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Abstract. A new generation of sparse, digital aperture arrays is revitaliz-
ing interest in radio astronomy at the lowest frequencies visible from Earth
(10−300 MHz). Together, the Long-Wavelength Array (LWA), Murchi-
son Widefield Array (MWA), and Low-Frequency Array (LOFAR) cover a
broad range of science, including observations of cosmic magnetic fields,
the Sun and (exo)planets, cosmic-ray air showers, transients, and the epoch
of reionization. Here I focus on LOFAR observations of pulsars and fast
transients. LOFAR’s large fractional bandwidth and wide-field, flexible
multi-beaming capabilities present many advantages over past low-frequency
instruments. We are exploiting these capabilities to study pulsar magne-
tospheres, the interstellar medium (using pulsars as probes), and to perform
an all-sky search for nearby pulsars and other ‘fast transient’ signals.
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1. Introduction

Modern super-computing and high-speed, Gb/s fiber networks together enable low-
frequency, sparse aperture array radio telescopes that are more flexible and more ‘in-
formation rich’ than their predecessors. The ability to transfer, record, and process
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much larger data volumes gives the opportunity to use a significantly larger fraction
of the information available from each individual antenna. Practically speaking, this
means recording much broader bandwidths, and having the ability to form very wide
fields-of-view, which can be carefully tailored to the specific scientific goals of a given
project.

The Low-Frequency Array (LOFAR) started official scientific operations in De-
cember 2012. LOFAR is the largest of the new generation of low-frequency aperture
array telescopes, providing both a large total collecting area and long baselines for
high-resolution imaging (van Haarlem et al. 2013). The 10−240 MHz band is cov-
ered using two sets of antennas: the low-band antennas (LBAs) can instantaneously
observe from 10−90 MHz, while the high-band antennas (HBAs) can optionally ob-
serve either the entire 110−190 MHz or 160−240 MHz band.

While interferometric imaging is the main technique employed, a substantial frac-
tion of LOFAR science (currently ∼ 30% of the requested observing time) relies on
the use of high-time-resolution, ‘beam-formed’ modes (Stappers et al. 2011). Instead
of providing cross-correlations between LOFAR stations, the beam-formed modes ei-
ther coherently or incoherently add these station signals to form array beams that can
be recorded with microsecond to millisecond time resolution. These modes are used,
e.g., for observations of the Sun, (exo)planets, interplanetary or ionospheric scintilla-
tion, flare stars, radio recombination lines, fast transients, and pulsars.

Here we focus on LOFAR pulsar observations made by the LOFAR Pulsar Work-
ing Group (part of the LOFAR Transients Key Science Project). Though pulsars were
originally discovered at 82 MHz using the Cambridge Interplanetary Scintillation Ar-
ray, most recent pulsar studies and surveys have moved to higher observing frequen-
cies (300−3000 MHz) in order to mitigate the deleterious effects of sky temperature
and propagation effects in the interstellar medium (ISM), such as dispersion and scat-
tering. LOFAR provides high time/frequency resolution and, optionally, coherent
dedispersion which allow us to mitigate propagation effects and to study their prop-
erties in very fine detail — thus providing a powerful probe of dispersion measure
(DM) and scattering variations as well as their time/frequency evolution. Searching
for new pulsars below 200 MHz remains very challenging, especially because of the
large number of required DM trials. Nonetheless, LOFAR is showing that it can find
new faint, nearby pulsars missed by previous surveys (see §4). In the following sec-
tions we give a taste of some of these ongoing studies.

2. Characterizing known pulsars with LOFAR

Despite the challenges of observing in the 10−240 MHz range, there are several ad-
vantages. For studying pulsar magnetospheres, the 4 octaves of frequency coverage
provided by LOFAR probe a relatively large range of emission heights and can con-
strain (or detect) aberration and retardation of the signal. For example, in Hassall et al.
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strengthen the earlier conclusion that entire mag-
netospheres change, settling down within a few
seconds.

To test these hypotheses, we carried out a
simultaneous x-ray and radio observing cam-
paign on PSR B0943+10 from 4 November to
4 December 2011. These observations were
designed to investigate what changes, if any,
occurred in the x-rays when the radio emission
changed mode. The x-ray observations consisted
of six 6-hour observations in the 0.2- to 10-keV
energy band with ESA’s XMM-Newton space
observatory (16) (table S1), accompanied by ra-
dio observations with theGiantMetrewaveRadio
Telescope (GMRT) in India at 320 MHz and the
international Low Frequency Array (LOFAR) at
140 MHz, both simultaneously.

To identify the radio B- and Q-mode time win-
dows, we folded the radio pulse sequences with
up-to-date ephemerides from the Jodrell Bank
long-term timing program (17) (Fig. 1).We could
determine the times of mode switches fromGMRT
and LOFAR data with an accuracy of a few sec-
onds. Table S2 lists the used B- and Q-mode time
windows, which completely cover our XMM-
Newton observations. In the ~30 hours of us-
able x-ray observations, PSR B0943+10 spent
roughly equal amounts of time in the B and Q
modes.

PSR B0943+10 was clearly detected in each
of our XMM-Newton observations with the simul-
taneously used charge-coupled device (CCD)
detectors PN (18) and MOS-1+2 (19) of the
European Photon Imaging Camera (EPIC). The

derived count rates ranged from that of the pre-
viously reported value for the PN detector of
0.38 (T0.07) × 10−2 counts/s (0.5 to 8 keV) (14)
up to about twice that value, providing evidence
for x-ray variability in an old, rotation-powered
pulsar. Dividing the 0.2- to 10-keV x-ray events
into the radio-derived B- and Q-mode time win-
dows, we found the x-ray count rate to be higher
in the radio Qmode than in the B mode by more
than a factor of 2 (fig. S1). In the B mode, the
PN CCDs had a count rate of 0.44 (T0.07) × 10−2

counts/s, whereas in the Q mode this more than
doubled to 1.08 (T0.08) × 10−2 counts/s. This
finding was independently confirmed with the
MOS detectors, providing evidence for simul-
taneous mode switching in the radio and x-ray
properties.

To search for x-ray pulsations, we selected
events recorded by the PN and MOS-1+2 CCDs
that arrived in the Q-mode time window andwith-
in a radius of 15 arc sec from the source posi-
tion. From this, we obtained a 6.6s detection of
a pulsed signal (Fig. 2B, top) at a period con-
sistent with the rotational frequency predicted
by the Jodrell Bank ephemeris (table S3). The
pulse profile (energies of 0.5 to 2 keV) is broad.
Surprisingly, the x-ray events detected during the
radio B mode do not show any evidence for a
pulsed signal (Fig. 2A, top). Figure 2 shows that
the broad x-ray pulse in the Q mode covers the
phases of the main radio pulse and precursor; the
latter is clearly visible in the Q mode, 52° (0.14
phase) ahead of the main pulse at 320 MHz
(Fig. 2B).

X-ray spectral analysis (16) revealed two com-
ponents in the Q mode. The best spectral fit to
the total (i.e., pulsed and unpulsed) spectrum is
the sum of a power-law component and a ther-
mal blackbody component (Fig. 3A; fit param-
eters in Table 1 and table S4). The spectrum of
the pulsed component in the Q mode is best de-
scribed by a single thermal blackbody model
(Fig. 3B, Table 1, and table S4). It appears that
the spectral fits to the thermal component in the
total Q-mode spectrum and the thermal pulsed
spectrum in the Q mode are statistically consist-
ent (∆ flux = 0.1s, ∆kT = 2.5s). This means that
the Q-mode total x-ray emission consists of an
unpulsed component with a steep, nonthermal
power-law spectrum, and a ~100% pulsed com-
ponent with a thermal blackbody spectrum. This
is also reflected in the variation of the pulsed
fraction with energy (table S5). In the B mode,
the spectrum can be satisfactorily described with
a single power law as well as a single blackbody
shape (table S4). However, the most likely shape
is a nonthermal spectrum (Fig. 3C), indistinguish-
able from the nonthermal component in the total
Q-mode spectrum (supplementary text).

PSR B0943+10 is one of only 10 old (char-
acteristic age >1 million years), nonrecycled radio
pulsars where x-ray emission has also been de-
tected (20–22). Although the surfaces of such
pulsars have cooled substantially since birth, the
observed x-ray emission is argued to be thermal in
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Fig. 1. (A) Identification of the B and Qmodes with LOFAR at 140 MHz during XMM-Newton observation
1, showing pulse intensity versus rotational phase and time. A 10-min section (at the 4-hour mark)
contaminated by interference is blanked out. (B) Comparison of the measured signal-to-noise ratio (SNR)
and the nominal relative LOFAR sensitivity, changing with elevation throughout the observation (gray
scale), normalized over the 4.0- to 4.5-hour range. (C) GMRT detection at 320 MHz of a Q- to B-mode
transition in XMM-Newton observation 5. Color scale is optimized to show the simultaneous disappearance
of the precursor pulse at phase ~0.35. A 15-min section (at the 1.5-hour mark) used for rephasing on a
continuum source is blanked out.

Fig. 2. Aligned x-ray and radio pulse profiles
of PSR B0943+10 in its B and Q modes. (A) B
mode: There is no evidence for a pulsed signal
in the B-mode x-ray data, the flat distribution
showing constant emission from the pulsar. (B)
Q mode: The x-ray profile in the Q mode rep-
resents a 6.6s detection on top of a flat con-
stant level. The solid and dashed lines in the
x-ray profiles are the kernel density estimator
and T1s levels. The weak precursor, present
only in the Q mode, is clearly visible in the
GMRT radio profile at 320 MHz at 52° (0.14
phase) prior to the main pulse, and verified to
be also weakly present in the LOFAR Q-mode
profile.
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netospheres change, settling down within a few
seconds.

To test these hypotheses, we carried out a
simultaneous x-ray and radio observing cam-
paign on PSR B0943+10 from 4 November to
4 December 2011. These observations were
designed to investigate what changes, if any,
occurred in the x-rays when the radio emission
changed mode. The x-ray observations consisted
of six 6-hour observations in the 0.2- to 10-keV
energy band with ESA’s XMM-Newton space
observatory (16) (table S1), accompanied by ra-
dio observations with theGiantMetrewaveRadio
Telescope (GMRT) in India at 320 MHz and the
international Low Frequency Array (LOFAR) at
140 MHz, both simultaneously.

To identify the radio B- and Q-mode time win-
dows, we folded the radio pulse sequences with
up-to-date ephemerides from the Jodrell Bank
long-term timing program (17) (Fig. 1).We could
determine the times of mode switches fromGMRT
and LOFAR data with an accuracy of a few sec-
onds. Table S2 lists the used B- and Q-mode time
windows, which completely cover our XMM-
Newton observations. In the ~30 hours of us-
able x-ray observations, PSR B0943+10 spent
roughly equal amounts of time in the B and Q
modes.

PSR B0943+10 was clearly detected in each
of our XMM-Newton observations with the simul-
taneously used charge-coupled device (CCD)
detectors PN (18) and MOS-1+2 (19) of the
European Photon Imaging Camera (EPIC). The

derived count rates ranged from that of the pre-
viously reported value for the PN detector of
0.38 (T0.07) × 10−2 counts/s (0.5 to 8 keV) (14)
up to about twice that value, providing evidence
for x-ray variability in an old, rotation-powered
pulsar. Dividing the 0.2- to 10-keV x-ray events
into the radio-derived B- and Q-mode time win-
dows, we found the x-ray count rate to be higher
in the radio Qmode than in the B mode by more
than a factor of 2 (fig. S1). In the B mode, the
PN CCDs had a count rate of 0.44 (T0.07) × 10−2

counts/s, whereas in the Q mode this more than
doubled to 1.08 (T0.08) × 10−2 counts/s. This
finding was independently confirmed with the
MOS detectors, providing evidence for simul-
taneous mode switching in the radio and x-ray
properties.

To search for x-ray pulsations, we selected
events recorded by the PN and MOS-1+2 CCDs
that arrived in the Q-mode time window andwith-
in a radius of 15 arc sec from the source posi-
tion. From this, we obtained a 6.6s detection of
a pulsed signal (Fig. 2B, top) at a period con-
sistent with the rotational frequency predicted
by the Jodrell Bank ephemeris (table S3). The
pulse profile (energies of 0.5 to 2 keV) is broad.
Surprisingly, the x-ray events detected during the
radio B mode do not show any evidence for a
pulsed signal (Fig. 2A, top). Figure 2 shows that
the broad x-ray pulse in the Q mode covers the
phases of the main radio pulse and precursor; the
latter is clearly visible in the Q mode, 52° (0.14
phase) ahead of the main pulse at 320 MHz
(Fig. 2B).

X-ray spectral analysis (16) revealed two com-
ponents in the Q mode. The best spectral fit to
the total (i.e., pulsed and unpulsed) spectrum is
the sum of a power-law component and a ther-
mal blackbody component (Fig. 3A; fit param-
eters in Table 1 and table S4). The spectrum of
the pulsed component in the Q mode is best de-
scribed by a single thermal blackbody model
(Fig. 3B, Table 1, and table S4). It appears that
the spectral fits to the thermal component in the
total Q-mode spectrum and the thermal pulsed
spectrum in the Q mode are statistically consist-
ent (∆ flux = 0.1s, ∆kT = 2.5s). This means that
the Q-mode total x-ray emission consists of an
unpulsed component with a steep, nonthermal
power-law spectrum, and a ~100% pulsed com-
ponent with a thermal blackbody spectrum. This
is also reflected in the variation of the pulsed
fraction with energy (table S5). In the B mode,
the spectrum can be satisfactorily described with
a single power law as well as a single blackbody
shape (table S4). However, the most likely shape
is a nonthermal spectrum (Fig. 3C), indistinguish-
able from the nonthermal component in the total
Q-mode spectrum (supplementary text).

PSR B0943+10 is one of only 10 old (char-
acteristic age >1 million years), nonrecycled radio
pulsars where x-ray emission has also been de-
tected (20–22). Although the surfaces of such
pulsars have cooled substantially since birth, the
observed x-ray emission is argued to be thermal in
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of the precursor pulse at phase ~0.35. A 15-min section (at the 1.5-hour mark) used for rephasing on a
continuum source is blanked out.

Fig. 2. Aligned x-ray and radio pulse profiles
of PSR B0943+10 in its B and Q modes. (A) B
mode: There is no evidence for a pulsed signal
in the B-mode x-ray data, the flat distribution
showing constant emission from the pulsar. (B)
Q mode: The x-ray profile in the Q mode rep-
resents a 6.6s detection on top of a flat con-
stant level. The solid and dashed lines in the
x-ray profiles are the kernel density estimator
and T1s levels. The weak precursor, present
only in the Q mode, is clearly visible in the
GMRT radio profile at 320 MHz at 52° (0.14
phase) prior to the main pulse, and verified to
be also weakly present in the LOFAR Q-mode
profile.
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Figure 1. Left: LOFAR HBA observation of PSR B0943+10, clearly showing the Bright
(B) and Quiet (Q) modes (adapted from Hermsen et al. 2013). The white stripe is data ex-
cised because of interference. Right: LOFAR HBA/LBA profiles of PSR B0943+10 spanning
20−200 MHz (Bilous et al., in prep.).

(2012) we compared LOFAR LBA and HBA data of four bright pulsars with simul-
taneously acquired data at 1.4 and 8 GHz from the Lovell and Effelsberg telescopes,
respectively. By modeling the profile evolution over this combined 8-octave range in
frequency, it was possible to constrain both the accuracy of the ν−2 dispersive delay
law for the ISM as well as the maximum emission height at these radio frequencies.

We are also studying the well-known, steep spectrum pulsar B0943+10. This
source shows two distinct modes of radio emission, termed ‘Bright’ (B) and ‘Quiet’
(Q) — see Figure 1, left. Using a combination of simultaneous LOFAR (150 MHz),
GMRT (350 MHz), and XMM-Newton (X-ray) data it was possible to show that the
X-ray spectrum and timing properties change in concert with the radio mode switches
— thus illustrating a rapid and global magnetospheric change (Hermsen et al. 2013).
Follow-up LOFAR LBA observations can further illuminate the nature of the modal
change. For instance, modeling of the 20 − 200 MHz profile evolution in the B/Q-
modes indicates that the obvious switch in profile morphology does not necessarily
indicate a large shift in the magnetospheric origin of the emission (Bilous et al., in
prep.; Figure 1, right). This work also identified a more gradual profile evolution
during the B-mode, which appears to reset at the beginning of each mode instance.

3. Interstellar weather and millisecond pulsars with LOFAR

Propagation effects in the ionized ISM become very strong towards low frequencies:
dispersive delays and scattering times go as ν−2 and ∼ ν−4, respectively. Though this
can seriously hamper the detectability of a pulsar signal at LOFAR frequencies, it also
gives a strong lever arm for studying subtle and/or dynamic effects. We are preparing
a sample of LOFAR scattering measurements to test the frequency power-law of the
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Figure 2. Left: Multi-frequency pulse profiles of PSR B2111+46, showing how the signal
becomes increasingly scattered towards the bottom of the LOFAR HBA band. Right: Scattering
time, Tsc, for this source increases as a function of frequency as ν−3.8±0.1 (Zagkouris et al., in
prep.).

delay (Zagkouris et al., in prep.). For some sources we can do this using a single,
wide-band HBA observation (e.g. Figure 2).

For millisecond pulsars (MSPs), better characterizing the dynamic effects of in-
terstellar propagation takes on a practical importance: to maximize the precision with
which an ensemble of MSPs can be used as a pulsar timing array requires careful cor-
rection for DM variations (e.g. Keith et al. 2013). Low-frequency MSP observations
thus have the potential to better characterize the effects that the ISM has on limiting
timing precision; such observations could also in principle provide an ISM weather
report to correct high-frequency timing data. In a LOFAR census of 55 MSPs, we
have successfully detected 38 pulsars in the high-band and 3 in the low-band (Kon-
dratiev et al., in prep.). Some example detections are shown in Figure 3. In the case of
non-detections, scattering likely plays a role in many cases, though spectral turnover
may also be relevant for some sources (Hassall et al., in prep.). Regular monitoring
of DM can be done for a large fraction of the detected sources, with single epoch DM
uncertainties on the order of 10−4 − 10−5 pc cm−3 in many cases. The importance of
variable scattering delays also remains an open question. This is being investigated
in detail using cyclic spectroscopy to measure the very fine frequency width of the
scintles in the LOFAR band (Stinebring, Archibald et al., in prep.).
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Figure 3. LOFAR HBA observations of MSPs J0034−0534, J1810+1744, J2145−0750, and
J2317+1439. The top panels show the cumulative pulse profile; the lower panels show the
signal as a function of frequency, with some channels excised because of interference. These
are all ∼ 20-min observations using the full LOFAR core.

Figure 4. Left: Footprint of a single LOTAAS pointing. The large circles indicate the incoher-
ent beams, whereas the clusters of smaller circles indicate the tied-array beams. Right: Current
status of observed LOTAAS coverage (tied-array beams). The LOTAAS and pilot survey dis-
coveries are shown as red and yellow stars, respectively.

4. LOTAAS: the LOFAR Tied-Array All-Sky Survey

Capitalizing on LOFAR’s large field-of-view, we are performing LOTAAS, the LO-
FAR Tied-Array All-Sky Survey. LOTAAS uses both a coherent and incoherent sum
of LOFAR’s 12 ‘Superterp’ HBA sub-stations (see van Haarlem et al. 2013, for an ex-
planation of this terminology) to produce a combined field-of-view of 9 and 30 square
degrees, respectively (Figure 4). The 183 coherent beams per pointing are densely
clustered to give roughly uniform sky coverage. The 3 large incoherent beams pro-
vide a larger field-of-view, but at

√
12 reduced sensitivity. An additional 36 coherent

beams are manually pointed at known pulsars within the field, in order to provide
useful data in parallel. The survey records from 119−151 MHz with 2592 12-kHz
channels and 492 µs sampling. The resulting data rate to disk is an amazing 36 Gb/s,
resulting in 4 TB per pointing once the data are converted to 8-bit samples.
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Figure 5. From left to right LOFAR pulsar discoveries #1−4: PSRs J0140+56, J0607+37,
J1529+40, and J0935+33. These plots are all from 30-min confirmation observations using
the Full Core, which provides better S/N and localization than the discovery observations that
use only the Superterp. An up-to-date list of LOFAR pulsar discoveries, as well as localization
plots for new discoveries, is available here: http://www.astron.nl/lotaas/.

A unique aspect of LOTAAS is the large on-sky time: 1 hr per pointing. This
pushes into a new parameter space for highly intermittent pulsars as well as fast radio
transients like those reported by Thornton et al. (2013). Though scattering and sky
temperature will severely limit the survey at low Galactic latitudes, well above the
Galactic plane it will be possible to see sources to a much larger distance. Indeed,
LOTAAS is partly conceived as a survey for nearby, low-luminosity pulsars which
can be used for extrapolating to the entire Galactic population and which can serve
as excellent multi-wavelength follow-up sources (though they may be faint in radio,
they could be good X-ray or γ-ray targets).

Thus far we have acquired 225 survey pointings (Figure 4). Processing of the data
is a major challenge because of the large data volume (900 TB collected so far), large
number of required DM trials, and long dwell times. Searching, both via Fourier-
based and single-pulse techniques, is currently being tackled with the Dutch national
super-computer Cartesius, which provides thousands of cores. The search effort is
only beginning to ramp up, and the next challenge will be to sift through the millions
of candidates that will ultimately be generated. This will require machine learning
and artificial intelligence techniques developed for other pulsar surveys. Nonetheless,
the first discoveries are being made, with 2 recent LOTAAS discoveries as well as 2
new pulsars found as part of commissioning surveys (Coenen 2013). LOFAR’s first
4 pulsar discoveries are shown in Figure 5. Three of these pulsars are at distances of
only 600− 700 pc (according to the NE2001 model of Cordes & Lazio 2002), placing
them amongst the closest 10% of pulsars.
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