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| Distributed research infrastructure: world-leading low-frequency radio telescope

* Distributed network of antenna stations: condensed in NL, extending >2000 km in Europe
o 52 antenna stations in 8 countries: NL (38), DE (6), PL (3), IE, UK, FR, SE, LV + 2 stations to be constructed in 2025: IT, BG
o (Central observing operations, peer-reviewed access for the research community

 Centrally operated data combination
o GPU-based correlator/beamformer in at University of Groningen (NL)

* Distributed archive and data analysis centres : >60 PB stored

o (Central operation and open science access for the research community
o Currently 3 nodes: SURF (NL), FZJ (DE), PSNC (PL)
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I An ERIC to anchor and further develop the LOFAR distributed Rl

 ILT Foundation — Coordinated operation of the LOFAR RI under a joint scientific policy
o Participants: National consortia of partners across Europe (NL, DE, PL, UK, FR, SE, IE, LV, IT, BG) + ASTRON
o Partners own their LOFAR station(s) and commit these to joint operations
o ASTRON provides operational coordination

« LOFAR ERIC — More robust governance to anchor and expand LOFAR partnership
o Partner participation at national level, aligned to common long-term strategy and vision
o Joint funding, steering, and implementation of major projects (e.g., LOFAR2.0) - financial advantages
O |ncrease scientific impact through continued development - better recognition e.g. at EC
o Officially established by EC on 20 December 2023

amm LOFAR
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H LOFAR Stations

Current LOFAR capabilities

 International Stations
o0 96 LBA and 96 HBA

e NL Stations
0 96 LBA and 48 HBA

o only 48 antennas can be used at
one time

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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Long Term Archives
SURF in the Netherlands
H The LOFAR1 system - Data flow ) i Gonmamy
Correlation & Beamforming PSNC in Poland
GPU-based system at RuG : '/‘,l
360 Tflops compute power -// / .,
2 TB temporary storage b “ |
o o ',‘.,..‘fulii“
LU -{z-‘xdull.nllll"l'm
FE f';ﬂ"“m {s

Science processing
Clusters across Europe
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Station-level processing .
(e.g., amplification, filtering, %,

Data repositories

=" Initial Processing

digitisation, beam-forming) 60
CPU & GPU system at RuG g
13 PB/s sampling S 40
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LOFAR’s broad science case

Supernova remnants

Meteors Lightning | Pulsar Wind Nebulae cocr Clusters
osmic
, Magnetism
4 . ”
| Pl W e b
. ¥ R
lonosphere " " e

Heliosphere Pulsars Early l_Jniverse
Space Weather Cosmlq Dawn

Fast Radio Bursts

Gravitational
Wave Events

Exoplanets T
. ".,f__.- (_._“} | }: ]
Star-Planet Interaction i .i.‘_.-‘fn- (*:;2:}} AGN physics
Cosmic Rays .
N )
Solar System g ' =
y Interstellar | "’ ;o
Planets ) n S
Medium _ _
Nearby Galaxies  TEEREE
...._.?ﬁ.‘. ‘-




H Community evolution and science output

 >600 refereed pUblicatiOnS Refereed LOFAR papers till July 2024

e« ~2 papers per week 100
— top 10% of all astronomical

[ ] u [} L' t | ) .
facilities Exoplanetd oA
Solar B T ¢
. Cosmic Rays 10 -
lonosphere e
20 & A
- . I Instrumentation & Methods 13% Galaxy
0 - o
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Papers per Science Area

Extragalactic
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Publications per year
=

Credit: SDCO Team (ASTRON)

* Measuring the success of LOFAR: Evolution of
community and international collaborations

o LOFAR community spans the entire globe and has grown
by a factor of ~3 in the period 2017-2022.

o LOFAR collaborations increased by a factor of ~7 in the
period 2017-2022.
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| LOFAR science highlights T T———

New map of the night sky reveals 4.4 million
I galaxies and other space objects

* Surveying: huge area, huge object samples @ onmon
O LoTSS: LOFAR Two-Metre Sky Survey (Shimwell+22)
» Mapped ~27% of Northern sky at 120-168 MHz
> Detailed radio image of 4.4 million objects
>~ Resolution 6”

‘ORG Tooi Week's 1op S and infrared (white) image depicts the Coma cluster, which is over 300 millon light-years from
opics er 1,000 indivdual galaxies. The radio image shows radiation from highly energetic particles
between the galaxies

Nanotechnology  Physics Earth  Astronomy & Space  CUhemistry  Biology — Uther Sciences ) ST({O N
\ TELESCOPES

ASTRONOMY RESEARCH & INNOVATION NEWS L EVENTS EDUCATION ABOUT OVERVIEW

"q* Technology

Scientists reveal 4.4 million galaxies in a - . L .
new map Flurry of new discoveries as incrédible

Share new.image revealing 4.4 million galaxies

O - I

Email

is made public

Shimwell+22

0.04 mjy/beam 0.15

Over a seven year period an international team of scientists has mapped more than a
quarter of the northern sky using the Low Frequency Array (LOFAR), a pan-European radio
telescope, It reveals an astonishingly detailed radio image of more than 4.4 million objects
and a very dynamic picture of our Universe. Now that this treasure trove of data has been
made public, anyone can view the most exotic wonders of our intriguing Universe in a
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brand new light,

. 73"
36

A wealth of new information

mjy/beam

+ 25400’
The vast majority of these objects are billkons of light years away and are either galaxies that

Dex {J2000)
mjyfoean
Dex (J2000)

33
harbour massive black holes or are rapidly growing new stars, Rarer objects that have been

discovered include colliding groups of distant galaxies and flaring stars within the Milky Way

an 57
t N30

A composition radio (LoTSS-DR2) and optical (Hubble space telescope) image of the “jally

Durham University astronomer collaborating with a team of intermational acientiata
+34%5a' have mapped more than a quarter of the norhern sky using the Low Frequency

12« 24mDDe a8 A 132324 as IR 22¢ 172« 11T
RA (12000) . RA (120001 Aray (LOFAR), a pan-European radio telescope.




| LOFAR science highlights

* Most detailed images of galaxies at 150 MHz
o Data release and 10 research publications (A&A), doubling the
number of scientific results using LOFAR sub-arcsec resolution
o Possible thanks to LOFAR’s international baselines (>2000 km)

o |mages 20x higher resolution than NL-only LOFAR images " & "
3C 380
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I LOFAR science highlights

* First deep wide-field sub-arcsec 144 MHz imaging (Sweijen+22)
o Multi-faceted correction of ionospheric distortions
o Reduction of computational costs for imaging

Core (Short)

Remote (Long)

Resoluticn [arcsec]

v _| Ground-based sseing limi:

1 | !
0 50 100 150 200 250
Frequency [MHz]

Credit: L.K. Morabito; LOFAR Surveys KSP Sweijen+22
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LOFAR science highlights

* LoLSS: Deepest, highest resolution wide-area survey <100 MHz ever (de Gasperin+23)

o Sensitive wide-area survey at 42-66 MHz (LBA)
© More than 40,000 radio sources detected
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LOFAR science highlights e
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* LOFAR Pulsar Census
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o LOFAR has detected more than 300 pulsars so far pulsar
- 0.042 Hz
| ] |
o including a super-slow (23.5 second) pulsar (Tan et al. 2018) magnetar '
| | | |
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I LOFAR scifence highlights e

LOFAR Iong-te—rm monitoring of the periodically active Fast

Radio Burst source 20180916B (Gopinath+24)
e Multi-year monitoring campaign with HBA

® 11 new bursts detected, strictly periodic 16.3 day cycle, delayed
several days after CHIME ’
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| Sampling other LOFAR science highlights

* Lightning (e.g., Hare+19, Hare+20)

o Discovery of sub-structures (needles) explaining repeated discharge
on the ground

« Star-planet interactions, Exoplanets (c.g., Vedantham+20; Callingham+21) &

o First compelling evidence for radio emissions from
star-planet interaction

* Solar physics, Space Weather (c.g., Zhang+22)

o High quality interferometric imaging spectroscopy observations of

quiet Sun coronal emission at frequencies <90 MHz s |
Credit: D.Futselaar

Credit: P. Zucca

Credit: LOFAR : , ,_
Lightning Team . | a} v y :)

25.8 GHz 18.3 GHz 17 GHz 4.6 GH? 240 MHz 80 MHz
SUNDISH SUNDISH NoRH VLA NRH MWA MWA

71.48 MHz 61.71 MHz 46.28 MHz 24.60 MHz




H Upgrading: LOFAR2.0 towards 2030 and beyond
 Major science capability upgrades and expansions

o Build on existing investments by enhancing distributed and central hardware &
software components

© Remain unigue and scientifically impactful in the SKA era
o Make LOFAR & its data more accessible to non-experts

 Enabling Technologies

o 3x higher level of integration of electronics

o 3x more powerful realtime processing in the same cabinets
o (Central clock distribution to all NL stations (White Rabbit)
o Higher dynamic range (from 12 to 14 bits ADC)
o |Improved thermal design
© Modernised monitoring and control (TANGO, OPC-UA)

e LOFAR2.0 status

o Hardware production and assembly ongoing
o Verification of LOFAR2.0 test station completed
o0 Planned station upgrades 2024-2025, first general science 2026

Credit: W. van Cappellen



Upgrading: LOFAR2.0 towards 2030 and beyond

What’s new with LOFAR2.0?
Station cabinet hardware upgrades

More receivers and processing capacity
o Simultaneous LBA-HBA observing
o Double number of active LBA antennas (NL only)

Central clock to NL stations First simultaneous LBA+HBA all-sky images with LOFAR2.0!
Better linearity

Transient buffer & trigger mechanism 24/7

L2TS sky image for CSO01LBA L2TS sky image for CSOO1HBA
SB 196 (38.3 MHz}, 2023.07.17 13:38:41 SR 200 (139.1 MHz), 2023.07.17 13:38:41

LOFAR2.0 Test Station hardware

1.00¢ | 0%

Clock Midplane

Power

Uniboard



Upgrading: LOFAR2.0 towards 2030 and beyond

What’s new with LOFAR2.0?

Station cabinet hardware upgrades

Other developments

Correlation of NenuFAR Tied Array with LOFAR

New correlator, central processor, network

o Megamode - simultaneous interferometric and beamformed
observations

More receivers and processing capacity
o Simultaneous LBA-HBA observing
o Double number of active LBA antennas (NL only)
Central clock to NL stations
Better linearity
Transient buffer & trigger mechanism 24/7

New telescope management & scheduling system
New standard imaging (& other) pipelines
New-generation HBA front-end boards

LOFAR carbon footprint and energy consumption

LOFAR2.0 Test Station hardware

Schedule for 2023-06-01

ASTRON
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I Upgrading: LOFAR2.0 towards 2030 and beyond

What’s new with LOFAR2.0?

Other devel t
Station cabinet hardware upgrades er aevelopments

Correlation of NenuFAR Tied Array with LOFAR

New correlator, central processor, network

o Megamode - simultaneous interferometric and beamformed
observations

More receivers and processing capacity
o Simultaneous LBA-HBA observing

o Double number of active LBA antennas (NL only) _
New telescope management & scheduling system

New standard imaging (& other) pipelines
New-generation HBA front-end boards
LOFAR carbon footprint and energy consumption

Central clock to NL stations
Better linearity
Transient buffer & trigger mechanism 24/7

LOFAR2.0 Test Station hardware . {Becommis e
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LOFAR 2.0 roll-out

» Staged delivery - 5 Array Releases

AR-A AR-B AR-C AR-D AR-E
Approximate date Q2 2024 Q4 2024 Q1 2025 H2 2025 2026
LOFAR2.0 stations 1 3 4—-38 38 (“Dutch™ 54 (“Eur”)
Single clock LOFAR1 RS LOFARZ2 Dutch Dutch Dutch
+LOFAR2
Central processor  LOFAR1 full  Limited Limited Full array Full array
Network upgrade LOFAR2 and Dutch Dutch Europe
most RS
Station automation  Jupyter Scripts Full Full Full
Ops automation N/A Scripts Partial Full Full
Pipeline integration R&D R&D Manual Partial Full
2024 2025 2026
Ql Q2 Q3 Q4 Q1 |1Q2 |1Q3 |Q4 |Q1 |Q2
A B C D E SV




, LOFAR 2.0 roll-out - progress Production Test Stations

Goal: Final verification before releasing
designs for series production

* On 2 September LOFAR 1.0 was switched off! &

* On schedule to start hardware integration in February 2025 and
station rollout from March 2025.

* Working on a detailed rollout planning, based on the
experience of rolling out the production test stations.
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LOFAR 2.0 Central Systems

* Commissioning of LOFAR MegaMode

 Observations done

0’."‘“'0.;.-..,‘_.‘ S Re

* Processing ongoing, looking good! ‘ 2 U L T L -

 Correlator (COBALT2) and compute cluster | sy
have been reconfigured for LOFAR2.0
commissioning

e New core network switches have been installed

* Procurement of COBALT3 and CEPG is progressing
to plan. Public tender completed. Hardware to
arrive in Mar/Apr 2025

|'v‘|".u.' Nt .',‘....




* Top priority: support the LOFAR2.0 rollout

Statlan Status Hiztory @

Software Development CSO01

Running Ohserva

» Central infrastructure to control the new stations
* Monitoring (temperature protection!)

* Automated station test

» Station calibration

* Data inspection toolkit

During commissioning, the software will be on the
critical path

Functionality will be enabled step-by-step

Robustness will take time

Digital Seam
Digitalzcam

DigilalSeam

StationManzger

TileBeamr

WhiteRzobit Syslem States 2 CCD States

APSCT LO States APSCT L" States APSCT HO States

Anlenna's
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' White Rabbit clock distribution

Clock offset with CSO001HBAD [ns]
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H LOFAR 2.0 Commissioning

LOFAR-2.0 commissioning progress 2024-10-28

* One column per week

until end of 2025

e Vertical: number of
. -r 1. K

requirements met
Bl cporied ?ﬂ
W approved

under review

B remalning

ASTRON Confluence link
Register to get access

2024-09-02 2024-10-28

Progress so far:
o Last day of LOFAR (1.0) : September 2nd 2024

O Three LOFAR 2.0 stations available for
commissioning

o Requirements and telescope functions (almost)
fully described (in Polarion)

o L0 requirements assigned to teams and releases
o test plans being drafted

Stations

e Can use all LBAs and HBAs simultaneously
e Are reasonably well phase-calibrated

* Are on the new clock system

* Can be controlled and inspected through Jupyter notebooks
* Can be (partially) inspected through Grafana
CEP

 Network reconfiguration done

 OS upgrade done

* Cobalt (correlator/beamformer) works gain
 CEP4 waiting on global file system config

User Facing
 New proposal tool in initial test use
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| LOFAR2.0 Large Programmes ===E3|FcAR

| . 5-year programme (2026-2030) L
 ~21,000 hours available assuming 70% observing efficiency
o Deadline: 15 October 2023
o 15 proposals received

o SDCO evaluation completed - compute and data storage requests exceed capacity
o Programme Committee evaluation planned for early 2025.
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LOFAR 2.0 Large Programme - Data (Processing) Challenges ===E%F€R

Historical context:

 |In the LOFAR 1.0 era, data processing couldn’t keep up with acquisition

» Result: 62.1 PB archived, mostly raw, data - reduced to ~56 PB after compression of some data
« This approach cannot be sustained for LOFAR 2.0

- Data processing must keep pace with data gathering
- Raw & intermediate data products may only be retained for a limited time (1-2 years)

Technical Review of Proposals:
» ~48,000 hours of observing time requested
« Compute requests: at CEP O(107 core hours) and at LTA sites (or after CEP) O(10° core hours)
- LP storage requirements: 32 PB for final data products (science ready data) - stored indefinitely
rising to 87 PB including requests from some Pls to store raw (visibility data)

Challenges facing us...

» Successful execution of LOFAR 2.0 Large Programmes depends on availability of compute, storage & network
resources as well as processing techniques (pipelines) & expertise.

- Busy week held 21-25 October to discuss challenges with Large Programme Pls

- LOFAR ERIC and L2LP Teams working to acquire sufficient resources for storage and processing + develop
pipelines to process the data



I Opportunities for further development beyond LOFAR 2.0

« LOFAR ERIC — More robust governance to anchor and expand LOFAR partnership
o Partner participation at national level, aligned to common long-term strategy and vision
o Joint funding, steering, and implementation of major projects (e.g., LOFAR2.0)
o |ncrease scientific impact through continued development

Potential Future Developments
* |ncreased network bandwidth between stations and correlator (10 to 100 Gbps)
* Next generation LBA: Ultra-low-band: 5-50 MHz
* Improved 24/7 all-sky monitor (AARTFAAC)
* Hand-in-hand with investments in LOFAR processing

* algorithmic enhancement and real-time processing for imaging pipelines
* Upgraded data discovery and access systems
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The LOFAR system - Data flow

Central operation
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