
Frits Sweijen // LOFAR Data School 2026, Dwingeloo

Pushing the fringe
Low-frequency VLBI with the ILT
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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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What sets the ILT apart from other VLBI instruments

Science with the ILT

LBWG & Pipeline for International LOFAR Telescope 
(PILOT)

Future ILT prospects

Outline
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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?

Broten+1967
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When is interferometry “very long baseline”?
VLA

Max. baseline:
36 km

Correlation:
online

Independent clocks:
no

Connected elements:
yes

EVN

Max. baseline:
~12,000 km

Correlation:
online or offline

Independent clocks:
yes

Connected elements:
no

LOFAR

Max. baseline:
~2,000 km

Correlation:
online

Independent clocks:
Sort of

Connected elements:
yes

7



Frits Sweijen // LOFAR Data School 2026, Dwingeloo
8



Frits Sweijen // LOFAR Data School 2026, Dwingeloo

Carr 1965; May and Carr 1967
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18 MHz VLBI of Jupiter on 7900 km baseline; Carr 1970 10
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International LOFAR Telescope

3C 34; Mahatma+2024 11
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What sets the ILT apart – angular scales
8 hour synthesis + 48 MHz bandwidth

Nearly fully sampled uv plane

Shortest baseline: ~100 m // ~1 deg

Longest baseline: ~1980 km // 0.2’’ @ 144 MHz

Missing baselines: 100-300 km east-west :)

See https://tikk3r.github.io/wati/ for an interactive version
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What sets the ILT apart – angular scales

See https://tikk3r.github.io/wati/ for an interactive version
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What sets the ILT apart – angular scales

van Weeren+2024
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What sets the ILT apart – angular scales

Virgo A 15
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What sets the ILT apart – efficiency

Science
target

Phase 
reference

arcminutes

“Traditional” VLBI

Science
target

Phase 
reference

ILT

degrees

2nd phase 
reference
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What sets the ILT apart – confusion
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Low radio frequencies

J. Moldón

LOFAR is dominated by dispersive 
delays caused by the ionosphere, 

which scale as φ∝ν^-1
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Low radio frequencies
Weak

J. Moldón
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Low radio frequencies
Strong

J. Moldón
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Very long baseline interferometry challenges

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

Wijnholds et al. 2010

Antennas see the 
same ionosphere

One ionosphere 
per antenna

Multiple, but similar 
ionospheres per 

antenna

Multiple different 
ionospheres per 

antenna
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Low radio frequencies

Dispersive (e.g. 
ionosphere)

non-dispersive 
(e.g. clock)
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Very long baseline interferometry challenges

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

60” 6” 1.2” 0.3

”
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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/lbcs.html

Jackson+2022
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PILOT
Pipeline for the International LOFAR Telescope

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

van der Wild+subm.
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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

PILOT
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Scalable and user-friendly
Single machine or Slurm through CWL + flocs
Automated
- selection of calibrators
- calibration settings
- validation of image and solution quality

PILOT
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PILOT
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PILOT

Will likely 
disappear
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Delay calibration is the 
absolute critical 
point-of-no-return!
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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]
soltype_list                    = ['scalarphasediff','scalarphase','scalarcomplexgain','fulljones']
solint_list                     = ['4min','33s','20min','20min']
nchan_list                      = [1,1,1,1]
smoothnessconstraint_list       = [15.0,1.5,5.0,5.0]
smoothnessreffrequency_list     = [120.0,120.0,0.0,0.0]
antennaconstraint_list          = ['alldutch',None,None,None]
docircular                      = "True"
forwidefield                    = "True"
paralleldeconvolution           = 1024
parallelgridding                = 6
channelsout                     = 12
fitspectralpol                  = 5
update_multiscale               = "True"
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               = "True"
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PILOT - automatic solution quality validation
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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)
34
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PILOT - delay calibration

systematics + NL DI VLASS starting model Full dd calibration 35
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PILOT - direction-dependent calibration
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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

PILOT
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GPT Image 2.0’s idea of a busy week and the pipeline
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PILOT
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PILOT
Then (Sweijen+2022) Now
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Affordable processing
~3,000 ch single target
~10,000 ch 100 targets
~60,000 ch full FoV
LoTSS DR2 ≈ 5M ch
iLoTSS ≈ 273M ch
841 DR2 ponitings
+ 3,714 new pointings

PILOT
de Jong+2025
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Science with the ILT

42
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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 Morabito

Morabito+2025
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Science with the ILT

Varenius+2015 Varenius+2016
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ucknitz 2010
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Science with the ILT
ILT + HST (Harwood+2022)

ILT + VLA (Sweijen+2021)
45
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Science with the ILT
2022: A&A special issue

11 diverse papers jointly published

Foundational strategies

Nearby AGNs

High-z AGNs

Gravitational lens

LBA 50 MHz
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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

47
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Science with the ILT

https://ui.adsabs.harvard.edu/public-libraries/fy3hB2dNToiiWGJSqMMcVg

A&A special issue

ASS review article
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Science with the ILT

https://ui.adsabs.harvard.edu/public-libraries/fy3hB2dNToiiWGJSqMMcVg 49
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First international baseline fringes (O. Wucknitz, ASTRON/JIVE Daily Image 2/10/2009 50
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Sweijen et al. 2022 de Jong et al. 2024

Lockman Hole ELAIS-N1 Boötes

Escott et al. 2026

Some 24 deg2 at 0.3” resolution between Lockman Hole, ELAIS-N1, Boötes and EDF-N!

Also EDF-N (de Jong+in prep.) 51
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Science with the ILT

*Disclaimer: based on my totally unbiased classification of my ADS library that may or may not be complete
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Sample studies
ILT + OIII (Escott+2026)

AGN-SF separation(Morabito+2026)
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Sub-arcsecond resolution polarisation
van Weeren+2026

de Jong+in prep.
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High-redshift

Gloudemans+2026 Sweijen in prep.
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LoTSS-HR
High-resolution follow-up of >10 mJy sources

iLoTSS (https://lofar-surveys.org/ilotss.html)

Archival reprocessing and new observations to fill gaps in the LoTSS grid
Full FoV imaging across ~7,600 deg2 targeting ~30 μJy beam-1

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

Ultra deep observations of EDF-N – ~3,200 h targeting ~2 μJy beam-1

Future prospects – LOFAR2 era
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Future prospects

Timmerman+subm. de Jong in prep.
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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
ionosphere∝λ; FR∝λ2, so everything at least 3x worse ¯\_(ツ)_/¯

Future prospects – technical frontiers
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Future prospects

H. Edler

S. Sethi

Interstellar scattering? First LBA widefield 0.7’’
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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

Sweijen+in prep.
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