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VLBI ©bservations with ALMA

d #FirstPictureOfBlackHole 9 e
< Taking the first picture of a
eV black hole

mz=o

Attempting the Impossible! Taking the

#FirstPictureOfBlackHole
be done? =

At the center of the Milky Way, there is a supermassive black hole
known as Sagittarius A*.

% % How will it
Like this! #EHT

#mondaymotivation
It weighs 4 million times the mass of the Sun!

17 April 2017

2 major international projects joined different teleségpes from the south pole to Hawaii
and Europe, passing by ALMA, to create virtual observatories the size of the Earth: The
Event Horizon Telescope (EHT) and the Global mm-VLBI Array (GMVA).
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ALMA and its 66 antennas a

tive component of bath projects, multiplying
10 times,

In search of the impossible!

-

~ Taehyun Jung

www.almaobservatory.org
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Telescope Resolution
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A
Hrad ~ 5 Harcsec ~

108H|j!!
Amateur optical telescope Radio Telescope
- Diameter : 10 cm - Diameter : 21 m
- Wavelength : 570 nm - Wavelength : 21 cm

- MD ~ 0.0000057 - MD ~ 0.01
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Interferometer
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Very Long Baseline Interferometer (VLBI)
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Very Long Baseline Interferometer (VLBI)
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1.3cm (22GHz 3} 3=5)
KVN Yonsei
Observatory

KVN 21m ©< 74 ~ 120"

uj] =}o]ll
KVN VLBI 478km ~ 0.006" 20000 “F!!

0rqa =

‘Observatory
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;ﬂlﬂ'ﬂ‘@v 75" Connected interferometers

From the Academy Award-Winning Director of “Forrest Gump' and Puiitzer Prize-Winning Author of “Contact”

~ JODIE FOSTER
MATTHEW McCONAUG
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East Asia VLBI Network: EAVN

oo
Yonsei 21 m Sejong 22 m

Y el kicr First Open Call for Proposal
=1l e ~ Starting from 2018 Sep.

cee0e
, Ulsan 21 m

X
Tamna 21 m

(N X .

The East Asia VLBI network \ Mizusawa 20 m,

®67GHz @®84GHz @22GHz @ 43GHz

oo oo
Nanshan 26 m | Takahagi 32 m

©
Miyun 50 m Hitachi 32 m
e0e
%lgn.m‘z;\ 65 m/! \ Kashima 34 m
. : g ) : . g g odbe
.Sh.és.han 25m ol - e TR J Ogasawara 20m

- Chinese
- Japanese

20 - Ishlgakljlma 20m
.H Rorean Yamaguchl 32m Iriki 20 m

An, Sohn, Imai (2018)



VLA 6cm

VLBl 18cm

VLBI 1.3cm

8000km

VLBl 7mm

ight MPLR, Krichbaurm et al. 1998



Russia’s RadioAstron space observatory

The RadioAstron observatory-with an unprecedented high resalution
capability will make it possible to observe remote obje?s in space < Aaasse HAA00 Nbmaie
. ~- - Perigor 609 hen

-
Beroext beam andervas }—A—/' o O porodt 8 2 cays
-
-

Higtdy c.'J';p! el ol

Porobalc onvenna

« Dvarmetes: 10 meters

« Compnses 27 carboo.plactlc ‘pecols” Ol sernved obyoct
:

Focal modyle

This is the first Russian orbital
radio telescope
& wil study

« Galany rmaciel

» Backholes « 600 km 330,000 km L -
- . - - - -
. v '
» Neutron sters "‘  4382,000km By
« ierstellae pladna chouds q . A 3
-~ ’ 4
= Tha Eanhs ganitatona feld o >’ £
Na N '
« And many other objects and - - ¢

phenomena in the Universe

N nker-
es. This
, also
ngular

The Highest Angular

Resolution Ever !!
World Record

NGC 4258 Extragalactic maser
A = 1.35 cm, Radioastron-Green Bank, B,=19.5xED

Resolution: 11 pas!

~ 10 pas (0.000 000 028 deg)



Radio Interferometers: Frequency & Resolutions

Event
Horizon
Telescope

Freq.

100 GH

> 1 GHz

< 1 GHz

arcmin arcsec milliarcsec

(Credit: Savolainen. T.)



GMVA: Global Millimeter VLBI Array

Target Frequency: 86GHz (3.5mm (Credit: T. Krichbaum)
GMVA: the Global mm-VLBI Array

-~ o

Metsiihovi (MRO
1/.'
7
!s- 4

_
il

Onsala (0SO)

X o
Pico Veleta (IRAM) Effelsberg (MPIIR)

\ Plateau de Bure (IRAM)
VLBA-Pic Town VLBA-Fort Davis

-
a!l. {




: the Global mm-V

IF# 1 CHAN# 1 DEC_4C at 85200 GHz in LL 2004 apr O

MEGA | LNGTH

image tacken from the GMVA homepage



Sl < Angular Resolution

ALMA vs GMVA

Ty
...

= ALMA
e 66 # of Antenna

35 - 950GHz Frequency (43), 86GHz
1cm-0.3mm Wavelength 7mm — 3.5mm

15m - 16km Baselines ~200km — 10,000km |

~5mas@0.3mm Max Resolution ~0.05mas@3mm
8GHz BW Bandwidth 0.5GHz BW
Full Stokes Polarization Full Stokes
Bl X GMVA sensitivity AS = SEFD/[n,- (2-Av-t)Y2] (Jy) BN
- 0.90 mJy/hr (Europe+VLBA) . By
- 049 mJy/hr (Europe+VLBA+GBT) (BSVMVVS’é.Recordln Rate L

- 0.22 mJy/hr (Europe+VLBA+GBT+ALMA) |8 128MHz BW, 2Gbps il |

EHT:

ALMA: 15km @86GHZ > 6 ~ 100uas X 666/miaia At acisl

ALMA: 15km @230GHz = 6 ~ 30uas X 666
GMVA: 10000km @86GHz = 6 ~ 100uas
EHT:  10000km @230GHz = 6 ~ 30uas

MEGA LNGTH LJ I:‘I N & LY



mm-VLBI (EHT/GMVA) with ALMA

Observmg the supermasswe JETS hole A
_ at the heart of the M|Iky Way '

JCMT

SMA .
The Event Horizon Telescope

The Global mm-VLBI Array

SPT

: Te/escopes conz‘r/buz‘mg to z‘he EHT and. GM VA observaz‘lons of Sag/z‘z‘ar/us A% T he Connecz‘ed z‘e/escopes S/mu/az‘e a z‘e/escope .
equa/‘ent to the dimensions’ of the whole ‘western hem,/s’phere of-the. Eafz‘h Credit: ESO/O. Furtak



Phasing ALMA for VLBI

« ALMA Phasing Project (APP) (2011~2016)

— Phasing-up all ALMA telescopes for (sub)mm-VLBI
as one single VLBI station

— Large increase in Sensitivity (by x10) = improve image fidelity
e.g., 64x12m > 96m eff. aperture

— Increase resolution (by x2)

SOURCE \/\/\/ 2 /L "SIGNAL . RECORDER

UNPHASED ALMA DATA
RADIO ANTENNA COMBINED
WAVES DISHES IN PHASE

Image courtesy of MIT Haystack Observatory



Event Horizon Telescope @;; T

Telescope

A Global Network of Radio Telescopes

Atacama Large Millimeter/
submillimeter Array
CHAJNANTOR PLATEAU, CHILE

Atacama Pathfinder EXperiment
CHAINANTOR PLATEAU, CHILE

IRAM 30-meter Telescope
PICO VELETA, SPAIN

James Clerk Maxwell Telescope
MAUNA KEA, HAWAII

Large Millimeter Telescope
SIERRA NEGRA, MEXICO

Submillimeter Array
MAUNA KEA, HAWAII

Submillimeter Telescope
MOUNT GRAHAM, ARIZONA

South Pole Telescope
SOUTH POLE STATION

2 i i o Greenland Telescope Project
) [ 1o v S8 THULE AIR FORCE BASE

\ | Astronomy
NRAO Observatory




Event Horizon Telescope @;; viorizon
A Global Network of Radio Telescopes Y Telescope

Atacama Large Millimeter/
submillimeter Array
ATEAU, CHILE
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FIG. |.— The (u,v) coverage of sources at +20° (left) and —20° (right)
declination. The top row shows the global VLBI baseline coverage at 7 mm,
and the bottom row shows the coverage at 3 mm. Baselines to ALMA are

°
mm-VLBI with ALMA
indicated in red. ALMA provides substantial improvement in the north-south

Fish et al. (20 13) coverage of global VLBI arrays, especially at 3 mm and for southern sources.
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Tracing the Image CJ K

of a Black Hole .

ALMA + EHT

Collecting Area—>
‘Sensitivity ——>'

Single Dish

\/

Baseline

Resalution =+ = >

Single Dish Interferometers | B ALMA + EHT




Black Hole Size

pas = 107-6 arcsecond

Shadow diameter : 1~5 times Schwartshild radius
For imaging shadow, ~ 10pas resolution 1s required

(Credit: M. Honma)



ack Hole and AGN Jets

- M87 GMVA 86 GHz

VLBA 43 GHz

~70 R

Core < (27 x 8) R

0.5 mas

0.04 pc

-0.5 -1

Relative R.A. (mas)




BH Shadow Seen by mm-VLBI with ALMA

Simulated Image EHT without ALMA EHT with ALMA
("'~~-._Shadow
- S0 pas
GRMHD

mm-VLBI data simulator

(Credit: Ciriaco Goddi)



VLBI Traction on Black Hole Orbit

Hot spot in accretion flow
orbit BH at Innermost

Stable Circular Orbit (ISCO) k/ “\

. ‘ .

3
- SgrA*
Closure Phase vs Time
1%
- i)
§
&
§ -30
V.

Orbit period ~30min

.)o% . - -~ -
6 () i " 0 a b7 ) 4
Time (Hours Past Start)

Many orbits observed during a single night

- Extraction of orbit period gives an estimate of BH spin!! .
(Credit: S. Doeleman)



SgrA* monitoring program
on behalf of KaVA/EAVN Science WG

S

Credit Tomoharu Oka (Keilo University)
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1st VLBI Observations with ALMA

« 15t observation: April 2-15 2017
« April 2-4: GMVA (86GHz, 3mm)
« April 5-11: EHT (230GHz, 1.3mm)
X 8 telescopes (62 hrs ALMA time)
4PB raw data
% - 2nd observation: April 15-27 2018




mm-VLBI with ALMA: General Science Cases

« Imaging EH of BH: SgrA*
+ Testing GR
« Origin of AGN jets and jet formation

« Cosmological evolution of galaxies and BHs,
AGN feedback

e Galactic masers (Star Formation, Evolved Star)
 Pulsars, neutron stars, and X-ray binaries
 Extragalactic emission lines

« Absorption lines in distant galaxies and study of their
ISM

« Testing cosmology and fundamental physical constants

« Astro-chemistry
Reviewed by Fish et al. (2013) and Tilanus et al.. (2014)



Motivation: AGN Study: mm-VLBI with ALMA

What are the physical proccesses acting at the centers of Quasars and in other Active
Galactic Nuclei ? One needs to directly image the regions near the central Black Hole
and study how the powerful radio-jets are launched and accelerated.

mm- and sub-mm VLBI with ALMA offers micro-arcsecond scale
resolution and will help to answer the following questions:

Magnetically driven jet launching ?

Jet rotation/precession due to
frame dragging or binary BH?

Magnetic Field Lines

The Black Hole:

Assymetric emission around a
rotating Black Hole ?

lensed disk [ w Origin of Gamma-rays in AGN jets ?

segment HELICAL MAGNETIC FIELD

'
event horizon MM-WAVE  RUOCK/SUPERLUMINAL KnoOT
CORE 7/ e

e ——

RADIO —>

rotating black hole
(Kerr solution)

front beamin back beaming
- (reduced emission) UV,OPTICAL

(enhanced emission) ool o

0
o
107w
10,
10°R,
10°R
—10R

gravitational redshift | 07 image: A. Marscher |

Credit: T. Krichbaum



Relative J2000 Declination (orcsec)

| Masers

in Stars, SF regions

ORION KL

/
f

/‘J

SiO (v=1,43 GHz)
H,O (22 GHz) VLBI
SN H,0 (232 GH2)
. .+ 1 1 i IH0(321GHy ALMA
-20 -10 0 10 20 30

Flux [arbitrary scale]

8 2 0 -2 -4 3 .
Relotive J2000 Right Ascension (crcsec) V sr [km S’ ] HII‘Ota et al (2012, 2017)

New Probes of YSOs and AGBs
43 GHz SiO
New maser line detection with ALMA
« H20 at 232GHz
« H20 at 321GHz

double-peaked profile similar to SiO
—> tracing hotter/dense gas than
H20 at 22GHz?
- mm/submm VLBI is essential
to study dynamics & excitation




Dec.

Dust formation,”

Inner crcumstellar cust shall

Masers in AGBs |

? H,O maser
S ROS0R.)

OH maser
(200-500 R,)

'AMBER
MIDI

Offset from centre of expansion (mas)

200

150

100

o))
o

a2
250 | O 22 GHz 2000
+:2

2 GHz 2001

2 GHz 1994

& 321 GHZX

A. Richards

L

Movies of H20 & SiO masers of VY CMa at 22/43/86/129GHz, KVN

HZO 61,6_52,3
Si0 v=2, |=1-0
Si0 v=1, |=1-0

VY CMa (2015-02-10)

¢)
©
o)
o
&5 0
0

(]

@

e o

R.A.

Dec.

Si0 v=2, J=1-0
Si0 v=1, J=1-0

VY CMa (2015-02-10)

R.A.

35 40 45 50
V, .. (km/s)

Position—velocity plot
showing the observed 22
GHz water vapour
emission from the
oxygen-rich AGB star IK
Tau (colour-coded by
velocity), together with
the predicted locations of
water maser emission at
321 and 325 GHz from
models by Malcolm Gray.

KVN KSP (Credit: Y.J. Yun)



AGN Torus from Absorption Lines with KVN

“* HCN (1-0) associated with the AGN torus (Sawada-Satoh+ 16)

4 High opacity localized on the receding jet.

4+ Ongoing infall of HCN clumps to SMBH.

4+ Yielded physical properties of the torus.
* N(H2) : 10241025 cm-2
e Infall rate : ~0.05-0.5 Msun/yr

(a) (b) XDR

Circum-
nuclear
lorus

Eastem
approaching
jﬂ‘t '
HCHM clouds ' The line of sight

NGC 1052

Optical Depth
2 o3

0 01
N

DEC Offset [mas]

DEC Offset [rsas]



VLBI with ALMA: Proposal Preparation

Strategy

ALMA participate in open-access VLBI networks

ALMA-VLBI proposal is assessed in competition with other
ALMA proposals

ALMA-VLBI data products will become public after some
proprietary period

Proposals

ALMA bands 3 and 6 are available
- GMVA 3mm, EHT 1.3mm
ALMA+GMVA : PIs must submitted a proposal to the GMVA by
1st Feb. in addition to their ALMA VLBI proposal
—> stress why ALMA is essential !!
Notes:
- No Large Program and DDT proposals
- At present, up to 37 12m antennas in the phased array
- Usually ALMA-VLBI campaign will be carried out in April
X proposal deadline issue btw GMVA and ALMA




EHT: Korea Participation

« EHT: Starting from early 2010

« Official participation of Korea from mid-2017 under the EAO
- supporting JCMT VLBI operation and joining S&T WG

Instrumentation &

Observations | : -
) J ‘ - . .
areertaton]| o] BaCKENGS, Recsivers, ' Data Processing | !‘!‘ Current EHT-K activity
L _ DataColecton&Processing___ gy Multi-Wavelength WG
: l [ L Working Group : |' U | ave eng
| —— . AGN WG
et [ — | |_opwmions || Comsmon |~4—.|  RawDam Imaging WG
| i s . o
| | /'/ S | : Error & Calibration WG
| n =
- | U S ey ¥

Data Analysis |

Jason, HARM: BSSpM (Kaxw)

o o ————— —— ———— ————————— ——— ——

P S —

~ | Inerpretation il

—— e ———— —— e ———————

(image credit: M. Honma)



For even Higher Angular Resolution
HT) + Millimetron,. (S:VLBI)

-~

Facthity Code Effective diameter  SEFDyacu:  SEFDwys o
[m] ] y]
Hawan A} 4900 8100
SMT 10 11900 23100
CARMA 1 1500 ;
LMT A 50 560 [3700
ALMA 85 10 140
Py ‘ 10 2000 $200
PdBI 37 1600 400
GLT ) 12 4700 8100

Simultaenous MF
receiving system is
- : \ A\ 8 seriously considered
iy ﬁ, e /i *AN I\ as a MMtron’s Rx.

\’;1‘ W

\

,". {

S\

t AN
AN
\

(Credit: S. T. Han)




VOLUME TWO

AIPS!

Starting important step
forward to make a synegies
between connected
interferometers and VLBL

overcoming the boundaries
of tools and experties

Connected Array
low ang. resolution
wider filed of view

dense, sensitive obs \
VLBI

high ang. resolution
narrow/wide field imaging
high Tb dominated

Common Astronomy
Software Applications

Multi-band Fringe Fitting in CASA is now available!!

Fhase orrected vi, Fraqeency

L r—
B & . % ] [

Fangusncy |Gea) TORD

After

“manual phase cal”

Fhanmsneses el liepreesi
L B ] & . [

After

Pl seicormedted vi. Fraqgeency

i
Fragusny |G| TOS0

“multi-band” fringe fitting



Useful Link & References

« EHT : http://eventhorizontelescope.org/
« GMVA : https.//www3.mpifr-bonn.mpg.de/div/vibi/globalmm/
« ALMA-VLBI related
« Cycle 6 CfP:
https://almascience.nrao.edu/news/alma-cycle-6-pre-announcement
« Cycle 5 CfP : https://almascience.nrao.edu/proposing/proposers-guide

« Science Cases

* Fish et al,, 2013 (arXiv:1309.3519)
High-Angular-Resolution and High-Sensitivity Science Enabled
by Beamformed ALMA

* Tilanus et al, 2014 (arXiv:1406.4650)
Future mmVLBI Research with ALMA: A European vision

« Matthews et al, 2018
The ALMA Phasing System. A Beamforming Capability
for Ultra-high-resolution Science at (Sub)Millimeter Wavelengths

« CASA-VLBI workshop: http://jive.eu/casa-vIbi2017/
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Thank youl!



