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F!our radio bursts were observed dur ing observations of solar active
regions. One of these bursts was classified as a simp ’e burst , and the

other three were post-burst events. Two of the post-burst events were

measured for their circular polarization . The instantaneous one—
dimens i ona l resolution of the interferometer shows that the simple burst

could have been in the same l ocation as an H-alpha sub-flare wh i ch
occurred at the same time . The observations of the post-burst events

show that they were primaril y an enhancement of the pre-ex lsting 5-
component emission . The percentage of circularly polarized radiation
remained esse nt ial l y unchanged throughout each of the events. A model
is proposed for explain ing the post-burst observations .
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I. INSTRUMENTAT ION

The Stanford Interferometer Is l ocated in the foothills behind

Stanford Un i versity. The interferometer consists of five 60 foot

parabolic reflectors arranged in a minimum redundancy configuration

along an East-West baseline . The fiv~. antennas can be combined into

10 two-element interferometers , nine of wh i ch are measuring different

spatial coord i nates . The output of each of these is referred to as

the complex visibility , and the length of time that each of these outputs

is averaged is referred to as the integration time . Due to noise

considerations of the sampling process it is necessary to mon i tor the

smal les t spac ing for an in tegra l number of fr i nges . This means that the

minimum integration time is 16.8/[cos(6)cos(h)] seconds or multiples

thereof , where .5 is the source declination and h is The source hour-angle.

This effect limits our maximum time resolution to about 17 seconds on the

meridian near .5 = 0. More detailed descri ptions of the instrumen t may be

found in Bracewell et al. [1973] and D’Addario [1971+]. Some of the

operating characteristics of the interferometer are listed in Table 1.

There are two methods of cont rolling the signa l gain of the five

antennas : the automatic leve l control (ALC) mode and the manua l mode.

Both of these modes of operation have been used for observing the sun .

In the manua l mode the signa l gain is set manuall y. The gain may be



TABLE I. STANFORD FIVE-ELEMENT INTERFERO METER

Operating Frequency: 10.69 GHz

Operating Wavelength: 2.804 cm

IF Bandwidth: 10-70 mHz , doubl e s i deband

Si ngle Dish Diameter: 18.3 r

Single Dish Beamwidth: 7’ full-width to ha l f—power

Minimum Antenna Spacing: 22.9 m , 815 wavelengths

Maximum Antenna Spacing : 205.7 m , 7337 wavelengths

-26 -2 -l
Sensitivity: 0.4 x 10 Wm Hz for a one-minute

integration on one channel

No i se Temperature: <400 K

Feedhorns : Linear , rotatable to 00, 600, 900 and 120°
electric vector east of north

Feedhorn Rotation Rate : 7.5°/s

Max i mum Fringe Rate: 0.53 Hz

Minimum Sampling Interval: 17 s with no horn rotation ; 30 s with computer
control led horn rota ti on

Array Geocen tr ic Coord in ates : Lat itude +37° 23’ 55”

Longitude +122° 1 1 ’ 22”
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changed in steps of 10 dB by insertion of calibrated attenuators. For

observing the astronomical calibrators 0 dB attenuation is used . The

largest attenuation that has been used on the sun is 30 dB. The 30 dB

attenuation would allow observing compact sources on the sun with

strengths as great as 100 solar flux units (I solar flux unit =

lO 22Wm 2Hz 1
). The manual mode does not compensate for drifts in the

instrumental gain. The major components of these gain changes are a

10% change associated with the switching of the delay lines and the

drift of the electronics gain with temperature which may be as large as

50%. The delay line gain changes are corrected to about 1% when processing

the raw data. The electronics gain drift is compensated for by observing

a c~’libra tor source every few hours. However, this still leaves an

estimated residua l gain error of about 10%. This residua l error limits

the accuracy with which we can reconstruct the ori gina l source brightness

distribution . The manua l mode has been used to observe solar active

reg ions; changes in the observed signa l due to radio bursts are fai thfully

recorded and absolute amp l itudes are better known than when observing in

the ALC mode.

In the ALC mode of operation the gain of each IF amplifier is

electron i call y controlled so that the output stays at a constant power.

When observ i ng an astronomica l source the noise contributed by the front

end receivers is much greater than the no i se from the radio source. The

automatic leve l control keeps the gain constant if the system no i se

temperature remains constant. However , the system no i se temperature

varies about 10% with tempe rature causing a correspond i ng gain drift.

3



Using a sufficient number of calibrators this gain variation can be

reduced to a few per cent. When observing the sun , the 12 000 K si gna l

from the sun is greater than the 400 K front end no i se by more than an

order of magnitude. If the signa l from the sun remains constant , the

ALC circuit acts as if it were an automatic gain control circuit and

compensates for any gain changes to better than 1%. This is the mode

used to observe the quiet sun . The therma l emission of the quiet sun ~~

a strength of 20 solar flux units within the 7’ sing le dish beamwidth ,

while the vary ing part of the quiet sun has a strength on the order of

0.01 solar flux unit. Thus the assumption that the solar signa l is

constant is i ndeed a good assumpt i on . However , the ALC mode suffers

from two disadvantages. One is that it caniot be used to look at strong

sources which are time-varying such as solar active reg i ons. The othe r

is that the absolute amplitudes of the complex visibi l ities are not well

determined . As the antennas are pointed away from an astronomica l

calibrator to the sun , the gain of the system is reduced by about 15 dB .

The exact magnitude of this reduction cannot be accurately measured at

present.

Each antenna has a linearl y polarized feedhorn that may be rotated

under remote control to positions of 0° or 900 (electric vector N-S or

E-W). The on-site computer controls the orientation of the feedhorns.

It takes a maximum of 12 seconds to rotate from one set of orientations

to another set. Morris et al. [1964] have computed the response of a

two—e l ement interferometer with arbitrary feedhorn orientations 
as:4
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where k is a term describing the fringe rate of an iriterferome ter , I ,

Q, U and V are the Stokes parameters , ~ denotes the orientation of the

major axis of the polarization ell i pse to the i-axis of the coord i nate

system defining the Stokes parameters , and 0 denotes the e ll i pticity

given by 0 = tan 1
p, where ji is the axial ratio. For the Stanford

array, 0 = 0, because of the linear feedhorns , and q may take va l ues of

0° or 90°. Taking this into account and reducing the form to tha t of

the calibrated comp l ex visibilities measured by a two-element interfer-

ometer , the comp l ex visibility may be written as:

V = V
1 cos(q 1

—~2
) + V

Q
cos(4~1

+~2
) + Vusin(4~i 4i~2) + v~sin(q~ -p 2

)

(2)

where V 1 , V~ , ~~ V~ are the v i sibi l it i es due to each of the four

Stokes parameters. For every antenna pair there are four possible

combinations of the 0° and 90° feedhorn orientations. These are 0-0,

90-90, 0-90, and 90-0, where the feedhorn orientations are for the east

and west antennas of each pair. Inserting the appropriate va l ues for

and 
~2 

in equation (2) we then obtain for the four combinations

mentioned:
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From these four measurements we can then calculate the v i s i bi l i t i e s  ,

the Stokes pa rameters:

V 1 ~-(V00 
+ v90 90)

V
Q ~(v 0_ 0 - v90 90)

VU ~-(V0_90 + V
900

)

- V
90_0) (4)

The five antennas of the Stanford interfe rometer are comb i ned to

create 10 antenna pa i rs , of which 9 yield independent measurements. A

minimum of 6 integrations is required to obtain all four Stokes parameters

for every antenna pair. The I and Q components alone could be measured in

two integrations , and the U and V components alone could be measured in

four integrations. Including time to rotate the feedhorns , the

interferometer has a time resolution of 30 seconds per integration or

3 minutes per data point when observing all four Stokes parameters.

2. QU IET SUN OBSERVAT IONS

The current lack of solar activity has made the present time an

id eal one for observ i ng the qu i et sun and it s assoc i a ted phenomena . Wh i le

6



there have been some observations at or near 2.8 cm [Kundu , 1974b;

Lang, 1974], they have all suffered from eithe r lack of resolution or

insufficient coverage in the u-v p lane to reconstruct the observed source

distribution . We have conducted observations of the quiet sun with the

Stanford interferometer on June 26 and Decembe r 9, 1 974 , and March Il

and 19, 1975. To gain more insi ght into instrumental effects we have

also observed the moon , the galaxy M42, the quasi-ste llar object 3C273,

and a region of the sky containing no radio sources.

We shall present the results of these observations by two types of

p lots. The first type is a perspective plot of the interfe rometer one-

dimensional scans versus time . Each scan spans a distance of 4 arc-

min ut es and is separated from the next scan by 20 seconds of time . The

intensity scale of each plot is shown by a vertica ’ li ne which is labeled

in astronomical flux units per arc-second (I astronomical flux unit =

10
_26

Wm
_2
Hz

_ 1
). The second type of p lot is the power spectrum of the

tempora l variations of the observed flux . These p lots represent the

average power spectrum across the entire field of view presented in the

perspective plots. The intensi ty scaling is in arbitrary units of power;

however , each plot is in the same arbitrary units.

The perspective plots of the blank sky and the galactic source M42

are shown in Figures 1 and 2. The blank sky shows essentially random

variat ions of the flux as time progresses. The M42 perspe ctive plot

shows the one-dimensional outline of the radio source with the random

fluctuat i ons due to receive r noise superimposed on top of the source.

7
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FIG. 3. Power spectrum of blank sky .
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FIG. L1~ Power spectrum of the moon.
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FIG. 5. Power spectrum of quasi-stellar object 3C273.
The prominent peak at 16 mHz is due to the switching
of the interferometer delay lines.
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The no i se fluctuations are on the same order of magnitude as in the blank

sky data. The power spectra of the blank sky , the moon , and 3C273 are

shown in Figures 3, 1+ and 5. The narrow peak at a frequency of 16 mHz,

which is especiall y p rominent in the 3C273 data , is due to the switching

of the interferometer delay lines. The switching, which is done once

every 50 seconds , introduces small gain changes in the interferometer.

Severa l of the solar spectra exhibit this 16 mHz peak. The increase of

the power spectra at frequencies be l ow I mHz is due to the finite numbe r

of data points taken in one run. For analysis of the data we shall

concentrate on the frequencies between 1 and 15 mHz. All the spectra can

be fit well by a curve of the power law type , f
fl
, which on the log

(power) vs. log(frequency) plots appears as a stra i ght line with slope

n. In the following we shall quote the va l ues obtained for n for each

of the sources we ooserved.

On all of the non-solar sources , the power spectra are essentiall y

fl at , ranging from a slope of 0 for the blank sky to -0.5 for 3C273.

None of these sources show any periodicity above the random fluctuations

in the spectra . From theoretica l considerations we expect each of these

sources to show a flat power spectrum with no period icity. The magnitude

of all of these power spectra is 3 orders of magnitude be l ow the solar

power spectra. From these non-solar observations we conc l ude tha t there

should be no instrumental effects showing up in the solar spectra in the

range of I to 15 mHz .

Fi gures 6 through 11 show the perspective plots followed by the power

spectra for solar observations on 9 December 1 974, 1 1 March 1 975, and 19

13



March 1975. The data taken on 26 June 1974 is omitted because of its

poor quality due to instrumental problems . All of the data was taken

at the center of the solar disk. The sunspot , calcium piage , and 2 cm

radio data are taken from SoLait Ge~ophy4-Lcai Vatix.

On 9 December 1 974 there were no visible sunspots or sources of

2 cm radio emission on the disk anc’ the nearest calcium plage was V from

the solar center. The perspective p lot for this date shows a number —

individua l sources whose lifetime is greater than one hour. The apparent

motion of some of the sources is due to the rotation of the interfer-

ometer ’s one-dimensiona l scans with respect to the sun. With the

exception of the delay line switching effect , the power spectrum shows

no prominent peaks , and has a slope of -2.

On II March 1975, McMa th Reg i on 13527 is located 2 north of the disk

center. However , there are no sunspots associated with the calcium plage.

A sing le dish scan with the Stanford array was unable to detect any sources

with a flux greater than 0.1 solar flux unit. The perspectiv e p lot is

similar in nature to the December plot. Since the sun is near a

declination of 0°, there is no apparent rotation of the interferometer ’s

scans. The power spectrum shows no prom i nent peaks except for the delay

line switching peak. The slope is -1.9.

On March 19, 1 975 there were no sunspots or calcium plages within

10’ of the disk center. The 2 cm radio emission showed no sources at all.

The pers pec t ive p lot show s considera b ly smaller amplitudes than the previous

two plots. Near the end of the data run , the sources decrease further in

amp litude . The power spectrum shows no prominent peaks and has a slope

of about -1.6.

14
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FIG. 7. Power spectrum from 9 December 1974. The
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of the interferometer delay lines. A straight line
fi tted to the spectrum has a slope of -2.0.
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FIG. 9. Power spec t rum of the solar obse rva ti on on
1 1 March 1975. The prominen t peak near 16 mHz is due to
the switching of the interferometer delay lines. The
slope of a straight line fit is —1. 9 .
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FIG. 1 1 . Power spectrum of the solar data on 19 March
1 975. The slope of a straight line fit is -1.6.
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Lang [1974] using the Owens Valley interferometer at 3.7 cm

observed periodic fluctuations of the quiet sun wi th periods of 180 to

750 seconds. The two-element interferometer stri p chart recording

presented by Lang looks similar to a single channel stri p chart

recording taken with the Stanford interferometer during the above

observations. Kundu 1974b using the Hat C reek two-element interfe r-

orneter at 1.3 cm found fluctuations in the complex vi s i b i l i t y .  These

fluctuations lasted on the order of 4-7 minutes , but he was unable to

find any periodicity . At Stanford we are so far unable to find any

well-defined periodicity in the power spectra ; however , the solar spectra

have a slope of about -2. The sources of the observed emission have

lifetimes longer than 2 hours; over a two-hour period the source

structure changes very little. The re are , however , fluctuations in these

sources , and in a few cases new sources appeared during an observing run.

3. EQUATORIAL COORD I NATES OF A SOURCE ON THE SUN

Over the last three decades the resolution of radio telescopes has

improved dramatica lly. The fir st radio measurements of the sun were made

with instruments whose beaimt,idth could be measured in degrees so that

knowing the position of the sun to within arc-minutes was entirel y

satisfactory . As instrumental resolution was improved , individua l

features were resolved in the solar emission , and it became necessary to

determine their l ocation to within a number of arc-seconds. Radio

telescopes now under construction , such as the Very Large Array , have

potential resolutions of much less than one arc-second. To take full

advantage of these increases in resolution , conversion from a solar
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coordinate system to a topocentric system must be achieved with sub-

arc-second accuracy.

Radio telescopes are typ ically pointed by specif y ing the source

pos ition in one of several coordinate systems . One of the mos t common sets

uses the equatorial coordinates of ri ght ascension and decl ination . For

the sun , the ri ght ascension and d”clination are continuous l y changing --

the ri ght ascension by 240 S 
to 26O~ per day and the declination by + ‘ ‘

~~~~
‘)“

per day. This chance of position requires that new right ascensions anG

declinations be computed frequently or that the instrument have the

capability of tracking a source moving in its prime reference system .

The American Ephemeris and Nautica l Almanac lists the position of

the solar center for an observer at the center of the earth in severa l

different coordinate systems. These listings are tabulated on a daily

basis. For purposes of computing the apparent right ascension and

declination of an arbitra ry point on the sun , we have used the tabulated

va l ues of apparent right ascension , apparent declination , and true

distance from the earth at 0 hours Ephemeris Time , and the solar P , B ,

and L angles at 0 hours Universal Time .
0

Apparent right ascension (1 and apparent declination give the

position at wh i ch the solar center would appear for an observer at the

cen te r  of the earth , including a correction for aberration . The ri ght

ascension is tabulated to O.Ol~ and the declination to 0 . 1 1 1 . The t r u e

distance f rom the earth Rd is the sun-to—earth center-to-center distance

measured in astronomica l units and is listed to 7 significant figures.

These first three va l ues may be interpolated to full accuracy using a

second order interpolation . The solar P , B , and L angles are listed
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in 11Th e Ephemeris for Phys i ca l Observations ” section . The P angle

denotes the position angle of the northern extremity of the axis of

rotation measured eastward from the north point of the disk. The P angle

varies over +26.3° in the course of a year. B is the latitude of the

appa rent center of the sun as seen from the earth , and varies over +7.25°

during a year. The L ang le is the Lngitude of the apparent solar center

as seen from the earth. The longitude is an arbitrary coordinate syst~

which was placed on the solar surface and assumed to rotate at 13.2 °/day.

L increases with time and completes one cycle in 27.3 days.

Since these six va l ues are onl y tabulated on a dail y basis , it is

necessary to interpolate to find their magnitude at an arbitrary time . A

Lagrange three-point interp olation was believed to be sufficiently

accurate to represen t the data. To test this hypothesis , the interpo-

lation was performed on the ri ght ascension and declination over a

tabulated interva l of two days to the days between and then compared to

the true va l ue at severa l time s during the year. The results of this are

shown in Table 2. in all cases the difference between the true va l ues and

the interpo lated ones never exceeded O.O2~ in ri ght ascension and O.2 11 in

declination . Since the tabulated interva l used is reall y one day , the

errors arising in practice wil l  be considerabl y smaller.

As of January 1 , 1974, Ephemeris Time was 44.5~~ greater than UTI ,

the observed Universal Time corrected for polar mot i ons , and was increasing

by l .l ~ per year. When interpolating the apparent right ascension ,

decHnation , and true distance to the earth , this difference must be

included . Each second of error in the estimation of the Ephemeris Time

wi l l  result in an instrumenta l pointing error of O.OO3~ in rig ht ascens i on

and a maximum erro r of 0.01611 in declination .
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There are a number of coordinate systems in use for listing the

position of features on the sun. In one the latitude and Carring ton

longitude are given . This heliographic coordi nate system rotates with

the sun and most sources move relative l y slow l y with it. The heliocentric

coordinate system g ives the position in terms of the solar latitude and

the distance in ang e from the central meridian of the sun . The latter

is sometimes referred to as the central meridian distance L , and may be

found from the Carring ton longitude L by

L = L -  L (5)

The Carringto n meridians rotate as a ri gid body but the sun does not.

For most purposes it is better to use the central meridian distance of

a source at a g i ven time .

The nominal solar rotation rate at a latitude , B , is g i ven by Allen

(1964) as

13.39 - 2.7 sin
2
(B) deg rees/day (6)

This formula was derived from observations of sunspots as they crossed

the sun , and is probabl y not hi ghly accurate for radio sources. However ,

it is the best estimate availabl e , and it has been adopted at Stanford

to compensate for the solar rotation during a day ’s observing session .

There are several ways to ca l culate the right ascension and declination

of a solar source g i ven the right ascension and declina tion of the solar

center and the latitude and centra l meridian distance of the source .

Woolard and Clemence (1966) show that for a feature having known distance

1. and position angle 
~a 

from a given location , the new position may be

written as
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6 — a + ~cos( P )
o a

a — ~ + t~s in(P )icos(6)o a (7)

assum i ng that terms on the order of (c~ - z ) 2 and (6 - 6 ) ~ may be

neg lected. For a source the size of the sun these neg lected terms may

be as large as 5” near the limb . For a source at latitude B , a centra l

meridian distance L , and a true distance from earth R , the source
c d

position may be written as

a — + 959 .63” [cos (P) cos ( B ) s i n(B)  + s in(P)  cos (B
d °

cos(B) Slfl (L
c
) — sin(B ) cos(B) cos(L )]

~ 
+ [s in(P) s in ( B) — cos(P) cos(B) s it1 (t

~~
)] 

(8)0 R~cos(t5) 
-

For most earlier radio telescopes these formulas provided

sufficient accuracy for l ocating solar sources . With some of the newer

instruments positions should be determ i ned to better than 1” , creating

the need for a calculation with higher accuracy . To do this we compute

the location of the source in three-dimensiona l space, and then convert

this to appa rent right ascension and declination .

Wollard and Clemence (1966) define equatorial rectangular coordinates

as

* — R cos(6) cos (cz)
y R cos(6) sin(a)

z — R s ln(6 ) (9)

whe re R is the distance to the source .

We shall define a geocentric coordinate system in wh i ch the x ’ axis

points from the center of the earth to the center of the sun , the z’ axis
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is in the plane defined by the earth’ s axis of rotation and the solar

center and points approx i matel y north , and the y ’ axis is the third member

of a right-hand coordinate system . Transformation from the xyz coordinate

system to the x ’y ’z’ system is given by

— x cos(ä ) cos(a ) + y cos(6 ) s in(ct ) + z sin(6 )

— -x sin(a ) + y cos (ci )
0 0 (

~o)
— —x sin(a0) cos(a0) 

- y sin(60) si n(a0
) + z cos(6 )

Substituting equation (5) into equation (6) yields the position in

rectangular coordinates in the x ’y ’z ’ system

— R[cos(6) cos (6 ) cos(ct - a) + sin(6) sin(6 )]

— R[cos(6) sin(cl - a0))

— R[sin(6) cos(6 ) - cos(6) sin (6 ) cos(cL — a)) (11)

I nversion of this transformation gives

~ + tan_ 1 [
~0 Lx ’ cos(60) - z’ sin (50)

_ 1 1 z’ cos (5~) + x ’ sin (6 ) 1
5’tan 2 ° (1 2)

Ly ’ + Lx ’ cos(60) 
- z ’ sin(60)1 J

Finally, we shall define a third coordinate system with Its ori gin

at the center of the sun such tha t
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— —R cos( B) cos(L )

y” — -R cos(B) sin (L )

— R5 sin(B) (13)

where R is the radius of the sun. Allen (1964) gives a va l ue for R of

0.0046523 astronom i ca l units.

The transformation between the x ’ y ’z’ coordinate system and the X
I I
Y

I
Z

s y s t e m  is  w r i t t e n

— R
d 
+ x’ cos ( B ) + y” s in (8 0) s in (P) - z” sin(B ) cos(P)

y fi cos(P) + z” sin(P)

z’ — x~ si n(S ) — y” cos (B ) s i n(P)  + z” cos ( B ) cos(P)

In terms of a source latitude and central meridian distance , this

becomes

— Rd 
- R [cos(B ) cos(S) cos(L ) + sin(B ) sin(P) cos(B) sin(L )

+ sin(S) cos(P) sin(S)]

— R5 [si n(P) sin(B) 
— cos(P) cos(B) sin(L

~
)]

— R (cos(B ) cos(P) sin(B) - sin(S ) cos(B) cos(L )

+ cos(B ) sin(P) cos(B) sin (L )]

(15)

S u u s i i t u t i o n  of triese va l ues for x ’, y ’ , and z ’ in equation (12) y ields

the rig ht ascens i on and declination of an arbi trary position on the solar

surface for an observe r at the center of the earth. This position doesn ’ t

includ e the effect of parallax due to the finite size of the earth. The

Explanatory Supplement to the Ephemeris (1961) lists the formulas for find ing
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correct right ascension and declination when going from geocentric to

topocentric coordinates as

~~~~ r cos (a ) sin(t - a )

a — t  - tan I ~~

S Lcos(69) cos(t5 - ctg) 
- 

~ cos(~~) sin(1T)

—l sln (6 ) — p sin (4~’) sin(Tr )a — t a n

L~cos 2 (6g)+ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

( 1 6)

whe re t is the loca l siderea l time at the observatory, c~ and 6 are the
S g g

apparent ri ght ascension and declination for an observer at the center of

the earth , and iT ~S the horizonta l paral lax. The values of p cos(~ ’) and

p sin (4’) are tabulated for a number of observatories in The American

Ephemeris and Nautical Almana c. For the observatory of the Stanford Radio

Astronomy Institute , these va l ues are

p sl n(q~~) — 0.60404

p cos(~ ’) 0.79542

The magnitude of the horizontal parallax is often listed in addition

to the source position in The American Ephemeris and Nauti cal Almanac. It

may also be calculated g iven the distance of the source from the earth in

astronomica l units R
ä 

by

— 
8”.794

Rd

(17)
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If the horizontal parallax is small , onl y the first order terms are

necessary in the correction . The topocentric ri ght ascension and

declination may then be written as

pcos (~
’) s in( t 5 - a

a — a  - i r s

L cos(6 )

6 — 6
9 

- ir [psIn(~ ’) cos(69
) - 

~ cos(~’) cos(t~ 
- cz~ ) s in ( 6

9]

( 1 8)

To convert from the solar latitude and central meridian distance to

appa rent right ascension and declination , the following procedure is

fol l owed .

I. Find the Ephemeris Time and UTI at the desired time for the

calculation .

2. Use a second order interpolation for the apparen t ri ght ascension

and declination of the solar center , the distance from the earth to the

sun , and the solar P , B and L angles.
0 0

3. If solar longitude is given , convert from it to the central

meridian distance using equation (5). If the central meridian distance is

given , compensate for differential rotation using equation (6).

4. Compute the appa rent righ t ascension and declination using

equations (12) and (15).

5. Correct these apparent positions for parallax using equations

(17) and (18).

Except whe re noted , the formulas contained w i th in  this sect ion are

exact. The accuracy of the answers is limited by the number of dec i ma l
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places to which the calculations are done. To achieve better than a

accuracy , the calculations must be done to at least seven significant

fi gures.

4. MAXI MUM ENTRO PY SOLUTIONS

i n te r f e ro met ers , such as the Stanford instrument , measure the Fourier

transform of the source bri ghtness distribution at a number of discrete

points. The location of these points is determ i ned by the antenna b~-

line as projected on the source brightness distribu tion . Each of these

measurements is referred to as the complex visibility for that particular

baseline . If all possible baselines of the comp l ex vi s i b i l i t y  were

available , we could in princi ple reconstruct the source brightness

distribution exactly. In practice , interferometers must be of finite size ,

to that beyond a certain elemen t spacing no measure of the complex

v isib i lity is obtained . Furthermore , baselines less than the maximum

spacing are often left unmeasured because of instrumenta l limitations .

This lack of data causes the reconstructed bri ghtness distribution to be

only an estimate of the true bri ghtness distribution .

One of the more common methods of estimating the true brightness

distribution is to assume that all unmeasured comp lex visibilities are

zero. In one dimension this direct transformation may be written

bD (x) - a 1 ~~~ ~~ cos(2iTs 1 x) - V~~ s1 n(2~s. x) ]

(‘9)

where II is the number of measurements , s. iS the interferometer element
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spacing for the ~
th measurement , and the complex v i s i b i l i t y  of the ~th

measurement is V .  = v i + ~ v i i . The weighting constant a
i

may be used to taper the array ’ s response in order to l ower the side lobe

levels.

The direct reconstruction has several drawbacks . Except under special

circumstances , the reconstructed brig ~itness distribution wil l  not agree

exactly with the measurements , and furthermore , the magnitude of this

discrepancy is independent of instrum ental errors . In most cases this

reconst ruc t ion  w i l l  show reg ions with negative bri ghtness temperatures ,

which are physically inadmissible. Finall y, the sidelobe structure w i l l

be fairl y comp licated causing difficul ty in the interpretation of the

bri ghtness distribution by those unfamiliar with the instrumental response.

If tapering is used to decrease the sidelobe levels , the resolution of the

instrument wi l l  be degraded signifi cantl y. Despite these disadvantages ,

the simplicity of this method has caused it to come into widespread use.

Another method which is computationa lly more complica ted has come

i n to  use recent l y .  It is often referred to as the maximum entropy method

of reconstruction . We shall in the next few paragraphs summarize the

method following the treatmen t of Wernecke and D’Add ario (1976).

In reconstructing a brightness distri bution , we wish to find a

solution which is consistent with the measurements within the errors of

these measurements. Unfortunatel y, for a finite number of measurements

there are an uncountable number of solutions that can agree with them . It

is necessary to select only one solution from this uncountable set. The

solution should be physically admi ssible , wh i ch eliminates any solution

containing a reg i on of negative brig htness. To select one solution from
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those remaining in the set , we choose to use the solution which maximizes

the entropy measure

H - J log [b(x)] dx 
(20)

In one sense , the entropy may be thought of as a smoothness criterion .

We fi pd that this maximum entropy solution has two hi ghl y desirable

characteristics : it is a solution that is physically admissible , and

it agrees with the measurements within the measurement errors.

To perform the solution on a di g ital computer , we break the Lr - ‘  -

ness distribution up into N equally spaced element s separated by a le~ yLh

of tx. Each of these elements is referred to as a pixel. The entropy

measure is then writ ten discretel y as

N
H — t~x �_ log [b(x k

)] 
(21)k— I

We also define an erro r—squared term which describes the discrepancy
between the reconstructed bri ghtness distribution and the measurements as

E — v . - ~x L b(x
k
) exp (j2iTs1 

X
k 

~ 

2

I— i o. k~ l
(22)

where 0 is  the variance of the i measurement.

From these two terms we may then define an object function which we

wish to maximize as

J(b(x ).b(x 2),...,b(xk)) H - AE
1 ( 23)

wher e  I is a Lagrange multiplier. Making A larger tends to decrease the

discrepancy between the estimated brightness distribution and the

measurements.

There is no exact method for calculating A so that the discrepancy
between the reconstructed brig htness distribution and the measur ements is

of a certain magnitude. Wernecke and D’Addario (1976) have shown that a

reasonable estimate of A may be made from
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Ax
A —

2(1 + v 1/a1) (24)

where V
1 is the vi s i b i l i t y  of the zero spacing and 01 is its variance.

Further adjustment of A may be necessary if this va l ue doesn ’ t give a

satisfactory solution .

Differentiating the objective function J with respect to the

pixe l and setting this equa l to zero , allows one to solve for the

thbr ightness of the 9, pixel.

- 
~~ ~t,k 

b(x k) +
~~~

OL 
- 

~~,k b(x k)] + 4 Ax

b(x t) —
2Ax Pt ~

k - 2A cos [2iTs .(x~ 
- Xk)) 

(26)

i=1

- 2). 
~~l ~~~ 

[V~~ cos (2iT s.x t ) - v .W s
~~

(2 iTs .x t)] (27)

k 
is the point source response for this particular set of

measurements and 09 is a representative of the direct transformation .

Th~ calculation is performed repetitive l y wi t~ varying from I thru N

until the solution has satisfactoril y converged to the maximum of the

objective function . Since the maximum va l ue of the objective function is

unknown , there is no simple way to determine how far the solution is from

convergence. A me thod which has performed adequately in practice is to

continue iterating the solution until ‘he reconstructed bri ghtness changes

insignificantly from one iteration to the next. In the maximum entropy
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solutions which are in the next section , a change was considered to be

insignificant if the p ixels changed by an r.m.s. of Tess than O.OY.

The point by point maximum entropy method has been implemented at

Stanford on an IBM 370/168 computer . For a typical solar active reg i on

it was found that it takes about 100 iterations for a 55 pixe l solution

to converge sat isfac ioril y. The a~’prox i mate running time for each

so lu t i on  w~ s less than I second , or a cost per solution for CPU t i~~

under 2O~ . While this is a considerabl y hi gher cos t than finding the

direct transform solution , the overall cos t s t i l l  comes out small when

compared to the cost of obtaining the data and di splay ing the results.

Much of the data taken on the sun has inLi uded the polarized

component of radiation from the sun . This data in genera l shows that the

Stokes Q and U components are at or below the instrumental polariza tion

levels. The Stokes V component within solar active regions may be

significantl y above the instrumental polarization . Ponsonh~ (1973) has

derived an entropy measure for polarized radiation in terms of the Stokt ~

parameters. Expressed discretel y it is

H - Ax log [b
~
(x
k
) - b

~
(x
k
) - b

~
(x
k
) - b

~
(x
k
)] ( 28)k— I

For th e sun we can assume that the b
Q
(x) and b

u
(x) components are

/ ‘r ’~. This leaves

H ~x log [b
~
(x
k
) - b

~
(x k)] (29)

k— I

This equation ;~ then decomposed into
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H = Ax log [b j(xk) + bv (xkfl + ~x log [b I (xk) 
- bv (xk)]k=1 k=1 (3 0)

S i m i l a r l y  if the complex v i s i b i l i t i e s  are V
1 (s) and Vu (s), 

th (

error-squared term is written as

M N
E — L 

~~~ 
[ jV~ 

~~~ 
Ax b

1 
(x k ) exp (j2 iTs

~ 
x k) 

1

2

I—I a~ L k— I

N
+ V (s.) - Ax I. b (x ) exp(j2ts. x )V k—I V k i k j  (3 1 )

which is equa l to

E - 
~~~~ ~~kV i

(s .) + V
~

(s .) ] - Ax L [b J (x k ) + bv (xk)J exp (j2iTs. xk) 
2

+ ~[V 1 (s .) - vv (s.)~ 
- 

~x L [b I (x k ) - bV (xk
)] exp (j2~s. xk

) 2}
k—I

(3 2 )

Breakinq the entropy and error-squ ared terms into two parts such

that subscri p t 1 terms are f rom the I+V components and the sub script 2

terms are from the I-V componen ts , the object function may be written as

— ~I + — [H
1 

- X E
1 ] + [H2 — AE

2
]

(33 )
The J 1 and J

2 parts are solved separately for the I+V and I-V

components of the rad iation . The sum and diff erence of these two

~~lution s is then taken to find b 1 (x) and b
~
(x). Thi s was the method used
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to so l ve for the polarized one-dimensional scans presented in the next

section of this report.

5. DESCRIPTION OF SOLAR RADIO BURSTS

I n this sect ion we shall present the maximum entropy solutions for

four radio bursts which have been observed with the Stanford interfer-

ometer. All  of this data is presented as one-dimensional scans across

t he ac t ive reg ion in approx i matel y an Eas t to West direction. The e~~e~t

angle of the scans depends un the solar P angle , the declination , and

hour-angle at the time of the observation . The scan angle in no case

rotated in excess of 10° dur ing any of these bursts. The reconstructed

bri gh tness distributions have an r.m .s. disagreement with the orig i n al

com plex v i s i b i l i t y  measurements of 5-l5~- . This disagreement is on the

same order as the estimated instrumenta l measurement error of l0~’. A

lis ting of the bursts wh i ch have been observed is g i ven below .

Ti mes of Interferometer
Da te Observation (UT) Pointed At

7/ 3/73 1918 - 191+ 1 Nl O E22

9/ 2/73 2153 - 2253 S2l E55

1 0/ 6/71, 2035 - 2256 N l 0 E70

6/16/76 22140 - 2408 NOS E50

With the exception of the 2 S~~~ternbe r 1973, the interferometer was

pointed ri gh t at the location of the burst. The bursts of 6 October 1971+

and 16 June 1~ 76 were measured for both their total inten sity and circularly

polar ized components of emission . Measurements of only the total intensity

were obtained for the earlier two bursts.

The radio bu rst of 3 July 1973 was locatec at the site of a bright

h i  suhf lare. The r~axirnum entropy solutions for this burst are shown in
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Figures 12 thru 17. Before and after the burs t the active region consisted

of one predominant source and several lesser ones. A two-dimensional map

made from observations of the interferometer for the entire day shows that

t he main source coi ncides in pos i t ion wi th the primary sunspot of this

active reg ion . Fi gure 6 is a plot of the flux , pos i tion of the peak , and

full-width to half-power of the pred ciinant source versus time . There is

a s l i gh t increase in the flux around 1926 UT , followed by two peaks ~n

1933 and 1936 . The Hc~ flare pa trol film taken at the Sacramento Peak

Observatory shows that the flare also had two distinct peaks , but earlier

in time at 1931 and 1935. The flare itself brightened in a small region

north and sli g htl y west of the sunspot. Projecting the baseline of the

Stanford interferometer on the sun at the time of the observation , we

find tha t the flare would appear to the interferometer to be 5-10” wes t of

the sunspot. At the times of maximum flux from the burst , the loca t ion of

the peak radio bri gh tness is 5” furthe r west than before or after the bur st.

Fur thermore , the width of the source is severa l arc-seconds wider durin g

the time s of maximum flux. Both of these effects would be expected to

occur if the radio burst was emittin g west of the sunspot radio emission ,

but at a distance not grea t enough to be resolved into two components. It

appears in all likelihood that the burst emission is radiating from the

same reg ion as the solar flare , bu t with a several minute time delay.

The rad io burst of 2 September 1973 had a lifetime in excess of one

hour. Pre—burst scans , plotted in the first two frames , show three

components. In the third frame , taken an hou r later , al l  three of the

components have increased dramaticall y in strength. The central component

is strongest , and decays in brightness in the following frames. The lef t
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FIG. 12. Radio bu rs t of 3 Jul y 1973 , frames 1 thru 6. Position is plotted along
the abscissa , 10” pe r division . The ordinate shows the flux with a scale of
500 Jy/” per divis ion . The sofld line represen ts the bri ghtness of the total
in tensity of the radiation . The time of each frame is given in UT.
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FI G. 13 . Radio burst of 3 Jul y 1973, frame s 7 thru 12. Position is plotted along
th e abscissa , 10” per division . The ordinate shows the flux w i th  a scale of
500 Jy/” per division . The solid lin e represents the brightness of the total
in t en sity of the radiation . The time of each frame is g iven in UT.
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F I C~. 14 . Radio burst of 3 Jul y 1973, frames 13 thru 18. Position is plotted
alo ng the abscissa , 10” per division . The ord i nate shows the flux with a scale
of 500 Jy/” per d iv ision . The solid line represents the brightness of the total
in tenS ity of the radia tion . The time of each frame is given in UT.
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FIG . 15. Radio burst of 3 Jul y 1973, frames 19 thru 21+. P o s i t i o n  is p lotted
alon j the abscissa , 10” per division . The ordinate shows the flux with a scale
of 500 Jy/” per c i i ision . The solid lin e represents the bri ghtness of the total
intensity of the radi ation . The time of each frame is g iven in UT.
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FI G. 16. Radio burst of 3 July 1973, frames 25 thru 29. Position is plotted
along the abscis sa , 10” per division . The ord i nate shows the flux with a scale
of 500 Jy/” per d i v i s i o n . The so l id  l ine represents the bri ghtness of the total
intensity of the radiation . The time of each frame is given in UT.
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component increases in intens i ty until 2206 UT and then also begins to

decay. The right component is onl y distinctly visible in the frames of

2154 and 2156. (See Figs. 18—21.) After that it merges into the ri ght

side of the centra l component. At the end of the event onl y the centra l

component is s t i l l  visible. The overall source is considerably broader

at the end than before the event began , and the brightness of the source

is intensified. The drift of the sources to the left during these scans

is due to the interferometer being pointed south of the true posi ti o f

the radio burst. By measuring the rate of this drift with time , it can

be determined that the interfe rometer was pointed 4’ south of the burst ,

if we assume that the sources didn ’ t change their positions during the

event. A pointing error of this magnitude w i l l  decrease observed fluxes

by more than 5O~ , and consequently we g ive no absolute fluxes for this

event. The burst has been d iscussed in more detail by Fe l l i  et al. (1975).

The radio burst of 6 October 1974 was another multi-comp onent event.

The maximum entropy solutions for this event are shown in Fi gs. 22 thru

21+. This is the first burst observed at Stanford for which we also

obtained polarization . It requires 6 separate integrations , wh i ch take

a minimum of three minutes , to determine the circular polarization of one

scan. If the irtterferometer were equi pped with circularly polarized feed-

horns , the same amount of information could be determined in 40 seconds.

Before the burst , the emission of this reg ion originated in two

components. The left componen t had a flux of 57 kJy and was ri ght-hand

p o l a r i z e d  at 5~t. This is not si gnificant considering the estimated

i nst rumen ta l  p o l a r iza t i o n  levels. The left component had a flux of 56 kJy

and was ri ght-hand polarized at l4~ . For purposes of computing the flux
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Fl ~~. l~~. Rad ic  b~irs t of 2 September 1973, frames 1 thru 6. Position is plo tted
along ~~ abscissa , 10” er division. The ordinate shows flux with an unknown ,
but cois ant , sca ing ~~ t o~ . The solid line repres ents the ~ri u utness of the
total I r ~~& u i s i t - / of the r~id i- i t  ion . The time of each frame is g i ven in UT.
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22’ 3146 22’ 6’ 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~9/ 2/73 9/ 2/73
22’ 8134 22’10’59

9/ 2/73 9/ 2/73

22’13’21 22’15’52

F IG. 19. Radio bur st of 2 Septembe r 1973, frame s 7 thru 12. Position is plotted
along the abscissa , 10” per division . The ordina te shows flux with an unknown , but
constant , scaling ~actor . The solid line represents the bri ghtness of the total
i n t e n s i ty  of the r a d i at i o n . The time of each frame is g iven in UT.
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FIG. 20. Radi o hur st of 2 S~ pt ern h~~r 1973, fru i ’~ 13 thru 18. Position is plotted
u l ’ n j  he absciss~ 10’ - er d iv i s i o n . The ordina te shows flux with an unknown , but
constdni , scal ier , factor. The solid li n t represen ts the brig htness of the t ot a l
i n t e n s i t y  of the r .idia~ inn . The time of each frars is given in UT.
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R IG . 2 1 . Radio bur st of 2 September 1973, frames 19 thru 24. P o s it i o n  is plotted
along the abscissa . 10” per division . The ordinate shows flux with an unknown , but
constait , scaling ‘actor. The solid line represents the bri ghtness of the total
intensity of the radiation . The time of each frame is g iven in UT.
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F V ~. 2 2 .  Radio bur st of 6 O toher 1974 , fram es I th r u  6. P o s i t i o n  is p l o t t e d
;
~lonq thi  absci ssa , 10’’ per division . The ordinat e shows the flux with a scale
of 500 Jy/’’ per division . The solid line rep ’ e~ents the br iohtness of the Stokes

con p i > n s r t  , the - ,hed 1 inc the Stokes V compone nt. Time of each f ra i l e  is  g iven
ri UT .
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FIG . 23. Radio burs t of 6 October 1974 , frames 7 thru 12. Position is p lotted
i’lorg the abscissa , 10” per divi s on . The ord i nate shows the flux with a scale
of 500 ~iI’ per ci~ v isi on . The solid line represents the brightness of the Stokes

component , the dashed line the Stokes V component. The time of each frame is
~iven i n UT .
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P IG . 2~~. R~ d i ~ burst of 6 3ctoher 1974 , f rames 13 thru 17 . Position is plot ted
along ~h i- abscissa , 10’’ per division . The ord inate shows the flux with a sral e of
3U J 7/’ per d i v isio n . The solid lir e represents the bri ghtness of the Stokes I
component , the da-~-i , d l i i e  the Stoke s V component. The time of each frame is
g iven in UT.
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and percentage polarization , we assumed that the left source went from

the left edge of the plot to 2” right of center , and the rest of the

plot contained the ri ght source.

A graph of the flux in the left and ri ght sources and the

polarization percentage of the right source versus time is shown in

Fi gure 25. The first evidence of the burst occurred in the ri ght source

in the frame at 2 11 5 UT when its flux increased 2O~ . It then rose

rap idl y to a peak bri ghtness in frame 2128 and a peak flux in 2138.

The flux then decayed to a relative l y constant leve l of 90 kJy by the

frame at 2207 UT. The peak brightness continued to decay thru the last

frame . With the exception of one data point, the polarization remained

in the range of l 2 - 15~ t hroughout the event. The one except ion may be

in error since it was taken near the time the flux was changing at its

maximum rate.

The flux of the left source didn ’ t start increasing until the f rame

at 2128 UT , and it rose to its peak brigh tness and flux in 2144. It then

decayed until 2212 where its flux remained constant at 100 kJ y. Its

bri ghtness also continued to decrease thru the last frame . At no time

during this even t did this component exhibit a polarization in excess of

51 . Toward the end of the event, the source distribution broadened

considerably.

The radio burst of 16 June 1976 is shown in Figs. 26 and 27. Before

the event the emission dis tribution showed three sources. The ri ghtmost

of these sources increased Its peak br ightne ss by a factor of 7 in 15

minutes , and then decayed until the end of the observation 40 minutes

later . The othe r two components showed much smaller increases in their
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FI G. 25. The t vlO component radio burst of 6 Octobe r 19714 . The time in UT is
p lo t ’ cd along the abscissa. The diamonds show the flux of the left component , and
~hi. c~~rJ e s  the f 1j x  of tne right component. The percentage of ri ght circular
pol a r izat i on of the ri ght source is shown ‘by the stars. The left source had no
s qni fica ri t polarization .
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FIG. 26. Radio burst  of 16 June 1976 , frames 1 thru 6. P os i t i o n  is  plotted along
the abscissa , 10” per division . The ordinate shows the flux with a scale of
500 Jy/” per division . The solid lin e )~ o~resents the bri ghtness of the Stokes I
componen t , the dashed line the Stokes V co4il~Qr~ent. The time of each frame is in
UT. 
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FiG. 27. Radio burs t of 16 June 1976 , frames 7 thru 11. P o s i t i o n  is plotted along
the abscissa , 10” per divisio - * . The ordinate shows flux with a scale of 500 Jy/”
per d i v~~ ion . The solid line represents the bri ghtness of the Stokes I component ,
the dashed line the Stokes V component. The time of each frame is in UT.
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bri ghtness. In the frame of 2329 UT , 10 minutes after the start of the

burst , the emission distribution is beginning to show a broad diffuse

character. This continues to become more predominant until the end of

the observations at 2408 UT.

Before the burst none of the components showed any si gnificant

polarization . At the peak of the burst , the ri ght component exhibited

both directions of circular polarization , ri ght circular on its le~~

side and left circular on its right side. The percentage of polarization

is about the estimated instrumental error for measuring circular

po larization , and the maximum entropy reconstruction differed from the

circular polarization complex v i s i bi li t i es by 25~ , far above the norma l

1O~ discrepancy . The significance of this polariza tion is not

determinable at this time .
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6. INTERPRETAT I ON OF THE RADIO BURSTS

Kundu (1965) has classified microwave radio bursts into three types ,

each of which is thought to be caused by a distinct emission process. A

simple burst (Type A) is characterized by a rapid rise to a peak va l ue

and a subsequent s1~wer decline . Its duration is on the order of 1 to 5

minutes. The burst may be partiall y circularl y polarized , and its

diameter is generall y in the range of I’ to 1.6’ . The burst s caused by

the emission of non-the rma l bremsstrahlung or synchrotron radiation from

the energetic electrons re l eased and accelerated during a flare.

The post-burst emission (Type B) follows a simp le burst or a group of

simple bursts. Its duration is several minutes to several hours and its

polarization is of the same nature as the simple burst wh i ch preceded it.

The source of the emission appears to radiate from a diffuse regions of

relative l y large diameter (>3’) . This type of burst appears to be caused

by therma l bremsstrah lung.

The gradual rise and fall burst (Type C) is characterized by a slow

r i se  to a maximum intensity and a comparative l y slower decline to the pre-

burst level. Its duration is on the order of 10 minutes or longer. In

mos t cases the emission is partiall y circularl y polarized . The source of

the emission is a localized hot reg ion of small diameter (<1’). Thi s

type of burst represents the preheating and compression of the flare

reg ion . Kundu (1965) believes that most solar microwave radio bursts may

be represented by one or more of these three classifications,

The event of 3 Jul y 1973 was a simple burst. The burst was

coincident in time and position with an Ha subflare . However , the two

peaks In the radio brightne ss were 1-2 minutes later than the correspond i ng

two peaks in the Ha light curve. The de l ay Imp lies that the electrons

57



accelerated in the flare process took severa l minutes to t rave l to a

region in which their microwave radiation could propagate away from the

sun . The diameter of both the radio bur st and the subflare was less

than 15” . The location of the radio emission from the radio burs t is not

the same as the emission from the S-component. Figure 17 shows the burst

emission to be approx i mately 5” west of the S-component emiss ion . This is

consistent with the S-component emission arising above the sunspot and the

burst emission orig inating above the subflar e reg i on .

The other three radio events observed at Stanford were all post-

bursts. In each case the time resolu tion of the interferometer was

insufficient to resolve the simple burst which mos t like l y preceded the

post-burst. All three of these events had several charac teristics in

comon ; their typical evolution could be described as follows . Before

the onset of the burst the active reg i on would consist of several distinct

sources of S-component rad io emission . One or more of these sources would

brighten , reaching a peak flux in less than 30 minu tes .  If more than one

source bri ghtened , the time profiles of each source ’ s flux didn ’ t coincide.

The polarization percentage of each source rema i ned nearl y constant throug h-

out the event. During the latter phases of the event , a diffuse source of

unpolarized emission would appear with a diameter of several arc-minutes .

The total duration of each event was an hour or longer.

There appears to be two distinct types of emission responsible for

each of these events. The brightening of the pre-exis ting sources is one

type of emiss ion and it is probably caused by an enhancement of the solar

S-component radiation . The diffuse source of unpolarized emission is the

other type . The solar S-component emission is gene rally throught to be

caused by gyro-resonance emission , wh i ch is therma l bremsstrah lung in the
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presence of a sufficiently intense magnetic field (Kundu , 1965;

Zheleznyakov , 1970). The emission occurs in the gyro-resonance levels

above sunspots , and its intensity is proportional to the electron

temperature in the gyro-resonance leve l s. The diffuse source of

unpolarized radiation could be caused by therma l bremsstrah lung.

We propose the following model to explain our observations of the

post—burst events. Ini t i a l l y a solar flare heats a small reg i on of ft’

solar atmosphere . The electrons accelerated by the flare process radi at

the radio emission associated with a simple burst. The small heated

reg i on expands due to gas pressure and conduction , and at the same tine

its tempe rature is decreasing because of radiation losses and heating of

the adjoining atmosphere. The heated reg ion w i l l  radiate electromagne tic

er-.ission primaril y by the rma l b rernsstrahlung. This emission would be

observed as an expanding unpolarized radio source.

If the heated reg i on ’s expansion should intersect a gyro- resonance

emission laye r , the gyro- resonance emission would increase proportional to

the increase in temperature in the emission layer. As the heated reg ion

continued to cool , the gyro-resonance emission would gradually decrease to

its pre-burst intensity. The expected effect would then be a rap id

increase in the gyro—resonance emission as the heated reg ion intersects

the gyro- resonance emission l ayers , and then a slower decline as the

heated reg i on continues to cool. If more than one gyro-resonance source

is present , each should show a different intensity profile since it is

unlike ly that the heated reg i on ’s expansion would reach each source at the

same time .

This model is in genera l agreement with the soft X-ray observations

of solar flares. Horan (1970) and Kahler et al . (1970) have calculated
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the temperature and emission measure for a numbe r of X-ray flar es ,

assum i ng that the X-ray emission is radiating from an i s o t r o p i c  plasma .

The emission measure is defi ned as the (electron density) x (ion density)

ntegrated over the vo l ume of the plasma . In each of the events wh i ch

they report on , the temperature reaches a maximum near the beg inning o

the X-ray flare before the peak X-ray flux. The temperature then beg ins a

slow decay. The peak emission measure doesn ’t occur until after the peak

flux , and in a numbe r of events the emission measure was s t i l l  increas i~~

at the end of the event. In mos t events the emission measure increased

one to two orders of magnitude . The most like l y way for the emission

measure to increase is for the plasma to heat the surrounding gas by

conduction . This would increase the vo l ume and decrease the temperature.

This is the same sort of effect we propose in the model to explain the

post-burst radio observations .

Fe ll i et al . (1975) have calculated the expected radio flux for the

2 September 1973 even t using the X-ray temperature and enhi ssion measure ,

assuming that all of the radio emission is radiating by therma l brems-

st rahlung. They f ind that the measured radio f lux is 2- 14 t imes g rea te r

than the expected flux . Furthermore , their measured radio flux is at

least a fac to r  of 2 too low , since the interferometer was pointed 4’

south of the burst l ocation . This means that the measured radio flux i s

a factor of 14-8 greater than the predicted flux. However , Fe ll i et al .

(1975) didn ’ t take into accoun t the gyro-resonance emission from this

act ive reg ion . Comparing the pre-burst w i t h  the burst scans , it is clear

that the gyro-resonance emission from the pre -existing sources is the

dominant component during the burst .  The measured and predicted therma l

bremsstrah lung are probably in much closer agreement than F e ll i et al .

(1975) lndicatcd.
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In conc lus ion , we be l i eve  tha t  the cen t i - le t e r  pos t- burs t  emiss ion

is caused by two distinct emission mechanisms . The diffuse unpolarized

emission is therma l bremsstr ahlunq and the enhanced S-component is gyro-

resonance emission . The time evolution of the pos h -bur st emi ssions can

be explained qua l itatively by a small hot regien heated during a solar

flare , and then expand i ng as it cools .

7. RECOMMENDAT I ONS FOR FUTURE WORK

The Stanford interferome ter was used to observe the sun for more than

1400 hours du r ing the period of this -ontrac t . During this time onl y 4

radio bursts were observed; this is a rate of roughl y one radio burst per

100 hours of active reg ion observations. Since the interferometer is

limited to observing one active region at a time , the rate reflects th~:

likelihood of a burs t occuring in a selected active region , and it could

possibly be improved by better selection of active reg ions.

The basic limita tion of this work is the lack of radio bursts. Fou r

bursts is too small a sample from wh i ch to make firm conclus i ons. With

proper funding the Stanford interferometer could obtain more than 1000

hours of solar observing per year , and thus would observe many additional

microwave bursts. This type of program would also allow the evolution of

the solar microwave emission to be studied.

Second l y, the burst data should be obtained with better ti r ” c

resolution . Presentl y, the Stanford instrument is limited to 20 seconds

per measurement without polarization , and 3 minutes with circular

polarization . The latter interval has been insufficient to resolve a

simpl e burst from a post-burst , wh i ch is i mportant for determin ing the

feasibility of the model presented in the previ .us section . Simple changes
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to the interfero meter would al low measurements w i th no polarization to

be made in less than 5 seconds , and with circular polarization in less

than 10 seconds.

T~()—~1tmen sional resolution of the radio bur st s would be very

desirable. ~oweve r , it  is  un l ike ly t hat new instruments w i t h  t h i s

capability, such as the VLA , will  be useful for thi s purpose due te tr~

l i m i ted observing time available.

In conclus i on , high resolution measurements of selected act i’.

reg ions should be made on a regula r basis in the centimeter radio reg ion .

These measurements should have a spatial resolution of much less than 1’ ,

a time resolution of less than I minute , ~nd the capabili ty of detecting

circular polarization . The measurement s should be oriented to detecting

microwave radio bursts when they occur. A better understand i ng of the

origin of the microwave radio bur st could lead to significant insi ght

into the solar flare process.
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