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LOFAR science drivers

Key science projects

= Epoch of Reionization

= Surveys and Distant Universe

= Transients and Pulsars

= High Energy Cosmic Rays

= Cosmic Magnetism

= Solar Physics and Space Weather

International membership from countries all over the
world
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Advantages:

a) replacement of mechanical beam forming by electronic signal
processing

b) low frequency telescopes become economically affordable

¢) multiple and independent beams can be formed at a time

I(1,m)e=2mtu+vm) gl dm
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LOFAR antennas

LOFAR group in Bir, Ireland,
with an HBA element

LOFAR LBA antenna in the
Netherlands
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UPMC LOFAR telescope - core stations

» LBA antennas: Cap containing the low noise amplifiers (LNAs), copper wires
receive two orthogonal linear polarisations, ground plate

» The response curve: peak close to the resonance frequency (52 MHz) - dipole
arms are 1.38 m long

Log-Spectral Power [ADU]
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Freguency [MMz)
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LOFAR telescope - station layout
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- The Dutch array

http://www.astron.nl/~heald/lofarStatusMap.htmi
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LOFAR station in Nancay- France
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LOFAR telescope key facts

» The International LOFAR telescope (ILT) consists of an
interferometric array of dipole antenna stations
distributed throughout the Netherlands, Germany,
France, UK, Sweden (+ Poland, ...)

» Operating frequency is 10-250 MHz

» 1 beam with up to 96 MHz total bandwidth, split into 488
sub bands with 64 frequency channels (8-bit mode)

» < 488 beams on the sky with ~ 0,2 MHz bandwidth

» Low band antenna (LBA; Area ~ 75200 m?; 10-90 MHz)

» High Band Antenna (HBA; Area ~ 57000 m?; 110-240
MHz)
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receivers in the field
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Epoch of Re-ionization
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offline
processing science pipelines

Rob van Nieuwpoort, ASTRON
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The LOFAR Epoch of Reionization
Key Science Project

Dark Energy

Accelerated Expansion . . C e p

Afterglow Light - * How (fast) did reionization proceed ?
Pattern Development of . . ) _
400000 yrs. Galaxies, Planets, etc. * Which objects were responsible ?

stars/galaxies , QSOs, or ...
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* When was the Universe reionized ?

O

y fre
72=06.7 > 185 MHz
z2=85 = 150 MHz
z=114 = |I1SMH:z

about 400 milion yrs.

Big Bang Expansion
13.7 billion years

Detect cosmological 21em signal (z~6-10) from the Epoch of Reionization

> 1.5 Pbytes and 10°'-10- FLOP to extract signal'
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EoR deep field imaging

o = 25 ply/beam! Weak n
sources visible even at
peak 100 ply level!

ourtesy of S. Yatawatta and the EoR team
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EoR deep field imaging

* 145 MHz (~2m)
* 60MHZz continuum
* 6 powers of 10

* 32 hours on 3C196

(8 hrs x 4 days)

* Dec 21,12-Feb08,13
305, - S000L
Resolution - 507
12° x 12° Image

‘Noise’ <75 ply
3C196 -79.97 Jy

DR: ~ 10°%:1

"Couirtesy of V. pandé{m'tﬁeﬁoﬁl!marﬁ ~a a2
: Station beam (~8)
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Search for Exoplanets Cyclotron Maser Radio Emission

e L OFAR observations of Upsilon Andromedae at 59 +3 MHz, 3 hour integration
e Clean image, baselines < 5 kA, resolution ~ 40", noise ~ 8 mJy, no detection

¢ Wide-field image obtained by 3 self-cal cycles + zoom

e Upsilon Andromedae (RA=01:36:47.84, 6=+41°24’19.64") is marked by the
red "x"

LOFAR data processing
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lonospheric ‘seeing’
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Ger de Bruyn, ASTRON
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Distributed computing challenges with LOFAR

Station signals I
station cabinets COBALT for CEP3

correlation

Data sent to CEP2 for
initial RO processing -
products might get copied

to CEP3
» Large data transport rates <» data storage challenges (35 TB /h)

» LOFAR is the first of a number of new astronomical facilities dealing with the transport,
processing and storage of these large amounts of data and therefore represents an
important technological pathfinder for the SKA

R. Pizzo, ASTRON




S TOFAR data processing

Processing setup at Nancay

DATABF
STORAGE NODE

220 TB

NANCEP 1 NANCEP
12TB =Pz NANCEP 3
1278 1278
PROCESSING NODE

PROCESSINGNODE  pROCESSING NODE
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LOFAR data processing
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Typical data processing:

2O

= RFI mitigation
= |Instrument calibration

= Correction for direction dependent
effects like ionosphere and beam.

= |maging
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uPMC LOFAR offline data processing challenges

'DIDEROT

= Large data sets, 1.2 TB per 5 hours observations.

= Takes 1 day to retrieve pre-processed data from
observatory and 1 week to retrieve 12 TB of raw data.

= Need to have local copies of data on each processing
node due to read/write speed over network is slow.
Need faster network connections between nodes to
overcome read/write lag.

» Data storage over long term not possible. Time-based
processing and deletion of intermediate products.

= Correct for direction dependent effects like
ionosphere and beam, computationally intensive.

PARIS
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oR KSP new processing cluster

Processing cycle reduced from 4 months
to a few weeks !

with fast inter-node network to reduce read/write lag.

(¢) Network of the Dawn cluster. The 10GBE high speed
switch (on top with black and yellow cables), 1GbE
login/authentication switch (second from top with white
cables) and th 1GbE remote management (IDRAC) switch
(third from the top with white cables). The green LEDs
indicate active metwork/tramamission. Just below the
remote management switch i the Headnode cum
software server (Shoe LEDY) of the chuster, The compente
nodes are placed In two racks each on both sde of the
network rack

Pandey, ASTRON
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Real-time and OfflineProcessing

* (COrrelator and Beamformer Application
Platform for the Lofar Telescope

* Cluster of 8 PCs with four NVIDIA graphics
processors (GPUs) each

LOFAR online processing

Data rate 35 TB/h

Chris Broekema, ASTRON
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LOFAR online processing

Chris Broekema, ASTRON
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OFAR online data processing

= AARTFAAC, GPU cluster to search for
transients

= DRAGNET, GPU cluster to search for fast

transients.
s DRAGNET GPU cnuster/
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J.Hessels, ASTRON



inder instrument

FALCAV  KiledwFrance

A, ONERA, ENS/IAP, OCA, ...

astronomie
de Nangay

Stationde

'LESIA-OP, 2LPC2E-Orléa
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The NenuFAR concept




Designing NenuFAR

o

Opacité
atmosphérique

1 nm 10nm 100mm  1um 10um 100wm 1 mm 1cm 10 em

Longueur d'onde




The main NenuFAR backend : LaNewBa

to LOFAR backend

2 beams full-band (~10-85 MHz), full-polar.
> = 768 beamlets x 200 kHz (150 MHz)
- multibeam, coherent/incoherent tile summation

~F

channelizer, dedisperser (LPC2E)

o= m E Em EEEEE === ===,

[ Cross-correlations (GPU cluster) J—) imaging, ~every sec, tbd bandwidth, polar.

_—> NenuFAR/LSS
————= NenuFAR/Standalone

® NenuFAR =2 instrumentsin |

= fully parallel use to LSS mode

= "duty-cycle" ~100% in the analog mini-array beam



Technical characteristics of NenuFAR

« Giant LOFAR-compatible phased array & interferometer
1824 antennas : 96 mini-arrays of 19 antennas each (25 m Q@)
e Diameter ~400 m+ 2-6 distant mini-arrays (up to 2-3 km)
» 4560 baselines
* Frequency range = 10-85 MHz (A=3.5-30m)
* Resolutions: df = 100 kHz (standalone) = | kHz, 8t = 5 psec, TBB @ 5 nsec
e Full polarization (4 Stokes)
e Collective area ~600A? < 62 000 m?
« FoV = 32° - 8° @ 20-80 MHz ; pointing -23° — +90°
e Angular Resolution 2°-0.5° (Standalone instantaneous),
5’-40’ (Standalone synthesis), 0.1 " (LSS)

* Sensitivity : 2 - 0.5 Jy @ 20-80 MHz (50, | sec x 10 MHz, polarized signal)
~ 31 -9 m)y a (50, | h x 10 MHz, polarized signal)



Construction
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Square Kilometre Array

An international consortium

wniveriicd

China: Ministry of Science and Technology of the People’s Republic of China SKA organisation
India: Nationa ntre for Radio Astrophysics

Italy: Nat Institute for Astro
New Zealand: Ministry of £

South Africa: Nat 1 Research F {a*

The Netherlands: Netherlands Organisation for Scientific Re
United Kingaom: & nd 1 ' w E ' .
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UPMC Square Kilometre Array sites
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Background radiation at 131 MHz (mv/m)
- : , 0.016
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~100 0 100
Longitude

T. Bourke, SKA organisation
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Square Kilometre Array site in Australia

%

Shire of Murchison:

50,000 km?; ~Switzerland

» 0 gazetted towns

» 29 sheep/cattle stations

* 110 population => 0.002 km2

SKA organisation
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Square Kilometre Array construction phases
UPMmC

he SKA will be built in 2 phases and will cover the frequency
range 50 MHz - 13.8 GHz:

Construction cost : 650M Euros
Early science : 2020+

'DIDEROT
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= Phase 1 - 2018-2023
SKA1- Low : 131,000 low-freq dipoles, Australia.
SKA1-Mid: 133x15m dishes + MeerKAT, South Africa

= Phase 2 - 2020+
1,000,000 elements low-frequency aperture array
2500 dishes.
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T.Bourke, SKA Organisation



I’.@ygt:p?_re LESIA

U~mcC

ML LowRIaNL

SKA1 configuration

Red = MID; white = MeerKat Red = ASKAP; White = LOW
~150 km maximum baseline ~65 km maximum baseline

T. Bourke, SKA organisation
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SKA2 configuration

SKA2-Dish, -LOW: B, ., =300 km “core”, =3000 km remote

T. Bourke, SKA organisation




SKA1 compared to present telescopes
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How does SKA1 compare with the
world’s biggest radio telescopes?
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SKA sensitivity comparison
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T. Bourke, SKA organisation
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SKA data rates
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SKA data rates

» Raw Data Rates (Transport)
» LOW ~150 Tb/s, ~5 Zblyr

» MID ~ 2 Tb/s, 62 Eblyr

< Processing Power (HPC)
< LOW ~21 PFlops

< MID ~60 PFlops
< Power (300 PFlops) = Power to run San Fran.
< Remote, power limited, future = renewables

Archive(s)

* Exa-byte capacity
= Where (Regional Data Centres?)
* What (... should be in it)

AWS, IBM, Google, Nvidia
SGl, Intel, ...

» Growth rates are 10s Pb/year
» SKA2 ~10° times worse!

T. Bourke, SKA organisation
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Square Kilometre Array data rates

The SKA will produce 10 times the global internet traffic.

It will use enough optical fibre to wrap twice around the earth.

= The central computer will have the processing power of one
hundred million PCs.

SKA organisation
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uPMC Square Kilometre Array data rates

How to address the challenges of large data rates?
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= Process data online, means automated pipelines for processing
currently done offline.

= Smarter algorithms, e.g. CohJones direction dependent calibration
(C. Tasse), Baselines averaging to reduce data size and taking
advantage of sparsity in the measurement space.

2O
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uPMC Square Kilometre Array data rates

How to address the challenges of large data rates?
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= Ongoing DOME project by IBM/ASTRON to address:

Research Areas

Computing Streaming

Green ‘ Nanophotonics ‘ I Data &

Research areas mapped to projects

System Analysis
-Algorithms & Machines (F3,F4)
Computing Transport Storage
- Microservers (F3,F4) ~ Nano-photonics (F3,F4) - Access Patterns (F3,F4)
- Accelerators (F4) - RT. communication (F5)
~ Compressive Sampling
(FS)

IBM/DOME project
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UPMC Summary

Large telescopes like LOFAR generate massive amount of data and
require enormous amount of computing power.
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Becoming increasingly challenging to process and store such large
quantity of data.

Present upgrades to the LOFAR like NenuFar also face the same
data storage and processing challenges.

The SKA will scale up the number of sensors on the ground and
proportionally scale up the data and processing rate.

We need new algorithms, new data transport and processing to
cope with this deluge of data.



