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ABSTRACT

The simultaneous occurrences of Type-III seolar radioc bursts and
auroral kilometric radiation were observed by Calvert using ISEE-1
spectrograms. He suggested that the incoming Type-III burst
stimulates kilometric radiation onsets.

This paper presents a statistical study of the correlation
between Type—III bursts and auroral kilometriec radiation. A super-
posed epoch analysis is performed on 200 Type-III events. The Type-
III bursts were detected by the ISEE-3 spacecraft on the sunward side
of the earth while the IMP-8 spacecraft was used to detect onsets of
kilometric radiation on the nightside of the earth. For each event,
the intensities measured by ISEE-3 (Type-III intensities) were sub-
tracted from the intensities measured by IMP-B (Type-III and possible
AKR intensities). The resulting intensities for each event were then
added to all the other events to determine if kilometric radiation is
consistently observed after a Type—III burst's passage. This
analysis was performed at the frequencies of 100 kHz, 178 kHz and 500
kHz.

The results of this analysis show that a statistically signifi-
cant correlation exists between incoming Type-III bursts from the sun
and kilometric radiation from the earth. According to the results,

almost 10% of incoming Type-III bursts stimulate kilometric radiation.
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I. INTRODUCTION

In a previous paper, Calvert [198la] suggests that incoming
Type-II1 solar radio bursts stimulate auroral kllometric radiation
(AKR). This paper will present a statistical study of the Type-
ITI/AKR relationship using 200 Type-III events in a superposed epoch
analysis. A comparison of pre-event and post-event intensities will
be made to determine if AKR is consistently triggered during Type-III
burst passages.

The earth is a strong source of radiation in the kilometric
wavelength regime. This radiation is called auroral kilometric radi-
ation., Auroral kilometric radiation is most intemse at frequencles
between 50-500 kHz [Dunkel et al., 1970; Gurnett, 1974]. The IMP-8
satellite, measuring the modulation of AKR intensities from space-
craft rotation, found a near-earth origin (~ 3 Rp) of AKR [Gurnett,
1974]. Gallagher and Gurnett [1979] using Hawkeye 1 and IMP-6 found
the AKR source region to be between 2 and 3 Rg. In their study, a
time-averaged power flux is calculated for locations around the
earth. The total power is, then, found by integrating the average
power flux over an earth-encompassing shell. For shells enclosing
the AKR source regions, the total power is constant but for small

shells not enclosing the source regions, the total power decreases



substantially. The AKR source region is found by noting the shell
radius at which a decrease in power can be detected.

Gurnett [1974] found that most AKR occurrences are on the night-
gide of the earth (between & hour to 18 hour MLT) and that the radi-
ation 1s emitted in a broad conical region centered om about 22 hours
MLT. Figure 1 shows, quantitatively, the AKR ray paths and their
refraction from the propagation cutoff surface (where the index of
refraction goes to zero).

Auroral kilometric radiation tends to occur in intense bursts
lasting a few hours, Figure 2 shows AKR emissions as seen by the
IMP-6 satellite. The dark lines on the figure represent the average
intensity while the dots give the largest intensities found in the
averaging period. The bursty nature can easily be seen by the rapid
fluctuations in intensity at each frequency., Also, Figure 2 shows
that the intensity of radiation varlies with the frequency. The
detailed fine structure of AKR is illustrated by the frequency vs.
time plot of Figure 3. Again, the intensity varles in both frequency
and time with the emissions occurring in a narrow band that drifts in
frequency. Calvert [19B2] sugpests a laser feedback model to explain
AKR fine structure. According to the medel, thin density enhance-
ments are located in the AKR source region. Within these enhance-
ments, low energy radle waves can be amplified, reflected (off the
enhancement boundary), and reamplified. A wave will experience a
high growth rate only if an integer number of half wavelengths fits

acroes the enhancement width. This implies that amplification will



oceur 1f all the reflected waves in a region of the enhancement con-
structively interfere. A quenching effect will oceur in reglons
where reflected waves destructively interfere. This model then
accounts for the fine structure of AKR, where the source of the
intense frequency bands seen in Figure 3 are located at the construc—
tive interference layers of the enhancement.

Hawkeye 1 [Gurnett and Green, 1978] and ISIS 1 [Benson and Cal~-
vert, 1979; Calvert, 1981b] data indicate that AKR is propagating in
the free space R-X mode and is emitted nearly perpendicular from the
magnetic field lines in the source region. The source region also
has a diminished plasma density [Calvert, 198lc] with the electron
plasma frequency, fpe= well below the electron gyrofrequency, fge'

Gurnett [1974] found that the occurrence of AKR is assoclated
with discrete auroral arcs. These arcs are generated by intense
energetic (inverted-V) electrons that beam parallel to the auroral
magnetic field lines. The relationship of AKR to inverted-V elec-
tron precipitation has been confirmed by Benson et al. [1980]. Most
theories developed today make use of the free energy of the auroral
electrons as the energy source. Melrose [1976] suggests that the
inverted-V electron beam amplifies low level radiation via the
Doppler-shifted beam cyclotron resonance & = mioe + kyvp. The newly
amplified radiation is the AKR that is observed by gatellites in the
auroral region. Wu and Lee [1979] suggest that part of the incoming
inverted-V beam gets reflected back out of the auroral region by

piteh angle reflection, creating an enhanced loss cone distribution.
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Using a relativistic cyclotron resonance, w — kyjvy = wge/Y where
yom (L= Eiﬁ-lfz, the loss cone distribution amplifies any low level
radiation present in the source region. Omidi and Gurnett [1982]
show positive growth rates in the AKR source region using the rela-
tivistic cyclotron resonance and measured $3-3 electron distribution
functions. One should note that the relativistic cyclotron resonance
condition used by Wu and Lee traces out an ellipse in veloclity space
which can lead to growth rates much larger than the nonrelativistic
cyclotron resonance condition, w — kjvy = wge.

Gurnett [1974] found that the maximum AKR intensities were about
10~-1% Wm2 Hz"! at 30 Re. Assuming the effective bandwidth of the
signal is 300 kHz and the radiation is emitted uniformly over a 6.5
SR solid angle (found from ray tracing), the maximum total power
output is on the order of 109 watts. Gallagher and Gurnett [1979]
show that the average power output of AKR is on the order of 107
watts. This makes the earth a very intense radio source, comparable
to the intensity of Jupiter's decametric radiation.

Based on current understanding, the auroral regiom with
inverted-V electrons present acts similar to an amplifier, increasing
the signal of low intensity noise to very large levels. Assuming a
cosmic background noise level of 10720 to 10718 wm™2 Hz™!, a gain of
80-100 dB is necessary in the amplification region [Calvert, 1982].

Solar flares often eject energetie particles into the solar
wind. These streaming particles can be picked up by satellite par-—

ticle detectors well past 1 A.U. The electrons ejected from the



flares have energles ranging from 1 keV teo 100 keV which corresponds
to electron velocities as high as 0.5 c.

The stream moving through the solar wind creates a bump-on-tail
type electron distribution., As fast particles arrive before the slow
particles in any given location, the electron configuration is
unstable and plasma oscillations develop at the local plasma fre-
quency, fpe' With the arrival of slower electrons, the plasma oscil-
lations are damped as the "bump" on the "tail" of the main distribu-
tion moves to lower velocities. Associated with the oscillations are
electromagnetic waves (Type-III radiation) at f,, and 2fpe. For
frequencies less than 1 MHz, the zfpe emission appears to be the
dominant component [Fainberg and Stone, 1974]. Figure 4 shows a
gualitative radial profile of generated plasma osclllations at fpe
and electromagnetic radiation at fPE and EfPE.

Since the plasma frequency, pr, decreases as the distance from
the sun increases, a recelver will pick up & Type—III radio signal
that drifts from high to low frequency in time. This variation of
the spectrum from high to low frequencies characterizes the Type-III
burst [Wild, 1950]. Figure 5 shows a burst as detected by Hellos-2.
The radio burst is the smooth emission at 178 kHz and 100 kHz while
the local electron plasma oscillation occurs at 56.2 kHz and 31.1
kHz, Figure 6 shows the Type—III burst as seen by ISEE-1 with the
high to low frequency drift appearing on the spectrogram.

Solar Type-I1I bursts and AKR were believed to be unrelated

phenomena until Calvert [1981la] noticed the simultaneous occurrences



of the two emissions using ISEE-1 spectrograms. Figure 7 shows an
example of simultaneous Type-I1II events and AKR bursts. Note that
the start of two of the AKR events corresponds to the passage of
Type-111 bursts. This simultaneity lead Calvert to believe the
incoming Type-III bursts stimulate AKR onsets.

A model by Calvert suggests that the incoming Type-=I1I1 radiation
is refracted into the auroral zone by a decrease in plasma density.
The radiation then passes through the AKR source region just about
perpendicular to the magnetic field. The EM wave undergoes mode
splitting that has an X-mode polarized component (the proper peolari-
zation needed for electron resonance) and an enhanced loss cone elec-
tron distribution, unstable to the wave, creates wave growth which
can then be detected as intense AKR.

A question that must be asked is whether the simultaneous ocecur-
rence of the Type-III burst and AKR is accidental (is it random
chance the two emissions are aligned as seen in Figure 7) or is there
really a stimulation taking place (as Calvert's model suggests)?
Calvert did a study in which independent, isolated Type-III bursts
were checked for AKR onsets. 1SEE-3, located at the libration polnt
on the sunward side of the earth (0.l A.U.), can detect Type-III
bursts independent of AKR (for AKR occurs mainly on the nightside of
earth). Corresponding ISEE-1 spectrograms were then checked for
possible AKR onsets. Out of 27 Type-III bursts checked, 8 showed AKR
onsets within 30 minutes after the Type-I1II burst's passage. In

general, the average AKR onset rate per random 30-minute interval is



0.2 onsets per hour (or one AKR onset every 5 hours). The 30-minute
interval after the Type-I1II's passage is more active with an AKR
onset rate of 0.6 onsets per hour (i.e., 8/27 onsets in the 30-minute
interval after the Type-I1I1I's passage). The increase in rate is
attributed to Type-III stimulation of AKR [Calvert, 198lb]. This
survey indicates that the simultaneity of Type-III bursts and AKR, as
observed by Calvert, is not accidental, but is the result of a
correlated occurrence of the two events.

The above survey has but one objection. A certain amount of
subjectivity is present in the identification of the AKR onset from
ISEE-1 spectrogram inspection. One must, first, identify the onset,
then check if it is within 30 minutes of the Type-III's passage.

Both identification and timing check are prone to human error.

This paper will present a survey in which 200 Type-III bursts
have been checked for AKR onsets using an automated superposed epoch
analysis procedure. In this study, ISEE-3 is used to identify Type-
III bursts while IMP-8 is used to detect corresponding AKR onsets.
The value of this survey is that the processing is done entirely by a
computer with no subjective judgement on AKR onsets. This survey
will make a comparison between the intensities of the isolated Type-
III burst (detected by ISEE-3) to the Type-III burst and possible AKR
onsets (detected by IMP-8) for each individual event. This compari-
son will be carried out at three frequencies: 100 kHz, 178 kHz, and

500 kH=z.



II1. SPACECRAFT INSTRUMENTATION

During this study, the ISEE-3 spacecraft was located at the
libration point approximately 0.1 AU on the sunward side of the
earth. From this position, ISEE-3 can easily detect incoming Type-
11I radio bursts independent of AKR (since AKR occurs mostly on the
nightside of the earth). The ISEE-3 three—dimensional (3-D) radie
mapping experiment and the ISEE-3 plasma wave investigation were used
for Type-I1II detection in this survey.

The ISEE-3 3-D radio mapping experiment uses two electric dipole
antennas, one in the spacecraft spin plane (90m tip-to-tip) and one
along the spin axis (15m tip-to-tip) and are designated the S and Z
antennas, respectively. The experiment is designed to study the
coronal magnetic field and solar wind structure by tracking the 3-D
trajectory of Type-I1II bursts. The modulation in intensity of the
signal received by the S antenna can locate the azimuthal direction
of arrival of a Type-III burst while signals from the 5 and Z antenna
can locate the elevation. Each antenna drives two radiometers {one
of 10-kHz bandwidth and one of 3-kHz bandwidth) and each radiometer
steps through 12 frequencies (a different set of 12 for each radio—

meter) in a range from 30 kHz to 2 MHz [Knoll et al., 19781].



The 3-D radio mapping data is available on magnetic tape and
consists of 108-second averaged power flux measurements from the §
and Z antennas for the frequencies stepped through by the radio—
meters. Of particular interest are the S antenna intensities mea—
sured at the 513-kHz and the 188-kHz frequency channels, since these
frequenclies are nearly the same as used on IMP-8. The measurements
at these frequencies will be used, in conjunction with the 500-kHz
and 178-kHz IMP-8 channels, in this study.

The ISEE-3 plasma wave investigation uses 3 electric dipole
antennas, two of 90m tip-to-tip length (the U and V antennas in the
spin axis) and one of 0.6m effective length (on the X-axis of the
spacecraft). Also, a search coil magnetometer is available to mea-
sure magnetic field strengths. The experiments in the plasma wave
investigation are designed to gain information on plasma wave-
particle interactions. A l6-channel spectrum analyzer with a fre-
quency range of 17 Hz to 100 kHz is used to analyze the signals
received from the long antennas. The analyzer can scan the frequency
range every 0.5 seconds [Scarf et al., 1978].

The plasma wave data is also available on magnetic tapes and
consists of intensity measurements taken every 1/2-second at each of
the 16 channels measured by the spectrum analyzer. Measurements at
100 kHz are used in this survey because IMP-B has a corresponding
100-kHz channel.

The IMP-8 spacecraft is in an earth orbit with a perigee radial

distance of 147,343 km, an apogee radial distance of 295,054 km and
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an orbital period of 11.98 days. This orbit takes IMP-8 through
regions where AKR can be detected (i.e., nightside of earth). The
electric dipole antennas (E; and EF} have a tip-to-tip length of
121.8m, but mechanical fallure caused only the Ejr to have its maximum
length, The spectrum analyzer has fifteen channels for electric
field measurements covering a frequency range of 40 Hz to 178 kHz
with each channel being sampled every 10.24 seconds. In addition, a
wideband receiver is available which can provide measurements over a
frequency range from 10 Hz to 1 kHz, It can also be tuned to fre-
quencies of 2.0 MHz, 500 kHz, 125 kHz, and 31.25 kHz where the
receiver ecan act like another bandpass channel. For the peried of
time covering this survey, the wideband receiver was tuned to the
500-kHz channel.

The University of Iowa has made data tapes that average the
intensities measured by the spectrum analyzer over 160=-second
intervals. These "IMP-8 compressed" tapes contain average and peak
intensity measurements in 160-second intervals at each of the 16
frequency channels measured. The 100-kHz, 178-kHz and wideband (500~

kHz) frequency channels are specifically used in this study.
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III. ANALYSIS PROCEDURE

The first step in this study is to randomly gelect a set of
Type-III bursts. From this set, a comparison of the intensity mea-
surements from the two satellites will then determine if AKR is con-
gsistently triggered by Type-III bursts. Using the ISEE-3 survey
books, 200 independent Type-I1II1 bursts were catalogued with the
following criterion:

1) that the burst be isolated (i.e., no strong signals 1 hour
before or after the burst);

2) and, that IMP-8 be on the nightside of the earth (between

6 hours and 18 hours MLT) when the burst passes. This is done to
enhance the likelihood of detecting any stimulated AKR.

The beginning of each Type-III burst, at each of the three fre-
quencies, was defined as t = 0 and the spectral density was examined
1 hour before and 1 hour after t = 0 for bursts detected by both
1SEE-3 and IMP-8. For an event detected by ISEE-3, only background
radiation intensities are measured the first hour (t < 0), while the
second hour (t > 0) contains both background and Type-III burst
{intensities. The same event detected by IMP-8 measures background
intensities the first hour while the second hour measurements contain
background, Type-1II, and any stimulated AKR intensities. The back-

ground level defined here does not refer to the usual cosmic
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background emission but refers to any random occurring emission found
for t ¢ 0. Averaged over many events this “background” should be
close to constant in time.

The 2-hour interval, measured by each spacecraft, is divided
into equally spaced time bins. An average Intensity for each time
bin was found by summing the intensity measurements (with a computer)
that have times that fall within the bin and dividing this sum by the
number of measurements that fall into the bin (i.e., if the bin 1is
320 seconds long, two IMP-8 intensity measurements fall into the bin
and the average intensity of the bin is the sum of these two measure-
ments divided by twe). This averaging process was carried out for
measurements made by ISEE-3 and IMP-8. For each event, the average
intensity measured in each time bin for the ISEE-3 measurements are
then subtracted from the corresponding bin average intensities mea-
sured by IMP-B. In effect, the Type-III burst (measured by ISEE-3)
is subtracted out of the combined Type-III/AKR emission (measured by
IMP-8). Thus, after subtraction, the intensity of background radi-
ation and any AKR onsets (found in t > 0) is left for each event.

Since spectral density measurements from ISEE-3 are subtracted
from IMP-8, it is very important that the intensity calibration of
the E-field detection instruments on both satellites be the same.

To verify that instruments on both satellites give similar intensity
measurements (for similar phenomenon), the spectral density of an
isolated Type-III event (without AKR onsets) measured by IMP-8 was

compared to the spectral density of the same event measured by ISEE-3.
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If the intensity calibrations on both satellites are correct, the ratio
of intensities of the Type-III bursts (with background subtracted off)
measured by both spacecraft should be close to unity. The intensities
measured by each satellite are compared by plotting the intensities on a
log-log plot. Figures 8, 9, and 10 show the comparison of intensities
for isolated Type-III events at each frequency. Filgure 8 shows the com-
parison of intensities for the isolated Type-I1II event on Sept. 6, 1978,
at 5:59 UT for 100 kHz. Figure 9 and Figure 10 show the comparison of
intensities for the isclated Type-III event on June 26, 1979, at 14:55
UT for 178 kHz and 500 kHz. Note that the ratio of intensities is close
to unity. The best fit linear relationship between the points 1s shown
by the straight line. These plots (and others like them) confirm that
ISEE-3 and IMP-8 measure essentially the same intensities. Most points
on the figures are found to be witﬁin +10% from linearity.

The above mentioned IMP-8 measurements (with Type—III burst inten-
sities subtracted out) can now be added up, bin by bin, over all 200
events. This procedure is known as a superposed epoch analysis and
yields a final distribution that is made up of the background and the
possible AKR stimulated by Type-III bursts from all the events added
together. If the AKR events are not correlated with Type-III bursts,
there is an equal probability of AKR occurrences in the first hour (t <
0) as in the second (t > 0) and no major intensity Increases should
occur for t > 0. On the other hand, if the Type-II1I/AKR events are cor-
related, the latter hour (t > 0) should be of greater intensity than the

first hour. This increase in intensity occurs because the first hour
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measures background intensities only while the second hour measures
background intensities plus the effect of the correlated occurrences of
AKR.

The statistical analysis takes the following steps:
1) Averages are found for the first hour (background) and second hour
(background and possible AKR onsets) from the final distributien. The
averages for the first and second hour will be represented by Tp¢g and
Ty30. respectively.
2) The standard deviation of the mean (5DM) is calculated for the
first hour. The SDM represents the deviation in a group of averages
calculated from new sets of data. If one thinks of doing this survey
over again many times with new sets of data, many new first hour aver-
ages will be calculated. The distribution of these averages has a
standard deviation equal to the SDM. The SDM for the first and second
hour will be represented by SDMpep and SDMe>p, respectively.
3) A variable AI will be defined where AL “ITt>D ’Iit<ﬂ- This
represents the intensity increase from first to second hour.
4)  Assuming no Type-ILI/AKR correlation exists, a variable AI, is
defined where AL, = Tt}ﬂ - EE(D with a hyputheticallft>ﬂ which has the
came statistical properties as Ip¢g. This AI, represents the change in
intensity expected when no Type-I1I/AKR correlation exists. The vari-

able AL, will, then, have an average value equal to zero and a standard

deviation of its values corresponding to SDM; = Jfﬁbﬂt}UjE -+ {SDHt<g}2
= V7 SDMy¢p (SDMp¢p = SDMpsq since background radiation is the only

emission detected in the 2-hour period). A Gaussian distribution can
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be used to represent the AIl, values with a mean value of Al = 0 and
SDM, = JEIEDHt<G (i.e., 1f our study was done over again many times,
many Al values would be obtained with the average equal to AL, = 0 and
a spread represented by SDM;). A comparison will be made between the
distribution of AI,'s for the uncorrelated situation and the AI's
calculated in this survey.

If a significant number of AKR onsets is triggered by Type-IlI
bursts as to imply a relationship, one would expect AI above probable
uncorrelated intensity increases, AI,. Thus, a Type-III/AKR correlation
exists if AL is 2 SDM, above AI, = O (where the range of highly probable
Al, values falls within 2 SDM, of Al, = 0Y. However, if no Type-III
triggered AKR are detected in t > 0, a Type-III/AKR relationship does
not exist and AI = AI,. Thus, no correlation exists between Type—-I1II
bursts and AKR if AI is within 2 SDM, of AL, = 0 {or in other words, no
correlation exists if AI is within the range of highly probable AI,
values).

In effect, when oI is 2 SDM, above AI, = 0, the AT value can no
longer be considered compatible with the values obtained from the uncor-
related case. Such large intensity increases imply that AKR 1s belng
triggered by Type-I1I11 bursts and that a Type—III/AKR correlation exists.

Again, the epoch analysis is done for three different frequencies.
For each event, the 100-kHz, 188-kHz and 513-kHz spectral density data
from ISEE-3 is subtracted from the 100-kHz, 178-kHz and 500-kHz spectral
density data from IMP-8, respectively. It is assumed that the Type-III
intensity form doesn't change substantially from 178 kHz to 188 kHz and

from 500 kHz teo 513 kH=z.
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IV. RESULTS

The superposed epoch analysis was performed at the three fre-
quencies mentioned. Figure 1l shows the results of the analysis. In
the figure, the log of the spectral density is plotted vs. time, with
t = 0 being the start of the Type-III burst's passage. At 100 kHz
large intensity increases are nolt seen in the second hour (t > 0).
The first hour average intensity (average of background) is 6.04 x
10715 vemn2Hz"! while the second hour average intensity (average of
background and any AKR occurrences) is 5.12 x 10715 v2p2mz-l, At
178 kHz, an increase in intensity is found with the first hour
average intensity at 4.07 x 1071%* v2g72Hz™! and the second hour
average intemsity at 6.10 x 1071% v2p~2Hz!. An intenmsity increase
{s also seen at 500 kHz with the first hour average intensity at 4.7
x 107'8 v8p2Hz! and the second hour average intensity at 18.3 x
10718 2n 2yt

Note, at 500 kHz, the background period plcked is slightly less
than an hour while the remaining period after t = 0 is slightly over
an hour. This small period shift is because the 2-hour period at 100
kHz has the start of the Type-III burst, t = 0, at center. Type-11I
radiation arrives earlier at higher frequencies, thus t = 0 is

shifted to an earlier position in the 2 hour perioed at 500 kHz.



The standard deviation of the mean for the first hour (SDMg¢q)
is calculated from the epoch analysis results. This value 15 defined
as sffE where & is the sample standard deviation of the first hour
and n is the number of data points in each first hour region. Table
1 shows the average intensity in each hour {Tt<0 and E}>ﬂ} along with
the first hour's standard deviation (S;¢g) and standard deviation of
the mean (SDMy¢p). From these SDMp¢q values, SDM, can be calculated.
The SDM, values are 1.06 x 10715 v2m2Hzl, 0.48 x 10714 vZm2Hz"!
and 2.94 x 10718 v2p2Hz"! for 100 kHz, 178 kHz and 500 kHz, respec-
tively. As mentioned, if no Type-III/AKR correlation exists, one
would expect our intensity increases to fall within 2 SDM; of Ay = 0
where AT, = 0 is the average intensity increase when no correlation
exists. However, if AI is above 2 SDM, of AI, = 0, the gain in
intensity seen after t = 0 (the passage time of the Type-III burst)
indicates increased onsets of AKR and implies a Type-III/AKR
correlation exists.

At 178 kHz, the best estimate of AI, where AL = Iy - Ip¢g, 18
AT = 2.03 x 10714 ¥2p™2Hz"!, This value is 4.23 SDM, greater than
AI, = 0 and indicates that large intensity increases are found after
t = 0. This implies that a Type-III/AKR correlation exists.

At 500 kHz, the best estimate of AI is AT = 13.60 x 10718 y2p—2
Hz"!. This value is 4.63 SDM, greater than AI, = 0 and, again,
implies that a Type-III/AKR correlation exists.

The intensity increases at 178 kHz and 500 kHz agree with

Calvert's results that Type-III bursts trigger AKR and that the
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simultaneous occurrence of the two emissions is not just a chance
accident, but is the result of a “"cause-and-effect” relationship.

A question that must be asked is whether the intensity increases
at 178 kHz and 500 kHz could have come from background fluctuations
alone. 1In other words, what is the probability that these intensity
{increases are not the result of Type-III stimulated AKR but result
from some random emission that, by chance, happens to occur more
often in the second hour? The probability of random emissions caus-
ing the intensity jumps is low. Using the central limit theorem of
statistics and the best estimate for AI, the probability is cal-
culated to be less than 107 at 178 kHz and less than 107 at 500
kHz. Since this probability is small, a reasonable conclusion is
that AKR is being consistently triggered by Type-III bursts in the
second hour causing the intensity level to rise.

At 100 kHz, the best estimate of AI falls within 2 SDM, of AI, =
0. No large intensity increases are seen for t > 0 implying, at this
frequency, that few (if any) Type-III related AKR onsets occurred in
the 200-event sample. This result implies the Type-III/AKR correla-
tion is not strong at this frequency.

The gain of each frequency can be calculated by noting the
intensity changes in the second hour as compared to the first. At
100 kHz, the intensity actually decreases slightly in the t > 0
region, thus a -0.7 dB gain is found. The gain at 178 kHz 1s 1.9 dB
while at 500 kHz, the gain is 5.9 dB. According to theory, if all

incoming Type—-III bursts stimulated an AKR onset, the epoch analysis

18



would yield a gain above background of about 80 dB. Since the gains
actually observed are fractions of this, an AKR triggering proba-
bility for a Type-III burst can be calculated at each frequency
(i.e., 1f half the Type-III bursts trigger AKR, a 40 dB gain would be
calculated in the epoch analysis, yielding a triggering probability
of 40 dB/80 dB or 0.5). Table 2 shows these probabilities at each
frequency. The largest probability is found at 500 kHz with a
triggering probability equal to .074, implying 7.4% of incoming Type-
III bursts stimulate AKR.

The power spectrum is shown in Figure 12 for the pre-event and
post-event power fluxes. Note that the post—event's spectrum is more
intense than the pre-event's, indicating an intensity increase after
the passage of the burst., Also, the power output at 500 kHz shows
that the post—event level is almost a factor of 3 times larger than
the pre-event level, while at 178 kHz, the post-event level is a
factor of 1.5-2 times larger than the pre-event levels. The fre-
quency integrated power flux increase is, then, 1.19 x 1071 wm™2,
which is a 50% change in frequency integrated power flux output from

pre—event levels.
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V. CONCLUSION

The superposed epoch analysis performed on Type-III radio bursts
{ndicate substantial intensity increases after the arrival of the
Type-III bursts. These intensity increases imply an increase in the
occurrence of AKR after the arrival of a Type-II1 burst.

Intensity increases after t = 0 were found at both 178 kHz and
500 kHz. These increases are well above the increases expected 1f no
Type-III/AKR correlation existed. These large intensity increases in
the t > 0 region indicate that Type-III correlated onsets of AKR
occurred and a Type-ILI/AKR correlation exists.

The power spectrum also shows an increase in intensicy from
pre-—event to post—event power fluxes. This power flux increase adds
to the mounting evidence of a Type-III/AKR correlation.

By noting the intensity gain from the first to second hour, an AKR
triggering probability for an incoming Type-III burst can be determined
at each of the frequencies studied. At 500 kHz, a .074 probability
exists indicating about 7.4% of incoming Type-III bursts stimulate AKR.

All of these conclusions back Calvert's hypothesis that incoming
Type-III bursts stimulate AKR. This survey indicates close to 10% of
incoming Type-III bursts stimulate AKR (as indicated by the 500-kHz
triggering probability) and shows an external (outside garth) source

besides cosmic background can cause AKR stimulation.
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Table 1. Superposed Epoch Analysis Results

- v.2 1 v.2 1 v.2 1 - v.2 1

Lo @ T Be<o & = Moo @ m Ioo & Wz
100 kHz 6.04x 1013 2.50%10"15 J75x10715 5.13x1071°
178 kHz 4.07x10714 1.07x10"14 L4x10714 6.10x10714
500 kHz 4.74x 10718 5.51x10"18 2.08x10"18 18.34x10"18

The t < 0 average intensity, standard deviation and standard
deviation of the mean along with the t > 0 average intensity is
listed for each freguency.



Table 2, AKR Triggering Probability for Type—I1II Bursts

Frequency Probability
100 kHz -0.009
178 kHz 0.024
500 kHz 0.074

The AKR triggering probability for an incoming Type-II1
burst at each frequency is listed.
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Figure 1

A qualitative view of the AKR ray paths.
The source is along the auroral field line
with ray refractions occurring from the
propagation cutoff surface and plasma-

sphere.
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Figure 2

AKR emissions detected from the IMP-6
satellite, HNote the bursty nature of the

emission.
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Figure 3

The detailed fine structure of AKR as

detected by ISEE-1 is shown. MNote the

narrow band emissions in the bottom spec—

trogram.
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Figure 4

4 qualitative radial profile of electro-
magnetic radiation (Type-III bursts) and
plasma oscillations generated from solar

flare electrons.
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Figure 5

A Type—1II radioc burst as detected by
Helios-2. The radio emission is seen at
178 kHz and 100 kHz. Electron plasma
osclllations generated by solar flare
electrons in the solar wind are seen at

56-2 kHz and 31.1 kHz.
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Figure b

An ISEE-] spectrogram showing a Type-1I1I
burst occurring on November 17, 1979.

Note the high to low frequency drift.
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Figure 7

An ISEE-1 spectrogram showing Type-III
bursts and simultaneous AKR occurrences

at 1630 and 2200 UT.
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Figure 8

The IMP-8 gpectral density is compared
to the ISEE-3 spectral density for the
isclated Type-III burst occcurring on

Sept. 6, 1978, at 5:59 UT at 100 kHz.
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Figure 9

The IMP-8 spectral density is compared to
the ISEE-3 spectral density for the
isolated Type-I1I burst occurring on

June 26, 1979, at 14:55 UT at 178 kH=z.
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Figure 10

The IMP-8 spectral density is compared to
the ISEE-3 spectral density for the
isolated Type-III burst occurring on

June 26, 1979, at 14:55 UT at 500 kH=z.
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Figure 11

The results of the superposed epoch
analysls at 100-kHz, 178-kHz and 500-kHz
frequencies are shown. The t = 0 point
represents the start of the Type-III

burst's passage for all events.
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Figure 12

The power spectrum is shown for the
pre-Type-III event and post-Type-IIl

event power fluxes.

45



POWER FLUX (WATTS m 2 Hz ')

L-GBa=-1287
| |
POWER

o' SPECTRUM _
0" POST- EVENT =
G - "

E PRE- EVENT =
|0‘19 - _:_
G | | | R

00 200 300 400 500

FREQUENCY ( kHz)

Figure 12

46



REFERENCES

Benson, R. F., and W. Calvert, ISIS-1 observations at the source
of auroral kilometric radiation, Geophys. Res. Lett., 6, 479-
482, 1979.

Benson, R. F., W. Calvert, and D. M. Klumpar, Simultaneous wave and
particle observations in the auroral kilometric radiation
source region, Geophys. Res., Lett., 7, 959-962, 1980.

Calvert, W., The stimulation of auroral kilometric radiation by
Type-1II solar radio bursts, Geophys. Res. Lett., 8, 1091,

1981a.

Calvert, W., The signature of auroral kilometric radiation on ISIS-1
ionograms, J. Geophys. Res., 86, 76-82, 1981b.

Calvert, W., The auroral plasma cavity, Geophys. Res. Lett., 8, 19,
1981e.,

Calvert, W., A feedback model for the source of auroral kilometric
radiation, J. Geophys. Res., 87, B199, 1982.

Dunckel, N., B. Ficklin, L. Rorden, and R. A. Helliwell, Low-
frequency noise observed in the distant magnetosphere with
0Go-1, J. Geophys. Res., 75, 1854-1862, 1970.

Fainberg, J., and R. G. Stone, Satellite observations of Type-II1
solar radio bursts at low freugneices, Space Sci. Rev., 16,
145-188, 1974.

Gallagher, D. L., and D. A. Gurnett, Auroral kilometric radiation:
Time-averaged source location, J. Geophys. Res., 84, 6501-6509,

1979.

Gurnett, D. A., The earth as a radio source: Terrestrial kilometric
radiation, J. Geophys. Res., 79, 4227-4238, 1974.

Gurnett, D. A., and J. L. Green, On the polarization and origin of
auroral kilometric radiation, J. Geophys. Res., 83, 689-69%6,
1978.

47



Knoll, R., G. Epstein, S. Hoang, G. Huntzinger, J. L. Steinberg,
J. Fainberg, F. Grena, S. R. Mosier, and R. G. Stone, The
3-dimensional radio mapping experiment (SBH) on ISEE-C,
1EEE Trans. Geosci. Electron., GE-16, 199-204, 1978.

Lin, R, P., D. W. Potter, D. A. Gurnett, and F. L. Scarf, Energetic
electrons and plasma waves assoclated with a solar Type-III1
radio burst, Astrophys. J., 251, 364-373, 1981.

Melrose, D, B., An interpretation of Jupiter's decametric radiation
and the terrestrial kilometric radiation as direct amplified
gyroemission, Astrophys. J., 207, 651, 1976.

Omidi, N., and D. A. Gurnett, Growth rate calculations of auroral
kilometric radiation using the relativistic resonance condition,
J. Geophys. Res., 87, 2377-2383, 1982.

Scarf, F. L., R. W, Fredricks, D. A. Gurnett, and E. J. Smith, The
ISEE-C plasma wave investigation, IEEE Trans. Geosci. Electron.,
GE-16, 191-195, 1978.

Wild, J. P,, Observations of the spectrum of high-intensity solar
radiation at metre wavelengths, Aust. J. Seci., 3, 541-577, 1950.

Wu, C. 5., and L. C. Lee, A theory of the terrestrial kilometric
radiation, Astrophys. J., 230, 621-626, 1979.

48



