LOFAR2.0

A premier low-frequency array
for the 2020s
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Compared to SKA Low Phase 1

nternational LOFAR Telescope (ILT)

LOFAR + DUPLLO
Reaches 2x lower frequency

>10x higher resolution

ASTRON

SKA-Low Phase 1

Reaches to 2x higher frequencies

>10x higher collecting area




What is LOFAR2.0?

« LOFAR2.0 is a staged programme of upgrades to keep LOFAR cutting
edge well into the 2020s.

« Stage 1 of the LOFAR2.0 programme includes the DUPLLO and
COBALT2.0 upgrades.

« Further community consultation to define possible future stages.




DUPLLO

Digital Upgrade for Premier
LOFAR Low-band Observing




LOFAR + DUPLLO

* Order-of-magnitude increase in sensitivity in
the 10-90MHz band by maximising the use
of existing infrastructure.

* Deliver a major and broad science harvest
through a deep all-sky survey and other
observations.

 H2020 LOFAR for Space Weather design project.
DUPLLO sets the stage for turning LOFAR into a
24/7 space weather monitor.




LOFAR Stations
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Sensitivity and
accuracy limited by
ionosphere

Robust, full-sensitivity
imaging

Low-Band Antennas
Frequency = 10-90 MHz
Wavelength = 3-30 metres

High-Band Antennas
Frequency = 110-240 MHz
Wavelength = 1-3 metres



LOFAR Stations

Robust, full-sensitivity
*J imaging

Robust, full-sensitivity
imaging

Low-Band Antennas
Frequency = 10-90 MHz
Wavelength = 3-30 metres

High-Band Antennas
Frequency = 110-240 MHz
Wavelength = 1-3 metres
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All-sky map that is unique fo'r,th,e'.r\ext 20 years.

Provides a monumental Iegacy data set far the
astronomical community.




Parameter space
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DUPLLO delivers a monumental survey of the sky

DUPLLO
makes this 5x
more sensitive

and more

accurate

DUPLLO pilot §

survey data Only LOFAR
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DUPLLO
Science
Goals

« How do supermassive black holes and
galaxy clusters shape the Universe?

 What is the habitability around low-mass
stars and can we directly detect exoplanets?
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Beyond astronomy

Data products with broader societal relevance and
applications

Lightning lonosphere Space weather

Lightning protection High-precision GPS Protect satel_lltes &
Systems power grids



The challenge
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The challenge

Smentlflcally I|m|ted Rich in science
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Before

DUPLLO

Independent clock Independent clock

) Low and high-band
"-. don’t observe together




' Triple station
1 electronics
capacity

With

Low and high-band
observe together

DUPLLO

Single clock

All antennas used, in sync, for
maximal calibration precision




With

DUPLLO

Available versus required calibrator density
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ILow-band

Proof of concept :

LBA (TECU)

HBA (TECU)

Shown that low-band and high-band
\/ ionosphere track each other RS208HBA timesample:360

Shown that we can derive an
ionospheric phase screen from high-
band data

DEC [deg]
phase [rad]

132 130 128 126 124 122 120
RA [deg]




DUPLLO Innovation

Scientifically limited

The stage is set...




Timeline

2018 2020 2022 2024 2026 2028 2030 2032

LOFAR High-Band Survey

LOFAR Low-Band Ultra-high resolution
Suvey | LOFAR20




COBALT2.0

- Order of magnitude increase in online
computing.
- Enables massively parallel observing modes.

\
Thanks pandey’




JO039+35 J0059+69 J0100+80 JO107+13 JO115+83 JO121+14 ]
53.04 pc/cc 63.53 pc/cc 55.76 pc/cc 22.02 pc/cc 65.04 pc/cc 17.77 pc/cc
0.5367 s 1.1459 s 1.4936 s 1.1974 s 0.5215 s 1.3890 s I - rray - y u rv y
JO139+33 J0210+58 J0250+58 J0302+22 JO305+11 JO3174+13
21.21 pc/cc 76.70 pc/cc 45.8 pc/cc 19.09 pc/cc 27.97 pc/cc 12.90 pc/cc
1.2479 s 1.7663 s 23.5355 s 1.2072 s 0.8621 s 1.9743 s

J0349+23 J0421+32 J0454+45 J0518+51 JO0742+43 JOB11+37
63.15 pc/cc 77.0 pc/cc 20.82 pc/cc 39.15 pc/cc 36.23 pc/cc 16.95 pc/cc
2.4208 s 0.9001 s 1.3892 s 0.9125 s 0.6062 s 1.2483 s Oh
0.01-0.03 s+
0.03-0.1 s+
J0B13+22 J0B27+53 JOB57+33 J0928+30 J0935+33 J1017+30 22h 2h O 1_0 3 &
52.29 pc/cc 23.103 pc/cc 24.025 pc/cc 21.95 pc/cc 18.35 pc/cc 27.16 pc/cc . . S
0.5314 s 0.0135 s 0.2430 s 2.0915 s 0.9615 s 0.4528 s O 3_1 s ®
1-3s®

J1226+00 J1235-02 J1303+38 J1334+10 J1344+66 J1404+11 3_1 0 S
18.50 pc/cc 18.8 pc/cc 19.000 pc/cc 24.00 pc/cc 30.02 pc/cc 18.48 pc/cc
2.2851 s 3.5976 s 0.3963 s 0.9111 s 1.3941 s 2.6505 s S

J1426+52 J1529+40 J1623+58 J1835+23 J1638+40 J1643+13
25.37 pe/cc 6.61 pc/cc 26.40 pc/cc 37.60 pc/cc 33.35 pc/cc 35.97 pc/cc
0.9958 s 0.4764 s 0.6518 s 1.2087 s 0.7677 s 1.0991 s
J1655+62 J1857+33 J1658+36 J1707+35 J1713+78 J1715+486
35.41 pc/cc 24.04 pc/cc 3.050 pe/cc 19.240 pc/cc 36.96 pc/cc 19.82 pc/cc
0.7762 s 1.5702 s 0.0330 s 0.1598 s 0.4325 s 0.5481 s

J1722+35 J1735+63 J1740+27 J1741+38 J1745+12 J1745+42
23.83 pc/cc 41.81 pc/cc 35.46 pc/cc 47.26 pc/cc 66.32 pc/cc 38.00 pc/cc h
0.8216 s 0.5107 s 1.0582 s 0.8289 s 1.0599 s 0.3051 s 6

J1749+59 J1809+17 J1810+07 J1814+22 J1848+15 J1849+25
45.09 pe/ce 47.32 pe/cc 79.41 pc/ce 62.313 pe/cc 77.42 pc/ce 74.970 pe/cc
0.4360 s 2.0667 s 0.3077 s 0.2537 s 2.2338 s 0.5193 s
J1910+56 J1916+32 J1933+53 J1953+30 J1957-00 J1958+56
20.75 pc/cc 83.99 pc/cc 33.52 pe/cc 43.61 pe/cc 38.31 pe/cc 58.10 pc/cc
0.3419 s 1.1374 s 2.0526 s 1.2712 s 0.9651 s WO.BH8 s
J2006+22 J2022+21 J2036+66 J2051+12 J2053+17 J2057+21
130.56 pc/cc 73.52 pc/cc 50.82 pc/cc 43.40 pc/cc 26.980 pc/cc 73.31 pc/cc
1.7419 s 0.8035 s 0.5019 s 0.5532 s 0.1193 s 1.1667 s

2-5 pc/cc

J2122+24 J2123+36 J2209+22 J2306+31 J2329+47 J2336-01
8%953?{5; 108.17253{]&3: 46.30 pc/cc 46.13 p?écc 43.99 pc/cc 19‘63053{;; 10—20 pC/CC
20-50 pc/cc
r A s 50-100 pc/cc
J2350+31 . . . . :
39,14 DM c/CC h 100-200 pc/cc
RS max (PC/cC) 12 pe/

Pulse phase Sanidas et al., almost submitted




LOFAR super-slow (23.5-sec) pulsar discovery

LoTSS "on’ and "off’ images

Image credit: anielje,tFuts;éIaai'F;

Tan et al. 2018



LOFAR
millisecond pulsar
discoveries

P=1.41ms!

350 MHz

r T T T 1
0 0.25 0.5 0.75 1

Pulse phase

Bassa, Pleunis & Hessels 2017
Bassa et al. 2017

Pleunis et al. 2017
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LOFAR is expanding the pulsar parameter space

2 Pulses of Best Profile

Search Information
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Epochyyy e TOM; pe/em?) = 22.414
A = 8192005 o (M5) = 1413667588(19) " Py, (ms) = N/A
0ota Folded = 14592000 Plopo (3/3), = 5.04(12)x10°12" P (s/5) = N/A
Doto Avg = 7.636e+04 Pigpo (5/5) = 0.0(6.6)x107'®  PLL (s/5%) = N/A
Doto Stddev = 430.3 inary Porometers
Profie Bins = 32 o (5) = N/A =N/
Profie Avg = 34820410 omsin(/c () = N/A © (rod) = N/A
T T brofie Stddev = 29066405 Tog = N/A
- i 5%
=i b 53
- -y ¥ £
R T i i
FL i o 8 T ST T
22 P-dot (s/s)
- 38 3 2
5 &5 § s 3
©f @ 33 2
3t 2§
- 2 gt M o ETo i
: 8 8
. S F Period — 1.41367031 (ms)
[y p23 Freq - 707.378514 (Hz)
.‘ £ Ll
" N i3
S 8 N
] E g N
i i iz H
o 05 1 8060402007 224 241 2247 &t '

Phase Reduced x
L563213_SAP000_BO05_cDM022.50. il

T g
OM (pe/em®) Period — 141367031 (ms)

29-Dec-2016 15

707Hz
1.41ms

Period Derivative

10°°

10-11 4

10-13 4

10-15 4

10-17 4

275

\
)

A0

20 .

A0 w

\3
oW

209,

pulsar
SNR
magnetar
RRAT
binary
LOFAR
XDINs

R

~

/@

&

A
5

¢

»l*

100 ms

Period

ls

10s

Time (s)

2 Pulses of Best Profile

Candidate: PSR_J0249+58

Search Information
DEC 509 = 58:53:26.0000

Teescope: LOFAR
Epoch,,, = 57985.16597222222  DOF,, = 9B1.56 X'y = 42.800 P(Noise) ~ 0  (197.30)
Eoachury = N/ Disparsion Veosure (BM: pe/cm) = 45270
by = 000049152 Py, (ms) = 23533.815(34) Py, (ms) = N/A
Doto Folded = 6815744 Plose (5/5) 22107 Pt (s/s) = N/A
Date Avg = 4458e-07 (4231071 PR (s/8%) = N/A
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DUPLLO+LOFAR will deliver the deepest and highest-
resolution 10-90MHz all-sky survey ever performed



