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Abstract: Simultaneous multi-band very long baseline interferometry (VLBI) observations at mil-
limeter wavelengths have huge potential for various science cases. However, there exist difficulties in
expanding the scientific targets, as the sensitivity of radio telescopes at millimeter wavelengths is typi-
cally lower compared to that at centimeter wavelengths. In order to realize high-sensitivity mm-VLBI
observations in the East Asia region, we are promoting the HINOTORI (Hybrid Installation project in
NObeyama, Triple-band ORIented) project, which aims to launch the wide-band and simultaneous
triple-band (22/43/86 GHz) VLBI system with the Nobeyama 45 m Radio Telescope (NRO45). The
simultaneous 22/43 GHz observation mode has already been operated for the open-use program. We
have recently completed the performance evaluation of the receiver and observing system at 86 GHz.
In addition, a new wide-band VLBI back-end system has been installed on the NRO45 and the
performance of this receiving system has been found to be sufficient to meet scientific requirements.
Currently, we are performing commissioning observations to establish regular VLBI operation with
simultaneous triple-band mode together with the Korean VLBI Network. The participation of the
NRO45 is expected to strengthen the mm-VLBI observation network in the East Asia region and to be
a very powerful addition with respect to the science of of black hole jets.

Keywords: very long baseline interferometry; active galactic nucleus; supermassive black holes;
absorption lines; evolved star; emission-lines

1. Introduction

The millimeter wavelengths are a very crucial band for the recent very long baseline
interferometry (VLBI) observations, both technically and scientifically. Because VLBI obser-
vation at (shorter) millimeter wavelength (mm-VLBI) is able to achieve significantly higher
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angular resolution, it can provide information on the physical and chemical conditions of
molecular gases in the circumstellar environment around evolved stars as well as in the
circumnuclear environment around super-massive black-holes (SMBHs) via their emission
lines or absorption lines (e.g., [1,2]). Moreover, it allows emissions of the most upstream
relativistic jets ejected from SMBHs to be observed by reducing the effect of synchrotron
self-absorption [3]. Although the importance of mm-VLBI is scientifically significant, there
are a number of difficulties, such as lower sensitivity of receivers and shorter coherence
times, compared to centimeter wavelengths. Additionally, extreme objects such as the rela-
tivistic jets from SMBHs become fainter at higher frequencies because of their nonthermal
emission mechanism.

The Korean VLBI Network (KVN; ref. [4]), operated by the Korea Astronomy and
Space Science Institute (KASI), overcomes such difficulties in mm-VLBI observation through
the development of a simultaneous multi-band observation system at millimeter wave-
lengths [5,6], enabling employment of the frequency phase transfer technique (e.g., [7–9]).
On the other hand, the participation of a large radio telescope with higher sensitivity at
mm-wavelengths in the VLBI observation is essential to enhancing the science of mm-VLBI.

The Nobeyama 45 m Radio Telescope (hereinafter referred to as NRO45) [10] is oper-
ated by the National Astronomical Observatory of Japan (NAOJ), and is one of the most
powerful radio telescopes in the world at millimeter wavelengths. Currently, three main
frequency bands, namely, 23 GHz, 43 GHz, and 86–112 GHz (i.e., λ = 13 mm, 7 mm, and
∼3 mm) are available with the NRO45. The NRO45 is available to all astronomers during
the winter season (November to May). Historically, the NRO45 has participated in several
VLBI sessions, including mm-VLBI observations. Additionally, 86 GHz VLBI observations
have been conducted using the baseline between the NRO45 and the TRAO telescope in
Korea [11]. The station position of the NRO45 has been regularly measured and confirmed
to possess substantial accuracy for VLBI observation. Previously, the NRO45 routinely
participated in 13mm and 7mm VLBI observations together with the VLBI Exploration
of Radio Astrometry (VERA; ref. [12]) operated by the NAOJ; these were based on VERA
open-use observations, KVN, and VERA Array (KaVA; ref. [13]), currently a key station in
the framework of the East Asia VLBI Network (EAVN; ref. [14]). Furthermore, the NRO45,
as a high sensitivity radio telescope (especially at mm-wavelengths), is expected to play a
crucial role in the current framework of EAVN as well as global VLBI experiments.

The HINOTORI (Hybrid Installation project in NObeyama, Triple-band ORIented)
project is currently being pursued as a collaborative project aiming to equip the NRO45 with
simultaneous triple-band (22/43/86 GHz) single-dish and VLBI observation capabilities,
and is led by six universities and institutes: Kagoshima University, Yamaguchi University,
Osaka Metropolitan University, Ibaraki University, NAOJ, and KASI.

In the remainder of this paper, we describe the simultaneous triple-band observation
system launched by the HINOTORI project in Section 2. Sections 3 and 4 report performance
evaluation results for the 86 GHz receiver refurbished by HINOTORI and the observing
system at 86 GHz, respectively. In Section 5, the newly launched VLBI back-end system
for simultaneous triple-band VLBI observation is introduced. Finally, in Section 6 we
summarize this new observation system and present its scientific merit and prospects, in
particular for the study of black hole jet astrophysics.

2. Simultaneous Triple-Band Observation System in the NRO45

Figure 1 shows the schematic diagram of the optics and the placement of receivers in
triple-band observation mode for both single-dish and VLBI in the NRO45. We use the
22 GHz band receiver (H22) and 43 GHz band receiver (H40) in the existing system, and
either receiver can be selected by changing the combination of the mirrors already mounted
at #8 and #9 in Figure 1.
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#8 Mirror/Filter

TZ H22 H40

86 GHz 
Rx

22 GHz 
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43 GHz 
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RF 
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#9 Mirror/Filter

Figure 1. Schematic diagram of triple-band optics in the NRO45 developed by HINOTORI. The RF
signal comes from the direction labeled “RF signal”.

In order to realize a simultaneous triple-band observation mode, 43/86 GHz and
22/43 GHz frequency separation filters (the perforated plate) were developed for HINO-
TORI [15]. The frequency response characteristics of the 22/43 GHz filter as measured by
Okada et al. [16] showed an observable range of 21.8–23.8 GHz and 42.0–44.0 GHz. The
frequency response characteristics of the 43/86 GHz filter have been simulated as well,
showing an observable frequency range of 82–88 GHz [15]. These filters were installed at
#8 (43/86 GHz) and #9 (22/43 GHz), and the 86 GHz band receiver decommissioned by
the NRO45 in 2017 was refurbished/relocated.

This allows one or more of the three types of 22/43/86 GHz receivers to be selected
for simultaneous observation by changing the combination of Mirror/Filter/Through (the
latter meaning that neither the mirror nor the filter is selected) at #8 and #9, as shown
in Table 1. A performance evaluation and commissioning of simultaneous 22/43 GHz
observation mode has been carried out, and both single-dish and VLBI observation with
this mode have been part of the regular operation in the framework of the open-use
program [16].
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Table 1. Relation between combination of frequency separation filters/mirrors and observation
mode.

Observation #8 #8 #9 #9
Mode Mirror Filter Mirror Filter

22 GHz x x
43 GHz x
86 GHz
22/43 GHz x x
22/86 GHz x x
43/86 GHz x
22/43/86 GHz x x

“x” indicates that the Mirror and/or Filter are used for selecting the single-band or multi-band mode listed in the
leftmost column.

3. Performance of 86-GHz SIS Receiver

In order to establish a triple-band simultaneous observing mode in the NRO45, the
86 GHz receiver with a superconductor–insulator–superconductor (SIS) double-side band
(2SB) mixer, which was decommissioned at the NRO45 in 2017, was refurbished and installed.
Until its decommissioning this receiver allowed for simultaneous dual-beam observation, and
was called the TZ receiver [17]; however, HINOTORI uses only one of the two beams. The
block diagram of the refurbished TZ receiver is shown in Figure 2.

→
RF Signal

H-pol.

V-pol.

SIS Bias
ControllerFAC HEMT Bias

Controller

3dB 24dB

23dB

19dB

24dB

Spectrum
Analyzer

Lo Att. V
Controller

Lo Att. H
Controller

×3×2

A/D

A/D

2dB
Freq. = 15.609 GHz 
Power = 17−18 dBm for level monitor

→
to New IF 

system

Figure 2. The block diagram of the refurbished TZ receiver.“FAC” is the FA (factory automation) con-
troller used to monitor the SIS-Bias, measurement instruments, etc., while “×2” and “×3” represent
frequency multipliers used for up-conversion to a higher frequency.

Each of the two orthogonal polarizations (horizontal/vertical) of the RF signal is split
into the upper-side (USB: 97.654–101.654 GHz) and lower-side (LSB: 85.654–89.654 GHz)
bands, then converted to the intermediate frequency (IF) of 4–8 GHz by inputting the local
frequency of 93.654 GHz generated by the harmonic mixer (=6 × 15.609 GHz here, though
it is tunable). This signal is further converted to the IF of 2–4 GHz by the “New IF system”
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developed by the NRO45, as indicated in Figure 2, then input to the digital back-end. In
addition, two orthogonal polarizations need to be converted to two circular polarizations
(i.e., left- and right-handed circular polarizations) to perform VLBI observations with KVN,
as well as with other VLBI stations in the near future, at 86 GHz. Currently, we have
prepared two conversion methods: (1) mounting a quarter-λ plate in front of the feed horns
and (2) software conversion during the post-correlation procedure.

In this section, we report a performance evaluation of the the receiver noise tempera-
ture (Trx) and the image rejection ratio (IRR) of the refurbished TZ receiver (86 GHz). The
performance of the SIS-mixer drastically changes around the gap bias due to nonlinear
I–V characteristics (e.g., [18]). Because the frequency range of the USB signal is outside the
frequency response band that passes through the 43/86 filter (#9, shown in Figure 1), we
report the results of evaluation on the LSB signal.

3.1. Measurement of Optimal SIS-Bias and Trx

The TZ receiver uses an SIS mixer, which requires the application of two different
SIS-Bias values, one for each of the horizontal and vertical polarizations. The performance
of the TZ receiver (mainly its Trx and IRR) is greatly affected by these bias values, making
it necessary to find the optimal values that can achieve the highest performance for the
receiver.

The results of the search for the optimal bias values of the SIS mixer used in the TZ
receiver and the Trx measured at the IF of 4–8 GHz band by the chopper wheel method
(Hot: 300 K; Cold: 77 K) are shown in Figure 3. We performed the measurements using a
frequency separation filter mounted at #8, as shown in Figure 1, on 20–23 October 2020.
In this measurement, the optimal SIS-bias values were searched in the range of 6–8 mV
in steps of 0.1 mV; each measurement took 6 seconds, and was repeated for a total of
21 × 21 points.

A: H-Pol/LSB B: V-Pol/LSB

Figure 3. Results of search for optimal values of SIS-Bias yielding low Trx: (A,B) show the Trx maps
of the two respective orthogonal polarizations without the frequency separation filter. Both the
horizontal and vertical axes show the search range of the optimal bias for the SIS mixer. The color
indicates the Trx obtained with each combination of SIS-Bias 1 and 2.

Figure 3 shows the resulting map of the Trx values obtained without the frequency
separation filter for each combination of SIS biases 1 and 2. The optimal bias values are
clearly found around the local minima of Trx, showing less than 100 K in these two maps for
both horizontal (A) and vertical (B) polarizations. The Trx values at optimal bias measured
both without and with the frequency separation filter (Through/Filter) are summarized in
Table 2. It can be seen that the difference in Trx without and with the filter is approximately
40 K for both orthogonal polarizations.
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Table 2. Optimal SIS–Bias values of LSB for the lowest Trx without and with frequency separation
filter.

Horizontal Polarizaton Vertical Polarization

Trx
Through (K) 77 ± 4 87 ± 1
Filter at #8 (K) 125 ± 9 129 ± 5

Optimal Bias
SIS-Bias 1 (mV) 6.5 6.9
SIS-Bias 2 (mV) 7.4 6.5

3.2. Measurement of IRR

In the triple-band simultaneous observation mode of the NRO45, the output from the
LSB of the TZ receiver is received as an RF signal. This frequency range can be tuned by
changing the local signal frequency within the available frequency band characteristics
of the frequency separation filter at 43/86 GHz. However, part of the signal input to the
LSB in the IF band leaks into the USB, as well as vice versa, due to the characteristics of
frequency conversion by the 2SB mixer used in this receiver.

In order to evaluate the performance of the receiver, the IRR is a crucial quantity that
indicates the intensity ratio of the incoming correct RF signal to the intensity of the signal
leaking in from the opposite-side band. In order to search for the optimal SIS-Bias values
at LSB while achieving the IRR of >10 dB which satisfies the scientific requirements of
HINOTORI, we measured the IRR on 29 May 2022 using the measurement system shown
in Figure 4. Carrier wave (CW) signals at 99.654 GHz and 87.654 GHz were produced via
six-fold multiplication of the frequency output from the signal generator and input as the
test signals for USB and LSB, respectively. These test signals are frequency-converted to
6 GHz at the IF bandwidth. In this measurement, we performed intensity calibration using
the chopper-wheel method. In this measurement, the frequency separation filter mounted
at #8 was not used (i.e., measurements were performed in ’Through’ mode).

Hot (300K) Cold (77K)

86 GHz Rx

Reflector

Reflector

Test Signal (CW): 
87.654 GHz for LSB
99.654 GHz for USB

×6: LSB
×6: USB

Harmonic
Mixer

SG: Phase-matrix 
14.609 GHz for LSB
16.609 GHz for USB

Spectrum 
Analyzer

(Keysight N9343C)4 IFs: 2 Pols (H/V) × USB/LSB

4−8 GHz

1st Lo SG
Agilent 83650L

15.609 GHz
×6

1st Lo input: 
93.654 GHz

Figure 4. Schematic diagram for measurement of the Image Rejection Ratio.
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Referring to the Trx map obtained based on the measurement in Section 3.1, the
respective search ranges of the SIS bias for horizontal and vertical polarizations in this
measurement were set as shown in Table 3 and using a step size of 0.1 mV. Figure 5 shows
the IRR map obtained from the measurement against the combination of 7 × 7 points for
SIS-biases 1 and 2 for each polarization. It can be seen that the scientific requirement of
IRR > 10 dB is achieved at the measurement points of 84% and 78% in the search range for
horizontal and vertical polarizations, respectively.

Table 3. Search ranges of SIS-Bias for measurement of IRR.

Horizontal Polarization Vertical Polarization
SIS-Bias 1 SIS-Bias 2 SIS-Bias 1 SIS-Bias 2

(mV) (mV) (mV) (mV)

6.1–6.7 7.1–7.7 6.5–7.1 6.3–6.9

A B

Figure 5. Result of search for the optimal values of SIS-Bias yielding high IRRs: (A,B) show the IRR
maps of the horizontal and the vertical polarizations, respectively. Both horizontal and vertical axes
show the search range of optimal bias for the SIS mixer. The color indicates the IRR obtained with
each combination of SIS-Biases 1 and 2.

4. Performance of 86-GHz Observing System

In this section, we report the performance evaluation results of the 86 GHz observation
system in the NRO45’s triple-band simultaneous observation mode led by HINOTORI. In
order to evaluate the performance of this receiving system, we first measured the beam
squint, which is the difference between the pointing centers of the 43 GHz and 86 GHz
receivers, then adjusted the position of 86 GHz receiver accordingly. The equation provided
in Section 4.1 shows the relationship between a pointing offset and the position offset of
the 86 GHz receiver for the NRO45. Then, the beam pattern, main beam efficiency, and
antenna aperture efficiency were measured. In addition, the phase stability was measured
in order to confirm that the capability of the receiving system is sufficient for conducting
VLBI observation at 86 GHz. However, all of the results shown here were obtained for
the vertical polarization signal except for the measurement of the phase stability. Further
detailed measurements for horizontal polarization are planned.

4.1. Adjustment of the Optimal Receiver Position for the Removal of Beam Squint

The NRO45 is equipped with a number of receivers in the receiver cabin; the positions
of the feed horns for each receiver where the RF signals collected by the main reflector can
reach, their paths, the number of mirrors along the route, and their reflection angles are
all different. Therefore, it is necessary to measure the misalignment of the optical axis for
each receiving system and adjust the position of the receiver. In the NRO45, because the
H40 receiver of the 43 GHz receiving system used in HINOTORI is aligned with the optical
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axis, it is possible remove the beam squint by adjusting the receiver position of the 86 GHz
receiving system such that the pointing direction of the system is aligned with that of the
43 GHz receiving system. Therefore, we measured the pointing deviations (dAz, dEl) in
arc-seconds in the directions of both the azimuth (Az) and elevation (El), then adjusted the
position of the 86 GHz receiver. The difference between the optical axis and the position of
86 GHz receiver (dX, dY) in mm is defined by following equation:(

dX
dY

)
= 1.24 ×

(
cos(El + 30◦) − sin(El + 30◦)
sin(El + 30◦) cos(El + 30◦)

)(
dAz
dEl

)
Table 4 shows a summary of these observations, including the date and the system

noise temperature (Tsys) at the time the observation was performed, together with the
results after adjustment of the optical axis. This measurement was made by cross-scan
observation of the SiO maser sources (spectroscopic observation). Figure 6 shows the point-
ing variation for both the 43 GHz and 86 GHz observation systems during measurements
with triple-band simultaneous observation mode; for this measurement, the frequency
separation filters were mounted at #8 and #9.

Table 4. Summary and result of beam squint measurement in 86-GHz observing system.

Through with Filters at #8 & #9

Date of measurement (UT) 23 June 2020 9–21 November 2019
Target S CrB R Cnc, R Leo, R Cas

(SiO maser) (SiO maser)
Tsys (K) ∼260 K at 43 GHz ∼170 K at 43 GHz

∼500 K at 86 GHz ∼250 K at 86 GHz
dAz (”) 2.6 ± 1.9 1.1 ± 1.5
dEl (”) 0.1 ± 1.2 0.5 ± 1.8

Figure 6. Variation in the pointing offset against the elevation between the H40 (43 GHz) and TZ
(86 GHz) receiving systems after removal of the beam squint effect.

The beam squint measured after adjustment of the TZ receiver position is sufficiently
small compared to the beam size of the 86 GHz receiving system of the NRO45 (see
Section 4.2), which achieves the science requirement.

4.2. Measurement of Beam Pattern, Main Beam, and Antenna Aperture Efficiencies

We measured the beam pattern by performing on-the-fly (OTF) mapping observations
of the 86 GHz SiO maser sources on 24 June 2020. A summary of the measurement
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observations is shown in Table 5, along with the beam sizes in the Az and El directions,
while the beam shapes obtained with and without the frequency separation filter are
indicated in Figure 7. The average beam size with and without the filter was obtained from
the results shown in Table 5 as 19.0 ± 1.6” and 20.7 ± 1.6”, respectively. The results of this
measurement show that the filter causes a difference in the beam size of approximately 1”.

Table 5. Beam sizes for vertical polarization obtained with 86-GHz observing system.

Through Filter at #8 & #9

Date of measurement (UT) 24 June 2020 24 June 2020
Target T Cep (SiO maser) T Cep (SiO maser)
Tsys (K) ∼500 ∼400
EL during measurement (deg) 43.7–48.4 38.6–43.6
Beam size (Az) (”) 20.2 ± 1.3 18.8 ± 1.3
Beam size (El) (”) 17.8 ± 1.0 22.6 ± 1.0

A B

Figure 7. Beam pattern for vertical polarization obtained with the 86-GHz receiver system. No
significant beam distortion was seen in either the Az or El direction, both with (panel A) and without
(panel B) the frequency separation filter. The contours indicate 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90%
of the peak intensity.

Measurements of the main beam efficiency (ηmb) and antenna aperture efficiency (ηa)
were performed using cross-scan observations for Mars (continuum observation). We
conducted these measurements without the frequency separation filter on 8 December
2019 and with the filter on 30 June 2020. The observation summary and results for each
measurement are shown in Table 6. For both ηmb and ηa, the values obtained with the filter
were about 8–11% lower than those without the filter. However, when taking measurement
error into account it can be concluded that no significant differences are seen between the
measurements with and without the filter.

Table 6. Summary and results of ηmb and ηa measurements in the 86-GHz observing system.

Through Filter at #8 & #9

Date of measurement (UT) 8 December 2019 30 June 2020
Target Mars (continuum) Mars (continuum)
Tsys (K) not measured not measured
EL during measurement (deg) 35.8–39.1 41.1–51.2
ηmb (%) 51 ± 5 43 ± 4
ηa (%) 43 ± 4 32 ± 2
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The results of the performance evaluation of the 86-GHz receiving system used for
HINOTORI show that ηmb, ηa, and beam pattern were not significantly different from those
of the system previously used in the open-use NRO45 program.1 As such, we can conclude
that he system has sufficient performance for scientific observations with the triple-band
simultaneous observation mode using the frequency separation filter.

4.3. Phase Stability of 86 GHz Observing System for VLBI Observation

The phase stability of the receiving system is one of the most important performance
measures in determining whether VLBI observation is possible with this system. In order
to evaluate the phase stability of the 86-GHz receiving system, monitoring of the phase
between the IF signal and the standard signal for both polarizations was conducted on
31 March 2020 using the measurement system shown in Figure 8A; the Allan standard
deviation (ASD) was calculated as well (Figure 8B,C). In the measurement of the phase
stability of this receiving system, high-precision signal generators were used for both signal
input to receiving system and the standard signal compared with the IF-signal.

86 GHz Rx

Reflector

Reflector

Test Signal
CW Injection
(87.600 GHz)

!6

Harmonic Mixer

SG: Keysight E8257D
(14.600 GHz)

Vector Volt Meter
(Keysight)IF 6.0 GHz (CW)

H-LSB / V-LSB

1st Lo SG
Agilent 83650L

(15.600 GHz)
!6

1st Lo input: 
93.600 GHz

SG: Hewlett 
Packard 83731B

(6.0 GHz)Phase stability 
monitor

10–20 min

C: V-pol/LSB

B: H-pol/LSBA

Figure 8. Schematic diagram of the measurement system for measuring the phase stability of the-
86 GHz receiving system established by HINOTORI (A), along with the ASD measured for the
horizontal polarization (B) and vertical polarization (C).

The ASD calculated from the monitored phase for both horizontal and vertical polar-
ization signals continued to decrease over several hundreds of seconds, eventually reaching
around 10−14. This result suggests that the phase of the receiving system is sufficiently
stable with respect to the phase of the signal output from the high-precision signal generator.
Considering that the typical coherence of the zenith atmosphere in short (millimeter-length)
wavelengths is a few tens of seconds (e.g., [19]), we can conclude that the phase stability of
the receiving system shows sufficient performance for 86-GHz VLBI observation.



Galaxies 2023, 11, 30 11 of 16

5. VLBI Back-End System for Triple-Band Simultaneous Observation

Figure 9 shows the system block diagram after the receivers. A total of five analog
IF signals are provided, including the IF signals of 5–7 GHz band for the left and right
circular polarization outputs from the H22 receiver, the 5–7 GHz band for the left circular
polarization output from the H40 receiver, and the 4–8 GHz band for the outputs of the two
orthogonal polarizations from the TZ receiver. After the IF signals are converted to 2–4GHz
band outputs from the “New IF system”, they pass the switch box. The switch box can
select the output direction, choosing between the HINOTORI VLBI data acquisition system
(HINOTORI DAS) and the single-dish backend. The IF signals to the HINOTORI DAS
pass through the IF amplifier and IF selector, are digitally sampled with OCTAD [20], then
finally recorded using a high-speed broadband data recording system called OCTADISK2
developed by Elecs Industry Co., Ltd.2 and VDIF Software Recorder (VSREC) developed
by Mizusawa VLBI Observatory, NAOJ.

TZ H22H40

86 GHz RF 22 GHz RF43 GHz RF

4–8GHz
H / V

5–7GHz
L

5–7GHz
L / R

H: Horizontal Pol.
V: Vertical Pol.
L: Left Circular Pol.
R: Right Circular Pol.

VLBI IF Selector

New IF System
(Converted to IF signal of 2−4 GHz)

Switch Box

IF Amplifier

Spectrometer
for Single Dish

(OCTAD-A & SAM45)

A/D Sampler: OCTAD-V1 / -V2
8Gbps / IF (Max 6-IFs )

Recorder (48 Gbps): 
OCTADISK2 (32Gbps: 8Gbps×4 IFs) 
VSRec-1 (8Gbps) /VSRec-2 (8Gbps) 

Ship SM to NAOJ
& 

Internet data transfer 
to KJCC via NAOJ

Figure 9. Schematic diagram of the HINOTORI VLBI data acquisition system (HINOTORI DAS).

The analog-to-digital (A/D) sampler consists of two OCTAD systems. Because each
OCTAD allows 24-Gbps sampling (=8 Gbps/IF × 3 inputs) to be conducted, HINOTORI
DAS has the ability to sample up to 48 Gbps (=8 Gbps/IF × 6 inputs or 2 GHz bandwidth/IF
× 6 inputs). The recording system consists of OCTADISK2 and two units of VSREC. Because
OCTADISK2 allows for recording of up to 32 Gbps (=8 Gbps × 4 inputs), and each VSREC
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can record up to 8 Gbps, a total of 48 Gbps for simultaneous recording is provided by
this system. In other words, it is possible to record all analog output from the current
receiving systems of the triple-band simultaneous observation mode installed in the NRO45.
Furthermore, with the current 43-GHz receiving system using the H40 receiver (which
can receive only left-circular polarization), even if dual-polarization observation becomes
available in the future this new back-end system has the ability to handle all of the data
output by the three receiving systems. The data correlation procedure is to be performed by
the Daejeong Hardware Correlator, located at the Korea–Japan Correlation Center (KJCC)
at KASI, after the storage module (SM) of the OCTADISK2/VSREC storing the NRO45 data
is shipped to Mizusawa VLBI Observatory; the data will then be transferred to KJCC via
the internet.

Here, we have performed the commissioning of the NRO45 VLBI system by carrying
out VLBI test observations at 22/43/86 GHz for realizing the regular operation of simul-
taneous triple-band VLBI with the baselines between the NRO45 and KVN stations. In
addition, although the priority is currently on launching a wide-band VLBI observation
mode, we have plans to launch a narrow-band VLBI observation mode, which has not been
tested at this time because OCTAD is equipped with a digital base band converter (DBBC).
Data conversion from linear to circular polarizations is another issue for 3 mm-VLBI, and
will be conducted via software after data correlation or OCTAD in real time.

6. Future Prospects

The HINOTORI project aims to launch the simultaneous triple-band observation mode
at mm wavelengths and a VLBI observation system using this mode in the NRO45. To date,
the launch of the simultaneous 22/43/86 GHz receiving system has been completed. In
November 2019, the simultaneous triple-band test observation with the NRO45 single dish
was performed for a 22 GHz water maser and 43/86 GHz SiO masers emitted from the
evolved star R Cassiopeia, and all of maser lines were successfully detected simultaneously3.
In order to realize regular VLBI operation with this mode in the framework of EAVN,
including KVN-NRO45 baselines, as soon as possible, we plan to continue VLBI test
observations.

The NRO45 is one of the highest-sensitivity radio telescopes, especially at
mm-wavelengths, and its location in the world is quite unique. Therefore, the NRO45 is
expected to play a crucial role in both the current framework of the EAVN and in the future
East Asia 3-mm VLBI Network (see Figure 10) involving the Greenland Telescope (GLT)
operated by the Academia Sinica Institute of Astronomy and Astrophysics (ASIAA) and
the James Clerk Maxwell Telescope (JCMT) operated by the East Asia Observatory (EAO).
KVN has been able to realize regular operation of simultaneous multi-frequency VLBI ob-
servation at millimeter wavelengths, promoting a variety of unique research. However, the
performance and accuracy of amplitude calibration and angular resolution in VLBI observa-
tions are quite limited, as the array consists of only three antennas and the baseline lengths
are several hundred kilometers. Therefore, the scientific benefits of realizing simultaneous
multi-frequency VLBI observations with the NRO45 should be significant. Furthermore, if
the 3 mm VLBI Network consisting of KVN+NRO45 array, JCMT, and GLT is realized in
the East Asia region, this will allow high-sensitivity imaging observations to be conducted
with very high angular resolution thanks to baselines of several thousands of kilometers.
Figure 11 shows uv-coverages and synthesized beams achieved by the KVN+NRO45 array
(panels A and B) and KVN+NRO45+GLT+JCMT array (panels C and D) at 86 GHz.
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The Greenland Telescope
(ASIAA, Taiwan)

JCMT, Hawaii (EAO)

NRO 45m, Japan

Korean VLBI Network

East Asia 3mm-VLBI Network

Image Credit: NAOJ/NRO, ASIAA,KASI, 
JCMT/W. Montgomerie, Google Earth

Figure 10. East Asia 3 mm VLBI Network.

A B

C D

Figure 11. (A): The uv-coverage for M87 (declination δ of ∼12◦) expected by the observation with
8-hr tracks using the NRO45 and KVN baselines. The solid red line indicates the NRO45 baselines.
(B): The synthesized beam expected to be achieved by the NRO45 and KVN baselines for M87.
(C): The uv-coverage for Mrk 421 (declination δ of ∼38◦) expected by the observation with 8-hr
tracks using the NRO45, KVN, GLT, and JCMT baselines. The solid red line indicates the GLT and
JCMT-related baselines. (D): The synthesized beam expected to be achieved by the NRO45, KVN,
GLT, and JCMT baselines for Mrk 421.

The simultaneous triple-band VLBI observation with the KVN+NRO45 array can
promote unique scientific cases from the perspective of sensitivity, frequencies, baseline,
etc. For example, this array achieves a longer baseline of >1000 km in the east–west
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direction. Therefore, VLBI observation with this array at 86 GHz can achieve an angular
resolution of 0.4 milli-arcsecond (mas), corresponding to <100 Schwarzschild radii (Rs)
for M87 along its de-projected jet direction. Here, we have assumed that the mass of the
SMBH is MBH = 6.5 × 109 M� [21], its distance from us is D = 16.7 Mpc, and the jet
viewing angle is θ = 35◦. In fact, the uv-coverage obtained by KVN+NRO45 is essential for
studying the velocity field of the relativistic jet ejected from M87 (e.g., [22–24]), as shown in
Figure 11A,B. Furthermore, the accuracy of amplitude calibration can be highly improved
by utilizing the better visibility obtained with four stations and six baselines. Additionally,
because the VLBI operation system between Japan and Korea is maturing through the
operation of KaVA, which performs VLBI observations year-round, a high-cadence VLBI
imaging monitor with simultaneous multi-frequency mode is expected to become available.
These capabilities, especially for the relativistic jet of M87, will allow a wide range of
velocity fields to be accurately measured, from the vicinity of the SMBH (<100 Rs) to well
downstream of the relativistic jet (several thousands of Rs).

We note that the frequency band of 86 GHz is crucial, allowing us to see the emissions
from upstream of the jet, as it avoids the effect of opacity structure (e.g., [3]) and can achieve
a higher angular resolution. This transparency, along with the very high angular resolution
of approximately a hundred micro-arcseconds (µas) achieved by the East Asia 86 GHz VLBI
observations with the array consisting of KVN+NRO45+JCMT+GLT (shown in Figure 11D),
result in a promising level of ability to investigate the vicinity of the SMBH, both for M87
and for high-energy (HE) blazars more generally. The upstream area of the relativistic
jet in HE blazars is thought to be a key site for revealing the production mechanism of
HE emissions. Because the jet emission at higher frequencies coming from the upstream
end is expected to be optically thin against the synchrotron photons, there is a possibility
that our understanding of the HE emission mechanism can be improved. For one of the
most nearby TeV blazars, Markarian 421 (z = 0.031), 100 µas corresponds to 0.062 pc,
which in turn corresponds to a linear distance of 1.8 × 103 Rs and de-projected distance
of 2.1 × 104 Rs (under the assumption of an SMBH mass of MBH ∼ 3.6 × 108 Msun [25]
and jet viewing angle of θ = 5◦). It is well known that radio emissions from HE blazars,
including Markarian 421, are typically faint at mm wavelengths; compared to other types
of blazars, there are only a few cases in which VLBI observation of HE blazars has been
performed. Therefore, rthe participation of NRO45 is essential for realizing high-sensitivity
VLBI observations at 3 mm.

Furthermore, this simultaneous multi-frequency observation mode enables the detec-
tion of much fainter sources, even for the NRO45 baselines at 86 GHz, by the band-to-band
phase transfer technique (e.g., [7–9]). Therefore, in addition to VLBI observation at 86 GHz,
HINOTORI can enhance various other VLBI science cases in the East Asia region.
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