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内容

•地上ミリ波VLBI(EHT)によるSMBH観測

•スペースミリ波VLBI(BHEX)︓動機とミッション概要



超巨⼤ブラックホールの根源的問い
• SMBHはどのように物質を吸い込むのか? 
• SMBHはどのように物質を噴出するのか?
• SMBH周辺の時空構造は︖
• SMBHの活動性・多様性をもたらすキーパラメタ

は何か?

SMBH近傍まで直接空間分解できる観測が重要

電波によるVLBI観測が現状(ほぼ)唯⼀の⼿段

Perimeter Institute for Theoretical Physics

R ~ 10Rg ~ 0.01mas @ D = 10Mpc, MBH=109Msun



超⻑基線電波⼲渉計 (VLBI)

• D ~ 2300km
• λ ~1.3cm (22GHz)
• θ ~ 1 mas

基線長 D

観測波長 λ

NASA

θ = λ/D

⽇本のVLBIネットワーク VERA



Event Horizon Telescope (EHT)

• 波⻑1.3mm (230GHz)帯の
グローバルVLBI観測網
• 空間分解能 ~25uas
• 11局 (2024年現在)
• ⼀部の局では870um 
(345GHz)帯での運⽤も開始



EHTの初期成果

MBH = 4 x 106Msun
Size =  52uas

MBH =  6.5*109Msun
Size  =  42uas

EHTC+2022 EHTC+2019



(Greisen 2003; Whitney et al. 2004; McMullin et al. 2007, I. M.
van Bemmel et al. 2019, in preparation).

Data from the fringe-fitting pipelines were scaled from
correlation coefficients to a uniform physical flux density scale
(in Jansky) by using an independent apriori estimate of the
sensitivity of each telescope. The accuracies of the derived
station sensitivities were estimated to be 5%–10% in amplitude,
although certain uncharacterized losses (e.g., from poor
pointing or focus) can exceed the error budget. By assuming
total flux density values derived from ALMA interferometric
data (Goddi et al. 2019) and utilizing array redundancy via
network calibration (Paper III), we refined the absolute
amplitude calibration of telescopes that are colocated and have
redundant baselines, i.e., ALMA/APEX and JCMT/SMA.

The median scan-averaged signal-to-noise ratio for M87*

was >10 on non-ALMA baselines and >100 on baselines to
ALMA, leading to small statistical errors in visibility amplitude

and phase. Comparisons between the three independent
pipelines, the two polarizations, and the two frequency bands
enabled estimation of systematic baseline errors of around 1° in
visibility phase and 2% for visibility amplitudes. These small
limiting errors remain after fitting station sensitivities and
unknown station phases via self-calibration (Pearson & Readhead
1984) and affect interferometric closure quantities (Rogers et al.
1974; Readhead et al. 1980). Following data validation and
pipeline comparisons, a single pipeline output was designated as
the primary data set of the first EHT science data release and used
for subsequent results, while the outputs of the other two pipelines
offer supporting validation data sets.
The final calibrated complex visibilities V(u, v) correspond to

the Fourier components of the brightness distribution on the
sky at spatial frequency (u, v) determined by the projected
baseline expressed in units of the observing wavelength (van
Cittert 1934; Thompson et al. 2017). Figure 2 shows the (u, v)
coverage and calibrated visibility amplitudes of M87* for
April11. The visibility amplitudes resemble those of a thin
ring (i.e., a Bessel function J0; see Figure 10.12 in Thompson
et al. 2017). Such a ring model with diameter 46 μas has afirst
null at 3.4 Gλ, matching the minimum in observed flux density
and is consistent with a reduced flux density on the longest
Hawai’i–Spain baseline (JCMT/SMA-PV) near 8 Gλ. This
particular ring model, shown with a dashed line in the bottom
panel of Figure 2, is only illustrative and does not fit all features
in the data. First, visibility amplitudes on the shortest VLBI
baselines suggest that about half of the compact flux density
seen on the ∼2 km ALMA–APEX baseline is resolved out by
the interferometer beam (Paper IV). Second, differences in the
depth of the first minimum as a function of orientation, as well
as highly nonzero measured closure phases, indicate some
degree of asymmetry in the source (Papers III, VI). Finally, the
visibility amplitudes represent only half of the information
available to us. We will next explore images and more complex
geometrical models that can fit the measured visibility
amplitudes and phases.

5. Images and Features

We reconstructed images from the calibrated EHT visibi-
lities, which provide results that are independent of models
(Paper IV). However, there are two major challenges in
reconstructing images from EHT data. First, EHT baselines
sample a limited range of spatial frequencies, corresponding to
angular scales between 25 and 160 μas. Because the (u, v)
plane is only sparsely sampled (Figure 2), the inverse problem
is under-constrained. Second, the measured visibilities lack
absolute phase calibration and can have large amplitude
calibration uncertainties.
To address these challenges, imaging algorithms incorporate

additional assumptions and constraints that are designed to produce
images that are physically plausible (e.g., positive and compact) or
conservative (e.g., smooth), while remaining consistent with the
data. We explored two classes of algorithms for reconstructing
images from EHT data. The first class of algorithms is the
traditional CLEAN approach used in radio interferometry (e.g.,
Högbom 1974; Clark 1980). CLEAN is an inverse-modeling
approach that deconvolves the interferometer point-spread function
from the Fourier-transformed visibilities. When applying CLEAN, it
is necessary to iteratively self-calibrate the data between rounds of
imaging to solve for time-variable phase and amplitude errors in the
data. The second class of algorithms is the so-called regularized

Figure 2. Top: (u, v) coverage for M87*, aggregated over all four days of the
observations. (u, v) coordinates for each antenna pair are the source-projected
baseline length in units of the observing wavelength λ and are given for
conjugate pairs. Baselines to ALMA/APEX and to JCMT/SMA are
redundant. Dotted circular lines indicate baseline lengths corresponding to
fringe spacings of 50 and 25 μas. Bottom:final calibrated visibility amplitudes
of M87* as a function of projected baseline length on April 11. Redundant
baselines to APEX and JCMT are plotted as diamonds. Error bars correspond
to thermal (statistical) uncertainties. The Fourier transform of an azimuthally
symmetric thin ring model with diameter 46 μas is also shown with a dashed
line for comparison.
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M87最新成果 (EHTC+2024)



EHT Collaboration

光⼦リング

円盤・ジェット

• 実際の観測は有限の空間分解能
• 地上EHT画像では、光子リングと周囲の放射（円盤・ジェット）が完全には
分離できていない



Center for Astrophysics | Harvard & Smithsonian



Black Hole Explorer (BHEX) Mission

Credit: Michael Johnson, Center for Astrophysics | Harvard & Smithsonian

BHEX will achieve the highest angular resolution in history and would reveal a black hole’s “photon ring” for the first time
- First direct measurement of a black hole’s spin
- Opportunity to study dozens of black holes
- Leverages billions of dollars of ground infrastructure
- Explosion of community interest in the photon ring

- Targeting a 2025 SMEX proposal

Necessary Parameters for Space-VLBI

➢ High radio frequencies (>100 GHz) 

➢ Orbits of at least ~30,000 km

➢ High-speed (~100 Gb/s) downlink

Science Goals

➢ Discover a black hole’s photon ring

➢ Make direct measurements of a black 
hole’s mass and spin

➢ Reveal the shadows of dozens of 
supermassive black holes



Breakthrough Foundation

Johnson et al 2020



Seeing Photon Subrings with an Interferometer
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Subrings are negligible for images but give a strong signal for an interferometer

A single long baseline can measure the subring properties Slide: M. Johnson
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(Greisen 2003; Whitney et al. 2004; McMullin et al. 2007, I. M.
van Bemmel et al. 2019, in preparation).

Data from the fringe-fitting pipelines were scaled from
correlation coefficients to a uniform physical flux density scale
(in Jansky) by using an independent apriori estimate of the
sensitivity of each telescope. The accuracies of the derived
station sensitivities were estimated to be 5%–10% in amplitude,
although certain uncharacterized losses (e.g., from poor
pointing or focus) can exceed the error budget. By assuming
total flux density values derived from ALMA interferometric
data (Goddi et al. 2019) and utilizing array redundancy via
network calibration (Paper III), we refined the absolute
amplitude calibration of telescopes that are colocated and have
redundant baselines, i.e., ALMA/APEX and JCMT/SMA.

The median scan-averaged signal-to-noise ratio for M87*

was >10 on non-ALMA baselines and >100 on baselines to
ALMA, leading to small statistical errors in visibility amplitude

and phase. Comparisons between the three independent
pipelines, the two polarizations, and the two frequency bands
enabled estimation of systematic baseline errors of around 1° in
visibility phase and 2% for visibility amplitudes. These small
limiting errors remain after fitting station sensitivities and
unknown station phases via self-calibration (Pearson & Readhead
1984) and affect interferometric closure quantities (Rogers et al.
1974; Readhead et al. 1980). Following data validation and
pipeline comparisons, a single pipeline output was designated as
the primary data set of the first EHT science data release and used
for subsequent results, while the outputs of the other two pipelines
offer supporting validation data sets.
The final calibrated complex visibilities V(u, v) correspond to

the Fourier components of the brightness distribution on the
sky at spatial frequency (u, v) determined by the projected
baseline expressed in units of the observing wavelength (van
Cittert 1934; Thompson et al. 2017). Figure 2 shows the (u, v)
coverage and calibrated visibility amplitudes of M87* for
April11. The visibility amplitudes resemble those of a thin
ring (i.e., a Bessel function J0; see Figure 10.12 in Thompson
et al. 2017). Such a ring model with diameter 46 μas has afirst
null at 3.4 Gλ, matching the minimum in observed flux density
and is consistent with a reduced flux density on the longest
Hawai’i–Spain baseline (JCMT/SMA-PV) near 8 Gλ. This
particular ring model, shown with a dashed line in the bottom
panel of Figure 2, is only illustrative and does not fit all features
in the data. First, visibility amplitudes on the shortest VLBI
baselines suggest that about half of the compact flux density
seen on the ∼2 km ALMA–APEX baseline is resolved out by
the interferometer beam (Paper IV). Second, differences in the
depth of the first minimum as a function of orientation, as well
as highly nonzero measured closure phases, indicate some
degree of asymmetry in the source (Papers III, VI). Finally, the
visibility amplitudes represent only half of the information
available to us. We will next explore images and more complex
geometrical models that can fit the measured visibility
amplitudes and phases.

5. Images and Features

We reconstructed images from the calibrated EHT visibi-
lities, which provide results that are independent of models
(Paper IV). However, there are two major challenges in
reconstructing images from EHT data. First, EHT baselines
sample a limited range of spatial frequencies, corresponding to
angular scales between 25 and 160 μas. Because the (u, v)
plane is only sparsely sampled (Figure 2), the inverse problem
is under-constrained. Second, the measured visibilities lack
absolute phase calibration and can have large amplitude
calibration uncertainties.
To address these challenges, imaging algorithms incorporate

additional assumptions and constraints that are designed to produce
images that are physically plausible (e.g., positive and compact) or
conservative (e.g., smooth), while remaining consistent with the
data. We explored two classes of algorithms for reconstructing
images from EHT data. The first class of algorithms is the
traditional CLEAN approach used in radio interferometry (e.g.,
Högbom 1974; Clark 1980). CLEAN is an inverse-modeling
approach that deconvolves the interferometer point-spread function
from the Fourier-transformed visibilities. When applying CLEAN, it
is necessary to iteratively self-calibrate the data between rounds of
imaging to solve for time-variable phase and amplitude errors in the
data. The second class of algorithms is the so-called regularized

Figure 2. Top: (u, v) coverage for M87*, aggregated over all four days of the
observations. (u, v) coordinates for each antenna pair are the source-projected
baseline length in units of the observing wavelength λ and are given for
conjugate pairs. Baselines to ALMA/APEX and to JCMT/SMA are
redundant. Dotted circular lines indicate baseline lengths corresponding to
fringe spacings of 50 and 25 μas. Bottom:final calibrated visibility amplitudes
of M87* as a function of projected baseline length on April 11. Redundant
baselines to APEX and JCMT are plotted as diamonds. Error bars correspond
to thermal (statistical) uncertainties. The Fourier transform of an azimuthally
symmetric thin ring model with diameter 46 μas is also shown with a dashed
line for comparison.
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Subrings are negligible for images but give a strong signal for an interferometer

A single long baseline can measure the subring properties
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Seeing Photon Subrings with an Interferometer



Gralla, Lupsasca, & Marrone 2020

Subrings are negligible for images but give a strong signal for an interferometer

A single long baseline can measure the subring properties

Seeing Photon Subrings with an Interferometer



Black Hole Photon Ring: A New Research Area in 2020s

First EHT M87* Results
Astro 2020 Decadal Survey
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Figure Credit: A. Lupsasca

Publications mentioning “Black Hole” & “Photon Ring”



Crucial Enabling Technology
VLBI recording rate over time

Increasing signal bandwidth has been essential to the EHT
BHEX will transmit 750x more data than RadioAstron

RadioAstron: 128 Mb/s  
(64MHz bandwidth, 1bit)

EHT in 2008: 4 Gb/s                    [x6 sensitivity]
(1 GHz, 2bit)

EHT in 2017: 32 Gb/s                  [x16 sensitivity]
(2x4 GHz, 2bit)

EHT in 2018+: 64 Gb/s                [x23 sensitivity]
(4x4 GHz, 2bit)

BHEX Target:  96 Gb/s                [x36 sensitivity, multiband]
(2x8+4x8 GHz, 1bit)



2022

2023 Psyche Launched!

2024

200 Gbps Error Free
Space - Ground Transmission 

GEO-LEO-Ground Relay 
ISS/JAXA Kibou Terminal 



BHEX 衛星概要
Mission Parameters
● 3.5m Antenna, 30μm surface, shaded
●Simultaneous dual-band observations (86 + 230/345 GHz)
●Operations synchronized with ground telescopes (“hybrid observatory”)
●Orbit: ~25,000 km altitude
● Lifetime: 2+ years
● Telemetry: 100 Gbps using laser communications

Simulations: Daniel Palumbo and Paul Tiede

Simulated BHEX data Ground Only Ground + Space



Orbital Requirements
M87 SgrA*

Credit: Goddard EHE WS 2023



Beyond M87/SgrA*

近傍AGN >10天体のBH
シャドウ検出が可能に

⼀部のクエーサー系も数
10Rsまで空間分解可能

Ramakrishnan+2023

BHEX分解能 (5~7uas)

予想されるBHシャドウ直径 (マイクロ秒⾓)



代表的なサイエンスケース

• M87/SgrA*の光⼦リング成分の分離・精密モデリング

• 近傍(LL)AGN ~10天体のBHシャドウイメージング

• ⾼Mdot天体 (クエーサー、FR-II)の降着円盤スケール、ジェッ
ト加速・収束領域スケールのイメージング



Black Hole Explorer Team

Michael Johnson
PI

Kari Haworth
Deputy PI

Dan Marrone
Instrument Scientist

Janice Houston
Lead Systems Engineer

Alex Lupsasca
Deputy Project Scientist

Peter Galison
Science Team Lead

Sara Issaoun
Science Operations Lead

Kazunori Akiyama
Japan-EHE Lead

Rebecca Baturin
Project Manager

John Mather
Science Advisor

Peter Kurczynski
Formulation Manager

Eliad Peretz
Mission Architect

Ranjani Srinivasan
Data Processing co-
Lead

Edward Tong
Receivers Lead

Jade Wang
Downlink Lead

T. K. Sridharan
Antenna Lead

Jonathan Weintroub
Data Processing co-
Lead



Black Hole Explorer Team



Optical Laser Downlink

Why is Japanese participation crutial?

These are all strategically developed in Japan

NICT東小金井局

4K Cryocooler (Hitomi/XRISM/LiteBIRD) SIS Mixer (ALMA / ALMA2)

ACA Total Power Array / Ground mm stations



BHEX Japan Group
Exploring the Japanese Role in the Mission

60+ Scientists from 20+ Institutes

Three Science Working Groups
Aiming to establish a WG/RG under JAXA



BHEX Japan Team
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Major Areas of the BHEX Japan Science
Gravitational Physics
Accretion and Jet Launching

Astrochemistry Science with Potential Single Dish Mode

AGN Jet Studies



Credit: Michael Johnson, Center for Astrophysics | Harvard & Smithsonian

MWL & MMS in 2030s



まとめ

•地上ミリ波VLBI（EHT）の進展により、直接撮像による
SMBH観測新時代が幕開け

•次の一手としてスペースへの展開（BHEX）が本格始動
• 解像度さらに4-5倍。光子リングのイメージングを精密化。BH質量、
スピンの精密測定へ

•日本へ大きな期待
• 冷凍機、受信機、レーザー通信、地上局
• サイエンス => WG設立



BHEX Japan Workshop at NAOJ from June 24-25, 2024

Registration is now open! (4/1締切)
Website: sites.mit.edu/bhex-japan-workshop-2024




