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Abstract. Using a new method of correlation func-
tion for amplitude and phase fluctuations (APCF), rec-
ords of geomagnetic field component fluctuations (ob-
servatories Mondy and Borok) have been processed for
a number of hour zones of the nightside magnetosphere.
This method is meant to detect groups of equidistant
frequencies inside the spectrum of source signal and
also to measure a difference between two neighbor fre-
quencies in each of these groups.

The groups of equidistant frequencies in broadband
spectra of these fluctuations are shown to depend on
eigenfrequencies of the 2D Alfvén wave resonator, just
as for dayside fluctuations [Polyakov, 2018]. An empir-

ical relation has been found between a combination of
parameters of this resonator and local time. The similar-
ity between structural elements in the final products of
processing of Alfvén fluctuation N-S and E-W compo-
nents for almost all hour zones clearly indicates the reli-
ability of the results of the APCF method in processing
any broadband signals.
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INTRODUCTION

The main result of the article series [Polyakov, 2010,
2014, 2015, 2018] should be considered the develop-
ment of a new innovative signal processing method and
its associated computer program. The method is based
on the analysis of a specially constructed correlation
function for amplitude and phase fluctuations (APCF)
and is designed to detect groups of equidistant frequen-
cies in the broadband spectrum of the source signal.

The APCF method is described in detail in [Polya-
kov, 2015, 2018]. This paper lists only its basic con-
cepts. At the initial stage, a source signal is converted
into a small addition to the sinusoid of a given frequen-
cy. For such a signal, deviations of the amplitude n;(®;)
and phase yi(®;) from the amplitude and phase of an
ideal sinusoid are found at each time step i; ®; is the
phase of this sinusoid.

At the next stage, the cross- and autocorrelation
functions of amplitude and phase fluctuations are de-
termined and used to calculate the function

G(t)=[v(®)y(0-1)][n(®)n(®-1)]-
—[y(@)n(@—r)}[n(@)v(@—t)}

The overline means averaging over @; t is the ® phase
shift. The correlation function G(t) turned out to have
one interesting property. In the works listed above,
when processing simulated wave signals of various
types in 1D and 2D resonators, as well as signals simply
constructed as a sum of sinusoids of different frequen-
cies, it has been shown that if there is an equidistant
frequency group in the source signal spectrum, peaks
periodically following each other along the t-axis ap-
pear in the structure of the function G. From the posi-
tion of the first peak 15, we can indirectly measure [Pol-

yakov, 2018] the difference between two adjacent fre-
quencies Af of this equidistant group in the source sig-
nal spectrum.

At the last stage of the processing, all sequences of
periodic peaks of the function G(t) are identified, and
for each of them the difference Af is measured. The final
product of the source signal processing is a histogram of
these differences.

For the traditional Fourier spectrum it is commonly
supposed that the presence of a statistically significant
peak in its structure means that the signal contains qua-
si-monochromatic oscillations at the frequency of this
peak. In the spectrum of the APCF method (histogram),
each peak corresponds not to one but to a whole group
of oscillations whose frequencies represent an equidis-
tant sequence. Position of the peak along the Af axis
defines the difference between two adjacent frequen-
cies, which is a common characteristic of the entire
group. The APCF method is not able to determine indi-
vidual frequencies, it is even impossible to figure out in
which part of the frequency band they are located, and
how many frequencies each group contains. At the same
time, it appeared that if one or more consecutive fre-
quencies are missing from the group, this slightly
changes the corresponding periodic peaks of the func-
tion G(t). The APCF method can successfully detect
even such defective frequency groups.

For natural broadband oscillations, eigenfrequencies
of resonators for those harmonic numbers at which they
become equidistant should be considered as the equidis-
tant frequency groups in the spectrum. There are many
such resonators of different wave types in Earth’s mag-
netosphere [Leonovich, Mazur, 2001; Zhu, Kivelson,
1989; Lee, Lysak, 1994; Ruohoniemi et al., 1991; Sam-
son, Harrold, 1992; Takahashi et al., 2010]. Each 1D
standing wave of a resonator forms one equidistant fre-
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quency group and corresponds to one peak in the Af
histogram. In [Polyakov, 2018], the APCF method and
associated computer program have first been applied to
natural signals, which are short-period geomagnetic
field fluctuations (SPF) recorded on the Earth surface. It
turned out that in all cases the Af histograms include a
large number of peaks that periodically follow each oth-
er along the horizontal axis. It has been qualitatively
shown that this behavior of peaks fits exactly into the
scheme of the structure of eigenfrequencies of a 2D
standing Alfvén wave if a small transverse additive is
taken into account in the dispersion relation. This paper
continues the experiments on processing of discrete
records of geomagnetic field fluctuations but for the
nightside magnetosphere instead of the dayside one
[Polyakov, 2018]. The main peculiarity here should be
considered the comparison between the Af histograms of
the N-S and E-W components since it can allow us to
clear up such an important problem of the APCF meth-
od as the reality and reliability of the final processing
product. The Af histograms should display not any ran-
dom arbitrary or false peaks, but those that correspond
to eigenfrequency groups in the spectrum.

RESULTS

As noted above, for processing by the APCF method
the SPF data was used which had been obtained by
similar induction magnetometers with an operating fre-
quency range from 1 mHz to 10 Hz at the observatories
Mondy (®=46.7°, A=173.6°, L=2.1) and Borok
(®=53.9°, A=114.3°, L=2.9), where ® and A are the
corrected geomagnetic latitude and longitude; L is the
magnetic shell number.

The data is presented in the discrete form; the
time step is 0.1 s. In the APCF computer program,
before source signal processing we have to set the
frequency range within which equidistant eigenfre-
quency groups are detected. In this case, this range
has boundaries from 0.2 to 2.2 Hz and corresponds to
the high-frequency component of the SPF range.

The entire time array for each station has been di-
vided into seven separate time intervals from 20-21
LT on April 10, 2000 to 02-03 LT on April 11, 2000.
For each interval, the records of the N-S and E-W
components were processed.

The final result of the processing by the APCF
method is a Af histogram. One of them (Mondy Obser-
vatory) is given, as an example, in Figure 1, b. The
magnetic field components and the local time of the
hour zone are also shown in this Figure. Along the ver-
tical axis, n is the number of real measurements of Af in
the entire given range of values, ng is the total number
of all attempts of these measurements. The ratio n/ng
can serve as estimated probability of observing each of
the Af values in the plot. The f and Af values are given
in a dimensionless form as multiplied by the time step
of the source signal (f —>fAt).

This histogram displays a sequence of many distinct,
isolated peaks. The line connecting bases of these peaks
gradually drops to zero along the vertical axis from the
beginning to the end of the range of Af values. Since we
are interested only in the structure and location of the
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Figure 1. Example of Af histogram — a final product of
the APCF processing technique for the N-S component of
geomagnetic field fluctuations (b); traditional Fourier spec-
trum (a); the Af histogram after bandpass filtering (c)

peaks themselves, it would make sense to get rid of
slow and too small-scale fluctuations. To do this, we
adopt a bandpass filtering procedure with specially se-
lected boundary frequencies. The histogram filtered in
this way is shown in panel c. Obviously, the peaks in it
are more illustrative and more convenient for analysis
than those in panel b.

In the spectrum of equidistant eigenfrequency groups
(panel b), we can find 16 peaks with different Af values,
from the peak with Af=0.0018 to the peak with Af~0.007,
which follow each other along the horizontal axis at almost
identical intervals. A similar feature of these peaks has
been revealed in [Polyakov, 2018] for geomagnetic field
fluctuations in the dayside magnetosphere. In this work, it
was gualitatively shown that such a peak structure should
be due to eigenfrequencies of a 2D standing Alfvén wave
when the small transverse dispersion is considered [Leo-
novich, Mazur, 1987]. In this case, the eigenfrequencies
are determined by two integers: n is the harmonic number
along the magnetic field and m is the harmonic number
along the transverse radial coordinate. To each n corre-
sponds a group of equidistant frequencies with different m.
The difference between two adjacent frequencies in such a
group is determined by the ratio

Q5
2 1

where Q, is the frequency of longitudinal magnetic field
oscillations (field line resonance); S is the Larmor radius
of background protons, I, is the size of the resonator
along the radial coordinate.

Ratio (1) is best suited for interpreting the peaks
mentioned above in Figure 1, c. At the same time, each
peak has its own number n (there may be arbitrarily
many such peaks, in this case there are 16 of them) and
should be located along the Af axis equidistantly like the
eigenfrequencies Q, for large harmonic numbers.

For comparison with the histogram in Figure 1, a,
the traditional Fourier spectrum is presented in the fre-
quency range set during processing. It is noticeable that
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M
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there are no pronounced peaks in it at some individual
frequencies. Such a spectrum is generally assumed to be
similar to the spectrum of random noise and does not
contain useful information. At the same time, the spec-
trum obtained by the APCF method (see Figure 1, c)
shows that the Fourier spectrum should include peaks at
frequencies of at least 16 equidistant groups with differ-
ent Af values. If each group contained 10 frequencies
(this is the minimum estimate [Polyakov, 2018]), there
would be 160 such peaks in total. Being located within
the same frequency range, this set of peaks creates such,
at first glance, a disordered structure of the spectrum
which we can see in Figure 1, a.

Now let us compare the Af histograms of the geo-
magnetic field fluctuation components. Figure 2 exhib-
its such histograms for two hour zones of the observato-
ries Mondy (Figure 2, a) and Borok (Figure 2, b). In
each case, a histogram of the N-S component is at the
top, and below is a histogram of the E-W component.

In the N-S histogram of the left panel of Figure 2, a
is a clear-cut sequence of ten distinct peaks of approxi-
mately the same height. Their relative position along the
horizontal axis may be considered approximately equi-
distant. Obviously, these peaks, as well as those pre-
sented in Figure 1, c, are due to the differences between
adjacent eigenfrequencies of 2D Alfvén wave (1). In the
E-W histogram is also a sequence of peaks, although not
as clear as in the N-S histogram since these peaks differ
significantly in height.
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Figure 2. Comparison between positions of the peaks in
the Af histograms of the N-S and E-W components for some
hour zones of the observatories Mondy and Borok
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In order to compare the positions of the peaks along
the Af axis for the N-S and E-W histograms, vertical lines
are drawn in the left panel of Figure 2, a, each passing
through the peak maximum in the N-S histogram. For the
first three lines on the left, the position of the lower ends
is clearly seen to almost perfectly coincide with the posi-
tion of tops of the corresponding peaks in the E-W histo-
gram. On the fourth line, the top of the peak deviates no-
ticeably, yet even in this case such a deviation is only 7 %
of the Af value at which the line crosses the horizontal
axis. The next peak to the right in the N-S histogram
(marked with a vertical arrow) does not have its analog in
the E-W histogram. It appears, however, to be so close to
the adjacent peak on the right that they should perhaps be
considered one peak with a complex split structure. All
other peaks in the N-S histogram in the series marked
with vertical lines have a position that coincides almost
exactly (the deviation does not exceed 5 %) with the posi-
tion of the corresponding peaks in the E-W histogram.

The right panel of Figure 2, a for another hour zone
exhibits a similar pattern. The lower ends of the vertical
lines indicate that the positions of the peaks of the said
series of the N-S histogram along the Af axis coincide to
a high accuracy with the position of the corresponding
peaks of the E-W histogram. An exception is the only
peak (marked with an arrow) of the 11 peaks of the en-
tire series, which does not have a similar peak in the
bottom histogram.

For Borok Observatory (see Figure 2, b), the rela-
tionship of the peaks in the Af histograms with eigenfre-
quencies of 2D Alfvén waves (1) is most clearly mani-
fested in the E-W component. This is especially notice-
able in the plots of the right panel. The E-W histogram
indicates that most of the peaks marked with vertical
lines contain almost no small-scale fluctuations and are
located along the Af axis almost equidistantly. There are
significantly more such fluctuations (interference) in the
histogram of the right panel. The vertical lines both in
the right panel and in the left one (Figure 2, b) bring out
clearly, however, that the positions of the main peaks of
the N-S and E-W histograms coincide almost perfectly,
just as in Figure 2, a.

It is obvious that the groups of equidistant fre-
quencies in the spectra of geomagnetic fluctuations
recorded on the Earth surface should be determined
mainly by the eigenfrequencies of Alfvén waves. In
these waves, the frequency composition of the spectra
should be the same for the N-S and E-W components.

The coincidence of the peak positions along the Af
axis for the histograms of different components in Fig-
ure 2 convincingly confirms this fact. At the same time,
the recordings of fluctuations of different components
for the APCF processing technique are signals inde-
pendent of each other. Figure 2 shows that in all the
cases presented the structure of the peaks of the final
product of processing one of the signals sometimes co-
incides almost exactly with that of the peaks of the his-
togram of another signal. These coincidences represent
a very important finding for further development of the
APCF method of detecting equidistant frequency groups
and its application to broadband signals. Now we can
confidently say that this method and associated comput-
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er program provide objective and reliable information
on the presence of equidistant frequency groups in the
spectrum (group detection) and determine the Af param-
eters for each group with acceptable accuracy. At the
beginning of the project, this did not seem obvious. It
was assumed that interference in the composition of
geomagnetic field fluctuations may also form equidis-
tant frequency groups in the spectrum. The final histo-
gram of the APCF method should contain a lot of ran-
dom noise peaks that greatly distort the overall picture.
Yet in real histograms (Figure 2) the contribution of
such peaks is minimized; in most cases, we can see only
equidistant peaks of eigenfrequencies of 2D magneto-
spheric standing Alfvén waves.

In the N-S and E-W histograms (Figure 2) for some
hour zones, most of the peaks (marked with vertical
lines) are located along the horizontal axis at approxi-
mately the same distance from each other. The vertical
lines, like fence boards, look almost equidistant. From
positions of these lines we can find the mean for the
difference between Af,,,; and Af, positions of two adja-
cent peaks. Denote this difference by SAf. Such SAf
were measured for all processed hour zones of the geo-
magnetic field fluctuations recorded at the observatories
Mondy and Borok. Figure 3 displays dependences of
these measurements on local time for both observato-
ries. The SAf difference is given in hertz, not in dimen-
sionless units. This difference in the nightside magneto-
sphere is seen to be almost unchanged within a large
interval of the azimuth coordinate from 20 to 3 LT. The
mean of 5Af=3.2 mHz for the entire interval. Only in
the hour interval 1-2 LT there is a slight increase to
OAf=3.5 mHz.

According to (1), the qualitative relation for dAf has
the form

SAf =Af, ,, —Af = &ﬁ,

2n |,
where AQ=Q,,1—Q, for such harmonic numbers when
the frequencies Q, become equidistant. It follows that
the SAf characteristic measured is defined by three parame-
ters of the right-hand side in (2). The above mentioned

)

SAF (mHz)

o+

20 21 22 23 0 1 2 3

LT

Figure 3. Dependence of the mean difference SAf between
positions of adjacent peaks on local time (Mondy Observatory
(dots), Borok Observatory (crosses))

49

increase to 6Af=3.5 MHz is most likely due to a slight
decrease in the radial size of the resonator I, in the 1-2
LT sector.

Figure 3 clearly shows that all changes in the curve
marked with dots (Mondy Observatory) match changes
in the line marked with crosses (Borok Observatory).
The maximum difference in SAf of these plots is only 5
%. Nonetheless, it should be taken into account that
source signals for the processing are observed at differ-
ent points of the Earth surface (observatories Mondy
and Borok) at which geomagnetic field fluctuations are
recorded by different instruments under conditions of
different effects of natural and anthropogenic interfer-
ence. That said, in Figure 3 we can see an almost exact
coincidence of the SAf values for both observatories.
This coincidence is another convincing evidence for
authenticity and reliability of the results of the new
APCF processing technique.

CONCLUSION

The following conclusions can be drawn.

1. Analysis of the Af histograms obtained using the
new APCF signal processing technique shows that in all
cases the nightside magnetosphere is characterized by
the same periodic alternation of sequence of peaks along
the Af axis as the peaks of histograms in the dayside
magnetosphere [Polyakov, 2018]. The position of the
peak n on the horizontal axis Af, is defined by (1) as the
difference between two adjacent frequencies in an equi-
distant group, whose set forms eigenfrequencies of 2D
standing Alfvén waves.

2. The N-S and E-W histograms of each hour zone
have been used to measure means of the difference be-
tween positions of adjacent peaks along the horizontal
axis of dAf. The local time dependences of this parame-
ter for the observatories Mondy and Borok (see Figure
3) show that its values remain unchanged within a large-
scale azimuth sector of the nightside magnetosphere.
The mean of §Af=3.2 mHz in this sector. The difference
SAf is shown to depend on a combination of three pa-
rameters of 2D Alfvén wave resonator (2). Small devia-
tions from the mean in Figure 3 must be associated with
a change in the resonator’s radial size I,.

3. Comparing histograms for the fluctuations of the
N-S and E-W components (see Figure 2) indicates that in
each such pair we can see similar peaks whose positions
coincide to a high accuracy along the horizontal axis.
This confirms the hypothesis that these peaks originate
from eigenfrequency groups of 2D Alfvén wave. At the
same time, such, in some cases almost exact, coincidence
of the peaks by the components strongly suggests that the
new APCF processing technique can provide us with
consistent and reliable information on equidistant fre-
quency groups in spectra of broadband signals. This im-
portant finding of this work is also confirmed by the co-
incidence of changes in the 3Af dependences on LT (see
Figure 3) for the observatories Mondy and Borok since
source signals for the processing were recorded at a great
distance from each other under conditions with different
levels of instrument and anthropogenic interference.
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