
Prospects on mm/submm VLBI, 

EHT/GLT and SMA role 

Keiichi Asada (ASIAA) 
Movie: GRRT+GRMHD simulation by H. Y. Pu 



Do we want to have wSMA, while there is ALMA? 

ALMA can not be the substitute of wSMA. 

 

1. Geographically different !! 

 

2. Combination of SMA-JCMT is beneficial for calibration 

For mm/submm VLBI prospect, the answer is easy. 

 

Of cause “YES” 



Image the shadow of the black hole 

Photon trajectories are bent due to   

  General Relativistic effect. 
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Images by Hung-Yi Pu 
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Images by Hung-Yi Pu 

Maximum Spinning BH 



Apparent Size of BH 

Source Sgr A* M 87 Cen A 

BH Mass 0.045 × 108 M◉ 66 (35) × 108 M◉
 0.45 × 108 M◉

 

Distance 0.008 Mpc 16.7 Mpc 3.4 Mpc 

rs  11 μas 8 (4) μas 0.3 μas 

Size of Shadow 52 μas 40 (20) μas 1.5 μas 

Resolution ∝ λ / D 

λ: wavelength 
D: baseline 

c.f. If λ is 1 mm (300 GHz) and D is 4000 km,  
 resolution is 50 uas.   

Submm VLBI is the only way to achieve this angular resolution in near future !! 



EHT observation in 2007 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Led by Shep Doeleman (CfA) 

JCMT 

CARMA 

SMTO 



Submm VLBI as a tool to study BH 

Doeleman et al. 2008 

Submm VLBI is feasible and promising to image the shadow of BH  !! 

Doeleman et al. 2012 

Size ~ 40 μas ~ 5 rs !! 

Sgr A* M 87 

Size ~ 40 μas ~ 4 rs !! 



EHT observation in 2009 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

CARMA 

SMTO 

First  

participation  

of SMA 

 Jonathan Weintroub  
and his group continuously  

made intensive efforts to realize it  



EHT observation in 2011 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

CARMA 

SMTO 



EHT observation in 2012 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

CARMA 

SMTO 

First dual Pol. 
observation 



EHT observation in 2013 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

CARMA 

SMTO 

(APEX) 

(PdBI) 

(PICO) 

First global 

observation 



EHT observation in 2015 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

CARMA 

SMTO 

APEX 

LMT 

PICO 

First 16 Gbps 

observation 



Series of Sgr A* observations 

Fish et al. (2016)  

Fish et al. (2011) 

-Non Zero Closure phase 
 g1g2

*g2g3
*g3g1

* V12 V23 V31 

-> persist asymmetric structure at EH scale 

- Rapid time variation of the structure at 
EH scale 



Series of Sgr A* observations 

Broderick et al. 2016 Pu et al. 2016 

Constrain on the spin of BH. Constrain on the accretion flow dynamics 

More astrophysics on accretion flow (jet base) is needed,  
      while more data will easily solve this degeneracy.  



Polarization with EHT 

Two ridgelines are evident !! 

Johnson et al. 2015, Science 



M87 with mm/submm VLBI 

~ 10 rs 

~ 10 rs 

GRMHD simulation by 
Tchekhovskoy et al. 
2011 

MERLIN 1.6 GHz 

EVN 1.6 GHz 

VLBA 15 GHz GMVA 86 GHz 



M87 with mm/submm VLBI 

From Accretion Flow? 

From Spinning BH? 



ALMA Phase-up Project 

International Collaboration led by MIT Haystack: 
      - P.I. Shep Doeleman 
      - Beam former: 50 x 12 m dishes -> 85 m single dish  

Test observation at 2015, Jul. 
 
- IRAM 30 m – ALMA 
- Towards 3C 273 
- LHCP – Linear (H?) 

Delay rate 
MB delay 

SB delay 



ALMA CY4 proposal 



EHT observation in 2017 

SMA/JCMT 

SMTO 

ALMA/APEX 

LMT 

(PdBI) 

PICO 

SPT 
Event Horizon Telescope (EHT) 

Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 



Towards 2017 

EHT+ALMA proposal in CY4 was approved for Sgr A*, M87 and some QSO jets. 
We are expecting to image the first signature of BH shadow of Sgr A*/M87 in 2017 

Broderick+ 

Dexter+ 



Role of SMA 

ALMA can not be the substitute of wSMA. 

 

1. Geographically different !! 

 

 SMA provides highest angular resolution in East-West Direction 

 

2. SMA-JCMT combination is very unique!! 

 

 No standard flux calibrators!! No point source !! 

 

 - SMA-JCMT provides flux scaling.   
 - SMA, JCMT – “station A” provides redundant baselines 
 
 



Beyond 2017 

NOEMA 

IRAM 30 m 

LMT 

Primary objective: Image a shadow of black hole 
of M 87 with sub-millimeter VLBI observation 

includes GLT, SMA/JCMT and phased ALMA  at 
230, 345 GHz and higher frequency.  

345 GHz 

More Stations will come: 
GLT, LLAMA, KP, NOEMA, etc… 

See Poster by Satoki Matsushita 

SMT 

/APEX 

SPT 



Beyond 2017 

NOEMA 

IRAM 30 m 

LMT 

Primary objective: Image a shadow of black hole 
of M 87 with sub-millimeter VLBI observation 

includes GLT, SMA/JCMT and phased ALMA  at 
230, 345 GHz and higher frequency.  

Model With GLT @ Summit 

345 GHz 

More Stations will come: 
GLT, LLAMA, KP, NOEMA, etc… 

SMT 

/APEX 

SPT 



Summary 



Summary 

The shadow of BH will be imaged with submm VLBI  in a few years!! 
 
More astrophysics (accretion flow, relativistic jet) will be there. 
 
 
SMA together with JCMT is one of the essential/unique station. 
 
We should push this effort to higher frequency. 



New imaging techniques 

PRECL (Ikeda et al. 2016) 

See more 
- Sparse Modeling (Honma et al. 2014)  
- Adopting BSMEM etc. (Lu et al. 2014) 
- Polarimetric MEM (Chael et al. 2016) 
- Bayesian approach (Bouman et al. 2015) 

Input Model Beam Conv. 

Reconstructed Direct Solution 



M87 with EHT 



Modeling for Quasar jets 

Two ridgelines are evident !! 

Non 0 Closure Phase 

3C 279 1924-292 

Non 0 Closure Phase 

Lu et al. 2012 Lu et al. 2013 



Beyond 2017 



謝謝 very much 



EA contributions 

From Thomas Krichibaum’s presentation 
KVN start to join GMVA 

3 mm Fringe between 
   Yonsei (KVN) - PdBI 

JCMT joins EHT observations 

Satoki 

Ram 

Hiroaki 



Current VLBI @ 3 mm (Band 3) 

Global mm-VLBI Array (2003- ): 

Two sessions/yr:  May and September (irregular session can be arranged) 
Each session: ~ one week coordinated and fixed (no dynamic scheduling) 
Open sky policy  
Host institute: MPIfR, Bonn, Germany 
Due for the proposal: February 1st and August 1st  



Impact to have ALMA in the array 

3 mm array 1.3 mm array 

ALMA 
VLBA (8), GBT, LMT 
EB, PV, Yb, On, Mh 

- Angular Resolution - 

ALMA 
SMA/JCMT, PV, 
APEX, SMTO, LMT 

M87 (Dec = 18)  



Impact to have ALMA in the array 

3 mm array 1.3 mm array 

ALMA 
VLBA (8), GBT, LMT 
EB, PV, Yb 

- Angular Resolution - 

ALMA 
SMA/JCMT, PV, SPT 
APEX, SMTO, LMT 

Sgr A* (Dec = -28)  



Impact to have ALMA in the array 

3 mm 1 mm 

Resolution  
[uas] 

~ 50 (bad for N-S for low dec. 
sources) ~ 20 

Baseline sensitivity 
[mJy] 

With VLBA 25 m 
70 -100 (7 σ) 

With 10m dish 
190 (7 σ) 

Image sensitivity  
[mJy/beam] 0.5 /hr 4 /hr 

3 mm 1 mm 

Resolution  
[uas] ~ 50 ~ 20 

Baseline sensitivity [mJy] With VLBA 25 m 
20 -30 (7 σ) 

With 10m dish 
 40 (7 σ) 

Image sensitivity  
[mJy/beam] 0.2 /hr 1 /hr 

Without ALMA 

With ALMA 

- Sensitivity - 

2 bit, 512 MHz BW, 20 sec integration for band 3, 8 GHz BW, 12 sec integration for band 6 
 



APEX vs ALMA at 1 mm 

 Name B1950 J2000 2007 2009 2011 2012 2013 

4C +28.07 0234+285 J0237+2848 No No No No Yes 

3C 84 0316+413 J0319+4130 No No No No Yes 

3C 111 0415+379 J0418+3801 No No No No Yes 

OJ 287 0851+202 J0854+2006 No Yes No Yes Yes 

4C +01.28 1055+018 J1058+0133 Yes No No No No 

3C 273 1226+023 J1229+0203 Yes Yes Yes Yes Yes 

M87 1228+126 J1230+1223 No Yes Yes Yes Yes 

3C 279 1253-055 J1256-0547 Yes Yes Yes Yes Yes 

PKS 1335-127 1334-127 J1337-1257 Yes No No No Yes 

4C +38.41 1633+382 J1635+3808 No No Yes No Yes 

3C 345 1641+399 J1642+3948 No Yes Yes Yes Yes 

NRAO 530 1730-130 J1733-1304 No Yes Yes Yes Yes 

OT 081 1749+096 J1751+0939 Yes No Yes No Yes 

1921-293 1921-293 J1924-2914 Yes Yes Yes Yes Yes 

TXS 2013+370 2013+370 J2015+3710 No No No No Yes 

BL Lac 2200+420 J2202+4216 Yes Yes No Yes Yes 

3C 454.3 2251+158 J2253+1608 No No No No No 

Cen A 1322-427 J1325-4301 No No No No No 

MWC 349A No No No No No 

Sgr A* Yes Yes Yes Yes Yes 

Complied by Kazu Akiyama (MIT Haystack) 
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3C 111 0415+379 J0418+3801 No No No No Yes 

OJ 287 0851+202 J0854+2006 No Yes No Yes Yes 

4C +01.28 1055+018 J1058+0133 Yes No No No No 

3C 273 1226+023 J1229+0203 Yes Yes Yes Yes Yes 

M87 1228+126 J1230+1223 No Yes Yes Yes Yes 

3C 279 1253-055 J1256-0547 Yes Yes Yes Yes Yes 

PKS 1335-127 1334-127 J1337-1257 Yes No No No Yes 

4C +38.41 1633+382 J1635+3808 No No Yes No Yes 

3C 345 1641+399 J1642+3948 No Yes Yes Yes Yes 

NRAO 530 1730-130 J1733-1304 No Yes Yes Yes Yes 

OT 081 1749+096 J1751+0939 Yes No Yes No Yes 

1921-293 1921-293 J1924-2914 Yes Yes Yes Yes Yes 

TXS 2013+370 2013+370 J2015+3710 No No No No Yes 
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Cen A 1322-427 J1325-4301 No No No No No 

MWC 349A No No No No No 

Sgr A* Yes Yes Yes Yes Yes 

Complied by Kazu Akiyama (MIT Haystack) 

4 – 5 Jy at 0 baseline  

 (JCMT-SMA, CARMA-CARMA) 

1633+382 

1 - 2 Jy at 2000 km baseline  

 (Hawaii – CARMA, SMTO) 



APEX vs ALMA at 1 mm 

 Name B1950 J2000 2007 2009 2011 2012 2013 

4C +28.07 0234+285 J0237+2848 No No No No Yes 

3C 84 0316+413 J0319+4130 No No No No Yes 

3C 111 0415+379 J0418+3801 No No No No Yes 

OJ 287 0851+202 J0854+2006 No Yes No Yes Yes 

4C +01.28 1055+018 J1058+0133 Yes No No No No 

3C 273 1226+023 J1229+0203 Yes Yes Yes Yes Yes 

M87 1228+126 J1230+1223 No Yes Yes Yes Yes 

3C 279 1253-055 J1256-0547 Yes Yes Yes Yes Yes 

PKS 1335-127 1334-127 J1337-1257 Yes No No No Yes 

4C +38.41 1633+382 J1635+3808 No No Yes No Yes 

3C 345 1641+399 J1642+3948 No Yes Yes Yes Yes 

NRAO 530 1730-130 J1733-1304 No Yes Yes Yes Yes 

OT 081 1749+096 J1751+0939 Yes No Yes No Yes 

1921-293 1921-293 J1924-2914 Yes Yes Yes Yes Yes 

TXS 2013+370 2013+370 J2015+3710 No No No No Yes 

BL Lac 2200+420 J2202+4216 Yes Yes No Yes Yes 

3C 454.3 2251+158 J2253+1608 No No No No No 

Cen A 1322-427 J1325-4301 No No No No No 

MWC 349A No No No No No 

Sgr A* Yes Yes Yes Yes Yes 

Complied by Kazu Akiyama (MIT Haystack) 

4 – 5 Jy at 0 baseline  

 (JCMT-SMA, CARMA-CARMA) 

1633+382 

1 - 2 Jy at 2000 km baseline  

 (Hawaii – CARMA, SMTO) 
ALMA is the single most important elements for  

mm/submm VLBI array !!  



ALMA Phase-up Project 

International Collaboration led by MIT Haystack: 
      - P.I. Shep Doeleman 
      - Beam former: 50 x 12 m dishes -> 85 m single dish  

ASIAA:  
 - software automatically adjust miss-match of sampling rate 
     (125 Mbps for ALMA and 128 Mbps for VLBI) 
 - Data simulator (E-noise, bbsim) 
 - buy recorder for ALMA 
 
NAOJ: 
 - optical fiber link (AOS‐OSF) 

Contributions from EA 



Fringe with ALMA 

- IRAM 30 m – ALMA 
- Towards 3C 273 
- LHCP – Linear (H?) 

- VLBA MK (25m) – ALMA 
- Towards 3C 454.3 
- LHCP – Linear (H?) 

3 mm Fringe 1 mm Fringe 

Delay rate 
MB delay 

SB delay 

Delay rate 
MB delay 

SB delay 

July, Aug  
in this year 



EA contributions 

From Thomas Krichibaum’s presentation 
KVN start to join GMVA 

3 mm Fringe between 
   Yonsei (KVN) - PdBI 

JCMT joins EHT observations 

Satoki 

Ram 

Hiroaki 



mm/submm VLBI at 2017 and beyond 

3 mm array 1.3 mm array 

More Stations: 
 - Greenland Telescope 
 - Haystack 
 - Kitt Peak 
 - Owens Valley 1  
 - LLAMA  
 - SPART? 
 …. 
 
Band Width: 
 - 16 Gbps (2015) 
 - 32 Gbps (2016) 
 - 64 Gbps (2017) 

More Stations: 
 - Greenland Telescope 
 - Sardinia Telescope 
 - NRO 45m? 
 - VERA ? 



Goal of the Greenland Telescope Project 

PdBI 

IRAM 30 m 

LMT 

Primary objective: Image a shadow of black hole 
of M 87 with sub-millimeter VLBI observation 

includes Greenland Telescope, SMA/JCMT and 
phased ALMA  at 230, 345 GHz and higher 

frequency.  

Model With GLT @ Summit 

345 GHz 



Plan of GLT project for 2016 and beyond 

• Antenna shipping to Thule (2016). 

• Antenna re-assemble and test at Thule, including VLBI test 
(2016-2019). 

• Single-dish & VLBI first light at Thule at 86 and 230 GHz  
(2017-2018). 

• Transport antenna across ice sheet (2019). 

• First light at the Summit Station (2019/20). 

Thule, GL 



Correlation and Post Processing 

・3 mm experiments: DiFX correlator at MPIfR, Bonn 
・1.3 mm experiments: DiFX correlator at MIT Haystack and MPIfR 

■ Correlation: 

■ Post Processing: 
・3 mm experiments:  
 - Fringe fit and a priori amplitude calibration: AIPS 
 - Imaging and self-calibration: AIPS and/or Difmap 
 
・1.3 mm experiments: 
 - Fringe fit: HOPS (developed by MIT Haystack) 
 - a priori amplitude calibration: Hand-writing code 
 - modeling: hand-writing code 

JIVE (Joint Institute for VLBI in Europe, Netherland)  
                                       developing(ed?) ‘Fringe Fitting’ in CASA. 



Need Proposal to GMVA or EHT? 

■ GMVA (3 mm array) 

- MPIfR announced we need  
     to submit proposal at next due. 
 
- Next due is Feb. 1st 2016 !! 
 

- All proposal should be submitted 
 through Proposal Submission 
      Tool (PST), NRAO. 

https://science.nrao.edu/facilities/gbt/proposing/pst 

■ EHT (1 mm array) 

- I do not know…., 
 
NRAO host proposals, and due for  
the NRAO is usually Feb 1st. 



Possible (my?) science cases 



Image the shadow of the black hole 

Photon trajectories are bent due to   

  General Relativistic effect. 
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Image the shadow of the black hole 

In optically thin flow 

In optically thick and  

geometrically thin disk 

No rotating BH Maximum rotating BH 

Takahashi 2004 



Apparent Size of BH 

Source Sgr A* M 87 Cen A 

BH Mass 0.045 × 108 Msun 66 (32) × 108 Msun
 0.45 × 108 Msun

 

Distance 0.026 × 106 light yr  54 × 106 light yr   11 × 106  light yr   

rs  11 μas 8 μas 0.3 μas 

Size of Shadow 52 μas 40 (20) μas 1.5 μas 

Resolution ∝ λ / D 

λ: wavelength 
D: baseline 

c.f. If λ is 1.3 mm (230 GHz) and D is 9000 km,  
 resolution is 30 uas.   

Submm VLBI is the only way to achieve this angular resolution in near future !! 



Submm VLBI as a tool to study BH 

Doeleman et al. 2008 

Submm VLBI is feasible and promising to image the shadow of BH  !! 

Doeleman et al. 2012 

Size ~ 40 μas ~ 5 rs !! 

Sgr A* M 87 

Size ~ 40 μas ~ 4 rs !! 



M 87 with powers of 10 

HST obs. 
Meyer et al. 2014 

VLBA at 43 GHz 
Walker et al. 2008 

GMVA at 86 GHz 
Asada et al. in prep. 

GRMHD model 
Pu, KA et al. in prep. 



GMVA image at 2014 

Two ridgelines are evident !! 

Possible counter jet 

See also Hada et al. 2015 

Asada et al. in prep. 



GMVA image at 2014 

See also Hada et al. 2015 

Asada et al. in prep. 

~ 10 rs 



GMVA image at 2014 

Asada et al. in prep. 

~ 10 rs 

GRMHD simulation by 
Tchekhovskoy et al. 2011 

~ 10 rs 



Streamline of M 87 jet 



Even with just size measurements 

Streamline of M 87 

Streamline of NGC 6251 

KA  & Nakamura 2012, Nakamura & KA 2013 

Tseng, C.-Y., KA, et al. submitted to ApJL 

2GMBH 

cs
2 

2GMBH 

σ2 

Streamline of 1633+382 

1 mm measurement 

There is a transition around 105 rs. 

 

First case for QSO!! 



Regional Activities 



EA white paper 

Please also see:  
 - Fish et al. 2013, astro-ph/1309.3519 
 - Tilanus et al. 2014, astro-ph/1406.4650 



ALMA Workshop in next Jan. 

ALMA workshop "Ultra-High Resolution Observation with Phased-ALMA” 
 
Date: January 13-14, 2016 
 
Venue: "Cosmos-Kaikan" meeting room, Mitaka campus of NAOJ. 
 
S/LOC Chair: Hiroshi Nagai (ALMA/NAOJ) 
 
Deadline for contributed talks: 
 November 20, 2015 (if financial support is needed) 
 November 30, 2015 (no financial support) 
 
Language: Talks and slides shall be given in English. 
 
Scope: ALMA phase-up capability will be offered in ALMA Cycle 4.This capability will 
enable us to do VLBI observations with the spatial resolution better than100 micro-
arcsec and unprecedented sensitivity at millimeter wavelengths. Potential scientific 
targets are imaging of black hole shadow, accretion disk, and jet base of active galactic 
nuclei. The main aim of this workshop is to review the recent progress of these 
scientific topics and discuss the prospects for Cycle 4 and beyond. All researchers from 
multi-wavelength and theoretical communities are welcomed to join this workshop. 



M 87 workshop 



EHT observations in 2015 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
One sessions / yr:   
Each session: ~ 5 day within 10 days slots 
Host institute: EHT collaboration  
Call for Proposal: you can (could) submit proposal 

SMA/JCMT 

CARMA 

SMTO 

APEX 

LMT 

PdBI 

PICO 

SPT 



EHT observations in 2017 

- Recording Rate: 64 Gbps 

SMA/JCMT 

CARMA 

SMTO 

ALMA/APEX 

LMT 

PdBI 

PICO 

SPT 

• ALMA • APEX • ASIAA • Arizona Radio Observatory (U. of Arizona) • Caltech Submillimeter Observatory • CARMA • ESO 
• Georgia State University • Goethe-Universität Frankfurt am Main • GLT • Harvard Smithsonian Center for Astrophysics 
• Submillimeter Array • University of Massachusetts – Amherst • Instituto Nacional de Astrofísica, Ó ptica y Electrónica (INAOE) 
• IRAM • JCMT (East Asian Observatory (operators)) • LMT • MIT Computer Science and Artificial Intelligence Lab (CSAIL) 
• MIT Haystack Observatory • Max-Planck-Institut für extraterrestrische Physik • MPIfR • NAOJ • NRAO 
• NSF - The EHT project gratefully acknowledges support from the National Science Foundation • Onsala Space Observatory 
• Perimeter Institute • Radboud University • Shanghai Astronomical Observatory (SHAO) • Universidad de Concepción 
• Universidad Nacional Autó noma de México (UNAM) • University of California - Berkeley (RAL) • University of Chicago (South Pole Telescope) 
• University of Illinois Urbana-Champaign • University of Michigan 



EHT observations in 2017 

Event Horizon Telescope (EHT) 
Array coordinated based on experimental collaboration 
Each session: ~ a few - 5 days within 10 days slots 
Host institutes for EHT collaboration: MPIfR – Bonn, ASIAA,  
SAO/CfA, MIT Haystack, CARMA, NAOJ, NRAO, UC Berkeley, IRAM,  
APEX, JCMT, U. Concepcion, UNAM, Perimeter Inst. 
 

SMA/JCMT 

SMTO 

APEX 

LMT 

PICO 

SPT 



EHT observations in 2015 

- Recording Rate:  
4 Gbps (2007) -> 16 Gbps (2013) -> 32 Gbps (2015) -> 64 Gbps (2017) 

SMA/JCMT 

SMTO 

ALMA/APEX 

LMT 

PdBI 

PICO 

SPT 

MPIfR – Bonn, ASIAA, SAO/CfA, MIT Haystack, CARMA, NAOJ, 
NRAO, UC Berkeley, IRAM, APEX, JCMT, U. Concepcion, 
UNAM, Perimeter Inst. 



Mm/submm VLBI 

Θ ~ λ/D 



Mm/submm VLBI 

Θ ~ λ/D 

Size of Event Horizon  
of Sgr A* (= 2 rs) 



Mm/submm VLBI 

Θ ~ λ/D 

Expected Apparent Size of Event Horizon  
of Sgr A* (= 5.5 rs) 



Image the shadow of the black hole 

Photon trajectories are bent due to   

  General Relativistic effect. 
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Images by Hung-Yi Pu 



Image the shadow of the black hole 

In optically thin flow 

In optically thick and  

geometrically thin disk 

No rotating BH Maximum rotating BH 

Takahashi 2004 


