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ON THE CONDl'l:lONS OF ESCAPE. OF MICROWAVES OF
RADIO-FREQUENCY RANGE FROM THE SUN

By Pror. M. N. SAHA* B. K. BANERJEA axn U, C. GUIA
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ABSTRACT. In this paper, we have discussed the conditions of escape of radio-
frequency waves from the solar atmosphere with the aid of magneto-ionic theories of propa-
gation of radio-waves through an i nised atmnsphere traversed by a magnetic tield. Tt has
been shown from these  theories that the magnetic ficld of the spots actually enables the
c-component of the waves to escape fror deeper Javers of the solar atmosphere and {thus
provides an explanation of the ohservational fact that radio-waves are actoally  emitted
hy the spot regions themselves It s shown that the same theories give a general and
satisfactory explanation of all the facts ohserved so far, ¢ £, the cireular polarisation, and
suddeni intensification of cmission with the onset of radio flares: Programmies for {urther
work are indicated.

1. iNTRODOCTION

1 several commuuications to Nalure and clsewhere, various British,
Austialian and New Zealander workers have described experiments which prove
conclusively that during times of solur disturbance, there are large outbursts
of radio-frequency cnergy from the sum. The wave-lengths of the radio
waves, as observed by these workers, vary from 1.5 to 30 metres (200 Mej/sec
to 10 Mc/sec) and there 15 short account ol a solitary work in the centimetre
region (Dicke and Beringer, 1046}, in which emission has been measured by a
different {echnique. :

 The communications arc mostly short. The most complete account has
so far been given by Appleton and Hey (1946). Relevant points from their
account are given below,

The observations were made when therc was outburst of sun-spot activity
which started on 22nd Fcbruary, 1046 According to their statement the
sunspot crossed the solar disc at a heliographic latitnde 22°N, central
meridian passage occurring on .8ih February, 1046,  The maximum size of
the spot was some two thousand millionth part of the sun’s hemisphere. A
very extensive and brilliant colar flare occurred from approximately 12 hours to
15-03 hours on 28th Februaty, and the accompanying radio fadeout which
began just after 12 hours lasted till 20-0-0 hours. A gicat magnetic storm
broke out with great activity at 7-22 hours on 2nd March, The days of
greatest intensity of solar noise, 1.¢., 27th and 28th February, occurred when
the sun-spot was near {he central meridian passage and at the tine of intense

* Fellow of the Indian Dhysical Society.
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sun-spot activily several solar flares were observed in addition to the most
brilliant one to which reference has already been made. ‘The sun-spot decreas-
ed in size after the 28th February and at the same time solar noise subsided.

The reports so far published make it clear that the metre range microwave
radiations are emitted only during times of solar activity. In facta close
statistical correspondence between the sun-spot activity and metie range micro-
wave emission has been cstablished by Pawsey, Payne-Scott and MacReady
{1947) and others.

This close correspondence is further confirmed by the experiments of Ryle
and Vonberg (1046) who, by an ingenious adaptation of the famous Michelson-
Pease method of measuring stcllar diameters, showed that the actual pegion
irom which these radio-waves are coming subtends an angle not greater| than
10’ of arc, the solar diameter heing 32’ of arc. The size of the radioiwave
generating regions, thus determined, is of the same order of, though somntewhat
larger than, the sizc of the large sun-spot groups (3’ of an arc). Pawsey ef ai
find by a different method that the diameter is about 6/

The main characteristics of tliese solar radio noise, as determined by the
various workers, can he summarised as follows:—

(i) 'I'he radiation is closely counccted with sun-spots, appearing and dis-
appearing with the latter.

(i) The radiation has the characteristics of random noise, the intensity
of the spectrum is neither steady with time nor continuous in wave-length, ner
monochromatic.

(2if) The intensity of radio-emission is extraordinarily high.—Appleton and
Hey working on 4.7 metres, found that the radio flux from the active area was
10 times that associated with biack hody radiation from the disc as a whole,
Supposing that only 1/200th part of the sun's hemisphere is active, the inten-
sity increases to 2.10" times the black body radiation from the sun’s disc.

(1) The intensityis subject to sudden fluctuations occurring generally
with the onset of flares or other disturbances.

\

(v) Polarisation,—Experiments on the polarisation of the radio noise
have been carried out by Appleton and Hey (1946) in London, by Ryle and
Vonberg (1946) in Cambridge and Martyn (1946) in Canberra. They' have all
found that the radio noise is invariably circularly polarised, but otherwise the
descriptions are confusing. Describing the polarisation of waves from the
sun-spot groups of July 27 to-August 3, 1946, Ryle and Vouberg say: —

" Measurements t;keu over the period July 27 to August 3rd, showed the
polarisation to be anticlockwise, viewed along the positive direction of propa-
gation (left handed). Between August 3 and August 7, the degree ot
polarisation diminished, being virtually completely random on August 7. On
August 8, 40% polatisation was observed again but with right-handed
polarity, the result presumably of increased activity in a subsidiary sun-
spot.”’ -
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Martyn (1946) working in the soulhern latitudes (35°S Canberra) while
observing ‘the same sun-spots occuriing in the last week of July 1946 noted:—

““It was found that the right-handed circularly polarised power received
was some Scven times greater than that received when the system ﬂt‘“‘l‘ied
only left-handed polarised radiation. 7Three days later, when this sun-spot
group crossed the meridian these conditions were reversed ; five times more
power being then received on the left-handed than on the right-handed
system’’.

Thus simultaneously observing the, same sun-spot groups the sense of
rotation of the polarised signal in the two hemispheres were found by the
observers to be opposite.

As will be made clear later, it will be helpful‘ to the understanding of the
phenomenon if, simultaneously with the recording of the polarisation, all the
characteristics of sun-spots (heliographic latitude and longitude, distance from
the centre of the disc, magnetic field strength, classification, etc.) are given.

Mecasurements for radiation below melre runge

Appleton and Hey state that they could not detect any cnhancement of
solar noise on wave-lengths as short as 1/ro metre. Similar obscrvations by the
T.R.E. establishment on a 3/10 metre yiclded a negative result. The radio
noise associated with the sun-spot activity becomes significant, without very
special technique, when the wave-lengths approach 1.5 metres. The results are
in accordance with the obscrvations of MacReady, Pawsey, Payne-Scott (1946).
On the otherhand Dicke and Beringer (1945) working in the centimetre range
and using special technique found that microwaves of 1.25 cm. length
arc emitted during times of solar activity, the corresponding black body tem-
peratuie being 11000°K.

2. PRELIMINARY ATTEMPTS AT A THEORY OF THE
PHENOMENON

The problem is to find out the physical mechanism which gives rise to
the radio-frequency waves in the sun and also to discuss how these waves are
propagated through the solar atmosphere. Let us first confine ourselves to
the sccond aspect of the problem, for whatever may be the physical mechanism
giving rise-to the radio-waves, it is clear that their passage througly the various
layers of the solar atmosphere would be reaulated by the laws of electro-
wmagnetism. As is well-known, the various laycrs of the solar atmosphere are
highly ionised, the electron-density, according to well-tested astrophysical
theories, being 10'/c.c. for the photospheric leved, 10''/c.c. for the base of
the chromosphere (500 kmn above photosphere) which fall to 3.5%10*/c.c. at
. the top of the chromospherc (14500 km). ‘I'he density thereafter falls slowly
throughout -the whole corona, but is ==10®/c.c. even at distance of 10 solar

diameters.
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The quicscent sun has, like the Farth, a permanent magnetic field, the
existence of which was first indicated by the iuvestigations of G. E. Hale.
On account of its small value, the reality of the effect has been sometimes
called into question, but recent investigations by Thiessen (1046) appear
to have satisficd the astrophysicists that (he ficld is real. The value is 25
gauss ut the solar magnetic equator, and 50 gauss at the maguetic poles.
According to Hale and Thiessen the magnetic axis is inclined at an
angle of 6° to the sun’s axis, but for our purpose we can take the two axes
to be 1dentical.  Besides this small permanent maguetic field, magnetic fields
of a higher order arc developed in spot regions during times of solar activity.

‘I'he conditions in the sun are, therefore, somewhat similar 10 those tevail-
ing in the Iarth’s atmosphicre fionosphere) for transmission of radio-yaves
through it, and the same mathematical methods which have been develpped
by Appleton, Hartree and others, can be usced in the present case

The authors (Saha, Banerjea nnd Guha, 1947) have, liowever, C()mp]e\tt’]y
recast the mathematical treatment of propagation of radio-waves through an
jonised atmosphere whichi is traveised by a maguetic ficld, and results from
this paper arc freely used in the present one.  “I'he maiu conclusions of Apple-
ton are, however, quite sufficient for a preliminery survey of the problem, :

According to these workers, a beam of unpolarized radio-waves on eutry
into the fonosphere s split up into two waves, which arc styled ordinary
(shortly called o-wave), and extraordinary ishortly called c-wave). They
travel with diflerent velocities, i.c., refractive indices, have different states of
polarisation and arc absorbed to different degrees.  A'hese quantities, viz., the
refractive indices, polarisation and absoiption are fnuctions of clectron density
N, damping, ficld-strength H, and #, the angle of propagation which is the
angle hetween the magnetic field and thie dircction of propagation. In the
casc when damping can be neglected the refractive indices for the twe waves
are functions of N, H, and # and decrease steadily as N increases. When
¢ hecomes zero, the wave can no longer proceed forward, but is reflected
back. The limiting conditions (Appleton-conditions) for penetration arc
for the

o r e
o-wave, N <73 )2 < r.arx1078 2 (2.1)

Tm N "}
ewave, N < —5 f (f&f,) <1.21x10 8 f(fxfn) (2.2)

Il e

where f = wave frequency = c/A
fn = gyromagnetic frequency for a field H

eIl
2T Ime

= 2,8x10%°H

These conditions are independent of A,
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Let'us apply these conditions to the solar atmosphere.
N < 1.25x 1078 x f2

I'or the o-wave,

< r1.25%x10% for f = 10 Mefsee. A = 30m {

(2.100)
< 5x10% for f

il

200 Mefsee, A = 1.5 m

"This shows that the o-component of the metre waves cannot escape from
the sun unless they originate in the corona, and  that so progressively in the
upper layers, as we take larger waves.  ‘The o-compouent of 30 metre waves
can come only from beyond a distance of several dinmceters of the sun.

The e-wave should salisfy two conditions :

(a) [ should be > /[,
(1) N should be << 1.25 X 1078 x f{/ = {3)

(a) shows that the c-component of microwaves cannot escape from the
quiescent sun unless f > 100 Mc/see, A << 3 metres, but microwaves of
jonger wave-length bave heen detected.  (b) states that e-unicrowaves satisfying
condition (a) would have to originate even in higher layers, i.e., their probabi-
lity of escape from deeper layers 1s much less than that of o-waves.

These difficultics have been sought to be explained with the aid  of
thie hypothesis that the wicrowaves actually originate in the lhiigher corona
to which a temperature of the order of a million degree is ascribed,  But the
hypothesis does not explain why the microwaves arce 50 copiously cemitted
during times of solar spottcduess und are aciually emitted, as now appears
almost certamn, from the spots themsclves and  uot from the quicscent
regions, unless we make the very improbable assumption that it is only the
spots which develop the million degree temperature.  The assumption 15
extremely improbable in view of the fact that spectroscopic evidence shiows
that spots are regions of much lower temperature than c¢ven the photosphere.
"This necessitates the investigation of the problem from an altogether different
point of view.

Sunspols and microware emission

. T'He sun-spots, -according to the classival investigations of Hale and
Nicholson (1925), arc found-to show magnetic fields of entirely different order
oft ‘magmitude than the quiescent sun, troma few hundred gauss for tiny spots
to about 4000 gauss for the largest ones. Their direction is normal to the
solar surface at the centre of the spot, but becomes inclined to the surface
as we go outwards to the penumbral regions, as shown in l*‘i‘g. 1. The largest
number of spots occur in close pairs, showing opposite polarity, and cven
those which are apparently single, appear {o have an invisible companion,
having opposite polarity somewhere inside t]lc surface. In fact, the spots arc
known to be hydrodynamical vortices, passing underneath the apparent sur-
facé, the two ends of the vortices being the two componeuts of the bifocal
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spots. Spot groups show very complicated forms for which reference may
be made to original sources (Nicholson, 1938) and rcports (Nicolet, 1942).

1

»

\ /4

Fi1G. 1

Schematic representation of lines of force of the magnetic
field in the region above a sun-spot (Nicholson).

Let us now apply the Applcton-conditions for cscape of radio-waves from
the spots, supposing that they originate somewhere within the spots.

For the o-component, since its condition of escape docs not depend on the
magnetic field, the conditions (2.1) will continue toapply, 7.¢., the o-component
of microwaves cannot escape from the sun, uniess they originate in the corona
over the spots. ;

We obscrve that fn = 2.8 x 10,

where k = value of the magnetic field in kilogausses : so that Ay = 10.7

—= CINnS,
!

It is well known from Appleton’s theory that the polarisation and refractive
index of the e-componcnt depend very largely on the quantity w = fi f
= A/A. We have for the sunspots w = g.3km, where m = length of the
microwave emitted in metres. Taking k= 1, m = 2.1, v ¢ 20, but the value
may be much larger for longer waves and larger fields. 'l'aking an average
value of 20 for w, we can easily draw the following conclusions: .

Since w > > 1, the condition that the square of the refractive index
vanmishes at the point where the electron concentration is given by the formula
47Ne?/m < p(p—pn) is absent. If we plot the valuc of the refractive index
for the c-wave in the case w > 1 as a function of electron concentration, we
find that, when damping is neglected, the (ps* —N) curveris'a smooth one,

decreasing gradully tozefo at N ==~-~_—";" f(f+ Ja) (vide Fig. 2), while po® reaches
the zero value at N =- e f.
am

Since the wave can proceed till this condition is satisfied the limiting
concentration for escape of the e-wave is given by

N < 1.25% 107 f(f + 1) (2.3)
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Taking = 1.5%10" (A = 2 metres)

We should have N < 1.25X10™ X 1.5 X 10" X 2.8 X 10%

Z 6.6 % 10%)

Variation of the sqmare of the refractive index of the extraordinary wave
with electron concentration for differert angles of propagation (for w=20).

The ealculation shows that the e-component can come from far deeper
layers than the o-compoment, in fact from deep chromospheric layers, where
the electron density is (1+w)=¢ 21 times the limiting density for o-waves.

The magnetic ficld measured for the spots refer to the lowest layers—in
fact, as will be shown later for the reversing layer of the spots. T'he field
‘above and below must be very different. We have given in §3, plausible
formulae for the variation of the field above the reversing layer, and these
formulae may probably be experimentally verified as suggested by Hale long
ago (vide appendix).

. But these methods are not applicable for finding out the value of the
magnetic field below the reversing layer, for which we have to fall back upen
some speculative theories. If the spots are hydrodynamical vortices, they
should funuel out on reaching the chromosphere, but thcir cross-sections must
be very small just below the rcversing layer, and according to Chapman
(1044), fields may reach cnormous values of the order of a million gauss. If
this be correct the’c-component can ¢scape from far deeper layers.

3. CHARACTRRISTICS OF THE SroT ATMOSPIERE

Though the idcas outlined in the previous paragraphs make it clear
that it is the strong magnetic ficld of the.sunspots, which allows only onc
component of microwave beams to come out from very deep layers, the
application of the above ideas to the actual problem of emission requires a
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more detailed knowledge of the physical conditlons prevailing - in Varlous

layers of the spot-region.
The physical quantities of whicl Lnbwlcdge is partxcularly needed in this
connection, are: ;
(1) The concentration of different kinds of atoms and,molecules at different

levels.
(2) The electron concentration at different levels. ,

(3) The magnetic field and its variation with height.

Methods, based on sound physical theorics, have been developed for
dctermining the various physical characteristics of the normal solar atlhOSpheré.
with the aid of data obtained from astrophysical observations, account of
whichh will be found in Unsdld's Sternaimosphdre and Slrom,q\ren's
of the composition of the solar atmosphere. The term

analysis
is used in a comprchensive sense alter Rosscland

“ Solar atmosphere "’
to denotc the totality of the phenomena known under the terms: the

Reversing Layer, the Chromosphere and the Corona, and they are treated
together, because, inspite of the fact that the nomenclature had their origin
in different groups of obscrvational data, the problems of the three layers

casily pass into one another.

Tt is well-known that the sun-spot and its neighbourliood show very great
deviations from the normal solar atmosphere, marked by fall of tempetdture,
development of magnetic fields, and radial, transverse and vertical motion of the
solar gases, giving rise to difficull bydrodynamical problems. A comprehensive
theory, explaining the whole history and physical characteristics of pots, is still

wanting, but our requircments, as given above, are iimited. B'ut'tvcn here,
information is very scanty. The elaborate methods, which ha\!(e been us(.d for
finding out the concentration of various types of atoms and clectlon denmly
of the normal solar atmosphere in differcnt layers, can be applied also to
spots, but this has not yet been done. Only indirect methods of comparison
with the normal atmosphere are available (Moore 1931, Richardson 1931).
For these reasons, it is necessary to review critically the methods used for
the normal solar atmosphere. ,

The normal reversing layer 1s a region extending from the level of the

photosphere to the base of the chromosphere, a distance of 3001 -500 km.
The Fraunhofer linés mostly originate from absorption of contmuous
photospheric light by the atoms and molecules contained in this ]d)el

Several methods are available for finding out the composition of the
reversing layer, but the results, though of the same order, do not tally with
cach other. According to Russell {1928) the compositi(;n (pe1centeg,e of
atoms) is 91% H, probably 3% He, 3% 0, 1.5% other elements of which I‘ e
forms the preponderating part, and 1.5% electrons. The atmosphere: is nearly
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purely lh&drogen, and becomes more S0 45 We 450E00 #/}W/’dﬁ /]f /ﬂ
aumber of H-atoms over 1 c.c. of photosphere is given by Russell as
1.8 x10%%/c.c. '

The electrons in the reversing layers and the chromosphere are mostly
derived frog the thermal ionisation of metals,

For the chromosphere very extensive investigation by Wildt (x047),
based on analysis of flash spcetrum data, is available, from which Table I has
heen compiled :

According to Wildt (1947) the concentration of H-atoms in the chromsop-
here is given by the formula :

Ny =6.76 X 1017.¢—.92 x 107z (in cms).

The hydrostatic density gradient, on the assumption of a temperature of
5000°K s 6.9 X 10™%cm™!. It is, as if the weight of hydrogen has dimnished
to .02/6.9=1/7.5 of ils valuic or the temperature has risen to nearly 35000°K.

The electron-density at auny point within the chromosphere can be
obtained by extrapolation; assuming the exponential Jaw to hold good, calcula-
tion shows that n=wnYe—Bz (incms), where B=_43 x 107%cm™!.  The gradient
is almost half that of H, as electrons are not obtained only {from the ionisation
of H but also from the metallic elemcents which arc almost completely ionised.

The values of electron density in the corona (from 20,000 km upwards) are
given by Bumbauch (1937). Tlcse are obtained from a thorough discussion
of numerous measurements of the brightness of the corona, on the basis of K.
Schwarzschild’s hypothesis, gencrally accepted, that the continuous spectrum
of the solar corona is duc to photospherie light scattered by Iree clectrons.
Bumbauch’s calculations (Unsold, p. 440) extend from 20000 ki to nearly ten
times the solar radius, and the density varies from 4% 10" to mnearly 10%/c.c.
The figure for the top of the chromosphere (14500 km) has been
extrapolated by Wildt from Bumbauch’s figuie.  Another caleulation based
on extrapolation of hydrogen densities, gives n, =2 X 10" fc.c. at this height,
Bunibauch's figures have recently been revised by Allen (1946) and van der
Hulst (1947).

Tanwrwr T
Locality ILevel above Photosphere 1 Hydrogen density Flectron density
- - i SR U —
Reversing layer n o 500 km 'i 6.70 x 1016 104
Rase of chromosphere 500 km l\ 4 %1016 1.6 % 10!
Top of chromosphere 14,500 km | 2x10W .- ‘ 3.5 %108
Corona > 20,000 km } : 3 %708 to 104

THE MAGNETIC FIELD IN THE SPOT REGIONS

Magnetic field of sun-spots has been systematically measured in the Moun
Wilson Observatory since the great discovery by Hale in 1908, as part of th
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routine programme of the observatory and the results are available in publica-
tions of the ohservatory and in various reports.

For the measurcment of the ficld, the iron line A=6173"346 &, which is
exceptionally sharp, has becn generally used. As this isa line of intensity 5
on the Rowland scale, and in the chromosphere spectrum reaches only a
height of 400 km, it can be taken that the fields measured refer to’ the lowest
level of the spot.

But for the purposces of this paper, we requite the value of the spot field
at higher l(.v\.'ls, and away fiom the axis of the field. ‘I'here appears to be
no systematic observation on this point, though Iale (1908) was aware of the

.

neccssny of such observations. He states :

“We have already seen that the strength of the field in spots appardntly
changes very rapidly along a solar radius, and is small at the upper level of

the chromosphere.’ \-

We have given in Appendix the full passage from the original paper
of Hale which suggests a programme for measurcment of the magnetic field
at varjous levels above tlie reversing layer of spots. To our knowledge these
suggestions have not been worked out but they are worth a trial.

‘I'wo diflcrent and indirect methods, based on Mount Wilson measurcment
of the field over various distances from the centre of the umbra, are available.
These are given below :— . '

(1) Broxon (1042) while observing the effect of the spot fields on cosmic
rays suggested that the magnetic fields of unipolar spots may be fairly
approximately represented by the ficld of a vertically placed magnet having
a dipole moment pu= # 2aH,/8 situated at a depth of a/y2 with the axis
coinciding with the axis of the spot, where a = radius of the spot and H, is
the field strength at the spot centre.  For cowmplete mapping of suck a field,

Z

Fi15. 3
The co-ordinate system for a circular spot (broxon type)
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let A’SA be the plane of the spot and MS the axis of the spot, with the dipole
at M. We chose the frame work XYZ, with X-axis along SA, Z-axis
along MSM’ and V-axis perpendicular o the plane of the paper (Fig. 3). As
the field is symmetrical about the axis let us find out the ficld at any pomt
P(x,0,2) in the XZ plane. Let also R=MP and ¢ = << PMS be the polar
co-ordinates of P with M (0.0, —a/ v 2) as origin,

Then the polential 2 at P is given by

Q = Bcose _ (z+al v 2) |
- TR T ’u——.;_ T, ’_2}3 |
¥+ (z+afva) it l
Ho = -2 S%8¢ g, ~3¥2 g Q+1/va) |
-~ R;; 4 S <9 + + ) 2}3 |
{2+ C+1jv2)” Lo (3a)
Hp = —Asin¢. p _ Ho 2((tr/v2)®=8 |
R? Wit ¢ (vl |
S . [
g = Ho i/z\z_'* 4@"'?1/_‘/2)‘2 = B yrtscos?e
Wa e @rgv? R )
with x = af, = al.
Since in the above co-ordinate systems,
V3
tan ¢ = x/(z-a/ N2 )= vz
(1+{v2)
cen (3,2)
we have coty = H,/H, =cot¢p — L J

3sin ¢ cos ¢

Expression (3.1) gives the magnitude of the magnetic field at any point
on or above the spol and to get ficld direction, we plot the curves representing
lines of force given by

R=A sin®yp, A =arbitary costant.

To show how the field intensity varies with distance f1om the spot centre
and with height, the quantity H/H, has becn plotted (Fig. 4) against { for
values of {=o, '1, ‘5, '6, 170. The topmost curve for {=o gives H at
different points along the spot surface. At the edge of the spot H/H becomes
nearly 14% whereas it ought to be zero. The other curves for {='r, “3, '6
and 1’0 give the field intensities at different points on planes I?arallel to the
spot surface at heights of 1., 1%, 16 and unit times the spot radius.  As we go
higher and higher above the spot surface. the field becomes moic or less
constant over the entirc plane as is evident from the lowest curve for {=1,
which is situated at a height equal to the spot radius.

F‘g 5 gives the lines of force at different points Th'c }angeut to th'ese
curves at amy point gives the direction of the magnetic field at that point.
The thick line SA is the spot surface. From (3.2) we mnote that ¢-constant
‘lines are the lines of comstant y. Values of ¥ for certain diﬂerr:u.l v.al}xes
of ¢ are represented by arrows in the diagram. ¥=o is the line coinciding
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0

$G3)=0

Variation cf the intensi-
ty of the magnetic
field along and above
the spot  surface
(Broxen type).

HfHo —

Lines of force of thic
spot field acciading
to Broxon,

M

Fic. 5

with the central line ¢=o Gradually as ¢ increases, ¥ also increases, and
at the periphery ¥=n/2, showing that the z-component of the magnelic
field is absent at the edges, i.¢., the field is perfectly horizontal at the edges.



Microwaves of Radio Range jrom Sun 211

(2) Chapman (1943) has wiven another approach to the problem.  For
finding out the spot ficlds at dificrent points, hie argues as follows :

“If the two ends, whether of the straight of scmicircular magnet, are
sufficiently far apart, wc can caleulate the maguetic field near cach asf the
other were not there.  Suppose the surface density @ (of  magnetic  poles)
over the end depends only on the distance r{rom the centie of the spot ;
and the magnetic intensity H and its inclination ¢, wili likewise  depend

only on r. I have culeulated ¥ for varions relationships between = and

in order to find out what distribntion of o would agree approximately with

Nicholson's measurement of ¢ for a sun-spot. The details are omitted hare.

1 give only the results for the assumed variation of surface density,

2

[ 2
s _}10\1_'9 o (3.3)

[¥33
(93]

ar a .

Taking the same axces as before, the magnetic poutential at a point P (v, o, )
is.given hy

[
- an I )
O
Ty VAZ=2Ap cos p cos Pt p*
wherc A2= ‘-‘:t:“, tany = ', 1fa=p
a® z

This is an clliptic function m A.”

Since for our purpose of investigating the propagation of ¢.au. waves in
the solar atmosphere, we are not much concerned with the actual variation
of the ficld over the surface of the spof, but maiuly with the order of
magnitude of H on and above the spot and as our linc of argument will De
the same for diffcrent kinds of variations of the magnetic ficlds, we do not
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Variation of the value of the magnetic field along the axis of a spot accerding to Chapman (A)
and Broxon (B). ((=z/a), z=distance along the axis, a=radius of spot. |
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proceed furthicer with Chiapman'’s assumptions, but stop here merely comparing
the variation of IT for the axial case for Chaptman and Bioxon fields.
For the axial case cxpression (3.4) gives

=00 gt v aatt o 5) -t + )% o (38)
)
Values ol H/H,, have been plotted against { fo1 £=o (axial case) for Chapman
ficlds (A) and Broxon ficlds (B) in Fig. 6. The general trend of the two curves
is the same, but Chapman’s values arc somewhat higher. We find that in both
the cases, for large spots of radius a= 28,000 km, and Ho = 3600 I, large figlds
of the order of 1000 ' persist at heights of the order of 15,000 km, i.e., ithe
top of the chromosplicre.  For such spots the ficlds reduce to approximatyly
13 to 109% at 30,000 km,

4. PROPAGATION O E.M. WAVES \

We are mow in a position to discuss the actual problem of propagation
of radioswaves through the solar atmosphere swirounding the spots, on the
supposition that these waves have their origin deep within the spots, and arc
consequent on the physical processes taking place within the sun which give
rise to spots.

As mentioned befoie, the propagation depends on: N, the electron dcnsity,:
H, the smagnetic ficld, & the damping cocflicient=v/p where v is the number
of collisions suffecred by an electron per sec, p=pulsatance=2rf, 6 the
angle of propagation, which is the angle between the direction of propagation
and the positive direction of lines of force. We have discussed N and II,
we shall now discuss the other quantitics.

(a) The damping factor 8=v/p

In the reversing layer (500 kms), we have ‘I' = 6000°K, n=concentration of
atoms mostly hydrogen=4.10'%/c.c., n, =¢lectron density =< 10'%* per c.c.
The mean free path of clectrons is, therefore, L,.=4 V2 L, where L 1is the
mean free path of heavy particles.

- 1
Hence lLie=4N2 —-—" — = - ;1‘:.““““ —ig =% 3 cms.
V2 anoe? T 41007.100°7 -

\

¢ =mean molecular velocity of electrons

1' A ~
=\}% &= 5.710° cms.

e

Hence v=c¢/L, = 2.107 sec”!.
Taking A=2m, f=1.5.10%, p=2rf .
and =v/p =< 2,10

The value of 8 is thus secn to be very small even on the reversing layer. In
the higher layers & falls very rapidly and therefore it 1s justifiable to meglect

damping altogether.
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.(b) The angle of propagation

Let the globe represent the sun, Cits body centre and CIé the direction
. \ N -«
of the Larth. I 1s the centre of the visible disc.

Let 8 be the position of
the centie ol the wmbra of the spot.

Fic. 7

Tosition of spot ay seen from  the earth
S-pusition of the spot on sun tafter Smait,
Spherical Aslronomy),

Then the dircetion of the spot axis, and ol the central magnetie ficld of
the spot is ulong €S, The angle TCS, which is gencrally denoted by p o (but
we shall denote it by y as p has heen used in a different sense), can be obtained
by calculation trom daily obsgvation of the spot (vide Smart, Spherical
Astronomy, p. 172). When the spot first appears on the cast limb, x=go°,
but there is hurdly any observation available at the first appearance of the
spot. Observations generally start after o day, when x =< 75", then gradually }
diminishes day by day, but even during central meridian passage X is gencerally
differcnt from zero, except om very rarc occasions. Afler central meridian
passage, X again increases day by day till it is go® when the spot disappears
on the west limb.

Choicé of Aves.~The plane LCS may he taken as the (XZ) plane, CI
being the axis of Z, the axis of X being perpendicwlar to CI o the plane
ECS. ’[he axis of Y is perpendicular to the plane of XOS (Fig. 8).

Angle of propagalion.—(Sce Fig. 8) According to our assmuption, the
source of r. dio-waves is the funnel shaped volume about S, with (S as axis.
Ihe volume comprises the whole conical space of the solur atmosphere with
the spot as the base, which is traversed by (he lines of force. If the lines of
force were everywhere parcllel to CS, 6=y if the polarity of the spot were R
(lines of force away from the surface) and = | w—x | if the polarity were v
(lines of force passing into the surface ).
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But such is not the case, as the lines of force curve away from the direc-
tion of CS, as discussed in 53. Let us find out the angle 6 for any point P
(a&, an, al) within the spot.  This is the angle between CE, and the tangent
to the lines of force at P.  These make an angle ¥ defined by (3.2) with CS,
at an azimwh a=tan~! 5/¢.

6 varics between x +y, x =¥ as « varies between o and am,
X

b4

AN )

E
F1c. 8 R

Plane throngh Tarth, Sun’s centre and spot
centre, showing how angle of propagation of
waves varics in the neighbourhood of spot.

Tl equations of propagation of the radio-waves through the spot atmos-
phere can now be written, using the symbols of the previous paper.
They are:

A g, Ey) +q*(Ez +1F Ey)=0

Gt (B 14y 0 z 145y

, for the o-wave v (4.1)
and Tt (E;+iFgli,) + g% (Ly +iFoE,) =0

for the e-wave

where u=2mzjA, Ty=y1+g2— gl Fa=vr+g?+|gl,

-

g=w sin 26/2 cos 6 (r—1)

and g)l=1— T r_, - forr<1
I+wsinf (Vi+g?-|g|)
, (4.2)
=1—- - — we— for >1 |

1—wsin 6 (y1+g2 - |g|)
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q, =1= ) - “for r<<1
1=wsin 6 (V17 g+ Igl)

=1

(4.8)
e for p > 1
1twsin f(Vr+g2+ lg))
The waves will be able to come out as long as g,* and g.? ure > 0. Let
us first investigate the prohable values of q.” and g.* in the spot region. 'They

vary from poinl to point and we oive the values of the relevant quantitics
for A=1.5m, f=2.10%/sec.

mp= .
We have N"——;r:'_“‘ =5.10%  w=1.,x10"2 .

Refercnce to paper (I)* shows that whatever the valies of w and 0, g,°
always tends o zero at r=1.

This happens at a heiglit of 13500 kin.  So all
o-waves coming from below this height are turned back.

As rcgards the c-wave, the transparency extends to the point where
rT=1tw,

For the present case, we assume that N, the ion-concentration
varies according to the law N = N,e™?* (vide Table I1).

leak out from levels where 1 <5 1 + .
z > 3900 kius.

The e-wave can
For the present case this happens at
So the whole coluunn, above a height of 3900 km, would be
transparent to the e-waves of wave-length 2m (Fig. ).
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F16. 9

. _ qwNe? . KPR Capel o A H
The dotted curve shows the variation of r = ===y W ith height over the sped fro A= o

The other curve gives (1 + ) as a function of height.

* Saha, Banerjea and Guha, 1947, Ind. J. Fhys., 21, 181.
3—1639P—5
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1t is easy to see that the shorter waves would be able to cqme from corres-
pondingly deeper layers.

Polarisalion and sense of polarisation of the waves.—Detailed description
of measurcments of polarisation is not available ; but in all the short notes
which have been published it is stated that the polarisation is circular, cven
when the spots are close to the limb.  Some state that the sense of polarisation
changes on crossing the meridian (Martyn, 1946), while others do not find any

such change (Bowen, 1946).

TABLE IT
Level above 2 \\
photosphere N. ot H (Broxon) |
in km Normal Spot
Atmosphere | Atmosphere

0 1.6.1611 ¢c 326 176 36007 504
500 1.29.10" 258 141.9 3330 ,, 46.6
1,000 1.04.101 208 114.4 3063 ,, 12.9
1,500 8§ 37.10"0 |, 167 91.85 2885 ,, 40.39
2,000 6.80.1010 ,, 136 74.80 2720 ,, 38.8
3,000 4.42.1010 88 48.40 2364 ,, 35.10
5,000 1 86.1010 ,, 37 20.35 1830 ,, 25.62
8.000 LETE CLEN 10 5.50 1296 ,, 18.14
10,000 2.14,108 5 2.75 1068 ,, 15.00
14,500% 3.708 .66 .53 720 ,, 10.80
20,0001 2.9.10% , .64 .35 618 ,, 8.65
30,000 2.5.108 .50 .28 360 ,, 504
40,000 2,1.108 , 46 .25 187 ,, 2,62
50.000 1.7.108 .34 .19 104 ,, 1.46
100,000 .85.10% ,, .20 I 14 ,, .20
1000,000 11108 ) .00 .00 0 o

* This value is not extrapolated from the curve n=n,e—#? butis an cxperimental value

obtained from coronal data.

(1) These values arc taken {from extrapolation of the values of clectron concentration in
the corona obtained from scattering of light by frec electrons given by Bambauch (See
Physik der Stern-atmosphiire, page 440, 1938) and recently coirected by Allen (1946),
snd Van de Hulst (x947),
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. It is only possible to make some general statements about polarisation
from our theory. We have H,/H,= VI+g?-|

: / ¢l both for the o-wave, and
the e-wave. Since g is changing at every point :
’

the so polarisation of the wave, as
. N - . - '
it is propagated through the solar atmospherc, is constantly changing. A large

e S i TS X
‘Jil lllti\lfs llllLla?‘ 1)012[115.(1'[1011 , a sall 'g] means circular polatisation  luside
tBle . ll(])mosp ere [gl is large, hence the waves will be “‘lincarly polarised’.
ut as the waves pass through the cor .
2 Btrn) ! o ough the corona both  and 1+ tend to vanish and
2(r- M S ) 91y : .
@ .Slll - THI cos U 18 a very small quantity, e.g., il is .066 for 0=r120 at a
Leight of 10% km above the photosphere and hence p—1, and the waves

becom.c circular. Table I1 gives the values of rand o {or the spot atmosphere
at various heights.

The scnse of polarisation would depend upon the value of g.

Fys . . .
I'lie waves have to pass through the Larth’s ionosphere before we receive
them. But in this case

—_ -2 . -9 . )

- = 10 0= = <, o="00 3%

mp2 5108 0”2, fnlj="7.107%, g='0035 cos® 6 = o,
s P, .

Hence I',=F.=1, i.c., the magnetic ficld is too weak to cause any change in

the polarisation of the micro-waves from the sun. »

5. GENERAL DEDUCTIONS'

It is not possible to penctrate more deeply into the phenomena with the
uid of our theory, unmless thc observations become more refined and the
technique is improved, but some gencral statements can be made.

The equations of propagation show that the escape of waves and the
sense of their circular polarisation are extremely scusitive to the value of
the spot field and the concentration of electrons. In our trecatment we

" have taken the source to be single spot (a-type), but observations have
shown that majority of spots are bipolar, consisting of a lcader and a follower
wilh opposite polarity, whose field-strength undergoes rapid clmnges' with
the age. Iet us quote from Chapman (1043) :

* Sun-spot Dipole Moments.—Hale found that most sunspol groups at
some stage in their life-history, show bipolarity that is to say, they include
two spots, or lwo regions or groups of spots, of opposite maguetic polarity,
one red (R) and the other violet (V). At other stages, however, there is
often only one spot, of like polarity over all its arca ; this is called a unipolar
spot.

A typical spot group begins as two small spots, or two groups of spots, of
oppositc polarity, ncarly in the same latitude, and 3° or 4" apart in longitude.
The two principal spots grow rapidly and separatc in longitude to a distance
of 10° or mote, the rear spot atlains its maximum arca in 3 or 4 days ; the
leader attains a larger maximum area in 7, § or g days, many smaller spots
develop within the group, mostly near the two main ones. The dipole
moment of the group is greatest when the spots are largest and furthest apart.
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Consider a notable case, that of the great bipolar group M. W. 6725,
8° S, cousisting of two gieat spots ecch of radius 20,000 km, about 14° apart,
together with many smaller spots hetween; for this group H =39001" ; con
sidering only the two large spots, the dipole moment is 5x 10" k", i.e., 600,00
times as great as the Larth's dipele moment, and about 1/170 of that of the
sun. ‘T'he sun-spot dipole moment is of course horizontal, and nearly parallel
to 1he sun’s cquator, though the: leading spot is generally somewhat nearer
to the cquator than is the follower. At the equator the dipole axis is along
the equator, and according to W. Brunner its inclination to the equator
increases with latitude to about 16” at 30" latitude.”

Mauy of the spots whose radio emission had been under investigation
during the last and the present year, appear to have heen of this type.

In such cases, each onc of the component spots with different  polarity
will cit microw:ives of different intensitly and with circular polarisatibn of
opposite sense. Though the waves frgm cach spot may he co-hcreut;\lhe
waves from the two spots  may not be co-licrent, like light from two distinct
sources.  ‘I'his appears to explain in a gencral way the observations of Ry]c
and Vonberg, Martyn, and of Appleton and Hey, Bul it is desirable that
rndioﬁmcrvmions be coupled with simultancous observations of the polarity
and field stiength of the component spots.

When the spot group is of the y-type (multipolar and without demar-

cation) the polarisation may he random. . .

Sudden changes in intensity —Sudden changes m intensity are expected
when H and N change suddenly.  ‘T'his happens during flares which, as
Geovanelli (1945) hus shown, are connected with the y-type of spots, where the
field strength undereoes rapid changes. This may affect microwave emission in
two ways, (1) sudden iucrcase in the value of H, will allow the e-component
of the microwave to comc from decper layers and vice versa, (2) if the physical
mechanism of cission given out by the senior author (Saha, 1946) be correct,
sudden fluctnations of magnetic field will induce more copious cmission of
microwaves. , But this point requires further investigation.

APPENDIX 1

The line A = 6173.346 is the weakest member of a d7p®D—d7pP
multiplet of Fe. Its position is given in table mentioned below :

The multiplet is d7s"D—d?s"P according to Russell. The excita-
tion potential of the "Dy, level is 4.21 volts (v= 34121 em™1). The other
lines of the multiplct,.notably 6137.005, and 6151.630 etc, arc also sometimes
used for measurement of the sunspot fields.

The theoretical Zeemann-pattern of 6173.32 is given by Av= +alo, 5/2).

This is also cxperimentally verified, The Mount Wilson values of
magnetic field are obtained from comparison of laboratory data with obsetva-
tional data, and are therefore independent of particular Zeemann-pattern.
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Halc's suggestion for measiwrement of magnetic ficld in the
highea layers of the spot

““ On consideratious it will be scen, however, that the sepatation of the
doublets must depend, in some degrec on the distiibution of the absorbing
vapor in the solar atmosphere, and on the coefiicient of absorption of the
particulur line employed. A striking instance of this kind, affccting lines
of the same series, is illustrated in the case of hydrogen, deseribed in a
previous paper.¥  Although the Ha line extends to the upper part of the
chromospherc and prominences, the mean level represented by its absorption
is much lower than that given by Ha, The conscquence is that Fa enables
us to pholograph the solar vortices, the characteristic stream lines of which
do not appear at the lower Hs lcvel. Similarly, if the intensity of a given
titanium line falls off rapidly, the level represented by this line may be com-
paratively low. If, on the other hand, its intensity curve is of such a form
as to indicate that the absorption at higher clevations plays an important
part, the mean level represented by the line may be considerably higher
than in the previous casc.  To settle this question we must know :

(1) ‘The range of elevation in the spot of the vapors of iron, titanium,
and other clements:

(2) The intensities of the lines of these ciements at diffient levels

(3) 'The rate at which the strength of the field decreases upward.

In the absence of information regarding the first two points, we may
enquire as to the probable relative bchavior ot iitanam, iton, and other
elements if the distrihution of the vapors at different levels were the same
as in the chromosphere. From a discussion of a large number of photo-
graphs of the flash spectrum, made by different obscrvers at scveral eclipscs,
Jewell has compiled a table showing the heights above the sun’s limb at-

* Solar Vortices.



220 M. N. Saha, B. K. Banerjea and U. C. Guha

tained by various lines in the blue and violet *. '* The heights for titanium
range from 100 miles (160 km) for 4466.0 to 3500 nules (5640 km) for 4466.7,
while certain strong enhanced lines in the ultra-violet 1each elevations of
6000 or 8000 miles (9660 or 12,880 km). For iron the minimum height is
200 miles (320 km) for 4482.4 and the maximum 1000 miles (1670 km) ftor
4584.0.  Chromipm ranges from 100 miles for 4280.2 to 1200 miles (1930 km)
for 4275.0; mangancse from *‘ 100 miles or more ”’ for 4451.8 to ““ 300 miles
(1290 km) or more ”’ for 4030.9; vanadium from 100 miles for 4390.1 to
200 miles for 4379.4. It thus appears that the range in level represented
by the titanium lines is much greater than for the lines of iron, chromijum,
manganese, and vanadium. If the vapors were similarly distributed in spots,
the maximum strength of field indicated by the titanium lines shpuld
therefore correspond with the maximum value for iron, but some titajium
lines, produced by absorption at higher nicgn levels, should give lower
field strength. Chromium sliould agree more nearly with iron. Vanadium, if
the less refrangible limes rcach mno greater clevations, should give closg]y
accordant (maximum) values for the field strength. Tt will perhaps be
possible, with the¢ aid of the 3o feet spectrograph, to detcimine the
relative levels in the chromosplierc attained hy most of the lines in question,
but it isa much more difficult matter to do this for sun spots. I hope,
however, that our new spectiohcliograph of 30 feet focal length may throw
some light on this subject.” :

It is evident that these considerations will have no bearing on the
preseut problem unless the ficld strength decreases very rapidly upward in
spots. ‘I'hat this probably occurs is shown by the fact that the D-lines of
sodinm and the b-lines of magnesium are usually but slightly affected in the
spot spectrum,t and arce displaced through a very small distance when the
Nicol is rotated. Thus, at the level represented by these lines, which attain
elevations in the chromosphere probably not exceeding 5000 miles, the field
strength is reduced 1o a small fraction of its maximum valuec.
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+ Except for the strengthening of the wings, which may be produced by some cause
other than a magnetic field,
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