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ABSTRACT

We report the detection of 48 millisecond pulsars (MSPs)adut5 observed thus far using the LOw-Frequency ARray (LOFAR
in the frequency range 110-188 MHz. We have also detecteé MISPs out of nine observed in the frequency range 38—77 MHz.
This is the largest sample of MSPs ever observed at theseéguéncies, and half of the detected MSPs were observelddirst
time at frequencies below 200 MHz. We present the averageeprbfiles of the detected MSPs, thdiieetive pulse widths, and
flux densities and compare these with higher observing &eges. The flux-calibrated, multifrequency LOFAR pulsefites are
publicly available via the European Pulsar Network Datelzi$ ulsar Profiles. We also present average values of dispeneasures
(DM) and discuss DM and profile variations. About 35% of theM4Show strong narrow profiles, another 25% exhibit scattere
profiles, and the rest are only weakly detected. A qualigatemparison of the LOFAR MSP profiles with those at higheforad
frequencies shows constant separation between profileamengs. Similarly, the profile widths are consistent witbstha observed
at higher frequencies, unless scattering dominates abtiest frequencies. This is veryfiirent from what is observed for normal
pulsars and suggests a compact emission region in the MSReteaghere. The amplitude ratio of the profile componemshe
other hand, can dramatically change towards low frequenoien with the trailing component becoming dominant. Aevjpusly
demonstrated this can be caused by aberration and retardatiis data set enables high-precision studies of putsfdgevolution
with frequency, dispersion, Faraday rotation, and sdatién the interstellar medium. Characterising and comecthese systematic
effects may improve pulsar-timing precision at higher obsgrfiequencies, where pulsar timing array projects aimrectly detect
gravitational waves.
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1. Introduction PSR J04374715 by Jenet et al. (1998), who find that its indi-
vidual pulses are very similar to those of slowly rotatindspaus.

O Radio millisecond pulsars (MSPs) are commonly held to hatnally, Edwards & Stappers (2003) came to the same conclu-
- been spun up by mass transfer from a binary companion (Algon in their study of individual pulses from several pussaith
et al. 1982; Radhakrishnan & Srinivasan 1981) and are evothe Westerbork Synthesis Radio Telescope (WSRT) at several
- tionarily linked with X-ray binary systems (Bhattacharyas&n frequencies between 328 and 2240 MHz.

den Heuvel 1991; Archibald et al. 2009; Papitto et al. 2018pS Even though the radio emission mechanism of both MSPs
! pers etal. 2014). Their observed properties are in mangotsp and normal pulsars seems to be the same, there are a number of
= quite diferent from those of the long-period, 'normal’ pulsardifferences in the observed emission properties. Multifrequen
=~ Both the spin periodsP, and period derivatives?, of MSPs studies above 400 MHz generdiighow remarkably little fre-
(P ~ 1-10ms,P ~ 10%ss?) are a few orders of magnitudequency evolution in the average profiles of MSPs; in paréicul
lower than for normal pulsarP(~ 1s,P ~ 10°ss?), and the width of components and their separation typically rierak
thus the inferred values of surface magnetic fields for MSEs anost constant (Kramer et al. 1998, 1999). This i8edent from
three to four orders of magnitude lower than the typical ®alfi what is generally observed in normal pulsars (see e.g. €tors
10'2G for normal pulsars. Despite thesdfdiences, MSP stud- 1991; Xilouris et al. 1996; Pilia et al. 2015), and may result
ies at 1.4, 2.7, and 4.9 GHz by Kramer et al. (1998, 1999) afrdm a small radio emission region in the very compact mag-
Xilouris et al. (1998) suggest that the radio emission mechaetospheres of MSPs. Kramer et al. (1998) also show that MSPs
nisms for normal pulsars and MSPs are essentially the samare somewhat less luminous and leSgent radio emitters than
even though their magnetosphereffatiin size by two to three normal pulsars, with isolated MSPs being even less luminous
orders of magnitude. than their binary counterparts. These findings are in accae

This conclusion is mainly based on the similarity of theil 1y .e are notable exceptions, such as PSRs JZ® and
spectra and profile complexity. The same result was also 07511807, that show large frequency evolution in the amplitwdi®r
tained by Toscano et al. (1998) for a sample of MSPs in t@etheir profile components (Kramer et al. 1999; Kuzmin & Lasiy
southern hemisphere at frequencies between 0.4 and 1.6 Gi$®6), and a few other MSPs have new profile components dppesr
This is also confirmed by single-pulse studies at 1.4 GHz kifjheylower frequencies.
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with results from recent works by Levin et al. (2013) and Bupulsars with lower flux densities. Stappers et al. (2008)nait
gay et al. (2013). All these results suggest that MSP magnetietect two MSPs, PSRs J10%719 and J17180747, that were
spheres might not simply represent scaled versions of tige mdetected by Kuzmin & Losovsky (2002)They did not find
netospheres of normal pulsars (Xilouris et al. 1998), aediift any obvious reason for these non-detections. The authgrs su
ferences could be caused by thé&elient evolutionary histories gested scattering to be the main reason for all of their six no
of normal pulsars and MSPs. detections. For PSR J2146750 Stappers et al. (2008) also
MSP studies at low radio frequencies, i.e. be}o®00 MHz, found the reduced separation between the peaks of the compo-
are valuable, as they expand our ability to compare fluxithensnents with regard to the high frequencies and even found this
spectra, polarisation and profile evolution to those of rairmseparation to be smaller than in Kuzmin & Losovsky (1996),
pulsars and probe the compactness of MSP emission regiafisch can be attributed to residual dispersive smearingv-Ho
(Cordes 1978a). Normal pulsars often show a spectral temoever, Stappers et al. (2008) cast doubt on whether theseaczomp
between 100 and 250MHz (e.g. Sieber 1973; Kuzmin et alents are the same as at high frequencies, because thegleadin
1978; Izvekova et al. 1981; Malofeev 2000; Malofeev et atomponent at 150 MHz more resembles the trailing component
2000), raising the question of whether MSPs behave similarl in the high-frequency profile. Recently, Dowell et al. (2DaBo
study of 30 MSPs with narrow bandwidths at frequencies of 1@@und the dominant componentat low frequencies to be narow
and 111 MHz by Kuzmin & Losovsky (2001) concluded that théhan reported by Kuzmin & Losovsky (1996) in their observa-
spectra of the MSPs they studied mostly do not show any lotiens with the Long Wavelength Array (LWA) at 37—-81 MHz.

frequency turnover. Only in the case of PSR J108307 did Since the work of Stappers et al. (2008) and until the re-
they find a possible turnover near 100 MHz. Kuzmin & Losovskygnt study of PSR J2148750 by Dowell et al. (2013), there
(1999) analysed the frequency dependence of profile widthsie been no other MSP studies at frequencies below 200 MHz
12 MSPs between 102 and 1400 MHz. They found that profiigat have provided high-quality profiles at these low fretpies.
widths remained nearly constant within this frequency eangat the same time, the number of known MSPs in the Galac-
and in the case of PSR J2145750, the component separatic field (many at distances 2kpc, and at high Galactic lat-
tion became even smaller at 102 MHz than at higher frequefirdes) has substantially grown, owing to many detections i
cies (Kuzmin & Losovsky 1996). Both results provide furthegermi/ AT unassociated sources (see e.g. Keith et al. 2011; Ran-
evidence for the compactness of the emission region of MSPgom et al. 2011; Kerr et al. 2012; Barr et al. 2013b). About 75
Although Kuzmin & Losovsky (2001, and referencepisps were discovered in the Galactic field between the discov
therein) provided a first insight into low-frequency MSP praery of the first MSP (PSR B19321; Backer et al. 1982) and
files and flux densities, their dataffered from poor time res- the Fermi launch in 2008. In the last five years we have expe-
olution (only 0.128-0.64ms). This was mainly due to the ngienced an MSP renaissance as this number has almost tripled
cessity to form many narrow frequency channels to minimigg 218 (ATNF catalogu® Manchester et al. 2005, and ongo-
dispersion smearing. Observations of MSPs at such low figg pulsar surveys). This is mainly a resultiemi discoveries,
quencies indeed present a challenge because of the larg® pyilit also includes a number of discoveries by ongoing pulsar s
broadening caused by both scattering and dispersion imtheyjeys. These include the Green Bank Telescope (GBT) 350-MHz
terstellar medium (ISM). Dispersion in the cold ionisedspi@ prift-scan (Boyles et al. 2013; Lynch et al. 2013) and Green-
of the ISM scales a$~2. Though computationally intensive, itBank Northern Celestial Cap (GBNCC; Stovall et al. 2014a)
can be fully accounted for by coherent dedispersion (Hankigurveys, the Pulsar Arecibo L-band Feed Array (PALFA) sur-
1971; Hankins & Rickett 1975), unlike scattering, whichaalsyey (Nice et al. 2013; Crawford et al. 2012; Deneva et al. 2012
has an even stronger frequency dependence (scalesagor  and the ParkgBffelsberg High Time Resolution Universe Sur-
a Kolmogorov spectrum of electron density inhomogeneitiesyey (HTRU; e.g. Keith et al. 2010, 2012; Barr et al. 2013a).
the ISM). Because the pulses of the MSPs have much shortgerefore, there is also a significantly larger sample of BISP
durations than those of normal pulsars, they can be conipletgat can be observed for the first time below 200 MHz.

scattered out, preventing detection. The LOw-Frequency ARray (LOFAR) is a digital aperture

On average, pulsars have a steep negative spectral indeér% - . ;
y radio telescope operating from 10-240MHz — i.e. the
—1.4 (Bates et al. 2013), and MSP specira are found to be ¢ vest four octaves of the ‘radio window’ observable frore th

sistent with the normal pulsar population (Kramer et a|_g_)99 Earth’s surface (see van Haarlem et al. 2013 for a desanipfio
However, the background sky temperature of the Galactie S3f_erAR). Itis an interferometric array of dipole antenndistas

chrotron radiation is also frequency dependent, and tipeuie distributed over Europe, with the Core of 24 stations logate

H 2.55. H
dence is ste?perf( ’ L;ahwson e: al. flIS\J/ISSQ TT)US’ ei’gg&;ﬁn ithin an area approximately 2 km across near the Dutch vil-
assumes no turnoverin the spectra o S above 2 14e of Exloo. Compared to previous low-frequency radie-tel

majority of the MSPs, especially those located along theGal sCo - :
. X pes, LOFAR fiers many advantages in its observing capa-
tic plane, will be more dficult to detect below 250 MHz than atyijities (Stappers et al. 2011). Among them are the large-fra

higher frequencies. . . S0 . "
In the past decade, higher-quality, low-frequency MSP Oé%@nal bandwidth (80 MHz of bandwidth in the 10-90 or 110

) X 0MHz range), sensitivity that is at least 20 times bettant
servations have been enabled by a new generation of pu

; . . i low-frequency frontends at WSRT (Stappers et al. 2G0&),
backends that provide wide-bandwidth, coherent dedigpers,, nestricted ability to track sources from rise to sefs thccu-
(sometimes in real-time). For example, Stappers et al.§p0

lating a large number of pulses in a single observing sessi
used WSRT and the PuMall pulsar backend (Karuppusamy aﬁ'l:e latter is very valuable as many of the old low-frequerey a
2008) in the frequency range of 115-175MHz to coherently
dedisperse the data to a final time resolution of 25.6—-34..2
They detected eight out of 14 MSPs observed and did not findbyjsar 102184232 was also not detected by Stappers et al. (2008)
any clear relationship between the detectability of a seared though Kuzmin & Losovsky (2001) reported it to be detected pro-
any combination of its period, DM or flux density at higher-frevided its flux density estimates, but did not present its [&ofi
guencies. Nevertheless, the majority of the non-detesticere ° http://www.atnf.csiro.au/people/pulsar/psrcat/
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Table 1. Standard setup for the LOFAR observations of MSPs.

Array Core Bits Frequency Sub-bafds Sub-band Sampling Observing Data
stations per range width time time products
sample (MHz) (kHz) s) (min)
HBA Dual 2P 8 110-188 51-450 195.312 5.12 20 XXYY

Notes.® The second polyphase filter (van Haarlem et al. 2013) wapskijn the online processing, thus the number of sub-bardistamnels
was the same, and we will refer to the original sub-bands asre#is in the rest of the pap&t.The core station CS013 has an incorrect orientation
of dipoles with respect to the rest of the array and was alvesgtuded in our observations. Typically two—three otherecstations were not
available for diferent reasons, and we used only 20—21 HBA stations out of t2dl ©n a few occasions we only had 18-19 HBA stations
available © Raw complex voltages of two linear polarisations.

rays, such as the Large Phased Array in Pushchino (Russia),(a our case the raw CV data) were written in HDORBrmat to
transit instruments. the CEP2 clustérfor further dfline processing.

In this paper we present the results of the first exploratbry o
servations of MSPs with LOFAR. In Sect. 2 we describe the L
FAR observing setup and data analysis. In Sect. 3 we present
results of our MSP observations, give lists of detected awd n After each observation, we ran the LOFAR PULsar Pipeline
detected pulsars, show folded pulse profiles and provide mgauLP), a Python-based suite of scripts that provides bafsic
surements of flux densities at 110-188 MHz. In Sect. 4 we dfne pulsar processing (dedispersion and folding) for cad
cuss the detectability of MSPs, provide new measurementsobkerving modes including CV data. PULP collects informa-
their DMs and compare these with previously published \&lugion about the observation itself and location of the datahen
We also discuss DM and profile variations of MSPs and qualitgEP2 nodes and then executes data reduction tools from the
tively compare profiles for several pulsars with profilesighBr pREST0? (Ransom 2001)dspsr® (van Straten & Bailes 2011)
frequencies. We give a summary in Sect. 5. andPSRCHIVE® (Hotan et al. 2004) software suites, and creates

a number of summary diagnostic plots aP8RFITS'® (Hotan
et al. 2004) data files.
> Observations and data reduction ~ Toprocess CV_data we usddp_sr to read raw LOFAR data
) via the LOFAR Direct Access Library (DAL) interface. Each

The observations presented in this paper were taken betigeefh@nnel was coherently dedispersed and folded with a pulsar
December 2012 and 3 November 2014 with the LOFAR Cofphemeris. Where possible, we used the most recent putblishe
stations using the High-Band Antennas (HBASs) in the freqyentiMing models for folding, but in some cases we used updated
range 110-188 MHz and the Low-Band Antennas (LBAs) frofgPhemerides from ongoing timing campaigns that are not yet
10-88 MHz (see van Haarlem et al. 2013; Stappers et al. 2 lished. We set the length of the _foldl_ng sub-integragitm
for more information on the LOFAR observing system and set€ 2 and the number of pulse profile bins equal to the closest
up). A single clock system allows all Core stations to be corf'd lowest power of two foP/At (whereP is the MSP period,
bined into one or multiple coherent tied-array beams, and @RdAt = 5.12us is the sampling interval), but not higher than
eight-bit sampling mode allows 80 MHz of instantaneous ban#024 Pins per period. The data were combined in frequency us-
width (limited by filters that avoid the FM frequency rangerfr N9 psradd. In early observations, we usedz -r to perform
90-110 MHz). This provides a facter5 increase in sensitivity 22PPing of a radio frequency interference (RFI) with a media
compared with early LOFAR pulsar observations that were rgnoothed automatic channel zapping algorithm. In lateenias
stricted to using the six stations on the ‘Superterp’ and #&M tONS, we used thelean. py tool from CoastGuard™ (Lazarus
of bandwidth (e.g. Kondratiev et al. 2013). et a_I., in pre_p). This RFI excision routine with the surgical
option provided much better excision, and for this publarat
all pipeline products were reprocessed using this tool. ddta
2.1. Data acquisition were then dedispersed, i.e. appropriate time delays batiuee
guency channels (note that each channel was already cdlyeren
After coherent addition of the data streams from all avaittedispersed withispsr) were applied, usingam. In the last
able Core stations (typically 20-23 stations), the raw demp step we ran thedmp tool that enables the determination of a
voltage (CV) data were recorded at 512 The 78-MHz band- best DM andP by optimising the 8\ of the profile. The output
width is splitinto 400 channels of 195.312kHz each. Thedsibi data files were further updated with these best DM Rndlues.
length of our observations was 20 min, although subsequent @iagnostic plots were then produced to enable quick inspect
servations for monitoring and timing purposes were adfldee  of the data quality.
pending on the pulsar’s signal-to-noise ratigNgin the LOFAR
band. 5 Hierarchical Data Format Bittp://www.hdfgroup.org/HDF5/
The standard observing setup is summarised in Table 1. Dért OFAR's 2nd CEntral Processing (CEP2) computer clustewillt
ing the observations the data from the stations were streééone be replaced with the next generation CEP4 cluster by theafta016.
further online processing (beamforming, etc.) to the Blea@ ; http://www.cv.nrao.edu/~sransom/presto/

(BG/P) supercomputéin Groningen. The output data products, 1ttp://dspsr.sourceforge.net
http://psrchive.sourceforge.net

10 http://www.atnf.csiro.au/research/pulsar/index.html?
4 After April 18, 2014 (MJD 56765) the new LOFAR GPUn=Main.Psrfits
correlatofbeam-formeiCobalt was used for MSP observations. 1 https://github.com/plazar/coast_guard

" 2. Pulsar pipeline
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3. Results orbital phase. In such a case, the monochromatic timing mode

will not be able to correctly predict the pulse period acribes

At present we have observed 75 Galactic field MSPs with th@ire pandwidth, but will have a frequency-dependent thias
LOFAR HBAs, and detected 48 of them. This is the Iarge_st Sallanges with orbital phase (Ransom et al. 2004). Given lieat t
ple of MSPs ever observgittected at these low frequencies. Ok o introduced in the pulse times-of-arrival (TOAs) istbé
these sources, 25 are recent MSP d|scover_|es and have meve Rlervom/c X Atom, whereAtpw is the dispersion delay between
fore been detected at 110-188 MHz. We discuss the detectafyjl cenral frequency and the lowest frequency in the band, i
ity of MSPs in more detail in Sect. 4.1. The lists of detectg

. . clear that this #ect can most easily be countered by split-
and non-detected MSPs are given in Tables 2 and 3, reSpggs | the band into narrower sub-bands, and then applying
tively. For the detected MSPs we list the profile significante g timing model separately to each of these. Alternatjtely-
the best |nd|_v|dual observation and it8\S observing epogiD, gimensional phase predictors can be employed.
and integration I_engtﬁl,’obs. For both detecteq and non-detecte. Without using two-dimensional phase predictors the actual
MSPs we also list whether they were previously observed w%ggor in TOAs will depend on the orbital phase of the pulsat an
the WSRT (Stappers et al. 2008; Archibald et al. 2009 for PSR, 1 giection of the orbit on the plane of the sky, and isdatg
chl)gglol()lsla)'_'or (t:(y the."%[?_e Phaskedz,gzjril)y I(:BSA) ;]n le;slclghlz')%r edge-on orbits when the pulsar is at periastron — i.e.rwhe
at Z (Kuzmin & Losovsky . From the ; ; L t enal ef-
that we did not detect, only one, PSR J060200, was observedﬁf(r_;g,[pUISarS radial acceleration is strongest. In genénale

: . X | ) | . h .
by Stappers et al. (2008) and they also did not detect it. e'l'hr& is larger for higher-DM pulsars in compact (short abit

. . riod) binary systems. In our MSP sample, the double pul-
out of these 27 have flux density measurements by Kuzmmgr 30)73130%/91 has the largest value ogrE/c ~ 103 For P

Losovsky (2001) (including PSR J0618200). However, they 5o 306241002, J21450750, J07521807, J10230038

did not publish the profiles of these MSPs and their flux dgns 1022-1001, J2215’5135’ and j18164510, it is about (1’_

estimates have very large uncertainties. 2)x107*, and for other binaries it is of the order of P0or less.
Using a single ‘polyco’ file (a file generated by the pulsaritign

3.1. Pulse profiles programTempo®® which contains a polynomial description of
the apparent pulse phase as a function of time) applicaliteto

We present the best individual profiles for all 48 detected®s!Scentral frequency of the total band, would result in TOA esro

in Fig. 1. They are the sum of 3 x 10° spin periods, ranging of 8.4 ms or B7 of the spin phase at the lowest observed fre-

from about 3x 10* for the 59.8-ms PSR J223%506 to about quency of 110 MHz for the pulsar J0733039A. In our observa-

1.3 x 10° periods for the 1-h observation of PSR JO83715 tions we normally split the total bandwidth into 20 parts &meh

(the pulsar triple system; Ransom et al. 2014). process them separately, each with their own polyco filess Th

Many of the MSPs are detected with highN\SFor example, helps to mitigate thefect, giving a maximum TOA error for the

the black widow pulsar J18%0.744, discovered in the 350-MHzlowest-frequency part on the order f10us for most MSPs,

GBT Survey of faintFermi y-ray sources (Hessels et al. 2011)with the most problematic pulsars being J0Z3839A (0.64 ms

was detected with /8l = 65 using a 20-min LOFAR observa-residual smearing), J2245135 (0.16 ms), J18%61510 (55us),

tion. Furthermore, the eclipsing pulsar J184610, discovered J0218-4232 (52us), J062%1002 (46us), and JO75%1807

in the GBNCC pulsar survey (Stovall et al. 2014a), was detect(39us). The largest error in terms of spin phase occurs for PSR

with /N = 159 using a sum of four 5-min LOFAR observad2215-5135, where thefect is equivalent to 0.06 rotational cy-

tions. LOFAR profiles for four PSRs J0248222, J06365129, cles. For most of our observed MSPs, this error is about 0.01

J0645-5158, and J18164510 were also presented in Stovaltycles or less.

et al. (2014a) together with the GBT profiles at 350, 820, and

1500 MHz. About 35% of the detected MSPs show strong nar-

row profiles, while only 25% of MSPs have scattered profiles1-2- Double pulsar J0737-3039A

with a clear exponential tail. The profiles of the remaining® Despite its low declination and maximum elevation of°6(as

(~ 40%) are weak, which could be due to the intrinsic Spegaen from the LOFAR Core), we detected the 22-ms A-pulsar

trum, andor due to scattering, where the exponential scatterigigine double pulsar system JO733039 in a single 1-h obser-

tail may approach or exceed a pulse period. Later in this Sgggion (see Fig. 1). To exclude any broadening due to the ef-

tion we discuss the HBA detections of a few individual MSP$g:t described in Sect. 3.1.1 we have also reprocessed the da

and in Sect. 4.5 we discuss the profiles in general and makﬁ)@ing each channel separately. It did not make any notieea

comparison to high frequencies. Flux-calibrated, melgiiency igerence to the profile, because at the epoch of observation the

LOFAR profiles from this paper are available via the Europegjysar had a relatively low orbital velocity (orbital phasg-0.4,
Pulsar Network (EPN) Database of Pulsar Proffiesorimer longitude of periastror 3005°). From high-frequency observa-
etal. 1998). tions it is known that the B-pulsar is not visible anymore tlue
large orbital (17/yr; Kramer et al. 2006a) and geodetic®(%r;
3.1.1. Folding and ver/C caution Breton et al. 2008) precession, but is expected to reappean a
in ~ 2035 (Perera et al. 2010). However, we might be able to
For binary MSPs, the low observing frequencies and large fracatch its emission at our low frequencies with LOFAR, if a rid
tional bandwidth of the LOFAR data mean that special carel@v-frequency beam (Cordes 1978b) is still grazing our-lifie
needed when folding the data. This is because, in standatd asight. Thus, we folded our data with the B-pulsar ephemexis a
yses, phase-folding is done based on a timing model evalaatewell, but we did not detect it after also searching in periad a
the central frequency of the band. If the dispersion delagssc DM. Radio emission from the B-pulsar was only ever visible
the band is large enough for the orbital phase to changefsigmait two narrow orbital phase windows .58 and~ 0.78) when
icantly during this time, then data can be assigned an ircorremission from the A-pulsarfected the magnetosphere of the B-

12 http://www.epta.eu.org/epndb/ 13 http://tempo.sourceforge.net/
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Table 2. List of the 48 detected MSPs.

PSR P DM Binary? WSRT BSA LOFAR Epoch  Tops Prof. SN~ LBA Ref
(ms)  (pccm?®) detected? detected? ObsID (MJD) (min)  Sign. detected?

J00306-0451 4865 4333 Isolated ... y L83021 56304.694 20 251 31 y 1
J0034-0534 1877 13765 He WD y % L81272 56286.738 20 543 63 y 1
J0214-5222 24575 22037 He WDsdB? ... ... L196378 56646.791 20 116 417 ... 4
J0218-4232 2323 61252 He WD n y L155442 56473.304 20 126 19 1
JO33#1715 2733 21316 He WD+He WD .. . L167133 56512.229 60 50 11 .. 2
J0407A1607 25702 3565 He WD . . L227494 56790.515 20 194 30 .. 20
J06211002 28854 36601 CO WD n y L81270 56289.023 20 47 9 3
J0636+5129 2869 11107 BW? ... ... L196371 56648.046 10 30° 107 4
J0645-5158 8853 18247 Isolated ... . L85909 56322.009 20 59 19 4
JO737#3039A 22699 48920 PSR .. . L85911 56321.940 60 25 6 5
JO7511807 3479 30249 He WD y L81051 56280.049 20 24 7 .. 1
J1012-5307 5256 9023 He WD y y L81268 56289.149 20 183 32 n 1
J1022-1001 16453 10252 COWwD y y L81254  56296.126 20 274 49 n 6
J1023-0038 1688 14325 MSRedback y . L85233 56315.163 20 105 30 .. 7
J1024-0719 5162 6485 Isolated n y L81049 56280.168 20 40 10 n 1
J1038-0032 28852 2659 Isolated e . L227490 56782.804 20 39 8 ... 21
J1231+-1411 3684 8090 He WD ... ... L227492 56789.862 20 27 7 ... 17
B125%12 6219 10166 Planets y y L81253 56296.230 20 313 44 n 8
J1453-1902 5792 14049 Isolated ... ... L227293 56779.988 20 18 6 ... 22
J1544-4937 2159 23226 BW ... ... L227294 56780.003 20 89 23 ... 23
J1640-2224 3163 18426 He WD ... y L81266 56289.368 20 66 15 ... 1
J1709-2313 4631 25347 He WD .. . L249810 56964.533 20 14 5 .. 24
J1713-0747 4570 15992 He WD n y L149156 56465.941 60 30 8 .. 1
J17306-2304 8123 9617 Isolated ... y L164998 56490.889 30 32 9 ... 1

Notes.P and DM are from the best ephemerides we used. Col. 4 showsridey lzompanion or system type, where ‘BW’ denotes ‘blaciami’ eclipsing systems with ultra-light (UL) companion
(M < 0.08M,,), ‘Redback’ — compact eclipsing systems with more massirapganion U1 ~ 0.1-02M,), ‘MS’ — main-sequence star companion, ‘WD’ — white dwarfrgq@anion, either helium
(He), or CQONeMg (CO), ‘sdB’ — subdwarf B star. WSRT observations aoetiStappers et al. (2008) and from Archibald et al. (2009héndase of PSR J1028038. BSA is the Large Phased
Array in Pushchino and observations are those reported ynifu& Losovsky (2001). The corresponding flux density measients are given in Table 4 for those pulsars detected VOIRAR.
The LOFAR ObsID, EpochTqps, SN and profile significance (Prof. Sign.) are for the best iitlial observation. Profile significance is defined as in Leri& Kramer (2005, p. 167, Eq. 7.1).
The last column gives a reference to the ephemerides {is€hrresponding value is for the sum of several 5-min obsiamst®) Given the number of profile bins as in Fig. 1.

References.(1) Desvignes & et al. (2015); (2) Ransom et al. (2014); (3ag et al. (2002); (4) Stovall et al. (2014a); (5) M. Kranfprivate communication); (6) Verbiest et al. (2009);

(7) Archibald et al. (2009); (8) Konacki & Wolszczan (200®) J. Hessels (private communication); (10) Gonzalez.¢Rall1); (11) Toscano et al. (1999); (12) Lynch et al. (201B3) Champion
et al. (2005); (14) Arzoumanian et al. (1994); (15) Guillearebal. (2012); (16) Doroshenko et al. (2001); (17) Ransoral.ef2011); (18) Camilo et al. (1996b); (19) Cognard et aQ1(D);
(20) Lorimer et al. (2005); (21) Burgay et al. (2006); (22)incer et al. (2007); (23) Bhattacharyya et al. (2013); (2d)vandowski et al. (2004); (25) Kaplan et al. (2013).
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Table 2. continued.

PSR P DM Binary? WSRT BSA LOFAR Epoch  Tops Prof. SN~ Ref
(ms)  (pccm?®) detected? detected? ObsID (MJD) (min)  Sign. detected?

J17380333 5850 33778 He WD . . L124889 56399.183 20 21 6 1
J1744-1134 4075 3139 Isolated y y L81264  56293.440 20 37 15 1
J18106-1744 1663 39659 BW . . L81263 56293.456 20 861 65 n

J1816-:4510 3193 38887  He? WDsdB? L212736 56737.245 20 888 159 4,25
J1853-1303 4092 30570 He WD .. L84523 56311.438 20 24 7 10
B1855+09 5362 13300 He WD y L131365 56417.151 20 23 5 1
J1905-0400 3784 25692 Isolated . . L249826 56964.657 20 18 7 10
J1911+1114 3626 30975 He WD y y L81277  56286.527 20 25 8 11
J1918-0642 7646 26554 He WD . .. L81276  56286.543 20 28 7 1
J1923-2515 3788 18858 Isolated L85594  56318.472 20 58 12 12
B193%21 1558 71040 Isolated L138647 56434.134 30 275 25 1
J1944-0907 5185 2434 Isolated L84521  56311.472 20 103 12 13
B1953+29 6133 104501 He WD e L84522  56311.456 20 44 6 10
B195%20 1607 29117 BW y .. L81275 56286.559 20 230 24 14
J2019-2425 3935 17203 He WD e y L146225 56457.103 20 18 6 1
J2043-1711 2380 20710 He WD e . L84518 56311.522 20 96 14 15
J2051-0827 4509 20745 BW n y L85592 56318.504 20 65 12 . 16
J2145-0750 16052 8998 CO WD y y L81259  56293.607 20 324 37 y

J22143000 3119 22557 BW e . L146228 56457.159 20 27 7 . 17
J22155135 2610 692 MS/Redback . L85588 56318.567 20 114 13 9
J2235-1506 59767 1809 Isolated y L168068 56521.018 30 25 9 18
J2302-4442 5192 13762 He(?) WD .. L84516 56311.603 20 40 10 . 19
J231A#1439 3445 21907 He WD y L83022 56304.635 20 176 40 n

J2322-2057 4808 13372 Isolated y L146234 56460.218 20 14 9 1

Notes.P and DM are from the best ephemerides we used. Col. 4 showstaey lzompanion or system type, where ‘BW’ denotes ‘blactami’ eclipsing systems with ultra-light (UL) companion
(M < 0.08M,,), ‘Redback’ — compact eclipsing systems with more massirepanion U1 ~ 0.1-02M,), ‘MS’ — main-sequence star companion, ‘WD’ — white dwarfg@anion, either helium
(He), or CQONeMg (CO), ‘'sdB’ — subdwarf B star. WSRT observations aoefiStappers et al. (2008) and from Archibald et al. (2009hédase of PSR J1028038. BSA is the Large Phased
Array in Pushchino and observations are those reported kynifu& Losovsky (2001). The corresponding flux density measients are given in Table 4 for those pulsars detected vGiRAR.
The LOFAR ObsID, EpochTqps, N and profile significance (Prof. Sign.) are for the best iitiligl observation. Profile significance is defined as in Leri& Kramer (2005, p. 167, Eqg. 7.1).
The last column gives a reference to the ephemerides {is€hrresponding value is for the sum of several 5-min obsenvait® Given the number of profile bins as in Fig. 1.

References.(1) Desvignes & et al. (2015); (2) Ransom et al. (2014); (3a%r et al. (2002); (4) Stovall et al. (2014a); (5) M. Kranfprivate communication); (6) Verbiest et al. (2009);
(7) Archibald et al. (2009); (8) Konacki & Wolszczan (200®) J. Hessels (private communication); (10) Gonzalez.€Rall1); (11) Toscano et al. (1999); (12) Lynch et al. (201B3) Champion
et al. (2005); (14) Arzoumanian et al. (1994); (15) Guillerebal. (2012); (16) Doroshenko et al. (2001); (17) Ransoral.e(2011); (18) Camilo et al. (1996b); (19) Cognard et a01(®);
(20) Lorimer et al. (2005); (21) Burgay et al. (2006); (22)incer et al. (2007); (23) Bhattacharyya et al. (2013); (2d)vandowski et al. (2004); (25) Kaplan et al. (2013).
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Table 3. List of the 27 non-detected MSPs.

PSR P DM Binary? WSRT BSA LOFAR Epoch  Tops Siim KLO1 flux density Ref
(ms)  (pccm?®) detected? detected? ObsID (MJD) (min)  (mJy) (MJy @ 102 MHz)
J0023-0923 3050 14326 BW .. .. L84514 56311.679 20 4 .. 1
L155443 56473.224 20
J03406-4130 3299 49575 Isolated e . L85586 56318.785 20 3 e 9
L155441 56473.360 20
J0613-0200 3062 38781 He WD n y L81271  56289.007 20 5 240100 1
L155440 56473.467 20
J13270755 2678 27912 He WD e . L243060 56907.580 20 5 . 29
J1400-1438  3.084 4928 He WD e e L173398 56533.626 20 10 e 42
J1455-3330 7987 13562 He WD . .. L85908 56322.243 20 60 .. 1
J1551-0658 709 216 Binary? e . L227493 56789.992 20 7 e 30
J1600-3053 3598 52317 He WD e o L146215 56456.919 20 70 o 1 S
J1614-2230 3151 34487 CO WD e . L85907 56322.269 20 25 . 25 2
B1620-26 11076 62865 He WD+UL e y L85906 56322.285 20 40 450200° 1 2
J1643-1224 4622 62377 He WD . . L81278 56286.424 20 15 . 1 2
L85231 56315.324 20 g
J1646-2142 585 298 Binary . .. L227491 56787.043 20 30 .. 31 o
J1719-1438 579 36862  UL/Carbon WD? e e L249812 56964.547 20 15 e 32,33 EE
J1721-2457 3497 47758 Isolated . .. L249814 56964.562 20 45 .. 34,35 o)
J174%1351 3747 240 He WD . .. L81281 56281.492 20 4 . 26 >
183025 56304.456 20 2
J1745-1017 2652 23970 BW? e o L249816 56964.576 20 4 o 36 g
J175%-2857 3915 42808 He WD e o L249818 56964.591 20 220 o 37 S
J1804-2717 9343 24674 He WD . .. L249820 56964.606 20 110 .. 38, 39 =)
J1828-0625 363 224 Binary o e L249822 56964.620 20 6 e 31 =
J1832-0836 2719 2818 Isolated e o L249824 56964.635 20 40 o 40 g
J1903-0327 2150 297548 MS e o L85596  56318.440 20 20 o 1 v
J1916-1256 4984 38097 He WD . . L85595 56318.456 20 10 . 1
J19111347 4626 3099 Isolated e o L243072 56907.790 20 5 e 41
J1949-3106 13138 164126 COWD e o L85593 56318.487 20 4 o 27
J2016-1323 5223 22181 Isolated . . L84520 56311.490 20 15 . 1
J201#0603 2896 23918 He WD . . L85591 56318.520 20 5 . 19
J2229-2643 2978 23019 He WD .. y L84517 56311.587 20 3 6930 28

Notes. Column descriptions are the same as in Tabl8;g. is the upper limit on the mean flux density and taken as threegithe nominal error of the mean flux density measuremehts. F
densities by Kuzmin & Losovsky (2001, KLO1) are at 102 or 11HiMSome of the pulsars were attempted twideObservations were done both at 102 and 111 MHz, and it is eat &r which
frequency the flux densities were report&tdThe catalogued position of PSR J140@38 was about’6off from the position derived from over three years of timinghatihe GBT (J. Swiggum,
private communication). We detected this MSP in a recentAR®Bbservation using the updated coordinates. The averadigepefective pulse width and flux density measurement for this MSP
will be presented elsewhere.

References(1) Desvignes & et al. (2015); (9) J. Hessels (private conination); (19) Cognard et al. (2011); (25) Demorest et &01(®; (26) Jacoby et al. (2007); (27) Deneva et al. (2012);

(28) Wolszczan et al. (2000); (29) Boyles et al. (2013); (36%sels et al. (2011); (31) Ray et al. (2012); (32) Ng et &1142; (33) Bailes et al. (2011); (34) Edwards & Bailes (20@3p) Janssen
et al. (2010); (36) Barr et al. (2013b); (37) Stairs et al.02)) (38) Hobbs et al. (2004b); (39) Lorimer et al. (19960)(Burgay et al. (2013); (41) Lorimer et al. (2006); (42) Rostal. (2013).
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Fig. 1. LOFAR total-intensity pulse profiles for all detected MSRafi the best (highest/S) individual observations. The horizontal axes show
the pulse phase, and the vertical axes are the flux densitpitnaay units.
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pulsar (Lyne et al. 2004), and we missed these windows in our
observation. Therefore, more observations are needetktout
emission from the B-pulsar at low frequencies.

3.1.3. PSR J1023+0038

We detected the 1.69-ms pulsar J18@838, which isin a4.7-h
orbit with a bloated stellar companion and has been called th
‘missing link’ between low-mass X-ray binaries (LMXBs) and
radio MSPs (Archibald et al. 2009). We observed it five times,
with 20-min integration times per observation, before lseby
2013 and detected it twice in the orbital phase ranges 0.84-0
and 0.84-0.91. The pulsar was very likely eclipsed in theoth
three observations (at the observed frequencies, it isctagpe

to be eclipsed for at least orbital phases 0.0-0.5, see Batthi

et al. 2013). The profile from the best observation on Jan2@yry
2013 is shown in Fig. 1. The profile has a two-component shape,
as seen in WSRT observations at 155-157 MHz by Archibald
et al. (2009). Two observations on August 31, 2013 and Octobe
5, 2013 at non-eclipse orbital phases did not show any emis-
sion from PSR J10280038. This was confirmed earlier with
high-frequency observations using other radio telescopeis

is evidence that it switched again into its accreting LMXEapé
(Patruno et al. 2014; Stappers et al. 2014).

Flux density (a.u.)

3.1.4. PSR B1937+21

We successfully detected the first millisecond pulsar, B+23,

in the LOFAR HBA band. This is the first ever published detec-
tion of the pulse profile of this pulsar at these low frequeaci
(see Fig. 2). The main pulse (MP) and interpulse (IP) compo-
nents are clearly distinguished at the highest frequenEigs

ure 2 shows the profile evolution in the HBA band from 105 to
197 MHz. The rapid change in the profile shape due to scatterin
is evident. Below 150 MHz the IP is no longer visible and below
120 MHz the whole profile is completely washed out by scatter-
ing. As mentioned before, scattering timgg,, scales ad 44
with frequency,f. Following the empirical relationship between
Tscas DM and f from Bhat et al. (2004), thesca:Should increase
from ~ 2 to~ 19 ms when going from 197 to 105MHz, i.e. from

0.6 0.8 1.0

~ 1 to almost~ 12 spin periodsR = 1.56 ms). Joshi & Kramer Pulse phase
(2009) reported on the IP giant-pulse component in the geera _ ' o
profile from their observations at a frequency of 238 MHz withi9- 2- Profile evolution of pulsar B193721 within the LOFAR HBA

the Giant Metrewave Radio Telescope (GMRT). We do not sBand in the range 105-197 MHz. Each profile has 128 bins aoitied

00 02 04

this giant-pulse-related hump in the average profile okeithe In~ 9.2-MHz wide sub-bands centred at the labelled frequency irMH

MP or the IP components, most likely because of much larger
profile broadening. Kuzmin & Losovsky (2002) reported the d@as a very large fractional bandwidth, thus the frequenpgde
tection of four individual giant pulses at 112 MHz, thougle thgence of the beam size andfdiences in the sky temperature

pulse trains they present are very noisy. We have also peefdr across the bandpass should be considered. Overall, thevfoll
a search for strong giant pulses in the full band, but did mat fijng aspects have to be taken into account:

anything significant. Only searching the high-frequendy bk

the band or using the cyclic spectroscopy technique (DeshoreEffective area.The total €fective collecting area of the LO-
2011; Walker et al. 2013; Archibald et al. 2014) may be needed FAR array,A«, Or gain,G, is frequency dependent. For a 48-
We defer more detailed single-pulse study of PSR B%237or tile HBA station the upper limit on thefiective areaal (1),

a subsequent paper. is given by van Haarlem et al. (201£3)
ali?(1) = min {25612, 1200} m?, (1)

3.2. Flux densities _ ) ]
whereA is the observing wavelength in m.

3.2.1. Contributing factors Beam model An accurate beam model of the LOFAR HBAs at

For a number of reasons, flux calibration of beamformed LO- 110-190MHz provides the dependence of the antenna gain,

FAR data is non-trivial. The main uncertainty comes from the nttp: //www.astron.nl/radio-observatory/astronomers/
fact that the characteristic beam shape and sensitiviongly 1ofar-imaging-capabilities-sensitivity/sensitivity-
depend on the elevation and azimuth of the source. LOFAR alstfar-array/sensiti
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G, on the zenith angle and azimuth for a single tile or statiokarisation in our large observing band. Therefore, we caphi

and preferably takes into account the shadowing of individensiderd ~ mj; .

ual tiles within a station at low elevations. In our flux density measurements we used the Hamaker beam
System temperature.The system temperaturésys = Tsky + model (Hamaker 2006, and references therein), which is also

Ta, is also frequency dependent. The main contribution tesed in the LOFAR software for initial phase calibration of i

Tsys comes from the sky temperaturBs.y, which strongly terferometric imaging data (van Haarlem et al. 2013). Based

changes with frequency &@s2°® (Lawson et al. 1987). We this model we calculated the Jones matrices of antennamsspo

should note, that, although the spectral index is remaykaldr a given HBA station, frequency and sky direction using th

uniform for most of the Galactic emission, it does vary asrogiscorpol packagé. Then, Jones matrices (e.g. Jones 1941; Fy-

the sky in the range from2.40 to—-2.55 (Roger et al. 1999). mat 1971) can be transformed to a corresponding Mueller ma-

The antenna temperaturE,, is not constant either. At thetrix, and in particular for then;; :

centre of the band its average value is about 400K (Arts et al. 1

2013), although it increases slightly towards higher feEsgu my (f,z A) = = (JXXJ;X + JyJy, + yxdyy + JWJ;‘y) , (2)

cies (van Haarlem et al. 2013). Below 120 MHz and above 2 ' ' N

180MHz T, increases rapidly. We used a sixth-order polywhere J;; are components of the Jones matriceds the fre-

nomial function of frequency based dnys measurements quencyzis the zenith angle, andlis the azimuth (e.g. Hamaker

from Wijnholds & van Cappellen (2011) to fit fofa and et al. 1996). Finally, to link with the absolute flux scale wan

calculate its value for each frequency channel. malised oumy, (f, z, A) by the corresponding values for a refer-
Broken tiles. In practice, not all the HBA tiles are operationaénce observation of Cassiopeia A by Wijnholds & van Cappelle

at all times, and on average about 5-10% of them are unu$gd11). In calculations of Jones matrices we always usesttie

while observing, making theffective area smaller. For sometion CS001 as our template. Thefdrence in flux densities when

of the earlier observations this fraction was as high as 30%ther stations are used to derive Jones matrices is muclhesmal
Coherent station summation.Coherent summation of the sta-than the nominal flux uncertainty. Usimg,, theaes for a given

tions should increase the sensitivity linearly with the fi@m frequency and direction can be simply calculated as:

of stations added. In practise, however, we found the depen- max

dence of the A\ to scale ad\l, whereNs is the number of aer(f,Z A) =ag” x m(f,Z A). )

48-tile stations, ang = 0.85 is the coherence factor. The

iol for thi i q d To determine the pulse-phase-averaged flux density of the
possible reasons for this non-linear dependence are COffgr,, (hereafter referred to as ‘mean flux density’), wepada
lated noise between stations and uncalibrated non-zesep

offsets in the phase-frequency dependence for each of uation (7.10) of Lorimer & Kramer (2005) to obtain the flux

polarisationgstations, which can be caused by the station’s sity.Si, of thei-th profile bin:

electronics themselves or the influence of the ionosphere.

This measurement was based on thgB@ata, and we used = (S/N); BTsys (4)

BG/P for most of our observations. Similar tests are currently G Moo/ No)B

being done for theCobalt correlator, where these non-zero ) o ) ) )

phase @sets will be taken into account. Wher_e,B is a dlgltlsajuon correction factor, (_Sl)i is the signal-
Radio frequency interference.RFI clipping reduces the total to-noise ratio of the-th profile bin,n, = 2 is the number of

on-source time and bandwidth. On average, 25-30% of difflarisations summed,ops is the observation lengttB is the

data were clipped, the smallest and largest fractions be@servation bandwidthyy, is the number of profile bings =

10% and 46%, respectively. This large zapping fraction is 4t/ 2K is the telescope gaife is the total &ective areak is

unfortunate consequence of keeping a frequency resolutfB Boltzmann constant, affd,sis the system temperature. For

of only 195 kHz (this is needed in order to achieve the desir&ystems with a large number of bits per sample (8 in our case)

time resolution). The typical spectral width of the RFI see®~ 1. _ i _

by LOFAR is~ 1 kHz, and thus higher-frequency-resolution Expanding this expression to apply to LOFAR, for the flux

data can be excised of RFI without sacrificing such a lar§€nsitySi(f.z A)in Jy of thei-th profile bin of a given frequency

fraction of the data. channel and sub-integration, we derive:
o Si(f.2.A) = ZBKS/NIAITACT) + Tag( 1.1, )]
3.2.2. Calibration A Naer(f,z A)m (f,z AL - &
The Stokes vectosy = (lo, Qo, Uo, Vo), of the incident radia- % 1 ()
tion is related to the measured Stokes vec®os (I,Q,U,V), \/n L (At
via a 4x 4 Mueller matrix,M, asS = M - . The measured P No

Stokes! component will depend on the initial Stok& as wherel andb are Galactic longitude and latitudgis the overall
I'=mylo+mqQo+muUp +my Vo, wherem;; are correspond- fraction of bad tiles{(f) is the RFI fractionTiy is the length

ing elements oM. In our observationsy, is the dominant fac- of a sub-integrationAf is the width of the frequency channel,
tor and we can assume that all observed power comes in Stokgg (gN){»LA - (xif,Z»A — (X))/ox is the signal-to-noise ratio

|. Pulsars are predominantly very weakly circularly poledis of the i-th profile bin of the individual frequency channel and
thusmyy is small compared ton; (< 1%). For linear polarisa- sub-integration with"22 the value of thd-th profile bin,(X)

tion, mg andmyy are of the order 5-10% and strongly depe mean and-;( the rlms value (and bot{X) and ox are’ cal-

on the hour angle (Noutsos et al. 2015). Noutsos et al. (203p)ated in the f-pulse window). To calculat@sey we use the
also report significant leakage to circular polarisatioaa§e | ofarence sky temperature at 408 MHz from thye skymap deter-

hour angles, however all our observations were carried @at Nineq by Haslam et al. (1982) and scale it to the frequency of
transit where the leakage is minimal. Moreover, Faradaatiart

from the ISM removes most of the contribution from linear pd2 https://github.com/2baOrNot2ba/mscorpol
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the channel usind 2% (Lawson et al. 1987). At present there  position could eliminate this problem by choosing the beam
are few sophisticated sky models available (de Oliveirat&€o  with highest $N in the post-processing. This, however, is
et al. 2008; Polisensky 2007), which are based on publistfed r  expensive with respect to both data volume and processing
erence sky maps, and that we can use in the future especially f time.

the calibration in the LBA frequency range 10-90 MHz (see als Galactic plane. Variation of the system temperature with time

Nelles & et al. 2015). due to risgset of the Galactic plane can incredsgs by 30—
Finally, to measure the mean flux densByeanwe find the 40% if it is in the field-of-view (FoV) of the primary sta-
average value dbi(f,z A) as: tion beam or grating lobes. This is also possible for other

strong background sources in the FoV. Al3gys can vary

Nb M . - - . . - .
1 . ) with pointing direction due to noise couplinfects.
Smean= 37 2 D SilF(0). Z0). A » (6)
b1 = To get realistic values for the systematic uncertainty on ou

. flux density measurements, we also estimated the flux density
whereM = NenNine — Nzap With Ney the total number of fre- sing images from the Multifrequency Snapshot Sky Survey
quency channelsiy: the total number of sub-integrations, an MSSS, Heald et al. 2015) for a sample of bright MSPs and slow
Nzap the number of completely zapped frequency channels adqa s’ that we could unambiguously identify. On average ou
sub-lntegra_tlons. . . mean flux density measurements agree with those from MSSS
We estlmatgd the fr;c,im'nal uncerta-mt;.ci-(f,z,A), O Jata within~ 40%. The same calibration technique was used
Si(f,z A) by taking (N);*™ = 1 for every individual channel 14 get several monthly flux density measurements for terhbrig
and sub-integration, i.exi(f,z A) = Si(f, 2 A)lgnyz-1- Then, non-millisecond pulsars in the LOFAR HBA range (Bilous et
we find the nominal uncertainty,mean 0N the mean flux density, al. 2015, in prep.). Comparing measured fluxes to spectra fit
Smean as: through the literature values, the authors estimate therteiaty
of a single LOFAR flux measurement as 50%. Thus, MSP fluxes
reported here should also be used with this uncertainty.

1 M N
Omean= M—\/N_b ! ;‘Tiz(f(l)’z(l)’A(J)) .

3.2.3. Flux measurements
However, there are also other factors that cfieck our flux
measurements, but which are veryhdult (or not possible) to

take account of, and were not addressed here. For compdste
we note that these are:

Table 4 lists the measured 110-188 MHz flux densities of our
MSP sample. In the Table we give the catalogued value of DM
Y6t reference, followed by our measurements fbéetive pulse
width, Weg (Col. 3), duty cycleg = Weg/P (Col. 4), and mean

Scattering.Our flux density measurements can be seriously JIH)r(edn?rr:zg)e/srnaeraesrl:(r)ernr?rfglsur?]egg&;?rhi?s. g:]\fe?rsomnia?sggség =
fected if rscatis close to or exceeds a pulse period. In thedd f.2A y qor.
|

cases, the measured\Sis reduced and we underestimat&€ach MSP the ()" was calculated based diX) and ox
Tsysdue to the contribution from the scattered pulse signal! the pre-selectedfbpulse window. For MSPs with broad pro-
Refractive scintillation. Diffractive scintillation should not af- €S (due to scattering) we tried to place thé-pulse window
fect our measurements because the decorrelation bandwid§t Pefore the leading edge of the profile, but most liketg th
are lower than the width of a channel (195kHz) for all oft!ll resulted in underestimatedisand flux density. ThéNer
our sources, so many scintles are averaged out. On the OW@? calculated as the integrated flux density in the pulse pro
hand, refractive interstellar scintillation (RISS) carange '€ OVer its peak flux density. In Col. 6 we list the flux density
the pulsar flux density by a factor ef 1.5 at low obsery- measurements at 1421 MHz reported by Kuzmin & Losovsky
ing frequencies. Gupta et al. (1993) found the charac’teris&zOOl)' In Col. 7we prowd_e the predicted mean flux density us
RISS time scale to vary from a few days to several wee the reference flux density valu®.s (Col. 8) at the reference
at a frequency of 74 MHz for a sample of nearby pulsar@PServing frequency;es (Col. 9), and spectral index (Col. 10)
The measured modulation indices (ratio of the standard dE2M Published data. We give references in Col. 11 to all the
viation of the observed flux densities to their mean) rang@Plished data we used in our calculations of the predicted fi

from 0.15-0.45. The RISS time scale and modulation indg¢nSity- The values of the predicted mean flux densitiesdist
scale with the observing frequency @sf-22 ande 057, are the average between the values at the edges of our fisquen

the average flux densities more accurately. Here we prov

only the flux density measurements for the best individuaianer""".y accepted value 6.8 0'2 by_Maron etal. (2.000) as
observation for each pulsar. It takes into account the sample bias in the spectral indesc me

Beam jitter. The jitter of the tied-array beam is caused bgurements available. Although the vv_ork of Bates et al. (2€4-3
the ionosphere and can be as large-@-3, equal to the used on the normal pulsar population, MSP spectra seem to be
half-width at half-maximum of the HBA full-core tied-arraySiMilar to those of normal pulsars (Kramer et al. 1998), dnrst
beantS, but is usually much smaller than this. Howevel’® follow that assumption here. For the non-detected MSEs, w
when the ionosphere is excited, e.g. around symsetise, Provide upper limitsSin (Table 3). We calculate8ii, as three

it could move the source to the edge of the beam Ieading%‘es the nominal error on the mean flux density measurement.
inferred flux densities lower by a factor ef2. In future anal- Figure 3 shows Fhe comparison between the measureq and
yses forming a ring of tied-array beams around the pointi edicted flux densities for our 48 detected MSPs. Predicted

lux densities were calculated from the available high-tiestry
16 For a demonstration, sekttp://www.astron.nl/dailyimage/ data and known spectral indices as given in Table 4. For at
index.html?main.php?date=20140123 least a third of the MSPs the main uncertainty on the pre-
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Table 4. Mean flux densities for the detected MSPs in the frequenoyerd10-188 MHz.

PSR DM W 0 Sean KLO1 flux density  Predicte&mean Sref Vref Spectral Reference
(pcent®)  (ms) (%) (mJdy) (mJy @ 102 MHz) (mJy) (mJy) (MHz) index
J00306-0451 4333  0.61(1y 12.6(2) 99(1) 380+ 200" 80+ 40 79+02 430 -2.15%023 1,38
J0034-0534 13765 0.54(1) 28.8(4y 491(2) 250+ 120 400+ 100 17+5 436 -2.64+0.05 2,38
J0214+5222 22037  1.5(2¥ 6.1(8) 21.0(7) ... 4.1 0.90 350 -16 32
J0218+r4232 61252  0.77(2) 33.1(8) 37.6(8) 2720150 530+ 70 30-40 410 -2.41+0.04 3,38
JO033%1715 21316 0.85(4) 16(2) 5.0(7) 50+ 100 ~2 1400 -14 +1 30, 22
J0407%1607 3565 4.2(1y 16.4(4Yy 56.5(8) ... 50+ 50 10.2 430 -14 +1 34,22
J0621-1002 36601  6.1(2) 21.3(8) 20(1) 5@ 25 170+ 380 19+0.3 800 -25 +14 4
J0636+5129 11107  0.14(2) 4.9(8) 4.1(8) 5.5 1.8 350 -12 32
J0645+5158 18247  0.16(2) 1.8(2) 4.7(7) 20 2.4 350 -22 32
JO737#3039A 48920 2.5(2) 11.2(8) 64(10) ... 40+ 80 16+0.3 1400 -14 +1 5,22
JO7511807 30249 0.65(5) 19(2) 5.5(8) 78 30 30+ 10 10 430 -09 +03 6, 4
J1012-5307 9023 0.69(2y 13.1(4r 34.5(5) 30+ 15 220+ 90 30 410 -18 +04 7, 4
J1022-1001 10252  1.00(3) 6.1(2) 40.7(9) 90+ 40 110+ 40 20+ 9 370 -17 +0.1 8, 4
J1023-0038 14325  0.15(1) 9.1(8) 48(2) ... 440-3400 ®-317 1600 ~-28 31, 9
J1024-0719 6485  0.54(4y 10.4(8) 21(2) 200+ 100 30+ 10 46+1.2 410430 -15 +0.2 10, 4
J1038-0032 2659 5.4(2) 18.7(8) 16(2) 5+10 020+ 0.04 1400 -14 +1 5,22
J12311411 8090 0.41(3) 11.1(8) 22(3) ... 5+7 0.4 820 -14 +1 27,22
B125%12 10166  0.63(1y 10.2(2y 80.9(9) 150+ 50 180+ 90 20 430 -19 +05 11, 4
J1453+1902 14049  0.96(9) 17(2) 6(1) 10+ 10 22+01 430 -14 +1 36, 22
J1544-4937 23226  0.45(3) 21(2) 11.5(5) ... 40 5.4 322 -2.3 37
J16406-2224 18426  0.21(1) 6.7(4y 15.1(9) 450+ 200° 370+ 180 2+1 1472 -2.18+0.12 4,38
J1709-2313 25347  0.80(7) 17(2) 3.4(6) ... 30+5 252+ 0.07 430 -21 +0.1 35
J1713-0747 15992  0.44(4) 9.5(8) 11(1) 256100 200+ 20 36 430 -15 +0.1 12, 4
J17306-2304 9617  0.78(6) 9.6(8) 130(20) 319120 350+ 120 43+ 6 436 -18 +0.3 13, 4

Notes. Smean €I70rS in parentheses are only nominal uncertainties. @alkistic uncertainties are estimated to be within 50% ofatiial flux density values (see Sect. 3.2.2). Flux denditjes
Kuzmin & Losovsky (2001, KLO1) are at 102 or 111 MH2.Observations were done at 111 MH2 Observations were done both at 102 and 111 MHz, and it is mat r which frequency the
flux densities were reportet) Profile does not show an evident scattering fliSubject to substantial intrinsic variability, as pointed by both Archibald et al. (2009) and Deller et al. (2012).

0’eA-rejol-sdsw ‘ou yduosnuew:sjooid Yy

References(1) Lommen et al. (2000); (2) Toscano et al. (1998); (3) Navat al. (1995); (4) Kramer et al. (1998); (5) Burgay et a0(g); (6) Lundgren et al. (1995); (7) Nicastro et al. (1995);

(8) Sayer et al. (1997); (9) Archibald et al. (2009); (10)IBsiet al. (1997); (11) Wolszczan & Frail (1992); (12) Cantil895); (13) Lorimer et al. (1995); (14) Hessels et al. (20115) Stairs et al.
(2005); (16) Foster et al. (1991); (17) Lorimer et al. (19968) Janssen et al. (2010); (19) Champion et al. (2005); B2diakaT et al. (1984); (21) Fruchter et al. (1990); (22) Bates et2013);

(23) Stappers et al. (1996); (24) Cognard et al. (2011); bjilo et al. (1996b); (26) Nice et al. (1993); (27) Ransoral£f2011); (28) Lynch et al. (2013); (29) Jacoby (2005);)(R@nsom et al.
(2014); (31) Deller et al. (2012); (32) Stovall et al. (201483) Hobbs et al. (2004a); (34) Lorimer et al. (2005); (BBvandowski et al. (2004); (36) Lorimer et al. (2007); (3Hadacharyya

et al. (2013); (38) Kuniyoshi et al. (2015).
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Table 4. continued.

SASIA JO SNSUa) YVY4OT1V -'|e 18 Aallelpuo)

PSR DM W 0 Shean KLO1 flux density  Predicte&mean Sref Vref Spectral Reference
(pcent®)  (ms) (%) (mJdy) (mJy @ 102MHz) (mJy) (mJy) (MHz) index
J1738-0333 33778 0.58(5) 9.9(8) 17(3) e 50+ 100 2 1400 -14 +1 29, 22
J1744-1134 3139 0.23(3) 5.6(8) 38(5) 220+ 100 160+ 20 18+ 2 436 -1.85+0.08 2,38
J18106-1744 39659 0.566(3) 34.1(2) 563(1) .. 240+ 30 20 350 -257+0.16 14, 38
J1816:4510 38887  0.69(2) 21.7(8) 83.5(5) . 10 1.5 350 -2 32
J1853-1303 30570 0.75(6) 18(2) 18(2) e 10+ 20 04+0.2 1400 -14 +1 15, 22
B1855+09 13300 0.85(4) 15.9(8) 32(3) 450250 140+ 30 32+ 6 430 -13 +02 16
J1905-0400 25692 0.7(1) 18(3) 21(4) e 1+2 0.05+0.01 1400 -14 +1 33,22
J1911+1114 30975  0.64(6) 18(2) 38(4) 2606130 470+ 110 31+ 9 400 -2.45+0.06 17, 38
J1918-0642 26554  1.9(1) 24(2) 38(3) .. 30+5 59+ 06 350 -1.67+0.06 18
J1923-2515 18858  0.37(1) 9.7(4y  17(2) . 15+5 06+0.2 820 -17 28
B1937A21 71040 0.697(6) 44.7(4)  370(2) .. 4950+ 490 232+ 25 430 -2.59+0.04 16, 38
J1944-0907 2434 1.48(2) 28.6(4) 81(2) .. 20+ 20 39+0.3 430 -14 1 19,22
B1953+29 104501 1.98(5) 32.3(8) 38(2) ... 200+ 80 15+5 430 -22 +0.3 20, 4
B1957+20 29117 0.576(6) 35.8(4)  155(1) .. 400-1300 ~ 2523 430 -279+011 21,38
J2019-2425 17203  0.51(6) 13(2) 6(1) 198100 15+ 15 27+0.7 430 -14 1 26,22
J2043-1711 20710 0.415(9) 17.4(4y 34(2) e 3+2 0.8 350 -14 +1 14, 22
J2051-0827 20745  0.48(2) 10.7(4Y 43(3) 250+ 100° 180+ 60 22 436 -18 =03 23, 4
J2145-0750 8998 1.17(2) 7.3(1y 162(2) 480+ 120 470+ 130 100+ 30 436 -1.33+0.18 2,38
J2214-3000 22557 0.47(5) 15(2) 5.4(7) ... 30+ 40 2.1 820 -14 +1 27,22
J22155135 692 0.76(1) 29.0(4) 53(2) .. 120+ 20 5 350 -3.227213 14, 38
J2235:1506 1809 2.5(2)f 4.2(4) 6(1) 170+ 80 15+ 15 3 430 -14 1 12,22
J2302-4442 13762 0.64(4) 12.4(8) 8.8(7) e 30+ 60 12+04 1400 -14 +1 24,22
J231A1439 21907  0.27(1) 7.7(4y 37.9(8) 90+ 50 90+ 30 19+5 430 -14 +03 25, 4
J2322-2057 13372 0.3(2) 7(3) 2() 7% 40 15+ 15 28+ 12 430 -14 +1 25,22

Notes. Smean €r10rSs in parentheses are only nominal uncertainties. @alkstic uncertainties are estimated to be within 50% ofatiial flux density values (see Sect. 3.2.2). Flux dendiljes
Kuzmin & Losovsky (2001, KLO1) are at 102 or 111 MH2.Observations were done at 111 MH2 Observations were done both at 102 and 111 MHz, and it is eat ér which frequency the
flux densities were reportett? Profile does not show an evident scattering tAiSubject to substantial intrinsic variability, as pointed by both Archibald et al. (2009) and Deller et al. (2012).

References(1) Lommen et al. (2000); (2) Toscano et al. (1998); (3) Navat al. (1995); (4) Kramer et al. (1998); (5) Burgay et a(g); (6) Lundgren et al. (1995); (7) Nicastro et al. (1995);
(8) Sayer et al. (1997); (9) Archibald et al. (2009); (10)IBsiet al. (1997); (11) Wolszczan & Frail (1992); (12) Can(il§95); (13) Lorimer et al. (1995); (14) Hessels et al. (20115) Stairs et al.
(2005); (16) Foster et al. (1991); (17) Lorimer et al. (19968) Janssen et al. (2010); (19) Champion et al. (2005); B2diakaT et al. (1984); (21) Fruchter et al. (1990); (22) Bates et2018);
(23) Stappers et al. (1996); (24) Cognard et al. (2011); G&jilo et al. (1996b); (26) Nice et al. (1993); (27) Ransomlet2011); (28) Lynch et al. (2013); (29) Jacoby (2005);)(B&nsom et al.
(2014); (31) Deller et al. (2012); (32) Stovall et al. (201;483) Hobbs et al. (2004a); (34) Lorimer et al. (2005); (88yvandowski et al. (2004); (36) Lorimer et al. (2007); (3HaBacharyya
et al. (2013); (38) Kuniyoshi et al. (2015).
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Fig. 3. Measured mean flux densities at 110-188 MHz versus predictéid. 4. Same as the Fig. 3, but predicted mean flux densities are those
flux densities using high-frequency data for 48 MSPs. Théeddine from Kuzmin & Losovsky (2001) scaled to the frequency ranb&l®—
shows the loci of measured mean fluxes equal to predictedsflaxel 188 MHz using the spectral indices from Table 4.

dashed lines mark the region where measured mean flux delesiiy

ates from predicted flux density by a factor of two. Open sylsishow

.the MSPs for which spectral indices are not .knowrll, and theagee Kuniyoshi et al. (2015) recently reported that PSRs J 1224
index from Bates et al. (2013) was used, while solid symbaisfar 5,4 319111114 likely have a spectral break near 100 MHz.

those with known spectral indices (see Table 4). Blue sguamd green : L0
circles indicate MSPs with measured duty cycle€0% and< 20%, Refractive scintillation could alsoff@ct our measurements,
respectively. Pulsars are labelled by their right ascensio although not by more than a factor ef 1.5 (see Sect. 3.2.1).
Another possible explanation for the discrepancy betweea-m
sured and predicted flux density values, is that published flu
dicted flux density comes from our poor knowledge of the spedensities at high frequencies were over- or underestimatest
tral indices. However, for about another third of the MSP#kely due to scintillation as was recently noted by Levinaét
the measured flux densities are still lower than the predict€2013). To exclude the influence of overestimated flux desssit
ones even including the uncertainty on their spectral islic at higher frequencies, we used the flux density measurements
This can be explained by contributions from other factovegi at frequencies 10211 MHz from Kuzmin & Losovsky (2001)
in Sect. 3.2.1. For instance, the profiles of PSRs B¥237 to predict flux densities at 150 MHz. The corresponding ot i
B195720, J02184232, B1953-29 are dominated by scatter-shown in Fig. 4. If there is a real turnover in the spectra we
ing, so our flux density measurements are underestimated iauld expect our flux density measurements to be higher than
them. PSR J1023)038 has a very large predicted flux of ughe predicted flux density and, hence, located in the taypbat
to ~ 1.7 Jy. This could be due to significant intrinsic variabilityof the plot. Our flux density value for PSR J1648307 is in-
(Archibald et al. 2009). For others, we note that their pesfil deed large which speaks in favour of spectral turnover fisr th
are quite narrow and show only a small scattering tail or raineMSP. The same could also apply for PSR JOO3834, although
all. It is thus possible that the spectra of these pulsarotiar its flux density is consistent with what is expected from high
within or above our observing band. For example, Kuzmin &equency measurements, and the flux density value repbyted
Losovsky (2001) report a turnover for PSR J185307 near Kuzmin & Losovsky (2001) could be underestimated. For PSR
100 MHz. We can not rule out this possibility, but more acteiralJ1640-2224 Kuniyoshi et al. (2015) report a possible turnover
measurements are needed at both HBA and LBA bands. AlbeJow 100 MHz, however our flux measurement is still lower

Article number, page 14 of 27



Kondratiev et al.: A LOFAR Census of MSPs

than that predicted from the Kuzmin & Losovsky (2001) meadetected MSPs with shallower spectral indices. Altermdfiv
surements at 1211 MHz. Assuming all flux measurements arthese four non-detected MSPs might have a turnover in their
not afected by other factors (see Sect. 3.2.2), turnover must oadio spectra at frequencigs120 MHz (for PSR J10125307

cur sharply below 100 MHz. Similarly to the predictions froniKuzmin & Losovsky (2001) reported a possible turnover in its
high-frequency data, our measured flux densities lie belmv tspectrum near 100 MHz).

predicted ones for about ten out of 21 pulsars with available For PSR J231¥1439 the predicted scattering time at
flux densities from Kuzmin & Losovsky (2001). Not ruling outs7 MHz is about 3 ms, comparable to the pulse period. The rough
other explanations including our own flux densities beinmao upper limit onrsc, from the HBA profile is somewhat lower,
what underestimated due to scattering, RISS, beam jitteomr about 25ms. Thus, similarly to the other four non-detected
tribution to the system temperature from the Galactic pliane MSPs, scattering is not the dominant factor in its non-datec

the FoV, the 100-MHz flux density measurements from Kuzmin For the black widow PSR J181Q744, with a DM of

& Losovsky (2001) could be subject to a significant bias du89.7 pc cm?, the scattering time is already four times longer
to diffractive scintillation. The decorrelation bandwidthy, at  than the spin period, and the profile is scattered out (Ardtib
100 MHz is of the order of 80 kHz (Cordes et al. 1985), and theet al. 2014). One can already see profile evolution within the
receiver bandwidthB, of Kuzmin & Losovsky (2001) was only HBA band for this MSP in Fig. 9 (left), where the profile at the
160kHz, comparable to the frequency scale @fdctive scintil- low-frequency edge is notably more scattered than at thie- hig
lation. This would modulate the pulsar flux density by a facto frequency end of the HBA band.

VAvq/B (Popov & Soglasnov 1984). If a pulsar is weak enough For completeness, we should also consider the influence of
to be only detected during the favourable ISM conditionenth y,,,/c smearing on LBA profiles of binary MSPs as was dis-
the measured flux density will be overestimated. cussed in Sect. 3.1.1, as thifezt becomes even more sig-

LOFAR’s observing bandwidth is much larger than the chatificant at lower observing frequencies. PSRs JG@R®G1 and
acteristic decorrelation bandwidth at 150 MHa/§ < 0.2 MHz),  J1024-0719 are isolated, so thisfect is not relevant for them.
so difractive scintillation cannotféect our measurements. How+or the remaining seven MSPs we calculated the extra smear-
ever, to make firm flux density estimates one needs to perforrmg of the profile due to thisféect in a 3.9-MHz frequency
long-term monitoring campaign to account for RISS. band near a frequency of 58 MHz, where we have our high-
est sensitivity. For four out of seven MSPs (PSRs J1GBD7,

. J1022-1001, B125%12, and J2145-0750) thigtect is minor
3.3. LBA detections with less than @1 cycles of extra broadening of the profiles.
We also observed nine bright MSPs with the LOFAR LBAEor PSR J231¥1439, which we did not detect, the broadening is
in the frequency range 15-93MHz. We detected three MSPH)4 cycles, still quite small, so we should have been able to de
namely PSRs J003M@451, J00340534, and J21450750. All  tect it regardless of thisfkect. In contrast, for PSR J1810744
detected and non-detected MSPs in LBA observations aegllisthe dfect is quite significant producing additional profile scatte
in the last column of Table 2. Only PSR J2311439 was ob- ing of about Ol cycles. However, as we already showed, the ex-
served for 20 min, for the others the integration time was 1 h. pected broadening due to the scattering itself is 100 tiaregt.

It is currently unclear whichféect plays the dominant role  Figure 5 shows the profile evolution for the three detected
in the non-detections of MSPs below 100 MHz: scattering, iMSPs. The profile on top of each panel is the average profile
creased sky temperature, or smaller flux densities due tdr@m 38-77 MHz. Among these three, PSR J003334 has the
possible turnover in their spectra. However, using the empilargest DM of 13.8 pccr? and shows significant profile evo-
cal relationship from Bhat et al. (2004) for DM 10pccn® lution with its profile clearly being scattered towards |ovire-
one would expect the scattering time to be about 0.37 msagatencies. The profile shape in the total LBA band is largely de
57 MHz, or about~ 0.07 cycles or less for PSRs J1643307, termined by scattering at the lower part of the band, althdbg
J1022-1001, J10240719, and B125¥12. Hence, scattering is profile in the higher-frequency sub-band at 73.3 MHz resemsbl
most likely not the primary reason for the non-detections ttie profile in the HBA band (see Fig. 1). At this observing fre-
these four MSPs. From HBA profiles of these pulsars we detgrency we measured the scattering time to be aboufi44y
mined rough upper limits on the.yat 57 MHz to be 9, 6.4, 28, fitting the trailing part of the profile with an exponentiahfttion.
and 9ms, respectively. The limits do not contradict the jored The extra profile broadening due to tihg,/c effect is about 0.05
tion of 7scat from the Bhat et al. (2004) relationship. Howevegycles for a 7.8-MHz sub-band around 57.7 MHz. It does scatte
although rough, our limits still give the possibility foratter- the profile but not at a large enough level to scatter it out-com
ing to play a role in the non-detections of PSRs JLEB307, pletely for the lowest sub-band shown in Fig. 5 (middle). /Ehe
J1024-0719, and B125¥12, as the uncertainty in the Bhat et alfore, the profile broadening must be dominated by scatténing
(2004) relationship can be up to two orders of magnitude. Five ISM.

PSR J10221001 the spin period is about three times longer than The profiles of the other two MSPs, PSRs J063451
our rough limit onrscy; thus most likely other factors contributeand J21450750, do not show significant evolution in com-
to the non-detection of this MSP — more so than scattering. parison to PSR J00349€534. They have smaller DMs (4.3,

These four non-detected MSPs are located at high Gala&i®, 13.8pccm® for PSRs J00360451, J21450750, and
latitudes similar to the three MSPs detected with the LBAs| aJ0034-0534, respectively), and the scattering conditions must
the sky temperatures in these directions are very similaw-H be temperate towards them. We measured the scattering time
ever, the spectral indices for two of the detected MSPs, PSieade about 30Qs for PSR J00360451 at 42.1 MHz and less
JO0306+-0451 and J00340534 (2.2 + 0.2 and-2.6 + 1, respec- than 70Qus for PSR J21450750 at 57.7 MHz. Although there
tively, see Table 4; approximately equivalent to the sggdtr- is no significant broadening of the profile for PSR J21@B850
dex of Galactic synchrotron radiation), are steeper thathse its profile almost vanishes at 42 MHz. For PSR J24@B60 the
four non-detected MSPs. Hence, the influence of the incdeas&y temperature is four times higher at 42 MHz than at 73 MHz.
background temperature at low radio frequencies for PSIRBe LOFAR LBA bandpass response is not uniform and peaks
JO0306-0451 and J00340534 is much smaller than for the nonat approximately 58 MHz (see van Haarlem et al. 2013, Fig. 19)

Article number, page 15 of 27



A&A proofs:manuscript no. msps-lofar-v3.0

average J0030+0451 average J0034-0534 average J2145-0750
73.3 73.3
73.3
z > |55
@ | 65.5 z &
c c c
[} [} [}
o T |65.5 °
x x x
2 2 3|57.7
[r= [r= [r=
° ° °
N (577 N N
© © ©
€ £1577 €
S S S | 49.9
= = =
49.9
49.9
42.1
42.1
2.1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pulse phase Pulse phase Pulse phase

Fig. 5. Profile evolution of the three MSPs detected in the LBA fragyerange of 38.2-77.2 MHz. The grey profile on top of each parthe
average profile within the 39-MHz wide band. All profiles arerfi 1-h LBA observations. There are 64 bins in the profiles®RB J00300451
and J00340534 and 128 bins in the profiles of PSR J24@850. The numbers on the left in each panel show the centgliéncy in MHz of
the corresponding 7.8-MHz sub-band.

However, we do not think that lower sensitivity is the reascfable 3 (Col. 10). Fotrsco; We used the NE2001 Galactic free
for the much weaker profile at 42 MHz. For PSR J083851 electron density model (Cordes & Lazio 2002) and assumed a
the change in the sky temperature and bandpass respongeoismogorov spectrum of electron density inhomogeneitses(
the same, but it has a clearly detected profile at 42 MHz, onlgble 5, last column).

slightly weaker than the profile at 58 MHz. Hence, we believe 114 histogram on top of Fig. 6 presents the number of de-
that this weakening is due to a turnover in the spectrum féfcted and non-detected MSPs as a function of DM. We de-
PSR J21450750. Our assumption qualitatively agrees with the, .teq 25 out of 28 observed MSPs with DMs20 pc e,

recent conclusion by Dowell et al_. (2013), Who found tha_t 8 the high-DM side, we did not detect two MSPs with DM
radio spectrum of PSR J2146750 is best fit with a model with _ 119 pccm? that we tried, namely PSR J1948106 with DM
spectral curvature and a roll-over frequency of 730 MHz gisin. g4 pccm? and PSR 31'90@327 with DM = 297 pc e,
data from the LWA. Recently, Kuniyoshi et al. (2015) also reqg, the other hand, one of the detected MSPs, PSR Bd2%3
ported on a spectral turnover between 100 and 400 MHz basgd 5 DM of 104.5 pc cnd. For the DM range of 20-100 pc ch

on archival and LWA data. ;
. we have almost parity between detected (22) and non-dédtecte
Stovall et al. (2014b) also report on the detection of the&awISPs (23). partty (22)

three MSPs with the LWA between 30-88 MHz from their 6-

observations of PSR J0080451 and 8-h observations of PSRs _ Thereis no clear dependence of the MSP detectability on the
J0034-0534 and J21450750. predicted scattering measure. If it were the case, we waeed s

the majority of non-detected MSPs clustering close to ovabo
) ) the linetsca/ P = 1, where a pulse profile would be completely
4. Discussion washed out by the scattering. However, most of our non-tedec
” MSPs lie belowrsca/ P = 1 line populating the DM range of
4.1. Detectability of MSPs ~20-50pccm?. The dependence af.,/P on DM follows the
In order to explore the degree to which propagation in the IS&mpirical relationship between DM ang.4; provided by Bhat
affects the detectability of the MSPs presented here, we gdlottt al. (2004). However, there is more than two orders of magni
the ratio of the predictedsco:at 150 MHz, over the pulsar pe-tude of scatter in this relationship, hence its predictioer for
riod, P, on DM andSeanat 110-188 MHz. This dependence isndividual pulsars is very limited. Therefore, it is certlyi pos-
shown in Fig. 6 for both detected and non-detected MSPs, wiible that for some of the non-detected MSPs the scattedng c
the green colour indicating th®,ean FOr non-detected MSPs,ditions are much worse than we can infer from their DM (and
the green intensity shows the upper limit Speanas given in their detectability depends on other factors).
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Fig. 6. MSP detectability, or dependence of the ratio of predictadtering time at 150 MHz over the pulsar periogs/P, on dispersion measure,
DM. The green colour map corresponds to the measured meadédhsity,Spean at 110-188 MHz. Non-detected MSPs are shown with brown
squares and their green intensity level corresponds to #sesuned upper limit of the mean flux density at 110-188 MHatt8dng times at
150 MHz were calculated from the NE2001 Galactic free etecttensity model (Cordes & Lazio 2002) assuming a Kolmogamectrum of
electron density inhomogeneities. The dashed line shoevetipirical dependence betweeg,;and DM at 150 MHz from Bhat et al. (2004),
where gy is arbitrarily normalised byP = 4.075 ms, which is the median value of MSP periods in our sampbetected and non-detected
MSPs. The top subplot shows the histograms of DMs for dedestel non-detected MSPs. The inset plot is the same as thepfoaiout only
for the non-detected PSR J19@®27, which did not fit into the range of the main plot. PSR 042138 was recently detected with LOFAR
using the updated coordinates (J. Swiggum, private coneation) derived from over three years of timing with the GBe previously used
catalogued position wadfoby about 6, which is about two times larger than the full-width at hadéximum of LOFAR’s full-core tied-array
beam at 150 MHz.

Another factor that can play an equal or even larger rolerferometric imaging data (Erickson 1980; Navarro et @@5),
than scattering in the MSP detectability is our lack of semvhich is what led to their discovery. Most of the other detelct
sitivity resulting from the increased sky temperature backiSPs have shallower spectral indices. Together with the pos
ground at 150MHz. In Fig. 6, all five detected MSPs witlsible turnover in their spectra and scattering, this courdiér
DM > 40pccnt® have Spean above 27 mJy, larger than theMSP detection at 150 MHz. For instance, PSR JHIB7 is
average value for the rest of the detected MSPs. Also, exceety bright (3N ~ 4000) at 1.4 GHz (see e.g. Dolch et al. 2014).
for the double pulsar, PSR JO733039A, four others pulsars However, the LOFAR detection was very weak, W8hean Of
— PSRs J02184232, B193%21, B1953 29, and J22155135 only about 11 mJy (8 ~ 8), and the profile is not very scat-
— have significantly scattered profiles, and th8jfean most tered (scat ~ 120us). Thus, in this case the main reason for a
likely is underestimated. For PSRs J024232,B193#21, and weak detection is not due to the scattering, but rather tbe-sp
B1953+29 spectral indices derived from high-frequency datsal index of roughly-1.5 being smaller than for the synchrotron
are—2.8, -2.3, and-2.2, respectively, significantly larger thanbackground radiation, or the possible turnover in its resgiec-
the average for the pulsar population and comparable wéh thum between 200 and 1400 MHz, or both.
spectral index of the synchrotron background radiatiorfatt, Three of our non-detected MSPs, PSRs JG&E®O,
PSRs B193¥21 and J02184232 were first recognised as steeB1620-26, and J22292643, were previously reported to be
spectrum, highly linearly polarised, compact radio sosifnen- detected at 10211 MHz by Kuzmin & Losovsky (2001). As
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Fig. 7. Dispersion measure versus the MSP duty cy&lé&reen circles show MSPs with profiles which do not show adesti scattering tail —
sees values marked by an asterisk) (n Table 4. Light yellow squares show all other MSPs. Erin®Ms includingéDM,;, (see Sect. 4.3) are
smaller than the size of the marker for all MSPs. For MSPsawitlerror bars, the uncertainty éris also less than the size of the marker. The top
subplot shows the histogram of duty cycles for all detect&Pisl

we discussed in Sect. 3.2.3, their detection and flux measurestly likely is genuinely broad by comparing with the WSRT
ments could be significantly biased due téfmdictive scintilla- profile at 376 MHz (see Fig. 10).

tion. PSR J06130200 was observed by Stappers et al. (2008) For the majority of the detected MSRs,< 20%. Among
with the WSRT at 150 MHz and they did not detect it. Also, fothem, MSPs with low DMs< 20 pccnt® have sharp narrow
these and other non-detected MSPs additional factorssiedu profiles and are weakly (if at all)fiected by scattering (green
in Sect. 3.2.1 couldféect their detection, most notably the ionoeircles). Others, at moderately high DMs, have profiles #nat

spheric beam jitter and RISS. strongly dfected by scattering ajat intrinsically weak at 110—
188 MHz.
Table 4 gives nominal &= errors onWeg andé values. The
4.2. Profile widths actual error folVg; can be up to two times larger for the majority

of binary MSPs depending on the ratign/c (see Sect. 3.1.1).

Table 4 lists measured valuesW; ands in Cols. 3 and 4 for the The actual error oéicould be larger by 0.1%, and does nfieat
total observing bandwidth of 110-188 MHz. At low observin§ur conclusions on MSP widths.

frequencies scatterlng broadens the intrinsic pulse pmfdnd

our measuredlVer is essentially iected by scattering for many ,

of the observed MSP profiles. For MSPs with narrow, VISIb|y3 DM variations

unscattered profiledNer andé in Table 4 are marked with anltis known that, on time scales of months to years, DM afg
asterisk {). Figure 7 shows vs DM for detected MSPs. Almosttowards some pulsars change due to the varying line-of-sigh
all MSPs withé > 20% show profiles widened by scatteringhrough the ISM (e.g. Hobbs et al. 2004b). For instance, Hem-
(yellow circles). Also, between them there is a trend dieing berger & Stinebring (2008) showed that detectable variatiaf
larger with an increasing DM. The only exception here is PSRe scattering measure towards PSR BX7/3¥occurred roughly
J0034-0534 which has a very broad profilé & 29%), which on atime scale of a fortnight for observationsin the 1.1-GHyz
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range. Keith et al. (2013) reported on long-term DM variasio §DM,y, is larger thanrapm (brown error bars). We do not see
for MSPs on time scales of a few months. Correction for suemy obvious trends fokDM between binary and isolated MSPs.
DM variations is crucial for high-precision timing. Finally, we also do not see any trends #/ddM to become larger
To measure DM at the epochs of the individual observatiofes larger epoch fisets. There are six MSPs with larg®M
we split the observing band into four—five sub-bands and feithin five years from the reference DM epoch. This discreyan
each of them generated a single TOA for the whole observationDM may be due to large secular DM drift in the correspond-
by cross-correlation with a profile template. The templages wing line of sights. Another possibility for large DM fiérences
based on the average pulse profile of all available obsenati at such short-term scales may reflect the fact that at lovuiee
in the total HBA band. We then used the pulsar timing packagies the radio emission probes somewh#edéent regions of in-
Tempo2'’ (Hobbs et al. 2006) to fit the generated TOAs only fderstellar space, thus providing a slightlyfdrent DM (Cordes
DM. In Table 5 we present the weighted average, g of etal. 2015). Multifrequency simultaneous observatiorts 2]
our DM measurements (Col. 5) for each of the individual oltneasurements are needed to confirm this point conclusively o
serving epochs during the given time span (Col. 7). The refgule it out.
ence epoch that corresponds to the middle of the observitggti  Keith et al. (2013) presented DM variations for 20 MSPs
span is given in Col. 6. The number of observatiddg,, per- from the Parkes Pulsar Timing Array (PPTA); eight sources
formed within a given span is listed in Col. 8. For 11 out of 48verlap with our sample. Unfortunately, observing timerspao
detected MSPs we carried out only one exploratory obsemvatinot overlap, with the last measurement in their paper being f
therefore the presented DMs are individual DM measuremeMdD 55800. Hence, we cannot make a direct comparison of DM
for the epoch of the observation. We calculated the Difdet, oftfsets. However, a few of the overlapping MSPs show large reg-
ADM = DM — DMypa, between the catalogue DM valueplar DM drifts, in particular PSRs J173@304 and B193¥21,
DM,ef, and LOFAR’s DM measurement, DMa (Col. 9), with so we can try to extrapolate the DMfsets at our observing
the uncertaintyyg-apm, being the quadrature sum of uncertaintiegpochs for at least these two MSPs. For PSR J32304 the
of both DM,ef and DMyga. extrapolation to the reference epoch of MJD 56474 givie$/
Column 11 of Table 5 lists measured DMs for the best i®f about 45x10-3pc cnm3, comparable with our measurefiset
dividual observations. The uncertainties for most of theRdS of 0.006 pc cnT®. We see similar agreement for PSR B1931,
are lower than the errors on DM owing to the low observ- Where DM shows a secular decrease with an expected value
ing frequency and large fractional bandwidth of LOFAR. That the reference epoch of MJD 56385 of5 x 103 pccnt?
uncertainty on the weighted average DM value, i\, on the smaller than the DM;. This is somewhat smaller than ouif-o
other hand is larger than the uncertainty of the individuabm set of 0.016 pc cr?, but the amount of DM drift in Keith et al.
surements for the majority of the MSPs. This is most likely e2013) for this MSP does show significant variations (see als
idence for short-term DM variations. However, care showdd #Kaspi et al. 1994). One of the three LOFAR observations of PSR
taken to account for artificial orbital DM variations for biry B1937+21 at MJD 56258.75 also overlaps with the intense mul-
MSPs as was discussed in Sect. 3.1.1. These DM variatidiifsgquency observing campaign of this pulsar presentediin
DM = vorb/Cx DM, are larger for higher-DM pulsars in com-€t al. (2014). Our DM measurement for this observing epoch is
pact binary orbits. We lisiDM o, for all binary MSPs in Col. 10 about 5< 10~*pccnT? larger than theirs. In their timing analysis
of Table 5. Fow,, we used the maximum orbital velocity of thethey accounted for the broadening of the profile due to stadte
pulsar at periastrom,/c = (27x/Py)[(1+€)/(1-€)]Y/2 wherexis in each frequency channel across the 310-390 MHz band, which
the projected semi-major axisjs the eccentricity, an@, is the likely explains the observed DMfiset between our measure-
orbital period of the pulsar. In our binary MSP sampBM, Mments.
is highest for the double pulsar JOZ3039A (0.054 pc crr?), Precise LOFAR DM measurements on time scales of two—
and lowest for PSR B125712 (< 107" pccnt?). The influence four weeks could provide valuable data for DM corrections of
of DM, on the weighted average Dida andADM should be higher-frequency pulsar timing data, especially for theRdS
even smaller, as the actutibM,,, depends o, at the epoch that do not show variations within the uncertainties of tthei
of observation. measurements at higher frequencies, e.g. PSRs 31022,
Armstrong et al. (1995) have shown that the structure of tdé713-0747, and J21480750. We have already started regu-
ISM has a steep red power spectrum of electron density thit monthly observations of MSPs with LOFAR and we also
results in DM variations becoming more prominent at long@erform observations with shorter cadence using intesnati
time scales. Hence, one would expect to see larger Iisets LOFAR stations. With these regular timing observations vile w
for larger epoch fisets. In Fig. 8 we plotted DMftset, ADM, Mmeasure DM values and provide them to the broader pulsar com-
against the epochfiset between the reference catalogue epoBtnity for use in ISM studies and high-precision timing. A de
and LOFAR epoch of DM measurements. To account féiedi tailed analysis of DM variations will be presented elseweher
ent uncertainties of DM measurements foffelient MSPs and,
more importantly, to exclude the influence fréfdM, for bi-
nary MSPs, we normalisefiDM by the quadrature sum of its
uncertaintyoapm, andsDMg. Note, that for the average DM In the previous Section we assumed there is no profile varia-
value over a given time spaM,, should be also taken as theion within the observing band. However, at LOFAR frequesci
average contribution from alNyps) observations. We will, how- this is usually not the case as there are several factorsamat
ever, use the most conservative estimatéDNl,, to avoid any affect the observed profile shape within the band, such as the
influence on our conclusions. intrinsic profile evolution and profile smearing due to seatt
For about 25% of the MSP4DM is more than three times ing. For pulsar timing, normally a single profile templateised
its DM uncertainty includingDM  as well. The rest of the DM for cross-correlation with the observed profile to get a TOA.
offsets lie within+30-spy area including all MSPs for which thethe profile at the low-frequency edge of the band is signitigan
scattered, it will artificially increase the uncertaintytla¢ lower
17 https://bitbucket.org/mkeith/tempo2 end of the band and produce a later TOA, which can be wrongly

4.4. Profile variations
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Table 5. Dispersion measures of detected MSPs in the frequency fi3€188 MHz.

PSR Catalogue LOFAR ADM 5DMom,  DMrenpoz DMpanp Tocat
DM s Epoch  Ref DMiga Epoch Span Ngps  (pcent®) (103pc  (pcentd) (pccnT?®) (us)
(pcent?) (MJD) (pc cnt®) (MJD)  (days) cm?)
J0030:0451  4333(1) 50984.40 1 .3326(2) 56371.00 154.6 6 +0.0004(10) — 4332613(14)  4.3326(1) .71
J0034-0534  1376517(4) 50690.00 2  1B6508(17) 56367.52 161.6 6 +0.00009(17) 0.906 13.765034(7) 13.76498(8) 60
J0214-5222 220354(34) 55974.00 6 223644(24) 56716.60 139.6 6 —0.0010(34) 0.549 22.0361(1) 22.035(2) 310
J02184232  61252(5) 50864.00 3  623889(32) 56473.30 — 1 +0.013(5) 4357  61.2389(3) 61.2395(3) 2430
JO337%1715  213162(3)  55920.00 4  2319(1f 56512.23  — 1 -00028(10)  1.159 — 21.319(1) 290
JO04041607 3565(2) 52799.00 20 361091(17) 56790.52 — 1 +0.04(2) 0.413 35.61091(17) 35.6105(9) 780
J062141002  366010(6)  50944.00 5  3622(8) 56375.26 1725 6 +0.079(8) 3.859  36.5349(81)  36.5377(63) 1110
J0636:5129  1110598(6) 56307.00 6  11068(31)  56700.88 1057 2 -0.0008(31)  0.109 11.10647(21) 11.1064(3) 80
J0645-5158 18247536(9) 56143.00 6 134847(12) 56552.87 461.7 9 —-0.00093(12) — 18.24846(15) 18.2485(6) 260
JO737-3039A  48920(5) 53156.00 7  48179(55)  56321.94  — 1 +0.002(7) 53.73  48.9179(55)  48.915(12) .40
JO75141807  302489(3)  51800.00 8  3D44(1) 56288.03 16.0 2 +0.005(1) 3.316  30.2434(5) 30.2425(15) 590
J1012-5307 90233(2) 50700.00 9 .02433(8) 56357.49 154.6 6 —-0.00103(22) 0.631 9.024355(76)  9.0245(2) 40
J1022-1001  102521(1)  53589.00 10  1P530(24)  56357.46 1546 5 -0.0009(24)  1.601  10.25327(16) 10.2533(1) 50
J10230038  14325(10)  54802.00 11  1a309(2) 56308.15 14.0 2 —0.006(10) 1.805 14.3311(2) 14.3315(1) 90
J1024-0719 648520(8) 53000.00 10 48447(14) 56357.46 154.6 4 +0.00073(16) — 6.48446(25) 6.4846(4) .65
J10380032  2659(20) 53000.00 30  2812(2) 56782.80 — 1 +0.28(20) — 26.3121(22) 26.3069(55) 330
J1231-1411  8090(1) 55100.00 27  .89100(54) 56789.86 — 1 -0.001(1) 0.646  8.09100(54)  8.0908(11) 20

B1257+12 1016550(3) 49750.00 12  116397(13) 56366.55 1725 6 +0.0115(1) <107 10.15405(11) 10.1542(1) 20
J1453-1902  14049(4) 53337.00 31  1@569(16§ 56779.99  — 1 -0.0079(43) — — 14.0569(16) 90
J1544-4937  232258(1)  56007.00 32  2327(1) 56780.00 — 1 -00012(10)  0.460  23.227(1) 23.2277(5) 240
J1640-2224  184260(8)  51700.00 13  182765(12) 56366.68 172.6 7 -0.00165(81) 0.423  18.427656(5) 18.4280(2) 170
J1709-2313  253474(2) 5114500 33  23416(24§  56964.53  — 1 +0.0058(24)  1.241 — 25.3416(24) 320
J1713-0747  159915(2)  52000.00 14  18907(6) 56424.60 286.3 10 +0.0008(6) 0.555  15.99044(35) 15.9909(5) 120
J1730-2304  9617(2) 53300.00 14  .B2314(4)  56473.94 33.9 2 —0.006(2) — 9.6232(4) 9.6233(6) 50

Notes. Nops is the number of observations within the given span (Col.sEdufor calculation of DMga; ADM is the DM dfset between the reference catalogue DM value,f2Mnd LOFAR’s
DM measurement, DiVka, i.e. ADM = DM¢f — DMyga; 6DMorn, = vorn/C X DM is conservative upper limit on “artificial” DM orbital véittions for binary MSPs (see text); Dihpo2and DMygmp
are DM measurements for the best individual observationgBimpo2 andpdmp, respectively;rs.a;is the predicted scattering time at 150 MHz from the NE200Heh¢Cordes & Lazio 2002)
scaled from 1 GHz using a Kolmogorov spectrum of electrorsiteimhomogeneities? Calculated usingdmp.

References(1) Abdo et al. (2009); (2) Abdo et al. (2010); (3) Hobbs ef2004b); (4) Ransom et al. (2014); (5) Splaver et al. (20@®)Stovall et al. (2014a); (7) Kramer et al. (2006b); (8) &ic
et al. (2005); (9) Lange et al. (2001); (10) Hotan et al. (900B1) Archibald et al. (2009); (12) Konacki & Wolszczan (8); (13) Léhmer et al. (2005); (14) Verbiest et al. (20095)(Jacoby
(2005); (16) Hessels et al. (2011); (17) Gonzalez et al. 12q18) Toscano et al. (1999); (19) Janssen et al. (2010);L¢ch et al. (2013); (21) Cognard et al. (1995); (22) Chamet al. (2005);
(23) Arzoumanian et al. (1994); (24) Nice et al. (1993); (@&iillemot et al. (2012); (26) Doroshenko et al. (2001); (R@nsom et al. (2011); (28) Camilo et al. (1993); (29) Cograral. (2011);
(30) Burgay et al. (2006); (31) Lorimer et al. (2007); (32)aBfacharyya et al. (2013); (33) Lewandowski et al. (20084) J. Hessels (private communication).
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Table 5. continued.

PSR Catalogue LOFAR ADM 5DMo,  DMrenpoz DMpanp Tooat
DM et Epoch  Ref DMiga Epoch Span Npps  (pcent®) (103pc  (pcentd) (pccnTd) (us)
(pcentd) (MJD) (pc cnTd) (MJD)  (days) cm?)

J17380333  33778(9) 52500.00 15  38754(11) 56369.21 1755 7 +0.0026(91)  2.378  33.77481(44) 33.7747(13) 640
J17441134  313908(4)  53742.00 10  .B3808(14) 56353.78 1446 6 +0.0010(1) — 3.13815(8) 3.1383(2) <1

J1816-1744  39659298(52) 55520.78 34 IH041(28) 56349.31 135.6 6 -0.0011(3) 1.828 39.6600(2) 39.66050(3) 620
J1816:4510  388874(4) 56047.00 6  388972(13) 56713.83 136.7 5 -0.0023(4) 4.666  38.8897(1) 38.8905(2) 580
J18531303  305701(6) 54000.00 17  367121(17) 56384.24 1456 2 —-0.0011(6) 0.784  30.57140(46) 30.5691(9) 130
B1855+09 13300(4) 50481.00 14 130482(89) 56366.29 169.5 7 -0.0048(41) 0.724 13.3047(4) 13.3042(15) 100
J19050400 256923(12)  53700.00 17  288947(24) 56964.66 — 1 +0.0028(12) — 25.68947(24)  25.6885(38) 130
J19111114  309750(9) 50458.00 18  306909(69) 56368.80 164.5 5 +0.0059(11)  1.462  30.96904(43) 30.9690(6) 560
J1918-0642 26554(10) 53400.00 19 2690(6) 56388.75 204.4 3 -0.036(12) 1.477 26.5913(11) 26.5952(27) 310
J19232515 1885766(19) 55322.00 20  1#B561(5) 56387.77 138.6 2 +0.00205(20) — 18.85567(12)  18.8557(2) 40
B1937#21  710398(2) 47899.50 21  7024(1) 56385.37 2532 3 +0.016(1) _ 71.02373(55) 71.0252(1) 2960
J1944:0907  2434(2) 52913.00 22  286079(38) 56384.27 1456 2 -0.02(2) — 24.3611(6) 24.3611(7) 80
B1953+29  104501(3) 54500.00 17 108263(26) 56384.27 1456 2 —0.025(4) 2.035  104.523(1) 104.5202(25) 8100
B1957+20  291168(7) 48196.00 23  282151(34) 56322.45 71.8 4 —0.0047(8) 0.494  29.12143(13) 29.12130(12) 110
J2019-2425 17203(5) 50000.00 24 17959(14) 56401.26 179.5 3 +0.007(5) 0.634 17.19544(84) 17.1952(7) 40
J20431711 2070987(3)  55400.00 25  2p121(1)  56384.33 1456 3 -0.0022(1) 1.650  20.71232(19) 20.7124(3) 50
J2051-0827  207449(4) 51000.00 26  20299(17) 56387.81 138.6 2 +0.015(2) 0.686  20.73016(17) 20.73120(35) 150
J2145-0750 89977(14) 53040.00 14 .80401(13) 56367.40 161.6 7 -0.0063(14) 0.973 9.00401(4) 9.00380(13) 10
J22143000  22557(1) 55100.00 27  28448(22) 56404.82 172.5 3 +0.0122(24) 0.233  22.5431(42)  22.5507(9) 90
J22155135 692 55135(30) 16  69976(15) 56404.84 172.5 2 +0.0024(15) 13.14 69.1959(7) 69.1972(2) 3010
J2235-1506 1809(5) 49250.00 28 180352(56) 56521.02 — 1 -0.014(50) — 18.10352(56) 18.1037(20) 90
J23024442  13762(6) 55000.00 29  1B268(1)  56385.90 148.6 2 +0.035(6) 0.409  13.72662(34) 13.7274(5) 20
J231%1439  21907(3) 49300.00 28  289873(14) 56367.48 1615 6 +0.008(3) 1.499  21.89876(26) 21.8991(1) 60
J2322-2057 13372(5) 48900.00 24 138574(25) 56475.68 30.9 2 -0.014(5) — 13.3853(8) 13.3859(9) 30

Notes. Nops is the number of observations within the given span (Col.sEdufor calculation of DMga; ADM is the DM dfset between the reference catalogue DM value,fdMnd LOFAR’s
DM measurement, DiVka, i.e. ADM = DM¢ — DMyga; 6DMorn, = vorn/C X DM is conservative upper limit on “artificial” DM orbital véittions for binary MSPs (see text); Dihpo2and DMygmp

are DM measurements for the best individual observationgBimpo2 andpdmp, respectively;rs.a:is the predicted scattering time at 150 MHz from the NE200Heh¢Cordes & Lazio 2002)
scaled from 1 GHz using a Kolmogorov spectrum of electrorsiteimhomogeneities? Calculated usingdmp.

References(1) Abdo et al. (2009); (2) Abdo et al. (2010); (3) Hobbs ef{2004b); (4) Ransom et al. (2014); (5) Splaver et al. (200®)Stovall et al. (2014a); (7) Kramer et al. (2006b); (8) &lic
et al. (2005); (9) Lange et al. (2001); (10) Hotan et al. (20061) Archibald et al. (2009); (12) Konacki & Wolszczan (B); (13) Léhmer et al. (2005); (14) Verbiest et al. (20095)(Jacoby
(2005); (16) Hessels et al. (2011); (17) Gonzalez et al. 12Q18) Toscano et al. (1999); (19) Janssen et al. (2010);L{zhch et al. (2013); (21) Cognard et al. (1995); (22) Champet al. (2005);
(23) Arzoumanian et al. (1994); (24) Nice et al. (1993); (@hiillemot et al. (2012); (26) Doroshenko et al. (2001); (RAnsom et al. (2011); (28) Camilo et al. (1993); (29) Cogreral. (2011);
(30) Burgay et al. (2006); (31) Lorimer et al. (2007); (32)dBiacharyya et al. (2013); (33) Lewandowski et al. (20084) (. Hessels (private communication).
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Fig. 8. Top. Histogram of normalised DMfsets, ADM = DM, — DMyga. Values ofADM are normalised by the quadrature sum of Diset
uncertainty,oapm, andsDM,y, (See text)Bottom. Dependence of normalisekDM on the epoch fiset between reference catalogue epoch and
LOFAR epoch of DM measurements. Isolated MSPs are shownapith circles, and binary MSPs with filled circles. Brown betcor bars with

caps are for MSPs, whet®M,, is larger thanr,pu. The grey area shows the region whgtBM| < 3 4 /O-iDM + 6DM§rb.

accounted for by fitting for DM, resulting in an inaccurate DMyenerally in the case of any profile variation one would ekpec
with larger DM uncertainty than without profile variationh@& to see a discrepancy between DM measurements provided by
importance of taking pulse profile evolution into accounswak Tempo2 andpdmp.
ready demonstrated in Hassall et al. (2012), where thegdest Columns 11 and 12 of Table 5 list thfempo2 andpdmp DM
the accuracy of the dispersion law through wide-band serulimeasurements for the best individual observations. Toachar
neous observations with LOFAR at 40-190 MHz and the Love#rise the dierence between these values we also calculated the
and Hfelsberg radio telescopes at 1.4 and 8 GHz, respectivelyparametegpy as:

To see if this was indeed the case for our MSPs, we calcu-
lated DM values using both tHeempo2 andpdmp (van Straten oM = IDMempo2— DMpdmp i
et al. 2012) programs. Fardmp, DM optimisation is based on \/5D|v|$emp02+ 6DMSdmp
the signal-to-noise ratio of the entire profile, while fampo?2
it is based on cross-correlation between template and wd$erwhere sDMtempo2 and 6DMpgmp are DM uncertainties from
profile. In the ideal case of a simple, unscattered Gauss@an prempo2 and pdmp. For 30 MSPs in our sample the value of
file, identical across the whole observing band, athpo2 and  epy is less than one, and for all of them we do not see any
pdmp should provide the same DM measurements. For scattepedfile variation. For the other 15 pulsassy > 1, andall of
profiles, one would expegdmp to give larger DM values due to them manifest a visible change of profile shape/andmpli-
overcompensation for scatter-broadening, although a DM-méude across the band. Among these 15 pulsars, six MSPs have
surement byfempo2 would be biased as well. If there is a variepy > 2, namely PSRs J164Q@224 v = 2.1), J1853 1303
ation of the profile in amplitude due to changes in the barglpg8.2), B193%-21 (2.65), J20510827 (2.65), J18101744 (3.1),
gain or intrinsic to the pulsar itself, then this should naittar and J18164510 (3.4) in ascending value efy. Figure 2 al-
for pdmp, but for Tempo2 it will depend on how well the match ready shows the profile evolution of PSR B1921, and that
is between the template and profiles across the band. Therefprofile becomes completely scattered out below 150 MHz. Pro-
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Fig. 9. Profile evolution for three MSPs within the LOFAR HBA band.eThumber on the left in each panel gives the central frequehtye
corresponding sub-band in MHz. The profile in grey on top aheaanel is the average profile within the 78-MHz wide bance Profiles for
each sub-band are normalised by its noise rms deviatiorh &aw-band profile is overlaid with the average profile of titaltband, in grey. To
keep the integrated flux densities the same, the overlattaind average profile (in grey) is normalised by the ratiareas under the total-band
profile and the sub-band profile.

file evolution for the other three MSPs with the larges val- In case of two or more components in a profile we followed
ues is shown on Fig. 9. One can see how the profiles of PS&ignment from previously published data (Kramer et al. 999
J18106-1744 and J18184510 are scattered towards lower freer our own reasoning. These profiles are presented in Fig. 10,
quencies. For PSR J205@827 scattering does not seem to b&here we also plot (where available) the previous low-festpy
relevant, but the pulse amplitudei@irs significantly at the cen- Pushchino profiles at 10211 MHz from Kuzmin & Losovsky
tre and edges of the band. Therefore,dkg parameter could be (1999). LOFAR profiles (blue) are generally of better quyalit
used as indirect indication for noticeable profile variatiathin ~ with higher signal-to-noise ratio and time resolution. Edm-
the observing band, and whether it is needed to be taken iptwtantly, they do not gter from intra-channel dispersion smear-
account for accurate DM measurements. ing, as the Pushchino profiles do. Hence, they provide aalear
It is clear that for accurate measurements of DM, especialliew of profile evolution at low frequencies. Stappers et al.
at low frequencies, profile evolution must be taken into aoto (2008) detected eight MSPs at 115-175MHz with the WSRT.
Even very small profile variations at higher frequencies cdrofiles of two pulsars, PSRs JOG3634 and J21450750, are
also systematically bias the derived arrival times and rbest presented in their paper (Stappers et al. 2008), and thajresh
taken into account for high-precision pulsar timing. Freaey- fully resemble the shape of the LOFAR profiles. Contrary to ou
dependent profile templates that take profile broadening@ud OFAR observations in 2013 and BSA observations by Kuzmin
scattering into account must be used for this purpose, as i&kosovsky (1999)in 1999, Stappers et al. (2008) did notctete
plemented in the software package PulsePortraftijRennucci PSR J02184232 in 2008. This could simply be due to a lack
et al. 2014), or using a Generative pulsar timing analysisié- of sensitivity of WSRT, but it might also hint in favour of reg
work (Lentati et al. 2015). Recently, Liu et al. (2015) calesied ular variations in the scattering conditions in the ISM andi
the double-lens model that reproduces the parameters obthescales of several years towards this pulsar. Regular nrargto
served difractive scintillation with high accuracy, and discussedith LOFAR will answer this question for this and other putsa
its prospects for removing scattering to improve pulsairtgn  in our MSP timing campaign.

Based on how the MSP profiles in Fig. 10 evolved in the
4.5. Multifrequency MSP profiles LOFAR HBA band, we can clearly divide the presented MSPs
into two distinct groups: a) with LOFAR profiles strongly af-
cted by scattering, and b) LOFAR profiles that do not show
profile broadening due to scattering, or do so very weaklyyOn
two MSPs from Fig. 10, PSRs J0621002 and J19141114,
r{EII into the first group. From Fig. 1 we can certainly con@ud
at there are more MSPs with significantly scattered pfile
in the LOFAR HBA band, e.g. PSRs J0244232, B193%21,
1953+29, but we will leave the discussion of their profile evo-
ution for a future paper. Both MSPs with scattered profites i
18 https://github.com/pennucci/PulsePortraiture Fig. 10 have relatively large DMs, 37 and 31 pcénfor PSRs
19 http://www.epta.eu.org/epndb/ J06211002 and J19141114, respectively. They do not seem to

Here we discuss qualitatively the wide-band (100-1510 MH
profile evolution and compare our findings to other availab
low-frequency data. Quantitative comparison includinghhi
energy light curves will be presented in subsequent work.
For qualitative comparison we used radio profiles from t
EPN Database of Pulsar Profit@gLorimer et al. 1998). For
these EPN profiles timing information is not available, ger
fore we visually aligned them by the phase of the profile pea
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Fig. 10. LOFAR MSP average profiles (blue) in comparison with profdésther frequencies (black) mostly from the EPN Databadeutsar
Profiles (Lorimer et al. 1998), where available. Each pragileormalised to peak amplitude. These profiles are taken:fRushchino — Kuzmin
& Losovsky (1999) and Kuzmin & Losovsky (1996), WSRT — Stagpgrivate communication), fielsberg — Kramer et al. (1998), GB140 —
Camilo et al. (1996a) and Sayer et al. (1997), Parkes — Beiles (1997) and Lorimer (1994), Arecibo — Camilo et al. (2P Foster et al.
(1993) and Camilo et al. (1993), and Lovell — Stairs et al9@)9Bailes et al. (1997), Gould & Lyne (1998), and Lorimeakt(1996).

show the development of other profile components. In the cdseKuzmin & Losovsky (1999) because the trailing component
of PSR J06211002 the visual alignment was arbitrary as thitself consists of two overlapping components (see alslreal
scattering moves the peak of the profile to later pulse phases 1998). Similarly to Kuzmin & Losovsky (1999) we do not see
e.g. the LBA profile of PSR J0039534 in Fig. 5). a decrease in the component separation for PSR 30780 at

The other 11 MSPs from Fig. 10 form the second group, éd_pFAR frequenqles in comparison with hlg_her radio fr_equen-
with unscattered or weakly scattered LOFAR profiles. In,fist  Cl€S- AlSo, there is no broadening of the profile due to soage
PSR J21450750 Kuzmin & Losovsky (1999) claimed that the" the HBA band, and we could only measure the scattering time
separation between components decreased at 102 MHz, wif:Re 1ess than 0.7 ms in the LBA band at 57.7 MHz.
they interpreted as arffect caused by the quadrupole magnetic It is quite interesting that for those MSPs with overlap-
field. Kramer et al. (1999) did not see this abnormal freqyenping profile components (except maybe for PSR JoU®84),
dependence at higher frequencies neither for this nor therotwhich constitute half of the second group, the leading com-
MSPs they studied. This conclusion by Kuzmin & Losovskgonent weakens while the trailing component becomes domi-
(1999) might be due to the fact that they did not use coherant. In particular, this is clearly evident for PSRs J102201,
ently dedispersed profiles and they wefgeeted by intrachan- B1257+12, J164682224, J21450750, and J23171439. This
nel dispersion that made it morefidGult to measure the sepa-might explain the apparent narrowing of MSP profiles at laav fr
ration. Kramer et al. (1999) also argued against this comjec quencies. Dyks et al. (2010) demonstrated that such an eehan
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ment of the trailing component in MSP profiles is caused by value of their DM dfsets is more than three times larger than

aberration and retardation. There is also an opposing tatisa their errors, and we do not see any trend of DNkets be-

effect, namely the weakening of the trailing side of the profile coming larger for larger epocHisets.

due to asymmetry of curvature radiation about the dipols.axi— Finally, we qualitatively compare LOFAR profiles for a sub-

Therefore, whether an MSP profile shows such a rotation asym- set of MSPs with their profiles at higher radio frequencies.

metry is determined by the dominarftect. Dyks et al. (2010) If not broadened by scattering, they show apparent consis-

showed that a sharp edge of the trailing component should betency in the width of their profile components and their sep-

accompanied by a maximum in the gradient of the polarisation aration within the frequency range from 150 MHz to a few

angle curve at the same spin phase. We indeed confirm this for GHz. This is very diferent from what is observed for normal

PSR J10221001 (see Noutsos et al. 2015). pulsars and suggests a compact emission region in the MSP
The profile evolution of PSR J10208719 is a very inter- magnetosphere.

esting case. At present we aligned the LOFAR profile with the o

peak of the trailing component of the 436-MHz Parkes profil cknowledgements. The LOFAR facilities in the Netherlands and other coun-
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