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VLBI System
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Atmospheric Propagation Delays
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Layers of the Earth’'s Atmosphere (source: NASA) Three major components of the
atmospheric propagation delays
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- range in variation is small - can vary quickly
- directly measurable via - can vary over a large range

pressure on the ground _ unpredictable
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Global ionosphere map on 3™ of July 2000 (provided by CODE)

* Tonization, irregularities : refraction
and propagation delay
* Relatively slow varying term

* Zenith delay from the ionosphere can
vary considerably depending on time of
day, season, the solar cycle and source
elevation



Atmospheric Propagation Delays
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The dependence of phase errors due to the
ionosphere and troposphere as a function of
frequency.

*In general, at higher frequency
(>10GHz) phase errors are more
sensitive to the atmosphere than
ionosphere

*Even though the ionospheric
variations are slowing varying term
with a large screen on the sky, there
are rapid variation due to the
ionosphere before/after sun set &
sun rise



Atmospheric Propagation Delays

Coherence time (phase change < 1 radian)
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VLBI Phase Referencing |
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VLBI Phase Referencing

(Y. Asaki)
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VLBI Phase Referencing Techniques
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VLBI Phase Referencing Techniques
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VLBI Phase Referencing Techniques
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VLBI Phase Referencing Techniques

129 GHz 43 GHz 22 GHz
mirrors
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Non-dispersive nature of troposphere

¥ No observing time loss

‘213’._11‘ No Calibrator (target = calibrator)
2% No coherence loss

lﬁfiﬁj Lower frequency detection needed




Frequency Phase Transfer (FPT)
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FPT & SFPR: Source Frequency Phase Referencing
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Non-dispersive nature of troposphere

¥ No observing time loss

'igﬁ?' No Calibrator (target = calibrator)
2% No coherence loss
k%% Astrometry 3

Multi-Frequency
System

| Rioja & Dodson: 2011, 2014, 2015 - §




SFPR and Astrometry with KVN

Verification of Astrometric Performance of KVN SFPR demonstration using Polar Cap samples
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cm VLBl vs mm-VLBI

cm-VLBI mm-VLBI

Instrument & Relatively poor
Good performance
Technology performance

e Ee com e Relatively stable Rapid change
(longer coherence) (short coherence)
Sensitivity ~ micro Jy > 100 mJy

(e.g. Garret 2005)

>10,000
# of Sources (e Fetioy, FEO) 160 @ 3mm (86GHZz)
Phase Referencin Well established Not very successful
8 (e.g. Beasely 1995) (mostly < 43GHz)
tens of micro arcsec Limited success

Astrometry

(Reid & Honma 2014) > 40 GHz



The Global VLBI - Array
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FIRST

Declination (deg)

High Resolution Radio Survey Coverage

FIRST NVSS SUMSS WENSS

VLBA Cal Survey 1000 < o

Right Ascension (hours)

Frequency (MHz) 1400 1400 543 325

Arca (deg’) 10,08 13.700 8,000 10,100

Resolution B 45" 3" 54"

Detection limit IlmJy 25mly 35mly 15mly Radio Fundamental Catalog of Compact Radio Sources (L. Petrov)
Coverage » n° > 0° 5 « 0* 5§ > 430° — v . - - v - - - v v v v v v v , v Y v . v -

Sources /drg* Gl 50 21

Reference al (b) ic) (d)

I
/

Table 1. Large-area mJy-level radio surveys currently in progress. References: (a)

n 00} \'("a‘w/ 4
Becker et al. 1995, (b) Condon ¢t al. 1998, (c) This paper, Bock et al. 1998, (d) Q
Rengelink et al. 1997 O Sources ,/
R 5 10000 - 7 J
; VEPS ¢
' h 8000 - ’,d
DS 2 VCS?
text o FAPS §
L E $ LTS ,'--
Jvam
ol Pe B
' E v ;,-
l 1000 VCS6 " Bessel
—~ 3 108 (
{ Z VGC54/5 - — Reanalysis
i ‘.('5'.’./:5, "y ’

crp YOS / http://astrogeo.org

1996 2000 2004 2008 2012 2016

109 sources at 3 mm Lee et al. 2008



VLBI Surveys

Summary of VLBI Surveys, their wavelengths and the number of sources catalogued. The
difference in scale of the number of sources in the cm and mm surveys are clear.

Survey ID Wavelength No. Sources  Reference
CJF survey 6 cm 293 Taylor et al. (1996)
VSOP VLBApls 6 cm 374 Fomalont et al. (2000)
CJF Polarimetry 6 cm 177 Pollack et al. (2003)
survey

ICRF 3.6 cm ~ 500 Ojha et al. (2004); 2005)

and references therein
MOJAVE 2 cm > 133 Lister and Homan (2005)
2 cm Survey 2 cm 250 Kovalev et al. (2005)
VLBA Calibrator 13 & 3.6 cm > 3400 Kovalev et al. (2007)

survey

VIPS 6 cm 1127 Helmboldt et al. (2007)
VERA FSS / GaPS 1.35 cm 500 Petrov et al. (2007)
VSOP Survey 6 cm ~ 300 Dodson et al. (2008)
TANAMI 35&1.3cm 80 Ojha et al. (2010)
mJIVE-20 20 cm > 4300 Deller and

Middelberg (2014)
GMVA 3 mm 3 mm 123 Lee et al. (2008)
ICRF 22 & 43-GHz 13.7 & 7 mm ~ 100 Lanyi et al. (2010)
KVN Q-CAL survey 7 mm 638 Petrov et al. (2012) (Dodson et al. 2018)

~ 4.3% of RFC is available at 7mm
~ 0.7% of RFC is available at 3mm

(2017)
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Multi-Frequency Receiving System

e Simultaneous Multi-frequency Observation
e @ 22/43/86/129GHz 22 GHz
e Dual Pol : LCP & RCP

e (Source) Frequency Phase Transfer
« Weak Source Detection
e Chromatic Astrometry

e Multi-Frequency Observation
e Efficient (Obs, Cal + Sci) | ‘
« SED & Rotation Measure - . Beam from the

sSub-reflector




First Light from 22/43/86/129 GHz ™"
Simultaneous Single Dish Observation
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MASK: Multi- Frequency AGN Survey with KVN

KVN Multi-Frequency
Observations

Largest number of New detections Ever! (on-going)

. ~574 AGNs(>80%) @ 43GHz
-428 AGNs(>60%) @ 86GHz
-281 AGNs(>50%) @ 130GHz

. ~80 high-z AGNs (z = 2.5-6.5)

M/F Images/Astrometry
« Evolved Stars & AGNs

Multi-Frequency Polarimetry

« AGN jet structure and magnetic fields
from M/F Rotation Measure

Demonstration on the performance of
simultaneous M/F

« Tropospheric / lonospheric phase calibration
+ |deal system for mm-VLBI observation
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KVN Operation Status

VLBI > 3500h/yr (+ SD 500-1000 h/yr/site) N Operation (o205

* KVN Only : 2500h

. KaVA (KVN and VERAArray) : 1000h l ” || |

. EAVN/EVN/GMVA/Sejong > 300h | ' | | hl
L o O A O

KVN Key Science Projects : 1000h/yr o e e e Py e

* Evolved Star(1) & AGN (2)

KVN Froposals (2014-2028A)

KaVA Large Programs : 500h/yr

 AGN, Star formation, Evolved stars,
Galactic astrometry

3| |3]3] 3] [3|GE} 3

Global Common Use : 1000h/yr 1 Ol |
° KVN(500h/yr) + KaVA/EAVN (500h/yr) SINGLE DISH VLBI(N) KVN-KSP KAVA KAVA(SWG)

" 2014A W 20148 2015A w2015 m 20164 2168 WX17A w:0L/8 w0185



KVN Key Science Projects

1. Interferometric Monitoring of Gamma-Ray Bright AGN
iIMOGABA (Sang-Sung Lee/KASI)

2. Simultaneous Monitoring of KVN 4 Bands towards Evolved
Stars (Se-Hyung Cho/KASI)

3. The Plasma Physics of AGN with KVN : PaGAN (Sascha
Trippe/SNU)

* KVN Legacy Program:
Multi-Frequency AGN Survey with KVN : MASK (Taehyun Jung)



KSP1

IMOGABA (Interferometric Monitoring of Gamma-Ray Bright AGN)

o e T
» Studying the origins of the gamma-flares et

— What is the location of the gamma-ra :
: Down stream the relativistic jets? '
: much inner region of the jets? — .

— What cause the gamma-ray flares of AGNs? = A\
: A relativistic jet of high energy plasma (a shock) (e.g., Marscher et al. 2008)

. Doppler boosting of synchrotron radiation of the jet (e.g., Dermer 1995)

: Inverse Compton scattering by relativistic electrons (upscattered g-ray photons)

— Monthly VLBI monitoring of the MOGABA sources (~35)
— correlated flux of inner-jet structure after gamma-ray flare
— Multi-freq. (22/43/86/129GHz) monitoring http://radio.kasi.re.kr/sslee/

(Credit: S-S Lee)
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Interferometric Monitoring of Gamma-Ray Bright AGNSs.

|. The Results of Single-epoch Multifrequency Observations
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KSP2
'Simultaneous Monito

1. Spatial structure and dynamical effect from SiO to 22 GHz H,0
maser regions according to stellar pulsation through
simultaneous monitoring obs. of KVN 4 bands

O Pulsation and shock wave propagation effect from SiO to H,O maser

region via dust layer : development of outflow motion and

asymmetry > Mass loss mechanism
based on combined studies
of SiO and H,O masers.

2. Correlation and difference of maser
properties (spatio-kinematic properties
etc) among SiO J=1-0, J=2-1, J=3-2 masers
» Constraints on SiO maser excitation and
pumping models (collisional and/or radiative)

J Synergy with KaVA (KVN+VERA) Evolved Star Large Program
and ALMA Observations.

(Credit: S. H. Cho)

ring Observations of KVN 4 Bands toward Evolved Stars

No. Source R. A Dec. Visp Period S. A. Calibrator
(km s™!) (days) (°)

1 WX Psc 01h06m25.98s  12d35'53.0 8.5 660  3.81 J0121+1149%
2 IK Tau 03h53m28.87s  11d24'21.7 35.0 470 4.04 J0345+1453!
3 NV Aur 05h11m19.44s  52d52'33.2 3.0 635 3.19 J0514+56021
B VY CMa 07h22m58.33s  -25d46°03.2 18.0 - 2,78 J0731-23412
5 R Leo 09h47m33.49s  11d25'43.7 -1.0 310 552 J1007+1356%
6 RCrt 11h00m33.85s  -18d19'29.6 10.7 160  3.06 J1048-1909°
7 W Hya 13h49m02.00s  -28d22'03.5 42.0 390  4.89 J1339-2401°
8 V2108 Oph 17h14m19.39s  08d56°02.6 16.0 395 245 J1722+1013!
9 VX Sgr 18h08m04.05s -22d13'26.6 3.0 732 6.06 J1833-21032
10 V5102 Sgr  18h16m26.03s -16d39°56.4 48.0 250  5.99 J1833-21032
11 V1111 Oph 18h37m19.26s  10d25'42.2 -30.2 - 328 J1824+1044!
12 V1366 Agl  18h58m30.09s  06d42°57.8 20.4 1424  7.07 J1830+0619%
13 x Cyg 19h50m33.92s  32d54’50.6 12.0 408  6.65 J2015+3710%
14 RR Adl 19h57m36.06s  -01d53'11.3 26.0 305  4.42 J2015-01373
15 V627 Cas  22h57m40.99s  58d49712.5 -52.0 - 343 J2231+45922°
16 R Cas 23h58m24.87s  51d23'19.7 21.0 430 5.65 J232245057°
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KSP3
| The Plasma Phy3|cs of AGN with KVN
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Multifrequency AGN Survey with KVN

Goal : Constructing Multi-Freguency mm-VLBI Catalog of AGNs
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Compact Triple-band Receiver (CTR) Installed on Sep. 2~3 at KYS

129 GHz | 43 GHz 22 GHz
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Compact Triple-band Receiver (CTR)

«

Beam Guide
Mirror

-

600 x 980 x 370 mm (6 1. Han)
» Pointing offset among 3 channels : less than 3 arcsec to conduct simultaneous observations

» Aperture efficiencies : Obtained as much as we could (K- : 68 %, Q-: 66 %, W-band : 50%)
» Receiver noise temperatures : Not bad, but have to be improved (OMT, Polarizer and LNA)

\/

** CTR s tailorable for use in telescopes with a small receiver cabin.

%+ Ultimately this concept may lead to development of much more compact
multi-frequency receiver systems for mm-wave and sub-mm radio telescopes
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S Pomtmg offset among 3 channels less than 3 arcsec to conduct s1multane0us observatnons

» Aperture efficiencies : Obtained as much as we could (K- : 68 %, Q-: 66 %, W-band : 50%)
» Receiver noise temperatures : Not bad, but have to be improved (OMT, Polarizer and LNA)

~

\/

** CTR is tailorable for use in telescopes with a small receiver cabin.

%+ Ultimately this concept may lead to development of much more compact
multi-frequency receiver systems for mm-wave and sub-mm radio telescopes
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First Fringes of KaVA+Yebes (Spain)
Simultaneous 22/43GHz VLBI Observation
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KVN and VERA

KaVA : KVN and VERA Array

o 7 Telescopes (D ~ 20m)
e Baseline : 300 - 2300 km
e Frequency : 22/43(/86/129)GHz

e Beam Size : 1.2/0.6(/1.5/1.0) ma
e Baseline Sensitivity ~ 10/20 mly

‘E.E‘-‘ - — ne yoeminy — =

Daejeon Correlator@KJCC



The East Asian VLBl Network B

. 22 GMz
(Image Credit: Reto Stockli, NASA Earth Observatory) 43 GHz




EAVN: Specifications

Capabilities and prospects of the East Asia

- Number Of te|eSC0P931 20 Very Long Baseline Interferometry Network
— Korea: 4, China: 5, Japan: 11 (Tao, Sohn, Imai 2018, Nature Astronomy)

- Frequency coverage: W ,,4”-«’ .@ @..-,.,;;.
— 6.7 GHz (11 stations), 8 GHz (15), VLBINETWORK

22 GHz (16), 43 GHz (12)

- (Expected) angular resolution:

— 2.4 mas (6.7 GHz; Ogasawara — Kunming)
— 1.5 mas (8 GHz; Ogasawara — Nanshan)
— 0.6 mas (22 GHz; Ogasawara — Nanshan)
— 0.3 mas (43 GHz; Ogasawara — Nanshan)

- Sensitivity for 7- o fringe detection (1 =60 s, B = 256 MHz):
— 1.6 mJy (8 GHz; Tianma — KVN)
— 9.5 mJy (22 GHz; Tianma — KVN)

- Recording rate: =z 1 Gbps (= 512 MHz BW)

- Correlator: — KASI (Korea): Daejeon Hardware Correlator (DHC) (main)
& DiIFX — SHAO (China)



KaVA/EAVN Large Programs

~170h / program /yr
KaVA SWG —> EAVN SWG with Chinese colleagues since 2017

Evolved Star
* EAVN Synthesis of Stellar Masers Animations (ESTEMA)
 P.I.: Hiroshi Imai (Kagoshima Unv.), Youngjoo Yun (KASI),
AGN
« Exploring the vicinity of supermassive blackhole with KaVA/EAVN
* P.I. : Motoki Kino (Kogakuin Univ), B. W. Sohn (KASI),
Star Formation

* Understanding high-mass star formation through KaVA observations of
water and methanol masers

« P.I. : Tomoya Hirota (NAQOJ), K.-T. Kim (KASI)
Galactic Astrometry
* Astrometry and Geodesy



H,O masers around BX Cam
in r18144a-r18145a (ESTEMA)

COm 1 Shchl Pk ZELR 3T W Al 01 S Si0 v=1 J=1-0
= , ' e  SiQOv=2Jd=1—0 —
Caontour Peak = 0.2 Jy km ' beam Si0 v=1 J=2—1
3 Single spot in g " m?& ,,
i r18157a—r18158a - 3n o .
L n fo
§ %.':. '
E 6 i o
i
& Masers in BX Cam
Maybe observed In r13340a 3
. around light minimum 20 mas
EAVN is needed | '» (022 GHz beam __
I — 1 1 J 1 1
B IO N e, R.A. offset

»KaVA ESTEMA (Expanded Study on Stellar Masers)
v' 2015 November—2017 March
v Snapshot imaging of ~40 stellar maser sources successfully detected

»ESTEMA (EAVN Synthesis of Stellar Maser Animations)
v'From 2018 May
v Targeting 6 stars with different stellar pulsation period (Credit: H. Imai)



Relative Dadination (mas)

KaVA/EAVN Large Program: AGN E
Dyl 33942013y
- What happens in the vicinity of black holes (BHs)? 5 @
- M87 and Sgr A* are the best two targets for looking N
into the vicinity of Black holes! @
- KaVA-EAVN AGN SWG has focused on M87 and
Sgr A* since 2013~. R eysafzow
58752Hz 2014/Mar/o2 15;3 Sgr A* VIS amp I‘aa
! i Y | 61dr2014y
x:: - : 74412014y
) v -3 -1U -15 -20 -25 ~40:3000 ~1500 -3 3 O 500 1050 130C 1000 °° ”ﬁ_‘. oY ._f;:f’-'~:‘93'J.’2014y
(Hada et al. 2017) (Zhao et al. in prep) [ % 106412014y
- M87: biweekly at 22/43GHz > LA 123014y
- Velocity field of M87 Jet o)
- Densely-sampled (biweekly) monitoring
- SgrA*: monthly at 43GHz » AL 15542014y

- G2 encounter event in 2011
- Gas accretion process

165d/2014y

%
x

. Complementary with EHT-ALMA 5 0 5 -0



KaVA/EAVN Large Program: Star Formation

- Goal : Understanding high-mass star formation
through KaVA observations of water and methanol masers

- VLBI survey/monitoring to reveal 3D velocity and spatial structures of
22GHz H20/44GHz CH3OH maser lines in 87 high-mass YSOs (HM-YSOs)

DEC offset [arcsec]

- Physical/dynamical properties of disk/jet/outflow
- Evolution of disk/jet/outflow and maser chronology

Tracer: Centimeter/millimeter maser lines

- 22 GHz H20; high-velocity jet/outflow
- 44 GHz CH30H; low-velocity outflow

0.10

0.05

0.00

0.05

~0.10} i

—0.15 ‘

0.20

6.7 GHz CH3OH; disk/low-velocity outflow (JVN/EAYN SRR

Blue Lobe 7 170 AU

0.2 0.1 0.0 0.1 0.2
G353.273+0.641

(Motogi et al. 2016);

H20 masers trace high velocity
(~100 km/s) jet

@
<
)
-
2
b=}
o
Q
o3
Q

RA offset [mas]
G6.79-0.25

(Sugiyama et al. 2015);
6.7 GHz CH30OH masers
trace rotating disk

IRAS 18151-1208

0.01

6x107°
4x107°
2x1072

a

Dec offset (arcsec)

—2x1073
—4x1073
—6x1073

—8x107°

MM2 (Vlsr = 29.8 km/s)

—4x107% —-0.01

R. A. offset (arcsec)

* 0.85-1.3mm |

|
B 44 G MM +|
(with VLA)

+32"

19h23™M44 108 44.00° 43.90°
Right Ascension (J2000)

W51e2 (44GHz CH30OH maser by Sugiyama
and SMA images by Shi et al. 2010)

43.80°

Follow-up
observation
with ALMA

14

1R

(=} w > ] o]

(weeq/Ar)

(Matsumoto et al. 2014)



History of KaVA /| EAVN Collaborations

KVN project start
First fringe detection between Korea(TRAO) and
Japan (NRO45m)

VERA in Operation
MOU for VLBI Collaboration (KASI-NAOJ)

KVN 22/43/86/129GHz fringes (Ky-Ku)
KVN-EVN/JIVE e-VLBI fringes

KVN 22/43/86/129GHz fringes (all KVN)

KVN+VERA Science WG & start science observations
KVN join to EVN

KaVA science workshop

EAVN Tiger Team organized

First EAVN VLBI observations

2011

2001

2002

2003 2013

VERA practice

VLBI data reduction tutorial

EA VLBI Consortium formed

KVN construction & Subsystem development

K-J VLBI workshop started & Postdoc from Japan
EACOA established —> incl. EAVC

Funding for KJ correlator and KVN MF receiver
Researcher from Japan

2004 2014

2015

First fringes with Tianma 65m

2005

KVN 22/43/86/129GHz fringes (all KVN)
KVN+VERA Science WG & start science observations
Chinese join to KaVA SWG

2006

First light of KVN Ulsan
VLBI Lectures (Sasao-San)

NEN N
= =
N O N

2007

First Call for Proposals of EAVN

KVN Construction completed
P pAONESI MOU for EAVN collaboration during EAVW

First 22GHz fringe among KVN Yonsei-VERA Miz-SHAO
First EA VLBI Workshop

2008
Discussion to merge KaVA to EAVN

2019

2009

First 22/43GHz fringes btw KVN Yonsei-Ulsan ;MOhthy éetoh meéi‘ng amngfeﬂac’h' EAVN SWG o |
f Monthly telecon meeting for KaVA/EAVN operation §
{ Quarterly meeting of EAVN directors ]

# EA VLBI Workshop every year

KVN-VERA 22/43GHz fringes
Start KVN-VERA 22/43GHz VLBI observation

2010 2020




ROH2009

Image © 2005 EarthSat



EAVN workshops

10th: 2017 Jul 7, ASIAA, Taipei, Taiwan (half-cay workshop after APRIM)
9th: 2016 Nov 7 - 11, Forest Moon Hotel, Guiyang, China
:» 2015 Jul 8 — 10, Hokkaido Univ., Hokkaido, Japzan
1 2014 Aug 20, Daejeon Convention Center, Daejeon, Korea (as part of APRIM
1. 2013 Jun 17 = 19, Shineville Resord, Jeju, Korea
» 2012 May 30 — Jun 1, ASIAA, Taipel, Taiwan
1 2011 Apr 18 - 20, Hex! Hetel, Lijiang, Ghina
3rd: 2010 Apr 22 - 24, Kagoshima Univ., Kagoshima, Japan
2nd: 2009 Mar 18 - 20, Ehwa Wemans Univ., Seoul, Korea
1s1: 2008 Mar 20 - 22, SHAQO, Shangnai, China

Wpaszary NAC  [@tertsracne O
= e — pLAE TS BT
MEMORANDUM OF UNDERSTANDING ON
SCIENTIFIC AND TECHNICAL COLLABORATION FOR THE EAST-ASIAN VLBI NETWORK
AMONG
KOREA ASTRONOMY AND SPACE SCIENCE INSTITUTE,
NATIONAL ASTRONOMICAL OBSERVATORY OF JAPAN,
SHANGHA| ASTRONOMICAL OBSERVATORY, AND
XINJIANG ASTRONOMICAL OBSERVATORY

Ams

This Memarand um of Undesssanding (rereafte s Malll aims ta pramate collazaratar on scientific
eseerch end technical development for the East Asian Viery Long Baseline Interferametry Network
Merealter EAVN) armong Kores Ssbronemy and Specs Saence Frislilule (hereelle KASIL Naborel
Actronomical Obtervatory of Japan (hersatter NAQJ), Saangia Astronocrical  Ooservatosy)
(hersafter SEAND), and Xinang A<dmnamical Ohserwtary (hereafter XAD, This Mall & the

eplacerment of prewious Moll among KASL SHAQL and XAD signed on Nowember 12, 2073, On




References & More Information

- Websites
- Korean VLBI Network (KVN)
- KVN and VERA Array (KaVA)

- East Asian VLBI Network (EAVN)

 References

nttp://kvn.kasi.re.kr
nttp://kava.kasi.re.kr
nttp://eavn.kasi.re.kr

- Simultaneous multi-frequency science cases
- East Asian Activities for mm/submm VLBI
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% New Astronomy Reviews
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The science case far simultaneaus mm-wavelength receivers in radio @
astronomy
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References & More Information
- KVN/KaVA/EAVN Call for Proposal Deadlines: June 1 & Nov 1

- East Asia Radio Astronomy (Interferometry) Winter School: every year

- Sasao-san’s Lecture Notes (24 lectures) and BooK
- Introduction to VLBI System
(https //drive.google.com/open?id=1QsO_NmUObK1LomFzMeDh-9geVIAXWqgVA)
- Chapter 1. Basic Knowledge of Radio Astronomy
- Chapter 2. Radio Telescope Antennas
- Chapter 3. Radio Interferometry

+ Chapter 4. Very Long Baseline Interferometry

Basic Knowledge of
Radio Astronomy

Ajou University / KVN



https://drive.google.com/open?id=1QsO_NmU0bK1LomFzMeDh-9geVlAXWqVA
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