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Onsala

International LOFAR Telescope

Europe-wide radio mterferometry array @ 10-270 MHz |
Resolution: 2 arcmin - 0.3 arcsec /

Dutch stations g Norderstedt

Chilbolton

/ LOFAR Core (NL) Dotedam

* 46 operational stations completed Jiilich
38 NL stations, 8 international _
e 4 new stations funded in: § FEffelsberg )
Germany (1), Poland (3), Tautenburg
* Proposed stations: Ireland (1),
Italy (1), Finland (1) , NL (2+)
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ASTRON

High band tiles: 120 — 240 MHz
48/96 tiles/station, 4x4 antennas/tile

Low band antenna: 30 — 80 MHz
48/96 antennas per station

38 NL + 8 EU stations of dipoles

Replace big dishes by many cheap dipoles Relative ly une xplored

No moving parts: electronic beam steering '
Flexible digital beam forming part Of spectrum.
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Resolution and Field-of-View

ASTRON

LBAI\ Inner: 32.25I m

LBA Outer: 81.34 m

LBA International: 65.0 m
HBA Core: 30.75 m

HBA Remote: 41.05 m
HBA International: 56.5 m

Primary Beam FWHM (deg)
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Resolution and Field-of-View ASTRON

M51 (120—181MHz) 3C196 (30-80 MHz)
(12°x.12%) (1.5" x 0.9")
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(Mulcahy et al. 2012) (Wucknitz et al. 2010)
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J2000 Right Ascension
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&wmr - Phased Array Detectors ASTRON

Recelver /

EEEEEREEEEERE
Recelving array

N
combiner | artificial delay Sur-r
[ Outpus ] Electronic beam steering
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&wmr - Phased Array Detectors ASTRON

Physical
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&wmr - Phased Array Detectors ASTRON
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| Multiple, parallel observations
Rapid response and repointing
Multiple, sismultaneous pointings -~




Swmr  LOFAR Central Processing

WAN Real-time and OfflineProcessing
4 )
o f
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4 )
Station |-
- . 3
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\_ J
4 )
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* Correlation, flagging, compression, calibration, imaging
= COBALT GPU/CPU correlator

= 32 TFLOPS and 640 Gbits/s 1/0

* Post-processing cluster with 2 PB of working storage

* Holds roughly a week of operations

Michael Wise / 3rd LOFAR Data School / November 18, 2014
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LLOFAR Science Drivers

Key Science Projects

Epoch of Reionization
Transients and Pulsars
High Energy Cosmic Rays

Surveys and the Distant Universe

Cosmic Magnetism

Solar Physics and Space Weather

=> International membership from countries all over world

Contribute development and commissioning resources



The LOFAR Epoch of Reilonization

Afterglow Light
Pattern
400,000 yrs.

Fluctuati

Key Science Project

Dark Energy
Accelerated Expansion

Dark Ages Development of

Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

" When was the Universe reionized ?
= How (fast) did reionization proceed ?

" Which objects were responsible ?
stars/galaxies , QSOs, or ...

Redshifted HI to frequency mapping
z=67 = 185 MHz
z=85 = 150 MHz
z=114 = 115MHz

5Tb ~ 28mK

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

=> 1.5 Pbytes and 10%!-10%* FLOP to extract signal!



Initial Results on EoR Deep Fields — Asteon

= Total 40 observations, 500 hours (NCP)
= Concentrating on 3 distinct fields

= Custom processing on EoR cluster

o~30uly 60~6"

70 hrs, 96 MHz bandwidth
8°x 8%, 15000x15000 pixels, 2" pixels

(courtesy S. Yatawatta and the EoR KSP Team)
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NCP ﬁeld 180 MJ y / beam (image courtesy S. Yatawatta)
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NCP field = 30 MJ Yy / beam (image courtesy S. Yatawatta)
2013



High Dynamic Range Imaging

(images courtesy V. Pandey)

3C196 field

160 MHz, 32 hrs, 96 MHz bandwidth

DR ~ 1,000,000:1!
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HBA Survey now complete
Initial catalog release end: of
LBA Survey to complete durmg Cycle 3

LBA catalog release in late 2015 - -



&wrr  Multifrequency Snapshot Sky Survey — Asteo

Project Leader: George Heald
S-HBA

Frequency: 30-75 MHz (8 x 2 MHz bands) Frequency: 115-180 MHz (8 x 2 MHz bands)
Resolution: <100 arcsec Resolution: <120 arcsec

Sensitivity: <15 mJy/beam Sensitivity: <5 mJy/beam

Area: 20,000 square degrees Area: 20,000 square degrees

Number of Fields: 660 Number of Fields: 3616

Goals: Obtain broadband sky model, test LOFAR operations
Michael Wise / 3rd LOFAR Data School / November 18, 2014 21




e |

MSSS HBA mosaic M073+43
" (SNR G160.4+02.8 and 3C129)

e Heald_& the MSSS Team -



Feedback Systems in MSSS

2A 0335+096 ol [\ [K\W3s

13"49™p2° 48M56°  5%° 48° 445 03"'38M485 475 39" 36° 33°

VLA 330 MHz from Birzan et al. (2008)

Roughly 2/3 of Birzan et al. sample detected
Check calibration of P.qy relationship
Distinguish between fossil outbursts and mini-halos

Kokotanekov et al. (in prep.)



LOFAR Deep Extragalactic Surveys

’ " } Few x10% unique sources
100°s of clusters z < 0.6
Protoclusters at z~2 o

LOFAR Tier 1 Many z > 2 radio galaxies

LOFAR Tier 2 . o
LOFAR Tier 3 Halos, relics, etc...

APERTIF

>
-
S
=
E
-
X
=
L

NCP field
100 (~30 ujy ! beam)

Frequency [MHz]
Yatawatta & the EoR KSP Team




~ Cluster Radio Halgs ana Relics .- * . * y

»

* .Increase the.s@mple siZe of halos and relics - | B e .
- ., v W v_ A o >
* (Constrain re-acceleration-models for halos ; . % . | :
» N . » - . . ‘ \ -
o (Calibrate energy input from mergers ‘ PN P
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’The Toothbrush dlgster (van Weeren et al. in prep.) A3 \
,:'\:\ g .l . ’ »
; o * . _ ; - (van Weeren et al. 2011)
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Toothbrush Cluster

L()FAE 150 MHz
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. Cygnus A Radio Galaxy |

Interaction between the powerful radio jet in CygnustA and the surroundmg 1ntracluster medlum
Image Credits: J. McKean and M. "Wise (ASTRON)



Cygnus A Hotspot Spectral Analysis

e High resolution at low frequency

Chandra X—ray image

 Resolve hotspots and constrain emission physics
L e Unique LOFAR capability!
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McKean et al. (2014)



ASTRON

M51 field
O %
o 34 MHz bandwidth
o~0.5-1 m]y/bgdm“
0~ 20" R :
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MS82 with International Baselines

MB2. INT LOFAR 2013. 15.8MHz@153MHz. Beam 0.4x0.3". Noise 0.2mdy/b.

I | I I I I I I | I
69°41'00" . Beam: 0.4"" x 0.3 - e
0.018
6 ~ 0.2mJy/beam
56” h 5 m 0.016
C
0 - 0.014
5 52 (3 - = .
= 0.012 &
: .
A 48" I 3 0.01 &
o 3
- Y 8x 107
8 44 N
= 6x 107
40" 7 | 4x107°
{ 2x1077
36” — Q —
e
I I I I I I | I I I
O9hf>5m56S 543 53° 52° 51° 50° 49° 48° 473

J2000 Right Ascension

(Varenius, Conway, et al. 2014, in prep.)



MS82 with International Baselines

J2000 Declination

59°41'00"

56”

52”

48"

44”

40"

36”

09"'55M56S

MB2. INT LOFAR 2013. 15.8MHz@153MHz. Beam 0.4x0.3". Noise 0.2mdy/b.

Nt b Beam: 04" x0.3" -
© o6 ~0.2mJy/beam
MERLIN 408 MHz

543 Bs B2 51° 50 49° 48° 473
J2000 Right Ascension

0.02

0.018

0.016

0.014

0.012

0.01

(Lwpag /An)

8x 107"

6x 1077

1 4x1077

1 9%1077

(Varenius, Conway, et al. 2014, in prep.)
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Swrr - Radio Recombination Lines ASTRON

RRLs probe the Cold Neutral Medium (CNM)

LOFAR spectrum towards Cas A

Cas A (L40787: C 576)

0.002[ T T T T T T

0.000 fii- I . M\WWW\’U‘HMHM
g, ~0.002 . | _
g Av ~ 1-10 km/sec -
T —0.004 ': | —

' Carbon 576!
~0.006 [ | Atom size ~ 70 um -
| :34!32. | 134.I34l | :'541'56' | :'54.I38. | :34.1401 | :'54f42l | l34.l44

MHz
(Asgekar, Oonk, et al. 2013)
(van Weeren et al. 2011) C-RRLs actually seen throughout Galaxy!
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The RXTE All-Sky Monitor Movie

The sky is highly variable on a wide range of timescales!



Radio Sky Monitor: Multiple station beams tile out a significant fraction of the sky and detect
transient sources on timescales down to 1 second

'\\ '-l ’ Multiple beams used to
: | ‘ watch for new transients

L I
L I
L |
L L
L L
S .
.
L )

%.
T —

- - -

Single beam(s)
_________ monitor known
__________ sources
\ B e o o e  — — o — — — — e o o

Only data transport and processing power prevent us
monitoring the entire visible sky continuously at full
sensitivity and resolution!




‘Transient and Pulsar Science Case

e Time variabilify of most e'xtrer:ne.
objects --e.g. accreting"black' holes -, .
and neutron stars, gammnia-ray
bursts, and supernovae:

* Radio provides an important | :
complement to X-ray and y~ray
observations

o LOFAR FoV i1s crltlcal to.c;atch : |
up with high-energy momtorlng 3
for rare events ' :

~® Probe timescales trom secs to years




Swme Transients with MSSS ASTRON

First MSSS(-LBA) transient candidate (Stewart et al, in prep)
Snapshot 3

" Appears in one 11-min snapshot, using 100 threshold of 4 Jy

= Implied rate for At=11min is 1/2537 transients day-! deg2 In MSSS-LBA, 1 subband
(~1 transient per square degree per 7 years!) always monitoring NCP

Michael Wise / 3rd LOFAR Data School / November 18, 2014




Pulsar Surveys Wlth LOFAR

Flex1ble beam-formmg

Element beam. .' Stations beams . '. = Tied—array beams

. => Roughly speaking, beam -formed modes trade
T spatml i’esolutlon for tzme resolution
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Millisecond Pulsars

(Kondratiev, Hessels et al. 2014)

J1944+0907
184521

Nbin=256
S/N=90.12

T
B1953+29
184522

Nbin=128
S/N=60.76

[ B1957+20
L81275

Nbin=258 |

S/N=318.5

J2019+2425
L146225

Nbin=84
S/N=89.49

[ J2043+1711

L84518

T
Nbin=266 |
S/N=120.6

3 LBA

JO030+0451

]

0.2

0 0.2

08

0.2

0.8

T
J2051-0827
185592

Nbin=256
S/N=74.61

T
J2145-0750
r L78171

Nbin=1024
S/N=606.3

T
- J2214+3000
L146228

T
Nbin=64
S/N=95.4

T
J2215+5135
185588

T
Nbin=256
S/N=130.1

T
J2235+1508
L168068

T
Nbin=256
S/N=35.15

02
J0034-0534

|

0.8

J2302+4442
184516

Nbin=128
S/N=50.45

J2317+1439
183022

Nbin=256
S/N=205.7

[ J2322+2057
L146234

T
Nbin=64
S/N=43.83

02
J2145-0750




ASTRON

PSR B0809+74 detected all the way down to 16MHz!

0809+ /4 0809cs_s/.5.paz.dd.ar
. . Freg: 38.766 MHz BW: 47.656 Length: 7200.000 S/N: 391.157
Superterp stations in

sync to ~Ins

Single clock for the
entire core on the way

—~
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€
=>
~
>
O
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-
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N
L

15 - 63 MHz Observing Frequency

0.4 0.6
Pulse Phase

: . (Kondratiev et al. 2012)
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ASTRON

Joint X-ray and Radio Pulsar Monitoring

‘ )y PSR B1931+24
§ 2 X-ray dim XMM EPIC 1-2 keV
e ol o o
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Radio bright
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Radio dim
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Detection of Particle 'Show‘er.s' fl'OIiICQSIn‘lGRays "




Swmr - Cosmic Ray Energy Spectrum ASTRON
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Swmr  Low-Frequency Planetary Emission  Asteo
Radio emission from Jovian radiation belts Rotation & frequency

Michael Wise / 3rd LOFAR Data School / November 18, 2014

averaged 1mage:

Af=127-172 MHz,
At =7h

uv=0-15 kA

Beam =17.8"7x15.5"
Pixel = 1"

Jupiter disk = 49”

Jy/beam

100%
o

75%

0.10 509

0.05 159,
I0.00 0%

J (courtesy J. Girard, P. Zarka and the TKP-Planets WG)

2 4 6
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ASTRON

Frequency: 50—55MHz, Time: 13:08:37.000 Frequency: 40—45MHz, Time: 13:08:37.000 Frequency: 30—35MHz, Time: 13:08:37.000
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Swre LOFAR Science Products ASTROK

" Velocity (Raw data rates of ~13 Tbits/s, correlated ~10 TB/hr)
" Volume (/00 TB visibilities, 1 TB cubes, 1 PB catalogues)

" Variety (raw telemetry, uv data, beam-formed data, 2D-3D-4D-5D cubes,
RM cubes, light-curves, catalogues, etc.)
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Swore [LOFAR Data Accumulation ASTRON

Data stored in Long-Term Archive

14000

12000

10000

38000

6000

4000

2000

FZ)
M SARA Pulsars

W SARA Other

LOFAR LTA team: W. Frieswijk, G.A.Renting,

H.A.Holties, N.Vermaas, W.J.Vriend

Michael Wise / 3rd LOFAR Data School / November 18, 2014

11.9 PBytes as of O3 2014
Total today: ~13 PB

Visibilities, images, and BF data
Does not include raw visibility data
Does not include derived products

= 3 million data products

= 600 million files

= ]11.3 Petabytes stored
(5 sites, 2 countries)

= 500 TB per month archived
= 100 TB per month retrieved
= Eleven 10 Gb/s connections
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Summary

Takeaway Points ‘

B [ OFAR is up and running and generating great data

Hardware status of the’ LOFAR array is excellent

provides several unique scientific capabilities
S HBA survey complete, LBA survey in 2015
LOFAR is great for a wide range of science
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