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POREWORD

Moese noteos are based on a lecture course firet given at Leiden Observ-
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atory in ¥all, 1950, then in exteonded form at larvard Obscrvatory in Spring,
19531, ‘The lecturcs were intendced to make sraduate students in astronomy and

nivrsics n'j)pfe(j;quyb@ the problaas and pos cibilities of radio as «tronomy and to
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sive than o survey ol 1ts reenlts. Chservations were presented falrly com-
pletely, vhere possible in a condenged form, OF theoretical developments thosc

wore sclected that scomed most ins rictive or most likely to survive,

the notes were vritten as assisnments by the Harvard students, R.D,Dunn,

J.Smith5 A Wyller, ond I, Ziring thelr names aro e sntioned at the

F,Q.0rrall, H
chapter headings, Some chapters wore thoroughly corrected or rewritten while

others arc prosented with few changes, Thus no homogencity or completeness

bl

coulé be achieved, This holds in particular for the references,

In a groving field like thig the most tmportant results often are not yet

iy

published, We were hoppy bo be able to include many unpublished results, Ve
hove alwoys tried to mark such results as unpublished, to give duc credit to
tho suthors, and to announce caba ag preliminary when thoy were not based on
a manuscript submitted for publication.

e Tipal editing was done jointly yrlk‘ frank, J, Kerr of the Radio-

physics Iaboratory of the ¢.S,1.13.0, at Sydney, Australia and the author

wecks of our stay at Harvard Obs servabory. Hr. Kerr also con-

tributed Chapter 9 on radar methods. Some footnotes and further references

have been added in prool in August 1Y 01, ‘the result is a Tsemi~hasty"
m———“—‘—"'— "
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docuentatbion and presentation, We hope that these cdelects will be excused by
the gtudentes and active research workers for whoil thesge notes are intended,
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Chapter 1. INTRODUCTION (H. C. van de Hulst)

This course cannot be classed as an observational or theoretical
course, TFortunately we do not have to. The effort to understand, that

is science, always is theory in its final stage but draws heavily on ob-

Im— o,

servation throughout the winding ways to reach this aim, My emphasis

will be on the theoretical astrophysics in radio astronomy, e shall

T

forego the enormous problems that make observational work in this field

guite an art. But we have to learn to eppreciate the limitations and

possibilities of the instrument in order to interpret the observations

correctly,

Classification of subjects:

A, Milky way and point sources

{, 1931 1946
| also other galaxies
emission of radio j 1950
noise X B, Sun
RADIO i 1OLL ek taeal
i
\ ¢. Moon (and planets)
radio in 1946 fubure?
astronomy
i v . D, TIonosphere and Aurorae
{’ (1907) 1924 1940
$
% E, Meteor trails
reflection of man-made (1931) 1938
radiowaves \ ==
RADAR | F. Moon (and sun and planets)

3

R 1946 future?

This table gives a survey of the problems we might cover. By
choice we shall only briefly discuss the Radar or echo methods, of which
D and E are geophysical subjects with astronomical impli.cations. It is

advisable not to use the word Radar (made from: radio direction and
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;ange) for the subjects A, B, and C, Some confusion may arise from the fact
that quite a few antennas now in use as radio telescopes were formerly used

as radar antennas,

Importance of these investigations

- Technical and cconomical:--These aspects I discuss first, not because
they are most important on an absolute scale of values but because they can be
formulated relatively easily.

The ionosphere (D) ranks first, because of its importence for World-
wide radio communication, It was a big surprise when transatlantic communi-
cation with short waves was first established. Heaviside in 1907 assumed the
cxistence of a reflecting layer. Appleton in 1924 demonstrated its existence
by vertical reflections, Most important in our context is the F-layer, with
average helight about 300 kmﬁ and frequency cut-off for vertical incidence about
10 Me/sec (30 meter), subject to daily, seasonal and irrcgular fluctuations,
Moon echoes (F) are a supplementary tool to probe the ionosphere. The point
sources (4) and to some extent the ¢nhanced solar noise (B) show twinkling
caused by and providing information on the ionosphere, The lonosphere is caused
by ultraviolet radiation from the sun, Thus solar radiation is the prime fac-
tor entering in the complex photochemistry of the upper air, Among all signs
of activity on the sun ultraviolet and corpuscular cmission is one aspect and
radioemission (B) another, the study of which may help to give more clarity or
better predictions of activity, Also meteor trails (E) arc an effective tool
for studying the upper air,

Less important is solar and galactic noise as a source of interference
with radio reception. Yet the discoveries bear out that they have some impor-

t ance, Galactic noisec was discovered in basic research on the lowest nolse level
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that could be attained in & receiver. Solar noise was discovered in daily radar
operation during the war, when distant planes could occasionally not be detec-

ted because of solar noilsc.

effect of meter waves

Biological:--Several groups arc investigabing the

on plant growth, Oﬁé might speculate on the possibility that the weves from
e et
solar outbursts, that are very weak cven at maximum strength, may have some
direct influence cn plants and animals,

Philosophy =nd pure science:--Civilization may be scen as the road to
airplanes, radios and what next. It may also be scen as an adventure of ideas
(Whitehead). It certainly is a big adventurc to try to understand the things
in the universe ard people of all ages have becn attracted to astronomy, Quite
irrespective of the results it is fascinating to see the lrregular naths along

which science finds its way. Herc is the history of science in the making:

a very young brench of sciencc comes rapidly to full grevth and is confronted
with one of the oldest fields: astronomy. We do not doubt that it is the same
sun and the same galaxy that we nowvobservc with radictelescopses. Pub well-
known subjucts may suddenly seem strange, new aspects appear and the language
becomes temporarily confused. Who understonds these points will also be warned
against simplistic quoting of years and dates. They mark moments that o cer-
tain surprise camec or a cerbain aim was achieved; they are not discontinuities

in the history of science,



Chapter 2, FUNDAMENTALS OF OBSERVATIONAL MLTHODS (F, G, Orrall)
2.) Radiation

Most of the empirical knowledge of astronomy which we can obtain, comes
fromithe measurement of radiation. The most complete observation of radiation
which we might describe would be one giving the intensity and polarization from
any point in the sky at any wave length, at any time, The various sections of
observational astronomy give different emphasis to the properties of rrdiation
measured; for example, positional astronomy is concerned with the point in the
sky from which the radiation comes, spectroscopy with the wave length of the
radiation, and photometry with its intensity, Since a strict separation of the
sections of astronomy does not exist, we shall compare optical astronomy with
radio astronomy in the light of their ability to measure the properties of ra-

diation and see where the emphasis of radio astronomy will -be,

kWave length and fregquency. We cannot detect radiation from outer space of all

wave lengths because of absorption or reflection in the earth's atmosphere., We
have, however, two ”windows" in the earth's atmosphere, through which radiation
from outside the earth can reach us, One of these is the one with which optical
asfronomy is concerned. This extends from 3,000 £ to 30,000 2 (z). Radiation
of wave lengths shorter than 3,000 R is‘absorbed by ozone in the atmosphere, and
that in the far infra-red by molecular absorption. 'The other "window" is open
to certain radiation of redio wave length. This cxtends from 1 cm to about 15
metres (+). Radiation of wave lengths greater than about 15 metres is reflected
by the ionosphere, The cut-offs atil cm, and 3,000 £ are not sharp, but first
appear as scparatc absorption.bands, These "windows" arc shown graphicrlly in

the following figure:
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Sharp determination or selection of a given wave length is often troublesome

in optical astroiomy, but it is easy in radlo astronomy, We can build cir-

cuits resonant to any radio freguency. In radio astronomy, we often use fre-

guency instead of wave length, since frequency does not change in a medium,

2 ;_,“.,M
It is convenient to use the megacycle per second as the unit of frequency, and

the meter or centimeter as the unit of wave length., In vacuum, we have the
relation between fregquency v and wave length ).
A (in metres)* ¥ (in megacycles/zecond) = 300.
gacy:

1 megacyc.e/second = 10° cycle/second = 10 sec™ T

Position in the Sky. The resolving power of radlo telescopes is very poor
compared with that of optical telescopes, as would be expected from the longer
wave length employed. We know that the image of a point source formed by an
optical telescope is not a point, but rather consists of a central disk called
the spurious disk, surrounded by diffraction rings; and that about &6% of

S

the light of the source goes into this central disk. .7 we plot the inten-

sity of the light in the image as ordinate and the aisbtance from the center

in radians as abscissa, we obtain a curve such as this:
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where s 1s the width of the central disk as mersured botween points where

the intensity is one-half the central intensity, If s is given in radians
and if a is the aperture of the telescope in the units in which ) 1s measured,
then s 1s given by:

s = 1,032

for the case when the aperture is circular. We see that the quantity s gives
us a measure of the resolving pow.r of the telescope, since the spurious disk
of the images of two point sources separcted by a distance s will already

have begun to overlap, In radio astronomy we may liken the main lobe of the
antenna pattorn to the central disk, and the side lobes to the diffrection
rings., If we put wave lengths representative of optical astronarny and radio
astronomy into the above formula, along with practical values of the aperture
we find that s for optical telescopes may be as small as a fraction of a second
of arc, while for radio telescopes s may be measured in degrees or in tens of
degrees., We sec then, that it is difficult for a radio tclescope to locate
the point in the sky from which radiation is coming, with great accuracy.

As in optical astronomy'we use other methods to increasc resolving power, such

v

as interfcrometers and eclipses, These will be discussced in more detaill later.



Time. This is an igportent element in radio astronomy me-surements, for we
need a reasonable time to suppress chance fluctuations, as in using a photo
cell, Also, there are many transient phenomena that change very quickly and
which we do not desirc to suppress., We shall also consider this in greatcr

detail,

Intensity. If we have a plane polarizod[clectroamagnetiq}wave from a distant
source falling upon a pointbin space, therce will be an clectric fileld ¥ and

a magnetic ficldngset up at that point. The absolute value of the Poynting
voctorwg associated with.that po:nt will determine the encrgy carried by the
wave at that point. In order to avoid the confusion in electro-magnetic theory
caused by the varlety of systems of units used, we shall review the c¢xpres-
sion for the Puynting vector in two systems of units in common use., In the

practical systum we have replaced'yi / , or the "impedance of free space,"

o /e ce !
by its value 27+60 ohm.
T S ——
Theoretical System (Gauss) Practical System (Giorgi)
E cgs Units E volts/mcter
H cgs Units (Gauss) H amperes/meter
S wrgs/scc cm R S watts/meter
then
5 = TR s=FxH
but for a planc wave in vacuum
|
A
H==E H = \!_ME = B S—
V#O 27; « 60 ohm
whence
5 = ol g = B
i 2 e 60 ohm
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If the wave is periodic as of the form E = Ej cos @t then the
time average is given by

2 2
-S-‘: ..C_E_o.... 5 = _____P_O______
&n L 760 ohm

There is no need to assume such a periodic wave, If the radiation
has the form of nolse, we can take a time average and get:

i s

2
- ¢ 7 - E
= __.E - E_
° R | 5= 5760 omm
=

We thus obtain the energy in the enpire spectrum, or the flux density in the
entire spectrum. This quantity S (we usually omit the bar denoting time av-
erage) we recognize to be identical with the solar constant, in the case of
the sun: |

S = 1,94 cal em™? minute=L = 0, 13 x 107 erg cm ~2geel = 1300 watt =2

Polarization. Before we can go on to consider in detail the analysis of noise,

we shall consider polarization, We inquire: What replaces S, the flux den-

gity, and E? of our previous discussion when we consider a wave of arbitrary
e bt 4 CTD 2 _ L2, .2
polarization? The relation 5 = ZfE remains, where clearly B* = B~ + Ey

where x and y are two arbitrary reference axes, Besides this, there are three
other analagous parameters, comprising the four S3tokes Parameters. These are
best expressed in complex notation, Let A be the amplitude of the wave in the
x or the y direction as specified and let an asterisk denote the complex con-

Jugate. The Stokes parameters then become for a Maxwell wave:

I = AX_'AXX + A A

Q = A A o S 3
U= A k + A

V=i AXA * - AyAXA)

As an example, these parameters take on these values for variously polarized

light
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Unpolarised

Rignt-nand Circularly Polarized
Plane Polarized in x direction
Plane Polariged in y direction
Plane Polarized at 45° to x and y

N o e
OFRHOO
HOOOO
o oOHO

et cetera

We shall not often need this formal representation.

{

2.2 Noise and its measurement

Spectral intensity of a noise. In ophical astronomy we can obtain a curve of

the intensity as a function of wave length or frequency by means of the spec-
trograph., If we then have I (4) or I (4), we know that the intensity within

& band of wave length d) (or frequency dv), will be given by 1 (n)dy (or

I(v)dv).
() g?A AAAAA \\\“\\\\»\
)

The spectrograph thus performs an analysis of the light entering the
slit, In order to devise an instrument that will analyse the radio-frequency
components of the incident radiation in a similar way, we have to know -ex-

actly what analysis this is. The following formulation holds as well for op-

tical as for radio astronomy.

e

The light arriving from a certain direction has an electric field

strength that is a function of time, f(t), thus:

4
i A
ARSFAT qu .
PR R VAVAVAW
¥
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For convenience we discuss only one polarized compoﬁent. This function is
all that is given, so it contains information on the intensity distribution
over all frequencies. But it cannot be directly registered. If £(t) were
periodic,

£(t) = cos 2qyt,
the radiation would be monochromatic with frequency ,. But strict pericdicity
does not exist, so always the line is broadencd, More usuelly in astronomy
and virtually always in rédio astronomy f(t) is an irregular function or
"moisc." The spectrum then contains all frequencics and is a continuous spec-—
trum,

Let us omit any constant part so that £(t) = O,

We then define the total Intensity I, . (total) thus:

B

T
Tnoy, = {£(8)]

where we are omitting any constant factors depending on units,

Now, suppose wec consider an interval of time 1 from t =0 to t = ¢ and

perform a Fourler analysis; then:

-

19

4 :
A (v) = ’ £(t) 2™MVhag

0 .
If we perform an analysis in the interval t = (to t = 21, we obtain

some amplitude 4 '(v), and for the interval t = O to t = 2 1clearly
Ay (v) = AT'(V) + AT(V).

Tf we conbinue to add the amplitude Ay, A.', A M, su.ieyis D as the
“ T T

interval of time increases without limit, we do not arrive at a fixed value
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of L(y) since the amplitudes are complex numbers with virtually unrelated
phases, We see, then, that Fourier-analysis of an infinitely long noise-
train is meaningless.

We may, however, consider the mean squares, where the mean implies an

average from semples teken far apart; then:

A )12 = 218 ()]

So it is not 4 itself but the modulus of its square which is propor-

tional to 1. Moreover, we can show by a well-known theorem of statistics

L=

that the relative dispersion of the actual values of IA(y){%”dgcreases as

1
T“é, We sece then that if we take 1 really large, the values of ‘Aw(v)‘z
,,-W‘ : !

will have a small relative dispersion and will be almost strictly propor-

tional to T, thus the limit

1im2

T->C0

A¢(y>%2 exists

L

and we define
1(y) = Lim E.AA, (v)l2
T-»eaTi T

as the spectral intensity of the nolse function. We shall sce that the fac-

tor 2 is needed for normalization,

Total Intensity Theorem. What we want, however, is & definition that gives:

[0
'

{
Irot = | I(y)dy -
o
o
We have defined the total intensity Ig . and the spectral intensity

I(v)., We shall show that the above relation follows from these definitions.

We shall need Parseval's Theorem to do this, This recads:
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} e
if F(v) = [f(t)czf.ﬁ"i"tdt,
then by'Fourier inversion: -
o )
£(t) = |F(v)e?™ivty,
and Parseval's Theorem states: - o
+ oo +Q
ff(t)f*(t)dt = fF(V)F*(V)d v
— T -— O

we then apply this thcorem to

£(t) = the chopped off real noise function £(t) of sample
duration 1, and to F(V) =AT(V); F(-v) = AT’*( v)

then | T o
ﬂf(t)]zdt = 2 IAT (v)AT-X-( v)dvy
. 0 O 13
’,,Nowv if we divide by ¢ and take 1im , we obtain the regquired relation,

/ T oo

4

Correlatioﬁ—Function Theorem, We could get at this another way. Let g(s)

be a function of the correlation interval s delfincd thus

g(s) = f(t)f(t+s) where £(t), g(s) are real;
then I( /) is given by: (thecren statégd without proof)

I(v) = Afg(s) cos 2 nysds

The "correlation function” g(zs) will go toward zero quickly, being of
g(s)

the form shown. \\
. —

l — '
We see then, that we ﬁave two ways of obtaining I(v) from £(t), which we might

illustrate in this form:

Fourier .nalysis w-—s

squaring £(t) ——ts -&,< V)

and i j

averaging | g(s) —da I(v)
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ilso, by Fourier Inversion we have

fozo]

g(s) = { I(v) cos 27 vsdy

e
|
J
0
We see that for s = O we have the Total Intensity Theorem, whercupon we might

consider the Corrclation Theorem an extension of the Total Intensity Theorem,

Application to Radio Noisec, The mathematical treatment given above is im-

portant, for we shall sce that the instrumental technique follows the mathe-

matical process exactly., «1s0, the time = of the analyzed sample is relatively
- e

short, so that intensity fluctuatlons are often important, We shall congider
these two points at greater length,

A radio telescope consists of an anté@na whioh intcrcepts the radi-
ation, a receiver composed of an amplifier g;d a deﬁector, and some sort of
registering meter., The receiver is usually éf conﬁontional superheterodvne
design, often a modified radar receiver, Th% antenna docs some of the selec-
ting of frequencies, but not much, The Varyi;g field strength due to the ra-

i
diation at the antemna corresponds to the f(t) of our analysis, The antenna
is linked to the amplifier, usually by means %f wave guldes for radiation

shorter than 20 cm,, or by coaxial cable for fadiation of longer wave length,

The selection of frequency is done in the amplifier, which selectively am-

plific.s frequencies in a narrow band Ae, around some froquency v, about a

millionfold in typical cases., This corresponds to the computation of the

Fourier-amplitude in our analysis, The "squaring" is done in the quadratic

or "square-law" detector.
Theoretically an infinite time is nceded to record spectral intensity,

since we defined I(v) in the limit T -ywe If we analyze o number of short
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samples of duration ¢, the values of I(Vv) may diffur from one sample to an-
other, so that the meter will record different values of the "intensity" for
differcnt samples, These are called "intensity fluctuations.!

We can r.duce these fluctuations, if we desire, by increasing the time
constant of the recording mcter, Or we might simply average the registered
intensity over a timeT,

This is exactly the same procedurc which we followed in the mathe-
matical formulation. Let 4 be the time constant of the recording meter,
Then the relative fluctuation of the recorded intensity will be proportional
to T_%. The further factor determining the glze of these fluctuations is
the frequency range a, of the accepted radiation, i.c¢, the band width of

the amplifier., We have (with omission of a factor of the order of 1):

a1 1
T = (L\.V”f)g

where 07 is the root mean square deviation of the mez-.red intensity from
its average (true) value.
It is instructive to see from the following illustration what the phys-

ical reason for this relationship is.,

original noisc:

after sclective
amplification:

after gquadrstic
detection:

after smoothing
by recorder with
time constant @ s

¥
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A

‘vyihe clue is that the current after selective amplification has a fixed phase

s

and amplitude only for a time of the order of 1/ Ay, The detected current

- e
rmcpmcnsr e

< D

much longer than the time in which this current fluctuates reduces the rela-

1 . .
tive dispersion to (8v*T)2, We can reduce the fluctuation by increasing
Av or 1. We shall consider some limitations placed on the values of these

quantities presently.

Tnternal and External Noise, What we hope to measure at the recording meter,

___

is not the intensity of the radiation directly, for this depends also on |
certain properties of the antenna which we shall consider later, We hope,
instead, to measure the total power absorbed by the receiver, ‘What we ac-
tually measure, however, 1s the power absorbed from the antenna plus the power
generated within the receiver itself.

This power is generated by thermal motions of electrons in resistors

and tubes, and it gives random noise of the same form as that we arc trying
&ﬁo measuré. The noise arising in each stage of the amplifier will be ampli-
fied in each succeeding stage, So the noise arising in the first stage, which
is amplified just as much as the external noise, is most bothersome.

In practice, then, the power P which we measure is the sum of the power

absorbed from the antenna Py and the power generated by the equipment Pi .

We often find that the power which we hope to measure, Pexts is much smaller
Ne olven 1ing

i

than the internal noise power Pe * For example, suppose that the antenna

i samsemrer A

nois¢ is negligible, The output meter reading will fluctuate in a random

1nt'

way about the reading corresponding to the value Py ¢, The size of these

e

% . ' .
If we wish to detect a small value of Paxt 5 1t must be at least as

large as the fluctuations in P. .
int
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fluctuations will be

AP = Lint
\ ]

Av T
If we now cormect the antenna, the meter reading will fluctuate about a new,
higher value corresponding to the poﬁer Ping + Pext, but we shall not be
able to detect the increase unless the increase is larger than the fluctu-
ations, that is:

Pint
Vv -

We see, then, that the greatest sensitivity will be obtained by using an

Pext,

amplifier of large band width, followed by an output indicator having a large
time constant, (Since the reciprocal of the time constant acts as a band

width, one often calls 1/T the output band width and Av the input band width.)

e i e

There are, however, certain fundamentalJlimitations which are imposed
on the values of Av and «w, If we desire to know how intcnsity varies with
frequency we must use a narrow band width, If we are using an interferometer,
then the radiation must be nearly "monochromatic! if we arc to obtain many
fringes. This means that Ay must be smaller than about 1/100v or 1/1000y .
There is another limit which is imposed on the band width by the nature of
the amplifier circuits used: wide-band amplifiers require low input and out-
put impedances, while high-gain amplifiers require high input and ou@put ine

pedances. Consequently, a wide band can be realised only with a small gain

i B g S

in each stage, This in turn means that the internal noise is relatively

e e memss e T
high, because effectively more than just the first stage contribute to it,
There are also limitations imposed by the output band width (that is, by the

time constant of the recording meter), If we want to obscrve any transient
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or variable phenomena, then *r must be shorter than the time of variation.

We might also want to observe rapid changes in power caused by rotation of

the antenna, or we might want to observe very short pulses. There is another

more practical and difficult problem: we cannot make . larger than the time

during which the factor of amplification remain% constant. In practice it

is difficult to keep the gain (amplification fa@tor) constant, For example,

B ”E?lton found with his equipment, that in order éo keep Pint constant to one

i&?‘*/ part in 1000, he had to keep the plate voltage constant to one part in 3000,

land the heater voltage at one part in ISOO. One solution is continuous cali-

bration, but first, let us consider calibration in general,

Calibration. In practice, equipment is calibrated as follows: A reading

By

measured, The antenna is then disconnected and two known noise sources of

is taken with the receiver connected to the antenna, whose power is to be

power, P1 and Py, are comnected in turn,and the readings of the output meter,

R2 and R3

equal to the sum of the internal and external noise power times some constant

, are taken, We know that in each case the output rcading will be

factor x. We thus have three equations:
x+(Poyt, * Pint) = B1

x+(Py * Pypp ) = By

X'(PZ + Pint) = R3

and we solve for the unknowns Pi ., Post and X. Ei‘gnal gengrgtors_ are __r}ot

accurate enough to be used in the calibration. Also, it is better to use a

e, s

power source which generates noise rather than a signal, For noise genera-

tors we may employ a resistor at some temperature T, or we may use a diode with
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the filament at some temperature, T. These must be provided with some cire
cuit to match them to the receiver, That is the impedance of the noise source
must match that of the»receivcr. Matehing will be discussed in more detail
later,

The method of calibration just described lecads us to a method of

defining the noise¢ factor N, which is the measure of excellence of a recei

L SO e

ver as regards sensitivity, Let the antenna be replaced by a matched resis-
;;r at room temperaturc T;“this produces the (available) noise POWL Y P0 =

KT &y (see later)., If now a signal with power S is introduced in this resis-
tance, the signal to noise ratic in the input is S/F,, After amplification,

with gain G, the signal to noisc ratio has become GS/(GP, + GPipt). The noise

factor N is now defined by

N = Signal/noise ratio in input _  §/P, . Po + Pint

signal/noise ratio in output S/(P, + Pint) F,

Consequently

A common method of measuring N is to measurc first the noise output with just

the resistor as input and then to add by a noisc generator a known nolsc power

Pg to the input until the output noise is doubled, Thc ecuations then are
x(Po * Pipt) = R

x(P, + P, + Py .) = 2R,

g
from which we find

N = Pg/PO.
Technical details must be omitted,

We have then, the following definitinn of noise factor N: The noise

factor N is some number, characteristic of the recciver, such that N-1 is



~19- -
the ratic of the actual internal noise of a recelver, to the theorctical
minimum at that temperaturc, Often the ncise factor is expressed ir decl-
bels: n =10 x logygN.
An idea of the sensitivity of receivers in use at the present time
can be gained from the following valuee giving noise lactors widch can be

P =S

obtained without undue difficulty ot various fregiencies:—-

B No;;Z'Factor
} Frequeney e e L e e
(Mc/s) necibels niZifgc@L ;A;f%ﬂ
10 P 1.0 170 &
100 6 L fte
1000 1C 10 AGow
10000 15 2 Geer

Continuous Calibration., The diffircultizs arising from variaticr of anpli-

fier gain can be reduced by using o methud of condinuous calibraticon. ~ The

S

most commonly used method, often called thne "chepping” method, was originated

i e A

by Dicke (1946).

[ntenn:

recelver and . 2.0, T
3 - = U -y /7% LR
btandardk;y’ ﬁl detcetor | amplifien we S
Noise clock-dyiven switch

In this, the antenna and a standard ncise source are connected alternately
to the receiver, the switching being done at the rapid rate of about 30 c/s,
The difference between the noise powers produced by the antenna and the stan-
dard source then appears as a 30c/s modulation of the receiver outpul. Thus
the greatest sensitivity to the incident power can be obtained bv usinz an

additional detector which is sensitive only to the 30c/s component of the
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output of the quadratic detector, eliminating the slower, undesired, vari-
ations., The fluctuations of the output power are governed by the bandwidth
Ay, and the meter time constant t , just as in the simpler technique.

While this system reduces the éffect of receiver variations, calibra-
tion is still necessary, since the output depends on the linearity of the
receiver, and the law of the detector,

Some variants of Dicke's method have already been used in radio as-

tronomy, and it is likely that others will come into use in the future, as
the need for precise measurement of very small noise powers increases., For
example, Eﬂggmgigél), in his detection of the 21 cm line of galactic hydro-

gen, has used a system in which the frequency is switched back and forth

through a small amount at & rapid rate.

Ryle and Vonberg (1948) have developed another met hod of measuriag

small noise powers which does not deperid on knowledge of the law of the de~
“tector or the gain or the frequency response of the receiver, Also, it can
operate over a wide range of input powers without the necessity of changing
\the‘gain and calibrating., In this method, a variable standard noise source
is employed. The receiver is switched alterﬁately between the antenns and
noige source, and a servo mcchanism varies the noise power of the source

so tﬁat it is kept in equilibrium with the antenna. We can measure the power

delivered by the antenna then, by measuring that of thce standard source,

iAntennaLw
| recelver and . —
Variable ,,,T:fti>”é“ detector p——ze—ia,c, amplifier
[Meted—<—  Standard

Noise Source < lservo mechani sml———ee—-—1t
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and no further calibration is nceded. There is, however, this limitation:
the power delivered by the antenna must be as high as the minimum noise we
can generate.

Steinberg has devised a method of continuous calibration which actu~
ally tries to stabilize the gain of the receiver. A constant standard noise
source is employed and again the receiver is switched from the antenna to
the standard, When the receiver is connected to the standard, a servo mech-

anism checks the output, and if it is not at a certain constant value, it

adjusts the gain of the receiver until it is at this value, The final rea-
e R - et o

"

ding, then,is the difference in output between the antenna and standard

SOUYrCe .,
ntenn Motor-driven switches
. Receiver and] ‘
5 Detector
2 ~
Btandard] A
Source
Servo P
echanism -

" Tphe development of such systems should make it possible to push the
value of ¥ to minutes or even hours and thus overcome the difficulty of ob-
taining large values of 1 /_\v)and we could then measure very weak noise powers,
Of course, such systems have no advantage when we desire a short time con-
stant to measure transient phenomena.,

There still remain other lirﬁitations on thé intensities we can mea-
sure, for variations in the lonosphere produce effects similar to bad "see-

ing" which we have to contend with in optical astronomy.



Available Power and Matching., In what has preceded, we have not defined

Just exactly what we shall understand by the power absorbed by gur radio

telescope.,  We shall now investigate this more closcly.,

Let us consider a two terminal network such as that oo
shown on the right, If we measure the Voltagch and the Y

current I across the terminals, with proper resard to
phase, then the impedance of the circuit is given by Z = V/I and the power
dissipated in the circuit by P = %IZR, where R is the resistance, that 1s, the
real part of Z, Now if we put an antenna in space we may consider it as a
two terminal network and measurc V and I, The resulting impedance is called

the radiation impedance Z_ . The real part of this impedance is called the

radiation resistance R_. This is an equivalent resistance, that is, a con-

L

ception to indicate the radiation properties of an antenna, drawn from an

R 0. I O

analogy with ohmic power losses. In other words, the radiation resistance

S

is the equivalent resistance which would dissipate the power the antenna ra-

digtes, with a current flowing in it equal to the antenna current, This re-
sistance varies slightly with the way the antenna is mounted, being affocted
by reflectors placed near it, height above the ground, conductivity of the
ground, etc,

Now let us connect the antenna to the receiver, e symbolize this by

-~

the diagram on the right, in which the antenna Zg i e Antenna
AMA——H,

is regarded as generating, as a result of the ]

o - » . AJ\II\"A a

incident radiation, an e.m.f., e = e,cos @t 45 Receiver

(where the subscript zere indicates the maximum value). The current I flowing

in this circuit will be given by I = ;—~%~E— « The power absorbed in Z; will
4
1 a
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102 '
then be given by P = TEEE%—E—TZRi where the factor of 1 enters by way of
17 4
a time average.
Now if we hold Z, and e, constant, it can be readily shown that the

maximum power will be absorbed in Z when Zi = Zo%. If we write Z; =Ry * iXy

and Z, = R, * iX, we see that 2y = Z* implies that Ry = Ry and X = -Xa.‘

We see then that the maximum power will be absorbed in Z; when Z3 + 2y = 2R, .

s W

When Z; 1is so chosen, the receiver is sald to match the antenna., The power

- 1.2
available to the receiver will then be P = 2%,
4Ry

Note that an equal amount of power is sbsorbed in the antenna. This
power is re-radiated by the antenna into space.
We must also consider the transmission line which links the antenna

to the receiver;
l A B
Antenna = —— — —— —— — — = = = == —s——{Receiver]

In the simplest (idealized) case there is no reflection at 4 and B,
This requires that ZA = Zg = ZB’ where Z, 1s the characteristic impedance of
the line. There are no ohmic losses in the li@e if Zy is real. Then matching
requires that also Zj and Zp be real. Mismatch at B would cause reflection
of incoming waves, i.e, standing waves in the transmission line.

In conclusion, then, wc call the "absorbed power! the power which is

collected by the antenns and made available to the receiver. The Py which

we considered earlier is identical to this absorbed power,
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2.3 Antennas, general propertiecs

We have considered the properties of radiation and noisc and how the
noise power from the antenns is measured. We now consider the amount of en-
ergy actually radiated from the astronomical source and the antenna which in-

tercepts this cnergy.

hstronomical Source, Any source may be considered to have some angular ex-
tent, and we can find a small solid angle over which it is uniformly bright,
For that,part of the source then, the brightness B has the definttion

Brightness B = energy per unit time per unit area per unit solid
angle per unit band width

The units are: ergs/sec cm® sterad cycles sec,
g N

~

N

or: watts/meter® sterad cycles/scc.
In optical astronomy this is more usually called the "surface brightness®
of the source or "specific intensity" of the radiation emitted by the source,
Brightness is the advisable term.

We have-also the flux density S of the radiation from any finite source.

Flux Density S = power per unit arca per unit band width
The units arec: ergs/cm2 cycles/sccond
or: watts/meter2 cycles/sccond

We might call the flux density the "integrated brightness,”

We obscrve that B is the more fundemental property since it tells us
directly a meaningful property of the astronomical object whereas S varies
inversely as the square of the distance of the observer from the object,

Evidently then, the flux density is the brightness integrated over the solid

s=de9.

angle to the object, thus



Tt will be noted that both B and S refer to power Or €LErgy. They include
the energy in the entire beam, regardless of its polarization and corréspoﬁd
to the first Stokes Parameter (1). 4 fuller representation would give the
three other parameters, and specify the state and degree of polarization of

each point of the source.

Reciprocity Theorem. Helmholtz ngsby;mgggéﬁgi,ggyc;&gnsi934ggigygpnjs
Theorem, that "if in a space filled with air which is partly bounded by ex=-

< w’ N .

tended fixed bodies, sound waves are being excited at any point A, the resul-
ting velocity-potential at 2 second point B is the same both in magnitude and

phase, as it would have been at L, had B been the source of the sound." This

theorem was extended to infinite regions by @éyleégh.wwﬁe greatly generaligzed

this concept of reciprocity'anqmextenégd it to studies in electricity and the

theory of heat radiation and conduction,

This principle was extended to the radistion of antenna systems by
Carson and is known as the Rayleigh-Carson Reciprocity Theorem and may be
stated thus: if an electromotive force E, inserted in antenna A, causes a
current I to flow at a certain point in a second antemne B, then the vol-
tage E applied at this point in antenna B will produce tl > same current I
(both in magnitude and phase) at the point in enbtenna A waere the voltage
E was originally applied. The theorem is restricted in the generality given
sbove in that it fails to be true in an ionized medium in 2 magnetic field.
However, what is significant for our purposes is that it follows from the above
that we canstudy the propertics of a receiving antemna as though it were a
radiator. In practice, it is a far simpler problem to consider or design an
anterma as a radiator than as an absorber of radiation. For simplicity then,

we shall consider transmitting antennas.
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Antennas. Let g distant scurce be locatea in a certain direction described
by the coordinates (6,%) and let the source ha%e the state of nolarization
for which the antenna is most sensitive and let the receiver be matched with
the antenna so that the power absorbed is a meximum, then the "effective area

or "absorption cross ssction'' of the antenna is defined by

P
(e @) T

where Pabs is the power absorbed in the receiver and S5 &V is the flux density

over a small band width. If the source is emitting natural radiation (ran-

g¢£§ domly polarized), then we con decompose it into two equal parts, one for which

A e e

@”‘f ?Bhe antenna is most sensitive, and one for which it is insensitive so that
2
& jﬂ )
R
o ¢ Puss = 34(5,2):5 2

If we desired a full representation for radiatinn of arbitrary polarization,
we should again require the Stokes Parameters. If we were to consider the

power absorbed by two sources, then clearly we would have

—
o
N
Z\‘)b
N’
w
O
[y

Pabs =3 A('L’Jl ‘-i)Sl Avae 24

In general then, for incident reodiation of random polarization from an exten—
ded source, we introduce the brightness and intcgrate over the solid angle
described.by the source; then:
-
Pops = :)’(e IB(G 1) du Ay
Ve try to design antennas in such a way that a«( 6% ) is larger in one
direction than in others. If we plot « diagram of /. vs dircction, we obtain

what is called the "antenna pattern" or "directional disgram" such as is
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shown at right., The portion of the diagram where i is
larger is called the fmain lobe! or the main beam. The

smaller lobes are called ngide lobes." If the main beanm

is narrow it is called a "pencil beam." In such 2 beam
w’-‘—

the maximum value of A(6 9) is denoted by Ag. We now define the average

antenna cross-section A thus:

= -&,—zzfx( 00 )d &
and then we define the gain G(0 9 ) in an arbitrary direction thus:

G-( G ‘TP) - A( ¥ -‘41)

A
H

and the gain in the forward direction (that is, in the maximum direction) as

b

Go:‘:—x_g
A
We note that by the Reciprocity Theorem, the power P( 6 ¢), which is radiated
if the antenna is used as a transmitting antenna, has thc same angular dis-
tribution. So A(6 ), G(Y ) and P(0 ¥) are strictly proportinnal.

e shall now write down a.relation which is fundamentel for all anten-

nas under matched conditions. The derivation follows from thermodynamics and

will be given later: (p,h2)

- N
is = ZT_L
or in a more femiliar form, since Go = Ao/A

3 2
=G

Ay o' %:;

We usually omit the subscript zero when we speak of tho gain of an antenna,

for we usually consider the gain as that in the optimum direction.
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What we have called the gain in the above discussion should be strictly
called the directivity D of the antenna. It is reclated to the gain by the
relation

G =1D
where L 1s a loss factor duse to l5sses in the transmission line. We usually
assume, howcever, that we have so design.d the transmission line that losses
are negligible and thus L = 1. Then the values of G and D arc the same,

There are several obthoer quantities which serve the same purposc as
the gain, We define the "effective solid angle”.QA of the antemnes thus:

£ 24T
-

It is dangerous, however, to compute G and (so ﬁi) by looking only at the
main lobe, for side Ilobes would depress G and thus make3‘; larger than ex-
pected. We prefer to use G and not & .

We also defineAthe "half-widths" of thc main beam, s;, sp. The half-
width i1s the angle between -the points on the opposite sides of the main lobe
where L = %“o‘ Since the main beam almost always has an e¢lliptical cross
section, we usually find that s, # Spe There must be a rough rela£ion between

Sns Sp and 4. For instance, if 4 were constant inside zn elliptical solid

angle and zero outside, then:

I | _ kr
n“zSaSb—%t
whence
o = 16
Sasb

However, more generally, there are side lobes and "he gain is smaller

than this. In practical antennas, an average value is
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(>

~0O
I

T

AT R E g
P i B = 7
_ s L AT
.t ) !
G = =9 with s, s, in radians
8, 81 a? “b
avo .
or
G = 22000 with s,, sy, in degrees.

SaSb

Snecial cases, In summary then, we say that for the power absorbed by an an~

terma exposed to randomly polarized radiation:
Pave - 3 [4(8 B0 9 svual
Finding the brightness distribution B( 9, §) thus involves in general

the solutinn of an integral equatinon. Thigpgﬁpéﬁ}onhis_gim;;ggmpgmﬁhgwﬂgggae

tions »f insufficient resslving power! occurring in spectroscopy, stellar ste-

tistics, etcetera, It here occurs in two dimensions on a sphere,

In two special, limiting casus, this equation becomes much simpler,
First, consider an extended, homogenous source which fills the whole pattern.
Then the brightness B will be constant, whence:

g
Poie = 3B ay [4(0 @)dR

abs
but fAdQ=mZ= 2,
whence Pobs = %?B 4y

Next, we consider a very small source, so small that it is observed

but deSl = S

A2
whence P = ip .8 Av = —-GOS AV,

The examination of these special cases shows us that if the antemna 1is

directive enough to make the source appear'extended," it does not help to make
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it bigger, for Pabs does not contain the gain. We carmot hhen hope to im-
prove the ratio Pgyy / Pint except by reducing Pint’ that is, by improving
the receiver, For small sources, however, P, o gocs up with the absorption

area A, of the antemna.
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2,4 Intennas, special types

N

Small dipole. This case will be worked out in some detail, to illustrate the

use of the reciprocity principle, and to demonstrate the universal relation

A2
& = —. Consider a dipole whose length is small compared with the wavelength,

L
%-5%g-> so that there will be no phase variation along the conductors,
] f .
] , Suppose also that the dipole has very large end capacity, so

; receiver i : -
| that it may be regarded as two oscillating point ¢harges,

In the emission case, let the oscillating current be i, sin »t, and the
oscillating charges be +q, cos &t and -q, cos&t, The electric moment will

‘ ;o i ¥ . X .
then be p, cos wt, where p, = QO[~= igg , and the total power emitted by the

{
dipole,
L 2 .
P = po = ‘.’2102:?2
3c3 303

or in MKS units,

P = p02;Q2(g$)2.lO ohm (since}f§§= 120 ohm in these units).
A 4

But P can alsoc be put equal to %ioer, wherc R, is tho radiation resis-
tance, thus
R, = 21)2.20 o |
A .
The antenna impedance is in this case mainly reactive, however, -nly a small
part being real (Rr)'

2 2, whereor is the angle

The emission pattern 1s proportional to sin
with the dipole axis.

Now, in the absorption case, consider a wave coming from angle & .

If the electric vector is in the appropriate direction, the

oA -
) / //;{ o effective length »f the dipole is then # sin %, so that the
- T

‘ g induced e, n,.f. is e, = Eq fysin o
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Hence the power absorbed in a matched receiver is

Further, the flux density, according to page 8 , is
sa—Eoz
VE RE0 .
Hence the absorbing cross-section, A, is given by

A = fabs - 3)2_sin’a
av g1

wn

Lveraging over all directions,

sin® o= 2/3

so that the nean value is

demonebrating this universal relation in one particular case,
The maximum gain is
G, = 3/2.

bt

Practical antennas.% It is desireble that the antenna should accept appreciable

energy only over a small solid angle whose direction cen be altered at will
by the mounting mechanism. Outside the cone of acceptance it should have the
smallest possible response so as to reduce external interference, either man-
made or natural. This condition is more easily realized at wavelengths below
one meter,

In the frequency range 50 to 200 Mc/s it is common practice to use Yagi

anternas, =+~ Yagi antenna is an end-fire array of dipoles in which there is only



3l

one fed element, the remainder being parasitic, i.e. excited into forced os~

cillation. A rigorous theoretical treatment of Yagi antennas is difficult and
M__

e s
e, U

their §S§%§EW;§WQ£EEQ finalized gzggfipentallJ. However. once a satlsfactorv
pé?ggrmance has been secured at one frequency it is possible to obtain good
results at a different frequency by altering the dimensions in direct propor-
tion to the wavelength. A disadvantage is the high selectivity, which restricts
the use of such an antenna to a range of 5% or 10% in freguency.

In the decimeter and centimeter-wavelength region it is common prac-
tice to employ a parabolic mirror with a dipole fwed at the focus. The mirror
may be a metallic sheet, wire mesh, or made of parallel metsl slats. A metal-
lic sheet 1s seldom used at the higher wavelengths because of the excessive
wind loading. When the mirror dimensions are large compared with the wave-
length, the radiation pattern is aqalogous to a Fraunhofer diffraction pattern
in optics. A characteristic main lobe directed along the main axis is pro-
duced, with a series of minor lobes of low intensity.

At wavelengths below a few centimeters, good directivity is obtained
with relatively small mirror dimensions. In this case & mirror spun from sheet
metal is usually employed because irregularities in the parabolic surface must
be kept below a small fraction of a wavelength. Also the dipole is replaced
by a horn feed.* |

(In line with the usage of talking abcout an antenna as a transmitting

antenna, the collector at the focus is called the feed system, since it feeds

energy into the mirror.)

% The first four paragraphs of this section are taken from "The measure-
ment of solar radio-frequency radiation," by J, L. Pawsey and L. L. McCready,
Report No, RPR 74, Radiophysics Laboratory; Sydney, where photographs of sev-
eral typical antennas can be found.



~-35—~

The feed system is designed to give the optimum concentration of energy
into the mirror. If the mirror could be filled completely and homogeneously,

the gain would be (following from diffraction calculations),

AY

where 4' is the real area of the mirror. Actually the mirror is always less

effective by a factor k, which is about 0.7 in typical cases, making

G, = &L kA
)

Iy
and so Ay = k',

The f/d ratio is usually chosen to be about 1/i to 1/3. If the ratio
N is too small, the outer parts of the mirror cannot
£ be mede very effective, especially in the regions in
Tﬂ“‘--mj,ﬂ,«f///j the direction of the dipole axis., If'the ratio is

made too large, it becomes difficult to design a

S a >

focal feed that does not spill over the mirror, and also the length of the radio-

telescope may become prohibitively large.

A useful feature of parabolic antemnas is their flexibility with regard
to frequency. It is possible to use one mirror for the simultaneous recep-
tion of widely spaced frequencies through the use of a multiple feed system.

The following tabulation lists the various types of antenna which have
been or might be used in radio astronomy:—-

4., Hardly directive.

1. /2 dipole. (Gain = 1.65, radiation resistance = 73 ohm,
no reactive component)

2. /2 dipole, with "one-sided" pattermn. (G == 4)
(a) with reflecting sheet /L behind it.

(b) with parasitic reflector behind it,

s



3, Yagi (Gm~12)
B. Very directive,
L. Broadside array. {Combinations of any of earlier systems, ar-

ranged to make interference favorable in forward direction.)

5. Homn.

6. Paraboloid reflector,

7. lLhombic antenna.

8. Lensus, metal or dielectric.

C. Interferometers, (describéd in the section on point sources, p,il7)
9. Michelson interferometer.
10, Lioyd's mirror,
D, Antennas for circular polarization,

11, Two antennas (plane—polarized) in perpendicular planes, con-
nected with a )/4 phase-difference. May be simultaneously
used as an interferometer, if separated.

12, Paraboloid, with a ML plate in front of it, at 45° to the
dipole.

‘13, Helical antenna.
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Chapter 3, TEMPERATURE AND THERMAL NOISE (Henry J. Smith)

3,1 Thermal Fluctuations and Noise

In order to give meaning to the scele deflections measured on the re-
cording meter attached to our radio telescope we must introduce the thermo-
dynamical concept of tem erature, and the closely associated notion of noise.

When a radio telescope is receiving or franemitting a signal, it is to a cer—

ta;gﬂgﬁgxgﬁminwawstatistical steady state. That is to say, the currents and

voltages across any one Or more components of the circuit are constant when

measured with an instrument of all but the highest degree of precision. But

a thermodynamical specification of a steady state is a process of averaging

...... = J— . e

over large numbers of thewﬁgggems_whichAgpnstitute an assembly. Individual

i

systems (in electronic circuits, clectrons) will have properties fluctuating
about a mean value. These fluetuations (in velocity and density) are described
by the term "thermal motion.” The kinetic temperature of an assembly is a
nunsrical measure of the magnitude of thermal motion, In communications en-
gineering themal fluctuations of electrons about the steady state are often

referred to as noise.

The Principle of Detailed Bolnancing: This can be stated as follows:

In any closed sysbem in thermal egquilibrium at a certain

v——————

temperature, any detailed process is statistically counter-

balanced by its precise reciprocal process.

! No formal justification of this principle has yet been given. For a

PI—

discussion of its plausibility and interpretation, the reader may refer to

Eddington's "Internal constitution of the Stars," page L.



The usefulness of the principle lies in the information it can yield

concerning the rates at which processes occur., In general we can write the

rates in forms of this type:

( ) = ( ) x ( ) x ( ) x ( )
s —y W,

Rate Each factor is the number "Cross-section®
of particles of a certain and similar
kind participating in the constants of
process., the system for

the process.
A similar equation applies to the reciprocal process. Along with "cross-sec-
tions”-one has atomic constants—transition probabilities, absorption coeffic-
ients, etec. In the equilibrium state, the numbers of particles in the initial
and final states will be determined by thermodynamical laws (Boltzmamm, Max-
well, Saha, etc.). By the principle of detailed balancing the rates of each
process and its reciprocal will be equal, and therefore we can specify the
rgtio of the cross-sections of the direct and reverse processes,

The use of this principle in astrophysics is as follows. If the cross—
section of a process is known, then, by devising a fictitious experiment in a
thermostat and postulating detailed balancing, we find the éross-section of
the inverse process, Afterwards these cross-sections can be applied to sit-
uations in which cyclical and unbalanced processes occur. Examples are: the
relation between cross—sections for inelastic and superelastic electron col-
lisions, between rates of evaporation from and condensation on a surface, et-

cetera,

Absorption and Emission of Radiation: As an example of the principle of de-

tailed balancing we cite an astrophysically important illustration,
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B leL Azi

absorp- stlm. Spont
tion

em1531on
The absorption of light by a quantum-mechanical oscillator is stimulated by
an incident light quantum, but emission may be spontaneous or stimulated. We

have in detailed balancing:

Pure absorption - Stimulated emission = Spontaneous emission.
N _— ot
Y .
- Effective absorption

Our principle states there is a detailed balancing between these processes

in a properly isolated asscmbly in thermal equilibrium. This gives us an equa-
tion between the three transition probabilities (i.¢. the Einstein coefficieats
Byps By, and AZl) and the thermal (black—bodv) radiation intensity. This
equation has to be identicslly satisfied for all values of the temperature.
The branch point in the development of modern physicnl science, where quantum
theory departed from classical, occuﬂld when Einstein in 191’7%‘;@5 obliged to
introduce stimulated emissions in order to reproduce Planck's law of black-
body radiation, For reference We reproduce here the three important laws of
black-body radiation. B(,) 4y is the radiant energy emitted per unit time in
the frequenqy range v to v # v by a black-body in thermal eguilibrium at tem-

perature T:

Rayleigh—Jeans Planck Wien

(h v < <z kT) (all Vo, ) (h::}) kT)

B(v)dv =-2-:%£T—— av ZhVB g v ) 2h 3 ~h /kT
c c? h WKT 3 ey

c
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Balance between the three processes is obtained at all T andv , if Planck's
formula is uscd, In the case of h V);ﬁkT the rate of stimulatod emission be-
comes very low. We can then ncglect it‘fully and restore exact balance between
the absorption and spontaneous emission %nly, by using wWien's law for thc ther-

+

mal radiation. This is the¢ non-classical case.

0
In Radio Astronomy invariably hy << kT. (e.g. at T = 104" XK. and
A=1m, orv = 3'108 sec“l, %% = 1l.4 x 10"6;) The rates of absorption and stimu-
/
lated emission, which differ only by the Boltzmann factor eh\”kT, then are

hy/kT

nearly equal., The rate of effective absorption is exactly (e - 1) times,

i.e., in good approximation Eﬁ'times, the rate of pure absorption., 4hen this
K1 '

approximation is made the excct balance can be restored by replacing Planck's

law by the classical law of Rayleigh-Jeans, The equation then is

Absorption = Emission.

This is the classical expression of the principle >f detailed balancing in

radiative processes., It was first stated by Kirchhoff. This is 21l we gsed,

but whenever quantum processcs are involved it should be remembered that the

first member in this formula denotes ?%-times the purc absorption, where T 1is
k

the temperature that governs the ratic of the number of atoms in upper and

lower level,

Applications to Radio Astronomy:

(1) Noise emf of a resistor. A4 radio tclescope may be considered as two re—

e —— -

sistive clements connected in 2 closcd eircuit, as follows:

Antenna .
e AAAAAAAN frmem e ea\
R, N
Ry —
L NAAAAAAAA Cpid

Receiver 7
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We know that when a curent flows through any resistor, cnergy is dissipated ‘
v
as heat. The inverse process is that a hot resistor can produce a current.,

i
wiadV o N N .
ﬁﬁ&’? ifazi:iszfEEf,gfﬂégz;iEEQHQng are dissipated, the produced current contains

all frequencies, so it has the character of a noise. By a theorem of Nyquist,

any resistor R can be regarded as a noise generator of average power

( 22
R VY (em£)? = KKT 3v °R.

(Referencei Burgess, Proc, Phys. Soc., 23, 293, 722, 1941; Fiirth and McDonald,
Proc. Phys. Soc. 59, 382, 1947:)

(2) Two Resistors in a Qircuit. Consider the circuit shown above, The total

emf is e, + ep, SO the total current is
i=°% " €p
R, + Ry
and the total power dissipated in the circuit is

P = 522 * %

Ty Ry? | Fat %

for the time average of Z2e.0p = 0. This power consists of four terms. For

instance, one term contains @a? in the numerator and Ep in the second factor;
this term signifies the power generated in resistor a and dissipated in re-
istor b,

Thes by Nyquist's formula,

Pasb = LKT v 'R__._.____a " B o, ®Fbsa
equality
ThisvFollows also from the principle of detailed balancing. Similarly
R, %
P, v, = LkT 2V a
&'*}a,) )

and
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Rp?

b = LL].{T’-—\*V——-—-———‘—

B
b= 2
(R, + Rb)

For a matched set (R, = Rb) all four parts are kT 4V ,

(3) Radiation resistance of an Antenna. It remains to interpret these formal

Y

results., The power generated in the receiver and dissipated in the antenna

is clear cnough, but what mecaning can be given to Py .57 This problem can be
solved by imagining the antenna-receiver system to be enclosed in an insula-
ting box (a "thermostat!"). In the case of an atomic process where we know the
raﬁe and cross-section of a process, |

we applied the principle of detailed balancing to find the cross-section of the
reciprocal process. In an entiraly analogous manner we cen sclve the present
problem. The counterpart of emission is of course the sbsorption of radiation
coming from the wall of the thermostat. Thus we have for metched ideal receiver
and antenna:

Emission of energy produced in antennn
and radiated out to space is Pom. = LkT av

sbsorption of cnergy cmitted (or re-
fleeted) from wall of thermostet is Pog = AB(,)Av Lnh = Lnd

Equating them according to )
by the Rayleigh-Jeans law, A Ythe principle of detailed balancing, we

obtain the two important results:

Pabs = kT /JV
A = 3

e
i

The second formula has alreacy been quoted in our discussion of antenna prop—

erties.( De27)




3.2 Egquivalent Tempe ratures

If the actual systems in astronomy wWere in perfect thermodynamical equie
/g librium, there would not be much use for astrophysics. Juét in virtue of the
fact that the sctual situation differs from the fictitious experiment in a
thermostat it becomes necessary to study the rates of the individual processes.
Yet the problems often become mofe translucent by comparing the rate of indi-
vidual processes with what would happen in thermal equilibrium. This is done

by introducing equivalent temperaturcs. Four of them in use in astronomy are

shown in the following table, They may be uscd as equivalent to the quantities
in the first column that have been defined earlier. (Some people prefer to

use the original guantities and some prefer the equivalent temperatures. )
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EQUIVALENT TEMPERATURES

Law of Rayleigh-Jeans:

Blackbody radiation is unpolarized, isotropic, with brightness:

B(v) = .u
\2 kT
Quantity Definition of ;
- equivalent T Name Reasoning
N 1T = (W-1)290° equivalent temp- if noise figure
(noise erature of input were 2, then
figure) ‘ resistance of PTs = 290° = room
receiver temperature
k $290°
=4.00 x 10721
watt-sec,
Pobs ' T, = Zabs antenna temp- - if whole sky
( absorbed Ky erature (= result radiated as blqck,
power) (Paps = KTj0v) of a measurement) body at temp. T,
' then this power
would be absorbed,
B(v) - Bgvg-XZ brightness temp- a black body has
{(brightness) Tp = 2K era%ure of a ? to have the temp,
‘ celestial body Ty to match the |
} (B(v) = ghka ) brightness of the
A= actual body at
that frequency.
St ) T. = Sy a2 { apparent temp- { a black body of
(flux {2 2k§% . erature (usually the size of the
density) B referring to the { seolar disc
(s(v) = EEEE;;?) sun) has to have the
L2 temp, T, to match
the flux density
from the sun at
that frequency,
(Q = 0,22 sq, deg.
2000068 sterad., )

P-El

Pext/Pint =T /
general: Pabs = %/ABQV dag  — A = l fAdeQ
T,

%2
2
homegeneously filled: Pops = ; BAV — b
: X , G
sun in center of beam: P,io = =G *Say —s T, = 0
8q 0 4 Ta
' 185000



L5

Problems on observational methods.

1- In moking a measurement of solar noise intensity at 10.7 cm. (2800
Mc/s), Covington measures the receiver output under the following
three conditions:

(i) antenna pointed to_empty sky, whose eguivalent temperature .
at this frequency is about 50° K. .
(ii) dipole enclosed in & small box at earth temperature (290° K).
(iii) antenna pointed to sun,

If the three readings are 8, 52, and 60 units respectively,

find
(a) the antenna temperature when pointed to the sun,
(b) the apparent temperature of the sun (antenna gein = 700)
(¢) the flux density from the sun.
P At the longer wavelengths, solar noise can only be seen above

the background of galactic noise if an antemna of sufficient direc-
tivity is used,

What antenna gain is necessary at s wavcléngth of 5 m, so
that the meter rcading with the antenna pointed towards the sun
will be double that due to the sky alone, in a region of the sky
with a brightness temperature of 10,000°K, given that the apparent
temperature of the ouiet sun is 1.7 X 10°°K,

What size of paraboloid is required to realize this gain?

Show also that if the receiver noisce figure is 3, the inter-
nal noise is negligible,

3= Ryle and Vonberg's receiver ha® the following characteristics:
noisc figure 11 decibels,
© overall bandwidth L Me/s,
time constant C.25 sec,

Wnhat is the fluctuation in ocutput reading, due to internal
nolisc, expressed in degrees?
The measured value was found to be 6,5 = 29K,

L Bolton and Westfold, in their 100 Mc/s galactic noise survey,
used an array of nine Yagis, in three groups of three, one wavelength
apart. The directional pattern of this anterna is to be obtained,
in the planes of the electric and megnetic vectors,

The pattern for an individual Yagi is as tabulated below,
This is to be multiplied by an array factor, which expresses the
fact that the final pattern is the resultant of three vectors of
equal amplitudes, and different phases., These phase differences
are obtained from the differing path lengths traveled in the direc-
tion of propagation by radiation received by the three elements
of the array.
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Note that, in either plane, only the appropriaste cross-section of
the array nced be considered.

Obtain the gencral shape of the directional pattern in each
plane, the half-widths, approximate sizes and positions of side lobes,
and estimate the antenna gain,

angle from

direction of power sensitivity
maximum
sensitivity E~plane H-plane
(degrees)
0 1.0 1.0
20 .85 .93
40 oL .65
50 , 0 3
80 ot 0
100 .1 CLl
120 0 ol
140 .05 0
1 .07 .06
180 .1 ol
References

L. E, Covington, Canadian Nat, Res, Counc., Report
ERB-242, April 1950.

M, Ryle and D, D, Vonberg, Proc. Roy, Sce, 4 193,
117 (1948). _

J. G. Bolton and K, C, Westfold, sust, J. Sci. Res. f, 3,

19 (1950).

Solutions:

1 (a) BBM)Ké of which 50° is due t o the background.
(b) ¥8,000° K, 1 '
(¢) 123 x 10722 watt m2 (c/s)™

2. 3100 sq, meters,
3. 3.4° K.
L. Half-width in each plane ¢E117?
Side lobes at 90°, 140°, 180° in E-plane

and 60°, 100°, 180° in H-plane
Gain = 71.
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3.3 Thermal emission from gaseous and solid bodies.

i radio telescope measures the brightness B(v) or the flux S(y) of
a yadiant source. We have seen that the nature of our detecting and meas-—
uring equipment renders it expedient to express these data as equivalent
temperatures Tb or T,. We must now consider two alternatives:

(2) The noise production is non-thermal in origin, e.g. produced
by electrical discharge in gases, or by plasma oscillations. Then the Ty or
Ty is a parameter without physicel meening as a thermodynamical tempergburc,
The noise produced by solar flares is an example of this type.

(b) The noise is thermal in origin. If the source is a black-body
radiator at a homogeneous temperature then Tb is its actual temperature.
But most often the source is not black or not at a uniform temperature, Our
present task is to see how the measured temperature Ty 1s related ©o the

truc physical conditions in the astronomical source,

4 Simple Black-Body--the Oven. If radiation of intensity B falls on a solid

surface of reflectivity r, then a fraction Ber is reflected and a fraction
B*p absorbed, wherc p =1 - T, By definition the surfoce is called black
if r = 0, so p = 1. Let the temperature of the surface be T. By supposing
the surface encloscd in a themmostat at temperature T and applying the prin-
ciple of detailed balancing we find

Bemitted = P B(T)
This is Kirchhoff's law and the universal function B(T) is Planck's radiation
intensity. The formula shows that a black bodr {(p = 1) would emit exactly

this radiation intensity. That is why it is often callcd black-body radiation.
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t is impossible to find a perfectly black surface., We can, however,
construct a close approximation to a black body by making an oven (as in the
figure) of imperfectly absorbing walls. Successive reflections from the walls

serve to produce blackness and making the aperture narrow prevents egscape of

diffusely reflected radiation. So radiation entering the aperture will be
almost completely absorbed; inversely, the radiation issuing from the aperture
if all walls are at the temperature T will have the intensity B(T).

Let us now calculate the brighﬁness temperature for an oven of which dif=
ferent walls have different temperatures. Let wall n absorb the fraction p, of
the energy in any ray that we send into the aperture, The oven as a whole is
still black, so

Py * Pt Pyt ..=1 .
By virtue of its own temperature T, each wall now emits (partially via reflec-
tion from the other walls) the intensity py B(T,) through the aperture in the
specified directinon. The total emergent radiation will be
Bemitteq = P1B(TL) + poB(T2) + pgB(T3) + «eee

or, if the conditions for the Rayleigh-Jeans law, (B ~.T), are fulfilled:

LI SR

yd Ty, = P1Ty * Plp + Pyl +

The stratified medium—s Simple Case of Non-Unigormity. Let us next consider

o mass of gas in which the temperature varies with depth. /fnalogously to the

oven, an effective black body may be built up from many imperfectly absorbing
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Define the optical depth T at the point Q as that depth at which an in-
Mfcident beam of intensity IO would be reduced to the amount Ioedtwhile travel~
ling the distance PQ through the medium. If QQ' corresponds to a difference 4T ,
then the fraction of IO absorbed in QQ' is
d(e"'.[') =elaT = Pe
Suppose now the gas is radiating, and let the beam travel in the reverse

path, The brightness B at the point P is just .
B = f'B(Tr)d(e-T) = j .IB(TT)e“Tdrc
o o
(cf. our discussion of the radiating oven!) When, as at radio frequencies the
Reyleigh~Jeans law applies, we can write for the brightness temperature of the
8as T,
T, 3,{ 2(T)e-lar.

This equation applies to a gaseoﬁs medium which is neither black nor at con-
stant temperature. The following special cases are important:

(a) Black-body at uniform temperature T throughout: Ty =T,

(b) Nonw-black body at uniform temperature T throughout: Tb = T(1 - e"'r)

(¢) Body black, i.e, of infinite optical depth, but not of hemogencous
temperature. In this case Tb iz a weighted mean of the temperatures in the

successive layers of the gas. If the temperature gradient is everywhere small,

then 80% of the radiation is emitted between



¥
e UPPET = 0,1 di,e. T =2,3
arnd

-
o lower - 9.9 4,6, 1T =0,1,

The "effective optical depth to which we can see" in a radiating gas is 1= 1,

When the layer 0.1¢ 7 & 2.3 corresponds to a narrow zone of linear depth we

can frequently assume that it has a constant temperature T corresponding to

the actual temperaturc at this effective depth, Then Ty =T,

The Equation of radiative transfer. We have derived the intensity of %he emit-
ted radiation {rom general zhermadynamical‘concepts. No need.exists to study
in greater detail the cadssion and absorption processes that 1éad to this net
result, or to study the intensity at any place inside the gas. However, most
authors prefer to give this more coﬁplete treatmént by means of the equation
of radiative transfer, |

Consider a small cylindrical element of cross-scetion d%° and height
ds in the medium, The difference in intensity of radiation in the frequency
limitsV to Vv + d‘Vcrossing the two faces normally in time dt and confined

to an element of solid angle df, is

ar. .
-a-“;dsdvdﬁdskdt ,

This quantity must be equal to the difference between the ‘energy absorbed by
the medium from the incident beam of intensiﬁy Iv:
»kvds‘;,dvdgaﬁdt.
{where k= the absorption coeffiecient per unit length)
and the energy emitted by the matter within the cylinder: |
| jvdv dsd/;‘dg‘”{dt .

(where j is the emissivity per unit volume)
v
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Hence the conservation of radiant energy through the cylinder requires

aI
——r’ = =i I + j
ds VAR Vv
or
a1
a_"! =-I,+dy
t ... (BQUATION OF RADIATIVE

TRANSFER)

where d 1= x,ds and J E‘£¥ is known as the source function (Frgiebigkeit).
< Kv e R - ke e T i
For the cylindrical olamant we have by Kirchhoff's law

ju= k"B (1)? 80 J, = BV(T)
Bv(T) s of course the Planck Function, and can in radio astronomy applications
be replaced by the Raylaigh-Jeans expression. Assuming that T is a function
of ©, we shall write B (T) as B (z), Further we omit the indexv , still with

v v

the understanding that the vquatlon refers to a particular freguency. The

equation of transfer along a ray through the mass of gas now has the form:

49 -1(:) + B(2).
Tt admits the integral .

(Y = fB(t)et“Tdt + I{o)e™"
The boundary condition is obvious, gn this formulation T increases in the di-
rection in which the radiation is going. This is the reverse convention from
the previous section, Making the change, we find the formula for I(o) that

was derived earliesr.

Reference: Milne, Handbuch der Astrophysik, 111, 1.
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Influence of Variable Index of Refraction. An index of refraction which dif-

fers from unity (empty space), or which is not constant, hardly ever occurs in

N

astronomical problems, but at the wave-lengths used in radio astronomy re-

e —

fraction must be considered, There are two important effects on the optical
e DF ConsanTed A

path of a pencil of light, resulting from a variation of the index of re-
fraction n of a medium:

(a) A change in the direction of the initial ray, following Snell's

law: ' ;ﬁ
1 i
i 1}
n \
Y
\

(b) Reflection of part of the incident ray at the interface. The
immediate consequency of an index of refraction n differing from unity, is
to change the phase veldcity ¢ into c/n. Reflection at a boundary is reduced
if there is a continuous change in the refractive index., (This is the prin-
ciple behind anti-reflection coating of lenses and prisms.) When the change
in refractive index is gradual, then the deviation of a ray is likewise con-

tinuous.

-

Examples of this arcrmirages and thqureflection;EOf radio waves by the earth's
ionospherc, The refraction of radio freéﬁéncy'eiectromagnetic waves in the
solar corona is very important, as we shall sece.

Let us now sve how rcfraction of the ray will affcect the emergent radi-

ation from a mass of gas.
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As before, we shall trace an entrant ray, then apply the principle of detailed
balancing. The definition of optical depth remains unchanged, From a beam
following the ray pnth PQQ', a fraction d(e~T) = e"Wd 11s subtracted in the
layer GQ' of optical thickness dr, Then if the mass of gas is enclosed in
a thermostat, B(T) is the intensity of the pencil entering at P through unit
cross-section at normal incidence, within unit solid amgle and the energy

-'a 1B(T)
is absorbed within the layer d1, It is immaterial what is the solid angle
or cross section of the pencil as it reaches Q. Inversely, the energy
emitted from QQ' and emerging at P is

B(T)e="dT,
While this derivation holds only for an isothermal gas mass, the obvious
generalization is to replace B(T) by B{T(Tﬁ'. The result 1s identical with
our previous one, and so the formula for Ty remains

j T(1)e-'d 1

Again, a more complete derivation may be made throuéh the equation of radi=-
ative transfer. It can be shown (sée Milne) that the equation of transfer

takes on the form, in a medium of refractive index n,
a(Mn?) - (1) + B
dt A n2

The intensity of thermal radiation inside such a medium is n®.B(T),



Emission from a solid body. ‘A body is black if it absorbs all incident

radiation: 1t is both non-reflecting and non-transparent, The second con-
dition is fulfilled for the astronomical solid bodies. So, using at once
the law of Hayleigh-Jeans,
Ty = (1L -1) T.

The reflectivity may be derived from Maxwell's theory (Fresnel's formulae)
for a smooth surface and from experiment for a rough éurface. The value of
T refers to the layers where.any incident rediation would be absorbed. Since
a body 1like the moon has a temperature gradient in its surface layers it is
important to meke some estimate of how deep below the surface those layers
occur,

This may be done from Maxwell's theory. A wave traviling through
a medium with non-zero and non-infinite conductivity sets up currents that
produce Joule heat, which entails absorption of the wave., The index of

refraction for a wave of circular frequency w, is

Here ¢ is the inductive capacity of the medium and 7 its conductivity., Now
consider a plane wave of amplitude E, incident normally on the surface of
a medium; the amplitude at the depth z is

B = BoemtM2,  (x =25 =u)
. A C

Since the intensity is proportional to the squarc of the wave amplitude,

I o o—Re(Rimkz)

But by the definition of the absorption coefficient, w,
Ieme™ ¥,
Therefore

% = Re(2imk).



The inverse value, 1/%, is the length over which the intensity drops by a

factor 1/e, while 2/% is the length over which the amplitude drops by a

factor 1/e. The latter value is known as the skin depth, because it sig~

nifies the depth to which waves penetrate a conducting body. But the use
of this term is conventionally restricted to the casc ‘U}> 1, where the

skin depth,

ol
=

_E_ * ___-—l—- = .}-\- . (..2_)
y 2n  Re(im) 21 7 N

o

3

is much smaller than the wave length. For poor conductors, on the other hand,
that have a small value of 1, we have to go back to the original formula for
v . The waves can penetrate much farther than one wave length, The following
table gives some examples of 1/ and thus gives an impression of the depth

from which the thermal rodiation from various bodies is emitted.

Tungsten lamp filament, visible light 0.5 M = A\

Hot water boiler, Infre red (2j) radiation 0,2 4 = 1071 A
Copper plate, lem, radiation 0.3 M = 1072 »
Copper plate, 10m, radiation 10 M =107 n
Sea water, lcm, radiation 0.3 cm, = .3 A
Wet earth, lcm, radiation 3 em, = 3 )
Moon, lcm, radiation K cm, =40 A



Chapter L, RADIOEMISSION BY THE MOON (Henry J. Smith)

The moon, though a cool body, is not completely cold. It is self-
luminous, radiating measufably in the infra-red and centimeter spectral re-
gions, The moon's heat of course is the result of insolation. Any particular
portion of the moon's face 1s thus subject to periodic heating and cooling.
Due to poor heat conduction, the temperature varies diffcrently in different
layers below the surface, . And waves at different frequenciecs come effectively
from different layers, In this way a study of the lunar radiation at differ-
ent frequencies can disclose some of the conditions and properties of the lu-

nar surface,

Infra-red observations:--Prior to 1945 the most thorough investigation of the

moon's radiation was carried out by Pettit and Nicholson, Using the large
Mt, Wilson reflectors they observed the moon with a thermocouple through the
8-14 micron window in the absorption spectrum of the earth's atmosphere, They
“?;;;;~;;;;—;;;*E;;él radiation varies igmintensity'with lunar phase, and in
phase with it, (Fettit, Ap J §l,l7g{%2§f;) The measured temperature of the
subsolar point on the center of the disk was LO7° K. This is 10% larger than
the theoretical value 374° K, based on their deduced reflectivity of the moon
and the observed solar constant, The discrepancy is probably due to inac—
curate assumptions about the transmission prope;ties of the earth's atmosphere.
The temperature of the subsolar point on the dark gide of the moon (i.e, the

center of the new moon) they found to be 120° K. (Ap J Z;ﬂ102§f1939>. The

S

accuracy of this latter measurement was low, owing to much decreased sensi-

tivity of the thermocouple at temperatures around 100° K, FPettit and Nicholson
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measured the variation of intensity across the full moon and concluded that
1imb-darkening follows the law

E =Eg 0652/39
{where Eg is the sub-solar point intensity, and ¢ the angle between the
normsl to the area considered and the direction to the sun). The di-
rectional emissivity of an ideal smooth, slowly rotating sphore without
an' atmosphere, exposed to sunlight, is given by the formula

E ="E_ cos @ ng,gj«eﬁ!: law

s
The departure from this simple law was interpreted as due to the rough-

ness of the moon's surface,

Micro-wave observations:—-The first radio frequency measurcs of lunar

radistion were made by Dicke and Beringer (hp J 103 375, 1946) at a wave-
length of 1,25 cm, They measured the emission from nearly full moon
(phase +l80), and found an effective black-body temperature Tb of 294° K.

Piddington and Mimmett (Austr, J. Sci. Res. A 2, 63, 1949) have

recently carried out an exhaustive study of lunor microwave radiation,

Their equipment had the following characteristics:

Antenna: ‘Parabolic, l~inch diameter, equatorially mounted;
half-power beam width of 0°,75; power gain, 44,8 deci-
pels (3°10M);

Receiver: 15 Mc/s overall bandwidth at 1,25 cm, wavelength; re-

sponse time 1 or 6 seconds;

Calibration: Comparison with a black body at room temperature,

rotated 25 times per second into waveguide system;

Sensitivity: 1,2° K. in antenna temperature (corresponding to

lunar temperature changes of about 8° K; see below),
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Observing technique consisted in allowing the moon to trail across the

antenna pattern near the meridian, The maximum scale reading thus ob-

tained was proportional to the antenna temperature of lunar radiation

averaged over “he disk, together with telluric absorption and emission.

The factor relating antenna temperature to apparent temperature, 185,000/Go
(where Gy is the antenna gain), is 6.2, The antenna directional pattern and
the law of limb darkening were obtained independently; with these known Pid-
dington and Mimmett calculated a factor 0:94 to account for the fact that the
edge portions of the moon arc not observed with full antenna gain. Because
the moon does not radiate like a perfect black body, the observed temperatures

are reduced by a factor (1 - R), where R is the reflectivity:

A probable value of the dielectric constant ¢ is 5, so that (1 - R) = 0,9, By
holding the antenna fixed in direction during a measursc, the received atmospheric
radiation was constant. Thercfore the receiver output variation was due to the
reception of lunar radiation as the moon passed through the beam, But as well
as radiating itself, the atmosphere absorbs part of the lunar radiation, Pid-
dington and Minnett allowed for this absorption by a method developed by Dicke
et al, (PR,ZQ$BAO, 1946). At 1.25 cm, cosmic radio noise is negligible. In
this manner these investigators secured partial coverage of three lunations in
April-June 1948,

The result of these observations indicates that the equatorial tempera-
ture of the moon is of the following form:

T = 249° + 52,0%o0s(gt + 45°).
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Piddington and Minnett claim an accuracy in these temperatures of % 5%,

Interpretation:——The moon's temperature at 1,25 cm, varies in a range of 197°

to 3010, and lags 45° behind the lunar phase., The infra—red temperature on the
other hand varied from 120° to 3910, in phase with lunar phase, The apparent
discrepancy between microwave and infra-red observations must be due to the
transparency of the lunar surface to the 1,25 cm, waves., Piddington and Min-
nett applied the classical thcorj of heat'conduction in a semi-infinite medium
subject to periodic heating of its exposed face. However the assumption of
constant ratio of electfomagnetic to thermal absorption coefficients failed to
represent the observed phase lag or the ratio of the emplitudes of surface and
internalbtemperature variation, Following a suggestion of Jaeger and Harper,
Piddington and Mimnett next considered a solid uniform modcl covered with

a thin léyer of poquy conduqting dust, In this way the observed phase lag

was accurately accounted for by a millimeter thick layer of pumice-like material

lying on a lava base. Meteoric accretion could easily account for the origin
of such a film, Moreover Jaeger and Harper (Nature, ﬁST/AZBB, 1026, 16 Dec,

1950) have shown that Pettit's infra-red observations cen be interpreted by
such a model surface of the moon., However Lettau (unpublished) has obtained
a better fit with a model in which the composition varies continuously with

depth.
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Chapter 5, THE SUN STUDIED BY CPTICAL (NON-RADIO) MEANS,

5.1 General information (HoCyvan de Hulsb,)

?he sun will be the subject of many of the following pages. All ob-
served radiation (radio and optical radiation) comes from its outer layers,
photosphere, chromosphere and corona. Before discussing the properties of
these layers in detail we might describe the sun as a whole as follows.,

The sun is a mags of gas that is to a high approxination radially

iR

symmetric and stationary. Density, temperature, etc., are functions of r that

do not change with direction or time. There are small motions (convection)
in the core and below the photosphere; these belong to the stationary picture
like the granulation and the spicules in the chromosphere that may be secon-
dary effects of this convection, The density decreases all the way out, The
temperature decreases outward throughout £he inner body and photosphere; it
may be approximately constant in the lower chromosphere and rises sharply fur-
ther 0ut.

Two agents cause deviations from this spherical stationary picture, Con-

nected with the sun's rotation many phenomena on the sun show a dependence on

latitude; large scglgﬂgiggg;gpignmcurrents are certainly behind this dependence.

o=

Some not-understood cause produces an approximete 22-year cycle in many solar
phenomena; the half-cycle of 11 years is more conspicucus. Theoretically it
seems probable that both 22-year cycle and solar rotation have to do with large-
scale magnetic effects, A fact is that the latitude-dependence of any rheno-
menon changes during the cycle so that in practice we have to study both de-
pendences together., Of course, we can study only the superficial phenomena

like the wandering of the sun spot zones or the changing form of the corona.
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A1l phenomena of solar activity obey statistical laws and all go through maxi-
mum activity during the same years (1937, 1947, 19587), Individually they seem

unpredictable,

A first survey.--~The following table has not‘very critically been compiled

from various sources. It neglects all changes with time and latitude and serves

to show the typical differences between various layers, not the exact numbers,

h{km) /R log Ng T hydrogen is
outer corona 11400 000 3 5.3 1000 000
medium corona 700 000 2 6.2 1000 000 {oniged
fnner coro *{ 140 000 1.2 7.6 1000 000
°T corona 21 000 1,03 8,2 700 000
;’ 14 000 1,02 8,7 50 000 .
upper chromosphere ak 7 000 1,01 9.0 25 000  } ionized
i ) 5 000 1.007 9.2 5 000 )
) ower chromosphere *{ 700 1001 1o L 500 g}. neutral
sun's limb, 1 = 0.002 0 1.000 12,0 L 500 |
.0l =70 .9999 12.4 4 500 ¢ neutral
N o 1 -390 9995 14,0 6 500 i :
photosphere 2 30 999k 1k 730 1Y fonigen |
3 ~1,50 9993 15,0 g 000 S T g

Conversion: Rg = 700 000 km, subtending 147 from earth
0.001 R( corresponds closcly to 1 second of arc.

.

A layer of the photosphere is usually indicated by its optical depth
(either some defined average over the visual region or the 1 at a glven wave

length). The continuous light from the sun comes from the photasghg;g. Also

SRy

e

corresponds to the old concept of reversing layer. A layer in the chromo-

sphere is usually indicated by its height in kilometers above a certain zero

point. As zero point the sharp limb of the photosphere is chosen; this is the
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layer for which the optical depth of a tangential ray is just 1; for a radial
ray it is 0,002, A layer in the corona is usually indicated by the value of

r/R o further denoted simply by r.

Scale height,-~The conspicuous difference between photosphere, chromosphere

and corona is in their vertical extension, A quantitative expression for the
density gradient is the scale-height H., It is defined by setting the local
density proportional to e'h/H, so H is the height we have to go in order to

find the density changed by a factor e, In formula:

1. .Ldy
H N dh
where .
H = scale height
N = number of atoms per unit volume

If the gas is in thermal equilibrium the scale height follows the barometric

formula:

¥ o o-eh/KT _  -gh/RT

so H = Ez
=g
where

h = height of an arbitrary level
T = temperature °K
m = mean mass of the molecule
K = Boltzman's constant
g = gravitational acceleration
¥ = mean molecular weight
R = gas constant = 8,31 x 107

It is thus seen that the enormous differences in H are to a large ex-
tent due to the differences in T. For the corona H = 70 000 km in the lower
layers but increases outward due to the changes in g. With the gravity at the
sun's surface the equilibrium relation is:

B ov = 0,030 T
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So the corone scale height with a probable value of 4 = 0.65 gives T = 1.5 x;}Qé.
This is an upper limit (see later). The computation for the photosphere is

the inverse. For its upper part we find H = 100 km from the known T = 1,500°

and an assumed A4 = 1,3, This value is in agreement with the sharpness of the
sun's limb but & quantitative confirmation is not yet obtained (comparc Lind-

plad's eclipse ¢inematogrephy).

Activity zones.—-The following figure gives a sketch of the latitudes at which

various phenomena were concentrated during the last solar cycles. Again,

this figure serves to convéy the general pattern and should not be relicd upon
for accurate values. A critical study still reveals many doubts as to the ex-
act interrelation of the activity zones found for various phenomena. Roughly,

however, one may say that there is one main zone, the sunspct zone, drifting

from 30° to 10°. In this zone (or at slightly higher latitudes) also the

chromospheric phenomena, prominences and flares, are abundant. Prominences
W"—“LW R Ja— ——

also occur in a zone where no spots are seen; this is sometimes called the
polar zone bubt is by no means close to the pole. Coronal ¢mission also ex-
hibitshan "equatorial® gzone coinciding with the spot zone and a "polar! zone,
coincident with or at slightly higher latitude than the "polar" prominence
gone. There is a strong suggesbtion that both zones arise from » general type
of traveling disturbance that reaches the surface of the sun a year before
minimum phase and then spreads out in both directions, Also there may be a
real polar zone of high electron density in the corona during minimum phasej
this zone is confined to 10° from the pole, When such a diagram is plotted
with the time down and the latitude right and left the actual spread in lati-

tude of the spots in the main zone gives the appearance of a butterfly (Maunder) ,
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Where does the radio-emission originate? For all we can tell radic weves

Just like light waves originatc anywherc in the solar body. But they can
reach us only from the layers that are partially transparent. The partially
transparent layers for radio waves are the chromosphere and corona. Centi-
meter waves come from chromospheric layers and meter waves from the corona,
That this is true is demonstrated most directly by the obsecrvations, for
instance:
(a) during a total solar eclipse a large fraction (up to 50 per cent for
meter waves) is left uncovered.,

(b) Active spots have been located outside the visible disk by interferometer,
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(¢) Interferometer observation of the quiet sun on 60 cm has given a distri-
e v
bution of brightness extending far outside the sun's disk.
Quite as stringent is the theoretical argument derived from the opacity of the
chromosphere and corona. This opacity will be computed on the basis of Kra-
mers' law in Chapter 6. Since the absorption coefficient contains the product
NSZT'B/% both N (the number of clectrons per em?) and T (the t emperature )
have to be known well for each layer. The following sections will review the
information available from optical observations on these points. As a preview
here are the somputed heights at which the optical depth along a radial ray

is 1.

LOOC ki at 1m h = 25000 km (r

at 1 cm h
8000 km at 5m h =200000 km (r

at L0 em h

non

Again, thesc values serve to give a rough ideaj the exact values are change-

able and subject to a critical discussion.

P

TN

5,2 Optical investigations of the Chromosphere,(R.B. Dunnﬁy

The theory of the chromosphere (Menzel, Wildt, Giovanelli, Thomas, Mi-

Woolley and Allen .
yamoto, [/ , and others) is still in a floating state; therefore this section

©onmer

has to be mainly descriptive.

Observations. The methods of observing the sun in the visible and rhotographic
light are fairly well known and need not be discussed in any great detail here,
They fall into three broad classes depending on the feature to be observed,
A. Eclipse techniques, B. Instruments whose final images are essentially
integrated light and C. Tnstruments whose images are essentially monochro-

matic or spectral.
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Class B includessunspot cameras, refracting and reflecting telescopes
using solar eyepieces, wedges, neutral filters and projection devices., The
original coronagraph (13) less filter is in this class, Class C includes
spectrographs, spectroheliographs (10), spectrohelioscopes, and interference

filters (5), Integrated light studles enable observations of the sunspots,

llmb darkenlng, faculas, and granulatlon (all ph@nomena of thg photosphere),

s s A T T - T AP ———

Monochromatlc studies 1ncludu ohromosphcre, promlnences, flocoulj, flar@s,

e

and_ fl%gggngs. The eclipsc allows observations of the chromosphere and the
corona. The chromosphere with épicules and prominences is seen red during
an eclipse, because of the strength of Hg; the corona is scen white,
Information on thc chromosphere thus is obtained mainly in two wayss
(a) from flash spectra (with some competition from spectra taken outside eclipse).

(b) Dby spectroheliographs (with growing competition from monochromatic filters).

This information we shall now discuss,

Flash spectrum,--At the beginning and end of totality during a solar cclipse

the spectrum of the limb is seen to suffer a "reversal' and to become an cmis—
sion spectrum, Since the moon covers and uncovers the sun at the rate of 300
km/scc this happens in a flash, The flash spectrum is partially the same as
the absorption spectrum of the disk. Some lines appear in the chromosphere
and do not show on the disk due to their high ionization potential,

The most extensive list of lines in the flash spectrum is probably Mit-

chell‘s 1947 catalog of about 3500 O spectral lines (1). He has taken ten eclipse

spectra from which five have been studied., The table includes the wavelength,
the intensity in the flash, intensity on the sun, c¢lement, height in km,, and

the c¢lectron potential, Other observers have given similar tables but this is
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probably the most extensive and convenient., Its theoretical consequences have
been studied by wildt (2).

Hale (3) and others have managed to observe the flash spectrum outside
eclipsc by placing the slit tangentially to the limb under excellent seeing

conditions.

Spectroheliograms and filter observations,--The absorption in the center of
strong Fraunhofer lines is so great.that the chromospherc is not éntirely trans-
parent. By taking a phogograph of the sun in light of such a particular wave
lengthslayers of the (lower) chromosphere are made visible.

Normally the spectrohellograms are taken in the Hy and H and X lines.
These lines are the strongest in the chromosphere, D'Azambuja (4) has obtained
spectroheliograms that include H, Kis Ko, K3, Ca 8542, D3, He 10,830, the Balmer

series of hydrogen, and others. The'photograpbf;gggwggiggwdiffgxeni_in_ihe

e AT

different lines. The large active areas, "plages faculaircs," usually can be

p

identified between the various spectroheliograms. Bright and dark markings
appear and disappear depending on the line. Motion picturcs have been obtained
of the motion of Ca flocculi by the. McMath-Hulburt group. Thesc films give

the impression of a llerawkyl-sppearance and indicate that the whole surface

of the sun is in violent agitation, Fairly recently photographs have been taken

with a narrow bandfilter centered on H-alpha. Such filters are still too wide

(1,5 A) to compete with a spectroheliograph, for a good deal of rhotospheric

light comes through, However, for observations at the limb this is an advan-
tage. The (photospheric) limb of the sun is seen sharp and smooth but the chromo.
sphere above iﬁﬁgn'lrregular fringe, about 10" high with a ragged edge, Some
reproductions of photos from Lyot's movies are found in his extensive article

on monochromatic filters (5).
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yaus
Roberts of Climax (6) using a quartz interference filter attached to a

coronagraph drew new attention to the "s plcules” 1n the chromosphere. They are

also seen on good ecllpse plates. The whole chromosphere seems to consist of

F
et

such spicules that stick out like grass leaves (eariy‘observers comparcd the

qﬂ;gggggbure;u;gaﬁé>bugpiggwp;@ixig). Movies made by Roberts and by Lyot in-

dicate that the spicules pop up and recede in a matter of minutes but it is
uncertain whether this is real gas motion. They are 1" to 2" across and occur
all around the edge except where more vioclent phenomena like prominences make
them invisible, This fact and the rough agreement in size and duration sug-
gests a physical relation with the granulae in the photosphere:. Both phe-
nomena are always present and remarkably constant in appearance; they are fea-

tures of the undisturbed sun,

Chromospheric models and theory. The problem of the chromosphere is particu-~
larly interesting and many models have been introduced to explain it. Some

use equilibrium concepts and others advocate dynamical support. The enormous

change in temperature that must occur somewhere in the chromosphere presents

& problem that exists neither in the photosphere nor in the corona; observa-
tional clues are hard to get and often ambiguous. Woolley and Allen Y?? in

a recent paper describe the observational e¢vidence that a chromospheric model
should fit. These conditions are quoted without change from their paper.

a, The far ultra-vioclet emission should equal the amount required to produce
the minimum (zero sunspot)‘ionosphere.

b. This emission should equal the amount of energy conducted inwards from the

corona. .

c. The emission of thermal radio noise should fit quiet day observations.,..
R .
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.d. The density scale height of the low chromosphere should fitveélipse obser-
vations of decrement of the intensity of low excitation lines with height.

e, The den51ty scale height should fit ecllpse observations of decrement of
strong Balmer lines extending to considerable heights.

f. Electfon densities should égree with eclipse values (1) from the intenéity
of the Balmer continuum and (2) from the resolution of the Balmer lines,

g. ZElecctron temperatures should agree with_eqlipse observations of the Balmer
continuum.

h., Kinetic temperature of atoms should agree with eclipse observations of
line width.,

i, Eclipse observations show that both high and low excitation lines (e.g.

He and Fe) appear to originate at the same level, The model should explain
this.

j. The density scale height should be not less than the gravitationel scale
height for the kinetic temperature of the level, If it is greater, therc should
be some reason for it,

k., The pressure should not increase outwards.

This list gives some idea of the complexities of the problem of deter-
mining a model chromosphere, Woolley and Allen (7) then proceed to construct
s model that satisfies most of these requirements, The model has spherical
symnetry and a single value of temperature and density at every height so it
does not describe the spicules, A prominent feature of their model is the
sharp division between the upper and lower chromosphere, which was also in-

(p 1)
corporated in the survey table of the preceding sectioni™ .~ In the lower chromo-—

sphere hydrogen is neutral and the temperature is governed mainly by rodiative

equilibrium, so this part is practlcally isothermal at the T of the sun's surface
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(=,h5000). This would mean a constant scale-height H of the order of 100 km.
The fact that the observed H increases by 200 km for every 1000 km height is
evidence for 'mechanical support," which does not seem unlikely in view of

the spicule motion., In the upper chromosphere hydrogen is ionized and the

temperature is governed by heat conduction inwards from the corona, This part

is virtually at constant pressure (it is not supported, so to say).

Temperatures of the chromosphere.--~If this model of the undisturbed chromo-

sphere were final, we could use the Ne and T to compute the emission by the

quiet sun in the centimeter range. It is still far from that, for opinions

LS . N

are still confused, in particular about the temperatures, In fact, the radio-

e e
U

emission conversely gives the most reliable value of T now available, The

following short table, inspired by a table presented by Woolley and Allen,

lists the reasons for believing in a hizh (about 30000°) or a low (about 5000°)

temperature, Item (h) has been added as well as the approximate height to

which the arguma1bs refer and my personal opinions on the value of the argu-

ments,

Reasons for high temperature:

(2) Redman's widths of H and He lines; h = 1500 km (obs, fine; interpretation

has possibly to be revised),
(b) Measured scale height; h = 500 to 8000 km (no value because of the likeli-
hood of non-thermal support),

(c) Emission of He lines; h = up to 8000 km (more likely excited by uv ra-
diation from corona; Miyamoto)

Reasons for low temperatﬁra:

(d) Radio in cm range; h = 6000 km (obs. fine; interpretation seems fgg;prof)!

(e) Measured excitation temperature; 500 - 1000 km (probably all right)

(f) Solar ultra-violet emission as indicated by ionosphercy lower part (the

theory of the ionospherc is not clear enough to
give this argument so much weight as W & A do)
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{g) Int%ia;stribution in Belmer contimum; h = 500 km (observations unreliable)

(n) Intensity of visual continuum; h = 500 km (Zanstra; observations still

(i) Non-appearance of forbidden lines; lower pa?ia%%réiibly all right; Tharm)
This camnot be called a critical survey but it shows that the radio ob-

servations are supported in giving a low T by several other arguments. None

of these estimates refer to the upper chromosphere; this is virtually terra

incognita,

Solar activity. The phenomens in disturbed regions, that are present through-

out photosphere, chromospherc and corona, are collectively called solar activi-

ty. They affect many phenomena on the earth and intensi#c study of these re-

gions may also be helpful in better understanding the undisturbed sun. They

seem to be more violent in chromosphere and corona than in the photosphere;

in line with this, the radicemission of the sun is much more violently affected
Jms?‘ om

The b ,
by activity than(ltb)llght We go briefly through the multitude of terms ap—

plied to the active photosphere and chromosphere, leaving the corona for later.

Spots.—--Deepseated cool regions in the photosphere. Intriguing structural
details are swven on good photographs., They have strong magnetic fields (up to
LOOO gauss) at the center and weak fields extending far beyond the visible spot
(Kiepenheuer, unpublished). They often occur in groups that are the center and

probably the cause of a large disturbed region,

Faculae.~-Bright areas seen in white light most easily rear limb, They seem to

give the more precise outline of the active arcas, In the monochromatic light

of a strong Fraunhofer line they are more conspicuous and different in debails.

_D'Azambuga calls them "plages faoulalres" (thc Amerlcans hﬁV( abbr@v1atcd 1t

?o plages and the colloquial term now seems to be plage arcps.)
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Bright and dark flocculi,--Detailed markings seen all over o spectroheliogram,

Much coarser and much more susceptible to disturbance than the granulation in

the photosphere, Some of these structures would be classed as prominences when

of prominences is one of the greatest problemsin studies of solar activity.

Filaments,--Long dark threads scen on spectrohellograms and sometimes exten-

ding over more than 60° of solar longitude. At the limb they are seen as pro-

minences of various appearances, D'Azambuja has studied the filaments in great

L SO

detail in his extensive paper (4). They are huge curtain-like structures that

hang high above the chromosphere and are remarkably stationary until after many
solar rotations they suddenly disappear. They also have boen described as

quiescent prominences but this name is misleading because the gas in these
e g

curtains may not be quiescent at all,

Prominences,~-This is the collective name for evervthing sticking out of the

ragged limb of the chromosphere on a spechbroheliogram, Thelr emission-line

- spectrum is much brighter than the continuous spectrum of the corona so they

also are scen on eclipse photographs., Movies give the strong suggestion that
matter streams down from the corona through the prominences, sometimes to fixed
centers of attraction., There is 2 great variety of forms, !Many classifications

have been proposed and likewise many interesting theorics,

Eruptive prominences,--A fairly well defined type with accelerated motion out-

wards. - Pettit (9) has catalogued 62 eruptive prominences and has concluded

that few if any shoot up fast enough to escape from the sun.
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Surges.—~A type of small prominences shooting up and falling down along the
same path; herc suddenly gravitation scems to act the normal way, They are

characteristic for the vicinity of a solar flare.

Solar flares. These phenomena have a special place because they are the most

violent outcome of solar activit and very important both in radio astronomy
D - - e
and in solar-terrestrial relationships, Flares 1s a new name for Hale's (10)

earlier 'chromospheric eruptiong? They are usaally observed in monochromatic

light but héve been seen in integrated light on occasions. To show against

the photosphere they must be extremely intense. - The spectroheliograph and

scope are used for flare study. The spectrohelioscope is probably better be-
cause continuous observation of line widtﬁs con be made during the flare. Re-
cently the monochromatic filters have been applied to flare observation at the
Hapvard station at Climax, It is possible to observe fainter flares with this
instrument than with the spectrohelioscope, Various obgervatories are operating
flarc patrols and sending their results to clearing stations like the Bureau

of Stendards at Washington.

A paper by Ellison (11) summarizes the data on flares, He used a spec-
trohelioscope in his obscrvations and used effective line widths plotted against
time to describe the flare, The essential charncteristics of flares as out-
lined in his paper follow:

a. their areas lie within the range 0-5000 millionths of the sun's hemisphere...
b, with rare exceptions they are located within 105 km, of a visible spot.

¢, +..they are normally confined to chromospheric levels,as.

d. they develop éut of pre-existent "normal" bright hydrogen flocculi,

e. their rise to peak intensity may be extremely rapid ..., followed by a slow

decay.
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f. the duration of the peak intensity is very short (less than 5 min.) though

the total life of an intense flare may be hours.

g, their spectra exhibit bright reversals in the Balmer absorption lines of

hydrogen, in neutral helium and in the lines of ionized calcium, iron, silicon,

and a few other metallic atoms.,., but there is much variation in detail,

h. 1in a few instances an increase in brightness of the continuous spectra

has been recorded....

i, they are essentially stationary in height as wcll as in the horizontal

plane,... | |

J¢ a majority of the brighter flare patches eject prominenées of the surge

type.... |

k, the probability of a flare occqﬁémg varies with the type of associated

sunspot....

1., =mall flares are most frequent during stages of rapid growth of a spot,...

m. secondary geophysical effects arise from the emission of both wave and

corpuscular radiation....

The description in note m is of great importance, It has long been

rciognized that the "magnetic storms" are strongest during solar activity,
bpéwib;ut %;Lhours after the solar storm frequently aurora ( northern lights)and

records of magnetic storms are seen indicating strong corrclations. Indications

are that the flares are much stronger in the ultravislet than previsusly ex-

pected. This ultravislet radiation seems to excitc arces of the corona and

send & beam of corpuscular material out, Computed velocitics eorrespond to

the 23 hour intervél between the solar activity and the terrestrial disturbances,

The possibility of investigating spectrascopically the corpuscular emis-
sion during a flare has be.n studied by Kahn (12) in = recent paper, indicn-

tions are that such study would be difficult,
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5:3 _Optical investigations of the corona,(H.L. Zirin}

I. Determination of the Electron Density.

The first calculations of the polarization and brightness distributiqn

which would be produced by scattering by free electrons in the corona were made

\344§ by Schuster (1), Later authors corrected these results, in particular, Minnaert
Vi3° (2), Baumbach compiled the observational data from eclipses and fitted it to
the theon;ngﬁ. The latest analysis has been carried out by van de Hulst (4).

In the corona, it is easy to compute the electron density N, because the coronal

light is mainly a continuous spectrum, due to Thompson scattering, We must,

however, distinguish between several superimposed sources of light, which are

shown in Fig, 1 below,
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we are interested in the rangc 1<¢r<2. In this region the sky light
and coronal emission may be neglected (we define the corona itself as the re-
gion above 1 = 1.03). We need thercfore only account for the Fraunhofer com-
ponent due to the inner zodiacal light,

Following Grotrian, the contribution of the real corona is designated

the K-component, and the_spurious corona, due to the inner zodiacal light, 1s

called the F-corona, The former is continuous, shows coronal structure, and is
strongly polarized, whercas the latter reproduces the Fraunhofer spectrum of
the sun, is circularly symmetric and unpolarized. The observed brightness will

therefore have to be multiplied by the factor

to obtain the true brightness of the K—component, and from this the electron
density will be found.

The factor f is best determined by the fact that the Fraunhofer lines

of the F-component arec made shallowﬂéxﬁpp§w23§erposition of X, If r is the re-

e e T

P

sidual central intensity of a line in terms of the continuum, then we can de-

rive the relatlon

We can also use the other characteristics of the K snd F components to separabe
them,

Photographs of varying exposure duration (0,1 to 30 sec.) give us the
relative brightness distribution in the corona, which varies through a factor
of 1000. Then the solution of two integral equations, corresponding to the two

degrevs of polarization of the scattered light, gives us Ng(r) and the correct
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polarization., These results hold only for the eclipsc at which the data were
obtained and in the equatorial plane,

Photoslect ric photometry of the entire corcna, or a ring-shapcd part
of it, fixes the absolute values of brightness with réspect to the solar disk,
The electron density can then be found, using the known Thompson scattering co-

efficient. There appears to be a change in the total intensity‘bv a factor of
e . d b

1.8 between sunspot maximum and minimum,

i i

Simp le iﬁspection of the form of the corona at different phases of the

solar cysle will convince anyone of the enormous changes that take place,

i

Fig. 2

Ludendorff (5), (6), and later Bergstrand attempted to put the changes
on a semi-quantitative basis, by examining the ellipticity of the isophotes,
An instance of the isophotes at maximum and minimum is given in Fig., 3, For

this isophote the model used by van de Hulst (4) gives:

equator: r=15 K = 6,2 F=2,7 F+K-=28,9
pole: 1,3 L2 5.0 9.2
—8qu pole
|
|
Tele 50l Qe a0 O P, go Hepr 1905

i
- i
1( LLO " A %
{

% 1 L% 1900

... f T v N,
-T_ * 30 ...... i-;’ni ! Ill’l :{ 3_901
- ! ‘e 1923

Fig. 3
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The actual isophote has an even greater ellipticity. This is very ap—
parent for r greater than 2, where the contrast between pole and ecustor seems
to drop again.

After elimination of F the value of Ny may be derived from the variation
of brightness along lines perpendicular to the solar axis. Analysis of data
from the 1900 eclipse by van de Hulst»indicates that at minimum phase the den-
sity does not monotonically decreasé.from pole to equator. It has a distinct
minimum near latitude 70° and rises again té half the equatorial density at
the pole. The polarizatibn measurements are used as a gencral check on the

analysis of the electron densities.

II. Determination of the Tlectron Temperature in the Corona.

The two great riddles ¢ of the solar corona have always been its great
AT ——

e e

geometrlcal extension and the unidentified coronal leV). Both of these prob-

e e ST

PO . ST € B

lems find their cxplanation, at least qualitatively, in a coronal temperature

of = million degrees. Therc arc various precise methods of obtaining the cor-

onal temperature, scveral of which will be given beclow,

II. 1. Coronal temperature from scale height.
We may obtain an upper limit for T if we usc the scale-height (vid.

section 5.1). By plotting N, ageinst 1/r, we find, using two assumptions

fOI‘J_L ..

o= 0.69 p= 0.61
equator T = 1.62 x 106 143 x 106
pole 1.15 x 10° 1.02 x 10°

Tt is remarkable that Van dc Hulst (4) finds a density grodient inside the

polar plumes that is nearly the same as the density gradicnt for the polar
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region in general, This points to some ecquilibrium and shows that the polar

rays are not "streamers" of rapidly outflowing matter,

1I, 2, Coronal temperature from broadening of spectral lines.

The high coronal temperature gives strong Doppler broadening of spec-
tral lines, both emission and absorption. vince the K component is produced
by fast-moving electrons, the broadening of its lines is very great, The root
mean square velocity of electrons at temperature T is!

v = 1% 10783 em/sec
so that we obtain
T = 10,000 v = 675 km/sec v/c = 0,00225 AN at 4000 A = 9 A
1,000,000 6750 km/sec 0,0225 90 A
Both of the above valucs for i) arc large enough to wash out most lines., The
exact theory and profiles have been worked out by €, J. van Houten (7). The

§prongest l;gggéwphéoretically, éhoulgegglg;hgxg_g;gggtral depression of 7%

T ——

of the continuum,

Obscrvations by W, Grotrian (8) show that the H and K lines together be-

come a shallow dip visible from 4100 A, and corresponding to 4A about 100A,

or a temperature of about 2 million degrees, D, H, quzel_(unpublished)

A RS T e S i

did not, find the dip at all,
Early eclipse work had already shown that the coronal emission lines
were wide., The first exact work was photometry carricd out by M, Waldmeier
iﬁ?g) of the line 5303 at a distance of 51" (r = 1.05) from the limb, using a
slit spectrograph. The instrumental width was determined from the breadth
of the Fraunhofer lines in scattered light. The real half-width obtained was

0.8 A, (with a dispersion of 9 A/mm). After corrcections, the total width of
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the green line ab half central intensity {s 1,10 A, which means that the inten-
sity of the line is equal to exp - (ﬂ}\/0565)2. With the theoretical formula
6

and e 56 (iron), this gives the temperature 3. 96 x 10° degrees., This tem-
perature is an upper 1imit because there may be other effects broadening the
line,

Waldmeier also points out (10) that the lines are less wide at r = 1,07
chan at 1.03, and that ab r = 1,40, the half width goes down to 0.5 A. (e

g —

Farly work by Lyot (12) gave a half width of 0:80 A,, which corresponds to a
temperature of 2,1 x 106 degrees: In his George Darwin Lecture 8;;?, Lyot
gives coronagraph results from 200 spectra. The averafe widths of 11 lines
are 0.8 A in the green, 0.9 to 1.0 A in the red and greator in the infrared.
New work by Lyot and Dollfuss (unpublished) gives widths to an accuracy of 9%,
which will give temperatures to within 10%. The results are not yet available,
The green line is shown to have a satellite,

By the same methods line shifts giving radial velocities may be measured.
The rotation of the corona con be determined this way (Waldmeier, (10)), Other
radial velocities arc usually not visible, but Waldmeicr (10 a) notes that oc-
casional velocities of 5 xin/sec, and cven (very seldom) up to 10-100 km/sec

are occasionally observed as asymmebry.

I1I, 3. Coronal temperaturs dotermined from degree of ionization.
A third method of debtermining the coronal temperature is from the de-

gree of ilonization in the corona. We ajg;jjuﬁ;i&m;i@niz&hignﬂis

purely thermal but we gqn“gt 1anst cstlmqtc thu lnilucncc of T, As is well

known, the coronal emission lines were first 1dontlf'lcd by Edlen (14) and his

work is summarized by Swings (15), (16). The 1list below gives these identifi-
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cations, together with the observational data of Lyot (13), published before

Edlen's work. Note: we write Fe 13 instead of the somewhat clumsy official
) el iudutid A vtramta i tomanis

notation Fe XIII, i,e, iron missing 12 clpctrons.
eaadcadnniai

i
1}

Line Intensity t Identification Behavior
element ion, pot.

3388 Ly Fe 13 325 volts These lines show

5116 . 3 Ni 13 350 fine arches, but

5303 (grn 1n) | 120 Fe 14 . 355 somewhat fuzzy

6702 5 Ni 15 LR22 and filled up.

7057 1 _ Not enhanced in

8021, 1 Ni 15 422 ) flares.

10747 240 Fe 13 325

10798 } 150 Fe 13 325

6374 (red 1n) - 20 Fe 10 233 (These two first

) identified by Grotria

7892 30 Fe 11 261 Fairly sharp detail,
not filled, En-
hanced in flares,

5694 (yellow 1ln) 1 Ca 15 814 Few details; seen
only exceptionally
and only if contin-
uous spectrum is very
strong. Around ac-
tive spot regions,
(vid. Waldmeicr (17))}

5536 ' 1-0 £ 10 Observed at eclipses,
Never since,

3328 ' 3 Ca 12

land 11 other linps Fe 11-13

in blue & UV ALlL

Ni 13-16

Table 1
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The identifications for 5694 and 5536 have recently been guestioned by
Nagvi. (unpublished). The best general reproductions of the coronal spectrum
are given by Lyot (13, plate 15). ialdmeier (18) gives a fine reproduction of
the line 5503; He has also noted reduced intensity of the rod line near sta-
tionary prominences (filaments).

FEdlen's identifications irndicate, obviously, 2 high coronal tempera-
ture. The detailed ionization theory of the corona has been worked out in re-

cent years by several authors (Woolley and Allen (19), Biermann (20), S, Miya-

j99¥§ . .
moto (21), Schklovsky (22)). The ordinary Saha lonization .equation cannot be

amndbeleatt

applied herc, because thermodynamic equilibrium does naot.prevail, We may,

P

however, consider the detailed processes active in the corona,
Suppose we consider the eguilibrium between a twelve times jonized ion
and & thirteen times ionized ion. The densities will be denoted by Nyg and

Nlh’ respectively, Then the processes governing the equilibrium will be the

following:
ionization recombination
by radiation N13 Q Nlh N, %
. - - 2
by collision Nl} Ne 51 Nlh.Ne 82

The expressions in the table give the probability for the occurrence of each
process; Q depends on the radiation field, whilc the recombinstion coefficicnt
% and the collision cocfficients 5y and 55 depend on the temperature,

The authors cited agree that ilonization by radiation end recombination

by collision are unimportant in the e uilibrium state, the former becasuse no
. e Ao mriLaTaos e — e N — & ’

evidence for the presence of the soft X-rays necessary to produce this ioni=-

zation has been observed, and the latter because of the unlikelihood of three
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body encounters, The remaining two processes can then be balanced, to give

N13 o

The degree of ionizetion is independent of the electron pressure! Syp and

a are estimated by Woolley and Allen on theorctical grounds., They are:

5, = 2 x 107 21-9 exp (=%/86), with ¥ = ion, potential in volts;
&« = 1,5 x 1072  for Fe 14 at 1O6 degrees,

Curves giving the ratios for different ilons and various assumed temperatures

are given in Fig, 4, below.
noa 7 8 9 10 11 12 13 1L 15

| ] i i i | i

e

N, 100 - :
Mo 104 - :j\__,%\ e & Allen, =100
~ ~. L
. i\ e \@»{’1 = A - !i e 6
M) % 35 Yrot iz X%
Sl )’W"“‘ 0.1 00T 0,35 x 100 - SR Lol 20
p S .
(Faem ek 0,01 4 AN \.,:_,_schz.c 0.7 = 100
ﬂ’hﬁ‘w \.\
[ Y 0.00l ly . .
,j&s#“é¢&A ‘“\\%L<&mmmw-80hk 0.35 x 106
5 Fig, 4 *

The points on the ordinate n = 10, for example, give the ratio
N(Fe 10)/M(Fe 9). The absolutc values of the constants here are not too re-
liable, but the change in relative abundance of ions with temperature is ex-

tremely rapid, for we multiply by several factors. For examplo:

li

6
N(Fe 14) (green linc) _ T=1.4x10 ‘{

LO x 25 x 5 x 2 = 10,000

2.5 x 0.8 x 0.25 x 0.08
= 0,04

I

The change produced by doubling the temperature is a factor of 2 x 105. In

fact, a change of only 13% in the temperature will change the relative abundances



-85

of these two ions by a factor of 10. Any theory of radio emission reguiring

large local changes in the temperature of the corona must be wrong.

T

The guestion of the mechanism of excitation is not completgly;ﬁggg}ed.

Excitation by electron collision seems most likely.
Waldmeier (23) discusses the invisibility of Hs in the coronel emission
spectrum, The obvious reason for its absence, viz, that the temperature is so

high that there arc few rccombinations, is confirmed by his computations,

III. Structure of the Corona, Motion of Coronal Gases,

I11, 1., Zonal structure,.

The solar rotation, alone and in interaction with the sun's magnetic
field, gives ris¢ to primery and secondary effects having a zonal structure
(see Unséld, (24)). The rotation has been measured from prominences by
Diazambuja (25) and from the corona by Waldmeier, both for the equator (10)

and the pole (26).

The general solar magnetic field is certainly much smaller than was
T TR A b e e .

thought by'Hale.r Yet ;t secms to be present and clearly marked by the polar

plumes, Its magnitude and change with the solar cycle arv still engiziiz;ggl

certain. The drifting of the sunspot zone and the second prominence zone has

been mentioned in section 5,1; the changing forms of the whitc corona were dis-

cussed in the beginning of this section,

ITII., 2, Coronal emission regilons,
When Waldmeier constructed his coronagraph in 1939, he started to esti-
mate the brightness of 5303 around the sun's limb (27). This material now

covers a full solar cvcle, The first real isophotes were obtained (18) in 1940
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(by estimating the limit of visibility) and an ellipticity estimate was made

in the same way as Ludendorff had (5). Since 1942, Waldmeier hes presented

this material in a more systematic manner, He definecs as "Koronastrahlen'

_each maximum along the sun's limb, The material is collected in: (a) A cata-
log (28); (b) Heliographic maps (29), (30), (31, fig. 2-4); (c¢) Polar maps
(31), (32), for latitudes greater than 50 degrecs. The statistical discussion
of the dependence on the phase of the cycle starts with a butterfly diagram
(33), based on the catalog (positions only). In a later paper (34), (35) a
more refined treatment is given, in which the intensities are used and aver-
aged statistically, Lyot's statistics only date back to 1944, In an early
paper Waldmeier (36) shows that, on the averzge, the form of the corona, in

the sense of dependence on latitude, is the same in 5303 and 6374,

III., 3., Fine structure in thc corona.
Quite a bit of effort has been devoted to observations of the fine de-

tails of the corona. The best known of these arc the spectacular prominences,

Because of thelr spectrum, the prominences are generelly considered as part

of the chromosphere, Yet, extending up to 100" above the chromosphere (or

up to r = 1.10), geometrically they belong to the corona,

Another small-scele phenomenon in the corona 1s the presence of persis-
tent regions of high coronal emission. These are variously termed "jets" or
"rays," or filaments." Waldmeler uses the term "filaments" for regions of high
emission (in 5303 or 6734) that persist for several deys, He maps them and
puts them together in a "heliographic map" of coronal cmission. Some of these,
for the region of the great sunspot, March, 19u§, hﬂvevbeen reproduced (37).

The general impression conveyed is that there is a great deal of washing out



in longitude, due to the fact that one cannot distinguiéh whether the light is
emitted ‘in the plane of projection or before or behind it,

During the period 1939-1945, Waldmeler (31) observed the filaments to
remain concentrated around latitude 60 degrees. Then thoy began moving higher,
rcaching the poles just,in time for the sunspot meximum (1947). They show the
same rotational velocity as prominences (vid, III, 1) and often last for sev-
eral months., They are invariablj.elongated in longitude,

Lyot has also remarked the persistence of these emission regions, He

calls the "koronastrahlen" "jets coronaux," and notes that the projection ef-

fect is important, This is shown clearly by the fact that a jet that is visi-
ble for a week reaches minimum latitude in the middle, producing an apparent
path that is an arc bent towards the equator, A poler Jet has been visible
for several months, and oscillating neatly about tho polar axis.

waldmeler (37)‘term§_?ll featurces with 1ifctimeﬁ QS#PE?W?EQ?Emggwigyt”‘

R T S ety e

eral hours or half a day coronal 'condensations" or "arches" (thé latter, of

g e

course, only when they are arch-shaped). These are "Detailed structures in the

vieinity of spot groups, in which the intensity changes rrpidly, and can tem-

porarily increase by a frctor of 5.,"
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Fig. 5

The best known of thec features are the arches, diagrammed in Fig. 5

above. The best available photographs of these arc given by Lyot (32, plates
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III and IV), According to Lyot the details remain stationary during six hours
(total duration of visibility) while the relative intensities in the structure
remain constant only about one hour. The thickness of the arch is about 1o,
or ,0L R (in the red line). This fuzziness is certeinly not due to the instru-
mental broadening, for thc prominences are perfectly sharp. Lyot remarks that
the green line gives less detail than the red, This has not been noted by
Waldmeier,

Plate IV of Lyot's paper (38) shows clearly that therc is "a nearly com~

it o

plete independence between corons and prominences," This certainly is true

e

" of the relative intensities (sometimes a strong coronal arch with hardly any

prominence visible in the vicinity, sometimes vice versa). Yet even in the
few pictures reproduced we find a coincidence in position, if not intensity,
This is confirmed in one exceptional case studied by Waldmeier (39). A rough

sketch 1s given in Fig.6 , The yellow line 569L shows Just one region of con-

g
1.15
1,10 e, . |
1,05 : regions where 5303 is strong
» Sl -
1,00 J_ il

.= % prominences (Hy & Dy 5875)

densation, again coinciding with the prominence heads. There are, again, changes

in relative intensity of duration about 1 hour.

The coronal condensations also turn up in slitless grating spectra of
the eclipsed sun, €.8., the eclipse of 1930 (S, A, Mitchell (40) and W. Gro-
trian (41))., There arc also reports on earlier visual observations. Eclipse
observations might be used to ascertain the lower boundary of coronal emission,

which is impossible with the coronagraph,
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Lyot has remarked (oral communication) that it is quite general for a
prominence to be located in a dark "shadow region" of the corona. This region
appears relatively dark, both\in the light of the emission lines and in the

continuous coronal light (Fig, 7 (a)).

it corona
\ %i ,///
darl’ re frion\ - T
_\/i;/ ~—
-~ -
N\ - )
\ ‘ - prominence 5 =
pronlaence e N 5
(a) - (b)

Fig. 7

"Domes" around prominences are well known in eclipsc photographs, They
often have an alternate light-dark structure (Fig. 7(v)) and gradually change
into the typical form of a coronal tstreamer," The inner dark area of such
a dome is probably identical with the shadow reglon noted by Lyot, Examples
mey be found in the dorona at the following eclipsesi 1901 (SE quadrant, 3-
fold), 1905 (&W, a double one; NE two large ones), 1919 (SW double; E, single)
and others.

The size of the domes is of the same order as that of the arches seen
in the light of thc emission lines, They may be just very striking examples
of these,

bie 7 % 2 o } 1
The polar rays, or plumes, are s short and brush like, visible in the polar

regions of the corona at ¢clipses near minimum phase, Large scele photographs
are necessary to show good detail, Van de Hulst (L) has analyzed them photo-

metrically and shows that the brightness excceds the background by 20%. But
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if the F corona is eliminatedathe rusulting N is five times larger in the rays
than between them. The date rejects the idea'of ejected streams, because the
density falls off too sharply. The suggestion is made that the rays are formed

by matter lining up along the magnetic lines of force.

ITI. 4, PFurther observational questions,

There are still many unanswered questions on the corona., Motions in
"the corona are still poorly known. Some motions have been discovered in the
form of radial velocities, but they arc seldom over 5 km/sec, Yet some motions
of ten or one hundred km/sec noted by Waldmeief (see p.8l) seem to be real.
The casc is not so good for proper motions, although numerous reports of these
have been made, The best discussion of this question is given by Lyot (38,
P, 42), who discusses the various reports of eclipse observations of velocities
of the order of 5-10 km/sec, Lyot observéd the corona with photographs and tri-
color filters, He reports relative movements of the arches of less than one
km/sec, noting that these could be easily accounted for by perspective and so-
lar rotation., Waldmeier's answer to this (42) shows that some motions are
real, but the main evidence rests on radial velocities.

How large arc the density and intensity variations in the corona (lo-
cally and with the cycle)? There arc very little data available on actual

intensity variations, Waldmeler estimates that the condensation represents

(in certain cases) a density increasc of a factor 20, Very rough estimates of
- R v S ITas

the change with phase made from Lyot's daily records give for the main spot

zone in arbitrary units:

emigsion lines . continuous light
Min (1944) 50 30 (25-35)
1945 100 50

Max (1947) 100-150 55 (50-60)



-91=

The intensity of the continuous light is measured from the polarization, The
data for emission lines in 1947 omits all emission peaks; were these included,
the intensity would be about 400, These estimates, that arc not final, seem

to confirm the change in electron density by a factor 1,8, The factor for the
emission lines may be 3 or L, without peaks, and 10 if they.ars included, Wald-
meier (43) finds a factor of five bbﬂween green line intensity at minimum and
maximum, The intensity change with phase and with latitude is given in (44).

A few more theoretical questions that may be asked about the corona are:

Is the electron-proton gas a good plasma, in the sensc that we can ascribe to

it a fixed Maxwellian velocity distribution? and, how long does it take to ¢s-

tablish ionization equilibrium in the corona?
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6.1 Kramers' theory for the cmission and absorption by free-free transitions,

We shall derive the following formula, governing'the absorption.of radio

waves in a gas of electrons and ions in thermal equilibrium:

N le o WE 1 725
xv) 1;11\111\1631%,T ERNIL: cv2'1n(pa/pb)

Here n = refractive index (see later) -¢ = electron charge
v = frequency Ze = lonic charge
N, = number of electrons per cm3 m = electron mass
N3 = number of ions per cm3 k = Boltzmann constant
¢ = velocity of 1light p, and py, are limiting impact
T = temperature parameters {sec later).

The absorption coefficient w(v) is a macroscopic one,not an atomic one, It

al

occurs in the equation of absorption =¥,I,, rhe dimension of the coef-
dx

ficient is cm‘l.

-

Fourier analysis, We will here introduce some theorums from Fourier analysis

that will prove useful in the derivation. Let £(t) be real, We define the

HFourier transforms"

® . @
Clu) = %/f(t) cosytdt s Sw) = % [f(t) sing tdt
0 ~ LN oo
Now Fourier's theorem states that
®

£f(t) = /[C(m)cos wt + Sw) sinu)tjs d
o .
Parseval's theorem is also important:
2, ®©
P = J £2(t)dt = (02(&,)) + 52(w) dw
Lo o

The physical implications of these theorems are important: f£(t) will represent

the amplitude (more precisely a component of the acceleration) in a wave train
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and y, the circular frequency P ve The Fourier transforms express how gstrongly
vafious frequencies are present in the wave train. F represents the total en-
ergy in the train. Parseval's theorem shows that we can think P to be composed
cither of the contributions of each small element of time (but these not speci-
fied with respect to frequency) or of the contributions of each frequency bsnd
width (but thes. not specified with respect to time). This situation is typical
for Fourier transforms and is similar to that behind Heisenberg's uncertainty

principle,

Emission by one encounter,--iWe can use classical electron theory, Radiation is

emitted by a charged particle only when it is accelerated; this occurs during
an encounter, We start from the classical formula that the radiation per unit

time by an accelerated elcctron is (211 frequencies and all directions together):

)
2 2

£) = & w

Qlt) 303&

% Jenotes the acceleration; the factor 2/3 arises from integration over the

typical dipole radiation pattcrn, which has zero intensity in the direction of
@ .
[

%, The energy emitted during the entire encounter is Q = ; o{t)dt, Qur idea
o

is to divide this energy up with respect to frequency rather than with respect
@

/
to time. Thus Q = | Q(y) dv. In order to do so we replace the f(t) of the

Jo

Fourier theorems by %, Then apparcntly

q - 2% . /Lc%)w?(m)—i 2 ndv,
3¢ 303 '

so that

i

aly) = B (620 + o) |«

A similar contribution from the y and z component of the acceleration should

be added, But by proper choice of coordinate system (see figure) we make %
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even, ¥ odd and % zero., The formula for Q{v) is then complete by substituting

® ®
Clw) = %Q/,k(t)ooshpdt, S{w) =1%‘j/'y(t) sinwtdt,
L ™

(63

Specification of the encounter.,--Three kinds of encounters occur in the gas:

ion-ion, electron-electron, and ion-electron encounters, In the first two kinds
the particles have equal charge and equal but opposite accelerations, The di-
pole radiation of one particle will then exactly cancel that of the other and

only a small quadrupole radiation remains; this we neglect, In the ion-electron

e vt A

encounters the dipole ra&iationAféém the ion reinforces that from the electron;
the latter is by far the bigger because of the small mass, So we deal only with
the emission by an electron during its encounter with an ion, A/
The orbit is a hyperbola, It is specified by the ©
initial velocity v and impact parsmeter p which is the dis-

tance from the (fixed) ion to the undisturbed straight path

of the electron. We define \ | -7
| 2 P
o = potential energy at distance p = Ze'. -
2'x initiel kinetic energy pmv<’ \ L
N v

There are two limiting cases, both worked out by Kramers
in his original paper. If 4 is small compared to 1 the
deflection will be small and the orbit is nearly a straight line, If a,is
large compared to 1 the electron falls toward the ion with'not much initial
energy and the orbit is nearly a parcbola, By good luck we have to deal in
radio astronomy with the nearly straight encounters only, Put t = O at closest
Iapproach; with good approximation: r? = p2 + v2t2. The acceleration Zez/mr2
thus has the compenents: |

g =42 p y = Ze2 vh
mr* T mr< r



We can go on making approximations, The duration of the encounter is
actually infinitely long but the effective duration will be of the order of p/v,
Tn radioastronomy the frequencies are small, We may thus assume that p /v <L L,
which implies that gt << 1 during the entire encounter, 5o, approximately,
cos ot = 1 and sin wt = wbs This shows at once that the S-integral is an order
of magnitude smaller than the C-integral. The latter cnn be found by direct

integration:

9)] .
olw) = ;_ wkdt _ Ze“p dt _ 27e”
m (52 +v4tZ)J/4 v

@

=3

The energy emitted per collision per ¢/s (in all directions together) will thus

be:
16 b 22

o(v) =
3 c3p2m2 2

In this approximation the spectral intensity is independent of frequency, It
arises only from the rapid change in momentum siven to the electron during the

encounter,

Integration over mony encounters,--First we assume one clectron velocity v. The

number of encounters, or as theylare usually called collisions, per cmd with
impact parameters in o small range dp is NyNv. 2npdp. Multiplying this by
Q(y) and then integrating over p we find the energy E(y) emitted per ¢/s per
second by one emd of the electron-ion gas in all directlons. It is
E(Y) = N3Ny 2.____..27‘6 Z Jl‘iE
3c me v

The integral diverges at both ends; this is due to the approximations we have
made, As a formal remedy we replace the integration limits by the volues Py

and p,; these signify the lowest and highest impact pzremeter for which our
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approximations were admissable, SoAthe iﬂtegfal is replaced by a logarithmic
factor: - |

In (p,/pPp)-
We still must integrate over the Maxwell velocity distribution, The average
value of 1/v is (2m/HkT)%, We neglect the influence of *the Maxwell distribution
on the values of p, and p, because rough estimates only are needed under the

logarithm, The result is

B(V) = nli;N, L@m)z 7265 1n(p,/pp)
m203

In this and the following formulae we already include the factors due to a ré;
fractive index n that may differ from 1 (see below).

This result for emission might be used for computing the brightness of
o transparent cloud of gas at radio frequencies, We find it more useful to work

with absorption coefficients, So we apply Kirchhoff's law, The black body

21
radiation intensity in a medium with refractive index n is B(¥) = 22~%1-Q3,
=

By Kirchhoff's law the brightness of 1 emd of the gas in a given direction (di.e.
the energy emitted by it per second per unit solid angle) may be written. in two

equivalent ways as

E.L.D.:n(v) . B(v),
b

Solving for w (V) we find
, 2,6
w(v) = Ty, W2 L 72
! ),
@V & BVT (ka)B/Z Ve n (pd/pb)’
which is the formula quoted at the bcglnnlng. Our further task will be to specify

what is meant by p_, Pps and n.
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Lower and upper impact parameter,-~The values of p for which our approximation

. brééks down should automatically appear when oncé more we review the approxi-
mations mede during the derivation.

(1) v is small compered to the velocity of 1light, This apﬁroximation was made
jjlapblying Newton mechanics and in neglecting retardations It is well fulfilled,

(2) The orbit is neerly a straight 1ine. This requires g & 1, which poses a
262 .
, mve

becomes more nearly pardbolic and the total impulse suffered by the electron is

lower limit to p, which we denote by pbl = For smaller p the encounter
much smaller. Incidentally, when épprbximation (5) holds a direct integration
of the Fourier coéfficients can be made'wiﬁhout making assumption (2); this is
of no use to us,
(3) the orbit is not influenced by the loss of energy by rediation. Follows
from (1) and (2). The electron remains free, It is a free-free transition.
(1) The electrons were thought as lodalized points. If p becomes as low as
the De Broglie wave length of the electrons this holds not trucy Ve put the
h

offcctive cut—off at half this wave length, 1.e. Pr. =  awie §
’ b2 L v
L

(5) Ve have assumed that “@was smaller than the inverse duration of the encoun-
ter: 3?2 {ﬁ( 1. This gives an upper limit to p: Pa1 = 3’. For any p larger
than this value the encounter is so slow £hat frequencies as high as  are not
"emitted by it.

{(6) Ve have assumed that the collision is complete and undisturbed,Ai.e. that
the electron moves in the field of only éne ion. This leads us to assume that
the interionic distance is an cffective upper limit to p. 8o pa2 = Ni'l/B.
This argument is not as stringent as it would seem. It is conceivable that elcc-

tyons still feel the influence of ions ‘even behind several other lons and elec-

trons, Cohen, Spitzer and Routley, in discussing the related problem of the
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] conductivity of an ionized gas, advance arguments why not the interionic dis-
tance but the Debye wave length of the plasma is the seffective shielding length,
Py .
Then pa3 = (Zﬁﬁkgz)g. In all published computations and also in the following
e

sections this possibility has been neglected; it does not seem quite certain,

Summarizing, we have 2 lower limits and 2 upper limits to p, *“vidently,
one reason for the approximation to break down is sufficient, So we have to take
the narrowest range, i,e, the higher value of.the:@tys and the lower value of
the py's. All four combinations have been mentioncd in the literature, Advis-
able in cases of doubt is a numerical estimate of all four values, Typical vel-

ues for corona and chromosphere are mentioned in section 6,3. Fortunately the

rotio pa/pb is at least 1000 so that an error of a factor 2 in thesc rough €s-

timates affects the logarithm only slightly.

The refractive index. The classical expression for the rofractive index of an

ionized gas from the theory of H, A, Lorentz is
2 2 2

n? =1 - __Nee =1 - 295 , where Qoz = h“Ne?
ny 0 W’ "

The expression had been derived on the assumption that electromagnetic waves

travel through the gns and that the electrons are free to swing back and forth

on the electric fields of thesec waves, This value of n is the one we have to

use in the formulae of emission, absorption and black body radiation just given,

That the emission contains n, the black-body intensity n2 end the absorption

coefficicnt n=t may be derived in several ways, Most simple is to assume for-

mally a different value of the dielectric constant of the vacuum or medium through

which the electrons and ions move and then go through the derivation from scratch,
Lorentz indicated o different wey. The electrons are not free to move

at odd times their oscillation is disturbed by collisions (i.,c. encounters with



-101-

ions)., Let -Ybe the collision frequcncy = pumber of collisions pcr second,

Lorentz then finds the modified formula for n:

2
n:l... “.....__.u_

olw~- 1

The refractive Aindex now. has become complex; this denotes in general an absorp-

/“I__u e T

tion of the electromagnetic waves along with the refraction. This absorpticon
i
we shall now derive, We decompose n in the real and imaginory part: n = ng - ing .

i
i
!

The amplitude in a wave traveling in this medium in the z-direction is propor-
tional to
o-ienZ/e e-ianOZ/c.e—mnlz/c .

The intensity thus contains a factor G—Zwle/c, which means that the linear

PR

abborptlon coefficient is %(v) Eééi. The rest is algebra; we assumc that
c

e
SRR

v is small compared to g and find by straightforward expansion (left to the rea-

Yol .
der) that ny = —2- . 50 that finally _
21’1@3 ' ( (u

n(v) =
i Qk<1
Thls formula confirms by a quite dlfferent way that the absorption coefficient
Ls proportional with n -1 and with vy 3. By comparing the formula just found
with the earlier derived cxpression ofyb(u), we can find an expression for the
collision frequency vy, which corresponds to the one derived from conductivity

studies.
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6.2 Observations of the guiet sun

The classification of the components of solar radio emission to which

we adhere in the following chapters is shown in this table.

A1l components

other than the quiet sun are collectively called the active sun and treated in

chapter 7.

Phenomenon Approx, const, |Localization | Polariz, T, T,

during:
Quiet Sun 1 year whole disk absent 7000-10° | same
and outside

Enhanced radi- |1 week spotgroups 1 15% 105 lO6
ation at short sunspots
Wwaves, €.g8.

O cm,
enhanced radi- 12h_3d spotgroups 100% to 109 to 1014
ation at meter
Waves = nolse-—
storms
This contains . 9 14
Stormbursts 2 sce, spotgroups 100% to 10 to 10
Isolated bursts |2 sec, ? 0 to 108 |40 101
Outbursts 1-10 min, flares 0, except [to 1013 | 1016

‘ in tail

How to isolate the quiet sun from the observations,

The radiocemission measured

when the instrument is directed towards the sun is made up of three parts,

First the galactic noise from the region of the Milky Way around the sun, This

has to be eliminated by measuring the intensity of that part of the sky when

the sun has moved furthcr along the ccliptic, But even now there will be vari-

ations in the solar radio emission itself,

Careful investigations have shown
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these variations to be asso?iated with Fhe occurrence of certain optically ac-
tive regions on the sun like spotgroups and flares. These contributiéﬁs come
from the active "radiosun," When they have peen removed there still remains
a finite emission in the radiofrequencies, which we call the emission from the
gquiet sun. The difficulty in observing the quiet sun lies In allowing for the
additional noise on the records of observation. The bursts can well be elimi~
‘nated as they have & short lifetime and high intensities. They will show up

as sharp peaks on the records. But the enhanced ra@ia@igg_has longer durations

so its effects often are indistinguishable on the records from the quiet sun's
emission. Two ways are open, in principle, to make the distinction,

1, Analyze the time seguence of event s.—The record of any day may seem falrly

constant, or somewhat fluctuating with a lot of stormbursts, But if the level

is measured and well calibrated each day the variations socon show up. Depending

on circumstances one may then proceed as follows,

(2) Observe many days and assume that the sun was perfectly quiet on the day
with the lowest noise level., This is a crude way bub it works in the
cm range.

(b) Make a histogram, 1l.e. a graph of the frequency disbribution of the recorded
daily levels, This 1s useful for waves of 1 meter and larger, for Paw-
sey has shown that the histogram has a fairly sharp cut-off at some low
level, The obvious interpretation is that this base level below which
the sun's emission never sinks refers to the guiet sun.

(¢) In the 3-50 cm range the histograms look more like a normal curve SO are

not very useful, Denlsse and others have shown that for thesc wave

lengths a fairly sharp correlation between deily level and sunspot area

exists, By extrapolating on the correlation graph bto zero sunspot area

we find the quiet sun's level.
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2. Use the localization of the active phenomena,--All emissions from the ac-

tive sun are localized on or near the sun's disk in the vicinity of spots or

in other active regions. By proving that a phenomenon is localized we prove
R B

_ FEE———

principle are:

(d) Use of a partial or total eclipse, The record of the sun's total rrdiation
as a function of time shows a smooth fall ard rise during the hours that
the eclipse lasts. In addition, sudden drops.occur when an active re-
gion is covered by the moon and sudden rises when it is uncovered, In
principle these sudden changes may be eliminated from the results and
only the quiet sun's radiation retained.

(e) Also an interferometer (sea—interferometer or meridian interferometer)
will reveal the presence of localized active regions, For instance,
when the sun drifts through the pattern of a meridian interferometer
with sharp fringes, the sun's disk (quiet sun) will give a smooth curve

and a spot (active sun) will give fringes. So the first part can be

isclated by simply drawing the lower &ﬁf%
AP
Nt 4
envelope to the observed fringes, i’V *q
. i 7,
i A
(f) The ideal way, of course is to have i Y

a pencil beam that is narrow enough to scan the sun's disk and locate
any spots. This can now be done with the biggest telescopes in the 1 and

3 cm range,

Observed values of the total radiation of the gquiet sun. This radiation may

be expressed elther as the flux density S or as the apparent temperature Toe

We choose the latter presentation. The figure (page 107) shows observed values
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as dots., Each dot is found from a series of observations by iéolatihg the gulet
sun by one of the methods (a) to (£). Details are shown in the tablc on the
next page.

Observations 1 to 16 are copied from the paper by Pawsey and Yabsley
(points 7 and g later corrected for.better calibration). The other observations

have been added from independent sources and reduced in a similar vein. The

accuracy is 0.5 db or 15-20 per cent in the cm region and 1-2 db or 25-50 per

i

cent in the meter region. Observations 11, 12, and 19 are iaolated observations
m/# -

A

that may have larger ¢rrors than the others. For wave lengths larger than 5

meter the quict sun is too weak with respect to galag@ig&ggiwggtgﬁgglactig?)

noise to be measured at all with existing antennas. The whole temperature range

. i

corresponds to a factor 200 or 2% db so that errors of 1 db may be considered

relatively small,

————

List of observed values T  for the quiet sun (as of March, 1951 )

period A
A year in T,x10 method
months
1, McCready, Pawsey, Payne-Scott 150 cm 1945-L6 6 1.2 histograms
2, Pawsey, Yabsley 150 1947 3 0.7 histograms
3, Lehany, Yabsley 150 1947 kL 1.0 histograms
L. Ryle, Vonberg 171 1947 5 0.6 histograms
5, Ryle, Vonberg 375 1947 5 1.3 histograms
6. Reber 187 1944 1 1.8 histograms
7. Lehany, Yabsley 50 1947 L 0.6 correlation
8, Lehany, Yabsley 25 1647 L 0,19 correlatior
9. a) 1947 9 0,078 lowest poir
b) . 1948 12 0,065 corrclatio
¢y Covington 10.7 1949 12 0.055 lowest pol
d) 1950 12 0.04s lowest poi



Qg 10,
AY\ 11,
¥
g\ 13,
2
q 1k,
%F 15,
16,

17.
18,
19,
20,
21,
22,

23,

Reber

Sputhworth
Seuthworth
Piddington, Minnett
Covington

Sander

Dicke, Beringer
Naval Research Laboratory
Stanier

Laffineur, Houtgast
Minnett, Lalyrum
Piddington, Hindmann
Hagen

Christiansen, Yabsley, Mills

Machin
Machin

Blum, Denisse

References are on page 118,
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62,5

3.18
10
0.85

50
670
2l5
187

1946
1943
1943
1948
Nov,1946
Julyl9L5
JulyloLs
?
1949
1948
1949
194849
1948-L9

Nov,1948

«~d

1.0 mean
O.dl8v mean
0,018 mean
0,009 correlation
0.056 eclipse
0:022 eclipse
0.010 eclipse
0,012 ?

0.54  interferomct
0,24 mean
0.019 correlation
C.05L correlation
0.0067 pencil beam

No independent
calibration

2.0 lowest point
240  quiet days

0.9 aquiet days
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The observations collected in this figure are in very good agreement with
theory, At meter waves we Se€ the corona with a temperature of a million degrees

while in the cm range we look through to the lower chromosphere, which has

a tem-

perature close to that of the sun's surface. Precise computations are discussed

in the next section.

s8ld, corrected by Burkhardt and Schlfitier " (Sce p. 112)

The curve in the figure is based on the computations by Un-

Changes with solar cyele.--This table and figure should not leave the impression

that the quiet sun is entirely constant, It is even likely that its radiation
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'should change with the solar cycle, The result obtained from optical obser-
va£ions is that the temperature of the corona is fairly constent but that its
density varies (perhaps by nearly a factor 2) with the solar cycle. This vari~
7ation wsuld be most noticeable at radio wavelengths where a change in optical
depth of the corona yields a big change in brightness, This occurs at the steep
part of .the curve, i,e, in the range where T, is well between 5000° and 1000000°,
Observations so far show precisely what is expected. The lowest antenna tem-
peratures measurcd by Covington at 10,7 cm were 295° in 1947; 235° in 19485
210° in 1949 and 165° in 1950, When reduced to gzero sunspot area the first and
last of these values may become something like 260° and 1600. Multiplication
by 265 (compare problems, section 3,2) then givcs a drop from T, = 69000° in
1947 to 42000° in 1940, The Australian observers have found a similar effect

5 in the 10cm region but none in the meter range, Southworth's observation of

Y

kN%Z¢—’l9A3 now does not seem so far out of range as it seemed before,

mon,

Intensity distribution across the solar disk, The methods for localizing bright

spots on the sun can in principle also give the intensity distribution over
the entire disk.
(a) Eclipses have been used in some instances but the interpretation of the

records often is uncertain, This is inherent in the problem, The moon is Just

big enough as a screen for the visual sun but too small to give convenient mea-

sures of the brightness distribution in the radio sun, As mentioned before,
e —_\&»\«.‘A o

active spots show up when they are covered and uncovered, But the evidence

for limb brightening from eclipse observations is so far inconclusive, One
, Lot b=kt

convenient parameter is the fraction of the total radiation that is left when

the visual disk is totally cclipsed, This fraction is less critically dependent
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on the ratio of the sun's and moon's disk than optical measurcs of the corona
pbrightness, because there is no sharp change at the edge. Observed values of

this fraction are:

A fpraction of radiation
1eft at deepest point

Eclipse May 1947, Bahia, 3.2 o 0.0L
(Hagen;MHaikin and Chikha chev) { 150 0,40
Eclipse Sept, 1950, Alaska d 3.2 0,08
(Hagen, Haddock, Reber) ; 10.7 0.17

| s 0.28

Such observations, when corrected to give fractions of the total quiet sun's
radiation will eventually be helpful in settling the matter of limb brightening.

Observatlons of partlgl ecllpqcs 1n Wthh less than 80 per cent of the disk

’Mis govered are less useful for this purpose (sander; Dicke and Beringer; Cov-

[ IS

ington; Minnett and Labrum, Piddingbon and Hindman; Christiansen, Yabsley and
Mills; Laffineur, Michard, Steinberg and Zisler).

(v) Interferometer measurements have been -applied to the problem of finding

the brightness distribution across the disk only by Stanier at 60 cm# He mea-

sured the brightness contrast in the interference fringcs for a number of dif-

ferent separations of the interferometer ele-
¥
merts. This contrast as a function of the
. . . . \ %
antenna separation is essentially the Fourier 7 b§\
N
transforn of the intensity distribution I(x), S g\} X
. : , . B
where (see figurc) I(x) dx is the integrated ~ P
brightness in a strip across the sun parellel

to the y-axis or meridian, Then, assuming
circular symetry he finds the brightness distribubion with r from I(x) by

solving an integral equation, The result is highly 1mpoluant for it flatlv

Bt s A it R i 5

e et b e < g B

¥ low + wlso by Machin at 2,L5 meter, sce reference on pelld
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contradicts the theoretically predicted.limb brightening, The observed curve

is shown below, together with the theoretical one, Among the theoretical at-
tempts to explain this discrepancy the assumptions of a latitude dependence
would not help; only a strong brightness near the pole could explain the ob-
servations but that contradicts what we know of the opticel form of the corona,
Also a different temperature or density distribution with r does not help,

for on any model the brightness of the partially transparent corona will be

greatest for the rays that travel farthest through it, i;e. the rays passing

Just outside r = 1,03, - ¥an de Hulst hag tried to solve the dis-
“M%mm ) -
/A crepancy by invoking the coronal
log T, ) N . T
o Theoretical curve, Smerd streamers, 1,e, irregularities
-, /‘
// ‘\ in the density of thc outer
7-
6 // \ corona, The limb brighten-
/
5. / x ing may be made invisible by
/ .
14 / ’ the irregular refraction by

Curve, degluced from
\_observations, the coronal streamers in front
Stanier
et

e cre T

of the regions where the radi-

# \
1 > \\\*m.“ ation is emitted, Thereby the

T T T e e o
015 1,0 1[5 distribution with a bright limb
will be smeared out as if we looked through opal glass. Qualitatively the ef-
fect may be explaiﬂed this wry, but quantitative estimates are difficult since
the densities and freguency of occurrence of the coronel streamers are uncer—

tain.

6,3 Theory of the guiet sun

The absorption coefficient and refractive index,-~All theorctical computations

are based on Kramers' law for absorption by free-free transitions, complemented
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in the meter waves with Lorentz'! formula for the refractive index, The equa-
tion derived in section 6,1 is, with the atomic constants replaced by their

values in cgs units:

2
o(V) = 0.0097 5 NaleZi” 1n P2 .
13/2,2 Py

A summation sign has been inserted to indicate that we have to sum over dif-

ferent kinds of ions. We eliminate it by writing 22i2 Ni = Ng. Most

authors use _2=1 but the most likely value (for 1 He ion co 10§ ome and
J ke

few heavier elements) is 2= 1,2, Also we nave to estimate the impact para-
B ,GM‘.W>

meters Py and P, Again, different authors have used different estimates,

partially because in the beginning the situation with the L possible combi-

nations (see 6,1) was not correctly understood, If we take T and N, for repre-

sentative layers contributing to the radintion at each wave length, we obtain

the table:
wave length T Ne py{ o) p,(cm) 1n(p,/py)
1 cn 10k 1080 10T 2a0mh 7.2
10 cm 100 107 1.5a07C 1072 11.1
1m 106 108 15079 207 14,2
10 m 106 107 1m0 5x107 15,0

Thus, we may write Kramers' law in the form:

() = N 22
where o= 0,0097 x 1.2 x ln(pa/pb) is of the order of 0,17 for meber weves
(corona) and half that value for cm waves (Lower chromosphere ).

Lorentz' formula in cgs units 1s
8.1 x 107 N,

2
v

n=1x1-=

.
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Computations based on 2 "model" of the quiet sun. A "model" of the sun may

be any assumed distribution of Ne‘and Te in chromosphere and corona, So far,
only spherically symmetric models have been used for computations of the radio-
emission, Here Ng and T are given as functions of r. The whole computation

then involves the following steps,

Ci} Rey tracing: 1In a spherically symmetric atmosphere with changing refrac-
tive index any ray is given by nr.sin § = A (= constant). This is a formula

from the "old books" on refraction in the eagth's atmospher§; g1is the angle

with the normmal, The meaning of
A is seen in the figure, Because
n is smaller than 1 in the corona -
ﬁhe ray trajectory turns outwards,

Its shortest distance to the center, '

sy is found as the solution of the

equation r « n(r) = A; this equa-

tion can be solved graphicallyf
As known functions of r we now find first sing; s then ds = dr sec and
dg = dr cot 8/r (by‘simple substitutions) and finally ¢ itself (by integration).
The ray trajectory is then known in polar coordinates (r34?) and can be drawn

if we want to,
2 ' oL
<€> Integration along ray, giving optical depth: we have dg = yds“(a fac-
A

tor n™t is contained in x ). By integmtion over r we find the optical depth

ce
for any point, 1In particular for the turning point B = “Zf wds 7/ wdr |
. X
o
Along the entirc trajectory in and out the optical depth is 2 Toe Quite as
important as QEE%E&I depth is the travel time, which plays a role in the in-

terpretation of time lags of bursts, The group velocity is vy = nc (c is the
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velocity of light), so dt = %%, which may be integrated to give the total tra~
vel time from any point along the trajectory. These times become appreciable
only if n comes near O, which happens only if A is close to 0, i.e, for points
seen near the center of the disk.

Cgfzgsecond integration along the path, giving Ty This is the integration

3) .

that we have discusscd in section 3.3 (chapter 3). The formule is

21q
Ty, = T()e Tdr.
0

Most authors simplify the computation by assuming both the corona and the
chromosphere to be isothermal. The formula then becomes quite simple., For
instance, a ray passing only through the corons (such arc all rays for meter

waves and the rays with 4 > 1.03 for all wave lengths) gives

- ~2T
Ty = Toopll = €™ %0 )

Rays passing through the corona over an optical depth Toup and finding the
chromosphere virtually opacue (any point on the disk for waves below one me-
ter) give

Ty, = T

_ .=TcoT ~Teor
‘cor(l e )+ Top®

Even further simplifications are possible if 1, Or Teppr &rC either very small
or very large compared with 1. The resulting simple expressions for Ty all
have clear physical meanings in terms of opacity or transparency of the layers.
The discussion is left to the reader; it is instructive to study closely the
figures given in the papers by Smerd and others with these simple interpre-
tations in mind,

(g; Integration over the sun's disk, giving T,: The formula is

o -
! 2
Iﬁ:ég/rrbd& - [Trah,

Jo
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wherc 4i1s as before the projected distance of the measured point from the
center of the sun's disk, In this formula (and in all papers on the subjcct)

A is expressed in radius of the visual disk as a unit,

Illustrative examples,--Many authors (UnsBld; Burkhardt and Schlitter; Wald-

meier and MUller; Hagen; Denisse; Smerd; Nicolet) have made more or less com-
c,’-“&-_-m

plete computations on a model of the quiet sun. They vary in the 2ssumed val-

ues of o and in details about the temperature and density distribution., None

of thesc models is final and in fact a final model does not exist because the

sun itself is changeable. We list here some places where illustrative dia-

grams or tables may be found (not complete!).

Ray trajectories (also showing "reflection" Burkhardt and Schliiter, Fig, 1
of central rays) Jaeger and Westfold, Fig, 3 & 4.
Values of 1 for the central ray, various . Smerd, Fig, 2.

Jacger and Westfold, Fig. 7 & 8.

Travel times for central ray, various M, Jaeger and Westfold, Fig., 5 & 6,
Distribution of T, across disk, Unstld, Fig, 5 (without n-effect)

Hagen, Fig, 40 (only 3,14 cm
Smerd, Fig, 4

Idem, but plotted for several fixed Aas a func- Smerd, Fig, 5
tion of A{this is more useful for interpolation)

Total radiation of sun, expresscd as T Smerd, Fig, &, Fig, 9
(these curves have to be comparcd with the Unstld

observed points, preceding section) Denisse

Hagen, Fig, 7

Total radiation of sun, expressed as flux density Smerd, Fig, 7

The most complete work is Smerd's, It mey be used as a standard refer-

ence except for waves shorter than 10 cm, because the bulk of his computations

are for a chromosphere at T = BOOOOO,Awhich secems too high, Hagen gives very
T s TR :

complete tables and figures for the cm region using a cooler (non-isothermal)

chromosphere,



115~

Direct inferénces about T and Ng from radic data. The purpose of model cal-

culations is to vary the assumptions in the model until a satisfactory agree-
ment with the observations is obtained. This is not only very laborious but
one always wonders whether the solution is unique and how critically the agree-
ment depends on the various assumptions, It would be much preferable to find

a more direct solution giving inferences about T and N from the observations.,

This is not possible in general (whenever integral equations are involved such

solutions become unreliable or impossible). But one important example in which

PR s e

a solution may be made we shall discuss in some detail.

Level of emission of 1 cm radiation.,-—-The observed value of Ty at 1 cm is 8000°,

Some limb brightening and radistion outside the limb is expected so Ty, at

the center must 59 lower, say 7000°. Since the chromosphere is opaque (the
turning point is in the photosphere, i.e, at very large optical depth) this
brightness temperature must correspond to the actual T at some teffective®

layer in the chromosphere, We may assume that this layer is near 1= 1 and
wish to find where this layer is located, Let the electron density at this
layer be N, and let the density gradient be fepresented by the scale height

H.so that N_ = Noe“h/ . where b is the height above the level sought, Fur-

ther let T be virtually constont, Then, with H=d NGZT'B/EV“Z (n=1)

AN

we find by direct integration:
o244
T'=1=/ wdn = o173/ 2 u/2,

N
which gives Ny~ = %T3/?w2,%,

. . 0

With the numerical values, T = 7OOOO, o= 0,08, w=3"7 lOl ¢/s and H = 1000 km
8 . .

= 10" cm, this gives log Ny = 10.1 so N, = 1.3 x lOlO cme, Reference to the

table in section 5.1 shows that this density is reached in the lower chromo-



~11 5

sphere, somewhere near h = 2000 or 3000 km. (here h again has its usual meaning
of height above the surface).

The adventage of such é;moré direct computaﬁion is that one can more
easily Jjudge the influence of vafious uncertainties, First we maeke sure that
n is indeed close to 1 (within 0.1 ber cent) and that the contribution of the
corona is negligible (10_5); this computation is left to the reader, Then we
wonder about the scale height. This may'bé far different and also there may
be a filamentary structure, But the absolute miniﬁum is H = 100 km as in the

upper photosphere, This changes N, by a factor 3 only, bringing log Ne to 10.6;

this is still at, or above, h = lOOO kmn, The greatest uncertainty thus is

pot in finding the density but in estimating where this density is resched,

In Woolley and Allen's model Ne¢ has a local maximum at the layer h = 6000 km,
wheré the ionization sets in, Here the value log N, = 10,4 is reached, so prob-
ably this layer is opaque for cm radiation., In conclusion we may say that the

1 cm waves come from layers that are at the same height or higher than those

to which Redman's observations of Balmer line widths refer (see 5,2).

Temperature gradient between chromosphere and corona.--To determine this di-

rectly from observations, as Hagen and Denisse have tried, is already a good
deal more difficult, certainly if we consider our ignorance of the exact den-
sity distribution. The correct method is to make analyses of the kind shown

above also for wave lengths of 2, 3 and 4 ém. :At 5 cm_the corona contributes

already half and at 10 em most of th@_‘;fepgiyedr@ggqpion. This is as far as
we can Jjudge from present computations and from the observations that fefer to
the years near maximum activity, 1948-49. It is important to note that the

t ransition from low ‘to high.T in any case muUst be fairly sharp, The theoretical
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curve based on the assumption of an abrupt change from 5000° to 1000000°
(Uns%ld—Burkhardt—Schlﬁtef), that is drawn in the graph of the preceding sec-
tion, fits the observations very well‘except for tﬁc 1-5-cm‘range. Thié Tange
is exactly where a deviation is expected, due to the gradual change in the up-
per chromosphere, Hagen, Denisse and Piddington have shown that a model that

fits the observations exactly can easily be found,

The sun's general magnotic field. As an e¢xtension to the computations on a

model quiet sun one may assumne a weak general magnetic field of the sun. Mag~
neto-ionic theory then gives a certain percentage of circular polarization of
the emitted radiation., The polarization has opposite signs on the northern
and southern hemisphere so is invisible for the sun as a,wholé,-bﬁt might be

detected during a partisl eclipsc. Observations so far have given negative

rosults,

Results as given by Smerd: Polarization Hpole

50 em éclipse ' < 3% . ¢ 8 gauss
10 em eclipse < 1.5% < 25 gauss

This is in agreement with the findings of Thiessen, Von Klt#bor, Kicpenheuer

and others that Hpple is smaller than 1 gauss, if present at all,
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Chapter 7. RADIO EMISSION FROM THE ACTIVE SUN (H, Zirin)

7.1 Introduction and survey

A survey table of solar radio emission components is in seotlon 6.2,
(pagc 102)

ﬂiggggz.-—Thevfirst indications of strong non-thermal radig emission from the
sun (although not then interpreted as such) were the reports by amateurs of
hissing noises heard on the 7.5 to 30 meter bands. At the same time, strong
noise was reported by professionals during radio fadeouts, The first published
reference to this noise was by Arakawa in 1936, In 1942 high-level noise caused
severe interference with radar equipment operating on the I to 6 meter band.
Investigation by a group under Hey revealed that th; bezging of the source was

o b B ¢

always within a few degrees of the sun. In 194/ Rebver, durings his survey oféf?‘J
E- &{’ IV“"’

galactic noise at 1,85 meters, noted that the solar noisc was approximately as
intense as that from Sagittarius (1),
In February 1946 more detailed study of solar noise started, and the

Brltlsh and Australlan workers came up with these results (almost all these ob-

servations atX:>l meter): The radiation from the active sun consists of three
components, viz:

(1) ‘“enhanced radiation" with a duration of days.

(2) M"pursts"' with a period of seconds,

(3) Youtbursts" with a duration of about ten minutes and very high

intensity. -

Further details of the enhanced radiation weru soon found:

(1) The radiatioﬁ is circularly polarized. (2), (3).

(2) The enhanced noisc 1s strongest when there are large spot groups

near the meridian. (3), {(4), (5).
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(3) The enhanced noise actually comes from small areas on the sun, in the

vicinity of sunspots. (6).

The outbursts are connected with flares, and are the most intense ra-
diation from the sun., bsome records of oﬁtbursts still go off scale at lO'15
watt m2 (c/s)—l, which is already 10 times the normal intensity received
from the sun, The most intense flares have almost invariably been connected
with outbursts, although for lesser outbﬁrsts the correlation is somewhat ob-
scure (7).

Siﬁoe 19A6 a great deal of quantitative and qualitative.data have been
amassed., Two improvements of basic interest may be mentioned:

(1) Most of the bursts étcurring during the enhanced noise storms
are circularly polarized. A close connection is therefore sug-
gested. Other bursts, and, so far as we know, all cutbursts are
unpolarized.

(2) The development of spectral work, especially by kild (8), begin-

ning with simultaneous observations at neighboring freguencies

and developing into regular spectroscopy.

Programs,--A few words may be said here about programming new observations.
The possibilities for new work are manifold but, depending on twe rather dif-
ferent aims one may have in mind, the lines of research will be different.

If forecasting of ionospheric éisturbences, etc,, is the aim, routine work
with standard methods, every day and preferably ot all longitudes on esrth,
is advisable. The results may be disseminated in some kind of code (see the
Warber Ly Bullptin of SQl&raé%F%E%?ezscale (brute) statistics may be made in

the hope of finding significant correlations, If understanding the physical

*1d's spectral work is now belng extended to imeclude the range from 30 lic/s

to 300 lc/s. (96&%)
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. phenomena is the first aim, stagisticé are also needed but representative
samples over a wide frequéncy range are more important than complete data
at one frequency., We are more willing to put odds and ends together, and
instead of using standard equipment instruments for new research have to be
developed. For these reasons the Sydney group hes developed the spectrum
analyzer and the fast interferometer, both inspired by the idea that radia-
V/tion of high intensity (as are bursts and outbursts) permits observations
with very small time constants‘so that much detail on one trensient phenomenon
can be collected. An effort to understand evervthing theoretically has to

go hand in hand with the observations,

Survey of intensities,--It is more useful to express the intensitv of the

emission from the active sun in terms of flux density than in terms of ap-ar-

ent temperature. The relation between them is, in MKS units:

—0m
. 1,9x107%0 T : -
. s =1 5 & (yatt m< (c/s) l) '

A

The T is defined by comparing the radiation with that from a hypothetical
black body with the size of the sun's disk. The active region emitting this
radiation may be e.g. 0.01L times the disk's aresn, The average brightness
temperature over that region is then 100 times T..

.It would be desirablc to have at various frequencics a graph showing
for just how large a fraction of the total time a certain level & is exceeded.
A fipst attempt st constructing such 2’ (p, s) diagrsm from odds and ends is
made here; p is defined as the fraction of time during which the flux den~-
sity is larger than a given value. We choose the wave length around 4 meter,

or frequency 75 Mc/sec, Pawsey's histograms give the levels belonging to
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p =1, down to Q.1 and somatimes 0,02, Fop instance, p = 0.1 refers to a
steady level of enhanced noise in one day of ten, The histogram of Ryle's
observations at 80 Mc/sec was used, Appleton and Hey (13) give 5-minute av-
erages of S during many hours per day of a particularly disturbed period of
12 days in February 1946, The fractions of observing time during this period

%.4
can be found from simple counting., We assume that such a period might occur

once a year and thus scale down all values of p by a factor 30. For instance,

S =3x 10‘18 was exceeded during 4 x 5 minutes in 75 observing hours, which

makes p = 0,004 but scaled down by 30 it gives log p = -4, Finally, reports

“on very big outbursts give an estimate on their p and S, The largest one

on record during several years was the outburst of March 8, 1947, reaching
s =107% during 1 minute, Dividing by 500 observing days of & hours (as-
sumed) we obtain p = 2 x 10™2, Collecting the data we heve:

log p log S log pS

0 ~22.,0 -22,0

-0.5 -21.,2 =217 Based on Ryle and Vonberg, mainly
~1.0 - =20.6 ~21.6 enhanced radiation

"'li 5 —19 09 "Zloh

-2.0 -19.0 -21.0

2.5 -18,3 -20.8 Based on Appleton and Hey, enhanced
~3.0 ~17.9 -20.9 radiation and outbursts

-305 "1707 "21..2

-5,0 -15.3 -20.3 Payne-Scott, big outburst.

it isegfmarkable that these very rough cstimates together define a good linear

J—— PRSI

relationship. An investigation of this kind is necded if we want to compute

R i

the average output of the sun at this frequency., The fact that p*S gradually

increases means that the big outbursts in spite of their short duration and

rargmgggurgngs“cgngggpgggJ§§gggglyjtofthis average, In fact, we may write

.
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i 0

Saverage = 'I s(p)dp = Z.BJ/K pS(p)d(logyop)
: 0 . {0

and thus find that the figures do not yet indicate where the integrand of the

second integral goes down, Assuming that it goes down soon after the last
point we obtain roughly:

Saverage = 243 X & x 10~2L (value of pS) x 3-(range of log p) = 3'x 10720,

This corrcoponds to T 2 5 x 108 or 250 tlmes thc (presumed) leuo of the

e S et s e, T e T

i f‘
qulet sun at 4 meter wave 1ongth. Fo T
e w,‘a.hLL ot
J&, {QM !f;’f ":
Spectrum.--It is clear that the phrase '"the spectrum of the active sun" has "&i;wﬂ

no meaning unless precisely defined. ILither we must study individual phenomena
by observing them simultaneously on different frequencies, or we should try

to construct (S,'p) diagrams at various freaquencies and say that values of

S corresponding to p = 0,1 define the spectrum of the sun at the p = 0.1 le-
vel, etcetera, The quiet sun then is the spectrum at the p = 1 level, Very
few good estimétes are yet available, The figure gives an idea of how a com-

plete graph of the spectrum of the active sun would 1look,

1015 = T SN
~ " -
N ~ 8 -~ A0 12 > o O ,
#2 10~ | . * N
. N .
w T, = 100K T~ T )
10-47 T~ (2) t o
~ - ™ - - .
>~ ~ <
T o ~ Lo 1072
10~18 [ > '~ ~
n . ™~ ~ L ~ - ~ ~
R ~ ~
I~ - - -
19 o e 102 N ~ o
10~19 Y »:';,_ p c. x\ ............................................. NS To .
T, 107 ~ -
d ST -
10“20 s =~ - m‘"‘*-l.-..w....,_'_\"‘__ . . , “""A.AOM“N ~. -
~ o = . qulet sun ) M\;‘\‘t“\' g, 0 \ "‘».,,)‘O 1‘:)“?:' ™
10~21 L~ ~ > \p = 1.0 IS
T,= T~ 102K ~._1ob 106 ~._ 0%
1022 >, ~ .



¥

v o, , L o .- e
e AH ren pits B T M"é Wy 'Lft'«'m/;-‘w‘»‘f' ot cclid Veawe <4 "elisetnn

~124~

O 452 «

7.2 Inhanced radiation at cm waves; correlation with sunspots

A1l observers in the range of weve lengths below 1 metep have noted a fairly
good correlation between the daily steady level of enhanced noise and the area
of the visible sunspots. Let T, be the apparent temperature of the sun and

-6

let A be the sunspot area in the usual definition, i,e. with 10 ~ of the arca
of the disk as a unit (The Australians have used IO—S). Then the correlation
graph defines a linear relation of the form -

Ta = To +o A,
There are still ambiguities‘in the measurement of area, both in the definition
(true or projected) and in the practice of measurcment. The extrapolrted T,
which is the apparent temper:ture of the quiet sun (section 6,2) is froe from

these amblguitics, The values of 4, listed below, are affected by it. Most

slopes were newly read from the published graphs.

Series Ahuthors Wave length o
(cm)
13 Piddington and Mimnett 1.25 0.2
20 Minnett and Labrum 3,18 0,8
21 Piddington and Hindman 10 6
9 Covington 10.7 14
\ﬂ%ﬁ% X 8 Pawsey and Yabsley 25 75
Lpaww‘% YQO 7 Pawscy and Yabsley 50 130

At longer wave lengths the correlation is poor but if one wants to
drew a straight line at all the slope indicaﬁes valucs of & from 100 to 150

(up to 1.5 meter),

Emission by coronal condensations.-~If the size of thc visible spot is taken

as the actual size of the emitting region, then the averrge Ty in these re-
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gions is o times lO6 degree. It seems more 1likcly that the emitting region

Qgiﬂiigfs with gwﬁgthpfl”condgnsation",above a_spot., A typical spot may
have A = 300 and the corresponding coronsl condensation may have A = 5000,
which is 16 times as much, Direct @stimates of the size of the emitting re-
gions may be made from the time that it takes to cover them during an eclipse.
In this way Piddington and Hindman estimated A = 2000 for one region at 10

em and Christiansen, Yabsley and Mills at 50 em detectad eight "hotspots" es-
fimated at A = LOOO each, which makes 32000, or nesrlv 4O times the then visi-

ble spot arca., Such mensurements are still of greet importance.

Suggested explanation.--Increasing the area by a factor 20, for instrnce, brings

the brightness temperature over this area down to x /20 times a million de-

grees, bo Tb‘ls smnller then 106 1n thc areas of cnh nccd rﬂdlwtlon for wave

lengths of 10cm_ and smallcr. This suggests thermal emission from a pcrtlally

transparent layer of the corona, The idea is thus that the corona is made

locally more opague, simply by a higher density and that this effectrcausgsAthe

extra radiation. No change in T and no deviation from the quict sun mechanism

is involved, Waldmeler and vuller (37) have worked oub this idea for a model
coronal condensation and find good agreement at 10 em, i.e. Covington's wave
length, where the most complete observations have been made, A further point
that seems to agree with the suggestion of thermal emission is that Covington
(unpubllshed) f}n@gﬂggmggaggg in o with the years, like ho finds in T,. This
agrees with the assumption that the corona changes its density with the solar
cycle and not its temperature.

There arc, however, complications. An obvious one is the magnetic field

of the spot, The opacity of the condensation will be different for the ordinary
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and the extraordinary ray so the emitted radiation will bc circularly polarized,
Covington (38) found indeed a polarization of the order of 5 per cent referred
to the entire sun, i,e. of the order of 15 per eent for the extra radiatinn
then present,

4 scrious difficulty arises when one tries to makec a theory that fits
all the cm observations simultanecously, One expects an increase of y prop>r-
tionally to 22 as long as the condensations arc optically thin and a less
steep increase for the wave lengths for.which they become opeoue, The ob-
served trend 1s in the right direction but is too steep: o increases somewhat
more rapidly than AZ and inadmissably high values of T would be needed to ex—
plain the continuing increasc beyond 10 ecm, This is not discouraging. We
know that in the meter waves non-thermal processes causc the enhanced radia-
tion., At the same time the character of the r-dintion is chenged by the ap~-
pearance of stormbursts, the narrower angular emission diagram7and the complete

polarization., 1t secems guite likely that already at 10 cm the thermal emission

1s_slightly boosted by the unknown mechanism causing the cnhanced redistion at

meter waves, Piddington has suggested that the thermal and non-thermal mecha-
nism could be co-existent and distinguishable in the range from 25 cm to 2
meter; more probably ther. are not two mechanisms but one whose charscter grad-

ually changes.,

7.3 Ephanced radistion ot meter wves; noise storms and storm bursts

It is clear that therc i1s a complex of phenomena, all circularlv polar-
ized, comprising the cnhanced radiation and associated bursts., Allen calls this

complex "a noise storm, with storm bursts." Payne-Scott has termed the burst
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phenomena "variations in the enhanced rediation," but in view of their short
durstion this is really not a good term, Moreover there actually are variations
lasting one to two minutes of iomospheric origin. These are called "non-selec-
tive fading" by Pawsey and just "fading" by Booker.

The variation in designation is not a confusion of terms but a differ-
ence in viewpoint. The real cuestion is: Which of the following concepts is
right?: 4. Enhonced radiction is itself steady, and the bursts are an addi-
tional phenomenon superposed on it. B. Enhanced radiation is merely a great
aumber of bursts, giving the integrated effect of a steady level, Pawsey ana-
lyzes his data on the basis of the first line of ressoning, This aﬁpears to
be correct, in view of the fact that sometimes (but seldom) the level is steady

, o (Censt)
and high, with rew bursts, as noted by hllen (7) and Owren (unpublished). The
data on polarization given by Payne-Scott (15) provides strong corroboration,

The second point of view has been advocated by Ryle and Vonberg. Wild's spec-

tral investigations may further clarify this point. See reference (1),

Appearance of enhanced radiation cn {racings,-~1llustrations of intensity re-

cords of enhanced radiation are given by many authors, and here a plcture is
worth a thousand words, McCready, Pawsey, and Payne-Scott (6, Fig, 2) show
records of observations of the sun both at noon sand sunrise from stations lo-
cated ten miles apart (at 200 ¥c). No systematic change with solar altitude
is found, and the graphs show the slow variation to be solar and not icnospheric.
41len (7, Fig. 1), shows records of various phenorena. Extremely important is

. . Llnelns
the variable ratio of bursts to noise. Records are reproduced of: frequent

IS Lenbonced paise)

bursts, high noise level; and no bursts, high noise level, Outbursts also

appear on these records (this is also at 200 Me). Burrows (9, Fig. 3) gives a

good illustration of enhanced nolse and of the quiet sun with and without bursts.
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Ryle (10, Fig. 11) shows the record of solar radiation at 0,60, 1.70, and 3,70
meters during trensit of a spot, The record, obtained with a meridian inter—
ferometer, differs at each wavelength, Ryle and Vonberg (11) give a similar
illustration at the latter two waveléngths, Pawsey (12, Fig. 12) shows obser~
vations of enhanced noise with the horizon interferometer, including the mer-
idian passage of the great sunspot of February, 1946,

The phenomenon of non-selective fading is illustrated by Pawsey (12),
but is given on a polarization tracing and therefore not so conspicuous, Re-
cords show that fading is similar on different frequencies, e.g., 60 and 100
Mc/s. They show a cyclic variation with a period of minutes, Simultaneous
observations from different stations show that it differs in different places,
and hence is probably an ionospheric phenomenon, As expected, fading is only
observed when the level is enhenced becouse the rediastion then comes from a
local source.  Observations of fading at 200 Mc/s have been carried out at Core

nell by d§ren and Booker,

Circular polarigzation,--The circular polarization of the enhanced solar radio

nolse was discovered independently by several workers, as already noted, The

polarization is fairly complete, except when several sources are present, Map—

tyn's original announcement, that the sign of polarization changes with

meridian passage of th§”§pgimhaﬁ¢nQwa§§n_ernG.OMthy;therObSGPV&tiOHS,

Ryle (10) has attempted to find out what sign of sunspot magnetic field
will produce a given sign of circular polarization in the noise, Since two
possible regions may produce the spot noise, a knowledge of this would permit
us to discriminate as to which zone was producing the rsdistion, The results

are inconclusive, because the resolving power at out disposal is not great
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enough, However the indication is, from unpublished work of Stenier (at 1.b
and 3.7 m.) that the so-called "extraordinary wave® is responsible (vid, 7.5,
the magneto-ionic theory). This corresponds to’a higher atmospheric level than
the "ordinary wave." That the "storm bursts" are polarizcd the same way is

shown conclusively by the data of Payne-Scott (15, esp. Fige. 3).

gorrelation with spots; angular emission diagram.--The correlation of enhanced

noise with spot numbers is not so good here as in the centimeter region, Thus

Pawsey, Payne-Scott and McCready (5). initially found a close relation, but

e -

later observations showed no such simple comnection,

BN

Better established is the strong conncction between the enhanced nolse

and the presence of spot groups near the center of the solor disk, This hes
been shown from direct correlation statistics, but is even more directly ap-
parent from studies of noise intensity during the days near meridian transit

J/ of a large spot group. This was noted right from thec beginning of solar radio

noise observations, Studies of this kind give quantitative meesurements of the
angular emission diagram of the spots, Vsorious results arc avallable: Allen:
(7) found a drop to half-intensity in 1,8 days from the meridian at 200 Mc/s
(Fig. 4 of his paper). The number of bursts drops in the same way as the steady
enhanced flux. Hey, Parsons end Phillips (14) find, ot 1.4 m., a drop to half-
intensity in 1.2 days. Their Figs. 6-7 look much steeper than Allen's, TableV
of this paper shows that there also is a latitude effect, favoring spots on

the same heliocentric latitude as the ecrth, They conclude that the sunspot

emits a feirly directional beam, about LO or so degrees wide, Work bv Machin

(reported by Eyle (10), pp. 209-210) shows that at 3.75 meters the intensity

drops to one half in % day, and at 1,7 meters it does so in one day. The emission
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diagram seems to get narrower with incréésing wave length, In line with this
trend we may assume that at 10 em, the projected area of the spot is important;
this gives a drop to half intensity in 60° of solar rotation, i.e. in about 5
days,

Observations to ascertain the precise region of emission were carried
out with interferometcrs by McCready, Pawsey and Payne-Scott (6), as well as
by Ryle and Vonberg (4). These results localize tﬁe radiation in relatively
small areas in the viecinity of the spot. The size of the emission regions is
less then 10' across, so that their area is le§s than one-tenth the soler disk,
Big spotgroups may have an area of 1/200 of the disk, so that a reasonable cs-

timate of the region of emission is 1/100 of the disk,

Storm bursts, Much of the material relating to storm bursts, which is the term

used for the bursts superimposed on and associasted with the enhanced radio noise,

has already been discussed, The best way to study thesc bursts is the spec-

A,

trum analysis technique uscd by Wild and McCready (8)," Their spectrograms (see

Plate 2a of their paper) showg thet the width of the disturbsnce is only 4 Mc/s

at 100 Mc/s (between 5 power points; between £ power points it is only 3 Mc/s)

and the bursts last for 1-20 seconds (the one in guestion lasted 8 seconds).

The frequency of meximum is closcly constant in time, although the helght of

maximum mdy fluctuate during the fleeting 11fe of the burst, They call this

radiation of spectral type I (Type II = Outbursts and Type III = isolated bursts).
EEESEwEEEEEEEEEEEE) has studied simultaneous tracings at 156 and 160

Mc/sec giving special attention to the sharpest single pocks, which he calls

"pips" end which presumably correspond to stormburstss, Time and duration of
. B S - D

S e e

o

the pips at these frequencics are coincident within 0.1 sccond but the amplitudes

*Also (L1).
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are rarely the same, Thus a spectral width of the order of I Mc/s is again
indicated. Reber (unpublished) has also tried to estimate>the duration of the
pips (avoiding any more complex groups of bursts) at different wave lengths.
He finds, e.g. at 62.5 cm, that the duration is quite independenﬁ of the top
intensity of the pip, which may range from 0.1 to 100 times the background in-
tensity. All these bursts have durations between 0,3 and 0,8 seconds, with an
average of 0.5 seconds, Similar data are obtained at other weve lengths and

are shown below., (scc also figurc on nuxt page)

wave length time (seconds) .
10 cm too fast to be determined
20 cnm too fast to be determined
62,5 cm 0.5 (0.3 ~ 0:8)
1.8 m 1.5 (0.8 - 2.5)
6 m 5 (3 - 10)
2.8 m 3

The last value was estimated from Wild's graph; the others are quoted from Re-
ber's unpublished work and the values after the final reduction may be differ-

ent from these, Yet already a remarkable relationship appears: the duration

in seconds is about equal to the wave length inrm§t33§{* Quite probably an

understanding of the stormbursts or pips will be crucial in eny theory of en-

hanced radiation.

* Y . 4 .
Reference_(hh),referrlng to bursts during wealr storms does not support this
relation, Point BD in graph.
7., Isolated bursts and outbursts

Isolated bursts. The isolated bursts are of the same order of magnitude as

the storm bursts, so far as the power radiated is concerned. Close study, how-
ever, shows that they differ in several important respects:
1, Tpey are unpolarized, as has been shown clesrly by Payne-Scott (15).

2. They occur almost simultaneously at various freguencies,
3, Their spectrum differs markedly and shows various types.
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Peyne-Scott gives a good summary of single freguency date on numerous
unpolarized bursts, both onhég_ggg_gﬁﬂMa/s, This material clearly shows a
lag in the time of arrival on lower frequencies, The form of the burst is a
rapid risc, rounded top, and exponential, but fast, decay, Approximation by an

exponential of the form e—2b gives, for the descending curve:

‘a 1/a freq
0,6 sec—1 1.7 scec 19 Me/s
0.7 1.4 60
0,25 L.O 75
0.7 1.4 85

The 75 Mc/s datum is by Williams; quoted by Payne~Scott. We again have a pro-

. ‘ _ The fisure below .
portionality to wave length, but the dats are meager, © shows the time-

wavelength graph for both kinds of bursts,

10 sce ~ —
/
. yd // .

(x) duration botwoen 4 (o)
half-powcer points ducay timc
of ginglc Tfor unpclarized
storm bursts £ ;}50 Cbursts

1 sce .
*ap
i |
0.1 scc : N
1 cm 10 cm 1n 10 m A

The illuminating paper of Wild and McCready'(hO)gives us excellent in-
formation on the isolated bursts, They observed the spectra of 32 isolated
bursts, or groups of them, in the frequency fange 70-130 Mc/s, Some bursts
have several magtima, They note that an average of 0.6 of the lifetime is spent

on the descending branch of the intensity curve,

N
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Among single maximum bursts, the frequency of moximum either remained
approximately constant or dziézggmggpidly_ggﬂa;d lower frequencies at a rate
OE;EEZEEEEJ§ZEQZZ§99§J- The latter are tepﬁgﬁﬁgﬁgggralmtypgéggi The complex
bursts (those with more than one maximum) scem to conform to one or the other
type. Bursts that occur within short periods of one nnother (order of one mi-
nute) show markedly similar spectra, and they seem to occur in decreasing order
of amplitude, Payne-Scott points out that the single hump burst 1s uncommon,
and the most frequent is the double-humped (21 out of L5, vs 5/L5 gingle). In

17 of these the first peak was larger. An echo phenomenon is_suggested.

Outbursts. The outbursts, of course, are the most spectacular of the radiations
from the "active sun." Intensity recordings of outbursts have gone off scale

at 1077 w m? (c/s)-l, corresronding to an increase by a factor of at least

107 in the power reccived (25) (26)., Furthermore, correlation of outbursts

with flares anywhere on the sun's disk indicates a wide besm width,
Vf

The most valuable work here is agaip the spectral work of Wild and Mc-

Cready (8), The spectrum reveals extreme complexity, but there always is a

sharp start. This start occurs later at lower frequencies at o rate of + Mc/sec2

type II. This work only covers 70-130 Mc/s, ond it is important that 1t be ex-
tended to other bands, and be supplemented with the data on other wave lengths
in the literature,

Tpe outbursts have been correlated with soler flares, as wcll as geo-
physical phenomena, Ryle (10) says: "There seems 1littlec doubt that the lar-
gest outbursts are nearly always assoclated ﬁith intense flare activity, but

that for lesser disturbances the correlation is very much worse,"

I
s

See reference (39) for full detalls.
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Material on solar flares is available in a number of papers; general,
Hale (16}, Waldmeier (17); detailed description of individual flares, Ellison
(18), Miss Dodson (19); statistics, Waldmeier (20); methods of observation,
Waldmeier (21); theory, Giovanelli (22), Flares were known to cause suddén
ionospheric disturbances (23), (SID = fadeout); ultraviolet radiation of the
sun establishes an ionospheric D-layer in which the absorption of 16-25 meter
waves is so strong that they cannot get through, A4lso galactic noise has been
found to suffer a fadeout, Further geophysical effuocts are magnetic crochets

(24) and intense noise at km waves; and'a day later:-—aurorac and magnetic

storms, caused by corpuscular emission from the flare, Evidence has been ac~
¢ e e T ,
cumulated in recent years that also cosmic rays, i.e, a very energetic cor-
puscular emission, are emitted by the flares.

4ll of these phenomena mey in turn,be correlated with outbursts, A
good report was given by Hey, Parsons and Phillips (14); Miss Dodson has a

very large collection of current deta,

Time delayg.--Many data have been accumulated on time delays of the arrival of
outbursts on different frequencies, Wild (39) reports a delay of 170 secords
between 70 and 110 Mc linear in this entire range; Payne-Scott, Yabsley and
Bolton (25) give 200-100 kc/s, 2 min., 100-60, 4 min; Ryle (10, p. 212),
gives 500-175 Mc/s 0.9 min, 175-80, 0.1 min, 80-45, 0,5 min; Covington and
Medd's (27) observations on 3000 and 200 Mc are inconclusive, Continuiqg de-~
lay with decreasing frequency does not seem to be a strict rule, Rebegr Ygzg
notes the following interesting delay estimates for one outburst:

9500-3200 Me/s, 2 min, 3200-1400, 1.5 min, 1400~160, 1,5 min, 160~75,

2 min, 75-51, 2 min, 51-35, 4 min, and the disturbance reappeared at 51 Mc/s
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three min later; at 25 Mc/s no disturbance was received., If a continuing delay
may be interpreted in terms of matter shooting right off the sun, this case
would indicate matter shooting up high in the corona, not quite reaching the

25 Mc/s level and then falling down, Neither interpretation is very secure;
see 7,5. A constant of exponential decay can be found from Covington's curves
at 10 cm: 2t = 1,0 to 1,5 minutes,

Displacements of the source of the outbursts may be measured with the

new fast interferometer developed by Payne-Scott and Little at Sydnev, The

e AR e

first resu%ts for outburst observations with this instrument are reported by
Bracewelféfgdgfg)The source was fouhd to be in rapid motion across the solar
disk away from the flare with which it was associated. It crossed the sun's
limb and in thirty minutes had reached a point in the corona more than half
a solar radius beyond the limb, It seems of interest that Bracewell's figure
does not show the disturbance to move redially outward from its origin. it
the end the outburst begins to show some circular polarization.

Bwo outbursts studied very completely are reported in (42), Read also (L7).

7.5 Theoretical iInterpretation

The most important concept discussed in explaining the source of the ra-

. . .. ¥*, . . . .
dio emission of the active sun is that of plasma oscillation. A plasma is sim-

ply a neutral eollection of charged particles. We recall our formula for the
index of refraction n for waves of circular frequency w in a medium of charac-

teristic frequency wg:

2
2 _ wo 2 _ LnNe
n~ =1 - 5 o, = E—
W
Itk = ?’2 the propagation number, then the phase end group velocities are
A
given by

phase vel., v: 1/v = k/ = group vel, u: 1/u = dk/d w
*Bee e.g. (L5), (L6).
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In the present case, for n between one and zero this gives v = ¢/n and
¢ velre.
U = nc. As n goes to zero, v becomes infinite andu becomes zero, The physi-
cal meaning of infinite phase velocity is that the phase lag between different

regions is zerp, so thet the disturbance can be in phase throughout a lrorge

region. The fact that u is zero means that no energv can be propagrted. The

rigorous theory of plasma oscillations shows many reasons (for instance, al-
Imony reasons

ready the thermal motion) why u is not strictly.-zero and energy propagation not

i et T

strictly forbidden, MNuch is known, both in experiment and theory, about plas-
ma oscillations, but the application to solar problems is still rether ob-
scure, The narrowgpettral width of stormbursts almost certainly indicates that
this theory may be of importance in explaining enhanced radiation,

The megneto-ionic theory of Appleton has been applied to the propaga-

tion of redio weves through the corona by several authors (32), (33), (34), (L3)
The theory shows that in the presence of a magnetic field the refractive index

of the region is modified, and the propagation along the magnetic field is

given by
2 2 ‘wOQ i
ne = 1 = ————— extraordinary ray
Y (b} + J’H)
2
2 W
nc =1 o ordinary ray

S wGren)
HerelJH is the gyrofrequency, or frequency of Larmor precession of the elec—

tron. Here again certain regions of zero n, suitable for plasma oscillations,
occur but for some of these the rrdiation cannot get out., The circular polar-
ization of the storm bursts and enhanced radiatioﬁ clenrly indicates thaot mag-
neto-ionic theory will be important in the interpretation of these phenomena,

It must be emphasized, however, that a magnetic field alone in connection with

© a gas in thermal equilibrium will not give a radiation excceding the thermal
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P
¥ padiation of that temperature, The fact that Ty in enhanced radiation goes

far above lO6 degrees requires non~thermal effects for its explanation.

B ] 4

[P ISR ' _
Delay times.-—Further(Eigzgp for enlightenggp&(has been in trying to account

for time delays and damping factors. The damping constant might be connected
to, or identicel with, the frequency of collisions at the level where the dis-
turbance occurs, as Westfold has suggested. This is in gualitative agreement
with the fret that a decreases (time 1/a increases) with decreasing frequency,
i.e,, higher level in the corona,

There are two possible explanations for the time delays. The first
attributes the delay to the movement of the disturbance. Suppose the dis-
turbance travels outward through the corona and excites a plasma-oscillatory
phenomenon wherever it goes. Then the high frequency levels will be reached

first and the lower ones later, Wild applies this idea to his observations

g

(8) and gets for outbursts a velociﬁy»gﬁmgggggﬂﬁgg_km[secl_andrfpg,isolabed

bursts a velocity of Z0,0QQkafsac. Only for outbursts does this interpre-.
‘_W~_——-w—’—'~°"’”'" s o T AP s e e AR

¢ tation seem likely, The outburst reported by Bracewell (30) appears to move

e ""‘""’&ﬁ

1,0 R in projection in thirty minutes. The velocity thus is at least |
700,000/1800, or about 40O km/sec, in good agreement with Wild's celculation,
For auroral particles, the velocity may be calculated from the fact that tﬁey
travel one 4,U, in onc dry, which gives 1500 km/sec. This is close enough to
consider this idea a promising spproach.

The second explanation is that time delays are causcd by waves traveling
from & fixed disturbance. This idesn has been advanced by Jaeger and Westfold
(35), Suppose khat somewhere in the corona a disturbance emits waves of many

different frequencies simultrneously, Then the waves for which the freguency
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is closest to the local plasma frequency will have the lowust group velocity,
and therefore will be the last to emerge, The computed time delays are of
the order of a fraction of a second, i,e¢, of the same order as is observed
for the isolatcd bursts, This idea als§ implies that thce delay increascs
with the wrvelength as observed, /4 speciel feature of this type of explana-
tion is that it also may explain the second hump as ~n echo, but opinion is
divided over this suggestion.

The angular emission diagram of the enhanced noisc gives further food
for thought. If the noise originated at or near the plasma level, wherc n
is zero, then the radiation would emerge in a narrow beam around the normal
direction, But this would also meen that during the days of meridien treon-
sit the apparent location of the spot on the disk would have to move more
slowly than corresﬁonds to solar rotation. This is not observed, The effect

it

is not understood,
» sl
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Chopter 8 GALACTIGAND EXTRA~CGnLiCTIC RODIATICN

8.1 Low Resolution Surveys (Henry J, Smith)

The Discovery snd Barliest Observations., In 1931 Jensky carried out an inves~

tigation of terrestrial atmospheric noise on 14.7 meters wave-~length, He found
that when the atmospherics were "quiet," a £hermal—like noise persisted., His
antenna was fixed in altitude, and rotated through 360° in agimubth, with a
period of 20 minutes. The background noise appeared to be highlj directional.
During each sweep his recelver recorded one meximum, bt somc times of the day
the moximum was sharp-pesked, at others flat, When it wos discovered that the
bearing of the meximum moved with a sidereal»period, and coincided with the
direction of the galactic center, the interpretation of Jansky's observations

followed readily.

£
Power \\
y 4
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Reber, in 1943, used a 31 foot parabola with better resolution (129
half-power beam width). Reber's antenna hod a fixed bearing (southwards) and
swept through a vertical circle. His first observations were m de st too short
a wave-length, so that he received no signal ot nll, By moving to 1.85 meters
(165 Mc/s) Reber was oble to mnp the intensity of grlactic rodio-frequency emis-
sion, Reber's piloneer work

has been of great importance,
In 1946 Hey, Parsons and Phillips carried out o survey of the Milky

Way at 4.7 meters (6L be/s). Their antenna consisted of wn nrray of four Yagis
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With a wire screen reflector. With this equipment they were able to sscure an
angular resolution of 14° x 13°, Like Jansky's, thelr antenne was fixed at 12°
altitude, and swept through 360° agzimuth., It was during this survey that the

first radio point sources were discovered,

High versus Low Resplution Surveys, Up to 1946 it was thought that the galactic

radio frequency emission was continuously distributed over the sky, finding its
origin in the interstellar medium, There were theoreticnl troubles, In ad-
dition, the discovery of redio point sources initiated high resolution surveys
(with interferometers or antennes of less than 3° half-power width) in the search
WﬂmwwmwMMMMNNﬁ\\\\

for these objects, 4t the present time it is acceptedﬂas(?f;;rking hypothesi§"43

that the noise emission from the Milky Way is chiefly due to the integration of
© _ne

distant radio sters, However, for the purpose of studying galactic structure

s i+ i

low resclution surveys remain important,

The Observational Dats and their Interpretation (Low Resolution). From the meter

record of the radio teiGSCOpes we con secure in the usual way the brightness

B( »s 1, b) or temperature T(% , 1, b) of galactic emission at a given wave

length » for each galactic longitude 1 and latitude b sctting of the antenna,

By using an antenna with fesolution of 3° - 4° we can sccurc considerable direc—

tivity, yet average into the background all but the very brightést point sources,
However in order to reduce the measured brightncss or temperature to the |

actual brightness or temperature of the sky at a riven point, we rust eliminate

the effect of averaging, This is the familiar "blurred image" problem ;s ‘Gécurs

in spectrogcopys, [or

simplicity we shall consider a one-dimensional problem, The low resolution of

the receiver results in the "washing out" of a sharp spectral line:
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naturalv instrumcntal "washed out"
profile profile profile

When the natural profile is itself degraded, we may consider it as composed of
successive prectangular profiles, and study the effect of wnshing out each sep-

arately.

A A/ 3/&\{

%5

b
T ‘-‘9
i% i

> . —
natural instrumental Twashed out"
profile profile profile

If f(x) be the natural profilc, g(x) the instrumental profile, then the broad-
ened profile h(x) must be
o0 :
0 = | 763 elx - 9) as
& o0 . &
The total intensity /f f(x) dx j/‘ h(x) dx remsins unchanged, but the washing
s -0

out process will smooth out fluctuations in the true intensity distribution which
are of the order of the instrumental profile or smeller, It is a relatively
simple task to construct o "washed Sut” profile, given thc instrumental snd na-
tural profiles, But to find the truce from the observed profile 1s a task re-
quiring discretion. Minute variations in h(x) will lcad to strong fluctuations
in f(x), which may or may not be real,

There are two general metheds of solving for the observed profile, One

is to make a Fouricr transform of the integral egquation rbove, ylelding

F(@ ¢ G(w) = H(@).

.w.
Then F“»i) = Eﬁml) (i=4%1, 2,3, ...) for narrow {requency intervals, The

intrinsic difficulty appears in this procedure in the form of dividing zero



—
sddp—

by zere., The sccond method is iterative:

~—

_H H ~ 2
F =431 = - = H11l - (G -1, + (G - 1 teeens
CTTT oD ( )+ ( ) i
First approximation: Fl = H
Second approximation: Fy = H(2 - G)

2
Third approximation: H(3 - 3G + G7), etcetere

rxi
w0
it

In other words one washes out the observed profile (first approximation), then
applies the increment with the opposite sign to the first approximation to ob-
tain the sceond approximation, etc,

The same procedure can be used to take into account side and back lobes
of the antenna pattern. The magnitude of the changes produccd by thus correcting
for finite antenna resolving power con be scen from the following exemple from
Bolton and Westfold, Thelr brightness temperature of the galactic center and
ahticentpr, before and aftcer correction, are as follows:

5

Tobs = 710

3 Anticenteru{ o *
Teor = 650

T . = 2850°
Galactic Center«{ obs

, O
\T ... = 6200

]

The changces are seen to be considerable. Since the resolving power of an an-
tenna is less at longer wave-lengths, the apparent wave-length dependence of
galactic concentretion and temperature will be influenced by instrumental Pro-

file,

Results of Low Resolution Surveys., The distribution over the sky of galactic

noise bears some resemblance to that of light, The belt of the Milky Way is
clearly defincd by a strong negative gradient towards the poles, The - i-.-
width of the radio frequency Milky Way is about BOO in the directisn of the cen-

¥ . . . .
ter, The galactic center is well-defined by the observations of Hey, Parsons

“Between halfi-power points at 100 lic/scc; sce further p, 165.
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and Phillips, and Bolton and Westfold., Both groups of workers found a maximam
o o . {0
intensity at /t’ = 3257, with a secondary maximum gt gbout ¥ = 150",

A second result from the low resolution surveys is the dependence of

B and Tb on wave-length, From the definition of Ty,

————

X
In the following figure we have plotted B versus M,

Lines of constant teme-

perature arc straight linces - - -,
> A
- 2em 5 10 20 50 1n 2 5 1020
\ e
. - \ T ok N
True non-blurred brightness ol \ O
B .
galactiq center and pols reglon \ \B’c‘/ ’
\ N \ \ \ A -
\ , o5
\
/o/;n"oer
. 5 \ HPP
=20, |
10
-2l
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R Reber HL Houtrast, Laifinour
HPP Hey, Pargons, Phillips P Pidcinston, Minnett (unpnblished)
BW  Bolton, Wegtfold B Hanbury Zrovn (unpublished)
58  Stanley, Slee S Shain (unpublished, provisional

reductions)



From the mean of the best obscrvations it is found

B -~ \)"‘O.Ll-

T~ yToeh
We shall postpone intcrpretation of these observations until we deal with prob-

lems of galactic structure,

References: Jansky, Proc, Inst. Rad, Eng. NY 20 1920, (1932)
Reber, Ibid., 36, 1215-8 (1948); Ap. J, 100 279, (19Lk)
Hey, Parsons and Phillips, Proc. Roy, Soc., & 192 425-45 (1948)
Bolton and Westfold, iust., J, Sci. Res. 4 3, 19-33 (1950)
Stanley and Slee, Australian J, Sci. Res. A 3, 23L (19%0)

8.2 Observations of the Point Sources (R. B, Dunn)

Historical. During their studies of general galactic r~dio noise in 19&6,.Hey,
Phillips and Parsons discovercd that the noise intensity from the direction of
Cygnus fluctuated some 15% in = matter of minutes, The presence of such rapid
fluctuations suggested the cxistence of a source of sma;l dimensions (a "point
source") in that region. This was established when Bolton and Stanley in 1948
obtained o lobe pattern with their 3 meter sea-interferometer from this source,

since an extended source could not give such a lobc pattorn. They concluded

v

from the observed pattorn that the source has an sngular diocmeter of less than &'.

Bolton (1948) located several more point sources of relatively high in-
tensity and small diameter. Later Ryle and Smith reportcd additional sources,
including those in Cassiopeia and Ursa Major. To date 50 or more of these sour-
ces have been found, few of which have been corrclated with visible objects, It

has not yet been possiblc to observe any parallax for any of these sources; of
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course, the limited resolving power available would make any but a very lafge
parallax unobservable, Ryle (8) concludes that the sourcés’mﬁst pe at distan-
ces greater than 2 x 1016 cm,, and hence presumably ot stellar distances.

Ryle and Smith (1948) showed that the polariza ion of the radiation from
the Cygnus source was rrndom, and not circular, like the enhenced solar noise.

The fluctustions were at first thought to be intrinsic, suggesting that
the sources were somewhnt similar to the sun, which shows large intrinsic var-
iations. The possibility of an ionospheric origin for the fluctuations had been
recognized from the start, but this seemed unlikely when Ryle and Smith reported
that the Cassiopeia source was remarkably steady, on the same days that the Cyg-
nus source showed large variations,

Recent work with spaced rcceivers has shown, however, that all (or
nearly all) of the fluctuations arise in thé ionosphere} and the apparent dis-
parity between the Cassiopcia and Cygnus results has becen accounted for by diur-

nal variation.,

Detection of point sources, The problem of detecting 2 point source is one of

seeing a small, localized increment on top of the general background of galactic
radiation., In general it 1s necessary to use interferometric technioues to pro-
vide a differentiation between point source end background, Since most of the
sources are very weak, extremcly sensitive and stable receiving equipment must
be used. Systems have been devcloped which can detect sources with intensities
of only 1077 of the galactic background,

Two types of interferometer have been employed to study point sources.
One uses the "Lloyd's mirror'technique with the ser as a reflector, This method

was first used by McCready, Pawsey, and Payne-Scott (1) for solar radiation,
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later by Bolton and Stanley (2) for.point sources, The other method, first
used by Ryle and Vonberg (3), is similar to the Michelson stellar interferometer
and consists of two spaced antennas.
| The advantages of the ses inboerferometer, as given by Stanioy and Slee
(L) are as follows:
| i, The same sensitivity is achieved with a single antenna,

id, The scurce first wppears siarply in contrast to the gencral back-
ground at rising, whereas with the vertical system a slowly increasing ampli-
tude is obtained,

iii, The sharp appearance at rising is‘useful in discriminating be-
tween a number of sources close together;

The ndvantage of the two-antenna type is that the observabions are made
at meridian transit, when the engle of incidence of the radiation on the iono-
sphere is a minimum, Refraction troubles are thus minimwized,

An interferometer permits the detection of sources of quite low in-
tensity, although complete coverage of all sources of g given intensity is limi-
ted by the overlapping of the lobe patterns from sources which are closc to each

s

other, making récognition of the individuel patterns difficult.

Measurement of position® The obtaining of precisc positions is important in

any attempt to correlate the point sources with visible objects, The methods of
measuring position are¢ in principle as follows:
1. High resolution tulpscdpew~of limited use so far, because of the
large antenna nceded,
2. Occultation by moon or planet--practical, but there are few occul-

tations,

34
rd

(Added later) The numerous precautions and corrections needed in really accu—
rate positlion measurements with a meridian interferomocter are described in an
instructive tabular form by 1Hlls and Thomas (15).
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3, Sea interferometer--several methods, discussed below,

4. Meridian interferometer--used by Ryle and Smith,

The principle is obvious in the first two cases, In both interferometer
methods the declination may be obtained from the rate at which th. source pas-
ses through the fringes, since daily motion gets slower towards the celestial
poles, The detailud methods are as follows:

In the ses-reflection interferometer, the altitudes hy, hy, h3, eee Of
the various lobe maxima can be computed from the height of the cliff and the
wavelength, Then the altitude of a given object 1s related to the hour angle
6, and the duclination &, by:

sin h = cos @ cos & cos 6 - sin ¢ sin é

and dh _ cos ¥ cos ¢ sin &
a8 cos h

where  1is the latitude of the observingrstation.
Thus this type of obscrvation admits of scveral ways of position finding:
1, Time of rising, or more precisely thc time of passing through the
first maximum, can be measured,
2. Time of setting, similarly.
3. Time to travel from hy to hy, etc., gives doclination, but not very
accurately, The lobe separation was about 1°. Typical values

of dh/d 6 are:

9 =-33°, 6 = 0%, h=0°dn/de = 0.8, or 1° in 4.8 minutes,

b =18° n=0" dv/d 6 = 0.45, or 1° in 8,9 minutes.

]
1

L. Direction finding in azimuth csan be carried out, With the 17° beam
used, this is possible to about 39,
Two of these datn are needed for a position. The combinabion used for the best
determined positions was 1, and 2,; most other positions were determined by 1,

and 3., with 4, as a chuck,
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A good description of the methods used with the meridian interferomecter

is given in Ryle's review paper (8). Tho two mcthods used arc:

1. Time of meridian trancii gives right ascension, the meridien tran-

sit being warlod by the central lobe of the interference pat-
In order to know which is the central lobe, the entire

pattern must be made wother rarrow, This is done by making the

individua onbennas of the interferometric pair sufficiently

largs,
e —
e e
110 A ! —V!Looe separqtlon = 0°.52

halfwidth = 1°.5

2, The time takea to go throvgh che lobes again indicates the decli-

. o . . .
nation, for 1° is Srevelcd in 4 minutes/cosd .

Practising example: TFind o and A for the two sources in Fig. 14 of

Ryle's rcview (8), which is reproluced below.

Fig, 1—-Tracing cof a i ransit ¢f the Cygnus and
Cassiopeia Sources about November 15.

RN
i i
thév- &1 - é‘\w'ww“&«—"'msw—\f\/'{vv ! ,I i ﬂ\ A
23" e 3l
i ! . i _ pray !
1600 1700 1.800 1900 2000
Cass,

Cygnus
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Size Determination. As in the Michelson interferometer experiments a source

whose angular aperture is very small compared to the angular separation of the
maxima produces minima that are close to zero. By measuring the depth of the
minima one crn determine, or place a limit on, the size of the point source.
In the case of the sea interferometer the angular diemeter w of the source

can be expressed by the egquation

%
ROt
where

wavelength

height of the aerial above sea level

observed rati> of the received power (nbove the
background level) at the maxime and minima of the
interference pattern

LI

i

g >

At first glance it appears that an unlimited resolution can be obtained
by merely increasing the height of the observing site, There are two limiting
factors, One is the fact that the "effective sea reflection coefficient" is
less than unity for altitudes below about 20, arising from the curvature of the
earth (4). The other is the finite bandwidth of the receiver which also makes
the minima fill in. Though these factors can be computed (4), uncertainties
remein, since the fringe pattern decreases in amplitude and boccomes less easy
to detect,

A1l sources were found to be small, The diometer of all is less than

30! and of the Cygnus source less then 1'.5.

Intensity and spectrum, Temperature definitions are not very relevant in this

case, since the siza of the sources is unknown. Instead thoe flux demsity, S,

is used to denote intensity, with the unit 10™2k watt/ m? (c/s).
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The table below gives a représentati?e list of the properties of the
principal point sources, The most complete published list is that of Stanley
and Slee (4), but many more point sources are¢ now known, whose positions have
not yet been published., Approximate locations of a number of sources found by
Ryle are however given in a smnll-scaleﬁzﬁgrt in his review (8).%$

Spectra have been‘obtained only for the most intense southern sources.
Measurements have been made at seven f?equencies_from 18 to 1200 Mc/s (u,12).
The accuracy of these determinations was not high, but was sufficient to show
differences in the spectra of various sources, For thres of the sources, the
intensity was apprdximatcly'inversely proportional to frequuncy, whereas
Taurus A (the Crab nebula) showed an intensity that was constant over » large
frequency range,

So far no intrineic fluctuations of intensity have been established

*%
or suspected except for *g;n‘
(a) the occasional "bursts" observed by Ryle, which m~y possibly have

been solar or terrestrial in origin,

(b). the vanishing of the source in Cenmtaurus after 10 good observa-

aisgrm—

i}gx é%‘ﬁx ‘tions in 1947 (4). The possibility of equipment variations accoun-

ting for this are believed to have been ruled out, Other smallcr
and less certain sources are also believed to have disappesred,
The stronger point sources.show a pronounced galactic‘concentration,
whereas the weaker ones appear to have a fairly random distribution in direction,

The space distribution of the point sources will be considered in section 8.3.

Full 1ist in rcference (13).

w Ryle (unpublished) reports that over 1% year he has not found any long-term
variations in intensity greater than 10 per cent for most sources and 5 per
cent for the strong sources.
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Representative table of point sources:-- ‘yw“fyvid}
N ame Celestial Size |lIntensity [Spectrum|Identification
coordinates at 100 and remarks
ol 8 Mc/s
Gassiopeia th”sm"mf58°“0f"f{6?""‘210(3) ~h
Cygaus 4 19758 | +40°361 | £ 2 125%&;) 1o
L 130(R
Ursa Major 12b20™ | +58° (6 - KO(R) To be discarded *
Near-center l7hb,L:Tl --30O <:10.5 30(P) | curved
source o
Taurus A shagm | +22° 11| <61 18(58) |~ 3°  |Crab nebula
Centaurus & 13722 | 120371 17 18(ss) | 12 |Possibly NGC 5128
Virgo A 12h2g™ | 4120411 | 5" 12(88) |~ 117 |Barlier called Coma 4,
possibly NGC LL86,
(Centaurus) (unknown) 8 10 observations madel
: in 1947, thereafter
completely vanished,)
No,10 on list of SS - 3 perhaps no, 15 on
complete list
No, 25 on list of S5 - 1 perhaps no, 40 on
No., 5 on 1list of R complete list
No, 25 on list of R - ' 0.3 perhaps no, 100 on
’ h ° {complete list
M31, indromeda Neb. || 0P40™ [+407591 | ~L° 1.3(H)

SS Stanley and Slee

R Ryle

H Hanbury Brown

P Piddington (unpublished)

For comparison, it is interesting to look at various figures for the
radiation from the sun and the whole galaxy at the same frequency in the same
units, namelyﬁ

Quiet Sun 200

Average Suﬁ {rough estimate during active years, see p,123)' 6000

Total radiation integrated ov.r sky, consisting of our

galaxy and general background 34,000
General background alone (of presumed extra-galactic
origin , see pages 162 and 174) 21,000
v’ *Mis source turned out to be spurious, namely, the Cass source seen in

the back lobe,
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Hence our galaxy alone _ o ‘ 13,000
Cygnus peak of Milk& Wéy (ﬁithout background) 300
Orion peak of Milky”Way*(without background) 1000

The total intensity of Sur éntiré galaxy is. about 60 pimes that from

S A : . ’
the brightest "star," a ratio which is close to the corresponding velue in the

vy
visual case, = ”?f}p#
Crab Nebula, The limits of the position of the'fadib‘sourde Taurus A, as
measured by Bolton and Stanley (5131™,3 + Qm.S; 2292t + 8'), enclose NGC
1952, the Crab Nebula, whose center is at §h31m.5,"21059'.5 according to photo-

graphic observations, This nebula is the remeins of the supernova of A,D,

| lOEh bbserved-by the Chinese, The: angular dimensions are L' by 6', with an

angular expansion of 0,"23 per year, Measured Doppler shifts show an expan-‘
sién of 1100 km/sec, implying a distance of 1000 prrsyc.

We shall now compare the observed intensity with that which migﬁt be
expected on the baéié of.free—free transitions over the visible area of the
nebula, i » |

The measured 100 Mc/é’flux density is 18 x 1024 watt/u? (c/s). Di-
viding by 2h/j%, i.e. 3.1 x 107°%, we got thet T,'g= 5.8, The solid angle
subtended by the amorphous mass of the nebula is 107 6 sterad., so that if
this is responsible for the rrdiation thc apparent temperoture is 6 x lO6
degrees K, This in itself would scem nll right, becausc the nbsence of Belmer
lines in the spectrum had already suggested that the tempercture would be close
to a million degrees, However, a cémparisoh:bétween the radio and opticel flux

23

densities shows a large disparity.
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From the magnitude, the light emitted in all directions is about 0.7 x
lO36 ergs/sec (this value might be off by a factor of L for 1.5 interstellar
absorption). This is for the interval % 3000 to X\ 5000, This interval is a
frequency raﬁge of 1.0 x 10%° to 0.6 x 101° sec_l, so AV = Q.4 x 105, Con-
sequently L, = 1,75 x 10°Y erg/sce (cfs) = 1.75 x 1014 watts/(c/s). Now di-
vide by the surface of a sphere with a radius of 1000 parsec, i.e, of area
Lr % (3 x 105 meter)? = 1.0 x 1040 m2, This gives S(v) = 1,75 x 10720

watts/m*(c/s) in the optical case comrared to 18 x 10™*% in the radio case,
Of the factor of 1000 differcnce a factor of 10 is‘taken up by the feoctor
ln(pa/pb) which is 18 for radio and 1,8 for photographic light in this case,
There still remains a discrepancy of 100. BEvidently there is o radio~emission
effect of unknown £ype that is about 100 times as effective as ﬁhe free-frec
emission that is supposed to cause the photographed light,
Two other remains of supernovae (Tycho's and Kepler's) have been observed

for radio sources with no result.

NGC 5128; This nebula was formerly believed to be extragalactic, It consists

e

of an elliptical nebula crossed by a dark dust band, Evans (7) suggests that
the nebula is not extragalactic, but is a ges cloud illumincted by = point at

its center,

(e 0o M7l
Tonospheric Twinkling., The first belief that the fluctuations of the point

sources Were inbtrinsic was supported by Ryle's observation that the Cassiopeia
source was steady on days when the Cygnus source was showing large fluctuations.
However it later appeared that the Cassiopela source also showed fluctuations

at times, and this redirected attention to the possibility that the fluctuations
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might arise in the ionosphere, in a manner analogous to the production in the
lower atmosphere of the "seeing" flucturtions in visual astronomy.

JThe crucial experiment, then, was to obtain simultaneous observations
on spaced réceivers. Such an experiment was carricd out by the Cambridge and
Mahchester groups (ll), at 3,7 and 6,7 meters, They fouﬁd that with suffic-
iently great separation of the antennas the fluctuations were quite uncorre-

lated, which indicated thet they are locel in origin, and hence presumably

ionospheric. Their results are summarized in the following table:

6.7 m, : 337 m,
spacing < 20 km, some correlation 100 m. complete identity
20 km, 1 atd L km, some difference
up to 160 km. no correlation 210 km, no correlation

There was however a correlation between the degree of disturbance at
Manchester and Cembridge, A later paper by Ryle and Hewish (9) describes
subsequent systematic observations ot 3.7 me on four sources, which have led
to a clearer understanding of the fluctuations,

In their studies and in analyzing their records a "fluctuation'" index
was used., The monthly mean of thesc indices for all of the sources was plot=-
ted and the same diurnal variation was found in each case, with a meximum at

about 1 a.m, This diurnal effcct ?qooggpé>for the earlicr disparity between

the Cygnus and Casslopeia results, since in those observstions the sources

culminated at diffcrent times of day., Ryle and Hewish also note angular dis-
placements as large as 3 min, of arc at 6.7 m, and 1-2 min, of arc =t 3,7 m,
The variations have a duration of about BO.sec., and can cause difficulties
in accurately locating galactic sources, Similar fluctuations have been noted
in sclar noise and in moon echoes, Apparently there are "blobs" of ionized

gas in the earth's upper atmosphere. Suggested origing of these "blobs!

o
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have been meteoric impact (spread E layer echoes—studied by Lppleton and
Naismith (10)), impact of corpuscular radiation from sun during magnetic storms
and interstellar particles that are falling into the sun but hit the earth (9).

Booker (unpublished) has recently found & correlation between these
fluctuations and the occurrence of tgpread F" echoes from the ionosphere.,
This suggests that the origin of the éwinkling is in the F region, 250 or so
km, above the earth, |

Tt thus seems to be well established that the fluctuations are terres—
trial. There are still some puzzling features, however, éuch as the report
by Stenley and Slee (4), that the period t decrenses with decreasing freguency.
This may be a chance result, since the fluctuations in moon echoes at 20 Mc/s
reported by Kerr and Shain (12) had a period about 5 times as long as those of
Stanley and Slee at 100 Mc/s.

Further extensive reports about the fluctuations of the Cygnus source,
that were nobt available when the avove Was written, are found in references
(1)) =nd (15). They cescribe observations on 205 He/sec and 97 He/scc,

respectively.
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8,3 Galactic sbructure (F, Q. Orrall)

Origin of galactic radio emission, Several interpretations hove been suggested

at various times for the origin of galactic radiation. It was easily seen that
stars of the most common types, with temperatures of about lOA degrees K, and

a dilution factor of lO—lu, would give an average temperaturc over the sky, if
rodiating thermally, of only 10~10 gegrees K. At the galectic center, with the
stars assumed to be 100 times more numerous there, the temperature would be only
10_8 degree K., which is still far too low. Even if we assume that the average
brightness is enhanc.d to lO8 degrees K., as occurs on the sun, the integrated
brightness temperature at the galactic center would still only be 107 -k degree K.,
leaving a discrepancy of 107, when compared with the obscrved value of 10 *3
degrees K. Such considerations led investigators to look to interstellar mat-
ter for the source of the rediation,

L){éMQTJQA in early suggestion, which was discussed seriously for the galactic

e
center, invoked the interstellar dust. However, the éggi)dust temperature of

perhaps lOO K is the absolute upper llmlt and this is far too ;gw!

in origin in the 1ntbrstellmr g;g_hﬂs long held the main position, be-

causc it gave about the right intensity in the meter range, and the correct
kind of wavelcngth distribution. However self-absorption prevents the Tb from
exceeding the actual temperature, and too high values of Ty have been observed
at the longer wavelengths. It is now clear that the interstellar gas cannot
alome account for the observed intensities, Thus this explanation is 2lsSo eX—

TIES—— et R AT R

cluded as the main cause.
he maln

i

Point-sources are now considered to be the principal explanation; this

is only & half~explanation, since we still have to oxplain whet the point source:
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)

are, Lt 1g found that the numbers and brightness of the known point sources can
be made to auree very well with the conception that the general galactic tright-

‘ue to the total effect of all unresolved point oourkov.

[
ness Lo

We ghall therefore accept this concepl as a working hypothesls, and pro-

>4 to discuss whether it is possible to find from galactic-structure conglder—
abtions wvhat knowm objects thege point gources resemble,

'

Plane of Symietry of the Ualaxy. A point of the galactic circle may be deter-

mined by finding at one lon~itude the JTatitude of maximum radiation, This works

well, except in some direclions close to the anticenter, where the gradient

-

with latitucde ig weak, Horthcobtt and Williamson applied this method to publish-

ci surveyg, A careful direct investigation was made by Seeger and Will iamson

v

at 205 tic/s (Ap.J, 113, 21, 1951), Over 300 determinations of single points

<

arc combined into 16 normal points, with latitudes between 4 17,9 and - 27,2 ,
The anthors remnark that several normal points are drawn off a smooth curve by
the point sources Cyg A, Cas A, and Tau A, Pogsibly further deviations are
due to groups of yet unknowm point sources. The entire curve mipght thus be
determined by relatively nearby objects, jﬁst like the bright stars outline
BGoulds Belt',

Secger and Williamgen determine by least squares a amall circle fitting

1

it has the mean latitudeof — 19,3 , The weakest point in this

,d'

gsolution is the gap of the unobserved southern Mlky Way, The computed gmall
b

circle reaches latitude ~ 3°,0 in this gap, bub according to Dolton and Weste

Told!s 100 ilc/sec survey the median latitudes are positive in this rezion, The

fore be resarded as spurious, Since the sun's

i et

digbance above the galactic plane, as found by optical means, seems to be
only 10 or 20 parsec, the expectation for a fully transparent galaxy is that

deviations Ifrom a great circle must be extremely amall,
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Center of the Galaxy. The best determination of the longitude and latitude of
the galactic center is that of Bolton and Westfold, since in their observations
they had the center high in the sky. Their position, when corrected for preces-
sion, to the system based on the tinternational pole" of the gelaxy, is
‘g f o from o1l reliable data up to 1940,

= 325O.A, = -0~ ,9, The most recent optical determlnatlon,be'vqn Tulde?

Mo.

(BJAWN, 353, 1942), gives the same longitude and o latitude of -1°,0. The egrce~

ment is excellent

el

Intensity Dlstrlbutlon and Stellar Populations. Westerhout and Oort (B, AN, To.

1126,1951) have made = systems tlc study of the intensity to be expected on the sup~-
position that the general intensity of the galaxy comes from star-like objccts,
Intensity distributions have beeﬁ obtained from a model of the galactic system
derived from observations df visible stars, and compared with the rrdio-fre-
quency distribution observed by Bolton and Westfold,

Three types of stellar distribution were considered beginning with that
of Barde's Population I, of which typical objects are 0 and B stars and the in-
tepstellar matter. These objeets have a large golactic concentration, The av-
erage z-coordinate of O and B stars is 30 parsec, which corresponds at the dis-
tance of the center to a bhalfwidth in latitude of about 00.3, much smaller than
the observed 100 Mc/s value of 150. L1so these stors are not likely to be found
in the galactic nucleus, |

The sceond distribution used was that of the_common K and G dwarf stars.

The distribution of these cannot be studied directly, as they can only be seen

ykﬂfdlﬁ“t
at short distances, However thcy are by far the moot abundant_gﬁg:g}§‘1n the L 4¢
P

galaxy,-snd can reasonably be regarded as having the same distribution as the

mass of the gelaxy. For the space distribution of mass, a model derived by
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Oort (B.A.N¥b§38) from dynamical data was used. This contains g number of

spheroidal equidensity surfaces extending beyond the sun, together with a super-
imposed central mass slmost extending to the sun, combined with a concentration
of about 10% of this mass very near the center. This large central massiwas
assumed to have a spheroidaglshape.

It was found that the rr.dio distribution, both in longitude along the
galactic circle, and in latitude at the longitude of the center, was represented
satisfactorily by this model, g§9§pgn£g£méagggi£igzm£ifidual of about 600° all
over the sky. The axial ratio of the big central masskzzzzgt;gg—;;;;;;:;;_Qery
well from dyﬁamical data alone, so that this is & weakness in the comparison,
Westerhout and Oort take the view that, since the agreement is good elsewhere,
the radio data may be used to improve our knowledge for this central mass., The
ratio between the axes as obtained in this way is about L,

The third type of distribution tricd was that of Populati-n II, includ—
ing globular clusters and RR Lyrac variables, This distribution shows too small
a galactic concentration, and may be discarded.

Thus it may be concluded that the bulk of the radio gtars, if not all

$§<3f them, are distributed in about the same way as the common stars in the galaxy,

None of the objects considered ban account, however, for the relatively high

:%o'g A

"residual" intensity found away from the galactic plane and in the region of the
anticenter., i galactic origin for this rrdiation would require the existence

of a further system of sources, in the form of a large spherical atmosphere around

the galactic system, which is highly improbable, It appears most likely thet

1

the residual can be attributed tv radiation from large numbers of unresolved
B P

xtcrnal galax1es. This interpretation has been strengthoncd by the recent de-

B SR

i
2& b et vs
mwmeqﬁfzé*%iméuﬁwz%f/ﬂﬁ.+

tection of radiation from o number of such galaxies individuslly,
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Contribution of the Intersteller Gas, We shall now consider the contribution

of the interstellar gas since it alone seems crpable of competing with the point
sources in determining the general galactic radiation.

We do not have to consider emission and absorption separately. Emis-
sion will first give measurable values. A&t 100 Mc/s, for which these computa-
tions are made, the amount becomes measurable if the Ty of the interstellar emis—
sion gets higher than 50° or lOOO.

Only when the density becomes much higher, and thc computed emissinn Tb
approaches the actual temperature of 4000° - 10000° for the H-II-regions, ab-
sorption becomes important, The H I regions are certainly unimportant because
of the lower electron density. This absorption would act on the poiﬂt sources
as well as on the emission of the gas itself,

We shall estimate the emission of the interstellar gas, assuming that
there is no self-absorption. We shall use the free-frec formula developed ear-
lier for the corona and guiet sun., The emitted energy per cm? per unit solid

angle per unit band width is

_ 2
E(Y) = 3,0 x 10739 WaNeZ” 1, Pa

14— I T EI pb *

For the guasi-constants we assume:
WNZ5 g N2, with g = 1.2,
.0
T = 10,000°, n=1,
p, = 1.5 x 10~7 em ond p, = 2.2 x 1072 em, giving In(p,/py) = 11.8.

We thus find:

E%'_V)_ = 42 x 1070 i 2
{8

In order to obtain the brightness, this must be multiplied by the path

length { :
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B(V) g = 4e2 X 10-k0 y 2 ) !l -

or in M,K.3. units,

. = -24 v 2
B(V)MKS = 1,30 x 10 Ny (cm‘B) " (parsec)

Str8mgren has called the quantityNe2 ,f (ps) the "emission measure," Its
M . o

(cm™3) e

more accurate definition is Jf Ne2 ds, The value of this integral can now be
obtained more precisely from Sﬁrbmgren’s measurements of the Ha and HB emis-
sion in the galaxy than from s crude assumption about the electron density and
the effective path length., Str¥mgren's measured values for the "emission mea-

6 for the center of the Orion nebula, 6 x 100

sure" are, for example, & x 10
for some diffuse nebulae, and 400-2000 for the Struve-Elvcy regions, The use of
these measurements has one objection,inamely that the interstellar extinction
(by dust clouds) may have cut out an appreciable port of the visual radiation.
The emission measure in any direction may therefore be higher than the values
given by Strémgren, The very strong galactic concentration further reduces

the chance of measuring gaseous emission in low resolution surveys, Westerhout
and Oort have estimated for a typical direction that the brightness temperature
due to gaseous emission would be 715° in the ganlactic plene but only 100° when
averaged over Bolton end Westfold's antemna besm, This is only a fraction of

the total observed tempersture of 900° in this direction., Such considerations

indicate that the interstellar ges probably contribptqipgg§§gggkgg;E£Lphe_igten—

sity observed in the meter range, It is certain however that it cannot account
o~ [ U T R ——— . —— . . = - Birhie Lo 4 - .

for the whole of the intensity, since brightness temperatures at the longer wave-

lengths exceed the .actusl temperature, and also the space distributisn is wrong.

et ot comidin o Bmal puchs ? gt w] RS
— Ae dundh cke Wi 5o ax A,zgm;_smﬁg 50 oy ) (30
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Wesferhoug aﬁd Oort decided to neglect the gas component in their consideration
of the general 1nten51ty distribution.
at longitudes

Extended emission regions : away from the galactic center are
probably important. The anticenter peak found in the radio surveys may be due
to the greater Orion nebula (i.e. the ouﬁer loop of the nebula). Also the peak
in Cygnus at {?= 50°, which Bolton and Westfold suggest, i1s evidence of & spi-
ral arm, might well be a "gascous émiséion arm," rather than an arm of "point

sources,"

Width of the iilky Way, As was expected from the better resolving power, the

Millky WaJ seens to be narrower at hicher frequen01eu. Byt Reber (Sky and Tele—
scope 8, Aprll 1949) and Wil?lamson (Je ﬁov.Astr Soc, Canada Lk, 12,1950) have
claimed that this effect carmot be dismlssed as being wholly due to the resolving
power, Williamson uabulateu the wldths neasured across the Milky Way at longitude
0%between the half-power points at southern anc northern latitude, After a rough
correction for resolving powér they rangé from about h0° near 60 Mc/s to 8° at
180 Mc/sec, This is also i1lustrated b& the fiwures in Polton and Wes tfoldis paper

(AJSR 3,251,1950). If this result 1s ﬂuovtanild ed by further 11veut1 ations, two

rad

explanations (or a combination of bothj nmay be thought of:

(a) Absorption of the waves in and near the galéctic plane would reduce the
brightness at the equator relative to the higher latitudes and thus couse an
apparent widening, This explanatioﬁ"seems unlikely because also the brishtness
distribution with ealactic longitude would be strongly affected by the abserp-
tion. In addition, no physical reason for such absorption is known; the free-free
absorption is boo weak,

(p) The sources away from the galactic plane may have spectra that diff
gystematically from those in and near the galactic plane, Mig point is fully

unexplored,
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8.4 Interpretation of the point sources (F. Q. Orrall,
R, B. Dunn)

Distance and luminosity.%"We have seen that headway may be made with the prob-

lems of galactic structure if we attribute the general galactic radiation to
unresolved point sources. We must now see whether any answer can be given to
the question "what are the point sources?" The distribution of galactic radi-
ation suggests some common type ¢f star as the origin, yet the fact that 7 out
of 17 of Stanley and Slee's list of point sources are within latitudes of
+ 5° leads us to believe that these objects at least are at distances of the
order of 1000 parsec. It is indeed remarkable that the two strongest sources
(Cassiopeia and Cygnus) are very close to the galactic equator., We might con-
sider that there are two types of point sources, Ycommon" and "giant" types.
although the total number of known sources is small, it is worth trying
a statistical treatment, however rough., We follow here the work of Westerhout
and Oort.

First, let us assume that 2ll radio stars have the same brightness tem-
perature TS and disk area A(Hcp)z. Then T A will be proportional to the abso-
lute luminosity. Let there be n{r) stars per (p c)3, wherc r is the distance,
and let n be proportional to the mass distribution in the galaxy. Put n = ng

in the vicinity of the sun. Then for the brightness temperature observed in

)
T, = J’nATsdr.

(<]

a galactic survey, we have:

Now Oort's mass model gives & o for any point in the galaxy5 so that the inte-
o
gral M = (n/h Jdr is known in all dlrectlons. We can then rewrite the

above as:

Tp = nohT M.

*a quite different approach has been sugrested by Shklovsky (Doklady Ak,HNauk 73,

14,79,1950), If some bursts of radic stars are real, then time delays between

different frequencies due to different group velocities in interstellar space
give estimabes of distance.
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Putting in values of Ty observed and M computed we find as the constant of
proportionality in any direction of the sky:
«1
n ATg = 0.08 °k (pc) "
The volume of a sphere enclosing N sources is

N _h,p3
- o 3 ’TI‘N

oot

so that the proboble distance of the Nth brightest source is

= (A5

Lt

and it will subbend a solid angle = ——g-whereupon
. Ty

0T, = AT n2/3(h'32/3.

From the list of known sources, we can estimatbe with reasonable accu-

racy the flux density S for the 10th prightest source, and hence find 5Ty
) 2 :

since Ty = éfifs. We can thus find the numerical value of n2/34T os which

yields the second equation for n, and ATg:
0
n2/3p7_ = 114 K.
Solving the two equatlons Westerhout and Oort find the following values:

= 0.00032 (parsec) 3, or n -1/3 - 15 parsec

(o)
[

ATg = 260 OK.(parsec)

distance of tenth source,
rig ~ 20 parsec.

These may be compared with the results obtained by Boltom and Westfold (un=-

publlshed), using a similar method, but a less detailed model of the galaxy.
Their values were: ny = 0.00020, LTg = 1000.

The two_sels of results agree quite well, and are in keeping with the

assumption that radio stars produce the background.
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Westerhout and Oort went on to consider the case in whiéh there is a
Gaussian dispersion of absolute magnitudes, to take account of the evidence
that the brightest point sources are probably not the closest. They used a
value of ¢ = 1 for the dispersion in loglOATs, sinée a value of ¢ exceeding

1.5 would give too great a galactic concentration of the brightest sources,

The resulting values are (for the tenth brightest source)

1]

Tio» logarithmically averaged over éll pbssibilities, 39 parsec,

il

T2 linearly averaged over all possibilities, 75 parsec,

[}

AT corresponding to the "average source" (IO) 59 (parsec)2
With o dispersion of unity, one sixth of all the sources would be of luminosity
<(1/10)I,, and one sixth > 10 I,.

The analogy with Yisual stars is of interest. Therc the situation is

very similar. In any volume clement by far the greatest contribution is from

the dwarf stars, but among the brightest stars we find only the giants.

Physical discussion of the point sources, The most important result from the

standpoint of the physical nature of the point sources is not their distance
but their "absolute magnitude,™ ATS. In the uniform-source analysis the value
ATg = 260° K (ps)2 was found. With dispersion introduced the same value will

still be correct for quite a few giant sources. From this value we find the

following estimates for Tg:

if redius = sun's redius, then 4 = 32 x 1070 ps®  and T, = 8 x 1016 Ok,

e R e S

if radius = 800 x sun's radius, like largest known stars, Ts=l.2xlOll %K.

s e mrmameph b S re

An even more direct estimate may be made for onec of the known bright sources,
€.8., the Cygnus source, which has QT = 42 (at 100 Me/sec). Assuming that the

' -1
angular diameter is 0",036 like Antares we have Q= 2.4 x 10 h, which gives
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%} =2 x.lO15 degrees K. And assumihg it to be a glant star of 800 times the
sun's radius at the distance 1000 ps, which seems probable for this source,
then TS =2 X 1016 degrees K.

The suggestion has been made that the point sources are stars with a

continuous activity of unusually strong flares. This could just be reconciled

with the strongest known outbursts on the sun, which have given T lO13 (re-
W

ferred to the entire sun's disk) so probably Ty = 101% to 1026 (average bright-
S e e —
ness temperature over the emitting area). £ serious objection is that it is

nard to see how a star could spend the energy to have so strong flares‘giiizfiiy
its surface sll the tive—

It is interesting to compare the energy output in the radi%homain with
that in the optical (ultruv1olet visual and infrared) domain that we mav rea-
sonably expect. The solar constant is 1300 watt/m,. Scaling down by 36.6
magnitudes, which is 4 x 36,6 = 146 decibels (a factor lOlh‘é) we obtain for
the op£ical output of a 10th magnitude star the flux density

.f S av =3 x 10712 watt/n?,
Similarly, by direct integration 6f the measﬁred’flux density of the Cygnus
source over all frequencies from C to 300 Mc/sec (i.e.')\:> 1 meter) we find
the output in the long-wave radio doﬁain
}‘S 4y =L x 107tk watt/m?, or somewhat higher,
The comparison may be made more clear by the following little table:

Flux density received at the earth in units of 107 watt/m?

integrated over vis + uv_+ irlintegrated over % D1 mete

Sun 1.3 x 10%5 quiet: 0.2
average: 100

Tenth magnitude star . 1

jof sun's type V 3 ' average: 2 x 107 3

Tenth magnitude star

or source of any type 3 27777

The Cygnus source 277727 0.04

s L. amanen




We thus are forced to conclude that either the Cygnus source is a so pecullar
object that the greatest amount of its energy output is spent in the radio do-
main or that its radio output is a small fraction, say 1 per cent, of its op-
tical output but that means tﬂat we must be able to find it with an ordinary
telescope as a tenth magnitude star. The first alternative now scems more

likely.

Suggested explanations of point sources.--In view of the highly speculative

naturc of these explanations we shall not more than mention them,

(1) They may be stars, very cool or very hot or very old or very young, but at

any rate very large; If~they<ere they would have to have cn extremcly high radio
brightness temperature ~nd a radio output comparable to or larger than the .
visual.,

(2) They may be regions of interstellar mrtter with special properties. The
special mechanisms that have been suggested are roughly these,

A. The radiation might be emitted by cosmic-ray electrons when moving in spi-
M« o

rals in a magnetic field, that might be either stellar or interstellar (this

) X
¥
}ﬂ* mechanism was proposed independently by Al1fvén and Herlofson and by Kiepenhecuer).

B. The currents associated with the smallest size turbulent elements in inter-

stellar gas clouds might c¢mit this radiation (an idea proposed by Teller).

C. Something might happen in the wake of a star moving through a gas cloud,
in the general vein of Hoyle and Lyttleton's accretion theory (an idea proposed
by I. King).ﬁ

45% Several authors have played with the possibility of an intimate comnec—

S

tion between cosmic rays and radio stars. This is suggested by the high tem-

e e

peratures that apparently are rcached in radio stars. (Note that a temperature

1{(110? "I’V‘;’\ 4% ab ’a\st lﬁ ,4{;,2"33; i (%i L, o X g

_— 5 s ; P
s a Veuia et P o T



17—

of 10M4 degrees K. = 1010 eV, which is a typical cosmic ray energy.) 4&lso the
intensities have a remarkable proportionality. According to Unsold, the ratio
of the short-period radio emission by a solar flare to the short-period cosmic
ray increase assoclated with a flare is equal to the ratio of the ever-present

level of galactic radio noise gnd the ever-present intensity of cosmic rays.

8.5 The hydrogen emission line at 21 cm (H. C. van de Hulst,

Discovery.--On a colloquium in 19LL Van de Hulst suggested a search for the in-
terstellar hydrogen emission line at 21 cm wave length.l His prediction was
backed up by a similar analysis made by Sklovsky.2 Both authors assumed that
the interstellar gas would be optically thin in this linc (which now seems
incorrect) and Shklovsky computed the transition probability (which now seems
off by a factor 4). Shklovsky also m~de clesr that no other stomic lines, but
perhaps some molecular lines, might be capable of detection.

This line was first discovered in the.sky by Fwen ot Harvard University
on March 25, 1951. Ewen employed & horn anterna having a beam width of 120,
so no great angular resolution could be obtained., He proceeded, however, to
measure accurate line shapes and frequency shifts during the times that the
line could be observed. Calibration of his equipment gave the antenna tem-~
perature TA = 35° at the center of the line at the time when the fixed antenna
was in the direction of Ophiuchus, close to the galactic céntcr. The discov—-
ery was confirmed six weeks later, when Muller observed the line at Kootwijk,
Holland., He employed a parabola with a diameter of seven meter, which gives
a beam width of about 3 degrees, Sweeping the entenna across the galactic equa-

tor at various declinations he obtained o first outline of the distribution of
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this line emission over the sky. In the center and near-center regions the
intensity fell to half the maximum intensity at 8° to 10° galactic latitude.
This shows that Ewen's antenna pattern was almost completely filled; the value
of T = 35° may therefore be interpreted as the brightness temperature at the |
center of the line in the direction of Ophiuchus-Sagittarius, This does not
include the Tb of the continuous galactic radiation, which at this wave length

is about 150 in the direction of the galactic center (see section 8.1).

2
Wave length and transition probability.--A.neutral hydrogen atom has a Sy

ground state. The electron spin can assume two positions in the very weak field
-of the nuclear magnetic moment, This couses a splitting of the ground state
into two hyperfinestructure levels, the upper one of which is degenerate of

3 levels that can be split by Zeemsn effect, The Zeemnn effect in interstellar
space is negligible so that only one frequency is emitted. Laboratory measure-
ments of the frequency by mngnetic resonance have been mede by Rabi and others
since 1946, The most recent value3 is 1420.405 Mc/s, The emission is possible
by magnetic dipole rediation.  The line strength in the sense defined by Condon
and Shortley is 1 when referred to one sublevel and 3 whon referred to the en~
tire upper level; the mabtrix element of the magnetic moment is simply the Bohr
magneton., This gives a transition probability for spontaneous emission, A =
2.8l x lO—l5 sec—l. In the absence of other processes this means that the av-
erage life time of an atom in the upper level is 1/h = 3,5 x 10M sec = 11 mil-
lion years.

: %
First results, astronomical importance. As of June 11, hardly any results have

been obtained except those already described. The Dutch mensurements gave a

brightness in Cygnus stronger and more 6losely concentrated towards the galactic

*Ebrly July also Christiansen and Hindman in Australia detected the line.
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plane than in the center region. The wide extent in lstitude in the Ophiuchus
region can be cxplained only by assuming that nearby clouds, rather than
distant regions of the galaxy are responsible, This is also made plausible

by Purcell and Ewen's computation of the opacity depth based on Assumed den-
sity and temperature, The temperature needed in this computetion refers to the
ratio of the population of the upper and lower hyperfinestructure level, This
T is of direct importance becruse the rotio of the "effective absorption'to the
"pure absoprtion' (se& section 3,1) depends on it. A consequence is that Ty
can rever exceed this tempereture. The TB of 35° measured py Ewen comes close
to the value of 50O that may be theoretically estimrted for the temperature
characterizing the population ratio. This again makes & high oPtical,depth
plausible;

The greatest astronomicel importance of these investigrtions wiil be in
the measurcments of line widths and line shifts. The shifts due to galactic
rotation may go up 385 * éc/sec for distant regions of the galaxy. It is quite
likely that so strongiy displaced lines will not be affectcd by absorption in
the nearby clouds® At present neither the Harvard nor Kootwijk instruments
are equippéd to make accurate comparison of spectral intensities at frequencies
more than a few 100 ke apart. Further observations will undoubtedly tell us
a great deal more of galactic structure. Both the fact that here nesutral hy-

drogen is observed and the fact that we can measure velocities of parts of the

galaxy near the center are complete novelties in galactic research.
—:’ » . L. . -
# This prediction has since been confirmeds

1. H. C. van de Hulst, Ned. Tijdschrift voor Natuurkunde 11, 201, 1945.
5. I. S. Shklovsky, Astronomicheskii Zjournal 26, 10, 1949.
3. P, Kusch and A. G. Prodell; Physical Review 79, 1009, 1950,

f -3 Letters to Naturewill appear summer 1951.
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8.6 Extragelactic radio waves

The analysis by Westerhout and Oort of the intensity distribution of
galactic noise in relation to the unass distribution in the galaxy indicatcd

~ clearly the existence of a resldual brlghtness tpmgerwture of 600 (at 100 Mc/s),

. AT A T

with a spherical distribution: This residual most probably comes from unre-

e

solved external gnlaxies, since theoreticel considerations about the inter-

stellar gas indicate that absorption will be small in§ide our own galaxy. #n
v/ enrly estimate by Van de Hulstwﬁ) hes shown that it is possible that the com-
bined effect of all external galaxies gives @ me~surable brightness in radio-~
frequencies while in photographic light the combined effect is unobservable.
The difference is that the red shift brings into the photogrnphic region the
~ultraviolet parts of the spectrum, that are intrinsicrlly weak. But the same
red shift brings into the radio frequency region the parts of the spectrum at
higher radic frequencies that are quite as bright. These preliminary compu-

tations were based on the models of the universe studied by Hubble and Tolman

(2).
s

?f & The first cxternal galaxy detected was M31, the Andromeda nebula, which
w

¢ &V \Was observed by Hanbury Brown and Hazard (3) at 158 Mc/s, using the 218 ft.

§§<f

S antenna at Manchester (beamwidth about 2°). Their mensured position was

# i“
%\3‘ "
Qf 6= 40%55' + 20", « =0 AOm + 2%, compared with the visual position of the
¥
¢ center of AOOS9‘, Othm. The dimensions of the source were found to be 25!
* 10' 1n declination and 45' # 10'.in right ascension, which are of the correct

size and orientation for the source to be identified'with M31, The observed
intensity was 4 x 1072% watt / 02 (¢/s), leading to a brightness temperature of

about 1000° K. Oort and Westerhout computed that our galaxy, when plrced at
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49>5%“Ay'
the distance of the Andromeda nebula (210,000 parsec, would give a flux density
of 7 x 10724 2t 100 Me/s, or probably 2 x 1024 at 158 Mc/s. This is five times
the observed value, which shows that the Lndromeda nebula and our golaxy are
sources of radio waves of about the same strength.

More recently, the radiation from three‘more external grlaxies has been
detected at Cambridge, Inglend (4). These are M33, M51, and MIOL. The last
two of these are believed to be three or four times as far away as are M31
and 133. Ryle (unpublished) states that: "The angular diameters of the nenrest
ones are too large tol produce the correct amplitudejon our interferometer sys-
tem, but the recorded powers (8L.5 Mc/s) arer h4sO, 8.0, 7.5 and 3.5 watt/ﬁ?(c/s)
for M31, M33, M1Ol, and M51 respectively. By making reasonable assumptions about
the probable distribution across the hndromeda nebula we would suggest that the
total flux is probably about 25 x 1072% watt/m? (c¢/s), a figure somewhat higher
than® the Manchester one . ?

The possibility that most known point sources might be external galaxies
has been suggested at various times. In possible support of this is the fact
that the "common" point sources (although not the "giant" point sources) ap—
pear to have zn approximately spherical distribution, which could imply that
the objects concerned are either very near or very distant., However, apart
from the four galaxies mentioned above, there is no evidence that any of the

300 necrest galaxies con be related to radio stors (Ryle, CaBe 5 ), so that

the possibility can be regarded as very unlikely.

1. H. C. van de Hulst, Ned, Tijdschrift voor Natuurkunde 11, 210, 1945.
5. E. Hubble and R. C. Tolman, astrophys. J. 89, 302, 1935.
3. R. Hanbury Brown and C. Hazard, Nature, 166, 901, 1950.

L. Note in Be.h.i. Journal, March, 1951. 5, See ref, 13 on page 158.
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Chapter 9, RADAR ALSTRONOMY (F, J. Kerr)

Introduction, This is the branch of redio astronomy which deals with the ap-

plication of the echo technique of radar. The first detection of echoes from

the moon is of some philosophical interest, in that it was the first true “as-

i

tronomical experiment." It was also the first dircet measurement of an astro-

.ﬁomical distance, albeit rather 2 crude one.

The redar method'inbastronomy has tﬁo special characteristics:—-
(i) it provides the possibility of measuring distonces,
(i1) it provides a controlled signal, hence eliminsting some of the uncer-
tainties inherent in working with a source of unknown characteristics.,

The mcthod is, however, restricted to fairly short distances, in con-
sequence of the inverse fourth power dependence of intensity on distance, as

compared with the inverse square law for » single direction of propagation rs

\ 14
in visual or‘radio-noj@gnggggggggy; Echoes have so far been detectéd from me-
teor trails and the moon, and it should be possible to receive echoes from the
sun and the inner plancts, The outer planets might be renched one day, but it

is difficult to imagine echoes ever being received from gny of the stars,

Radar Equation. The flux density incident on a body at distance d from a treons-

mitter radiating a power PT from ~n antenna of gain GT is:

I
PT 7 ng

If the body has an "ccho cross-section!s s the flux density in the seattercd

wave at the receiver is:

Spy = 5
B 4na?
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which, with an antenna of gain PR’ produces an available power at the receiver

of':
G ¥
P =5 —t— =
R R}-NT
Thus, 5
) PTGTGRX o
R (bm)? ok
For o large body 4 may be put equal to ﬁéﬁ,
where A = projécted area of the echoing body,
¢ = reflection coefficient,
D = directivity of the scattered energy in the echoing direction, with

in some cases an additional factor due to frequency dispersion of the echoed
energy.

The sensitivity of a system to echoes depends on the signal-to-noise
ratio, since the echo must be detected against a background of noise from the
receiver, the galaxy, and possibly the sun.‘

In order to have free time to réceiveé the €cho, thé transmitter is pulsed,
The grestest sensitivity is obtained by using long pulses, as a smaller band-
width can then be used, and less noise will be received. This is the basis of
the high sensitivity obtainable in astronomical radar., In normel radar appli-
cations, a typical pulselength might be 1 microsecond, and bandwidth 1 Mc/s.
(The minimum pulse length for a given bandwidth ay is 1/ avy .) In astronomical
radér, on the other hand, where the distances involved are considernbly greater,
pulsclengths measared in seconds can be used, and correspondingly small band-
widths, limited only by the difficulty of obtaining sufficiently stable fre-
guencies,

For precise range medsurement, however, a 1argér bandwidth must be used,

since o small receiver response time (inversely related o bandwidth) is nccessary
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when the commencement of the echo-pulse is to be precisely timed. The increase
of bandwidth increases the noise and thus reduces the sensitivity, so that more

powerful equipment is requir<d for ranging than for merely detecting sn echo,

Moon. Echoes from the moon were first detectcd by the U, S. Army Signal Corps
in January, 1946 (1,2), and shortly afterwards by Bay (3) in Fungsry. The
Signal Corps group worked on 111,5 Mc/s (2.7 meters), with a pulselength of L
second, bandwidth 57 c¢/s, and transmitter power 3 kw, peak, The antenna, com-
prising 64 dipoles and a reflecting screen, was directed horizontally, so that
observations were made necar moonrise and moonsct.,

Theoretically, echoes were expected at an intensity 100 times noise, but
it was found that on many occasions echoes could not be detected at éil, while
only rarcly did the intensity reach the theoretical strength.

This result, together with some znomalies in observations of solar and
galactic noise, led the Australian group to undertzke moon echo studies to ob-
tain information on transmission through the ionosphere (k, 5). The upper
portion of the F region cannot be studied by the normal ionospheric technique,
in which energy is reflected back to ground, but only by the use of an extra-
terrestrial source or feflector. |

For an ionospheric stuly a low frequency (arownd 20 kc/s) was preferred
and a short—wafe broadcast transmitter was used in its free time, The use of
existing transmitting equipment has obviogg advantrges, but the system was se-
verely limited in its.time of operation, since the moon passed through the an-
tema beam, in the period of the day when the station was available, only on

30 days a year.
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In this system, taking the moon's reflection coefficient as 0.15, and
néglecting ionosphere effects, the thedretical echo-to-noise ratio was 1000.
However, the echo strength was usually considerably below £his level, and more-
over the echoes always appeared later than might be expected as the moon rose
through the antenna beam.

Althouph far removed from curves based on standard theorv, the observed
figures for median intensity and eltitude at first detection in the various
tests were found to correlate guite well with the valucs for the critical fre-
quency of the F2 region of the iocnosphere. Hence the anomalies must have arisen

in the F., region indicating that there arc shortcomings in the present theory

2
relating oblique and normal incidence propagation conditions. It appears likely
that the effects might be dug to irregularitiés in the F regicn, so that a new
oblique incidence theory which takes these into &ccount is réquired.

The relative motion of the observer and the moon leads to & Doppler
shift iﬁ the frequency of the reflected wave, amountinrg to about 300 and 50 c/s
respectively under the conditions of the American and Australlan experiments.

his shift is duc principally to the earth's rotation, but also in part to the
radial component of the moon's orbital motion. It was thought at one stage
that a precise measurement of the Doppler shift might lead to a new determi-
ngtion of the earth's radius and/or the velocity of light. However, uncertainty
about.the phas@ effects produced by scattering in the ionesphere would severdly
1imit the accuracy obtainable (6).

In addition to the day-to-day effect due to the lonosphere, the 20 Mc/s
echo intensiti®s showed two types of more rapid variations. "One type, with
periods of the order of minubtes, was apparently the same s the "bwinkling"
observed with radio stars, origirating in the non-uniformitics of the F region.
The rapid variation., with perieds of the order of seconds, was shown t2 be an

effect of the moon's libration,
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From the point of view of an observer on the earth, the moon undergoes
an apparent oscillation of lo-2o/day, about some (varinble) axis through its
center. At any instant one half of the moon is approaching the gobserver and

the other half receding., &t the limb, the rpdial velocity arising from libra-

tion mmounts to abo%E;EEE_ESEEEZEEQQnd,_SQ that components of the 20 Mc/s echo

o e 534

coming from the 1limb and from the center will differ in frequency by about 0.1
c/s.

Thus, if the moon reflects as a rough body, with ccho components coming
from all portions of the disk, the originally monochromatic trrnsmitted wave

will be Doppler-broadened on reflection. Since the receiver bandwidth accepts

the whole of the broadened "line," the instantaneous echo intensity will be the

resultant of & very large number of components with random emplitudes and pha-
ses. Libration of the moon will vary the phases of these numerous compenents,
so that the resultant intensity will vary from instant to instant, the rate of

intensity variation depending on the rate of libratisn. From a study of the

_echo intensity record, a statistical measure was derived for the "fading speed"

in each experiment, These values were found to correlste well with the 1ib-
ratisn rates on the various days, and to approximate to the figures obtained
theoretically by attributing the fading to the libration of & rough moon,

No system yet used has been sufficiently powerful for making accurate
distance-measurements, Hagen,of N. R. L., is proposing to use his new 50 ft,
mirror at a wavelength of 3 cm. to make a precise measurement of the moon's

distance, and hence to obtain a new determinatisn of the solar parallax.

Sun. The sun is, after the moon, the simplest mzjor astronomical body to reach

by radar, and it is 2 more interesting object for study than the moon or the
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planets. An order of magnitude for the power required to produce a detectable
echo can be obtained by the following simplified argument:--
The angular diameter subtended by the sun at the earth is nearly the
same as that of the moon (£°), so that it will receive about the same power
. // flux from « berrestrial transmitting antenna, Weglecting for the moment the
differing reflection coefficients of the two bodies, the decrease in the sun's
echo relative to that from the moon will be due solely to the greater distance
" traveled by the diverging reflected radiation. Since the sun is about 40O

times as distant as the moon, the sun's echo will be smaller by a factor of

A more detailed;discussion must of course take additional factors into
account, such as the partial absorption of the incldent cnergy in the solar at-
mosphere,‘thc grestur size of the sun's radio disk, the nccessity of overriding
the sun's own radiation ("solar noise"), and the variation of these and other
factors with frequency.

It appears (7) that the detection of usable echoes from the sun is tech-

nically possible on present knowledge, though an engin. cring project of great

U
g mmramare

magnitude would be involved. There is an optinum frequency range, at around

ngiéb“ﬁc/s, principally determined by the variation of thc sun's reflection co-
efficient with frequency. Actually the use of a low frequency is indicated on
astronomical grounds also, since interest centers largely in obtaining echoes
from the outer corona and surrounaing clouds or streams of éharged particles

because of the difficulty of optical observation in these regions.

Planets. An equipment capable of receiving echoes from the sun could also de-

tect echoes from Venus and Mercury, provided that intesration over a sufficiently
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long period were used in the receiver output. Mars would be just beyond reach.
éuch echoes would not, however, be étroﬁg enough for precise distance measure-
ment, so that little of astronomical value could be learnt, except for the ro-
tation period of Venus, which could be determined from the Doppler-broadening
of the echo.

For planetary work it would be better to use a considerably higher fre-
quency, where it would be somewhat easier to obtain strong echoes, since in this
casé the reflection coefficient would not be expected to vanish as the fréquenpy
went up, and also there would be no aquestion of having‘to compete with solar

nocise.

solar noise reflected from the moon. Visually, substantially all the energy

received from the moon is reflected solar radiation. It is therefore of inter—
est to consider the corresponding redio circumstances. 4lso it might be found
possible to detect some of the major increases of solar noise occurring at night-

time by obscrv1ng thb noon.

Th flux degﬁl%y'rccelved by reflection from the moon is equal to that

received directly from the sun, multiplizd by a factor -sfﬁg s Where ' is the
lwd
reflection cross-section of the moon in the direction comsidered, and d is the %?f(&)

6

. distance of the moon from the earth. Thls factor is approximately equal to 10

gAY eSS w"““"%\ M
Thus, since the moon's qyﬁﬂb;;grtness temperatare/is in the region of BOO K, %f
Ji

7., & <1,
CER v ]
an increment due to reflected solar noise might be detected on occasions when

the sun's apparent temperature exceeds 3 x 108 OK, as it does during many out-

QXY ~Rvox I'U’l-.mf}
X bursts.

Such reflected solar noise does not yet appear to have been detected.

Steinberg and Zisler (8) reported having obscrved some bursts by reflection, but
[44 ch N 2
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from the quantitative evidence presented it appears that some other phenomenon ,

possibly a terrestrial effect, must have led to an erroneous interpretation.

(GQ;Z;;;;E? The radar method already has contributed greatly to ﬁhe domain of me-

d;eor observations, since it operates equally well by day or night, and with or
without clouds. Also it is more scnsitive to faint meteors than the visual meth-
od, and has the additional advantage that it can be made semi-automatic in re-
cording.

The importance of metecric icnization in contributing to the lonosphere
has been suspected for a long time, but the first good correlations of radio
echoes with visual mctcors was not obtained until work was carricd out at shorter
\wavelengths., Hey and Stewart (9), in 1946, working at 5 meters, demonstrated
the corrclation by the simultaneity of individual phenomena, the diurnal vari-
ation and the association with meteor showers.

BelowXS meters, transient cchoes are observed, with durations usually
a fraction of a second, rarely exceeding a few scconds, The strongest of these
echoes correlate well with visual meteors. Above 8 meters, the phenomena are
morc complicated, apparently due to the effects of residual ionigation from pre-—
vious meteors, or ionization frow other sources.

The echo is obtained from the ionized trail left by the metcor, being
strongest in s direction normal to the trail. Only OCCasionally is an ccho scen
from o mebeor itself. The rodisnt of a stream can be detcrmined from the time
variation of the activity rate on a fixed antenna, i.c. by making use of the di-
rected character of the reflection from the cylindrical trail. The velocity of
a meteor may be found frow a direct measurement of the timc variation of the

distance to the meteor, or more precisely from a study of the varying diffraction



-184~

pattern produced by the advencing head of the train, as evidenced by echo in-
tensity variations.

Herlofson (10), using a theory which accounts satisfactorily for the phe-
nomena observed by radar, has suggested that the kinetic cnergy of a typical
meteor is divided into heat, light and ionization in the ratios 10‘*:102:1.

On this theory, a meteor of visual magnitude +1 produces ionization to the ex-

tent of lO12

electrons per centimeter of path.

Possibly the most interesting result to date from radar work on meteors
has been the discovery of great daylight meteor streams, extending through the
greater portion of the northern summer,

Extensive reviews of meteoric work have been published by Lovell et

al, (11), Hey (12), and McKinley and Millman (13).

Aurora. - Many early observations of the abnormal increases in ionization in
the E region of the ionosphere, especially those made in polar regions,
probably included cases of the reflection of radic waves from auroral
formations, tut the first specific investigation appears to have been made
by Harang in 1910. Auroral echoes have since been obtained at frequencies
ranging from 3.5 lic/sec to 72 llc/sec, References may be found in a paper by

Aspinall and Hawlking (1) of the lManchester group.
- "L
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