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Abstract By using the long baseline interferometer for the decameter wavelength radio waves at Tohoku University
operated at 21.86 MHz, we observed decameter radio wave pulses from our Galaxy center mainly in June 2016 and June
2017. Due to the extremely low S/N (signal to noise ratio), where the noise is from 300 to 500 times larger than the signal
level, the observed interferometer data are uniquely analyzed to detect the source direction. Separation of the signal from
the high background noise is accomplished by applying the Interferometer Fringe Function Correlation Method (IFFCM)
where the aperture synthesis method of the interferometer data that utilizes the Earth’s rotation is modified to eliminate
any ambiguity of phase shifts in the system. Pulse forms in the signal are confirmed in the Fourier transformed domain by
applying FFT operations to the time series data of the IFFCM; by taking an average of the FFT results over 2016 independent
sets, the pulse frequencies are separated from the background white noise. The resulting signals indicate a source direction
identified to be at Sgr A* within 46 arc minutes. The signals are characterized by an ensemble of pulses with fundamental
periods of (173 &£ 1) sec and (148 £ 1) sec corresponding to the spin periods of two sources which we call Gaa and Gab,
respectively, whose frequencies periodically vary with a common period of (2200 £ 50) sec. We suggest being based on
Kerr black hole theory that Gaa and Gab are super massive Kerr black holes, with masses of (2.27 £ 0.02) x 10°M, and
(1.94 £ 0.01) x 10°Mg, respectively, and with a total mass of (4.22 4 0.03) x 10°My, form a binary system orbiting at

2200 % 50 sec.

Keywords: Center of our Galaxy, decameter radio wave, interferometer observations, black hole binary.

1. INTRODUCTION

After the first suggestion that a massive black hole might
exist at the center of our Galaxy (Lynden-Bell and Rees,
1971), a sequence of results from successful research has
suggested a limit to the mass of the possible super massive
black hole. In the early phase of the studies the possibility of
a super massive black hole had been estimated from obser-
vations of gas flows in the central few parsecs of the Galactic
center (Lacy et al., 1980; Serabyn and Lacy, 1985). By using
radio waves Lo and Clausen (1983) investigated the flow of
the ionized gas within 1.5 pc of the Galactic center. After a
series of studies to search for a super massive black hole from
the signature of gravity on gas motions that suggested a mass
concentration of 3~4 x 106M@ (Serrabyn and Lacy, 1985), a
new era in the search for the black hole at the Galactic center
has come; that is, studies on detailed observations of indi-
vidual stellar motions have been initiated. After the initial
work to trace the orbits of the individual stars around Sgr A*
(Genzel and Eckart, 1999; Fragile and Mathews, 2000; Ghez
et al., 2000), we now can track the paths of close to 40 stars,

especially the star labelled S2 (S02) (e.g. Gillessen et al.,
2017) that approaches Sgr A* to within 125 AU (Genzel et
al. and Review and References therein). All of the efforts
associated with the collaborative works to track the individ-
ual stars ultimately approached the goal, indicating that the
Galactic center contains a highly concentrated mass of about
(4.28 £ 0.31) x 10°M,, using a distance coupled with de-
termination of the location of Sgr A* at 8.33 4+ 0.12 kpc
(Gillessen et al., 2017).

Quite independently of the current work we initiated a
study to detect decameter radio wave pulses whose periods
we assumed to synchronize with the spins of possible su-
per massive black holes at the Galactic center. Decameter
radio waves have low frequency characteristics that might
be caused by relativistic effects near the region extremely
close to the event horizon of spinning black holes, i.e., Kerr
black holes. After the discovery of Jansky (1933), it has be-
come common knowledge that decameter radio waves are
the dominant components in the Galaxy disk and the center
part as well. We then recognized that even if there exists a
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coherent component of the decameter radio waves generated
at sources close to the event horizon of possible Kerr black
holes, such waves could be buried within the extremely in-
tense background noise. In other words, existing information
from the central objects has never been detected throughout
the history of radio astronomy for more than three-quarters
of a century.

The purpose of the present paper is to describe recent
progress of the observations and data analyses of decame-
ter radio waves from the center of our Galaxy, using the long
baseline interferometer for the decameter wavelength radio
waves at Tohoku University operated at 21.86 MHz. Obser-
vations were carried out mainly in June 2016 and June 2017.
The data analyses show an ensemble of pulses emitted from
rotating compact objects that can be attributed to the exis-
tence of massive spinning black holes.

The objective signals are under extremely low S/N con-
ditions where the signal power is less than 1/300~1/500 of
the total sky noise; even when we collimate the receiving
direction using the interferometer, the noise power level is
still higher by 15 dB than the objective signals. Since a large
number of averaging times are required, we apply a unique
method to analyze the observed interferometer data. We de-
tect the source direction by separating the signal from the
extremely high background noise by applying the Interfer-
ometer Fringe Function Correlation Method (IFFCM) where
the standard aperture synthesis method of the interferometer
data that uses the Earth’s rotation is modified to eliminate
ambiguity of the phase shifts in the system. Details of IF-
FCM will be given in Sec. 5.

Pulse forms in the signal are confirmed in the Fourier
transformed domain obtained by applying a FFT to the time
series data of IFFCM; by taking the sufficient average of the
FFT results over 2016 independent sets, the pulse frequen-
cies are clearly separated from the background white noise.
The resulting signals whose source direction is within £6
arc minutes of Sgr A* are characterized by an ensemble of
pulses with fundamental periods of (173 £ 1) sec and (148
=+ 1) sec corresponding to two sources that we call Gaa and
Gab, respectively. These frequencies periodically vary with a
common period of (2200 £ 50) sec. A fatal problem for de-
cameter observations of celestial objects is the ionospheric
effect, which biases the observed source direction due to re-
fraction through the ionosphere. Since the ambiguity of the
phase differences of the signals received at each station of
the interferometer can be eliminated by IFFCM, the possi-
ble bias due to ionosphere propagation is also eliminated by
taking the unknown phase shift caused by ionosphere propa-
gation to be equivalent to the ambiguity of the phase differ-
ences at each station of the interferometer; due to this elimi-
nation function, we are able to virtually shift the interferom-
eter stations outside the ionosphere. Details for this direction
finding processes will be described in Sec. 8.

There are criticisms for the possibility of detecting de-
cameter radio wave pulses emitted from the sources located
at the center of our Galaxy, from the standpoints of prop-
agation conditions. The first point is that the scattering of
the decameter radio waves propagating through the long dis-

tance in Galactic space causes blurring or elimination of the
pulse forms due to mixing of the time delaying components
from the multi-paths. The second point is the existing high
plasma density near the Galaxy center where the plasma den-
sity and therefore the corresponding plasma frequency are
much higher than the decameter radio wave frequency.

With respect to the first point of criticism, the problem is
raised from today’s paradigm to understand the propagation
effects due to multiple paths by discarding the bandwidth of
the signal on the pulse propagations. That is, in the well-
known theory of the effects of multiple paths (Little, 1968;
Sheuer, 1971) it is simply considered that the overlapping
of arriving signals of a single frequency with no bandwidth
takes place between signals which are taking different paths
due to scattering by plasma irregularities. This means that
there is no constraint to make the overlap of time delayed
signals blur the pulse shape. We consider that setting the
bandwidth is essential to send the pulses; when the correla-
tion is lost for signals within a bandwidth, no pulse can be
transmitted and is received just as noise. If we select a suit-
ably narrow bandwidth to receive the pulse form for the ob-
servation system, we are not bothered by arriving incoherent
single frequency signals which take multi-paths due to the
scattering because they are considered as noise. We receive
coherent signals, within a selected bandwidth, which endure
mild refraction processes that do not harm the original wave
forms. These subjects are described in Sec. 3.

The second criticism is raised by considering a sim-
ple non-magnetized plasma in propagating media where
the electromagnetic waves with frequencies lower than the
plasma frequency cannot propagate. It has been widely ac-
cepted, however, in solar system plasma physics that elec-
tromagnetic waves with much lower frequency than the lo-
cal plasma frequency are able to propagate in the form of
whistler mode electromagnetic waves. The existence of the
magnetic fields near the event horizon of the black hole is
evident (see Eatough et al., 2013, for an example). The orig-
inal radio waves generated in the form of a whistler mode
then propagate by changing modes to the ordinary mode of
electromagnetic waves in plasma by adapting to the environ-
ment of propagation. This subject will be described in detail
in Sec. 9.

The deduced spectra that are characterized by multiple
side bands with a given frequency gap correspond to fre-
quency modulations caused by orbital motions of two objects
possibly to be a binary black hole. Analyses of the Doppler
effects indicate orbital motions for two objects, in assumed
circular orbits with period of (2200 £ 50) sec, that are mov-
ing at around 18% and 21% of the speed of light. Consider-
ing Newtonian dynamics, we thus suggest that there is a mas-
sive black hole binary with masses of (2.2740.02) x 10°Mg
and (1.94 £ 0.01) x 10°Mg. These resulting masses are the
minimum possible values because calculations are based on
an assumption of coincidence of the orbital plane with the
line of sight from the observer. Nevertheless, the total mass
of the presently deduced mass is (4.2240.03) x 10°M, that
is extremely close to the latest results of the black hole mass
(4.35 4+ 0.13) x 10°M,, at the Galactic center (Gillessen et
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al., 2017). This subject will be described in detail in Sec. 10.

Apparently the results of this paper have encountered a
paradigm problem which states that an extremely massive
black hole binary moving within a short distance of 0.27 AU
exists with stable orbits without losing the orbital potential
energy via radiation of gravitational waves. We do not deny
the present results; however, because the present paradigms
for gravitational waves from a black hole still require im-
provement; even the origin of the gravitational force is left
for future studies in the field of astrophysics and physics of
gravitational forces. These subjects are deferred for our next

paper.

2. OBSERVATION SYSTEM
2.1 System General

The principal instrumentation for the present study is
based on the long baseline interferometer of decameter ra-
dio waves established by Tohoku University in Miyagi Pre-
fecture, Japan. The system consists of three stations at
Yoneyama, Zao, and Kawatabi, which receive signals of cos-
mic origin. The locations of these observation stations are
listed in Table 1 (see Fig. 1 also). The receiving systems of
the interferometer consist of a 10 m tip to tip Yagi antenna
which is followed by preamplifier and the main receiver that
is equipped with a 4 stage super-heterodyne system of 500
Hz bandwidth with a sensitivity of —130 dBm (see Fig. 2).
The observations for this study were made at 21.86 MHz,
which is down converted to 1 kHz with a bandwidth of 500
Hz; the signals with a central frequency of 1 kHz are then
sent from each observation station of the interferometer sys-
tem to the central station at Sendai through the FM telemetry
system. To keep the phase of the observed signals constant,
all supplied local signals of the super heterodyne systems and
telemetry carrier signals are controlled their phase by the ce-
sium vapor time standard at the signal generator located at
each station.

Table 1. Location of the stations of the interferometer system.

Station Latitude Longitude
Yoneyama 38°36/50.3” 141°14'33.1”
Zao 38°06'32.4" 140°31'34.5"
Kawatabi 38°45'04.5” 140°45'44.0”

At the main station at Sendai, the signals received by the
FM telemeter system are demodulated to recover the origi-
nal signals at the receiving points. Reproduced signals con-
verted to 1 kHz with 500 Hz bandwidth are divided into three
channels whose center frequencies are set, for each observa-
tion station, at 900 Hz, 1000 Hz, and 1100 Hz, using narrow
band active filters with a bandwidth of 100 Hz. The neces-
sity of narrow band filters will be described in Sec. 3 of this
paper. In the last stage of the data acquisition system at main
station at Sendai, the received signals of nine channels in
total corresponding to each signal from three stations being
divided into three channels, are converted into digital data se-
ries through the AD converter which provides 3000 or 6000

Kawatabi |3

A ?'\- 44 km
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Yoneyama
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Fig. 1. Location of the station of the Tohoku University decameter radio
wave long base line interferometer in Miyagi Prefecture, Japan. The
interferometer consists of three observation stations at Yoneyama, Zao
and Kawatabi; the received signals are sent to main station at Sendai
where formation of the correlation function of the interferometer data
is carried out.

data points (with 16 bits for each) per a second. The total
data of 4 GB or 8 GB which are obtained by five hours of
continuous observation at the three stations for every night
of observation are stored on hard disk derived memory de-
vices.
2.2 Antenna and Interferometer Resolution

The antenna at each station is non resonant type five el-
ement Yagi whose main beam is fixed in the direction of
the exact local south with elevation angle of 45 degree. The
beam width to verify the antenna directivity is correspond-
ing to the antenna gain of 12 dB. While the resolution of
the direction finding of the sources is wide, as will be de-
scribed in Sec. 8, the principal function of the direction find-
ing of signal sources is rely on the interferometer function
without depending on individual antenna directivity at each
stations of interferometer system; but when the resolution
becomes fine to be about 0.1 degree, the direction finding
is affected by directivity of the local antenna. When we
apply the orthodox method to decide the source direction,
the potential capability of the present interferometer system
may show the spec that are given in Table 2. In the present
work, however, we do not employ the orthodox method, be-
cause of extremely low signal to noise ratio which forces the
long time integration of the data, but utilize a method called
here Interferometer Fringe Function Correlation Method (IF-
FCM) where the time depending data series of interferome-
ter (fringe function) caused by the earth rotation is utilized.
In IFFCM no calibration for the absolute phase shifts of the
systems is required because these unknown quantities can be
eliminated analytically in the processes of IFFCM as details
will be given in Sec. 5. To calculate correlation between the
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Fig. 2. The block diagram showing the core function of the interferometer system. Data detected by the main receiver are transported by the FM telemeter
system to Sendai where demodulated original signals are divided into three channels, for each station, through narrow band filters with bandwidth of
100 Hz. Data through the three channels assigned to each station are converted into digital data series through the AD converter which provides 3000
or 6000 data points (with 16 bits for each) per second. The total data of 4 GB or 8 GB which are obtained by five hours of continuous observation at the
three stations for every night of observation are stored on hard disk derived memory devices.

Table 2. Potential resolution of the interferometer system.

Arriving K-Z (77 km) Y-Z (83 km) Y-K (44 km)
Angle (degree) Arc sec Arc sec Arc Sec

10 108.7 98.2 185.2

20 55.18 49.86 94.05
30 37.74 34.11 64.33
40 29.36 26.53 50.04
50 24.63 22.26 41.99
60 21.79 19.69 37.14
70 20.08 18.15 34.23
80 19.16 17.32 32.66
90 18.87 17.05 32.17

template fringe function to search for source direction and
observed fringe function in IFFCM, integration of functions
during an essentially required period is inevitable; the inte-
gration reduces the resolution of the detected source direc-
tion largely instead of advantage to reduce the back ground
noise and elimination of the ionosphere effects which bother
the detection of the source direction as also it will be given in
Sec. 7. Then resolution of the direction finding of system be-
comes much wider (6 arc min: see Sec. 5) than the nominal
potential values given in Table 2.

3. NECESSITY OF
SAMPLING

The established theory for the pulse transmission across
the long distance of the interstellar medium express that the
pulse form is distorted by multiple-path effects due to the
scattering of the propagating radio waves by existing irregu-
larities of plasma distributions. In the traditional description
of the multiple-path theory (Little, 1968; Sheuer, 1971) a
transmitted pulse is divided into multiple components whose
arrival times are not synchronized but diverge within an aver-
age time interval AT that is expressed by (L /2¢)6* where L
and c are the propagation distance and the light velocity, re-
spectively; 6 is the deviation of arriving angle of radio waves

NARROW BAND DATA
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Fig. 3. (a) The model of the propagation environment with plasma density irregularity Plasma irregularity is represented by series of segments of different
plasma density N;4 for the region separated by two sharp boundaries B;; 41 and B;41 ;4+2. Rayl and Ray2 represent the low frequency limit and high
frequency limit of the transporting pulse within a given frequency band, respectively. (b) Detailed depiction of the i-th and (i 4 1)-th plasma segments
for the macroscopic geometry given in Fig. 3(a) with the concept of ray paths that are refracted at the corresponding sharp boundary.

that is given by

- 02
9:906Xp <—%>, (1)
where 6y = (1/872)(Awp /w)>/L]T; £ is thickness of the
equivalent screen. and Awp is defined as the “average per-
turbation of plasma angular frequency” that is expressed for
the average plasma density perturbation AN in an irregular
plasma media as,

Awh = (AN)e*/meg )

with electron charge e, electron mass m and dielectric con-
stant €y for vacuum in mks units. The results of the pulsar
studies (Rankin et al., 1970), which were made observation
in the UHF frequency range at 400 MHz for the pulsar at
the Crab nebula located at a distance of about 7000 ly, indi-
cate that the blurring time of the arrival of the pulsar signal
is 0.3 m sec. If we follow the same category for the obser-
vations of the pulse from the center part of our Galaxy at
8.3 kpc distance, for decameter radio waves at 21.86 MHz,
the blurring time becomes almost a few hundred sec. This
means that we are not able to make accurate observations of

the pulse signal from the Galactic center at a low frequency
range around 20 MHz.

We find, however, that there is a discrepancy in the current
multiple-path theory which concerns only wide band signals
where the importance of bandwidth is ignored. That is, as
an asymptotic stage of the wide band system, only a sin-
gle frequency represents signals which are subjected to the
multiple-path effect in the traditional multi-path theory for
the waves propagating through the interstellar plasma. We
propose then the necessity of a bandwidth for the effective
detection of the pulse form transmitting through the inter-
stellar medium. That is, we employ the concept of obser-
vations within a narrow frequency band where the correla-
tion of the signals is maintained to carry the pulse forming a
wave packet even when propagating through long distances
through the interstellar medium with irregular plasma distri-
butions. We call this theory, based on the concept of narrow
frequency band observation, the coherent refraction theory.

In this coherent refraction theory, we trace the propaga-
tion paths of two representative frequencies (the highest and
lowest frequencies within a given frequency band) at which
signals maintain correlation through the entire propagation
course. In Fig. 3(a), the model of the propagation paths is
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Fig. 4. Symmetry model of the difference of propagation paths between ray-1 and ray-2 corresponding to Eq. (14).

given for two representative frequencies to carry the pulse;
the plasma distribution with irregularity is expressed by seg-
ments with sharp boundary surfaces whose normal is ori-
ented randomly. To express the coherent refraction condi-
tion in detail, for the radio waves with two representative
frequencies to transport a pulse, the geometry of the rays and
boundary of the model irregularity are indicated in Fig. 3(b)
where the ray directions for two representative radio waves
in the i-th and (i + 1)-th part of the irregularity segments
are indicated by the deviation angle 6y; of the boundary nor-
mal direction from the direction of the source—observation
points line (S-O line). The deviation angle 8y; of the bound-
ary normal of i-th segments from the S-O line fall within
angle ranges, —90° < Oy; < 90°.

In Fig. 3(b), the Ray-1 and Ray-2 with frequency @ and
o + Aw, respectively, which represent a pulse encounter
with the sharp boundary of the plasma irregularity at the
points A; and B;. As it has been indicated, propagation
directions of rays and boundary normal are described in x-y
coordinate where S-O line becomes x axis while y axis is
defined perpendicular to the S-O line. Then at the points A;
and B;, the wave normal vectors k,, for ray-o (¢« = 1 for Ray-
1 and o« = 2 for Ray-2) and vector of the boundary normal
n; are express with unit vectors x and y directed to x and y
axes, respectively, as

kyi = coS Oy x + sinb,;y, 3

ke iy1 =080y j11x +sinby 11, “4)
and

n; = cosfy;x 4+ sinfy;y. 5

Then incident angle 6;,; is expressed in the following rela-
tionship as

n; - ka,' = COS 910”'.

(6)

From Egs. (3), (5) and (6) the incident angle of the ray-« is
given by

— Oui- )

After passing through the i-th boundary, ray-« propagates in
the direction with angles 6, ;4 (¢ = 1 and 2) with respect to
the S-O line. The details of the mathematical manipulations
are given in Appendix A where we trace the refraction of
two rays that represent pulse transmission from the source to

O10i = Oni

the observation points. When we introduce the perturbation
density AN; that are related to the density N; of the plasma
at the i-th segment (see Fig. 3(a) and 3(b)) with the average
plasma density N, as

N; = N, + AN;, ®)

and the difference of the boundary normal between i-th and
(i + 1)-th boundary as

C))

we can express the deviation angle 6, ;4 of the ray-« in the
(i 4+ 1)-th plasma segment, taking M as i + 1 for Eq. (A.18)
in Appendix A, as

On iiv1 =0N iv1 —On i,

i+1

1l (w U 2
=3 ( afa ) 'ZANJH AC/TNES:

j=i

{ 2
- __ <wﬂ) ANy - AByjiy1.

2\ wy

(10)

The path length &, ;| for propagation, through the (i + 1)-
th plasma segment, is then expressed assuming small 6, ;1
with width L;; of the (i + 1)-th segment, as

1
=Livi (145041 )

That is, the total propagation path lengths AL between ray-1
and ray-2 is expressed by

L
cos by iy1

(1)

E(X i+1 =

Max Max

1
AL = ;(sl = &) = EZ;L,-(@%,- -0 (12

where Max indicates the maximum number of the segments
at the observation point.

As details have been described in Appendix B, we can
write 62 1., (= 62) with oy and oy of the standard deviations

of Gaussian distribution for AN; and Afy;_, ;, respectively,
as
2 _ 21 (o * 2 2
05 max = 0 = 2\ ) ono- (13)
The relation given by Eq. (12) can be rewritten by
133 2 2 1 2 _ g2
AL = > Li6f - 03) = SL.OF = 63). (14)

i=1
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Table 3. Observation list of Galaxy center by long base line interferometer.

Date in 2016 Start Time (JST) Stop Time (JST) Average Group
June 5 to June 6 23:30:00 04:30:00 GA-1
June 6 to June 7 23:30:00 04:30:00 GA-1
June 7 to June 8 23:30:00 04:30:00 GA-1
June 8 to June 9 23:30:00 04:30:00 GA-1
June 9 to June 10 23:00:00 04:00:00 GA-1
June 15 to June 16 23:00:00 04:00:00 Not Utilized
June 16 to June 17 23:00:00 04:00:00 GA-1
June 17 to June 18 23:00:00 04:00:00 GA-1
June 18 to June 19 23:00:00 04:00:00 GA-2
June 20 to June 21 23:00:00 04:00:00 GA-2
June 21 to June 22 23:00:00 04:00:00 GA-2
June 22 to June 23 23:00:00 04:00:00 Not Utilized
June 26 to June 27 23:00:00 04:00:00 GA-2
June 27 to June 28 23:00:00 04:00:00 GA-2
June 28 to June 29 22:00:00 03:00:00 GA-2
June 29 to June 30 22:00:00 03:00:00 GA-2

We can express the propagations of the ray-1 and ray-2 by
a model given in Fig. 4. Assuming standard deviation of
the variation of the plasma density to be maximum which is
close to plasma density of Galaxy space Ng, and assuming
that the standard deviation of the variation of boundary nor-
mal direction of each irregular segment takes a maximum of

/2, we can express:
w 4 w 4
ul () - ()]
w1 w7
N 7T2L waG 4 waG 4 (15)
32 w w; + Aw '

From Eq. (15), the propagation path length AL between the
cases of the ray-1 and ray-2 is, then, expressed by

w2 (a)G )4 Aw
AL=—L|— | -—.

8 w1 wq
For L of 8.3 kpc between the Galactic center and an obser-
vation point, the difference time AT of the arrival of ray-1
and ray-2 that is given by AL /c with Eq. (16) is estimated
using the deduced average electron density fluctuation based
on observation of the Crab pulsar (Rankin et al., 1970). The
delay time at the frequency 21.860 MHz with bandwidth of
100 Hz is deduced to be 0.6 msec; this means that we can de-
tect pulses from the Galactic center with periods larger than
10 msec (for an examole), even with the decameter wave-
length range radio waves when we select the suitable nar-

rowband width.

Before closing this Sec. 3, we should notify that some of
mathematical symbols utilized in this Sec. 3 will appear in
the other section of this paper; those symbols which will

2 Max

AL = —
32 i=1

(16)

appear in other section, however, are not utilized with same
meaning as defined in Sec. 3; but they will indicate the
significance defined in the corresponding section.

4. OBSERVATION

Observations of decameter radio waves operating with the
described interferometer system were made during three in-
tervals. The first period is in June 2016, the second period
is from December 2016 to February 2017, and the third pe-
riod is June 2017. The first and the third periods aim di-
rectly at the Galactic center, while the second period is for
observation of the sky noise when we were not looking at
the Galactic center. These are listed in Tables 3, 4 and 5. All
observations were made at 21.860 MHz and data were stored
in the manner given in Table 6.

5. INTERFEROMETER FRINGE FUNCTION
CORRELATION METHOD (OIFFCM)

5.1 Production of Interferometer Fringe Data

The radio waves received by the interferometer system at
21.86 MHz is down converted to three channels in frequency
ranges centered at 900 Hz, 1000 Hz, and 1100 Hz with
bandwidth of 100 Hz at the final stage where the analog data
are converted into digital data with conversion rate of 3000
data points per a second.

We can express the data D; (w, t) received at the i-th sta-
tion i.e., data sent to center station Sendai from Yoneyama,
Zao, and Kawatabi station, as

Di(w, 1) = Ni(w, 1) + Si(w, 1). 7)

That is, data D;(w, t) are received electric field intensities
of signals §; (w, t) together with background noises N; (w, t)
that are modified by directivity of the primary antenna whose
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Table 4. Observation list of non Galaxy sky by long base line interferometer.

Date Start Time (JST) Stop Time (JST) Average Group
December 5 in 2016 01:00:00 06:00:00 NGA-1
December 8 in 2016 01:00:00 06:00:00 Not Utilized
December 13 in 2016 01:00:00 06:00:00 NGA-1
December 19 in 2016 01:00:00 06:00:00 NGA-1
December 20 in 2016 01:00:00 06:00:00 NGA-1
December 21 in 2016 01:00:00 06:00:00 NGA-1
December 27 in 2016 01:00:00 06:00:00 NGA-1 & NGA-2
December 28 in 2016 01:00:00 06:00:00 NGA-1 & NGA-2
January 10 in 2017 01:00:00 06:00:00 NGA-2
January 11 in 2017 01:00:00 06:00:00 NGA-2
January 17 in 2017 01:00:00 06:00:00 NGA-2
January 20 in 2017 01:00:00 06:00:00 NGA-2
February 13 in 2017 01:00:00 06:00:00 NGA-2

Table 5. Observation list of Galaxy center by long base line interferometer.

Date in 2017 Start Time (JST) Stop Time (JST) Average Group
June 7 to June 8 23:30:00 04:30:00 GA-3
June 8 to June 9 23:30:00 04:30:00 GA-3
June 11 to June 12 23:30:00 04:30:00 GA-3
June 12 to June 13 23:30:00 04:30:00 GA-3
June 13 to Junel4 23:30:00 04:30:00 GA-3
June 14 to June 15 23:30:00 04:30:00 GA-3
June 18 to June 19 23:00:00 04:00:00 GA-3
June 19 to June 20 23:00:00 04:00:00 GA-4
June 20 to June 21 23:00:00 04:00:00 GA-4
June 21 to June 22 23:00:00 04:00:00 GA-4
June 22 to June 23 22:30:00 03:30:00 GA-4
June 25 to June 26 22:30:00 03:30:00 GA-4
June 26 to June 27 22:30:00 03:30:00 GA-4
July 02 to July 03 22:30:00 03:30:00 GA-4

Table 6. Observation station and data channel with data volume spec.

Station 900 Hz 1000Hz 1100Hz
Yoneyama Channel 1 Channel 4 Channel 7
Zao Channel 2 Channel 5 Channel 8
Kawatabi Channel 3 Channel 6 Channel 9
Data Volume for
a Night (5 Hour) (Channel 1 to 3) (Channel 4 to Channel 9)
Observation 34GB 7.2 GB
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details will be described in Subsec. 8.3; about sky noise
N;i(w, t) it should be noticed, in the present works, that
Ni(w,t) > S;(w,t). The signal data are, here, expressed
as

Si(w, t) = Sio(t) - cos(wt — kg -r; +6;) (18)

where S;io(¢), o, ks, r;, and 6; are the pulse form of the
present quest, angular frequency of signals at the final stage,
the wave number vector of radio waves, the position vector
of the i-th station of the interferometer, and the phase shift
angle of the observation system at the i-th station, respec-
tively.

To detect the source direction, interferometer data /;; ()
are produced by multiplying the data from the partner sta-
tions, i.e., multiplying between data from Yoneyama and
Zao, data from Zao and Kawatabi, and data from Kawatabi
and Yoneyama, that is

1ij(t) = (Dj(w, 1) - Dj(w, 1))

1 t+T
27/, Di(w.1) - Dj(w,t)-dt  (19)

where T is the integration time interval selected to be suffi-
ciently long for reduction of the high frequency components
o but sufficiently short not to deform the pulse component in
the signal. By substituting Eq. (17), Eq. (19) is rewritten as

1 t+T
Lij(0) = ?/ [N; () + Sio(t) - cos(wt — ks - r; + 6;)]

. [Nj(t) + Sj()(i) -cos(wt — kg - rj + 9],‘)](1[. 20)

About the noise N;(t) detected at i-th station, in the above
Eq. (20), we consider widely distributed noise sources in the
sky; the directions of noise sources are indicated by dividing
whole sky into meshes with number £ x m. The numbers ¢
and m are defined to indicate the position of the noise sources
in the celestial sphere; the details to define £ and m will be
described in the next Subsec. 5.2.

—kigm -1 +00n) (21

L M
Ni(t) = Z Z Eiom cos(wt
=1 m=1

where E;, Kigm, and 64, are electric field intensity, wave
number vector, and phase shift of the noise from the noise
sources (£, m); and L and M are maximum number of noise
sources, respectively, for the noise sources meshes ¢ and m.

Then, Eq. (20) is rewritten as,

| [T L M LM
]ij(t)z?/t {ZZZZE[’” jaB

=1 m=1 a=1 p=1
- cos(wt — kg - 1 + Oiom)
~cos(wt —kgg -1; +0jap)

+ Z ZEtﬁmSJO

=1 m=1

-cos(wt — kigm - 1 + Oigm)
-cos(wt — ks -1+ 0js)

L M
+ Z Z EjomSio

=1 m=1
~cos(wt — ko - Tj + Ojom)
-cos(wt — kg - r; + 6;5)

+ S,'()Sj() cos(wt — ks - ri + 6;5)

-cos(a)t—ks-rj+9j5)}dt, (22)

for a time interval T that is sufficiently longer than 27 /w
and sufficiently shorter than the characteristic times of phase
variation of kg - (r; — r;) due to time passage caused by
the Earth’s rotation. Following general relationships (see
Appendix C, for details) Eq. (19) that contains the contents
of Egs. (20) to (22) is rewritten as

(Di(w,1) - Dj(w, 1)

——ZZﬁ(MMmm ri) + (6 —6))]

=1 m=1

+§%mammm—nrue—en (23)
To have Eq. (23), it is assumed that pulse forms arriving at
observation stations, where the same beam characteristic of
the primary antenna is set, are the same as S;o(t) = S jo(t) =
So(t) and it is also assumed that Elzzm (t) = j em (t) =

em (t). The last term in Eq. (23) shows the time dependent
effect cos[ks(r; — r;) + (6; — 6,)], on the observed data SO,
that is, the interferometer function between data from i-th
and j-th sations. The function cos[ks(r; —r;) + (6; — 6;)] is
called the fringe function of the interferometer in this paper
(FFI hereafter); the time series of FFI is called FFI data also
in the present study.
5.2 IFFCM for the Detection of the Source Direction

5.2.1 Processes in time domain

a. Basic principle

In this IFFCM, we utilize the earth rotation for source find-
ing as one of known method of the aperture synthesis in the
interferometer observation (see Appendix D for equivalence
of the present approach to the orthodox interferometer obser-
vation using the earth rotation). In the orthodox interferom-
eter observation, however, it is essential to calibrate the sys-
tem phase shift 6; — 0; (see Eq. (23)) but we treat this phase
shift in the system as unknown parameters. Then as the first
step in finding the direction of the source, we generate two
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Celestial Sphere

Sources on ¢ Circle’

Sources on ¢ Circle

Ap

AN
i Station j Station

Projection of the Celestial Sphere to
the Plane Includingi-j Base Line of
the Interferometer System

i,i Stations

Projection of the Celestial Sphere to
the Plane Vertical to i-jBase Line of
the Interferometer System

Fig. 5. Celestial sphere to describe the noise sources that are homogeneously distributed in whole direction in the sky. The sources are assigned to the
unit cells which are defined along the circular belts on the celestial sphere surface located in the direction of angle ¢ = mz /1800 with respect to r; —r;
baseline of the interferometer; the circular belt with angle width of 0.1° divided to form the cell with angle width of 0.1° in the direction along the
circular belt. The numbers m and ¢ are labels of the circular belts and the label of the cells along the circular belts, respectively that are given in Egs.

(22) and (23) and in equations following these in main text.

template functions of the FFI corresponding to search direc-
tion of the target source. That is, the template FFI functions
Cpij and S;; are prepared for operation of the i-j baseline
of the interferometer as

Cpij = coslk,(r; —ri)]l, 24)

and

Spij = sinlk, (r; — )], (25)

where k/, is the wave number vector prepared to search for
the target source. By applying this template FFI to Eq. (23)
then, we can obtain a fringe correlation function C;;(#,) and
Sij(t,) to find the signals which include the pulse compo-
nents as,

l ta+Tr
Cij(tn) = F/
FJi

L M
.{§:§:E&gn%mmaf—m+wa—ea

=1 m=1
+ S3(t) coslks (r; — r;) + (6; — 9,-)1}
-coslk, (r; — r;)]dt, (26)

and

1 ta+Tr
Sij(ta) = E/
t”

L M
. {Z Z Eezm (t) coslkep, (r; — 1)) + (6; — 6))]

=1 m=1
+ S§(t) cos[ks (r; — 1;) + (6; — 9,-)]}
-sinlk, (r; — r;)]dt 27

where 1, is n-th timing of the discretely defined time series
data.

In the present approach of the interferometer to find the
source direction by utilizing the earth’s rotation, the time
dependent variation of the sources in the sky due to the
earth’s rotation ky,, (r; — r;) and kg(r; — r;) are significant
functions. We introduce here an angle ¢g;; corresponding to
Egs. (26) and (27), as,

2m|r; —ri

. (6§ =fm and §)

(28)

ke(ri —ri) = COS @gij,

where A is the wavelength of the observing decameter radio
wave.

The noise components in above Eqs. (26) and (27) are ex-
pressed as ensemble of noises from sources which are dis-
tributed in whole sky by assuming homogeneous distribution
on the celestial sphere with homogeneous intensity level in
forms of approximated small square cells of noise sources
located in the direction corresponding to sky at (¢, m); £,
and m are numbers to express the location of cells as has
been defined in Fig. 5 (see the caption for detail definition).
There is an exceptional cell S where the signal source of the
Galaxy center is located; in this cell, the noise intensity is
also specially defined to meet with the observational results
of S/N ratio. The cell size is selected to be resolution limit of
the interferometer of present usage of the correlation method
(IFFCM) to detect the source direction which is utilizing the
earth’s rotation; the resolution limit is about 0.1 degree as
will be given in the next sub section. By taking expansion
range of the sky to be 180 degree x 180 degree along circles
running from south horizon to the north horizon and the east
horizon to the west horizon, on the celestial sphere, pass-
ing through the apex looked from the center of the base line
(r; — r;). The set of numbers (£, m) to identify the cell po-
sition on the celestial sphere is defined starting from (1, 1)
i.e.,, m = 1 and £ = 1 for the cell at the east ward horizon
in the direction of the base line vector r; — r;; the number
m is defined on the circular belts with width of 0.1 degree
whose direction with respect to the base line r; — r; take an-
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gle @epij = £7/1800 radian (see Fig. 5). The number M, of and

the cells on these circular belts are then counted as

M, = Z 0P 1800 sin g
(r/1800)

The total number Mt of the noise source cells distributed
on the celestial sphere are, then, given by

T . dQemij
Mr = 1800 mii | ———
d /0 S ”"<<n/1800>)

2
= (1800)% - =.
T

(29)

(30)

The average value of noise levels from the source cells
in the same circular belt, with angle ¢,,; with respect to
the baseline r; — r; are simply proportional to the number
of cells: then we count only the number of the circular
belts taking M, as weighting function which is assigned
to circular belt ¢, because there is no phase mixing effect
between the noises sources on the circular belt caused by
the interferometer function (¢g,,;; = constant, for given £).
Therefore the maximum number L for accumulation of noise
source given in Egs. (26) and (27) is given by

4 d mij
L =/ _@Pemis ) _ 1800. G1)
o \(/1800)
Therefore, E g (#) is newly defined as
L M, L
YOS EL 0 =) E;0. (32)
=1 m=1 =1

Further, let’s define a time dependent function ®¢;;(t) cor-
responding to time dependent variation of ¢g;; in Eq. (28)
as

2 |rj —rj|

;i (1) = COS @g;j. (33)

After several steps of mathematical manipulations, Egs. (26)
and (27) are rewritten (by writing ®¢;;(t) = ®¢,;), for a sit-
uation where searching direction P is set close to the source
direction § with expression, ®p;; = ®g;; — AP p;; for small
deviation angle A®p;;, as

1+ Tk

Cii(ty) = m
tn

L
. {Z EZ(1)[cos(Dy;; + Psij — ADpjj)
=1

+ COS(q)gij — (I)Sij + A(Dp,‘j‘)] COS 9,']‘

L
- ZEﬁ(t)[sin(%j + &g — ADp;j)
=1

+ sin(®y;; — Pg;j + ADp;;)]sinb;;
+ S§(t)[cosRds;; — ADp;))

+ cos(ADp;;)] cos b;;

— S3(t)[sin2Ds;; — ADp;;)

—i—sin(ACDp,»j)] Sin@,‘j}dl‘, (34)

t,+Tr

Sii(ty) = m
tn

L
. {ZE?(I)[Sin(q)gij + &gi; — ADp;j)
=1

+ sin(®y;j — Dgij + ADpij)]cosb;;

L
+ Z EX()[cos(®yij + Dsij — ADp;;)
=1

—cos(Pyij — Pgij + ADp;;)]sinb;;
+ S5 (D[sin2Psi; — ADpy))

+ sin(A®p;;)] cos 6;;

+ S§(1)[cos2Ps;; — ADp;))

— COS(Aq)p,'j)] Sin@,‘j}dl 35)

where T is integration interval; and 6;; = 6; — 6.

With respect to signal component associated with Sg(t)
in Egs. (34) and (35), the integration of the functions
COS[Z(I)pl‘j([) — Aq)pl‘j] and sin[ZCDPij(t) — Aq)pl'j] by the
time ¢ becomes a key issue to achieve the accurate interfer-
ometer correlation function to identify the source direction.
When we describe these integrations by picking up from Eqgs.
(34) and (35), the results are given by

l ta+Tr

m g COS[Zq)pij([) — A(Dpij]dl

[— sin[2®p;; ()11 7"

-~ 2r|rj—r;| . dopi ’ (36)
8Tr {T’ sin(ppij) =+ }
and
1 tn+Tr )
m g sm[2<I>p,-j(t) — Aq)p,'j]dl‘
cos[2®p;: ()] FTF
[cos[2®p;; ()] 37)

- 2mlr—ril . doriy |
8TF {T’Slﬂ(ﬁﬂpu) T

Both in Egs. (36) and (37), the term D = {(Q2m|r; —
ri|/A) sin(gp;;)(dep;;/dt) in the denominator of the right
hand side of equations shows values 3.52, 3.176, and 1.78 for
Y-Z, Ka-Z, and Y-Ka base lines respectively (Y: Yoneyama,
Z: Zao and Ka: Kawatabi Station), for approximated calcu-
lation where sin(pp;;) ~ 1. Because the absolute value of
numerators in the right hand side of Eqgs. (36) and (37) take
values equal or less than unity, we have an approximated re-
sults, for the signal component in Egs. (34) and (35), using a
form to express the order of the magnitude O () as,

1 th+TF

27 J,,

=0 ! 0 !
- 3Tr 8Tr )’

COS[2<Dp,‘j(l‘) — Aq)pij]dl

(38)

doi:10.5047/978-4-88704-171-4 (© 2019 TERRAPUB, Tokyo. All rights reserved.



12 Hiroshi Oya: Radio Wave Pulses from Center of Our Galaxy with the Super Massive Black Hole Binary

and

1 t,+TrF

~o(sm) o)

b. Reduction processes of sky noises

Lets here investigate the noise components led by the term
Eg (t) in Egs. (34) and (35). Through out this processes we
can consider that ®g;; + ®g;; — ADp;; = Dy + Pg;; and
Cbg,‘j — cDSij + Aq)pl‘j ~ Cbg,‘j — CDS,'j because effects of
A®p;; is negligible except for the case of £ = S exactly.
For convenience of expression we introduce the integration
that is given by

sin[2<I>P,-j(t) — ACDP,‘]']dl‘

(39)

K(A,B,C)
1 t,+Tr

AT,

: {ZE%U) [COS (in_,‘ + Adg;; + B%) C]} dt
(40)

where A, B and C are constant parameters to represent all of
corresponding terms in Eqgs. (34) and (35).

When we investigate the difference of phase angle be-
tween the, n-th and (n + 1)-th circular belts, i.e., (©,41;; +
ADg;;) — (D + Adyg;;) relating to Eq. (33) for the noise
sources distributed in the celestial sphere as given in Fig. 5,
it is given that

(Ppyiij + ADg;j) — (Dyij + ADg;))
=Dy (1) — Dy (1)
_ 2m |r.,~ — r,«|

3 Sin @nij - Ag

(41)
where A¢p = @11i; — @uij-

When the interferometer baseline Y-Z with distance of 83
km is selected as an example, for the noise sources dis-

tributed with separation of 0.1 degree, i.e. Ap = 0.1 x
(r/180)rad, then, it follows from Eq. (41) that
® ) — @i (1) =2 83000 . b4
n+1ij — Wnij =L X —(—= X SMMQjjp * T~
iy J 13.72 I 1800
~ 217 - sin@y;j. (42)

In the case of the observation of the decameter radio wave,
the total sky noise expressed by the relative level is in a
range from 300 to 500 versus signal level which is defined
to be unity. Then to estimate K(A, B,C) given by Eq.
(40), we can assign relative noise level as proportional to
the cell number, on the celestial sphere, which gives (300 -
sin @emij /1.1 x 10%) to (500 - sin ggij/1.1 x 10°) (see Eqs.
(29) and (30) for M, = 1800 - sin ¢g,,;; and M7 = 2.06 x
10) to Ezz(t) corresponding to circular belts £. Again the
homogeneous distribution of noise intensity for 2.06 x 10°
cells of noise sources is assumed in the celestial sphere,
here. Then, for accumulation of terms with E% (t) cos(Py;; +

Aq)Sij) and Eg(l‘) sin(Cbg,‘j + A(DSij) from¢=1tol =L =
1800 (see Eq. (31)), we can expect that the results become
close to 0 due to phase mixing that is endorsed by Eq. (42),
in the processes of accumulation.

25 7
= 20
n ]
@ 15 +
) h
s MA /A\
I |
] ]
o 0 /\
b \V/ \
2 107
.g -15 —~Cos Term
T 20 l Sin T
= 207 in Term
T 5ttt
0 5 10 15 20 25
Timing tp,
Fig. 6.  Example of the accumulation of the sky noise as function

of timing + = ¢, for E% (t) cos(®y;j + Adg;;) (black curve) and
E%(t) sin(®g;; + Adyg;;) (red curve) relating to Eq. (28). We can see that
averaging of these noise terms tend to zero for integration in an interval
t = t; ~ ta5 due to the phase mixing of the sinusoidal functions.

For an example, we have calculated E%(t) cos(Pyi; +
Aq)Sij) and E%(l‘) sin(CDE,»j + ACDSI'J‘ + m/2) to estimate
K (A, B,C) for a model case of Yoneyama-Zao baseline
where @g;; = /2 or close to this period of time, following
above described numerical situation. As has been indicated
by results in Fig. 6, accumulations of noise term from ¢ = 1
to M = 1800 vary depending on the timing though the av-
erages for T = 25 sec become almost 0 (—6.02 x 1073
for cosine term and —1.00 x 10~'2 for sine term); the devi-
ations, at each timing of ¢,, is 9.45 (relative level for signal
level = 1) in term of the equivalent standard deviation.

The special case where £ = S appears for A = —1 in Eq.
(40); that is

K(—1,B,C)
1 tn+TF

4Tr J,,

L
: { 3 BN [cos (cpg,-,- — ®;; +Bf) .C]
=S+1 2
S—1

+ Ez(t)[ ®yj — bsi; + B -C]
; F cos( tij 5ij 2)

+ E3(0) [cos (adp; +B%) -C”dt, 43)
where Aq)pij = @[,‘j — q>Sij for the case £ = S. Thus
starting from Eqs. (34) and (35) and taking above described
steps of investigation, together with Eqgs. (38) and (39) with
consideration of the situation cos(A®p;;) > sin(AdPp;;),
we arrive at the following expressions of C;;(#,) and S;;(#,)
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as
AT
Cij(tn) = 77 E5(t) cos Adp;; - cos 0;;dt
F Jt,
ta+TF
tar, S5(1) cos A®p;j cos ;d1
F Jt,
1
+ 0 (T—> S(%(f)[COS 9,']‘ — sin 9,-‘/], (44)
F
and
A Tr
Sij(tn) = i E3(t) cos ADp;; - sin6;;dt
FJi,
1 [utTr
- S3(t) cos A p;; sin 6;;dt
FJiy

+0 (L) Sé(r)[cos@,-j — sin6;;]. (45)

Ty

5.2.2 Integration period and resolution of the direc-
tion finding of the signal sources

The selection of averaging time interval T in Eqs. (34)
and (35) is made considering the two competing factors
which decide the accuracy of the pulse forms S3(7) and res-
olution of the detecting source direction. That is, resolution
of the detecting source direction A¢ is expressed by

desij
Ag = dt :

-Tp. (46)
Because the source in the sky moves with the rate
157 /(6.48 x 10°) rad/sec, the resolution for detection of the
direction becomes 0.00182 rad, i.e., 6 arc minutes while ac-
curacy of the level decision becomes 4% in terms of error
rate for the selection Tr = 25 sec in the present work. About
capability of the direction finding by IFFCM method, con-
firmation will be given in Subsec. 6.2). It is also essential
condition that T < Tp for the characteristic period of the
pulses Tp. In the present work, we are analyzing pulses with
periods longer than 25 sec.

For this selection of the integration time T, Egs. (34) and
(35) are finally expressed by

1 -
C,‘j = Z[E‘%(tn) cos A@P,’j + Sg(tn) cos A@P,‘j] cos 9,'_,‘
A7)

and

1 -
S,‘j = _Z[E‘%(tn) cos Aq)p,'j + Sg(l,,) Ccos Acbpl'j] Sil’l@,’j
(48)

where E3(t,) is sky noise averaged over in an integration
interval T for the sources from the direction of the semi-
circular belt S in celestial sphere (see Fig. 5) which includes
the signal source at the center part of our Galaxy; i.e., for
Galaxy center with right ascension RAg, and declination
Decg,.. At the interferometer baseline between i and j sta-
tions whose longitudes and latitudes are given as ¢; and A;

for i-station and ¢; and A ; for j-station the phase difference
of the arriving radio wave between i and j stations are given
using Earth’s radius R, as

2w 2w
TLij CoS g = TRe[cos(RAGp) cos(Decg.)

- (COs @; COSA; — COS @ COSA ;)

+ sin(RAg.) cos(Decg.)

- (sing; cosA; — sing; cos A ;)

+ sin(Decgc)(sinA; — sinA;)].
(49)

In the semi-circular belts formed in the celestial sphere with
angle radius 90° sin ¢g with width of 0.1° there are noises
from 300 x 1800sin¢g/(2.06 x 10°) = 0.262sings to
500 x 1800 sin @g/(2.06 x 10°) = 0.436sin g versus unity
of the signal intensity. As it will be clarified in the next Sec,
the noise intensity in this semi-circular belt much higher than
this estimation; that is the observation results show that the
noise level in this circular belt including Galaxy center is
almost 25; it is suggested that the noise from the Galaxy
center is 100 times larger than the background noise sources
which are assumed to be homogeneous in the sky.

5.2.3 Final processes of data analyses in time domain

In the present study the time series data sampled at ¢, is
analyzed; because the sampling time is 1 sec (¢,+1 — t, =
1 sec), the integration by Tr = 25 sec means that we are
taking running average data starting from the original time
series data. The time interval between ¢, and #,,; is selected
to be short enough so that S3(t,) &~ SZ(t, + Tr) is insured
not to deform the pulse during averageing process in Egs.
(47) and (48). Hereafter we use term of power for signal and
noise as Pg = Sg and Py (t,) = Eg(t,,). Then Egs. (47) and
(48) are rewritten as

1
Ciity) = Z[PN(tn) + Pg(t;)] cos ADp;; cosb;; (50)

and

1
Siji(ty) = _Z[PN(tn) + Pg(t,)]cos ADp;;sin6;;.  (51)

From Egs. (50) and (51) we form the time series data of
the correlation function of fringe without depending to the
ambiguity in phase, 6;; = 6; — 6; as has been given below,

Fij(tn) = \/CE(t) + S (t).

This expression is rewritten by

(52)

Fij(ty) = luﬂ(t ) + 2Py (t2) Ps () + P3(t,)1"?
t/n—4Nn N\Un)LS\Un s \Un
'COSAq)P,‘j

1
= Z[PN (tx) + Ps(t,)] cos ADp;;. (53)
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5.2.4 Processes in Fourier Transformed Domain

To search for the pulse components in the observed data
we apply Fourier analyses starting for data series given by
Eq. (53).
oo

Fij(e ' dt = F (),
[o¢]

Flrans(Fij @) = / (54)

where Fyqans( ) denotes the operation of the Fourier transfor-
mation for a given time dependent function within the brack-
ets. For the processes of the Fourier transformation the tim-
ing #, at each second is approximated as to be continuous by
expressing the data series as F;;(t). To be realistic for data
analyses, we adopt FFT method with 512 data sampling, by
selecting maximum interval of 8192 sec for Fourier trans-
formation. For simplicity in these analyses we use only the
absolute value of spectra without details of the phase of the
Fourier transformed function. That is, for the time depen-
dent function, the Fourier transformed function is expressed
by absolute value |F ()| that is given by

|F (@) = {[Fg ;@] +[F[;@P}?, (55

where F 1{,1‘ j (w) and F ,TJ- ; (w) are the real and imaginary parts
of F 5 (w), respectively.

When we assume a completely random noise for the sky
background, the Fourier transformed form is expressed by
a constant function with respect to frequency that is usually
called white noise; i.e., for a constant value P.,,, Fourier
transformed noise Fy} () is given theoretically by using ar-
bitrary function, Oy (@) as

Ftrans(FNij(t)) = F[Z;,‘j () = Peonst - €xplify (w)],

or

(56)

|F§ij(w)| = Peonst- 67

If we select the noise from the night sky without our Galaxy,
the Fourier transformed function of the noise associated with
correlation function of the interferometer fringe function to
find the source direction is expressed by,

Firans (Py (2) cos AcI)Pij)

1 2
= Firans <PN(t) |:1 - E(ACDPij) :|>

= Fy;j(0) + ¢(w), (58)

where ¢(w) indicates the Fourier transformed function devi-
ating from the white noise F, ;(@) due to organized mod-
ulation caused by the interferometer fringe together with
stochastic deviation around the standard deviation; however,
it should be noted that |F 15;‘ ; (w)] > le(w)].

Using Eq. (54) then, the Fourier transformed expression
of Eq. (53) is given by

1
Ftrans Z[

1
= Z{Pconst explify (w)] + e(w) + S(w) cos ADp;;}

N () + Ps(t)] cos AcDPij)

1
= 71Fyi;(©) + (@) + S(@) cos A®pj). (59)

At this stage it becomes clear that for an observation data
from a region of sky without the Galaxy center, we can apply
the same interferometer fringe function, with that for the
Galaxy center observation, that gives results corresponding
to Eq. (59). The Fourier transformed function corresponding
to Eq. (59), then, can be utilized without S(w) as,

Firans(Pun (1)) = F (@) + £(0), (60)
where Py y (¢) is interferometer data for radio waves from the
sky without Galaxy center. Thus, the final form of Fourier
transformed signals from the Galactic center are expressed
by deriving from Egs. (54) to (60) to obtain,

Ftrans(PS([)) = S(a)) Ccos AcDPif
= Ftrans([PN(t) + PS(t)])

- Ftrans(PNN(t))- (61)
6. FFT ANALYSES OF OBSERVED DATA

FFT analyses have been conducted for the data that corre-
spond to observation periods given in Tables 3 to 5 separated
into the four groups which are indicated in the fourth col-
umn of the table as Average Group. In each group, the FFT
results for the seven observation nights are averaged. FFT
data analyses using Eq. (59) and other all related equations
have been made for the periods of observation of the Galac-
tic center. Using Eq. (60) and other all related equations,
the FFT data analyses were made for the observations of the
sky without the Galactic center that are given in Table 4. In
this non-Galaxy case, the data for analyses are separated into
two groups where the FFT results for the seven correspond-
ing nights have been averaged to produce the Fourier trans-
formed data.

The method of FFT analyses used for wide period ranges
starting from the longest period of 8192 sec down to 40.96
sec corresponding to 1.22 x 10~* Hz to 0.0244 Hz respec-
tively. To analyze further more wide frequency range we
define GS-n as the analyzing frequency range correspond-
ing to the minimum frequency of 0.000122 x 2'°~" Hz to the
maximum frequency of 0.0244 x 2!~ Hz. The maximum
analyzing periods of G S-n cover 8192 x (1/2)'9~" sec to the
minimum period of 40.96 x (1/2)'%~" sec.

In the present work, we mainly use GS 10 for the time se-
ries of data setting corresponding to Eq. (53). The minimum
requirement of the data number is 8192 for GS-10 analyses.
Because the method applies a 512 point FFT for the present
work, there are 16 independent data sets for analyses. For
a five hour observation, i.e. 18000 sec of time series data,
then we can find 32 sets of independent time series for the
FFT analyses. As given in Table 6, data from three stations
are divided into three independent channels with a center
frequency of 900 Hz, 1000 Hz and 1100 Hz. The combi-
nations to operate the interferometer function provide three
pairs: Yoneyama vs Kawatabi, Yoneyama vs Zao, and Zao vs
Kawatabi. So we have 288 (= 32 x 3 x 3) independent time
series of data also for FFT analyses. When we average over
seven nights in each data series, then, it becomes possible to
average the FFT results over 2016 (288 x 7) trials. The error
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Fig. 7. (a) Results of Fourier transformation for the data group GA-1 (black spectra Labeled 2016 J-EH) together with results of the Fourier transformation
for data NGA-1 (gray spectra) both averaged 2016 time trials of the FFT analyses corresponding to Egs. (59) and (60). Abscissa indicates the linear
frequency from 0.82 x 10~* Hz to 241 x 10~* Hz; a diagram of conversion of the frequencies to corresponding periods is given in the bottom panel.
(b) Top panel: expanded display of two results of FFT analyses for GA-1 data series (black spectra) and for NGA-1 data series (gray spectra) in the
relative level range from 1.1 x 1073 to 1.5 x 1073, corresponding to panel (a), the mark o in the panel is the standard deviation of the results of Fourier
analyses thus suggesting that the peaks in the results show significant differences from the white noise level. Middle Panel: same as Top Panel of (b) for
the cases of GA-2 (2016J-LH) data series (black spectra) together with NGA-2 data series (gray spectra). Bottom Panel: diagram of conversion of the

frequencies to their corresponding periods.

rate for the final FFT in each data group (see Tables 3 to 5)
is then 0.022 (= 1/4/2016).
6.1 Results of observations in June 2016

The results of FFT analyses for data observed in June 2016
are indicated in Figs. 7(a) and 7(b) where the results for ob-
servation of sky with Galaxy center and observation of sky
without Galaxy center (Non-Galaxy hereafter) are displayed
with black and gray colors, respectively. Analyzing data are
divided into an early half period (from June 5 to June 18)
corresponding to data series GA1, (labeled 2016J-EH) and a
late half period (from June 18 to June 30) corresponding to
data series GA2 (labeled 2016J-LH) out of which we select
seven nights as a data set to average for the calculated re-
sults. The averaged results of the FFT analyses are given

being expanded for each data series in Fig. 7(b). As de-
scribed in Subsec. 5.2.4, sky noise in Non Galaxy case is
utilized as reference (reference noise data: RND hereafter);
in the processes of analyzing data, these are modulated by
the fringe function of the interferometer for detection of the
source direction, as given by Eqgs. (34) and (35) and other re-
lated equations including the noise term. To obtain spectra of
RND corresponding to Eq. (60), for this case, we have used
data observed from December 5 in 2016 to February 13, in
2017 dividing the data into two series to find averages of FFT
results as NGA-1 and NGA-2 that are indicated in Table 4.
By considering the standard deviations of averaged FFT re-
sults that have been described in the top part of the Sec. 5,
and indicated in the diagrams given in Fig. 7(b), the peaks of
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Fig. 8. Top Panel: the same as Fig. 7(b) for an expanded indication of the results of FFT analyses for the data group GA-3 (black spectra) together with
results of FFT analyses for data NGA-1 (gray spectra). Middle Panel: same as Fig. 7(b) for an expanded indication of results of the FFT analyses for
GA-4 data series (black spectra) with results for NGA-2 data series (gray spectra). Middle Panel: same as Fig. 7(b) for the cases of GA-4 data series
(black spectra) and for NGA-2 data series (gray spectra). Bottom Panel: diagram of conversion of the frequencies to the corresponding periods.

variation of the resultant spectra contain significantly differ-
ent component from the white noise signature from the sky.
6.2 Results of Observations in 2017

In Fig. 8 the results of FFT analyses are given for data
observed in June and July, 2017 divided into an early half
period (from June 7 to June 19, 2017J EH) corresponding
to data series GA3, and a late half period (from June 19
to July 3) corresponding to data series GA4 out of which
we have selected seven nights as a data set to average the
calculated results. The averaged results of the FFT analyses
are given for each data series in the top and the second
panels of Fig. 8. The presentation of the results are the same
as the presentation of the results for 2016 (see Figs. 7(a)
and 7(b)). Galaxy spectra and RND to subtract the noise
components spectra modulated by the fringe function are
apparently different from the white noise component from
the sky as it has been indicated by comparison with the
standard deviation indicated in the diagram.

7. NET SPECTRA AND RECOVERY OF THE
ORIGINAL PULSE FORM
7.1 Significance of Difference between Galaxy vs Non-
Galaxy Data
First of all we should emphasize that the differences of
levels of FFT results given in Figs. 7 and 8 for observation
results, respectively 2016 and 2017 between observation re-
sults of non Galaxy cases in December 2016 and January

2017 are not the difference of the observation level, because
all data are normalized to be the same level, but differences
of the evidence whether the signals different from the ran-
dom noise are included or not; the base of the arguments is
here given as follows.

In both Galaxy and Non-Galaxy cases observed data are
normalized to form basic data corresponding to Eq. (17)
which is described as start point to explain procedure of
the data analyses in the present paper. When we apply this
expression in Eq. (17) both Galaxy observation and Non
Galaxy observation cases the initial time series of data from
interferometer operation /;(w, t,) and Iyg(w, t,), respec-
tively, are normalized as

Mrp
D¢ (@, tn) = I6(@, 1n)/ | Y I6(@, 1)*/Mrp,  (62)
m=1
and
Mrp
DG (@, tn) = Inc(@. tn)] | D Inc(@. tn)2/Mrp, (63)
m=1

where m is number of the data sampling; Mrp is total num-
ber of time series data in 5 hour observation for both Galaxy
and Non Galaxy observations. When we trace the steps of
the data analyses from Eq. (17) to Eq. (61), it is easily under-
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stood corresponding to Eq. (53), that,

[Fij(t)]e =~ [Fij(t)]ne, (64)

where [F;;(t,)]g and [F;;(t,)]nc are Fj;(t,) values given by
Eq. (53) for the case of the Galaxy observation and Non
Galaxy observation, respectively. From Eq. (53) (Ps(t,) =0
for [Fij(t,)Inc), therefore, it can be concluded that

[Py ()]G + [Ps(ty) cos ADp;ilg ~ [Py (t:)Ing.  (65)

Further we take the step of the FFT analyses relating to
Egs. (60) and (61). Then it follows that

[Fyij(@) + e(@)]c + [S(w) cos Adp;j]g

~ [Fy; (@) + &(@)Ing- (66)

It should be noticed that the FFT results for a unit periods of
analyses for 8162 sec are approximately equal between the
case of Galaxy and Non Galaxy observations. The difference
revealed in the results given in Figs. 7 and 8 are then not the
differences of the level of the detected noise and signal inten-
sity but the difference of the results caused by the difference
of the statistic characteristics of the noise and signal.

As has already been described, we take average of the FFT
results over 2016 (288 x 7) trials, to have the results given in
Figs. 7 and 8; that is,

2016
— T
FFTG = 2o ;{[FNij(w) + e(@)]g.m + [S@)]16.m}.
(67)
for Galaxy observation and
2016
(68)

FFTng = =—— Y [Fiii(@) +e(@)vm,
2016 m2=:1 J

for Non Galaxy observation. Because F /51‘ (@) is white
noise, we can rewrite both for Galaxy and Non Galaxy ob-
servations as

2016
—— ) {[Fr; (@) + e(@)]g.m + [S(w) cos ADp;16.m)
2016 = MY

= PG const + APG(0) + e(0) + [S(w)]g, (69)
ANz [F§,(w) +‘9(w)]NG,m
2016 4=

= PNGconst+APNG(w)+8(w)v (70)

where Pg const and Pu g const are constant spectrum level for
white noise both for Galaxy and Non Galaxy observation,
respectively; A Pg(w) and A Py (w) are fluctuating compo-
nent of noise spectra both for Galaxy and Non Galaxy ob-
servation, respectively. The level of the fluctuations are ap-
proximated as A Pg (@) = Pg const/ v 2016 and A Pyg(w) =~
PNGconsl/ \% 2016.

The FFT results in Figs. 7 and 8 indicate F F T results
given by Eq. (69) are larger than F F Ty results given by

Eq. (70) by about 30 Py const (0: standard deviation). From
Egs. (69) and (70), then, it follows that

PG const + APg (@) + (@) + [S(w) cos ADp;jlg

= PNGconst(l+3U)+APNG(Q))+8(Q))- (71)
Further, Eq. (71) can be rewritten as.
[S(w) cos ADp;ilg = 30 PnG const
+ [PnG const + APy (w)]
- [PGconst + APG (w)] (72)

As it is suggested by equations from Eq. (66) to Eq. (68) that

[PNGconst + APNG(C‘))] > [PGconsl + APG(CU)] (73)

We can state that there exist definitely signal components
indicated by difference from the spectrum level which only
consists of white noise with level of Py const Showing level
higher than 3¢ as,
[S(U))]G > 30 PNG const- (74)
7.2 Revisit the confirmation of the direction finding ca-
pability
As has been indicated by Eq. (61), final results of sig-
nal spectra are obtained in this fringe function correlation
method, IFFCM (see Subsec. 2.2 for definition), in the form
of S(w)cos A®p;;. When we consider background noises
around signal source, we introduce an index that is defined,
considering Eq. (74), as
Direc = S(w) cos A®p;; /30 PG const» (75)
This Direc value becomes significant; that is, if Direc <
1, we cannot determine cos A®p;;, because the correlation
function value buried within noise level. Considering this
point, we have checked the capability of the direction finding
by a simulation method following all equations in Sec. 35,
by generating random number in the range from O to 1 as
noise by multiplying factors to have necessary S/N ratio.
In Fig. 9, results of the simulation are indicated for four
example cases of S/N ratio; the minimum threshold of S/N
ratio to make the present IFFCM method feasible is indicated
to be 5/100. Application of IFFCM to real observation data
will be described in Sec. 8 in detail.
7.3 Net signal spectra
Net signal spectra by subtracting RND spectrum from
the resultant spectra of the Galaxy observation are given in
Figs. 10 and 11. To subtract RND, for analyzing data ob-
served in June 2016 and June 2017, the data observed from
December 5, in 2016 to February 13, in 2017 are utilized by
dividing them into two data series called NGA-1 and NGA-2
(see Subsec. 6.1). It should be noticed that even though we
use the same noise data, RND is modulated by the identical
fringe function that modulates the noise and signals of the
corresponding nights when we aimed at the Galactic center.
In Fig. 10 the spectra that are resulting from the subtrac-
tion of the FFT results for NGA-1 from the FFT results for
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Fig. 9. Results of simulation analyses to verify the capability to find the source direction applying IFFCM. Results are indicated for a) the case of no noise
with 15 arc sec directional mesh unit, b) the case of no noise with 60 arc sec directional mesh unit, c) the case with background noise of S/N = 5/100
and d) the case with background noise of S/N = 1/100. Relative levels of the fringe function correlation are indicated by gray codes whose calibrated
values are indicated by column given at right hand side of each diagram. For simulation, test source is given at the center (0, 0) of each diagram. In the
case of d), the source position is not identified correctly because noise level exceeds the threshold for accurate detection of the direction.

Relative Level

Period (sec)

W 2016-J-EH (Front Side) M 2016-J-LH( Back Side )

2.0E-04

1.0E-04

0.0E+00
1.22 21 41 61 81 101 121 141 161 181 201 221 241

M 2016-J-LH (Front Side) m2016-J-EH( Back Side )

2.0E-04

1.0E-04

0.0E+00
1.22

10000

3162
1000 \

316
100
32 t t t t t t + t t + } :
122 21 41 61 81 101 121 141 161 181 201 221 241

Frequency (x10™*Hz)

Fig. 10. Top Panel: the spectra resulting by subtracting the FFT results for NGA-1 from FFT results for GA1 (black spectra labeled as 2016 J-EH (Front
Side)) and the spectra resulting by subtracting the FFT results for NGA-2 from FFT results GA-2 (gray spectra labeled as 2016 J-LH); the spectra 2016

J-EH are displayed in the

front side of the top panel while the spectra 2016 J-LH are displayed in the front side of the middle panel to confirm the

coincidence of the frequency of peaks in the spectra.
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Fig. 11. Same with Fig. 9 for the net spectra Dif 2017-J-EH that is deduced by subtracting the FFT results for NGA-3 from the FFT results for GA-3 and
for the net spectra Dif 2017-J-LH that is deduced by subtracting the FFT results for NGA-4 from the FFT results for GA-4.

GAL1 (black spectra labeled as 2016-J-EH) and spectra that
are resulting from subtraction of the FFT results for NGA-
2 from the FFT results for GA-2 (gray spectra labeled as
2016-J-LH) are indicated both in the Top and Middle pan-
els by changing the display order between the front and back
sides. In Fig. 11 also, the resultant spectra by subtracting the
FFT results for NGA-1 from the FFT results for GA3 (black
spectra labeled as 2017-J-EH-) and the resultant spectra by
subtracting the FFT results for NGA-2 from the FFT results
for GA-4 (gray spectra labeled as 2017-J-LH) are displayed
in both Top and Middle panels by changing the display order
between the front and back sides.

By displaying two different results together, in both
Figs. 10 and 11, we can investigate the coincidence of the fre-
quency of peaks of the two spectra; we recognize that more
than 80% of the frequency of peaks of corresponding spec-
tra coincide but there are about 20% of the cases where we
are not able to find a coincidence. As will be described in
the next subsection Subsec. 7.4, the spectra that result from
overlapping spectra of different origins are modified because
the spectral peaks sometimes become spectral dips due to the
combination of the underlying phases of spectra.

7.4 Criteria of the coincidence of FFT results

When we compare two FFT results for different obser-
vation data set for the same phenomenon which consist of
complicated time varying functions, the two results for the
peaks of the spectra at a given frequency do not necessar-
ily coincide in all cases because of the overlapping of the
spectra. We then estimate the criteria for coincidence of
FFT results considering possible phase differences of over-
lapping spectra. We consider the case of overlap of two

FFT results which consists of independent components. The
FFT results basically have real and imaginary parts for the
first spectra as Fj,(w) = Fi(w)cosb(w) and Fj;(w) =
F () sin 6 (w) respectively; and for the second FFT results,
Fy (w) = F(w) cos 6> (w) and F»; (w) = F>(w) sin 6, (w) re-
spectively. The absolute values of overlapping of the FFT
function is then given by,

|F ()]

=/ F2(@) + F}(®)

» [1+ 2F (o) Fa(w)

Fl(w) + F3 (o)

In Fig. 12, |F (w)| at a given w are indicated for the over-
lapping of two independent spectra, assuming the same am-
plitude for all cases with assumed phase combinations that
are randomly generated in phase range from O to 2 radians
divided into 20 cases with a step of 7 /10. Because there are
20 kinds of selections for each phase, we can find 400 over-
lapping conditions for two overlapping spectra. We count the
thresholds whether the overlapping of two peaks of FFT re-
sults makes dips without forming original peaks; the present
calculation shows 127 combinations out of 400 total com-
bination of phase values. When we compared the two FFT
results associated with the possible overlapping of peaks of
different components we may state, considering the above
described statistics that the absolute value of the two FFT re-
sults are identical when more than 68% of peaks show the
coincidence at the same frequency even if less than 32% of

172
cos(61(w) — 6, (w))} .
(76)
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Fig. 12. Resulting level of the combination of FFT analyses for the case of the overlapping of two spectra with independent phase differences between the
two spectra. The abscissa is number labelled for different combination cases of two phases, 0 (w) and 6, (w) in Eq. (76) between 20 kinds of different
phases expressed by (27 /20)m (m = 1,2, ..., 20) for 61 (w) and expressed by (27/20)n (n = 1,2, ..., 20) for 6> (w), i.e., the number of abscissa is

given by m - n. The maximum number of the combination is then 400.

peaks or dips indicate the opposite signature. Based on these
criteria we can understand and state that the four net spectra
resulting from data series GA1 vs NGA1, GA2 vs NGA2,
GA3 vs NGA1 and GA4 vs NGA?2 that are given in Figs. 10
and 11 are identical.

7.5 Recovery of Pulse Form by Applying Simulations

7.5.1 Process of Searching for Parameters of Binary
Orbits from Side Bands Spectra

From the standpoint to find the pulse forms that indicate
the spin of Kerr black holes in binary orbits, we recovered
the pulse forms starting from the spectra of the FFT results.
Instead of calculating the inverse Fourier transformation, we
employed a simulation where we construct a pulse function
whose FFT results match with the spectra obtained from the
observation data. The FFT results given in Figs. 10 and 11
are characterized by a complicated distribution of spectral
peaks covering a wide frequency range. These characteris-
tics of the FFT results manifest multiple side bands that are
caused by the frequency modulation on the spin periods of
the two rotating objects; that is, the sinusoidal modulation
on spin frequency due to Doppler effects of the orbital mo-
tion of the binary black holes.

By considering the Doppler effects due to the orbital mo-
tion whose geometrical feature is depicted in Fig. 13, we can
describe the pulse of the radio wave emitted from a moving
Kerr black hole for its intensity E (¢) as function of time ¢, as

N t
E(t) =ag+ Zan sin </ nwpdt + %) 77

n=1 fo

where ay, a, and ¢, are fundamental levels of the pulse, am-
plitude of the n-th higher harmonics, and phase shift of the n-
th higher harmonics, respectively; #; is an arbitrary selected
starting time. Each harmonic is described with a sinusoidal
function whose argument is expressed by the WKB approx-
imation because the angular frequency nw, varies with time
due to the Doppler effects caused by the orbital motion, as
given by

nw, = nwp(l —k - v/c) (78)

where w0, k, v and c are the original angular frequency
of the spin of the Kerr black hole, the unit vector of the

.
K,
=
X - > v
3 v

Fig. 13.  Assumed circular orbit of a member of the binary black hole
moving with velocity vector v in a plane whose normal direction in
the z axis makes angle 6 with wave number vector k directed toward
the observation point. By considering the actual processes of the data
analyses the orbital plane is described with Cartesian coordinate where
two coordinates x and y are selected to be orthogonal with respect to z
axis; the projection of k on the orbital plane makes angle ¢ with respect
to the x axis.

wave number vector of the radiated radio wave pulse di-
rected towards the observation point, the orbiting velocity
(see Fig. 13), and the velocity of light, respectively. Follow-
ing the geometry of the orbiting source, k- v is rewritten as:

A

k-v= —wvsinf - cosg - sin Qt

+ vsin6 - sing - cos Qt (79)

where Q is the angular frequency of the orbital motion. Us-
ing relations Eqs. (78) and (79), Eq. (77) is rewritten as

E(t) =ag+ ian sin[nw,ot — K, cos(Qt — @) + ©,],
- (80)
where
K, = "‘;’2”0 (g) sinf 81)
and

0, = nwpoty — K, cos(Qty — @) + ¢,.
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Fig. 14. The results of FFT analyses of the function corresponding to Eq. (82) (black spectra) with colored scales (green for signal from the source A; red
for signal from the source B). The frequencies of possible sidebands for the Ist to 3rd corresponding harmonics given by Eq. (82) are indicated for an
example case with an orbital period of 2200 sec. The top and second panels show the cases of the signal from the source A for orbital velocities 0.09 ¢
and 0.18 c respectively (c: light velocity). The third panel shows the case where two signals from the sources A and B which have spin periods of 172
sec with orbital velocity 0.18 ¢ and the spin period of 148 sec with orbital velocity 0.21 ¢ respectively. The bottom panel shows the same case with the
third panel where the objective function E () is changed to p(t) = [E )12,

Then, Eq. (80) is expressed by ensemble of sinusoidal where Jo(K,), J1(K,), ... ... J4(K,) are Bessel function of
functions for harmonic oscillators associated with the mul- the first kind with order O, 1, .. . .4, respectively. This
tiple of side bands as, result indicates that the n-th harmonics of the spectra are as-
sociated with side bands with frequency gaps of 2 /2 at fre-
quencies (nw,0xm) /2w (m = 1,2, 3, ...) with amplitude
of a,J,,(K,), because of the orbital motion which causes the
frequency modulation on the emitted pulse due to Doppler
effects. Examples of sideband spectra due to frequency mod-

N
E@)=ao+ Y anl[Jo(K,) sin(nwpot + ©,,)

n=1

- Jl (Kn){Sin[(na)pO + Q)l + ®n]

+sin[(nwpo — )t + O, ]} ulation are shown in Fig. 14 where a case of single signal
— L(K){sin[(nwpo +22)t + O] with three harmonics and another case of two signals with
+ sin[(nwy — 2Q)t + ©,1) (82) three harmonics are displayed. In all panels in Fig. 14, the

frequencies of the expected side band spectra are indicated

— J3(Kp){sin[(nwpo + 321 + O] with colored vertical bars; that is, green bar scales are for

+ sin[(nwpo — 3Q)1 + 0,1} signal A whose fundamental frequency corresponds to the
— Ja(K){sin[(nwpo + 42)t + O, ] periods of 172 sec (tentatively selected), and red scales are
+ sin[(nwy — 4Q)t + ©,1} + - - - 11, for signal B whose fundamental frequency corresponds to the
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Table 7. Setting Values of Simulation Parameters for Periods and Orbiting Velocity.

Parameter T, T, v,/c vp/C
Value 1 172 sec 148 sec 0.16 0.19
Value 2 173 sec 149 sec 0.17 0.20
Value 3 174 sec 150 sec 0.18 0.21

Table 8. Setting Values of Simulation Parameters for Amplitudes of Harmonics.

Parameters a a as by b, b;
Value 1 1/3 1/3 1/3 1/3 1/3 1/3
Value 2 2/3 2/3 2/3 2/3 2/3 2/3
Value 3 1 1 1 1 1 1

period 148 sec (also tentatively selected). Because the obser-
vation signals are treated in the square form (see Eq. (47) vs
Eq. (50) and Eq. (48) vs Eq. (51)), the results for squares of
signal level are given in the bottom panel of Fig. 14; it can
be seen that the square is not much modified peak frequency
of spectra but the levels of spectra are expanded as much as
two times.

7.5.2 Trial to Find Side Band in Observed Net Spec-
tra

In Fig. 15 the net results of the FFT analyses for the data
that are given in Figs. 8 and 9 are reproduced by applying the
side band scales given in Fig. 14. The side band scales reflect
the function given by Eq. (82) which confirm the possible
signature of the orbital motion in the results of the decameter
radio wave pulses from the Galactic center (DEPGC here
after). In the bottom panel of Fig. 15, the average spectra
of the four results of FFT analyses that correspond to data
series GA1 (2016-J-EH), GA2 (2016-J-LH), GA3(2017-J-
EH), and GA4 (2017-J-LH) are also indicated with the side
band scales. Using this average FFT results we can confirm
the certain recurrent nature of the occurrence of sideband
spectra over entire periods of a half month and even further
as long as a year. Because we have this evidence, we will
select the average FFT result to investigate the characteristics
of DEPGC. At this stage according to the bottom panel of
Fig. 15, we can start the work for recovery of the original
state with an orbital period (2200 % 50) sec.

7.5.3 Finding simulation functions to coincide with
the FFT results

After the investigations that have been described in Sub-
sec. 7.5.1 and 7.5.2, the simulated function that describes the
original wave form corresponding to detected electric fields
is then given as,

E(t) = 1+ ay cos [a)at + (v—) % sin(Q1) + eal]
c
v\ 20, .
+ a, cos |:2a)at + (—) o sin(€2t) + 9a2i|
c

Vg \ 3w, .
+ a3 cos |:3a>at + (?a) ?a sin(2t) + 9a3i|

+ b cos :a);,t + ( ) — sin(Q21) + 9171]

+ by cos | 2wpt + (—b) — sm(SZt) + 9;,2]

+ b3 cos | 3wt + ( ) —— sin(2t) + 9b3:| (83)

where Q@ = 27/T.p, w, = 27/ T,, and w, = 27 /T,, for
orbiting period T, the spin period of the first Kerr black
hole T, and the spin period of the second Kerr black hole Tj.

In the data analyses the interferometer operation is a basic
step for that we cannot avoid to result the square of the field
intensity (see Eq. (23)). The simulation tries to find matching
parameters by constructing the original pulse forms E (¢)
which are required to take the square of E(¢); i.e. Ps(¢)(=
E(1)?) provides the results that is expected to coincide with
the FFT results for the observation data.

At this stage the sources which we have temporarily as-
sumed as signals A and B in analyses to result Figs. 14 and
15 are considered to provide real parameters of sources at
the binary system of the black holes by naming the first and
second Kerr black holes as Gaa and Gab respectively. For
the ensemble of harmonic oscillators corresponding to the
radiation from Gaa and Gab, the harmonic numbers up to
the 3rd harmonic are also assumed. The parameters given
in Eq. (83) to construct the simulated pulse function, in ad-
dition to orbital period T,,,, the fundamental pulse periods
T, for Gaa, T, for Gab, are the relative amplitude a, and
phase shift 6,,,, for n-th harmonic oscillator of Gaa pulse, and
relative amplitude b, with phase shift 6y, for n-th harmonic
oscillator of Gab pulse. Further, the orbital speeds of Gaa
given by v,/c and of Gab given by v, /c are essential for
calculating the Doppler effects caused by the orbital motion
of the binary black holes. The formula for a simulation is
constructed, then, with a total of 17 parameters which are
searched through simulation processes.

In the total of 17 parameters, however, we consider six
parameters which relate to the phases 6,, and 6, as un-
stable quantities which vary over the propagation paths.
The phase values are therefore considered to have statis-
tical significance. From this standpoint, we try to find
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Fig. 15. Four cases of net results of the FFT analyses with frequency scales
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that are the same as the scales given in Fig. 14. The first four panels show

the results for the observations, respectively for GA1(2016J EH), GA2(2016] LH), GA3(2017J EH), and GA4(2017J LH). The average results for these

four cases are given in the bottom panel.

the statistical generation of sets of combinations for phases
0., and 6y, using the following procedure. That is,
we set the step unit for variation of the phase value at
/3 radian; the setting phase values is made as 6,, =
kan(w/3) and 0Oy, kpn(t/3). By selecting k,, and
kp, from a random series of numbers. We express, then,

the combination of phase (0,1, 042, 043, Op1, Op2, Op3), by the
form of N (kui1, ka2, ka3, kp1, kp2, kp3).  The selection for
construction of the simulation function is then made as
N1(4,8,8,5,1,6), N2(9,7,8,3,1,6), N3(7,2,6,5,1,4),
and N4(7,6,2,8,9,4) for the four examples. After select-
ing the phase value set, the FFT calculations are carried out
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Fig. 16. Comparison of results of simulated FFT spectra among four different phase setting parameters and the observed spectra given as average of four
observational data series. The simulated results for the phase settings N1, N2, N3, and N4 are given all together in each panel from the top to the 4-th
panel where front view of each display runs from N1 to N4 in order. Comparisons of the spectra with that for the observations averaged GA1 to GA4
cases are given in the bottom two panels where the simulated results of the spectra for the N3 phase setting are displayed in the front side in 5-th panel

while observation spectra are displayed in the front in the bottom panel.

for searching the best fit simulation function for the remain-
ing 11 parameters.

From sidebands with a constant frequency gap between
peaks in the FFT results (discussed in Subsec. 7.5.1) for the
observations, the orbital period is estimated to be 2200 £ 50
sec. For four parameters such as T,, Tp, v, and v, there

are three assumed values for each (see Table 7); and three
values to be found for six parameters, a, and b, (n = 1, 2,
and 3) (see Table 8). That is, 59049 (= 3!°) cases, in total,
except for simulated phase combinations, are tried aiming to
find best fitting case with the averaged observation results of
FFT analyses for the observation cases GA1, GA2, GA3 and
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Fig. 17. An example of the diagram where details of the comparisons of the simulation FFT with FFT of observation data for GA1 and random spectrum
are indicated expanding the frequency axis four times of the original diagram given in Fig. 15. That is, the original diagram is split into four parts with
frequency indicators as given in the abscissa. The statistics of coincidence of the peaks of spectra versus non coincidence of the peaks of spectra are

given as C = number: NC = other number.
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Fig. 18. The index of the coincidence Cx(Af) for four cases of the phase combination Phase A (N1:) Phase B (N2), Phase C(N3) and Phase M. The
correlation indices for the observational spectra versus simulated spectra are indicated with black curves; and the correlation indices for the random

spectra versus simulated spectra are indicated by red curves.

GA4.

7.5.4 Simulated Results

In Fig. 16, the best fit of the simulated results for an arbi-
trarily selected four sets of phase combinations are compared
with average FFT results for observation data. It becomes
clear that there is a remarkable coincidence between the sim-
ulated results for four different phase combinations from N1
to N4 when using the frequencies of the spectral peaks. That
is, we can state that the difference in phase of each higher
harmonic controls only the level of resulting spectra but has
no effect on the occurrence of the spectral peaks. From the
four simulated spectra then, we have selected the case of N3
as the best representative of the simulations whose general
feature of the spectra fits well with the observations (see 5-th
and bottom panels of Fig. 16). The reason for selecting the
N3 spectra as representative of the simulated spectra, at this
stage, will be described in the next Subsec. 7.6.
7.6 Objective evaluation of coincidence of the simulated

spectra with the observations

To obtain an objective evaluation of how well the simu-
lated spectra fit the observations, we decided to compare with
the case of random spectra to which we can find only acci-
dental coincidence. The random spectra are constructed by
using a random series of numbers at each frequency slot of
the spectra. There are 200 slots for the full frequency range
in analyzing FFT results; then, we select 200 random num-
bers as a series to deliver into the 200 slots in the order as
given in the right hand column of Fig. 17 as an example.
A simple first step for evaluation is to determine the ratio
between the number of coincidences of the spectral peaks
and the simulated results. In the case of Fig. 17, the coinci-
dence ratio between the simulated and observational results

is 0.825 while the ratio between the simulated and random
spectra is 0.615. There is an apparent difference between
the observational versus the simulated results and the ran-
dom versus the simulated spectra. Nevertheless the definite
threshold is unclear because the ratio of fitting for the case
of the random versus the simulated spectra. is larger than
0.5. This problem originates in the resolution limit of the
frequency. That is, when we separate the spectral peaks at
one frequency slot, sometimes they are delivered into the
same spectra due to a numerical error of less than the 0.5
frequency slot but sometimes they are delivered into a neigh-
boring frequency slot. Thus, the method using the ratio to
evaluate the fitness of two spectra contains an ambiguity. So
we have selected an index that has a better confidence level.
The basic difference between random spectra and observa-
tional spectra is in the recurrence feature of the spectra when
we prepare spectra that originate at different times from each
other. We have four independently observed data series GA1,
Ga2, GA3 and GAA4; therefore, four sets of random spectra
have been employed to evaluate the coincidence between the
simulated spectra. For this situation, the index of the coinci-
dence Cinp is defined by taking two steps as follows. In the
first step the coincidence index Sy; is defined by Eq. (84)

180
S(Af) = Y Fij(fi) - Fsi(fi = Af)/
=20
180
Y IFG(f) = Fsj(fi = ANT

i=20

(84)

where Fy; (f;) is the k-th spectra (k = S for simulated results,
k = Ob for observational results and k¥ = RAN for random
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Fig. 19. Recovered pulse forms resulting as the simulation functions whose FFT results show coincidences with the observed FFT spectra. Simulated
results are selected for two phase combinations, M and N3, i.e. the pulse forms given in panels a) to d) are due to the simulated function with phase
combination M. The pulse forms in panels e) to h) are due to the simulated function with phase combination N3. Based on the corresponding simulated
functions, pulse forms from BH Gaa and Gab are displayed for two periods which are selected between 0 to 600 sec and 1100 sec to 1700 sec; the later

time interval corresponds to the passage of half of orbital period.

spectra) with data series j (j = 1 for GAL, j = 2 for GA2,
j = 3 for GA3 and j = 4 for GA4 for the observations;
and from j = 1 to j = 4 for random spectra from random
noise series 1 to series 4, respectively). The spectra are
expressed as a function of the frequency f; corresponding to
the i-th frequency slot which starts from 1 and ends at 200;
because the mutual correlation function of the partner spectra
frequency is shifted by frequency Af whose minimum step
is 1 out of the 200 total slots of full frequency range.

As second step to complete the definition of coincidence
Cy, we take, here, averages of Si;(Af), that is defined as

Cr(Af) = Sk(Af)/SDi(Af)

where S;(Af) and SD;(Af) are averages of S;;(Af) and
standard deviation respectively that are defined by

(85)

Se(Af) = Zsk,mf) (86)
j=1
and
1< S
SDHAf) = | 7 D [Sy(Af) = ScAHE. (87)
j=1

In Fig. 18, the defined indices of the coincidence C(Af)
are indicated in the four panels of phase A, phase B, and

phase C, which show the phase combination of the simulated
function as N1, N2, N3, respectively. The apparent differ-
ence of the index values between k = Ob and £ = RAN con-
firms the statement that the observational spectra are com-
pletely different from the random spectra. The result also
provide a worthwhile evaluation between the simulated spec-
tra that result from the different phase combinations. Here
we have selected phase M, instead of N4; the combination
M4, 4,5, 8,5, 3) selected from 4096 trials of a random se-
lection of combinations which indicate the best C; showing
fitting of the FFT results between the simulation and obser-
vation cases..

7.7 Recovery of Pulse Form

In Fig. 19, the pulse forms of radio waves transmitted
from the two objects of the black hole binary are indicated as
the result of the simulated functions which give FFT spectra
coinciding with the observations. Simulated functions are
selected for two phase combinations as M and N3, i.e. the
pulse forms given from panels a), c) e) and g) are due to the
black hole Gaa and panels b), d), f) and h) are for the black
hole Gab.

We can see here the wave forms given by simulation func-
tions. Results with different phase combinations show that
the detail of the wave form sensitively varies depending on
the phase combinations; but the occurrence of three peaks
of intensity of pulses seems to be common characteristics
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Fig. 20. Time series of combined pulse forms of real time observations of intensity variation of decameter radiation from the region close to the event
horizon of binary black holes having orbital period of 2200 sec with spin periods 173 sec and 148 sec, respectively for Gaa and Gab.

suggesting basic azimuthal dependence of the radiation en-
vironment of the sources of rotating black holes. Pulse forms
from BH Gaa and Gab are displayed for two periods of tim-
ing selected from 0 to 600 sec and 1100 sec to 1700 sec. The
latter time is a period when it passes half of orbital period
measured from the initial interval. We can then see the vari-
ation of the spinning periods due to Doppler effects of the
orbital motion that opposes the motions of Gaa and Gab in
their orbits. The display of the pulse forms in Fig. 19 are
made by artificially distinguishing between Gaa and Gab to
see the individual variations. When observing the pulses of
both Gaa and Gab in real time, the results become compli-
cated as shown in Fig. 20, where a series of combined pulse
form for a period about two and a half orbital rotations is
shown.

8. DETECTION OF THE SOURCE DIRECTION
UNDER THE DISTURBANCE OF IONO-
SPHERE

8.1 Principle of Virtual Shift of the Interferometer Sys-

tem into the Vacuum Space
When searching for the source direction in the decameter
wave range, we have tried to be free of the ionosphere which
greatly shifts the propagation path of radio waves, even at

21.860 MHz, away from a straight line between the source

and the receiving points. Sometimes the arrival direction of

the ray deviates more than five degrees from the direction of
the source depending on the plasma density and the elevation
angle of the source. In the present work, the source direction
has been obtained without ionospheric disturbance by artifi-
cially setting a pseudo interferometer system to the position
exactly on the real ray path in space where there is no effect
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of ionosphere plasma.

Analyses of the source direction of the signals of the
present studies have been made by applying IFFCM (inter-
ferometer fringe function correlation method) to the detec-
tion of the source direction as given in Sec. 5. To search
for the source direction assumed to be the Galactic center
at Sgr A*, the wave normal vector k), is varied in Egs. (26)
and (27) around the source at right ascension 17 h45m40 s
and declination —29°00'20” using the deviation of the wave
normal vector Ak, as the searching tool. We are searching
for the pulse forms which are described by the FFT spectra
generated by binary black holes explained in Sec. 7. When
we rewrite Eqgs. (26) and (27) using only the signal part of
terms, the correlation functions are expressed by,

1 tn+T)y 5
SCy =1 / _so
-cos[(ks +kp) - (rj —ri) + (6; — 6))]
-cos[(kp + Ak)) - (rj — r;)]dt (88)
1 th+T)p 5
Dy = - / 0
-cos[(ky + k) - (rj —r) +(6; — 6))]
-sin[(kp + Aky) - (r; —r;)]dt (89)

where k; is wave number vector which indicates the devia-
tion of the arrival direction from the source direction k,; due
to ionospheric disturbance. By selecting a point on the ray
path of the arriving radio wave at r;,,, in space, Egs. (88) and
(89) are rebuilt as

1 t+T), 5
SCij = — S5 (@)
J Tp =, 0
: COS[kS : (rjsp - risp) + (q>i - q)j)]
-cos[(kp + Akp) - (rjsp — rigp)ldt — (90)
and
1 t"+Tp 5
SD;; = — S2()
J 7"]7 -, 0
: COS[ks : (rjsp - risp) + (q)l - CDJ)]
. Sin[(kP + Akp) : (rjsp - risp)]dt (91)
where ®; = frip ky(r) -dr+6; and ®; — ®; = [7 k(r) -

Tjsp
dr— [ ke(r) - dr+ (6; — 0)).

Takiﬁg an analogous approach as arriving at Eqs. (47) and
(48), starting from Eqgs. (26) and (27), SC;; and SD;; given
by Egs. (90) and (91), provide following relations, as

1
SCij = ng cosl(ks — kp — Aky) - (rjsp — Tisp)]
~cos(®; — D), (92)
and
1
SDU = ng COS[(kS —kp — Akp) . (rjsp - risp)]
. sin((b,- — ij) (93)

That is, signal parts of Egs. (47) and (48) are expressed as

1
Cijs = ZS%(Z,I)COS A®p;;cosb;, %94

and

Sijs = —ng(tn)cos Adp;;sinb;;, (95)
for the case k; = kp, in Egs. (92) and (93), (ks —kp — Ak)) -
(rjsp—Tisp) is equivalent to Adp;;, and ®; — P is equivalent
to 6;;. When we consider the total quantity including sky
noise and the signal together, then we can use the processes
from Eq. (26) to Eq. (48) by replacing 6; with ®; and r; with
r;sp, to obtain the source direction, of signals, that is free of
ionospheric disturbance. Following the processes from Eq.
(52) to Eq. (53), then, we can write the signal part from Eqs.
(92) and (93), as

2 2
\/SC? + SD};
1
= ng cos[(ky — kp — Aky) - (Fjsp — Fisp)l. (96)

To detect the source direction without the disturbance of the
ionosphere, however, it is essential that the point ), is set at
a point located in the space outside of the ionosphere, but still
on the real ray path of the observed radio waves. We will call
this point “the point of space interferometer” (PSI) hereafter.
To find PSI we search for a position where the correlation
values used to find the source direction become maximum.
We do this by sweeping the two necessary parameters to find
the position in a plane where the two vectors r;, and k, are
included together.

In Figs. 21 and 22, we show the geometry that defines the
procedure to set the position of PSI; the position is described
in a common plane given by the observation point r; and
wave number vector k; of the observing radio wave. As a
starting point to search for the position vector of PSI, we set
the point 7; at the topside of the ionosphere (selected as the
limit of the ionosphere) on the straight line that is assumed to
connect the source and observation points by neglecting the
effects of the ionosphere; then r;y is expressed by using two
unit vectors 7; and v; that are vertically selected with respect
to F; as

A i

Vi = x k) x — o7
By taking A = 7 - k and K = /T — A2, then, Eq. (97) is
rewritten to

R (—AFr; + k)
V= ——".
V1 — A2

As we can see in Fig. 22, r;y is expressed by cos ¢F; +
sin ¢v;, then it follows that

(98)

. A . .
FiN = (COS¢— ﬁsln(i)) - F;

1 ~
+————sin¢ - k.

99
a2 99)
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Earth's Axis

Spring Equinox
Point

From SgrA*

Ionosphere Limit
in Top Side

Observation Points

Fig. 21. A common plane including the ray path from Sgr A* and the vector of the observation point of the geocentric origin; geometrical relations are
described in the coordinate system of the spring equinox, equator, and Earth-s rotation axis.

Ionosphere Limit
/ in Top Side

Shift Angle

_ Observation Points

-Point of Injection

“From Sgr A%

AD

Correction Angle of
Shift Angle

Fig. 22. Geometrical relationship of the observing ray path in a common plane of the ray path from Sgr A* and observation point vector of the geocentric
origin. The image of the ray path under the effect of the ionosphere is also depicted (green curve) with the point of injection described by the geocentric

vector at the top of the ionosphere.

Considering geometrical relation also in Fig. 22, the vector
ryy is given by

N =r-+ (r,zN + r,-2 —2riN - 1i cos¢)1/21},. (100)
From Egs. (99) and (100) cos ¢ is given as
cos¢ = B(1 — A% £ AY1 — B2(1 — A?), (101

where B =r;/ry.

In the spring equinox-equator coordinate system as shown
in Fig. 21, the position of the observation r; depend on the
time ¢ as given by

r; = r; cos[Q.(t — fy) + Y] cos AXx,

+ r; sin[Q,(t — to) + Y]cos Ay, +r;isinAz,, (102)

where €2, is angular velocity of the Earth’s rotation; ¥, and A
are the longitude of the observation point at time #y, and the

latitude of the observation point respectively. In Eq. (102),
X, Z., and y, are the unit vector directed toward the Sun at the
spring equinox, the unit vector directed to Earth’s rotation
axis, and the unit vectors directed vertically to ., and Z,
respectively. Then, A is expressed as

A=r;- k
= cos[Q(t — ty) + Y] - cos(Ra) - cos A - cos(De)
+ sin[Q (¢ — #p) + ] - sin(Ra) - cos A - cos(De)
+ sin A sin(De). (103)

In Fig. 22, we can find the procedure to find PSI just
on the real ray path where the decameter radio wave prop-
agation is affected by the ionosphere. The effects of the
ionosphere change the ray path from the initially assumed
straight line path for propagation through a vacuum. We
express this change as “correction angle of the shift angle
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(CASA)” which exactly decides the point of injection at a
limiting height of the ionosphere. In the present study CASA
cannot be analytically expressed; but we can search for it by
sweeping the CASA value until the correlation function in
the present IFFCM (see Sec. 5) reaches maximum for real
observation data.

As indicated by Eq. (103), when the “A” value is changed
as a time dependent function, the shift angle ¢ is also varies
as function of time; thus, CASA is understood as the aver-
age correction angle deviating from the original shift angle.
While searching for CASA we see that CASA is not only
within the plane formed to include r; and k; but also CASA
takes place in the azimuth direction, because of the inhomo-
geneous distribution of the ionospheric electron density in
the direction of longitude. We express CASA as a shift in
phi (CASA ¢) which take place in the longitudinal direction.
It should be noted that CASA and CASA ¢ never affect the
result of the detected source direction but are related to the
determination of PSI which affects the correlation intensity
of analyzing signals to evaluate whether PSI is set just on the
ray path.

8.2 The case of One degree Resolution

Figs. 23 to 26 indicate the results of direction finding for
observations corresponding to GA1 to GA4, respectively.
The results are given as average values of the relative spec-
tral level (ARSL, hereafter) deduced by FFT analyses for a
function of the correlation to detect the direction by IFFCM
for the five directions aimed with one degree resolution sur-
rounding the direction of Sgr A*. In all diagrams the aver-
age level of the spectra of the FFT results are plotted ver-
sus five directions that are indicated 1, 2, 3, 4, and 5 in the
abscissa corresponding north-east (41 deg, +1 deg), south-
east (—1 deg, +1 deg), direction of Sgr A*, (0 deg, 0 deg)
south-west (—1 deg, —1 deg), and north-west (41 deg, —1
deg), respectively. That is, indicating by (£a deg, £b deg),
we express the direction aiming the sky position that shifts
in the north-south direction by +a degree and shifts in east-
west direction by +b degree centered around the direction of
Sgr A*. In all cases, we assume that r;y = 825 km; in all
the Figs. 23 to 26, the search results of CASA and CASA ¢
are expressed as a variation of the “averaged relative spec-
trum level (ARSL)” as a function of the aiming direction for
various combinations of CASA and CASA ¢ as parameter.
Corresponding to Figs. 23 to 26 then, we can find the max-
imum value of ARSL, at CASA = 3.2°, CASA ¢ = 0.5°
for data GA1; CASA = 3.4°, CASA ¢ = 0.5° for data
GA2; CASA = 3.2°, CASA ¢ = 2.0° for data GA3; and
CASA = 3.8°, CASA ¢ = 4.75° for data GA4 respec-
tively. Although CASA and CASA ¢ that give the maximum
ARSL, insuring the coincidence of the ray path and PSI, are
limited in a range around 3.2° for CASA and less than 5° for
CASA ¢, there are differences resulting from data that re-
flect the ionospheric condition at the observation times. The
points of local maximum of ARSL are, however, fixed in the
direction of Sgr A*. We conclude that the source direction
of radio wave pulses represented by the spectra of the FFT
results is definitely toward Sgr A* with the resolution of one
degree.

9.0E-03
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85E03 —"ldeg
—"2deg"
—"3deg”

- —"3.2P-0.1d"
> 8.0E.03 —"3.2P-0.2d"
- ' —"3.2p-0.3d"
z —"3.2PI0.5"
2
Cb‘f —"32pP 10"
| "3.4deg"
o
@ 7.5E-03 —"3.6deg"
g —"3.8deg"
E "4deg”
w "5deg”
=4

7.0E-03 - "Gdeg”

6.5E-03 -

6.0E-03 T T T

NE(1°)  SE(1°)  Sgra* SW(1°)  NW(1°)
SOURCE DIRECTION

Fig. 23. Relative spectrum level for a function of the direction finding

correlation in IFFCM for five directions, centered on Sgr A* for obser-
vation data GA1 (2016 June Early Half period). NE(1°), SE(1°) SW(1°),
and NW(1°) indicate the direction where the differences in right ascen-
sion and declination of the direction of the interest shift by one degree as
NE(1°) = (+1°, +1°), SE(1°) = (+1°, —1°), SW(1°) = (—1°, —1°),
and NW(1°) = (—1°,+1°). Explanations for CASA and CASA ¢ for
the corresponding curves are given with a form such as “3.2 P0.5” that
means CASA = 3.2° and CASA ¢ = 0.5°. The form “3.8 deg”, for
example, means that CASA = 3.8° and CASA ¢ = 0°.

In Fig. 23 we can see that there is an east-west asymmetry
of ARSL versus corresponding directions centered around
the Sgr A* direction. The asymmetry is not due to the
shifting of the source position from the exact direction of
Sgr A* but is caused by the asymmetry of reception at the
antenna located at each local station of the interferometer
system. The details for the origin of the asymmetry will be
given in the next Subsec.

8.3 The case for 0.1 degree resolution

In Fig. 27, ARSL is plotted as function of the five direc-
tions centered on the direction of Sgr A* with 0.14 degree
steps in the North-East (1), South-East (2), South-West (4)
and North-West (5) directions. We can see that there is an
apparent east- west asymmetry of ARSL. The asymmetry is
not due to the eastward shift of the radio wave source direc-
tion biased from the exact direction of Sgr A*, but the asym-
metry is caused by the antenna directivity at the reception of
each radio wave. at stations of the interferometer system.

Let’s define the directivity of the antenna at i-th and j-
th stations of the interferometer system to be f;(y, §) and
fi(, ) for the local azimuth v and elevations. Then the
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Fig. 24. The same as Fig. 23, for the case of GA2 (2016 June Late half period) observations.
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Fig. 25. The same as Fig. 23 for the observations of GA3.
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Fig. 26. The same as Fig. 23 for the observations for GA4.
average output-level of the interferometer is obtained by in- and k are expressed by
tegrating over an observation interval T as given by, . R
Li = COS(Qet + (pob) : COS()»D;, - Gai)xe
P =Z0 [ G5y £y ) costor — ki +6) oSt Vo) - coson = O3
= = (W, 8) - fi(Y, ) cos(wt —k - r; j . ~
Y T J; ' ! ' ' + sin(Aop — O4i)Ze, (107)
-cos(wt —k-r; +0;)dt. (104)
and
Integrating Eq. (104) over an interval 7, then it follows A o . e~
k = cos{ - cos §x, + siny - cos 8y, + sin 8z,, (108)

that (by similar mathematical manipulation as given in Ap-
pendix C)

_ Eg

5 JiW.0) (. 9)
-coslk - (rj —r;) +6; — 6;].

(105)

When the unit vector of the antenna direction is expressed by
L;, (perpendicular to the element of Yagi or dipole antenna)
then f; (Y, §) is given by

fih. ) = Li - bF (106)
where & is integer for approximated expression of the direc-
tivity of dipole and Yagi antennas; we select £ = 6 for 5-

element Yagi antenna that is set at each receiving station of
the interferometer for present observation. In Eq. (106), L;

where X,, y,, and Z, are the same unit vectors that are de-
scribed in Subsec. 8.1 for the coordinate system with the ver-
nal equinox, equatorial plane, and Earth rotation axis coor-
dinate system; the azimuth angle of the directivity of the re-
ceiving antenna at i-th station is fixed towards exactly south
with a fixed elevation angle of 6,;. The angle ¢, is defined
as the longitude of the i-th station when the start of the time
t is set at UT = 00 h 00 m 00 s at the vernal equinox. Using
Egs. (107) and (108), therefore, Eq. (106) is rewritten as

fi(W, 8) = cos(Qet + @opi — V) cOs(Aopi — B4i) COS S

+ sin(hopi — Oai) Sin . (109)

In Egs. (20) to (23) the amplitude of the output of the in-
terferometer is given without the effects of the directivity of
the receiving antenna. We then modified the signal compo-
nents given in Egs. (20) to (23) by multiplying by a factor,
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Fig. 27. Relative spectrum level for a function of the direction finding correlation ARSL in IFFCM, for five directions, NE(0.1°), SE(0.1°) SW(0.1°),
and NW(0.1°), centered on Sgr A*, for observations of GA1 (2016 June Early Half period). The differences from Sgr A* in right ascension and
declination of the direction is shifted by 0.1 degree as NE(0.1°) = (+0.1°,40.1°), SE(0.1°) = (40.1°, —0.1°), SW(0.1°) = (—0.1°, —0.1°), and
NW(0.1°) = (—0.1°, +0.1°). Explanations for CASA, and CASA ¢, for the corresponding curves are given with a form such as 3.2 P0.5” that means
CASA = 3.2° and CASA ¢ = 0.5°.
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Fig. 28. The theoretically deduced ARSL for background sky (black curves) with observation results given in Fig. 27. The theoretical level is calculated
for 5-element Yagi antenna assuming homogeneously distributed sources in the sky as zero base line of the present system to make the direction finding
of the signal. SA and ¢SA are equivalent to CASA and CASA¢p.
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Fig. 29. Calculations of ARSL with observations results of GA1(2016 June EH: Red curves). Calculations of ARSL have been carried out assuming the
source intensity at Sgr A* from 0 to 0.8% of the background level of sky noise; the definition of the direction from 1 to 5 is same with the cases of

Figs. 27 and 28.

1Y, 8) f; (¥, 8); that is, the final level deduced by applying
the direction finding operation, Pp,;, corresponds to signal
components Py given by Egs. (50) and (51), is expressed by

s fi(. 8) fi (. 8)

Pp;j = >
2 2
-cos & cos£j cos’ 8
+ [cos(®; — ) +cos(P; — ¥)]
-cos&;cos&;cosd - sind

= lPS{l[cos(QDi + @; —2¢) 4 cos(P; — D;)]

+ sin&; sin&; sin28}, (110)
where ®; = Q.t + V¥p, and & = Ayp — ;.

The values of ARSL have been deduced as the average
level of the FFT results for seven nights of observation for
five hours each night; then the average of Pp,; is given by

1 7 t,+T
— Pp;;dt.
S

n=1

(Ppij) = (111)

In Fig. 28, the value of (Pp;;)/E} is plotted taking E3 to
be constant for five cases of (i, §) centered on the direc-
tion of Sgr A*. That is, when the right ascension and
the declination of Sgr A* are given, respectively by Vg,
and Js,,, the offset directions given by the right ascension
Yser = A, and the declination §s,- == A are expressed here
by (£A8, =Av). The directions that deviate from the di-
rection of Sgr A* by 0.141° to NE, SE, SW, and NW are ex-
pressed by (40.1°, 4+0.1°), (+0.1°, —0.1°), (—0.1°, —0.1°)
and (—0.1°, 40.1°) respectively. We noticed that the radio
waves with sources distributed homogeneously, in the sky

are detected in an asymmetrical fashion as if the existing
sources are biased in the eastward direction. The real source
direction distributed in the sky is then expressed as the dif-
ferences from this reference level as indicated by the black
curves in Fig. 28. In Fig. 29, the ARSL values for the as-
sumed source distributions that can be expressed by a func-
tion as

Ps = E}[1 + K - 8(k — ksg)], (112)
where kg, and K are the wave number vector of radio waves
from Sgr A* and the ratio of the source power relative to the
background sky noise, respectively are expressed again as
(Ppij)/ Eg By comparing with the observations illustrated
in Fig. 28, we conclude that the observations with 0.1° res-
olution indicate that the source of radio wave pules is defi-
nitely located in the direction of Sgr A* with a power level
0.7% of the background noise level.

9. EXISTENCE OF BINARY BLACK HOLE AT
THE CENTER OF OUR GALAXY
9.1 Method of deducing the black hole mass and the
rotation parameter
The decameter wavelength radio wave pulses of the
present study are by no means an oscillation phenomena of
a plasma cloud, but related to the celestial spins and orbital
motions. This comes from the steady nature of the spectra
of the time varying phenomena. In the present work, we
attribute the generated time varying phenomena to the ro-
tation of Kerr black holes where the intensity of the radio
wave emission depends on the longitudinal inhomogeneous
radiation near the regions of the event horizon of the Kerr
black holes. Furthermore the spectra are characterized by
frequency modulations suggesting orbital motion of a binary
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Kerr black hole system as descibed in Sec. 7. Based on the
parameters used to interpret the spectra whose source posi-
tion is within the resolution limit of 6 arc minutes at Sgr A*
(see Sec. 8), we deduced the physical parameters of the black
hole binary system at the Galactic center.

Let us describe the rotation periods, masses, Schwarzschild
radius, radius of the event horizon, and rotation parameters
as T;, M;, r,;, rg; and a; respectively where the suffix i (only
restricted in this section), stands for a and b for the black
hole Gaa and Gab respectively. The first basic relation is an
expression of the event horizon that is given by

. 242
rei + /T4 4a;
FEi =

> (113)

Because we assume that the decameter radio waves are
generated in the region extremely close to the event hori-
zon, the rotation period T; is strictly related to the radius
of the event horizon rg;, as 2m/T;) = ca;/(rgirei). Then,
coupling with Eq. (113) the rotation parameter is expressed,
after a mathematical manipulation, and normalized by the
Schwarzschild radius, as follows,

a; 2A,
4= (114)
g 4AZ41
where
A= (29 M (115)

with gravitational constant G and speed of light c.

The mass M; can be deduced in the present binary system
from the dynamics of the orbital motion by assuming circular
orbits which are in a plane surface coinciding with line of
the sight. That is, the total mass of the two Kerr black
holes co-rotating with the orbital period T, is expressed
with Kepler’s law as

27 \? 3
) (ra +15)°. (116)

1
Mo + M) = = (Tcm

G
When we assume the situation is close to the critical ro-
tation of Kerr black holes, i.e., ¢; = 0.57;, it follows, from
Egs. (114) and (115), that
cT; b

or M, = ——T,.

oi = T 117
s 2 A G (117)

Because centrifugal forces for orbiting the two Kerr black
holes balance with the common gravitational force, it follows

that
27 \?2 27 \?
Ma g = M b rp.
Tem Tem

From Egs. (117) and (118) we find the ratio R which deter-
mine the individual masses and orbiting radius; that is:

(118)

r'p
Tb Yq

= R.

(119)

Then once we know the orbiting velocities of Gaa and Gab
that are expressed by v, and v, respectively, the individual
masses and radius of the orbits of the binary are given by

M= L (F 2( +r)° (120)
a = -~ Ta r ,
G \Ten "+ R
and
My =+ (F 2( +rp)° (121)
= — 7 T
PTG \T.,) T a+R
with
Vg Tcm Up Tcm
g = and rp, = .
27 27

9.2 Results of deduced black hole parameters

In Sec. 7, the recovery of the real pulse forms from the de-
duced spectra of the decameter radio wave signals has been
described using simulations where the parameters show a
black hole binary system where black hole Gaa and Gab are
spinning with the given orbital motions. In Sec. 7, also the
searching processes are described for the parameters of the
motions and masses that fit the results of FFT analyses for
four sets of observation data from GA1l to GA4; we con-
cluded that these four series of data have a definite average
feature that can be considered an intrinsic feature. Then we
searched the parameters to fit the observations taking the av-
erage spectra of the four spectra corresponding to the data
series GA1, GA2, GA3, and GA4.

For principal 11 parameters in total both for Gaa and Gab
such as orbital period, spin periods, and orbital velocity and
amplitudes of each higher harmonics of the spectra, search
for best fitting cases by 177,147 (= 3!!) trial of the simula-
tions have been carried out starting from initial values that
are estimated from observed spectra of FFT results. In addi-
tion to the principal parameters the phases of each harmonic
show details of the spectra. Though the selection of the com-
bination of the phases of higher harmonics sensitively affect
the recovered pulse form, the phase values do not affect the
physical quantities such as deduced mass, radius of black
hole, orbital radius of the binary, and speeds of the orbital
motion, and thus we have separated the search processes
from the processes of the principal parameters. Then, we
selected four cases of phase combinations out of a search
of 4096 trials to find fitting simulated functions. The com-
bination M(4, 4,5, 8, 5, 3) (see Sec. 7) provides one of the
best fitting simulated function. Through the processes of the
evaluation, then, the parameters have been selected as given
in Tables 9 and 10.

For the binary black hole the spin periods of the larger
member, Gaa, and of the smaller member, Gab, are 173 £ 1
sec and 148 + 1 sec respectively. The simulations give an
orbiting period of 2200 + 50 sec with velocities for Gaa and
Gab as (5.40 £ 0.15) x 10* km/sec and (6.31 £ 0.03) x 10*
km/sec respectively assuming circular orbits. The radii of
orbits of Gaa and Gab are (1.89 % 0.04) x 107 km and
(2.21 £ 0.05) x 107 km respectively. Then, the average R
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Table 9. Spin And Orbiting Parameters of Gaa and Gaa Binary System.

Gaa Spin Gab Spin Gaa Gab Gaa-Orbit Gab-Orbit

Period (sec) Period (sec) Vel. (cm/s) Vel. (cm/s) Radius (cm) Radius (cm)

Casel 1.72E+02 1.48E+02 5.40E+09 6.28E+09 1.89E+412 2.20E+12

Case2 1.73E4-02 1.48E+4-02 5.40E+4-09 6.31E+4-09 1.89E+12 2.21E+12

Case3 1.74E4+02 1.48E+02 5.40E4-09 6.35E+09 1.89E+12 2.22E+12

Aver. 5.40E4-09 6.31E+09 1.89E+12 2.21E+12

S.D. 0.00E+-00 2.98E+07 0.00E+4-00 1.04E+10
the size of each event horizon of member black holes to
Table 10. Deduced Back Hole Masses. correspond to deduced masses with rotation parameters that

(Unit: Solar Mass) are discussed in the next Subsec. 9.3.
Gaa Mass Gab Mass Total Mass 9.3 Deduction of the rotation parameters and masses of
Gaa and Gab
Casel 2.24E+06 1.93E+06 4.18E+06 From Eq. (114) with Eq. (115), the rotation parameters
Case2 2.27E+06 1.94E+06 4.22E+06 normalized by the Schwarzschild radius are deduced using
Case3 2.30E+4-06 1.96E+4-06 4.25E4-06 the observed spin periods and the deduced masses of Gaa and
Aver. 2.27E+06 1.94E+06 4.22E+06 Gab; i.e., the values for Gaa and Gab are indicated by almost
SD. 223404 9.89E-L03 3.20E404 equal quantity, 0.490. This value is consistently acceptable
because the value is close enough under the assumption of
maximum rotation as a; /7, = 0.5.

Following the results in Subsec. 9.2, the total combined
mass for Gaa and Gab is (4.21 £ 0.03) x 10°My. There
1=221%x10"km are several research groups monitoring the stellar orbits sur-
Tep = 2.87 X 108km - rounding Sgr A* in the quest fpr a possible black hole.6The
v latest reports of the group give (4.31 + 0.42) x 10°Mg
/e =021  (Gillessen et al., 2009) and (4.2840.31) x 10°M, (Gillessen

Gab

T, =1.89 x 107km
Tgq = 3.35 x 10% km

Va/. —0.18

Fig. 30. Animage of the orbits of the binary black holes Gaa and Gab based
on the deduced parameters which are discussed in the Subsec. 9.2. The
labels r,, rgq.and v, are for the orbit radius, radius of the event horizon
and orbiting velocity of Gaa, respectively; and rp, rgp, and vy, are for
the orbit radius, radius of the event horizon and orbiting velocity of Gab,
respectively. The numerical value of labels are indicated only for the
represented one.

value defined by Eq. (119) is 1.168; therefore, the mass is
(2.27 £0.02) x 10°M,, for Gaa and (1.94 £ 0.01) x 10°M,
for Gab, assuming the orbital plane parallel to line of sight.
In Fig. 30, an image of the orbiting binary Gaa and Gab is
depicted assuming a circular orbits which are looked down
from the direction of the normal of the orbiting plane taking

et al., 2017). Such a close coincidence with the results of
present work cannot be expected a priori because of differ-
ences in the approach. The total mass of the present work
coincides extremely well with the results of the stellar mon-
itoring works, thus indicating the inclination of the orbital
plane of the binary system could be less than 10 degrees from
the line of sight between the Sun and Sgr A* implying that
the system is in the general plane of our Galaxy.

10. DISCUSSIONS
10.1 Generation and Propagation of Decameter Radio
Wave in the Region Close to the Event Horizon

10.1.1 Plasma environment in the region close to the
event horizon of the Kerr BH’s

The plasma density and magnetic field intensity have been
discussed based on observation of the transport of the plasma
and magnetic fields within 0.1 pc surrounding the possi-
ble black holes in Sgr A*. The falling rate of the plasma
and gas into a central black hole has been discussed us-
ing Bondi’s first estimation of dM/dt = 1073M, /year
(Bondi and Hoyle, 1944). Based on observations of the to-
tal radiation energy of the electromagnetic waves, the pro-
posed rates of transport into the black holes are somewhat
lower than Bondi’s first estimation, now indicating a range
from 10~*Mg /year to 10~8M,/year (Melia, 1994; Narayan,
1998; Inayoshi ef al., 2018). Authors who discussed the
accretion rate of the plasma and gas into the center of our
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Fig. 31. Panel a) Plasma and electron cyclotron frequencies versus the position outside and close to the event horizon of a Kerr BH, which is expressed
by logarithmic function starting from the event horizon. Frequencies are given by ratio to the observation frequency at 21.86 MHz plotted as a Log
function. For three cases of the cyclotron frequency and one case of the plasma frequency. Panel b) Growth rate given by Logn; (see Appendix E and
Eq. (E.10) for ny) for three example cases of the rate of the momentum transfer from the electron beam to the generated wave.

Galaxy pointed out the homogeneous nature for the low
luminosity of the center region of our Galaxy. The stud-
ies using mm wavelength radiation especially have a ten-
dency to require a tenuous feeding rate from 10~3M, /year
to 107°M,, /year. We propose that the mechanism for the
low luminosity of radiation, for the case of the close binary,
may differ from the case of single black hole. Plasma falling
in is not so tenuous as the rate that is extremely lower than
Bondi’s limit. From this standpoint then, we have selected
10~>My, /year that is close to the upper limit. In this case the
plasma number density, in the region close to the event hori-
zon (RCEH hereafter) takes the value 5.10 x 10° Jcc if we
could observe in the coordinate transformed to Minkowski
space time corresponding to the regions close to the event
horizon. The corresponding plasma frequency is then about
640 MHz when we measure in the coordinate transformed to
the Minkowski. space time again.

Plasmas that flow into the black hole carry magnetic fields
into RCEH keeping the total magnetic flux approximately
constant. When we apply a possible magnetic field intensity
of 107 to 10~* G in the region 0.1 pc around the black hole
binary, as a representative case, the magnetic field intensity

can be estimated to a range from 170 G to 1700 G in RCEH
of the each member of the black hole binary also in the coor-
dinate transformed to Minkowski space time there. This es-
timate of magnetic field intensity does not diverge from the
magnetic field intensity observed from Faraday rotation us-
ing pulsar radio waves which propagate across the accreting
disc (Eatough et al., 2013). The electron cyclotron frequency
goes from about 300 MHz to 3000 MHz again transforming
to Mikowski spacetime. In RCEH, the dependence of the
plasma number density and the magnetic field intensity ver-
sus the radial distance r become different; the plasma density
can be thought as controlled by gravity while the magnetic
fields are affected by currents in the accreting disk; and we
consider the equipartition of the magnetic field energy den-
sity with kinetic and gravitational energy following Melia
(1994). Then we assume the values of plasma number den-
sity N (r) and magnetic field intensity B(r) in the coordinate
transformed to Minkowski space are given by

2
N() = No (2;_,;) ,

(122)
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Fig. 32. Dispersion curves (@ — k relation of plasma waves) in the region close to the event horizon (RCEH) of the black hole being transformed to
Minkowski space time. The curves have been calculated following Appleton Hartree equation for real part of refractive index taking the angle between
the wave normal and magnetic field as parameter that is set to take 15-degree step between a range from 0 degree to 90 degree. For this selected plasma
condition, fj,/f. = 0.3, whistler mode waves are given in the frequency range f < fp. The O mode waves which vary naturally to radio waves
escaping into free space is tightly bound with the whistler mode waves in the frequency close to f = f), that is indicated by C in the dispersion diagram.
The waves originally generated as the whistler mode waves in the domain close to f = f), shift towards bottom side of the diagram in the direction of
the downwards going arrow while the waves propagate in the media where f/f. become lower with increasing r. After passing through r = 2rg the
waves keep propagating in the media where f/f. become higher with increasing r until arriving at C (f = f},). At this point the whistler mode waves
are effectively converted to the O-mode waves that can escape outside of the black hole freely.

and

2}"E 5/4
B(r) = By (T) , (123)

where Ny are By plasma density and the magnetic field inten-
sity at the position r = 2rg; and rg is the radius of the event
horizon that is given as 7 = r, /2, where r, = 2GM/c?, for
the case of the maximum rotation (see Subsec. 9.2) which is
the case of the present observations.

As explained in Appendix D in detail, the frequency [y
observed in Minkowski space time is converted to frequency
fx in the Kerr black hole, in RCEH, as,

T'E
fo=tu(1-"). (124)
The plasma frequency and electron cyclotron frequencies
are converted to the values in RCEH as shown in Fig. 31
where the converted frequencies are indicated in terms of
the logarithmic ratio to the frequency 21.86 MHz that we
have observed. The points where curves cross the 0 line are,

therefore, significant positions because the value matches the
observed 21.86 MHz.

When we assume f, = 3000 MHz at r = 2rg the co-
incidence point is at r = 1.016rg. As we will discuss in
next Subsec. 9.1.2, the generated wave with frequency 21.86
MHz at r = 1.016rg should propagate through the media
at a frequency much less than the local plasma frequencys;
that is, as shown in Fig. 32, the wave should propagate under
the condition f,/f = 6.3 (f, > f) when passes at region
r = 2rg. The process is only feasible when the waves take
the form of whistler mode waves.

10.1.2 Generation of decameter radio waves due to
wave particle interaction

The source of the decameter radio wave in RCEH of the
Kerr black hole can be assumed as a plasma wave particle
interaction caused by electrons falling towards black hole
through the magnetized ambient plasma. The most feasi-
ble generation process can then be considered as a wave
particle interaction between whistler mode waves. Because
there is no place for effective reflection of radio waves in
RCEH, the generated waves should propagate directly out-
ward. The wave particle interaction therefore should take
place as counter motions between outgoing waves and in-
ward falling electrons. The exchange of energy in the counter
moving state of the waves and particles is only possible be-
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tween spiraling electric fields and spiraling electron beams
under the control of ambient magnetic fields, as is the case
of the cyclotron resonance that is described for the angular
frequency w and wavenumber vector k as:

w+k- V=0, (125)

where V and 2. are electron beam velocity and angular
electron cyclotron frequency respectively.

In Fig. 32, the dispersion relation that is expressed as f/f,
versus k - ¢/f.. (fe = /2m) for the electromagnetic
waves in plasma following the Appleton-Hartree’s equation
is displayed for plasma condition f,/f. = 0.5. The relation
given by Eq. (125) is also displayed in Fig. 32 for the case
V/c = 0.3 with a blue curve. The crossing points between
the blue curve and dispersion curves given by black and
red plots become candidates for the generation of the radio
waves.

Since the first work of Storey (1953) on propagating elec-
tromagnetic waves in space, studies on whistler mode waves
became subjects, attracting interests in the fields of the elec-
tromagnetic waves in magnetized plasma, in the middle of
the 20th century. Though the possibility of the existence was
tacitly indicated by Appleton-Hartree’s equation (Appleton,
1932; Hartree, 1931), the experimental confirmation of the
VLF wave was an epoch-making step. It expanded stud-
ies on the whistler and whistler mode VLF waves that are
clearly generated in the space with magnetized plasma sur-
rounding the Earth as in the polar region upper atmosphere
and inner magnetosphere. Whistler mode waves of natural
origin such as the aurora hiss and dawn chorus (e.g., Helli-
well, 1967) were explained through wave particle interaction
where the helical motion of the electron resonates with the
helically varying electric and magnetic fields of the whistler
mode waves. Through a series of works (e.g., Kennel and
Petschek, 1966; Gurnett and Frank, 1972; Demekhov, 2010)
we may say that the understanding of physics of the whistler
mode waves is completed at present in so far as the linear
wave regime.

After the works that had pointed out the key processes of
the wave particle resonance of helically moving electrons
(Bell and Buneman, 1964; Brice, 1964), a basic studies on
whistler wave generation had been presented by Kennel and
Petschek (1966) indicating coherent generation of the VLF
waves. That is; the primary generation mechanism is due
to the coherent generation of the whistler mode waves rather
than the ensemble of the cyclotron emissions from individual
electrons. This coherent mechanism due to a group of elec-
trons has been described using a velocity distribution func-
tion in the form of the kinetic theory of plasma waves where
the shape of the function of the electron velocity distribution
deviating from the Maxwell function has the key role to gen-
erate the whistler mode waves. Instead of the employ of the
kinetic theory of plasma, we, here, employ a simple model
where the waves described in a cold plasma interact with
the helical beam which coherently injects the momentum of
the particle motion into the wave fields. We describe this
harmonic momentum transfer model for generating whistler
mode waves in Appendix E.

We describe effective wave particle interaction processes
in the regime of the whistler mode wave in Minkowski space-
time which is transformed from the Ker Black hole space-
time in RCEH; the wave with field strength F(r', t) then
starts to propagate in RCEH with following form given by,

F('\ ') = Fo(rl, 1)) exp [iw (dt’ - n—Ra’r/>]
C

e —a

where t' = 1)+ dt' and v’ = rj + dr’ are time and radial
distance from the black hole center, respectively when trans-
formed into the Minkowski coordinate system and space-
time; w, A, ng, and n; are the angular frequency, wavelength
in vacuum, real part of the refractive index, and imaginary
part, respectively. By considering the transformation be-
tween the Kerr black hole spacetime (see Appendix E for
details), that is given by

dt’ = (1 — ;—f) dt,

(126)

and

1
—,gdr,

T

dr' = (127)

the generated and propagating radio waves are expressed in
RCEH of the Kerr black hole by

F(r,t) = Fo(ro, to)

1
-exp{i|:w<1—;—g)dt—n—R-—ndr:|}
r c -3

exp | 2w ndir
Y

where r and ¢ are given by r = ro +dr and t = ty + dt,
respectively.

As given in Appendix F, n;dr’/) takes the plus value al-
ways to make the wave grow when there are effective wave
particle interactions due to plasma falling towards the black
hole. As indicated by the resonance condition given in
Fig. 32, the effective wave particle interaction takes place
near the local plasma frequency (see the crossing of the blue
line with dispersion curves). By considering the observa-
tional frequency, we can find the relation, as,

21.86 (MHz) = kf, (1 _ '2—1;) (129)
where « is an arbitrary constant ranging 1 > « > 0 that
is decided by the condition of the wave particle resonance.
It may be selected close to k = 1 where wave growth rate
become close to maximum as has been indicated in panel b)
of Fig. 31. That is, we can see a concrete example when the
waves are generated with a high growth rate near the region
k = 1, which satisfies Eq. (129). Taking f, = 640 MHz
in the corresponding Minkowski spacetime as has already
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been discussed, the radio wave emission at 21.86 MHz is
generated in the range 1.0357rp < r < 1.039rg which
corresponds to the range 0.9 < x < 1 where rg is the
position of the event horizon of the Kerr black hole; i.e.,
rE =rg/2.

10.1.3. Propagation of the Decameter Radio Waves
through the Plasma Environment Outside of the Black
Hole

Currently it has not been familiar in the field of radio as-
tronomy, that radio waves with a frequency lower than the lo-
cal plasma frequency can propagate outward from the dense
plasma region. However, this is the case for the decame-
ter radio waves propagating from the center region of our
Galaxy where the space is filled with a highly energetic dense
plasma. It has been confirmed, theoretically and experimen-
tally, in the field of solar system plasma physics, that a mode
conversion of radio waves takes place in the regime of space
plasma waves (Oya, 1971, 1991; Jones, 1976; Okuda et al.,
1982). Mode conversion between O-mode waves, Z-mode
waves, and whistler mode waves in magnetized plasma,
which are able to propagate in the plasma media with a fre-
quency lower than the local plasma frequency has been re-
ported by satellite observations in the Earth’s aurora plasma
region (Beghin et al., 1989). The rationale of the conversion
processes between the O-mode waves and whistler mode
waves was confirmed theoretically by Layden et al. (2011).

We then extend the concept of conversion of whistler
mode waves to O-mode waves which can escape into free
space as regular radio waves. There are two stages in the
varying plasma environment when the generated waves, in a
frequency range close to local plasma frequency, with form
of whistler mode waves propagate from RCEH toward the
outside of the black hole. The first stage is where the local
plasma frequency and electron cyclotron frequency increase
above the frequency of the propagating waves (FPW here-
after) mainly due to variation of the curvature of the relativis-
tic spacetime corresponding to the distance from the event
horizon (see Fig. 31 where FPW is given by a thick black
straight line at ordinate 0). The second stage is where the
local plasma frequency and the electron cyclotron frequency
become lower than FPW, in regions of almost flat spacetime,
as a function of distance outward of the black hole environ-
ment.

In the first stage of the propagation, between Log(r/rg —
1) = —1.5,ie.,r = 1.031rg and Log(r/rg — 1) = 0
corresponding r = 2.0rg, the local f, and f. increase;
therefore, the f/f, value decreases as when we plot the point
in Fig. 32. It is indicated by a locus with a down going arrow
that corresponds to keeping the propagation in the form of
the whistler wave mode. After passing the point r = 2.0rg
the propagation of the wave enters the second stage where
the local f, and f, start to decrease with increasing r. The
f/f. value then increases with increasing . This second
stage propagation is plotted as a locus with up going allow
on the dispersion curves of whistler wave mode in Fig. 32.

The whistler wave mode that keeps going outward (in
the direction of increasing r) eventually arrives at the point
where FPW becomes the same with the local f, as indi-

cated with the point C in both Figs. 31 and 32 where the
energy of whistler wave mode converts at a fairly high rate
into the O mode electromagnetic wave. The O-mode wave
(now called radio wave) is naturally connected to the electro-
magnetic wave in a vacuum or extremely tenuous plasm with
a weak magnetic field as is the case of the propagation in the
interstellar space; i.e., the radio wave can smoothly escape
into Galactic space to arrive at the observation points on the
Earth’s surface.

10.2 Feasibility of existence of the close binary black

holes

The righteousness of the result of the present study which
conclude the existence of the close binary whose parameters
are given in Tables 8 and 9 in Sec. 9 is strictly depend on
the truth of the generation mechanism of the gravitational
waves from the black holes that extract tremendous energy
from orbiting objects. We understand in so far as we follow
the present day established method of calculation for binary
of the compact objects, two black holes in the orbits with
masses that are concluded by the present work merge within
a few hours. Instead of abandoning the results of the present
studies, however, we select here to investigate the propaga-
tion situation of the gravitational waves inside of the event
horizon. It is evident, in the current studies of the gravita-
tional waves from the black holes, that no constraint is given
for the spacetime of propagating media but only consider
the generation processes of the gravitational waves. Signifi-
cance for the environmental condition is the assumption of
the week background gravitational field so as the gravita-
tional wave intensity can be treated as perturbation from the
Minkowski spacetime following the Einstein’s first approach
(eg. Blanchet et al., 1995).

We consider the generation and propagation of the gravita-
tional waves in a frame of the Minkowski spacetime which is
transformed corresponding to the black hole spacetime; this
means that we never assume weak gravitational field but ob-
serve the generation and propagation processes of the grav-
itational waves at the frame making free fall following the
local gravitational field. Therefore, real feature of the propa-
gation of the gravitational waves in the real black hole space-
time can deduce by transformation between the Minkowski
spacetime without weak field assumption. Within the inside
region of the Karr black hole, there exists sufficient vacuum
region between the event horizon and material body of the
black hole; in this vacuum region the generated gravitational
waves propagate with form in Minkowski spacetime corre-
sponding black hole spacetime as

G = Z Gp(r)expli(w-t'—k-r')] (130)
p

where G, (1) is the representative amplitude of the gravita-
tional waves for all possible polarization modes at the local
place r’; and w and k are the angular frequency and wave
number of the gravitational wave that give (w/k) = c¢. The
propagation velocity can be deduced from the relation to
trace the point of a constant phase of the wave as,

w-dt' —k-dr' =0. (131)
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When we rewrite the propagating wave in the black hole
spacetime by applying the transformation given by Eq. (127)
extending to the inside region of the event horizon (also
see Eq. (E.16), in Appendix E), the outgoing wave which
approaches to the event horizon from the inside of the event
horizon with the propagation condition equivalent to Eq.
(131), is transformed as (see Appendix E for y and #;),

k
® (’—g - 1) dt — —
2]‘[ i -1

Then the propagation velocity V' is given by:

dry w g 2 Tq 2
_:v=(—) <__1> =c(——]> . (133)
dt k 2r; 2r;

When the gravitational waves approach the event horizon
(r1 — rg =rg/2) then V. = 0. We should state that the
gravitational wave generated inside the event horizon has
no way to avoid the passage that crosses the event horizon
where the propagation speed becomes zero. That is, from
the black hole which is associated with the event horizon, no
gravitational wave comes out.

The LIGO achievement of the first direct detection of
a gravitational wave is highly admirable; but the claim of
the LIGO team (Abbott et al., 2016(a), 2016(b), 2017(a),
2017(b)) that has concluded the origin of the source of the
observed gravitational waves to be black hole mergers is
not the matter of observational confirmation. There remain
questions whether the objects with mass range from 7Mg to
36M,, are black holes or compact stars without event hori-
zon. In 2016 a paper was published pointing out the possibil-
ity of a different merger model for the LIGO result by stating
“Did GW150914 produce a rotating gravastar?” (Chirenti
and Rezzolla, 2016). Though their conclusion is not neg-
ative for black hole merger from analyses of gravitational
wave signature, we still think that it is important to consider
the black hole mimic which has no event horizon, not nec-
essarily restricting to the arguments of the gravitational con-
densation star, “gravastar” (Mazur and Mottola, 2001, 2004;
Pani, 2015; Uchikawa et al., 2016). The studies on the com-
pact star whose compactness is equivalent to the black hole
but the boundary of the material is a little lager than the pos-
sible event horizon deduced from the vacuum condition of
the Einstein equation are deferred for future.

dri = 0. (132)

11. CONCLUSION

The present quest for a possible black hole in the region
of Sgr A* has been pursued by observing the relatively low
frequency radio wave at 21.86 MHz by using decameter
wave length radio waves observed by the long base line
interferometer system of Tohoku University with baseline
lengths of 44 km to 83 km. Observations were made in 2016
June and 2017 June during periods when we could aim at the
Galactic center. To verify the existence of specific signals
from the Galactic center, observations using the same system
were made in 2016 and 2017 from December to January
when we detected the noise characteristics of the background
sky without the Galaxy center in the sky.

By accumulating results of FFT analyses for 2016 sets
of independent time series from observed data, we detected
spectra that revealed the pulse components that show a level
of a few percent above the averaged background noise level
with an accuracy of 2 to 30 where o is the standard devia-
tion. The detected spectra show the features of an ensemble
of signals from multiple sources which emit radiation mod-
ulated by rotation of the sources. The timing and shapes of
the detected pulses coincide with emissions from the mul-
tiple rotating sources. The variations in intensity of the ra-
dio waves, associated with higher harmonic components sug-
gested by shape of the pulses, are thought to reflect the az-
imuthal dependence of the electromagnetic and plasma envi-
ronment of the rotating objects.

Based on the observed interferometer data we analyzed
the direction of the source. To find the arrival direction of
the detected pulse, we utilized unique method for opera-
tion of the interferometer by modifying orthodox method for
aperture synthesis utilizing the earth’s rotation. We call this
method “Interferometer Fringe Function Correlation Method
(IFFCM)”; as equivalent concept to the inverse Fourier trans-
formation that is essential for the processes of the aperture
synthesis, we apply template fringe function; by finding the
maximum point of the correlation between the observed in-
terferometer fringe and the artificially generated template
fringe the source direction can be identified. By generat-
ing two template fringe functions with phase shift of m/2
rad each other, we determined the direction of the source
of arrival radio waves by eliminating unknown phase shifts
of the system by IFFCM. Then, our method has been effec-
tively applied to eliminate the ionosphere propagation effect
that is significant for the decameter wavelength range. That
is, the phase lags of arriving decameter radio waves due to
ionospheric propagation effects are able to be included in the
ambiguity of the phase lag of the signals at each observa-
tion station of the interferometer system. We set, therefore, a
virtual interferometer system at a location on the ray path in
space. The final results show, without any ionospheric dis-
turbance, that the source of pulse spectra detected from the
observations is located in the direction within £6 arc min-
utes centered at Sgr A* (at RA 17 h 45 m 40 s and Dec
—29°0"28").

Detailed analyses of the timing variation of the pulses in-
dicate the Doppler effects on the emitted pulses with a pe-
riodic variation of the pulse frequency i.e., frequency mod-
ulation on pulse frequencies suggesting orbital motions of
sources. Simulation analyses have been carried out by con-
structing simulation functions that consist of an ensemble
of sinusoidal functions containing a total of 17 parameters
to express spin and orbiting motion of two black holes and
emitted radio wave pulse levels with phase differences. We
applied the same processes for FFT analyses with the cases
of the analyses for the observational data to simulate the ob-
servational results of FFT analyses. As results, we find that
there are two basic spin periods at 173+ 1 sec and 148=+1 sec
which correspond to two Kerr black holes named, here, Gaa
and Gab respectively. Together with two inherent spin peri-
ods, there are multiples of sidebands of the spectra, around
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the main spectra, that are caused by the frequency modula-
tion due to two massive black holes orbiting in binary orbits;
from the frequency gap of the multiple side bands the orbit-
ing period is decided to be 2200 £ 50 sec. From the extent
of side band formation, associated with the two series of the
harmonics, we find that the velocities of Gaa and Gab in bi-
nary orbits are about 18.0% and 21.4% (see Subsec. 9.2 for
accurate values) of the speed of light respectively.

From two simple assumptions—circular orbits in the plane
coinciding with the Galactic plane and Newtonian dynamics
for the binary system—the masses of Gaa and Gab are de-
duced to be (2.2740.02) x 10°Mg, and (1.94+0.01) x 10°M,
respectively. The total mass of the system is (4.22 0.03) x
10°M, which is fairly close to the newest results of the black
hole mass (4.28 £ 0.31) x 106M® at the Galactic center
(Gillessen et al., 2017).

In the present works, six significant subjects which seem
to contradict current concepts in astrophysics when we base
our discussions on the firmness of the observational evi-
dence. The six subjects are 1) the propagation of decameter
radio wave pulses keep the original pulse form without being
destroyed due to the plasma irregularity in Galactic space, 2)
severe ionosphere refraction effects that prevent a determi-
nation of the source direction with an accuracy of a few arc
minutes; 3) propagation of low frequency waves through the
dens plasma environment in the center region of our Galaxy,
4) the problem of the generating radio waves in the region ex-
tremely close to the event horizon where the photon energy
is shrinking due to effects of general relativity, 5) violation of
the stability criteria from the standpoint of the rotational and
tidal deformation effects on the objects due to perturbations
from the gravitational interaction of the close binary and 6)
gravitational wave generation that exhausts the potential en-
ergy which keeps the orbital motion decaying into a merger.

We accept the observational evidence, rather than follow-
ing the established paradigm. For problem 1) we pointed out
the importance of the observational bandwidth over the pre-
vious multipath concept where no argument was made for
the correlation of pulse signals as function of the receiving
bandwidth. For problem 2) we used an analysis method that
is equivalent to virtually shifting the observing interferom-
eter system into vacuum space and skipping the ionosphere
effects. About problem 3) we proposed the propagation of
whistler wave modes, through the magnetized plasma in the
center part of our Galaxy, that eventually convert to the ordi-
nary mode radio waves in the plasma; the mode conversion
has already been confirmed in space by the satellite obser-
vations. Problem 4) is solved through wave particle interac-
tions at the generation points where high energy plasmas are
falling towards the black hole; the shrinking of the photon
energy is compensated by increasing the number of the pho-
tons that are due to the exponential growth of the coherent
plasma waves, The stability problem 5) is significant if the
objects are regular stars where the deviation of the equipoten-
tial surfaces are remarkably skewed from a complete sphere
configuration; but in the case of a Kerr black hole that is
close to the maximum rotation, the possible sphere of matter
inside of the event horizon could be maintaining super sym-

metry so that the perturbation theory for a binary star cannot
be applied. But details for this subject are deferred for future
studies.

Finally problem 6) is a major issue and contradicts the
most widely accepted paradigm; but it raises a basic ques-
tion of why the gravitational wave crosses the event hori-
zon while no electromagnetic wave can propagate across the
event horizon. We have presented an interpretation that the
gravitational wave is not able to propagate across the event
horizon. We have also mentioned evidence that LIGO ob-
servations of gravitational waves may relate to the merger of
objects that are not associated with the event horizon. For
gravity itself there may be an era in the future to investigate
where the real truth lies. It may leave behind the traditionally
assumed concept of the graviton and be guided by general
relativity especially related to black holes. The question re-
mains why the graviton comes out of the black hole while no
photon can do the same, except for minor fractions endorsed
by quantum physics regime (Hawking, 1976).
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Appendix A.

All symbols in this Appendix have already defined in the
main text; we will not repeat them. The geometry of the ray
paths and boundaries of the plasma irregularity follow the
depictions in Figs. 3(a) and 3(b).

The refraction processes of Ray-1 and Ray-2 (we will
express two rays as ray-o hereafter with understanding that
a = 1 and 2) take place with Snell’s relation as given by:

_evtiJrl)' (Al)

By defining small shift angle Af,; for the ray-« an alterna-
tive of, Eq. (A.1) is given by:

Mai SIN(ON; — 0i) = Mait1 SIN(O;

Mai SINON; — 0yi) = Wait1 SIN(On; — Oy + Abyi). (A2)

We assume here that Af,; < 6,;. From Eq. (A.2) it then
follows, after mathematical manipulation, that

Abyi = [(Uai — Mait1)/Mait1] tan@n; — Oq;).  (A.3)

The refractive index w,; and pqi4+q in the plasma where
plasma angular frequencies are given by w,; and w1, re-
spectively are expressed by

Mai = /1 = (@pi/wa)?, (A4)
and
Hai+1 = 4/ 1- (wpi+1/wot)2' (A.S)

For the case of interstellar propagation we can assume that
(wpi/wa)? K 1 and (@pit1/we)* K 1; then, it follows that

" 5 (A.6)
ai+1

i — Mai l (o :

Hai = Hoitl _ 2 (LU) (Nig1 — Ny,
Wy

where N; and N;y; are electron number densities in i-th
and (I + 1)-th segments of the irregularities in the plasma
distributed along the propagation path; and a)ZU = ¢*/ms,
for dielectric constant of vacuum &.

From Eq. (A.3), therefore, we can obtain A6,,, as

1 2
Abyi = ~ (“’ﬂ> (N1 — N tan(Oy; — 0,). (A7)

2\ wy

Because ray-o which arrive at the observation point starting
from extremely long distant source is not deviate from the
S-0 line (see main text for definition) while the boundary
normal of the plasma segments vary within arbitrary angle
range, we can assume that

Oni > Oui. (A.8)
Though 6Oy, values are in arbitrary range, we can select the
i-th and (i 4+ 1)-th plasma segments so as the angle difference
ABy;.it+1(= Oyiy1 —6Oyi) to be small which can be expressed
as

Oni > AOyiiti. (A.9)

Under this circumstance, we can rewrite Eq. (A.7) as follows

1 wpy 2
Aby; = 5 e [Ni+1 tan 9Ni+l — N; tan Oy;
Wy

— N[_H(tan 9Ni+l — tan@N,»)]. (AIO)

At this stage we further rewrite the term tan6y; | — tan6y;
as

tanOy; + AOn; it+1
1 —tanOy; - AOy; it

tan 9Ni+1 — taIlGN,' = — tan 91\/,’

~ AOyiiti- (A.11)

Plasma density of each irregularity segment N; is ex-
pressed using average density N, and perturbation AN;, as

N; = N, + AN;. (A.12)
Then, A6,; is finally expressed as
1 a)pU 2
Abyi = = | — ) [Nit1tanOy;+1 — N; tanOy;
2\ wy
— (Na + AN;11)AOp; 1] (A13)
From Egs. (A.1) and (A.2) it follows that
Ouit1 = Ooi — Aby,. (A.14)
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By taking summation for both side of Eq. (A.14) fromi = 1
toi = M — 1 sequentially, the result is given by

M—1

Ourt = 0ot — Y _ Aby;

i=1

N 1 wpy 2
— VYul ) e
. [NM tanGNM - N1 tan9N1

i=M—1
- Z (Nq + ANi+1)A9Ni,i+l:| (A.15)

i=1

We can assume boundary values 6, and Oy to be zero. It
can be thought as statistic characteristic of plasma irregular-
ity that

i=M-1

> Abyiiq =0. (A.16)
i=1

Considering that the plasma angular frequency is given by
wpm = wpy+/Ny; and considering that

Wp /@y < 1

for the expression

1 2
Oum + 3 <pr) tan Oy

Wy
i=M—1
= - Z ANjq1 - AByj it

i=1

(A.17)

that is rewritten from Eq. (A.15), we have finally the result
as

i=M-1

Ourt == Y ANip1- Abyiii.

i=1

(A.18)

Appendix B.

In this Appendix, symbols that have been defined in Ap-
pendix A and main text will not be repeated their definition
here. From statistic character of the plasma irregularity we
have the relation

Max
> AN =0 (B.1)
i=1
and
Max
(B.2)

> Abyjj1 =0.
i=1

Then it follows, starting from Eq. (10) of main text, that

1 /w 2 Max
O Max = 7 (LU) D AN - Ay j1- (B.3)
i=1

4\ w,

Through total paths from i = 1 to i = Max, occur-
rence probability of AN and Afy;_;; follow the Gaus-
sian function considering that AN; and Afy;_;; (i = 1to
i = Max) cover variables AN and A6, respectively, in a
range from minus infinity to plus infinity across zero. Then
Eq. (B.3) is rewritten by

2 [e9) o)
P 1 //AN-AG
T2\ Wy 270N08 J o0 J -0
()
.exp —
\/EUN

AB \?
. - d(AN)d(AB). (B.4
exp[ («/509)}( )d(AD) (B.4)

From Eq. (B.4), then it follows that

4
02y = 02 = % (‘Z’f) o202, (B.5)
Appendix C.

As a general expression, we consider here two waves
A(t) cos(wt —k,r;+6,+6;) and B(t) cos(wt —k,r;+6,+6;)
where the symbols are the same as in the main text. When we
calculate the correlation coefficient /4 for these two waves,
it follows that

1 t+T
Isp = ?f A(t) cos(wt — kyr; + 65, +6;)
t

- B(t) cos(wt — k,r; + 6, +6;)dt
+T
= — A(t)B(t){cos[2wt — (k,r; + k,r})
2T J,
+ 0, +6,) + 6 +6))]
+ cos[(k,r; — k,r;)
+ (6 —0,) + (6; —0))1}dt
(+T

A(t)B(t){cos[Za)t — (kyri + k1))
+ 6, +6,) + 6 +6))]

1
+ COSI:E(kU + kﬂ)(rj — I‘,‘)

1
+ 5y = ) r + 1)

+ (6 — 0 + (6 — 9,,-)} }dt-
(C.1)
When two waves propagate with same velocity in the same
direction, the correlation coefficient reaches maximum; then

for k, = k, and 0, = 6,, Eq. (C.1) gives the maximum
correlation coefficient as

Iap = %A(I)B(t) coslk,(rj —r) + (6 —0))]. (C.2)

We apply this principle, in the main text, to obtain Eq. (23)
starting from Eq. (22).
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(b) ‘

Fig. D.1. The comparison of the symbols that describe the interferometer system for aperture synthesis. (a) The symbols in OASIO; versus the source
direction vector s, the baseline vector is described as B. The interferometer data are described with delay time 7 = B - s/c, as A(s)1 (s) exp(iwt). (b)
The symbols in IFFCM; versus the source direction vector k where |k| = 27 /A with wavelength A, the baseline vector is described as r; — r;. The
interferometer data are described with phase delay k- (r; —r;) as Sg (¢) explik(r; —r;)] where Sg(t) is the received signal power affected by the primary

antenna beam characteristic.

Appendix D.

Equivalence between IFFCM and the orthodox aperture
synthesis of interferometer observation (OASIO hereafter).

As an example description of OASIO we follow the de-
scription made by K. Rohlfs (1986); then we use the same
mathematical symbols as described by Rohlfs, although
there are many conflicts between the symbols in the present
paper. The essence of the OASIO description starts with the
configuration given in panel (a) of Fig. D.1 where the defini-
tion used in the present paper is given in panel (b) in parallel.
In OASIO, the mapping of the radio wave source distribution
is described by introducing a vector o to sweep the sky di-
rection as:

s=58+o with |o| =1, (D.1)

where the s and s( vectors describe the radiation source and
the conveniently selected center of the source, respectively.
The baseline vector is described by a vector B that is given
in a Cartesian coordinate system (u, v, w) as:

w ~ ~ ~
—B = uu + vv + ww

e (D.2)

where @, », and w are unit vectors for the u, v, and w
directions, respectively. In OASIO, they describe the total
interferometer output data R (B) as:

R(B) = exp |:ia) (%B S — z,-)} Aw-V(u,v,0), (D.3)

with instrumental delay time t; and

V(u,v,O)=/OO/OOA(x,y)-I(x,y)

-expli2n (ux + vy)ldxdy, (D.4)

where A(x, y) and I (x, y) are the antenna beam characteris-
tic and radio wave source distribution, respectively; these are
expressed in the coordinate in another Cartesian coordinate
(x, v, z) to describe the sweeping vector o as:

o = XX+ yy+ zZ. (D.5)

While the term exp[iw((1/c)B - 5o — 1;)] is considered as a
constant in Eq. (D.3), V (u, v, 0) is a significant factor which
reflects the sweeping of the o combined with baseline dis-
tribution B of the interferometer. By performing the inverse
Fourier transformation, then, the radio sources are mapped
being modified by the primary beam shape A(x, y) as:

A(x,y)'l(x,y)=/ / Viu,v,0)

-exp[—i2n (ux + vy)]ldudv. (D.6)

In OASIO, there are a variety of selections for forming
V(u, v, 0) as given by Eq. (D.4), if we consider a wide dis-
tribution area of the antenna system covering the (u, v, 0)
plane. However, when we are allowed a distribution of only
a few antennas, we need to use the Earth’s rotation to expand
the distribution of antennas in (u, v, 0) plane. In OASIO,
Rohlfs had described an example case of an east-west base-
line interferometer where u and v are described by their Eq.
(6.34) as:

wL
—— cost, and
c

oL . .
—— sin¢ - sin 80, D.7)

C

where ¢ is the hour angle due to the Earth’s rotation; and §¢
is the declination of the center of the radio source.

In the present paper, to determine a direction in the IFFCM
method, we start with Eqs. (26) and (27) in the main text,
where the interferometric functions are described with cos A,
cos B, and sinB with A = kg - (r; — r;) + 0; — 0; and
B = kp - (kj — k;). The combinations cos A - cos B and
cos A - sin B in Egs. (26) and (27) are then expressed for
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signal part as:

1
CosA-cosB = Z[exp(iA) -exp(i B)

+ exp(iA) - exp(—iB)
+ exp(—iA) - exp(iB)

+ exp(—iA) - exp(—iB)], (D.8)
cosA-sinB = %[exp(iA) -exp(iB)
i
—exp(iA) - exp(—iB)
+ exp(—iA) - exp(iB)
—exp(—1A) - exp(—iB)]. (D.9)

In Egs. (D.8) and (D.9), terms exp(iA)-exp(iB) and
exp(—iA)-exp(—iB) are exp{i[(ks+k,)(rj—ri)+(6; —0,)1}
and exp{—i[(ks; + k) (r; —1;) + (6; — 6;)]} respectively; all
these terms are eliminated because of phase mixing while
taking average in time. Since the processes that search for
a direction related to Egs. (26) and (27) belong to the same
principle, we will only consider the case which is described
by Eq. (26) hereafter. As it has been described in detail in
Subsec. 5.2 of the main text for the IFFCM, the term for sky
noise Ny, given in Eq. (26) as:

1 t,+TrF L M )
Nsky:E‘/t; {ZZEZm(t)

=1 m=1
- cos[key (r; — r;) + (6; — 91‘)]}

- coslk, (r; — r;)ldt, (D.10)
is diminished by the integration of Tr. Then we start with
the signal terms as:

ty+Tr

Sig[cij(tn)] = S Sg(l)

2TF ty
-explilks(rj —r;) + (6; — 6))1}

-expl—ik,(rj —r;)ldt. (D.11)

In Eq. (D.11) r; and r; are position vectors of the i-th and ;-
th observation stations of the present interferometer system,
respectively; then (r; — r;) is the baseline vector of the
present IFFCM that is expressed by B in OASIO. When we
consider the east-west direction of the baseline vector, r; —r;
is expressed in the equatorial coordinate system, as:

ri—rp=—Lsin®.-x,+Lcos® -y, (D.12)
where L is the baseline length; and x, and y, are unit vectors
in the vernal equinox-equatorial coordinate system. The unit
vector x, indicates the solar direction in the vernal equinox
while y, is defined as y, = z, x x, with respect to the
unit vector z, directed along the rotation axis of the Earth,
towards the north pole, also in the vernal equinox-equatorial
coordinate system. In Eq. (D.12), angle ® is defined as:

® = Q,(t —to) + ¢, (D.13)

where ¢ and f( are the observation time and initial time of
the start of an observation, respectively; and €2, and ¢; are
the angular velocities of the rotating Earth and longitude of
the i-th observation station of the interferometer. The radio
waves from the source in the direction given by the unit
vector k, where the right assention and declination are given
respectively by R4 and § is expressed by:
2T ~ 2 .
k, = -k = T(COSRA. cosd - x, +sinR4. cosé -y,

+8ind - 2,). (D.14)

Then k, (r; — r;) in the argument of the exponential function
in Eq. (D.11) is given by:

2
k,(ri —r;) = TnL cosd - sin(Ry. — D). (D.15)

To compare IFFCM with OASIO we express the sweep of
the direction of k, using Ak, as:

k, = ks + Ak,. (D.16)

That is, Eq. (D.16) in IFFCM is equivalent to Eq. (D.1)
in OASIO. Then we introduce small variations of the right
ascension AR 4. and declination Ad centered at R 45. and Jg
to define Ak, in the equatorial coordinate system; that is,

2
(ks + Ak, (r; — 1) = T”L cos(8s + AS)
. SiIl(RAs. + ARA — (I)) (D17)

Considering the small values of AR4. and AS it follows that:

Ak,,(ri — rj)
2
= TL[COS(CD — Rps.)cosSsAR 4.
4 sin(® — Ryg.) - sindg - AS] (D.18)
with

ks(ri —r;) = —ks(r; —r;)

2w .

= TL cos Jg - sin(R 5. — D). (D.19)

In Eq. (D.18), angle ® — R 4. is given using Eq. (D.13) as:
®_RAS.=Qg(f_[0)+§01‘_RAS.. (D.20)

When we select the start time # to be (¢; — R4s.)/ 2. then,
Eq. (D.18) can be further rewritten by:
2w
Ak,(ri —rj) = TL[cos Q.t(cosdsAR,.)
+ sin Q. - sindg - AS].  (D.21)

Corresponding to expressions in Eqgs. (D.6) and (D.7), we
rewrite Eq. (D.18) as:

Ak, (r; —rj) = 2w (ux + vy) (D.22)
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where x = cos §sAR4. and y = AS§; these are identical with
the definition of the AOSIO case. We obtain 1 and v from
Eq. (D.18) so that:

wL
U = — cos 2t and

c

oL .
v= - sin £2,¢ - sin §g, (D.23)
where (wL/c) = kL = 2mL/A. We see that the set of
equations Eq. (D.23) is completely identical with Eq. (D.7)
of AOSIO when we understand that Rohlfs’s expression of
hour angle ¢ is same as 2,7.

By unifying expressions from Eq. (D.7) in AOSIO and Eq.
(D.23) in the present IFFCM, the basic equation for source
mapping, using the Earth’s rotation in AOSIO which is given
by Eq. (D.6), is rewritten for the narrowly defined declination
range Adg with an assumed time interval from ¢, to ¢, given
by:

ACey) - 1(x, y) = / V*(u, v, 0)

]

-exp[—i2n (ux +vy)] -dt, (D.24)
where
Vi v, 0) = — 2 (2?) cos 85 Ads
S aw e
-expli2m (ux + vy)ldxdy. (D.25)

When we substitute equations spanning Eq. (D.15) to Eq.
(D.23) into Eq. (D.11), it follows that:

th+TF
SiglCij(t)] = 7, U*(u,v,0)
. exp[—zZn(ux +vy)] - dt, (D.26)
where
U*(u,v,0) = SZ(t,) - expli (6 — 0,)]. (D.27)

Thus we can see that the principles of present IFFCM are
identical to the method of AOSIO which has been known as
standard method. This is clear by comparing Egs. (D.24)
and (D.26) with Eq. (D.27), where Sg(tn) is modified by
the primary antenna beam characteristic (details for primary
antenna beam effects are described in Subsec. 8.3 in main
text).

When we see the center direction of the source, by taking
x = 0and y = 01in Eq. (D.26) with Eq. (D.27) together with
the complex conjugate, it follows that:

Sig[Cij ()]
1
= 55&<rn){exp[i<e,- — 0,1+ exp[—i (6; — )]}
= S3(ty) cos(6; — 6)). (D.28)

Thus we can see identity between the principles of present
IFFCM and well understood AOSIO. Further, when we con-
sider the combinations of term (—1/i) exp(i A) -exp(—iB) +
C.C relating to Eq. (D.9), we have relation, corresponding to
Eq. (D.28) as

Sig[sij([n)]
1
= ESé(zn){exp[i(a- —0;)] —exp[—i(6; — 0))]}
= S3(t,) sin(6; — 6,). (D.29)

Appendix E.
For the case of the Kerr metric (Kerr, 1963) in spherical
coordinates for space that is given by

. 2car £ 2 0
ds? = — ¢? <1 _ ”_g> dr? — Mdtd(p
) )
+ 242 1 2a0?
A
2 -2
0
+ <r2 +a® + %) sin”@dg®>  (E.1)
with r, = ZCC;TM, Mi(, Y =r?2+ad%cos?f and A =
r — rre + a®, we make an approximate approach paying

special attention to the event horizon in the equatorial plane.
We consider the case of a Kerr black hole with maximum
rotation where a ~ 0.5r,; therefore the position of the event
horizon rg is located close to 0.5r,. In the equatorial plane
(6 = m/2) the inherent length ds given by Eq. (E.1) is
expressed, taking df = 0, as

(Mz—éhulﬁ—%ﬁg
r r

+(r +a? 42 )Qz]dt + dr2 (E.2)

where Q@ = dg/dt which indicates the angular frequency of
the rotating space of a Kerr black hole. By considering the
conditions @ ~ 0.5, and A ~ 0 near the event horizon,
where 2 approach to ca/(rgrg), Eq. (E.2) is rewritten to

g 1 /ry\2
ds?= —c2|1-8 4 - (& 2— D) |ar?
s C[ r+4<r) IE rE

(E.3)

— 4a?)/2.

The expression Eq. (E.3) can be further rewritten as:

[(1 = 5) 1+ F(r))] dr®

where g is givenby A =0asrp = (g +

ds* =
(E.4)

where

2 2
1 r
””Z‘( —z)<“‘;>
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which tends to zero at r = rg.

When we are in the spacetime of rotating Kerr black holes
with angular velocity €2, then we can describe the metric
close to the event horizon as Eq. (E.4) that gives a good ap-
proximation of the expression in the region close to the event
horizon as

2
ds* = —c? (1 — r_g> dr* +
2r

dr?. (E.5)

Ty 2
(1-3)

Here the co-ordinate ¢ degenerates to being fixed to time ¢,
as ¢ = Qt + ¢y with a constant ¢,,; that is all physical pro-
cesses take place in the rotating frame with an approximate
angular frequency near the event horizon Q = ca/(rgry).

Considering a spacetime which makes a spiraling free fall
motion down into the Kerr black hole showing the character-
istics of Minkowski spacetime with coordinate 7’ in the radial
direction and time ¢’. For this case, there is no variation in
polar and azimuth angles that give the relations d6’ = 0 and
d¢’ = 0. When we define the metrics in black hole space-
time and Minkowski spacetime, as g;; and 7;;, respectively,
the transformation between black hole spacetime and the free
falling Minkowski spacetime is given by

axt 9x/

=gi— . E.6
g’ax”” ax’™m (E6)

r]m n

When we write down individual formulae corresponding to
Eq. (E.6) it follows that

_ 1= 3x0 9x° n ax! 9x! ET)
Noo = = 800 920 9570 81 950 950 .
ax0 9x° ax! ox!
= 1 = - 1 - .1 ——’ E.8
i 80— T8 g (E.8)
where
rg\2
800 = — (1 - —) , (E.9)
2r
and
1
g1 = (E.10)

rg\2°
(1-3)
At the local place r, then the transformation of the coor-
dinate system between the black hole spacetime and freely
falling spiral- Minkowski spacetime can be described so as
to satisfy Eqgs. (E.7) and (E.8), as:

0

x° = agox® + agx!

X,I =(11()X0+(l11)€1 (Ell)

Appendix F.

where x° = cdt, x! = dr, x° = ¢dt’ and x’! = dr'.

That is, the coefficients ago, ao1, a10 and a;; are solved
to satisfy Egs. (E.7) and (E.8) together with the requirement
that the square of inherent length of 4 dimensional spacetime
is satisfied by:

—(@)? + ("D = goo(x”)? + g’ (E.12)

After mathematical manipulations we arrive at the solu-
tion as

dt
dt = T
-z
Tg ’
dr = (1 - ;) dr'. (E.13)
2r
The invers transformation is then given by
’ Tg
dt’ = (1 — —) dt
2r
, 1
dr’ = & dr. (E.14)

2r

The frequency fiy of waves which show phase shift A in
time interval dt’ in the Minkowsky spacetime, is then ob-
served in the Kerr black hole spacetime as fx following the
relation given by

1 (AP
fM_Z(dﬂ)

N IV
T |- p)a | T (-5)

The expression of the inherent length given by Eq. (E.5)
shows that we can apply the metric even inside the event
horizon; but the equation of the transformation given by Eq.
(E.14) shows that the expression should be changed to

(E.15)

(E.16)

for the spacetime-#; and r; inside the event horizon, to keep
the physical meaning of time passage rigorous.

To show the possibility of generation of the whistler mode waves interacting with electrons falling into the black hole
in the region close to the event horizon (RCEH), we apply a model where the incoming electron beam gives an additional
moment of motion to the electrons in the plasma, coherently harmonized with the wave fields. That is, we are able to use
Appleton-Hartree’s equation where the coherent plasma motion is described as,

av
NmE = —Ne(E+V xBy) +«NmV.

(F.1)
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In the plasma media where electrons are mixed with neutral particles, the last term in Eq. (F.1) is expressed by —vNmV
which indicates the momentum loss of the electron motion harmonized with the oscillation of the wave fields by colliding
with neutral particles; i.e., that means the damping of the electromagnetic waves. As opposed to the wave damping case, we
use the expression given by Eq. (F.1) to produce a gain in momentum of the electron motions harmonized with the oscillation
of the wave fields due to the cyclotron frequency resonance of the electron beam. The term +«x NmV has a positive sign and
the coefficient x indicates the rate of increase of the momentum per second per each electron with unit mV.

Then, we can follow the Appleton-Hartree’s equation by changing the sign of the collision term Z to positive to describe
the growth of whistler wave modes that result from an encounter with electron beams with the condition of the electron
cyclotron resonance. Let n be the refractive index of the complex quantity with real part ng and imaginary part n;; that is,

n=ng+ing (F2)

where i is the imaginary unit. Using the traditional expression of Appleton Hartree’s equation as X = wp/w,Y = Q/w, and
Z = k/w, for plasma angular frequency, electron cyclotron angular frequency, and momentum increasing ratio, respectively;
the square of the refractive index is given by
XA1-X+iZ
n=1- d=-X+iz) . (F3)
(1+iZ)1 =X +iZ)— (1/2)Y2sin’ 0 & \/(1/4)Y4 sin*@ + Y2cos26 - (1 — X +iZ)?

As the first step to express the refractive index n by rewriting Eq. (F.3), we introduce the following expressions as:

Kp=1—X—2Z%>—(1/2)-Y%sin’0 + (A2 + BH* . cos &, (E4)
K; =72 —X)+ (A’ + B>)Y* . sin¢, (E.5)

where A, B, and & are given by following equations,

A= (1/4)Y*sin*6 + Y2 cos?0[(1 — X)> — Z?], (E.6)
B =2Z(1 — X)Y?cos>6, (E7)
and
e (F.8)
= —tan — . .
2 A

Using expressions from Eq. (F.4) to Eq. (F.8), then, we have the real and imaginary parts of the refractive index » as,

Kz + K7 = XA = X)Kg — ZXK;* + X*[(1 = X)K; — ZKgP}'/*

ngr
VKR + K}

1, X[(1 —X)K; — ZKg]

X COS § = tan 3 3 (F.9)
2 Ki+K; —X(1—X)Kg —ZXK,

and
{[K24+K?—X(1—X)Kg — ZXK;1* + X2[(1 — X)K; — ZKg]*}'/*
ny =
VKR + K}

1 X[(1 = X)K; — ZK

X sin {—tan_1 IC )Ki 7] } . (F.10)
2 Kz +K;—X(1—X)Kr —ZXK;
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