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ABSTRACT

We present an overview of the LOFAR Tied-Array All-Sky Survey (LOTAAS) for radio pulsars and fast transients. The survey uses
the high-band antennas of the LOFAR Superterp, the dense inner part of the LOFAR core, to survey the northern sky (6 > 0°) at
a central observing frequency of 135 MHz. A total of 219 tied-array beams (coherent summation of station signals, covering 12
square degrees), as well as three incoherent beams (covering 67 square degrees) are formed in each survey pointing. For each of the
222 beams, total intensity is recorded at 491.52 us time resolution. Each observation integrates for 1 hr and covers 2592 channels from
119 to 151 MHz. This instrumental setup allows LOTAAS to reach a detection threshold of 1-5 mJy for periodic emission. Thus far,
the LOTAAS survey has resulted in the discovery of 73 radio pulsars. Among these are two mildly recycled binary millisecond pulsars
(P = 13 and 33 ms), as well as the slowest-spinning radio pulsar currently known (P = 23.55s). The survey has thus far detected 311
known pulsars, with spin periods ranging from 4 ms to 5.0s and dispersion measures from 3.0 to 217 pc cm~3. Known pulsars are
detected at flux densities consistent with literature values. We find that the LOTAAS pulsar discoveries have, on average, longer spin
periods than the known pulsar population. This may reflect different selection biases between LOTAAS and previous surveys, though
it is also possible that slower-spinning pulsars preferentially have steeper radio spectra. LOTAAS is the deepest all-sky pulsar survey
using a digital aperture array; we discuss some of the lessons learned that can inform the approach for similar surveys using future

radio telescopes such as the Square Kilometre Array.

Key words. pulsars: general — methods: data analysis — methods: observational

1. Introduction

To date, there are over 2200 slow rotation-powered radio pulsars
(Pspin 2 0.1's; Byt ~ 10" G) and about 360 rotation-powered
radio millisecond pulsars (MSPs; Pgyin < 30ms; Boyr ~ 108 G)
known (see ATNF cataloguel; Manchester et al. 2005). How-
ever, these represent only a small fraction (<10%) of the total
expected Galactic population (e.g. Keane et al. 2015, and refer-
ences therein), and there remains a strong scientific drive to find
more pulsars.

! Catalogue version 1.59, http://www.atnf.csiro.au/people/
pulsar/psrcat/

Article published by EDP Sciences

Radio pulsar searches are motivated by understanding the
total Galactic population of neutron stars: for example, the var-
ious classes of neutron stars (Tauris et al. 2015), their spatial
distribution (Lorimer 2011), evolution (Johnston & Karastergiou
2017), and birth rates (Faucher-Giguere & Kaspi 2006). Pop-
ulation synthesis models are based on the yields of previous
pulsar surveys, and a variety of targeted, wide-field, low and
high-frequency surveys are needed to constrain these models,
while also averaging out the observational biases inherent to dif-
ferent survey approaches (e.g. Lorimer et al. 2006; Swiggum
et al. 2014).

Furthermore, the discovery of individual pulsar systems has
continued to provide important new insights into gravitational
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theories (e.g. Antoniadis et al. 2013; Archibald et al. 2018), the
dense matter equation of state (e.g. Demorest et al. 2010), exotic
stellar evolution (Ransom et al. 2014), accretion physics (e.g.
Archibald et al. 2009) and the interstellar medium (Stinebring
et al. 2001). A massive international effort is also underway with
the goal of using a set of MSPs to directly detect gravitational
waves (Detweiler 1979; Hobbs et al. 2010; Verbiest et al. 2016).
Pulsar discoveries thus also have a wide-reaching and significant
impact outside the field of pulsar astrophysics itself; in essence,
they are nature’s clocks and can be used in many applications:
for example, a pulsar based-timescale (Hobbs et al. 2012) and
space navigation (Ray et al. 2017).

Pulsar radio spectra are typically characterised as a power-
law, where the flux density at a particular frequency, S,, is
proportional to the observing frequency v to some power,
i.e. S, o v*. This is not always a good characterization of the
spectrum (Lewandowski et al. 2015; Jankowski et al. 2018),
however, and a low-frequency turnover around 100-200 MHz
appears to be present for some sources (Bilous et al. 2016, and
references therein). Recently, Bates et al. (2013) found that the
average spectral index is & = —1.4, with a 1o~ dispersion of ~12.
Indeed, pulsars have been observed with a wide range of spec-
tral indices, —4 < a < 0. This variation in spectral index is not
well understood. In principle, it could be intrinsic, a function
of viewing geometry, and/or related to the interstellar medium
(Lewandowski et al. 2015; Rajwade et al. 2016). In general, how-
ever, pulsars are steep-spectrum radio sources, meaning that they
become significantly brighter towards lower radio frequencies.

While the steep radio spectra of pulsars may at first seem
to suggest that low radio frequencies (here defined as v <
400 MHz) are the best option for searches, there are a number
of chromatic effects that create challenges for low-frequency
pulsar surveys. Propagation through the ionised and magne-
tised interstellar medium (ISM) influences the observed pulsar
signal via (i) scintillation, a frequency and time-dependent mod-
ulation/variability of the signal strength (Rickett 1970); (ii) scat-
tering, multi-path propagation (Rickett 1977); (iii) dispersion,
a frequency-dependent light-travel time through the intervening
medium (e.g. Hassall et al. 2012, and references therein); and
(iv) Faraday rotation, a rotation of the angle of linearly polarised
emission (e.g. Manchester 1972; Brentjens & de Bruyn 2005;
Sobey et al. 2019). A review of these propagation effects can be
found in Rickett (1990). Finally, the synchrotron sky background
temperature, Ty, which increases rapidly towards lower radio
observing frequencies: Ty, o v~>5° (Haslam et al. 1981, 1982;
Lawson et al. 1987), further reduces sensitivity at low Galactic
latitudes.

Most relevant to low-frequency pulsar searches are disper-
sion and scattering. Dispersion introduces a time delay Ar o
DM v~2 (where DM is the dispersion measure, the integrated
column density of free electrons along the line-of-sight). This
effect can be compensated for using incoherent dedispersion, but
requires high frequency resolution. However, at low observing
frequencies, dispersion within a frequency channel strongly lim-
its the effective time resolution that can be achieved, especially
for relatively high DM (>50—100 pc cm™3). Therefore, searching
for fast-spinning millisecond pulsars at the lowest radio frequen-
cies requires coherent dedispersion (Bassa et al. 2017a,b).

Scattering causes a pulse broadening Tgcy o v~*4 (under the
assumption of a Kolmogorov turbulence spectrum; the exact fre-
quency scaling can deviate from v~*#) that cannot be corrected

2 This is a somewhat shallower scaling compared to the @ = —1.8
found by Maron et al. (2000).
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for in pulsar surveys (in practice). The magnitude of scatter-
ing depends on the distribution of the material along the line-
of-sight, and is loosely correlated with DM (Bhat et al. 2004;
Geyer et al. 2017). Scattering becomes a significant limitation
for low-frequency pulsar searches for DM > 50-100 pccm™.
DM is a proxy for distance, given a model for the free elec-
tron distribution in the Galaxy (Cordes & Lazio 2002; Yao
et al. 2017). Because of dispersive smearing and scattering, low-
frequency searches are limited to detecting pulsars with DM <
100 pc cm~3. This is not a major limitation for the search volume
at high Galactic latitudes, but it precludes finding pulsars at large
distances (23 kpc) within the Galactic plane.

Despite these challenges, pulsars were originally discovered
at 81.5 MHz (Hewish et al. 1968), and low-frequency searches
continue to be fruitful. In the last decade, low-frequency pul-
sar surveys have discovered ~300 pulsars, and have mapped
the nearby population both towards the Galactic plane and at
higher Galactic latitudes. A 350-MHz survey of the northern
Galactic plane with the Green Bank Telescope (GBT) discovered
33 pulsars (Hessels et al. 2008). Using a very similar observ-
ing strategy, the GBT Driftscan survey found 31 pulsars (Boyles
et al. 2013; Lynch et al. 2013), including the pulsar stellar triple
system PSR J0337+1715 (Ransom et al. 2014) and the tran-
sitional millisecond pulsar PSR J1023+0038 (Archibald et al.
2009). An ongoing, full-sky 350-MHz survey with the GBT,
the GBNCC, has found 160 pulsars to date (Stovall et al. 2014,
Kawash et al. 2018; Lynch et al. 2018). An ongoing driftscan
survey with Arecibo at 327 MHz has found 82 pulsars® (AO327;
Deneva et al. 2013), while the GMRT High Resolution South-
ern Sky (GHRSS; Bhattacharyya et al. 2016) survey discovered
10 pulsars at 322 MHz in the Southern sky (-54° < § < —40°).
Targeted low-frequency searches of unidentified Fermi gamma-
ray sources have also discovered 62 millisecond pulsars (e.g.
Hessels et al. 2011; Ray et al. 2012; Cromartie et al. 2016; Bassa
et al. 2017b, 2018; Pleunis et al. 2017).

In Coenen et al. (2014) we presented a pilot survey for
pulsars and fast transients using the Low-Frequency Array
(LOFAR; van Haarlem et al. 2013) and its high-time-resolution
“beam-formed” modes (Stappers et al. 2011). We have sub-
sequently built on those observations and started the LOFAR
Tied-Array All-Sky Survey (LOTAAS). Compared with other
modern, wide-field pulsar surveys, LOTAAS is novel because
of its very low observing frequency (119-151 MHz) and long
dwell time per pointing (1 h). These characteristics were instru-
mental in enabling the LOTAAS discovery of 7 rotating radio
transients (Michilli et al. 2018) and a 23.5-s pulsar, which is by
far the slowest-spinning radio pulsar known (Tan et al. 2018a).

More broadly, the discoveries of the rotating radio tran-
sients (RRATs; McLaughlin et al. 2006), radio-emitting mag-
netars (Camilo et al. 2006), intermittent pulsars (Kramer et al.
2006), and the fast radio bursts (FRBs; Lorimer et al. 2007;
Thornton et al. 2013; Spitler et al. 2014) have shown that radio-
emitting neutron stars have a host of emission properties and can
sometimes be very sporadic in their detectability. These insights
strongly motivate pulsar and fast transient surveys that achieve a
large “on-sky” time, ¥ = Nops{obs, here defined as the product
of the total number of survey observations, Ny, field-of-view
per pointing, Q, and dwell time per pointing, #,,s. This makes
LOTAAS complementary to other ongoing, low-frequency sur-
veys, like the GBNCC and AO327 drift (Stovall et al. 2014;
Deneva et al. 2013), which have higher instantaneous sensitivity
but ~30—-60x lower dwell time and instantaneous field-of-view:

3 http://www.naic.edu/~deneva/drift-search
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Fig. 1. Beam setup of a LOTAAS pointing. Panel a: LOTAAS pointing consists of three sub-array pointings (SAPs) separated by 3°82 on the
vertices of an equilateral triangle. Within each SAP, the LOFAR correlator and beamformer forms 61 coherently summed tied-array beams (TABs;
small circles) and an incoherent beam (large circle). The TABs are hexagonally tiled to cover the centre of each SAP. Within each SAP an
additional 12 TABs are formed, and can be pointed towards known pulsars (shown here only for one SAP). The SAP full-width at half maximum
(FWHM) varies from 6°1 to 4°7 over the LOTAAS band (119 MHz to 151 MHz). Panel b: hexagonal tiling of the 61 TABs within a single SAP.
The TAB FWHM varies from 0241 to 0232 over the LOTAAS band (119 MHz to 151 MHz). Adjacent TABs overlap by 28% at 119 MHz and 14%
at 151 MHz. Panel c: LOTAAS pointings are tessellated in three passes, as indicated. Three passes are required to cover the sky with TABs, while

each single pass covers the sky with incoherent beams from the SAPs.

Trotaas = 23400hdeg? at 135 MHz, Sgpnee =~ 1430hdeg? at
350 MHz above 6 > —40°, and X037 = 132hdeg2 at 327 MHz.
Here we present an overview of the LOTAAS survey and
its first discoveries. In Sect. 2 we describe the novel obser-
vational setup of the survey, along with parameters such as
time/frequency resolution and sensitivity. In Sects. 3 and 4 we
describe the search pipeline and the results of the processing
to date — in terms of pulsar discoveries and redetections. These
results are discussed in Sect. 5. Lastly, we conclude in Sect. 6.

2. Survey description
2.1. Array configuration and beamforming

The LOFAR Tied-Array All-Sky Survey (LOTAAS) is an ongo-
ing survey of the Northern sky for pulsars and transients with
LOFAR. The survey uses the high-band antennas (HBAs) on the
Superterp, the dense central part of the LOFAR core, since these
provide the highest filling factor of LOFAR stations in the array
and hence the best balance of field-of-view and raw sensitivity
(van Haarlem et al. 2013; Stappers et al. 2011). This compact
configuration also removes the need to compensate for differen-
tial ionospheric phase delays between stations. The HBAs on the
Superterp are spread over 6 stations (CS002-007; van Haarlem
et al. 2013), each of which has two sub-stations of 24 HBA tiles.
Each HBA tile consists of 16 dual-polarisation antenna elements
(dipoles) arranged in a 4 X 4 pattern. Hence, the total number of
dual-polarisation dipoles on the Superterp is 4608.

LOTAAS uses LOFAR’s three stages of beamforming to
create tied-array beams for the HBA antennas (van Haarlem
et al. 2013; Stappers et al. 2011). First, the analogue beam-
former of each HBA tile forms a file beam out of the signals
from the 16 antenna elements within a tile. After digitization
and coarse channelization of the signals, these tile-beams are
digitally beamformed into station beams. The final stage of
beamforming is performed by the central LOFAR correlator and
beamformer, which combines the signals of 12 HBA sub-stations
into fied-array beams (see Stappers et al. 2011 for details). At

the beginning of the LOTAAS survey in December 2012 a CPU-
based IBM Blue Gene/P was used as the central LOFAR corre-
lator and beamformer (Mol & Romein 2011). In May 2014 its
functionality was transferred to CoBaLr, a GPU-based correlator
and beamformer (Broekema et al. 2018).

For the LOTAAS band of 119 MHz-151 MHz (see Sect. 2.3),
the Superterp HBA station beams vary in full-width at half
maximum (FWHM) at zenith from 6°1 at 119 MHz to 4°7 at
151 MHz. Tied-array beams from the 12 HBA sub-stations of
the Superterp yield beams for which the FWHM varies with
frequency between 0241 (119 MHz) to 0932 (151 MHz) at the
zenith. Both the station and tied-array beams will become elon-
gated in zenith angle when pointing away from the zenith, as the
baselines between tiles in a station and the baselines between
stations foreshorten.

2.2. Beam setup and tessellation

To maximise the number of tied-array beams as well as their sen-
sitivity within station beams (sensitivity is higher towards the
centre), LOTAAS forms three station beams (hereafter called
sub-array pointings, or SAPs), each of which is tessellated by
61 tied-array beams (TABs). The TABs fill the central region
of each SAP with a central TAB surrounded by four hexagonally
filled TAB rings. The TAB rings are spaced at 09245 (14!7) sepa-
ration, where the FWHM of one TAB overlaps for 28% and 14%
with adjacent TABs at 119 MHz and 151 MHz, respectively. This
overlap provides pseudo-Nyquist sampling of the sky. The same
is true for the SAPs, which are separated by 3°82 at the vertices
of an equilateral triangle. Figure 1 shows the layout of the SAPs
and TABs.

Furthermore, an additional 12 TABs are formed within each
SAP. These are pointed towards known pulsars that happen to
coincide with the SAP field-of-view, or at predetermined posi-
tions in the absence of known sources. Finally, the signals
from the 12 HBA sub-stations per SAP are summed incoher-
ently (Stappers et al. 2011; Broekema et al. 2018) to form an
incoherent beam with a field-of-view equivalent to that of the
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Fig. 2. Stereographic projections of the Northern hemisphere in equatorial coordinates (§ > —3°). Lines of equal right ascension and declination
are indicated with dashed gray lines (2" steps in RA and 15° in Dec, from 0° to 75°). The Galactic plane is shown as the black curve. Left:
observed LOTAAS pointings as of January 2019, following the LOTAAS tessellation scheme. The sky coverage of the incoherent beams is shown
for the three passes with different colours. Note that beamsizes have been scaled down for readability of the plot. Right: sky location of the first
73 LOTAAS pulsar discoveries. The period P and dispersion measure DM of the pulsars are indicated with different symbols and colours. Contours
show the sky temperature T, at 135 MHz, as extrapolated from the Haslam et al. (1982) 408 MHz map, as well as the maximum predicted DM

within our Galaxy by the Cordes & Lazio (2002) NE2001 model.

station beam. Hence, a total of 222 beams are formed for each
LOTAAS pointing. At zenith, the hexagonally tiled TABs of the
three SAPs of a single pointing cover approximately 12 square
degrees, while the incoherent beams cover 67 square degrees.
The setup of the tied-array and incoherent LOTAAS beams
allows pointings to be efficiently tessellated to cover the entire
sky. To fill in the gaps between the tied-array beams, three inter-
leaved pointings are required to fully sample the sky, as depicted
in Figs. 1 and 2. The large field-of-view of the incoherent beams
has the advantage that the three pointings can be performed in
three sequential passes, such that for each pass the incoherent
beams completely cover the sky. As a result, each sky position is
observed once with a coherently summed TAB and three times
with an incoherently summed station beam. A total of 1953 indi-
vidual pointings, 651 per pass, are required to cover the sky
above a declination of & > 0°. At the time of writing, January
2019, all pointings of Pass A and B have been obtained, and
43 pointings remain to be observed for Pass C. Initial processing
of Pass A and B has been completed using a “Version 1.0” search
pipeline, and the analysis of the pass C pointings is ongoing.

2.3. Bandwidth and sampling

LOFAR stations are capable of digitizing dual-polarisation sig-
nals at 8-bit resolution for up to 488 sub-bands. Station beams
can be formed for individual or groups of sub-bands. By choos-
ing three station beams, LOTAAS can record data at a maxi-
mum of 162 sub-bands for each station beam. To optimise the
LOTAAS sensitivity and TAB field-of-view we use the bot-
tom part of the HBA band where LOFAR is most sensitive
(van Haarlem et al. 2013). The 162 sub-bands of 195.3125 kHz
bandwidth are centred at 135.25 MHz with a total bandwidth
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of 31.64 MHz. The central LOFAR correlator and beamformer
uses a polyphase filter to channelise each sub-band to 16 chan-
nels, providing a total of 2592 channels over the LOTAAS band.
The signals from the two linear polarisations are summed in
quadrature to form total intensity (Stokes 7). To comply with
the network limitations between the correlator/beamformer and
the central processing cluster, the data are decimated by a fac-
tor of 6 in time, to a time resolution of 491.52 us. Finally,
time/frequency samples, represented by 32-bit floating point val-
ues, are streamed to the central processing cluster at a data rate
of 37.46Gbs™!.

The large instantaneous field-of-view of a single LOTAAS
pointing allows for long dwell times. Each LOTAAS pointing
has a 1-h integration time, compared to the few-minute integra-
tion times used by other ongoing wide-field surveys. The long
integration times increase the probability of discovering RRATS,
intermittent pulsars and transient signals. With 1h integration
times, the data volume of a single LOTAAS pointing is 16.9TB
(with 32-bit samples).

2.4. Survey sensitivity

Following Dewey et al. (1985), the sensitivity of the LOTAAS
survey for a pulsar with period P and effective pulse width W g
down to a minimum signal-to-noise S /Ny, relates to the gain G
and system temperature Ty, of the telescope, and the integration
time Zps, bandwidth Ay and number of summed polarisations 7,
of the observation through

_ S/NminTsys Weff .
G I’lplobsAV P — Weg

min
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The gain G depends on the effective area A of the telescope
(G = 3Acq/kg, with kg the Boltzmann constant). For LOFAR,
the number of stations and active dipoles defines the effective
area, as well as the coherency of the tied-array beamforming.
Following van Haarlem et al. (2013), the effective area fora HBA
sub-station of 16 dipoles per tile and 24 tiles per sub-station
at the central LOTAAS frequency of 135MHz (1 = 2.2m) is
Aeg = 600m?. Kondratiev et al. (2016) finds that the coher-
ent summation of N stations scales as N%% and typically, 5%
of dipoles are not in operation. Hence, the effective area of the
LOFAR Superterp is (1-0.05)12°%600m?> = 4712m?. This
yields a gain of G = 1.7 K Jy~! at zenith.

The system temperature Ty is the sum of the sky tempera-
ture Ty and the receiver or antenna temperature 7, The latter
varies over the LOTAAS observing band, with a minimum value
of 330K at 125MHz to 390K at 151 MHz; we use the mean
Tane of 360 K (Kondratiev et al. 2016). At the observing frequen-
cies of LOTAAS, the system temperature T'sys can be dominated
by the sky temperature T,. We use the reference sky temper-
ature map at 408 MHz from Haslam et al. (1982), and the 253
scaling law by Lawson et al. (1987) to estimate the sky tem-
perature at 135 MHz. The all-sky averaged sky temperature at
135MHz is Ty = 510K, but can be as low as 200K at high
Galactic latitudes to >1000K in regions at low Galactic lati-
tude towards the Galactic centre (see Fig. 2). For determining
the sensitivity limits we use the best-case system temperature of
Toys = Tant + Ty = 560K, as well as the all-sky averaged value
of Teys = 870K.

The intrinsic pulse width is broadened by effects due to
the propagation of the pulse through the interstellar medium,
depending on the way these are corrected for in the analysis. As
defined in Lorimer & Kramer (2012), the total temporal smear-
ing Ty is the quadratic sum of the finite sampling time 7gump,
the dispersive smearing within a single channel 7¢p,,, the disper-
sive smearing across the full bandwidth due to the finite steps
in trial DM tgw, and the dispersive smearing due to the piece-
wise linear approximation of the quadratic dispersion law in the
sub-band dedispersion algorithm (Manchester et al. 1996) Tgyp.

The top panel of Fig. 3 shows the dispersive smearing
as a function of DM. Using the dedispersion plan described
in Sect. 3.2, the dispersive smearing at low DM in LOTAAS
is 0.9ms, but rises to 20ms at the highest-searched DM of
550 pc cm™3. Besides dispersive smearing, the pulsar pulses will
also be smeared due to scattering in the interstellar medium.
Whereas the effects of dispersion can largely be mitigated by
dedispersion, scattering can not be corrected for in a blind
search. Figure 3 also shows the smearing due to scattering as a
function of DM, as predicted by the empirical relation from Bhat
et al. (2004). Observationally, the smearing due to scattering for
pulsars at the same DM but different location shows variations
up to 2 or 3 orders of magnitude, and hence we plot a range
of possible scattering variations. Based on this range, we expect
smearing due to interstellar scattering to become dominant over
dispersive smearing for DMs in the range of 20—100 pc cm™>.

The sensitivity limit of the LOTAAS survey is shown in
the bottom panel of Fig. 3 as a function of dispersion mea-
sure for different pulse periods P and system temperature 7Ty
in the presence (or absence) of interstellar scattering. All these
curves assume an intrinsic pulse width that is 3% of the pulse
period, and a minimum detection significance of S /Ny, = 10.
These curves indicate that LOTAAS has a best sensitivity of
about 1.2mly for nearby slow pulsars at high Galactic lat-
itudle (DM < 50pcem™, P > 0.1s and Ty, = 560K).
Sensitivity to millisecond pulsars with P < 0.01s is limited

Smearing (ms)
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2
£
2
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6 | With scattering 4
ot s 5 i
3 T —-T,.=870K
E [ —Tsys=560 K g
3
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=
"t 1 Ll 1l B
1 10 100

Dispersion measure (pc cm™>)

Fig. 3. Top: pulse broadening due to the finite sampling time, dispersive
smearing due to the incoherent dedispersion algorithm used, and the
effects of scattering using the scattering relation of Bhat et al. (2004).
The diagonal dashed lines denote a one order-of-magnitude larger or
smaller range in predicted scattering. Bottom: minimum detectable flux
density for the LOTAAS survey as a function of DM. Sensitivity limits
are plotted for different pulse periods P, and different system tempera-
tures T's. The effect of pulse broadening due to interstellar scattering is
shown by the dotted lines.

by the coarse sampling of 491.52 us, though theoretically they
could be detected if they are at low DM and relatively bright.
In the presence of interstellar scattering following the Bhat
et al. (2004) predictions, LOTAAS would not be able to detect
pulsars with DMs above 200 pccm™3, regardless of their spin
period.

2.5. Confirmation and follow-up observations

The different observing modes and station locations of LOFAR
allow for flexibility when confirming pulsar candidates and
performing follow-up observations. For confirming pulsar can-
didates, LOTAAS uses the HBA dipoles of the 24 LOFAR core
stations with 15-min exposures, yielding a factor of approxi-
mately 2 increase in sensitivity over the 6 stations of the Supert-
erp using 1-h observations. The maximum baseline between
core stations is 3.5km, compared to 300m for the stations
on the Superterp, and hence the TABs using the core stations
have a FWHM of 3’5, a factor 7 smaller than Superterp TABs.
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Fig. 4. Tied-array beam (TAB) locations for confirmation observations
(top) and localization observations (bottom). In these observations a sin-
gle sub-array pointing is tiled with 127 TABs, where the colour indi-
cates the cumulative signal-to-noise of the pulse profile in each beam.
Note the change of scale between the two plots, denoted by the approx-
imate TAB beamsize depicted in the lower left of each panel. In the
localization observations the TABs overlap significantly to obtain a
signal-to-noise weighted localization of the pulsar.

To tile out the Superterp discovery beam, we form a single
sub-array pointing and use 127 TABs in a hexagonal pattern.
Depending on the accuracy of the discovery localization, the
spacing between the TABs in confirmation observations can be
decreased from Nyquist sampling to improve the localization
by comparing the pulsar profile signal-to-noise between dif-
ferent beams. This approach allows the pulsar to be localised
to an accuracy of about 3’. Examples of the tied-array beam
tiling in confirmation and localization observations are shown
in Fig. 4.

Besides the larger number of stations and shorter integra-
tion time, confirmation observations use the same observational
setup as the search observations. Hence, 162 sub-bands cover
31.64 MHz of bandwidth over the same frequency range, chan-
nelised to 2592 channels, with polarisations summed to form
Stokes I and downsampled to a sampling time of 491.52 us.

Once a newly discovered pulsar is confirmed and localised,
the timing programme is started. The follow-up timing observa-
tions again use all the HBA dipoles of the 24 LOFAR core sta-
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tions, but now only a single tied-array beam is formed. For this
tied-array beam, dual-polarisation complex voltages, sampled
at the 5.12us Nyquist rate of a 195.3125kHz sub-band are
recorded for 400 sub-bands. Hence, 78.125 MHz of bandwidth
is recorded between frequencies of 110 MHz to 188 MHz. The
complex voltages allow phase-coherent dedispersion removal
with pspsr (van Straten & Bailes 2011). Subsequent timing anal-
ysis is performed with psrcHIvE (Hotan et al. 2004) and TEMPO2
(Hobbs et al. 2006; Edwards et al. 2006).

To constrain their radio spectra, newly discovered pulsars are
also observed using the 76-m Lovell telescope at Jodrell Bank
at 1532 MHz and occasionally at 330 MHz. For these observa-
tions the ROACH backend (Bassa et al. 2016) is used, provid-
ing 400 MHz of bandwidth centred at 1532 MHz and 64 MHz
of bandwidth at 330 MHz. Pulsars that are visible at 1532 MHz
are observed as part of the regular pulsar timing programme of
the Lovell telescope. For some pulsars, follow-up observations
at 1.4 GHz were also obtained with the Nangay Radio Telescope
(Guillemot et al. 2016; Cognard et al. 2017).

3. Analysis

In terms of data volume, the LOTAAS survey is the largest pul-
sar survey performed to date, as the 1953 LOTAAS pointings
produce 8 PB of raw 8-bit archived data. The management and
the processing of such a huge amount of data is not a trivial
task, and can pose a challenge for even the largest high perfor-
mance computing (HPC) facilities available worldwide. For this
reason, although at the beginning of the survey the HPC cluster
of the Jodrell Bank pulsar group was used (HYDRUS; 552 CPU
cores, 728 GB RAM), the main workhorse of the survey’s pro-
cessing since 2014 has been the Dutch National Supercomputer
Cartesius* (over 44500 CPU cores, 115TB RAM), managed
by SURFSara’. The storage of the raw data and the processed
results uses the SARA Long Term Archive (LTA), where a signif-
icant fraction of the LOFAR LTA is also hosted. The co-locality
of the SARA LTA and Cartesius provides increased efficiency,
required for various reprocessing runs of the stored data, with
transfer speeds over 1 GBs™!.

The processing time required to reduce that amount of raw
data is also immense. For the first processing runs, 10M CPU-
hours were requested in 2013 in order to streamline the LOTAAS
pipeline and get first results. This was followed by two 25M
CPU-hours requests, in 2015 and 2017 respectively. These 60M
CPU-hours have been granted by the Netherlands Organisa-
tion for Scientific Research (NWO) via proposal submission.
Out of these 50M CPU-hours, 30M have been used to process
all acquired data at the time of writing (January 2019), and
reprocess the early LOTAAS data (acquired before May 2015),
which had been processed only with the prototype LOTAAS
pipeline.

The LOTAAS processing pipeline is based on the PRESTO
(Ransom 2001) pulsar search software suite, with additional
code written by members of the LOTAAS group for single-pulse
searches (Michilli et al. 2018) and candidate classification (Lyon
et al. 2016; Tan et al. 2018b). Currently it is a purely CPU-based
pipeline; however, in the near future some parts will be replaced
by GPU implementations. Here we present a detailed breakdown
of the LOTAAS pipeline.
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4 https://userinfo.surfsara.nl/systems/cartesius
> https://www.surf.nl/en/about-surf/subsidiaries/
surfsara

® https://www.cv.nrao.edu/~sransom/presto
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3.1. Pre-processing

The 16.9TB of raw data for each 1-hr LOTAAS pointing are
stored in HDF5 format’ on the central processing cluster. Here,
the LOFAR Pulsar Pipeline (PuLP; Kondratiev et al. 2016)
requantises the raw data from 32-bit floating point values to
scaled and offset 8-bit integers, while also storing the scales
and offsets. This step reduces the data volume by a factor of
4. The requantised output is stored in PSRFITS format (Hotan
et al. 2004), yielding an 18 GB file for each of the 222 beams.
The pipeline then identifies and creates radio frequency inter-
ference (RFI) masks, and performs a series of tests concerning
the data quality (i.e. RFI statistics, packet loss in the correla-
tor and beamformer). Finally, the pipeline folds the data for
the TABs that contain known radio pulsars. The requantised
PSRFITS files, RFI masks, and associated metadata are then
ingested into the LTA. Observations for which the data quality
tests fail are marked for re-observation at the end of the survey.
Once the data have been validated to be on the LTA, they become
available for downloading to Cartesius.

On the Cartesius supercomputer, the PSRFITS files are
converted to SIGPROC filterbank format using an adapted ver-
sion of PRESTO’s psrfits2fil.py. This version was tailored to
LOTAAS data in order to control the desired block size (the min-
imum amount of data that can be processed in PRESTO), which
was set to 512 spectral channels per sub-integration. This partic-
ular block size was selected in order to minimise the effects of
dispersive smearing, which lowers the detection signal-to-noise
for pulsars at higher DMs. Subsequently, new RFI masks are
created using 2.5 s time integrations and the default settings of
rfifind (for more details, see Cooper 2017). The size of these
time segments was selected based on the typical RFI properties,
in order to avoid excessive data masking. Typically, the fraction
of data flagged as RFI is 10% for the TABs, and 15% for the
incoherently summed station beams.

3.2. Dedispersion

The next step is the creation of the dedispersed time series
for each beam. The DM range 0—546.5pccm™ is searched;
higher DMs are not searched because of the significant dis-
persion smearing and scattering at these low observing fre-
quencies. At a frequency of 135 MHz, which is the centre fre-
quency of the survey, the intra-channel dispersion smearing at
a DM = 50 pccm™ is ~2ms, whereas for DM > 100 pccm™
scattering likely dominates (see Fig. 3). The dedispersion plan
was created using the presTo DDplan.py tool and consists of
10 120 DM-trials (Table 1). This dedispersion plan is aimed at
minimizing the dispersive smearing over the selected DM range,
while optimizing the processing efficiency when using paral-
lelised dedispersion routines. The mpiprepsubband tool from
PRESTO is used to create incoherently dedispersed time-series
from the RFI masked filterbank files. This tool uses the sub-band
dedispersion technique, which uses a piece-wise linear approxi-
mation to the quadratic dispersion law.

3.3. Periodicity search

In order to look for periodic signals within the dedispersed time
series, their power spectra are computed by applying a dis-
crete fast Fourier transform (FFT) using the realfft tool. In
order to improve our sensitivity to long-period pulsars, a red

7 https://github.com/nextgen-astrodata/DAL

Table 1. Dedispersion plan used by the LOTAAS survey.

DMmin DMmax 6DM N DM d t samp
(peem™) (peem™)  (peem™) (ms)
0.00 40.48 0.01 4048 1 0.49152
40.48 141.68 0.05 2024 2 0.98304
141.68 546.48 0.10 4048 4 1.96605

Notes. The columns denote the ranges in dispersion measure between
DM, and DMy, with a DM step-size of 6DM, yielding Npy dis-
persion measure trials. The downsampling factor is denoted by d, and
indicates by what factor the temporal resolution is averaged to yield the
sampling time fgmp-

noise removal procedure is also applied to the power spectra
using rednoise. The whitened power spectra are now searched
for periodicities using accelsearch (Ransom et al. 2002),
which detects the most significant periodic signals and uses har-
monic summing to recover the power at multiples of the spin
frequency. No acceleration searches are currently performed,;
accelsearch only searches at zero acceleration, due to the
significant processing time that would otherwise be required.
LOTAAS is thus not sensitive to pulsars in tight binary sys-
tems, unless these are fortuitously observed at a preferential,
low-acceleration orbital phase. If a frequency has spectral sig-
nificance in excess of 20, it is marked as a candidate and the
corresponding harmonics up to the 16th are summed to increase
the detection significance.

Once the list of candidates for all the DM-trials has been
compiled, a sifting procedure to reduce the number of candi-
dates by selecting only the most likely is performed. The sifting
strategy in place is the one developed for the LOTAS pilot sur-
vey (Coenen et al. 2014) and is described in detail in Coenen
(2013). Candidates with P < 2ms or P > 15s, along with
candidates with DM < 0.5pccm™ are rejected. We note that
PSR J0250+5854, which has P = 23.5s (Tan et al. 2018a), was
discovered through its P < 15s harmonics. Also rejected are
those candidates that are not detected in neighbouring DM trials.
Candidates with similar DMs and harmonically related periods
are grouped, and only the instance with the highest signal-
to-noise is kept. From the significantly reduced candidate list,
only those with 50 detections are folded.

3.4. Candidate folding

Folding is performed using the prepfold tool, which creates
candidate files and diagnostic plots such as those shown in
Fig. 5 for further inspection. In the folding analysis we use
100 pulse phase bins (50 for P < 50ms), 288 sub-bands,
40 sub-integrations, and a running mean subtraction applied on
the input filterbank file. The latter assisted in the discovery of
PSR J0317+13, the observation of which was characterised by
strong broadband and narrowband RFI, but had as a side effect
the creation of artefacts during the folding: in other words, sig-
nal ‘dips’ around the profiles of bright sources with narrow pro-
file widths, which changes the detection significance (see e.g.
PSR J1635+23 in Fig. 5).

3.5. Candidate classification

Each pointing generates approximately 20000 candidates, and
on completion the survey will have produced approximately
40 million candidates. Since visual inspection of all the can-
didates would be impossible, the machine learning classifiers
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Fig. 5. Examples of standard presTo diagnostic plots for periodic pulsar
candidates. These plots are for LOTAAS discovered pulsars J1529+40,
J1635+23 and the binary MSP J1658+36.

described in Lyon et al. (2016) and Tan et al. (2018b) are used
to reduce the candidate list to a reasonable number for visual
inspection. These classifiers use the statistics (mean, variance,
skewness and kurtosis) of the pulse profile and the DM curve
(see Fig. 5; signal-to-noise as a function of DM). The Tan et al.
(2018b) classifier expands on this approach by calculating the
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correlation coefficient between each sub-band and the profile, as
well as the correlation coefficient between each sub-integration
and the profile. The classifier uses the statistics of correlation
coefficient distributions, in addition to the statistics of the profile
and DM curve, to automatically classify periodicity candidates.
This approach reduces the number of candidates per pointing to
~220, i.e. one per beam on average.

3.6. Single-pulse search

A search for bright impulsive signals in the dedispersed time
series is performed using single_pulse_search.py from
prEsTO. The script convolves box-car functions of variable
widths between 0.5—-100ms with the time series at different
DMs. A value for the signal-to-noise is calculated for each bin of
the convolved time series. If the signal-to-noise of one bin within
a set of user specified time ranges is above a threshold of 5o,
the characteristics of the event are stored — i.e. arrival time with
respect to the beginning of the time series, DM, width and signal-
to-noise. Due to the large parameter space searched and the geo-
graphical area where the Superterp is located, a large number
of events correspond to RFI. During a typical 1-h LOTAAS
observation, ~10% events are detected above a signal-to-noise
ratio of 5. In order to lower the number of events generated by
RFI, the L-sps automated classifier has been developed (Michilli
etal. 2018). It is a machine-learning-based classifier that uses the
same Very Fast Decision Tree algorithm as the classifier for the
periodicity search (Tan et al. 2018b). The classifier uses 5 scores
based on the width and signal-to-noise of the signal as a func-
tion of DM. At the end of the classification, it produces detailed
diagnostic plots to help quickly identify real signals. Typically,
a few tens of diagnostic plots need to be visually inspected for
each pointing.

4. Results
4.1. Discoveries

As of January 2019, the LOTAAS survey has discovered and
confirmed 73 pulsars; in this overview paper, we present their
properties. An up to date list of LOTAAS discoveries is main-
tained online®.

The pulse profiles of these 73 pulsars are shown in Fig. 6.
The profiles are from the discovery observations, and hence rep-
resentative of the data used to search for and find these pul-
sars. Throughout the paper, we refer to the LOTAAS discoveries
by their discovery name, which is based on the right ascension
and declination determined from the follow-up gridding obser-
vations. We report the pulsar name with two digits in declina-
tion. In the future, when timing solutions for these pulsars are
presented, these names will be superseded by names based on
their more precise timing positions.

The properties of the LOTAAS discovered pulsars are listed
in Table 2. The discovery spin period P, DM and the position
(32000, 012000) based on the best localization from the confir-
mation observations using the full LOFAR core. Here, we have
assumed a positional uncertainty of 3’ in both ajyp00 and dj52000,
which should encompass possible systematic uncertainties of
order 1’ due to ionospheric beam jitter, as well as the localiza-
tion uncertainty due to gridding. Distance estimates based on the
dispersion measure are computed using the NE2001 model for
the Galactic electron distribution (Cordes & Lazio 2002).

8 https://www.astron.nl/lotaas
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JO039+35 JO0O59+69 JO100+80 JO107+13 JO115+63 JO121+14
53.04 pc/cc 63.53 pc/cc 55.76 pc/cc 22.02 pc/cc 65.04 pc/cc 17.77 pc/cc
0.5367 s 1.1459 s 1.4936 s 1.1974 s 0.5215 s 1.3890 s

JO139+33 JO0210+58 J0250+58 J0302+22 JO305+11 JO317+4+13
21.21 pc/cc 76.70 pc/cc 45.8 pc/cc 19.09 pc/cc 27.97 pc/cc 12.90 pc/cc
1.2479 s 1.7663 s 23.5355 s 1.2072 s 0.8621 s 1.9743 s

J0349+23 JO421+32 J0454+45 J0518+51 JO742+43 JO811+37
63.15 pc/cc 77.0 pc/cc 20.82 pc/cc 39.15 pc/cc 36.23 pc/cc 16.95 pc/cc
2.4208 s 0.9001 s 1.3892 s 0.9125 s 0.6062 s 1.2483 s

JO0813+22 JO827+53 J0857+33 J0928+30 JO935+33 J10174+30
52.29 pc/cc 23.103 pc/cc 24.025 pc/cc 21.95 pc/cc 18.35 pc/cc 27.16 pc/cc
0.5314 s 0.0135 s 0.2430 s 2.0915 s 0.9615 s 0.4528 s
J1226+00 J1235-02 J1303+38 J1334+4+10 J1344+4-66 J1404+11
18.50 pc/cc 18.8 pc/cc 19.000 pc/cc 24.00 pc/cc 30.02 pc/cc 18.48 pc/cc
2.2851 s 3.5976 s 0.3963 s 0.9111 s 1.3941 s 2.6505 s
J1426+52 J1529+40 J1623+58 J1635+23 J1638+40 J1643+13
25.37 pc/cc 6.61 pc/cc 26.40 pc/cc 37.60 pc/cc 33.35 pc/cc 35.97 pc/cc
0.9958 s 0.4764 s 0.6518 s 1.2087 s 0.7677 s 1.0991 s
J1655+62 J1657+33 J1658+36 J1707+35 J1713+78 J1715+46
35.41 pc/cc 24.04 pc/cc 3.050 pc/cc 19.240 pc/cc 36.96 pc/cc 19.82 pc/cc
0.7762 s 1.5702 s 0.0330 s 0.1598 s 0.4325 s 0.5481 s
J1722+35 J1735+63 J1740+27 J1741+38 J1745+12 J1745+42
23.83 pc/cc 41.81 pc/cc 35.46 pc/cc 47.26 pc/cc 66.32 pc/cc 38.00 pc/cc
0.8216 s 0.5107 s 1.0582 s 0.8289 s 1.0599 s 0.3051 s
J1749+59 J1809+17 J1810+07 J1814+422 J1848+15 J1849+25
45.09 pc/cc 47.32 pc/cc 79.41 pc/cc 62.313 pc/cc 77.42 pc/cc 74.970 pc/cc
0.4360 s 2.0667 s 0.3077 s 0.2537 s 2.2338 s 0.5193 s
J1910+56 J1916+32 J1933+53 J1953+30 J1957-00 J1958+56
20.75 pc/cc 83.99 pc/cc 33.52 pc/cc 43.61 pc/cc 38.31 pc/cc 58.10 pc/cc
0.3419 s 1.1374 s 2.0526 s 1.2712 s 0.9651 s MO,BWWB s
J2006+22 J2022+21 J2036+66 J2051+12 J2053+17 J2057+21
130.56 pc/cc 73.52 pc/cc 50.82 pc/cc 43.40 pc/cc 26.980 pc/cc 73.31 pc/cc
1.7419 s 0.8035 s 0.5019 s 0.5532 s 0.1193 s WWJ\A 1.1667 s
J2122+24 J2123+36 J2209+422 J2306+31 J2329+47 J2336-01
8.49 pc/cc 108.7 pc/cc 46.30 pc/cc 46.13 pc/cc 43.99 pc/cc 19.60 pc/cc
0.5414 s 1.2940 s 1.0298 s
J2350+31 0 0.5 10
39.14 pc/cc
0.5081 s

Pulse phase

Fig. 6. Pulse profiles of the LOTAAS pulsar discoveries. Shown here are the discovery profiles using 100 pulse profile bins. The pulse profiles are
rotated to place the peak at pulse phase ¢ = 0.25. The pulsar name, dispersion measure (in pc cm™) and spin period (in seconds) are quoted for
each pulsar.
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Table 2. LOTAAS pulsar discoveries and their properties.
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PSR P DM @32000 6]2000 l b dNEZOOl Wws0 Comments
(s) (pcem™) ) () (kpe) (ms)

J0039+35 0.5367 53.04(2)  00M39m[(0™M2) +35°45'(3) 120.11 -27.04 416 11

JO059+69 1.1459  63.53(5) 00"59m5(0m6)  +69°55'(3')  123.63 7.07 2.36 23

J0100+80 1.4936  55.76(13)  01"00™m3(1m2) +80°22'(3") 123.32 17.52 2.62 60

JO107+13  1.1974  22.02(8) 01"07m6(0m2) +13°25/(3’) 128.95 -49.25 1.01 36

JO115+63 0.5215  65.04(7) 01" 15m6(0™m4)  +63°24/(3')  125.63 0.67 2.23 31

JO121+14 13890  17.77(9)  01M22m0(0™m2) +14°16'(3') 13401 -47.94 079 42 P

JO139+33 1.2479  21.21(6) 01"40m0(0m2) +33°37°(3') 13438 -28.17 0.98 25 RRAT, L-sps, P

J0210+58 1.7663  76.70(12)  02"11m0(0™m4) +58°44’(3’) 133.11  -2.55 2.51 53

JO250+58 23.5355 45.8(1.1) 02h50m3(0m4)  +58°54/(3") 137.77  -0.50 1.67 471 J0250+5854

J0302+22 1.2072  19.09(11)  03"02m5(0m2) +22°50°(3") 158.44 -30.84 0.75 48 J0301+20, L-sps, P

J0305+11 0.8621  27.97(6)  03h05m1(0™2) +11°23/(3) 167.46 -39.66  1.10 26

JO317+13 1.9743  12.904) 03"17m9(0m2)  +13°29/(3’) 168.75 -36.03 0.49 20 L-sps, P

J0349+23 24208  63.15(11)  03"49m9(0m2) +23°41’(3’) 167.42 -23.38 3.30 48

Jo421+32 0.9001  77.0(0.5) 04h21m4(0m2)  +32°54/(3’) 165.83 -11.96 262 207 P

J0454+45 1.3892  20.82(6) 04154m9(0m3)  +45°28’(3")  160.71 1.22 0.78 28 L-sps

JOS18+51 09125 39.15(6)  05M18m3(0™3) +51°25'(3') 15826  7.88 135 27

J0742+43 0.6062  36.23(4) 07"42m6(0m3)  +43°33/(3') 175.54  27.19 1.34 18

JO811+37 1.2483  16.95(11)  08"11m2(0™m3) +37°28'(3") 183.67  31.22 0.59 50 P

JO813+22 0.5314  52.29(5) 08M13m9(0m2) +22°01/(3’) 200.89  27.48 2.59 21

J0827+53 0.0135 23.103(1)  08"27m8(0m3) +53°00'(3") 165.46  35.64 0.90 1 Binary MSP

JO857+33 0.2430  24.025(16) 08M57m1(0m2) +33°48’(3) 190.15 39.72  0.89 7

J0928+30 2.0915  21.95(9) 09"29mO(0m2)  +30°38’(3") 195.82  45.91 0.84 42 P

J0935+33 0.9615  18.35(6) 09h35m1(0m2) +33°11/(3") 192.36  47.52 0.68 29 P

J1017+30 0.4528  27.16(6) 10717m6(0m2)  +30°10°(3") 198.48  56.27 1.23 27

J1226+00 2.2851  18.50(10)  12"26m2(0m2) +00°03/(3") 289.27  62.26 0.87 46

J1235-02 3.5976  18.8(0.2)  12h35m9(0m2) —02°05(3’) 295.03 60.54  0.88 108

J1303+38 0.3963  19.000(9)  13"03m3(0m3) +38°13/(3") 111.08  78.62 1.76 4

J1334+10 09111  24.00(4) 13P34m5(0m2)  +10°05’(3’) 335.77  70.16 2.53 18

J1344+66 13941  30.02(16)  13"43m9(0m5) +66°33'(3’) 11490  49.75 1.83 70 J1340+65, L-sps

J1404+11 2.6505 18.48(12)  14"04m6(0m2) +11°57/(3") 355.02  67.10 1.41 53 J1404+1159, L-sps, P

J1426+52 0.9958  25.37(2)  14M27m0(0™3) +52°10°(3’) 93.89 5923 141 10

J1529+40 04764 6.61(16) 15h29m2(0m3)  +40°49'(3") 6621  54.90 0.68 71 P

J1623+58 0.6518  26.40(3) 16M23m8(0m4)  +58°49/(3’)  89.19  41.82 1.48 13

J1635+23 1.2087  37.60(5) 16"35m1(0m2)  +23°31(3") 4198  39.74 4.84 24 P

J1638+40 0.7677  33.35(4) 16738m8(0m3)  +40°05'(3')  63.77  41.76 241 15

J1643+13 1.0991  3597(7)  16M43m8(0m2) +13°25/(3) 31.01 3429 206 33 P

J1655+62 0.7762  35.41(5) 16"55m9(0m4)  +62°02'(3')  91.92  37.18 2.35 23

J1657+33 1.5702  24.04(7) 16"57m7(0m2)  +33°03/(3’) 55.32  37.14 1.40 31 P

J1658+36 0.0330  3.050(2) 16758m4(0m2)  +36°30°(3")  59.62  37.59 0.49 1 J1658+3630, binary MSP

J1707+435 0.1598  19.240(7)  17"07m0(0™2) +35°56'(3") 59.26  35.78 1.17 3

JI713+78  0.4325  36.96(3)  17M13m5(1m0) +78°09'(3) 11029 3147  2.12 13

J1715+46  0.5481  19.82(5) 17M15m8(0m3)  +46°03’(3’)  71.86  35.36 1.17 22

J1722435 0.8216  23.83(6) 17P22m1(0m2)  +35°18’(3’)  59.24  32.65 1.41 25 P

J1735+63 0.5107 41.81(3) 17735m1(0m4)  +63°19'(3")  92.71 32.55 3.18 15

J1740+27 1.0582  35.46(5) 17h40m5(0m2)  +27°13'(3')  51.46  26.72 1.99 21 P

J1741+38 0.8289  47.26(6)  17M41m2(0m3) +38°54'(3) 64.28 2970  3.74 25

J1745+12  1.0599  66.32(17)  17"45m7(0m2) +12°51’(3") 37.36  20.30 2.98 74

J1745+42 0.3051  38.00(3) 17045m8(0m3)  +42°53/(3')  68.97  29.63 2.36 12

Notes. Columns are: spin period P, dispersion measure DM, position in equatorial and Galactic coordinates, as well as the distance as predicted
by the NE2001 model, and the pulse FWHM. Pulsar names are defined based on the TAB position of full LOFAR core follow-up observations.
Here, we use the full core TAB FWHM as the positional uncertainty. If the pulsar is mentioned elsewhere with a different name, the alternate
identification is provided in the comments. Uncertainties on measurements are shown in brackets corresponding to the least significant digit. L-sps
denotes pulsars found by the L-sps single pulse algorithm. Pulsars denoted with P have been presented as independent discoveries by the Puschino
telescope.
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Table 2. continued.

PSR P DM aj2000 6_]2000 I b dNEZOOl Wws0 Comments
(s) (pccm™) ) () (kpc) (ms)

J1749+59  0.4360 45.09(6) 17749m6(0m4)  +59°517(3") 88.59 30.90 4.05 26

J1809+17 2.0667 47.32(9) 18209m1(0™2)  +17°04(3')  43.84  16.87 227 41

J1810+07 0.3077 79.41(9) 18" 10m7(0m2)  +07°03/(3") 34.65 12.25 3.00 40

J1814+22 02537 62.313(11)  18"14m6(0m2)  +22°23/(3') 49.50 17.77 3.27 5

J1848+15 2.2338  77.42(10) 18748m9(0m2)  +15°17'(3") 46.33 7.45 3.29 45 J1849+15, L-sps, P

J1849+25 0.5193  74.970(12)  18"49m8(0m2)  +25°58'(3’) 56.22 11.86 3.88 5

J1910+456  0.3419 20.75(12)  19h10m7(0™4)  +56°55'(3’)  87.58  19.95 152 51

J1916+32  1.1374  83.99(5) 19h16m1(0m2)  +32°24/(3") 64.63 9.43 4.46 23

J1933+53  2.0526 33.52(9) 19h33mO(Om3)  +53°32/(3') 85.54 15.75 2.18 41

J1953+30 1.2712  43.61(11) 19753m8(0m2)  +30°13"(3") 66.58 1.32 3.12 51

J1957-00 0.9651 38.31(6) 19h57m6(0m2)  —00°01/(3") 40.63 -14.69 1.85 29

J1958+56 0.3118  58.10(4) 19"58m0(0m4)  +56°49(3')  90.22  14.01 3.27 16

J2006+22  1.7419  130.56(8) 20"06m6(0m2)  +22°04/(3) 61.14 -5.42 5.73 35

J2022+21 0.8035  73.52(5) 20M22m4(0m2)  +21°11'(3) 62.42 —8.98 3.92 24

J2036+66 0.5019 50.82(4) 20M36m8(0™5)  +66°44/(3")  101.41 15.25 2.68 20

J2051+12  0.5532  43.40(11) 20751m4(0m2)  +12°48/(3) 5935 -1944 2.53 50 P

J2053+17 0.1193  26.980(5) 20M53m8(0m2)  +17°18'(3) 63.55 -17.25 1.91 2 J2053+1718

J2057+21 1.1667  73.31(5) 20757m8(0m2)  +21°26/(3) 67.56 —15.49 4.73 23

J2122+24  0.5414  8.49(5) 21h22m7(0m2)  +24°24'(3") 73.80 -17.96 0.75 22

J2123+36  1.2940 108.7(0.3)  21M23m8(0m2)  +36°24/(3') 82.92 -9.86 6.18 116

J2209+22 1.7769  46.30(8) 22M09m9(0m2)  +21°17(3) 7992  -27.78 3.45 36 P

J2306+31 03416  46.13(2) 23006m2(0m2)  +31°23'(3))  97.96 —26.33 3.00 10

J2329+47 0.7284  43.99(3) 23M29me(Om3)  +47°42/(3")  108.96 —12.92 2.17 15

J2336-01 1.0298 19.60(9) 23h36m6(0m2)  —-01°51'(3") 84.43 -59.02 0.92 41

J2350+31 0.5081 39.14(3) 23h50m7(0m2)  +31°39/(3")  108.11  —29.45 2.25 15 P

Of these LOTAAS discoveries, 7 have been presented by
Michilli et al. (2018), as these pulsars were discovered through
their single-pulse emission using the L-sps single pulse classi-
fier presented in that paper. We briefly repeat their properties
here. PSRJ0139+33 is a RRAT that is not detectable in peri-
odicity searches. PSRs J0302+22, J0317+13 and J1848+15 dis-
play strong pulse-to-pulse variability, and the first two were first
discovered in the single pulse search, but are also detectable
in periodicity searches. PSR J1848+15 and the remaining pul-
sars from Michilli et al. (2018), J0454+45, J1344+66 and
J1404+11, were bright enough to be detected in both single
pulse and periodicity searches. We note that Michilli et al.
(2018) referred to PSRs J0302+20, J1344+66 and J1848+15 as
J0301+20, J1340+65 and J1849+15, respectively. These pulsars
and their aliases are listed in Table 2 and identified with the L-sps
comment.

PSR J0250+5854, the pulsar with the 23.5 s spin period, has
been presented previously in Tan et al. (2018a). This spin period
is a factor 2 longer than any previously known radio pulsar.
Based on timing measurements over a 2.2-yr time span, and
a position determined from LOFAR imaging, the spin period
derivative was determined to be P =2.7 x 10~'*, placing this pul-
sar beyond the conventional pulsar deathline in the P—P diagram.

One of the LOTAAS discoveries, PSR J1404+11 matched
in position and spin period with PSR J1404+12 discovered by
Chandler (2003) in an Arecibo drift-scan survey at 430 MHz.
However, Chandler (2003) reported DM = 25pc cm™3,
significantly offset from that found by LOTAAS, DM =
18.48 pccm™. This pulsar has since been independently con-
firmed by Tyul’bashev et al. (2018) and Brinkman et al. (2018),

who confirm the 18.48 pccm™ dispersion measure. Another
LOTAAS discovery, PSR J2053+17 matches the position, spin
period and DM of an unconfirmed candidate found by Ray et al.
(1996), also using Arecibo at 430 MHz. This rediscovery has
since been independently confirmed by Brinkman et al. (2018).

During the preparation of this manuscript, some of the
LOTAAS pulsars were presented as independent discoveries by
Tyul’bashev et al. (2016, 2017) and Tyul’bashev et al. (2018)
with the Puschino Telescope at 111 MHz. Tyul’bashev et al.
(2016) presents seven new pulsars, of which four match the
sky position and spin period of the LOTAAS discovered pul-
sars PSRs J0302+22, J0421+32, J0928+30 and J1722+35. Due
to the small bandwidth (2.5 MHz) used by Tyul’bashev et al.
(2016), their DMs are uncertain by several DM units, but con-
sistent with the LOTAAS DMs. The same telescope is used by
Tyul’bashev et al. (2017), who report 18 new pulsars, of which
ten match the sky position, spin period, and DM of LOTAAS
pulsars (PSRsJO121+14, JO811+37, J0935+33, J1529+40,
J1635423, J1638+40, J1657+33, J1953+30, J2051+12 and
J2350+31). Again using the same telescope and instrumen-
tation, 25 RRAT candidates, discovered through their single
pulses, were published by Tyul’bashev et al. (2018). Although
the Puschino sky positions and DMs have considerable uncer-
tainties, it appears Tyul’bashev et al. (2018) detect single
pulses from PSRsJ0139+33, J0317+13, J1404+11, 11740427,
J1848+15, J2051+12 and J2209+22 (note that J2051+12 is also
presented by Tyul’bashev et al. 2017). Table 2 indicates these
pulsars with P.

Among the pulsars discovered via LOTAAS are two mil-
lisecond pulsars, both in binary systems. PSR J1658+36 was
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first discovered through reclassification of the candidates from
early survey data with the new classifier (Tan et al. 2018b). The
pulsar has a spin period of 33.0ms and a DM of 3.05 pccm™,
suggesting that it is relatively nearby at predicted distances
of 225-500pc based on the Galactic electron density models
(Cordes & Lazio 2002; Yao et al. 2017). It is found to be in
a binary system with an orbital period of 3.0d and a min-
imum companion mass of 0.87 My (assuming a neutron star
mass of 1.4 My). This, combined with the low eccentricity of
the orbit suggest that the binary companion is most likely a
carbon-oxygen white dwarf. PSR J0827+53 is the second binary
MSP discovered in the LOTAAS survey. It has a spin period of
13.52ms and a DM = 23.103 pccm™. Galactic models of the
electron density predict distances of d = 0.90kpc (Cordes &
Lazio 2002) and 1.57 kpc (Yao et al. 2017), respectively. Pulse
period measurements show that PSR J0827+53 is in a circu-
lar 5.90d orbit around a companion with a minimum mass of
0.69 My, again assuming a canonical pulsar mass of 1.4 M.
This suggests that PSR J0827+53 is also likely to have a carbon-
oxygen white dwarf, making both PSR J0827+53 and J1658+36
intermediate-mass binary pulsars.

Timing observations of all LOTAAS discovered pulsars are
ongoing. These will determine their spin period derivatives and
precise sky positions, and in the case of the two binary systems,
the binary parameters. These results will be presented in future
publications.

4.2. Redetection of known pulsars

We have thus far detected 311 individual known pulsars in
the LOTAAS observations. These redetections are listed in
Table A.1. Some of the pulsars detected with LOTAAS were
discovered recently by surveys centred at low observing frequen-
cies. A total of 47 of our redetections were originally discovered
by the Green Bank Northern Celestial Cap Survey (GBNCC;
Stovall et al. 2014). A further 6 were discovered by the AO327
Survey (Deneva et al. 2013). Eleven pulsars that have recently
been discovered by ongoing pulsar surveys and are not yet in the
ATNF pulsar catalogue (Manchester et al. 2005) are listed in the
table as well.

To determine the sensitivity of LOTAAS, we have com-
pared the measured flux density of the detected pulsars with
the expected flux density of the pulsars from literature values.
The folded profiles are flux calibrated using the method detailed
by Kondratiev et al. (2016). The calibrated flux densities of the
redetections are provided in Table A.1.

The measured flux densities (S{35°") assume that the pul-
sars are located at the centre of the TAB in which they were
detected. However, most of the detections are offset from the
centres of the TABs (61ag), which results in reduced sensitiv-
ity. The angular distance of a pulsar from the centre of the SAP
(Bsap) in which the pulsar is detected also reduces the sensitiv-
ity. Here, we applied a correction factor (S 7;5) to the measured
flux densities that takes into account these offsets in order to
obtain more accurate pulsar flux densities. For this, we modeled
the TAB and SAP beams as a sinc>(¢) function with full-width
half-maximum at the central observing frequency of LOTAAS.
The maximum correction factors were set to 3.33 and 5 for the
TABs and SAPs, respectively. We did not consider the evolu-
tion of the beam size with observing frequency. The corrected
flux densities S{35 = S7,5 X S5 of the detections are listed
in Table A.1.

The expected flux densities (S{32) of the pulsars detected at
135 MHz are calculated by extrapolating values from the pulsar
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Fig. 7. Measured flux densities (S]5;) of LOTAAS redetections against
expected flux densities (S ?’;g) extrapolated from the ATNF pulsar cat-
alogue. The red points are pulsars with a measured flux density at
150 MHz (S 50), while the black points are pulsars with flux densi-
ties only measured at 400 MHz (S 400). The green line indicates the
point where the measured flux density is equal to the expected flux
density. The grey area indicates the 1o region of calculated ratio of
S /ST = 0.74*0%) between measured flux density and the expected
flux density.

catalogue (Manchester et al. 2005) using the mean flux densities
at 150 MHz (S 150) or 400 MHz (S 4¢9) if the other is unavailable
and using the spectral indices in the catalogue or @ = —1.4 (Bates
et al. 2013) if not provided. The majority of the S50 flux den-
sities in the catalogue are from Bilous et al. (2016), Kondratiev
et al. (2016), Frail et al. (2016), and Bell et al. (2016), while
spectral indices are taken from Lorimer et al. (1995), Kuzmin &
Losovsky (2001), Joshi et al. (2009), Bilous et al. (2016), Bell
et al. (2016), Frail et al. (2016), and Jankowski et al. (2018).

A comparison of the measured flux densities of the detected
pulsars and the expected values is shown in Fig. 7. Using all
the known pulsars that we redetected in the LOTAAS survey,
and for which we can correct our flux density measurements as
well as predict flux densities based on literature values, we find
that the ratio between the measured and expected flux density
SO /S T = 0.74*099. We conclude that, given the assumptions
involved, LOTAAS is redetecting known pulsars at roughly their
expected flux densities, on average.

The measured flux densities of redetections of known pulsars
also validate the minimum expected sensitivity limit of 1.2 mlJy,
as the faintest redetections have 135 MHz flux densities around
2-3mly (see Fig. 7). When accurate timing positions are avail-
able for the LOTAAS discovered pulsars, it will be possible to
perform the beam corrections and determine their flux densities
more accurately. These will be presented in future publications.

5. Discussion
5.1. Discovery parameter space

The LOTAAS survey has, to date, discovered 73 radio pulsars.
The spin periods of these pulsars range from 13.52 ms to 23.5,
and their DMs from 3.05 pc cm™ to 130.56 pc cm ™. Known pul-
sars are redetected in the LOTAAS survey with spin periods
from 4.2 ms to 5.0 s and DMs from 3.0 pc cm™ to 217.0 pc cm™>.
In Fig. 8a we show the spin period and DM of the LOTAAS
discoveries, as well as known pulsars redetected in LOTAAS
observations, in comparison to our predicted sensitivity limits.
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Fig. 8. Top: spin period and DM of pulsars that have been discovered
(black dots) and redetected (red circles) in the LOTAAS survey. The
size of the circles for the redetected pulsars denotes their flux density.
Also plotted as thin grey points are known pulsars from the ATNF pul-
sar catalogue (excluding pulsars in globular clusters). The solid lines
denote the sensitivity limits (in mJy) when taking into account smear-
ing due to dispersion (black), as well as scattering, using the Bhat
et al. (2004) (green) and Geyer et al. (2017) (blue) scattering relations.
Bottom: cumulative spin period distributions for the pulsars discovered
(black) and redetected (red) in the LOTAAS survey. These can be com-
pared to the spin period distribution of pulsars from the ATNF catalogue
(dark grey, again excluding pulsars in globular clusters), and when keep-
ing pulsars with P > 0.02s and DM < 200 pc cm™ (light grey). The lat-
ter distribution can represent the distribution of pulsars that have been
redetected in the LOTAAS survey. However, the LOTAAS discoveries
tend to have longer spin periods, on average.

These sensitivity limits are for the optimal case of sky loca-
tions with a low sky temperature (Tsy = 200K) and a narrow
pulse profile (3% of the spin period); for wider pulse profiles and
higher sky temperatures the sensitivity limits will be higher. We
find that the LOTAAS discoveries and redetections fall within
the area demarcated by the expected sensitivity limits.

Figure 8a also shows that the survey is limited by scattering;
no new or known pulsars are detected above DM ~ 220 pc cm™>.
This observed limit is close to what one would expect from pulse
profile broadening due to scattering. This is true when using
either the Bhat et al. (2004) or Geyer et al. (2017) scattering
versus DM relations.

5.2. Spin period distributions

Despite the coarse time resolution of the survey, LOTAAS
has proven to be sensitive to recycled MSPs, as two of the
discoveries are mildly recycled MSPs with periods of 13 ms
and 33 ms, respectively. Among the redetections, 6 fully recy-

cled MSPs (P < 10 ms) are detected. All of these are at low DM
(DM <520pc cm™3), high Galactic latitude (|b| = 20°), and intrin-
sically bright (S {55 or S 135 2 ? > 25 mly). This allows for their detec-
tion despite temporal smearing from dispersion and scattering.

The cumulative histograms of the spin period distribution
of the pulsars discovered and redetected in the survey (Fig. 8b)
show that they have longer spin periods, on average, compared
with the currently known population. Among the LOTAAS dis-
coveries is PSR J0250+5854, whose 23.5-s spin period is more
than twice as long as the next slowest spinning radio pulsar
known (Tan et al. 2018a). To a large extent, the slower spin peri-
ods of LOTAAS discoveries are due to the selection biases of the
LOTAAS survey, i.e. reduced sensitivity to short period pulsars
and pulsars at high DMs. Masking these selection biases by plac-
ing simple limits on period and DM, we find that we can repro-
duce the spin period distribution of the redetected known pulsars
with that of all known pulsars with spin periods P > 20 ms and
DM < 200 pccm ™.

Since both the newly discovered pulsars as well as the rede-
tected known pulsars will have the same selection biases, it is
surprising that the discovered pulsars tend to have longer spin
periods. A two-sided Kolmogorov—Smirnov test shows that there
is only a 10% probability that both samples are drawn from the
same parent distribution. The origin of this difference is unclear.
The 1-hr integrations improve the sensitivity of LOTAAS to
long period pulsars, compared with surveys using shorter inte-
grations. Foremost, more pulses will be present in longer obser-
vations (Tan et al. 2018a), and longer observations also reduce
the impact of pulse-to-pulse variation (Stovall et al. 2014). Fur-
thermore, the low radio observing frequency of LOTAAS pro-
vides additional benefits in that low-DM pulsars can be more
easily identified from zero-DM RFI due to the larger DM-
induced sweeps. Similarly, at low radio observing frequencies
any unmasked zero-DM RFI will be spread over more time sam-
ples of the dedispersed time-series, and hence the red noise in
the power spectrum due to these variations will be at lower spin
frequencies, further improving the sensitivity to long period pul-
sars. However, the presence of red noise in the power spectrum
will lower the sensitivity to long period pulsars (van Heerden
et al. 2017). Characterizing the impact of these effects as selec-
tion biases on the observed spin period distribution is non-trivial
and will require injecting synthetic pulsar signals into the real
data, e.g. as was done for PALFA by Lazarus et al. (2015). Mea-
surements of the spin period derivatives and spectral indices of
the LOTAAS discovered pulsar population may provide addi-
tional tests to determine whether this population has longer spin
periods.

5.3. Maximum dispersion measures

The measured DMs of the LOTAAS discoveries allowed us to
probe the approximate distribution of these pulsars in the Galaxy
via distance estimates using the NE2001 (Cordes & Lazio 2002)
and YMW16 (Yao et al. 2017) models for the Galactic electron
density distribution. The distance estimates shown in Table 2 are
from NE2001, and suggest that all LOTAAS discoveries are rel-
atively nearby, with the furthest being at a distance of 6.18 kpc.
On the other hand, for the lines-of-sight of 14 out of the 73
LOTAAS discoveries, the YMW16 model predicts maximum
DM values that are smaller than the observed pulsar DMs, sug-
gesting that these pulsars are extragalactic. We investigate this
discrepancy in the following paragraphs.

As most of the LOTAAS discoveries are found at high Galac-
tic latitudes, we first looked at the distribution of these pulsars
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Fig. 9. Distances of LOTAAS discoveries above/below the Galactic
plane versus their distance along the Galactic plane, as predicted by
the NE2001 (Cordes & Lazio 2002) and YMW16 (Yao et al. 2017)
models for the Galactic free electron density distribution. The colour
of each point denotes the DM of the pulsar compared to the maximum
predicted DM along the particular line-of-sight. The pulsars for which
the YMW 16 model predicts maximum DMs less than the observed DMs
are plotted with black triangles, where the distances to the pulsars are
fixed at a limit of 4 kpc above or below the Galactic plane.

in terms of their distances from the Galactic plane. Figure 9
shows the distance of each pulsar above or below the Galactic
plane versus the distances to the pulsars from Earth along the
plane based on the predictions made by the two electron den-
sity models. The colours of the circles denote the percentage of
maximum DM value expected from free electrons in the Galaxy
along the line-of-sight to the pulsar. The black triangles are pul-
sars with measured DMs that are greater than the maximum-
expected DM from the Galaxy. We note that for the NE2001
model, most of the pulsars are predicted to be within 2kpc of
the Galactic plane, while the distribution of the distances of the
pulsars away from the Galactic plane is more spread out accord-
ing to the YMW 16 model. While the distances predicted by the
NE2001 model are more reasonable in our sample, the model is
known to underestimate distances to pulsars at high Galactic lat-
itudes (e.g. Lorimer et al. 2006; Chatterjee et al. 2009). Attempts
have been made to revise the electron density models away from
the Galactic plane (e.g. Gaensler et al. 2008; Savage & Wakker
2009; Schnitzeler 2012).

The YMW16 model, however, seems to underestimate the
electron density away from the Galactic plane. It is unclear if
this effect is systematic or random. As the electron density mod-
els are fits to the mean electron density distribution, fluctuations
in the real electron density distribution will lead to both over as
well as under-estimated distances. We found that there is no spe-
cific direction where the pulsars are found to have distances over-
estimated by the YMW 16 model. The discrepancy compared to
the YMW 16 model most likely originates from the thin and thick
disc components used to model the electron density away from
the Galactic plane, where the actual electron density is likely to
be higher than the modelled value. For the 14 pulsars with DMs
in excess of the maximum DM predicted by the YWM 16 model,
the mean excess is about 10%, suggesting that the electron den-
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sity is at least 10% higher than predicted by the YMW 16 model.
The discrepancy impacts 14 out of 55 pulsars with |b| > 15°.

5.4. Candidate matching

In an all-sky survey such as LOTAAS, many candidates corre-
spond to the redetection of known pulsars. These redetections
are useful for testing the search pipeline, veryfing that the sen-
sitivity of the survey is as expected, and are used in training the
candidate classifiers. However, they can also be problematic. In
the LOTAAS survey, PSR B0329+54, the brightest pulsar in the
Northern sky, was detected at least 1400 times in 141 beams
out of a possible 222 beams of a single pointing. These detec-
tions were of both its fundamental spin period, but also many
harmonics of the spin period. As a result, bright known pulsars
can make up a significant fraction of candidates generated in the
survey, potentially limiting the ability to recognise new pulsars
(Lyon et al. 2018).

Identifying that a candidate corresponds to a known pulsar
can also be problematic. When a candidate pulsar is detected, the
position, period and DM are used as key identifiers to associate it
with a known pulsar in the pulsar catalogue and pulsar discovery
lists (such as web pages related to ongoing surveys). Although
the combination of these identifiers is normally enough to deter-
mine a match/non-match, they can sometimes be incorrect or
misleading. For example, the optimised DM of a candidate may
not match the DM in the pulsar catalogue for an associated
source. This is particularly true for DM values that were obtained
at high frequencies.

The discovery of PSRJ2053+17 in the LOTAAS survey
demonstrates the importance of accurate DM measurements of
known pulsars. The candidate period and DM of PSR J2053+17
showed remarkable resemblance to that of the 1/6th harmonic
of PSR B0329+54 with a period ratio of 5.99. PSR B0329+54
is located 81°5 away from the beam in which PSR J2053+17
was detected but, as discussed above, PSR B0329+54 is easily
detected by LOFAR and sidelobe detections are common. Using
the catalogue parameters alone, it was difficult to determine the
difference between these sources. However, as PSR B0329+54
had been previously detected by LOTAAS it was possible to
compare the LOFAR measurements of DM and determine that
they were definitely different sources. The precise and accu-
rate measurement of the DM of both pulsars was made possi-
ble within the LOTAAS survey because of its large bandwidth
and low observing frequency. We compared the detected DM
values of the known pulsars with the values from the ATNF pul-
sar catalogue (Manchester et al. 2005) before updates that used
LOFAR derived DMs from Bilous et al. (2016), and found that
12 of the pulsars have a difference in DM value of more than
2 pccm™3. Since then, five of the pulsars have been updated with
the improved DM values.

Another example of the issues associated with candi-
date matching uncertainty is highlighted by the discovery of
PSRJ1740+27 (P = 1.0582s, DM = 35.46 + 0.04 pccm™).
The spin period of this pulsar matched that of known pulsar
PSR J1746+2540 to within a period ratio of 1.00002, and with
an angular separation of just 2° between the discovery beam
and position of the previously known pulsar. When considering
the sidelobes of LOFAR, it was possible that these two sources
were the same. The original discovery of PSR J1746+2540 by
Foster et al. (1995) using Arecibo at 430 MHz reported DM =
50+ 8 pc cm™3, which was improved to DM = 51.5+0.2 pccm™
by Lewandowski et al. (2004) from follow-up timing observa-
tions. These relatively large DM uncertainties complicate the
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unambiguous identification of a candidate as a new pulsar.
For comparison, the LOFAR census by Bilous et al. (2016)
constrained the dispersion measure to DM = 51.2044 =+
0.0033 pccm™3. A full sky campaign to determine accurate DM
values of all currently known pulsars is required before surveys
are conducted with telescopes like the Square Kilometre Array
(SKA; Braun et al. 2015; Keane et al. 2015) in order to enable
the necessary automatic filtering of known pulsars and facilitate
the unambiguous identification of new pulsar candidates.

This process led us to question how likely it was for two
pulsars to have the same period to such precision. This was
answered by considering the well-known “birthday problem”
using Stirling’s approximation for large factorials. We deter-
mined that only 380 pulsars are required for a 50% probability
of two pulsars sharing the same period to 4 decimal places and
1000 pulsars for 99.9% probability. The number of known pul-
sars now exceeds 2500 so it is statistically certain that at least
two pulsars will share the same period to this precision. As we
move forward to the SKA this problem may become ever more
acute.

6. Conclusions

The LOFAR Tied-Array All-Sky Survey (LOTAAS) is a 135-
MHz pulsar and fast transient survey covering the entire
Northern hemisphere. By using the LOFAR Superterp, the dense
central part of the LOFAR core, in combination with the tied-
array beamforming capabilities of LOFAR, LOTAAS is able to
reach sensitivities of 1-5mly for a large instantaneous field of
view, allowing for long integration times. This is the deepest
survey to date for radio pulsars and fast transients at such low
observing frequencies (<200 MHz).

As of January 2019, over 90% of the survey observations
have been obtained, and first-pass processing using the pulsar
search pipeline described in Sect. 3 is progressing. LOTAAS
has so far discovered 73 radio pulsars, whose basic parame-
ters are presented here. Furthermore, a total of 311 previously
known pulsars have been redetected in LOTAAS survey point-
ings. Despite the relatively coarse time resolution of 492 us,
LOTAAS is sensitive to mildly recycled MSPs, and has discov-
ered two binary MSPs. Due to the long integration times of 1 hr,
LOTAAS is particularly sensitive to long-spin period pulsars,
which is demonstrated by the discovery of the 23.5-s spin period
pulsar J0250+5854 (Tan et al. 2018a). The observed spin period
distribution of LOTAAS pulsar discoveries is skewed towards
longer spin periods in comparison to the known pulsar popula-
tion. Selection biases may explain this difference, though we can
not rule out that the LOTAAS-discovered pulsars have, on aver-
age, longer spin periods.

The observations of known pulsars redetected in the
LOTAAS survey are used to assess the survey sensitivity and
flux density scale. We find that, on average, LOTAAS is recover-
ing known pulsars at the expected flux densities, and is reaching
the expected sensitivity limit.

While the current periodicity pipeline has proven successful
in discovering pulsars, the computational requirements to pro-
cess the large data volume produced by LOTAAS has meant
that currently only an un-accelerated FFT-based periodicity
search has been performed. With computational capabilities ever
increasing, and new algorithms being developed, we plan to
reprocess the LOTAAS survey in several ways. First, we plan to
use recent implementations of the fast folding algorithm (FFA;
Staelin 1969; Kondratiev et al. 2009; Cameron et al. 2017; Parent
et al. 2018) to further improve the sensitivity to long period pul-

sars. Secondly, GPU-accelerated algorithms to search for pulsars
in binary systems, taking into account acceleration (e.g. Dimoudi
et al. 2018), have become available, which may enable search-
ing the LOTAAS survey for accelerated pulsars. Reprocessing
the Parkes Multi-beam Survey (Manchester et al. 2001) has led
to many new pulsar discoveries, long after the data was taken
(e.g. Knispel et al. 2013; Eatough et al. 2013). Given that all
LOTAAS data, after a 1 yr proprietary period, is publicly avail-
able in the LOFAR long-term archive, it may reveal many more
pulsars in the future.
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Appendix A: Additional table

Table A.1. Known pulsars detected by LOTAAS.

PSR P DM OraB  Osap (o S 1]1131§0r S TSS S ?(3“5 S 400 S150 a S T;PS’ Notes
()  (pcem™) () () (mJy) (mJy) (mJy) (mly) (mJy)
B0O011+47 1.2407 30.3 0.1 0.7 63.6 222 14 31.1 14.0 35,0 -1.00 38.9
B0031-07 0.9430 108 6.7 5.0 30.3 54.2 520 6400 -1.60 757.5
B0037+56 1.1182 92.6 0.0 1.2 33.6 15.3 1.3 19.4 7.5 33.0 -1.70 39.5
B0045+33 1.2171 399 0.1 0.2 107.6 204 1.2 24.9 2.3 13.0 -2.40 16.7
B0052+51 2.1152 44.1 0.0 2.1 16.3 3.7 21 7.9 34 9.4 -1.00 10.4
B0053+47 0.4720 18.1 0.1 0.7 59.9 20.5 1.1 23.3 3.0 75 -1.20 8.5
B0059+65 1.6792 65.8 0.1 1.0 11.9 54 14 7.4 8.5 ... —1.60 48.3
B0O105+65 1.2837 305 00 14 89.4 280 14 39.2 10.0 41.0 -1.40 47.5
B0105+68 1.0711 61.1 0.0 25 7.0 27 3.0 8.3 3.7 8.9 -1.50 10.4
BO114+58 0.1014 494 00 1.2 46.8 439 1.2 54.3 7.6 71.3 =245 92.3
BO136+57 0.2725 73.8 0.1 1.0 1309 121.2 1.6 197.6 28.0 1545 -1.57 182.3
B0138+59 1.2230 349 00 1.1 2895 846 1.2 102.6 49.0 138.2 -1.53 162.4
B0144+59 0.1963 40.1 00 14 43.3 193 14 26.3 6.6 33.1 -1.23 37.7 3
BO153+39 1.8116 596 00 1.7 10.6 22 1.6 3.5 4.0 8.5 -1.40 9.9
B0154+61 2.3519 302 00 1.2 10.5 3.9 1.2 4.8 6.5 ... —1.20 23.9 3
B0226+70 1.4668 46.7 0.1 0.6 45.1 105 1.2 12.3 2.4 53 -1.50 6.2
B0301+19 1.3876 156 09 15 35.1 12.1 e .. 27.0 420 -1.40 48.7
B0320+39 3.0321 262 00 23 269.1 438 2.5 109.6 34.0 92.0 -2.80 123.6
B0329+54 0.7145 268 22 1.2 4342 168.8 .. ... 1500.0 ... —1.60 8528.1
B0331+45 0.2692 47.1 0.1 0.1 50.6 1.7 1.1 13.4 6.0 340 -1.90 41.5
B0339+53 1.9345 67.5 2.1 1.1 15.2 4.3 et e 3.7 ... —1.90 29.1
B0355+54 0.1564 571 0.0 23 68.0 353 25 88.4 46.0 ... —0.90 122.3
B0402+61 0.5946 653 0.0 1.6 69.6 363 1.5 55.2 - ... —1.20 ... 6
B0410+69 0.3907 27.5 00 14 55.4 16.3 1.3 21.7 6.4 28.0 -1.80 33.8
B0450+55 0.3407 146 00 23 73.4 285 23 65.9 59.0 91.0 -1.20 103.3
B0523+11 0.3544 795 00 1.7 43.5 372 1.6 59.9 19.5 340 -1.90 41.5
B0525+21 3.7456 509 0.0 14 2347 21.8 1.4 29.5 57.0  230.0 -1.50 269.4
B0531+21 0.0337 568 3.0 25 9.6 4325 .. ... 550.0 7500.0 -3.10 10397.0
B0540+23 0.2460 777 00 1.5 25.1 158 1.4 22.4 29.0 36.0 -0.70 38.8
B0609+37 0.2980 27.1 0.0 1.0 30.8 9.1 1.2 10.6 16.0 21.0 -1.50 24.6
B0611+22 0.3350 969 0.1 0.5 67.8 55.1 1.2 66.3 29.0 ... =177 198.3
B0621-04 1.0391 70.8 0.0 20 17.1 8.1 1.9 15.8 4.9 ... —1.00 14.5 3
B0626+24 0.4766 842 02 0.6 97.3 32.8 . e 31.0 73.0 -1.50 85.5
B0643+80 1.2144 333 0.0 09 65.6 11.6 1.1 13.1 6.5 19.0 -1.50 22.3
B0655+64 0.1957 88 02 0.7 376.1 80.6 1.9 157.1 5.0 51.0 -2.20 64.3
B0656+14 0.3849 14.1 0.0 1.1 16.0 72 1.2 8.6 6.5 11.0 -1.10 12.4
B0O751+32 1.4423 400 02 07 44.8 10.5 22 22.9 8.0 17.0 -1.50 19.9
B0809+74 1.2922 58 41 2.0 3905 101.8 e . 79.0 3000 -1.70 358.8
B0820+02 0.8649 238 0.0 2.0 110.6 41.0 1.9 77.9 30.0 ... =230 364.8
B0823+26 0.5307 195 0.0 20 1263 306.1 2.0 605.6 73.0 5200 -1.60 615.5
B0834+06 1.2738 129 2.0 2.0 12660 286.2 e . 89.0 ... =270 16713
B0841+80 1.6022 349 0.1 0.4 10.8 30 1.5 4.6 1.5 59 -1.60 7.0
B0917+63 1.5680 13.1 0.0 1.8 29.2 6.2 1.7 10.8 5.0 22.0 -1.50 25.8
B0919+06 0.4306 273 26 1.1 271.6 2542 e . 52.0 ... —1.80 367.4
B0940+16 1.0874 202 00 1.2 27.7 15.5 1.3 19.6 7.0 26.0 -1.00 28.9
B0943+10 1.0977 153 02 08 5978 1568 2.1 330.2 4.0 440.0 .. 509.9
B0950+08 0.2531 30 02 04 2785 10986 2.2 2368.0 400.0 2600.0 -1.30 2981.7

Notes. The columns indicate the detected spin period (P) and DM of the pulsars, the offset between the known position of the pulsars
and the centre position of the TAB (61ap) and SAP (6sap) where the pulsar is detected, the signal-to-noise o and estimated flux den-
sity of the pulsars at 135 MHz, before (S}3:*) and after ({35) applying the correction factor (S75;) due to the offset in position. Flux
densities at 400 MHz (S400) and 150 MHz (Ss0), and spectral indices (@) as listed in PSRCAT v1.59 (Manchester et al. 2005) are also
provided, and used to estimate the expected flux density at 135MHz (S5;%). Notes indicate [1] Pulsars discovered by the GBNCC sur-
vey (Stovall et al. 2014), [2] Pulsars discovered by the AO327 survey (Deneva et al. 2013), [3] Pulsars previously not reported by
other LOFAR censuses (Pilia et al. 2016; Bilous et al. 2016; Kondratiev et al. 2016), [4] Pulsars not in v1.59 of the ATNF pul-
sar catalogue (Manchester et al. 2005), [5] Pulsars with [{DM| > 2.0pccm™ compared to v1.54 of the ATNF pulsar catalogue.
[6] This pulsar has no precise position measurement. The pulsar is assumed to be located at the centre of the detected TAB and only the off-
set from the SAP is considered for the flux density value correction.
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Table A.1. continued.

PSR P DM 9TAB QSAP g S llu31§‘0r S T35 S T(;IS S 400 S 150 a S ng Notes
)  (peem™) () () (mJy) (mJy) (mly) (mly) (mJy)
B1112+50  1.6564 92 00 1.1 2866 225 12 274 120 50.0 -1.80 60.4
B1133+16  1.1879 48 0.0 27 8799 2178 35 7563 257.0 940.0 -1.50 1100.9
B1237+25  1.3824 93 00 19 3019 674 1.7 1175 1100 170.0 -1.80 205.5
B1257+12  0.0062 102 02 07 161.6 121.6 1.8 2184 20.0 809 -1.80 97.8
B1322+83  0.6700 133 00 13 737 192 13 250 110 28.0 -1.70 335
B1508+55  0.7397 196 33 40 959 13.8 . ... 1140 770.0 -230 981.1
B1530+27  1.1248 147 00 16 1268 384 15 573 13.0 33.0 -2.00 40.7
B1534+12  0.0379 11.6 0.0 05 241 149 1.1 15.7  36.0 ... =190 2835 3
B1540-06  0.7091 184 6.1 38 357 14.6 .. ... 400 ... =250 604.5
B1541+09  0.7484 350 00 22 2866 20607 22 5722 780 770.0 -2.10 960.7
B1604-00  0.4218 107 02 0.7 2788 1380 24 3299 54.0 ... =190 4253
B1612+07  1.2068 214 00 19 833 293 18 523 9.6 ... =270 1803
B1633+24  0.4905 243 00 15 1047 456 14 638 9.1 79.0 -2.10 98.6
B1642-03  0.3877 357 00 1.2 9330 6588 13 8305 393.0 ... =230 47793
B1718-02  0.4777 669 02 02 229 237 25 60.3  22.0 ... =220 240.0 3
B1726-00  0.3860 410 00 20 417 239 20 472 110 ... =230 1338 3
B1737+13  0.8031 486 0.0 29 586 216 44 944 240 81.0 -1.40 93.9
B1753+52  0.7971 35.1 0.0 1.0 8.1 1.9 12 23 4.9 24 -1.10 2.7
B1758-03  0.9215 1205 25 1.5 108 17.9 e e 17.0 ... =260 286.4 3
B1802+03  0.2187 8§1.0 00 1.1 79 153 12 187 5.0 e e 22.9 3
B1811+40  0.9311 416 01 02 1623 317 12 377 8.0 50.0 -1.20 56.7
B1818-04  0.5981 844 00 22 432 1535 22 3352 157.0 830.0 -2.10 10355
B1821+05  0.7529 66.8 00 27 594 353 35 1241 18.0 ... =170 1141
B1822+00  0.7790 566 0.1 04 16.7 188 1.2  21.7 8.0 ... =230 97.3 3
B1831-00  0.5210 890 02 02 176 336 29 973 5.1 e e 233 3
B1831-04  0.2901 794 00 19 556 3504 18 6216 77.0 ... —130 316.0
B1839+09  0.3813 492 00 22 372 312 22 690 200 1300 -2.00 160.5
B1839+56  1.6529 268 00 16 2033 375 15 550 210 76.0 -1.40 88.1
B1842+14  0.3755 415 0.0 04 3459 2074 1.1 2221 20.0 110.0 -1.95 135.1
B1848+12  1.2053 70.6 0.0 1.6 20.6 144 15 21.4 8.0 37.0 -1.80 44.7
B1848+13  0.3456 602 01 07 193 130 14 17.9 6.0 57 =150 6.7
B1859+01  0.2882 1054 02 02 462 1529 19 283.0 13.7 ... =290 319.7 3
B1905+39  1.2358 309 0.1 05 119.0 431 1.2 538 230 46.0 -2.00 56.8
B1907+00  1.0170 1128 0.0 1.1 264 302 12 363 12.0 ... —1.80 84.8
B1907+02  0.9898 1717 00 17 190 445 16 702 210 ... =236 2726
B1907+03  2.3303 827 01 04 185 347 15 507 210 ... —0.70 44.9 3
B1907+10  0.2836 1499 00 1.0 408 1869 12 2172 50.0 ... =250 755.6
B1907-03  0.5046 2060 00 23 4.6 155 24 366 270 ... —2.60 45438 3
B1911-04  0.8259 894 00 1.7 1000 139.0 1.6 2225 118.0 ... —2.60 1987.8
B1913+167 1.6162 626 0.1 04 134 64 1.1 7.0 4.5 ... =150 23.0 3
B1914+09  0.2703 61.0 01 04 365 796 14 1103 200 ... =230 2432
B1915+13  0.1946 947 0.0 14 71.1 1459 14 198.7 43.0 ... —1.80 303.8
B1915+22  0.4259 1347 02 07 130 96 24 232 3.0 120 -2.22 15.2
B1917+00  1.2723 902 0.0 25 310 328 28 920 16.0 ... =230 194.6
B1918+19  0.8210 153.6 02 09 287 292 .. ... 340 ... =240 460.9 3
B1918+26  0.7855 277 00 19 369 1.3 1.7 19.8 6.0 21.0 -1.30 24.1
B1919+14  0.6182 917 00 13 175 193 13 256 32 ... —1.00 9.5 3
B1919+21 1.3373 12.4 1.6 1.8 2834 822 . ... 57.0 13000 -1.90 1588.1
B1920+21 1.0779 2170 01 02 648 60.1 1.1 68.4  30.0 ... =240 406.7
B1923+04  1.0741 102.1 0.0 14 203 182 14 246 220 ... =270 4131
B1926+18  1.2205 1119 00 1.6 11.0 75 15 11.3 1.7 7.8 3
B1929+10  0.2265 32 28 34 602 653 e ... 3030 5400 -1.70 6459
B1931+24  0.8137 1059 00 27 104 85 35 29.7 7.5 ... ... 343 3
B1933+16  0.3587 1586 0.0 1.0 1188 1269 1.2 1483 2420 ... —140 1107.2 3
B1935+25  0.2010 533 00 14 119 128 13 17.2 6.6 ... =070 14.1 3
B1942-00  1.0456 597 00 28 186 102 3.8 386 6.0 ... —1.80 42.4 3
B1944+17  0.4406 161 0.0 15 357 309 14 446 40.0 41.0 -0.90 45.1
B1946+35  0.7173 1289 03 09 7.0 10.7 . ... 1450 1700 -220 214.3
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Table A.1. continued.

S. Sanidas et al.: An overview of the LOFAR Tied-Array All-Sky Survey

PSR P DM OTAB QSAP a S L]lglgor S >1<35 S ?gg S40() S 150 a S T);]; Notes
(8)  (pcem™) () () (mJy) (mJy) (mlJy) (mly) (mJy)

B1949+14 0.2750 31.5 0.0 1.2 31.9 12.3 1.2 15.2 6.0 64 -1.00 7.1

B1951+32 0.0395 452 0.0 1.7 40.2 50.6 1.6 78.8 7.0 -1.60 39.8 3

B1952+29 0.4267 79 0.0 2.1 43.5 27.5 2.1 56.9 6.6 .. 0.00 6.6 3

B1953+50 0.5189 32.0 0.0 1.6 129.1 48.9 1.5 74.4 26.0 48.0 -1.30 55.0

B2016+28 0.5580 14.2 0.0 2.7 1539 180.0 34 618.8 314.0 810.0 -2.30 1032.1

B2020+28 0.3434 24.6 0.0 1.7 2833 138.2 1.6 217.7 71.0 150.0 -0.40 156.5

B2021+51 0.5292 22.6 0.0 0.5 75.1 44.5 1.1 48.6 77.0 59.0 -0.70 63.5

B2022+50 0.3726 33.0 0.2 1.1 17.5 154 2.2 33.6 6.5 36.0 -1.10 40.4

B2027+37 1.2168 191.0 0.0 1.5 4.6 66.3 1.5 96.7 18.0 ... =260 303.2 3

B2028+22 0.6305 71.8 0.2 09 8.4 4.2 2.3 9.7 5.0 74 -1.20 8.4

B2034+19 2.0744 36.9 0.0 1.2 22.6 4.9 1.3 6.3 2.0 20.0 -2.50 26.0

B2043-04 1.5469 35.9 0.0 1.8 66.5 24.9 1.7 41.6 20.0 ... =170 126.8

B2044+15 1.1383 39.8 0.3 0.7 52.0 20.3 - ... 11.5 33.0 -1.60 39.1

B2045+56 0.4767 101.8 0.0 1.3 394 14.5 1.3 18.5 4.6 250 -1.80 30.2

B2053+21 0.8152 36.4 0.0 1.2 96.5 22.9 1.3 28.7 9.0 29.0 -1.10 32.6

B2053+36 0.2215 97.5 0.1 0.8 10.4 18.9 1.6 30.1 28.0 29.0 -1.90 354

B2106+44 0.4149 140.1 0.0 0.8 9.0 24.9 1.1 28.1 26.0 ... —130 106.7

B2110+27 1.2029 25.2 0.0 1.8 217.9 41.5 1.7 70.7 18.0 100.0 -2.30 127.4

B2111+46 1.0147 141.6 0.2 09 68.6 91.7 2.7 2445 230.0 .. -2.00 2019.2 3

B2113+14 0.4402 56.2 0.1 09 31.7 14.4 1.4 19.5 9.0 94 -1.70 11.2

B2122+13 0.6941 30.2 0.1 0.8 19.1 7.0 1.6 11.1 4.0 40 -1.50 4.7

B2148+52 0.3322 149.1 0.0 1.3 12.4 8.3 1.3 10.7 15.6 ... —130 64.0 3

B2148+63 0.3801 129.7 0.0 1.7 339 30.9 1.6 48.5 32.0 64.0 -1.70 76.6

B2154+40 1.5253 71.1 0.2 0.5 117.6 48.1 22 1054 105.0 190.0 -1.50 222.5

B2210+29 1.0046 74.5 0.0 1.4 37.4 10.3 1.4 14.3 6.3 17.0 -1.40 19.7

B2217+47 0.5385 43.5 0.0 24 198.7 285.2 27 7812 111.0 820.0 -198 1010.2

B2224+65 0.6825 36.4 0.0 1.7 155.6 81.9 1.5 1263 22.0 160.0 -1.66 190.6

B2227+61 0.4431 124.6 0.0 1.1 44.8 48.2 1.2 58.9 17.0 90.0 -1.80 108.8

B2241+69 1.6645 41.0 0.0 1.3 394 9.7 1.3 12.4 2.4 26.0 -2.00 32.1

B2255+58 0.3683 151.1 0.1 0.2 30.6 140.6 1.1 149.0 34.0 ... —0.80 81.1

B2303+30 1.5759 49.6 0.0 05 1623 32.5 1.1 34.9 24.0 70.0 -2.30 89.2

B2303+46 1.0665 62.0 0.0 1.3 23.5 8.3 1.3 10.7 1.9 16.0 -1.20 18.2

B2306+55 0.4751 46.6 0.1 0.4 78.5 89.9 1.5 1334 19.0 99.0 -1.80 119.7

B2310+42 0.3494 17.3 0.0 2.8 1263 335 39 1295 89.0 130.0 -1.50 152.3

B2315+21 1.4447 20.9 0.0 2.3 71.3 19.0 2.3 443 15.0 73.0 -2.20 92.0

B2319+60 2.2565 94.3 0.1 0.8 21.1 8.0 1.6 12.6 36.0 -1.00 106.7 3

B2323+63 1.4363 197.3 0.0 1.0 5.6 4.9 1.2 5.8 8.0 -0.80 19.1 3

B2324+60 0.2337 122.3 0.0 1.6 17.7 14.7 1.5 22.0 17.0 -1.10 56.1 3

B2334+61 0.4954 58.4 0.0 1.2 45.3 23.0 1.2 28.7 10.0 -1.70 63.4

B2351+61 0.9448 94.9 0.0 1.3 18.6 7.9 1.3 10.5 17.0 ... —1.10 56.1 3

J0030+0451 0.0049 4.3 0.3 1.1 60.2 253.8 ... . 79 449 -1.93 55.0

J0033+57 0.3145 75.6 0.0 0.5 51.6 28.6 1.0 29.7 3,6

J0033+61 0.9120 37.5 0.0 0.4 21.0 6.7 1.0 6.9 3,6

J0051+0423 0.3547 13.9 0.0 1.4 1158 55.6 1.3 73.9 6

JO104+64 1.3862 42.1 0.0 1.0 12.4 4.2 1.2 4.9 - ... ... ... 1,3,4,6

JO137+1654 0.4148 26.1 0.1 0.7 334 11.8 1.3 15.3 1.4 62 -140 7.2

JO139+5621 1.7753 101.9 0.1 1.0 7.7 2.4 1.5 3.6 0.7 -2.60 11.8 3

JO158+21 0.5053 19.8 0.0 0.6 8.0 3.1 1.1 3.4 2,3,6

J0201+7002 1.3492 21.1 0.0 09 10.8 3.7 1.1 4.2 - ... ... - 3,4,6

J0212+5222 0.3764 38.2 0.2 0.8 14.6 52 2.2 11.5 4.1 12.0 -1.20 13.6

J0214+5222 0.0246 22.0 0.1 0.8 394 15.0 1.7 25.0 09 21.0 24.3 1

J0220+36 1.0298 453 0.0 0.2 22.5 14.5 1.0 14.6 3,6

J0242+62 0.5917 3.8 0.1 0.5 60.2 30.9 1.6 48.7 . .. . . 3

J0329+1654 0.8933 40.9 0.0 1.8 9.1 3.0 1.7 52 0.6 23 -1.30 2.6

J0338+66 1.7619 66.6 0.0 0.6 35.2 8.8 1.1 94 1,3,6

J0341+5711 1.8875 101.0 0.0 0.2 31.6 6.6 1.0 6.7 3,6

J0348+0432 0.0391 40.5 0.1 0.7 10.3 7.6 1.4 10.8 3

J0355+28 0.3649 48.7 0.0 0.6 10.4 4.2 1.1 4.5 1,3,4,6
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A&A 626, A104 (2019)

PSR P DM OTAB QSAP a S L]lglgor S >1<35 S ?gg S40() S 150 a S T);I; Notes
(8)  (pcem™) () () (mJy) (mJy) (mlJy) (mly) (mly)
J0358+42 0.2265 46.3 0.0 0.3 61.6 21.6 1.0 21.9 1,3,6
J0358+66 0.0915 62.3 0.0 1.0 10.8 5.1 1.2 5.9 - ... ... 1,3,6
J0407+1607 0.0257 35.6 0.0 1.6 63.5 47.2 1.5 71.9 10.2 56.5 65.5
J0408+551 1.8376 56.3 0.0 09 22.6 5.8 1.1 6.6 3,6
J0413+58 0.6865 57.1 0.0 0.8 18.1 7.1 1.1 79 ... 3,6
J0417+35 0.6544 48.5 0.0 1.4 11.4 3.7 1.3 5.0 -2.40 5,6
J0426+4933 0.9225 84.4 0.1 0.1 10.6 3.6 1.4 5.1 - ... .. ... 3
J0435+27 0.3263 53.2 0.1 1.0 13.3 3.1 1.5 4.6 2.0 7.0 -=2.30 8.9
J0457+23 0.5049 58.8 0.1 0.8 14.4 7.5 1.2 9.2 . ... 2,3
J0459-0210 1.1331 21.0 0.0 1.9 88.4 35.0 1.7 60.9 11.0 50.3 3
JO517+22 0.2224 18.7 0.2 0.8 58.2 45.8 23 105.6 7.0 32.0 3
JO519+54 0.3402 42.3 0.0 0.7 27.3 10.3 1.1 11.2 1,3,6
J0533+0402 0.9630 83.3 0.2 0.5 3.2 4.0 29 11.5 . ... 3
J0538+2817 0.1432 39.9 0.2 0.7 20.5 18.2 1.8 333 8.2 37.5 3
J0540+3207 0.5243 62.1 0.1 1.6 45.5 16.4 1.7 28.1 . ... 3
J0546+2441 2.8439 72.9 0.2 0.2 24.0 2.8 2.0 5.7 2.6 12.1 3
J0555+3948 1.1469 36.4 0.0 0.2 19.7 4.0 1.0 4.0 3,6
J0608+00 1.0762 48.5 0.0 0.7 17.3 10.0 1.1 10.8 2,3,6
JO608+16 0.9458 86.1 0.0 09 77.1 27.8 1.1 31.4 .. ... 3,4,6
J0609+2130 0.0557 38.8 0.1 0.6 20.4 10.2 1.5 15.0 0.8 3.7 3
J0610+37 0.4439 393 0.0 1.0 50.8 14.8 1.2 174 .. 1,3,6
JO611+30 1.4121 452 0.0 0.7 81.2 25.1 1.1 27.2 .. -3.20 ... 6
J0613+3731 0.6192 19.0 0.2 0.9 46.5 11.5 2.7 30.8 1.6 -1.80 11.3 3
J0621+0336 0.2700 72.5 0.1 0.6 24 .4 12.6 1.6 19.8 .. . ... 3
J0621+1002 0.0289 36.5 0.0 1.8 6.5 18.7 1.7 31.6 .. 20.0 -1.90 24.4
J0627+0706 0.2379 138.2 0.0 1.6 15.8 25.8 1.5 38.0 6.0 .. -1.60 34.1 3
J0645+5158 0.0089 18.3 0.2 1.1 9.5 9.4 4.0 37.7 2.4 4.7 54 1
J0645+80 0.6579 49.5 0.0 0.7 12.6 4.2 1.1 4.5 1,3,6
JO750+57 1.1749 26.8 0.0 0.2 18.2 53 1.0 54 1,3,6
JO815+4611 0.4342 11.3 0.0 0.2 35.5 9.6 1.0 9.7 3,4,6
J0943+22 0.5330 27.2 0.1 1.1 31.6 4.2 1.3 54 55 6.3 -0.80 6.9 5
J0943+41 2.2294 214 0.0 2.0 10.1 1.1 1.9 2.1 ... . . ... 1,3,6
J0947+27 0.8510 28.9 0.0 1.2 29.2 53 1.3 6.6 1.0 10.L0 -2.20 12.6
J1000+08 0.4404 21.8 0.0 0.6 14.6 5.1 1.1 54 3,4,6
J1012+5307 0.0053 9.0 0.0 2.3 50.7 19.9 2.4 47.6 30.0 345 -1.70 41.3
J1022+1001 0.0165 10.3 0.0 24 1374 48.2 26 1258 20.0 40.7 -1.40 47.2
J1101+65 3.6312 19.2 0.0 0.2 15.1 1.3 1.0 1.3 1,3,6
J1110+58 0.7933 26.4 0.0 0.7 13.4 2.5 1.1 2.7 1,3,6
J1125+7819 0.0042 11.2 0.3 1.9 117.0 75.0 17.1 78.2 3
J1134+24 1.0021 23.7 0.0 1.0 21.1 3.7 1.2 4.3 3,4,6
J1238+2152 1.1186 18.0 0.0 1.2 131.2 21.3 1.3 27.1 2.0 27.0 -0.80 294 3
J1239+32 0.0047 16.9 0.0 0.6 63.7 23.2 1.1 24.7 1,3,4,6
J1242+39 1.3103 26.5 0.0 0.7 32.5 5.4 1.1 5.9 - ... ... .. 3,6
J1246+22 0.4739 17.8 0.1 0.1 18.8 4.3 1.3 5.7 29.0 4.2 0.80 3.9
J1313+0931 0.8489 12.1 0.0 2.2 71.1 19.5 2.2 42.0 -2.60 6
J1327+34 0.0415 4.2 0.0 00 121.3 1084 1.0 108.4 1,3,4,6
J1411+25 0.0625 12.4 0.1 09 10.3 3.8 1.4 53 2,3
J1434+7257 0.0417 12.6 0.2 0.8 43.8 10.8 2.3 24.8 1.3 .. 59 1,3
J1518+4904 0.0409 11.6 0.0 2.5 50.4 16.1 3.0 47.5 8.0 ... —130 32.8 3
J1549+2113 1.2625 24.1 0.1 0.3 36.9 10.8 1.1 11.9 0.9 72 -1.80 8.7
J1627+1419 0.4909 32.2 0.0 1.1 59.2 54.7 1.2 65.1 6.1 78.0 -1.60 92.3
J1629+43 0.1812 73 0.0 0.2 11.4 13.1 1.0 13.2 1,3,6
J1645+1012 0.4109 36.2 0.0 1.6 49.1 28.1 1.5 42.9 2.3 69.0 -3.00 94.7
J1647+66 1.5998 22.5 0.0 0.8 25.5 7.0 1.1 7.8 - ... ... ... 1,3,6
J1649+2533 1.0153 34.5 0.1 0.7 22.8 6.6 1.5 9.6 7.4 12.0 -1.10 13.5
J1652+2651 0.9158 40.7 0.0 0.2 18.8 5.6 1.0 5.8 11.3 20.0 -1.00 22.2
J1706+59 1.4766 30.6 0.0 0.4 69.2 15.3 1.0 15.7 1,3,6
J1736+05 0.9992 38.7 0.0 2.0 15.0 10.3 1.9 19.4 3,5,6
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PSR P DM OTAB QSAP a S L]lglgor S >1<35 S ?gg S40() S 150 a S T);I; Notes
(8)  (pcem™) () () (mJy) (mJy) (mlJy) (mly) (mly)
J1741+2758 1.3607 29.1 0.0 1.9 49 .4 12.4 1.7 21.6 3.0 30.0 -1.10 33.7
J1746+2540 1.0582 51.3 0.0 2.8 8.8 2.4 3.7 8.9 1.2 3.7 -0.60 3.9
J1752+2359 0.4091 36.2 0.0 1.0 21.9 6.5 1.2 7.6 3.5 53 -1.30 6.1
J1758+3030 0.9473 35.1 0.0 2.7 69.9 18.4 3.6 66.1 8.9 56.0 -1.60 66.3
J1800+50 0.5784 22.7 0.0 2.0 17.3 3.5 1.9 6.6 1,3,6
J1806+28 0.0151 18.7 0.1 0.4 100.2 44.2 1.1 47.8 .. ... 1,3
J1811+0702 0.4617 58.3 0.0 1.4 79 9.1 1.3 12.1 2.2 10.1 3
J1814+1130 0.7513 64.6 0.0 1.3 14.9 6.8 1.3 8.9 0.7 3.3 3
J1815+55 0.4268 59.0 0.0 0.8 15.1 3.6 1.1 3.9 . .. . ... 1,3,6
J1821+1715 1.3667 60.2 0.0 2.0 17.0 8.2 1.9 15.5 3.7 11.0 -0.50 11.6
J1821+41 1.2619 40.7 0.0 0.5 36.2 6.6 1.0 6.9 - .. 1,3,6
J1822+0705 1.3628 624 0.1 0.8 19.9 14.2 1.5 21.9 3.8 17.4 3
J1832+27 0.6317 47.4 0.0 2.0 7.7 3.5 1.9 6.7 2,3,4,6
J1836+51 0.6919 43.8 0.0 0.4 16.4 4.7 1.0 4.8 ... 1,3,4,6
J1838+1650 1.9020 33.1 0.0 1.6 13.9 7.1 1.5 10.5 -1.60 6
J1844+21 0.5946 28.8 0.0 1.0 6.3 10.0 1.2 11.7 - ... 3,4,6
J1848+0647 0.5060 24.7 0.1 09 13.6 16.8 1.7 29.2 2.3 ... . 10.5 3,5
J1849+2423 0.2756 62.3 0.1 0.4 11.4 7.0 1.4 9.8 2.3 8.1 -0.70 8.7
J1851-0053 1.4091 24.5 0.1 09 12.6 24.2 1.2 29.0 .. 3
J1900+30 0.6022 71.8 0.0 1.1 16.3 5.5 1.2 6.7 ... ... —150 ... 5,6
J1906+1854 1.0191 156.8 0.0 1.0 10.1 7.1 1.2 8.4 4.6 18.0 -1.20 20.4
J1907+57 0.4237 54.5 0.0 0.5 13.2 3.7 1.0 3.8 .. ... .. .. 1,3,4,6
J1912+2525 0.6220 37.8 0.0 2.1 50.0 12.1 2.0 24.2 1.6 18.0 -1.90 22.0
J1921+42 0.5952 53.2 0.0 0.7 30.9 8.4 1.1 9.1 1,3,6
J1922+58 0.5296 53.7 0.0 1.1 30.7 7.2 1.2 8.8 1,3,6
J1929+00 1.1669 42.8 0.0 0.5 354 32.0 1.0 33.1 3,5,6
J1929+62 1.4561 67.8 0.0 1.0 13.8 2.3 1.2 2.6 1,3,6
J1930-01 0.5937 36.5 0.0 1.0 28.4 26.3 1.2 30.9 3,4,6
J1935+52 0.5684 71.3 0.0 09 13.6 4.1 1.1 4.7 ... .. 1,3,6
J1938+0650 1.1216 75.1 0.0 1.2 9.7 7.1 1.2 8.8 3.2 14.6 3,5
J1938+14 2.9025 74.0 0.0 0.7 28.3 8.9 1.1 9.5 2,3,6
J1941+0121 0.2173 52.3 0.0 0.6 17.0 23.7 1.1 254 3
J1941+43 0.8409 79.3 0.0 0.9 24.9 6.8 1.1 7.6 1,3,6
J1942+81 0.2036 40.3 0.0 09 22.1 4.4 1.1 4.9 1,3,6
J1943+0609 0.4462 70.7 0.0 1.5 7.4 8.1 1.4 114 3
J1945+07 1.0740 62.3 0.0 0.7 8.9 4.6 1.1 5.0 2,3,6
J1952+30 1.6657 189.8 0.0 0.5 79 4.4 1.0 4.6 3,4,6
J1954+43 1.3870 130.2 0.0 0.8 6.7 54 1.1 6.0 1,3,6
J2000+29 3.0738 132.3 0.0 0.9 12.2 3.8 1.1 4.3 1,3,4,6
J2001+42 0.7192 54.9 0.0 1.0 26.3 12.2 1.2 14.1 ... ... 1,3,6
J2005-0020 2.2797 36.2 0.2 09 19.1 10.1 2.0 20.2 8.0 . . 36.6 3
J2007+0809 0.3257 53.4 0.0 2.6 14.3 16.3 3.3 53.8 - 32.0 ... 37.1 3
J2007+0910 0.4587 48.7 0.0 1.5 28.4 12.4 1.5 18.1 1.5 26.0 -2.70 34.6
J2008+2513 0.5892 60.6 0.2 0.7 19.6 7.5 1.7 13.0 2.7 3.8 -1.20 4.3
J2010+2845 0.5654 112.4 0.5 0.5 12.9 11.6 - ... - ... 3
J2016+1948 0.0649 33.8 0.1 0.7 31.5 16.2 1.4 22.1 33 15.1 3
J2017+2043 0.5371 60.5 0.1 0.7 20.6 8.2 1.2 10.2 1.5 140 -1.50 16.4
J2017+59 0.4035 60.3 0.0 0.2 17.7 8.3 1.0 8.4 1,3,6
J2027+74 0.5152 11.6 0.0 0.4 15.9 9.2 1.0 9.5 1,3,6
J2030+55 0.5789 59.6 0.0 0.5 19.5 8.6 1.0 8.9 3,6
J2033+0042 5.0134 37.8 0.1 0.8 12.6 6.2 1.4 8.9 ... ... ... 3
J2036+2835 1.3587 84.3 0.1 0.5 19.9 5.6 1.4 8.1 9.6 -1.90 11.7 5
J2038+35 0.1602 57.9 0.0 0.4 30.1 16.8 1.0 17.2 . . . ... 3,6
J2040+1657 0.8656 50.7 0.0 1.1 8.2 4.4 1.2 54 0.6 94 -2.60 12.4
J2043+2740 0.0961 21.0 0.0 22 1655 75.5 22 165.6 150 140.0 -1.30 160.6
J2043+7045 0.5896 57.5 0.0 0.7 12.2 5.8 1.1 6.2 . .. . ... 3,6
J2045+0912 0.3956 31.4 0.0 1.6 13.1 4.0 1.5 5.8 3.5 96 -1.00 10.7
J2102+38 1.1899 86.2 0.0 0.4 11.5 8.2 1.0 8.4 3,6
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PSR P DM OTAB QSAP g S ngor S TSS S ?gg S4()() S 150 a ST)’:IS) Notes
()  (peem™) ) () (mly) (mly) (mJy) (mly) (mJy)
J2105+28 0.4057 623 00 05 162 58 1.0 6.0 1,3,6
J2113+67 0.5521 547 00 02 104 43 1.0 43 1,3,6
J2137+64 1.7510 1059 00 09 7.8 2.6 1.1 3.0 e ... e 1,3,6
J2139+2242  1.0835 442 00 1.1 751 33.0 1.2 400 ... 460 -0.20 470
J2145-0750 0.0161 90 61 43 218 334 e ... 1000 162.0 -1.80 195.8
J2155+2813  1.6090 772 0.0 1.1 224 4.0 1.2 4.8 2.1 9.6 -1.40 11.1
J2156+2618 0.4982 485 02 05 86 3.1 24 7.2 2.7 29 -1.00 3.2
J2202+21 1.3583 178 00 1.0 153 33 1.2 3.9 2,3,4,6
J2203+50 0.7454 76.3 00 09 56 4.5 1.1 5.0 ... . ... e 3,5,6
J2205+1444 0.9380 36.8 0.1 0.8 14.0 42 14 5.7 1.5 4.6 -2.10 5.7
J2207+40 0.6370 11.8 0.0 1.0 66.7 318 1.1 36.5 1,3,6
J2208+5500 0.9332 1047 0.1 0.6 157 8.3 1.2 10.0 ... .. e ... 3,5
J2215+1538 0.3742 29.2 0.0 1.6 27.6 114 1.5 16.7 3.7 6.8 —0.20 6.9
J2222+2923  0.2814 494 0.0 1.2 132 3.0 1.2 3.8 43 -1.10 4.8
J2222-0137 0.0328 33 0.1 1.8 19.7 55 21 11.5 3
J2227+30 0.8424 20.0 0.0 1.1 48.7 11.9 1.2 14.5 3,5,6
J2228+40 0.2727 742 0.0 0.6 139 5.7 1.1 6.1 e . e . 3,4,6
J2234+2114 1.3587 353 0.0 1.1 452 10.2 1.2 12.3 2.6 13.0 -1.30 14.9
J2235+1506 0.0598 18.1 0.1 02 173 6.8 1.1 7.6 3.0 6.0 -2.90 8.1
J2243+69 0.8554 678 00 09 130 43 1.1 4.8 e ... 1,3,6
J2248-0101 0.4772 290 0.0 1.2 20.8 10.5 1.2 13.0 11.0 e ... 50.3
J2253+1516  0.7922 292 00 1.7 260 90 1.6 14.4 24 6.0 -1.00 6.7
J2301+48 0.7420 728 0.0 0.2 148 4.8 1.0 4.8 e e 3,4,6
J2302+6028 1.2064 156.7 0.0 1.8 423 40.1 1.7 68.5 12.0 54.9 3
J2315+58 1.0616 732 0.0 2.0 203 15.3 1.9 29.0 3,6
J2316+69 0.8134 714 0.0 0.7 35.1 15.9 1.1 17.3 1,3,6
J2326+6141 0.7900 340 00 04 155 8.3 1.0 8.5 3,6
J2340+08 0.3033 237 0.1 0.9 202 76 1.2 9.3 2,3
J2347+02 1.3861 16.2 0.0 1.0 19.5 5.2 1.2 6.1 2,3,4,6
J2352+65 1.1649 154.3 00 06 64 4.0 1.1 43 3,5,6
J2353+85 1.0117 382 00 04 142 24 10 2.4 1,3,6
J2356+22 1.8410 219 0.0 09 206 3.2 1.1 3.7 1,3,4,6
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