflected towards the west of the vertical and also its horizontal motion will
follow a trajectory inclined to the meridians in such a way that the equatorial
end of the trajectory will lie to the west of its polar end. .

We can now proceed to examine how far the inclinations derived from
the equations of motion agree quantitatively with observed values. From
equations (4) it is clear, since at the initial moment ¥ = v = 0, w = V, that
the equatorward velocity (u) arises out of the acceleration d2z/di?2 which must
be of a smaller order than d2y/dt? and d®z/di2. Nevertheless, it is the term
2(w'—w)usin ¢ in the second of equations (4) that is responsible for the
inclination to the meridians of the horizontal trajectory of the moving jet of
gas, while the westward tilt of the jet away from the vertical is caused by the
other term 2(w'—w)w cos¢ of the same equation. For the purpose of ap-
proximate calculations we may treat the two deflections as independent of
each other.. The second of equations (4) also indicates that, if the mass of
gas has a downward velocity, its path is deflected towards the east. Similarly,
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the third of equations (4) shows that, if the gas mass has an eastward velocity,
it is acted upon by an upward deflective acceleration and, conversely, & west-
ward velocity gives rise to a downward deflective acceleration. It is to be noted
that the deflective accelerations depend, for a given heliographic latitude,
solely upon the velocity of the particles constituting the gas mass, so that,
if the particles emerged from the photosphere with the same initial velocity,
they would maintain their relative positions throughout the subsequent
motion and the trajectories of the different particles would be identical.
This would explain why the shape as well as orientation of a prominence or
a filament are the same regardless of whether the observation is made in the
red line of the neutral hydrogen atom or the violet line of the singly-ionized
calcium atom. Under the joint action of the equations (4) the actual motion
of a jet of gas in the solar envelope will be a complex three-dimensional spiral
motion; and in the idealized condition of absence of friction, gravity and
other external forces the motion would continue indefinitely in a series of
overlapping loops* if the equatorward acceleration d2x/di2 is small compared
to d2y/di® and d2z/di2.

MERIDIONAL ORIENTATION AND VERTICAL TILT OF PROMINENCES

The rising jet of gas (which is to form a prominence) may be supposed
to travel through the coronal atmosphere with a steady velocity horizontally
as well as vertically; in fact, if the jet is to make a definite angle with the
vertical and with the meridians, it must move with a steady velocity. It

-is to be noted that the constancy of speed implies that all forces acting on the
moving mass of gas mutually balance each other.

[} N )

e |

P (c]
Fia. 1.

Let G be the acceleration responsible for a motion across the parallels of
latitude and let it act in the direction MG (see Fig. 1). Then because of
Coriolis force the gas mass will actually travel in the direction M P with the

velocity w making an angle 8§ with M@ Therefore, under equilibrium

* The spiral-shaped prominences occasionally observed may be examples of this kind of
motion,
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conditions, assuming the trajectory to be practically straight over a small
region, we shall have

(5) G sin 8 = 2(w’—w)u sin ¢
G cos § = fu,

where 2(w’—w)u sin ¢ = Coriolis force in the direction MD which is balanced

by the component of G in the direction MB u = equilibrium velocity and
f = coefficient of frictional resistance opposing the motion of the gas mass.
The force of frictional resistance has been taken to be proportional to the
velocity, as this is known to bs the correct relationship when eddy motion
is involved. Therefore, the angle 8 which the filament makes with the meri-
dians is given by
(6) 2(w'—w) sin ¢
—F

In order to evaluate 8 numerically from (6) we must know the numerical
value of the frictional constant and we have to use appropriate values of «’,
the value of w at different latitudes being known from empirical formulae
representing observations. We have already seen that Jeans’ theory of
radiative viscosity leads to the conclusion that the average rotation speed
of the interior of the sun ought to be about 10 times the angular velocity
observed on the sun’s surface; therefore the core, whose radius is about 1/3
of the sun’s radius, must be rotating faster. There is some uncertainty as
to whether the sun’s core has attained a uniform rotation or has some sort
of variation of angular velocity with latitude. However, we assume that the
rotation of the core is uniform, and that the angular velocity at its surface
is 15 times the angular velocity (wg) observed at the equator on the photo-
sphere; or, in other words, we put @’ = 15 wq in equation (6).

We can estimate the magnitude of the frictional constant in the following
way: We take the moving mass of gas to be a sphere of radius r and its velo-
city to be u. Then according to Stokes’ law the gas sphere will, during its
motion through the corona, experience a total resistance P = 6m7,ru, where
", is the coefficient of viscosity of coronal matter.

Therefore

tan & =

4 Ina
= = ripp =
(7 [ = 6mmr / 3TPr =g
Now 7, can be estimated with the help of Jeans’ theory (Jeans 1926)
according to which the viscosity of stellar matter is given by
4 _aT4 cP
=15 e TR B (1+§fn)

as given by Kramers’ theory of electron capture., The notation here used
is the same as in Eddington’s ‘Der Innere Aufbau der Sterne, 1928°. The
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temperature of coronal matter (in the region where prominences appear)
may be taken to be about 10-4 times the central temperature of the sun.
The density of coronal matter (p,) may be taken as about 10-3 times the
density of prominence matter (p,). Now, a prominence, which is composed
almost entirely of atomic hydrogen with a very slight admixture of metals
and rare gases, contains about 1013 atoms of hydrogen per cubic centimetre;
therefore, p, = 1:7 X 10-11 g/em? taking the mass of a hydrogen atom to be
17X 10-2¢g. Hence we have p, = 1-7X 10-14 g/em?, which is about 3 x 10-16
times the central density of the sun. Using these values of temperature
and density in Jeans’ formula, we obtain 7, = 10 times the viscosity at
the centre of the sun. The same formula gives 7 = 12-2 at the centre of the
sun. Therefore, 7, = 122. Substituting this value of 7, in (7) and putting
r = 102 cm, we have i

9x 122

(®) I = gx 1m0
The reason for putting r = 10° cm is that the radius of the ejected mass of
gas should be approximately equal to that of an average area of the sun’s
surface affected by an eruption, and that the latter quantity appears to be
of the order of 10° em. & can now be numerically evaluated from (6). The
computations have been made by using the values of w at different latitudes
given by d’Azambujag’ empirical formula ¢ = 14-44°—1-60°sin2¢; the
results are set forth in column 4 of Table 1.

= 32X 1075,

TaBLE 1T

. ) )
Latitude (¢) @ X105 (observed) (theoretical)

0° 0-292 0°
40
5° 0-291 12-5°
11°
10° 0-291 24°
17°
15° 0-290 33.5°
28°
20° 0+288 4]-2°
44°
26° 0-286 47-3°
46°
30° 0-283 b62°
58°
35° 0-281 55-8°
61°
40° 0-278 58-7°
73°
45° 0-276 61-1°
70°
50° 0273 62-7°
' 87°
55° 0-270 64-6°
73°

60° 0-267 65-8°
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For comparison with observation the values of § derived by Royds and
Salaruddin (1937) from measurements of filaments as recorded in the Meudon
“charts for a complete 11-year cycle from 1923 to 1933 are given in column 3.
Column 2 of the table gives the values of wx 105 for different latitudes as
computed from d’Azambujas’ formula. It is clear from the table that the
theoretically calculated values of the inclination of the filaments to the
meridians agree well enough with those derived from observation. The fair
agreement between theory and observation is also represented in a more
obvious form in Fig. 2. Thus the mechanism of formation of prominences
here proposed is perfectly capable of explaining qualitatively as well as quanti-
tatively the observed inclination of filaments to the meridians and its
progressive variation with latitude, which are two of the most striking features
of absorption markings and which have so far received no really satisfactory
explanation. Another puzzling feature—namely that a suddenly appearing
filament shows, almost at its first appearance, an inclination to the meridian
appropriate to the latitude where it forms—is an obvious consequence of the
present theory.

Inclination (&)
wn
O

25+ i’ . Theoretical

— — — — Observed

A

510 15 20 25 30 35 40 45 50 55 60 65 70 75
Latitude ()
Fia. 2.

It is to be noted in this context that the meridional inclination of a
filament extending over a fairly large range of latitudes is measured in practice
for small lengths of the filament which lie across small ranges of latitudes;
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therefore, the theoretical inclinations calculated for definite parallels of latitude
are similar and so they are directly comparable with the observed inclina-
tions. The conditions are, however, different in the case of the vertical tilt of
a prominence. Even if we take the upward motion to be stable, the trajectory
will systematically curve over towards the west with the increase of
distance above the photosphere. Consequently, there can be no steady or
fixed inclination between the vertical and the prominence; but one can make
an approximate estimate of the average tilt that may be expected in actual
observation. For this, we have to anticipate the considerations set forth in
the next section: if quiescent prominences have most frequently the form
of a semicircular arch, and if we consider only fully formed prominences,
then one can straightway see that the average tilt should be 22-5°; the
same oconclusion follows also from the second of equations (9) (F) by giving
to V an appropriate average value and by taking the average height of a
quiescent prominence to be 50,000 km. Now, because of its variation with
cos ¢, the tilt will decrease with increasing latitude, and so the average for all
latitudes of the sunspot belts ought to be somewhat less than 22-5°, From
observations of filaments (Roumens 1935) of the sunspot belts the weighted
mean tilt is found to be of the order of 10° towards the west; but it seems
gignificant that Mme d’Azambuja has also found that the tilts show two peaks
of greatest frequency of occurrence, one at 7° and another more pronounced
at 22°. The agreement between observation and theory therefore appears
to be very satisfactory indeed.

HEelerTS OF PROMINENCES, REVERSING LAYER, CHROMOSFHERE
AND INNER CORONA

If prominences are produced in accordance with the theory here sketched,
then this theory ought also to be capable of explaining why quiescent prom-
inences have an average height of 50,000 to 60,000 km and why their
predominant shape is that of a low arch. Now, an arch (or even a low arch)
can be of various shapes; it is of interest to consider which shape of arch
the theory predicts and to examine whether actual prominences are pre-
dominantly of the form predicted by the theofy. For this purpose, it is
useful to simplify the equations (4) still further. Since d%/ds2 is of a smaller
order than d2y/di® and d2z/di2, we can put d2z/di2 = 0 and also neglect u against
vand w. Then equations (4) reduce to only two equations, viz.
dz

(9) (4) Westwards: d2y/di? = 2(w'—~w)w cos = b. L

(B) Upwards: d®2/di2 = —2(w'—w)v cos ¢ = —b, % ,
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in which we have put 2(w'—w)cosé = b. In order to solve these equations
put dz/dt = p. Then we have

(0)-d%y/diz = b, p; therefere, dy/dt==b.p.¢, since fort =0,
dy/dt = 0; and d22/dl2 = —b.dy/dt = —b2pt = dp/dt.
dop/di2 = —b2 . p
The general solution of (C) is
p = C sin bt4-Cy cos bt,

where C; and C, are constants. Now gd; = V, when t = 0; therefore Co = ¥,
and
(D) dz'dt = Cysin bt+V cos bi.

Integrating (D) with the initial conditions ¢t = 0, z = 0, we have

4
2= _I_ .8in bt+%1 (1—cos bt),

b
From (4) and (D) with the initial conditions ¢t = 0, y = 0, dy/dt = 0, we have
(E) d2y/di? = b(C; sin bt+ V cos b) ;
' dy/dt = —C;cosbt+V sin b4y,
y="0C (t— §3%_l§)+bz (1—cos b).

Evaluating € in the usual way with the help of (j:V,'), (D) and (B) we have
(1 = 0 and therefore finally we get

(F) 2= —,gin bt

I

ol o

y .(l~cosbl) =4V .b.t2,

expanding cos 0t into a series. It is evident from the solution (F) that the
height of the trajectory of the moving mass of gas is maximum when bt = 90°
and has the value

1 4
Also when bt = 90°,
1 14
2" (w —w) cos ¢’

Therefore it follows that the trajectory will have the shape of a semicircular
arch so that the base of the prominence will be double the height. It is
interesting to note that the study (Das and Sethumadhavan 1949) of a large
number (upwards of 1,800) of quiescent prominences on the limb and filaments
on the dise photographed at Kodaikanal during 1908-1943 has shown that
the ratio of the base to the height of prominences is most frequently 2 : 1.

y=Vph=
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Now, the derivation of the relation (@) implies that ¥ remains constant
all along the trajectory so far as its magnitude is concerned. In reality,
however, the magnitude of V will vary through the influence of retarding
forces; we can form an idea of the factor by which it is likely to be reduced.
St. John (1910, also Abetti 1938, Abbot 1932) finds that in the chromosphere
the calcium vapour to which the bright emission line K, is due has an
ascending motion over the general surface of the sun of about 2 km/sec, and
near the top of the chromosphere the motion is about 1 km/se¢c downwards.
We therefore take the factor of reduction to be 0-5, and the relation (&)
becomes ‘

(H) Zmax = 026V /(0w —w) cos ¢ .

We can now use this relation for caleulating the height of an average
quiescent prominence by giving to V an appropriate value. According to
Petit (1932), the commonest velocities observed in the internal motions of
a typical stable prominence are 5-10 km/sec, and velocities greater than
15 km/sec are infrequent. We therefore take 10 km/sec as the value of
V in an average prominence of the quiescent type. Using this value of ¥,
we obtain from the above equation (H) the height (above the photosphere)
of an average prominence at the equator = 61,150 km. If an allowance of
about 10,000 km is made for the chromosphere, as heights of prominences
are in practice measured from the top of the chromosphere, we have about
51,150 km as the height of an average quiescent prominence; this is in very
satisfactory agreement with the observed height of quiescent prominences.

- Equation (H) can also be used for deducing the heights of the reversing
layer, the chromosphere and of the inner corona by giving to V suitable
values, if we assume that particles are thrown out by the sun’s core conti-
nuously and that these particles emerge radially from all parts of the photo-
sphere. Then for every given velocity the trajectories of the particles will
have the same maximum height above the photosphere, so that the envelope
of all such trajectories will be a spherical shell concentric with the photo-
sphere. Such shells could be identified with the different strata of the sun’s
outer atmosphere or envelope, provided we assigned to V such values as are
warranted by actual observations. Now, St. John (1910) (as also observed by
Abetti 1938 and Abbot 1932) has found that the iron lines belonging to the
lowest level give an upward velocity of about 0-2 km/sec. We may take this
as the value of ¥ for the reversing layer. St. John also finds that the K, lines
emitted by the calcium vapour of the chromosphere show an upward velocity
of 1-97 km/sec over the general surface of the sun. We use this as the value
of ¥V for the chromosphere. Since in deriving the relation (i) we have simpli-
fied the general equations of motion by restricting our considerations to small
regions of the sun’s surface, and thus neglecting the terms containing z, ¥
and z against those containing R (the radius of the sun), we cannot expect
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the equation (H) to be applicable to the outer corona, but we may use it to
derive. approximately the height of the inner corona. We are justified in
assigning to V a value of about 75 km/sec for this purpose. The reason is
as follows: The spectrum of the corona shows the Fraunhofer lines in
addition to the emissionlines superposed upon a faint continuous background.
This Fraunhofer spectrum can arise only from the scattering of the disc
spectrum by particles in the outer parts of the corona which are believed to
be much larger than ordinary molecules. According to Grotian (1934), these
particles (presumably of meteoric origin) are about three times the size of an
ordinary molecule; and Moore (1923) finds from the observational data of
the 1922 and 1923 eclipses that these particles have a motion of 15 km to
25 km per second away from the sun.- Furthermore, it is found that the
coronal Fraunhofer lines are not wider than the ordinary Fraunhofer lines;
therefore, the scattering particles of the dust-cloud cannot have a temperature
(in the ordinary sense) of 1 or 2 million degrees, which in any case would be
incompatible with the very existence of the dust. But the widths of the
emission lines 15303, 16374 and A6704 of the corona indicate that the emitting
Fe atoms have a random velocity of the order of 30 km/sec. This seemingly
paradoxial situation becomes intelligible if we suppose that highly stripped
atoms of iron are coming out of the interior of the sun and that, on reaching
the height of 10" to 20" above the photosplere, they impinge on the heavier
particles of the dust-cloud which therefore acquire an expansive velocity of
a smaller magnitude than that of the impinging atoms, while these (latter)
stripped atoms are slowed down, deflected through collisions and their velocity
becomes randomized, thus explaining the observed breadths of the spectrum
lines which they emit. If the highly ionized atoms emerged from the photo-
sphere with a velocity of about 75 km/sec, they could reach the inner boundary
of the outer corona, i.e. a height of about 15’ above the photosphere, and
could impart to the dust-cloud an outward velocity of the observed order of
magnitude while being themselves slowed down to the random velocity
indicated by observations made during eclipses. In Table II are collected

Tasre IT

Part of envelope Height (observed) Height (calculated)*

Quiescent prominence 50,000 to 60,000 km 51,150 km
Reversing layer .. 1,500 km 1,223 km
Chromosphere .. 10,000 km 12,047 km
Inerr corona . 500,000 km 458,660 km

* These heights differ from those calculated earlier {see Das (1941)]
because of using a slightly higher value for o’ for the present work.
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the theoretical and observed heights of the average quiescent prominence,
the reversing layer, the chromosphere and of the inner corona. Considering
the various approximations used in the calculations, the agreement between
theory and observation seems to be quite satisfactory.

We must not, however, fail to mention a consideration which introduces
a degree of indefiniteness in the results of our calculations; this stems from
the uncertainty as to the constancy or otherwise of the rotation of the core.
We have taken the core to have a constant angular velocity all over its
surface, and our calculations on this basis have shown that the observed
meridional inclinations of filaments (or absorption markings) at different
latitudes agree satisfactorily with the theoretically deduced values. However,
it would be possible to obtain equally satisfactory agreement between theory
and observation also by taking the angular velocity of the core to increase
suitably with latitude, for which assumption there is theoretical basis.
On the other hand, it is evident from the relation (H) that the constancy of
w’ at all latitudes makes Z ., increase with increasing latitude. To our
knowledge, there are no observations available which can decide whether
Z,.ax actually varies with latitude or not. It seems, however, very probable
that Z,,, is approximately constant at all latitudes. The relation (H)
will yield, as can be easily seen, a practically constant value of Z,,. at all
latitudes, if the increase of angular velocity with latitude on the core is such
that «’ = w *gec ¢ = 15w, sec $, where w* is the angular velocity at the
equator of the core and w, is, as before, the angular velocity at the equator
on the photosphere. With this mode of variation of angular velocity with
latitude on the core, the heights (calculated for ¢ = 0} given in Table IT will
remain practically constant over the whole surface of the sun; actually the
heights will show a slight decrease with increasing latitude, but whether this
is of any significance can be decided only by a critical analysis of a large
amount of prominence data.

SyYsTEMATIC DRIFTS OF SUNSPOTS AND PROMINENCES DURING
A SorAr CYCLE

So far we have been concerned mainly with the mechanism of formation
‘of prominences and incidentally with that of the different strata of the en-
velope outside the photosphere. We can now consider the slow, systematic
motion or drift (in the course of the solar cycle) of any stable structures,
such as sunspots, quiescent prominences, etc., after they have been com-
pletely formed. It is natural to expect that the drift of a reasonably stable
feature will be determined by the direction and magnitude of some uncom-
pensated force which may be associated with the particular stratum (of the
solar envelope) to which the concerned feature is attached.
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EQUATORWARD DRIFT OF SUNSPOTS

We have already seen that the first of equations (3) contains a term,
R sin ¢ cos ¢, representing an equatorward acceleration which remains
uncompensated if the sun’s photosphere is spherical in spite of its axial
rotation. Now, sunspots are attached to the photosphere; accordingly we
suppose this term to be responsible for the drift of sunspots according to
the Carrington-Spoerer law, since all observations so far available indicate
that there is no serious reason for suspecting that the photosphere is not
perfectly spherical.* We shall examine the question in greater detail in
order to ascertain how far the observed peculiarities of the equatorward
motion of sunspots (or rather of sunspot belts) can be accounted for by this
uncompensated acceleration. Let us, to begin with, consider the sun to be
a large mass of incompressible fluid in equilibrium under its own gravitation
and therefore of spherical shape. If now this spherical fluid mass is given a
constant angular velocity around a central axis then, according to the laws
of hydrodynamics, the fluid mass ought to take the shape of an oblate spheroid
with an equatorial bulge and flattening at the poles. However, the sun’s
photosphere, as we know it, is spherical despite its axial rotation; the reason
for this is obscure, but we accept the spherical shape of the photosphere as
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an observational result. If the photosphere had behaved according to the
ordinary laws of hydrodynamics, the oblateness of its figure of equilibrium
under constant angular velocity would have been such that, in each hemi-
sphere, the component of gravity towards the pole would be exactly balanced
by the equatorward component of centrifugal force at each point of the
photosphere. However, since the photosphere is actually spherical in shape
there remains an uncompensated equatorward component of the centrifugal
force; and this will be so even when the angular velocity w decreases with

* Photographs of the photosphere taken from great altitudes with the help of : sounding
balloons, as is being done in Europe and in Americe, should eventually be able to give a vardict
an this question. i



208 A. K. DAS

inereasing latitude in the way it actually does on the photosphere. This can
be easily seen from Fig. 3. At any point M, the magnitude of this equator-
ward acceleration (linear) will be w2Rsin ¢ cos ¢, where ¢ = heliographie
latitude of the point M, OM = R, MB = r, @ = angular velocity, PP’ = axis
of rotation and EQ = equator of the sun.

The numerical values of the equatorward acceleration at various latitudes
on the photosphere of radius R can easily be computed by using Carrington’s
formula ¢ = 14-37°—2-60° sin? ¢, in which ¢ = distance in degrees traversed
in one day = @ X 18—0 X 24X 60x60. These values are collected in column 3
of Table IIT. It w111 be noticed that the acceleration has a maximum value
near latitude 40° and is zero at the poles and at the equator. For ecomparison
with observational quantities we can derive using Carrington’s formula (in
which 14-37° = a, 2-60° = b) the theoretical equatorward velocity dé/dt for

TasrE IIT
Latitude ¢ w?R sin ¢ . cos ¢
(in degrees) (in degrees) (cm/sec?)

0 14-37 0
10 14-29 0-099
20 14-06 0-180
30 13-70 0-231
40 13-27 0-246
50 12-80 0-229
60 12-37 0-188
70 12:01 0-131
80 11.78 0-067
90 11-70 0

the different latitudes from the relation

% = w? gilt ¢. cos ¢ = }w? sin 2¢
= §{a—b sin? ¢$)2 sin 2¢
= }{a24b2 sind ¢—-2ab sin? ) sin 2¢.

Multiplying both sides of this relation by 2 fiﬁ? and integrating, we obtain

J' ‘;‘f ‘f;f dt = J.(az-sin 26 ¢+b25m4¢ sin 26 . ¢

—2ab sin2 ¢ . sin 2¢ . 7?) dt,
whenoce

2
(ﬁ) = — 22? 008 2¢+b§2 gin® ¢ —ab sint ¢4 const.
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Now, since sunspots do not oross the equator we put d¢/dt = 0 at ¢ = 0;
therefore the constant of integration = a%/2, and we finally have

SRV o ,
(10) (7{?) =%(1——cos 2¢)—0D ﬂm4¢(w+£‘—f.sin* ¢),
where
o WdTxw e
= X2 60X 60 — - 201 X1
and
200 X7 Sasx 0T,

b e 2 AT
T T 180 % 24 X 60X 60

Column 2 of Table IV gives the theoretical velocities computed from the
relation (10) for a number of latitudes for which the velocities of drift of
sunspot belts are available from observation. Column 3 of the table incor-
porates the velocities derived by Gleissberg (1944) from Waldmeier’s diagram
which gives the average heliographic latitudes of sunspots against the time
reckoned from the epoch of maximum for a eycle of medium activity.

Tapry IV

. Velocity (cm/sec Velocity {(cm/sec Velocity (theoretical
Latitude (degrees)  , j,_4 (tyh(eore/tica)l) %10 -45(’0(bse£ved)) mi’?((m)

23 8-841 1475 5992

24 8-206 1-281 6356

22 7-560 1.291 5856

20 6-902 1-148 601-5

18 6-236 1-033 603-9

16 ) 5563 0-939 592-6

14 4-883 0:795 614-6

12 4.197 0-689 6095

10 3-504 0-574 610-6

It is apparent from the table that the calculated velocity shows very
closely the same type of variation with latitude (namely decrease with
decreasing latitude) as the velocity of drift of sunspot belts deduced from
observation. But, as column 4 of the table shows, for every latitude the
theoretically calculated velocity is approximately 600 times larger than
the corresponding velocity derived from observation; this, however, is not
surprising since in the computation of the theoretical velocities no acoount
has been taken of the effects of frictional resistance. If allowance were made
for retardation due to friction, the theoretical velocities would certainly be
reduced very .considerably, but it is extremely diffioult to decide as to how

2



300 A.-K. DAS

this allowance should be made. It is, however, evident that these velocities
are of the nature of ‘local terminal’ velocities of the zones in which sunspots
appear and are characteristics of the parallels of latitude. Precisely like the
observed velosities, the theoretically deduced equatorward velocities appro-
priate to the various latitudes are not the actual velocities of translation of
individual spots which are short-lived compared to the duration of a solar
cycle; they are to be considered as equilibrium velocities under conditions
in which all forces are balanced in the same way as represented in Fig. 1. In
the present context, however, the equilibrium velocity towards the equator is

?l;i’ the Coriolis acceleration at right angles to it = 2w ?Z-?- sin¢ (where
@ = the angular velocity of the photosphere at latitude ¢) and the equator-

ward acceleration == w2R sin ¢ . cos ¢. Therefore, we have

(11) w?B sin ¢ . cos ¢ . sin 8 = 2w sin ¢%
wZRsin¢.cos¢.0038=j'-%,

where f is the coefficient of frictional resistance which now refers to photo-
spheric material. When ¢ varies over a small range, the relations (11) can
also be written as follows, since 8 will then vary very slightly:

At 4+ sin¢
L idin 2 = = - - —
(12) P sin 2¢ R oams = const. (gpprox.)
d—ltﬁ‘ $ih 2¢p = ———f—- = ¢oulst. (aPProx.)
Sin 2¢ = —5or —o 5 = coust. (approx.

1t is interesting to note that Gleissberg (loc. cit.) has empirically found
that the relation 3—; sin 2¢ = const. approximately holds during the equator-

ward drift of sunspot belts. Our method of deriving it shows that the rela-
tion (12) is not ‘merely aceidental’, although it may have no very great
significance.

POLEWARD DRIFT 0F PROMINENCES

Until some fifteen years ago it was generally believed that the so-called
equatorial prominences drifted from about latitude 40° towards the equator
in the course of the solar cycle in practically the same way as the spots do,
whereas the high-latitude or polar prominences, which are found approxi-

_ mately between lat. 50° and lat. 80°, moved in the opposite direction towards
the poles. However, it hae since then been conclusively established by M.
and Mme L. d’Azambuja (1948) that there is no real distinction between
the equatorial and polar prominences (or filaments), and that both drift in
the same direotion, namely from the equator to the poles, during the progress

2B .
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of a solar cycle. The same conclusion had been reached, though- with less
certitude, by Moss (1946) as early as 1929 from an analysis of limb promi-
nences. The d’Azambujas’ work shows that all prominences on the solar
disc, regardless of whether they belong to the equatorial or polar region, un-
questionably move polewards or, in other words, in a direction opposite to
that of the drift of sunspot belts; but their rates of movement at different
latitudes are not known with the same degree of certainty. The general
poleward movement of all prominences can be accounted for by the following
mechanism based upon entirely dynamical considerations.

We have already seen that the spherical shape of the photosphere neces-
sitates the existence of an uncompensated equatorward acceleration arising
out of the axial rotation. But because the photosphere is spherical the
chromosphere need not necessarily be of spherical shape. . A sufficiently long
series of photographs of the chromosphere taken with a monochromatic
heliograph from great heights above the earth’s surface would decide this
question. In fact, it is permissible, according to Clairaut’s theorem, for
the chromosphsre (which surrounds the photosphere) to assume the shape
appropriate to the sun’s rotation in conformity with the usual laws of hydro-
dynamics, although the photosphere has an altogether different shape. We
suppose the behaviour of the chromosphere to be normal in this regard: if
the sun rotated with a constant angular velocity, then the chromosphere
would have bulged at the equator and would have become flattened at the
poles in such a way that the equatorward component of the centrifugal force
would have been exactly componsated by the poleward component of gravity,
so that there would have been no resultant acceleration either towards the
pole or towards the equator.. But the chromosphere rotates in the same
way as the photosphere; the so-called polar retardation of angular velocity
is the same in the chromosphere as it is in the photosphere. Therefore the
chromosphere cannot haveé a figure of equilibrium in which the poleward
and equatorward acoelerations are exactly balanced. The actual chromo-
sphere ought to depart from the figure of equilibrium appropriate to a constant
angular velocity of rotation in such a way that there is an increased pole-
flattening. It can easily be shown (Das 1958) that the equation of the surface
of a pole-flattened fluid spheroid in equilibrium under its own gravity and
rotating with a constant angular velocity w about a central polar axis is, to a
first approximation, as follows:

w2k,
(13) R=1.39(V1+v290

0. 0982¢)’

where' the notation is the same as in Fig. 3 with the addition of B, which is
‘equal to B at the poles and of g, equal to the gravity g at the poles. In
Table V are collected the values of R— R, computed from equation (13) by
using Carrington’s formula for the angular velocity at different latitudes and
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also for « == constant over the whole surface; the increased pole-flattening
is evident. The result of the increased flattening at the poles is of course
the existence of a net acceleration directed towards the poles at all latitudes.
The resultant poleward acceleration is the excess of the poleward component
of gravity over the equatorward component of the centrifugal acceleration and

is given by

y 1 dR dR

F = e et G2 COSS -

(14) pole R d¢ g —w* COo8 ¢ (qu
TaBLE V

R—RyX10-5 em

Latitude
(degrees) w == constant*  varying with ¢
0 4-989 7-526
10 4-840 7-221
20 4-406 6-362
30 3-741 5130
40 2.927 ' 3.767
50 2-061 2:467
80 1-248 1-394
70 0-583 0-615
80 0150 0:153

90 0 0

* The constant value of w is that at the pole.

The magnitude of this net poleward acceleration and its variation with
latitude can therefore easily be computed (Das 1958); the results of these
calculations are incorporated in Table VI. In all the computations, g and
R have been taken to have, to a first approximation, constant values over the
whole chromosphere, namely g = 2745 < 104 ecm/sec? and B = 7-028 < 1010 em.

TaBLE VI
Latitude 2] %1 -5 w?R sin ¢+ @® cos? ¢- g _dR . Fpore
range d¢ dR 5 5 X =
(degrees) {em/degree) - cos ¢ ) x10 R dé {cm/sect)
0-10 0-0305 0:06 0-622 . 0:069 0-019
10~20 0859 14 1-613 194 0-056
20-30 1222 21 1-939 276 0-086
30~40 1363 24 1677 307 0-087
40~-50 1300 24 1-121 203 0-053
. 50~80 1073 20 0-427 242 0-042
80--70. 0779 16 0-215 176 0-016
70-80 0482 - -- 10 0-049 104 0-004
80-90 ToLs2 - 03 0:003 . . 034 - 0004
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It will be noticed that the poleward acceleration has a maximum value *
at about latitude 35°. We identify this poleward acceleration in the chromo-
sphere as the cause of the systematic movement of all quiescent prominences
(since these are attached to the chromosphere) towards the poles in the
course of the solar cycle. For checking this theory against observation, we
have to derive from equation (14) the theoretical velocities for different
latitudes and compare them with the observationally available velocities of
drift of prominences. For this purpose, we can introduce into equation
(13) the variation of w with latitude according to Carrington’s formula and
write :

—b si 2
. cos? ¢) = Ry { 1 +(________a b;;nz ¢)
290

[ 2
R=R, (1-{-“:);30 . Ry cos”d:}
290

Ry® .
= R+ (a~bsin® ¢)2 cost ¢.
290
From this we get

2
dRjdp = - % . 8in 2¢(a242ab cos 2 +bZ sint p—2b2 sin? ¢ . cos? @),

Now, for an oblate spher01d is negative. Hence we have from equation

¢
14), since the term w?2 cos2 ¢ dk is negligibly small compared to the other
d¢ g g v

terms,

2
Foae/R = -]-%9—2 {g—go- . sin 2¢(a2+2ab cos 24+ b2 sint  —2b2 sin2 ¢ . cos? ¢)}
o

—(a~bsin?)2sing . coxd
= absin 2¢ . cos 2 —b2sin2 ¢ . cos? ¢ . sin 24 +absin2 ¢ . sin 2¢
= deg/de2.
Multiplying both sides of this equation by %? and integrating, we obtain

2
(15) (%%) = f2ab sin2¢ . cos 2¢ . dp— f2b’ sin ¢ . cos2 e . sin 24 . dé
+f2ab sin2 ¢ , sin 2¢ . d¢b
= }ab sin? 24+ b sint p(a—b)+ §b25in8 ¢ ;
here the integration constant = 0, on putting Z—i: =0 for ¢=0. It is

possible to calculate from (15) the theoretical poleward velocity for different
latitudes and eompare them with the values derived from observations

* We may recall that the equatorward acceleration in the photosphere also has & maximum
at about latitude 40°. It seems suggestive thet the first eunspots of every new solar oycle also
appear at Jatitude 35°-40°, '
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by M. and Mme L. d’Azambuja. Like the equatorward velocities of belts
of sunspots activity previously considered, these poleward velocltles denved
from theory are not identical with the actual poleward velocltles of mdundual
limb prominences or disc filaments. They are characterlstm .of the- par&llels
of latitude and represent rather the average rates. of dlsplacement in
latitude of the belts- of prominence actlwty The theoretlca.lly deduced
velocities are much Jarger than the ‘observed’ velocities; but that is to be
expected, for in -caloulating the theoretical velocities effects of frictional
resistance have been ignored.-

Agccording to the present theory, the poleward velocity of prommences
ought to increase with increasing latitude up to about latitude 70° and there-
after there is indication of-a slight decrease. The poleward velocities of
prominences determined by M. and Mme L. d’Azambu]a. from observations
show, on the contrary, that they decrease with increase -in latitude. It is
difficult to decide whether or not this constitutes a real contradiction between
observation and the theory here proposed. However, it seems from their
memoir (loc. cit.) that M. and Mme d’Azambuja do not regard their deter-
mination of the variation in magnitude of the poleward velocity with latitude
as definitive. As a matter of fact, it is only between latitudes 11° and 40°
that they have been able to use a fair, though not really large, number of
filaments for the determination of the velocities for different latitude ranges;
they particularly mention that if one divides the 11-year cycle into three
periods, namely the ascending phase, the maximum phase and the declining
phase of sunspot activity, then one finds that (for the polar filaments clearly,
but with less certitude for the equatorial filaments) the poleward displace-
ment during the ascending phase is at least double that durirg the descend-
ing phase. These and other inherent uncertainties surely stress the necessity
of extending the measurements to a much larger amount of observational
material covering a substantially longer period before the variation of the
poleward velocity of filaments with latitude can be considered to be known
with sufficient precision. It is not without interest to note in this context
that a statistical study published by the Royal Observatory, Greenwich
(Anon. 1924), showed that the faculae (which are evidently formed high
above the photosphere) also show a poleward drift and that ‘this movement
is more pronounoced in high than in low latitudes’; this would be in agreement:
with the present theory.

FormaTION OF BIPOLAR SUNSPOTS, THEIR MAGNETIC POLARITY, REVERSAL
' OF POLARITY AT APPEARANCE OF NEW CYCLE AND EVERSHED-EFFECT -

The existence of an equatorward acceleration in the photosphere and
of -an -oppositely - directed (i.e. poleward) -acceleration in-the. chromosphere
points to somevery interesting consequenices: in'fact; from what has-so far
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been discussed in the present paper it seems possible to suggest a sirpple
mechanism capable of explaining at least qualitatively how sunspots can be
formed, what is the origin of their magnetic fields and how their magnetic
polarity becomes reversed approximately every 11 yvears, i.e. with the ap-
pearance of each new cyele. For instance, suppose that a mass of gas ejected
from the sun’s interior emerges from the photosphere with a small velocity
(say, less than 0-2 km/sec) so that it rises very little above the photosphere.
Such a gas mass will also be affected by the equatorward force in the photo-
sphere, and may- therefore be expected, due to the combined effect of its
radial velocity and the equatorward force, to acquire a rotation around an
axis approximately parallel to the parallels of latitude, the senses of rotation
in the northern and southern hemispheres being opposite. Thus under
favourable conditions there will be formed two oylindrical vortex pipes
rotating in contrary senses in the two hemispheres. Now, each such vortex
pipe will have, according to hydrodynamical laws, a tendency to bend; so
that its ends will either come together to form a closed vortex ring or they
will meet the boundary which in the present case is the photosphere. If
the vortex pipe is sufficiently long, and is close enough to the photosphere.
its end will strike the photosphere and therefore on the photosphere two
circular vortices rotating in opposite senses will be formed in each hemisphere.
These circular vortices would be the two components of a bipolar sunspot:
it is apparent that the ‘leader’ spots of the two hemispheres will have oppo-
site rotations, and so also the ‘follower’ spots. It is of course implicit in this
picture, as also in the theory of Bjerknmes (1926), that the sunspots are
similar to circular hydrodynamical vortices; but the processes of formation
of the circular vortices are completely different in the two theories. In
Bjerknes’ theory it is necessary to assume the permanent presence of a sub-
photospheric vortex pipe girdling the whole sun in each hemisphere and
approximately parallel to the equator; in the theory here proposed no such
supposition is required, and that is one of its advantages. The magnetic
field of a sunspot, on the present theory, will be produced by the rotation
of electrostatic charges in more or less the same way as supposed by Hale
(1908) at the time of his discovery of the magnetic field of sunspots. The
centrifugal force due to rotation is here considered to be responsible for the
separation of electric charges. Whether or not the rotation will be fast
enough to acecount quantitatively for the observed magnetic field of a sunspot
cannot be decided without very careful consideration. It is contended by
some theoreticians that, because rotation has not been observed as an in-
variable concomitant of sunspots, they are not to be identified with hydro-
- dynamic whirls. This view seems, however, to have no serious justification ;
Mzr. J. Evershed did indeed observe a mean rotational velocity of 0-356 km/sec
in_the Jower chromosphere above sunspots, and this rotational velocity,



306 A. K, DAS.

acoording to his observations, changed sign in passing from the northern to
the southern hemisphere. Furthermore, it is extremely difficult, by the
Doppler-shift method of observation usually employed, to detect rotary
motion in sunspots; for, when the deepest parts of a spot are accessible to
observation, viz. when the spet is at or near the central meridian, the rota-
tion is practically at right angles to the line of sight, while at the times when
the spot is seen edgewise, viz. far away from the central meridian, the ex-
tremely superficial parts alone of a spot are observable. Therefore, observa-
tional evidence, such as it is, is not contrary to the view that sunspots are indeed
circular vortices in which the speed of rotation is high in the deeper layers.
It is an observed fact that a sunspot usually takes several days to develop
its full magnetic field which, after remaining constant for a longer period,
gradually disappears again (along with the dissolution of the spot) in about
the same time as it has, in the beginning, taken to build up. On the view
here advocated, this indicates that the growth or decay of the magnetic field
is & consequence of the increase or decrease of the unobservable speed of
rotation in the sub-photospheric levels of the sunspot whirl,

It will be realized that this view of regarding the sunspot as a revolving
fluid column has a good deal of similarity with a terrestrial tornado although
the physical processes responsible for the two phenomena may be quite
different. The dynamical structure of a sunspot will have some features in
common with a terrestrial tornado: for instance, the tornado funnel has a
small diameter at the end nearest to the ground and a much larger diameter
at its upper end attached to the cumulo-nimbus cloud; the lower end of the
sunspot vortex below the surface of the photosphere may also be expected
to have a considerably smaller diameter than the part of the spot visible
on the photosphere. The principle of conservation of angular momentum
applied to either vortex will give a very considerably higher angular velocity
at the narrower end as compared to the other end. In terrestrial tornadoes
the maximum wind speed has been observationally estimated to increase
a hundredfold over the wind speed in the surrounding field. In sunspots the '
conditions may well be: analogous; if so, there will be no real difficulty as
regards the adequacy of the rotational velocity to produce the required
strength of magnetic field.

From the afore-considered view of the formation of sunspots several
other useful but qualitative conclusions also. follow. The rapid rotation
inside a sunspot will produce a rapid lowering of gas pressure and therefore
also of temperature in the central parts, and the appearance of a magnetic
field (Biermann 1941, Cowling 1953) as a consequence of the rotation will
perhaps help to lower the pressure further. Thus the umbral region of &
sunspot will be an area of decidedly low pressure which will draw gaseous
matter both from above and below the layer where the spot exists.
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Centrifugal action will prevent the inflow of matter from the sides into the
low-pressure area, and will also throw out from the central parts the gaseous
matter drawn in from above and below. When conditions are stabilized,
matter will therefore be flowing, at some ‘neutral level* inside the sunspot,
radially in all directions out of the umbral region and parallel to the surface
of the photosphere; this would provide a qualitative explanation of the
Evershed-effect and of the observation (Michard 1951) that spots with higher
magnetic fields also show greater Evershed velocities. Furthermore, in the
steady state, the circulation of solar gases in the immediate vicinity of sun-
spots will also be the same as in St. John’s scheme. So far as the so-called
‘photospheric faculae’ and ‘chromospheric plages’ associated with spots are
concerned, we may picture them perhaps as small vortex rings formed by
small amounts of matter ejected from the interior into the chromosphere
prior to the formation of a sunspot. If this picture be right, these structures
can be expected to have considerably longer lives than sunspots; there may
also be magnetic fields associated with them.

- In the mechanism of formation of bipolar sunspots so far considered we
have supposed that the gases which ultimately give rise to the two whirls
emerge from the photosphere with a small velocity and therefore rise just
above the photosphere. Consequently, the senses of rotation of the two
components of the pair are determined by the equatorward force in the photo-
sphere. But if the gases were thrown out of the interior with a higher
velocity (say, of the order of 2 km/sec), so that they rose just above the
chromosphere, then the senses of rotation in the two components of the bi-
polar group would be determined by the poleward force in the chromosphere
.and would therefore be precisely the opposite of what we found in the first
case. Now, from a statistical analysis of Greenwich measures of sunspots
extending over the years 1876-1923, Turner (1924) has found that the ratio
of spotted areas in the ‘even’ cycles 1888-99 and 1912-23 to the spotted areas
_in the ‘odd’ cycles 1876-87 and 1900-11 was 143 :126. This suggests that
the activity in the ‘even’ cycles is higher than in the ‘odd’ cycles. Waldmeier
(1934), who has analysed sunspot observations made between 1755 and
1928, has also concluded that the maxima of consecutive sunspot cycles are
alternately large and small. Thus, according to observational evidence, if
a given cycle has large activity then the next cycle will have smaller activity,
and the cycle following will again be characterized by large activity. Now,
according to the mechanism we have been considering, both prominences
and sunspots arise from essentially the same process, namely the ejection of
matter from the sun’s interior, the difference between the two phenomena
being that the radial veloocities with which the gases emerge from the photo-
sphere are different in the two cases. It is reasonable to expect that the
radial velooity will be greater during a solar oyele of greater activity than
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in one of lesser activity, We suppose that in the alternate *high-activity’
cyoles the velocity of ejection of matter from the sun’s interior is such that
cylindrical vortex pipes are formed just outside the chrpmosphere; each of
these bends down to the photosphere and forms a bipolar group of a certain
polarity (i.e: a certain sense of rotation). In the alternate ‘low-activity’
cycles the cylindrical vortex pipes are supposed to form just above the photo-
sphere and give rise, therefore, to a bipolar group of opposite polarity (i.e. an
opposite sense of rotation). Thus it seems possible to picture, in a simple
way, the reversal of the magnetic polarity of sunspots with the appearance of
each new cyele.

PrESENOE oF HioguLy IoN1ZED ATOMS IN THE CORONA

Earlier in this article, in connection with the estimation of the frictional
resistance on a mass of prominence matter moving through the corona, the
temperature of the solar corona was taken to be 10-4 times the sun’s central
temperature or about 4,000°K. This is of a very much lower order than
the temperature that is often said to prevail in the corona. The question of
coronal temperature is a vexed one; there are several apparently good reasons
for supposing that the corona has a temperature of 1 to 2 million degrees,
but there are also good grounds for believing that the temperature of the
corona ought to be very much lower and perhaps of the order of 4,000° K.
Probably the strongest arguments in favour of a coronal temperature of 1
or 2 million degrees are the presence of highly stripped atoms of iron, nickel,
calcium, etc., and the widths of their emission lines. But these arguments
are based upon the assumption that the extreme stats of ionization of these
atoms found in the corona is actually caused by local temperature which is
also responsible for the observed widths of the spectrum lines which they
emit. One of the arguments that can be advanced in favour of a low-tem-
perature oorona is that cold quiescent prominences (whose temperature is
probably of the order of 4,000°) do exist, apparently unaffected, for weeks
(sometimes months) in the coronal atmosphere with their atoms of hydrogen
and calcium still emitting the H, and K lines; it is difficult to believe that
this could happen if the coronal temperature were 1 or 2 million degrees.
Another point, which cannot be understood on the basis of a coronal tem-
perature of a million or two degrees, is the observation that the Fraunhofer
lines of the coronal spectrum are not wider than the ordinary Fraunhofer
lines; evidently, the particles which scatter the Fraunhofer spectrum are
endowed with no high velocities of thermal agitation appropriate to a few
million degrees of temperature. Furthermore, from the observations of
W. O. Roberts and collaborators, it appears that they have sometimes detected
the A 5303 lines of the corona. (due to Fe XIV) at a level of about 8,000 km
above the sun’s limb, and therefore in the chromosphere, . If the. 13 electrons
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of the iron atom had to be knocked out by the local temperature, then the
temperature at the height of 8,000 km would have to be of the order of a
million degrees; yet the chromosphere at that level can have a temperature
of -no more than a few thousand degrees. The conclusion to be drawn from
these paradoxes appears to be that here we have nothing to do with the
temperature of the corona; the source of the highly stripped atoms of the
corons must be located somewhere other than the corona itself.

. We are again led to the mechanism which appears to have succeeded in
- providing satisfactory answers to the many problems of solar physics so far
considered in the present articles. Accordingly we suppose that the highly
ionized atoms of iron, nickel, etc., responsible for the bright-line spectrum of
the corona, have their origin in the deep interior of the sun and that they are
ejected, through some internal eruptive process, with a velocity which has
the value of about 75 km/sec. at the moment of emergence from the photo-
sphere, for reasons discussed earlier. If the core is the source of these atoms,
then it is of partioular interest to judge in what state of ionization the atoms
of iron (which we take to be typical) would be, if (for reasons to be indicated
presently) they reached the corona without losing their ionization. On the
basis of the theory of polytropic gas spheres, the temperature, pressure and
density at the centre of the sun are 39106 degrees, 124:8 X 1016 dynes/cm?2
and 76-7 respectively, taking the polytrope index n =3, u = 21 and
B = 0-9501 (the notation adopted is the same as in Eddington 1928). Using -
Emden’s tables we can derive the corresponding quantities for layers at given
distances from the centre and then with the help of the following formula
(Eddington 1928) we can calculate the ionization for any of the layers:

I—x 04343 W P

- (16) log

Such calculations for a layer (close to the core) distant R©/3:45 from the
centre (temperature = 23 x 108 degrees, pressure = 14-4 X 1015 dynes/em? and -
density = 15-19) show (Das and Rao 1942, Das 1942) that 95 per cent of the
iron atoms under consideration have lost 24 or more of the outer electrons.
Such highly ionized iron atoms might be present in the corona if they retained
their ionization during their outward motion and rose into the corona. We
have now to consider under what circumstances ionization equilibrium might
break down in a case like this.

In the ordinary theory the state of ionization of stellar material is calcu-
lated under equilibrium conditions. But as ionization equilibrium is reached
rather slowly, the state of ionization of convecting matter must depend very
greatly upon the speed of convection. In connection with the hydrogen
¢onvection layer of a star, this was brought out very clearly by Sir Arthur
Eddington (1941) who showed that for quite small speeds of convection-the
state “of jonization fails to keep pace with the changing pressure. and
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temperature of the material. We oan, by using Eddington’s method, calculate
the critical velocity at which ionization equilibrium in the case of the highly
ionized iron atoms ejected from the deep interior of the sun will break down.
If the actual velocity of the atoms exceeds this critical velocity, they will
arrive at the coronal level with their ionization appropriate to the high tem-
perature of the sun’s interior. The method of calculation is as follows:

Consider two levels 4 and B in the interior of the sun, B being the deeper.
A particular type of atom with a critical ionization frequency v loses p—1
electrons at 4 and p electrons at B. 7T, and T, are the temperatures and
P, and P, the pressures at the two levels. The ionization in the ecolumn
of material comprised between the two levels is regarded, following Zanstra’s
ideas in his theory of planetary nebulae, as being produced (directly or in-
directly) by the photons entering at the base of the column; so that an
inocrease in the degree of ionization can only be produced by a difference
between the number of competent photons entering and leaving. By Planck’s
law we calculate the numbers of photons », with frequency equal to or greater
than », contained in a cubic centimetre of radiation at the temperatures
T, and T,. Then, under equilibrium conditions, }n,.c and $n, . c ionizing
photons per sq. em and per sec will pass outwards across the levels 4 and
B respectively, ¢ being the velocity of light. Therefore, the number of
ionizing photons available per sec for a column of unit eross-section bounded
by the two levels will be }¢(n,—n,). The total number of atoms in the column
is estimated from the difference in pressure between the two levels, by
making some reasonable assumption (we have assumed Russell’s mixture)
with regard to the relative abundance of the elements, It this number is &,
then the time necessary for ionization equilibrium to be established is N/{c
(n,—n,) and the critical velocity is (d/N). }c(n,—n,), where d is the distance
between the levels 4 and B.

In principle, this procedure should, in spite of the fact that it neglects
collision excitation and ionization, yield a reasonably reliable estimate of
the critical velocity of convecting matter * in any region of the interior.
The critical velocity calculated by this method comes out to be of the order
of 105 km/sec (or one-third of the velocity of light) for a region corresponding
to the core. This is far too great to be exceeded by the actual velocity with
which iron atoms may be travelling outwards, so that in reality there will
be no breakdown of ionization equilibrium; in fact, although the critical
velocities for different regions of the interior rapidly decrease with increase
of distance from the centre, ionization equilibrium will not fail over a wide

* The amount of convecting matter involved in the various phenomena dealt with is small
compared to the mass of the sun, and so the energy transported by it is also negligible against
the total energy which emerges as radiation from the sun, Therefore radiative equilibrium
applies to the sun as a whole.
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region extending from the core towards the outer parts of the sun. Caleu-
lations made for levels progressively farther away from the centre, however,
show (Das and Rao 1942) that there is a region bounded by thelevels
6-63 668
g0 70 nd gy Fo

(in Emden units) where the oritical velocity for the breakdown of ionization
equilibrium is of the order of only 300 km/sec. This is an internal region
about 26,000 km below the photosphere, and here the conditions of tem-
perature, pressure and density are right, according to the ionization formula
(16), for the removal of the 14th electron of the iron atom. It is to be noted
that 300 km/sec is quite a moderate velocity compared to the scale of velo-
ocities sometimes observed even in the sun’s atmosphere; it is only about 4
times the velocity which the highly stripped iron atoms need to possess on
emergence from the photosphere in order to reach the corona. Thus, it seems
very probable that the 24- or 23-times ionized iron atoms, as they travel
outwards from the core, although they must have been steadily losing their
ionization before, will cease to do so on crossing the level in question with
a velocity exceeding 300 km/sec and will therefore reach the corona with
some 14 (out of their total complement of 26) slectrons missing. This will
account for the presence of the Fe*13 atoms in the corona even though its
temperature may be nowhere near 1 or 2 million degrees. The observed
width of the A 5303 line could also be explained in the way already indicated
without nseding to attribute to the corona a very high temperature.

The boundary at which ionization equilibrium will fail will be different
for different stages of ionization of any given atom; but on account of the
oloseness of the ionization potentials for successive electrons the boundaries
will merge into one another, with the result that instead of sharp boundaries
with characteristic degrees of ionization there will be a fairly thin layer in which
the particular species of atom will occur in different stages of iomization
within certain limits. For instance, in the layer bounded by the

6-63 6-68 |

69010 andga5 - fo
levels the ionization can be summed up as follows: 31 per cent of the iron
atoms which have lost 12 electrons at the upper boundary lose the 13th and
the 14th electrons at the lower boundary; 8 per cent which have lost 13
eleotrons lose also the 14th and the 15th; 10 per cent which have lost 11
electrons lose the 12th, 13th, 14th and 15th electrons. Therefore, since
the intensity of any emission line in the coronal spectrum will depend upon
the abundance of the appropriately ionized atomic species and the prob-
ability of the transition, which gives rise to the line, we should expect, ac-
oording to the process here considered, the Fe'® and Fe'f lines to be
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much stronger than the Fe*1? and Fe™? lines; this seems also to be actually
the oase. Furthermore, the levels at which ionization equilibrium fails will
differ according to the ionization potentials, the atomic weights and the
abundances of the different species. The ionization potentials for the 14th
electron of Fe, the 15th electron of Co and the 16th eleetron of Ni are as
29 : 32 : 36. These are so close to each other that ionization equilibrium
for all these three atoms will break down in a fairly thin layer quite close to
the 26,000 km level here considered. This may be the reason why the spectral
lines of these atoms appear prominently in the spectrum of the corona.

CONCLUSION

Thus the theory sketched in the present article appears to be capable,
. in spite of its incompleteness and its shortcomings, of providing answers to
quite a large number of unanswered questions of solar physics. It rests upon
one simple hypothesis, namely that the fast-rotating central region of the
sun (called the ‘core’ for convenience) throws out matter through some
eruptive process and that the motion of the ejected gases outside the photo-
sphere follows the ordinary laws of dynamics; the diversity of the phenomena,
according to this theory, is caused by the different radial velocities with
~which the ejected gases are endowed. However, the investigation, as far as
it has proceeded at present, throws no light on the nature of the eruptive
process responsible for the ejection of matter from the core. It is conceivable
that this eruptive process in some way arises from the nuclear transformations
of which the core is generally believed to be the seat.
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