


LOFAR



Rebirth of Low-Frequency
Radio Astronomy

LOFAR LWA MWA
LOw-Frequency ARray Long-Wavelength Array  Murchison Widefield Array

It>s not a competition; it’s a community



Pulsars discovered in 1967
at radio frequency of 82MHz



LOFAR Pulsar Reference Paper

Stappers, Hessels, Alexov et al. 201 |



LOFAR Reference Paper Online!
http://arxiv.org/abs/1305.3550

van Haarlem et al. 2013






LOFAR Across Europe

40 Dutch + 9 Intl. Stations



LOFAR in NL

24 Core + 16 Remote Stations
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LBAs
10-90MHz

48x



LOFAR
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HBAs
100-250MHz

(2x)24x




Basics of Pulsar Timing
Instrumentation

PSR B0329+54

N

|l -s time res. |-ms time res.



LOFAR Radio Sky Monitor

Full Zenith strip session

i

Breton

* ~|2m]y/beam RMS
noise.

e ~5x confusion limit
for the 6-km baselines
used so far.
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The LOFAR Core



Hessels

Evolution of LOFAR’s
Sensitivity



LOFAR’s Enormous Frequency Range

93MH: e

PSR B0809+74 detected down to I5MHZ



Hassall et al. 2012, A&A



Flexible Beam-forming

(sparse aperture array)

van Leeuwen

Element beam Stations beam(s) Tied-array beam(s)



Hessels



LOFAR Multi-beaming

@ 24MHz

Hassall & Hessels



LOFAR Multi-beaming

Hessels



LOTAAS - LOFAR Tied-Array
All-Sky Survey






LOTAAS

LOFAR Tied-Array All-Sky Survey

sSurvey Specs

* 3 SAPs of 32MHz each (I 19-151MHz).

* |hr per pointing (1.5hr all-sky by end... new param. space).
* 0.49ms time resolution, | 2kHz frequency channels.

* Find millisecond pulsars out to DM ~ 50 pc cm-3.

219 tied-array beams, 3 incoherent beams.

* |2 sq deg. total per ptg. from tied-array beams.

* 60 sq deg. total per ptg. from incoherent beams.
® Smin ~ 6mjy at 135MHz.

High-time-resolution version of MSSS,
LOFAR’s first imaging survey



LOTAAS vs. GBNCC

(GBNCC = GBT Northern Celestial Cap
Survey at 350MHz)

Compare with state-of-the-art

e LOTAAS at |35MHz vs. GBNCC at 350MHz.

e LOTAAS ~25x the data rate vs. GBNCC

* LOTAAS > 60x the field-of view of GBNCC.

e LOTAAS 24x the dwell time of GBNCC.

 LOTAAS ~2x the cumulative sensitivity of GBNCC.

* LOTAAS lower time resolution and significantly worse at

finding millisecond pulsars.
e LOTAAS likely better at finding RRATs (etc.) though
instantaneous sensitivity is ~2.5x lower than GBNCC.
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LOTAAS

LOFAR Tied-Array All-Sky Survey
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LOTAAS
Sparse
Sampling
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First LOFAR
Pulsar
Discoveries

Expect 17100 sq. deg.

Period = 1.8 sec Period'= 0.6 sec
DM = 102 pccm3-DM = 19.pc cm-3

Pulsar Coenen et al., almost submitted
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Localizing LOTAAS Sources

Also localize transients



LOFAR - Millisecond Pulsars
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MSPs

The premier low-
frequency census

Kondratiev, Hessels et al.
2013, almost submitted




LOFAR MSP Detections

(110-190MHz)
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Kondratiev, using EPN

LOFAR MSP Detections
Blue is LOFAR | 10-190MHz

Some profiles getting narrower?



MSP Spectra

]1744-1134

DM: 3.14 pccm™® Period: 0.004 s

a, = -1.49
v, < 100.00

T

J1810+1744
DM: 39.70 pc cm™® Period: 0.002 s

102
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10°
Frequency (MHz)

Hassall et al. 201 3, in




The LOFAR Weather Report

0 50 100 150 200 250 300
Relative Day Number

Hemberger & Stinebring 2008

| us scatt.at 1400MHz is 10 ms scatt. at |40MHz
| ms scatt. at |40MHz is 100 ns scatt. at 1400MHz

Do LOFAR DMs/Scatt. agree with those at high-freq.?




Scattering

2 Pulses of Best Profile Search Information

Candidate: PSR_B2111+46 RAjp000 = 21:13:24.0000 DEC,p000 = 46:44:09.0000
Telescope: LOFAR Best Fit Parameters

Epochto , = 96129.93750000000 Reduced X = 6370.704 F’(NOISe) ~ 0

Epoch,,, = 56129.94040226448 DlsperS|on Measure (DM; pc/cm®) = 141.578

sample = 0.0013107 topo (ms) = 1014.647131(66) Pbury (ms) = 1014.685381(66)
Data Folded = 5391360 P opo (s/s) = 4.8(7.3)x107" (s/s) 0.0(7.3)x107"

Data Avg 1.446e+06 P"opo (8/5%) = 0.0(6.7)x107"* F>"b<er (s/s?) = —0.1(6.7)x10™*
Data StdDev 2763 Binary Parameters

Profile Bins 256 Porp (8) = N/A e = N/A
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Profile StdDev = 4.009e+05 T..=N/A
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LOFAR - Pulsar Mode
Switching



‘PSR B0943+10 Switching Modes

0.5
Pulse phase

Hermsen, Hessels, Kuiper et al. 2013, Science



Global magnetospheric mode switching

- Hermsen et al. 2013, Science

X-ray dim

Radio bright

X-ray bright

Radio dim



PSR B0943+10 from 10-200MHZz

Bilous, Hessels et al.
2013, in prep.



PSR B0943+10’s Emission Geometry

Bilous et al. 2013, in prep.



Dynamic Radio Astronomy of
Galactic Neutron Stars and
Extragalactic Transients



All-sky monitoring

X-rays

Sources

Weak
R link
“~.. Radio

Gamma-rays



Merging | | The
Black Holes Jupernigvae Unknown

Evaporating
Black Holes

Gamma-ray

Bursts
Magnetars
\ “Lorimer”
Bursts

We are here
Pulsars



Fast radio transient factories

Parkes Moon

Moon Fielc:(-of-view -
@

Parkes
0.6 sq. deg.
N LOFAR
Field-of-view
I oox 60 sq. deg.
Current

state-of-the-art



DRA NET

Budget for GPU
cluster

=
Raw data 100 Fields-of-view ;’-_;,. Sub-arraymg '
| =72 Offline processing 80x400 Flelds-of-wew‘-
stations 10hr / week ' Realtlme pr'oqessmg .
observing Observe 24/7

Locallze events LR






Event Brightness (Jansky)
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Move towards a flexible LOFAR




