Radio Transients
with MeerKAT and MeerLICHT

» The ThunderKAT Large Survey Project

» The MeerLICHT telescope

» MeerKAT as a transient discovery machine

Patrick Woudt | Head of Department: Astronomy (University of Cape Town) With thanks to: Rob Fender and Paul Groot
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MeerKAT

MeerKAT

d th SKA Technical specifications
a n e 64x 13.5-m Gregorian offset antennas distributed over an 8-km baseline

Three GHz frequency receivers: 0.6 - 1.0 GHz /0.9 -1.7GHz /1.6 - 3.5 GHz
Wide field of view: 1 square degree at 1.3 GHz and excellent instantaneous sensitivity

Pathway to the Square Kilometre Array

MeerKAT was inaugurated on 13 July 2018 (SKA phase 0) - MeerKAT science ongoing

To be extended by 16 SKA antennas [MeerKAT extended] - baselines up to 17 km

To be incorporated in the SKAT-MID (SKA phase 1): ~200 antennas over a 150 km baseline
SKA phase 2 extends on a continent wide scale
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From MeerKAT to the Square Kilometre Array

MeerKAT

Conversion of unused

a nd the SKA telecommunication dishes

in Africa - first African VLBI
Network (AVN) dish in
Kutunse (Ghana).
Opened July 2017.

fe—r——n -
L |

MeerKAT, core of
SKA1-Mid in South
| Africa.

Opened July 2018.

H.E.S.S. 20th anniversary conference - 17 October 2022




Radio Transients and Variables with MeerKAT

ThunderKAT targeted observations of transients
» Cataclysmic Variables

» Short Gamma-Ray Bursts [LIGO O4 starts 2023]
» Type la Supernovae

» X-ray Binaries

ThunderKAT commensal observations of transients
» Image domain (> 2 sec): commensal imaging of all MeerKAT LSP data

Principal Investigators:

'E%?ﬁiin\f,gfjé?ﬁ%%) Other image domain transient observations with MeerKAT via Open Time and DDT:

» Tidal disruption events, very high energy (VHE) gamma-ray bursts, novae, etc.

93 researchers from 15
countries (27% from South

Africal) Other commensal observations with MeerKAT of fransients:
20 postgraduate students » Time domain (< 2 sec): MeerTRAP
(MSc and PhD)

25 papers / 27 ATels active collaboration between MeerTRAP and ThunderKAT (imaging=Ilocalisation)

Nominal time allocation
on MeerKAT: 1280 hrs over 5 &
years (2018-2023)
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Radio Transients with MeerKAT (ThunderKAT)

Cosmic explosions
short gamma-ray burst and nearby type la Supernovae

» Intrinsically faint (few 10s of microJy)

500 + ] » nearby type la supernovae (< 20 Mpc)
» follow up gravitational wave alerts from
+ binary neutron stars if short GRB is
Principal Investigators: detected
Rob Fender (Oxford) 2
Patrick Woudt (UCT % 200 .
arick Woudt (UCT) 2 * Not included:

93 researchers from 15 o » long GRBs (Open Time or DDT)

countries (27% from South %
Africal SEan » core collapse supernovae
¥ 100
20 postgraduate students = } . .
LIGO/Virgo/KAGRA O4 starts in 2023

(MSc and PhD) e
% 1 10 100

Time (days)

25 papers / 27 Alels

The VHE GRB190114C as observed by MeerKAT

Nominal time allocation
on MeerKAT: 1280 hrs over 5 v Reikantseone Diretse, MSc student UCT (DDT and Open Time programme on MeerKAT)

years (2018-2023)

o \(GGPS'ad‘
Yy, £\
EENTTIN
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Radio Transients with MeerKAT (ThunderKAT)

Black holes and neutron stars in X-ray binaries

- 1000+ observations of selected XRBs in outburst, quasi-simultaneous with
X-ray observations

» weekly monitoring slot (1 hr/week)
A GX339-4 B
Woom o vesom ‘e‘{ » between 2 and 5 sources / week
Pao H1743-322 L .
0 Neuron stars Aﬁp‘ » GX 339-4 every week (unique dataset)
Principal Investigators: = Y v e
Rob Fender (Oxford) - B} _,.f'";.’_‘,{ /:'/
Patrick Woudt (UCT) S o X5 o E
-‘g’ /./ /,A C.d o/
93 researchers from 15 < A e® e ',‘“/0
countries (27% from South 2 oo s O VAN A i
Africa) 8 I .i. / ,’}“'
- > . ’
: v I Radiatively efficient accreting black holes in the
20 po(s:/%rggzgfﬁﬁgden’rs FAL ek 8 / | hard state: the case study of H1743-322
g Loang Lyane L. Coriat, M. et al. MNRAS 414 (2011) 677-690
25 papers / 27 Alels - b _ = vl S

X-ray luminosity 3-9 keV (erg s™)

Nominal time allocation
on MeerKAT: 1280 hrs over 5
years (2018-2023)

o \(OGPS'ad‘
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Principal Investigators:
Rob Fender (Oxford)
Patrick Woudt (UCT)

93 researchers from 15
countries (27% from South
Africa)

20 postgraduate students
(MSc and PhD)

25 papers / 27 Alels

Nominal time allocation
on MeerKAT: 1280 hrs over 5
years (2018-2023)

s o i

Radio Transients with MeerKAT (ThunderKAT)

Radio transients and the exploration of the unknown

[commensal with all MeerKAT LSPs]

» Any radio transient discovered in the commensal imaging of MeerKAT survey data

Rank-ordered list of approved Meer

MeerTime (binary)
MHONGOOSE
MeerTIME (MSPs)
LADUMA
Fornax .
TRAPUM (Fermi sot
MeerTIME (1000
ThunderKAT (CVs
MIGHTEE (L band)

. ThunderKAT (GRBs)

. MeerTime (GCs)

. MALS (UHF and L band)

. TRAPUM (nearby galaxies)

. TRAPUM (GCs)

. TRAPUM (SNR, PWN, TeV)

1.
2.
3.
4.
5.
6.
P2
8.
9.

. ThunderKAT (SNe la) —

. MIGHTEE (S band)

. ThunderKAT (XRBs) —

ThunderKAT targeted
ToO or monitoring

T Large Survey Projects and components

ThunderKAT commensal
image-plane search for
fransients (2 sec and up)
in all LSP data

MeerTRAP commensal
timing search (< 2 sec) in
all LSP data

http://www.ska.ac.za/science-engineering/meerkat/observers/observing-programme/large-survey-projects/

The different depths
and cadences of
these MeerKAT LSPs
allow for an excellent
coverage of fransient
phase-space.

MeerKAT as a radio
transient discovery
machine.

o Kaapstqy
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The MeerLICHT telescope

MeerLICHT

MeerLICHT

Principal Investigators:
Paul Groot (RU/UCT/SAAQ)
Patrick Woudt (UCT)

ZA/NL/UK consortium

0.65-m optical telescope,
tethered to the MeerKAT
observing schedule 55 i Copg

&
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MeerLICHT

Principal Investigators:
Paul Groot (RU/UCT/SAAQ)
Patrick Woudt (UCT)
ZA/NL/UK consortium
0.65-m optical telescope,
tethered to the MeerKAT
observing schedule
6filterssugrizqg

2.7 sq. degrees field of view,
110 megapixel camera

meerlicht.org

The MeerLICHT telescope

MeerL!CHT

MeerlLICHT operational details

» located at the Sutherland station of SAAO (co-located with SALT)
» fully robotic

» science operations since June 2019

» automated link with MeerKAT since October 2020

MeerlICHT technical details
» 110 megapixel STA camera

» pixel size: 0.56" i //

4 S.iX fi!’rers: ug r’i ZQ STA chip (10.5k x 10.5) Filter| Wavelength range (A)
» limiting magnitude g: ~20.7 mag (60 sec) u 3500-4100

totype for the BlackGEM fel g 410550
» prototype for the BlackGEM telescope array q 44007200
r
|
z

5630-6900
6900-8400
8400-9900

MeerKAT data processing details

» real-time processing pipeline (BlackBOX) at IDIA
» full source catalogue

» transient source catalogue (ZOGY difference imaging)

» database accessible to consortium via web interface &
» special thanks to Paul Vreeswijk (BlackBOX) and Bart Scheers (Database)

ugrizq filters

o \(OGPS'ad‘
Yy, £\
IsaATun N
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Principal Investigators:
Paul Groot (RU/UCT/SAAQ)
Patrick Woudt (UCT)

ZA/NL/UK consortium
0.65-m optical telescope,
tethered to the MeerKAT

observing schedule

6filterssugrizqg

2.7 sq. degrees field of view,
110 megapixel camera

meerlicht.org

The MeerLICHT telescope

MeerLICHT scientific programme

» primary objective: provide a simultaneous optical view of the MeerKAT transient radio sky
- in practise: co-observe (real-time) every MeerKAT LSP observation at night time

» complete southern sky survey (south of declination +30 deg, 12608 fields)

» twilight tfransient programme (nearby galaxies)

== MeerLICHT sky distribution

» MeerlLICHT g-band source
density showing the near-
complete coverage of

600000

the southern sky.
» Peakis at 700,000 sources
é perimage, which
translates to 260,000
sources per square
degree

100000
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Status XRB programme on MeerKAT

New Results

&
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New Results:
ThunderKAT.
& MeerLICHT

Targeted observations
ThunderKAT (XRBs)

An extremely powerful long-lived superluminal
ejection from the black hole MAXI J1820+070

The black hole X-ray binary MAXI J1820+070
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ThunderKAT targeted observations of X-ray Binaries

» A substantial number of XRBs show relativistic ejecta resolved
at MeerKAT (angular) resolution
» Besides flux evolution, also capture proper motion of ejecta

An exiremely powerful long-lived superluminal ejection from the black hole MAXI J1820+070
Bright, J.S., ef al. Nature Ast 4 (2020) 697

Relativistic X-ray Jets from the Black Hole X-ray binary MAXI J1820+070
Espinasse, M., et al. Astrophysical Journal Letters 895 (2020) L31

T, .
“//.’Sa/qu“)\‘-
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New Results:
ThunderKAT.
& MeerLICHT

Targeted observations
ThunderKAT (XRBs)

Radio and X-ray detections of GX 3394 in quiescence using MeerKAT
and Swift
E. Tremou,'* S. Corbel,"2* R. P. Fender,* P. A. Woudt* J. C. A. Miller-Jones ©,%

S. E. Motta ®* I. Heywood,*¢ R. P. Armstrong,**7 P. Groot,**° A. Horesh,'®
A.J. van der Horst, 12 E. Koerding,’ K. P. Mooley °,/ %145 A. Rowlinson °'%/7 and

ABSTRACT

1 INTRODUCTION
uy binres (CRB) s binay sysems composed of a ompact

T prsence

The black hole X-ray binary GX 339-4

Radio and X-ray detections
of GX 339-4 in quiescence
using MeerKAT and Swift

Tremou, E., ef al. MNRAS
Letters 493 (2020) L132

gx_deep_CORRCOL_DDE.app.restored.fits (7 glls]
WCS: (17:03:10.0, -48:25:42); Image: (3925, 4929); Value: -1.71515e-6 Jy/beam
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The first radio transient discovered by MeerKAT

gx_deep_CORRCOL_DDE.app.restored.fits (7 glls]
WCS: (17:03:10.0, -48:25:42); Image: (3925, 4929); Value: -1.71515e-6 Jy/beam

New Results:
ThunderKAT |
& MeerLICHT R

-48:00:00

GX339-4 (radio)

Commensal observations Lo
ThunderKAT MKT J170456.2-482011: the

first transient discovered by
MeerKAT

N Driessen, L.N., et al. MNRAS
MKT J170456.2—482100: the first transient discovered by MeerKAT 49] (2020) 560

L.N. Driessen ,'* I. McDonald °,' D. A. H. Buckley °,> M. Caleb °, E. J. Kotze, >*
S. B. Potter 2 K. M. Rajwade °,' A. Rowlinson °* B. W. Stappers,! E. Tremou,®
P. A. Woudt” R. P. Fender,* R. Armstrong,’® P. Groot,>’1” I. Heywood 1!

A. Horesh,'2 A. J. van der Horst,"*'* E. Koerding,'" V. A. McBride,>'516

1. C. A Miller-Jones °,'” K. P. Mooley “'*'920 and R. A. M. J. Wijers*

Aflations are ised at he end o he paper

40:00
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018-04-14

-49:00:00

10:00

ABSTRACT
We report the discovery of the frst transent with MeerKAT, MKT JIT0456.2-482100,

k.
of archival opica photometry o te star shows hat it varcs
il period of 2135 .01 Th shape and phc o the opcl gt cuve chnes over
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TYC $3322529-1
520-Lis in a binary, and has & line-ofsight rdial velocity amplitude of
" i the K-type sub n

20:00

line-of-sigh rdial velocity amplitude of ~ 12 10kms-, whose orgins cannot currently
e explained. Further observations and investgation are eduired o determine the nature of
the MKT JI70436.2—482100system,

30:00
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New Results: 21 new long-term variables in the GX 339-4 field

8. MKT J170037.5-485646
(a) MFS light curve

ThunderKAT. 48°00"

Flux density (m]y)
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New Results: Variables and transients in the MAXI J1820 field

" Search and identification of fransient and variable sources using
Th u n d e rKAT s MeerKAT observations: a case study on the MAXI J1820+070 field
Rowlinson, A., et al. MNRAS submitted (2022) arXiv:2203.16918

& M ee rI.I CHT Radio transient searches in commensal data

096GHz | 1o L18GHz | i » Use TrAP (developed for LOFAR transient work)
10°4 i = i
(] ' . i i ° oge ° ° .
Commensal observations IECTIRIES BN e i i | Variability statistics:
> ) ! @ 3~ * : @ X
B THINN [ SInS
o. r' ¢ -.' o .1 e H
ThunderKAT }t : e, WD n . measure of the reduced chi-squared
~ 5 value when compared to a stable
e S T T T T L— source.
Search and identification of transient and variable radio sources 1'39 GHZ E ]® 1'61 GHZ i ]®
:Z::g MeerKAT observations: a case study on the MAXT J1820+070 10 [ E . . i
L - | V : modulation parameter,
IPRATCIR I | IR ' ratio of the sample standard deviation
> LN @ BT et :
10—1-;§§:,3‘;:,°'-;-. . - g} RPN to the mean of its flux measurements
= Ay LI ] ol
i M A : i
z ! ! In general sources with large values of
i T PPyt both V and 5 are likely to be identified
3 n n

as transients or variable.
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New Results:
ThunderKAT.
& MeerLICHT

Commensal observations

2

I~

arXiv:2203.16918v1 [astro-ph.HE] 31 Mar 2

. ThunderKAT

NRAS 00 117 2015)

Search and identification of transient and variable radio sources
using MeerKAT observations: a case study on the MAXI J1820+070
field

A. Rowlinson,"* J. Meijn,' . Bright* A.J. van der Horst,* S. Chastain,* S. Fijma,' R. Fender.’|
1. Heywood,*®” R.A.M.J. Wijers,' PA. Woudt,® A. Andersson, G.R. Sivakoff,” E. Tremou,'*
L.N. Driessen,'!

detected . mliple wavelengehs ae slso observed to
hese samples are ypically biased towards sources that

1 INTRODUCTION

Wil  umber o ansent s virisle
form

Variables and transients in

the MAXI J1820 field

Search and identification of fransient and variable sources using
MeerKAT observations: a case study on the MAXI J1820+070 field

Rowlinson, A., et al. MNRAS in press (2022) arXiv:2203.16918
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Figure 7. Radio flux density versus optical flux density for different populations of transient and variable sources, adapted from Figure 1 in Stewart et al.
(2018). The two unidentified variable sources identified in Section 3.1 are shown with black symbols. The three variable sources identified in Section 3.2 are
shown with red symbols and are consistent with quasars.

spectral index at each epoch
quasi-simultaneous optical-radio information allows

NVSS J182029+063419
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Figure C5. NVSS J182029+063419. Left: deep MeerKAT image. Right:
PanSTARRS z band image. The red plus symbol shows the location of the
source.

Observing cadence set by ThunderKAT observations of MAXI J1820+070 (XRB)
Frequency averaged into 4 bands (width: 215 MHz), see figure top-right

initial classification (see figure top-left)
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New Results:
ThunderKAT.
- & MeerLICHT

Commensal observations
MeerTRAP/ThunderKAT

ARTICLES
ol or 01035002368

Discovery of a radio-emitting neutron star with an
ultra-long spin period of 76 s

Manisha

A 76-s pulsar discovered in the Vela X-1 field

MeerKAT discovery of radio emission from
the Vela X-1 bow shock

van den Eijnden, J., et al. MNRAS (2022)
510, 515-530

» Only the second bow shock
discovered at radio frequencies

ThunderKAT commensal

» Discovery of aradio emitting
neutron star with an ultra-long
period of 76 seconds

» Synergy between MeerTRAP and
ThunderKAT

Discovery of a radio-emitting neutron star
with an ultra-long spin period of 76 s

Caleb, M., et al. Nature Astronomy (2022) 6,
828-836
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ThunderKAT is delivering impaciful science

new insights in relafivistic outflow, discovery of new radio fransients, enabling
postgraduate students to lead exciting science projects on MeerKAT

: New RESU|tS_ IDIA is facilitating new transient science

: create solutions for SKA data flow for rapidly variable objects, create
frOm MeerKAT expertise in IDIA/llifu to deal with large complex data sets, fast imaging

MeerLICHT and MeerKAT
unique combination: real-time optical-radio observations of astrophysical
transients, opening up discovery space, pathfinder for LSST + SKA transients

Patrick Woudt | Head of Department: Astronomy (University of Cape Town) With thanks to: Rob Fender and Paul Groot

H.E.S.S. 20th anniversary conference - 17 October 2022 and the members of the ThunderKAT and MeerLICHT teams



