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The start of radio astronomy – at LOFAR frequencies!

George Heald / LOFAR Data School [Lecture 1] / 17-11-2014

Early days of radio astronomy

! Discovery of cosmic radio waves - Karl Jansky, 1932

14

v=25MHz; dv=26kHz�

KJ in 1928 … working at 
Bell Labs for $33/week!

Sidereal rate determined in December 1932, 
along with (RA,dec)=(18h,-4d) (later shifting south)
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The intermediate era of low frequency radio astronomy

Clark Lake (1959 – 1986); USA
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present selected examples of imaging of moderately strong 3C
sources.

Throughout the paper we illustrate various effects with images
or other figures produced from 74MHz observations. The exam-
ples that we show are a heterogeneous lot, resulting from a num-
ber of different observations of different sources acquired for
different purposes. Our objective is to present a representative
sample of various effects, but not all effects will necessarily be
present in every observation.

2. LOW-FREQUENCY SYSTEMS ON THE VLA

The original design of the Very Large Array included only
four frequency bands, centered near wavelengths of 21, 6, 2, and
1.3 cm (Napier et al. 1983). However, there is no fundamental
reason a low-frequency system cannot operate on the array—
the principles of aperture synthesis are as applicable to 50 MHz
as they are to 5 GHz. More importantly, the key components of
the array—the signal collection (antennas), signal transmission
(waveguide), and signal processing (correlator and postprocessing)—
are essentially frequency independent within the radio part of the
spectrum. As soon as the construction phase of the VLA ended,
discussions on implementing a low-frequency capability began.

Perley & Erickson (1984) advocated a free-standing array that
would make use of the VLA’s infrastructure (most importantly,
the waveguide transmission system) to achieve approximately
2500 resolution. However, no source of funding was obvious, and
it was decided subsequently that trial systems could be imple-
mented on the VLA itself to address key questions regarding the
calibration and imaging of low-frequency, long-baseline data.

The initial low-frequency system, operating at 90 cm (300Y
340 MHz), was installed between 1983 and 1989. It is a prime-
focus system, as it is impractical to implement a secondary focus
system at such a low frequency. The feed is a crossed dipole, sit-
uated in front of the Cassegrain subreflector, which thus acts as a
(rather imperfect) ground plane. Because of this and because the
phase center is located approximately 50 cm (!k /2) in front of
the true focus, this system has both a low efficiency (less than
40%) and a very broad shoulder of width approximately 12" in
the antenna power pattern.Nevertheless, it has been a very success-
ful and widely used frequency band at the VLA. Most impor-
tantly, it encouraged the development of the multifaceted imaging
algorithms (Cornwell & Perley 1992) needed for wide-field,
low-frequency observing, as described later in this paper. Its

operation also demonstrated the robustness of angle-independent
self-calibration (x 4.4) for removing ionospheric distortions across
the large (#2.5" FWHP) 90 cm field of view.
The success of the 330 MHz system soon led to consideration

of a lower frequency facility. A protected radio astronomy fre-
quency allocation exists between 73 and 74.6MHz. Again, funding
constraints led to the decision to deploy a trial system, compris-
ing a simple feed system on a few of the VLA’s antennas.
The feed system chosen is essentially the same as that used at

330MHz—crossed dipoles in front of the subreflector. Because
of the long wavelength, the defocusing errors that affect 330MHz
performance severely are not serious at 74 MHz. However, be-
cause the antenna itself is only approximately 6k in diameter,
the subreflector is an imperfect ground plane, and the antenna
quadrupod structure has a profound effect, it was anticipated that
the forward gain and sidelobe structure would be fairly poor—as
subsequent measurements have borne out. Kassim et al. (1993)
describe the prototype 74 MHz system in more detail and de-
scribe the initial data calibration and imaging methodologies.

3. THE 74 MHz SYSTEM ON THE VLA

Amplifiers and feeds for the complete 74MHz systemwere built
during the summer of 1997 by two of us (W. C. E. and B. H.) at the
Naval Research Laboratory (NRL) and deployed during the fall of
that year. All antennaswere equippedwith dipoles by1998 January.
Because of concerns about blockage at higher frequencies, a

deployable crossed-dipole feed was designed. The half-wavelength
dipoles contribute to blockage and a higher system temperature,
resulting in a total sensitivity loss of about 6% at 1.4 GHz and
smaller losses at higher frequencies, so they are deployed only
during a fraction of the time in each configuration. A simplemount-
ing system is used: two ropes, each of which supports one dipole,
are threaded through eyebolts located on opposite quadrupod
legs at the appropriate height. The ends of these ropes are tied to
cleats located at a convenient height on the quadrupod legs. The
signal cables drop about 7 m to the antenna surface, where they
pass through the roof of the vertex room to the amplifiers. Figure 3
shows the dipoles and mounting system developed.
The receiver units combine the linearly polarized signals of

the dipoles to produce circular polarized signals, then amplify

Fig. 3.—Picture of a 74 MHz dipole mounted on a VLA antenna. In the
center of the picture is the subreflector, supported by the quadrupod legs. The
74 MHz (crossed) dipoles are in the lower center of the picture. The cable that
carries the signals from the dipoles to the receivers drops from the intersection of
the dipoles to the bottom of the antenna’s surface. Also visible just below the
subreflector are the 330 MHz dipoles.

Fig. 2.—Sensitivity (mJy) to a point source as a function of frequency for the
same instruments shown in Fig. 1. The sensitivities are estimates of the mini-
mum detectable flux density provided by past and present telescopes. The sen-
sitivities of most of the telescopes shown here were or are confusion limited; for
the VLA and the GMRT, an integration time of 8 hr was assumed in calculating
their sensitivities.
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Current low frequency radio facilities

! GMRT (India)  
Giant Metrewave Radio Telescope 

! Low frequency bands at 150, 235, 327 MHz (32 MHz bandwidth) 
! 30 45m antennas 
! baselines of up to 25 km 
! Upgrade underway, providing contiguous 30-1500 MHz with 400 MHz BW

38

GMRT (1996; now uGMRT); India

UTR-2 (1972 – present
currently damaged by war);
Ukraine

VLA 74 MHz (1997 – 2007); USA
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LOFAR concept; late 1990s -> now

Initial science driver (Miley+):
Low-frequency large-area survey 
to detect/select earliest galaxies

Technical solution (Bregman+): 
digital phased-array technologies

Sub-arcsec survery 144 MHz
Sweijen+2022

LoLSS Survey 41-66 MHZ)
De Gasperin+2023 
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LoTSS Survey (120-168 MHz)
Shiwmwell+2022



Science with LOFAR
Around 2000: Funding & realization being explored in global & SKA-pathfinder context
First technical concepts sparked scientists’ imagination: broadening of science use cases
Around 2003: Funding precipitated NL site choice, technical design by ASTRON
2004-2009 Science groups & institutes in DE, FR, SE, UK attracted

- “affordable” to add a station, for better array resolution & stand-alone use
è LOFAR1 design based on 6 diverse Key Science Projects (multinational groups)

Low frequency 
sky surveys

Radio transients 
and pulsars

Epoch of 
reionization

Cosmic 
magnetism

Ultra-high energy 
cosmic rays

Solar and 
heliospheric physics
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LightningMeteors

Ionosphere

LOFAR’s booming science applications in a growing family

Solar System 
Planets

Sun

Exoplanets
Star-Planet Interaction

Supernova (remnants)
Pulsar Wind Nebulae

Interstellar 
Medium

Pulsars

Cosmic Rays

Fast Radio Bursts

Cosmic 
Magnetism

Gravitational 
Wave Events

Clusters

AGN physics

Nearby Galaxies

Early Universe
Cosmic Dawn

Heliosphere
Space Weather
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The science requires distributed infrastructure, which in turn creates
a reinforcement loop: networking, collaboration, capacity building

Horizon2020 Twinning/Widening

LOFAR Family Meeting 2023; Olzstyn, PL

Specialist school solar radio astronomy
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Analysis
J. Dempsey



The International LOFAR Telescope (ILT) Foundation
has structured and fueled the science reinforcement loop
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FR UK DE SE NL

ILT

Queen 
Beatrix

Established in 2010 under Dutch law, after (only) 18 months of preparations (NL, DE, FR, SE, UK)
Joint exploitation of the committed, distributed facilities: antenna stations, network, data centres
Participants: ASTRON & quite diverse consortia within European countries

(universities, research organisations, funding agencies, …)
- ASTRON provides operational & development organisation



The International LOFAR Telescope (ILT) Foundation
has structured and fueled the science reinforcement loop

ILT policies set by the Board
ILT allocates its (scarce) resources by peer review: observing, processing, storage, user support
ILT owns the archived data (currently mostly “CEP output”), strives for FAIR access
ILT is financed by all participants, plus collective fundraising (great EC Framework track record)
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ILT Board 2011

BALTICS

etc.



The International LOFAR Telescope (ILT) Foundation
has catalyzed further participation
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POLFAR enters the ILT

I-LOFAR enters the ILT

2015

2017

2017



The International LOFAR Telescope (ILT) Foundation
has catalyzed further participation
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LOFAR-IT enters the ILT
2018

LOFAR-LV enters the ILT
2019



The International LOFAR Telescope (ILT) Foundation
Success ingredients:
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2018 BALTICS Conference

World-leading host organisation, highly committed experts

Control room, any day

DTS, 2021

DANTE, 2022

TMSS, 2020

LT2S, 2023

2024



The International LOFAR Telescope (ILT) Foundation
Success ingredients:

logo lofar eric definitief

P. Gallagher thinks big

K. Kozarev votes yes

2016

2024

2018 BALTICS Conference

Scientific vision & drive Engaged Community
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THE IRISH LOFAR TEAM
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LV614 ready
2019

LOFAR-BG terrain acquired
2023

2016
Lobbying the Latvian ministry

The International LOFAR Telescope (ILT) Foundation
Success ingredients:

Available real estate & welcoming hosts Supportive policy and funding bodies

Lobbying with the BG community
2019

and gladly received by the VUAS Rector

I-LOFAR lobby at EC parliament
2013



Now: moving LOFAR in the SKA era: LOFAR2.0
funded under ILT in proportion to number of stations

Credit: A. Schoenmakers
• Ancillary upgrades:
oNenuFAR Tied Array as LOFAR Super station
→ Improved sensitivity below 50 MHz

oCorrelator (COBALT), processor (CEP6), network
→ Order of magnitude increase in compute capacity

oTelescope Management & Scheduling System
→ Dynamic scheduling

oStandard pipelines for imaging & other use cases
→ Calibration & High-resolution imaging

• Major science capability upgrades and expansions to keep LOFAR cutting-edge
oPriorities/budget set by ILT Board, all ILT partners share development costs, joint hardware procurement
oManaged and mostly developed by ASTRON, with other partners (incl. INAF) developer contributions

• Driver: 5x more sensitive, well-calibrated high-resolution in LBA (10-90 MHz) + HBA (110-240 MHz)
o1 to 5 mJy/beam r.m.s. @ 60 to 30 MHz after 8 hrs with 0.5” resolution over 12 deg2 FOV
o0.03 mJy/beam r.m.s. @ 150 MHz after 8 hrs with 0.2” resolution
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LOFAR ERIC: an even better vehicle to cohere the Family

oRecognition of LOFAR status: world-leading distributed Research Infrastructure

oMembers engaged at comparable organisational levels in all partner countries
oParticipation including financial commitments aligned to a common 5-year cycle

oJoint policies and operational activities geared to open access, open science
oJoint funding, steering, development, implementation of major development projects
oJoint definition of future science and technological priorities

oAttraction of new partners across Europe, and additional funding (national & EC)

oPartner for policy dialogue with stakeholders at national and EC levels
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LOFAR ERIC – Formation time line

Step-1 submission
September 2021

Step-2 submission
January 2023

Preparation of further policies and agreements
Minor revisions of Step-1 documents based on EC comments

Preparation of Step-1 documents
- Statutes of LOFAR ERIC
- Scientific & Technical Annex
- Financial Model and Plan

(5-year plan; national contributions)

Preparation of legal and operational start of ERIC
1st Council meeting

• From at least 2016 thoughts floated within ASTRON and ILT on ERIC perspectives
• 2018 Sep 26: ILT Board launches study of governance options (part-funded by EC: JumpingJIVE)
• 2019 Aug 27: Informal exploration with NL ministry (Jeannette Ridder), catalyzed by NWO-I (Job de Kleuver)
• 2019 Oct 02: ILT Board decision to apply to become LOFAR ERIC, process to be led by NL ministry
• 2020 Feb 26: First formal LOFAR ERIC Working Group with ministerial representatives (at Schiphol)
• 2021 Sep 21: Submission of Step 1 Application (Statutes, Financial Plan, Science & Technical Description)
• 2022 May 10: Favourable review by EC
• 2023 Jan 30: Submission of Step 2 Application (requires formal country commitments)
• 2023 Dec 21: EC approves, thereby founds LOFAR ERIC as legal entity
• Now: administrative and financial transition from ILT in progress...
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LOFAR ERIC, progressing the ILT Family impetus:
My personal vision on the success ingredients & priorities

oRecognition of LOFAR status: world-leading distributed Research Infrastructure
There are now just 28 ERICs across all disciplines
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LOFAR ERIC, progressing the ILT Family impetus:
My personal vision on the success ingredients & priorities

oJoint definition of future science and technological priorities – in era of SKA, ngVLA
Engaged community: Nurture next generation of visionaries, afficionados, experts

Learn from LOFAR2.0 commissioning, pipeline development
Heed breadth of (trans)national priorities (e.g. Solar, Transients,…) 
Continue mix of expert/targeted and Family meetings

Scientific vision & drive: Compose, then maintain a Family Post-LOFAR2.0 White Paper
Supportive policy & funding bodies: Lobbying & roadmapping

oAttraction of new partners across Europe, and additional funding (national & EC)
Engaged community: Astronomy groups in 4+ countries exploring participation

Partnering with flanking domains (e.g. Solar & Space Weather)
Supportive policy & funding bodies: Lobby & prepare for planned funding lines (FP10,…)

oPartner for policy dialogue with stakeholders at national and EC levels
Supportive policy & funding bodies: EC has “preferred” community organization models
Engaged community: Align & propose models with partners (RI, scientists) 

Lobby to cater to the needs in “our” field
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LOFAR ERIC, progressing the ILT Family impetus:
My personal vision on the success ingredients & priorities

oJoint policies and operational activities geared to open access, open science
oJoint funding, steering, development, implementation of major development projects

Engaged community: Here and now: assign LOFAR2.0 resources
Set priorities for future fundraising & resources, roles

World-leading host organisation: Engender & cohere increasing partner capacity

oMembers engaged at comparable organisational levels in the partner countries
oParticipation including financial commitments aligned to a common 5-year cycle

Engaged community: Roadmapping suitable to lobby: Supportive policy & funding bodies
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The LOFAR Family Meetings
an essential ingredient of the ILT and LOFAR ERIC

LOFAR Family meetings have been held annually since 2012 – except 2020 & 2021 (Covid)

and have always been a very invigorating week for me personally!

Many thanks to you all for jointly being our “Family on a roll”

Keep that excellent, innovative science coming out! 
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