
LOFAR :LOFAR :

opening a opening a windowwindow  onon the  the lowlow  frequencyfrequency radio radio
UniverseUniverse

Goal in FP7 timeframeGoal in FP7 timeframe::
toto  evolveevolve a  a uniqueunique  nationalnational

intointo a  a uniqueunique
EuropeanEuropean research  research infrastructureinfrastructure



DevelopingDeveloping the  the ScienceScience Case:  workshops Case:  workshops
20012001
7-9 May, 7-9 May, DwingelooDwingeloo, Netherlands, Netherlands

20022002
21-25 January, 21-25 January, LeidenLeiden, Netherlands, Netherlands
11-15 March, Austin, Texas USA11-15 March, Austin, Texas USA
21-23 October, Washington DC USA21-23 October, Washington DC USA

20042004
27-28 January, San Diego USA27-28 January, San Diego USA
22-23 November, 22-23 November, VäxjöVäxjö, Sweden, Sweden
9 9 FebruaryFebruary, , BremenBremen, , GermanyGermany
19-22 March, 19-22 March, KahukuKahuku, Hawaii USA, Hawaii USA
22-23 April, Bonn, 22-23 April, Bonn, GermanyGermany
24-25 May, 24-25 May, DwingelooDwingeloo, Netherlands, Netherlands

20052005
1 1 FebruaryFebruary, , SouthamptonSouthampton, UK, UK
3 3 MarchMarch, Potsdam, , Potsdam, GermanyGermany
16-18 16-18 MarchMarch, , BudapestBudapest, , HungaryHungary
22-23 22-23 MarchMarch, , BremenBremen, , GermanyGermany
17-19 17-19 MayMay, , ZeuthenZeuthen, , GermanyGermany
27 27 JuneJune––1 1 JulyJuly, Groningen, , Groningen, NetherlandsNetherlands
15-16 September, 15-16 September, BremenBremen, , GermanyGermany
27-30 September, Cologne, 27-30 September, Cologne, GermanyGermany
4-6 4-6 OctoberOctober, , ZeuthenZeuthen, , GermanyGermany
11 11 OctoberOctober, , GranGran  SassoSasso, , ItalyItaly
24-28 24-28 OctoberOctober, New Delhi, India, New Delhi, India
15-16 December, 15-16 December, JülichJülich, , GermanyGermany



LOFAR : aperture synthesis interferometerLOFAR : aperture synthesis interferometer

    Frequency range   Frequency range
  ƒƒ ~ 20 - 240 MHz  ( ~ 20 - 240 MHz  (λλ ~  ~ 1.2 - 15m); FM-band excluded1.2 - 15m); FM-band excluded

    Unprecedented sensitivity   Unprecedented sensitivity
 > 100x previous instruments:  0.03  > 100x previous instruments:  0.03 –– 3  3 mJymJy;  10;  1044 element antennas element antennas

    Angular resolution   Angular resolution
  ~ ~ 100x previous instruments:  100x previous instruments:  ~ ~ arcsecarcsec at 200 MHz; 160+ km array at 200 MHz; 160+ km array

    Temporal resolution   Temporal resolution
 all-sky monitoring:  all-sky monitoring: ΔτΔτ ~ ~  msecmsec; signal buffer (sec); signal buffer (sec)

    Frequency resolution, bandwidth   Frequency resolution, bandwidth
  ΔΔƒƒ ~ 1 kHz, 32 MHz instantaneous bandwidth ~ 1 kHz, 32 MHz instantaneous bandwidth

    Shared aperture multi-beaming   Shared aperture multi-beaming
 up to 8 independently  up to 8 independently pointablepointable  ‘‘software telescopessoftware telescopes’’



A A dayday in the  in the lifelife of of
““LOFAR, the LOFAR, the telescopetelescope””

Geo-seismology, infrasound, meteo etc



ComparisonComparison  toto  previousprevious radio  radio telescopestelescopes



ComparisonComparison  toto  futurefuture radio  radio telescopestelescopes
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Project statusProject status

Budget Budget €€ 150M  150M forfor  developmentdevelopment and  and constructionconstruction in NL in NL
CriticalCritical Design  Design ReviewReview in  in progressprogress

14 14 SeptSept  ––  AntennaAntenna’’ss, , ReceiversReceivers, , ADCsADCs
30 30 SeptSept  –– Station digital processing Station digital processing
12 12 OctOct    ––  MonitoringMonitoring, , ControlControl, , SpecificationSpecification, , SchedulingScheduling
19 19 OctOct    ––  WideWide  areaarea  networknetwork, Central Processor, Central Processor
16 16 NovNov  ––  CalibrationCalibration
23 23 NovNov  ––  KeyKey  projectsprojects, User software, User software
2Q2006 2Q2006 ––  FinalFinal  SystemSystem Design  Design ReviewReview

RollRoll out starts  out starts summersummer 2006 2006
FirstFirst  operationsoperations  beginningbeginning of 2007 of 2007
FullFull  operationsoperations  fromfrom 2008 2008



Prototype Prototype antennasantennas

Prototype Low Band antennas

Prototype High Band antennas



Test field near Exloo
LBAs

All-sky image:  500 sec integration at 20 MHz
LOFAR will have 1000 times higher resolution, 100 times higher sensitivity, and

105 times more integration time.



Science driversScience drivers

Sky Survey at high (Sky Survey at high (arcsecarcsec) resolution) resolution
sky at 30 - 50 MHzsky at 30 - 50 MHz
high high redshiftredshift Universe, fossil radio sources Universe, fossil radio sources
complement, stimulate VLT, ALMA, JWST observationscomplement, stimulate VLT, ALMA, JWST observations

Detection of re-ionization signalDetection of re-ionization signal
warm atomic hydrogen at z warm atomic hydrogen at z ≳≳ 7  (21cm  7  (21cm →→  ~~2m)2m)

Transient signalsTransient signals
new science:  new science:  AGNsAGNs, pulsars, LIGO events, , pulsars, LIGO events, exoexo-planets-planets
all-sky monitor, re-pointing after eventall-sky monitor, re-pointing after event

Origin of Cosmic RaysOrigin of Cosmic Rays
distribution in galaxies (see same edistribution in galaxies (see same electrons as lectrons as γγ-ray telescopes)-ray telescopes)
direct detection of the very highest energy particlesdirect detection of the very highest energy particles

Solar, space, atmospheric physicsSolar, space, atmospheric physics
solar physicssolar physics
solar-terrestrial effectssolar-terrestrial effects
turbulenceturbulence, , physicsphysics of  of lightninglightning, , ionosphericionospheric  physicsphysics



Re-Ionization of the UniverseRe-Ionization of the Universe

After the big bang andAfter the big bang and
recombination of elements therecombination of elements the
universe was neutral, matteruniverse was neutral, matter
and radiation decoupleand radiation decouple
First luminous objects mustFirst luminous objects must
have warmed the gashave warmed the gas
First Ly-First Ly-αα  photonsphotons  recouplerecouple
matter and matter and radiationradiation
21cm line shifted to 21cm line shifted to ~ ~ 200200
MHz is diagnostic of choiceMHz is diagnostic of choice
We expect clumpy neutralWe expect clumpy neutral
hydrogen emission fromhydrogen emission from
primordial matter at z ~ 6-10+primordial matter at z ~ 6-10+

Gnedin (1999)



TransientTransient  SourcesSources

X-rayX-ray  BinariesBinaries ( (stellarstellar  massmass black holes) black holes)
AGN (supermassive black holes)AGN (supermassive black holes)
Pulsars (neutron stars)Pulsars (neutron stars)
CVCV’’ss//FlareFlare Stars Stars
LIGO LIGO EventsEvents ( (mergingmerging neutron stars) neutron stars)
SupernovaeSupernovae
Jupiter-likeJupiter-like Planets Planets
Gamma-RayGamma-Ray  BurstsBursts (prompt  (prompt emissionemission and  and afterglowsafterglows))
CosmicCosmic  RaysRays &  & NeutrinosNeutrinos
MeteroritesMeterorites
…… New  New sourcessources  ……

Aliens, Airplanes, etc.Aliens, Airplanes, etc.
For the first time we
will have an (almost)
all-sky monitor of the
radio sky!



Solar Wind
observed via Radio Source Scintillation

Sun

Earth

LOFAR Studies of the Solar System:LOFAR Studies of the Solar System:
Space WeatherSpace Weather

Animation



LOFAR as Cosmic Ray detectorLOFAR as Cosmic Ray detector

LOFAR



Project statusProject status

Prototype LOFAR Low Band 
antennas in Karlsruhe

Demonstrated radio flashes from CRs 
are due to interaction with Earth’s 
atmosphere and geomagnetic field

Flacke etal, Nature, 15 May 2005



Radio Emission fromRadio Emission from
Ultrahigh-Energy Cosmic ParticlesUltrahigh-Energy Cosmic Particles

Advantages:Advantages:
Cheap detectors, easy toCheap detectors, easy to
deploydeploy
High duty cycle (24High duty cycle (24
hours/day)hours/day)
Low attenuation (can seeLow attenuation (can see
also distant and inclinedalso distant and inclined
showers)showers)
Bolometric measurementBolometric measurement
(integral over shower(integral over shower
evolution)evolution)
Very interesting forVery interesting for
neutrinosneutrinos



Non-astronomicalNon-astronomical research research

 
• Seismology
• Precision agriculture
• Infra-sound  
• Wind energy 
• Water management
• etc: e.g. lightning



ConclusionsConclusions

Bright future for radio astronomy with Bright future for radio astronomy with ALMAALMA, , SKASKA, LOFAR, LOFAR
Software telescopes will revolutionize low-frequency astronomySoftware telescopes will revolutionize low-frequency astronomy
LOFAR will likely offer the single largest step forward that willLOFAR will likely offer the single largest step forward that will
be undertaken at any wavelength in the next decadebe undertaken at any wavelength in the next decade
LOFAR is a truly multi-disciplinary instrumentLOFAR is a truly multi-disciplinary instrument

It will be a premier instrument from cosmology to climatology andIt will be a premier instrument from cosmology to climatology and
astroparticle physics.astroparticle physics.
It is a research platform for sensor networks.It is a research platform for sensor networks.

LOFAR is extremely flexible: a lot is to be discovered!LOFAR is extremely flexible: a lot is to be discovered!
Next step: Next step: expand LOFAR across Europeexpand LOFAR across Europe



Consortium agreement LOFAR
LOFAR General Assembly

Research programs

Agriculture

Geophysics

ICT

Research management
Committee:

Astronomy

• Chairman

• 4 research program leaders

• Executive secretary

Development, construction
and exploitation
infrastructure

C.V.

“Commanditaire vennoten”

Stichting LOFAR:
“Beherend vennoot”



Consortium 20 partnersConsortium 20 partners
6 universities, 2 technical universities, 5 knowledge institutes, 5 private6 universities, 2 technical universities, 5 knowledge institutes, 5 private
companiescompanies
Of which 2 German and 1 Swedish partnersOf which 2 German and 1 Swedish partners
Interests: innovative instrumentation development, pre-competitiveInterests: innovative instrumentation development, pre-competitive
technology development, scientific usetechnology development, scientific use

Limited partnershipLimited partnership
Development, construction and operations of LOFARDevelopment, construction and operations of LOFAR
Transparency (separate from ASTRON), tax considerationsTransparency (separate from ASTRON), tax considerations

Managing partner Managing partner ““LOFAR FoundationLOFAR Foundation””

LOFAR LOFAR OrganisationOrganisation



Timeline Timeline Overall Development PlanOverall Development Plan

CDR IOC UOC

CS-1

2004                     2005                    2006                    2007                    2008

Core

RS-1..10

Full System

S/S
CDRs

Procurement & land acquisition
Rollout Core Remote Stations

Initial test station:
Radio antennas
Geophones
Agrisensors
Electronics
Broad-band fiber

Central
supercomputer



CostsCosts, , financefinance

DutchDutch LOFAR  LOFAR costscosts  toto 2010: 2010: ~ ~ €€ 150M 150M
  nationalnational, , regionalregional  fundsfunds  forfor  economiceconomic  structuringstructuring
  universitiesuniversities, research , research councilscouncils, , industryindustry

Single Single externalexternal antenna station: antenna station:     ~~  €€ 0,6M + fiber  0,6M + fiber connectionconnection
 international partners  international partners toto  fundfund via  via nationalnational, , regionalregional  sourcessources

TechnicalTechnical  operationsoperations ~ ~ €€ 7M per  7M per yearyear
  DutchDutch  nationalnational, , otherother  nationalnational, international , international fundsfunds
  excludesexcludes support  support forfor  nationalnational  computingcomputing, data transport , data transport infrastructureinfrastructure
  excludesexcludes  upgradesupgrades

ScienceScience  operationsoperations
  DutchDutch, , otherother  nationalnational, , locallocal  sciencescience  systemsystem  fundingfunding



LOFAR LOFAR operationsoperations
Data Fabric with

13000 nodes

on-line hybrid data processing cluster

User post processing

Data Processing Plant

Control Center(s)
Netherlands, Germany, France,

Poland, Sweden, UK

Networked optical
fiber data transport

Science Operations Center(s)

Data fabric of 104 sensors
with local processing



Guaranteed time (commissioning)Guaranteed time (commissioning)
Key programsKey programs

Scientific meritScientific merit
Time allocation based on refereed Time allocation based on refereed proposalsproposals

BUT: LOFAR paradigm shiftBUT: LOFAR paradigm shift
NOTNOT limited by available  limited by available telescope timetelescope time per  per useruser
MORE LIKELYMORE LIKELY limited  limited byby  user user smartnesssmartness  & user software& user software

Success of LOFAR requires being open to many usersSuccess of LOFAR requires being open to many users

LOFAR AccessLOFAR Access



Interest in scientific and technological participationsInterest in scientific and technological participations
Germany (GLOW consortium, FZ JGermany (GLOW consortium, FZ Jülich, ülich, ……))
SwedenSweden
U.K.U.K.
FranceFrance
ItalyItaly
PolandPoland
Etc.Etc.

LOFAR is open to other participants in all relevant areasLOFAR is open to other participants in all relevant areas
of scienceof science

Issues: financial (investment, operations), data rights, physicalIssues: financial (investment, operations), data rights, physical
locations, broadband infrastructurelocations, broadband infrastructure

LOFAR LOFAR EuropeanisationEuropeanisation



LOFAR is ideally suited to becoming a European ResearchLOFAR is ideally suited to becoming a European Research
InfrastructureInfrastructure

Scientific interest in many countriesScientific interest in many countries
…… across many scientific disciplines across many scientific disciplines
…… can accommodate  can accommodate severalseveral users at once users at once
Technologically very challengingTechnologically very challenging
Takes technology transfer very seriouslyTakes technology transfer very seriously
Interests parallel with other European priorities:Interests parallel with other European priorities:

GMESGMES
SKASKA
Geant (Geant (multi-gigabit pan-European data communications networkmulti-gigabit pan-European data communications network))

Appealing to a wide community (including the public)Appealing to a wide community (including the public)
Draws young people to itDraws young people to it

LOFAR LOFAR EuropeanisationEuropeanisation



What is What is notnot needed? needed?
Interest at country level now starts bottom-upInterest at country level now starts bottom-up
Core infrastructure is already fundedCore infrastructure is already funded
Broad scientific use already guaranteedBroad scientific use already guaranteed

So, what So, what isis needed? needed?
Expansion of Expansion of infrastructureinfrastructure across Europe across Europe

Broadband fiber network, Stations, Expansion of central processingBroadband fiber network, Stations, Expansion of central processing
Organization of integration in European programsOrganization of integration in European programs

AstronomyAstronomy, , GMESGMES, Meteorology, , Meteorology, geophysicsgeophysics, particle physics, particle physics

LOFAR LOFAR EuropeanisationEuropeanisation:   What is needed?:   What is needed?



ThankThank  youyou



LOFAR PerformanceLOFAR Performance

0.0040.0040.0130.0132.42.48208203.3 x 103.3 x 1055120120

0.070.070.240.244646245024505.2 x 105.2 x 10447575

0.110.110.350.35686823k23k3.3 x 103.3 x 10553030

δδSS in  in 100h100h
((mJymJy))

δδSS in  in 10h10h
((mJymJy))

δδSS in  in 1s 1s ((mJymJy))
TTsyssys

(in K)(in K)
AAeffeff (m (m22))FrequencyFrequency

(MHz)(MHz)

Approximate sensitivity per beam, with 4 MHz BW and for a
single polarization




