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For more information see.... 0
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LOFAR: LOw Frequency ARray

✤ Distributed in NL & EU
✤ 30 - 240 MHz
✤ LBA & HBA
✤ > 30000 dipoles
✤ 20 Core/18 NL/>10 EU
✤ 2.5km/100km/1000km
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We will monitor
entire visible sky
~daily to mJy
level at 50/150
MHz

Localisation of
transient
sources to
arcsec or better

Instant reporting
of events

Transient buffer boards allow us to
‘look back in time in other
directions

All Sky Monitor Large FoV for
rare events

Large instantaneous
sensitivity for weak
source classes

adapted from cordes

Transients Key Science Project

PIs: Fender, Wijers & Stappers
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FoV & Observing Modes

• First zenith monitoring couple months ago
• Observed for 24 hours to get a full scan
• One field has bright source 3C295 in it
• Single sub band at about 150 MHz
• 25 degrees FoV in single pointing

• Follow up LIGO events
• Multiple (~10) observations of field of PSR B0329+54
• Observations of recent SS433 and Crab outbursts.

Dedicated observing and commensurate

Commissioning

3C 295
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Transients Pipeline
Bell, Fender, Broderick, Swinbank, Rol, & TKP
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Variability IndexField of PSR B0329+54

LOFAR HBA detections (red) overlaid on WENSS 

Standard pipeline products

Prelim
inary

Calibration still being perfected
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Why LOFAR for Pulsars/Fast Transients?

• Steep spectral indices?

• Only visible at low frequency?

• Low-DM sources distinguishable 
from RFI.

• Large field of view / dwell times 
(high F.O.M.).

• Respond to high-frequency 
triggers (DM delay).

νsky ~ 10 - 300 MHz

Advantages Disadvantages
• Scattering v-4.4

• Many dispersion trials (v-2).

• Lower effective time 
resolution.

• Ionosphere.
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Why LOFAR for Pulsars/Fast Transients?

• Steep spectral indices?

• Only visible at low frequency?

• Low-DM sources distinguishable 
from RFI.

• Large field of view / dwell times 
(high F.O.M.).

• Respond to high-frequency 
triggers (DM delay).

νsky ~ 10 - 300 MHz

Advantages Disadvantages
• Scattering v-4.4

• Many dispersion trials (v-2).

• Lower effective time 
resolution.

• Ionosphere.
Propagation effects in 

the ISM are stronger

More luminous, 

different behaviour 
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Single Pulses, Timing & ISM

✤ Fundamentally linked to the complex, but vital to understand, emission mechanism. 
✤ Modulation effects like microstructure are deeper.
✤ Strong linear polarisation seen in single pulses
✤ Changes happen rapidly in this range
✤ Spectral turnover -- correlates with emission properties?
• Can get single pulses from large number of MSPs (currently only a couple)! 

• HBAs detect single pulses from more than 1/2 or all known pulsars in LBAs 
something like 1/3! 

• Wide BW spectra, simultaneously and often to get any variability

• Monitor pulsars over wide frequency range to get changes in dispersion measure/
scattering - related to precision timing at high frequencies, absolute time alignment

• Can efficiently time many pulsars with multi-beaming, commensurate observing -- 
gives important links to high energy observations and GW observatories.

Monday, September 19, 2011



LOFAR Pulsar Surveys

✤ LOTAAS -- All Northern Sky Survey will find 
up to 1000 new pulsars

✤ Use > 100 Tied Array beams simultaneously.

✤ Will be so sensitive it will find entire local 
population (< 2kpc) allowing studies of 
luminosity function in detail

✤ Exotic objects like pulsar-pulsar and pulsar-BH 
binaries possible

✤ Sensitive enough to find first pulsars in external 
galaxies beyond MCs

van Leeuwen & Stappers  (2010)   2009arXiv0910.5118V:

Monday, September 19, 2011
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Example profiles obtained with the HBAs cf. with EPN 21cm profiles

48 MHz BW / 150 MHz / ms time resolution
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Simultaneous Imaging & Time Domain

PSR B0329+54

Monday, September 19, 2011



Multi-beaming

0.5 degree

HBA LBA

Hessels, Hassall, Stappers & PWG
Monday, September 19, 2011



Crab Giant Pulses
33 ms

Scattering tail

Average profile

Giant Pulse

Interpulse

HBA observation - 2010
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Fig. 8. Observations of giant pulses from PSR B0531+21 in the Crab Nebula observed with both the HBA and LBA. The top panel shows a
“double giant” pulse observed using the incoherent sum of the HBAs from 6 core stations over the frequency range 139–187 MHz. A section
of the timeseries data (black line) is shown indicating a giant pulse which is followed by a second giant pulse in the next rotation of the pulsar.
The fading grey lines show the average pulse profile for this observation repeated four times. The two giant pulses clearly show the influence
of scattering in the ISM and from the Crab Nebula itself. The lower panel shows a single giant pulse observed with the LBAs from 17 core
stations added incoherently over the range 32–80 MHz. Note the significantly different timescale for the scattering delay compared with the HBA
observation.

given observing session. Collating the statistics from many ob-1

servations, we are able to determine which specific channels2

are more consistently contaminated by RFI than others. With3

this information we can then carefully select which channels to4

avoid when choosing the channels to process. If whole subbands5

are seen to be dominated by RFI we can also not select those6

when transferring data from the stations. Figure 9 shows the his-7

tograms of corrupted channels as a percentile of the total number8

of observations that included that particular channel. These data9

do not show the full LOFAR observing range, as they reflect the10

frequency range most commonly observed in these commission-11

ing observations (which was chosen to optimize sensitivity for12

pulsar observations).13

We have used more than 350 observations in the HBAs and14

more than 50 bservations with the LBAs, spread over about a15

3 month period and occurring during both day and night-time.16

We compare the statistics for subbands, the 195 kHz channels17

delivered directly by the stations, with those of the typically18

12 kHz channels created by the second polyphase filter on BG/P. 19

One can see that in the majority of frequency channels the frac- 20

tion of observations affected by RFI is less than a few percent, 21

with a higher total percentage of the band being affected at the 22

low end of the LBA range. It is also noticeable that in the major- 23

ity of cases the RFI is unresolved in the broader 195-kHz sub- 24

bands, meaning that by further channelising the data we lose a 25

smaller percentage of the available band27. These results are ex- 26

tremely encouraging and indicate that in general, RFI, if they 27

stay at these levels, will have a limited detrimental effect on pul- 28

sar observations. 29

7.1.2. HBA sub-station beam shape comparison 30

The two 24-tile HBA sub-stations associated with each core sta- 31

tion can be used separately or combined coherently at station 32

27 Tests from imaging observations indicate that a good fraction of the
narrow-band RFI is only resolved at the 1-kHz level.

Article number, page 22 of 32

LBA observation - 2010

R. Karuppusamy et al.: Crab Giant Pulses at Low Frequencies

Fig. 5. Plot displaying a broad band giant pulse detected in seven of
the eight recorded bands. The observed total intensity of the pulse is
modelled using a functional form described in the text.

5.2. Statistics of scatter timescales

The distribution of the scatter times is displayed in the top panel
of Figure 6 and corresponds to the band centred at 173.25 MHz.
Giant pulses in bands at other frequencies observed here display
qualitatively similar histograms. The spread in the histogram is
caused by the values from fits to weak pulses, which may have
larger errors. The average of the scattering timescales was com-
puted at each frequency. These values are plotted and the best
fit is shown in the lower panel of Figure 6. The spectra of scat-
ter timescales is well-described by a τsc ∝ ν−3.2±0.08 relation.
At an epoch only 233 days earlier than our observations, Bhat
et al. (2007) derive a frequency scaling of ν−3.5±0.3 based on τsc
at several frequencies reported elsewhere and their value at 200
MHz. The Crab nebula also shows abnormal scattering events
where scattering timescales can drastically change with in a few
weeks (Kuzmin et al. 2008). Considering this, the frequency
scaling we derive is in good agreement with that of Bhat et al.
(2007). The lower index of ∼−3.2 to −3.5 is inconsistent with
the expectation of −4.4 for a Kolgomorov spectrum. However,
the Kolgomorov spectrum is applicable to the distributed inter-

Fig. 6. Plot showing scatter times from the model fits. The top panel
shows the distribution of the scattering timescales in the band centred at
173.85 MHz. The bottom panel shows the average scattering timescales
from the other bands.

stellar medium, while most of the scattering in the pulses from
Crab pulsar orginates within the nebula (Lyne et al. 2001).

6. Discussion and conclusion
The simultaneous average emission profiles at several frequen-
cies in the 110-180 MHz range are reported for the first time.
From the coherently dedispersed signal, we report the previ-
ously unidentified interpulse precursor and we compared it to the
mainpulse precursor. Popov et al. (2006a) hypothesise the lat-
ter emission component as consisting of normal pulses from the
pulsar, and that the conventional main pulse is made of entirely
giant pulses. Their arguments were based on the finding that the
average profile formed using only giant pulses has a remarkable
similarity to the average emission profile at that frequency and
that the phase of giant pulses trail the average emission in cer-
tain pulsars like PSR 1937+21 (Kinkhabwala & Thorsett 2000).
This interpretation was supported by the high-energy emission
occuring coincident with the phase of the giant pulses as seen in
PSRs B1937+21 (Cusumano et al. 2003), B1821-24 (Romani &
Johnston 2001) and the Crab pulsar (Figure 2). The forgoing dis-
cussion and our finding of the new interpulse precursor supports
the view of Popov et al. (2006a) where the conventional main
and interpulse emission consists only of giant pulse emission.

The new emission component can be robustly tested by
means of a simulation. This can be done, for example, by assum-
ing a xe−x functional form of the scattering effects, and a narrow
pulse representing the pulse emitted at the source. A model with
interpulse precursor emission component was tested in the work
of Manchester et al. (1972), and this template was smoothed us-
ing functions that represent both dispersive and scattering ef-
fects. With our observations, the dispersive effects are com-

6

Karuppusamy et al 2011

WSRT - 2006
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LOFAR Pilot Pulsar Survey (LPPS)

LOFAR Pilot Pulsar Survey
LOFAR
The LOw Frequency ARray !LOFAR" is a 
large new radio array operating at 
frequencies between #$ and %&$ MHz' 
The array consists of receiver stations 
spread over the Netherlands and Europe' 
In long integrations( LOFAR can make 
high resolution images; while in beam)
formed mode the data is stored at high 
time resolution(  but with limited spatial 
information'

Pulsars
Pulsars are awesome probes into 
fundamental physics' Through pulsar 
timing measurements companion masses 
are determined ( and neutron)star 
interiors or gravitational radiation is 
studied' Studying radio pulsar emission 
probes the interstellar material and 
magnetic fields(  and can be used to map 
the Galactic free)electron distribution' 
Neutron stars provide constraints on 
stellar evolution models and supernovae'

LOFAR Pulsar Observations
For pulsar observations the beam)formed 
mode provides the sub)millisecond time 
resolution that is essential' Because of its 
high sensitivity and large field of view( 
LOFAR allows for efficient surveying' It 
can produce a full census of the local 
radio pulsar population( out to % kpc *#+' 
LOFAR will also elucidate the unknown 
low frequency end of the pulsar 
spectrum'  For more information see *%+'

This work: LPPS
We are currently performing a first 
shallow survey of the northern sky: the 
LOFAR Pilot Pulsar Survey !LPPS"' All 
available LOFAR stations are used and 
their signals added incoherently yielding 
, beams with , MHz of bandwidth each' 
Each pointing has a footprint on the sky 
of #-. square degrees with an integration 
time of ., minutes'

Using the PRESTO */+ pulsar data 
reduction package the data is searched 
for the periodic signals of pulsars( the 
intermittent emission of Rotating Radio 

Transients !RRAT"( and single dispersed 
bursts from general fast radio transients' 

The LPPS survey is currently underway 
with half of the Northern Sky already 
observed and partially processed'  The 
data reduction is an iterative process of 
searching the data( identifying man)
made interference and masking that 
interference out' The high frequency 
resolution of LOFAR allows for very 
precise masking of bad observing 
frequencies( the search software allows 
for further mask ing: Man )made 

interference can be identified by its 
absence of dispersion measure !i'e' no 
free electrons along the line of sight"( 
unnatural brightness( occurrence in 
several beams at once( non)pulsar)like 
profile shapes or narrow bandwidth' We  
expect to discover several new pulsars in 
LPPS'  The `blind0 re)detection of known 
pulsars in the survey data( using our LPPS 
search software( provides confidence in 
our approach'

Thijs Coenen !UvA"
Anastasia Alexov !UvA"
Tom Hassall !U' Manchester"
Jason Hessels !ASTRON1UvA"
Vlad Kondratiev !ASTRON"
Joeri van Leeuwen !ASTRON1UvA"
Ben Stappers !U' Manchester"

References
*#+ van Leeuwen & Stappers %$#$( A&A .$2( A,
*%+ Stappers et al' %$##( A&A ./$( 3$
*/+ Ransom et al' %$$/( ApJ .32( 2##
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Re$detection J'())*')+)Re$detection J'(,%*#++#

Re$detection J'()'*#-',

Beam $

LPPS pointings contains . beams

Beam #

Beam %

Beam /

Beam &

Beam .

Beam -

LOFAR Pilot Pulsar Survey (LPPS)

LOFAR TKP Meeting - Amsterdam - June 27th, 2011

Credit: Coenen

All sky survey with 7 HBA Station Beams summed incoherently
Coenen & PWG

~400 7-beam pointings > -35 deg DEC

15 degrees
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LOFAR TKP Meeting - Amsterdam - June 27th, 2011

Credit: Hessels & Greissmeier

Hessels, Griessmeier & PWG

Achieved for both the HBAs and LBAs now. 
Good stability seen in both. 
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LOFAR Tied-Array Prep.Survey
LOFAR Tied-Array Survey (LOTAS)
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Credit: Stappers

Hessels, Alexov, Stappers & PWG

LOFAR Tied-Array Survey (LOTAS)
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Credit: Alexov & Hessels

• Tied-array (coherent) beams (Superterp) 

• Central Frequency of about 150 MHz

• 19 beams with full 48MHz and 1.3ms samp. 

• 17 minutes per pointing (246GB) 

• ~3.7 sq. deg. FoV per pointing 

• ~200 pointings taken from May 11-15th 

• Used CEP2 and the new Scheduler 

• Increase in sensitivity ~9xLPPS 

• Less affected by RFI? 

• Data processing just started on CEP2 and Hydra. 

Beam Layout

Redetection of B0450+55
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Online Coherent Dedispersion

LOFAR TKP Meeting - Amsterdam - June 27th, 2011

Credit: Hessels, Romein & Mol

Online coherent dedispersion

•In real time on BG/P. 
Already improved to allow 
5us time resoln.

•Up to 50 coherent 
dispersion “trial DMs” 
possible!

•“Baseband” recording also 
possible for poln. and other 
studies

Hessels, Mol, Romein & PWG
Monday, September 19, 2011



Polarisation: PSR B0834+06
Sobey, Noutsos & PWG

RM variations as function of Hour Angle

•Polarisation profiles of PSR B0834+06
•Show v. similar profiles, only RM changes
•Calibration errors less than 5-10%
•Can still be improved with new station 
calibration and single clock.
SS = sunset, T[C,N,A] = Twilight [Civil, Nautical, Astronomical]
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Sobey, Noutsos & PWG

•With calibration for single stations ok.
•Can look at well known pulsars to compare
•With B0329+54 get the correct RM
•Evidence for quite some evoln. with freq.

686 R. T. Edwards and B. W. Stappers: Ellipticity and deviations from OPM in PSR B0329+54

Fig. 1. Longitude-dependent polarization behaviour of PSR B0329+54 in its normal profile mode at 328 MHz. Plotted are the mean total and
polarized intensity (black and red, top panel) and histograms of position angle (middle panel, plotted twice for continuity) and sin 2χ where χ
is the ellipticity angle, along with the corresponding parameters of the mean polarization vector (black lines). For convenience the ordinate
scale of the bottom panel is labelled non-linearly in terms of χ. The histograms are normalised by the peak density and plotted in the colour
scale shown at the bottom. The dashed line in the middle panel shows the prediction under the magnetic pole model (Radhakrishnan & Cooke
1969), see text. The smooth behaviour seen is intrinsic to the pulsar, the longitude bin spacing is determined by the instrumental resolution.

distributions averaged over several longitude intervals, using
the projection described in Sect. 2.2. In what follows we re-
fer to the modes occurring in the left and right halves of each
projection as modes “1” and “2” respectively. Addressing the
distributions in longitude order, we see that the leading com-
ponent is consistent with purely linear OPM in mode 2, while
by pulse longitude 50◦ the modes have switched in dominance
and become somewhat elliptical. As the pulsar rotates, mode 2

begins to increase again in strength, and apparently has a
greater spread in its orientations than mode 1. Over the course
of the central component the distribution associated with
mode 2 deforms into an arc and eventually an almost com-
plete annulus, while mode 1 remains tightly distributed around
an elliptical orientation and eventually concedes dominance to
mode 2. Finally, in the trailing component the modes are of
comparable strength and distributed tightly around orthogonal

RM Synthesis
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Polarisation: B0329+54

328 MHz
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How Low can you go?First LOFAR Pulsar Detection <30MHz!!!

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

16-22 MHz

10-16 MHz

22-28 MHz

28-34 MHz

30-36 MHz

36-42 MHz

42-48 MHz

48-54 MHz

54-60 MHz

60-66 MHz

66-72 MHz

72-78 MHz

LOFAR TKP Meeting - Amsterdam - June 27th, 2011

Credit: Stappers & Hassall

• PSR B0809+74 

•First LOFAR detection of 
pulsar to 16 MHz and 
perhaps below!

• We can already do better as 
can now form coherent sum 
of LBA superterp stations.

• Will soon try other pulsars 
too.

 Stappers, Hassall & PWG
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Anomalous intensive pulses
Anomalously intensive pulses

Single, 
narrow-band 
bright pulse

• Investigate further with simultaneous LBA/HBA data.
• Relation with classical “giant pulses”?

LOFAR TKP Meeting - Amsterdam - June 27th, 2011

Credit: KondratievFirst seen by Ulyanov et al at UTR2 - but had narrower band instrument

Kondratiev, Bilous & PWG

Using coherent sum
of LBA superterp
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Simultaneous Multifrequency

Effelsberg
LOFAR

Effelsberg
100-m

Jodrell
74-m

Dutch
LOFAR

Frequency

Bi
ns

• Observations of PSR B0809+74 Dec 2010
• Some of the widest band simult. obs ever
• Attempt to disentangle DM / Profile changes
• Model the profile, otherwise can’t get a single value of 
DM
• Able to track completely components vital for 
magnetospheric and high precision timing study.
• Get a value for DM accurate to 1/106

• Both LBA and HBA sensitivity greatly improved since.

P 1
/P

2
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Simultaneous observations of PSR B1133+16 with LOFAR & Lovell & Eff. 

Dispersion vs Pulse Shape Changes

✤ Timing residuals generated in “usual” way
✤ See strong deviations from a single DM fit
✤ Not due to higher order DM effects, not simple power law
✤ Require instead to build a frequency dependent model

Hassall, Stappers & PWG
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✤ The model isn’t perfect but greatly improves residuals and is consistent with single DM.
✤ Can use this to constrain any deviations from a cold plasma dispersion law, including scattering, 

refraction, clumpiness, and numbers like emission measure and scattering meas.
✤ Can also use this to learn a lot about emission in magnetosphere: super dispersion, absorption, 

refraction, emission heights, evolution of components ...
✤ Extending down from our limit here of about 40 MHz to 20 MHz will strongly improve constraints

Dispersion vs Pulse Shape Changes
Hassall, Stappers & PWG

Pre-Model fit Post-Model fit
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Single Station Use
✤ Although sensitivity is 10% core it is still equivalent to 100 m dish!
✤ Efficient rapid surveys of entire sky (8 beams X 4.5 sq deg X 6 MHz BW!)
✤ Can also use multiple single stations, incoherently or fly’s eye
✤ Useful for fast transients like RRATs, intermittent pulsars, AXPs, scintillating sources, extreme 

nullers, double Pdot sources, new things...
✤ Frequent timing observations, High Energy, GWs, Glitches, ....

Tuesday, 26 April 2011

Karastergiou + ARTEMIS & PWG
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LOFAR Timeline
✦ Official opening was in June 2010

✦ Currently 28 NL and 6 Eu (4DE, UK, FR) stations 
complete

✦ 2 More NL stations by year end + SE607

✦ Another 4-5 stations to come, mainly remote.

✦ Commissioning is ongoing for all modes until ~ 2012

✦ More  EU stations to be rolled out / New stations/countries 
joining. 

✦ Station roll out in NL mostly complete in 2011

✦ Some of the Key Science will begin early in 2012

Monday, September 19, 2011



Conclusions
✦ We are making excellent progress in commissioning 

the high time resolution, pulsar and transient modes 
of LOFAR

✦ We are already capable of taking data of high 
scientific quality and interest (see recent paper)

✦ There is still much more to come in terms of 
sensitivity with extended coherent addition and BW.

✦ Many important lessons learnt for the SKA

✦ 2011 is a very exciting year and 2012 will be even 
better.

Monday, September 19, 2011


