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natural light
(no polarization)

B The function of the
electric field of light:

Ex(t) - Exo(t)ez’{vat+6x(t)}

Ey(t) = Eyo(t)ei{ZJrvt+8y(t)} e
v: frequency [Hz], t: time [s] P
BThe phase difference: 5.(¢) — é,(¢) =

N + /2 + 2nn othewise (e.g. Synchrotron radiation) //

/ The Stokes parameters
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I: the total intensity of radiation
P=sqrt[@2+U?2): the polarized intensity
P/I: the linear-polarization fraction
Linear Circular Elliptical Y=arctan(U/Q)/2: the polarization angle
Polarization Polarization  Polarization Y/ the circular-polarization fraction
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B\When a linearly-polarized light passes
through a magneto-ionic medium, the FESES
polarization angle rotates as:

Y(A) = RMN* + 1o

BThe coefficient [RM) is the Faraday
rotation measure
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1. Polarization and Magnetism

We Live in Magnetized Universe

v'"Make Universe’s

Instability,

and

Morphology

Star Formation,
Supernova

e

21cm Line

Epoch of
“\ Reionization
.

\_
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| Particle acceleration

Missing baryon

(/| Accretion disk,

Jet, Feedback

Outstanding

oblems

CMB
Polarization
Prove of
Inflation

High Energy
CRs
The Origin

ns.i

Invited Review

TA+ [ 2 0 1 8 a ] Publ. Astron. Soc. Japan (2018) 70 (1), R2 (1-44)

doi: 10.1093/pasj/psx123
Advance Access Publication Date: 2017 December 21

Cosmic magnetism in centimeter- and

meter-wavelength radio astronomy

Takuya AkaHORI,"®* Hiroyuki NakanisH,' Yoshiaki SoFug,? Yutaka Fuuima,®
Kiyotomo IcHiki,* Shinsuke IpeEGucHI,® Osamu Kameva,® Takahiro KuboH,”
Yuki KupoH,® Mami MacHIDA,® Yoshimitsu MivasHiTa,'® Hiroshi Oxno,™

Takeaki Ozawa,'? Keitaro TAKAHASHI,'® Motokazu Takizawa,®
and Dai G. Yamazaki'? 14
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“ galaxies 3

E

gas @ z<0.2 <+ Unbound A
+ Emission + Local Lyo + Within Rw.rqg

= Absorpticn
1 fal10ckTodo R1a 10710
Pgas 7 <Pgas™  Piro et al.

Em\Varm-Hot Intergalactic Medium (WHIM) [2007)
* Exists in galaxy filaments, T 10>/ [K], n”10% -10% [cm™]
* The last major yet-unproven piece of the cosmology
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Visualized by R. Kaehler

http:/ /www.youtube.com/watch?v=8UzVi8MdJolo
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Seed

inflation Seed
recombination shock * instability
reionization

Amp.
comp., dynamo
Leakage
winds, jets, ram pressure “

Galaxies

Early Universe

Simulation images by
Dubois & Tessier (2008]
Ryu et al. (2008]
Donnert et al. (2009)

See reviews: Ryu et al. (2012) & Widrow et al. (2012)

BThe Inter-Galactic Magnetic Field (IGMF)

 Various possibilities of field generation & amplification =
the VWHIM should be most likely magnetized

* If uG in clusters of galaxies = 7-700 nG in filaments
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BPair halo/echo Ll |
Of V-r‘ayS B Zeeman splitting

* Blazaratz™1 i
e B>3x107 nG —8 |
[Neronov & Vovk
2010, Science] = >

* Mostly IGMF of L
voids L M e |
- & ... Y .
lLlnearIy- L R, |
- RRRRXRRRK A,
polarized FRB o f SRESBBILe 77
* See |ater —12—11—1‘0‘—9':—.18: —1'7—6’—5 "_4"_'3”_2'_"1‘ ‘O‘ ‘1 2 3 4
* Mostly IGMF of log(Aa [Mpel)
filaments

CMB

Magnetic diffusion

(B [G])

= cluster
e (] simulations

Y
g
i
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THE COSMIC RM BACKGROUND
(Akahori & Ryu 2011
Akahori et al. 2018a)

-1

Redshift

0 1 2
Log,q| RM | [rad/m?]
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BThe diff. RM (2.5rad/m?) METhe diff. RM (10 rad/m*®)
for radio lobes 2> 10-50 for pair sources 2 40
nG [0’Sullivan+18] nG [Vernstrom+19]
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easurement

Depolarization

saaal " a2 a ¥aal

001 01 1
A 2 [m?]

U(A1) — P(A2)

RMobs —
22— A2

% Narrow band fit
RM=50 rad/m?
Wideband fit
RM=30 rad/m=

+ 0gy=30 rad/m?

BThe best-fit depends on wavelength coverage. A fit with
narrow-band data may mislead you.

BA classical linear-fit cannot quantify the broad-band
properties which contain valuable LoS information.

2019.11.19-20
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day Tomography

Faraday Spectrum F(¢)
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Faraday Tomography
BFaraday tomography reveals LoS properties of polarization
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1. Polarization and Magnetism

ASS B1152%199

0.030
19°39°44" b
Lensed, background quasar w—
at z=1.019 ] A “
£ 0020
43 S -
> 8 0015
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2 42" - o :
& 0.005
£ -
S G .
m -
i 0.000 -}
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Faraday depth (rad m'2)
2.6kpc _ Po(%)  6,()  RM Oun i
Lensing galaxy (radm?)  (radm?)
> Image A 118
40 =
at z 0439 Component1 289(7) +32(1) 0 13.2(8)
i Component2  11(1) -38(4) +160(20) 61(9)
1"55M18.45° 18.40°  18.35°  18.30°  18.25°  18.20° :
mage B 1.02

Rt ascarelomeo00) Component1 19(7)  +30(10) +500(30) 50 (10)

Mao+18, Nature Astronomy Component2 1.0(8) —20(20) +710(80) 70 (40)

BA lensing galaxy at z=0.439 has a coherent B-field 8-11 pG
and a random B-field 2-6 nG
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“'R(¢) * F(¢)

R is the RV spread function

R(¢p) = K / N W(A2)e 24" d)2

o0 -1
= [ / wW(r? )dx’-]

W(XZ) =1 for A2,

min —

otherwise W(A%) =0
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See e.g., Brentjens & de Bryun 05; TA+18a

Fig. B.1. Wavelength range: 3.6-50 cm.
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AR (MHz) | /\V R docomo

700 28 ®
800 8
800 18 @ 7>F+
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2500 a1 O®WiMAXF OERFE
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- Carrier Aggregation (LTE-Advanced Release 10) https://telektlist.com/career-bands
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BQuality of Faraday
tomography primarily

depends on A® coverage
* Low frequency is sensitive

to fine structure

* High frequency is sensitive

to diffuse structure

H|s there the optimum
frequency coverage

* Yes. 0.7+1.4 (+2.3) GHz

for the IGMF search
Bl recommend a Band 1

follow-up observation for
the notional Magnetism

KSP (Band 2 all-sky])

2019.11.19-20
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s
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Extra-
Galactic
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Session 4: The Transient Universe

The Tunsnem Universe with the Square Kilometre Array
A 4051 pdf R. Fender, A. Stewart, J.P. Macquart, I. Donnarumma, T. Murphy, A. Deller, Z. Paragi and S. Chatterjee

The SKA V»ew of Gamma-Ray Bursts
) pdf . Burlon, G. Ghirlanda, A. van der Horst, T. Murphy, RAM,[. Wijers, 8. Gaensler, . Ghisellini and I. Prandoni

Incoherem lranslenl radio emission from stellar-mass compact objects in the SKA era
pdf . Corbel, .CA. Miller-jones, R. Fender, E. Gallo, T. Maccarone, T. O'Brien, Z. Paragi, M. Rupen, A. Rushton, S, Sabatini, G. Sivakoff, J. Strader and P.A. Woudt

SKA as a pnwedul hunter of jetted Tidal Disruption Events
I. Donnarumma, EM. Rossi, R. Fender, 5. Komossa, Z. Paragi, S. Van Velzen and I. Prandoni

Flsl Translenls at Cosmological Distances with the SKA
KAl4 pdf LP. Macquart, E. Keane, K. Grainge, M. McQuinn, R. Fender, J. Hessels, A. Deller, R. Bhat, R. Breton, S. Chatterjee, C. Law, D. Lorimer, E.O. Ofek, M. Pietka, L
Sle/rl 8 Stappers and C. Trott

The SKA contribution to GRB cosmology
ASKA14 pdf L Amati, 5. Capozziello, A.C. Ruggeri, M. De Laurentis, M. Della Valle, 0. Luongo and G. Stratta

{ Tlme domam sludles of Active Galactic Nuclei with the Square Kilometre Array
pdf

H.E. Bignall, $.D. Croft, T. Hovatta, Y. Koay, J. Lazio, J.P. Macquart and C. Reynoids

Cofe collapse and Type la supernovae with the SKA
M. Pérez-Torres, A. Alberdi, R . Beswick, P. Lundqvist, R. Herrero-llana, C. Romero-Canizales, S. Ryder, M. Della Valle, J. Conway, J. M. Marcaide, 5. Mattila, T.
Murpl‘(dr‘d( Ros

Therm | radio emission from novae & symbiotics with the Square Kilometre Array
A14)062 pdf T. O'%Brien, M. Rupen, L. Chomiuk, V.A.R.M. Ribeiro, M. Bode, J. Sokoloski and PA. Woudt

Invesllgallons o! supernovae and supernova remnants in the era of SKA
64 pdf L Wang, X. Cui, H. Zhu and W. Tian

12 papers

The SKA and lhe Unknown Unknowns
SK pdf P. Wilkinson

Early Phase Detection and Coverage of Extragalactic and Galactic Black Hole X-ray Transients with SKA
W. Yu, H. Zhang, Z. Yan and W. Zhang
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HBincoherent Events '..-'-."F’- 0%

; % 2 , (O
Synchrotron, thermal, etc =2 FastRadoBursis, o AGN/BIazar/Qso
Radiation mechanism known A A A G.RBS‘

T

b

o
8

Brightness limited by inverse

Compton limit 2> T, <10'2 K VA
Luminous = larger = slower .Cra'bnam's;ots 3
transient = fould in image

- 10%

L, (ergs st Hz")

T

—_

(=]
S

)(.r 1y Binaries

BCoherent Events ¢
i Sol wBursts ‘ il

Maser, curvature radiation =2 FER ;. Y Ma
_ y A gnetnc cv
Mechanism (largely) unknown AV @

ngh br‘ightness, Tb > 1020 K | P v - '."‘Flare$té'r;/Brown Dwarves

S Jupher DA -

[PSR) and > 103° K (FRB] e R | o

: : : y1 10° 10° 10° 10
Dispersion timescale = fast VW (GHz 5)

transient = found in voltage Fender+2015

i 1015
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2. Fast Radio Burst

Radio Burst witi"Millisecond Duration

Masui+15 -

FRBO10724
Lorimer+07/

Fluence (K ms)

1494 MHz

: 1369 Mz’ 700 750 800 850 900
_ Frequency (MHz)
. :
T —-40 -20 0 20 40
§ 1219 MHz1 (1)-2 ' : ' ' '
2 0.6l Champion+ 15 FRB 090625 |
=] et i . |
o ~24-16-8 0 8 16 24 32
L.

Time (ms)

FRB 110220

FRB 121002 |

20 40 60 80 100 120 140
Time (ms)

0 200 400 600 800 1000 1200 1400 —-100 50 0 50 100
Time (ms) Time from peak (ms)
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B First report [Lorimer+07), Second report (4 events, Thornton+13)

B Realtime (no counterpart), circular pol.”21+7% (FRB140514, Petroff+15)

M Linear polarization, RM=-186 rad/m? (FRB110532: Masui+15])

B Double-peak FRB (FRB121001: Champion+15)])

B First repeating FRB (FRB121102: Spitler+16)

M Localization(?), 270.49, Qg ~4.9+1.3% (FRB150418: Keane+16)

B Brilliant FRB, 120Jy, B, 55 <21(1+z) nG (FRB150807: Ravi+16)

M Localization, SF region at dwarf galaxy (FRB121102: Chatterjee+17;Bassa+17)
M First 8 GHz, Very large RM™+140k rad/m? (FRB121102: Michilli+18)

B ASKAP 20 FRBs, two populations (the repeater and the others) (Shannon+18])
B CHIME 13 FRBs, first 400-800 MHz, DM~ 109 pc/cm?3 [CHIME+19)

B Second repeating FRB (FRB180814.J0422+73, CHIME+19)

B Localization, MW:-like galaxies (FRB180924 Bannistar+19; FRB190523 Ravi+19)

2019.11.19-20 ICRR Workship 23
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BDispersion Measure
« DM=100-3000 pc/cm?
* >>Milky \Way contribution

BEvent rate

« 1.5-3.8/deg®/month
above 2dy msec
[Champion+16; Keane &
Petroff 201 5]

* Populations in energy
and in redshift under
discussion

BA new messenger of
cosmology

* \With redshift of the host
galaxy and DM = Qg
~4.9%+1.3% (Keane+16])

2019.11.19-20
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Facility P (%] RM (rad/m?) Reference
17 110523 Parkes 44+3 -186.1x1.4 Masui+13

BQ: Can we derive LSS’s IGMF strength from LSS’s DM & BM, if
extracted from observed ones? o

BA: Yes. But B""RM/DM is not!

24 dl - Filaments (10° K< T : 107 K, T57) '
DM = Cp / Lped dz pcem™? ey s e e
z) dZ (D 100 (T < Ty" Sg < Sg* TSO), CH<1+22/fpn N )
= B ( ) dl( ) 5 _ QMD=D'27! QAD=D.73, H=7D_
RM = Cy / B dE) ;g B ‘
(1+2)2 dz ) [
Z; 1 T B”i
t _ CoRM _ RM DM & i_,) B e Ry
By = CrDM o (10 rad m"2) (103 pc cm‘3) - 2 10t / B,
.
....... ;
5t _ (L+2) 1 _ (1+2) CoRM | il
| fomr | fom CrDM 1 2 3 4 56
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ID Facility P (%] RM (rad/m?) Reference
1T 110523 Parkes 44+3 -186.1+x1.4 Masui+15
2 15080/ Parkes 80=x1 12.0x7 Ravi+16
3 150215 Parkes 43%5 1.6x10 Petroff+17/
4 150418 Parkes 912 36+52 Keane+16
o 151230 Parkes 39+13 O Caleb+18
6 160102 Parkes 84+15 -221%6 Caleb+18
7 121102 Arecibo/GBT 7100 1x10° Michilli+18
8 180924 ASKAP 80 14+ Bannistar+19
9 181226 CHIME ~100 -114.6£0.6 CHIME/FRB+19

BUpper limit of extragalactic magnetic field:
* B<21 nG (Ravi+16), B <30 nG (Bannistar+19])
* Faraday RM synthesis (tomography] is a key technique to derive RM

2019.11.19-20 ICRR Workship 26



Facility P (%] RM (rad/m?) Reference
/7 121102 Arecibo/GBT 100 1x10° Michilli+13

< N AN
: M\/\J‘Wf :W\ i ‘WJW Y WWVW\MMM
5 S SRR o AN

(©)

|
-

[V
(S}

o

APA (deg)

|
N
o

4200 4300 4400 4500 4600 4700 4800
Froquency (W) Michilli+18

B No depolarization = Coherent (regular) magnetic field
« P/1>98% - Sightline ARM < 20 rad/m? and in-beam oy, < 25 rad/m?
B Faraday tomography = Single screen in front of the source
« RM™10° rad/m? is likely from the source environment with B,>0.6-2.4 mG

B Extreme RM & 10% RM variation in 7 months

e An SMBH environment?
2019.11.19-20 ICRR Workship 27



—— RMCLEAN

1 1 1 I
1.0 - ﬂ — — RM Synthesis

BFaraday tomography 9
Single Faraday screen in o} T
front of the source

Polarized intensity

B Possible contributions

* RMy,y,~ -25+80 rad/m?
(Opperman, TA+15) NN AN
* RMgy < 100 rad/m? 1°°’|§i§(,adml—1§’l°°°
(TA, Ryu 10:11) BRM gives B> 0.6-2.4 mG
* RMegry, “O(1) rad/m* * DM,,.= 70-270 pc cm™
—->RM™10° rad/m? is most * B, "RM,.o/ DM s
likely from the source  c.f. 7 B5uG for interstellar
environment magnetic-field of Our Galaxy

2019.11.19-20 ICRR Workship 28



dio Burst

bility of i€ Screen

B 10% variation of RM just in 7 months (and strong B)
- an environment near a SMBH?

Burst  MJD Width S F RMobs PAw  RMgobar  PAE™ || 57747 (Arecibo)

(ms) (Jy) (Jyms) (radm~2) (deg) (radm—2) (deg) = :Z‘;: E:fecfEO;
recioo

1 57747.1295649013 080 09 0.7 02741 £9 4942 57991 (GBT)

2 57747.1371866766 085 03 0.2 +102732+34 5549

3 57747.1462710273 022 08 0.2 +102689+ 18 6445

4 57747.1515739398 055 0.2  0.09 - -

5 57747.1544674919 076 02 0.1 - = e b

6 57747.1602892954 003 1.8 005  +102739+35 4949

7 57747.1603436945 031 06 0.2 +102663+33 7149

8 57747.1658277033 136 04 05 +102668 +18 67 +4 E |

9 57747.1663749941 192 02 03 — = 5

10 57747.1759674338 098 02 0.2 - - =

11 57748.1256436428 095 0.1 0.1 = =

12 57748.1535244366 042 04 0.2 +102508 +£35 63 +10

13 57748.1552149312 078 08 0.6 02522 £17 59+4  +102521 + 4

14 57748.1576076618 0.45 12 0.2 +102489+ 18 6745

15 57748.1756968287 054 04 04 +102492 437 64410

16 577721290302972 074 08 06 +103020 12 64+3  +103039 + 4

GBT1  57991.5801286366 059 04 0.2 493526 £72 7348

GBT2 579915833032369 027 09 02 403533442 7144 toor3+24 6842 | | 1 | |

85,000 90,000 95,000 100,000 105,000 110,000
RM (rad m—2)

Michilli+18
2019.11.19-20 ICRR Workship 29



Radio Burst

One-off

i1

F!J!pc away from the “|| PSO U207+ [S1) ige
sa  center rBann|Stér'+’l-9' u a candidate | 19]
An low-M, low-Z, starforming An early-type, I\/IW—Slzed An early—typé, MW-sized,
dwarf irregular galaxy low-star-forming galaxy low-star-forming galaxy

v ~

Events related to stellar activities?  Events related to aged stars?

- Flare of massive stars (Loeb+13) - NS-NS merger (Totani+13]
- Young magnetars (Thornton+13]? - WD-WD merger (Kashiyama+13)

Or, anything else: Core Collapse SN (Falcke+13), Evaporation of BH (Keane+12),
Superconductive strings [(Cai+12], etc etc...

2019.11.19-20 ICRR Workship 30



2019.11.19-20 ICRR Workship



e g oz | 1| WA slow-rotating (>2 sec), fast
10° 5§l OSNR & w/radio = E iIn-down [>1
T oot v | m@2 3| SP down | ms/ yr] NSs
N i et « X-ray/y-ray emission = Strong
00k . T S magnetic field (>10"4 G dipole
~ g5 O B field)
" - 1627-410) o Q IIIIIII . ©1708-40 -
210" e g ”45‘5 ,,,,,,,,,, % Soom E * Even stronger that the quantum
g _,_,4,4....fﬁi"rr::z;;:,..:;;:;;;::;;;?,?ff_;;“l% 9| o183308 - critical field (=4.4x10"3 G, r;"A,)
% _Jﬂ ----------- 10 Kyt 0501-+45. o 0142-;611 - _ _ _
Q0= . o ezl MMagnetar is radio-quiet
kS . 164745 : :
- q e R 3185200 * Too-slow spin to emit?
A s S * Obscured?
.:1‘ """ \N\‘J‘c ‘ v ) 018216 i e Off-beam?
14 [, 7 AR A L % ] 1 .
L S ,rm e ety * Not dipole-B?
PRI g * Suppressed by B?
1075 L st = By 1 [ B Ze s ] ]
1 10 BException = Radio Outburst!
Period (sec)y ~ Enoto+17

2019.11.19-20

ICRR Workship
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MEEI

XTE J1810-197 0.94 3.9? } k Parkes, 53850, 0.69 GHz, (64 MHz, 1.0 h)
1E 1547.1-5408 207 30 0.68 457

PSR J 1622-4950 4 33 2 7 4 D 999 BCPM, 53861, 0.82 GHz, (48 MHz, 1.2 h)
SGR J 1745-2900 3.76 2.3 4.3 8.37 J\ Parkes, 53811, 1.4 GHz, (288 MHz, 4.1 h)

XTE J1 81 0-1 97 BCPM, 53857, 1.9 GHz, (134 MHz, 0.27 h)

B Discovered in 2003 as an X-ray
pulsar with P = 53.54s, B = 3 x
1074 G (Ibrahim+04)

BN 2004, radio emission was found
at 1.4 GHz (Halpern+03).

M In 2006, radio pulsation was found
[Camilo+06]. A flat [a=0] and
variable spectrum (Kramer+0O7/;

%

Parkes, 53850, 2.9 GHz, (576 MHz, 0.93 h)

Parkes, 53855, 6.4 GHz, (576 MHz, 0.37 h)

A

BCPM, 53857, 9.0 GHz, (134 MHz, 0.43 h)

i

Relative flux density

o

BCPM, 53857, 14 GHz, (134 MHz, 0.49 h)

W

-

Spigot, 53857, 19 GHz, (800 MHz, 0.54 h)

P

Lazar\idi8+08] 9 similar to FRB “ ’u\ Spigot, 53858, 42 GHz, (800 MHz, 0.51 h)
and Crab Giant Radio Pulse (GRP) T~ o=z = ok oe = obs 1
B Radio disappeared in 2008 XTE J1810-197: Camilo+06
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ar Radio Outburst =

NAOJ SKA1 STUDY GROUP v

SQUARE xunmr‘nr ARRAY oo S : ; leta P Hyp Oth e S i S

B The magnetar hypothesis explains
AXP and SGR well, but...

1. What is the origin of strong B?
B The standing accretion shock instability (SASI)

can induce dynamo at a supernova explosion

B Hypothesis: SNR has a peculiar morphology?

B Method: Identify the progenitor SNR -
Measure the magnetar’s location and velocity

2. What is the trigger of outburst? | &5

B Supernovae “kick” neutron stars

B Violent v = several x 100km /s] interaction with 30
the ISM may induce Alfvenic waves and impact |
onto the magnetosphere

20_

10

B Hypothesis: Magnetars have higher velocity? g :
B Method: Measure the magnetar’s velocity Transverse Velocity k'
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.C\, 7

AT -\§~ ARLANE
a vl P v .""""\‘ I‘ ;
48 00

Q: Is HBY

the progenitor
of SGRO5017?
1. Yes

2. Nic

30 b

46700 |

Which physical
s st LSS parameters are
ghgm  gm  gm  ghgm  gym  pym needed to conclude?

RA (J2000)

2019.11.19-20 ICRR Workship 35



Jnetar and SNR

48700 F ‘ it ' A \SP1811-1925

SNR HBS‘[Tsedov BBOOV"] '. I T <5000 6R.A.=100s =1200 years
[G’I BD 9+2 6] fe AT P 6Dec=1130" =7500 years
30 4 A Inconsistent each other

SN G11.2-0.3
St Tang =’I 633 years
"l (China astrologers)
D = Skpc (HI)

A

4700 F

46700 F st ¥

b - W XTE J1810-197
* SGR -__H_‘_ g \ Tyre =10000 years (P-P,.; diagram)
N .0501 +431 6'[tb 40 00,0yr] | D = 3.3kpc (DM)
45700 | X Credit: ROSAT/XMM,/M. Roberts
Chandra upper I|m|t Of D 32"/\"‘ VLBA astrometry of v= 212 km/s
may reject this progenitor (Mong toward SW may reject this

& Ng 18, assuming D=5kpc]) progenitor (Helfand+07)



NAOJ SKA1 STUDY GROUP ¥

Why VERA 22 GHz?

1. Resolution = 1.2 mas!

* Can capture 1.7 mas/month for
200 km/s @ 2 kpc

2. Sensitivity = 0.2mdy!
* per 8hr per 128MHz (open use]
* Note: 2048MHz for SWG

Target selection criteria

1. At anti-galactic center to D | Flux
meetiow DM & loweme [T e s

pressure. SGRO501+452 576 1-5? 3007 HB9?
2. With phase calibrators 4U0142+61 869 36?7 ??? ?

* Ideald<2’ S>300mJy 1E 2259+586 698 327 77?2 OB

« OK:d<3’,5>60mdy ' o 1097
WException = outburst (ToO) > xte1810197 554 352 102 o 0%
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—rn . ar Radio utbarst ———
SQUARE KILOMETRE ARRAY .,-: 1 VLBI Imaging

NAOJ SKA1 STUDY GROUP

R18093A(2018,/4/3)

MIZ  0.12 83 121 [
IRK  0.09 93 135
0GA 0.1 86 131 0501+443 - L
IS¢ 0.20 97 186 =7
- 10hr =
E NN
MIZ  0.14 85 142 2
IRK  0.08 96 142 =
0GA  ©0.10 89 135 it
ISG  ©.18 110 189 al
MIZ  0.15 71 132 LA IV .8 oA
IRK  0.25 119 232 ¥
0GA .19 117 203 -
IS6  0.26 176 310 A
B
B 10hr 7
E NN &
MIZ 0.17 88 157 ge =l
IRK  0.21 124 229 i
0GA  0.29 143 278 74.11 va\j am:
ISG  ©0.23 114 216 el Bd | LY
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atar Radio Outburst

it of SGAB501 VLBI Imaging

SGR0501+45 4U 0142+61 1E 2259+586

SQUARE KILOMETRE ARRAY G2
NAOJ SKA1 STUDY GROUP &g J

0.3 Jy (expected)

0.1

. ' 3

TData taken by Oyama (monitor)
Bandwidth = 2048 MHz
TData taken by Akahori (deep])

‘ Bandwidth = 128 MHz

0.0001 : T
o 181/1 1/31 3/2 4/1 5/1 5/31 6/30 1/1 1/31 3/2 4/1 5/1 5/31 6/30 1/1 1/31 3/2 4/1 5/1 5/31 6/30

Jy

0.01

0.001

* No radio emission was detected

* An upper limit of 0.2-0.5 mJy = top 20% of known
normal radio pulsars are excluded
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3. M dio
Radio Outburst

SQUARE KILOMETRE ARRAY
NAOJ SKA1 STUDY GROUP

4 litate 31m (0.3 GHz), Kashima 34-m (2 GHz]
2% Hitachi 32-m (7/8 GHz), four VERA 20m (22 GHz),

T /
SEESAS ,

d
4
(
(

SR Gt
ol - and NICER and Swift 181214
AT 18.12.
- - 19.01.21 19.02.15 ;\

,,,:190215 2ol 190423%, ¢,
A /(‘»ms% 19.08.12 FF

9. 107 A > 19.01.09
ff 19@1 21 b, 5 Zat ‘ Bl A . 19.02.15
1902 155 - geginly A, ,, | =& 190304
5 s, : 19.03.31
% s 1842 14 e
190107 190819

: 0181218 181218 130215
'\~ 190107 19.01.07 R 13.03.04 — J\/N

/) 0121 19.01.21 . 13.04.23

[ 4 O\ 190215 X 19.06.12

| . — T ’Nss;te;z;:,"zgsco
.'éoi9.11.19-20 ' ICF%'RWorkship Google Eartja




3. Magnetar Radio Outburst

| for 2019"0utburst
HmVLBI is a tough work... o 852, A %

3¢ 03424838 5 PSRB03Y cLeal cLb ,’TBI Bk S
) Al 1T} B (psr.41) TBIN ST

* Shipping data (2weeks] PR -
* Correlation (2 weeks) TR R
* Fringe search (# of trials]

* Small FoV = many imaging to

explore a moving source! Special thanks to Tomoya Hirota for
his'advice of calibration strategy

SAUARE KILOMETRE ARRAY 3
NAOJ SKA1 STUDY GROUP &2

e

Work in progress...
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U

3I'oFMagnetars (ToO)

MUAY-THAI (2023-)

Magnetar Unprecedented Astrometry
Yielded by Thailand

MOT-VERA + inter-arm, halo

Super EAVN 6000km = 0.6 mas

BResolving the proper
motion of 200 km/s

In @ month

MOT-VERA

Magnetar Observation Team
of VERA

Local arm, Perseus arm
VERA 3000 km = 1.2 mas
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SAUARE KILOMETRE ARRAY
NAOJ SKA1 STUDY GROUP

BSKA is a project to construct the world-largest radio telescopes
at Australia and South Africa from 2021, and to operate it in 30
years with investments of “1B€ by >13 countries.

POKGHE ™ |© AU Observatsty LOW [50-350MiHz)
-~ Jodrell bank “AESKAY= 512 stat.on§[131ke|ements] MaxﬁBkm

,,/ Observatory
United|

'_',,‘ & }-;(
d\' Li Kingdom"

- bse'rvator'v MID (0.35-15GHz)
SKA’| CD’I om 133 dishes + ®13.5m 64 dishes, Max 150km
SKA2=015m 2,000 dishes, Max 3,000km

2019.11.19-20 ICRR Workship




Outer cor%24 stat
i o VR ‘qu!

oA

Inner core; 240 stati

o -
v&'
&
-, £
p!
8 &

i
bl

153
7'

P 1 "k
i *

ons, r=350m , |
ions, r=6.4km

Core 467 stations

2019.11.19-20

Halo: 45 stations
Max 65km

L0l

+
+

+++
+_':':_+ A !
+ Tt

+
.+.
++ 4
HAT

++ ++

256 elements in d;=.'35m

°

West + x(m) — East -

Ninni+139 IEEE, 8739302

subarray #1
station beam #1_
-

————

éubarray #1
\ station beam #2
|

subarray #2
SKA1-LOW SKA1-LOW

Antenna/Receptor “station” “array/subarray”

Antenna Beam 8 Station Beams Correlation
sharing total 300 MHz b/w Tied-array Beams:
v 500 for Pulsar Search
¥ 16 for Pulsar Timing and 4 for

VLBI in up to 16 subarrays

Garcia-Miro+ 1903.08627

ICRR Workship




S [T 2 - Freq. (GHz)
ive 4B | . 0.05-0.35
= Gl‘aegoﬂaﬂg.m.,- ™ 7 | 0.35-1.05

wej ',‘-V ?,.' ] 2 ‘.}\ . : . '_ LN {2 !
5~ Nl j;f \ W TR i "-L“ RS 5, S g 095'1 76

O e A o 17 e e 165-3.05
, ‘ T g S | | 2805.18
503l L o 4 4.60-8.50
Inner’ core '« Outer copel Rl EIRen e BT 8.00-15.3
B52SKA+30MKT ~ 45SKA+26MKT = 3BSKA+8MKT 6 1585
r=400m oo r=3km - - Max 150km - 7 25-50
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1. SKA Status Report

Data Trafsport

=| Australia | - = - = - = - = -, - == =+ = - = - |SouthAfrica|—

SKis Observatory G : : Remote stations .
Headquarters : on spiral arms

' Core Array ¢

| ' ' Town (490@SKA2?) (88@SKA2?) I

Simplex L Duplex
Digital data transport oo Control and monitoring
The numbers in Thit/s (100Gbit/s)
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B Realtime, simultaneous operation with any combination of imaging,
pulsar/transient search, pulsar timing/dynamic spectrum, VLBI

B The switching time between telescope observing modes shall take
less than 30 seconds [not including dish slewing time])

Tird
k. Local Timing & Clock Distribution
l i . '
E Channeliser Comelator M@QIMGC/S
' Fine Fiter f [ 4Thies, .
|| Bankwith 19TMac/s Corelator | (SOPPelati O hegrates
Doppler —>5Tblt/’$ [—*|& Long Term u-v "
Compensation ' Accumulator
18TMac,/s . — _
! Comer Wl ear-
512 '\ re Lo Tum& | | PSSFine ;:.5T‘E’“l"a/$_’ | box& PSS Pulsa P/TPG‘IELSI m,:
Stations E Coarse Filter Bank ine delay ™ Cross || Beamformer h :Z:l;:
| Delay ; Con. SOOTMGC/S searc Rl
16TMac/s —1Tbit/s
PST —BThbit/s A
| ,| Oversampling | | | PsT Pulsar TIEn IT‘m@ .
I Fine Filter ; Beamformer ] i,
: Bank : 56TMac/s| Dynamic spestrum
! Raregng } L — 'S85Fhit s
______ e 0 05 5 0 0 0 0 00 0 0 0 0 01D 0 1 60 0 00 40 B G D B @ G e s 0 0 hecssacaa -——— - - - o VLBI
VLBI \V’:—D} "| Recorder —>
‘ . . ' ' ' ¥ $
Local(l:Momtor ond | CBF Monitor and Control Master
ontrol |
’
ASKAP/MWA'’s COR: Max 323,776 BLs, PSS: Max 1500 beams, PST: Max 16 beams

CSP system

2019.11.19-20 ICRR Workship 48



requenc Ice Processors

Example #1: Band 5 full-bandwidth imaging: One sub-array performing full-bandwidth Ba
5imaging:

e In this case, ~324k channels/pp’/baseline are available, which can be pruned with post-
correlation channel averaging and/or channel selection prior to transport to the SDP. Each FSP
processes a 200 MHz Frequency Slice, so 13 are required to process each of the 2.5 GHz data
streams, for a total of 26 FSPs.

Example #2: Band 2 + Band 5: Two sub-arrays with (1) central array core for Band 2 (L-band)
imaging, pulsar search, pulsar timing, concurrent with (2) long-baseline (out of core) Band 5 imaging:

® In this case, in Band 2 ~60k channels/pp/baseline are available. The correlator produces ~15k
channels for each zoom window. The tuning and bandwidth of each zoom window is
independent, with bandwidths anywhere from 100 MHz to 3 MHz in octave steps.

* In Band 5, 162k channels/pp/baseline are available, which can be pruned with post-correlation
channel averaging and/or channel selection prior to transport to the SDP.

e The IMAG function requires one FSP per 200 MHz Frequency Slice, so covering 2500 MHz in Band

5 requires 13 FSPs. Five of those same FSPs are required to handle the full 810 MHz of Band 2
the other subarray, leaving 13-5= 8 free to provide zoom windows in that subarray. The 1500

PSS beams require 1500/192 (rounded up)= 8 further FSPs, and another 5 are required to cover

the 810 MHz bandwidth of PST beams in that subarray. The total number of FSPs is then 13
IMAG + 8 PSS-BF + 5 PST-BF= 26 FSPs.

Example #3: Targeting multiple spectral lines in Band 5: Entire array in Band 5 with 26
zoom windows, each one tunable within any 200 MHz frequency slice and each with bandwidths from

200 MHz to 3 MHz. Total number of channels is 26 x ~15k = 390k/pp/baseline; similar channel pruning

nd Example #4: VLBl beamforming and concurrent imaging, pulsar search, and pulsar
timing in Band 2:

1 2 810.0 3 1500 810.0 16 810.0 2

® One FSP is required for each 200 MHz of continuum BW, so 5 FSPs are required to cover the 810
MHz of BW. Each zoom window requires one FSP, so an additional 3 are required for that
function. 1500/192 (rounded up)=8 FSPs are needed to produce the PSS beams, and 810/200
(rounded up)=5 more are required for PST beamforming. Finally, the VLBI beams also require
810/200 (rounded up)= 5 FSPs. The total then is 5+3 IMAG plus 8 PSS-BF plus 5 PST-BF plus 5
VLBI= 26 FSPs.

Example #5: Full Band 5 continuum bandwidth, with other sub-arrays full

continuum as well as with zoom windows since all 26 FSPs are in IMAG function mode and the
processing resources are available anyway:

1 5 5000.0
2 1 700.0 22
= 3 2 810.0 21
4 3 1400.0 19
5 4 2380.0 14

Example #6: 0On the following page is a CBF setup showing 16 sub-arrays, each with

different observing goals, indicating the allocation of FSPs to the various functions (e.g.
“N_PSS_FSPs” is the number of FSPs allocated to PSS beamforming, etc.).

as above can be performed or channels can be integrated longer to reduce the data rate to the SDP: T 1 700.0 s 500 700.0 4 600.0 2 9 2.604 4 3
2 2 8100 s 1000 | 8100 4 600.0 2 10 5.208 s 3

3 3 14000 3 10 0.000 0 0

4 s 20000 1000.0 4 10 0.000 5 0

s s 2000.0 1000.0 4 10 0.000 5 0

6 s 20000 600.0 2 10 0.000 ) 3

1 5 0.0 26 7 s 2000.0 600.0 2 10 0.000 ) 3
8 s 1000.0 s 10 0.000 0 0

9 4 20000 10 0.000 0 0

® With one FSP required for each zoom window, the 26 zoom windows here require 26 FSPs. Note 10 4 20000 10 0.000 0 0
A AL A ol & # 11 4 2000.0 10 0.000 0 0

that one could for instance position all 26 such windows within a single 200 MHz frequency slice. m 5 o 00 5 7 51000 5 s

® Similar use of zoom windows can occur in any Band. For example, in Band 2 with 20 zoom Ju : ﬁ ﬁ: ; 3 :: g :
windows, ~300k channels/pp/baseline are available. 15 2 10 10 0.000 0 [

16 2 10 10 0.000 0 0

2019.11.19-20
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* Figure of merit S = FOV x Sensitivity
* §(SKA1) " S(ngVLA) >>x100 S(JVLA) around 1-10 GHz
* SKA1’s uv coverage > JVLA’s A*+A+B+C+D+E

5mm)

SurveySpeed (m*/K? deg® @ PWV

Frequency [GHZz]
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;

MeerKAT($b13.5m X 64)
Max 8km(8 antennas), #BL=2016

i
VLA (266 x 22}//
Ma%36kmn(3 artennas), #BL=351
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B A fully robotic 0.65m telescope at the Sutherland of the South African Astronomical

Observatory

B The largest 100-megapixel CCD provided by STA, giving a FoV of MeerKAT (2.7 square
degrees].

B The science is strongly linked to the ThunderKAT and TRAPUM MeerKAT Large Survey
Projects and covers a broad range of astrophysical transients.

B \Ve will, for the first time ever, provide optical multi-band observations of every night-
time observation conducted by a radio telescope, ensuring that every transient in the
field of view will be simultaneously covered in the radio and the optical.

B Opens up the regime of simultaneous, short time-scale radio-optical correlations in
dwarf novae, novae, X-ray binaries, pulsars, fast radio bursts, supernovae, gamma-ray
bursts, active galactic nuclei, gravitational wave events and sources yet unknown

2019.11.19-20 ICRR Workship o2


http://www.saao.ac.za/
http://www.sta-inc.net/
http://www.thunderkat.uct.ac.za/
http://www.trapum.org/
https://twitter.com/ewnreporter

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

IGO B SKAT1 Construction |
id Array

CDR | System Verification Assembly : ‘AAO.5 :‘AA1 (ﬁ ‘AAZ(ﬁ ‘AA3_0: ‘AA4_0 :E

Science Verification Pl

llllll] T T IIIII]I T IIIIIIII T llllllli

E  [Sensitvity "% Good} . Resolution
S 104 E_ oo TRRRRRDIREAREI .. . s

= : B T (VN I T
6 1000 L SKAI.A.L.O.W .......... - .....'.‘.'.T.'.N_\_,,';fﬂ'_';...,.$:_‘_'3.‘.IfM’f;\_: s

o g : : FRCRE -

N\ R o 01
E L &

E 100 ;
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]

n
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IIIIIII 1 1 1 llIII[ 1 1 IIIlIII 1 1 1 I[II[ $ | I | - -
1m 10cm 1am 1mm 100 pm 10 pm 1um
0.1 1 10 100 300MHz 3GHz 30 GHz 300 GHz 3 THE 0 THz 300 THz

Wavel th and Frequenc
Frequency (GHz) veiens equency

2035

MeerKAT
GMRT, JVLA

finders - finders finders

mm

ALMA3?
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Cosmic plasma Magnetism Galaxies AGN ‘ . ‘
Stars Neutron stars FRB Black hole Hot Universe
| LOW | Band 1 | Band 2 | 3/4  BandB5ab | 6 | 7 |
Freg.
MWA /LOFAR ASKAP/MeerKAT /Parkes JVN VERA/KaVA (GHz)
|_'_'| , J (| A . Y . A A 1_' SETI
HI HI (ext. galaxies]) Amino acid ‘ NH; sgio* ?? GHz
(EoR) HI (Milky Way] ~ OH* HCN . _
CHzOH* HCO  H0 ‘ Cold Universe ‘

Be®
\

8
=0 R
ny &

L
Star,Planet,
and Life

Galaxy Evolugion SEBH-
Cosmology’, Cosmic Maagnetism Galactic Center
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S

£

ADVANCING
ASTROPHYSIES

with the SQUARE KILOMETRE ARRAY

VOLUME 1

2019.11.19-20
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.SKA-TEL-SKO-0000007/

-
cience Objectives

Measurement requirements

Instr

Instrument
Requirements

Data Products

SWG L Spec. Brigh. | Polari.
RS () || SR O Al e Frequency Sensitivity Ui DR DR DR Total Res. Total | Time per
Low-High RMS Noise Min:Max @ Beam nts (Imx/ (Imx/ | (Imx/ Area arc time pointing
MHz @ Bandwidth Imn) Imn) Pmn) deg? sec hour hour
dB dB dB
EOR (0071) EoR images 50-200 14100 mK @ 300" @ 1 MHz | LOW 50 50 45 100 10 5000 2000
EoR deep power spectra 50-200 4.6:330mK @ 300" @ 1 MHz | LOW 50 50 40 1000 10 5000 200
FOR (001 EoR wide power spectra 50-200 14:1000 mK @300” @ 1 MHz | LOW 50 50 35 10k 10 5000 20
Search pulsars 150-350 20uly/bm @ 145" @ cont LOW 30 30 25 30k 320 13k 40min
PSR (040) Search pulsars 650-950 20 uJy/bm @ 65 @ cont B1 30 30 25 2400 105 800 10min
Search pulsars 1250-1550 7 uly/bm @ 45” @ cont B2 30 30 25 2400 60 2400 10min
Measure timing 150-350 10 uJy/bm @ 8" @ cont LOW 30 30 40 - 8 4300 40min
POR (037) Measure timing 950-1760 3 uly/bm @ 77 @ cont B2 30 30 40 - 7 1600 15min
HI (128) Measure high z HI 790-950 16 uJy/bm @ 2-10* @ line B1 30 50 35 5.4 35 5000 1000
HI (129) Measure low z HI 1300-1400 14 uly/bm @ 2-10” @ line B2 30 50 30 38 35 2000 200
HI (130) Measure Galactic HI 1415-1425 75 uly/bm @ 2-10” @ line B2 30 45 30 1080 5 13k 4.4
Trans (055) Search/Measure FRB 650-950 7 mly/bm @ 65” @ cont B1 30 30 25 30k 105 10k 2msec
ColL (117) Planet formation 8000-12000 80 nJy/bm @ 0.04” @ cont B5 30 40 25 0.05 0.04 6000 600
Get RM grids 1000-1700 7 uly/bm @ 2° @ cont B2 30 45 30 31k 2 10k 7.4min
High z intensity mapping 350-1050 3.3 mlybm @ 1.7 deg @ line B1 45 40 40 30k - 10k 2.2
Measure ISW and Dipole 1000-1700 7 uly/bm @ 2° @ cont B2 30 45 30 31k 2 10k 7.4min
SFR wide 1000-1700 1.3 uJy/bm @ 0.5” @ cont B2 30 60 30 1000 0.5 10k 38
SFR deep 1000-1700 0.25 uJy/bm @ 0.5” @ cont B2 30 60 30 7.8 0.5 2000 95
Cont (067) | SFR ultra deep 1000-1700 65 nJy/bm @ 0.5” @ cont B2 30 60 30 0.38 0.5 2000 2000
SFR wide 7000-11000 400 nJy/bm @ 0.05 @ cont B5 25 45 30 0.5 0.05 1000 16.4
SFR ultra deep 7000-11000 50 nJy/bm @ 0.05 @ cont B5 25 45 30 025 0.05 1000 1000
2019.11.19-20 ICRR Workship o6
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BHow can we access to the data? Need cash/in-kind contributions to

the construction
0
@ Propose Key Seience Projects (70%) ]- NAQOJ would provide the opportunity of
@ Propose Pl-led Programs (25%)]) access to Japanese community
3 Propose PHed Open-sky (5%) Japan’s target = 1-3% (<40fEH)

@) Wait for public release (1-2 years after the delivery of the data)

BProposal type for transient observation
* Target of Opportunity (ToO)

v’ Submit your proposal during the regular call for proposal. Write clear triggering
criteria to perform the observation. Telescopes will join on the best effort basis

* Director’s Discretionary Time (DDT)

v’ Unexpected or urgent ToO can be submitted as DDT proposals anytime. If the
observatory director approves DDT, telescopes will join on the best effort basis

BSKAQO staffs operate the SKA telescope instead of users

* Community/Board are considering "Open Alert System” like Atel
(Astronomer’s Telegram), GCN (Gamma-ray Coordination Network), etc

HData is delivered to the SKA Regional Centers (SRCs)

* China SRC in East Asia. Japan may join it or have our owns
* CASA-ike? Fits. IVOA (international virtual observatory alliance])
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4. SKA #2911

T an SKA Cofsortium [20184]

‘ NAOJ HQ
Government

Outreach | Engineering WG VLBI Industry Forum Industry
_ T.Handa (Kagoshima) || T.Aoki(Yamaguchi] T Kumazawa (TOYO Co]
( . )
< H Dutreaﬁh B UHF receiver T_[ Backend } Tomography
eaiSliiascoawa;Naooys) e T. Akahori (NAOU] Y. Kono (NAQJ) S. Ideguchi (NAQU]
f Funding \_
_ H.Imai (Kagoshima) | Physics
\ ————————————— N\ . e
MWA-Japan H|gh-z } | Magnetism | ISM
Tashiro, Ouchi I\_tI_legsan_[éS_I&Al_/' _ S.ldeguchi (NAGQJ] ) | (| M. Machida (Kyushu] )
AUS Ya"r;‘fl";t al | |[Epoch of Reionization| | Transients [ Star & Planet Form. |
J K. Hasegawa [Nagoya) ) | [ K. Niinuma (Yamaguchi) ) | Y. Tsukamoto [Kagoshima),
\ e N | N e
Int’l SWG i Cosmology ] Pulsar [ Plants (new!]
S. Inoue _D. Yamauchi (Kanagawa) ) | | K. Takahashi (Kumamoto) | | TBD )
Int’l et al. | Galaxy Evolution [ Astrometry )
SWG #22 Y . T.Takeuchi[Nagoya) ) | H.Imai[Kagoshima)
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&M iR

B #|3h axE
TRYE £ BEZXXA
NAOJ SKA1 STUDY GROP v gm HE& @ﬂfie
L RER EIZIEXXA
BChair: K. Niinuma R A TR
H AR 1) FOK B
 Theorists Square Kilometre Array R e
: YA IVRT Y Y = =
 Radio astronomers ;;z* ififm
e Others Eie Sujin iéx#@ﬁ%
HE 85 REKRE
BMonthly Zoom telecon A8 sk
. HE & B2 RR
* Review recent papers o EfS yp—
. . BIE E— RBRE
 Share transients info.
_ JAEAR BN HRRKE (B
* Study science use cases — Zm%
* \Write a white paper o L
HASKA Y Y — 7 A So g
* Co-proposal - i —
. I 2015 BAaRA HRAY
HPlease join us! Do a1 o - muxxe
JP/talks/SKAJP_Science_Book_2015.  TH&E RRK?
pdf LA AR HRAS
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nary: Low Frequeney Radio Observation

sient High-Energy Phenomena

B Polarization and Magnetism

* Magnetic field in the cosmic web
* RM measurement and Faraday Tomography

BFast Radio Burst
* A new extragalactic messenger
* Two types (Repeaters=dwarf-5FG/0One-offs=MWtype-G]*?

BMagnetar Radio Outburst
* Analogy to FRB
* VLBI astrometry to understand the origins of strong-B & MRO

BSKA Project

* Construction from 2021, full operation in 2028
 Mult-mode, widefield observation
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