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1.
§ 1. Introductiomn.

In order to explain the mysterious phenomenon known as
he solar corona many different hypotheses have been proposed.
e of the most simple of these is that the corona con-
itutes a sort of atmosphere around the sun. But if this at-
10sphere — in analogy with that of the earth — were in equi-
brium wunder the influence of gravitation alone, the enor-
10us extension of it would require a temperature of about a
dillion degrees. At the first sight this possibility seems to
easy to rule out, because it seems absurd that so high a
mperature could exist not far outside the photosphere, whose
Emperature is only 6000°. However, as radiation losses in
very thin corona are small and thermal conductivity usu-
lly is of little importance in stellar atmospheres, the exist-
Nce of so high a temperature is not physically impossible.
Urther, many arguments for the existence on the sun of
articles with high energies have accumulated from recent
vestigations on different lines, and it is also possible to

‘Understand how high energy particles can be produced. There-

¢ it seems worth while to investigate whether the corona
Uight perhaps consist of high emergy particles, which is the
4e as to say that it has a very high temperature.

Ak 1o matematik, astronomi o, fysik. Bd 27 A. N:o 25. 1
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* mean velocity of 23—26-10° cm sec™. If the emitting atoms
have the mass 56 (= Fe), their kinetic energies am.,ount to
- 150—190 e-volts, which is the same order of magnitude as
' found in A.

§ 2. Arguments for the existence of high energy particles
on the sun. :

Let us consider the more and less definite arguments for

the existence on the sun of high energy particles.

A. The continuous spectrum of the corona has the same
energy distribution as that of the photosphere, which according
to Schwarzschild can be explained only if it consists of photo-

spheric light scattered by free electrons in the corona. But

in the inner corona no Fraunhofer lines are observed, which
very probably is a result of a smoothing through the Doppler E

effect produced by the swift motion of the scattering electrons.
This explanation is supported by the discovery made by Gro-
TrIAN' that the depression of the photosphere intensity in the
environment of the H and K lines is reproduced in the co-
rona spectrum, but considerably broadened. From the differ-
ence in the breadths of the depressions GROTRIAN concludes
that the mean velocity of the scattering electrons amounts to
7.5-10% em sec™l. In a later publication® he revises this value
to 4-10° cm sec™. An electron with the velocity 7.5 - 108 em
sec™" has an energy of 160 electron volts, whereas the latter
value gives an energy of 45 evolts. As the density in the
inner corona is large enough to ensure thermal equilibrium
(see § 3 and 10), it is of interest to calculate the corresponding
temperatures. We find 1.2-10° and 0.35. 10° degrees.

B. In the flash spectrum there exist emission lines with
excitation or ionisation potentials far above those which are
possible at thermal equilibrium. For example, Unsérp® has
shown that the observed ratio He++/He* is 38.5 powers of
ten too high. This means that it is necessary to assume the
existence on the sun of electrons or quanta with energies far
above thermal energies.

C. Recently Eprix* has identified some of the coronal
emission lines with forbidden transitions in spectra of very
highly ionized atoms (especially Fe atoms). The ionisation
potentials are several hundred volts. This indicates the exist-
ence of a temperature of the same order of magnitude ag
found in A.

It is of interest to observe that according to Lyor® the
line breadth of the coronal emission lines corresponds to a

1

W. GROTRIAN, ZS. f. Astrophysik 8 p. 199 (1931).
> W. GROTRIAN, ib. 8 p. 155 (1934).

8 A. UNSOLD, Physik der Sternatmosphiren p- 420. Berlin 1938.
* B. EDLEN, Private communication.

® B. Lyor, C. R. 202 p. 1259 (1936). UNSOLD, loc. cit. p. 452,

D. From observations of ionisation in the upper atmo-

sphere during solar flares T. H. Jounsonx and S. A. KORFFl
conclude that X-ray radiation in the wave-length region be-

tween 0.1 and 1.5 A.TU. is emitted from the sun. If the radia-

~ tion is an impulse radiation produced by electrons,.these musgt
*)1611;)\1716 an energir)y of at least 10*—10° e-volts. Even if we admit
~ that so high energies are produced only throggh the _abnormal
'\ conditions occurring during a solar flare, it is very likely that

processes of the same kind under more normal conditions pro-
duce particles with high energies. .

E. According to a recent theory of magnetlc' storms and
aurorae®, these phenomena can be explained only if we assume
the emission from the sun of an ion stream consisting of par-
ticles (electrons and ions) with high energies. The properties
of the stream when it has reached the neighbourhood of the
parth can be determined with some certainty out of observa-
tional data from magnetic storms and aurorae. .The extra-
polation to the properties of the stream wheq leaving the sun
is of course rather precarious, and the very high energy value
(10" e-volts) mentioned in the cited paper may be too high, as
shown by later calculations. However, an energy of at least
‘the same order of magnitude as found by Jounson and Korrr
(see D) is very probable.

F. We have seen that there are several observational evid-
_ences — of varying degree of \definiteness — for the exist-
‘ence on the sun of high energy particles. It is also pos-
sible to understand theoretically how they ean be produced.
In a recent paper® it is pointed out that solar prominences
~could be explained as electrical discharges. Motion of solar
‘matter in magnetic fields on the sun (especmlly the' vortical
otion in a sunspot) must bring about potenthl differences
between different points of the solar surface, .and it was shown
that under certain conditions this gives rise to discharges
above the surface of the sun. Calculations indicate that the
glectromotive force can be as high as 107 volts, so that even
if charged particles are usually accelerated oply by a .small
fraction of this potential, they attain rather high energies.

! T. H. JoENSON and 8. A. Korrr, Terr. Mag. 44 p. 28 (1939).
- ! H. ALFVEN, Kungl. Sv. Vetensk.-Ak:s Handlingar, III Bd 18 N:o 3
939); Bd 18 N:o 9 (1940).
2 ") H. ALFVEN, Ark. f. Mat., Astr. Fysik, Bd 27 A N:o 20 (1940),
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The process is most conspicuous in the prominences, where,
consequently, we can expect a very intense production of high
energy particles. As the mechanism is of a very general
character the same process is likely to take place very fre-
quently on a smaller scale. If — as many authors mean' —
we can regard the chromosphere as a multitude of small pro-
minences, it is likely that a production of high energy par-
ticles takes place almost everywhere on the solar surface or
in some layer above it.

§ 3. The density of the corona.

Thus, we have found that several observational facts in-

dicate the existence on the sun of particles (electrons and ions)
having energies far above that which corresponds to the tem-
perature of the photosphere. An energy of the order of mag-
nitude of 100—200 e-volts is indicated. Further, we have seen
that there is no theoretical difficulty in explaining the pro-
duction of particles with such energies. We are now going
to investigate whether the corona could be regarded as an
atmosphere consisting of high energy particles.
- If we assume that no other forece than gravitation acts
upon the corona, we can calculate the temperature in each
point of the corona from the density function. The latter
has been derived by Bavmpacu® from all available photometric
observations, under the assumption that the coronal light con-
sists mainly of photospheric light scattered by free electrons
in the corona. For the mean electronic density at the height
n = R/Re, BavmsacH gives the empirical formula

N =10°(0.036 7~"* + 1.55 7=° + 2.99 %) ™. (3. 1)

Of course the charge of the electrons must be compensated
by the same amount of positive charge (from positive ions).
In this paragraph we assume that all the ions in the corona
are hydrogen ions (leaving the general case to be discussed
in § 11). Thus, the number of protons per cm?® amounts
also to N. (

As at least in the inner corona the density is high enough
to ensure thermal equilibrium between the »molecules» (but
of course not between molecules and quantal), we can apply

! See A. UNsoLD, loc. cit, p. 437. .

> 8. BAUMBACH, Astr. Nachr., 263 p. 121 (1937), (In one or two cases
his table and his empirical formula do not agree exactly. In such cases
the formula has been used in this paper.)
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the common laws of kinetic gas theory. We assume that the
mean energy of the »molecules> (in our case electrons and

protons) amounts to E———ng. As there are 2N molecules

the gas pressure is

p=§2NE. (3.2)

If mg=1.66-10"2%g is the mass of a hydrogen a;tor}n and
go = 2.74-10* em sec™® is the acceleration at the sun’s sur-
face, the gravitational force acting upon a cubic cgn‘mmeter is
go Nmgn—2 As we have assumed that this force is compens-
ated by the pressure gradient, we have

dp__ _go XN mm, (3.3)
Rody n*

Differentiating (3.2) we obtain from (3.2) and (3. 3)

d E) 1dNE
E,

A Ayl _ L (3. 4)
dn

Ndny E, 7

where
E, :;—zg@R@mH= 2.38+107° erg = 1.49- 10® e-volts. - (3.5)

From (3.4) we obtain

K 1NN
N o (=) 3.6)
E, an2 n (

or, according to (3.1)

0.036 —2.5 1__5_5 —1 %} —17
B _25" R (A (3.7)
E, 0.086 775 + 1.65 7% + 2.99 10

The value of E/FE, from this formula for different n-values is
shown in Fig. 1. The values for 7 > 5 cannot be expected.
to be very reliable, for the material treated by BavmBACH
includes only two observations in this region. ) )
As seen from the figure FE/F, is almost constant in spite
of the fact that the density varies by a factor of more than
1000. In particular a high degree of constancy is noted for
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Fig. 1.

le<y< 3.0, where the value of I is close to 0.12 E, or 180
e-volts. This would mean that the temperature in the corona is
(more or less) constant over a large region.

§ 4. Discussion.

.Tl.le question mnow arises whether this result is a mere
cm_nqldence or whether it has a physical meaning. It is
striking that the temperature corresponding to 180 e-volts is
of the same order of magnitude as found in § 2 A and ¢
On the other hand it would seem to be very absurd to think
of a solar atmosphere being more or less isothermic at so high
a tempe}‘ature. But we must not forget that the corona is
very thin so that the radiation losses are small. However
we must study the problem in more detail. )
_ For the temperature distribution in the corona it is of
importance where the high energy particles are supplied, in
other words, where the »heating» takes place. According to
§ 2F there are good reasons to believe that the high enzrgy
pa,rt1cle§ are supplied by the prominences or by a prominence-
like activity in the chromosphere, so that the »heating» occurs

HANNES ALFVI:]N, ON THE SOLAR CORONA. 7

in a rather low layer in the corona. But even independently
of any theory of the heating mechanism we must assume that
the input of energy takes place not far from the surface of
the sun, because it is difficult to imagine how it could be
supplied directly to some point high up in the corona.

Thus, schematizing the conditions, it is of interest to in-
vestigate the following problem. Suppose that in a layer at
the height h above the photosphere the energy ¢ erg cm—? sec™!
is produced. What is the temperature distribution in the
corona?

As the density of the corona is small we neglect the radia-
tion losses. Then the entire emergy input & is dissipated by
thermal conduction downwards to the surface of the sun and
upwards into interplanetary space. The temperature distribu-
tion can be calculated in the following way. As h< Ro the
temperature 7' at the height R — R,(<h) is given by

arT

&

where &, is the energy transported per cm® and sec from the
heated layer to the sun’s surface, and x is the thermal con-
ductivity. As » is proportional to T we can write

- %o V— d T
1 VTO d R ( )
which gives, after integration
B —R a.\k 3 3 i
T=[ifiu%—Tﬁde (4.3)

where T, and 7, are the temperatures at the height A and
at the sun’s surfac. Below & we can treat the problem as
conduction through a plane. Above h we must take account
of the spherical shape so that we must substitute (4.2) by

R 2aT
%—4ﬁﬁﬁ)aﬁ )

where &, is the energy transported upwards.

Whether ¢, is different from zero or not is a dubious ques-
tion. Tf the density in interplanetary space is zero, the solar
corona is »vacuum insulated» outwards and no energy transport
outwards is possible. In this case &, is zero and the tempera-
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ture is constant outside & C
gL - Consequently, the temperature

o R _R@ 3 3 L
r= [t - nps " st R—Ro<h Wy

IT'=1T, if R—Ro>h (4.6)

(46)

(s,
%.3)

/4

Fig. 2.

On the other hand‘ if the density in i

: ; y in interplanetary space i
large enough to ensure the validity of the forrjrrlulge‘ fols
thermal conduction, we obtain from (4.4)

(B Y
T—T;L(Ro+h) if R—Re>h (4.7)

z)};lcg :reC}))ol'aLces (4.6). When integrating we have put I7'=0
The temperature distributions according to (4.5) and (-
and according to (4.5) and (4.7) are plottgd in(Ficr). a?.d - 6)-)
Comparing this with the results obtained in S 3, we see
that the temperature distribution expected theoretica’lly is in
rathfexz good agreement with what is derived from Bauwmsacu’s
empirical formula. The discrepancy at 7=1(R = Rp) is of
course due 'to the fact that the empirical formula does not
hold for this value. The temperature distribution according
to (4. 5) and (4.6) gives perhaps the better agreement over the
region where a comparison is really significant. On the other
hand the _empirical values seem to decrease when % becomes
large, which would agree better with (4.7). The problem is
discussed more closely in next section. '
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§ 5. The energy mecessary to heat the corona.

The energy ¢ which is necessary to maintain this témpefa—
ture distribution can be calculated from (4.1) and (4.4). From

the ordinary formulae of kinetic gas theory we find

W _, L ¥

VT, “ et mt (6.1)

where mo® is the cross-section and m the mass of the mole-
cules, %= 1.37 - 107 is Bowrrzmawnx's constant, and ¢ a
numerical constant which is approximately 0.6.

As in our coronal gas the thermal conduction is mainly
due to the electrons, we put m=9.04-107* g (mass of the
electron) and 7 o® = 10" em?, which at least is of the right
order of magnitude for the energies concerned. This gives

2 %
2 %0 —99.10° erg cm~! sec™! degree "
3V, g
so that we have (as 7 < T)
Jisle ’
o =2210°=". (5. 2)

Here T, is of the order of magnitude of 10° degrees. The
height % of the layer where the heating occurs is difficult to
estimate. According to Fig. 1 the temperature ‘begins to
drop rapidly when 7 becomes smaller than 1.3, which corres-
ponds to a height of 2-10" cm. But probably the main part
of the heating takes place at a much lower height because
the prominences are not usually so high. If tentatively we
put 7= 10" em, we find '

& = 2.2-10° erg em—2 sec™™.

h ; .
As &=0 or &= Bt < ¢, this gives the order of magnitude
O]

of e=¢, + &. This energy, which is necessary to maintain
the high temperature of the corona, is only about 1075 of the
energy radiated by the sun.

It is of interest to see how rapidly a stationary tempera-
ture in the corona is attained if the energy production starts
suddenly. This depends upon the thermal capacity of the co-
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rona. According to Baumsacs (loc. cit.) the total number of
electrons above a square em of the solar surface amounts to
4-10%. TIf the number of protons is the same, and each of
the particles has an energy of about 100 e-volts, the total
energy is 8-10* e-volts em™2 = 1.3 - 10° erg em—2. If our value
of ¢ is correct, this energy is produced in about two hours,

Consequently, we can expect that a stationary state is attained
already after some hours.!

IL.
§ 6. On the forces acting upon the corona.

The theory developped in the preceding section is able to
account for several of the phenomena observed in the corona.
However, we have introduced only one force, the gravitation,
as acting upon the corona. In order to make a complete
theory it is mecessary to take account of all forces. The
ionized matter constituting the corona is likely to be subjected
not only to gravitation but also to electromagnetic forces:
radiation pressure and forces from electrostatic and magnetic
fields.

Several authors have supposed that the radiation pressure
is of fundamental importance not only for the structure of
the corona but also for the motions of prominences and —
generally speaking — for all phenomena which can not be
explaned through gravitation. Ordinary caleulations show,
however, that the effect of radiation pressure in the corona
is likely to be negligible. According to UxsdLp? more than
one tenth of the total solar radiation must be absorbed in
the corona if the radiation pressure should be able to carry
it. As the absorbtion is probably of the order of magnitude
of 107° radiation pressure is likely to be five powers of ten
too small. Consequently, without introducing very artificial
assumptions, we cannot suspect the radiation pressure to be
of any importance at all.

On the other hand the forces due to electric and magnetic
fields must have a considerable influence upon the ionized
matter of the corona. We shall first discuss the effect of
magnetic fields only under the assumption that no electric fields
are present. The effect of electric fields are discussed in § 13.

! As the thermal capacity (being proportional to the density) decreases
very rapidly when the height increases, but the thermal conduetivity (being

independent of the density) remains constant, this holds also for the outer
parts of the corona. 2 :

* A. UNsOLD, loec. cit. p. 453.
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§ 7. Influence of magnetic fields.

Investigations by Hare and collaborators have shown the
existence on the sun of strong local magnetic fields (up to
several thousand gauss), especially in the sunspots. Moreov.er,
the sun has a general magnetic field, the chﬁ.nracter of 1whlch
is likely to be not very far from that of a dipole field. Th;;
most probable value of the dipole moment seems to be 4.2° 10
gauss cm® which means that on the solar surface the field
amounts to 20 gauss at the heliomagnetic poles E.L.nd 12.5 gauss
at the equator. At a distance of 10 solar radii, the field is
0.001 of this. As the sunspot fields do not spread very far,
we need only to take account of the general magnetic field
(except in some cases concerning the inner corona).

The motion of electrons and ions is affected fundamentally
by the magnetic field. In general, they spira} arou'nd the
magnetic lines of force. Suppose that a particle with the
mass m and charge e has a velocity v, the components of
which parallel to and perpendicular to the magnetic field H

1 , 1
are v, and v.. Putting E, = émvﬁ and E, = g m v}, the total

inetic energy is £ =LK, + E..

kmelifflcthe Ii};gnetic field is homogeneous, the_ motion of the
particle is composed of a rectilinear motion with the constant
velocity v, in a direction parallel to the magnetic field and a
circular motion with the velocity v perpendleulgrly to the
magnetic field. The radius of curvature of the circular mo-

tion is
1 2 m c?
— |/ 22 (7.1)
¢ Hl/ &

¢ = velocity of light). -
: If the particles have an energy I = 100 e-volts, the maxi-
mum radius of curvature (if E,= E) in the corona amounts to:

Magnetic Radius of curvature
field Electrons Protons
3
n= 1 (sun’s surface) 20 gauss 1.7 cm 72 c:n
n=10 (outer corona)  0.02 » 1.7-10* em  7.2-10* em

’ i i to decrease ex-
1 The sun’s general magnetic field is often supposed ;
tremely rapidly with the height in solar atmosphere. The observ.'il.tlonal
evidence for this is very weak, and theoretically it would be very difficult
to understand such a phenomenon.
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On the other hand using the density values given by Bauvm-
BacH we find easily (see § 10) that even in the inner corona
the mean free path of the particles is not less than 10° cm.

Consequently, the radius of curvature of the paths of the
particles in the corona us always several powers of ten less than
their mean free paths.

In order to illustrate this let us take an example. A pro-
ton in the inner corona must travel more than 10% em —
1000 km before it is likely to hit another particle. But during
all this time it cannot elongate more than about one meter
from that »line of force» around which it is spiralling. Con-
sequently, it can move almost exclusively along the magnetic
lines of force.

Thus, in the absence of electric fields transport of matter as
well as of electric charge can take place (almost) only in the
derection of the magnetic field.

We have treated the magnetic field as being homogeneous.
This is permitted to a first approximation, because — as-we
have seen — the radius of curvature ¢ is much smaller than
the extension of the field. However, taking account of the
inhomogeneity of the magnetic field we must introduce a force
acting upon the particle in the direction of the magnetic
field." (Moreover, the particles are subjected to a drift per-
pendicular to the magnetic field, but this is very slow. We
shall not take it into consideration until in § 18). The force
due to the inhomogenity of the magnetic field amounts to

EydH
m) — ot 2ot )
f T 3. (7.9)

if the z-axis is parallel to the magnetic field. In the case of

a dipole field the angle-a between the vector radius R = Ron
and the magnetic field is given by

cot =2 tg ¢ (7.3)
where ¢ is the »magnetic latitude» (g—- @ is the angle be-

tween the vector radius and the dipole|. Through elementary

geometrical considerations we find (see loc. cit. p- 12, equation 8.9)

7_ 13@[)7 COos « (74)
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where

S T (1.5)
19—1+2(1—{-3sin“’g)) _

It is of interest to point out that the absolute value of H
does not enter in (7.4).

§ 8. Conditions for equilibrium.

Thus, we have found that the effect of a magnetic field
upon the corona is: . _

! 1, The particles can move only_in thfe fdllrect;on of the
tic field (»along the magnetic lines of force»).
mag21?e 11(.{ force( givez% by (7.4) acts upon the particles in the

direction of the magmetic field.

These results compell us to modify the theory of the co-
rona developped in section I, because to the graYltatlonal
force we must add the force due to the inhomogeneity of. the
solar magnetic field.! As we have found that the particles
can move only parallel to the magnetic ﬁeld,‘m the first place
we are interested to know the components of the forces along

netic lines of foree.

theé?)?l%ider a point at the distance n Re from the cer}tre of
the sun and at the heliomagnetic latitude ¢. The sun's gelg
eral magnetic field, which — as said earlier — can be assume
to derive from a central dipole, makes the a}n_gle o with the
vector radius. Upon a cubic centimeter contalnlpgN electrons
and N protons the following forces act in the dlrectlop of the
magnetic field: b

| i ap o 1
Pressure gradient: ~ o dr cos @’ (8.1)
. g N mg .
Gravitation: — #6—;2‘ cos a. (8.2)

. : 3 EL9 5.5
Magnetic gradient: ZN—R%n cos a.

. f our corona gas
As the »molecules» (electrons and p?otons) 0 _
are subject to mutual collisions, their mean energy E w111.be

i lar velocity as the
1 Qince the corona must rotate with the same angu _
sun, the centrifugal force ought to be added. How_eve.r, even in the oqzler
cor(;na it does not exceed a few percent of the gravitation and consequently
it.can be meglected.
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equally distributed over the three degrees of freedom, so that

on an average the kinetic energy along each of the coordinate
1

axes is 3E. Consequently, we have
2 :
E = 3 E ‘ (8.4)
1

Introducing (3.2), (3.5), and (8.4) into (8.1), (8.2), and (8.3),
and adding, we obtain the total force F acting in the direc-
tion of the magnetic field.

, _4cos« d E,N 3NE9
By= o [ Zyom— B, B ] (8.6)
If the coroma is in equilibrium, F, must vanish everywhere.

The force due to the magnetic gradient compensates the
gravitation exactly if

S|

1
Z%' (8_7)

If I surpasses this value, the gas is expelled from the sun

§ 9. Calculation of the temperature.

If we assume that the corona is in equilibrium, we can
now calculate the energy F (= the temperature) if we know
the density function N, '

In (8.6) 9 depends upon the latitude @ according to (7.5).
At the pole (g) =72£) it equals 1 but increases to 3/2 at the

equator. This means that the lifting action of the magnetic
field is larger near the equator than at the pole. Consequently,
we must expect the density of the corona to be larger at low
latitudes than at high latitudes, which seems to be in accord-
ance with observations.

The density function N given by BaumBAcH is an average
for all latitudes. In order to be able to use this function we
must assume that the corona is approximately spherically
symmetrical. Hence we use for < the average value 5/4 (which
is very close to the mean taken over the surface of the sphere,

£
3

N @ NN > L
T
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0036 ,-25 /55 -7 M.;'”
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0 .
we can calculate E from (8.6). We obtain
) N

2 3 4 5 6 7 8 9 /o
7="%

Fig. 3.

7T

2
_ b 2w . 10
which is & = f& cos p dep= 6 + W—g~—l.z37). Putting I

v

%:Q;an-‘”—?dn (9.1)
2 ‘

5 is gi i 3.1) we
9 =5/4. E, is given by (8.5). Introducing (3.1)
Z&Zﬁi the temperaoture E of the corona of @t vs in equilibrium
under the influence of gravitation and the magnetic gradient and
has the density found empirically by BaumBAcH.

0.086 _,, 185, 299

E 6.25 10.75 " 20.75 ) 9.2)

7, 0.0367 1% 4+ 1.55 °+ 2.99 10

This function is plotted in Fig. 3.

It is of interest to compare the temperature .function E
with the temperature distribution if (as supposed in § 4) thef
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heating of the corona takes place in a low layer. In § 4 it
was found that below the »heated layer» h the temperature
function was given by (4.5). Above & it was difficult to decide
whether the formula (4.6) or (4.7) was the correct one. How-
ever, as formula (8.7) gives an upper limit to E, which de-
creases as ', it is evident that the temperature cannot be
constant. Consequently, we can be pretty sure that the tem-
perature must obey (4.5) and (4.7). These functions are
plotted in Fig. 3 where tentatively we have put h = 1.25 R,
and gk drn= FE;=0.082 Eo.l.

The agreement between the function F found from the
emperical density formula and the theoretical temperature
distribution is quite satisfactory., Only close to the sun’s sur-
face (I <% < 1.25) the curves disagree. This is certainly due
to an inaccuracy of the empirical density function, which does
not give the true density in the chromosphere. If terms cor-
responding to the density gradient in these layers are added,
the energy obtained from the formula must go down to the
temperature of the photosphere.

In order to check the result, let us calculate the theoretical
density of an atmosphere, the temperature of which obeys
(4.7). We have

1 wp3NES BN

— (N E 9.3
dn( ) i n? ( )
and
£ —9/3
B, = 3kn (9.4)

where 3% is an arbitrary constant. This gives after inte-
gration

log N/Ny= (39 + 2/3) log  + ﬁ (9.5)

where & = 5/4. This function is plotted in Fig. 4 with arbi-
trary values of N, and k& For 5> 1.25 it agrees with Bavm-
BACH'S empirical function within the limits of error.

Close to'the sun’s surface the temperature cannot be ex-
pected to obey (4.7). :

! This curve is intersected by the curve given by (8.7) at 5 ~20. The
density at this distance is very small so that the escape of matter has no
great influence.
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Fig. 4.

§ 10. Numerical results.

We have seen that the empirical density of the corona
agrees very well with the theoretical density of an atmosphere
which is under the influence of gravitation and the sun’s
magnetic field and is heated near its base to a very high tem-
perature (~10° degrees). It seems worth while to compute the
characteristic properties of such an atmosphere from the data
obtained in the preceding paragraphs. The result is shown
in Table 1. All data (except the magnetic field) are calculated
from Bauvmsacu’s density function with the help of the for-

Arkiv for matematik, astronomi o. fysitk. Bd 27 A. N:o 25. 2
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Table 1.
1 R
= 1.2 2 4

\ T~ Ro °
Density 2 N (particles/em®) ac- |

cording to BAUMBACH . . . |141 -10°% | 7.88-10° | 1.02- 10° | 0.33- 10°
M@n energy K (e-volts) accord-

ing to Fig. 3 . . . . . . . 108 87 58 30
Temperature 7' (degrees) . . .| 8.4-10° | 6.7-10° | 4.5 -10° | 2.3 -10°

Pressure p (dyn em™) . . . . 160 -107*| 6.8-107*| 0.63-107*| 0.10- 107

Mean velocity component

i
= !
v= -l// LY (em/sec) for )

m

electrons . . . . . . . 5.0-10% | 4.5-10% | 3.7-10% | 26-108 |
pro'tons ........ 12 -10% |11 -10%| 9 -10% | 6 -10°
Fedions . . . . . . .. |16 -10° |14 -10° |12 -10° | 8 -10°
Average magnetic field (gauss) 12 2.5 0.31 0.04
Radius of curvature (cm) for |
electrons . . . . . . . | 2.4 10 69 380
protons . . . . . . . . | 100 440 | 2900 | 1.6-10¢
Mean free path [ (cm) . . . . ‘ 5-10° | 1-10°| 7.10"| 2 .10V
v .
' Collisions per second ~ TN ; ‘ 1.0 45-107%  5-107%| 1.3-107
‘ f

mulae given above. The radius of curvature is calculated
frmln (7.1) with By, =2/3 E. TFor the mean free path the for-
mula

1 1

V26 2N

)

is used, where mo® is the cross-section. The value of wo® has
been put equal to 1077 e¢m?® (compare § b).

The values for the inner corona (say 5= 1.2) can be com-
pared with the following empirical values (discussed in § 2).
The mean velocity component for electrons is 4.0 -10% ecm/sec
(earlier value 7.5-10% em/sec) according to Grorriax. This is
in excellent agreement with our theoretical value of 5.0+ 108
cm/sec. According to Lyor and Epriw the corresponding
velocity for Fe-ions is 23—25-10° ecm/sec, which is in rather
good agreement with the theoretical value of 16 -10% cm/sec.
A serious difficulty is that in the outer corona Fraunhofer
lines are observed with no detectable broadening. Tf they
arise from light scattered by free electrons these must have
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a very low temperature (< 10° K) which is not reconcilable
with our theory. According to Grorriax (loc. cit.) a’ scat-
tering by cosmic dust would explain the phenomenon.

§ 11. Influence of the molecular weight.

All our calculations have been made under the assumption
that the corona consists mainly of electrons and protons. How-
ever, the existence of emission lines in the spectrum of the
corona shows that it certainly contains other elements than
hydrogen. Suppose that per each electron there are v, ions
each one having the charge e e and the mass unmp. As the
total charge of all the positive ions must equal the charge of
the electrons, we have

2611, Vp = 1.

The following changes must be made in our formulae. In
(3.2) and (8.3) 2N must be substituted by N1+ Zv,). In
(8.2) we must replace N by N Z#yun. The result is that the
constant E, (see 3.5) is multiplied by

a_l—}—Evn(un.
1+ S,

Let us estimate the minimum and maximum values of a. The
relative abundance of elements in the corona may be the same
as in the photosphere — which gives the maximum value of
— but there may also be an excess of light elements. The
extreme case of a corona consisting of pure hydrogen gives
the minium value of ¢ =1. 1

In order to calculate the maximum value of o, let us schem-
atize the composition of the photosphere — as Unsorp?!
does — through assuming that it consists of H (um= ),
0(u, = 16) and metals (average pmetis = 32) in the proportions
98:1:1. Let us further assume that due to the very high
temperature in the corona the atoms are highly ionized, say
eg=1 & =06, and emeta1s = 10. These assumptions give

= 1.6.

Consequently, if the corona contains a considerable frac-
tion of other elements than hydrogen, the values of E, T,
and p in Table are increased but probably by not more than
60 %. (The velocity v increases by =< 30 %)

1 A. UnsOLD, loc. cit. p. 348.
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§ 12. On the degree of ionization in the corona.

Starting from the data given in Table 1 we can estimate.

the Qegree of ionization of matter in the corona, If we use
.SAH.A s formula we find that ionization proceeds until an ion-
1zat1051 potential of almost 2000 volts is reached. However
Sana’s formula gives the state of equilibrium, but this is apj
proached very slowly because of the extremely small density
of the corona. Because of the rather swift (macroscopic)
motions in the corona no matter is likely to remain there
}ong enough to reach this state. Consequently, the degree of
lonization is usually much lower. . 7

~ An estimation of the degree of ionization may be made
in .the following way. Suppose that the energy necessary to
onize a certain atom which is already » — 1 times ionized
amounts to F, The condition for such an ionization is that
another molecule (probably an electron) having an energy of
at least K, strikes within a certain surface 7£6°. The number
of collisions of this type is

Z=me v N, sec—L,

Here N, means the number of particles (electrons) per unit
volume which have energies above E, If we put E, =g E
(E denoting the mean energy as earlier) we have

/6 _
Ng = l/ 7—2 NVane_%E”.

according to the usual formulae of kinetic gas theory. Further,

= E s the linear velocity of these particles. We

can now calculate the mean life time 7, of an » times ionized
atom. Putting F = 100 e volts = 1.59 - 10—10 erg and m =9.,0-
107 g (mass of the electron) we obtain

1 0.75-10—° 3

== — T g2 1 (12.1)

or e — 1.54 log,y p—y =
= 1.5¢ [9.1 + logy w0® + log,, N + logyy 7]. (12.2)

Let wus try a tentative estimate of the maximum value of e,
.As found earlier, log 7 o? is probably about —17 and log N
is about + 8 for the inner corona. According to Lyor bthe
mean life of the structure of the corona is some days. It is
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likely that the time during which a certain atom remains in
the corona is of the same order. If this atom has to pass
several states of increasing ionization, the value of = for each
of them cannot surpass about one day. Thus putting log z,~ b
we obtain ¢~9 and FE,+1=¢FE ~ 900 volts. Consequently,
we should expect the matter in the corona to be ionized up
to ionization potentials of about 900 volts.

Dr. B. Epréw has kindly given me the following list of
the iron lines identified by him in the corona spectrum.

Tonization
Spectrum voltage
Fe VI 100 Lines expected but not observed
Fe VII 125 > » » » »
Fe VIII 150 Not expected
Fe IX 233 » »
Fe X 261 Expected and observed
Fe XTI 289 » » »
Fe XII 331 Not expected
Fe XIIT 361 Expected and observed
Fe XIV 392 » » »
Fe XV 454 Not expected
Fe XVI and higher » »

The strongest line (green corona line) belongs to Fe XIV.

Introducing the iomization values above into (12.1), we find
ag mean life for Fe VII b sec, for Fe X 20 sec, and for Fe
XIV 150 sec.! Since all these values are much smaller than
the total life (~ 10°) of the atoms in the corona, the number
of atoms in the different states are proportional to the mean
lifes. This would account for the facts that Fe VII is not
observed and that Fe XIV gives the strongest of the spectral
lines.

§ 13. On the ray structure of the corona.

Up to now we have treated the corona as being spherically
symmetrical to a first approximation. On practically all photo-
graphs, however, the corona exhibits a pronounced ray struc-
ture. As has been pointed out by several authors the rays
remind one very much of the lines of force from a magnetic
dipole. This is in good agreement with the views developed
in this paper.

Suppose that in a certain small part of the sun's surface
there is a strong activity, which produces an unusually large

! The absolute values are of course very uncertain.
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number of high energy particles or particles having an un-
usually high energy. Since to a first approximation the par-
ticles can move only parallel to the magnetic field, it is evident
that the particles flow out along the magnetic lines of force
going through the centre of activity, thus »illuminating» these.
According to § 8 all the forces acting along the magnetic lines

2 sin @
V1 + 3 sin? 7
heliomagnetic latitude). Consequently, if the activity disturbs
the equilibrium so that the expression within parentheses in
(8.6) does not cancel, the force F; becomes larger the higher
the latitude. This means that the motion of matter in the
prefered direction determined by the magnetic field is most
pronounced towards the magnetic poles.

Close to the equatorial plane Fj vanishes. Thus the mo-
tion parallel to the magnetic field must be expected to be less
pronounced here. On the other hand the drift perpendicular
to the magnetic field is at a maximum at the equator. This
drift is due to the combined action of gravitation, pressure
gradient, and the inhomogeneity of the magnetic field and is
perpendicular to the vector radius from the centre of the sun.
It can be calculated from the formulae given in a recent
paper.' Even at low heliomagnetic latitudes the drift is very
slow (< 1 em/sec) if the particles have energies of the order
of 100 e volts. If the corona is spherically symmetrical it is
probably of very little importance. However, if the density
or (and) energy of the charged particles is unusually large in
a certain (»active») region the drift gives rise to an electric
polarisation, because the velocity of the drift of electrons is
different from that of ioms. The electric field produced in
this way gives rise to another drift, which is directed outward
from the sun. This process has been discussed in some de-
tails in connection with the problem of the origin of magnetic
storms and aurorae.® Although in the paper referred to the
value given for the energy of the particles is probably too
high, there seems to be little doubt that such a process really
occurs. As shown in the same paper it gives rise to streams
of charged particles leaving the sun in the radial direction
close to the equatorial plane. If their energy is large enough
such streams may reach the earth and cause magnetic disturb-
ances and aurorae.

It would carry us too far here to analyze these interesting
phenomena in more detail. Our brief discussion has indicated
a possible line for explaning the ray structure of the corona:

of force are proportional to cos ¢ = (p being the

! H. ALFVEN, Ark. f. Mat., Astr. o. Fysik. Bd 27 A. N:o 22, 1940.
* H. ALFVEN, K. Sv. Ak. Handlingar III. Bd 18. N:o 3, 1939 and 9, 1940.
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The short »brush-like» rays observed at high heliomagnetic
latitudes are probable due to outflow along the magneticlines
of force from active centres. The long, more irregular rays
observed at low heliomagnetic latitudes may be caused by
drifts due to electric fields.

Summary.

In part I it is pointed out that several observational facts
indicate the existence in the solar corona of particles (ele.ac-
trons and ions) having energies far above thermal energies
(see § 2). It is tentatively suggested that the corona might
consist altogether of such high energy particles Whl(‘;h is the
same as to say that it is heated to an extramely high tem-
perature. This temperature is computed from the density
function (derived from empirical data by BavmBacH) under
the assumption that the solar gravitation is the'only forc%
acting upon the corona (see § 3). The value obtained (~10
degrees) is consistent with the values found in different ways
in § 2. The supply of high energy particles to.the corona
(heating of the corona) may be due to the prominences and
prominence-like action of the chromosphere _(see § 4). The
total energy necessary to maintain the very high temperature
of the corona is small (~ 1075 of the energy radiated by the
sun) because the radiation losses of the extremely thin corona
are negligible (see § 5). .

In part II a more complete theory of the corona is out-
lined. In addition to gravitation it is necessary to introduce
forces due to the action of the sun’s general magnetic field
upon the charged particles (el&{ctrons and ions)_ constituting
the corona (see §§ 6, 7 and 8)." From the empirical density
function the temperature in the corona is calculated according
to the refined theory. The result is in good agreement with
the temperature distribution expected theoretically (see § 9
and Fig. 3). Further consequencies of the theory are drawn
and compared with observational data (see § 10). Of special
interest is that the identification by EpiLEN of several lines in
the coronal spectrum is consistent with the theory (see § 12).
Finally the importance of the magnetic field for the ray struc-
ture of the corona is discussed briefly (see § 13).

Forskningsinstitutet for Fysik. Stockholm 50. Nov. 1940.
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