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Someday when LOFAR is all grown up, you'll be
amazed to think back and remember how small
and cute it once was.

George Heald; ASTRON/JIVE Daily Image 12/12 /2009
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Outline

What sets the ILT apart from other VLBI instruments

Science with the ILT

LBWG & Pipeline for International LOFAR Telescope
(PILOT)

Future ILT prospects
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Introduction
What sets the ILT apart from the competition”?
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Very long baseline interferometry

What constitutes “very long”?

Telescopes “very far apart”, whatever that is
Independent clocks without direct synchronisation
Data recording and correlation separately; “offline”
Sufficiently different line-of-sight effects per antenna?

Fringe fitting?
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Long Base Line Interferomefry:
A New Technique

Abstract. The technique of using
magnetic-tape recorders and atomic
frequency standards to operate two
widely separated radio telescopes as a
phase-coherent interferometer when the
stations have no radio-frequency con-
necting link has been successfully tested
at the National Research Council of
Canada’s Algonquin Radio Observa-
tory.

The first test was performed at a
center frequency of 448 Mhz. The
antenna system consisted of the 46-m
radio telescope and a 10-m instrument
located 200 m away. The two local os-
cillators were not synchronized, each
being controlled by its own atomic fre-
quency standard. There was no notice-
able evidence of any short-term phase
drift in the local oscillators.

Broten+1967



When is interferometry “very long haseline”?

VLA

Mazx. baseline:
36 km

Correlation:
online

Independent clocks:
no

Connected elements:
yes
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EVN

Mazx. baseline:
~12,000 km

Correlation:
online or offline

Independent clocks:
yes

Connected elements:

no

LOFAR

Mazx. baseline:
~2,000 km

Correlation:
online

Independent clocks:
Sort of

Connected elements:
yes



Fig. 1. (Top) An interferometer pattern from the source 3C-294 obtained directly while

a recording was being made. (Bottom) An interferometer pattern from the source 3C-

294 obtained on playback. The recorded signals were those correlated directly to produce
Frits Sweijen // the pattern in the top part of the figure.
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Fig. 3. Audio-frequency noise from Jupiter obtained with receivers 55.3
Frits Sweijen / LOFA Km apart during the 1964-65 apparition. Time marks are milliseconds.
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International LOFAR Telescope

Nancay

.

Medicina

3C 34; Mahatma+2024 (
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What sets the ILT apart — angular scales

8 hour synthesis + 48 MHz bandwidth 1250 LOFAR
937
Nearly fully sampled uv plane S,
i
2
Shortest baseline: ~100 m // ~1 deg el
B 312
Longest baseline: ~1980 km // 0.2” @ 144 MHz % e
ST
-1250 - - - : . . .
Missing baselines: 100-300 km east-west :) -1250-937 -625 -312 0 312 625 937 1250

u East-West (kA)
See https: //tikk3r.github.io /wati/ for an interactive version
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https://tikk3r.github.io/wati/

What sets the ILT apart — angular scales

See https: //tikk3r.github.io /wati/ for an interactive version

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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What sets the ILT apart — angular scales

80 arcsec resolution 7 arcsec resolution 1.6 arcsec resolution 0.3 arcsec resolution

» 1 degree 10 arcmin = 1 arcmin 30 arcsec

0.004 0.012 0.040 0.120 0.400 0.00040 0.00120 0.00400 0.01200 0.0012 0.0040 0.0120 0.0400 0.1200 0.00012 0.00040 0.00120 0.00400 0.01200
Specific intensity [Jy beam~!] Specific intensity [Jy beam™] Specific intensity [Jy beam™?] Specific intensity [Jy beam™]

van Weeren+2024
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What sets the ILT apart - efficiency
“Traditional” VLBI
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What sets the ILT apart - confusion
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Low radio frequencies

Phase

J.Moldén
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Low radio frequencies
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Very long baseline interferometry challenges

Wijnholds et al. 2010

== — S 7.
= q
Stati - 4 a eric irref e [
—~— Station beam field ~— Stati o Stati ric irregularity seale S
Tonospheric irregularity scale S Tonospheric irreglflarity pheric iegularity s cam field of view V-
. Regime 3
Regime 1 Regime 2 V>>S Regime 4
V<<$§ V<<$ A<<S V>>S
A<<S A>>S A>>S
y apertus
e
apert L
/"/ Xay Apert Array aperture A ey
7' 1S
ol ol o — ol

Antennas see the
same ionosphere

One ionosphere
per antenna

Multiple, but similar
jonospheres per
antenna

Multiple different
jonospheres per
antenna

Short baselines see similar ionospheres, long baselines see different
independent ionospheres: a direction-, time-, frequency-dependent problem

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Low radio frequencies
Adyr= o + (Av + 2AL)

¢o = the phase error at ty, g - Dispersive e

ionosphere)

Qant. dEIay or delay reS|dua| non-dispersive

51/ (e.g. clock)

5
5({? = rate, delay rate, or delay residual

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Very long baseline interferometry challenges

Higher resolution gives more detail, but generally at the cost of SNR

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

24



Long baseline calibrator survey (LBCS)

Catalogue of delay calibrator sources
with strong compact signal

Predominantly dec > 30

Approx. 1 per square degree

https: /lofar-surveys.org /lIbcs.html

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

Declination/deg Declination/deg

Declination/deg

Right ascension/hr

Jackson+2022
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https://lofar-surveys.org/lbcs.html

.,,é_‘ The Journal of
ba®® Open Source Software

An automated pipeline for LOFAR
very-long baseline interferometry

Submitted 02 December 2025

van der Wild+subm.

PILOT

Pipeline for the International LOFAR Telescope
https://qgithub.com/L OFAR-VL Bl/pilot

26
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https://github.com/LOFAR-VLBI/pilot

PILOT

One stop shop end-to-end pipeline

Single or multi-target

Full FoV imaging

Polarisation calibration /imaging (freshly merged)

Scalable and user-friendly
Single machine or Slurm through CWL + flocs

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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PILOT

Scalable and user-friendly
Single machine or Slurm through CWL + flocs

Automated

- selection of calibrators

- calibration settings

- validation of image and solution quality

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

28



PILOT

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

Pre-processing

visibility data
raw target
observations

visibility data
raw calibrator
observations

RFI flagging
Averaging
Compression

|
v v

visibility data
pre-processed —_
target observations

visibility data
pre-processed
calibrator observations

/ y data
LINC-corrected

and direction-independent (D) p
(standard data products)

visibility data
target
observation

visibility data
calibrator
/ observation

A Y
LINC calibrator — LINC target
4 Y
calibration solutions calibration solutions
clock offsets DI Dutch station
polarisation alignment corrections
station bandpass
image/cube

Dl image of the field for
quality check

solutions
clock offsets

polarisation alignmen
station bandpass

target observations

!

Long Term Archive
(LTA)

>
7] target observations

calibr. solutions
Dutch DD solutions
for field subtraction

image/cube
model image for
field subtraction

VLBI processing

A 4

PILOT

v

delay calibration
bulk DI corrections for
international array

A 4
direction-dependent
calibration
DD solutions for
international array

1" resolution imaging

facet subtraction

facet calibration
refinement

6" resolution imaging
3" resolution imaging
1.5" resolution imaging

0.6" resolution imaging

0.3" resolution imgi%




PILOT
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Delay calibration is the
absolute critical
point-of-no-return!

rits Sweijen // LOFAR Data School 2026, Dwingeloo



PILOT - automatic calibration settings

imagename "ILTJ174713.89+653235.8"
imsize 1024

pixelscale 0.075

uvmin 40000

maskthreshold [7.0]

soltypecycles_list [0,0,7,8]

['scalarphasediff', 'scalarphase', 'scalarcomplexgain','fulljones’]
['4min', '33s','206min’', '26min']

il sdig T 1

[15.0,1.5,5.0,5.0]

[120.0,120.0,0.0,0.0]

['alldutch', None, None, None]

soltype_list

solint_list

nchan_list
smoothnessconstraint_list
smoothnessreffrequency_list
antennaconstraint_list

docircular "True"
forwidefield "True"
paralleldeconvolution 1024
parallelgridding 6
channelsout 12
fitspectralpol 5
update_multiscale fTRuel

antenna_averaging_factors_list
[None, 'core:5,remote:2,international:1', 'alldutch:2,international:1', 'alldutch:2,international:1']
antenna_smoothness_factors_list =

[None, 'core:5, remote:2,international:1', 'alldutch:2,international:1', 'alldutch:2,international:1']

stop = 15
robust = -1.4
makeimage_fullpol = STrues

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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PILOT - automatic solution quality validation

10000 15000 20000 25000

rits Sweijen // LOFAR Data School 2026, Dwingeloo



PILOT - automatic image quality validation

Neural network for
assessing convergence

Refined from DINOv2

Trained on many selfcal
images from widefield
and LoTSS-HR with
manual “stop/continue”
labelling

Detecting selfcal convergence (de Jong+2025)

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

34



PILOT - delay calibration

systematics + NL DI  VLASS starting model Full dd calibration

Frits Sweijen // LOFAR Data School 2026, Dwingeloo




PILOT - direction-dependent calibration

delay calibrator

strong
dd calibrator

strong
dd calibrator

]

strong
dd calibrator

weak weak weak
dd calibrator dd calibrator dd calibrator

J (

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

weak
dd calibrator

)

£
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PILOT

Active working group with a strong feedback loop

Regular “busy weeks” to develop the pipeline, help with
data reduction etc.

Tri-weekly telecons

Active Slack workspace

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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GPT Image 2.0’s idea of a bus

LQFAR B
LONG BASEL[NE §
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%@\

@

i H
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By
W]
y

PREPARE
Select calibrators and
configure observation

N

INGEST
Read and organize
raw visibility data

N

CALIBRATE
Solve for delays (global)
and direction-dependent
effects (per facet)

N

IMAGE
Image each facet
independently using
DD calibration

N

MOSAIC
Combine all facet images
into a seamless

all-sky mosaic

N

DELIVER

Quality control and
deliver science-ready
products

y week and the pipeline

DELAY CALIBRATION
Defines the global
reference frame
(direction-independent)

®
&

T/
N

PILOT: ALL-SKY, ALL-FREQUENCY, ALL-POLARIZATION

Mossicofndependent
facetimages

f\ 3D Calibration [ /7R | Dirction-dependent
ﬁ | space,ime, |\ | caliration across

/ frequency) — the entire field

Wide bandvicth
W= (oo

DD CALIBRATORS

Sample the sky to solve for

direction-dependent effects
(ionosphere, beam, etc.)

®

FINAL MOSAIC IMAGE

Facets imaged independently
and mosaiced together
to form the final all-sky image

VORONOI TESSALATION
Defines facets (independent
imaging regions) around
DD calibrators

£ science-ready

== data products

A
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PILOT

Then (Sweijen+2022)

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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= Calibration and pre-processing
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Science with the ILT

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Science with the ILT

Matched-resolution multi-wavelength

Same spatial scales between optical, x-ray, IR
etc.

Statistical studies

Blind sample follow-up, luminosity functions
(see Leah’s talk S9 Wed)

Rare/serendipitous object discovery space

Lenses, high-z AGNs, strange objects

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Saxena+ 2018 ’
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Science with the ILT
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Science with the ILT
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ILT + VLA (Sweijen+2021)
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Sub-arcsecond imaging with the International LOFAR Telescope

Science with the ILT . . N

2022: A&A special issue

Ramirez-Olivencia Groeneveld

11 diverse papers jointly published A a ‘

Foundational strategies

Nearby AGNs - R ._")f . e

New jets (150 thousand years)

Timmerman . Kukreti

High-z AGNs

Gravitational lens

Galaxy
HST LOFAR

LBA 5 O M H A (Lens) (Lensed Quasar)
Z Swe/jen Badole

NEW TECHNIQUES DRIVE NEW SCIENCE

Using new data calibration techniques to make high-resolution images, astronomers are uncovering low frequency radio
emission on never-before-seen scales. This is a gallery of new science results, revealing the shape of the radio emission in
distant galaxies.

INTERNATIONAL LOFAR TELESCOPE
The LOw Frequency ARray (LOFAR) is a radio telescope with antennas spread across 8 European countries. It operates at

Frits Sweijen // LOFAR Data SChOOl 2026’ DWingelOO frequencies around the FM radio band, where jets from black holes are particularly bright.




Science with the ILT

2022: A&A special issue
11 papers jointly published
2025: review of 10 years ILT

Reflection on past efforts, current
science and future prospects

Frits Sweijen // LOFAR Data School 2026, Dwingeloo

Astrophysics and Space Science (2025) 370:19
https://doi.org/10.1007/510509-025-04406-x

REVIEW

Gheck for
updates.

A decade of sub-arcsecond imaging with the International LOFAR
Telescope

Leah K. Morabito' - Neal Jackson? - Jurjen de Jong* - Emmy Escott' - Christian Groeneveld*® . Vijay Mahatma®’ .
James Petley' . Frits Sweijen' - Roland Timmerman'-2. Reinout J. van Weeren*

Received: 6 December 2024 / Accepted: 7 February 2025 / Published online: 24 February 2025
© The Author(s) 2025

Abstract

The International LOFAR Telescope (ILT) is a pan-European radio interferometer with baselines up to 2000 km. This pro-
vides sub-arcsecond resolution at frequencies of <200 MHz. Since starting science operations in 2012, the ILT has carried
out observations for the state-of-the-art LOFAR Two-metre Sky Survey, which has 6 arcsec resolution at 144 MHz. Wide-
area surveys at low frequencies, while scientifically productive, have to compromise on resolution. Sub-arcsecond imaging
with the ILT has become more accessible over the last decade, thanks to efforts to build a publicly available pipeline using
LOFAR-specific tools, which has resulted in a dramatic increase in the number of publications. The ILT’s combination of
resolution, field of view, and low observing frequency make it a unique instrument for a wide range of scientific applications,
and it will remain unparalleled even in the era of the Square Kilometre Array Observatory. Here we provide an overview of
the technical considerations and calibration methods sub-arcsecond imaging with the ILT. This is followed by a review of the
unique capabilities unlocked by sub-arcsecond imaging with the ILT, using examples from the literature for demonstration.
Finally we describe ongoing work including: surveying large areas of the sky at high resolution, going deeper in fields with
excellent ancillary information, producing images of polarisation, and extending to lower frequencies (<100 MHz).

Keywords Radio astronomy - Extragalactic - High-resolution imaging - Radio surveys
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Science with the ILT

ASS review article ———
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https://ui.adsabs.harvard.edu/public-libraries/fy3hB2dNToiiWGJSqMMcVg

Science with the ILT

200

[y

(6)]

o
1

Citations to ILT papers
—
o
o
1

n
o
1

2015 2016 2017 2018 2019 2020 2021 | 2022 2023 2024 2025 2026

https://ui.adsabs.harvard.edu/public-libraries/fy3hB2dNToii\WGJSgMMcVg
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Some 24 deg” at 0.3” resolution between Lockman Hole, ELAIS-N1, Bootes and EDF-N!

Lockman Hole ELAIS-N1 Bootes

Escott et al. 2026

Sweijen et al. 2022 de Jong et al. 2024 Also EDF-N (de Jong+in prep.) 51
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Science with the ILT

AGN evolution

technical 24%

space weather
review
cosmology

galactic/SN

nearby galaxies
clusters/groups
high-z

*Disclaimer: based on my totally unbiased classification of my ADS library that may or may not be complete
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Sample studies

AGN-SF separation(Morabito+2026)
ILT + OIII (Escott+2026)
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Sub-arcsecond resolution polarisation

250
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Leakage (%)

0.5

0.0

de Jong+in prep.
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High-redshift
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Future prospects — LOFAR2 era

LoTSS-HR

High-resolution follow-up of >10 mly sources

1 LOT S S (https: /lofar-surveys.org/ilotss.html)

Archival reprocessing and new observations to fill gaps in the LoTSS grid
Full FoV imaging across ~7,600 deg” targeting ~30 pJy beam™

LUDO (https: //sites.google.com /view/lofarultradeep /eoi)

Ultra deep observations of EDF-N - ~3,200 h targeting ~2 uJy beam™

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Future prospects

ILTI125833.17+322735.1
 SDSS 3125833.29+322737.1

30" 27'45" 32°28'00"

Declination (J2000)

]5“

345 335 325
Right Ascension (J2000)

1258m35

Timmerman+subm.
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Future prospects - technical frontiers

Quality assurance

Need robust quality control all the way back to LINC
Polarisation

Need to know (un)polarised calibrator sources
Galactic plane

Interstellar scattering washes out usable signal; not properly characterised yet
LBA

ionosphereoc}; FRocA\?, so everything at least 3x worse "\ _(*/)_/

Frits Sweijen // LOFAR Data School 2026, Dwingeloo
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Future prospects

Interstellar scatterlng’? ' First'LBA widefield 0.7”

Dutgh VLBID _AULBIDD

time [hr] S.Sethi time [hr]
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But no, we are not planning to disconnect the
German stations from the rest of the array to
produce our own maps. An interferometer is
more valuable than the sum of its parts, and the
same is true for the combination of the Dutch
and German subarrays.

Olaf Wucknitz; ASTRON/JIVE Daily Image 03/03/2010
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Conclusions

ILT facilitates a diverse palette of science

Statistical studies, matched-resolution multi-wavelength, serendipity
Wide-field images available for Lockman Hole, EN1, Bootes (and EDF-N soon)
LoTSS-HR DR1 4,286 postage stamps across H-ATLAS close to public release

HBA long baseline processing is now accessible
PILOT provides end-to-end data reduction
Scalable from single machine to clusters

Active working group chipping away at the next challenges
Regular “busy weeks”
Issues or pull requests welcome
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What sets the ILT apart — angular scales

Literature > 1 GHz
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