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ABSTRACT

We present five examples of solar flares observed with the 17-GHz interferometer

at Nobeyama in which a secondary microwave burst occurred at a distance of 10-* to

10° km from the primary flare site. The secondary microwave burst in all five

cases had a similar time profile to the primary burst with a delay of 2 to 25 s.

The velocity of a triggering agenct inferred from this delay and spatial separation

is 10 - 10^ km s~l. The intensity of the secondary burst was a factor of 3

to 25 smaller than that of the primary burst in all events except for one case

in which it was a factor of 2 larger. The polarization degree of the secondary

burst at 17 GHz was > 35%, significantly higher than the average value for typical

impulsive bursts. Two of the events were accompanied by meterwave type III/V

bursts located high in the corona between the primary and secondary sites. For

two of the other events, X-ray images of the secondary source were obtained with

the Hard X-Ray Imaging Spectrometer on the Solar Maximum Mission. A new X-ray

source was observed in the region adjacent to the secondary microwave source and

was associated with the faint Ha brightenings. No other Ha brightenings

we_re observed at the secondary site for any of the other events.

These observations strongly suggest in each of the five events that the

distant microwave burst was produced by electrons with energies of 10 to 100 keV

which were channeled along a huge loop from the main flare site to the remote

location. In two events, there is evidence that the electron stream from the

primary flare site triggered a sympathetic flare within the remote region.
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I. INTRODUCTION

Since the start of routine observations with the 17-GHz solar radio

interferometer at Nobeyama in 1978 (Nakajima et^ al_. 1980), it has been noticed

that some microwave bursts are accompanied by remote brightenings far away from

the primary flare sites. Remote brightenings have also been reported in Ha and

in meterwave emissions. They are believed to result from one of two causes:

shock waves or fast electrons.

Weak, distant brightenings in Ha emission are known to be caused by the

shock wave from an explosive flare. This so-called Moreton wave emanating from

the flare site causes progressive, short-lived Ha brightenings of small points

in the chromoshere, and the activation of filaments (Svestka 1976). Rust and

Webb (1977) suggested on the basis of their analysis of Skylab X-ray data that

distant Ha brightenings are caused by slow-mode shocks guided by coronal

magnetic loops which can sometimes be seen in soft X-rays. On the other hand,

some authors have suggested the possibility of a sympathetic flare being triggered

in another active region by a shock wave (Becker 1958; Valnicek 1961; Smith and

Harvey 1971) or by energetic particles from the main flare site (Simnett 1974;

Gergeley and Erickson 1975). The reality of sympathetic flares is still open to

doubt, however, after careful statistical considerations of Ha flare occurrences

in different active regions (Svestka 1976).

It has been suggested that distant meterwave and Ha brightnings are

caused by the transfer of electrons from the primary to the secondary flare

site. Kai (1969) presented some examples of correlated bursts from separated

sources observed with the 80 MHz radioheliograph at Culgoora. Successive bursts

of similar amplitude were observed to occur from two centers within 10 s of one



another. The initial burst was a normal-drift type III burst and the triggered

burst was a reverse-slope (RS) Type III burst, thus suggesting the passage of an

electron beam along a large loop. Kai deduced the propagation velocity of 0.3 c

similar to that of electrons responsible for type III bursts. Tang and Moore

(1982) reported distant Ha brightenings following two large flares, one of

which was accompanied by large groups of RS type III bursts. They suggested

that the remote Ha brightenings were initiated by the electrons producing the

RS burst after they had travelled along the magnetic loops connecting the flare

site to the remote patches. Most of the energy to produce the observed Ha

bright patches was believed to have followed the electrons in the form of thermal

conduction. Recently, Kundu et^ a^. (1983) using the NRAO Very Large Array (VLA),

observed a microwave brightening at 5 GHz following a distant subflare. A loop-

like structure was also observed at this time stretching > 10^ km from the

primary site to the remote bright point. Faint Ha brightenings were also

detected simultaneously at the same remote location. They suggested that the

Ho distant brightenings were caused by the transfer of electrons with velocities

> 6000 km s~l (0.1 keV) originating in the high energy tail of the thermal electron

distribution at the primary flare site.

In this paper, we present five examples of distant microwave brightenings

at remote regions that were ^ 1.5 x 10^ to 9 x 10^ km from the primary flare

site. Our observations suggest (1) that the observed secondary microwave bursts

are caused by electron streams with velocities greater than several x 10 km s~*

(> 10 keV), (2) that the distant microwave burst is closely related to meterwave

Type III/V bursts, and (3) that such an energetic-electron stream from the

primary flare site is able to trigger a second new flare by an unknown mechanism

at the secondary flare site at the footpoint of the huge coronal loop.



II. INSTRUMENTATION

The microwave observations were made with the 17-GHz interferometer at

Nobeyama, Japan. The meterwave observations were made with the spectrograph and

the radioheliograph at Culgoora, Australia. The X-ray observations were made

with the Hard X-ray Burst Spectrometer (HXRBS) and the Hard X-Ray Imaging

Spectrometer (HXIS) on the Solar Maximum Mission (SMM).

The 17-GHz interferometer at Nobeyama has been described by Nakajima et al.

(1980). It is an east-west one-dimensional interferometer of a multi-correlator

type with a compound-type array. The fundamental spacing dQ is 170 cm = 96.4 X

where X is the wavelength = 1.76 cm. The maximum spacing was 3856 X (= 40 do = 68 m)

which corresponds to a spatial resolution of about 40". The spatial resolution

was improved to about 20" in July 1981 by installing a new antenna 68 m west of

the original westernmost antenna to provide additional Fourier components for

spacings every 4 fundamental units (4 d0) from 44 do up to a maximum of 80 do

compared to the original maximum of 40 do (Nakajima et al. 1983). By the inversion

of the observed Fourier components, unambiguous east-west profiles of the Sun

are obtained for both right- and left-handed circular polarizations with a

maximum sampling rate of once every 0.8 s. The accuracy of absolute position

determination is estimated to be ± 10". When the profiles are synthesized by

applying the Hamming data window used in this study to the observed Fourier

components, the estimated sidelobe levels are usually less than a few %.

The radioheliograph at Culgoora has been in routine operation at 40, 80, and

160 MHz (Wild e£ al. 1967; Sheridan e£ al. 1973) and at 327 MHz since 1982. The

radioheliograph data discussed in this paper consist of two-dimensional images

for both circular polarizations at 80, 160, and 327 MHz. The spatial resolutions

are 3.75' at 80 MHz, 1.9' at 160 MHz, and 0.95' at 327 MHz, while the time resolution



is 1 s at the maximum sampling rate.

HXRBS provides measurements of the whole Sun X-ray emissions in the energy

range from 30 to 500 keV (Orwig j2£ £l. 1980). A 15 channel spectrum is obtained

every 0.128 s.

HXIS has been described by van Beek et^ al. (1980). The instrument provides

two-dimensional X-ray images of the Sun in the energy range from 3.5 to 30 keV

covered in 6 channels. The sensitivity of the instrument is such that only

flares with a strong hard X-ray emission are imaged in the two highest energy

bands (16-22 and 22-30 keV). The spatial resolution is 8" (FWHM) over a 2'40"

fine field of view and 32" over a 6' 24" coarse field of view; the time

resolution varies between 1.5 and 7.5 s depending on the mode of operation.

III. OBSERVATIONS

The events showing remote microwave brightenings presented in this paper

were selected on the basis of the microwave and X-ray observations. Only events

detected between February 1980 and December 1982 were considered and coincident

HXRBS and Nobeyama observations were required. The following additional criteria

were used to obtain the four selected events:

(1) the peak flux density of the double burst must be > 50 sfu at 17 GHz,

(2) the two components of the double microwave burst must be separated by more than

3 arc minutes in location and by < 1 minute in onset time, and

(3) the time profiles of the two microwave sources must be similar to each other.

This last criterion was imposed to reduce the probability of selecting double

events that occurred by chance.

A total of 7 events satisfied conditions (1) and (2) for 122 HXRBS and Nobeyama

coincident events but only 4 events remained after adding condition (3). A

fifth event (the 0200 event on 1980 November 8) was also included although it



did not satisfy criterion #1 above. This was because it occurred only 40 minutes

after one of the four selected events and had many similarities with the earlier

event.

The general characteristics of the 5 analysed events are summarized in Table 1,

II1-1. Properties and Locations of Primary and Secondary Bursts.

Figure 1 shows the east-west brightness distribution at 17 GHz and a sunspot

sketch (Solar Geophysical Data) with the possible locations of the two microwave

sources for 4 of the analysed events.

In each case the western microwave source was accompanied by an Ha flare

(see Table 2), and we denote this as the primary burst. The eastern microwave

source was not accompanied by any substantial Ha flare, and we denote this as

the secondary burst.

The polarization degree of each of the primary bursts at 17 GHz is similar

to the average value for a typical impulsive burst ( •* 20%; Kosugi et^ al. 1983),

while the polarization degree of each of the secondary bursts is much higher than

this (Table 2).

Although the secondary microwave sources have a simple brightness distribution

which is either right- or left-handed polarized, the primary microwave sources

have rather complex structures, as shown in the resolution-limited polarization

profiles in Figure 1. They have either bipolar structures (the 1980 June 21 and

1981 July 31 events) or they have two sources with the same sense of polarization

(the 1982 July 17 event). Note that the primary and secondary sources tend to

be oppositely polarized.

The source sizes of the primary and secondary microwave bursts are estimated

to be < 20" as a conservative estimation for all events except for the primary

burst on 1982 July 17 which had a size of about 35".



Solid arrows in Figure 1 show the positions of the associated Ha flares

for all primary bursts and the secondary burst of the 1980 November 8 event

(the 0120 event). The Ha positions coincide well with the one-dimensional

locations given by the interferometric observations. In the cases where no

associated Ho flare was observed, the two-dimensional locations can be determined

by taking advantage of the observational fact that the secondary bursts had a

small simple structure with the quite high polarization degree. This implies

that the secondary bursts were associated with active regions, where the magnetic

fields are > a few Gauss, rather than with quiet regions. Then we can identify

the active region 16901 as the possible site of the secondary burst of the 1980

June 21 event and the other sunspot area in the active region 18474 as the secondary

source on 1982 July 17. (All active regions in this paper are referred to by

their Hale number). These candidate source locations are shown by dashed arrows

in Figure 1. Each of them is the only active area consistent with the interferometric

observations. Although the two dimensional location of the secondary burst on

1981 July 31 can not be determined from this method, the south-east corner of

active region 17760 is suggested by the observations with the radioheliograph at

Culgoora (see section III-2-(c)). This location is shown also by a dashed arrow

in Figure 1.

III-2. Specific Event Observations

a) 1980 June 21

The microwave burst on 1980 June 21 is a strong, multiply impulsive burst.

Figure 2 shows the time variations of the peak brightness temperature of the

primary and secondary microwave bursts for this event. The time profile corresponding

to the difference of right and left circular polarization components is plotted

for the secondary component to reduce the effect on the secondary component of



side lobes due to the much stronger primary component. This takes advantage of the

characteristic that the polarization degree of the secondary component is much

higher than that of the primary component. The overall time profile of the

secondary burst is similar to that of the primary burst and shows some correlation

in the detailed structure as shown by the arrows.

The overall time profile of the secondary burst is delayed from that of the

primary by •» 7 s. The ratio of the total flux density of the secondary burst

to that of the primary is •> 0.04 at the time of the main impulsive peak and «* 0.3

during the decay phase.

The dynamic radio spectrum from Culgoora Solar Observatory shown in Figure

3(a) shows that the event was accompanied by strong type III/V bursts followed

by a type II burst. The Culgoora radioheliograph images at 80 MHz in Figure

3(b) show that the type III/V sources were significantly elongated parallel to

the limb. Other images, not shown, at 40 and 160 MHz and at later times at all

three frequencies show that the type III/V sources and the type II source all

covered essentially the same area with the same elongated shape. Elongated type

II bursts are quite common for limb and behind-the-limb flares and, therefore,

may not be significant in terms of a possible link between regions 16898 and 16901.

However, the elongated tye III/V sources are unusual. They clearly straddle the

two radial lines drawn in Figure 3(b) through regions 16898 and 16901. This may

imply that the type V electrons are in high loops connecting the two regions.

b^ 1980 November 8

Two double microwave events occurred on this day separated in time by 40

minutes. The first event occurred at - 01:20 UT and the second event at ^ 02:00 UT.

In both cases the primary source appeared to be in the active region 17244 and

the secondary source in the active region 17255. The time profile of the



secondary burst at 17 GHz is very similar to that of the primary in both events

as shown later. We designate the first and second events as the 0120 event and

the 0200 event, respectively.

SMM was pointing at the secondary flare site and X-ray images obtained with

HXIS are available for both of these events. Ha photographs of both regions

were obtained from Palehua.

The 0120 Event.

Figures 4(a) and (b) show the time variations of the 17 GHz peak brightness

temperature from the primary and from the secondary flare sites, respectively, for

this event. The time profile of the 17 GHz secondary burst is very similar to that

of the primary with a delay of 25 s.

The HXRBS full sun coverage gives the sum of the 29 - 57 keV X-ray fluxes

from the two sites and this is shown in Figure 4(c). The general shape of this

time profile is similar to the sum of the primary and secondary microwave time

profiles (dashed line in Figure 4(c)) but the ratio of the primary to the

secondary X-ray flux appears to be close to unity compared to the value of 0.5

for the ratio of the corresponding microwave fluxes. This suggests that the

primary and secondary hard X-ray spectra can be estimated separately from the

full disk X-ray data by making use of the time separation. The analysis of the

HXRBS data shows that the total hard X-ray spectrum between about 30 and 100 keV

is roughly the same at both microwave peak times, suggesting that the primary

and secondary hard X-ray spectra are similar.

Figures 4(d) and (e) show the X-ray time profiles for the secondary source

obtained from the HXIS data in energy bands from 22 to 30 keV and 3.5 to 5.5 keV,

respectively. The optimum signal-to-noise ratio was obtained by summing counts

from selected pixels in the HXIS fine and coarse fields of view, from the slits,

and from the high energy monitor. The primary flare site was well out of all the HXIS
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fields of view so that these time profiles contain little if any contribution

from the primary flare. Comparison of these time profiles with the secondary

microwave profile shows that the secondary flare begins simultaneously in X-rays

and microwaves to within about 10 s.

The soft X-ray fluxes measured by HXIS from 3.5 to 11.5 keV continued to

rise gradually even after the microwave main phase at ^ 01:19 - 01:20 UT with a

maximum at -^ 01:23:30 UT followed by a gradual decay. From the measured X-ray

fluxes in the two HXIS energy bands of 5.5 - 8.0 keV and 8.0 - 11.5 keV, we can

calculate the electron temperature (Te) and emission measure (EM) assuming a

homogeneous and isothermal source. We obtain a value of 2.3 x 10 K for Te

and 3.0 x 10̂ 7 cm"3 for EM at the time of the peak in the soft X-ray flux.

An estimate of the volume of the sour.ce, (area)3/2» can be obtained from the

half-power width of the soft X-ray image shown in Figure 5(b). This was estimated

to be 7 x 10̂ 6 Cm
3 giving a value of 4 x 10̂ ° erg for the total thermal energy

in the source.

Figure 5(a) shows the Ha flare, the sunspots, the microwave source, and the

magnetic neutral line at the primary site (region 17244) in this event. The

Ha flare formed two long ribbons located on either side of the magnetic neutral

line. They were clearly visible in the picture taken at 01:18:43 UT and lasted

for more than 30 minutes. The 17 GHz interferometric observations are consistent

with the location of the primary microwave emission being cospatial with the

Ha brightening in the positive magnetic field region.

Figure 5(b) shows the spatial relationship of the soft X-ray source, the

microwave source, the magnetic neutral line (NASA/Marshall Space Flight Center),

the faint Ha brightenings (Palehua Observatory) , and the sunspots for the

secondary site (Hale region 17255). To align X-ray images with the magnet ograms,

we used data from the Ultraviolet Spectrometer and Polarimeter also on SMM (UVSP,



Woodgate ££̂ 1.. 1980). UVSP observed a white light sunspot picture after the

flare, and therefore, we can overlay the UVSP image and the magnetogram (longitudinal

component) by comparing the magnetic intensity map and the UVSP sunspot picture.

Next the HXIS and UVSP images can be overlayed by using the known offset between

HXIS and UVSP. As UVSP observed also in a high-temperature line (Fe XXI) though

it observed only a part of the flaring region, we could improve the accuracy of

alinment between the HXIS and UVSP images by overlaying similar feature in both

pictures. The accuracy of the alignment for this flare is estimated to be better

than about 10".

We can clearly see a soft X-ray source in the central part of Figure 5(b).

This soft X-ray source is located across the magnetic neutral line and has a

projected length of about I1. Images in harder X-rays from 11.5 to 30 keV show a

similar source at the same location although the image quality is poor due to

the low counting rate. The secondary microwave source corresponds to the westernmost

end of the soft X-ray source, which coincides with a small sunspot with negative

magnetic polarity. The polarization sense (left hand) of the microwave source

agrees with the sign (-) of the associated magnetic field assuming that 17 GHz

microwaves are emitted in the extraordinary mode. The Ha patrol film from Palehua

Observatory shows two faint, compact Ha brightenings associated with the two

ends of the soft X-ray source. These photographs taken every minute show that

the brightenings appeared at 01:19:13 UT, reached maximum at 01:20:13 UT, and

then decayed gradually for - 15 minutes.

Some weak enhancements were already seen before the onset time of the 0120

event. Very weak Ha brightenings were observed as early as 01:15:43 UT at the

primary site. The HXIS soft X-ray images of the secondary site show that a

weak, elongated structure was already present at this time along the same magnetic

neutral line.

10



We can also see in Figure 5(b) a huge X-ray structure imaged in the HXIS

coarse field of view. This source extended over the solar limb high above the

soft X-ray source in Hale region 17255. This huge X-ray structure may be a

remnant of the gigantic loop observed with HXIS on 1980 November 6 and 7 and

reported by Svestka e£ a^. (1983). Alternatively, it may have been part of a

loop which was newly excited before our microwave event. This structure was

stationary and could be seen before the occurrence of the 0120 event and was

still present after the 0200 event. We could not find any correlation between

this loop and the secondary X-ray source.

The 0200 Event

Figure 6 shows time variations of the 17 GHz peak brightness temperature

from the primary and secondary sites, the soft X-ray flux measured with HXIS

from the secondary site, and the full disk hard X-ray flux measured with HXRBS.

The time profile of the secondary burst at 17 GHz is similar to that of the

primary. Some correlation between the features in the primary and secondary

time profiles is shown by the arrows in Figure 6. The delay time of the secondary

time profile with respect to the primary is 11 s.

The HXRBS time profile has peaks labelled 1 and 2 in Figure 6(c) which coincide

with the primary and secondary microwave peaks, respectively. The soft X-ray

emission from the secondary site began to increase at the time of the peak from

the secondary microwave source and peaked about 1 minute later.

The HXRBS time profile showed an earlier weak enhancement from 01:57:50 to

01:58:15 UT that was accompanied by an Ha subflare in region 17255 as reported

from Palehua Observatory. This subflare was located from 1' to 2' south-west of

the secondary Ha brightenings of the 0120 event. A very weak 17 GHz microwave

burst was observed at this time at a location consistent with the south-western

11



part of the Ha subflare. As we can not find any clear relationship between

the event at •> 01:58 UT and our double burst at 02:00 UT, we will not discuss this

subflare any further.

Figure 7(a) shows that the primary Ha flare of the 0200 event occurred

slightly to the south of the primary Ha flare of the 0120 event. Several

bright features were visible on both sides of the magnetic neutral line. The

location of the primary microwave emission is consistent with that of the brightest

Ha feature in the positive magnetic field region.

Figure 7(b) shows the spatial relationship of the soft X-ray source, the

microwave source, the magnetic neutral line (Marshall Space Flight Center), the

faint Ha brightening, and the sunspots for the secondary site of the 0200 event.

Although the soft X-ray source at the secondary site was smaller in extent than

the secondary X-ray source of the 0120 event, it was located at almost the same

place across the magnetic neutral line. The secondary microwave source corresponds

to the western end of the soft X-ray source above the sunspot with negative

magnetic polarity. The Ha patrol film from Palehua Observatory shows that a

faint Ha brightening occurred at the eastern end of the secondary X-ray

source, near the location of the eastern Ha brightening at the secondary site

of the 0120 event. This brightening appeared in the picture taken at 01:58:13

UT, reached a maximum in the next picture taken one minute later, and then decayed

rapidly.

The whole story described above shows that the 0120 and 0200 events were

almost homologous at both the primary and secondary sites.

c) 1981 July 31

The microwave burst on 1981 July 31 is a strong, multiply impulsive burst.

Figure 8 shows the time variations of the peak brightness temperature of the

primary and secondary microwave bursts for this event. Also shown is the time

12



variation of the source position of the primary burst. The primary and secondary

time profiles show remarkable similarities in the detailed structure. The secondary

burst is delayed with respect to the primary burst by 1.7 s. The intensity

ratio of the secondary burst to the primary one is 0.1 to 0.2. As shown in

figure 8(c), the source of the primary microwave emission is at slightly different

locations for the individual peaks.

Figure 9 shows the dynamic spectra and the radioheliograph images from

Culgoora Solar Observatory. The event was accompained by a strong type III/V

burst, followed by a type II burst. From the start of the Type III/V burst

at s 00:51 UT a double source at 160 MHz was observed at positions labelled 1

and 2 in Figure 9(b). As the burst progressed, the inner source 2 moved lower

in height to the location labelled 3 but the outer source labelled 1 stayed

fixed. The Culgoora spectrograph shows that the second microwave burst beginning

at = 00:53 UT was accompanied by a decimeter burst with pulsations which extend

down to 160 MHz and gave rise to a new double source at position 1 and 4 (the

component at position 1 extended to position 2).

The flare related sources (1, 2, 3, and 4) are clearly very high in the

corona above the flaring region and need to be projected downwards before they

can be associated with a particular region. The two radial lines in Figure 9(b)

are drawn through the primary Ha flare site marked with an 'X1 and the sunspot

group (dotted circle) in the south-east corner of region 17760. Then, the sources

1 and 2 are located above the primary Ha flare site and the source 4 is located

above the sunspot group which is then a candidate for the secondary microwave

site. This location is consistent with the possible positions of the secondary

microwave source at 17 GHz (see Figure l(c)). The slightly elongated source 3

straddles both radial lines. These observations suggest that the emission from

the sources 3 and 4 and probably 2 are due to type V electrons which are

13



trapped around the top of the huge loops connecting the primary and secondary

microwave sites, while the emission from source 1 may be due to type III electons

traveling along open field lines.

d) 1982 July 17

The microwave burst on 1982 July 17 peaked at 1370 sfu at 17 GHz and hence is

classified as a great burst with a rather gradual time profile. Figure 10 shows

the time variations of the peak brightness temperature of the primary and secondary

microwave bursts for this event. The overall time profile of the secondary burst

is similar to that of the primary although it is disturbed by sidelobes due to

the strong primary burst. In this case it is difficult to assess unambiguously

the time delay of the secondary burst, but inspection of the figure suggests a

delay of 8 ± 5 s. The intensity ratio of the secondary burst to the primary one

is about 0.04.

During the flare, this event was accompanied by a decimetric type I burst

which occurred exactly over the primary Ha flare location but was accompanied

by almost no meterwave activity. The absence of any radio emission at frequencies

below 300 MHz during the flare implies that the energetic electrons were confined

to altitudes less than 2x10^ km. Assuming a semicircular loop, this implies a

spatial separation between the primary and secondary sites of less than 4xlO->

km, and supports the conclusion reached in section III-l that both sites are

contained within active region 18744.

IV SUMMARY OF OBSERVATIONS

We have presented observations of 5 microwave bursts in which a secondary

burst occurred at a location far away from the primary flare site. The main

results of these observations are summarized below:

(1) The distance along the solar surface between the primary and secondary sites,

14



the time delay of the secondary microwave burst with respect to the primary one,

and the deduced velocity of the triggering agent are given in Table 3 for each

event. The weak positive correlation between the distance and time delay supports

the idea that the double events are physically connected and not just the result

of chance coincidences.

(2) The secondary site is located to the west of the primary site for all of

the events. This may be related to the strucrure of the active regions.

(3) The peak primary flux was greater than the peak secondary flux for all of the

events except for the 0120 event on 1980 November 8 when the primary was a factor

of two smaller than the secondary. The secondary to primary ratios for all events

are given in Table 2.

(4) The polarization degree of the secondary burst at 17 GHz is high (> 80%

for some events) compared to the average value of •* 20% for typical impulsive bursts.

Also, the primary and secondary sources tend to be oppositely polarized.

(5) The secondary burst is not accompanied by any substantial Ha brightenings.

Even the secondary sites of the November 8 events, where new flares were excited,

were accompanied by only very weak Ha brightenings that were not even classified

as subflares.

(6) Two of the double microwave bursts were accompanied by type III/V bursts which

were located high in the corona between the primary and secondary microwave

sites.

Simultaneous observations with HXIS and HXRBS give the following observational

results for the 0120 event on 1980 November 8.

15



(7) A new X-ray source occurred in the region adjacent to the secondary microwave

source. The X-ray source was associated with faint, compact Ha brightenings

at its eastern and western ends.

(8) The flare at the secondary site began simultaneously in X-rays and microwaves

to within 10 s.

(9) The time profile of the X-rays (> 10 keV) from the secondary site was

similar to that of the secondary microwave burst in starting time and duration.

(10) The maximum energy of the hard X-ray emissions from the secondary X-ray source

was at least several tens of keV.

(11) It is suggested that the secondary X-ray spectrum was roughly the same as the

corresponding primary X-ray spectrum at energies between 30 and 100 keV.

(12) A weak soft X-ray source at the secondary site was observed with a faint

Ha enhancement at the primary site well before the main phase.

V. INTERPRETATION

The existence of the time delay between the primary and secondary burst

and the fact that the primary microwave bursts are associated with more intense

Ha flares than the corresponding secondary bursts, strongly suggest that the

secondary burst was excited by an agent from the primary burst site. The

velocity required by the measured time delay and spatial separation imply that the

agent that excited the secondary burst must be high energy electrons produced

in the primary flare site. The similarity found between the primary and secondary

microwave time profiles also support this point of view. We suggest that high

energy electrons escaping from the primary site are channeled along a huge

coronal loop connecting the primary site with the secondary site and stream down

16



to the remote footpoint to trigger the secondary microwave burst. This suggestion

is also supported by the observation that the primary and secondary microwave

sources are oppositely polarized in all cases except for the limb event on 1980

June 21. The association of the elongated type V sources with our microwave

events shows evidence for such huge coronal loops. A fraction of the electrons

which cause the type III bursts may be trapped in the huge loop high in the

corona and become visible as a type V burst through the generation of plasma

waves (Weiss and Stewart 1965).

The secondary microwave emission comes from the low-coronal part of the footpoint

of the huge loop. This is shown by the fact that the secondary microwave source

is highly polarized and has a size of less than 20".

The velocities of the electrons that excite the secondary microwave bursts

must be higher than the velocities listed in Table 3 that were calculated assuming

that the triggering agent travelled along the surface between the primary and

secondary sites. We consider that the electrons were guided along huge coronal

loops. If we assume that the loops were semicircular and the electron pitch-angles

were 0", the calculated electron velocities range from 5x10 km s to 1.8x10^

km s~l and the corresponding energies are given in Table 3. The calculated

electron velocities would be somewhat larger for non-zero pitch angles but we do

not believe that the average pitch angle can be very large. This is because the

strength of the magnetic field at the top of the coronal loop is surely much less

than the strength of the field at the footpoints. Consequently, any electron

injected into the loop near one footpoint with a large pitch angle will necessarily

have a small pitch angle at the top of the loop. Even assuming an average pitch

angle of 45° would only increase the electron velocity by •* 40%. The derived

velocities are higher than the velocity (> 6000 km s~*) derived from the VIA

observations (Kundu et al. 1983), while they are similar to the 10^ km s~l
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velocities obtained by Kai (1969) and Tang and Moore (1982).

The secondary microwave bursts that we have observed may be different from

the events observed by Kundu et_ al. (1983) or by Tang and Moore (1982). The

secondary microwave burst observed by Kundu et al. was accompanied by Ha

brightenings and occurred in a rather uniform magnetic field region. Furthermore,

it was not polarized. The remote Ha brightenings observed by Tang and Moore

occurred in quiet regions. These observations imply weak magnetic fields. On

the other hand, our secondary microwave bursts were highly polarized and must

have occurred in stronger magnetic field regions near sunspots.

This point of view is consistent with the absence of Ha flares at the

secondary sites as can be seen from the following argument. The flux density,

F, of an optically-thin microwave source with a nonthermal electron distribution

is related to the magnetic field strength, B, the density of high energy electrons,

N, and the volume, V, by the following simplified expression given by Dulk and

Marsh (1982):

F « N V B°-90<s ~ °-22 ,

where 6 is the power-law index of the electron spectrum. As 6 is estimated

to be between 3 and 7 from the hard X-ray spectra for our events, the microwave

emission at 17 GHz (which is usually optically thin) depends more strongly on

the magnetic field strength than on the total number of high energy electrons.

Therefore, we can expect substantial microwave emission at 17 GHz from stronger

magnetic field regions near sunspots, even though there are not enough high

energy electrons streaming into the secondary site to cause Ha brightenings.

The association of the type III/V bursts with our microwave events also

supports the point of view that both the primary and secondary bursts occur

in regions with strong magnetic fields. If the huge coronal loop were rooted in

an active region with strong magnetic fields at the primary site and in a quiet
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region with weak magnetic fields at the secondary site, it is unlikely that

enough type III electrons could be trapped in such an asymmetric loop to produce

a type V burst.

All of the above considerations lead us to suggest the model of our double

microwave bursts, shown schematically in Figure 11. Most of the high energy

electrons escaping from the primary site towards the secondary site along the

huge coronal loop are trapped around the top part of the loop causing the type V

burst. The remaining electrons precipitate into the secondary site, causing the

microwave burst in the low corona.

High energy electrons impinging on the low corona and the chromosphere at

the secondary site heat the chromosphere and cause Ha brightenings. However,

the secondary site of the June 21 event was not accompained by any Ha subflare.

The November 8 secondary sites were accompained only by very faint Ha

brightenings. We have no detailed Ha information for the remaining events.

We believe that the observed secondary Ha brightenings and X-ray emissions

in the November 8 events were not produced directly by the fast electrons impinging

on the footpoint of the huge loop. Rather we believe that they resulted from

newly excited flares at the secondary sites (see later discussion). Consequently,

it is possible that any Ha brightenings resulting from the electrons from the

primary site may be much weaker. These considerations allow us to estimate the

energy deposited in the secondary site by electrons from the primary source for

both the June 21 event and two events on November 8.

The thermal energy content in the chromosphere, where the core of the Ha is

formed, is of the order of 10" erg cm~^, and the total radiative loss rate is of the

order of 10^ erg cm~2 s~^ (Athay 1976). If we assume that a subflare occurs when the

thermal energy of the chromosphere is increased by a factor of 10, then we get the

following equation relating P, T, and S.
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(P2 - 10
6 S) T < 109 S, (1)

where, ?2 is the total energy streaming into the secondary site during T, and S

is the area of the secondary site into which electrons stream from the primary

site. For both events, we get S < 2x10^ cm2 from the interferometric observations

and T < 70s from the half-width duration of the microwave bursts. This implies that

P2T < 2xl0
27 erg. (2)

Next, we estimate the ratio of the power deposited by electrons that stream

into the secondary site to the power deposited by electrons at the primary site

for the 1980 June 21 event and for the two events on 1980 November 8. This

ratio can be obtained from inequality (2) and from the spectrum of hard X-rays

from the primary site. Here, we assume that the hard X-ray spectrum from the

primary site is roughly equal to that from the full disk. This is because the

secondary hard X-ray flux is probably much smaller than the primary for the 1980

November 8 (0200 event) and for the 1980 June 21 event as expected from the

microwave flux ratio. Also the hard X-ray spectrum of the 1980 November 8 event

(0120 event) in Table 1 is obtained at the peak time of the primary microwave

burst when the X-ray flux from the primary site is probably much larger than

that from the secondary site.

We assume that the power-law electron spectra at the primary site can be

derived from the corresponding hard X-ray spectra under the thick target assumption

(Brown 1971). The observed hard X-ray spectrum at 1 AU from the primary site is

given by

I1(e)= ae~
Y photons (cm2 s keV)"1, (3)

where e is the photon energy in keV, and a and y are found in Table 1. . Applying

standard thick target calculations (Brown 1971), the power deposited by electrons

with energies larger than E is:

P(> E) = 4.2xl024 a y (y-1) B(y-l/2, 1/2) E~^+1 erg s"1, (4)
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where E is in keV. A small fraction of this power streams into the secondary target.

Only electrons with E > E* can go all the way to the secondary target without

losing all of their energy in Coulomb collisions with the ambient plasma in the

loop connecting the primary and secondary sites. Hence, we assume that the total

power P£ deposited in the secondary target is given by

P2 = n PjOE*) erg s~l , (5)

where n is a constant of proportionality. The values of E* for the June 21 and

November 8 events given in Table 4 were obtained by assuming that the loop was

semicircular with a density 10 times the normal coronal density (Allen 1976).

By combining Equation (5) with Equation (2) we find that

n < 2xl027/TP1(>E*).

Upper limits on n obtained in this way are given in Table 4. They indicate that

the total power deposited by electrons that stream into the secondary site was

< 1% of the power deposited by electrons with energies larger than E* at the

primary site for each of the three events.

It was observed for the November 8 events that the secondary X-ray sources

extended across the neutral line. This we interpret as indicating a new small

loop excited in the region adjacent to the secondary microwave source. This new

X-ray loop was associated with faint, compact Ha brightenings at its footpoints.

The flare at the secondary site begins almost simultaneously in X-rays and microwaves.

These observational facts lead to the following two possible interpretations of

the November 8 events:

One interpretation is that a new flare (a sympathetic flare) was triggered

at the secondary site by an electron stream from the primary site. Electrons

must have been accelerated or heated to at least several tens of keV in this

sympathetic flare because X-rays between 29 and 57 keV were observed corresponding

to the secondary microwave burst as shown in Figure 4.
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The other interpretation is that some of the fast electrons precipitating

into the thick target at the footpoint of the huge loop at the secondary site

were transferred into the small loop adjacent to the huge loop through some

processes such as scattering or drifting, and were trapped. If this were the

case, we would expect that most of the X-rays from the secondary site would come

from the thick target at the footpoint of the huge loop because only a small

number of the electrons entering the footpoint of the huge loop would be transferred

to the adjacent small loop. The footpoint of the huge loop at the secondary

site is located in the negative magnetic field region as suggested by the

polarization sense of the secondary microwave source. Our observations clearly

show in Figures 5 and 7 that most of the X-rays come from the small loop and only

weak X-ray emissions come from the negative magnetic field region where the

footpoint of the huge loop is considereed to be located. Therefore, this

interpretation can not be correct.

Thus, we have strong evidence that a sympathetic flare can be triggered by

a high energy electron stream from a distant main flare site. The reality of

the connection between the two active regions on 1980 November 8 is based mainly

on the observations that the time profiles of the primary and secondary microwave

bursts were very similar and that a second double event occurred some 40 minutes

after the first. Dennis £££!.• (1984) have also suggested that an electron

beam can trigger a sympathetic flare based on observed coincidences of reverse

slope type III bursts, hard X-ray spikes, and subsequent normal slope type III

bursts.

The observations of the bursts on 1980 November 8 give information on the

mechanism by which a sympathetic flare may be generated. A weak soft X-ray

source at the secondary site was already observed with a faint Ha enhancement

at the primary site well before the onset time of the main phase of the 0120
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event on 1980 November 8. Furthermore, the time profile of hard X-rays (> 10

keV) from the sympathetic flare was similar to that of the primary microwave

burst. If the sympathetic flare was due to the onset of a catastrophic instability

which is triggered by a high energy electron stream, we would expect that the

time scale and intensity of the flare would not depend on the time scale and

intensity of the electron stream that triggered it but rather on the type of

instability and on the amount of free energy available at the secondary site.

Rather, the above observational facts suggest that the sympathetic flare is due

to a flare instability which works as an amplification mechanism - i.e., the

number of electrons that are accelerated or heated in the sympathetic flare is

proportional to the number of high energy electrons streaming in from the primary

flare site. The efficiency of the energy amplification in this mechanism is

greater than one order because the total energy of electrons streaming into the

97secondary site is estimated to be < 2 x 10 erg and the total thermal energy

00

in the second new flare is •* 4 x 10 ° erg for the 0120 event on 1980 November 8.

VI. CONCLUDING REMARKS

The present observations have indicated that well separated active centers

on the Sun can interact with one another through huge coronal loops connecting

them. High energy electrons from the primary flare site can travel vast distances

along the loops and excite a second microwave burst in the remote region at the

other footpoint of the loops. Sometimes such high energy electrons from the

primary flare site can trigger a new flare (a sympathetic flare) in a small loop

adjacent to the secondary footpoint of the huge coronal loops. The latter observational

result implies that if a flare occurs in any one of many adjacent loops in an

active region, it can trigger the successive firings of all the adjacent loops

resulting in the flaring of the whole region almost simultaneously. This may be

an important clue to the flare trigger mechanism.
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TABLE 3

VELOCITIES OF TRIGGERING AGENT

Distance Time Delay Trigger Velocity Required*
Date along surface along surface Electron Energy

(105km) (s) (104kms-1) (keV)

1980 June 21

1980 Nov 8

0120 event

0200 event

1981 July 31

1982 July 17

3.8

8.9

8.6

1.9

1.5

7 5

25 4

11 8

1.7 11

8 ± 5 3 ± 2

19

7

40

120

8 ± 6

* The electron energy was calculated assuming propagation along a

semicircular loop with zero pitch angle.
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TABLE 4

RATIO OF SECONDARY TO PRIMARY ENERGY DEPOSITION

Date

1980 June 21

1980 Nov. 8
0120 event

0200 event

1981 July 31

1982 July 17

Primary Site
Electrons (>E*)
(electrons s~*)

1.8xl036

3.8xl035

1.5xl034

1.9xl036

5.6xl037

n
Energy (>E*)
(erg s'1)

S.lxlO28 < 4xlO~4

1.5xl027 < 4xlO~3

6.1xl027 < lxlO~2

5.6xl028

1.6xl029

E*

(keV)

15

20

20

14

14

T

(s)

68

34

30

35

104

E* - minimum energy of an electron required to traverse a semicircular coronal

loop joining the primary and secondary sites.

H - ratio of the power deposited by electrons streaming into the secondary site

to the power deposited at the primary site.

T - duration of the interval that electrons are streaming into the secondary site,
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(a) 1980 June 21
Np

(b) 1980 November 8
Np

17GHz
01:18:52UT

Np

(c)1981 July 31

17GHZ !
00:S3:19UT

V

(d)1982 July 17
Np

17GHz I
02:05:4BUT

Fig. 1
V

Figure 1. Combined pictures of east-west brightness distributions at 17 GHz and sunspot sketches
from Solar Geophysical Data for the 4 analysed events. Both the total intensity profile
(solid line, R + L) and the polarization profile (dotted line, R-L) are presented. The solid
arrows indicate the positions of Ha flares or brightenings. The dashed arrows indicate
possible candidates for the secondary microwave sites. The lines marked P and S indicate
the possible locations of the primary and secondary microwave bursts, respectively.
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1980 June 21

Secondary Burst
(L-R)

01:18 01:19

Universal Time

Figure 2. Time variations of the peak brightness temperature of the primary and secondary bursts
of the 1980 June 21 event. Note that the polarization profile (the difference of right and
left circular polarization components, R-L) is used in place of the total intensity profile
(R+L) only for the secondary component of this event. Although the peak brightness
temperature is scaled in arbitrary units, the relative ratio is correct between the primary
and secondary time profiles for individual events. Arrows indicate well-defined peaks in
the primary burst that appear to correspond to delayed peaks in the secondary burst.
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1980 November 8 10120 eventl

600 -

01:19 01:20
Universal Time

01:21

Figure 4. Time variations of the microwave and X-rays in different energy bands from the primary
and secondary site of the 0120 event on 1980 November 8. The 3.5-5.5 and 22-30 keV
X-ray time profiles were obtained with HXIS. The 29-57 keV X-ray time profiles (dashed
line) from the primary and secondary sites were obtained from X-ray data (solid line) in-
tegrated over the whole disk from HXRBS by assuming that time profiles of the primary
and secondary X-ray emissions are similar to those of the primary and secondary
microwave emissions. Time variation of the power-law index of the hard X-ray spectrum
(30 - 100 keV) is also shown in (c). The Ha data were obtained from the Palehua
Observatory patrol film.
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1980 November 8 (0200 event)
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Figure 6. Similar to Figure 4 for the 0200 event on 1980 November 8. Two hard X-ray peaks, 1
and 2, in (c) occur at the same time as the primary and secondary microwave peaks,
respectively.
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Figure 8. Time variations of the peak brightness temperature of the primary and secondary
microwave bursts on 1981 July 31. Arrows indicate well-defined peaks in the primary
burst that appear to correspond to delayed peaks in the secondary burst.
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1982 July 17
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Figure 10. Time variations of the peak brightness temperature of the primary and secondary
microwave bursts on 1982 July 17.
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